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INTRODUCTION

The last years have witnessed a growing interest of
petrologists and geochemists in modeling magmatic
processes. One of the reasons is that the observed prod-
ucts of igneous activity (rocks, quench glasses) were
proven to have suffered intricate, unobservable trans-
formations after the magmas were produced by the
melting of the mantle (Johnson 

 

et al

 

., 1990; Johnson
and Dick, 1992). The reconstruction of primary melt
compositions and the simulation of the processes of
melting (Johnson 

 

et al.

 

, 1990; Johnson and Dick, 1992)
or metasomatism (Navon and Stolper, 1987) of mantle
source requires knowledge of the coefficients 

 

K

 

d

 

 of
trace element partitioning between the crystalline
phase and the melt. Of particular interest is the determi-
nation of 

 

K

 

d

 

 values for clinopyroxene: of all crystalline
phases in equilibrium with mantle melts, clinopyroxene
is known to be the most enriched in incompatible ele-
ments, and, hence, its setting excerts the greatest effect
on the composition of the resulting melt.

There are numerous publications on the determina-
tion of the partition coefficient between clinopyroxene
and the melt [see review papers of Green (1994)
and  Hack 

 

et al

 

. (1994)]. Some of them are based on
studies of natural rocks (usually the system phenoc-
ryst–groundmass), and others utilize experimental
studies of model systems. The main problem of the
former approach is whether the phenocrysts and
groundmass were in equilibrium, which sometimes is
far from evident because of the great variability of mag-
matic systems in terms of the contents of incompatible

elements (Sobolev and Shimizu, 1993; Sobolev, 1996;
Portnyagin 

 

et al.

 

, 1996). Moreover, such studies are
hampered by difficulties in correctly evaluating the
crystallization parameters. The experimental approach
is aggravated, in addition to proving phenocryst–
groundmass equilibrium, by the difficulty of determin-
ing trace element concentrations in clinopyroxene
because of the small size (usually a few dozen microns)
and zoning of its crystals. This problem is solved by the
artificial addition of incompatible elements with con-
centrations that can be measured with an electron
microprobe (e.g., Hack 

 

et al

 

., 1994) or by means of nat-
ural alkalic melts enriched in incompatible elements
(e.g., Hart and Dunn, 1993). In both instances, the
results may be inapplicable to natural magmas poor in
incompatible elements, because of the deviation of the
systems from Henry’s law, where the concentrations of
elements are too high (Green, 1994), or because of the
“capture effect” (Urusov 

 

et al

 

., 1993), where their con-
tents are too low.

Most of the above problems can be solved by the
thermometrical study of melt inclusions in minerals in
combination with the modern techniques of local
microanalysis. This is possible, in the first place,
because the method of melt inclusion homogenization
is able to determine crystallization temperature and the
compositions of the coexisting melt and crystalline
phase (Roedder, 1984). Secondly, the equilibrium of
the host mineral and the included melt can be proven by
the major components or demonstrating the homogene-
ity of both phases in terms of trace elements. Thirdly,
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 content in clinopyroxene. The
results proved the study of melt inclusions in minerals to be an efficient tool for determining the coefficients of
trace element distribution between the crystalline phase and the liquid.
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K

 

d

 

 is determined for natural concentration levels. Nev-
ertheless, this approach has its own problems: the
parameters of melt crystallization and composition can
be distorted (Sobolev and Danyushevsky, 1994), or the
melt can be heterogeneous in composition at the contact
with the growing crystal (Roedder, 1984). Therefore, the
results for each object under study must be verified.

The goal of this study was to assess the possibility
of combining the homogenization of melt inclusions
with the modern methods of local microanalysis (ion
and electron probes) for determining the distribution
coefficients of incompatible elements between clinopy-
roxene and the melt. The results have shown that this
combination yields numerical data, and offers promise
as an efficient tool.

OBJECT OF STUDY

In this study, we used low-Al clinopyroxenes and
water-bearing boninite-like melts from the Upper lavas
of the Troodos Massif, Cyprus, typical of the early
stages of island-arc evolution (Sobolev 

 

et al.

 

, 1993).
The basis for this choice was the lack of experimentally
determined 

 

K

 

d

 

 for these compositions, on the one hand,
and the necessity to have such data to be able to recon-
struct the compositions of melts that were in equilib-
rium with the clinopyroxenes of the Troodos intrusive
complex (Batanova 

 

et al

 

., 1996), on the other. Samples
of melt inclusions and host clinopyroxenes were col-
lected from the Mitsero village (sample TRV-191), the
Pedieous River (samples TRD-133 and TRD-135), and
the Scoriotissa Mine (sample TRV-200) areas. The
rocks are porphyritic olivine and clinopyroxene picrites
and picrobasalts. The olivine of all rocks is carbonized.
The clinopyroxene accounts for 10 to 40% of the rock
volume, and occurs as euhedral crystals (up to 5 cm
across) or glomerophyric aggregates of equant crystals.

The clinopyroxene phenocrysts contain primary inclu-
sions of melt, crystalline phases (chromian spinel and oli-
vine), and low-density fluid. The melt inclusions usually
occur as accumulations of dozens of individual inclusions
of varying sizes (a few to 200 

 

µ

 

m). They are smooth, neg-
atively faceted ellipsoids; less common are elongated and
amebiform varieties. They are partially crystallized in all
samples. Ferroan clinopyroxene, glass, Al-spinel, amphib-
ole, and low-density fluid were identified in them.

METHODS OF STUDY

 

Thermometry

 

The fundamentals of the method of melt inclusion
homogenization have been described fairly compre-
hensively in literature (e.g., Roedder, 1984; Sobolev

 

et al

 

., 1993). When applied to fluid-saturated systems,
this technique yields realistic values of crystallization
temperatures and crystallizing melt compositions. The
accuracy criteria of the results obtained are the relations
between the homogenization temperatures of melt

inclusions and host mineral compositions and the
attainment of equilibrium between them (Sobolev

 

et al

 

., 1993; Sobolev and Danyushevsky, 1994).

In this study, we used an experimental procedure
designed for hydrous melts (Sobolev and Danyush-
evsky, 1994). Its essence is to minimize the time of the
experiment to prevent H

 

2

 

O dissipation in melt inclu-
sions as H

 

2

 

 diffuses through the host mineral. The time
of the experiment at 

 

T

 

 > 1000

 

°

 

C was not more than
5  min. The following phase transformations were
observed: glass devitrification at 500–550

 

°

 

C, the
beginning of melting at 550–600

 

°

 

C, and the melting of
the last daughter crystal at 1100–1150

 

°

 

C. The complete
homogenization of the inclusions occurred after the
fluid phase dissolution, 30–50

 

°

 

C after the melting of
the last crystal. The inclusions were quenched at the
homogenization temperature.

 

Electron Microprobe Analysis

 

The quenched homogenized melt inclusions and the
host clinopyroxenes were analyzed at the Vernadsky
Institute of Geochemistry and Analytical Chemistry,
Russian Academy of Sciences, using a Camebax Micro-
beam microprobe under conventional experimental con-
ditions: 15 kV, 5–20 nA, and international glass (USNM
111240/52) and clinopyroxene (USNM 122142) stan-
dards (Jarosewich 

 

et al

 

., 1980). Each phase was analyzed
at three points with 5 

 

×

 

 5 

 

µ

 

m scanning.

 

Secondary Ion Mass Spectrometry

 

Trace elements were determined in the homoge-
nized melt inclusions and host clinopyroxenes using a
SIMS (All-Russian Institute of Mineral Reserves) tech-
nique and an IMS-4f probe at the Institute of Micro-
electronics, Russian Academy of Sciences, Yaroslavl’.
The measurement procedure was described by Sobolev
and Batanova (1995). The primary beam diameter was
20 

 

µ

 

m. The clinopyroxene composition was deter-
mined at three points within a range of 30–200 

 

µ

 

m
around the inclusion. The melt inclusions were ana-
lyzed at one point in the center of the inclusion. Each
data point was an average of five analyses over a verti-
cal profile 10–15 

 

µ

 

m deep with the integration time of
approximately 40–60 min.

Figure 1a and Table 1 present data on the glass and
clinopyroxene standard reproducibility which was
determined by a replicate analysis performed for each
series of 4–5 analyses. The measurement error was less
than 10% for most of the elements with a more than
0.1 ppm content and 30–50% for lower concentrations
(<0.1 ppm). The quality of the analytical data was veri-
fied additionally by comparing the Ti concentrations
measured with the ion and the electron probe (Fig. 1b).

H

 

2

 

O was determined using a SIMS technique
described by Sobolev (1996) with a <10% error.
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RESULTS

 

Crystallization Conditions

Clinopyroxene crystallization temperature

 

 was
determined by the homogenization of primary melt
inclusions. The occurrence of syngenetic fluid inclu-
sions justified the assumption that the melt is fluid sat-
urated and, hence, the equation of the melt homogeni-
zation temperature with the fluid capture temperature
(Roedder, 1984). The resulting 1100–1190

 

°

 

C range of
crystallization temperatures was consistent with the
values obtained earlier for clinopyroxene from the
upper Troodos lavas (Sobolev 

 

et al

 

., 1993). The good
correlation between the clinopyroxene crystallization
temperature and composition (Fig. 2a) indicates that
the temperature measurement error was not more
than 10

 

°

 

C.

 

Clinopyroxene crystallization pressure

 

 was deter-
mined by a technique described by Nimis (1995) and
found to be 1.2 

 

±

 

 0.5 kbar. An independent estimate of
0.9 

 

±

 

 0.4 kbar was obtained for the aqueous fluid
pressure using the H

 

2

 

O contents in the melt inclusions
and Burnham’s model (Burnham, 1975). The agree-
ment of these values, within the precision of the tech-
niques used, is additional proof of the accuracy of the
results.

 

Compositions of Melt Inclusions and Host Minerals

Major elements

 

. The comparison of the electron
microprobe data obtained at different points of the mea-
sured phases suggests that they are chemically uniform
within the accuracy of the analysis (Table 2). In terms
of the major element contents, the homogenized melt
inclusions correspond to the water-bearing boninite-like
magma of the northern Troodos lavas (Sobolev

 

 et al

 

.,
1993). The clinopyroxenes are of a low-Al, high-Mg
variety. As seen in Fig. 3, the homogenized melt inclu-
sions are in equilibrium with the host clinopyroxenes.

 

Trace elements

 

. As follows from the data listed in
Table 3, most of the standard deviations from the mean
trace element contents in the clinopyroxenes and
glasses are not higher than 20% for the concentrations
above 0.1 ppm. Only for the lowest Ba and La contents in
clinopyroxene (0.01–0.05 ppm) were they found to be
higher than 40%. These values are compatible with the
standard reproducibility data (Table 1, Fig. 1), and prove
that the objects under study are highly homogeneous.

The contents of incompatible elements in the melt
inclusions (Table 3, Fig. 4) exhibit features typical
of  suprasubduction lavas, in particular, of the bon-
inite-like lavas of the northern Troodos Massif (Sobolev

 

et al

 

., 1993): depleted REE patterns and positive anom-
alies in the LILE (Ba, Sr, and K) contents. The clinopy-

roxenes feature differentiated patterns with depletion of
the most incompatible elements and a considerable
negative Zr anomaly.

 

Partition Coefficients of Incompatible Elements 
between Clinopyroxene and Melt

 

The crystallization and composition ranges of the
phases were narrow enough to use, as a first approxima-
tion, the 

 

K

 

d

 

 values averaged for the entire series of
experiments. These 

 

K

 

d

 

 values (Fig. 5, Table 3) fit within
the range of values reported in the literature and show
the usual behavior: the monotonic 

 

K

 

d

 

 decreases with
the increasing incompatibility of the elements and the
abnormally high 

 

K

 

d

 

 value for Zr. They also show a sys-
tematic tendency to be shifted into the region of lower
values compared with the data reported for high-Al-cli-
nopyroxenes at high pressures and temperatures (Hart
and Dunn, 1993; Johnson, 1994).

Hack 

 

et al.

 

 (1994) reported an inverse relationship
between ln (

 

K

 

d

 

) and the temperature defined by the
known expression of the equilibrium constant as ther-
modynamic potentials (Wood and Fraser, 1977). In this
paper, an attempt is made to describe this relationship
numerically, as a second approximation of the 

 

K

 

d

 

 eval-
uation.

 

Table 1.  

 

Composition (ppm) and reproducibility of refer-
ence standards

Elements KH-1 R, % 30-2 R, %

Ba 0.36 47.7 178 3.7

La 1.68 0.9 12.95 3.7

Ce 5.56 0.6 27.42 2.6

Sr 49 1.1 248 2.9

Nd 5.99 2.5 15.26 3.4

Zr 24 1.8 102 1.8

Sm 2.08 7.1 3.73 5.3

Ti 5200 0.4 8917 1.3

Dy 2.78 4.5 4.03 3.3

Er 1.50 20.1 2.46 13.5

Y 13 0.2 20.15 0.6

Yb 1.23 1.0 2.37 3.3

 

Note: KH-1—clinopyroxene (Kilbourn Hall, New Mexico, USA);
30-2—basalt glass from the mid-ocean ridge at 14

 

°

 

N. Rare
earth elements were determined in the standards by isotope
dilution at the Geological Institute of Kola Research Center,
Russian Academy of Sciences, Apatity (analyst Yu.A. Bal-
ashov). Sr, Zr, Ti, and Y were determined in the KH-1 cli-
nopyroxene by Micro-PIXE analysis (Czamanske 

 

et al

 

.,
1993). Ba was determined in clinopyroxene, and Ti, Zr, Y, Sr,
and Ba were determined in glass by the SIMS method at
Woods Hole Oceanographic Institution, Woods Hole, USA
(analyst N. Shimizu). Here and in Table 3, R, % is the SIMS
measurement error of standards obtained in this study.
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Fig. 1. 

 

Demonstration of the reproducibility and correctness of analytical data.
(a) Normalized trace element contents for the analyses of the 30-2 basalt glass and KH-1 clinopyroxene standards. The rhombs
denote reference contents standardized by isotope dilution. The elements were determined by the SIMS method; their contents were
normalized to chondrite (Anders and Grevess, 1989).
(b) Comparison of Ti concentrations (ppm) in clinopyroxenes and melt inclusions obtained by SIMS and electron microprobe analysis.
The measured concentration errors displayed hereinafter are standard deviations.
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Table 2.  

 

Composition (wt %) of homogenized inclusions and host clinopyroxenes: major elements

Oxide TRD-135/1* TRD-135/3 TRV-191/9 TRV-191/13 TRD-133/15 TRV-200/16 TRV-200/19 TRV-200/20

 

 Inclusions

 

SiO

 

2

 

52.48 53.54 55.20 55.83 53.59 55.40 54.60 51.47
TiO

 

2

 

0.30 0.35 0.40 0.49 0.45 0.25 0.26 0.31
Al

 

2

 

O

 

3

 

11.85 11.56 14.74 14.32 13.74 9.26 12.39 14.98
FeO 7.61 8.06 6.49 7.11 8.25 6.77 7.04 7.82
MnO 0.19 0.21 0.06 0.12 0.14 0.24 0.13 0.17
MgO 9.37 9.62 7.20 5.85 7.95 11.04 10.29 7.71
CaO 12.36 12.35 11.28 10.49 11.69 11.96 11.57 11.22
Na

 

2

 

O 1.23 1.25 1.54 1.86 1.76 1.17 1.36 1.37
K

 

2

 

O 0.24 0.16 0.23 0.26 0.24 0.27 0.28 0.28
H

 

2

 

O 1.88 2.37 2.94 2.19 2.73 3.03 3.22 2.74
Total 97.51 99.48 100.09 98.51 100.55 99.39 101.14 98.07

 

Clinopyroxene

 

SiO

 

2

 

53.94 53.91 53.95 52.66 53.98 55.11 55.48 54.19
TiO

 

2

 

0.07 0.06 0.08 0.12 0.12 0.05 0.4 0.07
Al

 

2

 

O

 

3

 

1.15 1.21 1.52 1.51 1.55 0.65 0.89 1.94
FeO 3.07 3.34 3.61 4.59 3.89 2.69 3.20 4.61
MnO 0.05 0.16 0.13 0.16 0.09 0.03 0.02 0.13
MgO 19.34 19.15 18.82 17.97 18.75 19.96 19.59 18.84
CaO 21.04 20.17 21.24 20.29 21.01 20.78 20.48 19.99
Na

 

2

 

O 0.13 0.14 0.11 0.12 0.12 0.14 0.11 0.14
Cr

 

2

 

O

 

3

 

0.73 0.82 0.31 0.47 0.54 0.72 0.30 0.33
Total 99.52 98.96 99.77 97.89 100.05 100.13 100.11 100.24
Mg# 0.92 0.91 0.90 0.87 0.90 0.93 0.92 0.88

 

T

 

, 

 

°

 

C 1170 1165 1135 1110 1150 1180 1150 1130
Notes: H2O was determined by the SIMS method; the oxides were analyzed by electron microprobe; T is homogenization temperature. 

* Sample number here and in Table 3.

Figure 6 presents the lnKd variation as a function of
inverse crystallization temperature. We computed the
parameters of the linear regression equation

ln(Kd) = A × 10000/(T, K) + B

for each element (Table 4).

The correlation coefficients for Zr and La are close
to the significance limit. The correlation for Ba is insig-
nificant. The other elements show strong correlation.

86 88 90 92 94
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Fig. 3. Comparison between the compositions of the host
clinopyroxene and the clinopyroxene coexisting with
homogenized melt inclusions.
The calculation was performed using the model of Nielsen
and Drake (1979) for Fe2+/Fe3+ = 7 in the melt, the value
derived from the data reported by Sobolev et al. (1993).

Fig. 2. Variation of the homogenization temperature of melt
inclusions with the composition of the host clinopyroxene. 
Open circles show inclusions analyzed by the SIMS method.
Mg# = Mg/(Mg + Fe).
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Table 3.  Composition (ppm) of homogenized inclusions and host clinopyroxene: trace elements

Element TRD-135/1 R, % TRD-135/3 R, % TRV-191/9 R, % TRV-191/13 R, % TRD-133/15 R, %

Clinopyroxene

Ti 361 3.1 358 1.2 615 3.1 785 5.2 532 1.2

Sr 4.25 7.9 3.93 7.8 4.61 6.8 4.99 19.8 5.95 2.5

Y 1.31 6.7 1.35 9.8 3.00 10.2 4.59 1.0 2.14 4.2

Zr 0.52 6.8 0.54 2.3 0.82 10.7 1.44 8.9 0.70 15.1

Ba 0.045 90.9 0.049 61.1 0.024 107.2 0.050 51.8 0.012 74.8

La 0.018 23.2 0.025 19.5 0.031 24.6 0.048 13.0 0.032 16.2

Ce 0.096 26.7 0.093 25.4 0.152 10.0 0.266 5.9 0.182 11.9

Nd 0.167 16.3 0.148 24.3 0.366 10.0 0.550 13.3 0.373 3.1

Sm 0.118 14.0 0.091 39.4 0.241 13.9 0.321 9.9 0.124 20.3

Dy 0.253 9.4 0.246 5.3 0.560 11.9 0.861 4.3 0.418 6.0

Er 0.147 5.3 0.152 9.4 0.322 8.9 0.462 7.2 0.235 18.6

Yb 0.154 6.4 0.160 9.4 0.312 11.6 0.467 22.5 0.197 19.3

Inclusions

Ti 1872 1.2 1869 1.2 2137 1.3 2876 0.8 2581 2.1

Sr 49.7 1.4 41.4 2.9 60.5 2.3 78.6 2.7 73.4 1.5

Y 7.56 3.6 8.15 1.4 8.32 3.3 12.49 4.6 10.37 4.6

Zr 12.5 2.1 12.4 4.2 14.5 3.8 27.1 3.8 21.7 9.0

Ba 17.8 6.3 15.0 3.7 14.3 7.7 29.0 11.8 18.9 2.0

La 0.66 8.6 0.66 10.4 0.63 7.3 1.76 10.7 1.13 6.9

Ce 1.82 5.5 1.72 12.1 1.89 7.4 4.66 11.3 3.12 10.5

Nd 1.67 13.3 1.61 10.4 1.82 7.1 3.75 13.1 2.92 10.6

Sm 0.70 8.6 0.72 8.4 0.69 19.8 1.30 5.2 1.17 7.5

Dy 1.28 12.2 1.46 5.9 1.50 11.1 2.52 5.4 1.77 10.0

Er 0.78 10.0 0.77 14.1 0.81 9.1 1.53 5.8 1.11 8.4

Yb 1.02 7.1 0.96 11.3 1.04 16.3 1.69 12.6 1.16 13.8

Kd

Ti 0.193 3.4 0.192 1.7 0.288 3.4 0.273 5.3 0.206 2.4

Sr 0.085 8.0 0.095 8.3 0.076 7.2 0.063 19.9 0.081 2.9

Y 0.174 7.6 0.166 9.9 0.360 10.7 0.368 4.7 0.206 6.2

Zr 0.042 7.1 0.044 4.8 0.057 11.4 0.053 9.7 0.032 17.6

Ba 0.003 91.1 0.003 61.2 0.002 107.5 0.002 53.1 0.001 74.8

La 0.027 24.7 0.039 22.1 0.049 25.6 0.027 16.9 0.028 17.6

Ce 0.053 27.2 0.054 28.2 0.081 12.4 0.057 12.7 0.058 15.9

Nd 0.100 21.0 0.092 26.4 0.201 12.2 0.147 18.7 0.128 11.1

Sm 0.167 16.5 0.127 40.3 0.351 24.2 0.246 11.2 0.107 21.7

Dy 0.197 15.4 0.169 7.9 0.374 16.3 0.342 6.9 0.236 11.7

Er 0.188 11.3 0.198 16.9 0.399 12.7 0.302 9.2 0.212 20.4

Yb 0.151 9.5 0.167 14.7 0.299 20.0 0.276 25.8 0.169 23.7
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TRV-200/16 R, % TRV-200/19 R, % TRV-200/20 R, %

219 2.0 300 7.3 511 3.3

6.69 6.5 6.02 6.2 5.37 4.4

0.67 7.9 1.37 7.5 2.73 9.6

0.42 11.1 0.47 18.3 1.02 5.3

0.013 66.1 0.038 58.4 0.028 12.4

0.015 25.7 0.032 35.9 0.036 20.5

0.075 10.4 0.113 18.3 0.171 4.3

0.125 4.2 0.181 6.8 0.350 11.6

0.089 15.9 0.129 2.6 0.267 8.6

0.132 8.5 0.261 15.4 0.543 3.2

0.077 26.4 0.165 35.0 0.332 16.8

0.082 17.3 0.157 20.6 0.325 10.2

1329 1.2 1460 1.5 1639 1.4

63.7 0.7 78.0 1.3 75.9 3.3

5.69 4.9 6.52 5.9 7.65 4.2

13.4 2.3 14.8 3.3 13.9 5.5

15.9 1.9 15.2 4.8 13.8 4.9

0.98 7.7 1.08 22.4 0.88 11.0

2.28 6.4 2.57 4.4 2.28 6.3

1.61 9.6 2.04 7.6 1.77 8.1

0.55 12.4 0.71 20.5 0.77 21.1

1.03 9.8 1.27 11.5 1.36 10.4

0.59 9.1 0.75 8.5 0.79 8.5

0.69 2.6 0.81 10.0 0.95 7.3

Average Kd R, %

0.165 2.4 0.206 7.4 0.312 3.6 0.229 23.4

0.105 6.6 0.077 6.4 0.071 5.5 0.082 16.3

0.117 9.2 0.210 9.5 0.357 10.5 0.245 41.2

0.032 11.3 0.032 18.6 0.074 7.6 0.046 32.7

0.001 66.1 0.002 58.6 0.002 13.3 0.002 46.6

0.015 26.8 0.030 42.3 0.041 23.2 0.032 32.5

0.033 12.2 0.044 18.8 0.075 7.6 0.057 27.0

0.078 10.5 0.089 10.2 0.197 14.1 0.129 37.9

0.162 20.1 0.181 20.7 0.345 22.8 0.211 44.7

0.128 13.0 0.206 19.2 0.399 10.9 0.256 39.6

0.131 27.9 0.22 36.0 0.421 18.8 0.259 40.4

0.118 17.5 0.195 22.9 0.341 12.5 0.214 37.4
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Fig. 5. Average partition coefficients between clinopyrox-
ene and melt.
1—our data; 2—data of Hart and Dunn (1993); 3—data of
Johnson (1994). Shown as a field is the distribution coeffi-
cient range for clinopyroxene reported by Green (1994).
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nopyroxenes (1) and melt inclusions (2).
The element contents were normalized to chondrite after
Anders and Grevess (1989).
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The trends for all elements but Sr are subparallel.
The  slopes of the lines, however, are seen to increase
regularly with the decreasing incompatibility of the ele-
ments with the melt. This fact is demonstrated in Fig. 7,
which shows correlation between coefficient A and the
REE ionic radii. The relationship is fairly well
described by the linear regression equation (R = 0.91).
This indicates that the temperature relationship varies
with the crystal chemistry of the elements.

As follows from Fig. 8, the Kd values found for all
elements except Ba show a significant linear correla-
tion with the Al2O3 content of the clinopyroxene: the Kd
values increase with the increasing Al2O3 contents in
the clinopyroxene for most of the elements (except Sr).
It is possible that this relationship is responsible for our
systematically lower Kd values compared with the val-
ues obtained for substantially more aluminous clinopy-
roxenes in high-temperature and high-pressure experi-
ments (Fig. 5).

The abnormal Kd behavior for Sr (Figs. 6, 8)
revealed that Sr is the only element, for which the Kd
value increases with increasing temperature and the
decreasing alumina content of the clinopyroxene.

DISCUSSION OF RESULTS

The results of this study are limited in terms of the
amount of data used and the range of clinopyroxene
and melt compositions. For this reason, the Kd values
obtained can be used in numerical calculations within
the narrow range of temperatures and compositions
investigated. More universal relationships call for fur-
ther studies with wider composition and temperature
ranges. Furthermore, Kd should be described as an equi-
librium constant in a more rigorous thermodynamic
form using the activities of components in the melt and
pyroxenes. Such models have been described in the lit-
erature (e.g., Hack et al., 1994), but unfortunately, none
of them can be applied to our data because they were
designed for anhydrous melts and substantially more
aluminous pyroxenes.

Nevertheless, the results of our study permit the
conclusion that this method of Kd evaluation holds
promise for the future. This conclusion is based on the
following facts:

(1) The Kd values determined for all the elements
concerned fit within the range of values found by other
methods and reproduce the known features of the Kd
behavior in the series of element incompatibility (Fig. 5);

(2) The Kd values show significant correlations with
equilibrium temperatures for most of the elements,
these correlations being consistent with data from the
literature (Fig. 6);

(3) A relationship has been established between the
Kd variation with temperature and the crystal chemistry
of REE elements (Fig. 7).

The abnormal behavior of Sr in terms of its Kd vari-
ation with temperature and the alumina content of cli-
nopyroxene, compared with elements of similar incom-
patibility with the melt (Ce, Nd), justifies the prediction
of positive Sr anomalies in relatively high-temperature,
low-Al mantle clinopyroxenes. Such clinopyroxenes
have been reported from highly depleted abyssal peri-
dotites found in hot-spot areas associated with mid-
ocean ridges (Johnson et al., 1990).

Table 4.  Parameters of Kd variation with temperature

Element A ∆A B ∆B R

La 1.42 1.11 –13.51 7.78 0.47

Ce 1.58 0.77 –14.01 5.43 0.64

Nd 2.48 0.82 –19.59 5.79 0.78

Sm 2.41 1.20 –18.61 8.48 0.63

Dy 3.17 0.65 –23.71 4.58 0.89

Er 2.79 0.75 –21.16 5.29 0.84

Yb 2.88 0.61 –21.85 4.27 0.89

Ba 0.38 2.02 –9.04 14.19 0.08

Y 3.50 0.51 –26.08 3.57 0.94

Ti 1.76 0.38 –13.84 2.67 0.88

Sr –1.32 0.18 6.79 1.27 0.95

Zr 1.76 0.84 –15.52 5.92 0.65

Note: A and B are linear regression coefficients in the equation
Kd = A × 10000/(T, K) + B; ∆A and ∆B are standard errors;
R is correlation coefficient. The underlined R values exceed the
critical value for 5% significance level (R = 0.707 for n = 8).
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Fig. 7. Variation of the temperature-dependent Kd values for
REE and Y as a function of their crystal chemistry.
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CONCLUSION

1. Melt inclusions in clinopyroxene from the Troo-
dos lavas were studied using the methods of high-tem-
perature optical thermometry, secondary ion mass spec-
trometry, and electron probe microanalysis. The parti-
tioning coefficients of Ba, Sr, Y, Ti, La, Ce, Nd, Sm, Dy,
Er, and Yb between low-Al, high-Mg clinopyroxene
and boninite-like melt were determined for tempera-

tures of 1100–1190°C and hydrous fluid pressure of
1 kbar.

2. Relationships were established between the parti-
tion coefficients of incompatible elements and the tem-
perature and alumina content of clinopyroxene.

3. The results prove that the study of melt inclusions
in minerals offers promise as an efficient tool for deter-
mining the partition coefficients of trace elements
between the crystalline phase and melt.
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