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Abstract One of the most active issues in igneous
petrology is the investigation of mantle melting, and
subsequent dierentiation. To evaluate alternative
hypotheses for melting and dierentiation it is essential
to accurately predict clinopyroxene compositions in
natural systems. Expressions have thus been derived that
describe clinopyroxene-melt equilibria, and allow equilibrium clinopyroxene compositions to be calculated.
These equations were constructed from least-squares
regression analysis of experimental clinopyroxene-liquid
pairs. The calibration database included clinopyroxenes
synthesized from both natural and synthetic basalt
compositions; experimental conditions ranged from 0 to
100 kbar and 1350 to 2450 K. Regression equations
were based on thermodynamic functions. Empirical expressions were also derived, since such models yield
more precise estimates of clinopyroxene compositions,
and may be easily incorporated into existing liquid lineof-descent models. Such equations may be useful for
calculation of high pressure liquid fractionation, or for
constraining P-T conditions for basalts produced by
partial melting of a pyroxene-bearing source. Models of
mantle melting often rely on expressions involving simcpx=liq
ple element ratios. Partition coecients (K d
) for the
minor elements, Na and Ti, were thus also calibrated as
cpx=liq
a function of P, T and composition. K Ti
, while sensitive to composition was relatively insensitive to P and
cpx=liq
T. In contrast, K Na
increases substantially with increasing P, and exceeded 1 in some experiments. Since
oceanic basalts show variations in Na/Ti ratios, the
potential exists for partial melting depths to be inferred
cpx=liq
from K Na .
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Introduction
The crystallization and partial melting of clinopyroxene
has had a signi®cant impact upon Earth dierentiation.
Many igneous rocks either contain clinopyroxene as a
phenocryst phase, or experienced clinopyroxene fractionation during melt extraction. To address problems
of planetary dierentiation, it is thus essential to reliably
model clinopyroxene-liquid equilibria over wide ranges
of pressure (P), temperature (T) and liquid composition.
Prior studies of clinopyroxene-liquid equilibria have
examined 1-atm phase relationships (Nielsen and Drake
1979; Nielsen et al. 1988), and recent eorts have extended these calibrations to pressures of 12±30 kbar
(Ariskin et al. 1993; Sack and Ghiorso 1994). However,
clinopyroxene compositions are quite sensitive to P, and
to examine such issues as komatiite evolution, or the
origin of cratonic peridotite, calibrations at much higher
P are required. Clinopyroxene-liquid equilibria have
thus been calibrated from experimental data that extend
to 100 kbar and 2450 K, so that critical geological
problems, that span wide ranges of P and T, might be
addressed.
Recent calibrations of clinopyroxene + liquid equilibria have focused upon activity modeling, and the
prediction of Gibbs free energies (Sack and Ghiorso
1994; Ghiorso and Sack 1995). Such methods are attractive for a variety of reasons. First, when regression
models closely adhere to a thermodynamic form, they
are more likely to be useful outside the P-T-composition
ranges used for calibration. Second, Gibbs free energy
models are very general: the relative stabilities of various
liquid and solid phase components may be compared,
and the models can apply to a wide range of conditions,
including partial melting and subsolidus equilibration.
Finally, it is conceivable that the regression techniques
employed by Ghiorso and Sack (1995) could be used to
extract dicult-to-measure thermodynamic quantities,
which may be useful for understanding mineral solution
behavior. Nevertheless, it is unclear whether models that
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predict Gibbs free energies, or other thermodynamic
variables, can be inverted to reliably predict phase
composition. To contrast with prior eorts, this study
uses clinopyroxene components as dependent variables
for regression analysis. Linear and non-linear models are
developed, and linear models include empirical corrections. These strategies are employed to maximize the
precision with which clinopyroxene components may be
calculated. This goal is crucial, since to evaluate competing hypotheses for the origin of igneous rocks, equilibrium phase compositions must be reliably determined.
Since this approach diers from that of recent calibrations, the models of this study are compared with those
from Sack and Ghiorso (1994) and Ariskin et al. (1993),
for their ability to predict clinopyroxene compositions.

Model comparisons and regression strategies
An examination of recent calibrations
The goal of this paper is to produce expressions that
reliably predict igneous clinopyroxene compositions to
conditions approaching 100 kbar, and 2450 K. Since
clinopyroxene + liquid equilibria have yet to be calibrated to P > 30 kbar, the expressions presented below
should be useful for addressing many critical geological
problems. As noted above, though, the strategy adopted
for this study contrasts to recent calibration eorts
(Sack and Ghiorso 1994; Ghiorso and Sack 1995; Ariskin et al. 1993). Since the expressions of Sack and
Ghiorso (1994) and Ariskin et al. (1993), might be inverted to obtain clinopyroxene compositions, it is perhaps
appropriate to test such models for their ability to predict clinopyroxene compositions. The models are tested
by comparing calculated clinopyroxene compositions to
those measured from a variety of experimental studies
(Figs. 1 and 2).
Clinopyroxene compositions calculated using
MELTS (Ghiorso and Sack 1995; Sack and Ghiorso
1994; Fig. 1) and the models of Ariskin et al. (1993;
Fig. 2) do not compare favorably to experimental observations. Except for AlOcpx
1:5 , the Ariskin et al. (1993)
models do not extrapolate to P > 50 kbar, and do not
adequately describe the variation of experimental clinopyroxene compositions. For its calibration data, the
Sack and Ghiorso (1994) models recover as much as
70% of the variation for the components DiHd and
CaTi (see Pyroxene Components section below). However, the models perform poorly for the components,
EnFs, Jd and CaTs, the calculation of which are critical
for estimating pressure and temperature (Putirka et al.
1996). Moreover, the Sack and Ghiorso (1994) models
do not extrapolate to high pressure (50±100 kbar), and
fail to yield sensible results for approximately 25% of
the 10±30 kbar test data. When sensible pyroxene compositions are obtained, the models perform poorly for
those data that were not included in the regression
analysis, recovering 41% of the variation for DiHd, and

less than 10% of the variation for all other components.
These test results illustrate the need to tailor calibration
procedures to a model's intended use.
Regression strategies
To improve our ability to estimate clinopyroxene compositions, certain regression strategies were employed.
First, to avoid over®tting the calibration data, it is essential that only the least number of parameters needed to
describe the variance of the data are used (Jeerys and
Berger 1992; Ratkowsky 1990). When this precept is not
followed, some model parameters may be supported by
only one or a few, perhaps spurious, data, leading to
faulty model parameters. Experimental observations
might also have inadequate range to provide leverage in
the regression analysis. Without sucient leverage, parameter estimates can be too large ± a small degree of
experimental error may lead to a signi®cant apparent effect on a dependent variable. Leverage plots were used to
insure that model variables were supported by more than
one datum, and that sucient range in the data was
available for parameter estimation. In addition, a variety
of models were tested to uncover which sets of parameters
best describe a broad range of the experimental data.
Experimental data were arbitrarily separated into calibration and test data sets. The test data (not used for
calibration) allow a means for comparing various models
that provide good ®ts to the calibration data, but use
dierent variables; one model usually outperforms others.
An additional problem in regression analysis concerns the choice of the dependent variable. Solutions to a
regression problem are not symmetric, and error is
minimized in one direction only. For example, if
Y  f X , we might derive the equation Y  a  bX  e
(where a and b are coecients derived from regression
analysis, and e is an error term). Such an equation may
be satisfactory for predicting Y when X is observed, but
can be a very poor predictor of X if the equation were
rearranged; to reliably predict X, an independent regression should be performed, with X as the dependent
variable. When variables of interest are unfolded from a
complex model, estimates may be unreliable. To provide
expressions that predict clinopyroxene compositions,
clinopyroxene components were used as dependent
variables in the regression analysis. Additionally, all
models should account for error in the experimental
data gathering process (e). The residual sum of squares
(and e) will always be reduced by addition of variables,
but e should never be less than experimental imprecision. This problem can be avoided when the minimum
number of model parameters are regressed (see Ratkowsky 1990; Ryan 1997).
Finally, to reliably estimate clinopyroxene compositions, it is most useful if the regression equation is linear
in the regression parameters. Non-linear equations allow
for a strict thermodynamic description of clinopyroxene+liquid equilibria, but non-linear regression has
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Fig. 1A±E As a test of the Sack and Ghiorso (1994) models,
clinopyroxene components recovered from MELTS are compared
to observed values. Clinopyroxene compositions were calculated as
weight percent from MELTS, and then transformed into clinopyroxene components. The transformation is linear and adds no additional
error to calculated values. + = 1 atm±30 kbar results presented in
Sack and Ghiorso (1994), and represent a portion of their calibration
data. The test data (open symbols 10±30 kbar data, closed triangles 50±
100 kbar data) are from from Kinzler (1997), Putirka et al. (1996),
Walter and Presnall (1994), Wei et al. (1990), Putirka (1998),
Takahashi (1986) and Kinzler and Grove (1992). With the exception
of the Takahashi (1986) and Kinzler and Grove (1992) studies, these
data were not included in the Sack and Ghiorso (1994) calibration
data set. Regression statistics are shown in the insets. R2 is the
proportion of total variation accounted for by the model. The
standard error of estimate (SEE) is the number e for which the
probability is 68% that any individual clinopyroxene estimate will be
within e of the model value. R21 is for 1 atm±30 kbar data; R22 is for
50±100 kbar data. One-to-one correlation lines are shown for
reference

disadvantages (Ratkowsky 1990). In particular, nonlinear regression provides non-unique parameter estimates, and a best ®t to calibration data is never ensured.
It is thus essential to keep model non-linearity to a
minimum. Non-linear regression analysis can be avoided

altogether if a regression equation can be made linear,
but this strategy may require that some variables take an
empirical form. When the form of empirical variables is
non-arbitrary, though, it may be possible to build
models that feature improved precision, and that are
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Fig. 2A±C Clinopyroxene components calculated using the Ariskin et al. (1993) models are compared to observed values. Wo
wollastonite, EnFs enstatie + ferrosilite, AlO1.5 is the cation
fraction of Al in clinopyroxene. See Fig. 1 caption for experimental
data used for testing, and chart details. The data shown were not
used by Ariskin et al. (1993) for calibration

Methods
The approach of this study was similar to that used for analysis of
garnet + liquid equilibria (Putirka 1998) and the calibration of
pyroxene-liquid thermobarometers (Putirka et al. 1996; see also
Nielsen and Drake 1979; Roeder and Emslie 1970); equilibrium
constants (Keq) for crystallization equilibria (Table 1) were calibrated against P, T and compositional variables. The experimental
data used for analysis (Fig. 3) include bulk compositions that range
from nephelinite to komatiite, and experimental pressures that
range from 1 atm to 100 kbar. The experimental data were selected
based upon several criteria. These criteria include an examination
of analytical technique and charge balance for reported clinopyroxene compositions (see Putirka et al. 1996), as well as the treatment of uncertainties on T for experiments performed in the
multianvil apparatus (Putirka 1998).
Pyroxene components
In order to calculate equilibrium constants, activity models for
pyroxene and liquid components must be assumed. In this study
liquid components were calculated as cation fractions. Non-idealities were treated as in Putirka et al. (1996), where ideal and nonideal components of the equilibrium constant were separated using
the de®nition of the activity coecient (aai  Xia kai , where
aai = activity of i in phase a; Xia is the mole fraction of i in a, and
kai is the activity coecient). Pyroxene components were calculated
using a procedure that was slightly modi®ed from Putirka et al.
(1996). As in Putirka et al. (1996), pyroxenes are calculated on a six
oxygen basis, and the charge balance equation of Lindsley (1980) is
applied to all experimental pyroxenes. Also, as in Putirka et al.
(1996), only Fe2+ and Mg are used for calculation of EnFs (enstatite + ferrosilite) and DiHd (diopside + hedenbergite) components. A Cr-bearing component, Cr-CaTs (CaCr2SiO6 = Cr/2) is
added to the calculation scheme. If Cacpx is insucient to form CrCaTs, Ca-Tschermak (CaTs; CaAlVIAlIVSiO6) and CaTi (CaTi2AlO6) components, then Fmcpx (=FeOcpx+MgOcpx ) is used to
form the components Fm-CaTs (FmAlVIAlIVSiO6) and FmTi
(FmTiAl2O6). In such cases DiHd is zero, and EnFs is formed from
the remaining Fmcpx. Pyroxene components calculated by this

Table 1 Equilibriaa
Pyroxene + liquid equilibria used for calibration
pyx
CaOliq + FmOliq + 2SiOliq
2 = CaFmSi2O6
pyx
pyx
liq
2SiO2 + 2FmO = Fm2Si2O6
Mgpyx + FeOliq = Fepyx + MgOliq
liq
pyx
CaOliq + 2AlOliq
3=2 + SiO2 = CaAl2SiO6
liq
pyx
NaOliq + AlOliq
3=2 + 2SiO2 = NaAlSi2O6

(1.5)

liq
pyx
CaOliq + 2AlOliq
3=2 + TiO2 = CaAl2TiO6

(1.6)

CaO

(1.7)

liq

useful as predictive tools. Empirical expressions are thus
developed so that linear regression analysis could be
performed.

(1.1)
(1.2)
(1.3)
(1.4)

a

+

2CrOliq
3=2

+

SiOliq
2

=

CaFmSi2Opyx
6

CaCr2SiOpyx
6

Terms such as
indicate the mole fraction of
CaFmSi2O6 in clinopyroxene. The symbol Fm refers to total
(FeO + MgO). Terms such as Mgliq refer to the cation fraction
of the indicated element in the liquid
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non-linear expression is given below. Equation 1 is a simpli®ed description of the crystallization of clinopyroxene component i, which
interacts with component j. A symmetric Margules model is used to
describe non-ideal interactions (Nordstrom and Munoz 1986),
lnXicpx  
ÿ

Fig. 3 Weight percent SiO2 is compared to weight percent Na2O
+ K2O, for liquid compositions in calibration and test data sets.
Predictions of clinopyroxene compositions using the models of
Table 3 should be most reliable for natural liquids that are within
this compositional range. The experimental data are from: Bartels
et al. (1991), Bender et al. (1984), Blundy et al. (1995), Elthon and
Scarfe (1984), Falloon and Green (1987), Grove et al. (1992),
Grove and Juster (1989), Hack et al. (1994), Juster et al. (1989),
Kinzler and Grove (1992), Longhi (1995), Putirka et al. (1996),
Putirka (1998), Sack et al. (1987), Takahashi (1986), Tormey et al.
(1987), Walter and Presnall (1994), Wei et al. (1990), Yasuda and
Fujii (1994)
scheme should be very close to unity; components are normalized
to unity for the regression analysis.
Longhi and Bertka (1996) have shown that clinopyroxenes with
very low Ca-contents may occur on the mantle solidus, in equilibrium with orthopyroxenes. Such low Ca-contents result from the
shape of the orthopyroxene-clinopyroxene solvus at high T
(Lindsley 1980). All reported clinopyroxene compositions that
yielded a DiHd component >0 were thus used for calibration of the
clinopyroxene saturation surface. Using the normative procedure
pyx
outlined above, pyroxenes had an average XDiHd
of 0.46 with a
pyx
pyx
was 0.32 and
range of 0:1 < XDiHD < 0:86, while the average XEnFs
pyx
the range was 0:03 < XEnFs
< 0:74.
Regression models
In many geological studies P and T are the variables of interest,
and various petrologic devices are employed for their determination. For clinopyroxenes, methods currently exist for estimating P
and T when pyroxene and liquid compositions are available (Putirka et al. 1996). For many critical geological problems, though, it
is essential to predict pyroxene compositions when P, T and a
liquid composition are given.
To predict mineral components, linear expressions can be obtained when crystallization equilibria are calibrated, and when
mineral components approach ideal solutions (Putirka 1998). For
clinopyroxenes, however, mixing between components such as
DiHd and EnFs, is strongly non-ideal (Grover and Orville 1969;
Grover 1980; see also Sack and Ghiorso 1994), and equations describing crystallization equilibria become non-linear. To derive
linear regression equations, empirical parameters must be
employed. To illustrate how empirical parameters are obtained, a

DSfus DHfus  DCp T ÿ Tm  DCp T

ÿ
ln
RT
Tm
R
R
Xicpx Xjcpx
Xiliq Xjliq
P ÿ P0 DVfus
 lnXiliq   WGiÿj
 kiÿj
:
RT
RT
RT
1

Terms such as Xiliq and Xicpx represent the mole fractions of component i in liquid and clinopyroxene respectively. R is the gas
constant, and Tm is the melting temperature of Xicpx at reference
pressure P0. Quantities such as DS fus ; DH fus ; DVfus and DC p , respectively refer to the entropy, enthalpy, volume and heat capacity
dierences of products and reactants. WGiÿj is a Margules interaction parameter for pyroxene components i and j. The term ki)j is an
interaction parameter for liquid components Xiliq and Xjliq . For
regression analysis, the input data are experimental observations of
P, T and Xi; quantities such as DS fus ; DH fus ; DV fus ; DC p ; WGiÿj and
ki)j are obtained from regression analysis. In Eq. 1, the variable of
interest, Xicpx , cannot be isolated, and non-linear regression analysis
is required.
To obtain a linear expression, the variable of interest, Xicpx , may
be dropped from the term WGiÿj Xicpx ; Xjcpx =RT and replaced with
the term bXjcpx =RT, where b is an empirical parameter. While the
thermodynamic interpretation of b is less clear compared to WGiÿj ,
this substitution retains the expected Xjcpx =T dependency. Nonideal, asymmetric solutions can be similarly approximated using
empirical variables of the form b Xjcpx 2 =RT. Such substitutions
yield regression problems that are linear, and the drawbacks of
non-linear regression are avoided. The resulting empirical expressions have the additional advantage that they are easily evaluated,
and may be incorporated into existing geologic models, such as
liquid-line-of-descent spreadsheets or programs.

Results
The linear empirical models outperform models derived
by non-linear regression methods (Tables 2 and 3), even
when empirical models contain fewer adjustable parameters. In addition to reproducing the calibration
data, the empirical models successfully predict clinopyroxene compositions from the test data. Some test data
are hi-lighted in Figs. 4 and 5; these experiments are
dierent from the calibration data either because of
dierences in bulk composition (Longhi and Pan 1988;
Sack and Ghiorso 1994; Sack et al. 1987; Longhi 1996)
or because of unique experimental conditions (Baker
and Stolper 1994; Robinson et al. 1998).
In general, each of the equations in Tables 2 and 3
produce residuals that are uncorrelated with P, T and
liquid or mineral composition. This lack of correlation
indicates that the models account for the variation of
clinopyroxene compositions, within the limits of experimental error. Since high-pressure experiments are not
controlled for oxygen fugacity (fO2 ), this variable was
not used for modeling purposes. Residuals for the
models presented in Table 3, though, are not correlated
with fO2 for the 1-atm data where fO2 was controlled.
The model residuals (see insets to Figs. 4 and 5) likely
result from the sum of errors of measurement of P, T
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Table 2 Non-linear expressions for DiHd, EnFs and CaTs componentsa
Results from non-linear regression


13611
T
lnDiHd cpx   ÿ 6:07 
 4:88 ln
 0:74 lnCaliq Fmliq Siliq 2 
T
1670


EnFscpx DiHd cpx
ÿ 2:96  103
ÿ 0:74Fmliq 
T 

17000
T
P
P2
 9:2 ln
 0:02 ÿ 6:4  10ÿ7  0:46 ln Fmliq 2 Siliq 2 
lnEnFscpx   ÿ 1:68 
T
1670
T
T


cpx
cpx
EnFs DiHd
SiCaliq
ÿ 2:96  103
 0:96 lnMgliq   4:8 lnSiliq  ÿ 5:3  104
T
T
2
10000
P
cpx
ÿ6 P
liq 2
liq 2
lnCaTs   ÿ 7:7 
 0:23 ÿ 1:0  10
 1:81 ln Fm  Si  
T
T
T


CaTscpx DiHd cpx
SiNaliq
ÿ 2:0  103
ÿ 2:4 lnCaliq  ÿ 5:5 lnSiliq  ÿ 4:9  104
T
T

R2(SEE)

Equation

0.82(0.07)

(2.1)

0.63(0.13)

(2.2)

0.60(0.05)

(2.3)

a
T is in Kelvins and P is in bars. DiHd, EnFs and CaTs refer to the
mole fractions in clinopyroxene of Diopside + Hedenbergite and
Enstatite + Ferrosilite, and Ca-Tschermak components respectively. The symbol Fm refers to total (FeO + MgO). Terms such as
Mgliq refer to the cation fraction of the indicated element in the
superscripted phase. SiCaliq represents the product of liquid cation

fractions of Si and Ca. A reference temperature of 1670 K was used
in the regression equations since this temperature is close to the
reported metastable melting point of pure diopside at 1 atm (Richet and Bottinga 1986). R2 values are given, along with SEE values, in parentheses

and composition, and any error associated with a lack of
attainment of equilibrium.
For the clinopyroxene components DiHd, EnFs,
CaTs and CaTi, it was necessary to account for nonideal mixing. In all cases, only mixing between the
component of interest and either DiHd, or EnFs was
required to describe the data. Crystallization equilibria
for DiHd, EnFs, and CaTs were thus derived from global
non-linear regression (Table 2). The non-linear models
use a symmetrical Margules parameterization for pyroxene mixing; asymmetric models were also tested, but
yielded little or no statistical improvement, and coecients compared unfavorably to known thermodynamic
quantities.
For jadeite (Jd) the incorporation of excess mixing
energy terms yielded no improvement in the model. This
may re¯ect the high Ts of the calibration data, compared
to the low T of the consolute point for the Jd-Augite
solvus (700 °C; Buseck et al. 1980). At such high T the
magnitude of non-ideal mixing contributions decreases
and solutions may approach ideal behavior (Navrotsky
1981). This does not imply that non-ideal contributions
to the equilibrium are non-existent, only that the energetics of mixing cannot be clearly resolved within the
experimental error of the calibration data. Non-linear
regression for Jd was thus unnecessary, and only linear
regression results are presented (Table 3).
Solution of Ti and Cr in clinopyroxene were modeled
using the components CaTi (CaTiAl2O6) (see Gee and
Sack 1988) and Cr-CaTs (CaCr2SiO6) respectively.
Equation numbers quoted in this and the next paragraph are from Tables 1±3. These components, and
CaTs were characterized by greater variance, compared
to other clinopyroxene components. In the case of CrCaTs little systematic variation was observed, and the
Keq for Eq. 1.7 was modeled as a constant using a global

average (Eq. 3.7). For the CaTi and CaTs components,
global regressions provided the best ®ts compared to
attempts to split data into test and regression sets. The
model for CaTs (Eq. 3.4) describes much of the high P
variation, but considerable residual variance was evident
in the 1 atm data set. Such variance was not correlated
with T, fO2 , or compositional variables, and might be
due to experimental error, although it is uncertain why
experimental error for 1 atm experiments should be
greater for this component. Eq. 3.4 is nevertheless successful at detecting signi®cant changes in CaTs over
substantial ranges of P and T.
The Fe content of pyroxenes was modeled using an
Fe-Mg exchange equilibrium, KDFeÿMg  Fepyx Mgliq =
Mgpyx Feliq , analogous to that used by Roeder and Emslie
(1970) for olivines. The compositional terms in Eq. 3.3
are similar to compositional dependencies discovered for
the olivine-liquid KDFeÿMg by Gee and Sack (1988) and
Langmuir et al. (1992). Since fO2 was not controlled for
the high pressure experiments, the Fe-Mg exchange KD
was calibrated only for experiments run in graphite
capsules, and yielding clinopyroxenes with negligible
Fe+3 (few such clinopyroxenes required Fe3+ based on
the charge balance constraints of Lindsley 1983). Since
Eq. 3.3 was calibrated over a restricted range of fO2
conditions, Eq. 3.3 will probably not extrapolate to
clinopyroxenes crystallized under oxidized conditions.
Minor-element partition coecients
for pyroxene-liquid
Simple partition coecients (Kd) are often used in petrogenetic modeling. Models based on experimentally
calibrated Kd provide a convenient way to estimate the
conditions of igneous processes, such as mantle melting,
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Table 3 Linear equations

a

Regression results for linear regression equations
lnDiHd pyx   ÿ 9:8  0:24 lnCaliq Fmliq Si liq 2  
"
#
EnFscpx 2
ÿ 4:61  103
T



17558
 8:7 ln
T

lnDiHd cpx   ÿ 8:65  0:80 lnCaliq Fmliq Siliq 2  


T
 6:2 ln
ÿ 0:83 lnFmliq 
1670

T
1670



3:1a

17419
P
 0:02
T
T
3:1b



18438
T
 8:0 ln
 0:66 ln Fmliq 2 Siliq 2 
T
1670
"
#
pyx 2

3 DiHd
ÿ 5:1  10
 1:81 lnSiliq :
T

lnEnFspyx   ÿ 6:96 


ln

Fepyx Mgliq
Mgpyx Feliq



 31:8 ÿ 36:8Siliq  ÿ 4:76Naliq   17:0 lnSiliq  ÿ
2

3:2

3879
P
ÿ 0:014 :
T
T

P
P
ÿ 9  10ÿ7  0:78 lnCaliq Alliq 2 Siliq 
T
T
cpx 2
 
3  DiHd
ÿ 4:3  10
T

lnCaTscpx   2:58  0:12

3:3

3:4

P
P2
ÿ 6  10ÿ7  1:02 lnNaliq Alliq Siliq 2 
T
T
ÿ 0:80 lnAlliq  ÿ 2:2 lnSiliq 

lnJd pyx   ÿ 1:06  0:13

"
lnCaTipyx   5:1  0:52 lnCaliq Tiliq Alliq 2   2:04  103

DiHd cpx 2
T

3:5
#
3:6

ÿ 6:2Siliq   42:5NaAlliq  ÿ 45:1FmAlliq 
"
ln

CaCr2 SiO6

#

 12:8  1:8
Caliq Crliq 2 Siliq
104
 3:12 ÿ 2:59  10ÿ2 P kbar ÿ 0:37 lnMg#liq   0:47 lnCaliq Fmliq Siliq 2 
T KCpxSat
ÿ 0:78 ln Fmliq 2 Siliq 2  ÿ 0:34 lnCaliq Alliq 2 Siliq 

a

3:7

3:8

Terms as in Tables 1 and 2. T CpxSat = temperature of clinopyroxene saturation

where equilibrium solid and liquid compositions are not
known (Langmuir et al. 1992). For this reason, minor
element partition coecients were calibrated.
cpx=liq
(Langmuir et al. 1992;
Prior calibrations of KNa
cpx=liq
(Ray et al. 1983; LanBlundy et al. 1995) and KTi
gmuir et al. 1992; Forsythe et al. 1994) have been based
on relatively low pressure experiments, compared to the
data used for this study. These earlier formulations uncpx=liq
cpx=liq
and KTi
observed in experiderestimate the KNa
ments performed at higher pressure (>30 kbar). Since
high pressure pyroxene-liquid partitioning is important
for understanding mantle melting, new regressions for
cpx=liq
cpx=liq
cpx=liq
KNa
and KTi
were performed. Both KNa
and
cpx=liq
were regressed using liquid compositions as inKTi
dependent variables. Each of the following equations

were derived from global regression analysis. The resulting functions are,
ln

 cpx 


Na
P bars
 ÿ2:17  0:12
liq
T K
Na
!
ÿ

P bars2
ÿ 5:8  10ÿ7
ÿ 0:6 Mg#liq
T K

2

and
ln

 cpx 
Ti
 0:22  8:01Alliq ÿ 5:53Siliq
Tiliq


ÿ 9:46Fmliq ÿ 0:40 ln NaAlliq
cpx=liq

3
cpx=liq

Calculated values for KNa
and KTi
using Eqs. 2
and 3 are compared to measured quantities for the
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Fig. 4A±F Calculated clinopyroxene compositions are compared
to observed values for models (in Table 3) that were divided into
Test and Calibration sets. Equation numbers (Table 3), data sets,
and statistics (see Fig. 1 caption for explanation) are shown in
insets, and one-to-one correlation lines are shown for reference.
The ®gures on the left show recovery of calibrated clinopyroxene
compositions; ®gures on the right show estimates for data not used
for calibration. Several test data sets are hi-lighted: high Fe data
from Longhi and Pan (1988) and high Fe-Ti data from Longhi
(1996) and Delano (1980) (®lled circles), alkalic basalts from Sack
and Ghiorso (1994) and some alkalic basalts from Sack et al. (1997)
(pluses), low melt fraction experiments from Baker and Stolper
(1994) (®lled triangles), and Robinson et al. (1998) (®lled squares).
The test data address issues of interpolation and extrapolation for
the empirical models (see text)

partition coecients in Figs. 6A and 6B respectively. As
is evident from the compositional corrections to Eq. 3,
cpx=liq
the Alliq-sensitivity of KTi
noted by Forsythe et al.
(1994) and Hack et al. (1994), was also evident in the
present data set (see also Skulski et al. 1994, Adam and
Green 1994, and Hauri et al. 1994).
Since some mantle melting models calculate liquid
compositions from mineral/melt partition coecients
(Langmuir et al. 1992), the partition coecient for Na
was also calibrated without additional liquid composition terms, yielding,
!
 cpx 


2
Na
P bars
ÿ7 P bars
 ÿ2:48  0:11
ÿ 5  10
ln
T K
T K
Naliq

4

cpx=liq

Recovery of KNa
using Eq. 4 is shown in Fig. 6C. In
cpx=liq
contrast to KNa , the 1/T term appearing in (Eq. 3) for
cpx=liq
was only statistically signi®cant after composiKTi
tional variation had been accounted for, with such terms
cpx=liq
as NaAlliq. Since variations in KTi
due to temperature
are small compared to compositional variations, a
cpx=liq
compositional independent KTi
was modeled as a
constant,
Ti pyx
 0:47  0:28:
Ti liq

5

Discussion
The expressions presented in Table 3 reproduce the
calibration data, and also successfully predict clinopyroxene compositions from the test data. Since empirical
corrections were employed, the test data are of particular importance for determining the reliability of such
models. Signi®cantly, the empirical models predict clinopyroxene compositions from a variety of extreme liquid
compositions that were not used for regression analysis.
For example, the models recover clinopyroxene components from experimental liquids that have very high
Fe (Longhi and Pan 1988), and high Fe + Ti (lunar
compositions, Longhi 1996; Delano 1980). Liquids from
these experiments contain Fe and Ti contents ranging up
to 21 and 24 wt% respectively, greatly exceeding those
values that are in the calibration data set. In addition,
the models successfully predict clinopyroxene compo-

Fig. 5A±C Clinopyroxene compositions recovered from global regression analysis are compared to observed values for models in
Table 3. Insets as in Fig. 2

nents for alkalic samples from Sack et al. (1987) and
from Sack and Ghiorso (1994; equilibrated in air). For
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Fig. 6A±C Partition coecients are recovered for the calibration
data, using Eqs. 2, 3, and 4. Insets as in Fig. 2

these data, all components except for CaTi are reproduced within model error (the CaTi model was not improved when these data were incorporated into the

regression analysis). Successful prediction of such extreme compositions indicates that the models may be
robust against at least modest departures from the calibration data.
The experiments of Baker and Stolper (1994) and
Robinson et al. (1998) provide an additional and interesting set of test data. The data are unique because they
cover a speci®c range of P-T-bulk composition space
that is not covered by the calibration data. These low
melt fraction experiments are important because they
closely simulate melting conditions that are likely encountered in Earth's upper mantle. Most importantly,
the models of Table 3 successfully predict the Baker and
Stolper (1994) and Robinson et al. (1998) clinopyroxene
compositions, even though the models were calibrated
using high melt fraction experiments (Fig. 3). It is also
interesting that Robinson et al. (1998) similarly discovered that the models of Kinzler and Grove (1992; derived from higher melt fraction experiments) successfully
predict their low melt fraction liquid compositions.
It appears that high melt fraction experiments can be
safely extrapolated to low-melt fraction conditions. It is
perhaps signi®cant, though, that the Baker and Stolper
(1994) and Robinson et al. (1998) experiments are only
extreme with respect to melt fraction. Compared to the
calibration data, these experiments are not extreme in
their P-T conditions, nor are they extreme in regard to
the liquid and clinopyroxene compositions that are
produced. Thus, even though the precise coincidence of
P-T-bulk composition space is not covered by the calibration data of this study, no extrapolation in P-T-X
space is required of the clinopyroxene models (Table 3).
The success of the clinopyroxene and Kinzler and Grove
(1992) models appear to indicate that (1) the low and
high melt fraction experiments are internally consistent
and (2) for purposes of geologic interpretation, it may
not be necessary to experimentally reproduce a speci®c
set of P-T-Xi conditions, so long as the conditions of
interest may be interpolated from an appropriately
broad set of experimental observations.
An additional test of the models concerns the thermodynamic quantities obtained from the regression coecients (Tables 2, 3; Table 4). Coecients for P-T
terms yield parameters (Table 2) that match well with
values derived from calorimetry, except for DSc values
for CaTi and CaTs (Navrotsky 1981; Richet and Bottinga 1986; Robie et al. 1979; Lange and Carmichael
1987; for diopside DHc = )138 kJ/mol; DSc = )83
J/K*mol; DCp = )92 J/K*mol; Db = )2 ´ 10)5/b,
where the subscript `c' refers to the crystallization
equilibrium). Margules interaction parameters for clinopyroxene components are also in the range estimated
by Ottonello (1992). Melt interaction energies, though,
greatly exceed values anticipated from calorimetry
(Navrotsky et al. 1989). This disagreement for melt interaction energies is also a feature of the Ghiorso and
Sack (1995) model. Such error almost certainly stems, in
part, from application of incorrect activity models.
There is also the likelihood that mixing energies vary
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Table 4 Thermodynamic quantities from regression coecients

Eq.
Eq.
Eq.
Eq.
Eq.
Eq.
Eq.
Eq.

3.1a
3.2
3.4
3.5
3.6
2.1
2.2
2.3

a

DHc

DSc

DVc

DCp

Db

Di-En
WG

-CaTs
WDi
G

Si-Ca
WG

Si-Na
WG

)146
)153
±
±
±
)113
)141
)83

)81
)58
21
)8.8
42
)50
)14
)64

±
±
)10
)11
±
±
)1.7
)19

)72
)66
±
±
±
)40
)76
±

±
±
)2
)9
±
±
)6
)9

±
±
±
±
±
24.6
24.6
±

±
±
±
±
±
±
±
17

±
±
±
±
±
±
440
±

±
±
±
±
±
±
±
407

a

DHc (kJ/mol), DSc (J/Kmol), DVc (cm3/mol), and DCp (J/Kmol),
Db respectively represent the enthalpy, entropy, volume, heat capacity, and compressibility dierences for the crystallization equiDi-En
Di-CaTs
libria of Table 1. WG
and WG
are excess mixing energies
Si-Ca
-Na are excess mixing
for pyroxene components; WG
and WSi
G

with composition, T or P. For example, changes in melt
speciation might be expected over the P interval examined (Li et al. 1995), which should aect the activities of
liquid components.
Temperature estimation is also a crucial element of
igneous petrogenesis. From mineral stoichiometry
constraints (Langmuir and Hanson 1981) it is possible
to calculate clinopyroxene saturation temperatures
using liquid composition information. However, as
might be expected from the above discussion, inversion
of Eqs. 3.2±3.7 (Table 3), will not be as precise as a
direct calibration for the expression 1/T = ¦(P, Xiliq).
An empirical expression for the prediction of clinopyroxene saturation temperatures is thus presented in
Table 3, as Equation 3.8. Using Equation 3.8, clinopyroxene saturation temperatures for the calibration
data are recovered with an error 51 K (Fig. 7); this
value compares to an error of 89 K when Eqs. 3.2±3.7
are inverted for temperature.

´ 10)5
´ 10)6
´ 10)5
´ 10)6

energies for liquid components (kJ/mol). These quantities are from
regression coecients for the equations given in Tables 2 and 3.
Typical standard deviations on regression coecients are as follows: DHc, 27%; DSc, 15%; DVc, 35%; DCp, 39%; WGSi-Ca, 35%;
WGSi-N, 10%

Summary
Expressions for clinopyroxene + liquid equilibrium are
developed from least-squares analysis of experimental
clinopyroxene + liquid pairs. Most variables are based
on thermodynamic relationships, but the expressions of
Table 3 include empirical terms so that non-linear regression procedures could be avoided. These expressions
reliably reproduce clinopyroxene compositions from
both calibration and test data sets. The calibration and
test data range from 1 atm to 100 kbar and 1300 to
2450 K, and thus the models should be useful for addressing a wide range of geologic problems, with little
extrapolation. By focusing upon the prediction of clinopyroxene compositions, this study augments the eorts
of Nielsen et al. (1988), Ariskin et al. (1993), and Sack
and Ghiorso (1994) as well as greatly expanding upon
the P and T ranges of these calibrations. Partition coecients for Na and Ti were also determined since such
expressions are useful in the study of mantle melting.
Since Na partitioning is P-sensitive, partial melting
depths may be extracted from the calibrated Kd.
By calibrating large data sets, experimental error
placed limits upon the amount of ®ne scale variation
that could be resolved by the models, especially for minor components. Future modeling eorts might focus
upon the variation of acmite or additional Ti- and Albearing components, the eects of fO2 , or data sets that
include more silica-rich compositions.
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