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Abstract

Compilation and interpretation of experimental and natural Nernst partition coefficient (plagioclase/meltD) data show that, with a few
exceptions, increases in plagioclase/meltD correlate with decreasing anorthite-content of plagioclase. In contrast, increases of plagioclase/meltD

for Ga, Sc, Cu, Zn, Zr, Hf and Ti, are better correlated against decreasing melt MgO or increasing melt SiO2 contents. plagioclase/meltD for
Ti and the rare earth elements (REE) show little dependence on temperature, but increase as the melt water content increases.
plagioclase/meltD for K and Sr are sensitive to pressure. Variations of D0 (the strain compensated partition coefficient), r0 (the size of
the site into which REE substitute), and E (Young’s Modulus of this site) were parameterized against variations of melt SiO2, the
An-content of plagioclase, and other combinations of variables, allowing plagioclase/meltDREE-Y to be calculated from a variety of input
parameters. The interrelations of temperature, melt MgO and SiO2 content, and plagioclase anorthite-content for wet and dry systems
were also parameterized to facilitate interpolation where such data are lacking. When combined, these semi-empirical parameterizations
yield plagioclase/meltD results comparable to available experimental and natural data.
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1. Introduction

1.1. Plagioclase and D

The Nernst partition coefficient ‘D’ is the ratio of the
weight concentration of a trace element in a solid phase
divided by the concentration of the same element in its
equilibrium liquid (D = Cs/Cl), and is used extensively
to model magmatic processes (e.g. Treuil and Varet,
1973; Langmuir, 1989; O’Hara, 1995; Shaw, 2000). The
uncertainty with regard to D is a major source of error
in modeling crystal/liquid fractionation or melting, and
in applying inversion models to cumulates or restites
(Blundy, 1997; Bédard, 1994, 2001). Plagioclase feldspar
is the dominant mineral in the terrestrial continental crust
and lunar highlands crust, is abundant in the lower ocean-
ic crust, and also occurs in oceanic upper mantle rocks
and some meteorites (e.g. Gass et al., 1984; Beckett and
Grossman, 1988; Smith and Brown, 1988). In low-pres-
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sure terrestrial lavas, plagioclase occurs throughout the
magmatic compositional spectrum from basalt to rhyolite
(e.g. Grove et al., 1982; Spulber and Rutherford, 1983;
Villiger et al., 2004). Plagioclase fractionates trace
elements of similar size and valency (e.g. plagioclase/meltDLa/
plagioclase/meltDYb is between 5 and 35), leading to relative
light rare earth element depletion in derivative liquids. Pla-
gioclase also concentrates Sr and Eu, generating the diag-
nostic positive trace element peaks indicative of
plagioclase accumulation in gabbroic rocks, and negative
peaks indicative of plagioclase extraction in derivative
liquids.

Until the groundbreaking paper of Blundy and Wood
(1991), who parameterized plagioclase/meltD variations of
Sr and Ba against temperature and the anorthite-content
of plagioclase (An = Ca/Ca + Na + K), most trace ele-
ment modeling studies assumed that values of plagioclase/meltD

were constants. Bindeman et al. (1998) and Bindeman and
Davis (2000) extended this approach to a wider range of
trace elements, and pointed out problems with experi-
ments involving doping. Available experimental and natu-
ral partitioning studies were compiled in an effort to
complete and update these previous studies.
006 Published by Elsevier Inc.



Table 1
Data sources used in this paper

Experimental data

B = Baker and Eggler (1987)
b = Bartels et al. (1991)
b1 = Berndt (2002)
b2 = Bindeman et al. (1998)
b3 = Bindeman and Davis (2000)
b4 = Blatter and Carmichael (2001)
b5 = Blundy (1997)
b6 = Blundy et al. (1998)
b7 = Brugger et al. (2003)
b8 = Beard et al. (1993)
b9 = Berndt et al. (2001)
C = Carroll and Wyllie (1989)
c = Costa et al. (2004)
c2 = Couch et al. (2003)
c3 = Capobianco et al. (1991)
D = Drake and Weill (1975)
d1 = Dunn and Sen (1994)
d2 = Duncan and Green (1987)
d3 = Douce and Beard (1995)
d4 = Douce and Beard (1996)
d5 = Douce (2005)
F = Falloon et al. (1999)
f = Fram and Longhi (1992)
f1 = Freise et al. (2003)
G = Grove and Juster (1989)
g = Grove et al. (1982)
g1 = Grove et al. (2003)
g2 = Garcı́a-Casco et al. (2003)
g3 = Gerke et al. (2005)
H = Holtz et al. (2005)
j = Johnston (1986)
K = Kinzler and Grove (1992)
k = Koepke et al. (2003)
L = Longhi et al. (1999)
l2 = López and Castro (2001)
l3 = López et al. (2005)
l4 = Larsen (2005)
M = Montel and Vielzeuf (1997)
m = Moore and Carmichael (1998)
m1 = Müntener et al. (2001)
m2 = Médard et al. (2004)
m3 = Malvin and Drake (1987)
m4 = McKay and Weill (1976)
m5 = McKay and Weill (1977)
m6 = Martel et al. (1999)
m7 = Métrich and Rutherford (1998)
N = Nair and Chacko (2002)
n = Nekvasil et al. (2004)
P = Douce and Harris (1998)
p = Pertermann et al. (2004)
p2 = Prouteau and Scaillet (2003)
p3 = Panjasawatwong et al. (1995)
R = Righter et al. (1995)
S = Scaillet and Evans (1999)
s = Skjerlie and Johnston (1996)
s1 = Schmidt and Thompson (1996)
s2 = Simon et al. (1994)
s3 = Singh and Johannes (1996)
s4 = Springer and Seck (1997)
s5 = Sisson et al. (2005)
T = Thy (1995)
t = Toplis and Carroll (1995) & Toplis et al. (1994)
t1 = Tormey et al. (1987)
t2 = Tuff et al. (2005)

Table 1 (continued)

t3 = Takagi et al. (2005)
v = Van der Auwera et al. (2000)
v2 = Villiger et al. (2004)
w = Wilke and Behrens (1999)
y = Yang et al. (1996)

Natural data

1 = Arth and Barker (1976)
2 = Bédard (1994)
3 = Bacon and Druitt (1988)
4 = Dodge et al. (1982)
5 = Dostal and Capedri (1975)
6 = Dostal et al. (1983)
7 = Ewart and Griffin (1994)
8 = Francalanci (1989)
9 = Fujimaki et al. (1984)
10 = Gromet and Silver (1983)
11 = Luhr and Carmichael (1980)
12 = Michael (1983)
13 = Nagasawa and Schnetzler (1971)
14 = Nash and Crecraft (1985)
15 = Schnetzler and Philpotts (1968)
16 = Vernières et al. (1977)
17 = Villemant et al. (1980)
18 = Wörner et al. (1983)
19 = Ren et al. (2003)
20 = Dudas et al. (1971)
21 = Phinney and Morrison (1990)

The letter and number codes are those used in all figures.
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plagioclase/meltD data originating from analysis of pheno-
crysts in lavas or intrusions are referred to as ‘natural’
data here, and have number codes, while experimental
partitioning data are given letter codes. Table 1 gives data
sources and codes, which also appear in some figures. For
simplicity, sub/superscripts will be left out henceforth (e.g.
D Sc = plagioclase/meltDSc). The dataset is available as an
electronic appendix from the author. Mineral/mineral
partitioning studies were not considered because of sub-
solidus reequilibration effects (e.g. McDonough et al.,
1992; Loucks, 1996). Much of the data on partitioning
of Ti and K were gleaned from phase equilibrium studies.
It is the purpose of this paper to synthesize these data in
order to provide an objective algebraic parameterization
of the values of D, and of the dominant trend of variation
of D values, which can be used to model igneous process-
es in common magmatic suites.

1.2. Input parameters

What should be the input variable(s) for the parameter-
ization of D variations? The ability to reproduce the data is
the main criterion, but ease of application must also be
considered. Blundy and Wood (1991) and Bindeman
et al. (1998) proposed simple equations of the form:

RT ln D ¼ X Anþ Y ; ðAÞ
where R is the gas constant, An is the fraction of anorthite
component in plagioclase, T is temperature (Kelvin), while



Table 2
Regression results for interrelation of plagioclase An-content, melt composition and temperature, for wet and dry systems

T in K, P in kbar, Ca# = 100Ca/(Ca + Na); Al# = 100Al/(Al + Si) Eq. # 1a

An mole% = (�63,970/T) �164.1 �(2575.3 P/T) + (41.836 ln (Ca#melt)) + (33.434 ln(Al#melt))
T in K, P in bar, An in mole%, H2O in wt% Eq. # 2b

lnAn = (927.91/T) � 0.86298 � (0.02693 P/T) + (0.01674 H2O)

Unknown AR-IV Y intercept Standard error Y R2 N Slope X Standard error X Eq.#

An of plagioclase from MgO in melt (wt%), for dry melts (An = X MgO + Y)

An molar MgO > 1% 0.42132 0.07065 0.700 342 0.04448 0.00158 3a
An molar MgO < 1% 0.10090 0.10362 0.572 25 0.50206 0.09061 3b

(Intersection of Eqs. 3a and 3b at 0.7003% MgO)

An of plagioclase from lnMgO in melt (wt%), for wet melts. (An = X lnMgO + Y)

An molar All 0.57229 0.13285 0.485 610 0.10639 0.00444 3c

Multiple regression: an of plagioclase from T (�C), P (GPa), H2O (wt%) & Melt lnMgO (wt%)

An molar All 0.06619 0.06042 0.5439 988 (SE = 0.112821) 4
T 0.00047 0.00006
P �0.10239 0.00901
H2O 0.02206 0.00187
lnMgO 0.06484 0.00530

10,000/T (�C) from lnMgO (wt%) of melt, (10,000/T (�C) = X lnMgO + Y)

lnMgO All 10.3758 0.0232 0.7513 1015 �0.95668 0.01728 5a

T (�C) from SiO2 wt% of melt, (T (�C) = X SiO2 + Y)
SiO2 All 1712.0 90.26 0.6206 577 �11.691 0.3618 5b

Unknown, value to be calculated. AR-IV, applicable range (AR) for regression, and/or, (IV) input variable from which the unknown is calculated. Estimates of the errors on the regressions and the fit
(R2) are also given. In the multiple regressions, SE: standard error.

a From Panjasawatwong et al. (1995).
b From Takagi et al. (2005).
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‘X’ is the slope and ‘Y’ the intercept in an RT lnD vs. An
plot. Use of the ‘RT’ factor partly corrects for the influence
of temperature and slightly improves the fits (Blundy and
Wood, 1991). Pressure and temperature (Shimizu, 1974;
Green and Pearson, 1985), melt composition (Mysen and
Virgo, 1980; Nielsen, 1985; Gaetani, 2004), and melt H2O
content (Wood and Blundy, 2002), have been advocated
as important factors responsible for D-variations in other
minerals, but these effects have not been explored as sys-
tematically for plagioclase. Indices of melt compositional
evolution considered here are the SiO2 and MgO contents,
the values of which can be calculated from coexisting min-
erals through the application of exchange and distribution
coefficients (e.g. Markl and Frost, 1999; Sugawara, 2000);
or which can be constrained empirically from lava, glass
or melt inclusion analyses.

A multiple linear regression approach was used to
constrain D variations where the database was ade-
quate. However, a complete range of possible input
parameters is not found in each experiment or natural
partitioning dataset. Some are simplified systems, while
others do not provide complete melt or mineral analy-
Fig. 1. Plagioclase An-content plotted against: (a) temperature in �C, (b) melt
extensive scatter in the ‘wet’ data (a), and the generally higher An-contents of
systems plotted against lnMgO (Eq. 3c, Table 2). (c) Regression for data fro
regression from (b, wet systems) shown as a dashed line. (d) Comparison of o
ses. Furthermore, natural partitioning observations can-
not provide exact values for pressure or temperature.
Consequently, datasets that lack certain input variables
cannot be included in many multiple regression analy-
ses. In addition, many modeling situations, such as
inversions applied to cumulate rocks, do not provide
the necessary input (e.g. knowledge of the melt compo-
sition, temperature, pressure, volatile contents) for such
an approach. Since the ‘bottom-line’ is useability, a sim-
plified approach that considers fewer input parameters
is also included. While inherently less precise than a
simultaneous consideration of the influence of all poten-
tial input variables on D variations, the simplified ap-
proach at least has the benefit of being applicable to
all modeling scenarios, including inverse calculations.
Where possible, both the simple regressions and the
multiple regression analyses are provided, to give mod-
elers flexibility.

This partly empirical approach is not meant as a sub-
stitute for thermodynamically based partitioning models
(e.g. Beattie et al., 1991; Blundy et al., 1996; Wood and
Blundy, 1997; Gaetani, 2004). However, despite the con-
lnMgO (wt%) content for wet systems, and (c) for dry systems. Note the
the ‘wet’data for a given temperature. (b) Regression for data from ‘wet’

m ‘dry’ systems plotted against melt MgO (Eqs. 3a,b. Table 2), with the
bserved An-contents with those calculated with Eq. 4, Table 2.



Fig. 2. LnMgO (wt%) in the melt plotted against 10,000/temperature �C,
for wet (a) and dry (b) systems (Eq. 5, Table 2). (c) Compares results
calculated from the MgO-T �C regressions (Eq. 5) against experimental
temperatures.
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siderable progress achieved in their development (e.g.
Blundy and Wood, 2003), it is not yet possible to obtain
the values of D for all trace elements and P–T–X condi-
tions of interest from such theoretical models, or to quan-
tify how the Ds vary; and realistically, it will be many
years before this becomes possible. For those needing a
set of D values to model a given magmatic suite, a com-
mon sense approach has been to use D values from an
experiment conducted at appropriate pressure–tempera-
ture conditions on a melt composition that is ‘similar’
to the suite being investigated. However: (a) few bulk
compositions have been investigated in enough detail to
do this; (b) few partitioning studies consider the entire
geochemical spectrum, handicapping users of multi-ele-
ment plots (e.g. Thompson et al., 1983); and (c) the extent
to which Ds vary with changing P–T–X conditions would
still not be accounted for. Given the need for a systemat-
ic, quantitative, multi-element estimate of plagioclase/meltD,
and for how these Ds vary, the semi-empirical parameter-
izations proposed here represent an interim, practical
solution, which at least provides a realistic estimate of
the uncertainty in D, and which may help guide subse-
quent experimental efforts.

1.3. Sources of error and uncertainty

This is a compilation of data from both experimental
and natural partitioning studies, analyzed over a span of
25 years with different methods in different laboratories.
Consequently, one has to consider the probability of in-
ter-laboratory biases, the progressive improvements in
precision and accuracy that have occurred, the possibility
that kinetic or pneumatolytic effects perturbed some
experiments or observations, and finally, the probability
of experimental or typographical errors. When analyzing
the partitioning data, discrepant datapoints were exclud-
ed from some regressions. Although discrepant data that
result from experimental errors can safely be neglected,
data outliers could also reflect systematic differences in
pressure, fO2

, volatile activity, bulk composition, crystal
chemistry . . . , etc. These alternatives were investigated
where the database was adequate, but it was not always
possible to determine why some datapoints or datasets
were discrepant. There are four main groups of discrep-
ant data: (1) those from older datasets, (2) natural data
(phenocryst/matrix or phenocryst/whole-rock), (3) data
obtained from phase equilibrium studies, and (4) data
from synthetic bulk compositions.

(1) The anomalous values of some older data presum-
ably represent analytical limitations, and after compari-
son, some of the most discrepant older data were
excluded from the regressions. (2) Partitioning data ob-
tained from natural phenocryst/matrix pairs are not as
well constrained as experimental data because: (a) D is
commonly calculated assuming that the matrix or bulk
composition represents liquid compositions, (b) the
assemblage may not be in equilibrium (e.g. Albarède
and Bottinga, 1972; Tepley et al., 2000; Perugini et al.,
2003), (c) the potential effects of mineral or melt inclu-
sions in mineral separates are not always considered
(e.g. Michael, 1988; Lutz, 1991), and (d) temperature
and pressure are rarely constrained. Nevertheless,
although treated with caution, many of these ‘natural’
partitioning values are also considered here because there
are no experimental data available for some elements and
melt compositional ranges. (3) A potential problem with
partitioning data obtained from phase equilibrium studies
(Ti, K), is that routine minor element analyses may not
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have been controlled as carefully as in the dedicated
partitioning studies. However, while inclusion of natural
and phase equilibrium data increases scatter somewhat,
it also provides improved coverage of the P–T–X spec-
trum. (4) Some experimental studies use synthetic bulk
compositions that are very different from natural melts;
which affected the value of the partition coefficient, at
least in some cases.

1.4. Approach

First, I parameterize the distribution of data linking
the An-content of plagioclase to temperature, pressure
and melt composition (Table 2, Figs. 1 and 2). These
equations will be used to model natural data in terms of
RT lnD against variations of An-content or melt compo-
sition. Because TiO2 and K2O can be analyzed with the
Table 3
Regression results for variations of plagioclase/meltD Ti against different input p
composition, pressure and water content

Unknown AR-IV Y intercept Standard error Y

D Ti calculated from multiple regression

lnD Ti All �4.6605 0.86819
H2O melt (wt%)
SiO2 melt (wt%)
lnMgO melt (wt%)
Molar An
10,000 T (�C)
P (GPa)

D Ti calculated from An-content of plagioclase, (e.g. RT lnD Ti = X An + Y)

lnD Ti An (all) �1.7503 0.83827
RT lnD Ti An (all) �18.482 10.594

Binned data for D Ti calculated from An-content of plagioclase, using data P 6

RT lnD Ti (<50% SiO2) �26.979 5.3020
RT lnD Ti (50–55%SiO2) �34.258 3.9394
RT lnD Ti (55–60% SiO2) �34.688 4.6305
RT lnD Ti (60–70% SiO2) �22.237 4.9308
RT lnD Ti (<2% MgO) �37.560 4.7478
RT lnD Ti (2–4% MgO) �24.131 3.4357
RT lnD Ti (4–6% MgO) �27.972 4.9555
RT lnD Ti (>6% MgO) �29.506 8.2232
RT lnD Ti (>2% MgO) �21.825 4.9273

D Ti calculated from temperature T (�C), using data P 6 0.2 GPa, H2O 6 1%

lnD Ti (60–70% SiO2) �2.328 0.4634
lnD Ti (55–60% SiO2) �5.248 0.3721
lnD Ti (50–55% SiO2) �3.257 0.3957
lnD Ti (<50% SiO2) �1.941 0.3750

D Ti calculated from melt composition, using data P 6 0.2 GPa, H2O 6 1%

RT lnD Ti SiO2 �61.303 4.9825
lnD Ti SiO2 �5.0543 0.40476
RT lnD Ti lnMgO �24.073 5.5006
lnD Ti lnMgO �2.1707 0.49347

D Ti calculated from pressure (GPa), SiO2 < 70%, H2O < 5%

D Ti (All) 0.058927 0.029734

D Ti calculated from melt H2O (wt%), P 6 0.2 GPa

D Ti (All) 0.05378 0.06303
RT lnD Ti (All) �33.256 8.2417

Values of the slope ‘X,’ and intercept ‘Y’ allow D values to be calculated. Estim
multiple regressions, SE, standard error. AR-IV, see Table 2. Filt, filtered dat
electron microprobe, the D Ti and D K datasets are large
enough to allow causal mechanisms to be explored (Ta-
bles 3 and 4, Figs. 3–7), providing insight when consider-
ing smaller datasets for geochemically similar elements.
Similar regressions were performed for all elements where
sufficient data exist (Figs. 7–13, Table 4), and a choice of
input parameters is provided wherever possible, which al-
lows flexibility in different modeling scenarios. The best
regression coefficients obtained are provided in the
Tables. Where no perceptible correlations were found,
or data are too scanty, averages were computed (Table
4). Comparisons of the regression results for D REE-Y
(Fig. 14) with the Lattice Strain Model of Blundy and
Wood (1994) were then used to derive equations linking
a variety of input variables with D0 (the strain compensat-
ed partition coefficient), E (Young’s Modulus), and r0 (the
size of the REE-hosting site) (Fig. 15, Table 5). From
arameters, including anorthite content of plagioclase, temperature, melt

R2 N Slope X Standard error X Eq. #

0.4939 318 (SE = 0.60362) 6
0.07382 0.02449
0.02367 0.00756
�0.22775 0.09312

0.31542 0.37651
0.06912 0.06602
�0.22462 0.09078

0.0356 344 �1.2279 0.34538 7
0.0394 344 �16.353 4.3651 8

0.2 GPa, H2O 6 1%, SiO2 < 70%

0.0113 16 �5.6090 14.035 9a
0.0048 14 3.1360 13.096 9b
0.0007 35 1.3636 9.3100 9c
0.1494 45 �22.905 8.3352 9d
0.0607 14 13.301 15.107 10a
0.0861 52 �16.847 7.7640 10b
0.0457 28 �11.544 10.346 10c
0.0097 16 �13.738 37.177 10d
0.1495 96 �21.067 5.1822 10e

0.0028 15 �0.00031 0.00164 11a
0.2582 16 0.00213 0.00097 11b
0.0204 40 0.00030 0.00034 11c
0.0429 44 �0.00119 0.00087 11d

0.2627 117 0.49849 0.07788 12a
0.2436 117 0.03850 0.00633 12b
0.5533 126 �8.6543 0.69838 12c
0.4689 126 �0.65548 0.06265 12d

0.0319 171 �0.010135 0.004295 13

0.3846 205 0.02692 0.00239 14a
0.3044 217 2.9409 0.30318 14b

ates of the errors on the regressions and the fit (R2) are also given. In the
a.



Table 4
Regression results for variations of plagioclase/meltD against different input parameters

AR-IV Y intercept Standard error Y R2 N Slope X Standard error X Eq. #

Unknown
RT lnD K An (all) �9.8186 5.9362 0.1346 653 �14.810 1.4721 15a
RT lnD K An (filt1) �8.6971 5.1627 0.2043 629 �16.745 1.3199 15b
RT lnD K An (filt2) �8.2080 5.1994 0.2170 593 �17.907 1.3990 15c
RT lnD K An (P < 0.6) �10.548 5.0160 0.1331 395 �14.788 1.9039 15d
RT lnD K P (all) �19.998 6.1880 0.0587 583 3.1842 0.52880 15e
RT lnD K P (filt) �20.033 5.7937 0.0735 578 3.4265 0.50683 15f
RT lnD K P (3–7% MgO) �20.206 5.8687 0.1367 179 4.9554 0.93611 15g
RT lnD K 7.3596 2.9861 0.3042 561 (SE = 5.0347) 15h

SiO2 melt (wt%) �0.1874 0.03778
MgO melt (wt%) 0.4466 0.16583
Molar An �26.777 1.9940
P (GPa) 1.5259 0.46828

RT lnD Cs An �12.801 5.8636 0.4674 27 �32.184 6.8700 16
RT lnD Rb An �12.208 8.1457 0.4674 90 �43.564 4.9573 17
RT lnD Ba An (filt) 10.146 5.5904 0.6013 107 �35.204 2.7975 18a
RT lnD Ba (filt) �15.889 10.5904 0.6060 84 (SE = 5.6223) 18b

SiO2 melt (wt%) 0.3082 0.12517
Molar An �23.1593 5.5402

RT lnD Sr An (Dry Low P) 23.856 3.5815 0.5653 107 �20.710 1.7723 19a
RT lnD Sr P (GPa) 13.238 3.1865 0.7090 9 �5.6447 1.3668 19b
D Sr P (GPa) 3.8196 1.3171 0.4723 9 �1.4140 0.5649 19c
RT lnD Sr H2O 11.331 5.8482 0.1997 89 1.9205 0.4121 19d
DSr H2O 4.1253 5.1243 0.1560 89 1.4480 0.3611 19e
RT lnD Sr �10.545 6.1986 0.7021 72 (SE = 3.0354) 19f

H2O melt (wt%) 0.7230 0.34500
SiO2 melt (wt%) 0.3964 0.08612
lnMgO melt (wt%) 0.6316 0.58071
Molar An �4.4900 3.0256

RT lnD Sr �9.76305 4.87118 0.6958 79 (SE = 3.0680) 19g
SiO2 melt (wt%) 0.38369 0.05740
Molar An �3.4708 2.6915

RT lnD Pb An 0.14815 5.5534 0.0982 30 �10.4612 5.9924 20
lnD Li An 1.1839 1.0228 0.1903 45 �3.4432 1.0832 21
RT lnD Be An �22.670 5.2602 0.2090 24 22.600 9.3683 22
RT lnD Cr An �4.6191 8.2035 0.3867 26 �42.901 11.028 23
RT lnD Ni An 27.795 6.9911 0.5892 10 �75.474 22.283 24
RT lnD Ga lnMgO 0.56898 4.6441 0.4492 22 �1.5845 0.39225 25a
RT lnD Ga �44.089 11.8387 0.7014 22 (SE = 3.3370) 25b

SiO2 melt (wt%) 0.5196 0.17625
lnMgO melt (wt%) �0.7780 0.92344
Molar An 21.728 5.236

D Ge MgO 0.29825 0.03673 9.4421 4 0.01567 0.01245 26
D V An 0.08875 0.00856 0.8207 4 �0.09026 0.02983 27
RT lnD Sc MgO �23.003 9.1170 0.5586 28 �7.5485 1.31594 28
RT lnD Co An �11.438 7.9950 0.2317 22 �20.659 8.4125 29
RT lnD Cu 37.318 115.41 0.7427 10 (SE = 6.1292) 30

SiO2 melt (wt%) �0.4680 1.5490
MgO melt (wt%) �10.496 10.888
Molar An �11.816 14.419

RT lnD Zn MgO �5.1217 8.4797 0.3430 35 �6.6545 1.6033 31
RT lnD Nb An �4.8347 17.686 0.2345 32 �47.519 15.673 32a
RT lnD Nb �417.35 87.943 0.7177 25 (SE = 9.7630) 32b

SiO2 melt (wt%) 5.259 1.1641
MgO melt (wt%) 10.344 4.287
Molar An 40.879 14.094

RT lnD Ta �271.60 60.586 0.4630 18 (SE = 6.1292) 33
SiO2 melt (wt%) 3.157 0.8092
MgO melt (wt%) 8.926 3.1641
Molar An 26.501 16.851

(continued on next page)
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Table 4 (continued)

AR-IV Y intercept Standard error Y R2 N Slope X Standard error X Eq. #

RT lnD Zr (all) An �0.32496 18.0034 0.4841 74 �84.6797 10.3023 34a
RT lnD Zr (filt) An 3.6141 13.7207 0.7102 60 �103.900 8.71293 34b
RT lnD Zr (filt) SiO2 �187.27 11.785 0.7664 62 2.26018 0.16087 35
RT lnD Zr (filt) �191.68 12.238 0.8004 54 (SE = 10.883) 36b

H2O melt (wt%) 1.209 0.9973
SiO2 melt (wt%) 2.290 0.1881

RT lnD Th An �11.646 8.9249 0.3063 36 �31.369 8.0968 37
RT lnD U An �7.6146 4.6913 0.8268 17 �47.279 5.5879 38a
lnD U An �1.7129 0.57865 0.4681 25 �2.7716 0.61608 38b
RT lnD P An �17.470 3.2816 0.3161 25 �19.200 5.8891 39
RT lnD Hf An �8.2507 9.9891 0.4577 36 �54.245 10.964 40a
RT lnD Hf SiO2 �126.86 6.6721 0.7638 25 1.3989 0.16222 40b
RT lnD Hf (filtered) �146.68 41.438 0.7496 24 (SE = 6.7687) 40c

SiO2 melt (wt%) 1.670 0.5660
MgO melt (wt%) 1.276 2.4398

RT lnD La An 2.1146 4.8953 0.6632 63 �37.009 3.3770 41a
RT lnD Ce An �3.6812 4.8375 0.6570 70 �33.822 2.9636 42a
RT lnD Pr An �6.8025 2.0051 0.6849 13 �26.094 5.3368 43a
RT lnD Nd An �5.6996 6.5437 0.4115 69 �30.850 4.5074 44a
RT lnD Sm An �8.6767 7.3051 0.4702 73 �33.320 4.1974 45a
RT lnD Gd An �1.9714 7.8367 0.6629 12 �59.897 13.506 47a
RT lnD Tb An �4.3691 4.6964 0.7661 33 �44.528 4.4196 48a
RT lnD Dy An �2.2521 5.4139 0.7774 29 �58.215 5.9946 49a
RT lnD Y An �4.5269 7.4062 0.6865 50 �51.811 5.0540 50a
RT lnD Er An �8.5000 6.3497 0.7256 14 �57.253 10.164 51a
RT lnD Yb An �9.2954 9.2898 0.6056 45 �52.923 6.5126 52a
RT lnD Lu An 0.61501 7.2699 0.6381 23 �70.378 11.565 53a
RT lnD La SiO2 �70.741 5.0674 0.7071 44 0.82717 0.08215 41b
RT lnD Ce SiO2 �72.837 4.9855 0.6808 50 0.79844 0.07892 42b
RT lnD Nd SiO2 �84.698 5.1606 0.6961 47 0.96052 0.09460 44b
RT lnD Sm SiO2 �93.113 5.6815 0.7211 52 1.02567 0.09021 45b
RT lnD Eu SiO2 �47.071 9.8852 0.2536 55 0.68936 0.16246 46b
RT lnD Gd SiO2 �102.76 4.1352 0.8859 8 1.16211 0.17023 47b
RT lnD Tb SiO2 �88.152 5.2885 0.6754 24 0.93216 0.13779 48b
RT lnD Dy SiO2 �114.16 4.9589 0.7976 28 1.26733 0.12519 49b
RT lnD Y SiO2 �121.93 8.3243 0.6598 48 1.36846 0.14488 50b
RT lnD Er SiO2 �111.45 7.5022 0.6399 15 1.14518 0.23826 51b
RT lnD Yb SiO2 �114.25 10.400 0.5469 39 1.17906 0.17642 52b
RT lnD Lu SiO2 �115.04 4.6417 0.8811 17 1.26414 0.11989 53b
RT lnD La �43.254 13.323 0.7262 44 (SE = 4.8426) 41c

SiO2 melt (wt%) 0.5325 0.15351
Molar An �16.594 7.4287

RT lnD Ce �40.236 11.018 0.7288 50 (SE = 4.5478) 42c
SiO2 melt (wt%) 0.4444 0.13212
Molar An �18.566 5.7641

RT lnD Nd �60.108 11.019 0.7162 47 (SE = 4.9323) 44c
SiO2 melt (wt%) 0.7080 0.14244
Molar An �16.425 7.1601

RT lnD Nd 9.3313 29.755 0.8597 20 (SE = 2.9510) 44d
H2O melt (wt%) 2.2675 1.0709
SiO2 melt (wt%) �0.27180 0.38863
MgO melt (wt%) �3.8159 1.6138
Molar An � 6.7770 11.193

RT lnD Sm �82.358 11.912 0.7159 52 (SE = 5.6779) 45c
SiO2 melt (wt%) 0.9107 0.14342
Molar An �6.1352 5.9499

RT lnD Eu 88.743 21.970 0.9227 17 (SE = 2.0544) 46c
log fO2

�3.0048 0.2403
SiO2 melt (wt%) �1.9547 0.3568
MgO melt (wt%) �2.9235 0.6803
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Table 4 (continued)

AR-IV Y intercept Standard error Y R2 N Slope X Standard error X Eq. #

RT lnD Gd �80.023 14.992 0.9059 8 (SE = 3.4775) 47c
SiO2 melt (wt%) 0.9450 0.18446
Molar An �20.605 11.039

RT lnD Tb �28.322 20.464 0.7588 24 (SE = 4.4583) 48c
SiO2 melt (wt%) 0.2452 0.25289
Molar An �31.058 10.052

RT lnD Dy �69.685 16.4202 0.8400 28 (SE = 4.3268) 49c
SiO2 melt (wt%) 0.7924 0.19124
Molar An �27.132 8.9685

RT lnD Y �118.14 20.154 0.6451 48 (SE = 8.4119) 50c
SiO2 melt (wt%) 1.3274 0.24103
Molar An �2.1499 9.8457

Element
RT lnD Er �79.808 21.351 0.6780 15 (SE = 6.8359) 51c

SiO2 melt (wt%) 0.8502 0.26630
Molar An �25.099 13.1236

RT lnD Yb �61.048 36.287 0.3428 40 (SE = 12.1524) 52c
SiO2 melt (wt%) 0.5258 0.42449
Molar An �18.441 18.598

RT lnD Lu �94.967 16.727 0.8798 17 (SE = 4.5191) 53c
SiO2 melt (wt%) 1.0730 0.18344
Molar An �16.526 12.233

RT lnD Nd H2O (wt%) �20.625 6.3101 0.2280 28 5.4674 1.9728 44e
RT lnD Y H2O (wt%) �28.386 12.660 0.0798 44 2.5509 1.3368 50e
lnD La T (�C) �2.2695 0.29372 0.0288 26 0.000415 0.000492 54
lnD Ce T (�C) �1.9980 0.28792 0.0003 25 �0.00004 0.000486 55
lnD Nd T (�C) �2.3058 0.38069 0.0052 23 0.000214 0.000646 56
lnD Sm T (�C) �3.5171 0.48943 0.0635 24 0.001015 0.000831 57
lnD Y T (�C) �6.6560 0.64144 0.1083 18 0.002721 0.001952 58
lnD Yb T (�C) 1.9562 0.40171 0.7232 13 �0.006125 0.001142 59

Regression constantsa

RT lnD B An 9.9 3.8 �0.61 0.5 61a

RT lnD F An 23.6 7.1 �37.8 11.5 62a

RT lnD Cl An 11.0 5.3 �24.5 9.5 63a

Polynomial regression : N = 17 R2 = 0.5607 46d
RT lnD Eu = �45.110 + (�5.2769 log fO2

+ (�0.1400 (log f O2Þ2Þ
±21.987 ±3.9456 ±0.1690

Average D Standard deviation N Source

Sb 0.2686 0.1366 3 (4,7)
Mo 0.39 — 1 (d1)
As 0.2491 0.1420 3 (7)
Re 0.01 1 (R)
Ru <0.3 1 (c3)
Rh <0.4 1 (c3)
Pd <0.2 1 (c3)

Average values are given where data were inadequate to allow regression. Values of regression constants for D F, D Cl, D Li and D B are from Bindeman
et al. (1998). Estimates of the errors on the regressions and the fit (R2) are also given.

a From Bindeman et al. (1998).
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these equations, values of D REE-Y can then be calculat-
ed with the Lattice Strain Model, and combined with the
other regressions, in order to generate a composite param-
eterization that is consistent with theory, which can easily
be integrated into existing spreadsheets and modeling
algorithms, and that applies to a wide range of melt com-
positions (Fig. 16).
2. Results

2.1. Plagioclase An-content vs. temperature, pressure, and

melt composition

Both plagioclase An-content and temperature are need-
ed to calculate the partition coefficients using Eq. (A).



Fig. 3. (a) RT lnD Ti plotted against plagioclase anorthite content. Note
the extensive scatter. Experimental and natural data are not distinguished
here. There are very few natural data, and they all fall in the main cluster.
Temperatures for natural data were calculated from Eq. 5, Table 2. The
dashed line labelled ‘b2’ is from Bindeman et al. (1998). The unlabelled
grey line is Eq. 8 from Table 3. The heavy black line labelled ‘F,6’ shows
how RT lnD Ti varies with An-content for the Ferrar dolerites as
calculated from Eq. 6. A subset of low-pressure dry experimental data
were binned into restricted (b) MgO (Eq. 10, Table 3), and (c) SiO2 ranges
(Eq. 9, Table 3); showing how RT lnD Ti generally increases as MgO
drops and SiO2 increases.

Fig. 4. (a) LnD Ti plotted against temperature (�C). All of the low-
pressure dry experimental data are shown, suggesting a trend of increasing
lnD Ti as temperature drops. Temperatures for natural data were
calculated from Eq. 5, Table 2. Ion probe data from Bindeman and
Davis (2000, b3) are shown as shaded boxes. Note that these data show the
same scatter as electron probe data. In (b) data are binned into restricted
compositional ranges (Eq. 11, Table 3). Note that once the compositional
effect is removed by binning, most data show no significant trend with
cooling.
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In ideal circumstances, both can be independently con-
strained, allowing an unique solution. However, in many
cases one or both of these parameters are unknown, and
it would be useful to derive expressions allowing them to
be calculated if necessary. Plagioclase An-content tends
to decrease as magmas cool and evolve (Bowen, 1928).
However, plots of plagioclase An-content against tempera-
ture show considerable scatter (Fig. 1a), especially for hy-
drous melts, indicating that other factors than
temperature are also important. Several studies have
shown that pressure, melt composition and melt water con-
tent affect plagioclase An-content (Housh and Luhr, 1991;
Panjasawatwong et al., 1995; Takagi et al., 2005). Both
Panjasawatwong et al. (1995) and Takagi et al. (2005) pro-
vide equations linking plagioclase An-content to tempera-



Fig. 5. (a) RT lnD Ti plotted against lnMgO (Eq. 12c, Table 3), and (b)
SiO2 (Eq. 12a, Table 3) in the melt, for low-pressure dry experiments.
Temperatures for natural data were calculated from Eq. 5, Table 2. The
heavy black lines labelled ‘F,6’ show how RT lnD Ti varies for the Ferrar
dolerites as calculated from Eq. 6.

Trace element partitioning in plagioclase feldspar 3727
ture and melt composition (Eqs.1 and 2, Table 2), but these
equations only apply to a limited compositional range, and it
would be useful to derive an equation of more general appli-
cability. Fig. 1b and c show that An-content is reasonably
well correlated against the MgO or lnMgO content of the
melt. The regression coefficients of Table 2 (Eq. 3) can be
used to link An-content to melt MgO for wet and dry sys-
tems. A multiple regression analysis of this dataset was per-
formed against temperature, pressure, water content and
melt MgO content (Eq. 4, Table 2) and yields a more accurate
value of the An-content (Fig. 1d). Melt lnMgO content is
plotted against inverse temperature for wet and dry systems
in Fig. 2a and b. The dry data appear to define a dog-leg, but
this may be an artefact caused by a lack of data for cooler
melts. If a few outliers are excluded, then all of the data
can be regressed together (Eq. 5, Table 2), allowing melt tem-
perature to be calculated from the melt MgO content for any
plagioclase-saturated system (Fig. 2c).
These expressions (Table 2) may be useful in a number
of ways. For example, they allow plagioclase composition
to be calculated in metavolcanic rocks if melt MgO content
can be estimated from whole-rock or melt inclusion analy-
ses. Conversely, if only the An-content of the feldspar can
be analyzed directly (restites or cumulates), then these
expressions allow melt MgO content and temperature to
be estimated.

2.2. Plagioclase/meltD Ti

Data for D Ti is extensive. Plots of RT lnD Ti against
plagioclase An-content show a diffuse trend of increasing
D Ti as An-content decreases (Fig. 3a). The ion-probe D
Ti data of Bindeman et al. (1998, b2) and Bindeman and
Davis (2000, b3) are distinguished on some of the figures
to highlight potential differences between electron- and
ion-probe data. Although in most cases the dedicated
ion-probe D Ti data appears better behaved than the more
diffusely correlated electron-probe data (e.g. Figs. 3 and 4),
some of the ion-probe D Ti determinations also plot apart
from the main trend. All of the data were regressed togeth-
er (Fig. 3a, Eqs. 7 and 8, Table 3), yielding a slightly shal-
lower trend than that proposed by Bindeman et al. (1998).
Nevertheless, the fit is poor, and other input variables must
also be considered for their impact on D Ti variations.

Plots of lnD Ti vs. temperature show an overall increase
of D Ti as temperature drops (Fig. 4a). Typical error esti-
mates are shown for an ion-microprobe analysis from
Bindeman et al. (1998, b2, 5% relative) and two phase equi-
librium studies where TiO2 was analyzed with the electron
microprobe. Uncertainty in temperature is smaller than the
symbol size. The datum at 1275 �C from Longhi et al.
(1999) shows a restricted D Ti uncertainty that reflects
the low analytical error of this study (TiO2 melt
1.09 ± 0.04, TiO2 plagioclase 0.06 ± 0.01). The uncertainty
on this electron probe analysis is comparable to that of the
ion-microprobe data from Bindeman et al. (1998) and
Bindeman and Davis (2000). Note also that the ion-micro-
probe data (shaded boxes in Fig. 4a) show a distribution
roughly parallel to the main trend of the data, and show
similar absolute variations of lnD Ti for a given tempera-
ture. The electron-probe datum at 951 �C from Martel
et al. (1999) has a greater uncertainty that reflects a lower
precision, the result mainly of lower abundances (TiO2 melt
0.48 ± 0.09, TiO2 plagioclase 0.04 ± 0.03).

To establish a baseline from which variations of D Ti
against changes of P–T–X can be understood, a subset
of data for dry (H2O < 1%), low-pressure (P < 0.2 GPa)
experiments was binned for melt SiO2 content and plotted
against experimental temperature (Fig. 4b). The data from
Bindeman and Davis (2000, b3) appear to define a trend
of increasing lnD Ti as temperature drops (Fig. 4a), but
the lower lnD Ti values correspond to low-SiO2 melts
and high-An feldspars, while the high lnD Ti values cor-
respond to high-SiO2 melts and low-An feldspars; so that
it is not possible to discriminate between temperature,



Fig. 6. (a) D Ti plotted against pressure in GPa (Eq. 13, Table 3, 3 data excluded (X) from regression), and (b) RT lnD Ti plotted against wt% melt H2O
(Eq. 14b, Table 3). Only experimental data are shown in (a). Comparison between observed D Ti and D Ti calculated using: (c) Eq. 6 (Table 3) and (d) Eq.
12d corrected for pressure and water content using the slopes of Eqs. 13 and 14a.
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crystal chemistry, and melt compositional effects without
considering the entire dataset. In contrast to the overall
trend of increasing lnD Ti with decreasing temperature
(Fig. 4a), the binned data either show no trend, or very
poorly defined trends of decreasing or increasing lnD Ti
as temperature drops (Fig. 4b, Eqs. 11, Table 3: note
the very low R2 values). This implies that temperature
variations alone cannot account for the overall lnD Ti in-
crease seen in Fig. 4a. What is apparent from Fig. 4b,
however, is that most lnD Ti values increase systematical-
ly from melts with SiO2 < 50% to melts with SiO2 > 60%.
This implies that the observed increase in lnD Ti has
more to do with increasing melt SiO2 than decreasing
temperature. In Fig. 5, D Ti data (RT lnD Ti) from
low-pressure, dry experiments (H2O < 1%, P < 0.2 GPa)
were plotted against melt SiO2 and MgO contents, show-
ing clear trends of increasing D Ti as melts evolve (Eqs.
12, Table 3). However, since changes in melt composition
are intimately linked to changes in plagioclase An-con-
tent, a test is required to clarify the relative influences
of melt vs. crystal chemistry. To this end, the same low-
pressure, dry subset of D Ti data (H2O < 1%,
P < 0.2 GPa) was binned for different SiO2 and MgO
ranges and plotted against An-content (Fig. 3b and c),
to help determine whether the increase in D Ti is primar-
ily due to changes in An-content or to melt compositional
effects. As in Fig. 4b, the values of RT lnD Ti for more
evolved melts consistently fall above those of more prim-
itive melts (Fig. 3b and c), suggesting an important melt
compositional control. However, many of the binned data
also show trends of increasing RT lnD Ti as An-contents
decrease (Eqs. 9 and 10, Table 3), which implies that there
is also a crystal-chemical control.

If data from the most evolved (>70% SiO2) and wettest
(>5% H2O) compositions are excluded, then plots of D Ti
and RT lnD Ti vs. pressure (Fig. 6a) show a diffuse trend
of D Ti decrease as pressure increases (Eq. 13, Table 3),
with changes in the order of 0.01/GPa. If only low-pres-
sure data are considered, then plots of RT lnD Ti and
D Ti vs. melt H2O (Fig. 6b) both show clear trends of in-
crease as melt H2O increases (Eq. 14), with D Ti increas-
ing by about 0.027/wt% H2O in the melt. Most of the
data for melt H2O contents was calculated by the differ-
ence method (100% minus analytical total), however,
and is rather imprecise in consequence. The slopes of
Eqs. 13 and 14 can be used in tandem with the simplified
equations for variations of low-pressure anhydrous D Ti
(or RT lnD Ti) linked to changes of melt composition



Fig. 7. (a) RT lnD K plotted against plagioclase anorthite content. The regression results of Bindeman et al. (1998) are shown as a dash-dot line labelled
‘b2’. The other regressions are labelled according to the equations in Table 4. The heavy black line labelled ‘F’ shows how RT lnD K varies for the Ferrar
dolerites as calculated from Eq. 15h. (b) RT lnD K plotted against pressure in GPa. (c) RT ln D Cs, and (d) RT lnD Rb plotted against plagioclase
anorthite content. In (c) the grey line is the regression from this paper (Eq. 16, Table 4). In (d) the Bindeman et al. (1998) regression is labelled ‘b2,’ while
the grey line is the regression from this paper (Eq. 17, Table 4). Representative error bars are shown.
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or An-content (Eqs. 9, 10 or 12) to obtain a more precise
estimate of D Ti if the pressure and water content of the
melt are known. Variations of similar extent might be
expected for other high-charge cations, such as the rare
earth elements.

Multiple regression analysis implies that the dominant
causes of variation of lnD Ti are melt SiO2, melt MgO,
and pressure; with temperature, water-content and plagio-
clase An-content being of secondary importance (Eq. 6,
Table 3). The multiple regression results (Fig. 6c, Eq. 6, Ta-
ble 3) fit much (but not all) of the data reasonably well
(R2 = 0.4939), but there are serious discrepancies for some
data (notably those from H, b7 and b1). Removal of these
three datasets did not significantly improve the regression
results, however. It is worth pointing out that the fit for
low-pressure anhydrous data (RT lnD Ti) calculated from
ln MgO (R2 of 0.5533, Eq. 12c) is as good as the multiple
regression analysis; and if the value of D Ti calculated from
Eq. 12c is corrected for pressure and water content using
the slopes of Eqs. 13 and 14a, the correlation with observed
data is no worse than those of the multiple regression anal-
ysis for mafic melts (compare Fig. 6c and d).
To summarize: D Ti variations are complex functions
of plagioclase composition (An), pressure, temperature,
and melt composition (H2O, MgO, and SiO2 contents);
which are only partly captured by the regression analysis.
In practical terms, a straightforward way to approximate
the D Ti value for the system of interest might be as
follows:

(A) For well constrained environments, use the multiple
regression analysis (Eq. 6).

(B) For poorly constrained scenarios, use the regressions
based on melt lnMgO or SiO2 (Eq. 12), and correct
for pressure and H2O content using Eqs. 13 and 14a.
2.3. Large ion lithophile elements (LILE) and alkaline

earths: K, Cs, Rb, Ba, Sr, Pb, Li

The dataset for D K is very large because of the
incorporation of data from phase equilibrium studies
(Fig. 7a). Values of RT lnD K increase as An decreas-
es (Fig. 7a), but results are scattered, despite fairly
restricted 1-r error estimates on most data. The regres-
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sion of Bindeman et al. (1998, b2) under-estimates most
existing D K values (Fig. 7a), while a regression on all
data (Eq. 15a, Table 4) has a slope that is slightly too
Fig. 8. (a) RT lnD Ba, (b) RT lnD Pb, and (c) RT lnD Sr plotted against
plagioclase anorthite content. The regression results of Bindeman et al.
(1998) are shown as a dash-dot lines labelled ‘b2’. The dashed lines
labelled ‘BW’ are regressions proposed by Blundy and Wood (1991). The
continuous grey lines are regression results from this paper (Table 4).
Error bars show 1-r error estimates. The heavy black lines labelled ‘F,18b’
(in a) and ‘F,19f’ (in c) show how RT lnD Ba and Sr vary for the Ferrar
dolerites as calculated from Eqs.18b and 19f, respectively.
shallow to reproduce many data from very felsic or
mafic melts. As a palliative, the extreme outliers were
excluded (Eq. 15b, ‘X’ symbols on Fig. 7a), the same
outliers as well as the data from ‘b1’ were excluded
(Eq. 15c, shaded boxes on Fig. 7a), and only low-pres-
sure data were regressed (Eq. 15d). All results are sim-
ilar, however, with the best statistics being those of Eq.
15c. A scattered trend of increasing RT lnD K as P

increases is also seen (Fig. 7b). Multiple regression
analysis implies a significant role for An-content, pres-
sure and for melt MgO and SiO2 contents, and yields
the best (although still poor) fits (R2 = 0.3042, Eq.
15h, Table 4).

Data for D Cs is scanty, and two older data were exclud-
ed (Eq. 16, Fig. 7c). The new D Rb regression (Eq. 17)
closely resembles that of Bindeman et al. (1998) if a few
outliers are excluded (Fig. 7d). Data for D Pb are scattered
(Fig. 8b); and the new regression (Eq. 20) is significantly
shallower than that of Bindeman et al. (1998). An 0.05 de-
crease of D Pb for each % H2O in the melt was observed
(not shown). Data for D Li scatter widely and yield only
a poorly constrained regression against An-content (Eq.
21, Table 4).

Values of RT lnD Ba show systematic increases with
increasing contents of An, melt SiO2, and with decreas-
ing melt MgO. There are too few high-pressure data to
allow this variable to be evaluated, while variations in
water content are unsystematic. The equations of Blun-
dy and Wood (1991) and Bindeman et al. (1998) both
provide reasonably good fits to the expanded database.
A regression for RT lnD Ba (Eq. 18a, Fig. 8a) yields
a trend slightly shallower than those proposed by Blun-
dy and Wood (1991, BW) and Bindeman et al. (1998,
b2). This regression (Eq. 18a) excludes a few of the
worst outliers, notably, many data from Luhr and Car-
michael (1980, 11) plot systematically low, for unknown
reasons. Multiple regression analysis of the RT lnD

Ba data (excluding the same outliers shown on
Fig. 8a) yields a slightly more precise estimate of D

Ba (Eq. 18b).
There are enough D Sr data to allow several potential in-

put variables to be considered. Values of RT lnD Sr show
systematic increases with increasing contents of An, of melt
H2O and SiO2, with decreasing melt MgO, and with
decreasing pressure. High-pressure data are largely from
Van der Auwera et al. (2000, v), with one datum from
Blundy et al. (1998, b6). If one outlier from ‘v’ is excluded,
and low-pressure data between An contents of 40 and 70
are averaged to anchor the trend, then regressions against
pressure (Eqs. 19b and c) imply that D Sr decreases by
about 1.4 D for each increase of 1 GPa. In contrast, values
of D Sr increase by about 1.5 D/% H2O in the melt (Eqs.
19d and e).

If low-pressure (<1.3 GPa), low-H2O (<3%) data
only are considered, and a few outliers are excluded,
then a regression for RT lnD Sr (Eq.19a) yields a
trend only slightly shallower than those proposed by



Fig. 9. (a) RT lnD U, (b) RT lnD Th, and (c) RT lnD Nb plotted against plagioclase anorthite content. The regression results of Bindeman et al. (1998)
are shown as a dashed line labelled ‘b2.’ The continuous grey lines are regression results from this paper (Eqs. 37, 38a, 32a, Table 4). The heavy black line
labelled ‘F,eq32b’ shows how RT lnD Nb varies for the Ferrar dolerites as calculated from Eq. 32b. Note that the Ferrar trend (in c) is at a sharp angle to
the trend calculated from the An-content. (d) Compares calculated values of D Nb (eq.32b) and 10 · D Ta (Eq. 33) with observed values.
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Blundy and Wood (1991, BW) and Bindeman et al.
(1998, b2) (Fig. 8c). This regression (Eq. 19a) excludes
data from Wörner et al. (1983, 18), since these may
very well be from high-pressure hydrous melts. A topaz
rhyolite 98,702 from Ren et al. (2003, 19) also falls off
the main trend, possibly due to anomalous enrichment
in halogens? Data for two granites from Nash and Cre-
craft (1985, 14) and a rhyolite from Nagasawa and
Schnetzler (1971, 13) also fall off the main trend, for
unknown reasons. The P- and H2O-corrections (Eqs.
19b–e) can be applied to values of D Sr calculated
solely from the low-pressure data (Eqs.19a, f and g).
Multiple regression analysis of the RT lnD Sr data
(excluding high-pressure data, and the same outliers
as for the Eq. 19a regression) yield reasonably good re-
sults (Eqs. 19f and g).

2.4. High field strength cations: U, Th, Nb, Ta, P, Zr, Hf, Be

The equations of Bindeman and Davis (2000) fit the
available RT lnD U data well (Fig. 9a), and the new regres-
sion (Eq. 38a) differs only slightly from theirs. Data from
Michael (1983) were given a temperature appropriate to a
melt with 0.2% MgO (755 �C, Eq. 5). Data for RT lnD

Th is scattered (Fig. 9b) with much of the older data plot-
ting off the main trend, so that the derived coefficients (Eq.
37) should be viewed with caution. More experimental D
Th data are needed to provide better constraints. Data
for RT lnD Nb (Eq. 32a, Fig. 9c) and RT lnD Ta (not
shown) are poorly correlated with An-content, but seem
to yield reasonable fits for multiple regression using melt
SiO2, MgO and An-content (Eqs. 32b and 33, Fig. 9d).
However, when a trend for RT lnD Nb is calculated for
a specific magmatic suite (e.g. the Ferrar dolerites, ‘F Eq.
32b’ in Fig. 9c), the variation is at a sharp angle to the
overall trend. Because of the weights given to the different
input parameters by the multiple regression analysis, D Nb
and D Ta both seem to go through a minimum for interme-
diate melt compositions. More experimental data for D Nb
and D Ta are needed to clarify how Ds vary.

Data for D P are scanty (not shown). Most of the D P
data from Gerke et al. (2005), Toplis and Carroll (1995)
and Toplis et al. (1994) scatter with no obvious trend,
and were excluded from the regression. The best behaved
data are those of Bindeman et al. (1998), Bindeman and
Davis (2000), and Tuff et al. (2005); and the regression ob-
tained (Eq. 39) differs only slightly from previous estimates.
Data for D Be are mostly from Bindeman et al. (1998) and
Bindeman and Davis (2000), and the new regression (Eq.
22) differs only slightly from theirs. Unusually, D Be

decreases as An-content drops.
Plots of RT lnD Zr against An-content show consider-

able scatter (Fig. 10a). Much of the data of Ewart and Grif-
fin (1994, 7) plots above the other data, suggesting a



Fig. 10. RT lnD Zr plotted against plagioclase anorthite content (a) and
melt SiO2 content. The regression results of Bindeman et al. (1998) are
shown as a dashed line labelled ‘b2’ (in a). The grey and dotted lines show
results from this paper (Eq. 34a from An all data; 34b from An, filtered
data; 35 from melt SiO2 content). The heavy black lines labelled ‘F,36’ (in
a and b) show how RT lnD Zr varies for the Ferrar dolerites. (c) RT lnD

Hf plotted against melt SiO2 content. The grey line shows results from this
paper (Eq. 40b, Table 4), with the heavy black line labelled ‘F,40c’
showing how RT lnD Hf varies for the Ferrar dolerites.

Fig. 11. (a) RT lnD Cr plotted against plagioclase anorthite content (Eq.
23a, Table 4). (b) LnD Zn (Eq. 31, Table 4), and (c) lnD Sc (Eq. 28)
plotted against melt MgO content. The regression results of Bindeman
et al. (1998) are shown as a dashed line labelled ‘b2’. The continuous grey
lines are results from this paper.
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potential analytical problem. An ugandite from Fujimaki
et al. (1984, 9) also plots apart and was excluded. The fil-
tered regression (Eq. 34b) fits the data much better than
that calculated from all of the data (Eq. 34a). The equation
of Bindeman et al. (1998, b2) underestimates D Zr for most
felsic data. A regression of RT lnD Zr against melt SiO2

content yields a much better constrained trend (Eq. 35,
Fig. 10b); with only two data being excluded from this
regression, the ugandite from Fujimaki et al. (1984, 9)
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and a Vesuvius leucitite from Ewart and Griffin (1994, 7).
Melt SiO2 content appears to capture most of the variation
in RT lnD Zr; and multiple regression (Eq. 36) shows only
modest improvement.
Fig. 12. (a) RT lnD La, (b) RT lnD Nd, and (c) and RT lnD Yb plotted
against plagioclase anorthite content. The regression results of Bindeman
et al. (1998) are shown as a dashed line labelled ‘b2’. The continuous grey
lines are regression results (from An) from this paper (Eqs. 41a, 44a, 52a).
The black dashed lines labelled ‘Eq. 64’ shows results of the lattice strain
model parameterization calculated from the feldspar An-content (Table
5). The heavy black lines labelled ‘F,41c’ and ‘F,52c’ show how RT lnD La
and Yb vary for the Ferrar dolerites as calculated from the multiple
regressions (Eqs. 41c and 52c). The heavy black lines labelled ‘F,67’ are the
lattice strain model fits to these regressions. In (b) the regression for RT

lnD Nd (Eq. 44c) is indistinguishable from ‘F,67.’

ig. 13. (a) RT lnD La plotted against melt SiO2. The continuous grey
ne is the regression from this paper (Eq. 41b, Table 4). The dashed line
belled ‘eqs66’ shows the value calculated using the Lattice Strain Model,
sing the RT lnD parameterization for melt SiO2 (Eq. 66, Table 5). The
eavy black lines labelled ‘F,41c’ shows how RT lnD La varies for the
errar dolerites as calculated from the multiple regression (Eq. 41c, Table
). The heavy black lines labelled ‘F,67’ is the lattice strain model fit to the
dividual rare earth multiple regressions. (b) RT lnD Eu plotted against
g fO2

. Values of log fO2
from ‘b5’ and ‘b6’ were extrapolated from

ublished values of the buffer curves at higher pressure. The filled grey
urve is a polynomial regression (Eq. 46d, Table 4), with the dashed grey
urves showing 95% confidence limits. The thick black bars show the
ifference between the measured values (boxes) and the results of the
ultiple regression of RT lnD Eu calculated from melt MgO, melt SiO2,

nd log fO2
(Eq. 46c), which appears to be more precise than the

olynomial fit to log fO2
only. The heavy black line labelled ‘F,46c’ shows

ow RT lnD Eu varies for the Ferrar dolerites as calculated from the
ultiple regression (Eq. 46c, Table 4). In (c) lnD La–Sm–Y–Yb data for
w-pressure, low-H2O systems only are shown (Eqs. 54–59, Table 4). The

ata for D Ce and D Nd are not shown. The data show minimal
ependence on temperature, with very poor correlations (Table 4).
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Data for RT lnD Hf show a scattered trend of increase
as An decreases (Eq. 40a, not shown, calculated excluding:
the ugandite from Fujimaki et al. (1984, 9), three data from
(Francalanci, 1989, 8), two data from Wörner et al. (1983)
and one from Dodge et al. (1982)). A regression of RT lnD

Hf against melt SiO2 content (excluding the same outliers
as above) yields a simple linear trend (Eq. 40b, Fig. 10c).
The SiO2 contents of the Bishop Tuff samples from Mi-
chael (1983, 12) were assumed to be 75%. Melt SiO2 con-
tent appears to capture most of the variation in RT lnD

Hf; and multiple regression using melt SiO2 and MgO con-
tents (Eq. 40c) shows only modest improvement.

2.5. Metals: Ga, Cr, Ni, Zn, Co, Cu, V, Sc, Ge

Data for RT lnD Cr are scattered, and the new regres-
sion against An-content (Eq. 23, Fig. 11a) differs only
Fig. 14. Values of D REE (rare earth elements) and D Y obtained from the (a
3a, 3b, 41a to 53a); (d and e) from regressions of RT lnD against melt SiO2 (Eq
D values are plotted against ionic radius (Shannon, 1976). The curves show resu
D0 and r0. Temperature was linked to An-content and/or melt composition us
results (c and f, see text for details). Values of D0, E and r0 derived by vi
parameterization constants of Table 5.
slightly from that of Bindeman et al. (1998). For this
regression, outliers from (3,4,8,s4) were excluded. Data
for evolved melt compositions are scanty, and this part of
the compositional spectrum is poorly constrained. RT

lnD Ni increases as An-content decreases, with a single da-
tum from (b2) being excluded from the regression (Eq. 24).
RT lnD Ga shows a diffuse trend of increase as lnMgO
decreases (Eq. 25a), SiO2 increases, and as H2O increases.
Trends against An-content are poorly defined (not shown).
Multiple regression analysis yields significantly better re-
sults for D Ga (Eq. 25b). A single high-pressure determina-
tion (b6) is lower than other determinations at a given
An-content, suggesting the possibility that D Ga decreases
as pressure increases. Sparse D Ge data (Malvin and
Drake, 1987) yield a correlation with melt MgO (Eq. 26)
strictly only valid between MgO 11 and 16 wt%. Data for
D V are sparse, with 4 out of 5 aligning when plotted
and b) regressions of RT lnD against An-content of plagioclase (dry, Eqs.
s. 41b–53b); and (c–f) from the multiple regression analysis (Eqs. 41c–53c).
lts of the Lattice Strain Model Eq. (B) fit to these regressions by varying E,
ing Eqs. 3a, 3b, 5a (a and b); 5b (d and e); or from the PELE simulation
sual fits to the RT lnD REE-Y regressions were then fit to obtain the
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against An-content (Eq. 27, not shown). Data for RT lnD

Sc show a diffuse anticorrelation with melt MgO content
(Eq. 28, Fig. 11c), if outliers from Francalanci (1989, 8)
and Dodge et al. (1982, 4) are excluded. The anticorrelation
of RT lnD Sc against An is even poorer (not shown), with a
trend shallower than that suggested by Bindeman et al.
(1998). Two outlying data from (b2) and one from (18)
were excluded from the RT lnD Co regression against
An (Eq. 29). RT lnD Cu increases as MgO and An decrease
and SiO2 increases (not shown), with no obvious trend
against changing H2O. The best results were obtained from
a multiple regression analysis (Eq. 30). However, variations
of D Cu are all from a single source (7), and are anchored
by a single mafic composition; and should be viewed with
caution, especialy for mafic melts. RT lnD Zn increases
as MgO (Eq. 31, Fig. 11b) and An decrease and SiO2

increases, with no obvious trend against changing H2O.
A single datum from (18) was excluded from the RT lnD

Zn regression against MgO. Trends of D Zn against An-
content are poorly defined (not shown).

2.6. Rare-earth elements and yttrium

RT lnD REE-Y data were regressed against the An-con-
tent of plagioclase (Eqs. 41a to 52a, Fig. 12). A datum from
Gromet and Silver (1983, 10), data S2-2 and S2-3 from
Bindeman et al. (1998, b2), datum 144 from Francalanci
(1989, 8) and the ugandite from Fujimaki et al. (1984, 9)
Fig. 15. (a) Ln D0, (b) E, (c) melt MgO and (d) temperature variations plotted
lnD REE-Y against plagioclase An-contents, for wet and dry systems (Eqs. 64
like those of Fig. 14. Covariations of An-content with melt MgO and temperatu
system) or 3c and 5a (wet system). The other lines show the trends for the
calculated in the same way on the basis of PELE simulations (see text).
were excluded from most regressions because they plotted
anomalously. Data for many REE (e.g. D La, Ce, Nd,
Sm, Yb, Lu) show moderately good correlations against
An-content (Fig. 12). Data for D Eu and Y are also abun-
dant, but are more scattered (not shown). Data for D Gd,
Tb, Dy, Tm and Er are sparse, and the high-An end of the
spectrum is typically poorly represented (not shown). In
some cases the new regressions differ considerably from
those of Bindeman et al. (1998) and Bindeman and Davis
(2000), showing steeper rates of increase.

Regressions of RT lnD REE-Y against melt SiO2 (Eqs.
41b to 53b, Table 4, Fig. 13a) and MgO (not shown) con-
tents were also performed, to allow modeling in cases
where An-contents cannot be determined. The data show
clear trends of increase as melt SiO2 increases and MgO
decreases. Where data exists, D REE appear to show trends
of increase (as for D Ti) as H2O content increases (e.g. Eqs.
44e and 50e). The sole high-pressure determination (Blun-
dy et al., 1998, b6) suggests that D REE decrease as pres-
sure increases. More high-pressure data is needed to
verify this.

Multiple regressions including combinations of plagio-
clase An-content and melt SiO2, and fO2

for D Eu, yield
the most precise D REE determinations in most cases
(Eqs. 41c–53c). Inclusion of melt MgO actually worsens
many fits. It is known that D Eu varies with changing fO2

conditions (Drake and Weill, 1975; Wilke and Behrens,
1999). Plots of RT lnD Eu against log fO2

were fit with a
against plagioclase An-contents; corresponding to the regressions of RT

and 65, respectively, Table 5). Values of E and lnD0 were derived from fits
re for the regressions against An-content are from Eqs. 3a, 3b and 5a (dry

Ferrar (Eq. 64), High-Al arc basalt (Eq. 65) and MORB (Eq. 69) suites
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polynomial function, yielding reasonable fits (R2 = 0.5607,
Eq. 46d, Fig. 13b). A multiple linear regression seems to
yield a better result, however (Eq. 46c, Fig. 13b). Plots of
lnD REE against temperature show no systematic trend
(Fig. 13c), with extremely low R2 (Table 4, Eqs. 54–59),
implying that there is little or no temperature effect on
REE partitioning.

2.7. Other elements

Data for D Sb, Mo, Ru, Rh, Ru, Pd and As are too scat-
tered and sparse to be regressed, and simple averages were
computed (Table 4). Data for D B, D F, and D Cl are prin-
cipally from Bindeman et al. (1998) and Bindeman and Da-
vis (2000), and were not regressed anew. Values of
regression constants from these papers for these elements
are given in Table 4 for convenience.

3. Calculation of plagioclase/meltD REE-Y profiles and

comparison with results of the lattice strain model (LSM)

Values of D REE-Y were calculated from the regres-
sions of RT lnD REE-Y against An (Table 4), and were
plotted against ionic radius (e.g. Fig. 14). Melt MgO
Table 5
Parameterization for E and D0 vs. MgO or lnMgO (respectively), which feed in
Y

Applicable range Parameter Calculated from

RT lnD REE regressions from An (e.g. lnD0 = X An + Y) linked to MgO (m
An0.1–1 lnD0 An
An0.1–1 E An
An0.1–1 r0 An

RT lnD REE regressions from An, linked to MgO (melt) by Eq. 3c, wet syste
An<0.36288 lnD0 An
An0.36288–0.71581 lnD0 An
An0.71581–0.81764 lnD0 An
An>0.81764 lnD0 An
An<0.63045 E An
An>0.63045 E An

r0

RT lnD REE regressions from melt SiO2, linked to T (�C) by Eq.5b
SiO240–45.81 lnD0 SiO2

SiO245.81–66.54 lnD0 SiO2

SiO266.54–78 lnD0 SiO2

SiO240–78 E SiO2

SiO240–78 r0 SiO2

RT lnD REE regressions for ferrar dolerite evolution, PELE Model, multiple
An0.786–0.692 lnD0 An
An0.786–0.692 E An

r0

RT lnD REE regressions for high-Al arc basalt, PELE model, multiple regres
An0.88–0.80 lnD0 An
An0.88–0.80 E An

r0

RT lnD REE regressions for MORB, multiple regression using plagioclase An
An0.831–0.659 lnD0 An
An0.831–0.659 E An

r0
and temperature were linked to An-content using Eqs.
3a, 3b and 5a, which are appropriate for dry low-pres-
sure systems. These calculations produce generalized,
‘average’ magmatic values of D that may be useful
when detailed information on melt composition and
intensive parameters are lacking. Fig. 14a and b com-
pare values of D REE-Y calculated from the individual
dry system regressions of RT lnD REE-Y against An
(Fig. 12), to results of the lattice strain model (LSM)
of Blundy and Wood (1991, 1994), also known as the
Brice (1975) equation. The LSM posits a parabolic dis-
tribution of D values around the ionic radius of the
host site r0, which gives the position of the curve apex
on the ‘x’ (ionic radius) axis. The Blundy and Wood
(1994) expression is

Di ¼ D0 expð�4 p E NAððr0=2Þ � ðri � r0Þ2 þ
1

3
ðri � r0Þ3Þ=RT Þ;

ðBÞ

where D0 is the strain compensated partition coefficient,
and gives the D value of the curve’s apex; ri is the ionic
radius of the cation of interest (Shannon, 1976); E is
Young’s Modulus of the REE-hosting site, variations of
which affects the kurtosis of the model curve; NA is Avoga-
to the Brice (1975) equation Eq. (B), allowing calculation of D REE and D

Intercept Y Slope X Eq. #

elt) by Eqs. 3a and 3b, dry system, and T� C by Eq.5a
�0.69478 �1.9698 64a
57.767 112.15 64b
1.17519 0.024815 64c

m, and T (�C) by Eq.5a
�3.3574 �0.41784 65a
�1.3552 1.1444 65b
�0.1278 �2.0230 65c
�0.5345 �1.6905 65d
163.60 24.494 65a
57.767 112.149 65b

Use Eq. 64c

�4.2516 0.03229 66a
�5.1220 0.05130 66b
�7.0283 0.07992 66c

�285.0 �2.5 66d
1.2221 �0.000526 66e

regression using plagioclase An-conten and melt SiO2

�1.1147 �1.8677 67a
39.023 102.49 67b

Use Eq. 64c

sion using plagioclase An-conten and melt SiO2

�3.31 0.46581 68a
�169.53 351.95 68d

use Eq. 64c

-conten and melt SiO2

�2.0363 �0.82105 69a
104.64 23.3096 69b

Use Eq. 64c



Fig. 16. Comparison of plagioclase/meltD profiles calculated from the
different regression constants given in Tables 2–5, with D results for
experiment 94-4 from Blundy (1997). The grey boxes associated with the
diamonds (i.e. the experimental data) show one sigma error limits; as do
the error bars on the calculated values of D. The values for Mr1 are the
preferred multiple regression results. Those labelled Mr2 are alternative
formulations corresponding to Eqs. 19g, 44d and 46d. Lattice strain
models (LSM) for An and SiO2 use Eqs. 64 and 66 (respectively), while the
LSM derived from the Mr1 regressions use values of E, D0 and r0 of 140,
0.068 and 1.195, respectively. The dashed line is the same for both a and b,
and links the preferred D values corresponding to Eqs. 16 (Cs), 15h (K), 17
(Rb), 18b (Ba), 37 (Th), 38a (U), 32b (Nb), 33 (Ta), LSM-Mr1 Eqs. 41c–
42c (La–Ce), 20 (Pb), 19f (Sr), 39 (P), LSM-Mr1 Eqs. 44c-45c (Nd-Sm), 35
(Zr), 40c (Hf), 6 (Ti), 46c (Eu), LSM-Mr1 Eqs. 47c–53c (Gd–Lu), 23 (Cr),
31 (Zn), 29 (Co), 24 (Ni), 25b (Ga), 27 (V), 30 (Cu), and 28 (Sc).
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dro’s number; R is the gas constant (0.008314), and T is
temperature (Kelvin). Values of D0, E and r0 are commonly
determined by fitting model curves to the experimental
data (Fig. 14, see also Wood and Blundy, 1997). To this
end, values of r0, E and D0 were varied by trial and error
to achieve a visual close fit to the D REE regressions at a
given value of plagioclase An-content (e.g. Fig. 14a and
b). In view of the extensive scatter of the REE partitioning
data (e.g. Fig. 12), more elaborate curve fitting methods
would not improve accuracy and were not applied. It has
been suggested (Bindeman and Davis, 2000) that the size
of the M-site into which REE partition increases slightly
as the An content decreases, and the fits appeared better
if r0 changed in this sense from 1.12 Å at An100 to
1.178 Å at An11. Values of E, and lnD0 derived in this man-
ner were plotted against An and fit with simple functions
after some trial and error optimisation (e.g. Fig. 15, Table
5). These regression constants (Table 5, Eqs. 64, cf. Fig. 12)
allow values of D0 and E to be calculated for any input val-
ue of An; allowing a complete D REE-Y profile to be cal-
culated with Eq. (B).

A similar procedure was applied to the RT lnD REE
regressions against plagioclase An-content for wet systems
(Eqs. 65, Table 5) and against melt SiO2 (Eqs. 66, Table 5,
Fig. 14d and e, cf. Fig. 13a). The regressions based on
changes in melt MgO produced spiky patterns that pre-
cluded accurate fits.

In order to use the multiple regression results (Eqs. 41–
53c), an equation linking the pertinent input variables (e.g.
An-content, and melt MgO and SiO2 ± melt H2O content,
± pressure and ± log fO2

must be defined for the liquid line
of descent being investigated. Given this information, the
equations of Table 4 allow a series of D REE-Y profiles
to be defined, and fit as discussed above (e.g. Fig. 14c
and f), to generate values of r0, D0 and E. Three suites were
modeled (50–75% fractional crystallization) using PELE
(Boudreau, 1999) to encompass variations of D values for
representative natural suites. The Ferrar Dolerite/Kirkpa-
trick Basalts of Antarctica illustrate a siliceous tholeiitic
flood basalt trend. The fractionation model was based on
sample 82-15-1 of Elliot et al. (1995), which is the most
magnesian (7.542% MgO) non-porphyritic sample ana-
lyzed, with a calculated liquidus temperature of 1185 �C.
An fO2 at the QFM buffer (quartz–fayalite–magnetite)
was assumed. Layered Ferrar sills (e.g. Bédard et al.,
2005) contain minor biotite and hornblende, and ferro-
gabbroic pegmatites, suggesting that the magmas con-
tained minor amounts of water. An initial value of
0.2 wt% H2O was assumed. Analysis 1 from Table 7 in
Natland (1989), a glass from the Indian Ocean (8.97%
MgO), was used as a typical primitive MORB-like melt.
This yields a dry liquidus T of 1209 �C. An fO2

of QFM
was assumed. A Tongan high-Al basalt (Table 2 in Myers
and Johnson, 1996) was chosen to illustrate variations in
an arc basalt. Here, a higher initial water content (2 wt%)
and fO2

(QFM + 2) were used. Values for temperature,
fO2

, melt composition and feldspar An-content produced
by PELE for these three compositions were recorded and
used to calculate the D values using (Eqs. 41c–53c Table
4). These were then fit with the Brice equation (e.g. Figs.
14c and f) to derive values of E and D0 (Eqs. 67–69, Table
5, Fig. 15). The value of r0 was assumed to vary as in the
generalized An regression (Eq. 64c). Values of D calculated
for the Ferrar suite are shown in many figures as a heavy
black line (F: Figs. 3, 5, 7–10, 12, 13, 15) and typically plot
in the main data cluster very close to the LSM trend for An
or SiO2.
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4. Comparisons with partitioning data for individual

experiments/samples

Values of D REE-Y calculated using the LSM parame-
terization (Table 5) are combined with D values calculated
from the regressions of Tables 2–4, to produce multi-ele-
ment D plots for different values of plagioclase An, melt
MgO, melt SiO2, melt H2O, fO2

, pressure and temperature
(Fig. 16). The 1-r error bars of the model profiles are at-
tached to the best available regressions (see caption for
Fig. 16). Note the generally small differences between re-
sults using the different regressions, and the fact that most
of the experimental partitioning data are fit within error by
the parameterization. Note also that the LSM fits to An,
SiO2 and Mr1 (multiple regression 1, see caption to
Fig. 16) all yield very similar results.

Fig. 17 compares the model D profile to a series of
individual experiments or observations, as a further test
of the method. Each model was calculated using the
MgO, SiO2, An-content, pressure, temperature, fO2

and
water content appropriate to each experiment or study.
Overall, the experimental and natural data are very sim-
ilar to the parameterization results (Fig. 17), suggesting
that the methodology advocated in this paper has some
Fig. 17. Comparison of plagioclase/meltD profiles calculated from the different re
caption of Fig. 16. Model results are generally consistent with the data, with a f
than the symbol size. (a) Francalanci (1989) model calculated assuming P = 0.1
correspond to values of the quartz–fayalite–magnetite (QFM) buffer + 2. (b) T
given, and were assumed to be at QFM. (c) The water content was assumed to
QFM, with P = 0.1 GPa.
merit. Note the prominent positive D Pb, Sr, Eu and
Ga anomalies in the models and data. Because of the
interrelations of the parameters feeding into the multiple
regression equations for D Nb and D Ta, large negative
D Nb–Ta anomalies are generated for intermediate sys-
tems. More experimental data for these elements are
needed to verify if this is a real effect. The positive D

Eu peak of the granite (Fig. 17d) is not reproduced by
the parameterization, suggesting that the granite crystal-
lized at values of fO2

different from that assumed. Values
for D Zn, Ni, Ga and Co are high, with Ni and Ga
becoming compatible elements in very evolved melts
(Fig. 17d).

To give some feeling for the constraints gained by this
parameterization, Fig. 18 shows the results of trace ele-
ment inversion models (Bédard, 1994) that calculate the
trace element contents of melts in equilibrium with three
Bushveld anorthosites from the Merensky Reef, as com-
pared to two putative parental melts (B1 and B2). Values
of D were calculated for different assumed melt SiO2

contents (Fig. 18b), but yield similar results except for
Ta. Low assumed trapped melt fractions yield reasonable
HREE matches with B2, while higher assumed trapped
melt fractions better match the HREE of the more
gression constants given in Tables 2–5, with the same equations as in the
ew exceptions. Where no error bars are shown it is because they are smaller

GPa, temperatures assume a wet system (Eq. 3c), and fO2
was assumed to

he fO2
conditions in the experiments in Bindeman and Davis (2000) are not

be 2.2%, similar to other rocks in this study. (d) fO2
was assumed to be at



Fig. 18. N-MORB normalized (Sun and McDonough, 1989) extended
trace element plots showing model melts calculated from three Bushveld
anorthosites (data from Maier and Barnes, 1998; and W. Maier personal
communication 2004) with the equilibrium distribution method of Bédard
(1994) using the preferred D values as per the caption of Fig. 17; compared
to putative parental melts B1 and B2 (Harmer and Sharpe, 1985; W. Maier
personal communication 2004). Values of SiO2 in the melt were assumed
to be either similar to those of melt B1 (55%) or B2 (51%); An-contents
were calculated from a CIPW norm; MgO contents were calculated from
Eq. 3a; and temperatures were estimated using Eq. 5a. Values of fO2

similar to those of Ferrar dolerite melts (QFM) were assumed. Model
liquids calculated for these differing SiO2 contents are directly compared in
(b), and yield very similar results, except for Ta. D REE are calculated
from the regressions of RT lnD against An (Table 5, Eqs. 65, but with
errors corresponding to Eqs. 67). Values of the trapped melt content are
varied in (a and c), to force HREE fits with B1 and B2.
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depleted siliceous B1 melt. The model melts have LILE
contents that are more similar to B1 than B2, suggesting
that B1 may be a better candidate for the melt responsi-
ble for Merensky Reef anorthosites. Trapped melt frac-
tions between 7% and 18% imply a relatively low
residual porosity for these rocks. Anorthosites 2019 and
1996.95 yield model melts with positive Eu anomalies,
while 2019 shows a positive Sr anomaly, suggesting that
the melts may have been supersaturated in plagioclase
due to prior feldspar assimilation.

5. Conclusions

With a few exceptions, values of plagioclase/meltD increase
as the anorthite-content of plagioclase decreases, as melt
MgO decreases, and as melt SiO2 increases. Values of
plagioclase/meltDTi increase markedly as the melt H2O content
increases, and as pressure drops, and the same may be true
for plagioclase/meltDREE. Values of plagioclase/meltDK and
plagioclase/meltDSr are sensitive to pressure. Variations of D0

(the strain compensated partition coefficient), r0 (the size
of the REE-hosting site), and E (Young’s modulus) were
parameterized against variations of melt MgO, SiO2, and
the An-content of plagioclase, allowing plagioclase/meltDREE-Y

to be calculated from combinations of these input parame-
ters. These parameterizations yield results comparable to
experimental or natural partitioning data, and provide im-
proved solutions to trace element models applied to plagio-
clase-bearing systems.
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