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Abstract We have developed a predictive model for the
partitioning of magnesium and a range of trivalent trace
elements (rare earth elements, Y, In and Sc) between
garnet and anhydrous silicate melt as a function of
pressure, temperature and bulk composition. The model
for the magnesium partition coefficient, Dy, is based on
a thermodynamic description of the pyrope (MgsAl,.
Si30,,) melting reaction between garnet and melt. Sim-
ple activity—composition relations, which take explicit
account of garnet non-ideality, link Dy, to the free en-
ergy of fusion (AGy) of pure pyrope without the need to
invoke non-ideality in the liquid phase. The resulting
predictive equation, based on the compositions of a
large set (n=160) of published garnet-melt pairs, pro-
duces values of Dy, that are within 20% of measured
values at temperatures between 1,450 and 1,930 °C, and
pressures between 2.5 and 7.5 GPa. The model for tri-
valent (3+) trace elements is based on the lattice strain
approach to partitioning, which describes mineral-melt
partition coefficients in terms of three parameters: the
effective radius, ro(3 +), of the site on which partitioning
takes place (in this case, the garnet X-site); the apparent
site Young’s modulus Ex(3+); and the partition coeffi-
cient Do(3+) for a fictive trivalent element J**, with
radius ro(3+), that does not strain the crystal lattice
when entering the garnet X-site. Analogous to the model
for Dy, simple activity-composition relations link
Dy(3+) to AG, of a hypothetical garnet component
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incorporating a hypothetical rare earth element J**
through a YAG-type charge-balancing mechanism
(J**Mg,Al38i,0,,). Through analysis of existing gar-
net-melt rare earth element partitioning data (n=18
garnet—melt pairs), an expression is derived relating
Dy(3+) to pressure, temperature and Dy,. Predicted
DrEg/y/sc values agree to within 5-50% of experimental
measurements for all elements except La and Ce, which
are liable to large experimental errors, spanning pres-
sures between 2.5 and 5.0 GPa and temperatures be-
tween 1,430 and 1,640 °C. In conjunction with our new
parameterisation for Dy, and previously published
equations linking ro(3+) and Ex(3+) to garnet major
element composition, this model gives a description of
trivalent REE, Y, In and Sc partitioning between gar-
nets and anhydrous melts over a range of pressures,
temperatures and compositions relevant to melting of
garnet-bearing sources in the Earth’s upper mantle.

Introduction

Partial melting in the Earth’s mantle is a polybaric,
polythermal process through which the compositions of
melt and mineral phases vary continuously as functions
of pressure (P) and temperature (7). These variations
undoubtedly have an impact on mineral-melt trace
element partitioning coefficients (D’s), because D’s are
thermodynamic variables. Due to a lack of data, geo-
chemists interested in developing models of trace ele-
ment evolution during melting are usually forced to
assume constant D’s (e.g. Salters and Hart 1989; Spie-
gelman 1996; Putirka 1999). Only when quantitative,
predictive partitioning models are developed for all mi-
nerals deemed important in mantle melting, can accurate
modelling of petrogenetic processes be achieved.

There are two contrasting experimental approaches
to acquiring a framework of partitioning data relevant
to mantle melting. One is to measure D’s in experiments
designed to resemble as closely as possible the P-T
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conditions and phase compositions at the mantle solidus
(e.g. Blundy et al. 1998; Salters and Longhi 1999). This
method can produce the most accurate set of partition
coefficients applicable to mantle melting, provided con-
sensus is reached concerning the physical and chemical
boundary conditions at the mantle solidus. Un-
fortunately, mineral and melt compositions, and physi-
cal parameters of mantle melting at the solidus are hotly
debated in the geochemical community (e.g. Baker et al.
1995; Falloon et al. 1997, 1999; Hirschmann et al. 1998;
Robinson et al. 1998; Hirschmann 2000). A telling il-
lustration of this problem is that although Blundy et al.
(1998) and Salters and Longhi (1999) both claim to
provide clinopyroxene-melt partition coefficients
applicable to the beginning of melting on the spinel
lherzolite solidus at 1.5 GPa, their experimental
temperatures differ by up to 235 °C. As a result of
temperature, pressure and compositional differences in
their melts and crystals, cpx—melt Dy, at the putative
1.5 GPa solidus is a factor of three lower in the Salters
and Longhi (1999) study.

A second approach entails systematic experiments
aimed at isolating the effects of temperature, pressure
and composition on partitioning (e.g. Ray et al. 1983;
Lundstrom et al. 1998; Van Westrenen et al. 1999a; Hill
et al. 2000; Law et al. 2000). This method is not aimed at
matching as closely as possible the conditions thought to
be apt for the description of a specific petrogenetic
model. Instead, the attempt is to disentangle the effects
of P, T and X, in which case extrapolation becomes
relatively straightforward. Furthermore, precise knowl-
edge of the effects of P, T, and mineral and melt com-
position on partitioning offers insight into the
fundamental physical and chemical processes that con-
trol mineral-melt partitioning. In a series of papers (Van
Westrenen et al. 1999a, 2000b), we have developed parts
of a predictive garnet-melt trace element partitioning
model based on this second approach.

Garnet (general formula Xy"YY'ZVO;,, roman
numerals denote coordination number) is a key mineral
in many petrogenetic models. It is invoked as a re-
sidual mineral in formation of komatiites (e.g. Ohtani
et al. 1989; Herzberg and Zhang 1997), calc-alkaline
volcanic rocks (e.g. Green and Ringwood 1968), and
oceanic island basalts (e.g. Stracke et al. 1999 and re-
ferences therein). Furthermore, the role of garnet dur-
ing the initial melting beneath mid-ocean ridges is hotly
debated (e.g. Salters and Hart 1989; Johnson et al.
1990; LaTourrette et al. 1993; Bourdon et al. 1996;
Hirschmann and Stolper 1996; Wood et al. 1999;
Turner et al. 2000). Clearly, a predictive model for
element partitioning between garnets and silicate melts
is important for meaningful petrogenetic modelling of
melting in the presence of garnet. Key trace elements in
this respect are the rare earth elements and the high
field strength elements. Although we develop here a
predictive model for the former, our methodology is, in
principle, extendable to the latter (e.g. Van Westrenen
et al. 2001).

The model we use to describe variations in garnet—
melt D’s was developed by Blundy and Wood (1994),
and has been applied successfully to a parameterisation
of clinopyroxene—melt partitioning of rare earth ele-
ments (Wood and Blundy 1997). The model is based on
lattice strain theory (Brice 1975). In the case of garnet, it
describes partitioning of a series of isovalent trace ele-
ments with radii r into the dodecahedral garnet X-site as
a function of the effective size of the site, ry, the apparent
elasticity of the X-site site, Ex, and the maximum par-
tition coefficient D for a trace element of radius ry. The
partition coefficient of element i, D, is given by:

(—47‘CExNA ('70 (ri —ro)*+ % (ri — V0)3>>

Df}rt/Melt _ DOGrt/Melt .

exp RT

(1)

Predicting D; therefore requires linking ry, Ex and Dy to
garnet and melt composition, P and 7. In the next sec-
tion, our earlier work on models for ro(3+) and Ex(3+)
is summarised, after which a model for Dy(3+) is de-
veloped.

Prediction of rp and Ex

Predictive equations for ro(3+) and Ex(3+) were de-
rived in previously published studies (Van Westrenen
et al. 1999a, 2000b). It has long been observed that ry is
generally close to the size of the site on which parti-
tioning takes place (e.g. Jensen 1973; Matsui et al. 1977;
Philpotts 1978; Blundy and Wood 1994), implying a link
between crystal chemistry and ry. However, recent ex-
perimental studies have shown that r, decreases as a
function of trace element charge (Van Westrenen et al.
1999a, 1999b, 2000b; Blundy and Dalton 2000; Law et al.
2000). For example, in garnet ro(3+) is consistently
smaller than ry(2+) by around 0.05 A (Van Westrenen
et al. 1999b). This observation is confirmed by recent
computer simulations of the energetics of garnet-melt
partitioning (Van Westrenen et al. 2000a), which
strongly suggest that ry in mineral-melt systems can vary
considerably with trace element charge and cannot be
assumed equal to the crystallographic size of the site on
which partitioning takes place. The nature of this var-
iation depends on both the crystal structure and the
nature of the melt. Quantitative relations between ro, Ex
and crystal chemistry should therefore be derived from
well-constrained systematic mineral-melt partitioning
data and cannot be predicted accurately from crystal-
structural data alone. To quantify this link for garnet we
performed experiments in simple systems at constant P
and T to isolate the effects of composition.

Figure la is a plot of D versus ionic radius for two
experiments in the CMAS system at 3 GPa, 1,545 °C.
Filled symbols are garnet-melt D values for the REE in
Mg(Py)-rich garnet. The X-site of this garnet contains
82% Mg and 18% Ca. Open symbols are data for a
Ca(Gr)-rich garnet (with 91% Ca and 9% Mg). The lines
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Fig. 1 Data used for derivation of predictive models for ro(3+)
and Ex(3+) for garnet-melt partitioning. a Shift to higher values
of ro(3+) with increasing garnet Ca/(Ca+Mg) (Van Westrenen
et al. 1999a). b Decrease in X-site modulus with increasing
Ca/(Ca+ Mg) (Van Westrenen et al. 2000b). 1o errors shown when
bigger than symbol

are fits to the data using the Blundy and Wood model
[Eq. (1)]. ro(3+) clearly shifts as a function of compo-
sition. It is bigger for Gr-rich garnet than for Py-rich
garnet, which is a result of the size difference between
eight-fold coordinated Ca’" (r=1.12 A) and Mg**
(r=0.89 A) ions. As these experiments were performed
near-isothermally and isobarically, ro(3 +) values for end
members Py and Gr can be derived by extrapolation.
Using iron-bearing experiments performed at the same P
and 7, the effect of the almandine component could also
be quantified (Van Westrenen et al. 2000b).

In the absence of systematic partitioning experiments,
the effects of the other (minor) garnet X-site cations, and
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the effect of changes in garnet Cr/Al ratio, were estimated
from crystallographic data on the corresponding end
members (e.g. the effect of Mn on r¢(3 +) was estimated
from the X-site size of spessartine). To allow for a de-
crease in X-site radius with increasing pressure, a pressure
correction term was added (for details see Van Westrenen
et al. 2000b). In this way, we derived the following pre-
dictive model linking r¢(3 +) to garnet composition:

ro(3+)[A] =0.930 - X py +0.993 - X G, +0.916 - X ppy, +0.946 - X 5pes
+1.05- (X ang + X uv) — 0.005 - (P[GPa] — 3.0) (£ 0.005A)
2)

Bold values in Eq. (2) were derived from partitioning
experiments (as in Fig. 1a); values in regular type from
crystallographic data. A simple cation fraction approach
was taken to obtain the X; values in Eq. (2), e.g.
Xpy=Mg/(Mg+ Ca+Fe*" + Mn).

Previous work on clinopyroxene-melt and plagio-
clase—melt partitioning (Blundy and Wood 1994; Wood
and Blundy 1997) showed a link between values of ap-
parent Young’s moduli Ex, taken from fits of experi-
mental data to Eq. (1), and Young’s moduli predicted
using the bulk modulus—polyhedral volume relation of
Hazen and Finger (1979). In Fig. 1b, fitted values of Ex
for garnet—melt partitioning data are plotted against the
volume of the X-site, divided by the charge of the cation
on the X-site — in this case 3+ for the REE. Ca-rich
garnets plot towards the high-volume end of Fig. 1b,
while the X-sites of Mg/Fe-rich garnets have relatively
small volumes. There is a significant increase in the ap-
parent site stiffness as the site volume decreases. In other
words, it appears increasingly difficult to compress the
X-site as its volume decreases. It is clear from Fig. 1b
that fitted values of Ex deviate by up to a factor of two
from the Hazen and Finger (1979) relation. Clearly, in
the case of the garnet X-site, factors other than M-O
bond compressibility must influence values of apparent
Ex derived from partitioning studies.

Computer simulations elucidated one possible reason
behind the apparent stiffness of the garnet X-site (Van
Westrenen et al. 2000a). They show that the coordina-
tion number of both major and trace elements in the
melt can influence the absolute value of the apparent site
modulus Ex derived from partitioning data. A further
possibility is that relatively small cation sites deform by
distorting the coordinating tetrahedra and octahedra
rather than by bulk compression. In the absence of a
good theoretical model, however, an empirical approach
is taken. A power law fit through the data gives the
following expression, linking Ex to garnet composition:

Ex(3+)[GPa)] = 3.5 x 10'% - (1.38 4+ ro(3+)[A]) **7(£30GPa)  (3)

Using Egs. (2) and (3), knowledge of just one
DRrEeEg/y/sc> In conjunction with the garnet major element
composition, P and 7, is sufficient to predict DE™/Melt
for all other REE, Y and Sc to within 10-40% relative
(Van Westrenen et al. 2000b).
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Prediction of Dy(3+): thermodynamics of garnet-melt
partitioning

In order to render our model for the rare earth elements
Y and Sc fully predictive, an expression must be found
relating Do(3+) to P, T and melt compositions. We
obtain this expression using thermodynamic analysis of
garnet—melt equilibria. Our model for Dy(3 +) builds on
a thermodynamic description of Dy, derived from the
pyrope melting curve. The approach is analogous to that
of Blundy et al. (1995), who derived a model for Dy,
applicable to clinopyroxene-melt partitioning via ana-
lysis of the jadeite melting curve.

It has long been suggested that mineral melting
curves (which describe the points in P-T space where
mineral and melt of the same composition coexist) can
be related to the activities of those minerals in multi-
component silicate melts (e.g. Bowen 1913; Burnham
1981). Blundy et al. (1995) showed that, at a given
pressure and temperature, the activities of the jadeite
component (NaAlSi,Og) in clinopyroxene and coexisting
multi-component melt bear a simple relationship to the
standard state free energy change for the melting of pure
jadeite at the same P and 7. By converting the activities
of jadeite into compositions, using a simple activity—
composition relation, Blundy et al. (1995) linked the free
energy change of jadeite melting at a given P and T to
Dna under the same conditions. Dy, could then be
predicted as a function of P and T through the jadeite
melting curve. Subsequently, Wood and Blundy (1997)
showed similar links between the melting curve of
diopside (CaMgSi»Og) and the partitioning of this
component between clinopyroxene and melt.

The pyrope melting curve

The most abundant component found in natural mag-
matic garnets is the Mg end member, pyrope (Mg;Al,.
Si3015). Let us therefore consider the pyrope fusion
equilibrium:

Mg3AIZSi3012(garnet) = Mg3A128i3012(me1t) (4)

Taking the standard state to be pure Mg;Al,Siz0,
garnet and liquid at the P and T of interest, the standard
state free energy change AG(} for this reaction at P and T'
is given by: '

T
0 _ 0 0
AGypry) = A7) + / ACpdT

Ty

T P
ACY
0 P
— T |ASY 011, +/ (—T )dT +

T 0.1MPa

where AH})(OLT/), ACY, AS,(f)(O.l,T/)’ and AV?, denote dif-

ferences in thermodynamic properties between pure
pyrope melt and crystal at 0.1 MPa and T, (the

AVdP  (5)

(hypothetical) melting temperature of pure pyrope at
0.1 MPa). The integrals take account of differences in
these properties between (0.1 MPa, T)) and the P and T
of interest. Along the melting curve of pure pyrope,
AG?.(P_D =0, and after rearranging we obtain

T T
AH? TAS® = ACYAT + T AGy dr
SO.LTy) T ABRF0.LT) T T pal+ T

Ty T
P
- / AVOdP (6)
0.1MPa

Following the terminology of Wood and Blundy (1997),
the left hand side of Eq. (6) is referred to as the ‘apparent
0.1 MPa free energy of fusion’, or apparent AG(}AO_I,
because it represents the free energy of (metastable)
congruent pyrope fusion at P=0.1 MPa, after removal
of the heat capacity and volume terms. This removal
linearises Eq. (6) with respect to temperature (Wood and
Blundy 1997).

The integrals on the right hand side of Eq. (6) can be
evaluated by combining published P-T points along the
pyrope melting curve with thermochemical data on py-
rope crystal and pyrope melt. The melting curve of py-
rope has been studied over the pressure range of 3.5 to
25 GPa (Irifune and Ohtani 1986; Zhang and Herzberg
1994; Shen and Lazor 1995). Below 3.5 GPa, pyrope
melts incongruently (e.g. Boyd and England 1962) and
free energy of melting information cannot be obtained.
The studies of Irifune and Ohtani (1986) and Zhang and
Herzberg (1994) both report a kink in the melting curve
at high pressure (P> 10 GPa), which they attribute to
pressure-induced coordination changes of Al in pyrope
liquid, or to disordering in pyrope crystals. Because we
are primarily interested in partial melting of garnet at
upper mantle pressures, we only incorporated melting
experiments at pressures below 10 GPa into our ther-
modynamic analysis.

The thermochemical data used for modelling the
pyrope melting curve are given in Table 1. Heat capa-
cities for pyrope melt were calculated from values for the
constituent oxides (Lange and Carmichael 1990), as
were melt volumes (7?), compressibilities (K), and ex-
pansivities (o) (Lange and Carmichael 1990). Several
heat capacity equations for pyrope were considered
(Berman 1988; Téqui et al. 1991; Robie and Hemingway
1995). The Berman (1988) equation was chosen because
it was found to give more stable results at the high
temperatures (up to 2,300 K) involved. dK/dP (K’) for
solid pyrope, and its derivative, were taken from Webb
(1989). ¥° and « for pyrope crystals were from Zhang
and Herzberg (1994). The Griineisen parameter was
assumed to be 1.5. Finally, solid pyrope bulk modulus
and its temperature derivatives are from the compilation
of Bass (1995). The pressure integral in Eq. (6) was
evaluated using integration by parts of the Birch—-Mur-
naghan equation of state (as in Blundy et al. 1995; Wood
and Blundy 1997).
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Table 1 Thermodynamic data

used in modelling of pyrope Parameter Unit Pyrope Melt
melting reaction Value Source® Value Source®
| kJ GPa" mol™! 113.37 1 143.2 5
o K™ 2.43%x107° 1 1.22x107° 5
K GPa 175 2 20.9 5
oK/oT GPa K'! -0.02 2 -0.0017 b
o°K/oT’ GPa K? ~1.8x107° 2 -
K - 4.5 3 7.0 b
K9P GPa' -0.028 3 - -
C,f
a kJ mol™' K! —0.54805 4 0.6967 5
b kJ mol™ ~1.22075 4 - -
c kJ mol™! —244,240 4 - -
d kJ mol™ 3,255,200 4 - -

#Sources: (1) Zhang and Herzberg (1994); (2) Bass (1995); (3) Webb (1989); (4) Téqui et al. (1991); (5)

Lange and Carmichael (1990)
PEstimate

°C,=a+bT " +cT>+dT after Berman (1988)

The resulting variation in the apparent 0.1 MPa free
energy of fusion with temperature is given in Fig. 2. The
slope of the resulting linear trend should equdl the real
0.1 MPa entropy of fusion of pyrope, ASY 01T, , while
the intercept should give AH F0.1,7)? the 0.1 Pa en-
thalpy of fusion. Our regressed Values AH (0.1 )=
243 4+ 16kJmol™' and AS® 7(0.1,7,) = =151+ 7Jm01_ K,
are in excellent agreement with the calorimetric data of
Newton et al. (1977) (AH}’(OALD): 243 + 8 kJmol™!;
AS 0.1,7) = =162 + 5Jmol ! K™') and the study of Téqui
et al. (1991) (AH =241.9,kJmol ™!, AS?

154.1 JTmol ' K1),

In natural systems where garnet and melt coexist, the
two phases are not pure pyrope, so AG(} in Eq. (5) does
not equal zero, but depends on the activities (a) of the
pyrope component (Mg3zAl,Siz0,,) in garnet and melt:

agamel
aglyclt > (7)
For multi-component garnet—melt equilibria, Eq. (6)

has to be adjusted to incorporate the mixing of com-
ponents in both garnet and melt:

ACO
0 0 — 0
AHr 17 — TAS 0.1 1) = 7/ACPdT+ T/( T )dT

agamet
P
- / AV°dP + RT In ( aie“ ) (8)
Py

If good activity%:omposition models can be obtained
for Mg3;Al,Si30;, in both garnet and melt, AH F0.1.1))

and AS 0.1.7))
tions of natural garnet—melt pairs [using Eq. (8)] should

(0.1,7y) £(0.1,77)

AGYp 1 RT1n<

for pyrope obtained from the composi-

be comparable to AH? r0.0,1)) and AS 0.1.7) derived from

the pyrope melting curve using Eq (6) (Fig. 2). The
simplest possible activity model for the activity of
Mg;AlSiz0;, in garnet is that it equals the cube of the

mole fraction of Mg on the garnet X-site, and that
mixing on the X-site is ideal:

3
;,\rnel _ garnet
Mg;Alequ - (XMg ) (9)

where X3, = Mg/(Mg + Fe’* + Ca + Mn). As a first
approxrmamon garnet non-ideality is therefore ignored
(but see below). For the melt, an equally simple as-
sumption is made (following Wood and Blundy 1997),
namely assuming ideal mixing of Mg;Al,Siz0, with
other silicate melt components on a 12 oxygen basis.

melt 3
= ()

melt
AMg,ALSi;01, (10)

Apparent 0.1 MPa free energy of fusion of pyrope
as a function of temperature

o
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Fig. 2 Regression of pyrope (Mg3Al,Si50,,) melting curve data to
Eq. (6), using data from Table 1. 0.1 MPa enthalpies and entropies
of fusion (AH;?(O_LT,) and AS?«)_l 7,)) given by the slope and intercept

of the regression line. Metastable 0.1 MPa melting point of pyrope,

T}, given byAH P0.1,7) /AS 0.7
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where Xﬁg‘ refers to the number of Mg atoms per 12
oxygens in the melt. Using Egs. (9) and (10), and as-
suming that the mean molecular weights of garnets and
melts are equal, Egs. (7) and (8) now become

( X](g/[afuel) 3 garnet
AGYpy) = RTIn| ~——2 | =3RTIn{ ) =~ 3RTInDy,
! (Xme]l> Xﬁ;
Mg
(11)
and
. . . ACY
AHD 1 1) = TAS) g1 7,y = — | ACRT +T [ (= )dr

—/AV"dP+ 3RT In Dy, (12)

The assumption of equal mean molecular weights of
garnet and melt is very reasonable: the variation in mean
molecular weight (on a 12 oxygen basis) is between 0 and
2% relative in anhydrous experiments, and between 2
and 8% for hydrous experiments. We have tested our
model by plotting the right hand side of Eq. (12) against
temperature for a large number (n=160) of garnet-melt
pairs taken from the literature. Because P and T are vital
input parameters for the model, no natural data were
used. Systems containing less than 0.5 wt% of Mg in
either garnet or melt were excluded, because of the large
errors involved in Mg electron probe analysis. Compo-
sitional data were found for 66 garnet—anhydrous melt
pairs, and 94 garnet—hydrous melt pairs. The anhydrous
data span a 7T range of 1,703-2,202 K, and a P range of
2.5-7.5 GPa. Temperatures in published hydrous ex-
periments containing garnet are between 1,123 and
1,563 K, with pressures between 1.0 and 3.0 GPa. This
data set therefore spans the whole range of P-T condi-
tions relevant to upper mantle melting.

The resulting plot is shown in Fig. 3. The anhydrous
data (dots) display a linear trend, comparable to the
trend shown in Fig. 2 for the pyrope melting curve.

Regression of the anhydrous data leads to
AH"ql )= 288 £20kJmol ™", ASD, ;=183 £ 10J
mo{ ! and a hypothetical 0.1 MPa meftmg point for

pyrope of 1 ,575+145 K. AHY , and AS? are
therefore slightly higher than values derwec{ from the
melting curve, while T, is the same within error. Al-
though agreement is not perfect, it is remarkable that
simple activity—composition relations seem to work so
well, and that simple relationships are found between
garnet—melt magnesium partitioning data and the pyrope
melting curve. Data from hydrous experiments generally
fall below the trend seen in the anhydrous data. Although
beyond the scope of this paper, we note that Blundy and
Wood (1999) have developed a quantitative expression
relating the activities of Mg components in silicate melts
to melt water content. By taking into account this effect
on the activity of pyrope in the melt, the apparent free
energies plotted in Fig. 3 for samples with 5-10 wt%
water are increased by 15-20 kJ mol'. This correction
would bring most of the hydrous samples directly in line
with the trend extrapolated from the anhydrous data.

Apparent pyrope free energy of fusion
assuming ideal garnet solid solution

100 L B O A B
—@&— Anhydrous (n =66) | 1
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g i ]
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0.1,Tf) E
[ T,= 1575+ 145K Exp. 13
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Fig. 3 Variation in apparent 0.1 MPa free energy of fusion of
pyrope, AG(}_OJ, with T calculated from garnet-melt Mg partition-

ing data. Circles data from anhydrous experiments, taken from
Nicholls and Harris (1980), Takahashi (1986), Trennes et al.
(1992), Hauri et al. (1994), Walter and Presnall (1994), Yasuda et
al. (1994), Longhi (1995), Gudfinnsson and Presnall (1996),
Herzberg and Zhang (1997), Withers (1997), Johnson (1998),
Putirka (1998), Walter (1998), Salters and Longhi (1999), Van
Westrenen et al. (1999a, 2000b). Squares data from hydrous
experiments, taken from Nicholls and Harris (1980), Sen and Dunn
(1994), Wolf and Wyllie (1994), Patifio Douce and Beard (1995),
Rapp (1995), Rapp and Watson (1995), Barth et al. (1997), Withers
(1997), Gaetani and Grove (1998), Rapp et al. (1999), Green et al.
(2000). Line is a linear fit to anhydrous data alone. Note the
anomalous position of anhydrous experiment 13 from Van
Westrenen et al. (1999a), and the apparent temperdture offset
between anhydrous and hydrous experiments at AGf01 of +—
20 kJ mol !

The fact that virtually all anhydrous experimental
data fall on one straight line suggests that the role of
garnet non-ideality on Mg partitioning is small com-
pared to the effects of temperature and pressure. The one
point (experiment 13 from Van Westrenen et al. 1999a,
see Fig. la) that deviates significantly from near-ideal
behaviour is for an extremely calcic garnet of composi-
tion PyoGrg;. In this case, given the observed non-ide-
ality in Ca—Mg garnets (e.g. Newton et al. 1977; Berman
1988, 1990; Wood 1988; Ganguly et al. 1993; Berman
and Aranovich 1996; Bosenick and Geiger 1997; Mu-
khopadhyay et al. 1997), non-ideality is almost certainly
significant. To increase the general applicability of our
model, in the next section we derive a quantitative model
for this non-ideality, using as a basis the garnet-melt
partitioning experiments of Van Westrenen et al. (1999a,
Fig. 1).

Garnet non-ideality and garnet-melt partitioning data

Because of the apparent success of using simple activity—
composition relations, we decided to treat the parti-
tioning of trivalent trace elements in a similar fashion



to our treatment of magnesium partitioning outlined
above. Few data are available on the substitution me-
chanism of REE into natural garnet. Suggestions include
coupled substitutions with a 1+ cation on the X-site
(e.g. Enami et al. 1995), with Mg/Fe/Ca/Mn on the Y-
site (majorite substitution) or with Al on the Z-site
(YAG substitution). Van Westrenen et al. (2000a), in
their computer simulation of REE incorporation into
silicate garnets, predicted that coupling with Li on the
X-site would be the most energy-efficient substitution at
low temperatures. Unfortunately, this charge-balancing
mechanism cannot be tested reliably in the context of
activity—composition relations. The garnet—-melt parti-
tioning database is small as it is, and combined data for
Li, Na and REE partitioning in the same experiment are
virtually non-existent. One of the reasons for this is that
Na is normally measured by electron microprobe, and
Na levels in garnets are usually close to, or below, de-
tection limit. Li partitioning data only exist for a few
experiments at 3.0 GPa over a limited temperature range
(Withers 1997; Van Westrenen et al. 1999a).

Alternatively, the stability of REE-aluminium
garnets such as yttrium aluminium garnet (YAG,
Y3Al50,,) suggests that charge-balancing REE in the
garnet X-site can be effectively achieved by substituting
Al for Si on the garnet Z-site. We therefore decided to
study a melting reaction, similar to the one for pyrope
[Eq. (4)], for a simple REE—pyrope component with a
YAG-type charge-balancing mechanism, J*“ Mg,Al, "'
(A1'VSi,)0,»:

F+tMg,Al3Si; Oy (garnet) = I** Mg, Al3Sir O (melt)
J3 +

(13)
is a fictive REE with radius ro(3+). Again we as-
sume that solid and liquid phases obey ideal activity—
composition relations similar to those used for pyrope
above, jadeite (Blundy et al. 1995) and diopside (Wood
and Blundy 1997). Assuming complete ordering on the
garnet Y- and Z-sites, and a melt model analogous to the
case of Mg3;Al,Siz0,, we obtain

garnet _ ZXJgamet (X](g/[agnel) 2 (14)

Mg, ALSHOn — 4

where X" is the mole fraction of J on the X-site, and

melt _ZXmelt Xmell 2
a1Mg,AL;Si,01, — 4 Mg

(15)

where X! is the number of atoms of J per 12 oxygens.
The factor 27/4 ensures that the activity of these com-
ponents in pure systems is equal to unity. Making these
assumptions, and again noting that molecular weights of
garnet and melt can be assumed identical, the reciprocal
of the equilibrium constant for Eq. (13) (K;3) is given by:

garnet
1 Mg, AlLSHOY,

_ 2
2= = Do(3+)D}y, (16)

amelt
TMg,AL3Si, 0},

At a given P and T, the equilibrium constant K should
be constant. In Fig. 4, values of reciprocal K5 calculated
using Eq. (16) are shown as a function of garnet com-
position (squares) for the isobaric, near-isothermal
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partitioning data of Van Westrenen et al. (1999a).
Clearly 1/K;5 is not constant in this case, which means
Eq. (16) does not give a complete description of the
thermodynamics of Eq. (13). We note that the most
calcic sample in Fig. 4 (experiment 13 of Van Westrenen
et al. 1999a) again deviates significantly from other
garnet—melt pairs formed at the same temperature, when
assuming ideal mixing. The most obvious explanation
for these discrepancies is that they result from garnet
non-ideality.

Because of their importance in geothermobarometry,
non-ideal behaviour and activity—composition relations
in garnets have received a great deal of attention (e.g.
Newton et al. 1977; Berman 1988, 1990; Wood 1988;
Ganguly et al. 1993; Berman and Aranovich 1996; Bo-
senick and Geiger 1997; Mukhopadhyay et al. 1997). An
important conclusion from all of these studies is that
there is significant non-ideality along the pyrope—gros-
sular join, while the effects along the other joins are much
smaller. This non-ideality results in the activity of pyrope
in garnet not being equal to the cube of its mole fraction.
Xwmg in Eq. (14) should be multiplied by an appropriate
activity coefficient, ylg\z‘;“e[, and the equilibrium constant
[Eq. (16)] should be adjusted accordingly:

garnet
1 Mg, AlLSHO,

= Dy(3+)D%y (17)

2
g /Mg garnet

K7 aﬁnﬁlézm,;suo,z
Effect of garnet non-ideality on apparent
equilibrium constant at P = 3 GPa, T = 1545 °C
16 ————7— — ———— ]
x: 14 _ B Ideal garnet mixing (Eqn. 16) ]
5 L @ Non-ideal garnet mixing (Eqn. 17)
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Fig. 4 The effect of incorporating garnet non-ideality into activity—
composition relations for the hypothetical garnet J**Mg,Al;.
Si,015, with J a fictive REE with optimum radius ry(3+) (see text
for explanation). Squares are calculated values of K3 [using Eq.
(16)], assuming ideal garnet solid solutions, for garnet-melt
partitioning experiments in CMAS (Van Westrenen et al. 1999a).
Circles are calculated values of K;; [Eq. (17)] for the same
experiments, using Eq. (17), assuming a simple symmetrical excess
enthalpy of mixing
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When X5 =1 (i.e. in pure pyrope), y%}?et must

equal unity. i’Ve therefore derived a value for 1/K;; in
pure pyrope, applicable to the P-T conditions of the
experiments by Van Westrenen et al. (1999a; P=3 GPa,
T=1,545+15 °C), by linear extrapolation of the data
shown in Fig. 4. The extrapolated value of 1/K;; at
XMt — 1 is 8.0+0.4. K7 is equal for all experiments
along the Py—Gr join performed under these P-T con-
ditions.

We used a subregular Margules model to derive the
excess enthalpy of mixing (H*®) required to adjust all
reciprocal K5 values calculated using Eq. (16) to a value
of 1/K;; of 8.0. In the Margules model of excess ther-
modynamic properties the excess enthalpy of pyrope—
grossular garnets depends on the mole fractions of Ca
and Mg, and the interaction coefficients Wc,m, and
Wgca. Using the generalised formula of Helffrich and
Wood (1989), we obtain:

H*S = WeamgXcaXyy, + WacaXE, Xng (18)

If we assume a symmetrical model, the Margules para-
meters Weame = Wnmpca = wH and Eq. (18) is simplified
to:

H*S = WHXca Xy, + WHXE Xvg = WHXea (1 — Xea) (19)

Again following Helffrich and Wood (1989), a general
expression can be derived for /g‘*me‘ in binary Py-Gr
mixtures:

1
RT]H(/%M) *EWMgCaXCa [1—Xwme +Xca

1
+2Xug (XMg —Xca— 1)] +§

X [1 —Xmg —Xca — 2XMg (XMg —Xca— 1)]

WCaMgX Ca
(20)

When the excess enthalpy is assumed symmetrical (i.e.
Weame = Whgca = W, this simplifies to

RTln(«/g‘”“C‘) ;WHXCa 2[1— Xy = M2, (21)
Combining Egs. (16) and (17), and assuming our pre-
dicted 1/K;7 of 8.0 for pure Py, we obtain

) a5 30
Ki7) 2 Do(3+)D}y,

From Egs. (21) and (22), we can see that a value for W™
(assuming the simplest case of symmetrical solution) can
be obtained from a plot of the right hand side of Eq. (22)
against garnet grossular content (X¢,). This is done in
Fig. 5a. A weighted parabolic fit to the data gives a best-
fit value of 19+3 kJ mol ' (on a one cation basis) for
WH. When this factor is incorporated into Eq. (21) to
calculate appropriate activity coefficients for Mg, the
resulting values of K, calculated using Eq. (17) are all
within error of 8.0 (circles in Fig. 4). This means that Eq.
(17) gives a good description of the thermodynamics of
the reaction Eq. (13). In Fig. 5b, the excess enthalpy
along the Py—Gr join that we predict by incorporating
our estimate of W' into Eq. (19) is compared with lit-
erature data. Firstly, our predicted H=S is in reasonable

Rnn( g“"e‘) RTln( (22)

4Igerivation of symmetrical Margules parameter wh
T T T T T T T T T T T T T T T T T T ]

ra ]
35 j

W =19+ 3 kJ / mol
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Fig. 5 a Derivation of symmetrical Margules parameter (W) for
the Py—Gr join from experimental garnet—melt partitioning data
(Van Westrenen et al. 1999a). b Comparison of excess enthalpy
along the Py—Gr join derived from partitioning data (Fig. 3) with
calorimetric data, elastic strain model and thermodynamic mixing
models

agreement with calorimetric measurements of excess
enthalpies by Newton et al. (1977). Most garnet mixing
models assume an asymmetrical excess enthalpy on the
basis of the higher average calorimetric excesses on the
pyrope-rich part of the join, but the errors on calori-
metric values are relatively large and a symmetrical
model seems equally justifiable.

Our excess enthalpy, which it should be stressed was
derived from knowledge of garnet-melt trace element
partitioning under isobaric, isothermal conditions, gives
as good an agreement with the calorimetric values as the
Berman and Aranovich (1996) model which is based on a
weighted regression analysis of available volumetric, ca-
lorimetric and phase equilibrium data. If we use the lattice



strain model of Brice (1975) to calculate excess enthalpies
along the Py—Gr join we obtain slight asymmetry, with
Weamg=13.1 kI mol ' and Wyyec,=10.1 kI mol ™ (on a
one cation basis) which is in reasonable agreement with
our symmetrical value of 1943 kJ mol . We conclude
that our model for garnet non-ideality is in reasonable
agreement with our current knowledge of garnet ther-
modynamics, and is able to explain the variation in K
along the Py—Gr join observed in Fig. 4.

For the large majority of garnets from experimental
garnet—melt pairs found in the literature, the activity of
Mg is very close to its mole fraction: yg"met is within 10%
of unity. The three exceptions are founﬁ in the relatively
Ca-rich samples from the study of Van Westrenen et al.
(1999a) discussed above (Fig. 4). In the next section, we
briefly discuss the effect of incorporating our non-ide-
ality model into our analysis of the partitioning of Mg
between garnet and melt, before providing a predictive
model for Dy(3+) as a function of P and T.

A model for Dy,

Incorporating our model for non-ideality into our model
of Mg distribution [Eq. (12)], we derive

0
/ACOdT—i- T/(A;j )dT

/ AV"dP+3RT1n( é*f"“DMg) (23)

AH?(OJT TAS/OIT

Figure 6 shows the resulting effect on the calculated
apparent 0.1 MPa free energy of fusion data previously
shown in Fig. 3. The anomaly for experiment 13 from
Van Westrenen et al. (1999a) has disappeared com-
pletely. Using anhydrous data only, fitted values of
AHY 1)) (285112 kI mol) and AS},, .

(180+5 J mol ' K"), and resulting prediction of the
fictive melting point of pyrope at atmospheric pressure
(Ty=1,583+91 K) are close to the values derived pre-
viously assuming ideal garnet solid solution, and within
2 standard deviations of the calorimetric data. The offset
between trends in anhydrous versus hydrous data has
remained the same after incorporation of garnet non-
ideality, and the explanation of Blundy and Wood
(1999) for this offset remains valid.

The agreement of our very simple model with the
melting curve (or calorimetric) data is as good as the
recent study of garnet + liquid equilibrium of Putirka
(1998). He used linear least squares analysis of experi-
mental data obtained at pressures up to 27 GPa, and
derived best-fit values of 194 +50 kJ mol ™! for AH)
and 107428 J mol ' K" for A,

We can use Eq. (23) to predict Vdrfdtions in Dyg as a
function of P, T and garnet composition. Rearranging
Eq. (23), we obtain:

(285000—180-T+(ACP,AV”terms))
Xp

£(0.1,T7)

3RT

19000-X2,
exp ( —z7 <

Dy =
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Apparent pyrope free energy of fusion
incorporating garnet non-ideality

100 T
—@— Anhydrous (n =66) | |
O Hydrous (n = 94) i
50 - B
% J
E -
5 L ]
= 0r i
o~ ]
< I i
e -50 - —
2 - -
5 i
Q L i
g lam - . ]
100 [ AH =285 12 kJ mol Exp. 13 1
[ ASygmy = 180£5J mol” K 1
LT =1583£ 91K .
-150 I R R [ T B B

1000 1200 1400 1600 1800 2000 2200 2400

Temperature (K)

Fig. 6 Variation in apparent 0.1 MPa free energy of fusion of
pyrope, AGf o.1» calculated from garnet-melt Mg partitioning data
and incorporating a measure of garnet non-ideality [Eq. (21)].
Circles data from anhydrous experiments. Squares data from
hydrous experiments. Data sources as in the caption of Fig. 3. Line
is a linear fit to anhydrous data alone. Note that the position of
anhydrous experiment 13 from Van Westrenen et al. (1999a) is no
longer anomalous, and that the apparent temperature offset
between anhydrous and hydrous experiments remains identical to
Fig. 3

with 7 in K, and R=8.314 J mol ' K'". The AC,, AV’
correction term is derived from thermodynamlc data on
pure pyrope, and the expression for yg‘“"et from Eq. (21).
The propagated uncertainty in Eq. (24) is 16% (lo). In
Fig. 7, predicted Dy, are compared with measurements.
Keeping in mind the simplicity of our model, the re-
sulting agreement between predicted and measured va-
lues is reasonable. We conclude that Eq. (24) can be used
to model variations in Mg partitioning between garnet
and anhydrous silicate melt over the experimental P—T
range of available garnet-melt equilibria, i.e. between
temperatures of 1,703 and 2,202 K, and pressures of 2.5
and 7.5 GPa. Our treatment shows that despite their
structural complexity, silicate melts can be modelled ef-
fectively assuming simple thermodynamic behaviour over
the compositional range relevant to partial melting in the
mantle. This confirms earlier observations (e.g. Burnham
1981; Blundy et al. 1995; Wood and Blundy 1997).
Equation (24) can also be used, in conjunction with
the lattice strain model of Blundy and Wood (1994), to
predict garnet—-melt partition coefficients for other di-
valent elements entering the garnet X-site, such as Ca,
Sr, and Cd. For example, Dg, can be predicted using

G G (2 -R) 43 (2 )|
(29)

Auvailable data indicate that ro(2 +) for the garnet X-site
is consistently 0.04 £0.01 A larger than ro(3+) (e.g. Van

DSr = DMg exXp (
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Comparison between measured and predicted
Mg garnet-melt partition coefficients
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Fig. 7 Comparison between Dy, measured experimentally and
Dy, predicted using Eq. (24) for all anhydrous data (n=66). Error
bars 20 propagated error in predicted values. I:1 line shown for
reference

Westrenen et al. 2000a). The parameter Ex(2+) is
poorly constrained. Our best (empirical) estimate as-
sumes Ex(2+)=2/3 Ex(3+) (Wood and Blundy 1997),
so that Ex(2+) can be approximated via Eq. (3) (using

A thermodynamic model for Dy(3+) and predictions
of Dreg/y/sc

Having demonstrated the success of our approach in
modelling Mg partitioning between garnet and melt, we
take an analogous approach to modelling Dy(3+) for
the rare earth elements as a function of P and 7. Instead
of melting pure pyrope, we now look at the melting of
the hypothetical rare earth garnet J 3+Mg2A13Si2012,

introduced in the previous section, where J°* has ideal
radius ro(3+). Analogous to Eq. (8), we have
A 0 A 0 . 0 ACO
Hpo11) — TAS)1 1) = — [ ACRT +T [ (=F )dr
g,lmel
- / AV°dP + RT In | “IMeALS:01 (26)
A1Mg, Al;Si,01,

In this case, the enthalpy, entropy, volume and heat
capacity terms all refer to properties of solid and molten
J3+Mg2Al3Si2012. None of these data are available for
this component, and some simplifying assumptions need
to be made. Although AC) terms are unknown, it has
been shown previously that they can be assumed zero
over wide temperature ranges (Wood and Fraser 1976;
Wood and Blundy 1997). Furthermore, in the pressure
range relevant to our model the volume of fusion of

AR Mg,Al53Si,01, can be assumed to be a linear function
of pressure. Making these assumptions, and using the
simple activity—composition relations developed in Egs.
(14) and (15) we obtain:

oAV
0
AHD o 7,y = TAS)o1 1) + PAV +5 (8P>P

2
:RT]n((,ida;nelDMg) D0(3+)> (27)
From Eq. (27), it can be seen that AS/Q.(P‘T/) may be

estimated by analysing a set of experiments performed at
constant pressure over a wide range of temperatures. In
this case, the pressure terms in Eq. (27) are constant, and
AS ) is obtainable from the slope of a plot of ap-
parent free energy of fusion versus temperature. The
anhydrous garnet-melt partitioning database is domi-
nated by experiments performed at 3 GPa (Withers
1997; Johnson 1998; Van Westrenen et al. 1999a, 2000b).
After fitting the rare earth element partitioning data to
Eq. (1) to obtain Dy(3+), calculated free energies of
fusion at 3 GPa are plotted against temperature in Fig. 8.
The slope of this line gives a value for AS,(‘)‘@GPaT) at
: Ty

3 GPa for J**Mg,Al3Si,0,, of 226+23 J mol ' K.
This is significantly higher than the calorimetric mea-
surements for pyrope (151 +7 Jmol ' K"y and the value
used for pyrope in our model for Dy (180£5 J mol™ !
K™'), but within error of an interpolation between those
values and the recently published calorimetric measure-
ment for YAG (Y3Al50,), 230 J mol ' K™ (Lin et al.
1999). It therefore appears that replacement of Mg by

3 GPa entropy of fusion for JM92A|38|20

derived from partitioning data
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Fig. 8 Derivation of the apparent 3 GPa entropy of fusion for
P *Mg,AlL38i,05. Only data from anhydrous experiments at
P=3 GPa are shown. Data sources: W Withers (1997), J Johnson
(1998), VW Van Westrenen et al. (1999a, 2000b). Line is linear fit
through data with the slope giving AS 7(3GPa,1,) = 226+
23Jmol 'K, Error bars are 1o



trivalent cations, charge-balanced by replacing Si by Al,
increases the entropy of fusion of the resulting compo-
nent.

The effect of pressure on ASO (P.T) is small: over the

pressure range from 0.1 MPa to 3 GPa, it is on the order
of 1 Jmol ' K™ (£ = —a° using data from Table 1) for
garnet. This is within the error resulting from our fitting
method (23 J mol ! K!, Fig. 8). We therefore applied
our value of ASY (3GPa.T)) to compensate for the tem-
perature effect on all garnet —melt partitioning data ir-
respective of pressure. This allows us to make an
estimate of the volume and enthalpy of fusion of
3" Mg,AlL3Si,0,,. After rearranging, we obtain:

ern<< g‘”“‘DMg) D0(3+)> +226(23)T

AV
= AHY 1)+ PAV + (a )P2 (28)

oP
By plotting the left hand side of Eq. (28) against pressure
(Fig. 9), information is obtained about AH 0.17) and

AVOO 17" Although the data set is small, the pressure
dependénce appears to be linear, therefore the pressure
derivative of the volume change (‘) 907y of equation (13) is
neghgible From the slope and 1ntercept of the best- ﬁt

line in Fig. 9 we derive AH 01,1)= 418 + 12 kJ mol ',

and AV 70,1, = 10.4 4+ 1.0 cm3 mol~!. Like AS (0.1,7,)?
AHJE)(O 7) is significantly larger than the value for py-

rope. The recent calorimetric data on YAG (Lin et al.

0.1 MPa enthalpy and volume of fusion
for JMngI38i2012
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Fig. 9 Derivation of the enthalpy and volume of fusion for fictive
rare earth garnet 7 Mg2A135120| 5. Only averaged values of
temperature-corrected energies for data from anhydrous experiments
were used. Error bars are lo. Line is linear fit through data, giving

AHP(O L= 418 + 12kJmol ™! (intercept) and AV 0.1.7) =104+

1.0cm?® mol ! (slope). Data sources: H Hauri et al. (1994) R
Rocholl et al. (1996), SL Salters and Longhi (1999), VW Van
Westrenen et al. (1999a, 2000b)
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1999) show that YAG has an estimated AH 01,1 of

516 kJ mol'. Our derived value of 418+ 12 kJ mol !

therefore in hne with the progression from pyrope to
YAG. We also note that our estimated melting point of
P MgyALSir0,,, T/= 1,850+ 140 K, is in between the
known values for pyrope (1,570+£30 K) and YAG
(1,970+30 K, Fratello and Brandle 1993). AVOO 1 1,) for

this rare earth garnet is smaller than the Value for py-
rope, a trend identical to the one observed for clin-
opyroxene (Wood and Blundy 1997). There are no
AVOO .7,y data for YAG with which to compare.

In conclusion, we believe that these derived values
make thermodynamic sense. In Fig. 10, a plot analogous
to Fig. 6 is shown for all available anhydrous garnet—
melt partitioning literature, plus a subset of hydrous
experiments. Again, the hydrous data fall significantly
below the predicted trend using anhydrous data only.

By rearranging Eq. (28) and incorporating the
derived values, we arrive at:

exp (41 8000+10400~P—226~T)

\garnet 2
(15 D)

with P in GPa, T in K, and R=8.314 J mol ' K!. At
any given P, T and composition Dy(3+) can now be
calculated. The propagated error in Do(3+) is on the
order of 15% (lo). If melt composition is not known,
Dy, can be predicted using Eq. (24), provided crystal
composition is known. Garnet composition is necessary

Dy(3+) =

(29)

Apparent 0.1 MPa free energy of fusion
of JMgZAl3Si2012
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Fig 10 Variation in apparent 0.1 MPa free energy of fusion,
AG/01= of JMg,Al3Si,0,;, calculated from garnet-melt REE
partitioning data and incorporating a measure of garnet non-
ideality [Eq. (21)]. Circles data from anhydrous experiments, taken
from Hauri et al. (1994), Rocholl et al. (1996), Withers (1997),
Johnson (1998), Salters and Longhi (1999), Van Westrenen et al.
(1999a, 2000b). Squares data from hydrous experiments, taken
from Barth et al. (1997), Withers (1997), Green et al. (2000). Line is
a linear fit to anhydrous data alone
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to calculate y§;', but for most garnets thought to be
present in the mantle yﬁf[‘;"et is within 10% of unity. A
combination of Egs. (2), (3) and (29) can be used to
predict garnet—-anhydrous melt partition coefficients for
the REE, Y and Sc in anhydrous systems as a function
of P, T and X in the pressure and temperature range
relevant to mantle melting. Table 2 gives a summary of
our predictive equations, and a spreadsheet that per-
forms all calculations is available. (A Microsoft Excel
spreadsheet that performs these calculations can be ob-
tained from the authors or downloaded at http://
www.gl.ciw.edu/~van_westrenen/links.html.) For Sc,

predicted D values are minimum values, as our model
takes account of Sc entering the garnet X-site only;
particularly in Ca-rich garnets, significant additional Sc
will enter the Y-site as well and real D values will exceed
predicted D values.

In Fig. 11a—d we compare predictions using Eqgs. (2),
(3) and (29) (curves in Fig. 11) with measured data (open
symbols) for four experiments covering a wide range of
P (2.5-5 GPa) and T (1,703-1,858 K) conditions. The
agreement between prediction and observation is good,
with deviations varying from 5 to 50% for all elements
except the LREE Ce and La. This is true both for ex-

Table 2 Summary of equations
that predict garnet—melt trace
element partition coefficients as
a function of P, T and X

ro(3+) [A]

Ex(3+) [GPa]

0.930-Xpy +0.993-XG, + 0.916 X A1 +0.946 X5 pes + 1.05 (X and + Xuv)
—0.005-(P [GPa]-3.0)
3.5 1012 (138 + 10 (3+)[A]) 27

Dy(3+) exp (41800%10;?35)15[?[%] 226 T[K])
oarnet 2
(5 Dws)
garnet — ! 9000’thtu
Mg - exp(m)
Fig. 11 Comparison Rocholl et al. (1996) exp. 829 Johnson (1998)
between measured (symbols) P=50GPa, T=1853K P=3.0GPa, T=1703K
and predicted (curves) values 10 pFrrr T T 100 T T
of DOTVMelt £ four Fa 3 b
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periments that were used in the development of our
model (Fig. 11a, b) and for experiments that were not
used in our calibration (Fig. 11c).

Our model can also be used to detect anomalies in
garnet—melt partitioning data, as shown in Fig. 11d for
the experimental results of Hauri et al. (1994). In this
case, our model predicts garnet-melt D values for the
HREE that are a factor of two to three higher than
measured. The flat HREE pattern shown in Fig. 11d
seems to be inconsistent with our model. This confirms
our earlier view (Van Westrenen et al. 2000b) that the
flat pattern of Hauri et al. (1994) is anomalous. This may
be a result of the garnets in this study being significantly
zoned (Hauri, personal communication).

Figure 12 shows a comparison between predicted and
measured values for all garnet-anhydrous melt partition
coefficients published to date (a total of 157 data points
from 18 different experiments). Agreement for D values
between 0.1 and 10, the range generally spanned by trace
elements ranging from Nd to Lu, plus Y and Sc, is very
good. At lower DS™™Me!t yalyes (for trace elements La
and Ce in particular), measured D values of several
studies exceed predicted values by up to an order of
magnitude. This is not an artefact of the model. As
discussed in our earlier study (Van Westrenen et al.
2000b), for very incompatible elements even small
amounts of glass contamination during trace element
analysis of garnet crystals can lead to large shifts in
measured D values. This is illustrated by the dashed lines
in Fig. 12, which show the change in measured DE™/Me!t
by 0.2 and 1 wt% glass addition during garnet analysis.
Effects of contamination become progressively larger
with decreasing D values, consistent with the increase in
scatter with decreasing DS™Me! shown in Fig. 12. It is
very difficult to prove that such small amounts of con-
tamination have not affected any particular experiment,
and deviations from predicted values, as shown for in-
stance in Fig. 11a, ¢, may actually be a good indication
for the presence of small amounts of contaminant. Be-
cause of this we propose that our predicted values may
be more reliable than most of the measured values for
the LREE.

Application to mantle melting

Because of the approach we have taken, we are able to
make predictions of REE partitioning behaviour lying
outside the P-T-X range used for calibration of the
model. To illustrate this, we present a new set of partition
coefficients applicable to the onset of melting in the garnet
stability field of MORB pyrolite. Recently, Robinson and
Wood (1998) studied the garnet—spinel transition in
MORB pyrolite close to solidus conditions. They con-
cluded that the P-T path that is followed by MORB
pyrolite in a mantle with potential temperature of
1,450 °C, crosses the solidus at 3.5 GPa and 1,500 °C.
After 3% partial melting, the garnet—spinel transforma-
tion is completed (i.e. all garnet in the residue has been
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Fig. 12 Measured vs. predicted values of D™/M! for all available
anhydrous garnet-melt Partitioning experiments (18 experiments,
total number of DC™M®* measurements: 157). Predicted values of
ro, Do and Ex are from Egs. (2), (3) and (29) (Table 2). J Johnson
(1998); SLI-7 Salters and Longhi (1999) experiments TM694-3,
TM694-6, TM295-4, MO895-1, MO895-2, MO895-3, TM1295-2
respectively; VW I-3 Van Westrenen et al. (1999a) experiments 8,
11, 13 respectively; VW4-5 Van Westrenen et al. (2000Db),
experiments 16, 18; Wi1-2 Withers (1997), experiments AOB1.08,
AOBI.11; H Hauri et al. (1994); RI-2 Rocholl et al. (1996),
experiments 829, 832. /:1 line shown for reference. Dashed lines
show changes in measured D™ by 0.2 and 1 wt% melt
addition during garnet analysis

converted to spinel by the reaction grt+ol=
sp+opx +cpx) at 2.9 GPa and 1,480 °C. Taking mineral
compositions from Robinson and Wood (1998), we can
now use Egs. (2), (3) and (29) to predict Dy(3+), ro(3+)
and Ex(3+) for the melting interval within the garnet
stability field. Resulting predictions are given in Table 3.
Dy(3+) increases from 15 at 3.5 GPa to 21 at 2.9 GPa,
while ro(3 + ) increases slightly, with concomitant decrease
in Ex(3+). Resulting garnet-melt Drgg range from 12
(Lu) to 0.0028 (La) at the onset of melting, and from 17
(Lu) to 0.0044 (La) when the garnet—spinel transforma-
tion has been completed. These values are up to 100%
higher than values currently used for melting of pyrolite in
the garnet stability field (e.g. McKenzie and O’Nions
1991; Spiegelman 1996; Blundy and Brodie 1997).

Conclusions

We have developed a predictive model for the parti-
tioning of trace elements (REE, Y, In and Sc) between
garnet and anhydrous silicate melt as a function of
pressure, temperature, and garnet and melt composi-
tion. The model is based on a combination of the
Blundy and Wood (1994) model of partitioning [Eq.
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Table 3 Predicted values of D(Grt/Melt) during partial melting of
MORB pyrolite. P-T conditions and garnet major element com-
positions taken from Robinson and Wood (1998)

Element  D(Grt/Melt)

P=35GPa, T=1,773 K  P=29GPa, T=1,753 K
Sc 7.9 10
Y 5.4 7.5
La 0.0028 0.0044
Ce 0.011 0.017
Pr 0.036 0.055
Nd 0.11 0.16
Sm 0.56 0.82
Eu 1.0 1.5
Gd 1.8 2.5
Tb 2.8 4.0
Dy 43 6.1
Ho 5.9 8.3
Er 7.7 11
Tm 9.4 13
Yb 11 15
Lu 12 17

(1)] and a thermodynamic description of the mineral—-
melt equilibrium for component JMg,Al3Si,0,,, which
explicitly incorporates a measure of garnet non-ideality.
Our model reproduces available garnet—melt partition-
ing data to within 5-50% with the exception of Ce and
La, and enables prediction of partition coefficients for
any P-T condition relevant to anhydrous partial
melting of the Earth’s upper mantle in the presence of
garnet. Important caveats are that our model is only
applicable to anhydrous melting, at pressures lower
than 7.5 GPa.
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