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Abstract
Accurate geochemical models of magmatic processes require an understanding of crystal-melt partitioning of trace elements. 
Many major igneous processes at different tectonic environments in Earth occur in the presence of garnet as a residual phase. 
Since the pioneering crystal lattice-strain model, several attempts have been made to quantify garnet-melt partitioning coef-
ficients over a wide range of conditions. However, high pressure high-temperature experimental data demonstrate distinct 
differences in partitioning determined at anhydrous conditions and partitioning determined in the presence of  H2O. In this 
study, we present for the first time a constraint on the partitioning of REE, Y, and Sc between garnet and hydrous fluids as 
a function of the water content in the fluid phase. We analysed published hydrous experimental partitioning data using dif-
ferent statistical methods and modelled key parameters in the crystal lattice strain model (r0, D0, and E). We show a robust 
correlation between  r0, temperature and garnet-fluid partitioning of Mg. We further show that D0 can be predicted using the 
garnet-fluid partitioning of Fe and that E can be predicted using various parameters describing the fluid phase. We validate 
and illustrate the ability to predict partitioning of REE in  H2O-bearing systems using major element analysis of garnet and 
fluid only. Consequently, our statistical model paves the way to integrate thermodynamic models based on major element 
chemical equilibria with trace element studies on hydrous magmatic systems, allowing a description of the transfer of key 
trace elements in more realistic conditions.
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Introduction

Understanding magmatic processes within the inaccessible 
Earth, such as deep partial melting and crystallization, can 
be derived from trace element and isotope geochemistry 
(Allegre and Minster 1978; Gast 1968; Neumann et al. 1954; 
Shaw 1953; Zou and Reid 2001). Trace elements have no 
direct control on the formation or consumption of major 

phases, due to the negligible influence of trace elements on 
the composition and stability of the major phases. How-
ever, their passive nature and widely varying physical and 
chemical properties make them very sensitive trackers of 
rock history and evolution (Blundy and Wood 1994; Gold-
schmidt 1937; Shaw 1953). To decipher the evolution of a 
given magmatic rock, one needs to know the high-pressure 
high-temperature (HP-HT) characteristics of trace elements 
during melting and crystallization. The reliability of the 
conclusions depends on our ability to accurately predict the 
correct affinity of trace elements during a given process.

The partitioning of trace elements between a mineral 
and a fluid phase (we refer to a fluid phase as a general 
term for any mobile phase in equilibrium with the mineral 
assemblage) is described by a partition coefficient (labelled 
here as D). Following the Nernst equation, a partition coeffi-
cient is defined as the concentration ratio of a given element 
between the mineral and the fluid [following the terminology 
of Beattie et al. (1993)]. It is well established that partition 
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coefficients are a complex function of pressure, tempera-
ture, oxygen fugacity, phase stability, and bulk composition 
(Blundy and Wood 1994, 2003a, b; Gaetani et al. 2003; Her-
togen and Gijbels 1976; Mysen 2004; Prowatke and Klemme 
2005; van Westrenen et al. 2000b; Wood and Blundy 2002).

Blundy and Wood (1994) developed the crystal lattice-
strain model, that provided an elementary framework for 
quantifying variations in D. This model builds upon the 
observation, first made by Onuma et al. (1968), that a near-
parabolic dependence of mineral-melt partition coefficients, 
Di, exists as a function of trace element radius, ri, for a series 
of isovalent elements i substituting onto a particular crystal 
lattice site. The crystal lattice-strain model is based on three 
parameters describing the variations in Di for an isovalent 
set of elements: (1) r0—the ‘ideal radius’ for a (fictive) ele-
ment with charge j + that minimally strains the crystal lat-
tice and hence has the largest mineral-melt Di; (2) D0—the 
maximum partition coefficient for this ‘ideally sized’ trace 
element; (3) E—the apparent Young’s modulus of the site, 
which is a measure for the resistance of the crystal lattice to 
the incorporation of an element with different radius than the 
ideal radius, r0. The relation between these three parameters 
and the observed values of Di and ri for the set of elements 
is presented in Eq. (1), taken from Blundy and Wood (1994)

where R is the gas constant, T is the temperature (Kelvin), 
and NA is Avogadro’s number. The model provides a quan-
titative thermodynamic expression relating the variation in 
partition coefficients, and the physical properties of the host 
crystal as a function of ionic radii. By fitting this equation to 
a determined set of Di’s, one can calculate r0, D0, and E of 
the lattice site at the given conditions. Knowledge of these 
parameters as a function of P, T, and bulk composition allows 
one to quantify the behaviour of individual trace elements at 
these conditions even in cases where they are not measured.

A significant number of studies focused on the behaviour 
of rare earth elements (REE, also called the lanthanides) 
and Y, all predominantly in the + 3 oxidation state under 
common mantle conditions. REE are preferentially incorpo-
rated into garnet and clinopyroxene in terrestrial mantle lith-
ologies. Therefore, knowledge of the partition coefficients 
of REE between these two minerals and a fluid phase is 
important to interpret melting and crystallization processes 
in various settings in the upper mantle. The trivalent REE 
and Y have radii in the range of 1.001 and 1.172 Å in the 
VIII-fold coordination (Shannon 1976). They are similar in 
radii to the divalent cations  Mg2+,  Fe2+ and  Ca2+ occupying 
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the dodecahedral X-site in garnet [0.89, 0.92 and 1.12 Å in 
VIII-fold coordination (Shannon 1976), respectively]. Thus, 
REE and Y are believed to substitute into the X-site of the 
garnet, with coupled substitution required for charge bal-
ance (Quartieri et al. 1999a, b, 2002, 2004; van Westrenen 
et al. 1999). The substitution of Sc, also a trivalent ion, into 
the various structural sites of the garnet is still controver-
sial. The models of van Westrenen et al. (1999), Corgne 
and Wood (2004), Draper and van Westrenen (2007), van 
Westrenen and Draper (2007), Westrenen et al. (2001), and 
Wood and Blundy (2002) all treated Sc as a trivalent element 
entering the X-site of the garnet, as later ratified in the stud-
ies of Oberti et al. (2006) and Kim et al. (2007). In contrast, 
Sun and Liang (2013) claimed that Sc enters both the X as 
well as the Y sites in garnet. To avoid uncertainties in the 
potential errors in the determination of the partitioning of Sc 
into the X-site of the garnet, they modelled the partitioning 
only of REE and Y between garnet and anhydrous melts.

Since the pioneering work of Blundy and Wood (1994), 
many studies (e.g. Draper and van Westrenen 2007; van 
Westrenen et al. 1999, 2000a, b, 2001, 2003; van Westrenen 
and Draper 2007) used additional experimental data on REE, 
Y and Sc partitioning at a wide P–T conditions in a variety 
of bulk anhydrous mantle lithologies to fit r0, D0 and E val-
ues and parameterized these values as a function of pressure, 
temperature and major element garnet composition.

Although partition coefficients are a function of both 
crystal and melt compositions and structures, only the 
dependence on the garnet composition was thoroughly dem-
onstrated. van Westrenen et al. (1999), van Westrenen et al. 
(2000b) and others showed that the relative compatibility 
of trace elements in anhydrous systems is dominated by the 
structure of the crystal. For example, changes in the garnet 
composition reflect changes in its crystal structure, affecting 
the energetics of substituting a trace cation for an essential 
structural constituent. These studies further showed that  r0 
for REE increases while D0 decreases with increasing Mg/
(Mg + Ca) ratio in the garnet. With increasing garnet Fe con-
tent (the almandine fraction), D0 value decreases. The influ-
ence of the melt phase composition was represented only 
by the partitioning of major elements: DMg in the statistical 
model of Draper and van Westrenen (2007) or DFe in the 
thermodynamic model of van Westrenen and Draper (2007).

The anhydrous crystal lattice-strain model was success-
fully used to provide a quantitative understanding of mag-
matic processes beneath mid-ocean ridges (Frey et al. 2011), 
at the source of hot spots (Corgne et al. 2012; Howarth et al. 
2014) as well as on extra-terrestrial planets (Draper et al. 
2006; Papike et al. 2013; Van Kan Parker et al. 2011). How-
ever, many deep Earth processes, such as dehydration and 
hydrous melting in subduction zones as well as metasoma-
tism beneath subcontinental lithospheres, involve volatiles, 
mainly  H2O. Despite the importance of water in igneous 
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processes, there is only a limited number of studies focusing 
on trace element partitioning in hydrous systems (Ayers et al. 
1997; Brenan et al. 1995a, b, 1998; Brenan and Watson 1991; 
Gaetani et al. 2003; Kessel et al. 2005a, 2015a; Mysen 2004; 
Tatsumi et al. 1986). The scarcity of data is due to many 
experimental and analytical challenges in deriving the com-
positions of aqueous fluids and hydrous melts in equilibrium 
with mantle lithologies at HP-HT conditions.

Wood and Blundy (2002) used available experimental data 
at the time in an attempt to apply the crystal-lattice strain 
model, that originally developed for anhydrous systems, 
to hydrous environments. They fitted REE partition coeffi-
cients between garnet or clinopyroxene and hydrous melts 
and showed that the D0 values predicted from the anhydrous 
model were highly overestimated compared to the fitted val-
ues. They empirically updated the crystal lattice-strain model 
to incorporate the effect of  H2O in the melt on partition coef-
ficients. Due to the limited set of data on hydrous systems at 
the time, their model was calibrated to melts with up to 45 
wt%  H2O in equilibrium with clinopyroxene and melts with 
up to 24 wt%  H2O in equilibrium with garnet.

Lastly, Sun and Liang (2013) fitted REE and Y partition-
ing data in olivine, clinopyroxene and garnet from anhy-
drous experiments and calibrated expressions for the three 
lattice strain parameters. Based on their anhydrous model, 
they explored the effect of water on the partition coefficients, 
using published data from hydrous experiments. They con-
cluded that even though their empirical garnet-melt parti-
tioning model was calibrated on anhydrous garnet-melt data, 
it can also reproduce partition coefficients for the hydrous 
experiments very well.

Despite the progress made by Wood and Blundy (2002) 
and Sun and Liang (2013), the effect of melt composition, 
especially in hydrous systems, on trace element partitioning, 
remains unclear. For example, Kessel et al. (2005a) deter-
mined partition coefficients between eclogite and water-rich 
fluids and melts containing  H2O in the range of 10–90 wt% 
at 4–6 GPa and temperatures of 700–1200 °C. The experi-
mentally fitted D0 between eclogitic garnet and an aqueous 
fluid containing 83 wt%  H2O at 4 GPa and 800 °C was found 
to be ~ 600. The predicted value following the anhydrous 
model of van Westrenen and Draper (2007) is 9.2*104 (3 
orders of magnitude higher) and following the anhydrous 
model of Sun and Liang (2013) is ~ 18 (an order of mag-
nitude lower). The predicted value following the hydrous 
model of Wood and Blundy (2002) is 1940. This value is 
one order of magnitude lower than the predicted value using 
the anhydrous model but is still overestimated compared to 
the fitted value for D0. When the experimental partition-
ing results are compared with existing crystal lattice-strain 
models (both anhydrous and hydrous), it is apparent that 
these discrepancies cannot be reconciled by considering only 
the composition of the garnet. The available experimental 

studies on hydrous systems clearly show that melt compo-
sition, especially the  H2O content in the fluid phase, is an 
important factor in element compatibility in the mantle. 
Although Wood and Blundy (2002)’s model improved our 
ability to predict partition coefficients in hydrous environ-
ments, its applicability to many settings in the deep Earth 
remains limited, and the effect of volatiles in the fluid over 
a wide range of compositions, pressures and temperatures 
is still severely under-constrained.

We compiled the available experimental data on REE, Y 
and Sc partitioning between garnet and  H2O-bearing fluid 
in hydrous systems at mantle conditions. In the absence 
of systematic partitioning data as a function of pressure, 
temperature and bulk composition, a thermodynamic based 
crystal-chemical model cannot be developed at this stage. 
We approached the data from a statistical perspective, 
similar to the approach taken by Draper and van Westrenen 
(2007), and tried to predict how REE partitioning into man-
tle garnet is affected by the presence of  H2O-bearing fluids. 
We assume that Sc enters the X-site of the garnet, follow-
ing the approach taken by van Westrenen et al. (1999) and 
subsequent papers mentioned above, and obtained best-fit 
values for the three crystal lattice-strain model’s parameters 
(r0, D0, E) for hydrous HP-HT experiments. The fitted val-
ues were used in multiple linear regressions relating six-
teen variables that reflect the possible influence of mineral 
composition and stoichiometry, melt composition and struc-
ture, major-element partitioning, pressure, temperature and 
water content. The model for r0, D0 and E presented in this 
study, allows one to predict the partitioning of REE, Y and 
Sc between garnet and hydrous fluid at pressures of 1.5–7.5 
GPa and temperatures of 700–1230 °C.

Methods

In this section, we present the data sources used in our analy-
sis, layout the assumptions for our error calculation, and 
outline the compositional variables used for the statistical 
evaluation. The fitting process and all the statistical calcula-
tions were performed using various Matlab functions.

The database

Mantle garnets are mainly divided into two groups, peri-
dotitic and eclogitic. Shown in Fig. 1 are the composi-
tional fields of anhydrous eclogitic and peridotitic garnets 
as compiled by Mottana (1986) and van Westrenen et al. 
(2000b). Eclogitic garnets are Cr-poor, Ca-rich pyrope-
grossular-almandine mixtures with wide variations in 
the grossular content. Peridotitic garnets are composed 
of about 75% pyrope, 10% grossular and 15% almandine. 
These garnets are rich in Cr and  Fe3+. Superimposed 
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on these fields, are the experimental garnet composi-
tions found in hydrous systems as compiled in this study 
(Tables  1, 2). Hydrous eclogitic garnets have similar 
compositions to anhydrous eclogitic mantle garnets. The 
experimental hydrous peridotitic garnets are slightly richer 
in grossular and andradite components compared to anhy-
drous peridotitic garnets.

Despite the importance of HP-HT experimental studies 
focusing on garnet-fluid partitioning of REE in hydrous sys-
tems, there are only a limited number of such scope. Most 
of these studies inferred the fluid composition from mass 
balance constraints or by examining quench precipitates 
in between minerals. Kessel et al. (2005b, 2015b) used the 
diamond aggregates method to trap fluids within their inter-
stices, allowing a more direct approach in determining fluid 
composition for a wide range of P–T conditions. However, 
both indirect and direct approaches encounter measurement 
uncertainties, especially in HREE contents in the fluid phase 
due to their high incompatibility.

Several studies focused on partition coefficients of 
trace elements between eclogite and  H2O-bearing fluids 
(Tables 1, 2). Kessel et al. (2005a) studied the interaction of 
 H2O-bearing fluids with K-free eclogite at 4–6 GPa and tem-
peratures of 700–1200 °C. They found the solidus at 4 GPa 
to be between 850 and 900 °C and at 5 GPa between 1000 
and 1050 °C. Subsolidus fluids contained up to ~ 90 wt% 
 H2O and supersolidus melts contained 15–35 wt%  H2O. The 
system at 6 GPa was found to be above the second critical 
end-point and a supercritical fluid with  H2O content between 
10 and 80 wt% is stable at temperatures between 800 and 
1200 °C. Adam and Green (2006) performed experiments 
at 3.5 GPa and 1180–1190 °C, where an eclogitic garnet is 
in equilibrium with a hydrous melt containing 13–15 wt% 
 H2O. Klimm et al. (2008) studied trace element partitioning 
between eclogite and  H2O-fluids at 2.5 GPa and 750–900 °C. 
Based on textures of quench solute, they concluded that the 
fluid was supercritical and estimated the amount of water in 
the fluid, but only the exsolved quench glass fraction was 
analysed. Green et al. (2000), Barth et al. (2002) and Gaetani 
et al. (2003), studied trace element partitioning between 

Fig. 1  Literature compilation of experimental garnet compositions 
in mantle lithologies in equilibrium with  H2O-bearing fluids. Red—
eclogitic garnets, blue—peridotitic garnets. Superimposed on this 
triangle are the compositional fields found for anhydrous mantle gar-
nets as complied by Mottana (1986) and van Westrenen et al. (2000a, 
b). Py pyrope  (Mg3Al2Si3O12), Alm almandine  (Fe3Al2Si3O12), Spes 
Spessartine  (Mn3Al2Si3O12), Gr grossular  (Ca3Al2Si3O12), And andra-
dite  (Ca3Fe2Si3O12), Uv uvarovite  (Ca3Cr2Si3O12)

Table 1  List of Sc-bearing experiments used to fit r0, E, D0 and to statistically evaluate r0

a A fluid phase is used as a general term for any mobile phase in equilibrium with a mineral assemblage

Reference Number of experi-
ments

Pressure (GPa) Temperature (°C) Bulk composition H2O in fluid 
 phasea (wt%)

Kessel et al. (2005a) 14 4–6 700–1200 K-free MORB 30–87
Adam and Green (2006) 2 3.5 1180, 1190 Basanite 13–15

Table 2  List of Sc-absent experiments used to statistically evaluate E, D0

a A fluid phase is used as a general term for any mobile phase in equilibrium with a mineral assemblage

Reference Number of experi-
ments

Pressure (GPa) Temperature (°C) Bulk composition H2O in fluid 
 phasea (wt%)

Green et al. (2000) 7 3–7.5 1100–1200 Tholeiitic basanite 10–39
Barth et al. (2002) 4 1.8 1000, 1040 Tonalite 6–9
Gaetani et al. (2003) 1 1.6 1230 Natural basalt 6
Kessel et al. (2015a) 6 4–6 1000–1200 K-bearing lherzolite 23–66
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eclogitic garnets and hydrous melts with water contents 
between 6 and 39 wt%. Klein et al. (2000) experimentally 
determined partition coefficients between 1–3 GPa and tem-
peratures of 900–1150 °C. They doped the starting material 
with trace element oxides in concentrations of 0.5 wt% each. 
No more than two trace element oxides were added to one 
experimental charge to minimize changes in bulk composi-
tion and to avoid mutual analytical interferences.

Kessel et al. (2015a) is the only study, known to us, 
which determined REE partitioning between peridotitic 
garnet and  H2O-bearing fluid. They studied the interaction 
of  H2O-bearing fluids with K-bearing peridotites at 4–6 GPa 
and temperatures of 1000–1200 °C. They found the solidus 
at 4 GPa to be between 900 and 1000 °C and at 5–6 GPa 
between 1100 and 1200 °C. Subsolidus fluids contained up 
to ~ 80 wt%  H2O and supersolidus melts contained 20–40 
wt%  H2O.

Scandium is an essential element in fitting the REE 
partition coefficients between garnet and a fluid phase to 
Onuma’s parabola. van Westrenen et al. (1999) and van 
Westrenen et al. (2000b) have shown that mantle garnets 
in anhydrous systems partition trivalent elements into the 
X-site such that  r0 values are in the range of 0.91–0.93 Å. 
Therefore, all REE are on the right limb of Onuma’s 
parabola. One of the fundamental assumptions of Onuma’s 
parabola is that the elastic strain energy is roughly symmetri-
cal around the optimum ion (r0, D0). This is an important 
assumption, especially when one considers partitioning of 
REE into garnet, as all REE are larger than the mentioned 
range of  r0. Scandium, with a radius of 0.885 Å, is the only 
trivalent trace element with radius lower than  r0. Fitting the 
data from Sc-bearing experiments allows us to best fit the 
partition coefficient data to Onuma parabola’s using Eq. (1), 
providing fitted values of r0, D0, and E. These three values 
are referred hereinafter as the fit parameters. In the absence 
of Sc partition coefficient, the left-hand limb of the Onuma 
parabola for trivalent elements is unconstrained. Although, 
fitting partitioning data without Sc to Eq. (1) is possible, 
this method yields fit parameters that are physically unre-
alistic—e.g. generally low r0, low E and consequently high 
D0. The misfit of the left-hand limb of the Onuma parabola 
was described in length in Draper and van Westrenen (2007) 
and in van Westrenen et al. (2000b). Thus, in this study, data 
from Sc-absent experiments were fitted to Eq. (1) only after 
constraining one of the fit parameters. This approach was 
taken in previous models of garnet-melt partitioning (van 
Westrenen et al. 2000b; van Westrenen and Draper 2007) 
and zircon-melt partitioning of REE, which suffers from the 
same problem (Hanchar and Van Westrenen 2007). Accord-
ingly, we separated the published experimental partition-
ing data in hydrous systems into two groups—Sc-bearing 
experiments (Table 1) and the other Sc-absent experiments 

(Table 2). Following this approach, the Sc-bearing experi-
ments were used to predict r0 values for the Sc-absent 
experiments to fit D0 and E to the measured experimental 
partitioning data.

Some of the possible partitioning data were excluded 
from different steps of the calibration process of the model. 
All the partitioning data from Klimm et al. (2008) were 
excluded. In their study, glasses were characterized by very 
low MgO content, in the order of 0.01–0.12 wt%, signifi-
cantly outside the range of MgO content found in all other 
reported experiments in Tables 1, 2. In addition, the REE 
content in the glasses is low compared to other experiments, 
with high uncertainties (up to 50%), leading to very high 
partition coefficients between garnet and fluid with large 
uncertainties. For example, the partition coefficient of Lu 
between garnet and fluid at 800 °C is 1277 ± 584. This parti-
tion coefficient is higher than any partition coefficient of Lu 
found in the literature in hydrous systems. These observa-
tions would greatly influence the uncertainties in the model 
calibration, thus were excluded. Kessel et al. (2005b) deter-
mined the second critical end-point between 5 and 6 GPa. 
The partitioning coefficients at 6 GPa were fitted to Eq. (1) 
but were not used in the calibration of the three fit param-
eters, as further explained in the following sections. The 
data from Klein et al. (2000) were also excluded from the 
fitting process due to the different doping quantities of the 
trace elements and to the fact that not all REE were present 
in a singular experiment. This study was used to validate 
the model.

r0, D0 and E fitting

The experimental REE, Y, and Sc partitioning data from 
the references given in Table 1, were fitted to Eq. (1) using 
the Levenberg–Marquardt nonlinear least-squares algorithm, 
yielding values for all three fit parameters for each experi-
ment. To take into account the measurement uncertainties 
in the fitting process, for each element the algorithm ran-
domly picks a Di value within the measured 1σ error margins 
of the measured D, constructing a new D dataset for each 
experiment. It then fits this new dataset to Eq. (1). Perform-
ing 10,000 runs of this Monte Carlo calculation for a given 
experiment, we found the median value and its uncertainties 
for each of the fit parameters. The uncertainties on fit param-
eters are presented by the 84.13th and 15.87th percentile 
values (corresponding to 1σ in a normal distribution). An 
example of this approach is presented in Fig. 2, showing the 
experimental Di vs. ionic radius, ri for the REE, Y and Sc 
entering the garnet X-site in equilibrium with an aqueous 
fluid containing 83 wt%  H2O at 4 GPa and 800 °C (Kessel 
et al. 2005a). Superimposed on the data is the fitted curve for 
the measured Dis, the median calculated curve considering 
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the measurement uncertainties on Dis, and the error margin 
curves using the error on the median fit parameters.

Parameterization of r0, D0 and E

From the three fit parameters for the Sc-bearing experi-
ments, r0 values showed the most limited range of values. 
Therefore, our strategy was to use a modelled r0 value as a 
constraint to fit Eq. (1) to the Sc-absent experiments. The 
fitted r0 values of the Sc-bearing experiments (Table 1) were 
modelled following the statistical approach taken by Draper 
and van Westrenen (2007). We selected sixteen variables 
intended to reflect garnet and fluid compositions (Table 3): 
contents of the major endmember components (pyrope, 
grossular, and almandine) to reflect the variation in garnet 
compositions; D values for Ca, Mg, and Fe (the major con-
stituent cations for the garnet X-site) and KD values for both 
Fe–Mg and Al–Si exchange to reflect garnet-fluid major 
element equilibrium; FeO/SiO2, MgO/SiO2 ratios, and Mg# 
in the fluid phase to reflect the variation in the melt com-
positions. Similar variables were used in Draper and van 
Westrenen (2007). We added the mole fraction of water in 
the fluid phase to these variables. In experiments where the 
water content in the fluid phase was not reported, the total 
amount of water (in wt%) was calculated from subtracting 
the total amount of oxides from 100. The mole fraction of 
water was calculated out of the reported fluid composition. 
All parameters were calculated on a hydrous basis and used 
the wt% values.

Possible bivariate correlations among the set of variables 
were assessed to find combinations in which variables were 
independent of one another. This was accomplished by com-
puting correlation matrices consisting of Pearson’s correla-
tion coefficients with their associated p-values for all pos-
sible variable pairs for the entire database (Supplementary 
Table S1). For example, temperature and water fraction in 

Fig. 2  An example of measured partition coefficients for trivalent 
elements (REE, Y and Sc) between eclogitic garnet and aqueous 
fluid containing 83 wt%  H2O at 4 GPa and 800 °C from Kessel et al. 
(2005a) as a function of ionic radii (Shannon 1976). Uncertainties are 
1 standard deviation on the average values. The elements show a par-
abolic behavior. Superimposed on the data are fit curves of Eq.  (1). 
The red curve is the fit to the data ignoring uncertainties. The black 
solid curve is the fit to the data for the median parameters (see text). 
The grey strip is the margin of error represented by the area enclosed 
between two curves using the positive and negative errors of each fit 
parameter

Table 3  Variables chosen 
for possible use in statistical 
regression

a All oxide values are in wt%; grt and liq refer to contents in coexisting garnet and liquid, respectively

Variable Description

DCa, DMg, DFe
Garnet-fluid D values for major constituents of X-site 

[
oxidegarnet(wt%)

oxidefluid(wt%)

]

KD for Fe–Mg, Al–Si
a
K

Fe−Mg

D
= FeOgrt∗MgOliq

FeOliq∗MgOgrt ; K
Al−Si
D

=
Al2O

grt

3
∗SiOliq

2

Al2O
liq

3
∗SiOgrt

2

Mol% Gr, Py, Alm Mol% grossular, pyrope, almandine in garnet
Si, Al per formula unit (apfu) Number of Si and Al cations per 12-oxygen formula unit
Fluid Mg# Mg/(Mg + Fe)molar in fluid
(MgO/SiO2)fluid MgO/SiO2 (wt%) in fluid
(FeO/SiO2)fluid FeO/SiO2 (wt%) in fluid
Fluid �

H2O
Molar  H2O/all oxides in fluid

10,000/T Kelvin
P GPa
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the fluid are strongly correlated in these experiments, thus 
are difficult to separate.

The values of r0 were multiply regressed against combi-
nations of these independent variables. Due to the limited 
set of data, only 2 predicting variables were included to 
avoid overfitting. A stepwise approach was taken, allowing 
us to determine which of the predicting variables were truly 
required. We weighted the significance of each of the coeffi-
cients determined by the regression using an F-statistic test. 
Parameters with F-values smaller than 0.6 were considered 
insignificant.

The multiple linear regression of r0 was used to calculate 
 r0 values for the Sc-absent experiments (Table 2). These 
calculated r0 values were then implemented as a constraint 
in Eq. (1) to fit values for D0 and E following the same 
Monte Carlo calculation algorithm explained above. We 
then modelled the resulting D0 and E values derived for all 
experiments (Tables 1, 2) using the sixteen possible predict-
ing variables mentioned above in separated multiple linear 
regressions.

Results

Fit parameters’ models

The multiple linear regressions found to best predict r0, D0, 
and E are shown in Table 4. A full comparison between 
this study’s fitted and modelled parameters and correspond-
ing modelled fit parameters from other studies is provided 
in Supplementary Table S2. In the following sections, we 
examine the results for each of the parameters in detail and 
discuss them in comparison to the previously existing mod-
els (Sun and Liang 2013; van Westrenen and Draper 2007; 
Wood and Blundy 2002).

r0 model

The fitted r0 values found for Sc-bearing experiments are 
between 0.946 and 0.992 Å and are shown in Fig. 3 as a 
function of the fraction of  H2O in the fluid phase ( �

H2O
 ). At 

pressures between 3.5 and 5 GPa, the r0 values for super-
solidus garnets in equilibrium with hydrous melts are rela-
tively constant, between 0.951–0.955 Å, regardless of the 
 H2O content in the melt or the pressure. By contrast, the r0 
values for subsolidus garnets in equilibrium with aqueous 
fluids increase with increasing  H2O content in the fluid. The 
r0 values for eclogitic garnets at 6 GPa in equilibrium with 
a supercritical fluid are 0.946–0.958 Å, within the range of 
r0 values found in supersolidus experiments, regardless of 
the water content in the supercritical fluid (ranging from 
30 to 72 wt%). As suggested by Kessel et al. (2005a), the 
supercritical fluid demonstrated more melt-like properties, 
that consequently influenced the partitioning.

As mentioned above, we multiply regressed the fitted  r0 
values found for the Sc-bearing experiments, excluding the 
 r0 values of the supercritical fluid from Kessel et al. (2005a), 
as further discussed in the next section. To avoid overfitting 
of the data and to reduce the degrees of freedom we used 
only two variables each time and assumed no interactions 
between them. From the 121 possible variable combinations, 
only five generated R2 values above 0.9, and included only 
T or 10,000/T, DMg or MgO/SiO2, DCa.

Because the  r0 parametrisation is needed as a constraint 
to fit the partitioning data of the Sc-absent experiments 
to Eq. (1), we decided to further evaluate only variable 
combinations that show similar ranges for the Sc-bearing 
and Sc-absent experiments (Tables 1, 2). For example, the 
average value of DMg of the Sc-bearing experiments is 
9.259 ± 8.04 (1 SD). The DMg values of all 24 Sc-absent 

Table 4  Coefficients of multiple linear regressions performed on sub-
sets of variables

a The regression was performed using only the Sc-bearing experimen-
tal data (Table 1)
b The regression was performed using all the data set (Tables 1, 2)

Fit parameters Regression variables R2 values

r0
a T,  DMg 0.969

D0
b DFe 0.839

E FeO/SiO2,�H2O
 , Fluid Mg# 0.544

Fig. 3  Fitted values of r0 for REE as function of the fraction of  H2O 
in the fluid phase for Sc-bearing experiments (Table 1). Filled sym-
bols indicate experiments containing mantle garnets in equilibrium 
with hydrous melts. Open symbols indicate experiments containing 
mantle garnets in equilibrium with aqueous fluids. Experiments at 6 
GPa Kessel et al. (2005a) are beyond the second critical endpoint of 
the system as determined in Kessel et al. (2005b)
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experiments are within this range. On the contrary, the 
mol% Gr value of only five Sc-absent experiments is 
within the range of mol% Gr in the Sc-bearing experi-
ments. The only variables that fulfilled the criterion of 
similar values within all experiments, were T or 10,000/T, 
DMg or MgO/SiO2, DCa, and �

H2O
 . The most successful 

model (highest R2) out of the five combinations predicting 
r0 as a function of different variables is given in Eq. (2):

Errors are standard errors on the coefficients, and the 
variables are further explained above and in Table  3. 
The predicted r0 values for the Sc-bearing experiments 
compared to the fitted values are shown in Fig. 4. Equa-
tion (2) predicts  r0 to within ± 0.009 Å (1σ), slightly better 
than the ± 0.017 Å found for anhydrous systems by van 
Westrenen and Draper (2007). The accuracy in the pre-
diction of both models is less than the difference in ionic 
radius between most adjacent REE.

As detailed above, most garnet-fluid partitioning stud-
ies did not include Sc (Table 2). Equation (2) provides a 
way to predict  r0 for the REE partitioning between gar-
net and fluid. The r0 values calculated for the Sc-absent 
experiments are in the range of 0.946–0.973 Å, similar in 

(2)

r0

(
REE,Å

)
= 1.083(±0.009) − 9.027 ∗ 10−5

(
±6.005 ∗ 10−6

)
∗ T

−7.865 ∗ 10−4
(
±1.449 ∗ 10−4

)
∗ DMg

range to the  r0 values found for Sc-bearing experiments. 
A similar trend to that shown in Fig. 3 is observed in the 
r0 values predicted for the Sc-absent experiments. The 
predicted  r0 values increase with increasing water content 
in the fluid phase, both for eclogitic garnets as well as 
peridotitic garnets.

Wood and Blundy (2002) followed the conclusion of 
van Westrenen et al. (2000b) that although r0 values vary 
with melt composition and structure, the effect of water on 
r0 is insignificant. Therefore, they did not incorporate an 
equation for calculating r0 in hydrous systems. Calculating 
r0 values for all hydrous experiments using van Westrenen 
and Draper (2007) anhydrous model results in values of 
0.8808–0.9336 Å, much smaller than the fitted values found 
for these experiments [the predicted values of r0, D0 and 
E following the anhydrous model of van Westrenen and 
Draper (2007) are also given in Supplementary Table S2 
next to fitted and modelled values of this study]. The devia-
tion of our predicted r0 values from the r0 calculated using 
van Westrenen and Draper (2007)’s model increases with 
increasing �

H2O
 , from 2 to 11% deviation, both for eclogitic 

as well as peridotitic garnets. The calculated r0 values for all 
hydrous experiments using Sun and Liang (2013) equation 
(Eq. 11 in their paper) are between 0.8343 and 1.0235 Å. 
These calculated values either underestimate or overestimate 
our fitted values to all experiments compiled in this study 
(Supplementary Table S3).

The fitted and modelled  r0 values of hydrous experiments 
used in this study (Tables 1, 2) demonstrate that the fluid’s 
nature and water content have a major effect on partitioning 
in garnets in  H2O-bearing systems. Our hydrous model pre-
dicts an increase in r0 values with increasing water content 
in the fluid phase, and consequently a decrease in r0 values 
with increasing temperature, an opposite trend compared 
to van Westrenen and Draper (2007) and Draper and van 
Westrenen (2007) which assumed thermal expansion in their 
anhydrous models. Furthermore, our hydrous model sug-
gests that the intrinsic effect of crystallographic site expan-
sion with temperature increase is overwhelmed by the effect 
of the structure of the fluid. It further confirms that  r0 is not 
merely crystallography-based parameter but rather is influ-
enced by the presence and structure of coexisting fluid, as 
previously suggested by van Westrenen et al. (2000a).

D0 model

The predicted r0 values for the Sc-absent experiments were 
used to fit the partitioning data to Eq. (1) and find D0. Shown 
in Fig. 5 are the fitted D0 values for both the Sc-bearing and 
Sc-absent experiments, as a function of water content in the 
fluid phase. D0 values vary by over 2 orders of magnitude, 
ranging from 1 to 600—a far greater spread than seen in 
anhydrous data. The uncertainties shown in Fig. 5 are the 

Fig. 4  Comparison between predicted and fitted values of  r0 for 
REE partitioning between mantle garnets and  H2O-bearing fluids 
for Sc-bearing experiments (Table 1). Symbols are identical to those 
in Fig.  3. Uncertainties on the fitted values are the 15.87th and the 
84.13th percentile values and on the predicted values are 1 standard 
error on the parameters from Eq. 2 (see text for further explanation). 
The dashed line is a 1:1 line
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84.13th and 15.87th percentiles, calculated using the same 
procedure as described in the methods section. The D0 val-
ues of supersolidus peridotitic garnets are between 1 and 10. 
The D0 values for the subsolidus peridotitic garnets is ~ 20. 
The D0 values for eclogitic garnets are higher than those for 
the peridotitic garnets at similar water content in the fluid. 
The D0 values in supersolidus eclogitic garnets in equilib-
rium with hydrous melts are between 10 and 40, regardless 
of the water content in the melt or the pressure. The D0 val-
ues sharply increase up to 600 with increasing  H2O content 
in the fluid phase, regardless of the pressure.

The D0 values of eclogitic garnets in equilibrium with 
supercritical fluids at 6 GPa demonstrate a similar trend to 
that observed at lower pressures. Although the r0 values 
of these experiments were similar to those determined for 
supersolidus experiments, i.e. suggesting a melt-like behav-
iour, the D0 values continue the fluid to melt trend as seen 
at 4–5 GPa, i.e. suggesting a fluid-like behaviour. Due to 
the limited number of experiments to test the consistency 
of the decoupling between the trends of r0 and D0 values 
and the water content at supercritical conditions, we decided 
to exclude the available partitioning data of Kessel et al. 
(2005a) experiments conducted at 6 GPa from the linear 
regressions of the different fit parameters. Furthermore, the 
effect of water on the garnet-supercritical fluid partitioning 
is beyond the scope of this study.

We multiply regressed the fitted D0 values from all the 
experimental database (Sc-bearing and Sc-absent experi-
ments). Similar to the modelling process for r0, we limited 

the search to 2 parameters each time to avoid overfitting 
of the data. The regressions with the highest correlation 
were the ones using DFe as one variable, paired with either 
P,KAl−Si

D
 , Fluid Mg#, or [MgO/SiO2]fluid. Including an addi-

tional variable to DFe was greatly below the threshold of 0.6 
in the F-statistic test, with or without assuming an inter-
cept in the regression. This suggests that the only signifi-
cant parameter influencing the prediction of D0 is DFe. The 
resulting prediction of D0, based on all the experiments, is 
given in Eq. (3) (errors are 1 standard error):

The next step in validating our D0 model was to assess 
the regression in a ‘leave-one-out’ cross-validation process. 
The aim of the cross-validation process was to evaluate if 
and how a specific experiment influences the regression, 
i.e. the coefficients used for each predictive parameter and 
the coefficients of determination (R2). The only experi-
ment that influenced the R2 of the regression was RK201 
[eclogitic garnet in equilibrium with aqueous fluid at 4 GPa 
and 700 °C, taken from Kessel et al. (2005a)]. Excluding 
this experiment didn’t change the regression coefficient of 
DFe, supporting the consistency of the model. However, it 
improved the regression prediction, increasing R2 value from 
0.84 to 0.96, verifying the major influence of this specific 
experiment on the regression and the mismatch of the pre-
dicted D0 value for this experiment.

The predicted D0 values for all experiments compared 
with the fitted values are shown in Fig. 6. The average rela-
tive deviation of the model D0 from the fitted values for all 
experiments is 128%. For the 28 eclogitic experiments, 50% 
of the eclogitic D0 values are predicted to within 50% devia-
tion and 67% of the experiments are predicted to within 80% 
deviation. The relatively high uncertainties in predicting D0 
are a result of the incorporation of propagated uncertainties 
in the Di values. Difficulties in determining the trace element 
compositions in the fluid led to high uncertainties in Di.

The anhydrous model for D0 of van Westrenen et al. 
(2001) used DMg. The latest improved thermodynamic 
model for D0 of van Westrenen and Draper (2007) used DFe 
term. Anhydrous eclogitic garnets in the van Westrenen 
and Draper (2007) compilation are characterized by rela-
tively high DFe and high D0. Anhydrous peridotitic garnets 
(majorities) have much lower DFe and D0. Similar correla-
tion between DFe and D0 is seen in the hydrous systems, 
the eclogitic garnets are characterized by higher D0 values 
compared to peridotitic garnets at a given water content in 
the fluid phase. The DFe values are highly correlated with 
fluid �H2O

 values, as indicated by the low p-value of the 
Pearson’s correlation coefficients (Supplementary Table S1).

Wood and Blundy (2002) showed that the D0 values for 
REE in hydrous systems are 2–4 orders of magnitude lower 

(3)D0 = 7.2(±0.5) ∗ DFe

Fig. 5  Fitted values of D0 for REE as function of the fraction of  H2O 
in the fluid phase for all experiments (Tables 1, 2). Symbols are iden-
tical to those in Fig. 3
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than based on predictions from anhydrous systems. As shown 
in Supplementary Table S2, the predicted D0 values for all 
the hydrous experiments in Tables 1, 2 following the model 
of Wood and Blundy (2002) are indeed lower by up to one 
order of magnitude than those predicted by the anhydrous 
model of van Westrenen and Draper (2007), but still 2 orders 
of magnitude higher than those found by fitting D0 to the 
experimental data. Similar to the prediction of r0 by Sun and 
Liang (2013), their D0 values poorly predict the fitted values in 
hydrous experiments. For example, their predicted DLu values 
are limited to the range between 5 and 200 (Fig. 1 in the Sup-
plementary Table S3) while the measured DLu values reach 
lower and higher values.

E model

Fitted E values for all experiments listed in Tables 1, 2 range 
mostly from 287 to 742 GPa, with two experiments hav-
ing E values of 944 and 1110 GPa. The fitted E values as 
a function of �H2O

 in the fluid phase are shown in Fig. 7. 
For comparison, the range of E values for the trivalent trace 
elements entering the garnet X-site in anhydrous systems 
is 465–730 GPa (van Westrenen and Draper 2007). The E 
values for garnets in hydrous systems are larger in range than 
the values for garnets in anhydrous systems. We multiply 

regressed the fitted E values, this time expanding the search 
to 3 parameters, to try covering the entire range of values. 
The resulting model predicting E is given in Eq. (4) (errors 
are 1 standard error):

The predicted E values compared to the fitted values are 
shown in Fig. 8. Even though the R2 value is relatively low 
(0.54), Eq. (4) predicts E for all experiments in Tables 1, 
2 to within 85 GPa (1σ). This value is close to the average 
standard deviation for fitted values of E (80 GPa, 1σ) for 
anhydrous systems in van Westrenen and Draper (2007).

Discussion

The new hydrous model and comparison to previous 
models

Equations (2–4) provide new parametrizations for the three 
crystal-lattice strain model fit parameters r0, D0, and E, for 
the compatibility of trivalent elements (REE, Y and Sc) 
in garnet in equilibrium with  H2O-bearing fluids. These 

(4)

E(GPa) = 485(±135) + 1854(±375) ∗
[
Feo∕SiO2

]
fluid

− 542(±211) ∗ Mg#fluid + 350(±111) ∗ �H2O

Fig. 6  Comparison between predicted and fitted values of D0 for 
REE partitioning between mantle garnets and  H2O-bearing fluids for 
experiments in Tables  1, 2. Symbols are similar to those in Fig.  3. 
Uncertainties on the fitted values are the 15.87th and the 84.13th per-
centile values and on the predicted values are 1 standard error on the 
parameters from Eq.  3 (see text for further explanation). The black 
line is a 1:1 line. Also shown are lines representing uncertainties in 
the order of 50, 80 and 150%

Fig. 7  Fitted values of E for REE as function of the fraction of  H2O 
in the fluid phase for all experiments (Tables 1, 2). Symbols are iden-
tical to those in Fig. 3
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parameterizations are based on a limited set of inputs: the 
major element compositions of garnet and fluid at a given 
temperature and pressure.

In Fig. 9, we compare measured Di values with those 
predicted from our model, as well as those predicted by 
previous models. In Fig. 9a we plot partitioning data from 
a subsolidus experiment of eclogite in equilibrium with 
 H2O-bearing fluid containing 83 wt%  H2O at 800 °C and 
4 GPa (Kessel et al. 2005a). Figure 9b shows the partition-
ing data from the same study, slightly above the solidus, 
at 1000 °C. The hydrous melt in this experiment contains 
56 wt%  H2O. Both datasets were included in our statisti-
cal database. The measured partition coefficients included 
REE, Y and Sc, allowing us to fit all three parameters (r0, 
D0 and E) to the measured Dis. Our fit, as well as our pre-
dicted curves (black and green, respectively), are shown 
in both figures. Our new model does an excellent job in 
predicting the experimental measurements. As expected, 
the anhydrous model of van Westrenen and Draper (2007) 
predicts lower r0 and significantly higher D0 values than 
fitted (dashed orange). We followed the suggestion of van 
Westrenen et al. (2000a), calculated r0 values for all exper-
iments in the database using the model of van Westrenen 
and Draper (2007), and fitted D0 and E to the measured 
Di values. The r0 values predicted from this anhydrous 
model are significantly lower than the fitted r0 values by 
this study, resulting in a mismatch of the Onuma parabola 
for most REE (dotted orange).

Even though Sun and Liang (2013) based their model on 
different assumptions, we used their predicting expressions 
for the three fit parameters (Eqs. 10–12 in their study) to 
plot and compare their model with the model presented in 
this study and the measured hydrous partitioning data. As 
can be seen in Fig. 9 (dashed red), their model underes-
timates the measured values of the subsolidus experiment 
(Fig. 9a) and overestimates the measured values of HREE 
of the supersolidus experiment (Fig. 9b). Lastly, we used 
our fitted  r0 and E values and calculated D0 values using the 
hydrous model of Wood and Blundy (2002). The D0 values 
predicted by Wood and Blundy (2002) constitute a substan-
tial improvement over the different anhydrous models but 
still cannot predict the measured partitioning coefficients 
for most hydrous experiments (dashed blue).

Model validation: comparison between the new 
hydrous model and measurements

Most experimental or natural sample studies report only the 
major element composition of the garnet and/or the fluid 
phase. Trace element compositions are either completely 
missing or available for only one of the phases (garnet in 
most cases), thus no partition coefficients are available. If the 
temperature of equilibrium between the garnet and fluid is 
known (in the experiment) or assumed/calculated (for natu-
ral samples), using the hydrous model presented in this study 
we are able to calculate Di values for all REE according to 
the following procedure:

(a) We use the garnet and fluid major element composi-
tions in each experiment at a given pressure and tem-
perature to calculate r0, D0 and E [using Eqs. (2, 3 and 
4), respectively].

(b) We then use Eq. (1) and the values of r0, D0 and E to 
calculate the Di values of all REE given their radius ri.

An example of such a procedure is given using the study 
of Klein et al. (2000), which as mentioned above was not 
part of our model’s calibration. Klein et al. (2000) experi-
mentally determined the partitioning of REE and HFSE 
(high field strength elements) between garnets and andesitic 
to granodioritic melts (containing 5–15 wt%  H2O) at a pres-
sure of 1.5 GPa at temperatures of 900, 1000 and 1150 °C. 
At each pressure and temperature, 6–7 separate experiments 
were performed, each experiment doped with only two trace 
elements.

To test our model, we used the major element composi-
tions of the garnet and fluid phases and calculated the fit 
parameters to calculate individual elemental partition coef-
ficients. Then, we compared them to the measured values.

The percent relative mismatch between model predictions 
(based on major element compositions of the phases) and 

Fig. 8  Comparison between predicted and fitted values of E for REE 
partitioning between mantle garnets and  H2O-bearing fluids for 
experiments in Tables 1, 2. Symbols are identical to those in Fig. 3. 
The black line is a 1:1 line
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measurements of each element in each set of experiments 
at a given pressure and temperature as reported in Klein 
et al. (2000) is listed in Table 5. The predicted Di values are 
shown in Fig. 10 compared with the measured values. The Di 
values for the HREE are identical within uncertainties (tak-
ing into consideration both experimental uncertainties and 
the uncertainties derived from our model). The mismatch in 
predicting Di values for the LREE is high and reaches 600% 
relative. Because of the high incompatibility of these ele-
ments and high measurements uncertainties of their analysis 
in the garnet phase, LREE is difficult to work within par-
titioning studies and display significant mismatches when 
modelling their partitioning (Draper and van Westrenen 
2007; van Westrenen and Draper 2007).

Possible explanations for the ‘water effect’

Despite the preliminary stage of this model and our limited 
understanding of the statistical correlation to the physical 
properties, we offer some potential reasons to the major 
effect of water content in the fluid phase on trace element 
partitioning. Several studies suggested that increase in the 
degree of polymerization of the melt can increase trace 
element partitioning coefficients (Ellison and Hess 1990, 
1994; Evans et al. 2008; Gaetani 2004; Gaetani et al. 2003; 
Huang et al. 2006; Mysen 2004; Ryerson and Hess 1978). 
While Gaetani et al. (2003) and Gaetani (2004) concluded 
that addition of water decreases the degree of melt polym-
erization and may lead to a decrease in REE partitioning 

Fig. 9  Comparison between different models predicting the fit param-
eters. Symbols are similar to those in Fig.  3. The green and black 
lines are the fitted and modeled fit parameters (respectively) from this 
study. The dotted orange curve is based on the fit parameters reported 
in van Westrenen and Draper (2007). The dotted orange curve is 

based on the fitting procedure to a r0 constrain calculated using van 
Westrenen and Draper (2007). The dashed blue curve is based on the 
r0 and E calculated using Eqs. 2 and 4, and D0 calculated using Wood 
and Blundy (2002). See text for further explanation

Table 5  Relative mismatches 
between measured and 
predicted values of garnet-melt 
partition coefficients from Klein 
et al. (2000)

Mismatch (%) La Ce Nd Sm Eu Gd Dy Er Yb Lu

900 °C 73 179 333 95 314 186 212 28 97 150
1050 °C 84 598 661 110 201 67 373 4 29 12
1100 °C 40 145 158 153 20 41 204 6 30 26
Average 65 307 384 120 178 98 263 9 52 62
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coefficient values, the trends presented above suggest other-
wise. We suggest that the influence of the degree of polym-
erization shows indirect effect in hydrous systems or is over-
ridden by other primary melt structure properties.

Other studies proposed complexation in silicate melts 
[review in Hess (1995)] to explain variations of partitioning 
coefficients. The conclusion of O’Neill and Eggins (2002) 
that REE form very stable oxides, led Prowatke and Klemme 
(2005) to offer this formation as a support to the existence 
of REE-alumino-silicate complexes in silicate melts. Other 
experimental studies on mineral solubilities and trace ele-
ments partitioning in HP-HT fluids (Antignano and Man-
ning 2008; Audétat and Keppler 2005; Hayden and Manning 
2011; Louvel et al. 2013; Wilke et al. 2012) explained the 
enhancement of trace element mobility by the enrichment of 
major element solutes in the fluid, especially those that form 
alkali-alumino-silicate complexes (e.g. HFSE). Huang and 
Sverjensky (2019) modelled the metal-silicate complexes 
of fluids reported in Kessel et al. (2005b) and Kessel et al. 
(2015b) used in this study’s database. They concluded that 
at upper mantle conditions in Cl-free fluids, the Al-bisilicate 
complex [ Al(OH)3OSi(OH)

−
3
 ] becomes the most important 

Al-complex. They reported the strong temperature depend-
ence and the increase in this complex concentration with 
increasing temperature.

Another possible explanation for the major effect of water 
on trace element partitioning can be attributed to the differ-
ences in coordination of trace elements in melts and miner-
als. Ponader and Brown Jr (1989) reported changes in the 
REE coordination due to changes in melt composition. They 
concluded that an increase in irregularity in the coordination 
leads to an increase in REE activity in polymerized melts 
which could, in turn, cause an increase of crystal-melt parti-
tion coefficients. van Westrenen et al. (2000a) showed that 
r0 and E values could be influenced by large variations in 
the local melt coordination environment of REE, Y and Sc, 
which may be a result of the presence of significant amounts 
of water. At this stage, with the currently limited data on 
REE solubility and activities in silicate melts and fluids, 
we are not yet in a position to fully understand and quantify 
what the influence of water is on the structural properties of 
these melts or fluids.

Future developments

In their concluding remarks, Blundy and Wood (2003b) 
identified three possible future developments in studying 
trace elements partitioning: computer simulation in differ-
ent aspects of partitioning calculation and modelling; spec-
troscopic studies of trace species and their behaviour; trace 
element partitioning between minerals and aqueous fluids 
over a wide range of conditions. A significant progress has 
been made in recent years in experimental and analytical 

Fig. 10  Comparison between this study predicted values and measured values 
of REE partitioning from Klein et al. (2000). Uncertainties on the measured 
values are calculated using customary error estimation. The uncertainties on 
the predicted values are 1 standard error on the parameters from Eq. (2, 3, 4)
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determination of major as well as trace element composi-
tions of fluids in equilibrium with mantle lithology. Based 
on these studies it was made possible to develop a prelimi-
nary model for the behaviour of REE, Y and Sc in hydrous 
mantle environment. Nevertheless, there is a crucial need for 
more consistent experimental partitioning data of trace ele-
ments, including Sc and HFSE, in various conditions of the 
upper mantle in equilibrium with various volatiles. Despite 
the advancements made by Kessel et al. (2005a) and Kessel 
et al. (2015a), a wide range of conditions (P, T, bulk mantle 
lithology, fO2, volatiles) is not yet explored. For example, 
there is no experimental study known to us that measured 
trace element partitioning in the presence of both  H2O and 
 CO2 as well as investigating the role of fO2 on partitioning. 
Moreover, only recently, some progress has been made in 
experimental solubility measurements of major and trace 
elements in  Cl−-bearing hydrous systems (Chu et al. 2011; 
Safonov and Butvina 2013; Tsay et al. 2014, 2016, 2017). 
However, these experiments are yet to cover the temperature 
and pressure conditions of the mantle.

Looking back at the three parallel future developments 
offered by Blundy and Wood (2003b), we suggest pursu-
ing an integrative approach in the study of trace element 
partitioning. Experimental solubility measurements of trace 
elements must be used in the development of the up-to-date 
thermodynamic model. Detailed information on trace spe-
cies in their crystal-lattice environment from ongoing high 
energy X-ray studies, must be cross-checked with molecu-
lar modelling of trace complexation in fluids and atomistic 
simulation of trace elements incorporating into minerals 
using computer modelling. The integration of experimental, 
analytical and modelling research approaches will advance 
our understanding of trace element mobility and provide key 
insights to the role of their exchange between different geo-
dynamic environments.

Conclusions

Predictive models of mineral-melt partition coefficients are 
required to accurately evaluate processes such as melting, 
crystallization and metasomatism. The crystal lattice strain 
model was developed for anhydrous systems, showing that 
the bulk compositional effect of the crystal is dominant over 
those of the melt. However, the various anhydrous models 
were shown to overestimate partition coefficients for hydrous 
systems. The current study demonstrates that the chemical 
and structural effect of the silicate hydrous fluids, especially 
the water content in the fluid phase, on partition coefficients 
can be significant. The systematic relationship between the 
mismatch in the anhydrous model r0 and D0 values com-
pared to the fitted values and the fluid composition (as dem-
onstrated by the water content in the fluid) suggests that 

the fluid–structure is influencing partitioning in a manner 
not accounted for in the existing crystal lattice-strain model.

Here we provide a new predictive model for REE par-
titioning between garnet and  H2O-bearing fluids with up 
to 90 wt%  H2O, at pressures between 1.5 and 7.5 GPa and 
temperatures between 700 and 1230 °C. The model consists 
of new expressions for r0, D0 and E, derived based on statis-
tical considerations. We find that the value of r0, ~ 0.95 Å, 
is relatively constant for garnet in equilibrium with hydrous 
melts. However, r0 values increase dramatically in garnets 
in equilibrium with aqueous fluids. D0 values gradually 
increase with increasing water content in the fluid phase. 
We show a significant improvement over the previous mod-
els in attempting to quantify REE, Y and Sc partitioning in 
hydrous systems. However, there are numerous future steps 
that are needed to be taken to achieve a more accurate model 
predicting petrogenesis in varying geological environments.
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