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Abstract
We present major and trace element data on coexisting garnet and clinopyroxene from experi-

ments carried out between 1.3 and 10 GPa and 970 and 1400 °C. We demonstrate that the lattice strain 
model, which was developed for applications to mineral-melt partitioning, can be adapted to garnet-
clinopyroxene partitioning. Using new and published experimental data we develop a geothermometer 
for coexisting garnet and clinopyroxene using the concentration of rare earth elements (REE). The 
thermometer, which is based on an extension of the lattice strain model, exploits the tendency of miner-
als at elevated temperatures to be less discriminating against cations that are too large or too small for 
lattice sites. The extent of discrimination against misfit cations is also related to the apparent elasticity 
of the lattice site on which substitution occurs, in this case the greater stiffness of the dodecahedral 
X-site in garnet compared with the eightfold M2-site in clinopyroxene. We demonstrate that the ratio 
of REE in clinopyroxene to that in coexisting garnet is particularly sensitive to temperature. We pres-
ent a method whereby knowledge of the major and REE chemistry of garnet and clinopyroxene can 
be used to solve for the equilibrium temperature. The method is applicable to any scenario in which 
the two minerals are in equilibrium, both above and below the solidus, and where the mole fraction of 
grossular in garnet is less than 0.4. Our method, which can be widely applied to both peridotitic and 
eclogitic paragenesis with particular potential for diamond exploration studies, has the advantage over 
commonly used Fe-Mg exchange thermometers in having a higher closure temperature because of 
slow interdiffusion of REE. The uncertainty in the calculated temperatures, based on the experimental 
data set, is less than ±80 °C.
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Introduction
Deciphering the pressure (P) and temperature (T) condi-

tions of deep Earth processes using samples that are now 
exhumed to the surface requires a detailed understanding of 
the high-pressure phases and their chemistry over a range of 
relevant conditions. Such information plays an important role 
in the unraveling of P-T conditions during metamorphism and 
tectonic events. One industrial application involves diamond 
exploration where a particular challenge is establishing whether 
mantle-derived samples formed at P and T conditions conducive 
to diamond stability. In this context, the paragenesis of garnet 
(Grt) + clinopyroxene (Cpx) in rocks of mafic or ultramafic 
composition has focused attention on this mineral pair as po-
tential geothermometers and barometers. Several models exist 
to estimate equilibrium temperatures of coexisting garnet and 
clinopyroxene (Raheim and Green 1974; Ellis and Green 1979; 
Powell 1985; Ai 1994; Nakamura 2009; Sun and Liang 2015). 
The majority of these thermometers rely on Fe-Mg exchange 
between the garnet and clinopyroxene. For example, the 
geothermometer of Ellis and Green (1979) utilizes the Fe-Mg 
exchange KD = (Fe

2+ /Mg)Grt

(Fe2+ /Mg)Cpx
. 

This method is widely used but is susceptible to uncertainty 
in stoichiometrically derived estimates of Fe3+ in the minerals 
that can arise from cumulative errors in electron microprobe 
analyses (EMPA). This has been demonstrated by Li et al. (2005) 
who measured the Fe2+:Fe3+ ratio with Mössbauer and compared 
this to the ratio calculated by stoichiometry using EMPA. They 
found that in every instance the ratios were different. However 
it should be noted that advances are being made to EMPA meth-
odology (Matjuschkin et al. 2014) and increasingly XANES is 
being used to estimate garnet Fe2+:Fe3+ ratios (Berry et al. 2010; 
Hanger et al. 2015). 

Although there are alternative permutations to the thermom-
eter of Ellis and Green (1979) most methods rely on the Fe-Mg 
KD. A further limitation with this type of thermometer can arise 
through the relative ease of resetting the Fe-Mg exchange 
during cooling. For these reasons exchange of slow-diffusing 
trace elements between garnet and clinopyroxene has potential 
as a more reliable alternative geothermometer, e.g., Sun and 
Liang (2012, 2013, 2015). The trace element concentrations of 
garnet and clinopyroxene from eclogite and garnet peridotite 
are routinely measured (for example, Harte and Kirkley 1997; 
Appleyard et al. 2007; Gréau et al. 2011), often as an aspect of 
diamond exploration strategies. However, interpreting the trace 
element data is less routine (Griffin and Ryan 1995). Here we 
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