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Recent advances in thermodynamic modelling now allow phase equilibrium studies of partial melting in mafic
and ultramafic sources under upper mantle conditions. This potentially offers several advantages over experi-
mental investigations, including the fact that capsule-sample interactions are avoided, there is no uncertainty
Partial melting over the volatile content of the charge, the process is much faster, and open system behaviour can be investigated
Upper mantle with relative ease. Two different thermodynamic datasets are in common use for phase equilibrium in-
SCLM vestigations of mantle rocks, compiled alongside a range of constantly evolving phase solution models. This study
compares the results of published experimental studies on partial melting in the upper mantle with phase
equilibrium modelling results from the popular pMELTS software (Ghiorso et al., 2002), which uses an embedded
dataset from Berman (1988), and with results from the Rcrust software (Mayne et al., 2016), which uses the
dataset of Holland & Powell (2011). The aim of this comparative study is to investigate the suitability of each
combination of software specific calculation routines, thermodynamic datasets and phase solution models to
provide a viable alternative to conventional experimental techniques when studying magma genesis from the
upper mantle. The main points of interest are how the phase assemblages, proportions, and compositions pre-
dicted by the modelling compare with those produced in the experiments. The set of experimental results used
for comparison includes both peridotitic and eclogitic compositions, investigated over a pressure range of
1.0-3.0 GPa and a temperature range of 1165-1950 °C. The results indicate that using the Holland & Powell
(2011) dataset and appropriately selected phase solution models provides the best match with experimental
results in terms of melt volume, melt composition and the assemblage of coexisting phases produced during
partial melting under upper mantle conditions.

1. Introduction

Understanding the mechanisms of partial melting in the upper
mantle is essential to understanding energy and mass transfer between
the mantle and the crust. Experimental studies have provided insight
into the partial melting behaviour of a range of possible mantle source
compositions that may produce mafic to intermediate magmas (e.g.
Baker and Stolper, 1994; Ito and Kennedy, 1973; Kushiro, 2001 and
references therein; Takahashi et al., 1993). However, as detailed in a
subsequent section of the manuscript, conducting partial melting ex-
periments at pressures and temperatures relevant to even the uppermost
mantle is difficult for a variety of reasons, principally because the
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temperature range of interest is above the melting point of gold, a
common capsule material used in experiments. Consequently, capsules
consisting of platinum group elements must be used and these all alloy
with iron (e.g. Brugier et al., 2015; Merrill and Wyllie, 1973), resulting
in the common usage of graphite inner capsules or liners (e.g. Falloon
et al., 1988; Wang et al., 2020). The result is that the effective bulk
composition in such experiments may be different from the intended
composition, particularly with regards to volatile content, fugacity (f) of
volatile content, Fe content and Mg# (e.g. Médard et al., 2008; Merrill
and Wyllie, 1973). Thermodynamic modelling does not have these
problems, but does have problems with the availability of suitable
experimental data on the thermodynamic properties of minerals. This
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may result in imperfect and incomplete thermodynamic datasets and
activity-composition (a-x) models for solid and liquid solution phases,
which are thus inadequate to express the complexity of solid solution
behaviour in minerals, particularly at mantle pressures where a range of
pressure sensitive substitutions become important in micas, pyroxenes,
and amphiboles (e.g. Holland et al., 2018).

Recently, thermodynamic modelling has been expanded to enable
phase equilibrium studies of partial melting in mafic and ultramafic
sources (Ghiorso et al., 2002; Holland et al., 2018; Tomlinson and
Holland, 2021) under upper mantle pressure-temperature (P-T) condi-
tions using a variety of different software (e.g. Connolly and Kerrick,
1987; de Capitani and Petrakakis, 2010; Ghiorso et al., 2002; Powell and
Holland, 1988; Riel et al., 2022) that utilise at least two different ther-
modynamic datasets i.e. Berman (1988) and Holland and Powell (2011).
Additionally, methodologies and software have also been developed to
investigate open system behaviour, such as melt loss (e.g. Mayne et al.,
2016; Xiang and Connolly, 2022) or magma movements (Bohrson et al.,
2014). These developments have evolved phase equilibrium modelling
into a useful and powerful tool for igneous rock studies, providing
several crucial advantages over experimental studies, such as the ability
to conduct investigations much faster with greater P-T resolution on any
composition of the investigators choice (within the limits of modelling
capabilities), and the ability to simulate open system processes. These
techniques could be very beneficial to advancing understanding of
mantle melting, if phase equilibrium approaches can be shown to be
sufficiently accurate.

Underpinning all thermodynamic modelling applications are ther-
modynamic datasets of liquid and solid species, including databases of
standard-state properties as well as sets of a-x models that define the
variation in thermodynamic properties of liquid and solid solution
phases. Table 1 provides a summary of some of the software/front-ends
that are available for modelling upper mantle behaviour, and their
calculation strategies. The next section of the manuscript expands on
these details by discussing the available thermodynamic datasets and a-
x models applicable to the software.

The complexity that exists with different modelling approaches,
different thermodynamic datasets and different a-x models, as well as
the uncertainties introduced by the fact that some experiments may not
be “on composition” (i.e. the true effective bulk composition deviates
from that reported), means that comparisons involving one set of ex-
periments with one modelling exercise might miss crucial discrepancies
and do not test how well a particular modelling platform replicates
experimental data within upper mantle P-T-composition ranges. This
study aims to address this by comparing the results of a range of partial
melting experiments on ultramafic and mafic compositions under P-T
conditions appropriate to the subcontinental lithospheric mantle
(SCLM), with the results from phase equilibrium modelling conducted
with multiple software packages. Additionally, thermodynamic

Table 1
Calculation strategies of some of the thermodynamic modelling software/front-
ends available for conducting investigations under upper mantle conditions.

Software/front- Calculation strategy

end

THERMOCALC' Solving for reaction boundaries where dG = 0
Theriak/Domino” Gibbs free energy minimisation

Perple X° Gibbs free energy minimisation

Rerust” Gibbs free energy minimisation inherited from Perple X. Path-

dependant iterations allow compositional change
Gibbs free energy minimisation with P-T input, or minimisation
of other energies

MELTS Family”

1 powell & Holland (1988); Powell et al. (1998).

2 de Capitani & Brown (1987); de Capitani and Petrakakis (2010).

3 Connolly (2005, 2009); Connolly and Kerrick (1987).

4 Mayne et al. (2016; 2019).

5 Asimow & Ghiorso (1998); Ghiorso and Sack (1995); Ghiorso et al. (2002).
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modelling is used to produce an envelope of uncertainty around the
experimental results that considers the uncertainties in Fe, HoO and CO5
content that are inherent to the experimental design. By comparing the
outputs produced via modelling exercises utilising pMELTS (Ghiorso
et al., 2002) using the embedded thermodynamic dataset from Berman
(1988), and Rcrust (Mayne et al., 2016), which performs minimisation
using Perple X in the thermodynamic dataset of Holland and Powell
(2011), with the results of experimental studies of selected eclogitic and
peridotitic bulk compositions, extended evaluation of the performance
of these modelling tools across a range of temperatures at 1.0-3.0 GPa
can be performed. Comparative investigations not only contribute to the
improvement of the individual tools, but also provide insights into the
variation that may be observed when using different software bundles,
ultimately aiding in the selection of the appropriate modelling platform
when considering upper mantle P-T-X conditions for investigation. De-
tails of how the modelling was conducted are provided in the method-
ology section, and the outputs are reported in Appendix A.

2. Thermodynamic modelling under upper mantle conditions -
the available tools

The ongoing expansion of phase equilibrium modelling as a tool to
understand metamorphic and igneous processes has produced a range of
different applications (Lanari and Duesterhoeft, 2019). This section does
not attempt a comprehensive review of all of the available options for
conducting modelling at upper mantle P-T conditions (see Riel et al.,
2022; Xiang and Connolly, 2022), rather the work focusses on the dif-
ferences in modelling strategies and/or the thermodynamic datasets
used in some of the commonly utilised applications, so that the non-
specialist reader can understand why the same phase equilibria
modelling exercise may produce different results when processed
through different applications.

2.1. MELTS family

MELTS is a thermodynamic software, solution model, and dataset
package designed to facilitate thermodynamic modelling of phase re-
lations during melting and crystallisation in magmatic systems (Asimow
and Ghiorso, 1998; Ghiorso and Sack, 1995). The original MELTS
package was primarily developed for fractional crystallisation processes
in systems of basic composition (Ghiorso and Sack, 1995), having since
expanded to have the widest uptake of all the thermodynamic modelling
packages in the Igneous Petrology community, particularly for mantle
studies. Designed principally for forward modelling of igneous processes
using a constrained energy minimisation approach (Hirschmann et al.,
1998a), MELTS utilises embedded thermodynamic a-x models of solid
and liquid phases alongside energy optimisation techniques that are
dependent on the process under investigation. These techniques utilise
iterative application of three different algorithms: estimates of stable
phase identities and compositions; minimisation of applicable thermo-
dynamic potential(s) subject to compositional constraints, whilst other
variables remain constant; and metastability examinations of resultant
computed phases in relation to possible miscibility gaps or additional
phases excluded in initial phase assemblages (Hirschmann et al., 1998a).
For MELTS, the standard-state properties of end-member mineral com-
ponents are based on the internally-consistent dataset of Berman (1988),
with several exceptions detailed by Sack and Ghiorso (1994) and ref-
erences therein. The mixing properties for solid solutions are drawn
from several works detailed in Hirschmann et al. (1998a).

The original MELTS bundle has been superseded by several versions
with modifications to allow applicability over a range of applications.
This includes the rhyolite-MELTS bundles (Gualda et al., 2012), which
are used to investigate crystallisation in natural composition magmas
(basalts to rhyolites) below 2.0 GPa. rhyolite-MELTS is available in three
versions: (i) the original version, 1.0.2., which excludes COs-bearing
systems; (ii) version 1.1.0., suitable for silicic systems that are COo-
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bearing (Ghiorso and Gualda, 2015); and (iii) version 1.2.0., suitable for
mafic, intermediate and alkalic CO-bearing systems and for calculating
mixed fluid saturation. Additionally, the pMELTS bundle (Ghiorso et al.,
2002) is optimised for investigating anhydrous or nominally anhydrous
(pHMELTS, Asimow et al., 2004) mantle bulk compositions such as
peridotites and pyroxenites from 1.0 to 3.0 GPa and 1000-2500 °C.

2.2. THERMOCALC

The software THERMOCALC performs thermodynamic calculations
using a non-linear equation approach to solve mineral equilibria prob-
lems (Holland and Powell, 1998; Powell et al., 1998; Powell and
Holland, 1990). The THERMOCALC application utilises an internally-
consistent thermodynamic dataset to construct and solve chemical po-
tential calculations, supplemented by mass-balance or constraints on
compositional variables where necessary, i.e. by solving for the points
where the change in Gibbs free energy between two potential assem-
blages is zero, a reaction boundary is found. This allows the prediction of
phase assemblages and phase compositions by utilising both forward
and inverse calculation facilities, under user-specified conditions
(Powell et al., 1998; Worley and Powell, 2002). THERMOCALC origi-
nated as a metamorphic petrology tool and evolved from the approach of
constraining simple system grid topology as a means of understanding
metamorphic reactions (Powell and Holland, 1988). The development of
a-x models for melt (Holland and Powell, 2001) allowed the software to
find substantial applicability in the study of partial melting of meta-
morphic rocks, and ultimately to the investigation of igneous processes
(Holland et al., 2018; Jennings and Holland, 2015; Tomlinson and
Holland, 2021).

The thermodynamic data underlying phase equilibria calculations in
THERMOCALC is read in the form used by HPx-eos (White et al., 2007),
which are thermodynamic solution models for geological phases, fluids,
and silicate melts. The building blocks of an HPx-eos include a set of
compositional end-members, as well as a set of a-x relations (Holland
and Powell, 1996a, 1996b; Powell and Holland, 1993) which describe
the end-member mixing thermodynamics. The most current sets of HPx-
eos families are the Metapelite set (White et al., 2014), suitable for use
below 1.5 GPa; the Metabasite set (Green et al., 2016), suitable for use
below 2.0 GPa; and the Igneous set (Holland et al., 2018; Tomlinson and
Holland, 2021), suitable for partial melting of basaltic to granitic melt
compositions, allowing anhydrous (< 6.0 GPa) and hydrous (< 3.0 GPa)
calculations. These HPx-eos families are built on the revised Holland and
Powell (2011) dataset, which has undergone several updates from its
previous versions (Holland and Powell, 1985, 1990, 1998).

Multiple thermodynamic modelling software have implemented the
use of the HPx-eos families and the Holland and Powell (2011) dataset,
including Perple X (Connolly, 2005; Connolly and Kerrick, 1987) and
Theriak/Domino (de Capitani and Brown, 1987; de Capitani and Pet-
rakakis, 2010). As a result, THERMOCALC and such other programs
should produce identical outputs for calculations involving the same
thermodynamic dataset and a-x models, as has been shown to be the
case (e.g. Connolly, 2007, 2021; Horvath, 2007). This application of the
HPx-eos and Holland and Powell (2011) dataset requires regular up-
dates across platforms, and routine benchmark comparisons provide
quick insights into the correct implementation of such input data to
other programs.

2.3. Theriak/Domino

Theriak/Domino is a software program collection that uses a linear
programming strategy combined with a Gibbs free energy minimisation
calculation method to conduct and produce a wide range of thermody-
namic equilibrium calculations and illustrations, including thermody-
namic functions of phases, phase diagrams, equilibrium assemblages,
and pseudosections (de Capitani and Brown, 1987; de Capitani and
Petrakakis, 2010). The equilibrium phase compositions and stable

LITHOS 444-445 (2023) 107111

mineral assemblage for a bulk rock composition along a specified P-T
path or set of P-T conditions is calculated using the Theriak program,
and Domino is used for plotting a range of equilibrium assemblage di-
agrams (de Capitani and Petrakakis, 2010). Theriak/Domino has
compatibility with the currently available thermodynamic datasets, and
the capability of porting most THERMOCALC HPx-eos families, as
mentioned above. An add-on to the Theriak/Domino software package,
Theriak D works as an interface to process thermodynamic data in a
programming environment outside the Theriak/Domino package
(Duesterhoeft and de Capitani, 2013).

2.4. Perple X and derivatives of the program

The software package Perple X is a modular collection of sub-
programs created for the rapid computation of all types of phase dia-
grams, as well as performing general thermodynamic calculations
(Connolly, 2005; Connolly and Kerrick, 1987). By utilising a calculation
method based on minimisation of total Gibbs free energy of multiple
phase configurations and pseudocompounds, Perple X programs are
able to calculate the most stable set of phase equilibria for an arbitrary
chosen system (Connolly, 2005; Connolly and Petrini, 2002). The ther-
modynamic datasets and a-x models implemented in Perple X can be
selected from several compiled databases, as the software accepts
thermodynamic data that has been suitably formatted for Perple X from
any source; as mentioned, the THERMOCALC HPx-eos families and
Holland and Powell (2011) dataset are readily incorporated into
Perple X.

2.4.1. Rcrust

Rerust is a phase equilibria modelling tool that utilises the Meemum
function of Perple_X (Connolly, 2009) to calculate phase stabilities for a
series of points, inheriting databases and a-x models from Perple X
(Mayne et al., 2016). The Rcrust calculation strategy applies path de-
pendencies to allow bulk compositional change via processes of mass
transfer. Importantly, Rerust strategies allow the investigation of pro-
cesses dependent on assemblages evolving throughout a given P-T-X
space, as changes in bulk compositions are transferred across points.
Prior to passing the information along, phases can be extracted or added
depending on a broad range of flexible trigger signals (e.g. mode of melt,
melt viscosity, phase proportion, phase to melt ratio, etc), allowing open
or closed systems. Mayne et al. (2019) describe the division of the full
system (bulk rock composition) into a reactive subsystem and an extract
subsystem, the former being the system on which phase equilibrium
modelling is conducted and the latter representing the phases that have
been removed from the residual system by phase extraction events. The
development of Rerust was primarily as a tool for the forward modelling
of partial melting and magma generation in the crust, but the use of
Perple X formatted input data allows Rcrust to perform modelling across
any P-T-X range that is compatible with the available thermodynamic
datasets and a-x models (Mayne et al., 2019). Thus, if the P-T resolution
in Rerust is set to match the highest resolution attained by Perple X
gridded-minimisation, Rcrust and Perple_X modelled outputs will be
identical if the same a-x models are utilised.

2.5. Experiments compared with thermodynamic modelling

Several recent studies have compared the results of experiments with
the results of thermodynamic modelling of the same bulk composition
for upper mantle conditions (e.g. Garcia-Arias, 2020; Gervais and Trapy,
2021; Ghiorso et al., 2002; Hernandez-Uribe et al., 2022; Hirschmann
et al., 1998a; Holland et al., 2018; Jennings and Holland, 2015; Tom-
linson and Holland, 2021; Tropper and Hauzenberger, 2015). In general,
most studies have concluded that modelling compares favourably with
experiments, but consistent issues within the different platforms are
worth noting. Hirschmann et al. (1998a) have reported a systematic
difference between the melt compositions predicted by MELTS relative
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to those of experiments investigating the partial melting of peridotite,
with concentrations of SiOy initially underpredicted by 4-5 wt%. This is
also reflected by MELTS predicting systematically lower melt fractions
relative to experimental observations, equivalent to an approximate
100 °C offset (Hirschmann et al., 1998a). This has been improved with
revisions to the pMELTS algorithm, such that the consistent underesti-
mate in melt proportion is lower, equating to a temperature offset
averaging 50 °C, and overpredictions of melt SiO, values are reported as
lowered to approximately 1% (Ghiorso et al., 2002). Additionally,
improvement in calculated liquid MgO concentrations are also reported,
although still between 1 and 4% higher, and attributed by Ghiorso et al.
(2002) to the temperature offset. Other known problems of pMELTS
predictions include, at low pressures, the addition of Cr-spinel to the
assemblage that is not observed experimentally and the continued
overstabilisation of clinopyroxene relative to melt, as well as the over-
saturation of garnet with increasing pressure (Ghiorso et al., 2002).

Comparisons of melt fraction curves for partial melting of peridotite
from THERMOCALC with experimental results generally display good
agreement near the solidus (considering a range of different experi-
mental results), but also display systematically underestimated melt
fraction at high temperatures (~20 vol%), which equates with a tem-
perature offset of approximately 50 °C (Jennings and Holland, 2015).
Consequently, the melt compositions differ significantly from experi-
ments at higher melt fractions, especially at higher pressure. The
persistence of garnet (with underestimated Cr-content) and a small
fraction of spinel with melt to higher temperatures was also noted
(Jennings and Holland, 2015). Revisions by Holland et al. (2018) show
improvement of the melt phase liquidus temperatures, as well as
improved fitting of garnet compositions with P-T change and a new a-x
model for spinel that eliminates its default appearance up to liquidus
temperatures. Overestimations of orthopyroxene abundance was noted
in the Holland et al. (2018) model, and subsequently expanded upon by
Tomlinson and Holland (2021) through changes made to the structure of
the melt model. Another known problem of the Igneous HPx-eos of
THERMOCALC was the stability of a high-Ca orthopyroxene phase in
various rock assemblages (Green, 2020). This has reportedly been
eliminated from the orthopyroxene solution model in the x-eos bundle
from 31-10-2020 (Green, 2022), and implementations of these changes
to the Perple_X formatted phase solution models was confirmed as of 02-
12-2020 (Connolly, 2022).

Regardless of the issues discussed above, the results of experiments
and phase equilibrium modelling results cannot be expected to correlate
perfectly. Each approach has its own advantages and pitfalls, and in-
vestigations utilising one or the other cannot be classified as more or less
appropriate unless these inherent aspects are considered (White et al.,
2011). The more serious pitfalls of both approaches, as relevant to
studies of partial melting of mantle lithologies, are briefly considered
below.

At P-T conditions above the melting point of gold, the required use of
Pt or AgPd capsules in experimental studies introduces potential un-
certainties in the degree to which the effective bulk composition
matches the intended composition, and the degree to which the fluid
state of experiments is known. Although experimental studies can
handle the full chemical complexity of natural rocks, the uptake of Fe by
Pt or Pd capsules is known to potentially change the bulk composition
(Brugier et al., 2015 and references therein; Merrill and Wyllie, 1973).
Pre-saturation of the capsule alloy with Fe and the use of graphite inner
capsules (liners) are common strategies to counter this (e.g. Falloon
etal., 1988; Grove, 1981; Wang et al., 2020). However, the common use
of graphite liners comes with its own set of problems, as it is probably
impossible in most laboratories to conduct a partial melting experiment
without the inclusion of some unintended Oz or HyO into the capsule
(Médard et al., 2008). This will result in reactions between H50, O,, and
C (in the liner) and may result in partial melting initially occurring in a
fluid-saturated system. Whilst at very low melt fractions this may be
undetectable, the resultant higher fH>0 and fCO, must affect melting
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behaviour even after the system has become fluid-absent. In addition,
irrespective of the fO5 conditions of starting material synthesis, experi-
ments conducted with graphite liners are inevitably buffered to C-CO.
Thus, capsule uptake of Fe and the existence of small amounts of un-
intended H,0 and CO; in experimental charges are a potential source of
discrepancy between experimental results and modelling studies that
are not often considered when the outputs of modelling studies are
benchmarked against experiments. In this study, phase equilibrium
modelling is used to attempt to constrain the envelope of uncertainty
that these factors introduce into experimental results.

In contrast, for the various designs of piston-cylinder apparatus that
form the mainstay of experimental studies under upper mantle P-T
conditions, measurement and control of pressure and temperature
represent a potential but largely insignificant source of error. It is
possible to place the thermocouple within 0.5 mm of the capsule and to
control temperature to +1 °C. Capsules of large enough volume to
contain graphite liners may experience temperature gradients, however
when these are tested using multiple thermocouple arrangements these
are found to be low (5-10 °C across 0.8-1.0 cm capsules) (e.g. Baker and
Stolper, 1994; Schilling and Wunder, 2004). Given the fact that pressure
is generated hydraulically and transmitted to the capsule using a salt
medium with negligible frictional losses if using the hot piston-out
technique, the accuracy of the pressure gauge determines pressure un-
certainty. For labs with a precision test gauge this is typically 0.1% of the
measured value.

Additional experimental uncertainties revolve around the analysis of
phase compositions, especially silicate glasses (quenched melts). Due to
the need for a high degree of spatial resolution, the standard technique
for analysing the major element compositions of phases in experimental
run products is electron beam analysis, using EDS and/or WDS on an
electron microprobe or scanning electron microscope. Regardless of the
instrument details, the accelerating voltage (or beam energy) utilised
during the analysis of silicate glass has a significant effect on the re-
ported compositions, especially for glasses that are hydrous or have
higher alkali contents (Humphreys et al., 2006; Morgan and London,
1996; Varshneya et al., 1966). In these cases, even the lowest energy
beams that are viable will record a decrease in Na counts as a function of
time under the beam. This is due to the migration of Na away from the
analysis point, and this effect is exacerbated by the increased count-rate
for immobile components such as Si and Al, increasing their relative
contributions (Morgan and London, 1996). Studies try to counter this
problem by using defocused beams, but freezing the sample to approx-
imate liquid nitrogen temperatures using a cryo-stage is the only truly
effective way to counter the problem (Humphreys et al., 2006; Stevens
et al., 1997), which is uncommon in experimental studies.

Moreover, some glasses with mafic and ultramafic compositions are
hard to identify at low melt fractions due to extensive crystallisation
upon quenching (Baker and Stolper, 1994; Cawthorn et al., 1973). The
methods used to increase the efficacy of the analyses, such as diamond
aggregates (Baker and Stolper, 1994; Falloon et al., 1999) or carbon
spheres (Wasylenki et al., 1996), have their own pitfalls that need to be
considered (Falloon et al., 1996; Wasylenki et al., 2003). For example,
the pressures in the void spaces of diamond aggregates are initially low,
possibly leading to the separation of liquids that are not in equilibrium
with the system (Wasylenki et al., 2003). Comparatively, the use of
carbon spheres segregate melt due to surface effects, and requires longer
equilibrations runs (increasing Fe loss to the capsule; Pertermann and
Hirschmann, 2003a). Both methods will likely result in some C-bearing
gas species in the charge prior to melting.

In thermodynamic modelling, bulk compositions and fluid states are
set, and analytical errors sensu stricto are non-existent. Nevertheless, the
internal consistency of thermodynamic datasets are important in their
perceived accuracy; internal consistency is dependent on the thermo-
dynamic properties of pure phases and end-members in thermodynamic
datasets, and their interactions with a-x models (Lanari and Dues-
terhoeft, 2019). These thermodynamic properties, together with the
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formulation of a-x models, can be a great source of systematic un-
certainties (Berman, 1988; Garcia-Arias, 2020; Holland and Powell,
2011; Powell, 1985; White et al., 2014). For example, the complexity of
certain chemical components, such MnO, NiO, and P30s, currently
inhibit the development of complete a-x models to describe the activity
relations of mineral phases that incorporate these components (Gervais
and Trapy, 2021). The omission of these components from thermody-
namic datasets is likely to be an important source of error when
modelling rock compositions where these components are important to
the stability of one or more phases (e.g. Forshaw et al., 2019; Garcia-
Arias, 2020). Consequently, an important consideration of thermody-
namic modelling is that these calculations are wholly dependent on the
input thermodynamic data, and the outcomes remain a simplification of
nature — even with extended chemical systems — only reporting ap-
proximations of phase behaviours that also do not consider any kinetics,
such as crystal sizes, crystal growth and nucleation, and diffusion,
amongst others (Garcia-Arias, 2020; White et al., 2011).

3. Methodology

Three sets of partial melting experiments (Table 2) were chosen for
comparison with the thermodynamic modelling outcomes by means of
phase assemblages, phase proportions, phase compositions, and phase-
in/phase-out boundaries. The chosen studies represent compositions
that include two peridotites and an eclogite: Experiments KLB-1 from
the studies of Takahashi (1986) and Takahashi et al. (1993) and MM3
from Baker and Stolper (1994) and Hirschmann et al. (1998b) represent
a fertile spinel lherzolite sourced from the Kilborne Hole crater, New
Mexico; experiments G2 from the studies of Pertermann and Hirsch-
mann (2003a, 2003b) represent an eclogite prepared from natural
garnet and clinopyroxene sourced from the Miinchberg Massif, Bavaria.
Experiments KLB-1 consisted of 95 runs conducted from 1 atm to 14.0
GPa, however only the runs from 1.0 to 3.0 GPa are investigated in this
study. Experiments MM3 consisted of 21 runs conducted at 1.0 GPa from
1250 °C to 1390 °C, and only the experiments where phase proportions
are reported were considered. Experiments G2 consisted of six runs from
1165 to 1375 °C at 2.0 GPa, one run at 1325 °C and 2.5 GPa, and 20 runs
from 1300 to 1525 °C at 3.0 GPa. Compositions of olivine, clinopyrox-
ene, orthopyroxene, garnet, plagioclase, spinel, and glass/melt have

Table 2
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been considered for the comparison. Where applicable, the reported
experimental bulk compositions were modified to be NiO, P20s, and
MnO free due to an incomplete set of a-x models defining the compo-
sitional space.

The experimental studies have some limitations for the purpose of
this study. For KLB-1, Takahashi et al. (1993) only report selected melt
fractions at 1.5 GPa, and Takahashi (1986) only reports phase compo-
sitions at the P-T points of 1325 °C and 1.0 GPa, and 1550 °C and 3.0
GPa. For MM3, Baker and Stolper (1994) report phase compositions for
all runs where proportions are noted, apart from 1310 °C where only the
liquid composition is reported. Hirschmann et al. (1998b) provide
reanalysed compositions for some of the MM3 experiments, but report
only the liquid compositions at 1250 °C and 1260 °C and no additional
data. The experimental works on G2 report phase proportions (Perter-
mann and Hirschmann, 2003a) for the majority of the investigated P-T
points, except at 2.0 GPa for experiments at 1165 °C, 1185 °C, and
1225 °C. Consequently, comparisons between experimental results and
thermodynamic modelling outputs were made where the relevant data
was available. Additionally, where no phase proportions were reported,
a sum of squared residuals mixing routine was used to calculate phase
proportions from the compositional data where possible, and also to
assess the soundness of reported proportions, where these were pro-
vided; these results are reported in Appendix A.

All of the studied experimental works make use of Pt-capsules with
graphite liners to minimise the uptake of Fe to the capsule, and as the
experiments are intended to be volatile free, the authors describe several
strategies to avoid the absorption of HyO by materials in the capsules. All
three studies describe drying loaded but unsealed capsules (at 110 °C
and 300 °C) for various timeframes before welding. Additionally, Baker
and Stolper (1994) report including a layer of diamond powder in the
capsules as a melt trap, similarly applied using carbon spheres for near
solidus runs by Pertermann and Hirschmann (2003a, 2003b). Perter-
mann and Hirschmann (2003a, 2003b) also report packing capsules in a
layer of Fe,O3 powder to reduce the influx of hydrogen to the experi-
ments, a potential source of HoO in the capsules.

In all of the studies, capsules were loaded and welded in an air
environment, and therefore the development of CO2 and CO from the
reaction of air with the graphite liner is inevitable. Both H,O and CO,
lower the mafic and ultramafic rock solidi at upper mantle pressures. As

Details of the experimental sets investigated in this study. Modified analyses were normalised to be NiO, P,0s, and MnO free. All comparisons were based on FeO

values. (—) indicates no data available.

Experimental set KLB-1' MM3* G2°

Composition (wt%) Reported Modified Reported Modified Reported Modified
SiO, 44.48 44.65 45.50 45.67 50.05 50.13
TiO, 0.16 0.16 0.11 0.11 1.97 1.97
Al,O3 3.59 3.60 3.98 3.99 15.76 15.79
Cry03 0.31 0.31 0.68 0.68 - 0.00
FeO¢ 8.10 8.13 7.18 7.21 9.35 9.36
MnO 0.12 0.00 0.13 0.00 0.19 0.00
MgO 39.22 39.37 38.30 38.44 7.90 7.91
CaO 3.44 3.45 3.57 3.58 11.74 11.76
Na,O 0.30 0.30 0.31 0.31 3.04 3.04
K0 0.02 0.02 - 0.00 0.03 0.03
P,0s 0.03 0.00 - 0.00 - 0.00
NiO 0.25 0.00 0.23 0.00 - 0.00
Sum 100.02 100.00 99.99 100.00 100.03 100.00
Pressure (GPa) 1.5-3.0 1.0 2.0-3.0

Temperature (°C) 1325-1950 1270-1390 1165-1525

Reported H,O Content Anhydrous Anhydrous Nominally anhydrous

Reported fO, NNO
Reported Capsule Material Graphite-lined/Re foil lined Pt-Capsules

Below C-CO buffer
Graphite-lined Pt-Capsules

Below GCO (C-CO) buffer
Graphite-lined Pt-Capsules

1 Fertile spinel Iherzolite from Takahashi (1986) and Takahashi et al. (1993).

2 Fertile spinel lherzolite from Baker and Stolper (1994) and Hirschmann et al. (1998b).

3 Bi-mineralic eclogite from Pertermann and Hirschmann (2003a, 2003b).
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a result, thermodynamic modelling was used to investigate the uncer-
tainty that may accompany experimental results if small but realistic
amounts HyO or CO, were unintentionally included in the capsule.
Similarly, the effects of the loss of Fe to the capsule were also investi-
gated, the details of which are described below.

The thermodynamic modelling software utilised in the comparative
study investigating closed system evolution includes pMELTS (mafic and
ultramafic compositions) and Rerust (ultramafic to intermediate com-
positions). The outcomes for all comparisons have been recorded in
Appendix A. Firstly, runs were performed for each P-T point listed in the
relevant experiments using the latest pMELTS (version 5.6.1.) bundle in
the NKCFMASTOCr (NagO-K30-CaO-FeO-MgO-Al;03-Si02-TiO2-FeyO3-
Cry03) chemical system, embedded with the thermodynamic dataset
from Berman (1988) with modifications detailed in Ghiorso et al.
(2002), and a-x models included in the pMELTS calibration. The system
was considered HoO and CO; free, and the fO, was set along the C-COH
buffer for the three source compositions. Phase assemblages, phase
proportions, and phase compositions were recorded at the specific P-T
conditions of each experiment performed in the experimental set within
the range of 1.0 to 3.0 GPa. As pMELTS outputs FeO and Fe;Og3, direct
comparison to experimental results required recalculation to FeOy.

Secondly, runs were performed for each P-T point listed in the
relevant experiments in the NKCFMASTOCr chemical system using
Rerust version 2022-09-03, the 2022 revised hp634ver.dat thermody-
namic data file from Perple X, and the internally consistent dataset of
Holland and Powell (2011). The following a-x models were used: Cpx
(TH) for clinopyroxene, Gt(TH) for garnet, Opx(TH) for orthopyroxene,
Sp(TH) for spinel, and melt(TH) for melt (Tomlinson and Holland,
2021), O(HGP) for olivine (Holland et al., 2018), Fsp(C1) for plagioclase
and potassium-feldspar (Holland and Powell, 2003), and Ilm(WPH) for
ilmenite (White et al., 2000). Adjustments made to a-x model parame-
ters are listed in Appendix A. Similar volatile content and fO5 constraints
were applied as is described for the pMELTS bundle; data was also
recorded similarly.

Thirdly, the effects of Fe loss, and H,0 or CO; addition was modelled
similarly to that described above, with changes made to the reported
bulk compositions of KLB-1 and MM3 assuming either a 10% decrease in
the FeO; content, or the inclusion of 0.05 wt% H>0, or 0.08 wt% CO; in
the capsule. These are upper realistic boundaries for water adsorbed to
the charge and liner and CO; production by air included the capsule.
Runs were performed using Rerust in a similar manner as above, but
using the 2020 revised hp633ver.dat thermodynamic data file from
Perple X, and the following a-x models: Cpx(HGP) for clinopyroxene, Gt
(HGP) for garnet, O(HGP) for olivine, Opx(HGP) for orthopyroxene, and
Sp(HGP) for spinel (Holland et al., 2018), melt(HGPH) for melt (Hein-
rich and Connolly, 2022; Holland et al., 2018), Fsp(C1) for plagioclase
and potassium-feldspar (Holland and Powell, 2003), and Ilm(WPH) for
ilmenite (White et al., 2000). The use of this set of a-x models is due to
the ability of the selected melt model to accommodate H>0 and CO». The
adapted bulk compositions and results are reported in Appendix A.

Quantification of the differences between experimental results and
modelling outputs for the reported experimental and modelled phase
assemblages was achieved using the model quality factor Qasm (Lanari
and Duesterhoeft, 2019), expressed as:

Qu = £ %100 M

where [ is the number of matching phases between experimental results
and modelled outputs and k is total number of phases present. Qasm is
reported for each relevant P-T point listed in the experimental sets, and
bulkQasm is reported for all conditions combined. Percentage difference
and relative difference was calculated where the relevant data was
available in order to evaluate the match of predicted and experimental
phase compositions. Percentage difference was calculated for each
component in a phase as:
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%Difference = 2

(m —e) x 100
e
where m is the modelled value and e is the experimental value (Garcia-
Arias, 2020). This quantification was also used for phase proportions.
Relative difference (or sum of residuals?) was used to evaluate the
goodness of fit between modelled and experimental compositions,

calculated for each component in the phase as:

Sum of residuals® = e(m — ¢)* 3)

Relative differences of <4 (22 wt% difference) suggests a good fit, >
25 (52 wt% difference) suggests a bad fit, and values of 4-25 suggest a
reasonable fit.

4. Results

4.1. Comparison of relevant experimental results with thermodynamic
modelling

The full set of thermodynamic modelling results from KLB-1, MM3,
and G2 are reported in Appendix A.

4.1.1. KLB-1: partial melting of peridotite under upper mantle conditions

Both the experiments and modelling agree in the presence of olivine,
orthopyroxene, clinopyroxene, garnet, spinel and melt, with very similar
Qasms displayed for Rerust and pMELTS, as shown in Table 3. The phase
assemblages from the experiments and modelled outcomes by pMELTS
and Rerust in this study at 1.5 and 3.0 GPa are illustrated in Fig. 1, and
comparisons between melt fraction (in wt%) as a function of tempera-
ture at 1.5 and 3.0 GPa is illustrated in Fig. 2.

For the majority of the pressure range investigated, pMELTS predicts
the position of the solidus at lower temperatures than the experiments,
similarly at 1.0 and 1.5 GPa by Rcrust (Fig. 1). In terms of the liquidus,
the experimental study and Rcrust show reasonable agreement at 1.5
and 3.0 GPa, although the exhaustion of olivine is 50 °C lower at higher
pressure (Fig. 1). In comparison, pMELTS predicts the liquidus to be at
considerably lower temperatures at both low and high pressures, with
the exhaustion of olivine predicted 200 °C lower at 1.5 GPa due to a
rapid increase in the melt fraction (Figs. 1 & 2). As displayed in Fig. 1,
the spinel phase predicted by both modelling bundles persists to higher
temperatures than observed in the experimental assemblages, but show
good agreement with experiments at 1.0 GPa (Appendix A). At low and
high pressures, pMELTS predict the presence of pyroxenes at higher
temperatures than the experimental data, similarly by Rcrust at low
pressure. At 3.0 GPa, the garnet phase predicted by Rcrust is exhausted
at 50 °C lower, whilst pMELTS delays garnet exhaustion by 50 °C.

In terms of phase compositions (Table 3 & Appendix A), modelled

Table 3

Scoring of the modelled assemblages (bulk Qasm) and compositions (sum of
residuals®) from pMELTS and Rcrust in comparison with the experimental study
on KLB-1 of Takahashi (1986) and Takahashi et al. (1993), where such data was
available.

Assemblage: Qasm

Rerust PMELTS

Bulk Qasm in 33 experiments 78.05 74.24

Compositions: Sum of residuals®

1.0 GPa, 1325 °C 3.0 GPa, 1550 °C

Rcrust PMELTS Rerust PMELTS
0l 0.47 0.01 3.35 6.32
Opx 11.26 3.52 1.10 9.14
Cpx 28.19 15.13 4.21 27.61
Sp 616.94 12.79 - -
Gt - - - 21.94
Melt 108.74 7.92 51.00 173.97
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Fig. 1. A comparison of the phase assemblages from the experimental study of Takahashi (1986) on composition KLB-1 with the modelled assemblages produced
using pMELTS and Rcrust in this study. The results are at 1.5 and 3.0 GPa for the temperature values indicated. Note that at 1.5 GPa, both modelling outputs predict
the solidus at lower temperatures, however, Rerust and the experimental study are in good agreement for the position of the liquidus, whereas pMELTS predicts the
liquidus at a much lower temperature. At 3.0 GPa, Rerust and the experimental study are in good agreement for the position of both the solidus and liquidus, whilst
PMELTS predicts both to be at considerably lower temperatures. Rcrust does not predict spinel below 1550 °C at 3.0 GPa, and both sets of modelling outcomes predict

spinel exhaustion at much higher temperatures at both pressures.

melts shows bad agreement with experiments at 3.0 GPa. A great
mismatch is displayed by pMELTS due to overestimated FeO (+94.91%),
MgO (+28.10%), and NapO (4180.45%), and underestimated SiOs
(—14.37%), Al;,03 (—35.33%), and CaO (—39.47%). However, the melts
predicted by pMELTS at 1.0 GPa show reasonable agreement with ex-
periments. At high and low pressures, Rcrust predicts lower AlyO3
(—30.06% & —22.44%) and higher MgO (+89% & +30.40%) in the
melt, and lower CaO (—25.25%) at 3.0 GPa. For the mineral phases,
PMELTS and Rcrust are both in good agreement with the experimental
data for the olivine composition at low pressure, but pMELTS shows only
reasonable agreement at 3.0 GPa due to FeO values (428.33%). For
orthopyroxene, both modelling bundles show good to reasonable
agreement with experiments, but bad agreement for clinopyroxene is
observed for Rerust (+29.63% CaO & —37.46% Al,03) and pMELTS
(+47.16% CaO & —8.51% MgO) at 1.0 and 3.0 GPa, respectively. At
high pressure, pMELTS shows reasonable agreement with experimental
garnet compositions, apart from MgO (—11.96%), whilst Rcrust does not
predict garnet above 1500 °C. The spinel composition of pMELTS
matches experimental results reasonably, apart from Cr03 (+16.57%)
and Al,O3 values (—21.75%), with Rerust displaying a bad match due to
Al;03 (—29.83%), MgO (—12.41%), and Cry03 (+133.29%).

4.1.2. MM3: partial melting of peridotite under upper mantle conditions
Comparison of the MM3 experiments with the results from pMELTS

have previously been conducted by Ghiorso et al. (2002), however, the

comparison has been repeated here to analyse predicted peridotite

partial melting behaviour in Rcrust at 1.0 GPa using a more detailed
experimental dataset. In this study, both the experiments and modelling
agree in the presence of olivine, orthopyroxene, clinopyroxene, spinel
and melt, with Rcrust predicting 100% and pMELTS almost 95% of the
assemblage, as is reported in Table 4. Comparisons between abundances
of melt, clinopyroxene, orthopyroxene, olivine and spinel as a function
of temperature at 1.0 GPa are illustrated in Fig. 3. Fig. 4 displays com-
ponents from the experimental and modelled melt compositions as a
function of increasing melt fraction (in wt%) and increasing
temperature.

Both pMELTS and Rcrust are in good agreement with experimental
phase abundances (Fig. 3), however, lower modelled melt fractions can
be observed for pMELTS, and for Rcrust below 1310 °C. Rcrust has an
overall smaller percentage difference between experimental and Recrust
predicted melt abundances (14-42% versus 17-83% in pMELTS). Most
Rcrust and pMELTS predicted melt compositions (Appendix A, Table 4)
show bad agreement with experimental results, yet pMELTS predicts the
only good match at 1390 °C.

When considering the composition of the melts (Fig. 4), pMELTS
predicted values as a function of melt fraction match well with experi-
mental values for SiOy (at higher fractions), FeO, CaO and NayO, but
under-and overpredicts Al,O3 values and overpredicts MgO. The pro-
posed ~1% overestimate in melt SiO, reported by Ghiorso et al. (2002)
is found to be ~2% for the majority of the melting range in this study.
For Rcrust, FeO, CaO and NayO matches well with the experimental
melts, whereas underpredictions of SiO3, Al,03 and MgO are observed.
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Fig. 2. Modelled melt fractions at 1.5 GPa and 3.0 GPa from pMELTS and Rcrust as determined in this study, compared with melt fractions from the experimental
study on KLB-1 of Takahashi et al. (1993) at 1.5 GPa (the only pressure that phase proportion information was reported in the experimental study within the pressure
range of 1.0 to 3.0 GPa). At 1.5 GPa, pMELTS predicts the liquidus to be at much lower temperatures than the experiments, whereas there is excellent agreement
between melt fraction (and consequently, olivine consumption) predicted by Recrust and the experiments. A similar melt-curve is displayed by pMELTS at 3.0 GPa,

which is not the case for Rerust.

Table 4

Scoring of the modelled assemblages (bulk Qasm) and compositions (sum of residuals?) from PMELTS and Rcrust in comparison with the experimental study on MM3 of
Baker and Stolper (1994) and Hirschmann et al. (1998b), where such data was available.

Assemblage: Qasm

Rerust PMELTS
Bulk Qasm in 8 experiments 100.00 94.87
Compositions: Sum of residuals?

1.0 GPa 1250 °C 1260 °C 1270 °C 1280 °C 1300 °C

Rerust PMELTS Rerust PMELTS Rerust PMELTS Rerust PMELTS Rerust PMELTS
0l - - - - 0.48 0.55 0.06 0.07 0.83 0.96
Opx - - - - 7.23 6.44 9.48 3.86 7.38 4.96
Cpx - - - - 1.62 3.96 1.17 4.27 2.78 4.72
Sp - - - - 70.14 102.21 20.25 58.59 104.73 298.66
Melt 96.91 15.88 38.12 43.16 28.73 72.81 26.13 68.90 28.51 54.57
1.0 GPa 1310 °C 1330 °C 1350 °C 1360 °C 1390 °C

Rcrust PMELTS Rerust PMELTS Rerust PMELTS Rerust PMELTS Rcrust PMELTS
0l - - 0.60 0.91 0.94 1.27 0.82 1.10 1.33 1.59
Opx - - 9.48 2.96 7.50 2.71 5.25 3.62 4.56 5.56
Cpx - - 8.16 6.13 - - - - - -
Sp - - 134.46 764.42 105.02 845.91 76.25 284.60 22.11 151.53
Melt 39.91 34.84 37.54 22.13 48.10 13.12 10.22 39.27 58.87 4.15

When considering the same components of melt with increasing tem-
perature, the pMELTS values show pronounced differences from
experimental data, particularly at lower melt fractions. Rerust shows
better overall agreement, but discrepancies are also obvious. For olivine,
the modelled compositions (Appendix A) match well with experiments
across the entire temperature range (Fig. 3 & Table 4). Although cli-
nopyroxene proportions are higher in modelled results, good to
reasonable agreement can be seen in terms of its composition. Experi-
mental orthopyroxene has mostly good matches with pMELTS pro-
portions and compositions across the entire temperature range, and

Rcrust values generally agree reasonably with experiments. Although
Rerust and pMELTS shows good agreement in terms of spinel stability
and proportions, the modelled compositions generally agree badly with
experiments, except for Rerust predictions at 1280 °C and 1390 °C.

4.1.3. G2: partial melting of eclogite under upper mantle conditions

Both the experiments and modelling agree in the presence of clino-
pyroxene, garnet, rutile, quartz, plagioclase and melt, with a higher
Qasm for Rerust as is reported in Table 5. Due to the limited phase
proportion data reported in the experimental study at 2.0 GPa and only a
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Fig. 3. A comparison of melt (glass), olivine, clinopyroxene, orthopyroxene
and spinel abundances at 1.0 GPa from the experimental study on MM3 of
Baker and Stolper (1994) and Hirschmann et al. (1998b), with the calculated
values from pMELTS and Rcrust as determined by this study. Compared to
experiments, both Rcrust and pMELTS predict lower melt abundances at
1270 °C, and the rate of increase in melt fraction predicted by pMELTS is slower
than the experiments and Rcrust, displayed by the subsequent slower con-
sumption of clinopyroxene. Rerust and pMELTS outputs for olivine vary as
temperature increases, showing overestimations of olivine abundance by
PMELTS, and underestimations by Rcrust. Both modelling bundles predict very
similar orthopyroxene abundances and rates of orthopyroxene consumption.

single run at 2.5 GPa, Fig. 5 displays comparisons between phase
abundances as a function of temperature at 3.0 GPa only. Fig. 6 displays
components from the experimental and modelled melt compositions as a
function of increasing melt fraction (in wt%) and increasing
temperature.

In Fig. 5, the appearance of rutile and quartz in the Rerust modelled
assemblage match the experimental results, although slightly greater in
proportion; pMELTS does not predict rutile or quartz as part of the
assemblage. Although both bundles predict larger abundances of garnet,
its exhaustion occurs at the same temperature in the experiments and
Rerust, whereas for pMELTS, it fluctuates consistently around an
approximate 32-35 wt% across the P-T range considered, and its
exhaustion will thus occur at significantly higher temperatures. In
Rerust calculations, clinopyroxene disappears at a lower temperature
than in the experiments, with the opposite observed for pMELTS. Rerust
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predicts a slightly faster increase in melt fraction, whereas pMELTS
predicts the liquidus to be at much higher temperatures, resulting in a
much slower increase in the melt fraction and consequently delaying the
exhaustion of garnet and clinopyroxene (Fig. 6).

Considering phase compositions (Table 5 & Appendix A), at 2.0 GPa,
the Rerust melt compositions show good agreement with experiments,
except for the bad fit of the melt composition at 1250 °C. pMELTS dis-
plays a bad fit with the experimental melts at all temperatures at 2.0
GPa. Experimental and Rerust plagioclase compositions at 1250 °C agree
badly, with mismatches for Al,O3 (+27.85%) and CaO (+27.04%);
PMELTS does not predict any plagioclase here. At 2.5-3.0 GPa,
compositional comparisons could be made for clinopyroxene, garnet,
and melt, except for the 1300 °C run at 3.0 GPa, where no melt was
detected in the experiments or Rerust calculations. Clinopyroxene and
garnet compositions predicted by pMELTS show reasonable agreement
with experiments, whereas Rerust displays bad to good agreement with
experimental clinopyroxene, and bad agreement with garnet below
1375 °C at 3.0 GPa. As displayed in Fig. 6, the comparisons of pMELTS
melt compositions with experimental melts at 3.0 GPa show bad
agreement, mainly due to SiO5 (+47 to 230%), Al,O3 (—17 to 28%), FeO
(—21 to 71%), MgO (—53 to 61%), and CaO (—23.8 to 62%). For Rcrust
calculations, bad matches with melt are due to FeO (—33.92 to 60%) and
TiO4 (+56 to 68%), however at lower pressure and above 1365 °C at 3.0
GPa, melt compositions show better matches, ranging from reasonable
to good (Table 5 & Fig. 6).

4.2. Uncertainty surrounding experimental results

The full set of thermodynamic modelling results from investigating
unintended changes to reported bulk compositions from experimental
studies are available in Appendix A. For the purpose of this comparison,
particularly in terms of the location of the solidi, the modelling has been
extended to 1000 °C, which is beyond the temperature range of the
experimental studies.

From the KLB-1 and MM3 results displayed in Fig. 7, it is mainly H5O
addition that causes significant changes in predicted phase assemblages
and proportions (Appendix A), where the resultant inhibition or stabi-
lisation of several phases across the P-T range investigated may result in
a better or worse match with the experimental assemblages reported. As
is expected, HoO addition also lowers the solidus quite significantly (>
230 °C), which conversely may be shifted by Fe loss to higher temper-
atures above 2.0 GPa (Appendix A). The shift in the solidi caused by H,O
incorporation results in the increase of the melt fraction of up to 4.7%
for KLB-1 and 3.6 wt% for MM3, whereas this increase is less prominent
for CO2 (up to 1.2 wt% increase). Fe loss may result in small variations in
olivine, pyroxene, and melt proportions, similarly for clinopyroxene and
melt due to CO, formation. Compared to experimental data, H,O and
CO, addition also decreases the percentage difference of olivine and
melt proportions for KLB-1, similarly for MM3 proportions of olivine,
clinopyroxene, and melt, and orthopyroxene at higher temperature. This
improvement in predicted abundances is much more prominent for H,O
than CO,. Changes in the compositions of the phases are reported in
Appendix A.

5. Discussion

Several general observations can be drawn from the results presented
in the previous section. It is important to reiterate that quantitative
comparison between experimental and modelled results are extremely
unlikely to produce outputs that match perfectly, because of the un-
certainties inherent to both sets of findings, as discussed earlier. For
upper mantle studies, previously conducted comparative works
acknowledge and may briefly discuss these uncertainties (e.g. Garcia-
Arias, 2020; Gervais and Trapy, 2021; Ghiorso et al., 2002), but do not
attempt quantitative comparison of the effects that well-known causes of
experimental uncertainties may have on phase stability and
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Fig. 4. A comparison of selected components of melt compositions as the melt fraction (a-e) increases and as the temperature (f-j) increases at 1.0 GPa from the
experimental study on MM3 of Baker and Stolper (1994) and Hirschmann et al. (1998b), with the calculated values from pMELTS and Rcrust as determined in this
study. Both pMELTS and Rcrust show better agreement with experimental values along increasing melt fraction, although Rcrust shows better overall agreement
along increasing temperature.
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Scoring of the modelled assemblages (bulk Qasm) and compositions (sum of residuals?) from pMELTS and Rerust in comparison with the experimental study on G2
from Pertermann and Hirschmann (2003a, 2003b), where such data was available.

Assemblage: Qasm

Rcrust pMELTS
Bulk Qasm in 21 experiments 87.65 72.29
Compositions: Sum of residuals?
2.0 GPa 2.5 GPa 3.0 GPa
1250 °C 1325°C 1375°C 1325°C 1275°C
Rcrust PMELTS Rerust pMELTS Rerust pMELTS Rerust PMELTS Rerust PMELTS
Cpx 11.16 14.50 17.93 11.70 21.44 12.77 26.93 15.14 10.04 7.10
Gt 13.58 8.28 9.36 4.18 - - 20.55 7.70 36.74 6.83
Plag 64.93 - - - - - - - - -
Melt 63.34 288.20 3.79 69.15 4.43 28.55 16.06 90.46 - 105.05
3.0 GPa
1300 °C 1315°C 1325°C 1335°C 1350 °C
Rerust PMELTS Rerust PMELTS Rerust PMELTS Rerust PMELTS Rerust PMELTS
Cpx 6.33 17.57 4.58 10.57 5.44 17.84 10.69 18.31 12.43 16.68
Gt 38.72 11.49 36.34 12.36 37.94 12.88 37.33 14.68 32.47 12.87
Melt - - - 305.83 53.06 239.81 43.99 236.43 28.67 211.89
3.0 GPa
1365 °C 1375°C 1400 °C 1425 °C 1450 °C
Rerust PMELTS Rerust PMELTS Rerust PMELTS Rerust PMELTS Rerust PMELTS
Cpx 24.49 21.27 26.55 16.52 30.81 17.13 30.63 15.91 34.57 16.91
Gt 29.08 13.93 27.84 14.95 22.73 14.82 14.28 10.38 10.74 10.66
Melt 23.85 184.24 18.47 148.28 19.10 164.44 12.05 140.14 4.43 125.76
3.0 GPa
1450 °C 1475 °C 1500 °C
Rcrust PMELTS Rerust pMELTS Rerust pMELTS
Cpx 34.57 16.91 39.58 21.14 - 19.02
Gt 10.74 10.66 15.08 15.88 - -
Melt 4.43 125.76 3.85 92.61 1.96 92.56

composition. Using thermodynamic modelling and reasonable estimates
of Fe loss and H20 or CO addition, a potential envelope of uncertainty
around the experimental results has been defined (Fig. 7). Changes in
fO2 have not been considered, as the use of graphite liners in all the
experimental studies considered here limits the fO5 to C-CO. The results
indicate that a modelled Fe loss of 10% shows little variance in phase
proportions and compositions (Fig. 7). The incorporation of a small
amount of CO3 (0.08 wt%) has a similarly small effect on the results, but
these effects will be more prominent at higher pressure conditions. The
addition of 0.05 wt% H,0 shows a significant shift of the solidus to
lower temperatures for both compositions. At any given temperature
above the solidus, melt volumes are significantly increased and the
abundance of clinopyroxene decreased. These results support two ob-
servations: Firstly, although the experimental investigations utilised in
this study do not appear to be severely affected by Fe loss and COy
formation, unintended H>O may have been incorporated into the cap-
sules (Fig. 7), which is not considered by Takahashi (1986) to be sig-
nificant for KLB-1 below 1700 °C, and is noted by Hirschmann et al.
(1998b) for MM3 as <0.4 wt% at higher temperatures only. Secondly,
even with the modelled effects of added H,O and CO», or a loss of Fe,
differences in the modelling and the experimental melt abundances are
still evident. Although this could suggest that the incorporated HoO may
exceed what is modelled and/or reported, this seems unlikely due to the
discrepancy of the clinopyroxene abundance when compared to exper-
imental results at the current modelled HoO weight fraction. Rather, the
uncertainties in thermodynamic modelling input data appear to play a
larger role in this discrepancy. This has two implications: 1) Experiments
considered as ‘anhydrous’ or ‘volatile free’ may unintentionally propa-
gate uncertainties into thermodynamic datasets, which are calibrated
using experimental phase equilibria and calorimetric data, and in some
cases, data of natural mineral partitioning; but (2) does not render all
such experimental data as ultimately unreliable for comparisons with
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modelling at anhydrous conditions, as inherent uncertainties in the
thermodynamic input files and calculation strategies cannot be ignored
and identified otherwise. Thus, the suggestion of Ghiorso et al. (2002)
that a portion of the offset of pMELTS predicted melt fractions of peri-
dotite partial melting are due to ‘phantom’ volatile incorporation in
piston cylinder experiments, which causes an increase in the melt
abundance, is reasonable (Appendix A), but this does not surpass the
inaccuracies still prevalent in thermodynamic modelling input data or
calculation strategies.

Evaluations on the performance of the selected modelling tools to
investigate partial melting across a range of temperatures at 1.0 to 3.0
GPa show that the Rerust bundle displays good to excellent agreement
with experimental phase assemblages (Fig. 1; bulk Qasm of 78-100%)
and proportions (Figs. 2, 3, 5; Appendix A), and predict compositions
that mostly agree reasonably with experiments (Tables 3-5; Appendix
A), with the most notable discrepancies being spinel, garnet, and melt.
The outputs from pMELTS show good to excellent agreement with
experimentally determined phase assemblages (bulk Qasm of 72-95%)
under SCLM conditions, however, greater overall discrepancies can be
noted for phase proportions (Figs. 2, 3, 5; Appendix A) as well as for
compositions of spinel, melt, and the 3.0 GPa clinopyroxene of KLB-1
(Tables 3-5; Appendix A). These discrepancies are more pronounced
for the eclogitic composition (Figs. 5, 6; Table 5).

When considering closed system interactions, the properties of any
one phase cannot change without an equal exchange in the accompa-
nying phases, as is evident by the interchanges observed in phase as-
semblages, compositions, and proportions. Many of the observed
discrepancies between experimental studies and thermodynamic cal-
culations can thus be reconciled by considering the effects of predicted
phase behaviours on these properties. For the partial melting of eclogite,
PMELTS fails to predict the stabilisation of the ilmenite and quartz
phases (Fig. 5, Appendix A), with a smooth evolution of melt fraction
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Fig. 5. A comparison of melt (glass), clinopyroxene, garnet, quartz and rutile
abundances at 3.0 GPa from the experimental study on G2 of Pertermann and
Hirschmann (2003a), with the calculated values from pMELTS and Rcrust as
determined by this study. pMELTS predicts the liquidus to be at much higher
temperatures than the experiments, whilst there is good agreement between the
curve of the melt fraction predicted by Rcrust and the experiments. This is
similarly observed for rutile and quartz (although greater phase abundances are
predicted by Rerust), which was not predicted by pMELTS. This lack of quartz
results in the pMELTS system not predicting the reactions between garnet and
quartz seen in the experiments and in Rerust, hence the different phase abun-
dance curves observed for pMELTS, and the exhaustion of garnet at higher
temperatures. Rcrust predicts the exhaustion of clinopyroxene at lower tem-
peratures than the experiments, whereas pMELTS predicts this at higher
temperatures.
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increase accompanied by a mirrored decrease in the clinopyroxene as
the only phase contributing towards melt formation. For the MM3
comparison of Ghiorso et al. (2002), the authors note the stabilisation of
clinopyroxene at the expense of melt, however, the converse is displayed
for the eclogite, where clinopyroxene abundances are 17.32 wt% lower,
whilst melt is only 0.91 wt% higher. This is likely due to due to the
observation of the supersaturation of garnet displayed by pMELTS at
higher temperature (Ghiorso et al., 2002). The observed smoothed in-
crease in melt fraction is less obvious for KLB-1 in Fig. 2, but a prominent
feature of the comparison is that the system reaches the liquidus at
200 °C lower than the experiments at 1.5 GPa, although melt abun-
dances remain lower than the experiments until ~1550 °C. Distinct in-
flection points in the temperature-melt fraction trends of pMELTS are
visible at 1400 °C and 1550 °C, and because no other inflections occur,
the melt fraction increases rapidly and is mirrored by the consumption
of olivine (Appendix A). As a result, major overall discrepancies of the
melt phase compositions (Tables 3-5) in terms of temperature (as noted
in Section 2.4 and by Ghiorso et al., 2002) and eclogitic melt fractions
(Figs. 4, 6) are observed at high and low pressures (Table 4). Of note is
that pMELTS calculations of olivine and clinopyroxene compositions
(sans KLB-1 at 3.0 GPa) show reasonable to good agreement with ex-
periments, fitting slightly better at low pressures for the peridotites
(Tables 3, 4) and at higher temperatures at 3.0 GPa for the eclogite
(Table 5) than Rcrust predicted compositions. It thus appears that
although pMELTS is generally effective at phase assemblage predictions
and compositions of specific phases, particularly for peridotite partial
melting, the predicted melt fraction has a strong temperature depen-
dence (Figs. 2, 4, 6). This influences the proportions and compositions of
several phases, although this is less obvious at lower P-T conditions such
as those investigated for MM3. Ultimately, melt compositions predicted
by pMELTS for the eclogite may vary noticeably from experimental re-
sults because of the overstabilisation of melt relative to clinopyroxene or
olivine, which are subsequently exhausted from the system more
quickly. Ghiorso et al. (2002) note unsatisfactory results for pMELTS
predictions of peridotite partial melting from 3.0 to 7.0 GPa, but as is
displayed here, this is also evident for more basaltic compositions from
2.0 to 3.0 GPa.

Overall, Rerust predicted phase proportions display a comparable
increase in melt fraction to that of the experiments (Figs. 2, 3, 5), mostly
displaying the sudden drops or increases in the phase proportions as
melt volume increases, regardless of phases missing in the assemblage or
differences in the predicted initial proportions of phases and their rates
of consumption. For example, although the liquidus is displaced to 50 °C
higher in Fig. 2 for KLB-1, the increase in melt fraction and subsequent
rate of olivine consumption (Appendix A) predicted by Rcrust is com-
parable with the experimental study. For the eclogite, Rcrust predicts
increased garnet and decreased clinopyroxene proportions as compared
to the experiments (Fig. 5). Clinopyroxene is consumed more rapidly,
and due to its lower proportions, is exhausted at the same temperature as
garnet. Conversely, because clinopyroxene has higher proportions in the
experimental results, it is exhausted at a higher temperature due to its
rate of consumption. Although this difference influences the melt pro-
portion at lower temperatures, the curve of the melt fraction mostly
follows that of the experiments and thus produce mostly similar melt
compositions, apart from FeO content (Fig. 6). Similar behaviour can be
noted in Fig. 3, although melt components show notable variation from
experimental results for peridotite partial melting.

It is clear that the discrepancies displayed by pMELTS and Rcrust
compared to experimental results are likely as a result of differences in
the thermodynamic datasets and formulation of the a-x models
(particularly the melt a-x model), because the calculation strategy of the
software are reported as similar (Table 1). The interactions of a-x models
with the thermodynamic dataset should also be taken into consider-
ation. The input data clearly result in notable variance across P-T-X
space, but unfortunately, due to the embedded nature of these input
components in the pMELTS software, this cannot be investigated in more
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Fig. 7. A comparison of changes in phase abundances with increasing temperature as a result of minor amounts of Fe loss to the capsule, or the incorporation of very
small amounts of H,O or CO, in the capsule. Phase proportions reported by the experimental studies are included in faded colouring. a) Adjustment modelling of the
1.5 GPa experiments on KLB-1 of Takahashi (1986) and Takahashi et al. (1993), extended down to 1000 °C. b) Adjustment modelling of the 1.0 GPa experiments on
MM3 of Baker and Stolper (1994) and Hirschmann et al. (1998b), extended down to 1000 °C. H,O addition of 0.05 wt% results in the extensive lowering of the
solidus and decrease in clinopyroxene abundance. An increase in the melt fraction can be observed distinctly below 1500 °C for both comparisons.

detail. Similar discrepancies have been noted where software utilise the
same thermodynamic dataset and related a-x models, which may be a
result of two important factors: The requirement of HPx-eos families to
be formatted for use in Perple_X (and subsequently, Rcrust and others)
mean that small oversights or mistakes, or even a delay in the formatting
process can easily result in a mismatch in the predicted outcomes. The
second factor is the calculation method of the software, where different
strategies can cause mismatches due to user-specified parameters
inherent to the strategy. For example, failing to identify assemblage tie-
lines in THERMOCALC could exclude an entire assemblage field from
the pseudosection, or not implementing the appropriate resolution in
Perple X (and Rerust) would cause a failure to identify phases or even
small assemblage fields. Evidently, thermodynamic input data or
calculation strategies can have implications on the results produced by
thermodynamic modelling when compared to experiments, not without
taking into consideration the mismatches that may be as a result of
experimental pitfalls, as is discussed earlier.

6. Conclusions

This comparative study supports two primary conclusions. Firstly,
when compared with experimental results, the use of phase equilibrium
modelling routines is a viable method for analysing the phase assem-
blages, proportions, and compositions in ultramafic and mafic rock
compositions under SCLM P-T conditions. This approach should be seen
as complementary to experimental work, with several advantages such
as being an extremely rapid form of investigation when compared to
experimental studies, allowing greater P-T-X resolution and control over
the incorporation of volatiles, as well as their fugacities. Secondly,
Rerust using Gibbs free energy minimisation from Perple X, the inter-
nally consistent dataset of Holland and Powell (2011), and the a-x
models of clinopyroxene, garnet, orthopyroxene, spinel, and melt
(Tomlinson and Holland, 2021), olivine (Holland et al., 2018), feldspar
(Holland and Powell, 2003), and ilmenite (White et al., 2000), generally
mapped out melt production and compositions reliably at SCLM P-Ts,
when compared with the experimental results. The software, a-x models
and thermodynamic dataset are a good combination for studying pet-
rogenic processes where the melt fraction changes significantly within
the P-T-X range of this study, and for compositions that range from ul-
tramafic to mafic. This, in combination with the capability of Rcrust to
allow phase extraction and accommodate the resultant bulk

compositional change, makes the Rcrust methodology presented here
well-suited for the study of partial melting reactions in the upper mantle,
including the effects of magma segregation.
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