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A B S T R A C T

Tonalite-trondhjemite-granodiorite (TTG) suites constitute a large proportion of the Archean geological record;
however, the geodynamic processes that generated them, and Archean continental crust in general, remain a
subject of debate. The concentrations and ratios of Sr, Y, La, Yb, Nb, and Ta in TTGs are commonly used to
determine the depth of melting of their metabasic sources. The trace element composition of melt produced by
metabasic source rocks during anatexis is strongly affected by the presence and abundance of pressure-sensitive
minerals, such as plagioclase (Sr-bearing), garnet (Y- and HREE-bearing), and rutile (Nb- and Ta-bearing).
Elevated Sr/Y and La/Yb ratios and low concentrations of Nb and Ta in TTGs are generally considered to indi-
cate melting at high pressures (�2.0 GPa). The depth of melting is a key factor in determining the origin of TTGs
as this provides critical information on the tectonic setting of their generation. We use phase equilibrium and
trace element modelling to explore the effects of three potential influences on TTG trace element compositions:
fractionation of trace elements into peritectic garnet cores, progressive melt loss from the source, and source bulk
composition. We model three different compositions of Archean basalts along thermal gradients of 500 �C/GPa,
750 �C/GPa, and 1000 �C/GPa. The models produce major and trace element melt compositions that are generally
consistent with measured compositions of TTGs. Although Sr/Y, La/Yb, Nb, and Ta exhibit pressure-dependent
behaviour, other factors also affect these values. Garnet fractionation causes Sr/Y and La/Yb to reach much
greater values and in this scenario, the values also increase with increasing temperature. Source bulk composition
has an effect in all scenarios and most strongly influences La/Yb, Nb, and Ta. Overall, these results show that Sr/Y,
La/Yb, Nb, and Ta can reach values generally considered to be indicative of high pressure melting at a range of
P–T conditions including P < 2.0 GPa. Consequently, trace element compositions of TTGs alone may provide a
misleading impression of the depth of melting of metabasites and the geodynamic environment of Archean crustal
growth and reworking.
1. Introduction

Tonalite-trondhjemite-granodiorite suites, or TTGs, volumetrically
dominate Archean cratons, but the geodynamic setting in which they
formed remains contentious (Martin et al., 2005; Moyen, 2011; B�edard,
2018; Condie, 2018; Moyen and Laurent, 2018). It is generally accepted
that TTGs are generated from the partial melting of hydrated metabasites
(Rapp et al., 1991; Moyen and Martin, 2012; Nagel et al., 2012; Martin
et al., 2014; Moyen and Laurent, 2018). Concentrations and ratios of
specific trace elements in TTGs are commonly used to infer the depth of
melting of their metabasic sources, and this is used to infer the tectonic
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processes that led to their genesis (Martin et al., 2005; Moyen and Ste-
vens, 2006; Moyen and Martin, 2012). This has led to several in-
terpretations for the genesis of TTGs that include partial melting of
subducted oceanic crust (Drummond and Defant, 1990), melting of
thickened crust in an arc-like setting (Nagel et al., 2012), and melting at
the base of oceanic plateaux (B�edard, 2006). The depth of partial melting
is a key distinguishing factor for these different settings and identifying
evidence in TTGs for these processes has important implications for the
origin and evolution of Archean cratons.

During partial melting of metabasites, a strong control on the trace
element concentrations and ratios in equilibrated melt is the presence
cember 2019
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and abundance of garnet, plagioclase, and rutile (Defant and Drummond,
1990). These minerals have broadly pressure-sensitive stability fields in
metabasites. In general, garnet is stable at high pressures and contains
high concentrations of HREEs and Y, rutile is also stable at high pressures
and is rich in Nb and Ta, and plagioclase is stable at relatively low
pressures and is enriched in Sr. Regardless of the geodynamic processes
involved, the presence (or absence) and abundance of these minerals in
the source during melting is expected to impart a distinct trace element
signature to the extracted melt that ultimately forms TTGs. Assuming all
phases are in thermodynamic equilibrium, partial melting at high pres-
sures is expected to proceed with garnet and rutile in the residue; these
minerals preferentially partition the HREEs, Y, Nb, and Ta and this leaves
the melt relatively depleted in these elements. By contrast, melting at low
pressures in the plagioclase stability field will cause the melt to be
depleted in Sr, but relatively enriched in HREEs, Y, Nb, and Ta due to the
absence of garnet and rutile. Thus, the Sr/Y and La/Yb ratios of TTGs are
commonly used as proxies of depth of melting (Moyen and Stevens, 2006;
Moyen and Martin, 2012), as these ratios should increase with increasing
pressure of melting as the metabasic source transitions from the plagio-
clase stability field to the garnet stability field. The depletion of Nb and
Ta in TTGs is used as an additional indicator of high-pressure melting
based on the stability of rutile. Based on Sr, Y, La, Yb, Nb, and Ta sys-
tematics in natural samples, Moyen (2011) defined three groups of TTGs
linked to depth of melting: the low pressure group, produced at 1.0–1.2
GPa by a garnet-free, plagioclase-bearing source; the medium pressure
group, corresponding to approximately 1.5 GPa with garnet, some or no
rutile, and no plagioclase in the source; and the high pressure group,
produced at � 2.0 GPa in the presence of garnet and rutile without
plagioclase. The different pressures of source melting can be linked to the
conceptual geodynamic models of TTG generation, and this is crucial for
understanding the formation, reworking, and stabilisation of Archean
cratons.

Recent advances in thermodynamic modelling of phase assemblages
in anatectic metabasites (e.g. Palin et al., 2016b) coupled with trace
element modelling (e.g. Johnson et al., 2017; Janousek and Moyen,
2019) present an opportunity to forward model the major and trace
element compositions of melt generated in metabasites at a range of P–T
conditions and for various petrological scenarios. Although this tech-
nique has been used to model TTG trace element compositions assuming
closed-system behaviour (Nagel et al., 2012; Johnson et al., 2017;
Gardiner et al., 2018), previous studies have not investigated the various
petrological factors that may influence Sr, Y, La, Yb, Nb, and Ta sys-
tematics in natural systems. In particular, open-system processes can
modify the stability and modal proportions of minerals during high
temperature metamorphism and anatexis (White et al., 2004; Yakym-
chuk and Brown, 2014, 2019; Mayne et al., 2016, 2019; Stuck and
Diener, 2018; Villaros et al., 2018), and may affect trace element parti-
tioning. Furthermore, fractionation of key trace elements into growing
porphyroblasts such as garnet can limit their availability to the melt (e.g.
Otamendi et al., 2002). In addition, mafic sources may have variable
trace element compositions prior to melting, and differences in major
element composition may cause garnet, plagioclase, and rutile to be
produced at different P–T conditions and in different proportions, which
has implications for linking trace elements of TTGs to depth of melting
and their geodynamic settings.

Here we use forward modelling of three different mafic source com-
positions to demonstrate the effects of open-system melting (i.e. pro-
gressive melt loss), fractionation of trace elements into garnet, and source
bulk composition on the trace element composition of TTGs. We assess
the impact of these factors on the elements typically used to infer the
depth of melting: Sr, Y, La, Yb, Nb, and Ta. Trace element concentrations
were calculated for melt produced in each scenario for each bulk
composition at a range of P–T conditions. The results of the modelling are
evaluated in the context of natural TTG data (Moyen, 2011; Johnson
et al., 2019) and the compositional groups defined by Moyen (2011).
Overall, our results suggest that the Sr/Y, La/Yb, Nb, and Ta parameters
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of the melt may not have a simple relationship with pressure, and these
geochemical characteristics alone may give a misleading impression of
the depth of melting and the nature of geodynamic processes accompa-
nying TTG generation in the Archean Eon.

2. Methodology

2.1. Selection of source compositions

Geochemical studies of TTGs and melting experiments have indicated
that hydrated mafic crust is the most compatible source for TTGs (Jahn
et al., 1981; Martin, 1986; Rapp et al., 1991; Rapp and Watson, 1995;
Springer and Seck, 1997; Qian and Hermann, 2013) and LILE and LREE
enrichment may be required (Martin et al., 2014); however, the chemical
compositions of potential Archean basaltic sources are variable. Three
recent phase equilibrium modelling studies used different approaches to
select potential TTG sources. Nagel et al. (2012) chose to model melting
of a modern mid-ocean ridge basalt (MORB) and an Eoarchean tholeiitic
basalt from the Isua Supracrustal Belt in Greenland to determine the
depth of melting required to reproduce the trace element compositions of
Eoarchean TTGs. The Eoarchean tholeiite composition produced melts
with the greatest similarity to Eoarchean TTGs, with the best fit corre-
sponding to melts produced at 1.0 GPa and 1.4 GPa. Palin et al. (2016b)
chose an average LILE- and LREE-enriched Archean tholeiite (EAT,
Condie, 1981, Table 1) and an average LILE- and LREE-depleted Archean
tholeiite (DAT, Condie, 1981, Table 1) and modelled the major element
compositions of melts produced at varying P–T conditions in closed and
open system scenarios. The modelling produced melt major element
compositions consistent with those of natural TTGs at P–T conditions of
800–950 �C and ~1.0–1.8 GPa. Johnson et al. (2017) focused on
modelling the major and trace element compositions of Palaeoarchean
TTGs from the Pilbara Craton in Western Australia, for which a source
basalt rich in incompatible trace elements has been proposed (Coucal
basalts; Smithies et al., 2009). The compositions of the TTGs were
reproduced by the model for melting at P–T conditions of 850–900 �C
and <1.3 GPa. Therefore, various potential sources for TTGs have been
modelled, and are in each case selected to suit the scope and purpose of
the study.

For the purposes of this study, we chose to build upon the work of
Palin et al. (2016b) and use two average Archean basalt compositions to
evaluate the general effects of melt loss, garnet fractionation, and source
bulk composition on the trace element composition of TTGs, but we
acknowledge that understanding specific TTGs suites may require
modelling of associated parental basalts (e.g. Johnson et al., 2017). To
determine if EAT and DAT (Condie, 1981; Palin et al., 2016b) represent
average Archean basalts based on major element composition, we
compared them to a compilation of whole rock geochemical data from
1435 Archean basalts (Fig. 1; Supplementary Table 1) created using the
sources cited in the basalt and komatiite geochemical database of Condie
et al. (2016). Our criteria for selecting compositions to add to the
compilation differ from those of Condie et al. (2016), who only included
basalts with MgO concentrations of 7–17 wt.%. Given that the average
Coucal basalt composition modelled by Johnson et al. (2017) contained
only 3.80 wt.% MgO, we elected to include all basalts below 17 wt.%
MgO (in an anhydrous system). Additionally, the compositions were
screened based on SiO2 content (�60 wt.% on an anhydrous basis) and
any rocks stated to be of intrusive origin were not included. Plots of SiO2
vs. MgO and Al2O3 vs. CaO (Fig. 1) produced from our database indicate
that the major element compositions of EAT and DAT are typical of
Archean basalts. Johnson et al. (2017) found that the lowMgO content of
the Coucal basalt composition allowed for stabilisation of garnet at
relatively low pressures. However, other workers have suggested that
MgO-rich basalts were more common in the Archean and are underrep-
resented in the currently preserved Archean geological record (e.g. Palin
and Dyck, 2018). Given the importance of garnet as a reservoir for Y and
HREEs, the MgO content of the mafic source may be an important factor



Table 1
Archean basalt compositions (oxide in wt.%, trace elements in ppm) selected for modelling from Condie (1981; EAT and DAT) and Szilas et al. (2013; MAB).

SiO2 TiO2 Al2O3 FeO Fe2O3 MnO MgO CaO Na2O K2O Sr Y La Yb Nb Ta

EAT 50.85 1.53 15.62 9.42 2.88 0.18 7.01 9.03 2.77 0.71 190 30 13 2.2 12.8 0.78
DAT 50.58 0.95 15.62 9.33 1.64 0.22 7.59 11.69 2.17 0.22 100 20 3.6 1.9 5 0.29
MAB 50.14 0.49 11.90 0.00 11.98a 0.19 14.27 9.29 1.36 0.33 78.9 12.6 2.7 1.24 0.8 0.1

a Total Fe reported as Fe2O3. DAT ¼ depleted Archean tholeiite, EAT ¼ enriched Archean tholeiite, MAB ¼ MgO-rich Archean basalt.

Fig. 1. Two-dimensional kernel density estimation of SiO2 vs. MgO and Al2O3

vs. CaO from whole rock geochemical data in the Archean basalt compilation
provided in Supplementary Table 1. The plots were generated using the stat_-
density_2d function in the ggplot2 package (Wickham, 2011) available for the R
programming language. DAT ¼ depleted Archean tholeiite, EAT ¼ enriched
Archean tholeiite, MAB ¼ MgO-rich Archean basalt.
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in melt trace element composition. To test this, we additionally selected a
composition from a population of MgO-rich basalts (Fig. 1), which will be
referred to here as the MgO-rich Archean basalt (MAB). The MAB
composition, including major and relevant trace elements, is from a
greenschist sample from the Tartoq Group supracrustal rocks in south-
western Greenland (sample 510878 of Szilas et al., 2013, Table 1).

The elements selected for melt trace element modelling were Sr, Y, La,
Yb, Nb, and Ta as these are commonly linked to the depth of partial
melting. For the three basalt compositions investigated, Sr, Y, La, and Yb
concentrations were included in the source data (Condie, 1981; Szilas
et al., 2013), and Nb and Ta were reported only for MAB (Szilas et al.,
2013). We assigned to EAT the Nb and Ta of the average Coucal basalt (as
reported by Johnson et al., 2017), as this suite of basalts shows trace
element enrichment similar to EAT. This Nb concentration is relatively
high, as it falls within the top 1% of Nb concentrations in a compilation of
Archean basalt compositions from Australia (Smithies et al., 2018).
However, suites of Nb-enriched basalts have been recognized in several
Archean greenstone belts in the Superior province (Hollings and Kerrich,
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2000; Wyman et al., 2000; Polat and Kerrich, 2001; Hollings, 2002),
suggesting that basalts with high Nb concentrations are not a localized
feature. Therefore, the concentration selected for EAT is considered here
to be representative of a high-Nb endmember. For DAT, a moderate Nb
concentration was chosen to differentiate it from EAT and the Nb-poor
MAB. The Ta value for DAT was calculated based on the established
Nb/Ta value of the primitive mantle (17.5 � 2; Green, 1995). The trace
element compositions are specified in Table 1 for the three modelled
compositions.
2.2. Phase equilibrium modelling

Phase equilibrium modelling was done in the Na2O–CaO–
K2O–FeO–MgO–Al2O3–SiO2–H2O–TiO2–Fe2O3 (NCKFMASHTO) chemi-
cal system using Thermocalc version 3.45 (Powell and Holland, 1988)
and the internally consistent thermodynamic dataset of Holland and
Powell (2011; updated version ds62). The activity–composition (a–x)
models used are as follows: tonalitic melt, amphibole, clinopyroxene
(Green et al., 2016), orthopyroxene, garnet, biotite, muscovite, ilmenite
(White et al., 2014), K-feldspar, plagioclase (Holland and Powell, 2003),
and epidote (Holland and Powell, 2011). Rutile, quartz, titanite, and
aqueous fluid (H2O) were modelled as pure end members.

For each bulk composition, phase assemblages were calculated from
the solidus to 1050 �C and between 0.4 GPa and 2.2 GPa. Also, phase
proportions and compositions were extracted from Thermocalc across a
grid at intervals of 25 �C and 0.1 GPa. For these calculations, the bulk
H2O contents of DAT, EAT, and MAB were reduced to minimally saturate
melt in H2O at the solidus at 1.2 GPa (Table 2). This was done because
any free H2O in suprasolidus rocks would be expected to partition into
the melt (White and Powell, 2002; White et al., 2005). As FeO and Fe2O3

are not differentiated for MAB, an O value was assigned assuming a
Fe2þ/Fe3þ ratio of 10. Additionally, phase proportion and composition
data were collected along three P–T gradients for each bulk composition,
500 �C/GPa, 750 �C/GPa, and 1000 �C/GPa, which are considered to be
plausible apparent geothermal gradients for Archean crust based on peak
P–T estimates from Archean metamorphic rocks (Brown and Johnson,
2018). The 1000 �C/GPa thermal gradient was chosen for our modelling
as a high dT/dP endmember based on the compilation of Brown and
Johnson (2018), whereas 500 �C/GPa is the lowest dT/dP gradient
recorded in Archean rocks in the compilation. These gradients are
considered apparent thermal gradients and are simplified compared to
natural P–T paths, which cannot typically be represented by a single
gradient and may involve more complex prograde evolutions. For each of
these P–T gradients, the H2O contents of the bulk compositions were
adjusted to just saturate melt in H2O at the P–T conditions where the
gradient intersects the solidus (Table 2). The data extracted from Ther-
mocalc were converted to weight fractions and then coupled with pub-
lished partition coefficients (from B�edard, 2006) for various trace
elements in metabasites to calculate the trace element composition of the
melt (i.e. TTGs) and residue using a batch melting model (e.g. Presnall,
1969; Shaw, 1970; Hanson, 1978). These calculations represent a sce-
nario where the composition of the system remains constant and there is
equilibrium of major and trace elements among all phases. This closed
system behaviour is considered here as a baseline scenario, and addi-
tional modelling was undertaken to simulate two open system scenarios:
loss of anatectic melt and fractionation of elements into garnet
porphyroblasts.



Table 2
Compositions used in Thermocalc models (mol%).

H2O SiO2 Al2O3 CaO MgO FeO K2O Na2O TiO2 O

DAT 6.10 49.36 9.89 12.22 11.04 8.82 0.14 2.05 0.70 0.60 sat 12 kbar
5.29 49.30 9.88 12.21 11.03 8.81 0.14 2.05 0.70 0.60 sat 500 �C/GPa
5.23 49.33 9.89 12.21 11.03 8.82 0.14 2.05 0.70 0.60 sat 750 �C/GPa
4.53 49.70 9.96 12.30 11.12 8.88 0.14 2.06 0.70 0.60 sat 1000 �C/GPa

EAT 6.83 49.69 8.99 9.21 10.21 9.81 0.44 2.63 1.13 1.06 sat 12 kbar
5.87 50.20 9.08 9.31 10.31 9.92 0.45 2.66 1.14 1.07 sat 500 �C/GPa
5.11 50.61 9.16 9.38 10.39 10.00 0.45 2.68 1.15 1.08 sat 750 �C/GPa
4.82 50.76 9.19 9.41 10.43 10.03 0.45 2.69 1.15 1.08 sat 1000 �C/GPa

MAB 5.80 49.72 6.96 9.87 21.10 4.47 0.22 1.30 0.37 0.23 sat 12 kbar
5.56 49.84 6.97 9.89 21.15 4.48 0.22 1.30 0.37 0.23 sat 500 �C/GPa
5.82 49.72 6.96 9.87 21.10 4.47 0.22 1.30 0.37 0.23 sat 750 �C/GPa
5.83 49.72 6.96 9.87 21.10 4.47 0.22 1.30 0.37 0.23 sat 1000 �C/GPa

DAT ¼ depleted Archean tholeiite, EAT ¼ enriched Archean tholeiite, MAB ¼ MgO-rich Archean basalt.
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2.2.1. Open system behaviour

2.2.1.1. Melt loss. Loss of anatectic melt from suprasolidus rocks during
prograde metamorphism is considered to be a common process, given
that these rocks typically preserve peak metamorphic assemblages with
minimal evidence of retrogression (White and Powell, 2002). This sce-
nario was simulated by removing 6 mol% melt (approximately equiva-
lent to 6 vol% on a one-oxide basis) in pulses along each P–T gradient
when a proportion of 7 mol% melt was reached (cf. Yakymchuk and
Brown, 2014), which approximates the melt connectivity threshold of
Rosenberg and Handy (2005). This leaves 1 mol% melt in the system,
which is consistent with the presence of melt pseudomorphs in some
anatectic metamorphic rocks (e.g. Holness and Sawyer, 2008). The bulk
compositions of major and trace elements in the system were adjusted
based on the extraction of melt with equilibrium concentrations at the 7
mol% threshold.

2.2.1.2. Garnet fractionation. The preservation of major and trace
element zonation in garnet porphyroblasts is a well-documented feature
(e.g. Spear and Kohn, 1996; Pyle and Spear, 1999) that provides strong
evidence for sequestration of these elements during garnet growth. As
garnet is an important reservoir for HREEs and Y in metabasites, garnet
fractionation could have a significant impact on the availability of these
elements to anatectic melt. In addition, the low diffusivity of the HREE
and Y in garnet relative to divalent cations (e.g. Fe, Mg; Carlson, 2012)
hinders diffusional equilibration of these elements due to
thermally-activated volume diffusion. Garnet fractionation was modelled
by removing garnet along the P–T gradients in increments of 4.5 mol%
when 5 mol% was reached. This simulates continuous segregation of
garnet cores from the equilibrium assemblage of the rock, leaving a thin
reactive rim comprising a ~10 mol% fraction of the garnet, which is
equivalent to a ~30 μm-thick rim for a garnet crystal with a diameter of
~2 mm and ~170 μm for a ~10 mm diameter crystal. In other forward
models of garnet growth, this reactive rim is < 10 μm (Gaidies et al.,
2008) or considered to be negligible (e.g. Evans, 2004), but we include a
reactive rim here given the high temperatures and presence of melt in our
models. The major and trace elements associated with the 4.5 mol% of
garnet sequestered from the system were removed from the modelled
bulk compositions at each step, and the proportions of all residue phases
were renormalized to a total of 1.

3. Results

3.1. P–T pseudosections

The P–T pseudosections produced for EAT (see also Palin et al.,
2016b) and DAT have similar overall topologies, with modelled solidus
temperatures ranging from approximately 625–725 �C; MAB shows
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distinct differences from the others, with a solidus at approximately 750
�Cwith a steep dT/dP (Fig. 2). Hornblende is predicted to be stable across
a large portion of the three diagrams and is exhausted at 850–950 �C
above 1.2–1.4 GPa. Similarly, quartz is stable at the solidus in all three
diagrams, and is exhausted at temperatures as low as 800 �C at low P, but
may persist up to 1000 �C at high P. Both clinopyroxene and orthopyr-
oxene are predicted to be stable for all three bulk compositions, although
their stability fields differ. Clinopyroxene is stable across the entire dia-
gram for DAT, but for EAT and MAB, clinopyroxene is absent below 1.3
GPa and 750 �C and 1.9 GPa and 850 �C respectively. For EAT and DAT,
orthopyroxene is restricted to pressures of �1.1 GPa at temperatures
above 800–900 �C. For MAB, orthopyroxene is predicted to be stable at
similar temperatures but persists up to at least 2.2 GPa.

The P–T stability fields of each of the trace element reservoirs, garnet,
rutile, and plagioclase, are comparable for EAT and DAT, and slightly
different for MAB (Fig. 3). Garnet is predicted to be stable at pressures as
low as 0.8 GPa for DAT, 0.9 GPa for EAT, and 1.1 GPa for MAB at
approximately 900 �C (Fig. 3a–c); however, at temperatures close to the
solidus, the lower pressure limit of garnet stability increases to 1.2 GPa
for DAT and 1.4 GPa for EAT and MAB. At similar P–T conditions, the
weight proportions of garnet predicted for DAT are approximately 5 wt.%
higher than those of EAT and 15–30 wt.% higher than those of MAB.
Plagioclase is stable up to 1.9 GPa for EAT and 1.8 GPa for DAT, and this
maximum pressure corresponds to 850 �C–900 �C (Fig. 3d and e). With
decreasing or increasing temperature from this point, the upper pressure
limit of plagioclase stability decreases to ~1.0 GPa at the lowest. The
model for DAT predicts greater proportions of plagioclase than those of
EAT, particularly at lower pressures, where the DAT composition may
have up to 10 wt.% more plagioclase than the EAT composition. For
MAB, the maximum pressure of the plagioclase stability field is 1.2 GPa at
temperatures above 950 �C and decreases to 0.5 GPa at the solidus at 750
�C (Fig. 3f). The amount of plagioclase predicted for MAB is typically
10–15 wt.% less than that of DAT at similar P–T conditions. The low
pressure limit of the rutile stability field is at 0.9 GPa for DAT and 1.0 GPa
for EAT from approximately 900 �C to 1050 �C, and at lower tempera-
tures the field becomes restricted to pressures above 1.5 GPa–1.6 GPa
(Fig. 3g and h). The model for MAB predicts the presence of rutile above
1.6 GPa to almost 1.8 GPa below 900 �C (Fig. 3i), and differs significantly
from DAT and EAT above 900 �C, where rutile is expected to be stable to
�0.4 GPa. At high P–T, the model predicts that EAT will have approxi-
mately 1.5 times more rutile than DAT and 3 times more than MAB.

3.2. P–T gradients

Assemblages and weight fractions of each phase were calculated
along three P–T gradients for each bulk composition and for each of the
three modelled scenarios: closed system, melt loss, and garnet fraction-
ation. Again, these gradients are intended to show simplified P–T paths



Fig. 2. P–T pseudosections for each of the modelled basalt compositions, the diagram for EAT has been modified from Palin et al. (2016b). The concentration of H2O
in each composition was selected to stabilize a minimal amount of free H2O at the solidus at 1.2 GPa (Table 2). Phase abbreviations after Holland and Powell (2011).
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up to peak metamorphic conditions recorded by Archean rocks (e.g.
Brown and Johnson, 2018). The results from DAT are shown as an
example (Fig. 4), as the same general trends are present for EAT andMAB
(Supplementary Fig. 1). For comparison, see also Palin et al. (2016b),
where phase proportions for EAT and DAT were previously calculated for
isobaric heating paths.

Along the 500 �C/GPa gradient in the closed system scenario, the
stable assemblage at the solidus is dominated by hornblende and quartz,
with small amounts of clinopyroxene, garnet, and other minerals that are
bulk composition-dependent (epidote, titanite, or muscovite). With
increasing P and T, hornblende and quartz proportions decrease as
garnet, clinopyroxene, and melt increase, and for DAT and EAT, plagio-
clase joins the modelled assemblage at ~800 �C. Rutile also becomes
stable at this stage, at P–T conditions that vary with bulk composition.
Near 900 �C and 1.8 GPa (925 �C and 1.85 GPa for MAB), hornblende is
expected to be exhausted. At P–T conditions above hornblende out,
changes in mineral proportions are relatively gradual, with quartz and
plagioclase decreasing until plagioclase is exhausted, and garnet and
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clinopyroxene show little to no change in their modal proportions. Be-
tween 1000 �C and 1050 �C and 2.0 GPa and 2.1 GPa, quartz proportions
reach zero, leaving an assemblage of garnet, clinopyroxene, rutile, and
melt (and orthopyroxene for MAB). Proportions of melt continue to in-
crease with clinopyroxene or garnet either increasing or decreasing
slightly, depending on bulk composition; rutile proportions increase
gradually for all compositions.

The mineral assemblages and trends in mineral proportions predicted
along the 750 �C/GPa gradient in the closed system scenario are broadly
similar to those of the 500 �C/GPa gradient. The major differences, for all
bulk compositions, is garnet and rutile production at relatively higher
P–T, the exhaustion of quartz before hornblende, and the presence of
biotite up to ~800 �C in EAT (Supplementary Fig. 1). Quartz persists until
approximately 900 �C and 1.2 GPa for EAT and DAT and approximately
975 �C and 1.3 GPa for MAB, after which hornblende is exhausted around
975 �C and 1.3 GPa for EAT and DAT and 1050 �C and 1.4 GPa for MAB.
For DAT and EAT, plagioclase is predicted to be present along most of the
750 �C/GPa gradient, and its proportions decrease steadily at high P–T



Fig. 3. P–T diagrams with contours of weight fractions of garnet, plagioclase, and rutile for the three compositions in Fig. 2. Note that some contours of rutile
proportions appear slightly below the rutile-in boundary (g and h); this is an artifact of the lower resolution of the data used for contouring (increments of 25 �C and
0.1 GPa) compared with the higher resolution phase boundaries calculated using Thermocalc (increments of 1–5 �C and 0.01–0.05 GPa). DAT ¼ depleted Archean
tholeiite, EAT ¼ enriched Archean tholeiite, MAB ¼ MgO-rich Archean basalt.
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where quartz is absent. Beyond hornblende exhaustion, plagioclase
continues to be depleted as garnet, clinopyroxene, rutile, and melt pro-
portions increase. The same general trends are predicted for the 1000 �C/
GPa gradient in the closed system scenario. Relative to the 750 �C/GPa
gradient, quartz is exhausted at slightly lower P–T and hornblende per-
sists to higher P–T, at least 1000 �C (at 1.0 GPa) for all bulk compositions.
Garnet and rutile are stable at relatively higher P–T along this gradient,
with no garnet predicted for MAB at P–T lower than 1050 �C and 1.05
GPa. For all bulk compositions, the 1000 �C/GPa gradient is predicted to
produce the highest proportions of plagioclase and melt and the lowest
proportions of garnet.

Mineral assemblages and proportions predicted for the open system
scenario with melt loss show minor differences relative to the closed
system. Residue assemblages (i.e. without melt) for these two scenarios
are shown and compared for all P–T gradients for DAT as an example
(Fig. 4; see also Palin et al., 2016b). Compared to the closed system
model for the 500 �C/GPa gradient, the melt loss scenario generally
predicts less garnet, clinopyroxene, and rutile, and more plagioclase,
hornblende, and quartz. Instead of being exhausted at high temperatures,
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quartz and plagioclase (not stable for MAB) persist up to at least 1050 �C
and 2.1 GPa with relatively minor proportions. Hornblende stability is
extended by only 1–2 �C for DAT and EAT, and by 11 �C for MAB. Garnet,
clinopyroxene, and rutile decrease to 80–90 wt.% of their closed system
weight proportions for DAT and EAT; changes in these minerals are much
smaller for MAB. The 750 �C/GPa gradient shows similar changes rela-
tive to the closed system scenario, with the major difference for all bulk
compositions being the exhaustion of quartz at P–T conditions similar to
the closed system models and the extension of hornblende stability to at
least 1050 �C and 1.4 GPa. Following this trend, greater proportions of
hornblende are predicted to remain stable for the 1000 �C/GPa gradient
for all bulk compositions. DAT and MAB are predicted to have a similar
amount of plagioclase when compared to the closed system scenario,
whereas plagioclase proportions are increased for EAT. Unlike the closed
system models, no rutile is predicted to be stable along the 1000 �C/GPa
gradient for all bulk compositions.

In general, relative to the closed system scenario, the garnet frac-
tionation model predicts that the proportions of all other minerals in the
residue increase (as a consequence of renormalizing the proportions of



Fig. 4. Temperature–proportion diagrams illustrating the changes in phase weight proportions along the 500 �C/GPa, 750 �C/GPa, and 1000 �C/GPa thermal gra-
dients in the closed system, melt loss, and garnet fractionation scenarios for the DAT (depleted Archean tholeiite) source composition (results for the other source
compositions are provided in Supplementary Fig. 1). Additional diagrams are shown excluding melt for the closed system and melt loss scenarios (lower half of figure)
along with the relative changes in mineral proportions between the two scenarios (with melt excluded). Phase abbreviations after Holland and Powell (2011).
Numbered labels on the melt loss and garnet fractionation diagrams (M1, M2, M3, 1, 2, 3, etc.) designate individual increments of melt or garnet extraction; the
vertical dashed lines separate panels of different bulk composition resulting from each extraction.
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the phases to a total of 100 wt.%without garnet, as in Fig. 4). Overall, the
residue assemblage (minus garnet) shows only minor differences from
the closed system scenario, such as the stability of hornblende and quartz
extending to higher P–T. However, the exception to this is plagioclase,
which is not stable along the 500 �C/GPa gradient for all bulk compo-
sitions, in contrast to its presence in closed system models for DAT and
EAT. With the removal of garnet, the residuum is predicted to be domi-
nated by hornblende until 940–960 �C and 1.88–1.92 GPa, where cli-
nopyroxene becomes most abundant. Along the 750 �C/GPa gradient,
plagioclase is stable for DAT and EAT, and it reaches higher proportions
in the residue than in the closed system scenario; however, the melt loss
model generally predicts the greatest proportions of plagioclase. Conse-
quently, hornblende and clinopyroxene proportions are lower, though
they remain the dominant minerals in the residue. Finally, the plagio-
clase content of the residue is predicted to be highest along the 1000 �C/
GPa gradient compared to all other scenarios for DAT and EAT, reaching
proportions similar to those of hornblende and clinopyroxene at
approximately 900 �C and 0.9 GPa. Given that the 1000 �C/GPa gradient
for MAB does not intersect the garnet stability field, the garnet frac-
tionation scenario was not computed.
3.3. Major element compositions of modelled melts

The major element compositions of the modelled melts were evalu-
ated using their CIPW normative ratios of anorthite, albite, and ortho-
clase (Figs. 5 and 6) to classify them as tonalite, granodiorite,
trondhjemite, or granite (O’Connor, 1965; Barker, 1979) and compare
them to natural TTG compositions (from Moyen, 2011; the filtered and
updated version of this database from Johnson et al., 2019, is used here).
For comparison, see also Palin et al. (2016b), where melts from the EAT
and DAT compositions were previously classified using this approach.
Here, we produced these diagrams to compare melt compositions from
the three bulk compositions in the closed system scenario (Fig. 5) and to
illustrate the general effects of melt loss and garnet fractionation on melt
composition (Fig. 6; shown for DAT only, results from EAT and MAB are
available in Supplementary Fig. 2).

Each bulk composition is predicted to produce different melt com-
positions that are also controlled by the P–T gradients, or effectively the
pressure, at which the source melted (Fig. 5). In general, for all bulk
compositions, melt compositions tend to plot closer to or further within
the trondhjemite field with increasing pressure; melts produced along the
500 �C/GPa gradient generally have the highest normative albite con-
tent. The 1000 �C/GPa melts plot closest to the anorthite apex and are
Fig. 5. Granitoid classification diagrams based on normative feldspar content after Ba
source composition. Range of natural TTG compositions (after Johnson et al., 2019)
tholeiite, MAB ¼ MgO-rich Archean basalt, An ¼ anorthite, Ab ¼ albite, Or ¼ ortho
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mainly classified as tonalite or granodiorite. Nevertheless, melts from all
gradients trend toward higher normative anorthite proportions with
increasing temperature, particularly between 950 �C and 1050 �C.

Of the three source compositions, melts modelled for DAT plot closest
to the normative albite apex, with normative orthoclase content
decreasing with increasing temperature for all P–T gradients. For DAT,
the 500 �C/GPa gradient is predicted to produce mainly trondhjemitic
melts, whereas melts from the 750 �C/GPa and 1000 �C/GPa gradients
mostly plot as granodiorite and tonalite. EAT is predicted to produce
different trends, with melts from all gradients showing increasing
normative orthoclase proportions with increasing temperature, until an
inflection between 750 �C and 850 �C coinciding with the exhaustion of
muscovite or biotite, beyond which orthoclase decreases (see also Palin
et al., 2016b; White et al., 2017). Thus, melts produced by EAT at tem-
peratures lower than 850 �C for all P–T gradients are classified as
granitic. Higher temperature melts from the 500 �C/GPa and 750 �C/GPa
gradients are trondhjemitic, and those of the 1000 �C/GPa gradient are
classified as granodiorite and tonalite. Relative to DAT and EAT, melts
predicted to be produced by MAB generally plot closest to the anorthite
apex. Melts generated between 750 �C and 850 �C plot in the
high-anorthite portion of the granite field and orthoclase content is
predicted to decrease with increasing temperature. From 850 �C to 950
�C, the melts are generally granodioritic, with the 500 �C/GPa melts
showing the lowest normative anorthite content and plotting closest to
the trondhjemite field. Between 950 �C and 1050 �C, melts produced
along the 500 �C/GPa and 1000 �C/GPa gradients trend toward higher
normative anorthite proportions; however, the 750 �C/GPa melts show
increasing normative albite.

Open system behaviour has a minor effect on melt major element
composition compared to differences in source bulk composition (Fig. 6).
Relative to the closed system scenario, the melt loss scenario is predicted
to produce melts above 850 �C that have a higher normative albite
content and lower normative orthoclase content, regardless of P–T
gradient. For DAT and EAT, this effect is greatest for the 1000 �C/GPa
gradient, whereas the 500 �C/GPa and 750 �C/GPa gradients are most
affected for MAB. Garnet fractionation has an even smaller effect on the
major element composition of the melt. Melts produced in this scenario
show lower normative anorthite content and this is most apparent at
higher temperatures (>850 �C), particularly for the 500 �C/GPa gradient.
The melts generated by DAT are most affected, as EAT and MAB melt
compositions show little to no change with garnet fractionation.

Of all modelled bulk compositions, the melts produced by DAT show
the best agreement with the range of compositions of natural TTGs. For
rker (1979). Modelled melts from the closed system scenario are plotted for each
is shown in yellow. DAT ¼ depleted Archean tholeiite, EAT ¼ enriched Archean
clase.



Fig. 6. Granitoid classification diagrams based on normative feldspar content after Barker (1979). Modelled melt compositions are plotted from the closed system,
melt loss, and garnet fractionation scenarios for the DAT (depleted Archean tholeiite) bulk composition only. Range of natural TTG compositions (after Johnson et al.,
2019) is shown in yellow. An ¼ anorthite, Ab ¼ albite, Or ¼ orthoclase.
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EAT and MAB, melts generated at temperatures lower than 850 �C are
generally predicted to have more normative orthoclase than the average
TTG, and at higher temperatures along the 750 �C/GPa and 1000 �C/GPa
gradients, MAB produces melts with higher normative anorthite contents
than typical TTGs.
3.4. Trace element compositions of modelled melts

Modelled trends of melt trace elements show some differences among
the three bulk compositions (Fig. 7) and can be linked to the modelled
behaviour of garnet, plagioclase, and rutile, as discussed above. For the
closed system scenario, melt Sr/Y ratios are predicted to reach up to 200
for DAT, 300 for EAT, and 200 for MAB (Fig. 7a–c); the values increase
with pressure. Maximum values are near the solidus at ~750 �C for EAT,
around 850 �C for DAT, and near 900 �C for MAB. The Sr/Y contours in
P–T space are curved and mostly concave-up, broadly reflecting the
shape of the contours of garnet modal proportions (Fig. 3); however, the
curvature is inverted within the plagioclase stability field for DAT and
EAT. Within the garnet stability field, MAB Sr/Y contours are predicted
to closely match garnet contours, and in the plagioclase-present and
garnet-free portion of the diagram, Sr/Y mirrors plagioclase contours.
Modelled melt ratios of chondrite-normalized La/Yb have a range up to
320 for EAT, 70 for DAT, and 80 for MAB (Fig. 7d–f), and these elevated
values are predicted at the same P–T conditions as Sr/Y maxima. The
shape of LaN/YbN contours is similar to that of garnet contours, and
unlike Sr/Y, does not show a change in curvature in the plagioclase
stability field. The highest modelled values of Nb in the melt for EAT and
DAT, at 44 ppm and 24 ppm respectively, are predicted between 650 �C
and 800 �C and 1.2 GPa and 1.5 GPa (Fig. 7g and h). The maximum Nb
concentration of 3.4 ppm for MAB is between 800 �C and 900 �C and 1.5
GPa and 1.8 GPa (Fig. 7i). Contours of the concentration of Nb in melt
closely follow and are tightly spaced around the rutile-in boundary at
lower temperatures (up to 850 �C for EAT and DAT and 950 �C for MAB)
and have a similar overall shape to rutile modal proportion contours. The
concentration of Nb is predicted to decrease with increasing temperature
and pressure, with contours more strongly controlled by temperature.

The effect of bulk composition, P–T gradient, and closed vs. open
system behaviour are shown for each of the modelled trace elements: Sr,
Y, La, Yb, Nb, and Ta (Figs. 8–10). The tabulated results are presented in
Supplementary Table 2. Sr/Y is plotted against Y and in general, Sr/Y
increases and Y decreases with increasing pressure, with the 500 �C/GPa
gradient melts showing the highest Sr/Y (Fig. 8). For DAT and EAT, the
melt loss scenario is predicted to produce melts with the lowest
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maximum Sr/Y (Fig. 8d and e); however, the differences between the
melt loss and closed system scenarios (Fig. 8a and b) are minor compared
to the garnet fractionation scenario, where maximum Sr/Y may be an
order of magnitude higher (Fig. 8g and h). For MAB, the closed system
scenario melts are predicted to have lower Sr/Y (Fig. 8c) compared to the
melt loss scenario (Fig. 8f) and Sr/Y is highest for the garnet fractionation
scenario (Fig. 8i), though the effect is not as extreme compared to the
other bulk compositions. In the closed and open system scenarios
(Fig. 8a–f), MAB produces the highest Sr/Y melts of all bulk composi-
tions, and the Sr/Y for DAT is slightly higher than EAT. Although melts
with the maximum values are predicted to be produced along the 500 �C/
GPa gradient, they do not correspond to the maximum pressure of 2.1
GPa explored in the model. In the closed system scenario, maximum Sr/Y
is predicted at 1.87 GPa at 936 �C for DAT, 1.93 GPa at 965 �C for EAT,
and 1.87 GPa at 934 �C for MAB (Fig. 8a–c; Supplementary Table 2). In
the melt loss scenario, the lower maximum Sr/Y for DAT and EAT is
produced at only 1.58 GPa at 789 �C and 1.48 GPa at 742 �C respectively
(Fig. 8d–f; Supplementary Table 2). In the garnet fractionation scenario,
maximum Sr/Y corresponds to melt produced at 1.98 GPa at 991 �C for
DAT, 1.95 GPa at 974 �C for EAT, and 1.92 GPa at 960 �C for MAB
(Fig. 8g–i; Supplementary Table 2). For all bulk compositions and almost
all scenarios, the melts from the 750 �C/GPa and 1000 �C/GPa gradients
with the highest Sr/Y are predicted to be produced at or near the peak
conditions of 1.4 GPa and 1050 �C and 1.05 GPa and 1050 �C respec-
tively. A notable exception is the 1000 �C/GPa gradient in the closed and
melt loss scenarios for MAB (Fig. 8c, f), which shows the opposite trend of
Sr/Y decreasing steadily with increasing P–T conditions (Supplementary
Table 2); the 1000 �C/GPa gradient for MAB also has no stable garnet.
Although Sr/Y mainly varies with pressure, some temperature depen-
dence is also evident from the results at 1.4 GPa from each of the 500 �C/
GPa and 750 �C/GPa gradients for DAT and EAT, which correspond to
700 �C and 1050 �C respectively. For the closed system and melt loss
scenarios, the value of Sr/Y at 1050 �C is predicted to be up to two times
greater than that at 700 �C; however, in the garnet fractionation scenario,
Sr/Y is one order of magnitude greater at 1050 �C. At ~1.4 GPa along the
500 �C/GPa and 750 �C/GPa gradients for MAB, Sr/Y at 1050 �C is less
than double the value at 700 �C for all modelled scenarios.

Chondrite normalized La/Yb vs. Yb of the modelled melts (Fig. 9)
follow trends similar to Sr/Y vs. Y, with maximum values predicted to
correspond to melts produced along the 500 �C/GPa gradient in all sce-
narios. The closed (Fig. 9a–c) and melt loss (Fig. 9d–f) scenarios yield
similar results for all bulk compositions, whereas garnet fractionation
(Fig. 9g–i) is predicted to produce LaN/YbN two to three orders of



Fig. 7. P–T diagrams with contours of Sr/Y, LaN/YbN, and concentration of Nb (ppm) in the melt. DAT ¼ depleted Archean tholeiite, EAT ¼ enriched Archean
tholeiite, MAB ¼ MgO-rich Archean basalt.
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magnitude greater in comparison. In contrast to Sr/Y, melts derived from
EAT have the highest LaN/YbN values in all scenarios (Fig. 9b, e, h);
however, like Sr/Y, maximum LaN/YbN does not correspond to peak P–T.
Melts produced by DAT and EAT along the 500 �C/GPa gradient reach
maximum LaN/YbN at approximately 1.75 GPa and 877 �C for both the
closed and open systems (Fig. 9a, b, d, e; Supplementary Table 2), which
makes LaN/YbN decoupled from Sr/Y. However, for this P–T gradient, Sr/
Y and LaN/YbN are coupled in the garnet fractionation scenario (Fig. 9g
and h). In general, the 750 �C/GPa and 1000 �C/GPa gradient melts for
DAT and EAT are predicted to reach maximum LaN/YbN at slightly lower
P–T than maximum Sr/Y, typically by � 0.1 GPa and �75 �C or 100 �C,
depending on the gradient. For all P–T gradients and modelled scenarios,
the LaN/YbN of melts produced by MAB are coupled to Sr/Y (Fig. 9c, f, i).
Comparing LaN/YbN predicted at different temperatures but similar
pressures from the 500 �C/GPa and 750 �C/GPa gradients yields similar
results to Sr/Y. For DAT and EAT, LaN/YbN at 1.4 GPa and 1050 �C is up
to three times greater than that at 1.4 GPa and 700 �C, and in the garnet
fractionation scenario, the difference becomes two orders of magnitude.
The temperature dependence is not as great for MAB, with LaN/YbN up to
four times greater at high temperature compared to low temperature.
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The Nb concentrations of the melts are plotted against Ta concen-
trations and, for each P–T gradient, the lowest Nb and Ta correspond to
maximum P–T in all cases (Fig. 10). Differences between the closed
system, melt loss, and garnet fractionation scenarios are minor for all
bulk compositions, and melts produced by EAT are predicted to have the
highest and largest range of Nb and Ta concentrations (Fig. 10b, e, h);
melts produced from MAB have the lowest and smallest range of con-
centrations (Fig. 10c, f, i). For DAT and EAT, Ta concentrations are
overall higher with increasing thermal gradient and the opposite is pre-
dicted for MAB. The range of concentrations of Nb in the melt is similar
for each gradient; however, in the melt loss scenario for all bulk com-
positions (Fig. 10d–f) and the garnet fractionation scenario for EAT
(Figs. 10h), 1000 �C/GPa gradient melts are restricted to higher Nb.
Almost all P–T gradients for each of the bulk compositions show an initial
increase in Nb and Ta with increasing P–T, with maximum Nb typically
produced at lower P–T than maximum Ta. With further P–T increase,
both Nb and Ta decrease, and the concentrations predicted for different
P–T gradients, particularly 500 �C/GPa and 750 �C/GPa, converge to-
ward similar values.



Fig. 8. Plots of Sr/Y vs. Y of modelled melts from each of the three compositions for each of the three scenarios. The garnet fractionation scenario was not modelled
for the 1000 �C/GPa gradient for MAB due to lack of garnet. DAT ¼ depleted Archean tholeiite, EAT ¼ enriched Archean tholeiite, MAB ¼ MgO-rich Archean basalt.
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4. Discussion

4.1. Limitations of the models

The modelled melt compositions presented here are subject to the
limitations inherent to phase equilibrium modelling (e.g. Powell and
Holland, 2008; Palin et al., 2016b; Forshaw et al., 2019; Lanari and
Duesterhoeft, 2019), including the assumption of equilibrium (major and
trace components) among all phases during melting. Although the cli-
nopyroxene model we use is considered appropriate across most of the
investigated P–T conditions, it generally underestimates Na substitution
at high pressure–low temperature conditions, which causes a shift in
topology in this region of the phase diagram (Green et al., 2016). In
addition, the a–x models used in our models do not consider Ti substi-
tution in clinopyroxene or Ti incorporation in the melt (e.g. Ryerson and
Watson, 1987; Forshaw et al., 2019). This results in an overestimation of
the proportion of rutile in our models relative to nature, which in turn
would cause concentrations of Nb and Ta in the melt to be lower in the
models. For example, rutile is predicted to be stable to 0.4 GPa at high
temperatures in the model for MAB (Fig. 3i), which may not be realistic.
Given that the Fe2þ/Fe3þ ratio of MAB is unknown, this introduces
further uncertainty to the P–T extent of the rutile stability field andmodal
proportions of rutile, which in turn adds uncertainty to the modelled
concentrations of Nb and Ta in the melt. The Fe2þ/Fe3þ ratio may also
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have minor effects on the stability fields of the other minerals included in
the modelling, as has been demonstrated for pelitic bulk compositions
(Boger et al., 2012).

The partition coefficients used in the models (from B�edard, 2006) to
calculate the concentrations of trace elements in the modelled melts are
subject to uncertainty and are not constant values in nature. Although the
values used are considered to be suitable for partial melting of meta-
basites (B�edard, 2006), partition coefficients generally vary with changes
in temperature, pressure, melt composition, and mineral composition
(Blundy and Wood, 2003). Nevertheless, we expect that the modelled
trends in the trace element compositions of the melts are robust, as they
are driven by strongly compatible behaviour between certain elements
and minerals, and this behaviour should not change significantly with
varying partition coefficients. For instance, an experimental study
(Nicholls and Harris, 1980) of REE partitioning between andesitic melts
and garnet at different temperatures reported a range in partition co-
efficients from ~10 to ~45 for Yb, which encompasses the value of 23.2
used in our models. Despite this range, all values are an order of
magnitude greater than 1, indicating that Yb would be readily incorpo-
rated into garnet regardless of temperature. Consequently, uncertainty
and variability in partition coefficients would affect the calculated con-
centrations of trace elements in the modelled melts, but the overall effect
of melting in the garnet, plagioclase, or rutile stability field and the
trends in the trace element concentrations in melt would be the same.



Fig. 9. Plots of LaN/YbN vs. YbN of modelled melts from each of the three compositions for each of the three scenarios. The garnet fractionation scenario was not
modelled for the 1000 �C/GPa gradient for MAB due to lack of garnet. DAT ¼ depleted Archean tholeiite, EAT ¼ enriched Archean tholeiite, MAB ¼ MgO-rich
Archean basalt.
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Finally, measured concentrations of the HREE in hornblende in inter-
mediate to metabasic migmatites are quite high relative to values pre-
dicted using existing partition coefficients (e.g. Reichardt and Weinberg,
2012; Yakymchuk et al., 2019), which suggests that hornblende may be a
more important sink for the HREE in the residue in nature relative to the
models.

Further limitations arise from assumptions made to simplify the
natural process of partial melting of metamorphic rocks. In our models,
we do not consider the effect of accessory minerals, which are commonly
apatite and zircon in metabasites, on melt trace element compositions.
Zircon is unlikely to have a significant effect because the concentration of
Zr in Archean basalts is commonly relatively low (�100 ppm; Condie,
1985) resulting in little to no zircon in the source of TTGs. Relatively
higher concentrations of P in Archean basalts (Condie, 1985) may sta-
bilize apatite, which may be a significant reservoir for Y and REEs due to
the high partition coefficients for these elements between apatite and
melt (B�edard, 2006). However, apatite solubility is expected to be small
for metaluminous melt compositions (e.g. Watson and Capobianco, 1981;
Pichavant et al., 1992). Therefore, residual apatite is expected to slightly
increase the Sr/Y composition of the melt relative to the scenarios
modelled here, but it is not expected to significantly affect the La/Yb
ratio considering the similar partition coefficients for the REE between
melt and apatite (B�edard, 2006). In addition, some proportion of apatite
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and zircon may be trapped within peritectic phases such as garnet and
not accessible to the melt (Watson et al., 1989; Sawyer, 1999), making
the role of accessory minerals as trace element reservoirs difficult to
model for a general scenario. Sequestration of rutile in unreactive or
growing minerals could cause sequestration of Nb and Ta and conse-
quently lower concentrations of these elements in the melt. Given that
rutile preferentially incorporates Ta over Nb, this would cause the bulk
and melt Nb/Ta to shift toward higher values.

In the garnet fractionationmodels, we assume complete sequestration
of garnet cores, although realistically, limited thermally-activated diffu-
sive exchange between garnet and other phases would be possible. Major
elements such as Fe, Mg, and to a lesser extent, Ca, would be expected to
diffuse readily, given their mobility in garnet at high temperatures
(Carlson, 2006). In the models, the bulk compositions typically become
progressively depleted in these elements as garnet is removed from the
effective bulk composition (Lanari and Engi, 2017) with increasing
temperature, particularly along the 500 �C/GPa gradient, which is pre-
dicted to produce the most garnet. This affects the P–T stability fields of
other minerals that require these elements. For example, the 500 �C/GPa
gradient for DAT and EAT intersects the plagioclase stability field in the
closed and melt loss scenarios, but not in the garnet fractionation model.
Therefore, in the garnet fractionation scenario, the plagioclase content of
the residue may be underestimated and the Sr concentration of the melt



Fig. 10. Plots of Nb vs. Ta of modelled melts from each of the three compositions for each of the three scenarios. The garnet fractionation scenario was not modelled
for the 1000 �C/GPa gradient for MAB due to lack of garnet. DAT ¼ depleted Archean tholeiite, EAT ¼ enriched Archean tholeiite, MAB ¼ MgO-rich Archean basalt.
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may be overestimated. In addition, although trivalent cations (Y, HREE)
in garnet diffuse about an order of magnitude slower than divalent cat-
ions (Carlson, 2012), these elements may not remain completely
sequestered in the cores depending on the temperature, duration of
heating, and size of the garnet. This would cause melt concentrations of
the trace elements enriched in garnet, Y and Yb, to be higher and Sr/Y
and LaN/YbN ratios of melt to be lower. This may be particularly
important in Archean cratons that remained at high temperatures for
long durations (e.g. Kelly and Harley, 2005; Moser et al., 2008; Gardiner
et al., 2019). Thus, our garnet fractionation model is likely an end-
member representation of the natural process.

An important difference between the modelled melts and natural
TTGs is that the models produce melt compositions in equilibrium with
the residue in the source metamorphic rock, with no consideration of the
processes that would modify the composition of the melt during extrac-
tion from the source, magma ascent, and emplacement. One potentially
important process is the entrainment and subsequent dissolution of
peritectic minerals in the melt during ascent. Evidence for peritectic
garnet entrainment has been identified in natural felsic igneous rocks
(Stevens et al., 2007; Taylor and Stevens, 2010), and the result of this
would be a new melt composition that falls on a mixing line between the
garnet and initial melt compositions (Moyen et al., 2009). This process
could have a significant effect on the concentrations of trace elements in
the melt, as dissolution of garnet would add Y and Yb, thereby lowering
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the Sr/Y and LaN/YbN ratios. Furthermore, any rutile inclusions within
the entrained garnet could also break down, contributing Nb and Ta to
the melt. Another potentially important process is mixing of the melts
with other contemporaneous melts from different sources, such as the
mantle or possibly heterogenous lower crust. The effect of magmamixing
on trace element concentrations would vary depending on the source and
degree of fractionation of the contaminating magma. Fractional crystal-
lisation of minerals out of migrating melt that feeds TTG plutons has the
potential to affect trace element content; however, the effect may be
small. The relative timing of crystal fractionation of different minerals is
crucial, and investigations of tonalite melting by thermodynamic
modelling (Holland et al., 2018) and experiments (Stern et al., 1975;
Schmidt and Thompson, 1996) have shown that plagioclase, hornblende,
and possibly clinopyroxene are likely to be the most significant early (T
> 900 �C) fractionating phases at pressures below 1.0 GPa. At higher
pressures, melting experiments (Schmidt and Thompson, 1996) show
that epidote and garnet may become more important, with garnet stable
at a minimum pressure of approximately 1.4 GPa. Fractionation of
plagioclase would cause a depletion of Sr, fractionation of epidote would
remove Sr, Y and REEs (preferentially LREEs), and fractionation of garnet
would reduce the concentrations of Y and HREE in the melt. However,
fractionation modelling of tonalitic melts (Moyen et al., 2009) has indi-
cated that changes to Sr and Y due to hornblende, epidote, and garnet
fractionation would be minor, as the relatively low concentrations of FeO
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and MgO in the melt would inhibit significant production of these min-
erals. Furthermore, geochemical trends in suites of granitoid rocks
commonly cannot be attributed to fractionation alone (Clemens et al.,
2009), and separation of relatively low-density silicate minerals from
high-viscosity, silica-rich melts may be difficult (Glazner, 2014; Clemens,
2015).

4.2. Comparison of modelled melts to natural TTGs

In some scenarios modelled here, the trace element compositions of
the melts match the range of the compositional groups of natural TTGs as
defined by Moyen (2011) and the compilation of TTG geochemical data
of Johnson et al. (2019), although there are some inconsistencies
(Fig. 11). The Sr/Y and LaN/YbN ratios of melts from the closed-system
models are shown in comparison to the high pressure, medium pres-
sure, and low pressure TTG groups as defined by Moyen (2011) (Fig. 11).
The compositional differences that define the groups are considered to
signify the different depths, or pressures, of melting, with low pressure
representing 1.0–1.2 GPa, medium pressure representing approximately
1.5 GPa, and high pressure representing �2.0 GPa (Moyen, 2011).
Notably, the pressures that Moyen (2011) assigned to these groups are
based on the stabilities of plagioclase, garnet, and rutile observed during
melting experiments of basalts (Moyen and Stevens, 2006); calculating
the stability fields of these minerals by phase equilibrium modelling has
produced different results (e.g. Palin et al., 2016a,b; Johnson et al.,
Fig. 11. Trace element compositions of modelled melts compared to (a and b) the
(Moyen, 2011) and (b–d) natural TTG data (grey symbols, after Johnson et al., 2019)
¼ depleted Archean tholeiite, EAT ¼ enriched Archean tholeiite, MAB ¼ MgO-rich
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2017). The groups are generally distinguished by Sr/Y and LaN/YbN,
which are inferred to be higher for TTGs generated at higher pressures
(Moyen, 2011). Overall, this trend is replicated in the models (Figs. 8 and
9), with Sr/Y and LaN/YbN of the melts increasing with increasing P–T
and reaching the highest values along the 500 �C/GPa gradient, which
corresponds to the highest pressures. Most of the results from the 1000
�C/GPa gradient have lower Sr/Y and LaN/YbN than the low pressure
TTG group, with a few exceptions from EAT and MAB. Melts modelled
along the 750 �C/GPa gradient plot within both the low pressure and
medium pressure composition ranges, with those within the latter group
generally corresponding to higher pressures. Finally, the 500 �C/GPa
modelled melt compositions are most consistent with the medium pres-
sure group, with the highest Sr/Y and LaN/YbN melts for all bulk com-
positions reaching values in the overlap between medium pressure and
high pressure TTGs. Notably, melts with the maximum Sr/Y and LaN/YbN
are not produced at the maximum pressure considered in the model,
which reflects the influence of temperature on garnet and plagioclase
modal proportions (Figs. 3 and 7). The compositions of melts produced in
the melt loss model are similar to the compositions measured of the
different TTG groups, though with slightly lower Sr/Y and slightly higher
LaN/YbN (Fig. 8d–f and 9d–f). However, in the garnet fractionation
model, some melts produced at elevated P–T conditions have Sr/Y and
LaN/YbN higher than all natural TTGs. The TTG groups of Moyen (2011)
were not designed to encompass the compositions of all natural TTGs,
and therefore the maximum Sr/Y of approximately 300 and LaN/YbN of
high pressure (HP), medium pressure (MP), and low pressure (LP) TTG groups
. Diagrams in (a) and (b) include data from the closed system scenario only. DAT
Archean basalt.
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approximately 200 for the high pressure group are exceeded by a small
percentage of the TTGs in the Johnson et al. (2019) compilation.
Although the maximum modelled Sr/Y of melts from DAT and EAT of
~2200 and ~1500 respectively, produced along the 500 �C/GPa
gradient, are higher than the highest Sr/Y of the natural samples at 1166,
the order of magnitude is consistent (Fig. 8g and h). However, the
maximum LaN/YbN of the modelled melt is one (MAB) to two (DAT and
EAT) orders of magnitude greater (Fig. 9g–i) than the highest LaN/YbN in
the compilation of Johnson et al. (2019) of 527. Similarly, modelled
melts from DAT and EAT in the garnet fractionation scenario along the
high P–T portion of the 750 �C/GPa gradient have maximum Sr/Y
consistent with the high pressure group of TTGs (Fig. 8g and h), and
maximum LaN/YbN an order of magnitude greater than natural TTGs
(Fig. 9g and h). Thus, our garnet fractionation model may somewhat
overestimate Sr/Y and greatly overestimate LaN/YbN relative to nature.
The reason is apparent in the concentrations of these elements in
modelled melts from the 500 �C/GPa gradient, which are generally in
agreement with data from TTGs, except for the very low Y and Yb pre-
dicted in the garnet fractionation scenario (Fig. 11c and d). This suggests
that diffusion of these elements out of the garnet cores and entrainment
of peritectic garnet within natural melts may be common processes,
resulting in increased concentrations of Y and Yb in natural melts relative
to our models.

The Nb and Ta systematics of the modelled melts from the closed
system scenario are shown in comparison to the TTG groups and natural
data (Fig. 11b). The groups are relatively well-defined by their Nb and Ta
concentrations, which decrease with increasing pressure (Moyen, 2011).
Although the Nb/Ta ratio of the modelled melts is consistent with ob-
servations from TTGs, their Nb and Ta concentrations do not show the
same trend with increasing pressure as the TTG groups. All modelled
melts from the three P–T gradients for MAB plot within the high pressure
group, despite being produced at a range of pressures from 0.75 GPa to
2.1 GPa. In contrast, all of the concentrations of Nb and Ta in modelled
melts from EAT are higher than any of the TTG groups, whereas melts
from DAT overlap with the medium and low pressure groups. For each
bulk composition, the different P–T gradients do not produce signifi-
cantly different results. Given that each gradient corresponds to a
different range of pressures, this indicates that pressure is not the main
control on concentrations of Nb and Ta in the modelled melts. This is
consistent with the stability of rutile in the models: although rutile be-
comes stable at high pressures, its modal proportions (Fig. 3) are
controlled by the temperature-dependent breakdown of hornblende, the
only other stable Ti-bearing phase in the rutile stability field. Therefore,
changes in source bulk composition contribute to the greatest variety in
Nb and Ta in the models. However, when compared to the natural TTG
data, most modelled melts from EAT and some from DAT have Nb and Ta
concentrations that exceed the observed range. Given that rutile pro-
portions are likely overestimated in the models (see section 4.1), which
should result in an underestimation of Nb and Ta in the melt, this result
may be indicative of the importance of rutile sequestration in natural
systems. However, a more likely explanation is that the Nb and Ta con-
centrations assigned to EAT and DAT due to unavailable data (see section
2.1) are not representative of the average depleted or enriched Archean
tholeiite; high-Nb basalts (such as the Coucal basalts, considered here to
be analogous to EAT) may have been scarce. Although the concentrations
of Nb and Ta in the modelled melts may not be realistic, the trends
outlined above are independent of this and are therefore more
meaningful.

4.3. Implications for interpreting TTG trace element systematics

4.3.1. The role of bulk composition
The mafic bulk compositions modelled here as TTG sources yield

melts of different major and trace element compositions. In terms of
major elements (Fig. 5), DAT produces melts with normative feldspar
compositions most comparable with natural TTGs, whereas the modelled
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melts of EAT are comparable only at high temperatures. Melts produced
by MAB have the poorest match with natural TTGs. The EAT and MAB
compositions produce some melts with higher normative orthoclase
content than typical TTGs, which may result from the higher K2O/N2O of
these sources compared to DAT (Table 1). However, these melts are
generally produced by a low degree of partial melting at low tempera-
ture. At proportions less than 7 mol% in a static system (Rosenberg and
Handy, 2005), and potentially lower in a system undergoing
syn-anatectic deformation (Brown, 2013), melt may not form a con-
nected network along grain boundaries to allow extraction from the
source. For each of the thermal gradients, 500 �C/GPa, 750 �C/GPa, and
1000 �C/GPa, melt reaches 7 mol% at ~750 �C, ~820 �C, and ~830 �C
for EAT and ~880 �C, ~900 �C, and ~880 �C for MAB. Therefore, some
of the melts with high normative orthoclase would not be expected to be
preserved in the geological record. Most of the melts produced by MAB at
high temperatures along the 750 �C/GPa and 1000 �C/GPa gradients
have a higher normative anorthite content than natural TTGs. Given that
MAB has a similar wt.% CaO to DAT and EAT (Fig. 1), these melt com-
positions may reflect the relatively low Na2O concentration of MAB
(Table 1). Overall, the different mafic source compositions produce a
range of melt compositions in terms of normative albite, anorthite, and
orthoclase (Fig. 5), which may be controlled by the K2O and Na2O con-
centrations of the sources.

The trace element compositions of the melts are predicted by the
models to be affected both by differences in the concentration of trace
elements in the source and the residue mineral assemblage. The high
concentration of La in EAT allows the melts to reach higher LaN/YbN and
higher concentrations of La in melt than the other bulk compositions
(Fig. 11d), suggesting that a LREE-enriched source is likely necessary to
produce the most LREE-enriched natural TTGs (cf. Moyen and Martin,
2012); the same may also be true for Sr and Y (Fig. 11c). However,
despite their relative depletion in La, Yb, Sr, and Y, DAT and MAB
generate melts with concentrations of these elements comparable to
TTGs (Fig. 11c and d). The Nb and Ta systematics of modelled melts are
strongly controlled by the concentrations of Nb and Ta in the source,
though this effect may be exaggerated by the large range of source Nb
and Ta selected for this study. The reduced garnet stability field in the
MAB composition relative to DAT and EAT in the P–T range of interest
has a significant effect on Sr/Y and LaN/YbN of the melt in the garnet
fractionation scenario. The maximum Sr/Y and LaN/YbN of melts pro-
duced by MAB, which are associated with the 500 �C/GPa gradient, are
an order of magnitude less than those of DAT and EAT. Additionally, with
garnet fractionation, melts produced along the 750 �C/GPa gradient by
DAT and EAT reach Sr/Y and LaN/YbN consistent with the high pressure
TTG group of Moyen (2011), whereas those of MAB remain relatively
low. Although these values are likely overestimated in our models, this
trend indicates that the effect of garnet fractionation is weaker for MAB
as a result of lower modal proportions of garnet.

4.3.2. The role of open system processes
Of the open system processes investigated here, melt loss and garnet

fractionation, garnet fractionation potentially has the most significant
consequences for the trace element composition of TTGs. The relatively
small decrease in Sr/Y for DAT and EAT in the melt loss scenario can be
attributed mainly to lower Sr concentrations due to the increased sta-
bility of plagioclase to higher P–T (Fig. 4). In contrast, the increased Sr/Y
for melts produced by MAB and LaN/YbN of the modelled melts for all
bulk compositions is the result of increased Sr and La melt concentrations
likely caused by the smaller proportions of melt present in the system.
The relatively minor effect of melt loss can be linked to the moderate
partition coefficients between the melt and residue (or bulk distribution
coefficient) for the elements of interest compared to the large partition
coefficients for Y and Yb for garnet. Removal of garnet from the model
has a greater potential to affect the bulk concentration of these trace
elements, particularly for P–T gradients predicted to have high modal
proportions of garnet. Although garnet fractionation, as modelled here, is
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an extreme scenario, the trends obtained for Sr/Y and LaN/YbN suggest
that a more subdued version of this process in nature may be important.

The closed system scenario fails to produce melts with Sr/Y consid-
ered to be characteristic of TTGs produced at 2.0 GPa or greater, despite
2.1 GPa being the maximum pressure investigated for the 500 �C/GPa
gradient. Furthermore, Sr/Y is predicted in the models to decrease after
reaching a peak value at approximately 1.9 GPa, which is linked to the
concave-up shape of garnet modal proportion contours in P–T space
(Fig. 3) — the elevated ratios observed in natural TTGs would not be
achieved by melting at higher pressures along this gradient. Therefore,
our results suggest that garnet fractionation in the source may be needed
to yield melts with Sr/Y ratios significantly greater than 200. In contrast,
the LaN/YbN ratios of modelled melts from the closed system scenario
cover the range of LaN/YbN represented by the three TTG groups of
Moyen (2011). Owing to their high La concentrations, melts produced by
EAT reproduce the high LaN/YbN expected of the medium and high
pressure groups, whereas those of DAT and MAB do not. However, with
garnet fractionation, it is conceivable that less LREE-enriched sources
such as DAT and MAB could generate melts with elevated LaN/YbN (i.e.
greater than 100). Another consequence of garnet fractionation is the
potential for more temperature-dependent variation of Sr/Y and LaN/YbN
ratios compared to the closed system and melt loss scenarios. Given the
moderate temperature dependence of garnet production predicted by the
models (Fig. 3), garnet growth and Y and Yb fractionation away from the
reactive bulk composition may occur by an isobaric temperature in-
crease. The effect of this was described above in the results of the 500
�C/GPa and 750 �C/GPa gradients for DAT and EAT: at the same pres-
sure, garnet fractionation caused Sr/Y and LaN/YbN to increase by one to
two orders of magnitude from low to high temperature. This allowed
Sr/Y and LaN/YbN at 1.4 GPa to exceed values expected for melts pro-
duced at � 2.0 GPa.

4.4. Implications for linking TTG trace elements to depth of melting

Three geodynamic models have been proposed to explain the gen-
eration of TTGs in the Archean, and each implies melting of metabasites
at different depths. The first scenario is reworking of thickened mafic
crust, similar to modern oceanic plateaux, through processes unrelated to
modern-style and horizontally-driven plate tectonics, which include
mantle overturn, mantle plumes, and delamination of residual lower
crust (B�edard, 2006, 2018; Johnson et al., 2014; Sizova et al., 2015). The
suggested thickness of Archean oceanic crust ranges from 25 km to 45 km
based on the estimated degree of melting of the relatively hot Archean
mantle (Herzberg et al., 2010; Herzberg and Rudnick, 2012), indicating a
maximum depth of TTG generation of 45 km in this model. A second
model invokes thickening of Archeanmafic crust, which may be achieved
in an arc environment (Nagel et al., 2012) or in a long-lived volcanic
system driven by a mantle plume (B�edard et al., 2013). Melting would
therefore be possible at depths greater than 45 km – up to 60 km has been
proposed (B�edard et al., 2013). The third scenario is melting of sub-
ducted mafic crust, a process that is inferred in modern subduction zones
from the presence of adakites, which have geochemical characteristics
indicative of melting of a garnet-bearing metabasite source (Drummond
et al., 1996). Adakites have been proposed to be modern analogues of
TTGs based on several geochemical similarities, leading to the interpre-
tation that TTGs were produced by melting of subducted slabs (Drum-
mond and Defant, 1990; Hastie et al., 2010). Given that mantle
temperatures are inferred to have been higher in the Archean relative to
modern Earth (Abbott et al., 1994; Herzberg et al., 2010), melting of
subducting slabs may have been more common in the Archean (Moyen
and Stevens, 2006). However, other workers oppose the slab melting
model for TTG formation (e.g., B�edard, 2006) based on a lack of
geochemical evidence for mantle interaction in many TTGs (Martin et al.,
2005) and the potential for dehydration of the subducting slab before
reaching solidus temperatures during hot subduction (Harry and Green,
1999). Our models cannot necessarily be used to test these hypotheses,
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given that we investigated only three Archean basalt compositions that
may not fully encompass the source compositions expected for these
different geodynamic environments. However, these scenarios are
differentiated by the depth of melting, and our results have important
implications for using particular geochemical characteristics of TTGs as
proxies for pressure at the source.

In general, our modelled melt compositions from the lowest pressure
gradient, 1000 �C/GPa, are consistent with geochemical signatures
attributed to low pressure melting. These melts are produced in the
models at pressures up to 1.0 GPa, which corresponds to a depth of ~34
km assuming overlying material is mafic with a density of 3000 kg/m3.
These melts are predicted to have low Sr/Y and LaN/YbN ratios in every
scenario, consistent with or lower than the low pressure group of TTGs of
Moyen (2011), even for bulk compositions with a small proportion of
stable garnet in this pressure range (DAT and EAT). Other basalt bulk
compositions not represented here may stabilize garnet at lower pres-
sures than our models; for instance, phase equilibrium modelling by
Johnson et al. (2017) of a MgO-poor composition predicts garnet-present
assemblages at pressures down to ~0.7 GPa, which is lower than the
compositions modelled here (0.8–1.1 GPa; Fig. 3). Therefore, a range of
Sr/Y and LaN/YbN ratios could be expected in melts produced along a
1000 �C/GPa thermal gradient, although modal proportions of garnet in
the source would likely be too low to impart a high pressure signature to
the melt.

The modelled melt compositions from the 500 �C/GPa and 750 �C/
GPa gradients suggest that distinguishing TTGs derived from melting at
medium or high pressure may not be straightforward. Although Sr/Y and
LaN/YbN generally increase with increasing pressure along these thermal
gradients, the influence of temperature on garnet modal proportions in
the residue also plays a role. Along the linear P–T gradients modelled
here, garnet modal proportions decrease with increasing P–T beyond
900 �C–950 �C (Fig. 3), suggesting that higher pressures of melting
cannot be always equated with higher proportions of garnet. Fraction-
ation of Y and Yb from the system by sequestration in garnet cores could
produce melt with Sr/Y and LaN/YbN consistent with the high pressure
group of Moyen (2011) at moderate pressures and high temperatures. For
instance, the modelled melts from DAT and EAT are predicted to have
Sr/Y > 300 at ~1.4 GPa at > 1000 �C, corresponding to a depth of ~47
km assuming a crustal density of 3000 kg/m3 (Fig. 8g and h; Supple-
mentary Table 2). By contrast, melts with Sr/Y > 300 are only possible
for MAB in the garnet fractionation scenario at 1.9 GPa and 950 �C, or 65
km depth (Fig. 8i). Notably, MAB also produces melts that are the least
consistent with natural TTGs in terms of normative feldspar composition,
suggesting that this bulk composition may not be representative of
typical TTG source rocks. Presumably, basalt compositions that may
stabilize greater proportions of garnet, such as that modelled by Johnson
et al. (2017), would be capable of producing melts with elevated Sr/Y
and LaN/YbN at lower pressures than those modelled here considering
garnet fractionation. The bulk composition of the melting metabasite
evidently exerts a first order control on Sr/Y and LaN/YbN of the melt
produced, and as this variable is typically unknown when investigating
natural TTGs, this introduces uncertainty in assigning pressures or depths
of melting to TTGs based on these geochemical characteristics. Similarly,
we show that Nb and Ta concentrations of the melt are influenced by the
concentrations of these elements in the source, with the potential to
obscure the effect of Nb and Ta partitioning between melt and rutile at
high pressure. Therefore, using these geochemical characteristics of TTGs
to determine the depth of melting, and therefore their geodynamic
setting, should be done with caution, and only in conjunction with other
geological evidence.

The results of our modelling are consistent with the conclusions of
Johnson et al. (2019) regarding the link between secular change in TTG
compositions and the onset of plate tectonics on Earth. Based on their
compilation of TTG geochemical data, Johnson et al. (2019) found that
maximum Sr/Y and LaN/YbN values became greater with decreasing age,
consistent with these rocks recording melting at greater depths due to the
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emergence of subduction with secular cooling of the mantle. Similarly,
our modelling suggests that melting along a high dT/dP gradient, rep-
resented by 1000 �C/GPa, cannot reproduce this trend. Only the lower
dT/dP gradients used in our modelling, 750 �C/GPa and 500 �C/GPa, can
produce the higher maximum Sr/Y and LaN/YbN found in younger TTGs,
supporting the interpretation that these rocks could only be formed after
cooling of the mantle allowed for melting of metabasites at greater
depths, potentially by subduction.

5. Conclusions

Thermodynamic modelling of three Archean basalt compositions was
coupled with trace element modelling to evaluate the effect of open
system processes during melting and source bulk composition on the Sr,
Y, La, Yb, Nb, and Ta systematics of TTGs. The selected source compo-
sitions produce melts with a geochemical resemblance to natural TTGs in
terms of normative feldspar composition, thoughmanymodelledmelts of
the MgO-enriched composition, MAB, are inconsistent with the natural
record. Trace element modelling of melts from all sources produce trace
element compositions consistent with TTGs that vary with source bulk
composition and closed vs. open system behaviour. Concentrations of Sr,
Y, La, Yb, Nb, and Ta in the melt reflect both the enrichment of these
elements in the source and the stability fields and modal proportions of
garnet, plagioclase, and rutile. The expected trends were observed: with
increasing P–T, increasing proportions of garnet and rutile cause the
concentrations of Y, Yb, Nb, and Ta to decrease in the melt, and
decreasing proportions of plagioclase cause the concentration of Sr to
increase in the melt. Consequently, Sr/Y and LaN/YbN generally increase
with increasing P–T and show minor variations across the source com-
positions. The concentrations of Nb and Ta in the melt decrease with
increasing rutile proportions but are also strongly controlled by the
concentrations of Nb and Ta in the source. In the models, melt loss during
anatexis has a relatively minor effect on melt trace element composition
in comparison to garnet fractionation. In the latter scenario, Y and Yb are
isolated from the melt, resulting in higher Sr/Y and LaN/YbN ratios
relative to the other modelled scenarios. This allows the modelled melts
to replicate the highest Sr/Y ratios of natural TTGs, which represent the
high pressure TTG group as defined by Moyen (2011). These high Sr/Y
and LaN/YbN melts are produced at a range of P and T, rather than being
restricted to P � 2.0 GPa (cf. Moyen, 2011).

The results of the modelling imply that geochemical parameters of
TTGs commonly used as proxies for the pressure of melting may be
sensitive to factors other than pressure, including the temperature of
melting and the composition of the source, particularly with garnet
fractionation. This, in turn, complicates the link between the composition
of TTGs and their geodynamic setting, particularly when distinguishing
‘medium pressure’ and ‘high pressure’ melting. The trace element com-
positions of TTGs have traditionally been a key factor in determining the
geodynamic processes that produced and reworked Archean continental
crust. However, using this information in isolation may be misleading,
and a suite of geological evidence should be considered before reaching a
conclusion.
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