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Abstract

Archean granitoids are the earliest representation of continental crust on Earth. The Archean
geological record is dominated by rocks of the tonalite-trondhjemite—granodiorite (TTG) suite, which are
thought to have formed by partial melting of hydrated mafic crust. Two end-member settings of TTG
formation have been proposed: partial melting of subducting oceanic slabs at mantle depth and partial
melting of metabasite at a deep crustal level. Each scenario has different implications for Archean
tectonic regimes. Although these scenarios are commonly distinguished based on the trace element
compositions of TTGs (e.g., Sr/Y, La/Yb), factors that are unrelated to the setting of partial melting can
also influence TTG compositions; further research is required to determine the effect of these additional
factors. Furthermore, most exposed Archean crust is limited to formerly upper- to middle-crustal levels.
Consequently, connections between TTGs at different crustal levels and the deep crustal processes that
may affect or generate TTGs generally cannot be studied directly. In addition to TTGs, granitoids of the
Archean sanukitoid suite have been considered as important indicators of ancient tectonic processes. The
major and trace element characteristics of sanukitoids indicate a metasomatized mantle source and
subduction is suggested as the driving force behind the change in mantle composition. However, the
nature of the metasomatic agent introduced into the mantle and the processes that trigger mantle melting
and sanukitoid generation remain unclear. In this thesis, the formation of Archean granitoids is explored
both generally and in a crustal cross section of the Neoarchean Wawa-Abitibi terrane in the southern

Superior Province known as the Kapuskasing Uplift.

Investigation of Archean granitoid generation in general is done in this thesis by combining
phase equilibrium modelling with trace element partitioning between minerals and melt to calculate
theoretical melt compositions under different conditions. Three potential influences on TTG compositions
are explored using this approach: variations in source bulk composition, progressive melt loss at the
source, and sequestration of garnet cores from the system. The modelling results indicate that although
the trace element compositions of TTGs are sensitive to the pressure (i.e., depth) of melting—as is
generally expected—other factors complicate this relationship. Compositions associated with high-
pressure melting (elevated Sr/Y and La/Yb and low Nb and Ta) can be achieved at a range of pressure—
temperature (P—T) conditions, particularly considering fractionation of trace elements into garnet and a
range of possible source compositions. These results indicate that the trace element composition of TTGs
may not be diagnostic of a particular geodynamic setting, as the end-member scenarios are generally

distinguished by depth of melting.
Vi



Suites of TTGs and high-grade metabasites from the Kapuskasing Uplift are investigated using
both modelling and geochemical data to better understand the evolution of these rocks and the potential
connection between them. The TTGs exposed in a large grey gneiss domain at the mid-crustal level in this
region exhibit a range of trace element compositions consistent with variable depths of source melting.
However, these samples also show evidence of plagioclase accumulation and fractionation. The results of
phase equilibrium and melt trace element modelling demonstrate that variable degrees of separation of
early crystallizing plagioclase from coexisting melt can account for the range of TTG compositions. This
may indicate that the grey gneiss domain was a long-lived crystal mush complex in which localized mush
compactions resulted in the different compositional types of TTGs currently observed. Therefore, linking
the trace element characteristics of TTGs to their source may be complicated by the behaviour of

plagioclase after emplacement of the magma in the crust.

The Kapuskasing Uplift provides an opportunity to evaluate the isotopic record of TTGs from
different crustal levels within a craton. In other cratons, isotopic data from Archean granitoids—typically
from upper- to middle-crustal exposures—indicate that repeated reworking of the same crustal material
was common. However, in the Kapuskasing Uplift, U-Pb and Hf isotopic data from zircon in TTGs
indicates that three generations with different ages (one Neoarchean and two Mesoarchean) are present
and each is derived from an isotopically distinct source. The oldest Mesoarchean TTG may represent a
rifted fragment from other Mesoarchean subprovinces north of the Wawa subprovince as these rocks are
isotopically compatible. The isotopic record is also heterogeneous across the crustal cross section. The
youngest and most juvenile TTGs are volumetrically dominant at the upper- to middle-crustal level, and
the least radiogenic TTGs (potentially derived from an ancient mafic source) are only found in the lower
crust. This result highlights a potential bias in the Archean geological record; the typically inaccessible

lower crust may contain volumetrically minor but isotopically distinct TTGs.

Deep-crustal metabasites exposed in the Kapuskasing Uplift show evidence of former partial
melting and may represent potential TTG source rocks. This connection is tested by comparing the
modelled compositions of anatectic melt, Lu—Hf isotopic data, and geochronological data of the
metabasites to data from the natural TTGs at shallower crustal levels in the Kapuskasing Uplift. Based on
modelling results, the composition of anatectic melt produced by the metabasites may have been
comparable to TTGs. However, considering the different factors that may influence TTG compositions,
trace elements alone are insufficient for linking these rocks to their source. The Lu—Hf isotopic data

indicate that two isotopically distinct metabasites are present, which together are compatible with the
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range of Hf isotopic compositions of zircon in TTGs at shallower crustal levels. The timing of metabasite
partial melting, however, is coeval with only the youngest TTG magmatism; this metamorphic event
likely resulted from late-stage processes during the stabilization of the southern Superior Province.
Therefore, the lower crustal metabasites represent compatible source rocks for TTGs at shallower crustal
levels in the Kapuskasing Uplift. Greater volumes of these metabasites were likely present previously and

juxtaposition and partial melting of the two metabasic sources may have been a two-stage process.

Sanukitoid genesis is investigated using phase equilibrium modelling coupled with trace element
partitioning modelling. Metasomatized mantle compositions are estimated assuming two possible
metasomatic agents—T TG magma and partial melt from subducted sediments. Model melt reproduces
some geochemical features of sanukitoids, but the large variations in natural sanukitoid compositions
suggest that the process of sanukitoid generation was different for each craton. Model results indicate that
a high degree of mantle melting with no (or minimal) garnet in the residue produces melt that is most
similar to primitive sanukitoid compositions. These conditions require relatively low P and high T mantle

melting that is consistent with asthenospheric upwelling, but not indicative of a specific tectonic setting.

The results of this thesis have two main implications for understanding Archean granitoids. First,
coupled phase equilibrium and melt trace element modelling is a useful tool for exploring the effect of
different processes on granitoid trace elements. However, the trace element characteristics of granitoids
are the result of a confluence of many factors and do not indicate an unambiguous connection between
granitoids and a particular source. Second, Lu—Hf isotopic data (coupled with geochronological data)
from TTGs can provide more valuable insights into their sources than trace element data, particularly if

Lu-Hf data from potential source rocks are also available.
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Chapter 1

Introduction

1.1 Outstanding questions about Archean Earth

The origin and evolution of continental crust on early Earth is currently one of the most controversial
issues in Earth Sciences (e.g., Bédard, 2018; Condie, 2018; Wyman, 2018; Brown et al., 2020a). Tectonic
processes linked to global plate tectonics are thought to have generated continental crust during the
Phanerozoic eon (e.g., Brown et al., 2020b; Merdith et al., 2021), however some researchers argue that
the evolution of early Earth cannot be interpreted through the lens of uniformitarianism (Bédard, 2006;
2018). The oldest continental crust on Earth is preserved in Archean (4.0 Ga to 2.5 Ga) cratons, which are
dominated by large volumes of granitoid crust and supracrustal greenstone belts; these rocks exhibit
features that are distinct from younger crust (Moyen and Martin, 2012; Thurston, 2015). This distinction
has spurred debate about the geodynamic setting in which early crust was generated—were processes
similar to those of modern plate tectonics in operation during the Archean eon or did a unique tectonic
regime exist at this time (Fig. 1.1)?

The most common lithological feature of Archean cratons are granitoids of the tonalite-
trondhjemite-granodiorite (TTG) suite (Moyen and Martin, 2012). These rocks formed throughout the
entire Archean eon and have been investigated extensively for geochemical evidence that links TTGs to a
particular tectonic setting (e.g., Jahn et al., 1981; Drummond and Defant, 1990; Moyen, 2011; Nagel et
al., 2012; Johnson et al., 2019). Based on experiments and modelling, TTGs may have formed by partial
melting of a hydrated basaltic source (e.g., Rapp et al., 1991; Nair and Chacko, 2008; Qian and Hermann,
2013; Palin et al., 2016; Johnson et al., 2017), which could have been possible in two end-member
tectonic scenarios: melting of a subducting slab (e.g., Drummond and Defant, 1990) or melting within
thickened oceanic crust similar to a modern oceanic plateau (e.g., Bédard, 2006) (Fig. 1.1). In general,
these scenarios are distinguished by depth of melting, and therefore TTG compositions are examined for
geochemical indicators of “high-pressure” or “low-pressure” source melting (Moyen, 2011). These end-
member settings of TTG generation have been linked to the broader tectonic regime of the Archean eon,
as some workers consider subduction to be a hallmark of plate tectonics (e.g., van Hunen and Moyen,
2012). Alternatively, TTGs could have formed in a non-plate tectonic regime by mantle plume-driven

crustal melting or by melting of “subcreted” (rather than subducted) basaltic crust (Bédard, 2006; 2018).
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In addition, the extent to which factors other than source characteristics affect TTG compositions is
currently a subject of debate, as fractional crystallization and crystal accumulation have been shown to
obscure source-related geochemical signatures (e.g., Laurent et al., 2020; Kendrick et al., 2022 [Chapter
3]; Rollinson, 2021;). Determining the significance of TTG (and other Archean granitoid) geochemical
compositions is essential to reconstructing the geodynamic processes that shaped continental evolution on
early Earth.

1.2 The phase equilibrium modelling approach to investigating crustal evolution

Over the past decade, phase equilibrium modelling has emerged as a tool for testing hypotheses related to
Archean crustal evolution. This has become possible with the formulation of activity—composition models
relevant to partially molten systems (e.g., Holland et al., 2018), particularly models for tonalitic melt
generated in metabasic systems (Green et al., 2016). With this technique, a potential granitoid source can
be modelled to determine the pressure—temperature conditions of granitoid generation or investigate the
effects of other variables on melt composition (e.g., Palin et al., 2016). In addition, the results of phase
equilibrium modelling may be coupled with mineral-melt partition coefficients (Fig. 1.2) to calculate the
trace element compositions of model melt, resulting in a powerful tool for investigating granitoid
petrogenesis (e.g., Nagel et al., 2012; Hoffmann et al., 2014; Semprich et al., 2015; Johnson et al., 2017;
Gardiner et al., 2018; Huang et al., 2020; Pourteau et al., 2020; Herndndez-Montenegro et al., 2021).
Recent work has focused on the generation of TTG magma from metabasic sources and has shown that
melt with geochemical signatures typically associated with high-pressure melting can be formed at
relatively low or moderate pressure (e.g., Johnson et al., 2017; Pourteau et al., 2020). Integration of
isotope fractionation with phase equilibrium modelling represents another avenue for fruitful research on
the formation of Archean granitoids (e.g., Gardiner et al., 2018; Antonelli et al., 2021). Overall, the
development of increasingly more sophisticated thermodynamic models has provided a new tool for
investigating Archean crustal evolution that builds upon existing work based on experimental petrology
(e.g., Rapp et al., 1991; Qian and Hermann, 2013). However, as a necessary simplification of nature,
these models require assumptions such as source to sink equilibrium; given the complexity inherent to

Archean granitoid petrogenesis (Moyen, 2019), this assumption may not always be appropriate.



1.3 Superior Province and regional geology

1.3.1 Overview of the Superior Province

The Superior Province is the largest Archean craton exposed on Earth and is primarily located within the
Canadian Shield in northern Quebec, Ontario, and Manitoba (Fig. 1.3; Percival et al., 2012). Rocks with
ages spanning nearly the entire Archean eon have been identified in the Superior Province (Percival et al.,
2012), and isotopic evidence supporting the former presence of Hadean crustal material has locally been
identified (O’Neil et al., 2012; O’Neil and Carlson, 2017). In general, the Superior Province is composed
of northeast-southwest-trending domains that are distinguished based on distinct lithological components
(Percival et al., 2012). Most domains are dominated by granitoids (mainly TTGs) and greenstone belts,
although domains composed mainly of sedimentary rocks are also present (Percival et al., 2012). The
rocks exposed across the Superior Province mainly represent former upper to middle crustal levels, with

less common high-grade metamorphic rocks representing deep crustal exposures (Percival et al., 2012).

The formation of the Superior Province has conventionally been viewed as the result of plate
tectonic processes, with individual, far-travelled crustal components assembled by horizontal accretion
(e.g., Cawood et al., 2006; Percival et al., 2012; Wyman, 2013). Assembly of the Superior Province is
thought to have taken place during a series of collisional orogenic events from ca. 2720 Ma to ca. 2680
Ma (Percival et al, 2012). This plate tectonics-based interpretation is supported by the recognition of
features associated with modern-day subduction zones such as granitoids with compositions similar to
modern arc magmas (e.g., Polat and Kerrich, 2001), belts of sedimentary rocks resembling flysch deposits
(Percival et al., 2012), and seismic reflections resembling suture zones (e.g., Calvert et al., 1995). An
alternative view of the construction of the Superior Province advocates for growth of continental crust
above a long-lived mantle plume and subsequent disaggregation and reassembly of this continent caused
by changes in mantle flow (Bédard et al., 2013; Bédard and Harris, 2014).

1.3.2 The Wawa-Abitibi terrane

The Wawa-Abitibi terrane is located in the southern central Superior Province (Fig. 1.3) and represents
the largest tract of juvenile crust in the Superior Province (Percival et al., 2012). Rocks of the Wawa-
Abitibi terrane were primarily formed between ca. 2790 Ma and ca. 2680 Ma largely in an inferred
oceanic environment (Percival et al., 2012). Volcanic rocks are abundant and show a large range of
compositions, including komatiites, tholeiitic basalts, calc-alkaline basalts, andesites, dacites, and

rhyolites (Polat, 2009; Wyman and Kerrich, 2010). Formation of these rocks has been attributed to a
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complex history of interaction between oceanic plateaux, oceanic arcs, and mantle plume activity (Polat,
2009; Wyman and Kerrich, 2010). Alternatively, the basaltic crust of the Wawa-Abitibi terrane has been
suggested to have formed primarily during rifting of older continental crust (e.g., Bédard and Harris,
2014; Mole et al., 2021). Granitoid rocks are also common in the Wawa-Abitibi terrane and are mainly of
TTG affinity; these rocks are proposed to have formed by reworking of oceanic plateau crust and partial
melting of a subducted slab (e.g., Benn and Moyen, 2008; Mole et al., 2021). Although the Wawa-Abitibi
terrane is mainly composed of juvenile Neoarchean crust, evidence for localized Mesoarchean basement
with an age of ca. 2900 Ma has been identified in the central Wawa-Abitibi terrane (Turek et al., 1992;
Moser et al., 1996; Percival et al., 2012). The central Wawa-Abitibi terrane is also cross-cut by the
transverse Kapuskasing Uplift structure, which interrupts local greenstone belts and granitoid units
(Percival et al., 2012).

1.3.3 The Kapuskasing Uplift

The Kapuskasing Uplift is a fault-bound structure in the southern Superior Province interpreted as an
intracratonic uplift exposed by southeastward-directed thrusting mainly during the Proterozoic (Percival
and West, 1994). At the southern extent of the Kapuskasing Uplift (Fig. 1.4)—within the Wawa-Abitibi
terrane—a near-complete crustal cross-section is exposed (Percival, 1990; Percival and West, 1994). The
Kapuskasing Uplift comprises three main domains, each representing different crustal levels: the
Michipicoten Greenstone Belt (upper crust), the Wawa Gneiss Domain (middle crust), and the

Kapuskasing Structural Zone (lower crust).

The Michipicoten Greenstone Belt is composed of three main volcanic cycles dated at ca. 2900
Ma, ca. 2750, and ca. 2700 Ma (Turek et al., 1992; Sage, 1994). These rocks range from basaltic to
rhyolitic in composition, with komatiites only present in the oldest (ca. 2900 Ma) cycle (Turek et al.,
1992). Granitoid plutons of TTG composition that are synvolcanic with respect to each volcanic cycle
have been identified in the Michipicoten Greenstone Belt, along with post-2700 Ma granitoid intrusions
of mainly monzonite, granodiorite, and syenite (Turek et al., 1984; Turek et al., 1992; Sage et al., 1996).
The greenstone belt was mainly metamorphosed at greenschist-facies conditions with amphibolite-facies
rocks localized at the margins; amphibolite-facies metamorphism was likely caused by emplacement of
granitoid plutons (Ayres, 1978; Sage, 1994). The intrusive contact at the eastern margin of the

Michipicoten Greenstone Belt represents the transition to the Wawa Gneiss Domain.

The Wawa Gneiss Domain is mainly composed of granitoid plutons and gneisses with enclaves of

supracrustal rocks up to a kilometer in size (Moser et al., 1996). Granitoid rocks in this area have been
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described broadly as tonalitic, trondhjemitic, and granitic and have been metamorphosed at amphibolite-
facies conditions (Moser et al., 1996) with estimated crystallization pressures of ~0.5-0.6 GPa (Percival,
1990). Crystallization ages of the granitoids are ca. 2920 Ma, ca. 2675 Ma, ca. 2660 Ma, and ca. 2645
Ma, with the latest two pulses of magmatism coinciding with late-stage extension in the Wawa Gneiss
Domain (Moser et al., 1996). To the east, the Wawa Gneiss Domain shows a complex and gradational

contact with the higher-grade metamorphic rocks of the Kapuskasing Structural Zone (Percival, 1983).

The Kapuskasing Structural Zone is an upper-amphibolite- to granulite-facies domain composed
mainly of intermediate to mafic gneisses (Percival, 1983; Percival and West, 1994). Peak metamorphic
conditions have been estimated to be 750-850°C and 10-11 kbar and metabasites show evidence of
partial melting (Mader et al., 1994; Hartel and Pattison, 1996). The geochronological record of the
Kapuskasing Structural Zone is complex, with early work on U-Pb geochronology of zircon in mafic
gneisses yielding ages of ca. 2660 Ma and ca. 2645 Ma primarily (Percival and Krogh, 1983; Krogh,
1993; Krogh and Moser, 1994) and more recent work identifying a near-continuous record of
metamorphic zircon growth from ca. 2660 Ma to ca. 2580 Ma (Moser et al., 2008; Bowman et al., 2011).
Earlier zircon growth has also been identified, with several crystals from mafic and tonalitic gneisses
dated between ca. 3200 Ma and ca. 2700 Ma (Benn and Kamber, 2009). The abundance of zircon yielding
ages of ca. 2660 Ma is interpreted to indicate that high-grade metamorphism was underway by this time
(Percival and West, 1994; Krogh and Moser, 1994; Moser et al., 2008; Bowman et al., 2011), although
metamorphic events prior to ca. 2700 Ma may have been possible (Benn and Kamber, 2009). The
protracted record of zircon growth may be the result of sustained high temperatures (Moser et al., 2008),
possibly driven by periodic lower crustal delamination events (Moser et al., 1996). Alternatively,
protracted zircon growth may record slow cooling of the Kapuskasing Uplift, which is supported by Rb—
Sr and Ar—Ar data (Hanes et al., 1994; Percival and Peterman, 1994; Percival and West, 1994). The
Ivanhoe Lake Fault zone marks the eastern extent of the Kapuskasing Uplift, where high-grade
metamorphic rocks of the Kapuskasing Structural Zone are juxtaposed with the Swayze region of the
Abitibi Greenstone Belt (Percival and West, 1994).

1.4 Thesis format and objectives

This thesis is composed of seven chapters in total, with five of these (Chapters 2-6) prepared as

standalone articles for publication in scientific journals, preceded by an introduction chapter (Chapter 1)

and followed by a conclusions chapter (Chapter 7). Two chapters are studies based on phase equilibrium

modelling of petrological processes in a general sense (Chapters 2 and 6) and the remaining three chapters
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are directly related to samples and data collected from the Kapuskasing Uplift (Chapters 3, 4, and 5).
Each chapter has an associated reference list and appendix with supplementary data and other material; an
additional appendix is available for data collected as part of this thesis project but not used in any of the
chapters (Appendix S6).

The overall objective of this thesis is to investigate the processes that influenced the evolution of
Archean granitoids from source to sink. As the geochemical compositions of Archean granitoids—
particularly TTG—are commonly viewed as indicators of early Earth tectonic processes, understanding
all sources of geochemical variation is crucial. The research in this thesis employs both inverse and
forward modelling techniques to test different hypotheses about granitoid evolution both in general and in
the Kapuskasing Uplift. In the inverse modelling approach, data are collected from samples and used to
reconstruct the petrogenesis of a rock or suite of rocks; this may include major and trace element
concentrations, isotope compositions, and petrographic observations. Forward modelling requires an
assumption about an earlier stage in the geological evolution of a rock. For granitoids, this assumption
may be the composition of the source or of a parental magma, and a modelling technique such as phase
equilibrium modelling can be used to predict features of a granitoid produced under a particular set of
conditions. The inverse and forward modelling approaches have different advantages and disadvantages,
which will be explored throughout this thesis. Overall, this work highlights the utility of forward
modelling for predicting the result of a particular geological process (Chapter 2), but also the pitfalls of
this technique when the complexity of a natural system cannot be adequately captured by the model
(Chapters 6). Although inverse modelling alone provides important insights into the geological evolution
of a particular region (Chapter 4), using inverse and forward modelling techniques in tandem is a

powerful technique for unravelling complex geological histories (Chapters 3 and 5).
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Chapter 2

Garnet fractionation, progressive melt loss and bulk composition
variations in anatectic metabasites: Complications for interpreting

the geodynamic significance of TTGs

Summary

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
Tain 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 indicate 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.
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2.1 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,
Bédard, 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 processes that led to their genesis (Martin et al., 2005,
Moyen and Stevens, 2006, Moyen and Martin, 2012). This has led to several interpretations 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 (Bédard, 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 and abundance of garnet, plagioclase, and rutile
(Drummond and Defant, 1990). These minerals have broadly pressure-sensitive stability fields in
metabasites. In general, garnet is stable at high pressures and contains high concentrations of heavy
rare earth elements (HREE) 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 pressures
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 plagioclase 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 systematics in natural samples, Moyen
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(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 stabilization 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 technique 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
systematics 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; Yakymchuk and Brown, 2014, Yakymchuk and Brown, 2019; Mayne et al., 2016, Mayne et al.,
2019; Stuck and Diener, 2018), and may affect trace element partitioning. 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 compositions to demonstrate
the effects of open-system melting (i.e. progressive 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 of the melt
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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 that
caused TTG generation in the Archean Eon.

2.2 Methodology

2.2.1 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 large ion lithophile element
(LILE) and light rare earth element (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
corresponding 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 2.1) and an average LILE- and
LREE-depleted Archean tholeiite (DAT, Condie, 1981, Table 2.1) 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)
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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. 2.1; Table S1.1) 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 (on an anhydrous basis). Additionally, the compositions were
screened based on SiO; content (<60 Wt.% on an anhydrous basis) and any rocks stated to be of
intrusive origin were not included. Plots of SiO, vs. MgO and Al.O; vs. CaO (Fig. 2.1) 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 low MgO content of the Coucal basalt
composition allowed for stabilization of garnet at relatively low pressures. However, other workers
have suggested that MgO-rich basalts were more common in the Archean and are underrepresented 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 in melt trace element composition. To test this, we additionally selected a composition from a
population of MgO-rich basalts (Fig. 2.1), 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 Tartog Group supracrustal rocks in southwestern Greenland (sample
510878 of Szilas et al., 2013, Table 2.1).

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, 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
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established Nb/Ta value of the primitive mantle (17.5 = 2; Green, 1995). The trace element
compositions are specified in Table 2.1 for the three modelled compositions.

2.2.2 Phase equilibrium modelling

Phase equilibrium modelling was done in the Na,O-CaO-K,0-FeO-MgO-Al;03-SiO—H,O-TiO—
Fe20; (NCKFMASHTO) chemical 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 (H.O) were modelled as pure end members.

For each bulk composition (Table 2.2), 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 H,O contents of DAT, EAT, and MAB were reduced to minimally saturate melt in H,O at
the solidus at 1.2 GPa (Table 2.2). This was done because any free H,O in suprasolidus rocks would
be expected to partition into the melt (White and Powell, 2002, White et al., 2005). As FeO and Fe,0;
are not differentiated for MAB, an O value was assigned assuming a Fe?*/Fe3* 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 H,O contents of the bulk compositions were
adjusted to just saturate melt in H,O at the P-T conditions where the gradient intersects the solidus
(Table 2.2). The data extracted from THERMOCALC were converted to weight fractions and then
coupled with published partition coefficients (from Bédard, 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
scenario where the composition of the system remains constant and there is equilibrium of major and
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trace elements among all phases. This closed-system behaviour is considered here as a baseline
scenario, and additional modelling was undertaken to simulate two open-system scenarios: loss of

anatectic melt and fractionation of elements into garnet porphyroblasts.
2.2.2.1 Open-system behaviour

2.2.2.1.1 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 scenario was simulated here by
removing 6 mol% melt (approximately equivalent 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.

2.2.2.1.2 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 pm-thick rim for a garnet
crystal with a diameter of ~2 mm and ~170 pum for a ~10 mm diameter crystal. In other forward
models of garnet growth, this reactive rim is < 10 um (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
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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.

2.3 Results

2.3.1 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 distinct differences from the others, with a solidus at approximately 750 °C with a steep
dT/dP (Fig. 2.2). 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 orthopyroxene are predicted to be stable for all three bulk
compositions, although their stability fields differ. Clinopyroxene is stable across the entire diagram
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 of interest—garnet, rutile, and
plagioclase—are comparable for EAT and DAT, and slightly different for MAB (Fig. 2.3). 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. 2.3a—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.
2.3d 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. 2.3f). 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
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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 temperatures the field becomes restricted to pressures above 1.5 GPa—1.6 GPa
(Fig. 2.3g and h). The model for MAB predicts the presence of rutile above 1.6 GPa to almost 1.8
GPa below 900 °C (Fig. 2.3i), 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

approximately 1.5 times more rutile than DAT and 3 times more than MAB.

2.3.2 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
fractionation. These gradients are intended to show simplified P-T paths 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. 2.4), as the same general trends are present for EAT and MAB (Fig. S1.1).
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, plagioclase 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 clinopyroxene show little to no change in
their modal proportions. Between 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 increase 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 (Fig.
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S1.1). 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
where quartz is absent. Beyond hornblende exhaustion, plagioclase continues to be depleted as garnet,
clinopyroxene, rutile, and melt proportions 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 persists 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. 2.4;
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, 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 relative 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 fractionation model predicts that

the proportions of all other minerals in the residue increase (as a consequence of renormalizing the
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proportions of the phases to a total of 100 wt.% without garnet, as in Fig. 2.4). 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 compositions, in contrast
to its presence in closed-system models for DAT and EAT. With the removal of garnet, the residuum
is predicted to be dominated by hornblende until 940-960 °C and 1.88-1.92 GPa, where
clinopyroxene 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. Consequently,
hornblende and clinopyroxene proportions are lower, though they remain the dominant minerals in
the residue. Finally, the plagioclase 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 fractionation

scenario was not computed.

2.3.3 Major element compositions of modelled melts

The major element compositions of the modelled melts were evaluated using their CIPW normative
ratios of anorthite, albite, and orthoclase (Fig. 2.5, Fig. 2.6) 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.
2.5) and to illustrate the general effects of melt loss and garnet fractionation on melt composition
(Fig. 2.6; shown for DAT only, results from EAT and MAB are available in Fig. S1.2).

Each bulk composition is predicted to produce different melt compositions that are also
controlled by the P-T gradients, or effectively the pressure, at which the source melted (Fig. 2.5). 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 content. The 1000 °C/GPa melts plot closest to the anorthite apex

and are mainly classified as tonalite or granodiorite. Nevertheless, melts from all gradients trend
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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 temperatures 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. 2.6, Fig. S1.2). 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 EAT and MAB, melts generated at temperatures
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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.

2.3.4 Trace element compositions of modelled melts

Modelled trends of melt trace elements show some differences among the three bulk compositions
(Fig. 2.7) and can be linked to the modelled behaviour of garnet, plagioclase, and rutile (Fig. 2.3), 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. 2.7a—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. 2.3); 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
(Lan/Yby) have a range up to 320 for EAT, 70 for DAT, and 80 for MAB (Fig. 2.7d-f), and these
elevated values are predicted at the same P-T conditions as Sr/Y maxima. The shape of Lan/Yby
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
Ha/g and 24 ug/g respectively, are predicted between 650 °C and 800 °C and 1.2 GPa and 1.5 GPa
(Fig. 2.7g and h). The maximum Nb concentration of 3.4 ug/g for MAB is between 800 °C and 900
°Cand 1.5 GPa and 1.8 GPa (Fig. 2.7i). 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 2.8, 2.9, and 2.10).
The tabulated results are presented in Table S1.2. 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. 2.8). For DAT and EAT, the melt loss scenario is predicted to produce melts with
the lowest maximum Sr/Y (Fig. 2.8d and e); however, the differences between the melt loss and
closed-system scenarios (Fig. 2.8a and b) are minor compared to the garnet fractionation scenario,
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where maximum Sr/Y may be an order of magnitude higher (Fig. 2.8g and h). For MAB, the closed-
system scenario melts are predicted to have lower Sr/Y (Fig. 2.8c) compared to the melt loss scenario
(Fig. 2.8f) and Sr/Y is highest for the garnet fractionation scenario (Fig. 2.8i), though the effect is not
as extreme compared to the other bulk compositions. In the closed- and open-system scenarios (Fig.
2.8a—f), MAB produces the highest Sr/Y melts of all bulk compositions, 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. 2.8a—c; Table S1.2). 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. 2.8d—f; Table S1.2). 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. 2.8g-i; Table S1.2). 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 respectively. A notable exception is the 1000 °C/GPa gradient in the closed-system and melt
loss scenarios for MAB (Fig. 2.8c, f), which shows the opposite trend of Sr/Y decreasing steadily
with increasing P—T conditions (Table S1.2); the 1000 °C/GPa gradient for MAB also has no stable
garnet. Although Sr/Y mainly varies with pressure, some temperature dependence 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 than
at 700 °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. 2.9) 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 scenarios. The closed-system (Fig. 2.9a—) and melt loss (Fig. 2.9d—f) scenarios yield
similar results for all bulk compositions, whereas garnet fractionation (Fig. 2.9g-) is predicted to
produce Lan/Ybn two to three orders of magnitude greater in comparison. In contrast to Sr/Y, melts
derived from EAT have the highest Lan/Ybn values in all scenarios (Fig. 2.9b, 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/Yby at approximately 1.75 GPa and 877 °C for both the
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closed and open systems (Fig. 2.9a, b, d, e; Table S1.2), which makes Lan/Ybn decoupled from Sr/Y.
However, for this P-T gradient, Sr/Y and Lan/Yby are coupled in the garnet fractionation scenario
(Fig. 2.9g and h). In general, the 750 °C/GPa and 1000 °C/GPa gradient melts for DAT and EAT are
predicted to reach maximum Lan/Yby 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/Yby of melts produced by MAB are coupled to Sr/Y (Fig. 2.9c¢, 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/Yby 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/Yby up to four times greater at high temperature compared to low temperature.

The Nb concentrations of the melts are plotted against Ta concentrations and, for each P-T
gradient, the lowest Nb and Ta correspond to maximum P-T in all cases (Fig. 2.10). 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. 2.10b, e, h); melts produced from MAB have the lowest and smallest
range of concentrations (Fig. 2.10c, f, i). For DAT and EAT, Ta concentrations are overall higher
with increasing thermal gradient and the opposite is predicted 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
compositions (Fig. 2.10d-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 toward similar values.

2.4 Discussion

2.4.1 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 clinopyroxene model we use is
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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 substitution 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. 2.3i), which may not be realistic. Given that the Fe?*/Fe** ratio of MAB is
unknown, this introduces further uncertainty to the P-T extent of the rutile stability field and modal
proportions of rutile, which in turn adds uncertainty to the modelled concentrations of Nb and Ta in
the melt. The Fe?*/Fe®" ratio may also 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 Bédard, 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
metabasites (Bédard, 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 coefficients 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 incorporated into garnet regardless of temperature.
Consequently, uncertainty and variability in partition coefficients would affect the calculated
concentrations 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. Finally, measured concentrations of the HREE in hornblende in intermediate to metabasic
migmatites are quite high relative to values predicted 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.

26



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 pg/g; Condie, 1985) resulting in little to no zircon in the source of TTGs.
Relatively higher concentrations of P in Archean basalts (Condie, 1985) may stabilize apatite, which
may be a significant reservoir for Y and REESs due to the high partition coefficients for these elements
between apatite and melt (Bédard, 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 (Bédard, 2006). In addition,
some proportion of apatite 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 consequently 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 fractionation models, we assume complete sequestration of garnet cores,
although realistically, limited thermally-activated diffusive 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 our models, the
bulk compositions typically become progressively depleted in these elements as garnet is removed
from the effective bulk composition (e.g., Lanari and Engi, 2017) with increasing temperature,
particularly along the 500 °C/GPa gradient, which is predicted 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-system 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 may be overestimated. In addition, although trivalent cations (Y, HREE) in garnet diffuse about
an order of magnitude slower than divalent cations (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
27



be higher and Sr/Y and Lan/Yby 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

endmember 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 extraction 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 the Sr/Y and Lan/Yby 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 magma mixing on
trace element concentrations would vary depending on the source and degree of fractionation of the
contaminating magma. Fractional crystallisation 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 indicated that changes to Sr and Y due to hornblende, epidote, and garnet
fractionation would be minor, as the relatively low concentrations of FeO and MgO in the melt would
inhibit significant production of these minerals. Furthermore, geochemical trends in suites of

granitoid rocks commonly cannot be attributed to fractionation alone (Clemens et al., 2009), and
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separation of relatively low-density silicate minerals from high-viscosity, silica-rich melts may be
difficult (Glazner, 2014; Clemens, 2015).

2.4.2 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. 2.11). The
Sr/Y and Lan/Yby ratios of melts from the closed-system models are shown in comparison to the
high-pressure, medium-pressure, and low-pressure TTG groups as defined by Moyen (2011) (Fig.
2.11). 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., 20164, Palin et al., 2016b, Johnson et al., 2017). The TTG groups
are generally distinguished by Sr/Y and Lan/Ybwn, which are inferred to be higher for TTGs generated
at higher pressures (Moyen, 2011). Overall, this trend is replicated in the models (Fig. 2.8, Fig. 2.9),
with Sr/Y and Lan/Yby 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/Yby 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-pressure group, with the highest Sr/Y and Lan/Ybn melts for all bulk
compositions reaching values in the overlap between medium-pressure and high-pressure TTGs.
Notably, melts with the maximum Sr/Y and Lan/Yby are not produced at the maximum pressure
considered in the model, which reflects the influence of temperature on garnet and plagioclase modal
proportions (Fig. 2.3, Fig. 2.7). 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. 2.8, Fig. 2.9d-f). However, in the garnet fractionation model, some
melts produced at elevated P—T conditions have Sr/Y and Lan/Yby higher than all natural TTGs. The

TTG groups of Moyen (2011) were not designed to encompass the compositions of all natural TTGs,
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and therefore the maximum Sr/Y of approximately 300 and Lan/Ybn of 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 (1166)
of the natural samples, the order of magnitude is consistent (Fig. 2.8g and h). However, the maximum
Lan/Yby of the modelled melt is one (MAB) to two (DAT and EAT) orders of magnitude greater
(Fig. 2.9g-i) than the highest Lan/Yby 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.
2.8g and h), and maximum Lan/Yby an order of magnitude greater than natural TTGs (Fig. 2.9g and
h). Thus, our garnet fractionation model may somewhat overestimate Sr/Y and greatly overestimate
Lan/Yby 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 predicted in the garnet fractionation scenario (Fig. 2.11c 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. 2.11b). 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 observations 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 significantly 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 becomes stable at high pressures, its modal proportions (Fig. 2.3) 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
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EAT and some from DAT have Nb and Ta concentrations that exceed the observed range. Given that
rutile proportions are likely overestimated in the models (see section 2.4.1), 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
concentrations assigned to EAT and DAT due to unavailable data (see section 2.2.1) 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.
2.4.3 Implications for interpreting TTG trace element systematics

2.4.3.1 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. 2.5), DAT produces melts with normative
feldspar compositions most comparable with natural TTGs, whereas the modelled 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 K,O/N,O of these sources compared to
DAT (Table 2.1). However, these melts are generally produced by a low degree of partial melting at
low temperature. 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 connected 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. 2.1), these melt compositions may reflect the relatively low Na,O
concentration of MAB (Table 2.1). Overall, the different mafic source compositions produce a range
of melt compositions in terms of normative albite, anorthite, and orthoclase (Fig. 2.5), which may be

controlled by the K20 and NazO concentrations of the sources.
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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. 2.11d), 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 Srand Y (Fig. 2.11c). 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. 2.11c 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/Yby of the melt in the garnet fractionation scenario. The maximum
Sr/Y and Lan/Yby of melts produced 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.

2.4.3.2 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 stability of plagioclase to higher P-T
(Fig. 2.4). 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 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.
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The closed-system scenario fails to produce melts with Sr/Y considered 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. 2.3)—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/Yby 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/YYbn 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/Yby (i.e., greater than 100). Another consequence of garnet fractionation is the potential
for more temperature-dependent variation of Sr/Y and Lan/Yby ratios compared to the closed-system
and melt loss scenarios. Given the moderate temperature dependence of garnet production predicted
by the models (Fig. 2.3), garnet growth and Y and Yb fractionation away from the reactive bulk
composition may occur by an isobaric temperature increase. 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 pressure,
garnet fractionation caused Sr/Y and Lan/Yby to increase by one to two orders of magnitude from low
to high temperature. This allowed Sr/Y and Lan/Yby at 1.4 GPa to exceed values expected for melts
produced at > 2.0 GPa.

2.4.4 Implications for linking TTG trace elements to depth of melting

Three geodynamic models have been proposed to explain the generation 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 (Bédard, 2006, Bédard, 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 Archean mafic 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 (Bédard et al., 2013). Melting
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would therefore be possible at depths greater than 45 km—up to 60 km has been proposed (Bédard et
al., 2013). The third scenario is melting of subducted 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
interpretation that TTGs were produced by melting of subducted slabs (Drummond 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., Bédard, 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, 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/Yby 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 pressures 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. 2.3). Therefore, a range of
Sr/Y and Lan/Yby 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.
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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. 2.3), suggesting that higher pressures of melting cannot be always
equated with higher proportions of garnet. Fractionation of Y and Yb from the system by
sequestration in garnet cores could produce melt with Sr/Y and Lan/Yby 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/m? (Fig. 2.8g and h; Table
S1.2). 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. 2.8i). 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/Yby 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 emergence of subduction with secular cooling of the
mantle. Similarly, our modelling suggests that melting along a high dT/dP gradient, represented 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/Y by found in younger
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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.

2.5 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 compositions
produce melts with a geochemical resemblance to natural TTGs in terms of normative feldspar
composition, though many modelled melts of the MgO-enriched composition, MAB, are inconsistent
with the natural record. Trace element modelling of melts from all sources produces 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/Yby generally increase with increasing P-T and show minor variations across the source
compositions. 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/Yhby 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
compositions 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
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may be misleading, and a suite of geological evidence should be considered before reaching a

conclusion.
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Fig. 2.1. Two-dimensional kernel density estimation of SiO; vs. MgO and Al,O3 vs. CaO from whole rock
geochemical data in the Archean basalt compilation provided in Table S1.1. The plots were generated using the
stat_density _2d function in the ggplot2 package (Wickham, 2011) available for the R programming language.

DAT = depleted Archean tholeiite, EAT = enriched Archean tholeiite, MAB = MgO-rich Archean basalt.
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Fig. 2.2. 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 H>O in each composition was selected to stabilize a
minimal amount of free H.O at the solidus at 1.2 GPa (Table 2.2). Phase abbreviations after Holland and Powell
(2011).

48



Pressure (GPa)

- %v’/ sl —
L it g I 5.
Plagioclase £9% 2 \\- Plagioclase wt{/% =

TR STy (o i L A

- ‘\ - A =
°[ Rutile, wt.% Rutile wt.% Rutile wt,%

it | L 1 1 I

0.4 L 1 I L
600 650 700 750 800 850 900 950 1000 1050600 650 700 750 800 850 900 950 1000 1050600 650 700 750 800 850 900 950 1000 1050

L A ' L L L L

Temperature (°C)

Fig. 2.3. P-T diagrams with contours of weight fractions of garnet, plagioclase, and rutile for the three
compositions in Fig. 2.2. 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 = depleted Archean tholeiite, EAT = enriched Archean
tholeiite, MAB = MgO-rich Archean basalt.
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Fig. 2.6. 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 = anorthite, Ab = albite, Or = orthoclase.
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Fig. 2.8. 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 = depleted Archean tholeiite, EAT = enriched Archean tholeiite, MAB = MgO-rich
Archean basalt.

54



DAT EAT MAB

- Closed System Closed System Closed System
(a)  500°C/GPa (b) (c)
750°C/GPa ¢
150 ® 1000°C/GPa i
s :
%100 X .\
50 ! - '.d ‘
0 e o = M ..- e Sl TbN ’\’ ® oneme . YbN )
0 5 1?) AT 15 20 25 0 5 10EAT15 20 25 0 5 10 15 20 25
MAB
200 Melt Loss Melt Loss Melt Loss
(d) (e) ()
0
150 & ]
= e
%100 - I '.
= \ i
®
50 o r L]
: o S
o \'.' o am : .YbN ‘ ..- “ - : .YbN ] - Poseemny . TbN
0 5 10DAT15 20 25 0 5 10EAT1S 20 25 0 5 1(;\/| AB15 20 25
Garnet Fractionation Garnet Fractionation Garnet Fractionation
% | ©)
3000 T up to ~26000 - 1 up to ~29000
2500 f
8 2000 | »
© 1500 ! L
=t ?
1000 ¥ L
2 I
500 g 200 il 200 200
0 Lowes x x I—-N oo — 1 | 2 . " i
0 .5..- * z 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25
Ybn Yby Ybn

Fig. 2.9. 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 = depleted Archean tholeiite, EAT = enriched Archean tholeiite, MAB = MgO-rich

Archean basalt.
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Fig. 2.10. 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 = depleted Archean tholeiite, EAT = enriched Archean tholeiite, MAB = MgO-rich
Archean basalt.

56



1400

1200

1000

Sr (ug/9)

600

400

200

o DAT mem 500 °C/GPa —— HPTTG
o EAT 750 °C/GPa — MPTTG
A MAB == 1000 °C/GPa  ----e LPTTG
(@)
20
__ 10
B
= 5.0
2
2.0
1.0 4
T T T T T T T 05 élo’ T T T T
2 5 10 20 50 100 200 500 1000 0.05 0.10 0.20 050 1.00 2.00  5.00
La’Yb Ta (ug/9)
120
(c) (d)
100
80
8 o 2w -
t\‘! 5 b s ro °®
000 % 40 L X W
0’ o ¢
20
WMoo ®
0 10 20 30 40 000 0.5 1.0 15 2.0
Y (po/g) Yb (ug/g)

mmm 500 °C/GPa closed system
mmm 500 °C/GPa garnet fractionation

Fig. 2.11. Trace element compositions of modelled melts compared to (a and b) the high-pressure (HP),

medium-pressure (MP), and low-pressure (LP) TTG groups (Moyen, 2011) and (b—d) natural TTG data (grey

symbols, after Johnson et al., 2019). Diagrams in (a) and (b) include data from the closed-system scenario only.

DAT = depleted Archean tholeiite, EAT = enriched Archean tholeiite, MAB = MgO-rich Archean basalt.
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Table 2.1. Archean basalt compositions selected for modelling (EAT = enriched Archean tholeiite, DAT = depleted Archean tholeiite, MAB = MgO-rich
Archean basalt).

wt% Ma/g

SiO2 TiO; AlOs FeO Fe;0O3 MnO MgO CaO NaO KoO Sr Y La Yb Nb Ta
EAT 5085 153 1562 942 283 018 701 9.03 277 071 190 30 13 22 128 0.78
DAT 5058 095 1562 933 164 022 759 1169 217 022 100 20 36 19 5 0.29
MAB 50.14 049 1190 0.00 11.98* 0.9 1427 929 136 033 789 126 27 124 08 0.

2 All Fe reported as Fe;O3
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Table 2.2. Bulk compositions (mol%) used as input for THERMOCALC (EAT = enriched Archean tholeiite, DAT = depleted Archean tholeiite, MAB = MgO-rich

Archean basalt).

H20 Si0;  AlOs Ca0o MgO FeO K20 Na.O TiO; 0

DAT 6.10 49.36 989 1222 11.04 8.82 0.14 2.05 0.70 0.60 sat 12 kbar
529 4930 9.88 1221  11.08 8.81 0.14 2.05 0.70 0.60 sat 500°C/GPa
523 4933 9.89 1221  11.08 8.82 0.14 2.05 0.70 0.60 sat 750°C/GPa
453 49.70 996 1230 1112 8.88 0.14 2.06 0.70 0.60 sat 1000°C/GPa

EAT 6.83  49.69 8.99 921 10.21 9.81 0.44 2.63 1.13 1.06 sat 12 kbar
5.87  50.20 9.08 931 10.31 9.92 0.45 2.66 1.14 1.07 sat500°C/GPa
511  50.61 9.16 938 10.39  10.00 0.45 2.68 115 1.08 sat750°C/GPa
482 50.76 9.19 941 1043  10.03 0.45 2.69 1.15 1.08 sat1000°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 6.97 989 2115 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
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Chapter 3

Diversification of Archean tonalite-trondhjemite-granodiorite suites

in a mushy middle crust

Summary

Tonalite-trondhjemite-granodiorite (TTG) suites are the dominant component of Earth’s first
continents, but their origins are debated. The trace element concentrations of these rocks are
conventionally linked to their source depth and inferred geodynamic setting, with the implicit
assumption that TTG compositions are source controlled. Alternatively, their variable compositions
may be caused by fractional crystallization in TTG plutons after emplacement and less clearly linked
to source depth. Most TTGs in Archean mid-crustal exposures are the dominant component of
igneous grey gneiss complexes; the processes that influence the evolution of TTG magmas in this
setting are poorly understood. Here we present a petrological-geochemical model that explains the
coexistence of TTGs in the middle crust with ‘low-pressure’ and ‘high-pressure’ geochemical trends,
irrespective of tectonic setting or depth of the TTG source. We propose that mid-crustal TTGs were
long-lived crystal mushes with compositions controlled by separation of early-crystallizing
plagioclase and melt. Using phase equilibrium modeling, we demonstrate that a suite of TTGs from
the southern Superior Province in Canada represents variably plagioclase-rich and melt-rich fractions
from a common parent magma. The behavior of plagioclase may have a strong influence on the
geochemical trends of TTGs, including the degree of rare earth element fractionation. Our results
suggest that trace element compositions of TTGs may not primarily reflect the depth of the source

and cannot be used alone to infer Archean geodynamic settings.

3.1 Introduction

Earth’s earliest continents formed during the Archean Eon (4.0 Ga to 2.5 Ga) and their remnants
today are predominantly composed of granitoid rocks of the tonalite-trondhjemite-granodiorite (TTG)
suite (Martin, 1994). Determining the petrogenesis of these rocks is crucial to understanding the
origin and evolution of continental crust. Rare earth element (REE) patterns of TTGs have been
interpreted to record melting of mafic crust at different depths, leading to the high-, medium-, and

low-pressure classification of TTGs (Moyen and Stevens, 2006; Moyen, 2011). Alternative
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explanations of TTG trace element trends rely on fractional crystallization of tonalitic magma within
the crust, with hornblende as a key fractionating mineral (Arth et al., 1978; Bédard, 2006; Smithies et
al., 2019; Laurent et al., 2020). Recent work has suggested that differentiation can be driven by
eruption of fractionated melt from crystal-rich, upper crustal TTG plutons (Laurent et al., 2020).
However, the majority of TTGs were emplaced in the middle crust (i.e., at or below the brittle-ductile
transition) where they rarely form recognizable plutons but rather comprise the main component of
the ubiquitous ‘Archean grey gneiss’ (Martin, 1994). The processes that influenced the petrogenetic

evolution of TTG magmas in this mid-crustal setting are still cryptic.

The presence of melt in felsic igneous middle crust has been previously recognized as an
important factor in the evolution of Archean crust. Numerical models indicate that this scenario is
required to achieve the low viscosity required for sagduction and diapirism (de Bremond d’Ars et al.,
1999; Thébaud and Rey, 2013; Sizova et al., 2015), which were crucial in the evolution of some
cratons (e.g., Collins et al., 1998; Lin, 2005). A melt-bearing Archean middle crust in these models is
typically interpreted to result from anatexis of TTG-bearing grey gneiss (Collins et al., 1998; de
Bremond d’Ars et al., 1999; Thébaud and Rey, 2013), but widespread partial melting of these rocks
may be infeasible at ambient mid-crustal temperatures (White et al., 2017). Protracted U-Pb zircon
geochronological records from TTGs in mid-crustal grey gneiss complexes (Kroner et al, 2014;
Gardiner et al., 2017; Gardiner et al., 2019) support slow crystallization of TTG magmas within
Archean crust. Accumulation of TTG magmas that remained above solidus temperatures for millions
of years may have resulted in crystal mush complexes within the middle crust formed by fractional
crystallization and mobilization of fractionated melt, analogous to zones of melt accumulation

associated with some Archean metasedimentary migmatite terrains (Sawyer, 2020).

Here, we introduce a petrological-geochemical model that explains how diverse TTG trace
element compositions can form from a parental magma in the middle crust by fractionation of
plagioclase. We use thermodynamic modeling based on TTGs collected across the Wawa Gneiss
Domain (WGD) in the southern Superior Province (Canada). The WGD is composed of a ~10 km-
thick section dominated by TTGs (~0.5-0.65 GPa emplacement pressure) that structurally underlies a
greenstone belt and overlies mafic to intermediate granulite-facies lower crust called the Kapuskasing
Structural Zone (Percival and West, 1994; Percival et al., 2012). Most TTGs in the WGD were dated
between 2695 and 2660 Ma (Ontario Geological Survey, 2019) and are strongly deformed with
variable proportions of mafic enclaves at outcrop scale (Moser, 1994). Compositional and textural

heterogeneities of these TTGs have been interpreted in part as the result of multiple magma injections
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(Moser, 1994), however, our new observations support crystal-liquid separation (Fig. 3.1). Therefore,
we suggest that the WGD is a candidate for a long-lived crystal mush complex composed of TTG
magma at the mid-crustal scale. We model the effects of liquid—plagioclase fractionation and
demonstrate that this process can generate geochemical signatures normally attributed to production
of TTGs in different tectonic settings.

3.2 Methods

We collected whole-rock major and trace element data from each TTG sample of our WGD suite
(Table S2.1). A subset of samples representing different geochemical groups was selected for in situ
analyses of plagioclase major elements (Table S2.2) and trace elements (Table S2.3) by electron
probe microanalysis and laser ablation—inductively coupled plasma—mass spectrometry, respectively.
Phase equilibrium modeling of a putative parental TTG composition (Table S2.4) was done using the
THERMOCALC software package. We calculated trace element compositions of modeled melt and
minerals using mass balance and partition coefficients (Table S2.5) for plagioclase parameterized to
anorthite content, melt composition, and temperature. A detailed account of the methodology is

provided in Appendix S2.1.

A theoretical parental TTG composition was used for modeling, as the origin of TTGs in the
WGD is unknown. To approximate a composition unaffected by plagioclase fractionation, we
combined the medians of two groups in our TTG dataset—those representing fractionated melt and
those with accumulated plagioclase (groups 1 and 2, respectively; see section 3.3)—to calculate a
TTG composition with no Eu anomaly. This approach allows geochemical characteristics specific to
TTGs in the WGD to be included, with medians providing overall trends without sensitivity to

potential outliers; however, multiple TTG sources and parental melts may have been present.

3.3 Results

Outcrops along ~100 km of roads in the WGD are mainly TTGs with variable proportions of
plagioclase + quartz + biotite and/or hornblende and minor amounts of K-feldspar, with less abundant
leucocratic bodies composed mainly of plagioclase and quartz. The latter are patches commonly
surrounding cm—dm-scale mafic enclaves (Fig. 3.1A-C) or cm-scale layers concordant with foliation.
The main population of TTG samples (n = 27), each collected from different outcrops, has variable
plagioclase modal proportions and microstructures, ranging from dispersed crystals to a framework of
accumulated plagioclase (Fig. 3.1D, E). These samples are divided into two groups based on
chondrite-normalized whole-rock REE trends: samples with a negative Eu anomaly are assigned to
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group 1 and samples with a positive Eu anomaly comprise group 2 (Fig. 3.2A). The leucocratic
samples (n = 9) are commonly dominated by plagioclase (Fig. 3.1F) and exhibit large positive Eu
anomalies (Fig. 3.2A); these samples comprise group 3 based on the distinction in mineral
assemblage from group 1 and 2 samples. When normalized to chondrite values, the trace element
trends for all groups yield negative Nb—Ta anomalies and enrichment of LREE and Sr relative to
HREE and Y; these geochemical trends are typical of TTGs (Moyen and Martin, 2012). The relative
concentrations of HREE in TTGs have been linked to the depth of the source (Moyen, 2011; Johnson
et al., 2017). Based on this classification, group 1 resembles low-pressure TTGs and group 2 is
similar to high-pressure TTGs (Fig. 3.2A). Group 3 has the lowest concentrations of HREE,
suggesting an even deeper source. However, the compositional trends of the three groups cannot be
explained solely by the pressure-dependent mineral assemblage of a putative mafic source rock.
Group 1 shows the highest concentrations of most trace elements and group 3 concentrations are
consistently the lowest; group 2 values are intermediate. The exceptions are Ba and Sr—group 1 has
negative anomalies and groups 2 and 3 have positive anomalies when normalized to chondrite values
(Fig. 3.2A).

Based on trace element trends, group 1 is consistent with melt separated from early-
crystallizing plagioclase. This results in enrichment of most trace elements except for those that
preferentially partition into plagioclase (Eu, Sr, and Ba). Groups 2 and 3 show enrichment of trace
elements found in plagioclase and relatively low concentrations of other trace elements, consistent
with plagioclase accumulation. This is supported by cumulate microstructures that are preserved in
several group 2 and group 3 samples, but absent from group 1 (Fig 3.1D—F). Furthermore, the
normative albite-anorthite-orthoclase compositions of the samples (Fig. 3.2B), which are typical of
TTGs (Moyen and Martin, 2012), show a general trend of decreasing orthoclase component from

group 1 to 2 to 3, towards measured compositions of plagioclase in the TTGs.

The equilibrium crystallization sequence (Fig. 3.3; Fig. S2.1) of our estimated parental TTG
composition was calculated at a pressure of 0.6 GPa to approximate the mid-crustal depth of the
WGD. Plagioclase is predicted to crystallize at the liquidus followed by minor quartz and accessory
ilmenite (Fig. 3.3). We modeled liquid—crystal separation at 40 mol% plagioclase crystallization, as
the modeled feldspar composition closely matches the median measured composition (Anas, Fig. 3.3).
The compositions of melt and the plagioclase-rich solid component were combined in different
proportions, ranging from 100% melt to 100% crystals, to simulate different degrees of liquid—crystal

separation. The spectrum of modeled trace element trends encompasses the natural trends of the three
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TTG groups from the WGD (Fig. 3.4A, B). The trace element compositions of groups 1, 2, and 3 are
approximated by models calculated using 20%, 70%, and 100% crystals, respectively (Fig. 3.4A).
Group 1 samples exhibit low Sr/Y and La/Ybh, whereas these ratios are relatively elevated for group 3;
group 2 is intermediate (Fig. 3.4B). The model results replicate this trend, evolving from
compositions similar to group 1 toward group 3 compositions with increasing crystal proportion (Fig.
3.4B). This result illustrates that plagioclase behavior may affect both Sr/Y and LREE/HREE ratios in
TTGs. This is supported by plagioclase trace element data collected from several of our TTG
samples, which indicate enrichment of La relative to the HREE by up to four orders of magnitude
(Fig. S2.2). The results of the thermodynamic modeling demonstrate that varying degrees of liquid—
crystal separation in partially solidified parental magmas can account for the diversity of TTG

compositions observed in the WGD.

3.4 Discussion

Our modeling results support our hypothesis that the WGD was a mid-crustal scale crystal mush
complex where fractionated melt may have locally been mobilized, leaving behind plagioclase-rich
cumulate. Melt, along with entrained crystals, pooled within the middle crust, resulting in TTGs
composed of variable proportions of accumulated plagioclase and fractionated melt. In contrast to
previous investigations of the role of fractional crystallization in the petrogenesis of TTG magmas
(e.g., Smithies et al., 2019; Laurent et al., 2020), we replicated REE trends in our TTG suite without
fractionation of hornblende. This is consistent with the small amount of hornblende in our samples
that record crystal accumulation (groups 2 and 3)—and the scarcity of hornblende in many TTGs
suites (Moyen and Martin, 2012). However, we do not exclude hornblende fractionation as a factor in
the evolution of the real parental TTG magma prior to emplacement in the middle crust. Although the
LREE/HREE ratio of plagioclase in our TTG samples is unclear due to HREE values below our limit
of detection, our results highlight the potential of plagioclase to control whole-rock LREE/HREE
ratios in TTGs. Enrichment of LREE relative to HREE in plagioclase has been identified in different
igneous rock types (Henderson, 1984) and high LREE/HREE in plagioclase was reported previously
in Archean granitoids (Carvalho et al., 2016). The positive zirconium anomalies of group 2 and 3
TTGs (Fig. 3.4A) are not replicated accurately in the model, which may indicate accumulation of
early crystallized zircon along with plagioclase. This is supported by previous modeling (Kirkland et
al., 2021), which showed zircon crystallization in TTGs beginning at a similar melt/solid ratio as our

model system (~40-60% crystallization of the system).
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The mechanisms of melt separation from crystals in silicic crystal mushes are debated, but
variations in external stress fields may facilitate the process (Rutter and Neumann, 1995). Strong
evidence for melt extraction driven by differential stress has been provided in studies of mid-crustal
migmatites (Brown and Rushmer, 1997; Carvalho et al., 2016). However, compaction of crystal
mushes may be driven by gravity, as proposed for less viscous mafic magmas (e.g., Philpotts et al.,
1996). In the WGD, the association of mafic enclaves with plagioclase-rich cumulate (group 3 rocks;
Fig. 3.1A-C) may indicate that compaction and melt extraction were favored in areas where stress
could be focused, given the competency contrast between the enclaves and enveloping crystal-rich
mush. The timing of protracted regional deformation in the WGD (2695-2640 Ma) in part overlaps
with crystallization ages of TTGs in the area (Moser, 1994; Moser et al., 1996), supporting the
possibility of differential stress causing compactions within the crystal mush complex. Regardless of
the mechanism of crystal-liquid separation, our results support the existence of a melt-bearing mid-
crustal layer in igneous Archean crust without widespread partial melting of TTGs in the middle
crust, enabling the vertical tectonic processes that were important in some cratons (e.g., Collins et al.,
1998; Lin, 2005; Vanderhaeghe et al., 2019).

Although geochemical diversity in TTGs in general has been shown to arise from variations
in source depth and/or composition (Martin et al., 2005; Moyen, 2011; Palin et al., 2016; Kendrick
and Yakymchuk, 2020 [Chapter 2]), our plagioclase fractionation model accounts for the coexistence
of TTGs with apparent ‘low-pressure’ and ‘high-pressure’ geochemical signatures in the WGD
without requiring multiple mafic sources at different depths (c.f. Mole et al., 2021). Although we do
not exclude the possibility that geochemical variation within a mid-crustal TTG suite can be caused
by multiple sources, we suggest that geochemical data alone may not be easily linked to TTG sources.
Similar trace element trends can be generated both at the source and after emplacement of magma,

ultimately obscuring the geodynamic significance of TTG compositions.

3.5 References

Arth, J.G., Barker, F., Peterman, Z.E., and Friedman, ., 1978, Geochemistry of the gabbro—diorite—
tonalite—trondhjemite suite of Southwest Finland and its implications for the origin of
tonalitic and trondhjemitic magmas: Journal of Petrology, v. 19, p. 289-316,
d0i:10.1093/petrology/19.2.2809.

65



Bédard, J.H., 2006, A catalytic delamination-driven model for coupled genesis of Archaean crust and
sub-continental lithospheric mantle: Geochimica et Cosmochimica Acta, v. 70, p. 1188-1214,
doi:10.1016/j.gca.2005.11.008.

Brown, M., and Rushmer, T., 1997, The role of deformation in the movement of granite melt: Views
from the laboratory and the field, in Holness, M.B. ed., Deformation-enhanced fluid transport
in the Earth’s crust and mantle: The Mineralogical Society Series 8, London, Chapman and
Hall, p. 111-144.

Carvalho, B.B., Sawyer, E.W., and Janasi, V.A., 2016, Crustal reworking in a shear zone:
Transformation of metagranite to migmatite: Journal of Metamorphic Geology, v. 34, p. 237—
264, doi:10.1111/jmg.12180.

Collins, W.J., Van Kranendonk, M.J., and Teyssier, C., 1998, Partial convective overturn of Archaean
crust in the east Pilbara Craton, Western Australia: Driving mechanisms and tectonic
implications: Journal of Structural Geology, v. 20, p. 1405-1424, doi:10.1016/S0191-
8141(98)00073-X.

de Bremond D’Ars, J., Lécuyer, C., and Reynard, B., 1999, Hydrothermalism and diapirism in the
Archean: Gravitational instability constraints: Tectonophysics, v. 304, p. 29-39,
doi:10.1016/S0040-1951(98)00303-5.

Gardiner, N.J., Hickman, A.H., Kirkland, C.L., Lu, Y., Johnson, T., and Zhao, J.X., 2017, Processes
of crust formation in the early Earth imaged through Hf isotopes from the East Pilbara
Terrane: Precambrian Research, v. 297, p. 5676, doi:10.1016/j.precamres.2017.05.004.

Gardiner, N.J., Kirkland, C.L., Hollis, J., Szilas, K., Steenfelt, A., Yakymchuk, C., and Heide-
Jargensen, H., 2019, Building Mesoarchaean crust upon Eoarchaean roots: The Akia Terrane,
West Greenland: Contributions to Mineralogy and Petrology, v. 174, 20, doi:10.1007/s00410-
019-1554-x.

Henderson, P., 1984, General geochemical properties and abundances of the rare earth elements, in
Henderson, P., ed, Rare Earth Element Geochemistry: Amsterdam, The Netherlands,

Elsevier, p. 1-32.

Johnson, T.E., Brown, M., Gardiner, N.J., Kirkland, C.L., and Smithies, R.H., 2017, Earth’s first
stable continents did not form by subduction: Nature, v. 543, p. 239-242,
doi:10.1038/nature21383.

66



Kendrick, J., and Yakymchuk, C., 2020, Garnet fractionation, progressive melt loss and bulk
composition variations in anatectic metabasites: Complications for interpreting the
geodynamic significance of TTGs: Geoscience Frontiers, v. 11, p. 745-763,
doi:10.1016/j.gsf.2019.12.001.

Kirkland, C.L., Yakymchuk, C., Olierook, H.K.H., Hartnady, M.1.H., Gardiner, N.J., Moyen, J.-F.,
Hugh Smithies, R., Szilas, K., and Johnson, T.E., 2021, Theoretical versus empirical secular
change in zircon composition: Earth and Planetary Science Letters, v. 554, 116660,
doi:10.1016/j.epsl.2020.116660.

Kroner, A., Hoffmann, J.E., Xie, H., Mlnker, C., Hegner, E., Wan, Y., Hofmann, A., Liu, D., and
Yang, J., 2014, Generation of early Archaean grey gneisses through melting of older crust in
the eastern Kaapvaal craton, southern Africa: Precambrian Research, v. 255, p. 823-846,
doi:10.1016/j.precamres.2014.07.017.

Laurent, O., Bjoérnsen, J., Wotzlaw, J.F., Bretscher, S., Pimenta Silva, M., Moyen, J.-F., Ulmer, P.,
and Bachmann, O., 2020, Earth’s earliest granitoids are crystal-rich magma reservoirs tapped
by silicic eruptions: Nature Geoscience, v. 13, p. 163-169, doi:10.1038/s41561-019-0520-6.

Lin, S., 2005, Synchronous vertical and horizontal tectonism in the Neoarchean: Kinematic evidence
from a synclinal keel in the northwestern Superior craton, Canada: Precambrian Research, v.
139, p. 181-194, doi:10.1016/j.precamres.2005.07.001.

Martin, H., 1994, The Archean grey gneisses and the genesis of continental crust, in Condie, K.C.,
ed., Archean Crustal Evolution: Amsterdam, The Netherlands, Elsevier, p. 205-259.

Martin, H., Smithies, R.H., Rapp, R., Moyen, J.-F., and Champion, D., 2005, An overview of adakite,
tonalite-trondhjemite—granodiorite (TTG), and sanukitoid: Relationships and some
implications for crustal evolution: Lithos, v. 79, p. 1-24, doi:10.1016/j.lithos.2004.04.048.

Mole, D.R., Thurston, P.C., Marsh, J.H., Stern, R.A., Ayer, J.A., Martin, L.A.J., and Lu, Y.J., 2021,
The formation of Neoarchean continental crust in the south-east Superior Craton by two
distinct geodynamic processes: Precambrian Research, v. 356, 106104,
doi:10.1016/j.precamres.2021.106104.

Moser, D.E., 1994, The geology and structure of the mid-crustal Wawa gneiss domain: A key to
understanding tectonic variation with depth and time in the late Archean Abitibi-Wawa
orogen: Canadian Journal of Earth Sciences, v. 31, p. 1064-1080, doi:10.1139/e94-096.

67



Moser, D.E., Heaman, L.M., Krogh, T.E., and Hanes, J.A., 1996, Intracrustal extension of an Archean
orogen revealed using single-grain U-Pb zircon geochronology: Tectonics, v. 15, p. 1093—
1109, doi:10.1029/96TC00130.

Moyen, J.-F., 2011, The composite Archaean grey gneisses: Petrological significance, and evidence
for a non-unique tectonic setting for Archaean crustal growth: Lithos, v. 123, p. 21-36,
doi:10.1016/j.lithos.2010.09.015.

Moyen, J.-F., and Martin, H., 2012, Forty years of TTG research: Lithos, v. 148, p. 312-336,
doi:10.1016/j.lithos.2012.06.010.

Moyen, J.-F., and Stevens, G., 2006, Experimental constraints on TTG petrogenesis: Implications for
Archean geodynamics, in Benn, K., Mareschal, J.-C., and Condie, K.C. eds., Archean
geodynamics and environments. AGU Geophysical Monograph, Washington, DC, American
Geophysical Union, p. 149-178.

Ontario Geological Survey, 2019, Geochronology Inventory of Ontario:
http://www.mndm.gov.on.ca/en/mines-and-minerals/applications/ogsearth/geochronology-

inventory-ontario-compilation (accessed May 2021).

Palin, R.M., White, R.W., and Green, E.C.R., 2016, Partial melting of metabasic rocks and the
generation of tonalitic—trondhjemitic—granodioritic (TTG) crust in the Archaean: Constraints
from phase equilibrium modelling: Precambrian Research, v. 287, p. 73-90,
doi:10.1016/j.precamres.2016.11.001.

Percival, J.A., and West, G.F., 1994, The Kapuskasing uplift: A geological and geophysical synthesis:
Canadian Journal of Earth Sciences, v. 31, p. 1256-1286, doi:10.1139/e94-110.

Percival, J.A., Skulski, T., Sanborn-Barrie, M., Stott, G.M., Leclair, A.D., Corkery, M.T., and Boily,
M., 2012, Geology and tectonic evolution of the Superior Province, Canada, in Percival, J.A.,
Cook, F.A., and Clowes, R.M. eds., Tectonic Styles in Canada: The LITHOPROBE
Perspective, Geological Association of Canada, Special Paper 49, p. 321-378.

Philpotts, A.R., Carroll, M., and Hill, J.M., 1996, Crystal-mush compaction and the origin of
pegmatitic segregation sheets in a thick flood-basalt flow in the Mesozoic Hartford Basin,
Connecticut: Journal of Petrology, v. 37, p. 811-836, doi:10.1093/petrology/37.4.811.

Rutter, E.H., and Neumann, D.H.K., 1995, Experimental deformation of partially molten Westerly

granite under fluid-absent conditions, with implications for the extraction of granitic magmas:

68



Journal of Geophysical Research: Solid Earth, v. 100, p. 15697-15715,
doi:10.1029/94JB03388.

Sawyer, E.W., 2020, Petrogenesis of secondary diatexites and the melt budget for crustal reworking:
Journal of Petrology, v. 61, egaa039, doi:10.1093/petrology/egaa039.

Sizova, E., Gerya, T., Stiwe, K., and Brown, M., 2015, Generation of felsic crust in the Archean: A
geodynamic modeling perspective: Precambrian Research, v. 271, p. 198-224,
doi:10.1016/j.precamres.2015.10.005.

Smithies, R.H. et al., 2019, No evidence for high-pressure melting of Earth’s crust in the Archean:
Nature Communications, v. 10, 5559, doi:10.1038/s41467-019-13547-x.

Thébaud, N., and Rey, P.F., 2013, Archean gravity-driven tectonics on hot and flooded continents:
Controls on long-lived mineralised hydrothermal systems away from continental margins:
Precambrian Research, v. 229, p. 93-104, doi:10.1016/j.precamres.2012.03.001.

Vanderhaeghe, O., Guergouz, C., Fabre, C., Duchéne, S., and Baratoux, D., 2019, Secular cooling
and crystallization of partially molten Archaean continental crust over 1 Ga: Comptes Rendus
- Geoscience, v. 351, p. 562-573, doi:10.1016/j.crte.2019.07.002.

White, R.W., Palin, R.M., and Green, E.C.R., 2017, High-grade metamorphism and partial melting in
Archean composite grey gneiss complexes: Journal of Metamorphic Geology, v. 35, p. 181-
195, d0i:10.1111/jmg.12227.

69



g

nclave

Plagioclase

Plagioclase

Quartz
R

L PPL
[

Figure 3.1. A-C) Photographs of TTG outcrops in the Wawa Gneiss Domain. Mafic enclaves are associated
with leucocratic bodies (group 3). D) Photomicrograph of a group 1 sample: subhedral plagioclase with
irregular grain boundaries is dispersed in a matrix of quartz, biotite, and anhedral K-feldspar. E)
Photomicrograph of a group 2 sample: blocky plagioclase exhibits cumulate texture. F) Photomicrograph of a
group 3 sample: plagioclase crystals are densely packed. PPL = plane-polarized light; XPL = cross-polarized
light.
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Figure 3.2. A) Chondrite-normalized trace element compositions of the Wawa Gneiss Domain TTGs collected

in this study. Dashed lines are medians of the ‘high-pressure’ (HP) and ‘low-pressure’ (LP) TTG groups from
Moyen (2011). B) Normative albite (Ab), anorthite (An), and orthoclase (Or) proportions of the TTG samples.
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Figure 3.3. Phase equilibrium modeling of the crystallization sequence of the estimated parental TTG

composition at 0.6 GPa. The full phase assemblage diagram is shown in Fig. S2.1.
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TTGs are after Moyen (2011).
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Chapter 4

Anatomy of a craton: Isotopic heterogeneity across an Archean

crustal cross section

Summary

The formation of granitoids, predominantly tonalite-trondhjemite-granodiorite (TTG) suites was a key
process in the differentiation of Earth’s earliest crust. However, the relative importance of intracrustal
reworking versus input from external sources remains unclear. U-Pb and Hf isotopic data collected
from zircon crystals in Archean granitoids commonly support reworking and partial melting of the
same crustal material over time to produce subsequent generations of granitoids. Relatively few
isotopic datasets indicate the presence of different generations of TTGs from unrelated sources in a
single region. These end-member scenarios of granitoid generation have different implications for
Archean crustal evolution. Here, we investigate TTGs from across a crustal cross section known as
the Kapuskasing Uplift in the Neoarchean Wawa terrane of the southern Superior Province. We report
U—Pb and Hf isotopic data from zircon in TTGs from the lower, middle, and upper crust to evaluate
their sources. Results indicate three groups of TTGs: a ca. 2885 Ma upper-crustal TTG with
chondritic €Hf, ca. 2835-2820 Ma deep-crustal TTGs with subchondritic ¢Hf, and ca. 2750-2685 Ma
TTGs with suprachondritic eHf emplaced at middle- to upper-crustal level. Each group was derived
from an isotopically distinct source. We propose that the Mesoarchean rocks exposed in the
Kapuskasing Uplift represent a crustal fragment rifted from the margin of existing Mesoarchean
terranes in the Superior Province. Subsequent Neoarchean juvenile magmatism dominates the upper
and middle crust resulting in isotopic stratification of the Kapuskasing Uplift, as only the lower crust
contains evidence of all three isotopic sources. Inferences about Archean crustal evolution in general
rely on upper- to middle-crustal rocks (i.e., greenstone belts and grey gneiss), as these represent the
majority of exposed Archean crust worldwide. The potential for the lower crust to be decoupled from
overlying rocks implies that some parts of the Archean geological record may be preserved only at

the deepest crustal levels—particularly rocks related to the most ancient sources.
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4.1 Introduction

The processes that drove the evolution of Earth’s early crust remain enigmatic. In general, crustal
differentiation was driven by partial melting of hydrated basaltic crust to generate granitoids of the
tonalite-trondhjemite-granodiorite (TTG) suite (Moyen and Martin, 2012). In a purely intracrustal
model of crustal differentiation, TTGs are formed by partial melting of metabasite and subsequent
generations of granitoids are formed by further crustal reworking; some isotopic datasets from
Archean cratons support long-lived intracrustal reworking, where multiple generations of granitoids
can be linked to the same isotopic source (e.g., Gardiner et al., 2017; O’Neil and Carlson, 2017).
However, other isotopic datasets indicate that multiple unrelated sources were involved in the
generation of felsic crust in a single region (e.g., Gardiner et al., 2020). Distinguishing between these
scenarios has broad implications for Archean tectonics and crustal evolution, as evidence for multiple
granitoid sources requires that Archean rocks of distinct origins were juxtaposed. This can be
achieved, for instance, by accretion of exotic terranes through horizontal tectonic processes (e.g.,
Frieman et al., 2021) or emplacement of pulses of juvenile magmatism within existing ancient crust
(e.g., Mulder et al., 2021).

A large proportion of exposed and accessible Archean crust is limited to rocks of the upper to
middle crust (e.g., Percival et al., 2012), and consequently interpretations of continental evolution are
commonly made without direct observations or data from rocks of the lower crust. However, the
potential for the deep crust to be isotopically decoupled from overlying rocks has been demonstrated.
For instance, inherited xenocrystic zircon in greenstone rocks can indicate the presence of an older
basement (e.g., Van Kranendonk et al., 2013) and zircon transported as xenocrysts or within xenoliths
from the deep Archean crust by post-Archean magmats may have distinct isotopic signatures from
overlying rocks (e.g., Gardiner et al., 2020; Ma et al., 2020). Archean crustal xenoliths and xenocrysts
can provide a valuable glimpse into the deep crust, though the lack of geological context and limited
sample material may hinder their utility. Rarely, the lower levels of Archean crust are exposed in a

crustal cross section, allowing for a comprehensive view of cratonic interiors.

Here, we investigate TTG samples collected across the Kapuskasing Uplift, a cross section of
the Wawa terrane in the southern Superior Province (Fig. 4.1a) that extends from granulite-facies
deep crust to the largely supracrustal shallow crust. This Archean crustal cross section provides a rare
opportunity to evaluate the isotopic record preserved at different crustal levels, and we present the

first U-Pb and Hf isotopic dataset of TTGs from across the Kapuskasing Uplift. We propose that
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felsic crust in the Kapuskasing Uplift was generated by three main pulses of magmatism—two
Mesoarchean and one Neoarchean—derived from three isotopically distinct sources. However, our
results combined with previous data from the region demonstrate isotopic stratification within the
crust; the upper and middle crust are biased toward the volumetrically dominant Neoarchean
magmatism and only the deep crust preserves evidence of all three isotopic sources. We discuss the
significance of these results within the context of the Superior Province and the Archean geological

record in general.

4.2 Regional Geology

The Superior Province is the largest preserved Archean craton and has been used as a natural
laboratory for testing hypotheses of different Archean tectonic processes (Lin, 2005; Percival et al.,
2012; Bédard and Harris, 2014). The Wawa terrane, located in the southern Superior Province,
contains the Kapuskasing Uplift, of which the southern portion is the focus of this study (Fig. 4.1a).
Three domains in the Kapuskasing Uplift—exposed over ~150 km—broadly represent different
crustal levels of the Wawa terrane. From shallowest to deepest, these include the Michipicoten
Greenstone Belt (MGB), the Wawa Gneiss Domain (WGD), and the Kapuskasing Structural Zone
(KSZ) (Fig. 4.1b).

The MGB represents some of the shallowest crust exposed in the Wawa terrane and is
composed of three volcanic assemblages, with crystallization ages of ca. 2900 Ma, ca. 2750 Ma, and
ca. 2700 Ma (Turek et al., 1992; Sage, 1994). Each cycle shows a progression from mafic volcanic
rocks at the base to felsic volcanic rocks at the top (Turek et al., 1992). Within the MGB, TTG
plutons have generally synchronous crystallization ages with the felsic portion of each volcanic cycle
(Turek et al., 1984; Turek et al., 1992; Sage et al., 1996a). Monzonitic, granodioritic, and syenitic
intrusions postdate the formation of the MGB and have no volcanic equivalents (Sage et al., 1996a).
The oldest volcanic cycle, the Mesoarchean Hawk assemblage, contains the only ultramafic volcanic
rocks in the MGB and is intruded by the ca. 2890-2880 Ma Hawk Lake granitic complex (Turek et
al., 1984); these rocks are found only along the southeastern margin of the MGB (Fig. 4.1b; Sage,
1994). The Hawk assemblage has been hypothesized to be the remnant of the Hawk terrane, a
basement of unknown extent upon which the Neoarchean rocks of the MGB were deposited (Turek et
al., 1984; Percival et al., 2012).
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The WGD represents the middle crustal level in the Wawa terrane and is dominated by
granitoid plutons and gneisses containing supracrustal enclaves that are up to a kilometer in size
(Moser et al., 1996). Most of the exposed granitoid rocks and gneisses in the WGD have
compositions consistent with TTGs sensu stricto (Moser et al., 1996; Kendrick et al., 2022 [Chapter
3]). These TTGs exhibit a range of major and trace element compositions that are typically attributed
to derivation from mafic sources at different depths (e.g., Moyen and Martin, 2012). However, the
compositional diversity of these rocks was probably generated—or at least strongly influenced—by
segregation of crystals and melt within a middle-crustal crystal mush (Kendrick et al., 2022 [Chapter
3]). Previous work has identified granitoid crystallization at ca. 2920 Ma, 2675 Ma, 2660 Ma, and
2645 Ma; the youngest ages represent local intrusions that accompanied late extension in the WGD
(Moser et al., 1996). Granitoids of the WGD have a deformed intrusive contact with the MGB (Sage,
1994) and a less clearly defined, gradational contact with rocks in the KSZ to the east (Percival,
1983).

The KSZ represents the deepest crustal level exposed in the Wawa terrane and is composed
of upper amphibolite- to granulite-facies rocks of predominantly intermediate to mafic composition
(Percival, 1983). The origin and age of the protoliths are unclear, as high-grade metamorphism in the
KSZ (> 800°C, 1.0-1.1 GPa; Mader et al., 1994; Hartel and Pattison, 1996) postdated most of the
igneous activity in the Wawa and Abitibi terranes (Percival et al., 2012). Metamorphic zircon has
yielded ages of ca. 2660 Ma and ca. 2645 Ma (Percival and Krogh, 1983; Krogh, 1993; Krogh and
Moser, 1994), and some zircon populations were interpreted to record protracted metamorphic zircon
growth from ca. 2660 Ma to ca. 2580 Ma (Moser et al., 2008). However, evidence of earlier
metamorphism in KSZ rocks has been found, with metatonalite and metabasite yielding ca. 3200 Ma,
2850 Ma, and 2790 Ma ages from inferred metamorphic zircon (Benn and Kamber, 2009). Therefore,
the thermal history of the KSZ may have been complex, with protoliths that may predate the largely
Neoarchean history of the Wawa and Abitibi terranes. The lower crustal rocks of the Wawa terrane,
exposed in the KSZ, are juxtaposed with greenstones of the Abitibi terrane to the east along the
Ivanhoe Lake fault zone (Fig 4.1b); thrusting along this fault is inferred to have occurred in the

Neoarchean and the Paleoproterozoic (Percival and West, 1994).

The origin of rocks exposed in the Kapuskasing Uplift has typically been interpreted within a
modern-style plate tectonic framework. The Hawk terrane has been interpreted as a Mesoarchean

microcontinent allochthonous to the proto-Superior Province (Percival et al., 2012). This
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microcontinent became embedded within the Wawa-Abitibi terrane during the emplacement of
magmatic and volcanic rocks from 2750 Ma to 2695 Ma in an inferred oceanic setting, and this
composite body accreted to the Superior Province at ca. 2695 Ma (Percival et al., 2012). The origin of
the lower crustal rocks of the KSZ has been explained by lateral tectonic underplating of
allochthonous crustal material (Krogh, 1993) to the existing volcanic—plutonic complex (MGB and
WGD). Moser et al. (1996) proposed multiple tectonic underplating events between ca. 2670 Ma and

2640 Ma, each followed by delamination and granulite-facies metamorphism.
4.3 Samples and Methodology

4.3.1 Samples

We report data from nine TTG samples collected across the Kapuskasing Uplift, mainly consisting of
unfoliated to gneissic biotite tonalite or biotite—hornblende tonalite (Fig. S3.1). Six samples (18JK19,
19JK43, 19JK41, 19JK40, 18JK08, and 18JK53) are a subset from a larger group of TTG samples
taken from the WGD that was previously examined by Kendrick et al. (2022) [Chapter 3]. The TTGs
from the WGD selected for the present study include both plagioclase cumulate-rich samples and
complementary residual melt-rich samples from Kendrick et al. (2022) [Chapter 3]. We also report
results from a sample (19JK45B) collected at the edge of the Hawk Lake granitic complex, which we
interpret as a TTG phase of this intrusive complex. The remaining two samples (17JK11 and 17JK26)
were collected at the eastern margin of the KSZ; these outcrops contain garnet (<5% vol.%), granitic
(sensu lato) leucosome (sample 17JK26 outcrop only) inferred to be the remnants of anatexis caused
by high-temperature metamorphism, and a larger proportion of mafic enclaves in comparison to the

other seven outcrops sampled (Fig. S3.1).

4.3.2 Whole-rock geochemical data

Of the nine TTG samples investigated in this study, whole-rock geochemical data for the six samples
from the WGD have been previously reported in Kendrick et al. (2022 [Chapter 3]; samples 19JK43,
19JK41, and 19JK40 are listed as 18JK30, 18JK12, and 18JK24, respectively; see Table S2.1). We
report whole-rock geochemical data from samples 19JK45B, 17JK11, and 17JK26, which were
processed at the Ontario Geological Survey Geoscience Laboratories (Geolabs) (Sudbury, Canada).
Major elements were analyzed by X-ray fluorescence and the trace elements were measured by

inductively coupled plasma mass spectrometry. Reference materials, sample duplicates, and blanks
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were used to ensure data quality. Detailed analytical methods are described in the Appendix S3.1.1
and whole-rock geochemical data from the three samples are provided in Table S3.1.

4.3.3 Zircon U-Pb and Lu-Hf analysis

Zircon mineral separates were obtained from each of the nine TTG samples for in situ U-Pb and Lu—
Hf analysis. Cathodoluminescence (CL) images of the crystals were collected at the Waterloo
Advanced Technology Laboratory at University of Waterloo to aid in the selection of locations for in
situ analysis. U-Pb and Lu—Hf isotopic data were collected simultaneously by laser ablation split
stream (LASS) analyses of zircon at the John de Laeter Centre for Mass Spectrometry at Curtin
University following the methodology described by Gardiner et al. (2020). Matrix-matched reference
materials were analyzed to ensure data quality. An extended description of the methodology is
provided in the Appendix S3.1.1 and all data obtained from zircon separates and reference materials
are available in Tables S3.2 and S3.3.

4.4 Results

4.4.1 Whole-rock geochemical data

The nine samples exhibit geochemical characteristics consistent with TTGs (e.g., Moyen and Martin,
2012), including SiO; > 64 wt.%, K>O/Na;O < 0.5, and enrichment of LREE relative to HREE (see
Kendrick et al., 2022 [Chapter 3]; Table S3.1). The samples from the Hawk Lake granitic complex
and the KSZ have overall higher concentrations of REE than many TTGs from the WGD, although
there is variability within the WGD dataset (Kendrick et al., 2022 [Chapter 3]). The TTG samples
from the KSZ also have higher maficity (FeOt + MgO + MnO + TiO», wt.%) than almost all of our
other TTG samples from the Kapuskasing Uplift (see Kendrick et al., 2022 [Chapter 3]; Table S3.1).
These major and trace element trends may indicate geochemical variability between suites of TTGs of

different crustal levels within the Kapuskasing Uplift.

4.4.2 Zircon U-Pb geochronology

All U-Pb data from zircon analyses are included in Table S3.2, selected CL images from each zircon

population are shown in Fig. S3.2, concordia and 2°’Pb/?%Pb age versus *"®Hf/*""Hf trends are shown

in Fig. S3.3, and detailed interpretations of the results from each sample are given in the Appendix

$3.1.2; this information is also summarized here. For all samples, zircon varies from approximately

50 pm to 100 pum in width and 100 pum to 300 um in length. Most zircon show oscillatory zoning in
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CL images; many have distinct cores and rims. Only cores were targeted for analysis, as rims were
typically < 50 um thick. Analyses were considered to be discordant when the difference between the
238/2%6ph and 2°"Pb/?Pb ages was > 5%. In three samples, an analysis yielded an age over 100 Myr
older than others from the same sample, but with no distinguishable difference in "5Hf/*""Hf,
resulting in Y*Hf/*""Hf(t) apparently more radiogenic than depleted mantle; these analyses could have
been affected by common Pb and we consider these ages to be unreliable (c.f. Ge et al., 2018;
Frieman et al., 2021; see Appendix S3.1.2). Analyses yielding young ages may have experienced
ancient radiogenic Pb loss events, particularly if the concentration of U is high (>1000 pg/g). Any
analyses that appeared to include both cores and rims, obvious cracks, or zones with a spongy texture

(i.e., metamict zones) are also considered to be unreliable and are not discussed further.

Three groups of primary ages were identified: igneous zircon (Group I), xenocrystic
components or discrete crystals (Group X), and metamorphic zircon (Group M). All samples yielded
zircon populations with 2°’Ph/2%Ph ages that overlapped with at least one other analysis within 2c
uncertainty (Fig. 4.2). The igneous crystallization age was calculated based on analyses from Group I,
consistent with their dominant oscillatory zonation and location in core domains (Group |, Fig. 4.2).
For each sample, Group | analyses were used to calculate a weighted mean 2°’Pb/?Ph age,
interpreted as the igneous crystallization age of the sample. However, for four samples, a single
statistically robust population was not found from Group | zircon analyses (see methods in Appendix
S3.1.1), indicating either prolonged growth or secondary modification resulting in scatter along the
concordia. Analyses that yielded ages older than Group | are inferred to have sampled xenocrystic
components (Group X, Fig. 4.2). Metamorphic zircon growth (Group M, Fig. 4.2) is evident in
samples that underwent high-grade metamorphism and such zircon ages are significantly younger
than the dominant Group | population (samples 17JK11 and 17JK26). The significance of ages

obtained from metamorphic zircon is not discussed further.

Three samples have Mesoarchean crystallization ages, including sample 19JK45B from the
Hawk Lake granitic complex with an age of ca. 2885 Ma and two samples from the KSZ, 17JK11
yielding an age of ca. 2834 Ma, and 17JK26 with ages that vary from ca. 2835 to 2806 Ma (no
statistically robust mean age). The analyses from sample 17JK26 show some correlation between
YHf/A""Hf and age (Fig. S3.3), which supports protracted zircon growth and not secondary
modification. One analysis with a ca. 2885 Ma age from sample 17JK11 may represent a xenocrystic

component.
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The six remaining samples—all from the WGD—have Neoarchean crystallization ages. The
oldest, sample 18JK19, yielded a population from ca. 2750 to 2715 Ma but lacks a single statistically
robust mean age. The small range of "®Hf/*""Hf values from this population (Table S3.2, Fig. S3.3)
suggests that the range of ages reflects ancient Pb loss rather than protracted zircon growth in this
sample. Samples 19JK43 and 18JK53 have indistinguishable weighted mean ages at ca. 2695 Ma and
18JKO08 is the youngest sample at ca. 2685 Ma. Sample 19JK40 provided no single statistically robust
mean age, with a population from ca. 2716-2679 Ma. A large number of analyses from sample
19JK40 yield 2°’Pb/?°%Pb ages younger than Group | that range from concordant to highly discordant
(Fig. S3.3); the zircon population from this sample has likely experienced radiogenic Pb loss. Sample
19JK41 yields a similar population of ages to sample 19JK40, with a range of ca. 2706-2680 Ma and
no statistically robust mean age. As these analyses show no correlation between °Hf/*"’"Hf values
and 27Pb/2%Ph age (Fig. S3.3), the range of ages likely reflects Pb loss. The populations of samples
19JK40 and 19JK41 broadly overlap with the ca. 2695-2685 Ma samples (Fig. 4.2); the
crystallization ages of these samples are likely within this range. Assorted analyses with ages of ca.

2782-2720 Ma across the Neoarchean samples are consistent with xenocrystic zircon components.

4.4.3 Hafnium isotopes

The measured Lu—Hf isotopic data were coupled with the results of U-Pb geochronology to calculate
an eHf{(t) value for each analysis relative to the chondritic uniform reservoir (CHUR) (Fig. 4.3;
dataset available in Table S3.3). Calculations included only zircon analyses within primary growth
groups—the accepted igneous population (Group 1), xenocrysts (Group X), or metamorphic growth
(Group M). Populations were assigned their weighted mean age where possible; otherwise, the
individual calculated 2°Pb/?%®Pb age was used for spot analyses without a statistically robust weighted
mean age. Alternatively, the significance of U-Pb and Hf isotopic data collected from zircon by
LASS may be interpreted based on the mean 2°’Pb/?%Pb age and the mean gHf(t) value of a zircon
population (e.g., Salerno et al., 2021); both approaches yield similar results for our samples (Fig.
S3.4).

Sample 19JK45B from the Hawk Lake granitic complex has a crystallization age of ca. 2885
Ma and eHf{(t) overlaps CHUR at this time with values ranging from —1.0 to +1.5, similar to U-Pb—Hf
data previously collected from this intrusive complex (Fig. 4.3; Smith et al., 1987). The two TTGs
from the KSZ (17JK11 and 17JK26) yield the least radiogenic zircon ¢Hf(t) values in our dataset. The
main population between ca. 2835 Ma and ca. 2820 Ma has a range of eHf{(t) values of approximately
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—2.0 to —4.0 (Fig. 4.3). All samples from the WGD form a cluster of ages varying from ca. 2750 Ma
to ca. 2685 Ma with relatively radiogenic eHf(t) values of +1.0 to +5.0. These juvenile, Neoarchean
results are consistent with the majority of existing U-Pb and Hf data from the Wawa and Abitibi
terranes of the southern Superior Province (Fig. 4.3).

All of our samples selected for zircon U-Pb and Hf isotopic analysis are TTGs, and therefore
their source is likely to be basaltic (Moyen and Martin, 2012). Source evolution is approximated
using 1"°Lu/*""Hf = 0.023 as a representative value chosen for mafic crust (from Vervoort and Kemp,
2016; see also Gardiner et al., 2018); however, we acknowledge the uncertainty associated with this
ratio as we do not know the ®Lu/*"’Hf of the source rocks of these TTGs. Data from the Hawk Lake
granitic complex are consistent with derivation from the same mafic source as samples from the
Winnipeg River and Wabigoon terranes in the Superior Province (Hawk—Wabigoon-Winnipeg River
array in Fig. 4.3); these terranes are located northwest of the Wawa terrane (Fig. 4.1a). A trend
emanating from the oldest felsic rocks in the Hawk—Wabigoon-Winnipeg River array (ca. 3.0 Ga;
Fig. 4.3), calculated using *8Lu/*""Hf = 0.011 (from Vervoort and Kemp, 2016; see also Gardiner et
al., 2018), illustrates the expected range of eHf(t) values related to this array assuming melting of
felsic crust. We interpret the two TTG samples from the KSZ as unrelated to the Hawk Lake granitic
complex evolution trend. The high maficity of these two samples (Table S3.1) precludes a felsic
source, suggesting that their low gHf(t) values required a mafic source with subchondritic YHf/*""Hf

by the Mesoarchean era.

Considering only data from the Kapuskasing Uplift (Fig. 4.4), our dataset comprises three
different clusters of eHf(t) values at ca. 2835-2820 Ma, ca. 2885 Ma, and ca. 2750-2685 Ma, each
consistent with derivation from increasingly radiogenic sources (sources 1, 2, and 3, respectively; Fig.
4.4). Assuming that the source lithology was broadly similar (i.e., mafic sources with 5Lu/*""Hf =
0.023) and derived from the same depleted mantle reservoir, calculated model ages differ for the three
sources (Table S3.3): source 1 is the most ancient (ca. 3.8 Ga model age), source 2 is relatively
younger (ca. 3.2 Ga model age), and source 3 is the youngest (ca. 2.9 Ga). Existing data from the
MGB and WGD are relatively radiogenic and are consistent with source 3, except for two rhyolite
samples (Fig. 4.4; Smith et al., 1987) with ages of ca. 2750 Ma and ca. 2710 Ma and near-chondritic
Y8Hf/ATTHF, consistent with source 2. Previously collected U-Pb and Hf data from pegmatite in the
KSZ are compatible with both sources 2 and 3 (Fig. 4.4; Mole et al., 2021). The TTGs from the KSZ

analyzed in our study are the only crustal material currently identified in the Kapuskasing Uplift that
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was derived from source 1, the least radiogenic source (Fig. 4.4). Similar low ¢Hf values are rare

across the southern Superior Province (Fig. 4.3).

4.5 Discussion

4.5.1 Construction of the continental crust in the Kapuskasing Uplift

The Kapuskasing Uplift has been used as a natural laboratory for the composition of deep Archean
crust (e.g., Rudnick and Fountain, 1995), but the origin and processes involved in the construction of
the crust in this area are not well known. Our TTG dataset provides new insights into the formation of
the crust exposed in the Kapuskasing Uplift within the broader context of the Superior Province, with

implications for the construction of Archean crust in general.

Previous models explaining the origin of crustal components in the Kapuskasing Uplift
region have relied on accretion of allochthonous crust to an existing cratonic nucleus (Moser et al.,
1996; Percival et al., 2012). The Hawk terrane, which includes the volcanic Hawk assemblage and the
Hawk Lake granitic complex at the base of the MGB, has been viewed as a Mesoarchean
microcontinent embedded within the juvenile crust of the Wawa-Abitibi terrane, which accreted to
the proto-Superior Province at ca. 2695 Ma (Percival et al., 2012). The lower crust of the
Kapuskasing Uplift, exposed in the KSZ, has been interpreted as allochthonous crustal material that
was tectonically incorporated into the base of the Wawa-Abitibi terrane during the Neoarchean
(Krogh, 1993; Moser et al., 1996). Alternatively, the recognition of possible Mesoarchean protoliths
in the KSZ has been interpreted as evidence for an attenuated continental margin underlying the
Wawa and Abitibi terranes, possibly connected to older terranes to the north (Benn and Kamber,
2009).

Our U-Pb and Hf results from the Hawk Lake granitic complex link the Hawk terrane to
older northern terranes and support the possibility of a Mesoarchean continental margin extending
into the Wawa terrane. However, greenstone belts within the Wawa terrane north of the MGB do not
contain evidence of an ancient continental basement and are geochemically compatible with an
oceanic setting (Polat, 2009). We therefore suggest that the Hawk terrane was rifted from the
Mesoarchean continental margin to the north during the Neoarchean, a model previously proposed for
the Abitibi terrane (Bédard and Harris, 2014; Mole et al., 2021). The inherited ca. 2885 Ma
component identified in sample 17JK11 from the KSZ may indicate that the deep crustal TTGs now
exposed in the KSZ were emplaced at the base of the Hawk terrane at ca. 2830 Ma rather than being
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tectonically accreted as allochthonous crust during the Neoarchean. The crystallization of these rocks
coincides with a widespread ca. 2830 Ma magmatic episode within the Superior Province to the north
and west of the Wawa terrane (Corfu and Stott, 1993; Davis et al., 1994; Tomlinson et al., 2003;
Duguet et al., 2009; Bjorkman, 2017). Volcanic and plutonic rocks derived from source 3 were
emplaced on top (MGB) and within (WGD) the composite Mesoarchean crust during continental
rifting from ca. 2750-2690 Ma (Figs. 4.4 and 4.5; c.f. Mole et al., 2021). The abundance of source 3-
related rocks obscures the relationship between and the extent of rocks from sources 1 and 2, as a
large volume of Neoarchean TTG magma accumulated within the middle crust (Fig. 4.5). However,
Hf isotopic data from pegmatites in the KSZ indicate that source 2-related rocks are not limited to the

Hawk Lake granitic complex and may form part of the deep crust (Fig. 4.5).

The TTGs now exposed in the KSZ were derived from a relatively old mafic source with
subchondritic eHf by the Mesoarchean; other granitoids produced by a similar source are older than
the KSZ samples and scarce overall in the southern and western Superior Province (Fig. 4.3; Davis et
al., 2005; Bjorkman et al., 2017). However, upper to middle crustal exposures are dominant in most
terranes in the Superior Province (Percival et al., 2012). Our results may suggest granitoids generated
from this ancient source are more widespread, but mainly restricted to the currently unexposed deep

crust.

4.5.2 Insights into crustal evolution from a crustal cross section

Our isotopic dataset from across the Kapuskasing Uplift—a rare, nearly-complete exposure of
Archean continental crust—implies episodic generation of felsic crust over at least ~200 Myr. In the
simplest model of Archean felsic crust generation, purely intracrustal reworking would result in
different generations of TTG magmatism that can be linked isotopically to a common source. We
have identified three isotopically distinct groups of TTGs in the Kapuskasing Uplift, implying a
complex history for the Wawa terrane requiring juxtaposition of three different mafic sources across
the Mesoarchean and Neoarchean eras. However, data from the MGB or WGD in isolation would
indicate a simpler evolution, dominated by a pulse of juvenile magmatism. Our results demonstrate
that greenstone belts and mid-crustal grey gneiss domains can have limited potential for recording the

isotopic complexity of Archean continental crust.

In exposures of Archean upper crust, greenstone belts associated with juvenile granitoids and
felsic volcanic rocks may represent accretionary complexes marking the closure of an ocean, as

suggested for example in the Kaapvaal Craton (Zeh et al., 2013), the Dharwar Craton (Praveen et al.,
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2014), and the North China Craton (Tang et al., 2016). Distinguishing this tectonic setting from an
intracontinental environment requires a lack of evidence for a cryptic—commonly unexposed—
ancient basement; such evidence includes geochemical signatures and isotopic inheritance consistent
with a crustal contaminant in greenstone belt rocks and their associated granitoids (Thurston, 2002;
Bédard, 2006). However, these features can also be explained by introduction of crustal material into
the mantle source by subduction (e.g., Tang et al., 2016). The isotopic data from the Kapuskasing
Uplift demonstrate the limitations associated with determining the tectonic setting of upper crustal
rocks without access to the deep crust. Although the volcanic rocks from the MGB exhibit
geochemical characteristics associated with crustal contamination (Sage et al., 1996b), evidence for
isotopic inheritance is apparently rare despite the underlying isotopically distinct crust. One
possibility is that the volume of existing felsic rocks generated from sources 1 and 2 was relatively
small and the crust was dominated by mafic rock. A large proportion of Mesoarchean mafic crust
would be consistent with the lack of inherited zircon of that age (Turek et al., 1996) in the MGB.
Therefore, the absence of isotopic inheritance in a greenstone belt could provide the false impression
that isotopically complex basement rocks are also absent, which can in turn influence the interpreted
tectonic setting.

Grey gneiss, mainly composed of TTG, is the dominant lithology exposed in Archean cratons
(Moyen and Martin, 2012). Many inferences about Archean crustal evolution are therefore based on
data from grey gneiss; examples include the East Pilbara Terrane (Gardiner et al., 2017),
southwestern Greenland (Gardiner et al., 2019), and the Ancient Gneiss Complex in Swaziland (Zeh
et al., 2011). The U-Pb and Hf isotopic data from these studies imply that many Archean granitoids
in grey gneiss complexes are formed by reworking of existing TTGs from a single source. Our results
suggest an isotopically homogeneous middle crust in the Wawa terrane, composed of juvenile TTGs
generated from a single source (source 3; Figs 4.4 and 4.5). However, this voluminous pulse of
magmatism from ca. 2750 Ma to ca. 2685 Ma began accumulating in the middle crust approximately
80 Myr after the deep crust had at least partially formed, as indicated by the ca. 2830 Ma TTGs now
exposed in the KSZ (Fig. 4.5). The large volume of ca. 2750-2685 Ma TTGs requires an even larger
volume of source 3, which suggests that this source material was likely located beneath the ca. 2830
Ma lower crustal TTGs. Evidence of reworking and partial melting is preserved in at least one ca.
2830 Ma TTG in the KSZ (17JK26). Nevertheless, of the TTGs investigated here and previously from
the WGD (Mole et al., 2021; Fig. 4.4), none record evidence of inheritance from the underlying,

isotopically distinct TTGs. Middle-crustal grey gneiss complexes may preserve an isotopic record that
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is biased toward the most volumetrically significant magmatic episode in a particular region and
decoupled from deeper, older crust. This highlights a strong potential for preservation bias in the
Archean geological record, as rarely exposed deep crustal rocks can record distinct—though
volumetrically limited—episodes of felsic magmatism. As we have shown for the Kapuskasing
Uplift, these less expansive felsic intrusive bodies (i.e., the Hawk Lake granitic complex and the

TTGs in the KSZ) can be crucial for reconstructing the crustal evolution of Archean cratons.

4.6 Conclusions

The new isotopic dataset from TTG samples collected across the crustal cross section exposed in the
Kapuskasing Uplift provides important insights into Archean crustal evolution, both in the context of
the Superior Province and felsic crust formation in general. The Mesoarchean to Neoarchean record
of crustal evolution in the Kapuskasing Uplift indicates the presence of three pulses of TTG
magmatism, each produced from isotopically distinct sources. In addition, the crust is stratified with
different isotopic records preserved in the upper, middle, and lower crust. We have identified a
Mesoarchean basement with two different generations of TTGs that was likely a crustal fragment
rifted from the existing cratonic nucleus of the Superior Province. Juvenile Neoarchean volcanism
and plutonism dominate the greenstone belt and grey gneiss domain, representing upper and middle
crustal levels in the Kapuskasing Uplift, respectively. Isotopic inheritance is rare in these Neoarchean
rocks, and alone they indicate a relatively simple crustal evolution dominated by a large pulse of
juvenile magmatism. Only the deepest exposed crust preserves evidence of felsic magmatism
generated from all three isotopically distinct sources. As most exposed Archean crust worldwide is
upper- to middle-crustal greenstone belts and grey gneiss, interpretations about early Earth crustal
evolution are biased toward the isotopic records of these rocks. This work demonstrates the potential
for the lower crust to be isotopically decoupled from overlying rocks and preferentially contain
material with a relatively ancient parentage. Portions of the Archean geological record may be
preserved exclusively at the deepest and least accessible crustal levels; the involvement of multiple
distinct sources in the construction of Archean felsic crust may be more common than implied by

many zircon U-Pb and Hf isotope datasets.
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Figure 4.5. Schematic illustration of the distribution of felsic intrusive rocks from the three isotopic sources

(Fig. 4.4) in the Kapuskasing uplift.
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Chapter 5

Testing the TTG—metabasite connection: An integrated

geochemical, isotopic, and petrogenetic modelling approach

Summary

Archean cratons are dominated by tonalite-trondhjemite-granodiorite (TTG) suites, the products of
early crustal differentiation that formed early continental crust. These rocks may have been primarily
generated by partial melting of hydrated basaltic crust in a variety of settings including subduction
zones or the deep lithosphere. The processes that produced continental crust are mainly inferred from
examination of TTGs alone, as potential source rocks are rarely exposed. In the southern Superior
Province, Canada, the Kapuskasing Uplift exposes a rare crustal cross section with upper- to middle-
crustal TTGs and lower-crustal metabasites, which have been shown to have produced trondhjemitic
anatectic melt. Here, we hypothesize that the metabasites were the source of the Mesoarchean to
Neoarchean TTGs in the Kapuskasing Uplift and test this connection by combining phase equilibrium
and melt trace element modelling with whole-rock and zircon Hf isotope analysis and geochronology
(garnet Lu—Hf and zircon U-Pb) of lower crustal samples. By comparison of the results with existing
data from TTGs in the Kapuskasing Uplift, we determined that the metabasites are compatible
sources for the TTGs. The Lu-Hf systematics of the metabasites and TTGs are the most robust
evidence of a genetic connection. Modelling results indicate a possible connection and may support
an increase in TTG source depth over time. Based on geochronological data, partial melting of the
metabasites was coeval with crystallization of only the youngest TTGs. Overall, these results indicate
a complex history of intracrustal differentiation in the Kapuskasing Uplift, with partial melting of two

isotopically distinct lower-crustal metabasic sources at different times and depths.

5.1 Introduction

Tonalite-trondhjemite-granodiorite (TTG) suites are the dominant component of Archean cratons and
represent the earliest granitoids generated on Earth. Based on partial melting experiments (e.g., Rapp
et al., 1991; Nair and Chacko, 2008; Qian and Hermann, 2013) and thermodynamic models (e.g.,
Nagel et al., 2012; Palin et al., 2016; Johnson et al., 2017), anatexis of hydrated metabasite has been

proposed as the dominant process by which TTGs were formed. Two endmember settings of
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metabasite partial melting are generally considered: melting of a subducted oceanic slab due to a
hotter Archean mantle compared to present (e.g., Drummond and Defant, 1990; Laurie et al., 2013)
and melting at the base of thick basaltic crust (e.g., Bédard, 2006, Smithies et al., 2009).
Understanding the nature of the TTG source is therefore crucial to broader interpretations about
Archean tectonics and crustal differentiation. However, connecting a particular TTG suite to a
potential metabasic source can seldom be directly achieved; subducting slabs were unlikely to have
resurfaced and most preserved Archean crust records upper- to middle-crustal levels (e.g., Percival et
al., 2012). Hence, rare exposures of deep Archean crust are valuable, as these may be the only direct
window into potential TTG source regions and the partial melting process (e.g., Hoffmann et al.,
2014; Yakymchuk et al., 2020).

In the Kapuskasing Uplift in the southern Superior Province, Canada, both deep-crustal
anatectic metabasites and upper- to middle-crustal TTGs are exposed in a crustal cross section
(Percival and West, 1994). Previous research in this area suggests that these metabasites represent
appropriate source rocks for tonalitic to trondhjemitic melt (Hartel and Pattison, 1996), making the
Kapuskasing Uplift a natural laboratory for testing the connection between lower crustal metabasite
and TTGs. Here, we test the hypothesis that the anatectic metabasites were the source of upper- to
middle-crustal TTGs in the Kapuskasing Uplift. We present phase equilibrium and melt trace element
modelling and Lu—Hf and U-Pb isotopic data from a suite of anatectic metabasites, following
previous work documenting the major and trace element composition and zircon U-Pb and Hf
isotopic data from a suite of TTGs in the Kapuskasing Uplift (Kendrick et al., 2022 [Chapter 3];
Kendrick et al., submitted [Chapter 4]). Based on these new results, we aim to test the genetic
connection between the metabasites and TTGs of the Kapuskasing Uplift by addressing three main

guestions:
1. Could the metabasites have produced melt with trace element compositions that are
compatible with those of the TTGs in the Kapuskasing Uplift?
2. Are the Lu—Hf isotopic compositions of the metabasites compatible with those of TTGs
in the Kapuskasing Uplift?
3. Was the timing of metabasite partial melting compatible with the timing of TTG

magmatism in the Kapuskasing Uplift?
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5.2 Regional geology

The Kapuskasing Uplift represents a near-complete cross section of the crust in the southern Superior
Province and is the boundary between the Wawa and Abitibi subprovinces (Fig. 5.1). These two
subprovinces have similar geological histories and may be contiguous across the fault zone marking
the eastern extent of the Kapuskasing Uplift (Percival et al., 2012). In our study area, which is
focused on the southern portion of the Kapuskasing Uplift, three domains broadly represent different

crustal levels.

The Michipicoten Greenstone Belt (MGB; Fig. 5.1b) is composed of upper crustal rocks,
including three volcanic cycles dated at ca. 2900 Ma, 2750 Ma, and 2700 Ma (Turek et al., 1992),
which were metamorphosed at greenschist- to amphibolite-facies conditions (Sage, 1994). The
volcanic rocks are mainly mafic to felsic, with ultramafic rocks only found in the ca. 2900 Ma cycle
(Sage et al., 1996a). Intrusive magmatic rocks include synvolcanic granitoids—mainly TTG—and
late- to post-tectonic (<2700 Ma) intrusions of mostly granodiorite, syenite, monzonite (Turek et al.,
1992; Sage et al., 1996b). The MGB hosts several mineral deposits including the high-grade Island
Gold deposit (Ciufo et al., 2020; Jellicoe et al., submitted).

The Wawa Gneiss Domain (WGD; Fig. 5.1b) has a deformed intrusive contact with the MGB
and is dominated by plutons and grey gneisses of TTG composition (Moser et al., 1996; Kendrick et
al. 2022 [Chapter 3]). These rocks represent a middle-crustal level and reached amphibolite-facies P—
T conditions (Moser et al., 1996). A range of igneous crystallization ages has been identified,
including ca. 2925 Ma, ca. 2707 Ma, ca. 2695 Ma, ca. 2685 Ma, ca. 2674 Ma, ca. 2660 Ma, and ca.
2645 Ma (Percival and Krogh, 1983; Moser et al., 1996; Kendrick et al., submitted [Chapter 4]). The
range of trace element characteristics of these TTGs has been attributed largely to the behaviour of
plagioclase post magma emplacement; plagioclase-rich cumulate is present in many outcrops
(Kendrick et al., 2022 [Chapter 3]). The WGD has a polyphase deformation history ending with
extension between ca. 2660 Ma and ca. 2645 Ma that was decoupled from the overlying MGB (Moser
et al., 1996).

The Kapuskasing Structural Zone (KSZ; Figs 5.1b and c) has a gradational contact with the
WGD characterized by an increase in metamorphic grade to upper-amphibolite and granulite facies
(Percival, 1983). Meta-anorthositic, metatonalitic, and metabasic gneisses are the dominant
lithologies and peak P—T conditions have been estimated at 750-850°C and 10-11 kbar, consistent
with metamorphism at a deep crustal level (Mé&der et al., 1994; Hartel and Pattison, 1996).
Metamorphic zircon interpreted to have grown at high temperature have yielded ages from ca. 2690
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Ma to ca. 2583 Ma; most ages are between ca. 2660 Ma and ca. 2645 Ma and continuous growth of
metamorphic zircon rims has been documented from ca. 2660 Ma to ca. 2583 Ma (Krogh and Moser,
1994; Bowman et al., 2011). Several zircon ages from ca. 3191 Ma to ca. 2698 Ma (based on 13 in
situ analyses; Benn and Kamber, 2009) were also interpreted as recording high-grade metamorphism.
Both slow cooling and multiple thermal pulses have been proposed to explain the range of ages
obtained from gneisses in the KSZ (Krogh and Moser, 1994; Percival and West, 1994; Benn and
Kamber, 2009). Macroscopic evidence of anatexis is common in the metabasic gneisses and a
previous investigation (Hartel and Pattison, 1996) determined that this was driven by an amphibole

dehydration melting reaction of the general form
Hornblende + Plagioclase + Quartz = Garnet + Diopside + Titanite + Trondhjemitic melt.

The origin of TTGs in the Kapuskasing Uplift has been suggested to be fractionation of a
mantle-derived (supra-subduction zone) magma contaminated by ancient felsic crust (Sage et al.,
1996b) or partial melting of metabasic lower crust and subducted crust at different times (Benn and
Kamber, 2009). Hartel and Pattison (1996) suggested that the metabasites exposed in the KSZ are
representative of TTG source rocks in general, though no direct genetic connection has been made
between the anatectic metabasites of the KSZ and overlying TTGs in the MGB and the WGD.

5.3 Methods

5.3.1 Whole-rock geochemical analysis

Whole-rock geochemical analysis (Table S4.1) was done at the Ontario Geological Survey (OGS)
Geolabs. Samples were reduced to powder using an agate mill and fused with a borate flux for major
element analysis by X-ray fluorescence (XRF) using Malvern-Panalytical Axios Advanced WD-XRF
spectrometers. For trace elements, powdered samples were dissolved in a multi-acid solution in a
closed vessel and analyzed by inductively coupled plasma mass spectrometry (ICP-MS) using a
Thermo Scientific iCAP-Q ICP-MS. Concentrations of H,O were measured by infrared absorption
after heating samples to 105°C and 1000°C to release free water and crystalline water, respectively.
Concentrations of ferrous iron were determined by titration using a permanganate solution standard.
The quality of whole-rock geochemical data was monitored using sample duplicates, internal
reference materials, and blanks (Table S4.1.1). Based on duplicate analyses, the precision of major
element analyses was typically better than 2% (mainly 10-15% for H.O and 10% for FeO) and trace

element precision was generally better than 10%.
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5.3.2 In situ mineral chemical analysis

The concentrations of major elements in garnet, plagioclase, clinopyroxene, amphibole, and biotite
(Table S4.2) were measured by electron probe microanalysis (EPMA) with data collected by
wavelength-dispersive spectrometers using a JEOL JXA-8230 SuperProbe at Memorial University of
Newfoundland (samples 17JK20 and 17JK08) and a Cameca SX-100 electron microprobe at the OGS
Geolabs (samples 17JK09 and 17JK12). At Memorial University of Newfoundland, operating
conditions were 15 kV, 20 nA, and various beam diameters (focused for garnet, 3 um for amphibole
and clinopyroxene, and 5 um for plagioclase and biotite) with 20—40 s count times on peak; matrix
corrections were done using the ZAF method. At OGS Geolabs, 20 kV; 20 nA; a focused beam for
garnet and clinopyroxene; rastered beams for amphibole, biotite (4 um each), and plagioclase (8 um);
and 10-15 s on peak were used, with corrections done by the PAP method. A mix of natural and

synthetic reference materials was used, including matrix-matched materials.

Chemical maps of garnet in polished thin sections were collected by laser ablation (LA) ICP-
MS at the Metal Isotope Geochemistry Laboratory at University of Waterloo. A 193 nm Analyte G2
laser ablation system coupled to an Agilent 8800 quadrupole ICP-MS was used to raster across garnet
crystals at scan speeds of 25—-45 um/s using circular spot sizes 20-25 um in diameter, depending on
the size of the map. Laser operating conditions were 10-15 Hz and fluence of 7 J/cm?. The data were
standardized using NIST 612 as the primary reference material and the quality of the data was
monitored based on analyses of NIST 610 and BHVO-2G (results and mass integration times are
available in Table S4.3 and Table S4.3.1, respectively); reference materials were analyzed after every
5-12 garnet scans. The data were reduced using the ‘Trace Element’ data reduction scheme and maps
were generated using the Imaging function in lolite v4.4.5 (Woodhead et al., 2007; Paton et al., 2011)
with internal standardization based on Si content (using average concentrations of Si in garnet for
each sample as determined by EPMA). Based on analyses of NIST 610, trace element precision and
accuracy were typically better than 10% (rarely 10-20% for accuracy of REE). However, results from
BHVO-2G commonly had a difference from accepted values and precision of up to 20-30%,
particularly for REE. Therefore, we consider the trace element data in the maps to be semi-

guantitative.

5.3.3 Phase equilibrium modelling and melt trace element modelling

Phase equilibrium modelling was done using THERMOCALC v.3.45 (Powell and Holland, 1988)
with the internally consistent thermodynamic dataset ds62 (Holland and Powell, 2011) in the Na,O—

Ca0-K;0-FeO-MgO-Al>03-SiO—H,O-TiO,—Fe,03 chemical system with the metabasite set of
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activity—composition (a—x) models (Green et al., 2016; files produced May 2016). The set includes
models for tonalitic melt, clinopyroxene (‘augite’ model used here), amphibole (Green et al., 2016),
orthopyroxene, garnet, biotite, muscovite, ilmenite (White et al., 2014), K-feldspar, plagioclase
(Holland and Powell, 2003), and spinel (White et al., 2002). Rutile, quartz, titanite, and water were
modelled as pure phases. The bulk compositions used for modelling were those measured by whole-
rock geochemical analysis (Table 5.1, Table S4.1), including the crystalline H>O values obtained

from infrared absorption and the Fe?*/Fe®* ratio as determined from titration.

Melt trace element modelling was done by mass balance using the batch melting equation of
Shaw (1970),

C, 1

C, DOA—F)+F

where C_ is the concentration of a trace element in the melt, C, is the concentration of a trace element
in the system, D is the bulk distribution coefficient, and F is the weight fraction of melt. For the
calculations done in this study, C, is the whole-rock concentration of an element (Table S4.1). The
value of D was calculated at each set of P—T conditions based on the modelled residue assemblage
and partition coefficients relevant to anatexis of metabasites from Bédard (2006). The proportion of
melt (converted to wt.%) from phase equilibrium modelling was used for F. The melt trace element
modelling was done assuming a closed system, fixed partition coefficients for each mineral, and no

involvement of accessory minerals.

5.3.4 Garnet Lu-Hf analysis
Garnet was separated from samples 17JK20, 17JK12, 17JK09, and 17JK08 at University of Waterloo

by magnetic separation, heavy liquids, panning, and hand picking. Representative whole-rock
samples were crushed manually and pulverized in an agate ball mill at University of Waterloo.
Sample preparation for Lu—Hf analysis was done at the Radiogenic Isotope and Geochronology
Laboratory (RIGL) at Washington State University (Pullman, USA). The protocols for sample
dissolution and separation of Lu and Hf at this laboratory have been presented in detail in Johnson et
al. (2018), and we summarize the process here. For each of the four samples selected for Lu—Hf
analysis, two whole-rock powder fractions and four garnet separates were obtained, each weighing
approximately 0.25 g. One whole-rock fraction and all garnet separates were dissolved in a
concentrated HF and HNOs solution within sealed Savillex beakers on a 120°C hot plate at

atmospheric pressure. This procedure is intended to limit dissolution of zircon, which may be
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inherited from the protolith and not in isotopic equilibrium with metamorphic minerals. The
remaining whole-rock fraction was digested in a HF and HNO3 solution in a Teflon vessel within a
Parr-type bomb heated in a furnace at 150°C to ensure complete dissolution of all minerals. The
fractions were heated in a HsBOs and HCI solution, and again in HCI in a Parr-type bomb in a 150°C
furnace in preparation for ion exchange chromatography. After being spiked with 7°Lu-Hf tracer
solutions, whole-rock and garnet fractions were passed through an initial stage of column
chromatography to obtain Hf- and HREE-rich solutions. The solutions went through a second stage of
column chromatography for further purification of Hf from other high field strength elements (Ti and
Zr) and isolation of Lu from other HREE. The Hf solutions were further purified of any remaining

HREE by a third stage “clean-up” column.

Isotopic analysis was done at RIGL using a Thermo-Finnigan Neptune Multi-Collector (MC)
ICP-MS for Lu and the Thermo-Finnigan Neptune Plus MC-ICP-MS for Hf analysis. The procedures
for analysis, data reduction (including interference and mass bias corrections), and isotope dilution
calculations are described in Vervoort et al. (2004). The Hf isotope measurements were normalized
relative to the JMC 475 Hf solution standard. External uncertainties were applied to the final ratios:
0.5% for "8Lu/*""Hf and 0.005% (in quadrature) for "®Hf/*"’Hf. Isochrons and Lu—Hf dates were
calculated using Isoplot 4.15 (Ludwig, 2012). The results of Lu—Hf analysis are shown in Table 5.2
and Table S4.4 (including the results of a fourth metabasite sample, which yielded an errorchron

shown in Figure S4.2 with a geologically meaningless age and is not discussed further).

5.3.5 Zircon U-Pb and Hf analysis

Zircon separates were obtained from two leucosome samples at Overburden Drilling Management
Limited (Ottawa, Canada) by electric pulse disaggregation and density-based separation. Crystals
were hand-picked and mounted in epoxy grain mounts, which were polished to expose the centres of
grains. Zircon internal structures were imaged using cathodoluminescence (CL) microscopy at the
Waterloo Advanced Technology Laboratory at University of Waterloo using a Zeiss Leo 1530 field
emission scanning electron microscope with accelerating voltage of 20 kV and approximate current of
900 pA.

Isotopic analysis was performed at the John de Laeter Centre for Mass Spectrometry at Curtin
University (Perth, Australia), where zircon U-Pb and Lu—Hf data (Table 5.3; Table S4.5) were
collected simultaneously by laser ablation split-stream analysis, using a Resonetics RESOlution M—
50A-LR system with a COMPex 102 193 nm excimer UV laser connected to an Agilent 8900 ICP-

MS and a Nu Plasma Il multi-collector ICP-MS. A 50 um spot size was used for laser ablation, with
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operating conditions of 10 Hz and 3 J/cm? fluence. Ablation time was 35 s after two cleaning pulses,
with a total baseline acquisition of 65 s. The U-Pb data (Agilent) were processed using lolite4 (Paton
et al., 2011) with the OG-1 zircon standard as the primary reference material (Stern et al., 2009;
3465.4 + 0.6 Ma). For Lu—Hf data (Nu Plasma Il), processing was also completed in lolite4 using a
modified version of the data reduction scheme of Woodhead et al. (2004). Mud Tank zircon was the
primary reference material for Hf analysis (Woodhead and Hergt, 2005; 1°Hf/ 1"Hf of 0.282507 +
0.000006). Analyses of secondary reference materials (data available in Table S4.5) yielded
207pp/206ph ages and 1"°Hf/"Hf values within uncertainty of accepted values in most cases. Tera-

Wasserburg diagrams were generated using Isoplot (Ludwig, 2012).
5.4 Results

5.4.1 Field observations and petrography

Outcrops in the southern KSZ were examined in areas of cleared vegetation along a northeast-
trending road and associated small side roads (Fig. 5.1c). Although exposure was best along the road,
outcrops in this area are sporadic (< 5% exposed). Metabasite (Figs 5.2a-c, e, f) and metatonalite
(Fig. 5.2d) were the dominant observed lithologies with rare metapelite and meta-anorthosite. Flat-
lying foliation was observed in many outcrops, generally defined by millimetre- to decimetre-scale
compositional layers. Sampling was focused mainly on metabasite and metatonalite, with the aim of

collecting a sample set representative of the variations observed in these lithologies.

Metabasite outcrops in the KSZ contain up to 30 vol.% stromatic to patchy leucosome that is
composed primarily of plagioclase and quartz with variable amounts of garnet, clinopyroxene, and
amphibole (Fig. 5.2a, b, e, f). Garnet and clinopyroxene have been interpreted as products of an
amphibole breakdown reaction in the KSZ (Hartel and Pattison, 1996); we also infer that garnet and
clinopyroxene porphyroblasts in the leucosome are peritectic, as the association of anhydrous
minerals with leucosome is consistent with fluid-absent hydrate-breakdown melting (e.g., Brown,
2013). The metabasite mineral assemblages are typically dominated by amphibole and plagioclase,
with or without garnet, clinopyroxene, biotite, and quartz. In all cases, samples used for whole-rock
geochemical analysis were taken away from leucosome-rich areas, whereas both leucosome and
melanocratic components were targeted for thin sections. Some outcrops are compositionally layered
at the centimetre to decimetre scale, with leucosome-bearing amphibole + plagioclase (x garnet)
layers and leucosome-poor garnet + clinopyroxene + plagioclase layers (Fig. 5.2c). Systematic

variations in the characteristics of metabasite outcrops were observed across the study area, with
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leucosome and garnet content broadly increasing from west to east. The prevalence of
compositionally layered metabasite outcrops also increases from west to east. In exposures where
both metabasite and metatonalite are present, metabasite bodies appear to be enclaves within
metatonalitic gneiss, however poor exposure obscures the relationship between the two lithologies in

most cases.

Metatonalite varies from homogeneous and moderately foliated to heterogeneous with strong
foliation defined by millimetre- to centimetre-scale compositional banding (Fig. 5.2d). The proportion
of amphibole is variable among metatonalite outcrops—and in some cases, within outcrop—resulting
in relatively leucocratic and melanocratic varieties. The abundance of centimetre- to metre-scale
metabasic enclaves also varies; these may comprise up to 25 vol.% of the outcrop. Stromatic
leucosome is present in many metatonalite outcrops (up to 20 vol.%; Fig. 5.2d) and is dominantly
composed of plagioclase + quartz £ K-feldspar but may also contain peritectic garnet or amphibole
porphyroblasts. Garnet may also appear throughout melanocratic components of the metatonalite and
is most common in the eastern portion of the study area and in more melanocratic outcrops (Fig.
5.2d).

From our sample set (53 collected in the KSZ), we have selected three metabasites and one
metatonalite for further study. These samples represent a range of bulk compositions reflected in
different proportions of rock-forming minerals—useful for phase equilibrium and melt composition
modelling—and have sufficient garnet for Lu—Hf geochronology. At three metabasite outcrops,
leucosome-rich samples were collected and trimmed to remove metabasite matrix to obtain

leucosome bulk compositions and zircon separates for U-Pb and Hf analysis.

5.4.1.1 17JK20 (metabasite) and 19JK15 (leucosome)

Sample 17JK20 was collected from a heterogeneous outcrop of garnet + amphibole + clinopyroxene
+ plagioclase metabasite with abundant plagioclase + quartz leucosome (up to 30 vol.%; Fig. 5.2a).
The leucosome forms a network-like structure across the outcrop, with some continuous stromatic
leucosome (up to 3 cm wide) forming nearly orthogonal intersections with other centimetre-scale
leucosome bodies. Millimetre-scale leucosome in the form of discontinuous layers or patches appears
to be randomly oriented and are commonly in petrographic continuity (i.e., similar mineral
assemblages, grains sizes, and modes) with larger leucosome bodies. Sample 19JK15 was taken from
an area rich in centimetre-scale leucosome in this outcrop (Fig. 5.2a; sampled area not pictured) and

was trimmed using a rock saw to remove metabasite.
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At the thin section scale, sample 17JK20 is composed of garnet + amphibole + plagioclase +
ilmenite + quartz + clinopyroxene domains with a subgranoblastic texture and plagioclase + quartz
leucosome domains. Garnet (up to 5 mm), amphibole, and plagioclase (both up to 1 mm) are
subidioblastic and abundant (Fig. 5.3a, b). Subidioblastic clinopyroxene (up to 1 mm; Fig. 5.3b) is
relatively uncommon. In the domains dominated by ferromagnesian minerals, rare quartz (up to 0.5
mm) is rounded or xenoblastic and commonly interstitial to the other minerals (Fig. 5.3b). The low
dihedral angle and cuspate grain shapes of interstitial quartz are considered here (and in subsequent
samples) to indicate the former presence of melt-filled pores (e.g., Holness and Sawyer, 2008).
Opaque minerals in this sample include ilmenite, pyrrhotite, chalcopyrite, and pyrite. Biotite is rarely
present at amphibole and garnet rims. Inclusions in garnet are typically quartz and ilmenite, with less
common amphibole, biotite and Fe-sulphides. Leucosome domains are coarser grained overall with
elongated plagioclase and quartz (commonly up to 5 mm). The peak metamorphic assemblage of this

sample is inferred to be garnet + amphibole + clinopyroxene + plagioclase + quartz + ilmenite + melt.

In sample 17JK20, garnet has an average composition of AlmsgPrpisGrs2aSpss with weak,
patchy zoning defined by variability in the concentrations of FeO and CaO (Almss_go and Grszz 27);
the FeO content is highest at the rims. Plagioclase is homogeneous with an average composition of
Anzs. Clinopyroxene has a range of Mg# from 65 to 68 and is most Mg-rich at the edge of leucosome.
Amphibole in sample 17JK20 is classified as pargasite and ferro-pargasite with no systematic
zonation. The only biotite analyzed in this sample is an inclusion within garnet that yielded an Mg# of
52.

5.4.1.2 17JK12 (metabasite)

Sample 17JK12 was collected from a metabasite outcrop with an equigranular matrix dominated by
millimetre-scale hornblende, plagioclase, and a small amount (< 5 vol.%) of garnet (Fig. 5.2b). The
outcrop contains 5-10 vol.% discontinuous stromatic leucosome (millimetre- to centimetre-scale).
Leucosome is mainly composed of quartz + plagioclase, but garnet porphyroblasts up to 1.5 cm (Fig.

5.2b) and less common clinopyroxene up to 0.5 cm are also present.

Two domains are present in sample 17JK12 and are both composed of garnet + amphibole +
plagioclase + quartz + ilmenite. These two domains are distinguished based on the different modal
proportions of minerals and the microstructures. Domains dominated by ferromagnesian minerals
(Fig. 5.3c) contain abundant subidioblastic amphibole (up to 2 mm) with lesser amounts of
subidioblastic garnet (up to 2 mm) and plagioclase (up to 1 mm). Quartz and ilmenite (up to 0.1 mm)

are rare, xenoblastic, and interstitial to amphibole and plagioclase grains. Rare biotite is only present
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at amphibole and garnet rims. Leucosome domains (Fig. 5.3d) are dominated by subidioblastic quartz
and plagioclase (up to 6 mm), with subidioblastic to idioblastic amphibole (up to 5 mm) and skeletal,
densely fractured, garnet porphyroblasts (up to 1.5 cm). Inclusions in the garnet porphyroblasts
include apparently discontinuous but optically continuous patches of quartz and plagioclase (up to 4
mm), pyrrhotite, chalcopyrite, and ilmenite. We infer that the peak metamorphic assemblage was
garnet + amphibole + clinopyroxene + plagioclase + quartz + ilmenite + melt, given the presence of

clinopyroxene in outcrop near the sampled area (not observed in thin section).

Garnet in sample 17JK12 has an average composition of AlmsgPrp17Grs,1Spss and are zoned
with the concentration of FeO increasing from core to rim (Almss to Alme1) and MgO decreasing
from core to rim (Prp1o to Prpi14). Plagioclase has an average composition of Ansz with weakly
decreasing CaO and increasing Na;O from core to rim (Anss to Anss) in some crystals. Amphibole is
mainly classified as pargasite with some magnesio-hornblende; one analysis of an amphibole rim is

classified as ferro-pargasite. One biotite crystal associated with amphibole has an Mg# of 55.

5.4.1.3 17JK09 (metabasite)

Sample 17JK09 was collected from a compositionally layered metabasite outcrop, with centimetre- to
decimetre-scale layers of two main types (Fig. 5.2c). The first type is melanocratic owing to the large
proportion of amphibole and smaller amounts of plagioclase and garnet. Melanocratic layers contain
variable amounts (~5-15 vol.%) of millimetre-scale to centimetre-scale stromatic or patchy
leucosome. The second layer type is equigranular (millimetre-scale grain size) garnet + clinopyroxene
+ plagioclase metabasite that is leucosome-free and appears relatively leucocratic in outcrop. At this

locality, only the second type of layer was sampled.

Sample 17JK09 is dominated by garnet + clinopyroxene + plagioclase + ilmenite (up to 2
mm) with a subgranoblastic texture (Fig. 5.3e). Quartz is uncommon, xenoblastic, and interstitial to
the main minerals and is also the most abundant inclusion in garnet (Fig. 5.3f). Other inclusions
found in garnet are clinopyroxene, green-brown amphibole, titanite, ilmenite, and apatite. Minor
minerals in the matrix include green-blue amphibole and biotite—typically at the rims of garnet and
clinopyroxene—rare green-brown amphibole, pyrrhotite, chalcopyrite, and pyrite. We suggest that the
peak metamorphic assemblage was garnet + clinopyroxene + plagioclase + quartz + ilmenite + melt.
This anhydrous assemblage and lack of visible leucosome suggest that most melt was drained from
the system (e.g., White and Powell, 2002).

108



Garnet in sample 17JK09 is homogeneous with an average composition of
AlmsgPrp10Grs29Sps.. Plagioclase crystals are unzoned with a compositional range from Ansg to Anay,
although a plagioclase inclusion within garnet and plagioclase associated with amphibole have
relatively lower concentrations of CaO (Anss and Angs, respectively). Clinopyroxene is generally
homogeneous with an average Mg# of 58. Green-brown amphibole (as inclusions in garnet or rare
matrix crystals) are classified as ferro-pargasite, whereas green-blue amphibole is ferro-hornblende.

The two biotite crystals analyzed exhibit minor compositional differences, with Mg# of 48 and 44.

5.4.1.4 17JK08 (metatonalite)

Sample 17JK08 was collected from a gneissic metatonalite outcrop (Fig. 5.2d). Stromatic to lens-
shaped leucosome layers constitute 15-20 vol.% of the outcrop, are mainly composed of plagioclase
+ quartz, and are up to 1.5 cm wide. These layers commonly contain garnet porphyroblasts up to 1 cm
in size. Smaller garnet crystals are also present in the dominant metatonalitic layers of amphibole +
biotite + plagioclase + quartz.

Sample 17JK08 contains amphibole + garnet + biotite + plagioclase + quartz domains and
plagioclase + quartz + garnet + biotite domains, along with accessory apatite and allanite (Fig. 5.3g,
h). Foliation in the sample is defined by alignment of the long axes of biotite and amphibole and the
compositional banding. In the amphibole-rich domains, grains are subidioblastic and mainly up to 1
mm with some amphibole and garnet up to 4 mm. Quartz is generally subequant to equant, and rarely
forms xenoblastic, interstitial grains (Fig. 5.3h). In leucosome domains, plagioclase and quartz are
coarser (up to 5 mm) and elongate. Uncommon opague minerals throughout the sample are ilmenite,
chalcopyrite, pyrrhotite, and pyrite; these are also included in garnet along with quartz, apatite, and
biotite. The peak metamorphic assemblage of this sample is inferred to be garnet + amphibole +

biotite + plagioclase + quartz + ilmenite + melt.

Garnet in sample 17JK08 has an average composition of Alms;Prp21Grsi1eSpss with patchy
zones that are relatively enriched in CaO (Grsz; maximum) and rims relatively enriched in FeO
(Alme maximum). Plagioclase is homogeneous with an average composition of Anszs. Amphibole in
this sample is mainly classified as pargasite, with several analyses classified as magnesio-hornblende
based on slight compositional fluctuations; a magnesio-hornblende inclusion in garnet shows minor
enrichment in MgO and depletion of FeO relative to matrix amphibole. Matrix biotite is unzoned with

an average Mg# of 54 and a biotite inclusion in garnet yielded an Mg# of 64.
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5.4.1.5 19JK13 (leucosome)

Sample 19JK13 was collected from a leucosome-rich area (Fig. 5.2€) in a metabasite outcrop with
compositional layering (as described for sample 17JK09). Melanocratic layers contain ~15 vol.%
stromatic to patchy leucosome up to 10 cm wide, which is mainly composed of plagioclase + quartz
with unevenly distributed garnet and clinopyroxene porphyroblasts up to 2 cm in size. The sampled

leucosome contains garnet porphyroblasts.

5.4.1.6 19JK16 (leucosome)

Sample 19JK16 was obtained from a leucosome-rich area in a metabasite outcrop (Fig. 5.2f), which
was also compositionally layered (as described for sample 17JK09). Leucosome is generally
stromatic to patchy and up to 10 cm wide with heterogeneously distributed garnet and clinopyroxene
porphyroblasts up to 1.5 cm and 3 cm in size, respectively. The leucosome constitutes up to 15 vol.%

of the outcrop.

5.4.2 Whole-rock composition

Granulite-facies samples collected from the KSZ are broadly basic to tonalitic in composition.
Distinguishing between intrusive and extrusive protoliths is difficult, as primary igneous textures are
not preserved and contact relationships between different lithologies are unclear due to deformation
and sporadic exposure. Geochemical classification diagrams based on volcanic rocks are used here
gualitatively, as they may not be appropriate for all samples. In addition, loss of variable amounts of
anatectic melt has likely influenced the bulk compositions of these rocks and they may be depleted in
elements that are enriched in melt relative to their protoliths (e.g., SiO2, Na,O, K;0, incompatible

trace elements).

The metabasites from the KSZ examined here (17JK09, 17JK12, and 17JK20) are
geochemically similar to basalt, and the metatonalite sample (17JK08) is similar to andesite based on
Si0O; versus Na,O + KO (wt.%) (Fig. 5.4a). The samples appear to be consistent with the tholeiitic
series, based on total alkali content (Fig. 5.4a). Sample 17JK12 is relatively more magnesian (Mg# =
47) than 17JK20 and 17JK09 (Mg# = 35 and 34, respectively; see Table 5.1 for molar concentrations
of MgO and FeO). Sample 17JK08, with ~60 wt% SiO-, is intermediate in composition, sodic
(K20O/Na20 = 0.5), and relatively magnesian compared to the metabasites (Mg# = 52). The trace
element trends of the metabasite samples from the KSZ (Fig. 5.4b) are variable. The REE profiles are
generally flat, with sample 17JK20 showing REE enrichment relative to samples 17JK09 and

17JK12. Sample 17JK20 also shows significantly lower concentrations of U and Th compared to the
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other metabasite samples and Archean basalts on average (Ar-basalt of Martin et al., 2014; Fig. 5.4b).
Trace element characteristics of sample 17JK08 are broadly similar to TTGs (e.g., Moyen and Martin,
2012), as the REE have an overall negative slope and a negative Nb—Ta anomaly is present.

The whole-rock chemical compositions of two leucosome samples (19JK13 and 19JK16)
collected from metabasite outcrops in the KSZ are compared to TTGs from the WGD (Fig. 5.5). In
terms of normative albite, anorthite, and orthoclase, the leucosome samples plot closer to the anorthite
apex than the TTGs, but the low orthoclase content is similar to plagioclase cumulates associated with
TTGs in the WGD (Fig. 5.5a). The chondrite-normalized trace element trends of the leucosome
samples (Fig. 5.5b) are also comparable to the plagioclase cumulates, with strong positive Sr and Eu
anomalies and low concentrations of other elements. Concentrations of HREE in the leucosome
samples are relatively high compared to the cumulates. The presence of peritectic garnet may have
contributed to higher HREE and normative anorthite content in the leucosomes in comparison to

granitoid samples from the WGD.

5.4.3 Phase equilibrium modelling

Phase diagrams with modal isopleths of garnet were constructed for metabasite samples 17JK20,
17JK12, 17JK09, and metatonalite sample 17JK08 by phase equilibrium modelling (Fig. 5.6;
modelled compositions in Table 5.1). The diagrams for 17JK20 and 17JK12 (Fig. 5.6a, b) are similar,
with the P-T field of the inferred peak assemblage (amphibole + clinopyroxene + garnet +

plagioclase + ilmenite + quartz + melt) constrained by the predicted stability fields of orthopyroxene
at low P, rutile at high P, and biotite at low T; these minerals are either absent from the samples or not
part of the inferred peak assemblage. With increasing temperature, hornblende is predicted to be
exhausted first in 17JK20 whereas quartz is exhausted in 17JK12. The field containing the peak
assemblage extends to lower P for sample 17JK20 (>7 kb) than 17JK12 (>8 kb) as a result of the
larger garnet stability field.

For sample 17JK09 (Fig. 5.6¢), the inferred peak assemblage (clinopyroxene + garnet +
plagioclase + ilmenite + quartz + melt) is predicted to be stable across a narrow range of P-T
conditions. Amphibole, though observed in thin section, is not inferred to be part of the peak
metamorphic assemblage in this sample. The predicted stability fields of rutile and orthopyroxene
(not observed in the sample) constrain P, and the predicted stability of amphibole at lower
temperatures constrains minimum T. At higher temperatures, quartz is predicted to be exhausted.
Quartz is present in the sample and we interpret that it is part of the peak assemblage, although it is

possible that some or most quartz formed upon cooling.
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The inferred peak assemblage of metatonalite sample 17JK08 (amphibole + garnet +
plagioclase + biotite + ilmenite + quartz) is not replicated by the model (Fig. 5.6d); clinopyroxene is
predicted to be stable across most modelled P—T conditions, but was not found in the sample or in
outcrop. Previous work using this set of THERMOCALC a—x models has reported an overestimation
of clinopyroxene stability in amphibole-bearing rocks (Forshaw et al., 2019). The L + hb + aug + g +
ksp + pl +ilm + g £ bi fields (Fig. 5.6d) may be the best fit for the peak assemblage, as
orthopyroxene and rutile—both absent from the sample—are predicted at lower P and higher P,
respectively, and amphibole is exhausted at high T. The modal proportion of biotite is underestimated
in the model (~3 mol% maximum predicted in the peak field) compared to observations from 17JK08
(=5 vol%). However, the predicted biotite stability field could potentially be expanded at the expense
of clinopyroxene and K-feldspar, which both appear to be overestimated in the model (2—-7 mol% of

each predicted, depending on P-T), as neither is present in the sample.

The modelled P-T fields corresponding to the inferred peak metamorphic assemblages of
each of the four samples overlap at approximately 850 + 50°C and 10 + 1 kbar (Fig. 5.6€). The
modelled proportion of garnet at these conditions for each sample is broadly consistent with outcrop
and thin section observations. Maximum temperature constraints are strongly dependent on whole-
rock concentrations of H.O, and measured values may not represent the concentration of H;O in the
system during granulite-facies metamorphism. Previous thermobarometric work on metabasite in the
KSZ reporting < 800°C relied on Fe—-Mg exchange (Méder et al., 1994; Hartel and Pattison, 1996),
which may have recorded post-peak temperatures. Our peak temperature estimate is consistent with
subsequent work that compared data from rocks of the KSZ to experimental work (Pattison, 2003)
and employed garnet—orthopyroxene Al-solubility thermobarometry including a correction for
retrograde Fe—Mg exchange (Pattison et al., 2003). Therefore, our best estimate for peak conditions of
the metabasites in the KSZ based on the pseudosections presented here and previous

thermobarometric estimates are 850 + 50°C and 10 + 1 kbar.

5.4.4 Melt composition modelling

Of the four samples that are the focus of this study, 17JK20 and 17JK12 were considered to be most

suitable for melt composition modelling, as they are amphibole-bearing metabasites with assemblages
consistent with the melting reaction proposed to have produced trondhjemitic melt in the KSZ (Hartel
and Pattison, 1996). We use the results of phase equilibrium modelling from each of these samples to

calculate the trace element composition of partial melt expected at six sets of P-T conditions, ranging
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from 7 kbar to 21 kbar and 850°C to 977.5°C (Fig. 5.7) to represent a range of thermal regimes
(Brown and Johnson, 2018).

The major element compositions of model melt are mostly consistent with tonalite,
trondhjemite, or granodiorite based on calculated normative feldspar content (Fig. S4.1), however
melt fractions of ~10-17 wt.% (produced at 850°C to 875°C) are predicted to be granitic (i.e.,
enriched in K-feldspar content relative to TTGs). Variations in the concentrations of REE in modelled
melt can be attributed to several factors. Garnet has the strongest influence on HREE in the models,
with higher proportions of garnet correlated with lower concentrations of HREE in the model melt.
Amphibole is the dominant repository for HREE in the residue when garnet is absent; this is apparent
in the results at low pressure (950°C and 7 kbar), as hornblende is predicted to be present for sample
17JK12 but is absent for sample 17JK20. The concentration of LREE in the modelled melt is
influenced by melt fraction, with lower melt fractions yielding higher concentrations. However,
plagioclase and amphibole in the residue also affect LREE, as these minerals have higher partition
coefficients for LREE in the Bédard (2006) set of values than the other minerals relevant to our
models. These controls on REE behaviour result in strong LREE enrichment and strong HREE
depletion in melt in equilibrium with a residue at high pressure, which is dominated by garnet and
clinopyroxene; the Lan/Yby of the highest-pressure model melt (875°C and 21 kbar) is approximately
160 and 80 for samples 17JK20 and 17JK12, respectively. Negative Eu (and Sr) anomalies in the
modelled melt can be correlated with the proportion of plagioclase in the residue and the Eu anomaly
is slightly positive with small amounts or no plagioclase present. As whole-rock concentrations of
REE indicate no Eu anomaly for 17JK12 and a negative anomaly for 17JK20 (Fig. 5.4b), the positive
Eu anomaly in the modelled melt must originate from low partition coefficients for Eu relative to Sm

and Gd for minerals in the modelled residue.

Trends in LILE (Rb, Ba, Th, and U) in modelled melt show a strong correlation with whole-
rock trends (Fig. 5.4b), but overall concentrations of LILE also increase with decreasing melt
fraction. Barium is preferentially sequestered in the residue relative to other LILE when plagioclase is
present. Modelled melt in equilibrium with rutile have pronounced negative Nb—Ta anomalies.
Modelled residues containing ilmenite are associated with comparatively weaker negative Nb—-Ta
anomalies in the melt, but the apparent magnitude of this anomaly is also dependent on the various
factors that influence LILE and LREE in the modelled melt.

Overall, the melt trace element modelling of samples 17JK20 and 17JK12 predicts that

increasing pressure is correlated with steepening of the expected melt REE profile, a shift from a
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negative to positive Eu anomaly, and a stronger Nb—Ta anomaly. Melt fraction is expected to increase
with temperature, which most strongly affects the predicted concentrations of LILE and LREE. At the
inferred peak metamorphic conditions of 850°C and 10 kbar, the presence of garnet and plagioclase in
the modelled residue imparts HREE depletion and negative Sr and Eu anomalies to the melt, and the
Nb-Ta anomaly is expected to be weak due to the stability of ilmenite in these metabasites.

5.4.5 Garnet Lu-Hf geochronology

The distribution of the parent isotope within garnet provides insights into the significance of the Lu—
Hf age, which may be biased toward core or rim growth depending on which portion of the crystal is
enriched in Lu (Baxter and Scherer, 2013). We used semi-quantitative trace element maps to
determine the distribution of Lu in representative garnet crystals from each of the four samples
examined from the KSZ (Fig. 5.8). In sample 17JK20, garnet shows either no zoning or some
enrichment of Lu in the core (Fig. 5.8a). The garnet population of sample 17JK12 is bimodal in terms
of size, but the concentration of Lu is greatest in the rim for both small and large crystals (Fig. 5.8b).
In garnet in sample 17JK09 (Fig. 5.8c), a weak enrichment in the rim or core have both been
observed. Garnet zoning patterns are most complex in sample 17JK08 (Fig. 5.8d). Rims are enriched

in Lu with a mantle of low concentration and an inner annulus of Lu-rich patches.

Six-point isochrons are used to evaluate the timing of Lu—Hf isotopic equilibration in each of
the granulite-facies samples (Fig. 5.9). Each isochron is based on regression through the isotope
dilution results for four aliquots of garnet and two whole-rock analyses (Table 5.2). Sample 17JK20
(Fig. 5.9a) yields an isochron with excess scatter (MSWD = 9.2), resulting in an apparent age with
large uncertainty, 2669 + 38 Ma (isochron age uncertainties are at 95% confidence). The isochron is
well-constrained for sample 17JK12 (Fig. 5.9b, MSWD = 1.3) and yields the most precise age of the
four samples, 2609.2 + 6.4 Ma. For sample 17JKQ9, the isochron fit implies some scatter (MSWD =
3.3) and the calculated age is 2641 + 26 Ma. Sample 17JK08 yields a well-constrained isochron
(MSWD = 1.6) with a calculated age of 2684.5 + 7.7 Ma.

5.4.6 Zircon U-Pb and Hf results

Zircon crystals from two leucosome samples (19JK15 and 19JK16) are elongate to equant with
rounded edges (Fig. 5.10). Crystals range from 50 pm to 100 pm in sample 19JK15 and up to 200 pm
in 19JK16. In sample 19JK15, zircon crystals comprise a core with oscillatory and sector zoning
commonly surrounded by a weak-CL-response rim; a thin rim with strong CL response may also be

present (Fig. 5.10a). Oscillatory zoning is also present in crystals from sample 19JK16 and scarce
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rims all have relatively weak CL responses (Fig. 5.10b). Evidence of metamictization, which includes
a very weak CL response and irregular microstructures and fractures, is most common in crystals
from sample 19JK16.

In situ laser ablation analyses were focused on cores, as rims were typically smaller than the
50 um laser beam diameter. A discordance filter was applied to the dataset to eliminate analyses
where the difference between the 28U/?Pb and 2°’Ph/?%Pb ages was > 5%. In sample 19JK15, 15
analyses with 20’Ph/2%Ph ages ranging from ca. 2683 Ma to ca. 2609 Ma overlap with at least one
other analysis within 2o uncertainty. One analysis with an age of ca. 2720 Ma is older than the main
population, and a ca. 2586 Ma analysis is younger than the main group. Sample 19JK16 yielded 18
analyses with ages that overlap within 26 uncertainty from ca. 2656 Ma to ca. 2599 Ma, and two
older analyses with ages of ca. 2785 Ma and ca. 2708 Ma. For both samples, the main leucosome

populations do not yield single, statistically robust ages.

For sample 19JK15, the Hf isotopic data of the main population analyses correspond to a
range in eHf(t) from +2.0 to +3.7 based on 2’Pb/?Ph dates from individual analyses. The YHf/*""Hf
ratios for the main population from sample 19JK16 are more scattered, resulting in a range of eHf(t)

from +1.5 to +4.5 for 2°’Ph/?%Ph dates calculated from individual analysis.
5.5 Discussion

5.5.1 Anatectic metabasites and TTGs —the trace element modelling perspective

Pioneering work on connecting anatectic metabasites to TTGs was done in the Kapuskasing Uplift;
Hartel and Pattison (1996) determined that the anatectic metabasites in the KSZ generated
trondhjemitic melt based on observations and mass balance analysis. Our whole-rock geochemical
data from leucosome in the KSZ (Fig. 5.5) support this conclusion. However, the leucosome
compositions most strongly resemble plagioclase cumulate associated with TTGs in the WGD, which
may suggest that the leucosomes do not represent primary melt compositions, but rather crystals that
remained after melt expulsion (e.g., Sawyer, 1987; Carvalho et al., 2016; Brown et al., 2016;
Koblinger and Pattison, 2017). Forward modelling of the melt produced by metabasite by phase
equilibrium modelling coupled with trace element modelling has the potential to provide further
insights into TTG generation, such as the P-T conditions of source melting (e.g., Johnson et al., 2017,
2021). However, recent work has emphasized the potential for open-system processes at the source to
obscure the connection between TTG trace element composition and source P—T conditions,
including progressive melt loss (Huang et al., 2020; Kendrick and Yakymchuk, 2020 [Chapter 2]),
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fractionation of trace elements into peritectic minerals (Kendrick and Yakymchuk, 2020 [Chapter 2];
Antonelli et al., 2021), and fluid-fluxed melting (Pourteau et al., 2020).

Forward modelling of a TTG source and calculating the concentrations of trace elements in
modelled melt requires assumptions that must be considered when comparing the modelled melt to
natural TTGs, which have been discussed in detail previously (Huang et al., 2020; Kendrick and
Yakymchuk, 2020 [Chapter 2]; Johnson et al., 2021). An important assumption is that partition
coefficients are appropriate for the modelled system. For generation of tonalitic melt from a
metabasic source, values from Bédard (2006) are commonly used (e.g., this study; Johnson et al.,
2017; Kendrick and Yakymchuk, 2020 [Chapter 2]; Pourteau et al., 2020) and these are a useful
approximation, given the parameterization done for plagioclase, clinopyroxene, and orthopyroxene
partition coefficients. However, the REE partition coefficients for garnet in this set of values impart a
negative Eu anomaly to modelled garnet. This may result in modelled melt with a positive Eu
anomaly if the residue is garnet-rich and plagioclase-poor (e.g., Fig. 5.7). As negative Eu anomalies
are rare in garnet in granulite- and eclogite-facies metabasites (e.g., Bea et al., 1997; Manton et al.,
2017) and given the additional complication of potentially variable Eu valence states that was not
considered in our modelling (e.g., Holder et al., 2020), we interpret the significance of our modelled

Eu anomalies with caution.

Another assumption for modelling TTG genesis is appropriate source composition. The
anatectic metabasites in the KSZ have likely lost melt (this study; Hartel and Pattison, 1996),
resulting in depletion of elements that preferentially partitioned into early melt (i.e., H.O, KO and
incompatible trace elements). Our samples may have a lower concentration of H,O than they did at
subsolidus conditions, resulting in elevated solidus temperatures in the model. Progressive melt loss
from metabasite during partial melting may also increase the P—T stability field of plagioclase (Palin
et al., 2016; Stuck and Diener, 2018; Huang et al., 2020; Kendrick and Yakymchuk, 2020 [Chapter
2]), suggesting that our models may overestimate plagioclase proportions and P-T extent. Sample
17JK09 has likely been most affected by melt loss, given the relatively low whole-rock concentration
of K;0 and anhydrous peak mineral assemblage. By contrast, samples 17JK20 and 17JK12 contain a
large proportion of amphibole and therefore likely lost less melt than 17JKQ09 (cf. Hartel and Pattison,
1996). Characteristics of the phase diagrams for samples 17JK20 and 17JK12—such as the strongly
pressure-dependent stability fields of garnet, rutile, and plagioclase—are consistent with suprasolidus

metabasite phase equilibria previously determined from experiments and modelling (e.g., Moyen and
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Stevens, 2006; Palin et al., 2016). Considering the various sources of uncertainty related to the

modelled melt trace element compositions, trends are considered more robust than individual values.

For the purposes of comparing our modelling results to natural TTGs from the Kapuskasing
Uplift, we divide TTGs from the MGB and WGD into three main groups based on age: 2885 Ma,
2750-2700 Ma, and 2695-2685 Ma. Although these groups are likely an oversimplification of the
variety of TTGs present, they are based on a sample set of TTGs we have investigated previously
(Kendrick et al., 2022 [Chapter 3]; Kendrick et al., submitted [Chapter 4]) for which major and trace

element and zircon U-Pb and Hf isotope data are available.

Trace element trends of the 2885 Ma TTG in the MGB (nhegative Sr and Eu anomalies,
Lan/Ybn = 11; sample 19JK45B of Kendrick et al., submitted [Chapter 4]) are consistent with melting
of metabasite in our model at low-pressure with a plagioclase-bearing and garnet-poor or garnet-
absent residue (Fig. 5.11a). Trace element trends in this TTG and related rocks have previously been
linked to feldspar fractionation (Sage et al., 1996b), though a complementary feldspar-rich cumulate
of this age has not been documented. Therefore, depletions in Eu and Sr in the 2885 Ma TTG cannot
be uniquely linked to a plagioclase-bearing source. However, the relatively elevated concentrations of
HREE, Nb, and Ta in this TTG may be indicative of melting of a metabasic source at relatively low-
pressure outside of the rutile stability field and in the presence of little to no garnet (i.e., < 10 kbar).

For the 2750-2700 Ma TTG, the shallow slope of the REE (Lan/Ybn = 10; sample 18JK19 of
Kendrick et al., 2022 [Chapter 3] and Kendrick et al., submitted [Chapter 4]) appears to preclude a
garnet-bearing residue, however this TTG also lacks an Eu anomaly, which is inconsistent with a
plagioclase-bearing source. Models of our metabasite samples do not replicate this trend, as
plagioclase is predicted to be present at all modelled P-T conditions where garnet is absent (Fig.
5.6a—c). However, previous modelling of suprasolidus phase equilibria for metabasites has shown that
the stability field of plagioclase is expected to be reduced or absent when sufficient H,O is added to
the system for water-fluxed melting (Pourteau et al., 2020; Ferrero et al., 2021; Hernandez-
Montenegro et al., 2021). Therefore, low-pressure, water-fluxed melting could explain the trace
element composition of the 2750-2700 Ma TTG. Yet, the apparent stability of plagioclase at peak
metamorphic conditions in our samples and other anatectic metabasites in the KSZ (this study; Hartel
and Pattison, 1996) does not support extensive water-fluxed melting (cf. Laurie et al., 2013; Pourteau

et al., 2020; Ferrero et al., 2021), at least at the crustal level currently exposed.

In the WGD, several TTGs with ages of 2695-2685 Ma have been identified (Kendrick et al.,

submitted [Chapter 4]). The dated samples (n = 5, samples 19JK43, 19JK41, 19JK40, 18JK08, and
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18JK53 of Kendrick et al., submitted [Chapter 4]; average composition using data from Kendrick et
al., 2022 [Chapter 3] is shown in Fig. 5.11a) represent a mix of accumulated-plagioclase-rich and
fractionated-melt-rich TTGs, and all five samples have greater Lan/Ybn (Lan/Ybn = 15 to 94, average
of 51) and lower concentrations of Nb and Ta than the 2885 Ma TTG sample. These geochemical
characteristics may support a deeper source for the ca. 2695-2685 Ma TTGs than the 2885 Ma TTG
and possibly the 2750-2700 Ma TTG. The presence or absence of plagioclase in the source is difficult
to determine based on the Eu anomalies of the TTGs, given the evidence for plagioclase fractionation
and accumulation in the ca. 2695-2685 Ma samples (Kendrick et al., 2022 [Chapter 3]). We interpret
the compositions of these TTGs as compatible with a source containing garnet and possibly also
plagioclase. The strong negative Nb—Ta anomaly may indicate that the source contained rutile rather
than ilmenite, which requires higher pressure (1-2 kbar) than is currently recorded at the current
exposure level of the KSZ (~10 kbar; Fig. 5.6).

Between the two different metabasite samples chosen for melt trace element modelling
(17JK20 and 17JK12), neither sample is a preferable source for the TTGs; trace element trends of the
modelled melt are broadly similar for both metabasites. Given the limitations of the modelling and the
possibility of fractional crystallization and crystal accumulation in natural TTGs (e.g. Laurent et al.,
2020; Kendrick et al., 2022 [Chapter 3]; Rollinson, 2021), direct comparison between model results
and TTG samples is problematic. However, in general, the modelled melt trace element compositions
are compatible with the natural TTG compositions and our results may support an increase in source
pressure between ca. 2885 Ma and 2685 Ma.

5.5.2 Anatectic metabasites and TTGs —insights from Lu—Hf isotope systematics

Measurements of Lu—Hf isotopes in zircon have been widely used to understand the origin of TTGs
(e.g., Zeh et al., 2011; Neeraa et al., 2012; Gardiner et al., 2017; Mole et al., 2021). Using this
technique, inferences about the TTG source can only be made indirectly using an assumed source
18 u/tHf ratio. For a mafic source, recent common practice is to assume a "®Lu/*""Hf ratio of ~0.02
(e.g., Zeh et al., 2011; Neeraa et al., 2012; Gardiner et al., 2019) based on existing "°Lu/*"’Hf data
from basalt and the assumption that juvenile crustal material is formed by melting of an average
depleted mantle reservoir with higher 1°Lu/*""Hf (~0.038, Vervoort and Blichert-Toft, 1999).
However, there are limitations to this approach—considerable variability in the 1"6Lu/*'’Hf ratios of
Archean basalt has been observed (Vervoort and Kemp, 2016). The metabasites of the KSZ examined
in this study provide a rare opportunity to evaluate Lu—Hf systematics in potential TTG source rocks
directly.
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Using whole-rock Lu—Hf isotopic data from three metabasites—samples 17JK20, 17JK12,
and 17JK09 (whole-rock bomb values, Table 5.2)—we evaluate the Hf isotopic evolution of these
rocks over time (Fig. 5.11b). During the relevant period for magmatism in the Kapuskasing Uplift
(late Mesoarchean to Neoarchean), samples 17JK20 and 17JKQ9 were relatively radiogenic compared
to the chondritic uniform reservoir (CHUR). The positive whole-rock eHf(t) of these metabasites is
similar to the values obtained from zircon in leucosome (samples 19JK15 and 19JK16) and zircon in
granitoids of the WGD and MGB (Mole et al., 2021; Kendrick et al., submitted [Chapter 4]), which
are mainly between +2 and +4 at ca. 2750-2600 Ma (Fig. 5.11b). The evolution of sample 17JK12
(whole-rock) is close to CHUR and compatible with near-chondritic eHf{(t) values from zircon in the
ca. 2885 Ma TTG from the MGB.

The whole-rock "eLu/*""Hf ratios from samples 17JK20, 17JK12, and 17JK09 could be the
primary ratios of their protoliths or may represent later modification, which may then affect the
projected Hf isotopic evolution (Fig. 5.11b). A wide range of whole-rock *"6Lu/*"’Hf ratios has been
documented in basalts from different geological settings (e.g., Patchett and Tatsumoto, 1980), which
has been linked to mantle melting processes (e.g., Blichert-Toft and Albaréde, 1997; Chauvel and
Blichert-Toft, 2001). Murphy et al. (2021) report whole-rock Y6Lu/*"’Hf ratios of 0.017-0.034 from
Archean basalt samples of the Pilbara Terrane, which are similar values to those from the metabasites
in the KSZ (Table 5.2). Subsequent modification of primary Lu/Hf ratios is possible, for instance by
mobilization of Hf in fluoride complexes that may form in the presence of a fluorine-bearing fluid
phase (e.g., Allen et al., 1985; Smith et al., 1987). However, there is no clear evidence for percolation
of such fluid through the KSZ or the Kapuskasing Uplift in general; fluid related to gold
mineralization in the MGB, for instance, does not appear to have mobilized Hf (Ciufo et al., 2020).

The Lu/Hf ratios of metabasites can be modified by loss of anatectic melt in the presence of
garnet; this would result in a residue relatively depleted in Hf (enriched in the melt) relative to Lu
(enriched in garnet). Given the evidence for melt loss from KSZ metabasites (Hartel and Pattison,
1996; this study), this scenario should be considered. The potential for melt loss to modify whole-
rock composition depends on the original fertility of the metabasites, which is a function of the
relative modal proportions of quartz and hornblende (Hartel and Pattison, 1996). The mineral
assemblage and modal proportions of sample 17JK12 are consistent with a quartz-poor endmember,
where early exhaustion of quartz would have resulted in low melt production and preservation of a
large proportion of amphibole (Fig. 5.3c). In contrast, sample 17JKQ9 likely contained sufficient

quartz for amphibole dehydration melting to proceed until both amphibole and quartz were exhausted
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or nearly so, resulting in an anhydrous mineral assemblage (Fig. 5.3e). Assuming production and loss
of 10% melt for sample 17JK12 and 30% for sample 17JKQ9 (based on examination of similar rocks
from the KSZ by Hartel and Pattison, 1996) and a melt *"6Lu/*""Hf ratio of 0.005 (based on whole-
rock TTG values from Guitreau et al., 2012), estimates of melt-reintegrated °Lu/*"Hf are 0.029 for
sample 17JK12 (measured value of 0.032) and 0.020 for 17JK09 (measured value of 0.027); these
changes would not significantly affect our projected isotopic evolution of these metabasite samples
(Fig. 5.11b). Therefore, we suggest that melt loss does not affect our overall interpretation: the Lu-Hf
isotope data support the presence of a suprachondritic metabasic source consistent with Neoarchean
TTGs in the Kapuskasing Uplift, and a near-chondritic metabasic source consistent with the
Mesoarchean TTG from the MGB (Fig. 5.11b).

5.5.3 Anatectic metabasites and TTGs —the geochronological connection

Our garnet Lu—Hf and zircon U-Pb geochronology results provide insights into the timing of partial
melting (heating) and partial melt crystallization (cooling) of the anatectic metabasites in the KSZ.
This information is crucial for drawing a connection between the timing of metabasite anatexis and
TTG magmatism of the Kapuskasing Uplift. Extraction of melt from anatectic deep crust toward
shallower crustal levels has been suggested to take place during heating and melt production when a
melt connectivity threshold is reached (e.g., Rosenberg and Handy, 2005; Yakymchuk and Brown,
2014). Melt extraction driven by deviatoric stress is also possible during heating or cooling (Carvalho
et al., 2016; Sawyer, 2020). Therefore, the crystallization ages of TTGs produced by lower crustal
anatexis should be generally coeval with partial melting or melt crystallization in the metabasic

source.

The significance of geochronological data from garnet and zircon in metabasite depends on
the growth history of these minerals. Garnet in metabasites grows as a result of prograde
metamorphic reactions and may initiate at amphibolite-facies (i.e., subsolidus) conditions, although
this is most likely at high pressure (>15 kbar, Green et al., 2016) or for Fe-rich bulk compositions
(Pattison, 2003). At upper amphibolite- and granulite-facies (i.e., suprasolidus) conditions, garnet is
typically present or expected at 8-10 kbar and above (Pattison, 2003; Moyen and Stevens, 2006;
Green et al., 2016), however the pressure at which garnet may become stable depends on metabasite
bulk composition, particularly Mg# (e.g., Johnson et al., 2017; Kendrick and Yakymchuk, 2020
[Chapter 2]; Huang et al., 2020). For metatonalitic bulk compositions, the garnet P-T stability field is
similar to that of metabasites (e.g., Watkins et al., 2007; White et al., 2017), although relatively lower
modal proportions of garnet are expected for metatonalites (White et al., 2017). In metabasite, zircon
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is unlikely to grow as a result of metamorphic reactions during heating at subsolidus conditions
(Kohn et al, 2015) and is generally expected to break down and potentially be dissolved completely
during high-temperature partial melting reactions (Kohn et al, 2015; Yakymchuk et al., 2017).
Therefore, for metabasite that reached suprasolidus conditions, most or all of the zircon is expected to
have grown during cooling and crystallization of partial melt (Kohn et al, 2015; Yakymchuk et al.,
2017).

Ideally, an age obtained from garnet Lu-Hf geochronology records the timing of the prograde
metamorphic reactions that produced garnet. Based on field evidence (this study; Hartel and Pattison,
1996) and phase equilibrium modelling (Fig. 5.6), garnet was likely being produced during partial
melting as a peritectic phase in metabasite and metatonalite in the KSZ, although growth could have
initiated at subsolidus conditions. The garnet stability field extends to the lowest P-T conditions for
samples 17JK20 and 17JK09 in our models (Fig. 5.6a, ¢), consistent with their low Mg# compared to
samples 17JK12 and 17JK08. This implies that garnet growth could have begun earlier in 17JK20 and
17JK09, assuming all samples experienced a common P-T history. These two samples yield
imprecise Lu—Hf ages that broadly overlap within uncertainty (Fig. 5.9a, c). However, there is a ~75
m.y. difference between the Lu—Hf ages of 17JK12 and 17JK08 (Fig. 5.9b, d); this is inconsistent
with the relative timing of garnet growth based on phase equilibrium modelling alone.

The high peak metamorphic temperature of the KSZ (~850°C) and evidence for prolonged
high-temperature conditions (~80 m.y. at 650-700°C, Moser et al., 2008) and slow cooling
(<1°C/Ma, Percival and Peterman, 1994) could have promoted diffusion of Hf and Lu in garnet.
Previous work on diffusion of Hf in garnet (Smit et al., 2013; Bloch et al., 2015) indicates that
diffusion was possible in our samples given the thermal history of the KSZ. However, the diffusion
rate of Lu within garnet has been shown to be faster than that of Hf (Smit et al., 2013; Bloch et al.,
2015), implying that complete rehomogenization of Hf in a garnet crystal would be achieved after
complete rehomogenization of Lu. A lack of or very weak Lu zoning was observed in samples
17JK20 and 17JK09, suggesting that at least partial diffusive Hf loss is permissible in these samples;
this may explain the poorly constrained ages (Fig. 5.9a, ¢). Relatively complex Lu zoning is preserved
in sample 17JK08 (Fig. 5.8d), which may indicate that the well-constrained age from this sample
corresponds to the growth of garnet during heating and partial melting without resetting by diffusion.
Although Lu zoning is preserved in some small crystals (~1-2 mm in diameter) in sample 17JK12,
the densely fractured skeletal garnet porphyroblasts (Fig. 5.3d; up to ~1.5 cm in diameter) may have

effectively behaved as clusters of very small garnet crystals (< 0.5 mm in diameter) that could have
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been more readily rehomogenized. As these porphyroblasts were targeted for Lu—Hf analysis, the
isochron age of 2609.2 + 6.4 Ma from sample 17JK12 may record cooling rather than heating. The
Lu—Hf isochron age from sample 17JK08 (2684.5 + 7.7 Ma) is our best estimate of the timing of
heating and partial melting of metatonalite—and therefore the proximal metabasite—in the KSZ.

The main leucosome populations of zircon from samples 19JK15 (ca. 2683-2609 Ma) and
19JK16 (ca. 2656-2599) exhibit oscillatory and sector zoning consistent with crystallization from
melt (Rubatto, 2017), and we interpret that their ages broadly represent crystallization of partial melt
during cooling of the anatectic metabasites. The oldest ages obtained from the leucosome population
in 19JK15 are within uncertainty of our Lu—Hf age corresponding to heating; these zircon could have
grown in localized Zr-oversaturated melt pockets and became trapped within peritectic garnet,
preventing dissolution upon further melting. Three analyses (Fig. 5.10) that yielded ages > 2700 Ma
may represent inherited components or crystals from the igneous protoliths of the metabasite or fluid-
driven reprecipitation of igneous zircon at low temperature (e.g., Rubatto, 2017). The youngest
analysis from sample 19JK15 may represent late zircon growth during cooling at high temperature,

based on similar results from previous work on metamorphic zircon in the KSZ (Moser et al., 2008).

Based on existing geochronological data of the MGB and the WGD (Fig. 5.11c), granitoids
mainly crystallized between ca. 2925 Ma and ca. 2645 Ma, with most tonalites and trondhjemites
formed during two main pulses of magmatism at ca. 2925-2885 Ma and ca. 2747—-2685 Ma. Several
zircon analyses from previous work on metatonalite and metabasite of the KSZ have yielded ages of
2748 + 15 Ma and 2698 + 16, Ma coeval with documented pulses of TTG magmatism (Benn and
Kamber, 2009). These data may indicate that rocks of the KSZ were metamorphosed at ca. 2750 Ma
and ca. 2700 Ma, but zircon growth is difficult to link to heating and partial melting in metabasite
(Kohn et al, 2015; Yakymchuk et al., 2017). Garnet can be directly linked to high-temperature
conditions and anatexis based on phase equilibrium modelling (Fig. 5.6), and our results from garnet
Lu-Hf geochronology suggest an onset of anatexis in the KSZ at ca. 2685 Ma, consistent with
existing geochronological data from the KSZ (Krogh and Moser, 1994; Moser et al., 2008; Benn and
Kamber, 2009). Considering the uncertainty of the 1’8Lu decay constant (by propagating the
uncertainty of the isochron slope with the decay constant uncertainty from Stéderlund et al. (2004) in
guadrature), our garnet Lu—Hf age from sample 17JK08 is 2684.5 + 14.0 Ma, which partly overlaps
with the ca. 2700-2695 Ma pulse of TTG magmatism documented in the Kapuskasing Uplift by
zircon U-Pb geochronology (Fig. 5.11c).
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The timing of partial melting and melt crystallization in the lower crust exposed in the KSZ is
correlated with a shift toward relatively potassic granitoids (in comparison to TTGs) in the
Kapuskasing Uplift starting at ca. 2685 Ma (Fig. 5.11c). The metabasites could have produced
granodioritic to granitic (s.s) melt at low degrees of partial melting (~10-17% predicted at 850-875°
C; Table S4.6; Fig. S4.1), though such melt fractions would result in a small volume of melt overall.
In addition, late potassic granitoids in the MGB have been suggested to be sanukitoids, as their trace
element compositions are consistent with a metasomatized mantle source (Sage et al., 1996b).
Uncommon < 2685 Ma tonalitic to trondhjemitic rocks (Fig. 5.11c) could have been generated by
higher degrees of metabasite partial melting, as our geochronological data indicate that melt was
present and crystallizing in the metabasites from ca. 2685 Ma to ca. 2600 Ma. However, the volume
of such magma appears to have been limited, as tonalitic veins and a small sill in the WGD comprise
the 2660-2645 Ma occurrences (Moser et al., 1996).

5.5.4 Interpretation of results in a regional tectonic framework

Metabasites exposed in the KSZ are compatible sources for ca. 2885 Ma and ca. 2750-2685 Ma
TTGs in the Kapuskasing Uplift based on trace element modelling and Lu—Hf isotopic data. The
results of geochemical modelling suggest that source depth may have increased from the
Mesoarchean to the Neoarchean (Fig. 5.11a), and Lu—Hf data indicate that two isotopically distinct
metabasic sources are present in the KSZ, together accounting for the Hf isotopic signatures of zircon
in TTGs in the WGD and MGB (Fig. 5.11b). However, the high-grade metamorphic event that
resulted in widespread crustal anatexis in the KSZ appears to have postdated most TTG magmatism
(Fig. 5.11c). Here, we discuss the significance of these results in the tectonic framework of the

southern Superior Province.

Mesoarchean TTGs are uncommon in the southern Superior Province (Percival et al., 2012).
Our work suggests that the ca. 2885 Ma TTG in the MGB could have formed by isolated partial
melting of existing basaltic crust at a relatively shallow level. Although no metamorphism in the KSZ
coeval with the ca. 2885 Ma magmatism has been documented, we have determined that metabasite
sample 17JK12 (Fig. 5.11b) from the KSZ represents a geochemically compatible source rock for the
2885 Ma TTGs.

Widespread juvenile magmatism—ranging in composition from komatiitic to rhyolitic—at
ca. 2750-2685 Ma is well-documented throughout the southern Superior Province (Percival et al.,
2012). The variety of juvenile igneous rocks may have been generated by plume-arc interaction (e.g.,

Wyman et al., 2002; Benn and Moyen, 2008) or a switch from rifting to subduction or subcretion with
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or without simultaneous plume activity (e.g., Bédard and Harris, 2014; Mole et al., 2021). The source
of TTGs of this age in the southern Superior Province has been suggested to be the base of recently
formed basaltic crust or a subducting oceanic slab (e.g., Wyman et al., 2002; Benn and Moyen, 2008;
Mole et al., 2021). We have identified metabasites in the KSZ with radiogenic eHf{(t) (samples
17JK20 and 17JK09; Fig. 5.11b) compatible with juvenile ca. 2750-2685 Ma TTGs throughout the
southern Superior Province (Mole et al., 2021), suggesting that a lower crustal source for the TTGs
was possible. Although evidence for pre-2685 Ma metamorphism and metabasite partial melting is
scarce at the currently exposed crustal level in the KSZ, the presence—or former presence—of
additional, compositionally similar metabasite would have been necessary given the large volume of
upper- to middle-crustal TTG plutons and gneiss in the Kapuskasing Uplift. The metabasic source
rocks, either magmatically or tectonically incorporated at the base of the existing older crust (i.e., the
2885 Ma TTG and associated metabasic source rocks represented by sample 17JK12) may have
delaminated (e.g., Bédard, 2006) after partial melting from ca. 2750 to ca. 2685 Ma.

High-temperature metamorphism in the KSZ at ca. 2685 Ma, perhaps in part driven by
delamination of lower crust, is coeval or nearly coeval with late-stage events in the southern Superior
Province, including sanukitoid magmatism (e.g., Sage et al., 1996b; Benn and Moyen, 2008) and
mineralization of orogenic gold deposits (e.g., Davis and Lin, 2003; Ciufo et al., 2020; Jellicoe et al.,
submitted). Late middle-crustal extension and minor tonalitic and trondhjemitic magmatism between
2660 Ma and 2645 Ma (Moser et al., 1996) accompanied slow melt crystallization in the KSZ. These
< 2685 Ma events postdate most TTG magmatism in the southern Superior Province and appear to
signify a shift away from the geodynamic setting in which continental crust was generated and toward

the post-tectonic stabilization of the Superior Province (e.g. Percival et al., 2012).

5.5.5 The TTG—metabasite connection

Our work in the Kapuskasing Uplift highlights the challenges of testing the TTG—metabasite
connection. Of the three lines of evidence that are the focus of this study and are supported by field
and petrographic observations—melt composition modelling, Lu—Hf isotopic data, and
geochronological data—the latter two appear crucial. As pulses of TTG magmatism are generally the
result of crust-forming events, evidence of these events can be overprinted by later metamorphism
associated with final continental assembly and stabilization. Therefore, the P-T conditions recorded
in metabasite may result from processes unrelated to crust-forming TTG magmatism—we suggest
that this situation is likely true for the KSZ. Although coupled phase equilibrium and melt
composition modelling of basaltic or metabasic compositions has been used to demonstrate that such
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rocks may be viable sources for TTGs (e.g., Nagel et al., 2012; Palin et al., 2016; Johnson et al.,
2017; Kendrick and Yakymchuk, 2020 [Chapter 2]), linking a particular potential source rock to a
specific suite of TTGs by this technique is challenging. Some aspects of TTG trace element
compositions may be unrelated to the source (e.g., Laurent et al., 2020; Rollinson, 2021; Kendrick et
al., 2022 [Chapter 3]) and the limitations of the models generally prohibit quantitative comparisons
between model results and natural TTG compositions. Phase equilibrium and melt composition
modelling results from KSZ metabasites compared to compositions of TTGs from the MGB and
WGD suggest a possible increase in the depth of the source over time. However, melt composition
modelling alone is not sufficient for distinguishing between different potential metabasic sources. Our
work demonstrates that coupled Lu—Hf isotopic datasets from metabasites and TTGs are a more
powerful tool for connecting TTGs to their sources. The isotopic data allowed us to identify two
distinct lower-crustal metabasite sources, each compatible with a different generation of TTGs at

shallower crustal levels.

The presence of two metabasite sources in the lower crust that apparently melted at different
times and successively deeper crustal levels to generate upper- to middle-crustal TTGs adds
complexity to the crustal-melting model of TTG genesis. In general, a lower-crustal TTG source is
suggested to be basalt that was hydrated by interaction with water at the surface of the Earth and
heated after burial under subsequent layers of basalt, resulting in conditions appropriate for TTG
genesis (Bédard, 2006; Fig. 5.12a). For production of a second generation of TTGs from a separate,
deeper source, new basaltic material could have been added to the previous generation of basalt by
magmatic underplating or tectonic accretion (Fig. 5.12b). However, underplated magma would likely
lack the hydration required for TTG genesis (Moyen and Martin, 2012) and tectonic accretion would
result in a relatively cold interface that would inhibit partial melting (e.g., Sizova et al., 2010). A
dehydrating subducting slab could introduce the required H,O in the underplated magma scenario
(e.g., Polat, 2012) and heat may be added by upwelling asthenosphere in the tectonic accretion
scenario (Fig. 5.12c). Each case requires at least limited horizontal transport of crustal material to
introduce H,O at the deepest crustal levels. This generalized model of multigenerational TTG
production, based on observations from the Kapuskasing Uplift, could be applicable more broadly
where different generations of isotopically distinct TTGs are found together in the upper to middle

crust.
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5.6 Conclusions

Our work supports our hypothesis that lower crustal metabasites were the source of middle- to upper-
crustal TTGs in the Kapuskasing Uplift. We have identified two isotopically distinct metabasites,
which together are able to account for the Hf isotope variability of zircon in TTGs at relatively
shallower crustal levels. Compositional modelling of anatectic melt from metabasite in the
Kapuskasing Uplift generally supports a connection between the metabasites and the TTGs, but this
technique was not useful for determining a connection between specific metabasites and TTGs.
Modelling results suggest a possible increase in TTG source depth from the Mesoarchean to the
Neoarchean. The timing of metamorphism in the Kapuskasing Uplift is coeval with the crystallization
of relatively late TTGs. Two earlier pulses of TTG magmatism predate this high-grade
metamorphism and crustal anatexis. The currently exposed lower-crustal metabasites in the
Kapuskasing Uplift may represent a small portion of an originally larger volume of metabasite, which
melted earlier and may have subsequently delaminated. Overall, the results indicate that continental
crust in this region could have been generated from two metabasic sources that were juxtaposed in the
deep crust; one melted in the Mesoarchean and the other in the Neoarchean. Archean intracrustal
differentiation may have therefore been a complex process with H2O introduced into the deep crust at

more than one stage, likely requiring at least limited horizontal tectonism.
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Figure 5.1. Simplified geological maps of the study area. a) Location of the Superior Province in North America
(modified after Percival et al., 2012). b) Geological map of the Kapuskasing Uplift (modified after Ontario
Geological Survey, 2011). c) Detailed geological map of the Kapuskasing Structural Zone (modified after

Ontario Geological Survey, 2011) with locations of samples used in this study.
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Figure 5.2. Photographs of outcrops in the Kapuskasing Structural Zone. a) Leucosome-rich metabasite outcrop
where samples 17JK20 (metabasite) and 19JK15 (leucosome) were collected. b) Metabasite with leucosome and
peritectic garnet, location of sample 17JK12 (metabasite). c) Compositionally layered metabasite, location of
sample 17JK09 (metabasite). d) Metatonalite outcrop with leucosome and peritectic garnet, location of sample
17JK08 (metatonalite). e) Metabasite outcrop with leucosome and peritectic garnet, location of sample 19JK13

(leucosome). f) Leucosome-rich area of a metabasite outcrop, location of sample 19JK16 (leucosome).
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Figure 5.3. Photomicrographs of samples from the Kapuskasing Structural Zone. a) Amphibole- and garnet-rich
domain in metabasite (PPL, 17JK20). b) Interstitial quartz associated with amphibole and clinopyroxene (XPL,
17JK20). ¢) Amphibole-, garnet-, and plagioclase-bearing domain with rare interstitial quartz in metabasite
(XPL, 17JK12). d) Leucosome domain in metabasite with a skeletal garnet porphyroblast (PPL, 17JK12). €)
Garnet-, clinopyroxene-, and plagioclase-rich metabasite with subgranoblastic texture (PPL, 17JK09). f)
Xenoblastic quartz is interstitial to garnet, clinopyroxene, and plagioclase in metabasite (XPL, 17JK09). g)
Foliated metatonalite with an assemblage of amphibole, biotite, plagioclase, and quartz with uncommon garnet
(PPL, 17JK08). h) Interstitial quartz associated with garnet at the edge of leucosome in metatonalite (XPL,
17JK08). PPL = plane-polarized light, XPL = cross-polarized light.
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Figure 5.4. Whole-rock geochemical compositions of samples from the Kapuskasing Structural Zone. a) SiO,
(wt.%) versus Na,O + K0 (wt.%) of samples (plotted using GCDKkit; Janousek et al., 2006). b) Chondrite-

normalized trace elements of samples (normalization values from McDonough & Sun, 1995) in comparison to
N-MORB (Hofmann, 1988) and average Archean basalt (Martin et al., 2014).
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Figure 5.5. Whole-rock geochemical compositions of leucosome samples from the Kapuskasing Structural Zone
in comparison to natural TTG data from the Kapuskasing Uplift (from Kendrick et al., 2022 [Chapter 3]). a)
Normative feldspar compositions (An = anorthite, Ab = albite, Or = orthoclase) calculated using GCDKit with
classifications from Barker (1979). b) Chondrite-normalized trace elements of samples (normalization values
from McDonough and Sun, 1995).
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Figure 5.6. Pressure—temperature (P—T) phase diagrams for samples 17JK20 (a), 17JK12 (b), 17JK09 (c),
17JK08 (d) calculated by phase equilibrium modelling. Uncertainties for peak P-T conditions shown in (e) were
estimated based on best practices (Powell & Holland, 2008). L = melt, hb = amphibole, g = garnet, aug =
clinopyroxene, opx = orthopyroxene, pl = plagioclase, bi = biotite, ksp = K-feldspar, q = quartz, ilm = ilmenite,
ru = rutile, sph = titanite.
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Figure 5.8. Trace element maps of Lu in garnet crystals from samples (a) 17JK20, (b) 17JK12, (c) 17JK09, and

(d) 17JKO8.
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Figure 5.11. (a) Results of melt trace element modelling (Fig. 5.7) compared to natural TTG samples from the

Wawa Gneiss Domain and Michipicoten Greenstone Belt (data from Kendrick et al., 2022 [Chapter 3];

Kendrick et al., submitted [Chapter 4]). (b) Comparison of metabasite whole-rock Lu-Hf data (samples 17JK20,

17JK12, and 17JK09) and Hf data from zircon in TTGs from the Wawa Gneiss Domain

and Michipicoten

Greenstone Belt (data from Kendrick et al., submitted [Chapter 4]; Mole et al., 2021). (c) Compilation of

granitoid crystallization ages from previous work for samples from the Wawa Gneiss Domain and Michipicoten

Greenstone Belt (Table S4.7) compared to results of garnet Lu—Hf and zircon U-Pb geochronology from this

study. Solid bars represent the reported age uncertainties.
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Generalized model of multigenerational TTG formation by lower crustal anatexis

Oceanic plateau
TTG #1 formed by crustal anatexis

TG
genesis

El Origin of metabasite #1:

lower
crust

IE' Origin of metabasite #2: Origin of metabasite #2:
Magmatic underplating Tectonic accretion

Y /

TTG #2 formed TTG #2 formed
by crustal anatexis by crustal anatexis
upon hydration upon heating
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Surface of Asthenosphere upwelling
subducting slab

Figure 5.12. Schematic diagram illustrating the formation of two generations of TTGs from two lower crustal

metabasic sources. a) The first TTG generation is produced by partial melting of basalt buried and

metamorphosed at lower-crustal depth in an oceanic plateau setting. b) New mafic source material is added at

the base of the existing lower-crustal metabasite either by magmatic underplating or tectonic accretion. c)

Partial melting of new source material is initiated either by addition of H2O from a subducting slab (magmatic

underplating scenario) or addition of heat from upwelling asthenosphere (tectonic accretion scenario) to

produce the second generation of TTG magma.

148



Table 5.1. Bulk compositions used for phase equilibrium modelling.

Sample HO SiO2 A0z CaO MgO FeO KO NaO TiO2 O/Fex0s
mol% @)
17JK20 3.01 50.93 9.04 1048 759 1388 036 201 134 136
17JK12 4.79 49.14 941 1097 9.64 1078 048 290 0.89 0.99
17JK09 2.65 49.83 9.03 14.77 6.38 1246 008 234 117 1.29
17JKO8 3.53 61.18 9.11 7.08 7.18 6.63 099 3.02 073 056
wt.% Fe203
17JK20 0.87 49.24 1484 946 492 1291 055 200 172  3.49
17JK12 1.42 48.49 15.76 10.10 6.38 1039 0.74 295 1.17 2.59
17JK09 0.77 48.22 1483 1334 414 1142 012 233 151 333
17JKO8 1.03 59.49 1504 643 468 641 151 303 095 144
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Table 5.2. Lu and Hf data obtained from isotope dilution.

Sample Lu (ug/g) Hf (ug/g) Lu/r"Hf  2s (abs)*  ®Hf/Y"'Hf  2s (abs)’
17JK20 — metabasite

Whole rock — S8 0.660 1.138 0.0823 0.0004 0.285316 0.000015
Whole rock — BS 0.723 2.710 0.0379 0.0002 0.283107 0.000015
Garnet-1 2.229 0.254 1.2603 0.0063 0.345330 0.000018
Garnet-2 2.131 0.221 1.3882 0.0069 0.352558 0.000018
Garnet-3 2.223 0.238 1.3410 0.0067 0.349090 0.000018
Garnet-4 2.150 0.260 1.1874 0.0059 0.342068 0.000025
17JK12 — metabasite

Whole rock — S 0.538 2.171 0.0351 0.0002 0.282897 0.000015
Whole rock — B 0.561 2.506 0.0318 0.0002 0.282716 0.000016
Garnet-1 3.507 0.293 1.7262 0.0086 0.367133 0.000020
Garnet-2 3.439 0.332 1.4909 0.0075 0.355567 0.000019
Garnet-3 3.382 0.297 1.6398 0.0082 0.363321 0.000019
Garnet-4 3.480 0.318 1.5750 0.0079 0.359586 0.000023
17JK09 — metabasite

Whole rock — S 0.478 0.999 0.0680 0.0003 0.284621 0.000015
Whole rock — B 0.502 2.651 0.0268 0.0001 0.282549 0.000014
Garnet-1 1.407 0.154 1.3140 0.0066 0.347842 0.000018
Garnet-2 1.406 0.164 1.2274 0.0061 0.343455 0.000018
Garnet-3 1.415 0.156 1.2998 0.0065 0.346397 0.000018
Garnet-4 1.398 0.161 1.2466 0.0062 0.344209 0.000018
17JK08 — metatonalite

Whole rock — S 0.408 4.291 0.0135 0.0001 0.281830 0.000015
Whole rock — B 0.430 4.283 0.0142 0.0001 0.281872 0.000015
Garnet-1 5.140 3.155 0.2316 0.0012 0.292993 0.000040
Garnet-2 5.109 3.286 0.2210 0.0011 0.292553 0.000015
Garnet-3 5.130 3.271 0.2229 0.0011 0.292565 0.000015
Garnet-4 5.072 3.138 0.2298 0.0011 0.292953 0.000015

* External uncertainty, 0.5%
 External uncertainty, 0.005% (in quadrature)
§S — Savillex digestion (i.e., table-top); B — Bomb digestion
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Table 5.3. U-Pb and Hf data from zircon.

Analysis No.  29Pb/2%pp  2SE  OHf/ATTHf 2SE YO ur T HE 2SE 8Hf/A"Hf  ¢Hf 2SE  Classification’
age (Ma) measured (H* (1)
19JK15 - Leucosome
Zircon-1 2658 12 0.281158 0.000024 0.000035 0.0000039 0.281156 2.53 1.39 X
Zircon-2 2644 9 0.281178 0.000026  0.000020 0.0000003 0.281177 295 1.43 X
Zircon-3 2609 10  0.281174 0.000030 0.000010 0.0000002 0.281174 2.03 1.53 X
Zircon-4 2660 12 0.281179 0.000022 0.000017 0.0000003 0.281178 3.38 1.34 X
Zircon-5 2720 9 0.281171 0.000028 0.000102 0.0000026 0.281166 4.33 1.48 I
Zircon-6 2389 13 0.281188 0.000025 0.000009 0.0000003 0.281188 -2.55 1.40 D
Zircon-7 2662 10  0.281161 0.000025 0.000012 0.0000008 0.281160 2.79 141 X
Zircon-8 2656 10  0.281169 0.000029 0.000101 0.0000005 0.281164 2.76 1.50 X
Zircon-9 2667 11 0.28117  0.000019 0.000011 0.0000002 0.281169 3.22 1.29 X
Zircon-10 2646 10  0.281153 0.000023 0.000006 0.0000003 0.281153 2.13 1.37 D
Zircon-11 2667 12 0.281177 0.000025 0.000016 0.0000010 0.281176 3.46 1.41 D
Zircon-12 2658 8 0.281182 0.000027 0.000015 0.0000002 0.281181 3.43 1.46 X
Zircon-13 2663 10 0.281173 0.000026  0.000061 0.0000023 0.281170 3.15 1.3 X
Zircon-14 2655 11  0.281158 0.000022 0.000020 0.0000007 0.281157 250 1.34 X
Zircon-15 2672 12 0.281177 0.000020 0.000030 0.0000003 0.281175 356 1.31 X
Zircon-16 2630 17 0.281163 0.000021 0.000010 0.0000002 0.281163 2.11 1.32 X
Zircon-17 2633 14  0.281172 0.000023 0.000010 0.0000005 0.281171 250 1.36 X
Zircon-18 2647 11  0.281185 0.000023 0.000009 0.0000002 0.281185 3.29 1.37 X
Zircon-19 2683 13  0.281173 0.000029 0.000007 0.0000003 0.281173 3.71 1.50 X
Zircon-20 2586 11  0.281199 0.000027 0.000007 0.0000002 0.281199 239 1.45 L
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Table 5.3 (continued)

19JK16 — Leucosome

Zircon-1 2645 8 0.281139 0.000026  0.000076  0.0000008 0.281135 149 1.43 X
Zircon-2 2642 8 0.281179 0.000025 0.000091 0.0000012 0.281174 282 141 X
Zircon-3 2651 8 0.281162 0.000027 0.000042 0.0000021 0.281160 252 1.46 X
Zircon-4 2639 8 0.281184 0.000029 0.000060 0.0000008 0.281181 2.99 1.50 X
Zircon-5 2637 8 0.281174 0.000026  0.000079 0.0000005 0.281170 256 1.43 X
Zircon-6 2646 9 0.281208 0.000021 0.000032 0.0000012 0.281206 4.04 1.32 X
Zircon-7 2652 9 0.281200  0.000027  0.000073 0.0000018 0.281196 3.83 1.46 X
Zircon-8 2654 9 0.281183 0.000024 0.000028 0.0000009 0.281182 3.35 1.39 X
Zircon-9 2708 8 0.281169 0.000029 0.000077 0.0000033 0.281165 4.02 151 |
Zircon-10 2648 8 0.281164 0.000028 0.000046 0.0000008 0.281162 2.49 1.48 X
Zircon-11 2653 8 0.281147 0.000026  0.000079 0.0000055 0.281143 196 1.43 D
Zircon-12 2612 8 0.281169 0.000028 0.000042 0.0000007 0.281167 1.86 1.48 X
Zircon-13 2656 10 0.281215 0.000032 0.000059 0.0000053 0.281212 4.48 1.58 X
Zircon-14 2649 9 0.281158 0.000026  0.000052 0.0000008 0.281155 2.31 1.43 X
Zircon-15 2637 8 0.281168 0.000026  0.000040 0.0000008 0.281166 2.41 1.3 X
Zircon-16 2653 8 0.281174 0.000023 0.000179 0.0000018 0.281165 2.74 1.37 X
Zircon-17 2785 9 0.281174 0.000025 0.000048 0.0000019 0.281171 6.03 1.41 |
Zircon-18 2619 11 0.281174 0.000029 0.000008 0.0000002 0.281174 225 1.50 X
Zircon-19 2599 9 0.281195 0.000028 0.000034 0.0000006 0.281193 249 1.48 X
Zircon-20 2649 8 0.281159 0.000024 0.000103 0.0000021 0.281154 226 1.39 X
Zircon-21 2646 9 0.281177 0.000024 0.000052 0.0000009 0.281174 290 1.39 X

*The 2°’Pb/?%Pb age in column 2 was used to calculate 8Hf/*’"Hf (t) for individual analyses. Decay constant for ®Lu from Scherer

etal. (2001).

X = I(_euco)some population, | = Inherited zircon, D = Discordant/Pb loss, L = Late metamorphic zircon
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Chapter 6

Petrogenesis of Archean sanukitoids: Insights from

thermodynamic modelling

Summary

The sanukitoid suite is a series of Archean granitoid rocks that exhibit enrichment in both large ion
lithophile elements (e.g., K20, Ba, Sr) and MgO, Ni, and Cr relative to the more common Archean
tonalite-trondhjemite-granodiorite (TTG) suites. These characteristics have led to the interpretation
that sanukitoids are formed by partial melting of a mantle source that was metasomatized by crustal
material. Sanukitoids have been identified in many Archean cratons and are typically a relatively late
feature in craton evolution, which may signal a change in tectonic processes late in the Archean eon.
The chemical composition of sanukitoids has been used to understand characteristics of their source,
such as the nature of the metasomatic agent introduced into the mantle, which in turn could be linked
to tectonic regime more broadly. However, previous work has also linked trends in sanukitoid
compositions to factors unrelated to source. In this work, we use phase equilibrium modelling
coupled with melt trace element modelling to forward model potential sanukitoid sources and
determine the effect of two variables on sanukitoid composition: source bulk composition and
pressure—temperature conditions of source melting. We consider mantle sources metasomatized by
two different metasomatic agents—TTG melt and partial melt of subducted metasedimentary rocks—
and investigate predicted melt compositions between 1.5 GPa and 2.5 GPa at a range of melt
fractions. These results are compared to a compilation of data from natural primitive (i.e., relatively
mafic) sanukitoid samples from the Amazonian Craton, Baltic Shield, Kaapvaal Craton, North China
Craton, and Superior Province. Overall, the model results replicated some geochemical trends of
natural sanukitoid suites, with the TTG-melt-metasomatized mantle results in some cases showing a
closer fit to natural data than those of the metasediment-melt metasomatized mantle. Trends in rare
earth elements were best replicated by model melt produced by high degrees of partial melting with
no residual garnet. This work also revealed that a negative Eu anomaly is a common feature of many
natural sanukitoids, however this feature was not replicated in the models. In general, the results

suggest that the geochemical diversity of natural sanukitoids could be attributed to variations in
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pressure—temperature conditions of source melting, different source compositions, or a combination
of these factors. Linking sanukitoid compositions to a particular mantle metasomatic agent or tectonic
process is therefore difficult. The distinct geochemical features of different sanukitoid suites from
different cratons likely reflects the influence of localized processes; the significance of sanukitoid
compositions can best be assessed when these rocks are considered within their regional geological

context and major and trace element compositions are coupled with isotopic data.

6.1 Introduction

The Archean sanukitoid suite, first defined based on observations from the Superior Province (Shirey
and Hanson, 1984; Stern and Hanson, 1991), form a magmatic series from diorite to granite (Martin
et al., 2009). Unlike the more abundant Archean tonalite-trondhjemite-granodiorite (TTG) granitoids
that are characterized by elevated concentrations of Na,O (Moyen, 2011), sanukitoids are more
potassic with monzodiorites, granodiorites, and monzogranites as the most common rock types
(Martin et al., 2009). The source of the sanukitoid suite is widely considered to be metasomatized
mantle based on high concentrations of MgO, Ni, Cr, and large ion lithophile elements (LILE) in
these rocks (Shirey and Hanson, 1984; Martin et al., 2009; Laurent et al., 2014a). Although TTGs are
common throughout the Archean eon, sanukitoids are restricted temporally to the latest stages of
Archean craton evolution globally and may represent a fundamental shift in tectonic regime at the end
of the Archean eon (Laurent et al., 2014a). A subducting slab is commonly proposed as the source of
mantle metasomatism resulting in the interpretation that sanukitoids mark the onset of modern-style
arc magmatism (e.g., Stern and Hanson, 1991; Martin et al., 2009; de Oliveira et al., 2011; Laurent et
al., 2014a; Singh et al., 2019). Alternatively, the appearance of sanukitoids late in the Archean
geological record has been attributed to the emergence of continental crust above sea level at this
time; according to this interpretation, the introduction of eroded K-rich sediments into the mantle at

convergent margins is crucial to sanukitoid genesis (Bédard, 2018).

Some aspects of sanukitoid chemical compositions are commonly linked to characteristics of
their source, including the degree of source melting and the nature of the metasomatic agent in the
mantle, which may have been fluid released from the subducting slab, TTG melt derived from
anatexis of the slab, or partial melt from anatexis of subducting sediments (Lobach-Zhuchenko, 2008;
Martin et al., 2009; Laurent et al., 2011; Jiang et al., 2016). However, geochemical trends in
sanukitoids have also been linked to fractional crystallization and magma mixing or contamination

(Martin et al., 2009). In addition, a phase equilibrium modelling study of sanukitoid genesis showed
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that variable ratios of metasomatic agent and mantle mixing could produce the geochemical variety
observed in some sanukitoid suites (Semprich et al., 2015). Variability in sanukitoid compositions
may be linked to multiple processes, and determining the extent to which each process can influence
major and trace element compositions is important for determining the significance of sanukitoid

compositions in the broader context of Archean tectonic processes.

Here, we explore the potential connection between major and trace element trends of
sanukitoids and characteristics of their source. We employ phase equilibrium and melt trace element
modelling to forward model partial melting of theoretical sanukitoid sources, considering two main

source-related variables:

1. Source composition, which varies depending on the origin of the metasomatic agent that
interacted with depleted mantle.
2. Pressure—temperature (P-T) conditions of melting, which control the melt fraction and

residue mineral assemblage in the source and may be indicative of tectonic processes.

Our modelling results indicate that the major and trace element compositions of sanukitoids
are the product of a complex combination of the two aforementioned variables and other factors,
resulting in considerable geochemical variability among individual sanukitoid suites.

6.2 Methodology

6.2.1 Data compilation and selection of compositions for modelling

Our sanukitoid dataset was assembled from major and trace element geochemical data of 426 samples
reported in the literature from five cratons: Amazonian Craton (de Oliveira et al., 2010), Baltic Shield
(Lobach-Zhuchenko et al., 2005; Heilimo et al., 2010; Egorova, 2014), Kaapvaal Craton (Laurent et
al., 2014b), North China Craton (Wang et al., 2009; Jiang et al., 2016), and Superior Province (Stern
and Hanson, 1991; Stevenson et al, 1999). Many sanukitoid suites include a range of compositions
from mafic rocks to granitoids, with the most SiO,-rich samples typically interpreted as magma that
evolved through fractional crystallization or contamination by felsic crustal material during
emplacement (Martin et al., 2009). We restricted our dataset to the most primitive sanukitoids (i.e.,
least modified by aforementioned processes) by selecting only those with SiO, < 62 wt.% on an
anhydrous basis (cf. Martin et al., 2009), resulting in 108 total samples (Table S5.1).
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The models are designed to simulate melting of depleted mantle modified by two potential
metasomatic agents: melt of TTG composition derived from a subducting slab or melt derived from
partial melting of subducting sediment (Table 6.1). The depleted mantle composition used is from
Workman and Hart (2005), which is an estimate of depleted MORB mantle (DMM). The composition
of the TTG metasomatic agent was calculated using the Moyen (2011) TTG database, which is
divided into high-, medium-, and low-pressure groups. Given that a subducting slab would be the
expected source of metasomatic fluid in the mantle, only the high-pressure TTG group was used. If a
500°C/GPa thermal gradient is assumed for the slab (based on thermal gradients from Archean
metamorphic rocks; Brown and Johnson, 2018), then melting at mantle depth would proceed at high
temperature (> 1000°C); metabasite melting experiments and models at such conditions yield melt
with SiO; < 70 wt.% (Rapp et al., 1991; Rapp & Watson, 1995; Palin et al., 2016). Therefore, an
average of the Moyen (2011) high-pressure TTGs with SiO; < 70 wt.% was used as the TTG
metasomatic component in this study (HP TTG, Table 6.1). This approach removes evolved
granitoids from the average TTG composition, resulting in a better approximation of the primary TTG
melt composition that would have been generated by a melting slab. Melt produced by subducted
Archean sediments was approximated by phase equilibrium modelling of the average Archean upper
crust composition of Taylor and McLennan (1985) (Fig. S5.1). Although there are limitations
associated with this composition, this is a first-order approximation of the crustal material that
generated the detritus that would have been incorporated into Archean subduction zones. Assuming
relatively hot conditions for subduction (500°C/GPa), dehydration of the sediments prior to melting
would be expected (e.g., Harry and Green, 1999); minimal H.O (1000 pg/g) was used in the modelled
Archean upper crust composition (i.e., the subducted sediments) to reflect this. The redox state of
Archean sediments is difficult to constrain, but was assumed to be relatively reduced because
atmospheric oxygen was low during the Archean Eon (e.g., Canfield et al., 2000). For the model, 5%
of the FeO in the Archean upper crust estimate was converted to Fe;Os. Metasediment melt
compositions were calculated at 1.5 GPa, 2.0 GPa, and 2.5 GPa (AUCL1.5, AUC2.0, and AUC2.5in
Table 6.1) to represent different depths of melting along a 500°C/GPa thermal gradient (at 1.5 GPa,
750°C is below the solidus and the melt composition at 760°C was selected instead; Fig. S5.1).

The depleted mantle composition was mixed with the TTG and sediment partial melt
metasomatic agents in different proportions to simulate metasomatized mantle (Table 6.1). Hereafter,
the modelled TTG-metasomatized depleted mantle is referred to as DMT and the sediment-melt

metasomatized depleted mantle is denoted as DMS. Three different DMS compositions (DMS1.5,
156



DMS2.0, DMS2.5, Table 6.1) were computed using the metasediment melt compositions calculated at
different pressures. After iterative calculations, models indicated 40% metasomatic agent and 60%
depleted mantle as an appropriate composition to produce partial melt with SiO; in the same range as
the dataset of primitive sanukitoids. The concentrations of H,O in DMT and DMS were fixed based
on estimates of mantle H.O in modern subduction zones, which generally range from 250-2500 pg/g
(Peslier, 2010). Diagrams were constructed using 200 pg/g, 1000 pg/g, and 2000 pg/g H2O for each
composition; only the results of the 1000 pg/g scenario will be discussed in detail, as trends are
similar for all scenarios (results from 200 pg/g and 2000 pg/g H.O diagrams are provided in Fig.
S5.2). Reported estimates of oxygen fugacity for the Archean upper mantle are variable but generally
reducing relative to the fayalite-magnetite-quartz (FMQ) buffer (Ballhaus, 1993; Aulbach & Stagno,
2016). Given that the redox state of the metasomatic agents cannot be reliably estimated, DMT and
DMS were assigned a low Fe;Os/FeO ratio (5% of FeO as Fe,0s) to represent generally reducing
conditions. Although the redox state of DMT and DMS could affect partition coefficients for certain

trace elements (e.g., Eu), this effect is not quantified here and will be discussed qualitatively.

6.2.2 Phase equilibrium modelling

Phase equilibrium modelling was done in the chemical system K,O-Na,O—-CaO-FeO-MgO-Al,03—
SiO—H,0-TiO2—Fe;,03-Cr,05 using THERMOCALC version 3.50 and the internally consistent
thermodynamic dataset of Holland and Powell (2011; version 6.33 produced June 23, 2017). The set
of activity—composition models used were those described by Holland et al. (2018), which includes
models for melt, olivine, orthopyroxene, clinopyroxene, garnet, and spinel developed by Holland et
al. (2018), feldspar models from Holland and Powell (2003), the amphibole model of Green et al.
(2016), and a modified version of the biotite model from White et al. (2014). Quartz was modelled as

a pure phase.

6.2.3 Melt trace element modelling
The trace element compositions of modelled melt were calculated at different P-T conditions by a
mass-balance approach using a batch melting equation (e.g., Shaw, 1970),

C, 1
C, DA-F)+F

where C_ is the concentration of an element in the melt, C, is the concentration of an element in the
system, F is the melt fraction (in wt.%), and D is the bulk distribution coefficient between the melt
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and residue. The value of D was computed using the residue assemblage calculated by THERMOCALC
(converted to wt%) and parameterized Kd values from the equations of Bédard (2005; 2006; 2007;
2014) for olivine, plagioclase, orthopyroxene, and clinopyroxene; parameterizations for amphibole
and biotite are also from Bédard (unpublished data). Sources for Kds where parameterization was not
possible are Barth et al. (2002) for garnet, Bea et al. (1994) for K-feldspar, and Foley et al. (2000) for

rutile. All Kds for quartz and elements not included in aforementioned sources were set to 0.000001.
6.3 Results

6.3.1 Characteristics of the sanukitoid dataset

Compositional trends in sanukitoid suites may be the result of fractional crystallization, magma
contamination or mixing, source characteristics, or a combination of these factors. Although field
observations and chemical analyses of minerals are required to understand all sources of
compositional variability of a particular sanukitoid suite, we characterize broad trends of our dataset
of sanukitoid whole-rock compositions. As high-SiO, samples were filtered from this dataset, we
expect that sanukitoids generated by large degrees of fractional crystallization have been removed.
Major and trace elements are compared to the concentration of MgO in the sanukitoid samples as
MgO is a proxy for igneous differentiation (e.g., Stern and Hanson, 1991), or alternatively
characteristics of the source (composition and degree of melting; Martin et al., 2009) The
concentrations of major elements exhibit similar trends across the selected sanukitoid suites (Fig.
6.1). Increasing MgO is generally correlated with decreasing SiO- (Fig. 6.1a), Al,Os (Fig. 6.1b), and
Na,O (Fig. 6.1c) and increasing FeO(t) (Fig. 6.1d) and CaO (Fig. 6.1¢e). Both KO (Fig. 6.1f) and
TiO; (Fig. 6.1g) do not show a clear relationship with MgO overall. However, the Kaapvaal and
Superior data show a negative correlation between MgO and KO (Fig. 6.1f).

The trace elements we examine here include those that are characteristically enriched in
sanukitoids, such as Sr and Ba—here proxies for the LILE—and Cr (Martin et al., 2009). We also
evaluate trends in Zr (a proxy for the HFSE) and the behaviour of REE, as these elements could
provide important indications of sanukitoid source characteristics (e.g., Lobach-Zhuchenko et al.,
2008; Laurent et al., 2011; Semprich et al. 2015; Jiang et al., 2016). In our sanukitoid dataset, the
combined concentrations of Sr and Ba (generally > 1000 ug/g; Fig. 6.2a) and the concentration of Zr
(Fig. 6.2b) show no clear correlation with MgO, however Cr (Fig. 6.2c) shows a positive correlation

with MgO. The majority of samples have Eu/Eu* < 1 (Fig. 6.2d), indicating a negative Eu anomaly in
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their chondrite-normalized REE profiles (Fig. 6.2f; values for chondrite normalization from
McDonough and Sun, 1995). Most sanukitoid samples have Lan/Ybn < 40 (Fig. 6.2e) and samples
with elevated Lan/YYby also have low concentrations of YD relative to the rest of the dataset (Fig. 6.2e
and f).

6.3.2 Predicted phase equilibria of model metasomatized mantle

Phase diagrams of DMT and DMS were constructed to evaluate the residue assemblage and
composition and proportion of partial melt at different P—T conditions. For DMT, calculations were
done between 1.5-2.5 GPa and 700-1600°C (Fig. 6.3a). The modelled solidus is between 750°C and
870°C, and solidus temperature decreases as pressure increases. Biotite and hornblende are stable
only near the solidus (<900°C and <1000°C respectively) for the full pressure range and the stability
of plagioclase (Anz_ss) is restricted to <1.9 GPa and <1170°C. Quartz and garnet have strongly
temperature-dependent stability fields, which extend to 1160°C and 1370°C, respectively; with
decreasing pressure they are restricted to lower temperature, particularly within the plagioclase
stability field. Clinopyroxene is predicted to be exhausted with increasing temperature—21300°C at
1.5 GPa and 1480°C at 2.5 GPa. For the entire investigated range of pressure and temperature,

orthopyroxene is predicted to be stable, with the exception of a small field at high pressure.

For DMS, three separate phase diagrams (Fig. 6.3b) were constructed from 700°C to 1600°C
and 1.4-1.6 GPa, 1.9-2.1 GPa, and 2.4-2.6 GPa to reflect the different bulk compositions calculated
at 1.5 GPa, 2.0 GPa, and 2.5 GPa, respectively (Table 6.1). The solidus is predicted to be between
890°C and 1000°C and Mg-rich biotite and K-feldspar are stable only near the solidus (<1010°C);
these minerals are not present in the highest-pressure diagram, where quartz is stable close to the
solidus instead. Olivine is stable across most of the 1.4-1.6 GPa diagram at temperature >1000°C and
mainly at relatively low pressure. In contrast, olivine is predicted within a small field between
1060°C and 1170°C at 1.9-2.1 GPa and is absent at 2.4-2.6 GPa. Garnet is exhausted at ~1050°C at
1.4-1.6 GPa, ~1210°C at 1.9-2.1 GPa, and ~1360°C at 2.4-2.6 GPa. In the two lower-pressure
diagrams, orthopyroxene is stable across almost the entire modelled range of P—T conditions, except
above 1580°C at 1.4-1.6 GPa. At 2.4-2.6 GPa, orthopyroxene is absent between ~1030°C and
~1310°C. Clinopyroxene is predicted to be stable across the entirety of the three DMS diagrams.
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6.3.3 Composition of modelled melt from model metasomatized mantle

Major and trace element compositions were calculated for partial melt of DMT (Table 6.2) and DMS
(Table 6.3) at melt fractions of 5 mol%, 10 mol%, 20 mol%, and 30 mol% at 1.5 GPa, 2.0 GPa, and
2.5 GPa using the predicted residue assemblages (Fig. 6.4) for mineral-melt trace element
partitioning. Clinopyroxene dominates the residue in most scenarios and orthopyroxene is typically
also present, with greater proportions at lower pressure. Garnet is a component of the residue for both
DMT and DMS, but the proportion decreases with increasing melt fraction until garnet is absent (or
nearly so) at 30 mol% melt. Subordinate residue minerals—amphibole, plagioclase, and quartz for
DMT and K-feldspar and biotite for DMS—decrease in abundance with increasing melt fraction and

pressure.

Model melt of DMT show similar major element trends across the modelled pressure range
(Figs 6.5a—). The concentration of SiO; ranges from ~58 wt.% to ~69 wt.% (see Table 6.2) and
generally increases with decreasing melt fraction; results at 1.5 GPa show a smaller range of SiO;
(Fig. 6.5a), likely reflecting the presence of plagioclase in the residue (Fig. 6.4a). The range of Al,Os
is ~15 wt.% to ~21 wt.% and is slightly elevated in results at 1.5 GPa (Fig. 6.5a), which may be
caused by the lack of garnet in the residue compared to results at higher pressures (Fig. 6.4a—c).
Ranges of FeO(t) (~0.6-4.5 wt.%), MgO (~2.0-6.7 wt.%), and CaO (~1.1-5.8 wt.%) are similar at
different pressures, and each decreases in concentration with decreasing melt fraction. The
concentration of Na2O has a range from ~3.7 wt.% to ~7.4 wt.% and decreases slightly with
increasing pressure and decreasing melt fraction. For K;O, there is a strong decrease from ~7.0 wt.%
at 5 mol.% melt to ~2.0 wt.% at 30 mol.% melt. The concentration of TiO; is low for all results, with

a range of ~0.2-0.6 wt.%.

Results for DMS (Figs 6.5d-f) show some similarities to DMT, but differences in melt
compositions across the modelled pressures are more pronounced owing to the different metasomatic
agent compositions used. The concentration of SiO, mainly ranges from ~53 wt.% to ~55 wt.%,
except at 2.5 GPa (Fig. 6.5f) with ~57 wt.% and ~63 wt.% at melt fractions of 10 mol.% and 5 mol.%,
respectively (see Table 6.3). For Al,Os, concentrations range from ~18 wt.% to ~23 wt.% and
decrease with increasing pressure and melt fraction. The concentrations of FeO(t), MgO, and CaO are
relatively restricted at 1.5 GPa (~0.7-3.3 wt.%; Fig. 6.5d) and become broader with increasing
pressure (~0.7-4.6 wt.% at 2.0 GPa, Fig. 6.5e; ~0.8-8.0 wt.% at 2.5 GPa, Fig. 6.5f), and these values
increase with higher melt fractions. The range for Na,O is ~2.2 wt.% to ~5.1 wt.%, and
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concentrations increase with higher melt fraction. Concentrations of K>O are strongly pressure-
dependent, with generally higher values at 1.5 and 2.0 GPa (~10-15 wt.%; Figs 6.5d and e) compared
to results at 2.5 GPa (~3.8-12 wt.%, Fig. 6.5f). The concentrations of TiO2 in model melt are low
overall (0.9 wt.%).

The concentrations of trace elements in the model melt show variation with both pressure and
melt fraction. For DMT (Fig. 6.6), Sr and Ba show similar results at 2.0 GPa (~600-2750 ug/g, Fig.
6.6b; see Table 6.2) and 2.5 GPa (~600-3400 ug/g, Fig. 6.6¢), with increasing concentrations with
decreasing melt fractions. However, at 1.5 GPa, Ba shows a restricted range (~600-750 pg/g, Fig.
6.6a) and Sr is relatively low (~125-700 ug/g, Fig. 6.6a) with the lowest values associated with low
melt fractions. Concentrations of Zr are similar across the pressure range, with a minimum of ~160—
200 pg/g and maximum of ~475-620 pg/g and values increasing with decreasing melt fraction. The
concentration of Cr is lowest overall at 1.5 GPa (~40-170 pg/g; Fig. 6.6a) compared to higher values
at 2.0 GPa (~20-240 ug/g; Fig. 6.6b) and 2.5 GPa (~35-340 ug/g; Fig. 6.6¢), and increasing Cr is
correlated with higher melt fractions. The REE for results from DMT (Fig. 6.6d-f) show a negative
slope when normalized to chrondrite values and LREE generally increase with decreasing melt
fraction. Model melt at 2.0 GPa and 2.5 GPa have relatively low HREE for melt fractions of 5 mol.%,
10 mol.%, and 20 mol.% (Fig. 6.6e and f), whereas results at 30 mol. % melt are similar across the
range of modelled pressures.

For DMS, Ba and Sr show similar results at 1.5 GPa (~280-570 pg/g for Ba, ~60-120 pg/g
for Sr; Fig. 6.7a) and 2.0 GPa (~460-820 pg/g for Ba, ~160-320 ug/g for Sr; Fig. 6.7b), with
decreasing melt fraction correlated with decreasing Ba and increasing Sr (see Table 6.3). The
concentrations of Ba and Sr are higher at 2.5 GPa (~550-2340 pg/g Ba and ~380-1260 pg/g Sr; Fig.
6.7c), and both increase with decreasing melt fraction. Trends in Zr are similar across the range of
pressures, with concentrations increasing with decreasing melt fraction and a range broadly from
~190 pg/g to ~600 pg/g. The range of concentrations of Cr is more restricted at 1.5 GPa (~40-140
Ka/g; Fig. 6.7a) and 2.0 GPa (~60-290 ug/g; Fig. 6.7b) compared to results at 2.5 GPa (~30-540
Ka/g; Fig. 6.7b), and Cr increases with higher melt fractions. Chondrite-normalized REE trends have
a negative slope (Figs 6.7d-f) and decreasing melt fraction is associated with increasing LREE and

decreasing HREE.
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6.4 Discussion
6.4.1 Modelling limitations

6.4.1.1 Limitations of the metasomatized mantle compositions

The metasomatic agents used to calculate the DMT and DMS sanukitoid sources in this study are
each associated with different limitations. By calculating our TTG melt metasomatic agent based on a
compilation of natural data, we implicitly assume that TTG compositions represent primary melt that
underwent no significant modification after separating from the source. However, recent work has
shown that fractional crystallization of amphibole and plagioclase may strongly influence the
composition of TTGs (Laurent et al., 2020; Rollinson, 2021; Kendrick et al., 2022 [Chapter 3]). The
trace element characteristics of “high-pressure” TTGs—used in this study to calculate DMT—have
been attributed to hornblende fractionation and/or plagioclase accumulation after emplacement of
TTG magma in the crust (Smithies et al., 2019; Laurent et al., 2020; Rollinson, 2021; Kendrick et al.,
2022 [Chapter 3]). Many high-pressure TTGs in the compilation used in this study (Moyen, 2011)
have Eu/Eu* > 1 resulting in our TTG metasomatic agent also exhibiting a positive Eu anomaly,
which is consistent with plagioclase accumulation and potentially also hornblende fractionation.
Therefore, the TTG metasomatic agent used here may have some characteristics that would not exist
in a primary TTG melt derived from a subducting slab at mantle depth, but is otherwise a reasonable

approximation of TTG melt generated at high pressure.

The sediment melt metasomatic agents were determined using the Taylor and McLennan
(1985) estimate of Archean upper crust composition, which is based on compositions of Archean
sedimentary rocks. The REE trends of Archean sedimentary rocks are variable, reflecting derivation
from different lithologies that dominate Archean upper crust—basalt (relatively flat chondrite-
normalized REE) and TTG (relatively steep chondrite-normalized REE) (Taylor and McLennan,
1995). This suggests that subducting sediments may have had variable compositions leading to
variable compositions of metasomatized mantle; our DMS represents a first-order approximation. Our
approach of modelling Archean sediment melting and selecting melt compositions at 1.5 Ga, 2.0 Ga,
and 2.5 Ga along a 500 °C/GPa gradient also introduces uncertainty. At 1.5 Ga, the result is very near
the solidus and the melt fraction is 3 mol% (Fig. S5.1), resulting in very high concentrations of many
trace elements in the model melt (Table 6.1). This scenario may not be realistic, as the concentration

of H,O expected in sediments melting in a subduction zone—and therefore the position of the solidus
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in P—T space in the model—is uncertain. Given that we calculated the DMS composition using 40%
metasomatic agent and 60% depleted mantle, a metasomatic agent produced by 3 mol% melting of
subducting sediments would produce a very small volume of metasomatized mantle, which may not
be a realistic source for sanukitoid magma. Overall, our modelling results provide a general

approximation of a mantle source metasomatized by melt from subducted Archean sediments.

The most uncertain variables for both types of metasomatized mantle compositions modelled
here are the concentration of H-O and the ratio of Fe;Os/FeO. The most significant effect of H2O in
the models is the modelled position of the solidus in P-T space and also the near-solidus mineral
assemblages. Increased H,O would result in a lower solidus temperature and therefore increased P-T
stability fields of hydrous minerals—amphibole and biotite—in coexistence with partial melt. Some
studies investigating the petrogenesis of sanukitoid suites have inferred the presence of biotite and
amphibole in the metasomatized mantle source based on trace element trends (e.g., LILE, Ni, Cr) and
geochemical modelling (e.g., Lobach-Zhuchenko et al., 2008; Heilimo et al., 2010; Laurent et al.,
2011). In our model for DMT, no biotite is stable at 5 mol.% melt and above, and amphibole is only
stable with 5 mol.% melt at 1.5 GPa. For DMS, biotite stability extends up to 20 mol.% melt at 1.5
GPa and 10 mol.% at 2.0 GPa and no stable amphibole is predicted at suprasolidus conditions,
although amphibole is present in the DMS model with elevated H,O (Fig. S5.2). As the selected
concentrations of H,O for modelling are poorly constrained, the P-T conditions of the solidus and

hydrous mineral stability in the models should be treated with caution.

The amount of Fe;O3 in DMT and DMS was estimated to be low to generate relatively
reducing conditions in our models. Some investigations of mantle xenoliths have identified a
connection between metasomatism and mantle oxidation (e.g., Yaxley et al., 2012; Hanger et al.,
2015), although it is unclear if these xenoliths extracted from Phanerozoic mantle are analogues for
the Archean mantle. Most of the phases in our models have both Fe?* and Fe3* incorporated into their
activity—composition models (melt, garnet, orthopyroxene, clinopyroxene, biotite, amphibole), and
therefore the Fe2Os/FeO ratio of the bulk composition could affect the P—T stability fields of these
phases. The effect of Fe,O3/FeO on oxygen fugacity also has implications for trace element
partitioning. Overall, we expect that the compositions of our modelled melt are not strongly
influenced by source redox conditions, except in the case of trace elements with redox-sensitive

behaviour (discussed further below).
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6.4.1.2 The potential influence of accessory mineral behaviour in the source

Although our models of metasomatized mantle melting do not include accessory minerals, zircon,
apatite, and other accessory minerals have been described in metasomatized mantle rocks (e.g.,
Haggerty, 1995; Konzett et al., 2000; O’Reilly and Griffin, 2000; Grieco et al., 2001). Zircon in
metasomatized mantle would sequester Zr and HREE, resulting in partial melt with lower
concentrations of these elements compared to our model melt. Based on analyses of mantle apatite
(O’Reilly and Griffin, 2000), Sr and REE (preferentially LREE) may be sequestered in the mantle
source if apatite is present. However, many mineral assemblages described in metasomatized mantle
rocks have been linked to Phanerozoic metasomatic events (e.g., Konzett et al., 2000; O’Reilly and
Griffin, 2000; Grieco et al., 2001) and may not be representative of Archean metasomatized mantle.

6.4.1.3 Limitations of partition coefficients

In this study, partition coefficients are calculated for each model melt with variables including
temperature, pressure, melt composition, and mineral compositions based on the parameterizations by
Bédard (2005; 2006; 2007; 2014; unpublished data). These parameterizations were developed by
regression analysis of mainly experimental and some natural data; in some cases, these data were
sparse and/or scattered (e.g., Ba for clinopyroxene and orthopyroxene). Uncertainties in the calculated
partition coefficients are also derived from these original data, as different laboratories conducting
partitioning experiments may have different sources of systematic error and disequilibrium is
common in natural systems (Bédard, 2014). Although some partition coefficient parameterizations for
elements relevant to this study incorporated fO, (only Eu for plagioclase and clinopyroxene), we did
not include fO; in the partition coefficient calculations because we do not have a robust constraint on
this value for metasomatized Archean mantle. Oxygen fugacity can affect trace element partitioning
both by influencing the valence state of elements that may have different charges across the range of
terrestrially relevant fO, conditions (many transition metals, Eu; e.g, Mallmann and O’Neill, 2009;
Dygert et al., 2020) or by affecting the size of crystallographic sites of some minerals (e.g., Dalpé and
Baker, 2000). In general, our approach of partition coefficient parameterization likely yields the most
realistic values for our models, as experimental data relevant to our modelled scenarios are not

available.

Partition coefficients used for garnet are likely subject to greater uncertainty than the
parameterized values used for other minerals, as the garnet values were selected from a single

experimental study (Barth et al., 2002). These partitioning experiments were run at relatively high P—
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T conditions (1.8 GPa and 1000-1040°C), but simulated melting of crustal eclogite rather than mantle
rocks. Therefore, these partition coefficients for garnet may not be accurate for our modelled system,
but the overall trends (e.g., REE trends) are likely realistic. The chosen partition coefficients for K-
feldspar are from a natural study of migmatite samples (Bea et al., 1994), which is a poor match for
our modelled system in terms of melt composition and P-T conditions. However, many K-feldspar
partitioning studies report data for few elements or less appropriate igneous systems. In the melting
models, K-feldspar is only predicted to be stable in residue for DMS in relatively low proportions (~5
mol.% or less), which suggests that the effect of these partition coefficients on model melt

composition is minor overall.

6.4.2 Implications of models for interpreting sanukitoid compositions

The variability of both major and trace elements in the natural primitive sanukitoid dataset is
indicative of the variety of sanukitoid source characteristics (Figs 6.1 and 6.2). Some elements that
generally exhibit incompatible behaviour—such as K-O, Ba, Sr, and Zr—are not clearly correlated
with MgO in the sanukitoids, suggesting that igneous differentiation or variable degrees of source
melting are not the primary control for these elements. As the sanukitoid samples are all relatively
primitive (< 62 wt.%), enrichment in incompatible elements likely indicates an enriched source. The
Kaapvaal samples in particular show trends that differ from other sanukitoids (elevated TiO- and Zr),
which have been attributed to enrichment of a mantle source by a siliceous melt derived from
subducted sediments (Laurent et al., 2011). For other sanukitoid suites in our dataset, such as those
from the Baltic Shield (Lobach-Zhuchenko, 2008; Heilimo et al., 2010) and the North China Craton
(Jiang et al., 2016), a fluid rich in H>O and possibly also CO; is the preferred metasomatic agent
based on low concentrations of HFSE and high concentrations of LILE. The distinct geologic
histories of each craton probably contributed different geochemical characteristics to each suite, and

therefore a single petrogenetic model for sanukitoids is not realistic.

Although we do not expect our models to represent the variety of sanukitoid compositions in
the natural dataset, the trends of calculated model melt compositions are informative. Increasing melt
fraction is generally associated with increasing MgO in the models (Fig. 6.8). Major element trends
with respect to MgO in natural sanukitoids are broadly replicated in the models, though the
concentrations of FeO(t) (Fig. 6.8d) are very low in model results, CaO (Fig. 6.8e), and TiO; (Fig.
6.89) are somewhat underestimated in model melt, and K>O (Fig. 6.8f) is very high in some model
results. This suggests that changing source characteristics—in this case, degree of melting and
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therefore source temperature—can generate major element trends observed in natural samples. Model
melt from DMS show some characteristics that differ from many sanukitoids, such as relatively low
SiO, and FeO (Fig. 6.8a, d) and Na,O (Fig. 6.8c) and high Al,Os (Fig. 6.8b) and K-O (Fig. 6.8f). No
model results have elevated TiO; (Fig. 6.8g) similar to the Kaapvaal samples, suggesting that some
processes or characteristics of the source of these rocks are not replicated in the models.

Trace element trends of model melt show some similarities to the natural sanukitoids (Fig.
6.9). The concentrations of Sr and Ba combined show a range in the models that is similar to the
sanukitoid dataset. Model results at low melt fractions (5 and 10 mol.%) show relatively low
concentrations (Sr + Ba < 1000 pg/g) or high values (Sr + Ba > 6000 pg/g); the low values reflect the
presence of amphibole (DMT) or biotite and K-feldspar (DMS) in the residue, which were predicted
to be most abundant at relatively low pressure (Fig. 6.4). The concentration of Zr in the model is
predicted to decrease with increasing MgO. Results at a melt fraction of 5 mol.% show concentrations
of Zr that are similar to the Kaapvaal sanuktoid suite, whereas 30 mol.% melt has lower Zr content
that is consistent with the other suites. The concentration of Cr in the model melt increases with
increasing MgO and the trend is very similar to the natural sanukitoid dataset. These results indicate
that a large range of concentrations of LILE (here Sr and Ba) and HFSE (represented by Zr) could be
expected based on different degrees of source melting or melting at different pressure, despite the
concentrations of these elements having been previously attributed to a fluid or silicate melt
metasomatic agent (Lobach-Zhuchenko, 2008; Jiang et al., 2016). This suggests that enrichment or
depletion of these elements may not always be a reliable indicator of the nature of the mantle

metasomatic agent involved in sanukitoid genesis.

The REE trends of our model melt exhibit important differences from the natural sanukitoid
dataset. For all model results, Eu/Eu* is predicted to be greater than 1 (Fig. 6.9d), corresponding to a
positive Eu anomaly in a chondrite-normalized REE plot. This contrasts with the sanukitoid dataset:
nearly all samples have Ew/Eu* < 1. The majority of model melt compositions have values of Yby
that are lower than the natural sanukitoid dataset (all > 3) and the Lan/Ybn of model results are higher
than most natural samples (almost all < 50; Fig. 6.9¢). The trends in Yby versus Lan/Yby in the model
melt are correlated with the proportion of garnet in the residue; this mineral sequesters HREE,
resulting in melt with low Ybn and high Lan/YYbn. Model melt of DMS reach higher Lan/Ybn
compared to DMT (Fig. 6.9e), reflecting the large proportion of garnet in the residue of the modelled

metasediment melt metasomatic agents. In general, high melt fractions (20 and 30 mol.%) yield Ybx
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and Lan/Ybn that are most similar to the sanukitoid dataset. Chondrite-normalized REE are overall
lower in the model results compared to the natural sanukitoids, except for LREE in some cases (Fig.
6.9f, g). Model melt with no or very little garnet in the residue (results at 30 mol.% melt or low
pressure; Fig. 6.4) show REE trends most similar to the sanukitoid dataset. This result contrasts with
previous interpretations of the petrogenesis of the Kaapvaal suite (Laurent et al., 2011) and one of the
North China Craton suites (Wang et al., 2009) in our sanukitoid dataset, for which garnet was
proposed to be a residue mineral. Martin et al. (2009) noted that the geochemical diversity of
sanukitoid suites in general could indicate variable amounts of residual garnet, but also suggested that
the REE fractionation observed in sanukitoids could have been inherited from the metasomatic agent.
Our model results support the latter interpretation; both DMT and DMS exhibit fractionated REE
(Table 6.1) inherited from the TTG and metasediment melt metasomatic agents, respectively,

contributing to moderate depletion of HREE in model melt without residual garnet (Fig. 6.9e—g).

In summary, our model results generally support primitive sanukitoid magma production by
relatively large melt fractions (20 mol.% or 30 mol.%) and with source residue assemblages
composed of mainly clinopyroxene and orthopyroxene with little to no garnet. Several natural
sanukitoid samples exhibit elevated Lan/Ybn (>40) that may indicate the presence of garnet in the
source locally (Fig. 6.2e). Our results show that depleted mantle metasomatized by silicic melt can
replicate several broad trends in primitive sanukitoids including many major elements (Fig. 6.8) and
Sr, Ba, and Cr (Fig. 6.9a and ¢). Some model melt of DMS show trends that are inconsistent with
sanuktioids, however given the limitations of the models, we do not suggest that metasediment melt is
an unsuitable metasomatic agent for sanukitoid sources. The large compositional variation of the
model melt from both sources implies that distinguishing a silicic melt metasomatic agent from a
fluid metasomatic agent for a sanukitoid suite based on concentrations of major and trace elements

may not be possible.

6.4.3 Implications of the Eu anomaly in sanukitoids

Our analysis of the natural sanukitoid dataset identified a negative Eu anomaly (Eu/Eu* < 1) in many

samples. Previous investigations of sanukitoid petrogenesis have reported negligible Eu anomalies in

these rocks overall (Martin et al., 2009) or negative Eu anomalies associated with magma

differentiation due to feldspar fractionation (Stevenson et al., 1999). We have limited our sanukitoid

dataset to relatively primitive samples (i.e., low degrees of differentiation) and the Eu/Eu* of these

samples do not show a correlation with the concentration of MgO (a proxy for igneous differentiation;
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Fig. 6.9d). The compositional trends of these rocks therefore do not support development of the Eu
anomaly by differentiation.

Our model melt results exhibit Eu/Eu* > 1, which appears to be linked to the selected
partition coefficients for garnet from Barth et al (2002), as the partition coefficient for Eu is low
compared to those of Sm and Gd. The experimental assembly used by Barth et al (2002) generated
highly reducing conditions near the iron-wistite (IW) buffer, likely resulting in elevated Eu?*/Eu®*.
As garnet is expected to preferentially incorporate Eu* over Eu?* (e.g., Holder et al., 2020), reducing
conditions would result in low concentrations of Eu in garnet relative to other REE (i.e., negative Eu
anomaly) and elevated Eu in coexisting melt (i.e., positive Eu anomaly). As many of our modelled
residue assemblages contain garnet, positive Eu anomalies in our model results were therefore caused
by garnet partition coefficients relevant for strongly reducing conditions. This suggests that the model
results may have implications for redox conditions of the metasomatized sources that generated
sanukitoids, although we consider garnet to be a subordinate residue mineral compared to
clinopyroxene and orthopyroxene. Experimental data (Fabbrizio et al., 2021) suggest that reducing
conditions—and therefore high Eu?*/Eu®*—are correlated with lower Eu partition coefficients for
clinopyroxene and potentially also for orthopyroxene relative to other REE, similar to garnet.
However, partitioning of Eu?* and Eu®* into pyroxene may also be influenced by melt and pyroxene
composition (Shearer et al., 2006), suggesting that the pyroxene Eu/Eu* may not be directly
correlated to fO,. To generate the negative Eu anomalies observed in the sanukitoids, clinopyroxene
and/or orthopyroxene must incorporate Eu?* preferentially over the dominantly trivalent REE, and the
conditions under which this scenario would be expected are unclear. In general, the negative Eu
anomalies in the natural sanukitoid samples may indicate that they were not generated under strongly

reducing conditions, as positive Eu anomalies would be more likely under such conditions.

The evolution of the mantle redox state throughout the Archean is a subject of debate, with
some data supporting little change in mantle oxygen fugacity from the early Archean to present (e.g.,
Nicklas et al., 2018). However, evidence for secular oxidation of the mantle has also been identified
(e.g., Nicklas et al., 2019), and the implications of crustal recycling for the redox state of Archean
mantle remain unclear (e.g., Aulbach et al., 2019; Nicklas et al., 2019). Quantitative estimates of the
redox conditions of sanukitoid sources—based on the behaviour of Eu and other redox-sensitive
elements—could provide important insights into the role of mantle metasomatism in the chemical

evolution of the Archean mantle.
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6.4.4 Implications for the geodynamic setting of sanukitoid genesis

Our modelling results provide new insights into the P-T conditions of sanukitoid genesis, which in
turn have implications for the tectonic processes that triggered melting of the metasomatized mantle.
Due to the limitations of the models (particularly with respect to the concentration of H,O in the
metasomatized mantle), the predicted P-T conditions of melting should be considered qualitatively.
The model results that most closely resemble natural sanukitoids are predicted at relatively high melt
fractions of 20 and 30 mol.%, which require relatively high temperatures (1100-1300°C in the model,
depending on pressure; Fig. 6.3). Above the maximum pressure in our models (2.5 GPa) even higher
melt fractions and temperatures would be required for melting in the garnet-free pyroxenite stability
field (Fig. 6.3). However, increasing melt fraction would be associated with a decrease in the
concentrations of many trace elements that are characteristically elevated in sanukitoids, particularly
LILE. We suggest that sanukitoid genesis at pressure greater than 2.5 GPa may have been unlikely,
but probably cannot be ruled out completely.

Geodynamic models of sanukitoid genesis commonly invoke break off of a subducting slab
as the cause of asthenospheric upwelling that ultimately triggered partial melting of the
metasomatized mantle (e.g., Lobach-Zhuchenko et al., 2008; Heilimo et al., 2010; de Oliveira et al.,
2011; Laurent et al., 2014a; Singh et al., 2019), although mantle plume activity could have also driven
partial melting (e.g., de Oliveira et al., 2011). Alternatively, subcretion and subsequent delamination
of Archean oceanic crust at the edge of a continent could have driven mantle metasomatism,
asthenospheric upwelling, and melting of the mantle without the operation of modern-style
subduction (Bédard, 2018). The P—T conditions of sanukitoid genesis indicated in our models are
broadly consistent with all of these scenarios, and therefore the presence of sanukitoids alone is likely
not diagnostic of a particular tectonic process. In addition, the large range of compositions replicated
in our models indicate that connecting sanukitoid genesis uniquely to a particular metasomatic agent
is challenging. Both TTG melt and melt from subducted sediments may be suitable metasomatic
agents, in contrast to the interpretation of Bédard (2018) that interaction of sediments with the mantle

source was required for sanukitoid genesis.

The appearance of sanukitoids generally during the latest stages of Archean craton evolution
could be attributed to two possible scenarios: upper mantle metasomatism (potentially by a particular
metasomatic agent) began in the late Archean (e.g., Bédard, 2018; Moreira et al., 2020) or mantle

metasomatism was ongoing during the Archean and the processes that triggered mantle partial
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melting were characteristic of the final stages of craton evolution (e.g., de Oliveira et al., 2011,
Laurent et al., 2014a; Singh et al., 2019). Each scenario has different implications for the evolution of
Archean mantle and tectonic regime in general, as mantle metasomatism by crustal material has been
linked to subduction or subcretion (i.e., horizontal tectonic processes; e.g., Laurent et al., 2014a;
Bédard, 2018; Singh et al., 2019 Moreira et al., 2020). The variety of sanukitoid compositions
generated by our models suggests that major and trace element trends in these rocks cannot be
uniquely connected to a particular tectonic scenario. In addition, our models do not include the
possibility of post-emplacement chemical modification (by igneous differentiation or crustal
contamination), which further complicates the connection between geochemical trends in sanukitoid
suites and source processes. Therefore, the major and trace element compositions of sanukitoids alone
likely provide limited insights into the geodynamic setting of their source and Archean tectonic
regimes overall. However, the variability of sanukitoid compositions from different cratons suggests
that detailed investigations of sanukitoid suites within their regional geological context could provide
important insights into local tectonic evolution, particularly if sanukitoid major and trace elements
can be coupled with isotope compositions and geochronology (e.g., Laurent et al., 2011; de Oliveira
et al., 2011; Heilimo et al., 2013; Jiang et al., 2016).

6.5 Summary and Conclusions

The main conclusions of this work can be summarized as follows:

e Model results show that some geochemical trends of sanukitoids can be replicated by
different degrees of mantle melting at different pressure.

e Many sanukitoids have chemical compositions compatible with relatively high degrees of
melting (20-30 mol.%) of a garnet-free pyroxenite source.

e The common negative Eu anomaly in sanukitoids is not replicated in the models and the
origin of this characteristic is unclear, but may have implications for the redox state of the
Archean mantle.

e The nature of the metasomatic agent that modified the mantle source of a sanukitoid suite is
difficult to determine based on the chemical composition of sanukitoids alone.

o Considerable geochemical variability in natural sanukitoid trends suggests that sanukitoid
petrogenesis is complex and different for each craton, and the significance of these rocks is

best evaluated within their regional geological context.
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Figure 6.1. Major element trends (wt. %) of sanukitoid compilation data (Table S5.1).
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Figure 6.9. Trace element trends (ug/g, MgO in wt.%) of model melt (DMT = TTG-metasomatized depleted
mantle, DMS = metasediment-melt-metasomatized depleted mantle) compared to sanukitoid compilation data
(Table S5.1).
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Table 6.1. Depleted mantle composition, metasomatic agent compositions, and metasomatized mantle

compositions (mol% for major elements, pg/g for trace elements).

SiO;
TiO,
Al,O;3
FeOt
MgO
CaO
Na.O
K20
Cr.03

Sr

Ba

Zr

La

Ce

Nd

Sm

Eu

Gd

Dy

Er

Yb

Lu
Lan/Ybn
Eu/Eu*

Metasomatic agents

Metasomatized mantle

DMM HPTTG AUC15 AUC20 AUC25

38.51
0.08
2.02
5.89

49.73
2.93
0.11
0.00

0.194

7.664
0.563
5.082
0.192

0.55
0.581
0.239
0.096
0.358
0.505
0.348
0.365
0.058

0.36

1.00

72.90
0.33
10.70
2.67
2.28
4.82
5.40
0.91
0.002

598.77
513.05
123.62
14.69
26.67
11.67
2.14
0.74
1.75
1.26
0.61
0.50
0.08
19.99
1.16

72.81
1.18
11.76
0.73
1.76
1.67
5.00
5.09
0.000

47.72
373.08
457.63
100.57
202.56

68.87

8.14
2.01
3.97
2.16
0.86
0.73
0.11
93.71
1.07

71.63
1.68
11.39
131
1.74
2.63
4.41
5.21
0.000

142.44
471.03
355.52
87.34
170.10
58.48
7.72
1.80
3.87
2.14
0.86
0.72
0.11
82.81
1.00

3
3
1

69.97
0.89
9.34
3.87
3.83
5.69
4.58
1.82

0.001

41.80
85.54
54.60
28.63
59.22
26.16
4.65
1.56
3.03
2.07
0.92
0.77
0.12
25.10
1.26

DMM = depleted MORB mantle (Workman and Hart, 2005)

HP = high-pressure

AUC = Archean upper crust (Taylor and McLennan, 1985)

DMT = TTG-metasomatized depleted mantle

DMS = metasediment-melt-metasomatized depleted mantle
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DMT
52.27
0.18
5.49
4.60
30.75
3.68
2.22
0.37
0.117

244.10
205.56
52.50
5.99
11.00
5.02
1.00
0.35
0.91
0.81
0.45
0.42
0.07
9.72
1.12

DMS1.5
52.23
0.52
5.92
3.83
30.54
242
2.06
2.04
0.116

23.69
149.57
186.10

40.34

81.36

27.89

3.40
0.86
1.80
1.17
0.55
0.51
0.08
53.67
1.06

DMS2.0 DMS2.5

51.76
0.72
5.77
4.06

30.54
2.81
1.83
2.09

0.117

61.57
188.75
145.26

35.05

68.37

23.74

3.23
0.78
1.76
1.16
0.55
0.51
0.08
47.10
0.99

51.09
0.41
4.95
5.08

31.37
4.03
1.90
0.73

0.117

141.32
154.55
64.89
11.57
24.02
10.81
2.00
0.68
1.43
1.13
0.58
0.53
0.08
14.85
1.23



Table 6.2. Compositions of model melt of DMT (TTG-metasomatized depleted mantle)

Melt fraction

(mol%) 5 10 20 30 5 10 20 30 5 10 20 30
Pressure (GPa) 15 15 15 15 2.0 2.0 2.0 2.0 25 25 2.5 25
Temperature (°C) 962 1041 1139 1201 898 1040 1203 1284 978 1133 1303 1368
Major elements (wt%)

SiO2 61.20 59.60 59.97 5859 66.62 6851 6214 58.06 66.27 6833 6134 57.52
Al203 20.23 20.78 1947 1873 1752 16.21 1819 1835 16.65 15.06 17.24 1781
FeOt 1.07 1.58 2.38 3.28 0.55 0.95 2.36 3.82 0.94 1.48 3.20 4.45
MgO 201 261 363 482 183 244 398 563 3.01 378 542 6.72
CaO 190 267 412 556 1.08 18 390 575 1.60 248 444 583
Na20 6.25 7.39 7.28 6.74 470 5.29 6.44 6.14 3.69 4.20 5.43 5.45
K20 6.71 4.89 2.85 2.00 7.35 4.62 2.81 1.98 7.54 4.55 2.76 1.96
TiO2 063 047 028 028 035 012 017 026 030 013 017 0.25
Trace elements (ug/g)

Sr 126 218 529 698 2743 1524 930 689 2647 1449 899 678
Ba 623 765 732 597 2669 1730 900 604 3393 1894 936 614
Cr 38.50 59.38 109 166 17.85 51.16 144 238 34.80 89.03 229 338
Zr 622 435 332 210 538 379 331 194 476 355 217 163
La 4561 36.39 2313 17.04 6803 36.27 2215 16.73 6595 3391 2121 16.33
Ce 65.23 59.16 39.47 30.11 89.88 52.16 36.09 29.24 86.73 48.04 33.95 28.18
Nd 350 404 301 251 389 271 245 238 376 246 222 223
Sm 703 942 768 686 656 520 568 644 638 475 507 593
Eu 1.87 2.52 2.17 2.04 2.68 1.86 1.82 1.92 2.53 1.68 1.65 1.77
Gd 046 069 058 053 033 028 036 049 031 025 030 044
Dy 1.06 1.60 1.36 1.27 0.49 0.46 0.68 1.19 0.45 0.40 0.54 1.01
Er 016 024 021 019 005 005 008 018 005 0.04 006 0.15
Yb 1.03 1.46 1.26 1.17 0.28 0.28 0.47 111 0.26 0.24 0.35 0.87
Lu 023 033 028 026 006 006 011 025 006 0.06 008 0.20
Lan/Ybn 46.13 2584 19.05 15.10 248 134 49.12 15.68 261 145 62.47 19.38
Eu/Eu* 1.12 1.08 1.12 1.16 1.98 1.66 1.38 1.16 1.95 1.66 1.44 1.19
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Table 6.3. Compositions of model melt of DMS (metasediment-melt-metasomatized depleted mantle)

Melt fraction

(mol%) 5 10 20 30 5 10 20 30 5 10 20 30
Pressure

(GPa) 15 1.5 15 15 2 2 2 2 25 25 25 2.5
Temperature

(°C) 963 968 992 1106 1004 1006 1109 1212 930 1183 1329 13%4
Major elements (wt%)

SiO2 5540 5540 5497 5419 5538 5532 5389 5287 6279 5742 5400 52.68
Al2Os3 23.32 2327 23.06 22.04 2279 2274 2195 2102 1807 19.63 18.98 17.86
FeOt 067 071 098 19 071 074 184 298 079 253 487 6.10
MgO 141 147 191 330 137 141 311 461 228 395 630 795
Ca0 129 139 177 316 128 133 242 389 134 336 553 6.68
Na20 457 460 466 511 293 282 356 400 216 4.08 460 441
K20 13.30 13.10 1257 10.02 1541 1548 13.01 1014 1172 857 525 3.75
TiO2 004 005 008 022 014 016 022 049 08 045 047 057
Trace elements (ug/g)

Sr 122 104 80.27 61.77 323 282 202 158 1257 765 500 381
Ba 278 341 570 423 464 769 821 546 2342 1402 694 463
Cr 42,64 4720 63.23 142 6253 67.93 167 286 29.46 156 363 535
Zr 706 441 328 201 602 435 336 187 475 371 252 166
La 171 154 128 102 147 135 106 86.48 107 58.84 39.71 30.78
Ce 264 245 215 188 206 192 171 153 154 93.83 71.90 59.66
Nd 1039 1013 9.82 1051 760 720 7.75 855 648 486 474 459
Sm 1251 1256 13.03 16.14 1001 9.65 1143 1473 1040 9.05 1042 11.36
Eu 274 288 316 356 229 237 259 302 375 29% 310 323
Gd 048 049 052 071 037 036 044 066 044 040 053 067
Dy 072 074 081 128 053 052 062 121 062 061 096 144
Er 008 008 009 017 0.06 006 007 016 0.06 006 011 0.20
Yb 050 050 056 107 032 032 038 101 034 035 065 124
Lu 011 011 012 024 0.07 007 008 023 0.08 008 014 0.28
Lan/Ybn 358 318 238 98.47 471 445 293 89.21 324 175 63.86 25.83
Eu/Eu* 121 126 132 114 128 137 126 105 191 1.69 143 127
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Chapter 7

Conclusions

7.1 Summary of research

The research presented in this thesis provides new insights into the petrogenesis of Archean
granitoids. The fundamental issue addressed in this work is the extent to which these rocks record
geochemical information that can be linked to their sources, which has important implications for
reconstructing the geodynamic history of Archean Earth (e.g., Martin et al., 2014, Palin et al., 2016;
Johnson et al., 2017; Johnson et al., 2019; Kendrick and Yakymchuk, 2020 [Chapter 2]; Laurent et
al., 2020; Rollinson, 2021; Kendrick et al., 2022 [Chapter 3]). Using novel forward modelling
techniques and inverse modelling approaches based on data collected from TTGs of the Kapuskasing
Uplift in the Superior Province, the research in this thesis highlights the complexity of the Archean
granitoid record and the variety of factors that may influence granitoid composition. However, this
complexity can be unraveled to understand the source-to-sink processes that influence granitoid
compositions, which are crucial to broadening our understanding of the evolution of continental crust

on Earth.

Forward modelling the compositions of melt produced by theoretical basaltic TTG source
rocks (Chapter 2) showed that TTG trace elements could have been affected by several source
characteristics or processes. Archean tholeiitic basalts were predicted to produce TTG-like melt, but a
high-Mg Archean basalt—a composition not previously investigated in models of TTG genesis—was
determined to be a less suitable TTG source. Although residue mineral assemblages were predicted to
be broadly pressure-dependent—resulting in pressure-dependent variability of Sr/Y, La/Yb, Nb, and
Ta in melt that becomes TTG magma—other factors were also important. The bulk composition of
the model source was also reflected in model TTG compositions, as the source enriched in La, Nb,
and Ta generally yielded melt with greater concentrations of these elements. The concentrations of
major elements in the source affected the P—T stability of minerals in the residue, which in turn
affected predicted melt compositions. Modal proportions of minerals in the residue assemblages were
also predicted to be affected by temperature; for instance, the highest proportion of garnet was
typically not at the highest pressure along a modelled P—T gradient. In models simulating
sequestration of garnet cores from the system, Sr/Y and La/YDb in the model melt were predicted to be

elevated relative to models without garnet fractionation at the same P—T conditions. The implication
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of these results is that the concentrations of elements typically considered as indicators of TTG source
depth (Sr/Y, La/Yb, Nb, and Ta) are not uniquely controlled by the pressure of source partial melting,
adding complexity to the link between TTG compositions and the tectonic settings in which they
formed. This work was at the forefront of evaluating TTG petrogenesis using coupled phase
equilibrium and melt trace element modelling of potential source rocks, particularly with respect to
open system processes, and several modelling studies that complement or build upon on this work

have followed (e.g., Huang et al., 2020; Hernadndez-Montenegro et al., 2021; Antonelli et al., 2021).

A suite of mid-crustal TTGs from the Kapuskasing Uplift exhibits a range of trace element
compositions consistent with TTGs derived from both “low-pressure” and “high-pressure” sources
(Chapter 3). Petrographic observations and major element geochemistry indicated that these TTGs
contain variable proportions of accumulated plagioclase and phase equilibrium modelling of a
theoretical parental TTG predicted early crystallization of plagioclase. Combining variable
proportions of modelled plagioclase and fractionated melt resulted in a spectrum of trace element
compositions similar to the range of compositions in the natural TTG suite. Increasing proportions of
accumulated plagioclase are associated with increasing Sr/Y and La/Ybh, suggesting that these ratios
may not be reliable indicators of source depth. These results suggest that the mid-crustal grey gneiss
domain in the Kapuskasing Uplift may represent a former crystal mush complex where a large
volume of TTG magma cooled slowly and underwent compactions resulting in localized
accumulation of plagioclase and fractionated melt. This work also highlighted the potential for
plagioclase to drive fractionation of LREE from HREE in TTG magma, which has typically not been
considered in models of TTG petrogenesis. The importance of fractional crystallization as a driver of
compositional diversity in TTGs has recently become a high-profile subject of debate (e.g., Laurent et
al., 2020; Rollinson, 2021) and has important implications for linking TTGs to Archean tectonics.
This work represents the first use of coupled phase equilibrium and trace element modelling to assess
fractional crystallization in TTGs, and shows that the behaviour of plagioclase can obscure the

connection between TTGs compositions and their sources.

In the Kapuskasing Uplift—a rare cross section of Archean crust—TTGs are present at upper,
middle, and lower crustal levels and U-Pb and Hf isotopes of zircon were collected from TTGs at
each level (Chapter 4). These data revealed an isotopically stratified crustal architecture with three
isotopically distinct sources involved in TTG generation. A population of juvenile Neoarchean TTGs

(ca. 27502685 Ma) dominate the middle crust and are also found in the upper crust, whereas two

191



types of Mesoarchean TTGs are present: a 2885 Ma TTG with chondritic eHf in the upper crust and
2835-2820 Ma TTGs with subchondritic eHf that are restricted to the lower crust. The Hf isotope
data suggest that the three TTG sources have different ages; TTGs produced by the most ancient
source are only present in the deep crust. These results indicate that a fragment of Mesoarchean crust
may have rifted from the cratonic nucleus of the Superior Province and was later intruded by juvenile
magma during the formation of the Neoarchean Wawa-Abitibi terrane. Overall, this work
demonstrates the utility of Hf isotopes for distinguishing TTGs with different sources and unravelling
the complex magmatic evolution of Archean crust and represents the most detailed isotopic study of

an Archean crustal cross section to date.

Deep crustal anatectic metabasites are considered as a possible source of TTGs, however
limited access to exposed Archean lower crust prevents connections between lower and upper crustal
rocks from being made in many Archean cratons. The crustal cross section exposed in the
Kapuskasing Uplift provides a rare opportunity to evaluate the potential connection between deep-
crustal high-grade anatectic metabasites and TTGs within the same region (Chapter 5). This work
combined phase equilibrium modelling, zircon U-Pb and garnet Lu—Hf geochronology, and whole-
rock Lu—Hf isotope compositions of deep-crustal metabasites to determine the compatibility of these
rocks with middle-to-upper-crustal TTGs. Melt compositions of Kapuskasing Uplift metabasites
predicted by forward modelling are broadly consistent with TTGs at shallower crustal levels. The
results indicate that source depth may have increased in the Neoarchean, however it was not possible
to distinguish different metabasic sources based on the modelling. Geochronological data from the
metabasite indicate that partial melting of the deep crust post-dated most TTG magmatism (mostly ca.
2925 Ma to ca. 2685 Ma). However, whole-rock Lu—Hf isotope data indicate that two isotopically
distinct metabasites are present in the Kapuskasing Uplift—one with suprachondritic eHf consistent
with Neoarchean TTGs and another with near-chondritic eHf consistent with the upper crustal
Mesoarchean TTG. These results indicate that appropriate source rocks for the TTGs in the
Kapuskasing Uplift may have been present in the deep crust. Although the metamorphic event
recorded in the currently exposed metabasites is temporally decoupled from TTG crystallization,
earlier melting of similar metabasic material that is not exposed could have generated the TTGs. This
two-stage history of lower crustal melting requires juxtaposition of the two hydrated basaltic sources
in the deep crust, likely involving horizontal tectonic processes. These results support models of
horizontal growth of the Superior Province, but indicate that melting of a subducting slab may not

have been necessary to generate TTGs.
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Phase equilibrium and melt trace element modelling of calculated metasomatized mantle
sources was done to evaluate the potential signature of source composition and P-T conditions
recorded in sanukitoids (Chapter 6). In this work, data from sanukitoid suites from Archean cratons
worldwide were collated to evaluate common geochemical trends in these rocks. Two potential
mantle sources for sanukitoids were investigated—one metasomatized by TTG melt and another by
melt from subducted sediments—and each yielded similar melt compositions. A large range of melt
compositions was predicted with changing melt fraction and P-T conditions, suggesting that it is
difficult to link a sanukitoid suite to a particular type of metasomatized source based on trace element
composition alone. In addition, a common negative Eu anomaly was identified in the dataset of
natural sanukitoids compiled in this study and was not replicated in the models. For both modelled
sources, model melt showed the closest agreement with natural sanukitoid compositions when the
temperature of melting was relatively high (20-30 mol.%) and the residue assemblage was composed
of clinopyroxene and orthopyroxene with no or only very little garnet. This result is broadly
consistent with the interpretation that asthenospheric upwelling was the trigger for melting of the
metasomatized mantle and sanukitoid genesis. However, the diverse compositional trends identified
in the natural sanukitoid suites indicate that processes that influenced sanukitoid compositions may be
distinct to different cratons.

7.2 Future work and recommendations

The results of this thesis provide avenues for future research, both related to the crustal evolution of
the Superior Province and the petrogenesis of TTGs more generally. In this work, a distinct suite of
TTGs with crystallization ages of ca. 2835-2820 Ma and subchondritic eHf was identified in the
deep-crustal rocks (Kapuskasing Structural Zone) exposed in the Kapuskasing Uplift based on results
from two samples. Although the Mesoarchean crust in this region is interpreted in this thesis as a
rifted fragment from northern subdomains in the Superior Province, the data from these samples
could not be clearly linked to existing U-Pb and Hf data from Mesoarchean subdomains in the
Superior Province. The source of the Kapuskasing Structural Zone TTGs may have been older than
the Wawa-Abitibi terrane and potentially some of the northern subdomains of the Superior Province,
as calculated depleted mantle model ages for the ca. 2835-2820 Ma TTGs are Eoarchean. More
isotopic data from the Kapuskasing Structural Zone are required to characterize possible ancient
crustal components that were present in the deep crust. Additional TTGs from the Kapuskasing

Structural Zone should be examined to determine the extent of the ca. 2835-2820 Ma suite and if
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other Mesoarchean or older TTG suites are present. Also, the ancient metabasic source of the ca.
2835-2820 Ma TTG suite could be identified by whole-rock isotope analyses (Lu—Hf or Sm—Nd) of
more metabasite samples in the Kapuskasing Structural Zone. The presence of a distinct Eoarchean
crustal component in the deep crust exposed Kapuskasing Structural Zone could indicate that
Mesoarchean subdomains of the Superior Province are underlain by ancient crust, implying long-

lived bottom-to-top construction of the Mesoarchean crust in the Superior Province.

The research presented in this thesis has shown that TTG trace element compositions can
only be linked to the depth of source melting when alternative explanations are ruled out. For any
TTG suite, field and petrographic observations must be done to determine if crystal fractionation may
have influenced TTG compositions. These effects complicate the use of forward modelling to link a
particular source rock to a TTG suite. However, phase equilibrium modelling coupled with melt trace
element modelling represents a powerful tool for evaluating the possible effects of various source
processes on TTG (and other granitoid) compositions. Future work employing this technique could
focus on the effect of source redox conditions on TTG composition and integrating stable isotope
partitioning in addition to trace element partitioning. As the basaltic source rocks of TTGs are
interpreted to be hydrated possibly by interaction with seawater (e.g., Drummond and Defant, 1990;
Bédard, 2018), the oxidation state of the oceans could have been recorded in these basalts. Variable
redox conditions can be simulated in models of potential TTG source rocks, and the effect of these
changes on TTG composition can be evaluated. Therefore, it may be possible to determine if ocean
oxidation was underway in the Archean (e.g, Anbar et al., 2007; Kendall et al., 2015)—either globally
or in the vicinity of a particular Archean craton—by examining the TTG record. The compositions of
stable isotopes in TTGs are increasingly being used as tracers of source processes (e.g., André et al.,
2019; Doucet et al., 2020; Antonelli et al., 2021; Smithies et al., 2021; André et al., 2022). In
particular, §'80 data from zircon in TTGs from different cratons are becoming abundant (e.g., Mole et
al., 2021; Smithies et al., 2021). Integrating 5*30 with phase equilibrium modelling of potential TTG
sources could provide a framework for interpreting the zircon 520 record of TTGs, which in turn can
be used to determine a surficial versus mantle source of H,O in the TTG source with implications for

early Earth tectonic processes and cycling of H,O (Valley et al., 2005; Smithies et al., 2021).

As the TTG record spans the entire Archean eon, it holds great potential for evaluating the
secular evolution of early Earth. Future work should continue to explore this but must also

acknowledge the influence of local processes on TTG composition.
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Appendices

Appendix S1

Figure S1.1
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Figure S1.2
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Table S1.1

Compilation of whole rock geochemical data from Archean basalts based on the database of Condie et al. (2016).

Below is an excerpt from this table, full table is available in Appendix A Supplementary data as Supplementary Table 1 in:

Kendrick, J., and Yakymchuk, C. 2020. Garnet fractionation, progressive melt loss and bulk composition variations in anatectic metabasites:

Complications for interpreting the geodynamic significance of TTGs. Geoscience Frontiers, 11: 745-763. doi:10.1016/j.gsf.2019.12.001.
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Svetov et al 2004
Svetov et al 2004
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Svetov et al 2004
Svetov et al 2004
Svetov et al 2004
Svetov et al 2004
Svetov et al 2004
Svetov et al 2004
Svetov et al 2004

Location
Krasnaya Rechka Structure, Sumian, Karelia
Krasnaya Rechka Structure, Sumian, Karelia
Krasnaya Rechka Structure, Sumian, Karelia
Krasnaya Rechka Structure, Sumian, Karelia
Krasnaya Rechka Structure, Sumian, Karelia
Krasnaya Rechka Structure, Sumian, Karelia
Krasnaya Rechka Structure, Sumian, Karelia
Krasnaya Rechka Structure, Sumian, Karelia
Krasnaya Rechka Structure, Sumian, Karelia
Krasnaya Rechka Structure, Sumian, Karelia
Krasnaya Rechka Structure, Sumian, Karelia
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Krasnaya Rechka Structure, Sumian, Karelia
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W1%, from source
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1
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Al203
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FeO+/
FeO
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8.05
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10.66
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7.41

10.77

12.21

204

Fe20st/
Fe203
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3.05
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5.17
1.19
1.06
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1.94
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MnO
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MgO
55
6.7

6.63

9.08
5.7

7.06

8.47
6.6

5.29

4.18
5.7

5.44

5.56

5.29

4.83
4.6

6.07

6.95

CaOo

2.8
3.08
1.54
7.43
5.54
7.15
7.29

6.1
6.24

6.1
6.24
5.33
5.26

4.7
4.56
5.18
4.76
4.76

Naz,0
5.46
4.26
3.18

4.11
3.46
3.88
4.82
3.57

5.4
3.43
4.88
4.36
4.33
4.18

35
4.03
4.08

K20
0.5
0.94
141
3.29
1.31
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0.6
1.02
2.6
0.6
14

21
1.72
1.72
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1.26
1.02

P20s

H20
0.26
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0.26
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0.13

0.1

0.1
0.13
0.08
0.13
0.13
0.12
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0.16
0.21
0.18
0.26

0.3

Lol
441
6
4.48
2.7
2.16
1.56
2.38
1.87
1.85
2.44
2.97
2.35
3.15
3.63
2.65
2.35
4.36
5.41

Total
100.19
99.6
99.79
99.56
99.52
99.55
99.59
99.61
99.66
99.87
99.53
99.64
100.01
99.98
99.59
99.89
99.81
100.13

Sum
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99.59
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99.66
99.87
99.53
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Table S1.2

Calculated trace element compositions (Sr, Y, La, Yb, Nb, and Ta, in pug/g) of modelled melts

produced in the closed system, melt loss, and garnet fractionation scenarios by each bulk composition

along each thermal gradient.

This content is available in Appendix A Supplementary data as Supplementary Table 2 in:

Kendrick, J., and Yakymchuk, C. 2020. Garnet fractionation, progressive melt loss and bulk

Below is an excerpt from this table:

composition variations in anatectic metabasites: Complications for interpreting the

geodynamic significance of TTGs. Geoscience Frontiers, 11: 745-763.

doi:10.1016/j.9sf.2019.12.001.

DAT 500 closed

P
(kbar)

13.24
13.50
14.00
14.50
15.00
15.50
15.62
15.90
15.96
15.96
16.00
16.50
17.00
17.50
17.54
18.00
18.50
18.72
19.00
19.50
20.00
20.50
20.95
21.00

T(°C)
662.60
675.00
700.00
725.00
750.00
775.00
781.34
795.25
797.58
798.68
800.00
825.00
850.00
875.00
877.37
900.00
925.00
935.68
950.00
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1000.00
1025.00
1047.83
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melt
Sr

190
204
232
265
305
356
371
373
408
405
402
314
253
208
204
246
327
387
377
361
345
330
315
314

melt

6.52
5.93
5.07
4.44
3.95
3.53
3.43
3.31
3.27
3.26
3.24
2.99
274
2.48
2.45
2.44
242
2.42
2.43
2.45
2.48
251
2.54
2.54

SrlY
29.2
34.3
45.8
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77.3
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92.3
83.8
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melt
La
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7.58

8.64

9.85
11.29
13.07
13.60
13.53
15.78
16.76
16.76
16.52
16.11
15.49
15.41
14.76
14.02
13.70
13.38
12.82
12.27
11.71
11.19
11.17

melt

0.64
0.53
0.40
0.32
0.27
0.23
0.22
0.21
0.21
0.21
0.21
0.18
0.16
0.15
0.14
0.14
0.14
0.14
0.14
0.14
0.15
0.15
0.15
0.15

La/Yb
7.51
9.72

14.68

20.70

28.29

38.27

41.33

43.21

51.52

55.19

55.54

60.77

66.35

72.32

72.86

70.16

67.01

65.66

63.77

60.54

57.27

53.95

50.80

50.66

205

melt

20.94
21.37
22.08
22.55
22.75
22.62
22.52
22.27
13.54
11.83
11.78
10.71
9.38
7.87
7.72
7.58
7.41
7.33
7.27
7.15
7.02
6.89
6.76
6.75

melt
Ta

0.68
0.69
0.72
0.75
0.77
0.79
0.79
0.80
0.51
0.45
0.45
0.42
0.38
0.32
0.32
0.31
0.31
0.30
0.30
0.30
0.30
0.29
0.29
0.29

Nb/Ta
30.92
30.81
30.48
30.03
29.45
28.73
28.52
27.99
26.49
26.18
26.15
25.47
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24.23
24.18
24.11
24.08
24.02
23.90
23.77
23.64
23.51
23.51

norm
La

29.52
31.57
36.00
41.06
47.06
54.46
56.65
56.39
65.74
69.85
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68.84
67.14
64.53
64.20
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58.43
57.09
55.73
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48.80
46.64
46.55

norm
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1.45
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0.89
0.89
0.89
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0.92
0.94
0.94

Lan/Ybn
7.37
9.54

14.40
20.31
27.76
37.56
40.56
42.40
50.56
54.16
54.50
59.64
65.11
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71.50
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65.76
64.43
62.59
59.41
56.21
52.94
49.86
49.71



Appendix S2

Appendix S2.1 Detailed Methodology

Whole-rock geochemical analyses

Thirty-six new analyses of felsic intrusive rocks are presented in this study. After weathered
surfaces and cross-cutting veins were removed from the rock samples using a rock saw, the majority
(34 of 36 total) were sent to the Ontario Geological Survey Geoscience Laboratories (Geolabs) for
whole-rock lithogeochemical analysis. The rocks were pulverized using an agate mill. Major elements
(Si, Ti, Al, Cr, Fe, Mn, Mg, Ca, Na, K, P; Table S2.1) and a set of trace elements (not reported here)
were analysed by X-ray fluorescence (XRF). For XRF, samples are heated to 105 °C under nitrogen
atmosphere and 1000°C under oxygen atmosphere and then fused with a borate flux. Samples were
subsequently analysed using Malvern-Panalytical Axios Advanced WD-XRF spectrometers. Trace
elements (including Ba, Be, Bi, Cd, Ce, Co, Cr, Cs, Cu, Dy, Er, Eu, Ga, Gd, Hf, Ho, In, La, Li, Lu,
Mo, Nb, Nd, Ni, Pb, Pr, Rb, Sb, Sc, Sm, Sn, Sr, Ta, Th, Th, Ti, Tl, Tm, U, V, W, Y, Yb, Zn, Zr;
Table S2.1) were analysed by inductively coupled plasma mass spectrometry (ICP-MS). For ICP-MS,
samples were first digested using a multi-acid solution in a closed vessel, before analysis using a
Thermo Scientific iCAP-Q ICP-MS. The concentration of ferrous iron was measured using
potentiometric titration with a permanganate solution standard. Water content was determined by
heating samples to 105 °C to release free water and then 1000 °C for crystalline water; the
concentration of water was subsequently measured by infrared absorption. Data quality was
monitored by insertion of sample duplicates, internal reference materials and blanks.

One batch of samples (2 of 36 total) was sent to Activation Laboratories in Ontario for
lithogeochemical analysis. Samples were crushed by a steel mill, fused using lithium
metaborate/tetraborate, and digested in a weak nitric acid solution. Major elements (Si, Al, Fe, Mn,
Mg, Ca, Na, K, Ti, P; Table S2.1) were analysed by ICP-optical emission spectrometry using a
Varian Vista 735 ICP. Trace elements (Sc, Be, V, Cr, Ca, Ni, Cu, Zn, Ga, Ge, As, Rb, Sr, Y, Zr, Nb,
Mo, Ag, In, Sn, Sh, Cs, Ba, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Hf, Ta, W, TI,
Pb, Bi, Th, U; Table S2.1) were measured by ICP-MS using a Perkin Elmer Sciex ELAN 6100
ICPMS. The concentration of ferrous iron was obtained by titration.

Mineral chemical analysis
Feldspar compositions (Table S2.2) were obtained by electron probe microanalysis (EPMA)

at the Ontario Geological Survey Geolabs using a Cameca SX-100 Electron Probe Micro Analyser.
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Minerals were analysed using an accelerating voltage of 20 kV and beam current of 20 nA with an 8-
micron rastered beam, and on-peak counting times were 10 s to 15 s. The data were acquired by
wavelength-dispersive spectroscopy.

Concentrations of trace elements in plagioclase (Table S2.3) were measured by laser ablation
ICP-MS at the Metal Isotope Geochemistry Laboratory at University of Waterloo. A 193 nm Analyte
G2 laser ablation system coupled to an Agilent 8800 quadrupole ICP-MS were used for in situ
analysis of plagioclase in standard size polished thin sections. A suite of elements (*°Si, 3P, ¥K, *3Ca,
47Ti, 85Rb, BSSr, 89Y, QOZr’ 93Nb, 13788., 139'.3., 140Ce’ 141Pr, 146Nd, 147Sm, 153EU, 157Gd, 159Tb, 163Dy,
185Ho, 188Er, 16°Tm, 172Yb, 15Lu, ¥1Ta, 2°8Ph, 232Th, 28U) was measured during line scans with laser
beam parameters of 110 um spot diameter, 8 Hz, 4.50 J/cm?, and of 3 um/s scan speed. Groups of
three plagioclase line scans (~30 minutes) were bracketed by analysis of reference materials,
including NIST-610 (primary standard), NIST-612, and BHVO-2G (secondary standards) at the same
conditions with a reduced beam diameter of 65 um. The data were processed using lolite v4.4.5
(Paton et al., 2011) with internal standardization using 2°Si based on the average SiO- content of
plagioclase in each sample from EPMA analyses. Segments of the line analyses were chosen for
processing based on homogeneity and apparent lack of mineral inclusions, however minor spatial
variations in LREE concentrations were commonly present and could not be completely avoided. The
limit of detection was calculated using the method of Howell et al. (2010). Measured concentrations
of REE in NIST-612 and BHVO-2G were within 6% and 8% of accepted values respectively, except
for overestimation of Lu in BHVO-2G by ~20%. Measured values from secondary reference
materials are available in Table S2.3.

Calculation of the parental TTG composition for modeling

The modeled TTG composition (Table S2.4) was calculated by combining the median values
for group 1 and 2 TTGs in proportions of 40% and 60% respectively to produce a theoretical parental
melt composition with a neutral (1.00) Eu anomaly relative to chondrite-normalized REE values.
Group 3 was not incorporated in the calculation because it constitutes a very minor volumetric
component of the overall TTG population in the Wawa Gneiss Domain. Though multiple TTG
parental melts may have existed in the region, we have elected to calculate a single, representative
parental melt to simplify modeling and to allow the effect of fractionation and accumulation to be
shown clearly. The approach of combining TTG group compositions was taken for three main
reasons, 1) petrographic evidence supports the hypothesis that the groups represent cumulates and

complementary melt-rich domains; 2) an insignificant Eu anomaly has classically been included in
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the geochemical definition of TTG (Moyen and Martin, 2012); and 3) the geochemical characteristics
specific to the TTGs of the Wawa Gneiss Domain are incorporated into the parental melt. Other
approaches for estimating an unmodified TTG composition, such as selecting a published melt
composition obtained from basalt partial melting experiments (Rapp et al., 1991), require an assumed
source composition that may not be appropriate for the Kapuskasing Uplift. For modeling, the
concentration of H,O and Fe,Os/FeO ratio of the parental melt composition were calculated from the
measured values of the TTG samples, combining both the crystalline moisture and free moisture
measurements for H,O. We recognize the limitations of this approach, as these compositional
parameters may be affected by post-crystallization processes; measures were taken in sample
preparation to minimize inclusion of rock that underwent chemical changes after complete
crystallization (see Whole-rock geochemical analyses).

Phase equilibrium modeling

Phase equilibrium modeling was done in the Na,O-CaO-K,O-FeO-MgO-Al;,03-SiO—
H,O-TiO>—Fe,03—Cr,03; chemical system using the THERMOCALC software package, including
THERMOCALC version 3.50 (Dec 2019), thermodynamic dataset version 6.33 (June 2017) of Holland
and Powell (2011) and the igneous set of activity—composition models from Holland et al. (2018)
(updated Dec 2019). Individual models are as follows: silicate melt (Holland et al., 2018); plagioclase
(Holland and Powell, 2003); amphibole (Green et al., 2016); biotite (White et al., 2014);
clinopyroxene (Holland et al., 2018); epidote (Holland and Powell, 2011); ilmenite (White et al.,
2000). Quartz and water were modeled as pure phases.

A phase diagram (Fig. S2.1) was constructed from 0.4 GPa to 0.8 GPa and 400 °C to 1300
°C, with modeled phase assemblage boundaries calculated from the solidus (620 °C to 690 °C) to the
liquidus (1150 °C to 1160 °C). The modal proportions of phases were calculated at 0.6 GPa from
~908 °C at 40 mol% plagioclase crystallization to ~1119 °C at 5 mol% plagioclase crystallization,
with data collected from the model at 10 mol%, 15 mol%, 20 mol%, 25 mol%, 30 mol%, and 35
mol% plagioclase and at the calculated quartz-in and ilmenite-in boundaries. Further modeling below
~908 °C was not done, as amphibole is predicted to become stable beyond 40 mol% plagioclase
crystallization (Fig. S2.1) and the interpreted cumulates (group 3) are predominantly composed of
plagioclase and quartz, only rarely with minor amphibole. The anorthite content of model plagioclase,
as calculated by THERMOCALC, was also collected at each step.

Melt trace element modeling
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Melt trace element modeling was done by a mass balance approach using the batch melting

equation (Shaw, 1970):

C, 1

C, DA—-F)+F
where C_ is the concentration of an element in the melt, C, is the concentration of the element in the
system, D is the bulk distribution coefficient, and F is the melt fraction. The value for C, for each
element is the concentration calculated for the parental TTG composition (Table S2.4). For D,
partition coefficients were calculated for plagioclase (Table S2.5) based on parameterizations
developed by Bédard (2006). Partition coefficients for ilmenite are from Ewart and Griffin (1994)
based on data from natural high-silica rhyolites. In our modeling, quartz was assumed to have no
effect on the trace elements of interest.
Calculations using TTG compositions (natural samples and modeled melt)

The normative anorthite, albite, and orthoclase contents (Fig. 3.2) of the natural TTG samples
were calculated using the GeoChemical Data toolkit (GCDKit) software Janousek et al. (2006), the
compositional fields of the granitoids are after Barker (1979). Trace element compositions of natural
and modeled TTGs are normalized to the chondrite values of McDonough and Sun (1995) for spider

diagrams and the calculation of the europium anomaly, which was done using the equation:
Eu Euy

Eu*  [Smy x Gdy
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Figure S2.1
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Figure S2.2
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Table S2.1

Whole-rock compositions of Wawa Gneiss Domain TTGs

Sample Datum Latitude Longitude SiO2 TiO2 AlzOs  Fe203 Cr203 MnO
Group 1 Major elements in wt.%

18JK04A WGS84 47.848735 -83.735641 66.95 0.46 15.69 4.11 0.012 0.068
18JK09A WGS84  47.869557 -83.570475 68.69 0.28 16.65 2.83 0.009 0.04
*18JK11-A  WGS84 47.949322 -84.114086 66.25 0.584 15.69 5.26 n/a 0.064
*18JK12-A  WGS84 47.969014 -84.106142 7157 0.331 14.75 3.16 n/a 0.051
18JK13A WGS84 48.010572 -84.116655 72.78 0.27 14.67 2.45 0.008 0.037
18JK23A WGS84 47.864015 -83.861213 70.34 0.28 15.58 2.65 0.007 0.046
18JK27A WGS84  48.038422 -84.543392 75.52 0.1 13.86 141 0.009 0.04
18JK30A WGS84 47.959365 -84.259835 74.84 0.17 14.25 1.26 0.009 0.016

19JK02 WGS84 47.887095 -83.454814 68.43 0.25 1731 1.89 0.006 0.027
19JK03 WGS84 47.956662 -83.434177 64.34 0.48 16.25 3.97 0.009 0.062
Group 2

18JK03A WGS84 47.848368 -83.742534 71.01 0.26 15.83 2.2 0.007 0.026

18JKO7A WGS84  47.792634 -83.533751 66.74 0.44 16.23 3.92 0.008 0.05
18JK08A WGS84 47.935618 -83.651791 71.77 0.23 15.67 1.75 0.01 0.024

18JK19A WGS84 48.16282  -84.057254 64.24 0.63 16.51 5 0.007 0.066
18JK24A WGS84 47.869943 -83.944452 71.95 03 1571 2 0.007 0.027
18JK25A WGS84 47.894398 -84.04136 71.76 0.27 15.9 1.79 0.008 0.021
18JK29A WGS84 47.944221 -84.148235 72.48 0.22 15.62 1.8 0.008 0.021
18JK32A WGS84 47.93891  -84.498985 73.14 0.21 15.09 1.79 0.01 0.028
18JK35A WGS84  47.981543 -83.92826 70.99 0.26 15.87 2.42 0.007 0.043
18JK36A WGS84  47.967404 -83.829407 71.55 0.28 15.95 2.55 0.007 0.032
18JK38A WGS84 47.906016 -83.78956 75.74 0.1 14.62 1.06 0.005 0.016
18JK52 WGS84 47.68329  -83.29956 68.18 0.46 16.39 3.98 0.004 0.041
18JK53 WGS84 47.70449  -83.31361 65.03 047 17.61 3.77 0.005 0.033
19JK01 WGS84 47.768898 -83.37602 67.5 0.41 16.89 2.79 0.005 0.027
19JK18 WGS84  47.845696 -83.33422 70.61 0.36 14.9 3.21 0.005 0.038
19JK21 WGS84  48.062667 -83.40209 65.19 0.56 16.5 4.04 0.012 0.047
19JK32A WGS84  48.199117 -84.079013 71.81 0.2 15.47 151 0.005 0.021
Group 3

18JK24C WGS84  47.869943 -83.944452 74.76 0.02 16.25 0.23 0.006 0.005
18JK28B WGS84  47.857237 -83.801506 75.5 0.04 14.95 0.48 0.006 0.009
18JK31B WGS84 47.963479 -84.332022 77.66 0.01 14.18 0.29 0.006 0.005
19JK34 WGS84 47.75732  -83.41483 63.27 0.14 21.22 1.25 0.004 0.014

19JK35B WGS84  47.774025 -83.465713 71.88 0.13 16.22 0.96 0.004 0.011
19JK36A WGS84 47.77607  -83.506466 72.93 0.18 1441 1.99 0.005 0.036
19JK46 WGS84 47.816284 -83.571851 72.55 0.06 16.77 0.54 0.008 0.008
19JK47 WGS84 47.820824 -83.669976 67.98 0.15 1941 1.05 0.003 0.013
19JK48B WGS84 47.848664 -83.729803 73.355 0.055 16.34 0.41 0.003 0.007
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Table S2.1 (continued)

Sample MgO CaO Na20
Group 1

18JK04A 1.6 4.369 4.34
18JK09A 1.14 3.769 5.18
*18JK11-A 15 4.8 4.25
*18JK12-A 0.73 3.1 4.85

18JK13A 0.73 2.786 4.19
18JK23A 0.96 3.171 4.75
18JK27A 0.21 171 4.76
18JK30A 0.51 1.094 5.38

19JK02 0.74 3.239 5.49
19JKO03 2.3 4.649 5.19
Group 2

18JK03A 0.69 3.003 5.17
18JKO7A 1.46 4.421 4.71
18JK08A 0.58 2.889 5.33
18JK19A 1.79 5.309 4.42
18JK24A 0.69 2.83 53
18JK25A 0.65 2.706 5.63
18JK29A 0.49 2.305 54
18JK32A 0.45 2.164 5.24
18JK35A 1.24 1.729 5.11
18JK36A 0.83 2.292 5.78
18JK38A 0.27 2.06 4.82

18JK52 1.24 3.813 4.9
18JK53 1.33 4721 5.73
19JK01 1.11 3.731 5.25
19JK18 0.96 3.275 4.64
19JK21 2.21 4511 4.56
19JK32A 0.61 2.367 5.73
Group 3

18JK24C 0.08 3.139 5.96
18JK28B 0.15 2.712 4.7
18JK31B 0.07 2.247 5.23
19JK34 0.49 5.136 6.64
19JK35B 0.37 3.303 6
19JK36A 1.08 4.868 4.09
19JK46 0.19 3.501 5.95
19JK47 0.42 4.504 6.26

19JK48B 0.17 3.155 5.84

K20

1.25

1.6
1.17
1.59
2.07
2.09
2.16
2.34
2.24
1.53

1.4
1.26
1.13
0.74
1.24
1.21
1.71

1.96
1.03
2.04
1.32
0.94
1.53
1.17
1.64
2.01

0.46
1.83
0.93
0.89
0.53
0.48
0.61
0.75
0.77

P20s

0.144
0.105
0.16
0.1
0.087
0.079
0.019
0.053
0.075
0.256

0.076
0.091
0.076
0.164
0.084
0.079
0.064
0.056
0.068
0.091
0.014
0.156
0.133
0.116
0.083
0.238
0.067

0.008
0.003
0.002
0.044
0.006
0.006
0.008
0.038
0.014
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Total

98.99
100.29
99.73
100.23
100.08
99.95
99.80
99.92
99.70
99.04

99.67
99.33
99.46
98.88
100.14
100.02
100.12
100.18
99.70
100.39
100.75
100.48
99.77
99.36
99.25
99.51
99.80

100.92
100.38
100.63

99.10

99.41
100.08
100.20
100.58
100.12

Total LOI
1000

1.2

0.7
0.69
0.37
0.66
0.69
0.77
0.65

0.7
1.23

0.62
0.75
0.75
1.18
0.78

0.7
0.56
0.35

13
0.89
0.32
0.56
0.86

0.8
0.71
0.68
0.44

0.41
0.49
0.25
0.93

0.8

0.4
0.42
0.32
0.32

Crystalline
Moisture

1.4
1.06

n/a

n/a
0.87
0.93
0.82
0.93
0.88
1.01

0.71
0.83
0.84
1.33

11
0.96
0.89
0.75
1.49
1.36
0.76
0.88
1.11
0.73
0.88

0.8
0.82

0.71
0.71
0.67
0.81

0.8
0.63
0.64
0.66
0.66



Table S2.1 (continued)

Free

Sample Moisture Ba Be Bi
Group 1 Trace elements in ug/g
18JK04A 0.68 268.6 1.14 <047
18JK09A 0.67 5426 125 <047
*18JK11-A n/a 387 <1l <01
*18JK12-A n/a 499 1 <01
18JK13A 0.67 863.7 1.17 <0.47
18JK23A 0.68 539.2 1.15 <047
18JK27A 0.65 638 1.6 <0.47
18JK30A 0.67 557.2 137 <047
19JK02 0.57 559.9 121 <047
19JKO03 0.59 4629 139 <047
Group 2

18JK03A 0.65 4526 0.87 <0.47
18JKO7A 0.67 421  0.79 <0.47
18JK08A 0.64 3728 112 <047
18JK19A 0.68 226.9 0.7 <0.47
18JK24A 0.67 5449 1.05 <0.47
18JK25A 0.67 2406 1.24 <0.47
18JK29A 0.66 479.8 1.09 <0.47
18JK32A 0.65 540 1.43 <047
18JK35A 0.68  305.8 1.4 <0.47
18JK36A 0.7 180.8 1.79 <0.47
18JK38A 0.65 651.8 0.75 <0.47
18JK52 0.67 4253 0.71 <047
18JK53 0.71  304.9 0.7 <0.47
19JK01 0.56 512.35 0.985 <0.47
19JK18 0.58 1679 1.24 <0.47
19JK21 0.6 6832 0.98 <0.47
19JK32A 059 798.1 121 <047
Group 3

18JK24C 0.67 203 0.68 <0.47
18JK28B 0.66 1228 0.93 <0.47
18JK31B 0.65 1031.1 0.95 <0.47
19JK34 056 487.6 1.29 <047
19JK35B 0.58 216.1 1.1 <0.47
19JK36A 0.55 146.2 0.98 <0.47
19JK46 0.55 83.7 1.37 <0.47
19JK47 0.56 144.1 1.21 <0.47
19JK48B 0.54 86.8 1.34 <0.47

Cd

0.055
0.039

0.029
0.048
0.033
0.016
0.016
0.054

0.03
0.028
0.026
0.043
0.025
0.019
0.023
0.032
0.021
0.017

0.02
0.038
0.047
0.016
0.022
0.024
0.014

<0.013
<0.013
<0.013
0.025
<0.013
0.028
<0.013
<0.013
0.013
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Ce

58.97
67.54

49.1

37.1
87.49

37.4
29.24
78.63
52.16
76.09

35.99
27.85
32.86
29.5
37.79
28
27.24
24.84
35.79
28.38
26.09
47.81
28.18
84.115
33.96
67.83
19.89

2.64
4.79
8.35
5.61
7.26
11.25
7.23
5.47
3.8

Co

11.26
7.13
11

5.03
6.81
1.42
2.47
5.65
13.59

4.43
10.62
3.75
12.65
4.77
4.88
3.15
3.23
6.18
54
15
8.83
9.32
8.47
6.96
14.5
3.96

0.69
1.19
0.55
4.03

7.89
1.74
3.61
0.865

Cr

74
57
110
80
a7
44
59
67
27
63

44
45
65
40
39
63
46
85
52
36
25
22
29
28.5
25
79
24

37
37
46
23
24
26
18
13
145

Cs

0.756
1.409
1.7
41
4.694
3.258
0.99
1.955
1.106
1.146

1.565
1.162
0.865
0.529
1.743
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1.418
4111
1.515
1.723
0.989
1.067
0.674
1.219
1.689
0.741
0.485

0.427
0.88
0.209
0.255
0.479
0.177
0.307
0.617
0.4855

Cu

32.7
6.5
<10
<10
11.3
16.1
1.7
1.8
17.3
3.3

10
20.2
21
40
4.8
6.5

4.4
6.1
8.2
<l.4
27.7
27.9
15.85
7.5
8.8
<14

2.7
5.9
1.4
11.7
21.8
14.3
12.8
8.3
<14

Dy

2.916
1.512

2.26

1.55
1.942
1.433
1.727
1.238
0.901
2.598

0.442
1.064
0.402
2.043
0.333
0.696
0.463
0.777
0.689
0.486
0.297
1.14
1.108
0.3435
0.854
1.383
0.531

0.029
0.11
0.182
0.22
0.071
0.684
0.05
0.134
0.0815



Table S2.1 (continued)

Sample
Group 1
18JK04A
18JK09A
*18JK11-A
*18JK12-A
18JK13A
18JK23A
18JK27A
18JK30A
19JK02
19JK03
Group 2
18JK03A
18JKO07A
18JK08A
18JK19A
18JK24A
18JK25A
18JK29A
18JK32A
18JK35A
18JK36A
18JK38A
18JK52
18JK53
19JK01
19JK18
19JK21
19JK32A
Group 3
18JK24C
18JK28B
18JK31B
19JK34
19JK35B
19JK36A
19JK46
19JK47
19JK48B

Er

1.8
0.691
1.13
0.88
0.9
0.727
0.897
0.635
0.428
1.227

0.206
0.576
0.135
1.126
0.161
0.415
0.202
0.397
0.326
0.256
0.131
0.489
0.545
0.149
0.408

0.6
0.219

0.016

0.05
0.072
0.113
0.028
0.405
0.021
0.094
0.039

Eu

0.8951
0.8047

0.978

0.779
0.8775
0.4778
0.5041
0.6101
0.5948
1.6453

0.5542
0.6797
0.5276
0.9002
0.5612
0.4695
0.5684
0.4854
0.4538
0.5017
0.5054
0.8827
0.7756
0.6278
0.5751
1.1087
0.4795

0.3057
0.4017
0.2863

0.746
0.3614
0.4419
0.2918
0.4923
0.4168

Ga

1951
21.19
22

22
17.26
19.48
20.03
16.79
21.8
20.99

19.48
19.33
19.93
20.25
19.64
20.03
22
22.34
20.4
22.48
18.04
21.18
21.46
19.66
19.51
19.13
22.3

11.59
16.92
16.67
22.62
18.38
13.99
18.11
19.65
18.51

Gd

3.164
2.454
2.87
2.15
3.2
2.027
1.964
2.233
1.611
4.719

0.753
1.494
0.97
2.55
0.75
0.965
1.016
1.253
1.048
0.932
0.637
2.019
1.599
0.8185
1.398
2.535
1.124

0.055
0.158

0.43
0.366
0.112
0.847
0.128
0.209
0.124

Hf

4.23
3.4
4.2

5.45
2.92
2.97
4.57
2.57
3.33

3.94
3.04
3.63
3.86
3.41
3.29
3.35
3.61
3.21
4.09
2.22
3.78
3.55
3.665
3.92
3.54
2.76

<0.14
2.42
1.9
1.13
0.37
3.81
0.84
2.45
0.865
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Ho

0.5948
0.2722
0.42
0.3
0.3507
0.2692
0.3264
0.2227
0.1567
0.4546

0.0747
0.2259
0.0649
0.4033
0.0598
0.1507
0.0829

0.154
0.1225
0.0862
0.0449

0.188
0.1996
0.0553
0.1512
0.2435
0.0833

0.0061
0.0187
0.0288
0.0401
0.0096
0.1426
0.0083
0.0296
0.01415

In

0.032
0.029
<0.1
<0.1
0.0266
0.0257
0.0167
0.0096
0.0132
0.0307

0.0086
0.02
0.0108
0.0291
0.0095
0.0046
0.009
0.0146
0.0177
0.0069
0.0067
0.0233
0.0231
0.0068
0.017
0.0189
0.0151

0.0018
<0.0018
<0.0018

0.0075

0.0029

0.0127

0.0022

0.0032

0.0028

La

31.6
37.8

26
19.2
47.6
20.2
16.6
44.3
28.9
35.3

215
15.7
18.2
14.8
225
13.5
14.8
13.4
15.7
13.7
12.5
24.5
14.4
51.65
18.7
33.7
9.5

2.2
2.8
4.7
3.8
5.3
6.5
4.4
2.9
2.3

Li

12.8
16.5

50.9
32.7

6.5
141
15.7
17.3

28.4
23.8
12.1
8.7
8.3
26.8
23
24.6
34.1
24
17.4
334
23.6
21.55
19.9
15.5
15.9

7.1
3.1
6.8
8.8
8.7
1.9
11.8
6.1

Lu

0.265
0.088
0.157
0.126
0.121

0.09

0.13
0.122
0.051
0.131

0.038
0.079
0.021
0.149
0.025
0.071
0.033
0.062
0.043
0.051
0.02
0.049
0.071
0.0265
0.052
0.07
0.029

0.003
0.01
0.018
0.014
0.004
0.068
0.006
0.021
0.0105

Mo

2.8
2.34
<2
<2
1.98
1.88

3.05
1.14
0.85

1.99
1.69
3.1
131
2.02
2.83
2.3
4.07
214
1.73
1.14
0.94
1.09
1.005
0.89
0.66
0.74

1.82
1.71
2.11
0.66
1.13
0.93
0.89
0.57
0.635



Table S2.1 (continued)

Sample
Group 1
18JK04A

18JK09A
*18JK11-
A
*18JK12-
A

18JK13A
18JK23A
18JK27A
18JK30A
19JK02
19JK03
Group 2
18JK03A
18JKO7A
18JK08A
18JK19A
18JK24A
18JK25A
18JK29A
18JK32A
18JK35A
18JK36A
18JK38A
18JK52
18JK53
19JK01
19JK18
19JK21
19JK32A
Group 3
18JK24C
18JK28B
18JK31B
19JK34
19JK35B
19JK36A
19JK46
19JK47
19JK48B

Nb

6.758
3.368

5.6

4.9
4.788
3.575

11.857
5.798
3.365
4.649

3.471
3.651
2.383
4.946
4.295
4.565
2.358
3.815
4.583
3.509
2.245
3.833
2.418
2.4075
4.582
4.021
1.443

0.172
0.697
0.308
1.193
1.262
1.615
0.603
2.012
0.5485

Nd

23.67
24.44

19.7

14.9
30.57
14.61
10.95
27.04
18.03
38.37

11.38
10.95
11.88
14.07
12.13
9.38
10.58
9.73
9.65
10.15
7.82
19.94
13.67
22.375
12.14
28.28
10.04

0.63
1.76
3.62
2.23
191
4.84
2.34
2.05
1.26

Ni

14.6
8.6

20

20
51
7.9

3.5
4.9
32.1

13.7
2.1
14.9
5.2
54
2.1
2.3
10
3.5
1.2

7.2
11.7
6.5
42.7
7.4

1.4
2.8
0.8
10.3
5.6
15.6
2.1
6.1
1.85

Pb

9.5
11.24

12
14.33
12.74
12.36
13.33
11.42

10.3

8.94
5.24
10.12
2.83
9.14
10.96
9.44
9.74
6.65
9.68
12.29
3.98
4.02
9.315
7.96
7.57
10.72

8.81
14.08
9.31
11.9
7.58
5.86
11.62
9.16
8.505

Pr

6.556
7.229

5.37

4.09
9.021
4.131
3.084
8.403
5.507
9.886

3.585
3.076
3.54
3.543
3.835
2.782
3.029
2.747
3.073
2.992
2.367
5.518
3.493
7.7445
3.566
7.7
2.514

0.222
0.523
0.948
0.581
0.628
1.28
0.78
0.559
0.3695

Rb

48.85
47.47

41

71
104.06
63.14
65.45
75.13
61.39
40.23

51.18
42.54
42.14
16.31
58.17
52.41
43.35
63.86
88.53
48.08
48.02
43.66
27.86
49.515
53.87
53.43
35.65

12.84
41.71
9.81
17.03
18.06
6.05
13.12
21.03
14.155

217

Sb

<0.04
<0.04

<0.2

0.3
0.04
<0.04
<0.04
<0.04
<0.04
<0.04

<0.04
<0.04
<0.04
<0.04
<0.04
<0.04
<0.04
<0.04
<0.04
<0.04
<0.04
<0.04

0.08
<0.04
<0.04
<0.04
<0.04

<0.04
<0.04
<0.04
<0.04
<0.04
<0.04
<0.04
<0.04
<0.04

Sc

1.8
6.6
15
10.2
<11
<11
1.2
2.7
35
<1.1
1.2
4.7
5.2
1.2
54
5.5
2.4

<11
<11
<11

1.8
<11

5.2
<11
<11
<11

Sm

3.956
3.773

3.77

2.92
4914
2.642

2.14
3.813
2.441
6.691

1.409
1.898

1.69
2.978
1.412
1.499
1.669
1.652
1.496
1512
1.123
3.016
2.146
2.028
1.936
4.027
1.833

0.074
0.255
0.662
0.402

0.22
0.946
0.264
0.336
0.179

Sn

2.05

1.14
1.01
2.22
1.05
0.47

0.38
0.64
0.97
0.72
0.71
0.49
0.51
0.87
1.19
1.25
0.27
0.62
0.55
0.595
0.68
0.73
0.53

<0.16
<0.16
<0.16
0.43
0.2
0.35
0.19
0.19
0.16

Sr

299.5
424.9

326

276
332.4
386.4
126.1
218.4
319.1
716.7

445.8
300.7
430.7
320
402.4
452.8
444.8
337.8
235.7
263.4
342
402.3
754
554.15
235.6
664.6
737.8

491.8
315.5
440.8
778.8
397.9

302
405.9
415.2
406.6

Ta

0.436
0.177

0.37

0.8
0.35
0.248
1.586
0.593
0.202
0.287

0.164
0.213
0.102
0.299
0.3
0.653
0.148
0.485
0.25
0.314
0.126
0.195
0.095
0.134
0.177
0.15
0.101

0.011
0.067
0.012
0.077

0.09
0.159
0.034
0.186
0.033



Table S2.1 (continued)

Sample Th Th Ti TI ™m U \% w Y Yb Zn Zr
Group 1

18JK04A 0.475 8.171 2631 0.266 0.2727 1.116 61.6 0.09 16.32 1.777 62.6 162
18JKO09A  0.2992 11569 1611 0.265 0.0951 0536 40.1 0.12 7.29 0.601 55 133

*18JK11-
A 0.42 3.31 0.25 0.164 1.09 75 <05 121 1.07 100 178
*18JK12-
A 0.3 4.02 0.39 0.136 1.34 34 <05 95 0.85 70 124

18JK13A 0.4081 18.741 1652 0.691 0.1184 1376 253 0.05 889 078 581 217
18JK23A 0.2727 6.193 1578 0.335 0.0985 2429 379 013 7.17 0.618 56.2 110
18JK27A 0.3 6.266 606 0.303 0.1332 1.602 6 011 985 0912 454 88
18JK30A 0.258 26.501 999 0.365 0.1018 3.096 11.3 0.05 653 0.741 194 170
19JK02 0.1804 9.044 1400 0.319 0.054 0.31 208 <0.05 4.12 0.325 37.5 100
19JK03 0.5396 4.489 2755 0.237 0.1527 0.627 623 0.07 1252 0951 67.3 138

Group 2
18JK03A 0.085 4579 1546 0.325 0.0318 0.413 216 0.09 2.06 0.236 454 155
18JKO7A 0.2047 2.372 2485 0.249 0.08 0.269 57.9 <0.05 5.71 0.545 56 111

18JKO8A  0.1031 2405 1343 0.255 0.0196 0.269 183 0.08 1.68 0.14 483 139
18JK19A 0.377 1.316 3467 0.089 0.1549 0.234 78.1 0.1 10.37 1.021 59.4 154
18JK24A  0.0746 6.506 1731 0.355 0.0205 5.345 236 0.09 1.6 0.163 432 135
18JK25A 0.128 4.547 1610 0.288 0.0679 1.357 235 0.15 4.2 0.464 35.1 127
18JK29A  0.1035 2,951 1327 0.242 0.0256 0.809 185 0.05 232 0.189 499 130
18JK32A 0.1549 3.431 1266 0.324 0.0607 1.107 17.8 <0.05 459 0.426 49.2 126
18JK35A  0.1385 6.325 1522 0.389 0.0461 0.857 258 0.09 3.3 0.283 504 117
18JK36A 0.1027 4.601 1609 0.256 0.0395 1.121 26.4 0.11 2.83 0.293 41.7 151
18JK38A  0.0634  6.504 612 0275 0.0192 0382 7.1 <005 125 0.145 275 72
18JK52 0.2455 3,52 2665 0.229 0.0551 0.37 49.1 <0.05 498 0.373 752 151
18JK53 0.2077 2121 2706 0.152 0.0756 0.255 54.2 0.6 5.27 0.508 72 147
19JK01 0.06885 8.9805 2432 0.303 0.0217 0.2135 44 <0.05 155 0.165 47.95 166
19JK18 0.1681  7.552 2141 0.326 0.0503 0543 365 005 4.17 0353 57.7 158
19JK21 0.2817 6.046 3485 0.314 0.0817 0.285 655 <0.05 6.76 048 63.3 159
19JK32A  0.1159 1.656 1249 0.187 0.0306 0.439 21.7 <0.05 2.38 02 501 96
Group 3

18JK24C  0.0052  0.089 131 0.081 0.0023 0.118 2.3 <0.05 0.2 0.014 59 <6
18JK28B 0.0184 0.535 275 0.238 0.007 1.17 4.1 <0.05 0.54 0.064 11 49
18JK31B 0.0452 1.737 114 0.052 0.0114 0.417 3.2 <0.05 0.85 0.102 6.1 45
19JK34 0.049 0.266 833 0.088 0.0151 0.237 16 <0.05 1.11 0.101 20.8 49
19JK35B 0.0143 0.814 776 0.091 0.0035 0.143 12.6 <0.05 0.34 0.03 15.9 12
19JK36A 0.1124 1.264 1035 0.029 0.0625 0.396 39.9 <0.05 3.96 0471 23.1 175
19JK46 0.011 1.873 353 0.066 0.004 0.101 51 0.05 0.29 0.03 11.7 30
19JK47 0.0265 0.471 847 0.102 0.0158 0.199 11.1 <0.05 0.84 0.122 18.7 105
19JK48B 0.01425 0.4315 288 0.069 0.00595 0.1305 2.85 <0.05 0.45 0.054 10.85 32

*= analyzed at Activation Laboratories, all others analyzed at Ontario Geological Survey Geoscience
Laboratories
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Table S2.2

Plagioclase major element analysis. n.d. = not detected

Sample
18JK04_core
18JKO04_rim
18JK04_core
18JK04_core
18JKO04_rim
18JKO04_rim
18JK04_core
18JKO04_rim
18JK04
18JK04
18JK04
18JK11_core
18JK11_rim
18JK11_core
18JK11_rim
18JK11_core
18JK11_rim
18JK11_core
18JK11_rim
18JK11
18JK11
18JKO07
18JK07_rim
18JK07_rim
18JK07
18JK07_core
18JK07
18JKO07_core
18JKO7_rim
18JKO07_core
18JK12_rim
18JK12_core
18JK12_core
18JK12_rim
18JK12_rim
18JK12
18JK12
18JK12
18JK12_core
18JK19_core
18JK19_rim
18JK19
18JK19
18JK19
18JK19
18JK19
18JK19

Weight %
Si0, TiO,
61.14 n.d.
61.64 n.d.
61.06 n.d.
61.22 n.d.
61.44 n.d.
61.33 n.d.
61.12 n.d.
61.47 n.d.
61.19 n.d.
61.00 n.d.
61.12 n.d.
61.56 n.d.
61.52 n.d.
61.28 n.d.
61.58 n.d.
61.86 n.d.
61.23 n.d.
61.79 n.d.
61.46 n.d.
61.49 n.d.
61.61 n.d.
61.92 n.d.
61.88 n.d.
62.07 n.d.
61.89 n.d.
61.67 n.d.
61.85 n.d.
61.73 n.d.
61.75 n.d.
61.73 n.d.
63.34 n.d.
64.05 n.d.
63.46 n.d.
63.70 n.d.
63.76 n.d.
63.83 n.d.
63.67 n.d.
63.41 n.d.
63.64 n.d.
60.18 n.d.
60.71 n.d.
60.29 n.d.
60.01 n.d.
60.80 n.d.
60.53 n.d.
58.92 n.d.
61.12 n.d.

A|203
24.22
23.71
24.27
24.10
24.09
24.06
24.22
24.37
24.02
24.22
24.29
24.14
24.05
24.01
24.00
24.07
23.85
24.12
24.14
24.06
23.99
24.18
24.04
24.10
23.97
24.10
24.05
24.03
23.99
23.98
22.87
22.64
23.02
23.09
22.89
23.09
22.94
22.82
22.80
24.84
24.48
25.01
25.07
24.53
24.55
25.56
24.49

Cr203
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

MgO
n.d.
n.d.
n.d.

0.01
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

CaO
6.22
5.67
6.16
6.08
6.00
5.90
6.19
6.05
6.18
6.03
6.04
5.97
5.90
5.95
5.96
5.81
5.87
5.88
5.87
5.88
5.86
5.76
5.67
5.78
5.67
5.85
5.69
5.69
5.68
5.69
4.57
4.01
4.38
4.42
4.36
4.29
4.37
4.33
4.27
6.72
6.24
6.97
6.82
6.13
6.44
7.70
6.28
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MnO
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

0.028
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

FeOT
0.06
0.18
0.04
0.10
0.07
0.08
0.06

n.d.
0.05
0.03

n.d.
0.04
0.05
0.06
0.04

n.d.
0.06
0.05

n.d.
0.08
0.06
0.06
0.07
0.10
0.08
0.05
0.09
0.07
0.06
0.07
0.04

n.d.
0.09
0.05
0.09
0.07
0.11
0.09
0.06
0.04

n.d.
0.04

n.d.
0.04
0.06
0.04

n.d.

Sro
n.d.
0.13
n.d.
n.d.
0.13
n.d.
0.13
0.09
n.d.
0.12
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
0.17
n.d.
n.d.
n.d.
0.1
n.d.
n.d.
n.d.
n.d.
0.13
n.d.
n.d.
n.d.
n.d.
n.d.
0.13
0.1
n.d.
n.d.
n.d.
n.d.
0.13
n.d.
n.d.
n.d.
n.d.
n.d.
0.1
n.d.
n.d.
n.d.

BaO NayO
n.d. 8.16
n.d. 8.59
n.d. 8.23
n.d. 8.27
n.d. 8.36
n.d. 8.49
n.d. 8.20
n.d. 8.25
n.d. 8.15
n.d. 8.36
n.d. 8.37
n.d. 8.38
n.d. 8.45
n.d. 8.27
n.d. 8.38
n.d. 8.51
n.d. 8.39
n.d. 8.49
n.d. 8.52
n.d. 8.49
n.d. 8.36
n.d. 8.57
n.d. 8.41
n.d. 8.48

0.07 8.59
n.d. 8.45
n.d. 8.46
n.d. 8.69
n.d. 8.60
n.d. 8.59
n.d. 9.27
n.d. 9.65
n.d. 9.43
n.d. 9.48
n.d. 9.33
n.d. 9.44
n.d. 9.37
n.d. 9.16
n.d. 9.26
n.d. 8.00
n.d. 8.30
n.d. 7.80
n.d. 8.03
n.d. 8.40
n.d. 8.23
n.d. 7.49
n.d. 8.25

K20
0.27
0.13
0.13
0.25
0.14
0.19
0.23
0.11
0.28
0.12
0.13
0.23
0.12
0.27
0.14
0.07
0.09
0.13
0.09
0.10
0.21
0.16
0.18
0.19
0.19
0.20
0.20
0.21
0.22
0.23
0.09
0.09
0.10
0.10
0.15
0.16
0.18
0.26
0.33
0.08
0.07
0.07
0.07
0.07
0.06
0.05
0.05

Total
100.08
100.04

99.87
100.03
100.23
100.04
100.14
100.34

99.87

99.87

99.95
100.31
100.08

99.83
100.09
100.32

99.65
100.44
100.09
100.10
100.18
100.65
100.24
100.71
100.45
100.48
100.35
100.42
100.29
100.28
100.16
100.57
100.58
100.84
100.59
100.88
100.64
100.20
100.35

99.86

99.80
100.18
100.00
100.08

99.87

99.76
100.20



Table S2.2 (continued) weight %

Sample
18JK19_core
18JK19_rim
18JK19
18JK19
18JK53_rim
18JK53_core
18JK53
18JK53
18JK53
18JK53
18JK53_core
18JK53_rim
18JK53
18JK53
18JK53
18JK53
18JK24A_core
18JK24A_rim
18JK24A_rim
18JK24A_rim
18JK24A_rim
18JK24A _rim
18JK24A _rim
18JK24A_core
18JK24A_core
18JK24A_core
18JK24A_core
18JK24A_core
18JK13
18JK13_rim
18JK13
18JK13_rim
18JK13
18JK13_rim
18JK13_core
18JK13_core
18JK13
18JK13_core
19JK46_rim
19JK46_rim
19JK46_core
19JK46_rim
19JK46_core
19JK46_core
19JK46_rim
19JK46_rim
19JK46_core
19JK46_rim
19JK46_core
19JK46_core

SiO;
60.48
60.71
60.70
60.59
62.15
62.25
62.11
61.91
61.94
61.90
61.91
61.67
61.41
61.60
61.73
62.05
63.59
63.43
63.36
63.47
63.28
63.22
63.44
63.22
63.32
63.59
63.49
63.66
62.51
62.34
62.04
62.18
61.72
62.03
61.90
61.87
62.15
61.78
62.08
61.91
62.36
62.37
62.28
62.47
62.49
62.12
62.35
62.60
62.53
61.89

TiO,
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

0.04
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

Al,03
24.78
24.70
24.83
24.47
23.61
23.47
23.65
23.94
23.84
23.82
23.58
23.49
23.88
23.72
23.76
23.67
22.87
22.88
23.28
22.97
22.70
22.90
22.91
23.21
23.01
22.72
23.03
22.93
23.64
23.58
23.37
23.63
23.86
23.68
23.84
24.13
23.52
23.51
23.36
23.38
23.41
23.49
23.31
23.30
23.53
23.44
23.49
23.49
23.18
23.66

Cr203
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

0.02
n.d.
n.d.

0.03
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

MgO
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

CaO
6.46
6.31
6.47
6.36
5.31
5.30
5.24
5.56
5.35
5.34
5.22
5.22
5.64
5.36
551
5.32
4.35
4.33
4.70
4.33
4.36
4.34
4.42
4.63
4.33
4.10
4.47
4.33
5.30
5.26
5.25
541
5.48
5.28
5.40
5.69
5.17
5.30
5.12
5.21
5.01
5.11
4.83
4.96
5.02
5.24
5.13
5.01
4.82
5.30
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MnO
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

0.03
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

FeOr
n.d.
n.d.
0.03
0.05
0.09
0.09
0.08

n.d.
0.07

n.d.
0.06
0.07
0.10
0.05
0.09
0.07
0.07

n.d.
0.05
0.10
0.06
0.07
0.07
0.05
0.08
0.08
0.09
0.07
0.05

n.d.

n.d.

n.d.
0.04
0.05
0.05

n.d.
0.04
0.05

n.d.
0.06
0.04
0.05
0.06
0.06
0.07
0.06
0.09
0.09
0.04
0.12

Sro
0.11
n.d.
n.d.
n.d.
n.d.
0.25
0.16
0.13
0.14
0.13
0.15
n.d.
0.12
0.16
n.d.
0.09
n.d.
0.12
n.d.
n.d.
n.d.
n.d.
n.d.
0.14
n.d.
0.14
0.11
n.d.
n.d.
0.15
0.09
0.11
n.d.
0.11
n.d.
0.14
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
0.12
n.d.
n.d.
n.d.
n.d.
n.d.

BaO NayO
n.d. 8.13
n.d. 8.23
n.d. 8.12
n.d. 8.15
n.d. 8.80
n.d. 8.68
n.d. 8.82

0.06 8.49
n.d. 8.77
n.d. 8.67
n.d. 8.80
n.d. 8.83

0.08 8.58
n.d. 8.75
n.d. 8.65
n.d. 8.72
n.d. 9.38
n.d. 9.27
n.d. 9.07
n.d. 9.37
n.d. 9.38
n.d. 9.27
n.d. 9.15
n.d. 9.14
n.d. 9.17
n.d. 9.39

0.07 9.09
n.d. 9.25
n.d. 8.83
n.d. 9.01
n.d. 8.86
n.d. 8.86
n.d. 8.78
n.d. 8.84
n.d. 8.85
n.d. 8.68
n.d. 9.01
n.d. 8.83
n.d. 9.00
n.d. 8.97
n.d. 9.04
n.d. 9.00
n.d. 9.22
n.d. 9.12
n.d. 9.06
n.d. 8.91
n.d. 8.94
n.d. 9.06
n.d. 9.23
n.d. 8.89

K20
0.06
0.07
0.06
0.05
0.22
0.22
0.20
0.18
0.20
0.18
0.28
0.19
0.17
0.13
0.20
0.17
0.16
0.18
0.19
0.21
0.21
0.21
0.22
0.23
0.24
0.25
0.25
0.26
0.06
0.09
0.09
0.10
0.11
0.12
0.14
0.15
0.20
0.24
0.17
0.18
0.18
0.19
0.21
0.21
0.22
0.23
0.25
0.25
0.26
0.29

Total
100.02
100.02
100.20

99.67
100.17
100.27
100.25
100.29
100.31
100.03
100.01

99.46

99.97

99.77

99.94
100.08
100.41
100.25
100.64
100.45

99.99
100.00
100.21
100.62
100.14
100.27
100.59
100.49
100.42
100.43

99.70
100.28

99.99
100.10
100.17
100.66
100.08

99.72

99.73

99.70
100.04
100.21

99.91
100.12
100.50

99.99
100.26
100.49
100.06
100.14



Table S2.2 (continued) atoms per formula unit (apfu)

Sample
18JK04_core
18JK04_rim
18JK04_core
18JK04_core
18JK04_rim
18JK04_rim
18JK04_core
18JK04_rim
18JK04
18JK04
18JK04
18JK11_core
18JK11_rim
18JK11_core
18JK11 rim
18JK11_core
18JK11_rim
18JK11_core
18JK11_rim
18JK11
18JK11
18JKO7
18JK07_rim
18JK07_rim
18JKO7
18JKO07_core
18JKO7
18JKO07_core
18JK07_rim
18JK07_core
18JK12_rim
18JK12_core
18JK12_core
18JK12_rim
18JK12_rim
18JK12
18JK12
18JK12
18JK12_core
18JK19_core
18JK19_rim
18JK19
18JK19
18JK19
18JK19
18JK19
18JK19
18JK19 core
18JK19 rim
18JK19
18JK19
18JK53_rim

Si
2.72
2.74
2.72
2.72
2.73
2.73
2.72
2.72
2.73
2.72
2.72
2.73
2.73
2.73
2.73
2.74
2.73
2.73
2.73
2.73
2.73
2.73
2.74
2.74
2.74
2.73
2.74
2.73
2.74
2.74
2.80
2.82
2.79
2.80
2.80
2.80
2.80
2.80
2.81
2.68
2.71
2.68
2.67
2.71
2.70
2.64
2.71
2.69
2.70
2.70
2.70
2.76

Ti
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

Al
1.27
1.24
1.27
1.26
1.26
1.26
1.27
1.27
1.26
1.27
1.27
1.26
1.26
1.26
1.26
1.26
1.25
1.26
1.26
1.26
1.25
1.26
1.25
1.25
1.25
1.26
1.25
1.25
1.25
1.25
1.19
1.17
1.19
1.19
1.19
1.19
1.19
1.19
1.18
131
1.29
131
1.32
1.29
1.29
1.35
1.28
1.30
1.29
1.30
1.29
1.23

Cr
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

Mg
n.d.
n.d.
n.d.

0.00
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

Ca
0.30
0.27
0.29
0.29
0.29
0.28
0.30
0.29
0.29
0.29
0.29
0.28
0.28
0.28
0.28
0.28
0.28
0.28
0.28
0.28
0.28
0.27
0.27
0.27
0.27
0.28
0.27
0.27
0.27
0.27
0.22
0.19
0.21
0.21
0.21
0.20
0.21
0.21
0.20
0.32
0.30
0.33
0.33
0.29
0.31
0.37
0.30
0.31
0.30
0.31
0.30
0.25

Mn
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

0.00
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
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Fe
0.00
0.01
0.00
0.00
0.00
0.00
0.00

n.d.
0.00
0.00

n.d.
0.00
0.00
0.00
0.00

n.d.
0.00
0.00

n.d.
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

n.d.
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

n.d.
0.00

n.d.
0.00
0.00
0.00

n.d.

n.d.

n.d.
0.00
0.00
0.00

Sr
n.d.
0.00
n.d.
n.d.
0.00
n.d.
0.00
0.00
n.d.
0.00
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
0.00
n.d.
n.d.
n.d.
0.00
n.d.
n.d.
n.d.
n.d.
0.00
n.d.
n.d.
n.d.
n.d.
n.d.
0.00
0.00
n.d.
n.d.
n.d.
n.d.
0.00
n.d.
n.d.
n.d.
n.d.
n.d.
0.00
n.d.
n.d.
n.d.
0.00
n.d.
n.d.
n.d.
n.d.

Ba
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

0.00
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

Na
0.70
0.74
0.71
0.71
0.72
0.73
0.71
0.71
0.70
0.72
0.72
0.72
0.73
0.71
0.72
0.73
0.73
0.73
0.73
0.73
0.72
0.73
0.72
0.73
0.74
0.73
0.73
0.75
0.74
0.74
0.79
0.82
0.81
0.81
0.80
0.80
0.80
0.78
0.79
0.69
0.72
0.67
0.69
0.72
0.71
0.65
0.71
0.70
0.71
0.70
0.71
0.76

0.02
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.02
0.01
0.01
0.01
0.01
0.02
0.01
0.00
0.00
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.02
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01

An
29
27
29
28
28
27
29
29
29
28
28
28
28
28
28
27
28
27
27
28
28
27
27
27
26
27
27
26
26
26
21
19
20
20
20
20
20
20
20
32
29
33
32
29
30
36
29
30
30
30
30
25

Ab
69
73
70
70
71
71
70
71
69
71
71
71
72
70
71
72
72
72
72
72
71
72
72
72
72
72
72
73
72
72
78
81
79
79
79
79
79
78
78
68
70
67
68
71
70
64
70
69
70
69
70
74

Q
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Table S2.2 (continued) apfu

Sample
18JK53_core
18JK53
18JK53
18JK53
18JK53
18JK53_core
18JK53_rim
18JK53
18JK53
18JK53
18JK53
18JK24A_core
18JK24A_rim
18JK24A_rim
18JK24A_rim
18JK24A_rim
18JK24A_rim
18JK24A_rim
18JK24A_core
18JK24A_core
18JK24A core
18JK24A core
18JK24A core
18JK13
18JK13_rim
18JK13
18JK13_rim
18JK13
18JK13 rim
18JK13_core
18JK13_core
18JK13
18JK13_core
19JK46_rim
19JK46_rim
19JK46_core
19JK46_rim
19JK46_core
19JK46_core
19JK46_rim
19JK46_rim
19JK46_core
19JK46_rim
19JK46_core
19JK46_core

Si
2.76
2.75
2.74
2.74
2.75
2.75
2.75
2.73
2.74
2.74
2.75
2.80
2.80
2.79
2.80
2.80
2.80
2.80
2.79
2.80
2.81
2.80
2.80
2.76
2.76
2.76
2.75
2.74
2.75
2.74
2.73
2.76
2.75
2.76
2.76
2.77
2.76
2.77
2.77
2.76
2.76
2.76
2.77
2.77
2.75

Ti
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

0.00
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

Al
1.23
1.24
1.25
1.25
1.25
1.24
1.24
1.25
1.25
1.24
1.24
1.19
1.19
121
1.19
1.18
1.19
1.19
1.21
1.20
1.18
1.20
1.19
1.23
1.23
1.23
1.23
1.25
1.24
1.25
1.26
1.23
1.23
1.23
1.23
1.22
1.23
1.22
1.22
1.23
1.23
1.23
1.22
1.21
1.24

Cr
n.d.
n.d.

0.00
n.d.
n.d.

0.00
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

Mg
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

Ca
0.25
0.25
0.26
0.25
0.25
0.25
0.25
0.27
0.26
0.26
0.25
0.21
0.20
0.22
0.20
0.21
0.21
0.21
0.22
0.20
0.19
0.21
0.20
0.25
0.25
0.25
0.26
0.26
0.25
0.26
0.27
0.25
0.25
0.24
0.25
0.24
0.24
0.23
0.24
0.24
0.25
0.24
0.24
0.23
0.25

n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
0.00
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
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Fe
0.00
0.00

n.d.
0.00

n.d.
0.00
0.00
0.00
0.00
0.00
0.00
0.00

n.d.
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

n.d.

n.d.

n.d.
0.00
0.00
0.00

n.d.
0.00
0.00

n.d.
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Sr
0.01
0.00
0.00
0.00
0.00
0.00

n.d.
0.00
0.00

n.d.
0.00

n.d.
0.00

n.d.

n.d.

n.d.

n.d.

n.d.
0.00

n.d.
0.00
0.00

n.d.

n.d.
0.00
0.00
0.00

n.d.
0.00

n.d.
0.00

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.
0.00

n.d.

n.d.

n.d.

n.d.

n.d.

Ba
n.d.
n.d.

0.00
n.d.
n.d.
n.d.
n.d.

0.00
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

0.00
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

Na
0.75
0.76
0.73
0.75
0.75
0.76
0.76
0.74
0.76
0.75
0.75
0.80
0.79
0.77
0.80
0.81
0.80
0.78
0.78
0.79
0.80
0.78
0.79
0.76
0.77
0.76
0.76
0.76
0.76
0.76
0.74
0.77
0.76
0.78
0.77
0.78
0.77
0.79
0.78
0.78
0.77
0.77
0.78
0.79
0.76

0.01
0.01
0.01
0.01
0.01
0.02
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.00
0.00
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.02

An
25
24
26
25
25
24
24
26
25
26
25
20
20
22
20
20
20
21
22
20
19
21
20
25
24
25
25
25
25
25
26
24
25
24
24
23
24
22
23
23
24
24
23
22
24

Ab
74
74
73
74
74
74
75
73
74
73
74
79
79
77
79
79
79
78
77
78
79
78
78
75
75
75
74
74
75
74
73
75
74
75
75
76
75
7
76
76
75
75
76
76
74

Q

NP RPRRPRPRRPRPRPRPRPLPREPRPRPRPRPRPRPRPRPLPPLPOORRPRREPRERPRPRRPRPRERPRPRRPREPRERRPRERNRRLERELEPRLR



Table S2.3

Plagioclase and secondary reference material trace element data (ug/g).

P K Ca Ti Rb Sr Y Zr Nb Ba La Ce Pr
18JK12A line_1 <LOD 1863 2.67E+04 7.51 0.717 383 0.003 0.018 <LOD 634 0.087 0.098 0.008
18JK24A line_1 13.65 1686 2.95E+04 17.88 0.354 583 0.002 0.015 <LOD 154 1.347 1.274 0.081
18JK24A line_2 20.28 1502 2.87E+04 13.37 1.036 589 <LOD 0.019 0.001 137 0.627 0.468 0.025
18JK24A line_3 11.31 1856 2.84E+04 16.98 2.097 594 0.006 0.086 0.002 183 1.287 1.332 0.090
18JK53 line_2 37.19 1494 4.60E+04 11.86 0.111 1177 0.005 <LOD 0.001 129 0.990 0.938 0.061
18JK53 line_3 6.75 1636 3.17E+04 7.21 0.146 945 0.006 0.019 <LOD 119 0.031 0.063 0.007
19JK46 _line_1 30.39 1969 3.01E+04 13.18 0.284 508 0.004 0.020 <LOD 36.1 0.650 0.557 0.033
19JK46_line_2 25.85 2064 3.14E+04 1453 0.294 523 0.007 0.020 <LOD 58.9 0.919 0.824 0.048
19JK46_line_3 20.60 1424 3.34E+04 10.30 0.084 529 0.003 0.007 <LOD 334 0.404 0.375 0.024
19JK46 _line_4 18.87 1678 3.40E+04 15.70 0.127 545 0.005 0.008 <LOD 48.1 1.665 1.306 0.072
BHVO2G
1094 3841 7.52E+04 1.39E+04 9.01 359 22.06 157 16.85 120 14.54 36.40 5.20
1100 3758 7.41E+04 1.42E+04 9.11 362 23.17 159 16.48 120 14.76 35.82 5.04
1136 3648 7.51E+04 1.42E+04 8.56 351 23.05 154 16.61 119 14.31 3451 5.05
1119 3608 7.70E+04 1.45E+04 9.40 369 23.49 161 16.39 124 14.76 36.08 5.22
1132 3972 7.71E+04 1.48E+04 8.94 371 22.70 156 16.50 124 14.76 36.85 5.28
NIST612
4520 75.61 8.44E+04 39.63 3254 78.68 3850 39.14 39.68 3846 37.31 39.67 39.40
43.57 74.87 8.21E+04 40.83 33.32 79.16 40.46 41.31 3951 38.15 38.11 39.41 39.58
3497 7255 8.17E+04 40.14 32.17 77.68 39.53 39.05 39.23 37.21 36.25 38.96 39.52
36.02 83.06 8.24E+04 40.40 33.00 81.06 39.01 38.79 3859 39.23 37.04 39.61 38.94
39.94 86.01 8.29E+04 39.47 31.87 8252 39.12 38.16 38.61 39.80 36.71 39.93 38.83
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Table S2.3 (continued)

18JK12A_line_1
18JK24A_line_1
18JK24A_line_2
18JK24A_line_3
18JK53_line_2
18JK53_line_3
19JK46 _line_1
19JK46 _line_2
19JK46 _line_3
19JK46 _line_4

BHVO2G

NIST612

Nd
0.022
0.203
0.062
0.220
0.164
0.028
0.090
0.125
0.060
0.165

22.26
22.43
22.95
23.25
23.70

34.61
36.04
35.64
35.62
35.35

Sm
<LOD
0.009
<LOD
0.012
0.008
0.005
0.008
0.011
<LOD
0.007

5.55
5.80
5.75
5.81
6.19

37.16
38.44
37.35
38.45
37.80

Eu
0.143
0.302
0.290
0.398
0.289
0.161
0.361
0.362
0.306
0.391

2.53
2.05
2.08
211
2.13

36.64
37.02
37.01
38.11
36.95

Gd
<LOD
<LOD
<LOD
<LOD
<LOD
0.003
<LOD
0.008
<LOD
<LOD

5.63
5.99
5.79
6.05
5.80

36.98
39.48
37.47
38.63
37.97

Th
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD

0.985
0.964
0.924
0.984
0.908

38.83
39.73
38.57
38.61
38.51

Dy
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD

4.65
5.04
4.85
5.12
4.85

35.08
37.13
36.04
36.23
35.73

Ho
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD

1.06
1.04
0.963
1.03
1.01

39.06
41.18
39.54
40.23
39.72

Er
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD

2.40
2.52
2.44
2.33
241

37.92
39.87
37.94
38.86
38.31
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™m
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD

0.383
0.344
0.362
0.362
0.357

38.19
39.98
38.52
39.19
38.11

Yb
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD

2.00
1.92
1.89
2.06
1.90

38.03
39.85
37.94
38.28
38.12

Lu
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD

0.417
0.300
0.327
0.363
0.317

37.72
39.73
37.63
39.21
38.18

Ta
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD

1.16
1.13
112
1.25
1.13

37.75
40.47
39.31
39.00
38.51

Pb
11.65
11.10
10.80
11.20

6.62
5.46
14.72
16.01
15.50
15.70

2.09
1.79
1.79
2.41
2.44

38.92
37.52
36.84
37.29
36.81

Th
<LOD
<LOD
<LOD
0.003
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD

131
1.22
1.25
1.24
1.22

38.86
40.57
38.69
38.78
39.59

<LOD
0.008
0.010
0.106
<LOD
<LOD
0.001
<LOD
<LOD
0.001

0.719
0.456
0.512
0.597
0.617

38.74
38.40
38.06
38.94
38.37



Table S2.4

Calculated parental TTG composition.

Wt%
Parental TTG

Mol%
Parental TTG
(Vs ]s]

Parental TTG

Parental TTG

SiO2
70.74

SiO2
72.33

Rb
534
Sm
2.523

TiO2
0.28

TiO2
0.22

Ba
470.9
Eu
0.659

Al203
15.75

Al203
9.49

Th
5.997
Gd
161

Fe203
2.58

FeO
1.99

0.784
Dy
1.104

Cr203
0.008

Cr203
0.003

Nb
4151
Er
0.554
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MgO
0.88

MgO
1.34

Ta
0.254
Yb
0.516

CaO
3.026

CaO

3.31

La

22.1

5.78

Na20
5.05

Na20
5.00

Ce
40.81
Lu
0.08

K20
1.43

K20
0.93

Sr
369

H20
1.58

H20
5.37

Nd
15.63

0.22

Zr
139



Table S2.5

Partition coefficients calculated for model plagioclase and values from literature used for ilmenite.

Rb Ba Th U Nb Ta La Ce Sr
Plagioclase 0.093 1.123 0.135 0.134 0.177 0.113 0.201 0.195 10.293
IImenite 0.427 0.063 65.600 18.000 1.310 1.190 0.415

Nd Zr Sm Eu Gd Dy Er Yb Y Lu
Plagioclase  0.175 0.097 0.151 1.313 0.128 0.106 0.087 0.073 0.099 0.067
lImenite 0.960 6.190 0.684 0.400 0.380 0.370 0.550 0.315 0.740
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Appendix S3
Appendix S3.1 Methodology and zircon interpretations

Appendix S3.1.1 Methodology

Whole rock geochemical data

Three TTG samples were processed at the Ontario Geological Survey Geoscience
Laboratories (Geolabs) in Sudbury, Ontario, where the rocks were pulverised using an agate
mill. For major elements, crushed samples were heated and then fused with a borate flux to
be analyzed by X-ray fluorescence (XRF) using Malvern-Panalytical Axios Advanced
Wavelength Dispersive-XRF spectrometers. For trace elements, powdered samples were
digested by a multi-acid solution in a closed vessel and subsequently analysed by inductively
coupled plasma mass spectrometry (ICP-MS) using a Thermo Scientific iCAP-Q ICP-MS.
Data quality was monitored by insertion of internal reference materials, sample duplicates,
and blanks. Based on duplicate data, precision of major element concentrations is better than
1% for most elements (rarely up to 2.0-3.0% for TiO2, Na20O, K-0, and MgO, up to 22% for
MnO in one case) and precision for trace elements is better than 10% for most elements
(rarely up to 14% for HREE).
Zircon U-Pb and Lu-Hf analysis

Zircon mineral separates were obtained from nine TTGs for in situ U-Pb and Lu-Hf
analysis. Overburden Drilling Management Limited (Ottawa, Canada) conducted the mineral
separation beginning with electric pulse disaggregation for sample breakdown. The
disaggregated sample was concentrated on a shaking table and further refined to a zircon-rich
concentrate by panning. Zircon crystals were hand-picked using a binocular microscope and
mounted in epoxy resin inside 1-inch round plastic mounts, which were subsequently
polished using diamond lapping film to expose the cores of the zircon crystals. The mounts
were coated with a film of gold and the internal structures of the crystals were imaged using
cathodoluminescence (CL) microscopy at the Waterloo Advanced Technology Laboratory at
University of Waterloo (Waterloo, Canada) using a Zeiss Leo 1530 field emission scanning

electron microscope (FESEM) operating at 20 kV with a current of approximately 900 pA.
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Laser ablation split stream (LASS) analyses of zircon crystals were conducted at the
John de Laeter Centre for Mass Spectrometry at Curtin University in Perth, Australia using a
Resonetics RESOlution M-50A—-LR system with a COMPex 102 193 nm excimer UV laser.
Detailed analytical procedures for this laboratory are reported in Gardiner et al. (2020). The
laser operating conditions were 50 pm spot size, 10 Hz, and 3 J/cm? fluence, with 35 s of
ablation time after two cleaning pulses; baseline acquisition was 65 s in total. The U-Pb and
Th isotopic data were collected using an Agilent 8900 ICP-MS and processed using lolite
(Paton et al., 2011). The primary reference material for the U-Pb geochronological results
was the OG-1 zircon standard (Stern et al., 2009; 3465.4 + 0.6 Ma) and concentrations of U
and Th were calculated using the 91500 zircon standard (Wiedenbeck et al., 1995). The Lu—
Hf isotopic data were collected from the same sampled material used for U-Pb analysis using
a Nu Plasma Il multi-collector ICP-MS. Faraday cups were used for all isotopes collected
using the Nu Plasma Il (*8°Hf, 1°Hf, 18Hf, Y7Hf, 78Hf, 15Lu, 4Hf, YD, 1"2Yb and Y1Yb).
The time-resolved data were processed using lolite (data reduction scheme after Woodhead
et al., 2004). Mud Tank zircon (Woodhead and Hergt, 2005; 1"®Hf/ 1""Hf of 0.282507 +
0.000006) was used as the primary reference material for the Hf isotopic data.

For U-Pb (Table S3.2), the 2°Pb/?%Pb weighted mean ages from secondary reference
zircons FC1 (1099.74 + 2.17 Ma; MSWD = 1.98; n = 9/9) and GJ1 (605.22 + 2.42 Ma;
MSWD = 1.13; n = 15/18) were indistinguishable from the accepted values of 1099 + 0.6 Ma
(Paces and Miller, 1993) and 608.8 + 1.8 Ma (Horstwood et al., 2016), respectively. Two
reference zircons, 91500 (1068.2 + 3.25 Ma; MSWD = 2.37; n = 15/18), Maniitsoq (3003.13
+ 1.96 Ma; MSWD = 1.27; n = 5/8) yielded ages that were distinguishable from accepted
values, 1062.4 = 0.4 Ma (Wiedenbeck et al., 1995) and 3008.7 + 0.72 Ma (Marsh et al.,
2019), respectively.

For Hf isotopic analysis (Table S3.3), weighted mean "®Hf/ ""Hf values of most
secondary reference zircons were within uncertainty of accepted values, including MUNZirc
(0.282132 £ 0.000013, MSWD = 1.3, n = 8/9; 0.282135 + 0.000007 from Fisher et al., 2011),
FC1 (FC1 0.282164 + 0.000015, MSWD = 2.5, n = 10/10; 0.282184 + 0.000016 from
Woodhead and Hergt, 2005), Maniitsoq zircon (0.280843 + 0.000014, MSWD =1.9, n = 9/9;
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0.280862 + 0.000021 from Marsh et al., 2019) and GJ1 (0.281996 + 0.000008, MSWD =
0.79, n = 15/15; 0.282000 + 0.000005 from Morel et al., 2008). Two reference zircons
yielded weighted mean values that were distinguishable from accepted values, PleSovice
(0.282451 + 0.000012, MSWD = 1.8, n = 10/10; 0.282482 + 0.000013 from Slama et al.,
2008) and 91500 (0.282282 + 0.000010, MSWD = 1.3, n = 18/18; 0.282308 + 0.000006 from
Blichert-Toft, 2008). For all standard and unknown analyses, the *&Hf/*""Hf ratio was
collected to monitor the accuracy of the mass bias correction and the average corrected
18OHf/L"Hf is within the range of values reported by Thirlwall and Anczkiewicz (2004).
Calculations for concordia plots and weighted mean values (95% confidence and
using 26 uncertainty in all cases, including 2°’Pb/?%Pb ages and 1"®Hf/ *'’Hf values of
reference materials) were done using Isoplot version 4.15 (Ludwig, 2003). We determined an
acceptable MSWD for the population of 2°’Pb/?%Pb ages of Group | for each sample based on

the 26 range of the MSWD, calculated using 1 + 2,/2/(n — 1) (Wendt and Carl, 1991;
Spencer et al., 2017), where n is the number of analyses in Group I. If the MSWD is greater
than this value, there is a less than 5% probability that the ages represent a single population;
in this scenario, we report the range of Group | ages only (samples 18JK19, 19JK41, 19JK40,
and 17JK26). For Figure S3.4, weighted mean 2°’Pb/2%6Pb ages of Group | were used for all
samples for illustrative purposes. The eHf values were calculated using the Lu—Hf decay
constant of Scherer et al. (2001) and the Lu—Hf isotopic values of chondrites from Blichert-
Toft and Albarede (1997). Depleted mantle curves in Figs 4.3, 4.4, and S3.4 and depleted
mantle model ages were calculated using Lu—Hf values from Vervoort and Blichert-Toft
(1999). In Figs 4.3, 4.4, and S3.4, “DM 4.56” refers to a depleted mantle reservoir
established at 4.56 Ga and “DM 3.8” was calculated assuming a depleted mantle formed at
3.8 Ga (after Fisher and Vervoort, 2018). The new crust evolution line in Figs 4.3, 4.4, and
S3.4 was calculated based on values from Dhuime et al. (2011).

Appendix S3.1.2 Zircon interpretations

All ages reported in this section are 2°’Pb’2%Pb ages. In general, the interpretation of

xenocrystic components (Group X analyses) is based on an older 2°’Pb/?%Pb age than the
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main zircon population from the same sample (Group | analyses) and textures that may
support the presence of a xenocrystic core. Three older analyses with /"Hf/*"®Hf ratios that
are indistinguishable from Group | are considered to be unreliable (Group H, see Fig. S3.3).
Although these could represent xenocrystic components, we choose to distinguish them from
Group X and treat them with caution, as their Y'’"Hf/*"®Hf(t) is greater than depleted mantle at
the 207Pb/2%pPp age of the analysis (with no overlap within 2SE, see Fig. $3.3).

Sample 19JK45B

Zircon crystals are subhedral and brown in colour with a rounded overall shape. The
population exhibits a somewhat weak CL response, particularly in the cores, with subtle
oscillatory zoning or ambiguous gradational CL textures. Many of the zircon grains are
pitted. The cores are surrounded by a rim with higher CL response, which typically shows
smooth zoning to lower CL response at the edges of the crystals. Twenty-seven zircon
crystals were analyzed, and most ablation pits were located in cores. Two analyses are
discordant (>5%). Two more crystals yield ages that are younger than the main population,
one of which (2855 + 8 Ma) has a high concentration of U (> 1000 ug/g) and a pitted
appearance, supporting possible ancient Pb loss. The second crystal (2841 + 11 Ma) appears
texturally similar to the rest of the population, however the ablation pit may have partially
sampled the rim, suggesting that the age is mixed between an igneous core and a
metamorphic rim. The 23 remaining crystals form a continuous population from 2900 + 8 Ma
to 2877 £ 8 Ma with a weighted age of 2884.8 + 2 Ma (MSWD = 1.4, 95% confidence, no
rejections), which is interpreted to represent the igneous crystallisation age of this sample.
Sample 18JK19

Zircon crystals are subhedral to euhedral and light brown with a variety of crystal shapes.
The crystals exhibit well-developed oscillatory zoning and a similar overall range of CL
intensity, though several cores have a low CL response. Thirty zircon crystals were analysed
within cores where possible. Four of the analyses are discordant (>5%). Three analyses (2868
+ 11 Ma, 2774 £ 12 Ma, and 2776 = 9 Ma) may have sampled xenocrysts or xenocrystic
components, however the reliability of these ages is unclear, as the ablation pit may have

overlapped both a xenocrystic core and a later rim in one crystal. The remaining 23 analyses
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yield a continuous population from to 2750 £ 9 Ma to 2715 + 9 Ma. A meaningful population
age cannot be derived from this group.

Sample 19JK43

Zircon crystals are subhedral and light brown, and exhibit a variety of textures in CL. Many
exhibit oscillatory zoning with cores of variable CL response. Cores with a low CL response
commonly have an unzoned, spongy, or chaotic internal structure. Twenty-one zircon
crystals were analysed and most ablation pits avoided low CL response cores. Ten analyses
are discordant (>5%). Two analyses yielded ages that are older than the rest of the population
but with Y’Hf/*"®Hf ratios indistinguishable from the others; the 3092 + 24 Ma age is
considered to be unreliable but the 2741 £ 9 Ma analysis may have sampled a xenocryst. One
analysis (2712 + 8 Ma) was eliminated from the population because the ablation pit partly
includes a low-CL-response, pitted core. The remaining 8 analyses exhibit oscillatory zoning
and form a continuous population from 2702 + 8 Ma to 2689 + 11 Ma with a weighted age of
2696.1 + 3.1 Ma (MSWD = 0.81, 95% confidence), considered to be the igneous
crystallisation age of this sample.

Sample 19JK41

Zircon crystals are subhedral to euhedral and light brown with variable CL response. All
crystals exhibit oscillatory zoning, in several this is very well-developed with a strong overall
CL response. Some have a low CL response core and most of these have a spongy or patchy
texture. An uneven, very thin rim with a high CL response is present in most crystals.
Twenty-five zircon crystals were analysed and ablation pits are within cores with oscillatory
zoning. Four analyses are discordant (>5%). One analysis yielded an age that is older than
the rest (2933 + 19 Ma) with Y/"Hf/*"®Hf similar to the main population, indicating possible
common Pb. Another analysis sampled a core with textures indicative of resorption; this is
interpreted as a xenocrystic core (2720 + 9 Ma). For the three remaining analyses, the
ablation pits appeared to only partly include a resorbed core and may represent mixed ages.
The 16 remaining analyses form a continuous population from 2706 + 8 Ma to 2680 + 9 Ma;
a meaningful population age cannot be derived from this group.

Sample 19JK40
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Zircon crystals are subhedral with a thin, elongated morphology and rounded ends. They are
light brown to brown in colour. Most of the cores exhibit poorly-developed oscillatory
zoning with an overall weak CL response. An annulus of uneven thickness and high CL
response surrounds the core, and in some cases constitutes the rim of the crystals. Others
have a low CL response rim that is unzoned or shows faint oscillatory zoning and this is
rarely followed by another high CL response ring. Twenty-nine zircon crystals were
analyzed. Ten of the analyses yielded discordant ages (<5%) and the majority of these have
cores with a low CL response, some with a mottled texture. All but three of the crystals that
gave discordant ages are approximately 50 um wide, necessitating inclusion of the core and
rim zones in the ablation pit, which may explain the excessive discordance. Three analyses
that gave concordant ages younger than the main population (2616 £ 9 Ma, 2620 + 8 Ma,
2647 £ 8 Ma) also included both cores and rims. These may be mixed ages that imply the
existence of young overgrowths, but given the overall high concentration of U in zircon
crystals (average of approximately 620 ug/g from all analyses) and high degree of
discordance (seven analyses >10% discordant) in this sample, these young ages are unlikely
to be meaningful. The oldest analysis with an age of 2878 + 10 Ma has a *’"Hf/*"®Hf ratio
that is indistinguishable from the younger crystals, indicating possible common Pb. Of the
remaining 15 analyses, the ablation pits of eight are almost entirely within a relatively high
CL response core with oscillatory zoning and yield an overlapping range of ages from 2716 +
10 Ma to 2679 = 8 Ma. A meaningful population age cannot be derived from this group.
Sample 18JK08

Zircon crystals are subhedral with rounded ends, and many are fragments of elongated
grains. The crystals are brown overall, indicative of elevated U. Most exhibit well-defined
oscillatory zoning in the core, surrounded by a thin annulus with high CL response, followed
by a low CL response rim commonly with subtle oscillatory zoning. Several crystals have
cores with a gradient of CL response, but no obvious zoning, and a few others have a spongy
texture. Analyses of 21 zircon grains were obtained from this sample, and due to the small
size of the crystals, almost all of the ablation pits included the core, annulus and rim zones.

Six analyses are discordant (>5%). One analysis is over 100 Myr younger than the rest (2475
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+ 9 Ma), but the very high U content (> 3000 pg/g) supports Pb loss rather than a meaningful
age. Two analyses (2727 £ 8 Ma and 2782 + 8 Ma) appear to have sampled resorbed cores,
which may represent xenocrystic components. Twelve analyses yield a continuous
population from 2712 + 9 to 2661 + 8 Ma, however three of these have high concentrations
of U (>1000 pg/g), which is strongly correlated with disturbance to the U-Pb system in this
sample. Of those with lower concentrations of U, one does not show clear oscillatory zoning
and in another, the ablation pit sampled a high CL response crack, indicating that these ages
may not be reliable. Based on seven analyses where ablation pits are almost entirely
contained within cores that exhibit oscillatory zoning, a weighted age of 2684.8 + 3.3 Ma
(MSWD = 1.04, 95% confidence, one rejection) is obtained and is interpreted to represent the
igneous crystallisation age of this sample.

Sample 18JK53

Zircon crystals are subhedral to euhedral and pale in colour with a variety of crystal shapes.
Many have well-developed oscillatory zoning commonly with sector zoning. Several crystals
have an annulus exhibiting a very low CL response with weak zoning. A few others have a
low CL response core with weak oscillatory or chaotic zoning, surrounded by a rim with
oscillatory zoning. Twenty-three crystals were analyzed in areas with oscillatory zoning, with
several ablation pits including the low CL response annulus. Two analyses are discordant
(>5%). One analysis (2745 £+ 10 Ma) yields an age that is older than the main population and
may represent a xenocryst. One crystal exhibits several 10 pum-wide crosscutting features and
was eliminated from the group, as these may be evidence of late disturbance. Nineteen
analyses form a continuous population from 2710 + 9 Ma to 2684 + 9 Ma and yield a
weighted age of 2695.7 + 2.8 Ma (MSWD = 1.5, 95% confidence, 1 rejection), which is
considered as the igneous crystallisation age of this sample.

Sample 17JK11

Zircon crystals are subhedral and brown with a range of crystal shapes. Most exhibit
oscillatory zoning with a relatively low CL response; in several crystals the zoning is very
faint or poorly-developed. Many of the grains are surrounded by an unzoned, higher CL

response rim of irregular thickness. Twenty-two zircon crystals were analyzed. One analysis
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yields a discordant (>5%) age. Three analyses yielded ages younger than the main
population; of these, one ablation pit appears to overlap a core and rim and another may have
sampled a metamict core. The third (2789 + 8 Ma) is within a broad rim and may represent a
metamorphic age. One analysis with oscillatory zoning is older (2885 £+ 8 Ma) and has no
overlap with other ages, representing a possible xenocrystic component. The ages of 17 other
analyses are within 2¢ error of at least one other age. Of these, five ablation pits appear to
include both a core and a rim and may represent mixed ages. The 12 remaining analyses are
within zircon cores with oscillatory zoning and give a continuous range of ages from 2856 +
8 Ma to 2826 = 8 Ma with a weighted average of 2833 + 3.4 Ma (MSWD = 1.5, 95%
confidence, 1 rejected age), interpreted as the igneous crystallisation age of this sample.
Sample 17JK26

Zircon crystals are subhedral with rounded ends and are brown in colour. Many exhibit low
CL response cores with oscillatory zoning of variable quality; several are extensively pitted.
Most of the cores are surrounded by a higher CL response rim that is weakly zoned or
unzoned. Eighteen crystals were analyzed, mostly within the cores. One analysis yields a
discordant (>5%) age. Two analyses partially sampled a broad, high CL response rim and the
core; the ages (2777 £ 9 Ma and 2802 + 8 Ma) may represent a mixture of a metamorphic
rim and an igneous core. An analysis within a crystal with patchy zoning yielded a young age
that may be metamorphic (2645 + 9 Ma). The remaining 14 analyses yield a population from
2835 + 9 Ma to 2806 + 8 Ma; a meaningful weighted mean age cannot be calculated from

this population. The igneous crystallisation age likely falls within this range.
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Figure S3.1

Outcrop photos.

18JK08
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Figure S3.2

Representative CL images of zircon.
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Figure S3.3

Concordia diagrams and 2’Pb/?%Pb age versus "®Hf/*""Hf(t) from zircon analyses.
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Figure S3.4

Mean 29’Pb/?%Pb age versus mean gHf{t) of each zircon population from the TTG samples.
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Table S3.1

Whole-rock geochemical data (major elements in wt.%, trace elements in pg/g) of TTGs from the Kapuskasing Structural Zone (samples 17JK11
and 17JK26) and the Hawk Lake granitic complex (sample 18JK34A). Geochemical data for the other samples are available in Table S2.1.

Sample Latitude  Longitude SiO2 TiO2 AlOs FeOr MgO MnO CaO Na:0O KO P20s
18JK34A* 48.05903 -84.54878 71.72 0.39 1442 348 138 006 324 395 127 0.10
17JK11 48.06515 -82.71096 64.97 0.70 1562 527 274 008 543 353 149 0.18
17JK26 48.08456 -82.68714 68.22 0.67 1538 454 140 006 443 375 140 0.16

Sample Ba Rb Sr Y Th U Nb Ta La Ce Pr Nd Sm
18JK34A* 222 4146 244 19.8 13.067 2.876 8.277 0918 325 57.78 6.277 22 4.059
17JK11 750 32.16 327 121 5665 052 4.738 0.217 34.7 59.98 6.186 22.07 3.679
17JK26 1017 41.18 293 149 19.991 0.622 5.07 0.138 889 1525 14.71 48.19 6.116
Sample Eu Gd Th Dy Ho Er Yb Lu

18JK34A* 0.849 355 0.535 3.328 0.6743 198 2.043 0.31
17JK11 1.079 2.896 0.382 2.276 0.4452 1.313 1.201 0.18
17JK26 1.345 3.928 0.522 2928 0.5674 1587 1.373 0.22

*18JK34A was sampled from the same outcrop as 19JK45B
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Table S3.2

LA-ICP-MS U-Pb data from zircon, including samples and standards. Concentrations of Th and U are in pg/g. Calculated dates (?38U/2%Ph —
column 10, 2°7Pb/?%Ph — column 12, concordia age — column 14) are in Ma. Zircon classifications: | = igneous, D = >5% discordant, X =
xenocrystic, H = old 27Pb/?Pb age with same "®Hf/*""Hf as igneous population, M = metamorphic. Abbreviations: macq = Maniitsoq, Disc =
discordance.

238ul 207Pb/ 238ul 207Pb/
sample spotid 206pp  2SE 26pp 2 SE Th U Th/U 2%Ph 2SE 2P 2SE Concordia 2SE Disc Comment Class
18JK08 18JKO08 -1 2.1277 0.0543 0.1619 0.0017 746 3460 0.22 2484 26 2475 9 2476 8 -0.3  >1000 ug/g U
18JK08 18JKO08 - 2 2.3613 0.0613 0.1977 0.0026 211 1519 0.14 2276 25 2807 11 2738 9 18.9 >5% discordant D
18JK08 18JKO0S8 -3 2.1272 0.0453 0.1811 0.0017 248.6 1400 0.18 2484 22 2662 8 2644 7 6.7 >5% discordant D
18JK08 18JKOS8 - 4 1.9685 0.0426 0.1947 0.0020 490 616 0.80 2648 24 2782 8 2767 8 4.8 Xenocrystic X
18JK08 18JKO0S8 -5 1.9272 0.0446 0.1857 0.0018 294 853 0.34 2695 26 2704 8 2703 8 0.3  Core/rim overlap
18JK08 18JKOS8 - 6 1.9861 0.0434 0.1883 0.0019 254 982 0.26 2629 24 2727 8 2716 8 3.6 Xenocrystic X
18JK08 18JKO08 -7 2.0333 0.0455 0.1866 0.0021 1007 1770 0.57 2579 24 2712 9 2695 8 49 >1000 ug/g U
18JK08 18JKO08 -8 1.8474 0.0410 0.1839 0.0019 823 2919 0.28 2789 25 2688 9 2699 8 -3.8  Oscillatory zoning |
18JK08 18JKO0S8 -9 2.0296 0.0494 0.1810 0.0017 408 1497 0.27 2582 26 2661 8 2655 7 3.0 >1000 pg/gU
18JK08 18JKO0S8 - 10 25595 0.0622 0.1835 0.0025 341.7 1593 0.21 2126 22 2684 11 2586 10 20.8 >5% discordant D
18JK08 18JKO0S8 - 11 1.8907 0.0429 0.1843 0.0018 615 914 0.67 2737 25 2691 8 2696 8 -1.7  Oscillatory zoning |
18JK08 18JKOS8 - 12 1.9689 0.0465 0.1813 0.0019 164.6 289 0.57 2648 26 2664 9 2662 8 0.6  Oscillatory zoning |
18JK08 18JKOS8 - 13 2.3154 0.0590 0.1808 0.0018 364 892 041 2314 25 2659 8 2630 7 13.0 >5% discordant D
18JK08 18JKOS8 - 14 2.0500 0.0462 0.1821 0.0017 156.5 1330 0.12 2561 24 2671 8 2661 7 4.1 >1000 ug/g U
18JK08 18JKOS8 - 15 2.0202 0.0449 0.1831 0.0019 256 455 0.56 2592 24 2680 9 2671 8 3.3 Oscillatory zoning |
18JK08 18JKO0S8 - 16 1.9482 0.0417 0.1833 0.0018 1585 501.2 0.32 2671 23 2682 8 2681 8 0.4 Oscillatory zoning |
18JK08 18JKO0S8 - 17 1.8829 0.0425 0.1819 0.0018 229.9 464.6 0.49 2746 25 2670 8 2677 8 -2.9  Overlaps cracks
18JK08 18JKO0S8 - 18 1.9658 0.0425 0.1837 0.0018 462.1 881 0.52 2651 24 2686 8 2682 8 1.3  Oscillatory zoning |
18JK08 18JKO0S8 - 19 1.9376 0.0451 0.2087 0.0030 449 540 0.83 2683 26 2895 12 2860 10 7.3 >5% discordant D
18JK08 18JKOS8 - 20 1.9342 0.0412 0.1832 0.0018 2239 5241 0.43 2687 23 2681 8 2682 8 -0.2  Oscillatory zoning |
18JK08 18JKO0S8 - 21 1.7385 0.0393 0.1846 0.0019 70.1 211  0.33 2929 27 2694 9 2718 8 -8.7 >5% discordant D
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Table S3.2 (continued)

sample
18JK53
18JK53
18JK53
18JK53
18JK53
18JK53
18JK53
18JK53
18JK53
18JK53
18JK53
18JK53
18JK53
18JK53
18JK53
18JK53
18JK53
18JK53
18JK53
18JK53
18JK53
18JK53
18JK53

spot id
18JK53 -1
18JK53 - 2
18JK53 -3
18JK53 - 4
18JK53 -5
18JK53 - 6
18JK53 - 7
18JK53 - 8
18JK53 -9
18JK53 - 10
18JK53 - 11
18JK53 - 12
18JK53 - 13
18JK53 - 14
18JK53 - 15
18JK53 - 16
18JK53 - 17
18JK53 - 18
18JK53 - 19
18JK53 - 20
18JK53 - 21
18JK53 - 22
18JK53 - 23

238ul
ZOGPb

1.9508
1.9120
1.9309
1.8159
1.9124
1.8850
1.9346
1.9139
1.9164
1.9128
1.9350
2.0442
1.8822
1.9877
1.7860
1.9084
1.9231
1.9451
2.0028
1.9520
1.9425
1.9478
1.9798

2SE
0.0457
0.0475
0.0447
0.0396
0.0439
0.0426
0.0449
0.0440
0.0441
0.0402
0.0412
0.0460
0.0425
0.0435
0.0415
0.0437
0.0407
0.0416
0.0441
0.0419
0.0415
0.0417
0.0431

27pp
206Pb

0.1847
0.1847
0.1904
0.1827
0.1851
0.1846
0.1844
0.1854
0.1855
0.1846
0.1848
0.1847
0.1837
0.1864
0.1852
0.1860
0.1835
0.1848
0.1853
0.1834
0.1857
0.1845
0.1849

2SE
0.0020
0.0021
0.0023
0.0021
0.0024
0.0019
0.0020
0.0024
0.0023
0.0020
0.0019
0.0024
0.0019
0.0021
0.0021
0.0021
0.0021
0.0023
0.0020
0.0021
0.0020
0.0018
0.0020

Th
131.4
58.1
63.4
65
60.2
116.2
223
37.31
54
90.3
239.1
48
147.2
65.83
40.67
59.3
42.25
27.6
129.9
46.64
74.5
157.8
96.1

U Th/U
2044 0.64
149.9 0.39
1146  0.55
120.6 0.54
107.1  0.56
236.2 0.49

257  0.87
76.6  0.49
104.8 0.52
1825 0.49
271.2 0.88
72.1  0.67
202 0.73
113.8 0.58
101.4 0.40
86.5 0.69
92 0.46
719 0.38
159.1 0.82
1049 0.44
1105 0.67
209.4 0.75
1574 0.61

238ul
206Pb

2668
2712
2690
2828
2712
2744
2686
2710
2707
2711
2686
2567
2747
2627
2866
2716
2699
2674
2611
2666
2677
2671
2636
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2SE
26
28
26
25
25
25
26
25
25
23
23
24
25
24
27
25
23
23
24
23
23
23
24

27pp
ZOSPb

2695
2695
2745
2677
2698
2694
2692
2701
2702
2694
2696
2695
2686
2710
2699
2706
2684
2696
2700
2683
2704
2693
2697

2 SE

10
10
11

11
10

o ©

11

© © © © ©

1

o

© 0w © © ©

Concordia
2692
2697
2738
2697
2700
2699
2691
2702
2703
2696
2695
2674
2692
2699
2718
2708
2686
2692
2689
2681
2700
2691
2689

2SE
8
9
9
9
10
8
8
10
10
8

=
[@2e]

0 00 0 W 0 WOW WO O O o

Disc
1.0
-0.6
2.0
-5.6
-0.5
-1.8
0.2
-0.3
-0.2
-0.6
0.4
4.7
-2.3
3.1
-6.2
-0.4
-0.6
0.8
3.3
0.6
1.0
0.8
2.3

Comment
Oscillatory zoning
Oscillatory zoning
Xenocrystic

>5% discordant
Oscillatory zoning
Oscillatory zoning
Oscillatory zoning
Oscillatory zoning
Oscillatory zoning
Oscillatory zoning
Oscillatory zoning
Oscillatory zoning
Oscillatory zoning
Oscillatory zoning
>5% discordant
Oscillatory zoning
Oscillatory zoning
Oscillatory zoning
Oscillatory zoning
Overlaps cracks
Oscillatory zoning
Oscillatory zoning
Oscillatory zoning

Class

- ———-U0-=-—=—-=—-=—=-—=-—=——-—-0OX -



Table S3.2 (continued)

sample
19JK40
19JK40
19JK40
19JK40
19JK40
19JK40
19JK40
19JK40
19JK40
19JK40
19JK40
19JK40
19JK40
19JK40
19JK40
19JK40
19JK40

19JK40
19JK40
19JK40
19JK40
19JK40
19JK40
19JK40
19JK40
19JK40
19JK40
19JK40
19JK40

spot id
19JK40 - 1
19JK40 - 2
19JK40 - 3
19JK40 - 4
19JK40 -5
19JK40 - 6
19JK40 - 7
19JK40 - 8
19JK40 -9
19JK40 - 10
19JK40 - 11
19JK40 - 12
19JK40 - 13
19JK40 - 14
19JK40 - 15
19JK40 - 16
19JK40 - 17

19JK40 - 18
19JK40 - 19
19JK40 - 20
19JK40 - 21
19JK40 - 22
19JK40 - 23
19JK40 - 24
19JK40 - 25
19JK40 - 26
19JK40 - 27
19JK40 - 28
19JK40 - 29

238ul
ZOGPb

2.0268
2.0820
2.3838
2.0012
2.7181
1.9596
2.3663
1.9073
1.8106
2.1683
2.5284
1.8776
2.9949
2.0080
1.9724
2.2442
1.8369

1.9279
2.1097
1.9512
2.8769
1.8477
2.0292
1.8734
1.8406
1.8632
2.0313
2.1853
1.9033

2SE
0.0452
0.0520
0.0557
0.0481
0.0813
0.0422
0.0616
0.0437
0.0393
0.0517
0.0703
0.0423
0.0789
0.0444
0.0428
0.0504
0.0405

0.0446
0.0579
0.0457
0.0654
0.0444
0.0453
0.0421
0.0407
0.0417
0.0454
0.0621
0.0435

27pp
206Pb

0.1845
0.1794
0.1814
0.1824
0.1781
0.1852
0.1693
0.1845
0.1825
0.1838
0.1739
0.1871
0.1888
0.1761
0.1861
0.1796
0.1839

0.1857
0.1766
0.1855
0.1642
0.1820
0.1829
0.1860
0.1860
0.2066
0.1851
0.1840
0.1841

2SE
0.0018
0.0017
0.0017
0.0018
0.0023
0.0019
0.0019
0.0018
0.0018
0.0020
0.0018
0.0023
0.0019
0.0018
0.0019
0.0017
0.0018

0.0019
0.0018
0.0018
0.0019
0.0020
0.0018
0.0019
0.0018
0.0025
0.0021
0.0018
0.0020

Th
130.8
232
901
86.1
279.4
179.2
498
148.7
73.26
59.4
130.7
43.43
134
597.3
51
57.5
182

79.7
86.5
183.8
482
189.9
297
239.4
428.2
249.6
82.6
490
189

393
698
728
288.6
1182
314
1815
409
219.4
172.9
1036
124.2
600
1930
233.5
759
462

410
429
494
1640
275.1
502.7
521.3
505
425.4
217.8
925
259.3

Th/U
0.33
0.33
1.24
0.30
0.24
0.57
0.27
0.36
0.33
0.34
0.13
0.35
0.22
0.31
0.22
0.08
0.39

0.19
0.20
0.37
0.29
0.69
0.59
0.46
0.85
0.59
0.38
0.53
0.73

238ul
ZOGPb

2585
2529
2258
2613
2020
2658
2272
2717
2835
2445
2148
2752
1857
2605
2644
2376
2802

2694
2501
2667
1923
2789
2583
2757
2797
2770
2581
2429
2722

244

2SE
24
26
22
26
26
24
25
25
25
24
25
25
21
24
24
22
25

26
28
26
19
27
24
25
25
25
24
29
25

27pp
ZDGPb

2693
2647
2665
2674
2635
2699
2550
2693
2675
2687
2595
2716
2731
2616
2707
2648
2688

2704
2620
2702
2499
2670
2679
2706
2706
2878
2698
2689
2689

2 SE

o o
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© © 0 O O W
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10

oo 0o
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[ee]

Concordia
2682
2637
2629
2669
2568
2695
2520
2695
2691
2660
2558
2721
2661
2615
2700
2622
2699

2703
2611
2699
2401
2683
2669
2712
2715
2864
2683
2672
2693

2 SE

0 ~N 00 00 OO © N 00 00 00 0 W ©W 00 N N N

© N © © 0 0 O O 0 0w W

Disc
4.0
4.5

15.3
2.3

23.3
1.5

10.9

-0.9
-6.0

9.0
17.2
-1.3

32.0
0.4
2.3

10.3

-4.2

0.4
4.6
1.3
23.0
-4.4
3.6
-1.9
-3.4
3.8
4.4
9.7
-1.2

Comment
Oscillatory zoning
Metamict

>5% discordant
Core/rim overlap
>5% discordant
Core/rim overlap
>5% discordant
Oscillatory zoning
>5% discordant
>5% discordant
>5% discordant
Oscillatory zoning
>5% discordant
>1000 ug/g U
Core/rim overlap
>5% discordant

Core/rim overlap
No oscillatory
zoning

Core/rim overlap
Oscillatory zoning
>5% discordant
Core/rim overlap
Oscillatory zoning
Oscillatory zoning
Oscillatory zoning
Same 6Hf/ATTHf
Oscillatory zoning
>5% discordant
Core/rim overlap

Class

O —-—000—-0

O-I - - —



Table S3.2 (continued)

sample
19JK41
19JK41
19JK41
19JK41
19JK41
19JK41
19JK41
19JK41
19JK41
19JK41
19JK41
19JK41
19JK41
19JK41
19JK41
19JK41
19JK41
19JK41
19JK41
19JK41
19JK41
19JK41
19JK41
19JK41
19JK41

spot id
19JK41 -1
19JK41 - 2
19JK41 -3
19JK41 -4
19JK41 -5
19JK41 - 6
19JK41 -7
19JK41 - 8
19JK41 -9
19JK41 - 10
19JK41 - 11
19JK41 - 12
19JK41 - 13
19JK41 - 14
19JK41 - 15
19JK41 - 16
19JK41 - 17
19JK41 - 18
19JK41 - 19
19JK41 - 20
19JK41 - 21
19JK41 - 22
19JK41 - 23
19JK41 - 24
19JK41 - 25

238ul
ZOGPb

2.0956
1.9128
1.9172
1.9350
1.8471
1.9489
1.9264
2.0024
2.1101
1.9964
1.9693
1.8965
1.7634
1.9376
1.9246
1.9157
1.9406
1.8060
1.9320
1.9908
2.1482
1.9639
1.8706
1.9666
1.9440

2SE
0.0483
0.0402
0.0404
0.0412
0.0409
0.0418
0.0408
0.0441
0.0490
0.0478
0.0427
0.0432
0.0466
0.0413
0.0444
0.0404
0.0452
0.0391
0.0448
0.0436
0.0554
0.0424
0.0420
0.0425
0.0416

27pp
206Pb

0.1876
0.1847
0.1849
0.1831
0.1843
0.1850
0.1853
0.1853
0.1883
0.1849
0.1846
0.1845
0.1845
0.1852
0.1844
0.1862
0.1831
0.2137
0.1860
0.1844
0.1803
0.1843
0.1859
0.1837
0.1875

2SE
0.0019
0.0018
0.0020
0.0020
0.0019
0.0020
0.0021
0.0019
0.0020
0.0019
0.0022
0.0019
0.0019
0.0019
0.0022
0.0019
0.0018
0.0050
0.0019
0.0018
0.0019
0.0019
0.0021
0.0020
0.0020

Th
449
403

143.1
196.5
1714
169.8
100.5
267
197.9
337
164
175.2
142.5
1251
51.9
120.7
143.2
106.9
106.8
199.3
180.7
72.72
97.3
55.3
79.3

570

510
206.6
241.6
297.1
277.2
199.5
461.3

383

435

218
379.7
287.7
299.6
158.5
275.9

436
187.5

374
365.8
373.3
201.1
248.1
1415
183.4

Th/U
0.79
0.79
0.69
0.81
0.58
0.61
0.50
0.58
0.52
0.77
0.75
0.46
0.50
0.42
0.33
0.44
0.33
0.57
0.29
0.54
0.48
0.25
0.39
0.39
0.43

238ul
ZOGPb

2515
2711
2706
2686
2789
2670
2695
2611
2501
2618
2647
2730
2896
2683
2697
2708
2679
2841
2689
2624
2464
2653
2761
2650
2675

245

2SE
24
23
23
23
25
23
23
24
24
26
24
25
31
23
25
23
26
25
26
24
26
24
25
24
23

27pp
ZDGPb

2720
2695
2697
2680
2691
2697
2700
2700
2727
2697
2694
2693
2693
2699
2692
2708
2680
2933
2706
2692
2655
2691
2705
2686
2720

2 SE

0 © 00 ©W ©O©W OV W O 0
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Concordia
2700
2697
2698
2681
2702
2694
2699
2690
2703
2689
2687
2697
2709
2697
2693
2708
2680
2899
2705
2685
2638
2687
2712
2681
2714

2 SE

0 00 © 00 W 0 OW O 0 00 W 00 0 00 0 0

=
[é)]

0 00 © 00 00 0 00

Disc
7.6
-0.6
-0.3
-0.2
-3.6
1.0
0.2
3.3
8.3
2.9
1.7
-1.4
-7.5
0.6
-0.2
0.0
0.0
3.2
0.6
2.5
7.2
1.4
-2.0
1.3
1.6

Comment

>5% discordant
Oscillatory zoning
Oscillatory zoning
Oscillatory zoning
Oscillatory zoning
Core/rim overlap
Oscillatory zoning
Oscillatory zoning
>5% discordant
Oscillatory zoning
Oscillatory zoning
Oscillatory zoning
>5% discordant
Oscillatory zoning
Oscillatory zoning
Core/rim overlap
Oscillatory zoning
Same 6Hf/ATTHf
Oscillatory zoning
Core/rim overlap
>5% discordant
Oscillatory zoning
Oscillatory zoning
Oscillatory zoning
Xenocrystic

X — — -0



Table S3.2 (continued)

sample
19JK43
19JK43
19JK43
19JK43
19JK43
19JK43
19JK43
19JK43
19JK43
19JK43
19JK43
19JK43
19JK43
19JK43
19JK43
19JK43
19JK43
19JK43
19JK43
19JK43
19JK43

spot id
19JK43 -1
19JK43 - 2
19JK43 -3
19JK43 -4
19JK43 -5
19JK43 -6
19JK43 -7
19JK43 -8
19JK43 -9
19JK43 - 10
19JK43 - 11
19JK43 - 12
19JK43 - 13
19JK43 - 14
19JK43 - 15
19JK43 - 16
19JK43 - 17
19JK43 - 18
19JK43 - 19
19JK43 - 20
19JK43 - 21

238ul
ZOGPb

1.9223
1.7379
2.1061
1.6119
2.0580
1.9417
2.0833
1.7373
1.9044
2.9976
1.9216
2.0610
1.9387
1.9339
1.9798
1.8929
2.1839
1.6474
1.9183
1.8155
1.8570

2SE
0.0406
0.0393
0.0488
0.0390
0.0466
0.0415
0.0477
0.0392
0.0435
0.0692
0.0443
0.0510
0.0413
0.0411
0.0470
0.0430
0.0525
0.0489
0.0405
0.0429
0.0414

27pp
ZOGPb

0.1849
0.1896
0.1818
0.1863
0.1865
0.1840
0.1851
0.1849
0.1855
0.1812
0.1866
0.1841
0.1848
0.1852
0.1849
0.1843
0.1852
0.2359
0.1849
0.1844
0.1899

2 SE
0.0020
0.0019
0.0017
0.0018
0.0018
0.0024
0.0018
0.0020
0.0019
0.0017
0.0018
0.0018
0.0019
0.0021
0.0019
0.0019
0.0018
0.0071
0.0019
0.0019
0.0021

Th
83.1
97.1

164.1
145.6
244.2
60
111.3
515
112.3
314
218
204
79.9
101.1
64.4
101.6
129.3
43.8
148.5
84.1
110.9

195
236.6
787
434
365
96.7
423.2
132
320
1566
457
513
253.9
162.3
298
310
520
187.5
255.5
227.7
245

Th/U
0.43
0.41
0.21
0.34
0.67
0.62
0.26
0.39
0.35
0.20
0.48
0.40
0.31
0.62
0.22
0.33
0.25
0.23
0.58
0.37
0.45

238ul
ZOGPb

2700
2930
2505
3112
2553
2678
2527
2931
2721
1856
2701
2550
2681
2687
2636
2734
2430
3058
2705
2829
2777

246

2SE
23
27
24
30
24
23
24
27
25
19
25
26
23
23
26
25
24
36
23
27
25

27pp
ZOSPb

2697
2738
2669
2709
2711
2689
2698
2697
2702
2663
2712
2689
2696
2699
2697
2691
2699
3092
2697
2692
2741

2 SE

0 0 0 0 ©

=
0w © 0 © W W W W 0 © W

N
o«

Concordia
2697
2756
2654
2741
2696
2687
2682
2722
2704
2585
2711
2678
2694
2698
2691
2696
2676
3082
2698
2705
2745

2 SE
8
8
7
8
7

10
7
9
8
6
8
7
8
9
8
8
7

20
8
8
9

Disc
-0.1
-7.0

6.1
-14.9
5.8
0.4
6.3
-8.7
-0.7
30.3
0.4
5.2
0.5
0.5
2.3
-1.6
10.0
11
-0.3
5.1
-1.3

Comment
Oscillatory zoning
>5% discordant
>5% discordant
>5% discordant
>5% discordant
Oscillatory zoning
>5% discordant
>5% discordant
Oscillatory zoning
>5% discordant
Metamict

>5% discordant
Oscillatory zoning
Oscillatory zoning
Oscillatory zoning
Oscillatory zoning
>5% discordant
Same YSHf/ATHf
Oscillatory zoning
>5% discordant
Xenocrystic

Class

O O O O

O O



Table S3.2 (continued)

sample

19JK45B
19JK45B
19JK45B
19JK45B
19JK45B
19JK45B
19JK45B
19JK45B
19JK45B
19JK45B
19JK45B
19JK45B
19JK45B
19JK45B
19JK45B
19JK45B
19JK45B
19JK45B
19JK45B
19JK45B
19JK45B
19JK45B
19JK45B
19JK45B
19JK45B
19JK45B
19JK45B

spotid
19JK45B - 1
19JK45B - 2
19JK45B - 3
19JK45B - 4
19JK45B - 5
19JK45B - 6
19JK45B - 7
19JK45B - 8
19JK45B - 9
19JK45B - 10
19JK45B - 11
19JK45B - 12
19JK45B - 13
19JK45B - 14
19JK45B - 15
19JK45B - 16
19JK45B - 17
19JK45B - 18
19JK45B - 19
19JK45B - 20
19JK45B - 21
19JK45B - 22
19JK45B - 23
19JK45B - 24
19JK45B - 25
19JK45B - 26
19JK45B - 27

238ul
ZOGPb

1.6949
1.8939
1.7902
1.7547
1.7838
1.7794
1.7835
1.8678
1.7334
1.7325
1.8312
1.8519
1.9569
1.7590
1.8064
1.8560
1.8765
1.7227
1.8629
1.7114
1.9290
1.7775
1.7382
1.7188
1.7844
1.7349
1.8474

2SE
0.0373
0.0574
0.0385
0.0369
0.0382
0.0380
0.0414
0.0419
0.0391
0.0390
0.0402
0.0446
0.0421
0.0371
0.0424
0.0413
0.0423
0.0386
0.0416
0.0381
0.0447
0.0411
0.0393
0.0384
0.0382
0.0421
0.0444

27pp
ZOGPb

0.2078
0.2019
0.2094
0.2070
0.2076
0.2070
0.2078
0.2078
0.2067
0.2073
0.2076
0.2036
0.2072
0.2070
0.2070
0.2068
0.2077
0.2076
0.2071
0.2076
0.2013
0.2078
0.2064
0.2077
0.2075
0.2074
0.2070

2SE
0.0020
0.0028
0.0020
0.0020
0.0020
0.0020
0.0019
0.0019
0.0020
0.0020
0.0020
0.0020
0.0019
0.0021
0.0020
0.0020
0.0019
0.0020
0.0019
0.0020
0.0020
0.0019
0.0020
0.0020
0.0020
0.0020
0.0019

Th
242.9
467
238.5
146.6
205
236.7
336
654
199.9
185.1
184
678
736
130.9
350.7
163.4
733
268.3
296.8
256
1591
341
191.9
160.3
287.8
258
500.1

416
632
433.3
308
338.2
501.9
620
856
411
349.8
397
1163
713
252.5
506
337.6
844
440
549.7
425
1439
614
381
345.9
504
579
869

Th/U
0.58
0.74
0.55
0.48
0.61
0.47
0.54
0.76
0.49
0.53
0.46
0.58
1.03
0.52
0.69
0.48
0.87
0.61
0.54
0.60
111
0.56
0.50
0.46
0.57
0.45
0.58

247

238ul
206Pb

2989
2733
2861
2907
2869
2875
2870
2764
2936
2937
2809
2783
2661
2902
2840
2778
2754
2951
2770
2966
2692
2877
2930
2956
2868
2934
2789

2SE
26
34
25
25
25
25
27
25
27
27
25
27
24
25
27
25
25
27
25
27
26
27
27
27
25
29
27

27pp
ZDGPb

2888
2841
2900
2881
2886
2881
2888
2888
2879
2884
2886
2855
2883
2881
2881
2880
2887
2886
2882
2886
2836
2888
2877
2887
2885
2885
2881

2
SE
8

[N
[N

~N 00 00 00 00 ~N 00 00 ~N 00 ~ 00 00 00 ~ 00 00 00 0 ~N ~N 00 0 0

Concordia
2896
2831
2897
2884
2885
2881
2886
2878
2884
2888
2880
2849
2865
2884
2878
2871
2877
2891
2874
2893
2824
2887
2881
2893
2884
2888
2875

2
SE

8

[N
[N

N 00 N0 0NN N0 NN N NN 0NNNN N

Disc
-3.5
3.8
1.4
-0.9
0.6
0.2
0.6
4.3
-2.0
-1.9
2.7
2.5
7.7
-0.7
1.4
3.5
4.6
2.2
3.9
-2.8
5.1
0.4
-1.8
2.4
0.6
-1.7
3.2

Comment
Oscillatory zoning
Possible Pb loss
Oscillatory zoning
Oscillatory zoning
Oscillatory zoning
Oscillatory zoning
Oscillatory zoning
Oscillatory zoning
Oscillatory zoning
Oscillatory zoning
Oscillatory zoning
>1000 pg/g U
>5% discordant
Oscillatory zoning
Oscillatory zoning
Oscillatory zoning
Oscillatory zoning
Oscillatory zoning
Oscillatory zoning
Oscillatory zoning
>5% discordant
Oscillatory zoning
Oscillatory zoning
Oscillatory zoning
Oscillatory zoning
Oscillatory zoning
Oscillatory zoning

Class

- ——-—-=--U-=--=----0



Table S3.2 (continued)

sample
18JK19
18JK19
18JK19
18JK19
18JK19
18JK19
18JK19
18JK19
18JK19
18JK19
18JK19
18JK19
18JK19
18JK19
18JK19
18JK19
18JK19
18JK19
18JK19
18JK19
18JK19
18JK19
18JK19
18JK19
18JK19
18JK19
18JK19
18JK19
18JK19
18JK19

spot id
18JK19 - 1
18JK19 - 2
18JK19 - 3
18JK19 - 4
18JK19 -5
18JK19 - 6
18JK19 -7
18JK19 - 8
18JK19 -9
18JK19 - 10
18JK19 - 11
18JK19 - 12
18JK19 - 13
18JK19 - 14
18JK19 - 15
18JK19 - 16
18JK19 - 17
18JK19 - 18
18JK19 - 19
18JK19 - 20
18JK19 - 21
18JK19 - 22
18JK19 - 23
18JK19 - 24
18JK19 - 25
18JK19 - 26
18JK19 - 27
18JK19 - 28
18JK19 - 29
18JK19 - 30

238ul
ZOGPb

1.9260
2.0530
1.8646
1.8907
1.9073
1.9798
1.8871
1.8727
1.8893
1.8893
1.8786
1.8083
1.9190
1.9091
1.9231
1.8864
1.9272
2.0886
1.9743
1.8574
1.8979
1.9478
1.8723
1.9956
1.9361
1.9497
1.9113
1.9354
1.9433
1.8737

2SE
0.0408
0.0464
0.0417
0.0429
0.0437
0.0431
0.0427
0.0421
0.0428
0.0428
0.0424
0.0425
0.0405
0.0437
0.0407
0.0427
0.0409
0.0480
0.0429
0.0414
0.0432
0.0417
0.0421
0.0478
0.0412
0.0418
0.0438
0.0412
0.0415
0.0421

27pp
206Pb

0.1900
0.2021
0.1880
0.1872
0.1882
0.1939
0.1904
0.1879
0.1906
0.1899
0.2053
0.1910
0.1894
0.1938
0.1870
0.1884
0.1872
0.1902
0.1889
0.1941
0.1882
0.1896
0.1892
0.1952
0.1892
0.1888
0.1883
0.1884
0.1878
0.1882

2SE
0.0019
0.0028
0.0019
0.0023
0.0020
0.0021
0.0020
0.0022
0.0022
0.0025
0.0028
0.0021
0.0020
0.0028
0.0020
0.0022
0.0023
0.0019
0.0020
0.0022
0.0023
0.0021
0.0023
0.0020
0.0020
0.0022
0.0021
0.0020
0.0021
0.0023

Th
105.3
71.9
94.9
34.3
53.8
52.46
77.5
35.25
48.1
34.1
74.1
56.9
78.4
66.51
63.13
49.19
32.95
166
127.2
53.01
40.8
46.56
49
166
97.1
62.3
50.9
77.6
66.9
34.9

216.5
115
204.2
92.2
144.6
136.2
153
84.6
100.3
71.3
135.6
106.5
201.4
112.1
176.1
120.1
67.1
308
249.8
102.3
92.5
120.9
98.9
236.8
190.2
110.1
99.7
128.5
147.1
73.1

Th/U
0.49
0.63
0.46
0.37
0.37
0.39
0.51
0.42
0.48
0.48
0.55
0.53
0.39
0.59
0.36
0.41
0.49
0.54
0.51
0.52
0.44
0.39
0.50
0.70
0.51
0.57
0.51
0.60
0.45
0.48

238ul
ZOGPb

2696
2558
2768
2737
2717
2636
2741
2758
2739
2739
2751
2838
2704
2715
2699
2742
2695
2522
2642
2777
2728
2671
2759
2619
2684
2669
2713
2685
2676
2757

248

2SE
23
24
25
25
25
24
25
25
25
25
25
27
23
25
23
25
23
24
24
25
25
23
25
26
23
23
25
23
23
25

27pp
ZDGPb

2741
2843
2724
2717
2726
2775
2745
2723
2747
2741
2868
2750
2736
2774
2715
2728
2717
2743
2732
2776
2726
2738
2735
2786
2734
2731
2727
2728
2722
2726

2 SE
8
11
8
10
9
9
9
10
9
11
11
9
9
12
9
10
10
8
9
9
10
9
10
8
9
10
9
9
9
10

Concordia
2736
2794
2728
2720
2725
2758
2744
2728
2746
2740
2850
2759
2732
2764
2713
2729
2713
2722
2721
2777
2726
2729
2738
2771
2728
2722
2725
2722
2716
2730

2 SE
8
10

© ©O© 0 00 00 O 0

10
10

© ©

[EnY
=

© © 00 © O 0 W WO WOWOoWwN © ©O©

Disc
1.7
10.0
-1.6
-0.7
0.3
5.0
0.1
-1.3
0.3
0.1
4.1
-3.2
1.2
2.1
0.6
-0.5
0.8
8.1
3.3
0.0
-0.1
2.4
-0.9
6.0
1.8
2.3
0.5
1.6
1.7
-1.1

Comment
Oscillatory zoning
>5% discordant
Oscillatory zoning
Oscillatory zoning
Oscillatory zoning
>5% discordant
Oscillatory zoning
Oscillatory zoning
Oscillatory zoning
Oscillatory zoning
Xenocrystic
Oscillatory zoning
Oscillatory zoning
Xenocrystic
Oscillatory zoning
Oscillatory zoning
Oscillatory zoning
>5% discordant
Oscillatory zoning
Xenocrystic
Oscillatory zoning
Oscillatory zoning
Oscillatory zoning
>5% discordant
Oscillatory zoning
Oscillatory zoning
Oscillatory zoning
Oscillatory zoning
Oscillatory zoning
Oscillatory zoning

Class

- ——-—-—-—-U-=—-=-X—-0UO-=—=—-X-—-=X—-=———-—UO-—-0



Table S3.2 (continued)

sample
17JK11
17JK11
17JK11
17JK11
17JK11
17JK11
17JK11
17JK11
17JK11
17JK11
17JK11
17JK11
17JK11
17JK11
17JK11
17JK11
17JK11
17JK11
17JK11
17JK11
17JK11
17JK11

spot id
17JK11-1
17JK11 -2
17JK11 -3
17JK11 -4
17JK11-5
17JK11 -6
17JK11 -7
17JK11 -8
17JK11 -9
17JK11 - 10
17JK11 - 11
17JK11 - 12
17JK11 - 13
17JK11 - 14
17JK11 - 15
17JK11 - 16
17JK11 - 17
17JK11 - 18
17JK11 - 19
17JK11 - 20
17JK11-21
17JK11 - 22

238ul
ZOGPb

1.9264
1.8146
1.8242
1.7775
1.7743
1.7883
1.7705
1.8392
1.8584
1.7832
1.7976
1.8295
1.8172
1.8073
1.7819
1.8335
1.7627
1.8457
1.8495
1.7665
1.7867
1.5420

2SE
0.0408
0.0395
0.0399
0.0379
0.0378
0.0384
0.0376
0.0406
0.0414
0.0382
0.0388
0.0402
0.0396
0.0392
0.0381
0.0403
0.0373
0.0409
0.0410
0.0374
0.0383
0.0380

27pp
206Pb

0.2007
0.2009
0.2006
0.2018
0.2038
0.2022
0.2009
0.1942
0.1959
0.1998
0.2005
0.1995
0.2006
0.2001
0.2001
0.2011
0.2019
0.2011
0.1956
0.2015
0.2075
0.2053

2SE
0.0018
0.0020
0.0019
0.0019
0.0019
0.0019
0.0019
0.0021
0.0019
0.0019
0.0020
0.0019
0.0019
0.0019
0.0020
0.0019
0.0019
0.0019
0.0019
0.0019
0.0020
0.0020

Th
740
1225
271.1
217.1
210
248.5
179.4
287
197.8
247
174.2
236.2
323
246
184.5
201.5
236.2
529.9
137.6
267.6
201.3
328

825
237.6
375.1

354
383.1
433.7
323.8

327
378.6

335
276.7
349.3

502
370.3

309

351
384.7

666
295.6

437

379

441

Th/U
0.90
0.52
0.72
0.61
0.55
0.57
0.55
0.88
0.52
0.74
0.63
0.68
0.64
0.66
0.60
0.57
0.61
0.80
0.47
0.61
0.53
0.74

238ul
ZOGPb

2695
2830
2818
2877
2882
2863
2887
2799
2776
2870
2851
2811
2826
2839
2872
2806
2897
2791
2786
2892
2865
3222

249

2SE
23
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
31

27pp
ZDGPb

2831
2833
2830
2840
2856
2843
2833
2777
2792
2824
2830
2821
2830
2826
2826
2834
2841
2834
2789
2838
2885
2868

2 SE

~

O 00 0O 0O 00 O 0O 0O O 00 O 00 00 O W O 0 00 0 00

Concordia
2820
2832
2829
2843
2858
2845
2838
2780
2790
2828
2832
2820
2830
2827
2831
2832
2846
2831
2789
2843
2884
2893

2 SE

0N N0 NNNOONSN~NON®OONNSNN~N N

Disc
4.8
0.1
0.5

-1.3
-0.9
-0.7
-1.9
-0.8
0.6
-1.6
-0.8
0.4
0.1
-0.4
-1.6
1.0
-2.0
1.5
0.1
-1.9
0.7
-12.4

Comment
Oscillatory zoning
Core/rim overlap
Oscillatory zoning
Oscillatory zoning
Oscillaotry zoning
Core/rim overlap
Oscillatory zoning
Metamict
Core/rim overlap
Core/rim overlap
Oscillatory zoning
Core/rim overlap
Oscillatory zoning
Core/rim overlap
Oscillatory zoning
Oscillatory zoning
Oscillatory zoning
Oscillatory zoning
Metamorphic
Oscillatory zoning
Xenocrystic

>5% discordant

Class

UX -8 — — - —



Table S3.2 (continued)

sample
17JK26
17JK26
17JK26
17JK26
17JK26
17JK26
17JK26
17JK26

17JK26
17JK26
17JK26
17JK26
17JK26
17JK26
17JK26
17JK26
17JK26
17JK26

spot id

17JK26 - 1
17JK26 - 2
17JK26 - 3
17JK26 - 4
17JK26 - 5
17JK26 - 6
17JK26 - 7
17JK26 - 8

17JK26 -9

17JK26 - 10
17JK26 - 11
17JK26 - 12
17JK26 - 13
17JK26 - 14
17JK26 - 15
17JK26 - 16
17JK26 - 17
17JK26 - 18

238ul
ZOGPb

1.7835
1.7844
1.7851
2.0137
1.8265
1.8546
1.8911
1.7615

1.8498
1.8786
1.8285
1.8450
1.9055
1.7352
1.8925
1.9873
1.7538
1.8136

2SE
0.0382
0.0382
0.0382
0.0446
0.0400
0.0413
0.0429
0.0403

0.0411
0.0424
0.0401
0.0408
0.0436
0.0391
0.0430
0.0434
0.0400
0.0395

27pp
206Pb

0.1984
0.1986
0.2003
0.1966
0.1994
0.1971
0.2004
0.2003

0.1977
0.2000
0.1982
0.1997
0.1990
0.2012
0.1976
0.1792
0.1988
0.1942

2SE
0.0019
0.0019
0.0019
0.0018
0.0019
0.0020
0.0019
0.0019

0.0020
0.0019
0.0020
0.0019
0.0018
0.0021
0.0019
0.0019
0.0020
0.0021

Th
199
238.4
118.44
350.7
122.8
146
284.2
147.6

178.4
177.6
130.3
247.9
324
74.6
307.7
41.3
97.29
132.6

U Th/U
255.6 0.78
4645 0.51
2649 0.45

687 0.1
316 0.39
189.6 0.77
584 0.49
312.7 0.47
191 0.93
3151 0.56
2855 0.46
484 0.51
881.6 0.37
199.8 0.37
564 0.55
1923 0.21
249  0.39
203.4 0.65

250

238ul
ZOGPb

2870
2868
2867
2599
2815
2780
2736
2898

2786
2751
2812
2792
2720
2934
2735
2628
2909
2831

2SE
25
25
25
24
25
25
25
27

25
25
25
25
25
27
25
24
27
25

27pp
ZOSPb

2812
2814
2828
2797
2821
2802
2829
2828

2807
2825
2811
2823
2817
2835
2806
2645
2816
2177

2 SE

0 00 0 00 ~N 0 00

© 00 O 0 ©O© ~N 00 00 0 00

Concordia
2818
2819
2831
2781
2820
2800
2821
2834

2805
2819
2811
2820
2810
2845
2800
2643
2824
2783

2 SE

0 ~N 00 ~N~N~N 00

0 00 00 ~N 00 ~N ~N 00~

Disc
-2.0
-1.9
-1.4

7.1
0.2
0.8
3.3
-2.5

0.7
2.6
-0.1
11
3.5
-3.5
2.5
0.7
-3.3
-1.9

Comment
Oscillatory zoning
Oscillatory zoning
Oscillatory zoning
>5% discordant
Oscillatory zoning
Core/rim overlap
Oscillatory zoning

Oscillatory zoning
No oscillatory
zoning

Oscillatory zoning
Oscillatory zoning
Oscillatory zoning
Oscillatory zoning
Oscillatory zoning
Oscillatory zoning
Metamorphic
Oscillatory zoning
Core/rim overlap

Class

- g - -



Table S3.2 (continued)

Secondary reference materials

sample
91500
91500
91500
91500
91500
91500
91500
91500
91500
91500
91500
91500
91500
91500
91500
91500
91500
91500

FC1
FC1
FC1
FC1
FC1
FC1
FC1
FC1
FC1

spotid
91500 - 1
91500 - 2
91500 - 3
91500 - 4
91500 - 5
91500 - 6
91500 - 7
91500 - 8
91500 -9
91500 - 10
91500 - 11
91500 - 12
91500 - 13
91500 - 14
91500 - 15
91500 - 16
91500 - 17
91500 - 18

FC1-1
FC1-2
FC1-3
FC1-4
FC1-6
FC1-7
FC1-8
FC1-9
FC1-10

238(J206pp
5.6786
5.7372
5.6593
5.6561
5.6306
5.6657
5.6433
5.6370
5.7045
5.6915
5.6786
5.6818
5.6657
5.6657
5.6338
5.6402
5.7803
5.7870

5.3758
5.3622
5.3735
5.4558
5.3299
5.3914
5.3917
5.4206
5.4042

2SE
0.1322
0.1317
0.1281
0.1280
0.1300
0.1316
0.1306
0.1303
0.1302
0.1296
0.1290
0.1291
0.1284
0.1284
0.1270
0.1272
0.1336
0.1340

0.1185
0.1179
0.1184
0.1191
0.1165
0.1192
0.1192
0.1175
0.1168

207Pb/206pb
0.0742
0.0751
0.0755
0.0755
0.0745
0.0762
0.0741
0.0746
0.0744
0.0789
0.074
0.0754
0.075
0.0748
0.0763
0.0757
0.0735
0.0731

0.0760
0.0764
0.0768
0.0762
0.0765
0.0756
0.0762
0.0763
0.0760

2 SE
0.0022
0.0022
0.0018
0.0017
0.0023
0.0022
0.0018
0.0018
0.0018
0.0021
0.0017
0.0018
0.0017
0.0019
0.0019
0.0017

0.002
0.002

0.0011
0.0010
0.0010
0.0009
0.0010
0.0009
0.0011
0.0010
0.0010

Th
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

302.1
331.3
412.3
405.2
332.3
295.6
137.2
322.6
438.6

U
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

391
440
559
667
485.1
461.1
283.4
480
641

Th/U
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

0.77
0.75
0.74
0.61
0.69
0.64
0.48
0.67
0.68

251

238 J206p
1046
1036
1049
1050
1054
1048
1052
1053
1041
1043
1046
1045
1048
1048
1053
1052
1029
1028

1100
1102
1100
1085
1109
1097
1097
1091
1095

2SE
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11

11
11
11
11
11
11
11
11
11

207Pb/206pb
1046
1070
1081
1081
1054
1099
1043
1057
1051
1169
1041
1078
1068
1062
1102
1086
1027
1016

1094
1105
1115
1099
1107
1084
1099
1102
1094

2 SE
30
29
24
23
31
29
25
24
24
26
23
24
23
26
25
23
28
28

15
13
13
12
13
12
14
13
13

Concordia
1046
1040
1054
1055
1054
1054
1050
1054
1043
1059
1045
1051
1051
1050
1061
1058
1028
1026

1098
1103
1107
1092
1108
1091
1098
1096
1094

2 SE
11
10
10
10
11
11
10
10
10
11
10
10
10
10
10
10
10
10

00 00 © 00 00 00 O W ©

Disc
0.0
3.2
3.0
2.9
0.0
4.7

-0.8
0.4
1.0

10.7

-0.5
3.1
1.9
1.4
4.4
3.1

-0.2

-1.2

-0.5
0.2
13
13

-0.1

-1.2
0.2
1.0
0.0



Table S3.2 (continued)

sample

Maniitsoq
Maniitsoq
Maniitsoq
Maniitsoq
Maniitsoq
Maniitsoq
Maniitsoq
Maniitsoq

GJ1
GJ1
GJ1
GJ1
GJ1
GJ1
GJ1
GJ1
GJ1
GJ1
GJ1
GJ1
GJ1
GJ1
GJ1
GJ1
GJ1
GJ1

spotid
macq - 2
macq - 3
macq - 4
macq - 5
macq - 6
macq - 8
macq - 9
macq - 10

gl-1
gj1-2
gj1-3
gjil1-4
gjil1-5
gjil1-6
gj1-7
gj1-8
gj1-9
gjl-10
gjl-11
gjl-12
gj1-13
gjl1-14
gjl-15
gjl-16
gjl1-17
gjl1-18

238 )/206pp
1.7200
1.7292
1.7001
1.7027
1.7200
1.7185
1.7215
1.7501

10.2859
10.3520
10.3552
10.4471
10.3178
10.3875
10.3391
10.3842
10.4603
10.3907
10.3767
10.4210
10.3413
10.3831
10.3961
10.3821
10.4112
10.4384

2SE
0.0385
0.0389
0.0376
0.0377
0.0385
0.0384
0.0385
0.0398

0.2222
0.2250
0.2252
0.2292
0.2236
0.2266
0.2245
0.2264
0.2298
0.2267
0.2261
0.2281
0.2246
0.2264
0.2270
0.2264
0.2276
0.2288

207pp 296pp
0.2228
0.2209
0.2238
0.2231
0.2212
0.2205
0.2225
0.2240

0.0596
0.0597
0.0601
0.0603
0.0605
0.0600
0.0610
0.0608
0.0603
0.0599
0.0603
0.0598
0.0604
0.0594
0.0602
0.0600
0.0598
0.0602

2 SE
0.0024
0.0024
0.0024
0.0024
0.0023
0.0022
0.0023
0.0024

0.0010
0.0010
0.0010
0.0010
0.0010
0.0011
0.0011
0.0011
0.0010
0.0011
0.0011
0.0011
0.0011
0.0010
0.0010
0.0011
0.0010
0.0010

Th
146.6
183.6
132.7
222.9
303.5
217.2

293
172.8

20.71
20.2
10.93
8.52
20.25
18.77
10.44
10.88
10.55
10.94
9.13
9.31
9.35
9.02
8.83
15.86
18.32
15.12

U Th/U
129 114
1559 1.8
1311 1.01
1777  1.25
2003 1.52
160.5 1.35
2042 143
1505 1.15
664 0.03
655 0.03
419.8 0.03
348.5 0.02
648 0.03
624  0.03
424 0.02
433 0.03
426.6  0.02
4341 0.03
376.6 0.02
386 0.02
386 0.02
370.3 0.02
360.5 0.02
545 0.03
620 0.03
534 0.03

252

238(J/206p |5
2954
2942
2082
2979
2954
2957
2952
2914

598
594
594
589
596
593
595
593
589
592
593
501
595
593
592
593
501
590

2SE
27
27
26
26
27
27
27
27

(el e N> Bie )l )N )R> M) e )Ne) B> INe) B e )R e ) I e) B e )M e)]

207pp /206py
3000
2987
3008
3002
2989
2984
2998
3009

588
592
606
613
621
603
638
631
613
599
613
595
617
581
610
603
595
610

2 SE

© 00 0O W W O ©

18
18
18
18
18
20
19
20
18
20
20
20
20
18
18
20
18
18

Concordia
2996
2982
3005
3000
2986
2981
2994
3000

597
594
596
592
599
593
599
596
591
593
595
591
597
592
594
594
592
592

2 SE

O 00 0 O O O 0O o

[e22Ne >IN B> RNe) BN e ) B> NN e ) RN ) BN o) B> REe) B e ) RN )N e B e) RN o))

Disc
15
15
0.8
0.8
1.1
0.9
1.5
3.2

-1.7
-0.5
2.0
3.9
3.9
1.7
6.8
6.1
4.0
11
3.3
0.8
3.6
-2.1
2.9
1.6
0.7
3.3



Table S3.3

LA-ICP-MS Hf isotopic data from zircon, including samples and standards. Meas = measured, DM = depleted mantle, calculated
using a *"®Lu/*""Hf ratio of 0.023.

Sample results:

LIOHF/TTH 178/ 1807/ 176y 1sLy/ Age  LTSHf/ATH
sample spotid meas 2SE 177Hf 2SE 77Hf 2SE 7THf 2SE 7THf 2SE  (Ma) initial  eHf(t) 2SE  TDM

18JK08 18JKO8 -1 0.281205 0.000024 1.46691 0.00021 1.88673 0.00010 0.02113 0.00055 0.0005 1.10E-05 N/A
18JK08  18JKO8 -2 0.281193 0.000021 1.46719 0.00013 1.8866 0.00007  0.01436 0.0004 0.0004 1.00E-05 N/A
18JK08 18JKO8 -3 0.281181 0.000025 1.46709 0.00011 1.8867 0.00007  0.01458 0.00011 0.0004 1.90E-06 N/A
18JK08  18JK08 - 4 0.281206 0.000023 1.46711 0.00013 1.88671 0.00009 0.01782 0.00067 0.0005 1.50E-05 2782 0.281181 6.28 1.37 2660
18JK08  18JKO08 -5 0.281199  0.000022 1.467 0.00012 1.88666 0.00009 0.0221 0.0014 0.0006  3.80E-05 N/A
18JK08 18JKO8 -6 0.281181  0.000023 1.4672 0.00014  1.88665 0.0001 0.01868 0.00044 0.0005 1.20E-05 2727 0.281154 4.07 1.37 2861
18JK08  18JKO08 -7 0.281175 0.000024 1.46699 0.00013 1.88686 0.00009 0.02353 0.00036 0.0006 6.50E-06 N/A
18JK08 18JKO8 -8 0.281153 0.000024 1.46707 0.00013 1.8868 0.00009 0.00958 0.00039 0.0003 1.30E-05 2685  0.281139 2.54 139 3011
18JK08 18JKO8 -9 0.28115 0.00002 1.46716 0.00014 1.88678 0.00008 0.01922 0.00043 0.0005 1.20E-05 N/A
18JK08  18JKO8 - 10 0.281193 0.00002 1.46714 0.0001 1.88669 0.00008 0.01376 0.00025 0.0004 6.00E-06 N/A
18JK08  18JKO08 - 11 0.281163 0.000022 1.46714 0.00013 1.88677 0.00009 0.01971 0.00021 0.0005 4.30E-06 2685  0.281136 2.44 1.35 3010
18JK08  18JKO08 - 12 0.281196 0.000028 1.46717 0.00013  1.88675 0.0001  0.02537 0.00053 0.0007 1.10E-05 2664  0.281159 2.79 1.48 2923
18JK08  18JKO08 - 13 0.281171 0.000024 1.46702 0.00012 1.88676 0.00008 0.0246 0.0019 0.0006  3.90E-05 N/A
18JK08  18JKO08 - 14 0.281185 0.000025 1.46706 0.00013  1.88669 0.0001 0.01868 0.00068 0.0005 1.40E-05 N/A
18JK08  18JKO08 - 15 0.281171 0.000023 1.46722 0.00012 1.88687 0.00011 0.0151 0.00016 0.0004 5.00E-06 2685  0.281149 291 1.37 2979
18JK08  18JKO8 - 16 0.281152 0.000024 1.46729 0.00011 1.88673 0.00009 0.01659 0.00007 0.0005 3.00E-06 2685  0.281129 2.18 1.39 3052
18JK08  18JKO8 - 17 0.281164 0.000022 1.46714 0.00012 1.88676 0.00011 0.01891 0.00026 0.0005 7.00E-06 N/A
18JK08  18JKO8 - 18 0.281155 0.000022 1.46723 0.00014 1.88685 0.00009 0.01945 0.00077 0.0005 1.80E-05 2685  0.281128 2.17 1.35 3041
18JK08  18JKO8 - 19 0.281188 0.000022 1.46723 0.000099 1.8867 0.00008 0.01701 0.00074 0.0005 1.30E-05 N/A
18JK08  18JKO8 - 20 0.281152  0.000022 1.4671 0.00011 1.88666 0.00009 0.01190 0.00001 0.0003 2.60E-06 2685  0.281135 2.40 1.35 3052
18JK08  18JKO08 - 21 0.281178 0.000028 1.46715 0.00012 1.88664 0.0001  0.01579 0.00024 0.0004 4.10E-06 N/A

253



Table S3.3 (continued)

sample
18JK53
18JK53
18JK53
18JK53
18JK53
18JK53
18JK53
18JK53
18JK53
18JK53
18JK53
18JK53
18JK53
18JK53
18JK53
18JK53
18JK53
18JK53
18JK53
18JK53
18JK53
18JK53
18JK53

spot id
18JK53 - 1
18JK53 - 2
18JK53 - 3
18JK53 - 4
18JK53 - 5
18JK53 - 6
18JK53 - 7
18JK53 - 8
18JK53 - 9
18JK53 - 10
18JK53 - 11
18JK53 - 12
18JK53 - 13
18JK53 - 14
18JK53 - 15
18JK53 - 16
18JK53 - 17
18JK53 - 18
18JK53 - 19
18JK53 - 20
18JK53 - 21
18JK53 - 22
18JK53 - 23

176Hf [LTTHf
meas

0.281176
0.281158
0.281178
0.281176
0.281155
0.281175
0.281186
0.281154
0.281167
0.281167
0.281178
0.281151
0.281175
0.281185
0.281154
0.281185
0.281136
0.281154
0.281145
0.281152
0.281143
0.281193
0.281199

2SE
0.000025
0.000021
0.000028
0.000025
0.000027
0.000023
0.000022
0.000026
0.000025
0.000025
0.000024
0.000023
0.000029
0.000026
0.000021
0.000028
0.000021
0.000028
0.000025
0.000023
0.000025
0.000027
0.000027

178Hf/
177Hf

1.46714
1.4672
1.4671

1.46727

1.46724

1.46724

1.46722
1.4672

1.46715
1.4672
1.4671

1.46706

1.46718

1.46729

1.46717

1.46726

1.46719

1.46719

1.46704

1.46724

1.46729

1.46714
1.4671

2SE
0.00011
0.00014
0.00017
0.00012
0.00012
0.00014
0.000099
0.00011
0.00013
0.0001
0.00012
0.00013
0.00011
0.00013
0.00012
0.00013
0.0001
0.00012
0.00013
0.00011
0.00013
0.00011
0.00012

180Hf/
177Hf

1.8867
1.88676
1.88656
1.88665
1.88672
1.88666
1.88677

1.8867
1.88659
1.88676
1.88657
1.88663
1.88663

1.8867
1.88674
1.88659
1.88678
1.88665

1.8867
1.88665
1.88673

1.8867
1.88657

2SE
0.00009
0.00007
0.00013
0.00009
0.00011
0.0001
0.00010
0.00010
0.00012
0.00010
0.00011
0.00013
0.00010
0.00010
0.00009
0.00011
0.00011
0.0001
0.0001
0.00009
0.00011
0.00012
0.0001

254

176Yb /
177Hf

0.02642
0.00716
0.01688
0.01634

0.0177
0.02249

0.0299
0.01312
0.01545
0.02091

0.0206
0.01667
0.01982
0.02244
0.00645
0.02182
0.00652
0.00751
0.02398
0.01187

0.0223
0.03686
0.02914

2SE
0.00096
0.00011
0.00024
0.00032
0.00053
0.00064
0.0013
0.0001
0.00035
0.00025
0.00012
0.0004
0.00021
0.00018
0.00008
0.00077
0.00011
0.00025
0.00047
0.00056
0.0011
0.00074
0.0004

176Lu/
177Hf

0.0008
0.0002
0.0005
0.0005
0.0005
0.0007
0.0009
0.0004
0.0005
0.0006
0.0006
0.0005
0.0006
0.0007
0.0002
0.0006
0.0002
0.0002
0.0007
0.0004
0.0007
0.0010
0.0008

2SE
2.90E-05
3.00E-06
7.10E-06
7.30E-06
1.70E-05
1.90E-05
3.30E-05
1.50E-06
6.90E-06
8.10E-06
3.10E-06
1.80E-05
4.60E-06
6.00E-06
2.20E-06
2.10E-05
3.90E-06
6.60E-06
1.30E-05
1.60E-05
3.20E-05
2.00E-05
1.40E-05

Age
(Ma)
2696
2696
2745
N/A
2696
2696
2696
2696
2696
2696
2696
2696
2696
2710
N/A
2696
2696
2696
2696
N/A
2696
2696
2696

176Hf/177Hf
initial
0.281135
0.281147
0.281151

0.281127
0.281141
0.281141
0.281133
0.281143
0.281135
0.281147
0.281124
0.281144
0.281150

0.281152
0.281126
0.281142
0.281110

0.281109
0.281139
0.281156

eHf(t)
2.67
3.08
4.38

2.37
2.86
2.88
2.59
2.93
2.65
3.09
2.26
3.00
3.54

3.26
2.33
291
1.77

1.73
2.82
3.41

2SE
141
1.33
1.48

1.46
1.37
1.35
1.43
141
141
1.39
1.37
1.50
1.43

1.48
1.33
1.48
141

1.41
1.46
1.46

TDM
2939
3008
2838

3020
2943
2901
3024
2974
2974
2932
3035
2943
2878

2905
3093
3024
3058

3066
2874
2851



Table S3.3 (continued)

sample
19JK40
19JK40
19JK40
19JK40
19JK40
19JK40
19JK40
19JK40
19JK40
19JK40
19JK40
19JK40
19JK40
19JK40
19JK40
19JK40
19JK40
19JK40
19JK40
19JK40
19JK40
19JK40
19JK40
19JK40
19JK40
19JK40
19JK40
19JK40
19JK40

spot id
19JK40 - 1
19JK40 - 2
19JK40 - 3
19JK40- 4
19JK40 - 5
19JK40 - 6
19JK40 - 7
19JK40 - 8
19JK40 -9
19JK40 - 10
19JK40 - 11
19JK40 - 12
19JK40 - 13
19JK40 - 14
19JK40 - 15
19JK40 - 16
19JK40 - 17
19JK40 - 18
19JK40 - 19
19JK40 - 20
19JK40 - 21
19JK40 - 22
19JK40 - 23
19JK40 - 24
19JK40 - 25
19JK40 - 26
19JK40 - 27
19JK40 - 28
19JK40 - 29

176Hf [LTTHf
meas

0.281177
0.281171
0.281197
0.281151
0.281169
0.281161
0.281194
0.281149
0.281187
0.281157
0.281192
0.281143
0.281215
0.281179
0.281144
0.281152
0.281163
0.281157
0.281192
0.281171
0.281184
0.281207
0.281137
0.281164
0.281176
0.281172
0.281135
0.281181
0.281173

2SE
0.000022
0.00002
0.000028
0.000028
0.000026
0.00003
0.000022
0.000024
0.000027
0.000017
0.000022
0.000024
0.000029
0.000024
0.000028
0.000023
0.000027
0.000027
0.000025
0.000026
0.000025
0.000025
0.000029
0.000021
0.000026
0.000026
0.000032
0.000029
0.000019

178Hf
177Hf

1.46705
1.46727
1.46701
1.46728
1.46702
1.46706
1.46707
1.46717
1.46719
1.46709
1.46682
1.46716
1.46693
1.46704
1.46719
1.46711
1.46715
1.46709
1.46704
1.46709
1.46702
1.46723
1.46702
1.46715
1.46711
1.46717
1.46721
1.46708

1.4671

2SE
0.00011
0.00012
0.00015
0.00013
0.00019
0.00011
0.00011
0.00014
0.00014
0.00013
0.00015
0.00013
0.00016
0.00014
0.00012
0.00013
0.00012
0.00013
0.00016
0.00014
0.00011
0.00011
0.00017
0.00011
0.00011
0.00013
0.00016
0.00015
0.00011

180Hf/
177Hf

1.88665

1.8867
1.88677
1.88663
1.88664
1.88671
1.88672
1.88672
1.88653
1.88676
1.88672
1.88684
1.88663
1.88671
1.88664
1.88665
1.88671

1.8866
1.88657

1.8866
1.88675

1.8867

1.8869
1.88673
1.88655

1.8866

1.8866
1.88657
1.88651

2SE
0.00008
0.00008
0.00012
0.00009
0.00009
0.00009
0.00009
0.0001
0.00012
0.00008
0.00007
0.00011
0.00009
0.00010
0.00009
0.00011
0.0001
0.0001
0.00011
0.00009
0.00010
0.00010
0.00010
0.00010
0.00009
0.00011
0.00009
0.00009
0.00011

255

176Yb /
177Hf

0.01422
0.02049
0.02808
0.01902
0.02852
0.02304
0.05659
0.02068
0.01883
0.00928
0.01575
0.01157

0.0376

0.0622
0.01248
0.01487
0.02395
0.02199
0.01412
0.01934
0.02107
0.02641
0.01838
0.01947
0.02096
0.02018
0.01184
0.02906
0.01369

2SE
0.0003
0.00093
0.00075
0.00026
0.00048
0.00034
0.00096
0.00018
0.00017
0.00032
0.00034
0.00018
0.0019
0.0018
0.00019
0.00008
0.00078
0.00028
0.00075
0.00018
0.00038
0.00058
0.00019
0.00019
0.00053
0.00033
0.00012
0.00031
0.00072

176Lu/
177Hf

0.0004
0.0005
0.0007
0.0005
0.0009
0.0006
0.0014
0.0006
0.0005
0.0003
0.0004
0.0003
0.0010
0.0016
0.0004
0.0004
0.0006
0.0006
0.0004
0.0005
0.0005
0.0007
0.0005
0.0005
0.0006
0.0005
0.0003
0.0008
0.0004

2SE
1.00E-05
2.00E-05
2.00E-05
7.50E-06
1.60E-05
9.50E-06
2.80E-05
4.20E-06
5.00E-06
7.90E-06
8.30E-06
5.20E-06
4.20E-05
3.50E-05
3.30E-06
2.40E-06
1.90E-05
8.80E-06
1.70E-05
5.90E-06
1.10E-05
1.90E-05
2.90E-06
4.50E-06
1.30E-05
7.80E-06
2.40E-06
7.50E-06
1.80E-05

Age
(Ma)
2693
N/A
N/A
N/A
N/A
N/A
N/A
2693
N/A
N/A
N/A
2716
N/A
N/A
N/A
N/A
N/A
N/A
N/A
2702
N/A
N/A
2679
2706
2706
N/A
2698
N/A
N/A

176Hf/177Hf
initial
0.281157

0.281121

0.281126

0.281145

0.281112
0.281138
0.281145

0.281117

eHfit)
3.39

2.08

2.80

3.15

1.44
3.00
3.27

2.09

2SE
1.35

1.39

1.39

1.43

1.50
1.33
1.43

1.58

TDM
2941

3048

3027

2947

3121
2965
2919

3092



Table S3.3 (continued)

sample
19JK41
19JK41
19JK41
19JK41
19JK41
19JK41
19JK41
19JK41
19JK41
19JK41
19JK41
19JK41
19JK41
19JK41
19JK41
19JK41
19JK41
19JK41
19JK41
19JK41
19JK41
19JK41
19JK41
19JK41
19JK41

spot id
19JK41 -1
19JK41 - 2
19JK41 - 3
19JK41 -4
19JK41 -5
19JK41 - 6
19JK41 -7
19JK41 - 8
19JK41 -9
19JK41 - 10
19JK41 - 11
19JK41 - 12
19JK41 - 13
19JK41 - 14
19JK41 - 15
19JK41 - 16
19JK41 - 17
19JK41 - 18
19JK41 - 19
19JK41 - 20
19JK41 - 21
19JK41 - 22
19JK41 - 23
19JK41 - 24
19JK41 - 25

176Hf [LTTHf
meas

0.281193
0.281197
0.281197
0.281181
0.28119
0.281161
0.281194
0.281182
0.281186
0.281183
0.281175
0.281119
0.281177
0.2812
0.2812
0.281169
0.281176
0.281201
0.28119
0.281173
0.281172
0.281147
0.281204
0.281219
0.281192

2SE
0.000027
0.000028
0.000027
0.000026
0.000025
0.000019
0.000022
0.000022
0.000025
0.000024
0.000029
0.000025
0.000025
0.000023
0.000026
0.000025
0.000023
0.000021
0.000023
0.00003
0.000026
0.000024
0.000032
0.000026
0.000022

178Hf/
177Hf

1.46712
1.46708
1.46721
1.46722
1.46726
1.46723
1.46715
1.46708
1.467
1.4672
1.46721
1.46721
1.46725
1.46721
1.46718
1.46718
1.46723
1.46702
1.46709
1.46724
1.46728
1.46727
1.46712
1.4672
1.46712

2SE
0.00015
0.00012
0.00011
0.00012
0.00011
0.00012
0.00011
0.00011
0.00012
0.00012
0.00013
0.00014
0.00013
0.00011
0.00013
0.00013
0.00011
0.0001
0.00014
0.0002
0.00012
0.00014
0.00015
0.00011
0.00013

180Hf/
177Hf

1.8868
1.88661
1.88665
1.88672
1.88668

1.8868
1.88674
1.88674
1.88667
1.88662
1.88659

1.8867

1.8866
1.88659
1.88664
1.88659
1.88677

1.8866
1.88679
1.88659

1.8866
1.88666
1.88664
1.88654
1.88663

2SE
0.00009
0.00010
0.00011
0.00011
0.00011
0.00011
0.00010
0.00008
0.00010
0.00010
0.00011
0.00010
0.00009
0.00011
0.00012
0.00010
0.00009
0.00011
0.00010
0.00011
0.00009
0.00008
0.00012
0.00010
0.00009

256

176Yb /
177Hf

0.02797
0.0388
0.03518
0.0307
0.02081
0.02524
0.02573
0.02188
0.02161
0.02878
0.0233
0.01439
0.01881
0.01597
0.03022
0.02066
0.01343
0.024
0.01893
0.02794
0.02209
0.01084
0.01811
0.03496
0.01808

2SE
0.00046
0.0011
0.00057
0.00033
0.00045
0.00021
0.00009
0.00054
0.0008
0.00097
0.0019
0.00014
0.00045
0.00018
0.00041
0.00047
0.00031
0.001
0.00048
0.00024
0.00021
0.00009
0.00046
0.00088
0.00069

176Lu/
177Hf

0.0008
0.0011
0.0010
0.0008
0.0006
0.0007
0.0008
0.0006
0.0006
0.0008
0.0007
0.0004
0.0005
0.0005
0.0009
0.0006
0.0004
0.0007
0.0006
0.0008
0.0006
0.0003
0.0005
0.0010
0.0005

2SE
1.20E-05
2.90E-05
2.10E-05
9.90E-06
1.30E-05
5.20E-06
5.00E-06
1.30E-05
2.60E-05
2.40E-05
4.90E-05
3.20E-06
1.10E-05
5.20E-06
8.30E-06
1.20E-05
7.00E-06
2.60E-05
1.00E-05
1.00E-05
3.20E-06
3.40E-06
1.10E-05
1.80E-05
1.90E-05

Age
(Ma)
N/A
2695
2697
2680
2691
N/A
2700
2700
N/A
2697
2694
2693
N/A
2699
2692
N/A
2680
N/A
2706
N/A
N/A
2691
2705
2686
2720

176Hf/177Hf
initial

0.281141
0.281145
0.281137
0.281159

0.281154
0.281150

0.281142
0.281141
0.281098

0.281176
0.281154

0.281156

0.281161

0.281130

0.281177

0.281168
0.281166

eHf(t)

2.85
3.03
2.39
3.40

3.44
3.30

2.95
2.82
1.27

4.21
3.27

3.06
3.85
2.39
4.38

3.61
4.31

2SE

1.48
1.46
1.43
1.41

1.35
1.35

1.39
151
1.41

1.37
1.43

1.37

1.37

1.39

1.58

1.43
1.35

TDM

2860
2857
2949
2894

2862
2908

2911
2947
3163

2840
2854

2968

2865

3059

2813

2793
2832



Table S3.3 (continued)

sample
19JK43
19JK43
19JK43
19JK43
19JK43
19JK43
19JK43
19JK43
19JK43
19JK43
19JK43
19JK43
19JK43
19JK43
19JK43
19JK43
19JK43
19JK43
19JK43
19JK43
19JK43

spot id
19JK43 -1
19JK43 -2
19JK43 - 3
19JK43 -4
19JK43 -5
19JK43 - 6
19JK43 -7
19JK43 -8
19JK43 -9
19JK43 - 10
19JK43 - 11
19JK43 - 12
19JK43 - 13
19JK43 - 14
19JK43 - 15
19JK43 - 16
19JK43 - 17
19JK43 - 18
19JK43 - 19
19JK43 - 20
19JK43 - 21

176Hf [LTTHf
meas

0.281206
0.281224
0.281187
0.281213
0.281212
0.281181
0.281199
0.281197
0.281236

0.28123
0.281193
0.281194
0.281173

0.28118

0.28122
0.281209
0.281197
0.281192
0.281203
0.281155
0.281181

2SE
0.000022
0.000026
0.000026
0.000026
0.000024
0.000027
0.000024
0.000032
0.000022
0.000025
0.000021
0.000027
0.000029
0.000024
0.000027
0.000021
0.000026
0.000025
0.000028
0.000024
0.000029

178Hf/
177Hf

1.46717

1.4671
1.46728
1.46715
1.46719
1.46723
1.46723
1.46706

1.4671
1.46684

1.4671
1.46714

1.4672
1.46725
1.46684
1.46712
1.46718
1.46737
1.46711
1.46722
1.46722

2SE
0.00012
0.00013
0.00013
0.00011
0.00014
0.00013
0.00012
0.00013
0.00012
0.00013
0.00011
0.00013
0.00012
0.00014
0.00013
0.00013
0.00016
0.00012
0.00014
0.00015
0.00012

180Hf/
177Hf

1.88662
1.88681

1.8867
1.88671
1.88667
1.88671
1.88668
1.88668
1.88664
1.88674

1.8868
1.88661

1.8867
1.88678
1.88672
1.88671
1.88654
1.88665
1.88652

1.8865
1.88664

2SE
0.00010
0.00011
0.00009
0.00010
0.00011
0.00011
0.00009
0.00012
0.00010
0.00010
0.00013
0.00009
0.00010
0.00011
0.00009
0.00010
0.00010
0.00010
0.00011
0.00009
0.00011

257

176Yb /
177Hf

0.02771
0.03711
0.01833
0.03776
0.03105
0.03155
0.02517
0.02185
0.02237
0.02527
0.03215
0.0283
0.01709
0.03004
0.01867
0.02873
0.037
0.01362
0.03358
0.01613
0.0314

2SE
0.00062
0.00043
0.00033
0.00084
0.00069
0.00048
0.00071
0.00052
0.00076
0.0003
0.00048
0.0021
0.00009
0.00042
0.00049
0.00091
0.0025
0.00068
0.00077
0.00008
0.0012

176Lu/
177Hf

0.0008
0.0011
0.0005
0.0010
0.0009
0.0009
0.0007
0.0006
0.0006
0.0007
0.0008
0.0008
0.0005
0.0008
0.0006
0.0008
0.0010
0.0004
0.0010
0.0005
0.0009

2SE
1.60E-05
1.20E-05
1.00E-05
2.40E-05
1.60E-05
1.10E-05
1.70E-05
1.00E-05
1.00E-05
1.50E-05
1.20E-05
5.40E-05
3.90E-06
1.40E-05
1.50E-05
2.20E-05
6.20E-05
1.70E-05
1.90E-05
2.00E-06
2.90E-05

Age
(Ma)
2696
N/A
N/A
N/A
N/A
2696
N/A
N/A
2696
N/A
N/A
N/A
2696
2696
2696
2696
N/A
N/A
2696
N/A
2741

176Hf/177Hf
initial
0.281166

0.281134

0.281203

0.281147
0.281137
0.281190
0.281167

0.281153

0.281136

eHfi(t)
3.78

2.65

5.09

3.09
2.75
4.63
3.81

3.33

3.72

2SE
1.35

1.46

1.35

1.50
1.39
1.46
1.33

1.48

151

TDM
2823

2919

2708

2950
2923
2769
2812

2835

2835



Table S3.3 (continued)

sample

19JK45B
19JK45B
19JK45B
19JK45B
19JK45B
19JK45B
19JK45B
19JK45B
19JK45B
19JK45B
19JK45B
19JK45B
19JK45B
19JK45B
19JK45B
19JK45B
19JK45B
19JK45B
19JK45B
19JK45B
19JK45B
19JK45B
19JK45B
19JK45B
19JK45B
19JK45B
19JK45B

spot id
19JK45B - 1
19JK45B - 2
19JK45B - 3
19JK45B - 4
19JK45B - 5
19JK45B - 6
19JK45B - 7
19JK45B - 8
19JK45B - 9
19JK45B - 10
19JK45B - 11
19JK45B - 12
19JK45B - 13
19JK45B - 14
19JK45B - 15
19JK45B - 16
19JK45B - 17
19JK45B - 18
19JK45B - 19
19JK45B - 20
19JK45B - 21
19JK45B - 22
19JK45B - 23
19JK45B - 24
19JK45B - 25
19JK45B - 26
19JK45B - 27

176Hf [LTTHf
meas

0.281026
0.281057
0.281011
0.281027

0.28102

0.28103
0.281005
0.281025

0.28102
0.281003
0.281017
0.281042
0.281111
0.281029
0.281082
0.281019
0.281063
0.280984
0.281002
0.281037
0.281204
0.281004
0.281004
0.281004
0.281021
0.281014
0.281042

2SE
0.000029
0.000027
0.000028
0.000023
0.000035
0.000029
0.000024
0.000027
0.000024
0.000026
0.000028
0.000025
0.000027
0.000027
0.000028
0.000026
0.000026
0.000026
0.000023
0.000028
0.000029
0.000025
0.000024
0.000025
0.000023
0.000025
0.000028

178Hf/
177Hf

1.46723
1.46711
1.46714

1.4672
1.46702
1.46711
1.46719
1.46713
1.46716
1.46718
1.46712
1.46719
1.46712
1.46718
1.46713
1.46713
1.46709
1.46706
1.46719
1.46726
1.46713
1.46714
1.46716
1.46722
1.46722

1.4671
1.46722

2SE
0.0001
0.00012
0.0001
0.00011
0.00012
0.00011
0.00012
0.00009
0.00013
0.00012
0.00012
0.00012
0.00013
0.0001
0.00011
0.0001
0.00014
0.00012
0.00013
0.00012
0.00012
0.00011
0.00012
0.00012
0.00014
0.00010
0.00011

180Hf/
177Hf

1.88684
1.88666
1.88665

1.8867
1.88642
1.88667
1.88671
1.88663
1.88667
1.88672
1.88688
1.88677

1.8868
1.88668
1.88674
1.88658
1.88657
1.88675
1.88665
1.88669
1.88674
1.88672
1.88665
1.88686

1.8866

1.8868
1.88658

2SE
0.00010
0.00010
0.00009
0.00011
0.00010
0.00011
0.00012
0.00007
0.00011
0.00013
0.00009
0.00010
0.00012
0.00011
0.00011
0.00013
0.00012
0.00011
0.00010
0.00010
0.00011
0.00012
0.00011
0.00010
0.00011
0.00012
0.00010
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176Yb /
177Hf

0.0474
0.0659
0.03345
0.03909
0.04541
0.0474
0.0496
0.06211
0.04094
0.03714
0.053
0.0604
0.1025
0.03032
0.07454
0.03244
0.0917
0.04321
0.03609
0.0512
0.1858
0.03746
0.03068
0.04254
0.03673
0.04025
0.04354

2SE
0.001
0.0019
0.00012
0.00039
0.00053
0.0012
0.0015
0.00089
0.00037
0.00057
0.0015
0.0018
0.0048
0.00062
0.00046
0.00043
0.0056
0.0003
0.00013
0.0017
0.0054
0.00038
0.0005
0.00065
0.00073
0.00046
0.00018

176Lu/
177Hf

0.0013
0.0018
0.0009
0.0011
0.0013
0.0013
0.0014
0.0017
0.0012
0.0011
0.0015
0.0017
0.0028
0.0009
0.0020
0.0009
0.0025
0.0012
0.0010
0.0014
0.0050
0.0011
0.0009
0.0012
0.0010
0.0012
0.0013

2SE
3.20E-05
5.30E-05
2.40E-06
8.80E-06
1.60E-05
3.20E-05
3.40E-05
2.90E-05
1.00E-05
2.00E-05
2.90E-05
4.10E-05
1.10E-04
1.30E-05
1.20E-05
1.50E-05
1.30E-04
2.80E-06
5.80E-06
3.90E-05
1.40E-04
5.70E-06
8.70E-06
2.10E-05
1.80E-05
7.90E-06
6.60E-06

Age
(Ma)
2885
N/A
2885
2885
2885
2885
2885
2885
2885
2885
2885
N/A
N/A
2885
2885
2885
2885
2885
2885
2885
N/A
2885
2885
2885
2885
2885
2885

176Hf/177Hf
initial
0.280952

0.280959
0.280965
0.280950
0.280956
0.280928
0.280930
0.280955
0.280944
0.280936

0.280981
0.280969
0.280969
0.280925
0.280916
0.280947
0.280958

0.280946
0.280954
0.280936
0.280964
0.280950
0.280973

eHf(t)
0.53

0.79
1.01
0.45
0.67
-0.32
-0.25
0.66
0.27
-0.03

1.56
1.16
1.15
-0.41
-0.73
0.36
0.73

0.32
0.61
-0.03
0.95
0.46
1.28

2SE
151

1.49
1.38
1.67
151
1.40
1.47
1.40
1.44
1.49

1.46
1.49
1.44
1.46
1.44
1.38
1.49

1.42
1.40
1.42
1.38
1.42
1.49

TDM
3155

3213
3151
3178
3140
3236
3159
3178
3243
3190

3144
2940
3182
3013
3316
3247
3113

3239
3239
3239
3174
3201
3094



Table S3.3 (continued)

sample
18JK19
18JK19
18JK19
18JK19
18JK19
18JK19
18JK19
18JK19
18JK19
18JK19
18JK19
18JK19
18JK19
18JK19
18JK19
18JK19
18JK19
18JK19
18JK19
18JK19
18JK19
18JK19
18JK19
18JK19
18JK19
18JK19
18JK19
18JK19
18JK19
18JK19

spot id
18JK19 -1
18JK19 -2
18JK19 - 3
18JK19 -4
18JK19 -5
18JK19 - 6
18JK19 -7
18JK19 - 8
18JK19 -9
18JK19 - 10
18JK19 - 11
18JK19 - 12
18JK19 - 13
18JK19 - 14
18JK19 - 15
18JK19 - 16
18JK19 - 17
18JK19 - 18
18JK19 - 19
18JK19 - 20
18JK19 - 21
18JK19 - 22
18JK19 - 23
18JK19 - 24
18JK19 - 25
18JK19 - 26
18JK19 - 27
18JK19 - 28
18JK19 - 29
18JK19 - 30

176Hf [LTTHf
meas

0.281192
0.281189
0.281195
0.281168
0.281186
0.281207
0.281189
0.281184
0.281188
0.281182
0.281174
0.281156
0.281188
0.281158
0.281187
0.281157
0.281168
0.281186
0.281168
0.281192
0.281184
0.281165
0.281188
0.281179
0.281169
0.281176
0.281152
0.281169
0.281185

0.28117

2SE
0.000028
0.000024
0.000026
0.000028
0.000026
0.000026
0.00003
0.000025
0.000023
0.000022
0.000025
0.000024
0.000022
0.000029
0.000026
0.000023
0.000029
0.000027
0.000024
0.000029
0.000026
0.000028
0.000026
0.000028
0.000022
0.000031
0.000023
0.000025
0.000028
0.000022

178Hf/
177Hf

1.46713
1.46704
1.46713

1.4672
1.46715

1.4672
1.46716
1.46721
1.46727
1.46714
1.46726
1.46717
1.46723
1.46719
1.46719
1.46711
1.46725
1.46725
1.46724
1.46724
1.46713
1.46729
1.46726
1.46716
1.46719
1.46733
1.46722
1.46717

1.4671
1.46729

2SE
0.00013
0.00012
0.00009
0.00011
0.00013
0.00013
0.00012
0.00011
0.00012
0.00014
0.00013
0.00014
0.00011
0.00012
0.00015
0.00014
0.00012
0.00013
0.00010
0.00013
0.00012
0.00014
0.00014
0.00013
0.00013
0.00012
0.00011
0.00014
0.00012
0.00011

180Hf/
177Hf

1.88658

1.8866
1.88668
1.88675
1.88666
1.88676

1.8866
1.88677
1.88675
1.88671
1.88686
1.88667
1.88654
1.88665
1.88662

1.8866
1.88675
1.88668
1.88676
1.88668

1.8866
1.88653
1.88674
1.88679
1.88665
1.88669
1.88668
1.88676
1.88671
1.88678

2SE
0.00010
0.00010
0.00011
0.00009
0.00010
0.00012
0.00011
0.00010
0.00011
0.00010
0.00011
0.00010
0.00009
0.00010
0.00010
0.00010
0.00011
0.00008
0.00010
0.00011
0.00013
0.00009
0.00011
0.00012
0.00011
0.00011
0.00011
0.00010
0.00010
0.00011
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176Yb /
177Hf

0.0352
0.01939
0.04128
0.01821

0.0276
0.02899
0.02249
0.02358
0.02644
0.01848

0.0339
0.02184
0.02187
0.02163
0.02727
0.01671
0.02309

0.0393
0.02635
0.03068
0.02246
0.02663

0.0244
0.03271
0.02732

0.0207
0.02281

0.03
0.03782
0.02511

2SE
0.00059
0.00026
0.0005
0.00019
0.0017
0.0008
0.00033
0.00097
0.00071
0.00048
0.0012
0.00099
0.00077
0.00047
0.00059
0.00042
0.00072
0.0034
0.00043
0.00049
0.0004
0.00032
0.00052
0.00054
0.00039
0.0018
0.00045
0.0011
0.00007
0.00072

176Lu/
177Hf

0.0010
0.0006
0.0012
0.0006
0.0008
0.0009
0.0007
0.0007
0.0008
0.0005
0.0010
0.0007
0.0007
0.0006
0.0008
0.0005
0.0007
0.0011
0.0008
0.0009
0.0007
0.0008
0.0007
0.0009
0.0008
0.0006
0.0007
0.0009
0.0012
0.0008

2SE
1.60E-05
6.20E-06
1.40E-05
3.30E-06
5.20E-05
2.70E-05
6.70E-06
3.00E-05
1.80E-05
1.10E-05
3.10E-05
2.60E-05
2.00E-05
1.70E-05
2.00E-05
1.50E-05
2.10E-05
9.60E-05
1.60E-05
1.60E-05
1.10E-05
7.70E-06
1.60E-05
1.60E-05
1.00E-05
4.60E-05
1.10E-05
3.10E-05
2.50E-06
2.30E-05

Age
(Ma)
2741
N/A
2724
2717
2726
N/A
2745
2723
2747
2741
2868
2750
2736
2774
2715
2728
2717
N/A
2732
2776
2726
2738
2735
N/A
2734
2731
2727
2728
2722
2726

176Hf/177Hf
initial
0.281137

0.281130
0.281139
0.281142

0.281153
0.281147
0.281145
0.281153
0.281120
0.281122
0.281153
0.281124
0.281144
0.281130
0.281132

0.281127
0.281143
0.281149
0.281122
0.281150

0.281125
0.281144
0.281117
0.281122
0.281125
0.281130

eHf(t)
3.80

3.15
3.29
3.62

4.45
3.71
4.21
4.36
6.11
3.45
4.23
4.10
3.45
3.23
3.06

3.22
4.82
3.86
3.19
4.10

3.21
3.81
2.74
2.95
2.90
3.19

2SE
1.48

1.43
1.48
1.44

1.53
1.41
1.37
1.35
1.42
1.39
1.35
151
1.43
1.37
151

1.39
1.51
1.43
1.48
1.44

1.35
1.56
1.37
1.41
1.48
1.35

TDM
2791

2812
2930
2844

2796
2856
2796
2831
2616
2913
2816
2860
2860
2952
2930

2901
2723
2851
2901
2819

2892
2872
2973
2906
2854
2905



Table S3.3 (continued)

sample
17JK11
17JK11
17JK11
17JK11
17JK11
17JK11
17JK11
17JK11
17JK11
17JK11
17JK11
17JK11
17JK11
17JK11
17JK11
17JK11
17JK11
17JK11
17JK11
17JK11
17JK11
17JK11

spot id
17JK11 -1
17JK11 -2
17JK11 -3
17JK11 -4
17JK11 -5
17JK11 -6
17JK11 -7
17JK11 -8
17JK11 -9
17JK11 - 10
17JK11 - 11
17JK11 - 12
17JK11 - 13
17JK11 - 14
17JK11 - 15
17JK11 - 16
17JK11 - 17
17JK11 - 18
17JK11 - 19
17JK11 - 20
17JK11 - 21
17JK11 - 22

176Hf [LTTHf
meas

0.281021
0.280927
0.280933
0.280926
0.280928
0.280943
0.280922
0.281003
0.280918
0.280939
0.280922
0.280933
0.280948
0.280923
0.280914
0.280946
0.280932

0.28096
0.280952
0.280902
0.280918
0.280934

2SE
0.000029
0.000028
0.000026
0.000032
0.000025
0.00003
0.000023
0.000028
0.000026
0.000024
0.000029
0.000025
0.000029
0.000028
0.000023
0.000022
0.000021
0.000028
0.000027
0.000026
0.000022
0.000026

178Hf/
177Hf

1.46713
1.46721
1.46712
1.46715
1.46725
1.46722
1.46712
1.46732
1.46723
1.46716
1.46713
1.46709
1.46706
1.46714
1.46718

1.4672
1.46718
1.46706
1.46719
1.46724
1.46719
1.46715

2SE
0.00014
0.00015
0.00010
0.00011
0.00011
0.00015
0.00012
0.00011
0.00011
0.00010
0.00011
0.00014
0.00013
0.00013
0.00013
0.00015
0.00012
0.00013
0.00013
0.0001
0.00011
0.00014

180Hf/
177Hf

1.88647
1.88646
1.88659

1.8865
1.88669
1.88671
1.88674
1.88669
1.88653
1.88672
1.88669
1.88662
1.88655
1.88657
1.88675
1.88677
1.88666
1.88664
1.88668
1.88691

1.8867
1.88665

2SE
0.00011
0.00009
0.00011
0.0001
0.00011
0.00011
0.0001
0.00010
0.00007
0.00009
0.00011
0.00011
0.00008
0.00011
0.00011
0.00009
0.00010
0.00012
0.00009
0.00011
0.00010
0.00010
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176Yb /
177Hf

0.0671
0.01409
0.0379
0.01678
0.02046
0.0293
0.01411
0.075
0.02583
0.0257
0.02224
0.02606
0.02025
0.0248
0.01875
0.02591
0.02639
0.02616
0.015133
0.02283
0.01848
0.03559

2SE
0.0043
0.00024
0.0011
0.00013
0.00052
0.0003
0.00018
0.011
0.00085
0.001
0.00036
0.00069
0.00047
0.0015
0.00042
0.00071
0.00042
0.00032
0.00007
0.00029
0.00014
0.0009

176Lu/
177Hf

0.0019
0.0004
0.0011
0.0005
0.0007
0.0009
0.0004
0.0020
0.0007
0.0008
0.0007
0.0008
0.0006
0.0008
0.0006
0.0008
0.0008
0.0008
0.0004
0.0007
0.0005
0.0010

2SE
1.20E-04
8.10E-06
2.80E-05
3.20E-06
1.60E-05
8.50E-06
5.90E-06
2.70E-04
2.70E-05
2.90E-05
1.10E-05
2.20E-05
1.20E-05
4.70E-05
1.50E-05
2.30E-05
1.20E-05
1.00E-05
1.40E-06
6.30E-06
3.30E-06
2.50E-05

Age
(Ma)
2834
N/A
2834
2834
2856
N/A
2834
N/A
N/A
N/A
2834
N/A
2834
N/A
2834
2834
2834
2834
2789
2834
2885
N/A

176Hf/177Hf
initial
0.280917

0.280874
0.280898
0.280892

0.280898

0.280885

0.280914

0.280882
0.280903
0.280888
0.280917
0.280928
0.280864
0.280888

eHf(t)
-1.01

-3.44
-2.56
-2.25

-2.57

-3.05

-2.01

-3.13
-2.40
-2.94
-1.89
-2.52
-3.79
-1.74

2SE
153

1.44
1.58
1.42

1.37

151

151

1.37
1.35
1.33
1.49
1.46
1.44
1.35

TDM
3669

3833
3739
3720

3740

3791

3680

3800
3721
3779
3667
3708
3869
3682



Table S3.3 (continued)

sample
17JK26
17JK26
17JK26
17JK26
17JK26
17JK26
17JK26
17JK26
17JK26
17JK26
17JK26
17JK26
17JK26
17JK26
17JK26
17JK26
17JK26
17JK26

spot id
17JK26 - 1
17JK26 - 2
17JK26 - 3
17JK26 - 4
17JK26 - 5
17JK26 - 6
17JK26 - 7
17JK26 - 8
17JK26 - 9
17JK26 - 10
17JK26 - 11
17JK26 - 12
17JK26 - 13
17JK26 - 14
17JK26 - 15
17JK26 - 16
17JK26 - 17
17JK26 - 18

176 Hf/A77HE
meas

0.280943
0.280938
0.280922
0.280941
0.280918
0.280893

0.28096
0.280918
0.280901

0.28093
0.280951
0.280959
0.280912
0.280888
0.280951
0.280948
0.280932
0.280918

2SE
0.000026
0.000032
0.000026
0.000027
0.000024
0.000026
0.000026
0.000026
0.000024
0.000029
0.000026
0.000028
0.000032
0.000028
0.000027
0.000024
0.000023
0.000026

178Hf
177Hf

1.46712
1.46718
1.46723
1.46702
1.46721
1.46724
1.46716
1.46723
1.46721
1.46725
1.46719
146711
1.46726
1.46736
1.46714

1.4673

1.4671
1.46724

2SE
0.00013
0.00012
0.00011
0.00015
0.00018
0.00014
0.00012
0.00012
0.00013
0.00013
0.00013
0.00012
0.00017
0.00015
0.00014
0.00014
0.00011
0.00014

180Hf/
177Hf

1.8866
1.88678
1.88667
1.88675
1.88672
1.88674
1.88667
1.88658
1.88663

1.8867
1.88656
1.88671
1.88679
1.88676
1.88676
1.88672
1.88654
1.88661

2SE
0.00011
0.00011
0.0001
0.00009
0.00011
0.00009
0.00009
0.00013
0.0001
0.0001
0.00010
0.00011
0.00011
0.00013
0.00012
0.00009
0.0001
0.00011
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176Yb /
177Hf

0.01126

0.0483
0.02502
0.04026

0.0246
0.01082
0.03734

0.0321
0.01126
0.03143

0.0311
0.04348
0.03393
0.01839
0.04015
0.00071
0.01406

0.0107

2SE
0.00004
0.0029
0.00013
0.00088
0.0017
0.00006
0.00010
0.0012
0.00009
0.00051
0.0008
0.00053
0.00021
0.00059
0.00066
0.00002
0.00034
0.00013

176Lu/
177Hf

0.0003
0.0013
0.0007
0.0011
0.0007
0.0003
0.0010
0.0009
0.0003
0.0009
0.0009
0.0012
0.0010
0.0005
0.0012
1.38E-05
0.0004
0.0003

2SE
2.80E-07
8.10E-05
5.80E-06
1.70E-05
4.20E-05
9.70E-07
1.60E-06
2.80E-05
1.20E-06
1.60E-05
1.90E-05
1.90E-05
8.10E-06
1.30E-05
1.10E-05
5.20E-07
1.00E-05
5.80E-06

Age
(Ma)
2812
2814
2828
N/A
2821
N/A
2829
2828
2807
2825
2811
2823
2817
2835
2806
2645
2816
N/A

176Hf/177Hf
initial
0.280925
0.280865
0.280884

0.280879

0.280904
0.280869
0.280884
0.280884
0.280905
0.280894
0.280860
0.280860
0.280889
0.280947
0.280910

eHf(t)
-2.00
-4.19
3.22

-3.55

-2.48
-3.72
-3.71
-3.27
-2.85
-2.95
-4.29
-3.90
-3.55
-5.20
-2.56

2SE
1.44
1.59
1.44

1.40

1.44
1.44
1.39
151
1.44
1.49
1.58
1.49
1.46
1.39
1.37

TDM
3676
3900
3805

3836

3727
3859
3845
3809
3756
3774
3913
3882
3827
3905
3728



Table S3.3 (continued)

Secondary standard results:

sample
MunO
MunO
MunO

Mun3
Mun3
Mun3

Munl
Munl
Munl

FC1
FC1
FC1
FC1
FC1
FC1
FC1
FC1
FC1
FC1

spotid
munO -1
munO - 2

munO - 3

mun3 -1
mun3 - 2

mun3 - 3

munl-1
munl - 2

munl -3

FC1-1
FC1-2
FC1-3
FC1-4
FC1-5
FC1-6
FC1-7
FC1-8
FC1-9
FC1-10

176Hf/177Hf
meas

0.282115
0.282106
0.282123

0.282144
0.282102
0.282171

0.282113
0.282122
0.282138

0.28216
0.282152
0.282154
0.282172
0.282205
0.282142
0.282159
0.282147
0.282178
0.282192

2SE
0.00003
0.000026
0.000021

0.000022
0.000032
0.000024

0.00003
0.00003
0.000026

0.000023
0.000027
0.000027
0.000036
0.000027

0.00002
0.000025
0.000028
0.000027
0.000027

B ATTHf
1.46719
1.46717
1.46722

1.46724
1.46721
1.46727

1.46718
1.46721
1.46722

1.46716
1.46715
1.46728
1.46725
1.46727
1.46726
1.46725
1.46729
1.46727
1.46719

2SE
0.00011
0.00012
0.00011

0.00012
0.00013
0.00012

0.0001
0.00012
0.00013

0.00012
0.00013
0.00012
0.00014
0.00012

0.0001
0.00013
0.00013
0.00011
0.00015

180 A TTHf
1.8867
1.88656
1.88666

1.88666
1.88665
1.88663

1.88665
1.88669
1.88666

1.88675
1.88656
1.88665
1.88668

1.8867
1.88669
1.88655
1.88664
1.88672
1.88668
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2SE
0.0001
0.0001
0.0001

0.0001
0.0001
0.0001

0.0001
0.0001
0.0001

0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001

176y /1TTHf
0.00004
0.00004
0.00004

0.06167
0.07300
0.13449

0.03189
0.03169
0.03194

0.04268
0.05360
0.05262
0.05499
0.05733
0.04275
0.04402
0.02854
0.03668
0.06059

2SE
0.00001
0.00001
0.00001

0.00053
0.01100
0.00068

0.00006
0.00006
0.00007

0.00064
0.00021
0.00019
0.00014
0.00018
0.00031
0.00052
0.00020
0.00047
0.00015

176 /A TTHE
1.98E-06
2.42E-06
2.12E-06

0.0017
0.0017
0.0035

0.0009
0.0009
0.0009

0.0011
0.0013
0.0013
0.0014
0.0015
0.0011
0.0011
0.0008
0.0010
0.0016

2SE
2.40E-07
2.90E-07
2.50E-07

5.30E-06
2.00E-04
3.10E-06

3.30E-06
3.40E-06
2.80E-06

9.50E-06
8.20E-07
5.10E-07
2.10E-06
9.80E-07
3.50E-06
9.60E-06
3.20E-06
1.30E-05
1.90E-06



Table S3.3 (continued)

sample

Maniitsoq
Maniitsoq
Maniitsoq
Maniitsoq
Maniitsoq
Maniitsoq
Maniitsoq
Maniitsoq

Maniitsoq

Plesovice
Plesovice
Plesovice
Plesovice
Plesovice
Plesovice
Plesovice
Plesovice
Plesovice

Plesovice

spot id

macq - 1
macq - 2
macqg - 3
macqg - 5
macq - 6
macq - 7
macq - 8
macqg - 9

macqg - 10

ples -1
ples - 2
ples - 3
ples - 4
ples -5
ples - 6
ples - 7
ples - 8
ples - 9
ples - 10

176Hf/177Hf
meas

0.280836
0.280829

0.28083
0.280874
0.280837
0.280845
0.280851
0.280828
0.280876

0.282459
0.282459
0.282455
0.282454
0.282476
0.282431
0.282446
0.282423
0.282446
0.282475

2SE
0.000021
0.000028
0.000023
0.000027
0.000025
0.000028
0.000028
0.000026
0.000029

0.000021
0.000029
0.000025
0.000021
0.000025
0.000022
0.000025
0.000025
0.000025
0.000029

TBHfATTHE
1.46716
1.4672
1.46715
1.46709
1.46724
1.46724
1.46709
1.46732
1.4672

1.46721
1.46722
1.46724
1.46731
1.46722
1.46718
1.46721
1.46721
1.46721
1.46726

2SE
0.00014
0.00011
0.00011
0.00011
0.0001
0.00011
0.00016
0.00011
0.00015

0.00013
0.00013
0.00011

0.0001
0.00013
0.00012
0.00013
0.00012
0.00010
0.00014

180Hf/177Hf
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1.88679
1.88677
1.88673
1.88662
1.88654
1.88667
1.88663
1.88669
1.88662

1.88668
1.88671
1.88672
1.88674
1.88673
1.88658
1.88673
1.88669
1.88679
1.88666

2SE
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001

0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001

8Yb/MTTHE
0.02100
0.01626
0.01661
0.02557
0.02959
0.02991
0.02633
0.01919
0.01645

0.00908
0.01006
0.01101
0.00832
0.01245
0.00924
0.00794
0.00712
0.00659
0.00645

2SE
0.00015
0.00089
0.00048
0.00035
0.00032
0.00011
0.00031
0.00038
0.00047

0.00002
0.00002
0.00007
0.00003
0.00003
0.00004
0.00003
0.00004
0.00005
0.00003

L u/MTHE
0.0006
0.0004
0.0005
0.0007
0.0008
0.0008
0.0007
0.0005
0.0005

0.0002
0.0002
0.0002
0.0002
0.0002
0.0002
0.0001
0.0001
0.0001
0.0001

2SE
2.00E-06
2.10E-05
1.10E-05
1.00E-05
3.70E-06
1.20E-06
8.90E-06
8.30E-06
1.20E-05

4.50E-07
1.10E-06
2.50E-06
4.10E-07
7.30E-07
2.80E-07
2.50E-07
2.50E-07
3.90E-07
2.40E-07



Table S3.3 (continued)

sample
91500
91500
91500
91500
91500
91500
91500
91500
91500
91500
91500
91500
91500
91500
91500
91500
91500
91500

GJ1
GJ1
GJ1
GJ1
GJ1
GJ1
GJ1
GJ1
GJ1
GJ1
GJ1
GJ1
GJ1
GJ1
GJ1

spot id
91500 - 1
91500 - 2
91500 - 3
91500 - 4
91500 - 5
91500 - 6
91500 - 7
91500 - 8
91500 - 9
91500 - 10
91500 - 11
91500 - 12
91500 - 13
91500 - 14
91500 - 15
91500 - 16
91500 - 17
91500 - 18

gjl-1
gjl-2
gjl1-3
gjl1-4
gjl-5
gj1-7
gjl1-8
gjl-10
gjl-11
gjl-12
gjl-13
gjl-14
gjl-15
gjl-16
gjl-17

176Hf/177Hf
meas

0.282259
0.2823
0.282279
0.282256
0.282283
0.282311
0.282292
0.28228
0.282291
0.282285
0.28232
0.282291
0.282289
0.282268
0.282292
0.282292
0.282249
0.282264

0.281982
0.281992
0.281982
0.281988
0.281984
0.281997
0.282003
0.281991
0.282024
0.282001
0.282004
0.281979
0.282007
0.281995
0.282023

2SE
0.000037
0.000038
0.000037
0.000028
0.000033
0.000033
0.000033
0.000034
0.000032
0.000033
0.000033
0.000035
0.000036
0.000029
0.000046
0.000032
0.000035
0.000028

0.000031
0.000034
0.000029
0.000032
0.000025
0.000034
0.000035
0.000032
0.000036
0.000034

0.00003

0.00003

0.00003
0.000031

0.00003

T8 ATTHE
1.46727
1.46733
1.46716
1.46728
1.46724
1.46724
1.46725
1.46727
1.46725
1.46733

1.4673
1.46722
1.46723
1.46723
1.46728
1.46719

1.4672
1.46719

1.46722
1.46714
1.46721

1.4672

1.4672
1.46737

1.4672
1.46723
1.46727
1.46722
1.46716
1.46727
1.46718
1.46731
1.46724

2SE
0.00013
0.00014
0.00012
0.00012
0.00013
0.00012
0.00013
0.00012
0.00012
0.00012
0.00012
0.0001
0.00016
0.00012
0.00012
0.00014
0.00013
0.00011

0.00013
0.00012
0.00011
0.00013
0.00011
0.00013
0.00012
0.00013
0.00012
0.00013
0.00013
0.00011
0.00011
0.00014
0.00012

180Hf/177Hf
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1.88655
1.88669
1.88655
1.88672
1.88676
1.88668
1.88673

1.8867

1.8868
1.88658
1.88679
1.88662
1.88656
1.88677
1.88659
1.88662
1.88665
1.88676

1.88658
1.88655
1.88679
1.88661
1.88668
1.88664
1.88672
1.88663
1.88671
1.88668
1.88662
1.88669
1.88674
1.88666
1.88671

2SE
0.0001
0.0002
0.0001
0.0001
0.0001
0.0001
0.0001
0.0002
0.0002
0.0001
0.0002
0.0002
0.0001
0.0001
0.0002
0.0001
0.0002
0.0001

0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001

176y [LTTHf
0.00580
0.00601
0.00985
0.01262
0.00624
0.00600
0.01012
0.00993
0.01032
0.00938
0.01160
0.01144
0.01170
0.01171
0.01174
0.00795
0.00734
0.00879

0.01001
0.01002
0.01006
0.00997
0.00992
0.01000
0.01001
0.00998
0.01007
0.01007
0.01001
0.01005
0.01001
0.00993
0.01003

2SE
0.00003
0.00002
0.00002
0.00005
0.00003
0.00003
0.00004
0.00009
0.00003
0.00007
0.00005
0.00005
0.00004
0.00005
0.00005
0.00004
0.00003
0.00003

0.00003
0.00004
0.00004
0.00004
0.00004
0.00005
0.00003
0.00004
0.00004
0.00004
0.00004
0.00004
0.00004
0.00004
0.00004

176y ATTHE
0.0002
0.0002
0.0003
0.0004
0.0002
0.0002
0.0003
0.0003
0.0003
0.0003
0.0003
0.0003
0.0003
0.0003
0.0003
0.0002
0.0002
0.0003

0.0003
0.0003
0.0003
0.0003
0.0003
0.0003
0.0003
0.0003
0.0003
0.0003
0.0003
0.0003
0.0003
0.0003
0.0003

2SE
3.90E-07
4.90E-07
1.40E-06
5.50E-07
4.30E-07
4.20E-07
1.90E-06
9.90E-07
9.90E-07
8.20E-07
4.70E-07
4.90E-07
6.30E-07
5.20E-07
3.70E-07
3.70E-07
5.00E-07
5.00E-07

4.80E-07
3.20E-07
3.40E-07
4.10E-07
3.60E-07
4.20E-07
3.50E-07
3.90E-07
3.90E-07
3.30E-07
4.30E-07
3.10E-07
3.10E-07
3.30E-07
4.10E-07



Appendix S4

Figure S4.1

@ 17JK20
B 17JK12

850°C,
10 kbar

.. 875°C, 21 kbar
anite

Or

Modelled melt compositions plotted based on normative feldspar (An = anorthite, Ab = albite, Or =
orthoclase) composition calculated using GCDKit, with granitoid classifications from Barker (1979).

Barker, F., 1979. Trondhjemite: definition, environment and hypotheses of origin. In: Barker, F.

(Ed.), Trondhjemites, dacites, and related rocks. Amsterdam, Elsevier. Developments in
Petrology 6, 1-12.
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Figure S4.2

176Hf‘,‘177Hf

0.44

0.40

036

032

028

0.24

data-point error ellipses are 2o

Age = 2665+140 Ma
Initial 178Hf/"7"Hf =0.2812+0.0056
MSWD =78

176Lu/177Hf2

Errorchron for metabasite sample 17JK03 (data available in Table S4.4).

266




Table S4.1

Whole-rock major (wt.%) and trace element data (ug/g) for metabasite and leucosome samples investigated in this study.

Sample
17JK08
17JK09
17JK12
17JK20
19JK13
19JK16

Sample
17JK08
17JK09
17JK12
17JK20
19JK13
19JK16

Sample
17JK08
17JK09
17JK12
17JK20
19JK13
19JK16

Longitude
48.014072
48.013960
48.058977
48.013574
48.095940
48.013314

Crystalline
Moisture

1.03
0.76
141
0.86
0.82
0.75

Nb

Latitude
-82.811545
-82.812949
-82.713142
-82.774865
-82.667540
-82.776532

Free
Moisture

0.58
0.57
0.56
0.57
0.58
0.57

Rb Sr

8.378 43.64 265.5
3.67 113 1411
3.352 11.75 121
4.522 3.82 166.1
0.59 0.781 6.36
1.76 0.452 4.92

Al,O; BaO CaO Cry0s
15.06 0.045 6.439 0.015
14.68 0.007 13.198 0.014
15.69 0.013 10.057 0.032
14.6  0.009 9.306 0.01
16.21 0.028 4.757 0.005
13.31 0.019 4.361 0.006
FeO La Ce Pr
6.42 22.5 51.16 6.528
11.3 4.3 12.01 2.01
10.34 4.5 11.29 1.68
12.7 8.9 24.25 3.643
1.47 4.5 7.95 0.938
0.84 3.7 5.01 0.493
Ta Th U Y Zr
0.47 3.006 0.498 23.62 183
0.236 0.704 0.215 29.32 45
0.204 0.813 0.276 21.83 48
0.247 0.176 0.059 38.09 64
376.4 0.025 0.173 0.071 6.43
2152 0.031 0.402 0.164 2.16

Fe,O3
8.58
15.85
14.07
17.55
1.96
1.08

Nd
26.3
10.48
8.38
17.62
3.82
1.77

Ba
392.9
43.6
101.9
82.4
27

84

K-0
151
0.12
0.74
0.54
0.58
0.43

Sm
5.353
3.488
2.605
5.108
0.883
0.336

Ti
5414
8652
6516
9600

850
661
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MgO
4.69

4.1
6.35
4.84
0.68

0.4

Eu
1.3671
1.1868
0.9556
15271
0.5933
0.3275

MnO
0.119
0.295
0.207

0.28
0.044
0.026

Gd
4.8
4.53
3.317
6.031
0.947
0.347

Na,O
3.03
231
2.94
1.97
4.42
3.37

Th
0.711
0.7754
0.5771
1.0101
0.1513
0.0497

N
0.13
0.08
0.12
0.09
0.08
0.09

Dy
4.299
5.255
3.863
6.761
0.928
0.357

P20s
0.261
0.127
0.083
0.199
0.065
0.009

Ho
0.8571
1.0995
0.8385
1.4371
0.2112
0.0746

SiO;
59.59
47.72
48.26
48.44
71.19
76.08

Er
2.46
3.177
2.414
4.216
0.602
0.219

TiO;
0.95
1.49
1.16
1.69
0.13

0.1

Yb
2.22
3.108
2.365
4.055
212.9
157.2

Total
100.95
99.76
100.93
99.44
100.67
100.02

Lu
0.331
0.452
0.354
0.614
0.556
0.192

LOI
0.66
-0.13
1.33
-0.01
0.6
0.83

Hf
4.43
1.56
1.49
1.97
0.09
0.03



Table S4.1.1

QA/QC for whole-rock major (wt.%) and trace element data (ug/g).

QA/QC type
Detection limit
Duplicate

Duplicate

Duplicate

Duplicate

Secondary reference
Secondary reference
Secondary reference
Secondary reference
Duplicate

Duplicate

Duplicate

Duplicate

Duplicate

Duplicate

Duplicate

Duplicate

Duplicate

Duplicate

Duplicate

Duplicate

Duplicate

Duplicate

Duplicate

Duplicate

Split

Split

Sample

17JK13
17JK13
17JK26
17JK26
LK-NIP-1
NPD-1
GSP-2
STSD-1
19JK10A
19JK10A
19JK19
19JK19
19JK23A
19JK23A
19JK29A
19JK29A
19JK32B
19JK32B
19JK36B
19JK36B
19JK48A
19JK48A
19JK48B
19JK48B
19JK07B
19JK07B

A|203
0.02
15.94
16.13
151
15.22
15.15
13.62
14.84
8.7
15.33
15.31
30.24
30.19
16.31
16.19
14.31
14.22
13.3
13.2
15.87
16
14.05
14.27
16.49
16.19
15.51
15.54

BaO
0.004

0.09
0.092
0.115
0.112
0.018

0.03
0.149
0.067
0.058
0.057
0.004
0.006
0.078
0.068
0.023
0.019
0.023
0.023
0.052
0.053
0.194
0.198
0.013
0.011
0.043
0.043

CaOo
0.006
5.643
5.686
4.347
4.359

10.131
7.981
2.077
3.633
3.889
3.891

16.061

16.053
3.467
3.427

13.564

13.527
9.339
9.364
3.124
3.145

1.39
1.454

3.17

3.14
4.262
4.183

Cr203
0.002
0.037
0.038
0.006
0.006
0.021
0.017
0.004
0.008
0.003
0.004
0.019
0.019
0.017
0.019
0.018
0.017
0.012
0.012
0.005
0.007
0.003
0.004
0.003
0.004
0.004
0.004

F8203
0.01
9.97

10.06
5.02
5.04

13.48

12.63
4.88
6.38
5.63
5.61
2.71
2.72
4.48
4.65

7.8
7.78

17.28

17.33
2.46
2.49
1.85
1.86
0.39
0.43

3.3
3.12

K20
0.01
2.08
2.11
1.37
1.36
0.47
1.35
5.35
1.25
1.55
1.56
0.17
0.17
2.08
2.04
0.53
0.54
0.61

0.6
1.34
1.37
5.37
5.29
0.76
0.78
0.96
0.95
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MgO
0.01
4.61
4.68
1.37
1.38
7.25
4.76
0.97

2.2
1.38
1.38
2.02

2.37
2.45
5.56
5.53
4.88
4.94
0.76
0.77
0.35
0.33
0.16
0.18

1.2
1.12

MnO
0.002
0.148
0.149
0.061
0.061
0.189
0.187
0.042
0.492
0.074
0.074
0.035
0.036
0.046
0.044
0.193
0.193
0.239
0.239
0.029

0.03
0.018
0.017
0.007
0.007
0.043
0.041

NazO
0.02
3.21
3.22
3.68
3.57

2.4
2.72
2.85
1.83
4.26
4.24
1.82
1.83
4.26
4.18
3.94
3.89
2.47
2.45
5.14
5.18
3.24
3.36

5.9
5.78
4.88
4.92

N

0.1
0.12
0.13
0.12
0.11
0.07
0.06
4.08
0.11
0.09
0.06
0.06

0.1
0.09
0.16
0.18
0.12
0.15

0.1
0.11
0.05
0.06
0.07
0.06
0.07
0.07

P20s
0.002
0.209

0.21

0.16

0.16
0.111
0.126
0.302

0.38
0.172
0.172
0.014
0.013
0.124
0.126
0.188
0.185
0.273
0.266
0.076
0.077

0.06
0.062
0.012
0.016
0.105
0.098

SiO;

0.04

55.2
55.69
66.99
67.45
48.75
53.46

66.4
42.68
66.69
66.57
46.49
46.44
65.31
65.07
51.55
51.35
50.06
50.03
70.39
70.69
73.14

73.3
73.28
73.43
68.78
69.59

TiO2
0.01
1.14
1.16
0.66
0.67
1.15
1.15
0.67
0.66
0.69
0.69

0.2
0.19
0.55
0.59
0.63
0.63
1.95
1.95
0.31
0.31
0.13
0.12
0.05
0.06
0.46
0.43

Total

98.99
99.92
99.33
99.82
99.21
99.31
99.23
98.62
100.08
99.92
100.46
100.34
99.86
99.76
100.59
100.15
100.41
100.41
100.18
100.74
100.17
100.61
100.55
100.3
100.13
100.63

LOI

0.7
0.69
0.44
0.44
0.09
1.26

0.7

30.36
0.37
0.35
0.68
0.67
0.77
0.91
2.28
2.28

-0.02
0.01
0.61
0.63
0.39
0.34
0.32
0.28
0.59
0.6



Table S4.1.1 (continued)

QA/QC type
Detection limit
Duplicate

Duplicate

Duplicate

Duplicate

Blank

Blank

Blank

Secondary reference
Secondary reference
Secondary reference
Secondary reference
Secondary reference
Secondary reference
Secondary reference
Secondary reference
Secondary reference
Secondary reference
Secondary reference
Duplicate

Duplicate

Duplicate

Duplicate

Duplicate

Duplicate

Duplicate

Duplicate

Duplicate

Duplicate

Duplicate

Duplicate

Duplicate

Duplicate

Duplicate

Duplicate

Split

Split

Duplicate

Duplicate

Sample

17JK13
17JK13
17JK26
17JK26

MRB-12
MRB-12
MRB-12
JB-1b
JB-1b
LK-NIP-1
LK-NIP-1
PM-S
FER-2
FER-2
BIR-1
19JK10A
19JK10A
19JK19
19JK19
19JK23A
19JK23A
19JK29A
19JK29A
19JK32B
19JK32B
19JK36B
19JK36B
19JK48A
19JK48A
19JK48B
19JK48B
19JK07B
19JK07B
19JK11
19JK11

Crystalline Moisture
0.03
0.85
1.06
0.91
0.78
0.17
0.16
0.15
4.72
5.17
5.22
1.96
1.95

0.83
0.83

0.9
0.76

1.2
1.28
1.49
1.38
1.14
117
0.84
0.77
0.71
0.68
0.66
0.61
0.71

0.8
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Free Moisture
0.01
0.55
0.58
0.59
0.58
0.16
0.16
0.16
0.64
0.61
0.64
1.12
1.21

0.58
0.56
0.58
0.54
0.62
0.61
0.67
0.64
0.59

0.6
0.57
0.56
0.55
0.54
0.54
0.53
0.55
0.56

FeO
0.06
7.89
7.86
3.66

3.7

9.99
10.02
7.8
15.28
15.28
8.43
3.11
3.13
1.79
1.78
3.44
3.52
5.61
55
1251
12.63
1.59
15
0.73
0.9
0.17
0.9
1.95
1.75
6.45
6.43



Table S4.1.1 (continued)

QA/QC type
Detection limit
Duplicate

Duplicate

Split

Split

Duplicate

Duplicate

Duplicate

Duplicate

Duplicate

Duplicate

Duplicate

Duplicate

Duplicate

Duplicate

Duplicate

Duplicate

Split

Split

Duplicate

Duplicate

Duplicate

Duplicate

Secondary reference
Secondary reference
Secondary reference
Secondary reference
Secondary reference
Secondary reference
Secondary reference
Secondary reference

Sample

19JK01
19JK01
19JK07B
19JK07B SP
19JK11
19JK11
19JK20
19JK20
19JK23A
19JK23A
19JK30
19JK30
19JK32B
19JK32B
19JK36C
19JK36C
19JK36C SP
19JK36C SP
19JK48A
19JK48A
19JK48B
19JK48B
MRB-29
MRB-29
MRB-29
MRB-29
BHVO-2
AGV-2
GSP-2
GSP-2

La
0.1

51.5

51.8

9.1
15.2
15.2
42.2
40.5
34.3
324

3.1
15.8
15.5
13.6
13.2

13
13
72.3
77.8

2.3

2.3
21.3
20.7
21.2

21
14.9
36.6

179
188

Ce
0.12
84.65
83.58
19.95
19.93
26.11
25.88
78.5
75.33
61.41
57.76
7.8
8.1
35.36
34.92
33.1
32.56
32.55
32.4
130.25
140.48
3.79
3.81
47.58
46.9
47.89
47.32
35.85
66.91
436.78
449.96

Pr
0.014
7.787
7.702
2.759
2.677
2.632

2.61
8.593
8.238
6.472

6.06

1.35
1.344
4.841
4.744

4.31
4.304
4.257
4.239

12.805
13.66
0.367
0.372
6.398
6.078
6.348
6.298
5.151
8.046

54.177

56.222

Nd
0.06
22.2

22.55

11.95
11.7

9.2
9.2

30.81

28.91
22.2

20.43
7.24
7.27

21.79

21.33

18.27

18.12
18.2

18.18

38.43
41.7
1.32

1.2

27.21

26.19

27.14

26.84

24.19

29.51

199.5

207.9

Sm
0.026
1.986

2.07
2.567
2.554
1.807
1.884
5.398
5.092
2.971
2.737
2.455
2.517
5.841
5.652
4.887
4.951
4.888
4.677
4.435
4.635

0.16
0.198

5.8
5.667

6.04
6.053
6.002
5.473

25.536

26.247

Eu
0.0031
0.6252
0.6304
1.0071
0.955
0.7394
0.7374
1.2481
1.2057
1.2185
1.0672
0.9271
0.9475
1.7856
1.8111
1.2946
1.306
1.2772
1.2753
0.6281
0.6743
0.4131
0.4204
1.8765
1.7788
1.8557
1.8514
2.038
1.5239
2.2131
2.2581
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Gd
0.009
0.822
0.815
2.095
2.021
2.661
2.701
4611
4.598
1.923
1.685
3.394
35
6.796
6.766
6.12
6.218
6.016
6.079
2.101
2.289
0.119
0.129
6.007
5.662
5.842
5.828
6.046
4.552
11.94
12.04

Tb
0.0023
0.0705
0.0672
0.2856
0.2669
0.5221
0.5157
0.6877
0.6669
0.2036
0.1688
0.6068
0.6155
1.1551
1.1574
1.0753
1.0789
1.0486
1.0359
0.1924
0.1957
0.0131
0.0154
0.8785
0.8315
0.8171
0.8751
0.8805
0.61
1.2168
1.2166

Dy
0.009
0.346
0.341
1.595
1.477
3.703
3.672
4.284
4.198
0.913
0.757
4.014
4.238
7.425
7.458
7.106
7.052
6.798
6.75
0.771
0.842
0.08
0.083
5.227
4.958
4.997
5.133
5.228
3.511
5.639
5.655

Ho
0.0025
0.053
0.0576
0.3006
0.2704
0.8235
0.7937
0.8815
0.8589
0.142
0.1197
0.8907
0.913
1.6032
1.6202
1.5088
1.5238
1.4761
1.4467
0.1263
0.1403
0.0132
0.0151
1.0313
0.9428
0.9614
1.0021
0.939
0.6588
0.9253
0.9374

Er
0.007
0.148
0.15
0.826
0.769
2.551
2.512
2.729
2.573
0.34
0.295
2.638
2.754
4.816
4.757
4.587
4.537
4.341
4.417
0.338
0.337
0.043
0.035
2.832
2.645
2.673
2.83
2.459
1.837
2.301
2.33

Yb
0.009
0.165
0.165
0.743
0.702
2.528
2.436
2.703
2.615
0.312
0.269

2.59
2.744
4.598
4.651
4.375
4.394
4.203
4.168
0.391
0.361
0.051
0.057
2.426

2.23
2.355
2.339
1.883

1.62
1.604
1.659



Table S4.1.1 (continued)

QA/QC type
Duplicate

Duplicate

Split

Split

Duplicate

Duplicate

Duplicate

Duplicate

Duplicate

Duplicate

Duplicate

Duplicate

Duplicate

Duplicate

Duplicate

Duplicate

Split

Split

Duplicate

Duplicate

Duplicate

Duplicate

Secondary reference
Secondary reference
Secondary reference
Secondary reference
Secondary reference
Secondary reference
Secondary reference
Secondary reference

Sample
19JK01
19JK01
19JK07B
19JK07B SP
19JK11
19JK11
19JK20
19JK20
19JK23A
19JK23A
19JK30
19JK30
19JK32B
19JK32B
19JK36C
19JK36C
19JK36C SP
19JK36C SP
19JK48A
19JK48A
19JK48B
19JK48B
MRB-29
MRB-29
MRB-29
MRB-29
BHVO-2
AGV-2
GSP-2
GSP-2

Lu
0.025
0.028

0.11
0.097
0.379
0.369

0.42

0.41
0.045
0.037
0.393
0.396
0.701
0.709

0.66
0.653
0.634
0.632
0.069
0.062
0.009
0.012
0.356
0.328
0.339
0.347
0.254
0.236
0.221
0.225

Hf
3.84
3.49
2.85
2.73
3.84
3.82
7.32

7.8
6.44
5.57
1.48
1.52
4.41
4.37
3.51
3.48
3.33
3.39

6.1
6.41

0.9
0.83
4.45
4.28
4.34
4.44
4.43
5.22

13.04
14.04

Nb
2.399
2.416
4.233
3.939
6.714
6.854
6.989
7.018
5.915
5.667
2.229
2.211
8.252
8.185
8.333
8.228
8.326
8.287

1.63
1.015
0.546
0.551

12.501
12.942
12.684
12.589
17.437
13.297

25.3
25.061

Rb
49.53
495
19.23
17.27
74.66
76.06
34.97
35.19
71.19
69.19
1.77
1.6
17.41
16.63
96.21
95.74
98.57
103.73
124.01
111.54
14.5
13.81
13.41
14.02
13.52
14.2
8.57
66.36
232.35
229.4

Sr
553.3
555
752.3
748.2
250.6
254.4
345.9
346.5
452
446.2
95.9
93.6
138.5
133.5
108.2
109.3
103.9
107.4
309.2
313.3
404.2
409
299.9
313.7
313.6
311.8
388.8
658.7
229.8
2275

Ta
0.129
0.139
0.226
0.201
0.283
0.292
0.353
0.345
0.353
0.317
0.125
0.126
0.536
0.531
0.648
0.639
0.627
0.613
0.158
0.066
0.041
0.025
0.766
0.757
0.759
0.776
1.083
0.795
0.799
0.806
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Th
9.049
8.912

1.33
1.285
3.245

3.36

11.338
11.582
9.594
8.268
0.184
0.169
2.304
2.334
0.731
0.684
0.614
0.618
25.098
27.819
0.484
0.379
2.491
2.399
2.413
2.479
1.152
5.803
104.482
108.667

U
0.225
0.202
0.188

0.18
0.328
0.328
0.611
0.634
0.712
0.617
0.055
0.053
0.578
0.573
0.472
0.477
0.442

0.46
0.778
0.909
0.144
0.117
0.621
0.589
0.594
0.636
0.407
1.829
2.346

244

Y
1.56
1.54
8.21
7.67

23.51
23.57
24.03
24.26
3.93
3.34
25.05
24.54
42.66
42.25
40.78
40.68
39.43
40.39
3.6
3.57
0.46
0.44
26.29
26.82
26.77
26.96
25.45
18.82
25.51
26.19

Zr
175
157
127
126
160
159
336
370
276
241

52

51
172
167
118
120
116
123
230
234

32

32
176
183
178
180
175
243
534
560

Ba
507.8
516.9
379.3
360.5
890.2
883.4
631.3
611.1
688.4
589.2

43.4
45.4
197
196.4
433.3
429.4
444.7
450.2
1669.4
>1740

84

89.6
275.4
277.1
280.9
281.4
125.6

1102.6
1302
1274.3

Ti
2466
2397
2679
2517
4606
4688
4982
4991
3256
3481
6932
6766

12390
11760
10941
10568
10616
10763
841
794
266
310
11148
12118
12254
11879
16127
6256
3953
3923



Table S4.2

Mineral composition data for garnet, plagioclase, clinopyroxene, amphibole, and biotite obtained by electron probe microanalysis (EPMA).

Garnet data:

SiO, TiO, Al,O3 Cr,03 MgO CaO MnO FeOt Na,O K,0
Comment wt% wt% wit% wt% wit% wt% wt% wt% wit% wt% Total
17JK08_grtl1_1 38.24 0.05 21.47 N/A 5.24 7.75 1.62 26.19 N/A N/A 100.55
17JK08_grtl1_2 38.35 L.O.D. 21.48 N/A 5.73 6.34 1.75 27.10 N/A N/A 100.74
17JK08 _grtl1_3 38.32 0.05 21.45 N/A 5.21 7.17 1.73 26.63 N/A N/A 100.57
17JK08 _grtl_4 38.25 0.08 21.41 N/A 5.24 6.70 1.76 27.12 N/A N/A 100.55
17JK08_grt1_5 37.97 0.04 21.48 N/A 5.05 5.96 2.05 28.05 N/A N/A 100.59
17JK08_grtl_6 38.27 0.04 21.59 N/A 5.24 5.98 1.92 27.82 N/A N/A 100.86
17JK08_grt2_1 38.10 0.07 21.55 N/A 5.53 7.31 1.54 26.19 N/A N/A 100.30
17JK08_grt2_2 38.08 L.O.D. 21.45 N/A 5.82 6.35 1.59 27.06 N/A N/A 100.38
17JK08_grt2_3 38.39 0.06 21.59 N/A 5.65 6.86 1.57 26.64 N/A N/A 100.76
17JK08_grt2_4 38.31 L.O.D. 21.64 N/A 5.72 6.32 161 27.03 N/A N/A 100.66
17JK08_grt2_5 38.03 0.04 21.47 N/A 4.73 5.94 2.07 28.38 N/A N/A 100.65
17JK08_grt2_6 38.11 0.03 21.56 N/A 5.36 7.42 1.55 26.12 N/A N/A 100.15
17JK20_grtl1_1 37.87 0.07 21.27 N/A 3.82 9.67 111 26.39 N/A N/A 100.21
17JK20_grtl1_2 37.96 0.06 21.30 N/A 3.82 9.40 1.17 26.64 N/A N/A 100.35
17JK20_grt1_3 38.09 0.10 21.32 N/A 3.81 9.38 1.13 26.79 N/A N/A 100.61
17JK20_grtl_4 37.79 0.04 21.19 N/A 4.02 8.34 1.20 27.69 N/A N/A 100.28
17JK20_grt1_5 38.04 0.06 21.39 N/A 4.00 8.26 121 27.55 N/A N/A 100.50
17JK20_grtl_6 37.76 0.05 21.50 N/A 3.79 8.00 1.28 27.94 N/A N/A 100.33
17JK20_grt2_1 37.92 0.07 21.20 N/A 3.90 9.08 111 27.24 N/A N/A 100.53
17JK20_grt2_2 38.14 0.06 21.72 N/A 3.96 8.81 1.15 27.17 N/A N/A 101.01
17JK20_grt2_3 37.89 0.06 21.26 N/A 3.98 8.51 1.13 27.86 N/A N/A 100.69
17JK20_grt2_4 38.14 L.O.D. 21.68 N/A 4.16 8.21 1.10 27.70 N/A N/A 101.01
17JK20_grt2_5 38.07 0.06 21.67 N/A 4.08 8.14 1.17 27.49 N/A N/A 100.68
17JK20_grt2_6 37.98 0.04 21.54 N/A 3.84 8.06 121 28.02 N/A N/A 100.69
17JK12_grtl_line (Line) Pt 1 37.65 0.04 21.13 L.O.D. 4.28 7.10 1.77 27.53 L.O.D. L.O.D. 99.51
17JK12_grtl_line (Line) Pt 2 37.73 0.04 21.08 0.05 4.12 7.41 1.72 28.00 L.O.D. L.O.D. 100.13
17JK12_grtl_line (Line) Pt 3 37.64 L.O.D. 20.70 0.07 3.78 7.31 1.74 28.63 0.03 L.O.D. 99.92
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Table S4.2 (garnet continued)

Comment
17JK12_grtl_line (Line)
17JK12_grtl_line (Line)
17JK12_grtl_line (Line)
17JK12_grtl_line (Line)
17JK12_grtl_line (Line)
17JK12_grtl _line (Line)
17JK12_grtl _line (Line)
17JK12_grtl _line (Line)
17JK12_grtl _line (Line)
17JK12_grtl_line (Line)
17JK12_grtl_line (Line)
17JK12area2_grt (Line)
17JK12area2_grt (Line)
17JK12area2_grt (Line)
17JK12area2_grt (Line)
17JK12area2_grt (Line)
17JK12area2_grt (Line)
17JK12area2_grt (Line)
17JK12area2_grt (Line)
17JK12area2_grt2_c
17JK12area2_grt2_r
17JK12area5_grt_cl
17JK12area5_grt_c2
17JK12area5_grt_c3
17JK09_grtl (Line) Pt 1
17JK09_grtl (Line) Pt 2
17JK09_grtl (Line) Pt 3
17JK09_grtl (Line) Pt4
17JK09_grtl (Line) Pt5
17JK09_grtl (Line) Pt 6

Pt4
Pt5
Pt 6
Pt7
Pt8
Pt9
Pt11
Pt 12
Pt 13
Pt 14
Pt 15
Pt1
Pt2
Pt3
Pt4
Pt5
Pt 6
Pt7
Pt8

SiO,

wt%
37.39
37.94
37.59
37.72
37.61
37.58
37.73
37.61
37.70
37.82
37.35
37.17
37.46
37.66
37.45
37.56
37.80
37.91
37.97
37.50
36.83
37.59
37.64
37.04
37.97
37.62
37.49
37.41
37.56
37.25

TiO,
wt%
0.04
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
0.06
0.05
0.06
0.05
L.O.D.
0.06
L.O.D.
L.O.D.
0.04
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
0.08
L.O.D.
L.O.D.
L.O.D.
0.07
0.04
0.05
0.05
0.10
L.O.D.

Al,O3
wt%

20.97
21.32
21.15
21.29
21.09
21.24
21.26
21.14
21.05
21.18
20.83
20.96
20.95
21.04
21.10
21.29
21.24
20.73
21.25
21.03
20.76
21.25
21.27
21.02
20.87
20.89
20.84
20.58
20.93
20.63

Cr,03
wt%

0.07
0.03
0.03
0.03
L.O.D.
0.05
L.O.D.
0.04
0.04
0.03
0.07
0.05
0.10
0.11
0.06
0.10
0.08
0.08
0.07
L.O.D.
0.06
0.05
0.04
0.04
0.03
L.O.D.
L.O.D.
0.03
L.O.D.
L.O.D.

MgO
wit%
4.58
4.65
4.49
4.44
4.52
4.41
4.56
4.71
4.75
4.71
3.91
3.77
4.41
4.45
4.50
4.54
4.38
4.23
3.66
4.37
3.45
4.71
4.51
4.68
2.59
2.87
2.90
2.78
2.85
2.84
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CaO
wt%

7.28
7.35
7.64
7.60
7.67
7.66
7.55
7.43
7.40
7.23
7.43
711
7.48
7.45
7.48
7.38
7.43
7.41
7.25
7.38
7.31
7.59
7.11
7.44
9.94
9.89
9.97
9.99
9.80
10.04

MnO
wt%

1.67
191
181
1.87
1.90
1.99
1.84
1.70
1.80
1.76
1.84
1.79
1.65
1.66
1.60
1.70
1.66
1.63
181
1.78
1.86
1.66
1.68
1.64
1.01
1.05
1.07
0.93
0.99
0.99

FeOt
wt%

26.99
26.87
26.89
27.10
26.67
26.87
26.72
26.69
27.28
27.31
28.26
28.55
27.49
27.50
27.35
27.57
27.47
27.71
28.46
27.54
29.14
27.04
27.98
27.45
28.28
27.68
27.80
27.98
27.66
27.81

Na,O
wit%

L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.

0.03
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.

0.02
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.

K,0
wt%

L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.

Total
99.01
100.10
99.62
100.10
99.49
99.83
99.73
99.37
100.09
100.09
99.70
99.45
99.55
99.91
99.56
100.17
100.12
99.73
100.52
99.65
99.48
99.93
100.25
99.32
100.79
100.07
100.14
99.76
99.87
99.58



Table S4.2 (garnet continued)

Comment

17JK09_grtl (Line) Pt7
17JK09_grtl (Line) Pt 8
17JK09_grtl (Line) Pt9
17JK09_grtl (Line) Pt 10
17JK09_grtl (Line) Pt 11
17JK09_grtl (Line) Pt 12
17JK09_grtl (Line) Pt13
17JK09_grtl (Line) Pt 14
17JK09_grtl (Line) Pt15
17JK09 _area2 grt c
17JK09 _area2_grt_r
17JK09 _grt2 (Line) Pt 1
17JK09_grt2 (Line) Pt 2
17JK09_grt2 (Line) Pt 3
17JK09_grt2 (Line) Pt 4
17JK09_grt2 (Line) Pt5
17JK09_grt2 (Line) Pt 6
17JK09_grt2 (Line) Pt 7
17JK09_grt2 (Line) Pt 8
17JK09_grt2 (Line) Pt9
17JK09_grt2 (Line) Pt 10
17JK09_grt2 (Line) Pt 11
17JK09_grt2 (Line) Pt 12
17JK09_grt2 (Line) Pt 13
17JK09_grt2 (Line) Pt 14
17JK09_grt2 (Line) Pt 15

SiO,

wt%
37.36
37.41
38.09
37.55
37.62
37.63
37.70
37.76
37.02
37.04
37.35
37.34
37.09
37.28
37.67
37.53
37.65
37.49
37.57
37.59
37.67
37.49
37.40
37.60
37.22
37.31

TiO,
wt%
L.O.D.
L.O.D.
L.O.D.
0.05
0.08
0.04
0.05
L.O.D.
0.07
0.09
0.09
0.08
0.05
0.11
0.09
0.04
0.04
0.05
0.07
0.06
0.06
L.O.D.
0.09
0.08
0.04
0.08

Al,O3
wt%

20.50
20.81
21.03
20.62
20.67
20.95
20.83
20.51
20.63
20.65
20.73
20.66
20.58
20.63
20.84
21.08
20.88
20.70
20.75
20.55
20.72
20.85
20.49
20.50
20.54
20.38

Cr,03
wt%

L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
0.03
L.O.D.
0.05
0.03
L.O.D.
L.O.D.
L.O.D.
0.05
L.O.D.
L.O.D.
L.O.D.
0.04
L.O.D.
L.O.D.
0.03
L.O.D.
0.03
0.03
L.O.D.
0.05

MgO
wit%
2.78
2.83
2.85
2.74
2.78
2.90
2.82
2.69
2.45
2.59
2.41
2.25
2.29
2.45
2.55
2.59
2.59
2.58
2.60
2.58
2.63
2.62
2.54
2.51
2.39
2.34
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CaO
wt%

9.85

9.80

9.86

9.73

9.92

9.81

9.81
10.16
10.22
10.30
10.50
10.39
10.64
10.33
10.18
10.08
10.06
10.36
10.20
10.22
10.26
10.13
10.46
10.39
10.59
10.52

MnO
wt%

0.95
1.06
1.05
1.06
0.99
0.93
0.97
0.92
0.97
0.89
0.90
0.94
0.95
0.89
0.91
0.98
0.97
0.96
0.97
0.92
1.00
1.01
0.95
1.01
0.94
0.90

FeOt
wt%

27.73
27.48
27.75
27.72
27.89
27.49
27.93
28.03
27.91
27.74
27.94
27.98
27.78
27.97
27.60
27.70
27.97
27.50
27.60
27.82
27.97
27.71
27.97
28.06
27.90
28.46

Na,O
wit%

L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.

K,0
wt%

L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.

0.02
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.

Total
99.19
99.39
100.64
99.49
99.95
99.75
100.14
100.12
99.32
99.34
99.93
99.67
99.39
99.74
99.85
100.02
100.17
99.69
99.78
99.77
100.35
99.87
99.93
100.18
99.64
100.06



Table S4.2 (continued)
Plagioclase data:

SiO, TiO, ApO;  Cry,0O3 MgO CaO MnO FeOt SrO BaO Na,O K20
Comment wt% wt% wt% wt% wt% wt% wt% wt% wt% wt% wt% wt% Total
17JK08 _areal pll 60.32 N/A 26.94 N/A N/A 7.34 N/A 0.04 N/A N/A 7.06 0.14 101.84
17JK08_areal pl2 60.23 N/A 26.88 N/A N/A 7.36 N/A 0.05 N/A N/A 7.17 0.10 101.80
17JK08_areal pl3 60.40 N/A 26.80 N/A N/A 7.34 N/A 0.02 N/A N/A 7.16 0.14 101.86
17JK08_area2_pll 60.10 N/A 26.85 N/A N/A 7.35 N/A 0.03 N/A N/A 7.12 0.16 101.61
17JK08_area2_pl2 59.99 N/A 26.85 N/A N/A 7.26 N/A L.O.D. N/A N/A 7.27 0.15 101.52
17JK08_area2_pl3 60.12 N/A 27.02 N/A N/A 7.36 N/A 0.02 N/A N/A 7.16 0.12 101.81
17JK08_area2_pl4 59.97 N/A 26.96 N/A N/A 7.26 N/A L.O.D. N/A N/A 7.21 0.14 101.54
17JK08_area3_pll 60.04 N/A 26.85 N/A N/A 7.28 N/A 0.03 N/A N/A 7.17 0.20 101.56
17JK08_area3_pl2 60.12 N/A 26.93 N/A N/A 7.38 N/A 0.03 N/A N/A 7.27 0.16 101.89
17JK08_area3_pl3 60.13 N/A 26.81 N/A N/A 7.41 N/A 0.02 N/A N/A 7.26 0.15 101.79
17JK08_area3_pl4 60.09 N/A 26.73 N/A N/A 7.33 N/A 0.10 N/A N/A 7.11 0.15 101.52
17JK08_area3 pl5 59.83 N/A 26.90 N/A N/A 7.40 N/A 0.04 N/A N/A 7.23 0.17 101.57
17JK08_area2_pl5 60.19 N/A 26.91 N/A N/A 7.34 N/A 0.03 N/A N/A 7.36 0.15 101.99
17JK20_areal_pll 59.85 N/A 27.30 N/A N/A 7.77 N/A 0.05 N/A N/A 6.80 0.19 101.95
17JK20_areal_pl2 59.15 N/A 27.05 N/A N/A 7.80 N/A 0.05 N/A N/A 6.55 0.18 100.80
17JK20_areal pl3 59.84 N/A 27.00 N/A N/A 7.62 N/A 0.05 N/A N/A 6.94 0.18 101.63
17JK20_areal_pl4 59.46 N/A 27.40 N/A N/A 7.83 N/A 0.11 N/A N/A 6.92 0.18 101.91
17JK20_area2_pll 59.54 N/A 27.14 N/A N/A 7.66 N/A 0.02 N/A N/A 6.98 0.18 101.53
17JK20_area2_pl2 59.64 N/A 27.33 N/A N/A 7.88 N/A 0.05 N/A N/A 6.83 0.13 101.85
17JK20_area2_pl3 59.84 N/A 26.99 N/A N/A 7.61 N/A 0.08 N/A N/A 6.78 0.19 101.48
17JK20_area2_pl4 59.44 N/A 27.35 N/A N/A 7.77 N/A 0.03 N/A N/A 6.69 0.22 101.50
17JK20_area2_pl5 59.65 N/A 27.29 N/A N/A 7.64 N/A 0.06 N/A N/A 7.07 0.16 101.88
17JK20_area3_pll 59.61 N/A 27.26 N/A N/A 7.70 N/A 0.07 N/A N/A 6.99 0.16 101.79
17JK20_area3_pl2 59.48 N/A 27.16 N/A N/A 7.72 N/A 0.03 N/A N/A 6.73 0.19 101.30
17JK20_area3_pl3 59.71 N/A 27.19 N/A N/A 7.72 N/A 0.09 N/A N/A 6.88 0.16 101.75
17JK12areal pll c 58.05 L.O.D. 26.14 L.O.D. L.O.D. 8.05 L.O.D. L.O.D. L.O.D. 0.07 7.30 0.04 99.72
17JK12areal pll r 58.16 L.O.D. 26.12 L.O.D. L.O.D. 8.18 L.O.D. 0.07 L.O.D. L.O.D. 7.20 L.O.D. 99.85
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Table S4.2 (plagioclase continued)

Comment
17JK12areal pl2
17JK12area3 pll _c
17JK12area3 pll r
17JK12area3 pl2
17JK12area3 pl3 cl
17JK12area3_pl3_c2
17JK12area3_pl3_c3
17JK12area3_pl3_r1
17JK12area3_pl3_r2
17JK12area3 pl4_c
17JK12area3 pl4_r
17JK09_areal pll_c
17JK09_areal_pll_r
17JK09_areal pl2_c
17JK09_areal_pl2_r
17JK09_areal pl3_c
17JK09_areal_pl3 r

17JK09_areal_pl4_inc
17JK09_areal_pl5_inc

17JK09_area2_pll_c
17JK09_area2 pll_r
17JK09_area2_pl2_c
17JK09_area2 pl2_r
17JK09_area3 pll_c
17JK09_area3_pl1_r
17JK09_area3_pl2

SiO,

wt%
57.28
58.82
58.65
58.25
58.59
58.61
58.46
59.54
58.76
58.76
59.43
57.91
58.41
57.79
58.32
57.99
57.82
59.53
58.42
58.01
57.92
58.11
58.26
57.67
57.86
62.77

TiO,

wt%
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.

0.03
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.

A203
wt%

25.79
25.92
25.83
26.09
25.96
26.17
25.81
25.59
25.80
25.76
25.70
26.51
26.56
26.42
26.12
26.42
26.36
25.61
26.28
26.67
26.43
26.61
26.47
26.60
26.54
23.45

Cr,03
wt%

L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.

0.03
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.

0.03
L.O.D.
L.O.D.
L.O.D.
L.O.D.

MgO
wt%

L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.

CaO
wt%

8.71
7.89
7.71
8.06
7.99
7.99
7.82
7.31
7.75
7.61
7.46
8.56
8.36
8.59
8.01
8.49
8.36
7.37
8.24
8.73
8.71
8.80
8.60
8.63
8.65
4.93

MnO
wt%

L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
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FeOt
wt%

0.04
L.O.D.
0.08
0.06
L.O.D.
L.O.D.
L.O.D.
0.12
0.10
L.O.D.
0.09
0.04
0.06
0.05
0.09
0.05
0.07
0.07
0.20
0.09
0.10
0.03
0.03
L.O.D.
0.11
0.09

SrO
wt%

L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.

0.13
L.O.D.
L.O.D.
L.O.D.

0.14
L.O.D.
L.O.D.

0.10

0.12
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.

0.13
L.O.D.

0.13
L.O.D.
L.O.D.
L.O.D.

BaO
wt%

L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.

Na,O
wt%

7.19
7.30
7.41
7.15
7.22
7.27
7.26
7.66
7.40
7.41
7.54
6.85
7.06
6.76
7.15
6.90
6.94
7.84
7.13
6.77
6.88
6.66
6.76
6.70
6.86
9.13

K20
wt%

0.07
0.13
0.12
0.08
0.10
0.10
0.09
0.06
0.06
0.10
0.09
0.20
0.18
0.23
0.17
0.20
0.16
0.04
0.03
0.19
0.18
0.18
0.20
0.28
0.13
0.07

Total
99.13
100.17
99.85
99.71
99.94
100.23
99.58
100.39
99.94
99.76
100.54
100.10
100.70
100.01
99.99
100.12
99.81
100.50
100.34
100.53
100.36
100.49
100.54
99.94
100.19
100.45



Table S4.2 (continued)

Clinopyroxene data:

Comment
17JK20_areal_cpx1l
17JK20_areal_cpx2
17JK20_area2_cpx1
17JK20_area2_cpx2
17JK20_area2_cpx3
17JK20_area2_cpx4
17JK20_area2_cpx5
17JK20_area2_cpx6
17JK20_grt2_cpx1
17JK20_grt2_cpx2
17JK20_grt2_cpx3
17JK09 _areal pxl c
17JK09 _areal px1 r
17JK09_areal_px2_c
17JK09_areal_px2_r
17JK09_areal_px3_c
17JK09_areal_px3_r
17JK09_area2_px1_c
17JK09_area2_px1_r
17JK09_area2_px2_c
17JK09_area2_px2_r
17JK09_area3_px1_c
17JK09_area3_px1_r
17JK09_area3_px2
17JK09_area3_px3

17JK09_areal px2_c repeat

SiO,

wt%
51.08
51.43
51.44
51.51
51.97
51.38
51.57
51.79
51.46
51.44
51.25
50.25
50.42
49.18
50.38
50.45
50.76
50.29
50.45
49.76
50.20
49.86
50.23
50.69
50.61
49.86

TiO,
wt%
0.26
0.21
0.23
0.25
0.13
0.21
0.21
0.16
0.25
0.23
0.24
0.22
0.19
0.35
0.24
0.34
0.18
0.29
0.28
0.34
0.25
0.29
0.17
0.12
0.28
0.34

Al,O3
wt%

2.47
2.46
2.27
2.34
1.85
2.26
2.22
2.00
2.41
2.28
2.36
2.58
2.08
2.85
2.20
2.88
2.35
2.80
2.52
2.89
2.42
2.75
2.09
181
2.40
2.90

V,03
wt%

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
0.11
0.07
0.12
0.13
0.11
0.08
L.O.D.
0.08
0.11
0.10
0.14
0.14
0.07
0.07
0.11

Cr,03
wt%

L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.

0.03
L.O.D.
L.O.D.
L.O.D.

0.05

0.06

0.03
L.O.D.
L.O.D.

0.03
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.

0.04

MgO
wt%

11.28
11.26
11.65
11.75
11.93
11.75
11.77
11.83
11.60
11.38
11.33
9.67
9.97
9.20
9.65
9.56
9.71
9.26
9.49
8.94
9.48
9.23
9.64
9.92
9.41
9.22

CaO
wt%

21.85
21.77
21.96
21.93
22.17
21.89
21.90
22.23
21.87
21.94
21.76
21.99
22.10
21.74
21.98
21.89
21.95
21.89
22.07
21.64
22.09
22.04
22.29
22.39
22.04
21.68
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MnO
wt%

0.18
0.17
0.13
0.14
0.11
0.12
0.14
0.13
0.15
0.14
0.16
0.10
0.15
0.13
0.15
0.12
0.11
0.11
0.11
0.17
0.13
0.13
0.12
0.06
0.13
0.14

FeOt
wt%

12.13
12.37
11.67
11.66
11.08
11.85
11.45
10.96
12.17
12.07
12.10
13.88
13.76
14.40
13.64
14.01
13.85
14.43
14.15
14.77
14.08
14.62
13.85
13.42
14.42
14.41

NiO
wt%
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
0.03
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.

Na,O
wt%

0.54
0.60
0.56
0.56
0.54
0.55
0.57
0.56
0.59
0.53
0.57
0.64
0.57
0.67
0.60
0.68
0.59
0.66
0.62
0.62
0.60
0.64
0.54
0.55
0.60
0.65

K,0
wt%

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.

Total
99.79
100.28
99.89
100.14
99.79
100.01
99.82
99.65
100.51
100.03
99.77
99.43
99.31
98.69
99.02
100.08
99.62
99.72
99.81
99.24
99.36
99.72
99.06
99.02
99.94
99.34



Table S4.2 (continued)
Amphibole data:

SiO, TiO, AlOs V,0; Cr,03 MgO CaO MnO FeOt Na,O KO Cl
Comment wt%  wt% wt% wt% wt% wt% wt% wt% wt% wt% wt% Fwt% wt%  Total
17JK08_areal_hbll 4290 1.78 12.08 N/A N/A  10.35 11.08 N/A  16.07 159 111 N/A N/A  96.97
17JK08_areal_hbl2 4296 159 12.24 N/A N/A  10.52 11.25 N/A  15.67 141 1.05 N/A N/A  96.70
17JK08_area3_hbl1l 4322 182 11.84 N/A N/A  10.71 11.15 N/A  15.88 155 1.06 N/A N/A  97.24
17JK08_area3_hbl2 4294 195 1241 N/A N/A  10.11 11.40 N/A 1555 1.34 1.07 N/A N/A  96.76
17JK08_area3_hbl3 4293 1.81 12.00 N/A N/A 1049 11.32 N/A  15.89 153 1.06 N/A N/A  97.03
17JK08_area3_hbl4 43.08 1.73 12.26 N/A N/A 1049 11.27 N/A 1577 153 1.06 N/A N/A  97.19
17JK08_area3_hbl5 43.53 1.63 12.64 N/A N/A 1045 11.54 N/A  15.05 1.38 1.10 N/A N/A  97.32
17JK08_area3_hbl6 43.21 1.74 1222 N/A N/A  10.63 11.34 N/A 1577 1.45 1.07 N/A N/A  97.42
17JK08_grt2_hbl_inclusion 43.96 1.60 12.24 N/A N/A 1244 11.10 N/A  13.35 1.68 0.75 N/A N/A  97.12
17JK20_areal_hbll 41.77 192 12.24 N/A N/A 8.94 11.43 N/A  17.66 152 1.32 N/A N/A  96.80
17JK20_areal_hbl2 4194 153 13.21 N/A N/A 8.92 1152 N/A  17.18 125 142 N/A N/A  96.98
17JK20_areal_hbl3 41.68 197 12.23 N/A N/A 9.13 11.31 N/A - 17.77 151 1.32 N/A N/A  96.90
17JK20_areal_hbl4 4156 212 12.73 N/A N/A 9.11 11.36 N/A  16.92 143 143 N/A N/A  96.65
17JK20_areal_hbl5 41.72 218 12.17 N/A N/A 9.24 11.32 N/A  17.52 155 1.37 N/A N/A  97.06
17JK20_area3_hbll 41.23 2.03 1211 N/A N/A 8.94 11.26 N/A  17.84 152 1.33 N/A N/A  96.24
17JK20_area3_hbl2 41.61 1.82 12.30 N/A N/A 9.03 11.30 N/A  17.66 150 1.35 N/A N/A  96.57
17JK20_area3_hbl3 41.38 216 12.37 N/A N/A 8.87 11.24 N/A  18.25 153 1.37 N/A N/A  97.17
17JK20_area3_hbl4 41.76 214 12.46 N/A N/A 9.07 11.28 N/A  17.58 154 1.36 N/A N/A  97.20
17JK20_area3_hbl5 41.37 212 12.30 N/A N/A 8.82 11.29 N/A  17.76 155 1.33 N/A N/A  96.54
17JK12area2_hbll_c 42.47 193 11.80 L.O.D. 0.05 9.76 11.09 0.12 1731 162 111 L.O.D. 0.02 97.27
17JK12area2_hbl1_r1 42.68 191 1246 L.O.D. 0.08 9.77 11.10 0.13 16.49 166 099 L.O.D. 0.02 97.29
17JK12area2_hbl1_r2 42,71 217 12.02 0.09 0.08 9.69 11.36 0.12 16.74 161 107 LO.D. L.OD. 97.66
17JK12area2_hbl2_c 4241 195 12.33 0.07 0.07 9.66 11.17 0.12 16.83 169 118 L.O.D. L.O.D. 97.48
17JK12area2_hbl2_r 4286 2.04 1232 L.O.D. 0.08 10.06 11.24 0.12 16.07 164 112 L.OD. L.OD. 9754
17JK12area2_hbl3 4258 2.02 12.33 0.09 0.07 10.35 11.19 0.06 15.79 1.68 1.09 L.O.D. 0.02 97.28
17JK12area2_hbl4_inc 43.12 2.01 12.03 L.O.D. 0.07 10.22 11.29 0.12 16.31 156 1.23 L.O.D. 0.02 97.99
17JK12area2_hbl5 ¢ 4281 2.04 12.23 0.06 0.07 9.43 11.10 0.08 17.27 1.70 112 L.O.D. 0.02 97.93
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Table S4.2 (amphibole continued)

SiO, TiO, AlOs V,0; Cr,03 MgO CaO MnO FeOt Na,O KO Cl
Comment wt%  wt% wit% wt% wt% wt% wit% wt% wt% wt% wt% Fwt% wt%  Total
17JK12area2_hbl5_r 42,78 191 11.87 0.07 0.08 9.61 11.07 0.13 17.30 160 1.13 L.O.D. 0.02 9755
17JK12area2_hbl6 43.84 0.89 12.01 L.O.D. 0.05 10.23 10.88 0.13 16.95 161 058 L.O.D. 0.02 97.18
17JK12area3_hbll_c 42,71 210 11.97 0.07 0.08 9.53 11.16 0.16 17.35 164 116 LO.D. L.OD. 97.93
17JK12area3_hbll_r 43.11 160 12.64 0.10 0.07 9.91 11.29 0.13 16.61 146 0.89 0.08 0.02 97.90
17JK12area3_hbl2_c 4299 2.07 11.98 0.10 0.06 9.61 11.18 0.17 17.15 1.72 116 L.O.D. 0.02 98.21
17JK12area3 _hbl2_r 42.64 1.62 12.82 0.11 0.08 8.89 11.22 0.09 17.88 149 1.07 0.10 0.03 98.04
17JK09_area3_hbl1_inc 40.98 1.14 13.09 0.22 0.05 7.18 11.29 0.04 20.23 1.60 1.13 L.O.D. L.O.D. 96.94
17JK09_area3_hbl1_inc repeat 41.14 1.15 13.04 0.21 L.O.D. 729 11.23 0.06 20.48 1.60 105 L.O.D. L.OD. 97.24
17JK09_area2_hbl2 41.20 1.79 1251 0.20 L.O.D. 7.23 11.49 0.06 20.31 137 143 L.O.D. L.O.D. 97.60
17JK09_area3_hbl3 41.04 154 12.39 0.11 L.O.D. 7.07 11.70 0.06 20.63 141 135 LO.D. L.OD. 97.28
17JK09_area3_hbl4 41.71 164 11.84 0.21 0.04 7.25 11.64 0.06 20.45 123 146 LO.D. L.OD. 9751
17JK09_area4_hbll 4121 191 1244 0.09 L.O.D. 762 1134 L.O.D. 19.85 152 131 LO.D. L.OD. 97.27
17JK09_aread_hbl2 41.05 255 1211 0.15 0.03 7.79 11.48 0.05 19.59 1.85 1.21 0.08 L.O.D. 97.94
17JK09_aread_hbl3 4350 1.16 10.56 0.09 L.O.D. 8.54 11.39 0.08 19.69 153 052 LO.D. L.OD. 97.05
17JK09_area4_hbl3 repeat 4405 1.15 1041 L.O.D. L.O.D. 8.68 11.44 0.07 19.28 144 051 LO.D. L.OD. 97.02
17JK09_area4_hbl4 43.18 1.12 10.82 0.20 0.03 8.40 1141 0.08 19.43 129 077 LO.D. L.OD. 96.73
17JK09_area4_hbl4 repeat 4359 1.18 10.85 0.17 L.O.D. 8.39 11.47 0.13 19.66 135 0.74 0.09 L.O.D. 97.59
17JK09_aread_hbl5 45.37  0.89 9.49 0.14 0.03 9.11 11.39 0.08 19.48 121 035 L.O.D. 0.01 97.54
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Table S4.2 (continued)
Biotie data:

Comment
17JK08_areal_btl
17JK08_areal_bht2
17JK08_areal_bt3
17JK08_area2_btl
17JK08_area2_ht2
17JK08_area3_btl
17JK08_area3_bt2
17JK08_area3_ht3
17JK08_area3_bt4
17JK08_area3_bt5
17JK08_grt2_bt_inclusion
17JK20_aread_btl
17JK12area3_bt
17JK12area3 bt repeat
17JK09_area5_btl
17JK09_area5_ht2
17JK09_area5_bt2 repeat

SiO,
wt%

36.20
36.43
36.59
36.40
36.08
36.13
36.04
36.21
36.23
36.14
36.92
36.14
36.18
36.00
36.08
35.53
35.51

TiO,
wt%

4.22
4.22
4.02
4.40
454
4.35
4.46
4.35
4.23
4.50
3.15
3.83
3.26
3.45
2.70
3.73
3.59

Al,O3
wt%

16.17
16.37
16.59
16.47
16.48
16.05
16.06
16.20
16.11
15.93
16.71
16.68
15.53
15.58
15.73
15.26
14.90

V,03
wt%

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
L.O.D.
0.08
0.11
0.05
0.09

Cr,03
wt%

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
0.05
0.07
L.O.D.
0.02
0.03

MgO
wt%

11.56
11.98
12.06
11.29
11.13
11.61
11.56
11.66
11.56
11.37
14.26
11.10
11.77
11.83
10.53

9.22

9.36

CaO
wt%

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
L.O.D.
L.O.D.
0.07
0.12
0.12
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MnO
wt%

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
L.O.D.
0.05
L.O.D.
L.O.D.
L.O.D.

FeOt
wt%

17.15
16.67
16.93
17.47
17.32
17.36
17.47
17.39
17.55
17.61
14.33
18.56
17.50
17.43
20.57
21.04
21.46

Na,O
wt%

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
0.10
0.12
0.05
0.07
0.05

K0
wt%

9.79
9.73
9.70
9.77
9.95
9.72
9.81
9.69
9.71
9.77
9.29
9.17
9.44
9.33
9.63
9.46
9.53

F wt%
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.

0.15

0.13
L.O.D.
L.O.D.

0.06

Cl
wt%

L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.
L.O.D.

0.02

0.02
L.O.D.
L.O.D.
L.O.D.

Total
95.04
95.33
95.83
95.67
95.41
95.16
95.33
95.42
95.33
95.21
94.66
95.38
93.99
94.09
95.45
94.51
94.70



Table S4.3

Data from secondary reference materials (concentration in pug/g) and mass spectrometer dwell times for elements analyzed during laser ablation

inductively coupled plasma mass spectrometry (LA-ICP-MS) of garnet.

Secondary reference: BHVO-2G

Date Sample analyzed Li Be Na Mg Al P Ca Sc Ti \% Cr Mn
7/17/2019 17JK20 4.01 0.77 1.56E+04 4.36E+04 7.91E+04 1357 7.86E+04 30.2 1.79E+04 318 280 1297
7/17/2019 17JK20 3.94 0.43 1.50E+04 3.41E+04 7.96E+04 891 7.91E+04 32.4 1.66E+04 315 275 1226
7/17/2019 17JK20 3.98 0.51 158E+04 3.73E+04 8.09E+04 1095 8.38E+04 33.4 1.67E+04 325 268 1369
7/17/2019 17JK20 4.01 1.15 1.53E+04 3.10E+04 8.46E+04 787 8.24E+04 33.8 1.80E+04 334 275 1320
7/17/2019 17JK20 4.23 1.67 1.63E+04 3.29E+04 8.74E+04 940 8.56E+04 35.1 1.89E+04 338 292 1346
7/17/2019 17JK20 4.33 1.47 150E+04 5.14E+04 8.29E+04 1120 8.77E+04 32.7 1.86E+04 336 286 1390
7/17/2019 17JK20 3.75 0.94 1.48E+04 4.18E+04 8.35E+04 1056 8.27E+04 34.1 1.84E+04 326 279 1390
7/17/2019 17JK20 4.09 0.96 1.54E+04 4.39E+04 8.27E+04 1126 8.70E+04 33.4 1.86E+04 336 284 1294
7/17/2019 17JK20 3.74 0.31 1.62E+04 4.64E+04 8.76E+04 1249 9.00E+04 35.1 1.96E+04 339 295 1376
7/17/2019 17JK20 4.28 0.14 1.55E+04 4.40E+04 8.42E+04 1244 8.48E+04 33.6 1.93E+04 341 283 1376
7/17/2019 17JK20 4.34 0.91 156E+04 4.89E+04 8.39E+04 1263 8.78E+04 33.7 1.99E+04 335 292 1321
7/17/2019 17JK20 4.09 1.05 1.61E+04 4.55E+04 8.64E+04 1091 8.44E+04 339 1.84E+04 341 276 1291
7/17/2019 17JK20 4.19 1.14 1.55E+04 4.47E+04 8.09E+04 1239 8.06E+04 32.1 1.71E+04 317 269 1229
7/17/2019 17JK20 4.22 0.78 1.60E+04 4.54E+04 8.04E+04 1199 8.27E+04 32.1 1.76E+04 320 266 1316
7/17/2019 17JK20 4.69 0.79 1.68E+04 4.88E+04 8.88E+04 1476 9.03E+04 35.5 2.02E+04 349 298 1377
7/17/2019 17JK20 4.41 0.69 1.47E+04 4.41E+04 8.20E+04 1568 8.60E+04 32.8 1.85E+04 327 271 1349
7/17/2019 17JK20 4.17 0.85 1.50E+04 4.75E+04 8.05E+04 1062 8.66E+04 33.0 1.90E+04 316 270 1328
7/30/2020 17JKO8 3.43 0.77 1.48E+04 3.28E+04 7.14E+04 970 7.79E+04 27.1 157E+04 276 251 1174
7/30/2020 17JKO8 3.71 1.33 1.47E+04 3.61E+04 7.88E+04 1031 8.25E+04 29.2 1.75E+04 297 275 1232
7/30/2020 17JK08 3.29 0.97 151E+04 3.64E+04 7.84E+04 1115 7.58E+04 28.3 1.76E+04 304 264 1235
7/30/2020 17JK08 3.97 1.72 1.56E+04 4.06E+04 8.41E+04 1221 8.90E+04 31.2 1.85E+04 322 270 1330
7/30/2020 17JK08 3.58 1.19 1.48E+04 3.74E+04 7.85E+04 1066 7.82E+04 26.8 1.73E+04 306 282 1219
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Table S4.3 (continued)
Secondary reference: BHVO-2G

Date

7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020

Sample analyzed
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08

Li
3.76
3.82
4.17
3.91
3.82
4.22
4.71
4.03
3.78
4.52
3.71
3.95
3.98
3.97
4.05
4.25
3.96
3.99
3.90
3.69
3.98
4.44
4.15
4.27
4.32
4.32
4.41
4.22

Be
1.07
1.26
1.33
0.59
0.94
0.63
1.54
0.71
1.29
1.04
0.73
1.36
1.01
1.39
0.66
0.83
0.78
1.01
1.07
0.59
1.35
0.90
0.58
1.05
0.87
1.02
0.68
0.83

Na
1.49E+04
1.55E+04
1.60E+04
1.39E+04
1.65E+04
1.59E+04
1.77E+04
1.67E+04
1.49E+04
1.77E+04
1.55E+04
1.50E+04
1.53E+04
1.56E+04
1.55E+04
1.58E+04
1.49E+04
1.57E+04
1.65E+04
1.56E+04
1.66E+04
1.64E+04
1.61E+04
1.73E+04
1.75E+04
1.69E+04
1.69E+04
1.70E+04

Mg
3.65E+04
3.75E+04
3.91E+04
3.52E+04
3.75E+04
3.82E+04
3.98E+04
3.80E+04
3.60E+04
3.99E+04
3.79E+04
3.73E+04
3.69E+04
3.79E+04
3.65E+04
3.85E+04
3.86E+04
3.83E+04
3.80E+04
3.84E+04
3.60E+04
3.79E+04
3.57E+04
3.86E+04
3.76E+04
3.80E+04
3.66E+04
3.64E+04

Al
7.78E+04
7.86E+04
7.61E+04
7.54E+04
8.07E+04
7.74E+04
8.09E+04
7.85E+04
7.36E+04
8.57E+04
7.74E+04
7.83E+04
8.15E+04
8.32E+04
7.99E+04
8.09E+04
7.91E+04
7.64E+04
7.88E+04
7.99E+04
7.60E+04
7.65E+04
7.14E+04
7.30E+04
7.50E+04
6.98E+04
6.89E+04
6.84E+04
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1103
1057
1138

962

999
1041
1057
1008

983
1137
1038
1088
1119
1120
1096
1071

984
1030
1047
1021
1031
1124
1060
1094
1142
1087
1174
1137

Ca
8.44E+04
8.12E+04
8.24E+04
7.84E+04
8.47E+04
8.07E+04
8.25E+04
8.29E+04
7.45E+04
9.09E+04
8.19E+04
8.17E+04
8.05E+04
8.76E+04
8.20E+04
8.77E+04
8.37E+04
7.95E+04
8.30E+04
8.37E+04
7.69E+04
8.10E+04
7.26E+04
7.71E+04
7.82E+04
6.97E+04
6.96E+04
7.17E+04

Sc
29.1
29.2
30.4
28.8
28.7
29.7
30.6
28.0
27.1
29.4
28.7
30.9
30.0
29.8
27.9
314
30.7
26.7
28.6
28.6
26.8
27.5
25.8
25.7
25.8
25.2
24.2
24.4

Ti
1.67E+04
1.83E+04
1.75E+04
1.59E+04
1.71E+04
1.74E+04
1.80E+04
1.72E+04
1.58E+04
1.82E+04
1.65E+04
1.71E+04
1.73E+04
1.76E+04
1.68E+04
1.80E+04
1.73E+04
1.66E+04
1.69E+04
1.69E+04
1.60E+04
1.69E+04
1.51E+04
1.61E+04
1.66E+04
1.52E+04
1.58E+04
1.62E+04

293
294
289
292
303
298
314
294
293
328
300
299
309
307
305
299
297
321
324
311
317
319
306
311
338
323
321
324

Cr
250
267
266
241
260
268
257
244
235
267
262
258
241
262
236
252
249
259
259
253
255
247
243
259
255
257
259
252

Mn
1203
1349
1308
1234
1282
1258
1312
1284
1159
1334
1249
1235
1243
1344
1254
1301
1262
1255
1291
1293
1277
1256
1199
1226
1253
1238
1171
1220



Table S4.3 (continued)
Secondary reference: BHVO-2G

Date
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
8/7/2020

Sample analyzed
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK12

Li
4.18
3.99
3.73
4.14
4.25
4.14
4.30
4.18
4.01
3.95
4.29
4.16
4.03
4.27
4.17
411
4.18
4.47
4.50
3.89
4.02
4.14
3.86
4.39
4.05
3.95
3.98
4.10

Be
0.79
0.93
0.63
0.98
0.84
1.26
0.96
0.69
1.11
0.89
0.77
1.14
0.80
0.86
0.92
0.85
1.18
0.87
1.17
0.97
0.71
1.09
0.97
1.01
1.45
0.69
0.92
0.41

Na
1.60E+04
1.57E+04
1.58E+04
1.64E+04
1.59E+04
1.60E+04
1.54E+04
1.53E+04
1.61E+04
1.76E+04
1.70E+04
1.68E+04
1.51E+04
1.71E+04
1.57E+04
1.64E+04
1.68E+04
1.55E+04
1.65E+04
1.67E+04
1.66E+04
1.71E+04
1.61E+04
1.54E+04
1.64E+04
1.47E+04
1.57E+04
1.69E+04

Mg
3.47E+04
3.73E+04
3.62E+04
3.84E+04
3.56E+04
3.65E+04
3.71E+04
3.65E+04
3.90E+04
3.76E+04
3.95E+04
3.72E+04
3.66E+04
3.61E+04
3.63E+04
3.93E+04
3.87E+04
3.90E+04
3.64E+04
3.68E+04
3.62E+04
3.66E+04
3.62E+04
3.54E+04
3.70E+04
3.27E+04
3.37E+04
3.07E+04

Al
6.93E+04
7.26E+04
7.01E+04
7.04E+04
6.90E+04
7.11E+04
7.08E+04
7.27E+04
7.40E+04
7.43E+04
7.19E+04
6.75E+04
6.58E+04
7.35E+04
6.88E+04
7.64E+04
7.37E+04
7.65E+04
7.21E+04
6.87E+04
6.97E+04
7.59E+04
7.19E+04
7.21E+04
7.53E+04
7.46E+04
7.68E+04
7.34E+04

283

1057
1050
1063
1121
1047
1054
1057

986
1098
1088
1067
1075

929

971

974
1069
1063
1112
1129
1089
1035
1088
1059
1064
1027

957

961
1028

Ca
7.28E+04
7.66E+04
7.30E+04
7.55E+04
7.40E+04
7.34E+04
7.17E+04
7.19E+04
7.42E+04
7.60E+04
7.62E+04
7.24E+04
6.86E+04
7.75E+04
7.11E+04
8.12E+04
7.37E+04
7.98E+04
7.72E+04
7.60E+04
7.46E+04
8.08E+04
7.60E+04
7.38E+04
7.97E+04
7.01E+04
7.61E+04
7.83E+04

Sc
25.1
25.1
26.2
25.3
24.8
26.4
25.6
26.1
26.0
27.5
27.8
26.0
23.9
26.2
24.1
28.2
27.4
28.3
25.3
26.3
26.4
28.2
26.0
25.2
26.6
24.9
27.2
27.4

Ti
1.58E+04
1.58E+04
1.55E+04
1.57E+04
1.59E+04
1.60E+04
1.59E+04
1.60E+04
1.62E+04
1.63E+04
1.57E+04
1.58E+04
1.52E+04
1.62E+04
1.55E+04
1.68E+04
1.63E+04
1.68E+04
1.60E+04
1.54E+04
1.56E+04
1.65E+04
1.62E+04
1.62E+04
1.68E+04
1.56E+04
1.66E+04
1.60E+04

310
310
278
286
331
313
307
309
325
310
317
317
201
311
313
310
322
311
310
317
319
330
315
309
323
297
298
318

Cr
255
253
244
257
256
267
262
252
276
269
276
264
256
278
261
270
271
275
274
276
266
276
279
274
279
277
293
288

Mn
1151
1165
1164
1179
1213
1205
1229
1186
1195
1242
1251
1225
1155
1183
1150
1268
1263
1324
1241
1196
1153
1266
1218
1164
1198
1136
1146
1319



Table S4.3 (continued)
Secondary reference: BHVO-2G

Date
8/7/2020
8/7/2020
8/7/2020
8/7/2020
8/7/2020
8/7/2020
8/7/2020
8/7/2020
8/7/2020
8/7/2020
8/7/2020
8/7/2020
8/7/2020
8/7/2020
8/7/2020
8/7/2020
8/7/2020
8/7/2020
8/7/2020
8/7/2020
8/7/2020

8/7/2020
8/7/2020
8/7/2020
8/7/2020
8/7/2020
8/7/2020
8/7/2020

Sample analyzed
17JK12
17JK12
17JK12
17JK12
17JK12
17JK12
17JK12
17JK12
17JK12
17JK12
17JK12
17JK12
17JK12
17JK12
17JK12
17JK12
17JK12
17JK12
17JK12
17JK12
17JK12

17JK12
17JK12
17JK12
17JK12
17JK12
17JK12
17JK12

Li
4.26
3.69
4.10
3.53
4.38
3.71
4.12
3.67
3.95
4.07
4.05
4.42
4.18
3.90
4.45
4.07
3.90
3.89
3.69
4.34
4.42

4.31
3.68
3.82
4.29
4.13
4.19
4.43

Be
0.78
0.52
0.81
0.63
0.24
1.01
0.92
1.10
0.63
0.94
0.69
0.86

<LOD
0.67
0.69
0.67
0.80
1.15
0.94
1.29
0.45

0.65
0.97
0.54
0.89
1.03
0.91
0.92

Na
1.69E+04
1.61E+04
1.72E+04
1.59E+04
1.70E+04
1.69E+04
1.56E+04
1.83E+04
1.71E+04
1.71E+04
1.71E+04
1.59E+04
1.76E+04
1.59E+04
1.68E+04
1.65E+04
1.75E+04
1.73E+04
1.76E+04
1.68E+04
1.54E+04

1.79E+04
1.66E+04
1.76E+04
1.84E+04
1.87E+04
1.79E+04
1.74E+04

Mg
2.65E+04
2.56E+04
2.79E+04
2.81E+04
2.77E+04
2.56E+04
2.74E+04
2.74E+04
2.82E+04
2.73E+04
2.66E+04
3.17E+04
2.78E+04
2.60E+04
2.79E+04
2.83E+04
2.68E+04
2.49E+04
2.70E+04
2.62E+04
2.72E+04

2.67E+04
2.59E+04
2.64E+04
2.90E+04
2.72E+04
2.70E+04
2.72E+04

Al
6.91E+04
6.71E+04
6.99E+04
6.86E+04
7.18E+04
6.63E+04
6.83E+04
6.79E+04
7.20E+04
7.19E+04
6.93E+04
7.35E+04
7.04E+04
7.13E+04
7.26E+04
6.86E+04
6.92E+04
6.52E+04
7.01E+04
7.02E+04
6.66E+04

6.98E+04
6.83E+04
6.82E+04
7.23E+04
6.53E+04
6.67E+04
6.82E+04
284

1037
1012
1046
979
973
936
968
1029
995
1046
1000
1057
1043
984
1022
1074
983
947
1077
838
942

947
947
884
1049
850
917
1000

Ca
7.48E+04
6.92E+04
7.55E+04
7.21E+04
7.49E+04
6.87E+04
7.23E+04
7.19E+04
7.55E+04
7.41E+04
7.48E+04
7.51E+04
7.39E+04
7.85E+04
7.65E+04
7.27E+04
7.38E+04
6.90E+04
7.44E+04
7.63E+04
7.48E+04

7.72E+04
7.40E+04
7.58E+04
7.63E+04
6.77E+04
7.50E+04
7.61E+04

Sc
27.0
24.9
26.5
25.3
26.8
26.1
24.8
25.3
26.8
25.0
25.8
26.9
24.4
27.0
255
24.8
23.3
23.6
26.9
25.5
25.7

26.2
25.2
255
28.0
23.2
24.6
25.3

Ti
1.60E+04
1.55E+04
1.61E+04
1.52E+04
1.64E+04
1.47E+04
1.53E+04
1.51E+04
1.60E+04
1.60E+04
1.62E+04
1.63E+04
1.58E+04
1.69E+04
1.64E+04
1.53E+04
1.59E+04
1.55E+04
1.58E+04
1.58E+04
1.57E+04

1.63E+04
1.54E+04
1.59E+04
1.61E+04
1.48E+04
1.57E+04
1.61E+04

322
314
317
273
315
309
323
319
306
309
321
319
309
313
315
308
328
300
295
295
342

327
331
315
321
314
329
338

Cr
294
263
273
287
275
254
264
265
281
266
272
264
282
259
293
279
280
263
286
273
278

289
270
269
282
265
269
296

Mn
1206
1209
1305
1123
1230
1167
1190
1186
1238
1199
1311
1218
1188
1156
1247
1231
1220
1190
1153
1180
1189

1234
1208
1247
1282
1085
1213
1231



Table S4.3 (continued)
Secondary reference: BHVO-2G

Date
8/7/2020
8/7/2020

8/18/2020

8/18/2020

8/18/2020

8/18/2020

8/18/2020

8/18/2020

8/18/2020

8/18/2020

8/18/2020

8/18/2020

8/18/2020

8/18/2020

8/18/2020

8/18/2020

8/18/2020

8/18/2020

8/18/2020

8/18/2020

9/17/2020

9/17/2020

9/17/2020

9/17/2020

9/17/2020

9/17/2020

9/17/2020

9/17/2020

Sample analyzed
17JK12
17JK12
17JK12, 17JK20
17JK12, 17JK20
17JK12, 17JK20
17JK12, 17JK20
17JK12, 17JK20
17JK12, 17JK20
17JK12, 17JK20
17JK12, 17JK20
17JK12, 17JK20
17JK12, 17JK20
17JK12, 17JK20
17JK12, 17JK20
17JK12, 17JK20
17JK12, 17JK20
17JK12, 17JK20
17JK12, 17JK20
17JK12, 17JK20
17JK12, 17JK20
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09

Li
4.14
4.34
3.66
3.05
4.11
3.67
3.42
4.01
3.07
3.78
3.89
3.93
3.81
3.87
3.99
4.12
3.50
3.82
4.18
3.44
4.56
4.24
4.31
4.35
4.33
4.03
4.49
4.03

Be
1.18
0.52
0.91
0.59
1.24
0.37

<LOD
<LOD
<LOD
0.83
<LOD
0.74
1.00
1.03
<LOD
0.80
0.81
0.24
0.97
0.45
0.85
0.95
0.62
1.28
0.94
0.69
1.32
0.57

Na
1.77E+04
1.71E+04
1.35E+04
1.33E+04
1.50E+04
1.43E+04
1.41E+04
1.47E+04
1.50E+04
1.66E+04
1.45E+04
1.60E+04
1.55E+04
1.61E+04
1.50E+04
1.65E+04
1.52E+04
1.63E+04
1.57E+04
1.64E+04
1.56E+04
1.65E+04
1.55E+04
1.74E+04
1.58E+04
1.59E+04
1.58E+04
1.64E+04

Mg
2.76E+04
2.79E+04
2.91E+04
2.78E+04
2.97E+04
3.02E+04
2.98E+04
2.96E+04
3.05E+04
2.74E+04
2.31E+04
2.52E+04
2.48E+04
2.48E+04
2.56E+04
2.65E+04
2.35E+04
2.78E+04
2.42E+04
2.52E+04
3.80E+04
4.00E+04
3.80E+04
3.86E+04
3.76E+04
3.75E+04
4.06E+04
3.87E+04

Al
7.13E+04
7.27E+04
6.08E+04
5.96E+04
6.35E+04
6.62E+04
6.71E+04
7.42E+04
7.21E+04
6.67E+04
6.57E+04
6.64E+04
6.97E+04
6.84E+04
6.96E+04
7.22E+04
6.55E+04
6.91E+04
6.70E+04
7.24E+04
7.28E+04
7.32E+04
6.95E+04
7.62E+04
7.26E+04
7.15E+04
7.09E+04
7.09E+04

285

995
971
820
914
902
1119
1122
1023
855
810
818
852
951
811
864
930
809
898
940
794
1040
943
798
934
905
935
1040
1045

Ca
7.56E+04
7.39E+04
6.11E+04
6.52E+04
6.84E+04
7.19E+04
6.98E+04
7.63E+04
7.52E+04
7.16E+04
6.91E+04
7.12E+04
7.44E+04
7.30E+04
7.01E+04
7.57E+04
6.90E+04
7.47E+04
7.37TE+04
7.94E+04
7.80E+04
8.10E+04
7.56E+04
8.00E+04
7.57E+04
7.36E+04
7.52E+04
7.32E+04

Sc
27.0
27.4
24.0
22.5
25.3
254
27.4
29.5
30.4
25.7
25.2
26.8
26.7
27.4
26.7
28.2
24.8
26.9
25.7
28.3
29.1
27.9
25.9
28.4
29.2
27.7
28.9
27.4

Ti
1.60E+04
1.60E+04
1.42E+04
1.31E+04
1.48E+04
1.60E+04
1.63E+04
1.64E+04
1.58E+04
1.52E+04
1.48E+04
1.56E+04
1.58E+04
1.56E+04
1.57E+04
1.63E+04
1.46E+04
1.57E+04
1.51E+04
1.60E+04
1.72E+04
1.75E+04
1.63E+04
1.80E+04
1.71E+04
1.63E+04
1.73E+04
1.65E+04

333
338
270
271
282
289
272
273
267
303
309
303
297
293
290
310
277
292
283
314
336
353
333
372
362
324
350
332

Cr
280
262
237
226
237
241
229
234
241
251
244
237
247
250
256
251
225
243
237
261
283
285
272
292
296
284
300
277

Mn
1194
1216
1064
1035
1113
1113
1052
1096
1077
1135
1095
1123
1148
1085
1057
1104
1036
1053
1053
1068
1257
1261
1234
1369
1282
1272
1337
1282



Table S4.3 (continued)
Secondary reference: BHVO-2G

Date

9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020

Sample analyzed
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09

Li
4.48
451
3.81
4.37
431
4.46
4.36
4.00
4.58
4.39
4.26
3.70
3.74
4.33
4.06
3.79
4.78
4.06
4.23
4.26
4.54
4.26
3.94

Be
0.46
0.39
1.13

<LOD
<LOD
0.35
1.05
0.41
0.62
<LOD
0.42
0.66
0.36
0.38
0.65
0.87
0.60
0.76
0.78
0.69
0.33
0.42
0.29

Na
1.66E+04
1.71E+04
1.63E+04
1.57E+04
1.68E+04
1.60E+04
1.68E+04
1.59E+04
1.71E+04
1.61E+04
1.63E+04
1.69E+04
1.57E+04
1.67E+04
1.54E+04
1.58E+04
1.64E+04
1.64E+04
1.79E+04
1.69E+04
1.67E+04
1.60E+04
1.63E+04

Mg
3.91E+04
3.91E+04
3.65E+04
3.55E+04
3.87E+04
3.73E+04
3.87E+04
3.79E+04
3.83E+04
4.06E+04
4.38E+04
4.05E+04
4.01E+04
4.12E+04
3.99E+04
3.97E+04
4.20E+04
3.98E+04
4.16E+04
4.27E+04
4.19E+04
4.09E+04
3.88E+04

Al
7.17E+04
7.24E+04
7.14E+04
6.79E+04
6.82E+04
6.88E+04
7.30E+04
6.98E+04
7.27E+04
7.11E+04
7.52E+04
7.33E+04
6.95E+04
7.28E+04
6.86E+04
6.98E+04
7.16E+04
7.49E+04
7.63E+04
7.51E+04
7.48E+04
6.91E+04
7.12E+04

286

1042
1085
934
897
887
813
859
947
1036
994
1097
1181
1260
1308
1338
1422
1481
1360
1458
1518
1453
1463
1495

Ca
7.56E+04
7.68E+04
7.45E+04
7.63E+04
7.37E+04
7.36E+04
7.46E+04
7.50E+04
7.64E+04
7.48E+04
8.23E+04
7.68E+04
7.15E+04
7.64E+04
7.17E+04
7.18E+04
7.80E+04
7.79E+04
7.80E+04
7.81E+04
7.72E+04
7.56E+04
7.79E+04

Sc
27.1
28.0
26.4
26.9
26.0
25.6
27.2
275
27.0
28.1
30.6
27.7
27.3
28.4
26.8
27.4
28.7
29.1
29.2
28.3
28.7
28.1
28.5

Ti
1.68E+04
1.68E+04
1.60E+04
1.63E+04
1.65E+04
1.63E+04
1.70E+04
1.65E+04
1.61E+04
1.62E+04
1.74E+04
1.71E+04
1.59E+04
1.70E+04
1.61E+04
1.57E+04
1.66E+04
1.69E+04
1.73E+04
1.71E+04
1.69E+04
1.59E+04
1.66E+04

340
353
333
364
360
330
336
348
342
334
356
331
329
337
320
329
341
338
343
332
347
319
341

Cr
297
308
273
294
302
283
306
287
293
289
297
285
277
291
290
283
304
298
302
311
306
286
308

Mn
1283
1329
1245
1255
1275
1238
1273
1271
1309
1267
1324
1307
1239
1281
1216
1203
1287
1299
1349
1279
1343
1229
1284



Table S4.3 (continued)

Secondary reference: BHVO-2G

Date

7/17/2019
7/17/2019
7/17/2019
7/17/2019
7/17/2019
7/17/2019
7/17/2019
7/17/2019
7/17/2019
7/17/2019
7/17/2019
7/17/2019
7/17/2019
7/17/2019
7/17/2019
7/17/2019
7/17/2019
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020

Sample
analyzed

17JK20
17JK20
17JK20
17JK20
17JK20
17JK20
17JK20
17JK20
17JK20
17JK20
17JK20
17JK20
17JK20
17JK20
17JK20
17JK20
17JK20
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08

Fe
7.34E+04
5.62E+04
6.55E+04
4.89E+04
6.68E+04
9.62E+04
7.47E+04
8.18E+04
8.33E+04
8.29E+04
8.87E+04
8.70E+04
8.05E+04
8.28E+04
9.78E+04
8.98E+04
9.05E+04
6.25E+04
7.03E+04
8.11E+04
8.41E+04
7.87E+04
6.75E+04
8.28E+04
7.55E+04
7.22E+04
7.84E+04
6.54E+04

Co
44.4
44.3
43.9
46.9
46.5
44.9
45.1
45.1
44.9
46.6
46.6
46.1
43.2
435
46.6
44.6
41.7
38.8
41.2
43.7
49.1
41.0
42.7
44.9
44.2
40.0
42.4
43.0

Ni
108
104
107
100
108
118
112
102
110
108
119
127
116
117
120
116
114

94
104
116
108

98
107
122
105

96
108
103

Cu
106
86
88
74
89
116
98
101
103
103
116
109
113
114
121
113
120
81
84
89
90
91
92
91
92
83
86
91

Zn
93.6
59.0
79.2
53.6
61.3

106.0
76.5
88.6
87.5
85.7

103.5
90.9
93.9
99.1
98.9
90.1
87.1
81.8
70.7
75.2
72.2
68.8
64.8
70.9
71.5
62.1
69.2
63.9

Ga
19.3
18.6
19.6
19.2
20.1
19.2
19.7
19.8
20.1
21.1
21.0
19.4
18.7
19.7
214
18.8
194
18.7
18.7
18.0
19.9
18.7
18.6
18.2
19.0
18.0
20.2
18.2

Sr
374
388
377
403
418
389
399
409
420
409
419
409
389
394
427
401
409
382
385
385
423
390
391
407
358
384
373
377

287

21.2
23.1
23.1
24.4
251
241
24.0
24.2
24.3
25.2
251
23.9
23.6
22.9
25.7
23.7
24.1
19.2
19.2
19.2
211
20.4
18.2
21.4
19.9
19.9
20.0
19.8

Zr
150
146
146
154
164
158
160
160
168
172
170
163
154
156
173
165
161
128
134
137
140
130
135
141
136
131
138
136

Nb
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

La
13.6
145
14.3
154
15.8
151
155
15.2
16.5
15.9
16.0
154
14.6
14.4
16.0
14.7
155
13.0
13.7
13.7
14.2
13.8
13.9
141
145
134
13.9
13.5

Ce
354
355
36.4
36.3
37.7
36.5
36.7
37.0
36.9
37.6
37.3
38.8
35.3
34.8
38.3
36.2
34.7
33.6
35.2
335
37.9
36.3
36.2
36.6
35.2
33.9
34.8
35.8

Pr
5.07
4.87
4.88
5.10
5.34
4.97
5.25
5.25
5.28
5.20
541
5.30
4.96
4.87
531
481
4.86
4.62
4.77
4.74
5.28
5.12
453
4.73
5.08
4.78
5.01
4.54

Nd
24.0
23.7
22.9
24.5
25.3
23.0
24.0
24.0
24.3
23.4
24.8
24.0
23.3
23.9
25.3
24.2
22.9
22.2
22.1
215
22.0
21.9
22.5
23.6
215
215
21.6
215



Table S4.3 (continued)

Secondary reference: BHVO-2G

Date

7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020

Sample
analyzed

17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08

Fe
7.14E+04
6.30E+04
6.19E+04
7.88E+04
6.50E+04
7.18E+04
7.19E+04
7.00E+04
6.27E+04
8.08E+04
7.04E+04
6.91E+04
6.68E+04
6.80E+04
6.95E+04
6.80E+04
6.06E+04
5.50E+04
6.75E+04
6.73E+04
6.79E+04
7.38E+04
6.28E+04
6.74E+04
6.17E+04
6.09E+04
6.07E+04

Co
46.1
41.5
40.3
44.8
41.6
44.4
43.6
44.0
43.0
42.0
42.2
43.9
44.6
41.7
43.9
45.3
41.7
43.7
45.9
43.9
43.3
42.3
43.7
41.8
39.7
42.3
43.6

Ni
107
105
100
109
107
105

98
110
100
107

98
101
109
105
104
107
102
112
118
113
109
108
106
106

97
103
111

Cu
102
92
84
91
86
90
92
89
91
93
84
89
90
85
93
96
92
101
101
91
92
89
90
89
86
88
87

Zn
77.9
63.1
61.7
75.8
68.7
66.7
75.1
69.9
66.8
70.9
65.9
70.0
67.3
68.1
78.9
79.9
76.6
72.6
79.6
78.9
79.1
76.7
76.2
79.8
78.5
76.9
79.5

Ga
20.4
19.5
18.6
19.1
18.7
18.2
19.2
19.4
18.6
18.8
19.0
18.9
19.7
18.9
19.6
19.1
18.8
20.4
21.3
20.2
20.1
19.2
194
18.9
18.7
19.8
19.0

Sr
421
393
368
422
389
407
391
411
388
403
387
380
370
377
346
352
329
347
349
331
334
350
336
343
344
347
349

288

20.8
19.5
17.6
20.7
19.9
19.8
214
20.3
20.5
19.8
18.8
19.5
194
19.4
17.9
191
17.8
16.6
17.7
17.6
16.6
15.3
16.8
16.9
16.5
17.3
171

Zr
137
136
125
139
132
139
144
138
135
142
136
128
132
133
123
126
117
115
118
110
108
111
116
117
115
112
114

Nb
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

La
15.2
155
13.6
14.8
14.0
134
141
14.8
14.2
14.7
14.5
12.8
135
134
12.8
12.8
11.8
12.3
12.3
11.7
11.9
11.7
11.9
12.2
11.8
12.6
12.4

Ce
37.3
35.1
34.0
37.4
36.3
34.5
354
36.6
36.7
36.9
35.7
34.6
35.7
36.2
34.1
34.0
32.0
32.7
33.9
33.1
33.1
32.8
32.6
32.7
31.9
34.0
34.3

Pr
5.08
481
4.67
511
4.93
4.76
4.95
5.06
5.17
5.16
5.07
4.58
5.07
4.74
455
4.67
4.26
421
4.45
421
441
4.48
4.40
4.53
431
4.09
4.50

Nd
22.8
23.2
20.8
235
23.4
21.0
23.1
23.1
20.9
23.2
21.6
215
22.4
22.1
20.9
20.3
195
19.4
20.0
18.3
19.4
19.0
191
18.7
19.0
195
19.5



Table S4.3 (continued)

Secondary reference: BHVO-2G

Date
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
8/7/2020
8/7/2020
8/7/2020
8/7/2020
8/7/2020

Sample
analyzed

17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK12
17JK12
17JK12
17JK12
17JK12

Fe
6.73E+04
5.89E+04
5.54E+04
6.29E+04
5.95E+04
6.20E+04
5.89E+04
5.20E+04
6.21E+04
5.64E+04
6.47E+04
6.38E+04
6.67E+04
5.51E+04
5.96E+04
5.77E+04
6.15E+04
5.71E+04
5.74E+04
4.40E+04
3.73E+04
3.96E+04
4.26E+04
4.41E+04
4.00E+04
4.18E+04
4.29E+04

Co
43.3
42.5
43.6
44.8
44.0
42.4
43.3
40.6
42.9
40.8
44.3
44.7
44.0
44.5
44.1
42.0
45.0
43.4
43.7
43.0
39.3
42.1
48.5
44.0
43.0
45.2
42.2

Ni
109
105
101
105
108
104
100

93
102

94
108
106
108
102
104
101
109
101
101
102

99
100
115
121
108
114
104

Cu
88
86
87
87
84
88
83
79
80
75
82
82
82
84
78
83
88
84
84
89
84
83
73
72
67
67
63

Zn
78.8
80.5
81.7
815
79.2
85.6
75.8
71.9
77.8
78.9
84.2
84.4
84.8
83.9
86.0
85.6
88.5
84.8
84.6
71.8
64.5
69.7
94.7
97.8

104.7
106.8
106.4

Ga
20.3
20.0
19.9
20.2
20.6
21.8
20.3
18.4
19.9
20.4
20.6
20.8
19.0
20.2
19.7
20.2
22.1
194
18.9
19.3
18.5
19.7
20.8
20.2
215
21.9
19.5

Sr
348
344
356
353
354
346
343
329
359
331
377
342
370
339
348
338
352
345
363
356
329
371
376
365
341
348
331

289

16.7
16.7
17.3
16.9
16.9
16.9
17.7
15.7
17.9
16.7
18.8
17.9
19.7
17.8
17.8
16.9
18.2
16.8
18.1
17.8
16.8
171
18.3
18.9
16.0
17.7
18.0

Zr
110
114
121
123
117
117
116
111
121
115
131
121
132
118
120
118
124
122
122
122
109
115
133
130
119
128
130

Nb
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

171
16.2
155
15.8
15.7

La
11.9
11.9
125
12.7
12.4
12.0
12.0
111
12.7
12.0
13.1
12.6
13.3
13.1
125
12.2
12.8
12.9
12.6
12.5
12.3
12.9
135
12.4
11.7
125
11.8

Ce
32.2
32.3
32.7
33.6
34.0
34.1
33.0
31.8
335
32.6
36.3
33.2
33.2
34.1
32.3
32.0
34.7
34.7
33.6
34.2
325
35.0
345
34.6
33.3
33.7
325

Pr
4.31
4.16
4.43
4.29
4.45
4.36
4.37
4.22
4.58
4.13
4.47
4.40
4.74
4.15
4.35
4.24
4.44
452
4.15
4.70
4.27
4.55
4.26
4.61
411
4.30
4.47

Nd
19.1
18.6
19.3
20.7
19.5
18.6
19.4
18.7
20.4
19.3
21.6
19.8
22.4
20.4
19.4
18.6
20.4
19.7
20.1
20.0
19.4
19.8
20.3
211
185
19.6
19.6



Table S4.3 (continued)
Secondary reference: BHVO-2G

Date
8/7/2020
8/7/2020
8/7/2020
8/7/2020
8/7/2020
8/7/2020
8/7/2020
8/7/2020
8/7/2020
8/7/2020
8/7/2020
8/7/2020
8/7/2020
8/7/2020
8/7/2020
8/7/2020
8/7/2020

8/7/2020
8/7/2020
8/7/2020
8/7/2020
8/7/2020
8/7/2020
8/7/2020
8/7/2020
8/7/2020
8/18/2020

Sample
analyzed

17JK12
17JK12
17JK12
17JK12
17JK12
17JK12
17JK12
17JK12
17JK12
17JK12
17JK12
17JK12
17JK12
17JK12
17JK12
17JK12
17JK12

17JK12
17JK12
17JK12
17JK12
17JK12
17JK12
17JK12
17JK12
17JK12
17JK12, 17JK20

Fe
4.40E+04
3.97E+04
4.45E+04
4.01E+04
4.33E+04
5.06E+04
4.10E+04
4.35E+04
4.81E+04
4.40E+04
4.80E+04
4.41E+04
4.49E+04
4.35E+04
4.58E+04
4.24E+04
5.11E+04

4.99E+04
4.55E+04
4 58E+04
5.33E+04
4.36E+04
5.19E+04
5.19E+04
5.27E+04
5.99E+04
5.10E+04

Co
445
40.7
42.1
43.0
42.4
43.7
44.2
435
44.3
45.9
43.6
46.9
42.9
42.5
435
40.4
43.2

43.8
42.4
44.6
44.2
40.8
42.8
45.0
43.6
43.0
38.3

Ni
109
106
109
104
110
107
107
115
105
113
113
103
115
102
116
104
111

106
111
105
117
110
113
118
111
106

92

Cu
71
65
68
64
62
66
65
69
63
67
74
66
72
67
68
64
72

66
70
62
63
63
70
72
73
69
66

Zn
107.9
98.2
107.6
104.2
103.4
106.3
108.7
1115
114.8
1155
111.3
106.5
110.0
105.2
113.6
105.2
108.0

108.9
104.4
108.5
104.1
103.5
100.7
106.9
104.4
105.3

93.0

Ga
20.1
19.2
20.5
20.1
20.8
21.1
20.5
21.5
21.7
20.9
215
20.8
21.7
20.1
19.6
20.1
20.8

20.7
20.7
19.7
22.3
19.7
20.9
21.2
20.6
211
16.9

Sr
354
308
321
332
353
338
340
359
338
355
351
331
342
332
344
338
349

330
326
343
360
324
341
348
341
331
300

290

18.1
16.6
16.8
17.0
17.8
17.2
17.2
17.9
171
19.1
18.3
171
16.4
15.9
17.8
17.8
191

17.4
16.8
17.9
18.8
16.4
15.7
17.7
175
18.5
15.7

Zr
125
117
117
124
126
123
124
130
121
130
120
122
119
113
130
130
128

122
114
127
126
115
114
120
123
126
111

Nb
16.2
15.7
154
15.7
15.8
16.3
16.4
16.4
15.8
17.0
16.1
15.3
16.2
15.6
16.7
15.3
16.2

16.4
15.9
16.3
17.2
155
15.8
16.2
16.6
16.2
14.9

La
12.8
114
11.8
12.2
12.5
11.9
12.2
12.5
12.2
12.6
12.3
12.2
12.0
11.5
12.3
12.7
12.0

12.0
11.5
12.8
12.3
115
11.6
12.0
12.4
12.7
10.9

Ce
34.8
31.9
324
33.1
33.6
32.9
33.1
33.6
32.9
33.1
34.0
325
32.6
31.2
34.7
33.0
34.0

33.1
324
33.5
33.3
315
33.6
34.8
34.0
33.9
29.7

Pr
4.38
4.20
4.41
412
4.50
4.21
4.28
4.28
4.22
4.38
431
411
421
3.98
4.66
4.37
4.47

4.37
4.16
4.33
4.76
4.10
4.40
4.31
4.43
4.39
4.05

Nd
21.2
18.8
185
19.1
18.9
19.4
19.2
19.9
19.4
19.3
19.5
18.3
18.7
18.0
20.2
20.8
20.4

18.5
19.3
20.1
20.7
18.9
19.6
20.5
20.1
21.3
17.4



Table S4.3 (continued)
Secondary reference: BHVO-2G

Date

8/18/2020
8/18/2020
8/18/2020
8/18/2020
8/18/2020
8/18/2020
8/18/2020
8/18/2020
8/18/2020
8/18/2020
8/18/2020
8/18/2020
8/18/2020
8/18/2020
8/18/2020
8/18/2020
8/18/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020

Sample
analyzed

17JK12, 17JK20
17JK12, 17JK20
17JK12, 17JK20
17JK12, 17JK20
17JK12, 17JK20
17JK12, 17JK20
17JK12, 17JK20
17JK12, 17JK20
17JK12, 17JK20
17JK12, 17JK20
17JK12, 17JK20
17JK12, 17JK20
17JK12, 17JK20
17JK12, 17JK20
17JK12, 17JK20
17JK12, 17JK20
17JK12, 17JK20
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09

Fe
4.82E+04
5.23E+04
5.31E+04
5.21E+04
5.28E+04
5.20E+04
5.14E+04
5.09E+04
5.20E+04
5.27E+04
5.36E+04
4.99E+04
5.55E+04
5.00E+04
5.10E+04
5.33E+04
5.22E+04
5.75E+04
5.37E+04
5.29E+04
5.50E+04
6.68E+04
6.05E+04
7.85E+04
6.60E+04
7.05E+04
6.24E+04

Co
36.6
39.7
38,5
37.1
38.5
38.1
38.6
38.1
38.1
39.5
39.2
38.1
39.9
35.1
38.2
35.2
39.0
45.0
47.0
43.0
49.1
45.9
46.5
46.5
46.8
46.5
47.9

Ni
96
93
99
95
94
93
102
98
97
94
98
92
100
92
97
91
97
111
111
108
120
122
117
123
113
120
121

Cu
65
67
66
65
61
64
64
62
60
63
57
59
60
62
66
55
62
99
104
91
100
101
96
106
93
100
99

Zn
88.4
96.0
94.1

104.4
97.0
99.5
92.0
87.6
88.3
90.6
86.2
79.4
90.9
82.2
85.9
81.1
84.4
95.8
93.8
93.6
99.7
97.9
96.1
96.4
93.5
97.1

100.6

Ga
18.6
18.7
19.0
15.7
17.7
19.1
18.3
18.6
18.5
18.5
17.8
19.1
19.2
18.4
19.1
18.3
18.6
20.0
21.1
20.4
21.7
18.6
19.6
21.7
20.7
19.8
21.1

Sr
293
325
326
332
348
357
338
316
334
333
335
340
369
327
340
347
369
358
368
344
371
351
349
371
350
352
356

291

14.6
16.7
17.9
19.5
20.5
21.0
17.8
17.6
18.2
18.3
18.8
17.9
18.9
17.0
18.0
18.0
18.8
20.7
20.3
18.2
19.6
20.0
18.7
18.9
195
194
19.5

Zr
104
123
127
133
143
149
127
116
123
129
128
127
131
117
124
122
130
137
135
120
128
129
127
135
130
131
133

Nb
14.0
15.2
151
15.2
16.8
17.0
16.0
14.8
155
15.7
15.8
15.0
16.8
15.0
15.7
15.8
16.3
16.8
16.4
15.8
17.0
16.1
16.0
16.7
16.2
16.4
16.6

La
10.2
12.2
12.2
13.6
13.1
13.1
12.1
11.6
11.7
12.2
12.4
12.0
12.8
11.8
121
121
13.0
13.3
13.5
12.6
12.8
13.0
12.6
131
125
12.9
134

Ce
30.0
315
325
29.7
31.3
32.9
32.7
31.2
315
31.2
314
30.7
33.9
29.6
30.5
31.9
32.8
35.8
35.6
33.8
38.3
36.7
35.0
36.0
345
35.3
37.0

Pr
3.84
4.16
4.26
4.33
452
431
4.14
4.14
4.17
4.30
4.32
421
4.70
3.96
4.36
4.25
4.38
4.69
4.70
4.35
4.68
4.60
4.53
4.54
4.54
4.42
4.64

Nd
16.0
19.1
19.0
19.2
211
20.7
20.3
18.6
19.5
20.5
20.0
19.3
21.0
18.3
19.2
18.7
20.0
22.2
22.0
19.6
22.0
20.4
20.1
211
20.2
20.9
20.0



Table S4.3 (continued)

Secondary reference: BHVO-2G

Date

9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020

Sample
analyzed

17JK09
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09

Fe
6.51E+04
5.67E+04
6.72E+04
6.64E+04
5.75E+04
6.20E+04
4.52E+04
8.45E+04
7.51E+04
7.12E+04
7.15E+04
7.58E+04
7.04E+04
7.09E+04
6.78E+04
6.80E+04
7.90E+04
6.27E+04
6.72E+04
7.13E+04
6.68E+04

Co
46.9
46.3
47.7
45.0
47.9
46.2
47.2
47.2
49.1
47.3
43.4
46.6
45.1
44.8
46.8
45.4
49.0
47.7
49.0
45.2
47.0

Ni
116
115
123
107
120
118
118
117
121
114
110
113
106
111
117
115
125
124
122
118
118

Cu
99
95
100
95
100
102
107
99
110
98
103
106
96
100
106
103
111
112
105
102
105

Zn
88.1
90.1

100.0
89.8
97.8
90.9
93.7
86.3
93.6
84.9
83.4
79.7
82.4
84.4
83.4
83.9
87.5
85.7
80.4
81.2
86.7

Ga
20.0
20.8
22.9
19.9
20.6
20.1
20.9
20.8
20.5
21.7
21.7
22.1
20.3
20.8
21.0
21.1
20.6
20.0
19.7
19.6
22.0

Sr
341
352
334
350
365
351
352
360
382
371
352
372
348
357
379
375
391
380
384
354
380

292

18.5
19.3
18.8
18.0
19.6
19.3
18.7
20.3
213
19.6
18.3
19.5
18.4
19.2
19.8
19.6
20.2
19.6
21.2
19.7
19.7

Zr
125
129
126
122
129
126
125
131
139
136
126
132
124
127
135
132
138
133
138
130
134

Nb
15.7
16.3
16.2
16.0
16.6
16.7
16.7
17.4
18.4
15.9
16.5
16.8
16.5
15.9
17.0
16.8
17.7
16.9
17.5
16.2
16.7

La
12.7
12.8
12.9
12.8
12.9
12.6
12.9
13.2
13.9
13.7
12.6
12.9
12.2
121
13.2
13.2
131
135
12.9
13.2
13.8

Ce
34.2
35.8
36.7
35.1
36.6
35.0
34.7
35.9
36.4
36.3
35.7
36.4
34.3
35.7
36.4
37.0
37.0
36.3
36.7
34.8
35.1

Pr
4.36
4.55
4.48
4.66
4.49
4.20
4.56
4.71
4.67
4.40
4.33
4.76
4.48
4.47
453
4.72
4.64
4.33
4.86
4.55
4.98

Nd
18.5
20.5
20.6
19.5
19.8
20.0
20.0
20.2
221
215
20.3
20.9
19.4
20.4
21.2
20.1
22.1
22.3
20.8
20.6
215



Table S4.3 (continued)

Secondary reference: BHVO-2G

Date

7/17/2019
7/17/2019
7/17/2019
7/17/2019
7/17/2019
7/17/2019
7/17/2019
7/17/2019
7/17/2019
7/17/2019
7/17/2019
7/17/2019
7/17/2019
7/17/2019
7/17/2019
7/17/2019
7/17/2019
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020

Sample
analyzed

17JK20
17JK20
17JK20
17JK20
17JK20
17JK20
17JK20
17JK20
17JK20
17JK20
17JK20
17JK20
17JK20
17JK20
17JK20
17JK20
17JK20
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08

Sm
5.86
6.06
6.28
6.08
6.55
5.69
6.20
6.47
6.32
6.55
6.16
6.43
6.01
541
6.51
6.16
6.25
5.82
5.84
5.58
5.80
5.10
5.37
5.13
5.63
5.06
5.46
6.64

Eu
2.09
2.01
2.14
2.25
2.03
2.02
1.81
1.87
2.22
2.10
1.97
2.21
2.08
2.09
2.24
2.03
2.33
2.04
2.16
1.90
1.95
2.14
2.07
2.29
1.96
1.63
2.01
1.94

Gd
5.52
5.47
5.71
6.34
6.81
5.66
5.10
5.32
6.12
5.89
7.10
7.14
5.98
5.86
5.52
6.18
6.11
5.88
5.52
4.67
7.04
5.75
6.16
5.38
4.90
4.15
5.49
531

Tb
0.82
0.79
0.85
0.91
0.77
0.86
0.97
0.86
1.02
0.78
0.98
1.02
0.92
0.87
1.05
0.90
0.94
0.56
0.60
0.80
0.91
0.69
0.66
0.73
0.82
0.86
0.78
0.91

Dy
5.05
4.76
4.95
5.32
5.89
4.72
5.08
5.90
6.29
5.29
4.73
5.49
4.98
5.09
5.12
5.43
5.08
3.67
4.50
4.97
4.14
3.87
4.60
4.69
4.55
4.10
3.80
4.27

Ho
0.89
0.95
0.96
0.96
0.96
0.97
0.86
0.85
0.88
1.02
1.02
0.94
0.97
0.95
0.92
1.02
0.97
0.80
0.71
0.81
0.81
1.02
0.85
0.86
0.70
0.75
0.85
0.74

Er
2.47
251
2.35
2.55
2.46
2.14
2.63
2.43
2.45
2.69
2.13
2.62
2.37
2.69
2.98
2.23
231
2.28
2.33
2.15
2.44
1.95
1.93
2.18
1.78
1.99
1.82
2.17

293

m
0.34
0.29
0.30
0.32
0.32
0.34
0.34
0.31
0.31
0.29
0.31
0.25
0.26
0.32
0.39
0.35
0.26
0.21
0.26
0.15
0.20
0.18
0.25
0.41
0.25
0.21
0.25
0.27

Yb
1.78
2.15
191
2.11
2.06
1.69
1.88
1.74
2.39
2.17
2.19
2.01
1.70
2.13
2.33
1.97
154
1.24
154
1.27
1.89
1.90
154
1.68
2.01
1.38
2.20
1.10

Lu
0.22
0.25
0.25
0.29
0.34
0.22
0.25
0.26
0.29
0.26
0.26
0.28
0.22
0.24
0.30
0.24
0.22
0.22
0.25
0.17
0.23
0.19
0.18
0.27
0.27
0.17
0.24
0.27

Hf
4.21
4.31
4.10
4.17
4.66
4.17
4.56
4.38
4.64
4.56
4.74
4.56
4.04
4.23
4.39
4.54
4.42
3.99
3.33
3.10
4.16
3.83
3.48
3.77
3.43
3.50
3.74
3.55

Pb
1.57
1.67
1.79
1.76
1.83
1.63
1.85
154
1.43
1.59
1.94
1.62
1.98
1.69
1.79
1.82
1.88
1.39
1.60
1.40
1.69
1.40
1.57
1.90
1.61
1.89
1.73
191

Th
1.14
1.14
1.16
1.16
1.33
1.14
1.15
1.30
1.17
131
1.17
131
1.37
1.15
1.33
1.34
1.28
1.00
1.11
0.94
1.06
1.14
1.06
111
1.14
1.04
0.92
1.26

0.47
0.39
0.46
0.44
0.40
0.46
0.41
0.35
0.47
0.43
0.36
0.43
0.40
0.43
0.48
0.37
0.44
0.40
0.38
0.48
0.42
0.34
0.50
0.40
0.36
0.42
0.47
0.44



Table S4.3 (continued)

Secondary reference: BHVO-2G

Date

7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020

Sample
analyzed

17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08

Sm
6.02
5.44
5.68
6.41
5.90
5.75
5.76
6.21
5.60
5.47
5.40
5.11
4.77
5.50
4.65
5.01
4.60
4.97
4.89
4.57
4.76
4.61
4.92
4.68
4.69
4.80
5.23
4.41

Eu
1.79
2.18
1.75
2.07
1.94
2.16
1.80
1.98
1.98
1.90
2.01
2.01
1.86
1.98
1.88
1.78
1.67
1.77
1.74
1.61
1.82
1.67
1.59
1.80
1.65
1.86
1.78
1.67

Gd
4.91
5.18
4.92
5.41
5.34
5.09
3.87
6.11
5.44
5.27
4.41
471
5.32
5.59
4.42
4.46
4.38
4.06
4.44
4.21
4.01
4.39
4.64
4.42
4.54
4.34
4.84
3.98

Tb
0.83
0.71
0.75
0.84
0.82
0.73
0.87
0.73
0.70
0.67
0.79
0.79
0.74
0.76
0.67
0.73
0.62
0.63
0.63
0.62
0.57
0.63
0.60
0.68
0.64
0.62
0.61
0.69

Dy
4.21
4.33
3.59
4.43
4.55
3.89
4.89
4.96
3.84
5.04
4.35
4.65
4.30
3.94
4.34
3.79
3.51
3.71
3.69
3.53
3.98
3.15
3.26
3.67
3.93
3.87
3.71
3.85

Ho
0.75
0.77
0.72
0.87
0.91
0.80
1.10
0.77
0.88
0.74
0.71
0.74
0.64
0.82
0.69
0.64
0.60
0.66
0.74
0.67
0.67
0.65
0.68
0.66
0.67
0.73
0.72
0.70

Er
2.39
2.04
1.90
1.97
2.45
2.18
2.14
2.06
1.68
2.47
1.92
2.06
2.32
2.04
2.08
1.96
1.74
1.83
1.89
1.43
1.77
1.42
1.80
1.66
1.59
1.77
1.69
1.84

294

Tm
0.27
0.32
0.25
0.29
0.18
0.24
0.30
0.33
0.28
0.31
0.21
0.20
0.26
0.24
0.21
0.25
0.21
0.22
0.25
0.19
0.20
0.20
0.18
0.23
0.22
0.24
0.23
0.26

Yb
1.69
2.09
1.68
2.02
1.95
2.18
2.08
1.72
1.56
1.52
131
1.78
1.42
1.83
1.48
1.89
1.66
1.39
1.59
1.57
1.19
1.43
151
1.25
1.57
1.32
1.63
1.54

Lu
0.25
0.29
0.22
0.24
0.22
0.21
0.19
0.24
0.21
0.21
0.25
0.21
0.22
0.21
0.18
0.22
0.19
0.20
0.19
0.17
0.21
0.19
0.19
0.16
0.20
0.19
0.20
0.21

Hf
3.60
3.63
3.64
3.81
3.98
3.21
3.87
3.51
3.26
3.80
3.90
3.29
3.33
3.47
3.28
3.24
3.03
2.86
2.90
2.85
2.99
3.03
3.13
3.03
3.12
3.36
3.25
3.10

Pb
2.16
1.67
1.76
1.80
1.60
1.80
155
1.86
1.75
1.96
2.03
1.44
1.64
1.60
1.86
1.86
1.74
1.87
1.82
1.74
1.92
1.73
1.53
1.61
1.66
1.57
1.70
1.58

Th
1.14
1.07
1.19
1.17
0.98
1.13
1.02
111
0.96
1.08
1.16
0.92
1.02
1.16
1.02
1.02
0.97
0.92
0.82
0.96
0.86
0.81
0.89
0.83
0.90
1.02
0.89
0.94

0.50
0.46
0.30
0.38
0.39
0.43
0.47
0.42
0.43
0.46
0.45
0.46
0.43
0.39
0.44
0.46
0.38
0.43
0.46
0.40
0.44
0.40
0.41
0.33
0.40
0.34
0.40
0.43



Table S4.3 (continued)

Secondary reference: BHVO-2G

Date
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
7/30/2020
8/7/2020
8/7/2020
8/7/2020
8/7/2020
8/7/2020
8/7/2020
8/7/2020

Sample
analyzed

17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK08
17JK12
17JK12
17JK12
17JK12
17JK12
17JK12
17JK12

Sm
4.65
4.93
4.85
4.61
4.53
4.37
4.49
4.72
4.99
5.01
4.66
5.66
4.77
4.40
4.63
5.27
521
4.94
5.05
4.78
5.24
5.12
5.29
4.60
4.82
5.33
5.22
4.56

Eu
1.62
1.64
1.74
1.85
1.81
1.78
1.57
1.81
1.64
1.87
1.72
1.72
1.74
1.69
1.76
1.84
1.66
1.74
1.85
1.78
1.74
1.77
1.83
1.71
1.48
1.74
1.53
1.56

Gd
4.12
4.03
4.70
4.39
4.56
4.47
441
4.84
3.77
4.90
4.38
5.29
4.56
5.02
4.57
4.74
4.65
4.35
4.99
5.16
4.50
541
4.89
4.57
4.59
4.43
4.75
4.05

Tb
0.67
0.72
0.71
0.64
0.65
0.57
0.64
0.76
0.56
0.68
0.62
0.78
0.71
0.65
0.72
0.68
0.70
0.67
0.65
0.63
0.68
0.73
0.72
0.57
0.75
0.69
0.57
0.58

Dy
3.95
3.32
4.25
3.68
3.69
3.66
3.30
3.86
3.83
3.92
3.95
4.37
3.65
3.79
3.73
3.48
3.75
3.65
421
3.47
3.23
3.94
3.91
3.67
4.32
3.90
3.54
3.75

Ho
0.65
0.64
0.65
0.77
0.70
0.66
0.58
0.71
0.68
0.76
0.69
0.74
0.75
0.72
0.71
0.69
0.71
0.60
0.64
0.63
0.76
0.62
0.63
0.69
0.55
0.65
0.73
0.74

Er
1.84
1.76
1.61
1.62
1.63
1.70
1.61
1.79
1.58
1.96
1.85
2.01
1.79
1.64
1.88
1.82
1.79
1.63
1.79
1.79
1.69
1.89
2.12
1.76
1.70
1.62
1.78
1.83

295

Tm
0.24
0.21
0.22
0.20
0.20
0.19
0.23
0.23
0.21
0.23
0.25
0.24
0.23
0.23
0.20
0.24
0.21
0.23
0.28
0.20
0.27
0.22
0.22
0.20
0.20
0.24
0.23
0.20

Yb
1.41
1.41
1.27
154
1.46
1.47
1.32
154
1.40
1.85
1.40
1.74
1.34
1.29
1.26
1.47
155
1.50
1.38
1.34
1.30
1.38
1.61
1.47
1.52
1.55
1.55
1.41

Lu
0.15
0.21
0.20
0.17
0.19
0.19
0.19
0.15
0.20
0.20
0.22
0.22
0.19
0.17
0.20
0.16
0.18
0.18
0.20
0.18
0.20
0.22
0.20
0.22
0.18
0.22
0.18
0.21

Hf
2.99
3.25
3.25
3.26
3.22
3.16
3.00
3.12
3.16
3.24
331
3.69
3.28
3.10
3.04
3.33
3.04
3.07
3.16
3.01
341
3.06
3.46
3.07
3.01
3.50
3.36
3.22

Pb
1.65
1.80
1.56
1.89
1.67
1.68
1.50
1.68
1.65
1.84
1.94
1.72
1.65
1.46
1.63
1.78
1.71
1.63
1.68
1.42
1.52
1.84
1.98
1.95
1.56
1.80
1.61
1.46

Th
0.95
0.99
0.99
0.87
0.88
0.86
0.94
0.92
1.04
0.97
0.99
0.93
0.90
0.97
0.88
1.07
0.84
0.86
1.02
0.96
0.89
0.95
0.98
0.89
0.99
0.86
0.90
0.85

0.42
0.36
0.42
0.40
0.38
0.40
0.39
0.38
0.39
0.44
0.46
0.41
0.44
0.40
0.44
0.39
0.39
0.47
0.40
0.42
0.38
0.37
0.47
0.41
0.42
0.43
0.41
0.38



Table S4.3 (continued)
Secondary reference: BHVO-2G

Date
8/7/2020
8/7/2020
8/7/2020
8/7/2020
8/7/2020
8/7/2020
8/7/2020
8/7/2020
8/7/2020
8/7/2020
8/7/2020
8/7/2020
8/7/2020
8/7/2020
8/7/2020

8/7/2020
8/7/2020
8/7/2020
8/7/2020
8/7/2020
8/7/2020
8/7/2020
8/7/2020
8/7/2020
8/18/2020
8/18/2020
8/18/2020
8/18/2020

Sample
analyzed

17JK12
17JK12
17JK12
17JK12
17JK12
17JK12
17JK12
17JK12
17JK12
17JK12
17JK12
17JK12
17JK12
17JK12
17JK12

17JK12
17JK12
17JK12
17JK12
17JK12
17JK12
17JK12
17JK12
17JK12
17JK12, 17JK20
17JK12, 17JK20
17JK12, 17JK20
17JK12, 17JK20

Sm
4.75
4.82
4.71
4.78
5.06
4.80
4.48
5.20
4.79
4.63
4.21
4.25
5.04
4.73
4.75

5.02
4.58
5.03
5.16
4.59
4.53
4.66
5.14
4.75
4.38
3.97
5.26
4.60

Eu
1.64
1.73
1.86
1.76
1.61
1.67
1.63
1.77
1.74
1.68
1.59
151
1.73
1.77
1.55

1.81
1.60
1.66
1.66
1.71
1.60
1.77
1.88
1.93
1.54
1.40
1.88
1.62

Gd
4.39
4.72
4.24
4.71
4.95
4.71
4.74
4.44
441
4.96
4.25
4.44
4.51
4.34
4.13

4.31
4.10
4.54
5.81
4.20
4.83
4.31
4.27
4.56
4.61
3.85
4.22
4.63

Tb
0.57
0.59
0.79
0.73
0.68
0.63
0.61
0.74
0.67
0.64
0.70
0.56
0.76
0.64
0.71

0.57
0.66
0.65
0.77
0.59
0.60
0.62
0.64
0.72
0.65
0.55
0.63
0.61

Dy
3.84
3.68
3.69
4.06
3.98
4.09
3.75
4.05
3.61
3.53
3.22
3.66
4.35
3.61
3.61

4.04
3.34
3.38
4.48
3.55
3.78
3.48
4.09
4.45
3.84
3.38
3.26
3.93

Ho
0.59
0.76
0.65
0.72
0.61
0.75
0.74
0.67
0.69
0.73
0.65
0.61
0.75
0.78
0.71

0.61
0.72
0.65
0.70
0.66
0.62
0.78
0.68
0.72
0.63
0.58
0.71
0.69

Er
1.67
2.04
1.73
1.64
1.88
1.79
1.74
2.05
1.70
1.64
1.56
1.49
1.86
1.63
1.74

1.96
1.43
1.73
1.80
155
155
1.59
1.72
1.82
1.50
1.59
1.89
2.04
296

Tm
0.19
0.23
0.20
0.20
0.26
0.19
0.24
0.22
0.17
0.26
0.24
0.22
0.18
0.26
0.18

0.20
0.22
0.23
0.25
0.22
0.21
0.22
0.24
0.24
0.21
0.18
0.26
0.27

Yb
1.50
1.59
1.76
1.57
1.45
1.46
181
1.57
1.41
1.33
1.19
1.56
1.43
1.33
1.69

1.74
1.29
1.35
1.53
1.25
1.58
1.52
1.86
151
131
1.20
1.80
1.12

Lu
0.18
0.19
0.19
0.19
0.21
0.20
0.19
0.18
0.17
0.18
0.21
0.21
0.22
0.22
0.19

0.21
0.14
0.19
0.18
0.21
0.20
0.19
0.22
0.24
0.17
0.18
0.25
0.23

Hf
3.00
3.00
3.13
3.21
3.00
3.14
3.09
3.47
3.09
3.00
2.85
3.20
3.14
3.30
2.98

3.13
3.02
3.53
3.66
2.94
3.09
2.97
3.19
291
3.00
2.83
3.03
3.50

Pb
1.74
1.61
1.92
1.77
1.73
1.99
2.03
1.79
1.66
1.80
181
1.79
1.69
1.85
1.72

2.00
1.67
1.76
1.96
1.78
1.66
1.78
1.76
1.74
1.46
1.52
1.65
1.68

Th
0.88
0.92
0.92
0.95
0.82
0.98
1.01
0.93
0.92
1.00
0.86
0.81
0.99
1.03
0.95

0.96
0.79
0.98
0.94
0.93
0.81
0.94
0.85
0.96
0.83
0.73
0.97
1.00

0.39
0.34
0.41
0.39
0.37
0.38
0.39
0.40
0.46
0.40
0.38
0.37
0.43
0.47
0.39

0.40
0.36
0.40
0.41
0.39
0.45
0.43
0.37
0.44
0.35
0.32
0.39
0.41



Table S4.3 (continued)
Secondary reference: BHVO-2G

Date

8/18/2020
8/18/2020
8/18/2020
8/18/2020
8/18/2020
8/18/2020
8/18/2020
8/18/2020
8/18/2020
8/18/2020
8/18/2020
8/18/2020
8/18/2020
8/18/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020

Sample
analyzed

17JK12, 17JK20
17JK12, 17JK20
17JK12, 17JK20
17JK12, 17JK20
17JK12, 17JK20
17JK12, 17JK20
17JK12, 17JK20
17JK12, 17JK20
17JK12, 17JK20
17JK12, 17JK20
17JK12, 17JK20
17JK12, 17JK20
17JK12, 17JK20
17JK12, 17JK20
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09

Sm
4.86
4.99
4.80
4.81
4.98
4.78
4.54
5.18
4.78
5.06
4.45
5.01
4.77
4.99
5.32
5.27
5.05
5.58
4.76
5.26
4.97
5.25
5.52
4.83
4.58
4.98
5.10
5.15

Eu
1.59
1.54
1.99
1.71
1.67
1.64
1.71
1.72
1.38
1.94
1.64
1.61
1.59
1.76
1.85
1.99
1.63
1.74
1.97
1.86
1.82
1.63
1.82
1.70
1.63
1.86
1.89
1.64

Gd
4.88
5.58
5.56
4.71
4.57
4.28
4.64
4.54
4.95
5.40
3.84
4.34
4.78
4.13
4.37
5.69
4.97
4.22
5.00
5.35
4.45
4.99
541
5.62
4.82
5.09
4.89
3.91

Tb
0.56
0.72
0.77
0.61
0.68
0.70
0.71
0.73
0.75
0.72
0.65
0.63
0.66
0.72
0.83
0.74
0.70
0.81
0.73
0.79
0.75
0.73
0.78
0.73
0.66
0.85
0.76
0.73

Dy
4.96
5.00
4.17
3.99
3.92
3.50
4.12
4.01
3.50
4.27
4.03
3.90
3.73
3.78
4.46
4.22
3.91
4.31
4.26
3.99
3.88
4.49
4.48
412
3.76
3.91
4.01
3.60

Ho
0.94
0.90
0.90
0.75
0.66
0.67
0.75
0.63
0.74
0.77
0.72
0.73
0.70
0.68
0.76
0.95
0.69
0.82
0.78
0.73
0.79
0.83
0.83
0.77
0.73
0.88
0.72
0.63

Er
1.83
2.09
2.04
1.80
1.74
1.75
1.84
2.00
2.14
1.99
154
1.86
1.80
2.00
2.03
2.15
1.88
2.24
2.18
1.88
2.05
2.07
1.98
2.03
1.93
2.08
1.89
2.12

297

m
0.25
0.30
0.31
0.28
0.20
0.24
0.27
0.20
0.27
0.25
0.22
0.24
0.19
0.27
0.31
0.26
0.25
0.30
0.24
0.22
0.27
0.22
0.27
0.30
0.21
0.20
0.28
0.16

Yb
1.57
2.11
1.56
1.68
1.25
1.47
1.71
1.49
1.32
1.92
1.32
1.60
1.27
1.59
1.74
2.08
1.37
1.69
1.58
1.75
1.69
1.74
1.42
1.79
1.70
1.55
1.39
1.40

Lu
0.25
0.19
0.19
0.19
0.19
0.19
0.21
0.20
0.21
0.20
0.19
0.20
0.18
0.20
0.22
0.27
0.21
0.24
0.21
0.25
0.23
0.24
0.24
0.24
0.21
0.21
0.23
0.20

Hf
3.58
3.68
4.13
3.48
3.34
291
3.53
3.32
3.45
3.49
3.06
3.54
3.28
3.61
3.80
3.64
3.45
3.34
3.74
3.49
3.77
3.56
3.81
3.53
3.68
3.75
3.20
3.24

Pb
1.50
1.49
1.52
1.57
1.66
1.88
1.85
1.62
1.76
2.08
1.86
1.84
1.80
1.80
1.70
1.85
191
2.12
1.80
1.89
1.96
1.94
154
2.18
2.09
1.71
2.16
1.69

Th
0.91
1.09
1.07
0.87
0.88
0.83
0.93
0.89
1.04
0.97
0.88
1.01
0.87
1.00
1.19
1.02
0.86
1.07
1.14
0.94
1.00
0.93
1.00
0.97
1.04
1.02
0.90
1.05

0.27
0.33
0.32
0.38
0.32
0.37
0.38
0.33
0.35
0.36
0.34
0.44
0.37
0.37
0.42
0.48
0.37
0.52
0.46
0.41
0.48
0.41
0.47
0.47
0.39
0.37
0.40
0.43



Table S4.3 (continued)
Secondary reference: BHVO-2G

Date

9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020

Sample
analyzed

17JK09
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09

Table S4.3 (continued)
Secondary reference: NIST610

Date

7/17/2019
7/17/2019
7/17/2019
7/17/2019
7/17/2019
7/17/2019

Sample analyzed
17JK20
17JK20
17JK20
17JK20
17JK20
17JK20

Sm
5.27
4.92
5.20
5.00
551
5.16
511
5.15
471
5.43
5.65
5.08
551
5.02
5.18
511
4.78

[

460
451
435
450
449
455

Eu
1.78
1.86
1.86
1.79
1.99
1.72
1.84
1.96
1.81
1.84
1.90
1.65
2.13
1.82
1.76
1.80
1.68

Be

463
484
463
463
448
461

Gd
4.14
4.73
5.10
4.35
5.14
5.35
5.32
441
5.52
511
4.71
4.33
5.35
5.57
4.55
4.95
5.33

Na

Tb
0.82
0.73
0.75
0.70
0.77
0.90
0.73
0.77
0.64
0.69
0.73
0.68
0.79
0.63
0.73
0.64
0.71

1.02E+05
1.00E+05
9.94E+04
9.83E+04
1.00E+05
1.02E+05

Dy
4.38
4.00
4.17
3.91
4.13
4.74
4.14
4.13
3.50
4.84
4.09
4.39
3.96
4.25
4.20
4.09
3.83

Mg

495
418
461
375
365
597

Ho
0.74
0.75
0.77
0.83
0.89
0.78
0.78
0.80
0.85
0.77
0.77
0.80
0.79
0.84
0.76
0.75
0.68

Al

1.12E+04
1.12E+04
1.13E+04
1.15E+04
1.15E+04
1.15E+04

Er
1.93
1.95
1.80
1.95
231
1.96
1.87
2.47
2.03
1.87
1.80
2.00
2.08
1.84
1.98
1.99
2.17

532
359
455
298
348
451

298

Tm
0.28
0.28
0.25
0.29
0.29
0.30
0.20
0.24
0.23
0.19
0.22
0.23
0.27
0.24
0.31
0.19
0.20

Ca

Yb
154
1.85
1.37
1.62
1.57
1.87
154
1.84
1.36
1.56
1.90
1.46
2.04
1.43
1.62
1.61
1.64

8.53E+04
8.73E+04
8.66E+04
8.93E+04
8.71E+04
8.79E+04

Lu
0.20
0.25
0.23
0.21
0.24
0.24
0.20
0.25
0.20
0.20
0.23
0.21
0.24
0.26
0.23
0.19
0.21

Sc

486
487
481
498
494
499

Hf
3.32
3.28
3.22
3.26
3.54
3.65
3.57
3.51
3.17
3.42
3.94
3.60
3.55
3.49
3.65
3.65
3.36

Ti

515
468
461
489
506
519

Pb
191
1.89
2.35
1.68
1.68
1.79
1.90
1.87
1.60
1.89
1.56
1.76
1.99
1.94
1.93
155
1.81

447
453
438
440
425
449

Th
1.04
0.83
0.97
1.00
1.09
1.13
0.97
0.99
0.95
0.85
1.14
1.04
1.10
1.04
1.02
1.02
1.07

Cr

399
406
395
405
399
412

0.46
0.40
0.46
0.45
0.36
0.58
0.37
0.34
0.36
0.40
0.39
0.41
0.40
0.44
0.45
0.47
0.52

449
425
444
427
446
461



Table S4.3 (continued)

Secondary reference: NIST610

Date
7/17/2019
7/17/2019
7/17/2019
7/17/2019
7/17/2019
7/17/2019
7/17/2019
7/17/2019
7/17/2019
7/17/2019
7/17/2019
8/7/2020
8/7/2020
8/7/2020
8/7/2020
8/7/2020
8/7/2020
8/7/2020
8/7/2020
8/7/2020
8/7/2020
8/7/2020
8/7/2020
8/7/2020
8/7/2020
8/7/2020
8/7/2020
8/7/2020

Sample analyzed
17JK20
17JK20
17JK20
17JK20
17JK20
17JK20
17JK20
17JK20
17JK20
17JK20
17JK20
17JK12
17JK12
17JK12
17JK12
17JK12
17JK12
17JK12
17JK12
17JK12
17JK12
17JK12
17JK12
17JK12
17JK12
17JK12
17JK12
17JK12

446
446
451
465
465
457
450
452
463
464
468
471
483
456
447
428
428
469
452
427
437
449
448
470
455
451
459
471

Be

457
463
452
455
462
449
450
452
473
475
479
377
389
393
370
366
380
399
391
400
391
409
386
414
405
401
406
404

Na

9.99E+04
9.96E+04
9.88E+04
9.91E+04
1.00E+05
1.02E+05
1.02E+05
1.02E+05
1.00E+05
1.02E+05
1.02E+05
1.10E+05
1.18E+05
1.13E+05
1.07E+05
1.06E+05
1.08E+05
1.13E+05
1.13E+05
1.08E+05
1.09E+05
1.13E+05
1.06E+05
1.15E+05
1.10E+05
1.07E+05
1.09E+05
1.12E+05

Mg

500
480
529
471
518
522
513
510
505
502
530
348
316
309
334
332
319
351
319
313
349
327
318
361
336
316
318
328

Al

1.15E+04
1.10E+04
1.14E+04
1.11E+04
1.10E+04
1.12E+04
1.09E+04
1.12E+04
1.12E+04
1.12E+04
1.15E+04
9.01E+03
9.61E+03
9.43E+03
9.16E+03
8.88E+03
8.97E+03
9.97E+03
9.57E+03
9.46E+03
9.74E+03
9.80E+03
9.53E+03
9.86E+03
9.47E+03
9.34E+03
9.49E+03
9.65E+03

431
434
463
496
470
444
462
450
517
581
429
387
414
398
409
405
393
426
420
422
424
420
412
421
402
416
424
404

299

Ca

8.53E+04
8.70E+04
8.52E+04
8.55E+04
8.70E+04
8.58E+04
8.44E+04
8.51E+04
8.59E+04
8.46E+04
8.94E+04
7.46E+04
7.86E+04
7.54E+04
7.21E+04
7.28E+04
7.40E+04
7.71E+04
7.43E+04
7.54E+04
7.89E+04
7.65E+04
7.65E+04
8.01E+04
7.52E+04
7.66E+04
7.45E+04
7.63E+04

Sc

486
496
479
486
485
489
486
490
493
485
501
367
411
399
389
376
387
416
394
388
412
410
408
433
408
400
387
399

Ti

513
497
517
519
513
499
489
504
515
503
516
439
485
451
444
416
427
478
456
454
463
475
437
477
459
457
450
441

441
448
437
444
454
448
446
447
452
458
455
473
490
459
450
439
435
466
457
451
468
477
447
467
461
464
447
447

Cr

393
409
402
397
419
404
402
405
390
408
404
434
452
414
397
388
407
423
410
395
425
418
401
423
408
411
422
427

Mn

453
441
439
447
459
438
420
447
451
456
454
435
443
419
412
407
403
430
414
413
409
415
418
435
417
415
415
407



Table S4.3 (continued)
Secondary reference: NIST610

Date Sample analyzed  Li Be Na Mg Al P Ca Sc i \% Cr Mn
8/7/2020 17JK12 448 397 1.11E+05 316 9.43E+03 404 7.50E+04 398 458 467 437 419
8/7/2020 17JK12 448 401 1.11E+05 318 9.63E+03 410 7.34E+04 394 455 456 426 419
8/7/2020 17JK12 451 389 1.13E+05 311 9.48E+03 403 7.66E+04 393 454 448 432 402
8/7/2020 17JK12 462 391 1.12E+05 327 9.60E+03 408 7.63E+04 406 451 466 421 409
8/7/2020 17JK12 462 396 1.14E+05 323 9.35E+03 398 7.62E+04 406 446 454 415 422
8/7/2020 17JK12 452 381 1.10E+05 302 9.00E+03 384 7.41E+04 393 443 455 419 410
8/7/2020 17JK12 467 373 1.16E+05 301 9.14E+03 384 7.58E+04 396 442 448 421 424
8/7/2020 17JK12 462 405 1.15E+05 329 9.46E+03 389 8.17E+04 428 471 479 446 436
8/7/2020 17JK12 459 386 1.11E+05 317 9.50E+03 397 7.76E+04 404 463 480 440 412
8/7/2020 17JK12 464 389 1.12E+05 309 9.44E+03 368 7.57E+04 403 455 466 425 416
8/7/2020 17JK12 444 382 1.13E+05 309 8.76E+03 386 7.40E+04 399 449 460 414 413
8/7/2020 17JK12 463 392 1.13E+05 321 9.04E+03 397 7.60E+04 408 449 473 435 408
8/7/2020 17JK12 456 418 1.13E+05 329 9.71E+03 394 7.76E+04 420 460 478 424 421
8/7/2020 17JK12 461 408 1.11E+05 339 9.99E+03 417 7.74E+04 431 450 465 407 418

8/18/2020 17JK12,17JK20 460 472 1.01E+05 445 1.12E+04 370 7.99E+04 482 500 423 398 422
8/18/2020 17JK12,17JK20 448 440 1.05E+05 424 1.06E+04 411 7.82E+04 456 471 445 405 425
8/18/2020 17JK12,17JK20 448 435 1.04E+05 425 1.07E+04 456 8.08E+04 458 466 445 412 435
8/18/2020 17JK12,17JK20 431 427 1.03E+05 389 1.03E+04 420 7.62E+04 442 453 433 388 416
8/18/2020 17JK12,17JK20 429 445 1.01E+05 415 1.05E+04 402 7.83E+04 451 466 428 418 430
8/18/2020 17JK12,17JK20 439 446 1.08E+05 387 1.09E+04 434 8.28E+04 469 492 459 419 443
8/18/2020 17JK12,17JK20 429 446 1.05E+05 437 1.08E+04 506 8.32E+04 450 506 438 407 425
8/18/2020 17JK12,17JK20 452 449 1.06E+05 417 1.18E+04 559 8.60E+04 472 509 461 413 427
8/18/2020 17JK12,17JK20 421 461 1.01E+05 426 1.22E+04 535 8.00E+04 450 492 421 391 435
8/18/2020 17JK12,17JK20 420 429 1.01E+05 414 1.16E+04 550 7.76E+04 444 522 433 401 435
8/18/2020 17JK12,17JK20 405 422 9.61E+04 374 1.15E+04 486 7.92E+04 436 484 431 387 406
8/18/2020 17JK12,17JK20 452 453 1.05E+05 421 1.19E+04 444 8.84E+04 468 516 453 409 435
8/18/2020 17JK12,17JK20 430 443 9.88E+04 423 1.14E+04 394 8.04E+04 454 467 445 397 426
8/18/2020 17JK12,17JK20 416 447 1.01E+05 400 1.14E+04 361 8.35E+04 467 470 439 397 433

300



Table S4.3 (continued)

Secondary reference: NIST610

Date Sample analyzed  Li Be Na Mg Al P Ca Sc i \% Cr Mn
8/18/2020 17JK12,17JK20 407 451 9.98E+04 381 1.14E+04 372 7.88E+04 451 466 432 395 420
8/18/2020 17JK12,17JK20 416 447 9.99E+04 375 1.08E+04 362 8.47E+04 472 506 433 391 430
8/18/2020 17JK12,17JK20 411 446 9.86E+04 358 1.08E+04 364 8.37E+04 479 489 427 377 411
8/18/2020 17JK12,17JK20 412 455 1.00E+05 350 1.07E+04 365 8.41E+04 482 499 415 386 411
8/18/2020 17JK12,17JK20 442 480 1.03E+05 376 1.12E+04 368 8.41E+04 503 502 437 403 441
8/18/2020 17JK12,17JK20 420 443 1.01E+05 344 1.07E+04 376 8.23E+04 480 489 433 386 409
8/18/2020 17JK12,17JK20 434 463 1.04E+05 355 1.13E+04 422 8.52E+04 500 479 437 398 420
8/18/2020 17JK12,17JK20 423 462 1.03E+05 361 1.07E+04 433 8.40E+04 486 495 432 396 423
8/18/2020 17JK12,17JK20 428 474 1.05E+05 349 1.12E+04 412 8.58E+04 497 518 440 401 433
8/18/2020 17JK12,17JK20 425 487 1.01E+05 343 1.11E+04 401 8.73E+04 501 506 440 407 428
8/18/2020 17JK12,17JK20 433 468 1.03E+05 364 1.15E+04 390 8.78E+04 497 514 435 400 428
8/18/2020 17JK12,17JK20 413 468 1.01E+05 378 1.18E+04 432 8.60E+04 502 522 438 398 421
8/18/2020 17JK12,17JK20 415 471 9.95E+04 368 1.19E+04 430 8.57E+04 492 500 432 393 415
8/18/2020 17JK12,17JK20 407 476 1.00E+05 344 1.18E+04 416 8.47E+04 492 496 420 392 418
8/18/2020 17JK12,17JK20 401 460 1.00E+05 363 1.20E+04 415 8.66E+04 488 480 419 382 419
8/18/2020 17JK12,17JK20 418 475 1.02E+05 379 1.14E+04 389 8.88E+04 508 495 428 399 433
8/18/2020 17JK12,17JK20 409 477 9.93E+04 394 1.13E+04 391 8.84E+04 499 503 429 395 430
8/18/2020 17JK12,17JK20 421 465 1.04E+05 416 1.16E+04 410 8.97E+04 505 491 433 400 426
8/18/2020 17JK12,17JK20 422 478 9.99E+04 386 1.14E+04 418 8.34E+04 497 503 428 390 429
8/18/2020 17JK12,17JK20 414 479 1.02E+05 384 1.15E+04 396 8.65E+04 503 514 443 405 425
8/18/2020 17JK12,17JK20 413 469 1.02E+05 366 1.14E+04 400 8.87E+04 504 498 430 400 423
8/18/2020 17JK12,17JK20 401 468 1.02E+05 360 1.12E+04 356 9.07E+04 494 468 426 391 414
8/18/2020 17JK12,17JK20 420 488 1.06E+05 386 1.19E+04 356 9.23E+04 523 474 441 411 448

9/17/2020 17JK09 455 398 1.01E+05 463 9.68E+03 399 7.81E+04 403 460 444 410 427
9/17/2020 17JK09 459 402 1.03E+05 456 9.71E+03 352 7.73E+04 401 454 452 390 423
9/17/2020 17JK09 440 388 9.59E+04 431 9.46E+03 314 7.52E+04 389 454 441 384 406
9/17/2020 17JK09 459 400 1.01E+05 450 9.60E+03 342 7.70E+04 404 503 459 406 431
9/17/2020 17JK09 451 388 9.71E+04 442 9.33E+03 336 7.39E+04 390 463 442 396 415
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Table S4.3 (continued)

Secondary reference: NIST610

Date

9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020
9/17/2020

Sample analyzed
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09
17JK09

447
446
451
449
450
450
439
448
446
445
440
449
466
466
456
466
444
475
457
450
464
468
464
459
456
458

Be

388
389
395
391
402
387
371
397
382
373
378
373
386
399
397
401
392
422
398
392
402
407
390
399
416
404

Na

1.02E+05
9.89E+04
9.77E+04
9.99E+04
1.02E+05
9.88E+04
9.53E+04
9.99E+04
9.74E+04
9.79E+04
9.81E+04
9.96E+04
1.02E+05
1.05E+05
1.02E+05
1.01E+05
9.90E+04
1.03E+05
1.02E+05
9.78E+04
1.01E+05
1.06E+05
1.04E+05
9.96E+04
9.88E+04
1.00E+05

Mg

435
457
460
453
448
443
419
439
443
425
434
442
429
465
469
464
459
495
482
464
497
461
470
458
475
497

Al

9.77E+03
9.98E+03
9.76E+03
1.04E+04
9.68E+03
9.40E+03
8.89E+03
9.24E+03
9.60E+03
9.39E+03
9.23E+03
9.35E+03
9.05E+03
9.74E+03
9.26E+03
9.66E+03
9.04E+03
9.48E+03
9.61E+03
9.26E+03
9.49E+03
9.73E+03
9.64E+03
9.26E+03
9.69E+03
9.66E+03

359
380
405
412
405
371
332
323
338
336
347
376
395
424
430
522
534
861
526
721
675
525
627
558
77
956
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Ca

7.48E+04
7.50E+04
7.50E+04
7.39E+04
7.49E+04
7.46E+04
7.34E+04
7.57E+04
7.20E+04
7.14E+04
7.13E+04
7.15E+04
7.37E+04
7.72E+04
7.37E+04
7.43E+04
7.05E+04
7.50E+04
7.33E+04
7.16E+04
7.30E+04
7.91E+04
7.36E+04
7.48E+04
7.86E+04
7.50E+04

Sc

404
404
405
398
403
396
386
398
392
388
388
391
399
417
408
395
377
406
399
387
392
415
407
406
418
426

Ti

457
449
452
451
448
421
440
451
453
444
426
430
439
448
460
459
421
447
452
429
439
460
437
454
437
458

450
459
459
445
451
438
439
470
446
450
431
438
453
454
451
455
429
464
451
455
446
475
450
449
461
471

Cr

409
405
403
399
404
396
392
414
396
397
383
392
407
421
416
419
399
422
428
425
423
444
418
421
441
434

Mn

421
432
428
422
425
412
403
435
423
422
414
414
440
447
438
444
415
454
427
416
433
454
430
430
447
435



Table S4.3 (continued)
Secondary reference: NIST610

Sample
Date analyzed Fe Co Ni Cu Zn Ga Sr Y Zr Nb La Ce Pr Nd
7/17/2019 17JK20 406 406 440 412 412 427 533 476 460 N/A 447 451 454 446
7/17/2019 17JK20 324 412 407 320 267 441 525 483 432 N/A 454 460 455 443
7/17/2019 17JK20 382 404 420 365 351 433 528 488 430 N/A 446 453 449 436
7/17/2019 17JK20 274 413 399 287 242 443 529 500 451 N/A 460 463 466 448
7/17/2019 17JK20 352 399 414 314 249 436 528 491 461 N/A 463 451 464 443
7/17/2019 17JK20 561 415 459 454 455 440 534 496 464 N/A 464 468 471 444
7/17/2019 17JK20 449 405 422 385 343 426 540 479 457 N/A 452 459 463 436
7/17/2019 17JK20 455 407 426 389 375 431 528 477 450 N/A 455 463 464 443
7/17/2019 17JK20 462 402 418 389 372 434 527 482 456 N/A 457 450 446 438
7/17/2019 17JK20 469 411 436 389 354 427 533 488 482 N/A 467 461 456 441
7/17/2019 17JK20 461 416 451 429 442 442 535 485 471 N/A 460 466 456 446
7/17/2019 17JK20 482 409 478 417 398 432 542 487 464 N/A 461 462 465 448
7/17/2019 17JK20 433 416 449 410 407 433 551 469 440 N/A 453 465 459 444
7/17/2019 17JK20 460 401 470 418 434 434 548 477 458 N/A 453 457 461 449
7/17/2019 17JK20 474 407 444 425 407 419 544 483 463 N/A 451 463 455 450
7/17/2019 17JK20 486 411 445 415 397 427 546 482 453 N/A 448 461 459 442
7/17/2019 17JK20 475 407 458 439 400 430 550 509 477 N/A 473 464 471 452
8/7/2020 17JK12 285 419 463 309 465 480 467 391 391 418 374 415 394 366
8/7/2020 17JK12 271 434 462 300 498 499 480 422 411 439 403 453 417 391
8/7/2020 17JK12 257 415 423 286 483 477 489 409 397 432 396 431 404 385
8/7/2020 17JK12 238 395 419 262 494 448 436 398 388 418 382 417 388 371
8/7/2020 17JK12 259 386 404 262 466 444 451 393 383 404 377 400 388 367
8/7/2020 17JK12 274 391 424 267 480 447 444 406 390 408 381 415 395 379
8/7/2020 17JK12 272 416 422 278 514 472 474 423 405 435 404 431 411 397
8/7/2020 17JK12 282 407 429 270 500 464 460 409 398 439 391 427 396 381
8/7/2020 17JK12 245 411 410 269 486 465 442 402 395 428 386 413 393 376
8/7/2020 17JK12 268 414 443 274 513 472 467 415 412 440 402 425 415 398
8/7/2020 17JK12 287 420 431 268 519 465 468 417 414 428 399 429 408 391
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Table S4.3 (continued)
Secondary reference: NIST610

Sample
Date analyzed Fe Co Ni Cu Zn Ga Sr Y Zr Nb La Ce Pr Nd
8/7/2020 17JK12 247 403 418 265 489 458 450 405 402 418 391 407 391 380
8/7/2020 17JK12 277 413 451 280 528 468 480 439 428 442 417 442 411 394
8/7/2020 17JK12 282 411 436 270 504 472 460 414 408 429 395 431 400 385
8/7/2020 17JK12 281 414 433 262 502 465 451 404 392 426 386 419 394 379
8/7/2020 17JK12 277 411 427 265 505 470 453 396 386 420 380 420 396 374
8/7/2020 17JK12 276 404 436 273 506 462 467 403 397 434 394 424 396 379
8/7/2020 17JK12 287 416 439 275 504 479 471 399 400 423 391 424 410 386
8/7/2020 17JK12 285 424 442 273 511 464 456 394 389 416 378 418 390 380
8/7/2020 17JK12 282 403 427 269 498 460 466 399 393 418 387 418 398 385
8/7/2020 17JK12 276 407 430 271 492 466 469 410 402 419 383 427 398 383
8/7/2020 17JK12 294 421 452 276 494 473 476 414 400 425 392 434 402 390
8/7/2020 17JK12 295 406 422 268 484 454 452 401 385 401 382 415 389 374
8/7/2020 17JK12 292 419 441 278 512 463 469 398 377 414 383 423 393 373
8/7/2020 17JK12 286 432 456 289 501 486 488 419 413 443 396 430 408 397
8/7/2020 17JK12 306 423 442 286 508 470 473 402 392 419 389 421 393 378
8/7/2020 17JK12 290 414 442 275 494 473 466 398 386 417 383 415 394 369
8/7/2020 17JK12 309 412 432 276 492 470 454 391 375 415 379 408 388 371
8/7/2020 17JK12 313 416 454 286 486 488 481 415 395 427 393 436 405 386
8/7/2020 17JK12 320 423 459 283 499 465 467 415 393 426 391 429 415 390
8/7/2020 17JK12 384 415 442 288 507 473 449 443 407 423 401 428 409 401

8/18/2020 17JK12,17JK20 367 411 421 293 500 436 527 463 455 483 444 445 449 429
8/18/2020 17JK12,17JK20 366 407 418 280 510 446 508 436 433 457 425 443 415 410
8/18/2020 17JK12,17JK20 367 409 423 293 518 444 505 443 434 455 426 441 438 413
8/18/2020 17JK12,17JK20 364 407 411 276 483 432 491 431 426 446 417 437 423 399
8/18/2020 17JK12,17JK20 404 401 427 287 487 435 515 445 430 456 420 445 434 410
8/18/2020 17JK12,17JK20 383 414 442 259 505 445 515 454 445 462 436 458 440 423
8/18/2020 17JK12,17JK20 384 409 411 282 485 445 504 443 433 448 426 439 432 412
8/18/2020 17JK12,17JK20 408 421 419 285 514 449 529 454 454 463 438 461 449 428
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Table S4.3 (continued)

Secondary reference: NIST610
Sample
Date analyzed Fe Co Ni Cu Zn Ga Sr Y Zr Nb La Ce Pr Nd

8/18/2020 17JK12,17JK20 364 394 418 282 479 436 492 428 428 441 418 431 424 408
8/18/2020 17JK12,17JK20 427 394 420 300 474 445 497 437 427 439 430 442 423 413
8/18/2020 17JK12,17JK20 363 389 414 266 461 428 480 430 419 428 406 421 422 403
8/18/2020 17JK12,17JK20 407 422 445 267 494 456 524 457 451 475 448 456 446 434
8/18/2020 17JK12,17JK20 360 386 416 265 476 446 492 438 429 436 431 451 431 415
8/18/2020 17JK12,17JK20 375 399 424 263 483 429 499 448 441 459 426 444 433 423
8/18/2020 17JK12,17JK20 366 390 405 263 465 436 477 435 422 439 411 417 420 404
8/18/2020 17JK12,17JK20 405 402 418 264 475 439 512 448 442 464 434 448 449 430
8/18/2020 17JK12,17JK20 384 386 410 257 461 430 503 451 442 463 432 444 436 421
8/18/2020 17JK12,17JK20 380 386 408 257 469 428 510 443 434 461 428 432 436 420
8/18/2020 17JK12,17JK20 403 400 423 260 488 451 534 471 461 480 448 458 457 444
8/18/2020 17JK12,17JK20 378 383 412 245 459 435 515 451 434 458 435 440 436 426
8/18/2020 17JK12,17JK20 389 388 424 256 465 444 531 466 449 474 441 453 446 439
8/18/2020 17JK12,17JK20 390 379 409 263 454 439 534 461 448 465 441 453 447 433
8/18/2020 17JK12,17JK20 399 393 422 251 468 454 554 475 459 479 457 456 459 447
8/18/2020 17JK12,17JK20 393 396 425 245 457 457 536 476 462 483 460 454 460 448
8/18/2020 17JK12,17JK20 388 390 423 253 451 443 540 476 469 482 458 450 456 451
8/18/2020 17JK12,17JK20 397 394 428 257 470 453 550 481 467 485 462 466 468 447
8/18/2020 17JK12,17JK20 371 381 409 243 444 441 538 474 456 478 452 455 455 446
8/18/2020 17JK12,17JK20 374 373 404 237 443 434 544 467 453 476 446 439 456 444
8/18/2020 17JK12,17JK20 385 374 405 244 431 432 525 467 457 479 452 435 448 438
8/18/2020 17JK12,17JK20 388 395 423 261 444 451 566 488 470 495 465 462 467 462
8/18/2020 17JK12,17JK20 396 393 426 269 449 446 558 482 468 488 456 446 468 454
8/18/2020 17JK12,17JK20 410 391 423 279 455 449 561 489 466 486 465 458 472 452
8/18/2020 17JK12,17JK20 381 384 417 252 449 437 553 475 460 487 458 451 463 447
8/18/2020 17JK12,17JK20 387 385 420 246 444 443 565 488 473 499 470 457 462 455
8/18/2020 17JK12,17JK20 389 387 422 246 454 449 550 487 470 481 465 456 463 449
8/18/2020 17JK12,17JK20 376 373 402 248 435 445 559 482 467 475 458 450 469 441
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Table S4.3 (continued)
Secondary reference: NIST610

Sample

Date analyzed Fe Co Ni Cu Zn Ga Sr Y Zr Nb La Ce Pr Nd

8/18/2020 17JK12,17JK20 411 404 424 266 467 459 594 512 496 514 510 486 497 477
9/17/2020 17JK09 339 409 416 377 419 454 466 400 377 428 387 432 414 390
9/17/2020 17JK09 289 413 416 374 416 442 460 386 362 418 378 430 403 377
9/17/2020 17JK09 312 397 410 338 397 425 451 380 348 403 371 426 393 369
9/17/2020 17JK09 308 415 449 356 420 447 474 393 364 428 386 445 409 387
9/17/2020 17JK09 391 399 441 345 406 426 458 371 343 407 368 426 389 367
9/17/2020 17JK09 371 409 457 363 424 445 457 375 357 415 376 429 397 372
9/17/2020 17JK09 433 409 446 363 432 456 467 381 365 409 384 432 401 372
9/17/2020 17JK09 389 397 440 339 418 453 455 383 358 417 382 431 400 377
9/17/2020 17JK09 401 401 438 362 416 442 443 378 362 407 374 428 391 368
9/17/2020 17JK09 345 415 434 357 421 451 450 383 361 427 381 433 402 372
9/17/2020 17JK09 371 406 428 354 403 443 457 371 351 411 375 429 392 364
9/17/2020 17JK09 310 406 410 340 415 424 454 363 347 404 366 416 384 358
9/17/2020 17JK09 405 424 433 336 416 454 474 379 362 425 387 442 400 375
9/17/2020 17JK09 386 411 418 353 413 435 453 374 352 411 369 427 390 367
9/17/2020 17JK09 317 413 435 341 400 443 459 374 349 404 366 421 385 363
9/17/2020 17JK09 321 404 416 346 396 436 445 369 343 408 368 409 385 359
9/17/2020 17JK09 224 402 434 366 387 446 435 370 344 406 373 417 381 365
9/17/2020 17JK09 596 410 434 379 392 458 463 380 354 423 377 424 396 366
9/17/2020 17JK09 409 435 438 411 408 466 490 410 382 444 402 449 418 394
9/17/2020 17JK09 389 413 431 391 379 446 459 385 368 426 390 434 404 380
9/17/2020 17JK09 413 429 444 390 393 449 484 393 368 423 388 442 418 389
9/17/2020 17JK09 399 404 429 386 366 426 456 366 346 404 370 431 392 366
9/17/2020 17JK09 420 426 440 404 383 451 487 388 366 429 383 463 416 395
9/17/2020 17JK09 393 412 421 375 391 471 465 382 363 430 379 437 405 380
9/17/2020 17JK09 353 415 447 371 369 441 445 380 355 413 371 434 393 377
9/17/2020 17JK09 379 407 445 395 379 444 477 386 356 422 372 434 407 378
9/17/2020 17JK09 440 424 480 394 392 461 481 404 383 438 397 448 415 389
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Table S4.3 (continued)
Secondary reference: NIST610

Sample
Date analyzed Fe Co Ni Cu Zn Ga Sr Y Zr Nb La Ce Pr Nd
9/17/2020 17JK09 354 414 458 394 361 444 463 390 370 426 386 439 407 383
9/17/2020 17JK09 369 419 446 390 387 443 464 391 363 432 388 429 407 378
9/17/2020 17JK09 399 431 465 388 377 459 468 402 376 439 396 446 424 388
9/17/2020 17JK09 382 420 466 392 397 458 491 401 377 434 394 453 419 390

Table S4.3 (continued)
Secondary reference: NIST610

Date Sample analyzed Sm Eu Gd Tb Dy Ho FEr Tm Yb Lu Hf Pb Th U
7/17/2019 17JK20 463 456 476 464 457 474 480 451 486 464 448 413 463 443
7/17/2019 17JK20 464 458 464 455 451 477 472 455 490 460 446 410 467 456
7/17/2019 17JK20 464 449 454 456 444 478 470 452 481 463 451 406 473 444
7/17/2019 17JK20 483 465 470 468 459 486 481 474 502 476 462 413 477 455
7/17/2019 17JK20 474 468 466 464 455 481 475 466 491 468 456 408 476 451
7/17/2019 17JK20 A77 467 476 472 461 484 478 464 489 462 456 409 468 449
7/17/2019 17JK20 466 463 460 458 447 473 472 457 489 457 445 415 464 440
7/17/2019 17JK20 462 460 464 464 455 467 475 460 488 457 447 424 466 450
7/17/2019 17JK20 462 463 454 457 453 473 479 449 476 457 442 408 464 444
7/17/2019 17JK20 466 463 459 462 451 476 476 456 482 463 447 411 475 443
7/17/2019 17JK20 463 462 454 452 450 467 468 448 479 460 447 424 473 462
7/17/2019 17JK20 472 458 464 467 460 481 482 453 493 468 458 414 480 454
7/17/2019 17JK20 459 460 466 463 450 475 476 447 483 451 440 413 458 448
7/17/2019 17JK20 468 463 466 463 452 473 477 453 487 462 444 418 468 458
7/17/2019 17JK20 469 469 470 467 461 481 473 462 494 466 452 403 472 455
7/17/2019 17JK20 468 462 460 456 457 464 468 451 485 455 439 408 458 458
7/17/2019 17JK20 491 488 474 480 475 495 497 478 502 482 473 430 499 457
8/7/2020 17JK12 379 382 380 369 366 376 376 362 391 370 362 449 395 480
8/7/2020 17JK12 417 408 414 405 385 414 408 390 430 398 394 468 418 499
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Table S4.3 (continued)
Secondary reference: NIST610

Date Sample analyzed Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf Pb Th U
8/7/2020  17JK12 407 393 397 405 385 408 393 381 420 399 385 468 414 485
8/7/2020  17JK12 392 371 388 395 372 384 380 365 399 377 375 431 389 446
8/7/2020  17JK12 391 381 374 383 362 384 383 366 406 382 370 435 393 435
8/7/2020  17JK12 395 379 385 386 382 391 389 379 413 389 377 422 393 452
8/7/2020  17JK12 411 406 398 411 395 414 409 396 434 406 394 466 418 465
8/7/2020  17JK12 405 394 401 402 389 402 405 387 419 395 385 445 408 471
8/7/2020  17JK12 394 385 399 391 384 396 391 384 405 392 380 446 402 462
8/7/2020  17JK12 419 409 418 413 404 413 411 392 426 405 384 452 417 474
8/7/2020  17JK12 415 406 415 414 405 414 419 400 424 407 397 455 421 468
8/7/2020  17JK12 397 387 400 397 389 401 413 387 412 397 385 437 408 447
8/7/2020  17JK12 416 406 419 413 407 420 417 408 428 413 402 461 430 475
8/7/2020  17JK12 399 394 409 396 390 408 409 394 418 396 385 445 413 460
8/7/2020  17JK12 395 392 406 393 381 400 407 393 414 395 377 442 411 473
8/7/2020  17JK12 388 388 396 393 379 396 390 382 401 384 372 442 406 471
8/7/2020  17JK12 395 390 401 397 376 400 400 389 413 390 373 447 397 468
8/7/2020  17JK12 402 389 386 397 383 401 398 393 416 396 380 458 397 476
8/7/2020  17JK12 401 389 378 394 386 394 389 381 407 384 376 436 399 467
8/7/2020  17JK12 392 390 385 391 384 400 396 381 407 392 380 450 404 482
8/7/2020  17JK12 394 392 386 398 384 403 405 389 425 392 389 457 407 468
8/7/2020  17JK12 401 392 392 406 391 411 409 390 419 400 387 451 415 476
8/7/2020  17JK12 388 383 379 396 375 401 393 374 407 390 377 438 403 465
8/7/2020  17JK12 396 382 384 390 380 399 392 370 405 383 366 459 394 469
8/7/2020  17JK12 415 404 403 416 401 420 412 395 421 406 399 462 420 476
8/7/2020  17JK12 391 386 393 389 377 403 395 378 406 390 378 447 402 470
8/7/2020  17JK12 388 389 385 387 372 390 385 377 407 385 377 455 395 468
8/7/2020  17JK12 389 380 393 386 379 390 386 378 406 384 373 458 391 459
8/7/2020  17JK12 404 401 407 404 393 404 403 396 415 399 388 465 408 465
8/7/2020  17JK12 407 398 407 415 407 412 409 398 421 405 391 471 415 482
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Table S4.3 (continued)
Secondary reference: NIST610

Date Sample analyzed Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf Pb Th U
8/7/2020  17JK12 416 411 412 419 423 432 427 412 432 427 406 473 430 468
8/18/2020 17JK12, 17JK20 464 440 443 457 458 464 456 452 481 461 443 424 483 460
8/18/2020 17JK12, 17JK20 438 419 431 425 418 435 425 413 456 423 404 415 443 442
8/18/2020 17JK12, 17JK20 440 434 435 431 431 447 440 421 472 436 417 431 450 455
8/18/2020 17JK12, 17JK20 426 408 414 414 407 430 425 409 443 412 398 405 431 436
8/18/2020 17JK12, 17JK20 439 428 426 428 418 437 435 421 445 428 414 415 440 444
8/18/2020 17JK12, 17JK20 446 424 444 434 432 438 445 427 448 437 420 423 457 444
8/18/2020 17JK12, 17JK20 438 426 435 427 413 433 440 423 445 430 416 410 444 444
8/18/2020 17JK12, 17JK20 451 442 452 446 429 452 451 433 459 448 429 416 457 466
8/18/2020 17JK12, 17JK20 429 415 427 421 417 434 428 417 448 426 418 411 438 437
8/18/2020 17JK12, 17JK20 431 429 420 421 414 434 431 410 451 425 410 418 443 451
8/18/2020 17JK12, 17JK20 419 418 417 410 399 417 425 407 443 412 401 401 430 436
8/18/2020 17JK12, 17JK20 461 449 447 450 433 455 464 441 469 450 440 447 462 458
8/18/2020 17JK12, 17JK20 436 432 431 427 412 424 435 416 437 435 420 411 442 432
8/18/2020 17JK12, 17JK20 445 428 434 434 421 441 446 431 443 440 426 423 450 431
8/18/2020 17JK12, 17JK20 422 414 420 419 405 426 423 415 430 427 418 390 440 421
8/18/2020 17JK12, 17JK20 446 443 438 441 430 439 444 428 454 437 427 406 452 437
8/18/2020 17JK12, 17JK20 444 438 439 440 424 445 448 423 467 436 433 414 455 431
8/18/2020 17JK12, 17JK20 439 428 431 429 431 441 439 422 463 437 428 414 454 421
8/18/2020 17JK12, 17JK20 465 452 452 458 456 474 464 445 496 459 448 427 473 436
8/18/2020 17JK12, 17JK20 448 438 436 439 437 457 440 428 473 440 431 406 456 418
8/18/2020 17JK12, 17JK20 458 448 455 450 442 462 461 446 493 457 447 433 471 445
8/18/2020 17JK12, 17JK20 457 454 456 453 439 465 460 444 483 451 446 420 468 434
8/18/2020 17JK12, 17JK20 470 462 454 460 439 467 469 454 485 465 458 434 475 433
8/18/2020 17JK12, 17JK20 471 465 461 468 455 470 474 455 485 468 458 445 477 433
8/18/2020 17JK12, 17JK20 476 464 459 464 447 471 473 462 491 471 458 426 480 448
8/18/2020 17JK12, 17JK20 477 459 457 470 452 469 469 453 493 461 453 438 474 433
8/18/2020 17JK12, 17JK20 470 460 453 461 455 471 465 454 486 462 455 425 482 426
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Table S4.3 (continued)
Secondary reference: NIST610

Date Sample analyzed Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf Pb Th U
8/18/2020 17JK12, 17JK20 460 459 446 454 453 461 465 457 473 456 451 407 474 419
8/18/2020 17JK12, 17JK20 463 455 454 450 448 467 462 452 472 456 445 418 471 424
8/18/2020 17JK12, 17JK20 479 471 474 480 473 483 476 472 484 471 465 420 484 436
8/18/2020 17JK12, 17JK20 475 473 464 469 455 479 472 467 498 470 460 419 481 436
8/18/2020 17JK12, 17JK20 473 471 475 472 461 485 476 468 503 469 463 422 488 443
8/18/2020 17JK12, 17JK20 466 468 458 456 446 470 466 457 492 461 451 412 478 436
8/18/2020 17JK12, 17JK20 473 471 473 477 465 473 475 468 495 479 467 426 484 440
8/18/2020 17JK12, 17JK20 471 470 465 467 462 476 473 460 500 473 459 414 483 439
8/18/2020 17JK12, 17JK20 471 469 465 463 460 476 469 456 492 471 458 408 470 428
8/18/2020 17JK12, 17JK20 501 509 502 492 477 507 501 484 521 500 487 424 506 450
9/17/2020 17JK09 401 402 381 379 376 382 387 362 395 371 359 425 389 460
9/17/2020 17JK09 391 390 374 373 366 375 374 364 391 366 351 426 385 464
9/17/2020 17JK09 381 381 365 363 365 371 369 351 385 362 350 414 375 443
9/17/2020 17JK09 395 407 380 383 373 384 382 374 398 375 360 429 388 462
9/17/2020 17JK09 376 386 365 366 354 371 372 356 388 361 349 412 379 439
9/17/2020 17JK09 387 388 363 372 360 380 379 356 382 365 354 421 387 451
9/17/2020 17JK09 390 394 373 376 362 381 377 364 388 374 364 425 390 454
9/17/2020 17JK09 387 393 375 377 359 383 377 363 395 377 360 419 387 450
9/17/2020 17JK09 378 381 366 372 364 376 373 359 392 365 361 426 384 450
9/17/2020 17JK09 387 389 376 378 371 379 379 365 395 375 361 427 387 460
9/17/2020 17JK09 380 384 373 370 365 374 370 357 382 363 354 418 382 456
9/17/2020 17JK09 376 371 356 364 353 364 352 345 374 354 343 399 367 439
9/17/2020 17JK09 392 398 374 376 366 376 372 360 395 369 361 429 387 462
9/17/2020 17JK09 384 382 362 369 355 363 360 355 380 359 350 419 379 444
9/17/2020 17JK09 377 379 355 361 358 359 357 351 379 358 348 414 381 444
9/17/2020 17JK09 369 372 348 354 350 357 360 345 374 354 341 417 377 449
9/17/2020 17JK09 371 377 360 364 354 363 366 351 375 358 348 421 379 448
9/17/2020 17JK09 379 388 370 373 356 371 377 354 380 368 354 419 382 455
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Table S4.3 (continued)
Secondary reference: NIST610

Date Sample analyzed Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf Pb Th U
9/17/2020 17JK09 415 414 401 394 390 398 401 384 410 394 379 429 409 478
9/17/2020 17JK09 403 397 376 378 372 383 379 373 390 369 363 426 384 466
9/17/2020 17JK09 408 409 386 392 372 399 391 379 408 385 377 437 406 487
9/17/2020 17JK09 382 373 361 369 351 363 358 353 369 358 342 415 374 435
9/17/2020 17JK09 403 401 385 385 377 392 387 379 398 386 373 440 397 467
9/17/2020 17JK09 399 393 375 383 369 389 370 367 391 372 362 439 401 463
9/17/2020 17JK09 387 385 369 371 362 374 363 362 376 365 352 435 382 458
9/17/2020 17JK09 393 395 365 372 359 384 371 365 391 369 356 426 386 455
9/17/2020 17JK09 404 411 392 388 375 401 390 382 413 388 378 444 404 468
9/17/2020 17JK09 389 403 374 376 367 389 375 368 393 372 362 426 391 465
9/17/2020 17JK09 391 398 372 377 368 385 373 369 397 371 365 427 388 446
9/17/2020 17JK09 402 409 389 391 379 403 385 379 409 388 374 436 409 471
9/17/2020 17JK09 398 403 385 377 368 387 375 362 401 386 368 430 395 470
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Table S4.3.1

Mass spectrometer dwell times for each element

Element Dwell time (ms)

“Li
°Be
23Na
24Mg
27TA]
295
31p
Ca
#Ssc
ATTi
51/
52Cr
5Mn
6Fe
*Co
EONi
Cu
66Zn
Ga
86Sr
89y
0Zr
%Nb
139La
14OCe
141pyr
146N d
147Sm
153EYy
157Gd
159Th

10
10

5

5

5

5
10

5
10
10
10
10

5

5
10
10
10
10
10
10
10
10
10
10
10
10
20
20
10
10
10
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Table S4.3.1 (continued)

Element

163Dy
165H0
166
169Tm
172yp
175y
178Hf
208pp

232Th
2381y

Dwell time (ms)

10
10
10
10
10
20
20
10
10
10
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Table S4.4
Lu and Hf data obtained by isotope dilution from garnet and whole rock fractions of metabasite and metatonalite. Results are shown for an

additional metabasite sample that was analyzed (17JK03) but yielded an errorchron (Figure S4.2).

Sample Lu (ug/g) Hf (ug/g)  YSLu (V)  YOHF (V)  YOLu/fSLu YOSLu/ATHE 1BYD/ATTHE YSLu/MTTHE YSHEATTHE  err

17JK20WRS 0.660 1.138 8.957 0.487 0.203292 0.000021 0.000012 0.0823  0.285316 0.000005
17JK20WRB 0.723 2.710 7.798 0.477 0.159140 0.000005 0.000002 0.0379  0.283107 0.000005
17JK20G1 2.229 0.254 7.979 0.484 0.205794 0.000028 0.000015 1.2603  0.345330 0.000005
17JK20G2 2.131 0.221 7.801 0.718 0.141476 0.000251 0.000187 1.3882 0.352558 0.000005
17JK20G3 2.223 0.238 7.886 0.499 0.179470 0.000015 0.000005 1.3410 0.349090 0.000006
17JK20G4 2.150 0.260 7.842 0.584 0.200684 0.000087 0.000051 1.1874 0.342068 0.000018
17JK12WRS 0.538 2.171 8.90 0.46 0.166139 0.000000 0.000000 0.0351  0.282897 0.000005
17JK12WRB 0.561 2.506 4.87 0.38 0.196483 0.000009 0.000008 0.0318 0.282716 0.000007
17JK12G1 3.507 0.293 8.93 0.47 0.155032 0.000000 0.000002 1.7262 0.367133 0.000007
17JK12G2 3.439 0.332 8.08 0.59 0.134320 0.000035 0.000034 1.4909 0.355567 0.000006
17JK12G3 3.382 0.297 7.16 0.54 0.120713 0.000018 0.000025 1.6398 0.363321 0.000006
17JK12G4 3.480 0.318 7.70 0.54 0.123490 0.000103 0.000062 1.5750 0.359586 0.000014
17JK09 WRS 0.478 0.999 2.267 1.291 0.096817 0.000020 0.000033 0.0680 0.284621 0.000003
17JK09 WRB 0.502 2.651 2.770 1.919 0.187432 0.000009 0.000007 0.0268  0.282549 0.000003
17JK09G1 1.407 0.154 3.208 1.108 0.133208 0.000261 0.000175 1.3140 0.347842 0.000006
17JK09G2 1.406 0.164 3.801 0.703 0.134810 0.000027 0.000020 1.2274  0.343455 0.000005
17JK09G3 1.415 0.156 5.070 1.101 0.114705 0.000047 0.000070 1.2998 0.346397 0.000004
17JK09G4 1.398 0.161 2.018 1.089 0.120352 0.000035 0.000075 1.2466  0.344209 0.000004
17JKO8WRS 0.408 4.291 7.703 0.484 0.421491 0.000017 0.000005 0.0135 0.281830 0.000004
17JKO8WRB 0.430 4.283 7.842 0.500 0.459971 0.000015 0.000003 0.0142 0.281872 0.000004
17JK08G1 5.140 3.155 9.439 0.477 0.108480 0.000026 0.000031 0.2316  0.292993 0.000037
17JK08G2 5.109 3.286 8.838 0.486 0.097474 0.000000 0.000000 0.2210  0.292553 0.000005
17JK08G3 5.130 3.271 7.272 0.490 0.105843 0.000000 0.000000 0.2229  0.292565 0.000004
17JK08G4 5.072 3.138 8.558 0.500 0.106216 0.000001 0.000002 0.2298 0.292953 0.000004
17JKO3WRS 0.271 0.655 5.22 0.44 0.352905 0.000021 0.000000 0.0587  0.284127 0.000004
17JKO3WRB 0.282 1.058 6.84 0.43 0.158917 0.000001 0.000000 0.0378  0.283120 0.000005
17JK03G1 1.940 0.110 5.47 0.30 0.104503 0.000001 0.000000 2.5574  0.413302 0.000007
17JK03G2 2.120 0.130 5.14 0.29 0.090697 0.000012 0.000013 2.3586  0.400562 0.000009
17JK03G3 1.952 0.113 5.37 0.37 0.117865 0.000018 0.000012 2.5187 0.413289 0.000010
17JK03G4 2.180 0.118 5.36 0.39 0.097687 0.000030 0.000079 2.6770 0.413853 0.000007
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Table S4.4 (continued)

Sample
17JK20WRS
17JK20WRB
17JK20G1
17JK20G2
17JK20G3
17JK20G4
17JK12WRS
17JK12WRB
17JK12G1
17JK12G2
17JK12G3
17JK12G4
17JK09 WRS
17JK09 WRB
17JK09G1
17JK09G2
17JK09G3
17JK09G4
17JKO8WRS
17JK08WRB
17JK08G1
17JK08G2
17JK08G3
17JK08G4
17JKO3WRS
17JK03WRB
17JK03G1
17JK03G2
17JK03G3
17JK03G4

176y /ATTHf
0.0823
0.0379
1.2603
1.3882
1.3410
1.1874
0.0351
0.0318
1.7262
1.4909
1.6398
1.5750
0.0680
0.0268
1.3140
1.2274
1.2998
1.2466
0.0135
0.0142
0.2316
0.2210
0.2229
0.2298
0.0587
0.0378
2.5574
2.3586
2.5187
2.6770

2s (abs)
0.0004
0.0002
0.0063
0.0069
0.0067
0.0059
0.0002
0.0002
0.0086
0.0075
0.0082
0.0079
0.0003
0.0001
0.0066
0.0061
0.0065
0.0062
0.0001
0.0001
0.0012
0.0011
0.0011
0.0011
0.0003
0.0002
0.0128
0.0118
0.0126
0.0134

16 4f /17T HF
0.285316
0.283107
0.345330
0.352558
0.349090
0.342068
0.282897
0.282716
0.367133
0.355567
0.363321
0.359586
0.284621
0.282549
0.347842
0.343455
0.346397
0.344209
0.281830
0.281872
0.292993
0.292553
0.292565
0.292953
0.284127
0.283120
0.413302
0.400562
0.413289
0.413853

2s (abs)

0.000015
0.000015
0.000018
0.000018
0.000018
0.000025
0.000015
0.000016
0.000020
0.000019
0.000019
0.000023
0.000015
0.000014
0.000018
0.000018
0.000018
0.000018
0.000015
0.000015
0.000040
0.000015
0.000015
0.000015
0.000015
0.000015
0.000022
0.000022
0.000023
0.000022
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Table S4.5

U, Pb, Lu, and Hf data obtained by laser ablation split stream ICP-MS of zircon in leucosome samples. Concentrations of Th and U in pg/g.
Results from secondary reference materials are also included. Calculated dates (23U/2%Pb — column 10, 2’Pb/?%Pb — column 12, concordia age —
column 14) are in Ma. Disc = discordance

Data from samples:

238ul 207Pb/ 238ul 207Pb/
Sample  spotid 206p 2SE 206pjy 2 SE Th U Th/Uu 2pp 2SE %Ph 2SE Concordia 2SE Disc
19JK15 19JK15-1 1.9908 0.0436 0.1806 0.0026 38.9 44.3 0.88 2624 24 2658 12 2651 11 1.3
19JK15 19JK15-2 1.9920 0.0437 0.1791 0.0020 46.35 176.7 0.26 2622 24 2644 9 2641 9 0.8
19JK15 19JK15-3 1.9976 0.0439 0.1754 0.0021 48.13 110.8 0.43 2616 24 2609 10 2610 9 -0.3
19JK15 19JK15-4 1.9944 0.0438 0.1809 0.0025 29.47 72.67 0.41 2620 24 2660 12 2653 10 1.5
19JK15 19JK15-5 1.9547 0.0420 0.1876 0.0021 44.07 117 0.38 2663 23 2720 9 2713 9 2.1
19JK15 19JK15-6 2.1820 0.0524 0.1539 0.0024 42.64 97.9 0.44 2432 24 2389 13 2399 12 -1.8
19JK15 19JK15-7 1.9889 0.0435 0.1811 0.0022 50 99.9 0.50 2626 24 2662 10 2657 9 1.4
19JK15 19JK15-8 1.9697 0.0427 0.1804 0.0022 27.52 121 0.23 2647 24 2656 10 2654 9 0.3
19JK15 19JK15 -9 2.0101 0.0444 0.1816 0.0024 51.83 72.44 0.72 2603 24 2667 11 2656 10 2.4
19JK15 19JK15-10 1.6469 0.0380 0.1793 0.0021 30 110.9 0.27 3059 28 2646 10 2696 10 -15.6
19JK15 19JK15- 11 1.8202 0.0431 0.1816 0.0027 21.7 59.4 0.37 2823 27 2667 12 2695 11 -5.8
19JK15 19JK15-12 1.9861 0.0434 0.1806 0.0018 96.88 263.7 0.37 2629 24 2658 8 2655 8 1.1
19JK15 19JK15 - 13 2.0101 0.0444 0.1812 0.0021 71.6 134.7 0.53 2603 24 2663 10 2655 9 2.3
19JK15 19JK15-14 2.0052 0.0442 0.1803 0.0024 68.85 72.49 0.95 2608 24 2655 11 2647 10 1.8
19JK15 19JK15 - 15 1.9689 0.0426 0.1822 0.0026 35.98 70.4 0.51 2648 24 2672 12 2667 11 0.9
19JK15 19JK15 - 16 2.0218 0.0450 0.1776 0.0036 12.36 29.35 0.42 2591 24 2630 17 2617 14 1.5
19JK15 19JK15 - 17 2.0346 0.0455 0.1779 0.0029 15.75 58.51 0.27 2577 24 2633 14 2619 12 2.1
19JK15 19JK15 - 18 1.9920 0.0437 0.1794 0.0023 30.54 121.7 0.25 2622 24 2647 11 2643 10 0.9
19JK15 19JK15 - 19 1.9673 0.0426 0.1834 0.0028 17.64 52.4 0.34 2649 24 2683 13 2676 11 1.3
19JK15 19JK15 - 20 2.0820 0.0477 0.1730 0.0022 70.9 144.2 0.49 2529 24 2586 11 2577 10 2.2
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Table S4.5 (continued)

Sample
19JK16
19JK16
19JK16
19JK16
19JK16
19JK16
19JK16
19JK16
19JK16
19JK16
19JK16
19JK16
19JK16
19JK16
19JK16
19JK16
19JK16
19JK16
19JK16
19JK16
19JK16

spot id
19JK16 - 1
19JK16 - 2
19JK16 - 3
19JK16 - 4
19JK16 - 5
19JK16 - 6
19JK16 - 7
19JK16 - 8
19JK16 - 9
19JK16 - 10
19JK16 - 11
19JK16 - 12
19JK16 - 13
19JK16 - 14
19JK16 - 15
19JK16 - 16
19JK16 - 17
19JK16 - 18
19JK16 - 19
19JK16 - 20
19JK16 - 21

238ul
206Pb

1.9662
1.9736
1.9893
1.9670
1.9782
2.0178
2.0064
2.0153
1.9554
1.9482
21272
2.0218
1.9440
2.0429
1.8932
1.9301
1.8667
1.9608
2.0305
1.9639
1.9264

2SE
0.0425
0.0428
0.0435
0.0426
0.0430
0.0448
0.0443
0.0447
0.0459
0.0417
0.0453
0.0450
0.0416
0.0459
0.0430
0.0410
0.0453
0.0423
0.0454
0.0424
0.0445

27pp
206Pb

0.1792
0.1789
0.1799
0.1786
0.1784
0.1793
0.1800
0.1802
0.1862
0.1795
0.1801
0.1757
0.1804
0.1797
0.1784
0.1801
0.1951
0.1764
0.1743
0.1797
0.1793

2SE
0.0017
0.0017
0.0017
0.0017
0.0017
0.0020
0.0019
0.0019
0.0018
0.0017
0.0017
0.0017
0.0022
0.0020
0.0018
0.0018
0.0021
0.0024
0.0019
0.0018
0.0019

Th
243
343.3
398.9
260.1
246
72.5
1425
7.7
190.5
216.1
768.1
158
43.1
69.1
219.5
112.4
127.6
29.55
68.9
1151
102.4

U
776
995

1191
786
812
250

289.9
278.7
594
733.1
2260
503.4
162
228.5
525
300.1
369
97.9
251.6
424
331.8

Th/U
0.31
0.35
0.33
0.33
0.30
0.29
0.49
0.28
0.32
0.29
0.34
0.31
0.27
0.30
0.42
0.37
0.35
0.30
0.27
0.27
0.31

317

238ul
206Pb

2651
2643
2625
2650
2637
2595
2607
2598
2663
2671
2484
2591
2675
2569
2734
2691
2765
2657
2581
2653
2695

2SE
24
24
24
24
24
24
24
24
26
23
22
24
23
24
25
23
27
24
24
24
25

27pp
ZDGPb

2645
2642
2651
2639
2637
2646
2652
2654
2708
2648
2653
2612
2656
2649
2637
2653
2785
2619
2599
2649
2646

2 SE

O 0O 00 0 © O ©W 0 00w 0 0 o

=
o © O

11

Concordia
2645
2642
2649
2640
2637
2639
2647
2647
2704
2650
2635
2610
2659
2639
2647
2657
2783
2626
2596
2650
2651

2SE

W 00 00 ©W O 00 ~N ~N 00 0 W ©W 0 0 N N N

=
0 0 0 O

Disc
-0.2
0.0
1.0
-0.4
0.0
1.9
1.7
2.1
1.7
-0.9
6.4
0.8
-0.7
3.1
-3.7
-1.4
0.7
-1.5
0.7
-0.1
-1.9



Table S4.5 (continued)

Sample
19JK15
19JK15
19JK15
19JK15
19JK15
19JK15
19JK15
19JK15
19JK15
19JK15
19JK15
19JK15
19JK15
19JK15
19JK15
19JK15
19JK15
19JK15
19JK15
19JK15

spotid
19JK15-1
19JK15 - 2
19JK15-3
19JK15 -4
19JK15 -5
19JK15 -6
19JK15 -7
19JK15 -8
19JK15 -9
19JK15 - 10
19JK15 - 11
19JK15 - 12
19JK15 - 13
19JK15 - 14
19JK15 - 15
19JK15 - 16
19JK15 - 17
19JK15 - 18
19JK15 - 19
19JK15 - 20

176Hf/177Hf
measured

0.281158
0.281178
0.281174
0.281179
0.281171
0.281188
0.281161
0.281169

0.28117
0.281153
0.281177
0.281182
0.281173
0.281158
0.281177
0.281163
0.281172
0.281185
0.281173
0.281199

2SE
0.000024
0.000026
0.00003
0.000022
0.000028
0.000025
0.000025
0.000029
0.000019
0.000023
0.000025
0.000027
0.000026
0.000022
0.00002
0.000021
0.000023
0.000023
0.000029
0.000027

Sl
177Hf

1.46726
1.46724
1.46728
1.46728
1.46724
1.46729
1.46721
1.46737
1.46726
1.46731
1.46726
1.46727
1.46727
1.46725
1.46725
1.46728
1.46737

1.4673
1.46718
1.46721

2SE
0.00013
0.00011
0.00013
0.00012
0.00016
0.00012
0.00011
0.00014
0.00013
0.00012
0.00014
0.00012
0.00013
0.00011
0.00013
0.00012
0.00011
0.00013
0.00014
0.00012

180Hf/
177Hf

1.88668
1.88659
1.88652

1.8867

1.8867
1.88669
1.88684
1.88678
1.88669
1.88676
1.88671
1.88666
1.88664
1.88667
1.88651
1.88675
1.88664
1.88682
1.88655
1.88674

2SE
0.00009
0.00010
0.00009
0.00008
0.00012
0.00008
0.00010
0.00010
0.00009
0.00010
0.00010
0.00010
0.00010
0.00008
0.00010
0.00010
0.00009
0.00008
0.00009
0.00010
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176Yb /
177Hf

0.00115
0.00091
0.00050
0.00077
0.00389
0.00041
0.00056
0.00384
0.00051
0.00036
0.00069
0.00066
0.00212
0.00087
0.00131
0.00045
0.00051
0.00047
0.00034
0.00028

2SE
0.00009
0.00001
0.00001
0.00001
0.00010
0.00001
0.00004
0.00002
0.00001
0.00001
0.00003
0.00001
0.00006
0.00003
0.00001
0.00001
0.00002
0.00001
0.00001
0.00001

176Lu/
177Hf

3.45E-05
1.96E-05
9.93E-06
1.73E-05
1.02E-04
9.02E-06
1.18E-05
1.01E-04
1.07E-05
6.37E-06
1.61E-05
1.47E-05
6.08E-05
2.03E-05
3.01E-05
9.60E-06
1.03E-05
8.60E-06
6.83E-06
6.64E-06

2SE
3.90E-06
2.80E-07
2.40E-07
2.90E-07
2.60E-06
2.50E-07
8.40E-07
4.60E-07
2.40E-07
2.70E-07
9.60E-07
2.20E-07
2.30E-06
7.40E-07
3.30E-07
2.20E-07
5.30E-07
2.10E-07
2.80E-07
2.00E-07

Comment

Leucosome population
Leucosome population
Leucosome population
Leucosome population
Inherited

Crack - not included
Leucosome population
Leucosome population
Leucosome population
>5% discordant

>5% discordant
Leucosome population
Leucosome population
Leucosome population
Leucosome population
Leucosome population
Leucosome population
Leucosome population
Leucosome population
Late metamorphic



Table S4.5 (continued)

Sample
19JK16
19JK16
19JK16
19JK16
19JK16
19JK16
19JK16
19JK16
19JK16
19JK16
19JK16
19JK16
19JK16
19JK16
19JK16
19JK16
19JK16
19JK16
19JK16
19JK16
19JK16

spotid
19JK16 - 1
19JK16 - 2
19JK16 - 3
19JK16 - 4
19JK16 -5
19JK16 - 6
19JK16 - 7
19JK16 - 8
19JK16 -9
19JK16 - 10
19JK16 - 11
19JK16 - 12
19JK16 - 13
19JK16 - 14
19JK16 - 15
19JK16 - 16
19JK16 - 17
19JK16 - 18
19JK16 - 19
19JK16 - 20
19JK16 - 21

176Hf/177Hf
measured

0.281139
0.281179
0.281162
0.281184
0.281174
0.281208

0.2812
0.281183
0.281169
0.281164
0.281147
0.281169
0.281215
0.281158
0.281168
0.281174
0.281174
0.281174
0.281195
0.281159
0.281177

2SE
0.000026
0.000025
0.000027
0.000029
0.000026
0.000021
0.000027
0.000024
0.000029
0.000028
0.000026
0.000028
0.000032
0.000026
0.000026
0.000023
0.000025
0.000029
0.000028
0.000024
0.000024

Sl
177Hf

1.46725
1.46715
1.46719
1.46721
1.46725
1.46719
1.46722
1.46723
1.46718
1.46722

1.4672
1.46719
1.46724
1.46723
1.46718
1.46724
1.46718
1.46718
1.46728
1.46721
1.46717

2SE
0.00013
0.00013
0.00014
0.00012
0.00013
0.00012
0.00011
0.00012
0.00014
0.00013
0.00013
0.00014
0.00014
0.00012
0.00012
0.00014
0.00013
0.00014
0.00013
0.00014
0.00012

180Hf/
177Hf

1.88664
1.88677
1.88671
1.88671
1.88663
1.88637
1.88663
1.88663
1.88665
1.88667
1.88668
1.88671

1.8866
1.88668
1.88661
1.88667
1.88672
1.88661
1.88665
1.88682

1.8867

2SE
0.00010
0.00010
0.00011
0.00011
0.00009
0.00010
0.00009
0.00013
0.00012
0.00012
0.00008
0.00010
0.00013
0.00010
0.00011
0.00012
0.00011
0.00012
0.00011
0.00011
0.00011

319

176Yb /
177Hf

0.00295
0.00368
0.00188
0.00238
0.00308
0.00126
0.00288
0.00112
0.00310
0.00184
0.00339
0.00157
0.00216
0.00187
0.00170
0.00584
0.00199
0.00033
0.00127
0.00356
0.00198

2SE
0.00002
0.00005
0.00009
0.00003
0.00004
0.00005
0.00008
0.00004
0.00016
0.00004
0.00024
0.00002
0.00019
0.00004
0.00004
0.00005
0.00006
0.00001
0.00002
0.00008
0.00002

176Lu/
177Hf

7.62E-05
9.13E-05
4.16E-05
6.01E-05
7.87E-05
3.23E-05
7.28E-05
2.84E-05
7.66E-05
4.58E-05
7.90E-05
4.22E-05
5.87E-05
5.18E-05
3.97E-05
1.79E-04
4.76E-05
7.84E-06
3.42E-05
1.03E-04
5.15E-05

2SE
7.60E-07
1.20E-06
2.10E-06
7.50E-07
5.20E-07
1.20E-06
1.80E-06
8.50E-07
3.30E-06
8.00E-07
5.50E-06
7.40E-07
5.30E-06
7.70E-07
7.80E-07
1.80E-06
1.90E-06
2.40E-07
5.90E-07
2.10E-06
9.40E-07

Comment
Leucosome population
Leucosome population
Leucosome population
Leucosome population
Leucosome population
Leucosome population
Leucosome population
Leucosome population
Inherited

Leucosome population
>5% discordant
Leucosome population
Leucosome population
Leucosome population
Leucosome population
Leucosome population
Inherited

Leucosome population
Leucosome population
Leucosome population
Leucosome population



Table S4.5 (continued)

Data from secondary reference materials (U—Pb).

sample
91500
91500
91500
91500
91500
91500
91500
91500
91500
91500
91500
91500
91500
91500
91500
91500
91500
91500
FC1
FC1
FC1
FC1
FC1
FC1
FC1
FC1
FC1

spotid
91500 - 1
91500 - 2
91500 - 3
91500 - 4
91500 - 5
91500 - 6
91500 - 7
91500 - 8
91500 - 9
91500 - 10
91500 - 11
91500 - 12
91500 - 13
91500 - 14
91500 - 15
91500 - 16
91500 - 17
91500 - 18
FC1-1
FC1-2
FC1-3
FC1-4
FC1-6
FC1-7
FC1-8
FC1-9
FC1-10

238ul
ZOGPb

5.6786
5.7372
5.6593
5.6561
5.6306
5.6657
5.6433
5.6370
5.7045
5.6915
5.6786
5.6818
5.6657
5.6657
5.6338
5.6402
5.7803
5.7870
5.3758
5.3622
5.3735
5.4558
5.3299
5.3914
5.3917
5.4206
5.4042

2SE
0.1322
0.1317
0.1281
0.1280
0.1300
0.1316
0.1306
0.1303
0.1302
0.1296
0.1290
0.1291
0.1284
0.1284
0.1270
0.1272
0.1336
0.1340
0.1185
0.1179
0.1184
0.1191
0.1165
0.1192
0.1192
0.1175
0.1168

27pp
ZOGPb

0.0742
0.0751
0.0755
0.0755
0.0745
0.0762
0.0741
0.0746
0.0744
0.0789
0.0740
0.0754
0.0750
0.0748
0.0763
0.0757
0.0735
0.0731
0.0760
0.0764
0.0768
0.0762
0.0765
0.0756
0.0762
0.0763
0.0760

2 SE
0.0022
0.0022
0.0018
0.0017
0.0023
0.0022
0.0018
0.0018
0.0018
0.0021
0.0017
0.0018
0.0017
0.0019
0.0019
0.0017
0.0020
0.0020
0.0011
0.0010
0.0010
0.0009
0.0010
0.0009
0.0011
0.0010
0.0010

Th
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

302.1
331.3
412.3
405.2
332.3
295.6
137.2
322.6
438.6

U Th/U
N/A 0.38
N/A  0.38
N/A  0.38
N/A  0.37
N/A  0.38
N/A  0.37
N/A  0.37
N/A  0.38
N/A  0.38
N/A  0.37
N/A  0.38
N/A  0.38
N/A  0.38
N/A  0.37
N/A  0.37
N/A  0.38
N/A  0.38
N/A  0.38
391 0.77
440 0.75
559 0.74
667 0.61

485.1 0.69
461.1 0.64
283.4 0.48
480 0.67
641 0.68

238ul
ZOGPb

1046
1036
1049
1050
1054
1048
1052
1053
1041
1043
1046
1045
1048
1048
1053
1052
1029
1028
1100
1102
1100
1085
1109
1097
1097
1091
1095
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2SE
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11

27pp
ZDGPb

1046
1070
1081
1081
1054
1099
1043
1057
1051
1169
1041
1078
1068
1062
1102
1086
1027
1016
1094
1105
1115
1099
1107
1084
1099
1102
1094

2 SE
30
29
24
23
31
29
25
24
24
26
23
24
23
26
25
23
28
28
15
13
13
12
13
12
14
13
13

Concordia
1046
1040
1054
1055
1054
1054
1050
1054
1043
1059
1045
1051
1051
1050
1061
1058
1028
1026
1098
1103
1107
1092
1108
1091
1098
1096
1094

2 SE
11
10
10
10
11
11
10
10
10
11
10
10
10
10
10
10
10

=
o

0 00 O 0 00 0 ©W 0w ©

Disc
0.0
3.2
3.0
2.9
0.0
47

-0.8
0.4
1.0

10.7

-0.5
3.1
1.9
1.4
4.4
3.1

-0.2

-1.2

-0.5
0.2
1.3
1.3

-0.1

-1.2
0.2
1.0
0.0



Table S4.5 (continued)

sample
Maniitsoq
Maniitsoq
Maniitsoq
Maniitsoq
Maniitsoq
Maniitsoq
Maniitsoq
Maniitsoq
GJ1

GJ1

GJ1

GJ1

GJ1

GJ1

GJ1

GJ1

GJ1

GJ1

GJ1

GJ1

GJ1

GJ1

GJ1

GJ1

GJ1

GJ1

spotid
macq - 2
macq - 3
macq - 4
macq - 5
macq - 6
macq - 8
macq - 9
macq - 10
gi1-1
gj1-2
gj1-3
gjl-4
gjl1-5
gjl1-6
gj1-7
gj1-8
gj1-9
gjl-10
gjl-11
gjl-12
gjl-13
gjl-14
gjl-15
gjl-16
gj1-17
gjl-18

238ul
ZOGPb

1.7200
1.7292
1.7001
1.7027
1.7200
1.7185
1.7215
1.7501
10.2859
10.3520
10.3552
10.4471
10.3178
10.3875
10.3391
10.3842
10.4603
10.3907
10.3767
10.4210
10.3413
10.3831
10.3961
10.3821
10.4112
10.4384

2SE
0.0385
0.0389
0.0376
0.0377
0.0385
0.0384
0.0385
0.0398
0.2222
0.2250
0.2252
0.2292
0.2236
0.2266
0.2245
0.2264
0.2298
0.2267
0.2261
0.2281
0.2246
0.2264
0.2270
0.2264
0.2276
0.2288

27pp
206Pb

0.2228
0.2209
0.2238
0.2231
0.2212
0.2205
0.2225
0.2240
0.0596
0.0597
0.0601
0.0603
0.0605
0.0600
0.0610
0.0608
0.0603
0.0599
0.0603
0.0598
0.0604
0.0594
0.0602
0.0600
0.0598
0.0602

2SE
0.0024
0.0024
0.0024
0.0024
0.0023
0.0022
0.0023
0.0024
0.0010
0.0010
0.0010
0.0010
0.0010
0.0011
0.0011
0.0011
0.0010
0.0011
0.0011
0.0011
0.0011
0.0010
0.0010
0.0011
0.0010
0.0010

Th
146.6
183.6
132.7
222.9
303.5
217.2

293
172.8
20.71

20.2
10.93
8.52
20.25
18.77
10.44
10.88
10.55
10.94
9.13
9.31
9.35
9.02
8.83
15.86
18.32
15.12

Uu Th/u
129 114
1559 1.18
1311 1.01
1777 1.25
200.3 1.52
160.5 1.35
2042 1.43
1505 1.15
664 0.03
655 0.03
419.8 0.03
3485 0.02
648 0.03
624 0.03
424 0.02
433  0.03
426.6  0.02
434.1 0.03
376.6 0.02
386 0.02
386 0.02
370.3 0.02
360.5 0.02
545 0.03
620 0.03
534 0.03
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238ul
206Pb

2954
2942
2982
2979
2954
2957
2952
2914
598
594
594
589
596
593
595
593
589
592
593
591
595
593
592
593
501
590

2SE

NN NNNNN
NNNNo o NN

[} B> BN )R )NNe) e o) N>l e) BNe) e ) R e) Mo I e BN o) B e )R o) B 0)]

27pp
ZOSPb

3000
2987
3008
3002
2989
2984
2998
3009
588
592
606
613
621
603
638
631
613
599
613
595
617
581
610
603
595
610

2 SE

© 00 0 0 W W O

18
18
18
18
18
20
19
20
18
20
20
20
20
18
18
20
18
18

Concordia
2996
2982
3005
3000
2986
2981
2994
3000

597
594
596
592
599
593
599
596
591
593
595
591
597
592
594
594
592
592

2 SE

[e2 B> R e>Re)RNe) I o> B o> R e) N e) B« N «) R e) Bl ) B2 B ©) B © DI ) @) B e « B0 o B o ol e {0 « 0 e B0 e B e ]

Disc
1.5
1.5
0.8
0.8
1.1
0.9
1.5
3.2

-1.7
-0.5
2.0
3.9
3.9
1.7
6.8
6.1
4.0
1.1
3.3
0.8
3.6
-2.1
2.9
1.6
0.7
3.3



Table S4.5 (continued)

Data from secondary reference materials (Lu—Hf).

sample
MunO
MunO
MunO
Mun3
Mun3
Mun3
Munl
Munl
Munl
FC1

FC1

FC1

FC1

FC1

FC1

FC1

FC1

FC1

FC1
Maniitsoq
Maniitsoq
Maniitsoq
Maniitsoq
Maniitsoq
Maniitsoq
Maniitsoq
Maniitsoq
Maniitsoq
Plesovice
Plesovice
Plesovice

spotid
munO - 1
munO - 2
munO - 3
mun3 -1
mun3 - 2
mun3 -3
munl-1
munl - 2
munl-3
FC1-1
FC1-2
FC1-3
FC1-4
FC1-5
FC1-6
FC1-7
FC1-8
FC1-9
FC1-10
macq - 1
macq - 2
macq - 3
macq - 5
macq - 6
macq - 7
macq - 8
macq - 9
macq - 10
ples-1
ples - 2
ples -3

176Hf/177Hf
measured

0.282115
0.282106
0.282123
0.282144
0.282102
0.282171
0.282113
0.282122
0.282138

0.28216
0.282152
0.282154
0.282172
0.282205
0.282142
0.282159
0.282147
0.282178
0.282192
0.280836
0.280829

0.28083
0.280874
0.280837
0.280845
0.280851
0.280828
0.280876
0.282459
0.282459
0.282455

2SE
0.00003
0.000026
0.000021
0.000022
0.000032
0.000024
0.00003
0.00003
0.000026
0.000023
0.000027
0.000027
0.000036
0.000027
0.00002
0.000025
0.000028
0.000027
0.000027
0.000021
0.000028
0.000023
0.000027
0.000025
0.000028
0.000028
0.000026
0.000029
0.000021
0.000029
0.000025

178Hf/
177Hf

1.46719
1.46717
1.46722
1.46724
1.46721
1.46727
1.46718
1.46721
1.46722
1.46716
1.46715
1.46728
1.46725
1.46727
1.46726
1.46725
1.46729
1.46727
1.46719
1.46716

1.4672
1.46715
1.46709
1.46724
1.46724
1.46709
1.46732

1.4672
1.46721
1.46722
1.46724

2SE
0.00011
0.00012
0.00011
0.00012
0.00013
0.00012
0.0001
0.00012
0.00013
0.00012
0.00013
0.00012
0.00014
0.00012
0.0001
0.00013
0.00013
0.00011
0.00015
0.00014
0.00011
0.00011
0.00011
0.0001
0.00011
0.00016
0.00011
0.00015
0.00013
0.00013
0.00011

190/
177Hf

1.8867
1.88656
1.88666
1.88666
1.88665
1.88663
1.88665
1.88669
1.88666
1.88675
1.88656
1.88665
1.88668

1.8867
1.88669
1.88655
1.88664
1.88672
1.88668
1.88679
1.88677
1.88673
1.88662
1.88654
1.88667
1.88663
1.88669
1.88662
1.88668
1.88671
1.88672

2SE
0.00011
0.00010
0.00012
0.00008
0.00011
0.00009
0.00012
0.00011
0.00012
0.00010
0.00010
0.00011
0.00009
0.00010
0.00010
0.00010
0.00012
0.00012
0.00010
0.00009
0.00010
0.00010
0.00010
0.00010
0.00010
0.00009
0.00010
0.00011
0.00010
0.00010
0.00010
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176Yb /
177Hf

0.00004
0.00004
0.00004
0.06167
0.07300
0.13449
0.03189
0.03169
0.03194
0.04268
0.05360
0.05262
0.05499
0.05733
0.04275
0.04402
0.02854
0.03668
0.06059
0.02100
0.01626
0.01661
0.02557
0.02959
0.02991
0.02633
0.01919
0.01645
0.00908
0.01006
0.01101

2SE
0.00001
0.00001
0.00001
0.00053
0.01100
0.00068
0.00006
0.00006
0.00007
0.00064
0.00021
0.00019
0.00014
0.00018
0.00031
0.00052
0.00020
0.00047
0.00015
0.00015
0.00089
0.00048
0.00035
0.00032
0.00011
0.00031
0.00038
0.00047
0.00002
0.00002
0.00007

176Lu/
177Hf

1.98E-06
2.42E-06
2.12E-06
0.0017
0.0017
0.0035
0.0009
0.0009
0.0009
0.0011
0.0013
0.0013
0.0014
0.0015
0.0011
0.0011
0.0008
0.0010
0.0016
0.0006
0.0004
0.0005
0.0007
0.0008
0.0008
0.0007
0.0005
0.0005
0.0002
0.0002
0.0002

2SE
2.40E-07
2.90E-07
2.50E-07
5.30E-06
2.00E-04
3.10E-06
3.30E-06
3.40E-06
2.80E-06
9.50E-06
8.20E-07
5.10E-07
2.10E-06
9.80E-07
3.50E-06
9.60E-06
3.20E-06
1.30E-05
1.90E-06
2.00E-06
2.10E-05
1.10E-05
1.00E-05
3.70E-06
1.20E-06
8.90E-06
8.30E-06
1.20E-05
4.50E-07
1.10E-06
2.50E-06



Table S4.5 (continued)

sample
Plesovice
Plesovice
Plesovice
Plesovice
Plesovice
Plesovice
Plesovice
91500
91500
91500
91500
91500
91500
91500
91500
91500
91500
91500
91500
91500
91500
91500
91500
91500
91500
GJ1

GJ1

GJ1

GJ1

GJ1

GJ1

GJ1

GJ1

GJ1

GJ1

GJ1

GJ1

GJ1

GJ1

GJ1

spotid
ples - 4
ples -5
ples - 6
ples -7
ples - 8
ples -9
ples - 10
91500 - 1
91500 - 2
91500 - 3
91500 - 4
91500 - 5
91500 - 6
91500 - 7
91500 - 8
91500 - 9
91500 - 10
91500 - 11
91500 - 12
91500 - 13
91500 - 14
91500 - 15
91500 - 16
91500 - 17
91500 - 18
gi1-1

176Hf/177Hf
measured
0.282454
0.282476
0.282431
0.282446
0.282423
0.282446
0.282475
0.282259
0.2823
0.282279
0.282256
0.282283
0.282311
0.282292
0.28228
0.282291
0.282285
0.28232
0.282291
0.282289
0.282268
0.282292
0.282292
0.282249
0.282264
0.281982
0.281992
0.281982
0.281988
0.281984
0.281997
0.282003
0.281991
0.282024
0.282001
0.282004
0.281979
0.282007
0.281995
0.282023

2SE
0.000021
0.000025
0.000022
0.000025
0.000025
0.000025
0.000029
0.000037
0.000038
0.000037
0.000028
0.000033
0.000033
0.000033
0.000034
0.000032
0.000033
0.000033
0.000035
0.000036
0.000029
0.000046
0.000032
0.000035
0.000028
0.000031
0.000034
0.000029
0.000032
0.000025
0.000034
0.000035
0.000032
0.000036
0.000034
0.00003
0.00003
0.00003
0.000031
0.00003

1784/
77¢
1.46731
1.46722
1.46718
1.46721
1.46721
1.46721
1.46726
1.46727
1.46733
1.46716
1.46728
1.46724
1.46724
1.46725
1.46727
1.46725
1.46733
1.4673
1.46722
1.46723
1.46723
1.46728
1.46719
1.4672
1.46719
1.46722
1.46714
1.46721
1.4672
1.4672
1.46737
1.4672
1.46723
1.46727
1.46722
1.46716
1.46727
1.46718
1.46731
1.46724

2SE
0.0001
0.00013
0.00012
0.00013
0.00012
0.00010
0.00014
0.00013
0.00014
0.00012
0.00012
0.00013
0.00012
0.00013
0.00012
0.00012
0.00012
0.00012
0.0001
0.00016
0.00012
0.00012
0.00014
0.00013
0.00011
0.00013
0.00012
0.00011
0.00013
0.00011
0.00013
0.00012
0.00013
0.00012
0.00013
0.00013
0.00011
0.00011
0.00014
0.00012

18014f/
7
1.88674
1.88673
1.88658
1.88673
1.88669
1.88679
1.88666
1.88655
1.88669
1.88655
1.88672
1.88676
1.88668
1.88673
1.8867
1.8868
1.88658
1.88679
1.88662
1.88656
1.88677
1.88659
1.88662
1.88665
1.88676
1.88658
1.88655
1.88679
1.88661
1.88668
1.88664
1.88672
1.88663
1.88671
1.88668
1.88662
1.88669
1.88674
1.88666
1.88671

2SE
0.00010
0.00007
0.00011
0.00010
0.00009
0.00010
0.00010
0.00014
0.00016
0.00014
0.00014
0.00013
0.00011
0.00013
0.00015
0.00017
0.00014
0.00016
0.00016
0.00014
0.00013
0.00015
0.00014
0.00016
0.00014
0.00011
0.00014
0.00014
0.00011
0.00013
0.00012
0.00013
0.00011
0.00012
0.00012
0.00014
0.00013
0.00012
0.00011
0.00013
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176yh/

7hf
0.00832
0.01245
0.00924
0.00794
0.00712
0.00659
0.00645
0.00580
0.00601
0.00985
0.01262
0.00624
0.00600
0.01012
0.00993
0.01032
0.00938
0.01160
0.01144
0.01170
0.01171
0.01174
0.00795
0.00734
0.00879
0.01001
0.01002
0.01006
0.00997
0.00992
0.01000
0.01001
0.00998
0.01007
0.01007
0.01001
0.01005
0.01001
0.00993
0.01003

2SE
0.00003
0.00003
0.00004
0.00003
0.00004
0.00005
0.00003
0.00003
0.00002
0.00002
0.00005
0.00003
0.00003
0.00004
0.00009
0.00003
0.00007
0.00005
0.00005
0.00004
0.00005
0.00005
0.00004
0.00003
0.00003
0.00003
0.00004
0.00004
0.00004
0.00004
0.00005
0.00003
0.00004
0.00004
0.00004
0.00004
0.00004
0.00004
0.00004
0.00004

176 yy/

7
0.0002
0.0002
0.0002
0.0001
0.0001
0.0001
0.0001
0.0002
0.0002
0.0003
0.0004
0.0002
0.0002
0.0003
0.0003
0.0003
0.0003
0.0003
0.0003
0.0003
0.0003
0.0003
0.0002
0.0002
0.0003
0.0003
0.0003
0.0003
0.0003
0.0003
0.0003
0.0003
0.0003
0.0003
0.0003
0.0003
0.0003
0.0003
0.0003
0.0003

2SE
4.10E-07
7.30E-07
2.80E-07
2.50E-07
2.50E-07
3.90E-07
2.40E-07
3.90E-07
4.90E-07
1.40E-06
5.50E-07
4.30E-07
4.20E-07
1.90E-06
9.90E-07
9.90E-07
8.20E-07
4.70E-07
4.90E-07
6.30E-07
5.20E-07
3.70E-07
3.70E-07
5.00E-07
5.00E-07
4.80E-07
3.20E-07
3.40E-07
4.10E-07
3.60E-07
4.20E-07
3.50E-07
3.90E-07
3.90E-07
3.30E-07
4.30E-07
3.10E-07
3.10E-07
3.30E-07
4.10E-07



Table S4.6

Calculated major (wt.%) and trace (ug/g) element compositions of model melt. P = pressure, T =

temperature
P T
Sample (kbar) (°C) H2O0 SiO2 Alz0s CaO MgO FeO K20 Na20
17JK12 7 950 3.21 56.48 1453 297 320 1298 2.08 4.56
17JK12 14 950 5.62 61.39 17.03 258 091 366 276 6.05
17JK12 11.5 9775 4.08 58.94 16.21 3.10 2.01 8.02 2.26 5.37
17JK12 20 950 7.18 63.21 1743 206 022 085 243 6.63
17JK12 10 850 592 66.49 1467 239 044 236 3.90 3.82
17JK12 21 875 9.28 63.20 16.38 2.02 005 021 4.87 4.00
17JK20 7 950 299 59.23 1389 378 219 1281 176 3.34
17JK20 14 950 478 65.74 15.37 2.70 0.60 3.20 2.59 5.03
17JK20 115 9775 3.40 64.37 14.81 3.52 1.24 6.49 1.98 4.19
17JK20 20 950 6.62 65.32 16.34 2.07 018 094 263 5.91
17JK20 10 850 593 66.81 1471 246 038 2.03 3.99 3.71
17JK20 21 875 9.32 6329 1599 199 005 028 582 3.25
Sample Rb Ba Th U Nb Ta La Ce Sr Nd

17JK12 1466 75.67 74.87 1042 29.67 3121 3951 34.07 872 2531
17JK12 20.23 1174 1012 139.0 20.01 15.87 57.78 48.82 1573 35.49
17JK12 1588 91.87 80.93 111.7 32.85 34.34 4584 39.65 12.28 29.95
17JK12 22.84 168.2 1104 1531 18.07 13.61 75.85 65.11 38.03 50.30
17JK12 29.15 108.8 1422 201.1 43.41 4211 55.69 4257 924 25.64
17JK12 29.64 2474 1351 193.2 1948 14.24 99.19 81.20 88.48 58.31

17JK20 15.13 65.64 74.08 104.2 28.06 33.51 4441 4314 925 4354
17JK20 7.92 1109 26.13 34.64 1843 12.25 146.6 139.1 25.08 107.8
17JK20 572 7896 19.25 2591 4434 4489 1084 1078 17.65 92.30
17JK20 11.02 195.6 34.80 46.42 19.75 12.68 212.3 1874 67.69 128.6
17JK20 12.43 110.3 39.15 53.39 65.09 62.09 1574 1356 1599 85.87
17JK20 1556 323.5 45.37 62.15 20.80 13.05 297.5 243.1 187.0 1504

Sample Zr Sm Eu Gd Dy Er Yb Y Lu
17JK12 2593 18.98 1291 15.80 1455 15.00 16.38 13.17 17.06
17JK12 23.65 16.94 13.26 7.31 3.42 2.14 1.73 2.56 1.64
17JK12 23.74 18.03 13.54 9.79 5.30 3.53 2.92 4.07 2.79
17JK12 2257 17.82 15.16 6.21 2.64 1.58 1.26 1.94 1.19
17JK12 31.02 1545 1131 9.75 6.25 4.64 4.07 5.02 3.95
17JK12 2435 18.40 16.39 6.20 2.61 1.56 1.24 1.92 1.17

17JK20 28.30 40.83 14.45 37.24 33.80 31.85 30.95 51.62 30.34

17JK20 29.99 35.33 21.80 11.24 455 272 212 3.30 2.02
17JK20 29.51 40.60 22.69 14.83 631 384 301 461 2.87
17JK20 31.07 34.14 23.87 10.19 405 241 1.87 293 1.79
17JK20 38.36 3581 2040 14.12 6.37 397 315 4.70 3.03
17JK20 33.21 35.04 2549 10.15 401 238 1.85 2.89 1.76
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Table S4.7

Compiled geochronological data previously collected from granitoids in the Michipicoten Greenstone Belt (MGB) and the Wawa Gneiss Domain

(WGD). Data references are available within the table, see references for details of age and error calculation.

Geochronological data compilation.

Reference

Moser et al. 1996

Turek et al 1984
Kendrick et al [Chapter 4]
Turek et al 1982

Sullivan et al 1985

Turek et al 1996

Turek et al 1982

Ciufo et al 2020

Turek et al 1996

Turek et al 1984

Kamo, 2015

Petrus, 2015

Kamo, 2014

Percival & Krogh, 1983
Kamo, 2016a

Turek et al 1984

Corfu & Sage, 1992
Kendrick et al [Chapter 4]
Kendrick et al [Chapter 4]
Turek et al 1996

Kamo, 2015

Turek et al 1992

Sample Number
Al

670
19JK45B
646
Go0240
69

664

SH-3

101

672
14LR-183
13LR-066A
13RL-207
5 gneissic tonalite
15LR-163A
674

DSc
19JK43
18JK53
102
14LR-111
755

Sample description

Lineated, biotite/amphibole-bearing tonalite orthogneiss
Sample of massive biotite granite.

TTG

Black and white, medium-grained equigranular trondhjemite
Small, foliated, granodiorite and diorite synvolcanic pluton
Sample of foliated biotite tonalite.

Coarse grained massive granodiorite

tonalite-trondhjemite

Foliated biotite tonalite.

Quartz diorite from a quartz diorite to trondhjemite body
tonalite

tonalite

weakly foliated biotite tonalte

Thinly layered hornblende-biotite tonalite orthogneiss
tonalite

Foliated trondhjemite from the southwestern granitic terrane.

Clasts in Dore conglomerate

TTG

TTG

Sample of foliated biotite tonalite.
granodiorite

Massive, equigranular granodiorite
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Rock classification
Tonalite

Granite
Tonalite-trondhjemite
Trondhjemite

Diorite, quartz diorite, granodiorite, tonalite
Tonalite

Granodiorite
Tonalite-trondhjemite
Tonalite

Quartz diorite
Tonalite

Tonalite

Tonalite

Tonalite

Tonalite
Trondhjemite
Tonalite-trondhjemite
Tonalite-trondhjemite
Tonalite-trondhjemite
Tonalite

Granodiorite
Granodiorite



Table 4.7 (continued)

Reference

Kendrick et al [Chapter 4]
Farey & Krogh, 1986

Turek et al 1996
Davis, 2016

Percival & Krogh, 1983

Turek et al 1992

Sutcliffe & Davis, 2019

Moser et al. 1996

Corfu & Sage, 1992
Corfu & Sage, 1992

Smith et al 1987
Turek et al 1996
Turek et al 1996
Kamo, 2014
Turek et al 1992
Turek et al 1984
Moser et al. 1996
Turek et al 1996
Moser et al. 1996
Moser et al. 1996

Sample Number
18JK08
FE-9-76

78
15BT-038A
6 granodiorite
326/Go0231
18JW-534
C6
RPS-2-92
C-91-1

#26

1114

113
13LR-224
758

673

C5

123

B3

A2

Sample description

TTG

Massive to weakly foliated, coarse grained quartz monzonite.
Sample of foliated biotite tonalite.

granite

gneissic foliated granodiorite

Sample is granite, a minor phase of the syenite pluton.
granite

Tonalite gneiss from a horizontal shear zone

Sample is of a medium-grained biotite granodiorite.

Sample is of a medium- to coarse-grained biotite granodiorite.
rapikivi granite

Sample of non-foliated, leucrocratic granodiorite.
granodiorite

granite, late stock, #2 P3787

Massive, equigranular granodiorite

Sample of non-foliated quartz monzonite.

Biotite tonalite pegmatite, 5 cm wide steeply dipping leucosome
Sample of porphyritic quartz monzonite.

One 2 m-thick sill of lineated tonalite gneiss

Massive, coarse-grained biotite-tonalite veins and veinlets.
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Rock classification
Tonalite-trondhjemite

Quartz monzonite
Tonalite

Granite
Granodiorite
Granite

Granite

Tonalite
Granodiorite
Granodiorite
Granite
Granodiorite
Granodiorite
Granite
Granodiorite
Quartz monzonite
Tonalite

Quartz monzonite
Tonalite

Tonalite



Table 4.7 (continued)

Reference

Moser et al. 1996

Turek et al 1984
Kendrick et al [Chapter 4]
Turek et al 1982

Sullivan et al 1985

Turek et al 1996

Turek et al 1982

Ciufo et al 2020

Turek et al 1996

Turek et al 1984

Kamo, 2015

Petrus, 2015

Kamo, 2014

Percival & Krogh, 1983
Kamo, 2016a

Turek et al 1984

Corfu & Sage, 1992
Kendrick et al [Chapter 4]
Kendrick et al [Chapter 4]
Turek et al 1996

Kamo, 2015

Turek et al 1992
Kendrick et al [Chapter 4]
Farey & Krogh, 1986
Turek et al 1996

Davis, 2016

Percival & Krogh, 1983
Turek et al 1992

Sutcliffe & Davis, 2019
Moser et al. 1996

Corfu & Sage, 1992
Corfu & Sage, 1992

Domain
WGD
MGB/WGD
MGB/WGD
MGB/WGD
MGB
MGB/WGD
MGB

MGB
MGB/WGD
MGB
MGB/WGD
MGB/WGD
MGB/WGD
WGD
MGB/WGD
MGB/WGD
MGB

WGD
WGD
MGB/WGD
MGB/WGD
MGB/WGD
WGD

MGB

MGB

MGB

WGD

MGB

MGB

WGD

MGB

MGB

Age (Ma)
2925
2889

2884.8
2747
2745
2741
2737

2724.1
2723
2722

2720.8
2716

2713.6
2707

2699.7
2699
2698

2696.1

2695.7
2688
2688
2686

2684.8

2684.5

2678.5
2678
2677
2677
2676
2674
2671
2671

Plus

Minus

Age notes

Upper intercept

Upper intercept

207/206 weighted mean age
Upper intercept

Upper intercept

upper intercept

Upper intercept

207/206 weighted mean age
Upper intercept

Upper intercept

mean 207Pb/206Pb
concordia age

mean 207Pb/206Pb

Upper intercept

mean 207Pb/206Pb

Upper intercept

Upper intercept

207/206 weighted mean age
207/206 weighted mean age
Upper intercept

Youngest concordant zircon
Upper intercept

207/206 weighted mean age
None

Upper intercept

mean 207Pb/206Pb

Upper intercept

Upper intercept

Estimate of emplacement
207Pb/206Pb age

Upper intercept

Upper intercept
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Latitude
47.8601
48.0767

48.0717
47.9222
48.3750
47.9222

48.1623
48.2206
48.3760
48.1972
48.2457
47.8254
48.4452
48.0762

48.4278
48.3619
48.3620

48.2834
48.3161
48.3734
47.8056
48.2450
48.3642
47.7501
48.3197
48.2832

Longitude
-83.9099
-84.5835

-84.5485
-84.7249
-83.8546
-84.7249

-84.0666
-84.6213
-83.8670
-83.9599
-83.7720
-83.3489
-83.9769
-84.9308

-83.9257
-83.7975
-84.5202

-84.2832
-84.0599
-83.9797
-83.3499
-84.9119
-84.0714
-83.3199
-84.4107
-84.5521



Table 4.7 (continued)

Reference
Smith et al 1987
Turek et al 1996
Turek et al 1996
Kamo, 2014
Turek et al 1992
Turek et al 1984
Moser et al. 1996
Turek et al 1996
Moser et al. 1996
Moser et al. 1996

Domain Age (Ma)
MGB 2670
MGB 2669.8
MGB 2668
MGB/WGD 2666
MGB 2662.4
MGB 2662
WGD 2661
MGB 2661
WGD 2660
WGD 2645

Plus

Minus

Age notes
Upper intercept?
Upper intercept

Youngest concordant grain

Upper intercept
Upper intercept
Upper intercept
Upper intercept
Upper intercept
Upper intercept
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Latitude

48.3495
48.3803
48.2099
48.2525
48.2914
47.7501
48.3070
47.7801
47.8601

Longitude

-84.2243
-83.9561
-83.8224
-84.7735
-84.5505
-83.3199
-83.8977
-83.5499
-83.9099
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Appendix S5

Figure S5.1
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2.0 GPa, 1000°C
Melt: 11 mol%
Clinopyroxene: 22 mol%
Garnet: 27 mol%
Plagioclase: 19 mol%
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K-feldspar: 4 mol%
Rutile: 0.3 mol%

2.5 GPa, 1250°C

Melt: 68 mol%
Clinopyroxene: 8 mol%
Garnet: 20 mol%
Quartz: 4 mol%

Results of phase equilibrium modelling of Archean upper crust composition (AUC1.5, AUC2.0,

AUC2.5, see Table 6.1)
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Figure S5.2
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Table S5.1

Compilation of major (wt.%) and trace (ug/g) element data of sanukitoid samples from literature sources.

Reference sample no. craton Si0, Al O3 FeOt MgO CaO Na,O KO0 TiO;
De Oliveira et al 2010 MD-02B Amazonia 56.86 13.42 8.25 6.78 6.40 266 508 0.56
De Oliveira et al 2010 MD-02A Amazonia 55.03 12.69 9.48 7.67 766 239 437 071
De Oliveira et al 2010 Cr-71 Amazonia 53.01 13.31 10.78 9.24 8.62 238 196 0.71
De Oliveira et al 2010 MFR-07B Amazonia 5296 12.60 10.09 10.34 8.54 259 212 0.76
De Oliveira et al 2010 299 Amazonia 54.05 13.82 9.62 8.55 794 293 236 0.73
De Oliveira et al 2010 ADR-2 Amazonia 56.81 14.82 7.62 6.01 6.95 399 3.17 0.63
De Oliveira et al 2010 MFR-12A Amazonia 55.47 15.33 8.82 6.21 8.18 3.11 208 0.81
De Oliveira et al 2010 MFR-07D Amazonia 52.15 13.60 10.76 8.82 9.16 270 1.79 101
De Oliveira et al 2010 ADR-1 Amazonia 57.31 13.81 6.87 7.82 8.64 3.03 1.85 0.67
De Oliveira et al 2010 ADR-4A Amazonia 60.41 14.49 6.36 6.00 6.08 3.90 2.28 0.49
De Oliveira et al 2010 MFR-27C Amazonia 52.48 16.82 9.37 5.87 791 422 242 091
De Oliveira et al 2010 MD-02C Amazonia 5291 14.18 10.33 7.60 8.61 3.63 200 0.74
De Oliveira et al 2010 MFR-12B Amazonia 5486 11.38 9.29 10.96 9.70 215 1.07 0.58
De Oliveira et al 2010 MD-03B Amazonia 58.01 13.60 8.34 6.77 6.68 392 180 0.87
De Oliveira et al 2010 MD-03A Amazonia 54.20 16.02 8.83 6.44 7.85 484 113 0.71
Egorova, 2014 351/1 Baltic shield 51.18 11.71 10.07 16.14 721 063 249 0.57
Egorova, 2014 212 Baltic shield 53.00 6.23 8.34 1225 16.47 086 2.03 0.83
Egorova, 2014 K-17-2 Baltic shield 54.27 15.92 9.39 6.41 586 279 440 0.97
Egorova, 2014 118 Baltic shield 55.43 15.70 6.55 7.32 580 350 4.83 0.87
Egorova, 2014 53 Baltic shield 53.45 15.16 9.51 8.10 579 3.16 3.87 0.96
Egorova, 2014 124 Baltic shield 55.87 13.48 7.60 9.09 6.85 3.15 3.16 0.80
Egorova, 2014 36/3 Baltic shield 60.64 16.29 6.51 3.99 555 374 276 0.52
Egorova, 2014 K-10-2 Baltic shield 51.81 17.49 10.22 5.50 6.36 432 299 1.32
Egorova, 2014 36/2 Baltic shield 57.29 17.01 7.37 4.18 565 488 289 0.73
Egorova, 2014 37 Baltic shield 60.42 16.47 6.70 3.53 523 450 253 0.62
Egorova, 2014 351 Baltic shield 59.74 14.80 5.47 5.10 728 471 224 0.65
Lobach-Zhuchenko et al., 2005 124 Baltic shield 55.87 13.48 7.60 9.09 6.85 3.15 3.16 0.80
Lobach-Zhuchenko et al., 2005 134a Baltic shield 56.82 7.45 11.53 8.37 11.11 198 160 1.14
Lobach-Zhuchenko et al., 2005 1113 Baltic shield 61.21 17.28 5.93 3.21 4.75 429 278 0.54
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Table S5.1 (continued)

Reference

Lobach-Zhuchenko et al., 2005
Lobach-Zhuchenko et al., 2005
Lobach-Zhuchenko et al., 2008
Lobach-Zhuchenko et al., 2008
Lobach-Zhuchenko et al., 2008
Lobach-Zhuchenko et al., 2008
Lobach-Zhuchenko et al., 2008
Lobach-Zhuchenko et al., 2008
Lobach-Zhuchenko et al., 2008
Lobach-Zhuchenko et al., 2008
Lobach-Zhuchenko et al., 2008
Heilimo et al 2010

Heilimo et al 2010

Heilimo et al 2010

Heilimo et al 2010

Heilimo et al 2010

Heilimo et al 2010

Heilimo et al 2010

Heilimo et al 2010

Heilimo et al 2010

Heilimo et al 2010

Heilimo et al 2010

Heilimo et al 2010

Heilimo et al 2010

Heilimo et al 2010

Heilimo et al 2010

Heilimo et al 2010

Heilimo et al 2010

Heilimo et al 2010

Heilimo et al 2010

Heilimo et al 2010

Heilimo et al 2010

Heilimo et al 2010

sample no.
100-12

a29

238/11-03

561

204-04

201a

236/3

42948

551

42894

42769
223-AML-87
225-TMB-87
26-AML-87
299-TMB-87
397-ATK-83
61-1-ATK-86
72-AML-87
AAK-02-177B
AAK-02-57B
EPHE-2004-320.1
EPHE-2004-334.1
EPHE-2004-336.2
EPHE-2004-336.3
EPHE-2004-345.1
EPHE-2004-346.1
EPHE-2004-347.1
EPHE-2004-347.2
EPHE-2004-353.2
EPHE-2005-13.2
HJO-87-138
TTU$-2004-143
TTU$-2004-148

craton

Baltic shield
Baltic shield
Baltic shield
Baltic shield
Baltic shield
Baltic shield
Baltic shield
Baltic shield
Baltic shield
Baltic shield
Baltic shield
Karelian Province
Karelian Province
Karelian Province
Karelian Province
Karelian Province
Karelian Province
Karelian Province
Karelian Province
Karelian Province
Karelian Province
Karelian Province
Karelian Province
Karelian Province
Karelian Province
Karelian Province
Karelian Province
Karelian Province
Karelian Province
Karelian Province
Karelian Province
Karelian Province
Karelian Province

SiO;
61.05
55.85
54.78
53.80
55.40
53.35
58.48
57.52
58.99
50.31
54.82
56.41
58.21
61.47
60.86
54.69
56.02
59.08
58.39
61.31
60.44
59.63
61.14
57.72
60.90
61.51
60.63
58.19
57.14
60.22
60.98
58.43
61.34
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A|203
15.29
17.09
15.32
16.35
16.66
13.08
16.84
16.71
16.38
13.58
16.42
17.10
16.59
16.03
16.03
18.43
16.45
16.68
14.68
14.24
16.76
13.48
15.82
11.77
15.71
15.61
16.63
12.23
14.39
14.24
19.21
18.60
18.98

FeOt
5.92
8.69
7.71
9.94
6.95

10.82
5.85
6.35
5.81

11.61
8.59
6.24
6.66
5.42
5.25
6.91
6.83
5.25
8.61
7.21
5.98
7.52
5.85
7.96
5.77
5.63
5.36
8.52
7.49
6.94
5.02
6.35
4.60

MgO
2.45
6.29
6.25
5.33
5.10
6.66
411
4.47
4.60
8.12
5.07
5.41
4.65
4.19
4.68
5.28
6.29
4.35
5.82
5.55
4.04
7.40
4.20
9.29
4.80
4.87
451
8.50
7.54
5.34
2.75
3.37
3.23

CaOo
4.17
5.67
6.59
5.98
5.91
8.21
4.73
5.54
4.79
8.62
6.55
7.27
7.40
5.60
5.49
7.22
6.80
6.08
4.72
3.78
541
5.78
6.02
7.83
5.95
5.66
5.77
7.38
8.27
6.68
2.01
6.10
3.74

NazO
6.62
4.23
4.24
3.86
4.74
3.43
5.12
4.81
5.22
3.85
5.61
5.10
4.49
4.80
4.51
5.02
4.69
4.93
3.39
2.71
4.76
2.70
4.54
2.64
4.22
4.63
4.18
2.78
3.63
3.88
5.80
4.77
4.60

K20
3.50
1.48
4.27
3.83
4.53
3.23
4.23
3.92
3.64
2.68
2.24
1.77
1.36
191
2.59
1.77
2.12
3.02
3.76
4.67
1.82
2.70
1.70
191
1.96
1.41
2.17
1.79
0.78
2.12
3.64
1.66
3.04

TiOz
0.99
0.71
0.83
0.90
0.72
1.22
0.63
0.68
0.57
1.23
0.70
0.70
0.64
0.59
0.60
0.68
0.79
0.60
0.64
0.53
0.78
0.79
0.73
0.86
0.70
0.69
0.74
0.61
0.75
0.57
0.58
0.71
0.47



Table S5.1 (continued)

Reference

Heilimo et al 2010
Heilimo et al 2010
Heilimo et al 2010
Heilimo et al 2010

Laurent et al 2014
Laurent et al 2014
Laurent et al 2014
Laurent et al 2014
Laurent et al 2014
Laurent et al 2014
Laurent et al 2014
Laurent et al 2014
Laurent et al 2014

Jiang et al 2016
Jiang et al 2016
Jiang et al 2016
Wang et al 2009
Wang et al 2009
Wang et al 2009
Wang et al 2009
Wang et al 2009
Wang et al 2009
Wang et al 2009
Wang et al 2009
Wang et al 2009
Wang et al 2009
Wang et al 2009
Wang et al 2009
Wang et al 2009
Wang et al 2009
Wang et al 2009

sample no.

TTU$-2004-162
TTU$-2004-193
TTU$-2004-202
TTU$-2004-263

BUL-01A
BUL-02
BUL-11
BUL-14
BUL-34
BUL-35
BUL-36
BUL-48
BUL-49

JN1313
JN1312
JN1317
05SD-87
05SD-88
05SD-89
05SD-90
05SD-91
05SD-92
05SD-93
05SD-94
05SD-97
06TK-1
06TK-2
06TK-3
06TK-4
06TK-5
06TK-6

craton

Karelian Province
Karelian Province
Karelian Province
Karelian Province

Kaapvaal
Kaapvaal
Kaapvaal
Kaapvaal
Kaapvaal
Kaapvaal
Kaapvaal
Kaapvaal
Kaapvaal

North China
North China
North China
North China
North China
North China
North China
North China
North China
North China
North China
North China
North China
North China
North China
North China
North China
North China

SiO;
57.99
60.40
61.81
57.54

48.21
50.18
54.50
60.13
55.63
57.06
54.84
52.27
56.68

61.24
59.81
53.57
59.96
59.82
60.12
60.32
60.05
59.70
59.71
59.74
58.61
56.65
56.12
56.60
57.06
56.95
56.87

335

A|203
18.79
17.86
17.18
17.92

16.98
18.03
19.11
17.24
17.34
17.37
17.60
18.68
17.74

16.17
16.38
16.83
13.86
13.78
13.79
13.64
13.87
13.75
13.69
13.85
14.08
14.40
14.58
14.60
14.36
14.57
14.21

FeOt
6.14
5.37
541
6.59

12.89
10.68
7.22
6.21
7.71
7.16
7.93
8.72
6.71

5.10
5.59
7.55
7.38
7.43
7.35
7.35
7.40
7.58
7.52
7.54
7.55
7.90
8.20
8.00
7.71
7.78
7.86

MgO
3.20
2.96
2.35
3.85

3.92
3.73
2.66
2.00
4.05
3.56
4.16
4.09
3.49

3.88
4.57
6.71
5.57
5.66
5.55
5.55
5.58
5.70
5.79
5.68
6.51
7.71
7.97
7.73
7.61
7.57
7.78

CaOo
6.15
5.32
4.95
6.58

8.47
8.33
6.10
4.53
7.66
6.91
8.01
7.23
6.80

5.74
5.92
8.49
6.92
7.01
6.90
6.94
6.81
6.97
7.04
6.98
6.94
7.32
7.66
7.30
6.93
7.17
7.22

NazO
5.17
5.39
4.71
5.35

3.68
4.03
3.73
341
3.60
3.63
3.45
3.89
3.88

4.06
4.38
4.42
3.50
3.54
3.45
3.43
3.49
3.51
3.50
3.45
3.72
3.63
3.39
3.73
3.46
3.57
3.38

K20
1.80
2.01
2.82
1.30

2.82
2.58
4.80
5.02
2.23
2.57
212
2.92
3.12

3.17
2.65
1.56
2.17
2.14
2.21
2.13
2.17
2.16
2.13
2.13
2.01
1.84
1.62
151
2.35
1.89
2.18

TiO,
0.76
0.69
0.77
0.87

3.02
2.43
1.88
1.46
1.79
1.73
191
2.20
1.59

0.65
0.69
0.87
0.64
0.62
0.63
0.63
0.63
0.64
0.62
0.63
0.57
0.55
0.46
0.53
0.52
0.50
0.51



Table S5.1 (continued)

Reference
Wang et al 2009

Stern and Hanson, 1991
Stern and Hanson, 1991
Stern and Hanson, 1991
Stern and Hanson, 1991
Stern and Hanson, 1991
Stern and Hanson, 1991
Stern and Hanson, 1991
Stern and Hanson, 1991
Stern and Hanson, 1991
Stevenson et al, 1999
Stevenson et al, 1999
Stevenson et al, 1999
Stevenson et al, 1999
Stevenson et al, 1999

Reference

De Oliveira et al 2010
De Oliveira et al 2010
De Oliveira et al 2010
De Oliveira et al 2010
De Oliveira et al 2010
De Oliveira et al 2010
De Oliveira et al 2010
De Oliveira et al 2010
De Oliveira et al 2010
De Oliveira et al 2010
De Oliveira et al 2010
De Oliveira et al 2010
De Oliveira et al 2010
De Oliveira et al 2010
De Oliveira et al 2010

sample no.
06TK-7

06

13

114

58

92a

12

07

115

57
WS-1A
NwL226
NwL229
NwL227
WS-1C

sample no.
MD-02B
MD-02A
Cr-71
MFR-07B
299
ADR-2
MFR-12A
MFR-07D
ADR-1
ADR-4A
MFR-27C
MD-02C
MFR-12B
MD-03B
MD-03A

craton
North China

Superior Province
Superior Province
Superior Province
Superior Province
Superior Province
Superior Province
Superior Province
Superior Province
Superior Province
Superior Province
Superior Province
Superior Province
Superior Province
Superior Province

Sr Ba Cr
338 1382 465
357.7 1088 506
422 n.d. n.d.
477 511 253
445 1145 n.d.
463 876 281
604 711 171
494 608 212
507 527 239
745 812 308
800 344 103
508 468 397
335 442 417
436 417 335
544.8 199 226

SiO;
57.83

59.51
61.59
60.90
58.89
58.10
60.96
59.54
58.95
57.89
52.16
55.70
58.08
53.20
53.05

Zr
103
118
116

97
129
105

99

87

92

94
165
140

81
153
151

Al,O3
14.33

16.60
15.90
16.89
16.92
16.88
16.35
16.35
16.82
16.58
14.95
16.54
16.28
18.53
16.69

La
18.4
22.4

n.d.

33

n.d.

29
27.6
31.8
25.4
23.7
28.5

25
24.3
30.8
25.4

336

FeOt
7.70

5.00
4.09
4.15
4.81
5.24
4.60
4.82
5.10
5.22
11.12
7.35
5.65
8.52
9.88

Ce
50.2
64.8

n.d.
62.8

n.d.
72.1
53.9
67.2
55.2
51.1
77.1
67.2
43.7

71
60.4

MgO
6.88

3.68
3.33
3.17
3.95
4.26
3.40
4.35
3.92
4.84
6.83
5.43
3.02
4.15
5.56

Nd
32.8
43
n.d.
25.1
n.d.
40.4
27.1
28.9
24.5
21.4
44
41.6
20.9
41.8
43.5

CaOo
7.00

5.31
5.31
5.05
6.38
6.30
5.37
6.39
6.77
7.68
7.27
6.77
7.90
7.71
7.39

Sm
6.62
8.61

n.d.

4.8

n.d.

7.5

5.3

6.1

4.5

3.6

8.6

8.4

4.1
7.91
8.35

NazO
3.85

4.94
4.91
5.57
5.26
5.25
5.49
5.29
5.35
5.72
3.27
4.22
4.90
4.23
4.03

Eu
1.27
1.75

n.d.
1.29

n.d.
1.52
1.59
1.69
1.33
1.02
1.73
1.58
1.14
1.59
1.62

K20
1.84

4.32
4.28
3.61
331
3.27
3.22
2.77
2.38
1.67
3.06
3.15
3.24
2.76
2.30

Gd
5.4
6.92
n.d.
4.04
n.d.
5.8
4.74
5.06
3.64
2.78
5.71
6.65
3.59
6.7
6.64

TiO,
0.56

0.63
0.60
0.66
0.48
0.69
0.62
0.49
0.70
0.39
1.34
0.85
0.92
0.89
1.10

Dy
3.83
4.66

n.d.
2.82
n.d.

3.37

3.9
2.89
2.25
4.35
4.94
2.79

4.5
4.36

Er
1.88
2.33

n.d.
1.51

n.d.
2.04
1.82
2.14
1.68
1.03
2.05
2.41
1.52
2.16
2.14

Yb
1.69
2.3
n.d.
1.55
n.d.
1.73
1.48
1.8
1.41
0.93
1.7
2.24
1.36
1.88
1.85

Lu
0.26
0.34

n.d.
0.22
n.d.
0.29
0.25
0.3
0.23
0.15
0.25
0.32
0.2
0.28
0.28



Table S5.1 (continued)

Reference

Egorova, 2014

Egorova, 2014

Egorova, 2014

Egorova, 2014

Egorova, 2014

Egorova, 2014

Egorova, 2014

Egorova, 2014

Egorova, 2014

Egorova, 2014

Egorova, 2014
Lobach-Zhuchenko et al., 2005
Lobach-Zhuchenko et al., 2005
Lobach-Zhuchenko et al., 2005
Lobach-Zhuchenko et al., 2005
Lobach-Zhuchenko et al., 2005
Lobach-Zhuchenko et al., 2008
Lobach-Zhuchenko et al., 2008
Lobach-Zhuchenko et al., 2008
Lobach-Zhuchenko et al., 2008
Lobach-Zhuchenko et al., 2008
Lobach-Zhuchenko et al., 2008
Lobach-Zhuchenko et al., 2008
Lobach-Zhuchenko et al., 2008
Lobach-Zhuchenko et al., 2008
Heilimo et al 2010

Heilimo et al 2010

Heilimo et al 2010

Heilimo et al 2010

Heilimo et al 2010

Heilimo et al 2010

Heilimo et al 2010

Heilimo et al 2010

sample no.
351/1

212

K-17-2

118

53

124

36/3

K-10-2

36/2

37

351

124

134a

1113
100-12

a29
238/11-03
561

204-04
201a

236/3

42948

551

42894
42769
223-AML-87
225-TMB-87
26-AML-87
299-TMB-87
397-ATK-83
61-1-ATK-86
72-AML-87
AAK-02-177B

Sr

929
711
1060
1089
659
912
744
649

1089
1279
852
2383
618
1432
1334
1554
1371
1603
2090
1885
1880
2321
1160
840
790
760
730
989
1040
679

Ba

1120
1113
1676
824
2542
1202
995
1149
961

2542
734
1307
2807
774
1740
1090
1880
2090
2080
2820
1668
910
1361
960
490
690
1240
570
999
1770
855

Cr

338
120
164
147
202
74
21
45
39

202

36
140
261

50
275
110
188
144
138
168
141
153
157
200
180
160
180
150
208
150
183

Zr

249
162
213

99
120
184
113
138

99

47

33

60

84
233
146
216
195
207
238
215
154
125
230
210
170
200
180
147
200
179

La

259
76

89.4
50.3
36.3

58
36.2

50.3
49.9
19
124.2
149.9
83.6
48
86.6
87.4
64
63.8
56.7
49.7
33.1
n.a.
n.a.
n.a.
n.a.
n.a.
58.3
65.2
53.3

337

Ce

596
172.3

174
107.4
73.7
139.5
72.1

107.4
251
43
377.5
20
180
106
180
190
118
123
126
115.3
69.1
n.a.
n.a.
n.a.
n.a.
n.a.
134
140
99.7

Nd

294
78.93

99
61.2
35.64
69.83
40

61.2

21

40.2
87
nd

78.8

93.3

53.5

55.5
58

60.6

40.7

n.a.
n.a.
n.a.
n.a.
n.a.

73.3

72.7

42.6

Sm

45.3
13.48

15.2
10.9
6.03
12.61
6.53

10.9
17.4
4.6
26.1
1.4
15.7
8.7
13.3
171
8.97
9.4
9.29
111
6.4
n.a.
n.a.
n.a.
n.a.
n.a.
12.1
11.6
6.55

Eu

7.83
3.13

3.62

3.2
1.49
2.97
1.28

3.2
3.8
14
6.4
0.5
3.91
2.65
3.51
4.48
2,51
2.64
2.42
3.2
2.8
n.a.
n.a.
n.a.
n.a.
n.a.
3.05
2.9
1.55

Gd

38.8
8.84

4.08
8.26
3.6

5.3

20.3

11
nd
9.99
11.9
5.88
6.1
nd
8.4
4.7
n.a.
n.a.
n.a.
n.a.
n.a.
9.67
8.49
5.34

Dy

11.5
5.32

4.9
2.3
4.95
1.99

2.7

8.9

6.09
nd
5.34
6.53
3.4
3.55
nd
5.4
2.6
n.a.
n.a.
n.a.
n.a.
n.a.
4.34
3.66
2.31

Er

3.67
2.56

2.2
1.13
2.1
1.15

3.1

2.27
nd
2.07
2.48
1.4
1.58
nd
2.4
0.9
n.a.
n.a.
n.a.
n.a.
n.a.
1.88
1.42
0.91

Yb

2.95
2.28

2.34

1.8
0.99
1.64
0.92

1.77
2.3
0.8
1.9
0.7

2.07
1.9
17

2.27

1.18
1.2

1.42
1.8
0.8

n.a.
n.a.
n.a.
n.a.
n.a.

1.56

1.35

0.86

Lu

0.38
0.33

0.32

0.2
0.14
0.23
0.13

0.1

0.1
0.2
0.4
0.32
nd
0.25
0.32
0.12
0.3
0.18
0.2
0.1
n.a.
n.a.
n.a.
n.a.
n.a.
0.22
0.17
0.14



Table S5.1 (continued)

Reference

Heilimo et al 2010
Heilimo et al 2010
Heilimo et al 2010
Heilimo et al 2010
Heilimo et al 2010
Heilimo et al 2010
Heilimo et al 2010
Heilimo et al 2010
Heilimo et al 2010
Heilimo et al 2010
Heilimo et al 2010
Heilimo et al 2010
Heilimo et al 2010
Heilimo et al 2010
Heilimo et al 2010
Heilimo et al 2010
Heilimo et al 2010
Heilimo et al 2010

Laurent et al 2014
Laurent et al 2014
Laurent et al 2014
Laurent et al 2014
Laurent et al 2014
Laurent et al 2014
Laurent et al 2014
Laurent et al 2014
Laurent et al 2014

Jiang et al 2016
Jiang et al 2016
Jiang et al 2016
Wang et al 2009

sample no.
AAK-02-57B
EPHE-2004-320.1
EPHE-2004-334.1
EPHE-2004-336.2
EPHE-2004-336.3
EPHE-2004-345.1
EPHE-2004-346.1
EPHE-2004-347.1
EPHE-2004-347.2
EPHE-2004-353.2
EPHE-2005-13.2
HJO-87-138
TTU$-2004-143
TTU$-2004-148
TTU$-2004-162
TTU$-2004-193
TTU$-2004-202
TTU$-2004-263

BUL-01A
BUL-02
BUL-11
BUL-14
BUL-34
BUL-35
BUL-36
BUL-48
BUL-49

JN1313
JN1312
JN1317
05SD-87

Sr
634
633
369
491
354
549
553
643
376
500
442
304

1266
883
1175
934
1092
1257

691
794.1
1405
987.3
637.2
597.1
662.4
510.1
536.7

1239
1381
1090

609

Ba
750
875
851
352
417
788
565
778
597
407

1403
1200
769
1742
799
675
1311
544

1337
1340
4407
2322
1304
1515
1209

949
1063

1325
1281
541
633

Cr
338

81
298
129
626
167
197
169
514
407
275
122
<30
<30
<30

51
<30

72

61.58
41.06
20.53
27.37
102.6
88.95
109.5
109.5
54.74

136
139
178
223

Zr
110
125

77.9
149
66.7
56.4
123
78.4
111
37.3
83.8
126
199
73.2
69.2
159
214
155

697.1
939.1
660.5
505.1
554.2
768.5
608.4

767
513.9

177
215
206
113

La Ce
36.8 58.8
25.7 53.4
10.7 31.9

30 70.2
32.5 67.2
27.1 58.1
30.7 58.3
25.4 46.1
24.6 51.4
22.2 54.2
22.6 56.3
b.d.l b.d.l
24.1 59.9
21.7 45
24.1 56.2

56 115
52.3 107
69.4 138

197 448.3
202.7 435.8
171.2 286
125.9 269.2
127.4 280.3
141.8 305
127.5 278.1
152.3 329.3
109.4 246.6
70.46 154.96
77.63 167.33
60.17 140.68
27.55 62.89

338

Nd
23.7
26.4
24.1
40.7
30.4
255
26.7
19.2
245
29.4
317
b.d.l
34.1
23.2
34.1
53.1
47.2
60.6

245.1
216.2
150.7
130.1

140
142.1
128.5

147
121.7

69.79
77.68
85.21
34.62

Sm

3.7
4.83
5.15

7.1
5.36
4.48
4.68

3.2

4.7
5.33
5.92
b.d.l.
6.06
3.67
5.95
9.41
8.53
10.1

40.63
35.75
23.16
21.94
23.49
22.93
20.01
22.79
19.55

11.19
13.42
17.18

Eu
0.78

1.2
1.02

1.2
1.18

0.9
1.05
0.79
0.92
1.24
1.23
b.d.l.
1.57
0.88

1.3
1.65
2.17
1.97

5.51
5.43
5.42
4.54
4.05
3.96
3.74
3.43
3.78

2.88
3.21
4.12
1.56

Gd
2.87

4.1
4.03
6.45
4.82

3.2
3.68
2.35
4.74
4.67
5.57
b.d.l
5.37
2.87
4.97
8.13
7.09
8.46

30.73
25.88
16.09
15.52
17.36
16.63
14.62

15.8
13.46

6.85
7.74
10.92
4.81

Dy
1.62
2.48
3.04
4.11
2.82
2.56
2.44
141
2.89
3.18

3.5
b.d.l.
2.92
1.53
2.73

3.8
3.47

4.3

17.89
15.08
8.14
8.74
11.15
10.21
8.63
9.69
8.08

3.31
3.62
5.31
2.64

Er
0.68
1.16
1.43
2.04
1.47
1.21
1.13
0.68
1.66
2.01
1.96
b.d.l.
1.42
0.76
1.35
1.58
1.37
1.57

7.54
6.26
3.12

3.4
4.38
4.09
3.43
3.72
3.16

1.14
1.28
1.96
1.24

Yb
0.67

0.9
1.38
171
131
1.35
1.25
0.68
1.37
1.42
1.63
b.d.l.
1.49
0.74

1.3
1.27
1.34
1.56

5.86
4.77
2.71
2.92
3.24
3.08
2.78
2.74
2.51

1.02
0.94
1.43
1.13

Lu
<0.1
0.14
0.17
0.28
0.21
0.18
0.15

0.1
0.2
0.2
0.24
b.d.l.
0.21
<0.1
0.17
0.2
0.17
0.21

0.72
0.63
0.35
0.41
0.43
0.43
0.38

0.4
0.34

0.14
0.15
0.21
0.18



Table S5.1 (continued)

Reference

Wang et al 2009
Wang et al 2009
Wang et al 2009
Wang et al 2009
Wang et al 2009
Wang et al 2009
Wang et al 2009
Wang et al 2009
Wang et al 2009
Wang et al 2009
Wang et al 2009
Wang et al 2009
Wang et al 2009
Wang et al 2009
Wang et al 2009

Stern and Hanson, 1991
Stern and Hanson, 1991
Stern and Hanson, 1991
Stern and Hanson, 1991
Stern and Hanson, 1991
Stern and Hanson, 1991
Stern and Hanson, 1991
Stern and Hanson, 1991
Stern and Hanson, 1991
Stevenson et al, 1999
Stevenson et al, 1999
Stevenson et al, 1999
Stevenson et al, 1999
Stevenson et al, 1999

sample no.

05SD-88
05SD-89
05SD-90
05SD-91
05SD-92
05SD-93
05SD-94
05SD-97
06TK-1
06TK-2
06TK-3
06TK-4
06TK-5
06TK-6
06TK-7

06

13

114

58

92a

12

07

115

57
WS-1A
NwL226
NwL229
NwL227
WS-1C

Sr
623
609
608
609
624
615
617
689
791
966

860
822
835
763

1472
1407
1782
1879
1867
1435
1890
1913
2230
1096
1070
2466
2239
1226

Ba
633
635
613
623
600
618
613
618
624
576

747
724
651
696

2698
1982
2174
2132
2575
1669
2153
1302
1146
3254
1181
1711
1675

973

Cr
241
228
236
230
232
244
245
299
375
385

394
387
402
334

85
86
87
115
137
100
143
107
150

Zr
108
110
113
110
108
105
108
104

97

71

110

96
115
108

147
123
257
50
209
172
79
248
66
112
124
84
54
166

La
27.97
27.62
27.61
27.79
27.44
27.07
28.47
32.75
38.76

38.4

42.42
37.66
40.48

36.3

62.01

57.9

59.8
64.4
94.5
51.3
56.32
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Ce
63.92
63.36
60.34

63.2
58.72
61.99
62.61
73.55
88.93
90.23

96.42
84.71
94.26
82.69

139.2
141.1

99.77
135.9

131
122.2

101.0
144
142.2
207
118.8
136

Nd
34.8
34.04
31.88
33.71
32.51
33.83
34.78
39.34
45.75
47.55

49.42
45.08
49.45

43.2

63.47
67.2

51.41
67.41
56.32
57.81

52.08
75.8
65.6
93.4
60.3
71.1

Sm
5.92
5.94
5.81
5.77
5.65
6.01
5.95
6.84
8.09
8.22

8.6
8.07
8.53
7.56

10.7
11.7

9.198
115
9.14

9.7

9.109
15.7
10.96
15.31
10.79
14.4

Eu
1.62
1.52
1.54
1.55
1.52
1.53
1.63
1.83
2.12
2.13

2.2
2.34
2.2
1.93

2.466
2.577

2.695
2.988
2.217
2.709

2.603
3.74
2.56
3.63
3.13
3.35

Gd
4.71
4.58
4.62

4.6
4.43
4.73
4.81
5.05
5.38
5.54

5.72
5.56
5.84
5.32

6.824
7.485

6.038
7.325

5.67
6.106

5.928
12.7
6.89
9.49
7.34
10.8

Dy
2.62
2.62
2.63
2.49
2.55
2.71
2.73
2.74
2.75
2.88

2.99
2.74

2.9
2.88

3.27
3.52

2.79
3.42
2.65
2.79

2.78
6.48
2.7
3.12
2.4
6.22

Er
1.25
1.18
1.18
1.21
1.18
1.24
1.24
1.21
1.17
1.16

1.22
1.15
1.16
1.22

1.226
1.307

1.023
1.265
0.999
1.027

1.026
3.32
1.18
1.19
1.01
3.13

Yb

1.1
1.09
1.08
1.08
1.06
1.08
1.13
1.06
0.96
0.97

1.05
0.96
1.01
1.06

0.933
0.953

0.75
0.934
0.756
0.751

0.753
2.22
0.75
0.64
0.51
2.47

Lu
0.17
0.17
0.17
0.17
0.17
0.16
0.19
0.17
0.14
0.14

0.15
0.14
0.15
0.16



Appendix S6

Table S6.1

Results of Re—Os geochronology of molybdenite collected in the Kapuskasing Uplift, conducted at University of Alberta. A = ¥’Re-18’Os decay
constant.

Sample Re (ug/g) t20 ¥Re(ug/g) *20 ¥Os(ug/g) *20 Model Age (Ma) %20 (Ma) =20 (Ma)with A
19JKO08 33.58 0.1 21.11 0.1 933 0.7 2596.5 8 115
19JK49 97.53 0.29 61.3 0.2 2737 5 2621.8 9.2 12.4
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Table S6.2

Results of Sm—Nd analysis of metabasite sample 17JK09 from the Kapuskasing Structural Zone. Analysis of garnet separates and whole-rock
fractions was done at Radiogenic Isotope and Geochronology Laboratory (RIGL) at Washington State University.

Sample Sm (ug/g) Nd (ug/g) *#'Sm/**Nd 2s (abs)  %Nd/***Nd 2s (abs)
Garnet-1 4.217 5.584 0.45718 0.00229 0.517071 0.000026
Garnet-2 4.305 5.618 0.46388 0.00232 0.517184 0.000027
Garnet-3 4.328 5.716 0.45845 0.00229 0.517084 0.000026
Garnet-4 4.339 5.830 0.45065 0.00225 0.516958 0.000027
Whole rock - Bomb 3.541 10.665 0.20084 0.00100 0.512824 0.000026
Whole rock - Savillex 3.484 10.668 0.19753 0.00099 0.512789 0.000026
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