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ARTICLE INFO ABSTRACT

Article history: Trace element concentrations and ratios in zircon provide important indicators of the petrological
Received 2 May 2023 processes that operate in igneous and metamorphic systems. In granitoids, the compositions of zircon
Received in revised f‘“f“ 15 August 2023 have been linked to the behaviour of garnet and plagioclase—pressure-sensitive minerals—in the source
ﬁ‘c]:ielzgelg gilfnefqelmgséoigszB during partial melting. This _has led to the _proposal that.Europium anomalies in detrital zircon are linked
Editor: R. Hickey-Vargas to the depth of crustal melting or magmatic differentiation and are a proxy for average crustal thickness.

In addition to the mineral assemblage present during partial melting, Eu anomalies in zircon are also

Keywords: sensitive to redox conditions as well as magma evolution during extraction, ascent, and emplacement.
zircon Here we quantitatively model how rock type, mineral assemblages, redox changes, and reaction sequences
Europium anomaly influence Eu anomalies of zircon in equilibrium with silicate melt. Partial melting of metasedimentary
paleodepth rocks and metabasites yields felsic to intermediate melts with a large range of Eu anomalies, which
Phdf“Se equilibrium modelling do not correlate simply with pressure (i.e. depth) of melting. Europium anomalies of zircon associated
redox

with partial melting of metasedimentary rocks are most sensitive to temperature whereas Eu anomalies
associated with metabasite melting are controlled by plagioclase proportion—a function of pressure,
temperature, and rock composition—as well as changes in oxygen fugacity. Furthermore, magmatic
crystallization of granitoids can increase or decrease Eu anomalies in zircon from those of the initial
(anatectic) melt. Therefore, Eu anomalies in zircon should not be used as a proxy for the crustal thickness
or depth of melting but can be used to track the complex processes of metamorphism, partial melting,
and magmatic differentiation in modern and ancient systems. Secular changes of Eu/Eu* from the zircon
archive may reflect a change in thermal gradients of crustal melting or an increase in the reworking of

sedimentary rocks over time.
© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC
license (http://creativecommons.org/licenses/by-nc/4.0/).

1. Introduction differentiation, because of the pressure-dependence of plagioclase
stability (e.g. Rudnick, 1992). As a result of these previous observa-

Europium is an important rare earth element (REE) for under- tions and interpretations of Eu anomalies from whole-rock samples
standing the long-term evolution of the continental crust because of and zircon from intermediate igneous rocks, detrital zircon Eu
it is redox sensitive (Philpotts, 1970; Hinton and Upton, 1991; Bal- ~ anomalies have been used to infer changes in the average thick-
lard et al,, 2002; Trail et al, 2012) and preferentially partitioned = ness of crust in Earth’s past (Tang et al,, 2021). This extrapolation
into feldspars as a divalent cation (e.g. Weill and Drake, 1973). s, in itself, problematic: assuming Eu anomalies monitor the depth

Because of Eu enrichment in feldspars, whole-rock and accessory ~ Of melting, the only logical inference is that the crust in which this
mineral Eu anomalies (Eu/Eu* = Euy / [Smy X Gdn]%?; where melting occurred was not thicker than the depth of melting. This

the subscript N denotes chondrite-normalized values) have been IS not always the case—post-orogenic terranes, for instance, com-

used to infer the behaviour of feldspars in igneous and metamor-  monly record melting in the shallow portions of an otherwise still
phic systems (e.g. Murali et al., 1983; Rubatto, 2002; Holder et al,, thick crust. Thus, Eu/Eu* is, at best, a tracer of minimum crustal
2020). For example, igneous whole-rock Eu anomalies have been thickness, but does not info.rm on the actual thickness.

used as a proxy for the depths of partial melting and magmatic Trace element ratios of igneous rocks—such as Sr/fY—have also

been used as a crustal thickness proxy (e.g. Chapman et al., 2015),

which is somewhat analogous to using Eu/Eu* anomalies in zir-

* Corresponding author. con and suffers from the same limitation of reflecting only mini-
E-mail address: cyakymchuk@uwaterloo.ca (C. Yakymchuk). mum crustal thickness. The petrological argument for using trace
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element ratios such as Sr/Y or Eu anomalies to infer the depth
of melting relates to the behaviour of plagioclase and garnet,
which are common reactants and products during crustal anatexis
(Brown, 2013). At low pressure, plagioclase is stable during partial
melting and preferentially partitions both Sr and Eu (as Eu?*) rel-
ative to Y and the lanthanides. Therefore, partial melt generated
from a low-pressure plagioclase-bearing source has low Sr/Y and
Eu/Eu* values. With increasing pressure, plagioclase becomes less
stable and garnet more stable via continuous partial melting and
net-transfer reactions. In mafic rocks, this change defines the fa-
cies transition from amphibolite (hornblende-plagioclase) or gran-
ulite (low-Na-pyroxene-plagioclase) to eclogite (garnet-high-Na-
clinopyroxene) (e.g. Moyen and Stevens, 2006). Garnet preferen-
tially incorporates Y, reducing its availability for other phases; melt
generated from a high-pressure garnet-bearing source has higher
Sr/Y ratios, especially if plagioclase is absent. Garnet also preferen-
tially incorporates Fe?™, relative to Fe>*. It has been argued that
if garnet is fractionated from a rock or magma, it will increase the
oxidation state of the system by removing Fe** and leaving Fe3t;
this, in turn, will increase Eu3t/Eu?", thereby decreasing the mag-
nitude of Eu anomalies in zircon that subsequently grows in that
system (Tang et al., 2021).

Although there is an elegance to this simple plagioclase-
garnet-depth relationship, several recent studies have demon-
strated that substantial differences in the Sr/Y ratio of a magma
can be generated independent of depth due to the processes of
melting, extraction, ascent and emplacement (Laurent et al., 2020;
Kendrick and Yakymchuk, 2020) as well as the Sr/Y ratio of the
starting material (Moyen, 2009). Although Sr/Y ratios of igneous
rocks have been shown to correlate with crustal thickness in some
modern tectonic settings and may provide a general idea of the rel-
ative behaviour of plagioclase and garnet in the source, they might
not be universally robust monitors of crustal thickness (Moyen et
al.,, 2021). This caution is particularly warranted for rocks from the
Precambrian eons, when Earth’s fundamental tectonic and mag-
matic processes might have differed (Moyen et al,, 2021; Moyen
and Laurent, 2018; Holder et al., 2019; Brown et al., 2020). Com-
pared to Sr/Y whole-rock ratios, the interpretation of Eu anomalies
in whole-rock samples and in zircon is further complicated by
their sensitivity to oxygen fugacity (fop; Trail et al,, 2012). The
fo2 in igneous and metamorphic systems changes through the
continuous nature of crystallization sequences, metamorphic re-
actions, and changes in other intensive system parameters such
as pressure and temperature. It is also influenced by open-system
processes: crystal-melt separation, devolatilization/dehydration re-
actions, and fluid flow. Consequently, it is unclear how sensitive
Eu anomalies in zircon are to these processes and how they might
influence interpretations of past crustal thickness from the zircon
archive.

In this contribution, we quantitatively evaluate how Eu anoma-
lies in zircon are expected to change during partial melting
of metasedimentary rocks and metabasites at various pressure-
temperature conditions (P-T) as well as during crystallization of
felsic and intermediate rocks that are the primary sources of detri-
tal zircon. We use a novel approach that combines phase equilib-
rium modelling, trace element partitioning, and a redox-sensitive
formulation of Eu partitioning anomalies in zircon. Modelled Eu
anomalies in zircon are sensitive to redox, bulk composition of the
source (melting) or initial melt (crystallization), and changes in
phase assemblages with temperature and pressure for the inves-
tigated rock types. Although Eu anomalies can track the complex
petrological processes that operate in igneous and metamorphic
systems, they are not primarily controlled by pressure. Therefore,
Eu anomalies in zircon are not a simple proxy for tracking the
depth of melting or crustal thickness.
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2. Methods

We investigate partial melting of five rock types (three metaba-
sic and two metasedimentary compositions) over a wide range
of pressure-temperature conditions. We also model equilibrium
crystallization of intermediate and felsic granitoids at mid-crustal
depths (0.6 GPa). Results of the modelling are combined with trace
element partitioning using lattice strain models (e.g. Blundy and
Wood, 1994) when possible, and with a formulation for the Eu
partitioning anomaly between melt and zircon (Trail et al., 2012)
to evaluate the Eu/Eu* of zircon in equilibrium with the system as
a function of pressure, temperature, mineral assemblage, and oxy-
gen fugacity. Phase equilibrium modelling was conducted using the
THERMOCALC v.3.50 software package (Powell and Holland, 1988),
the Holland and Powell (2011) internally consistent database, and
specifically calibrated activity-composition models for each rock
type. Details are found in the Supplementary Material.

Modelled metasedimentary rocks include an average amphibo-
lite-facies metapelite (Ague, 1991) and an average passive mar-
gin greywacke (Yakymchuk and Brown, 2014); these composi-
tions were modelled as reported in Holder et al. (2020) using the
activity-composition models of White et al. (2014). Three metaba-
site compositions were modelled that envelop most modern mid-
ocean ridge compositions as well as Archean basalts (supplemen-
tary Figure S3). Modelled metabasite compositions include a de-
pleted Archean tholeiite (Condie, 1981; White et al., 2017)—which
is similar in bulk composition to an average mid-ocean ridge
basalt—as well as an enriched Archean tholeiite (Condie, 1981;
White et al.,, 2017), and an Archean high-Mg basalt (Szilas et al.,
2013; Kendrick and Yakymchuk, 2020). These compositions were
modelled using the activity-composition models from Green et
al. (2016) that were calibrated specifically for partial melting of
metabasites.

Phase assemblages, proportions, and compositions as well as
the chemical potential of oxygen (©«O) were extracted from the
THERMOCALC output for the metasedimentary rocks and metaba-
sites across a grid with 50°C and 0.1 GPa spacing. The concen-
tration of H,O for the metasedimentary compositions was used
so that the melt is just saturated with H,O at the wet solidus at
0.8 GPa; for metabasites, a just-saturated solidus with H,O at 1.2
GPa was used. This approximates a scenario where there is only
a trace amount of HO fluid at the onset of melting (e.g. White
et al., 2007). The amounts of ferric and ferrous iron in these com-
positions are discussed by Yakymchuk and Brown (2014) for the
metasedimentary rocks as well as Kendrick and Yakymchuk (2020)
for the metabasites. Modelled compositions for each metamorphic
rock are reported in Supplementary Table S1.

Crystallization of tonalite (sample 101 of Piwinskii, 1968), an
average S-type granite (sample DK89 of Scaillet et al.,, 1995) and
an A-type granite (sample GIG-1 of Clemens et al., 1986) were
modelled using the activity-composition models from Holland et
al. (2018) that were calibrated for crystallization of igneous rocks.
We fix the crystallization pressure at 0.6 GPa, which is reasonable
for emplacement in the middle crust; the results are not expected
to be substantially different at pressures that reflect slightly shal-
lower or deeper conditions as the main phase boundaries are not
pressure sensitive for intermediate-felsic igneous rocks (e.g. Hol-
land et al., 2018). For the tonalite, we model a melt with ~6 wt.%
H,0 (Kirkland et al., 2021) with a molar Fe3*/[Fe?T + Fe3*] ratio
of 0.44 (calculated from values in Piwinskii, 1968). For the S-type
granite, we model a relatively dry granite (2 wt.% H,0) with a rel-
atively reduced Fe3*/[Fe?* 4 Fe3*] ratio of 0.18 (calculated from
the values reported in Scaillet et al., 1995). For the A-type granite,
we use an H,O concentration of 2.4 wt% (lower end of values re-
ported in Clemens et al, 1986) and a molar Fe3*t/[Fe?t + Fe3+]
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ratio of 0.47 (from Clemens et al., 1986). Modelled compositions
for the granitoids are summarized in Supplementary Table S1.

Oxygen fugacity is an important control on Eu/Eu* of zircon
(Trail et al., 2012). We report the computed oxygen fugacity rel-
ative to the nickel-nickel oxide buffer (NNO) in log units (ANNO).
This was computed using the 1O values from the THERMOCALC out-
put combined with the Gibbs free energy (G) values of nickel and
nickel oxide from the database of Holland and Powell (2011).

The concentrations of Sm, Eu and Gd in melt—either anatectic
melt in the metamorphic system or residual melt in the crystalliza-
tion models—were computed using a mass balance approach with
mineral/melt partition coefficients (Hanson, 1980). More details are
found in the Supplementary Material.

For all minerals except zircon, we treat Eu** and Eu?t sepa-
rately because they partition differently into various minerals. First,
we calculate the ratio of Eu?*/Eu3t in the system as a function of
fo2, temperature and melt composition using the formulation of
Burnham et al. (2015); this is the same approach applied by Holder
et al. (2020) to model partial melting of metasedimentary rocks.
Then, separate partition coefficients are derived for Eu?t and Eu3*
in the minerals stable at each P-T point. Mineral-melt partition
coefficients and model starting concentrations are reported in Sup-
plementary Tables S2, S3, and S4. For most minerals, we use a
lattice strain model (e.g. Blundy and Wood, 1994) to approximate
the partition coefficients for Sm3+, Eu3*, Gd3* and Eu?* as a func-
tion of temperature as well as for pressure, mineral composition
and melt compositions if these parameterizations exist. The spe-
cific models for each mineral for trivalent and divalent cations are
found in Supplementary Tables S2 and S3.

For zircon, Eu/Eu* values were determined by combining the
computed Eu/Eu* of the melt—based on trace element partitioning
and mass balance—with the zircon/melt Eu partitioning anomaly
(Eu/Eu®)p from Trail et al. (2012). This approach is independent
of using partition coefficients to model Eu concentrations in zir-
con; current parameterizations of zircon trace element partitioning
do not separate trivalent from divalent Eu (Claiborne et al., 2018;
Streicher et al., 2023) but these parameterizations are useful for
modelling the other REE in zircon. In the parameterization of Trail
et al. (2012), the Eu partitioning anomaly is solely a function of
fo2 and not pressure or temperature. For the metasedimentary
rocks, this approach differs from that of Holder et al. (2020), who
attempted to parameterize zircon Eu?* and Eu3* partitioning sep-
arately, as described for other phases in the previous paragraph.
A more detailed explanation of the modelling and the formulations
used are presented in the Supplementary Material.

Starting trace element concentrations of all modelled rock types
are found in Supplementary Table S4. For simplicity, we assume
that the average metapelite and average greywacke have the same
bulk trace element concentrations as average post-Archean Aus-
tralia shale (Taylor and McLennan, 1985). For the metamorphic
systems and granitoid crystallization, we assume closed-system be-
haviour. The limitations of this approach are discussed later. Trace
element concentrations of the model melt were determined by
combining phase weight fractions (liquid and minerals) from the
THERMOCALC output with the computed partition coefficients at
each P-T point.

3. Results
3.1. Partial melting

Phase relations and mineral stability fields for the metamorphic
rocks are summarized in Fig. 1. Results of the key variables related
to zircon Eu/Eu* are shown in Fig. 2 for the metasedimentary rocks
and Fig. 3 for the metabasites. This includes the proportion of pla-
gioclase in the system—which strongly affects the Eu/Eu* of the
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melt—and oxygen fugacity, which influences the zircon/melt parti-
tioning anomaly (Trail et al., 2012). For partial melting of the mod-
elled rock types, fop increases with increasing temperature, which
is expected because of its dependence on T in its thermodynamic
formulation (e.g. Frost, 1991). However, fo; relative to NNO buffer
varies depending on rock type, and the mineral assemblage—both
oxide and silicate minerals—that is a function of P-T conditions.
For simplicity, we focus on the ANNO values, which is the differ-
ence between the system fgy and that of the NNO buffer in log
units. The AQFM values follow the same trends, but at slightly
higher values.

3.1.1. Metasedimentary rocks

For partial melting of the metapelite and greywacke, the pro-
portion of plagioclase decreases up temperature (Figs. 2a, e)
as it is a common reactant in partial melting reactions that
are strongly endothermic (e.g. Weinberg and Hasalova, 2015).
Europium anomalies in the anatectic melt generated from the
metapelite are positive near the solidus (Eu/Eu*>3) and de-
crease with increasing temperature, becoming slightly negative at
~825°C (Fig. 2b). Melt generated from the greywacke follows a
similar pattern; Eu/Eu*>2 near the solidus and becoming slightly
negative at ~850°C (Fig. 2f). Melt in the metapelite shows a larger
change in Eu/Eu* compared with the greywacke (Fig. 2b, f). The
Eu/Eu* anomalies of the melt are much more sensitive to temper-
ature than pressure, meaning there is only a minor dependence of
Eu/Eu* of the melt on depth.

The ANNO values are generally flat in P-T space and roughly
track the oxide assemblage, notably the growth of rutile from
ilmenite-hematite breakdown at high pressures in the metapelite
(Fig. 1a) and greywacke (Fig. 1b). The ANNO values also show an
inflection at high temperatures (~850°C; Figs. 2c, g) that coin-
cides with the biotite-out phase boundary (Figs. 1a, b). Therefore,
fO; is buffered by the oxide assemblage (e.g. ilmenite, magnetite,
rutile) and, to a lesser extent, the silicate mineral assemblage (e.g.
biotite). Across the modelled P-T range, ANNO changes by ~1.8
log units for the metapelite and ~1.6 log units for the greywacke;
in general, the systems are more oxidized at higher pressures.

Zircon Eu/Eu* decreases with increasing temperature (Fig. 2d,
h). Note that the Eu/Eu* values of zircon generally follow the pla-
gioclase modal contours (Fig. 2a, e), but they are not parallel.
This is because both the change in proportions of plagioclase/melt
and the oxygen fugacity have resolvable influences on the zircon
Eu/Eu* values during melting of metasedimentary rocks. The gen-
eral trends of zircon Eu/Eu* are similar between the metapelite
and greywacke, however the metapelite has higher predicted val-
ues than the greywacke at equivalent P-T conditions. For example,
at 700°C and 0.8 GPa, zircon in the metapelite is expected to have
Eu/Eu* values of ~1.5 whereas zircon in the greywacke has values
of ~0.8; this is due to differences in the abundance and propor-
tions of feldspar and melt between the metapelite and greywacke
and not related to foy, which is similar between the rock types at
the modelled P-T conditions (Figs. 2c, g).

3.1.2. Metabasites

The behaviour of plagioclase and oxygen fugacity in the metab-
asites follow different trends from those of the metasedimentary
rocks. Plagioclase proportions decrease with increasing pressure.
At temperatures < ~850-900 °C, the proportion of plagioclase in-
creases slightly with temperature as it is can be a product of
amphibole-breakdown melting at low pressures (e.g. Weinberg and
Hasalov4, 2015). This relationship is reversed for temperatures >
~850-900°C where plagioclase becomes a reactant (Fig. 3a, e, i).
Modelled ANNO values for the metabasites are more reduced than
metasedimentary rocks at equivalent P-T conditions, although all
generally increase in the metabasites with temperature except at
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Metasedimentary rocks
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Fig. 1. Simplified pressure-temperature phase diagrams showing the stable phase assemblage for (a) an average amphibolite-facies metapelite (composition from Ague, 1991),
(b) an average passive margin greywacke (composition from Yakymchuk and Brown, 2014), (c) an average depleted Archean tholeiite (from Condie, 1981), (d) an average
enriched Archean tholeiite (from Condie, 1981), and (e) a high-Mg basalt (sample 510878 from Szilas et al., 2013). Mineral abbreviations are from Whitney and Evans (2010).
The fully labelled phase diagrams are found in Yakymchuk and Brown (2014), Holder et al. (2020), and Kendrick and Yakymchuk (2020).

high-pressure granulite-facies conditions (e.g. >800°C and >1.2
GPa) where there are inflections that coincide with the consump-
tion of hornblende.

Melt Eu/Eu* anomalies are highly variable with pressure and
temperature. Both the depleted Archean tholeiite and enriched
Archean tholeiite models have maximum Eu/Eu* melt values when
epidote is present (Fig. 3b, f). In general, the metabasites have
model melt Eu/Eu* that decrease with increasing temperature,
and Eu/Eu* that decrease at lower pressures. The temperature-

dependence is strongest near the solidus. Contours of Eu/Eu* in
melt generally track contours of plagioclase at relatively low pres-
sures (<1.2 GPa).

Contours of zircon Eu/Eu* are similar to those for the Eu/Eu* of
melt, but with some deviation due to changes in ANNO with pres-
sure and temperature. Maximum zircon Eu/Eu* values are found
in the vicinity of epidote stability and the Eu/Eu* of zircon gen-
erally decrease with temperature, and mostly increase with pres-
sure. Furthermore, the absolute values of zircon Eu/Eu* anomalies
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Fig. 2. Results of modelling of partial melting of metasedimentary rocks (modified from Holder et al., 2020, with zircon Eu/Eu* recalculated using the equation of Trail et
al., 2012). (a, e) Plagioclase proportion in the system (weight %), (b, f) Eu/Eu* (Eun/[Smy X Gdn]%?) of the anatectic melt, (c, g) oxygen fugacity relative to the nickel-nickel
oxide buffer (log units), (d, h) Eu/Eu* of zircon in equilibrium in the system. Calculated zircon Eu/Eu* anomalies are the result of both the Eu/Eu* of the melt as well as the
oxygen fugacity of the system. Contours of Eu/Eu* anomalies in zircon are generally steep, which reflects the strong influence of plagioclase mode. Absolute values of zircon
Eu/Eu* also vary based on the mineral assemblage as both the greywacke and metapelite were modelled with the same system concentrations of the REE.

are quite different between rock types. Consider partial melting
at 1.0 GPa and 900°C, which is generally the terminal stabil-
ity of hornblende in many metabasites. Zircon from the depleted
Archean tholeiite has a value of ~0.3 (Fig. 3d), whereas the en-
riched Archean tholeiite has a zircon Eu/Eu* of ~0.4 (Fig. 3h), and
the high-Mg basalt composition has a value of ~0.25 (Fig. 31).

3.2. Igneous crystallization sequences

Results for equilibrium crystallization of a model tonalite, S-
type granite, and A-type granite are presented in Fig. 4.

3.2.1. Tonalite

Cooling from the tonalite liquidus (~1050°C) to the solidus
(~630°C) results in a crystallization sequence that includes pla-
gioclase and ilmenite throughout (Fig. 4a). Hornblende is expected
from >900°C to ~700°C; after this, biotite and minor clinopy-
roxene become the ferromagnesian mineral assemblage remaining
during cooling to the solidus. Quartz crystallizes within 100 °C of
the solidus (Fig. 4a). The concentration of SiO, in the melt in-
creases substantially during equilibrium crystallization (Fig. 4d).
Oxygen fugacity decreases slightly from ANNO +4 at the liquidus
to a minimum of ANNO +2 at ~800 °C; this is followed by a slight
increase during cooling to the solidus (Fig. 4e). The Eu/Eu* value of
the melt varies from ~0.9 at the liquidus to ~0.8 near the solidus
(Fig. 4f). Eu/Eu* of zircon decreases from 0.5 at the liquidus to
~0.35 near solidus (Fig. 4g). In general, there is a moderate change
in Eu/Eu* of model zircon during crystallization of the tonalite.

3.2.2. S-type granite

The crystallization sequence of the modelled S-type granite in-
cludes plagioclase and sillimanite at high temperatures, which is
followed by K-feldspar, quartz and biotite below 900°C (Fig. 4b).
Muscovite becomes stable at ~700°C and minor ilmenite is

present during the modelled crystallization sequence (Fig. 4b).
The concentration of SiO, in the melt is stable at ~74 wt% dur-
ing crystallization (Fig. 4d); this is due to the assemblage being
quartz-buffered for most of the crystallization history. Oxygen fu-
gacity varies from ANNO of 0 at the liquidus to +2 at the solidus
(Fig. 4e). The Eu/Eu* value of the melt changes from 0.4 at high
temperatures to ~0.7 at the solidus (Fig. 4f). The modelled Eu/Eu*
of zircon slightly increases from 0.15 at the liquidus to ~0.3 at the
solidus (Fig. 4g).

3.2.3. A-type granite

The crystallization of the A-type granite is similar to that of the
S-type granite (Fig. 4c) with quartz and plagioclase crystallization
followed by K-feldspar at ~850°C (Fig. 4c). llmenite is the main
Fe-oxide present at high temperatures with magnetite joining the
assemblage at ~900 °C (Fig. 4c). Similar to the S-type granite, the
SiO, concentration in melt is buffered by quartz for most of the
crystallization sequence and stays at values of ~75 wt.% (Fig. 4d).
Oxygen fugacity decreases from +3 to +1 ANNO at high temper-
atures and increases during cooling from ~800°C to the solidus
(Fig. 4e). The Eu/Eu* value of the melt varies slightly from 0.3 at
the liquidus to ~0.2 at the solidus and tracks changes in oxygen
fugacity (Fig. 4e, f). Calculated Eu/Eu* in zircon decreases slightly
from ~0.15 to ~0.10 during crystallization (Fig. 4g).

4. Discussion
4.1. Limitations of modelling

There are several limitations to the modelling presented here.
These include: (i) the uncertainties of phase equilibrium models,
(ii) variation in published partition coefficients, (iii) modelling the
major minerals and not the accessory minerals for the metabasites
and igneous crystallization, (iv) assuming a closed system, and (v)
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however the absolute values are different for the various rock types.

assuming zircon is present and constantly equilibrating during the
metamorphic and igneous evolutions. Uncertainties in phase equi-
librium modelling are explored elsewhere (e.g. Powell and Holland,
2008) and are not repeated here. The remaining limitations in the
context of modelling Eu/Eu* in zircon are considered below, but
these limitations are not expected to affect the first-order results
and implications of this study.

We model Eu partitioning between major minerals and melt us-
ing distribution coefficients and mass balance. When available, we
use a lattice strain model for the 3+ and 2+ cations (see supple-
mentary material). We used the mineral-melt partitioning models
that are the closest match to our system and do not give unre-
alistic results, but many are calibrated for higher temperatures,
and some require an approximation that Eu?t behaves similarly
to Sr2t, which is probably justified in most circumstances (e.g.
Phillpotts, 1970). We acknowledge that different formulations of
the mineral-melt distribution coefficients will yield different re-
sults. However, the general trends in the model are expected to be
robust. With these limitations about our modelled distribution co-
efficients, our models provide first-order results that can be built
upon as our understanding of the T- and foy sensitivity of REE

partitioning between minerals and melts improves with more ex-
perimental work.

Accessory minerals (zircon, monazite, and apatite) are not con-
sidered primary repositories of the investigated rare earth ele-
ments (Sm, Eu, and Gd) in our metabasite melting and granitoid
crystallization models. In natural systems, the accessory miner-
als (monazite, apatite and allanite) can be important and even
dominant repositories of the light rare earth elements (Bea, 1996;
Hermann, 2002; Holder et al., 2020). Metamorphic monazite is
ubiquitous in metasedimentary rocks at moderate to high temper-
atures (Engi, 2017). For some S-type granites, igneous monazite
may be an important repository of the LREE during crystallization
(Bell et al., 2019). In metabasites (and some granitoids), allanite
may be present at high pressures above the solidus and may pref-
erentially partition the LREE (Klimm et al., 2008). We note that the
modelled epidote (zoisite) also strongly partitions the LREE, but
the amount of allanite-zoisite in the epidote solid solution(s) will
influence the results. In general, feldspars and accessory minerals
compete for different Eu species. Eu?* is strongly partitioned into
feldspar, and this should not reflect Eu* that is taken up by zir-
con (Kohn and Kelly, 2018). Therefore, the absence of accessory
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minerals from our models for metabasite melting and for igneous
crystallization is considered a reasonable approximation.

A final limitation of the modelling is that we consider the com-
position (i.e. Eu/Eu*) of zircon in equilibrium in the system over
a wide range of P-T conditions; these conditions may be beyond
the stability of zircon. In metamorphic systems, zircon might not
be stable at ultra-high temperatures (>900 °C) due to its high sol-
ubility and grow only during cooling to the solidus (Kelsey et al.,
2008). Even if zircon is present in natural samples, it is unclear
if its REE composition reflects equilibrium partitioning among all
phases in the system, considering the relatively slow diffusivity
of the REE in minerals (e.g. Carlson, 2012) and in silicate melt
(Mungall et al., 1999). In igneous systems, zircon is expected to
grow when the melt becomes saturated in Zr with respect to
zircon; this is a function of melt composition and temperature
(Watson and Harrison, 1983) as well as the concentration of Zr
in the melt. Depending on when zircon saturation is reached, zir-
con growth may occur during the early crystallization history or
near the solidus (e.g. Harrison et al., 2007; Kirkland et al., 2021).
However, zircon is expected to be a reasonable archive of the con-
centrations of REE in the melt from which it crystallized (Hanchar
and Van Westrenen, 2007). With these limitations in mind, we
now explore the implications of our modelling for interpreting
Eu/Eu* values in zircon for metamorphic and igneous systems as
well as for interpreting these data from detrital zircon.

4.2. Controls on Eu/Eu* in zircon

There are several important controls on the concentration of
Eu—and Eu anomaly—in zircon in igneous and metamorphic sys-
tems. These include the system composition, the behaviour of the
major minerals, the composition of the melt, and the redox con-
ditions. Each of these controls is discussed below. Note that these
variables are indirectly dependent on pressure and temperature.
Zircon Eu/Eu* values along a series of P-T gradients are plotted
against pressure (depth), plagioclase abundance, oxygen fugacity
and temperature in Fig. 5.

The composition of the system (i.e. whole-rock composition) is
a primary control of zircon composition. For example, metasedi-

mentary rocks commonly have negative Eu anomalies (relative to
chondrite), basalt and gabbro generally have negligible Eu anoma-
lies, and granitoids can have Eu anomalies that range from ex-
tremely negative (usually in fractionated melts; Sawyer, 1987) to
extremely positive (e.g. feldspar cumulates; Kendrick et al., 2022).
Zircon can grow in all of these rock types and a primary con-
trol of the Eu anomaly of newly grown zircon will be the Eu
anomaly of the system in which it grows. For example, zircon asso-
ciated with partial melting of metasedimentary rocks over realistic
P-T gradients has modelled Eu/Eu* values that vary from 0.2 to
>1 (Fig. 5a-d) whereas zircon associated with metabasite melting
varies from ~0.2 to 0.8 (Fig. 5e-h).

All of these rock types can be metamorphosed at shallow to
deep crustal (and upper mantle) conditions where various contin-
uous reactions will consume or grow major minerals. The feldspars
(plagioclase and alkali feldspar) are important repositories for Eu?*
and partition much less of the trivalent cations. By contrast, gar-
net and epidote can contain appreciable amounts of trivalent REE,
but lesser amounts of Eu?t. In metamorphic systems, epidote is
generally restricted to low-temperature melting in metabasites (i.e.
at temperatures just above the wet solidus) and plagioclase may
be absent or at a very minor modal proportion at these condi-
tions (Fig. 3a, e). Anatectic melt, and zircon in equilibrium with
that melt, at these conditions are expected to have higher Eu/Eu*
(Fig. 3b, f).

Plagioclase behaviour varies between rock types and this im-
pacts the relationship between P-T and the Eu/Eu* value of zircon.
In metasedimentary rocks, there is a quasi-linear relationship be-
tween zircon Eu/Eu* and plagioclase abundance (Fig. 5b) and this is
mainly a function of temperature and mostly independent of P-T
path (Fig. 5d). Zircon Eu/Eu* anomalies in metasedimentary rocks
are also influenced by the presence of alkali feldspar, the mode
of which generally increases with temperature. In metabasites,
plagioclase abundance is controlled mainly by pressure and not
temperature; zircon Eu/Eu* anomalies in these rocks are generally
independent of temperature (Fig. 5h). However, there is no sys-
tematic change of Eu/Eu* with pressure for individual P-T paths
(Fig. 5e) and bulk composition also plays an important role. For
example, an Eu/Eu* zircon value of 0.4 could reflect melting of a
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high-Mg basalt at ~30 km depth or a depleted tholeiite at ~50 km
(Fig. 5e). Melting at a depth of ~60 km could yield zircon with an
Eu/Eu* value of 0.45 for a high-Mg basalt or 0.75 for a depleted
tholeiite (Fig. 5e). Eu/Eu* values of zircon also do not decrease sys-
tematically with increasing depth for individual P-T paths. Con-
sider high-pressure-low-temperature metamorphism (500 °C/GPa)
of an enriched Archean tholeiite (Fig. 5e). This P-T path results
in a decrease in zircon Eu/Eu* with increasing pressure (Fig. 5e),
which is opposite to the general model of increasing zircon Eu/Eu*
with pressure for melt derived from mafic rocks (e.g. Tang et al.,
2021).

Europium anomalies in zircon and other accessory minerals
(e.g. monazite) have been used as a proxy to understand the timing
of zircon growth relative to the growth or breakdown of feldspars
in metamorphic and igneous systems (Rubatto, 2017). The ratio-
nale is that europium will preferentially partition into plagioclase
and alkali feldspar and this should be reflected by a decreased con-
centration of Eu relative to Sm and Gd in zircon that is growing in
the presence of abundant plagioclase. However, this relies on the
assumption that divalent europium (Eu?t) is an important species
in the system; trivalent europium (Eu3*) should behave like Sm3+
and Gd3t. Therefore, the proportion of trivalent versus divalent Eu
in a system is an important consideration. If all Eu in a rock were
Eu3*, Eu/Eu* of minerals should be invariant and match the whole-
rock Eu/Eu* value.

The proportion of Eu?* to Eu3t in silicate melt is a function of
temperature, fop, and melt composition (Burnham et al.,, 2015).
Holder et al. (2020) explored the controls on the proportion of
Eu3t in silicate melt during partial melting of metasedimentary
rocks, so we focus here on the controls during partial melting of
metabasites. We note that our modelled zircon Eu/Eu* in equilib-
rium with metasedimentary melt is different than theirs due to
differences in the approach used. Holder et al. (2020) assumed
negligible Eu?* incorporation into zircon such that contours of

zircon Eu/Eu* essentially parallelled Eu3*/Eu?t and ANNO of the
system. That approach was limited by a lack of data on separate
partitioning of Eu?* and Eu®* into zircon. We used the experimen-
tal zircon:melt Eu/Eu* partitioning equation of Trail et al. (2012);
this also depends on ANNO, but incorporation of Eu** and Eu3t
into zircon is implicitly tied to a much-better understood incor-
poration of Eu?t and Eu3t into melt. For this reason, for specific
cases of zircon partitioning in metasedimentary rocks, we favour
the present models.

The proportion of Eu3t generally increases with pressure and
with temperature during partial melting of metabasites (Supple-
mentary Figure S2). At granulite-facies and high-P granulite facies
conditions, more than half of Eu is expected to be trivalent for the
depleted Archean tholeiite and enriched Archean tholeiite compo-
sitions. This reduces the effect of plagioclase fractionation of Eu?*
at these conditions because less of the Eu is divalent than at lower
pressures. The role of other minerals becomes increasingly impor-
tant for partitioning Eu, which is mostly trivalent under these con-
ditions. Therefore, there is not a simple linear relationship between
plagioclase abundance and Eu/Eu* anomalies in zircon, especially
at moderate to high pressures during partial melting of metaba-
sites.

Another consideration of using Eu anomalies in zircon to infer
the depths of source melting (Tang et al., 2021) or secular change
in geodynamic processes (e.g. Triantafyllou et al., 2022) is that the
simple crystallization of granitoids can cause variable Eu/Eu* in the
melt and zircon. Fractional crystallization will amplify this effect;
fractional crystallization of plagioclase will change the Eu?t/Eu3+t
of the system and fractionation of ilmenite (or other oxide) can
change the Fe?t/Fe3* and fo; values of the system. Zircon Eu/Eu*
values will be a function of the Eu/Eu* of the melt when zircon
is growing. Granitoids can record Ti-in-zircon temperatures from
the wet-solidus (e.g. Kirkland et al., 2021; Laurent et al., 2022)
to >900°C (e.g. Moecher et al.,, 2014). Most granitoids have zir-
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con that yield Ti-in-zircon temperatures of 650-850 °C over Earth’s
history (Balica et al., 2020). Considering the uncertainties in tita-
nia activity during melt crystallization—especially in the detrital
zircon record—the temperatures may have been even higher (e.g.
Schiller and Finger, 2019). The modelled tonalite shows a zircon
Eu/Eu* value that varies from ~0.35 to ~0.45 at temperatures
between 700°C and the wet solidus; this is when most zircon
is expected to crystallize (e.g. Kirkland et al.,, 2021). Changes in
Eu/Eu* in zircon during crystallization are documented in plutons
and reflect plagioclase crystallization and fractionation (e.g. Schaen
et al., 2017). However, the values and ranges of Eu/Eu* in mag-
matic zircon suites will also be sensitive to the P-T conditions,
mineral assemblages, fop, and starting composition of the metab-
asite source (see Fig. 3).

In summary, there is no simple relationship between depth
and Eu/Eu* in zircon. Although there is some correlation between
zircon Eu/Eu* and pressure (depth) for metabasite melting, other
variables—temperature, melt fraction, source rock composition, and
foz—also significantly influence Eu/Eu* in zircon during anatexis of
metabasites and metasedimentary rocks (Figs. 2, 3) as well as dur-
ing granitoid crystallization (Fig. 4).

4.3. Potential applications of Eu/Eu* anomalies in zircon

Considering the various processes that influence Eu/Eu* in zir-
con during partial melting and melt crystallization, there is not
expected to be a simple relationship between Eu/Eu* in zircon with
depth. There is a minor correlation between plagioclase modes and
zircon Eu/Eu* (Figs. 5b, f), but this relationship is complicated by
changing foy during partial melting. This is reflected by the in-
creasing importance of the other major minerals that prefer triva-
lent Eu. Considering the limitations we have discussed here, there
are several opportunities for using Eu/Eu* in zircon to understand
the petrogenesis of granitoids and the geodynamic mechanisms
that generate them.

Europium anomalies in zircon are predicted to change with
progressive crystallization of feldspar in granitoids (Fig. 4). Link-
ing zircon Eu/Eu* from variably fractionated granitoid suites can
be used to understand feldspar behaviour during the evolution of
crystal mushes and explore the factors that contribute to rhyolite
volcanism (Schaen et al.,, 2017). Interrogating intercrystal and in-
tracrystal variations in zircon Eu/Eu* values and U-Pb dates may
also elucidate the role of open- and closed-system processes dur-
ing and after the generation and crystallization of granitoids.

Oxygen fugacity is a key factor that controls redox-sensitive el-
ements during partial melting and granitoid petrogenesis. If the
fo2 of melt can be independently constrained, this could allow us
to control for this factor in Eu/Eu* anomalies in zircon and allow us
to interrogate Eu anomalies in zircon to understand the depths and
temperatures of partial melting and melt crystallization. Consider-
ing that Ce is also redox sensitive (e.g. Trail et al., 2012), pairing
Eu and Ce anomalies in zircon can be used to model fo; changes
and better evaluate the residual mineral assemblages during partial
melting and the crystallization sequences during magma cooling.
Loader et al. (2022) modelled Ce anomalies in zircon to calculate
the temperatures and nature of the co-crystallizing phases in a Cu
porphyry system. Such applications are an important prospect for
linking the zircon composition to mineralization systems.

If we can rule out source depth as a primary cause of Eu/Eu*
variations in zircon, this opens up other hypotheses to explain sec-
ular change in zircon Eu/Eu* over time. Triantafyllou et al. (2022)
document a decrease in zircon Eu/Eu* from the Archean to the
Proterozoic (Fig. 6) that was interpreted to represent a change
in geodynamic environments. If partial melting or fractional crys-
tallization of metabasites was the dominant cause of continent
(and zircon) growth, then this change could reflect a change in
the apparent thermal gradients of metamorphism/fractionation in
the deep crust (Fig. 6). An alternative explanation is that sources
of detrital zircon evolved from predominately juvenile TTG suites
with higher zircon Eu/Eu* values (e.g. 0.3-0.5 in Fig. 3) to zir-
con generated from partial melting of metasedimentary rocks with
lower zircon Eu/Eu* values that are increasingly more reduced (e.g.
due to the presence of organic material). Although our modelled
metasedimentary compositions yield zircon Eu/Eu* values similar
to those from the metabasites, more reduced metasedimentary
rocks—that are quite common (Forshaw and Pattison, 2023)—are
expected to yield even lower zircon Eu/Eu* values. This is appar-
ent from the strongly negative Eu anomalies in S-type granites
(e.g. Villaros et al., 2009). Therefore, an increase in the input of
relatively reduced sedimentary material into the deep crust could
decrease the Eu/Eu* values of zircon through time. The increased
importance of recycled surface-derived material to the magmatic
zircon record is apparent from the increase in §'80 values of mag-
matic zircon over time (e.g. Valley et al., 2005).

Utilizing detrital zircon Eu/Eu* anomalies is a potentially im-
portant archive of secular change on Earth. We caution against
inferring simple relationships between zircon Eu/Eu* and depth
or plagioclase proportions considering the variety of factors that
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contribute to zircon trace element compositions. However, careful
integration of Eu/Eu* in zircon with other data has the potential to
reveal new insights into Earth’s evolution.

5. Conclusions

We investigate the controls on Eu anomalies in zircon using
phase equilibrium modelling of partial melting of metasedimentary
rocks and metabasites as well as felsic and intermediate magma
crystallization. Europium anomalies in melt in anatectic systems
are controlled by the bulk rock composition, the phase assemblage
(including plagioclase, alkali feldspar, and the other minerals), and
oxygen fugacity. There is an interplay between the changing oxi-
dation state of Eu and the role of the minerals that preferentially
partition trivalent Eu. There are no systematic changes in zircon
Eu/Eu* with pressure and temperature that are applicable to all
the investigated rock types. Isobaric crystallization of granitoids re-
sults in a wide range of Eu/Eu* anomalies in zircon that reflects
changing oxygen fugacity and the crystallization sequence. Consid-
ering the variety of rock types that contribute to the detrital zircon
record and the extreme variability of Eu/Eu* ratios in the small
subset of rock types that we have investigated, we suggest that Eu
anomalies in zircon are not an appropriate proxy for crustal depth
but do provide a monitor of the complex petrogenesis of granitoids
from source to sink.
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