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Abstract

The use of rare earth element (REE) partition coefficients is an increasingly common
tool in metamorphic studies, linking the growth or modification of accessory mineral
geochronometers to the bulk silicate mineral assemblage. The most commonly used
mineral pair for the study of high-grade metamorphic rocks is zircon and garnet. The
link from U-Pb ages provided by zircon to the P-T information recorded by garnet can
be interpreted in relation to experimental data. The simplistic approach of taking the
average REE abundances for zircon and garnet and comparing them directly to
experimentally derived partition coefficients is imperfect, in that it cannot represent the
complexity of a natural rock system. This study describes a method that uses all the
zircon analyses from a sample, and compares them to different garnet compositions in
the same rock. Using the most important REE values, it is possible to define zircon-
garnet equilibrium using an array rather than an average. The array plot describes
partitioning between zircon and garnet using Dyy and Dy,/Dgq as the defining features of
the relationship. This approach provides far more sensitivity to mineral reactions and
diffusional processes, enabling a more detailed interpretation of metamorphic history

of the sample.
KEYWORDS

Rare earth elements; petrochronology; zircon; garnet; orthopyroxene

This article has been accepted for publication and undergone full peer review but has not
been through the copyediting, typesetting, pagination and proofreading process, which may
lead to differences between this version and the Version of Record. Please cite this article as
doi: 10.1111/jmg.12254

This article is protected by copyright. All rights reserved.


mailto:richard.taylor@curtin.edu.au

1. | INTRODUCTION

For 15 years, rare earth element (REE) partitioning between zircon and garnet has
facilitated the coupling of U-Pb ages to metamorphism (Rubatto, 2002), particularly in
the granulite facies (Buick et al., 2006; Harley et al., 2001; Hermann and Rubatto, 2003;
Hokada and Harley, 2004; Kelly and Harley, 2005; Taylor et al., 2015a; Whitehouse and
Platt, 2003). The combination of in situ analysis and rapid data acquisition, particularly
through combined techniques such as laser ablation split stream (LASS) (Kylander-
Clark et al,, 2013), means that complex terranes can be interrogated with increasing
detail. However the detail provided by large datasets must be tempered with an
understanding of the processes involved—for example the relative mobility of the REE,
Ti, U and Pb (Cherniak et al., 1997; Cherniak and Watson, 2001, 2003, 2007)—and an
appreciation that these data represent zircon which has withstood intense P-T
conditions to varying degrees (Clark et al., 2009; Timms et al., 2011). The
acknowledgement that metamorphic zircon crystallizes or recrystallizes in response to
a variety of mineral reactions, as well as melt and fluid related processes is critical in
the interpretation of a metamorphic zircon age (Harley et al.,, 2007; Kelsey et al., 2008;
Roberts and Finger, 1997; Rubatto et al., 2001; Taylor et al., 2014).

Care must also be taken in studies of granulite facies rocks to identify open
system conditions and the response of accessory phases to anatexis, for example the
prolonged presence of melt or multiple episodes of partial melting that result in non-
equilibrium, or very localised equilibrium, among the phases of interest (Ashwal et al.,
1999; Clark et al., 2015; Gordon et al.,, 2016; Harley and Nandakumar, 2014; Johnson et
al,, 2015; Korhonen et al,, 2013, 2014; Raith et al,, 2016; Yakymchuk et al., 2015). Other
scenarios that may create inter-grain heterogeneity must also be taken into account
when using trace elements to interpret geochronological data. This may include, but is
not limited to, the nature of each grain’s internal zoning (Corfu et al., 2003; Taylor et al,,
2016), post-growth diffusion processes and grain interface diffusion rates (e.g. Ague
and Baxter, 2007; Dempster et al., 2017; Watson and Baxter, 2007), and reactions
involving other trace element rich reservoirs (e.g. Hermann and Rubatto, 2003;
Hermann and Rubatto, 2009; Pyle and Spear, 2003; Watt and Harley, 1993), all of which
may affect major and accessory mineral compositions.

Visualisation of REE partition coefficients (Dree) becomes more difficult with
large datasets particularly when dealing with variably recrystallized zircon or multiple
generations of garnet. Traditional methods of visualising REE partitioning data (or REE
data in general), such as the chondrite normalised REE plot, become unwieldy with
larger datasets, often masking simple trends. This leads to simplifications—such as
deriving an average REE value for a suite of zircon analyses in order to distinguish
metamorphic/recrystallized populations (e.g. Estrada-Carmona et al., 2016; Fornelli et
al., 2014; Harley and Kelly, 2007; Hokada and Harley, 2004; Raith et al., 2016; §tipské et
al,, 2016; Taylor et al.,, 2015a). This simple approach is often inadequate at describing
the complexity in empirical metamorphic datasets.

In this study we propose a new approach, utilising data from all zircon analysed,
to identify the key partitioning parameters relevant to the problem at hand. In the case
of REE partitioning between zircon and garnet (Dreg(zircon-garnet)), the behaviour of
middle to heavy rare earth elements (M-HREE)—as recorded in the absolute values of
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Dureg, and the slope from the MREE to HREE—is of prime importance. We describe a
simple method of visualising important partitioning parameters that highlight
temperature trends in experimental datasets (Rubatto and Hermann, 2007; Taylor et al,,
2015b). These trends can be used as indicators of zircon growth or recrystallization in
the presence of stable garnet or orthopyroxene. Investigation of Drgg(zircon-garnet)
values in both long-lived high-grade terranes (e.g. Southern Granulite Terrane, S. India),
and complex polymetamorphic terranes (e.g. Enderby Land, E. Antarctica) provides
insight into how partitioning information can be carefully interrogated by comparing to
experimental data, or by looking at systematic or erratic variations from experimental
data, even when dealing with issues such as variably recrystallized zircon, elemental
diffusion, and melt migration. These case studies investigate metamorphic zircon both
neocrystallized and recrystallized in the high-T granulite facies, particularly at ultrahigh
temperature (UHT) conditions, however the same approach could be applied to use at
lower temperatures or in high-P terranes with the aid of additional experimental
constraints or modelling.

2. | VISUALISING EXPERIMENTAL REE PARTITIONING DATA

Two experimental datasets aid the interpretation of zircon-garnet relationships in
metamorphic rocks (Rubatto and Hermann, 2007; Taylor et al., 2015b). Both datasets
show some degree of temperature control on the Drgg values between these two key
minerals. The experiments of Rubatto and Hermann (2007) at 20 kbar show an order-
of-magnitude variation of Dureg values over the temperature range 800-1000°C. In
these experiments there is also a factor of 2-3 variation in MgO and CaO concentrations
in garnet. Whilst chemical variation is inherent in natural systems it leaves ambiguity as
to the relative roles that temperature and bulk/garnet chemistry have on Dureg(zircon-
garnet) values. The later experiments of Taylor et al. (2015b) at 7 kbar and 900-1000°C
show a more limited Dyurgg variation, again with higher temperatures favouring HREE
incorporation into garnet. These experiments were on Ca-free, almandine-pyrope
garnet with minimal chemical variation. This may suggest that chemistry exerts a
greater control on the partitioning values than temperature, however the (Taylor et al.,
2015b) experiments were over a narrower temperature range (900-1000°C) specific to
UHT metamorphism, potentially limiting extrapolation to lower temperature. The
different pressure of the two experimental datasets, tailored to the particular geological
conditions simulated by these groups (HP-HT and UHT-LP respectively), may also have
resulted in the differences seen between the two datasets.

Figure 1 shows the experimental Drgg(zircon-garnet) data from Rubatto and
Hermann (2007) and Taylor et al. (2015b) on a traditional REE partitioning plot, in
which zircon REE values are normalised to that in garnet (values for plotting 7 kbar
data can be found in Table 1). Dgree data are most commonly visualised using this
traditional plot with Drgg values shown sequentially from La to Lu, showing partition
coefficients for all REE. The typical way that experimental Dreg(zircon-garnet) datasets
are used to evaluate empirical data, is to overlay them on natural datasets and gauge
their similarity. This approach is simple but can be sufficient to distinguish
metamorphic zircon, particularly in unzoned, neocrystallized populations. However this
method may become inadequate in terranes that have undergone polymetamorphism,
may have more than one garnet generation, or have metamorphic zircon rims formed
by recrystallization (rather than new growth), and varying degrees of chemical re-
equilibration. In this situation, as samples become more complex, it becomes necessary
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to take far more care observing individual grains within their textural context in thin
section. Even with such petrographic observation it may be difficult to determine
individual zircon generations, particularly as an average REE pattern is often used for
each zircon population (e.g. Harley and Kelly, 2007).

In order to handle larger empirical datasets in a practical manner it is essential
to distil the standard REE diagram into a plot of two key parameters which together can
represent the shape and REE abundance of the original partitioning plot. Both zircon
and garnet contain abundant M-HREE and these elements are the most sensitive to
changing environmental conditions, making them a key for identifying metamorphic
zircon. Therefore in order to describe the Dreg(zircon-garnet) relationship, we plot the
slope from the M-HREE (Dyn/Dgq), against D values for a HREE (Dyp) (Figure 2a). The
elements Gd and Yb are chosen as they have even atomic numbers, hence are more
abundant and therefore provide more robust data. As the parameters are ratios of the
REE, we plot the log values to preserve the symmetry of variations above and below
unity, resulting in a plot of log(Dyn/Dcd) versus log(Dyy). These two parameters have
been chosen deliberately as the relationship between them may covary, resulting in
potential Dreg(zircon-garnet) relationships that are clearly distinguishable on the array
plot (Figure 2b).

Figure 3 shows the experimental data (Rubatto and Hermann, 2007; Taylor et al,,
2015b) in this new array plot. The experimental data show covariance between the
parameters, providing a simple visual framework against which empirical data can be
interpreted. The plotted parameters show a trend that appears to be temperature
dependent, with both datasets showing the highest temperature experiments at the
lowest values. Dgq and Dyp, values from Taylor et al. (2015b) are the lattice strain
modelled values derived from that study, considered to be the most robust version of
the 7 kbar dataset, to which empirical data can be compared. It must be noted that even
though the experimental data can be used as a direct reference frame to which
empirical data can be compared, there are many caveats as to the nature of
experimental chemical equilibrium, such as the experiment timeframe, and the mixed
analysis required to gain zircon REE patterns. The experimental studies (Rubatto and
Hermann, 2007; Taylor et al., 2015b) discuss at some length the methods employed to
give confidence to the fact that they represent a close proximity to REE equilibrium,
however a cautious approach must always to be taken to avoid over-interpretation of
the similarities between experiments, that have significant uncertainty on the analytical
data, and empirical samples.

3. | VISUALISING NATURAL EXAMPLES

In order to obtain the most information from any empirical dataset it is preferable to
use every zircon analysis, and to evaluate the U-Pb isotopic data in relation to the trace
element data obtained from the same grain/zone (e.g. SIMS U-Pb followed by LA-
ICPMS; SIMS-U-Pb followed by SIMS-TE), or even better from the same sample volume,
with isotope and trace element data obtained simultaneously using Laser Ablation Split
Stream (LASS) (Kylander-Clark et al., 2013). The fact that the experimental data form a
trend when plotted using these parameters provides a method for evaluating empirical
Dreg data. The first test for assessing the experimental trend is a comparison with some
well-constrained geological examples plotted to assess whether natural zircon-garnet
relationships form arrays like the experimental data or simpler clusters. During the T-t
evolution of a rock, zircon growth is not instantaneous. Even in a simple case where
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growth is due to a single process, e.g. Zr saturation during melt crystallization, zircon
growth takes time and may involve scenarios such as armouring of grains within other
phases. Hence different grains may reflect growth at different temperature, and
compositional environments, creating an array even for a single age population.

The method employed here enables every analysis of ‘mineral 1’ to be plotted
against a single ‘mineral 2’ composition. In general there is more complexity in zircon
REE compositions than garnet. Additionally, as a major silicate mineral, garnet
populations can be more directly ascribed to a geological process. It is therefore
beneficial to use each analysis for zircon, and compare them to individual garnet
compositions. There is however no limit to the detail at which garnet variation can be
probed, with clear compositional populations an average may suffice, or end member
compositions could be used. In the majority of studies investigated here every zircon
analysis is plotted against an average garnet composition. For all the following
examples the empirical data are compared to the experimental data of Taylor et al.
(2015b) seen in Figure 3, which are the most relevant to the high-T, low-P conditions
studied.

3.1 | Examples from the Southern Granulite Terrane, S. India

3.1.1 | Post-peak melt crystallization

The crystallization of anatectic melt in a garnet-bearing rock provides an ideal setting
for the crystallization of zircon in equilibrium with the rims of peritectic garnet (e.g.
Taylor et al., 2015a). Whilst it makes sense that the garnet rims are in textural
equilibrium with final melt crystallization, the variation in REE composition may be
minor from core to rim, and so this forms a good test case to assess whether an array
plot provides a better test of equilibrium partitioning than a standard REE diagram.
Figure 4 shows data from an ultrahigh-temperature (UHT) garnet-orthopyroxene
metapelite from the Achankovil Zone, southern India (Taylor et al., 2015a), interpreted
to have formed on a clockwise P-T path with peak conditions of ~7 kbar and 950°C. The
normalised REE concentrations for zircon detrital cores and metamorphic rims, and for
garnet cores and rims (Figure 4a,b) show a relatively simple scenario.

Zircon growth at c. 513 Ma was interpreted in the study to be due to post peak-T
melt crystallization (Taylor et al.,, 2015a). Plotting the Drgk data on traditional REE plots
(Figure 4c - zircon/garnet cores; Figure 4d - zircon/garnet rims) produces typical
patterns, with sloping Dugree for the detrital zircon cores, and flat Dm-nree patterns with
values ~1 for the for metamorphic zircon rims. This supports the assertion that the
zircon rims are in equilibrium with metamorphic garnet based on the experimental data
of Taylor et al. (2015b). However the two plots are similar, in both cases overlapping
the experimental data of Taylor et al. (2015b) demonstrating chemical equilibrium for
metamorphic zircon with either garnet cores or rims. The differences become more
apparent when displayed on the array plot (Figure 4e - zircon/garnet cores; Figure 4f -
zircon/garnet rims). The detrital zircon data form a cloud of points with little to no
systematic variation, whereas the metamorphic zircon data form a distinct linear trend,
parallel to the experimental data from (Taylor et al., 2015b). Whilst there is no direct
need to observe the detrital data in this sample, it serves as a good example that the
linear arrays are not a ubiquitous result of the method used. When plotted against the
garnet cores (Figure 4e) the metamorphic zircon is offset from the experimental array,
however when plotted against the garnet rims (Figure 4f) the metamorphic zircon data
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are a very close match. This example highlights the efficacy of the array plot to
evaluating equilibrium zircon-garnet partitioning even in situations where variations in
garnet composition are subtle.

3.1.2 | Multiple garnet generations

The array plot can also aid in the interpretation of multiple garnet generations. A
garnet-cordierite gneiss, also from the Achankovil Zone of southern India (Taylor et al.,
2015a), contains a single, c¢. 519 Ma zircon generation with a large spread in HREE
(Figure 5a), and multiple garnet compositions. This sample is interpreted to have
formed during the same clockwise P-T path with peak conditions of ~7 kbar and 950°C.
Large, prograde garnet 1 has a depleted HREE composition, its modified rim has
comparatively elevated HREE, and a smaller, second-generation garnet 2 displays the
highest HREE (Figure 5b). Despite the large spread in zircon HREE, Drgg data still form a
single partitioning array (Figure 5c,d). The garnet 1 core does not reflect equilibrium
partitioning on either a conventional or array-style REE plot (not shown), however both
the garnet 1 rims and garnet 2 compositions overlap the experimental data with the
garnet 2 composition the sitting more centrally on the experimental data (Figure 5c,d).
3.1.3 [ Non-equilibrium zircon growth

Under certain circumstances the metamorphic zircon that crystallizes may not be in
equilibrium with the garnet in the same rock. A final example from Taylor et al. (2015a)
is a garnet-bearing granite sheet that cross-cuts the metamorphic fabric of the
previously described garnet-cordierite gneiss (peak conditions ~7 kbar and 950°C). As
with the previous samples from this locality there are some inherited, Mesoproterozoic
zircon and discordant/semi-concordant data extending towards a younger age.
Inherited zircon and later metamorphic zircon display very similar M-HREE contents
(Figure 6a), however the older/inherited grains typically have a smaller Eu anomaly
and remain steeper through the HREE.

A coherent zircon age population of ¢. 525 Ma has a consistent REE pattern
(Figure 6a), and garnet is also relatively homogenous (Figure 6b). Analyses in Figure 6
have been separated into those which show a more inherited/pre-garnet trace element
signature (high Eu/Eu*; steeper HREE slope) and those which suggest
growth/recrystallization in the presence of the low Eu/Eu* garnet-bearing rock (low
Eu/Eu*; flatter HREE) (e.g. Kotkova and Harley, 2010). Based on a traditional REE plot
the average Duree(zircon-garnet) values are very close to the experimental data (Figure
6¢) for both groups, and had therefore been interpreted as being close to chemical
equilibrium (Taylor et al., 2015a). However the array plot shows a different story
(Figure 6d); a weakly defined array that shows considerable scatter and a deviation
from the experimental array in which any Dy,/Dw-nrek ratio is greater than the
experimental trend. There is also a large amount of cross over between the high Eu and
low Eu grains highlighting that slow diffusion during recrystallization of pre-existing
zircon may not produce, chemically distinct populations.
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3.1.4 | Local-scale equilibrium signatures

Metapelitic rocks in long-lived granulite facies terranes have the potential to grow and
modify zircon and garnet throughout their metamorphic evolution due to a number of
processes occurring during the local transfer or stagnation of small volumes of anatectic
melt (e.g. Harley and Nandakumar, 2014). The resultant spread of zircon U-Pb ages has
the potential to be interpreted as reflecting a single, long-lived event or partial resetting
between separate high-T events. The Trivandrum Block of the Southern Granulite
Terrane contains garnet-sillimanite-cordierite gneisses that were particularly fertile
compositions for the growth/modification of zircon at high-T (6-8 kbar, 880-900°C;
(e.g. Braun and Brocker, 2004; Nandakumar and Harley, 2000)) during the Pan-African
assembly of Gondwana c. 600-500 Ma (e.g. Blereau et al,, 2016; Collins et al., 2014;
Fonarev et al., 2000; Harley and Nandakumar, 2014, 2016; Santosh et al., 2006a,b;
Tadokoro et al., 2008; Taylor et al,, 2014). Figure 7a shows a zircon U-Pb concordia
spread for a typical Trivandrum Block garnet-sillimanite-cordierite gneiss (from Taylor
et al, 2016; Figure 5a) from the Kullapara quarry of Harley and Nandakumar (2014). All
data for the Kullapara sample (111-002) are in Table SA.

The spread of apparent metamorphic ages for the metapelite ranges from 588 *
22 Ma to 494 + 14 Ma (uncertainties at 2o, Figure 7a). The metapelite zircon trace
element compositions—such as REE (Figure 7b)—show no consistent patterns with U-
Pb age and cover more than two orders of magnitude. Garnet compositions are also
highly variable covering more than an order of magnitude within single thin section
(Figure 7c). As with the previous example there is a distinct variation in Euy values in
zircon, though with no age correlation. It is possible that zircon with large Eu anomalies
represents neocrystallization in equilibrium with garnet, that also shows strong Eu
anomalies. The zircon with smaller Eu anomalies may reflect recrystallized zircon with
a pre-garnet Eu signature, due to the slower diffusion of MREE in zircon relative to Pb
and HREE (Cherniak et al., 1997; Cherniak and Watson, 2001, 2003). The garnet REE
broadly show three compositions: relatively speaking a low HREE group, a mid HREE
group and a single HREE analysis representing the highest value for garnet in the
sample. It is impossible to select a single Dree(zircon-garnet) value without either
arbitrarily choosing which values are “best” or taking an average of a very large range.
To try and incorporate all the possibilities on a traditional REE plot would be unwieldy.

The array plot demonstrates that despite the large variation in zircon REE
compositions, they all fall along a single array when plotted against any garnet
composition. Using the alternative garnet compositions (low, mid, and high HREE)
simply moves the array in relation to, but always overlapping, the experimental data
(Figure 7d), even though Eu anomalies suggest there may be both neocrystallized and
recrystallized grains. Despite the fact that here we have formed groups for the garnet
analyses, the natural implication is that any single garnet analysis will form DREE
values that fall on the experimental array. This implies that despite the spread of
mineral trace element compositions, and lack of trends with age, all zircon compositions
may have been in chemical equilibrium with at least some of the garnet in the sample,
i.e. have shared independent evolutions with small, garnet-bearing volumes of the rock.
As such this relationship on the array plot is likely to be the result of local-scale
equilibrium, in which the complexity of small scale processes resulted in variable trace
element compositions, but maintained chemical equilibrium between minerals over
small distances.
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3.2 | Examples from Enderby Land, E. Antarctica

The UHT rocks of Enderby Land in eastern Antarctica provide an opportunity to apply
the array plot to rocks that have undergone multiple high temperature metamorphic
events. The extreme conditions (7-11 kbar and >1000°C) endured during c. 2.8 Ga and c.
2.5 Ga granulite facies events resulted in modification of pre-existing zircon in rock with
multiple generations of garnet, and in orthopyroxene-bearing assemblages (e.g. Black et
al., 1986; Harley and Black, 1987, 1997; Harley, 1985; Hokada and Harley, 2004;
Hokada et al,, 2004; Kelly and Harley, 2005; Kusiak et al., 2013a,b). The samples from
Enderby Land contain a high proportion of recrystallized zircon domains, compared to
predominantly neocrystallized zircon overgrowths in the S. India examples. This
difference is very important, a neocrystallized grain might be assumed to lock in an
isotopic and elemental composition representing its time of formation. Whereas a
recrystallized grain will inherently have less well-defined composition due to variable
diffusion rates of U, Pb, REE, Ti etc and the necessity to either incorporate or shed these
elements via diffusional and grain surface processes in an attempt to equilibrate with its
environment. For this reason the Enderby Land samples were analysed using the LASS
system at the University of California, Santa Barbara, collecting U-Pb, REE and Ti
simultaneously (Kylander-Clark et al., 2013). Whilst LASS is not the only method that
can be employed, the combination of a large analytical dataset with this simultaneous
data collection is a powerful tool when dealing with recrystallized grains, as trends in
the data may be more apparent, and anomalies more easily distinguished. Data from
two samples from Crosby Nunatak in the Tula Mountains of Enderby Land are
presented here to assess the benefits of using the array plot to assess trace element
data. Both samples are quartz-bearing and contain abundant rutile, both exsolving from
quartz and as large euhedral to subhedral grains up to 300pum, making it ideal for 4+
cation thermometry studies (Taylor et al., 2016). Trace element and U-Pb data tables
for the Crosby samples are in Table S2.

3.2.1 | Crosby Nunatak - multiple partitioning arrays

Sample 171279/3 from Crosby nunatak is a garnet-bearing gneiss. A combination of U-
Pb and trace element data from LASS analysis shows two distinct groups of zircon
(Figure 8a). Zircon with steep chondrite normalised HREE patterns (Ybn/Gdn 10-22)
range in age from 2849 *34 Ma to 2509 +36 Ma. Zircon with flat HREE patterns
(Ybn/Gdn 1-5) form a distinct age population with a weighted mean 207Pb /206Pb age of
2451 £15 Ma (95% conf.; MSWD = 1.2). The majority of the garnet in the sample has
consistent, flat M-HREE patterns with Ybxy ~300-800 times chondrite; whereas a
second generation of garnet associated with fine-grained leucosomes shows negatively
sloping M-HREE patterns and Ybn values down to ~40.

The array plot reveals that the main generation of flat HREE garnet is closest to
being equilibrated with the c. 2451 Ma zircon, with an array close to the experimental
data (Figure 8b). It is acknowledged the array is not a direct fit to the experimental data
in this example, but the array clearly shows a zircon-garnet relationship. However, the
most striking aspect of this plot is that the older, steep HREE zircon form a negatively
sloping array in a perpendicular orientation to that expected from zircon-garnet
partitioning. This is in obvious contrast to the incoherent cloud patterns produced from
pre-existing detrital cores in other samples (Figure 4e,f). The orientation of the older
zircon array is impossible to match with the Taylor et al. (2015b) experimental data on
the array plot, even if the REE concentrations were appropriate, the orientation is
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negatively sloping, and therefore does not appear to reflect any combination of zircon-
garnet partitioning possible from typical mineral REE patterns.

3.2.2 | Crosby nunatak - zircon orthopyroxene partitioning

A second gneiss from Crosby nunatak (Sample 171279/1), having a relatively simple
mineral assemblage comprising almost entirely orthopyroxene, K-feldspar and some
quartz, contains predominantly c. 2850-2700 Ma zircon with a small number of grains
extending to a younger age c. 2450 Ma (Figure 8c). This sample has no garnet, so the
zircon data is plotted against the REE concentrations of the orthopyroxene using the
same parameters (Figure 8d).

4 | EVALUATION OF STRAIN MODELLING PARAMETERS

The concave upward shape of the Dree(zircon-garnet) traditional REE plot (Figure 1) is
the result of the dividing the zircon-melt partition coefficients by the garnet-melt
partition coefficients for each element, essentially producing an interference pattern, of
which the array plot is a simplified version. The varied position of the Dreg(zircon-
garnet) data on the array plot can be related to the possibility that each zircon
experiences minor differences in its local environment, particularly in terms of
temperature and composition (7-x) e.g. being armoured inside another phase, or at
times in contact with silicate melt through a different time interval. However the basis
for the array must also be compatible with how and why trace elements are
incorporated into zircon and garnet.

Rare earth element partition coefficients were calculated for theoretical zircon-
garnet pairs using the model of (Blundy and Wood, 1994) across the temperature range
750-1100°C, constrained here by the requirement to produce a match to the 900-
1000°C data of Taylor et al. (2015b) on the array plot. The starting point for this
theoretical approach is to use the 1000°C zircon parameters from Taylor et al. (2015b),
and to assume a relationship between ro and E (e.g. Draper and van Westrenen, 2007;
van Westrenen and Draper, 2007), which for zircon-melt systems is anchored by the
study of Hanchar et al. (2001). Constraints on the values of the strain parameters are
drawn from the Taylor et al. (2015b) experimental data, whereby an increase in
temperature results in a decrease in Ry, Do, and E (ideal site radius, ideal partition
coefficient, and apparent Young’s modulus respectively) for zircon, whilst for garnet
there is a concomitant decrease in Ro and Do, and a minor increase in E. Given that the
900-950°C experiments of Taylor et al. (2015b) produced M-HREE partition
coefficients that overlap within uncertainty, the strain parameters have been chosen to
match the modelled and experimental data across the full 900-1000°C range. These
multiple constraints—the strain model parameters varying in an experimentally
determined manner, and the resultant Dreg(zircon-garnet) values having to match both
the general shape of the traditional REE plot (Figure 9a), and the spread on the array
plot (Figure 9b)—result in a set of partition coefficients across the entire granulite
facies temperature range at 7 kbar (values for plotting modelled array can be found in
Table 1).

The calculated partition coefficients for 750-1100°C have characteristic features
on the traditional REE plot, which match those expected from experimental data:
concave-up patterns with LREE favouring zircon and the lowest points (i.e. most in
favour of garnet) in the M-HREE. Values of approximately 1 for all temperatures occur
at an ionic radius of ~1.05 A, between Eu and Gd. At 1100°C, the HREE favour garnet
with D values of ~ 0.4, whilst at 750°C they favour zircon with D values of ~ 3-5,
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producing a total spread of Dyree(zircon-garnet) of approximately one order of
magnitude (Figure 9a). Variation in the strain modelling parameter values with
temperature is relatively small in zircon Do/dT = 0.2 per °C, E/dT = 1 kbar/°C, and
Ro/dT = 2x10-> per °C. Corresponding variation for garnet are Do/dT = 0.2 per °C, E/dT =
2 kbar/°C, and Ro/dT = 1.3x10-4 per °C. All variations have been assumed to be linear,
which is unlikely to be the case in nature, especially for parameters such as E at
>1000°C, however a linear variation serves here to demonstrate the relative differences
between the two minerals.

The REE patterns for the modelled zircon and garnet appear realistic when the
Dreg values are examined relative to an idealised granite REE composition. Modelled
zircon shows flat M-HREE slopes (Figure 9c), typical for metamorphic zircon, covering
less than half an order-of-magnitude across the full temperature range, and decreasing
in REE content with temperature. Garnet shows a more complex and larger variation,
with a more negatively sloping M-HREE pattern at low-T, and more positive slopes at
high-T (Figure 9d). The resultant effect is that garnet MREE such as Gd decrease with
temperature, whilst the HREE show the opposite trend but cover less than an order-of-
magnitude in HREE. The predicted total REE contents in garnet increase up to ~950-
1000°C, and then decrease at higher temperature. This decrease in REE in garnet at
temperatures >1000°C matches the previous experimental data of Nicholls and Harris
(1980), and may be a genuine phenomenon reflecting a propensity for REE to
incorporate into melt at high-T, or an artefact of the model fit. Whilst it is possible to
create a similar set of modelled partition coefficients with steeply sloping M-HREE in
zircon, and flatter, elevated garnet M-HREE, it would require significantly different
strain parameters inconsistent with the experimental data, and therefore be almost
impossible to satisfy the additional constraint of the array plot.

5. | DISCUSSION

Using the array plot to compare natural samples to experimental data has been
demonstrated to be a useful way to evaluate Drgg(zircon-garnet) equilibrium in high-
grade metamorphic rocks. Whilst it may not provide an ultimate answer to
petrochronological studies the array approach can, and should, be used in conjunction
with textural observations, and other mineral chemistry in order to interpret
metamorphic zircon populations. The examples from S. India provide a simple range of
possibilities for using the array plot to interpret Dree(zircon-garnet) data. The first
example (Sample [12-002a - Figure 4) highlights the efficacy of the array plot to
evaluating equilibrium zircon-garnet partitioning even in situations where variations in
garnet composition are subtle. As a simple, well-constrained example it clearly
demonstrates that the metamorphic zircon-garnet relationship forms arrays similar to
the experimental data, and that the small shift in garnet composition moves the
empirical partitioning data to within uncertainty of the experimental values.

The next example (Sample [11-013 - Figure 5) takes the process a step further,
with multiple garnet generations. In this case both the modified garnet 1 rims and
garnet 2 give Drge values within uncertainty of the experimental array. This likely
indicates that the modification of the prograde garnet 1 rims in the presence of
anatectic melt occurred during the growth of peritectic garnet 2, but that the
supply/diffusion of HREE was too slow to reach the same equilibrium composition. The
better match to the late garnet supports the interpretation that the zircon age again
reflects post-peak processes (Taylor et al., 2015a). This sample also highlights that
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some datasets appear to spread far beyond the experimentally determined array at 7
kbar, and closer to the 20 kbar experimental data of Rubatto and Hermann (2007)
visualised in Figure 3, however a direct comparison with this dataset would also require
a justification regarding the relevant pressure or garnet composition.

The third Achankovil Zone example (Sample [11-014 - Figure 6) demonstrates
the array plot’s ability to show disequilibrium patterns even where the traditional REE
plot suggests Dreg(zircon-garnet) equilibrium, as suggested in the original study (Taylor
etal,, 2015a). This apparent lack of clear chemical equilibrium fits with the ages and
field relationships, where the texturally late, cross-cutting granite sheet has a zircon age
older than the metasedimentary rock into which it intruded. One explanation of these
data is that the emplacement of an externally generated melt into the crust stimulated
the rapid growth/recrystallization of zircon (e.g. Harley and Nandakumar, 2014), whilst
the host garnet-cordierite gneiss still contained its own partial melt with a lower
solidus than the granite sheet. This scenario may result in zircon ages that are closer to
the timing of peak metamorphism than the post-peak melt crystallization ages seen in
the host gneiss. Resulting in the slightly counter intuitive approach of highlighting the
use of metamorphic zircon ages that are not necessarily in equilibrium with associated
garnet. It may be that the peritectic garnet formed within the melt at source and was
transported with it, whereas the zircon may be a mix of grains that formed /modified
during transit or from rapid crystallization at shallower levels.

The two samples from the Crosby nunatak in Enderby land provide an intriguing
insight into the directions the array plot approach could be taken, identifying possible
equilibrium partitioning signature of major minerals for which there are no
experimental data. The garnet-bearing gneiss (Sample 171279/3) demonstrated both a
positive, zircon-garnet array slope for one zircon population, and a distinctly negative
array for the older zircon population. Previous examples suggest that if detrital zircon
formed in a host with no major HREE-bearing phase, as assumed for Figure 4e,f, the
result is scatter on the array plot. In contrast the coherent, negatively sloping array in
Figure 8b is likely the result of partitioning between zircon and HREE-bearing phase
that is not garnet.

Whilst there are no experimental Drgg(zircon-orthopyroxene) data with which to
compare, it is notable that the resultant array for the orthopyroxene gneiss (Sample
171279/1) is negatively sloping. If this pattern on the array plot is indeed a defining
feature of zircon-orthopyroxene trace element equilibrium, it suggests that the older,
steep HREE zircon in the garnet-bearing sample 171279/3 was in equilibrium with
orthopyroxene that is no longer present in the rock. Ti-in-zircon shows maximum
values in the older zircon for both samples in the range of 65-91 ppm, whilst the c. 2451
Ma zircon maximum values are 44 ppm, corresponding to 958-1006°C and 910°C
respectively. These temperatures suggest the older zircon reflects either a metamorphic
event at a higher-T, or potentially have grown in an anhydrous, orthopyroxene-bearing
high-T magma.

The sensitivity of the array plot enables further inferences to be made into
existing studies, beyond the interpretations of those authors at the time. For example,
the Napier Complex UHT study of Hokada and Harley (2004) (Figure 9e) presented a
number of possible scenarios regarding the timing of zircon growth and resultant flat
Duree(zircon-garnet) profiles in a sample with a minimum temperature of 950°C at 8
kbar. Comparing their analyses to the modelled array plot suggests that unlike the
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original interpretation, the garnet cores are in equilibrium with the zircon rims, and
that the late loss of MREE in garnet is therefore more likely related to the growth of late,
interstitial monazite identified in the study. The effect of this monazite growth shifts the
array plot data to the left, i.e. a change in partitioning slope without changing the Dyugee.
It is also notable that the Dreg(zircon-garnet) falls in the 1000-1050°C range of the
modelled array, which is a reasonable temperature estimate for the Napier Complex.
The timing of monazite growth relative to zircon may have a key role in variations
observed with the array approach, particularly in regions such as S. India where it is
ubiquitous.

The study of Whitehouse and Platt (2003) (Figure 9f) demonstrates the variation
in Dreg(zircon-garnet) with the modification of the garnet HREE composition during
metamorphism at 750-800°C and ~4 kbar. As the analytical traverse goes from garnet
core REE values towards the garnet rim partitioning data becomes coincident with the
modelled array, agreeing with the original interpretation. However, even the lowest
HREE rim values clusters the majority of the data around a modelled temperature of
~950°C, higher than that based on the petrological interpretation of the rocks studied.
However, this study only had partial REE data (crucially no Yb) for the extreme rim of
the zoned garnet, and therefore the array approach was not able to be applied using the
portion of the garnet most likely to be in equilibrium with the garnet, but the available
data suggests it was approaching equilibrium based on the experimental array. This
indeed highlights another frailty in the use of REE in such studies, if the necessary
mineral zones are to small to target with available analytical techniques.

Using the most important parameters to define partitioning relationships could
also provide benefits when assessing whether other accessory minerals—e.g. HREE in
monazite or LREE in apatite—were in equilibrium with silicate minerals. Currently, in
the absence of experimentally derived REE partitioning data these accessory mineral
relationships can only be determined by identifying trends based on well-characterised
natural examples, however even this may provide useful insights.

The strain modelling approach described here, which predicts Dreg(zircon-
garnet) across a range of temperatures, is fraught with uncertainty due to the number
of parameters used to fit the data. Reconciling both the array plot and traditional REE
plot with experimentally-derived data reduces the uncertainty in the parameter fits,
increasing the likelihood that the predicted partition coefficients have some value,
however there are still caveats highlighted by this approach. The fits for garnet-melt
parameters used here are not based on any previously determined models (e.g. van
Westrenen et al., 2001; van Westrenen and Draper, 2007), but are only empirically
modified to produce a satisfactory fit. The slope parameter may not be the best
description of the Dreg(zircon-garnet) values, for example ‘Dy,/Dpy’ may be more
descriptive in case studies where there is a larger degree of inflection/curvature
through the HREE. The 20 kbar dataset of Rubatto and Hermann (2007), which covers a
large range in temperature and composition, highlights the lack of experimental data to
which empirical data can be correctly fitted. It is impossible to say with the currently
available data whether any fit of natural examples to experimental data should be based
on temperature, pressure or composition. To benefit fully from the sensitivity of this
array plot approach, it is essential that further experimental data be acquired to
evaluate the importance of these variables.
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Table S1. Kullapara, S. India metapelite (sillimanite gneiss) - a) Zircon U-Pb and trace element
data for Figure 7; b) Garnet REE data for Figure 7.

Table S2. Crosby Nunatak, Enderby Land - a) U-Pb and trace element LASS data (sample
171279/3) for Figures 7 and 8; b) Garnet and Opx trace element data (sample 171279/3) for
Figures 7 and 8

Figure captions

Figure 1. Experimental data from Rubatto and Hermann (2007) and Taylor et al. (2015b) for
Dreg(zircon-garnet) in granitic melt, as displayed on a traditional REE plot. These two studies, at
20 kbar and 7 kbar respectively, provide the entire current experimental framework by which
zircon-garnet equilibrium REE partitioning is evaluated.

Figure 2. A) Theoretical variations in M-HREE distribution between zircon and garnet on a
spider plot. B) Schematic representations of the same partitioning relationships on the array
plot showing that, depending on the relationship between the slope and HREE parameters,
different possible relationships may produce anything from vertical to horizontal arrays.

Figure 3. The experimental data from Rubatto and Hermann (2007) and Taylor et al. (2015b)
(strain modelled) as they appears on the array plot. The data show a positive correlation, i.e.
covariance, between the slope parameter, log(Dys/D¢q), and the HREE parameter log(Dy), with
the lowest values in each case being from the highest temperature experiments.
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Figure 4. Empirical data from the garnet-orthopyroxene gneiss of Taylor et al. (2015a) from the
Achankovil Zone, southern India. A) Zircon REE data. B) Garnet REE data. C) Traditional REE
plot showing Dgeg(zircon-garnet) for all zircon against garnet cores. D) Traditional REE plot
showing Drer(zircon-garnet) for all zircon against garnet rims. E) Array plot showing
Dreg(zircon-garnet) for all zircon against average garnet cores. F) Array plot showing
Dree(zircon-garnet) for all zircon against average garnet rims. Array plot shows zircon
equilibrium with garnet rims based on match to 7 kbar experimental data.

Figure 5. Empirical data from the garnet-cordierite gneiss of Taylor et al. (2015a) from the
Achankovil Zone, southern India. A) Zircon REE data. B) Garnet REE data. C) Array plot showing
Dree(zircon-garnet) for all zircon against garnet 1 rims. D) Array plot showing Dgeg(zircon-
garnet) for all zircon against garnet 2. Array plot shows zircon equilibrium with garnet 2. Garnet
one rim composition is related to garnet 2 formation.

Figure 6. Empirical data from the garnet-bearing granite of Taylor et al. (2015a) from the
Achankovil Zone, southern India. A) Zircon REE data. B) Garnet REE data. C) Traditional REE
plot showing Dgeg(zircon-garnet) for all zircon against garnet rims. D) Array plot showing
Dreg(zircon-garnet) for all zircon against garnet. Array plot suggest no equilibrium signature
between zircon and garnet.

Figure 7. Empirical data from Kullapara quarry, Trivandrum Block, southern India (See Table
SA for all data). A) Concordia diagram showing all analyses of metamorphic zircon rims for
Sample [11-002. U-Pb data show a continuous spread of ages spanning almost 100 Ma. B)
Zircon REE data. C) Garnet REE data. D) Array plot showing Dgree(zircon-garnet) the position of
all zircon relative to the three garnet compositions. Numbers on are axes relevant to lowest REE
garnet composition. All zircon is in equilibrium with some garnet in the rock.

Figure 8. Empirical data from Crosby nunatak garnet-bearing gneiss (sample 171279/3), and
orthopyroxene-bearing gneiss (171279-1), Enderby Land, east Antarctica (See Table S2 for all
data). A) Concordia diagram showing U-Pb data for Sample 171279/3. Data show a main
population at c. 2.4 Ga with predominantly flat HREE slopes (Ybn/Gdn), and a continuous spread
of ages up to c. 2.8 Ga show steeper HREE slopes. B) Array plot shows a positive garnet trend for
c. 2.4 Ga zircon, but a negative slope for older zircon. C) Concordia diagram showing U-Pb data
for Sample 171279/1. Data show a main population at c. 2.8 Ga, with a small number of analyses
extending to younger ages, all zircon show positively sloping HREE patterns B) Array plot for
Dreg(zircon-orthopyroxene) has a negative slope, suggesting the 2.8 Ga grains in the previous
sample stabilised with a pre-existing, orthopyroxene-bearing assemblage.
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Figure 9. Predicted, strain modelled Dggg(zircon-garnet) values for 750-1100°C using the array
plot as an additional constraint. Model values show an order of magnitude variation for HREE
partitioning over the 350°C range using the 7 kbar experimental data of Taylor et al. (2015b).
To produce the predicted partition coefficients the model must approximate the shape of A) the
traditional REE plot, and B) the array plot. C) Modelled zircon REE concentrations produced
from the lattice strain model applied to the array plot. D) Modelled garnet REE concentrations
produced from the lattice strain model applied to the array plot. Plots E) and F) demonstrate
the applicability of the array plot to classic studies of REE partitioning. E) Hokada and Harley
(2004) UHT study from Enderby Land leucosomes shows that late monazite growth has shifted
the Dreg(zircon-garnet) values away from equilibrium. F) The Whitehouse and Platt study of the
Betic Cordillera shows that the modification of garnet during decompression and partial melting
has resulted in a Dgrgg(zircon-garnet) signature close to equilibrium with the melt-related zircon
rims.

Table 1. Values used for creating the experimental data array. A) Taylor et al. (2015b) 900-
1000°C data from Figure 3 values used are those produced by lattice strain modelling. B) 750-
1100°C data calculated for Figure 9b by extrapolating the experimental data to higher and lower
temperatures, by constraining the lattice strain parameters to the array plot.
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Table 1 - D(zircon/garnet) data for plotting

A) Experimental D(zircon/garnet) data - Taylor et al., (2015)
T (°C) log(Dslope) t logD(Yb) t
1000 -0.20 0.10 -0.35 0.08
1000 -0.10 0.04 -0.21 0.03

950 0.14 0.02 -0.003 0.0003

950 0.11 0.02 -0.02 0.00

950 0.14 0.03 0.08 0.01

900 0.09 0.02 -0.16 0.05
*uncertainties are calculated from 95% confidence of Taylor et al., (2015)

B) Lattice strain model D(zircon/garnet) constrained by array

- (Figure 10d)
T (°C) log(Dslope) logD(Yb)
1100 -0.42 -0.46
1050 -0.30 -0.34
1000 -0.16 -0.22
950 -0.02 -0.09
900 0.12 0.05
850 0.28 0.20
800 0.44 0.38
750 0.62 0.59

This article is protected by copyright. All rights reserved.



Figure 1

D_... (zircon/garnet)

100, D, (zircon/garnet) - experimental constraints
traditional REE plot
7 kbar 20 kbar
—O0— 1000°C 4 1000°C ¢ 950°C
—O—— 950°C ® 900°C ¢ 850°C

10 - 200°C < 800°C

1.
0.1

Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

This article is protected by copyright. All rights reserved.



Figure 2

A) M—-HREE plot

D_.. (zircon/garnet)
\
|
|
|
|
|

D, (z/9)

DYb(Z/g)/DGd(Z/g) or Dslope

This article is protected by copyright. All rights reserved.



Figure 3

Array plot
XP data
17 B
O
S
@é& &
&éQQ @'\QQ 05‘
K
0 /’ 1000 ¢ Iog(l:)slope)
| T | I
-1 -0.5 0.5 1
o
1000°C ‘
-0.5 ® 7bar
B k™ Taylor etal., (2015)
~
e B 20kbar
(=) Rubatto & Hermann (2007)
o
_'I | —

This article is protected by copyright. All rights reserved.



Figure 4

10000 )
A) zircon REE data B) garnet REE data garnet core
/A
1000 =
_..q:-’ 100
S zircon rims
C
O 10
=
O
LQ 7/
1 \
g_ ¥/ Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu La Ce Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
o
0.1 Sample 112-002a
Achankovil Zone, S.India
0b1 garnet-orthopyroxene gneiss
Taylor etal., (2015)
0.001
100000 . i i
C) D,(zircon/garnet cores) D) DREE(Z"ZC_”?/ galinReEtErmlws)
traditional REE plot traditiona plot
10000
=
o
< 1000
©
(®)]
S~~~
100
o
O
=
N v
L
L
a
0.1
1 E) Dy(zircon/garnet cores) F) D,(zircon/garnet rims)
array plot array plot
1 4
0.5
Dﬁ + + 0.5 - + ++
o o4 ..
o ¥ . +
zicon 4 @ @ zircon o +
rims ° 7 kbar 01 rims , 4@ 7 kbar
0.5 .- -2 ® ) data :I: ® @ ¢ data
@
-0.5 |
+ T T T T T + T T T T T
-1 -0.5 0 0.5 1 -0.5 0 0.5 1 1.5
Iog(Dslope) Iog(Dslope)

This article is protected by copyright. All rights reserved.



Figure 5
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Figure 7
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Figure 8
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Figure 9

1000 A) Strain modelled D, (zircon/garnet) B) Stralln modelled D, (zircon/garnet)
traditional REE diagram -6 -array plot X
100 D, (zircon/garnet) 0.4 7| Experimental data X
9] .. —— 950°C @ 900°C
c 750-850°C . .
5 000°C —— 1000°C 02 | @ 950°C %
g‘ — 1050-1100°C| —% @ 1000°C
>
§ 10 g ). 'X
N o)) Modelled values
& e Xo X 750-850°C
. -0.2 D] X 900°C
X X 950°C
-0.4 X 1000°C
X X 1050-1100°C
la Ce Pr Nd Sm Eu Gd To Dy Ho Er Tm Yb Lu 04 02 0 05 04 06
IC)g(DsIope)
1000 .
C) Modelled zircon REE D) Modelled garnet REE
l’;—ﬁ
D 100
=
© A
S 10
<
(@]
s
g_ La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu La Cs Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
o Zirconvalues  —— 950°C Garnetvalues —— 950°C
01 750-850°C —— 1000°C 750-850°C —— 1000°C
900°C — 1050-1100°C 900°C — 1050-1100°C
0.01
2_
E) Array plot F) Array plot
0.8 | Hokada and Harley (2004) ¢ R Whitehouse and Platt (2003) -
¢ — @ & "
ZIrcon inner cores ‘\@‘
X 11 . A€
4 zircon/garnet core t“\ I zircon/garnet core
o zircon/garnet rim zirconoutercore* -_ M zircon/garnet rim - a X ®
— >
2 X ) 3%
a o ¢ e
Dy X o xu "
i) . . X
o ’:%nr’/msx .
e (-
04 % _—
zircon rim in equilibrium with garnet core [ | zircon rim in equilbrium with garnet rim
T T T T -2 T T T T
0.4 ()} 0.4 0.8 -1 0 1 2
Iog(Dslope) Iog(Dslope)

This article is protected by copyright. All rights reserved.



