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1 | INTRODUCTION

One of the reasons that U/Th-Pb dating of monazite is a
powerful petrochronology tool is the potential it offers
for tying absolute dates to the evolution of coexisting
garnet and thereby adding absolute time to a rock P-T
path. Central to achieving this objective is determining
which portion of the garnet coexisted with which portion
of the monazite. The first attempt to do this quantita-
tively was by Pyle, Spear, Rudnick, and McDonough
(2001), who calibrated a thermometer based on the parti-
tioning of Y between monazite and garnet in metapelite
at 450-700°C. Subsequently, Hermann and Rubatto
(2003) and Rubatto, Hermann, and Buick (2006)
extended monazite/garnet partitioning coefficients, Ky, to
the rare-earth elements (REE) by measuring grains in
granulite-facies metapelites (Figure 1). The authors used
mineral textures, mineral compositions and U/Th-Pb zir-
con and monazite dates to decide which of the several
monazite and garnet compositions co-crystallized. Three
subsequent studies (Figure 1) have reported coexisting
monazite and garnet in granulite- and amphibolite-facies
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Rare-earth element and Y partitioning between garnet and monazite was measured
in metamorphic rocks from western Norway to provide more confidence in tying
monazite U/Th-Pb dates to P-T conditions recorded in garnet. A subset of sam-
ples has low-Y garnet mantles and low-Y monazite cores that gave Y-partitioning
temperatures similar to independently determined metamorphic temperatures. In
combination with previously published data, these monazite—garnet pairs have
temperature-dependent partitioning of the HREE from Dy to Lu, and nonsystem-
atic partitioning of the LREE from La—-Gd. The temperature-dependent partition-
ing must be considered when using HREE to assess which portions of garnet and
monazite might have coexisted, but experiments are needed to place the depen-
dence on a firm footing.

garnet, monazite, partitioning, rare-earth elements

metapelite (Buick, Hermann, Williams, Gibson, &
Rubatto, 2006; Mottram et al., 2014; Warren et al., 2018)
and generated compositional pairs with Ky values similar
to those reported by Hermann and Rubatto (2003) and
Rubatto et al. (2006). Unlike the temperature dependence
demonstrated for Y partitioning, however, no temperature
dependence for HREE partitioning has been recognized.
Warren et al. (2018) demonstrated that without knowl-
edge of the temperature-dependent partitioning, the ability
to interpret REE partitioning between monazite and gar-
net is severely limited.

This paper builds on these earlier studies by integrating
data from garnet+monazite-bearing rocks from Norway
with data from previous studies. The objective of this study
is twofold: to (a) measure the partitioning of trace elements
in a range of natural monazite and garnet compositions
over a range of temperature and (b) demonstrate the tem-
perature dependence of HREE partitioning. The principal
finding is that Dy to Lu partitioning between monazite and
garnet is temperature dependent—just like Y—and this
must be taken into account when using said partitioning to
interpret rock history.
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FIGURE 1 Monazite—garnet REE partitioning reported by
Hermann and Rubatto (2003), Buick et al. (2006), Rubatto et al.
(2006), Mottram et al. (2014), and Warren et al. (2018). Y-axis is a
dimensionless ratio

2 | DATA COLLECTION

The elemental compositions of monazite and garnet were
measured using laser ablation inductively coupled plasma
spectrometry (LA-ICP-MS) and electron-probe
microanalysis (EPMA). Zoning in monazite was qualita-
tively assessed with X-ray maps created by EPMA and
measured quantitatively with LA-ICP-MS spot maps. The
LA-ICP-MS and EPMA analytical protocols and data-
reduction strategies for monazite are presented in Hacker,
Kelemen, and Behn (2015) and Holder, Hacker, Kylander-
Clark, and Cottle (2015), and data from those studies are
reprised here. Zoning in the largest garnet grains was
measured quantitatively with LA-ICP-MS rim—core—rim
line scans and EPMA line scans. A Photon Machines
193 nm excimer laser and HelEx sample cell were used,
and data were collected on an Agilent 7700S quadrupole
ICP-MS; the analyses were obtained with a 50 pm laser
spot, using a frequency of 8 Hz, a 25 s ablation time, and
an ablation rate of ~100 nm/pulse. Analyses of NIST 612
glass and the basalt standard BHVO-2 (Jochum et al.,
2007) were interleaved with the unknowns as reference
materials. Data were processed using Iolite version 2.5
(Paton, Hellstrom, Paul, Woodhead, & Hergt, 2011),
which corrects for machine drift using NIST 612 as a ref-
erence material. The basalt standard BHVO-2 was used as
the reference material for all elemental abundances other
than Y; Si was used as an internal standard, and the Si
content was set to 18 wt%. The Y values calculated by
this method are systematically elevated relative to EPMA

mass

measurements, so NIST-612 was used to calculate Y abun-
dances instead.

EPMA data collection was limited to X-ray maps of a
few garnet crystals, and line scan of one garnet. Character-
istic-X-ray intensities were measured using WDS and EDS
concomitantly. The line scan was collected at 20 kV with a
100 nA beam current and with the beam defocused to a
5 pm diameter spot. The Y La intensity was measured
using the aggregate WDS intensity measurements from two
LPET and one PET analysing crystals. The on-peak count
time was 120 s (aggregate 360 s) and the off-peak back-
ground count times were 60 s (aggregate 180 s) on both
sides of the peak position. All other elemental concentra-
tions were measured using EDS-derived Ko X-ray intensi-
ties and quantified by comparison to a reference standard
(A99 USNM 113498-1; Jarosewich, Nelen, & Norberg,
1980).

Data are summarized in Table S1; some of these com-
positions and all the sample locations are presented in
Hacker et al. (2015) and Holder et al. (2015). The garnet
data were filtered for the presence of zircon, rutile, mon-
azite, apatite, mica, and plagioclase inclusions using Zr, Ti,
Ce, P, K, and Sr abundances. The monazite data were fil-
tered for zircon and rutile in the same manner and for the
presence of quartz by removing data that yielded nonstoi-
chiometric monazite analyses.

3 | METAMORPHIC HISTORY OF
THE STUDY AREA

The Western Gneiss region experienced Precambrian
granulite-facies metamorphism, 460—425 Ma
metamorphism progressing to 425-405 Ma eclogite facies
metamorphism at up to 3.6 GPa (Cuthbert, Carswell,
Krogh-Ravna, & Wain, 2000), and then near-isothermal
decompression to 0.5-1.0 GPa during amphibolite facies
metamorphism at c¢. 400-380 Ma (Hacker et al., 2015;
Holder et al., 2015; Kylander-Clark & Hacker, 2014;
Labrousse et al., 2004; Root et al., 2005; Walsh & Hacker,
2004). This late amphibolite facies overprint occurred at
650-775°C (Garber, Hacker, Kylander-Clark, Stearns, &
Seward, 2017). All the samples in this study are pelitic or
quartzofeldspathic, and contain apatite; one (E9804J1) con-
tains xenotime and two (E9814A5, E1614C) contain allanite
(see descriptions in Hacker et al., 2015; Holder et al., 2015).

Barrovian

FIGURE 2 Gamet REE compositions, garnet zoning, and monazite REE compositions. At least two garnet grains were measured in each

sample; shown is the garnet with the most-complete record. Garnet and monazite REE compositions are shown separately for grain cores (red),

mantles (green), and rims (blue); the equivalent domains in garnet are indicated in the zoning profiles with pale red, pale green, and pale blue.

In the “garnet REE” columns, the apparent Y-MG temperatures for cores, mantles, and rims are given in red, green, and blue. Garnet core,

mantle and rim compositions presented in Table S1 are indicated with vertical lines. In the “monazite REE” columns, a yttrium X-ray map

demonstrates the zoning
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The garnet in the study area had a complicated history.
Some grew during Precambrian granulite facies metamor-
phism, others grew or recrystallized during the 440-
405 Ma subduction related metamorphism, and others dur-
ing the c¢. 400-390 Ma amphibolite facies metamorphism;
all garnet then underwent partial resorption driven by fur-
ther cooling and/or decompression (Peterman, Hacker, &
Baxter, 2009; Root et al., 2005; Walsh & Hacker, 2004).
This resorption is evident in the rounded, embayed grain
habits, and in the increases in compatible-element (e.g., Mn
and Y) concentrations in the grain rims (see below).

The monazite in the study area experienced a recrystal-
lization history similar to that of the garnet, and records U-
Pb dates of ¢. 1.6 and 0.9 Ga related to granulite facies meta-
morphism, 460-405 Ma reflecting collisional/subduction
events, and 400-380 Ma related to the late amphibolite
facies overprint (Hacker et al., 2015; Holder et al., 2015).
This study is restricted to less-complicated monazite that is
dated at 399-383 Ma. Based on protolith ages and the local
preservation of older dates in some monazite, it is likely that
the monazite investigated in this study grew during one of
the earlier metamorphic episodes, and then thoroughly
recrystallized during the final amphibolite facies event at
650-775°C (Hacker et al., 2015; Holder et al., 2015).

4 | RESULTS

4.1 | Reaction relationship between garnet
and monazite

The rocks in this study contain 5-25% garnet, plus plagio-
clase, apatite, mica, quartz, <0.1% monazite; they generally
lack xenotime and allanite. Kyanite (seven samples), silli-
manite (six) and/or staurolite (two) are present (Figure 2
lists the AKFM assemblage for each sample). As a result,
the net-transfer reaction

Y3AL AL O (YA-garnet) + Cas(PO,),(OH)(OH-apatite)
+ /4 8i0, = %/* CazAl,Si30,,(Ca-garnet)
+3/* CaAl,Si, O (Ca-plagioclase)
+ 3YPO,(Y-monazite) +'/2 H,0 (1)

of Pyle et al. (2001) is likely a fair description of the sub-
solidus P+Y+HREE transfer that occurred when these
minerals were stable. There are at least two exceptions to
this simplistic description. (a) Relict eclogite within amphi-
bolite facies gneiss reveals that most of the study area
reached pressures where plagioclase was unstable (Lab-
rousse et al., 2004; Root et al., 2005; Walsh & Hacker,
2004); monazite in a few samples recorded this event in
elevated Sr and Eu abundances and subduction-related
dates (Holder et al., 2015). At those elevated pressures,
P+Y+HREE partitioning between monazite and garnet

would have involved other minerals—chiefly clinopyrox-
ene; we mitigate this complication by excluding such mon-
azite from consideration. (b) Above the solidus, monazite
stability is reduced by the phosphorus solubility in silicate
liquid, whereas garnet abundance may increase or decrease
(Auzanneau, Vielzeuf, & Schmidt, 2006; Kelsey, Clark, &
Hand, 2008; Stepanov, Hermann, Rubatto, & Rapp, 2012);
we mitigate this complication by excluding samples that
reached temperatures above 725-750°C. The ages, tex-
tures, and compositions of minerals in the remaining sam-
ples are compatible with the coexistence of garnet and
monazite.

Reaction 1 dictates that, at subsolidus conditions, the Y
and HREE concentrations of the garnet and monazite were
controlled by the compositions of those minerals, the bulk
composition of the rock, and the ambient pressure and tem-
perature (Pyle et al., 2001; Spear & Pyle, 2010). In the gar-
net+biotite+aluminumsilicate+staurolite  stability fields—
typical of the present sample suite—increasing pressure and/
or decreasing temperature causes growth of garnet and con-
sumption of monazite, and the Y content of both is predicted
to decrease; decreasing pressure and/or increasing tempera-
ture causes the opposite (Spear & Pyle, 2010). The ratio of Y
in monazite to Y in garnet in the studied rocks varies from
10 to 1,000 (Table S1), comparable to the inverse ratios of
the modes of these minerals, such that changes in garnet
abundance likely strongly affected the composition of mon-
azite (Spear & Pyle, 2010); for example, garnet decomposi-
tion could have driven the uptake of Y by monazite.

The stability, abundance, and composition of monazite
are affected by the availability of phosphorus and LREE.
Hydroxyl-apatite contains 185,000 ppm P, monazite has
130,000 ppm P, and garnet in this study stores <100 ppm
P (Table S1). Hydroxyl-apatite typically
<500 ppm Ce, monazite in this study ~240,000 ppm Ce,
and garnet has 0.01-0.2 ppm Ce. These compositions indi-
cate that the (a) decomposition of apatite releases signifi-
cant P, increasing the monazite mode, and diluting the
abundance of Y in monazite (and garnet if it remains in
equilibrium); (b) release of Ce from apatite can have only
a minor effect on monazite mode and composition, but can
cause an uptick in garnet Ce content; (c) decomposition of
garnet releases insignificant P and Ce such that the mode
of monazite will change little in response (Spear & Pyle,
2010); decomposition of monazite releases significant P
and Ce that can stimulate apatite production, and may
cause a recognizable increase in those elements in garnet.

contains

4.2 | Zoning

All the garnet in the sample suite is zoned (Figure 2). We
divided each garnet into three zones: core, mantle and rim.
In Figure 2, these zones are depicted with red, green, and
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blue lines in the “garnet REE” columns and pale red, pale
green, and pale blue regions in the “garnet zoning” col-
umns. The boundaries between these zones range from
sharp to gradational and, for different elements, may lie in
different locations in the garnet—Iikely because of differ-
ences in element mobility—and this leads to some ambigu-
ity in defining the zones. Generally, we chose the rim/
mantle boundary based on changes in Y+HREE abun-
dances—an alternative definition, based on e.g., Mn, is
possible, but this study focuses on Y+REE.

All the garnet grains, except one (E9804KS5), have core-
to-mantle decreases in Y+HREE+Mn abundances that are
compatible with Rayleigh-type fractionation of Y+HREE
during garnet growth (Hollister, 1966); E9804K5 garnet
(Figure 2) lacks a core peak in HREE, which could be the
result of diffusional homogenization or a section not pass-
ing through the garnet core. All the garnet grains have
HREE+Mn increases at the rims. Zoning like this is typical
of Western Gneiss region garnet (Root et al., 2005; Walsh
& Hacker, 2004). Figure 3 shows that the rimward enrich-
ment in the HREE depends on ionic size, and is mirrored
by LREE loss. This type of zoning is compatible with
more extreme garnet resorption, loss of LREE, retention of
HREE, and diffusion of REE. The lengthscale of the rim-
ward REE increase in garnet cannot be measured more pre-
cisely than the 50 pm size of the laser spots, but is a few
hundred microns in most garnet.

The 50 pm spot size of the laser means that finer scale
compositional zoning is not resolved. As an example, the
EPMA line scan (Figure 4) demonstrates that the rim zoning
in garnet from sample R9823A2—wherein the Y concentra-
tion reaches >250 ppm within 10 pm of the rim—is badly
aliased by the ICP spots measurements that peak at only
92 ppm. Such aliasing must be considered when interpreting
garnet—-monazite element partitioning measured by ICP.

The interpretation that the Y+HREE+Mn increases at
the garnet rims resulted from resorption follows that of sev-
eral previous studies (e.g., Kelly, Carlson, & Connelly,
2011; Kohn, 2009; Kohn & Malloy, 2004). The alternative
—that the increases in Y+HREE+Mn were caused by the
breakdown of other HREE-bearing phases during garnet
growth (Konrad-Schmolke, Zack, O'Brien, & Jacob, 2008;
Spear & Pyle, 2010)—is unlikely for three reasons: (a)
Allanite may be involved in the growth of monazite at
lower amphibolite facies temperatures (Spear, 2010), but it
incorporates more LREE than HREE, opposite to the zon-
ing in E9804KS5 (Figure 3). (b) Xenotime may also be
involved in the growth of monazite at amphibolite facies
temperatures (Spear & Pyle, 2010) and has a garnet-like
preference for the HREE over LREE, but it does not take
up significant Mn. (c) Allanite and xenotime are present in
only three samples, and the garnet zoning in those samples
is similar to that in the other samples.
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FIGURE 3 Rim-core-rim zoning in garnet from sample
E9804KS5 shows that rimward enrichment in HREE depends on ionic
size, and is mirrored by rimward LREE loss. Maximum values shown
in parentheses

Most of the monazite in the sample suite has HREE-
rich rims. In most samples this zoning spans less than
a factor-of-2 variation (black lines in the ‘“monazite
REE” column of Figure 2). Many other samples
examined have more extreme zoning and were excluded
from consideration. For additional information about the
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FIGURE 4 Zoning in garnet (sample R9823A2), demonstrating aliasing produced by 50 pum ICP laser spots relative to 10 pm EPMA spots;

grey background shows area of overlap of EPMA and ICP data

monazite, see Hacker et al. (2015) and Holder et al.
(2015).

The preservation of REE zoning in garnet and monazite
is expected. The lengthscale for Dy diffusion in garnet for
10 Ma at 800°C is ~30-70 pm (Carlson, 2012; Van
Orman, Grove, Shimizu, & Layer, 2002); the rimward

increases in HREE in most garnet grains in Figure 2 are
within an order of magnitude of this estimate. Although
REE diffusion in monazite has not been measured experi-
mentally, the characteristic lengthscale for Dy diffusion in
xenotime for 10 Ma at 800°C is far less: 0.03-0.2 pm
(Cherniak, 2006).
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5 | INTERPRETATION

The observations and discussion above lead to the expecta-
tion that the Y-rich garnet rims and Y-rich monazite rims
developed during partial resorption of the garnet. The back
diffusion of Y into garnet and the aliasing of the near-rim
gradient in Y composition produced by the 50 pm laser
spots make use of these data problematic. Prior to resorp-
tion, however, the low-Y part of the garnet—now perhaps
preserved in the garnet mantle—likely coexisted with the
low-Y monazite. If this is correct, comparing REE parti-
tioning between the low-Y garnet and the low-Y monazite
may be possible.

The apparent temperature for all two dozen samples in
the data set were calculated using the Y monazite—garnet
(Y-MG) thermometer of Pyle et al. (2001) (Figure 5a) and
compared that to the metamorphic temperature of the rock
determined independently from other thermobarometers
(Root et al., 2005; Spencer et al., 2013; Walsh & Hacker,
2004; Table S1). We rejected from consideration all sam-
ples for which the temperature difference is >100°C. The
remaining eight samples are depicted in Figure 2 and in
red in Figure 5a, in which the calculated Y-MG tempera-
ture is plotted against the logarithm of the activity product
ratio, K. crafted by Pyle et al. (2001):

X154 x5/

Ca—garnet“*Ca—plagioclase

3 1/2
XY—monazit H,O
Keq =

3
ny gametXOH—apalile

based on Reaction 1, above. We did not measure the OH
content of apatite in the samples, and choose Xoy-apatite =
0.2 after Pyle et al. (2001); this is a minor simplification
as 100% uncertainty in this value causes <15°C difference
in temperature. Plagioclase in the samples is typically
oligoclase (Root et al., 2005; Walsh & Hacker, 2004);
Xan = 0.25 was used for all samples, noting that X, in the
range 0.15-0.35 yields temperatures that differ by <10°C.
We chose a pressure of 1 GPa and calculated H,O fugacity
using Pitzer and Sterner (1994), assuming x,0 = 1; for the
range of independent temperature estimates, plausible dif-
ferences in ff,z%)a result in <5°C difference in Y-MG tem-
peratures, but if the pressure was really 2 GPa, the
calculated temperatures are ~25°C too high. The Y was not
measured in some monazite; for these samples Y was cal-
culated using the average Y/Ho ratio from other samples in
this study (24 + 2). The Y uptake in monazite is influ-
enced by Th uptake (Seydoux-Guillaume, Wirth, Heinrich,
& Montel, 2002), but the bulk of the monazite in this study
has <3 mol.% ThSiO,4, so the effect is expected to be
<30°C for the cases considered herein. Pressure has a
smaller effect on garnet REE fractionation than temperature
(Moretti & Ottonello, 1998), but whether this is true for
monazite remains unknown. In summary, the effect of
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FIGURE 5 (a) Y-MG temperature versus In K., of Equation 1.
Blue: In K.~T data from Pyle et al. (2001) used to define the fit
for the Y-MG thermobarometer; temperatures for each datum were
determined independently as described by Pyle and Spear (2000).
Two of the In K4 values in the original publication were corrected
in consultation with F. Spear. Red: In K.-T data from this study
with calculated Y-MG temperatures that are within 100°C of
independently determined temperature. Uncertainties include
variations of 10% in Y and Xa,, 50% in ap-OH, and 1 GPa in
pressure and H,O fugacity. Green: In K.-Y-MG temperatures
calculated from monazite—garnet pairs presented in other studies.
(b) There is a clear dependence of garnet-monazite HREE
partitioning measured in this and previous studies on Y-MG
temperature; warm/cold colours show samples with high/low Y-MG
temperatures

these considerations on the Y-MG temperature is less than
our 100°C rejection criterion.

In Figure 5a, the data in blue are those used by Pyle et
al. (2001) to determine AH, AS, and AV for the thermome-
ter. In green are the Y-MG temperatures calculated from
data presented in previous studies. The Y-MG for the mon-
azite—garnet pair presented by Mottram et al. (2014) is
within 100°C of the independently determined temperature
of 650°C, but the Y values reported by Hermann and
Rubatto (2003), Rubatto et al. (2006), and Buick et al.
(2006) yield Y-MG temperatures of 518-580°C (Table S1),
more than 200°C different than the metamorphic tempera-
tures of 800-825°C inferred for those rocks from indepen-
dent means. Three of the samples analysed by Warren
et al. (2018) are within 100°C of the expected value, and
three are not.
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FIGURE 6 (a) Y-MG temperature versus In K4 of Equation 2 for the data in Figure 5a. Temperature uncertainty assumed to be +50°C, and

In Ky uncertainty determined as the average percentage difference between the true In K. value and the In K4 value calculated assuming

Xors = 0.1, Xyn = 0.25, XoH-apaiie = 0.2, p = 1 GPa, fiy,0=1.4448 GPa (see text). The fit shown is from the robust regression function of Isoplot

(Ludwig, 2003). (b-h) Relationships between monazite/garnet element partitioning and Y-MG temperature. X-axes are Y-MG temperature (Pyle

et al., 2001), and Y-axes are the elemental partitioning between monazite and garnet expressed as a ppm ratio. Temperature uncertainty assumed

to be +50°C, and ratio uncertainty assumed to be 10%. The dependences are fit using the robust regression function of Isoplot (Ludwig, 2003)

(i) Same data as (b-h) plotted to the same scale and coloured by element

6 | TEMPERATURE-DEPENDENT
PARTITIONING

The temperature-dependent partitioning evident in Y should
be present in the HREE, as suggested by Warren et al.
(2018). This is evident in Figure 5b, which shows the mon-
azite/garnet REE partitioning reported by Hermann and
Rubatto (2003), Rubatto et al. (2006), Buick et al. (2006),
Warren et al. (2018), and this study, coloured by Y-MG
temperature.

We explore the temperature dependence of HREE parti-
tioning by examining the relationship between HREE parti-
tioning and Y partitioning in Figure 6a—i. Because many
petrochronology studies of monazite—garnet element parti-
tioning do not measure plagioclase composition, apatite com-
position, and/or determine fp,—partly because of the modest
effect these variables have on Y-MG—we replot in Fig-
ure 6a the data of Figure 5a in a simplified form that depends
only on the Y contents (ppm) of garnet and monazite:

Kd _ XYfmonazite (2)
XY—gamet

The relationship between temperature and monazite—gar-
net Y partitioning is still preserved (Figure 6a), albeit with
less accuracy and precision. The HREE from Tb to Lu also
show clear partitioning by monazite and garnet (Figure 6b—
i). These relationships are quantified as correlations between
HREE,,,,/HREE,,, and Yy,n,/Ys,. The value in displaying
the data this way—rather than as HREE,,,,/HREE,, versus
temperature—is that even if the temperatures are systemati-
cally incorrect, the variation in the HREE with respect to Y
is unchanged. The fit is best for Ho (Figure 6d), the HREE

1E8
1E7
1E6
1E5
1E4

1000
100 800 °C
10 500 °C

600 °C

Monazite/garnet (ppm)

0.1

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

FIGURE 7 Temperature dependent monazite—garnet HREE
partitioning calculated from Y-HREE relationships in Figure 6

closest in ionic radius to Y. The fit degrades for ions both
larger and smaller than Ho, and is particularly poor for Tb,
Yb, and Lu. This degradation could result from (a) a nonlin-
ear dependence of partitioning, (b) inclusion of monazite
and garnet that did not co-crystallize, or (c) inaccurate mea-
surements of trace-element abundances. As noted below,
experiments are likely required to place the temperature
dependence on a firm footing. The LREE—La through Gd
—do not show a linear relationship with Y-MG temperature
OF Ymno/ Y gar because the LREEs are essential structural con-
stituents in monazite (Hanson & Langmuir, 1978); the parti-
tioning of these elements between monazite and garnet is
constant in the present data set within the uncertainty of the
measurements.

The temperature dependence of monazite—garnet HREE
partitioning quantified by the fits in Figure 6 is shown
graphically in Figure 7, and provides a systematic explana-
tion for the variation in partitioning seen in this and previ-
ous studies (Figure 5a). The implication is that monazite—
garnet pairs formed at different temperatures should have
HREE partitioning that varies by two to three orders of
magnitude. For example, pairs formed at ~800°C should
have Ky values of ~100-1,000 for all HREE, whereas pairs
formed at 500°C should have K, values that range from
~1,000 (Tb) to <1 (Lu) with decreasing ionic radius.

7 | FUTURE WORK

Experiments have been conducted to measure REE parti-
tioning between garnet and zircon (see summary in Taylor
et al., 2017), and this has enabled increasingly meaningful
application to natural rocks. Similar experiments to mea-
sure REE partitioning between garnet and monazite would
be a welcome advance. Until such experiments are com-
pleted, the identification of co-crystallized monazite and
garnet is best done with Y partitioning rather than HREE
partitioning.

8 | CONCLUSION

Monazite and garnet coexist in rocks across a metamorphic
field gradient in the Western Gneiss region of Norway.
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Partial garnet breakdown produced Y-rich rims on garnet
and monazite. When garnet was stable, Y-poor composi-
tions preserved in the garnet mantle are likely to have
coexisted with Y-poor monazite. Some of these Y-poor
garnet—-monazite pairs have the Y partitioning that is
expected for their different metamorphic temperatures.
These same monazite—garnet pairs, along with other empiri-
cal and experimental monazite-garnet pairs from the litera-
ture, also define temperature-dependent partitioning for the
HREE. The use of HREE partitioning between garnet and
monazite to assess which garnet and monazite coexisted—a
method commonly used to infer the P-T conditions of
monazite (re)crystallization—must take this temperature
dependence into account. Experiments to quantify the tem-
perature dependence of monazite—garnet REE partitioning
are encouraged.
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