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ARTICLE INFO ABSTRACT

Editor: Claudia Romano Monazite and xenotime are common metamorphic phases that may be reliably U/Th-Pb dated to obtain absolute

ages. The utility of these minerals is significantly enhanced if a crystallization thermometer can be developed and

Keywords: applied to better establish the temperature-time (T-t) paths of crustal terranes. Here we report experiments in
Rare-ee.\rth phosphates which we have modeled the T-dependent Rare Earth element (REE) cationic exchange between coexisting
rona:lte monazite and xenotime to derive a new thermometer. We present a thermometer in which phosphates were co-
TEZ:[;E‘}:etry crystallized from 1150 °C to 850 °C at 1 GPa in a Y-REE-P205-NaCl-H0 system, with oxygen fugacity buffered at
Metamorphism the Ni-NiO equilibrium. The composition of the phosphates was quantified using a laser ablation inductively
"LREE Y
coupled plasma mass spectrometer (LA-ICP-MS). Results reveal strong correlations between logo (%)
‘Mat ‘Mat

(at. %) and 104/T(K) and our preferred calibration is:

XLREE » XV — 6714 £+ 2264
log 11 X M) = ( )_ (0.79 +1.76)
HXMZt X XMZ[ T (K)

where LREE = La, Ce and Pr, a = activity of a cation in a phase, and HaL/zI:/E)fm

of Y and/or REEs in a phosphate phase. The errors are 2 s.e. The greatest strength of this thermometer is its
versatility. One can obtain derivative thermometers based on select elements rather than the entire suite of REEs.
We showcase our thermometer’s adaptability by applying it to two studies that have published REE data on
monazite and xenotime from some quartzo-feldspathic psammites and garnet-bearing pelites that experienced
amphibolite facies metamorphism from the Naver nappe in the Northern Highlands Terrane, Scotland. The main
calibration shown above, as well as four derivative single-element thermometers (Y, La, Ce and Pr) were applied
to the first study. Upon applying these thermometers, we find that the calculated metamorphic Ts agree well with
the regional metamorphic facies. Thus, this versatile thermometer can be used in geologic environments where
monazite and xenotime co-crystallized.

refers to the product of activities

1. Introduction

To unravel the geologic history of terranes, quantifying the ther-
modynamic conditions (T, P, fO,, etc.) of the rocks during their forma-
tion and modification is crucial. Toward this end, petrologists and
geochemists have developed multiple thermometers that use spatial
petrographic relationships as well as experimentally derived phase-

equilibria relationships (Ferry and Spear, 1978; Graham and Powell,
1984; Elkins and Grove, 1990; Ghiorso and Sack, 1991; Ferry and
Watson, 2007; Thomas et al., 2010). However, there are very few phases
that record metamorphic conditions and can be reliably dated to create a
T-t path (e.g., zircon, garnet, phosphates, etc. are often used as datable
thermobarometers (Pyle et al., 2001; Seydoux-Guillaume et al., 2002;
Stowell et al., 2001; Tomkins and Pattison, 2007; Taghipour et al., 2015;
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Laurent et al., 2018; Mako et al., 2019 and Mako et al.,
Shrestha et al., 2019, Kohn et al., 2017).

Here we present a calibration of log [REE] (Rare-Earth Element)
partitioning between monazite and xenotime as a function of 10%/T.
This calibration may be used as a thermometer and applied to rocks in
which monazite and xenotime co-crystallized. We investigate REE par-
titioning by experimentally synthesizing monazite and xenotime and
quantifying the cationic exchange between these phases. These phases
are common metamorphic minerals that host measurable quantities of
U/Th and radiogenic Pb and thus can be robustly dated (Spear and Pyle,
2002; Harrison et al., 2002; Fletcher et al., 2004; Kohn and Vervoort,
2008). Monazite-xenotime thermometry has been explored previously
(Heinrich et al., 1997; Gratz and Heinrich, 1997, 1998; Andrehs and
Heinrich, 1998; Pyle et al., 2001; Seydoux-Guillaume et al., 2002;
Mogilevsky, 2007) and thermometers developed by Heinrich et al.,
1997, Gratz and Heinrich, 1997 and Andrehs and Heinrich, 1998 have
been applied to natural phosphates (Viskupic and Hodges, 2001; Janots
et al., 2008; Rasmussen et al., 2011a, 2011b; Laurent et al., 2018; Mako
et al., 2019). Heinrich et al., 1997 developed their thermometer using
natural, co-existing monazite and xenotime from pelites. Gratz and
Heinrich, 1997 designed a thermometer by synthesizing phosphates in a
Ce-Y-P-O system, while Andrehs and Heinrich, 1998 did the same in a
system closer to natural REE concentrations.

The experimental studies (Heinrich et al., 1997; Gratz and Heinrich,
1997; Andrehs and Heinrich, 1998) were important since they were
initial explorations into a system with such great potential, but there are
also some major inconsistencies across the two experimental studies. In
one study, the authors propose the pressure dependence of cationic
exchange (Gratz and Heinrich, 1997) while in the other, there does not
seem to be any pressure dependence (Andrehs and Heinrich, 1998).
Secondly, neither study shows a strong T dependence for Ce(+LREE)
partitioning into xenotime.

We have experimentally derived our thermometer at 1 GPa, by co-
synthesizing the two phases in a water-saturated Y + La-Ce-Pr-Sm-Eu-
Gd-Dy-Lu-U-Th-NaCl-P-O system using an end-loaded piston cylinder
(PC) device at various Ts (850 to 1150 °C). We buffered the oxygen
fugacity (fO2) of the experiments using a Ni-NiO (NNO) mineral redox
buffer (O’Neill and Pownceby, 1993). This redox buffer is about 0.8 log
units more oxidizing than the Fayalite-Magnetite-Quartz (FMQ) buffer.
We then calibrated the cationic exchange against 10%/T, between these
two phases by making LA-ICP-MS measurements of LREE (light REE viz.,
La + Ce + Pr + Sm + Eu) and Y + HREE (Heavy REE viz. Gd + Dy + Lu)
in monazite and xenotime. Our main calibration was designed using the
concentrations of Y, La, Ce, Pr and Gd. These elements showed the
greatest sensitivity to T as well as the greatest R? values out of the entire
REE suite and thus we selected them.

Subsequently, we tested our thermometer by applying it to published
REE contents of monazite and xenotime from quartzo-feldspathic
psammites and garnet-bearing pelites from the Northern Highland
terrane in Scotland (Ashley et al., 2015; Mako et al., 2019). The phos-
phates analyzed in this study are coeval and we have done a further
check for chemical equilibrium in a later section.

For this case study, we find a deviation of around 100 °C between our
T (471-540 °C) estimates and those reported by Mako et al., 2019
(595-666 °C) who used the empirical thermometer published by Hein-

rich et al., 1997. We also derived the metamorphic T separately using
four single element thermometers; logD}y*/*™ (426-576 °C), logD}™/*™
(480-540 °C), logD¥™/*™ (420-497 °C) and logD¥*/*™ (492-568 °C); all

vs. 10*/T (K), where DMZ‘/ Xnt % All the thermometers here

2024, and

present broadly similar results.
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2. Material and methods
2.1. Theoretical background

The exchange reaction for the system can be represented by:

(LREE)POY + (Y + HREE)PO}" < (LREE)POY" + (Y + HREE) PO}
(@)
Where LREE = La, Ce and Pr and HREE = Gd, Dy and Lu.
For (Eq. (1)), the reaction constant (K) is:
- Lot x lay @

* TTeff® x o™
Where, o = activity of a cation in a phosphate phase, LREE = La, Ce

Y/REE
and Pr and Haphosphm

in a phosphate phase.
This can be written as:

refers to the product of activities of Y and/or REEs

AT ] e e o
HalM[iFE X HaXm
where R = gas constant, T = temperature (K), and AGY is the Gibbs free
energy change for Eq. (1) when the two phases are in their standard
states.
If Henrian behavior can be assumed:

[T = (TTrieee < T [xieer) (42)

[ Lo = ( Tt X HX)?,,T’REE) (4b)
T e = (TTvieee < T i) (40)
L I;IREE ( ;,/1 :lREE H XY,:[;IREE) (4d)

where y = activity coefficient of cationic exchange between monazite
and xenotime and XX and X};*¥is the concentration (at. %) of LREE
in xenotime and Y, HREE in monazite respectively.

Combining (Egs. (3)) and (4) for all REE we obtain the relationship:

[0 TP\~
log (W = Z —AGgg 2.303RT log (H}’REE) (5)

Thus, the left side of Eq. (5) should be linearly and negatively
correlated with 1/T(K) assuming the ratio of [[ygz terms remain
constant.

2.2. Piston cylinder experiments

We synthesized the experimental phosphates in a NaCl-bearing,
water-saturated system: La-Ce-Pr-Sm-Eu-Gd-Dy-Lu-Y-P-U-Th-O which
broadly and qualitatively bears chemical similarity to natural systems.
To emulate natural metamorphic fluids, we added NaCl (Rauchenstein-
Martinek et al., 2016; Yardley, 2013). To make the experimental charge,
we mixed reagent-grade Y, REE and actinide salts (Table 1) in an agate
mortar. We then loaded a portion of this mix along with crystalline
H3POy4, NaCl, and 18.2 MQ-cm H,0 (Table 2) into a 5 mm Pt capsule.

The Pt capsule was inserted into an oxidized Ni bucket with NiO
powder + HyO. Afterward, a 0.1 mm thick Pt sheet was cut to cover the
capsule, and a 2 mm thick oxidized Ni lid was placed on top of the sheet.
This entire assembly was put into a fired pyrophyllite bucket and placed
into a graphite furnace, inside a borosilicate sleeve, girdled at the top
and bottom by MgO filler pieces. This whole assembly was insulated
using hollow cylinders of compressed NaCl and wrapped in Pb foil. The
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Table 1
REE-chloride and actinide components (Mix 1) used
as a part of the experimental charge.

Chemical Added (mg)
LaCls 71.48
CeCl3 141.85
PrCl; 16.97
YCl; 222.34
SmCly 7.17
EuCl; 7.1
GdCl; 7.3
LuCl3 0.93
DyCl3 8.09

UO0,Cl,.2H,0 5.88

Th(NO3)4 27.7

experimental assembly is shown in Fig. 1.

The sample was pressurized to 1 GPa, which was displayed on a 20
cm Heise pressure gauge, and heated at 100 °C/min to the dwell T. The
temperature was monitored using a W75Re25 and W97Re3 thermo-
couple wire, procured from Concept Alloys Inc. (accuracy of +3 °C as
stated by the company), encased in mullite. At the end of its dwell time,
the experiment was quenched by cutting off power to the instrument.
Afterward, we carefully opened the Pt capsule to collect the experi-
mental fluid and then extracted the mineral phases. We then mounted
the mineral phases on double-sided tape, which was then cast onto a 1"
epoxy disc and polished using 1 pm alumina powder followed by a
colloidal solution of silica (~0.05 pm). The experimental products were
imaged using a Hitachi TM4000 benchtop SEM (Scanning Electron Mi-
croscope), housed at the University of Rochester, after polishing to make
sure that sizeable crystals of monazite and xenotime had crystallized.
After imaging, the phases were measured using an LA-ICP-MS.

Before the main experiments (Table 2), we performed some explor-
atory experiments without buffering the oxygen fugacity. These were
done in a simple Ce(OH)3-Y(OH)3-P205-H50 or a CeCls-YCl3-P2;05-H,0
system (See Supplementary Information) at a suite of Ts and 0.7/1 GPa
to optimize the experimental charge, capsule design, and the experi-
mental duration. To rule out any significant instrumental errors from
experimental pressure, we also performed NaCl melting experiments to
calibrate the true pressure vs. nominal pressure for our piston cylinder
(See Supplementary Information).

2.3. Synthetic standards

We grew monazite (CePO4) and xenotime (YPO4) in a 1 atm tube
furnace (Cherniak et al., 2004) to use as matrix-matched standards for
laser ablation measurements. The flux-grown monazite was used to
calibrate the [Ce] in both phosphate phases, and the flux-grown xen-
otime was used to calibrate the [Y] in the same. Monazite and xenotime
were synthesized by fluxing CeCl3/YPO4 and H3PO4 in Li,CO3 and MoOs
in a 25 mL Pt crucible. Monazite was grown by holding the sample at
~1350 °C for 3 h, followed by cooling to 950 °C at 3°/h for a total
duration of ~5 days. Similarly, xenotime was synthesized by holding the
crucible at 1350 °C for 9 h and then cooling to 900 °C at the same rate.

Table 2
Experimental details and conditions.
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After the fluxing, the crystals (0.5-2 mm and largely inclusion-free)
were extracted, cleaned in an ultra-sonic cleaner, cast onto a 1” epoxy
disc, and polished (Fig. S7).

2.4. Mass spectrometry measurements

2.4.1. Experimental products

Monazite and xenotime were analyzed with the University of
Rochester Cetac (formerly Photon Machines) Analyte G2 193 nm exci-
mer LA system coupled to an Agilent 7900 quadrupole ICP-MS. We used
this setup to analyze the experimental products and NIST glass stan-
dards. The LA system has a HelEx II sample chamber where samples are
transported to the ICP-MS after ablation using He as a carrier gas. He-
lium flows in the HelEx chamber at 0.6 L/min and in the carrier gas tube
upon exiting the chamber at 0.2 L/min. Before the sample was intro-
duced into the plasma, we also introduced Ar as a carrier gas at 1.3 L/
min.

We used a sample-standard bracketing system in which the standards
were flux-grown phosphates and NIST610. The latter was used to cali-
brate all the analytes except Ce and Y. Cerium and Y are the predomi-
nant cations in the experimental mix, and possible matrix effects are
minimized for these two cations. There is a 20% difference in

Thermocouple wire in insulator

I rtfoilcover

\Pt ] Graphite Furnace
Capsu e Borosilicate sleeve
NaClinsulating cell
wrapped in Pb foil
] MgO filer piece
=1 MgO lid
| Nickel lid
— Nickelbucket
E Experimental mix + H,, 0 n Ptcapsule
Nickel oxide | Anhydrous pyrophyliite bucket
powder +water £{
—

1 MgO filler piece

19.05 mm

Fig. 1. Illustration of the experimental assembly used to derive the main
thermometer. The assembly comprised of a graphite furnace surrounded by
borosilicate glass. The whole assembly was encased in compressed NaCl. The 5
mm diameter Pt capsule was welded at the bottom and inserted into an oxidized
Ni bucket, 8 mm long. The capsule had a Pt foil and oxidized Ni lid, 2 mm tall
on top of it. The capsule was sealed by the Pt foil during cold pressurization.
The Ni bucket was surrounded by MgO which was the pressure media. Addi-
tional details may be found in Trail et al., 2019.

Experiment T (°C)/P Experiment duration NiO added” Mix1(mg) H3PO4 NaCl H,O Fluid collected post-experiment
name (GPa) H) (mg) (mg) (mg) (mg) (uL)
MXT1 45N 1150/1 48 19.45 19.52 8.69 2.1 17.27 1.5
MXT1_4N 1100/1 48 18.02 18.08 8.6 5.62 27.6 1.3
MXT1.3.5N 1050/1 48 16.68 19.27 9.97 2.52 14.33 4.25
MXT1_3N 1000/1 48 17.23 18.42 8.39 4.77 30.69 -
MXT1_2.5N 950/1 168 19.23 19.89 9.74 1.42 49.53 4
MXT1_2N(II) 900/1 168 19.51 19.51 11.02 1.39 23.76 1
MXT1.1.5N 850/1 336 19.23 19.57 8.84 2 29 3.25

2 Amount of NiO added to the bottom of the Ni bucket.
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concentration for Ce in xenotime and an almost 50% difference for Y in
monazite if we use NIST610 instead of a matrix-matched standard
(Table 3). We therefore decided to use a matrix-matched standard.

We analyzed the experimental phosphates by pulse-firing the laser at
a fluence of 4.72 J/cm2 for 15 s with a pulse frequency of 10 Hz. We
used a 5 pm circular spot on all experimental phosphates. Preceding the
15 s ablation period was a 20s period during which the background
signal was collected and succeeding it was a 35 s period during which we
allowed the system to flush with carrier gas in preparation for the next
analysis. We analyzed 140ce 8%y 1391, 141p. 147gy 153, 155Gq,
163Dy, 175Lu, 232Th, 23817 and 3'p. Phosphorus-31 was used as the in-
ternal standard, while the rest of the REEs were used to calibrate the
thermometer. For the raw data calibration, we used the Iolite 3.32
software package (Paton et al., 2011).

We were able to extract and analyze (Details in Supplementary in-
formation) the experimental fluid of 13 experiments (including those
discussed in the main text and the supplementary information) after
they were completed (Table ST4).

3. Results
3.1. Experimental data

The phosphates are euhedral to subhedral and range from <1 to 10
pm, depending on the temperature and the duration of the experiment
(Fig. 2). For the lowest T experiment (850 °C) monazite grains were
approximately 10 pm, whereas the xenotime were ~ 1 pm. In the case of
the latter, they were not large enough to analyze and no chemical data
are reported for xenotime from this experiment. Table 4 presents the
average REE concentrations of the monazite and the xenotime for the
experiments. Since we have used a small spot size and our mounts have
clusters of both phosphates, we scrutinized the data for anomalies. We
did notice some inclusions of xenotime in monazite and vice versa in
some of the larger grains and thus data that are clean with uniform Ce
and Y signals throughout the laser ablation integration were used to
derive elemental concentrations. Approximately 90% of the data
collected met these criteria.

The respective [Y] and [Ce] of monazite and xenotime decrease with
temperature. This trend is expected if we write the following exchange
reactions:

YPO" & YPOM! (6a)
CePOM! & CePO™ (6b)

and the respective derivative partitioning relationships with T:

_AG? o
5303n7 ~ l08 1v = log DY 7a)
_AG? ot

e nt/Mzt
W - log Yce = lOg DCe (7b)

Where AG) Jc. 1s the change in Gibbs free energy in the standard state
for Egs. (6a)/(6b), and R is gas constant in J/(mol x K).

The monazite have [Y] that range from 26.60 + 1.54 at.% at 1150 °C
to 16.13 4+ 1.62 at. % at 850 °C (2 s.e.). Xenotime have [Ce] of 0.66 +
0.07 at.% 1150 °C to 0.46 + 0.02 at.% at 900 °C.

Along with the composite correlations involving multiple REEs, we

Table 3
Differences in reported concentrations for phosphates grown at 1100 °C based
on calibration standards.

Y in monazite (wt%) Ce in xenotime (wt%)

Matrix matched std. 0.63 + 0.02 14.40 + 0.71
NIST610 calibrated 0.93 + 0.04 17.65 + 2.15
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also correlated the partitioning of each REE between monazite and
xenotime with 10%/T. If the compositions of two phosphate phases in an
experiment are in equilibrium, the AG? of each of these partitioning
reactions may be related to the partition coefficient through:

—AG°

_ — DMzI/Xm
2303RT 087 =108 ®

Eq. (8) is a linear correlation between Log D vs 1/T(K). Therefore,

% is the slope of the correlation and thus AG® can be calculated using

the following formula:
AG® = —mx 2303 xR ©)

Where m = experimentally obtained slope of the regression line of
each REE.

We also observed that significant quantities of Th and U (Table 4)
were incorporated into both phosphate phases. While this is commonly
observed assuming the two proposed substitution mechanisms;

REE* + P**>Th/U*" + Si*" (Huttonite) (10a)

2 REE* —Cd** + Th*" (Cheralite), (10b)

these require the presence of Ca and/or Si in the system which are absent
in our experimental charge. Thus, future studies could be conducted to
explore the precise nature of the substitution mechanism for both acti-
nides.

4. Discussion
4.1. Thermometry model

The monazite-xenotime partition coefficients of individual REEs + Y
are also shown against 10%/T (Fig. 3A). These correlations show that the
LREEs (La, Ce, Pr, Sm and Eu) prefer the monazite structure

((DLREE)MZ‘/X” > 1) while the HREEs (Dy and Lu) and Y prefer the

xenotime structure <(DY‘HREE)MH/ xnt q ), as observed by Franz et al.
(1996). Gadolinium prefers the monazite structure at our experimental

Ts ((DGd)MZt/ L | ) However, the Gd regression line has a negative

slope. This implies that at lower Ts (~700 °C and below), the (DGd)MZ[/ Xnt
will be <1 and Gd is predicted to prefer the xenotime structure. This
experimental prediction is observed in nature (Franz et al., 1996).

Of all the REEs shown in Fig. 3A, we find that Y, La, Ce and Pr re-
gressions have the greatest sensitivities and the greatest R2 values and so
we combined the data for these elements to formulate a calibration in

XLREE , xV

the form of Eq. (5). Fig. 4 shows the relation between log (fo;;ﬂ XXn;m)
‘Mzt ‘Mzt

and 10*/T (K). Where LREE = La, Ce and Pr.
The calibration has the equation:

XLREE XY _
x MZ') _ (ZOTI8E2264) 794 1.76) (R = 0.9)

I Xnt
’ <Hxﬁ§fﬁ XXl T (K)
an
Table 5 lists the data that were used to create the calibration of Fig. 4.
-LREE x Y
The concentration values (at. %) used to derive the log %
HXMZt XHXxm
values were obtained from Table 4. For example, for the experiment
done at 1150 °C,

Hx;fff x XY, = ([La] x [Ce] x [Pr] in Xnt ) x ([Y]n Mzt)

-(0.28+0.03) x (0.65+0.03) x (0.20+0.02 ) x (26.60 % 1.54)
=1.0040.18
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o ‘ y \ , of
s“ Xenotime ‘1‘) "~

Monazite “
K

Fig. 2. Representative Back Scattered Electron (BSE) images of experimental monazite (light gray phase) and xenotime (dark gray phase) and the large range of
crystal sizes encountered in our experimental products. Also shown are examples of ablation spots (5 pm).

Similarly,
TR x x5, = (25.60 +5.22) x 10°

Thus,

XLREE 5 XY 1.00+0.1
log(n Xnt X Mzz) :log<( 00 0.18

e e i | = —S541£0.12.
TIXGEE % XY 25.60 +5.22) x 104)

While most of these correlations are quite sensitive to T, if we can
create subsequent calibrations using ratios of element pairs with the
greatest difference in regression line slopes, which are a function of AG®,

their sensitivity to T will be magnified. For example, the log(Dyq)"*/*™

and log(Dy)*/*™ regressions have slopes of 0.25 and — 0.12 respectively
but the log (Dp./Dy)M*/X1t vs. 10*/T regression has a slope of 0.37 which
has a greater absolute value and therefore implies greater sensitivity to
changes in T. Fig. 6 presents of some derivative calibrations like the log
(Dee/Dy)M?/ X0t ys, 10%/T regression. The regression lines involving the
elements with the greatest difference in AG® (Lasy, Ce/y, La/Gd, etc.)
have greater slopes implying greater sensitivity to T compared to the
elements with smaller differences in AG® (Ce/Pr). This is shown in Fig. 5.
The regression lines of Figs. 3A and 5 have the general form

}Mzt/Xm _ 10* x (A + 6/\)

T® +(B£oy). 12)

l og [D Element

where A and B are experimentally derived parameters and ¢ is the 2 s.e.
associated with them. Table 6 shows the values of the experimentally
derived parameters for each of the calibrations.

4.2. Natural monagzite and xenotime of the Northern Highland Terrane

With the partitioning systematics explored, we have applied our
thermometer to published monazite and xenotime data from quartzo-
feldspathic psammites and garnet-bearing pelites from the Naver
nappe in the Northern Highlands Terrane (Mako et al., 2019; Ashley
et al., 2015), metamorphosed to the amphibolite facies.

Eleven hand samples were presented in Mako et al., 2019 (NT-01
through NT-11). Based on the petrography and Zr-in-titanite thermom-
etry from one of the samples (NT-02), the Naver nappe experienced
upper amphibolite to granulite facies metamorphism (600-739 °C; 6-9
kbar (Mako et al., 2019)). They also used the monazite-xenotime ther-
mometers of Heinrich et al., 1997 and Pyle et al., 2001 to report equi-
librium Ts of 393-675 °C and 510-600 °C respectively. While the Gratz
and Heinrich, 1997 and Seydoux-Guillaume et al., 2002 thermometers

return Ts of 625-790 °C for most of the samples. Finally, the Gratz and
Heinrich, 1998 thermometer based on Gd partitioning provides esti-
mates of 910-1150 °C. Mako et al., 2019 prefer the T estimates of the
Heinrich et al., 1997 thermometer (393-675 °C) since it is most com-
parable to the petrographic T estimates. While the T estimates of around
600-675 °C corroborate the petrographic observations, at these Ts, the
samples in question ought to have evidence of partial melting that Mako
et al., 2019 were unable to detect.

Of the eleven samples, one of them (NT-02) is a titanite-bearing calc-
slicate and no phosphate data has been reported for it. From the
remaining ten, we have eliminated two samples (NT-01 and NT-04)
since the monazite show strong zoning patterns indicative of an
igneous origin and therefore equilibrium with xenotime could not be
evaluated by Mako et al., 2019. Two more samples have been excluded
(NT-07 and NT-09) since they do not contain any xenotime and the Ts
reported by Mako et al., 2019 are minimum T estimates. Another sample
also does not contain xenotime (NT-10) but the monazite in this sample
are texturally and compositionally similar to those in a xenotime-
bearing sample (NT-11) and are thus considered to be in equilibrium
with xenotime by Mako et al., 2019. The analyses that had percentage

discordance (100 — ( (M) *100 )) between —10 and 10 were

207535 Age

selected for discussion. Of all of the samples, that have both phosphate
phases, monazite and xenotime are broadly similar in age. Our selected
samples have average 27Pb-29°Pb ages between 412 + 26 and 440 + 24
Ma (average of the entire monazite and xenotime population from each
sample; errors are 2 s.d.). These similar ages suggest that our selected
samples experienced the same metamorphic event and that we have
quantified the same. There were some analyses (8 out of 310) that were
within our discordance limits but had high ages (650-970 Ma); these
were discarded.

4.2.1. Evaluation of chemical equilibrium

Before we applied our thermometers, we performed a test to assess
whether the REE contents of co-existing natural phosphates are consis-
tent with chemical equilibrium. First, we derive two empirical ther-
mometers using our experimental data: one that relates log [Y] in
monazite (at. %) vs. 10%/T (K) and another that relates log [La*Ce*Pr] in
xenotime (at. %) vs. 10%/T (K). They are:

(— 1136 +240)

log[Y]Mzt — T (K)

+(2.21£0.10) (R* = 0.95) 13)



Table 4

Average REE and actinide contents (At. %) of experimental monazite and xenotime.

Experiment Phase T(°C)/P Duration of n [Y] (& 2 s.e.) (%) [La] (£ 2 s.e.) (%) [Ce] (£ 2s.e.) (%) [Pr] ( 2 s.e.) (%) [Sm] (£ 2s.e.) (%) [Eu] (£ 2 s.e.) (%) [Gd] (£ 2s.e.) (%)
name (GPa) Expt. (h)
MXT1. 4.5 N 1150/1 48 14 2660 + 1.54 2311 + 331 3720 =+ 3.62 3.17 + 0.35 1.38 + 016 130 <+ 016 1.41 0.09
MXT1_4N 1100/1 48 6 24.09 + 2.93 23.50 + 5.59 39.25 + 10.71 3.26 + 0.82 1.26 + 0.35 1.11 + 0.28 1.18 + 0.34
MXT1.3.5N 1050/1 48 10 2209 =+ 1.84 2393 £+ 192 4157 + 3.26 3.40 + 0.30 145 + 016 130 + 015 116 <+ 0.11
MXT1_3N Monazite 1000/1 48 19 19.00 =+ 1.39 2403 + 194 4351 + 3.57 3.40 + 0.31 145 + 012 132 £+ 0.09 113 + 0.08
MXT1.2.5N 950/1 168 8 20.10 + 2.29 24.58 + 3.85 41.68 + 4.14 3.72 + 0.40 1.54 + 0.18 1.35 + 0.12 1.06 + 0.09
MXT1_2N(II) 900/1 168 5 1715 + 1.51 2370 + 342 4646 <+ 5.25 3.43 + 0.47 143 + 018 128 + 014 108 <+ 0.12
MXT1.1.5N 850/1 336 12 1613 + 1.62 2625 + 2,65 5283 =+ 4.90 3.73 + 0.38 150 + 015 138 + 013 1.06 + 0.08
MXT1 4.5N 1150/1 48 6 93.54 + 0.27 0.28 + 0.03 0.65 + 0.03 0.20 + 0.02 0.50 + 0.05 0.68 + 0.08 0.96 + 0.08
MXT1_4N 1100/1 48 19 9449 + 7.89 0.20 + 0.01 0.65 + 0.04 0.16 + 0.01 040 + 003 055 + 004 078 £+ 0.06
MXT1.3.5N 1050/1 48 14 9445 + 9.79 0.23 + 0.02 0.68 + 0.06 0.14 + 0.01 042 + 005 062 + 007 087 <+ 011
MXT1_3N 1000/1 48 10 93.52 + 13.39 0.13 + 0.02 0.56 + 0.05 0.13 + 0.02 0.41 + 0.06 0.58 + 0.08 0.82 + 0.12
MXT1.2.5N 950/1 168 10 9458 £ 6.55 0.17 + 0.03 0.61 + 0.07 0.13 + 0.01 041 + 003 050 + 010 077 £+ 0.23
MXT1_2N(II) 900/1 168 6 93.12 + 3.97 0.11 + 0.01 0.46 + 0.02 0125 + 0.006 044 £+ 0.02 063 + 003 08 £ 0.04
MXT1_.1.5N Xenotime 850/1 336 - - - - - - - - - - - - - - - - - - - - - -
Experiment Phase T(C°C)/ Duration of n [Eu] (+ [Gd] (= [Dy] (+ [Lul (= [Th] (= [U] (=
name P(GPa) Expt. (h) 2s.e) 2s.e) 2s.e) 2s.e) 2s.e) 2s.e)
(%) (%) (%) (%) (%) (%)
MXT1.4.5N 1150/1 48 14 1.3 + 016 1.41 + 0.09 1.14 + 0.11 0.05 + 0.01 4.28 + 0.58  0.39 + 0.06
MXT1_4N 1100/1 48 6 1.11 + 0.28 1.18 + 0.34 1.02 + 0.22 0.04 + 0.01 4.95 + 0.98 0.35 + 0.08
MXT1_3.5N 1050/1 48 10 1.3 + 0.15 1.16 + 0.11 0.99 + 0.05 0.04 + 0.01 3.71 + 0.51 0.36 + 0.05
MXT1_3N 1000/1 48 19 132 =+ 009 113 +£ 0.08 094 =+ 0.08 0.023 =+ 0.002 423 + 032 097 =+ 0.11
MXT1.2.5N 950/1 168 8 1.32 + 0.12 1.03 + 0.09 091 + 0.09 0.033 + 0.004 4.21 + 0.57  0.66 + 0.05
MXT1_2N(II) 900/1 168 5 1.28 + 0.14 1.08 + 0.12 0.9 + 0.09 0.03 + 0.01 4.19 + 0.6 0.34 + 0.05
MXT1_.1.5N Monazite 850/1 336 12 1.38 + 0.13 1.06 + 0.08 0.87 + 0.07 0.02 + 0.01 3.85 + 0.43 0.42 + 0.03
MXT1.4.5N 1150/1 48 6 0.68 + 0.08 0.96 + 0.08 2.5 + 0.25 0.56 + 0.07 0.06 + 0.01  0.06 + 0.01
MXT1_4N 1100/1 48 19 0.55 + 0.04 0.78 + 0.06 1.99 + 0.16 0.37 + 0.03 0.2 + 0.02 0.19 + 0.03
MXT1.3.5N 1050/1 48 14 0.62 + 0.07  0.87 + 011 211 + 0.23 0.38 + 0.05 0.07 + 0.01  0.05 + 0.01
MXT1_3N 1000/1 48 10 0.58 + 0.08  0.82 + 0.12 216 + 0.32 0.37 + 0.05 0.45 + 0.06 0.88 + 0.16
MXT1_2.5N 950/1 168 10 0.53 + 0.05 0.84 + 0.07 2.2 + 0.21 0.36 + 0.03 0.07 + 0.01 0.11 + 0.02
MXT1_2N(I) 900/1 168 6 0.63 + 0.03  0.89 + 0.04 222 + 0.09 0.33 + 0.01 0.89 + 0.05 0.78 + 0.06
MXT1_.1.5N Xenotime 850/1 336 - - + - - + - - + - - + - - + - - + -

IID4L @ pup Lnypmoyd ‘M

656121 ($20T) 89 301020 DoNUYD
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Fig. 3. A Change in Monazite/Xenotime partition coefficient with 10*/T for each REE and Y. These regression lines follow the functional form of Eq. (6) and may in
principle be used individually as thermometers. However, the T sensitivities of Y, La, Ce and Pr are greater than the rest of the REEs (Sm, Eu, Dy and Lu) which have
near-zero slopes. This implies that the standard-state enthalpy change (AH®) for the rest of the REEs is also near-zero. Thus, Y, La, Ce, Pr and Gd have been used to
create our main calibration (Eq. (10)). B: AG%f the REE exchange reactions derived from the regression lines of Fig. 3A. These values have been derived using Eq. (9).
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Fig. 4. Primary thermometer derived using the elements Y, La, Ce, Pr and Gd. §> Ce/Pr (-0.01)
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Fig. 5. Derivative thermometers from partition coefficients calculated for in-
dividual elements. Note the greater T sensitivity for calibrations involving el-
ements with greater differences in AGP values (Ce/Y, La/Dy, etc.).

Table 5
Products of concentrations used to derive the calibration of Fig. 4. All errors are 2 s.e.
o 4
T (°C) 10*/T(K) TIXEREE x []XY, TIX55" % TT1X e o <HX§§{‘"E X [1Xivae
TIXGEE® * [[X
1150 7.03 9.96E-01 + 1.81E-01 2.55E+05 + 5.22E+04 —5.41 + 0.12
1100 7.28 4.97E-01 + 8.64E-02 2.84E+05 + 1.27E4+05 —5.76 + 0.21
1050 7.56 4.92E-01 + 9.51E-02 3.20E+05 + 5.66E+04 -5.81 + 0.11
1000 7.86 1.80E-01 + 4.31E-02 3.33E+05 + 6.82E+04 —6.27 + 0.14
950 8.18 2.60E-01 + 6.62E-02 3.54E+05 + 7.64E4+04 —6.13 + 0.15
900 8.53 1.10E-01 + 1.56E-02 3.52E+05 + 8.21E+04 —6.51 + 0.12
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Table 6
Experimental parameters derived for each of the individual Y + REE
calibrations.

Element A(+2se) B(+2s.e) R?
YA -0.121 + 0.031 0.286 + 0.244 0.94
La® 0.249 + 0.125 0.200 + 0.972 0.80
CeC® 0.144 + 0.078 0.730 + 0.604 0.77
prP 0.158 + 0.077 0.141 + 0.601 0.81
Sm 0.052 + 0.064 0.114 + 0.493 0.40
Eu 0.039 + 0.064 0.022 + 0.496 0.27
Gd —0.063 + 0.028 0.616 + 0.216 0.84
Dy —0.055 + 0.040 0.078 + 0.307 0.66
Lu —0.038 + 0.120 —-0.783 + 0.931 0.09

La/Y 0.370 + 0.151 —0.086 1.169 0.86
Ce/Y 0.264 + 0.094 0.444 + 0.726 0.89
La/Gd 0.312 + 0.099 —-0.416 + 0.766 0.91
Ce/Pr —0.014 + 0.133 0.589 + 1.033 0.01

A-D: Egs. discussed in section 4.2.

(— 4554 + 1948)

log[La x Ce x Pr]™ = K

+(1.71£0.76) (R* = 0.85)

(14)

If the natural monazite and xenotime crystallized in chemical equi-
librium with each other, then the calibrations shown above should re-
turn similar T estimates from coeval phosphates. The reader should be
aware that we do not claim these estimates to be accurate metamorphic
Ts beacause Egs. (13) and (14) are empirical calibrations and not based
in thermodynamic theory.

We performed these calcuations using the average [REE] values of
our filtered analyses. The calculated Ts of three of the selected samples
(NT-05, NT-10 and NT-11), when Egs. (13) and (14) are applied, lie
close to the 1:1 line within analytical uncertainty (Discordance between
2 and 5%; Discordance = (1 —ZitLeL) 5 100) (Fig. 6). The three other
samples (NT-03, NT-06 and NT-08) return similar T estimates (Discor-
dance between —16 and 16%) but are not on the 1:1 line. Even though
not all the samples lie close to the 1:1 line, they all fall, within uncer-
tainity, within the same metamorphic facies field. This reflects phos-
phate growth under similar metamorphic conditions. This test, along
with the textural and geochronological observations made by Mako
etal., 2019 may be used to test equilibrium between coexisting or coeval
phases.

We would like to point out that T is one intensive variable out of
others (P, fO,, etc) that control chemical equilibrium and until this
system is exhaustively quantified, we are assuming that the phosphates
record the same metamorphic conditions.
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Fig. 6. Comparison of temperature estimates (+ 2 s.e.) using Egs. (13) and
(14). The T estimates are like each other within analytical uncertainty implying
that the natural phosphates experienced similar metamorphic Ts.
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4.2.2. Monagite-xenotime thermometry

We applied our main thermometer (Eq. (11)) as well as four single-
element thermometers (Y, La, Ce and Pr; Egs. A-D (Table 6)) that have
the highest sensitivity and R? values. We averaged the Y, La, Ce and Pr
concentrations of the monazite and xenotime populations of each of the
six samples discussed in this study. We then used these averaged values

to calculate log <m> or log(DMZt/ Xm) which were subsequently

H XJI{EE % X}‘;nr Element

used to calculate T (Fig. 7). The T estimates are similar and lie in the
upper greenschist — lower amphibolite T range. The main thermometer
(Eq. (11)) returns T estimates between 471 and 540 °C while the single
element thermometers (Eqs. A-D) return T estimates similar to each
other (Fig. 7). The Ce thermometer returns T estimates (420-496 °C)
that are slightly lower than the rest but still within the upper greenschist
—lower amphibolite T range. The T estimates derived from Eq. (11) and
A-D are offset from the previous T estimates derived using the calibra-
tion of Heinrich et al., 1997. Note that the Heinrich et al., 1997 cali-
bration was empirical and natural samples used might not have the
intensive variables (P, T, fO,, etc.) that affect elemental partitioning
properly constrained. This could compound the sources of error from the
unconstrained empirical calibration as well as the natural dataset
leading to greater inaccuracies in the published T estimates compared to
our T estimates. Moreover, Heinrich et al., 1997 also used phosphates
from greenschists to granulites which imply changing P and T, while our
experiments were performed at a constant P of 10 kbar. This means that
the two calibrations, which were implemented with different stragegies,
are not directly comparable. Mako et al., 2019 report that the phos-
phates were in equilibrium during the retrograde arm of the meta-
morphic path. This is based on geochronology of the phosphates
discussed here, which have a lower age (~420 Ma) than the Northern
Highlands Terrane (980-870 Ma). So, our T estimates may be recording
the retrograde T rather than the peak T conditions.

5. Summary and outlook

We have derived calibrations for T-dependent, Y + REE (at. %)
partitioning between monazite and xenotime for a system, and we have
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Fig. 7. Temperature estimates based on our monazite-xenotime thermometers
(circles and stars) as well as those reported by Mako et al., 2019 using the
Heinrich et al., 1997 thermometer (cyan triangles). Our estimates were derived
using Eq. (11) (pink stars) and Egs. A-E (circles; Table 6). The shaded regions
are the T range of the amphibolite and greenschist facies. Most of our T esti-
mates lie within the upper-greenschist to amphibolite field in accordance with
the petrographic observations. Error bars are 2 s.e. that have been propagated
from errors on the natural phosphate measurements since it is the major source
of the error (Calculations in Supplementary file). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)
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presented evidence consistant with the interpretation that the experi-
mental phases crystallized at or close to equiliburm. We have created a
basis for a robust thermometer in a Y-REE-U-Th-NaCl bearing water
saturated system, broadly similar to a natural metamorphic system and
by employing precise in-situ analytical techniques.

The most important aspect of the thermometers presented here is
their versatility. Since the system of interest is complex, involving
multiple cation exchange reactions, multiple thermometers may be
derived by combining various REEs (Eq. (10)) depending on the de-
mands of the natural system or the data available. Finally, one could also
use single-element thermometers (Table 6) in addition to the main
combined calibration (Eq. (10)).

We were able to capitalize on the versatility of our thermometer
when applying them to phosphates from the Northern Highland Terrane
in Scotland that were analyzed by Mako et al., 2019. We also generated
single element thermometers by calibrating monazite-xenotime parti-
tion coefficients for REEs. After an initial check for chemical equilib-
rium, when we applied our thermometers (Egs. (11) and Egs. A-D
(Table 6)) to natural data, we found that the metamorphic Ts are be-
tween 421 and 576 °C, depending on the sample and the calibration
used, which is in the upper greenschist — lower amphibolite facies region
which might imply that the phosphates are recording Ts during the
retrograde arm of the P-T-t path.

In conclusion, until now only a few mineral phases (zircon, garnet,
rutile, etc.) have proved to be reliable target minerals for simultaneous
thermobarometry and geochronology, and this study presents a
monazite-xenotime thermometer, that builds on previous exploratory
attempts at quantifying this system, using more advanced in-situ mea-
surement techniques and experimental charges that more closely mimic
natural metamorphic systems. We have also explored the effects of P and
fO2 on the REE partitioning (Supplementary information) and future
studies should be undertaken to quantify the effect these intensive
variables have on the system.
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