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This study presents a re-examination of historical specimens (DG136 and DG167) from the Monashee
complex in the southeastern Canadian Cordillera that are critical to the current understanding of rare
earth element (REE) distribution between garnet and monazite (and other accessory minerals) during
metamorphism. Nine-hundred and fifty-one newmonazite petrochronology spot analyses on 29 different
grains across two specimens outline detailed (re)crystallization histories. Trace element data collected
from the same ablated volume, interpreted in the context of new phase equilibria modelling that includes
monazite, xenotime and apatite, link ages to specific portions of the pressure–temperature (P-T) paths
followed by the specimens. These linkages are further informed by garnet Lu-Hf geochronology and xeno-
time petrochronology. The clockwise P-T paths indicate prograde metamorphism was ongoing by ca.
80 Ma in both specimens. The structurally deeper specimen, DG136, records peak P-T conditions of
~755–770 ℃ and 8.8–10.4 kbar, interpreted to coincide with (re-)crystallization of low Y monazite at
�75–70 Ma. Near-rim garnet isopleths from DG167 cross in the observed peak assemblage field at
�680 �C and 9.3 kbar. These conditions are interpreted to correspond with low Y monazite (re-)
crystallisation at �65 Ma. Both specimens record decompression along their retrograde path coincident
with high Y 70–55 Ma and 65–55 Ma monazite populations in DG136 and DG167, respectively. These
findings broadly agree with those initially reported �20 years ago and confirm early interpretations using
trace elements in monazite as generally reliable markers of metamorphic reactions. Modern phase equi-
libria modelling and in situ petrochronological analysis, however, provide additional insight into mon-
azite behaviour during anatexis and the effects of potential trace element buffering by REE-bearing
phases such as apatite.

� 2021 China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Quantifying the geological record of phase reactions in rocks
has been paramount in understanding the processes active during
metamorphic, tectonic, plutonic, and fluid-related events (e.g.
Waters, 2019). In metamorphic rocks, changes in phase and/or
mineral chemistries in response to changing conditions (e.g. pres-
sure, temperature, H2O saturation, etc.) provide an opportunity to
quantify the absolute value of those parameters (e.g. Powell et al.,
1998). This is facilitated by experimental and theoretical thermo-
dynamic data and models that can be used to back-calculate the
conditions of interest when other variables such as mineral and
whole rock chemical composition and total volatile content, for
example, are known. The field of metamorphic petrology now com-
monly employs methodologies to integrate mineral textural obser-
vations, mineral and bulk rock chemical composition, and
thermodynamic datasets and activity models to re-trace the
pressure–temperature-composition (P-T-X) histories of rock speci-
mens (e.g. Connolly, 1990). Moreover, recent advances using non-
traditional instrumentation, such as Raman Spectroscopy to quan-
tify quartz encapsulation pressure in garnet (Enami et al., 2007) for
example, promise to provide even more insight and detailed con-
trol on the P-T-X path a metamorphic rock has followed.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.gsf.2021.101340&domain=pdf
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While P-T-X data are critical for understanding the history of a
metamorphic rock, it is important to put them in a temporal con-
text. Quantifying when geological events occurred is required for
any assessment of geological rate and duration or non-relative
determination of Earth’s history. Advancements in geochronology
over the past decade now allow near-routine in situ investigation
of geochronometers such as monazite, zircon and titanite. More-
over, many recent geochronological studies also analyse trace ele-
ment concentrations from the same ablated material used for
isotopic determinations (Kylander-Clark et al., 2013). This influx
of petrochronological or ‘‘time-stamped” data has allowed
researchers to make informed correlations between the geochem-
istry and age of a chronometer and the metamorphic reactions that
occurred within rock specimens.

Some of the early work that linked geochronometer chemistry
to bulk-rock reactions included qualitative and quantitative
in situ and separated monazite chemical investigations paired with
isotope dilution thermal ionization mass spectrometry (ID-TIMS),
laser ablation multi collector inductively coupled plasma mass
spectrometry (LA-MC-ICP-MS) and sensitive high resolution ion
mass spectrometry (SHRIMP) geochronology (Foster et al., 2000,
2002, 2004; Gibson et al., 2004; Kohn et al., 2005; McFarlane
et al., 2005). This work identified linkages between age and chem-
ical zonation of monazite, particularly in heavy rare earth elements
(HREE), commonly generalized through Y content. Previous studies
by Foster et al. (2000, 2002, 2004) and Gibson et al. (2004), in par-
ticular, have become classic that have informed prevailing thought
on how changes in monazite trace element chemistry are linked to
chemical reactions. The linking of the HREE + Y budget of monazite
to the stability of garnet in metapelites has become commonplace
(e.g. Stearns et al., 2013; Garber et al., 2017; Williams et al., 2017;
Fumes et al., 2019; Godet et al., 2020). The basic interpretation
commonly employed is that garnet controls the HREE + Y budget
available in the rock (e.g. Pyle et al., 2001; Spear and Pyle, 2002)
and as such, when garnet is growing or is stable, there would be
limited HREE available to be taken up by monazite leaving any
monazite that formed at that time relatively depleted in
HREE + Y. The converse to that is when garnet is breaking down
and HREE + Y is liberated into the system, any monazite grown
at that time would be relatively enriched in HREE + Y. Further com-
plications arise when the rock undergoes significant anatexis
(Kohn et al., 2005; Yakymchuk and Brown, 2014; Johnson et al.,
2021) or contain significant amounts of other HREE-bearing phos-
phates (Larson et al., 2019), however, for most clockwise P-T paths,
the HREE budget is still dominated by the modal garnet proportion
(Shrestha et al., 2019).

At nearly the same time as the Foster et al. and Gibson et al.
works were published, another set of studies that examined trace
element partitioning between garnet and chronometer phases
were carried out (Hermann and Rubatto, 2003; Buick et al., 2006;
Rubatto et al., 2006). This work quantitatively examined the chem-
istry of accessory mineral chronometers and garnet in metamor-
phic rocks to derive partitioning coefficients for various elements
including, critically for monazite studies, HREE. While these find-
ings have been used by researchers to interpret linkages between
metamorphism and geochronology in many studies, subsequent
works have demonstrated that partitioning of HREE within mon-
azite may be significantly more complex than previously thought.
For example, work on amphibolite facies metapelites with textural
and spatial characteristics that indicate monazite and garnet grew
together do not appear to reproduce expected partitioning coeffi-
cients (Warren et al., 2018; Larson et al., 2019; Shrestha et al.,
2019). Moreover, a detailed examination of garnet and monazite
trace element partitioning indicates that partitioning is at least
partially temperature dependent, especially for HREE (Hacker
et al., 2019). These studies demonstrate that our understanding
2

of HREE incorporation into monazite is incomplete and as such,
the simplistic view of HREE + Y budgeting that has been imple-
mented in many recent works should be revisited.
2. This study

In order to re-assess the outcomes of some of the most influen-
tial studies on HREE partitioning between garnet and monazite,
and by extension the myriad works that apply the same basic
interpretations derived therein, the present study revisits some
of the original specimens examined. Specifically, herein we exam-
ine, in detail, specimens DG136 and DG167 (Fig. 1), which were
previously investigated in Foster et al. (2002, 2004) and Gibson
(1997). In the original studies, much of monazite dated were
extracted from crushed material. As such, textural information
and original spatial positions of those grains were not preserved.
Moreover, while monazite trace elements were quantified in some
of the grains examined, it was done so using an electron probe
microanalyser (EPMA), which is subject to significant interferences
when analysing REE, and was only carried out in select grains. The
limited LA-MC-ICP-MS analyses conducted in DG136 and DG167
included rastering the laser beam to ablate material. While raster-
ing was necessary to avoid down-hole element fractionation, it
limited the spatial resolution of analyses. Finally, while the out-
comes of the studies are commonly cited in terms of allanite, mon-
azite, and garnet interaction, it is noted that the specimens also
contain apatite and xenotime, phosphates that can accommodate
substantial amounts of Y and REEs and significantly influence the
REE budget of the system.

To re-evaluate the specimens examined in previous studies, we
use a combined approach of high density in situ petrochronological
analyses using current Laser Ablation Split Stream (LASS) technolo-
gies, LA-ICP-MS garnet trace element mapping, Lu-Hf garnet
geochronology and metamorphic phase equilibria modelling
including phosphate minerals, to develop detailed P-T-time (t) his-
tories for DG136 and DG167. This integrated, expanded work
allows direct assessment of monazite behaviour along the P-T-t
path recorded by the specimens and, therefore, re-evaluation of
the basic interpretations around Y zoning in monazite that have
propagated out from the original, influential studies.
3. Methods

The original thin sections of specimens DG136 and DG167 were
covered with a glass coverslip; past work was carried out on spec-
imen slabs, which can no longer be located, and mineral separates.
Fortunately, the adhesive used for the coverslips was Canadian Bal-
sam, which permitted the removal with the application of gentle
heat. This was carried out in the Department of Earth Sciences at
the University of Pisa under the direction of Dr. C. Montomoli.
Major element compositions of the primary metamorphic phases
- garnet, feldspar, biotite and muscovite were obtained using the
Cameca SXFiveFE electron microprobe in the Fipke Laboratory for
Trace Element Research (FiLTER) at the University of British
Columbia Okanagan (UBCO). An accelerating voltage of 15 kV, cur-
rent of 20 nA, spot size of 5 mm and dwell times of 30 s and 15 s on
the peak and background, respectively, were used. Analyses were
calibrated against reference materials obtained from Micro Analy-
sis Consultants. Results are calculated and reported as atoms per
formula unit (a.p.f.u) based on stoichiometric oxygen (22O for
mica; 12O for garnet; 8O for feldspar). Garnet end members are
reported as almandine [Alm = Fe2+/(Fe2+ + Mg + Ca + Mn)], pyrope
[Prp = Mg/(Fe2+ + Mg + Ca + Mn)], grossular [Grs = Ca/(Fe2+ + Mg +
Ca + Mn)], and spessartine [Sps = Mn/(Fe2++Mg + Ca + Mn)].
Elemental ratios (Mg number in biotite, muscovite and garnet)



Fig. 1. (a) Cordilleran terrane map after Colpron and Nelson (2011). (b) Tectonic assemblage map, southeastern Omineca belt (after Wheeler et al., 1991; Gibson et al., 2008),
showing lithologic units of autochthonous Monashee complex (North American basement) and overlying Selkirk allochthon. Towns: C = Calgary; G = Golden; J = Juneau;
R = Revelstoke; V = Vancouver; W = Whitehorse; Y = Yellowknife. Terranes: AX = Alexander; BR = Bridge River; CA = Cassiar; CC = Cache Creek; CG = Chugach; CPC = Coast
plutonic complex; MC = Monashee complex; NAb = North American basinal; NAc = North American craton & cover; NAp = North American platform; OK = Okanagan;
QN = Quesnellia; SM = Slide Mountain; ST = Stikinia; YT = Yukon-Tanana; WR = Wrangellia.
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are reported as [Mg# = Mg/(Fe2+ + Mg)], whereas plagioclase end-
members are reported as anorthite [An = Ca/(Na + Ca + K)], albite
[Ab = Na/(Na + Ca + K)] and orthoclase [Or = K/(Na + Ca + K)].
The full mineral chemistry dataset is available in the Supplemen-
tary Materials.

3.1. Laser ablation split stream petrochronology

Whole thin sections were mapped using a Cameca SXFiveFE
electron microprobe in the FiLTER facility at UBCO for Ti, Y, Na,
Ce, P, Ca, Zr, Mg, Fe and K using a 30-mm step size with a 30-mm
diameter beam with a dwell time of 50 ms, an accelerating voltage
of 20 kV and a 200 nA current. The Y, Ce, Ca and P maps were used
to identify monazite and xenotime targets. This method can locate
mineral grains less than 5 mm in length. Mineral grain locations are
shown in situ in the Supplementary Materials. Monazite and xeno-
time grains were confirmed using an Oxford Instruments X-Max
energy dispersive spectrometer on a Tescan Mira 3 XMU scanning
electron microscope in the same FiLTER facility.

Quantitative elemental maps of monazite and xenotime
grains were made using a Cameca SX-100 electron microprobe
at the University of California, Santa Barbara (UCSB). Maps of
P, Th, U, Ce, La, Nd, Sm, Pr, Gd, and Y were measured over
two analytical passes using a 1 lm step size, a fully focused
electron beam, and 200 ms dwell time. The accelerating voltage
was set at 20 kV and the beam current set at 200 nA. Quantifi-
cation was done using ZAF matrix and MAN background correc-
tions (Donovan et al., 2016). Data collection and processing was
completed using the Probe for EPMA software package. Fully
processed maps are provided in the Supplementary Materials.

Monazite and xenotime were analyzed using the LASS system
housed at the University of California, Santa Barbara (UCSB) fol-
lowing methods outlined in Kylander-Clark et al. (2013) with mod-
ifications as presented in McKinney et al. (2015). Instrumentation
consists of a Nu Plasma P3D MC-ICP-MS used to collect U, Th and
Pb isotopes, and an Agilent 7700S quadrupole ICP-MS to measure
selected trace elements (see petrochronology dataset in the Sup-
plementary Materials). Both mass spectrometers are connected to
a Cetac 193 nm ArF Excimer Laser Ablation system equipped with
a HeleX2 ablation chamber. Analyses were carried out using a
beam diameter of 8 lm, a repetition rate of 3 Hz, a laser fluence
of 1.5 J cm�2. Minerals were ablated for 15 s, equating to pit depths
of �3 lm.

Data reduction, including corrections for baseline, instrumental
drift, mass bias, downhole fractionation and age and trace element
concentration (using an internal standard approach, assuming sto-
ichiometric P in monazite) calculations, were carried out using
Iolite v.2.5 (Paton et al., 2010, 2011).

Utilizing a standard-sample bracketing technique, analyses of
reference monazite with known isotopic compositions were mea-
sured before and after each set of approximately ten unknown
analyses. Isotopic data were normalized to primary reference mon-
azite ‘‘44069” (424.9 ± 0.4 Ma 206Pb/238U ID-TIMS age; Aleinikoff
et al., 2006), while Trebilcock was used as secondary reference
monazite. Repeat analyses of Trebilcock yielded a 206Pb/238U
weighted mean of 276 ± 1 Ma, MSWD = 1.14 (n = 57/61) (c.
273 Ma; Tomascak et al., 1996) and a 208Pb/232Th weighted mean
of 260 ± 1 Ma, MSWD = 1.3 (n = 59/61) (263.7 ± 1.0 Ma; LA ICP-
MS age, Kylander-Clark et al., 2013).

Trace element data were normalized to ‘‘Bananeira” reference
monazite (Kylander-Clark et al., 2013). The long term reproducibil-
ity of trace elements using Bananeira at UCSB indicates they are
accurate within 5% (2SE – standard error of the mean) (Cottle
et al., 2019). All uncertainties are quoted at the 95% confidence
or 2SE level and include contributions from the external repro-
ducibility of the primary reference material for the 206Pb/238U
4

and 208Pb/232Th ratios. The full petrochronology dataset is available
in the Supplementary Materials.

Monazite Grain age maps (also available in the Supplementary
Materials) were constructed using the ‘ChrontouR’ package
(Larson, 2020) for the open R software environment. 208Pb/232Th
age and spot location data were interpolated across an extrapo-
lated 500 � 500 grid using the approach of Akima (1978) as imple-
mented in the ‘Akima’ package for the R software environment
maintained by A. Gebhardt.

3.2. Garnet trace element mapping

Garnet trace element maps were constructed using a Photon
Machines 193 nm excimer laser paired with an Agilent 8900 triple
quadrupole ICP-MS in the FiLTER facility at UBCO. Raster maps
were made using a 80 lm diameter laser spot with a 10 Hz rep
rate, scanning at 40 lm/s. Raw ICP-MS and laser data were inte-
grated and processed using Iolite v.4 (Paton et al., 2011). The soft-
ware package was also used to extract semi-quantitative trace
element concentration profiles across the mineral grains based
on assumed stoichiometric (Si) chemistry. Garnet transect chem-
istry is available in the Supplementary Materials.

3.3. Garnet Lu-Hf isotope analysis

Garnet Lu-Hf geochronology was performed at the Washing-
ton State University (WSU) Radiogenic Isotope and Geochronol-
ogy Laboratory. Four handpicked garnet fractions (each
between 0.15 g and 0.20 g) and two whole-rock fractions were
dissolved and analyzed for their Lu and Hf isotopic compositions.
The finely crushed, optically clear garnet fractions were washed
with 1 M HCl and rinsed with DI water to remove possible sur-
face contamination prior to dissolution. Following acid digestion,
50-lL cuts were removed from each garnet and whole-rock frac-
tion and analyzed for their trace element compositions using an
Agilent 7700 quadrupole ICP-MS. Isotopic analysis of the chemi-
cally separated Lu and Hf was performed using a Thermo Scien-
tific Neptune Plus MC-ICP-MS at WSU. Procedures for the sample
dissolution, spiking, and chemical separation followed those
described in Cheng et al. (2008) and Johnson et al. (2018,
2020). Data table is available in the Supplementary Materials.
4. Results

4.1. Specimen descriptions

The detailed petrography and mineral chemistries of specimens
DG136 and DG167 are presented across a series of papers (Gibson
et al., 1999; Foster et al., 2002, 2004). The specimens were col-
lected from a late Proterozoic to Paleozoic pelitic schist unit
(Scammell and Brown, 1990) within the Monashee complex cover
sequence as exposed in the northern part of Frenchman Cap dome
(Fig. 1), a metamorphic culmination exposed within the southern
Canadian Cordillera of British Columbia, Canada. The rocks were
sampled from a transposed anticline-syncline pair in the proximal
footwall of the Monashee décollement (Gibson et al., 1999), a
major structure that has been postulated as the main thrust-
sense detachment for the orogen (Read and Brown, 1981; Brown
et al., 1992; Brown and Gibson, 2006; Gervais and Brown, 2011;
Simony and Carr, 2011). Specimens DG136 and DG167 were col-
lected from the same stratigraphic horizon in the opposite limbs
of an overturned fold �600 m and �3000 m below the décolle-
ment, respectively (Fig. 1; Gibson et al., 1999). The rocks at these
locations coincide with metamorphic zones B and C of Gervais
(2018), respectively. Moreover, specimen DG136 was collected
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within the same continuously exposed alpine outcrop as specimen
FG-465B reported by Gervais and Crowley (2017).

Specimen DG136 is an anatexite-bearing pelitic schist charac-
terized by an assemblage of generally interlocking Qz + Pl + Ky +
Bt + Grt + Kfs + Rt ± Sil (Fig. 2A; abbreviations throughout after
Whitney and Evans, 2010). Leucosome in the exposure is
Grt + Ky bearing (Gervais and Crowley, 2017; Gervais, 2018).
Quartz and biotite occur as aligned inclusions in kyanite; smaller
randomly oriented quartz inclusions are noted in some garnet
grains (Fig. 2A). K-feldspar is rare in the specimen, but where pre-
sent is associated with biotite, kyanite and plagioclase (Fig. 2A, C).
Kyanite in DG136 are commonly surrounded by moats of mus-
covite (Fig. 2D, E), while much of the biotite appears to have been
replaced by a mixture of chlorite, muscovite and a Ti-bearing oxide
(Fig. 2B–D). Sillimanite, while not observed in the present study,
has been noted in equivalent rocks by Foster et al. (2004) and
Gervais (2018).

Specimen DG167 is a pelitic schist characterized by a well-
developed planar fabric defined by aligned mica and sillimanite
(Fig. 3A). The outcrop from which it was collected belongs to zone
C of Gervais (2018), which contains less than 10% leucosome by
volume. The specimen has a primary assemblage of Qz + Pl + M
s + Bt + Grt + Ky + Sil. Garnet grains are poikiolitic, dominated by
inclusions of quartz and biotite (Fig. 3A, B). The same inclusions
are found locally within kyanite grains (Fig. 3C). Sillimanite in
the thin section occurs as fibrolite, in close association with biotite
(Fig. 3D, E). Garnet grains are variably rimmed by quartz, biotite
and/or sillimanite (Fig. 3A). Some of the matrix biotite is partially
replaced by chlorite (Fig. 3C).

4.2. Mineral chemistry

4.2.1. Garnet
Garnet in DG136 is dominantly almandine with a composition

of Alm0.70–0.78 Prp0.09–0.18 Grs0.05–0.13 Sps0.01–0.06 and Mg#0.11–0.21

(Fig. 4). Garnet elemental zoning in DG136 is characterized by
decreasing spessartine from core towards rim (Sps0.05 to Sps0.01)
with a sharp increase at the outer rim (Sps0.06). Excluding material
proximal to through-going cracks, zonation in almandine, pyrope
and grossular is more variable. Almandine is essentially flat across
much of the grain including the inner rim (�Alm0.71) and increases
across the outer rim (Alm0.78). Pyrope increases gradually from just
outside the cracked interior of the grain to a maximum (Prp0.13 to
Prp0.18) before a sharp decrease at the outer rim (Prp0.11). Mg# fol-
lows pyrope, generally increasing from 0.15 to 0.20 toward the
inner rim before a marked drop to 0.12 across the outer rim.
Finally, grossular decreases slightly across the inner rim (Grs0.13
to Grs0.12) before a more pronounced decrease towards and across
the outer rim (Grs0.05).

Garnet grains in DG167 are also dominantly almandine with
composition of Alm0.63–0.74 Prp0.10–0.21 Grs0.05–0.17 Sps0.01–0.09 and
Mg#0.13–0.24 (Fig. 4). Elemental zoning in garnet is variably pre-
served and typically truncated at resorbed grain boundaries.
Where well-preserved, zonation shows a gradual decrease in
grossular and spessartine away from grain cores (Grs0.17 Sps0.09
to Grs0.06 Sps0.02) compensated by an increase in almandine and
pyrope (Alm0.63 Prp0.10 to Alm0.67 Prp0.20). Almandine and spes-
sartine increase at the outer rims (Alm0.73 Sps0.07), while pyrope
(Prp0.14) decreases and grossular is largely unchanged. Mg# follows
the same pattern as that followed by pyrope with the lowest values
associated with the grain core (0.14), a plateau of higher values
across the mantle and inner rim (0.21) and a decrease across the
outer rim (0.16).

The general bell-shaped and inverted bell-shaped elemental
zonation noted in the specimens is broadly consistent with that
expected during prograde garnet growth in metapelitic rocks
5

(Woodsworth, 1977). Moreover, the increases in spessartine and
almandine (and decrease in pyrope) in the outer rims may indicate
partial resorption (Kohn and Spear, 2000).

4.2.2. Biotite/muscovite/feldspar
Biotite grains analyzed in both specimens are annitic in compo-

sition. Those in specimen DG136 have a narrow compositional
range with Mg# between 0.40 and 0.42 and Ti content between
0.41 a.p.f.u. and 0.50 a.p.f.u. with no relationship to textural set-
ting. Finite Gaussian mixture modelling using the program PeakFit
(Kerswell et al., 2021) of Ti-in-biotite-derived temperatures (Henry
et al., 2005) indicates a single peak at �710 ± 4 �C. Muscovite in the
same specimen is variable in Si content (6.08–6.24 a.p.f.u) andMg#
(0.42–0.47), again with no distinct textural trends. Feldspar com-
positions range across plagioclase (Ab0.60–0.68 An0.30–0.33) and K-
feldspar (Or0.88–0.96) with no systematic trends.

Biotite in DG167 varies in both Mg# and Ti content. The Mg#
ranges between 0.46 and 0.51 while measured Ti content is
between 0.13 a.p.f.u. and 0.45 a.p.f.u. While the Mg# of biotite
inclusions in garnet overlaps with that in matrix grains, the Ti con-
tent in inclusions (0.13–0.17 a.p.f.u) is significantly lower than the
matrix (0.26–0.44 a.p.f.u.). Finite Gaussian mixture modelling
using the program PeakFit (Kerswell et al., 2021) of Ti-in-biotite-
derived temperatures (Henry et al., 2005) for inclusions and matrix
grains outline peaks at �510 ± 5 �C and 680 ± 2 �C, respectively.
Much like in DG136, muscovite compositions are variable in
DG167 with Si ranging between 5.96 a.p.f.u. and 6.14 a.p.f.u, and
Mg# between 0.51 and 0.62 without any correlation with textural
setting. Feldspar only occurs as plagioclase (An0.28–0.36) with grains
included within garnet having anorthite content (An0.35–0.36) at the
higher end of the near-garnet and matrix grain compositional
range.

4.3. Phase equilibria modelling

Phase diagrams were built following the procedure of Shrestha
et al. (2019) using the modified Holland and Powell (1998 updated
2004) thermodynamic dataset with additional thermodynamic
data for phosphates and phosphate melts adapted from Spear
and Pyle (2010). All solution models used are as described therein.
Phase diagrams were calculated in the MnO-Na2O-CaO-K2O-FeO-
MgO-Al2O3-SiO2-H2O-TiO2-Fe2O3 + Y2O3-Ce2O3-P2O5-F (MnNCK
FeMASHTO + YCePF) system. Calculations, phase diagrams and pix-
elmap data were generated using the Theriak-Domino program (de
Capitani and Brown, 1987; de Capitani and Petrakakis, 2010). Pix-
elmap datasets were processed using the open, freely available Pix-
elMapR script (Larson and Ambrose, 2021) to generate phase mode
and isopleth diagrams. Whole rock compositions used for mod-
elling are as published in Foster et al. (2002) with mineral compo-
sitions as noted above with one exception. The garnet grains in the
thin section of DG136 are not well preserved. They are cracked,
with evidence of alteration of elemental zoning along those cracks,
and incomplete, cut off by the edge of the section. Because of this,
we choose to use the garnet transect data presented in Foster et al.
(2004) across a well-faceted, apparently complete garnet grain to
inform our phase equilibria models. Two different phase models
were calculated for each specimen: (i) excess water and (ii) suffi-
cient water to saturate the solidus (1 mol.% free H2O; DG136 = 4.
56 mol.% H2O, DG167 = 5.44 mol.% H2O) along the inferred pres-
sure–temperature path. An additional model (2.45 mol.% H2O)
was also calculated for DG136 in which the water content was cal-
culated from mineral phase abundances and chemistries following
White et al. (2007).

In the following section, we only consider rock-forming and
minor phases when evaluating equilibrium P-T conditions, pur-
posefully ignoring monazite. We do this because including phos-



Fig. 2. (A) A false colour plane-polarized light photomicrograph of the thin section of DG136 captured with a Russell-Head Instruments G60+ fabric analyser. Locations of
photomicrographs shown in B, C, D, E, and the garnet grain investigated in Fig. 4, are shown. (B–E) Cross-polarized and plane-polarized photomicrographs highlighting
various textures exhibited in specimen DG136. See text for discussion. Abbreviations are after Whitney and Evans (2010).
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phates into phase equilibria models requires additional assump-
tions (e.g. the relative amounts of F vs. Cl apatite) and the use of
non-empirical thermodynamic components (see Spear and Pyle,
2010; Shrestha et al., 2019). Moreover, the modelled behaviour
of monazite above the solidus relative to observations is one of
the aspects tested in the present work (see below).
4.3.1. DG136
Fig. 5 presents a composite P-T phase diagram for this sample

calculated with H2O in excess below the solidus (averaged to
6

650 ℃) and enough water to saturate the solidus at higher T. The
inferred Qz + Pl + Ky + Bt + Grt + Kfs + melt peak equilibrium
assemblage is reproduced as a narrow supra-solidus field of
�750–770 ℃ and 8.8–10.4 kbar. This field (field 19 in Fig. 5) is
bound at the high T end by the disappearance of biotite, at the
low T end by the terminal muscovite dehydration melting reaction
and the appearance of Kfs, and at lower P by the Ky-Sil transition
(sillimanite is noted as a retrograde phase in Gervais and
Crowley, 2017). Because Fe3+/FeTot is not rigorously constrained
we do not rely on Ti-bearing phase changes.
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Fig. 3. (A) A false colour plane-polarized light photomicrograph of the thin section of DG167 captured with a Russell-Head Instruments G60+ fabric analyser. Locations of
photomicrographs shown in B, C, D, E, and the garnet grain investigated in Fig. 4, are shown. (B–E) Cross-polarized and plane-polarized photomicrographs highlighting
various textures exhibited in specimen DG167. See text for discussion. Abbreviations are after Whitney and Evans (2010).
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Fig. 4. Elemental maps (Y and Ca) of, and transects (trace elements and major
elements) across, garnet grains in the two specimens examined. Vertical lines in the
trace element transects indicate the uncertainty of the measurements. The
locations of the grains examined are depicted in Figs. 2 and 3 for DG136 and
DG167, respectively.
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Garnet core grossular (XGrs = 0.14) and Mg# (0.15) isopleths
from DG136 intersect in a biotite absent staurolite-chlorite-
muscovite field below the solidus at a temperature of �590 �C
and pressure of �7.1 kbar (Fig. 5). These conditions are signifi-
cantly higher than the predicted garnet-in boundary, consistent
with near-peak intracrystalline diffusion, some degree of overstep-
ping or not analysing equatorial section. We did not observe any
biotite inclusions in garnet cores, consistent with the prediction
that garnet nucleated and grew in biotite-absent fields. The same
isopleths from garnet inner rims (XGrs = 0.06, Mg# = 0.2) cross near
8.4 kbar and 710 �C (Fig. 5) in a muscovite-bearing and K-feldspar
absent field that does not correspond to the inferred peak assem-
blage. Late Fe-Mg diffusion at the garnet rim may be partially
responsible for this discrepancy. The P-T path is inferred to con-
tinue to higher metamorphic conditions to enable the breakdown
of muscovite to grow kyanite and K-feldspar in melt followed by
biotite breakdown to grow garnet in melt (Gervais and Crowley,
2017).

The return path defines a clockwise loop involving decompres-
sion and cooling from peak conditions to between 5 kbar and
6.8 kbar, and �690 �C. The path back across the solidus is informed
by the lack of any cordierite record in the system and the rare
occurrence of sillimanite (Foster et al., 2004). The rare occurrence
of sillimanite is consistent with a path that follows limited changes
in the modal proportion of aluminosilicate (see Supplementary
Materials). The return path indicated is also consistent with the
ubiquitous textural association of biotite and monazite in the
matrix (see petrochronology section), as both phases are predicted
to grow as the specimen crosses back across the solidus.

The garnet inner rim isopleth intersections outline estimated
conditions of prograde garnet growth and minimum peak P-T over-
lap with those reported in Foster et al. (2004), but are lower than
those interpreted in Gervais and Crowley (2017) for a nearby sam-
ple. The apparent differences likely reflect a number of compound-
ing factors including the use of different mineral chemistries and
solution models in the phase equilibria models (Gervais and
Trapy, 2021). The same basic path P-T path, however, including sig-
nificant decompression and crossing the same major reactions out-
lined by Gervais and Crowley (2017), is replicated herein.

4.3.2. DG167
Fig. 6 presents a composite P-T phase diagram for this sample

calculated with H2O in excess below the solidus (averaged to
650 �C) and enough water to saturate the solidus at higher T. The
inferred Qz + Pl + Ms + Bt + Grt + Ky peak equilibrium assemblage
is reproduced as a large supra-solidus field between �670 �C and
>750 �C, and 8.1 kbar to >12 kbar bound at the high T end by the
appearance of K-feldspar (not shown in Fig. 6). The low T end of
this field is bound by the water-saturated solidus while the low
P limit is informed by disappearance of muscovite. We do not con-
sider Ti-phase transitions to inform the P and T of equilibrium,
given the limited control on Fe3+/FeTot.

Garnet core isopleths (Mg# = 0.16 and XGrs = 0.17; Fig. 4) inter-
sect near 590 �C and �7.5 kbar in a small chlorite and
clinoamphibole-bearing subsolidus field (Fig. 6). These conditions
are significantly higher than both the predicted garnet-in boundary
and the estimated Ti-in-biotite garnet inclusion temperatures, con-
sistent with some degree of near-peak intracrystalline diffusion,
overstepping, or perhaps that the actual core was not analysed.
The field is biotite-bearing, consistent with the numerous biotite
inclusions across garnet cores. Garnet inner rim values of the same
isopleths (Mg# = 0.23 and XGrs = 0.09) cross at higher temperature
and pressure, in the field of the observed assemblage just above the
solidus at a temperature of �680 �C and a pressure of 9.3 kbar. The
predicted melt fraction in the rock is very low, consistent with the
absence of melt-related microtextures in the thin sections and
8

with very low proportions of leucosome reported at the outcrop-
scale (Gervais, 2018).

The return path is interpreted to follow a clockwise path similar
to that noted in DG136 with a significant difference insofar as sil-
limanite is common in DG167 and associated with the well-
developed foliation that wraps around garnet grains. The return
path, therefore, must favour sillimanite stability (see Supplemen-



Fig. 5. Phase equilibria model for DG136 constructed using Theriak-Domino (after de Capitani and Brown, 1987; de Capitani and Petrakakis, 2010). Isopleths, field of
interpreted peak assemblage and inferred pressure temperature path are as marked. Shading of assemblage fields indicates variance with darker fields corresponding with a
higher variance. Red line indicates the solidus; * indicates the absence of a particular phase. Black dashed line indicates a change in the water content used to calculate the
model; excess water at lower temperature and enough water to saturate the solidus at higher temperature. See text for discussion.
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tary Materials), though overall decompression as part of the retro-
grade path is limited by the lack of evidence of cordierite in the
specimen. The sillimanite may have derived from the subsolidus
reaction: Grt + Ms = Sil + Bt, which requires decompression below
the muscovite-dehydration reaction.
9

The P-T conditions outlined above are consistent with those
previously proposed by Foster et al (2004). In that work, garnet
cores are interpreted to have equilibrated at 559 ± 10 �C and 6.9
± 0.3 kbar while peak conditions reflect a P-T of 665 ± 23 �C and
8.8 ± 1.1 kbar.



Fig. 6. Phase equilibria model for DG167 constructed using Theriak-Domino (after de Capitani and Brown, 1987; de Capitani and Petrakakis, 2010). Isopleths, field of
interpreted peak assemblage and inferred pressure temperature path are as marked. Shading of assemblage fields indicates variance with darker fields corresponding with a
higher variance. Red line indicates the solidus; * indicates the absence of a particular phase. Black dashed line indicates a change in the water content used to calculate the
model; excess water at lower temperature and enough water to saturate the solidus at higher temperature. The white field with horizontal thin black lines is not included in
the model because of incompatibilities between the different water contents used for the models on either side of the 650 �C line. See text for discussion.
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4.4. Monazite petrochronology

Monazite analysed in DG136 occurs exclusively in the matrix
typically in association with biotite, but locally also sharing grain
boundaries with quartz, kyanite and feldspar (see monazite loca-
10
tions in Supplementary Materials). The entire exposed surfaces of
all 7 grains located in thin section were investigated with 548 laser
spots (see grain age maps in the Supplementary Materials). These
analyses yielded 208Pb/232Th dates that range from 113 ± 4 Ma to
52.4 ± 1.2 Ma (Fig. 7). There is potential that some of these dates



Fig. 7. (A) 208Pb/232Th versus 206Pb/238U concordia plot of monazite geochronolog-
ical data collected in DG136. Ellipses are coloured by Y content. Inset is an example
Y map of a monazite grain from the specimen. (B) Chondrite normalized trace
element plot of monazite analyses from DG136 coloured by 208Pb/232Th age.
Chondrite values are from McDonough and Sun (1995). Inset shows an age map of
the same grain shown in the Y map above. All plots were created with the
ChrontouR package (after Larson, 2020) for the R environment.

Fig. 8. Kernel density estimation plots of the geochronology data reported in the
current study versus that previously reported from (Foster et al., 2002, 2004).
Vertical axis is normalized density; bandwidth = 3 Ma.
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represent mixed ages, however, the sheer number of spots anal-
ysed and the size of chemical domains relative to the laser spot
limit possible mixing issues. A kernel density estimation (KDE) plot
of the data outlines a broad main peak at �65 Ma and a smaller
peak at�85Ma (Fig. 8). The�85Mamonazite generally have mod-
erate Y concentrations (1000–30,000 ppm; Fig. 9A) though a few
outliers have higher Y. The data appear to split into two broad pop-
ulations with younger ages. One population (�75–70 Ma) is asso-
ciated with low Y concentrations (�200–800 ppm) while the
other (�70–55 Ma) is associated with higher and increasing Y con-
centrations (�4000–20,000 ppm; Fig. 9A). These basic patterns are
mirrored by Gd/Yb ratios (Fig. 9A).

Four-hundred and three laser spots were investigated across 22
different monazite grains located in the thin section of DG167 for
both age isotope and trace element data. Except for two outliers
that yielded Early Cretaceous dates, which may have elevated com-
11
mon Pb, the 208Pb/232Th dates range from 84.4 ± 2.3 Ma to 52.8 ±
1.2 Ma (Fig. 10). When plotted as a KDE, the monazite analyses
from DG167 define a single peak at �62 Ma (Fig. 8). Monazite trace
element data outline moderate Y concentrations (5000–6000 ppm)
at �65 Ma, but then bifurcate into two populations with younger
ages (65–55 Ma). One population is associated with decreasing Y
concentrations (4000–5000 ppm) while the other is associated
with increasing Y concentrations (6000–20,000 ppm; Fig. 9B).
These patterns are mirrored by Gd/Yb ratios, which diverge after
�65 Ma into two younger populations (Fig. 9B). Most of the mon-
azite grains analysed occur in the matrix, typically in association
with quartz and biotite. One monazite grain occurred with biotite
in, but not enclosed by, a garnet grain (M10), while another (M33)
occurred as an inclusion in a different garnet grain (see Supple-
mentary Materials). Neither inclusion, however, is interpreted to
have been armoured by garnet. Monazite M10 is in full contact
with the matrix, while M33 is intersected by cracks that extend



Fig. 9. Y vs. 208Pb/232Th age and Gd/Yb vs. 208Pb/232Th age plots for DG136 (A) and DG167 (B). Plots created using the free software package Veusz (https://veusz.github.io/).
2D kernel density estimation plots are also included for greater clarity. Analyses are coloured by textural position, as marked. See text for discussion. Greyed -out data points
are not considered robust as they display evidence of elevated common Pb.
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across the entire garnet grain (see monazite locations in the Sup-
plementary Materials). These monazite grains do not show a strong
correlation between age and textural position; the dates extracted
from the inclusions overlap with the overall peaks mentioned
above (Fig. 9B). There is, however, a relationship between textural
position and trace element content (Fig. 9B), which is addressed in
the Discussion section.

Xenotime was also analysed in DG167 with 21 laser spots
across three grains. All xenotime grains were located in the matrix
in association with biotite and locally quartz. Isotopic data provide
207Pb-corrected (Stacey and Kramers, 1975) 206Pb/238U xenotime
dates that range between 77.5 ± 5.3 Ma and 48.7 ± 1.3 Ma, with
most analyses < 60 Ma (Fig. 10). The youngest 12 analyses yield
a weighted mean age of 51.0 ± 0.7 Ma (MSWD = 1.2). The trace ele-
ments measured with the xenotime analyses do not show any
specific pattern with age (Figs. 9B, 10).
4.5. Garnet trace elements

Trace element distributions across garnet in DG136 show
minor, non-systematic spatial variation. Noted anomalies coincide
with significant cracks in grains (Fig. 4). The inner rim portion of
the grains analysed is enriched in HREE, flat in MREE and depleted
in LREE relative to the outermost rim (near point A in Fig. 4).
12
There is no apparent systematic variation in REE concentrations
across garnet in DG167. HREE (Y, Lu) distributions are patchy, with
local areas of higher concentrations (Fig. 4; see Supplementary
Materials). The concentrations of LREE (Ce) and MREE (Gd) are also
patchy with local maxima around inclusions (see Supplementary
Materials).
4.6. Garnet geochronology

Lu-Hf isotopic analyses of garnet from DG136 do not define an
isochron and are not presented. With respect to Lu-Hf analysis of
DG167, one whole rock analysis was excluded due to an extremely
high Hf concentration, while one garnet fraction was excluded due
to an anomalously high 176Hf/177Hf ratio, perhaps reflecting anunre-
solved isobaric interference in the measurement. The three remain-
ing garnet fractions and onewhole rock analysis of DG167outline an
isochron indicating a Lu-Hf age of 79 ± 3Ma (Fig. 11) derived using a
Model 3 regression, which attributes overdispersion to geological
scatter (Ludwig, 2003; Vermeesch, 2018). See SupplementaryMate-
rials for the entire Lu-Hfdataset. The garnet fractions are clusteredat
the upper end of the isochron. The limited spread in Lu/Hf ratios and
the large MSWD (12) of the isochron limit interpreting the robust-
ness of the date. The high MSWD associated with the isochron may
reflect protracted or even multi-stage garnet growth (Kohn, 2009).

https://veusz.github.io/


Fig. 10. (A) Concordia plots of geochronological data collected in DG167; 208Pb/232Th vs. 206Pb/238U for monazite, and (B) Tera-Wasserburg 207Pb/206Pb vs. 238U/206Pb for
xenotime. Ellipses are coloured by Y content for monazite and La content for xenotime. Inset in each concordia plot is an example elemental map of a representative grain
from the specimen (Y for monazite, Gd for xenotime). Chondrite normalized trace element plot of monazite (C) and xenotime (D) analyses from DG167 coloured by
208Pb/232Th age (monazite) and Stacey and Kramers (1975) 207Pb corrected 206Pb/238U age (xenotime). Chondrite values are from McDonough and Sun (1995). Inset in the
monazite trace element plot shows an age map of the same grain shown in the concordia plot. All plots were created with the ChrontouR package (Larson, 2020) for the R
environment.
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Such potential complications are difficult to assess, however, given
the general lack of systematic Lu zoning in the garnet. Due to the
potential issues with the Lu-Hf date we cautiously interpret it as
recording garnet growth ca. 80 Ma.
5. Discussion

5.1. Monazite behaviour during metamorphism

The P-T paths outlined in the present work follow a similar
clockwise shape for both DG136 and DG167, with the path of the
13
former extending to higher temperature conditions. Those findings
are consistent with previous estimates that have outlined higher
peak P-T in DG136 (Foster et al., 2004; Gervais and Crowley, 2017).

In the available models for monazite (re)crystallization during
metamorphism, its behaviour is strongly influenced by the propor-
tion of melt in the system (Stepanov et al., 2012; Yakymchuk and
Brown, 2014; Shrestha et al., 2019), while the fertility of a pelitic
protolith to produce melt is strongly influenced by the hydration
of the system (White and Powell, 2002). It is common practise to
modify the water component of phase equilibria models across
the solidus (e.g. Waters, 2019) to better reflect the availability of



Fig. 11. Lu-Hf isochron plot of garnet data from DG167. Diagram generated using
IsoplotR (Vermeesch, 2018).

Fig. 12. Modal proportions of monazite, melt and biotite for DG136 as modelled
based on a saturated solidus or calculated water. See text for discussion. Semi-
transparent dashed blue arrows indicate interpreted P-T path. Diagrams created
using PixelMap data (de Capitani and Petrakakis, 2010) with the PixelMapR package
(Larson and Ambrose, 2021) for the R environment.
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water in the system. This is what we have done in both phase equi-
libria models developed herein. This approach, however, may not
accurately predict the stability of monazite above the solidus. With
a saturated solidus, the monazite within specimen DG136 is pre-
dicted to completely break down prior to obtaining peak P-T con-
ditions (Fig. 5). Previous studies have suggested metamorphic peak
occurred after 70 Ma (Foster et al., 2004; Gervais and Crowley,
2017), yet abundant older monazite remains (Figs. 7, 9A). This dif-
ference between observation and prediction may reflect limita-
tions in the ability of the model to reproduce real-world
observations or, perhaps, that our model inputs are too simplified.

As a specimen moves beyond the solidus, water contained in
hydrous phases consumed by melting reactions will no longer be
freed as a fluid phase but will rather be dissolved into the growing
melt fraction, progressively dehydrating the residuum. If the melt
produced is segregated from the system, perhaps as leucosomes,
it will effectively decrease available water. Moreover, past peak
conditions, as the melt solidifies, dehydration melting water
remains dissolved and becomes concentrated in the decreasing
melt fraction. At the solidus, the final melt fraction releases the
fluid, which may or may not react with the residuum assemblage.
Consequently, the modal proportions of micas predicted by phase
equilibria models with water-saturated solidus content are almost
always overestimated when compared to actual observed propor-
tions, including in our study, indicating a proportion of water is
lost as a free fluid phase once the solidus is crossed on the retro-
grade path. In such cases, the phase equilibria models generated
for a saturated solidus are no longer valid.

To better understand the potential effects of the removal of
water from the systemwe calculated a phase equilibria model with
the amount of water calculated from the inferred mineral assem-
blage (4.08 mol.% H2O based on mica mol.% and chemistry) as spec-
imen DG136 crossed over the solidus on the retrograde path
(Fig. 12). One of the critical effects of dehydration, even if it is only
local, is to stabilize monazite. Using the calculated water content,
monazite-bearing assemblages are extended into minimum peak
P-T conditions recorded by DG136, consistent with the protracted
monazite record in that specimen. While the sharp, irregular zona-
tion in both monazite elemental and age maps in DG136 are con-
sistent with loss of material (Fig. 7), local dehydration, in some
form, may provide a mechanism by which to preserve prograde
monazite at much higher P-T conditions, or greater total melt
vol.% production, than otherwise expected.
14
5.2. Comparison with previous work

The results of monazite geochronology from specimens DG136
and 167 were previously reported in the works of Foster et al.
(2002, 2004). Unfortunately, direct comparison of these data with
those reported in the current study is complicated by several fac-
tors. Firstly, the methods used by Foster et al. (2002, 2004) differ
significantly from that outlined herein including both ID-TIMS data
and raster-based LA ICP-MS. Moreover, the age systems reported
vary not only between methods, but also between specimens. For
example, ID-TIMS dates from DG136 and DG167 are reported for
the 207Pb/235U and 206Pb/238U systems (Foster et al., 2002), while
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LA ICP-MS dates in the same study are reported for the 208Pb/232Th
system for DG136 and the 207Pb/235U and 206Pb/238U systems for
DG167. The additional dates for DG136 and DG167 from Foster
et al. (2004) only include the 207Pb/235U and 206Pb/238U systems.

Further complicating direct comparison is that the ratios
reported for the ID-TIMS dates (Foster et al., 2002) and the LA-
MC-ICP-MS dates of DG136 and 167 (Foster et al., 2004) and
DG167 (Foster et al., 2002) are corrected for common Pb whereas,
in the present study, they are not. Finally, the late Mesozoic to
early Paleogene ages of the monazite analysed present significant
problems when relying on their U-Pb system. The 206Pb/238U sys-
tem can be affected by excess 206Pb from the decay of unsupported
230Th (Schärer, 1984), while the low abundance and slow decay of
235U to 207Pb inhibits precise age measurements in that system
with typical reported uncertainties of � ± 5–15 Ma for a �60 Ma
date (Foster et al., 2002, 2004).

With the caveats noted above, we will discuss the previously
published data only in general terms. Fig. 8 shows KDE plots of pre-
viously published dates (using the 208Pb/232Th and 207Pb/235U sys-
tems) and the new data presented here.

Foster et al. (2004) identify monazite having 3 ‘zones’ in DG136.
Their ‘zone 1’ (�77–74 Ma) monazite grains occur as inclusion in
garnet. They are low in Y and are interpreted to have grown during
prograde metamorphism. Monazite inclusions within kyanite are
the only grains to contain ‘zone 2’ (�65–60 Ma) domains, inter-
preted to have grown with kyanite prior to garnet breakdown.
Finally their ‘Zone 3’ monazite (60–59 Ma) are characterized by
relatively high Y content, interpreted to have grown during garnet
breakdown and in equilibrium with xenotime (Foster et al., 2004).
All monazite analysed in DG136 in the present study were located
within the matrix; no inclusions were observed or analyzed. Early
monazite growth at ca. 85–80 Ma generally has moderate Y values
(Fig. 9A) and moderate to steep negative HREE slopes (Fig. 7) con-
sistent with growth with stable garnet, likely along the prograde
path. The grains that yield these ages are dominated by those with
a spatial association with feldspar, kyanite, and garnet. A second
pulse of monazite growth occurs ca. 75–70 Ma (zone 1 of Foster
et al., 2004), associated with low Y concentrations and even stee-
per HREE slopes (Figs. 7, 9A), perhaps indicating further garnet
growth. This population is dominated by monazite near garnet.
The <70 Ma monazite analyses (overlapping zones 2 and 3 of
Foster et al., 2004) record increasing Y with younger ages
(Fig. 9A) and significantly flatter HREE slopes (Fig. 7). These charac-
teristics are interpreted to indicate growth during garnet break-
down along the retrograde portion of the melt-present P-T path.
This population includes monazite spatially associated with bio-
tite, quartz, and garnet, consistent with the interpreted P-T path
that predicts monazite and biotite growth as the rock crosses the
solidus along the retrograde portion (Fig. 12) and that garnet is
contributing HREE; Ti-in-biotite temperatures for matrix grains
closely match the location of the solidus (Fig. 12). In contrast to
the interpretations of Foster et al. (2004) we do not interpret the
youngest monazite to have grown in equilibrium with xenotime.
There is minimal xenotime in the specimen (none large enough
to date) and phase modelling predicts it is likely not stable until
significantly lower P-T conditions, after most of the monazite has
grown (see Supplementary Materials).

In addition to the previously published monazite dates, Gervais
and Crowley (2017) presented 97 new zircon dates on 79 grains
from a sample collected from the same unit as DG136. They argue
for prograde zircon growth between 77 Ma and 72 Ma (moderate
positive HREE slope in zircon) and near-peak supra-solidus P-T
growth at 68.7 ± 0.9 Ma (negative HREE slope in zircon) before ret-
rograde growth ca. 65 Ma (positive HREE slope in zircon). The zir-
con record is broadly consistent with the monazite record outlined
herein with the exception of earlier prograde monazite growth
15
between 90 Ma and 80 Ma. Another potential difference between
the monazite and zircon records is the ubiquitous presence of a
negative Eu anomaly in monazite analysed herein compared with
the virtual absence of such anomaly for the large majority of zircon
analyses reported in Gervais and Crowley (2017). This difference
may indicate variable growth histories that may not be resolvable
with the current data or, alternatively, differential partitioning of
Eu into the two minerals (Holder et al., 2020). The expanded his-
tory recorded in monazite over zircon exemplifies the proclivity
of monazite for sub-solidus growth during prograde metamor-
phism, a characteristic that has led to it becoming the mineral of
choice for P-T-t path determinations (e.g. Larson et al., 2013;
Staples et al., 2013; Ambrose et al., 2015; Mottram et al., 2015;
Hacker et al., 2019; Shrestha et al., 2020).

Previous interpretations of the monazite growth history in
DG167 by Foster et al. (2004) included growth of ‘zone 1’ monazite
during prograde metamorphism while garnet was stable resulting
in relatively low-Y content from �60 Ma to �55 Ma. Subsequent
‘zone 2’ monazite was interpreted to have grown either along the
retrograde path (during garnet breakdown) or at equilibrium with
garnet at high temperature at �53 Ma. The P-T-t paths determined
herein are consistent with low-Y growth of monazite ca. 68–63 Ma
(Fig. 9B), either along the prograde path or at peak P-T. The �80 Ma
garnet Lu-Hf age from this sample is compatible with early garnet
growth preceding the bulk of monazite crystallization; this is also
supported by the occurrence of allanite in garnet cores (Foster
et al., 2004). The chemistry of the younger 63–53 Ma monazite
population (overlapping zones 1 and 2 of Foster et al., 2004), which
has higher Y concentrations, is interpreted to reflect growth along
the retrograde path during garnet breakdown. This interpretation
is consistent with the spatial association of monazite and biotite
and the interpreted P-T path, which predicts concomitant mon-
azite and biotite growth as garnet destabilizes (Fig. 13). It is also
consistent with the Ti-in-biotite temperature estimated for matrix
biotite grains, which closely coincides with the solidus (Fig. 13).
The bifurcation of the Y content in the younger monazite
(Fig. 9B) is interpreted to reflect local buffering of REE availability
by apatite. The analyses that define those young, low Y populations
are from grains spatially associated with garnet. In DG167, there is
a high concentration of apatite near garnet (see Supplementary
Materials), which may have sequestered, or competed with mon-
azite for REE. The �55–49 Ma xenotime dates measured in
DG167 are interpreted to reflect (re)crystallization dominantly
after monazite along the retrograde path.

5.3. REE partitioning

While the present study outlines critical observations about
potential complications for understanding REE partitioning
between monazite and garnet (i.e. the potential effect of tertiary
phases) the specimens are not conducive to a robust analysis of
this phenomena. For example, there are few monazite inclusions
within garnet to provide textural information and those that do
occur are not armoured (see above). Moreover, garnet in both spec-
imens is not systematically zoned, making linkages between
matrix monazite and specific chemical zones tenuous at best.
Building on the existing research into monazite/garnet REE parti-
tioning (e.g. Buick et al., 2006; Hermann and Rubatto, 2003;
Rubatto et al., 2006; Warren et al., 2018; Hacker et al., 2019)
may benefit from the monazite grain mapping petrochronology
approach applied herein, but requires specimens with the appro-
priate textural and mineral zoning characteristics to be able to
meaningfully assess potential equilibrium pairs. It is possible that
emerging analytical methods, such as in situ Lu-Hf geochronology
(Simpson et al., 2021), may allow direct time linkages between gar-
net zones and chronometer zonation. This would help eliminate



Fig. 13. Modal proportions of monazite, melt and biotite for DG167 as modelled
based on a water in excess or a saturated solidus. See text for discussion. Semi-
transparent dashed blue arrow indicates interpreted P-T path. Diagrams created
using PixelMap data (de Capitani and Petrakakis, 2010) with the PixelMapR package
(Larson and Ambrose, 2021) for the R environment.

K.P. Larson, S. Shrestha, J.M. Cottle et al. Geoscience Frontiers 13 (2022) 101340
some of the assumptions currently necessary when examining
potential equilibrium partitioning between different phases.

6. Conclusions

In general, the basic framework that Foster et al. (2000, 2002,
2004), Gibson et al. (2004) and other studies developed to interpret
monazite elemental zoning in the context of metamorphic P-T
paths appears to be generally robust. With some notable excep-
tions, the basic observations that link monazite REE contents to
garnet stability and monazite stability to anatexis appear to be
consistent with observed data. The present work does, however,
16
demonstrate the advantages of applying modern methodologies
to this problem and expanding the number of analyses included
in the work. For example, in situ investigation of monazite spatially
associated with garnet and apatite in this work shows that low Y
monazite can be associated with garnet breakdown if buffered
locally, whereas the ‘typical’ interpretation of low Y monazite
would be that garnet was stable or growing during monazite (re)
crystallization. This work further demonstrates the requirement
to understand not only the spatial and textural position of mon-
azite, but also all other phases such as garnet, apatite and/or xeno-
time that may participate in the overall REE budget of a rock.
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