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ABSTRACT

The Dai Loc shear zone in central Vietnam contains granulite-facies rocks and is a key area for studying the Early
Paleozoic metamorphic evolution of the Indochina Block. An integrated study of in-situ geochronology, trace
element geochemistry, and microtextural analysis was conducted to decipher the metamorphic evolution of this high-
grade unit. Monazites from the two granulite samples display three distinct chemical domains, whose trace element
compositions closely correlate with garnet growth and breakdown. Yttrium- and heavy rare-earth element (HREE)-
rich monazite core domains are interpreted to have formed with limited garnet growth, recording a discrete growth
episode during prograde metamorphism at ~435 Ma. Y- and HREE-poor domains are linked to significant garnet
growth during peak conditions at ~420 Ma. The elevated Y+HREE concentrations in the outermost rim domains
indicate their formation during garnet breakdown and likely date the retrograde metamorphism to ~390 Ma. These
U-Pb monazite ages align well with the U-Pb zircon ages from granulites and syn-metamorphic granitoids in the
study area, reinforcing the inferred metamorphic timeline. The results of this petrochronological study highlight the
importance of integrating petrology with trace element data from major and accessory phases to link
geochronological data to metamorphic P-T paths.
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2013). The Indochina Block lies between the
South China and Sibumasu Blocks, and its
eastern domain forms a key tectonic segment
consisting of the Kontum Massif (KTM) and
the Truong Son Belt (TSB). Granulite-facies
metamorphic rocks are widespread in the

1. Introduction

The majority of Southeast Asia comprises
several Gondwana-derived fragments,
including the Indochina, South China, and
Sibumasu blocks (Fig. 1a). These continental

blocks rifted from Gondwana and were
subsequently accreted to Eurasia during the
Paleozoic to Early Mesozoic (Metcalfe, 2006,
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KTM (Nakano et al.,, 2004, 2007, 2013;
Osanai et al., 2004; Roger et al., 2007; Bui et
al., 2020). In contrast, within the TSB, such
rocks are restricted to the Dai Loc shear zone
(Bui et al.,, 2022; Nguyen et al., 2023).
Previous studies suggest that granulite-facies
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rocks exposed along the Dai Loc shear zone
record two distinct tectono-metamorphic
events (Nguyen et al., 2023). The first event is
subdivided into three stages: prograde, peak,
and retrograde, defining a tight clockwise
metamorphic P—T path (Nguyen et al., 2023).
Zircon geochronology indicates that this event
occurred during the Early Paleozoic, but the
timing of the individual metamorphic stages
remains poorly constrained (Bui et al., 2022;
Nguyen et al., 2023). The second event is

defined by the development of fine-grained
and mylonitic assemblages (Nguyen et al.,
2023). Although direct geochronological
evidence is absent, it has been suggested that
this event occurred during the Triassic
Indosinian orogeny (Nguyen et al., 2023).
Consequently, the metamorphic evolution of
the granulite-facies rocks in the TSB remains
insufficiently resolved, and further
petrochronological studies are required.
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Figure 1. (a) Tectonic sketch map of SE Asia, modified after Metcalfe (2011) and Lepvrier et al. (2004).
(b) Geological map of the Dai Loc shear zone with sample localities (Cat, 1996). Zircon U-Pb ages and
mica Ar—Ar/K—Ar ages are from previous studies (Carter et al., 2001; Nguyen et al., 2023; Pham et al.,

2016; Jiang et al., 2020; Lepvrier et al., 1997; Tran, 1998; Bui et al., 2022)

Understanding the pressure-temperature-
time (P—71—f) path of metamorphism is crucial
for unraveling the evolution of metamorphic
complexes (Harley, 2016; Kelsey and Hand,
2015). It involves dating minerals that can be
linked to specific metamorphic stages, a
process known as petrochronology (Kohn et
al., 2017). Aside from zircon, monazite is
another commonly dated phase, typically
found in metapelitic rocks with Ca-poor and
Al-rich compositions, and grows over a wide
range of metamorphic conditions (Catlos et
al., 2002; Kohn et al., 2005; Skrzypek et al.,
2017). Several studies have demonstrated that
monazite can record multiple metamorphic
stages/events and has proven to be a reliable
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accessory mineral for constraining the timing
along the P-T path of polymetamorphic
complexes (Hermann and Rubatto, 2003;
Bhowmik et al., 2014; D'Souza et al., 2021;
Petrik et al., 2019; Warren et al., 2019; Weller
et al., 2020).

Although no explicit criteria directly link
monazite ages to P—T paths, their formation
can be correlated with the growth or
breakdown of major minerals, such as garnet,
through the analysis of textural relationships
and chemical signatures between these phases
(e.g., Dumond et al., 2015; Mottram et al.,
2014). In high-grade metamorphic rocks,
monazite included in garnet has been
interpreted to form before or simultaneously
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with garnet (Blereau et al., 2016; Mottram et
al.,, 2014), whereas monazite in the matrix
may crystallize from melts during cooling
(Kelsey et al., 2008; Spear and Pyle, 2010).
From a chemical perspective, the fractionation
of Y between garnet and monazite has been
successfully used to infer their relationship.
Y-enriched monazite cores may have formed
before significant garnet growth (e.g., Barnes
et al., 2021; Benetti et al., 2024). Conversely,
Y-poor monazite is generally interpreted to
have formed coevally with or after a major
garnet growth event (e.g., Sorger et al., 2024;
Kohn et al., 2005). The breakdown of garnet
via melt crystallization during cooling may
have initiated the formation of high-Y
monazite, which subsequently overgrew pre-
existing monazite domains (e.g., Dumond et
al., 2015; Kohn et al., 2005).

In this study, we present an integration of
in situ U-Pb monazite dating, trace-element
and microtextural analysis of granulite-facies
rocks from the Dai Loc shear zone in central
Vietnam (Fig. 1). The results reveal the timing
of different metamorphic stages along the
Early Paleozoic P-T path and highlight the
behavior of monazite and garnet during these
stages.

2. Geological background and samples

The Indochina Block is separated
from the South China and Sibumasu
Blocks by the Jinshajiang-Ailaoshan-Song Ma
and Changning-Menglian-Inthanon sutures,
respectively (Fig. 1a). Based on lithology, its
eastern region is divided into two major
tectonic units: the KTM and the TSB, which
the Tam Ky separates-Phuoc Son (TK-PS)
paleo-suture zone (Faure et al., 2018; Nguyen
etal., 2019; Tran et al., 2014, 2020).

The KTM is considered the core of the
Indochina Block (Fig. 1a). Its basement,
which formed during the Paleoproterozoic and
Mesoproterozoic (Lan et al., 2003), consists
mainly of amphibolite- to granulite-facies

rocks (Nakano et al., 2007; Osanai et al.,
2004). Based on metamorphic grade, the
massif is subdivided into the Kham Duc,
Ngoc Linh, and Kannack complexes from
north to south. The Kham Duc Complex
records greenschist- to amphibolite-facies
metamorphism under medium- to high-
pressure conditions (Usuki et al., 2009;
Nakano et al., 2009). In contrast, the Ngoc
Linh and Kannack complexes consist mainly
of  high-pressure, high- to ultrahigh-
temperature granulite-facies rocks (Nakano et
al., 2004; Osanai et al., 2004; Roger et al.,
2007). Two major tectonothermal events are
recorded in these high-grade metamorphic
rocks: the Ordovician-Silurian and Permian-
Triassic events. Various dating methods have
been applied to constrain the early Paleozoic
tectonometamorphic evolution of the KTM
(Bui et al., 2020; Nakano et al., 2013, 2021;
Roger et al., 2007). The Ordovician-Silurian
event occurred between 460 and 430 Ma, with
prograde metamorphism at 450-440 Ma and a
peak at ~430 Ma (Bui et al., 2020). This event
has been attributed to subduction and
subsequent collision between the KTM and
the TSB (Usuki et al., 2009), collision
between the Indochina and South China
blocks (Faure et al., 2018; Gardner et al.,
2017; Jiang et al., 2020; Ngo et al., 2022,
2025b; Tran et al., 2014; Wang et al., 2020),
or arc-related magmatism (Nakano et al.,
2013, 2021; Bui et al., 2022). The Permian-
Triassic event, dated at ~260-240 Ma, is
generally considered to have resulted from
subduction and consequent collision between
the Indochina and South China blocks during
the Indosinian Orogeny (Faure et al., 2014;
Nakano et al., 2010).

The South China Block bounds the TSB
along the Song Ma suture zone to the north,
and by the KTM along the TK-PS suture zone
to the south (Lepvrier et al., 2004; Tran et al.,
2014). Well-developed NW marks it-SE-
trending shear zones (Fig. 1a; Lepvrier et al.,
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1997, 2004, 2008). The TSB is predominantly
composed of Neoproterozoic to Mesozoic
volcano-sedimentary sequences that are
intruded by numerous plutonic rocks of
various ages (Burrett et al., 2021; Gardner et
al., 2017; Pham et al., 2016; Ngo et al., 2025a;
Jiang et al., 2020; Shi et al., 2015). Minor
metamorphic  rocks of  greenschist-,
amphibolite-, and granulite-facies conditions
commonly occur along shear zones (Bui et al.,
2022; Nguyen et al., 2023; Lepvrier et al.,
2008).

The Dai Loc shear zone is a NW-SE-
trending shear zone in the TSB, situated in its
southern part and to the north of the TK-PS
suture zone (Fig. la). Cenozoic volcano-
sedimentary  sequences characterize the
eastern domain, whereas the western domain
is dominated by Early Paleozoic rocks,
including the A Vuong Formation, Dai Loc
Complex, gabbro, and pelitic granulites (Fig.
1b; Bui et al., 2022; Nguyen et al., 2023; Cat,
1996). Permian—Triassic granitoids of the Ba
Na complex were intruded locally along the
shear zone (Fig. 1b). Detrital zircon U-Pb
geochronology constrains the maximum
depositional age of the A Vuong Formation to
516 Ma (Wang et al., 2016). Rocks of this
formation underwent greenschist- to lower
amphibolite-facies metamorphism with peak
conditions of 5.5-8.7 kbar and 590-640°C
(Bui et al., 2025).

Early Paleozoic igneous and granulite-
facies metamorphic rocks are suggested to
have been tectonically juxtaposed with the
rocks of the A Vuong Formation during the
Triassic (Nguyen et al, 2023). Previous
studies have indicated that these high-grade
metamorphic rocks experienced a polyphase
metamorphic history (Nguyen et al., 2023).
The earlier event occurred under granulite-
facies conditions and was subdivided into
prograde, peak, and retrograde stages. The
prograde stage is represented by an inclusion
assemblage of cordierite + sillimanite + biotite
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+ quartz + spinel + plagioclase, forming
coarse-grained minerals, and occurred at
720-770°C  and 5.8-6.4 kbar. Peak
metamorphic conditions are recorded by a
coarse-grained mineral assemblage of garnet
+ orthopyroxene + cordierite + plagioclase +
K-feldspar + ilmenite + melt + biotite in the
matrix, with estimated conditions of
850-920°C and 5.3-6.3 kbar (Nguyen et al.,
2023). The retrograde stage is characterized
by symplectitic quartz + biotite replacing
peritectic minerals, defining a near-isobaric
cooling retrograde path (Nguyen et al., 2023).
Zircon U-Pb geochronology of granulites and
syn-metamorphic Dai Loc Complex yielded
ages ranging from 440 to 410 Ma, which may
represent the timing of  post-peak
metamorphism or the entire metamorphic
cycle (prograde, peak, and retrograde; Bui et
al., 2022; Nguyen et al., 2023). A post-
collisional extensional tectonic setting has
been proposed for the Early Paleozoic thermal
event in the Dai Loc shear zone (Nguyen et
al.,, 2023; Jiang et al., 2020). The later
amphibolite-facies overprint is characterized
by fine-grained mineral assemblages of
kyanite + orthopyroxene + quartz + garnet +
biotite + plagioclase + K-feldspar that
pseudomorph coarse-grained phases. Peak
amphibolite conditions were estimated at
600°C and 7.3 kbar (Nguyen et al., 2023) and
are consistent with those estimated for rocks
of the A Vuong Formation (Bui et al., 2025).
Furthermore, the presence of a fine-grained
kyanite-bearing assemblage in strongly
deformed granitoids of the Dai Loc Complex
is interpreted to have formed during this
overprint (Nguyen et al.,, 2023). Therefore,
Ar-Ar and K-Ar ages of 250-240 Ma
obtained from synkinematic biotite and
muscovite in rocks of the Dai Loc Complex
likely record the timing of the amphibolite
overprint (Tran et al., 1998; Lepvrier et al.,
1997). This event may be related to
subparallel dextral mylonitic shear associated
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with the Triassic collision between the
Indochina and South China blocks (Nguyen et
al., 2023; Lepvrier et al., 1997).

Two granulite samples (NLU87 and
NLU89) from different outcrops in the
western part of the Dai Loc shear zone were
selected for petrographic, chemical, and
geochronological analyses (Fig. 2). At the
outcrop scale, the rocks exhibit well-
developed migmatitic structures characterized
by alternating leucosome, mesosome, and
restite domains. Leucosomes are widespread,
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occurring as patches or cm-scale layers
subparallel to the regional foliation,
suggesting partial melting and melt
fractionation (Godet et al., 2010; Sawyer,
2008; Schorn and Diener, 2019). The restite
domains occur as massive, dark-colored,
garnet-rich layers (Fig. 2). Due to their
abundance of monazite and their potential to
preserve  high-temperature ~ metamorphic
evolution (White and Powell, 2002), the
collected samples were taken from restite
domains.
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Figure 2. (a-b) Outcrop photographs of the studied samples in the Dai Loc shear zone. (c-d) Hand
specimens of NLU87 and NLUS89. The mineral abbreviations follow those of Whitney and Evans (2010)

3. Analytical Methods
3.1. Whole-rock analyses

Powdered representative samples were
prepared using a jaw crusher and an agate ball
mill. Major and REE element analyses of
whole-rock samples (Table S1) were
conducted by Australian Laboratory Services
(ALS) Pty. Ltd. Details about the analytical
procedure can be found in Nguyen et al.
(2023) and on the ALS Global website
(www.alsglobal.com).

3.2. Electron microprobe and Backscattered
electron (BSE) image

Backscattered electron (BSE) imaging and
electron microprobe analyses were conducted
at the Institute of Earth Sciences, Academia
Sinica, Taiwan, to identify monazite grains
and to characterize internal textures and
compositional domains in both monazite and
garnet. Whole-section BSE images showing
monazite localities are presented in Fig. S1.
Individual monazite BSE images with
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analyzed U-Pb and REE locations and
elemental maps, as indicated in Fig. S1, are
presented in Fig. S2. Detailed analytical
conditions are provided in Appendix S1.

3.3. U-Pb dating and trace element analysis

U-LA conducted Pb geochronology and
trace element analyses of monazite and
garnet-ICP-MS at the Institute of Earth
Sciences, = Academia  Sinica, Taiwan.
Analytical spots were selected based on BSE
images and X-ray elemental maps. U-Pb
isotopic data and trace element compositions
are presented in Tables S2 and S3. Full details
of analytical procedures and conditions are
provided in Appendix S2.

4. Analytical results
4.1. Bulk rock composition

The selected samples are characterized by
low SiO: (40.245.2 wt%) and high ALO;
(26.7-27.6 wt%) and MgO (8.15-8.36 wt%)
contents (Table S1). Total Fe.Os contents are
19.75 wt% for NLU87 and 11.40 wt% for
NLUS89. In addition, sample NLU89 contains
higher concentrations of CaO, Na20O, and K.O
than NLU87 (Table S1). Chondrite-
normalized REE patterns of the two samples
display a similar negative slope from La to
Sm and a relatively flat pattern from Gd to Lu
(Fig. S3). Sample NLU87 exhibits
significantly higher HREE contents and a
steeper negative Eu anomaly compared to
sample NLUS89 (Fig. S3; Table S1).

4.2. Petrography and garnet major element
chemistry

Both samples (NLU87 and NLUS89)
are protomylonitic granulite-facies
metapelites, characterized by coarse-grained
porphyroclasts embedded in a fine-grained
mylonitic matrix, as observed in hand
specimens (Fig. 2c, d).

Sample NLUS87 is a garnet-rich granulite
with coarse-grained garnet porphyroclasts (up
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to 5 mm in diameter) enclosed within a fine-
grained, foliated assemblage of kyanite,
quartz, garnet, rutile, and gedrite (Fig. 2¢ and
Sla). X-ray maps of the major element
composition, chemical profiles, and inclusion
assemblages reveal that these garnet
porphyroclasts ~ exhibit  three  distinct
compositional domains referred to as G1, G2,
and G3 (Fig. 3a-e). G1 contains numerous
mineral inclusions of plagioclase, quartz,
biotite, and ilmenite. This garnet displays a
fairly flat Xam (0.63-0.65), Xp, (0.31-0.32),
Xsps (~0.02), and X, (0.02—0.03) composition
profile. Garnet G2, which constitutes the
largest portion of the phase (~47 vol.%), is
relatively inclusion-poor (Figs. 3a,b,c and S1).
Inclusions of sillimanite, quartz, spinel, and
biotite are observed in this part of the garnet
(Fig. 3a,e). Individual inclusions of
plagioclase, cordierite, and ilmenite are also
present in garnet G2. G2 displays Fe-Mg
exchange zoning characterized by outward-
decreasing almandine and increasing pyrope
contents, Xy, = 0.53-0.64, Xp, = 0.31-0.42,
Xgps ==0.02, and Xg,, = 0.04. Toward G3, Xpy
increases to its maximum value (0.49),
whereas Xaim, Xsps, and Xg,s decrease to their
minimum values (0.49, 0.01, and 0.01,
respectively; Fig.3c,d). G3 marks the
transition from the inclusion-poor domain to
the inclusion-rich margin, where Kkyanite,
quartz, and rutile occur as inclusions (Fig. 3b).
In some cases, garnet porphyroclasts are
partly replaced by biotite, quartz, and possible
cordierite (Fig. 3f). Subhedral poikiloblastic
garnet in the mylonitic matrix contains an
inclusion assemblage similar to that of G3
(Fig. 3g). The fine-grained matrix aggregates
are interpreted as pseudomorphs after
cordierite, similar to those reported by
Nguyen et al. (2023). Relict cordierite can still
be observed within these aggregates (Fig. 3h).
Spinel occurs as interstitial grains between
garnet porphyroclasts and is partly replaced
by kyanite (Fig. 3i).
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Figure 3. Microstructures, X-ray elemental maps, and chemical profiles of garnet in sample NLU87.
(a) BSE image of a garnet porphyroclast with the core containing numerous inclusions of plagioclase,
biotite, and quartz. (b) Ca—Mn—Mg—Al elemental zoning of the garnet grain is shown in Fig. 3a. (c) BSE
image of a garnet porphyroclast showing the transition from an inclusion-poor mantle to an inclusion-rich
rim. (d) Zoning profiles for garnet. (¢) Garnet quartz contains inclusions of spinel, quartz, biotite, and
sillimanite. (f) Garnet is partly replaced by biotite, quartz, and possible cordierite (pinite).

(g) A poikiloblastic garnet in mylonitic fabric is rich in inclusions of kyanite, quartz, and rutile.

(h) Cordierite breaks down into gedrite, kyanite, and quartz. (i) Spinel partly replaced by kyanite

Sample NLU89 shows a similar mineral
assemblage, except that it contains much more
feldspar (both plagioclase and K-feldspar) and
biotite (Figs. 2d and 4a), and cordierite breaks
down into an  orthopyroxene-bearing
assemblage instead of a gedrite-bearing
assemblage as observed in sample NLUS87
(Fig. 4b, o¢). The  coarse-grained
porphyroclasts include garnet, plagioclase,
and K-feldspar, whereas the fine-grained
matrix comprises kyanite, quartz, garnet,

orthopyroxene, biotite, and rutile (Figs. 2d
and 4a-d). Unlike the coarse-grained garnet in
NLUS87, the garnet (up to 1 cm in diameter) in
this sample exhibits only two compositional
domains that contain inclusion assemblages
similar to those observed in the G2 and G3
compositional domains of sample NLUS87.
Based on this petrographic similarity, these
two domains in NLU89 are referred to as G2
and G3, respectively. G2 contains inclusions
of sillimanite, spinel, corundum, quartz,
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K-feldspar, plagioclase, and biotite, with
quartz often mantled by a thin film of
K-feldspar and biotite mantled by spinel and
corundum (Fig. 4d-f). The chemical profiles
and elemental maps of the garnet G2 show
little major element zoning, with a slight
increase in X, (0.58 to 0.60), a slight
outward decrease in Xp, (0.35 to 0.33),
whereas Xg (0.03-0.04) and Xs,s (0.02-0.03)
remain relatively constant (Fig. 4d, g).
Toward G3, a sharp increase is observed in
the Xpy content, reaching its maximum value
(0.49), whereas the X, and Xgp contents

\
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decrease to their minimum values (0.46 and
0.01, respectively; Fig. 4g). In contrast, Xgis
in G3 are variable, ranging from 0.02 to 0.05
(Fig. 4g). G3 and the fine-grained garnet in
the  mylonitic matrix are rich in
orthopyroxene, kyanite, and quartz inclusions
(Fig. 4c). In addition to being present as
inclusions in garnet G2, corundum and spinel
also occur in the matrix, where these are being
replaced by kyanite (Fig. 4h). Coarse-grained
plagioclase (high-Ca) is partly replaced by a
fine-grained assemblage of plagioclase
(low -Ca), kyanite, and quartz (Fig. 41).

200pm

Figure 4. Microstructures, X-ray elemental maps, and chemical profiles of garnet in sample NLUS§9.
(a) Plagioclase- and biotite-rich domain. (b) Cordierite breaks down into orthopyroxene, kyanite, and
quartz. (c) Cordierite is replaced by garnet, orthopyroxene, and kyanite. (d) BSE image and Ca—Mn-Mg—
Al elemental zoning in garnet. (e) Biotite inclusion in the garnet G2 is being replaced by corundum and
spinel. (f) Thin K-feldspar film around quartz in garnet G2. (g) Zoning profiles for garnet.

(h) Spinel and corundum are replaced by kyanite. (i) High-Ca plagioclase partially replaced by low-Ca
plagioclase + kyanite + quartz. pCrd = Pseudomorph Crd
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The accessory phases in the granulite
samples included monazite, apatite, zircon,
and xenotime. Monazite occurs in various
textural settings, including: (1) as inclusions
in garmet Gl associated with quartz-
plagioclase-biotite-ilmenite assemblages
(Fig. 5a); (2) in garnet G2 associated
with sillimanite-spinel-corundum-biotite
assemblages (Fig. 5b) or as individual grains
(Fig. 5c¢); (3) within fractures of garnet

Spl
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porphyroclasts  (Fig. 5d); (4) associated
with G3 and subhedral poikiloblastic garnets
in the matrix (Fig. Se, f); and (5) associated
with fine-grained, kyanite-bearing matrix
assemblages (Fig. 5g). zircon occurs in
textural settings similar to those of monazite
(Figs. 3a and 5g, h), whereas apatite is
restricted to garnet G1 (Fig. 5a). xenotime is
only present as tiny inclusions in monazite
that is hosted by garnet G1 (Fig. 6a).

- NLU89 £ G);«ng;’ NLU87
¢ G3

NLU89 Z

Figure 5. Monazite grains in different textural settings. (a) Monazite inclusions in the garnet G1.
(b) Monazite inclusions in the garnet G2. (¢) Individual monazite grains are included in the garnet G2.
(d) Monazite within the fracture of garnet G2. (e-f) Monazite associated with the garnet G3. (g) Monazite
and zircon in a fine-grained assemblage of orthopyroxene, kyanite, and quartz. (h) Zircons in garnet G2.
White circles represent monazite localities

\

YY1 T

#31 #35 #45 #55 #67 #68

Y (cps) ‘ ‘ _ — ‘

Th (cps)  — B

Figure 6. BSE images and Y-Th compositional maps of representative monazite grains from samples
NLU87 (a) and NLUS89 (b). Color bars are applied to both figures, with units in cps (counts per second)
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4.3. Trace element chemistry and U-Pb
monazite geochronology

4.3.1. Monazite

Based on the compositional variations,
textural settings, and ages of the monazite
grains from the two samples, three distinct
monazite domains were identified (D1, D2,
and D3; Figs. 6 and 7). Domain DI
corresponds to monazite cores, defined by
high Y contents (mean = 8463 ppm in sample
NLU87 and 14145 ppm in sample NLU9),
elevated HREE contents, and relatively low
Th (mean = 51032 ppm in sample NLU87 and
49426 ppm in sample NLU89) (e.g., grains 1
and 40, Fig. S2a; grains 7, 8, and 9, Fig. S2b;
Table S3). Domain D2 is characterized by low
Y (mean = 1598 ppm in sample NLU87 and
4000 ppm in sample NLUS89), depleted
HREE, and high Th (mean = 58875 ppm in
sample NLU87 and 50085 ppm in sample
NLU89), overgrows the D1 cores (Figs. 6 and
S2a; Table S3). Domain D3 is defined as the
outermost rim, with high Y (mean =
7504 ppm) and intermediate HREE, forming
overgrowths on the existing D2 domain (e.g.,
grains 2, 34, and 64; Fig. S2a; Table S3).

Monazite grains hosted in garnet G1 from
sample NLU87 exhibit sub-rounded to
rounded morphologies, with grain sizes
ranging from 10 to 30 um (e.g., grains 51-60
and 66-71, Figs. 5a and S2a). These grains
generally exhibit high Y contents and low Th
concentrations. Owing to their small size,
trace element analyses could not be
conducted. A single U-Pb analysis yields a
2pp/2¥U date of 433 + 6 Ma (grain 54; Fig.
S2a; Table S2). Other monazite grains range
in size from ~20 to 200 pum, and the three
compositional  domains (D1-D3) are
collectively observed among these grains
(Figs. 5c-e, Sla, S2a, and 6a). The DI
domain, appearing as patchy or embayed
cores, is characterized by high Y + HREE
contents, Th/U ratios of 31 to 140, and
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moderate negative Eu anomalies (mean
Eu/Eu” = 0.35; Figs. 6a and 7a; Table S3).
Ten U-Pb analyses of ten D1 domains yield
2%6pp/2¥U dates ranging from 439 to 410 Ma,
with a weighted mean age of 425.9 + 3.3 Ma
(MSWD = 2.7, n = 10, Fig. 7c; Table S2).
Probability density and histogram plots of this
domain show a single dominant age
population, with no clear evidence for
bimodality (Fig. S4). In contrast, the D2
domain is depleted in Y + HREE and enriched
in Th, with a more pronounced negative Eu
anomaly (mean Euw/Eu* = 0.15, Fig. 7a;
Table S3) and a wider range of Th/U ratios
(45-1023). A total of 20 U-Pb analyses were
conducted on 18 grains, yielding dates
between 433 and 408 Ma, of which two
analyses are discordant. The remaining data
define a weighted mean age of 420.3 £ 2.7 Ma
(MSWD = 2, n = 18, Fig. 7c; Table S2).
Domain D3 is only observed in this sample
and is restricted to grains within garnet
fractures (e.g., grains 2, 34, 64, and 65;
Fig. Sla). Compared to D2, this domain is
enriched in Y + HREE. Although the dates
obtained from D3 monazite are largely
discordant, two concordant analyses yield
dates of approximately 390 Ma.

Monazite grains in sample NLU89 are
present across all textural settings, with grain
sizes ranging from approximately 10 to 100 pm
and exhibiting prismatic, rounded, and sub- to
euhedral morphologies (Figs. 6b, Slb, and
S2b). Most grains show growth zoning with
sharp, well-defined boundaries in the core-rim
relationships (Fig. 6b). Two compositional
domains, D1 and D2, are preserved in the
monazites (Fig. 6b). The D1 cores are enriched
in Y + HREE, display moderate negative Eu
anomalies (mean Ew/Eu* = 0.30), and have
Th/U ratios ranging from 49 to 72 (Fig. 7b;
Table S3). U-Pb analyses of the D1 monazite
domains yield 2*Pb/?**U dates between 426 and
446 Ma, with a weighted mean age of
4352 £ 24 Ma (MSWD = 1.3; n = 18,
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Fig. 7d; Table S2). Conversely, the D2
domains are depleted in Y + HREE, have Th/U
ratios of 55-75, and display stronger negative
Eu anomalies (mean = Eu/Eu* 0.15, Fig. 7b;
Table S3). Compared to sample NLU87, the
boundary between D1 and D2 is sharper. A

total of 21 U-Pb analyses on 18 grains yield
26pp/28Y dates from 428 to 403 Ma, with two
discordant analyses. The concordant analyses
yield a weighted mean age of 422 + 2.2 Ma
(MSWD =0.56,n =19, Fig. 7d; Table S2).
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4.3.2. Garnet

Based on petrographic features, REE
concentrations were analyzed in all garnet
domains of both samples. The chondrite-
normalized REE patterns and Y + REE profiles
of these garnet domains from sample NLU&7
show distinct compositional zoning consistent
with Ca zoning (Figs. 3b and 8a, b). Garnet G1
exhibits the highest concentrations of Y
(mean = 824 ppm) and HREEs, with
moderately abundant MREE (except for Tb), a
weakly positive HREE pattern, and noticeable
negative Eu anomalies (mean Eu/Eu* = 0.27;
Table S3). The G2 domain displays lower Y
(mean = 209 ppm) and HREE abundances, a
flat HREE pattern, and is slightly enriched in

Sm, accompanied by stronger negative Eu
anomalies (mean Eu/Eu* = 0.17, Table S3).
From G2 to G3, a sharp decrease is observed in
the relative abundances of Y (mean = 4 ppm),
MREE, and HREE, which result in a steep
negative slope of the HREEs (Fig. 8a, b).
LREE concentrations are close to the detection
limit and are indistinguishable across the garnet
zoning (Fig. 8a; Table S3). The G3 domain is
also characterized by variable Eu anomalies,
ranging from small negative to small positive
(Ew/Eu’ = 0.26-2.00, Table S3).

REE analyses of a large garnet grain from
sample NLU89 show a well-developed
compositional zoning pattern (Fig. 8c,d). The
Y and HREE concentrations in the garnet G2
gradually decrease outward within this domain,
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with Y decreasing from 580 to 163 ppm,
consistent with Rayleigh-type fractionation
during garnet growth (Fig. 8c, d, and Fig. S1b;
Table S3). In contrast, the MREEs remain
relatively uniform, with minor variations,
including a slight decrease in Dy and an
increase in Sm (Fig. 8d; Table S3). The light
rare earth elements (LREE) show an overall
decreasing trend outward (Table S3). G2

exhibits pronounced negative Eu anomalies
with a mean Eu/Eu’ of 0.15 (Fig. 8c; Table S3).
Toward the rim (G3), the relative abundance of
LREE increases, whereas Y (mean = 3 ppm)
and the MREE-HREE contents decrease
sharply, reflected in the negative slope of the
HREE (Fig. 8c, d). Their Eu anomalies range
from weakly negative to weakly positive
(Ew/Eu" = 0.31-2.04; Table S3).

NLU87

Garnet/Chondrite

NLU87

NLU89

Garnet/Chondrite

La Ce PrNdSm Eu Gd Tb DyHo Er Tm Yb Lu

NLU89

---Eu —Dy —Tm —Y
---Gd_—Ho —Yb

G2
8000pm

Figure 8. Chondrite-normalized REE diagrams and REE profiles of garnet. (a-b) NLU87. (c-d) NLU89

5. Discussions
5.1. Metamorphic mineral assemblages

Petrographic ~ observations and  the
chemical characteristics of garnet from both
samples suggest the presence of three distinct
domains (G1-G3). Each sample contains a
different combination of these domains, each
hosting a distinct inclusion assemblage.
Garnet G1 is observed only in NLU87 and
contains inclusions of plagioclase, quartz,
biotite, and ilmenite (Fig. 3a). These
inclusions, along with garnet GI1, are
interpreted to have formed during the
prograde metamorphic stage. Garnet G2,
found in both samples, contains a similar
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inclusion assemblage, including cordierite +
sillimanite + spinel + quartz + biotite +
plagioclase + ilmenite + K-feldspar =+
corundum (Figs. 3e and 4d-f). These
inclusion phases can also be observed as relics
being replaced by fine-grained mineral phases
in the matrix (Figs. 3h, i, and 4b, c, h). Thus,
the assemblage garnet G2 + sillimanite +
spinel + quartz + biotite + plagioclase +
ilmenite + K-feldspar + corundum + cordierite
is considered to represent the peak
metamorphic  mineral assemblage. The
breakdown of biotite into spinel, corundum,
and sillimanite, and the presence of thin films
of K-feldspar, indicate that melt was present
during this stage of metamorphism (Fig. 4e, f;
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Vernon, 2011). The development of biotite
and quartz at the expense of garnet
porphyroclasts likely records retrograde
metamorphism (Fig. 3f), similar to that
reported by Nguyen et al. (2023). Subhedral
poikiloblastic garnet in the matrix and garnet
G3 are observed in both samples. They are
interpreted to have formed during a later
overprinting metamorphic event, coeval with
the formation of fine-grained kyanite, quartz,
orthopyroxene/gedrite, rutile, and biotite. The
metamorphic  mineral assemblages are
summarized in Table S4.

5.2. Linking monazite domains to garnet
formation

Textural relationships and trace element
patterns are useful for linking monazite
formation to the growth of other major and
accessory minerals, such as garnet, thereby
adding absolute time to the rock P-T path
(Buick et al., 2010; Dumond et al., 2015;
Mottram et al., 2014; Petrik et al., 2019). No
systematic age difference was observed
between the analyzed monazite grains
included in garnet and those in the matrix, or
this may be due to the limited precision of the
laser ablation in situ methodology in resolving
distinct age populations. Investigating
whether a monazite domain crystallized in
chemical equilibrium with a specific garnet
portion is primarily done by comparing the
concentrations of trace elements between
these phases (Benetti et al., 2024; Hermann
and Rubatto, 2003; Sorger et al., 2024;
Warren et al., 2019).

The domain D1 monazite is richer in
Y+HREE and relatively depleted in Th
compared to domain D2, suggesting that
garnet was either absent or less abundant
during monazite D1 crystallization (Benetti et
al., 2024; D'Souza et al., 2021; Hermann and
Rubatto, 2003; Rubatto et al., 2006). This
interpretation is supported by petrographic
observations showing that garnet G1 is absent
in one sample and occurs at low modal

abundance in the other (Fig. Sla, b).
Additionally, xenotime occurs as tiny
inclusions within high-Y, low-Th monazite
(D1) enclosed in garnet G1 (Fig. 6a) and is
absent elsewhere in the rock, indicating that
xenotime crystallized before or during the
earliest stages of monazite growth. The
enrichment of Y+HREE in both monazite D1
and garnet G1 likely resulted from xenotime
breakdown during their initial growth stages
(Pyle et al., 2001; Spear and Pyle, 2010).
Together, these observations indicate that
monazite D1 crystallized contemporaneously
with garnet G1.

Conversely, D2 monazite is depleted in
Y+HREE, indicating that this domain formed
during or after substantial garnet growth, as
garnet strongly partitions these elements
(Kohn et al., 2005; Regis et al., 2016). This is
consistent with the abundance of garnet G2 in
both samples (Fig. Sla, b). Depleted-Y
monazite (D2) is ubiquitously present as
inclusions in garnet G2, indicating the coeval
formation of these mineral pairs (Pyle et al.,
2001). In addition, both garnet G2 and
monazite D2 contain inclusions of sillimanite
(Figs. 3e, 4d, e, and 6a, b). Furthermore, a
general trend of stronger negative Eu
anomalies is observed from monazite DI to
D2 and garnet G1 to G2, consistent with
K-feldspar growth as a result of biotite
breakdown (Fig. 4e; Bhowmik et al., 2014;
Dumond et al, 2015). The coeval
crystallization of gamet and monazite
typically exhibits Eu anomalies of similar
magnitudes and signs (Buick et al., 2010;
Hermann and Rubatto, 2003; Kelly et al.,
2006; Rubatto et al., 2006). The outward
decrease in Y and HREE concentrations
within garmet G2 in sample NLUS89 is
interpreted to reflect Rayleigh-type
fractionation during garnet growth in the
presence of melt (Otamendi et al., 2002).
These observations confirm the chemical
equilibrium between garnet G2 and monazite

D2 during anatectic melting. It should be
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noted that zircon has a similar occurrence to
monazite in the studied samples, and zircon is
predicted to grow under suprasolidus
conditions (Yakymchuk, 2023), suggesting
that zircon and monazite may have formed
coevally in the presence of melt. Such coeval
zircon growth can further contribute to HREE
depletion in monazite (Tual et al., 2022),
implying that the overall HREE drop likely
reflects the combined effects of garnet and
zircon growth.

The outermost rims of the monazite grains
(D3) are observed exclusively in sample
NLU87 and along fractures within coarse-
grained garnet (G2) (Fig. 5d), implying that
their formation postdated G2 garnet growth.
The enrichment of YAHREE in D3 monazite
suggests that garnet decomposition was
responsible for this chemical signature. Garnet
breakdown contributes significant amounts of
Y+HREE to newly formed monazite rims
(Dumond et al., 2015; Kohn et al., 2005;
Sorger et al., 2024). An alternative
interpretation involving the breakdown of
other HREE-competing phases, such as
allanite or xenotime, is unlikely, given the
virtual absence of these phases in the rock
matrix.

Garnet G3 and fine-grained garnet in the
mylonitic fabric show marked differences in
both major and trace elements compared to
garnet G1 and G2 (Figs. 3b, d, 4d, g, and
8a-d). These differences indicate a distinct
episode of garnet growth, rather than
continuous growth with the formation of
garnet G1 and G2. This is consistent with a
previous study suggesting that fine-grained
garnet formed under subsolidus amphibolite-
facies conditions (600°C and 7.3 kbar) and
was favored by a later mylonitization event
(Nguyen et al., 2023). Garnet G3 is
interpreted to have achieved local chemical
equilibrium within the mylonitic domains
(Nguyen et al., 2023; this study). Because
earlier garnet growth (G1 and G2) had already
sequestered a large proportion of heavy rare
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earth elements (HREEs), the effective HREE
budget available during the formation of G3
was limited. As a result, garnet G3 is
characterized by lower HREE concentrations,
reflecting growth from an HREE-depleted
reservoir. Considering that high-strain zones
frequently undergo fluid influx (Stenvall et
al., 2020), monazite may be subject to fluid-
mediated dissolution-reprecipitation at low
temperatures (Harlov et al., 2011; Taylor et
al., 2016). The breakdown of cordierite into
garnet + orthopyroxene + kyanite + quartz in
sample NLU89 (Fig. 4c) indicates that the
second metamorphic event occurred under
fluid-absent conditions. In addition, the
formation of gedrite in sample NLU87 does
not necessarily require the addition of external
fluids, because cordierite in granulite-facies
rocks commonly contains up to ~2 wt% H>O
(Harley and Carrington, 2001). The
breakdown of such hydrous cordierite
typically produces orthoamphibole-bearing
assemblages (Diener et al., 2008). All these
lines of evidence suggest that monazite did
not grow or become affected during the
formation of garnet G3, even though several
grains appear to be in textural equilibrium
with garnet G3 (Fig. 5Se, f). An increase in
LREE and weakly negative to weakly positive
Eu anomalies in garnet G3 (Fig. 8c) could
reflect the breakdown of feldspars (Fig. 4i;
Hermann and Rubatto, 2003).

5.3. Metamorphic P-T-t path

Monazite dates range from approximately
440 to 390 Ma, suggesting a single Early
Paleozoic  high-temperature = metamorphic
cycle that overlaps with zircon ages of
~440-410 Ma (Bui et al., 2022; Nguyen et al.,
2023). Zircon from granulite-facies rocks in
the study area exhibits a core-rim structure, in
which the cores are considered to be inherited
detrital grains, whereas the rims are
interpreted to record the timing of high-
temperature metamorphism (Bui et al., 2022;
Nguyen et al., 2023). However, the lack of
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distinct metamorphic growth zones and robust
petrochronological constraints makes it
difficult to directly link zircon ages to specific
segments of the metamorphic P-T path
(Nguyen et al., 2023).

In contrast, monazite in the studied
samples preserves well-defined
compositionally zoned domains, and the ages
are distinguishable between these domains.
For monazite, closure temperatures of
~800-850°C have been inferred based on the
preservation of age relationships in high-
temperature metamorphic rocks (Spear and
Parrish, 1996; Bingen and van Breemen,
1998; Kamber et al., 1998). However,
experimental diffusion studies demonstrate
that Pb diffusion in monazite is extremely
slow under dry conditions, resulting in a high
closure  temperature exceeding 900°C
(Cherniak et al., 2004). Given that the studied
samples are melt-depleted granulite facies
rocks formed under fluid-poor conditions,
monazite therefore has the potential to
preserve the timing of prograde and peak
metamorphic stages. In addition, monazite is
more reactive than zircon (Rubatto et al.,
2012). It may recrystallize and undergo
compositional modification during retrograde
metamorphism due to dissolution-
precipitation in the presence of fluids (Harlov
et al., 2011). Thus, the ages recorded by
monazite domains in the studied samples may
reflect distinct metamorphic stages.

High-Y monazite cores (D1) yield
weighted mean ages of 425.9 + 3.3 Ma and
4352424 Ma for samples NLU87 and
NLU89, respectively. These ages may
represent  the  timing of  prograde
metamorphism corresponding to the growth of
garnet G1. However, the patchy/lobate zoning
of monazite cores in NLUS87 indicates partial
resetting of this domain by anatectic melt via
biotite breakdown at or near peak conditions
(Bhowmik et al., 2014; Dumond et al., 2015).
This  interpretation is  supported by
petrographic evidence showing that biotite
breakdown generated the peak mineral phases

(Fig. 4e). The overlap of the weighted mean
ages between monazite D1 and D2 (Fig. 7c) in
this sample can be attributed to the partial- to
complete-resetting of monazite  ages.
Conversely, monazite D1 in sample NLU89
exhibits sharp grain boundaries (Figs. 6b and
S2b) and yielded a weighted mean age of
435.2 + 2.4 Ma (Fig. 7d). This age constrains
the timing of monazite D1 crystallization
during prograde metamorphism.

Monazite ages in granulite facies rocks are
commonly interpreted to record cooling and
crystallization from anatectic melts (Benetti et
al., 2024; Taylor et al., 2016; Weller et al.,
2020). Monazite D2 in the studied samples is
interpreted to have grown during garnet G2
formation. If monazite D2 crystallized from
the melt, the majority of garnet would have
grown during melt crystallization because this
monazite D2 occurs as inclusions throughout
the garnet G2. However, the studied rocks
(Table S1) are highly depleted in SiO- and
enriched in MgO, FeO, and Al:Os, suggesting
that a significant quantity of melt was lost
during anatexis (Stepanov et al.,, 2024).
Minimal quantities of melt may have been
retained in the system. Therefore, garnet G2 is
considered a peritectic phase. In addition,
monazite crystallized from anatectic melts
typically shows elevated Y concentrations,
which are not observed in this domain (Barnes
et al., 2021; Corrie and Kohn, 2011; Kohn et
al., 2005). Furthermore, the increase in Th
from D1 to D2 monazite is consistent with
increasing metamorphic grade (Yakymchuk
and Brown, 2019). Collectively, the consistent
weighted mean age of ~420 Ma (Fig. 7c, d)
obtained from monazite D2 in both samples is
interpreted to represent the timing at or near
the peak conditions.

Monazite D3 yielded younger dates down
to approximately 390 Ma (Fig. 7c). The
highly discordant U-Pb ages of this monazite
domain suggest disturbance of isotopic
systematics by  coupled  dissolution-
reprecipitation (Harlov et al., 2011). As noted
above, monazite D3 occurs within fractures of
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coarse-grained garnet (G2), and the dates
obtained from this domain are therefore
interpreted to reflect the timing of retrograde
metamorphism under subsolidus conditions.

Petrographic examination and mineral
chemical characteristics indicate that the Dai
Loc Early Paleozoic rocks were overprinted
by a later metamorphic cycle (Nguyen et al.,
2023). This later metamorphic cycle has been
linked to the development of NW-SE-trending
shear zones in the eastern Indochina Block
during the Triassic collision between the
Indochina and South China blocks (Faure et
al.,, 2018; Lepvrier et al., 1997). However,
U-PDb geochronology studies of both monazite
and zircon show no imprint of this
tectonothermal event. This absence is
interpreted to reflect metamorphic conditions
that were insufficient to induce either Pb
diffusion or fluid-assisted dissolution-
reprecipitation in these accessory phases
(Cherniak and Watson, 2000; Williams et al.,
2011). A likely explanation is the low-
temperature metamorphic peak (600°C) and
the absence of fluid during the second cycle.

In summary, combined with U-Pb zircon
ages from both metamorphic rocks and syn-
metamorphic  intrusions, the Dai Loc
granulite-facies rocks are interpreted to record
prograde metamorphism at 440-430 Ma, peak
conditions at 430-420 Ma, and melt
crystallization probably between 420 and 390
Ma. A schematic P-T—t diagram showing the
relationships between Mnz growth and Grt
formation is presented in Fig. 9.

Although the P-T conditions for Early
Paleozoic granulite-facies rocks in the KTM
are poorly constrained, petrological studies
suggest low-pressure high-temperature
metamorphism, with the timing constrained to
450430 Ma (Nakano et al., 2013; Roger,
2007; Bui et al., 2020). Previous studies
indicate that high-grade metamorphic rocks in
the Dai Loc shear zone were also
metamorphosed under low-pressure high-
temperature conditions (Nguyen et al., 2023).
These similarities suggest that Early Paleozoic
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metamorphism in both the TBS and KTM
may have developed within a similar tectonic
setting. Recent studies propose that
subduction followed by collision between the
TSB and KTM along the TK-PS suture zone
occurred during the Early Paleozoic (Gardner
et al.,, 2017; Jiang et al., 2020; Ngo et al.,
2022, 2025a; Tran et al., 2020; Wang et al.,
2021). This is indicated by the occurrence of
arc-related magmatism in both regions during
~520-460 Ma (Tran et al., 2020; Nguyen et
al., 2021; Ngo et al., 2025a; Wang et al.,
2020; Wang et al., 2021), while high-pressure
metamorphism suggests the collision had
taken place before ~450 Ma (Usuki et al.,
2009). Furthermore, Wang et al. (2021)
proposed that ~440 Ma in the KTM marks a

transition from syn- to post-collisional
tectonics, consistent with  widespread
late  Ordovician-Silurian  post-collisional

magmatism in the region (Ngo et al., 2025a,
2025 b; Jiang et al., 2020). The Early
Paleozoic rocks in the Dai Loc shear zone
have also been interpreted to form in a post-
collisional  extensional tectonic  setting
(Nguyen et al.,, 2023). Collectively, these
observations between the TBS and KTM
indicate a regional Early Paleozoic tectonic

phase that affected the entire eastern
Indochina Block.
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Figure 9. Early Paleozoic P—T-¢ path for the
Dai Loc granulites. The P—T path inferred by
Nguyen et al. (2023): the bold line indicates the
well-constrained prograde-to-peak P—T path, and
the dashed line represents a schematic retrograde
cooling path. The solidus is shown schematically,
as in Nguyen et al. (2023)
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6. Conclusions

The metamorphic evolution of the Dai
Loc shear zone is characterized by a well-
defined sequence of prograde, peak, and
retrograde stages during the Early Paleozoic.
The integration of in-situ  monazite
geochronology, trace element geochemistry,
and petrography revealed that monazite
preserves three distinct growth domains.
These domains are closely linked to garnet
growth and breakdown, recording a monazite
growth episode during prograde
metamorphism at ~435 Ma, peak
metamorphic conditions at ~420 Ma, and
retrograde metamorphism at ~390 Ma,
respectively. The U-Pb data provide robust
evidence for a high-grade metamorphic
history between 440 and 390 Ma, consistent
with regional zircon U-Pb data, and
contribute to a broader understanding of Early
Paleozoic  tectonometamorphism in the
Indochina block. These findings indicate that
a comprehensive analysis of chemical and
petrographic data is essential for accurately
reconstructing  the  crystallization  and
dissolution history of geochronometers. The
identification of chemical signatures from
accessory phase-forming reactions in major

phases, such as garnet, can aid in
reconstructing complex metamorphic
evolution by linking ages to specific

metamorphic stages.
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