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Abstract

Zircons from two pelitic granulites (corundum-spinel-bearing garnet-cordierite-sillimanite and garnet-
spinel-cordierite granulites) of the western Kannak Complex, Kontum Massif, Vietnam were analyzed for
in-situ U-Pb isotope age dating and rare earth elements (REE) chemistry along with textural context by
laser ablation inductively coupled plasma mass spectrometry. As the result, the correlation between zircon
occurrence, its internal textural, U-Pb age and REE characteristics confirmed the ultrahigh temperature
event during Permian-Triassic (230-260 Ma) and linked the age with the metamorphic process. The
timing of peak metamorphism related with continental collision was constrained between ca. 250-260
Ma by the evidences of zircon inclusions in garnet from garnet-spinel-cordierite granulite and nearby
cordierite-spinel symplectite from corundum-spinel-bearing garnet-cordierite-sillimanite granulite. The
REE patterns of these zircons display the enrichment in the heavy REE (HREE) with gentle and steep
positive slope, respectively. The youngest age group of ca. 230 Ma is yielded from the zircon contacting
or included in secondary minerals such as chlorite or muscovite with the distinguishably depleted HREE,

which corresponds to the timing of later intense hydration event during exhumation.
Keywords: In-situ zircon analyses, rare earth elements, U-Pb age, Kannak Complex, Kontum Massif

1. Introduction

The high temperature (HT) metamorphic rock with the amphibolite- to granulite-facies grade is one of the products
by the continental collision during continental growth. It plays an important role in revealing the large-scale continental
growth throughout a geological time. In particular, ultrahigh temperature (UHT) metamorphic rocks which underwent
the extreme temperature condition beyond 900 T provide the principal understanding of the development and
stabilization of continents through the collisional process (Harley et al, 2016) . However, the main task of metamorphic
petrology does not terminate at discovering the process and condition of the metamorphism. Developing in the
metamorphic petrology requires the connection of metamorphic condition to the chronometer with the precise and
proper dating method to construct the framework of metamorphic evolution. In case of the UHT condition, in order to
determine the timing of the peak metamorphism, the Zrn U-Pb isotope dating has been considered as a reliable method
due to its high closure temperature (e.g, Harley et al, 2007, 2016) . Zrn also can grow or (re) crystallize during the HT
metamorphism via metamorphic solid-state reactions and/or partial melting or fluid (e.g, Harley et al, 2007). Therefore,
the U-Pb Zrn ages can provide the timings of the metamorphic stages involved the Zrn growth or (re) crystallization.
The major challenge in understanding the significance of the U-Pb ages is the connection with the occurrence of Zrn

in the thin section and its texture. The occurrence of Zrn supplies the hint for the possible interaction between Zrn



Vuong BUI THI SINH, Yasuhito OSANAI Nobuhiko NAKANO, Tatsuro ADACH]I, Ippei KITANO

and surrounding minerals or some external mobile factor (fluid or melt) . Besides, the texture of morphology and
internal zoning pattern is a useful tool to identify the origin of Zrn such as igneous or metamorphic origin (e.g, Hoskin
and Schaltegger, 2003) . However, the U-Pb isotope dating is often applied to Zrn grains separated from the crushed
samples since the abundant dates are easily and quickly obtained. The conventional method completely lacks in the
relation of Zrn occurrence and its age, which prevents from interpreting the significance of Zrn U-Pb ages. Thus, the
in-situ dating techniques from the thin section contributes to the direct combination of the occurrence, morphology,
internal texture and U-Pb age of Zrn in order to precisely constrain the timing of the UHT metamorphic condition. As
well as the intact textural relationship, trace element analyses (e.g, Y, REE) for Zrn give a help to decipher the growth
environment. Therefore, in-situ Zrn chemical and chronological analyses provide a new sight to reveal the timeline of
the UHT metamorphic process.

The Kontum Massif, which is a member of the Trans Vietnam Orogenic Belt (TVOB) (Osanai et al, 2008) , has
been known long time ago with a complicated metamorphic history which composed of various metamorphic rocks
from greenschist- to granulite-facies (e.g., Osanai et al, 2004; Nakano et al, 2007, 2013) . Of which, the Kannak
Complex is concerned as the highest temperature metamorphic complex in the Kontum Massif, up to UHT granulite-
facies that are characterized by a clockwise pressure-temperature (P-7") evolution. Previous studies have reported
the dominant Permo-Triassic HT-UHT metamorphic event (ca. 230-260 Ma) in this complex in addition with the
minor Ordovician-Silurian event one (ca. 430-460 Ma) only in the eastern part (e.g, Osanai et al, 2004; Nakano et
al, 2007, 2013) . Though the P-7" evolution in the Kannak Complex is well established by petrological and mineral
chemistry characteristics of these granulites, the 2-7-time evolution has not been well established due to the lack
of the relationship between the metamorphic ages and metamorphic stages. Understanding metamorphic evolution
process of the Kannak Complex, will provide a significant contribution to reveal the tectonic evolution of the Kontum
Massif in the TVOB as well as the growth of the Asian continent (Osanai et al, 2008) . In this study, we investigate
Zrn grains from two pelitic granulites in the western Kannak Complex to determine relative relation of Zrn growth
and UHT metamorphic stage. Considering the relationship between modes of occurrence of Zrn grains along with their
internal texture using cathodoluminescence (CL) image, U-Pb age and its trace element chemistry, it allows us to link
the individual ages to the metamorphic evolution of the pelitic granulites in the western Kannak Complex. Minerals

abbreviation in this study follows the works of Whitney and Evans (2010) .
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the south (ca. 900 °C) with the lower pressure condition (at 6.3-8.4 kbar) (Nakano et al, 2007) . The pelitic granulite
usually accompanies with Grt-bearing S-type tonalite so-called Plei Man Ko granite (Owada et al, 2006, 2016) .

In this study, we analyzed Crn-Spl-bearing Grt-Crd-Sil granulite (72801B) and Grt-Spl-Crd granulite (72801C)
collected from the western Kannak Complex (Fig. 1) . These samples are associated with migmatitic texture or
leucocratic pod (Fig. 2) . The metamorphic condition was estimated for the similar rock type in this location, at 915-
970 °C and 11 kbar (Nakano et al, 2007) . The Crn-Spl bearing Grt-Crd-Sil granulite (72801B) contains Grt, Crd, Sil,

wmn‘i\ \Th\“\ﬂlW‘m'ﬂﬂNgwmﬂt\nnnn\m\\m w\\\mwl‘\:u |
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Figure 2
Spl, Pl, Kfs and minor Qz, Crn, Zrn, Ap, Ilm and Mag
(Figs. 3a-d) . Grt porphyroblast is mostly replaced
by Crd, Crd-Spl symplectite or secondary Chl and
Bt (Fig. 3a) . Sil presents as both fibrolite in Grt and
nematoblastic crystal in the matrix (Figs. 3a and 3d) .
Mostly, Crd is altered into Ms or pinite (Fig. 3e) with
the minor remained primary Crd in contacting with
Grt and Sil (Figs. 3a-b) . Spl occurs only as symplectite
surrounding Grt or between Grt and Sil (Figs. 3a, 3b
and 3d) . Sometime, the subhedral to euhedral Crn is
recognized in contacting with Bt and/or Mag (Fig.
3b) . Anhedral secondary And is also present in the
matrix and replaced by Ms (Fig. 3¢) . Equant Zrn is
abundantly included in Sil, Bt, Pl, Qz or in the matrix
contacting with Ms, Chl, pinite or Crd-Spl symplectite
(Figs. 3a, 3d-e) . The Grt-Spl-Crd granulite (72801C)
also shares quite similar petrographical features to
those of Crn-Spl-bearing Grt-Crd-Sil granulite except
the absence of Crn and occurrence of Sil and Spl (Figs.
3fh) . In this sample, Sil occurs only as inclusions in Grt;
anhedral dark green Spl mainly intercalates with Grt
(or as minor inclusion in Grt) or in contact with Pl and
Mag (Fig. 3f) . Subhedral Pl is also obviously observed
in this sample (Fig. 3f) . Isometric, euhedral (“soccer
ball” shape) Zrn grains, present as inclusions in Pl, Grt

or along the Grt crack, or in contact with Chl, Kfs, Pl or

pinite (Figs. 3g-h).
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3. U-Pb Zrn dating and REE characteristics

U-Pb dating and REE analyses were conducted on Zrn grains from the polished thin section using an Agilent 7500cx
quadrupole inductively coupled plasma mass spectrometry (ICP-MS) at Kyushu University, Japan. For the U-Pb dating,
the laser ablation system of a pulsed 193 nm ArF Excimer laser was applied with a repetition rate of 8 Hz, output of 30
% and the spot size of 20 and 25 um in diameter. The calibration and reference standards of 91500 (Wiedenbeck et al.,
1995) and FC-1 (Paces and Miller, 1993) were used, respectively. Besides, the New Wave Research UP-213 Nd-YAG
UV (213 nm) was performed for REE analyses. The analytical procedures for REE analyses are followed Nakano et
al. (2010) . Each Zrn grain was analyzed REE concentration by the spot size of 30 to 40 um. The locations of Zrn were
determined in polished thin section through the microscopic observation or back scattered electron (BSE) observations
using an energy-dispersive spectroscopy-equipped scanning electron microprobe (JEOL JSM-6390-JED2300) . The
internal texture of Zrn was displayed by CL imaging through a CL detector (Gatan MiniCL) . Age calculation was
conducted using the software Isoplot/Ex (Ludwig, 2008). The error for each single spot is reported at 2 sigma intervals
while the pooled ages are given at 95 % confidence levels. In this study, the concordant data is determined as one with
less than 5 % discordance and plotted within 2 sigma of the concordia curve. The representative CL images of analyzed
Zrn with obtained U-Pb age and Th/U ratio and concordia diagram are shown in Fig. 4 and Fig. 5, respectively.

The modes of occurrence and internal texture of analyzed Zrn grains were carefully investigated. Zrn grains
from two samples of Crn-Spl-bearing Grt-Crd-Sil granulite (72801B) and Grt-Spl-Crd granulite (72801C) share
the similarity in the external and internal texture characteristics. Abundantly, these Zrn are included in Bt, Pl, Qz
or in contacting with Ms, Chl, pinite for both samples, with minor occurrence as inclusions in Sil or beside Crd-Spl
symplectite in Crn-Spl-bearing Grt-Crd-Sil granulite (72801B) , and as inclusions in Grt (along the crack) in Grt-
Spl-Crd granulite (72801C) . For the external features, they are isometric, equant to ovoid Zrn, colorless to yellowish,
50-200 um across. In term of internal texture, the CL investigation revealed five domains. (1) The first small domain
is observed as bright core (c) with irregular shape which is not always visible in all Zrn grains (Fig. 4a) . The core
displays the chaotic zoning pattern which is truncated
by the first overgrowth domain (ov1) . (2) The first
overgrowth (ov1l) on the cores (¢) has a medium
to low CL emission and displays chaotic zoning

or unzoned internal texture (Figs. 4a-b, 4g) . The

d) Zrn inclusion in Bt
o X ¥ s
‘\‘\..., 3 4 )
ov2

most dominant zone is the second overgrowth (ov2) : oo T e

boundary between the core and ov1 is often marked

by an irregular light band. (3) The volumetrically

Q = a
which is characterized by polygonal shape, high CL 3\2510.58“"

emission and concentric sector zoning (Figs. 4b-g) . e i K xs0 ~z00m
The boundary between the first (ov1) and second '
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mainly idiomorphic overgrowth (ov3), which has a 4 : ; = 4@ ;

ov3
3 .
X80  200pm

very low CL emission (Figs. 4b and 4f) . (5) Some

( Zrn in Grt along the crack

Zrn exhibits patchy zone (pz), in association with
secondary mineral such as Chl, Bt, Ms or pinite (Fig.
43a) . Except the small dark core and ov1, all domains
of ov2, ov3 and pz were analyzed. Firstly, in Crn-
Spl-bearing Grt-Crd-Sil granulite (72801B) , seven ;
analyses from ov2 of Zrn inclusions in Bt and Qz give Sl X75 - 200m
the “*Pb/**®U concordant data varying between ca. Figure 4

253:11Ma
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240-260 Ma, vield a concordia age of 251.7 * 4.2 Ma (MSWD = 0.015) with scattered Th/U ratios of 0.06-0.64 (Fig.
5a). Seven data obtained from ov2 of Zrn in pinite pool at the similar concordia age of 251.3 + 4.3 Ma (MSWD = 0.20)
and Th/U ratios of 0.08-0.64 (Fig. 5a) . Three measurement from ov2 of Zrn in Spl-Crd symplectite provide the
clustered age at ca. 250 Ma with Th/U ratios of 0.06-0.18 (Fig. 5a). Six analyses from pz and ov3 of Zrn in contacting
with Ms or Chl show the broad peak at ca. 230 Ma with scattered Th/U ratios of 0.05-0.36 (Fig. 5a) . For the Grt-
Spl-Crd granulite (72801C) , fifteen dates collected from ov2 domain for Zrn inclusions in Pl represent the concordia
age of 253.0 = 2.4 Ma (MSWD = 0.50) and Th/U ratios of 0.02-1.29 (Fig. 5b) . Eleven data obtained from ov2 of
Zrn in Grt along the crack pool at the concordia age of 256.3 £ 3.0 Ma (MSWD = 0.11) and Th/U ratios of 0.03-1.13
(Fig. 5b) . Finally, eleven measurements from ov2 and ov3 of Zrn in contacting with Chl give the similar isotopic ages
which provide the concordia age of 229.3 = 2.4 Ma (MSWD = 0.11) with Th/U ratios of 0.19-1.17 (Fig. 5b).

The REE characteristics are also investigated for some representative Zrn grains in the different occurrences. The
result is present in the REE pattern diagram which is normalized to chondrite values (McDonough and Sun, 1995)
in Figure 6. For the Crn-Spl-bearing Grt-Crd-Sil granulite (72801B) , all Zrn grains display the fractionated REE
patterns typified by the enrichment in HREE compared with middle (MREE) and light REE (LREE) with negative
Eu anomalies and negligibly positive Ce anomalies (Fig. 6a) . However, REE pattern is slightly different from each Zrn
domain and occurrences. Of which, the ovZ2 Zrn inclusion in Bt or Qz is characterized by the slightly steep pattern
(Luy/Gdy = 2.8-4.3 at Gdy of 57-109) with a modest enrichment in LREE (Cey of 3-4) and HREE. Besides, the REE
pattern from ov2 Zrn occurring in the Crd-Spl symplectite shows the strong positive slope (Luy/Gdy = 7.4-21.4 at
Gdy of 42-86) with the depleted LREE (Cey of around 1) and highly elevated HREE. In contrast, the REE pattern
obtaining from ov 3 and pz domains of Zrn contacting with Chl and Ms preserves a slight depleted to flat HREE pattern
with Luy/Gdy = 0.5-1.7 at Gdy of 70-99 and inconsiderably high LREE (Cey of 1.8-3.5) . In regard to the Grt-Spl-
Crd granulite (72801C) , analyses from ov2 domains of Zrn inclusions in both Pl and Grt (along the crack) display the
similar REE pattern (Fig. 6b) . It is characterized by considerably steep REE pattern with the depletion in LREE and
enrichment in HREE (Luy/Gdy = 3.1-5.2 at Gdy of 38.2-70.4) . The strong positive Ce anomalies and negative Eu
anomalies are also recognized in these patterns. On the contrary, the analyzed ov3 domain of Zrn within/contacting
with Chl preserves a depleted HREE pattern with Luy/Gdy = 0.5-51.5 at GdAN of 59-86 (Fig. 6b) .

4. Discussion and concluding remarks

The in-situ analyses of Zrn from two pelitic granulites (72801B and 72801C) in the western Kannak Complex
confirm the distinguishable REE and U-Pb ages features in the relationship with mode of occurrences and internal
textures, which allows us to discuss growth/ (re) crystallization phases of Zrn during the UHT metamorphism. All
analyzed Zrn grains from these two pelitic granulites (72801B and 72801C) exhibit the isometric, euhedral (“soccer
ball”) or equant shape in the external morphology (Figs. 3c-e, 3g-h and 4) , which is typical for Zrn in the HT, granulite-
facies metamorphic rocks (Hoskin and Schaltegger, 2003; Harley et al, 2007; Rubatto, 2017) . Secondly, the CL images
reveal a sequence internal textures: an initial low luminescence growth zone (ov1) (sometimes overgrowing an
inherited core) , sequentially overgrown by a bright sector zoned domain (ov2) and finally followed by dark unzoned
one (ov3) or patchy zoned domain (pz) (Fig. 4) . Of which, the second overgrowth of Zrn (ov2) with the polygonal
zoning (Figs. 4b-g) is considered to be formed at the HT condition and with the presence of melt (e.g, Hermann and
Rubatto, 2003; Harley et al, 2007) . Therefore, the obtained age groups of ca 230-260 Ma (Fig. 5) from these Zrn
are considered as metamorphic ages. In both samples, the youngest age group of ca. 230 Ma is mainly obtained from
the ov3 or pz with minor ov2 domain of Zrn grains which are in contacting with secondary Chl or Ms (Fig. 5) . The
secondary Ms also replaces secondary And in Crn-Spl-bearing Grt-Crd-Sil granulite (72801B) (Fig. 3¢) . In addition,
the depleted HREE characteristics of these Zrn are distinguishable with other ones (Fig. 6) . Therefore, this distinct
younger Zrn age group can be interpreted as timing of later hydration resulting in the formation of Chl and Ms at

the shallow depth. In case of Crn-Spl-bearing Grt-Crd-Sil granulite (72801B) , ov2 domain of Zrn occurring in Crd-
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Spl symplectite between Grt and Sil, and Zrn inclusions in Bt and Qz obtained the similar age of ca. 250 Ma (Fig. 5a) .
Nevertheless, the former shows the much more elevated HREE and depleted LREE compared with the later (Fig.
6a) . Thus, these two Zrn possibly formed at the same time but by different mechanisms. The Zrn located in Crd-
Spl symplectite is considered to be formed by the Grt and Sil breakdown into Spl and Crd through the reaction of
Grt+Sil+H, O — Spl+Crd during decompression stage. The low solubility of Zr as well as not preferring HREE in Crd
give the good benefit for Zrn growth (Degeling et al, 2001) . The depletion of LREE in these Zrn might be explained by
the depleted LREE composition in the reactant Grt. However, due to the morphology, internal texture, REE chemistry
and U-Pb age characteristics, the second overgrowth (ov2) of Zrn inclusions in Bt and Qz are expected to be formed
from the melt during the HT metamorphism (e.g, Hermann and Rubatto, 2003; Harley et al, 2007) . The presence of
melt is inferred by the migmatitic occurrence of analyzed samples and subhedral Pl in the matrix (Figs. 2 and 3f) .
Consequently, the obtained age of ca. 250 Ma from these Zrn may indicate for the timing of decompression just after
peak metamorphism. In case of Grt-Spl-Crd granulite (72801C) , the Zrn inclusions in Pl and Grt (along the crack)
vielded slightly older age of ca. 250-260 Ma (Fig. 5b) . The internal texture and REE chemistry of these Zrn are
clearly similar (Figs. 4e, 4g and 6b) . Although Zrn in Grt also contacts with secondary Chl filling the Grt crack, the
isotopic age and REE feature are distinct from those of Zrn associated with Chl in the matrix (Figs. 5b and 6b) . This
feature may imply that the Zrn grains included in Grt were not affected by the later hydration event. The internal
texture of sector zoning as well as the enrichment of HREE from second overgrowth (ov2) of Zrn inclusions in Pl and
Grt the prefer their crystallization from the melt rather than recrystallization by dissolution of their protolith ones (e.g.
Harley et al, 2007; Rubatto, 2017) . Considering the occurrence of Zrn inside Grt and its slight older age of ca. 260 Ma
than Zrn in Pl (ca. 250 Ma) (Figs. 4g and 5b) , the ca. 260 Ma age might be interpreted as timing of prograde to peak
metamorphism.

In summary, the metamorphic evolution of the high-grade metamorphic rocks in the Kannak Complex, Kontum
Massif can be constrained as follows. The pelitic granulites might have undergone the peak UHT condition between
ca. 260 and 250 Ma by the continental collision in the TVOB (e.g., Osanai et al, 2004) . The subsequent decompression
stage promoted new Zrn overgrowth by Grt break down or crystallization from the melt at ca. 250 Ma, when might
correspond to the onset of the exhumation of the Kannak Complex. Finally, the later intense hydration at ca. 230 Ma
resulted in the abundant formation of secondary Ms and Chl during the exhumation at the shallow depth. Though the
duration of the UHT metamorphism in the western Kannak Complex (ca. 230-260 Ma) is consistent with that of
previous study (e.g, Osanai et al, 2004, 2008; Nakano et al, 2007, 2013) , this study provided the critical chronological
constraint on the metamorphic history by combining the microscopic observation (mode of occurrences, external and

internal texture) and in-situ U-Pb and trace element analyses for Zrn.
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1. Location of the Kontum Massif in Vietnam (a) and distribution of metamorphic rocks as well as intrusive
rocks in the Kontum massif (b) after United Nations (1990) . Only metamorphic ages for the Kannak Complex
reported in previous studies are shown in (b) , which is compiled from Navy et al. (2001) ; Nam et al, (2001) ;
Osanai et al. (2004) ; Nakano et al. (2007) ; Roger et al. (2007) ; Nakano et al. (2013) Locations of analysed
samples in this study are also shown as grey circles.

2. The modes of occurrence for analysed pelitic granulites in the Kannak Complex. (a) Crn-Spl-bearing Grt-
Crd-Sil granulite (72801B), (b) Grt-Spl-Crd granulite (72801C) . The coarse-grained pinkish Grt with greenish
Crd corona and leucocratic pod can be seen by the naked eyes.

3. Photomicrographs of analyzed samples from the Kannak Complex (a-e) Crn-Spl-bearing Grt-Crd-Sil granulite
(72801B) . (fh) Grt-Spl-Crd granulite (72801C) . (a) Spl-Crd symplectite surrounding Sil nematoblasts in
Crn-Spl-bearing Grt-Crd-Sil granulite. (b) Crn in contact with Bt and Mag. (c) Secondary And is replaced by
secondary Ms. (d) Zrn inclusion in Sil nearby Crd-Spl symplectite. (e) Zrn in contact with Ms. (f) Anhedral
dark green Spl mainly contact with sub- to euhedral Pl and Mag. Grt crack is filled by Chl and Bt. (g) Zrn
inclusions in Grt and secondary Bt. (h) Zrn inclusions in Grt and PL

4. The representative CL images of Zrn with analysis spots, U-Pb age and Th/U ratios for Zrn in Crn-Spl-
bearing Grt-Crd-Sil granulite (72801B) (a-d) and Grt-Spl-Crd granulite (72801C) (e-g) . 50 pum scale bar is
also shown in each figure. The mode of occurrence for each representative analysed Zrn is also present in the
right side of each figure. The black circles indicate for the analytical point of U-Pb dating, of which the solid and
dash ones for the concordant and discordant data, respectively. The white circles present for the REE analytical
location.

5. Concordia diagrams for the results of LA-ICP-MS Zrn U-Pb dating for Crn-Spl-bearing Grt-Crd-Sil granulite
(72801B) (a) and Grt-Spl-Crd granulite (72801C) (b) . The concordia age is calculated for each occurrence of
Zrn in each sample. In the concordia diagrams, concordant and discordant data are shown with solid and dash
ellipses, respectively.

6. REE pattern normalized by chondrite value for metamorphic Zrn from Crn-Spl-bearing Grt—-Crd-Sil granulite
(72801B) (a) and Grt-Spl-Crd granulite (72801C) (b). Chondrite values are after McDonough and Sun (1995).
See detall in the text.





