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Abstract: The Taiwan mountain belt, one of the youngest orogenies in the world, is caused by the collision of the Luzon
arc with the Eurasian margin, which leads to post-collisional extension and magmatism in the Northern Taiwan Volcanic
Zone (NTVZ). The magma chamber process in this region has not previously been elucidated in detail. In this paper, the
textural and compositional features of plagioclase phenocrysts in basalt from the Tatun Volcanic Group (TTVG) were
studied to restrict the dynamics of magma system. Results show that the magma melts in TTVG are mainly sourced from
the underlying MORB-like mantle wedge but influenced by incorporation of subduction components, causing the elevated
Sr/Y and Ba/Y ratios in magma melts. The subduction components are mainly transported in the form of sediment melt.
The plagioclase phenocrysts in the TTVG volcanic rocks are generally coarsely core-sieved with a clear rim. The An
contents in the rims of plagioclase are much lower than those of cores, and elevated FeO concentrations are detected in the
plagioclase rims. We propose there exists a double-layer magma chamber in this region. The core of the plagioclase was
crystalized in the deeper quiescent magma chamber (~21 km), which was subsequently partially dissolved during the ascent
of magma melt under H,O-undersaturated condition, forming the typical coarsely sieved texture and synneusis. When this
crystal-rich melt migrates into the shallower chamber, water saturation is reached and more sodic plagioclase formed as the
rim of phenocryst. Due to the considerably higher fO, in the shallow chamber than in the deeper one, and the distribution of
Fe between plagioclase and melt positively correlates with fO,, the FeO content in the plagioclase rim elevates in
conjunction with increasing fO,.
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1 Introduction

Collisional orogenic belts are typically marked by
changes in the composition of the associated magmatism,
and the subduction-related features resulted from
metasomatism by slab derived fluids of the mantle
lithosphere before collision (Pearce et al., 1990; Turner et
al., 1996; Wang et al., 2004; Huang et al., 2021; Li et al.,
2022; Zhang et al., 2022). Post-collisional magmatism,
one of the common features of many orogens around the
world responsible for the cessation of collision and onset
of extensional collapse (Wang et al., 2004; Meshram et al.,
2022), shows extension tectonic characteristics (Rateb et
al., 2017), and reveals changes in magma source and
magma chamber process with orogen (Liu et al., 2014;

Wang and Zhang, 2022). Many important research
achievements about post-collisional magmatism have been
obtained, such as the composition of magma and mantle
source reflected by the elemental and isotopic
characteristics of volcanic rocks (Dai et al., 2016; Kong et
al., 2020), the asthenosphere upwelling and mantle
melting (Laurent et al., 2014; Zheng et al., 2015), the
interaction between upper mantle and lower crust (Dong et
al., 2011; Zhao et al., 2011; Hébert et al., 2014; Hu et al.,
2016), the various differentiation of physical chemistry
during the process of magmatic rock reforming (Zheng et
al., 2011; Gao et al., 2014; Zhao et al., 2015), the
structural control on magmatism (Chung et al., 2005; Zhao
et al., 2013; Seghedi et al., 2019). All in all, the above-
mentioned scientific results are obtained mainly by the
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whole rock geochemistry. As we all know, rock is a
product of crystallization differentiation of magma in a
magma chamber or/and aisle (e.g., Manikyamba et al.,
2022). Hence it could not represent the composition of
primary magma. Whereas minerals such as plagioclase
make a crucial contribution to the reconstruction of the
history of crystallization differentiation processes in
magma chambers. However, the researches about the
kinematics and process of magma chamber in post-
collisional areas are less, which influence the evolution,
rise and extrusion of magma. The magma chamber process
of post-collisional areas research is beneficial to better
understand the variation of geochemical composition of
magma in the whole process from collision to cessation.
Taiwan Island, which is located along the convergent
boundary between the Philippine Sea Plate and the
Eurasian Plate (Fig. 1), was generated by the subduction
of the South China Sea (SCS) and the subsequent arc-
continent collision between the South China continental
margin and the north Luzon arc (Tian et al., 2019). The
post-collisional extension in the northern Taiwan
mountain belt (NTMB) resulted in the magmatism of the
Northern Taiwan Volcanic Zone (NTVZ). The Tatun
Volcanic Group (TTVG) is located in the west end of
NTVZ, which is an ideal area to research magma chamber
process in post-collisional areas. Plagioclase is a common
mineral in volcanic rocks, which can crystalize over a
wide range of temperatures and persist as a crystallizing
phase throughout cooling and eruption (Viccaro et al.,
2010). Due to the CaAl-NaSi diffusion exchange within

the plagioclase crystal is extremely slow, the
compositional and textural zoning patterns developed
during the primary growth are generally preserved (Grove
et al., 1984; Lai et al., 2018; Chen et al., 2020). Many
studies have demonstrated that the texture and chemical
zoning patterns of plagioclase may be an efficient tool for
confining the dynamics of magmatic processes, due to its
high sensitivity to changes in physical-chemical
conditions of magma system (Blundy and Shimizu, 1991;
Stimac and Pearce, 1992; Singer et al., 1995; Tepley et al.,
2000; Humphreys et al., 2006; Smith et al., 2009; Viccaro
et al., 2010; 2012; Renjith et al., 2014; Lai et al., 2016).
Hence, in this study, using textural and compositional
element features of plagioclase from TTVG basalts, we
aim to investigate the dynamics of magma system and the
influence of subducted component.

2 Geological Setting

The Northern Taiwan Volcanic Zone (NTVZ), located
near the southern end of the Okinawa Trough, consists of
onshore volcanic fields and several offshore volcanoes
(Fig. 1). The NTVZ volcanic rocks are dominated by
andesites with calc-alkaline geochemical characteristics,
similar to those of convergent-margin lavas (Gill, 1981).
Thus, these volcanos were considered as part of the
Ryukyu Arc in the past (Chung et al., 1995; Teng et al.,
1996). More recently, Chen et al. (1997) and Wang et al.
(1999, 2004) propose that the NTVZ resulted from the
post-collisional extension related to the late Pliocene
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Fig. 1. Bathymetric map of the Northern Taiwan Volcanic Zone (NTVZ).

The sampling location is marked with the red star and the black circles represent the major volcanos in the NTVZ. WPB indicates the west-
ern boundary of the subducted Philippine Plate. TLS: Tslingshan, KYS: Kyanyinshan, TTVG: Tatun Volcanic Group, KLVG: Keelung
Volcanic Group, PCY: Pengchiayui, MHY: Mienhuayui, KBS: Kobisho, SBS: Sekibisho.
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orogenic collapse of the Northern Taiwan Mountain Belt
(2.8-0.2 Ma). Previous researches have demonstrated that
the magma sources in this region are complicated, which
may encompass the asthenosphere and metasomatized
subcontinental lithospheric mantle (Wang et al., 2004; Pi
et al., 2016). These two components are represented by the
2.6 Ma Mienhuayu high-Mg basaltic andesites and the 0.2
Ma Tsaolingshan (TLS) high-Mg potassic lavas,
respectively (Wang et al., 2004).

The Tatun Volcanic Group (TTVG), located in the
northernmost of Taiwan Island (Fig. 1) and above the
subducted western Philippine Plate, is one of the onshore
volcanic fields in the NTVZ. Sr-Nd isotope ratios of the
TTVG volcanic rocks (¥Sr/*®Sr =~ 0.70428-0.70469;
"Nd/"Nd = 0.51268-0.51280) indicate that the magma
source of TTVG is from the upwelling higher-degree
asthenospheric melts were generated with less
contamination by the overlying metasomatized
subcontinental lithospheric mantle (Wang et al., 2004).
Therefore, the TTVG basaltic volcanic rock is an ideal
sample to research the dynamic of magma system from
asthenospheric mantle in the background of post-
collisional and subduction.

3 Samples and Analytical Methods

The volcanic rock samples (HRS-1 and HRS-2) studied
in this paper were collected from the TTVG, one of the
onshore volcanic fields in the NTVZ. Both of the samples
are basalts and the phenocryst assemblage is composed of
plagioclase, pyroxene and olivine. The sampling locations
are shown in the Fig. 1. The volcanic rock samples were
ultrasonically cleaned in ultra-pure water for three times
firstly. Then, the dried samples were cut into thin sections
and double polished for electron probe micro analysis
(EPMA) and laser ablation inductively coupled plasma
mass spectrometry (LA-ICP-MS) determination.

3.1 EPMA analysis

Several representative plagioclase phenocrysts were
chosen for crosscut analyses by EMPA at Key Laboratory
of Submarine Geosciences and Prospecting Techniques,
Ministry of Education, Ocean University of China,
Qingdao, China. Analytical conditions were acceleration
voltage of 15 kV, a beam current of 20 nA, a spot diameter
of 5 um. The standards used in these analyses were albite
for Na and Al; diopside for Mg, Si and Ca; sanidine for K;
rutile for Ti; and almandine for Fe. The precision of the
major element analyses was better than 1%, and that of the
minor element analyses was better than 5%.

3.2 LA-ICP-MS analysis

Major elements and trace elements of Pl megacrysts
were analyzed in thin sections and laser targets using LA-
ICP-MS in Institute of Oceanology, Chinese Academy of
Sciences. Laser sampling was performed using a Photon
Machines Excite 193 nm excimer Ar-F laser system, and
an Agilent 7900a ICP-MS instrument was used to acquire
ion-signal intensities. Each analysis includes 20 seconds
background acquisition (gas blank) followed by 50
seconds data acquisition. The samples were analyzed

using a 40 um spot and 7.42 J/cm® energy density at a
repetition rate of 6 Hz. BCR-2G, BHVO-2G and BIR-1G
are used as external standards for calibration. Every eight
sample analyses were followed by two analyses of GSE-
1G. All of the test data were processed offline using the
ICPMSDataCal software version 11.8 (Liu et al., 2010).
The measured values of the reference materials were in
satisfactory agreement with the recommended values. For
most trace elements, the analytical accuracy and precision
were better than 10%.

4 Results

4.1 Micro-textures and compositional profiles of
plagioclase

The micro-texture and crosscut chemical compositions
of typical plagioclase phenocrysts were analyzed by
EPMA. Plagioclase phenocrysts in sample HRS-1 and
HRS-2 are generally euhedral with homogeneous cores
and thin rims (Supp. Table 1). The cores of the plagioclase
phenocrysts are generally coarsely—sieved due to the
strong dissolution. In several plagioclase cores, weak
oscillatory zoning was developed. Besides, several
synneusis were also observed in our samples and the
plagioclase phenocrysts that formed the synneusis share
the same rim. Calculated An contents of the plagioclase
phenocrysts show large variations (An 49-92, Supp. Table
1). In general, the cores of the plagioclase have high An
contents (An 78-92), which are similar to the analyses
results of LA-ICP-MS (An 71-86, see section 4.2). While
the An contents in the rims of plagioclase are much lower
accompanied by the increase of FeO contents (Supp. Table
1). In the An—Ab-Or compositions of plagioclase
phenocrysts (Fig. 2), the cores and rims of plagioclase fall
in the different range, plagioclase cores are categorized as
bytownite and anorthite, whereas plagioclase rims are
identified as labradorite.

The Kp(Ab-An)"™ values and thermobarometry
calculations were conducted according to the model
proposed by Putirka (2008) in order to discuss the
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Fig. 2. An—Ab-Or compositions of plagioclase phenocrysts
from the TTVG basalt.

The plagioclase cores mainly fall in the bytownite, whereas the plagioclase
rims plots as labradorite.
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crystallization temperature and pressure of the plagioclase, Table 1 Thermobarometry calculations results of the
and the results are shown in Table 1. The calculated representative TTVG plagioclase

crystallization temperatures and pressures of the T 7 T 7
representative plagioclase cores are about 1245°C and 8 SampleID Ko oy (1gyqy  SAmPEID Ko o) (1o
kbar, respectively. While the rims and several cores of the HRS-1Plcore 0.20 1245 8.1  HRS-1Plcore 0.17 1244 79
plagioclase are out of equilibrium with the melt, thus, the HRS-1 Plcore 0.20 1244 8.1  HRS-1Plcore 020 1244 8.1

HRS-1 Pl-core 0.18 1244 7.9  HRS-1 Pl-core 0.20 1244 8.0
HRS-1 Pl-core 0.20 1244 8.0  HRS-1Pl-core 0.21 1244 8.1
HRS-1 Pl-core 0.17 1244 7.9  HRS-1 Pl-core 0.17 1244 7.9

calculations were not conducted (see detail in section 5.3).

4.2 LA-ICP-MS analysis results HRS-1Plcore 0.16 1245 7.8  HRS-1Plcore 0.15 - -
Thirty typical plagioclase phenocrysts from HRS-1 and HRS-1Plcore 0.15 - - HRS-1Plcore 0.16 1245 7.8
HRS-1Pl-core 0.17 1244 7.9  HRS-1Plcore 0.20 1244 8.1

IiIlRSﬁ W(_erel analyzed. by LAfICIID MS’I resu.lts SlilOW that HRS-1Pl-core 0.16 1245 7.8 ~ HRS-1 Pl-core 0.25 1243 8.5
the chemical compositions of plagioclase m these two HRS-1Plcore 0.16 1245 7.9  HRS-1Plcore 0.16 1245 7.8
samples are quite similar (Table 2). Calculated An HRS-1 Plcore 0.16 1245 7.8  HRS-1Plcore 0.12 - )
contents range from 71 to 86, and the lower An contents, HRS-1Plcore 0.15 - - HRS-1Plcore 0.12 - -
as determined by EPMA, were not detected, which is ﬁg‘}g‘cm g?g 1245 8.1 Eﬁgi g}—core g~?g - -
because the LA-ICP-MS analysis were conducted in the T T T Tl M
A . N HRS-1 Pl-core 0.15 - - HRS-1 Pl-core 0.12 - -
plagioclase core, while the low An contents are entirely HRS-1 Plcore 0.08 - -  HRS-1Plcore 0.11 - 3
concentrated in the plagioclase rim. The chondrite- HRS-1Plcore 0.08 - -  HRS-1Plcore 0.12 - -
normalized REE patterns of the NTVZ plagioclase are HRS-1Plcore 0.12 - - HRS-1Plcore 0.09 - -
uniformly LREE enriched and show strong positive Eu HRS-1Plcore 0.14 - - HRS-IPlcore 0.12 - -
. . . HRS-1 Pl-core 0.13 - - HRS-1Pl-core 0.11 - -
anomalies (Fig. 3). The contents of La, Sr, Ba and Y in HRS-1 Plcore 009 - -  HRS-1Pleore 010 - -
primary melt were calculated in order to discuss the HRS-1Plcore 0.18 1244 7.9  HRS-1Plcore 0.17 1244 7.9
magma source and subduction component influence (see HRS-1Plcore 0.14 - - HRS-1Plcore 0.14 - -
detail in section 5.1). Calculated results are shown in the HRS-1Pleore 015 -~ - HRS-1Pkcore 0171244 79
Table 3 HRS-1Pl-core 0.17 1244 7.9  HRS-1 Pl-core 0.18 1244 8.0
: HRS-1 Plkcore  0.26 1243 87  HRS-1Plcore 020 1244 8.1
HRS-1Pkrim 054 - - HRS-1Plrim 048 - -

5 Discussion HRS-1Plrim 053 - - HRS-1Plrim 051 - -
HRS-1Pkrim 051 - - HRS-1Plrim 042 - -

5.1 Magma source and subduction influence ﬁgi gﬁﬁ g'gz o ﬁl}g} ]E}iﬁ g'g% o
The magma source of TTVG has been the subject of HRS-1 Plrim 076 - -  HRS-1Plrim 058 - -
much debate. Wang et al. (2004) propose that the magma HRS-1Plrim 056 - - HRS-1PLrim 048 - -
source of TTVG is from the upwelling higher-degree HRS-1 Plrim  0.46 - HRS-2-Plcore 0.20 1244 8.1

HRS-2-Pl-core 0.17 1245 7.9  HRS-2-Pl-core 0.17 1245 7.9

asthenospheric melts were generated with less
HRS-2-Pl-core 0.16 1245 7.8  HRS-2-Pl-core 0.14 - -

contamination by the overlying metasomatized

X . 5 . X HRS-2-Pl-core 0.15 - - HRS-2-Pl-core 0.14 - -
subcontinental lithospheric mantle. While B isotope HRS-2-Plcore 0.14 - . HRS2-Plcore 016 1245 7.8
research of volcanic rocks form TTVG indicates that the HRS-2-Plcore 0.14 - -  HRS-2-Plcore 0.14 - -
magma is mainly sourced from the underlying MORB-like HRg'Z'Pi'COW 0.17 1232 7.9 HRS'Q'Pi'COFe 0.15 o
mantle wedge with a little proportion of incorporated HRS-2-Plcore 0.19 1244 80 HRS-2-Pl-core 0.16 1245 7.8

. . R HRS-2-Pl-core 0.14 - - HRS-2-Pl-core 0.15 - -
subduction components (Pi et al., 2016). In order to clarify HRS-2-Plcore 0.19 1244 8.0 HRS-2-Plcore 022 1244 82
the magma source composition in TTVG from the HRS-2-Pl-core 0.18 1245 8.0 HRS-2-Plcore 0.20 1244 8.1
viewpoint of plagioclase, we calculated the trace element HRS-2-Pl-core 0.18 1245 8.0 HRS-2-Plcore 0.19 1244 8.0
concentrations in magma melt from which the plagioclase HRS-2-Pkcore 0.14 - - HRS-2-Plcore 0.16 1245 7.9

talized according to the following equation: HRS-ZPhcore 013 - - HRS2Pleore 0.3 - -
crysta g geq : HRS-2-Plcore 0.14 - -  HRS-2-Plcore 0.13 - -
Cm = Co/D HRS-2-Pl-core 0.16 1245 7.8 HRS-2-Plcore 0.10 - -

where D is the partition coefficient, Cp and Cy are HRS-2-Pl-core 0.14 - - HRS-2-Plcore 0.15 - -
element concentrations in plagioclase and primary melt Egg'i'g'cm gg ]é:i ;Z gg'g'g}'wre 8‘}2 Bj‘é ;g

. . -z-Fl-core N . -2-I'1-core N .
respectively. Due to the LA-ICP-MS analysis were HRS-2-Phcore 0.16 1245 7.9  HRS-2-Plcore 021 1244 8.2
conducted in the plagioclase cores and their compositions HRS-2-Plcore 020 1244 8.1 HRS-2-Plcore 022 1244 82
are in equilibrium with the magma melt (see in section HRS-2-Plcore 0.22 1244 82 HRS-2-Plcore 0.32 1242 9.2
5.3), the D values can be calculated using the method of HRS-2-Pl-core 0.24 1244 84  HRS-2-Plcore 0.23 1244 83
Sun et al. (2017) and the calculated trace element contents HRS-2-Plcore 0.0 1244 8.1 HRS-2-Plcore 0.19 1244 8.0
; tal melt compositions are shown in the Table 3 HRS-2-Plcore 0.19 1244 8.0 HRS-2-Plcore 024 1244 84
In parental me posi . HRS-2-Plcore 0.17 1245 7.9 HRS-2-Plrim 0.32 1242 9.2

In the Fig. 4, the TTVG magma melts are plotted near HRS-2-Plrim 042 - - HRS-2-Plrim 043 - _
the MORB line but show apparently higher Sr/Y and Ba/Y HRS-2-PLrim 042 - - HRS-2-Pkrim 050 - -
ratios, which indicates that the magma melts in the TTVG gg'é‘g‘r}m 3'22 - gﬁg'i‘giﬁm ggg -
are mainly sourced from the MORB-like mantle but oonm o emme Bes o
; 1 . HRS-2-Phrim 044 - - HRS-2-Plrim 045 - -
influenced by the incorporation of Sr an.d Ba from other HRS-2-Plrim 043 - - HRS-2-Pkrim 051 - B,
sources. Crustal contamination and incorporation of HRS-2-Plrim 043 - - HRS-2-Phrim 075 - -
subduction components may be the probable reasons for HRS-2-Plrim 045 - -
the elevated Sr/Y and Ba/Y ratios. However, previous Note: “-* means the plagioclase is not equilibrium with the melt and

researches  have demonstrated  that the crustal thermobarometry calculations were not conducted.
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Table 2 Representative analyses of TTVG plagioclase phenocrysts by LA-ICP-MS

1D Si0, AL O3 CaO Na,O K>O Sr Ba La Ce Pr Nd Sm Eu Gd An
48.28 32.43 16.37 1.88 0.09 812 59.98 1.45 2.71 0.21 0.93 0.20 0.45 0.07 78

49.90 31.53 15.55 1.95 0.11 866 79.69 1.77 2.84 0.32 1.31 0.16 0.40 0.11 76

53.59 29.54 14.12 1.67 0.11 753 70.04 1.72 2.62 0.32 0.96 0.29 0.34 0.07 77

47.96 32.75 16.45 1.80 0.09 863 69.00 1.59 2.71 0.33 1.12 0.17 0.35 0.08 79

46.95 33.26 17.58 1.32 0.05 716 41.52 0.89 1.42 0.16 0.69 0.19 0.24 0.04 84

52.18 30.89 14.84 1.21 0.05 654 38.46 1.38 2.01 0.24 0.93 0.16 0.28 0.09 83

48.29 32.41 16.18 1.85 0.13 897 83.12 222 3.83 0.43 1.52 0.29 0.41 0.18 78

HRS-1 48.31 31.91 16.63 1.73 0.17 783 73.59 1.97 3.59 0.41 1.63 0.20 0.40 0.26 79
47.29 33.00 17.67 1.18 0.04 779 43.41 1.11 1.68 0.21 0.58 0.20 0.30 0.04 86

48.58 32.21 16.28 2.00 0.10 596 2291 0.58 1.10 0.09 0.33 0.02 0.17 0.10 77

56.37 27.58 12.91 2.13 0.15 775 92.74 1.65 2.88 0.25 1.33 0.29 0.45 0.07 71

47.90 32.76 16.89 1.51 0.07 849 64.13 1.38 2.51 0.30 0.80 0.07 0.46 0.13 82

52.10 29.28 14.66 1.75 0.28 720 102.65 1.71 3.38 0.38 1.98 0.57 0.32 0.30 76

48.65 31.10 16.00 1.89 0.24 814 90.77 3.44 6.71 0.80 3.54 0.85 0.54 0.50 77

48.23 32.58 16.24 1.94 0.09 931 76.94 1.64 2.77 0.28 1.26 0.07 0.51 0.10 77

47.37 32.76 17.60 1.31 0.05 709 37.27 0.87 1.32 0.19 0.66 0.12 0.26 0.08 84

47.99 32.76 16.65 1.59 0.06 731 41.95 1.02 1.70 0.20 0.72 0.02 0.25 0.10 81

48.34 32.46 16.45 1.85 0.07 629 37.12 1.08 1.93 0.17 0.77 0.06 0.22 0.15 78

47.41 33.09 17.12 1.41 0.07 745 42.90 1.68 3.09 0.37 1.33 0.16 0.29 0.12 83

47.96 32.44 16.48 2.05 0.11 941 88.01 1.83 4.44 0.37 1.19 0.35 0.43 0.10 76

47.36 33.37 17.26 1.15 0.05 732 40.16 0.87 1.47 0.18 0.69 0.10 0.23 0.02 86

48.18 32.89 16.80 1.52 0.06 663 41.97 1.15 1.86 0.18 0.83 0.06 0.27 0.06 82

HRS-2 49.18 31.63 15.74 1.97 0.16 868 84.67 2.77 4.62 0.50 2.49 0.22 0.46 0.26 76
48.16 33.55 15.27 1.67 0.19 604 74.29 2.16 3.27 0.38 1.70 0.29 0.37 0.39 78

48.17 32.71 16.76 1.51 0.05 649 36.83 0.80 1.49 0.20 0.46 0.04 0.30 0.06 82

48.39 32.30 16.28 1.81 0.12 672 46.65 1.77 3.67 0.38 1.60 0.28 0.49 0.31 78

48.96 33.59 14.43 1.89 0.11 845 129.29 2.76 4.07 0.73 1.73 0.33 0.50 0.25 75

47.87 33.12 16.27 1.78 0.08 919 73.60 1.60 2.85 0.32 0.99 0.12 0.41 0.11 79

45.99 33.83 17.81 1.45 0.05 751 42.81 1.00 1.49 0.14 0.52 0.08 0.26 0.02 83

46.61 33.85 16.87 1.74 0.08 903 64.63 1.55 2.54 0.27 1.22 0.14 0.45 0.03 80

Note: major element contents (%), trace element contents (ppm), An: anorthite content in mole percent.

100

Plagioclase/chondrite
T

0.1 ———— Plagioclase in sample HRS-1

= Plagioclase in sample HRS-2

0.01 T T T T T T T
La Ce Pr Nd Sm Eu Gd

Fig. 3. Chondrite-normalized (Sun and Mcdonough, 1989) REE

patterns of TTVG plagioclase.
Due to the contents of HREE are generally close to the detected limits of LA
-ICP-MS, only LREE are shown here.

contamination in the TTVG was negligible (Wang et al.,
2004; Pi et al., 2016), which exclude the influence of crust
-derived Sr and Ba. Besides, crustal contamination is
mainly occurred in the late stage of magmatism, while the
plagioclase is crystalized in the early stage of magma
fractionation, which is unlikely influenced by crustal
contamination (Guo et al., 2016, 2018b; Chen et al,
2020). That is why plagioclase is commonly used to
discuss the magma source information. Thus, we propose
the melt calculated from the plagioclase compositions
dose not record a crustal contamination influence. Sr and
Ba have strong mobility during the slab subduction, thus,

incorporation of subduction components in to the magma
source will cause the elevated Sr/Y and Ba/Y ratios in
magma melts (Guo et al., 2018a). This is consistent with
the local tectonic setting that the westward propagation of
Philippine Sea Plate under the northern Taiwan causing
the incorporation of slab-derived component into the
TTVG magma source (Wang et al., 2004). Therefore, we
propose the subduction contribution to the magma source
of TTVG is the major cause of elevated Sr/Y and Ba/Y
ratios in the magma melts.

Then, one key remaining question is whether these
subduction components are transported as aqueous fluid or
sediment melt. Ba/La and La/Y ratios are good tracers for
differentiating the slab-derived fluid and sediment melt
components. This is because Ba, La and Y show very
similar behavior during the mantle melting and fractional
crystallization processes but are decoupled during
subduction processes. Ba is mobile in low-temperature
aqueous fluid, La is mobile in high-temperature sediment
melts, while Y is immobile during subduction process
(Guo et al., 2018a). In Ba/La vs La/Y diagrams (Fig. 5),
the TTVG magma melts show near horizontal distribution,
indicating that the subduction components are mainly
incorporated into the magma source in the form of
sediment melt with little proportion of slab-derived
aqueous fluid. This conclusion is same as the contribution
of subduction components for southern Okinawa Trough
which is located in the eastern of TTVG (Guo et al., 2016;
Chen et al., 2018; Zhang et al., 2019; Li et al., 2020a, b;
Zhang et al., 2020), indicating the subdution of Philippine
Sea Plate may have same influence for these two areas.
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Table 3 Trace element concentrations (ppm) of plagioclase and parental melt in TTVG

D Plagioclase Partition coefficient Parental melt
La Sr Ba Y La Sr Ba Y La Sr Ba Y La/Y Sr/Y  Ba/Y Balla
145 812 60.0 032 0.0435 13693  0.1281 =90 3345 593 468 35.15 095 1688 1332 14.00
1.77 86  79.7 038 0.0623 13775 0.1300 0.0130 2837 629 613 29.29 097 2146 2092  21.60
172 754 70.0 040 0.1115  1.3339  0.1198  0.0232 1541 565 585 17.16 090 3293 3407 3795
1.59 863 69.0 031 0.0419 13569 0.1252 —87 3792 636 551 35.85 .06  17.74 1537  14.54
1.66 887 79.0 027 0.0401 13617  0.1263 —-83 4139 651 626 32.00 1.29 2035 1955 1512
1.38 655 385 035 0.0860 1.2760  0.1060  0.0179  16.06 513 363 19.35 0.83 2653 1876  22.59
— 222 898 83.1 0.63  0.0469 13639  0.1268 -97 4745 658 655 64.78 0.73 10.16  10.12 13.81
£ 197 784 736 084 0.0385 1.3462  0.1227 -80 51.14 582 600  105.07  0.49 5.54 5.71 11.73
T 058 59 229 016 00454 13879  0.1325 -94 12.81 430 173 17.39 074 2471 9.94 13.50
1.65 776 927 033 01701  1.4019  0.1358  0.0354 9.70 553 683 9.37 1.04  59.05 7292 7045
1.71 720 102.6 1.80  0.0880 1.3471 0.1229  0.0183 19.39 535 835 98.07 0.20 5.45 8.52 43.08
344 814  90.8 250 0.0492 1.3722  0.1288  0.0102  69.85 593 705 24380  0.29 2.43 2.89 10.09
1.66 828 620 030 0.0395 1.3240 0.1174 -82 42,13 625 528 36.61 .15 17.08 1441 12.52
1.65 626 467 0.55 0.0528 1.3761  0.1297 0.0110 3132 455 360 50.18 0.62 9.07 7.17 11.49
1.68 845 63.7 0.42  0.0449 1.3663 0.1247 =93 3736 618 528 44.49 0.84 13.90 11.88 14.14
0.87 709 37.3 0.11 0.0251 1.2903 0.1094 =52 3472 549 341 20.15 1.72 27.27 16.91 9.81
1.02 731 419  0.15 0.0387  1.3269  0.1181 =81 2627 551 355 18.12 145 3043 19.60 13.52
1.08 629 37.1 0.17  0.0422 13642  0.1269 —88 25.63 461 293 19.44 132 2372 15.05 11.41
1.68 745 42.9 0.26  0.0312 1.3033 0.1125 -65 53.79 572 381 39.57 1.36 14.44 9.64 7.09
1.83 941 88.0 024 0.0410 13971  0.1346 -85 4454 673 654 27.70 1.61 2431 2360 14.68
0.87 732 40.2 0.13 0.0297 1.2704  0.1046 -62 29.26 576 384 20.70 1.41 27.84 18.55 13.12
o LI5S 663 4.0 030 0.0370  1.3167  0.1157 =71 31.07 504 363 39.65 0.78 1271 9.15 11.68
L 277 868 84.7 1.08  0.0564 1.3819  0.1311  0.0117  49.07 628 646 92.06 0.53 6.83 7.02 13.16
T 216 604 743 1.14  0.0688 13371  0.1205 0.0143 3142 452 616 79.70 0.39 5.67 7.73 19.61
0.80 649 36.8  0.13  0.0373 13151  0.1153 -78 21.51 494 319 17.16 1.25 2876  18.61 14.85
1.77 673 46.6  0.85 0.0451  1.3581  0.1255 —94 39.25 495 372 90.84 0.43 5.45 4.09 9.47
2776 845 1293 0.86 0.0957 13682  0.1278  0.0199 2886 618 1011 43.30 0.67 1427 2336  35.05
1.60 919  73.6 021 0.0455 1.3538  0.1245 95 3515 679 591 22.37 1.57 3034 2643 16.82
1.53 831 53.1 021 0.0276 13016  0.1121 =57 5545 638 474 36.46 .52 17.51  13.00 8.55
1.70 822 72.2 037 0.0516 1.3583  0.1255 0.0107 32.98 605 575 34.31 0.96 17.65 16.76  17.43
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the plagioclase parental melts in the TTVG.
The data of published MORB composition are from the Guo et al.
(2018a) and reference therein.

5.2 The evolution process in mgama chamber system

A batch of magma which must go through one or
numerous magma chambers may experience significant
compositional and textural buffering before erupting from
the subsurface (Kinman et al., 2009). And then these
changes of magma would be recorded in major element
zonation in textures and compositional profiles of the
plagioclases that crystallized throughout crystallization
evolution process (Guo et al., 2018a, b). The factors
controlling the contents of elements in plagioclase are
much complicated including magma mingling, magmatic
evolution, melt convection and ascent-related pressure
decrease (Tsuchiyama, 1985; Nelson and Montana, 1992;
Chen et al., 2020), which makes the interpretation of An
variation difficult. Therefore, we take the FeO
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concentrations of plagioclase into account during
interpreting the An values variation as the influence
factors of FeO contents are relatively limited (Ginibre et
al., 2002).

The cores of plagioclase phenocrysts in samples HRS-1
and HRS-2 are typically coarsely sieved. This sieve-
texture can be developed during the decompression
process (Nelson and Montaan, 1992; Blundy and
Cashman, 2001, 2005) or reaction with hotter Ca-rich melt
(Tsuchiyama, 1985). In the first circumstance, the fast
ascend of HyO-undersaturated magma causes the P(H,0)
of the system consequently increase, which will reduce the
stability of plagioclase causing strong dissolution (Blundy
and Cashman, 2001, 2005). Whereas, the reaction with a
hotter Ca-rich melt results in the partial dissolution of
plagioclase and generally form resorption zone and dusty
zone (Tsuchiyama, 1985; Viccaro et al., 2012; Renjith,
2014). The sieve-texture caused by these two processes
are quite different in size, decomposition events produce
coarsely sieved texture, while superheating creates fine-
size sieves (Tsuchiyama, 1985; Renjith, 2014). The cores
of the plagioclase in HRS-1 and HRS-2 are coarsely
sieved (Figs. 6 and 7), which may indicate that the sieved-
textures are caused by the decomposition of magma
system under H,O-undersaturated condition. On the other
hand, reaction with hotter Ca-rich melt usually causes the
formation of reaction rim accompanied by higher An
values, while the plagioclase rims in our sample have
apparently lower An values than those of the cores, which
further demonstrated that the coarsely sieved texture in
plagioclase cores is caused by the decompression process.
It is noteworthy that the cores of the plagioclase
phenocrysts are much homogeneous without growth
zoning, indicating that the phenocrysts’ cores were
crystalized in quiescent magmatic environment followed
by an ascent related decompression driven dissolution
(Renjith, 2014). Several synneusis are also observed in our
samples (Fig. 7), which is the aggregate of two or more
plagioclase. This texture is formed in a liquid-rich magma
where the plagioclase crystals are bounded together by
intergranular melt (Dowty, 1980; Schwindinger and
Anderson, 1989; Schwindinger, 1999). Due to the
synneusis has a common rim (Fig. 7), we propose that the
synneusis texture was formed before the crystallization of
plagioclase rim.

In several plagioclase phenocrysts’ cores, weak
oscillatory zoning was observed (Fig. 6¢). The oscillatory
zoning can be formed by changes in magma composition
or physical parameters of the system (dynamic model;
Panjasawatwong et al., 1995; Ginibre et al., 2002;
Humphreys et al., 2006; Gevorgyan et al., 2018), which is
usually resulted from the convective movements of melt in
magma chamber. Alternatively, it may be ruled by the
plagioclase oversaturation of the melt in relation to
undercooling at the crystal-melt interface, in a way that
when the system is sufficiently undercooled, at high
crystal growth rate the element diffusion kinetics are too
slow to re—establish the melt composition at the crystal
interface (kinetic model; Pearce, 1994). Oscillatory zoning
formed during the kinetic process is characterized by high
frequency and straight margin (Viccaro et al.,, 2012;

Renjith, 2014). In our samples, the oscillatory zoning
texture is relatively weak and exhibits minor resorption
features like curve corners (Fig. 6c) rather than straight
margin, which strongly supports a dynamic model
(Renjith, 2014), demonstrating the small-scale melt
convection occurred in magma chamber during the
crystallization of the plagioclase cores.

The rims of the TTVG plagioclase phenocrysts are
generally clear without sieve-texture and the An contents
in the rims are apparently lower than those of the cores
(Fig. 6). Several processes may lead to the decrease in
plagioclase An contents: (1) mingling with more evolved
magma; (2) fast crystallization; (3) decompression of
magmatic system under H,O-saturated condition (Viccaro
et al., 2010; Renjith, 2014; Lai et al., 2016). Both of
mingling with more evolved magma and fast
crystallization of plagioclase will cause the decrease in An
and FeO contents simultaneously (e.g., Lai et al, 2016;
Chen et al., 2020). However, the FeO concentrations in the
rims of the plagioclase phenocrysts are apparently higher
compared with the core, which cannot be explained by the
processes 1 and 2. As we mentioned above, ascent related
decompression of magma system under H,O-
undersaturated condition causes the strongly dissolution of
plagioclase. While if H,O-saturation is reached, water will
lose from the system causing the crystallization of more
sodic plagioclase rim (lower An contents; Viccaro et al.,
2010). Thus, we propose that decompression of magmatic
system under H,O-saturated condition is the major cause
for An contents decrease in the plagioclase rim. During the
ascent of melt (decompression process), the fO, increase
gradually. As the Fe partitioning between plagioclase and
melt is positively correlated with fO, (Phinney et al., 1992;
Bindeman et al.,, 1998; Wilke and Behrens, 1999;
Humphreys et al., 2006, 2009), the FeO contents in the
plagioclase rim increase in response to elevated fO,.

The textures and chemical composition (Figs. 2 and 6) of
plagioclase cores and rims are quite different, which implies
that the cores and rims of the plagioclase phenocrysts in
TTVG were crystalized in different physicochemical
conditions. We propose that there may exist double-layer
magma chamber system in TTVG. The homogeneous core
was crystalized in the deeper quiescent magma chamber.
During the ascent of the magma, the pressure of system
decreases gradually causing the dissolution of -early
crystalized plagioclase under H,O-undersatuated condition.
The H,O contents and fO, may be relatively higher in the
shallower chamber. When magma melt migrates to the
shallower chamber, the water saturation reached and more
sodic plagioclase formed as the rim of phenocryst.
Meanwhile, increase in fO, causes the stronger substitution
of Fe into plagioclase, resulting in the elevated FeO
contents in the rim. The thickness of the plagioclase rim
falls between 20—50 um, according to the growth rates of
plagioclase in basaltic magmatic system (~10""’cm/s;
Marsh, 1988; Cashman and Marsh, 1988; Cashman, 1988,
1990, 1992), the magma melt stayed in the shallow chamber
for about 7—15 months before eruption.

5.3 Temperature and depth of magma chamber
Previous researches have demonstrated that plagioclase-
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Fig.7. Synneusis of plagioclase grains in (a) HRS-1 and (b) HRS-1.

The coarsely sieved plagiocalses interlocked together and developed a common clear rim.

melt equilibrium can be wused to calculate the
crystallization temperature and pressure of plagioclase
(Ghiorso and Sack, 1995; Sugawara, 2001; Ghiorso et al.,
2002; Putirka, 2005, 2008), which has been widely applied
to estimate the depth and temperature of magma chamber
(e.g., Guo et al., 2018a). As we mentioned in section 5.2,
there exists double—layer chamber in TTVG magma
system. The core of plagioclase was formed in the deeper
chamber, while the plagioclase rim was crystalized after
melt ascending to the shallower chamber. In order to
estimate the temperature and depth of the magma
chambers, we attempt to calculate the crystallization
temperature and pressure of plagioclase core and rim
respectively according to the thermobarometry model
proposed by Putirka (2008), where the melt composition
was represented by average whole rock composition of
TTVG basalts. Most of the Kp(Ab—An)P " values of the
plagioclase core are within 0.27 £ 0.11, indicating that the
core of plagioclase was in equilibrium with their whole
rock composition (Fig. 8). Those data fall in the
equilibrium range were used to do the thermobarometry
calculation and results show that the crystallization
temperature and pressure of plagioclase core are ~1245 °C
and ~8 kbar respectively, indicating that the depth of
deeper magma chamber is about 21 km (peps = 2.7 g/cm3;
Telford et al., 1990). While the rim of plagioclase was not
in equilibrium with the whole rock composition, thus, the
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Fig. 8. KD(An-Ab)pl-liq values versus An contents of plagio-
clase from the TTVG.

The value of equilibrium line were from Putirka et al. (2008).

calculated results do not represent the correct
crystallization temperature and pressure for the plagioclase
rim.

5.4 Dynamics of magmatic system

The detailed study of plagioclase textural and
compositional features provides valuable information on
the dynamics of TTVG magmatic systems. The TTVG
volcanic rocks studied in this paper were formed after
westward propagation of the Philippine Sea Plate under
the Northern Taiwan. The magma melts are mainly
sourced from the underlying mantle wedge, meanwhile,
subduction of the Philippine Sea Plate causing the
incorporation of slab-derived material into the magma
source (Fig. 9a), resulting in the elevated Sr/Y and Ba/Y
ratios in the magma melts. The subduction components are
mainly transported in the form of sediment melt with little
proportion of slab-derived aqueous fluid.

There exists double-layer magma chamber in the TTVG
magmatic system. The lower chamber is located in the
depth of ~21 km and the temperature of the magma melt is
about 1245°C. Magmatic environment in this chamber is
relatively quiescent, resulting in the crystallization of
homogeneous plagioclase (Fig. 9b). Meanwhile, several
weak zoning plagioclase phenocrysts indicate small scale
melt convection might occurred during the magmatic
process. During the ascent of this crystal-rich melt to the
shallower magma chamber, strong dissolution of the
plagioclase occurred due to the decompression under H,O-
undersaturated condition, causing the formation of coarse-
sieve texture (Fig. 9b). In this process, two or more
plagioclase phenocrysts are binding together by the
intergranular melt forming the so-called synneusis texture.
The H,O contents and fO, was relatively higher in the
shallower chamber. When magma melt migrated to the
shallower chamber, the water saturation reached and more
sodic plagioclase formed as the rim of phenocryst, the An
contents of the plagioclase rim sharply drop as a result.
Due to the fO, in the shallower chamber is higher than that
of the deeper chamber and the Fe partitioning between
plagioclase and melt is positively correlated with fO,
(Phinney et al., 1992; Bindeman et al., 1998; Wilke and
Behrens, 1999; Humphreys et al., 2006, 2009), the FeO
contents in the plagioclase rim elevate as a result of fO,
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increase. After 7-15 months, the crystal-rich magma
erupted from the shallower chamber and condensed as
basalt.

This paper conducted systematic research of textural
and compositional characteristics of plagioclase from the
TTVG volcanic rocks, on this basis, the magma source
compositions and magmatic process were discussed,
which is of great significance for deepening us
understanding of petrogenesis of mafic magma in post-
collisional settings. Meanwhile, this research is beneficial
to better understand the variation of geochemical
composition of magma in the whole process from collision
to cessation.

6 Conclusion

(1) The magma melts in TTVG are mainly sourced from
the underlying MORB-like mantle wedge but influenced
by incorporation of subduction components and the
subduction components are mainly transported in the form
of sediment melt.

(2) The plagioclase phenocrysts in the TTVG volcanic
rocks generally have coarsely sieved core and a clear rim,
the An contents in the rims of plagioclase are much lower
than those of cores, and elevated FeO concentrations are

detected in the plagioclase rims. A double-layer magma
chamber is proposed in TTVG. The core of plagioclase
was crystalized in the deeper quiescent magma chamber
and subsequently partially dissolved during the ascent of
magma melt under HyO-undersaturation condition. When
magma migrated into the shallower chamber, the water
saturation reached and more sodic plagioclase formed as
the rim of phenocryst. Meanwhile, increase in fO, in
shallower magma chamber causes the elevated FeO
contents in the plagioclase rim.
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