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Abstract

The potential reactivation of the Tatun Volcano Group (TVG) in northern Taiwan has
raised significant public and geohazard concerns. To constrain magma stagnation depth and
reconstruct the plumbing system architecture of the TVG, this study applies mineral
thermobarometry to 33 core samples from four andesitic lava units (Lv1-Lv4) retrieved from
a deep borehole at Mt. Tatun. Mineral chemistry and petrography reveal polybaric
crystallization, stagnation, and mixing across multiple crustal levels. Magma evolution
progressed from deep-crustal orthopyroxene crystallization to mid-to-shallow-crustal
amphibole/clinopyroxene crystallization, depicting a crystal-stagnation ceiling at 4km. This
evolution was accompanied by mixing of ascending mafic magmas and stagnated, amphibole-
bearing intermediate magma batches. Prior to eruption, the stagnated magmas, initially in a
highly crystallized lock-up state, were reactivated by replenished magma recharge, triggering
multi-stage causing stepped amphibole decomposition (decompression rims and thermal
oxidation) and promoting dominant feldspar microlite accumulation over fractionation.
Amphibole decompression rims yield slow magma ascent rates of 0.004 to 0.011 m/s,
consistent with the widespread distribution of effusive lava flows across the TVG. Comparing
these petrological results with modern seismological data reveals that the paleo-reservoir
spanned a wider range of magma-ponding depths (4-22 km). The dimensional retreat of the
main reservoir from the late Pleistocene to the present (8-20 km) suggests a significant
reduction of the TVG’s magma volume, with the reservoir ceiling descending from 4 km to 8
km depth over 110 kys. The observed low-velocity magma ascent is linked to post-collisional
crustal rebound and asthenosphere upwelling within the extensional regime of the Northern
Taiwan Volcanic Zone. Although the modern, stable stress field implies a recessed magma
supply relative to the Pleistocene, low-explosivity effusive activity remains a potential long-
term threat. A known hydrothermal reservoir at 2—4 km depth may serve as the final staging

area priming future magma extrusion.
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1. Introduction

The active Tatun Volcano Group (TVG) in the Northern Taiwan Volcanic Zone (NTVZ)
poses a significant safety risk due to its proximity to the Taipei metropolitan area (Fig. 1).
Indirect evidence suggests the last TVG eruption within the 10,000 years (Zellmer et al. 2015;
Belousov et al. 2010), while other studies point to ca. 10-20 ka (Chen & Lin 2000, 2002;
Chen et al. 2010; Song et al. 2017; Jabagat et al. 2026). Recently, the use of cutting-edge
dating techniques for young materials, such as the precise *°Ar/*’Ar and Zircon Double-
Dating (ZDD) on U-Th/He systems, has renewed the youngest TVG magmatic eruption
record (ca. 8 ka) in the Holocene (Ignacio et al. 2026). The intact volcanic landforms,
including lava domes, lava flows, and explosive craters (Chan e al. 2006; Chen et al. 2007;
Song et al. 2011, 2021; Liao 2018), further support a short dormant period since the last
unrest.

Using mineral thermobarometry (Putirka et al. 1996; Putirka 2008, 2017), this study
aims to reconstruct the pressure—temperature evolution of TVG magmas, thereby
characterizing magma migration dynamics from the reservoir to the surface in relation to the
active plumbing system. Two significant features characterizing TVG’s plumbing system are
focused: (1) previous magma stagnation depths (proximity to the magma reservoir),
compared to the present reservoir at depths of 8-20 km indicated by the teleseismic model
(Lin 2016; Huang et al. 2021), and (2) magma ascent rate (Geschwind & Rutherford 1995;
Rutherford & Hill 1993; Rutherford & Devine 2003; Nakamura 1995; Kliigel et al. 1997;
Rutherford 2008), which reflects previous eruptive style — explosive or effusive (Sparks et al.
1998; Rutherford, 2008) — and informs future hazard potential.

Given the uncertainties in teleseismic models, which depend on presumed heterogeneous
factors such as temperature, composition, and fluid proportion in the crust (Lin 2016; Huang
et al. 2021), petrography and mineral thermobarometry provide additional constraints on the

TVG’s reservoir and magma evolution (Putirka et al. 1996; Putirka 1997; Putirka & Condit
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2003; Kliigel & Klein 2005; Yang et al. 1996; Ridolfi et al. 2010; Nagasaki et al. 2017). By
estimating the magma's physical conditions from crystal chemistry, the dimensions and
location of the TVG magma reservoir can be examined. Lastly, this study assesses the
persistence of TVG magmatism through the lens of magmatic dynamics, using local structural

evidence, such as stress field distributions, to evaluate future eruptive potential.
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Fig. 1 _Regional tectonic setting of Taiwan and its neighboring area (summarized from Kong
et al. 2000; Hu et al. 2002; Hsu et al. 2009). Taiwan, formed by the collision of the Philippine
Sea Plate and the Eurasian Plate, sits at the junction of two subduction systems, the Ryukyu
Trench to the east and the Manila Trench to the south. The Tatun Volcano Group (TVG),
located in the southwestern part of the northern Taiwan volcanic zone (NTVZ), poses a

significant risk due to its proximity to Taipei City. The TVG lies in a transitional stress regime
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with a very low strain rate, between the compressional tectonic regime in the south and the
extensional tectonic regime in the northeast (where NTVZ developed) (Hu et al. 2002). Red
arrows represent the vectors of relative plate motion. Pairs of convergent and divergent
arrows (blue) indicate the maximum compressive and minimum extensional stresses,

respectively (Hu et al. 2002; Hsu et al. 2009).

2. Geological Background
2.1. Tectonic setting and petrogenesis of TVG magmas

The TVG in northern Taiwan comprises intermediate-composition volcanoes formed in a
post-collisional rifting system (Wang et al. 2004; Shellnutt et al. 2014) (Fig. 1). Since the
Pliocene, convergence between the Eurasian and Philippine Sea plates had shaped a NE-
trending fold-and-thrust belt composed of the Wutsishan, Mushan, Taliao, Shihti, Nanchuang,
and Kueichulin formations, transected by the Kanchiao and Shinchuang faults (Fig. 2). In the
late Pleistocene, post-orogenic extensional rifting induced tectonic subsidence and TVG
magmatic activity along the Shanchiao fault. This volcanic suite ranges from calc-alkaline
basaltic andesites to andesites, with minor continental margin-type high-alumina basalts
(Chen 1975, 1978a). Compositional variation of the TVG and other volcanoes’ magmas in
NTVZ is attributed to partial melting of the asthenospheric mantle then contaminated by
subcontinental lithospheric mantle, driven by asthenosphere upwelling during post-collisional
extension (Wang et al. 2004; Shellnutt et al. 2014). MELTS modeling suggests that TVG
basaltic andesite magma is derived from partial melting of mantle pyroxenite, followed by
fractional crystallization to produce andesite magma (Shellnutt et al. 2014).

Basaltic andesites and andesites in the TVG have phenocrysts including plagioclase,
orthopyroxene, clinopyroxene, hornblende, and magnetite. Phenocryst assemblages
characterize andesite types, such as two-pyroxene andesite, two-pyroxene hornblende

andesite, hornblende two-pyroxene andesite, hornblende andesite, etc. (Chen & Wu 1971;
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Chen 1975; Chen et al. 2003, 2007; Song et al. 2011). Four synthems (unconformity-bounded
units for volcanic strata: Marti et al., 2018; Lucchi, 2019), namely the Chutze, Tatun,
Chihsing-Huangtsui, and Tinghuohsiu-Nantze, are defined (Fig. 2) based on spatial
distribution and volcanic topographic features of extrusive lava units in relation to andesite
types, with eruption ages mostly overlapping within 1Ma (Age distribution refers to
Supplementary Fig. S1).

The TVG features at least 51 volcanic cones — comprising composite volcanoes,
parasitic cones, and lava domes — with characteristic landforms of explosion craters, lava
flows, volcanic avalanches, and lahars (Chan et al. 2005; Chen et al. 2007; Song et al. 2011;
Belousov et al. 2010). Age differences among the volcanoes disclose the eastern and northern
parts of the TVG (Tinghuohsiu-Nantse and Chutse synthems) have undergone longer
exhumation associated with earlier activities (> ca. 0.2 Ma, detailed in Supplementary Fig.
S1), leaving residual volcanic landforms (Kear 1957; Hong 2014). In contrast, the central
(Chihsing-Huangtsui synthem) and western (Tatun synthem) parts retain intact volcanic
topography, e.g., craters and lava flows, reflecting recent activity and less exhumation (Song

et al. 2021; Liao 2018; Chen et al. 2003, 2007).
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Fig. 2 The Tatun Volcano Group (TVG) is divided into four synthems (unconformity-
bounded units for volcanic strata: Chang 1975; Marti et al. 2018; Lucchi et al. 2019): Chutze
(Zz), Tatun (Tt), Chihsing-Huangtsui (Cs-Hz), and Tinghuohsiu-Nantze (Dh). The Shanchiao
Fault separates the TVG into northwestern (Chutze and Tatun synthems) and southeastern
(Chihsing-Huangtsui and Tinghuohsiu-Nantze synthems) parts. Each synthem comprises
several overlapping volcanoes composed of andesitic-to-basaltic-andesitic lava domes, lava
flows, volcanic avalanches, and vast flooded lahars (Lh). The numbering of each lithosome
(e.g., T1, T2, T3) indicates its eruptive order within the synthem. The sedimentary basement
exposed along the southeastern fringe of the TVG comprises Oligocene-to-Miocene strata,
including the Wutsishan (Wc), Mushan (Ms), Taliao (T1), and Shihti (St) Formations. The

studied core, DT-01 (yellow star), is located at Mt. Tatun within the Tatun synthem (Tt).

2.2. Eruptive history
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Initial determinations of TVG ages using the K-Ar (Juang & Bellon 1984; Juang & Chen
1989; Juang 1993; Tsao 1994) and Ar-Ar (Lee 1996) methods on surface volcanic rocks
indicated that the TVG's eruptive period spanned from 2.56 to 0.19 Ma. Wang & Chen (1990)
employed zircon fission-track dating to obtain ages ranging from 2.80 to 0.29 Ma. Notably,
most samples yielded ages younger than 1 Ma. Chu et al. (2018) revisited age determination
by analyzing zircon U-Pb ages from surface volcanic rocks, suggesting that the TVG's main
eruptive period lay within 0.8 Ma, with a magmatic surge younger than 0.35 Ma.

While the TVG mainly erupted in the Late Pleistocene, recent evidence shows that its
volcanic activity persisted into the Holocene, with a possible unrest occurring at Mt. Chihsing
ca. 6 ka (Belousov et al. 2010). A magnetite crystallization age of 1,370 years by U/Th-Ra
method from a lava dome near Mt. Chihsing (Zellmer et al. 2015) is questionable due to
failed data replication (Song et al., 2017). Jabagat et al. (2026) redated the matrix and zircon
grains of the lava dome, yielding “°Ar/*?Ar age of 15+6.3 Ka and U-Th/He (zircon double
dating) age of 16.3+4.9 Ka, respectively. Recently, Ignacio et al. (2026) reported multiple
Holocene extrusive events at Mt. Chihsing, yielding a weighted mean eruption age (*°Ar/*°Ar
and ZDD) of 8.71+0.39 ka. This finding reveals that Holocene eruptions in the TVG have

been underestimated.

3. Samples and Methods
3.1. Sample description

Regarding the concern about missing geological records due to surface exhumation,
drilling cores preserve more robust eruption records than surface outcrops and better illustrate
temporal changes in magmatic activity. A drilling core, DT-01, from Mt. Tatun (Fig. 2), stored
by the Geological Survey and Mining Management Agency (GSMMA), provides ideal
material for this study.

The DT-01 core (Fig. 3) is dominated by thick laharic deposits interbedded with massive



174  andesitic lavas. Four lava units, namely Lv1, Lv2, Lv3, and Lv4, in ascending order, are

175  present. They are composed of andesite to basaltic andesite and commonly exhibit porphyritic
176  textures. Fresh samples from each lava unit were collected at evenly spaced intervals for

177  petrographic, mineral-chemical, and bulk-rock major-element analysis (Tab. 1-1). The

178  stacking sequence of the lava units in the drilling core is straightforward, i.e., their eruptive
179  order is well-constrained, which supports further discussion of temporal and spatial variations
180  during magma crystallization.

181

182  Table 1-1 _DT-01 sample list with phenocryst proportions for each sample. Sample numbering
183  represents core depth in cm. Voids are ignored. Plg: plagioclase, Cpx: clinopyroxene, Opx:
184  orthopyroxene, Amp: amphibole, Mgt: magnetite, Gm: groundmass. Mineral proportions are
185  given in vol%. *Samples selected for whole-rock major-element composition analysis.

186  *Samples from locations where *’Ar/*°Ar dating ages were obtained.

oT-01 Plg Cpx Opx Amp Mgt Gm
(cm)
Lv-4
*4700 39 1 5 6 <1 49
5510 35 6 1 12 1 44
6390 40 3 1 4 <1 52
7000 38 3 1 5 3 51
7880 19 9 1 9 1 61
*8600 26 2 1 8 <1 62
9500 32 2 4 5 <1 57
#10300 30 4 2 3 <1 60
10990 28 3 1 9 1 58
11820 31 1 1 7 <1 59
12500 55 0 7 11 4 22
13390 31 1 2 7 2 56
14100 31 2 5 1 56
15090 28 4 5 4 <1 58
15890 32 8 0 <1 58
16785 30 5 2 11 <1 51
#17300 25 3 3 5 <1 63
Lv-3
#18685 41 5 3 3 <1 46
18875 33 3 1 52




~
N
N

#20740 8 7 1 1 <1 82
*21520 32 1 4 5 3 56
22290 8 3 5 1 5 78
22930 34 2 3 2 <1 60
23230 22 2 1 1 <1 74
23600 30 1 4 1 <1 64
Lv-1
34190 31 6 3 1 <1 58
34985 32 6 5 1 <1 55
#35640 35 6 4 1 5 50
36310 31 7 3 1 1 57
36930 25 7 4 1 <1 63
37640 37 7 2 0 2 52
38270 27 5 4 0 1 62
#38655 28 5 2 3 1 62

187  Table 1-2_Summary of “°Ar/*°Ar dating results for DT-01 samples.

Depth A
P Unit Analyte ge

ge
+20 (ka K/Ca +20 MSWD
(cm) Type (ka) (ka) K/

9000 Lv4 Groundmass Plateau 140.4 6.1 0.397 0.019 0.34

21000 Lv2 Groundmass Plateau 474.4 10 0.624 0.021 0.88

188
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Lithology Description Eruptive Epoch
0 [ - Lahar,
covered by regolith
140.4
6.1 ka > E 11
100 H Lv4 VEDE
2Py-Hb-And
LVJHb-ZPy-And ................
200_:- Lahar, debris Event 1l
#7454 Lv2 Hb-2Py-And
+10.0 ka
Debris avalanche,
followed by
300 H massive Laharic
deposit Event |
4
Lv1
Hb-2Py-And
400
Massive Laharic
deposits,
500 —— embedded with Event O
debris avalanches
W Regolith | Debris avalanche
600 H -
e Lahar Andesitic lava

Fig. 3 Drilling core DT-01 lithologic column (see Fig. 2 for drilling core locality). It consists
of massive laharic deposits, lava, and a few debris avalanches in alternation. At least four
eruptive events are recorded in the section. Four andesitic lava units, namely Lv1 (hornblende
two-pyroxene andesite), Lv2 (hornblende two-pyroxene andesite), Lv3 (hornblende two-
pyroxene andesite), and Lv4 (two-pyroxene hornblende andesite) in ascending order, are
associated with events I, II, and III. *°Ar/*°Ar dating of lava groundmass at depths of 90 m

(Lv4) and 214 m (Lv2) yields cooling (eruption) ages of 140 ka and 474 ka, respectively.
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3.2. Methods

A total of 33 samples (Tab. 1-1) were collected from the four lava units, Lv1, Lv2, Lv3,
and Lv4, in the drilling core DT-01 (Fig. 3), which was obtained from the western part of the
TVG (Fig. 2). Thin sections for petrographic study were prepared for all samples by carefully
cutting to retain only the fresh portions. Phenocrysts and textures were examined under an
optical microscope and then a scanning electron microscope. Six representative samples from
the four lava units were analyzed for whole-rock compositions. In addition, *°Ar/*’Ar ages for

two DT-01 lava samples were reported for discussion in the following sections (Fig. 3).

3.2.1 “°Ar/*°Ar Dating

“0Ar/*?Ar dating records the time since a rock last cooled below the Ar closure
temperature, marking the eruption age. Two samples (DT-01_9000, 21400) from Lv2 and Lv4
(Fig. 3) were sent to the argon geochronology laboratory at Oregon State University, US, for
groundmass analysis. Groundmass was separated to exclude inherited crystals, following
standard protocols (Koppers et al. 2000).

Samples were purified by acid leaching (HCI and HNO3) and handpicked to >99.9%
purity. After one hour of irradiation with a Fish Canyon Tuff sanidine flux monitor, samples
were heated in an ultra-high-vacuum chamber using a stepped CO> laser beam to release
argon. Released gases were purified with Zr-Al getters, and argon isotopes were measured on
a multi-collector ARGUS-VI mass spectrometer. Final weighted-mean plateau and isochron
ages were calculated using ArArCALC v2.6.2 software (Koppers 2002), correcting for system
blanks, radioactive decay, mass discrimination, reactor-induced interferences, and

atmospheric contamination.

3.2.2 Petrography and Mineral Chemistry

The rock samples were mounted in epoxy resin and ground with SiC (silicon carbide)
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papers from #400 to #2000 until a flat surface was achieved, then polished with 3um and 1pum
aluminum particulate compounds on rotary disks. The final polish was performed using a
vibration polisher (Buhler: Vibromet-2) with a 0.3 um alumina compound for several hours.
The polished specimens were then coated with a carbon layer (Q150TE, Quorum
Technologies Ltd., UK) to facilitate electron conductivity.

The micro-textures and chemistries of minerals were qualitatively examined using a
scanning electron microscope (JEOL JSM-6360LV) at the Institute of Earth Sciences,
Academia Sinica, Taiwan. Mineral identification was performed using an attached X-ray
energy-dispersive spectrometer (EDS: Oxford Instruments Ltd., INCA-350) under beam
conditions of 15 kV acceleration voltage and 0.2 nA current.

Mineral compositions were quantitatively determined using an electron probe micro-
analyzer (JEOL EPMA JXA-8900R) equipped with five wavelength-dispersive spectrometers
(WDS). Secondary- and back-scattered electron images were used to guide analysis of the
mineral targets. A 2 pm defocused beam was used for quantitative analysis at an acceleration
voltage of 15 kV and a beam current of 12 nA. Measured X-ray intensities were oxide ZAF-
corrected using calibration of synthetic (s) and natural (n) standard minerals with various
diffracting crystals, as follows: wollastonite (s) for Si with TAP crystal, rutile (s) for Ti with
PETJ crystal, corundum (s) for Al (TAP), Cr-oxide (s) for Cr (PET), hematite (n) for Fe with
LiFH crystal, Mn-oxide (s) for Mn (PET), periclase (s) for Mg (TAPH), wollastonite (s) for
Ca (PETH), albite (n) for Na (TAPH), adularia (n) for K (PETH), and Ni oxide (s) for Ni
(LiFH). Counting times were 10 seconds for each peak and 5 seconds for each upper and
lower baseline for all elements. Standards run as unknowns yielded relative standard
deviations below 1% for Si, Na, and K, and below 0.5% for other major elements. Based on

3o of the standard calibration, the detection limits for all elements were 50-100 ppm.

3.2.3. Amphibole Occurrences
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Amphibole decomposition from decompression during magma ascent is common in
extrusive rocks (Rutherford 2008). The rim’s growth rate and thickness depend on the
decompression rate or path (Rutherford & Hill 1993; Rutherford & Devine 2003; Browne &
Gardner 2006). Ideally, rim thickness can be used to estimate magma ascent rates (Rutherford
& Hill 1993; Browne & Gardner 2006; McCanta et al. 2007; Rutherford 2008). Amphibole
decomposes by magma decompression, thermal oxidation, and thermal recrystallization
(Garcia & Jacobson 1979; DeAngelis et al. 2013). These mechanisms differ in mineral
assemblage, grain size, and rim characteristics. Identifying the mechanism is crucial for using
rim thickness to estimate ascent rates.

The amphibole decomposition mechanisms are characterized by the following:

Magma decompression (gabbroic-type): Decreased water fugacity dehydrates
amphibole, producing pyroxene, titanomagnetite, and plagioclase (Garcia & Jacobson 1979)
of 1-30 pm in size, forming rims <40 um thick (DeAngelis et al. 2013). Pyroxene herein
includes both clinopyroxene and orthopyroxene (Wright & Doherty 1970; Rutherford & Hill
1993; DeAngelis et al. 2013), though some report only orthopyroxene (Browne 2005).
Decompression rims always form at the crystal-magma interface (Rutherford & Hill 1993),
indicating magmatic reaction.

Thermal oxidation (black-type or opaque rim): Oxidation and dehydrogenation cause
amphibole to decompose without magma involvement (Devine et al. 1998; Murphy et al.
2000; Garcia & Jacobson 1979). Such rims, <10 pm thick, are composed of clinopyroxene
and titanomagnetite (Browne 2005), measuring 1-10 um in size (DeAngelis et al. 2013).

Thermal recrystallization: When magma stalled in the shallow crust, amphibole
transforms into pyroxene, titanomagnetite, and plagioclase (30-300 pum in size), forming
broad rims >200 pum thick (Devine et al. 1998; Murphy et al. 2000; Rutherford & Devine
2003; DeAngelis et al. 2013). In DT-01 samples, this replacement often creates irregular

patches.
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Based on mass-balance estimates, the mineral transformation during amphibole
decomposition is described by the reaction below (Wright & Doherty 1970; Rutherford &
Hill 1993).

0.73 Amp + 0.27 melt = 0.29 Opx + 0.24 Cpx + 0.43 Plg + 0.03 IIm (+ melt)

For magma components involved on both sides, the formula shows a mass imbalance
between amphibole and decomposition phases and can be simplified as below (McCanta et al.
2007).

Amp + melt; = Opx + Cpx + Plg + [Im + melt,

Amphibole decomposition during thermal oxidation and recrystallization has not been
discussed in previous studies. Hence, we propose a mass-balance formula to explain
amphibole breakdown without magma involvement.

Tschermakite Opx Cpx

Cax(Mg,Fe?**")sSisAl,022(OH)2 = (Mg, Fe),Si206 + (Ca,Mg,Fe**, Al)2(Si,Al),06 +
Plg Mgt

(Ca,Na)AIl(ALSi)Si»Os + Fe**(Fe*",Ti),04 + Ha + Si

Statistical analysis of amphibole textures at different core depths, combined with
thermobarometry, reveals a stepped ascent in magma evolution. In addition to magma
decompression, thermal oxidation, and recrystallization, magma resorption — in which crystal
edges dissolve into ovals — is also observed. These processes leave distinct textural marks

from rim to core, as a record of magmatic history.

3.2.4 Mineral Thermobarometry, Chemometry, and Magma Ascent Rate

The two-pyroxene thermobarometer (Putirka 2008) estimates crystallization pressures
and temperatures using Fe-Mg exchange between orthopyroxene (Opx) and clinopyroxene
(Cpx), both common in the TVG andesites. They typically form coronas (reaction rims) or

contact grains. For reliable results, the Fe-Mg exchange coefficient, K4(Fe-Mg)°P*“P* should
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match the theoretical value (1.09+0.14) (Putirka 2008). The method is most accurate when
Mg#P (i.e., Mg/(Mg+Fe+Mn)) >0.75 (Putirka 2008), but for the TVG andesites, pairs with
Mg# down to 0.70 are used if the K4 requirement is met. Based on Putirka’s work, the two-
pyroxene thermobarometric formulae yield standard errors of estimate (SEE) of T£60°C and
P+280 MPa, respectively.

Amphibole-based thermobarometry estimates crystallization temperature, pressure
(Ridolfi et al. 2010; Ridolfi & Renzulli 2012; Putirka 2016), and, in some cases, oxygen
fugacity and H>O content (Ridolfi & Renzulli 2012). It works for calc-alkaline magmas
across wide conditions (up to 1130°C, 2.2GPa) (Ridolfi & Renzulli 2012).

Ridolfi et al. (2010) proposed a practical amphibole thermobarometer using calcic
amphiboles in calc-alkaline volcanic rocks. Ridolfi and Renzulli (2012) concluded that
equational errors in pressure estimates increased at higher values (P +£19.3% in avg.) and
developed conditional equations calibrated for different pressure ranges to improve the
accuracy of overall pressure estimates (P =£13.1% for 130-500 MPa, P +11.4% for 930-
2200MPa). On the contrary, temperature and oxygen fugacity estimates from Ridolfi and
Renzulli’s equations work precisely and consistently across a wide range (T £23.5°C for 800-
1130°C, logfO> £0.37). Nevertheless, Ridolfi (2021) refined the thermobarometric models up
to 2200 MPa and 1130°C, with lower errors of estimate (P £12%, T £22°C, logfO, +0.3, H,O
in the melt £14%); hence, Ridolfi’s (2021) equations were adopted in this study. Pressure
estimates are converted to crystallization depths, assuming continental crust with an average
density of 2.8 g/cm?.

Amphibole chemometric equations use calcic amphibole compositions to estimate melt
major-element content (Ridolfi et al. 2010; Ridolfi & Renzulli 2012; Putirka 2016; Zhang et
al. 2017). Zhang et al.'s (2017) model offers reliable predictions with consistent errors (SiO>
at 3.78 wt.%, AbO3 at 1.11 wt.%, TiO at 0.16 wt.%, FeO at 1.54 wt.%, MgO at 0.64 wt.%,

CaO at 1.43 wt.%, and K>O at 0.78 wt.%).



328 Titanomagnetite-ilmenite pairs in equilibrium allow calculation of temperatures and
329  oxygen fugacity using Fe-Ti oxide geothermobarometer (Carmichael 1967; Anderson 1968;
330 Lindsley & Spencer 1982; Stromer 1983; Powell & Powell 1977; Spencer & Lindsley 1981;
331  Anderson & Lindsley 1985), compiled by Lepage (2003) in ILMAT. Mg/Mn partitioning
332 helps test the reliability of these results (Bacon & Hirschmann 1988).

333 Magma ascent rates were estimated by measuring the widths of amphibole breakdown
334  rims (Rutherford & Devine 2003; Rutherford 2008).

335

336  3.2.5 Crystal Size Distribution (CSD)

337 Microcrystals were analyzed using Electron Backscattered Diffraction (EBSD) patterns
338  collected with a JEOL JSM 5900LV SEM equipped with an Oxford-HKL Technology EBSD
339  system (Institute of Earth Sciences, Academia Sinica, Taiwan). Patterns were obtained at
340 20kV, 5nA, and a 22mm working distance. Multiple EBSD images (200x180 pm) covered the
341  groundmass, measuring over 800 feldspar microlites (1-30 pm) and micro-phenocrysts (>30
342  um) per image; 5-7 images were analyzed per sample (except sample 22290: 200-300 crystals
343  in 2 images). The EBSD system measured ellipse diameters and shape parameters for each
344  crystal. Crystal number density (NA) was calculated as the number of whole crystals divided
345 by the analyzed groundmass area. Only groundmass free of phenocrysts and vesicles was
346  analyzed. Crystal size distribution (CSD) data and plots were generated using

347  CSDCorrections software (Higgins 2000) to correct stereological artifacts.

348

349  3.2.6 Major-element Analyses

350 The selected samples were cut into small pieces with a diamond-bonded steel saw, then
351  crushed to coarse sand size. After removal of visible crystals, the crushed samples were

352  pulverized in a ball mill to obtain a fine powder. The powder was heated in two separate

353  ovens at 110°C and 900°C to determine loss on ignition (LOI). Lithium bromide and lithium
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tetraborate were added to the samples, and the mixture was fused with glass beads to produce
a glass pellet. Major oxide concentrations were determined by WD-XRF using a Rigaku
RIX2000 spectrometer at the Department of Geosciences, National Taiwan University. The
precision of XRF analyses for major oxides (>0.5%) is estimated to be +2%, as constrained
by standard reference materials, including BHVO-2 (basalt), JGB-2 (gabbro), and GSR-1

(granite).

4. Result
4.1. °Ar/¥Ar Ages

Age spectra for the groundmass of samples DT-01 9000 and 21400 both display well-

defined plateaus, giving ages of 140.4+6.1 and 474.4+10.0 ka, respectively (Tab. 1-2). In the

SSAr/Ar- Ar/*°Ar correlation diagrams, the inverse isochrons yield 140.4+8.9 and 487.6+

20.7 ka, respectively, consistent with the plateau ages. This indicates that the plateau ages are

geologically meaningful. Analytical data are detailed in Supplementary Fig. S4.

4.2. Petrography - Mineral Compositions and Texture

DT-01 samples exhibit classic porphyritic andesite texture (Fig. 4). Phenocrysts include
plagioclase, clinopyroxene (augite and diopside), orthopyroxene (hypersthene), amphibole
(hornblende), and titanomagnetite, with proportions detailed in Tab. 1-1.

Plagioclase phenocrysts typically show subhedral shapes and stepped or oscillatory
zoning, reflecting repeated magma mixing (Fig. 4a). Some large clinopyroxenes are also
zoned. Orthopyroxenes occasionally display clinopyroxene corona (Fig. 4b), indicating
magma-crystal interaction. Pyroxenes often cluster as glomerophyric aggregates with
magnetite inclusions (Fig. 4c). Amphibole contains diverse inclusions: plagioclase, pyroxene,

and titanomagnetite. Textural relationships suggest the following mafic crystallization
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sequence: titanomagnetite = orthopyroxene = clinopyroxene = amphibole.

Large, dark, oxidized amphibole phenocrysts (3-5 mm) are common throughout Lv1-
Lv4, often showing poikilitic textures with granular inclusions of plagioclase,
titanomagnetite, and occasionally pyroxene. Amphibole crystals exhibit strong alteration,
appearing dark red or opaque. They may have opaque rims with reddish relic cores (Fig. 4d)
or become fully opaque pseudomorphs (Fig. 4e). Amphibole decomposition forms
polymineralic rims with varying amounts of plagioclase, pyroxene, and magnetite, depending
on the governing mechanism (see Section 3.2.3).

Temporal variations in phenocryst characteristics across the Lv1-Lv4 sequence are
summarized below:

In Lvl1, plagioclase features oval, compositionally zoned phenocrysts (normal, reverse,
and oscillatory) with high-An (occasionally high-Or) cores. Zoning records show 1-3 growth
cycles from magmatic recharge. Amphibole is rare (1 vol.%, Tab. 1-1), occurring mostly as
euhedral crystals with thin (ca. 15 um) opaque rims, alongside some anhedral, resorbed
varieties. Pyroxene (especially augite) oikocrysts commonly include magnetite. Millimeter-
scale phaneritic enclaves (plagioclase, orthopyroxene, clinopyroxene, titanomagnetite, and,
rarely, amphibole) are entrained as fragments from the shallow crust. The base of Lv1 hosts
an amphibole-rich nugget (Fig. 4f) with pervasive amphibole decomposition rims, interpreted
as a cumulate fragment from the reservoir.

Lv2 samples near the base are vesicle-rich. Rapid crystallization under fast growth rate
is recorded by skeletal textures and cellular (spongy) cores in plagioclase (Fig. 4g), as well as
skeletal or embayed pyroxene phenocrysts (Fig. 4h). Amphibole is rare except at the top of
Lv2 (Tab. 1-1). Over half of the amphiboles show intense magma resorption, forming
rounded or oval shapes. Amphibole appears deep red to brown, with black rims and dull
interference colors (Fig. 4d), and loses high pleochroism due to microcrystalline replacement

by titanomagnetite and pyroxene under oxidizing conditions. Some amphiboles are



405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

completely replaced by plagioclase, pyroxene, and titanomagnetite (Fig. 4e).

In Lv3, amphibole phenocrysts are slightly more abundant (Tab. 1-1), occurring as
euhedral or anhedral crystals bounded by opaque decomposition rims. In Lv4, plagioclase,
pyroxene, and amphibole resemble those in Lv2, but amphibole is significantly more
abundant (Tab. 1-1). Over half of Lv4 amphiboles have smooth, resorbed outlines, with
individual crystals either completely oxidized to pseudomorphs or preserving core remnants.

We categorized amphibole occurrences into 22 textural types in a flowchart illustrating
how the four mechanisms (magma decompression, thermal oxidation, recrystallization, and
resorption) were sequentially imposed (Fig. 5).

For example, rapidly ascending magma decompress an entrained amphibole, leading to its
complete replacement by pyroxene, Fe-Ti oxides, and plagioclase (I-a type; Fig. 5 & 6a) or to
the formation of a decompression rim (I-b type; Fig. 5 & 6b). The core of a rimmed
amphibole may be further replaced by thermal oxidation (I-c type; Fig. 5 & 6a), or form an
oxidation rim inside the decompression rim (I-d type; Fig. 5 & 6c¢). Thermal oxidation of
amphibole often creates a pseudomorph (II-a type; Fig. 5 & 6d) or an oxidation rim (II-b
type; Fig. 5 & 6e). Amphibole stalled in shallow magma tends to recrystallize into dehydrated
phases (pyroxene, plagioclase, and Fe-Ti oxides) with larger grain sizes, from the interior (I1I-
a type; Fig. 5 & 6f), sometimes growing an oxidation rim during extrusion (III-d type; Fig. 5
& 6g). Well-rounded, resorbed amphibole may gain a decompression rim during ascent, then
develop an inner oxidation rim during extrusion (IV-c type; Fig. 5 & 6h). Other amphibole

types are illustrated with examples in Supplementary Fig. S2.
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Fig. 4 Petrographic micrographs of DT-01 samples: (a) typical porphyritic texture, with
phenocrysts of plagioclase (PI), clinopyroxene (Cpx), and orthopyroxene (Opx), from
sample 22930; (b) an orthopyroxene crystal developed a reaction rim (corona) of
clinopyroxene, from sample 4700; (c) pyroxene crystals cluster into aggregates, forming a
glomerophyric texture, from sample 16785; (d) reddish relic core of a strongly altered
amphibole crystal (Amp) enclosed by an opaque rim, from sample 17300; (e) an amphibole
pseudomorph (Psd) composed of a fine mixture of pyroxene, plagioclase, and
titanomagnetite, from sample 17300; (f) an amphibole-rich nodule consisting of amphibole,
pyroxene (center), and magnetite (Mgt), interpreted as an entrained cumulate, from
sample 38270; (g) plagioclase with a skeletal texture and a cellular core (red arrow at the
right), indicative of rapid crystallization, from sample 23230; (h) a skeletal-like texture in a
clinopyroxene phenocryst with embayments, reflecting rapid crystal growth, from

sample 20740. (a), (b), (e), (g), (h): cross-polarized light. (c), (d), (f): plane-polarized light.
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Fig. 5 Flowchart of amphiboles experiencing a sequential decomposition process: I. magma
decompression (Asc), II. thermal oxidation (Ox), III. recrystallization (Rc), and IV. resorption
(Rs). Complex amphibole occurrences are summarized in the 22 textural types, from I-a to
I'V4j, illustrating crystal evolving stages, e.g., an amphibole crystal of type I-g would undergo

decompression (Asc), recrystallization (Rc), and thermal oxidation (Ox) sequentially.
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448  Fig. 6 Back-scattered electron images of DT-01 amphibole phenocrysts: (a) a decompressed
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amphibole crystal (I-a type) entirely replaced by decomposition phases — pyroxene (Pyx), Fe-
Ti oxides (Mgt), and plagioclase (P1), and another (I-c type) whose interior is replaced by
finer grains of decomposition phases during oxidation, from DT-01_8600; (b) an amphibole
decompression rim (DeRim) (I-b type), from DT-01 17300; (c) an amphibole oxidation rim
(OxRim) within the original decompression rim (I-d type), from DT-01 4700; (d) an
amphibole crystal thermally oxidized to form a pseudomorph of oxidation phases (II-a type),
from DT-01_8600; (e) an amphibole oxidation rim grown on the crystal edge (II-b type), from
DT-01_37600; (f) amphibole recrystallization into pyroxene, plagioclase, and Fe-Ti oxides
(IlT-a type), from DT-10_4700; (g) recrystallization patches (Rc) enclosed by an oxidation
rim (III-d type), from DT-01 18600; (h) well-rounded amphibole crystals, indicative of
magma-resorption, developed a decompression rim during magma ascent and then an inner
oxidation rim during magma extrusion (IV-c type), from DT-10_4700. Refer to Fig. 5 for the

interpretation of the amphibole occurrences.

4.3. Mineral Thermobarometric and Oxygen Fugacity Results
4.3.1. Amphibole

Amphibole thermobarometry shows crystallization conditions vary widely from Lv1 to
Lv4. Lvl amphiboles formed at 907-936 °C (mean 918+11 °C, n = 65 (9 grains)) and 247-517
MPa (mean 308+67 MPa), depths of 9-19 km (Fig. 7a). Lv2 amphiboles (rare) formed at 937
°C (n=6 (1 grain)) and 524 MPa (ca. 18 km) (Fig. 7a). Lv3 amphiboles crystallized at 819-
924 °C (mean 866421 °C, n =91 (12 grains)) and 123-426 MPa (mean 194+£54 MPa), or 4-16
km (Fig. 7a). Lv4 (most abundant eruptive unit) spans 872-1041 °C (mean 942+34 °C, n =
484 (117 grains)) and 178-1191 MPa (mean 468+151 MPa), depths of 6-44 km (Fig. 7a). The
data show a classic polybaric cooling trend: temperature drops by 220 °C as pressure

decreases during ascent, indicating significant heat loss to the wall rock. This suggests that
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conductive cooling dominated over latent heat from crystallization, and that ascent was
neither rapid nor adiabatic.

DT-01 amphibole thermobarometric data match amphiboles collected across the entire
TVG region (821-1010°C, 133-1167 MPa; calculated from Prof. CH Chen’s unpublished data,
Fig. 7b) and may indicate their representativeness of TVG amphibole crystallization status.
Chen (1978b) described ultramafic amphibole-rich nodules — cumulates of amphibole,
plagioclase, and magnetite — from four localities in the TVG, crystallized from parental basalt
magma. Their thermobarometry yields 909-942°C and 424-531 MPa (16-19 km), offering
insight into the cooling TVG parental magma.

Oxygen fugacity from amphibole shows a reducing trend during ascent (Fig. 7¢). As
magma ascended, the system became more reduced, with Lv3 samples most reduced
(oxidation states -10 to -12, near 200 MPa) and Lv4 more oxidized (cluster at oxidation states
-6 to -9 and 400-500 MPa). These trends record magma evolution and crystallization at

different crustal levels. Data are detailed in Supplementary Table S3.



489

(a)

T(°C)

500 600 700 800 900 100011001200 13001400

0 t t 0
200
r 10
400
o €
z )
s e
= 600 =
o 7]
(=]
800 I
oo 30
% O Amp Lva
1000 | a ] AmpLv3
] Amp Lv2
B | oampuwa [T
1200 m
(c) log fO,
-5 -10 -15
0 + 0
200
T 10
400
= £
c =
T 20
= 600 £
i o
% [
o
800
T 30
]
a o |
EED [ Amp Lva
1000 + o ] AmpLv3
& [0 AmplLv2 || 20
[0 AmplLvl ||
1200 gg

(b)

T(°C)

500 600 700 800 900 10001100 12001300 1400
0 - : - - - : - 0
200 + E
10
Y Tm
400 +
© %
=3 20
2 600 + B
o
(m]
800 | m} 30
J[ o
1000 |
] AmpTVG
O Amp Nod | | 40
a
1200
(d) T(°C)
500 600 700 800 900 10001100120013001400
0 + t t t t ; t t 0
AA A
200 | a
- 10
400
&
20
S 600 |
(-8
800 L 20
A PyxLva
1000 A PyxLv3
A PyxLv2
A Pyxlvl |[[ 40
1200
(f)
-6 -
-7
-8
-9 o
)
s -10
Lo
O.11
O FTOxLv4
w12 O FTOXLv2
-13 O FTOxLvl
O AmpLv4
-14 0 AmpLv3
0 Amp Lv2
-15
& O AmplLvl
-16 t t t t t : -
500 600 700 800 900 1000 1100 1200 1300 1400

Temperature (°C)

Depth (km)

Depth (km)



490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

Fig. 7 DT-01 temperature, pressure (depth), and log fO estimates from amphibole, 2-
pyroxene, and Fe-Ti oxides: (a) amphibole data from Lv1 (green squares), Lv2 (orange
squares), Lv3 (blue squares), and Lv4 (red squares). Black cross lines represent the standard
error of the estimates (SEE); (b) igneous amphibole sampled across the entire TVG region
(unpublished data of Prof. CH Chen, NTU, Taiwan), along with amphibole-rich nodules (blue
squares); (¢) amphibole pressure versus oxygen fugacity expressed as log fO»; (d) 2-pyroxene
data from Lv1 (green triangles), Lv2 (orange triangles), Lv3 (blue triangles), and Lv4 (red
triangles); (e) titanomagnetite grains (FTOx) in DT-01 samples underwent thermal oxidation,
forming parallel exsolution strips of ilmenite (gray) and magnetite (white); (f) the Fe-Ti
oxides forming thermal exsolution at temperatures ranging from 720°C to 920°C, with lower

oxygen fugacity than that of amphibole (Amp). Apt: apatite.

4.3.2. Orthopyroxene-clinopyroxene Pair (2-pyroxene)

Thermobarometric results include three pyroxene types: contact grains
(orthopyroxene/clinopyroxene phenocrysts), corona (orthopyroxene with clinopyroxene rim)
(Fig. 4b), and amphibole-decomposed pairs (gabbroic-type rims: Fig. 6a,b,c,h;
recrystallization: Fig. 6f,g). Contact grains and coronas formed under similar conditions and
exhibit a strong latent-heat signature. Overall, the pyroxenes record pressures from 100 MPa
to 600 MPa at nearly constant temperatures (900—-1050°C; Fig. 7d). The vertical trend
indicates that latent heat from crystallization reaches balance with conductive cooling,
suggesting rapid ascent.

Pyroxene contact grains and coronas depict a barometric boundary at 600 MPa (ca. 22
km; Fig. 7d), marking the onset of clinopyroxene formation. Earlier orthopyroxene likely
formed at pressures similar to or higher than those at which amphibole formed, though
pyroxene-melt barometry is unavailable. Pyroxene crystals record consistent temperatures

(900-1050°C), unlike amphibole’s cooling trend. This suggests that the amphiboles may be
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antecrysts from discrete magma batches, distinct from primary-melt pyroxene, except for part
of Lv4 amphiboles from the deep crust.

Amphibole-decomposed pyroxene pairs (from decompression and recrystallization)
yield very low pressures (<10 MPa; Fig. 8a,b), corresponding to depths of hundreds of
meters, yet retain high temperatures (900-1200°C; Fig. 8c,d). Although these pressures are
beyond the empirical range of pyroxene barometry, the data indicate that amphibole
decomposition occurred near the surface. Amphibole-decomposed pyroxene pairs in
decompression rims (Lv1-Lv4) indicate similar temperature ranges (Fig. 8c), with 950-
1020°C overlap; However, Lv1 is about 30-50°C lower than the others (Fig. 8c). Amphibole
recrystallization temperatures are systematically lower than those of decompression rims and
increase from Lv1 to Lv4 (Fig. 8d), suggesting decompression rims formed before
recrystallization in the shallow crust. Full pyroxene thermobarometric data are in

Supplementary Table S4.
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Fig. 8 Temperature and pressure conditions of amphibole decomposition phases (2-pyroxene)
from thermal oxidation and recrystallization: (a) amphibole decompression rims formed at
extremely low pressures, < 10 MPa (within hundreds of meters depth); (b) amphibole
recrystallization occurred at depths almost as shallow as the decompression rims; (c)
amphibole decompression rims retain high temperatures between 900-1200°C; (d) amphibole
recrystallization temperatures are systematically lower than those of amphibole
decompression rims, which show an elevation trend from Lv1 to Lv4. Pressure estimates

below 0 are neglected in (a) and (b).
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4.3.3. Fe-Ti Oxides Pair

Fe-Ti oxides (magnetite-group) ideally form ilmenite/magnetite couples for
thermometry, but such equilibrium pairs are rare in DT-01 samples. Instead, titanomagnetite
grains often show thermal oxidation, producing alternating ilmenite/magnetite exsolution
strips (matrix: low-Ti magnetite; lamellae: ilmenite) (Fig. 7¢e). These strips record lower
temperatures (720-920°C) and oxygen fugacity (-10 ~ -15) than amphibole (Fig. 7).
Titanomagnetite exsolution likely relates to amphibole thermal oxidation, reducing the
magmatic redox state. The Fe-Ti oxide pairs examined by Mg/Mn partitioning are mostly

located near the equilibrium line, within the volcanic separates field (Supplementary Fig. S3).

4.4. Magma Ascent Rate

Magma ascent rates from amphibole rims in DT-01 samples are 0.004-0.011 m/s,
aligning with those documented in extrusive eruptions at volcanoes such as St. Helens,
Soufriere Hills, and Black Butte (Rutherford 2008, Tab. 2). Within the DT-01 core section,
Lv1 samples exhibit the highest ascent rates (0.011 m/s). Lv2 samples lack measurable rims,
while Lv3 and Lv4 samples show lower rates (0.004-0.008 m/s). Explosive eruptions
worldwide have magma ascent rates at least 10-100 times higher than the estimates in DT-01

(Tab. 2). Hence, DT-01 samples reflect effusive activities from gentle eruptions.

Tab. 2_Magma ascent rates estimated from amphibole decompression rims in DT-01 samples.

Data for other volcanoes (St. Helens, Soufriere Hills, Unzen, and Black Butte) are from

Rutherford 2008.
Volcano Observation Tool Explosive Ascent rate Extrusive Ascent Rate
(m/s) (m/s)
St. Helens, US Groundmass crystallization >>0.2 0.01-0.02
St. Helens, US Amphibole rim >0.018 0.004 -0.015

Soufriere Hills, Mont. Amphibole rim >0.2 0.001-0.012
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Soufriere Hills, Mont. Magnetite >0.2 0.003 -0.015
Unzen JP Magnetite zonation Not present 0.002
Black Butte CA Amphibole rim Not present 0.004 - 0.006

DT-01 core, TVG

Lv1 Amphibole rim Not present 0.011
Lv3 Amphibole rim Not present 0.004 - 0.008
Lv4 Amphibole rim Not present 0.004 - 0.006

4.5. Crystallization Size Distribution (CSD)

Crystal size distributions (CSDs) of feldspar microlites (excluding Lv3 for lack of
microlites) from DT-01 samples display similar upward-deflecting curves (Fig. 9), with steep
slopes for small crystals and gentler slopes for larger ones — patterns typical of crystal
accumulation (Marsh 1988), in contrast to a downward-deflecting curve implying crystal
fractionation (Marsh, 1988). Lv4 samples (Fig. 9a,b), with the slowest ascent rate (Tab. 2),
exhibit larger crystal size (ca. 0.6 mm) and stronger crystal growth (e.g., Preece et al. 2013)
than Lv1 and Lv2 samples (Fig. 9c,d). Some Lv4 samples (Fig. 9a) show higher y-axis
intercepts (ca. 20 mm™), indicating that nucleation dominates during rapid cooling (e.g.,
Preece et al. 2013), whereas Lv2’s lower intercept (ca. 16 mm™) (Fig. 9c) suggests greater

undercooling and shorter crystallization times.
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Fig. 9 Crystal size distributions (CSDs) illustrating feldspar microlite nucleation and growth
in DT-01 samples. (a) The Lv4 sample, with the slowest magma ascent rate, exhibits an
upward-concave curve indicating strong crystal growth. Its high y-axis intercept (nearly 20
mm*) indicates nucleation dominance under rapid cooling. (b) Some Lv4 samples reach
larger crystal sizes above 0.6 mm. (c) The Lv2 sample illustrates a lower y-axis intercept
(about 16 mm™) and smaller crystal size, resulting from melt undercooling in a short
crystallization time. (d) The Lv1 sample, similar to Lv4, exhibits a slightly upward-concave
line for crystal growth. Samples in Lv3 have no CSD data for the glassy groundmass lacking

microlites.

4.6. Bulk Rock Chemistry - Major-element Compositions
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TVG volcanic rocks plot as basaltic andesite to andesite (Song et al. 2004, 2006, 2008)
in the total alkalis versus silica (TAS) diagram (Fig. 10a), with DT-01 samples identified as
basaltic andesite, matching earlier studies. Major-element data for DT-01 samples are given in
Supplementary Table S1. In the K»O versus SiO» diagram (Fig. 10b), TVG volcanic rocks are
mainly medium-K calc-alkaline, with a small portion of high-K samples (Song et al. 2011);
DT-01 samples also show high-K and medium-K calc-alkaline trends. Amphibole-based melt
estimates for DT-01 samples show 51.5-76.6% silica (andesite or rhyolite), 0.1-2.7% MgO
(2.6-5.4% for the TVG volcanic rocks), and 0.1-9.4% CaO (6.4-9.5% for the TVG volcanic
rocks) (Supplementary Table S2).

Amphibole-equilibrated melt compositions from Lv1-Lv4 illustrate magma
compositional evolution. Lv1-Lv2 are high- and medium-K calc-alkaline andesite (58-67%
silica) (Fig. 10b), while Lv3 shifts to medium-K calc-alkaline dacite (62-74% silica) (Fig.
10b). This compositional variation suggests progressive crystal fractionation. Lv4 displays
polarized compositions (Fig. 10b) — medium-K calc-alkaline basaltic andesite (55-62% silica)
or dacite (67-74% silica) — revealing a significant blending event of mafic and acidic host

magmas.
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Fig. 10_(a) Total alkalis-silica (TAS) diagram of the TVG volcanic rocks — Chihsing

volcanoes (CSS), Huangtsui volcanoes (HTS), Tatun volcanoes (TTS) (Song et al. 2004,

2006, 2007), and the DT-01 core (this study). (b) K20 vs SiO; plots. Cross symbols — Lv1,

Lv2, Lv3, Lv4, and AmpNod — represent melt compositions estimated from amphiboles in

Lvl, Lv2, Lv3, Lv4, and amphibole-rich nodules, respectively, using amphibole chemometric
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equations (Zhang et al. 2017). Whole-rock compositions of Lv1, Lv2, Lv3, and Lv4 are

presented with triangle symbols.

5. Discussion
5.1. Mineral Constraints on Magma Crystallization Process

TVG magma crystallization, based on DT-01 petrography and mineral
thermobarometry, began with orthopyroxene formation in primary magmas, initiating magma
fractionation and a compositional shift from basaltic to basaltic andesitic. As magma intruded
into the crust and cooled below 1050°C, amphibole crystallized in stagnant magma batches.
When parental magma ascended to pressures around 600 MPa (ca. 22 km depth),
clinopyroxene formed, releasing latent heat and maintaining temperatures at 950-1000 °C.
Meanwhile, crustal magma batches containing amphibole were trapped by magma mixing as
the replenished magmas rose, explaining amphibole’s cooling trend with decreasing depth.
Phenocryst growth halts at 100 MPa (ca. 4 km), representing a stagnation ceiling for magma.
Above this depth, rapid eruptive ascent led to decompression rims on amphiboles under
shallow-crustal conditions, as indicated by pyroxene thermobarometry. The amphibole-
derived pyroxenes, forming at temperatures above 900°C, align with the groundmass, which
shows typical high-temperature crystal nucleation and accumulation patterns in CSD plots.

Some titanomagnetite grains exhibit textures of exsolution lamellae indicative of weak
thermal oxidation (Yang & Chen 1994). Ilmenite-magnetite geothermometry (Carmichael
1967; Anderson 1968; Lindsley & Spencer 1982; Stromer 1983; Lepage 2003) reveals that
thermal exsolution occurred at subsolidus temperatures (780-870°C) (Supplementary Table

S5), reflecting the cold lock-up state of a highly crystallized magma prior to eruption.

5.2.  Magma Evolution

DT-01 samples disclose that amphibole crystals experienced decompression, thermal
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oxidation, recrystallization, and resorption at different stages, resulting in overprinted textures
such as crystal decomposition, corona, and rounding. These features reflect amphibole
evolution in relation to dominant magmatic processes (Shane & Smith 2013; Erdmann et al.
2014; Nagasaki et al. 2017).

Amphibole crystal from the same depth locality developed distinct textural occurrences
(Fig. 5), which may imply numerous interconnected chambers scattered throughout the crust
along magma ascent pathways, acting as crustal buffers for amphibole crystallization (Fig.
11). Inside these chambers, fractionated intermediate magmas—derived from primary mafic
magmas—incrementally rose and cooled, promoting amphibole growth (Fig. 11). During
magma ascent, processes such as crystal fractionation (with orthopyroxene, amphibole, and
clinopyroxene crystallizing sequentially), magma stagnation (ca. 4-22 km depths, favoring
amphibole growth), and mixing (recharged mafic magmas and fractionalized magma batches)
occurred. Mineral evidence (phenocryst growth) places the shallow reservoir ceiling at ca. 4
km (Fig. 7). The amphibole decompression rim suggests a much shallower depth than 4 km
(Supplementary Table S4). Further amphibole decomposition from thermal oxidation and
recrystallization occurred near the surface, as indicated by amphibole features and pyroxene
barometric data (Fig. 5, Fig. 11, Supplementary Table S4).

Magma extrusion from Lv1 to Lv4 was steady at a nearly consistent rate (0.004-0.011
m/s; Tab. 2) across a lengthy period over 0.33 million years (Tab. 1-2). This effusive eruption
style aligns with the magmatism of an extensional tectonic setting (Wang et al. 2004), rather
than subduction (Juang & Bellon 1984; Juang 1993; Teng 1996). Post-collisional rifting in
northern Taiwan caused asthenosphere upwelling (for crustal thinning; Wang et al. 2004) and
low crustal stress, enabling gentle, steady magma release through the crustal rifting system
(branches of Shanchiao fault; Fig. 2). This resulted in predominantly low-explosivity, effusive
eruptions in the TVG, as supported by field and genetic topographic studies (Chang et al.

2006; Chen et al. 2003, 2007).
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Fig. 11_Illustration of amphibole evolution routes based on amphibole decomposition

processes (Fig. 5) and mineral thermobarometry. Numerous magma batches dispersed

throughout the crust act as buffers for amphibole crystallization. These fractionated

intermediate magma batches, derived from primary mafic magmas, gradually cooled during

ascent and produced abundant amphiboles. As the primary magma ascended, it underwent

crystal fractionation (orthopyroxene, amphibole, and clinopyroxene), magma segregation

(favoring amphibole crystallization), magma stagnation (at depths of 4-22 km), and magma

mixing (recharged mafic magmas and fractionated magma batches), sequentially.

5.3. Magma Genesis of the Tatun Volcano Group

Crystal constraints reveal that TVG primary magmas originated from mantle depths

exceeding 40 km, deeper than the Moho (ca. 35 km in northern Taiwan: Ma et al. 1996; Lin

2016). The geochemical model (Wang et al. 2004) suggests TVG magmas formed by partial

melting of upwelling asthenospheric mantle (ca. 2.6 Ma). Seismic study (Lin et al., 2021)

found delayed P-wave scatterings at 60-95 km depths beneath northern Taiwan, linked to

mantle-wedge diapirs from the subducted slab, supporting a connection between TVG magma
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formation and the subducted Philippine Sea Plate.

Pressure and temperature variations recorded by TVG crystals depict magma migration
from the asthenospheric mantle to the shallow crust, accompanied by crystal fractionation and
magma differentiation. An amphibole-rich inclusion in our sample (Fig. 4f) aligns with
amphibole-rich nodules described by Chen (1978, 1980), consisting of unzoned amphibole,
plagioclase, and magnetite of similar composition. They are interpreted as cumulates from
parental mafic magma, supporting the magma fractionation assumption in which a high-
alumina basaltic magma transforms into andesitic magma through the removal of these
nodules (Chen 1978b, 1980). The nodule amphiboles yield 909-942 °C and 16-19 km at depth
using amphibole compositions of Chen (1978b) (Fig. 7b), and their parental magma falls
within the low-K tholeiite series (Fig. 10), similar to the parental magmas of the offshore
islets in northeastern NTVZ (Wang et al. 2000, 2004). These findings signify that amphibole-
rich nodule accumulation within the TVG magma reservoir drives magma differentiation.

Amphibole cumulates play a unique role in arc magmatism, acting as cryptic
fractionation (Smith 2013) or water filters for mantle-derived magmas (Davison et al. 2007).
Amphibole can fractionate cryptically through reactions between melts and mush in the lower
crustal reservoir, producing amphibole-rich assemblages without forming visible amphibole
phenocrysts, as evidenced by the similar REE signature between clinopyroxene relics and
amphibole replacements (Smith 2014). In such cases, evolved melts overprint earlier
clinopyroxene, creating granoblastic amphibole lithologies at the expense of the earlier
clinopyroxene. However, TVG amphibole-rich nodule textures lack typical features of
clinopyroxene-derived amphibole, such as amphibole blebs within clinopyroxene, poikilitic
amphibole replacing clinopyroxene, or amphibole rims around clinopyroxene nodules, as
described by Smith (2014). Instead, it is more plausible that amphibole crystals simply sank
to the bottom of the TVG main magma reservoir (ca. 20 km), forming amphibole-rich

nodules. Disseminated chambers at varied crustal depths (above the main reservoir) also
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produced amphiboles, driving localized magma fractionation toward andesitic-dacitic
compositions, as evidenced by the wide temperature and pressure range of entrained

amphiboles.

5.4. Magma Reservoir Models

Numerous studies have used multidisciplinary approaches — geochemistry, petrology,
seismology, geodesy, and magnetotellurics—to investigate volcanic plumbing systems
(Andronico et al. 2005; Dahren et al. 2012; Field et al. 2012; Harangi et al. 2015; Jay et al.
2014; Kahl et al. 2011; Peccerillo et al. 2006; Piochi et al. 2009; Viccaro et al. 2016;
Widiyantoro et al. 2018; Nurfiani et al. 2021). These studies revealed magma storage zones
and eruptible volumes, supporting the interpretation of monitoring data for pre-eruptive
signals. Nonetheless, they focused on active volcanoes with recent eruptions to analyze
current plumbing systems.

We define late Pleistocene magma reservoir conditions (the petrologic model) using
mineral thermobarometry and petrology to compare with the present-day reservoir estimated
from seismic wave modeling (Lin et al. 2025) and 3-D tomographic joint inversion (Huang et
al. 2021; Lin et al. 2024), referred to as the seismological model. Differences in timing and
dimensions among the two reservoir models suggest temporal and spatial variations within
the reservoir, implying a long-term trend toward future eruptibility. Our petrologic model
places magma stagnation depths (based on crystallization levels) between 4-40 km (Fig. 12).
Most magmas are supposed to contain >50% crystals in a lock-up status (Cooper & Kent
2014). Amphiboles that crystallized from the melt partly sank to the reservoir's bottom at ca.
20 km, as inferred from the ultrabasic nodules' amphibole (Chen 1978). The seismological
model shows a reservoir at depths of 8-20 km beneath northeastern Taiwan, with an average
melt fraction of 19.2% (Huang et al. 2021) and an eruptible zone (>50% melt fraction) below

14 km (Lin et al. 2025) (Fig. 12). Given uncertainties in the petrologic model's volume
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estimate, the upper limit of phenocryst crystallization depth, ca. 4 km, may represent the late
Pleistocene reservoir ceiling, whereas the current reservoir ceiling lies at depths of 8 km
according to the seismological model. The retreat of the reservoir ceiling from the late
Pleistocene to the present indicates a substantial reduction in the reservoir's volume.

In active volcanoes, variations in crystallization depth across an eruptive sequence
usually indicate magma migration patterns in the lithosphere (Putirka 1996, 1997, 2008,
2017). However, the four DT-01 lava units, spanning long periods — exceeding 0.33 million
years (Tab. 1-2) — each represent distinct eruptive epochs. Differences in stagnation depth
between these units may reflect dynamic adjustments of the reservoir and conduit space due
to magma replenishment, partial eruptions, and stimulation of cold crustal magma bodies

(Blundy et al. 2006; Cooper 2017), rather than magma migration trends.
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Fig. 12 Conceptual model of the TVG magma reservoir, compiled from Huang et al. (2021),
Lin et al. (2025), and this study. Magma stagnation depths, constrained by crystals, ranged
from 40 to 4 km and were mostly stored in a locked-up state with high crystallinity. Based on
estimates from amphibole-rich nodules (Chen 1978), part of the amphibole crystals sank to
the bottom of the main reservoir at ca. 20 km depth. The main magma reservoir beneath
northeastern Taiwan, at depths of 8-20 km, retains more melt (>50% by fraction) below 14
km, interpreted as an eruptible portion. The upper limit of the crystallization depth at 4 km
corresponds to the ceiling of the late Pleistocene magma reservoir, whereas seismology

estimates the present reservoir ceiling at 8 km.

5.5. Eruption Potential of the Tatun Volcano Group

Wang et al. (2004) proposed that NTVZ magmatism is driven by two geodynamic
mechanisms: (1) asthenospheric upwelling from post-collisional extension of the northern
Taiwan mountain belt during the Pliocene-Pleistocene, and (2) melting of upwelling
asthenospheric mantle influenced by the Ryukyu subduction system (Fig. 1). Accordingly, we
evaluate TVG’s long-term eruptibility considering NTVZ tectonic conditions linked to the
aforementioned mechanisms during the Pleistocene and at present.

1. Seismic tomography locates the TVG magma reservoir at 8-20 km depths beneath
northeastern Taiwan (Huang et al. 2021). Detecting a large liquid magma body
suggests the potential of imminent eruptions (Cooper & Kent 2014). P-wave
scattering obstacles at 60-95 km depths (Fig. 12) imply the presence of mantle
wedge diapirs sourced from the subducted slab (Lin et al. 2021), supporting the
generation of slab-dehydration fluid beneath the Ryukyu subduction system.

2. Paleostress data from northern Taiwan indicate E-W compression in the Pliocene (Lu
et al. 1995; Hu et al. 2002), which shifted to post-collision extension in the

Pleistocene, enabling TVG magmatism. During the Pleistocene, northern Taiwan’s
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extensional stress field caused crustal thinning and asthenospheric upwelling,
triggering partial melting (Wang et al. 2004). Present-day stress field data from
earthquake focal mechanisms (Yeh et al. 1991; Hsu et al. 2009), stress tensor
inversion (Hsu et al. 2009), and GPS strain-rate field (Hu et al. 2002; Hsu et al.
2009) reveal that northern Taiwan lies within a transitional regime (neither
contraction nor extension) (Fig. 1), with tectonic stability and minimal strain (Hu et
al. 2002; Hsu et al. 2009; Pu et al. 2020), suggesting that crustal thinning and
asthenospheric upwelling have ceased.

While mantle wedge diapirs from the subducted Philippine Sea Plate still contribute
slab-dehydration fluid, crustal thinning-induced partial melting in the overriding Eurasian
Plate has probably ceased, given the stable stress state and very low strain rate in northern
Taiwan. As a result, magma accumulation in the reservoir should be slower at present,
prolonging eruption recurrence intervals or retarding reservoir pressure buildup, and
eventually easing eruptive potential. It also leads to low magma ascent rates and limited
effusive activities, as observed by Chen et al. (2003, 2007) and Belousov et al. (2010).

A major hydrothermal reservoir at depths of 2-4 km beneath the TVG is well
documented (Fig. 12) (Komori et al. 2014; Huang et al. 2017; Lin et al. 2019; Pu et al. 2020;
Lin et al. 2024) and may serve as a shallow magma chamber, priming an imminent eruption,
in which amphibole antecryst decomposition initiated (Fig. 11). Therefore, fresh magma
intruding into the shallow hydrothermal reservoir should be a serious concern. It is highly
recommended to monitor anomalous variations in the hydrothermal reservoir as a precursor to

an upcoming eruption.

6. Concluding Remarks
In the late Pleistocene, TVG magma stagnated at depths between 4- 40 km in a

locked-up state. Ascent involved sequential crystal fractionation, magma stagnation, and
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mixing, modifying the magma composition from mafic to intermediate and ending with
crystal accumulation during eruptive cooling.

TVG plumbing system consisted of multiple crustal chambers during the Pleistocene.
Amphibole-rich nodules from primitive melts depict the main reservoir floor at ca. 20 km
depth, while petrologic data place the late Pleistocene reservoir ceiling at 4 km. The present-
day seismological data reveal that the reservoir ceiling has retreated to 8 km (with an 8-20 km
storage depth). The retreat indicates a significant reduction in reservoir volume.

Steady, long-term effusive extrusion (0.004-0.011 m/s for >0.33 Myr) supports an
extensional tectonic setting driven by post-collisional rifting in northern Taiwan, rather than
active subduction. However, the present tectonic stability in the northern Taiwan region
suggests that magma from asthenospheric upwelling has ceased. The diminished magma
supply consequently implies longer recurrence intervals of volcanic unrest, thereby reducing
eruptive potential. Future eruptions may be primed by a hydrothermal reservoir at 2-4 km
beneath the TVG (where amphibole antecryst decomposition initiated); fresh magma

intrusion into this zone should be an imminent eruption precursor to monitor.
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