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The major- and trace-element compositions of amphiboles in andesite from Quaternary Yufu Volcano, northeastern Kyushu, Japan were
analysed to investigate the generation processes of andesitic magma from Yufu Volcano. The amphiboles in andesite from Yufu volcano
can be divided into two groups based on major-element composition: pargasite and magnesio-hornblende. To estimate temperature,
pressure, and major- and trace-element compositions of melts in equilibrium with amphiboles, we used the recently proposed methods
that can calculate temperature, pressure, major element compositions, and partition coefficients of trace-element between amphibole
and melt using only the major-element compositions of amphibole. The estimated temperature, pressure, and major-element
composition of melt in equilibrium with the amphibole phenocrysts indicate that each group crystallised under different conditions.
These differences suggest that two magma chambers at different depths existed beneath Yufu Volcano and that the andesitic magma
of Yufu Volcano was formed by mixing of the two magmas. The trace-element compositions of melts in equilibrium with the pargasite
and magnesio-hornblende, estimated by applying the partition coefficients calculated from major-element compositions of amphibole
to trace-element compositions of amphiboles, indicate magma derived from slab melt and the partial melting of crustal material,
respectively. Because magma is a mixture of minerals and melt, we estimate the chemical compositional ranges of the two end-member
magmas on the Y versus SiO, diagram from the mixing relationship between amphibole and estimated melt, as well as phenocrysts
of plagioclase, clinopyroxene, and orthopyroxene. The overlap of the estimated compositional range with the trend of whole-rock
composition represents the chemical compositions of the end-members of magma mixing, yielding estimates of the mafic (SiO, ~ 45 wt
%) and felsic (Si0, ~ 68 wt %) end-member magmas. Furthermore, we estimate the concentrations of other elements in the end-member
magmas by substituting the estimated SiO, concentrations of the magmas into linear regression equations between the whole-rock
contents of other elements and SiO,. The trace-element compositions of the mafic and felsic end-member magmas, as estimated in
this study, have similar features to those of gabbroids and Cretaceous granitic rocks, respectively, that are presumed to lie beneath Yufu
Volcano. These similarities could be explained by the possibility that the compositions of the end-member magmas were influenced
by basement rocks.
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INTRODUCTION

physicochemical equilibrium to andesitic magma, and this

Although many early studies of the genesis and evolution
of magma, especially basaltic magma, were developed under
assumption that the magma keeps physicochemical equilibrium
as a whole-rock, and is differentiated by fractional crystallisation
(e.g. Kuno, 1968; Stern, 1979), it has also been recognised for
many decades that magma mixing is one of the important
processes to generate andesitic and other magmas, on the bases
of disequilibrium mineral assemblages, mineral zoning, mafic
inclusions, banded lava/pumice (e.g. Eichelberger, 1975, 1978;
Sakuyama, 1979, 1981; Davidson & Tepley, 1997; Eichelberger
et al., 2006; Pichavant et al., 2007; Kent et al., 2010; Kent, 2014).
Furthermore, DePaolo (1981) emphasised that crustal materials
are incorporated into andesite magma on the basis of Sr isotopic
study. These heterogeneities indicate that it is difficult to apply

prevents us from characterising the primary magmas before
magma mixing and crustal contaminations, and elucidating the
origin and evolutionary processes of andesite from whole-rock
geochemical composition (Tepley et al.,, 2000; Eichelberger et al.,
2006; Pichavant et al., 2007; Kent et al., 2010; Kent, 2014).

To resolve these problems, melt inclusions, which are trapped
in phenocrysts during crystal growth (Roedder, 1979), have used
for various studies, such as physicochemical conditions of magma
chamber and magma evolution processes (e.g. Anderson et al.,
1989; Saito et al., 2001; Reubi & Blundy, 2009). However, melt
inclusions are typically small and limited in the amount that
can be analysed. In contrast, phenocryst in volcanic rocks also
records the physicochemical information of the magma at the
time of their crystallisation and is larger and more abundant
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than melt inclusion. Thus, they have the advantage of providing
more analytical data. The composition of amphiboles, which are
common mineral in igneous rocks, changes during crystallisation
with changing physicochemical conditions of the magma (e.g.
Putirka, 2016; Zhang et al, 2017), and contains a broad range
of trace-elements (Tiepolo et al., 2007). From these properties of
amphiboles, Tiepolo et al. (2007) pointed out that amphiboles play
an important role in understanding of lithospheric processes. It
was suggested that many arc magma are residual after cryptic
amphibole fractionation, and that the amphibole-rich cumulate
can be implied the worldwide occurrence and the ‘hidden’ amphi-
bole reservoir (e.g. Davidson et al., 2007). Tiepolo et al. (2011,
2012) argued they have demonstrated above suggestions based
on the major- and trace-element compositions of amphiboles
in amphibole-rich intrusive rocks from Adamello batholith, Italy
and Shikanoshima Island, Japan, which are considered to be the
counterparts of extrusive rocks (high-Mg andesite). These studies
indicate that the amphibole phenocrysts are a potential source
of information about magma generation and evolution. Recently,
the multivariate analyses of published high-P-T experimental
data obtained under various P, T, and melt compositions have
described the relationships between the major-element compo-
sition of individual crystals of amphibole and the P-T conditions
of amphibole crystallisation (e.g. Ridolfi & Renzulli, 2012; Putirka,
2016; Ridolfi, 2021). Additionally, the major-element compositions
of melt in equilibrium with amphibole, which have been deter-
mined mainly on the basis of the equilibrium with melt inclusion
and matrix glass (e.g. Rutherford & Devine, 1988; Chertkoff &
Gardner, 2004; Holtz et al,, 2005; Cooper & Wilson, 2014), can
also be estimated from major-element compositions of individual
amphibole by multivariate analysis of published data of high-P-
T experiments (e.g. Ridolfi & Renzulli, 2012; Putirka, 2016; Zhang
et al.,, 2017). Many studies have applied these methods to natural
samples to understand the physicochemical properties of magma
(e.g. Turner et al, 2013; Erdmann et al., 2014; Nagasaki et al,
2017; Ishibashi et al., 2018; Okada et al., 2018; Wanke et al., 2019;
Werts et al., 2020). Moreover, the Kds of trace-elements between
amphibole and melt have been formulated as a function of T,
and the major-element compositions of amphibole and melt have
been determined by multivariate analysis of published datasets
of high-P-T experiments (Shimizu et al., 2017; Humphreys et al.,
2019). These studies allow us to determine Kds according to
the conditions of amphibole crystallisation by using the major-
element compositions of amphibole that correlate with T, P, and
melt composition. Furthermore, the methods of Shimizu et al.
(2017) and Humphreys et al. (2019) can be used to estimate the
Kds of all rare earth elements (REEs) and Y, and 16 elements (Rb,
Sr, Pb, Zr, Nb, some REEs, and Y), respectively. Therefore, for each
amphibole crystal for which major- and trace-element data are
available, itis possible to constrain the trace-element composition
of melt in equilibrium with the amphibole.

Here, we report the major- and trace-element compositions of
amphibole in andesite collected from the Yufu Summit lava of
Yufu Volcano, which is a Quaternary volcano on the volcanic front
of the Southwest Japan arc (Fig. 1). By applying the major-element
compositions of amphiboles to the methods proposed from the
multivariate analysis of published high-P-T experiment data, we
estimate the P-T conditions and major-element compositions of
melts in equilibrium with amphibole, and Kds of trace-element
between amphibole and melt. We also combine the calculated
Kds and trace-element compositions of amphibole to estimate
the trace-element compositions of the melts that equilibrated
with amphibole. Based on these estimated results, we infer the

geochemical characteristics of the end-member magmas, and
discuss the evolution process of andesitic magma from Yufu
Volcano.

GEOLOGICAL BACKGROUND

Yufu Volcano is located in the Beppu-Shimabara graben of north-
eastern Kyushu, Japan, where the Philippine Sea Plate (PSP) is
subducting beneath the Eurasian Plate (Fig. 1). Cretaceous granitic
rocks are presumed to be widespread in the graben, but most
are covered by younger volcanic rocks (Hoshizumi et al., 1988;
Matsumoto, 1993). The volcanic activity of Yufu Volcano began
at ~60 ka and has been characterised by repeated eruptions of
lavas and pyroclastic flows until the latest activity at 2.2 ka
(Kobayashi, 1984; Hoshizumi et al., 1988; Ohta et al., 1990). In terms
of geology and stratigraphy, Ohta et al. (1990) divided the volcanic
products from Yufu Volcano into early and late stages, with Kikai-
Akahoya volcanic ash used as a widespread tephra layer with an
age value of ca. 7.3 ka (Machida & Arai, 2003) as the boundary,
and further subdivided the products into nine units (Fig. 1c). Of
these, the units of the early stage are the Yufu main body lava,
Yunotsubo lava, Sadohara lava, Kitainoseto lava, Imorigashiro
lava dome, and Hyuugadake lava dome. The late stage comprises
the Ikeshiro lava, Tsukahara lava, and Yufu Summit lava. The
volcanic rocks of Yufu Volcano are andesite with plagioclase and
amphibole [pargasite (Prg) and magnesio-hornblende (Mhb)] as
major phenocryst, with clinopyroxene, orthopyroxene, opaque
minerals, olivine, biotite, and quartz as subordinate phenocrysts
(e.g. Ohta et al., 1990). From the early to late stage, the whole-rock
compositions become more mafic and there is an increase in the
abundance of mafic inclusions and the clinopyroxene (Ohta et al.,
1990). The genesis of andesitic magmas from Yufu Volcano has
been interpreted in terms of magma mixing on the basis of the
following observations: 1) disequilibrium mineral assemblages
such as olivine and quartz, anorthite-rich and anorthite-poor
plagioclase, Prg and Mhb, and Mg-rich clinopyroxene and Mg-
poor orthopyroxene (Fig. 2a, b); 2) linear variations in whole-rock
major- and trace-element contents within a given range of SiO,
content; and 3) a positive relationship between whole-rock Sr
isotopic ratios and SiO, contents (Ohta et al., 1990; Ohta & Aoki,
1991). Moreover, Ohta & Aoki (1991) assumed that the mixing
end-members were represented by mafic inclusions in andesite
from Yufu Volcano and dacite from an adjacent older volcano
(Jissoji Volcano). Furthermore, some andesites from Yufu Volcano
originate from adakitic magma derived from the partial melting of
the subducting slab (Sugimoto et al., 2006). On the major-element
compositions of amphibole, Okada et al. (2018) applied them in
Imorigashiro lava (Fig. 1c) to the geothermometer (Putirka, 2016),
the barometer (Ridolfi & Renzulli, 2012) and the equation for
estimating SiO, contents of melt in equilibrium with amphibole
(Putirka, 2016), following Nagasaki et al. (2017). From the analysed
major-element compositions of amphiboles in Imorigashiro lava
and estimated T, P and SiO, contents of melt in equilibrium with
amphibole, these authors inferred the following: 1) two types of
amphibole crystallised from a mafic magma reservoir filled by
andesitic melt at 940°C to 1000°C and 356 to 654 MPa (14-25 km
depth), and a felsic magma reservoir filled by rhyolitic melt at
800°C to 840°C and 131 to 188 MPa (5-7 km depth); and 2) mixing
of the magmas led to the coexistence of two types of amphibole
in the andesite. However, the nature of the two magmatic end-
members is poorly constrained.

In this study, we focus on the Yufu Summit lava, which is the
lava most recently erupted from the summit and flowed on a
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Fig. 1. Geological background. (a) Tectonic map of Japan, (b) map showing the distribution of Quaternary volcanoes of the Southwest Japan arc, and

(c) simplified geological map of Yufu Volcano. The maps are modified after Shibata et al. (2014) and Sugimoto et al. (2006). PAP, PSP, ERP, and NAP denote
the Pacific Plate, Philippine Sea Plate, Eurasian Plate, and North American Plate, respectively. Dashed lines in (a) and (b) are the volcanic front and
isodepth contours of the upper boundary of the PSP, respectively. The hexagram and open triangles in (b) indicate the locations of Yufu Volcano and
other Quaternary volcanoes, respectively. The yellow and pink shading in (b) depicts regions of the Beppu-Shimabara graben and Cretaceous granitic
rocks, respectively (modified after Mahony et al., 2011 and Kamei et al., 2009, respectively). The lava units (from oldest to youngest) of the Yufu main
body lava (Ys), Yunotsubo lava (Yun), Sadohara lava (Sa), Kitainoseto lava (Ki), Imorigashiro lava dome (Im), Hyuugadake lava dome (Hyu), Ikeshiro lava
(Ik), Tsukahara lava (Tsk), and Yufu Summit lava (Yuf) are from Ohta et al. (1990). Units Ys to Hyu are early-stage lavas, and units Ik to Yuf are
late-stage lavas. The boundary between the early and late stages is Kikai-Akahoya volcanic ash (ca. 7.3 ka; Machida & Arai, 2003).

small scale (Hoshizumi et al., 1988; Ohta et al., 1990). Sugimoto
et al. (2006) reported that the Yufu Summit lava has the highest
Sr/Y and lowest ¥ Sr/%6Sr ratios (42 and 0.703892, respectively)
of volcanic rocks from Yufu Volcano, which are within the range
of adakite (>20 and <0.7040, respectively; Defant & Drummond,
1990, 1993).

METHODS
Analytical methods

Major-element compositions of amphiboles were analysed by
electron probe micro-analyser (EPMA; JEOL JXA-8200%) at the
Natural Science Centre for Basic Research and Development,
Hiroshima University, Japan. The operating conditions were a
15 kV accelerating voltage, 10 nA beam current, and 3 um beam
diameter. The ZAF method was used for matrix corrections. The
synthetic standards were used: jadeite for Si and Na, TiO, for Ti,
Al,O5 for Al, Fe,05 for Fe, MnO for Mn, Cr,03 for Cr, MgO for Mg,
wollastonite for Ca, and KTiOPO, for K. The analytical error (1 s)
estimated from uncertainties outputted EPMA for each analysis
were <0.17 wt % for SiO,, <0.06 wt % for TiO,, <0.10 wt % for
Al, 03, and CaO, <0.12 wt % for FeO and MgO, <0.04 wt % for MnO,
<0.03 wt % for Cr,03 and K,0, and <0.07 wt % for Na,O.
Trace-element analyses of amphibole were conducted using
laser ablation (LA)- inductively coupled plasma (ICP)-mass
spectrometry (MS) on the same points as used for major-
element analyses. A 213 nm Nd-YAG laser system (New Wave
Research UP-213®) was connected to a Thermo Scientific X2
Series® Quadrupole ICP-MS instrument housed at the Earth

and Planetary Systems Science facility, Hiroshima University. All
analysis spots were located over EPMA spots and ablated for 30 s
with a beam diameter of 40 pm, a repetition rate of 10 Hz, and a
beam energy of 2.2 to 2.6 J/cm?. Helium was used as a carrier gas
to transport the ablated material from the ablation cell and was
merged with Ar gas and N, gas at the outlet of the ablation cell.
Trace-element abundances were calibrated using the standard
glass NIST 610, with **Ca as the internal standard. Values for the
standard glass NIST 610 were taken from Jochum et al. (2011),
and CaO contents were determined by EPMA before LA-ICP-MS
analysis. The precision and accuracy of the trace-element anal-
yses were assessed by repeated measurements of the standard
glass NIST 612, with results yielding relative standard deviations
(RSDs) of <6% (1 s) for all elements and accuracies within +8% of
published values (Jochum et al., 2011) (Supplementary Table 1).
Major- and trace-element (Rb, Ba, Sr, Zr, and Nb) contents of
whole-rocks were determined using a RIGAKU 3070 X-ray fluo-
rescence system, employing glass-bead and pressed-pellet meth-
ods, respectively. The procedures and instrumental set-up fol-
lowed Sugimoto et al. (2006). The repeated measurement of BCR-3
and AGV-2 prepared by United States Geological Survey obtained
the RSD of <0.6% (1 s), with the exception of MnO for AGV-2
(1.2%) (Supplementary Table 2). Trace-elements of whole-rocks
were analysed using a VG Elemental PQ3® and Thermo Scien-
tific X2 Series® quadrupole ICP-MS instrument installed at the
Institute for Geothermal Sciences, Kyoto University, Japan. The
analytical procedures and protocol were followed by Chang et al.
(2003). The analytical reproducibility for each element was deter-
mined by repeated analyses of the JB-2 and JB-3 rock powder
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Fig 2. Photographs of sample from Yufu Summit lava. (a) and (b) thin section under open nicol and crossed nicol, respectively, and (c) amphibole
phenocryst with reaction rim composed of pyroxene under crossed nicol. (d) and (e) pargasite (Prg) and magnesio-hornblende (Mhb), respectively.
Mineral abbreviations are as follows: P1, plagioclase; Amp, amphibole; Cpx, clinopyroxene; Ol, olivine; Qz, quartz; Opg; opaque.

(an international reference material from the Geological Survey
of Japan), which yielded RSDs of <3% (1 s), with the exception of
Y (5%) (Supplementary Table 3).

Estimation of amphibole crystallisation
conditions

Following Nagasaki et al. (2017), we used the geothermometer of
Putirka (2016) and the geobarometer of Ridolfi & Renzulli (2012) to
estimate the T and P of amphibole crystallisation, respectively. For
the estimation of crystallisation P, we also used the geobarometer
of Ridolfi (2021). The geothermometer of Putirka (2016) is based
on the number of cations of Si, Ti, Fe, and Na in amphibole
when calculated on the basis of 23 atoms. Fe is the total iron
as Fe?*. The estimation error of the geothermometer proposed
by Putirka (2016) is £30°C. Ridolfi & Renzulli (2012) proposed
the five equations calibrated under different P ranges (P1a,130-
2200 MPa; P1b and Plc, 130-500 MPa; P1d, 400-1500 MPa; Ple,
930-2200 MPa). Similar to Erdmann et al. (2014) and Nagasaki
et al. (2017), we used the average value of P obtained from P1b
and Plc. The geobarometer of Ridolfi & Renzulli (2012) uses the
number of cations of eight elements (Si, Ti, Al, Fe, Mg, Ca Na, and
K), calculated using the sum of cations of elements (excluding
Ca, Na, and K) as 13 (Leake et al., 1997), as a variable. Fe is the
total iron as Fe?* as well. The geobarometer of Ridolfi (2021) is
update version of Ridolfi & Renzulli (2012). Ridolfi (2021) proposed

the new algorithms to determine the final P from different
values obtained from the five equations of Ridolfi & Renzulli
(2012), and added the compositional filter of amphibole for
applying this new algorithms. In this study, the geobarometer of
Ridolfi (2021) was performed using the Python3 tool Thermobar
(v1.0.31, Wieser et al,, 2022). Furthermore, data that failed to
pass the compositional filter of amphibole of Ridolfi (2021) were
discarded. The reliability of geobarometers of Ridolfi & Renzulli
(2012) and Ridolfi (2021) has been evaluated in several studies (e.g.
Erdmann et al., 2014; Putirka, 2016; Nagasaki et al., 2017; Wieser
et al., 2023). According to Nagasaki et al. (2017), the geobarometer
of Ridolfi & Renzulli (2012) can estimate P within +85 MPa for
cases where the SiO, content and P of melt equilibrated with
amphibole are >60 wt % and 150 to 500 MPa, respectively. For
the geobarometer of Ridolfi (2021), a root mean square error of
+270 MPa were yielded from tests using the experiment data not
used for calibration of this geobarometer (Wieser et al., 2023).
Several studies have proposed methods for estimating
the major-element composition of melt in equilibrium with
amphibole (Ridolfi & Renzulli, 2012; Putirka, 2016; Zhang et al,,
2017). The method of Putirka (2016) can estimate SiO, content and
FeO*/MgO ratios, where FeO* is total iron oxides. Ridolfi & Renzulli
(2012) and Zhang et al. (2017) proposed a series of equations for
calculating the contents of SiO,, TiO,, Al,03, FeO, MgO, CaO,
and K,0 in melt in equilibrium with amphibole. In this study,
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to investigate in detail the geochemical characteristics of melt
in equilibrium with amphibole, we used the equations of Zhang
et al. (2017) for two main reasons. First, the equations of Ridolfi &
Renzulli (2012) are given as a function of the P of amphibole
crystallisation and the major-element content of amphibole.
However, the exact P is unknown in our case. Second, Zhang
et al. (2017) proposed equations using only the major-element
composition of amphibole as a function, and improved the
accuracy compared with the approach of Ridolfi & Renzulli (2012).
To estimate SiO,, TiO,, FeO, MgO, Ca0, K,0 and Al, O3 of melt in
equilibrium with amphiboles, we selected equations (1), (6), (7),
(9), (11), (12) and (14) from Zhang et al. (2017), respectively. These
equations use the number of cations of Si, octahedral Al, Fe**,
Mg, Ti, Fe?*, Ca, and Na in A site, determined on the basis of
the average Fe** model of Leake et al. (1997), as variable. The
estimation errors are +3.29 wt % for SiO,, £0.66 wt % for TiO,,
+1.67 wt % for FeO, £0.96 wt % for MgO, £1.31 wt % for CaO,
+0.59 wt % for K,0, and £0.93 wt % for Al,O3 (Zhang et al., 2017).

Calculation of partition coefficients

In this study, to estimate the trace-element composition of melt
in equilibrium with individual amphibole crystals, we calculated
the Kds for each grain of amphibole using the method of Shimizu
et al. (2017) for REEs and Y, and that of Humphreys et al. (2019)
for Rb, Nb, Pb, Sr, and Zr. Humphreys et al. (2019) also proposed
equations for calculating the Kds of some REEs (excluding Pr, Tb,
Tm, and Er) and Y. In contrast, the method of Shimizu et al. (2017)
can be used to calculate the Kds of all REEs and Y. Moreover,
the partitioning behaviour of REEs and Y between amphibole
and melt can be quantitatively described by the lattice strain
model (Blundy & Wood, 1994; Shimizu et al., 2017). Shimizu et al.
(2017) parameterised the lattice strain model as a function of T
and major-element compositions of amphibole. Therefore, adopt-
ing the method of Shimizu et al. (2017) should enable an esti-
mation of the concentration of REEs and Y of melt in equilib-
rium with amphibole. The amphibole compositions required for
this method are the number of cations of Ti, Mg, Na and K in
amphibole per 23 oxygens, and the sum of Fe?*, Mn?*, and Mg
in the M4 site assuming that all Fe is ferrous (Shimizu et al.,
2017). T were used the results obtained from the geothermome-
ter of Putirka (2016). This method can reproduce the Kds deter-
mined in high-P-T experiments within the range of 0.5 to 2 times
(Shimizu et al., 2017).

Humphreys et al. (2019) developed equations to calculate Kds
of Rb, Nb, Pb, Sr, and Zr, which cannot be calculated using the
method of Shimizu et al. (2017). In this study, to determine the
concentration of Rb, Nb, Pb, Sr, and Zr of melt in equilibrium
with amphibole, we calculated Kds of these elements using the
equations (1)—(5) from Humphreys et al. (2019). These equations
use the cations of Si, octahedral Al, Fe3*, Mg, Ti, Fe?*, Ca, and Na in
A site as a variable. These contents are determined on the basis of
the average Fe>* model of Leake et al. (1997). The residual standard
errors are 0.29 for InDRb, 0.45 for InDNb, 0.23 for InDPb, 0.19 for
InDSr, and 0.49 for InDZr (Humphreys et al., 2019).

RESULTS

Ourrock sample of Yufu Summitlava mainly contains plagioclase,
amphibole as phenocryst, (Fig. 2a, b). The amphibole phenocrysts
in Yufu summit lava are mostly euhedral with wide range of
size (0.1-1.0 mm). The relatively coarse-grained amphiboles often
contain plagioclase, pyroxene and opaque minerals, while melt
inclusions are absent in all amphibole phenocrysts. The reaction
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Fig. 3. Major-element compositions of amphiboles from the Yufu
Summit andesite. (a) Bivariate plot of Mg# versus Si atoms per formula
unit (apfu), (b) Mg# in amphibole cores and rims. Mg# values and Si
contents were calculated with the sum of cations of elements
(excluding Ca, Na, and K) as 13 (Leake et al., 1997). Solid lines in (a)
connect the cores and rims of individual grains. The gray bars for Prg
and Mhb are the error bars. The bars of Siin (a) and Mg# in (b) are same
size as the symbols.

rim composed of pyroxene are often observed (Fig.2c). Some
amphiboles are partially decomposed to pyroxene and opaque
minerals. The plagioclases in Yufu summit lava exhibit euhe-
dral with wide range of length (<0.1-4.0 mm). Their zonings
commonly show oscillatory zoning and dusty zone composed
of microscopic glass inclusions (Fig. 2a, b). Occasionally, honey-
comb texture is also observed. Furthermore, coexistence of olivine
and quartz is observed in the same thin section (Fig. 2a, b). The
quartz phenocrysts show resorption. These petrographic features
are consistent with previous studies (e.g. Hoshizumi et al., 1988;
Ohta et al., 1990).

The major-element compositions of core and rim in amphi-
boles from Yufu Summit lava are plotted on a diagram of Si atoms
per formula unit (apfu) and Mg# [= Mg/(Mg+ Fe?*)] in Fig. 3a and
presented in Table 1. Both Si content and Mg# were calculated
using the sum of cations of elements (excluding Ca, Na, and K) as
13 (Leake et al., 1997). In Fig. 3a, Mg# shows a range of 0.82 to 0.97
without a gap, whereas Si shows a range of 5.7 to 7.1 apfu with a
clear gap at 6.2 to 6.5 apfu, allowing low-Si and high-Si amphibole
to be identified. Based on Leake’s (1968) classification, low-Si and
high-Si amphiboles are classified as Prg and Mhb, respectively. It
is difficult to distinguish those two groups from petrographically
(Fig. 2d, e). Fig. 3b show the Mg# of the amphibole cores on the
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Table 1: Major-element compositions (wt %) of individual amphiboles from the Yufu Summit lava

Sample Si0, TiO, Al,03 Cry03 FeO* MnO MgO CaO0 Na,O K,0 Total
prg-1 core 41.49 2.40 13.37 0.19 9.39 0.15 15.40 11.90 2.36 0.40 97.05
rim 40.98 2.41 13.74 0.02 10.73 0.09 14.20 11.67 2.28 0.44 96.54
prg-2 core 41.26 2.34 13.35 0.04 9.26 0.09 15.92 11.73 2.44 0.39 96.80
rim 41.06 2.25 14.00 0.09 9.22 0.13 15.37 12.21 2.48 0.41 97.21
prg-3 core 40.87 2.34 13.70 0.08 9.82 0.11 15.34 11.32 2.46 0.42 96.45
rim 41.72 2.60 13.32 0.02 11.06 0.10 14.56 11.83 2.42 0.44 98.06
prg-4 core 41.11 2.60 13.55 0.03 10.17 0.07 15.31 11.87 2.29 0.40 97.41
rim 41.19 2.33 14.02 b.d.l 10.32 0.08 14.41 11.77 2.34 0.48 96.94
prg-5 core 40.63 2.41 14.10 0.15 9.13 0.06 15.38 11.79 2.32 0.42 96.39
rim 41.20 2.66 13.40 0.04 10.39 0.13 14.85 11.80 2.40 0.43 97.29
prg-6 core 42.46 2.36 12.58 0.12 9.32 0.09 15.61 11.54 2.38 0.35 96.82
rim 42.31 2.43 12.65 b.d.l 10.25 0.10 15.34 11.56 2.41 0.38 97.44
prg-7 core 40.55 2.44 13.89 0.06 9.71 0.10 14.89 12.09 2.49 0.42 96.64
rim 40.81 2.40 13.95 b.d.l 11.44 0.11 14.16 12.06 2.35 0.41 97.70
prg-8 core 42.32 2.36 12.32 0.09 9.38 0.09 15.85 11.62 2.49 0.36 96.89
rim 40.37 2.33 13.61 0.22 9.04 0.08 15.45 12.08 2.47 0.45 96.08
prg-9 core 40.98 2.28 13.33 0.05 10.83 0.14 14.47 11.70 2.22 0.47 96.45
rim 41.62 2.66 13.70 0.04 10.12 0.07 14.96 11.95 2.43 0.43 97.97
prg-10 core 41.37 2.22 13.69 0.05 9.65 0.07 15.15 11.75 2.49 0.39 96.83
rim 40.54 2.65 13.44 b.d.l 10.97 0.13 14.52 11.84 2.33 0.41 96.83
prg-11 core 41.51 2.23 13.88 0.07 9.25 0.09 15.49 11.78 2.43 0.38 97.10
rim 41.29 2.45 13.34 0.03 11.20 0.10 14.44 11.73 2.32 0.48 97.38
prg-12 core 41.42 2.23 13.50 0.04 9.03 0.11 15.23 12.02 2.47 0.36 96.41
rim 41.23 2.24 14.00 0.07 9.53 0.12 14.98 11.93 2.57 0.44 97.10
prg-13 core 40.87 2.35 14.06 0.04 9.66 0.06 14.70 12.02 2.46 0.42 96.63
rim 41.20 2.44 13.81 0.08 9.72 0.11 15.09 11.96 2.48 0.41 97.29
prg-14 core 40.22 2.62 13.55 0.14 9.74 0.10 14.36 11.88 2.49 0.44 95.55
rim 40.68 2.64 13.33 b.dl 11.45 0.15 14.23 11.79 2.44 0.39 97.08
prg-15 core 40.21 2.40 14.11 0.02 10.35 0.09 14.19 11.86 2.28 0.35 95.85
rim 41.84 2.34 13.17 0.14 9.45 0.11 15.62 11.67 2.54 0.40 97.26
prg-16 core 41.47 2.37 12.90 0.05 10.22 0.10 14.36 11.89 2.33 0.42 96.12
rim 41.87 2.55 12.53 b.dl 10.94 0.15 14.58 11.74 2.38 0.44 97.19
prg-17 core 41.86 2.47 13.63 0.14 9.23 0.11 15.24 12.03 2.64 0.25 97.60
rim 41.70 2.17 13.95 b.dl 9.74 0.15 14.43 11.71 2.75 0.34 96.96
prg-18 core 41.62 2.43 12.75 b.d.l 11.19 0.17 14.49 11.76 2.43 0.48 97.31
rim 41.95 2.48 13.16 0.04 10.27 0.11 15.50 11.72 2.51 0.45 98.17
prg-19 core 40.91 1.97 14.21 0.04 10.61 0.10 14.75 11.99 2.38 0.37 97.34
rim 41.16 2.20 14.22 0.22 9.64 0.11 15.39 11.69 2.46 0.40 97.49
prg-20 core 40.34 2.45 14.58 0.05 10.17 0.15 15.37 11.94 2.53 0.42 98.00
rim 41.22 2.33 13.91 0.04 9.48 0.08 15.36 12.02 2.44 0.43 97.30
prg-21 core 40.61 2.32 14.25 b.d.l 10.81 0.10 14.93 11.86 2.44 0.43 97.73
rim 41.05 2.21 13.96 0.06 9.90 0.05 15.36 12.16 2.42 0.41 97.59
prg-22 core 41.09 2.43 14.26 0.03 10.08 0.12 15.15 12.11 2.31 0.42 98.00
rim 42.69 2.01 11.70 b.d.l 11.73 0.18 14.76 11.11 2.21 0.35 96.76
mhb-1 core 48.67 1.22 6.80 0.02 12.20 0.51 15.88 10.98 1.20 0.35 97.82
rim 49.21 1.00 6.63 0.02 12.14 0.55 15.74 10.65 1.17 0.31 97.43
mhb-2 core 48.53 1.25 6.89 b.d.l 12.12 0.49 15.66 10.86 1.20 0.36 97.35
rim 47.88 1.05 7.05 b.d.l 12.12 0.54 15.51 10.89 1.22 0.31 96.57
mhb-3 core 47.54 1.40 7.50 b.d.l 12.11 0.48 15.09 11.06 1.29 0.46 96.96
rim 48.54 1.20 6.79 0.02 11.92 0.51 15.91 11.04 1.23 0.35 97.51
mhb-4 core 49.14 1.18 6.56 b.d.l 11.28 0.54 16.14 11.17 1.12 0.38 97.51
rim 48.39 1.49 7.28 0.04 12.13 0.56 15.45 10.71 1.25 0.37 97.66
mhb-5 core 48.89 1.12 6.68 b.d.l 11.90 0.59 16.12 10.87 1.16 0.31 97.66
rim 48.92 1.10 6.48 b.d.l 11.66 0.52 15.87 10.78 1.23 0.26 96.81
mhb-6 core 47.84 1.33 7.24 b.d.l 11.63 0.57 15.36 11.00 1.28 0.37 96.62
rim 48.45 1.24 7.21 b.d.l 12.02 0.58 15.51 10.89 1.21 0.40 97.51
mhb-7 core 48.29 1.15 6.98 b.d.l 12.21 0.61 15.60 10.95 1.14 0.32 97.24
rim 48.82 1.09 6.60 b.d.l 11.72 0.48 15.94 10.57 1.17 0.33 96.70
mhb-8 core 48.05 1.18 7.28 0.06 11.64 0.53 15.66 10.86 1.21 0.40 96.86
rim 48.30 1.24 6.92 b.d.l 11.93 0.50 15.93 11.15 1.21 0.34 97.53
mhb-9 core 47.90 1.40 7.41 b.d.l 12.45 0.60 15.22 10.95 1.31 0.42 97.66
rim 47.21 1.44 7.71 b.dl 12.31 0.50 15.21 11.15 1.17 0.42 97.13
mhb-10 core 48.51 1.22 7.36 b.d.l 12.05 0.49 15.64 11.08 1.22 0.34 97.90
rim 47.78 1.23 7.67 b.d.l 12.64 0.58 15.29 10.83 1.39 0.41 97.83

(Continued)
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Sample Si0, TiO, Al,03 Cr,03 FeO* MnO MgO CaO Na,0 K,0 Total
mhb-11 core 48.54 1.13 6.94 0.03 12.15 0.55 15.45 11.21 1.20 0.40 97.58
rim 48.66 1.13 6.83 b.dl 11.83 0.64 15.42 11.23 1.16 0.37 97.28
mhb-12 core 49.02 1.21 6.49 b.d.l 11.47 0.47 16.12 11.13 1.11 0.34 97.37
rim 49.31 1.22 6.62 0.03 11.69 0.50 15.77 11.13 1.10 0.30 97.66
mhb-13 core 48.75 1.14 6.79 0.03 11.73 0.57 16.09 11.08 1.17 0.35 97.70
rim 49.10 1.15 6.54 0.02 11.82 0.54 15.70 10.94 1.13 0.37 97.31
mhb-14 core 48.26 1.28 7.05 b.d.l 11.99 0.48 15.64 11.07 1.28 0.35 97.39
rim 48.60 1.20 6.93 b.dl 11.91 0.47 15.69 11.27 1.19 0.30 97.56
mhb-15 core 48.25 1.29 7.03 0.02 11.94 0.58 15.25 11.07 1.25 0.36 97.04
rim 48.35 1.29 7.11 b.dl 11.87 0.52 15.42 11.10 1.20 0.35 97.23
mhb-16 core 48.46 1.13 6.98 b.dl 12.21 0.55 15.40 11.04 1.20 0.39 97.35
rim 49.07 1.06 6.38 0.02 11.68 0.53 15.09 11.17 1.12 0.32 96.45
mhb-17 core 49.28 1.27 6.55 b.dl 11.56 0.48 15.94 11.16 1.08 0.34 97.66
rim 48.96 1.20 6.07 b.d.l 11.61 0.48 16.25 11.09 1.14 0.35 97.16
mhb-18 core 48.58 1.31 7.24 b.dl 12.05 0.50 15.60 10.99 1.28 0.43 97.99
rim 48.73 1.18 7.26 b.d.l 12.35 0.56 15.64 10.78 1.28 0.33 98.12
mhb-19 core 48.46 1.40 6.94 0.04 11.69 0.51 15.90 11.32 1.25 0.37 97.87
rim 48.09 1.26 6.93 b.dl 12.11 0.44 15.49 11.06 1.11 0.41 96.91
mhb-20 core 45.24 1.96 9.08 0.02 12.86 0.49 13.86 11.14 1.41 0.58 96.64
rim 49.08 0.99 6.19 b.d.l 11.67 0.46 15.92 10.94 1.14 0.37 96.76
mhb-21 core 48.51 1.19 6.93 0.03 12.14 0.52 15.36 10.97 1.26 0.37 97.28
rim 48.33 1.39 6.77 b.d.l 11.86 0.46 15.59 11.02 1.17 0.31 96.91
mhb-22 core 48.92 1.28 6.47 b.dl 11.65 0.58 15.63 11.01 1.13 0.30 96.96
rim 48.17 1.52 7.09 b.dl 11.62 0.42 15.57 11.32 1.28 0.38 97.37
mhb-23 core 48.97 1.15 6.70 b.dl 11.84 0.50 15.74 11.25 1.09 0.37 97.62
rim 48.38 1.19 7.10 0.02 12.16 0.54 15.54 10.93 1.15 0.43 97.45
mhb-24 core 48.48 1.25 6.89 b.dl 12.04 0.48 15.37 11.11 1.17 0.41 97.20
rim 48.74 1.11 6.70 b.dl 11.95 0.59 15.81 11.24 1.18 0.37 97.70
mhb-25 core 48.93 1.30 6.61 b.dl 11.52 0.53 15.56 11.15 1.17 0.36 97.14
rim 48.84 1.19 6.92 b.d.l 11.75 0.57 15.72 10.92 1.21 0.35 97.46
mhb-26 core 48.66 1.20 6.85 b.dl 11.83 0.48 15.68 11.04 1.11 0.37 97.23
rim 48.70 1.28 7.08 b.d.l 11.78 0.56 15.62 10.97 1.20 0.43 97.62
mhb-27 core 48.53 1.19 7.06 b.dl 12.16 0.53 15.72 11.23 1.21 0.36 97.98
rim 48.86 1.36 6.61 b.d.l 11.72 0.53 15.60 10.98 1.14 0.35 97.15
mhb-28 core 47.90 1.25 7.37 b.dl 12.06 0.51 15.29 11.00 1.26 0.33 96.95
rim 48.24 1.15 6.98 0.04 12.41 0.56 15.26 11.13 1.18 0.42 97.37
mhb-29 core 48.14 1.36 7.41 b.d.l 12.03 0.49 15.35 11.13 1.23 0.37 97.51
rim 48.20 1.30 7.12 b.d.l 11.90 0.52 15.27 11.12 1.24 0.39 97.06
mhb-30 core 47.58 1.46 7.70 b.d.l 11.46 0.48 14.97 11.22 2.05 0.41 97.32
rim 48.53 1.12 6.85 0.02 12.02 0.63 15.50 11.13 1.19 0.35 97.34
mhb-31 core 49.35 1.07 6.46 0.02 11.89 0.56 15.79 10.96 1.06 0.32 97.47
rim 47.84 1.16 7.12 b.d.l 12.18 0.55 15.54 10.86 1.22 0.35 96.83
mhb-32 core 47.95 1.36 7.35 b.d.l 12.42 0.50 15.49 11.11 1.21 0.45 97.84
rim 47.88 1.21 6.84 b.d.l 11.74 0.49 15.52 11.05 1.13 0.35 96.22
mhb-33 core 49.20 1.08 6.03 b.d.l 11.43 0.58 16.04 11.13 1.04 0.35 96.87
rim 47.69 1.25 7.31 0.02 11.92 0.50 15.58 10.85 1.22 0.39 96.73
mhb-34 core 48.70 1.36 6.90 0.03 11.89 0.42 15.88 11.27 1.31 0.43 98.21
rim 48.10 1.26 7.17 b.d.l 12.55 0.55 14.69 11.21 1.19 0.39 97.12
mhb-35 core 48.72 1.40 6.86 0.03 11.95 0.49 15.54 11.18 1.29 0.37 97.82
rim 47.98 1.29 7.11 b.d.l 12.48 0.54 15.15 11.19 1.24 0.39 97.36
*Total Fe as FeO; b.d.], below detection limit (<0.02 wt % for Cr,03).
horizontal axis and that of the rims on the vertical axis. When the DISCUSSION

amphibole has no chemical zoning, the Mg# of core and rim show
same value and are plotted on the dashed line in Fig. 3b. On the
other hand, amphibole with normal and reverse zoning, in which
Mg# are decrease and increase from core to rim, are plotted below
and above the dashed line in Fig. 3b, respectively. The measured
Mg# of Prg and Mhb are plotted on, below and above the dashed
line (Fig. 3b). This observation indicates that amphiboles with
and without chemical zoning are contained in Yufu Summit lava,
and the differences of Mg# between core and rim are less than
~0.1 (Fig. 3b).

Major-element compositions of amphiboles

It is considered that the Si content of amphibole varies with
changing T and major-element compositions of the melt (Putirka,
2016; Zhangetal,, 2017). Based on the published data from high-P-
T experiments, Zhang et al. (2017) suggested that amphibole with
lower Si content, such as Prg, commonly crystallises in relatively
high T (=950°C) and mafic melt, whereas Mhb, characterised by
high Si content, forms under lower T (<950°C) and felsic melt
conditions. Such amphibole crystallisation conditions with dif-
ferent T and major-element compositions of melt suggest that
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Prg and Mhb are unlikely to coexist in equilibrium. Therefore, it
can be considered that Prg and Mhb in the Yufu Summit lava
crystallised in relatively high-T and mafic magma, and low-T and
felsic magma, respectively. Furthermore, the coexistence of such
disequilibrium amphiboles cannot be explained without consid-
ering the mixing of the two different magmas. Therefore, Prg and
Mhb in the Yufu Summit lava are thought to retain information
on the P-T conditions and major element compositions of the melt
from which they crystallised, before magma mixing occurred. On
the other hand, in the plot of Mg# for core and rim in amphiboles
from Yufu Summit lava (Fig. 3b), the differences of Mg# between
core and rim are ~0.1 in maximum. Thus, to clarify the effect
of chemical zoning in amphiboles on the estimating the P-T
conditions and major-element compositions of equilibrated melt,
we estimated these values for each core and rim, and compared
them as below described.

P-T conditions of amphibole crystallisation

Many geothermobarometers have been proposed based on equi-
libria between amphibole, and melt and plagioclase (e.g. Blundy &
Holland, 1990, 1992; Holland & Blundy, 1994; Molina et al., 2015).
In the case of magma formed by magma mixing, it is difficult
to use these geothermometers because it is unclear whether
amphibole coexisted in equilibrium with melt and plagioclase.
The P of amphibole crystallisation can be estimated from the Al
content of amphibole (e.g. Hammarstrom & Zen, 1986; Johnson
& Rutherford, 1989; Schmidt, 1992; Anderson & Smith, 1995).
However, geobarometers based on the Al content of amphibole
can only be applied under very limited conditions, such as granitic
systems under near-solidus conditions and in equilibrium with
multi-phase assemblages, for which T <800°C and amphibole
Fe/(Fe +Mg) <0.65 (e.g. Hammarstrom & Zen, 1986; Anderson
& Smith, 1995). Furthermore, Ridolfi et al. (2008) pointed out
that geobarometers based on the Al content in amphibole have
impractically large errors. In this study, to estimate the P-T condi-
tions of amphibole crystallisation for individual crystals, we incor-
porated the major-element compositions of Prg and Mhb into the
geothermometer of Putirka (2016), and geobarometers of Ridolfi
& Renzulli (2012) and Ridolfi (2021). The estimated P-T conditions
of core and rim for Prg and Mhb are presented in Table 2 and
Fig. 4. The estimated crystallisation T is 932°C to 1016°C for Prg,
and 773°C to 846°C for Mhb (Fig. 4; Table 2). The estimated P
conditions for Prg and Mhb are 356 to 600 MPa and 73 to 222 MPa
using the geobarometer of Ridolfi & Renzulli (2012), and 364 to
941 MPa and 117 to 212 MPa using the geobarometer of Ridolfi
(2021) (Fig. 4; Table 2). Figure 5 shows the relationship between
Si contents and estimated T for core and rim of amphibole. The
estimated T decrease with increasing Si contents of amphiboles.
This observation is consistent with previous studies (e.g. Putirka,
2016; Zhang et al., 2017). It can be considered that these differ-
ences in conditions for the two amphibole types suggests that two
magma reservoirs with different P-T conditions existed beneath
Yufu Volcano. For an assumed crustal density of 2700 kg/m?3
(Gill, 1981), the estimated P conditions from the geobarometer
of Ridolfi & Renzulli (2012) are equivalent to depth ranges of 13
to 23 km for Prg and 3 to 8 km for Mhb. In estimated results of
the geobarometer of Ridolfi (2021), the crystallisation depth of Prg
and Mhb are 14 to 36 km and 4 to 8 km, respectively. Two seismic
observations, which are thought to be related to the existence of
magma, have been reported at difference depth ranges beneath
Yufu Volcano (Ohkura et al., 2002; Nagasakiet al., 2017). Oneis deep
low-frequency earthquakes with a depth of 17 to 30 km, which is
interpreted to be related to magma activity (Nagasaki et al., 2017).

Comparing the crystallisation depth ranges of Prg obtained from
the geobarometers of Ridolfi & Renzulli (2012) and Ridolfi (2021),
the latter is wider. However, most of crystallisation depth for Prg
obtained from the geobarometer of Ridolfi (2021) is concentrated
16 to 21 km (411-549 MPa; Fig. 4), which is consistent with that of
Ridolfi & Renzulli (2012). This depth range overlaps the upper part
of the occurrence area of deep low-frequency earthquakes. This
observation could be suggested the possibility that the magma
ascending from a depth of ~30 km stagnated at a depth of 13
to 23 km, and then Prg crystallised. Another is an aseismic zone
with a depth of 3 to 10 km in the region of tectonic earthquakes
occurring <12.5 km, which is explained by the possibility that
the high T body exist in these area (Ohkura et al, 2002). The
occurrence depth of the aseismic zone overlaps the crystallisation
depth of Mhb in both the geobarometers of Ridolfi & Renzulli
(2012) and Ridolfi (2021). This coincidence may be interpreted
as supporting evidence that the depth of the magma reservoir
in which the Mhb crystallised is 3 to 8 km. Therefore, it can
be suggested that the magma reservoirs in which Prg and Mhb
crystallised existed at a depth of 13 to 23 km and T of 940°C
to 1020°C, and a depth of 3 to 8 km and T of 780°C to 850°C,
respectively. Similar observations have been reported by Okada
et al. (2018) for amphiboles from the Imorigashiro lava, which was
erupted during the early-stage of volcanic activity of Yufu Volcano
(Ohta etal., 1990). They divided Imorigashiro lava amphiboles into
two groups with Si amounts of 5.9 to 6.3 and 6.8 to 6.9 apfu,
and estimated their crystallisation depth ranges and T of 14 to
25 km (356-654 MPa) and 940°C to 1000°C, and 5 to 7 km (131-
188 Mpa) and 800°C to 840°C, respectively. Our results for the late-
stage Yufu Summit lava are indistinguishable from those of Okada
et al. (2018) for the early-stage Imorigashiro lava, suggesting there
may be no significant changes in the structure of the magma
plumbing system over the period between the eruption of the
two lavas.

To evaluate the influence of chemical zoning on the estimation
on the P-T conditions, we compared the T and P estimated from
the core and rim compositions, respectively (Fig. 6). In Fig. 6a, T
estimated from the core and rim compositions are plotted on the
horizontal and vertical axes, respectively. Both Prg and Mhb are
plotted around a solid straight line where the estimated T from
the cores and rims are same value, and deviations from a solid
straight line are mostly within the error range of estimate. Similar
trends are observed in crystallisation P (Fig. 6b, ¢). From these
observations, it may suggest that chemical zoning does not have
a significant influence on the estimation of the P-T conditions
under which amphibole crystallised.

Major-element composition of melt in
equilibrium with amphibole

The major-element compositions of melt in equilibrium with Prg
and Mhb are estimated from the major-element composition of
Prg and Mhb using equations of Zhang et al. (2017) and listed in
Table 2. Hereafter, we term melts in equilibrium with Prg and Mhb
as ‘melt-Prg’ and ‘melt-Mhb’, respectively. The major-element
oxides of melt-Prg and melt-Mhb versus SiO, contents are plot-
ted in Fig. 7. The trends of melt-Prg and melt-Mhb are similar
to the general compositional trends of magmas from basalt to
rhyolite, such as decreasing TiO,, Al,Os, FeO, MgO, CaO, and
increasing K,0O with increasing SiO, contents. These trends can
be explained by fractional crystallisation from basaltic magma to
rhyolitic magma. However, the estimated SiO, content for melt-
Prg and melt-Mhb show obvious compositional gap between the
two amphibole types at 62.9 to 72.2 wt %, which greatly exceeds
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Table 2: Estimated crystallisation P-T conditions and major-element compositions of melt in equilibrium with amphibole

Sample T (°C) P1(MPa) P2(MPa) SiOp (Wt%) TiOy (Wt%) Al,O3 (wt%) FeO* (wt%) MgO (wt%) CaO (wt%) KyO (wt%)
prg-1 core 992 517 526 56.07 1.07 18.30 6.35 3.82 7.47 1.40
rim 980 500 491 58.54 0.93 18.31 6.04 3.19 7.19 1.14
prg-2 core 997 491 499 55.70 1.14 18.67 7.35 4.63 7.92 0.85
rim 1004 539 548 55.22 1.05 18.82 6.80 4.69 8.45 1.04
prg-3 core 996 541 792 54.75 1.21 18.82 8.28 4.54 8.09 0.86
rim 980 449 459 58.69 0.90 18.08 5.96 2.88 6.45 1.40
prg-4 core 993 490 490 56.67 1.13 18.45 7.10 4.23 7.47 1.01
rim 985 516 526 57.95 0.95 18.47 6.11 3.45 7.70 1.03
prg-5 core 1005 578 735 54.33 1.29 18.83 7.75 5.22 8.85 0.89
rim 991 484 494 57.08 1.04 18.27 6.56 3.50 6.98 1.33
prg-6 core 975 433 441 59.07 0.93 17.88 5.27 2.81 6.59 1.31
rim 973 412 420 59.56 0.88 17.95 5.58 2.76 6.30 1.23
prg-7 core 1005 524 534 55.49 1.05 18.75 6.93 4.41 8.06 1.13
rim 985 496 482 57.85 0.87 18.52 6.53 3.52 7.11 1.16
prg-8 core 979 408 635 58.53 0.92 17.95 5.56 2.95 6.42 1.35
rim 1010 542 780 53.46 1.16 18.72 7.50 5.08 8.31 1.33
prg-9 core 973 483 490 58.24 0.89 18.15 6.09 3.19 6.82 1.32
rim 994 487 497 57.34 1.05 18.33 6.29 3.54 7.32 1.22
prg-10 core 991 500 757 56.97 0.98 18.65 6.49 3.84 7.85 0.92
rim 990 483 489 57.14 1.01 18.36 6.90 3.68 6.90 1.26
prg-11 core 994 529 538 56.30 1.08 18.74 6.77 4.31 8.33 0.81
rim 976 463 471 58.37 0.89 18.10 6.19 3.02 6.56 1.38
prg-12 core 993 487 720 57.66 0.93 18.52 5.66 3.71 7.83 1.04
rim 999 532 872 55.82 1.00 18.76 6.64 4.02 8.19 1.08
prg-13 core 999 525 534 56.69 1.00 18.70 6.33 4.01 8.18 1.02
rim 999 518 527 56.03 1.06 18.61 6.73 4.06 7.84 1.14
prg-14 core 1004 522 - 55.66 1.06 18.43 6.49 3.72 7.50 1.54
rim 987 466 474 57.67 0.91 18.32 6.72 3.22 6.48 1.39
prg-15 core 993 540 - 57.45 0.99 18.71 6.53 4.00 7.97 0.90
rim 991 483 771 56.25 1.03 18.38 6.58 3.64 7.31 1.25
prg-16 core 974 431 441 60.18 0.78 17.83 4.72 2.51 6.37 1.55
rim 970 401 411 60.12 0.79 17.66 5.12 2.35 5.75 1.68
prg-17 core 1000 504 791 56.98 0.98 18.58 5.93 3.56 7.62 1.19
rim 992 516 - 57.74 0.83 18.75 5.73 3.03 7.73 1.08
prg-18 core 972 418 428 59.27 0.78 17.86 5.53 2.53 5.93 1.65
rim 987 456 680 56.91 1.01 18.29 6.76 3.50 6.89 1.24
prg-19 core 986 534 542 56.77 0.88 18.92 6.96 4.26 8.09 0.78
rim 999 594 941 53.79 1.19 18.93 8.14 4.87 8.61 0.99
prg-20 core 1016 600 886 52.26 1.31 19.34 9.89 6.25 9.03 0.76
rim 999 517 526 56.04 1.07 18.73 6.84 4.46 8.23 0.91
prg-21 core 998 540 549 55.07 1.08 19.00 8.37 4.86 8.14 0.79
rim 997 511 520 55.86 1.01 18.81 711 4.70 8.17 0.88
prg-22 core 998 545 530 55.89 1.12 18.76 7.23 4.70 8.27 0.89
rim 932 356 364 62.92 0.62 17.34 4.65 1.77 4.95 3.10
mhb-1  core 792 110 132 77.06 0.21 13.43 1.04 0.28 1.98 3.06
rim 777 108 - 77.91 0.19 13.22 0.92 0.22 1.93 3.06
mhb-2  core 791 111 - 77.31 0.21 13.41 1.01 0.27 2.01 2.96
rim 793 125 - 77.00 0.20 13.70 1.06 0.29 2.08 3.23
mhb-3  core 808 136 151 75.88 0.23 13.65 111 0.30 2.17 3.13
rim 795 110 131 76.89 0.21 13.47 1.02 0.28 2.01 3.21
mhb-4  core 789 100 156 77.79 0.20 13.16 0.85 0.26 1.98 3.16
rim 802 145 - 75.94 0.25 13.55 1.13 0.28 2.10 3.03
mhb-5  core 788 118 - 76.97 0.21 13.40 1.02 0.28 2.01 3.03
rim 785 96 - 78.18 0.19 13.31 0.89 0.24 1.93 3.17
mhb-6  core 805 136 148 76.29 0.22 13.63 1.03 0.29 2.14 3.14
rim 795 135 - 76.54 0.22 13.51 1.04 0.28 2.09 3.10
mhb-7  core 790 129 - 77.12 0.20 13.50 1.03 0.28 2.03 2.89
rim 783 102 - 77.58 0.20 13.29 0.97 0.25 2.01 3.07
mhb-8  core 800 144 153 75.75 0.23 13.66 1.10 0.31 2.21 3.03
rim 799 112 133 76.88 0.21 13.57 1.05 0.31 2.07 3.26
mhb-9  core 805 146 153 75.64 0.23 13.70 1.17 0.30 2.10 3.04
rim 810 150 159 75.76 0.25 13.83 1.22 0.36 2.26 2.93
mhb-10 core 798 128 146 77.01 0.21 13.69 1.05 0.30 2.16 3.04
rim 807 157 161 74.89 0.23 14.02 1.32 0.33 2.21 3.34

(Continued)
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Table 2: Continued

Sample T(C) P1(MPa) P2(MPa) SiO, (Wt%) TiO, (Wt%) AlOs (Wt%) FeO* (wt%) MgO (wt%) GCaO (Wt%) KoO (wt%)
mhb-11  core 790 114 134 77.43 0.19 13.33 0.92 0.25 1.97 3.41
rim 788 118 134 77.85 0.18 13.22 0.84 0.24 1.94 3.12
mhb-12  core 788 90 122 78.19 0.20 13.16 0.86 0.26 1.95 3.20
rim 783 95 126 78.86 0.19 13.08 0.80 0.23 1.91 3.15
mhb-13  core 793 120 135 76.73 0.21 13.44 1.00 0.29 2.04 3.28
rim 781 99 - 78.26 0.19 13.06 0.84 0.22 1.89 3.07
mhb-14  core 800 113 136 76.90 0.21 13.59 1.03 0.29 2.07 3.06
rim 793 102 130 78.13 0.19 13.44 0.91 0.27 2.02 3.34
mhb-15  core 796 125 140 77.14 0.20 13.41 0.93 0.25 2.00 3.17
rim 796 121 140 77.41 0.21 13.44 0.94 0.27 2.05 3.23
mhb-16  core 789 116 136 77.47 0.19 13.39 0.95 0.25 1.99 3.52
rim 774 79 117 80.28 0.15 12.83 0.63 0.17 1.75 3.18
mhb-17  core 785 89 - 78.77 0.19 13.03 0.81 0.23 1.92 3.25
rim 785 76 113 78.05 0.19 12.99 0.87 0.24 1.84 3.15
mhb-18  core 800 125 143 76.37 0.22 13.55 1.06 0.28 2.10 2.96
rim 794 136 - 76.46 0.21 13.68 1.12 0.28 2.10 3.26
mhb-19  core 805 116 134 76.47 0.22 13.46 1.01 0.30 2.05 3.13
rim 792 104 132 77.69 0.21 13.34 0.97 0.28 2.01 3.27
mhb-20  core 846 222 212 72.19 0.33 14.42 1.68 0.46 2.62 3.19
rim 776 73 - 78.79 0.17 13.00 0.80 0.22 1.84 3.27
mhb-21  core 791 114 135 77.38 0.19 13.39 0.94 0.24 1.96 3.11
rim 795 101 129 77.99 0.21 13.32 0.93 0.26 1.97 3.31
mhb-22  core 785 99 125 78.62 0.19 13.07 0.81 0.22 1.86 3.20
rim 808 105 133 77.07 0.22 13.44 0.96 0.29 2.08 3.22
mhb-23  core 785 95 125 78.57 0.18 13.14 0.83 0.24 1.94 3.18
rim 792 128 - 76.66 0.21 13.42 1.04 0.28 2.06 3.27
mhb-24  core 790 103 131 77.98 0.19 13.24 0.89 0.24 1.96 3.31
rim 789 109 129 77.44 0.19 13.31 0.91 0.26 1.95 3.39
mhb-25  core 789 97 126 78.43 0.19 13.07 0.79 0.22 1.90 3.13
rim 791 120 138 77.29 0.20 13.40 0.94 0.26 2.03 3.09
mhb-26  core 788 104 132 78.00 0.20 13.28 0.91 0.26 2.01 3.22
rim 795 125 142 76.83 0.22 13.40 0.97 0.27 2.06 3.11
mhb-27  core 795 116 136 77.19 0.20 13.53 1.00 0.29 2.05 3.29
rim 788 100 128 78.30 0.20 13.09 0.84 0.23 1.90 3.00
mhb-28  core 801 132 148 76.88 0.21 13.73 1.05 0.29 2.15 3.39
fim 790 119 136 77.21 0.19 13.33 0.96 0.25 1.95 3.07
mhb-29  core 803 129 147 76.90 0.22 13.62 1.03 0.29 2.14 3.27
rim 798 118 139 77.27 0.20 13.43 0.93 0.26 2.04 3.44
mhb-30 core 840 132 147 73.76 0.21 14.35 1.15 0.30 2.23 3.34
rim 789 122 136 77.34 0.19 13.35 0.92 0.25 1.96 3.21
mhb-31  core 775 97 - 78.78 0.18 12.97 0.81 0.21 1.87 3.01
rim 796 132 145 76.40 0.22 13.71 1.13 0.31 2.10 3.15
mhb-32  core 803 132 146 76.02 0.23 13.63 1.16 0.32 2.12 3.12
rim 793 109 133 77.65 0.20 13.39 0.94 0.28 2.03 3.37
mhb-33  core 776 80 - 78.98 0.17 12.81 0.75 0.21 1.80 2.97
rim 803 138 151 75.85 0.24 13.76 1.17 0.33 2.21 3.27
mhb-34  core 803 100 128 76.59 0.21 13.39 1.00 0.28 2.02 3.43
rim 790 116 137 78.31 0.18 13.29 0.86 0.23 1.92 3.35
mhb-35  core 798 104 130 77.39 0.20 13.31 0.92 0.25 1.95 3.31
rim 797 118 136 77.22 0.19 13.46 0.99 0.27 1.98 1.24

*Total Fe as FeO. P1 and P2 are crystallisation P of amphibole estimated by the geobarometers of Ridolfi & Renzulli (2012) and Ridolfi (2021), respectively.
Hyphens mean failure to pass the composition filter of amphibole for applying the geobarometer of Ridolfi (2021).

the error in estimated SiO, content (+3.29 wt %; Zhanget al., 2017).
From this observation, it can be pointed out that the trends in the
major-element compositions of melt-Prg and melt-Mhb indicate
independent crystallisation trends of the two magmas, each of
which has a different origin. A more detailed view of the trend
on Fig. 7 for melt-Prg and melt-Mhb, they can be considered to be
more linear than curvilinear. If this is a case, the trend of melt-
Prg and melt-Mhb can be explained by two-component mixing.
Furthermore, there must be at least three-component mixing,
since the melt-Prg and melt-Mhb trends other than Al,03 and K,O

in Fig. 7 are not distributed on single straight lines. Trends in the
chemical composition of melt-Prg and melt-Mhb are discussed
further in ‘Trace-element composition of melt in equilibrium with
amphibole’ section.

The estimated SiO, contents of melt-Prg and melt-Mhb are
basaltic-dacitic (Si0; =52.3-62.9 wt %) and rhyolitic (Si0, =72.2—-
80.3 wt %), respectively (Fig. 7). For the other estimated major-
element compositions (Fig. 7), melt-Prg has higher TiO,, Al,0s,
FeO, MgO, and CaO and lower K,O contents (0.62-1.31, 17.7-19.3,
4.65-9.89, 1.77-6.25, 4.95-9.02, and 0.78-1.68 wt %, respectively)
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compared with melt-Mhb (0.15-0.33, 12.8-14.4, 0.63-1.68, 0.17-
0.16, 1.75-2.62, and 2.89-3.52 wt %, respectively). These results
suggest that Prg and Mhb in the Yufu Summit lava crystallised
from two different magmas with distinct chemical compositions
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respectively. The solid lines represent 1:1 relationship. The estimation
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individual amphiboles.

as well as different P-T conditions, and indicate that Prg and
Mhb in the Yufu Summit lava crystallised from mafic and felsic
magmas, respectively, as proposed by Ohta et al. (1990) and Ohta
& Aoki (1991) based on the petrological and geochemical features
of volcanic products from Yufu Volcano. Kent (2014) showed that
two types of amphiboles, crystallised from deep and hot mafic
magma and shallow and cool felsic magma, respectively, are
observed from intermediate lavas in convergent margins, such
as Mont Pelée, Soufriére Hills, Unzen, and Mount Hood. From
this observation, they pointed out that such widespread presence
of two groups of amphibole emphasises the global importance
of magma mixing in the genesis of andesitic magma, and is
important evidence of magma mixing. The coexistence of Prg
and Mhb in Yufu Summit lava, therefore, can be explained by
the mixing of these two magmas. This argument is supported by
the disequilibrium textures, such as resorbed quartz, coexistence
of olivine and quartz, and oscillatory zoning, dusty zone and
honey-comb texture in plagioclase phenocrysts, which are
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considered as a result of magma mixing (e.g. Eichelberger, 1978;
Sakuyama, 1979, 1981; Tsuchiyama, 1986; Kawamoto, 1992; Singer
et al., 1995) (Fig. 2a, b).

The major-element compositions of melt-Prg and melt-Mhb
from the core and rim are plotted in Fig. 8 to evaluate the effects
of chemical zoning in amphiboles to the estimation of the major-
element compositions of melts in equilibrium with amphibole.
Figure 8a plots the SiO, content of melt in equilibrium with
amphibole estimated from the core and rim compositions on the
horizontal and vertical axes, respectively. Both melt-Prg and melt-
Mhb are mostly plotted around a solid straight line, where the
estimated SiO, from the cores and rims are same value, within
error range of estimate. Similar trends are observed for other
elements (Fig. 8b-g). These observations suggest that inside of the
grains of each amphibole measured in this study are chemically
homogeneous within estimating error.

Trace-element composition of melt in
equilibrium with amphibole

It has been suggested that the Kds for trace-elements between
amphibole and melt vary widely with P-T conditions, melt

composition, and amphibole crystal structure (e.g. Tiepolo et al.,

2007). In the case of this study, as discussed above, the two
groups of amphiboles in the Yufu Summit lava crystallised
under different T and P conditions and from melts with distinct
compositions (Figs.4 and 7). Therefore, the use of published
Kds between amphibole and melt that were determined under
conditions of fixed T, P, and melt composition results in large
uncertainty. This makes it difficult to determine the values of

Kds, which are important for accurately estimating the trace-
element compositions of melt in equilibrium with amphibole.

To overcome this problem, Kds was estimated independently

using the method of Shimizu et al. (2017) for REEs and Y, and
equations of Humphreys et al. (2019) for Rb, Nb, Pb, Sr and Zr from

the major-element compositions of amphibole and estimated T

for each grain in the previous section. The calculated Kds and
trace-element compositions of melt-Prg and melt-Mhb are listed
in Table 3. The Kds of REEs excluding Pr, Tb, Er, and Tm can be
calculated by both Shimizu et al. (2017) and Humphreys et al.
(2019). For comparison, these Kds calculated using Humphreys

et al. (2019) are plotted on Supplementary Figure against those of

Shimizu et al. (2017). The values of Kds calculated by Humphreys
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et al. (2019) are within error ranges of Shimizu et al. (2017),
except for Ho and Lu in Mhb. From these observations, it can
be considered permissible to assume that either method makes
no significant difference, with the exception for Ho and Lu in
melt-Mhb, in the estimation of trace-element compositions of
melts in equilibrium with amphiboles in Yufu Summit lava. We
applied the calculated Kds to the trace-element composition
of individual amphiboles in the Yufu Summit lava (Table 4) to
determine the trace-element compositions of melt-Prg and melt-
Mhb. The estimated results of trace-element compositions of
melt-Prg and melt-Mhb are listed in Table 5, and shown in Fig. 9
as the primitive-mantle-normalised trace-element patterns (PM
patterns) diagram. For normalisation, the values of primitive
mantle of Sun & McDonough (1989) are used. The compositions
of melt-Prg and melt-Mhb are similar to those of typical island-
arc magmas, characterised by enrichments in large ion lithophile

elements (LILEs; e.g. Rb, Pb, and Sr), and depletions in Nb and
Zr (e.g. Wood et al., 1979; Perfit et al., 1980) (Fig. 9). However, the
following differences are observed between melt-Prg and melt-
Mhb in the PM patterns diagram (Fig. 9): 1) the PM patterns of
melt-Prg and melt-Mhb show positive and negative Sr spikes,
respectively; 2) melt-Prg is more depleted in LILEs (except for
Sr) than melt-Mhb; 3) melt-Prg has higher contents of middle
REEs, and lower Yb and Lu than melt-Mhb. These features can
be observed more clearly in the relationship between Sr/Y ratios
and Y (Fig. 10). We also show the fields of adakite and common
island-arc andesite, dacite and rhyolite (ADR), as defined by
Defant & Drummond (1990), in Fig. 10. Although Y contents of
melt-Prg and melt-Mhb are similar (=8-9 ppm) to each other, the
Sr/Y values of melt-Prg are higher (~100-200) and plot within the
adakite field (Defant & Drummond, 1990), whereas those of melt-
Mhb are lower (~20-40) and plot outside the fields of adakite and
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common island-arc ADR (Defant & Drummond, 1990) (Fig. 10).
These differences suggest that Prg and Mhb were crystallised
from different magmas in terms of trace-element compositions
as well as T and P conditions and major-element compositions.

To confirm whether the estimated trace-element compositions
of melts in equilibrium with amphiboles in the Yufu Summit
lava are realistic, we compared the PM patterns and relationships
between Sr/Y and Y of melt-Prg and melt-Mhb with those of dacite
and rhyolite from the Himeshima volcanic group (HVG; Fig. 1b)
(Shibata et al., 2014) and volcanic glass from the Kuju volcanic
group (KVG; Fig. 1b) (Albert et al., 2019) from the Quaternary
volcanoes located near Yufu Volcano. The PM pattern of dacite
from the HVG (Fig. 9) is similar to that of melt-Prg except for Rb
and Zr. In addition, the Sr/Y ratios and Y contents of dacite from
the HVG plot close to those of melt-Prg and within the adakite field
(Fig. 10). The PM patterns of rhyolite from the HVG (Shibata et al,,
2014) and volcanic glass from the KVG (Fig. 1b) (Albert et al., 2019)
are also shown in Fig. 9. The patterns for melt-Mhb and rhyolite
from the HVG are similar except for La, Ce, and Sr, and those
for melt-Mhb and volcanic glass from the KVG are very similar
except for Zr. Furthermore, as in the case for melt-Mhb, rhyolites
from the HVG (Shibata et al.,, 2014) and volcanic glass from the
KVG (Albert et al., 2019) have low Sr/Y ratios and Y contents that
plot outside of both the adakite and common island-arc ADR
fields (Defant & Drummond, 1990) (Fig. 10). These observations,
despite small differences, would allow us to believe that the PM
patterns and relationship between Sr/Y and Y of melt-Prg and
melt-Mhb, determined from the trace-element compositions of
Prg and Mhb using the estimated Kds, were not unrealistic. This
may indicate that the estimated Kds uncertainty can be assumed
to be within an acceptable range for discussing the trace-element
compositions of the melts in equilibrium with amphiboles from
Yufu Summit lava.

In a study of Quaternary magmas from northern Kyushu,
Shibata et al. (2014) reported that &Sr/%°Sr decreases with
increasing SiO, and that dacites from the HVG show the lowest
values (¥Sr/%6Sr~0.7037) with highest Sr/Y ratios (Sr/Y ~100).
From those geochemical features, those authors inferred that
dacitic magma from the HVG was derived from adakitic magma
that originated by slab melting of subducted Philippine Sea
Plate (PSP). Moreover, Sugimoto et al. (2006) reported that some
andesites from Yufu Volcano have adakitic features (Sr/Y =42
and ¥ Sr/®%6Sr=0.7039). The whole-rock trace-element and Sr—
Nd-Pb isotopic compositions of adakitic rocks from Yufu Volcano
are thought to have been derived from the partial melting of
subducting PSP (Sugimoto et al., 2006). Young PSP (26-15 Ma;
Mahony et al., 2011) is subducted underneath the Southwest
Japan arc, including Yufu Volcano and the HVG (Fig. 1b). This is
a tectonic setting that fully satisfies the conditions under which
slab melting occurs (Defant & Drummond, 1990). In fact, adakitic
lavas, which are ascribed to a slab-melt origin, have also been
observed at Daisen, Sambe, Aonoyama, Futagoyama, and Kuju
Volcanoes in the Southwest Japan Arc (Fig. 1b) (e.g. Morris, 1995;
Kimura et al., 2005, 2014; Shibata et al., 2014). Therefore, Prg may
have crystallised from adakitic magma derived from the melting
of subducted PSP.

Rhyolite from the HVG and volcanic glass from the KVG are
volcanic products from explosive eruptions (Itoh, 1989;Kawanabe
et al,, 2015 ; Albert et al., 2019). In particular, the latter is derived
from large-scale Plinian eruptions (Kawanabe et al., 2015; Albert
et al., 2019). It is widely argued that the felsic magma that can
generate such eruptions originates from the partial melting of
crustal material (e.g. Sisson et al, 2005; Kimura & Nagahashi,

2007; Bindeman et al., 2010; Folkes et al., 2013; Kimura et al., 2015)
on the basis of the following lines of evidence: 1) the major-
element compositions of volcanic products from large eruptions
are similar to those of melts obtained from melting experiments
of sedimentary, granitic, and amphibolitic rocks (Sisson et al., 2005;
Kimura & Nagahashi, 2007; Kimura et al., 2015); 2) the major-
and trace-element compositions of volcanic glass from large-scale
eruptions can be reproduced by model calculations of partial
melting of granites, sediments, and amphibolites (Kimura et al.,
2015); and 3) the O, Sr, and Nd isotopic compositions of volcanic
products from large eruptions are similar to those of crustal rocks
(Kimura & Nagahashi, 2007; Bindeman et al., 2010; Folkes et al,,
2013). Considering the above, we infer that the felsic magmas that
produced the HVG rhyolite and KVG volcanic glass originated from
the partial melting of crustal material, although the origins of
these magmas are currently unknown. Given this inference, melt-
Mhb may also have been derived from crustal melting.

Chemical variations of melts in equilibrium with
amphiboles

The process making the variations in major-element composi-
tions of melt-Prg and melt-Mhb are discussed in previous section,
but it is still ambiguous. In this section, therefore, we discuss
the process using melt-Prg and melt-Mhb major-element com-
positions as well as trace-element compositions. In Fig. 11, the
Y/Rb and Dy/Rb ratios against Sr/Rb ratios are plotted. For both
melt-Prg and melt-Mhb, Y/Rb and Dy/Rb ratios decrease with
decreasing of Sr/Rb ratios. The trend of melt-Prg shows higher
Sr/Rb ratios and gentler slope compared to melt-Mhb. In previous
section, four scenarios that could explain the variation in major-
element compositions of melt-Prg and melt-Mhb was presented
as follows: 1) crystal fractionation from basaltic to rhyolitic melt
forming continuous trend from melt-Prg and melt-Mhb, 2) two
different crystallisation processes formed the melt-Prg and melt-
Mhb trends independently, 3) three-components mixing including
one component common to melt-Prg and melt-Mhb, 4) using
four-components, melt-Prg and melt-Mhb independently formed
a trend in two-components mixing. If 1) and 3) are the case, melt-
Prg and melt-Mhb should show a trend that can be explained by a
continuous trend such as Fig. 7, although there is a compositional
gap, in Fig. 11. However, they show different discontinuous trends
so that 1) and 3) can be ruled out. If the trends of melt-Prg and
melt-Mhb have been formed by mixing process, both of those have
to show linear trends. However, those trends, especially melt-Prg,
show scattered. This observation makes it difficult to consider 4)
as the processes that formed the melt-Prg and melt-Mhb trends.
Ohta et al. (1990) and Ohta & Aoki (1991) have reported that
plagioclases in andesite from Yufu Volcano can be divided into
two types: anorthite-rich and anorthite-poor, and argued that the
Prg and anorthite-rich plagioclase are derived from mafic magma,
and Mhb and anorthite-poor plagioclase are derived from felsic
magma. Following them, the trends of the Y/Rb and Dy/Rb ratios
against the Sr/Rb ratio are shown as vectors for each differenti-
ating mineral (anorthite-rich and -poor plagioclase, Prg and Mhb)
in Fig. 11. In both equilibrium and fractional crystallisations, the
crystallisations of Prg and anorthite-rich plagioclase, and Mhb and
anorthite-poor plagioclase show trends of decreasing Y/Rb and
Dy/Rb ratios with decreasing Sr/Rb ratios, which are consistent
with trends of melt-Prg and melt-Mhb. Therefore, the trends of
melt-Prg and melt-Mhb can be explained by the equilibrium or
fractional crystallisations of Prg and anorthite-rich plagioclase,
and Mhb and anorthite-poor plagioclase, respectively. From above
discussion, it is most plausible to explain in 2). However, from the
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Fig. 9. Primitive-mantle-normalised trace-element patterns for
estimated melts in equilibrium with amphiboles. Dacite and rhyolite
from the Himeshima volcanic group (Shibata et al., 2014) and volcanic
glass from the Kuju volcanic group (Albert et al., 2019) are also shown
for comparison. The normalisation values are from Sun & McDonough
(1989).

existence of amphiboles recording the changes of melt compo-
sition in Yufu Summit lava, equilibrium crystallisation is more
preferred than fractional crystallisation, even if the closed-system
was incomplete. Saito et al. (2001) reported that the whole-rock
of rhyolites from Satsuma-Iwoujima volcano, which is located to
the south of Kyushu Island, Japan, have similar major-element
compositions regardless of the eruption period, whereas the SiO,
content of plagioclase-hosted melt inclusions and matrix glass
in them increase with time. It is considered that this temporal
change can be explained by the plagioclase crystallisation within
the magma chamber (Saito et al, 2001). In a similar manner,
the two end-member magmas that formed Yufu Summit lava
might have changed only in melt compositions though the crys-
tallisation of plagioclase and amphibole, without changing the
composition of the bulk rock.

Geochemical characteristics of end-member
magmas of the Yufu volcano andesite

From the estimated P, T, and major- and trace-element composi-
tions of melt-Prg and melt-Mhb, it can be suggested that the Prg
and Mhb coexisted in Yufu Summit lava by mixing of magmas
containing those melts, respectively. The chemical variations of
melt-Prg and melt-Mhb suggest that possibility that the chemical
compositions of those melts changed by the crystallisation of Prg,
Mhb and plagioclase before magma mixing. On the other hand, it
can be considered that the bulk composition of end-member mag-
mas containing those melts, respectively, could be unchanged.
However, the geochemical features of end-member magmas are
still unclear. It is difficult to characterise the geochemistry of
end-member magmas produced by magma mixing. Consequently,
the magmas that plot along extensions of the mixing line on a
biaxial diagram of the whole-rock composition of magma have
previously been assumed to be end-member magmas. Candi-
dates for end-member magmas are often chosen from mixed
magmas themselves or from magmas of neighbouring volcanoes,
even from those that are not directly geologically related (e.g.
Ohta & Aoki, 1991). Therefore, most previous studies have only
roughly estimated (or assumed) the chemical compositions of
end-member magmas because of the difficulties of constraining
their nature and origin.

As magma is a mixture of minerals and melt, the chem-
ical composition of magma can be calculated by the mixing
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Fig. 10. Sr/Y versus Y diagram for estimated melts in equilibrium with
amphiboles. Data for dacite and rhyolite from the Himeshima volcanic
group are from Shibata et al. (2014) and for volcanic glass from the Kuju
volcanic group are from Albert et al. (2019). The compositional ranges of
common island-arc ADR (andesite, dacite, and rhyolite) and adakite are
from Defant & Drummond (1990). The gray bars for melt-Prg and
melt-Mhb are error bars.
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Fig 11. Y/Rb versus Sr/Rb and Dy/Rb versus Sr/Rb diagrams for
estimated melts in equilibrium with amphiboles. Gray bars for melt-Prg
and melt-Mhb are error bars. The Kds used for differentiation vectors in
this study are shown Supplementary Table 4. The Kds may vary during
the crystallisation in each melt, but we assume constant for such
changes. The dashed and solid arrows represent equilibrium and
fractional crystallisation, respectively. The vectors of each mineral are in
the case of 30% differentiation.

relationship inferred from the chemical compositions of minerals
and melt, as described here. Ohta et al. (1990) reported the mineral
assemblage of andesite from Yufu Volcano as comprising olivine
(Ol), quartz (Qz), clinopyroxene (Cpx), orthopyroxene (Opx), Prg,
Mhb, biotite (Bt), anorthite (An)-rich and An-poor plagioclase (Pl),
and opaque minerals. It has been proposed that the Ol, Cpx, Prg,
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and An-rich Pl were derived from a mafic magma, whereas the
Qz, Opx, Mhb, An-poor Pl, and Bt were crystallised from a felsic
magma (Ohta et al., 1990; Ohta & Aoki, 1991). Major-element com-
positions of those phenocrysts, except for Qz, have been reported
by Ohta et al. (1990), and the major-element composition of Qz can
be assumed as SiO; =100 wt %.

We estimated the chemical compositions of the end-member
magmas on a biaxial plot of SiO, versus Y (Fig. 12). This approach
is taken because, as described below, the Y contents in phe-
nocrysts, except for Cpx and Opx, can be assumed to be zero,
which simplifies the estimation. The Kd value of Y between Pl
and melt is 0.004 to 0.037 for Si0, =52 to 60 Wt % in melt (e.g.
Bindeman & Davis, 2000; Dohmen & Blundy, 2014) and 0.01 to
0.03 for SiO; > 70 wt % in melt (e.g. Padilla & Gualda, 2016 and
references therein; Iveson et al., 2018). These values of Kds allow
us to assume that the contents of Y in An-rich and An-poor Pl are
zero. Similarly, we assume that the contents of Y in Ol, Bt, and
Qz are also zero because Ol and Qz incorporate negligible Y (e.g.
Peppard et al.,, 2001; Evans et al., 2008), and the Kd value between Bt
and rhyolite melt is quite low (0.02-0.047) (Bachmann et al., 2005;
Padilla & Gualda, 2016). Because the Kd value of Y between Cpx
and melt is 0.18 to 1.08, for the case where the SiO, content of
melt is 52 to 60 wt % (Bédard, 2014 and references therein), the Y
content of Cpx can be estimated as 1.5 to 8.8 ppm, as shown in
Fig. 12. The Kd value of Y between Opx and rhyolite meltis 0.14 to
0.99 (Brophy et al., 2011; Czuppon et al., 2012), giving an estimated
Y content in Opx of 1.0 to 7.2 ppm (Fig. 12). The major- and trace-
element compositions of Prg and Mhb in Fig. 12 are as measured
in this study. Furthermore, we estimated the major- and trace-
element compositions of melt equilibrated with amphibole phe-
nocrysts in the mafic and felsic magmas, respectively. Therefore,
it should be possible to determine the chemical characteristics
of the mafic and felsic end-members by the mixing relationship
between minerals and melts, as discussed below.

The mixing relationship between minerals and melts is shown
in Fig. 12 for the case of SiO, and Y concentrations. The area
bounded by lines connecting Prg, An-rich Pl, Cpx, and melt-Prg
in Fig. 12 shows the compositional range of magma that can
be produced by mixing Prg, An-rich Pl, Cpx, and melt-Prg with
respect to SiO, and Y concentrations of the mafic end-member.
The mafic end-member also contains Ol as phenocrysts, but the
modal composition of Ol is very small, up to 0.2 vol % in andesite
(Ohta et al., 1990). Therefore, even if 1 vol % of Ol is added to the
estimation, the mafic end-member region is affected only by a
slight shift of the line connecting Prg and An-rich Pl towards lower
Si0,. The SiO; and Y concentrations of the mafic end-member
should plot in this area bounded by lines connecting Prg, An-rich
Pl, Cpx, and melt-Prg. The mixing relationship between Mhb, An-
poor P1, Opx, and melt-Mhb is also shown in Fig. 12. The SiO, and Y
concentrations of the felsic end-member should plot in this area
bounded by line connecting Mhb, An-poor Pl, Opx, and melt-Mhb.
The felsic end-member also contains Bt and Qz as phenocrysts,
but the modal compositions of these minerals are very small in
andesite, up to 0.1 vol % and 1 vol %, respectively, (Ohta et al., 1990).
Therefore, even if 1 vol % Bt and Qz are added to the estimation,
then the felsic end-member region is affected only by a slight
expansion towards low SiO; and high SiO,, respectively.

From the discussion above, the compositional ranges of mafic
and felsic end-members are constrained by the polygonal areas
in the plane of SiO, and Y concentrations. However, the range
in compositions is still too wide to clarify the geochemical char-
acteristics of each end-member, and an additional constraint is
needed. Magma mixing has been conventionally interpreted from
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Fig 12. Estimation of the geochemistry of the end-member magmas of
Yufu Volcano andesite based on the relationship between Y and SiO,.
The SiO; contents of anorthite (An)-rich plagioclase (Pl) (open diamond),
An-poor Pl (solid diamond), clinopyroxene (Cpx; purple bar),
orthopyroxene (Opx; orange bar), olivine (Ol; yellow-green hexagon), and
biotite (Bt; mesh rhombus) are from Ohta et al. (1990). The SiO, content
of quartz (Qz) is assumed to be 100 wt %. The Y contents of An-rich Pl
and An-poor Pl, Ol, Bt, and Qz are assumed to be zero (see the text for
details in ‘Geochemical characteristics of end-member magmas of the
Yufu Volcano andesite’). The Y contents of Cpx and Opx are assumed as
1.5 to0 8.8 and 1.0 to 7.2 ppm, respectively (see the text for details in
‘Geochemical characteristics of end-member magmas of the Yufu
Volcano andesite’). Green and pink quadrangles indicate the ranges of
four-component mixing of pargasite (Prg), melt-Prg, An-rich P1, and Cpx,
and of magnesio-hornblende (Mhb), melt-Mhb, An-poor Pl, and Opx,
respectively. The blue line is the regression line of whole-rock
compositions of andesite from Yufu Volcano (Ohta & Aoki, 1991;
Sugimoto et al., 2006; this study) represents the mixing line. The striped
green rectangle represents the intersection of the green polygonal area
and the blue line. The striped pink rectangle similarly shows pink
polygonal area and the blue line. The gray bars are error bars. Some
error bars are smaller than the symbols.

linear trends in bivariate plots of whole-rock geochemical data
(e.g. Sakuyama, 1981; Koyaguchi, 1986; Clynne, 1999). The whole-
rock composition of andesite from Yufu Volcano also shows linear
trends in bivariate diagrams, which are explained by the mixing of
mafic and felsic end-member magmas (Ohta et al., 1990; Ohta &
Aoki, 1991). Figure 12 shows the relationship between whole-rock
Y and SiO, contents of andesite from Yufu Volcano (Ohta & Aoki,
1991; Sugimoto et al., 2006; Table 6). The regression line represents
the mixing line (Fig. 12), and the mafic and felsic end-member
magmas must accordingly plot on this mixing line. Therefore,
we have successfully constrained the end-member magmas in
two different ways, giving us additional confidence that the char-
acterisations of the end-member magmas are robust. The areas
where the mixing line passes within the polygonal areas can be
considered as the mafic and felsic end-member magmas, which
are labelled in Fig. 12 and depicted as striped domains. The cut-off
for the low-SiO, end of felsic end-member magma is most silicic
andesite sample from Yufu Volcano (SiO; =65.83 wt %; Sugimoto
et al., 2006). The ranges of SiO, and Y in the striped domains are 44
to 47 wt % and 9 to 12 ppm for the mafic end-member magma, and
66 to 70 wt % and 19 to 22 ppm for the felsic end-member magma,
respectively. Herein, we refer to the mafic and felsic end-member
magmas estimated in this study as ‘Mafic-EM’ and ‘Felsic-EM’,
respectively. The median values of the compositional ranges of
SiO, and Y for Mafic-EM and Felsic-EM are ~45 wt % and ~10 ppm,
and ~68 wt % and ~21 ppm, respectively.
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Table 6: Whole-rock geochemical compositions of volcanic rocks and mafic inclusions from Yufu volcano and Jissoji volcano,

respectively

Andesite from Yufu volcano Mafic inclusion from Yufu volcano Jissoji
Sample YT-03 YT-05 YT-04 05040405 IKin1 IKin2 IKin3
Unit Yun Ys Ki Ik Ik Ik Ik
wt %
Si0, 60.62 61.90 61.97 61.24 52.42 53.54 55.18 64.79**
TiO, 0.72 0.73 0.71 0.77 1.06 0.94 0.95
Al O3 17.02 16.38 16.49 16.20 18.14 18.04 17.50
FeO* 6.07 571 5.61 5.82 8.15 7.81 7.59
MnO 0.13 0.13 0.13 0.13 0.15 0.15 0.15
MgO 2.99 2.84 3.16 3.00 5.16 4.77 4.52
CaO 6.59 6.16 5.96 6.35 9.98 9.63 8.77
Na,O 3.46 3.46 3.45 3.46 3.05 3.14 3.05
KO 1.56 1.92 1.85 1.83 0.85 0.99 1.29
P20s 0.13 0.11 0.17 0.12 0.14 0.14 0.15
total 99.28 99.33 99.49 98.91 99.09 99.13 99.16
ppm
Cs 1.17 1.97 1.10 1.84 0.623 1.09 0.939 2.29
Rb 42 54 48 50 20 27 32 66**
Ba 407 534 516 468 216 233 297 627**
Th 4.04 5.06 4.80 4.93 1.63 1.69 2.63 6.24
U 0.888 1.10 1.05 1.07 0.386 0.507 0.602 1.35
Nb 8 9 10 9 5 6 8 17
La 12.4 14.0 15.9 13.6 7.64 8.37 10.6 183
Ce 253 28.2 324 28.2 17.7 18.9 233 355
Pb 6.75 8.10 8.06 7.81 3.64 3.72 5.54 10.1
Pr 2.86 3.21 3.73 3.29 2.39 2.49 2.96 4.02
Sr 483 454 494 462 538 494 520 475%
Nd 11.6 12.8 15.2 13.4 11.4 11.5 13.3 15.6
zr 94 114 125 110 56 60 71 130**
Sm 2.49 2.75 3.21 2.87 2.95 2.91 3.22 3.06
Eu 0.938 0.970 1.12 1.02 1.05 1.03 1.09 1.00
Gd 2.72 2.97 3.42 3.11 3.23 3.20 3.49 3.30
Tb 0.387 0.408 0.477 0.438 0.484 0.475 0.501 0.432
Dy 2.37 2.46 2.83 2.59 2.95 2.92 3.08 2.55
Y 14.0 14.7 16.4 154 16.3 16.4 171 151
Ho 0.484 0.502 0.562 0.531 0.585 0.585 0.609 0.506
Er 1.49 1.56 174 1.63 1.75 1.75 1.82 1.58
Tm 0.218 0.224 0.259 0.234 0.243 0.247 0.261 0.231
Yb 1.50 1.58 1.77 1.64 1.63 1.65 1.72 1.60
Lu 0.229 0.237 0.266 0.240 0.233 0.234 0.253 0.240

*Total Fe as FeO. ** The contents of SiO,, Rb, Ba, Nb, Sr, and Zr of dacite from Jissoji are from Ohta & Aoki (1991). The units of Yufu main body lava (Ys),
Yunotsubo lava (Yun), Kitainoseto lava (Ki), and Ikeshiro lava (Ik) are from Ohta et al. (1990).

Magma mixing results in linear trends in Harker diagrams for
most major- and trace-elements (Ohta et al., 1990; Ohta & Aoki,
1991). Above, we determined the SiO; concentrations of Mafic-EM
and Felsic-EM, which in turn allows us to estimate the concentra-
tions of major- and trace-elements of these end-member magmas
from linear trends in Harker diagrams. We first approximated the
Harker diagram data for each element by a linear trend using
ordinary least square regression and calculating the correlation
coefficient (R). We judged that the elements for which the value
of R ranges between —0.3 and + 0.3, such as P,0s, Sm, Gd, Tm, Yb,
and Lu (Fig. 13a), show no correlation in Harker diagrams and are
excluded from the discussion below. This is because the R-value
between 0.3 and — 0.3 is conventionally considered uncorrelated.
Next, the concentrations of each element were estimated for
Si0, =45 wt % (Mafic-EM) and SiO; =68 wt % (Felsic-EM) using
the linear approximations describe above. Harker diagrams for
whole-rock Ba and Sr contents of andesites from Yufu Volcano
(Ohta & Aoki, 1991; Sugimoto et al., 2006; Table 6) are shown in

Fig. 13b and c as examples. The relationships between Ba and SiO,
and between Sr and SiO, have R-values and p-values of 0.81 and
0.0004, and — 0.74 and 0.0023, respectively, both of which are sta-
tistically significant. The calculated concentrations of Ba and Sr
of Mafic-EM and Felsic-EM are 100 and 820, and 620 and 350 ppm,
respectively. In the same way, we estimated the concentration of
each of the other elements, which are shown in Table 7, in the
Mafic-EM and Felsic-EM from linear equations of the relationships
between these other elements and SiO;.

The calculated concentrations of major- and trace-elements in
Mafic-EM and Felsic-EM are given in Table 7, and the PM patterns
of calculated trace-element concentrations of the end-member
magmas are presented in Fig. 14. The PM pattern of Mafic-EM
shows a zigzag pattern from Rb to Nd, together with enrichment
in alkali and alkali-earth elements (Rb, Ba, and Sr) (Fig. 14). In
contrast, Felsic-EM is characterised by a pattern that is typical of
subduction-zone magmas, with a negative Nb anomaly, enrich-
ment in LILEs, and a weak positive Sr anomaly. Ohta & Aoki (1991)
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Fig 13. Diagrams of (a) Gd versus SiOy, (b) Ba versus SiO», and (c) Sr
versus SiO; as examples of estimating other element (excluding SiO»
and Y) compositions of end-member magmas. Data for whole-rock
compositions of andesite from Yufu Volcano and the blue line are the
same as in Fig. 12. The R-value is the correlation coefficient. Linear
regression equations for the respective relationships are given in (b) and
(c). The green square and pink circle in (b) and (c) indicate the
compositions of the mafic and felsic end-member magmas, respectively,
calculated by substituting the SiO, concentration estimated in Fig. 12
into the respective regression equations. Symbols exceed the size of
error bars.

argued that the mafic and felsic end-members could be repre-
sented by mafic inclusions that are contained in andesite from
Yufu Volcano and dacite from an adjacent older volcano (Jissoji
Volcano), respectively, on the basis of the whole-rock chemical
and Sr isotopic compositions of andesites and mafic inclusions
from Yufu Volcano, and dacite from Jissoji Volcano. Therefore, we
compared the chemical compositions of the end-member mag-
mas proposed by Ohta & Aoki (1991) (i.e. mafic inclusions from
Yufu Volcano and dacite from Jissoji Volcano; Table 6) with the
end-members estimated in this study (i.e. Mafic-EM and Felsic-
EM; Table 7), as follows.
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Table 7: Chemical compositions of estimated end-member
magmas

Mafic endmember Felsic endmember

wt %

sio, 45 68
TiOy 1.4 0.43
Al,O5 18 16
FeO* 11 3.6
MnO 0.17 0.11
MgO 6.6 16
CaO 12 3.8
Na,O 3.1 3.6
K,O 0.57 2.3
ppm

Rb 5.2 67
Ba 100 620
Th 0.33 6.9
U 0.17 1.5
Nb 4.0 11
La 0.86 19
Ce 7.7 36
Pb 0.63 11
Pr 1.1 4.2
Sr 820 350
Nd 7.8 15
zr 78 130
Eu 1.1 0.91
Tb 0.50 0.39
Dy 3.2 23
Y 10 21
Ho 0.65 0.46
Er 1.9 1.5

*Total Fe as FeO
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Fig 14. Primitive-mantle-normalised trace-element patterns of
end-member magmas. Data for andesites and, mafic inclusions from
Yufu Volcano are from Sugimoto et al. (2006) and this study, for dacite
from Jissosi Volcano are Ohta & Aoki (1991) and this study, for averaged
granitic rocks from the Hohi area are from Kamei et al. (2009) and
gabbroids from the Ryoke belt are from Takagi et al. (2010). The
normalising values are from Sun & McDonough (1989).

The PM pattern of the Mafic-EM is dissimilar to that of Yufu
mafic inclusion, with the Mafic-EM having markedly lower con-
centrations of Rb, Ba, Th, U, Pb, light REEs, and Y, and higher
concentrations of Sr relative to the mafic inclusions (Fig. 14).
These differences indicate that the mafic inclusions are unlikely
to represent the mafic end-member. The PM pattern of dacite
of Jissoji Volcano shows typical features of island-arc magmas,
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Fig. 15. Rb/Sr versus 8/ Sr/%6Sr diagram for the whole-rocks of andesite
from Yufu Volcano, gabbroid from the Ryoke belt, and Cretaceous Hohi
granitic rocks. Data for whole-rocks of andesite from Yufu Volcano are
from Ohta & Aoki (1991) and Sugimoto et al. (2006), for gabbroid from
Ryoke belt are from Kagami et al. (2000) and Okano et al. (2000), and for
Cretaceous Hohi granitic rocks are from Osanai et al. (1990). The blue
line is the regression line of whole-rock of andesite from Yufu volcano
(Ohta & Aoki, 1991; Sugimoto et al., 2006).
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Fig. 16. A schematic illustration of the magma plumbing system for
Yufu Volcano. Mafic- and felsic-endmembers (EMs), in which pargasite
(Prg) and magnesio-hornblende (Mhb) crystallised, respectively, existed
beneath Yufu Volcano at different temperature, depth and chemical
composition. These magmas underwent changes in their melt
compositions though equilibrium crystallisation of amphibole and
plagioclase, and subsequently were mixed to form andesitic magma of
Yufu Volcano.

including a weak positive Sr spike, which are similar to the fea-
tures of the Felsic-EM estimated in this study (Fig. 14). These
similarities demonstrate that the chemical composition of the
estimated felsic end-member in this study is consistent with the
felsic end-member proposed by Ohta & Aoki (1991); i.e. dacite of
Jissoji Volcano.

Itis considered that rocks of the Ryoke belt could occur beneath
Yufu Volcano (e.g. Wallis et al, 2020), along with Cretaceous
granitic rocks of the Beppu-Shimabara graben (Hoshizumi et al.,

1988). The PM patterns of gabbroids from Ryoke belt (Takagi et al.,
2010) and Cretaceous Hohi granitic rocks exposed in the Beppu-
Shimabara graben (Kamei et al., 2009) are also shown in Fig. 14.
Additionally, the & Sr/%Sr ratios of whole-rocks of andesite from
Yufu Volcano (Ohta & Aoki, 1991; Sugimoto et al., 2006), gabbroids
from Ryoke belt (Kagami et al., 2000; Okano et al., 2000) and Creta-
ceous Hohi granitic rocks (Osanai et al., 1990) are plotted against
Sr/Rb ratios in Fig. 15. The PM pattern of the Mafic-EM plots within
the range of gabbroids from the Ryoke belt, except for La and
Pb (Fig. 14). On the other hand, the gabbroids from Ryoke belt
show significantly higher 8 Sr/%®Sr ratios than the whole-rocks
of andesite from Yufu Volcano (Fig. 15). This observation makes
it difficult to assume the gabbroid from Ryoke belt as a source
of Mafic-EM. However, if it can be hypothesised that the crustal
materials beneath Yufu Volcano have similar trace-element com-
positions to the gabbroids from Ryoke belt, as well as lower Sr
isotopic ratios than them resulting from younger igneous activity,
the similarity in trace-element compositions of Mafic-EM and
gabbroids from Ryoke belt (Fig. 14) could be explained by assum-
ing that such crustal materials are one of the sources of Mafic-
EM. Further investigations are needed to determine whether such
crustal materials exist beneath Yufu Volcano.

The Felsic-EM shows a similar PM pattern to that of the Cre-
taceous Hohi granitic rocks (Fig. 14). In Fig. 15, the Sr/%¢Sr and
Rb/Sr ratios of Cretaceous Hohi granitic rocks are higher than
those of whole-rocks of andesite from Yufu Volcano. The & Sr/%¢Sr
ratios in the whole-rocks of andesite from Yufu Volcano increase
with increasing Rb/Srratios and SiO, content (Fig. 15; Ohta & Aoki,
1991). The composition range of Cretaceous Hohi granitic rocks is
plotted on an extension of the high-Rb/Sr and SiO, side of trend
in the whole-rocks of andesite from Yufu Volcano (Fig. 15). From
these observations, it can be suggested the possibility that the
Cretaceous Hohi granitic rocks contribute to Felsic-EM.

Summary

We analysed the major- and trace-element compositions of
amphibole in Yufu Summit lava, and then determined P, T, and
major- and trace-element compositions of the two precursor
end-member magmas prior to mixing (Fig. 16). Furthermore,
we show that the major- and trace-element compositions of
amphiboles can directly identified the chemical composition of
end-member magmas by estimating the possible compositional
range of the magmas from the mixing relationships between
minerals (amphibole, Pl, Cpx, and Opx) and melt compositions,
on the basis that magma is a mixture of minerals and melt, and
combining this information with the mixing trends of whole-
rock compositions. Our results reveal that the major- and trace-
element compositions of amphibole can be used to elucidate the
genesis of magma that has undergone complicated processes
such as magma mixing. Amphibole-bearing volcanic rocks are
found in various arcs around the Pacific Ocean, including the
Cascades, Andes, Indonesia, and Aleutians chains, as well as Japan
(e.g. Sakuyama, 1983). Therefore, the principles and method of
our study should be widely applicable to amphiboles from other
volcanoes and are expected to provide new insights into magmatic
evolution that have been hitherto difficult to obtain from whole-
rock compositions.
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