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The Oto-Zan lava in the Setouchi volcanic belt s composed of
phenocryst-poor, sparsely plagioclase-phyric andesiles (sanukitoids)
and forms a composite lava flow. The phenocryst assemblages
and element abundances change but Sr—Nd—Pb isotopic composi-
tions are constant throughout the lava flow. The sanukitoid at the
base s a high-Mg andesite (HMA) and contains Mg- and Ni-rich
oline and Cr-rich chromite, suggesting the emplacement of a
mantle-derived hydrous (~7 wt % H,0) HMA magma. However,
Oto-Zan sanukitoids contain little HoO and are phenocryst-poor.
The lquid lines of descent obtained for an Oto-Lan HMA at
0-3 GPa w the presence of 0-7-2-1 wt % H50 suggest that
mixing of an HMA magma with a differentiated felsic melt
can reasonably explain the petrographical and chemical character-
wtics of Oto-Zan sanukitoids. We propose a model whereby a
hydrous HMA magma crystallizes extensively within the crust,
resulting in the formation of an HMA pluton and causing hiberation
of Hy0 from the magma system. The HMA pluton, in which
interstitial rhyolitic melts still remain, 1s then heated from the base
by intrusion of a high-T basalt magma, forming an H,O-deficient
HMA magma at the base of the pluton. During ascent, this
secondary HMA magma entrains the overlying interstitial rhyolitic
mell, resulting in variable self-mixing and formation of a zoned
magma reservorr, comprising more felsic magmas upwards. More
effective upwelling of more mafic, and hence less viscous, magmas
through a propagated vent finally results in the emplacement of the
composite lava_flow.
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INTRODUCTION

The majority of andesites that typify subduction zone
magmatism are derived from parental basaltic magmas
through variable differentiation processes such as frac-
tional crystallization, mixing with felsic magmas, crustal
contamination and anatexis of pre-existing basaltic crus-
tal materials (e.g. Gill, 1981; Hildreth, 1981; Sakuyama,
1981; Hunter, 1998; Temel et al., 1998; Couch et al.,
2001; Tatsumi e al., 2002; Grove et al., 2003). On the
other hand, mantle-derived, primary andesitic magmas
also exist in arcs. Such unusual andesites are referred to
as high-Mg andesites (HMAs), as they are characterized
by high MgO contents and/or Mg-number (= 100 X
Mg/(Mg + Fe)) and are in equilibrium with Mg-rich
mantle minerals. The occurrence of HMAs has been
reported, for example, from the Bonin Islands (Kuroda
et al., 1978), Baja California (Saunders et al., 1987), Piip
volcano in W Aleutians (Yogodzinski et al., 1994), and the
Setouchi volcanic belt in SW Japan (Tatsumi & Ishizaka,
1981).

High-pressure melting experiments on both simple and
natural peridotite systems (e.g. Kushiro, 1969; Hirose,
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Fig. 1. Tectonic setting of the Setouchi volcanic belt (inset) and a simplified geological map of Shodo-Shima Island after Tatsumi (1983). The
Setouchi volcanic belt (open circles) and coeval Outer Zone felsic complexes (hatched circles) are distributed to the trench side of the Quaternary
volcanic front (QVF) of the SW Japan arc. Setouchi volcanic rocks on Shodo-Shima Island, which cover granitic basement (4), are divided into
two groups, the Kankakei (1, porphyritic andesite; 2, sanukitoid) and the Uchinomi (3) formations in descending order. The Oto-Zan lava flow
forms the lowermost part of the Kankakei Formation. Bathymetric contours are given in 2000 m intervals.

1997) have established that partial melting of upper
mantle peridotite under hydrous conditions is a possible
mechanism for HMA magma production. It has
been further demonstrated that some HMAs are multiply
saturated with peridotitic phases under hydrous condi-
tions at mantle pressures (e.g. Kushiro & Sato, 1978;
Tatsumi, 1981, 1982; Umino & Kushiro, 1989;
van der Laan e/ al, 1989). These experimental results
led Crawford et al. (1989) and Tatsumi & Maruyama
(1989) to the conclusion that the direct overprinting of
aqueous fluids released from the subducting lithosphere
onto the mantle wedge is a likely mechanism for
HMA magma generation. However, this rather simple
process is not the only way to attain equilibration
between hydrous HMA magmas and mantle peridotite.
A process involving partial melting of subducting litho-
sphere and subsequent reaction of such hydrous felsic
slab melts with mantle wedge peridotite has been widely
accepted as a likely mechanism for the generation of
hydrous HMA magmas (Kay, 1978; Pearce e al., 1992;
Yogodzinski et al., 1994; Kelemen, 1995; Shimoda et al.,
1998; Tatsumi, 2001; Hanyu et al., 2002). Geochemical
modelling suggests that the observed Sr-Nd-Pb-Hf
isotopic signatures of HMAs can be reasonably and

quantitatively understood by this process (Tatsumi &
Hanyu, 2003).

HMA magmas contain larger amounts of HoO than
basalt magmas when the magma left the mantle (e.g.
Tatsumi, 1982), and will be oversaturated with H,O
during ascent, causing extensive crystallization. It is thus
likely that HMAs are rich in phenocrysts and contain a
larger amount of HyO than other arc basaltic magmas,
as observed for boninites (e.g. Dobson & O’Neil, 1987;
Umino & Kushiro, 1989; Sobolev & Danyushevsky,
1994). In contrast, HMAs in the Setouchi volcanic belt
are rather aphyric and poor in HyO (e.g. Tatsumi &
Ishizaka, 1981, 19824, 1982b). This apparent paradox
needs to be assessed.

In this paper, the petrography and geochemistry of a
single composite lava flow that contains HMA at its base
are presented. The origin of the composite lava flow
and a likely mechanism that may overcome the above
paradox will be discussed.

GEOLOGICAL SETTINGS

The Oto-Zan lava flow is located on Shodo-Shima
Island, SW Japan (Fig. 1). The current SW Japan arc is
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being built by subduction of the Philippine Sea plate from
the Nankai Trough beneath the Eurasian plate (Fig. 1).
The Quaternary volcanic front is located ~100 km above
the top of the subducting slab, as is the case for most arc—
trench systems (Tatsumi & Eggins, 1995). Miocene igne-
ous rocks are distributed in the present fore-arc region of
the SW Japan arc. In the near-trench region of this arc
(the Outer Zone), felsic volcano-plutonic complexes were
emplaced at 14 £ 1 Ma (Shibata, 1978; Sumii, 2000) into
a Cretaceous to Miocene accretionary prism or subduc-
tion complex (Fig. 1). Synchronous with this near-trench
magmatism, i.e. at 13-7 £ 1.0 Ma (Tatsumi ¢ al., 2001,
2003), volcanism took place in the Setouchi volcanic belt
(Fig. 1). The zonal arrangement of Miocene magmatism
parallel to the arc—trench system suggests a contribution
from the plate subduction to the formation of these
magmatic belts.

Miocene magmatism, both in the Setouchi region and
the Outer Zone of the SW Japan arc, was largely syn-
chronous with the timing of a 40-50° clockwise rotation
of the arc sliver at 14-16 Ma that was caused by the
opening of the Sea of Japan back-arc basin (Otofuji ¢ al.,
1991). The Shikoku Basin, situated to the south of the SW
Japan arc (Fig. 1), 1s also a back-arc basin that was created
behind the Izu—Bonin—-Mariana arc by rifting at 30—
15Ma (Okino et al., 1994, 1998, 1999). It is thus inferred
that the southward drift of the SW Japan arc in associ-
ation with the clockwise rotation of the SW Japan arc
sliver resulted in subduction of the young (<16 my) ocea-
nic lithosphere of the Shikoku Basin. Such an unusual
tectonic setting and accompanying thermal conditions
could have caused slab melting to produce magmatism
unusually close to the trench in the Miocene SW Japan
arc (Furukawa & Tatsumi, 1999; Tatsumi & Hanyu,
2003).

Rocks distributed in the Setouchi volcanic belt include
phenocryst-poor, sparsely plagioclase-phyric andesites
(including HMAs) and basalts referred to as sanukitoids
(Tatsumi & Ishizaka, 1981), porphyritic and plagioclase-
phyric ‘normal’ calc-alkalic andesites, garnet-bearing
dacites/rhyolites, and pitchstones. These volcanic rocks
are collectively distributed on Shodo-Shima Island,
which is located to the NE of Shikoku (Fig. 1). The
older Setouchi volcanic rocks on the island (Uchinomi
Formation), which cover basement granites and gneisses,
are composed of felsic lava flows, lava domes, sheets,
dykes and volcaniclastic rocks, whereas the younger
group (Kankakei Formation) consists of volcanic rocks
of intermediate to mafic composition (Fig. 1). K-Ar
dates for Setouchi volcanics on Shodo-Shima Island
(Tatsumi et al., 2001) yield mean ages of 12-82 + 0-12
and 13-78 £ 0-17 Ma for the Kankakei and Uchinomi
Formations, respectively, which is consistent with the
stratigraphic relations. Tatsumi (1983) suggested that
most lavas and volcaniclastics on Shodo-Shima Island

REMELTING OF ANDESITE MAGMA

were emplaced under subaqueous conditions, as they
show typical water-chilled structures with cracks perpen-
dicular to the block surface.

The Oto-Zan lava flow, which is located in the western
part of the island, forms the lowermost part of the
Kankakei Formation and directly covers basement
rocks (Fig. 1). The maximum thickness of this lava flow
is ~100 m. Although the lowermost part of the lava flow
forms a lava clinker consisting of water-chilled volcanic
breccias and volcaniclastics, the main part of the lava
flow is massive. Importantly, no flow unit boundary is
observed within the lava flow, suggesting that the
Oto-Zan lava is a single lava flow.

ANALYTICAL AND EXPERIMENTAL

METHODS
Chemical analyses

Major and trace element (N1, Cu, Zn, Rb, Sr, Y, Zr, Nb,
Ba, Pb and Th) compositions were measured using
RIGAKU® Simaltics 3512 and Rix 3000 X-ray fluores-
cence (XRF) spectrometers on fused glass beads and
pressed powder pellets, respectively. Detailed analytical
procedures have been described by Goto & Tatsumi
(1994, 1996) and Tani ez al. (2005).

Rock samples for trace elements (ICP-MS) and Sr—Nd—
Pb isotope analysis were crushed to coarse chips
(<0-5mm”) and fresh pieces were hand-picked. To
avoid surface contamination, the rock chips were washed
with ethanol and then leached with 0-5M HCI at room
temperature for 1 h. Finally, the chips were rinsed three
times with Milli-Q) water. The chips were ground to less
than 200 mesh size using a vibration mill made of alu-
mina ceramic.

Concentrations of rare earth and 14 other trace ele-
ments (Sc, Rb, Sr, Y, Zr, Nb, Cs, Ba, Hf, Ta, T1, Pb, Th
and U) were determined using a VG Elemental® PQ3
inductively coupled plasma mass spectrometer (ICP-MS)
enhanced with a chicane lens system, following the pro-
cedures described by Chang et al. (2003). Trace element
data, except for high-field-strength elements (HFSE: Zr,
Nb, Hf and Ta), were obtained after HF-HC1O,~HNO3
digestions. For HFSE analysis, alkali fusion (LiBOy/
LiyB4O;, Spectroflux® 100B of Johnson Matthey) was
applied to ensure a complete decomposition of refract-
ory minor phases. Analytical accuracy and precision for
ICP-MS analyses, estimated from repeated measure-
ments of international reference rocks, were better than
10 and 2-5%, respectively.

The analytical procedure used for chemical separation
and mass spectrometry for Sr, Nd and Pb isotope determ-
inations was outlined by Yoshikawa ¢t al. (2001), Shibata
et al. (2003) and Miyazaki et al. (2003). Total procedural
blanks for Sr, Nd and Pb were less than 10, 10 and 5 pg,
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Table 1: Compositions of Oto-Lan HMA samples

SD-249 0TO-1
Si0, 56-36 58-20

TiO, 0-62 0-61

Al,05 1628 16-58

Fe,05* 6-27 6-04

MnO 0-11 0-1

MgO 703 6-69

Ca0 697 6-67

Na,0 2.99 3-41

K20 2.1 1-80

P,Os 0-16 0-16

Total 98-90 100-26

875r /%8sy 0-705567 + 11 0-705607 + 11
(7sr/%s1), ¢ 0-70544 0-70548
"3Nd/MNd 0-512587 + 13 0-512590 + 08
208py, /20%ppy 38-620 + 3 38-645 + 3
207pp /20%pp 15-600 + 1 15-607 + 1
208pp /204pyy 18-378 + 1 18-385 + 1

*Total iron as Fe,Og3; fcorrected for 13 Ma.

respectively. Mass spectrometry was performed on
a Thermo-Finnigan® Triton TI equipped with nine
Faraday cups, using a static multi-collection mode. Nor-
malizing factors used to correct for isotopic fractionation
in the Sr, Nd and Pb isotope analyses were *°Sr/®*Sr =
0-1194, "*Nd/'"**Nd = 0-7219, and 0-145 % per atomic
mass unit, respectively. Measured isotopic ratios for stand-
ard materials were ®/Sr/*°Sr = 0-710268 4 19 (20) for
NIST 987 (n = 10), "**Nd/"**Nd = 0-511844 £ 11 (20)
for La Jolla (n = 10), and ***Pb/?**Pb = 36.712 + 11
(26), 2Pb/***Pb = 15495 + 4 (20), **°Pb/*'Pb =
16-939 + 3 (20) for NIST 981 (n = 35).

Mineral compositions were analysed using JEOL
JXA-8300 and -8900 electron-probe micro-analysers
following the method described by Shukuno (2003).
The excitation potential, specimen current, and analyt-
ical time were: 15kV, 15nA and 20s (25kV, 20 nA and
100s for Mn, Ca and Ni analyses) for olivine; 15kV,
12nA and 20s for spinel; 15kV, 15nA and 20s for
pyroxene and plagioclase. ZAF correction procedures
were employed.

Melting experiments

Starting material

An HMA (SD-249), which forms a part of the Oto-Zan
lava flow, was used as the starting material for the experi-
ments (Table 1). This HMA sample possesses a
composition almost identical to the sample from the

VOLUME 47 NUMBER 3 MARCH 2006

lowermost part of the Oto-Zan lava flow (OTO-1 in
Table 1), but with lower NayO and higher KyO contents.
Sample SD-249 was selected because it is completely
fresh, whereas OTO-1 contains altered glass in the
groundmass. In order to adjust the above compositional
differences and to apply the experimental results to the
Oto-Zan composite compositions, we used
‘corrected’ melt compositions, as described later.

lava

Experimental

Experiments were performed in a Kobelco 500 MPa
type internally heated pressure vessel in which pure
Ar gas was used as the pressure medium. Three glasses
with different water contents were used as starting
materials, and were prepared as follows. The powdered
sample was first sealed in a Pt capsule (4-7mm inner
diameter, 0-15 mm wall) with a small amount of distilled
water. The sample was then heated to 1300-1350°C at
0-2 GPa for 20-30 min, and quenched isobarically. The
amounts of HyO in the recovered glass are 0-7, 1-5 and
2-1 wt %, measured using an FT-IR micro-spectrometer.
Although slight Fe-loss occurred (from 5-6 to 5-2-4-9 wt %
FeO* from the original sample to the recovered
glasses, respectively), no change was observed for other
elements.

The glass sample was set in an AugsPd capsule (2:0 mm
inner diameter, 0-15 mm wall), and was hung by Mo wire
in the hotspot of a Mo furnace within the pressure vessel
and held for 6-75h at 0-3 GPa and a set temperature.
The experimental pressure corresponds to middle-crustal
depths beneath the Setouchi volcanic belt. Pressures were
measured with a strain-gauge pressure transducer.
Temperatures were monitored with two WsRe-WysRe
thermocouples spaced vertically 5mm apart, and the
observed temperature gradient across the sample was
less than 10°C. At the end of the run, the hanging wire
was cut with a surging current, thereby letting the capsule
fall to the cold (<250°C) bottom of the vessel and quench
isobarically.

Oxygen fugacity during melting experiments was
estimated based on a solution model for coexisting mag-
netite and ilmenite (Spencer & Lindsley, 1981). Although
the observed compositions of magnetite and ilmenite are
beyond the upper limit of their oxygen barometer, we
tentatively show these estimates in Fig. 2. The experi-
mental device generated redox conditions within a well-
defined range at ~NNO+-3, which is ~2 log units higher
than the oxygen fugacity estimated for the Oto-Zan
HMA magma based on olivine—spinel compositions (see
below). If this is the case, then the difference in oxygen
fugacity will have significant impacts on the stability of
oxide minerals and, thereby, could influence the vari-
ation of FeO*/MgO and TiO, during magmatic differ-

entiation.
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Table 2: Modal mineralogy of the Oto-Za lava flow as a
Junction of stratigraphic height above the base of the flow

melting experiments and of the HMA sanukitoid OTO-1 inferred from 450-base
magnetite-ilmenite compositions (based on method of Spencer &  350-base

Lindsley, 1981) and spinel compositions based on methods by

Ballhaus et al. (1990, 1991), and Ballhaus (1993), respectively.

Mineral and glass compositions

Mineral and glass compositions were analysed using
JEOL JXA-8800 electron-probe micro-analyser. The
excitation potential, specimen current, and analytical
time were 15 kv, 12 nA and 20 s, respectively. A defocused
electron beam of 10 um in diameter was used for glass,
whereas a focused beam was employed for the measure-

ment of the crystals. ZAF correction procedures were 6024

employed.

Modal compositions were calculated by mass balance =~ 0T0-7
based on compositions of the starting material, minerals  0T0-6-2

and glasses.

RESULTS
Petrography

Modal proportions of phenocrysts and representative

Sample no. Height (m) ol cpx opx pl* qz* Gm
700 72-0 - 0-6 14-5 0-6 — 84-3
800 71-0 — 0-9 12-4 0-4 0-5 857
1200 67-0 - 1-0 12-2 0-5 - 86-3
1400 65-0 — 0-9 11-8 — — 87:3
1500 64-0 - 05 124 02 - 86-9
1820 60-8 — 0-6 12-4 0-1 — 86-9
1950 59-5 — 1-0 12-5 — — 865
2140 57-6 — 1-4 13-3 — 0-1 85-2
2450 54-5 — 1-5 14-4 0-2 — 839
2700 52:0 - 10 119 - - 871
2860 50-4 - 12 125 — - 86-3
2960 49-4 - 1-0 12-3 0-2 — 865
3400 45-0 — 1-5 9-8 — 0-1 88:5
3520 43-8 - 12 131 04 - 85-3
3770 41-3 - 10 115 0-2 0-3 868

393 — 1-2 17 0-1 — 87-0

383 — 1-3 121 0-2 0-1 86-4
100-base 36-3 — 0-8 9-3 — — 89-9
0-base 34-8 - 0-9 97 0-1 — 89-3
0TO0-9 29:0 — 0-6 87 0-2 — 90-4
802-3 26-3 - 29 92 - - 88:0
802-0-2 26-0 0-5 0-2 5-6 0-5 — 93-2
801-8 25-8 39 — 5-9 0-3 — 89-9
800-7 24-7 4-5 0-1 3-0 0-3 0-2 91-8
0TO-8 24-0 6-2 0-7 36 0-1 0-1 891
602-9 219 6-7 39 11 03 - 87-8
602-7 217 7-8 2:0 0-1 — — 90-1

21-4 11-5 0-5 — 0-4 — 87-6
601-5 20-5 9-3 1-7 — 0-7 — 88-3

19:0 6-9 27 2:0 0-1 - 88:2

16:0 9:3 0-8 - 04 - 89:4
0TO-5 12:0 10-5 16 - 0-1 - 87-8
OTO-4 6-0 9-4 3-0 - 0-2 — 87-4
OTO-3 3-0 11-2 3-4 — — — 85-4
OTO-1 0 91 29 — 0-2 — 877

ol, olivine; cpx, clinopyroxene; opx, orthopyroxene; pl,

plagioclase; qz, quartz; gm, groundmass. *Xenocryst.

mineral compositions are shown in Tables 2-6. Rocks
forming the Oto-Zan lava flow are distinct from typical

orogenic andesites in two important ways. First, they are
poor in phenocrysts (<15 vol. %). Second, they do not
contain plagioclase as a phenocryst phase, which is the
major phenocryst phase in typical andesites. These pet-
rographic signatures characterize sanukitoids occurring
in the Setouchi volcanic belt. An additional petrographic
feature of sanukitoid is its compact nature, ie. the

absence of vesicles.

One petrographic signature observed for the Oto-Zan

lava is that both the amount and the assemblage of

phenocryst phases change gradually within the single
lava flow (Fig. 3), indicating that the lava is a composite

flow. The basal part of the lava flow is composed of
augite—olivine andesite, with the amount of olivine and

augite decreasing upwards. Orthopyroxene, instead of
olivine, appears as a phenocryst phase ~20m from the

599



VOLUME 47

NUMBER 3

JOURNAL OF PETROLOGY MARCH 2006
Table 3: Representative compositions of olivine phenocrysts
Sample: 0TO-1 OTO-1 0TO-1 0TO-1 0TO-7 0TO-7 0TO-7 0TO-7
Grain: 0I32 0132 0138 0I38 05 (0]713 011B 0o11B
Position: core rim core rim core rim core rim
Si0, 40-87 40-49 40-61 39:79 40-57 3973 39-83 3983
FeO 9-88 11-63 10-92 16-90 12-09 17-95 15-36 1777
MnO 0-16 0-19 0-18 0-28 0-18 0-30 0-25 0-31
MgO 48-70 47-94 48-15 43-61 48-01 43-34 4481 43-27
Ca0 0-10 0-10 0-10 0-12 0-08 0-08 0-08 0-09
NiO 0-61 0-37 0-48 0-14 0-62 0-25 0-47 0-30
Total 100-34 100-72 100-44 100-86 101-55 101-64 100-80 10156
Si 1-001 0-995 0-998 0-999 0-992 0-996 0-996 0-998
Fe 0-202 0-239 0-224 0-355 0-247 0-376 0-321 0-372
Mn 0-003 0-004 0-004 0-006 0-004 0-006 0-005 0-007
Mg 1-777 1-756 1-764 1-633 1-750 1-619 1-670 1-617
Ca 0-003 0-003 0-003 0-003 0-002 0-002 0-002 0-002
Ni 0-012 0-007 0-009 0-003 0-012 0-005 0-009 0-006
Total 2-999 3-004 3-002 2-999 3-008 3-004 3-004 3-002
(o] 4-000 4-000 4-000 4-000 4-000 4-000 4-000 4-000
Mg/(Mg + Fe) 0-898 0-880 0-887 0-821 0-876 0-811 0-839 0-813

base. The upper part of the lava flow comprises augite—
orthopyroxene (bronzite to hypersthene) andesite.
Olivine phenocrysts at the base of the lava flow
(OTO-1) are more magnesian and characterized by a
narrower compositional range than those in the sample
at 19m above the base (OTO-7; Fig. 4). Olivine in
OTO-1 has a composition in equilibrium with the bulk
rock in terms of Fe-Mg exchange partitioning, whereas
that in OTO-7 has Mg-numbers lower than that of
inferred equilibrium olivine (Fig. 4). The NiO content
at a given Mg-number of olivine phenocryst in OTO-7 1s
higher than that in OTO-1. The compositional trend
for olivine in OTO-1 can be explained by simple olivine
fractionation inferred on the basis of Fe-Mg-Ni
exchange partitioning between olivine and silicate melts
(Roeder & Emslie, 1970; Kinzler ¢t al., 1990) and an
assumption of Fe*"/(Fe®* + Fe’) = 09 in the magma
(Fig. 4), whereas some additional processes may be
needed for understanding the unusually nickeliferous
trend for OTO-7 olivine. Such unusually nickeliferous
olivine phenocrysts have been found in some basalts
and andesites (e.g. Sato & Banno, 1983; Nabelek &
Langmuir, 1986; Nakamura, 1995; Tatsumi e al., 2003,
2004). Nakamura (1995) examined the compositional
zoning of olivine phenocrysts in calc-alkalic andesites
from the Yatsugatake volcano, Central Japan, by using
a growth and diffusion model in the Mg-Fe—Ni system.
He showed that the composition of nickeliferous olivine

phenocrysts could be explained by diffusion processes
within normally zoned olivine, causing Fe-enrichment
without a marked depression in the Ni content. This is
due to a greater Fe-Mg inter-diffusion coefficient than
the Ni tracer-diffusion coefficient in olivine. Tatsumi et al.
(2003) favored this explanation for the occurrence of
unusually nickeliferous olivine in rather olivine-rich
(~20 vol. %) sanukitoids (Fig. 4). Although OTO-7 con-
tains only 7 vol. % of olivine phenocrysts, it may be
inferred that a long residence time of olivine phenocrysts
in the magma may cause such unusual compositions.
Many olivine phenocrysts contain chromite inclusions.
In a sample from the base of the lava flow (OTO-1), these
spinels show a limited compositional range, whereas
those in OTO-7 range from chromite to chromian
titanomagnetite (Fig. 5a). The following compositional
differences in chromite inclusions should be stressed:
(1) chromites in OTO-7 are enriched in Fe**, Fe**, Ti
and depleted in Mg, Al, Cr compared with those in
OTO-1 (Fig. 5a—); (2) such compositional differences
are also observed for chromite included in individual
olivine phenocrysts in OTO-7 as a function of the dis-
tance from the rim of the olivine crystal. These composi-
tional changes are documented for spinel inclusions in
rather phenocryst-rich HMAs from the Setouchi volcanic
belt (Fig. 5a—c). Scowen et al. (1991) documented similar
chemical variability of chromite inclusions in olivine
phenocrysts from the 1959 Kilauea Iki lava lake and

600



TATSUMI et al.

Table 4: Representative compositions of spinel inclusions

Sample: OTO-1 OTO-1 OTO-1 OTO-7 OTO-7 OTO-7
SiO, 0-08 0-11 0-03 0-07 0-04 0-01
TiO, 0-43 0-41 0-26 1-08 0-56 0-88
Al,O3 14-88  13-47 1153 6-53 9-37 6-34
Cr,03 50-20 48-82 56-13 27-94 44568 39-17
FeO 2065 24-31 20-056 56-41 36:60 44-59
MnO 0-36 0-41 0-31 0-27 0-28 0-28
MgO 13:20 1113 10-81 375 471 4-66
Total 99-79 98656 9911 96-04 96-14 95-92
Si 0-003 0-004 0-001 0-002 0-002 0-000
Ti 0-010 0-010 0-006 0-029 0-015 0-024
Al 0-654 0-517 0-446 0-276 0-391 0-268
Cr 1-266  1-267 1458 0-792 1:260 1111
Fe*" 0-165 0-199 0-081 0-869 0-326 0-573
Fe?" 0-381 0-463 0-469 0-822 0-759 0-765
Mn 0-010 0-011 0-009 0-008 0-008 0-008
Mg 0-622 0-540 0-529 0-200 0-249 0-250
Total 3-:000 3-000 3-000 2-999 3-000 3-000
(0] 4-000 4-000 4-000 4-000 4-000 4-000
Cr/(Cr + Al) 0-694 0-709 0-766 0-742 0-761 0-806
Mg/(Mg + Fe*") 0-620 0-539 05630 0-196 0-247 0-246
Cr/(Al + Cr + Fe®") 0-636 0637 0-734 0-409 0-635 0-569
Al/(Al + Cr + Fe*%) 0-281 0-262 0-225 0-142 0-199 0-137
Fe**/(Al + Cr + Fe*") 0084 0-101 0-041 0449 0-166 0-293
QOlivine' 0-893 0-859 0-893 0-778 0-811 0-876

Fe* and Fe®* are calculated assuming spinel stoichiometry.
1Mg/(Mg + Fe) of coexisting olivine.

proposed that the compositional changes may be caused
by re-equilibration with the residual melt by cationic
diffusion (Mg, Al, Cr outwards and Fe?', Fe’* Ti
inwards) through the olivine crystals. Re-equilibration
of chromite inclusions, but not of the Ni content in the
host olivine as described before, implies a significantly
larger flux of APY.Cr?t) Fe’ ' and Titt through the
olivine crystal than Ni*". Although the diffusivities of
such elements having high charge have not been
measured experimentally, they are likely to be signific-
antly slower than the divalent cations such as Ni. If so,
then the explanation for the elevated Ni content in
olivine, involving a slow cooling rate, could not be
valid for the variability in the composition of chromite.
Further work is needed to understand the compositional
relationship between chromite inclusions and the host
olivine.

Ballhaus et al. (1990, 1991) and Ballhaus (1993)
examined Cr—Al-rich spinel compositions and demon-
strated that Fe’* in spinel may provide a reasonable
estimate of the fOq relative to the FMQ buffer for a
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magma. Figure 2 indicates fO» estimates based on spinel
crystals in the Oto-Zan lava flow and suggests that
the fO, of the Oto-Zan magma may be close to, or one
log-unit higher than, the NNO buffer, which is a typical
value for subduction zone magmas (Ballhaus, 1993).
Clinopyroxene phenocrysts in the lower part of the
Oto-Zan lava flow are oscillatory zoned and show a
wide range in composition (e.g. OTO-1 in Fig. 6). On
the other hand, those in olivine-free pyroxene andesites
in the upper part of the lava flow (Fig. 3) include both
normally zoned and reversely zoned crystals (Table 5).
Orthoyroxene-phyric rocks also contain both normally
zoned and reversely zoned orthopyroxene phenocrysts
(Fig. 6 and Table 6), suggesting some disequilibrium
processes operated during magmatic differentiation,
such as mixing of magmas with different compositions.
In the middle to upper part of the lava flow, i.e. typic-
ally at >20m above the base and higher, pegmatitic
streaks, which consist of cristobalite and minor alkali
feldspar and biotite, are developed along platy joints.

Bulk chemical compositions

Major and trace element compositions for all samples,
obtained by XRF analysis, are listed in Table 7. Trace
element concentrations (ICP-MS) and Sr-Nd-Pb iso-
topic compositions for representative samples are shown
in Tables 8 and 9.

Sanukitoids from the Oto-Zan lava flow exhibit more
of a calc-alkalic trend than andesites from Quaternary
volcanoes in the NE Japan arc and other sanukitoids in
the Setouchi volcanic belt (Fig. 7a). Oto-Zan sanukitoids
have N-MORB-normalized incompatible element
patterns identical to those in the other regions of the
Setouchi volcanic belt (Fig. 7b), which typify both sub-
duction zone magmas and bulk continental crust com-
positions, 1e. higher concentrations of elements with
higher incompatibility during mantle melting and relative
depletions and enrichment in Nb-Ta and Pb, respect-
ively. In contrast, boninite, another type of HMA, is more
depleted in incompatible trace elements and REEs
than sanukitoids (Fig. 7b and c).

The Sr-Nd-Pb isotopic compositions of Oto-Zan
sanukitoids are shown in Fig. 8, together with previously
reported HMAs and basement rocks from Shodo-Shima
Island (Shimoda et al., 1998; Tatsumi et al., 2002).
Oto-Zan sanukitoids exhibit more enriched isotopic
signatures than other HMAs from the Mito Peninsula
(Fig. 1), only ~5 km away from the Oto-Zan.

The compositional variation in the Oto-Zan lava flow
as a function of height from the base of the lava flow is
shown in Figs 9 and 10. Concentrations of most elements
change with increasing height, synchronously with the
changes in modal composition (cf. Fig. 3), although the
abundance of some elements such as Ba, Pb, Sr, Y and
Th, and Nd and Pb isotopic ratios remain essentially
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Table 5: Representative compositions of clinopyroxene phenocrysts

Sample: OTO-1  OTO-1  0OTO-1 0TO-1 0TO-7 0OTO-7 0TO-7 0TO-7 0TO0-9 0OTO-9 O0TO-9 OTO-9 OTO-9
Grain: Px30 Px30 Px2 Px2 Px37 Px37 Px22 Px22 Px27 Px27 Px36 Px36 Px36
Position: core rim core rim core rim core rim core rim core mantle  rim
SiO, 53-39 51-85 52-16 52:52 53-51 53.72 52-01 53-41 55-17 52-90 52-43 52-30 50-75
TiO, 0-26 0-66 0-562 0-59 0-39 0-37 0-83 0-52 0-25 0-563 0-58 0-34 0-52
Al,03 1-41 3:85 315 2-88 2:29 2:39 391 256 2:27 2:48 3-24 2:99 2-65
Cr,03 0-52 0-51 0-31 0-21 0-40 0-65 0-14 0-24 0-40 0-07 0-04 0-13 0-10
FeO 4-94 5-36 6-26 7-01 4-88 5.97 6-22 6-03 6-98 574 7-56 577 7-30
MnO 017 0:16 0:18 0-27 017 0-22 0-20 0-19 0-19 012 0-24 017 0-22
MgO 18-08 1562 16-12 16:61 17-09 17-68 16:17 17-16 2497 1651 15-31 16:18 15-74
CaO 20-51 21-44 21-24 19-88 20-66 19:37 2063 20-34 11-34 21-39 20-89 20-97 20-64
Na,O 0-22 0-28 0-27 0-26 0-24 0-26 0-32 0-27 0-09 0-18 0-19 0-20 0-21
Total 99-49 99-73 100-21 100-23 99-64 100-63 100-42 100-72 101-65 99-92 100-49 99-04 98-13
Si 1-957 1-905 1-914 1-925 1-955 1.947 1-900 1-939 1-940 1-939 1-925 1-933 1-913
Ti 0-007 0-018 0-014 0-016 0-011 0-010 0-023 0-014 0-007 0-014 0-016 0-010 0-015
Al 0-061 0-167 0-136 0-125 0-099 0-102 0-168 0-109 0-094 0-107 0-140 0-130 0-118
Cr 0-015 0-015 0-009 0-006 0-011 0-019 0-004 0-007 0-011 0-002 0-001 0-004 0-003
Fe 0-151 0-165 0-192 0-215 0-149 0-181 0-190 0-183 0-205 0-176 0-232 0-178 0-230
Mn 0-005 0-005 0-006 0-008 0-005 0-007 0-006 0-006 0-006 0-004 0-008 0-005 0-007
Mg 0-988 0-856 0-882 0-908 0-931 0-956 0-881 0-929 1-309 0-903 0-838 0-892 0-884
Ca 0-805 0-844 0-835 0-781 0-809 0-752 0-808 0-791 0-427 0-840 0-822 0-831 0-834
Na 0-016 0-020 0-019 0-019 0-017 0-018 0-022 0-019 0-006 0-013 0-014 0-014 0-015
Total 4-006 3-995 4-009 4-002 3-987 3-991 4-002 3-998 4-004 3-998 3-995 3-997 4-019
(o] 6-000 6-000 6-000 6-000 6-000 6-000 6-000 6-000 6-000 6-000 6-000 6-000 6-000
Mg/(Mg + Fe) 0-867 0-839 0-821 0-809 0-862 0-841 0-822 0-835 0-864 0-837 0-783 0-833 0-793

constant throughout the lava flow (Figs 9 and 10). Two
samples (SD303 at the top and OTO-7 at 19m from the
base) possess higher ®/Sr/%°Sr (>0-7057) than the other
samples (~0-7055). This is unlikely to have resulted from
selective crustal contamination, because of rather con-
stant "**Nd/"*Nd compositions for all the samples. An
unusual ‘spike’ in those samples is also documented for
Ba (Fig. 9). One possible explanation for such spikes in Sr
isotopic composition and Ba abundance may be selective
transport of these elements in gas-rich phases that could
extensively react with crustal components; there is a
higher concentration of Ba and Sr in the pegmatitic
streaks that are ubiquitous in the middle to upper part
of the lava flow.

Melting phase relations and liquid
compositions

The phase assemblages and the average compositions of
minerals and glasses are listed in Table 10, and the modal

compositions of experimental products in the presence of
0-7,1-5 and 2-1 wt % HO are shown in Fig. 11. In order

to apply the melt compositions obtained in the experi-
ments to the Oto-Zan lava compositions, ‘corrected’ melt
compositions were calculated by adjusting the Na,O and
K5O contents in the starting material (SD-249) to those
in the OTO-1 (Tables 1 and 10) and recalculating to
100% total. This should provide reasonable estimates
for KyO and at least for NayO in rather high-temperat-
ure melts, as these elements are not strongly partitioned
into the mineral phases present (e.g. pyroxene; Table 10)
and behave largely as incompatible elements.

An mmportant criterion for equilibrium is the achieve-
ment of regular and consistent partitioning of major ele-
ments between crystalline phases and melt. The
calculated orthopyroxene—melt and clinopyroxene—melt
Fe-Mg exchange distribution coefficients (Kly ') are
0-24 £ 0-02 (lo) and 0-31 £ 0-03 (10), respectively.
The plagioclase—melt Ca—Na exchange distribution coef-
ficientis 2-1 £ 0-2 (10). Although the clinopyroxene-melt

Iy Me is slightly higher, the other exchange distribution
cocflicients are close to those previously reported (e.g.
Gaetani ¢t al., 1993; Sisson & Grove, 1993; Grove et al.,
2003). This, together with constant melt and mineral
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Table 6: Representative compositions of orthopyroxene phenocrysts

Sample: 0TO-7 0TO-7 0TO-7 0TO-7 0TO0-7 0TO-9 0T0-9 0TO0-9 0TO-9 0T0-9
Grain: Px46 Px46 Px44S Px44S Px44S Px9C Px9C Px31 Px31 Px32
Position: core rim core mantle rim core rim core mantle rim
Si0, 56-84 57-02 5372 55-73 55-80 57-07 56-37 51-86 56-46 5569
TiO, 0-08 0-08 0-08 0-18 0-15 0-12 0-09 0-14 0-07 0-09
Al,O3 1-80 0-68 419 2:70 1-39 151 0-56 5-29 163 1-89
Cry04 085 0-31 011 0-36 037 061 0-12 003 0-66 0-49
FeO 643 11-82 13-28 856 10-16 771 11-58 1843 802 9:07
MnO 0-15 0-28 0-43 0-16 0-25 0-21 0-29 0-44 0-14 0-25
MgO 32-89 29-50 27-43 30-82 30-39 32-93 29-89 23-10 32:36 30-78
ca0 086 1-47 087 1-41 1-47 087 1-38 117 0-86 1.0
Na,0 0:04 001 001 0:02 0:04 0-03 0-03 005 001 0:03
Total 99-92 101-17 100-13 99-94 100-03 101-06 100-30 10051 100-11 99-35
Si 1-966 1-996 1914 1-948 1-965 1-964 1-990 1-888 1-964 1-962
Ti 0-002 0-002 0-002 0-005 0-004 0-003 0-002 0-004 0-002 0-002
Al 0-073 0-028 0-176 0-111 0-058 0-061 0-023 0-227 0-063 0-078
cr 0-023 0-009 0-003 0:010 0:010 0-017 0-003 0-001 0-018 0:014
Fe 0-186 0-346 0-396 0-250 0-299 0-222 0-342 0561 0-233 0-267
Mn 0-004 0-008 0-013 0-005 0-007 0-006 0-009 0-014 0-004 0-007
Mg 1-696 1-539 1-457 1-605 1-596 1-689 1573 1.253 1-678 1617
Ca 0-032 0-055 0-033 0-053 0-056 0-032 0-052 0-046 0-032 0-040
Na 0-002 0-000 0-001 0-001 0-003 0-002 0-002 0-003 0-001 0-002
Total 3-985 3-984 3-995 3-988 3-998 3-996 3-996 3-996 3-994 3-990
0 6000 6:000 6000 6000 6-000 6000 6000 6000 6000 6-000
Mg/(Mg + Fe) 0-901 0-816 0-786 0-865 0-842 0-884 0-822 0-691 0-878 0-858
80| i compositions within each run product (Table 10),
suggests a sufficiently close approach to equilibrium.
© o @ The ‘corrected” melt compositions are plotted in
60 - % | Fig. 12, together with the compositional range of the
—_ ° <><> Oto-Zan composite lava flow. In the FeO*/MgO vs
3 o ® Si0y diagram, the liquid line of descent obtained for
= a0l ' g %0 | the Oto-Zan HMA is close to that for an HMA from
.% S the Mt Shasta region (Grove et al., 2002). In a strict sense,
T % this crystallization path, especially in its early stage, does
o0 L g@g@ «‘Q e © ® o 4 not follow.a calc—‘alkalic differentiatior.l tren}i because the
goo ° ® O cpx degree of increasing FeO*/MgO against SiOq content is
o ° & opx greater than that defined by Miyashiro (1974). It should
oL § S P L] | be stressed that differences in the HyO content of the
: . ‘ ‘ starting materials (0-7, 1-5 and 2-1 wt %) do not yield
0 5 10 15 20 significant changes in the liquid line of descent, although
Volume % small but systematic differences are recognized for TiOq

Fig. 3. Variation of modal minerology throughout the Oto-Zan lava
flow as a function of height above the base. The phenocryst assemblage
changes from olivine (ol) + clinopyroxene (cpx) in the basal part, via
olivine + clinopyroxene + orthopyroxene (opx), to orthopyroxene +
clinopyroxene in the upper part of the lava flow, indicating that the
Oto-Zan lava forms a composite lava flow. The absence of plagioclase
phenocrysts, which characterizes sanukitoids in the Setouchi volcanic
belt, is significant.

and Al,Os (Fig. 12).

The experimental product after a run at 900°C in the
presence of 0-7 wt % HyO contains only a small amount
of glass, suggesting that this temperature is close to the
solidus (Fig. 11). At this temperature, amphibole and
biotite are also observed in the run products, suggesting
that the subsolidus mineral assemblage includes
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Fig. 4. Compositions of olivine phenocrysts in two samples (OTO-1,
OTO-7) from the Oto-Zan composite lava flow. Stars indicate com-
positions of olivine in equilibrium with the host rock, calculated based
on Fe-Mg-Ni exchange partitioning and an inferred Fe**/Fe®* ratio
in the magma. An olivine perfect fractionation trend is also shown by
the dashed line (see text). Olivine phenocrysts in OTO-7, as well as
those in olivine-rich HMAs from other regions of the Setouchi volcanic
belt, have compositions in disequilibrium with the magma. Composi-
tional ranges of olivine in mantle peridotites (Sato, 1977; Takahashi,
1990) and olivine-rich Setouchi HMAs (Tatsumi et al, 2003) are
shown.

amphibole and biotite in addition to plagioclase, Fe—Ti
oxide and pyroxene. Although the modal abundance of
these phases could not be determined from the present
experiments, the total amount of HyO held in the
subsolidus phases can be constrained to less than 1 wt %.
It 1s worth pointing out that even if the subsolidus modal
assemblage were 100% hornblende, it would still only
contain ~2 wt % HyO. As the experimental starting
material has a composition consistent with a mantle-
derived HMA that originally contains ~7 wt % HyO
(Tatsumi, 1982), this result indicates that HyO can be
effectively extracted from a mantle-derived hydrous
HMA magma through solidification.

DISCUSSION

The reasons for interest in the origin of the Oto-Zan
composite lava flow are twofold. First, there is a paradox
concerning the origin of Setouchi HMA magmas;
andesites forming the composite lava flows are poor in
both phenocrysts and HyO, although the HMA com-
positions found at the base of the lava flows may have
originally contained a large amount of HyO during their
final equilibration in the uppermost mantle. Second,
HMASs in the Setouchi volcanic belt often form composite
lava flows and dykes, suggesting that some particular
processes may have contributed to the formation of
Setouchi HMAs.

Mantle-derived hydrous HMA magma
HMA at the base of the Oto-Zan lava flow

Andesites comprising the Oto-Zan lava flow possess
FeO*/MgO ratios smaller than unity (Fig. 7a and
Table 7) and are referred to as HMA magmas. In par-
ticular, those forming the basal part of the lava flow (e.g.
OTO-1) contain Mg-rich olivine (up to Mg-number of
90) and Cr-rich chromite (Cr/(Cr + Al + Fe’*) > 0.7;
Figs 4 and 5, and Tables 3 and 4), which typify HMAs in
the Setouchi volcanic belt and other subduction zones
(e.g. Tatsumi & Ishizaka, 1981, 19824, 19824). However,
the relationship between Mg-number and NiO content in
olivine from OTO-1 (Fig. 4) suggests that this HMA is
differentiated, as the olivine that is in equilibrium with the
bulk OTO-1 is less nickeliferous and less magnesian than
the most Ni- and Mg-rich olivine phenocrysts in the
sample.

Two HMAs (T'GI from the Osaka region of the
Setouchi volcanic belt and SD-261 on Shodo-Shima
Island; Table 7) have been proposed as least-
differentiated, near primary andesite magmas that were
produced in the upper mantle leaving harzburgitic and
lherzolitic residues, respectively, based on both petro-
graphic examination and melting phase relations at
high pressures (Tatsumi, 1981, 1982; Tatsumi &
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Fig. 5. Compositions of chromite inclusions in olivine phenocrysts (a, b and c) and spinel-olivine compositional relations (d, e and f) in sanukitoids
from the Oto-Zan composite lava flow and other regions in the Setouchi volcanic belt. The unusual Fe*"-rich compositional trend for chromites
in OTO-7, as well as those characteristically observed for olivine-rich HMA sanukitoids, can be explained by elemental diffusion through the
olivine crystals associated with the long residence time and slow rate of cooling of the magmas (see text). Data for HMAs are from Tatsumi &
Ishizaka (1981, 19824, 19824) and Tatsumi et al. (2003). OSMA, olivine spinel mantle array (Arai, 1994).

Ishizaka, 1981, 19824, 1982b). Although the composition
of the HMA OTO-1 may be modified a little by olivine
fractionation, as mentioned above, the compositional
similarity between those HMAs and OTO-1 suggests
that the parental magma for the Oto-Zan lava flow was
andesitic and possessed a composition close to the OTO-
1 HMA. Furthermore, the Oto-Zan HMAs have incom-
patible trace element and REE characteristics identical to
those of HMASs in other regions of the Setouchi volcanic

belt (Fig. 7b and c), providing compelling evidence that
the Oto-Zan HMA magma was produced in the upper
mantle.

Although experimental results indicate that Setouchi
HMA magmas can equilibrate with mantle peridotites
solely under hydrous conditions, this does not necessarily
require the direct addition of slab-derived aqueous fluids
to the mantle wedge. Many researchers (e.g. Pearce et al.,
1992; Yogodzinski et al., 1994; Kelemen, 1995) have
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Fig. 6. Compositions of pyroxene phenocrysts in three samples from the Oto-Zan composite lava flow. Both reversely zoned (RZ) and normally
zoned (NR) orthopyroxene phenocrysts are observed in Oto-Zan sanukitoids, suggesting mixing of compositionally different magmas during

magmatic differentiation processes.

favoured a mechanism for HMA magma production that
involves partial melting of the subducting lithosphere and
interaction of these slab-derived, hydrous, silicic melts
with the overlying mantle wedge peridotite, as originally
proposed by Kay (1978). The geochemical characteristics
of Setouchi HMAs can be quantitatively explained by this
mechanism (Tatsumi, 2001; Hanyu e al., 2002; Tatsumi
& Hanyu, 2003).

If such a mechanism was the case for generation of
Oto-Zan and other Setouchi HMA magmas, then the
Oto-Zan HMA magma must have contained a large
amount of HoO when it was in final equilibrium with
mantle peridotite. Experimental results for Setouchi
HMASs under HyO-undersaturated conditions (Tatsumi,
1981, 1982) suggest that ~7 wt % HyO in the magma is
needed for equilibration at 1-0 GPa—a pressure equival-
ent to the depth immediately below the Moho beneath
the Setouchi volcanic belt. It should be stressed, however,
that the Oto-Zan HMA, as well as other Setouchi HMAs,
contain little HyO as supported by the present XRT data

(Table 7); a HMA from the Oto-Zan lava flow (SD-249)
contains 0-89 wt % HyO(+) (Tatsumi & Ishizaka, 1982a),
much smaller than boninites (2-5 wt %; Dobson &
O’Neil, 1987; Sobolev & Danyushevsky, 1994). Boninites
are also distinct from Setouchi HMAs in containing
much larger amounts of phenocrysts, up to ~40%
(e.g. Umino & Kushiro, 1989), which is consistent with
extensive crystallization caused by HyO-oversaturation
during magmatic ascent. It may, thus, be suggested that
some particular processes may operate for producing
phenocryst-poor and HyO-poor Setouchi HMAs that
are originally rich in HoO and must become saturated
with HyO within the crust.

Source heterogeneity

The Sr-Nd-Pb isotopic compositions of the Oto-Zan
lava samples are clearly different from those of other
HMAs from Mito Peninsula on Shodo-Shima island
(Figs 1 and 8). This is also the case for Hf isotopes
(Hanyu et al., 2002); an Oto-Zan HMA sample (SD-
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Table 7: Major and trace element compositions measured by XRF of the Oto-Zan lava flow

Oto-Zan Lava

Sample: SD-303 TOP  280E 380E 430E 500E 540E 620E  700E 700 760 800 1200 1300 1400 1500 1570
Height (m): 80-0 790 762 752 747 740 736 728 720 720 714 710 670 660 650 640 633
SiO, 62:03 6179 62-:04 61-81 62:09 62:01 6224 6237 6222 6243 6229 62:31 6216 6221 62:39 62:08 62-37
TiO, 062 063 0-53 063 064 053 054 0563 053 063 063 053 063 063 053 0-53 0-563
Al,O3 16-45 16-64 16-58 16-48 16:69 16:67 16-69 16-55 16-71 16-87 16-57 16:71 16:66 16-51 16-52 16:76 16-57
Fe,Oz* 478 484 487 481 492 484 483 482 487 497 48 480 48 487 483 483 489
MnO 0-08 008 008 008 009 008 0-11 0-08 008 007 008 007 008 008 008 007 0-08
MgO 471 5-07 507 5-01 508 48 490 506 512 479 505 454 498 518 499 457 499
Ca0 470 507 500 504 500 498 508 501 5:03 450 484 477 480 494 48 472 4.8
Na,O 3-81 380 374 377 38 379 381 379 38 367 373 374 377 378 38 378 380
K0 2:15 1.97 1-96 1.97 1-95 1.97 1-96 1-96 1.97  2-00 1-98 1-98 1.98 2:00 2-00 1-98 1.97
P,05 015 016 016 015 015 017 015 015 015 015 015 016 015 016 016 0-15 0-15
Total 99-38 99-86 100-03 99-66 100-31 99-88 100-29 100-32 100-48 99-99 100-12 99-61 99-99 100-25 100-19 99-46 100-18
FeO*/MgO 0913 0-859 0-864 0-864 0-873 0-898 0-888 0-858 0-856 0-935 0-872 0-951 0-880 0-845 0-870 0-952 0-881
Ba 304 31 327 351 368 626 325 595 315 480 355 577 405 314 319 426 381
Ni 109 135 123 121 131 127 129 129 132 114 108 m 112 115 m 103 12
Cu 29 22 31 26 24 30 27 23 23 24 25 23 21 21 27 25 26
Zn 62 64 60 70 76 72 63 66 60 59 63 61 60 71 66 58 66
Pb 22 21 20 22 28 26 23 20 19 25 23 25 21 30 29 22 22
Th 7 7 7 8 7 7 7 7 8 7 7 7 7 7 7 8 7
Rb 84 82 81 80 81 81 80 81 81 83 82 82 82 82 82 82 83
Sr 306 323 321 327 322 336 320 333 323 340 323 370 330 319 321 341 318
Y 13 16 14 15 14 14 15 15 13 13 13 17 13 13 13 14 13
Zr 132 129 129 130 127 128 129 128 129 129 127 128 128 125 129 128 127
Nb 6 6 5 6 5 5 6 5 6 6 6 6 6 6 6 6 6
1610 1820 1950 2050 2140 2450 2660 2700 2790 2860 2960 3400 3520 3690 3720 3750 3770 450base
629 608 595 585 576 545 524 520 511 504 494 450 438 421 418 416 413 393
SiO, 6249 6197 62:36 6249 62:19 6214 6239 62:13 62:03 62:06 62:07 6228 61-70 6191 6190 62-09 62:13 61-89
TiO, 062 0563 053 0563 053 053 053 053 053 053 053 053 053 053 053 054 053 053
Al,O3 16-49 16-53 16-67 16:62 16-72 16-54 16:67 16:56 16-49 16-57 16:-64 16-60 16-69 16:-5656 16:61 16-62 16-64 16-48
Fe,03* 481 487 484 48 48 484 492 483 493 48 490 494 49 488 49 489 498 482
MnO 0-08 009 008 009 008 008 00 009 010 009 011 009 009 008 0-10 008 009 0-08
MgO 5112 525 499 513 48 506 503 522 512 511 517 512 521 514 492 504 504 497
CaO 490 498 482 499 48 494 493 505 498 494 504 508 475 507 499 48 49 486
Na,0 38 38 37 38 38 380 37 38 374 380 378 38 370 378 379 378 375 378
K,0 198 199 199 198 199 199 198 20 19 199 19 197 198 194 197 2.00 198 198
P,05 015 015 017 015 015 015 015 016 016 015 015 016 015 015 015 016 016 0-15
Total 100-37 100-18 100-20 100-74 99-93 100-07 100-43 100-45 100-02 100-13 100-26 100-61 99-75 100-03 99-90 100-07 100-26 99-52
FeO*/MgO 0-847 0-835 0-873 0-855 0-910 0-861 0-881 0-833 0-867 0-860 0-852 0-867 0-854 0-855 0-905 0-873 0-888 0-872
Ba 326 312 317 342 329 323 332 327 349 317 323 310 313 338 321 322 335 417
Ni m 122 105 110 102 122 114 116 116 118 122 114 122 117 121 110 108 110
Cu 25 27 18 27 25 29 22 28 22 24 23 21 30 26 23 24 23 76
Zn 64 60 66 65 57 59 62 60 63 57 62 58 62 61 64 61 58 57
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1610 1820 1950 2050 2140 2450 2660 2700 2790 2860 2960 3400 3520 3690 3720 3750 3770 450base
Pb 31 24 22 24 22 23 20 24 22 19 22 21 26 22 24 21 23 22
Th 6 7 7 7 6 8 7 6 7 7 7 8 7 7 7 7 7 8
Rb 81 81 83 82 82 82 82 82 80 83 82 81 81 80 81 85 82 83
Sr 348 320 325 322 323 330 3156 320 320 314 318 318 308 321 315 310 315 332
Y 13 14 13 13 12 14 17 13 15 13 14 13 13 14 15 13 13 13
Zr 124 126 127 126 127 126 128 126 125 126 126 125 126 125 127 127 126 126
Nb 5 6 6 6 6 6 6 6 6 6 6 5 6 6 6 6 6 6
350base 100base 50base Obase OTO-100TO-9 802-3 802-0-2 802-0 801-8 801-4 801-0 800-7 800-4 OTO-8 800-0 700-7 700-5
383 363 33 348 340 290 263 260 260 258 254 250 247 244 240 240 237 235
SiO, 62-37 62:27 62:20 62:35 62:86 6249 60-62 6179 61-98 6194 5993 5970 59-91 60-36 61-85 60-35 59-42 59-44
TiO, 063 052 053 053 053 055 053 053 052 053 053 05656 052 053 053 056 058 058
AlLO3 16-71 16-54 16-62 16-61 16-43 16-74 16-27 16-64 16:569 16-46 16-10 1598 15-93 16:15 16-42 16-21 1595 16-05
Fe,05* 48 48 490 488 475 492 49 474 467 477 484 506 478 482 490 516 543 536
MnO 0-08 008 008 008 009 008 009 007 007 008 008 009 008 009 009 009 009 009
MgO 492 510 517 477 496 447 504 476 478 490 522 561 513 525 529 554 609 608
Ca0 474 482 487 490 464 49 503 49 48 500 499 536 494 504 506 536 568 570
Na,O 378 377 378 38 378 38 38 38 38 38 377 368 374 374 378 367 358 354
K20 198 198 199 198 20 192 198 19% 197 192 197 18 193 19 198 18 1.8 183
P,0s 0-16 015 016 0-16 0-15 016 0-15 016 016 016 015 0-16 015 016 0156 0-15 0-15 0-15
Total 100-10 100-06 100-31 100-08 100-23 100-16 98-46 99-36 99-43 99-656 97-57 98-04 97-12 98:10 100-06 98-96 98-78 98-81
FeO*/MgO 0-887 0-852 0-853 0-920 0-861 0-989 0-885 0-896 0-880 0-877 0-833 0-812 0-838 0-827 0-833 0-838 0-802 0-793
Ba 338 317 322 313 328 315 319 320 353 302 304 343 301 304 310 312 669 568
Ni 12 116 118 103 114 91 123 m 108 126 133 150 135 142 134 146 173 171
Cu 8 9 14 20 25 20 24 25 23 21 21 18 23 22 21 22 34 37
Zn 55 57 65 56 63 61 62 72 61 65 60 64 74 61 65 66 66 70
Pb 20 20 23 19 22 21 21 26 24 22 22 23 24 21 23 22 22 25
Th 7 7 6 7 8 7 7 7 7 7 7 6 8 7 8 7 6 6
Rb 82 83 83 83 87 77 82 81 82 80 81 77 81 81 82 78 76 76
Sr 314 312 315 317 304 301 313 312 316 315 316 323 320 323 319 319 334 320
Y 12 13 13 14 15 14 12 13 13 14 12 13 14 14 14 14 13 13
Zr 126 125 127 126 130 135 123 126 125 126 123 118 126 126 125 120 12 113
Nb 6 6 6 6 5 6 6 5 5 5 5 5 5 6 5 5 5 6
700-1B 700-1A 603-3 603-1 6029 602-7 602-4 602-2 602-0-2602-0-1601-8 601-7 601-56 601-4 601-3 601-2 601-1 601-0
230 230 223 221 219 217 214 2112 210 210 208 207 205 204 203 202 201 200
SiO, 59-67 59-61 59-50 59-21 59:67 59-17 59-34 60-02 59-16 59-49 58-83 58:91 59-03 59-21 59-28 5878 58:69 58-83
TiO, 068 058 058 058 058 057 058 058 058 058 058 059 058 059 059 059 059 059
Al,03 16-:04 16-04 15-88 16-13 16-02 15-87 16-14 16-16 16:04 16-15 16-09 16-28 16-15 16-21 16-30 16-10 16:28 16-30
Fe,0Og5* 5:37 543 545 538 529 532 538 521 556 544 568 555 556 561 555 551 568 565
MnO 010 010 013 013 013 o011 009 012 013 012 o010 011 011 012 012 010 0-09 012
MgO 630 618 665 632 628 619 6-18 574 613 604 631 621 641 627 615 596 610 627
Ca0 568 557 578 567 57 561 574 570 573 573 591 612 600 600 610 6:00 6-11 615
Na,O 366 364 358 366 356 358 359 365 3b4 361 351 352 351 351 357 347 347 349
K20 1-81 181 1-81 1.8 184 1.81 79 181 178 180 179 178 178 177 178 178 177 177
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700-1B 700-1A 603-3 603-1 602-9 602-7 602-4 602-2 602-0-2 602-0-1601-8 601-7 601-56 601-4 601-3 601-2 601-1 601-0
P20s 0-16 0-16 015 0-15 015 ©0-16 016 0-16 016 0-16 016 0-16 016 0-16 016 0-16 0:16 0-16
Total 99-37 99-02 99-50 98:97 99-26 98:39 99-00 99:04 98-80 99-12 9896 99:23 99-27 99-46 99-61 9845 9895 99-33
FeO*/MgO 0-768 0-792 0-738 0-765 0-758 0-774 0-784 0-817 0-816 0-811 0-810 0-805 0-781 0-805 0-811 0-832 0-839 0-810
Ba 298 328 322 355 362 348 334 563 313 345 301 320 317 338 328 327 322 337
Ni 194 163 201 171 173 190 179 178 176 163 177 177 189 173 179 171 166 174
Cu 34 32 34 34 34 32 32 29 36 31 29 34 35 35 32 34 36 33
Zn 63 63 61 69 64 62 64 63 62 63 65 60 61 65 62 61 62 65
Pb 20 20 21 22 20 20 22 20 20 20 21 21 20 20 19 20 20 19
Th 7 6 7 6 6 6 6 6 6 6 7 6 6 6 6 6 6 7
Rb 75 75 75 76 76 75 74 74 74 74 73 72 72 72 7 73 72 72
Sr 310 310 318 319 315 314 314 322 312 312 314 318 314 315 318 315 314 313
Y 14 13 14 14 14 15 14 15 13 14 13 14 13 14 14 14 14 14
Zr 117 119 112 114 126 116 118 119 118 118 117 117 117 116 115 116 115 113
Nb 6 6 5 5 6 6 6 6 6 6 6 6 6 6 6 6 6 6

Setouchi HMA

600-9 600-7 600-5 600-1 OTO-7 600-0 500-53 500-46 500-44 500-32 OTO-6-2500-21 OTO-5 OTO-4 OTO-3 OTO-1 TGI SD-261

199 197 195 191 190 190 183 176 174 162 160 15-1 120 6-0 30 0
SiO, 5873 59-13 5855 58-84 60-37 5868 5877 5899 58-68 57-90 59-30 58-33 5847 58-44 58-47 58-20 57-27 55-37
TiO, 060 059 059 059 058 059 059 060 059 061 059 060 060 060 060 061 042 065
Al,O3 16-39 16-36 16:17 16-26 16-20 16:33 16-22 16-33 16:32 1656 16-33 16-39 16-50 16:43 16-63 16-58 14:26 15-55
Fe,05* 562 544 566 563 542 557 567 567 565 600 572 590 591 59 605 604 619 623
MnO 0-10 010 010 0-10 010 014 0-11 010 010 0-11 0-10 0-11 0410 010 0-11 011 012 017
MgO 605 6:09 634 616 658 629 637 624 625 637 653 623 662 655 645 669 946 6:89
CaO 6-17 620 6:15 6-16 568 621 6:16 620 626 653 6:15 655 663 652 663 667 631 7:04
Na,0 348 350 344 353 363 349 349 350 346 343 352 340 341 338 346 341 257 284
K,0 178 177 175 175 1.8 177 176 176 173 176 1.77 173 175 175 177 180 116 225
P20s 0-16 016 016 0-16 016 016 0-16 0-16 016 0-16 0-16 0-16 016 015 0-16 016 0:10 0-17
Total 99:08 99-33 98:89 99:16 100-54 99-23 99:28 9955 99-20 99-41 100-16 99-39 100-16 99-85 100-33 100-26 97-86 97-16

FeO*/MgO 0-836 0-803 0-804 0-822 0-742 0-798 0-800 0-818 0-815 0-849 0-788

0-852 0-804 0-818 0-844 0-813 0-654 0-814

Ba 331 335 324 317 283 366 356 364 379 394 308 376 296 287 289 277 336 195
Ni 165 172 172 176 180 169 181 174 169 155 181 147 170 190 174 158 179 148
Cu 33 31 30 30 31 33 28 29 28 30 35 25 32 33 37 37

Zn 65 61 62 64 60 66 64 66 66 68 63 67 61 63 63 63

Pb 20 19 19 19 21 18 20 21 20 18 21 19 19 20 19 19 13 17
Th 5 6 6 6 6 6 5 6 6 6 6 6 6 5 6 6 5 5
Rb 72 72 71 71 74 72 7 71 71 70 71 70 69 68 68 68 45 114
Sr 316 319 313 314 306 31 313 314 314 317 315 327 314 314 319 316 308 267
Y 13 14 14 14 13 14 14 14 14 14 14 14 14 14 14 13 1" 15
Zr 114 114 112 112 116 115 m 112 m 106 115 107 106 104 105 107 94 80
Nb 6 6 6 6 5 6 6 6 5 5 6 5 5 5 5 5 3 5

Fe,03*, total iron as Fe,03; FeO*, total iron as FeO.

249) possesses an €y of 6-5, significantly lower than other
Shodo-Shima HMAs (7-6-8-9). One possible explanation
for the difference in isotopic composition, especially in
terms of Sr—Nd isotopes, would be contamination by

crustal materials, as basement rocks, including granite,
gneiss and gabbro, have much higher *’Sr/*°Sr and
lower "**Nd/'*'Nd than the HMAs (Fig. 8). The pres-
ence of xenocrystic minerals such as quartz and Na-rich
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Table 8: Trace element concentrations by 1CP-MS

Sample: OTO-1 0TO-3 0TO4 OTO5 OTO-7 OTO9
Height (m): 0 30 6-0 12-0 19-0 29-0

Sc 17-9 18-0 17-9 185 15-8 132
Rb 71-8 725 70-4 74-6 80-1 81-3
Sr 299 298 287 301 293 284

Y 15-0 157 15-9 147 147 16-1
Zr 105 102 103 103 m 135

Nb 501 5-04 518 511 5-69 6:13
Ba 289 307 298 317 312 345

Cs 6-99 5-29 5-61 6-31 4-48 3-07
La 13-9 14-2 141 13-6 15-3 18-2
Ce 29-4 285 284 287 316 35-2
Pr 3-26 3:26 3-24 324 348 4-21
Nd 12-6 12-9 127 12:6 1356 15-9
Sm 2-60 2:78 2:70 2-66 2:81 3:26
Eu 0-815 0-846 0-827 0-816 0-838 0-930
Gd 2-55 2-60 2:57 2:50 261 2-86
Tb 0-402 0-405 0-398 0-392 0-392 0-440
Dy 2-44 249 2-46 2:39 2:41 2-63
Ho 0-495 0-513 0-501 0-485 0-486 0-524
Er 1-45 1-50 1-47 141 1-41 1-62
Tm 0-215 0-213 0-214 0-207 0-201 0-216
Yb 1-38 1-43 1-41 1-39 1-35 1-49
Lu 0-212 0-215 0-215 0-209 0-205 0-226
Hf 2:94 2-87 2:92 2-85 3-18 353
Ta 0-412 0-416 0-435 0-413 0-485 0-520
Tl 0-384 0-310 0-384 0-331 0-364 0-281
Pb 18-8 18-3 20-3 19:2 20-0 197
Th 5-49 5-42 5-39 5-38 5-84 6-23
U 217 2-09 2:08 21 2:37 243

plagioclase in the Oto-Zan lava flow (Table 2) may be
consistent with this mechanism. However, Pb isotopic
compositions for the Shodo-Shima basement rocks do
not support the involvement of crustal materials in the
magmatic differentiation of the Oto-Zan sanukitoid
magma (Fig. 8). Therefore, source heterogeneity beneath
Shodo-Shima Island in terms of Sr-Nd-Pb isotopic
composition, is suggested to be responsible for the
observed isotopic spatial variations.

There is additional evidence suggesting that the HMA
magma source beneath Shodo-Shima Island is hetero-
geneous. It is well established that olivine in the upper
mantle possesses rather constant NiO contents of 0-35—
0-5 wt %, whereas its Mg-number can be variable (Fig. 4;
Sato, 1977; Takahashi, 1990). Some olivines that crystal-
lized from primitive HMAs in the Setouchi volcanic
belt, including those on Shodo-Shima Island, have
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Mg-number and NiO compositions consistent with a
mantle signature (Tatsumi & Ishizaka, 1981, 19824,
1982b; Tatsumi et al., 2003). Olivine phenocrysts embed-
ded in the Oto-Zan HMA (OTO-1) are characterized by
significantly higher NiO contents, up to 0-6 wt % at Mg-
number of ~90 (Fig. 4), suggesting the presence of unusu-
ally nickeliferous olivine in its source.

The depleted chemical signature, in terms of high Ni
contents in olivine, for the Oto-Zan HMA source is
reinforced by the composition of spinel inclusions in
the olivine. Two types of HMAs are recognized in the
Setouchi volcanic belt (Tatsumi, 1982): one with a
crystallization sequence of olivine — orthopyroxene
(opx-HMA) and the other with olivine — clinopyroxene
(cpx-HMA). The results of high-pressure melting experi-
ments (Tatsumi, 1981, 1982) indicate that harzburgitic
and lherzolitic peridotites are the melting residues
for opx- and cpx-HMA magmas, respectively, leading
Tatsumi (1982) to the conclusion that the opx-HMA
magmas are produced either by higher degrees of partial
melting or from a relatively depleted mantle peridotite
source compared with the cpx-HMA magmas. This
is consistent with the difference observed in the spinel
compositions, with higher Cr/(Cr + Al) for the opx-
HMA magmas (Fig. 5a). Although the Oto-Zan HMA
is classified, in terms of its phenocryst assemblage and
crystallization sequence, as a cpx-HMA, its spinel inclu-
sions have compositions identical to those in opx-HMAs
(Fig. 5a and f).

Magmatic differentiation
Fractional crystallization and assimilation

Continuous sampling and analysis of the Oto-Zan lava
flow clearly document a variation in mineralogical and
chemical compositions within the single lava flow as a
function of height from the base (Figs 3 and 9). It may
thus be suggested that magmas having different chemistry
and mineralogy have contributed to the lava formation.
Andesites forming the lower part of the lava flow are
more depleted in Si, Na, K, Rb and Zr, and more
enriched in Fe, Mg, Ca and Ni than those from the
upper part (Fig. 9). This, together with constant Nd-Pb
1sotopic compositions throughout the lava flow (Fig. 10)
would suggest the derivation of more felsic magmas
through fractional crystallization of a hydrous HMA
magma such as OTO-1, which occurs at the base of the
lava flow. Grove et al. (2003) determined the phase rela-
tions of an HMA from the Mt Shasta region over a range
of pressure and temperature conditions under HyO-
saturated conditions and demonstrated the liquid line of
descent through fractional crystallization of such a hyd-
rous HMA magma (Fig. 7a). Their results may be applic-
able for examining possible magmatic differentiation
paths for the Oto-Zan HMA magma. The reasons for
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Table 9: Sr-Nd—Pb isotopic compositions

REMELTING OF ANDESITE MAGMA

Sample: 0TO-1 0T0-3 oTO-4 0TO-5 0TO0-7 0T0-9 SD-303
Height (m): 0 3.0 60 120 19:0 290 80-0

87gr /%6y 0-705607 + 11 0-705665 + 06 0-705680 + 06 0-705674 + 07 0-705877 + 08 0-705579 + 06 0-705894 + 11
(57Sr/%8sr) 0-70548 0-70553 0-70555 0-70554 0-70573 0-70543 0-70575
3Nd/"*Nd 0-512590 + 08 0512585 + 12 0-512581 + 08 0-512561 + 12 0-512580 + 10 0-512601 + 10 0-512587 + 14
208py, /20%ppy 38-645 + 3 38-648 + 3 38-651 + 4 38-650 + 3 38-625 + 3 38611+ 3 38-626 + 3
207ppy /204ppy 15-607 + 1 15-608 + 1 15-609 + 1 15-608 + 1 15-601 + 1 15-599 =+ 1 15-601 + 1
206ppy /20%ppy 18-385 + 1 18-387 + 1 18-386 + 1 18-386 + 1 18-380 + 1 18-374 £ 1 18-385 + 1

*Corrected to 13 Ma.

believing so are twofold. First, the experimental starting
composition was similar to the Oto-Zan HMA composi-
tion. Second, the original H,O content of the Setouchi
HMAs (~7 wt %) would cause HyO-oversaturation in a
shallow crustal magma reservoir, which is the condition
reproduced by the Grove et al. (2003) experiments. A
marked increase in FeO*/MgO with increasing SiO,
content in the differentiated melt was observed in their
crystallization experiments (Fig. 7a), which is a trend
quite different from that of the Oto-Zan magma differ-
entiation.

In order to further examine the crystallization differen-
tiation process, a simple mass-balance calculation was
made assuming an initial composition equal to the HMA
OTO-1 and a final composition equal to one of the most
differentiated samples within the lava flow (OTO-9). The
results indicate that fractionation of plagioclase and mag-
netite is needed to produce the differentiated magma
from the parental HMA (Table 11). However, neither
plagioclase nor magnetite is present as a phenocryst
phase in the Oto-Zan samples. Petrographic evidence
also does not support this simple process. The presence
of both normally zoned and reversely zoned pyroxene
phenocrysts in a single sample, especially in differentiated
rocks, indicates an open-system differentiation process
such as mixing of two compositionally different magmas.
It may thus be concluded that a fractional crystallization
process was not responsible for differentiation of the
Oto-Zan magma.

Simultaneous assimilation of crustal materials and frac-
tional crystallization (e.g. DePaolo, 1981; Hildreth &
Moorbath, 1988; Dias & Leterrier, 1994) is another pos-
sibility for producing differentiated magmas from an
HMA magma in the Oto-Zan lava flow, because plagio-
clase and quartz, which are major constituent minerals in
basement granitic rocks, occur ubiquitously, although not
voluminously, as xenocrysts in the lava flow (Table 2). A
simple mass-balance calculation based on compositions
of Oto-Zan lava samples, phenocryst phases and a
granite from Shodo-Shima Island (Tatsumi ez al., 2002)

yields results consistent with assimilation coupled with
fractional crystallization (Table 11). However, the iso-
topic compositions of the Oto-Zan samples and the base-
ment rocks, especially for Pb, do not support this (Fig. 8);
a contaminant having a much higher **’Pb/***Pb and
298P /29*Ph composition than the Shodo-Shima base-
ment rocks is required for the assimilation process, and
there is no evidence for such materials.

Magma mixing

Many calc-alkalic andesites are characterized by the
following petrographic and chemical signatures: (1) the
presence of reversely zoned pyroxene phenocrysts with
rounded cores mantled by rims with higher Mg-number;
(2) the presence of plagioclase phenocrysts with a wide
range of compositions and with a dusty zone containing
fine melt inclusions; (3) the presence of disequilibrium
mineral assemblages such as Mg-rich olivine and quartz;
(4) linear chemical trends typically demonstrated for
MgO and FeO against SiOy. These observations led
several authors (e.g. Eichelberger, 1975; Sakuyama,
1979, 1981; Cribb & Barton, 1997; Hunter, 1998;
Rorolo & Castorina, 1998; Feeley et al., 2002; Tatsumi
et al., 2002) to the conclusion that mixing of mafic and
felsic magmas plays a significant role in the production
of calc-alkalic andesite magmas. Orthopyroxene-bearing
andesites from the Oto-Zan lava flow, 1.e. samples from
19m above the flow base, contain ortho- and clino-
pyroxenes that exhibit both normal and reverse zoning
(Fig. 6, Tables 5 and 6). Furthermore, the differentiation
trends observed for this lava flow are generally linear
(Fig. 13). It may thus be suggested that mixing of
compositionally different magmas may have played a
role in the evolution of the Oto-Zan magma.

A possible, and the most plausible, candidate for the
mafic end-member magma would be the HMA OTO-1
sample that forms the basal part of the lava flow. Rhyol-
ites do exist on Shodo-Shima Island and could represent
a possible felsic end-member. The compositions of such
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Fig. 7. Geochemical characteristics of sanukitoids from the Oto-Zan
lava flow and other regions of the Setouchi volcanic belt (Shimoda ¢t al.,
1998; Tatsumi & Ishizaka, 19824, 19824; Tatsumi et al., 2003), bonin-
ites (Pearce et al., 1992; Taylor et al., 1994) and Quaternary calc-alkalic
volcanic rocks from the NE Japan arc (NEJ CA; Tatsumi & Kogiso,
2003). The liquid line of descent obtained for an HMA from the Shasta
region, California (Grove et al., 2003) is shown in (a). Sanukitoids
comprising the Oto-Zan lava flow show an extreme calc-alkalic trend
and have trace element characteristics identical to those from other
regions of the Setouchi volcanic belt and are distinct from boninites.
TH, tholeiitic series; CA, calc-alkalic series (Miyashiro, 1974). Normal-
ization values from Sun & McDonough (1989). (a) FeO*/MgO vs wt%
Si0y; (b) N-MORB normalized incompatible element patterns; (c)
chondrite-normalized REE patterns. Normalization values from Sun
& McDonough (1989).
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Fig. 8. Sr—Nd-Pb isotopic compositions of the Oto-Zan lava flow,
HMAs (SDHMA; Shimoda et al., 1998), and basement rocks (Tatsumi
et al., 2002) from Shodo-Shima Island. The isotopic compositions of
the Oto-Zan sanukitoids differ from those of the Shodo-Shima HMAs
and cannot be explained by crustal contamination of those HMA
magmas, suggesting the distribution of highly heterogeneous magma
sources beneath Shodo-Shima Island.

rhyolites are shown in Fig. 13, together with those of the
Oto-Zan lava flow. Linear chemical trends observed for
Oto-Zan sanukitoids, such as those for SiOy vs MgO,
FeO and Th, can be reasonably explained by the
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Fig. 9. Variations in element concentrations in the Oto-Zan lava flow as a function of height from the base. Concentrations of most elements
change with increasing height synchronously with the changes in modal minerology (cf. Fig. 2), although the abundance of some elements such as

Ba, Pb, Sr, Y and Th remains constant throughout the lava flow.

contribution of a Shodo-Shima rhyolite magma as the

felsic end-member in a magma mixing process. However,
chemical trends for other elements do not support this

(Fig. 13).

Alternatively, the relatively constant Sr—Nd-Pb iso-
topic compositions throughout the lava flow would be
consistent with derivation of the felsic end-member
magma from the parental Oto-Zan HMA magma,
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Fig. 10. Variations in Sr—Nd-Pb isotopic ratios in the Oto-Zan lava flow as a function of height from the base. Although some ‘spikes’ are
documented, these isotopic ratios are broadly constant throughout the lava flow (shaded), suggesting a rather closed-system differentiation from a

common parental magma for the Oto-Zan sanukitoid samples.

which can be referred as to ‘internal mixing’ or ‘back
mixing’. Formation processes of such a differentiated
felsic magma are hereafter discussed based on the present
experimental results.

Although the compositional trends of melts produced
at high temperatures, especially those for TiOg and
AlyOg, are governed by the amount of HoO in the
system, the composition of melts produced at lower
temperature (~1000°C) are broadly similar (Fig. 12 and
Table 10). This may be attributed to HyO-saturation in
such small-volume, low-temperature, rhyolitic melts,
even with different HyO contents in the overall system,
because 4-7 wt % HyO in a rhyolitic melt (0-7, 1-5 and
2-1 wt % HyO in the system with 90, 60 and 50%
solids and 10, 40 and 50% melt, respectively) may be
close to or above the solubility limit of HyO (Burnham &
Nekcasil, 1986; Moore ¢t al., 1998; Yamashita, 1999). It
thus seems reasonable to assume a melt with a composi-
tion that plots on an extended portion of the liquid line of
descent as a possible felsic melt derived from the Oto-Zan
HMA magma (Fig. 12). If we accept this as the end-
member felsic magma, then the differentiation trends of
the Oto-Zan andesites, including the unusually linear
trend for MgO and the decrease in TiO9 with increasing
510y, can be successfully explained by mixing of the
basal HMA magma with this felsic magma (Fig. 12).
However, the behaviour of alkali elements, especially
K50, is less clear; a felsic magma with a lower con-
centration of KyO 1is required for the end-member
component.

One explanation for the discrepancy in KoO would be
the presence of K-bearing minerals as a crystallizing
phase. This is likely, because the experimental results
suggest that biotite, in addition to amphibole, appears
as a subsolidus phase for the HMA composition (Fig. 11
and Table 10).

Plagioclase and Fe—Ti oxides are solid phases well
above the solidus of the HMA (Fig. 11), resulting in
the production of felsic magmas with characteristic

depletions in Ti and Sr, as these partition into Fe—Ti
oxide and plagioclase, respectively. The behaviour of T1
and Sr as compatible elements rather than incompatible
elements in the Oto-Zan lava flow (Fig. 13) can thus be
readily modelled by the involvement of a Ti-Sr-depleted
magma as the felsic end-member component during
magma mixing.

The mineral assemblage in the solid residue that coex-
ists with rhyolitic melts can also be constrained using the
geochemical characteristics of the Oto-Zan lava samples.
If we accept the Oto-Zan differentiation trend as a mix-
ing trend, then the composition of the two end-member
components should lie on extensions of the linear mixing
trends. Assuming that the HMA and felsic components
possess 5104 contents of 58 and 73 wt %, respectively,
other element concentrations can be obtained using the
mixing lines (Fig. 10 and Table 12). The rhyolite magma
thus calculated exhibits the following chemical character-
istics relative to the HMA magma (Fig. 14): (1) for univa-
lent cations, both K and Na are more depleted than Rb;
(2) for divalent cations, both Sr and Ba are strongly
depleted relative to Pb; and (3) for trivalent cations, T1
is depleted. Based on the crystal structure control in trace
element partitioning between solid and melt (Matsui ez al.,
1977), it may be reasonable to accept that the ionic radii
of the elements with significant relative depletions could
fit with the sizes of cation sites of plagioclase, amphibole,
biotite and magnetite (Fig. 14), suggesting the presence
of these phases in the residual solid that coexisted with
the rhyolitic melt. This is in harmony with the phases
observed in the experimental results.

Formation process of Oto-Zan

composite lava

The experimental results, together with the geochemical
characteristics of the Oto-Zan lava flow, suggest the
involvement of two magmas, one HMA and the other
rhyolitic, as end-member components for magma mixing.
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Table 10: Results of experiments _for Oto-Zan HMA

Run no.  Temp. Duration H,0O

Phases identified

Chemical composition

(°C)  (h) (wt %)
Phases Si0, TiO, AlLO; FeO* MnO MgO CaO NaO K,O Cry0;3 Total
HG266W1 900 75 0-7 gl, pl, bt, amph, mt, il
HG267W1 950 75 0-7 gl, pl, opx, cpx, mt, il opx 52.67 051 2:73 1415 0-34 2634 172 0:05 0-05 0-1 98-67
sSTD’ 0-30 007 014 044 002 053 017 003 002 0-02
HG240W1 1000 50 0-7 gl, pl, opx, cpx, mt, il gl 66-24 058 1410 2:38 0-01 153 2:31 2:41 5:31 0-03 94-90
sTD’ - - - - - - - - - -
Corrected® 70-22  0-61 1495 262 001 1.62 245 286 475 100-00
mt 0-53 448 370 7545 0-31 497 024 0-01 0-08 022 8999
sTD’ 0-13 010 0:03 0-23 0-02 021 0:04 0-01 0-01 0-03
il 1-39 2100 152 6348 011 2:90 062 0-09 011 023 9145
STD' 0-67 071 039 084 004 040 060 0-06 0-03 0-10
HG255W1 1000 75 07 gl, pl, opx, cpx, mt, il gl 66-42 0-87 1442 2:39 0-04 098 239 262 537 002 9552
STD' 0-26 006 036 018 002 02 025 014 0-17 0-01
Corrected? 69-93 0-92 15-18 252 004 103 252 309 477 100-00
pl 56-14 0-09 26:19 094 0-02 0-29 10-32 436 110 0-00 99-45
STD’ 065 004 050 014 001 024 042 018 0-17 0-00
opx 5373 050 324 1342 0-38 25-51 2:35 020 0-09 0-10 99-52
sTD’ 0-88 020 140 101 003 1.22 054 0-19 0-06 0-07
HG254W1 1050 51 0-7 gl, pl, opx, cpx, mt, il gl 6391 109 1496 349 007 172 357 314 453 001 96-49
sSTD’ 0-28 004 026 009 002 021 010 0-07 0-07 0-02
Corrected® 6647 1-13 1556 3-63 007 179 371 366 3-98 100-00
pl 55-41  0-11 26:78 097 0-01 0-28 10-93 4-27 0-88 0-01 99-65
STD' 0-48 010 1-06 0-24 0-01 013 0562 023 0-32 0-01
opx 54-43 0-33 353 10-81 0-32 2768 2:04 0-11 009 040 9974
sSTD’ 112 013 084 292 009 249 041 008 006 041
cpx 52.15 073 367 7-84 0-28 1638 18:30 0:44 0-14 0-14 100-07
STD’ 0-28 014 0562 027 003 076 061 0-04 0-03 0-00
HG250W1 1100 25 07 gl, pl, opx, cpx gl 60-38 094 1586 455 008 2:83 516 320 346 0:02 9648
STD' 0-28 004 013 009 0-02 007 006 0-11 005 0-02
Corrected? 62:70  0-98 16-47 472 008 294 536 372 3:03 100-00
pl 5342 007 2788 072 0-02 0-29 12:20 3-81 058 0-01 99-00
sSTD’ 0-26 003 047 013 002 029 036 0-13 008 0-02
opx 54-31 027 2:61 10-00 0-27 2887 2:27 0:05 0-04 0-28 98-97
sTD’ 0-56 006 067 0-21 003 050 040 0-03 0-01 0-08
cpx 52.91 051 413 6:89 0-26 17-88 16:37 0:39 0-27 0-44 100-05
sSTD’ 0-06 004 006 000 002 025 002 001 0-10 0-06
HG261W1 1100 25 0-7 gl, pl, opx, cpx gl 61177 096 1545 488 0-09 249 490 303 390 0:01 9688
STD' 0-51 003 009 0-16 002 005 008 008 006 0-01
Corrected” 63-31 0-99 15.99 5.05 009 258 507 351 341 100-00
pl 54-45 0-04 27-41 084 001 016 11-22 407 065 0-01 98:86
sSTD’ 0-78 002 042 006 001 002 044 021 005 0-02
opx 54.00 0-26 393 1050 0-26 28-:03 2:31 0:07 0-07 0-19 99-62
STD’ 104 004 156 057 004 08 021 003 0:07 0:05
cpx 5110 058 428 798 0-22 17-13 1742 034 0-06 0-24 99-35
STD' 0-57 006 090 045 003 076 090 0-02 0-01 0-06
HG246W1 1150 6 0-7 gl, pl, opx gl 57.92 068 1656 445 0-11 469 691 316 242 001 9691
sTD’ 0-33 003 028 016 003 011 007 005 0-05 0-01
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Table 10: continued

Run no.  Temp. Duration H,O  Phases identified Chemical composition
(°C)  (h) (wt %)

Phases  Si0, TiO, ALO; FeO® MnO MgO CaO Na,0 K,O Cr,0; Total

Corrected® 5977 070 17-09 459 0.11 4-84 713 365 211 100-00
pl 5275 0-04 2861 060 002 048 1265 353 043 001 99-12
STD' 018 003 046 008 001 034 008 007 004 001
opx 5514 018 339 724 022 3076 202 007 006 064 9972
STD' 063 004 08 027 002 072 020 007 005 0-16
HG236W1 1200 8 07 gl opx gl 5744 060 1640 420 011 631 698 292 213 003 97-12
STD' 023 002 008 008 002 007 008 004 003 0-02
Corrected® 5915 062 16-89 433 011 650 719 3:37 1.85 100-00
opx 5481 014 305 577 017 3303 158 004 004 095 9958
STD' 050 002 053 016 003 032 014 001 001 0-14
HG267W2 950 75 15 gl pl, opx, cpx, mt, il gl 6394 041 1442 174 003 098 227 292 483 001 9155
STD' 033 002 006 003 001 004 006 002 005 0-01
Corrected® 7016 0-45 15-82 191 003 108 249 359 4.47 100-00
pl 5411 011 2582 086 003 094 10-89 430 063 001 97:70
STD' 023 000 020 007 001 005 004 013 0-04 0-01
opx 5345 0-31 327 1155 039 2829 161 005 006 009 99:06
STD' 061 006 058 078 003 059 019 001 0-01 0-02
HG260W2 980 75 15 gl pl, opx, cpx, mt, il gl 6389 075 1479 237 006 119 285 291 466 001 9348
STD' 031 003 019 008 002 024 013 007 014 0-02
Corrected® 68:63 0-81 15-89 256 006 128 3.06 350 4-22 100-00
pl 5456 0-11 2655 098 001 0-18 10-85 421 078 001 9824
STD' 110 006 111 010 001 013 083 029 021 001
opx 5479 014 296 647 019 3145 182 003 006 064 9855
STD' 0116 002 007 046 002 020 007 001 002 0-20
cpx 4929 094 475 713 025 1496 2077 043 009 004 98:65
STD' 041 008 044 033 003 017 034 003 001 003
mt 034 462 406 7434 038 492 019 003 008 046 89-42
STD' 008 011 007 042 004 010 004 002 002 0-30
I 027 2230 109 6248 014 287 023 002 006 006 8952
STD' 011 018 003 032 002 004 007 002 001 003
HG240W2 1000 50 15 gl pl, opx, cpx, mt, il gl 6410 055 1567 250 005 1.60 327 298 418 000 94-90
STD' 039 005 031 017 003 019 021 004 011 0-00
Corrected® 6776  0-58 16-56 2:64 005 169 346 353 373 100-00
mt 051 224 477 7383 041 7-15 018 003 008 068 89-88
STD' 011 009 007 054 003 016 004 001 001 0-14
I 045 1657 146 6745 012 303 022 002 008 027 89-67
STD' 0149 0323 0-091 0716 0-015 0-132 0-028 0-017 0-011 0-156
HG249W2 1000 50 15 gl pl, opx, cpx, mt, il gl 6278 0-88 1549 287 006 154 3.44 320 410 001 94.37
STD' 026 004 011 008 002 018 005 006 0-06 0-01
Corrected® 6671 094 1646 305 006 164 3.66 3-81 3-68 100-00
pl 5491 0-09 2698 096 001 017 1057 444 070 001 9884
STD' 1.00 008 083 020 001 010 068 044 022 002
opx 54.03 0-33 249 1147 033 2827 168 003 006 009 9878
STD' 095 002 040 104 002 135 028 000 0-01 0-02
cpx 4977 090 463 767 023 1509 1937 041 008 014 98:29
STD' 029 003 031 002 002 016 037 002 001 003
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Run no.  Temp. Duration H,0

Phases identified

Chemical composition

(°C)  (h) (wt %)
Phases Si0, TiO, ALO; FeO® MnO MgO CaO Na,O K,O0 Cr,0; Total
HG256W2 1000 50 15 gl, pl, opx, cpx, mt, il gl 6469 074 14.87 244 006 152 320 2:88 4-28 0-01 94-69
sSTD’ 0-47 007 026 017 002 032 035 008 0-11 0-01
Corrected® 67-10  0-90 16:11 3-11 007 152 356 3:31 431 100-00
pl 55-42 0-08 2696 097 0-01 0:15 10-63 4-42 067 0:02 99-33
sTD’ 0-84 003 056 005 001 003 048 021 0-09 0-02
opx 54.60 0-21 538 750 0-20 2899 1-84 0:17 022 057 99-68
sTD’ 091 007 181 167 006 267 013 0177 022 0:31
cpx 50-13 096 504 7-69 0-27 1535 19-67 044 0-10 0-10 99-75
sTD’ 0-75 011 083 051 003 051 035 004 003 003
mt 0-36 2:87 440 7538 045 693 017 0-03 0-07 0:177 90-83
sTD’ 0-03 012 005 0-3¢ 003 007 004 002 001 005
I 0-28 17-44 137 6812 0-12 304 019 0-03 0-06 0:04 90-69
STD’ 0-03 03¢ 004 019 004 005 003 002 001 003
HG254W2 1050 51 15 gl, pl, opx, cpx, mt gl 59-31 0-80 16:10 413 0-09 252 504 326 319 0-01 94-45
STD' 0-56 004 013 009 0-02 015 0:09 0-06 0-05 0-01
Corrected? 62:87 0-85 17-07 4-38 0-10 267 534 387 285 100-00
pl 52.66 0-06 27:76 1-03 0-01 0-24 12:02 3:96 0-48 0-02 98-24
sSTD’ 059 003 037 012 001 005 053 024 005 003
opx 52.81 029 575 973 0-26 2679 218 0:14 0-14 0-09 98-18
sTD’ 0-74 007 113 046 003 166 040 0-09 0-10 0-03
cpx 4994 065 570 714 020 1526 1976 0-40 0-08 0-17 99-30
sTD’ 056 009 09 027 003 031 028 003 002 0-02
mt 063 298 739 66:84 025 690 024 0-01 0-10 542 90-76
STD' 0-13 004 002 015 0-00 005 0:04 0-01 002 0-03
HG250W2 1100 25 15 gl, pl, opx, cpx gl 5740 069 1656 486 0-10 397 653 319 251 0-02 95-83
sTD’ 0-23 004 021 0-07 0-03 040 010 0-05 0-06 0-02
Corrected? 59-92 0-72 17-29 507 010 414 682 373 221 100-00
pl 51-64 002 29563 0-84 0-00 0-33 13-23 3:34 0-31 0-00 99-24
STD’ 0-21 001 035 006 000 0-19 018 0-03 0-03 0-01
opx 54.-55 0-19 344 832 0-22 3023 230 0:08 0-06 0-37 99-76
sTD’ 0-11 001 014 010 003 033 014 0-03 0-03 0-05
cpx 52.83 030 411 531 018 1723 1861 0-41 0-13 0-30 99-41
sTD’ 0-37 002 002 009 001 019 026 004 004 006
HG261W2 1100 25 15 gl, pl, opx, cpx gl 58.66 0-78 1582 468 0-10 322 584 3:03 291 001 95:05
STD' 0-39 004 017 013 002 008 010 0-06 0-06 0-02
Corrected” 61-78 0-82 1666 4-93 011 339 615 357 259 100-00
pl 52.83 0-06 2791 102 001 018 1222 368 0-41 0-01 98-:32
sTD’ 055 002 026 005 002 001 023 011 003 001
opx 53-81 0-18 420 8:03 0-21 3042 195 0:05 0-04 0-17 99-06
STD' 0-81 003 08 042 003 052 021 002 002 005
cpx 49-93 050 518 6:56 0-19 1631 19-06 0-36 0-06 0-24 98-39
sTD’ 0-72 006 074 0-28 0-02 040 056 006 0-05 0-10
HG236W2 1200 8 15 gl gl 56-49 061 1576 479 0-10 681 670 2:82 2:06 0-03 96-17
sSTD’ 0-177 003 003 0-08 0-02 007 0:07 0-07 0-04 0-02
Corrected” 5875 0-63 16:39 4.98 0-10 708 697 328 1.81 100-00

617




Table 10: continued

JOURNAL OF PETROLOGY VOLUME 47 NUMBER 3 MARCH 2006

Run no. Temp. Duration H,0

Phases identified

Chemical composition

(°C)  (h) (wt %)
Phases Si0, TiO, ALO; FeO® MnO MgO CaO Na,0 K,O Cr,03 Total
HG266W3 900 75 21 gl, pl, amph, mt, il amph 43-87 175 11412 924 016 1591 1116 1.62 0-86 0-09 95.77
sTD’ 062 030 052 067 003 049 040 0:07 019 0-03
HG267W3 950 75 241 gl, pl, opx, amph, mt, il pl 52:64 0-06 26-49 101 0-01 066 1116 3-87 0-58 0-00 96-39
STD’ 026 004 039 002 001 0-10 0-20 0-10 0-12 0-01 0-42
opx 53-14 029 369 863 037 2992 154 011 0-11 0-06 97-88
STD’ 038 006 040 042 002 066 036 007 006 005 0-24
amph 4215 210 11-76 920 0-13 1590 11-04 192 0-90 0-09 95-19
sSTD’ 048 020 048 075 002 019 023 0:06 0-04 0-03 0-36
HG260W3 980 75 21 gl, pl, opx, cpx, mt, il gl 61-52 0-74 1573 264 005 165 368 3:09 391 0-01 92.72
STD’ 063 003 010 007 0-02 0-056 0-06 0-08 0-06 0-02
Corrected” 66-563 0-80 1701 275 005 1-68 3:87 374 3.57 100-00
pl 53-94 006 2730 0-88 001 011 11-24 4.42 0-47 0-01 9843
sTD’ 0-86 002 048 006 002 002 061 031 005 0-02
opx 53-61 0-34 339 940 035 29561 180 0:05 0-07 0-08 98-60
STD’ 0-81 008 067 069 003 079 052 003 0-04 0-03
cpx 49-23 0-83 549 681 022 1520 2042 0-42 0-08 0-10 98-80
STD’ 095 006 123 052 002 050 08 002 003 0-02
mt 0356 344 509 7223 036 6-16 0-18 0:02 0-08 142 89-33
sTD’ 0-07 009 006 070 0-02 0-07 0:04 0:02 0-:01 069
Il 0-16 21-01 124 6335 0-11 321 0-15 0-01 0-05 0-16 89-45
STD’ 0-02 013 001 017 002 0-056 0-02 0-01 0-01 0-04
HG240W3 1000 50 21 gl, pl, opx, cpx, mt, il gl 62:08 0-61 1624 268 007 214 3-8 290 345 0-01 94-06
sTD’ 0-38 006 021 009 002 042 010 040 0-10 0-01
Corrected” 66-14 0-65 17-30 2:86 007 228 413 346 3-10 100-00
pl 52.96 0-10 27-73 124 0-01 097 1204 350 0-53 0-00 99-08
STD’ 022 004 044 005 001 057 042 008 006 0-00
opx 53-74 028 383 932 030 3127 142 0:04 0-05 0-11 100-36
STD’ 042 002 033 112 003 120 0-20 0-01 0-01 0-01
cpx 49-54 0-88 517 696 0-21 16-01 20-02 0-43 0-07 0-13 99-42
STD’ 0-64 014 056 034 004 084 078 006 0-02 0-04
mt 0-63 174 564 72.07 042 848 0-17 002 009 116 90-32
STD’ 0-07 014 009 032 002 0-16 004 0-02 0-02 0-21
Il 0566 15-04 166 6843 0-12 315 029 002 008 0-32 8957
sTD’ 019 050 006 065 002 0-11 008 0:02 0-:02 0-09
HG255W3 1000 75 241 gl, pl, opx, cpx, mt, il gl 60-77 076 1614 312 0-07 187 419 318 342 0-01 9353
sTD’ 021 005 011 007 003 0-07 0-07 0-06 0-056 0-01
Corrected” 65-:09 0-81 1729 3:3¢ 007 2:00 449 381 3-09 100-00
pl 53-21 0-05 2807 099 001 018 1213 4.04 0-41 0-01 99:10
sTD’ 0-81 003 058 014 001 006 072 034 0-:04 0-01
opx 52:91 026 508 968 0-30 28-07 145 0-07 0-11 0-09 98-02
STD’ 1.04 007 151 049 002 099 019 0-04 0-06 0-03
cpx 49-43 071 560 7-06 0-21 14-89 20-42 0-42 0-07 0-08 98-89
STD’ 0-86 008 108 049 002 042 072 0-02 0-01 0-05
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Run no.  Temp. Duration H,0 Phases identified Chemical composition
(°C)  (h) (wt %)
Phases Si0, TiO, AlLO; FeO® MnO MgO CaO Na,O K,0 Cr,0; Total
HG254W3 1050 51 241 dl, pl, opx, cpx, mt gl 5829 073 16:66 413 009 286 559 322 283 0-01 94-41
STD’ 0-29 004 012 009 002 004 007 0-06 0-056 0-01
Corrected” 61-78 0-77 1766 4-38 010 303 593 3.8 253 100-00
pl 52-:24 0-04 2894 089 002 020 1309 362 031 001 99-36
sTD’ 0-55 003 030 0-08 002 002 040 0-20 0-03 0-01
opx 53-19 023 585 881 024 2896 168 0-06 0-07 0-13 99-22
STD' 0-81 004 111 038 003 042 020 0-02 0-01 0-07
cpx 49-48 063 656 6:90 0-17 15-:07 20-22 0-37 0-08 0-17 99-656
STD' 0-44 009 051 023 003 040 064 001 0-02 0-09
mt 049 239 89 639% 030 760 017 003 0-10 6-32 90-30
sSTD’ 0-20 007 024 064 003 047 0-02 0-02 0-01 0-09
HG261W3 1100 25 241 gl, opx, cpx gl 55-92 069 16565 4-85 0-09 424 7-01 286 236 0-01 94-48
0-31 0-03 012 008 0-03 0:06 0-07 0-07 0-03 0-02
Corrected® 5921 0-62 1752 5-14 010 449 742 339 2.1 100-00
opx 53-21 019 49 722 020 309 179 004 003 016 9875
sTD’ 0-70 005 077 018 002 053 021 0-02 0-01 0-07
cpx 49-54 044 546 6-38 015 1594 2015 0-35 0-04 0-46 98-91
HG246W3 1150 6 241 gl, opx, ol STD’ 0-48 004 015 020 0-02 040 045 0-02 0-01 0-09
gl 56-35 0-68 1597 514 010 6:00 6-86 286 2:07 0-01 9594
sTD’ 0-19 004 010 008 003 007 0-09 0-05 0-04 0-02
Corrected” 5873 0-60 1664 536 0-10 625 7-15 334 1.82 100-00
opx 55-99 013 269 6:17 0-19 3277 139 0-06 0-08 0-67 100-14
STD' 0-32 001 020 026 001 038 0-11 0-056 0-06 0-16
ol 41-07 001 005 824 021 5031 0-18 0-00 0-03 0-03 100-13
STD' - - - - - - - - - -
HG236W3 1200 8 21 gl gl b5-58 0-68 1561 5-18 0-10 6-68 658 2:79 2:04 0-03 9517
sTD’ 0-22 002 0-06 008 003 008 007 0-06 0-04 0-02
Corrected” 58-41 0-61 1640 5-44 0-11 702 691 328 1.81 100-00

gl, glass; pl, plagioclase; bt, biotite; amph, amphibole; mt, magnetite; il, iimenite; opx, orthopyproxene; cpx, clinopyroxene;

FeO*, total iron as FeO; ol, olivine.

'Standard deviation (16); 2l’corrected’ melt compositions.

Here, we discuss the mechanisms for both production
and mixing of these two magmas and propose a possible
model for formation of the Oto-Zan composite lava flow
(Fig. 15).

Solidification of HMA magma and remelting of
HMA pluton

A significant dilemma is the almost anhydrous nature of
the Oto-Zan sanukitoids, as the HMA magma produced
in the uppermost mantle contains ~7 wt % HoO. If HyO
was released from the HMA magma by vapor-saturation
via magmatic ascent, then HMA sanukitoid may contain
a large amount of phenocrysts as observed in boninites.
However, Setouchi HMAs are phenocryst-poor.

A potential mechanism to resolve this apparent para-
dox is remobilization and remelting of an andesitic plu-
ton, as proposed by Sparks and co-workers (Matthews
et al., 1999; Murphy et al., 2000; Couch et al., 2001) to
account for the characteristic mineral disequilibrium
often observed in calc-alkalic andesites. Tamura &
Tatsumi (2002) and Tamura et al. (2003) suggested that
felsic rocks in the Izu-Bonin arc and aphyric andesites
from Daisen volcano could be produced by such a
process. Production of the Oto-Zan lava flow showing
the petrographical and geochemical characteristics
described here may be also attributed to the remelting
of a solidified HMA magma.

In this scenario, the original Oto-Zan magma, inferred
to have been a mantle-derived HMA magma that last
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equilibrated with the upper mantle immediately beneath
the Moho in the presence of ~7 wt % HyO, would have
undergone extensive crystallization, probably resulting
in the formation of an HMA pluton within the crust
(Fig. 15a and b). Most of the HyO originally present in
the primary HMA magma should have been extracted
from the system through this solidification (Fig. 15b). The
present experimental results suggest that the total HoO
content in the solidified HMA pluton would have been
significantly smaller than the original magma—probably
less than 1 wt %.

Basalt magmas were also produced in the Setouchi
volcanic belt. Primitive basalts with compositions that
could be in equilibrium with mantle lherzolite phases
at uppermost mantle pressures and 1200-1300°C in
the presence of <4 wt % HyO (Tatsumi, 1982) occur
on Shodo-Shima Island. It thus seems likely that such a
high-temperature basalt magma may have intruded into
the base of the postulated HMA pluton, causing remo-
bilization and further melting of the pluton. Such a pro-
cess was examined, theoretically, by Huppert & Sparks
(19884, 1988h). We here consider a layer of hot basaltic
magma with an initial thickness of D, and a temperature
of 71,(0) = 1300°C, which is emplaced beneath the HMA
pluton with a temperature of 7, = 900°C and an inter-
face temperature of 7; (Fig. 16a). The pluton has a solidus
temperature (7,,) of 900°C (cf. Fig. 11) and injection of
basaltic magma at its base forms a molten layer with a
thickness of a (Fig. 16a). Initially, the andesitic magma
layer formed at the base of the HMA pluton is stable to
convection and transfers heat by conduction. When the
Rayleigh number of the melt layer exceeds a critical value
of ~2000, convection in the melt layer is then initiated. In
the present case, the duration of conductive heat transfer
is limited to ~1 day.

The heat flux into the andesitic layer (F,) has to
be equal to the heat flux out of the basaltic layer (£):

Fy=p,0Jo(Ti = )" = Fy, = p,ado(Ty — T)""
(1)

where 7 (7, and 7, for andesite and basalt, respectively)
1s defined by

J = 0.1(agk?/v)"? (2)

where o is the coefficient of thermal expansion, g the
gravitational acceleration, X the thermal diffusivity and v
the kinematic viscosity.

We then deduce that

T, = (T, +71,) /(1 +)) (3)

where

9= (pucdalPyeids)’ . (4)
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Table 11: Results of mass-balance calculation

SiO, TiO, Al,03 FeO* MnO MgO Ca0 Na,0 K>0 P20s Fraction
Fractional crystallization
OTO-1 58-4 0-6 16-6 54 0-1 67 6-7 34 1-8 0-2 1
Olivine 40-6 0-0 0-0 9-9 0-0 49-4 0-2 0-0 0-0 0-0 —0-047
Augite 52:56 0-0 50 30 0-0 155 23-0 1-0 0-0 0-0 —0-055
Plagioclase 48-2 0-0 33:2 0-0 0-0 0-0 16-1 25 0-0 0-0 —0-098
Magnetite 0-0 14-4 33 77-9 0-0 44 0-0 0-0 0-0 0-0 —0-018
Result 62-6 0-4 16-7 43 0-1 4-4 49 4-0 2:3 0-2 0-782
0TO-9 62:7 0-5 16-8 4.4 0-1 4.5 5-0 39 19 0-2
Residual 0-2 0-1 0-1 0-1 —-0-1 0-1 0-0 —0-1 -04 0-0 R =022
Assimilation and fractional crystallization
OTO-1 58-4 0-6 16-6 54 0-1 67 6-7 34 1-8 0-2 1
Olivine 40-6 0-0 0-0 99 0-0 49-4 0-2 0-0 0-0 0-0 —0-014
Augite 52-5 0-0 5-0 30 0-0 155 23-0 1-0 0-0 0-0 —0-046
Granite 751 0-1 140 12 0-0 0-1 1-3 39 4.2 0-0 0-272
Result 62-6 0-5 16-7 4-5 0-1 4-4 49 37 2-4 01 1-212
0TO-9 62-7 0-5 16-8 44 0-1 45 5-0 39 19 0-2
Residual 0-1 0-0 0-1 —0-1 0-0 0-1 0-0 0-2 —0-5 0-0 R? =0-36

where (7 ,) 1s the crystal content of the andesitic magma
layer and y,(7,) is its derivative with respect to
temperature. Conservation of heat at the andesitic
pluton—melt interface can be expressed (Huppert,
1986) as

da_ aJu(To— T.)"" )
di B 5/1(7711 - 'To) +L/l -

Using reasonable values and empirical formulae for the
physical parameters (Table 13), the temporal variation of
the temperatures of basalt and andesite magma layers for
a 500 m thick sill emplaced at the base of the HMA
pluton is calculated (Fig. 16b). In this case, totally molten
HMA melt is produced at the base of the andesite layer,
as the interface temperature (7)) is higher than the HMA
liquidus (1200°C) for the first ~10 years (Fig. 16b). The
duration of such total melting depends on the thickness
of the basalt layer (Fig. 16¢). The thickness of the
andesitic, thermal boundary layer increases with time
and reaches ~300m with 7; greater than 1200°C
(Fig. 16d). It may, thus, be suggested that the secondary,
HyO-deficient HMA melt can be produced by total
melting of the HMA pluton triggered by high-
temperature basalt magma injection.

The above consideration based on Huppert &
Sparks (19884, 19886) is most applicable when the basalt
magma is convecting. Marsh (1989) suggested that
convection in basalt magma that intrudes into the crust,

and melting of its roof, is only possible under limited
conditions such as unusually high temperature for the
roof material. In the present model, we assumed
that the HMA pluton had an initial temperature of
900°C—much higher than the normal crust temperature
(~500°C: Huppert & Sparks, 1988b4). The present
modelling may, thus, provide a reasonable explanation
for remelting of the HMA pluton.

Self-mixing in a remolten HMA pluton

Rayleigh—Taylor instability along the thermal boundary
layer at the base of the HMA pluton would have caused
upwelling of a plume or plumes (Fig. 15c). This HMA
plume would have risen into the overlying partially mol-
ten HMA pluton, entraining interstitial rhyolitic melts
and causing ‘self mixing’ (Couch et al., 2001) of these
magmas to produce a mixed magma (Fig. 15d). Minerals
present in the overlying HMA pluton, which may also
have been entrained into the rising HMA plume, would
have had compositions in disequilibrium with the host
mixed melt, which had a higher temperature and more
mafic composition than the interstitial rhyolitic melts. It is
thus likely that resorption and/or overgrowth of reversely
zoned mantles on the entrained minerals would have
taken place. No plagioclase phenocrysts are present in
the Oto-Zan lava flow, whereas the postulated HMA
pluton would have contained plagioclase, suggesting
the resorption of plagioclase in the mixed magma. On
the other hand, the mixed magma would have been
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Table 12: Composition of inferred end-member magmas

HMA Rhyolite

SiO, 58-00 73-00
TiO, 0:63 0-30
Al,O4 1635 17-33
FeO* 5-57 1-58
MnO 0-12 0-00
MgO 7-15 0-02
CaO 6-92 0-15
Na,O 3:40 481
K>0 1-70 2-68
P,Os 0-16 0-14
Ba 336 422
Pb 19 34
Th 5 11
Rb 67 118
Sr 317 341
Zr 106 179
*Total iron as FeO.
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Fig. 14. Incompatible element abundances in the inferred rhyolite
end-member relative to those in an HMA as a function of ionic radius
and charge. The characteristic element patterns suggest the presence of
magnetite (mt), amphibole (amph), biotite (bt) and plagioclase (pl) in
the melting residue.

saturated with clino- and orthopyroxene. The experi-
mental results indicate that residual pyroxene in the
HMA pluton would have Mg-number lower than the
pyroxenes that crystallized from the Oto-Zan HMA and
the mixed magmas, suggesting the formation of reversely
zoned pyroxene. This is consistent with petrographic
observations for the Oto-Zan sanukitoids.
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Table 13: Value and formula of physical parameters used in

calculations

5x107° K"
9-81ms’

8x 107" m?s™’

2.7 x10° kg m~3

25 x 10% kg m~3
134 x 10° J kg ' K !

o thermal expansion coefficient
g gravitational acceleration

K thermal diffusivity

pp density (basalt melt)

p, density (HMA melt)

C, specific heat

L, latent heat of crystallization (basalt) 4-2 x 10° J kg™
L, latent heat of crustallization (HMA) 2:9 x 10° J kg™’
X» crystal content (basalt) 6500/ 75
Xo crystal content (HMA) —T7/300+4

107" X (1-1-67x,) 2 m? s
5x 107" x (1—1-67y5) 2°m?s~!

v, kinematic viscosity (basalt)

v, kinematic viscosity (HMA)

The molten plume(s) would have risen to the top of the
pluton and formed a zoned magma reservoir in which
unmodified HMA magmas and highly mixed, more felsic
magmas were situated at the base and top, respectively
(Fig. 15d), because of the density difference of these
magmas. Once a conduit was established from the top
of the zoned magma reservoir, the magmas would have
risen via the conduit. During this uprise, the HMA
magma, which was originally located at the lowermost
part of the reservoir, may have outrun the felsic magma,
as it would have had a lower viscosity (Fig. 15¢). The
emplacement of such HMA magmas followed by more
felsic magmas by this mechanism can reasonably explain
the petrographical and geochemical characteristics of
Oto-Zan composite lava flow (Fig. 15f).

CONCLUSIONS

The Oto-Zan lava flow on Shodo-Shima island in the
Setouchi volcanic belt, SW Japan forms a composite lava
flow with continuous and systematic changes in both
petrographical and geochemical characteristics. The
basal part of the lava flow is composed of little differen-
tiated HMA, which grades into more differentiated
sanukitoids with increasing height. The more differenti-
ated sanukitoids show petrographic evidence for magma
mixing, which is also supported by the liquid lines of
descent obtained for the Oto-Zan HMA.

The solidification of a mantle-derived, hydrous HMA
magma and remelting of such an HMA pluton through
basal heating by a high-7 basalt magma played a key role
in the formation of the Oto-Zan sanukitoid composite
lava flow, including an HMA. Extraction of HyO in
association with pluton solidification may reasonably
explain the paradox of sanukitoid and Setouchi HMA
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Fig. 15. A possible model for the formation of the Oto-Zan sanukitoids and composite lava flow. A mantle-derived, hydrous HMA magma
(a) is likely to crystallize extensively and solidify to release HyO within the crust (b). Intrusion of a high-7 basalt magma causes total melting at
the base of the HMA pluton to produce a dry HMA magma (c), which rises to entrain interstitial rhyolitic melts remaining in the upper part of
the HMA pluton (d). Formation of a zoned magma reservoir (e) and subsequent eruption of that reservoir formed the Oto-Zan composite lava

flow (f).

genesis, 1.e. although they are originally derived from

produce an HyO-deficient HMA, which would

mantle-derived hydrous HMA magmas, they are rather
aphyric and HyO-poor. Remelting of the HMA pluton
resulted in total melting of the basal part of the pluton to

have risen within the pluton and mixed with interstitial
rhyolitic melts, resulting in the formation of a zoned
magma reservoir.
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