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Abundant rhyolite has erupted from the 1zu—Bonin—Mariana volca-
nic arc (IBM arc) from its earliest stage (Eocene) to the present.
Geochemically, three types of Quaternary rhyolites exist in the Lzu—
Bonin arc front, and they are closely related to volcano type and crus-
tal structure. The dominantly basaltic islands of the volcanic front
produce small volumes of rhyolites that we call RI. The submarine
calderas of the volcanic front erupt mostly rhyolite that we call R2.
Seamounts, knolls, and pillow ridges in the backarc extensional zone
are mostly basaltic but also contain rhyolites that we call R3. The
thickest total crust, and the thickest intermediate composition
middle crust, occurs below the dominantly basaltic volcanoes,
whereas the intermediate composition middle crust tends to be thin-
ner beneath the submarine calderas. RI rhyolites may be derived from
Quaternary andesitic sources whereas R2 and R3 rhyolites may be
dertved from Oligocene ones. The higher CaO/Al,O 5 in RI compared
with R2 and R3 rhyolites can be attributed to the same difference
between Quaternary and Oligocene andesite sources, respectively.
Luight rare earth element (LREE)-depleted REE patterns of
Quaternary andesites versus flat to slightly LREE-enriched patterns
of Oligocene andesites are almost parallel to those of Rl and RZ2,
respectively. Partial melts of Quaternary andesite will have low
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LZr/Y values such as in RI, whereas melts of Oligocene andesites
will have the higher {r/Y values of R2. Lavas from basalt-dominant
volcanoes have higher Sr, Pb, and sometimes Nd isotope ratios than
those from rhyolite-dominated volcanoes, which are closer to the iso-
tope ratios of the Oligocene arc. Why and how do crustal sources
differ systematically and alternately along and behind the lzu—
Bonin arc? If locally developed regions within the mantle wedge
(hot fingers) produce large basaltic volcanoes and remain stationary
JSor millions of years, then basalt-dominant volcanoes eventually will
overlie thicker crust. Remelting of muddle crust to form rhyolite
magmas lakes place beneath both basaltic and rhyolitic volcanoes
(RI and R2 rhyolite, respectively ). However, basalt volcanoes con-
sume new middle crust to produce rhyolite magma whereas rhyolite
volcanoes consume old Oligocene muiddle crust. Moreover, rhyolite
volcanoes have no mantle roots beneath the crust. Instead, dikes
JSrom basalt volcanoes provide the heat source to partially melt the
crust.

KEY WORDS: arc volcano; hot fingers; middle crust; REE; rhyolite;
Sr=Nd—Pb isotope
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INTRODUCTION

The Izu—Bonin—Mariana volcanic arc (IBM arc) system is
an excellent example of an intra-oceanic convergent
margin where the effects of crustal anatexis and assimila-
tion are often considered to be minimal (Stern et al., 2003;
Tatsumi & Stern, 2006) (Fig. 1. However, anatexis and
assimilation may occur in oceanic arcs and backarcs. For
example, Macpherson & Mattey (1998) suggested that low
80 intermediate melts from the Central Lau Basin
resulted from assimilation of <15% of their own mass of
8"®0-depleted oceanic crust during crystallization of a pla-
gioclase-dominated assemblage. Assimilation of "®O-poor
country rock has been also proposed to explain low §*O
values in lavas erupted within the Sunda arc (Harmon &
Gerbe, 1992); however, the effects may be subtle isotopically
and best seen in felsic melts.

Volume-weighted histograms of rock types from the
Quaternary Izu—Bonin arc (30-5-35°N) suggest that
dacite and/or rhyolite also form a major mode even
though basalt and basaltic andesite (<57 wt % SiOy) are

(@)

(b) 40°N

clearly the predominant eruptive products (Tamura &
2002). About half of the edifices at the
Quaternary volcanic front are calderas dominated by rhy-
olite (i.e. volcanic rocks with >70 wt % SiO,) (Yuasa &
Kano, 2003). Turbidites sampled during Ocean Drilling
Program (ODP) Leg 126 in the Izu—Bonin arc, which
range in age from 01 to 31 Ma, are similarly bimodal
(Gill et al., 1994). Rhyolites were also abundant in the
Oligocene and Eocene (Reagan et al., 2008) so that the
IBM oceanic arc has included abundant rhyolite from its
carliest stage to the present. This is not unique to Izu. The
30-36-5°S sector of the Kermadec arc is another example
of an oceanic arc with abundant Quaternary rhyolite
(Smith et al., 2003, 2006; Wright et al., 2006). Thus, the crus-
tal evolution of oceanic arcs must explain this bimodal vol-
canism of basalt and rhyolite.

In previous studies (Tamura et al., 2005, 2007), we con-
centrated on the genesis of basalts in two of the large arc-
front volcanoes, Sumisu (315°N, 140°E) and Torishima
(30-5°N, 140-3°E), in the central Izu—Bonin arc (Fig. 2).
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Fig. 1. (a) Topographic features of the Izu~Bonin—Mariana (IBM) arc system. (b) The structure of the IBM arc system. Double lines indicate
spreading centers, active in the Mariana Trough and relic in the Shikoku and Parece Vela Basins. The Izu-Bonin, West Mariana and Mariana
arcs are outlined by the 3 km bathymetric contour, and other basins and ridges are outlined by the 4 km contour (Taylor, 1992).
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These volcanoes erupted low-K basalts originating from The genesis of rhyolite in oceanic arcs has been debated
both wet and dry parental basaltic magmas (low-Zr by a number of workers (Tamura & Tatsumi, 2002; Smith
basalts and high-Zr basalts, respectively); these parental et al., 2003, 2006; Shukuno et al., 2006; Wright et al., 2006).
basalts appear to result from different degrees of partial In this study we provide a petrological perspective on arc
melting of the same source mantle (~20% and ~10% for crustal structure and evolution by studying rhyolites
wet and dry basalt magmas, respectively). from different geological settings within the Izu arc.
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Fig. 2. Map showing the 16 Quaternary volcanoes with which this study is concerned and the location of the wide-angle seismic profile. Dots on
the profile indicate the location of a total of 103 ocean bottom seismometers (OBS), which were deployed at ~5 km intervals; the numbers on the
profile show the distance from its northern end (Kodaira et al., 2007a). Numbered stars indicate sites drilled on the Philippine Sea plate in the
Izu—Bonin region during ODP Legs 125 and 126.
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The dominantly basaltic islands of the volcanic front pro-
duce small volumes of rhyolite that we call R1. The subma-
rine calderas of the volcanic front erupt mostly rhyolite
that we call R2. Seamounts, knolls, and pillow ridges in
the backarc extensional zone are mostly basaltic but also
contain rhyolites that we call R3. One or more of these
rhyolite types could be melts of the crust, in which case
they are probes of crustal composition, especially the
middle crust, along and across the arc (Tamura &
Tatsumi, 2002). Specifically, we propose that the middle
crust is the source of R2 rhyolite from rhyolite-dominated
calderas and that thinning of the middle crust results from
its remelting caused by the intrusion of basalt dikes from
nearby large basalt-dominated volcanoes (Kodaira et al.,
2007a). If so, then the remelting process might change the
middle crust into denser residual lower crust. This idea also
suggests that these rhyolite volcanoes have no mantle roots:
no heat sources within the mantle, and no mantle-derived
magmas just below the volcanoes.

This study is intended to be a progress report rather
than a final interpretation of processes taking place
within the Izu—Bonin arc. We attempt to reconcile the geo-
physical findings of Kodaira et al. (20074, 20075) with our
present understanding of the petrology and volcanism,
using a case study to illustrate our main points. Future
work will be informed by our current interpretations and
will lead to fuller understanding of intra-oceanic arc
genesis.

CRUSTAL STRUCTURE AND
GEOLOGICAL SETTING OF IZU
RHYOLITES

The original incentive for this research was curiosity about
the along-strike correlations between crustal structure and
the average composition of Quaternary volcanic front
magmas shown by Kodaira et al. (2007a). They conducted
an active source wide-angle seismic study of the northern-
most 550 km of the Izu intra-oceanic arc. Figure 2 shows
the location of their seismic profile. A total of 103 ocean
bottom seismometers (OBS) were deployed at ~5km
intervals along the profile. Figure 2 also shows the location
of the basalt-dominant island volcanoes and rhyolite-domi-
nant submarine calderas. Figure 3a shows the average
S10y content (wt %) of Quaternary volcanic rocks and
the thickness of the middle crust along the profile of Fig. 2
based on Kodaira et al. (2007a) and additional data from
this study. Kodaira et al. (2007a) showed (1) a remarkable
along-arc periodic variation with a wavelength of 80—
100 km in average crustal velocities and the thickness of
felsic to intermediate composition middle crust with a P-
wave velocity (V) of 6-0-6-8kmy/s, and (2) that these
structural variations correlate well with the average chem-
ical compositions of the overlying arc volcanoes. That is,

the thickest total crust, and the thickest intermediate com-
position middle crust, occurs predominantly below the
basaltic volcanoes, whereas the intermediate composition
middle crust tends to be thinner beneath the dacitic to
rhyolitic volcanoes.

Figure 3b shows the schematic relationship between the
volcanoes and crustal structure along the Izu—Bonin volca-
nic front based on Kodaira et al. (2007a) and Fig. 3a. It is
remarkable that the velocity structure of this part of the
Izu—Bonin arc crust, which has a complex 50 Myr history,
with  the composition of the
Quaternary volcanoes. Moreover, why should basaltic vol-
canoes overlie lower average velocity (more continental-

correlates chemical

like) crust compared with the silicic volcanoes, and why
should rhyolitic volcanoes overlie thinner middle crust?

ANALYTICAL METHODS

We present new analyses of rhyolites and summarize
others from a new database for IBM volcanic rocks called
GANSEKI (http://www.jamstec.go.jp/ganseki/index.html),
which includes previously unpublished X-ray fluorescence
(XRF) major and trace element analyses of samples col-
lected by JAMSTEC. The following analytical methods
apply to both.

After initial splitting and jaw crushing, all samples were
pulverized in an agate ball mill. Major and trace elements
were determined by XRF at IFREE, JAMSTEC. Trace
elements were analyzed on pressed powder discs, and
major elements were determined on fused glass discs. A
mixture of ~0-4g of each powdered sample and 4g of
anhydrous lithium tetraborate (Li;B,O7) was used; no
matrix correction was applied because of the high dilution
involved. All discussion in this paper refers to analyses that
have been normalized to 100% on a volatile-free basis with
total iron calculated as FeO.

For the samples reported here, additional trace elements
were analyzed by inductively coupled plasma mass spec-
trometry (ICP-MS) wusing an Agilent 7500ce system
(Agilent Technologies, Tokyo Japan) fitted with PFA
sample introducing and a Pt-inject torch system. The ICP-
MS system was operated at no collision gas and multi-tune
acquisition mode. This combination of the system allowed
a wide range of elements to be precisely determined using a
pulse counting detector, and also hydrofluoric acid con-
taining sample solution to be delivered directly into the
plasma. Sample dissolution, preparation and measurement
were as described by Chang et al. (2003). Accurately
weighed 100mg aliquots of powdered samples were
digested in screw-cap PFA vials with mixed acids (0-65 ml
HCIO,4 and 2ml HF) on a hot plate at 130-140°C for 3
days. After drying, 1ml HCIO, was added, and the vials
were heated at 160°C overnight. They were then opened
to evaporate the solutions at a gradually increased temper-
ature of up to 190°C: to drive off excess HF and convert the
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Fig. 3. (a) Along-arc crustal structure (dotted line; thickness of middle crust with V, of 6:0-6-8 km/s at depths between 5 and 20 km) and
average wt % SiOy of volcanic rocks ({M}) sampled and dredged from the 16 Quaternary volcanoes of the Izu~Bonin arc shown in Fig. 2.
The basalt-dominant island volcanoes produce small volumes of rhyolites that we call R1. The rhyolite-dominant submarine volcanoes erupt
mostly rhyolite that we call R2. (b) Schematic crustal structure of the Izu~Bonin arc volcanic front showing alternating basalt-dominant island
volcanoes and rhyolite-dominant submarine volcanoes, which have thick and thin middle crust and erupt R1 and R2 rhyolite, respectively.

fluoride into chlorides. The residues were taken into 2 ml
6 mol/l HNOs3, moderately heated and then evaporated at
120°C to incipient dryness. The final dissolution was per-
formed with 10 ml 2% HNQOs. Prior to analysis, In and Bi
were added to aliquots of sample solutions as internal

standards to correct for drift during measurements.
Measured Eu and Gd concentrations were corrected for
oxide and hydroxide interferences. The analytical results
of repeated analyses of well-established reference standards
(JB-2 and BHVO-1) agreed very well with recommended
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values, demonstrating that the rare earth elements (REE)
and trace element determinations had high accuracy and
reproducibility.

Sr, Nd and Pb isotope analyses were conducted both at
IFREE, JAMSTEC and the University of California,
Santa Cruz. The analytical procedure used at IFREE for
chemical separation and mass spectrometry for Sr, Nd
and Pb isotope determinations has been outlined by
Miyazaki et al. (2007). Total procedural blanks for Sr, Nd
and Pb during the measurement period were less than
15 pg, 3 pg and 6 pg, respectively. Mass spectrometry was
performed on a Thermo-Finnigan® Triton TT. Lead isotope
ratios were measured using the double spike method.
Measured isotopic ratios for standard materials were
¥Sr/*Sr =0-710258 £07 (26) for NIST 987 (n=5),
ONd/*Nd = 0512097 £17 (20), for JNdi-1 (n=8), and
208ph 20T Ph = 36-7136 + 86 (20), 7’ Pb/***Pb =15-4947 + 34
(20) and *°Pb/***Pb=16-9351 £38 (20) for NIST 98I
(n=>5). Analytical methods used at UCSC for isotope
ratios have been summarized by Ryder et al. (2006).
Results are normalized to the same values as listed above.
Hf isotope ratios were measured following the methods of
Ryder et al. (2006) and
VOHE H = 0-282160 for JMC 475.

Electron-microprobe analyses were carried out using the
JAMSTEC JEOL JXA-8900 Superprobe equipped with
five wavelength-dispersive spectrometers (WDS). Pyrox-

are normalized to

ene and plagioclase analyses were made with a counting
time of 20, using an accelerating voltage of 15kV and a
beam current of 15 nA.

Representative major and trace element and Sr—Nd-—
Pb—HTf isotope data for silicic rocks from the Izu—Bonin
arc are reported in'lable 1. The entire XRF dataset is avail-
able as an Electronic Appendix, which may be down-
loaded from http://www.petrology.oxfordjournals.org/.

THREE TYPES OF RHYOLITE IN
NORTH IZU

A total of 236 chemical analyses of silicic magmas
(>66 wt % SiOy) from 16 Quaternary arc front volcanoes
and four locations in the backarc (Aogashima Rift, Myojin
Rift, Sumisu Rift and Torishima Rift) were compiled for
this study. Based on the chemical analyses of all volcanic
rocks and sediments from north Izu, we estimate that
about one-third of the Quaternary magmatism by mass
has been felsic (Gill et al., 1994; Tamura & Tatsumi, 2002).
The rhyolites are of three kinds. Most are low-K, although
some R2 and R3 rhyolites are medium-K according to the
classification scheme of Gill (1981). They show a complete
chemical gradation from the tholeiitic to the calc-alkaline
field of Miyashiro (1974), but the R2 and R3 rhyolites have
relatively higher and lower Mg-number values [100Mg/
(Mg + XTe)], respectively, than the R1 rhyolites.

RI rhyolites are from basalt-dominant island volcanoes,
which are the largest edifices. Labeled islands in Fig. 2 are
the summits of these volcanoes. For example, the main edi-
fice of Torishima volcano rises from an ocean depth of
~1000m and is about 20km in diameter; Torishima
island lies along the south rim of a submarine caldera
(Tamura et al., 2007). The Oshima and Miyake volcanoes
with volumes of 415 and 519 km”, respectively, are the lar-
gest (Suga & Fujioka, 1990).

R2 rhyolites are from entirely rhyolite-dominant subma-
rine calderas. Omurodashi, Kurose, Myojin Knoll and
South Sumisu have volumes of 125, 139, 106 and 100 km?,
respectively (Suga & Fujioka, 1990). In a subsequent sec-
tion we include a detailed discussion of two examples of
this type, South Sumisu and SW Torishima. Myojinsho
(326 km?) is a large dacite-dominant submarine volcano
and is the one anomaly in our generalization. It has Rl
geochemistry (which is how we plot it) despite its felsic
character. Sumisu shows bimodal magmatism (Tamura
et al., 2005; Shukuno et al., 2006) and its rhyolites are simi-
lar to those from the basalt-dominant volcanoes.

R3 rhyolites are from backarc rifts and knolls. Between
29° and 33°N several narrow grabens, a few tens of kilo-
meters wide, lie just behind the volcanic front. The
Sumisu Rift is one of them, and is the best-studied pre-
sent-day example of rhyolite erupted during the initial
stages of back-arc basin evolution (Ikeda & Yuasa, 1989;
Fryer et al., 1990; Hochstaedter et al., 1990a, 19905; Gill
et al., 1992). We present new data for 19 additional rhyolites
from the Aogashima, Myojin, Sumisu and Torishima Rifts.
Rhyolite pumice or lava also was recovered in about half of
the 120 dredges from throughout the 100 km wide Izu back-
arc by Hochstaedter et al. (2000). Of the 17 that were ana-
lyzed, 15 are R3 in composition. In contrast, all rhyolite
pumice in ODP cores in the Izu forearc—even from near
rhyolite-dominated volcanoes—is R1 (Gill et al., 1992). We
interpret this contrast to mean that the ubiquitous rhyolites
in the backarc are locally derived and not rafted in from
the volcanic front. If so, then R3 is potentially widespread
and very common in the backarc. There is a significant
across-arc chemical variation in Zr, Nb, and K concentra-
tions and Sr, Nd and Pb isotope ratios across the backarc
that may extend to the rhyolites (Hochstaedter et al., 2000,
2001; Ishizuka et al., 2003a). In this study, however, we will
discuss only the relationships between rhyolite composition
and crustal structure near the Izu—Bonin volcanic front.

Figure 4a shows silica variation diagrams for major ele-
ments (TiOy, AlyOs, FeO*, MgO, CaO, NayO and K,0)
and Mg value, and FeO* diagrams for TiO,, Al,O5, CaO
and K,O. Figure 4b shows the variation of selected trace
elements (Ba, Sr, Rb, Zr and Y with SiOy). RI rhyolites
extend to the lowest SiOy and highest FeO* contents and
are lower in AlyO3 and K,O but higher in CaO than the
others at any silica content. R1 rhyolites also have lower
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Table 1: Major and trace element and Sr—Nd—Pb—Hf isotopic data_for representative rhyolites from the Tzu—Bonin arc

Cruise: KR02-16 NT02-10
Locality: Torishima Sumisu

Sample: D9-R03 D19-R03 D21-RO1 D21- pumice2 3K572- R3 3K574-R6 3K576-R1
Latitude (°N): 30-53 30-46 3058 3058 31.463 31.478 31507
Longitude (°E): 140-334 140-391 140-334 140-334 140-078 140-014 140-093
Rhyolite type: R1 R1 R1 R1 R1 R1 R1

Rock type: pumice lava lava pumice lava lava pumice
Si0, 7312 67-96 67-59 7212 69-44 66-41 7112
TiO, 0-48 0-59 076 0-47 0-66 073 0-46
AlLOg 12:90 13.71 14.75 13-63 13-99 14.57 12-66
Fe,04 3.37 5.98 609 4.1 5.67 688 4.97
MnO 0-15 0-16 017 0-15 0-19 018 0-15
MgO 058 1.04 1-34 131 0-92 1.32 0-40
Ca0 2.69 4.1 5.05 3.27 4.02 4.98 2.93
Na,O 4.50 4.26 41 4.42 421 41 439
K50 0-81 0-70 058 0.78 072 0.73 0-88
P,0s 0-10 0-16 017 0-11 018 0-20 0-10
Total 9871 98.67 100-60 100-37 99.99 100-10 98.07
Mg-no. 25.45 25.65 3031 38.49 24.27 27.48 13-86
Ca0/Al,05 021 0-30 034 0-24 0-29 0-34 0-23
Trace elements (ppm) by XRF

Ba 1795 1415 137:0 167-8 2006 175-8 224.7
Ni 83 7.0 82 11 78 9.0 8.4
Cu 39 36-4 36 264 1.8 12:0 15-3
Zn 88-1 963 994 101-4 994 101-0 101-9
Pb 5.4 5.0 61 62 5.0 4.2 47
Th 09 12 1.0 14 1.0
Rb 10-5 91 52 10-8 111 107 132
Sr 152-6 165-2 2011 157-6 184.5 189-2 143-3
\4 423 406 37.7 417 43.0 39.6 493
zr 103-0 85.3 823 99.9 101-3 968 127-0
Nb 11 0.7 1.0 11 1.0 1.2 1.0
zZr/Y 243 210 218 2.40 236 244 258
Trace elements (ppm) by ICP-MS

Sc 15-6 136 15-8

v

Cr

Co 3.96 3.91 3.48

Ni 5.12 396 5.63

Cu

Rb 9.34 686 9.23

Sr 153 13 142

\4 427 365 44.2

zr 86.7 99.4 97.2

Nb 0-799 1.05 0927

Cs 0-980 0.755 1.07

Ba 151 124 166

La 4.55 4.22 417 4.50 4.24 4.26 5.05
Ce 12:6 115 141 12.7 1241 121 14.4
Pr 2.20 2.08 2.05 2.20 2.08 2.04 2.42
Nd 118 10-9 105 114 118 14 12:9
Sm 3.92 3.76 3.62 3.91 4.02 3.84 4.39
Eu 115 111 112 113 1-29 1.25 1.18
Gd 5.31 4.91 4.77 5.20 5.96 5.61 5.91
Tb 0-956 0913 0-908 0.973 1.04 0-958 1.06
Dy 647 621 5.86 646 7.05 651 7.28
Ho 1.44 1.44 1.33 1.50 1.55 1.43 1.6
Er 4.43 415 3.80 4.26 474 4.36 4.9
Tm 0671 0-645 0593 0-682 0-687 0-629 0.726
Yb 453 4.24 3.97 4.49 4.65 418 4.92
Lu 0.709 0-655 0587 0-674 0-707 0-649 0-759
Hf 2.67 322 2.98

Ta 0-068 0-088 0-075

Tl

Pb 4.82 5.15 623 5.48 4.25 418 4.43
Th 0-449 0-439 0581 0-496 0-541 0-589 0-642
U 0-381 0-370 0-397 0-400 0332 0-347 0-412
875 /%8sy 0.703723 0-703722 0-703694 0.703791 0.703682

Nd/Nd 0513120 0513116 0513123 0513123 0-513098

208pp /20%ppy 18-4730 18-4623 18-4702 18-4726 18-5402

207ppy 204ppy 15.5505 15.5487 15.5482 15.5518 15-5476

208p, /20%ppy 383410 38324 383334 383439 38418

78R/ HE 0-283272 0-283270 0-283268 0-283275 0-283232
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Table I: Continued

Cruise: NT02-10 Y96-3 Y96-3 NT06-21
Locality: Sumisu Aogashima Hachijo SW Torishima

Sample: 3K576-R6 3K576-R7 9102 051105028 HD-616- R04 HD-616- R10 HD-616- R14
Latitude (°N): 3151 3151 325 33.133 30407 30-411 30414
Longitude (°E): 140.087 140-085 139.706 139.769 140-095 140111 140-124
Rhyolite type: R1 R1 R1 R1 R2 R2 R2
Rock type: lava lava lava pumice lava lava lava
Sio, 6978 72.43 68-02 66-38 69-04 70-19 70-28
Tio, 0-68 0-42 055 071 074 058 057
Al,05 14.27 12.71 1445 15.49 14.05 14-66 14.50
Fe,03 5.06 4.75 6-63 627 5.55 417 3.98
MnO 0-16 015 0-19 020 019 0-16 0-16
MgO 1.00 0-40 0.74 1-60 1.07 091 0-85
Ca0 3.83 2.85 4.23 5.36 4.09 358 342
Na,0 4.69 451 4.33 3.93 4.25 4.68 4.63
K20 0.76 091 0-60 0-45 0-90 0.97 113
P,0s 017 009 0-12 018 017 014 0-14
Total 100-40 99.22 9986 10057 100-05 100-03 99.66
Mg-no. 2818 14.15 18-14 3335 2755 30-14 29.74
Ca0/Al,05 027 022 029 035 029 0-24 0-24
Trace elements (ppm) by XRF

Ba 1922 225.3 121.3 229.0 120.9 133.7 1335
Ni 5.7 68 88 22 26 2.6
Cu 5.8 10-9 45 3.1 3.1
Zn 89.5 995 97.8 84.0 795
Pb 3.9 5.0 28 33 41 3.1
Th 06 0.7 15 13 15 1.6
Rb 68 13-6 63 10-2 1241 14.9 15.2
Sr 168-3 1416 177-9 150-3 1875 184-1 180-5
Y 404 50-1 394 55.6 337 291 292
Zr 1122 1316 965 1222 116.0 1265 130.7
Nb 08 1.0 04 09 15 1.7 2.0
zZr/Y 278 2.63 2.45 220 3.44 4.35 4.48
Trace elements (ppm) by ICP-MS

Sc 18-0 12.9 12:8
v

Cr

Co 19.0 12.9 11-6
Ni 1.00 1.02 1-00
Cu 511 4.42 3.95
Rb 10-4 133 135
Sr 175 173 169

Y 322 27-4 27-6
Zr 12 121 126

Nb 1.62 1.75 1.80
Cs 0-441 0471 0-482
Ba 118 133 136

La 4.36 5.95 4.84 655 692 713
Ce 12:4 17 14.3 165 16-9 17-4
Pr 2.08 2.89 2.34 2.56 252 2.58
Nd 115 15.4 135 12.7 11.9 1241
Sm 3.88 5.15 4.90 3.83 339 3.40
Eu 1.23 1-38 1.37 1.28 1.12 1-10
Gd 5.65 695 625 4.94 419 4.22
Tb 0983 1.26 1.15 0-876 0738 0.742
Dy 671 8.64 844 5.80 4.82 4.86
Ho 1.47 1.9 1-81 1.26 1.06 1.06
Er 4.53 5.82 5.30 3.88 3.25 3.29
Tm 0-66 0-869 0877 0575 0-490 0-493
Yb 4.43 5.85 5.47 3.92 338 3.41
Lu 0-681 0-907 0-843 0611 0538 0543
Hf 354 327 338 347
Ta 0-154 0-168 0171
Tl 0070 0-095 0-096
Pb 3.96 5.18 4.23 276 2.80 276
Th 0-635 0781 0-441 0819 0-906 0922
U 0-392 0-486 0317 0503 0-446 0-433
875y /%6gr 0703777 0.703367 0-703274 0-703270
+ 2SE 6 5 7
3Nd/4Nd 0-513101 0-513093 0513104 0513084
+ 2SE 1 12 13
206py /204pyy 18-5087 18-3916 18-3604 18-3594
+ 2SE 24 4 7
207pp /204pp 15.5401 15.5306 15.5275 15.5268
+ 2SE 21 4 6
208pyy /20%pp 383809 382065 381754 38:1700
+ 2SE 51 10 16
1761/ HE 0-283246
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Table I: Continued

Cruise: NT06-21 KR04-04 NT06-21 KR02-16 NT04-10

Locality: SW South South Sumisu Kaiyo
Torishima Sumisu Sumisu Knoll No. 1 Knoll

Sample: HD-616-R16 DRO06-R01 HD-617-R01 HD-617-R02 HD-617-R08 D6-R5 H341-R01

Latitude (°N): 30415 31.154 31.259 31.259 31.258 31535 31.498

Longitude (°E): 140-126 140.018 139.947 139.948 139.951 139.854 139.787

Rhyolite type: R2 R2 R2 R2 R2 R2 R2

Rock type: lava lava lava lava lava pumice pumice

Sio, 70-02 71-24 7172 7191 71.45 75-58 75-46

TiO, 0-69 0-36 0-59 0-64 058 0-30 0-30

Al,O5 14.01 14.81 13.73 13.27 13-55 12-93 13-00

Fe,03 4.95 377 3.94 4.30 4.23 2.15 220

MnO 018 018 011 014 0-09 0-11 011

MgO 094 0-61 088 0-85 1.14 026 029

Ca0 375 2.91 338 3.23 3.27 1-86 1-89

Na,O 4.38 5.14 4.46 4.42 4.52 4.99 5.10

K50 1.03 0-94 0-86 1.03 0-81 118 1.19

P,0s 017 0-10 0-12 013 012 006 0-06

Total 100-11 100-05 99.77 99.92 99.74 99.40 99.60

Mg-no. 27.27 24.23 30-66 28.15 34.75 19-30 20-90

Ca0/Al,04 027 020 025 024 024 014 0-15

Trace elements (ppm) by XRF

Ba 1316 164-0 155.2 151.0 156.7 2151 207-4

Ni 22 32 2.4 2.4 88

Cu 1.7 79 47 4.8 3.0

Zn 91-6 92.7 66-3 740 694 64.7 59.8

Pb 4.4 45 47 4.8 3.9 46 5.0

Th 1.0 11 11 1.4 05 1.0 1.0

Rb 135 13.7 114 14.5 1141 20-6 21.4

Sr 180-6 208-3 158.6 152.7 1581 1296 1286

Y 331 39.7 381 392 379 45.6 44.9

Zr 1234 153.8 129.4 130.7 1286 200-9 1981

Nb 1.8 1.8 1.2 1.2 1.2 2.0 2.0

zr/Y 373 3.87 3.40 333 339 4.41 4.42

Trace elements (ppm) by ICP-MS

Sc 16-3 15.6 16.7 15.6

%

Cr

Co 13.7 14.0 15-2 15.5

Ni 081 1.18 1.25 1.71

Cu 272 841 5.59 5.90

Rb 12.0 10-3 12:0 9.40

Sr 169 149 143 146

Y 315 35.8 371 36.0

Zr 121 125 127 126

Nb 1.73 1.27 1.29 1.26

Cs 048 0-145 0573 0210

Ba 129 154 159 150

La 694 9.20 650 662 657 683

Ce 173 24.5 17:3 175 17:3 181

Pr 2.63 347 274 278 276 277

Nd 12.9 16-6 13.7 141 13.7 13-2

Sm 3.83 4.97 418 4.31 4.19 372

Eu 1.25 1.50 1.19 1-21 1.18 0-929

Gd 4.86 5.88 5.35 5.50 5.36 4.44

Tb 0-858 1.02 0.956 0.983 0-953 0.782

Dy 5.65 6.54 632 652 635 5.29

Ho 1.23 1.48 1.38 1.42 1-40 1.16

Er 379 4.42 4.26 4.36 4.32 357

Tm 0564 0-693 0-634 0-651 0-644 0537

Yb 3.84 4.39 4.31 4.44 4.38 3.69

Lu 0-605 0711 0-671 0-694 0-686 0572

Hf 3.45 4.24 3.91 3.97 3.90

Ta 0-16 0-179 0131 0131 0-129

Tl 0081 0-047 0-103 0-030

Pb 2.88 4.01 3.29 4.22 2.96 2.87

Th 0-885 1.09 0-832 0-847 0-827 0976

u 0-425 0-449 1.06 0-491 0534 0-424

875y /%8gr 07033467 07034217 0-7034216 0.7034316

+ 2SE 7 7 6 6

“3Nd/*Nd 0-513080 0513091 0513072 0-513057

+ 2SE 12 8 12 1

206py, /204py 18.3819 183701 183837 18-3612

+ 2SE 15 28 24 30

207pp /2%%ppy 15.5308 15.5208 15.5334 15.5148

+ 2SE 13 25 21 26

208p, /204ppy 38-2030 38.1892 38.2255 381740

+ 2SE 33 66 53 68

176Hf/177Hf
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Table I: Continued

Cruise: KR02-16 N91-05 N96-11 NT99-09 NT98-10 N84-8404 N92-05

Locality: Kaiyo Myojin Myojin Minami Minami Sagami Sumisu
Knoll Knoll Knoll Hachijo Hachijo Bay Rift

Sample: D7-R1 2K-555- 2K-892- 2K-1109- 2K-1046- 2K-118- 2K-623-

R1 R3 R2-1 R3-2 R1 R1

Latitude (°N): 31514 32.1 32.117 327 327 34.9 31367

Longitude (°E): 139.814 139-833 139-833 139.75 139.75 139-217 139.833

Rhyolite type: R2 R2 R2 R2 R2 R2 R3

Rock type: pumice lava lava lava pumice lava pumice

Sio, 75-62 72-80 71-89 7283 70-47 69-09 73-75

Tio, 0-30 0-36 0-42 027 0-49 047 0-24

Al,05 12.87 14.08 13-73 13-34 14.59 14.95 13-14

Fe,03 2.09 310 4.06 2.16 3.46 478 253

MnO 0-10 011 0-14 0.07 0-16 013 0-14

MgO 0-26 0-65 0-90 0-42 0-80 145 022

Ca0 1.84 317 3.50 2.42 2.91 4.68 1.72

Na,0 4.94 4.63 4.43 4.47 5.22 375 5.31

K,0 1.16 075 0-64 1.29 111 1.07 1.22

P,05 0-06 0-09 0-10 0-06 012 009 0-06

Total 99.23 99.74 9980 97-34 9932 100-46 9832

Mg-no. 19-54 29-30 30-49 27-99 31.32 37.58 14-80

Ca0/Al,04 0-14 0-23 0-25 0-18 020 0-31 0-13

Trace elements (ppm) by XRF

Ba 196-4 157-0 144.6 1881 1811 3209 173-3

Ni 10-3 28 2.7 36 68 2.6 2.3

Cu 46 65 75 64 16.3

Zn 64-4 56.0 77-4 68-0 91.0 45.6 80-0

Pb 3.1 4.3 4.0 5.4 5.3 5.3 4.6

Th 1.7 07 1.0 1.2 2.1 1.6 13

Rb 20-6 1.0 9.0 15.0 197 18-8 237

Sr 1285 144.9 146.7 1618 1816 190-4 1153

Y 45.2 32.7 384 477 44.9 235 52.0

Zr 200-5 135.6 124.6 195.5 217-0 1110 216.6

Nb 2.1 1.2 11 27 38 1.0 2.7

zZr/Y 4.43 415 3.24 4.10 4.83 4.72 417

Trace elements (ppm) by ICP-MS

Sc 13 15-4 10-4 12:2

v

Cr

Co 16-2 21.7 12.0 15-4

Ni 1.25 2.19 1.65 5.26

Cu 5.48 610 4.93 6-42

Rb 9.71 776 1341 17-3

Sr 134 134 143 165

Y 30-3 361 43.1 42.7

Zr 127 119 159 205

Nb 1.18 1.22 272 4.16

Cs 0-681 0-545 0574 0-599

Ba 164 141 181 181

La 5.45 5.10 9.06 11-6

Ce 15.0 14.8 24.6 29.7

Pr 233 2.43 363 4.28

Nd 115 12:6 17-2 20-0

Sm 341 3.99 5.07 5.47

Eu 0991 1.20 1.12 1.50

Gd 4.34 5.25 618 6-43

Tb 0.777 0945 1.13 1.14

Dy 5.17 634 751 742

Ho 1.14 1-39 1-64 1-61

Er 357 4.28 5.1 4.97

Tm 0-540 0-641 0.777 0746

Yb 374 4.34 5.32 5.08

Lu 0592 0-678 0-825 0791

Hf 375 3.60 4.89 5.55

Ta 0-129 0-126 0-249 0-337

Tl 0111 0-102 0-098 0-121

Pb 3.44 4.12 4.68 4.21

Th 0578 0-482 1.03 149

U 0326 0-432 0.705 0596

873y /%8sr 0-703414 0-703410 0-703323 0703249

+ 2SE 6 6 7 7

3Nd/"Nd 0-513057 0-513066 0513060 0-513055

+ 2SE " 12 10 1

206pyy /20%ppy 18-4236 18-4365 18:3130 18-2402

+ 2SE 16 18 22 1

207pp /2%%pp 15.5272 15-5478 15-5222 15.5057

+ 2SE 14 16 21 10

208py /204py 38-3309 383765 38-2168 38-1100

+ 2SE 34 39 53 29

176Hf/177Hf
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Cruise: N92-05 NTO04-10 Ref.
Locality: Sumisu Rift Knoll 336 Myojin Rift Aogashima Rift standard
Sample: 2K-623-R3 H336-R02 H336-R07 D624-3 51-1 48-4 JR-1
Latitude (°N): 31.367 32.514 31516 31.57 31.92 32.16 value
Longitude (°E): 139.833 139.673 139.674 139.62 139.62 139.725

Rhyolite type: R3 R3 R3 R3 R3 R3

Rock type: pumice lava pumice lava lava lava

Sio, 74-10 7477 76-07 75-65 75-72 72.82

TiO, 038 028 033 018 0-34 0-42

Al,O5 13.78 12-86 13-18 12-83 13-42 13.77

Fe,03 2.40 1.95 2.03 2.67 2.47 3.30

MnO 013 008 0-10 0-15 0-16 0-11

MgO 050 036 033 0-15 0-48 072

Ca0 215 2.04 2.03 1.27 2.02 3.19

Na,O 5.31 4.29 4.89 5.71 5.36 4.78

K,0 1.01 1.86 1.23 1.47 1.03 077

P,0s 0.08 006 0.06 002 0-05 0-11

Total 9983 98.54 10025 100-10 101-10 99.99

Mg-no. 29.33 26-87 24-60 10-02 27.85 29.88

CaO/Al,05 0-16 0-16 0-15 0-10 0-15 023

Trace elements (ppm) by XRF

Ba 153.9 199.3 193.6

Ni 4.2 10-8

Cu 1.7 2.0 25

Zn 667 336 42.8

Pb 38 4.4 4.6

Th 21 11 13

Rb 135 322 19.0 21.9 1.2

Sr 142.4 119.0 131.0 815 136-1

\% 46-2 27-0 307 629 364

Zr 2205 155.7 170.0 269-6 1462

Nb 25 23 2.4

Zr/Y 477 5.77 5.55 4.29 4.01

Trace elements (ppm) by ICP-MS

Sc 5.9 81 106 141 4.84
v 18:6 309 205 10-2

Cr 783 10-1 4.67 5.94

Co 1.87 5.30 1.45 1.76

Ni 083 7.98 843 2.10

Cu

Rb 22.4 15.3 21.0 13-2 245
Sr 106 124 78-8 135 273
Y 29.1 31.9 621 53.2 383
Zr 144 163 217 162 91.0
Nb 2.40 2.60 5.04 2.93 14.0
Cs 1.07 0-450 0731 0.776 19-8
Ba 184 184 165 167 45.1
La 9.82 10-1 155 10-4 18:9
Ce 23-0 24.2 40-6 27-6 45.4
Pr 317 338 6-16 4.43 5.75
Nd 130 14.2 277 212 22.7
Sm 319 350 746 5.84 5.67
Eu 0-687 0-838 146 1-63 0-254
Gd 356 3.99 8.10 688 5.60
Tb 0-631 0719 1.45 1.23 0971
Dy 413 451 933 7-92 614
Ho 0926 1.02 2.09 1.75 1.28
Er 278 3.09 617 5.12 4.07
Tm 0-457 0-488 0-963 0.799 0-627
Yb 311 332 630 5.06 4.55
Lu 0-491 0519 0.962 0.766 0-692
Hf 355 379 5.50 4.17 4.66
Ta 0232 0-245 0-385 0218 1.53
Tl 1.52
Pb 377 454 3.82 4.44 18-4
Th 141 1-30 1-68 1-10 25.3
U 0571 0529 0596 0-406 856
873y /%8sy 0-703099 0-703274 0-702911

3Nd/"Nd 0-513097 0513103 0-513090

206py, /204pyy 18-3075 18-3033 18-2864

207pp /2%%pp 155171 15-5166 15-5214

208py, 204ppy 38-149 38.145 38.179

78R/ T HE 0-283230 0283226 0283227
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Fig. 4. Variation diagrams of rhyolites from basalt-dominant island volcanoes (R1), rhyolites from rhyolite-dominant submarine volcanoes (R2)
and rift-type rhyolites (R3). The locations of Rl and R2, which alternate along the Izu~Bonin volcanic front, are shown in Figs 2 and 3. (a)
Variation diagrams of wt % SiO, vs major element oxides (wt % ) and Mg-number values [I00Mg/ (Mg + > "Fe)] and those of wt % FeO* vs selected
oxides (wt %). (b) Variation diagrams of wt % SiOy vs selected trace elements (ppm). (¢) CaO/AlyO5 vs Mg-number of rhyolites from basalt-
dominant volcanoes, those from rhyolite volcanoes, rift-type rhyolites and averages of Quaternary andesites and Oligocene andesites (see Fig. 17).
(d) Wt % SiOg vs selected trace element ratios. Lines for arc-front basalts (AFB) show the averages of Quaternary arc-front basalts from Miyake-
(jima) (Yokoyama et al., 2003), Hachijo-(jima) (Ishizuka et al., 2008), Sumisu (Tamura et al., 2005) and Torishima (Tamura ez al., 2007). Oligocene
mafic turbidites (OMT) and rift basalts (RB) show the averages from Gill ¢t al. (1994) and Hochstaedter et al. (2001) and this study, respectively.
Horizontal lines in plots of Zr/Sm, Hf/Sm, and Dy/Yb show the Cl-chondrite ratios, which are 25,0-695 and 1 54, respectively (Palme & Jones, 2004).
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Fig. 4. Continued.

Rb and Zr contents but higher or similar Y. Consequently, between SiOy and Zr and Y in R3 reflect the variation
CaO/AlyO3 and Zr/Y ratios roughly and clearly separate  between different rifts, not within them.

RI from the other types. R2 and R3 are similar in major Figure 4c shows the variation of CaO/Al,Os with
elements, except NayO, which may reflect a lower degree ~ Mg-number of rhyolites, which we relate to the anorthite
of partial melting for R3. The negative correlations (An) content [100Ca/(Ca+Na)] of their plagioclase.
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Fig. 4. Continued.

Rhyolites from basalt-dominant volcanoes have higher
CaO/AlyO3 than those from rhyolite-dominant volcanoes,
whereas R3 have the lowest ratios. R2 rhyolites also have
higher Zr and lower Y contents than R1 rhyolites and they
are clearly different in Zr/Y values (Fig. 4d), which is also
illustrated by the Torishima—SW "Torishima and Sumisu—
South Sumisu pairs that we discuss below. We attribute
the small number of rhyolites with Mg-numbers above
50 to mixing with a mafic component, something that
seems most common in R2.

Figure 4d shows the variation of selected trace element
ratios with SiOy content. Lines show the averages of the
three possible mafic sources of rhyolites,
Quaternary arc front basalts (AFB), Oligocene mafic turbi-
dites (OMT) and Quaternary rift basalts (RB). AFB data
are from Miyake (Yokoyama et al., 2003), Hachijo (Ishizuka
et al., 2008), Sumisu (Tamura et al., 2005) and Torishima
(Tamura et al., 2007). OMT values are from Gill et al. (1994).
RB data are from Hochstaedter et al. (2001) and this study.
The differences and relative orders between R1, R2 and R3

which are

in Ba/La, Zr/Y and La/Yb are similar to differences
between Quaternary arc front basalts, Oligocene mafic
turbidites and Quaternary rift basalts and, therefore, possible
rhyolite sources. In contrast, the difference in Zr/Sm and
Hf/Sm may reflect differences in the processes of magma
genesis.

Figure 5 shows the contrasting REE patterns between
the different rhyolite types. Rl rhyolites have light REE
(LREE)-depleted patterns (Fig. 5a), R2 rhyolites have
LREE-enriched patterns (Fig. 5b) and R3 rhyolites have
similar patterns to R2 rhyolites, but extend to higher con-
centrations (Fig. 5¢). Figure 5d shows all three rhyolite
types and their contrasting REE patterns. Figure 5e
shows REE patterns of Quaternary Izu AIB from
Hachijo, Miyake, Sumisu and ‘lorishima volcanoes
(Yokoyama et al., 2003; Tamura et al., 2005, 2007; Ishizuka
et al., 2008) and Fig. 5f shows both RI rhyolites and AFB.
Importantly, LREE-depleted patterns in Rl rhyolites
(Fig. 5a) are sub-parallel to those of Quaternary arc
front basalts and andesites from the Izu volcanic front
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Fig. 5. REE patterns of (a) rhyolites from basalt-dominant volcanoes (R1), (b) rhyolites from rhyolite-dominant volcanoes (R2) and (c) rift-
type rhyolites (R3). (d) Different REE patterns between Rl (blue field), R2 (yellow field) and R3 (red field). (e) REE patterns of Quaternary
arc front basalts (AFB) from Miyake, Hachijo, Sumisu and Torishima. (f) REE patterns of Rl rhyolites and AFB, showing similar patterns
depleted in LREE compared with middle REE and heavy REE. (g) La/Sm vs Dy/Yb of Quaternary arc front basalts (AFB), Quaternary rift
basalts (RB) and Oligocene mafic turbidites (OMT). (h) La/Sm vs Dy/Yb of three kinds of rhyolites (R1, R2 and R3) compared with fields of
AFB, RB and OMT.
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{ Oligocene mafic turbidites (Gill et al., 1994)
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Fig. 5. Continued.

(e.g. Gill et al., 1994; Shukuno et al., 2006). The LREE-
enriched patterns of the R2 rhyolites (Fig. 5b) differ from
both those of R1 rhyolites and Quaternary frontal basalts.
None have negative Ce anomalies and the average Eu
anomaly of all three types is —20%. Figure 5g shows La/
Sm vs Dy/Yb ratios of AFB, RB and OMT. Quaternary
AFB have lower La/Sm compared with OMT and Izu rift
basalts. Dy/Yb values have similar ranges within AFB and
OMT, but RB have steeper REE patterns. La/Sm increases
from R1 through R2 to R3 (Fig. 5h). The rhyolites overlap
in Dy/Yb, but ratios in 50% of Rls are higher than in any
of the R2s, whereas two of the R2s are lower than any of
the Rls. R3s extend to the highest La/Sm and show a neg-
ative correlation between La/Sm and Dy/Yb that reflects
the variation between rifts. All rhyolites have a restricted
range of Dy/Yb at the low end of the range of their possible
malfic sources. R1 overlaps more of the basalt field than R2,
which may be consistent with more amphibole in the
source of R2.

New Sr, Nd and Pb isotopic data for rhyolites from
the Torishima Rift, SW 'lorishima, Torishima, South
Sumisu, Myojin Rift, Myojin Knoll
South Hachijo are integrated with previously published
data for Quaternary frontal volcanoes in the Izu—Bonin
arc (Taylor & Nesbitt, 1988; Ishizuka e/ al., 2003q,
2008; Yokoyama et al., 2003; Tamura et al., 2005) and the
Sumisu Rift (Hochstaedter et al., 19904). Figure 6 shows
along-arc Sr—Nd-Pb isotopic and Zr/Y ratios for lavas
from frontal volcanoes, the Torishima—Sumisu—Myojin

Sumisu, and

BONIN RHYOLITES

@ rhyolites from basalt-dominant island volcano (R1)
O rhyolites from rhyolite-dominant submarine volcano (R2)
I rift-type rhyolites (Sumisu Rift, Myojin Rift) (R3)

3.0

Oligocene
mafic turbidites

201

10F ~-7 /\‘Quaternary rift basalts

Quaternary arc front basalts

0 1 1 1 1
1.5 1.6 1.7

Dy/Yb

1.8

Rifts and the Oligocene arc. Results for basalts and
rhyolites from basalt-dominant volcanoes and rifts over-
lap and are plotted together. Rhyolites from rhyolite-domi-
nant volcanoes have lower 87Sr/868r, 206Pb/204Pb,
207pp 294 ph, 28Ph/2*Ph, and usually "*Nd/**Nd than
lavas (basalt-rhyolite) from nearby basalt-dominant vol-
canoes (Fig. 6). Systematic along-arc variations in the iso-
topic composition of the mafic lavas of the Izu—Bonin arc,
which have been reported by Taylor & Nesbitt (1998) and
Ishizuka et al. (2003a), do not apply to the rhyolite
volcanoes.

Lava, turbidite, and tephra samples from the Oligocene
Izu arc all have lower Pb, Sr, and usually Nd isotope
ratios than their Quaternary analogues (Gill e al., 1994;
Taylor & Nesbitt, 1998; Straub et al., 2007). The difference
may reflect a temporal change in the character of the
recycled subducting sediment. Although the Oligocene
dataset is small at present, it is consistent. The volcaniclas-
tic materials may be derived from many different volca-
noes. Even though the lower isotope ratios of the
rhyolite volcanoes do not exactly overlap the existing data
for Oligocene samples,
Quaternary values suggests derivation at least in part
from Oligocene arc crust. It is possible, of course,
that there are along-strike isotopic variations in the
Oligocene arc too, such that the apparent similarity
between the R2 rhyolites and Oligocene crust is fortuitous.
However, additional data would be needed to test this
hypothesis.

their consistent offset from
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Fig. 6. Along-arc Sr—Nd—Pb isotopic and Zr/Y variations in lavas from frontal arc volcanoes and the Myojin—Sumisu—Torishima rifts, Izu—
Bonin arc. Data from this study (SW Torishima, Torishima, South Sumisu, Myojin Knoll, South Hachijo, Torishima Rift, Sumisu Rift and
Myojin Rift), Taylor & Nesbitt (1998), Ishizuka et al. (2003a) (Quaternary frontal volcanoes), Ishizuka et al. (2008) (Hachijo-jima submarine
parts), Yokoyama et al. (2003) (Miyake-jima), and Hochstaedter et al. (1990b) (Sumisu Rift). The values for the Oligocene arc are from turbidites
(Gill et al., 1994), ODP Hole 792E (Taylor & Nesbitt, 1998) and tephras (Straub et al., 2007).
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The lower Sr and Pb isotope ratios of rhyolite volcanoes
also are similar to those of the Plio-Pleistocene basalts
from the backarc knolls (BAK) extensional zone behind
the Izu volcanic front (Hochstaedter et al., 2001; Ishizuka
etal.,2003a) (in this study, we make no distinction between
backarc rift and backarc knoll basalts). Rhyolites and
basalts from the Torishima—Sumisu and Myojin Rifts have
the lowest Sr and Pb isotope ratios. Thus some rhyolites,
especially R3 types, could be related genetically to Plio-
Pleistocene basalts.

CASE STUDIES OF RHYOLITE
FROM TWO RHYOLITE-
DOMINATED VOLCANOES

1o understand these differences better, we have studied two
new examples of rhyolite-dominated volcanoes in detail
(SW Torishima and South Sumisu). Figure 7 shows a
bathymetric map of the frontal island volcanoes
Myojinsho, Sumisu and Torishima, and the rifts just
behind them. There is a dramatic decrease in middle crus-
tal thickness along the 30km distance from Sumisu to
South Sumisu volcano (Fig. 3). Basalt—basaltic andesite
(<55 wt % Si0y) and dacite-rhyolite (66-74 wt % SiOy)
are the predominant eruptive products in the Sumisu cal-
dera volcano (Tamura et al., 2005; Shukuno et al., 2006),
whereas South Sumisu is dominated by rhyolites with
~75wt % SiOs. Torishima, at the other end of the spec-
trum, is a large volcano with a predominantly basaltic
composition (Tamura et al., 2007). There is a small knoll
SW of "lorishima, which is linked to the Torishima volcano
by a linear topographic high (Fig. 7). Nishizawa et al.
(2006)
Torishima toward the Shikoku basin to the west. Their pro-
file shows that the middle crust is thick below Torishima
volcano, and that it decreases in thickness westward
toward the Torishima Rift near the SW Torishima Knoll.
It thickens again toward Horeki seamount, a basaltic vol-
cano located in the rear-arc.

Stratigraphic sections exposed on the rift wall of these
rhyolite-dominant (SW
Torishima and South Sumisu) were surveyed and sampled
using ROV Hyper-Dolphin aboard the R.V. Natsushima
during JAMSTEC NTO06-21 cruise in November 2006.
Dive HD-616 studied SW Torishima from the bottom of
the rift valley [2120 m below sea level (mbsl)] to 1132 mbsl
(Fig. 8a). Dive HD-617 studied South Sumisu from the
bottom of the rift valley (2110 mbsl) to 1386 mbsl (Fig. 8b).
Figure 9 shows the lithologies exposed in SW orishima

studied across-arc structural variations from

two submarine  volcanoes

and South Sumisu from the bottom to near the top of the
sections, and Figure 10 shows schematic sections through
these two rhyolite volcanoes interpreted based on the
ROV observations and chemical analyses of the recovered
rocks. Figure 11 compares stratigraphic chemical profiles of

BONIN RHYOLITES

the submarine rocks with those of lavas from the lorishima
and Sumisu volcanoes.

SW Torishima (Dive HD-616)

We collected rocks ranging from basaltic pillow lavas at the
base (Fig. 9a) to rhyolite lava breccia near the top (Fig. 9f).
Figure 9c¢ shows that the lowest rhyolite breccia is overlain
by a basalt flow, which changes upward into pillow lavas
(Fig. 9d). Rhyolite pumice tuff, volcaniclastic rocks and
breccia predominate from 1830 m to 1130 m (Fig. 9e and f).
Figures 10 and 11 show that the rocks are bimodal in terms
of SiO, content consisting of basalts (~50 wt % Si1Oy) and
rhyolites (~70 wt % SiOy). Basaltic pillow lava at the base
(~2100m) and brecciated lavas at a depth of ~1800 m are
differentiated (Mg-number =40-50), and are similar to
Torishima high-Zr basalts in terms of their Sr, Nd, and Pb
isotope and Zr/Y ratios (Tamura et al., 2007). On the other
hand, primitive pillow lavas, which have Mg-number of
6667, at a depth of ~1900-2000m are similar to the
Sumisu rift basalts (Hochstaedter et al., 1990a, 19900).
Interestingly, although the rift basalts cover part of the sur-
face of the SW Torishima rhyolites (Fig. 9¢), they might not
be related to the magmatism of SW Torishima (Fig. 10a).
The rift wall of the South Basin of the Sumisu Rift was
investigated by ALVIN Dive 1889 located between our two
dives. It recovered 10-14 Ma rift basalts (Hochstaedter
et al., 1990a). However, ODP Site 788, just 5 km east of this
rift wall, recovered only Pliocene rhyolite pumice and no
basalt. It seems that the rift walls are locally covered by
basalts that erupted in the rift but did not extend into the
volcanic front.

South Sumisu (Dive HD-617)

Dive HD-617 (Fig. 8b) began on the Sumisu Rift floor, and
documented lithologies on one of the steepest cliffs from
the rift floor up to a point just west of the South Sumisu
caldera. The bottom of the rift is thickly covered by fine,
light-colored sediment, perhaps volcanic ash. No pillow
lavas (as seen in Dive HD-616) were observed on the floor
of the rift valley. The Sumisu Rift wall seems to expose the
lower west flank of South Sumisu volcano, which consists
mostly of massive rhyolite dikes that display beautiful
columnar joints (Fig. 9g and h), and are chemically similar
to the rhyolite from SW "lorishima (Fig. 11b). The observed
layering of fine tuff and coarser volcaniclastic rocks in
parts of the section (Fig. 10b) is similar to that of the
Mio-Pliocene  Shirahama  Group, Izu  Peninsula
(Cashman & Fiske, 1991; Tamura et al., 1991). These rocks
were possibly the basement of the South Sumisu volcano
intruded by rhyolite dikes.
Alternatively, given that the layered section seems to over-
lie the rhyolitic unit, it is possible that these stratified

and were subsequently
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Fig. 7. Bathymetric map of the Myojinsho, Sumisu and Torishima area; contour interval 100 m. Data source: SeaBeam2100 and 2112 series,
SeaBat and HSI0 multi-narrow beam bathymetry by JAMSTEC research vessels obtained so far. JTOPO30 bathymetric dataset was compiled
by Japan Hydrographic Department, Maritime Safety Agency, and consists of 30 min x 30 min gridded data. These datasets were smoothly
merged using weighted means and simple averages using Generic Mapping Tools (GMT) software (Wessel & Smith, 1995). Details within the
two rectangles showing the tracks of ROV Hyper-Dolphin are presented in Fig. 8.
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Fig. 8. The tracks of ROV Hyper-Dolphin. (a) HD-616 from 2130 to 1132 mbsl at the western wall of SW Torishima dissected by the Torishima
Rift. (b) HD-617 from 2110 to 1386 mbsl at the western wall of South Sumisu dissected by the Sumisu Rift. Bathymetric contours are shown in
meters below sea level.
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Fig. 9. Facies exposed in SW Torishima (HD-616) and South Sumisu (HD-617). Each scale bar represents ~50 cm. Collected sample numbers
are shown in parentheses in captions. (a) HD-616, 2124 mbsl. Pillow lava at the bottom of the rift wall, which is chemically identical to the
Torishima high-Zr basalt (HD-616-R01). (b) HD-616, 2057 mbsl. Rhyolite breccia (HD-616-R04). (c) HD-616, 2050 mbsl. Rift basalt lava flow
(right) covers rhyolite breccia (left). (d) HD-616, 1957mbsl. Pillow lavas having affinity to rift-basalt (HD-616-R07). (e) HD-616, 1831 mbsl.
Massive basalt dike? Similar to Torishima high-Zr basalt (HD-616-R09). (f) HD-616, 1381 mbsl. Rhyolite monomictic lava breccia (HD-616-
R15). (g) HD-617, 1806 mbsl. Massive rhyolitic coherent unit with well-developed columnar joints (HD-617-R06). (h) HD-617, 1743 mbsl.
Massive rhyolitic coherent unit (HD-617-R08).
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Fig. 10. Schematic observations and interpretation of cross-sections of SW Torishima and South Sumisu. Samples recovered from each section

are shown. Letters a—h correspond to facies in Fig. 9.

volcanic rocks are related to the eruption of the South
Sumisu volcano after or during emplacement of the rhyo-
lite dikes.

Bulk-rock and mineral chemistry

Rhyolites from SW Torishima (69-4-70-8 wt % SiOy) are
slightly lower in SiO, content than those from South
Sumisu (719-72-:3wt % SiO,, Fig. 11). Rhyolites from
Torishima and Sumisu have wider ranges in SiOy content
and Mg-number, and the same isotopic range as the
basalts from these volcanoes; the two rock types are there-
fore plotted together. Torishima and Sumisu basalts and
rhyolites are significantly different in their Sr, Nd and Pb
isotope composition from rhyolites from SW ‘lorishima
and South Sumisu (Fig. 11). In all cases the isotope ratios
are higher in lavas from Torishima and Sumisu volcanoes.
Zr|Y values also are consistently higher in SW Torishima

and South Sumisu rhyolites than in the Torishima and
Sumisu lavas.

Rift basalts recovered in HD-616 from SW ‘lorishima
have Mg-number of ~70; these are much more primitive
than the Torishima and Sumisu basalts (Mg-number
40-60), and have significantly lower % Sr/*Sr, 22°Ph/***Ph,
27Ph2*Ph and *"Pb/***Pb ratios compared with the
arc lavas of Torishima and Sumisu. These values are simi-
lar to those for Sumisu Rift basalts recovered several tens
of kilometers to the north (Hochstaedter et al., 19905).
Rhyolites from SW Torishima and South Sumisu are
between the rift basalts and Torishima and Sumisu lavas
in terms of their Sr and Pb isotope compositions (Fig. 11).
Rift basalts have similar Zr/Y to Torishima and Sumisu
lavas and much lower values than in rhyolites from SW
Torishima and South Sumisu. These differences between
the SW  ‘lorishima—South Sumisu rhyolites and the
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Fig. 11. Water depth vs silica content, Mg-number, isotope ratios (87Sr/86$r, l”W’Nd/lj‘”*l\T(:l, 2()F’l)b/QlHPb, 2071’b/2“41’b, and QUSPb/QMPb), and Zr/Yof
rocks collected from (a) Dive HD-616 at SW "lorishima and (b) Dive HD-617 at South Sumisu. Torishima and Sumisu are large basalt-dominant
volcanoes and representative samples from them are shown at the top of each diagram. Isotope and Zr/Y ratios are the same for their basalts
and rhyolites. The ranges of lorishima and Sumisu rhyolites are shown by the grey bands. HD-616 recovered three rock types: rift basalts,
Torishima high-Zr basalts, and SW Torishima rhyolites. HD-617 recovered only South Sumisu rhyolites. Rhyolites from SW Torishima and
South Sumisu have similar Sr, Nd and Pb isotope compositions and Zr/Y, but they are different from the rhyolites of Sumisu and Torishima.
In most cases the isotope ratios are higher and Zr/Y values are lower in rhyolites from Torishima and Sumisu volcanoes.

Torishima—Sumisu rhyolites are generally seen between
rhyolite-dominant volcanoes and basalt-dominant volca-
noes as shown in Fig. 6.

All South Sumisu and SW Torishima rhyolites have the
same phenocryst assemblage, consisting of a few volume
per cent of euhedral to subhedral plagioclase, orthopyrox-
ene, clinopyroxene and opaque minerals. This phenocryst
assemblage is the same as that of the Sumisu dacites and
rhyolites (Shukuno et al., 2006). Figure 12 shows histograms
of clinopyroxene, orthopyroxene and plagioclase composi-
tion for (a) Sumisu dacites based on the data of Shukuno
et al. (2006), (b) SW 'lorishima rhyolites, and (c¢) South
Sumisu rhyolites. The rhyolites from SW ‘Torishima and
South Sumisu have a limited and similar range in mineral
compositions. These compositions are plotted together and

compared with the dacites of Sumisu in Fig. 13. The rela-
tionship in Mg-number between augite and orthopyroxene
is similar in all three cases (Fig. 13a), although Sumisu has
a wider range. On the other hand, the relationship
between the An content [100Ca/(Ca+ Na)] of plagioclase
and the Mg-number of orthopyroxene (and augite) is dif-
ferent between basalt-dominant Sumisu and rhyolite-domi-
nant South Sumisu and SW Torishima (Fig. 13b). At a
similar An content (An.sg), lavas from the latter two have
more magnesian orthopyroxene. We attribute the differ-
ence to the bulk composition of the melt because the
plagioclase An content correlates positively with the CaO/
AlyOj3 of the bulk-rocks; the CaOJ/Al,O5 values of the
South Sumisu and SW Torishima lavas are lower than
those of the Sumisu rhyolites (Fig. 13d). Generally, rhyolites
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Fig. 12. Frequency distribution diagrams for core (black) and rim (grey) compositions of clinopyroxene, orthopyroxene and plagioclase phe-
nocrysts in lavas from (a) the Sumisu caldera, (b) SW Torishima and (c) South Sumisu.
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from rhyolite-dominant volcanoes are lower in CaO/Al,O4
than those from basalt-dominant volcanoes (Fig. 4¢).

GENESIS OF IZU ARC RHYOLITES

Felsic magmas can originate from two end-member pro-
cesses: by fractional crystallization of basaltic or andesitic
parents; or by partial melting of basaltic, andesitic, or sed-
imentary sources. Apart from sediment melts, these
options are notoriously difficult to distinguish between.
Because the Izu rhyolites lack evidence of non-volcanic

sedimentary sources yet are abundant and diverse, we
explore the possibility that the differences between rhyolite
types reflect differences in their igneous parents or sources.

Middle crust andesite sources for rhyolites
Basalts, andesites, dacites and R1 rhyolites from the basalt-
dominated Sumisu caldera volcano all have similar REE
patterns and Sr—Nd—Pb isotope ratios, indicating that
they are genetically related and retain characteristics
inherited from a parental basalt magma derived from the
mantle in the Quaternary. Whether this relationship is via
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fractional crystallization or partial melting and melt segre-
gation is uncertain, but several lines of evidence argue
against fractional crystallization. Andesites are less abun-
dant than dacites and rhyolites. Mass-balance calculations
between basalt and andesite, in which phenocryst phases
are subtracted from basalts to produce andesites, are
unsuccessful (Shukuno et al., 2006). Some andesites contain
Fo-rich olivines, andesites and dacites contain sieve-tex-
tured plagioclase and reversely zoned orthopyroxenes,
and there are temperature increases of ~200°C from core
to rim in orthopyroxene phenocrysts based on two-pyrox-
ene thermometry (Sumisu andesite ~900 to 1100°C and
dacite ~800 to 1000°C) (Shukuno et al., 2006). These obser-
vations suggest magma mixing in the andesites and are
inconsistent with simple fractional crystallization from
basalt through andesite to rhyolite. However, they are con-
sistent with remobilization of an andesite mush as has been
envisaged in the Adamello massif, Italy (Blundy & Sparks,
1992), the Lascar volcano, Chile (Matthews et al., 1999), the
Soufriere Hills volcano, Montserrat (Murphy et al., 2000;
Couch et al., 2001; Harford & Sparks, 2001), the Daisen vol-
cano (Tamura et al., 2003) and the Oto-Zan lava flows on
Shodo-Shima Island (Tatsumi ez al., 2006), SW Japan.

A second reason for believing that rhyolites are derived
from andesitic sources is that the middle crust in the Izu
arc has a V,, of 6:0-6-:8km/s at depths between 5 and
20km (Kodaira et al., 20074, 20075). Based on a compari-
son with the measured seismic velocities of samples of
Tanzawa tonalite (Kitamura et al., 2003), the upper part
of the Izu middle crust (V,=6-0-6-5km/s) seems to con-
sist of rocks with high SiOy contents (>64 wt % SiOy), and
the lower part of the middle crust (V},=6-5-6-8 km/s) con-
sists of rocks of intermediate composition (54—63 wt %
Si0y). The southern part of the Izu—~Bonin arc has a thin-
ner total crust than the northern part, but the ratio of
middle crust to total crust in the south is similar to that
below the basalt volcanoes in the north (Kodaira et al.,
2007b). In contrast, the crust below the rhyolite volcanoes
in the north has relatively less middle crust (Kodaira et al.,
2007a, 2007b). We therefore infer that the middle crust
below rhyolite volcanoes was originally thicker than at
present. If so, then the observation that rhyolite-dominant
volcanoes are underlain by thinner middle crust (Fig. 3) is
consistent with partial melting of andesite because produc-
tion of rhyolite from andesite would decrease the thickness
of andesitic middle crust and increase the thickness of
mafic restite in the lower crust.

Although we prefer andesitic sources for rhyolitic
magma for the reasons given above, we cannot exclude
the possibility that some rhyolites are derived from basalt,
either directly via fractional crystallization or indirectly by
partial melting. Our main observation is that the three
rhyolite types cannot be derived from the same source,
and we argue below that R1 rhyolites at island volcanoes

BONIN RHYOLITES

are derived from Quaternary sources (basaltic or andesi-
tic) whereas R2 and R3 rhyolites from submarine calderas
and rifts are derived from Oligocene sources.

Dehydration melting of Izu—Bonin tonalite
(SiO; ~ 60wt %) at 3 kbar

The Tanzawa complex is a part of the Izu—Bonin arc crust
that has been obducted onto Honshu, and is considered to
be chemically similar to the middle to upper crust of the
Izu—Bonin arc (Kawate & Arima, 1998). Kitamura et al.
(2003) measured elastic wave velocities of tonalites col-
lected from Tanzawa. lonalites with >64 wt % SiO, and
54-63 wt % SiOy show seismic velocities consistent with
the upper and lower part of the middle crust, respectively
(Kodaira et al., 2007a). Thus, the Tanzawa tonalite is con-
sistent with the geophysical characteristics of the Izu—
Bonin arc middle crust. Shukuno et al. (2006) showed that
dehydration melting of Tanzawa tonalite (SiOq ~60 wt %)
produces rhyolitic melts broadly similar to the rhyolites at
Sumisu caldera; the experimental melt compositions are
given in Electronic Appendix Table 2. Dehydration partial
melting of this andesitic source can produce melts ranging
from high-silica rhyolite (76-78 wt % SiOy) at 900°C to
dacite (68-70wt % SiOy) at 1050°C (Fig. 14), leaving a
two-pyroxene gabbro residuum. Degrees of melting range
from ~20% at 900°C to ~50% at 1050°C. The Mg-
number values of the melts do not change very much, but
SiOy and KyO contents decrease and Al,Os, FeO, and
CaO increasing melting temperature
(Fig. 14). Two-pyroxene thermometry data for the Sumisu
dacites and rhyolites suggest temperatures of 850—-1050°C;

increase with

this result is consistent with the experimental melting tem-
peratures if these magmas were produced by dehydration
partial melting of tonalite (Shukuno et al., 2006). The
TiOy, MgO and CaO contents of the experimental high-
silica rhyolites (>73 wt % SiOg) are higher than those of
the (R, R2 and R3) (Fig. 4
Equilibration with amphibole during crystallization or
melting seems to play a more important role in the petro-

actual rhyolites

genesis of R2 than in Rl or the amphibole-free experi-
ments (Shukuno et al., 2006). Sm is more compatible than
Zr and Hf in amphibole, and thus equilibration with
amphibole would explain the higher (supra-chondritic)
Zr/Sm and Hf/Sm ratios in R2, and the overall negative
correlation between Dy/Yb and SiO, (Fig. 4d). The Dy/
Yb systematics noted generally for arc magmas (Davidson
etal.,2007) are difficult to apply, but all the rhyolites have a
restricted range of Dy/Yb values that lie at the low end of
values for their potential mafic sources, and Rl overlaps
more of the basalt field than R2 (Fig. 5h). This is consistent
with more amphibole in the source of R2.

Figure 15 shows the relationship between experimental
melting temperatures, CaO/Al;O3 Mg-number and melt
fraction. At 3 kbar, Mg-number is constant at ~20-40%
melting, but CaO/Al,Oj3 increases from about 0-2 to 0-3.
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The CaOJ/Al;,O3 values of rhyolites from the Izu—Bonin
arc range from ~0-1 to ~0-5 (Fig. 4c), with rhyolites from
basalt-dominant volcanoes (R1) having the highest CaO/
AlyOs ratios and rift-type rhyolites (R3) the lowest. The
differences are too large to reflect derivation from the
same source. REE patterns (Fig. 5), Zr/Y values, and Sr—
Nd-—Pb isotope compositions (Fig. 6) also show greater dif-
ferences between rhyolite types than can be produced from
a uniform source. Figure 6 shows that the Sr—=Nd—Pb iso-
tope ratios of the R2 rhyolites are closer to Oligocene than
Quaternary values (Gill et al.,1994; Taylor & Nesbitt, 1998).
Thus, the RI rhyolites could be derived from Quaternary
andesitic sources whereas the R2 rhyolites may be derived
from Oligocene sources. R3 rhyolites are most similar to
the rift basalts in isotopic composition.

Oligocene vs Quaternary andesite sources
in the Izu—Bonin arc

The eruptive products of the Quaternary volcanoes of the
Izu—Bonin arc are volumetrically bimodal and andesites
are minor in volume (Tamura & Tatsumi, 2002). The
same is true for the Oligocene to Pleistocene volcaniclastic
deposits and sandstones recovered by ODP drilling in the
forearc (Gill et al., 1994; Hiscott & Gill, 1992). The most
voluminous rocks in the Tanzawa suite, however, are tona-
lites with ~60 wt % SiO, (Kawate & Arima, 1998); this
finding suggests that andesitic compositions are volumi-
nous in the Izu—Bonin arc middle crust. Compositions
from 57 to 63 wt % SiO,, which meet the requirement of
the middle crust composition based on seismic velocities
(Kodaira et al., 2007a), are known from the Quaternary
volcanoes (Tamura & Tatsumi, 2002; Tamura et al., 2005,

2007; Shukuno et al., 2006) and Oligocene turbidites
(Hiscott & Gill, 1992). Figure 16 shows the variation of
FeO*/MgO vs wt % SiO9 and Mg-number vs wt % SiO,
for Quaternary andesites and Oligocene andesites. In
terms of FeO*/MgO or Mg-number, the Quaternary ande-
sites are about 50% calc-alkaline and 50% tholeiitic,
but most Oligocene andesites are calc-alkaline (Fig. 16).
The biggest difference is in CaO/Al,O5 (Fig. 17).
Oligocene andesites (turbidites) have CaOJAl,O3 values
ranging form ~0-1 to ~0-5, whereas the Quaternary ande-
sites have higher values (0-4—0-6) for both tholeiitic and
calc-alkaline varieties. Melting experiments on tonalite
(Fig. 15) suggest that different melt fractions (20-40%)
have similar CaO/Al,Oj5 (different by only ~O0-).
Therefore the difference in CaO/Al,O5 between R1, R2
and R3 rhyolites can be attributed to the difference
between their Quaternary and Oligocene andesite sources,
respectively.

Figure 18 shows the difference between the REE patterns
of Oligocene (23-30 Ma) and Neogene turbidites (4—15
Ma) (Gill et al., 1994), and compares them with
Quaternary Sumisu andesites (Shukuno et al., 2006). The
REE patterns of the Oligocene andesites (turbidites) are
flat to slightly LREE-enriched (Gill ez al., 1994). As the
result of the Shikoku backarc basin formation from 25 to
15 Ma, REE patterns changed to depleted ones in the
Quaternary (Gill e al., 1994) (Fig. 18). The REE patterns
of Oligocene and Quaternary andesites (turbidites) are
almost parallel to those of rhyolites from rhyolite-domi-
nant volcanoes (R2) and rhyolites from basalt-dominant
volcanoes (R1) (Fig. 5), respectively.
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Fig. 17. CaO/Al,0O5 vs Mg-number for the Izu-Bonin arc andesites (57-63 wt % SiO,). Oligocene andesites (turbidites) have a wider range in
CaO/AL,O4 from ~0-1 to ~0-5, whereas both the tholeiitic and calc-alkaline Quaternary andesites have high CaO/Al;,O5 (0-4-0-6).

Figure 4d shows that there is a significant difference in
Zr[Y ratios between rhyolites from basalt-dominant and
rhyolite-dominant The Zr/Y of
Oligocene andesites (3—4) are also higher than those of
Quaternary andesites (2-3). Figure 19 tests the hypothesis
that this difference could be caused by variable degrees of
partial melting of a dry andesitic source. Zr/Y values in
partial melts are estimated by using the modes of residual
minerals and melt fractions in the Tanzawa tonalite melt-
ing experiments (Shukuno et al., 2006), Zr and Y concentra-
tions of Oligocene andesite (Gill et al., 1994) and Sumisu
andesite as sources (Shukuno et al., 2006), and partition
coefficients of Zr and Y between dacitic and rhyolitic melt

volcanoes. ratios

and plagioclase, orthopyroxene, clinopyroxene and mag-
netite (Ewart & Griffin, 1994). Partial melting of a single
source cannot change the Zr/Y ratio by as much as the dif-
ference between the Rl and R2 rhyolites. Instead, an
increased degree of melting will decrease the Zr/Y ratio
by only one unit. Therefore, the systematic difference in
Zr[Y between Rl and R2 requires different sources such
as Quaternary versus Oligocene basalts and andesites.
Lavas from rhyolite-dominant volcanoes and those from
basalt-dominant volcanoes have different Sr, Pb, and
sometimes Nd isotope ratios, and R2 and R3 are displaced
toward values for the Oligocene arc (Fig. 6). This is consis-
tent with their derivation, at least in part, from older

crustal sources. It should be noted that none of the rhyolite
types can be derived from Eocene sources, which differ iso-
topically from younger sources, most notably in Pb and Hf
(Pearce et al., 1999; Ishizuka et al., 2006). None of the rhyo-
lites share those distinctive traits. This may indicate that
Eocene middle crust does not extend as far west as the cur-
rent volcanic front.

It is premature to say whether the differences between
rhyolite types in Izu apply to other arcs. Rl seem to be
more commonly described. For example, rhyolite ignim-
brites in Costa Rica share the trace element and isotope
ratios of associated basalts (Vogel et al., 2006) as do the
2003 dacites from Anatahan volcano in the Marianas
(Wade et al., 2005) and dacites from Raoul Volcano in the
Kermadecs (Smith et al., 2006). However, the R2 and R3
types are not found on islands and may await discovery
elsewhere.

Differentiation models for rhyolite genesis

The preceding discussion can explain many of the differ-
ences between Rl and R2 rhyolites in terms of differences
in their andesitic sources in the middle crust. It cannot,
however, explain the Sr and Pb isotope ratios of the R2
rhyolites, which are lower and higher than in Oligocene
sources, respectively (Fig. 6). Nor can it easily explain the
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Fig. 19. Zr/Y vs SiOy (wt %) of the Izu—Bonin arc Quaternary rhyolites (Fig. 4d) shown by fields (R1, R2 and R3). Rl, R2 and R3 are
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minerals and melt fractions of Tanzawa tonalite melting experiments

(Shukuno et al., 2006), and partition coefficients for felsic melt and plagi-

oclase, orthopyroxene, clinopyroxene and magnetite from Ewart & Griffin (1994). Zr and Y concentrations for Oligocene andesites are from Gill
et al. (1994) and for Quaternary andesites are from Shukuno et al. (2006).

abundance of R3 rhyolite in the backarc rifts and exten-
sional zones far from the heat source of the basalt-domi-
nated arc-front volcanoes. The similarities between the
R2 and R3 rhyolites is consistent with Oligocene andesitic
sources for them both. However, an alternative is that the
R3 rhyolites are genetically related to the BAK basalts
with which they are spatially associated and share many
trace element and isotopic traits. Whether this relationship
is via fractional crystallization or partial melting and
remobilization is a secondary matter.

Interestingly, the BAK basalts share many trace element
and isotopic traits with the Oligocene andesites, including
all of the diagnostic differences between the Oligocene and
Quaternary rocks used above to argue for different andesi-
tic sources. However, most BAK basalts have lower Sr and
Pb isotope ratios and lower Ba/La than most Oligocene
rocks. R3 rhyolites share these traits. Therefore, it is hard
to exclude BAK basalts as a potential source of R3. R3
rhyolites are widespread across the extensional zone and,
therefore, chemically more diverse than Rl and R2. We
do not yet have detailed chemical analysis of this diversity
nor the age of the rhyolites. Therefore, it is premature to
try to identify their source(s) uniquely.

None the less, if R3 rhyolites are related to BAK sources,
then there are two implications. First, some Izu rhyolites
might have basaltic instead of andesitic sources and be
derived by fractional crystallization of basalt instead of
partial melting of andesite. However, this would not
explain the correlations between volcano type and crustal
thickness, which is one of the main points of this study.
Second, there should be no R3 rhyolites before BAK first
appeared at ~2Ma (Ishizuka et al., 2003b); none are
known before that time in ODP cores from the forearc
(Gill et al., 1994; Straub et al., 2004).

The above findings and interpretations prompt us to
favor the concept that the Rl rhyolites are partial melts of
Quaternary andesitic sources in the middle crust, that R2
rhyolites are similarly related to Oligocene andesitic crus-
tal sources, and that R3 rhyolites are derived from BAK
basalts either by fractional crystallization or by remobili-
zation within the crust.

RHYOLITE GENESIS AND

CRUSTAL EVOLUTION

Geochemically, three types of Quaternary rhyolite exist in
the Izu—Bonin arc front, and they are closely related to
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volcano type and crustal structure (Fig. 3): rhyolites from
basalt-dominant volcanoes (R1), rhyolites from rhyolite-
dominant volcanoes (R2), and rift-type rhyolites (R3). Rl
rhyolites have the highest CaO/Al;O3, which results in
higher An content in their plagioclase phenocrysts
(Fig. 13). Rl rhyolites have significantly lower Zr/Y and
LREE-depleted REE patterns, whereas the latter two
have higher Zr/Y and flat to slightly enriched REE pat-
terns. R1 rhyolites have Sr—Nd—Pb isotope compositions
similar to Quaternary Izu—Bonin frontal arc basalts, but
the latter two rhyolites have significantly lower Sr—Nd—Pb
isotope ratios. All of these characteristics of rhyolites from
rhyolite-dominant volcanoes and rift-type rhyolites are
akin to lavas of both the Oligocene arc and the Plio-
Pleistocene We
that the crustal source materials of these three types of
rhyolites are different. It is not well understood, however,
why and how these crustal sources differ systematically
and alternate along and behind the Izu-Bonin arc. A new
petrological model for the general evolution of arc crust
and sub-arc mantle in the Izu—Bonin—Mariana arc—
trench system was presented recently (Tatsumi et al.,
2008). However, the correlation between smaller scale

backarc extensional zone. conclude

along-strike crustal variations with a wavelength of
~80km and their correlation with Quaternary volcano
chemistry (Kodaira et al., 2007a) are the primary concerns
of this study.

Figure 20 is a schematic cross-section for a 100-200 km
segment of the Izu—Bonin arc, showing its volcanism and
crustal evolution from Eocene-Oligocene to present
times. The Eocene—Oligocene crust is assumed to be simi-
lar to the thin crust in the Izu—Bonin forearc (Kodaira
et al., 20076) (Fig. 20a). Once the arc stabilized near its
present location in the Oligocene, locally developed hot
regions within the mantle wedge (hot fingers) were respon-
sible for the production of large basaltic volcanoes
(Tamura et al., 2002). If these mantle sources remain sta-
tionary for millions of years, then basalt-dominant volca-
noes will eventually overlie thicker crust (Kodaira et al.,
2007a) (Fig. 20b). The significant new observation is that
basaltic volcanoes overlie thicker middle crust than do rhy-
olite volcanoes (Kodaira et al., 2007a). Remelting of middle
crust to form rhyolite magmas takes place beneath both
basaltic and rhyolitic volcanoes (Rl and R2 rhyolite,
respectively) (Fig. 20c). However, basalt volcanoes con-
sume new middle crust to produce rhyolite magma
whereas rhyolite volcanoes consume old Oligocene middle
crust. Moreover, rhyolite volcanoes have no mantle roots
beneath the crust. Instead, we propose that dikes from the
adjacent basalt volcanoes provide the heat source to par-
tially melt the crust.

An important question is whether basaltic magma can
be transported laterally for such long distances
(10-50 km) from the basalt volcanoes and whether the

BONIN RHYOLITES

dikes provide a sufficient heat source. Recently, long-dis-
tance lateral magma transport within the crust has been
recognized between Izu—Bonin arc volcanoes (e.g
Nishimura et al., 2001; Geshi et al., 2002; Toda et al., 2002;
Ishizuka et al., 2008). When Miyake (jima) volcano
erupted in 2000, seismic activity began beneath the vol-
cano and migrated about 30 km northwestward for 6
days; this was also accompanied by ground deformation
(Nishimura et al., 2001). These events were interpreted to
reflect long-distance dike injection from Miyakejima vol-
cano (Geshi et al., 2002; Toda et al., 2002). Another example
is from Hachijo volcano. Ishizuka et al. (2008) showed geo-
chemically that magma was transported laterally for long
distances (>20km) at a depth of 10-20 km (middle—lower
crust) from Hachijo volcano, which resulted in the forma-
tion of a 20km long submarine volcanic chain (Hachijo
NW chain). Moreover, seismic reflection profiles of the
Izu—Bonin arc crust support the existence of sills under
the rhyolite volcanoes. Kodaira e al. (2007a) found later-
ally continuous sub-horizontal crustal reflectors within the
arc crust along the volcanic front of the Izu arc. Many of
these reflectors indicate major crustal layer boundaries
that have an abrupt change of velocity gradient. However,
other reflectors that cross isovelocity contours (which are
labeled x in their fig. 8), were interpreted as floating reflec-
tors representing features such as laterally intruded sills up
to 50 km long. These lines of evidence suggest that magma
can be transported laterally for long distances (10-50 km)
from basalt volcanoes. A forearc Pliocene basalt sill drilled
at ODP Site 792 also indicates that magma intruded up to
50km from a basalt-dominated volcano, Aogashima
(Taylor et al., 1995).

Huppert & Sparks (1988) showed that when basalt sills
are emplaced into preheated continental crust, or as envi-
saged here a silicic to intermediate middle crust, a volumi-
nous overlying layer of convecting silicic magma can be
produced. Repeated intrusion of dikes or sills from basalt
volcanoes could preheat the crust between them, resulting
in formation of silicic magmas by melting the ‘continental
crust’ components (middle crust) in the Izu—Bonin arc.
Moreover, the amount of crustal melt generated could be
high compared with the amount of basalt injected
(Huppert & Sparks, 1988).

SW Torishima shows a close relationship between differ-
entiated Torishima basalts, primitive rift basalt (BAK) and
R2 rhyolite (Fig. 11). The differentiated Torishima basalts
must have transferred more latent heat to the crust
through crystallization than the primitive quenched
basalts, and they could be the heat source that produced
the R2 rhyolites. Such a model of production and con-
sumption of middle crust below basaltic volcanoes and
rhyolitic volcanoes, respectively, would explain the dra-
matic along-strike changes in the thickness of the middle
crust over distances <50km (Fig. 3a). R3 rhyolites could
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Fig. 20. Schematic along-arc cross-section of the Izu—Bonin arc, showing the location of volcanism and crustal evolution. (a) Eocene—
present-day Izu—Bonin arc front (Kodaira et al., 20075).
Volcano distribution and variations in crustal thickness in this early stage are not well understood and are omitted. (b) Early Quaternary.
le for the location of basaltic volcanoes (Tamura et al.,
2002). Basalt-dominant volcanoes have thicker crust (Kodaira et al., 2007a) that might have accumulated during Neogene-present times. Black
areas represent basaltic magma systems that thicken the lower crust and also erupt to the surface. Grey areas represent magnesian andesite
magma systems that thicken the middle crust and do not erupt to the surface because their higher water contents promote rapid crystallization
iddle crust and formation of rhyolite magmas takes place
at both basaltic and rhyolitic volcanoes. Basalt intrusions melt new middle crust to produce R1 rhyolite magma at basalt-dominant volcanoes,
and melt Oligocene middle crust to produce R2 rhyolite magma at rhyolite-dominant volcanoes. Rhyolite volcanoes have no mantle roots
the basalt volcanoes to produce rhyolite magma having

Oligocene. Crustal structure is assumed to be similar to that of the thin crust in the

Locally developed hot regions within the mantle wedge (hot fingers) are responsib!

within the crust (Tamura & Tatsumi, 2002). (c) Later Quaternary. Remelting of the m

beneath the crust but dikes (reflector x of Kodaira ez al., 2007a) travel laterally from
the characteristics of Oligocene middle crust.
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be the fractionation products of BAK basalts as discussed
above. Another possibility is that both R2 and R3 rhyo-
lites are partial melts of Oligocene middle crust. In this
case, the heat source for the R3 rhyolites could be dikes
from the frontal basalt-dominated volcanoes and/or the
rift basalts from just below.
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