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Knowledge of the lithological variability and genesis of island arc crust is important for understanding continen-
tal growth. Although the volcanic architecture of island arcs is comparativelywell known, the nature of island arc
middle- and lower-crust remains uncertain owing to limited exposure. One of the best targets for deciphering the
evolution of an island arc system is the Tanzawa Tonalites (4–9Ma), in the intra-oceanic Izu–Bonin–Mariana arc.
These tonalities which occupied a mid-crustal position were generated by partial melting of lower crust. To con-
strain protoliths of the plutonic rocks in the island arc lower crust, in-situ O-isotopic analysis using an IMS-1280
Secondary IonMass Spectrometer was carried out on 202 zircon grains separated from 4 plutons in the Tanzawa
Tonalite. δ18O value of the zircons ranges from 4.1‰ to 5.5‰ and some zircons have δ18O slightly lower than the
mantle range. The low zircon δ18O values from the Tanzawa Tonalite suggest that their protoliths involved ma-
terials with lower δ18O values than those of the mantle. Hydrothermally altered gabbros in the lower oceanic
crust often have lower δ18O values thanmantle and can be primary components of arc lower crust. The Tanzawa
Tonalite is interpreted to have been formed by partial melting of island arc lower crust. Thus the low δ18O values
in zircons from the Tanzawa Tonalites may originate by melting of the hydrothermally altered gabbro. Ancient
oceanic crustal material was likely present in the Izu–Bonin–Mariana arc lower crust, at the time of formation
of the Tanzawa Tonalites.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Arcmagmatism in subduction zones is recognized as a predominant
mechanism for continental growth, because trace element patterns in
arc crust are similar to those of continental crust (e.g., Rudnick, 1995).
The average chemical composition of continental crust is andesitic
(e.g., Taylor and White, 1965), and andesite is an important product of
arc magmatism. Therefore, constraining the chemical composition and
formation of immature arc crust can lead to a better understanding of
the initial stage of the continental crustal growth. The Izu–Bonin–
Mariana arc (IBM arc; Fig. 1A) in the Western Pacific Ocean is an active
and immature intra-oceanic arc, and has attracted much interest from
seismological and geochemical studies to reveal its structure and com-
position (e.g., Suyehiro et al., 1996; Cosca et al., 1998; Ishizuka et al.,
2006; Takahashi et al., 2007; Reagan et al., 2010). Seismic investigations
combined with geochemical data for exposed rocks suggest the pres-
ence of a ~5 km thick tonalitic middle crust overlying mafic lower
crust in northern Izu arc, Mariana arc and West Mariana ridge
(Suyehiro et al., 1996; Kitamura et al., 2003; Takahashi et al., 2007).
81 3 5734 3538.
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Based on the seismic structure of the arc, evolution models from oceanic
crust to present IBM arc were proposed by some researchers
(e.g., Tatsumi et al., 2008). In general, the previous studies have focused
on the process for generation and addition of new arc crust (e.g., Kuno,
1968; Garrido et al., 2006; Tatsumi et al., 2008), but not on the pre-
existing oceanic crust in an immature arc. Kuno (1968) implied that an-
cient oceanic crust may be incorporated into island arc crust during the
early stages of its evolution. For example, a ca.10 km thick layer of oceanic
crust has been imaged seismically in themid crust below the Aleutian arc
along the northwestern margin of Pacific Ocean (Holbrook et al., 1999;
Shillington et al., 2004). Unfortunately geochemical evidence alone is in-
sufficient to confirm the existence of former oceanic crust in island arcs
because of difficulty of sampling. Nevertheless Kay et al. (1986) reported
radiogenic Nd isotopic compositions from xenoliths and volcanic rocks
that they interpreted as evidence for the presence of oceanic crust in
the island arc crust. However, the Aleutian arc may not be a good ana-
logue of other island arcs because the seismic structure of the Aleutian
arc is clearly different from that of the IBM arc. For example the IBM arc
has a ~5 km thick felsic middle layer, that is absent from the Aleutian
arc (Suyehiro et al., 1996; Takahashi et al., 2007).

A number of studies have shown that deep parts of the continental
crust can be exposed in collision zones (e.g., Fountain and Salisbury,
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Fig. 1. (A) Tectonic map of the northern end of the IBM-arc. EU, Eurasian Plate; NA, North American Plate; PHS, Philippine Sea Plate; PAC, Pacific Plate. (B) Geological map of the
Izu-Collision-Zone. ISTL, Itoigawa–Shizuoka tectonic line; TATL, Tonoki-Aikawa tectonic line. (C) Geological map of the Tanzawa Tonalitic Pluton (modified from Kawate and
Arima (1998)) showing sampling localities. We collected tonalities from Ishiwariyama, Otakizawa, Yusin and Asegamaru plutons. Age data are from Tani et al. (2010).
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1981; Mezger, 1992). A similar situation occurs in the Tanzawa Block
in the Izu-Collision-Zone with the exposure of tonalitic rocks youn-
ger than 9 Ma (e.g. Tani et al., 2010) due to collision between the ac-
tive IBM arc and the Honshu arc. The Tanzawa Tonalite is interpreted
to be the mid crust of the proto-IBM arc. It exhibits the geochemical
characteristics and isotopic features of M-type granites, i.e., low K
content and unradiogenic initial Sr isotopic composition (Ishihara
et al., 1976; Kawate and Fujimaki, 1996). It is also similar to felsic ig-
neous rocks in the IBM (Ishizaka and Yanagi, 1977; Takahashi, 1989;
Kawate and Arima, 1998). Thus, the Tanzawa Tonalite is an excellent
suite to trace process during island arc evolution, from oceanic crust
to mature arc crust. The experimental research (Nakajima and
Arima, 1998) suggests that the Tanzawa Tonalites were generated
by partial melting of mafic lower crust of the IBM arc. This implies
that the Tanzawa Tonalite inherited the chemical characteristics of
deeper part of the proto-arc crust. However, although U–Pb ages
and REE data for zircon in mafic enclaves in the Tanzawa Tonalite
were derived from the arc lower crust (Suzuki et al., 2014), the
protoliths containing these zircons have not yet been identified.

Oxygen isotope data for whole rocks andminerals have been used to
constrain the nature of protolith that were melted to form volcanic and
plutonic rocks (e.g., Matsuhisa, 1979; Lackey et al., 2008). Although
Ishihara and Matsuhisa (2005) determined whole rock oxygen isotope
ratios for samples of Tanzawa Tonalite, they could not constrain δ18O
of the source rocks, because whole rock oxygen isotope ratios increase
with increasing SiO2 content (Matsuhisa, 1979; Taylor and Sheppard,
1986; Lackey et al., 2008) and because magmatic whole rock δ18O is
commonly overprinted by subsolidus alteration. However, oxygen iso-
topic ratios of non-metamict zircons are resistant to alteration and ef-
fectively reflect the δ18O of their parental host rock through the whole
rock-zircon fractionation factor (Valley et al., 1994; Lackey et al., 2008).

Therefore, to better understand the nature of the lower arc crust
and thus, the evolution of intra-oceanic arcs, we performed in-situ
O-isotopic analysis on zircon grains separated from the 4 tonalitic plu-
tons (Ishiwariyama, Otakizawa, Yusin, Azegamaru) in the Tanzawa
Block. The data was obtained using a secondary ion mass spectrometer
(SIMS), combined with in-situ trace element analysis using laser
ablation-inductively coupled plasma-mass spectrometer (LA-ICP-MS).

2. Geology

2.1. Geological setting of the Tanzawa Tonalitic Pluton

The IBM arc has been formed by subduction of Pacific Sea plate be-
neath the Philippine Sea plate, and has collided with the Honshu arc
in the Izu-Collision-Zone, central Japan (Fig. 1A; Matsuda, 1978). The
Tanzawa block is located in the Izu-Collison Zone, ca. 300 kmnorthwest
of the triple junction of the Eurasia, North America, and Philippine Sea
plates (Fig. 1B). The Tanzawa block has three main components:
(1) the Tanzawa Group (3–17 Ma), (2) the Tanzawa gabbro suite
(5–6 Ma), and (3) the Tanzawa Tonalitic Pluton (TTP; 4–9 Ma). The
Tanzawa Group, with thickness estimated to be greater than 10 km
(Takita, 1974), is composed mainly of basaltic volcaniclastic rocks
deposited at ca. 3–17 Ma. The group was initially formed in a pelagic
environment before 11 Ma (Shimazu, 1989; Aoike et al., 1995) as
part of the upper crust of the IBM arc, and approached near the
Honshu arc via continuous movement of the Philippine Sea Plate to
the north. The age of the gabbro suite is constrained from zircon U–Pb
dating using SHRIMP-II (5–6 Ma; Tani et al., 2010). The relationship
between the Tanzawa Group and gabbro suite is not clear because of
limited exposure, but in areas, the Group is intruded by the gabbro
suite (Aoike et al., 1997). Both of them are cut by the TTP (Takita, 1974).

The TTP includes tonalite and quartz-diorite, both of which are rich
in magnetite with high magnetic susceptibility (Ishihara et al., 1976).
Based on its very low K2O (mainly 0.13 to 1.90 wt.%; Ishihara et al.,
1976; Kawate and Arima, 1998; Takahashi et al., 2004), low K2O/Na2O
(b0.55; Ishihara et al., 1976; Kawate and Arima, 1998), low Rb, Rb/Sr
and moderately high K/Rb (541–630; Ishizaka and Yanagi, 1977), and
extremely unradiogenic initial 87Sr/86Sr ratios near the mantle value
(0.70331–0.70370; Kawate and Fujimaki, 1996), the Tanzawa Tonalite
is interpreted to have the most typical characteristics of M-type
granite compared to the other granitoids in Japan (Takahashi, 1985).



Fig. 2. (A) Photographs of a tonalite sample collected from Azegamaru pluton (TZW96).
(B, C) Micro-photographs taken in plane and cross-polarized light for a representative
tonalite (TZW96).
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Geochemical characteristics and P-wave velocities of the TTP rocks are
similar to felsic igneous rocks in the IBM arc (Ishizaka and Yanagi,
1977; Takahashi, 1989; Suyehiro et al., 1996; Kawate and Arima,
1998; Kitamura et al., 2003). Therefore, the TTP is interpreted to be
the exposed middle crust (at depths ranging from 5 km to 10 km) of
the IBM arc, and to have been formed in an immature arc environment.

After the initial recognition of the TTP (Takita, 1974; Sugiyama,
1976), Kawate and Arima (1998) subdivided the TTP and gabbro
suites. Although the ages of the TTP were originally obtained by K–
Ar and Ar–Ar analyses (4.3–10.7 Ma: Kawano and Ueda, 1966; Sato
et al., 1986; Saito, 1993), Saito (1993) showed that there was a prob-
lem with the chronology due to the problem of excess Ar. Based on
field relationships, U–Pb zircon geochronology and fission-track
analysis, the TTP is now subdivided into 8 plutonic intrusive events
and 5 stages (Fig. 1C; Yamamoto and Kawakami, 2005; Yamada and
Tagami, 2008; Tani et al., 2010; Suzuki et al., 2014). These are:
Stage 1 — Ishiwariyama pluton (8–9 Ma), Stage 2 — Gabbro suite (5–
6 Ma), Stage 3 — Kumakitazawa, Mizunoki and Otakizawa plutons
(not dated), Stage 4 — Azegamaru and Yusin plutons (4—5 Ma) and
Stage 5 — minor intrusions. The U–Pb zircon ages from the Mizunoki,
Azegamaru and Yusin pluton (4.0–5.4 Ma; Tani et al., 2010; Suzuki
et al., 2014) are contemporaneous with the collision of the Tanzawa
block with the Honshu Arc (3.8–6.8 Ma; Yamamoto and Kawakami,
2005). This suggests that magmatism of Tanzawa tonalities, except for
Ishiwariyama pluton, was syn-collisional. Tani et al. (2010) also sug-
gested the involvement of terrigenous clastics from the Honshu arc to
the magma source, based on elevated Th/Nb ratios in zircons from the
Tanzawa Tonalites.

Genesis of the granitoids in the IBM arc by slab-melting is not possi-
ble because of the age of the subducted slab (N130 Ma; Müller et al.,
1997). Models for the formation of the TTP therefore favored crystal
fractionation and accumulation processes from an intermediate paren-
tal magma (Kawate and Arima, 1998; Takahashi et al., 2004), generated
by dehydration partialmelting of amphibolites in the lower crust of IBM
arc (Nakajima and Arima, 1998). The existence of ~10 km thick mafic
lower crust in the IBM arc was confirmed from seismic observations
(Suyehiro et al., 1996; Kitamura et al., 2003). Age of the arc lower
crust beneath the TTP is estimated fromU–Pb age of zircons inmafic en-
claves included in the TTP (Suzuki et al., 2014). The zircon ages ranging
from 4 to 43 Ma and age of surrounding geological components of the
TTP, which are gabbro suites (5–6 Ma; Tani et al., 2010), the Tanzawa
Block (3–17 Ma; Aoike, 1999) and arc lower crust, suggest that zircons
older than 17 Ma probably come from arc lower crust beneath the
TTP. Distinct characteristics of these older zircons such as lower Eu/
Eu* ratio and irregular shape compared to zircons in the Tanzawa
Tonalite support the explanation (Suzuki et al., 2014). Based on the
oldest age of zircon from themafic enclaves, the arc lower crust beneath
the Taznawa Tonalite is suggested to be formed N43 Ma.

Based on the time interval of formation age between the
Ishiwariyama pluton (Stage 1) and the main body of the TTP (Stages 3
and 4), it is suggested that the partial melting events (and following
crystal fractionation) occurred before and during the arc collision. In
this study,we collected tonalite samples from Ishiwariyama, Otakizawa,
Azegamaru and Yusin types (Fig. 1C) to cover each stage of tonalite
generation.

2.2. Petrography of tonalite

Photographs of a rock specimen and thin sections of the tonalite
from the Azegamaru pluton (TZW96) are shown in Fig. 2. We collected
fresh outcrop samples from the Otakizawa, Azegamaru and Yusin plu-
tons (Fig. 2-a). Because the tonalites at the Ishiwariyama are generally
strongly altered, we used both an outcrop sample (TZW87) and a
fresh boulder sample (TZW89). As some tonalites contain mafic en-
claves, these were avoided during analyses. The tonalites are composed
ofmedium- to coarse-grained silicateminerals and display equigranular
textures. The rocksmainly consist of plagioclase, quartz, hornblende, bi-
otite with minor amounts of K-feldspar (Figs. 2B and C). The grain sizes
are variable, and their average length is ca. 1 mm. Chlorite, actinolite
and epidote are secondary minerals. Accessory minerals are magnetite,
ilmenite, zircon, apatite, and sphene. All samples are plotted in the
tonalite field in the Q–A–P modal diagram from Streckeisen (1976).

3. Sample preparation and analytical procedures

3.1. Whole rock compositions

Six tonalite samples were prepared for whole rock chemistry. Thin
(1–2 cm thick) rock chips weighing about 20 g were cut from fresh
parts of the samples. Visible mafic enclave parts in tonalite were
avoided during this process. The chips were washed with distilled
water using an ultrasonic device, dried completely at 120 °C, and then
crushed using a tungsten-carbide mill and an agate-ball mill. H2O(−)
and loss on ignition (LOI) of rock powders were determined at 110 °C
and 950 °C (over 6 h), respectively.
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Major element compositions (Si, Ti, Al, Fe, Mn, Mg, Ca, Na, K and
P) were analyzed using fused glass disks by X-ray fluorescence spec-
trometer (XRF; RIX 2100, RIGAKU) at the Tokyo Institute of Technology,
Japan. Glass diskswere preparedwith lithium tetraborate flux (Li2B4O7)
in a dilution ratio of 1:10 at 1050 °C. The accelerating voltage was 50 kV
and current was 50 mA during the XRF analysis. Calibration methods
using GSJ standards are after Machida et al. (2008). The repeated analy-
ses of same standard indicate reproducibility of this analysis was better
than 1%, except for Na and P (b5%).

3.2. Zircon separation and in-situ oxygen isotope analysis

Zircon grains were separated from 2 tonalites samples from the
Ishiwariyama and the Azegamaru plutons, and 1 tonalite sample
from the Otakizawa and the Yusin plutons, using standard crushing,
panning and magnetic-separation techniques. The grains were
mounted in 25 mm epoxy disks with chips of KIM-5 standard zircon
(Valley et al., 1998; Valley, 2003) and polished until the midsections
of the grains were exposed. The internal structures of the zircons
and the presence of inclusions were checked using transmitted and
reflected light optical microscopy and cathodoluminescence (CL)
imaging. The CL images were acquired using a Hitachi S-3400 N
scanning electron microscope (Hitachi High Tech. Corp., Japan)
with a Chroma CL2 sensor (Gatan, Inc., USA) at the Tokyo Institute
of Technology.

Before oxygen isotope analysis, the epoxy mount was washed
with de-ionized water and ethanol using an ultrasonic bath. Mounts
were dried in Nitrogen gas prior to coating with gold for SIMS oxy-
gen isotope analysis. Oxygen isotope ratios in zircons were deter-
mined using CAMECA IMS-1280 in the WiscSIMS Laboratory at the
University of Wisconsin-Madison. Analytical procedures are follow-
ed to those reported by Kita et al. (2009). In-situ oxygen isotopes
were analyzed using a 2.0–2.2 nA primary Cs+ beam with ~10 μm
spot size. Secondary 16O and 18O ions were measured simultaneous-
ly using two Faraday cup detectors. KIM-5 zircon (δ18O= 5.09‰ rel-
ative to Vienna Standard Mean Ocean Water (VSMOW); Valley,
2003) was used as a standard, and the average value of eight stan-
dard analyses bracketing each 10 analyses of unknowns was used
to correct instrumental bias. The precision of each analysis is esti-
mated by two standard deviations (2SD) of the reproducibility of
bracketing standard analyses and is ca. 0.3‰ on average. The oxygen
isotope ratios are reported in standard per mil notation relative to
VSMOW (Table 1).

3.3. In-situ U–Pb age and trace-element analyses

Trace element concentrations and U–Pb ratios in zircons were de-
termined by laser ablation-inductively coupled plasma-mass spec-
trometry (LA-ICP-MS) after oxygen isotope analysis. The ICP-MS
(Thermo Scientific iCAP-Q, Kyoto University) is equipped with a ESI
New Wave Research ArF Excimer laser ablation system (NWR193)
operating at 193 nm wavelength. As a carrier gas, He was mixed
with Ar to improve the sample transport efficiency from the sample
cell to the MS, as well as to reduce the sample deposition around
the ablation pit (Eggins et al., 1998). In this study, charcoal filter
was adopted onto the Ar carrier gas in order to reduce themass spec-
trometric interferences on 204Pb by 204Hg (Hirata et al., 2005). Resid-
ual contribution of 204Hg was corrected by subtracting the signal
intensity of 204Hg estimated by the signal intensity of 202Hg. Signal
smoothing device was adopted between the sample cell and the
torch, which improve the stability of the signal intensity (Tunheng
and Hirata, 2004).

Operational settings such as Ar–He gas flow rate, lens biases and
mass resolution were optimized to maximize the intensity of
the29Si signal obtained by laser ablation of NIST SRM610 with the
232Th16O+/232Th+ ratio b1%. All measurements were carried out by
peak-jumping. The 91500 zircon (Wiedenbeck et al., 2004) and
OD-3 were used as primary and secondary standards to correct the
effects of U–Pb fractionation and mass discrimination of the mass
spectrometer. NIST 610 and 612 glasses (Pearce et al., 1997) were
used as standards for estimation of the trace element concentration.
Further analytical procedures are shown in Table S1 in the Supple-
mentary information. We monitored 204Pb during ICP-MS analysis,
and excluded the U–Pb ages of zircons with clearly higher 204Pb
abundances than the gas blank from data presented in tables.

4. Results

4.1. Whole-rock compositions

Whole-rock chemical compositions of the Tanzawa Tonalite are
listed in Table S2 in the Supplementary information. The tonalites
from 4 plutons range in SiO2 and MgO between 64.9 and 71.0 wt.%
and 1.11 to 1.96 wt.%, respectively. Compared to previous studies of
the Tanzawa Tonalite (Kawate and Arima, 1998; Takahashi et al.,
2004), these are relatively felsic compositions. Their low K contents
(0.76 to 1.68 wt.%) and low K2O/Na2O ratio (0.20 to 0.48) are consistent
with the petrologic description (K-feldspar-poor mineral assemblage)
and character of M-type granites.

4.2. Zircon morphology and CL images

Representative CL images of zircons are shown in Fig. 3. Zircons in
the Tanzawa Tonalite typically display euhedral shapes with dimen-
sions generally ranging from 50 × 50 to 100 × 200 μm and are color-
less. Typical zircons from the Ishiwariyama pluton (TZW87, 89) are
smaller than those from the other plutons (Figs. 3A and B). Zircons
from the Otakizawa pluton (TZW94) typically display elongated
shapes with the dimensions of 30 × 150 μm (Fig. 3C).

All of these zircons display blue color, and some parts are pale
green in the CL observation (Fig. 3). The zircons generally display
clear oscillatory zoning and/or sector zoning from core to rim,
whereas some of zircons from the Ishiwariyama and Azegamaru plu-
tons (TZW89, TZW95, and TZW96) display bright homogeneous rim
sharply distinguished from zoning region. These rims are typically
shown in zircons from the TZW95 (Fig. 3E), but there is no significant
difference in mineral assemblage among these rocks. Many zircons
in the Otakizawa pluton display banded texture in the CL images
(Fig. 3C). These characteristics of zircons from Otakizawa pluton
(banded texture and elongated shape) are similar to those of zircons
crystallized in relatively undifferentiated magma such as diorites
(Corfu et al., 2003).

4.3. Oxygen isotope composition in zircon

The oxygen isotope compositions in zircons are shown in Table 1
and Fig. 4. The δ18O values in zircons from the Ishiwariyama (TZW87,
89), Otakizawa (TZW94) and Yusin (TZW99) plutons range from
4.1‰ to 5.1‰, and display peaks at 4.5–4.9‰ (Fig. 4). The range of
the δ18O values is slightly lower than mantle range constrained
from δ18O of zircons in kimberlite (δ18O = 5.3 ± 0.6‰ (2SD);
Valley et al., 1998) and the range of δ18O in zircons from modern
mid-ocean ridge crust (δ18O = 5.2 ± 0.5‰ (2SD); Grimes et al.,
2011). Additionally, the δ18O values are similar to those from
plagiogranites in Oman ophiolites (δ18O = 4.7 ± 0.7‰ (2SD);
Grimes et al., 2013; Fig. 4). The zircons from these plutons show no
significant internal variation of δ18O within single zircon grain
(Fig. 3). The range of δ18O value in each pluton is nearly similar to
the analytical error (±0.3‰), however, zircons from the Azegamaru
pluton (TZW95, 96) display wide range of oxygen isotope values.
Bright rims in zircon from TZW95 yield low δ18O values ranging
from 3.5‰ to 4.1‰ (average= 3.8 ± 0.4‰), whereas oxygen isotope



Table 1
Oxygen isotope ratios of zircons in the Tanzawa Tonalites.

Analysis no. δ18O
(Zrc)

2 S.D. Analysis no. δ18O
(Zrc)

2 S.D. Analysis no. δ18O
(Zrc)

2 S.D. Analysis no. δ18O
(Zrc)

2 S.D. Analysis no. δ18O
(Zrc)

2 S.D. Texture Analysis no. δ18O
(Zrc)

2 S.D. Texture

Ishiwariyama pluton Otakizawa pluton Yusin pluton Azegamaru pluton

TZW 87 TZW 89 TZW 94 TZW 99 TZW 95 TZW 96

TZW87-1a 4.59 0.14 TZW89-1 4.93 0.17 TZW94-1a 4.30 0.30 TZW99-1a-1 4.70 0.13 TZW95-1a 5.04 0.25 TZW96-1a 5.19 0.24
TZW87-2a 4.66 0.14 TZW89-2 4.99 0.17 TZW94-2a 5.04 0.30 TZW99-1b-1 4.66 0.13 TZW95-1b 5.19 0.25 TZW96-2 5.13 0.24
TZW87-3 4.86 0.14 TZW89-3a 4.48 0.17 TZW94-3a 4.54 0.30 TZW99-3 4.78 0.13 TZW95-3a 5.15 0.25 TZW96-3a 5.28 0.24
TZW87-4a 4.87 0.14 TZW89-3b 4.77 0.17 TZW94-4a 4.47 0.30 TZW99-4-1 4.51 0.13 TZW95-4a 4.76 0.25 TZW96-4a 4.94 0.24
TZW87-5a 4.87 0.14 TZW89-5a 4.70 0.17 TZW94-5a 4.68 0.30 TZW99-5-1 4.94 0.13 TZW95-5a 4.96 0.25 TZW96-5 5.22 0.24
TZW87-6 4.79 0.14 TZW89-5b 4.76 0.17 TZW94-6a 4.70 0.30 TZW99-6 4.80 0.13 TZW95-6a 5.11 0.25 TZW96-6 5.21 0.24
TZW87-7a 4.96 0.14 TZW89-7 4.89 0.17 TZW94-7a 4.76 0.30 TZW99-7a 4.70 0.13 TZW95-7a 5.03 0.25 TZW96-7 5.38 0.24
TZW87-8a 4.69 0.14 TZW89-8a 4.89 0.17 TZW94-8a 4.67 0.30 TZW99-8a 4.84 0.13 TZW95-8 4.80 0.25 TZW96-8a 5.30 0.24
TZW87-9a 4.84 0.14 TZW89-8b 4.69 0.17 TZW94-9a 4.87 0.30 TZW99-9-1 4.65 0.13 TZW95-9a 4.88 0.25 TZW96-9a 5.12 0.24
TZW87-10a 4.77 0.14 TZW89-10 4.87 0.17 TZW94-10a 4.79 0.30 TZW99-10a 4.88 0.13 TZW95-10a 5.04 0.25 TZW96-10a 5.20 0.24
TZW87-11a 4.64 0.24 TZW89-11a 4.71 0.09 TZW94-10b 4.54 0.36 TZW99-11a 4.90 0.31 TZW95-11 4.91 0.14 TZW96-11 5.10 0.32
TZW87-11b 4.67 0.24 TZW89-12a 4.85 0.09 TZW94-12 4.62 0.36 TZW99-12a 4.95 0.31 TZW95-12a 5.33 0.14 TZW96-12 5.15 0.32
TZW87-13 4.57 0.24 TZW89-12b 4.45 0.09 TZW94-13 4.62 0.36 TZW99-13a 4.81 0.31 TZW95-13a 5.02 0.14 TZW96-13 5.10 0.32
TZW87-14a 4.64 0.24 TZW89-14 4.83 0.09 TZW94-14 4.69 0.36 TZW99-14 4.95 0.31 TZW95-14 4.97 0.14 TZW96-14a 5.03 0.32
TZW87-15 4.66 0.24 TZW89-15 4.62 0.09 TZW94-15 4.59 0.36 TZW99-15a 4.89 0.31 TZW95-15a 5.15 0.14 TZW96-15a 5.05 0.32
TZW87-16a 4.83 0.24 TZW89-16a 4.60 0.09 TZW94-16 4.54 0.36 TZW99-16 4.98 0.31 TZW95-15b 3.82 0.14 Bright rim TZW96-16a 5.11 0.32
TZW87-17 4.94 0.24 TZW89-16b 4.86 0.09 TZW94-17a 4.28 0.36 TZW99-17 4.95 0.31 TZW95-17a 5.04 0.14 TZW96-17a 5.19 0.32
TZW87-18a 4.70 0.24 TZW89-18a 4.67 0.09 TZW94-17b 4.41 0.36 TZW99-18 5.03 0.31 TZW95-17b 3.62 0.14 Bright rim TZW96-18 5.52 0.32
TZW87-19 4.79 0.24 TZW89-18b 4.90 0.09 TZW94-17c 4.52 0.36 TZW99-19 4.93 0.31 TZW95-19a 4.68 0.14 TZW96-19a 5.25 0.32
TZW87-20 4.66 0.24 TZW89-20a 4.94 0.09 TZW94-20a 4.29 0.36 TZW99-20 5.10 0.31 TZW95-29b 3.54 0.14 Bright rim TZW96-20 5.28 0.32
TZW87-21 4.80 0.22 TZW89-21 4.64 0.21 TZW94-21a 4.58 0.20 TZW99-8b 4.51 0.22 TZW95-21a 5.06 0.22 TZW96-21a 5.43 0.22
TZW87-22a 4.91 0.22 TZW89-22 4.50 0.21 TZW94-22a 4.78 0.20 TZW99-10b 4.56 0.22 TZW95-21b 3.93 0.22 Bright rim TZW96-21b 5.01 0.22 Bright rim
TZW87-23a 4.70 0.22 TZW89-23a 4.62 0.21 TZW94-22b 4.54 0.20 TZW99-15b 4.68 0.22 TZW95-23a 5.03 0.22 TZW96-23a 5.16 0.22
TZW87-24a 4.93 0.22 TZW89-24a 4.74 0.21 TZW94-24a 4.26 0.20 TZW99-24a 4.76 0.22 TZW95-23b 3.59 0.22 Bright rim TZW96-23b 4.89 0.22 Bright rim
TZW87-25a 4.54 0.22 TZW89-25a 4.75 0.21 TZW94-25a 4.51 0.20 TZW99-25a 4.87 0.22 TZW95-25a 5.02 0.22 TZW96-25a 5.17 0.22
TZW87-26 4.82 0.22 TZW89-25b 4.92 0.21 TZW94-26 4.71 0.20 TZW99-26a 4.67 0.22 TZW95-25b 4.85 0.22 Bright rim TZW96-25b 4.95 0.22 Bright rim
TZW87-27a 4.66 0.22 TZW89-27a 4.73 0.21 TZW94-27a 4.51 0.20 TZW99-26b 4.75 0.22 TZW95-27a 5.17 0.22 TZW96-27a 5.33 0.22
TZW87-28a 4.61 0.22 TZW89-27b 4.82 0.21 TZW94-28a 4.66 0.20 TZW99-28a 4.91 0.22 TZW95-27b 3.99 0.22 Bright rim TZW96-27b 5.06 0.22 Bright rim
TZW87-29 4.59 0.22 TZW89-29a 4.99 0.21 TZW94-28b 4.55 0.20 TZW99-28b 4.64 0.22 TZW95-29a 5.10 0.22 TZW96-15b 4.83 0.22 Bright rim
TZW87-30 4.76 0.22 TZW89-29b 4.82 0.21 TZW94-30 4.51 0.20 TZW99-30 4.82 0.22 TZW95-29b 3.88 0.22 Bright rim TZW96-19b 4.89 0.22 Bright rim

TZW94-31 4.69 0.23 TZW99-31a 4.75 0.21 TZW95-31a 5.26 0.20 TZW96-31 4.78 0.19 Bright rim
TZW94-32 4.84 0.23 TZW99-31b 4.90 0.21 TZW95-32a 4.96 0.20 TZW96-32 5.33 0.19
TZW94-33 4.58 0.23 TZW99-33 4.95 0.21 TZW95-33a 5.11 0.20 TZW96-33a 4.77 0.19 Bright rim
TZW94-34 4.58 0.23 TZW99-34 4.69 0.21 TZW95-34 5.25 0.20 TZW96-34 5.40 0.19
TZW94-35 4.65 0.23 TZW99-35 4.82 0.21 TZW95-35a 5.25 0.20 TZW96-35a 5.38 0.19
TZW94-36 4.75 0.23 TZW99-36 4.92 0.21 TZW95-35b 3.85 0.20 Bright rim TZW96-36a 5.41 0.19
TZW94-37 4.82 0.23 TZW99-37 4.91 0.21 TZW95-37a 5.19 0.20 TZW96-37 4.97 0.19
TZW94-38 4.71 0.23 TZW99-38 4.67 0.21 TZW95-37b 3.92 0.20 Bright rim TZW96-38 5.41 0.19
TZW94-39 4.97 0.23 TZW99-39a 4.74 0.21 TZW95-39a 5.17 0.20 TZW96-39 5.25 0.19
TZW94-40 4.57 0.23 TZW99-39b 4.80 0.21 TZW95-39b 4.11 0.20 Bright rim TZW96-40 5.42 0.19

Average (zoned domain) 5.05 0.31 Average (zoned domain) 5.23 0.29
Average (bright rim) 3.82 0.37 Average (bright rim) 4.90 0.21

Average 4.74 0.24 Average 4.77 0.29 Average 4.62 0.35 Average 4.81 0.28 Total average 4.74 1.12 Total average 5.17 0.38
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Fig. 3.Cathodoluminescence images of zircons separated from tonalities. Red andwhite circles represent analytical spots by LA-ICP-MS and SIMS, respectively. Zircons from the tonalite are
euhedral shapes, and display oscillatory zoning, sector zoning and banded textures (see text for the details).(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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ratios of cores show a prominent peak at ca. 5.1‰ (Table 1 and Fig. 4).
We could not determine the δ18O composition of the zircons with
bright rims in the Ishiwariyama pluton due to their small dimension.
4.4. Trace element composition

Results for the trace element composition in the zircon are shown
in Table S3 in the Supplementary information, and C1 chondrite-
normalized rare earth element (REE) patterns are shown in Fig. 5.
All of zircons display heavy rare earth element (HREE) enriched pat-
terns which is characteristic of igneous zircons (e.g., Hoskin and
Ireland, 2000). Almost all zircons display uniformly positive Ce anomaly
and negative Eu anomaly; the latter reflects degree of crystallization of
plagioclases before zircon formation (e.g., Hoskin and Schaltegger,
2003). In addition, almost all zircons display small Yb enrichment
which is also shown in a previous work for Tanzawa Tonalites (Tani
et al., 2010) but not in typical igneous zircons (e.g., Hoskin and
Ireland, 2000). Bright rims, with lower δ18O values, display lower REE
contents and larger negative Eu anomalies than those in zoning region
within each grain (Figs. 3E, F, and 5).

The U–Pb age of the zircons are also shown in Table S3. From the
Ishiwariyama, Yusin and Azegamaru plutons, we obtained the similar
U–Pb ages to the previous studies (Tani et al., 2010; Suzuki et al.,
2014). Our U–Pb zircon age from the Otakizawa pluton (Stage 3) is
the first to be reported (ca. 5.0 Ma), and is similar or slightly older
than the igneous ages of the Yusin and Azegamaru plutons (Stage 4).
This result supports the relative chronology based on outcrop observa-
tion for the intrusions (Takita, 1974).
5. Discussion

5.1. Comparison with oxygen isotope composition in whole rock

δ18O values in whole rock of the TTP have previously been reported
by Ishihara and Matsuhisa (2005). The δ18O values of zircon cores ob-
tained from this study are shown in Fig. 6, with the values acquired
from whole rock analyses of the TTP (4.8 to 5.7‰; Ishihara and
Matsuhisa, 2005) and the mantle value deduced from peridotite xeno-
lith (5.4 to 5.8‰; Ionov et al., 1994).

To enable comparison between the zircons δ18O values and whole
rocks δ18O values, we determined equivalent whole rock values for spe-
cific whole rock SiO2 contents (Table S2), using measured zircon δ18O
values (Table 1) and the following equation (Lackey et al., 2008):

Δ18O WR−Zrcð Þ≈ 0:0612 � SiO2 content wt:%ð Þ− 2:50 ‰ð Þ:

The equation is proposed for oxygen isotope fractionation between
zircon (Zrc) and whole rock (WR), based on δ18O analyses for zircons
and the SiO2 content of host granites in Sierra Nevada Batholith. The cal-
culated whole rock values range from 6.51‰ to 6.74‰ (Fig. 6).

Although there are some uncertainties to apply this equation to the
tonalites in the TTP, because of the different mineral assemblage from
that of the granitoids in Sierra Nevada Batholith, if the equation is appli-
cable, the δ18O values of the melt calculated from zircons are ca. 1‰
higher than the measured whole rock δ18O values reported by the pre-
vious study (4.8–5.7‰; Ishihara and Matsuhisa, 2005). δ18O value in
whole rock is usually modified by crystal fractionation processes
(e.g., Matsuhisa, 1979; Taylor and Sheppard, 1986; Eiler, 2001; Lackey
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et al., 2008) and by alteration during later processes, and may not di-
rectly reflect the δ18O value of source rocks (e.g., Eiler et al., 2000; Ito
et al., 2003). The difference between calculated and measured whole
rock valuesmay be caused fromalteration by surfacewater tomeasured
whole rock values. On the other hand, the δ18O value of zircon is nearly
constant irrespective of SiO2 content (Valley et al., 1994; Lackey et al.,
2008) and usually not affected by surface water after crystallized (e.g.
Cherniak and Watson, 2003). Therefore, it is suggested that zircons in
this study probably preserve the δ18O of the protolith better than the
whole rock δ18O values.

5.2. Oxygen isotope composition of zircons in the Tanzawa Tonalite

The δ18O values in zircons from the Ishiwariyama, Otakizawa and
Yusin plutons range from 4.1 to 5.1‰, which is slightly lower thanman-
tle range constrained from δ18O of zircons in kimberlite (δ18O = 5.3 ±
0.6‰; Valley et al., 1998) and those in oceanic crust (δ18O = 5.2 ±
0.5‰; Grimes et al., 2011). Furthermore, the bright rim of some zircons
from the Azegamaru pluton (TZW95) generally displays lower δ18O
value than that of the zoned cores (Table 1 and Figs. 3 and 4). The differ-
ences of δ18O within single zircon grains indicate that the zoned core
and the bright rim formed under different conditions. The U–Pb ages
of the bright rims are almost the same as those of the cores through
the LA-ICP-MS analysis (Table S3), indicating that the core and rim
formed penecontemporaneously within error of the analysis.

Oxygen isotope compositions in igneousminerals change by the dif-
ference of δ18O value in protolith having undergone partialmelting and/
or difference of crystallization temperature, because Δ18Omineral–mineral

values increase with decreasing temperature (e.g., Eiler, 2001). The ef-
fect of crystallization temperature is typically not so large (less than
1‰ for zircon), however, it must be considered in this case. Grimes
et al. (2011) calculated the change in δ18O in minerals at different crys-
tallization temperatures from identical melts and applied the result to
δ18O value of zircons from oceanic crust. Fig. 7 shows the results for in-
dividual zircons and calculated curves representing relationships be-
tween δ18O value and crystallization temperature. Results from
Grimes et al. (2011) indicate that mantle zircons would be expected
to plot on this curve in Fig. 7. Crystallization temperatures of zircons
in the Azegamaru and Yusin plutons were calculated using the Ti ther-
mometer (ca. 700–800 °C; Tani et al., 2010). We assume that the zircon
cores in the Azegamaru and Yusin had similar crystallization tempera-
tures to those in previous study (Fig. 7). Comparison of our data with
previous work shows that results from Azegamaru pluton plot on the
calculated curve but those from Yusin pluton lie outside the range of
the curve (Fig. 7).

Zircons with bright rims from Azegamaru pluton have low δ18O
values compared to core (Fig. 3E). Genesis of the bright rim can be
interpreted by the following two hypotheses: (1) The rim was crystal-
lized from a suite of magma which crystallized core of the zircon. In
this case, low δ18O value at the bright rim can bewell explained by a de-
creasing of crystallization temperature alongwith cooling of themagma
(see following interpretation); and (2) The rim was latterly modified
and/or altered by low δ18O magma or hydrothermal fluids.

Although there is no constraint for the formation temperature of the
rim, it is likely that during cooling of the magma the rim was formed at
lower temperature than the core. The bright rim of the zircons from the
Azegamaru pluton (TZW95) shows systematically lower REE concen-
trations and larger negative Eu anomalies compared to the zoned do-
mains of the zircons (Fig. 5). The larger negative Eu anomaly in the
bright rim suggests that the rim crystallized from, or reacted with,
more differentiated magma compared to the zoned domain. Hypothet-
ically assuming the crystallization temperature of the rim is similar to
that of the rims of plagiogranite in previous study (ca. 625 °C; Grimes
et al., 2011), the results from the rim plot on the same curve as the
core of zircon from Azegamaru pluton (Fig. 7). These lines of evidence
support former hypothesis that the bright rim of zircon from the
Azegamaru pluton was formed at the late stage of crystallization (low
temperature condition) and yields lower δ18O value.

Latter hypothesis, modification and/or alteration by additional low
δ18O magma or hydrothermal fluids, is supported by eroded signature
of internal structures by bright rim in the CL observation (Fig. 3E). Re-
crystallization of zircon in solid-state also modifies trace element



10
4

10
3

10
2

10
1

10
0

10
-1

10
5

10
-2

10
-3

zoning region (This study)

bright homogeneous 
rim (This study)

Previous study

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Ishiwariyama
(TZW87, TZW89)
N = 51

10
4

10
3

10
2

10
1

10
0

10
-1

10
5

10
-2

10
-3

Otakizawa
(TZW94)
N = 20

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

10
4

10
3

10
2

10
1

10
0

10
-1

10
5

10
-2

10
-3

Azegamaru
(TZW94, TZW95)
N = 51

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

10
4

10
3

10
2

10
1

10
0

10
-1

10
5

10
-2

10
-3

Yusin
(TZW99)
N = 30

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
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composition in the zircon. For example, recrystallized zircons haveflatter
LREE and concave HREE patterns than igneous zircons (e.g. Hoskin and
Ireland, 2000). The bright rims in this study, however, show no develop-
ment of such patterns compared to those in core (Fig. 5). In addition, if
modification by low δ18O magma occurs, it is assumed that such
magma precipitates some zircons whose cores have low δ18O equivalent
to the rim. Nonetheless we could not detect such low δ18O values from
the core in any zircon. This suggests that the Azegamaru Pluton is unaf-
fected by large-scale alteration by low δ18O magma or hydrothermal
fluids which modify trace element pattern. Whatever the cause, only
δ18O value of zoned domain at core is used for source rock estimation
in the following discussion, since the zoned domain shows similar CL
texture and REE signature to zircons from other plutons (Figs. 3 and 5).

Compared to the δ18O in zircons from this study and Grimes et al.
(2011), zircon cores from Azegamaru pluton plotted on calculated
gray curve (Fig. 7), indicating that its protolith was dominated by
material equilibrated with mantle. On the other hand, if we assume
similar crystallization temperature (ca. 700–800 °C) to zircons
from Ishiwariyama and Otakizawa plutons, the results from
Ishiwariyama, Otakizawa and Yusin plutons are plotted on out of
the range of the calculated curve. This suggests that zircons with
lower δ18O values than mantle, cannot be explained only by crystal-
lization temperature. This suggests that these plutons were derived
from source rock which contain non-mantle-like component.

5.3. Protolith of Tanzawa Tonalite

Based on relatively high Th/Nb ratios in zircons, Tani et al. (2010)
suggested that sedimentary material from the Honshu arc was involved



rimbright rim
(TZW95)

1000

900

800

600

500

700

4.53.5 4.0 5.55.0

δ18O‰ (VSMOW)

? ?

bright rim
(TZW96)

??

Grimes et al. (2011)This study

Ishiwariyama Serpentinite/
  fault rockOtakizawa

Yusin Gabbro

PlagiograniteAzegamaru

62SiO2 (wt%) 70

T
em

pe
ra

tu
re

 (
ºC

)

Fig. 7. Cross-plot showing relationship between δ18O in minerals and crystallization temperature. Black-and-white dots represent analytical data from Grimes et al. (2011). Solid gray
curves showing shift of δ18O inminerals crystallized frommantle-likemelt at various temperature ranges. The solid gray curves are positioned assuming an equilibriumwith δ18Odiopside=
5.3‰ at 800 °C (seeGrimes et al. (2011) for the details). Colored symbols represent results of this study. Crystallization temperatures of the Yusin and Azegamaru plutons (ca. 700–800 °C)
were calculated by Tani et al. (2010) using Ti-in-zircon thermometer (Watson et al., 2006) and calibrations from Ferry andWatson (2007), assuming aTiO2= 0.7 and aSiO2= 1. The error
bars represent 2SD. On the other hand, there is no constraint for crystallization temperature of Ishiwariyama and Otakizawa plutons.(For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

51K. Suzuki et al. / Lithos 228–229 (2015) 43–54
in the genesis of the Tanzawa tonalitic magma. The zircons in the
Tanzawa Tonalite have slightly lower or similar δ18O values compared
to the mantle δ18O value (Fig. 4; Valley et al., 1998; Page et al., 2007).
In general, sediments through reaction with surface water at low tem-
perature have high δ18O values (from ca. 10 to 25‰; e.g., Gregory and
Taylor, 1981). In this study, although Th/Nb ratios in the zircons vary
from 13 to 784 (Table S3), the δ18O in them are uniformly low values
ranging from 4.2 to 5.6‰ (Fig. 4). There is no correlation between Th/
Nb ratios and δ18O values (Tables 1 and S3), and low δ18O values in
the zircons suggest insignificant involvement of sedimentary material.

As discussed above, the lower δ18O values of zircons from the
Ishiwariyama, Otakizawa and Yusin plutons suggest that their parent
rocks had slightly lower δ18O values than the mantle (Fig. 4). Lower
δ18O value than the mantle can be caused by reaction with meteoric
water, which has significantly low δ18O value, or by hydrothermal alter-
ation with surface water. In the latter case, the small isotope fraction-
ation between water and rock at high temperature results in the low
δ18O value of hydrothermally altered rock (e.g., Muehlenbachs, 1986).
As the Tanzawa Tonalite is believed to have been generated by partial
melting of island arc lower crust (Nakajima and Arima, 1998) and to
have intruded basaltic–andesitic pyroclastic rocks (Tanzawa Group;
Fig. 1; Aoike et al., 1997), candidates for cause of the low δ18O values
are; (1) dehydration from Pacific plate to the IBM sub-arc mantle,
(2) contamination/reaction of meteoric water and/or hydrothermal al-
teration in the Tanzawa Group, and (3) existence of former lower oce-
anic crust in the IBM arc crust.

We first consider heterogeneity of δ18O value in the mantle, be-
cause most of the arc lower crust in IBM arc and the basaltic–andes-
itic rocks of Tanzawa Group were generated by partial melting of
mantle. δ18O values of MORB, which reflects the composition of the
depleted upper mantle, are extremely homogeneous (5.7 ± 0.2‰; Ito
et al., 1987; Eiler, 2001). By contrast, peridotite xenoliths in alkali ba-
salts and eclogite xenoliths in kimberlite show a wide range of δ18O
values (Garlick et al., 1971; Javoy, 1980; Harmon et al., 1987; Ongley
et al., 1987; Kempton et al., 1988; Neal et al., 1990; Pearson et al.,
1991; Eiler, 2001). During dehydration of subducting plates anomalous
amounts (e.g.,N5wt.%) of low δ18Ofluidmay be transferred to theman-
tle wedge. This might cause a slight decrease in the δ18O value of the
mantle wedge. However, laser-fluorination analyses for olivine and
fresh glass in lava from island arcs show similar or higher δ18O values
compared to that of MORB (Smith et al., 1996; Thirlwall et al., 1996;
Macpherson and Mattey, 1997; Macpherson et al., 1998; Eiler et al.,
2000). In the Mariana arc, the δ18O values of melt estimated from oliv-
ine (Eiler et al., 2000) and clinopyroxyne (Ito et al., 2003) in basaltic
lavas, which are in equilibrium with upper-mantle peridotites and
MORB, show narrow range around 5.6–5.7‰. These lines of evidence
suggest that the heterogeneity of mantle under the IBM arc is unlikely
to attribute to low δ18O values in zircons from TTP, and supports the
involvement of low δ18O crustal material to the magma source.

A second possibility is that the cause of the low δ18O values of the
TTP is reaction of the Tanzawa Group with surface water. Both rocks
which reacted with meteoric water (e.g., Wang and Eiler, 2008) and
with seawater in high temperature (N200–300 °C; Muehlenbachs
and Clayton, 1976) have lower δ18O values than original rocks. In
the Tanzawa Group, an unconformity estimated to be formed at ca.
8.6 Ma (Aoike, 1999) is only reported at boundary between Hayato
subgroup and Susugaya subgroup. This means that the Tanzawa
Group was only raised above sea level after the intrusion of the
Ishiwariyama pluton (8.8–8.9 Ma; Tani et al., 2010). Thus, reaction
between meteoric water and rocks of the Tanzawa Group probably
did not occur before formation of the Ishiwariyama pluton. Substan-
tially deep intrusion depth of the tonalite (6–7 km; Toriumi and Arai,
1986) also excludes the possibility of involvement with the meteoric
water. Hydrothermal activity, on the other hand, may reach depth of
ca. 7 km and it could cause reaction between seawater and rocks in
high temperature (~350 °C) in volcanic front (e.g., Ishihbashi and
Urabe, 1995). If large-scale hydrothermal alteration causing a de-
crease of δ18O in the TTP had occurred it should be recognized in
the field, but no evidence of such an intense hydrothermal activity
has been reported in the Tanzawa Group. Thus the influence of the
surface water is not a plausible cause of low δ18O values in the
tonalites, especially in the Ishiwariyama pluton.

Third possibility is the existence of the ancient oceanic crust in the
arc lower crust beneath the TTP. In principle, island arc crust is formed
on oceanic crust at first by initiation of plate-subduction (Fig. 8A).
Therefore, proto-island arc crust probably contains a component of for-
mer oceanic crust. The δ18O value of hydrothermally altered gabbros at
lower oceanic crustal level, where reactionswith seawater at high tem-
peratures occur (above ca. 400 °C; e.g., Muehlenbachs, 1986), is report-
ed as ranging from 0 to 6‰, and typically ranging from 4 to 5‰, based
on results from modern oceanic crust (e.g., Kempton et al., 1991;
Lecuyer and Gruau, 1996) and ophiolite (e.g., Gregory and Taylor,
1981). This suggests that the low zircon δ18O values in the Tanzawa
Tonalites could be produced bymelting of island arc lower crust includ-
ing former lower oceanic crust (Fig. 8). The existence of the former oce-
anic crust in the island arc lower crust has been implied based onwhole
rock REE patterns of mafic enclaves in the TTP (Suzuki et al., 2014).
Some mafic enclaves have flat N-MORB normalized REE patterns,
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suggesting that they originated from arc lower crust with MORB-like
compositions. Some of these MORB-like rocks are most likely preserved
at depth within arcs.

Of the three possibilities, the third is considered to be most plau-
sible for low δ18O values in the TTP especially for the Ishiwariyama
pluton. Thus, we conclude that ancient oceanic crustal material,
such as hydrothermally altered gabbro, was a component of island
arc lower crust at least when the Ishiwariyama plutonwas generated
(9 Ma; Fig. 8). Recently, Grimes et al. (2013) reported similar δ18O
range of zircons from plagiogranite in 8 ophiolites, especially in
Oman ophiolite (4.7 ± 0.7‰; Fig. 4). The low δ18Ovalues in zircons
from plagiogranite were interpreted to be caused by re-melting of
hydrothermally altered oceanic crust near the dike-gabbro transi-
tional zone. The similarity of oxygen isotope ratio in zircons also
suggests that the Tanzawa Tonalite including the Ishiwariyama,
Mizunoki and Yusin plutons has their roots in hydrothermally al-
tered gabbro in former oceanic crust.

5.4. Implication: residence time of oceanic crust in arc lower crust

It is generally suggested that the former oceanic crust has beenmod-
ified or disappeared in the mature continental lower crust. The higher
δ18O values of some granulite xenoliths (5.4 to 13.5‰; Fowler and
Harmon, 1990; Kempton et al., 1991) relative to the mantle value (5.4
to 5.8‰; Ionov et al., 1994) support this interpretation. Although it is
commonly inferred that the former oceanic crust in the arc lower
crust is modified during its evolution, the timing of modification and
disappearance is not well established.

Two contrasting models for the evolution from the oceanic crust to
the island arc crust have been proposed based on seismic observations
and geochemistry, i.e., (1) former oceanic crust remains as part of the
arc lower crust even after felsic magma (granodiorite) generation by
partialmelting of the arc lower crust (e.g., Kuno, 1968), and (2) the oce-
anic crust is replaced by incipient basaltic arc magmatism in short time
(e.g. Tatsumi et al., 2008). In the Aleutian arc, northwestern margin of
the Pacific Ocean, existence of ~10 km thick former oceanic crustwithin
island arc crust is suggested based on seismic observations (Holbrook
et al., 1999; Shillington et al., 2004) and radiogenic Nd isotopic ratios
of volcanic rocks and xenoliths (Kay et al., 1986). As the Aleutian arc
crust was formed at 55–50 Ma (Scholl et al., 1987), it is likely that the
former oceanic crust remains in the Aleutian arc over 50 million years.
However, arguments based on the geological evidence have been limit-
ed due to the difficulty of obtaining lower crustal material from the arc.
Furthermore, the case of the Aleutian arc may not able to be applied to
other island arcs which have thick (~5 km) middle felsic crust like the
IBM arc (Suyehiro et al., 1996; Takahashi et al., 2007), because the seis-
mic structure of the Aleutian arc shows lack of middle layer with felsic
composition.

In the case of the TTP, the collision between the Tanzawa Block
and the Honshu arc is an important problem. If the protolith of the
TTP was changed during the collision, the TTP does not represent
the middle crust of the intra oceanic IBM arc. The Ishiwariyama plu-
ton (8–9Ma; Tani et al., 2010) and other plutons (4–5Ma; Tani et al.,
2010) were formed at the timing before and during the collision
(3.8–6.8 Ma; Yamamoto and Kawakami, 2005), respectively. Howev-
er, the whole rock compositions (Table S2; Takahashi et al., 2004),
oxygen isotope ratios and REE patterns of zircons show no significant
difference among the Ishiwariyama, Otakizawa and Yusin plutons
(Figs. 4 and 5). These data suggest that the collision between the
Tanzawa Block and the Honshu arc probably did not change the
protolith that was melted to produce the TTP. Furthermore, the
Otakizawa and Yusin plutons also seemed to contain a component
of ancient oceanic crust as their protoliths, based on their slightly
lower zircon δ18O values (Table 1; Fig. 4).
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These data suggest that ancient oceanic crust had (partially)
existed in the IBM arc crust from the initial arc generation until in-
trusion of the Yusin pluton (Fig. 8). The age of the lower crust be-
neath Tanzawa Tonalite is suggested to be N43 Ma based on zircon
U–Pb age from mafic enclave in the TTP (Suzuki et al., 2014). This
age constraint on arc lower crust suggests that former oceanic crust
existed for at least ca. 40million years after the initial arc generation,
especially in the IBM arc. This is the first geochemically based esti-
mate for the longevity of the former oceanic crust within the arc
lower crust. By constraining residence time of former oceanic crust
in the arc system, our study has enabled the evolutionary processes
responsible for the transition from oceanic crust to island arc crust
to be better constrained.

6. Conclusion

Principal conclusions from our study are as follows:

(1) δ18O values of zircons from the Tanzawa Tonalite are slightly
lower or similar to mantle δ18O values.

(2) These low δ18O values are interpreted to reflect involvement of
ancient oceanic crustal material in the arc crust beneath the
Tanzawa Tonalitic Pluton.

(3) Based on estimation of formation age of arc lower crust by zircon
U–Pb age inmafic enclaves (Suzuki et al., 2014), this ancient oce-
anic crustal component of the arc architecture possibly existed
for least 40 million years from initial arc generation to emplace-
ment of the TTP suite.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.lithos.2015.04.005.
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