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ABSTRACT. The exposure areas, radiometric ages, redox states, initial 87Sr /%6Sr
and '"**Nd/'**Nd isotope ratios, and 'O values of granitic plutons in the Japan Arc
have been compiled based on the results of previous studies of the Japanese granitic
rocks. The exposure areas of the granitic rocks in a given period (= activity of granitic
rocks) and initial #’Sr/5®Sr isotope ratios show positive correlations with the conver-
gence rate of oceanic plates along the arc. In contrast, the redox states of the granitic
rocks are negatively correlated with the oceanic plate convergence rate. The initial
143N g /144N d isotope ratios and 8'%0 values combined with the initial 3’Sr /86Sr isotope
ratios suggest that the temporal variation of initial %’Sr/*®Sr isotope ratios was mainly
due to source contamination resulting from melting of subducted materials in the
mantle source region. The granitic magmas contaminated with more than about 15
percent subducted materials became ilmenite-series granitic rocks.

These observations suggest that temporal variations in redox states in the Japa-
nese granitic rocks are not due to the properties of the lower crust but rather to
subducted materials. Sediment subduction was also increased with increasing conver-
gence rate. Consequently, the oxidation states of granitic rocks declined and the initial

Sr/%0Sr isotope ratios rose, probably due to the increase in the assimilation rates of
subducted sediments into granitic magmas. The increase of sediment subduction may
be attributable to the acceleration of subduction-related erosion and/or the changes in
the Earth’s surface conditions (the high CO, fugacity and temperature of the Creta-
ceous atmosphere, which promoted increased weathering and erosion of continental
crust resulted in greater terrigenous sediment supply to subduction zones). The active
deposition and subduction of carbon- and sulfide-rich sediments, caused by oceanic
anoxic events during the Cretaceous, would also promote the extensive reduction of
magma source regions to form ilmenite-series granitic rocks.

INTRODUCTION

The magnetite- and ilmenite-series granite classification is based on magnetite
contents of granitic rocks, and the boundary of the contents is 0.1 modal percent
(Ishihara, 1977). In practice, the two granite series are identified by their magnetic
susceptibility values (Kanaya and Ishihara, 1973; Ishihara, 1979) because modal
contents of magnetite in rocks are positively correlated with their magnetic susceptibil-
ity (for example, Balsley and Buddington, 1964); granites showing a value of = 100 X
107 % emu/g (= 3.0 X 1077 SI units) are classified as belonging to the magnetite-series
(Ishihara, 1981). As the granite series reflects redox states of granitic magmas, the
magnetite- and ilmenite-series correspond to oxidized- and reduced-type, respectively.
The distributions of the two granitic series are closely linked to the metallogenic
provinces in general; that is, sulfide deposits, such as Cu, Pb, Zn, and Mo, and oxide
deposits, such as W and Sn, tend to be formed with magnetite- and ilmenite-series
granitic rocks, respectively (Ishihara, 1971, 1977, 1981, 1984, 1998). Early studies
indicated that the redox states are not intrinsic properties of granitic magmas but are
acquired due to the physicochemical conditions of magma chambers (for example,
Czamanske and others, 1981). Since the 1980’s, there have been a number of
geological and petrological studies of granite series in the circum-Pacific regions.
These studies have indicated that the granite series is generally stable during a
sequence of regional plutonism even though oxidation or reduction may occur locally

169



170 Tetsuichi Takagi—Origin of magnetite- and ilmenite-series granitic rocks

by degassing or assimilation of wall rocks in situ, and each granite series tends to form a
terrain of more than 100 kilometers in length (for example, Ishihara and Ulriksen,
1980; Ague and Brimhall, 1988a, 1988b; Bateman and others, 1991; Gastil and others,
1990; Blevin and Chappell, 1995; Ishihara and Wang, 1999). Carmichael (1991) also
established that the redox states of both silicic and basic magmas are inherited from
their respective source regions based on the ferric/ferrous iron ratios of numerous
glassy lavas in various geological settings. These results indicate that the redox states of
granitic magmas are essentially intrinsic in nature; that is, they are a reflection of the
redox states of magma source regions.

Takagi and Tsukimura (1997) showed thermodynamically that redox states of
granitic magmas are linked to the SO, concentration of the magmas, because SO, gas
acts as an oxidizing agent for silicate melts during late-magmatic to subsolidus stages.
When a magma contains SO, > 250 ppm, it becomes a magnetite-series granitic rock.
In contrast, ilmenite-series magmas contain little SO, probably because most SO, has
been reduced to H,S by reducing agents, such as CH, and CO.

Sulfur isotope compositions of magnetite-series granitic rocks are generally heavier
than those of ilmenite-series granitic rocks; 8**S values of the former range from —2 to
+10, while those of the latter range from —10 to +2 (Sasaki and Ishihara, 1979;
Ishihara and Sasaki, 1989, 2002). The difference in sulfur isotope compositions is
attributable to differences in sulfur sources between the two series of magmas, because
there is little isotopic fractionation of sulfur at magmatic temperatures (Ohmoto and
Goldhaber, 1997); the heavier sulfur in magnetite-series granitic rocks is mainly
derived from seawater as sulfate, whereas the lighter sulfur in ilmenite-series granitic
rocks is mainly derived from sedimentary rocks as sulfide. In the Japan Arc, the most
likely source of seawater sulfate for magnetite-series granitic rocks is subducted altered
oceanic crust that interacted with seawater in/around ridges, whereas sedimentary
sulfide for ilmenite-series granitic rocks is probably derived from subducted sediments
on oceanic plates.

It is shown here that the amounts and properties of subducted materials control
the redox states of granitic magmas (and therefore granite series) based on a
compilation of data related to the Japanese granitic rocks, including exposure areas,
initial 87Sr/ 86Sr and '**Nd/ 144Nd, §'%0 values, and convergence rate of oceanic plates
from previous studies. The close relationships between Earth’s surface conditions and
the nature of subducted sediments are also discussed.

METHODS

Spatiotemporal Distribution of Granitic Rocks

Activity of granite plutonism within a given period may be estimated from the total
volume of plutons intruded within the period. However, the most practical way to
estimate activity is the measurement of exposure areas of plutons intruded within a
given period. For this measurement, geological information regarding individual
plutons, such as radiometric ages and the shape of each intrusion, were attached to a
1/1,000,000 geological map of Japan (Geological Survey of Japan, 1992), and their
exposure areas were measured. In the Japan Arc, there are a few Quaternary volcanoes
in major granite fields, such as the Chugoku, southern Kinki-Chubu, and eastern
Tohoku districts (fig. 1). The areas of granitic rocks covered by Quaternary volcanic
strata, which cause errors in the expected activity, are estimated to be less than about
12 percent of the entire granite exposure based on the overlaps of granite terrains and
Quaternary volcanic fields. Age estimates were made using Rb-Sr whole-rock isochron
ages for most plutons. However, K-Ar or Rb-Sr mineral isochron ages for the plutons
were used if no Rb-Sr whole-rock isochron ages were available. Differences between
dating methods do not cause significant errors because K-Ar and Rb-Sr whole-rock
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Fig. 1. Distribution of magnetite- and ilmenite-series granitic rocks in the Japan Arc after Ishihara and
others (1992a, 1992b), and locations of the districts referred to in the text. MTL= median tectonic line (a
large transform fault).

isochron ages of the Japanese granitic rocks generally agree within = 5 million years
(Shibata and Ishihara, 1979b). In the case of the plutons with no radiometric ages, the
age of a neighboring pluton with similar rock facies was applied; the areas of these
plutons were less than 5 percent of the entire granite exposure.

In part of the Chubu-Ryoke belt there are some plutons whose K-Ar (biotite) and
Rb-Sr mineral isochron ages are more than 20 million years younger than those of
Rb-Sr whole-rock isochron ages (for example, Yuhara and Kagami, 1996; Yuhara and
others, 2000). Suzuki and Adachi (1998) reexamined the plutons geochronologically
using CHIME (Chemical Th-U-total Pb Isochron Method), and obtained CHIME
monarzite ages that were consistent with intrusive relationships of the plutons, and were
in near agreement with Rb-Sr whole-rock isochron and CHIME ages of the Setouchi-
Ryoke belt plutons that have similar rock facies as those in the Chubu-Ryoke belt
(Suzuki and others, 1996). The U-Pb zircon ages of some Ryoke belt plutons are
essentially consistent with their CHIME and Rb-Sr whole-rock isochron ages (Herzig
and others, 1998). Thus, the discrepancies among the age dating methods have been
explained by differences not in the intrusive ages, but the more rapid denudation of
the Setouchi-Ryoke belt as compared with the Chubu-Ryoke belt (Suzuki and Adachi,
1998; Yuhara and others, 2000). In this study, therefore, the Rb-Sr whole-rock isochron
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and CHIME ages for the plutons in the Chubu-Ryoke belt were adopted because
intrusive ages are necessary to estimate the activity of granite plutonism.

Redox States of the Japanese Granitic Rocks

To estimate the redox states of the granitic rocks, each pluton was distinguished as
belonging to the magnetite- or ilmenite-series according to Ishihara and others (1992a,
1992b) and Tanaka (1992), and the areal ratios of the two granite series were
calculated in units of 5 million years. The frequencies of magnetic susceptibility values
of the Japanese granitic rocks clearly shows a bimodal distribution (Ishihara, 1990); the
areal ratios of two-series granitic rocks may approximate the average of redox state of
the Japanese granite plutons in a given period. Moreover, two rectangular fields with
dense and continuous magnetic susceptibility measuring points were selected in the
Chugoku district, and the correlation between redox states and initial 87Sr/ 865y of
granitic rocks was examined more closely.

Initial ®”Sr/%°Sr, "’ Nd/"*'Nd, and Oxygen Isolope Ratios of the Japanese Granitic Rocks

The initial %’Sr/%°Sr isotope ratios of the granitic rocks yielded by the Rb-Sr
whole-rock isochrons only were compiled. Initial '**Nd/'**Nd isotope ratios were
calculated from the present ratios using the Rb-Sr whole-rock isochron ages of the
same pluton. When a pluton yielded multiple '**Nd/'**Nd isotope ratios, the average
and deviations of the ratios are indicated. The 3'80 values (whole-rock 30 values
relative to Standard Mean Oceanic Water, %o) of the Japanese granitic rocks were also
compiled. Although isotopic fractionation of the oxygen isotopes with increasing SiOy
contents of granitic rocks has been identified, raw values were used in this study
because the differences between raw and corrected values are negligible for the
purpose of this discussion.

Convergence Rate of Oceanic Plates Beneath the Japan Arc

To estimate the convergence rate of subducted oceanic plates beneath the Japan
Arc, relative plate motions between oceanic and continental plates were compiled
based on the positions of hotspots (Engebretson and others, 1985). To calculate
convergence rate, the direction of the trench along the Japan Arc was fixed at N45°E,
and the linear velocity and azimuths of plate motions at latitude 40°N and longitude
140°E were used as representative of the Japan Arc (fig. 2).

RESULTS

Activity of Japanese Granite Plutonism

The Japanese granite plutonism was continuous from the Jurassic to the present.
Figure 3B shows four prominent peaks of granite plutonism: (1) 120 to 110 Ma. This
peak comprises the plutons in the Tohoku and northern Kyushu districts; (2) 90 to 85
Ma. This peak is the most prominent peak; plutonism occurred in extensive areas of
southwest Japan. The activity declined abruptly at about 80 Ma; (3) 70 to 55 Ma. This
peak is mainly composed of the magnetite-series plutons in the back-arc side of
southwest Japan. (4) During 10 to 15 Ma, a small peak was recognized; Miocene
plutonism characteristically includes S-type granitic rocks (in particular the southern
Kyushu district), and their origin may be different from the older granitic rocks with
I-type chemistry (Nakada and Takahashi, 1979; Ishihara and Matsuhisa, 1999).

Figure 3A also shows the variations of calculated convergence rates. Figure 4 shows
the relationship between the convergence rate and the Japanese granite plutonism.
The convergence rate was positively correlated with the activity of the Japanese granitic
rocks, strongly suggesting a genetic relationship with a high correlation coefficient.

Figure 5 shows the active fields of granite plutonisms corresponding to the peak
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Fig. 2. Tectonic setting and distribution of Cretaceous granitic rocks in the Eurasian continental
margin. Modified after Owada and others (1999).

granite activity periods. As shown in figure 5, extensive ilmenite-series granite activity
occurred in areas from the Chugoku-Shikoku to Kinki-Chubu districts over a short
period from 95 to 70 Ma.

Redox States of the Japanese Granitic Rocks

Since the Jurassic, continuous magnetite-series granite activity occurred during all
geological periods. The generation of ilmenite-series granitic rocks began at about 150
Ma, and gradually spread. During the period from 95 to 70 Ma, the percentage of
ilmenite-series granitic rocks relative to all granitic rocks reached 85 to 98 percent
(figs. 5 and 6). The plutons intruded during the dominant ilmenite-series period
tended to form huge batholiths, and the exposure areas of the batholiths occupy about
60 percent of the total exposure area of the Japanese granitic rocks. The activity of
ilmenite-series granitic rocks declined rapidly at about 70 Ma, and ceased at about 30
Ma with the exception of Miocene S-type granitic rocks. Figure 7 shows the relationship
between the convergence rates of oceanic plates and percentage of ilmenite-series
granitic rocks. The diagram shows a positive correlation, although the points are more
scattered than those shown in figure 4. Thus, the redox states of the Japanese granitic
rocks appear to be associated with the convergence rate.
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Fig. 3. (A) Variation of convergence rate of oceanic plates at latitude 40°N —longitude 140°E in the unit
of 5 million years using the data of Engebretson and others (1985). Upper bar shows the names of
subducting oceanic plates at the time; (B) Variation of exposure area of magnetite- and ilmenite-series
granitic rocks in the Japan Arc in units of 5 million years.

Relationship Between Redox States and Initial 87Sr/ SoSr Isotope Ratios

i Fi{gure 8 shows the variations of magnetic susceptibility (Ishihara, 1979) and initial
%7Sr/®°Sr (Kagami and others, 1992) along two cross-sections through these areas.
Negative correlations were detected between the variation trend of magnetic suscepti-
bility and that of initial 878r/%%Sr in both sections. In the area shown on figure 8A, a
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Fig. 4. Relationship between the exposure area of the Japanese granitic rocks and convergence rate of
oceanic plates at the Japan Arc in units of 10 million years.

similar negative correlation between magnetic susceptibility and 3180 of quartz has
also been reported previously (Ishihara, 1981).

Temporal Variations of Initial 87Sr/ 86Sr and "PNd/***Nd Isotope Ratios of the Japanese
Granitic Rocks

Fi§7ure 9A shows the relationshi7p between Rb-Sr whole-rock isochron ages and
initial ®’Sr/®°Sr. The average initial ®’Sr/°Sr generally increases gradually from 0.704
to 0.712 from 150 to 70 Ma, subsequently falling to 0.705 during 70 to 60 Ma.
Particularly from 150 to 50 Ma, initial 7Sr/ 5Sr variations of ilmenite- and magnetite-
series show two contrasting trends; both showed good fits to quadratic regression
curves (fig. 9B). Although the reasons why the trends fit the quadratic curves are not
clear, it is evident that the initial ’Sr/*°Sr ratios of two granite series vary systematically
with time. Positive correlations were found between the initial 87Sr/ 5Sr of the two
series of granitic rocks and convergence rate (fig. 10). These observations indicate that
the initial ®’Sr/°Sr ratio is also correlated with the spatiotemporal pattern of granite
plutonism. The relationship between Rb-Sr whole-rock isochron ages and initial eyy
value were examined in the same way as the initial 87Sr/86Sr ratio (fig. 11). The
relationship between Rb-Sr whole-rock isochron ages and initial ey4 values was also
similar to that of the initial 3’Sr/%°Sr ratio even though the plots were scattered to a
greater extent.

Initial 8" Sr/*°Sr Versus 830 of the Japanese Granitic Rocks

Figure 12 shows initial 87Sr/ 86Sr versus 8'%0 to determine whether the trends of
the plots are due to source contamination or crustal contamination, as suggested by
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Fig. 5. Active fields of granitic rocks corresponding to each peak period of the Japanese granitic
plutonisms.
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Fig. 9. (A) Relationship between initial ®’Sr/*°Sr isotope ratios and ages of the Japanese granitic rocks
yielded by Rb-Sr whole-rock isochrons. Error bars means the errors due to the dispersion of Rb-Sr isochron
plots; (B) Correlative relationships between the initial ®”Sr/*°Sr isotope ratios and ages during 150 to 50 Ma.
Xand Y are the quadratic regression curves of ilmenite- and magnetite-series granitic rocks, respectively. Raw
data are listed in appendix A.

James (1981). Most of the plots display trends typical of source contamination. To draw
mixing curves in figure 12, the Assimilation — Fractional Crystallization (AFC) model of
DePaolo (1981) was used, and the 87Sr/®°Sr and 8'%0 of the primitive magma were
assumed have values of 0.7035 and +6.5, respectively, which are normal mantle rock
compositions. The ratio of the mass assimilation rate to extent of fractional crystalliza-
tion (r), and the partition coefficient of Sr between bulk solid and liquid (Dg,), were
assumed to be 0.5 and 1.2, respectively. Even if the variables are changed to other
possible values, the modified mixing curve should also yield similar results, because the
fitting curves are stron%l_?l convex downward. Isotopic compositions of assimilated
material, in particular ®’Sr/®°Sr, are constrained by the fitting curves; the most
practical values of the 3’Sr/%°Sr and §'%0 are 0.7085 and 20, respectively (curves A and
B). However, some plots deviate to the higher "Sr/*°Sr side, suggesting assimilants of
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magnetite-series granitic rocks, respectively. Raw data are listed in appendix A.

higher 37Sr/%6Sr. Thus, the curve using the assimilant composition of *’Sr/56Sr =
0.713 and 8'®0 = + 20 is shown for reference (curve C). The shape of the curves is
mostly dependent on the ratio of the Sr concentration between magma and assimilant
(C,,/C,); the ratio of curve B is 0.08. This low value indicates that the magma is
strongly depleted relative to the assimilants, suggesting that the contamination re-
sulted from melting of subducted materials in the mantle source region.

Some granitic rocks of the Kitakami and northern Kyushu districts show composi-
tions that are plotted on/around the curve defined for C,/C, = 1.0 (curve A). The
granitic rocks of the Kitakami and northern Kyushu districts (fig. 1) commonly show
Sr/Y ratios of > 25, and the granitic rocks have been partly classified into adakite
(Tsuchiya and Kanisawa, 1994; Kamei, 2004). Therefore, the high initial Sr concentra-
tion of the magmas would be reflected in the plots on/around curve A.
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appendix A.

In figure 12, the plots of magnetite-series and ilmenite-series are clearly separated
by 8'%0; the upper limit of the mass of assimilant in magnetite-series granitic magmas is
about 15 percent with a few exceptions.

Initial 87Sr/86Sr Versus " Nd/"**Nd Isotope Compositions of the Japanese Granitic Rocks

Figure 13 shows three mixing curves drawn by the AFC model using the same r
and Dyg, as those in figure 12. The partition coefficient of Nd between bulk solid and
liquid (Dy4) was assumed to be 0.05. To draw the fitting curve A, the 87Sr/%Sr ratio of
the primitive magma and assimilantand C,,/C, (Sr) were set to the same values as used
in figure 12, and appropriate '**Nd/'**Nd of the primitive magma and assimilants and
C,./C, (Nd) were defined as 0.5131, 0.5122, and 0.03, respectively. Curve A suggests
that the primitive magma was strongly depleted, similar to mantle materials, and thus
the isotopic variations of the Japanese granite magmas were formed mainly through
the process of source contamination.
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Fig. 13. Relationship between initial ®’Sr/®°Sr isotope ratios and initial '**Nd/'**Nd isotope ratios of
the Japanese granitic rocks. The meaning of each symbol and numeral is the same as those in figure 12.

In figure 13, another mixing curve on the lower '**Nd/'**Nd side than curve A
can be generated using values of 0.713 and 0.5120 for the *’Sr/*°Sr and '**Nd/'**Nd
ratios of assimilants, respectively. This isotopic composition for assimilants is equiva-
lent to those of the Ryoke metamorphic rocks at 85 Ma (Yuhara and Kagami, 1999).
The Ryoke metamorphic rocks are high-temperature and low-pressure type metamor-
phic rocks constituting the upper to middle crust, and occur as the main host rock of
the granitic rocks in the Ryoke belt (Nakajima, 1994; Brown, 1998). To draw the fitting
curve (curve B), itis necessary to increase C,/C, (Sr) from 0.08 to 0.5 and C,,,/C,, (Nd)
from 0.03 to 0.1, because the curve is strongly convex downward relative to curve A; the
increases mean a shift from source contamination toward crustal contamination.
Similar to figure 12, the granitic rocks in the Kitakami district and a portion of the
granitic rocks in the northern Kyushu district show isotopic compositions plotted
on/near curve B is probably due to the intrinsic high Sr contents of the magmas.

The Miocene S-type granitic rocks show a distinctive trend in figure 13; another
mixing curve could be generated. Nakada and Okamoto (1984) demonstrated that the
AFC process between intermediate magmas of I-type chemistry and the pelite-rich
continental crust may be applicable to the origin of the S-type granitic rocks. Thus, a
primitive magma of *’Sr/®°Sr = 0.7045 and "*Nd/'**Nd = 0.51264 was tentatively
assumed for the primitive magma of the S-type granitic rocks, which is the composition
of magnetite-series granitic rocks on curve A. As the main host rock of the S-type
granitic rocks is sedimentary rock of the Shimanto group, which is an Early Cretaceous
to Paleogene accretionary complex, the averag‘e isotopic compositions of the Shimanto
group at 14 Ma (87Sr/868r = 0.7125, "3Nd/"Nd = 0.51235, Terakado and others,
1988) were applied for assimilants. At C,,/C, (Sr) = 0.35 and C,,,/C, (Nd) = 0.1, the
curve (curve C) shows a good fit to the plots of the S-type granitic rocks.
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Consequently, the curves A, B, and C in figure 13 indicate that the granitic rocks
dominated by source contamination are in the majority. However, there are also
several granitic plutons dominated by crustal contamination in the Japan Arc.

In figure 13, the plots of magnetite-series and ilmenite-series are separated by the
lines of *’Sr/®°Sr = 0.706 and '**Nd/'**Nd = 0.5124 with some exceptions. Similar to
the results shown in figure 12, figure 13 also shows that the assimilation rates of
subducted and crustal materials into primitive magmas determine whether a granitic
magma becomes magnetite-series or ilmenite-series, at least in the Japan Arc.

DISCUSSION

Origin of the Late Cretaceous Pulse in Granite Plutonism

The data presented above suggest that there is a correlation between spatiotempo-
ral variations in granite plutonism in the Japan Arc, in particular the pulse in
plutonism in the Late Cretaceous, and the increase in convergence rate of subducted
oceanic plates. Two genetic models may explain the increase in granite activity with the
increase in convergence rate:

(1) With increased convergence rate, the supply of arcrelated basaltic magmas
would increase as larger amounts of slab-derived aqueous fluid are added to
the mantle wedge. This process in turn would increase the production of
granitic magmas by the injection of voluminous basalt magmas into the lower
crust (Huppert and Sparks, 1988).

(2) With increased convergence rate, more fertile felsic materials from subducted
materials would be added to the mantle wedge as melt or aqueous solution.
This process would also increase the production of the subduction-related
granitic magmas.

The above data suggest that model (2) is more likely than (1) for the following reasons:
(a) The variations of 3180 and initial ***Nd/'**Nd combined with initial 87Sr/ 863y
(figs. 12 and 13) suggest source contamination resulting from melting of subducted
materials in the mantle source region. This result supports model (2). (b) The main
oxidizing agent required to form magnetite-series granitic magmas is SO, derived from
the subducted oceanic crust (Takagi and Tsukimura, 1997). Even if granitic magmas
are derived from the melting of the lower crust induced by injection of subduction-
related basaltic magmas containing SO, the granitic magmas show little inheritance of
SO, from the basaltic magmas. This may be because the SO, would be dispersed into
the lower crust as a volatile component and/or fixed within the lower crust as
magnetite and sulfides by reduction of ferrous ion in the lower crustal materials.
Similarly, it would be difficult for granitic magmas to inherit reducing agents, such as
CH, and CO gases, from the basaltic magmas. To bring the gas phases from subducted
materials to granitic magmas effectively, their direct ascent as melt solution without an
inheritance process in the lower crust is more likely; these relationships also support
model (2).

The positive correlation between the granite activities and the convergence rate
(fig. 4) suggests the steady production of granitic magmas in proportion to the amount
of subducted materials; it is inconsistent with granite genesis by injection of basaltic
magmas into the lower crust or slab melting due to the episodic subduction of the
Kula-Pacific ridge (for example, Nakajima and others, 1990; Maruyama, 1997; Ki-
noshita, 1999, 2002). Although it is likely that the subduction of the Kula-Pacific ridge
beneath the Japan Arc took place, this ridge subduction may not have contributed to
the formation of granitic magmas due to the cessation of the ridge spreading (for
example, Byrne and DiTullio, 1992).
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The Increase in Sediment Subduction in the Late Cretaceous

The temporal variation of initial 87Sr/8%Sr and "**Nd/'**Nd in Japanese granitic
rocks may be due to the variation of assimilation-rate of fertile sedimentary rocks by
granitic magmas. In subduction zones, sedimentary rocks that can be assimilated into
magmas include not only crustal sediments but also subducted sediments: for example,
on the basis of the actual cross-section at Japan 40°N, Shreve and Cloos (1986)
estimated that approximately 58 percent of the total sediment supply at the trench is
subducted to the volcanic arc. The main sediments assimilated into granitic magmas in
Japan are inferred to be subducted sediments for the following reasons; (1) Significant
variations of initial 87Sr/ 86Sr and '**Nd/'Nd occurred simultaneously across the
entire southwest Japan Arc during the period from 150 to 50 Ma. The phenomenon is
difficult to interpret in terms of crustal assimilation. In contrast, assuming that the
contaminant is subducted sediments, the variation of initial 878r/%%Sr and '**Nd/
'*Nd can be explained by regional tectonic movements and surfacial environmental
conditions. (2) Figures 12 and 13 suggest that the Sr, Nd, and O isotopic variations of
the Japanese granitic rocks are due mainly to source contamination processes. As
mentioned above, the 87Sr/BE’Sr, M3Nd/Nd, and 3'%0 of the assumed major
assimilants at 85 Ma are 0.7085, 0.5122, and +20, respectively. The assimilants are not
equivalent to the basaltic oceanic crust and the Ryoke metamorphic rocks in terms of
the Sr and Nd isotopic compositions, but are similar to the present bulk sediment
columns subducting at the Japan-Kurile trench (Plank and Langmuir, 1998): that is,
their 87Sr/%Sr and 3Nd/'"*Nd at 85 Ma are 0.7088 and 0.51226, respectively.
Although oxygen isotopic compositions of the sediment columns have not been
reported, they should be higher than +10 because the columns are mostly composed
of siliceous ooze, clay, and chert. Even though the subducted sediments attending
granite plutonism may not have been the same as the present subducting sediments,
both would be similar in chemistry because the nature of the bulk sediment columns
would be a reflection of the mean crustal chemistry of the eastern Eurasian continents.
Thus, the assumed assimilants in figures 12 and 13 are likely to be subducted
sediments.

Origin of the Systematic Variation of Granite Series

The rise of the ilmenite-series/magnetite-series ratios in the Late Cretaceous
could be due to the lowering of oxidation states of magma source regions resulting
from a substantial increase in sediment subduction. The ilmenite-series/magnetite-
series ratios are in direct proportion to the convergence rate of oceanic plates (fig. 7),
suggesting that rapid subduction was closely linked with the reduction of granitic
magmas. As mentioned above, redox states of granitic magmas are generally depen-
dent on the sources of magmatic sulfur. Therefore, if rapid subduction changes sulfur
sources from the subducted altered oceanic crust to sediments, it is consistent with the
increases in sediment subduction.

The Causes of the Increase in Sediment Subduction

On the basis of the above evidence, the positive correlation between initial
8781 /%58r of granitic rocks and convergence rate (fig. 10) indicates that the amount of
subducted sediment increased progressively with increasing convergence rate. In
southwest Japan, the thick Early Cretaceous to Tertiary accretionary complex, the
Shimanto belt, was formed trench-ward with a width of more than 100 kilometers and
length of 900 kilometers. The great mass of the complex may indicate a large supply of
sediments to the trench during the period. Two factors may explain the linkage of
sediment subduction and convergence rate: (1) the acceleration of subduction ero-
sion, and (2) the increase of terrigenous sediment supply to subduction zones.
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Subducting plates are hypothesized to erode the bottom and anterior margins of
accretionary complexes, and draw sediments into subduction zones (Hilde, 1983; von
Huene and Scholl, 1993). By this mechanism, even if the supply of terrigenous
sediments to trenches does not increase, progressive sediment subduction should be
promoted with the acceleration of plate subduction. The degree of subduction erosion
would also be controlled by the supply of sediments and the geometry of subduction
zones (Shreve and Cloos, 1986).

Chemical weathering rates of continental surfaces are significantly affected by
rainwater acidity and air temperature (Berner, 1995), and the greenhouse Cretaceous
atmospheric conditions likely enhanced weathering rates and increased terrigenous
sediment supply to trenches and subduction zones. The concentration of atmospheric
COy is closely linked to the productivity of oceanic crust at ridges, and is therefore also
linked to the global convergence rate of oceanic plates. Thus, increased supply of
terrigenous sediment to granite source regions may show a positive correlation with
the local convergence rate.

The regional uplift of the Eurasian continental margin due to the accretion of an
oceanic plateau and seamount chain in the Early Cretaceous would have increased the
terrigenous sediment supply to the subduction zone (Kimura, 1997). Although the
uplift occurred coincidentally with subduction during this time, it may have played an
important role in enhancing the continental surface erosion rate, at least in the Japan
Arc.

Simultaneity of Oceanic Anoxic Events with the Major Ilmenite-series Granite Activity

Organic materials and sulfides in subducted sediments play an important role in
the formation of ilmenite-series granitic rocks by controlling the redox state in the
source regions. Oceanic anoxic events (OAE’s) preserve organic materials and sulfides
in marine sediments (Hartnett and others, 1998). OAE’s occurred during the unusual
global warming in the Late Cretaceous, and it is widely accepted that OAE’s are the
main cause of the widespread deposition of carbon-rich pelagic black shales at this
time (Jenkyns, 1980).

As shown in figure 6, the timing of the OAE’s agrees well with the peaks in
ilmenite-series plutonism. This relationship suggests that the widespread oceanic
anoxic conditions that prevailed along the margins of the Eurasian continents in the
Late Cretaceous led to the deposition of carbon- and sulfide-rich sediments, and that
the subduction of these sediments supplied the extensive amounts of reduced source
rocks needed to form ilmenite-series magmas. The OAE’s, combined with the increase
in sediment subduction, probably produced the high-initial ®’Sr/*°Sr and reduced
granitic magmas in the Japan Arc.

Since the Paleogene, the global plate production has declined (Larson, 1991),
resulting in the lowering of atmospheric CO, and global cooling. In addition, this
change brought about a slowdown of global plate subduction, the cessation of OAE,
and the decrease in sediment subduction. Consequently, the initial 87Sr/8%Sr of the
granitic rocks was also significantly lowered and magnetite-series granite plutonism
became dominant by the effect of subducting oxidized oceanic crust.

CONCLUSIONS

Examination of granite plutonism in the ]aggn Arc indicated the following
features: (1) granite plutonism and initial 87Sr/56Sr isotope ratios show positive
correlations with the convergence rate of oceanic plates; (2) the oxidation states of the
granitic rocks have a negative correlation with the granite plutonism, initial 87Sr/ 86Slr,
and the plate convergence rate; and (3) initial '**Nd/'**Nd isotope ratios and 8'*O
values combined with the initial 3’Sr/*%Sr isotope ratios indicate that the temporal
variation of initial #’Sr/*Sr isotope ratios was mainly due to source contamination
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resulting from melting of subducted materials in the mantle source region. These
relationships suggest that the rise of initial *’Sr/*°Sr and the drop of oxidation states of
Late Cretaceous granitic rocks were the result of increased sediment subduction into
subduction zones. Reducing agents in the subducted sediments, including carbona-
ceous material and sulfides brought about the reduction of magma source regions,
canceling out the oxidative effects of subducting altered oceanic crust. The increase of
sediment subduction is attributable to the acceleration of subduction erosion and the
increase of sediment supply to subduction zones due to the high erosion rates of
continental crusts under greenhouse Cretaceous atmospheric conditions. Simultaneity
of oceanic anoxic events and the major ilmenite-series granite activity also suggests that
the active subduction of carbon- and sulfide-rich sediments accumulating in anoxic
marine environments promoted the reduction of granitic magmas. Consequently, at
least in the Japan Arc, the variations of plate convergence rate and the Earth’s surface
conditions controlled the redox states of granitic magmas, generating the magnetite-
and ilmenite-series.
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APPENDIX B

Data sources for numbered references referred to in Appendix A

Radiometric ages and Sr and Nd isotopic compositions

1 Osanai and others (1993) 35 Yuhara and Kagami (1999)
2 Kawano and Kagami (1993) 36 Tainosho and others (1999)
3 Owada and others (1999) 37 Yuhara and Kagami (1995)
4 Terakado and others (1988) 38 Ohtomo and others (1993)

5 Kagami and others (1992) 39 Morioka and others (2000)

6 Kagami and others. (1988) 40 Sawada and others (1994)

7 Shibata and Ishihara (1979a) 41 Suzuki and Adachi (1998)

8 Takagi and Kagami (1995) 42  Arakawa and Takahashi (1988)
9 Matsumoto and others (1994) 43  Arakawa (1988)

10 Nakajima and Shirahase (1987) 44  Tanaka and Kagami (1987)
11 Rezanov and others (1994) 45 Kawano and others (1999)
12 Shigeno and Yamaguchi (1976) 46  Arakawa and Shinmura (1995)
13 Seki (1978) 47 Shibata and Tanaka (1987)
14 Kagami and others (1995) 48 Shibata (1987)

15 Yuhara and others (1998) 49 Tanaka and others (1999)

16 Dai and others (1993) 50 Fujimaki and others (1991)
17 Yuge and others (1998) 51 Maruyama and others (1993)
18 Sudo and others (1988) 52 Wang and others (1994)

19 Tizumi and others (1984) 53 Fujimaki and others (1992)
20 Hattori and Shibata (1974) 54 Kagashima (1999)

21 lizumi and Kagami (1987) 55 Maruyama and Yamamoto (1994)
22 Rezanov and others (1996) 56 Rezanov and others (1999)
23 Tkawa and others (1999) 57 Shimakura and others (1999)
24 Yuhara and others (2000) 58 Owada and others (1997)

25 Terakado and Nohda (1993) 59 Kawano and Kagami (1999)
26 Yuhara and Kagami (1996) 60 Kawano and others (1993)
27 Takagi and others (1989) 62 Harayama (1992)

28 Ishizaka and Ishikawa (1990) 63 Kawano and others (1992)
29 Terakado and Nakamura (1984) 64  Shibata and Uchiumi (1983)
30 Ishikawa and Kagami (1992) 65 Tomizuka and others (1991)
31 Kano and others (1994) 66 Nakano and others (1995)
32 Yuhara and others (1999) 67 Takagi and others (2003)

33  Yuhara and others (2003) 68 Tanaka (1992)

34 Yuhara (1994) 69 Arakawa (1990)

Oxygen isotope compositions
a Ishihara and Matsuhisa (2002) ¢ Matsuhisa and others (1972)
b Ishihara and Matsuhisa (1999) d  Ishihara and others (1985)
Written communications (domestic journals or abstracts of meeting written in Japanese)

70 Okamoto and Honma (1983) 78 Ishioka and lizumi (1998)

71 Masao and others (1990) 79 Tizumi and others (1982)

72 Kamei and others (1997) 80 Imaoka and others (1998)

73 Honma (1986) 81 Fujii (1997)

74 Okano and Honma (1983) 82 Nakajima and others (1990b)
75 Wakisaka (1982) 83 Goto and others (1990)

76 Nozawa and Tainosho (1990) 84 MITI (1988)

77 Imaoka and others. (1997) 85 Kanisawa and others (1993)




198 Tetsuichi Takagi—Origin of magnetite- and ilmenite-series granitic rocks

REFERENCES

Ague, ]J. J., and Brimhall, G. H., 1988a, Regional variations in bulk chemistry, mineralogy, and the
compositions of mafic and accessory minerals in the batholiths of California: Geological Society of
America Bulletin, v. 100, p. 891-911.

—— 1988b, Magmatic arc asymmetry and distribution of anomalous plutonic belts in the batholiths of
California: Effects of assimilation, crustal thickness, and depth of crystallization: Geological Society of
America Bulletin, v. 100, p. 911-927.

Arakawa, Y., 1988, Two contrasting types of Rb-Sr isotope systems for the Funatsu granitic rocks in the
northern part of the Hida belt, central Japan: The Journal of the Japanese Association of Mineralogists,
Petrologists and Economic Geologists, v. 83, p. 374-387.

—— 1990, Strontium isotopic compositions of Mesozoic granitic rocks in the Hida belt, central Japan:
diversities of magma sources and of processes of magma evolution in a continental margin area: Lithos,
v. 24, p. 261-273.

Arakawa, Y., and Shinmura, T., 1995, Nd-Sr isotopic and geochemical characteristics of two contrasting types
of calc-alkaline plutons in the Hida Belt, Japan: Chemical Geology, v. 124, p. 217-232.

Arakawa, Y., and Takahashi, Y., 1988, Rb-Sr ages of granitic rocks from the Tsukuba district, Japan: Journal of
Mineralogy, Petrology and Economic Geology, v. 83, p. 232-240.

Balsley, J. R., and Buddington, A. F., 1964, Iron-titanium oxide minerals, rocks, and aeromagnetic anomalies
of the Adirondack area, New York: Economic Geology, v. 53, p. 777-805.

Bateman, P. C., Dodge, F. C. W,, and Kistler, R. W., 1991, Magnetic susceptibility and relation to initial
87Sr/%%Sr for granitoids of the central Sierra Nevada, California: Journal of Geophysical Research, v. 96,
B12, p. 19555-19568.

Berner, R. A., 1995, Chemical weathering and its effect on atmospheric CO, and climate, in White, A. F., and
Brantley, S. L., editors, Chemical weathering rates of silicate minerals: Reviews in Mineralogy, v. 31,

. 565-583

Blevilrjl, P. L., and Chappell, B. W., 1995, Chemistry, origin, and evolution of mineralized granites in the

Lachlan fold belt, Australia: the metallogeny of I- and S-type granites: Economic Geology, v. 90,
. 1604-1619.

BI‘OWI:‘I, M., 1998, Unpairing metamorphic belts: P-T paths and a tectonic model for the Ryoke Belt,
southwest Japan: Journal of Metamorphic Geology, v. 16, p. 3-22.

Byrne, T., and DiTullio, L., 1992, Evidence for changing plate motions in southwest Japan and reconstruc-
tions of the Philippine sea plate: The Island Arc, v. 1, p. 148-165.

Carmichael, I. S. E., 1991, The redox states of basic and silicic magmas: a reflection of their source regions?:
Contributions to Mineralogy and Petrology, v. 106, p. 129-141.

Czamanske, G. K., Ishihara, S., and Atkin, S. A., 1981, Chemistry of rock-forming minerals of the
Cretaceous-Paleocene batholith in southwestern Japan and implications for magma genesis: Journal of
Geophysical Research, v. 86, B11, p. 10431-10469.

Dai, K., Tsusue, A., and Honma, H., 1993, Petrological study of granitic rocks from the Kashiwajima-
Okinoshima district in the southwestern part of Kochi Prefecture: Journal of Mineralogy, Petrology and
Economic Geology, v. 88, p. 247-264.*

DePaolo, D. J., 1981, Trace element and isotopic effects of combined wallrock assimilation and fractional
crystallization: Earth and Planetary Science Letters, v. 53, p. 189-202.

Engebretson, D. C., Cox, A., and Gordon, R. G., 1985, Relative motions between oceanic and continental
plates in the Pacific basin: Geological Society of America, Special Paper, v. 206, 59 p.

Fujii, H., 1997, Abstracts, the 104" annual meeting of the Geological Society of Japan, p. 229%%.

Fujimaki, H., Miyajima, S., and Aoki, K., 1991, Rb-Sr chronological study of the Miyamoto composite mass,
southern Abukuma, Fukushima prefecture, Northeast Japan: The Journal of the Japanese Association of
Mineralogists, Petrologists and Economic Geologists, v. 86, p. 216-225.%*

Fujimaki, H., Wang, C., Aoki, K., and Kato, Y., 1992, Rb-Sr chronological study of the Hashigami plutonic
mass, northern Kitakami, northeastern Japan: The Journal of the Japanese Association of Mineralogists,
Petrologists and Economic Geologists, v. 87, p. 187-196.*

Gastil, G., Diamond, J., Knaack, C., Walawender, M., Marshall, M., Boyles, C., Chadwick, B., Erskine, B., 1990,
The problem of the magnetite-ilmenite boundary in southern and Baja California, California, in
Anderson, |. L., editor The nature and origin of Cordilleran magmatism: Geological Society of America
Memoir 174, p. 19-32.

Geological Survey of Japan, 1992, Geological map of Japan, 1:1,000,000 (3rd edition).

Goto, J., Hiroi, Y., and Kagami, H., 1990, Abstracts, the 97th annual meeting of the Geological Society of
Japan, p. 436.%%

Harayama, S., 1992, Youngest exposed granitoid pluton on Earth; cooling and rapid uplift of the Pliocene-
Quaternary Takidani Granodiorite in the Japan Alps, central Japan: Geology, v. 20, p. 657-660.

Hartnett, H. E., Keil, R. G., Hedges, J. I., and Devol, A. H., 1998, Influence of oxygen exposure time on
organic carbon preservation in continental margin sediments: Nature, v. 391, p. 572-574.

Hattori, H., and Shibata, K., 1974, Concordant K-Ar and Rb-Sr ages of the Tottori Granites, western Japan:
Bulletin of the Geological Survey of Japan, v. 25, p. 157-173.

Herzig, C. T., Kimbrough, D. L., Tainosho, Y., Kagami, H., lizumi, S., and Hayasaka, Y., 1998, Late
Cretaceous U/Pb zircon ages and Precambrian crustal inheritance in Ryoke granitoids, Kinki and Yanai
districts, Japan: Geochemical Journal, v. 32, p. 21-31.

Hilde, T. W. g., 1983, Sediment subduction versus accretion around the Pacific: Tectonophysics, v. 99,

. 381-397.
HOI]II;IE, H., 1986, Abstracts, the 93rd annual meeting of the Geological Society of Japan, p. 429.%*



in the Japan Arc 199

Huppert, H. E., and Sparks, R. S., 1988, The generation of granitic magmas by intrusion of basalt into
continental crust: Journal of Petrology, v. 29, p. 599-624.

lizumi, S., and Kagami, H., 1987, Initial Sr isotope ratio of the Hobutsu-san granite, San’in Belt, SW Japan:
implication for Sr isotope variation of Cretaceous-Paleogene igneous rocks in the Inner Zone of SW

Japan: The Memoirs of the Faculty of Science, Shimane University, v. 21, p. 145-152.

lizumi, S., Kagami, H., and Honma, H., 1982, Magma, No. 64, p. 26-29.%*

lizumi, S., Mishima, H., Okamoto, Y., and Honma, H., 1984, A strontium isotope study on the Neu granitic
pluton and its mafic inclusion, San’in zone, Southwest Japan: The Journal of the Japanese Association of
Mineralogists, Petrologists and Economic Geologists, v. 79, p. 89-100.

Ikawa, T., Onimura, M., Imaoka, T., and Kagami, H., 1999, Petrography and Sr and Nd isotope ratios of the
Sekidogatake granophyre and associated rhyolites, central part of Yamaguchi Prefecture, Southwest

Japan: The Memoirs of the Geological Society of Japan, v. 53, p. 333-348.*

Imaoka, T., Nagamatsu, H., Kagami, H., 1997, Abstracts, the 104th annual meeting of the Geological Society
of Japan, p. 231.%*

Imaoka, T., Taketomo, N., Kano, T., and Kagami, H., 1998, Abstracts, the 105th annual meeting of the
Geological Society of Japan, p. 177.%*

Ishihara, S., 1971, Modal and chemical composition of the granitic rocks related to the major molybdenum
and tungsten deposits in the inner zone of southwest Japan: The Journal of the Geological Society of
Japan,v. 77, p. 441-452.

1977, The magnetite-series and ilmenite-series granitic rocks: Mining Geology, v. 27, p. 293-305.

—— 1979, Lateral variation of magnetic susceptibility of the Japanese granitoids: The Journal of the
Geological Society of Japan, v. 85, p. 509-523.

—— 1981, The granitoid series and mineralization: Economic Geology, 75th anniversary volume, p. 458 —
484.

—— 1984, Granitoid series and Mo/W-Sn mineralization in East Asia: Geological Survey of Japan Report,
No. 263, p. 173-208.

1990, The Inner zone batholith vs. the Outer zone batholith of Japan: evaluation from their magnetic

susceptibility: The University Museum, The University of Tokyo, Nature and culture, No. 2, p. 21-34.

1998, Granitoid series and mineralization in the circum-Pacific Phanerozoic granitic belts: Resource
Geology, v. 48, p. 219-224.

Ishihara, S., and Matsuhisa, Y., 1999, Oxygen isotopic constraints on the genesis of the Miocene Outer Zone
granitoids in Japan: Lithos, v. 46, p. 523-534.

—— 2002, Oxygen isotopic constraints on the genesis of the Cretaceous-Paleogene granitoids in the Inner
Zone of Southwest Japan: Bulletin of Geological Survey of Japan, v. 53, p. 421-438.

Ishihara, S., and Sasaki, A., 1989, Sulfur isotopic ratios of the magnetite-series and ilmenite-series granitoids
of the Sierra Nevada batholith -A reconnaissance study: Geology, v. 17, p. 788-791.

2002, Paired sulfur isotopic belts: Late Cretaceous-Paleogene ore deposits of southwest Japan: Bulletin
of Geological Survey of Japan, v. 53, p. 461-477.

Ishihara, S., and Ulriksen, C. E., 1980, The magnetite-series and ilmenite-series granitoids in Chile: Mining
Geology, v. 30, p. 183-190.

Ishihara, S., and Wang, P. A., 1999, The ilmenite-series and magnetite-series classification of the Yanshanian
granitoids of South China: Bulletin of Geological Survey of Japan, v. 50, p. 661-670.

Ishihara, S., Matsuhisa, Y., Sasaki, A., and Terashima, S., 1985, Wall rock assimilation by magnetite-series
granitoid at the Miyako pluton, Kitakami, northeastern Japan: The Journal of the Geological Society of

Japan, v. 91, p. 679-690.

Ishihara, S., Sasaki, A., and Sato, K., 1992a, Metallogenic map of Japan. Plutonism and mineralization (2):
Cretaceous-Tertiary: Geological Survey of Japan.*

1992b, Metallogenic map of Japan. Plutonism and mineralization (3): Tertiary-Quaternary: Geologi-
cal Survey of Japan.*

Ishikawa, A., and Kagami, H., 1992, Isotopic composition of igneous and metamorphic xenoliths within the
Takatsukiyama granitic mass: Geological Reports of the Shimane University, v. 11, p. 1-6.%%

Ishioka, %., and lizumi, S., 1998, Abstracts, the 105th annual meeting of the Geological Society of Japan,

L1745

Ishizgka, K., and Ishikawa, N., 1990, Sr and Nd isotopic study of Tertiary granitic rocks in the Tsushima and
Goto Islands: Reports of the Faculty of Liberal Arts, Kyoto University, v. 24, p. 15-22.%%

James, D. E., 1981, The combined use of oxygen and radiogenic isotopes as indicators of crustal contamina-
tion: Annual Review of Earth and Planetary Science, v. 9, p. 311-344.

Jenkyns, H. C., 1980, Cretaceous anoxic events: from continents to oceans: London, Journal of the
Geological Society, v. 137, p. 171-188.

Kagami, H., Honma, H., Shirahase, T., and Nureki, T., 1988, Rb-Sr whole rock isochron ages of granites from
northern Shikoku and Okayama, Southwest Japan: Implications for the migration of the Late Creta-
ceous to Paleogene igneous activity in space and time: Geochemical Journal, v. 22, p. 69-79.

Kagami, H., lizumi, S., Tainosho, Y., and Owada, M., 1992, Spatial variations of Sr and Nd isotope ratios of
Cretaceous-Paleogene granitoid rocks, Southwest Japan Arc: Contributions to Mineralogy and Petrol-
ogy,v. 112, p. 165-177.

Kagami, H., Yuhara, M., lizumi, S., Tainosho, Y., Owada, M., Hayama, Y., and Nureki, T., 1995, Temporal
variation in Sr and Nd isotopic composition of Jurassic to Miocene igneous rocks in the Seto Inland Sea
and Kinki Districts of the Ryoke Belt, Southwest Japan Arc: The Memoirs of the Geological Society of
Japan, v. 44, p. 309-320.*

Kagashima, S., 1999, Layered structure in the Iwafune granite, northeastern Japan and its isochron age: The
Memoirs of the Geological Society of Japan, v. 53, p. 261-268.*




200 Tetsuichi Takagi—Origin of magnetite- and ilmenite-series granitic rocks

Kamei, A., 2004, An adakitic pluton on Kyushu Island, southwest Japan arc: Journal of Asian Earth Sciences,
doi:10.1016/jjseaes.2003.07.001.

Kamei, A., Owada, M., Hamamoto, T., Osanai, Y., Kagami, H., and Yuhara, M., 1997, Abstracts, the 104th
annual meeting of the Geological Society of Japan, p. 232.%*

Kanaya, H., and Ishihara, S., 1973, Regional variation of magnetic susceptibility of the granitic rocks in Japan:
The Journal of the Japanese Association of Mineralogists, Petrologists and Economic Geologists, v. 68,
p. 219-224.*

Kanisawa, S., Fujimaki, H., Ishikawa, K., and Aoki, K., 1993, Abstracts, the joint meeting of the Mineralogical
Society of Japan, the Society of Resource Geology, and the Japanese Association of Mineralogists,
Petrologists and Economic Geologists, p. 51.%*

Kano, K., Yamauchi, S., Takayasu, K., Matsuura, H., and Bunno, M., 1994, Geology of the Matsue district.
With geological sheet map at 1: 50,000: Geological Survey of Japan, 126 p.*

Kawano, Y., and Kagami, H., 1993, Rb-Sr whole rock and mineral isochron ages of granitic rocks of the
Ryukyu Arc, Japan: Plutonism before opening of the Okinawa Trough: Geochemical Journal, v. 27,
p. 171-178.

—— 1999, Trace element, Sr, and Nd isotopic compositions of the Imagane and Kudo granodioritic
bodies: The Memoirs of the Geological Society of Japan, No. 53, p. 235-245.*

Kawano, Y., Shibata, K., Uchiumi, S., and Ohira, H., 1992, K-Ar ages of the Tanigawadake Pliocene plutonic
body, North Fossa Magna, central Japan: Journal of Mineralogy, Petrology and Economic Geology, v. 87,

. 221-225.%

Kawzgqo, Y., Okamura, S., Kubo, K., and Kagami, H., 1993, Trace element, Sr and Nd isotopic compositions
of the Okushiri granodioritic body, southwest Hokkaido: Journal of Mineralogy, Petrology and
Economic Geology, v. 88, p. 447-456.*

Kawano, Y., Kagami, H., Hayama, Y., and Yanai, K., 1999, Sr and Nd isotopic compositions of Late Cretaceous
— Paleogene granitoids in the Ashio Belt, Central Japan: The Memoirs of the Geological Society of
Japan, No. 53, p. 287-297.*

Kimura, G., 1997, Cretaceous episodic growth of the Japanese Islands: The Island Arc, v. 6, p. 52—68.

Kinoshita, O., 1999, A migration model of magmatism explaining a ridge subduction and its details on a
statistical analysis of the granite ages in Cretaceous Southwest Japan: The Island Arc, v. 8, p. 181-189.

2002, Possible manifestations of slab window magmatisms in Cretaceous southwest Japan: Tectonophys-
ics, v. 344, p. 1-13.

Larson, R’% L., 1991, Latest plume of earth: evidence for a mid-Cretaceous superplume: Geology, v. 19,

. 547-550.

Maré;ama, S., 1997, Pacific-type orogeny revisited: Miyashiro-type orogeny proposed: The Island Arc, v. 6,
p- 91-120.

Maruyama, T., and Yamamoto, M., 1994, Preliminary study on Rb-Sr whole-rock age of Pre-Tertiary granitic
rocks from the Taiheizan plutonometamorphic rocks, central part of Akita Prefecture, Northeastern
Japan: Report of the Research Institute of Natural Resources, Mining College of Akita University, v. 59,

. 25-36%

Marfyama, T., Miura, H., and Yamamoto, M., 1993, Initial Sr isotopic ratios of some the Late-Mesozoic
igneous masses in the Kitakami Mountains, northeastern Japan: Report of the Research Institute of
Natural Resources, Mining College of Akita University, v. 58, p. 29-52.%

Masao, S., Yamada, Y., and Kagami, H., 1990, Abstracts, the 97th annual meeting of the Geological Society of
Japan, p. 445 %%

Matsuhisa, Y., Honma, H., Matsubaya, O., and Sakai, H., 1972, Oxygen isotopic study of the Cretaceous
granitic rocks in Japan: Contributions to Mineralogy and Petrology, v. 37, p. 65-74.

Matsumoto, I., Sawada, Y., and Kagami, H., 1994, Rb-Sr isochron ages of Cretaceous Kisa Volcanics and
granitoids in the central Chugoku district, Southwest Japan, and their geological significance: The
Journal of the Geological Society of Japan, v. 100, p. 399-407.*

Ministry of International Trade and Industry (MITI), 1988, 1987 report of rare metal resources of “Matsue
region”, 135 p.**

Morioka, K., Tainosho, Y., and Kagami, H., 2000, Rb-Sr isochron ages of the Cretaceous granitoids in the
Ryoke belt, Kinki district, Southwest Japan: The Island Arc, v. 9, p. 46-54.

Nakada, S., and Okamoto, Y., 1984, Petrogenetic model of I- and S-type felsic magmas in the Outer Zone, SW
Japan, in terms of Sr isotopic compositions: The Memoirs of the Geological Society of Japan, No. 24,
p. 187-198.*

Nakada, S., and Takahashi, M., 1979, Regional variation in chemistry of the Miocene intermediate to felsic
magmas in the Outer Zone and the Setouchi Province of Southwest Japan: The Journal of the
Geological Society of Japan, v. 85, p. 571-582.%*

Nakajima, T., 1994, The Ryoke plutonometamorphic belt: Crustal section of the Cretaceous Eurasian
continental margin: Lithos, v. 33, p. 51-66.

Nakajima, T., and Shirahase, T., 1987, Rb-Sr whole rock age of granitic rocks from the Sanyo Zone in the
Central Hiroshima Prefecture: The Journal of the Japanese Association of Mineralogists, Petrologists
and Economic Geologists, v. 82, p. 395-400.*

Nakajima, T, and Shirahase, T., and Shibata, K., 1990a, Along-arc lateral variation of Rb-Sr and K-Ar ages of
Cretaceous granitic rocks in Southwest Japan: Contributions to Mineralogy and Petrology, v. 104,

. 381-389.

Nak;j)ima, T., Kagami, H., and Ishiwatari, A., 1990b, Abstracts, the 97th annual meeting of the Geological
Society of Japan, p. 439.%*

Nakano, S., Otsuka, T., Adachi, M., Harayama, S., and Yoshioka, T., 1995, Geology of the Norikuradake
district. With geological sheet map at 1: 50,000: Geological Survey of Japan, 139 p.*




in the Japan Arc 201

Nozawa, T., and Tainosho, Y., 1990, The University Museum, The University of Tokyo, Nature and culture,
No. 2, p. 128.

Ohmoto, H., and Goldhaber, M. B., 1997, Sulfur and carbon isotopes, in Barnes, H. L., editor, Geochemistry
of hydrothermal ore deposits: New York, John Wiley & Sons, p. 517-611.

Ohtomo, Y., Kagami, H., and Hara, I., 1993, Origin of granitic rocks at the southern margin of the Ryoke belt
in the Mikawaono-Toei area, central Japan: Rb-Sr dating and tectonic implications: The Memoirs of the
Geological Society of Japan, v. 42, p. 121-133.

Okamoto, Y., and Honma, H., 1983, Magma, No. 67, p. 143-149.%*

Okano, O., and Honma, H., 1983, Magma, No. 67, p. 123-128.%*

Osanai, Y., Masao, S., and Kagami, H., 1993, Rb-Sr whole rock isochron ages of granitic rocks from the
central Kyushu, Japan: The Memoirs of the Geological Society of Japan, v. 42, p. 135-150.*

Owada, M., Osanai, Y., and Kagami, H., 1997, Rb-Sr isochron ages for hornblende tonalite from the
southeastern part of the Hidaka metamorphic belt, Hokkaido, Japan: Implication for timing of peak
metamorphism: The Memoirs of the Geological Society of Japan, v. 47, p. 21-27.

Owada, M., Kamei, A., Yamamoto, K., Osanai, Y., and Kagami, H., 1999, Spatial — temporal variations and
origin of granitic rocks from central to northern part of Kyushu: The Memoirs of the Geological Society
of Japan, v. 53, p. 349-363.*

Plank, T., and Langmuir, C. H., 1998, The chemical composition of subducting sediment and its conse-
quences for the crust and mantle: Chemical Geology, v. 145, p. 325-394.

Rezanov, A. 1., Kagami, H., and lizumi, S., 1994, Rb-Sr isochron ages of Cretaceous-Paleogene granitoid rocks
in the central part of the Chugoku district, Southwest Japan: The Journal of the Geological Society of
Japan, v. 100, p. 651-657.

Rezanov, A. 1., Shuto, K., and lizumi, S., 1996, A Rb-Sr whole rock isochron age of the Gozu Granite, Niigata
Prefecture, central Japan: The Journal of the Geological Society of Japan, v. 102, p. 828—-831.

Rezanov, A. 1., Shuto, K., and lizumi, S., and Shimura, T., 1999, Sr and Nd isotopic and geochemical
characteristics of Cretaceous-Paleogene granitoid rocks in the Niigata area, the northernmost part of
the southwest Japan: The Memoirs of the Geological Society of Japan, v. 53, p. 269-286.

Sasaki, A., and Ishihara, S., 1979, Sulfur isotopic composition of the magnetite-series and ilmenite-series
granitoids in Japan: Contributions to Mineralogy and Petrology, v. 68, p. 107-115.

Sawada, Y., Kagami, H., Matsumoto, I., Sugii, K., Nakano, S., Collaborative Research Group for the Granites
around the Southern Lake Biwa, 1994, A Cretaceous granitic ring complex and the Koto Cauldron
around the southern part of Lake Biwa, Southwest Japan: The Journal of the Geological Society of
Japan, v. 100, p. 217-233.*

Seki, T., 1978, Rb-Sr geochronology and petrogenesis of the late Mesozoic igneous rocks in the Inner zone of
the sout};western part of Japan: The Memoirs of Science, Kyoto University, (Geology and Mineralogy),
v. 45, p. 71-110.

Shibata, K., 1987, Rb-Sr whole-rock ages of granitic rocks from the Marumori district, northern Abukuma
Plateau: The Journal of the Japanese Association of Mineralogists, Petrologists and Economic Geolo-
gists, v. 82, p. 36—-40.% ‘

Shibata, K., and Ishihara, S., 1979a, Initial ®7Sr/%°Sr ratios of plutonic rocks from Japan: Contributions to
Mineralogy and Petrology, v. 70, p. 381-390.

—— 1979b, Rb-Sr whole-rock and K-Ar mineral ages of granitic rocks in Japan: Geochemical Journal, v. 13,
p- 113-119.

Shibata, K., and Tanaka, T., 1987, Age of formation for the Ishikawa composite mass, Abukuma mountains,
inferred from Nd and Sr isotopic systematics: Journal of Mineralogy, Petrology and Economic Geology,
v. 82, p. 433-440.%

Shibata, K., and Uchiumi, S., 1983, K-Ar ages on hornblende from granitic rocks in the southern Abukuma
Plateau: The Journal of the Japanese Association of Mineralogists, Petrologists and Economic Geolo-
gists, v. 78, p. 405-410.*

Shigeno, H., and Yamaguchi, M., 1976, A Rb-Sr isotopic study of metamorphism and plutonism in the Ryoke
belt, Yanai district, Japan: The Journal of the Geological Society of Japan, v. 82, p. 687—-698.*

Shimakura, K., Shuto, K., and Shimura, T., 1999, Genesis of Tertiary granitoids from the Daiyama and Nissho
areas, central part of the Northeast (NE) Japan Arc: The Memoirs of the Geological Society of Japan,
v. b3, p. 365-381.

Shreve, R. L., and Cloos, M., 1986, Dynamics of sediment subduction, melange formation, and prism
accretion: Journal of Geophysical Research, v. 91, B10, p. 10229-10245.

Sudo, H., Honma, H., Sasada, M., and Kagami, H., 1988, Sr isotope ratios of Late Cretaceous to Paleogene
igneous rocks of the Misasa-Okutsu-Yubara area, eastern Sanin Province, Southwest Japan: The Journal
of the Geological Society of Japan, v. 94, p. 113-128.*

Suzuki, K., and Adachi, M., 1998, Denudation history of the high T/P Ryoke metamorphic belt, southwest
Japan: constraints from CHIME monazite ages of gneisses and granitoids: Journal of Metamorphic
Geology, v. 16, p. 23-37.

Suzuki, K., Adachi, M., and Nureki, T., 1996, CHIME age dating of monazite from metamorphic rocks and
granitic rocks of the Ryoke belt in the Iwakuni area, Southwest Japan: The Island Arc, v. 5, p. 43-55.
Tainosho, Y., Kagami, H., Yuhara, M., Nakano, S., Sawada, K., and Morioka, K., 1999, High initial Sr isotopic
ratios of Cretaceous to early Paleogene granitic rocks in Kinki district, Southwest Japan: The Memoirs of

the Geological Society of Japan, v. 53, p. 309-321.*

Takagi, T., and Kagami, H., 1995, Rb-Sr isochron ages and initial Sr isotope ratios of the Ukan granodiorite
and Kayo granite, central Okayama prefecture, southwest Japan: Bulletin of the Geological Survey of
Japan, v. 46, p. 219-224.

Takagi, T., and Tsukimura, K., 1997, Genesis of oxidized- and reduced-type granites: Economic Geology,
v. 92, p. 81-86.



202 Tetsuichi Takagi

Takagi, T., lizumi, S., and Kagami, H., 1989, Petrography and geochemistry of two contrasting I-type
granites, the Mitsumori and Ikuridani granites, San’in Belt, Southwest Japan: The Journal of the
Geological Society of Japan, v. 95, p. 905-918.

Takagi, T., Naito, K., and lizumi, S., 2003, Sodic-Calcic alteration of granites associated with Mo mineraliza-
tion at the Komaki district, southwest Japan: Geological Society of America Abstracts with Programs,
v. 35, n. 6, p. 555.

Tanaka, H., Kagami, H., and Yoshida, T., 1999, Sr and Nd isotopic compositions of the Tabito composite
mass in the southern Abukuma mountains, northeast Japan: The Memories of the Geological Society of
Japan, v. 53, p. 247-259.*

Tanaka, S., 1992, Origin of the early Mesozoic granitic rocks in the Hida terrane, Japan, and its implication
for evolution of the continental crust: Journal of Science of the Hiroshima University, Series C (Geology
and Mineralogy), v. 9, p. 435—-493.

Tanaka, S., and Kagami, H., 1987, Rb-Sr isotopic ages of the granitic rocks in the Tsurugidake-Kekachiyama
area, northern Japan Alps: The Journal of the Geological Society of Japan, v. 93, p. 929-932.*

Terakado, Y., and Nakamura, N., 1984, Nd and Sr isotopic variations in acidic rocks from Japan: significance
of upper-mantle heterogeneity: Contributions to Mineralogy and Petrology, v. 87, p. 407-417.

Terakado, Y., and Nohda, S., 1993, Rb-Sr dating of acidic rocks from the middle part of the Inner Zone of
southwest Japan: tectonic implications for the migration of the Cretaceous to Paleogene igneous
activity: Chemical Geology, v. 109, p. 69-87.

Terakado, Y., Shimizu, H., and Masuda, A., 1988, Nd and Sr isotopic variations in acidic rocks formed under
a peculiar tectonic environment in Miocene Southwest Japan: Contributions to Mineralogy and
Petrology, v. 99, p. 1-10.

Tomizuka, R., Yashima, R., and Kadosawa, Y., 1991, K-Ar ages of granitic rocks from the Miharu district in the
middle Abukuma mountains, northeast Japan: Science Report of the Faculty of Education, Fukushima
University, v. 48, p. 19-23.*

Tsuchiya, N., and Kanisawa, S., 1994, Early Cretaceous Sr-rich silicic magmatism by slab melting in the
Kitakami Mountains, northwest Japan: Journal of Geophysical Research, v. 99, B11, p. 22205-22220.

von Huene, R., and Scholl, D. W., 1993, The return of sialic material to the mantle indicated by terrigenous
material subducted at convergent margins: Tectonophysics, v. 219, p. 163-175.

Wakisaka, Y., 1982, Abstracts, the 89th annual meeting of the Geological Society of Japan, p. 408.%*

Wang, C., Fujimaki, H., Kato, Y., and Aoki, K., 1994, Rb-Sr chronological study of the Otanabe granite,
Kitakami Mountains, northeastern Japan: Journal of Mineralogy, Petrology and Economic Geology,
v. 89, p. 311-316.*

Yuge, T., Imaoka, T., and lizumi, S., 1998, Whole-rock chemistry and Sr and Nd isotope ratios of Cretaceous
rhyolites and granitoids in Abu district, Yamaguchi Prefecture, Southwest Japan: The Journal of the
Geological Society of Japan, v. 104, p. 159-170.*

Yuhara, M., 1994, Timing of intrusion of the Otagiri granite with respect to the deformation and
metamorphism in Ryoke belt in the Ina district, central Japan: Examination by Rb-Sr whole rock
isochron ages: Journal of Mineralogy, Petrology and Economic Geology, v. 89, p. 269-284.*

Yuhara, M., and Kagami, H., 1995, Cooling history of the Katsuma quartz diorite in the Ina district of the
Ryoke belt, Southwest Japan Arc: The Journal of the Geological Society of Japan, v. 101, p. 434—-442.*

—— 1996, Rb-Sr whole-rock and mineral isochron ages of the Otagiri granites from the Ina district, Ryoke
belt, Southwest Japan Arc: Journal of Mineralogy, Petrology and Economic Geology, v. 91, p. 275-282.%*

—— 1999, Chronological and isotope geological study of the Takato granite in the Ina district of the Ryoke
belt, Southwest Japan Arc: The Journal of the Geological Society of Japan, v. 105, p. 181-192.%*

Yuhara, M., Takahashi, Y., and Kagami, H., 1998, Rb-Sr whole rock isochron ages and source materials of
grar;i;ic rocks in Awaji Island, Southwest Japan Arc: Bulletin of the Geological Survey of Japan, v. 49,
p. 477-491.%

Yuhara, M., Ohira, H., Owada, M., Kamei, A., and Kagami, H., 1999, Geochronological study of the Habu
Granodiorite in the eastern Yamaguchi Prefecture, Southwest Japan: The Memoirs of the Geological
Society of Japan, No. 52, p. 323-331.%

Yuhara, M., Kagami, H., and Nagao, K., 2000, Geochronological characterization and petrogenesis of
granitoids in the Ryoke belt, Southwest Japan Arc: constraints from K-Ar, Rb-Sr and Sm-Nd systematics:
The Island Arc, v. 9, p. 64-80.

Yuhara, M., Miyazaki, T., Kagami, H., and Yuhara, M., 2003, Rb-Sr and K-Ar geochronology and petrogenesis
of the Aji Granite in the eastern Sanuki district, Ryoke Belt, southwest Japan: Journal of Mineralogical
and Petrological Sciences, v. 98, p. 19-30.

*:in Japanese with English abstract

**:in Japanese



