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ABSTRACT. The exposure areas, radiometric ages, redox states, initial 87Sr/86Sr
and 143Nd/144Nd isotope ratios, and �18O 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 87Sr/86Sr 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
143Nd/144Nd isotope ratios and �18O values combined with the initial 87Sr/86Sr isotope
ratios suggest that the temporal variation of initial 87Sr/86Sr 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
87Sr/86Sr 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 CO2 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 �
10�6 emu/g (� 3.0 � 10�3 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
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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 SO2 concentration of the magmas, because SO2 gas
acts as an oxidizing agent for silicate melts during late-magmatic to subsolidus stages.
When a magma contains SO2 � 250 ppm, it becomes a magnetite-series granitic rock.
In contrast, ilmenite-series magmas contain little SO2, probably because most SO2 has
been reduced to H2S by reducing agents, such as CH4 and CO.

Sulfur isotope compositions of magnetite-series granitic rocks are generally heavier
than those of ilmenite-series granitic rocks; �34S 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 143Nd/144Nd, �18O 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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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
monazite 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

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).

171in the Japan Arc



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/86Sr of
granitic rocks was examined more closely.

Initial 87Sr/86Sr, 143Nd/144Nd, and Oxygen Isotope Ratios of the Japanese Granitic Rocks
The initial 87Sr/86Sr isotope ratios of the granitic rocks yielded by the Rb-Sr

whole-rock isochrons only were compiled. Initial 143Nd/144Nd 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 143Nd/144Nd isotope ratios, the average
and deviations of the ratios are indicated. The �18O values (whole-rock �18O values
relative to Standard Mean Oceanic Water, ‰) of the Japanese granitic rocks were also
compiled. Although isotopic fractionation of the oxygen isotopes with increasing SiO2
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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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.

Fig. 2. Tectonic setting and distribution of Cretaceous granitic rocks in the Eurasian continental
margin. Modified after Owada and others (1999).
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Relationship Between Redox States and Initial 87Sr/86Sr Isotope Ratios
Figure 8 shows the variations of magnetic susceptibility (Ishihara, 1979) and initial

87Sr/86Sr (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 87Sr/86Sr in both sections. In the area shown on figure 8A, a

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.

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



similar negative correlation between magnetic susceptibility and �18O of quartz has
also been reported previously (Ishihara, 1981).

Temporal Variations of Initial 87Sr/86Sr and 143Nd/144Nd Isotope Ratios of the Japanese
Granitic Rocks

Figure 9A shows the relationship between Rb-Sr whole-rock isochron ages and
initial 87Sr/86Sr. The average initial 87Sr/86Sr 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 87Sr/86Sr 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 87Sr/86Sr ratios of two granite series vary systematically
with time. Positive correlations were found between the initial 87Sr/86Sr of the two
series of granitic rocks and convergence rate (fig. 10). These observations indicate that
the initial 87Sr/86Sr ratio is also correlated with the spatiotemporal pattern of granite
plutonism. The relationship between Rb-Sr whole-rock isochron ages and initial 	Nd
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 	Nd values was also
similar to that of the initial 87Sr/86Sr ratio even though the plots were scattered to a
greater extent.

Initial 87Sr/86Sr Versus �18O of the Japanese Granitic Rocks
Figure 12 shows initial 87Sr/86Sr versus �18O to determine whether the trends of

the plots are due to source contamination or crustal contamination, as suggested by

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.
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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. 6. Variation of the percentage of ilmenite-series granitic rock areas for the Japanese granitic rocks
in units of 5 million years. The period from 75 to 110 Ma is the ilmenite-series dominant period in the
Japanese granitic plutonism. OAE� oceanic anoxic events (Jenkyns, 1980).

Fig. 7. Relationship between the percentage of ilmenite-series granite areas for the Japanese granitic
rocks and convergence rate of oceanic plates in units of 10 million years.
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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/86Sr and �18O 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 (DSr), 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 strongly convex downward. Isotopic compositions of assimilated
material, in particular 87Sr/86Sr, are constrained by the fitting curves; the most
practical values of the 87Sr/86Sr and �18O are 0.7085 and 20, respectively (curves A and
B). However, some plots deviate to the higher 87Sr/86Sr side, suggesting assimilants of

Fig. 9. (A) Relationship between initial 87Sr/86Sr 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 87Sr/86Sr isotope ratios and ages during 150 to 50 Ma.
X and Y are the quadratic regression curves of ilmenite- and magnetite-series granitic rocks, respectively. Raw
data are listed in appendix A.

179in the Japan Arc



Fig. 10. Relationship between the averages of initial 87Sr/86Sr isotope ratios of the two granite series in
the Japan Arc yielded by Rb-Sr whole-rock isochrons and convergence rate of oceanic plates in units of 10
million years.
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higher 87Sr/86Sr. Thus, the curve using the assimilant composition of 87Sr/86Sr �
0.713 and �18O � � 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
(Cm/Ca); 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 Cm/Ca � 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.

Fig. 11. (A) Relationship between initial 143Nd/144Nd isotope ratios and ages of the Japanese granitic
rocks yielded by Rb-Sr whole-rock isochrons. The plot and error bar mean the average and variation of the
isotope ratios in a pluton, respectively. (B) Correlative relationships between the initial 143Nd/144Nd isotope
ratios and ages during 150 to 50 Ma. X and Y are the quadratic regression curves of ilmenite- and
magnetite-series granitic rocks, respectively. Raw data are listed in appendix A.
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In figure 12, the plots of magnetite-series and ilmenite-series are clearly separated
by �18O; 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 143Nd/144Nd Isotope Compositions of the Japanese Granitic Rocks
Figure 13 shows three mixing curves drawn by the AFC model using the same r

and DSr as those in figure 12. The partition coefficient of Nd between bulk solid and
liquid (DNd) was assumed to be 0.05. To draw the fitting curve A, the 87Sr/86Sr ratio of
the primitive magma and assimilant and Cm/Ca (Sr) were set to the same values as used
in figure 12, and appropriate 143Nd/144Nd of the primitive magma and assimilants and
Cm/Ca (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.

Fig. 12. Relationship between initial 87Sr/86Sr isotope ratios and �18O values of the Japanese granitic
rocks. Cm� concentration of the element in magma; Ca� concentration of the element in assimilant; Small
numerals on mixing curves � mass of magma/initial mass of magma. Raw data of �18O values are listed in
appendix A.
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In figure 13, another mixing curve on the lower 143Nd/144Nd side than curve A
can be generated using values of 0.713 and 0.5120 for the 87Sr/86Sr and 143Nd/144Nd
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), it is necessary to increase Cm/Ca (Sr) from 0.08 to 0.5 and Cm/Ca (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 87Sr/86Sr � 0.7045 and 143Nd/144Nd � 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 average isotopic compositions of the Shimanto
group at 14 Ma (87Sr/86Sr � 0.7125, 143Nd/144Nd � 0.51235, Terakado and others,
1988) were applied for assimilants. At Cm/Ca (Sr) � 0.35 and Cm/Ca (Nd) � 0.1, the
curve (curve C) shows a good fit to the plots of the S-type granitic rocks.

Fig. 13. Relationship between initial 87Sr/86Sr isotope ratios and initial 143Nd/144Nd isotope ratios of
the Japanese granitic rocks. The meaning of each symbol and numeral is the same as those in figure 12.
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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 87Sr/86Sr � 0.706 and 143Nd/144Nd � 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 arc-related 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 �18O and initial 143Nd/144Nd combined with initial 87Sr/86Sr
(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 SO2 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 SO2, the granitic magmas show little inheritance of
SO2 from the basaltic magmas. This may be because the SO2 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
CH4 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/86Sr and 143Nd/144Nd 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 143Nd/144Nd 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 87Sr/86Sr and 143Nd/
144Nd 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/86Sr, 143Nd/144Nd, and �18O 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/86Sr and 143Nd/144Nd 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

87Sr/86Sr 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
CO2 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 87Sr/86Sr 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 CO2 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/86Sr 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 Japan Arc indicated the following

features: (1) granite plutonism and initial 87Sr/86Sr 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/86Sr,
and the plate convergence rate; and (3) initial 143Nd/144Nd isotope ratios and �18O
values combined with the initial 87Sr/86Sr isotope ratios indicate that the temporal
variation of initial 87Sr/86Sr 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 87Sr/86Sr 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
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