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Abstract: The Ryoke metamorphic belt is one of the typical low-pressure type metamorphic
belts in the world. It is composed of granitoids (Older and Younger Ryoke granitoids) and
associated metamorphic complex (Ryoke metamorphic rocks) of Cretaceous age. The Ryoke
metamorphic rocks in the Yanai district, southwest Japan, show three different phases of ductile
deformation. During the first phase (D1), a distinct foliation parallel to lithologic layering was
formed under the thermal peak conditions of the low-pressure facies series metamorphism. The
second phase deformation (D2) led to the formation of mylonitic shear zones and nappes.
Deformation of the third phase (D3) was responsible for the formation of the upright folds with
E-W trending axes. The movement picture of D1 during and immediately before the intrusion of
the Older Ryoke granitoids was of extension tectonics. After D1, the nappes and upright folds of
the metamorphic rocks and granitoids were formed during D2 and D3 probably under
compressional stress field. The regional Ryoke metamorphism has been divided into two phases,
MO and M1. The metamorphism of M0 was of nearly medium-pressure facies series (ca. 30°C /
km) and that of M1 was of low-pressure facies series (ca. 40 ~ 50°C / km). On the basis of the
mineral assemblages crystallized under M1, the Ryoke metamorphic rocks are divided into four
metamorphic zones: biotite zone, cordierite zone (460 ~ 590°C, 2.5 ~ 3.5 kbar), sillimanite zone
(630 ~ 690°C, 3 ~ 5 kbar), and garnet zone (730 ~ 770°C, 5.5 ~ 6.5 kbar). Because the intrusion
of the Older Ryoke granitoids has a strong time and spatial association with M1, it is suggested
that the heat sources of M1 are the emplacement of the Older Ryoke granitoids. By using 1-D
numerical simulation, the thermal model for M1 was developed by heat conduction with fluid
advection caused by intrusion of a granodiorite sheet at intermediate crustal levels. The results of
the thermal model nearly consist with the petrologically estimated highest metamorphic
temperatures during M1. Garnet crystals from the sillimanite zone are chemically zoned and
show several kinds of zoning patterns. The observed overall zoning patterns in the garnets with
different radii are well reproduced by the numerical analysis. These results suggest that the
temperature-time path gives a good explanation for M1. Therefore, it can be said that the sheet-
like Older Ryoke granitoids intruded at intermediate crustal levels (= 15-km-depth) are a heat
source of M1. In conclusion, the Ryoke metamorphic rocks firstly were heated under medium-
pressure facies conditions, and then they were further heated under low-pressure facies conditions
caused by the intrusion of the Older Ryoke granitoids. ‘
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Evolution of the continental crust is a central question
of the earth science. In general, active continental margins
are composed of granitoids and associated low-pressure type
metamorphic complex (e.g. Miyashiro, 1961, 1994). The
granitoids and low-pressure type metamorphic rocks
commonly form low-pressure type metamorphic belt
(LPM). To clarify the evolution of the continental crust, it
is necessary that the formation processes of LPM arc
considered especially with reference to two aspects such as
emplacement mechanism of the granitic magma and thermal
evolution of the metamorphic rocks.

The Ryoke metamorphic belt of southwest Japan (Fig.
1) is mainly composed of a large volume of Cretaceous
granitoids (Ryoke granitoids) and associated low-pressure
type metamorphic rocks (Ryoke metamorphic rocks), and
then has been regarded as a typical example of low-pressure
type metamorphic belt. The low-pressure Ryoke
metamorphic belt is adjacent to the high-pressure
Sambagawa metamorphic belt, scparated by the Median
Tectonic Line (MTL), in southwest Japan and both are of
Jurassic-Cretaccous age. The Ryoke granitoids have been
divided into sill-like granitoids (Older Ryoke granitoids) and
stock-like ones (Younger Ryoke granitoids) on the basis of
their intrusion forms (e.g. Hara, 1962; Hara et al., 1980,
1991; Okudaira et al., 1993). Many geological observation,
as described in the following paragraphs, indicates that the
low-pressure facies series Ryoke metamorphism has a
strong spatial and time association with emplacement of the
Older Ryoke granitoids.

(1) Distribution of the Older granitoids correlates with
that of the high-grade metamorphic rocks (e.g. Suwa, 1973;
Okudaira et al., 1993).

(2) Throughout the higher grade metamorphic zones,
distinct contact aureoles caused by the intrusion of the Older
granitoids are lacking (e.g. Koide, 1958; Nishimura et al.,
1985; Nureki et al., 1992).

(3) Isograds of the low-pressure type metamorphism are
roughly parallel to the boundaries of the Older granitoids
(e.g. Ishioka, 1974; Kutsukake, 1977; Okudaira et al.,
1993). ,

(4) Geological and petrological structures of the high-
grade metamorphic rocks are compatible with those of the
Older granitoids (e.g. Koide, 1958; Okamura, 1960; Nureki,
1960; Hara, 1962; Hara et al., 1991; Okudaira et al., 1993).

(5) Radiometric ages of the metamorphic rocks are
roughly compatible with those of the Older granitoids (e.g.
Shigeno and Yamaguchi, 1976; Higashimoto et al., 1983;
Banno and Nakajima, 1992; Nakajima et al., 1993;
Nakajima, 1994; Suzuki et al., 1999),

From these observations, Ishioka (1974), Kutsukake
(1977), Okudaira et al. (1993, 1994), and Miyashiro (1994)
suggested that the Older Ryoke granitoids are syn-
metamorphic intrusions and the low-pressure facies series
Ryoke metamorphism was resulted form thermal effects of
the emplacement of the Older granitoids. In order to clarify
this suggestion, the author investigated (1) the tectonic
histories for emplacement of the Older granitoids and the
low-pressure facies series metamorphism of the Ryoke
metamorphic belt, (2) possible thermal model using simple
1-D numerical simulation for the low-pressure facies series
mctamorphism, and (3) an evaluation of validity of the

model examined by numerical analysis based on chcmical
zoning in garnet.

In this paper, the tectonic historics of the Ryoke
metamorphic belt in the Yanai district are summarized. The
thermal modeling and its examination have been discussed in
Okudaira (1996a, b).

II. OUTLINE OF GEOLOGY

The Yanai district (Fig. 1) mainly consists of the Older
Ryoke granitoids (Gamano granodiorite and Tengatake-
Nagano migmatite), Younger Ryoke granitoids (Kibe and
Namera granites), and their associated Ryoke metamorphic
rocks of Cretaceous age (e.g. Nureki, 1960; Okamura, 1960;
Kojima and Okamura, 1968; Higashimoto er al., 1983;
Nishimura et al., 1985; Hara et al., 1991; Ikeda, 1991,
1993; Nureki et al., 1992; Okudaira et al., 1993, 1995a;
Nakajima, 1994). Iwakuni granite (Higashimoto et al.,
1983), which is one of the Hiroshima granitoids, occurs in
the northern part of the district. The Gamano granodiorite
most widely occurs in the district, and is mainly composed
of homblende-biotite tonalite and hornblende-bearing biotite
tonalite~granodiorite. The Gamano granodiorite
concordantly intruded in the high-grade metamorphic rocks,
and its foliation defined by preferred shape oricntation of
plagioclase, biotite, and hornblende is harmonic in trend
with that of the metamorphic rocks. Because the
mineralogical and chemical features of the Gamano
granodiorite are of metaluminous I-type granitoid, the
granodiorite was not in situ generated from the middle
crustal rocks but was originated from the lower crust and the
upper mantle (c.g. Honma, 1974; Kagami et al., 1992).

The metamorphic rocks are mainly derived from pelites,
psammites, and cherts, with subordinatc amounts of
calcarcous and basic rocks, which are considered to belong to
the Jurassic accrctionary complex (Kuga Group: ec.g.
Kojima, 1953; Higashimoto et al., 1983; Takami et al.,
1990). They were regionally metamorphosed under low-
pressure facies scries metamorphic conditions (M1).
Following Okudaira et al. (1993, 1996a), the Ryoke
metamorphic rocks formed during M1 has been divided into
four metamorphic zones such as biotite, cordierite,
sillimanite, and garnet zones (Fig. 1). After M1, the Kibe,
Namera, and Iwakuni granites distributed in the north of the
studied arca locally metamorphosed the surrounding rocks
M2).

III. DEFORMATION
A.LARGE-SCALE STRUCTURES

On the basis of the fcatures of the large-scale structures,
the Ryoke mctamorphic belt in the district can be divided
into three structural domains such as northern, central and
southern domains (Okudaira et al. 1993) (Fig. 2). The
geological structure of the northern domain is characterized
by gentle upright folds with a fold axis gently plunging
toward ESE (Fig. 2). The Tengatake-Nagano migmatite arc
placed in the northern domain, and intruded cutting across
the lithologic layering and foliation in the metamorphic
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Fig. 1 (a) Outline map showing the location of the Ryoke
metamorphic belt of southwest Japan. RMB: Ryoke
metamorphic belt. MTL: Median Tectonic Line. ISTL:
Itoigawa-Shizuoka Tectonic Line. (b) Geological and
metamorphic zonation map of the Yanai district, southwest
Japan. 1: alluvium. 2: Tertiary volcanics. 3: Iwakuni
granite. 4: Kibe granite. 5: Gamano granodiorite. 6:
Tengatake-Nagano migmatite. 7 - 10 : Ryoke metamorphic
rocks (7 biotite zone, 8 cordierite zone, 9 sillimanite zone,
10 garnet zone).

rocks at low angles and across the lower level of
lithostratigarphy toward the north. The geological structure
of the southern domain is also characterized by gentle folds
in upright fashion and of WNW-ESE to E-W trend (Fig. 2).
The geological structure of the central domain is
characterized by overturned folds which axial surfaces gently
dipping toward NNE ~ NE, and therefore significantly differs
from that of the northern and southern domains (Fig. 2).
The Gamano granodiorite intruded in the central and
southern domains (Fig. 2). The Gamano granodiorite and
the metamorphic rocks of the sillimanite and garnet zones
are involved in the overturned folds. When the overtumed
folds arc unfolded to flat-lying state, the Gamano
granodiorite is underlain by the metamorphic rocks of the
garnet zone, while the former is overlain by the latter of the
sillimanite zone (Okudaira et al., 1993). It can be said that
the Gamano granodiorite intruded between the gamet and
sillimanite zones, as sheet-like body.

B. DEFORMATION EVENTS
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Fig. 2 Structural domains (northern, central, and southern
domains) in the Yanai district. Axial traces of major folds
are also illustrated.

In the Gamano granodiorite and metamorphic rocks,
deformation structures produced during three different phases
(D1, D2, and D3) of ductile deformation have been
recognized (Okudaira et al., 1993, 1995a). D1 and D3 are of
the penetrative type, and D2 is of non-penetrative type. A
distinct foliation (S1-foliation) parallel to lithologic
layering is recognized in all the rocks. Many intrafolial
folds (F1-folds) with axial plane parallel to S1-foliation and
rotated and non-rotated boudinages are recognized. In the
biotite zone, extensional crenulation cleavage (ECC) are
also recognized. ECC is considered to be formed under a
foliation-parallel  extension with some non-coaxial
components (e.g. Platt and Vissers, 1980). The
composition of ECC-forming biotite coincides with that of
S1-forming biotite, the ECC occurred simultaneously with
Si-foliation. The S1-foliation and ECC are comparable
with ¥ and R1 of Riedel shear fractures, respectively, and
then the shear sense inferred from the geometrical
relationship between the ECC and S1-foliation is top to the
N ~ NNE (Okudaira et al., 1995a). The Gamano
granodiorite intruded into large-scale extensional fracture
zones produced during D1 (Okudaira et al., 1995a). In the
Gamano granodiorite, S 1-foliation defined by shape preferred
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orientation of plagioclase, biotite, and homblende are
recognized, and general trend of S1-foliation of the Gamano
granodiorite is harmonic with that of the mectamorphic
rocks. D1 is considered to have occurred during M1, while
D2 and D3 phases postdate the main crystallization of
metamorphic minerals during M1 (Okudaira et al., 1993,
1995a). As inferred from the dislocation densities in quartz
grains deformed during D1, strain rate appears to be high (=
10710 < 107 s'l). D2 is related to the formation of the
overturned folds and basal shear zones in the central domain.
The metamorphic rocks and Gamano granodiorite involved
in the overturned folds is considered to form a nappe
(Okudaira et al., 1993). The D2-shear zones are recognized
as fine-grained layers with distinct foliation (S2) truncating
the S1-foliation of the coarse-grained granodiorite. The fine-
grained layers consist of new grains produced by dynamic
recrystallization of constituents of the coarse-grained
granodiorite (Sakurai and Hara, 1990). Asymmetric
structures of D2 in the shear zones indicate shear sense of
top to the WSW ~ SW. D3 is responsible for the formation
of the upright folds with E-W trending axes. The upright
folds (F3-folds) are comparable with the upright folds
developed in left-hand fashion throughout the Paleozoic-
Mecsozoic  accretionary complexes and the Ryoke
metamorphic belt in the Inner Zone of southwest Japan (e.g.
Haraer al., 1980).

IV. METAMORPHISM

A.LOW-PRESSURE FACIES SERIES
METAMORPHISM (M1)

Regional metamorphic zonation of the Ryoke
metamorphic rocks in the Yanai district has been proposed
by many authors (Nureki, 1960; Higashimoto et al., 1983;
Nishimura et al., 1985; Ikeda, 1991, 1993; Nureki et al.,
1992; Okudaira et al., 1993; Nakajima, 1994). However,
the proposed metamorphic zonation slightly differs from
cach other. In Okudaira et al., (1993, 1995a) and this study,
on the basis of mineral parageneses of the matrix-forming
minerals in pelitic and psammitic rocks, that is, except for
cherts and metasomatized rocks, the Ryoke metamorphic
rocks are divided into four metamorphic zones such as
biotite, cordierite, sillimanite, and garnet zones. The
distribution of those zones are shown in Fig. 1. The biotite
and cordierite zones, the sillimanite zone, and the gamet
zone are equivalent to the northern, southern, and central
structural domains, respectively (see Figs. 1 and 2). The
critical mineral parageneses, which are occurred as matrix-
forming minerals, are as follows:

biotite zone: biotite + muscovite,

cordierite zone: biotite + muscovite + K-feldspar + cordierite
+ andalusite,

sillimanite zone: biotite + K-feldspar + sillimanite + garnet
or cordierite,

garnet zone: biotite + K-feldspar + cordierite + garnet.

The first appearance of K-feldspar and cordierite defines the
start of the cordierite zone. Andalusite occurs in northern
part of the cordierite zone, but sillimanite always mantled

by cordierite is often found within and near the Tengatake-
Nagano migmatite (Seo, 1987, Okudaira et al, 1993,
1995a). Garnet crystals have not been found in metapelites
of the biotite and cordierite zones, whercas Ikeda (1991,
1993) reported garnet crystals in metacherts and metapelites
of the zones. The sillimanite zone is defined by occurrence
of sillimanite as only stable aluminosilicate mineral in
matrix. Garnet is often found but does not coexist with
cordierite in the rock of the sillimanite zone. The gamet
zone is defined by paragenesis of garnet + cordicrite. In the
garnet zone, sillimanite is not recognized as matrix mineral,
but is recognized as inclusion within cordierite
porphyroblasts. In the sillimanite and garnet zones,
muscovite is not a stable mineral, and is recognized as
retrograde mineral.

Textural features observed in pelitic and psammitic rocks
of the cordieritc and garnet zones are indicative of some
prograde metamorphic reactions. In the cordieritc zone,
cordicritc and K-feldspar usually occur as porphyroblast.
The cordierite and K-feldspar porphyroblasts mainly include
biotite, muscovite, and quartz, which show distinct
alignment, as SO-foliation. The SO-foliations within the
cordierite porphyroblasts are commonly parallel to S1-
foliation, while the SO-foliations within the K-feldspar
porphyroblasts are not commonly parallel to S1-foliation.
The occurrences of biotite, muscovite, and quartz within
cordierite and K-feldspar porphyroblasts indicate the
following prograde reaction (Massonne and Schreyer, 1987):

biotite + muscovite + quartz
= cordierite + K-feldspar + HpO. 1)

The prograde P-T path of the cordieritc zone probably
intersects reaction (1).

In the gamnet zone, cordieritc and garnet occur as
porphyroblast. The cordicrite porphyroblasts mainly include
biotite, quartz, and sillimanite with small amount of
hercynite [Fe / (Fe + Mg + Zn): Xg, = 0.70-0.83] and
gamet (Alm7¢Pyp11Sps11Grs2), showing faint alignment,
as SO-foliation which is parallel to S1-foliation. The gamet
porphyroblasts contain quartz, graphite, ilmenite, biotite,
and sillimanite, which show no distinct alignment and do
not seems to have subjected to any rotation. These texture
is interpreted to have been produced by a high temperaturc-
low pressure static reaction near pluton (Amato et al.,
1994). The occurrences of biotite, sillimanite, and quartz
within the cordicrite porphyroblasts indicate the following
prograde reactions (Holdaway and Lee, 1977):

biotite + sillimanite + quartz
= cordierite + K-feldspar + garnet + HaO. (2)

The prograde P-T path of the garnct zone probably intersccts
univariant reaction (2). Hercynite included within cordierite
porphyroblasts indicates high-Zn component of (Zn / (Fe +
Mg + Zn): X7, = 0.05-0.18. The Zn-rich hercynite has
been considered to be a breakdown product of staurolite,
because staurolitc may be a direct precursor of Zn-rich
hercynite (Loomis, 1972; Atkin, 1978; Stoddard, 1979).
Although staurolite has not been found in the Yanai district,
staurolite as inclusion within biotite and andalusite
porphyroblasts has been reported in the Mikawa Plateau
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(Hazu - Hongu-san area), Aichi Prefecture, central Japan
(e.g. Asami and Hoshino, 1980; Seo et al., 1981).

B. PRE-M1 METAMORPHISM (MO)

Some relict minerals as evidence of pre-M1 have been
recognized in a few metapelitic xenoliths, which mainly
consist of plagioclase (Anp4.3g), K-feldspar, biotite,
muscovite, and cordierite, with a small amount of
sillimanite, corundum, Zn-rich hercynite (Xge = 0.39-0.63,
X7zn=0.27-0.5), and gamet (core: AlmgoPyp155ps14Grs2;
rim: AlmggPypoSpsp2Grs3), of the Tengatake-Nagano
migmatite. Corundum, sillimanite, Zn-rich hercynite,
garnet, and biotite with large grain size are considered to be
relict minerals, judging from their textural features. The
other minerals such as plagioclase, K-feldspar, and biotite
with small grain size, as well as muscovite and cordierite,
correspond with the mineral assemblage crystallized under
M1 of the cordierite zone, though quartz is lacking. It can
be said that the relict minerals in the xenoliths probably are
products of pre-M1 metamorphism (M0) and the xenoliths
were re-cquilibrated under M1 conditions (Okudaira et al.,
1993).

C.PRESSURE AND TEMPERATURE
ESTIMATES

Matrix-forming minerals crystallized in metapelites
under M1 are analyzed to estimate the P-T conditions for the
thermal peak of M1. Garnet-biotite (Thompson, 1976;
Holdaway and Lee, 1977; Perchuk, 1977) and two feldspar
(Stormer, 1975; Stormer and Whitney, 1977; Haselton et
al., 1983) geothermometers are used for temperature
estimate, and garnet-cordierite (Aranovich and Podlesskii,
1983) and gamnet-aluminosilicate-quartz-plagioclase (GASP:
Powell and Holland, 1988) geobarometers are used for
pressure estimation. In high-grade metamorphic zones, it is
onc of difficult works to clarify paragenetic relations
between metamorphic minerals in a rocks. The garnets with
small grain radius (< ca. 0.4 mm) of the sillimanite zone
and almost of garnets of the garnet zones show chemical
zoning which consists of unzoned core and reverse zoned rim
" (Okudaira et al., 1993; Okudaira, 1996a). The composition
of unzoned core probably crystallized near the peak
metamorphic conditions, while the that of reverse zoned rim
was re-equilibrated during retrograde metamorphism
(Okudaira, 1996a). While biotite, cordierite, and plagioclase
show no compositional zoning within them. However,
biotite shows the variation in Ti content from grain to grain
within one thin section (Ikeda, 1991). Ikeda (1991) has
suggested that biotite with low-Ti content was
synchronously associated with the formation of reverse
zoning in gamet during retrograde metamorphism.
Therefore, the peak P-T conditions in the sillimanite and
garnet zones may be estimated by using the compositions of
the unzoned core of garnet and those of biotite, which is not
in contact with the garnet and have high Ti contents,
cordierite, and plagioclase. As inferred from the mineral
paragenesis of the cordieritc zone, reaction (1) curve

represents the lower limit of the P-T field of the cordierite
zone (Fig. 3). Moreover, because aluminosilicate occur as
andalusite in the northern part of the cordierite zone, the P-T

field of the cordierite zone probably places in the andalusite

stability field (Fig. 3). Reaction (2) curves represents the
upper and lower limits of the P-T fields of the sillimanite
and gamet zones, respectively. Because muscovite is a
unstable mineral in the sillimanite and garnet zomes, the
lower limit of the P-T fields of the zones is defined as
following reaction:

muscovite + quartz
= K-feldspar + sillimanite + H2O. 3)

Since muscovite is a stable mineral in the cordierite zone,
reaction (3) represents the upper limit of the P-T field of the
zone (Fig. 3).

For the metapelitic xenoliths in the Tengatake-Nagano
migmatite, the P-T conditions of MO are inferred from the
core compositions of the relict minerals by using corundum-
gamet-sillimanite-spinel geobarometer (Bohlen et al., 1986)
and gamet-biotite geothermometers (Thompson, 1976;
Holdaway and Lee, 1977; Perchuk, 1977). The pressure and
temperature estimated by the relict minerals are ca. 61
kbar and 700+£50°C, respectively (Okudaira et al., 1993).
The P-T conditions are comparable with those for a
medium-pressure facies series metamorphism (ca. 30°C /
km: cf. Miyashiro, 1961, 1994; Spear, 1993). In contrast,
the retrograde temperature estimation for the relict garnet
rim and matrix-forming biotite have been calculated to be
530 ~ 560°C by using the garnet-biotite geothermometers
(Thompson, 1976; Holdaway and Lee, 1977, Perchuk,
1977) (Okudaira et al., 1993). As mentioned above, the
other minerals such as plagioclase, K-feldspar, biotite with a
small size, muscovite, and cordierite correspond with the
mineral assemblage of the cordierite zone during M1, and
their estimated temperatures are comparable with the peak
temperatures of the cordierite zone (460 ~ 590°C).
Therefore, it is clear that MO for the xenoliths predates M1.
Since the rim of the relict garnet at least was re-equilibrated
with the matrix-forming minerals at M1, the pair of the
relict garnet rim and the matrix-forming cordierite can
estimate the pressure of the cordierite zone at M1. The
estimated pressure is estimated to be ca. 2.5 ~ 3.5 kbar by
using gamet-cordierite geobarometer (Aranovich and
Podlesskii, 1983) (Okudaira et al., 1993).

In summary, the metamorphic P-T conditions of the
cordierite zone, sillimanite zone, and garnet zone are 460 ~
590°C at 2.5 ~ 3.5 kbar, 630 ~ 690°C at 3 ~ 5 kbar, and
730 ~770°C at 5.5 ~ 6.5 kbar, respectively. The P-T fields
of the cordierite, sillimanite, and garnet zones are also
illustrated in Fig. 3. This figure illustrates that the
estimated metamorphic temperature continuously increases
from the cordierite zone, through the sillimanite zone, to
garnet zone. The metamorphic field gradient is ca. 40 ~
50°C km-1, which is comparable with that for the typical
low-pressure facies series metamorphism (cf. Miyashiro,
1961, 1994, Spear, 1993).
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Fig. 3 P-T ficlds of the cordierite zone (Crd), sillimanite zone (Sil), and garmnct zone (Grt).

Reaction curves for

aluminosilicate polymorphs after Salje (1986), 1) Ms + Bt + Qtz = Crd + Kfs + HyO after Massonne & Schreyer (1987), 2)
Bt + Sil + Qtz =Crd + Kfs + Grt + HpO after Holdaway & Lee (1977), 3) St = Grt + Sil + He + HpO after Richardson
(1968), and 4) Ms + Qtz = Kfs + Als + HpO after Kerrick (1972). Abbreviations of minerals are followed by Kretz (1983).

Dashed line represents geothermal gradient of 30°C kmL.
V. TECTONIC HISTORIES

As mentioned in the preceding pages, the Ryoke
metamorphism is mainly divided into MO and M1. The
former is mnearly medium-pressure facies series
metamorphism (ca. 30°C km-l) and the latter is low-
pressurc facies series one (ca. 40 ~ 50°C km-1). The
geothermal gradient at MO is comparable with that of surface
heat flow of ca. 100 mW m-1. This high heat flow is not
adequate to the steady state heat flow at continental margin
(cf. Turcotte and Schubert, 1982). Hara et al. (1991), Banno
and Nakajima (1992), and Nakajima (1994) suggested that
the tectonic setting responsible for the Ryoke plutono-
metamorphism cannot be explained by the ordinary
subduction model, and then needs an episodic thermal event.
The intrusion of the Older Ryoke granitoids could have
resulted in M1. Based on the geological obscrvations, the
T-t path for M1 calculated from simple 1-D numerical
simulation was proposed by Okudaira (1996b). In Okudaira
(1996a), to examine the 7-¢ path, the chemical zonings of
gamets were simulated for the 7-r path using a numerical
model of diffusion in combination with its growth
mechanism, and they were compared with the natural ones.
Because the simulated zoning profiles in different radii well
fit the natural ones, it is suggested that the path is
rcasonable for M1. Therefore, M1 could have resulted from
intrusion of the Older Ryoke granitoids at intermediate
crustal levels. Consequently, it can be said that the Ryoke
metamorphic rocks were firstly heated under medium-

pressure facies conditions (MO0), and then they were further
heated under low-pressure facies conditions (M1) by
intrusion of the Older Ryoke granitoids.

Geochronological constraints for the tectonic histories of
the Ryoke metamorphic belt in the Yanai district are
described as below. The rocks of the Kuga Group were
accreted at the castern margin of the Asian continent, until
ca. 140 Ma (Takami et al., 1990). The Gamano
granodiorite show the Rb-Sr ages of 102+4 and 91+5 Ma
(Shigeno and Yamaguchi, 1976), the K-Ar ages of 89.5+4.5
Ma (Higashimoto et al., 1983), the U-Pb age of 101.0+1.9
Ma (Nakajima et al., 1993), and the CHIME age of
95.2+3.9 Ma (Suzuki et al., 1994). The Ryoke
metamorphic rocks show the Rb-Sr ages of 91.9+11.3 and
95.4+7.8 Ma (Shigeno and Yamaguchi, 1976), and the
CHIME ages of 98.8+3.3 and 98.4+4.2Ma (Suzuki ef al.,
1994). There is no difference between the ages of the
Gamano granodioritc and metamorphic rocks.

The Shimonoseki Subgroup, which is upper part of the
Lower Cretaceous Kanmon Group, consists of volcanic

frocks and non-marine sediments, and formed during Aptian

(123.5 ~ 112 Ma) to Albian (112 ~ 97 Ma), and deposited in
the back- or central-arc extensional sedimentary basin (e.g.
Sakai et al., 1992; Itaya et al., 1993; Nakada and Takeda,
1995). High-Mg andesites (HMA's) have also been found
(c.g. Imaoka et al., 1989, 1993). HMA's are
characteristically found in crustal extension region (e.g.
Tatsumi, 1995). The activity of thec HMA's of the
Shimonoseki Subgroup was ca. 105 ~ 107 Ma (Imaoka et
al., 1993). Because these ages of HMA's are ncarly
comparable with those of the Gamano granodiorite and
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Fig. 4 A possible tectonic model for the Ryoke metamorphic belt in the Yanai district during Cretaceous age

metamorphic rocks, the formation of the extensional
sedimentary basin and the activity of the HMA's of the
Shimonoscki Subgroup were closely related to the Ryoke
plutono-metamorphism (e.g. Imaoka et al., 1989; Itaya et
al., 1993; Nakada and Takeda, 1995).

Finally, the tectono-metamorphic processes of the
Ryoke metamorphic belt in the Yanai district are
summarized as follows.

(1) The accretion of the sedimentary rocks of the Kuga
Group at the eastern margin of the Asian continent, until
ca. 140 Ma. :

(2) The generation of magma (Older Ryoke granitoids) at
the lower crust, which caused the medium-pressure facies
series Ryoke metamorphism (MO) at the upper and middle
crust. At about the same time, the non-marine sediments of
the Shimonoseki Subgroup filled the back- or central-arc
basin which was created by extensional tectonics (ca. 120 ~
100 Ma). The northward dipping large-scale extensional
fracture zones which appear to have top to the NNE ~ NE
sense of shear occurred at intermediate to shallow crustal
levels were generated. The Gamano granodiorite, which is
one of the Older Ryoke granitoids, ascended along the
northward dipping large-scale extensional fracture zones from
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the lower to middle crust (ca. 100 Ma). The emplacement
of the Gamano granodiorite resulted in the low-pressure
facies series Ryoke metamorphism (M1) in the upper and
middle crust. At about the same time, the HMA's of the
Shimonoseki Subgroup erupted (ca. 110 Ma). This tectonic
event is called as D1 (Fig. 4a).

(3) Immediately after the emplacement of the Gamano
granodiorite, the metamorphic sequence was modified by
low-angle faults and large-scale recumbent folds (D2) (Fig.
4b, ¢). The mylonite zones developed along the MTL also
represent this tectonic event (e.g. Hara et al, 1991,
Okudaira et al., 1992; Ohtomo, 1993; Sakakibara, 1995).
After D2, a large amount of granite (Younger Ryoke and
Hiroshima granitoids) intruded as stocks. The intrusion of
the granite stocks resulted in a narrow contact
metamorphism of the wall rocks (M2). The upright folds
with E-W trending axes were formed after the intrusion of
the Younger Ryoke and Hiroshima granitoids (D3) (Fig. 4b,
c). The upright folds arc comparable with the upright folds
developed in left-hand fashion throughout the Paleozoic-
Mesozoic  accretionary complexes and the Ryoke
metamorphic belt in the Inner Zone of southwest Japan.

ACKNOWLEDGEMENTS

The author wish to express my sincerc thanks to Prof.
Ikuo Hara of Hiroshima University for many useful
discussions and for his critical reading of the manuscript.
Special thanks are due to Dr. Toru Takeshita of Hiroshima
university for many discussions and for his critical reading
of the manuscripts, and Dr. Kenichi Hoshino of the same
University for his helpful comments of the works. I also
thank Dr. Yasutaka Hayasaka and Mr. Yasuhiro Sakurai of
Hiroshima University for his helpful advice of the work. I
would like to thank Mr. Asao Minami for his technical
assistance for EPMA analysis at the Instrument Center for
Chemical Analysis, Hiroshima University, and Dr. Yukiko
Ohtomo (University of Tokyo), Dr. Nobuo Sakakibara and
Ms. Yasuko Suzuki for their helpful comments for the
works, and Mr. Yasuyuki Iwase and Ms. Kayoko Tsuruga
for their helpful advice for computerization. I also wish to
thank Dr. Tadao Nishiyama (Kyushu University), Dr. John
C. Schumacher (Mineralogisch-Petrographisches Institut,
Germany), Prof. Mitsuhiro Toriumi (University of Tokyo),
and Prof. Shohei Banno (Kyoto University) for their reading
the manuscript (Okudaira, 1996a), and Dr. Oliver Fabbri
(Yamaguchi University) and Ms. Yukari Miyashita (Osaka
City University) for their reading the manuscript (Okudaira
et al., 1995a), and Dr. Jun-ichi Ando (State University of
New York) for his technical assistance for TEM analysis at
Ehime University and reading the manuscript (Okudaira et
al., 1995b).

REFERENCES

Amato, J.M., Wright, J.E. Gans, P.B. and Miller, E.L.,,
1994, Magmatically induced metamorphism and
deformation in the Kigluaik gneiss dome, Seward
Peninsula, Alaska. Tectonics, 13: 515-527.

Aranovich, L.YA. and Podlesskii, K.K., 1983. The
cordierite-garnet-sillimanite-quartz cquilibrium:
Experiments and applications. In Saxena, S.K. ed.
Kinetics and equilibrium in the mineral reactions,
Advances in Physical Geochemistry, 3: pp. 173-198.

Asami, M. and Hoshino, M., 1980. Staurolite-bearing
schists from the Hongu-san arca in the Ryoke
metamorphic belt, central Japan. J. Geol. Soc. Japan,
86: 581-591.

Atkin, B.P., 1978. Hercynite as a breakdown product of
staurolite from within the aureole of the Ardara Pluton,
Co. Donegal, Eire. Mineral. Mag., 42: 237-239

Banno, S. and Nakajima, T., 1992. Metamorphic bclts of
Japanese Islands. Ann. Rev. Earth Planet. Sci., 20: 159-
179.

Bohlen, S.R., Dallase, W.A. and Wall, V.J., 1986.
Calibration and applications of spinel cquilibria in the
system FeO-Alp03-Si0. Jour. Petrol., 27: 1143-1156.

Hara, 1., Shoji, K., Sakurai, Y., Yokoyama, S. and Hide,
K., 1980. Origin of the Mcdian Tectonic Line and its
initial shape. Mem. Geol. Soc. Japan, 18: 27-49.

Hara, [., Sakurai, Y., Okudaira, T., Hayasaka, Y., Ohtomo,
Y. and Sakakibara, N, 1991. Tectonics of the Ryoke
belt. Excursion Guidebook of 98th Ann. Meet. Geol.
Soc. Japan, pp. 1-20 (in Japancsc).

Haselton, H.T., Hovis, G.L., Hemingway, B.S. and Robic,
R.A., 1983. Calorimetric investigation of the excess
entropy of mixing in analbitc-sanidine solid solution:
lack of evidence for Na, K short-range order and
implications for two-feldspar thermomctry. Am.
Mineral., 68: 398-413.

Higashimoto, S., Nurcki. T., Hara, 1., Tsukuda, E. and
Nakajima, T., 1983. Geology of the Iwakuni district.
Quadrangle series, scale 1 : 50,000. Geol. Surv. Japan,
79 pp. (in Japancsc with English abstract).

Holdaway, M.J. and Lee, SM., 1977. Fe-Mg cordicrite
stability in high-grade pelitic rocks based on
experimental, theoretical, and natural observations.
Contrib. Mineral. Petrol. 63: 175-198.

Honma, H., 1974. Major clement chemistry of metamorphic
and granitic rocks of the Yanai district in the Ryoke belt.
J. Mineral. Petrol. Econ. Geol., 69: 193-204.

Honma, H. and Sakai, H., 1975. Oxygen isotope study of
metamorphic and granitic rocks of the Yanai district in
the Ryoke belt, Japan. Contrib. Mineral. Petrol., 52:
107-120.

Ikeda, T., 1991. Heterogencous biotite from Ryoke
metamorphic rocks in the Yanai district, southwest
Japan. J. Geol. Soc. Japan, 97: 537-547.

Ikeda, T., 1993. Compositional zoning patterns of garnet
during prograde metamorphism from the Yanai district,
Ryoke metamorphic belt, southwest Japan. Lithos, 30:
109-122.

Imaoka, T., Nakajima, T. and Itaya, T., 1993. K-Ar ages of
homblendes in andesite and dacite from the Cretaccous
Kanmon Group, Southwest Japan. J. Japan. Assoc.
Mineral. Petrol. Econ. Geol., 88: 265-271.

Ishioka, K. 1974. Finding of an orbicular structure at
Kinno, Nagano-ken, and its bearing on the genesis of the
Tenryukyo granite. J. Geol. Soc. Japan, 80: 593-618.



Low-pressure Metamorphism in the Ryoke Metamorphic Belt

Itaya, T., Hyodo, H. and Fukui, 'S., 1993. Numerical
experiments for recovery of reversed thermal structure in
arc-trench system: New constraints on orogenic process.
Mem. Geol. Soc. Japan, 42: pp. 351-357 (in Japanese
with English abstract).

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. Contrib. Mineral. Petrol., 112: 165-177.

Kerrick, D.M., 1972. Experimental determination of
muscovite + quartz stability with Pao < Piotal. Am. J.
Sci, 272: 946-958.

Koide, H., 1958. Dando granodioritic intrusives and their
associated metamorphic complex. Japan Soc. Prom.
Sci., Tokyo, 311pp.

Kojima, G. 1955. Contributions to thec knowledge of
mutual relations between three metamorphic zones of
Chugoku and Shikoku, Southwestern Japan. J.
Hiroshima Univ., Ser. C, 1: 17-46.

Kojima, G. and Okamura, Y., 1968. On the Kitaoshima
granite gneiss complex. J. Hiroshima Univ., Ser. C, 5:
295-306.

Kutsukake, T., 1977. Nature of the Ryoke regional
metamorphism and plutonism. Monograph Assoc.
Geol. Coll. Japan, 20: 37-44 (in Japanese with English
abstract).

Loomis, T.P., 1972. Contact metamorphism of pelitic
rocks by the Ronda ultramafic intrusion, southern Spain.
Geol. Soc. Am. Bull., 83: 2449-2473.

Massonne, H. and Schreyer, W., 1987. Phengite
geobarometry based on the limiting assemblage with K-
feldspar, plogopite, and quartz. Contrib. Mineral.
Petrol., 96: 212-224.

Miyashiro, A., 1961. Evolution of metamorphic belts. J.
Petrol., 2: 277-311.

Miyashiro, A., 1994. Metamorphic Petrology. UCL Press,
London, 404 pp.

Nakada, M. and Takeda, Y., 1995. Roles of mantle diapir
and ductile lowe crust on island-arc tectonics.
Tectonophysics, 246: 147-162.

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

Nakajima, T., Shirahase, T. and Shibata, K., 1990. Along-
arc variation of Rb-Sr and K-Ar ages of Cretaceous
granitic rocks in southwest Japan. Contrib. Mineral.
Petrol., 104: 381-389.

Nakajima, T., Williams, I.S. and Watanabe, T., 1993.
SHRIMP U-Pb ages of the Ryoke and San-yo granitoids
in Southwest Japan, Abstracts with Programs, 100th
Ann. Meet. Geol. Soc. Japan, 584 (in Japanese). -

Nishimura, Y., Isozaki, Y. and Nureki, T., 1985. Sangun-
Chugoku Belt and Ryoke belt in the eastern part of
Yamaguchi Prefecture. Excursion Guidebook of 92th
Ann. Meet. Geol. Soc. Japan, 17-49, Geol. Soc. Japan
(in Japanesc).

Nureki, T., 1960. Structural mvesﬂgatlon of the Ryoke
metamorphic rocks of the area between Iwakuni and
Yanai, Southwestern Japan. J. Sci. Hiroshima Univ.,
Ser. C,3: 69-141.

517

Nureki, T., Enami, M., Shiota, T. and Shibata, T., 1992.
Paired metamorphic belts: Ryoke and Sanbagawa. IGC
Field Trip Guide Book, 5: 103-132.

Ohtomo, Y., 1993. Origin of the Median Tectonic Line. J.
Sci. Hiroshima Univ. Ser C, 9: 611-699.

Okamura, Y., 1960. Structural and petrological studies on
the Ryoke gneiss and granodiorite of the Yanai district,
Southwest Japan. J. Sci. Hiroshima Univ., Ser. C, 3:
143-213. '

Okudaira, T., 1996a. Temperature-time path for the low-
pressure Ryoke metamorphism, Japan, based on
chemical zoning in gamet. J. Metamorphic Geol. (in
press). '

Okudaira, T., 1996b. Thermal evolution of the Ryoke
metamorphic belt in the Yanai district, southwest Japan.
The Island Arc (in review)

Okudaira, T., Hara, 1., Sakakibara, N., Sakurai, Y. and
Hayasaka, Y., 1992. Tectonics of magma arc as inferred
from tectono-metamorphic processes of the Ryoke belt
of Southwest Japan. Abstract with Programs, 29th IGC,
vol. 2 of 3,467.

Okudaira, T., Hara, I., Sakurai, Y. and Hayasaka, Y., 1993.
Tectono-metamorphic processes of the Ryoke belt in the
Iwakuni-Yanai district, southwest Japan. Mem. Geol.
Soc. Japan, 42: pp. 91-120.

Okudaira, T., Hara, I. and Takeshita, T., 1994. Thermal
modeling for the low-pressure facies series Ryoke
metamorphism. Earth Monthly, 16: 486-489 (in
Japanese).

Okudaira, T., Hara, I. and Takeshita, T., 1995a.
Emplacement mechanism of the Older Ryoke granites in
the Yanai district, southwest Japan, - with special
reference to extensional deformation in the Ryoke
metamorphic belt. J. Sci. Hiroshima Univ. Ser C, 10:
357-366.

Okudaira, T., Takeshita, T., Hara, I. and Ando, J., 1995b. A
new estimate of the conditions for transition from basal
<a> to prism [c] slip in naturally deformed quartz.
Tectonophysics,.250: 31-46.

Perchuk, L.L., 1977. Thermodynamic control of
metamorphic processes. In: SK. Saxema and 8.
Bhattacharji  (Editors), Energetics of geological
processes. Springer-Verlag, pp. 285-352.

Platt, JP. and Vissers, RM.L., 1980. Extensional

* structures in anisotropic rocks. J. Struct. Geol., 2: 397-
410.

Sakai, T., Okada, H. and Aihara, A., 1992. Cretaceous and
Tertiary active margin sedimentation: Transect of
Kyushu. 29th IGC Field Trip Guide Book, 1: pp. 317-
354

Sakakibara, N., 1995. Structural evolution of multiple
ductile shear zone system in the Ryoke belt, Kinki
Province.J. Sci. Hiroshima Univ., 10: 267-332.

Sakurai, Y. and Hara, I., 1990. Deformation styles and
tectonics of granitic rocks of the Ryoke belt (I)
Deformation styles of plagioclase. Earth Montly, 12:
457-461 (in Japanese).

Seo, T., 1987. Occurrence of cordierite and estimation of
metamorphic conditions in the Ryoke belt of the Yuu
district, Yamaguchi Prefecture. Prof. S. Kakitani Mem.
Vol., 121-126pp (in Japanese).



518 Takamoto OKUDAIRA.

Seo, T., Yokoyama, S. and Hara, 1., 1981. Metamorphism
and tectonism of the Ryoke metamorphic belt. In: I.
Hara, (Editor), Tectonics of Paired Metamorphic Belts,
Hiroshima Univ. Press, pp. 65-72.

Shigeno, H. and Yamaguchi, M., 1976. A Rb-Sr isotopic
study of metamorphism and plutonism in the Ryoke
belt, Yanai district, Japan. J. Geol. Soc. Japan, 82: 687-
698 (in Japanese with English abstract).

Spear, F.S., 1993. Metamorphic Phase Equilibria and
Pressure-Temperature-Time Paths. Mineral. Soc.
America, Washington, D.C., 799 pp.

Stoddard, EF., 1979. Zn-rich hercynitc in high-grade
metamorphic rocks: A product of the dehydration of

_ staurolite. Am. Mineral., 64: 736-741.

Stormer, J.C., 1975. A practical two-feldspar
geothermometer. Am. Mineral., 60: 667-674.

Stormer, J.C. and Whitney, J.A., 1977. Two-feldspar
geothermometry in granulite facies metamorphic rocks.
Contrib. Mineral. Petrol., 65; 123-133.

Sugimura, A. and Uyeda, S., 1973. Island arcs, Japan and
its environs. Develop. Geotectonics, 3, Elsevier,
Amsterdam, 247pp. :

Suwa, XK., 1973. Metamorphic rocks occurring along the
Median Tectonic Line in the Japan Island: Ryoke and
Sambagawa metamorphic belts. In: R. Sugiyama
(Editor), Median Tectonic Line, Tokai Univ. Press,
221-238 (in Japanese with English abstract).

Suzuki, K., Adachi, M. and Kajizuka, I. 1994. Electron
microprobe  observations of Pb diffusion in
metamorphosed detrital monazites. Earth Planet. Sci.
Lett., 128: 391-405.

Takami, M., Isozaki, Y., Nishimura, Y. and Itaya, T.,
1990. Geochronology of weakly metamorphosed Jurassic
accretionary complex (the Kuga Group) in eastern
Yamaguchi Prefecture, southwest Japan. J. Geol. Sci.
Japan, 96: 669-681 (in Japanese with English abstract).

Takeshita, T. and Okudaira, T., 1994. Dynamics and thermal
modeling in low-pressure /  high-temperature
metamorphic belts. Jour. Seis. Soc Japan (Zisin), 47:
453-467 (in Japanese with English abstract).

Tatsumi, Y., 1995. Subduction Zone Magmatism - A
Contribution to Whole Mantle Dynamics. University of
Tokyo Press, Tokyo, 186pp. (in Japanesc).

Thompson, J.B. Jr., 1957. The graphical analysis of
mineral assemblages in pelitic schists. Amer. Mineral.,
42: 842-858.

Turcotte, D.L. and Schubert, G., 1982. Geodynamics. John
Wiley and Sons, New York, 435 pp.

Takamoto OKUDAIRA

Geological Institute, School of Science, University
of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113,
Japan



