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Abstract The Ryoke metamorphic belt of southwestern Japan is composed of Cretaceous Ryoke 
granitoids and associated metamorphic rocks of low-pressure facies series. The Ryoke granitoids 
are divided into sheet-like bodies (e.g. Gamano granodiorite) and stock-like bodies. The Gamano 
granodiorite intruded concordantly into the high-grade metamorphic rocks without development 
of a contact metamorphic aureole, and the intrusion ages of the granodiorite are similar to the 
ages of thermal peak of the low pressure (low-P) metamorphism. It is suggested that the low-P 
Ryoke metamorphism resulted from the intrusion of the Gamano granodiorite. In this study, a 
simple 1-D numerical model of conductive heat transfer was used to evaluate the thermal effects 
of emplacement of the Gamano granodiorite. Calculated temperature-time (T-t) paths are 
characterized by a rapid increase of metamorphic temperature and a relatively short-lived period 
of high temperature. For example, the 5"-t path at  the 15-km depth is characterized by a rapid 
average increase in temperature of 1.4 x 10-3"C/year and high temperatures for < ca 0.5 Ma. 
The calculated peak temperature for each depth is nearly equal to the petrologically estimated 
value for each correlated metamorphic zone. The results suggest that the magma-intrusion 
model is one possible thermal model for low-pressure facies series metamorphism. 

Key words: granitoid, low-pressure facies series metamorphism, magma-intrusion model, Ryoke 
metamorphic belt, temperature-time path, thermal modeling. 

INTRODUCTION 

Low-pressure facies series metamorphic belts are 
formed under P-T conditions that pass below the 
aluminosilicate triple point (-4 kbar), and the peak 
temperature ranges from 500 to 800°C (Miyashiro 
1961; De Yoreo et al. 1991). Such anomalously 
high temperatures a t  relatively shallow depth indi- 
cate that  the geothermal gradient in the upper 
crust exceeds 50°C/km a t  the time of low-P meta- 
morphism. Many processes can generate a low- 
pressure facies series metamorphism (cf. De Yoreo 
et  al. 1991; Takeshita & Okudaira 1994), including 
intrusion of igneous rocks, crustal extension, con- 
vective thinning of the mantle lithosphere, sub- 
duction of a young oceanic plate or spreading 
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ridge, rapid uplift of doubled continental crust, 
increased heat flux from the mantle a t  the base of 
the crust, and advective heat transport by hot 
aqueous fluids. However, the close association be- 
tween low-P metamorphism and magmatic activity 
in both space and time a t  many low-P metamorphic 
terranes suggests that  intrusion of igneous rocks is 
a most likely cause for low-P metamorphism (De 
Yoreo et al. 1991). Numerical simulations for 
thermal evolution of the magmatic terranes show 
that magma intrusion can produce low-P metamor- 
phism (Wells 1980; Lux et al.' 1986; Hanson & 
Barton 1989; Rothstein & Hoisch 1994). 

The Ryoke metamorphic belt of southwestern 
Japan (Fig. la) is mainly composed of Cretaceous 
Ryoke granitoids and associated metamorphic 
rocks of low-pressure facies series, and has been 
regarded as  a typical example of low-P metamor- 
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phic belt (Miyashiro 1961; Banno & Nakajima 
1992). The Ryoke granitoids have been divided into 
the sill-like Older Ryoke granitoids and the stock- 
like Younger Ryoke granitoids (Hara et al. 1991; 
Okudaira et al. 1993). The former intruded concor- 
dantly into the high-grade metamorphic rocks 
without development of a contact aureole, but the 
latter intruded discordantly into the low- to 
medium-grade metamorphic rocks with distinct 
contact aureoles. 

In this paper the features of deformation and 
metamorphism in the Ryoke metamorphic belt in 
the Yanai district (Fig. l b )  will be described, and a 
possible thermal model for the low-pressure facies 

Fig. 1 (a) Map showing the location of the 
Ryoke metamorphic belt of southwestern 
Japan. RMB: Ryoke metamorphic belt; MTL: 
Median Tectonic Line; and ISTL: Itoigawa- 
Shizuoka Tectonic Line. (b) Geological and 
metamorphic zonation map of the Yanai 
district, southwestern Japan. 1, alluvium; 
2, Tertiary volcanics; 3, lwakuni 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). 

series metamorphism proposed. Mineral abbrevia- 
tions used here are after Kretz (1983). 

OUTLINE OF GEOLOGY 

In the Yanai district (Fig. lb )  the Ryoke metamor- 
phic belt mainly consists of the Gamano grano- 
diorite, Tengatake-Nagano migmatite, Kibe gran- 
its, Iwakuni granite, and Ryoke metamorphic rocks 
of Cretaceous age (Nureki 1960; Okamura 1960; 
Kojima & Okamura 1968; Higashimoto et  al. 1983; 
Okudaira et  al. 1993, 1995). The Gamano grano- 
diorite is mainly composed of hornblende-biotite 
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ized by gentle folds of upright fashion and a 
west-northwest-east-soutiheast to east-west trend. 
In contrast to  the structures of the northern and 
southern domains, the geological structure of the 
central domain is characterized by overturned folds 
facing toward the southeast direction with north- 
northeast-northeast plunging fold axes. Although 
the boundaries among the structural domains can 
be recognized in the limited areas, the boundaries 
may have an east-west strike and a northward dip 
(Fig. 2). 

tonalite and hornblende-bearing biotite grano- 
diorite, and is the most widely occurring Older 
Ryoke granitoid in the district. The Gamano grano- 
diorite concordantly intruded into the high-grade 
metamorphic rocks at ca 95-100 Ma (Nakajima et 
al. 1993; Suzuki et al. 1994), and its foliation 
defined by the preferred shape orientation of pla- 
gioclase, biotite and hornblende is harmonic in 
trend with that of the surrounding metamorphic 
rocks. Geochemical evidence (Kagami et al. 1992) 
suggests a lower crustal and/or upper mantle 
origin for the Gamano granodiorite magma. The 
well-foliated granodiorite in the northern part of 
Yashirojima Island has been considered to  be a 
fragment of the basement rocks to  the Upper 
Paleozoic geosyncline in the inner side of south- 
western Japan (Kojima & Okamura 1968). How- 
ever, because the geochemical characteristics and 
CHIME monazite ages of the granodiorite are 
similar to those of the Gamano granodiorite (cf. 
Honma & Sakai 1975; Shigeno & Yamaguchi 1976; 
Suzuki et al. 1994), the two are correlated as part 
of the same body in this paper. 

The Ryoke metamorphic rocks are mainly de- 
rived from pelites, psammites and cherts, with 
subordinate amounts of calcareous and basic rocks, 
which are considered to belong to  the Jurassic 
accretionary complex (Kuga Group: cf. Higashi- 
mot0 et al. 1983). These protoliths were regionally 
metamorphosed under low-pressure facies series 
conditions (Ml)  during the Early Cretaceous (ca 
98 Ma: Suzuki et al. 1994). After the regional M1 
metamorphism, the stock-like intrusions (Kibe and 
Iwakuni granites) distributed in the northern part 
of the studied area caused contact metamorphism 
in the surrounding rocks (Nureki et al. 1992; 
Okudaira et al. 1993, 1995). The contact metamor- 
phic overprint is referred to  as M2. 

DEFORMATION STRUCTURES 

LARGE-SCALE STRUCTURES 

The Older Ryoke granitoids and metamorphic rocks 
were folded together in the district, and they can 
be divided into three structural domains: the north- 
ern, central and southern domains (Okudaira et al. 
1993). Figure 2 shows the structural division and 
axial traces of major folds. The geological struc- 
ture of the northern domain is characterized by 
gentle upright folds with the fold axis gently 
plunging toward east-southeast. The geological 
structure of the southern domain is also character- 

DEFORMATION EVENTS 

In the Older Ryoke granitoids and metamorphic 
rocks, deformation structures caused by three dif- 
ferent phases (Dl ,  D2 and D3) of ductile deforma- 
tion have been recognized (Okudaira et al. 1993, 
1995). Deformation structures resulting from D1 
and D3 are commonly observed, while the occur- 
rence of the D2 structure is limited. 

In all the rocks, D1 structure is characterized by 
a distinct foliation (Sl-foliation) parallel to litho- 
logic boundaries. In some metapelites, there are 
many kinds of asymmetric deformation structures: 
intrafolial folds (Fl-folds) with axial planes paral- 
lel to S1-foliation (Fig. 3a); slightly rotated boud- 
ins of quartzo-feldspathic veins and thin layers of 
metachert (Fig. 3b); and extensional crenulation 
cleavages, rotated porph,yroblasts and melt-filled 
R,-fractures. Judging from the asymmetric struc- 
tures, the overall movement picture of D1 is top to 
the north (Okudaira et al. 1995). The emplacement 
of the Older granitoids, for example the Gamano 
granodiorite and Tengatake-Nagano migmatite, oc- 
curred at least in part during D1, since the defor- 
mation structures of the granitoids are compatible 
with those of surrounding; metamorphic rocks and 
granitoids injected into the R,- and Y-fractures of 
the metamorphic rocks (Okudaira et al. 1995). 

D2 is related to the formation of the large-scale 
overturned folds and their parasitic folds (F2-folds) 
which are facing toward the southeast with north- 
northeast-northeast plunging fold axes in the cen- 
tral domain, and to  distinct shear zones (D2-shear 
zones) truncating S1-foliation (Fig. 3c,d). D2-shear 
zones are well observed near the boundary between 
the central and southern domains, but are not clear 
near the boundary between the northern and cen- 
tral domains. In the northern part of Yashirojima 
Island, in which the boundary between the central 
and southern domains is located, many fine-grained 
layers with distinct foliation (S2-foliation) are rec- 
ognized as D2-shear zones truncating S1-foliation 
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in the coarse-grained granodiorite (Fig. 3c). The 
fine-grained layers consist of grains (e.g. quartz 
and feldspar) produced by dynamic recrystalliza- 
tion of constituent minerals of the coarse-grained 
granodiorite (Sakurai & Hara 1990). The asym- 
metric structures (Fig. 3c,d) in the D2-shear zones 
near the boundary between the central and south- 
ern domains indicate the shear sense of top to the 
west-southwest-southwest. 

D3 is responsible for the formation of gentle 
upright folds (F3-folds) with east-west-trending 
axes. D1 and D2 structures are folded by these 
F3-folds. The upright folds are correlated with 
upright folds developed in left-hand fashion 

--• I 
J- 

throughout the 

Fig. 2 Structural domains (northern, cen- 
tral and southern domains) in the Yanai dis- 
trict. Axial traces of major folds are also 
illustrated. 

Paleozoic-Mesozoic accretionary 
complexes in the Inner Zone of southwestern Japan 
(Hara et al. 1980, 1991). 

REGIONAL METAMORPHISM 

LOW-PRESSURE FACIES SERIES METAMORPHISM (M l )  

The zonation of the Ryoke metamorphic rocks in 
the Yanai district has been proposed by many 
authors (Higashimoto et al. 1983; Ikeda 1991, 
1993; Nureki et al. 1992; Okudaira et  al. 1993, 
1995; Nakajima 1994). The zonation in the previ- 
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Biotite 

Fig. 3 D1 and D2 deformation structures on outcrop scale. ( a )  lntrafolial F1-folds (F1) with fold axis parallel to S1-foliation (SI). (b) Boudins of thin layers of 
metachert. (c) Fine-grained layer (FGL) caused by dynamic recrystallization of a coarse-grained layer (CGL) is recognized as D2-shear zones. S1 and S2 represent 
trends of foliation of a coarse-grained layer and a fine-grained layer, respectively. Arrows indicate the direction of shear along the shear plane related to D2-shear 
zone. (d) Asymmetrically elongated metabasic xenolith (xen) in the fine-gained layer. Arrows indicate the direction of shear inferred from the asymmetric structures. 

Cordierite Sillirnanite Garnet 

- ----. - 

ous studies is essentially similar. In Okudaira et al. 
(1993) and this study, on the basis of the mineral 
assemblages of minerals excluding inclusions in 
porphyroblasts in pelitic and psammitic rocks, the 
metamorphic rocks are divided into four metamor- 
phic zones: biotite, cordierite, sillimanite and gar- 
net. The distribution of these zones is shown in 
Fig. l(b).  The distributions of the biotite and cordi- 

erite zones, the sillimanite zone, and the garnet 
zone are restricted to  the northern, southern, and 
central structural domains, respectively (see 
Figs lb,2). The constituent phases of the pelitic 
and psammitic rocks are schematically shown in 
Fig. 4, and the typical mineral assemblages, ex- 
cluding inclusion minerals in porphyroblasts, are 
the biotite zone: biotite + muscovite; cordierite 

Fig. 4 Stability range of major constituent 
minerals of pelitic and psammitic rocks. -, 
ubiauitous Dhases: -, reduced number of 

Mineral zone 
~~ 

Muscovite 
Biotite 
Garnet 
Cordierite 
K-feldspar 
Andalusite 
Sillirnanite 
Plagioclase 
Quartz 

phases; and - - - ,  retrograde phases. + Graphite, Ilrnenite, Apatite, Zircon, and Tourmaline 
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zone: biotite + muscovite + K-feldspar + cordierite 
f andalusite; sillimanite zone: biotite + K-feldspar 
+ sillimanite + garnet or cordierite; and the garnet 

zone: biotite + K-feldspar + cordierite +garnet; where 
all assemblages include quartz and plagioclase. 
Graphite, ilmenite, apatite, zircon and tourmaline 
occur as minor minerals. The first appearance of 
cordierite and K-feldspar defines the start of the 
cordierite zone. Andalusite occurs in the northern 
part of the cordierite zone. The sillimanite zone is 
defined by the occurrence of sillimanite as the only 
stable aluminosilicate mineral in the matrix. Gar- 
net is often found, but does not coexist with 
cordierite in rocks of the sillimanite zone. The 
garnet zone is defined by the paragenesis of garnet 
and cordierite. In the garnet zone, sillimanite is not 
recognized as a matrix mineral, but is recognized 
as inclusions within cordierite and garnet porphy- 
roblast;. In the sillimanite and garnet zones, mus- 
covite is not a stable mineral a t  the thermal peak of 
M1, but occurs as a retrograde mineral, as musco- 
vite grains do not form S1-foliation which is de- 

fined by preferred orientation of the minerals crys- 
tallized under M1. 

Textural features observed in pelitic and psam- 
mitic rocks of the cordierite and garnet zones 
indicate some prograde metamorphic reactions. In 
the cordierite zone, cordierite and K-feldspar usu- 
ally occur as porphyroblasts. The cordierite and 
K-feldspar porphyroblasts mainly include biotite, 
muscovite and quartz, which show distinct align- 
ment as SO-foliation. The SO-foliation within the 
K-feldspar porphyroblasts is not commonly parallel 
to  S1-foliation (Fig. 5a), while the SO-foliation 
within the cordierite porphyroblasts is commonly 
parallel to S1-foliation (Fig. 5b). The occurrences 
of biotite, muscovite and quartz within cordierite 
and K-feldspar porphyroblasts indicate the follow- 
ing prograde reaction (Massonne & Schreyer 
1987): 

biotite + muscovite + quartz 

The prograde P-T path of the cordierite zone 

= cordierite + K-feldspar + H,O 

Fig. 5 Photomicrographs showing some relationship between inclusions and matrix minerals in pelitic and psammitic rocks of the cordierite and garnet zone. (a) 
K-feldspar porphyroblast containing quartz and biotite as an inclusion, which form SO-foliation truncated by S1-foliation. Scale bar is 0.5 mm. Crossed polars. (b) 
Cordierite porphyroblast containing quartz, biotite and muscovite as an inclusion, which form SO-foliation parallel to S1-foliation. Scale bar is 0.5 mm. Crossed 
polars. (c) Cordierite porphyroblast with inclusion biotite, sillimanite and hercynite, which form SO-foliation parallel to S1-foliation. Scale bar is 1 mm. 
Plane-polarized light. (d) Garnet porphyroblast with inclusion quartz and sillimanite. Scale bar is 1 mm. Plane-polarized light. 
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pressure estimation. The calculated P-T conditions 
are given in Tables Al ,  A2 and A3, and are 
summarized as the cordierite zone, 460 to 590°C; 
the sillimanite zone, 620-700°C at 3.0-4.5 kbar; 
and the garnet zone, 720-770°C at 5.5-6.5 kbar. 
Although pressure condition of the cordierite zone 
cannot be precisely estimated, it could be less than 
4 kbar, probably about 3 kbar, because of the 
occurrence of andalusite. The metamorphic field 
gradient of M1 is -40-5O0C/km. 

probably intersects the reaction. On the other 
hand, because muscovite has been a stable mineral 
in the zone, the prograde P-T path does not 
exceed the breakdown reaction of muscovite 
+ quartz. In the garnet zone, cordierite and garnet 
occur as porphyroblasts. The cordierite porphyro- 
blasts mainly include biotite, quartz and sillimanite 
with a small amount of hercynite and garnet. 
These inclusion minerals show a faint alignment as 
SO-foliation which is parallel to  S1-foliation 
(Fig. 5c). The garnet porphyroblasts mainly con- 
tain quartz, graphite, ilmenite, biotite and silliman- 
ite, which show no distinct alignment (Fig. 5d). 
The occurrences of biotite, sillimanite and quartz 
within the cordierite and garnet porphyroblasts 
indicate the following prograde reaction (Holdaway 
& Lee 1977): 

biotite + sillimanite + quartz 
= cordierite + K-feldspar + garnet + H,O 

Pressure and temperature estimates 

The minerals in metapelites crystallized under M1 
are chemically analyzed to  estimate the P-T condi- 
tions for the thermal peak of M1. Garnet crystals 
with a radius smaller than -0.4 mm in the silli- 
manite zone and most of the garnet grains in the 
garnet zone show compositional zoning which 
consists of an unzoned core and reversely-zoned 
rim (Okudaira et al. 1993; Okudaira 1996). The 
material in the unzoned core probably crystallized 
near the peak metamorphic conditions, while that  
of the reversely-zoned rim was re-equilibrated 
during retrograde metamorphism (Okudaira 1996). 
In contrast, biotite, cordierite and plagioclase show 
no compositional zoning. However, biotite shows a 
local variation in the 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 garnet during retrograde 
metamorphism. Therefore, the peak P-T con- 
ditions in the sillimanite and garnet zones would be 
estimated by using the compositions of the unzoned 
cores of garnet, cordierite, plagioclase, and biotite 
which is not in contact with garnet and has a 
high-Ti content. In this study, garnet-biotite (Thomp- 
son 1976; Holdaway & Lee 1977; Perchuk 1977) 
and two-feldspar (Stormer 1975; Stormer & Whit- 
ney 1977; Haselton et al. 1983) geothermometers 
are used for temperature estimation, and garnet- 
cordierite (Aranovich & Podlesskii 1983) and 
garnet-aluminosilicate-quartz-plagioclase (GASP; 
Hodges & Spear 1982) geobarometers are used for 

THERMAL MODELING FOR M1 METAMORPHISM 

TECTONIC MODELING 

As described in the preceding pages, the low-P 
metamorphism (Ml)  has a strong space and time 
association with emplacement of the Gamano gra- 
nodiorite, as inferred from three lines of geological 
evidence as follows: (i) the granodiorite has been 
intruded into the high-grade metamorphic rocks 
during D1; (ii) throughout the high-grade meta- 
morphic zones, distinct contact aureoles caused by 
the intrusion of the granodiorite are lacking; and 
(iii) intrusion ages (ca 95-100 Ma) of the grano- 
diorite are similar to  the ages of the thermal peak 
of M 1  (ca 98 Ma). These geological observations 
suggest that  M1 resulted from the intrusion of the 
Gamano granodiorite during D1. 

The metamorphic zones are arranged, in order of 
increasing structural level, from biotite to cordier- 
ite to garnet to  sillimanite. In contrast, the peak 
metamorphic temperature at M1 increases from 
the biotite zone, through the cordierite and silli- 
manite zones, to  the garnet zone. The order of 
increasing metamorphic grade does not agree with 
the order of increasing structural level. The peak 
metamorphic conditions of the cordierite zone are 
significantly lower than those of the garnet zone by 
at least -130 "C and 2 kbar, and the higher pres- 
sure garnet zone structurally overlies the lower 
pressure sillimanite zone. This inverted thermal 
structure can be explained by large-scale faulting 
after the thermal peak of M1. In fact, S1-foliation, 
which is defined by the preferred orientation of the 
minerals crystallized under the thermal peak of 
M1,  is truncated by the D2-shear zone that  may be 
formed at the time of the large-scale faulting. 
Furthermore, the geological structures among the 
biotite and cordierite zones (northern domain), the 
garnet zone (central domain) and the sillimanite 
zone (southern domain) are significantly different, 
and the D2-shear zones are observed near the 
boundaries between the structural domains, which 
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may be developed on the upper and lower limbs of 
the large-scale D2-overturned folds. When the 
large-scale D2- and D3-folds are unfolded to flat- 
lying state, the Gamano granodiorite is underlain 
by the rocks of the garnet zone and overlain by the 
rocks of the sillimanite zone (Okudaira et  al. 
1993). 

From these circumstances, a possible tectonic 
model for the Ryoke metamorphic belt in the 
district has been proposed by Okudaira et al. 
(1993), as  shown in Fig. 6. The tectonic model is 
considered to be as  follows: (i) the low- to flat- 
angle intrusion of the Gamano granodiorite during 
D1 resulted in M1 (Fig. 6a); and (ii) after D1 the 
metamorphic sequence of M1 was modified by the 
deformation during D2 and D3 (Fig. 6b). Accord- 
ing to the tectonic model, to clarify the thermal 
effects of the emplacement of the Gamano grano- 
diorite, I propose a simple thermal model for M1, 
using a' I-D numerical simulation. 

biotite zone 

cordierite zone 

sillimanite zone 
...................................................................... ...................................................................... .............. .............. ............... .............. ............... ............... Gamano granodiorite :<<<<<<<<<::::; 

garnet zone 

...................................................................... ...................................................................... ...................................................................... 

NUMERICAL MODELING 

Numerical methods 

A one-dimensional heat transfer equation can be 
written as 

aT a2T  
at ax2 p,C, - = K - + A  

Where pm = density of rock (2750 kg/m3); C, = 
specific heat of rock (880 J1kg.K); T =  tem- 
perature (K); t = time (s); K = thermal conductivity 
(2.8 W/m.K); x = vertical coordinate measured 
from the earth's surface; and A is heat production 
of radioactive elements (W/m3). Density and spe- 
cific heat of magma are assumed to be similar to 
those of rock, according to Hanson and Barton 
(1989), Rothstein and Hoisch (1994), and others. 

Equation (1) was solved numerically using an ex- 
plicit finite difference method with a 1000 m array 
spacing (Ax) and a 3.15 x l o 9  s time step (At) .  

Production of heat during the crystallization of 
magma (i.e. latent heat), and consumption of heat 
by the endothermic reactions have been calculated 
by assuming reactions to be a continuous linear 
function of temperature between the crystallization 
interval (Ti, - TS,J and between the endothermic 
reaction interval (Tend - T,,,,), respectively. Fol- 
lowing Wells (1980) and Hanson and Barton 
(1989), I have used the crystallization intervals 
(Tiiq - TS,J of 750 and 950°C for the initial intru- 
sion temperature (Tint) of 900 "C for granodioritic 
composition, and taken the value of 3.35 x l o 5  J/ 
kg for enthalpy (AHmagm,) of crystallizifig magma. 
In the crystallizing magma, recharge and convec- 
tion are neglected. 

In the wall rocks, most dehydration reactions are 
endothermic and thus consume heat (Peacock 
1989). For typical dehydration reactions, enthalpy 
(AHrxn) of the reactions is in the range of 60 to 
100 kJ per mole of volatile evolved (Walther & 
Orville 1982). During metamorphism, a typical 
pelite loses approximately 5 wt% volatiles which is 
structurally bound in hydrous minerals (Walther & 
Orville 1982). This is equivalent to approximately 
7.6 x l o3  moles/m3 of rock. Assuming 60 kJ/mole 
for dehydration reactions results in a heat sink of 
1.7 x l o 5  J /kg (Peacock 1989). Since the actual 
metamorphic reactions are too complex to ade- 
quately calculate the thermal evolution, the contin- 
uous dehydration reaction between 350 and 800°C 
is modeled here. I t  is assumed that rocks initially 
a t  temperatures below 350°C and above 800°C 
contain 5 and 0 wt% volatiles, respectively. For 
rocks initially a t  the temperatures within the reac- 
tion interval, the volatile content (XAuid) is calcu- 
lated from the following equation: 

7 

Fig. 6 Schematic geological configurations at (a) D1 and (b) D2 and D3 after Okudaira eta/. (1993). See text for further details 
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where T,, T, and qm are the initial temperature of 
the rock, the surface temperature and the mantle 
heat flux, respectively. In this study, the boundary 
conditions are constant temperature (OOC) a t  x = 0 
and constant mantle heat flux, q,, a t  the bottom of 
the lithosphere. The thickness of the lithosphere 
before the intrusion of the Gamano granodiorite is 
assumed to be 30 km, because the thickness of the 
mechanical lithosphere beneath a typical island arc 
has been estimated to be -20 to 30 km based on 
rheology of the constituent minerals of the litho- 
sphere (Shimamoto 1994). Since the mean geother- 
mal gradient of an active continental margin or 
island arc is -3O"C/km (Sugimura & Uyeda 
1973), the initial geotherm in the lithosphere was 
set to be -3O"C/km and then q, would be as- 
sumed to be 0.08 W/m2. 

According to the relation x = P (in Pa)/@;g), 
the depths of the sillimanite and garnet zones were 
estimated to be -15 km (P = 0.4 GPa) and 20 km 
(P = 0.55 GPa) respectively, and then a 3 km-thick 
sheet-like intrusion between 16 and 19 km in depth 
was assumed. The emplacement of the Gamano 
granodiorite was modeled as an instantaneous and 
a single intrusion. The instantaneous pluton em- 
placement can be assumed to simplify the model, 
because theoretical studies suggest that magmas 
rise quickly relative to their rate of cooling (cf. 
Rothstein & Hoisch 1994). After the intrusion, the 
thickness of the lithosphere instantaneously in- 
flates to 35 km. Figure 7(a) shows initial and 
boundary conditions for the thermal model for M1. 

Results of the simulation 

Figure 8 shows the temperature-depth curves with 
increasing time. Thermal relaxation of the situa- 
tion shown in Fig. 7(a) is fast. Figure 9 gives 
temperature-time (T-t) paths a t  three depth levels 

Xfluid = 0*05(3"end - T)/(Tend - Tstart), 
Tstart < T < Tend (2) 

The initial volatile content in the wall rocks is 
illustrated in Fig. 7b. 

The production and consumption of heat were 
incorporated into the numerical model using an 
effective heat capacity, C*, and an effective thermal 
diffusivity, IC*, for rock undergoing the reactions 
(Jaeger 1964; Peacock 1989; Hanson & Barton 
1989). The effective thermal diffusivity is then 
calculated from 

(3) 

where the effective heat capacity (C*) is defined by 

C* = Crn + [Affmagma/(Tliq - TsJI (4a) 
for the magmatic crystallization, and 

C* = c m  + [Mrxn/(Tend - Tstart)l (4b) 
for metamorphic endothermic reactions. 

The radiogenic heat production (the second term 
on the right side of Equation (1)) of decaying 
elements decreases exponentially with depth ac- 
cording to the relation (Turcotte & Schubert 1982): 

A = A,e-Z/hr (5) 
where A, and h, are the surface radiogenic heat 
production (2.60 x W/m3) and the characteris- 
tic length scale (10 km), respectively. On the other 
hand, for the magma, the heat production resulting 
from the decay of radioactive elements, A ,  is repre- 
sented by that of magma A ,  (2.64 x 

The initial continental geotherm immediately be- 
fore the intrusion of magma is calculated from 
(Turcotte & Schubert 1982): 

W/m3). 

qmx Aohr2 
Ti = T, + - + - (1  - e-z'hr) 

K K  

Fig. 7 (a) Initial and boundary conditions for 
the I - D  thermal model for M I .  (b) Initial vola- 
tile contents of the wall rocks as a function of 
depth. 
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Fig. 8 Temperature-depth curves showing thermal evolution of the 35-km- 
thick lithosphere immediately after instantaneous intrusion of the Gamano 
granodiorite. 

(12, 15 and 20 km) associated with the situation in 
Fig. 7(a), and the petrologically estimated peak 
metamorphic temperatures are also drawn as stip- 
pled parts. At the 12 km depth point, which is 
probably correlated with the cordierite zone, the 
peak temperature reaches 480°C a t  0.4 Ma in the 
system's evolution (Fig. 9a). The average rate of 
temperature increase is -0.2 x 10-3"C/year, and 
the period of a high-temperature condition 
(>450°C) is shorter than -1.4 Ma. The calculated 
peak temperature is well within the petrologically 
estimated peak temperatures between -460 and 
590°C. At the depth point of 15 km, which is 
correlated with the sillimanite zone, the peak tem- 
perature reaches 670°C a t  0.12 Ma (Fig. 9b). The 
average rate of temperature increase is -1.4 x 
"Uyear ,  and the period of a high-temperature 
condition (>600"C) is shorter than 0.5 Ma. The 
calculated peak temperature is well within the 
petrologically estimated peak temperatures be- 
tween -620 and 700°C. The peak temperature a t  
the depth point of 20 km, which is correlated with 
the garnet zone, reaches 740°C a t  0.26 Ma 
(Fig. 9c). The average rate of temperature increase 
is -0.9 x 10-3"C/year, and the period of a high- 
temperature condition (>700"C) is shorter than 
-0.6 Ma. The calculated peak temperature is 
within the petrologically estimated peak tempera- 
tures between -720 and 770°C. 
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time (Ma) 
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Fig. 9 Temperature-time plots at depths of (a) 12 km, (b) 15 km, and 
(c) 20 km Each crustal level corresponds to the depths of the cordierite, 
sillimanite and garnet zones, respectively 0 , petrologically estimated peak 
metamorphic temperatures 

In summary, the calculated peak temperature for 
each depth is nearly equal to the petrologically 
estimated value for each correlated metamorphic 
zone. These results suggest that  the magma- 
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estimate will be quite necessary for more refined 
thermal modeling in future. 

intrusion model is one of the possible thermal 
models for the low-pressure facies series Ryoke 
metamorphism. 

SUMMARY 
EVALUATION OF THE NUMERICAL MODELING 

Okudaira (1996) suggested that the validity of the 
metamorphic T-t path can be examined by using 
chemical zoning in garnet as  described as  follows. 
Garnet crystals from the rock of the sillimanite 
zone show various chemical zoning patterns. The 
zoning pattern a t  the core of the garnet grains 
systematically varies, with increasing grain size of 
the garnet, from reversely zoned, through unzoned, 
to normally zoned patterns. Quantitative and qua- 
litative textural analyses of the garnet grains led 
to the conclusion that the crystallization mecha- 
nism for garnet grains between 0.1 and 0.5 mm 
radii was continuous nucleation and diffusion- 
controlled growth. Chemical zoning of garnet 
grains with different radii was simulated for the 
previously estimated T-t path for the sillimanite 
zone (Okudaira et al. 1994) (which is similar to the 
path of the sillimanite zone proposed here 
(Fig. 9b)) using a numerical model of continuous 
nucleation and diffusion-controlled growth, in com- 
bination with intracrystalline diffusion. The results 
of the simulation of Okudaira (1996) indicated that 
the observed zoning patterns of the various sizes of 
garnet were well reproduced by the numerical 
model, in spite of the fact that  simulated zoning 
patterns strongly depended on T-t history, for 
example, the chemical composition of garnet 
changed according to subtle changes in tempera- 
ture. Therefore, a t  least for the sillimanite zone, 
the T-t path proposed here gives a good explana- 
tion for the low-P Ryoke metamorphism. 

However, there are some uncertainties in the 
thermal model, the most important being the initial 
temperature of each metamorphic zone because the 
initial geothermal gradient of the lithosphere can- 
not be precisely estimated by geological observa- 
tions, and there is a large uncertainty in the depth 
(pressure) estimate of each metamorphic zone. 
This uncertainty leads to a different calculated 
highest temperature a t  each metamorphic zone. 
The difference of 1 kbar between the estimated and 
actual pressures leads to a difference of 3.7 km in 
their depth estimates. In the c'ase of a linear 
geothermal gradient of 30"C/km, a depth of 
3.7 km is equivalent to a temperature of l lO"C, 
and leads to a difference of less than -55°C in 
the calculated highest temperature a t  each meta- 
morphic zone. Therefore, an accurate pressure 

The Ryoke metamorphic belt in the Yanai district 
of southwestern Japan is mainly composed of 
sheet-like Gamano granodiorite and metamorphic 
rocks of low-pressure facies series. The Gamano 
granodiorite intruded into the high-grade meta- 
morphic rocks without causing a distinct contact 
metamorphic overprint. From the analyses of de- 
formation and metamorphism of the rocks, the 
low-P metamorphism was probably caused by the 
syn-deformational emplacement of the Gamano 
granodiorite. Furthermore, from the results of 1-D 
numerical modeling of the thermal effects of the 
emplacement of the Gamano granodiorite, the cal- 
culated peak temperature investigated a t  each 
depth (12, 15  and 20 km) is nearly equal to the 
petrologically estimated value for each metamor- 
phic zone (cordierite, sillimanite and garnet). The 
geological observations and simulated results sug- 
gest that  the low-pressure facies series metamor- 
phism in the Yanai district largely resulted from 
the intrusion of the Gamano granodiorite. 
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APPENDIX 

Pressure and temperature estimates for the rocks 
of the cordierite, sillimanite and garnet zones. 
Metamorphic minerals were analyzed using an 
electron-probe microanalyzer (JEOL, JCMA-73311) 
a t  the Instrument Center for Chemical Analysis, 
Hiroshima University, operating a t  an accelerating 
voltage of 15 kV, a current of 19 nA and a beam 
width of 5 pm. 

Table A l .  Temperature estimates for the cordierite zone. Methods for temperature estimation are as follows: T1 = Stormer (1975); 
T2 = Stormer & Whitney (1977); T3 = Haselton et al. (1983). Temperature ("C) a t  3 kbar. 

Sample no. XKfs 
Na TI T2 T3 

2-51 
F- 8 
E-23 
E-7 
s- 1 
F-11 
F-13 

0.743 0.249 0.090 0.909 445 490 425 
0.749 0.236 0.133 0.865 503 553 50 1 
0.732 0.258 0.120 0.878 491 539 485 
0.737 0.251 0.156 0.842 535 589 546 
0.807 0.183 0.161 0.830 517 573 509 
0.610 0.379 0.142 0.856 566 616 589 
0.759 0.231 0.179 0.820 552 612 569 

Table A2. P-T estimates for the sillimanite zone. Methods for P-T estimation are as follows: T1  = Thompson (1976); 
T2 = Holdaway & Lee (1977); T3 = Perchuk (1977); P1 = Hodges & Spear (1982). Temperature ("C) at  4.0 kbar. Pressure (kbar) a t  
650°C. 

Sample no. @: X?i; XE xi; XE T1 T2 T3 P1 

911005-04 0.583 0.164 0.038 0.492 0.333 707 705 686 4.2 
91 11 13-04 0.657 0.112 0.032 0.440 0.253 614 624 618 4.7 
911113-12 0.729 0.111 0.024 0.407 0.279 621 630 623 3.0 
921 106-10 0.595 0.121 0.028 0.462 0.239 640 647 637 4.4 

Table A3. P-T estimates for the garnet zone. Methods for P-T estimation are as  follows: T1 = Thompson (1976); T2 = Holdaway 
& Lee (1977); T3 = Perchuk (1977); P1 = Aranovich & Podlesskii (1983). Temperature ("C) at 5.5 kbar. Pressure (kbar) at 750°C. 

Sample no. s: xi; a xi; T I  T2 T3 P1 

900424-01 0.729 0.168 0.022 0.410 0.547 755 753 721 5.9 
900510-04 0.700 0.190 0.021 0.433 0.560 783 777 740 6.4 
910430-07 0.732 0.139 0.032 0.362 0.513 759 757 723 5.5 
911114-01 0.716 0.178 0.027 0.444 0.581 732 733 704 6.0 




