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ABSTRACT

The Ryoke metamorphic belt is one of the typical low-pressure type metamorphic belts in the
world. Itis composed of granitoids (Older and Y ounger Ryoke granitoids) and their 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,
which is probably ascribed to thg sheet-like intrusion of the Older Ryoke granitoids. The
sécond 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. In the metamorphic rocks of the Tsuzu area, which is placed in the
northern part of the Yanai district, there are many melt-filled fractures of minor scales, which
cut across their foliation. The deformation related to the formation of these melt-filled fractures
resulted commonly from foliation parallel shearing under extensional stress field. The overall
movement picture inferred from the melt-filled fractures appears to be top to the N sense of
shear, and the deformation related to the formation of the melt-filled fractures was responsible
for the formation of the normal fault zones, along which the intrusion of the Older Ryoke
granitoids occurred. Asymmetric textures such as extensional crenulation cleavage and rotation
of porphyroblasts, which grew under the thermal peak of MI, are also formed in the
metapelites. The shear sense read from the asymmetric textures is the top to the north. This is
harmonic with the overall movement picture inferred from the melt-filled fractures. Therefore it
can be said that the overall movement picture of D1 during and immediately before the intrusion
of the Older Ryoke granitoids was of extension tectonics. As inferred from the dislocation
densities in quartz grains deformed during D1, strain rate for D1 appears to be high (= 10710 ~
107 s71). 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 MO was of nearly medium-pressure facies series (ca. 30°C / km) and that of
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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 calculated temperature-time path (7-z path) for the sillimanite zone during MI is
characterized by a rapid increase of temperature, 0.0017°C / year on average, and a short-period
of high-temperature condition (> 600°C), shorter than 0.5 Ma. 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 patterns systematically vary with grain size, which are between ca. 0.1
and 0.5 mm in radius. Large grains (> ca. 0.4 mm) show normal zoning and small grains (<
ca. 0.4 mm) show unzoned or reversely zoned profile in their cores. Observations of the
chemical zoning and of the spatial and size distributions of the garnets between ca. 0.1 and 0.5
mm 1n radius suggest that the garnets have been formed by continuous nucleation and
diffusion-controlled growth. To examine the validity of the 7-¢ path for M1, the chemical
zonings of garnets with different radii are simulated for the 7- path using a numerical model -of
continuous nucleation and diffusion-controlled growth, in combination with intracrystalline
diffusion, and are compared with the observed ones. The observed overall zoning patterns in
the garnets with different radii are well reproduced by the numerical model, in spite of the fact
that the simulated zoning patterns greatly change responding to the subtle changes in the 7-¢
history. Therefore, these results suggest that the 7-¢ 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




hecated under low-pressure facics conditions caused by the intrusion ol the Older Ryoke

granitoids.
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CHAPTER 1
INTRODUCTION

Evolution of the continental crust is a central question of the earth science. In general, active
continental margins are composed of granitoids and their associated low-pressure type
metamorphic complex (Fig. 1.1: e.g. Miyashiro, 1961, 1994). The granitoids and low-
pressure type metamorphic rocks commonly form low-pressure type metamorphic belt (LPM)
in the world (Fig. 1.2). To clarify the evolution of the continental crust, it is necessary that the
formation processes of LPM are considered especially with reference to two aspects such as a)
ehplacement mechanism of the granitic magma and b) thermal evolution of the metamorphic
rocks as described bellows.

Emplacement mechanism of a granitic magma

Because granitoids are commonly intrusion bodies of large volumes, their emplacement
mechanisms have so far been discussed by many authors as so-called "space problem" (e.g.
Paterson et al, 1991). Traditionally two main emplacement mechanisms have been
emphasized: 1) forceful intrusion, whereby buoyancy-driven magmas physically push the crust
aside, giving rise to granitic diapirs and balloons (e.g. Brun and Pons, 1981; Sakurai et al.,
1983; Bateman, 1985; Ramsay, 1989); and 2) passive emplacement related to tectonic cavity
opening such as great fault and cauldron subsidence with stoping (e.g. Bussell et al., 1976;
Pitcher, 1979; Bouchez and Diot, 1990). Furthermore, Guineberteau et al. (1987), Hutton
(1982), Toyoshima and Hara (1989), Hutton et al. (1990), and Shimura (1992) have
suggested that granitic magma intruded in the spaces created by transcurrent fault, extensional
shear zone, subhorizontal fracture zone, and large-scale detachment fault, respectively. Hutton
(1988) suggested that the emplacement mechanism (forceful or passive) depends on the ratio
between the rate of buoyant uprise of magma and that of tectonic cavity opening. In the Ryoke
metamorphic belt of Japan, Hara ez al. (1991) and Okudaira et al. (1992, 1993) suggested that
the Older Ryoke granitoids appear to have intruded as sheet-like intrusions along northward
dipping large-scale fracture zones oriented at low angles. While Hayashi (1994) suggested that

the Hiroshima granitoids in the Togouch-Y uu-Takehara district, which are shallow facies of the



Ryoke granitoids and have the N-S dimension of ca. 50 km on the ground surface, appear to be
related to "lateral magma movement" along shallow shear zone with low angle dip. Sakurai et
al. (1983) indicated that the Younger Ryoke granitoid as stock-like body intruded forcefully
based on the structural analysis of related rocks.

Thermal evolution of a low-pressure type metamorphic belt

LLPM found in the world is formed under such P-T conditions that the pressure is lower than
that of the aluminosilicate triple point (about 4 kbar), and the peak temperature ranges between
500 and 700°C (cf. Miyashiro, 1961, 1994; De Yoreo et al., 1991; Spear, 1993 Takeshita and
Okudaira, 1994)). Such anomalously high temperatures at relatively shallow depth indicate that
the geothermal gradient in the upper crust exceed 50°C km-! at the time of LPM formation.
Many processes can generate a low-pressure metamorphism (cf. De Yoreo et al., 1991;
Takeshita and Okudaira, 1994). Recent suggestions for the heat sources of low-pressure
metamorphism include crustal extension (Wickham and Oxburgh, 1985, 1987), convective
thinning of mantle lithosphere (Spohn and Schubert, 1982; Loosveld, 1989a, b), subduction of
young oceanic plate or spreading ridge (DelLong er al., 1979; Takeshita and Komatsu, 1990),
rapid uplift of doubled continental crust (England and Thompson, 1984; Thompson and
England, 1984), increased heat flux at the base of the crust (Oxburgh and Turcotte, 1971), and
advective heat transport by hot aqueous fluids (Ferry, 1983, 1986; Hoisch, 1987). However,
geologists have recognized a spatial and temporal association of low-pressure metamorphic
belts with magmatic arc terranes (cf. Miyashiro, 1961, 1994; Zwart, 1967; De Yoreo et al.,
1991). Numerical simulations of the thermal evolution of magmatic arc terranes show that the
magmatism can produce regionally extensive belts of low-pressure metamorphism (e.g. Wells,
1980; Lux er al., 1986; Barton and Hanson, 1989; Hanson and Barton, 1989; De Yoreo et al.,
1989; Okudaira er al., 1994; Rothstein and Hoisch, 1994).

The Ryoke metamorphic belt of southwest Japan (see Fig. 1.3a) is mainly composed of a
large volume of Cretaceous granitoids (Ryoke granitoids) and their associated low-pressure
type metamorphic rocks (Ryoke metamorphic rocks), and then has been regarded as a typical
example of low-pressure type metamorphic belts. The low-pressure Ryoke metamorphic belt is

adjacent to the high-pressure Sambagawa metamorphic belt, separated by the Median Tectonic



Line (MTL), in southwest Japan and both are of Jurassic-Cretaccous age (c.g. Hara et al.,
1992; Banno and Nakajima, 1992; Nakajima, 1994). 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 er 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) The formation of the low-grade metamorphic rocks related to crystallization of sillimanite
is of the same generation as the intrusion of the Older granitoids (Hara, 1962).

6) Radiometric ages of the metamorphic rocks are roughly compatible with those of the
Older granitoids (e.g. Shigeno and Yamaguchi, 1976; Banno and Nakajima, 1992; Nakajima,
1994).

Judging from the above-mentioned observations, some literatures (e.g. Ishioka, 1974,
Kutsukake, 1977; Okudaira et al., 1993, 1994; Miyashiro, 1994) have 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 firstly investigated the tectonic conditions which is
probably related to emplacement of the Older granitoids and the low-pressure facies series

metamorphism of the Ryoke metamorphic belt in the Yanai district. Secondly, the author tried



to make a thermal model using simple 1-D numerical simulation for the low-pressure facies
series Ryoke metamorphism, because quantitative modeling of the thermal regime is a powerful
tool in the investigation of the genesis and evolution of regional metamorphism (e.g. Furlong ez
al., 1991; Peacock, 1991; Takeshita and Okudaira, 1994). However, thermal model of
regional metamorphic terranes is not panacea for the interpretation of complex petrologic
signatures, but when appropriately applied it can prove important constraints (De Yoreo et al.,
1991; Furlong et al., 1991; Peacock, 1991). Thus, it is necessary that an evaluation of validity
of the thermal model is examined by petrological, geophysical, and geochemical studies.
Therefore, I present chemical zoning profile in garnets from the Ryoke metamorphic rocks in
the Yanai district, and compare them with numerically simulated zoning pattern of garnets to
examine of the validity of the thermal modeling for M1. Then, the temperature-time path (71
path) of the low-pressure facies series Ryoke metamorphism will be examined. Finally,

thermal evolution of the Ryoke metamorphic belt will be discussed.
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Fig. 1.1. A schematic cross section of an active continental margin. Isotherms are
bowed downward in the subduction zone because cool oceanic lithosphere is
being subducted. Isotherms in the arc are bowed upward because of the
advection of heat by rising magmas. From Ernst (1976).
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Fig. 1.2.  Some of the paired metamorphic belts in the circum-Pacific regions (partly
modified from Miyashiro, 1994). 1: Wakatipu and Tasman belts in New
Zealand. 2: Sambagawa and Ryoke belts in southwestern Japan. 3: Shuksan
and Skagit belts in Washington, USA. 4: Franciscan and Sierra Nevada in
California, USA. 5: Mt. Hibernia and Westphalia belts in Jamaica. 6:
Pichilemn and Curepto belts in Chile.
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Fig. 1.3. (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: Hiroshima granitoids. 4: Younger Ryoke
granitoids. 5: Older Ryoke granitoids. 6: agmatic migmatite zone. 7 - 10 :
Ryoke metamorphic rocks (7 biotite zone, 8 cordierite zone, 9 sillimanite
zone, 10 garnet zone).



CHAPTER 2

OUTLINE OF GEOLOGY

The Yanai district (Fig. 2.1b) mainly consists of the Older Ryoke granitoids (Gamano
granodiorite and Tengatake and Nagano migmatites), 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 er al., 1991; Ikeda, 1991, 1993; Nureki ez al., 1992; Okudaira
et al., 1993, 1995; Nakajima, 1994). Iwakuni granite (Higashimoto et al., 1983), which is
oﬁe 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 hornblende-biotite
tonalite and hornblende-bearing biotite tonalite and granodiorite. The Gamano granodiorite
concordantly intruded in the high-grade metamorphic rocks, and its foliation defined by
preferred shape orientation 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
(e.g. Honma, 1974; Kagami et al., 1992).

The metamorphic rocks are mainly derived 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: e.g. Kojima, 1953; Higashimoto et al., 1983).
They were regionally metamorphosed under low-pressure facies series metamorphic conditions
(M1). Following Okudaira et al. (1993, 1995), the Ryoke metamorphic rocks formed during
M1 has been divided into four metamorphic zones such as biotite, cordierite, sillimanite, and
garnet zones (Fig. 2.1b). After M1, the Kibe, Namera, and Iwakuni granites distributed in the

north of the studied area (Fig. 2.1b) locally metamorphosed the surrounding rocks (M2).

2.1: Large-scale structures and deformation events

2.1.1: Large-scale structures



On the basis of the features of the large-scale structures, the Ryoke metamorphic belt in the
district can be divided into three structural domains such as northern, central and southern
domains (Okudaira er al. 1993) (Fig. 2.2). The geological structure of the northern domain is
characterized by gentle upright folds with a fold axis gently plunging toward ESE (Fig. 2.2).
The Tengatake and Nagano migmatites are placed in the northern domain, and intruded cutting
across the lithologic layering and foliation in the metamorphic rocks at low angles and across
the lower level of lithostratigarphy toward the north (Fig. 2.1b). 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. 2.2). 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. 2.2). The Gamano
granodiorite intruded in the central and southern domains (Fig. 2.1b). The Gamano
granodiorite and the metamorphic rocks of the sillimanite and garnet zones are involved in the
overturned folds. When the overturned folds are 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 garnet and sillimanite zones as sheet-like body.

2.1.2: Deformation events

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, 1995). 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 (Fig. 2.3). 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 Sl-forming biotite, the ECC occurred

simultaneously with S1-foliation. The S1-foliation and ECC are comparable with Y and Ry 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., 1995).
The Gamano granodiorite intruded into large-scale extensional fracture zones produced during
D1 (Okudaira er al., 1995). In the Gamano granodiorite, S1-foliation defined by shape
preferred orientation of plagioclase, biotite, and hornblende are recognized, and general trend of
S1-foliation of the Gamano granodiorite is harmonic with that of the metamorphic rocks. D1 i1s
considered to have occurred during M1, while D2 and D3 phases postdate the main
crystallization of metamorphic minerals during M1 (Hara et al, 1991; Okudaira et al., 1993,
1995). 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 (Hara et al., 1991; Okudaira et al., 1993). The D2-shear
zones are recognized as fine-grained layers with distinct foliation (S2) truncating the SI-
foliation of the coarse-grained granodiorite (Fig. 2.4). The fine-grained layers consist of new
grains produced by dynamic recrystallization of constituents of the coarse-grained granodiorite
(Sakurai and Hara, 1990). Asymmetn'.c structures of D2 in the shear zones, as shown in Fig.
2.4, 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-Mesozoic accretionary
complexes and the Ryoke metamorphic belt in the Inner Zone of southwest Japan (e.g. Hara et

al., 1980).

2.2: Regional metamorphism

2.2.1: 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 each other. In Okudaira ez al., (1993,
1995) 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. 2.1b. The
biotite and cordierite zones, the sillimanite zone, and the garnet zone are equivalent to the
northern, southern, and central structural domains, respectively (see Figs. 2.1b and 2.2). The
constituent phases of the pelitic and psammitic rocks are schematically shown in Fig. 2.5, and

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,

garnel 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 and Nagano migmatites (Seo, 1987,
Okudaira et al., 1993, 1995). Garnet crystals have not been found in metapelites of the biotite
and cordierite zones, whereas 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 garnet zone is defined by paragenesis of
garnet + cordierite. 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 1s not a stable mineral, and is recognized as retrograde mineral.

Textural features observed in pelitic and psammitic rocks of the cordierite and garnet zones
are indicative of some prograde metamorphic reactions. In the cordierite zone, cordierite 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
(Fig. 2.6). 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
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parallel to S1-foliation (Fig. 2.6). 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 + HO. (2.1)

The prograde P-T path of the cordierite zone probably intersects reaction (2.1).

In the garnet zone, cordierite and garnet occur as porphyroblasts. The cordierite
porphyroblasts mainly include biotite, quartz, and sillimanite with small amount of hercynite
[Fe / (Fe + Mg + Zn): Xge = 0.70 ~ 0.83] and garnet (Alm76Pyp11Sps11Grs2), showing faint
alignment, as SO-foliation which is parallel to Sl1-foliation (Fig. 2.7a). The garnet
porphyroblasts contain quartz, graphite, ilmenite, and biotite, which show no distinct alignment
and do not seems to have subjected to any rotation (Fig. 2.7b). These texture is interpreted to
have been produced by a high temperature-low pressure static reaction near pluton (Amato et
al., 1994). The occurrences of b-iotite, sillimanite, and quartz within the cordierite

porphyroblasts indicate the following prograde reactions:

biotite + sillimanite + quartz = cordierite + K-feldspar + HO. (2.2a)

biotite + sillimanite + quartz = cordierite + K-feldspar + garnet + HpO, (2.2b)

where reactions (2.2a) and (2.2b) are divariant and univariant reactions, respectively
(Holdaway and Lee, 1977). The prograde P-T path of the garnet zone probably intersects
univariant reaction (2.2b). Hercynite included within cordierite porphyroblasts indicates high-
Zn component of (Zn/ (Fe + Mg + Zn): Xz, = 0.05 - 0.18. The Zn-rich hercynite has been
considered to be a breakdown product of staurolite, because staurolite 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 (Hazu - Hongu-san area), Aichi
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Prefecture, central Japan (e.g. Asami, 1971, 1977; Asami and Hoshino, 1980; Seo et al.,

1981).

2.2.2: Pre-M1 metamorphism (MO)

Some relict minerals as evidence of pre-M1 have been recognized in a few metapelitic xenoliths
of the Tengatake and Nagano migmatites (Fig. 2.8). The xenoliths mainly consist of
plagioclase (Anoy4 - 38), K-feldspar, biotite, muscovite, and cordierite, with a small amount of
sillimanite, corundum, Zn-rich hercynite (Xpe = 0.39 - 0.63, Xz, = 0.27 - 0.5), and garnet
(core, AlmgoPyp15Sps14Grse; rim, AlmgePypoSps22Grs3). Corundum, sillimanite, Zn-rich
hercynite, garnet, and biotite with large grain size are considered to be relict minerals because of
their dissolved grain shapes and their grain sizes much greater than other minerals. 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 (MO) and the xenoliths were re-equilibrated under M1

conditions (Okudaira er al., 1993).

2.2.3: Pressure and temperature estimates

Matrix-forming minerals crystallized in metapelites under M1 are analyzed to estimate the P-7T°
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 garnet-aluminosilicate-quartz-plagioclase (GASP: Powell
and Holland, 1988) geobarometers are used for pressure estimation. In high-grade
metamorphic zones, it is one of difficult works to clarify paragenetic relations between
metamorphic minerals in a rocks. The garnets with small grain size (radius: r < 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, 1995a). The

composition of unzoned core probably crystallized near the peak metamorphic conditions, while
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the that of reverse zoned rim was re-equilibrated during retrograde metamorphism (Okudaira,
1995a). 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). Tkeda (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 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. The P-T values
estimated from the used thermometers and barometers are given in Tables 2.1, 2.2, and 2.3.
As inferred from the mineral paragenesis of the cordierite zone, reaction (2.1) curve represents
the lower limit of the P-T field of the cordierite zone (Fig. 2.9). 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. 2.9). Reaction (2.2b)
curves represents the upper and lower limits of the P-T fields of the sillimanite and garnet
zones, respectively. Because muscovite is a unstable mineral in the sillimanite and garnet

zones, the lower limit of the P-T fields of the zones is defined as following reaction:
muscovite + quartz = K-feldspar + sillimanite + HpO. (2.3)

Since muscovite is a stable mineral in the cordierite zone, reaction (2.3) represents the upper
limit of the P-T field of the zone (Fig. 2.9).

For the metapelitic xenoliths in the Tengatake and Nagano migmatites, the P-T conditions of
MO are inferred from the core compositions of the relict minerals by using corundum-garnet-
sillimanite-spinel geobarometer (Bohlen et al., 1986) and garnet-biotite geothermometers
(Thompson, 1976; Holdaway and Lee, 1977; Perchuk, 1977). The pressure and temperature
estimated by the relict minerals are ca. 6+1 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
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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
MI1. The estimated pressure is estimated to be ca. 2.5 ~ 3.5 kbar by using garnet-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. 2.9. 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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Table 2.1. P-T cstimates [or the cordierite zone. Mcthods for P-T estimation arc as [ollows:
T1 = Stormer (1975); T2 = Stormer and Whitney (1977); T3 = Haselton et al. (1983).
LRB=20chat)

Sample no. R . A% = X T1 T2 T3
7-51 0.743  0.249 0.090 0.909 445 490 425
F-8 0.749 0.236 0.133  0.865 503 553 501
E-23 0.732 0.258 0.120 0.878 491 539 485
E-7 0.737 0.251 0.156 0.842 535 589 546
S-1 0.807 0.183 0.161 0.830 Bl = 509
F-11 0.610 0379 0.142 0.856 566 616 589
F-13 0.759 0.231 0.179 0.820 552 612 569

Table 2.2. P-T estimates for the sillimanite zone. Methods for P-T estimation are as follows:
T1 =Thompson (1976); T2 = Holdaway and Lee (1977); T3 = Perchuk (1977); T4 = Indares
and Martignole (1985); P1 = Powell and Holland (1988).

T (P=4.0kbar) P(T=650°C)
Samplgo., Lo T X S Axh T T2 T3 P1

Fe Mg Ca

911005-04  0.583 0.164 0.038 0.492 0333 695 695 677 4.3
911113-04 0.657 0.112 0.032 0.560 0.253 622 631 623 4.8
911113-12. 0729 0111 0.024 0.593 0279 629 637 629 2.9
921106-10 0.595 . 0.121 0.028 0.462 0.239 633 640 631 4.5

Table 2.3. P-T estimates for the garnet zone. Methods for P-T estimation are as follows: T1 =
Thompson (1976); T2 = Holdaway and Lee (1977); T3 = Perchuk (1977); T4 = Indares and
Martignole (1985); P1 = Aranovich and Podlesskii (1983).

T (P=5.5kbar) P (T=750°C)
Sampleno.  Xo  Xor xSt Bl o wpeh T2 T3 Pl

Fe Mg Ca Mg Mg

900424-01  0.729 0.168 0.022 0.590 0.547 760 757 724 T
900510-04 0.700 0.190 0.021 0.567 0.560 790 783 744 6.4
910430-07 0.732 0.139 0.032 0.362 0.513 755 733 720 3.5
911114-01 0.716 0.178 0.027 0.556 0.581 736 ] 707 6.0
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CHAPTER 3
STRUCTURAL ANALYSIS OF D1 DEFORMATION

The low-pressure Ryoke metamorphism (M1) is closely related to the intrusion of the Older
Ryoke granitoids. The intrusion of the Older granitoids is probably related to D1 deformation
(Hara et al., 1991; Okudaira et al., 1992, 1993). In order to clarify the intrusion mechanisms

of the granitoids, therefore it is necessary that the nature of D1 deformation are clarified.

3.1: Movement picture of D1 deformation in the Tsuzu area

Iﬁ order to clarify the movement picture of D1 deformation which is probably related to the
intrusion of the Older Ryoke granitoids, the author analyzed the geological structures of the
Tsuzu area, because in the area is only weakly found the effect of D2 deformation (see also

Okudaira et al., 1995a).

3.1.1: Geological structures

In the Tsuzu area (Fig. 3.1), the Ryoke metamorphic belt consists of the Gamano granodiorite,
Kibe granite, Tengatake and Nagano migmatites, Iwakuni granites, and Ryoke metamorphic
rocks as main constituent rocks. In the Tsuzu area the metamorphic rocks have a distinct
foliation, which appears to be in general parallel to the lithologic layering. The Tengatake and
Nagano migmatites developed as zones in the metamorphic rocks are intrusive bodies belonging
to the member of the Older Ryoke granitoids (Okudaira et al., 1993). The migmatites are
developed cutting across the lithologic layering and foliation at low angles and across the lower
level of lithostratigarphy toward the north (Fig. 3.2). In the migmatites, there are many
metamorphic xenoliths with an agmatic structure (see Fig. 4 in Okudaira et al., 1993).

The geological structure shown by the lithologic layering and foliation in the area (northern
block) on the north of the EW trending Tsuzu fault is characterized by an open upright antiform
with a fold axis gently plunging toward ESE, though slightly disturbed by high-angle faults
(Figs. 3.1,3.2, and 3.3a). The fold axis is placed near position Z-51 (Figs. 3.1 and 3.2). In

the area (southern block) on the south of the Tsuzu fault the lithologic layering and foliation are
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as a whole dipping at low to moderate angles toward the north (Figs. 3.1, 3.2, and 3.3b),
though locally folded in mesoscopic scale. The wt-diagram (Fig. 3.3) for the foliation, which is
characterized by a broad single great-circle girdle, suggests the development of mesoscopic-
scale folds with the axes gently lying in a trend of WNW-ESE (fold axis (D3) in Fig. 3.3).
Such folds are found in upright fashion in many outcrops. The upright folds of various scales
in the northern and southern blocks are comparable with the upright folds developed in left-
hand fashion throughout the Paleozoic-Mesozoic accretionary complexes and the Ryoke
metamorphic belt of the Inner Zone of southwest Japan, which postdated the intrusion of the

Older Ryoke granitoids (e.g. Hara et al., 1980).

3.1.2: Metamorphic zonation
The Ryoke metamorphic rocks in the Tsuzu area suffered from two different metamorphism
(MO and M1) and those located near the Younger Ryoke and Hiroshima granitoids are
additionally affected by M2 (Okudaira er al, 1993). This area can be divided into two
metamorphic zones (biotite and cordierite zones) in terms of the mineral parageneses of pelitic
and psammitic rocks formed during M1 (Okudaira_et al., 1993). The typical mineral
assemblages are as follows:
Biotite zone:
quartz + plagioclase + biotite + muscovite,
Cordierite zone:
quartz + plagioclase + biotite + muscovite + K-feldspar + cordierite + aluminosilicate. -
Garnet crystals are not found as stable mineral in metapelites and metapsammites, although they
are often found in leucosome of the migmatites. This observation suggests that the
crystallization of the garnets resulted from assimilation between the metamorphic rocks and
granitic materials (Owada, 1989). The regional metamorphic zonation is shown in Fig. 3.4. It
is not disturbed around the Tengatake and Nagano migmatites, like the cases which have been
described in the Ryoke metamorphic belt of many other districts (e.g. Koide, 1958; Kutsukake,
1977, Seo et al., 1981). Okudaira et al. (1993, 1994) have pointed out that the low-pressure

facies series M1 metamorphism is ascribed to the sheet-like intrusion of the Older Ryoke



granitoids. Figure 3.4 also represents contact aureole resulted from intrusion of the Younger
Ryoke and Hiroshima granitoids (M2 isograd in Fig. 3.4). The aureole is ca. 500 m in width
and is characterized by textures of overprint of new crystals, such as muscovite, andalusite, and
cordierite.

Metamorphic minerals in metapelites, which appeared under the peak metamorphic condition
during M1, are available to estimate its temperature condition by using the two-feldspar
(Stormer, 1975; Stormer and Whitney, 1977; Haselton et al., 1983) geothermometers. The
inset diagram in Fig. 3.2 represents the temperature variation in the cordierite zone which
grades into the biotite zone to the north, and the garnet zone to the south (Okudaira et al.,
1~995a, b). The metamorphic temperature estimated for sample Z-51 located north of the Tsuzu
fault is significantly lower than those estimated for the samples located south of the fault (Fig.
3.2). In the southern block, the temperatures of samples F-8, E-23, and E-7 are slightly lower
than those of samples S-1, F-11, and F-13 (Fig. 3.2). It can be therefore said that the
metamorphic temperatures increase f) rom north to south with decreasing of structural level.
3.1.3: Movement picture of D1 deformation
In the metamorphic rocks of the southern block and the southern part of the northern block are
often found melt-filled fractures of minor scales (Fig. 3.5). Such melt-filled fractures are
parallel - subparallel to and oblique to the foliation, and the constituent minerals and minor
structures in and around them suggest that they were developed by shearing along the foliation
during M1. The foliation-parallel ~ -subparallel fractures and foliation-oblique fractures are
respectively comparable with the principle displacement shear Y, the Riedel shear Ry, and the
extension fracture T (after Skempton, 1966; Logan et al., 1979; Bartlett et al., 1981;
Shimamoto, 1989). The deformation related to the formation of these melt-filled fractures
resulted commonly from the foliation parallel extension, as inferred from the orientation pattern
of the fractures (Hara et al., 1991).

The melt-filled fractures appear to be especially strongly developed near the migmatites and
Gamano granodiorite (Hara er al, 1991; Okudaira er al., 1993, 1995). The metamorphic

xenoliths in the migmatites, which are mainly metapelites, commonly have many melt-filled
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fractures which are not traced toward their surrounding granitic parts. It is clear that the
xenoliths of various scales in the migmatites were derived from fractured blocks of
metamorphic rocks. Okudaira et al. (1993) clarified that some metamorphic xenoliths came
from the much greater depth zone than the surrounding metamorphic rocks. Therefore, the
migmatites have been considered by Okudaira er al. (1993) to be intrusives along fracture
zones, which are of the same generation as the melt-filled fractures of the surrounding
metamorphic rocks. The overall movement picture inferred from the melt-filled fractures
appears to be of the shear sense for the top to the north (Fig. 3.6). The migmatites are
developed cutting across the lower structural level toward the north as is obvious in Figs. 3.1
and 3.2. The deformation related to the formation of the fracture zones, which were
responsible for the intrusion of the migmatites and therefore of the Older Ryoke granitoids,
would be assumed to be of extension type. |

The foliation of the metamorphic rocks in the Tsuzu area shows intrafolial folds of
mesoscopic to minor scales. Their axial trends are commonly NS ~ NNW-SSE, though highly
dispersed (fold axis (D1) in Fig. 3.3). Figure 3.7 shows the time-relationship between the
porphyroblastic growth of metamorphic mineral crystallized during the thermal peak of M1 and
D1 folding of intrafolial style. This figure indicates that the axial plane cleavage of crenulation
type of D1 fold is masked by the K-feldspar porphyroblast. It can be said that the intrafolial
folds with NS ~ NNW-SSE trending axes appear to be parallel to the shear direction inferred
from the melt-filled fractures, which is the top to the north, and to have formed during and
immediately before M1.

Asymmetric textures such as extensional crenulation cleavage (ECC; Platt and Vissers,
1980) (Fig. 3.8a) and rotation of porphyroblasts (Fig. 3.8b) such as cordierite and K-feldspar,
which were crystallized during M1, are often recognized in thin section of metapelites. These
asymmelric textures are considered in relation to M1. Figure 3.9 illustrates the chemical
compositions of the foliation-forming biotite and the ECC-forming biotite, suggesting that the
former and the latter formed under the same metamorphic condition, which corresponds to the
condition of M1. The shear sense read from the above-mentioned asymmetric textures is top to

the north, though fairly dispersed, as shown in Fig. 3.10. This is harmonic with the overall
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movement picture inferred from the melt-filled fractures (see Figs. 3.6 and 3.10). As
mentioned above, the formation of the melt-filled fractures was responsible for the intrusion of
the Older Ryoke granitoids and for M. Therefore it can be said that the overall movement
picture of D1 deformation of the metamorphic rocks in the Tsuzu area during and immediately

before the intrusion of the Older Ryoke granitoids was of the same style of extension tectonics.

3.2: Deformational conditions of D1 deformation as inferred from naturally deformed quartz in
metacherts
Analysis of quartz microtextures provides information of deformational conditions in
nielamorphic tectonites (e.g. Hara, 1962; Hobbs, 1985; Mainprice and Nicolas, 1989;
Takeshita, 1989). Therefore, the deformation microstructures and quartz c-axis fabrics of
seven samples from non-folded metacherts in the cordierite and garnet zones have been
investigated with petrographic microscope.  Furthermore, the analyses of dislocation
microstructures with transmission electron microscopy (TEM) have been conducted in order to

elucidate the slip direction (i.e., Burgers vector). Based on the analyses, the deformational

conditions of D1 deformation are documented (see also Okudaira et al., 1995b).

3.2.1: Background

There are several different families of slip systems in quartz, and different families of slip
systems dominate at different physical conditions and environments. The factors that determine
the dominant slip systems include temperature (e.g. Tullis ez al., 1973), Pipo (e.g. Griggs and
Blacic, 1965; Linker et al., 1984), strain rate (e.g. Tullis er al., 1973), pressure (e.g.
Kronenberg and Tullis, 1984), and defect chemistries (e.g. Hobbs, 1981, 1984). Among these
parameters, temperature could be the most important factor to control the critical resolved shear
stress (CRSS) on slip systems in quartz (e.g. Hobbs, 1985; Takeshita and Wenk, 1988;
Mainprice and Nicolas, 1989). Since the temperature dependence (activation energy) of CRSS
varies for different slip systems, different slip systems become dominant with increasing

lemperature.
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Lister (1981) documented that simulated c-axis fabrics change from girdle pattern to X-
maximum pattern (where the c-axes are dominantly aligned parallel to the maximum elongation
direction) as the dominant slip direction changes from <a> to [¢]. Many natural quartz c-axis
fabrics reported to date show that slip in the <a> direction on cozonal glide planes is the
dominant slip system in naturally deformed quartz at low ~ medium temperature condition (e.g.
Bouchez and Pécher, 1981). However, such the X-maximum fabric patterns in naturally quartz
have been found in granitic rocks naturally deformed at very high-temperature (ca. 650 ~
750°C) which is close to the subsolidus temperature of granite (e.g. Bouchez et al., 1984,
Blumenfeld et al., 1986; Gapais and Barbarin, 1986; Mainprice et al., 1986; Garbutt and
Teyssier, 1991).

Griggs and Blacic (1965) noted that a dramatic weakening in synthetic quartz occurs at
400°C with increasing temperature. They attributed the weakening to the mechanism switch
from basal <a> to prism [c] which has been concluded to be caused by the increasing diffusion
of water into the quartz lattice. Furthermore, Linker ez al. (1984) documented, for a synthetic
quartz crystal favorably oriented for both a and ¢ slips, ¢ slip is preferred over a slip at
temperature condition at 750°C which could be compared with low ~ medium temperature
condition at geological strain rates (10716 ~ 1014 -1y, Since the synthetic quartz includes
significant amount of water, these facts could suggest that c¢ slip is aided by the intracrystalline
water, which can more effectively diffuse into the quartz lattice with increasing temperature
(Kronenberg and Tullis, 1984). If we can extrapolate the experimental results proposed by
Linker er al. (1984) to geological strain rates, then the initiation of ¢ slip will cause a plastic
softening approximately equivalent to an order of magnitude increase in strain rate over <a>

slip (Mainprice et al., 1986).

The microstructures and c-axis fabrics of quartz grains in five metacherts (A, B C, D, and E)
from the cordierite zone and two samples (F and G) from the garnet zone are described here.
Localities of the seven investigated samples are indicated in Fig. 3.11. Figure 3.12 illustrated a

schematic cross section of the cordierite zone in order to show the spatial relationship between
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the sample localities of microstructural analyses and those of metamorphic temperature
analyses. Upper diagram in Fig. 3.12 represents the temperature variation in the cordierite
zone. There is the Tsuzu fault (Higashimoto et al., 1983) which divide the cordierite zone into
two domains (northern and southern domains) in central part of the zone (Fig. 3.11). Because
the southern domain was relatively upheaved to the northern domain, sample Z-51 indicates the
lowest temperature in the zone (Fig. 3.11). In the southern domain, the temperatures of
samples F-8, E-23, and E-7 are slightly lower than those of samples S-1, F-11, and F-13 (Fig.
3.11). Samples A and B were collected from nearly the same structural position in the
uppermost part of the cordierite zone close to the cordierite isograd, and sample E was collected
from the lowermost part of the cordierite zone (Fig. 3.11). Although the metachert samples
were taken from different structural levels, distribution of the metacharts in the cordierite zone
is not sufficient to draw a fabric "isograd", which the case of the Saxony granulite terrain (see
Lister and Dornsiepen, 1982). Samples F and G are collected from the garnet zone and their
structurat positions are situated at a similar level.

The rock sample of the seven metacherts are characterized by a single foliation formed
during D1 deformation, which is defined either by the alternation of mica-rich and mica-poor
layers or by the preferred shape orientation of mica grains. Since the examined metacherts
show no evidence of D2-folding on an outcrop scale, the amount of strain suffered from D2

deformation could be neglected.

Deformation microstructures

Samples A and B consist of many small polygonal and few large quartz recrystallized grains
(Fig. 3.13a). The mean grain sizes of small polygonal grains in samples A and B are ca. 40
(min.: 15 um; max.: 65 um) and 45 pm (min.: 12 pm; max.: 80 um), respectively, whereas
those of large grains are ca. 250 (min.: 145 pm; max.: 465 wm) and 145 pm (min.: 90 pm;
max.: 275 um), respectively. The shape of the large grains (open squares in Fig. 3.13a) is
more elongated than that of the small grains (closed squares in Fig. 3.13a). Because the larger
quartz grains exclusively form veinlets in samples A and B (Fig. 3.13a), it could be considered

that these grains did not significantly suffer grain size reduction by dynamic recrystallization
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alter the vein formation. Sample C shows a weak bimodal grain size distribution (Fig. 3.13b).
The mean grain size of smaller grains is ca. 250 pm (min.: 75 pum; max.: 540 um) and that of
larger grains 1s ca. 1100 um (min.: 700 pm; max.: 2480 um).

Samples D, E, F, and G exhibit essentially the same microstructure (Fig. 3.13c, d). These
samples are mainly composed of large recrystallized grains (ca. 200 ~ 3700 um). The mean
grain sizes of samples D, E, F, and G are ca. 810 pum (min.: 60 um; max.: 3600 pm), 880 um
(min.: 210 pm; max.: 2300 wm), 1060 um (min.: 140 um; max.: 4150 um), and 1450 pm,
respectively, whereas the grain size varies considerably within one thin section for all the
samples. In summary, the mean recrystallized grain size of quartz in the cordierite zone
increases greatly from sample A (ca. 40 wm) to sample E (ca. 80 um) with increasing
structural level. Particularly, the abrupt increase in recrystallized grain size from sample B (45
um) through C (250 um) to D (810 wm) occurs within the structural distance less than 500 m.
Here, the vertical displacement along the Tsuzu fault is assumed to be small. Because the
increase in recrystallized quartz grain size is consistent with the rise of the petrologically
estimated peak metamorphic temperature of M1, it is concluded that the deformation
temperature increases from samples A and B through C to D and E.

Figure 3.14 indicates aspect ratio (ratio of long-axis to short-axis) versus grain size
(geometric mean of long-axis and short-axis) of quartz grains in samples A, C, D, and G. The
major difference between sample A and samples D and G is that for the former sample the
aspect ratio varies greatly from 1 to 6 at a fairly constant grain size, and for the latter samples
the grain size varies greatly at a fairly small aspect ratio (around 2). Sample C belongs to the
intermediate type between the two. Those results in principle represent a decrease of aspect
ratio and an increase of grain size with increasing temperature. The grain boundaries of the
recrystallized quartz grains for all the samples, particularly samples C to G composed of larger

grain size (> 250 um), exhibit a cuspate shape indicative of grain boundary migration.

Quartz c-axis fabrics

The c-axis orientation of individual grains with respect to the structural reference frame (X:

parallel to the lineation, Z: normal to the foliation, and ¥: normal to the X and Z directions) was
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determined using a universal stage. Figure 3.15 illustrates the lower hemisphere equal-arca
projections of quartz c-axis fabrics of the samples from the cordierite zone. Quartz c-axis
fabrics in samples A and B, from a low-temperature part of the zone, show a type Il crossed
girdle pattern (e.g. Lister, 1977; Price, 1985) with half opening angle of 30 ~ 35" (Fig. 3.15a,
b), with Y-submaximum for sample B. The c-axis fabric pattern of sample C shows a small
circle-girdle around Z with the same half opening angle as those of sample A and B (Fig.
3.15c). On the other hand, quartz c-axis fabrics in samples D and E from a high-temperature
part of the zone have a distinct X-maximum which is rotated clockwise by 10 ~ 20" about Y
from X. However, both quartz c-axis fabrics exhibit a faint great-circle girdle inclined at 45° to
Z, and nearly parallel to Y, as indicated by dashed lines in Fig. 3.12d, e, although any crossed
girdle pattern is not apparent. For sample E, Z-maximum is apparent in addition to the above-
described fabric components.

Figure 3.13 illustrates quartz c-axis fabrics of the samples from the garnet zone. Sample F
represents XV girdle with an X-maximum elongated toward Y and a submaximum at Z (Fig.

3.16a). The c-axis fabric in sample G shows both Y-maximum and X-maximum (Fig. 3.16b).

Subgrain boundaries (SGB's)

During plastic deformation, by a combination of glide and climb, arrays of dislocations form
SGB in order to reduce stored elastic strain energy (Ball and Hirsch, 1955). Given that SGB's
are lower energy structures than free dislocations, they should be less susceptible to
modification by post-deformation annealing (Mainprice et al., 1986). Therefore, SGB in
quartz is a useful indicator of operated slip systems during high-temperature plastic
deformation.

Quartz grains in samples A, B, and C show little undulatory extinction, and have straight or
slightly curved grain boundaries (Fig. 3.13a, b). In these samples, the SGB's are rare and
mostly parallel to the c-axes, indicating that the SGB's are in the same zone as that of prismatic
planes. On the other hand, in samples D, E, F and G, SGB's are well developed and are
irregularly curved or cuspated (Fig. 3.13c, d). In these samples the quartz c-axes in many

quartz grains are preferentially oriented parallel to the lineation (Figs. 3.15 and 3.16), and most
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of the SGB's in such oriented quartz grains are nearly perpendicular to the c-axes indicating that
the SGB's are parallel, or nearly so, to the basal (0001) plane. Such basal SGB's often form
approximately square subgrains with subordinate planar prismatic SGB's (Fig. 3.13c, d).

A statistical analysis for angle between the SGB and c-axis was undertaken for the samples
having many visible SGB's (Fig. 3.17). In the cordierite zone, samples B and C show high
population of prismatic SGB's (Fig. 3.17a, b). On the other hand, in samples D and E, about
20% of the SGB's are in prismatic orientation, while more than 60% in basal to sub-basal one
(Fig. 3.17¢c, d). In the garnet zone, sample F represents that more than 80% of the SGB's are
in basal to sub-basal orientations (Fig. 3.17¢). Sample G shows that the population is almost

entirely represented by basal SGB's (Fig. 3.17f).

TEM observations
Direct observation of dislocations by TEM has been conducted in order to determine the slip
systems operated in deformed quartz (e.g. Nicolas and Poirier, 1976). To confirm our
understanding of the slip systems which are independently from the pattern of quartz c-axis
fabric and orientation of SGB, TEM observations were made of samples A, D, and G. Quartz
grains containing well-defined SGB's were selected. All observations were carried out with a
JEOL JEM-200CX transmission electron microscope at Ehime University using an accelerating
voltage of 200 kV. The samples were ion-thinned and carbon coated for the TEM observation.
Observations were made on free dislocations and subgrain boundaries in the samples. In
addition, dislocation densities of quartz were measured with TEM. For the determination-of
dislocation density, the number of free dislocations within 5 areas ranging from about 5.3 x 3.8
to 3.1 x 22 um? was counted for each grain.  Some typical images of dislocation
microstructures are shown in Fig. 3.17. In sample A dislocations are fairly homogeneously
distributed (Fig. 3.18a), while in sample G many dislocation loops are observed in addition to
curved [ree dislocations (Fig. 3.18b). The free dislocation densities (p) in samples A and G are
similar, which are p = (8.9 + 1.4) x 108 cm™2 and p=(13+04) x 10° cm?2 respectively. In
sample D, the subgrain boundaries composed of simple arrays of parallel dislocations which are

normal to [0001] direction are common and they are often curved (Fig. 3.18c). These high



densitics of dislocation in naturally deformed quartz at high-temperature in this district arc
comparable to those in the Bergell Alps (Liddell er al., 1976). In samples A and G many
bubbles are recognized (Fig. 3.15a, b). The bubbles consist of two sets of lobes symmetrically
placed about a line of no contrast. The line of no contrast is always parallel to [0001] in sample
G.

Analysis of slip systems was carried out using the standard technique of "invisibility
criteria", which had been shown to be effective in quartz (Hirsch er al., 1965; Ardell et al.,
1974). For a dislocation to be invisible, the following condition is required, namely the vector
products g-b = O for a pure screw dislocation, and g'b x u = O for a edge dislocation, where g
is the diffracting vector, b the Burgers vector and « the unit vector along the dislocation line.
An image of free dislocation of quartz in sample G is shown in Fig. 3.19. Figure 3.19a shows
a bright-field image of free dislocation and Fig. 3.19b represents a dark-field image of the same
area. Since the dislocation is almost out of contrast for the diffracting vector g = |ll§()],
[0001] could be a possible Burgers vector for screw dislocation. In fact, since the dislocation
line is nearly parallel to [0001], the dislocation could be identified as a [0001] screw

dislocation.

3.2.3: Inferred slip systems

Dominant slip systems in quartz polycrystals can be estimated from the pattern of c-axis fabrics
and preferred maximum orientations (e.g. Lister et al., 1978; Lister and Hobbs, 1980).
Moreover, the angle between c-axis and SGB in a quartz grain allows us to infer the operating
slip system (e.g. Christie and Green, 1964; Trépied et al., 1980; Blumenfeld er al., 1986;
Mainprice et al., 1986).

The c-axis fabrics in samples A and B show type-II crossed girdle patterns (Fig. 3.15a, b)
with half opening angle of 30 ~ 35" with Y-submaximum for sample B. The c-axis fabric
pattern of sample C shows a small circle-girdle around Z (Fig. 3.15¢). The type-II crossed
girdle and small circle pattern with large half opening angles can be produced by the dominant
activation of basal <a> and prism <a> slip systems (Lister and Hobbs, 1980; Takeshita and

Wenk, 1988; Wenk et al., 1989).
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In sample F the pattern of c-axis fabric almost shows both Y-maximum and X-maximum
(Fig. 3.16a). The fabric pattern in sample G is characterized by an X-maximum elongated
toward Y (Fig. 3.16b). High concentration of c-axes near X is ascribed to the dominant
activation of prism [c] slip systems, which is numerically demonstrated by Lister (1981) and
proved for naturally deformed quartz at very high-temperature close to granite subsolidus
(Blumenfeld et al., 1986; Mainprice et al., 1986). On the other hand, the high concentration
near Y is considered to be due to the dominant activation of prism <a> slip systems (Wenk ez
al., 1989). We currently do not have a good explanation for a maximum at Z observed for
samples E and F. The Z-maximum may be related to the grain growth during deformation
(Hirth and Tullis, 1992). Consequently, the fabric patterns in the samples F and G can be
ascribed to the dominant activation of prism [c] slip system, with a subordinate activation of
prism <a> slip (Lister and Hobbs, 1980; Lister, 1981; Wenk e al., 1989).

The c-axis fabric patterns of samples D and E are respectively characterized by a distinct X-
maximum and a faint great-circle girdle inclined ~ 45° to Z and nearly parallel to Y. These could
be interpreted as a transitional pattern from type-II crossed girdle to X-maximum. Therefore,
the c-axis fabric patterns could have been caused by activation of prism [c], prism <a>, and
basal <a> slip systems (cf. Lister, 1981).

Furthermore, the basal SGB's in deformed quartz are exclusively characteristic of ¢ slip,
whereas the prismatic SGB's indicate the operation of a slip (e.g. Christie and Green, 1964;
Trépied et al., 1980; Blumenfeld er al., 1986; Mainprice et al., 1986). The high frequency of
prismatic SGB's of quartz in samples A, B, and C probably indicates that the slip direction is
dominantly in <a> (see Fig. 3.17a, b). On the other hand, the dominance of basal SGB's of
quartz in samples D, E, F, and G indicates that [c] slip predominates over <a> slip in these
samples (see Fig. 3.17c¢, d, e, f). However, <a> slip indicated by prismatic SGB's (i.e. [c] A
SGB = 0°) still operated in samples D and E, while the activity of <a> slip is negligible for
samples Fand G. Although the angle between the SGB and c-axis theoretically should exhibit
90" for [c] slip, the angles in Fig 3.17 distribute over wide range for samples D, E, and F.
These basal SGB's are rarely planar and sometimes take a cuspate shape under optical (Fig.

3.13¢, d) and under electron microscopes (Fig. 3.18¢). These curved and cuspate basal SGB's
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arc probably caused by subgrain boundary migration during the syn- and/or post-dynamic
recrystallization (cf. Urai et al., 1986). Therefore, the sub-basal subgrain boundaries, that is
[c] A SGB =60 ~ 80°, could be attributed to the migration of basal SGB's.

The TEM observation in sample G reveals the presence of free dislocations with the [0001]
Burgers vector (Fig. 3.19). This glide system is consistent with the presence of (0001)
dislocation subgrain boundaries (Fig. 3.18¢c) in sample D. These observations also indicate that
samples D and G are deformed by the dominant [c] slips.

Based on the pattern of c-axis fabrics, orientation of SGB's, and TEM observations, it has
been shown that samples A, B, and C were deformed by the dominant activation of basal <a>
and prism <a> slip systems, whereas samples D, E, F, and G were deformed by the dominant
activation of prism [c] slip systems, with subordinate activation of prism <a> slip system.
Although [c] slip is dominant in samples D and E, the activation of slip systems is characterized
by a transitional type where basal <a> and prism [¢] both operate. In conclusion, the basal-

prism mechanism switch possibly occurred in samples D and E.

3.2.4: Transition conditions from basal <a> to prism [c] slip

Quartz c-axis fabrics have also been investigated elsewhere in the Ryoke metamorphic belt (e.g.
Nureki, 1960; Hara, 1962). In the Kasagi district (Fig. 3.1), Hara (1962) suggests that quartz
c-axis fabrics characterized by crossed girdle with a distinct Y-maximum were developed at
temperatures higher than ca. 450°C. The fabric patterns suggest that the prism <a> and basal
<a> slip systems were active.

In the cordierite zone of the Yanai district, it has been shown that samples A, B, and C were
deformed by the dominant activation of basal <a> and prism <a> slip systems, whereas
samples D and E were deformed by the dominant activation of prism [c] slip systems, with the
subordinate activation of prism and basal <a> slip, even though these samples occur only ca.
400 m apart in structural level and coexist in the zone of same metamorphic grade. In samples
Fand G from the garnet zone, [c] slip exclusively operates. Therefore, the mechanism switch
from basal <a> to prism [c] slip systems, as proposed by Lister (1981), could have taken place

between samples A, B, and C, and samples D and E from naturally deformed metacherts in the
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Ryoke metamorphic belt, although the activation of slip systems in samples D and E is
characterized by a transitional type between dominant <a> slip and dominant [c] slip. Thé
temperature condition for the cordierite zone to which the samples all belong is estimated by
various geothermometers to range from 460 to 590°C (Table 3.1 and Fig. 3.12). More
precisely, the metacherts deformed at ca. 460 ~ 550°C (samples A, B, and C) show no
evidence of prism [c] slip, those deformed at ca. 550 ~ 590°C (samples D and E) show about
75 ~80% |c] slip, and those from the garnet zone (samples F and G) show =100% prism |[c]
slip (see Fig. 3.17). Therefore, it can be concluded that the basal - prism mechanism switch
probably occurred within the temperature range of 550 ~ 600°C.

The X-maximum fabric patterns in naturally deformed quartz were reported only in the rocks
deformed under very high-temperature which is close to granite subsolidus (e.g. Bouchez er
al., 1984; Blumenfeld er al., 1986; Gapais and Barbarin, 1986; Mainprice et al., 1986; Garbutt
and Teyssier, 1991). Mainprice er al. (1986) also observed the X-maximum c-axis fabrics
indicative of dominant prism [c] slip in the migmatite and granitic vein naturally deformed at
650 ~ 750°C. %

Mainprice et al. (1986) emphasized that the association of very high-temperature and humid
conditions appears to be the key requirement to active ¢ slip. Since quartz crystals have reached
the limit of HpO solubility, they must have been well within the regime of hydrostatic
weakening when they were deformed (Griggs and Blacic, 1965). Because the metachert
samples consist of hydrous minerals such as biotite and muscovite and these minerals could
release a significant amount of water above 500°C (cf., Walther and Orville, 1982), the increase
of water content in rock with increasing temperature could cause the activation of c-slip.
Klorcover, the presence of numerous bubbles on TEM observations (Fig. 3.16a, b) indicates
that the quartz seems to be "Wet" crystal. The abnormal increase of recrystallized quartz grain
size with increasing temperature which is associated with the mechanism switch from <a> to [c]
slip, appears (o have been accomplished by water-assisted grain boundary migration (growth)
(e.g. Urai et al., 1986), in addition to the fact that a critical temperature for grain boundaries to

break away from the pinning effects of impurities was exceeded in the metachert samples (cf.

Guillope and Poirier, 1979).
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3.2.5: Strain rates inferred from dislocation density paleopiezometer
[t has been known that the dislocation density is only a function of differential stress (01-03).

A few empirical relations between differential stress and dislocation density have been obtained

as follows:
0,- 0, =1.64x 107 N*° (McCormick, 1977) (3.1)
g,-0; =6.6x 10°N°° (Weathers et al., 1979) (3.2)

where N is dislocation density. Plugging the dislocation densities of samples A and G, which
are obtained as (8.8 + 1.7) x 108 cm™ and (1.0 £ D7) x 107 cm2 respectively into the Egs.
(3.1) and (3.2), the differential stress for the samples A and G can be calculated as ca. 130 and
140 MPé for Eq. (3.1), and ca. 200 and 210 MPa for Eq. (3.2), respectively.

Strain rate (¢ ) in the quartz can be estimated by the following equation of power law creep:

-

¢ = Ad" exp(-E | RT) (3.3)

where ois differential stress, and A, n, and E are experimentally determined constants, namely
pre-exponential constant, stress exponent and activation energy, and R and 7 are gas constant
and absolute temperature respectively. Following Koch et al. (1989), A, n, and E have been
experimentally determined to be 5.05 x 100 MPa™ s, 2.61, and 145 kJ, respectively. Now, |
can calculate strain rate in the samples using Eq. (3.3), assuming that deformation temperatures
in the samples are nearly the same as the peak metamorphic temperatures, which are 500°C
(cordierite zone) and 750°C (garnet zone), respectively. Then the strain rates of the samples are
obtained as (ca. 2.7 ~ 7.7) x 1010 g1 and (ca. 0.8 ~2.3) x 107 571, respectively. The strain
rates in the samples are much faster than the generally assumed geological strain rate, i.e. 10710

~ 101 571 Such high strain rates in metamorphic belts are also estimated for other

metamorphic belts (e.g. Hacker et al., 1992).
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3.3: Concluding remarks for the analysis

Recently, Miyashita and Komatsu (1993, 1994) indicated that the deformation related to the
formation of foliation in metamorphic rocks, which has a top to the north ~ northwest sense of
shear, 1s of extension type. The author also concluded that D1 deformation, which was high-
temperature deformation with high-strain rate (= 10110 ~ 107 s‘l), was operated under
extensional stress regime and that the Older Ryoke granitoids intruded in extensional fracture
zones at intermediate crustal depths. The tectonic model for the emplacement of the Older
Ryoke granitoids is illustrated in Fig. 3.20. The extension tectonics occurred with the tensional
stress approximately normal to the general trend of the Ryoke metamorphic belt. Following the
tectonics, the Ryoke metamorphic belt suffered compressional deformations (D2 and D3) which
was related to the formation of nappes transporting toward the WSW or SW (Okudaira et al.,

1992, 1993).
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Fig. 3.1. Geological map of the Tsuzu area. 1: alluvium. 2: Hiroshima granites. 3:
Younger Ryoke granites. 4: Older Ryoke granites. 5: agmatic migmatite
zone. 6: metapelites and metapsammites. 7. metacherts. Closed squares
indicate locations of samples using petrologically estimate of metamorphic
temperatures.
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Fig. 3.4. Diagram illustrating the distribution of mineral assemblages crystallized under
the M. Closed triangle represents mineral assemblages such as quartz +
plagioclase + biotite + muscovite + andalusite + cordierite resulted from the
M2 metamorphism.
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Fig. 3.6. Diagram showing the shear direction (arrows) of the melt-filled fractures in
the metapelites around the Iwakuni Century Golf Course. Thin solid girdles,
thick solid girdles, and dashed lines represent foliation, plane of Riedel shear
R1, and intersection between the former two, respectively.  Lower
hemisphere equal area projection.



Fig. 3.7.  Microphotograph showing the axial plane cleavage of crenulation type of Dj
fold is masked by the K-feldspar porphyroblast.



'S[rejop 10J 1X1 998 “1sejqoiAydiod 9)1191p100 JO uoneI0I (q 9FRABI[O UONR[NUAID [RUOISUI)XD
(e Y31 pazuejod-oue]d 'SOUOZ INLIIPIOD puE ANOIq Y} Jo slRderdw ur saImxa) omowwAse Juimoys syderdojoydooiyy Q¢ ‘I




0.30

o
u
e
H m
25X, p
. O of
Ti 025} s !
o
o ECC-forming Bt
m  fBliation-forming Bt
0.20
LS 0.6
XFe

Fig. 3.9. Ti versus XFe [Fe/(Fe+Mg)] for biotite in metapelites from the biotite zone.
Numbers of ions on the basis of 22 oxygens.



Fig. 3.10. Diagram showing the shear sense of the asymmetric texture in metapelites
(closed arrows).
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Fig. 3.11. Geological map of the Ryoke metamorphic belt in the Yanai district

(simplified from Okudaira ez al., 1993). a) Index map of the investigated
area. MTL : Median Tectonic Line. ISTL : Itoigawa-Shizuoka Tectonic
Line. D : Dando district. K : Kasagi district. T : Teshima district. b)
Geological and metamorphic zonation map. 1 - 4: Ryoke metamorphic rocks
(1 biotite zone, 2 cordierite zone, 3 garnet zone, 4 sillimanite zone). 5 :
migmatite zone. 6 and 7 : Ryoke granites (6 : Older granites, 7 : Younger
granites). 8 : Hiroshima granites. The locations of samples for both
petrological and microstructural analyses are shown by squares and dots
respectively. Closed circles denoted by A, B, C, D, E, F, and G indicate
localities of samples A, B, C, D, E, F, and G. Closed squares indicale
localities of samples for petrological analyses of metamorphic temperatures.
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Fig. 3.18. TEM bright-field micrographs of the deformed quartz from samples A, D,
and G. a) Sample A. b) Sample D. ¢) Sample G. Bubbles, dislocation
loops, and subgrain boundaries are marked by B, L, and SGB, respectively.
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Fig.3.19. TEM micrographs of deformed quartz from sample G. a) A bright-field
image of free dislocation. b) A dark-field image of the same area. Diffracting

vector g = [1120].
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CHAPTER 4
STRUCTURAL ANALYSIS OF D2 DEFORMATION

D2 deformation is characterized by the rearrangement of the geological structure of the Older
Ryoke granitoids and metamorphic rocks produced during D1, giving rise to their displacement
along the low-angle faults such as the Kitaoshima and Yuu thrusts (Okudaira ez al., 1993).
During D2, the Ryoke metamorphic belt is considered to have significantly been uplifted (Hara
et al., 1991; Okudaira et al., 1992, 1993). Deformation structures of D2 is well recognized at
the Hirarehana peninsula of the Yashirojima island (see Fig. 1.2b). In this Chapter, the author
\x;ill describe deformation structures of D2 in the Hirarehana peninsula to clarify the movement
picture of D2 deformation, and then discuss the uplift tectonics of the Ryoke metamorphic belt

in the district.

4.1: The Kitaoshima granodiorite

The Hirarehana peninsula is mainly composed of the Gamano granodiorite, Kitaoshima
granodiorite, meLapelite of the garnet zone, amphibolite, and metabasic rocks as shown in Fig.
4.1 (Kojima and Okamura, 1968; Sakurai and Hara, 1990; Okudaira et al., 1993). The
Kitaoshima granodiorite has so far been considered to be a fragment of the continental crust
which predates the Ryoke metamorphism of Cretaceous age (e.g., Kojima and Okamura, 1968;
Sakurai and Hara, 1990; Hara ef al., 1991). Kojima and Okamura (1968) considered that the
features such as agmatic structure, metamorphosed dykes, and granitizated fault observed in the
granodiorite strongly suggest that it had been brought up to the shallow tectonic level of brittle
fracturing before the metamorphism and granitization of the Ryoke age began and therefore that
the granodiorite is an orthogneiss (so-called "Kitaoshima orthogneiss"). However, the U-Pb
ages of zircon grains from the orthogneiss are 92 ~ 97 Ma (unpublished data; Herzig et al.,
1995). These ages are consistent with those (95 ~ 101 Ma) of the Gamano granodiorite
(Shigeno and Yamaguchi, 1976; Higashimoto ez al., 1983; Nakajima et al., 1993; unpublished
data; Herzig et al., 1995), though the Kitaoshima granodiorite is intruded by the Gamano

granodiorite (Okudaira et al., 1993). Honma (1974), Honma and Sakai (1975), and Shigeno
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and Yamaguchi (1976) assumed on the basis of the petrological features such as mineral
assemblages and major and minor elements of the Kitaoshima orthogneiss and Gamano
granodiorite that they are crystallized from the same original magma. The Kitaoshima and

Gamano granodiorites can be assumed to belong to the Older Ryoke granitoids.

4.2: Geological and deformation structures in the Hirarehana peninsula

As mentioned above, the Hirarehana peninsula is mainly composed of the Gamano
granodiorite, Kitaoshima granodiorite, metapelite of the garnet zone, amphibolites, and
metabasic rocks. The Gamano granodiorite and Kitaoshima granodiorite have a distinct
foliation on mesoscopic scale, and are parallel to each other. The metapelites of the garnet zone
and amphibolites are observed as xenoliths of the granodiorites, although these are also
metabasic rocks as dyke. The foliations of the metapelites and granodiorites are parallel to each
other and the lithologic boundaries between them are parallel to the their foliations. The
foliations of the metabasic rocks and also parallel to those of the granodiorites and the lithologic
boundaries between them are parallel to the their foliations. However, the amphibolites do not
show any their foliation, and are fractured and intruded in network fashion by granitic
materials.

The Kitaoshima granodiorite is divided in to three layers: coarse-grained layer,
porphyroblastic layer, and fine-grained layer (Sakurai and Hara, 1990) as shown in Fig. 4.2.
The former two layers are main constituent of the orthogneiss. The fine-grained layer has been
considered to be shear zone formed by dynamic recrystallization of the coarse-grained and
porphyroblastic layers (Sakurai and Hara, 1990; Okudaira et al. 1993). All the layers show
distinct foliation which is characterized by preferred shape orientation of plagioclase, K-
feldspar, and biotite grains. Following Kojima and Okamura (1968), poles of the foliation of
the Kitaoshima granodiorite are shown in Fig. 4.1. The foliation is nearly flat-lying as a whole,
though wavy folds on mesoscopic scale is reflected on the diagram. From the distribution of -
poles, m-circle (dashed circle) and st-axis (cross) can be estimated, as shown in the diagram,
and then the m-axis points to N65°E, plunging at 12°. The layers of the Kitaoshima

granodiorite are parallel to each other, although the fine-grained layer often truncates the coarse-
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grained and porphyroblastic layers. Microfabric diagram of plagioclase (010) planes ol the
coarse-grained and porphyroblastic layers is characterized by orthorhombic symmetry with
respect to the foliation surface and incomplete girdle around the axis normal to the foliation
surface (Fig. 4.3). This observation indicates that the plagioclase (010) planes were oriented
under coaxial deformation. In the coarse-grained and porphyroblastic layers, the biotite forms
thin layers or trains of clots, arranged parallel to each other (Fig. 4.2a). On the foliation
surface, the biotite clots are not elongate but show a circle shape (Fig. 4.4). These observations
suggest that the biotite clots, as well as the fabrics of plagioclase (010) planes, were formed
under pure shear deformation and therefore that the foliation of the coarse-grained and
porphyroblastic layers was formed near coaxial (pure shear) condition. The fine-grained layer
often truncates the coarse-grained and porphyroblastic layers at low-angles, and shows a
distinct foliation (S2) which is parallel to the layer cutting across the foliation of coarse-grained
and porphyroblastic layers (Fig. 4.5). The fine-grained layer is a mylonitic shear zone (Sakurai
and Hara, 1990). Sl1-foliation is sometimes dragged along the shear plane, and such the
structural relationship indicates top to the SW sense of shear (Fig. 4.5). The deformation
related to the formation of the fine-grained layer postdates the deformation related to the
formation of the foliation of the coarse-grained and porphyroblastic layers, and then the former

is probably compared with D2 deformation in the other area.

4.3: Movement picture of D2 deformation and uplift tectonics of the Ryoke metamorphic belt

In contrast to the coarse-grained and porphyroblastic layers, many asymmetric structures are
observed in the fine-grained layer (Fig. 4.6). Figure 4.6a, b shows that isolated metabasic
xenolith have wedge-shaped tails and stair-stepping symmetry. Figure 4.6b shows the rotated
boudinage of metabasic dyke. These asymmetric structures indicate top to the west sense of
shear. Since the structures are only found in the fine-grained layer, the deformation forming
the fine-grained layer is dominant in simple shear component. In summary, D1 deformation
which formed the foliation of the Kitaoshima granodiorite (coarse-grained and porphyroblastic
layers), metapelites, and metabasic rocks is dominant in pure shear component, and D2

deformation which formed the fine-grained layer is dominant in simple shear component and
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has top to the W ~ SW sense of shear. D2 deformation is related to the uplift of the Ryoke
metamorphic belt in the Yanai district, giving rise to the folding and displacement of the thermal
structure of M1 metamorphism (Okudaira et al., 1993). The deformation structures of D2
observed in the Hirarehana peninsula indicate the movement picture of the uplift tectonics of the
Ryoke metamorphic belt in the Yanai district. In summary, inferred from the observations in
Chapters 2, 3, and 4, a possible tectonic model of the Ryoke metamorphic belt in the Yanai

district during Cretaceous age is shown in Fig. 4.7.
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Hirarehana

'Ij‘ Fine-grained granite Granodiorite |2Z%| Granite gneiss Ez Massive amphibolite

] Foliated amphibolit
77 phibolite ) Y .
e e D: Metamorphic dyke F:Granitized “fault” O: Orbicular rock

Fig. 4.1. Route map of the Hirarehana peninsula in the Yashirojima island and an inset
diagram shows the s-poles of foliation of the Kitaoshima granodiorite (after
Kojima and Okamura, 1968).
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Fig. 4.4. Photograph showing the circle-like shape biotite clots on the foliation plane of the

coarse-grained layer.

fine-grained layer

!

shear lense of

coarse-grained layer <€—

Fig. 4.5, Photograph showing relationship between coarse-grained layer and fine-grained
layer. SI: S1-fohation. S2: S2-foliation. Arrows of photograph indicate the sense

of shear inferred from the asymmetric structures See text for details.
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a) D1 and M1

bt zone

crd zone

sil zone

b) initiation of D2

bt zone //

crd zone

sil zone

C) D2 and D3

bt zone

— A — —
present surface
crd zone

sil zone

grt zone

<@ _> Direction of regional stress

Active detachment fault

W1 Older Ryoke Granites

Metamorphic zone boundary

Fig. 47. A possible tectonic model for the Ryoke metamorphic belt in the Yanai district during Cretaceous.



CHAPTER 5
THERMAL MODELING FOR M1 METAMORPHISM

5.1: Tectonic and thermal models for numerical analysis

As described in Chapters 2, 3, and 4, the metamorphic zones arrange from biotite to cordierite
to garnet to sillimanite zones with increasing structural level. In contrast, the metamorphic
grade increases from the biotite zone, through the cordierite and sillimanite zones, to the garnet
zone. The metamorphic conditions of the cordierite zone significantly lower than those of the
garnet zone by at least ca. 140°C and 2 kbar, and the higher pressure garnet zone overlies the
léwer pressure sillimanite zone (Figs. 2.1b and 2.9). Therefore, the order of increasing
metamorphic grade does not agree with the order of increasing structural level, and there is a
major discontinuities in the metamorphic sequence. This inverted thermal structure can be
explained as the result of large-scale post-metamorphic faulting after D1 (Okudaira er al.,
1993). In fact, the geological structures among the northern domain (biotite and cordierite
zones), central domain (garnet zone), and southern domain (sillimanite zone) are significantly
different. Since the Gamano granodiorite is underlain by the metamorphic rocks in the central
domain (garnet zone), whereas the former is overlaid by the latter in the southern domain
(sillimanite zone), the Gamano granodiorite has been intruded between the sillimanite and garnet
zones. Because the Gamano granodiorite and the rocks of the garnet zone were folded by D2
and D3, the intrusion of the granodiorite predates D2, that is, intrusion of the Gamano
granodiorite occurred during D1.  As mentioned above, M1 has a strong time and spatial
association with emplacement of the Gamano granodiorite as inferred from four lines of
geological evidence as follows; 1) distribution of the Gamano granodiorite correlates with that
of the high-grade metamorphic zones such as the sillimanite and garnet zones, 2) throughout the
high-grade metamorphic zones, distinct contact aureoles caused by the intrusion of the Gamano
granodiorite are lacking, 3) geological structures of the high-grade metamorphic rocks are
nearly compatible with those of the Gamano granodiorite, and 4) radiometric ages of the
metamorphic rocks are roughly compatible with those of the Gamano granodiorite. These

geological evidences suggest that M1 resulted from the intrusion of the Gamano granodiorite
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during D1. From these circumstances, a possible tectonic model for the Ryoke metamorphic
belt in the district has been proposed by Okudaira er al. (1993, 1994, 1995) as shown in Fig.
5.1. The tectonic model is 1) the low- to flat-angle intrusion of the Gamano granodiorite during
D1 resulted in M1, and 2) after D1 the metamorphic sequence of M1 was modified by the
deformation during D2 and D3. According to the tectonic model, to clarify of the thermal
effects of the emplacement of the Gamano granodiorite, I conduct simple thermal model for M1

by using 1-D numerical simulation as bellow.

5.2: Numerical analysis
5.2.1: Methods

An one-dimensional heat transfer equation with fluid advection term is written as

JT Ja*T
f’l“ m e o

d(Tu) -
ot 9z

0z

A (1)

o

where pp,, density of fock; Cm, specific heat of rock; 7T, temperature; ¢, time; K, thermal
conductivity; z, vertical coordinate measured from the earth's surface; Ct, specific heat of fluid;
u, mass fluid flux; and A is heat production of radioactive. Density and specific heat of magma
are assumed to be similar with those of rock, according to De Yoreo et al. (1989), Hanson &
Barton (1989), Rothstein & Hoisch (1994), and others. Equation (5.1) was solved numerically
using an explicit finite-difference method with a 1,000 m array spacing (Az) and a 3.15 x 107
sec ime step (Ar). The parameters used in the numerical models are shown in Table 5.1.
Production of heat by the magmatic crystallization (latent heat) and consumption of heat
during the endothermic reactions have been calculated assuming reactions to be a continuous
linear function of temperature between liquidus and solidus temperature (Tiiq ~ Tso1) and
between endothermic reaction interval (Tsgare ~ Tend), respectively. According to Hanson and
Barton (1989), I have used the crystallization intervals (Tiiq ~ Tsol.) of (950 ~750°C) and (1050
~ 850°C) for the initial intrusion temperature (Tin) of 900 and 1000°C, respectively. Here
after, the former is called as Model 1 and the latter is called as Model 2 (Fig. 5.2). For AH of

crystallizing magma, I have taken the value of 3.35 x 105 J kg1, using data for plagioclase,
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quartz, and K-feldspar (Wells, 1980). In the crystallizing magma, recharge and convection of
the magma are not modeled here. In the wall rocks, most dehydration reactions are
endothermic and thus consume heat (Peacock, 1989; Spear, 1993). For typical dehydration
reactions, the AH of reaction is in the range of 60 ~ 100 kJ per mole of volatile evolved
(Walther and Orville, 1982). During metamorphism, a typical pelite loses approximately 5 wt%
H20 (Walther and Orville, 1982), which is equivalent to approximately 7.6 X 103 moles m3 of
rock. Assuming 60 kJ mole-! for dehydration reactions results in a heat sink of" 1.6 X 105 ] kg
I (Peacock, 1989). Since the actual metamorphic reactions are too complex to thermal
calculations, the dehydration reaction interval between 350 and 800°C is modeled here. It is
assumed that rocks initially at temperature below 350°C contain 5 wt% volatiles, and rocks
initially at temperature above 800°C contain no volatiles, respectively. For rocks initially at the
temperatures within the reaction interval, the volatile content is calculated from the following
equation:

X Sl THT =T T =T =T,

w start end (52)

where Xfw 1s the weight fraction of fluid evolved from the rock at 7, and Xy, is that of fluid
contained in the rock at Tggar. The production and consumption of heat were incorporated into
the numerical models using an effective heat capacity, C*, and an effective thermal diffusivity,

k*, for rocks undergoing reactions (Jaeger, 1964; Peacock, 1989; Hanson and Barton, 1989).

The effective thermal diffusivity is then calculated from

s =3 (5.3)

PuC

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

C'=C,+[AH (T, - T,

sol

- )] for the magmatic crystallization, (5.4a)

C'= Cot [AH (T, .q- Y;um)] for the metamorphic endothermic reactions, (5.4b)
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where AH in Egs. (5.4a) and (5.4b) is enthalpy of the magmatic crystallization and the
metamorphic endothermic reaction intervals, respectively.

The second term on the right hand side of Eq. (5.1) reflects the heat transport by advection.
The fluid and solid matrix are assumed to have the same temperature 7. The pp, must be a
volumetric average over the fluid-filled pores and the solid matrix. However, because a
substantial fraction of the medium is made up of the solid matrix, which is usually a better
conductor of heat than the fluid, it is generally a good approximation to assume the p,, as the
density of the solid matrix (Hanson, 1992). For the case of thermally driven devolatilization
reactions, the fluid mass production rate per unit volume, Jy, resulting from a temperature

increase can be expressed as (Peacock, 1989; Hanson, 1992):

X s
T “"—”((;—I) RS A (5.5)

AY'{XH
On the other hand, the fluid production contributed by the crystallization of the magma has been
calculated assuming crystallization to be a continuous linear function of temperature between

liquidus and solidus temperature. The volatile content of the magma X, (Wt%) at temperature

Tis
Xg(T b 7"50')
Ay e L B (5.6)
lig ~ “sol
where X is the weight fraction of fluid of the magma at Tjy.
The fluid production rate Jg (kg m-3 s-1) at the depth z is written by
X0 (0T
- __fu“_ e " <7< 7'M
: 7;iq - 7;ol ( ot )z . : L (57)

where z'"" and z" are the bottom and top of the magma, respectively.
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The flux produced from fluid production can be calculated from an one-dimensional model
of the advance of isotherms through a crustal section (Walther and Orville, 1982; Hanson,

1992). The integrated vertical fluid flux u, (kg m2 s-1) at the depth z is given by

e i T
PO Y W s e Tl : 5.8
i\ %It o\ # o

where z'1s the depth at the bottom of the region of devolatilization.
Radiogenic heat production, the third term on the right hand side of Eq. (5.1), of elements to
decay decreases exponentially with depth according to the relation (Turcotte and Schubert,

1982):

A=Ae™™ (5.9)

where Ag and Ar are the surface radiogenic heat production and the characteristic length scale,
respectively. On the other hand, for the magma, the heat production rgsullcd from the decay of
radioactive elements A is represented by that of the magma Ag, thatis, A= Ay .

The initial continental geotherm immediately before the intrusion of magma is calculated

from (Turcotte and Schubert, 1982):

h2
R (N (5.10)
Rk

where Tj, T, and gy, 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
atz = 0 and constant mantle heat flux, gm, at the bottom of the lithosphere. The thickness of
the lithosphere before the intrusion of the Gamano granodiorite is assumed to be 30 km. Due to
the P-T conditions of MO metamorphism, the initial geotherm in the lithosphere is roughly
compatible with ca. 30°C km-1, and therefore g,, can be assumed to be 0.08 W m-2. The initial

geothermal gradient (ca. 30°C km-l) is comparable with the mean geothermal gradient of an
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active continental margin or an island-arc (Sugimura and Uyeda, 1973). Based on the
estimated pressures of the sillimanite and garnet zones, the Gamano granodioritw was placed
between ca. 16 and 19 km in depth and therefore the granodiorite layer was ca. 3-km-thick.
Therefore, I assumed a 3-km-thick sheet-like intrusion with the granodioritic composition
which was instantaneously placed between 16 and 19 km in depth. After the intrusion, the
thickness of the lithosphere instantaneously increases 35 km. Figure 5.2 shows initial and

boundary conditions for the thermal models for M1.

Figure 5.3 shows the temperature-depth curves with increasing time. Thermal relaxation of the
situation shown in Fig. 5.2a is fast; namely after ca. 4 Ma temperatures are almost restored (o
original steady-state ones (Figs. 5.3 and 5.4). Figure 5.4 gives the thermal relaxation at three
depth levels (12-, 15-, and 20-km depth) associated with the situation in Fig. 5.2a, and the
petrologically estimated peak metamorphic temperatures are also drawn as stippled parts. The
12 km depth point, which is correlated to the cordierite zone, reaches the peak temperature of =~
485°C at 0.40 Ma for Model 1, and ca. 500°C at 0.36 Ma for Model 2 in the system's evolution
(Fig. 5.4a). The average rates of temperature increase of the two models are ca. 1.9 X 104 and
2.6 X 104°C year-!, and the periods of a high-temperature condition (> 450°C) are shorter than
1.0 and 1.6 Ma, respectively. The simulated peak temperatures of the two models are well
within the petrologically estimated peak metamorphic temperatures between ca. 460 and 590°C.
At the 15 km depth point, which is correlated to the sillimanite zone, the peak temperatures
reach 669°C at 0.10 Ma for Model 1 and 718°C at 0.08 Ma for Model 2 (Fig. 5.4b). The
average rates of temperature increase are ca. 1.7 X 103 and 2.7 X 103°C year!, and the
periods of a high-temperature condition (> 600°C) are shorter than 0.5 and 0.6 Ma,
respectively.  The simulated peak temperatures of the two models are well within the
petrologically estimated peak metamorphic temperatures between ca. 630 and 690°C. At the 20
km depth point, which is correlated to the garnet zone, the peak temperatures reach 716°C at
0.20 Ma for Model 1 and 752°C at 0.16 Ma for Model 2 (Fig. 5.4c). The average rates of

temperature increase are ca. 1.1 X 103 and 1.6 X 103°C year!, and the periods of a high-
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temperature condition (> 700°C) is shorter than 0.3 and 0.6 Ma, respectively.  Although the
simulated peak temperature of Model 1 is slightly lower than the petrologically estimated peak
metamorphic temperatures between ca. 730 and 770°C, that of Model 2 is well within the
petrologically estimated one. Furthermore, the simulated metamorphic field gradients of both
the models are shown in Fig. 5.5 with the petrologically estimated one. The simulated and

petrologically estimated metamorphic field gradients are nearly consistent.

5.3: Discussion for the analysis

5.3.1: Evaluation of an instantaneous and single intrusion

I modeled the emplacement of the Gamano granodiorite to be an instantaneous and a single
episode. The instantaneous pluton emplacement can be assumed to simplify the models,
because theoretical studies suggest that magmas rise quickly relative to their rate of cooling (cf.
Spera, 1980; Spence and Turcotte, 1985; Mahon e al., 1988; Rothstein and Hoisch, 1994).
Spence and Turcotte (1985) calculated a speed of 10 mm s1 to 100 m s1 (3 x 102 10 3 x 100
km Ma'1) for the propagation of magma along cracks. For example, a magmatic body takes 1.5
X 10-1 Ma for rising 15 km at the speed of 102 km Ma'l. Thereforé, when magma ascends,
negligible change occurs in the thermal profile of the crust. However, this approximation is
made for ease of calculation and will only be valid so long as the ascent velocity is greater than
10 km Ma'l, and if ascent velocities are less than this value, more complicated models are
required (De Yoreo et al., 1989).

The crustal heating can be prolonged by emplacing the plutons many times (Wells, 1980;
Chapman and Furlong, 1992; Rothstein and Hoisch, 1994). However, if the total volume of
the magma is a constant, the magnitude of crustal heating is lessened at any position compared
to the case of a single intrusion, because the early pulses of temperature increase by magma
intrusions have been cooled significantly before the later magma are emplaced (Wells, 1980;
Chapman and Furlong, 1992). The results of the models (see Figs. 5.3 and 5.4) demonstrate
that the attainment of the petrologically estimated peak temperatures requires the emplacement of
the Gamano granodiorite by a single episode or by multiple episodes of a rapid succession

(Figs. 5.3 and 5.4).
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5.3.2: Thermal effects of fluid flow

Metamorphic fluid is approximately three times less dense than rocks, thus released fluid tends
to migrate upward into overlying rocks. This fluid flow probably takes place along discrete
fractures because the permeabilities of unfractured rocks are insufficient to accommodate the
fTuid flux (Walther and Orville, 1982). The possibility of multi-pass circulation (convection) of
fluid at crustal depths greater than 5 ~ 10 km has been a subject of considerable debate (e.g.
Ferry, 1986; Wood and Walther, 1986). However, the thermal effects of fluid convection are
beyond the scope of this study, and thus a only one-pass upward fluid flow is considered.
Fluids can advect substantial amount of heat, and therefore the infiltrating fluid may
significantly affect the thermal structure of the overlying rocks (e.g. Peacock, 1989).

Considering the thermal effects of fluid flow on the basis of the calculated fluid production-
rate, I implicitly assume that all the fluid, produced by dehydration reactions and from
crystallizing intrusion, migrates upward through the overlying rock pile. Fluid flux out of the
35-km-thick lithosphere is plotted as time in Fig. 5.6. The fluid flux curves represent fluid-
production of each depth integrated from 0- to 35-km depth. The fluid flux of the two models
gradually decreases with the system's evolution, because the flux will decrease with time as the
heating rate (d7T / dr) of the lithosphere wanes (Fig. 5.6). The results indicate that the advective
heat transfer directly affects the 7-7 paths in an early stage of the system's evolution. The fluid
flux of Model 2 is higher than that of Model 1, because the heating rate of the lithosphere of
Model 2 is higher than that of Model 1 (see Figs. 5.3 and 5.4).

For clarifying the effects of the fluid flow on the 7-7 paths, Fig. 5.7 represents the 7™z paths
calculated from Model 1 at the 12-km depth for three different cases: 1) conduction is the only
mode of heat transfer (Case 1); 2) conduction is the only mode of heat transfer and heat
consumption resulted from the endothermic reactions is considered (Case 2); and 3) conduction
and fluid advection are the mode of heat transfer (Case 3). The peak temperatures resulted from
Cases 2 and 3 show ca. 30°C lower than that resulted from Case 1, because the endothermic

reactions between 400 and 800 °C consumes heat corresponding to AH (see also Peacock,

1989; Okudaira et al., 1994a). This indicates that the consumption of heat by endothermic

5



reactions significantly affects the thermal evolution. The 77 path of Case 3 is characterized by
a more rapid increase and decrease in temperature than that of Case 2. The rapid heating is
contributed by the fluid advection. However, the rapid cooling does not directly result from
fluid advection but from rapid cooling of the Gamano granodiorite, because the employed
metamorphic reaction model is only considered during prograde stage (+ d7" / dt). In the parts
bencath the Gamano granodiorite, the inverted thermal gradients persist for several million
years (see FFig. 5.3). During this time period, fluid will migrate from the cooler parts bencath
the Gamano granodiorite to the warmer the Gamano granodiorite, thus, upward the fluid flow
will result in a more rapid cooling of the Gamano granodiorite. However, when the inverted
thermal gradients has been erased, upward-flowing fluids will travel down thermal gradients,
thereby warming up the overlying rocks. Consequently, the fluid flow, produced by
continuous dehydration reactions and from crystallizing magma, contributes toward a shorter
duration of high-temperature condition and a more rapid increase and decrease of metamorphic
temperature. However, the thermal effects of fluid flow in the one-dimensional models
considered here is oversimplified in comparison with two- or three-dimensional models,
because the fluids produced by dehydration reactions and crystallizing intrusion migrate upward
only and thus lateral fluid flow is neglected in the one-dimensional models (e.g. Furlong et al.,

1991; Hanson, 1992).

5.4: Concluding remarks for the analysis

In this Chapter, I proposed the thermal model for M1 metamorphism, and conducted one-
dimensional numerical heat-transfer simulations. The simulated peak temperature of each depth
can be nearly correlated with the petrologically estimated ones. Moreover, the simulated
metamorphic field gradients are also nearly consistent with the petrologically estimated one.
These results suggested that the thermal models are reasonable for M1, and therefore it is

suggested that M1 metamorphism is caused by the intrusion of the Gamano granodiorite.
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Table 5.1. Parameters usced in the numerical models

Parameter Definition Units and typical valucs
A Heat production rate of radioactive elements ~ W m3

Ao Surface radiogenic heat production rate 2.60 X 106 W m-3
Ag Radiogenic heat production rate of magma 264X 106 W m3
Gt Specific heat of fluid 3750 J kg1 K-1
Gt Specific heat of rock 880 J kg1 K-1

C* Specific heat during reaction Jkg 1K1

hr Characteristic length scale 10 km

AH Enthalpy of reaction Jkgl

Jg Fluid production rate of reaction kg m3s-1

Jw Fluid production rate of crystallizing magma kg m3 s-1

K Thermal conductivity 28 Wm'l K-l

K* Thermal diffusivity during reaction m2 s-1

G Mantle heat flux 0.08 W m2

D Density of rock 2750 kg m-3

T Temperature K

T; Initial temperature of rock K

Ts Surface temperature 273 K (= 0°C)
Tstart Lower temperature of reaction interval 673 K (= 400°C)
Tend Upper temperature of reaction interval 1073 K (= 800°C)
Tiiq Liquidus temperature of magma K

ol Solidus temperature of magma K

gt Initial intrusion temperature of magma K

! Time S

Uy Fluid flux kg m2s-1

Xg Weight fraction of fluid of initial magma 0.04

X Weight fraction of fluid of rock at surface 0.05

Xfg Weight fraction of fluid of magma at depth z

Xiw Weight fraction of fluid of rock at depth z

Z Depth m

4
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Fig. 5.5. Diagram showing the simulated and petrologically estimated metamorphic
filed gradients of M1. The metamorphic field gradients are drawn by trace
of the highest temperatures of 12-, 15-, and 20-km-deep.
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Fig. 5.7. Temperature-time plots calculated form Model 1 of 12-km depth for comparison
among Cases 1, 2, and 3. Solid thin, solid thick, and dashed lines are the
temperature-time paths calculated from Cases 1, 2, and 3, respectively. See text
for further details.



CHAPTER 6
AN EXAMINATION FOR THE THERMAL MODELING
BASED ON CHEMICAL ZONING IN GARNETS

Thermal evolution during metamorphism and associated tectonism have been interpreted in a
number of metamorphic terranes on the basis of numerical thermal modeling (e.g. Oxburgh and
Turcotte, 1971; Wells, 1980; England and Thompson, 1984; Lux et al., 1986; Wickham and
Oxburgh, 1987; De Yoreo et al., 1989; Loosveld, 1989; Rothstein and Hoisch, 1994).
However, an evaluation of the thermal modeling has not been well documented, while the
vélidily of the thermal modeling must be thoroughly checked by petrological studies.

Growth zoning occurs as new shells of different composition which are added onto a
growing crystal. The compositional differences in the shells arise because of changing external
conditions such as pressure and temperature. Therefore, it has been considered that chemical
zoning in a metamorphic garnet records P-T history of metamorphism (e.g. Loomis and
Nimick, 1982; Spear, 1989a, b; Florence and Spear, 1991, 1993). The zoning in garnet,
consisting of a decrease of Mn content from center to margin, so-called normal zoning, has
been interpreted as a result of continuous growth with increasing temperature (e.g. LLoomis and
Nimick, 1982; Spear, 1988). In contrast, garnet crystals consisting of unzoned core have been
reported from many high-temperature metamorphic terranes (e.g. Yardley, 1977; Tracy, 1982,
Dempster, 1985; lkeda, 1993a, b). They have been interpreted to have formed by
intracrystalline diffusion (volume diffusion) obliterating the pre-existing chemical zoning during
metamorphism (e.g. Tracy, 1982; Loomis, 1983; Dempster, 1985; Chakraborty and Ganguly,
1990; Spear, 1991) or by rapid growth of the garnet (Hodges and Silverberg, 1988).
Intracrystalline diffusion more effectively relaxes the zoning pattern when a crystal is smaller,
metamorphic temperature is higher, and duration of the metamorphism is longer (e.g. Loomis,
1983; Chakraborty and Ganguly, 1990; Florence and Spear, 1991). Preservation of normal
zoning in garnet may therefore mean that the growth was slow enough for the zoning to appear,
and the temperature and/or the duration of the metamorphism was not high and/or long enough

to obliterate the pre-existing zoning by intracrystalline diffusion. Thus, when nucleation and
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growth mechanisms of garnet crystals are identified, the chemical zoning in garnet can be used
to examine the pressure-temperature-time path (P-7-t path) of metamorphism (Spear, 1989a, b;
Chakraborty and Ganguly, 1990; Florence and Spear, 1991, 1993).

In this Chapter, I present chemical zoning profile in garnets from the Ryoke metamorphic
rocks in the Yanai district, southwest Japan, and compare them with numerically simulated
zoning pattern of garnets. Then, the temperature-time path (7-7 path) of the low-pressure facies

series Ryoke metamorphism proposed by Chapter V will be examined.

6.1: Experimental procedure
Garnet crystals were separated following the methods of Kretz (1973) and Banno et al. (1986)
from a small volume (about 4 cm3) of the metapelite from the sillimanite zone (Fig. 2.1b). The
rock was heated in air to 700°C for 60 min. and quenched in water, and pressed by use of a
vise. Gamet crystals were separated from other minerals using tweezers. Approximately 80 ~
90 % of the garnet crystals could be extracted without breaking them. Euhedral crystals were
mounted in resin, and the mount was ground down and polished until the crystal diameter
under the polarization microscope was equal to that under the reflecting microscope.

Separated garnets were analyzed using an electron-probe microanalyzer (JEOL, JCMA-
73311) at Hiroshima University, operating at an accelerating voltage of 15 kV, a current of 19

nA, and a beam width of 5 pum.

6.2: Chemical zoning in garnet
The studied metapelite of the sillimanite zone (Fig. 2.1b) is composed of alternating thin (a few
millimeters thick) layers of mica-rich and mica-poor layers. Quartz, plagioclase, K-feldspar,
biotite, sillimanite, garnet, and cordierite are stable in the zone, while cordierite rarely occurs
and does not coexist with garnet. Graphite, ilmenite, apatite, zircon, and tourmaline occur as
accessory minerals. A typical mineral assemblage in the zone is shown on Thompson's (1957)
A'FM diagram in Fig. 6.1.

Garnets in the metapelite show euhedral (or subhedral) shape (Fig. 6.2a,d), although some

large crystals show anhedral shape where they grew together (Fig. 6.2b,c). The garnets
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smaller than ca. 0.5 mm in radius are distributed within the mica-poor layers, while the garnets
larger than ca. 0.5 mm in radius concentrate within the mica-rich layers. The number of the
garnets distributed within the mica-rich layers is quite small. Almost all the garnets of various
sizes show the textural zoning which consists of inclusion-rich core and inclusion-poor rim
(Fig. 6.2). The inclusions, which are mostly anhedral quartz and a very small amount of
graphite, ilmenite, and biotite, show no distinct alignment and do not seem to have been
subjected to any rotation, which indicates static crystallization of the garnets (e.g. Spry, 1969;
Barker, 1990). The shape of the boundary between the inclusion-rich core and inclusion-poor
rim is often parallel to the shape of the garnet crystal (Fig. 6.2c). There is no relationship
between the boundary of textural zoning and the boundary of chemical zoning,

Some chemical compositions of garnets are presented in Table 6.1. The chemical zoning
profiles of molar fractions of almandine (Xfe), spessartine (Xnpp), pyrope (Xmg), and grossular
(Xca) in garnets with different radii between 0.1 and 0.8 mm at ca. 0.1 mm interval are shown
in Fig. 6.3. These profiles were measured from the geometrical center to the outermost margin
in the garnets separated from the metapelite unit. In this study, it is regarded that garnet lacks
chemical zoning when variation in spessartine content is less than 1 mol% within a single grain
except for reversely zoned part.

Giving full attention to the profiles of spessartine (X)), important features in Fig. 6.3 are
as follows.

1) Three kinds of garnets with normally zoned, unzoned, and reversely zoned patterns in
their core occur together in the metapelitic unit.

2) Sample A (radius: r=0.10 mm) is reversely zoned from the center to outermost margin
(Fig. 6.3a).

3) Samples B (r = 0.20 mm) and C (r = 0.32 mm) consist of unzoned core and reversely
zoned rim (Fig. 6.3b,c).

4) Samples D (r = 0.44 mm), E (r= 0.50 mm), F (r = 0.56 mm), and G (r = 0.70 mm)
consist of normally zoned core and reversely zoned rim (Fig. 6.3d ~ g).

5) Sample H (r = 0.80 mm) does not show any maximum Xy at its center (Fig. 6.3h), and

rather the grain shows multiple peaks of Xy, as was reported by Ikeda (1993a, b).
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6) The width of the reversely zoned part in garnets with radii smaller than 0.70 mm is
approximately 0.1 mm, whereas that of reversely zoned parts in grains of 0.70 and 0.80 mm in
radius 1s ca. 0.2 mm.

The molar fraction of spessartine (Xnm) at the center of garnets (solid squares in Fig. 6.4)
continuously increases with an increase in radius, except for the larger (r> ca. 0.5 mm) garnets
in which the X\, varies greatly. Since the Xpy in the larger (> 0.5 mm) garnets is not so
uniform among the garnets, the zoning profiles for the larger garnets as shown in Fig. 6.3f,g h
are not representative ones for their grain sizes. In contrast to the center of the garnets, Xmp at
the outermost margin of garnets (open squares in Fig. 6.4) does not depend on its grain size,

which is uniform ranging between ca. 0.18 and 0.22 (mean value is ca. 0.2).

6.3: Nucleation and growth mechanisms of garnet
Nucleation and growth mechanisms of crystals are reflected in textural features, such as spatial
and size distributions, of the crystals, which are recorded in the rock at the end of the
crystallization episode (e.g. Kerrick et al., 1991).

The crystal size distribution (CSD) plot (Cashman and Ferry, 1988) for garnets in the
metapelite is shown in Fig. 6.5. This plot was made by the following procedures. By using an
optical microscope with a micrometer, I measured the size of all the garnets (n = 504) in two
thin sections (total measured area is 14 cm?2) from the same metapelite for which the chemical
zoning in garnets is also studied. Following Cashman and Ferry (1988) and Morishita (1992),
the number of garnets per size class and per unit area (N,) is expressed by Ny = ¢/ (a AL),
where ¢, a, and AL are the number of garnet within the size class, measured area, and size class
(0.06 mm in this study), respectively. Furthermore, the number of garnets per size class and
per unit volume (Ny) is represented by Ny, = (¢ / a )15 / AL (Cashman and Ferry, 1988;
Morishita, 1992). In Fig. 6.5, the CSD plot shows that crystals of the intermediate size
classes, from 0.12 to 0.48 mm (solid circles), fit a line with a slope of 5.68 x 103 c¢m (solid
line). The linear crystal size distribution suggests that the crystals belonging to the size classes
continuously nucleated and grew (Cashman and Ferry, 1988; Carlson, 1989; Kerrick et al.,

1991). In addition, the continuous increase of Xy, at the center of the garnet with radius
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between ca. 0.1 and 0.5 mm in Fig. 6.4 also indicates that garnets continuously nuclecated and
grew during prograde metamorphism, because Xny at the center of garnets reflects the P-T
conditions at the time of nucleation (e.g. Loomis and Nimick, 1982; Spear, 1989a, b; Carlson,
1989, 1991). In other words, it is unlikely that the garnets of the intermediate size classes
discontinuously grew during multiple crystallization events.

The fact that population densities of the larger and smallest size classes deviate from the
slope in Fig. 6.5 could indicate that growth of the garnet for these size classes is not governed
by the same nucleation and growth mechanisms (or rates) for the crystals of the intermediate
size classes (Cashman and Ferry, 1988; Kerrick et al., 1991). The population densities of the
lérger size classes deviated from the slope in Fig. 6.5 may have resulted from different
nucleation densities and growth rates from those for the garnets of the intermediate size classes.
This could be inferred from the fact that the nucleation density of the garnets (r < ca. 0.5 mm)
distributed withir; the mica-poor layers is much higher than that of the garnets (r > ca. 0.5 mm)
distributed within the mica-rich layers. The difference in nucleation density could lead the
difference in growth rate (e.g. Carlson, 1989, 1991). A presence of multiple peak of Xpyq
(Fig. 6.3h) and of plural inclusion-rich cores (Fig. 6.2b,c) in some larger grains (r > ca. 0.5
mm) suggests that some larger grains may have resulted from impingement of more than two
crystals followed by overgrowth (Toriumi, 1986; Ikeda, 1993a). In contrast, a decrease in the
number of the garnets of the smallest size class may be interpreted as a result of suppression of
nucleation in diffusion domains during diffusion-influenced nucleation and diffusion-controlled
growth (Carlson, 1989, 1991), or a consumption of them due to Ostwald ripening after crystal
growth with constant rate (Cashman and Ferry, 1988). However, even if the decrease in the
number of the garnet of the smallest size class resulted from the Ostwald ripening, the effects of
later modification may have been minor considering a small departure of the population density
of the smallest size class from the slope in Fig. 6.5.

In the analyzed metapelite, most of garnet crystals are preferentially distributed within the
mica-poor layers and show diffusion haloes (Fig. 6.2). Since the garnets were probably
produced by consumption of reactants such as biotite, the garnets are preferentially distributed

within the mica-poor layers. Furthermore, the diffusion haloes (depletion haloes) formed there,
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because later nucleation was probably suppressed in the vicinity of earlier-formed nuclei, which
support the diffusion-controlled growth of the garnets (Fisher, 1978; Ridley and Thompson,
1986; Carlson, 1989, 1991). Therefore, such the spatial distribution of the garnets suggests
that the crystal growth mechanism is a diffusion-controlled.

In summary, the obse