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Abstract: The epizonal Yakushima pluton at the north end of the Ryukyu arc 
displays an asymmetrical compositional zoning. The core and southeastern 
periphery of the pluton are per-aluminous cordierite granitoids, whereas the main 
constituent of the pluton is cordierite-free and rather primitive in Rb-Sr and 
Nd-Sm isotopes. This doughnut-like compositional zoning in the Yakushima 
pluton share the same symmetry as the patterns of magmatic flow fabrics defined 
by alignment of rigid orthoclase megacrysts, suggesting a single toroidal circula­
tion cell about an axis inclined toward northwest. 

Lithological contours inside this zoned pluton are locally truncated by the 
contours of intensities of solid-state deformation fabrics that developed during 
emplacement. Thus, the compositional zoning is likely to be inherited from an 
earlier stages of magmatic layering ar.d relates the ascent processes. 

This paper attributes the doughnut-like compositional zoning of the Yaku­
shima pluton to the drag along the pluton's contact that circulated granite interior 
and formed the magmatic flow fabrics during its ascent. Such doughnut-like 
compositional zoning is expected in a magmatic pluton that rose through a ductile 
media as a diapir. 
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1. Introduction 

The origin of compositional zoning in granite plutons is an important issue among 

granite petrologists. Several mechanisms have been proposed to account for chemical 

heterogeneity in a magma body formed during the segregation, ascent and emplacement of 

granite melts. 

Apart from the case of nested plutons, where lithological units have different ages with 

clear cross-cutting relationship, compositional zoning at the emplacement level may have 

been caused by assimilation of wall-rocks (contamination), flow differentiation (BHATIA­

CHARJI, 1967), magma mingling after basal entrainment (ZoRPI et al., 1989; CRUDEN et al., 
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1995) or differentiation due to cooling of the magma by sequential crystal settling (MARSH, 
1988). In a static and homogeneous magma chamber, differentiation could take place 
through contamination and/ or crystallization differentiation due to in situ cooling. A 
magma body dynamically circulated by viscous drag along its contact during intrusion, or 
because of post-emplacement thermal convection, may undergo flow differentiation. 

"Normal", felsic-coreward, zoning is well explained by differentiation by crystal 
settling and/ or marginal accretion of crystalline phases during cooling. In contrast, 
"reverse", mafic-coreward, zoning has been attributed to the process of flow differentiation 
or magma mingling. FRIDRICH and MAHOOD (1984) explained reverse zoning in the 
central intrusion of the Grizzly Peak cauldron in terms of the rearrangement of a vertical 
gradient in magma composition into a mafic-coreward zonation during the laccolithic 
emplacement of the central intrusion. Their idea was later succeeded and developed by 
ZoRPI et al. (1989) and CRUDEN et al. (1995). 

In this paper, we use structural and petrological constraints to discuss the mechanism 
responsible for a doughnut-like compositional zoning in the island arc Yakushima pluton. 

2. Tectonic Settings 

The Y akushima granite is one of the products of a Miocene plutonic activity that took 
place in the brief time span between 15 and 12 Ma (SHIBATA, 1978) in the Outer Zone of 
Southwest Japan. The Y akushima pluton, � 400 km2 in exposure, is located only 170 km 
behind the axis of the Ryukyu trench, between the trench and a chain of active volcanoes 
(Fig. la, b). 

At the map scale, the Y akushima pluton cuts across structures in its wall rocks of 
Cretaceous-Oligocene deep-elastic sediments of the Shimanto group that strike NNE-SSW 

( Fig. 1 b ). There seems to be no significant control on the intrusion by these pre­
emplacement structures. Instead, the pluton arched pre-emplacement wall-rock structures 
that developed during accretion (ANMA, 1997). Outside its smoothly elliptical planform, 
the pluton has a narrow ( �4 km) thermal metamorphic aureole. Granitoid apophyses up 
to 2 m-wide, extend several hundred meters from the pluton. These observations suggest 
that hot granite with low viscosity was able to move considerable distance in such 
apophyses to intrude cool and brittle sedimentary rocks at shallow depth. 

3. Primary Flow Fabrics 

The magmatic fabrics within the pluton (Fig. 2) were used to infer the mechanism of 
emplacement of the Yakushima pluton (ANMA, 1997) into a thin brittle upper crust ( � 15 
km thick; IWASAKI et al., 1990) of the island arc overriding a viscous lower crust and weak 
mantle (SHIMAMOTO, 1993). 

Orthoclase megacrysts in the Y akushima pluton have a rectangular platy shape with 
a mean aspect ratio of about 3 : 3 : 1 and provide excellent flow markers. The local flow 
fabric defined by the alignment of the megacrysts was used to generate an S-pole 
configuration on a Schmidt net for each 1 km2 of the pluton. S-pole concentrations were 
used to map the orientation, and to define the shape (K-value) and intensity of fabric 
alignment resulting from magmatic flow in each domain (Fig. 2; see ANMA, 1997 for 
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Fig. 1. (a) Map showing regional plate configurations and location of Yakushima. The 
Yakushima pluton is located at the northern tip of the Ryukyu island arc. (b) 
Tectonic setting and geology of the Y akushima granite. Patterns used for the 
Shimanto group and Miocene shales are parallel to strikes of bedding planes. On 
this view, the structures in the Shimanto group are truncated by the granite contact 
with its smoothly circular planform. A chain of active volcanoes (Tokara volcanic 
arc) extends northeast and southwest from Kuchi-erabujima. The Miocene forearc 
basin extends north-northeast parallel to the Ryukyu trench. (c) Lithology and 
ages of the Y akushima pluton (see text for details). 
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details). 
The results of 129 analyses of the primary flow fabric (Fig. 2) showed that: (1) the 

overall orientations and shapes of the domain fabric ellipsoids suggest that the exposed 
Y akushima pluton is the crest of a domal structure; (2) domain fabric ellipsoids were 
strongly oblate only in the eastern marginal zone of the pluton; (3) the XY plane of the 
domain ellipsoids (X � Y � Z) dip outward and the X axes plunge outward, in particular, 
at the northeastern and southwestern margins where X axes display a constant northeast­
southwest trend; (4) the magmatic flow fabric is generally symmetric about a centreline 
trending northwest-southeast; and (5) XY planes of domain ellipsoids in the centre of the 
pluton dip inward toward the centreline. 

The patterns of flow structure inside the Yakushima pluton resemble those of internal 
deformation theoretically expected in an active buoyant diapir (see Section 6). ANMA 
(1997) concluded that the Yakushima pluton emplaced diapirically. However, the 
mechanism for the magma transportation from the depth of magma segregation remained 
unsolved, since the floating and rotating megacrysts in a granite melt have a short strain 
memory and thus, these primary flow fabrics must have formed during the emplacement of 
the pluton. In the following sections, we describe compositional zoning of the Yaku­
shima pluton, that may record the processes during the segregation and ascent of the granite 
melts. 

4. Petrography, Textures and Cooling Ages 

The rocks of the Yakushima pluton are classified as S-type ilmenite-series calk­
alkaline granites (CHAPPELL and WHITE, 1974; ISHIHARA, 1977; NAKATA and TAKAHASHI, 
1979; TAKAHASHI et al., 1980; KA w ANO, 1991 ). There are four components in the pluton 
(Fig. le): the Yakushima main granite (YMG), the core granodiorite (CGD), the core 
cordierite granite (CCG; identified during this study) in the north end of the island, and 
the marginal facies granite (MFG; the Aiko-dake granite of SATO et al. (1982)). The core 
granodiorite and core cordierite granite were considered together as the Yoshida granodior­
ite by SATO et al. (1982). However, we argue here that they are separate bodies that have 
different textural and chemical characteristics. To simplify our description, we hereafter 
will use abbreviations YMG, CGD, MFG and CCG for each granite and the term 
"Yakushima pluton" for the whole body. The petrographies, textures and cooling ages of 
each rock type are described below. Localities of thin section stations are indicated in Fig. 
3. 

3.1. Yakushima main granite ( YMG) 
The Yakushima main granite (YMG) occupies 90% of the total planform area of the 

Yakushima pluton (Fig. le). This granite is a coarse-grained orthoclase-porphyritic 
biotite granite (SATO et al., 1982) and appears to be homogeneous. Constituent minerals 
are plagioclase of andesine to albite composition, quartz, potassium feldspar (both in 
groundmass and as megacrysts) and biotite. They have a general grain size of around 5 
mm in diameter and exhibit hypidiomorphic granular textures. Muscovite, chlorite, 
ilmenite, zircon and apatite occur as accessory minerals. Tourmaline is found in three 
YMG thin sections out of 75 (Fig. 3, indicated by T). 
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Fig. 3. Thin section stations, assemblages and deformation fabrics in the Y akushima pluton. 
Intensive solid-state deformation took place along the northeastern periphery of the 
pluton. Contours of the intensity of this emplacement-related deformation fabrics 
cut across lithological boundaries in Fig. 1. Six out of 75 thin sections of the 
YMG show aplitic groundmass texture around phenocrysts of the YMG assem­
blages. 

The YMG contains around 7 modal percent of orthoclase megacrysts (KAWACHI and 
SATO, 1978; SATO and NAGAHAMA, 1979). The megacrysts are euhedral perthitic feldspar 
with a diameter up to 14 cm. These orthoclase megacrysts were suggested to date from the 
earliest phase of crystallization (KAWACHI and SATO, 1978) under high pressure ( � 10 kb) 
and high water content ( � 10%). 
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Subhedral plagioclase shows general normal zoning texture with minor oscillation in 
a compositional range usually varying from An35 to An�o· Quartz crystals are subhedral 
to anhedral grains that usually exhibit weak to moderate undulatory extinction. Intensive 
undulatory extinction was observed along the northeastern periphery of the pluton (Fig. 3) 
where local grain-size reduction was observed and the orthoclase megacrysts exhibited 
strong parallelism in the outcrop (Fig. 2). 

K-Ar ages of the rocks of the YMG range from 13.8 to 14.8+0.4 Ma (n=4) using 
biotite, and from 13.5 to 15.7+0.8 Ma (n=8) using the whole rock method (Fig. le; MITI, 
1992). 

3.2. Core granodiorite ( CGD) 
The core granodiorite (CGD) is surrounded by the YMG in the north-central part of 

the pluton (Fig. le). The CGD is a medium-grained orthoclase-porphyritic cordierite 
muscovite biotite granodiorite (SATO et al., 1982). Constituents are plagioclase of 
andesine to albite composition (phenocrysts and groundmass), quartz, potassium feldspar 
(mostly as megacrysts that occupy I to 2 modal percent of the CGD and as groundmass 
crystals), biotite, muscovite and cordierite. Plagioclase crystals in the CGD are euhedral to 
subhedral and have � An30 cores surrounded by � An50 rims in which the An content 
decreases to An2 toward the crystal boundary. 

The CGD is dated at 12.2±0.4 Ma (K-Ar biotite age; MITI, 1992). This is the 
youngest cooling age among the igneous rocks on Yakushima (Fig. le). 

3.3. Core cordierite granite ( CCG) 
The CCG is similar to the CGD in the outcrops. However, megacrysts in the CCG 

consist of both orthoclase and glomeroporphyritic plagioclase feldspars. 
Groundmass quartz crystals, less than 1 mm in diameter, in the CCG show two modes 

of occurrences: I) subhedral to anhedral magmatic crystals, and 2) scattered subhedral 
quartz grains which may be inherited from protolith. Groundmass potassium feldspar 
crystals, commonly seen, are poikilitic with scattered quartz grains. Both fresh and 
sericitized euhedral to subhedral plagioclase crystals were observed in the groundmass. 
They have a distinctive rim ( � An52 that decreases to An15 toward the grain boundary) 
around a homogeneous core of � An33 • The An30 core of plagioclase often contains laths 
of sillimanite that do not parallel either the zonal texture or twinning plane. Scattered 
quartz grains are distributed along the boundary between the high-An rim and low-An 
core. Cordierite is common. A cluster of garnet-cordierite-biotite-(muscovite) grains was 
observed in the CCG. 

3.4. Transition zone between the CGD, CCG and YMG 
The boundary between the CGD and YMG and between the CCG and YMG can be 

constrained with an accuracy of + 100 m. However, we found no outcrop with cross­
cutting relationships. Instead, there seems to be a zone of indeterminate width where the 
YMG is contaminated by the CGD and/or CCG. Texture� and field appearances of the 
rocks in this zone are similar to those of the YMG. However, the rocks in this zone 
contain clots of subhedral muscovite grains. Calcite occurs as intercrystallfoe fillings. In 
a couple of thin sections from just west of the CGD (Fig. 3), groundmass potassium 
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feldspar crystals are poikilitic with scattered quartz grains, as in the CCG. An assemblage 
of corundum-hercynite-biotite-muscovite-plagioclase was found as a ghost of a xenocryst in 
this zone (marked by C in Fig. 3). 

3.5. Marginal fades granite (MFG) 
The marginal facies granites (MFG) are in contact with the sedimentary rocks of the 

Shimanto group along the eastern and southwestern periphery of the pluton (Fig. le). 
The MFG is an orthoclase-porphyritic cordierite-bearing muscovite biotite granite. The 
only distinctive difference between the YMG and MFG is the occurrence of cordierite. 

Table I. Major and trace element compositions, Sr and Nd isotope ratios for Yakushima. 

Si02 

Ti02 

Al203 

Fe203 
FeO 
MnO 
MgO 
CaO 
Na20 
K20 
P205 

L.0. 1 .  
Total 

Ba 
Cr 
Cu 
Nb 
Ni  
Rb 
Sr 
y 
Zn 
Zr 
Nd 
Sm 

YMG (av. n= 26) CGD (av. n= 3) CCG (av. n = 2) MFG (av. n=2) G. Dike 

70.92 
0.55 

1 4.34 
0.47 
2.6 1 
0.07 
0.86 
2. 1 7  
3 .22 
3.85 
0. 1 4  
0.6 1 

99.75 

257 
37 
4 

9.7 
6 

1 83 
1 54 
40 
5 1  

1 70 
*26.3 

*5. 5  

*0.5 1 2427 

*0.70826 

7 1 .52 
0.40 

14.98 
0.40 
1 .77 
0.05 
0.75 
2.05 
3 .37 
3.23 
0. 10  
0.84 

99.45 

3 1 9  
52 
0 

3.3 
4 

1 64 
1 9 1  
2 1  
50 

1 37 
1 8.6 
3.6 

0.5 1 2368 

0.708 1 l 

7 1 .26 
0.42 

14.50 
0.33 
2.34 
0.07 
0.95 
1 .95 
2.99 
3 . 1 1 
0. 1 2  
1 .26 

99.27 

4 10  
7 1  
8 

7.0 
8 

1 26 
223 
22 
45 

1 3 1  
22.9 

4. 3 

0. 5 1 2287 

0.70993 

72.3 1 
0.54 

1 3 .86 
0.57 
2.45 
0.07 
0.76 
1 .89 
2.98 
3.7 1 
0. 1 5  
0.52 

99.79 

21 1 
5 1  
0 

6.3 
6 

1 92 
1 33 
4 1  
48 

1 69 
28.4 

5.4 

0.5 1 2384 

0.70924 

70.85 
0.26 

1 5.4 1 
0.03 
1 .38 
0.05 
0.6 1 
1 .67 
4.07 
4.29 
0.08 
0.44 

99. 14  

1 35 
33 
0 

4.7 
3 

2 1 1 
1 1 1  
46 
42 
95 

2 1 .7 
5.2 

0.5 1 24 1 7  

0.70902 

Note : YMG = the Yakushima Main Granite ; CGD =the Core Granodiorite ; CCG =the 
Core Cordierite Granite ; MFG = the Marginal Facies Granite ; G. Dike = Granite Dike in 
YMG. Units : major el ements in % and minor elements in ppm. * n= 1 3. 
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Fabrics in the MFG share similar characteristics with the neighbouring YMG. Thus, 

along the eastern margin of the Y akushima pluton, both the YMG and neighbouring 

M FG show strong undulatory extinction in quartz grains and localized grain-size reduction 

in rocks deformed in similar manners (Fig. 3). Plagioclase crystals show general normal 

zoning with minor oscillations in a composition range decreasing from An49 in the cores 

to An 1 1  in the rims. 

A thin section from the southernmost part of the MFG shows a similar texture to the 

rocks of the CCG. As in the CCG, scattered quartz grains less than 0.2 mm in diameter 

are observed within feldspar grains. This thin section also contains garnet and cordierite 

crystals accompanied by sericite. 

3.6. Late granite dikes 
Along the eastern periphery of the pluton, late granite dikes intruded the host YMG 

parallel to the plutonic contact (at locality indicated in Fig. 3). They are free of orthoclase 

megacrysts. The compositions of plagioclase crystals from a dike decrease from An27 in 

the cores to An 1 in the rims. 

4. Petrology of the Y akushima Pluton 

4.1. Major and trace element compositions 
Major and trace element compositions were measured using an X-ray fluorescence 

spectrometer at the Niigata University. FeO and loss on ignition were measured by 

conventional wet chemical methods. Four samples were selected for the neutron activa­

tion analysis of rare earth elements (REEs). Representative analytical results are listed in 

Table I (for major and trace elements) and Table 2 (for REEs). 

The Si02 contents of the granitic rocks of the Y akushima pluton range between 66% 

and 76%. These granites contain less MnO and Na20, and more Ti02 and FeO+ Fe203 

than is normal for Cretaceous-Paleogene Japanese granites (ARAMAKI et al., 1 972). With 

the exception of Al203 , Harker plots for major and trace elements (Fig. 4a and b respective­

ly) show wide scatter and very weak variation trends for each lithology. Nevertheless, the 

Harker plots show the fundamental characteristics of each lithological unit and allow the 

Table 2. Rare earth elements for Yakushima. 

Sample YMG Y,MG CGD G. Dike 
0302 0902 0505 1 40 1  

La 32.0 3 1 .9 3 1 .4 1 9.8 
Ce 78.3 9 1 .5 78.8 43.6 
Sm 5 .5  5.3 4.5 5.2 
Eu 1 .0 1 .0 l . l  0.7 
Yb 3.2 3. 1 n.d. 3.6 
Lu 0.53 0.44 0.32 0.5 1  

Note : YMG = the Yakushima Mian Granite ; CGD = the Core Granodiorite ; G. Dike= 
Grainte Dike. Unit: in ppm. 
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Fig. 4. (a) Harker plots for major elements have very weak variation trend except for A l. 
The CGD contains more than 15% A /2 03 at the 70% Si02 level. The Al  contents 
decrease in the order: CGD, CCG, MFG and YMG. Fe, Mg and Mn are concen­
trated in the YMG, MFG and CCG (see text for details). (b) Harker plots for 
trace elements. High strength field elements like Nb, Zr and P concentrate in the 
YMG, as Rb and Y . . The CGD and CCG are rich in Ba, Cr and Sr (see text for 
details). 
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following observation. 
Al203 contents in the rocks of the Y akushima pluton decrease rapidly with increasing 

Si02 • They decrease in the order: CGD, CCG, MFG and YMG, and reflect the per­
aluminous nature of the first three granites. The CGD contains more than 15% Al203 at 
the 70% Si02 level. Ferro-magnesian elements are concentrated in the YMG, MFG and 
CCG, and decrease toward the late granite dikes. Total alkali+ CaO is higher in the 
YMG and granite dike, and lower in the MFG, CGD and CCG. The late granite dike 
is poorer in Ti02 , FeO+ Fe203 , MgO, CaO and P205 , and richer in Na20 and K20 than 
the earlier granitoids. 

Figure 5 shows a normative An-Ab-Or diagram for the rocks of the Y akushima 
pluton. The YMG samples plot on the boundary between the granodiorite and granite 
fields, whereas CGD samples are abundant in the Ab-An components and are shifted 
toward the tonalite-trondhjemite field. A rock from the orthoclase-free granite dike plots 
in the granite field. 

Patterns of enrichment in trace elements show interesting characteristics (Fig. 4b). 
High-field strength (HFS) elements like Nb and Zr (also P and Sn; See SATO et al., 1 982) 
concentrate in the YMG, whereas the MFG, CCG, CGD and the late granite dike are 
depleted in HFS elements in this order. In contrast, large ion lithophile (LIL) elements 
such as Ba and Rb (also potassium) have complicated distributions. Ba is concentrated 
in the CGD and CCG, whereas Rb and K are concentrated in the YMG, MFG and the 
granite dike. A plot of Ba contents against potassium (Fig. 4b) shows clearly that the 
CGD and CCG are enriched in Ba. Sr is also concentrated in the CGD and CCG. A 
plot of Sr contents against Rb contents (Fig. 6) shows enrichment of Rb in the YMG, 
MFG and the granite dike, whereas the CCG is most depleted. The CGD and CCG share 
similar characteristics except for Cu and Ni. 

Comparison between REE concentrations in each granitoid (Table 2) shows that the 
YMG and CGD are richer in light REE (like La and Ce with large ion size) than the 
granite dike and that the CGD is depleted in heavy REE (like Yb and Lu). 

4.2. Rb-Sr and Nd-Sm isotope systems 
We extracted and separated Sm and Nd for isotopic analyses following the procedure 

• 
Adamelllte 

Granite 

Ab Or 

Fig. 5. A normative A n-A b-Or diagram for Yakushima. Solid lines separating various rock 
types are after O'CoRNER (1965). The YMGs plot on the dividing line between fields 
for adamellite and granite, whereas a specimen from the granitic dike plots in the 
granite field. The rocks of the CGD are shifted toward the tonalite-trondhjemite 
field compare to the YMGs. Symbols are the same as in Fig. 3. 
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Plots for Sr and Nd isotopes show a wide scatter typical of S-type granites. 
CCG has the highest Sr isotope ratio, suggesting that it is contaminated 
protoliths. The CCG is also distinctive in Nd isotopes (see text for details). 
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by 

given by KAGAMI et al. (1987, 1989). Isotopic analyses were carried out using a MAT261-
type mass spectrometer at the Institute for Study of the Earth's Interior, Okayama 
University. 

All the rocks of the Y akushima pluton have significantly lower Nd and higher Sr 
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isotope ratios than that of the bulk earth. The wide scatter in Rb-Sr isotopes is a 
characteristic of S-type granitoid plutons and prevents us from drawing any isochron (Fig. 
6). However, the CCG obviously has the highest strontium isotope ratio (around 0.7095) 
among the granitoids in the Yakushima pluton, whereas that of the YMG is around 0.7075 
(Fig. 6). The CCG has the lowest 87Rb/ 86Sr value. The CGD is also depleted in Rb but 
has a lower 87Sr/86Sr value than the CCG. The MFG is enriched in Rb and has higher 87Sr/86Sr values than the YMG. 

A plot of Sm-Nd isotope ratios shows similar characteristics (Fig. 6). The CCG and 
CGD are depleted in Sm. The Sm/Nd ratio is the highest in the granite dike and 
decreases in the YMG with the lowest values in the MFG, CGD and CCG. The CCG has 
the lowest 143Nd/ 144Nd value, whereas those of CGDs are higher and similar to those of 
the YMGs. The MFG has a similar 143Nd/ 144Nd value to the CGD and is depleted in 
Sm. The late granite dike is enriched in both Rb and Sm and has relatively high 87Sr / 86Sr and 143Nd/ 144Nd values. 

A conventional plot of 143Nd/ 144Nd against 87Sr/86Sr shows that the CCG has isotope 
characteristics closest to the sedimentary rocks of the Shimanto group (TERAKADO et al., 
1 988). 

5. Interpretation 

Although the rocks of the core granodiorite (CGD) and the garnet-bearing cordierite 
granite (CCG) in the northern end of the Yakushima pluton are separated from the 
cordierite-bearing marginal facies granites (MFG) in the periphery by the intervening the 
volatile-rich Yakushima main granite (YMG), the former three are all cordierite-bearing 
per-aluminous granitoids. Plagioclase grains in the CGD, CCG and MFG have a higher 
An content than plagioclase in the YMG, although their host rocks are poorer in bulk CaO 
than the YMG. This implies that temperature of crystallization was higher in the core and 
peripheries of the pluton. Therefore, the Yakushima pluton seems to have a doughnut­
like zoning pattern. The symmetry of the compositional zoning, however, is not radial 
but bilateral about an NW-SE axis: le. the CGD and CCG are distributed in the northern 
part of the pluton, whereas the MFG is distributed along the southeastern periphery of the 
pluton. 

The Sm-Nd and Rb-Sr isotope studies indicate that the YMG is the most primitive 
granitoid in the Yakushima pluton, although they all have much higher Sr and lower Nd 
isotope ratios than the bulk earth. The MFG and YMG share similar texture and 
compositional variations, but the MFG deviate from the YMG in isotopes. A thin 
section in the MFG exhibits similar textures to these in the CCG that has the closest Sm-Nd 
and Rb-Sr isotopes to the sedimentary rocks of the surrounding Shimanto group. The 
CGD and CCG share similar compositional characteristics, but the CGD appears to be 
more primitive in isotope ratios than the CCG. 

The rocks of the S-type Yakushima pluton are likely derived from the melting of 
crustal rocks from its mineral assemblages, chemical compositions and isotopic characteris­
tics. Textural studies under the optical microscope revealed the presence of small quartz 
grains scattered through the poikilitic K-feldspar and plagioclase in the CCG and supports 
the idea that the CCG is contaminated by restitic material from its crustal protolith± 
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sediments . Exposures of the CCG appear to be continuous from � 200 m to more than 
600 m above sea level. In contrast, rocks with the highest metamorphic grade are exposed 
around the pluton up to 300 m above sea level, and are merely andalusite-bearing cordierite 
biotite hornfels (ANMA, 1997). Therefore, it is almost impossible to attribute the CCG to 
the melting of a huge xenolith which sank from the roof of the Yakushima pluton. 
Plagioclase mineralogy also disagree with this central zoning being due to the in-situ 
contamination at the emplacement level. The process that generated the melt of the CCG 
must have been deep. 

6. Discussion: Mechanism Responsible for the Compositional 
Zoning of the Y akushima Pluton 

An obvious question concerning the mechanism of intrusion responsible for the 
compositional zoning remains; whether the Yakushima pluton is a set of the nested 
plutons, a single diapir with a doughnut-like compositional zoning due to internal 
circulation, or a pluton resulting from a continuous magma supply through a conduit or 
fracture system (ballooning or laccolith). The youngest cooling age of the CGO (Fig. le; 
MITI, 1992) raises the possibility that the CGO was added from below after the emplace­
ment of the YMG. The fabrics defined by the alignment of orthoclase megacrysts (Section 
3) and solid-state deformation fabrics within the pluton (Section 4) resolve this problem. 

Variations in orientation and shape of neighbouring domain ellipsoids (Fig. 2) across 
the contacts between internal lithological units (Fig. le) appear sufficiently smooth to 
assume that there was no significant viscosity contrast during magmatic flow of the various 
granitoids making up the Y akushima pluton. The outward-trending prolate domain 
ellipsoids typical of the northeastern and southwestern parts of the periphery of the pluton 
(Fig. 2) are not the pattern expected in either simple ballooning (point dilation) of magma 
plutons (RAMSAY, 1989) or laccolithic inflation (FINK, 1983; FINK and POLLARD, 1983). 
These observations also eliminate the possibility of the Y akushima pluton being a nested 
pluton, where strong oblate-type ellipsoids are expected near the contacts of successive units 
with different viscosities. Furthermore, the textures in the YMG around the CGO and 
CCG are mostly magmatic and exhibit few traces of solid state flow (Fig. 3). 

The lithological boundaries of this zoned pluton (Fig. le) are locally truncated by the 
contours of intensities of the emplacement-related solid-state deformation fabrics (Fig. 3). 
This independently suggests that the compositional zoning of the pluton was not due only 
to a process at the final-emplacement level, but involved an earlier and deeper process. 

The flow structure inside the Yakushima pluton (Fig. 2) resembles the pattern of 
internal deformation theoretically expected in an active buoyant diapir (TALBOT and 
JACKSON, 1987; SCHMELING et al., 1988; CRUDEN, 1990; WEINBERG, 1992: ANMA, 1997). A 
simplified dynamic model of viscous spheres rising through viscous surroundings (Fig. 7a) 
shows uniaxial constriction occurring up the centre-line of a rising sphere, changing to axial 
flattening at its crestal stagnant point, followed by non-coaxial flattening accompanied by 
lateral extension around the equator of its outer contact. 

Figure 7b illustrates a possible interpretation of the 20 flow pattern within the 
Y akushima granite that fits a section of the simple 30 dynamic model in Fig. 7a. 
Comparison between Fig. 7a and 7b shows the following similarities: ( 1) the circular axis 
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a b 

(/�$) Zone of Low Fabric Symmetry 
� Inferred Direction of Circulation 

,,. Axis of Symmetry � 40:< } / � 40°-20° Flow Fohallon / / Axis of Anticline /' 20':> 
Fig. 7. (a) Flows inside a rising Stokes sphere are expected to involve strong flattening at 

the crestal stagnant point (CSP) and rotational strain around the stagnant circular 
axis (SCA ). Circular passive markers carried from the crest of the sphere to its 
equator deform to ellipses parallel to the equator. (b) A possible interpretation of 
the flow structure inside the Y akushima pluton. Zones of low strain (ZLS) 
coincide with the SCA .  Inward dips at the centre of the pluton imply overturn in 
toroidal circulation. A general mirror symmetry about the southeast trending 
midline of the elliptical granite is attributed to oblique rise of the pluton up to the 
southeastward. Thin arrows indicate the local direction of internal circulation 
(ANMA , 1997; copyright: Kluwer Academic Publishers). 

of stagnant flow in the torus of circulation is recognizable as two zones of low fabric 
symmetry; (2) strong oblate ellipsoids in the eastern periphery of the pluton (Fig. 2) 
correspond to the crestal stagnant point; (3) relatively strong plane fabric symmetry with 
axes constant along the NW-SE mid-line of the pluton are interpreted as being due to the 
central upwelling nearby; and (4) prolate ellipsoids around the periphery can be attributed 
to non-coaxial deformation normal to the longest axis of the domain ellipsoid. 

The symmetry of the flow fabric on a map ( Fig. 7b ), interpreted as a 2D section of the 
30 theoretical model (Fig. 7a), is not radial as expected of a vertically emplaced diapir. 
Instead, it is bilateral along the NW-SE axis of the slightly elliptical planform of the 
Yakushima pluton. This geometry of emplacement-related structure, indicating that the 
granite interior was circulated about an axis inclined toward NW, shares the same 
symmetry as the pattern of the compositional zoning that relates a deeper process. 

All petrological resul.ts indicate that the CGD and CCG at the centre of the pluton 
could not be attributed to the contamination or crystallization differentiation due to in-situ 
cooling. Instead, from the weak variation trends in major and minor components, 
different characteristics in is0topes, plagioclase mineralogy and textures of the rocks, the 
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Fig. 8. Sketch showing a possible ascent path and evolution of the internal geometry of the 
Y akushima pluton rising through a ductile lithosphere from the top of the subducting 
slab. Entrainment of the initial basal layer (a and b) began after the overlying 
K-rich granite melts of later YMG reached sufficient volume to escape the viscous 
drag induced by the subducting slab (b and c). Viscous traction along the contact 
(c) induced internal toroidal circulation (d) and a doughnut-like compositional 
zoning during the buoyant rise of the detached diapir (e). The diapir rose obliquely 
toward the trench axis leaving a diapiric tail parallel to the subducting slab ( d and 
e), because of the wedge flow induced in the overlying lithospheric wedge by shear 
along the top of the subducting slab. The brittle upper crust was weakened by the 
heat from the diapir (e). 

magmas of the Yakushima pluton likely had different sources. We would tentatively 
attribute such a diversity of the source rocks and the compositional gradient that start from 
rather primitive YMG and ending up with the contaminated CCG now encased by the 
surrounding YMG, to the segregation of the granite melt from the subducted slab and 
sediments trapped by and sinking with it. 

Our preferable model in which the Yakushima pluton rose diapirically and obliquely 
toward the inner wall of the Ryukyu Trench in the southeast (ANMA and SoKouns, 1997) 
from the top of the subducting slab is illustrated in the Fig. 8. When the first bulge of the 
primitive and enriched YMG formed in the source layer due to partial melting of the slab 
(plus subducted sediments), the neighbouring depleted MFG, CGD and CCG (due mainly 
to the melting of sediments) were entrained into the YMG along its central constrictive 
flow (Fig. 8a, b ). The different magmas, then, rose together and developed a doughnut­
like compositional zoning in the pluton (Fig. 8e) due to internal circulation induced by 
viscous retardation (Fig. 8c, d). Since entrainment takes place when the viscosity contrast 
is low (JACKSON and TALBOT, 1989), this process must have occurred at depths where 
surrounding protoliths of the YMG were sufficiently hot to have viscosities similar to the 
YMG magma. 

The compositional variation in the Y akushima pluton could be rationally explained 
by applying diapir model. High An contents in the CGD, CCG and MFG could also be 
attributed to the inhomogeneous heat distribution in a circulating fluid sphere (HEAD and 
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HELLUMS, 1966) superimposed over the concentric cooling. Such doughnut-like 
compositional zoning could be expected in a magmatic pluton that rose through a ductile 
media as a diapir. 

7. Conclusion 

(1) The core (CCG and CGD) and periphery parts (MFG) of the Yakushima 
pluton are per-aluminous cordierite granitoids. These are separated by the intervening 
cordierite-free granite (YMG) which is rather primitive in Nd-Sm and Rb-Sr isotopes and 
enriched in the incompatible elements. Thus, the Y akushima pluton has a doughnut-like 
compositional zoning. 

(2) The CCG that is the most affected by the crustal protolith or sediments, and now 
exposed in the northwest of the pluton, cannot be attributed to the wall-rocks at the 
emplacement level, but deeper processes must have been involved. 

(3) This doughnut-like zoning is symmetrical about an axis inclined to the NW and 
closely connected with the pattern of the magmatic flow. Neither nested pluton or 
ballooning pluton scenario is likely. This compositional zoning is attributed to the 
entrainment of minor crustal components into the main body of the YMG due to internal 
circulation driven by viscous retardation during the diapiric ascent of the Y akushima 
pluton. This diapir rose obliquely toward the Ryukyu trench axis in the southeast. 
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