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During the late Cretaceous–Paleogene period, the fluids liberated from the subducting slab along Japa-
nese-arc subduction zone could have triggered the partial melting of the mantle wedge, whose compo-
sition was similar to the fertile primitive mantle. Underplating of the produced basaltic magmas beneath
the continental crust could further facilitate the partial melting of the lower continental crusts. The pri-
mary magmas produced by the mixing of resultant partial melts underwent various degrees of fractional
crystallization processes to produce the late Cretaceous–Paleogene plutons in southwest Japan, and have
contributed to the growth of continental crust with new, non-recycled materials during the Phanerozoic.

The factor analysis of chemical data from ore-barren Ryoke and W–Sn-ore-rich Sanyo plutonic rocks
identifies three major groups of elements: the mafic group (Al, Fe, Mg, Mn, Ca, Sr, Zn, Co, V, P, Cu, Ni,
and Cr); the felsic group (Si, K, Rb, Cs, Tl, Pb, Y, Nb, Ta, Hf, Ge, Sn, W, Th, U, and HREE); and the LREE + Zr
group (Ba, La, Ce, Pr, Nd, Eu, Zr, and Hf). Mafic group and felsic group elements are inversely correlated.
The concentrations of LREE + Zr group elements increase first, then, decrease with increasing SiO2 con-
tent. Therefore, the high silica samples of the Ryoke + Sanyo belts are low in LREE + Zr group elements.
In the Ryoke samples Mo behaves like Zr, which results in the lowest Mo content in the Ryoke samples
with high silica. The high Mo and Si contents in some Sanyo samples suggest that the zircon-compatible
Mo4+ may be converted to incompatible Mo6+ under a relatively high oxygen fugacity condition at the late
stage of magmatic differentiation. W and Sn behave as the felsic group elements in the Ryoke + Sanyo
samples. Thus, their concentrations are high in the high silica granitoids, especially rock samples from
the Sanyo belt, which are often associated with W–Sn ores. The factor analysis of the Sanin plutonic sam-
ples indicates that W still belongs to the felsic group, but Sn no longer correlates with W and behaves
more like Zr due to the conversion of incompatible Sn2+ to zircon-compatible Sn4+ under a relatively high
oxygen fugacity condition in the Sanin belt. Therefore, Sn content is low in high silica granitoids from
Sanin belt. The high silica Sanin samples are often enriched in Mo, again suggesting the conversion of zir-
con-compatible Mo4+ into incompatible Mo6+ in the magmas of those samples. The high Mo granitoids
from the Sanin belt are probable source rocks for the associated Mo ores in the area.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Japanese island arc mainly consists of the late Paleozoic to
Cenozoic accretionary complexes, which resulted from the orogens
related to the subduction of oceanic crust (Isozaki, 1996; Isozaki
et al., 2010). The accretionary complexes contain Precambrian
metamorphosed sediments and re-melted crustal materials (Jahn,
2010) and/or other components derived from the partial melts of
oceanic crust and upper mantle (Maruyama, 1997; Togashi et al.,
2000; Nakajima et al., 2004). The present study focuses on the
compositional variation of the late Cretaceous–Paleogene plutons
and the related ore formation processes in southwest (SW) Japan.

As shown in Fig. 1, the late Cretaceous–Paleogene plutons from
SW Japan (above the Median Tectonic Line) are divided into three
major belts: the ore-barren Ryoke belt (110–70 Ma); W–Sn-ore-
rich Sanyo belt (110–70 Ma); and Mo-ore-rich Sanin belt (85–
30 Ma; Ishihara, 1978). The plutons consist mainly of granite,
granodiorite with some quartz diorite, diorite, and gabbro. We
loosely call a pluton granitic when SiO2 > 52%; otherwise, it is con-
sidered gabbroic. Plutonic rocks from the Ryoke and Sanyo belts
are characterized by their systematically high d18O values as com-
pared with those from Sanin belt at a given SiO2 content (Fig. 2a;
data from Ishihara and Matsuhisa, 2002). This is probably an
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Fig. 1. The areas of Ryoke, Sanyo, and Sanin belts in SW Japan delineated roughly by dashed lines (adopted from Ishihara, 1978).
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indication of greater incorporation of continental crust material
(with high d18O values) for the former than the latter during the
formation process of primary magmas. In Fig. 2a, a few samples
with very low d18O (outside of ovals) may be caused by the ex-
change with meteoric water. A few Sanin samples fall within the
upper oval of Ryoke + Sanyo field and vice versa, indicating some
degree of inter-fingering across the belt boundary. The increase
in the value of d18O with increasing SiO2 content in each oval
may represent the effect of fractional crystallization (removal of
mafic minerals with lower d18O values causes the residual magma
to become higher in d18O). Sanin samples are mostly high in mag-
netic susceptibility due to the presence of magnetite (FeO�Fe2O3)
and thus are called the magnetite series rocks; Ryoke + Sanyo sam-
ples are mostly low in magnetic susceptibility and are called the
ilmenite (FeO�TiO2) series rocks (Kanaya and Ishihara, 1973; Ishi-
hara, 1977). Sanin rocks were probably formed under higher oxy-
gen fugacity conditions than the Ryoke + Sanyo rocks. The d34S
values for bulk rocks and sulfide ores from Ryoke + Sanyo belts
tend to be more negative (�11‰ to +3‰), while those from Sanin
belt are more positive (�2‰ to +10‰; Sasaki and Ishihara, 1979;
Ishihara and Sasaki, 2002). The low oxygen fugacity and low d34S
in Ryoke + Sanyo belts may result from the incorporation of some
isotopically light biogenic sulfur and carbon from source rocks of
sedimentary origin into their primary magmas (Ishihara and Sasa-
ki, 2002).

The Sr and Nd isotopic ratios for rock samples are often ex-
pressed in the initial 87Sr/86Sr ratio (ISr) and the initial 143Nd/144Nd
ratio (INd) at the time of sample formation, and the epsilon nota-
tions of eSr and eSr. For example,

ISr ¼ ð87Sr=86SrÞt ¼ ð87Sr=86SrÞp � ð87Rb=86SrÞp½expðktÞ � 1�

and eSr = [(87Sr/86Sr)t/(87Sr/86Sr)CHUR,t � 1] � 104

Here, t represents the age of sample; p is the present (i.e. t = 0);
and k is the decay constant of 87Rb = 1.42 � 10�11 year�1. The ref-
erence material CHUR is the Chondritic Uniform Reservoir (Faure
and Mensing, 2005). For INd and eNd, one just replaces 87Sr/86Sr with
143Nd/144Nd, 87Rb/86Sr with 147Sm/144Nd in the above equations,
and k for 147Sm = 6.54 � 10�12 year�1.

As shown by Kagami et al. (1992), the majority of the
Ryoke + Sanyo samples have narrow ranges in their initial eSr

and eNd values, and those values are almost constant as SiO2

content increases (the oval RS in Fig. 2b and d), although their
formation age varies from 72 to 93 Ma. The implication is that
plutonic rocks from the Ryoke + Sanyo belts might evolve from
primary magmas that were produced at different times and
places from the upper mantle whose composition is rather uni-
form with regard to d18O, eSr, and eNd values in SW Japan. During
magmatic differentiation, eSr, and eNd values stay more or less
constant, while d18O increases with SiO2 content through frac-
tional crystallization (Fig. 2a and d). It is hard to produce these
features by a simple two-end-member mixing of gabbroic
magma (high in eNd and low in eSr and d18O) and granitic melt
(low in eNd and high in eSr and d18O). Nakajima et al. (2004)
confirmed that the eSr values are near constant (mostly 40–50)
as SiO2 content increases (similar to Fig. 2b) for additional Ryoke
plutonic samples (71–86 Ma), including gabbroic cumulates and
dykes/pillows, and granites. The close spatial and temporal asso-
ciation of gabbroic and granitic plutons from Ryoke belt points
to the importance of magmatic differentiation for their genesis
(Nakajima et al., 2004).

The Sanin belt has two distinct primary magmas (the ovals S1
and S2 in Fig. 2b and d). Again, the respective eSr and eNd values
for S1 and S2 are near constant as SiO2 content increases, suggest-
ing the independent magmatic differentiation for S1 and S2 groups.
The formation ages of S1 are around 65 Ma; and of S2 65–75 Ma
(Kagami et al. (1992). The eSr and eNd values for the Sanin rocks,
especially the S1 samples, are close to those of the CHUR
(Fig. 2c). Samples 26–30 (following the sample assignment by
Kagami et al., 1992) are in the transition zone (the oval T in
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Fig. 2b–d). Their formation age is 72 Ma and their eSr and eNd values
may result from mixing between the RS and S2 reservoirs. Samples
outside of ovals (16, 17, 32, 43, and 50 in Fig. 2c) may indicate
higher inputs from the continental crust. As surmised by Kagami
et al. (1992), the partial melting of the upper mantle and lower
continental crust (LCC) with variable proportions produced the pri-
mary magmas for the plutons in SW Japan during the Cretaceous–
Paleocene period (110–30 Ma).

The fractional crystallization of the primary magmas mainly oc-
curred within magmatic chambers at the boundary between the
upper mantle and lower continental crust. The intrusion of mag-
mas into the continental crust at various stages of magmatic differ-
entiation resulted into gabbroic and granitic plutons. After the
completion of magmatic differentiation, the volume of resultant
mafic cumulates should be an order of magnitude larger than that
of granitic plutons (Nakajima et al., 2004). According to Rudnick
(1995) and Togashi et al. (2000), a large fraction of those cumulates
may have been recycled back to the mantle by the delamination
process.

From seismic tomography data, Iwamori (2007), and Kawakatsu
and Watada (2007) suggest that water in the subducting oceanic
crust and sediments is released at depth shallower than 100 km.
Part of released water may convert the peridotitic mantle on top
of subducting slab into hydrated serpentine layer. Serpentine layer
sinks along with the subducting slab and further release water at
depth below 100 km down to 200 km. Basaltic oceanic crust is
eventually converted into ecologite with finite water content of
about 0.1%, and be transported into the deeper mantle. The
released water may percolate upward and facilitate the partial
melting of the mantle wedge.

In summary, the plutonic rocks from the Sanin belt and Ryo-
ke + Sanyo belts evolved from different primary magmas, which
have distinct isotopic signatures and oxygen fugacity. How the pri-
mary magmas might have evolved through fractional crystalliza-
tion into the ore-barren Ryoke belt, W–Sn-ore rich Sanyo belt,
and Mo-ore rich Sanin belt is the focus of the present study. Based
on the elemental and isotopic composition data, the probable
source rocks for primary magmas are also discussed.
2. Methods and materials

Our approach is to apply the computer program of factor anal-
ysis given by the Statistical Package for the Social Sciences (SPSS)
to sort out which groups of elements co-vary and which groups
of samples are similar or distinct in chemical compositions for a gi-
ven compositional data matrix. Based on those groupings of ele-
ments and samples, a series of xy-correlation plots of
concentration data for selected elements can be constructed to
study in detail the variation patterns of elements among different
groups of samples. For the factor analysis, both the principal com-
ponent and varimax analyses were performed. The details of factor
analysis can be found in Davis (1973) and Cooley and Lohnes
(1971).
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Here we present either the principal component or varimax re-
sult, depending on which one gives a clearer presentation of the
data set. Useful outputs of SPSS include means and standard devi-
ations of variables, correlation coefficient matrix, eigenvalues,
communalities, factor loadings of variables on new factors (proxy
correlation coefficient), and factor scores (proxy concentrations)
of new factors for each sample.

We selected the compositional data for the Ryoke + Sanyo belt
rocks from Ishihara (2003) and Sanin belt rocks from Ishihara
(2002a, 2002b) for the present study. Samples were mainly ana-
lyzed by Bruce Campbell at Macquarie University, Australia, using
the polarized XRF spectrometer (Heckel and Ryon, 2002). All sam-
ple identification numbers in the following sections are the same
as given by Ishihara (2002a, 2002b, 2003). Details on the sample
description and geological setting can be found in the same
references.

3. Classification of rock samples

To place our chosen data in a global context, the following rock
classification schemes are adopted. The total alkali silica (TAS) dia-
gram in Fig. 3a shows that almost all the samples belong to the
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sub-alkali magma series except samples 1 and 4 from Sanin and 14
from Sanyo, which fall on the field of alkali magma series. Samples
42–46 and 12 are gabbroic in composition (SiO2 6 52%). Per
Miyashiro (1974), the sub-alkali magma series can be subdivided
into two: the iron depleted calc-alkali series when SiO2 > 6.4
� (FeO/MgO) + 42.8; otherwise the tholeiitic series. Here all oxides
are in weight% and the total Fe is expressed as FeO. As shown in
Fig. 3b, the Sanin samples tend to fall more on the calc-alkali series
field, and the Ryoke + Sanyo samples on the tholeiitic series field.
However, there are many overlaps.

Chappell and White (1974, 2001) separated the granitic batho-
liths (or granitoids) of the Tasman Orogenic Zone of eastern Aus-
tralia into two types: I-type (mainly igneous sources) and S-type
(mainly sedimentary sources). If Al2O3/(CaO + Na2O + K2O) > 1.1,
then S-type; otherwise I-type. Oxides in the above formula are
all in units of moles per mass. This ratio is also called the alumi-
num saturation index (ASI). In addition, if Na2O (%) < 0.33 � K2O
(%) + 1.53, then S-type; otherwise I-type. As shown in Fig. 3c and
d, most of the granitic samples fall on the I-type field. Only samples
2, 19, and 23 are S-type according to both criteria. This classifica-
tion scheme only applies to granitic plutons but gabbroic samples
42–46 and 12 are also shown in Fig. 3c and d for reference.

According to the discrimination diagrams proposed by Pearce
et al. (1984), granitic samples mostly fall on the volcanic arc gran-
ite (VAG) field (Fig. 3e and f), as also shown by Kagami et al. (1992).
A few exceptions (samples 2, 11, 12, and 13) are leucogranites (or
aplite). As discussed later, those leucogranites may not necessarily
belong to the within-plate granite (WPG). No sample falls on the
ocean-ridge granite (ORG) field. Again, the gabbroic samples are
shown in Fig. 3e and f just for reference.

Igneous rocks formed mainly by the melting of subducting oce-
anic crust are called the island arc adakites (Drummond and De-
fant, 1990); and are characterized by the high Sr/Y (>40) and La/
Yb (>20) weight ratios, and low Y and Yb contents (15–18 ppm Y
and 1–1.5 ppm Yb). As shown in Fig. 3g and h, all granitic sam-
ples from SW Japan fall outside of the field of island arc adakites,
i.e. non-adakites. Therefore, the contribution of subducted oce-
anic crust to our selected granitic samples is probably negligible.
The Ryoke gabbroic samples 44 and 46 fall on the field of adak-
ites (Fig. 3g), but as discussed later they are actually cumulates
with high contents of plagioclase and hornblende. So far there
is only one formal report on the occurrence of adakites in
Sanyo belt (Kiji et al., 2000). In short, our selected granitoid
samples from SW Japan predominantly belong to the class of
sub-alkali, I-type, volcanic-arc, and non-adakite granites. This is
confirmed by additional data given by Ishihara and Chappell
(2007, 2008).
4. Results and discussion

4.1. Chemical characteristics of rocks from ore-barren Ryoke belt and
W–Sn-ore-rich Sanyo belt

Chemical data of 47 samples from the Ryoke and Sanyo belts
around Okayama–Kagawa Prefectures (Ishihara, 2003) were cho-
sen for factor analysis. All concentration data in the format of ‘‘less
than x’’ are replaced by the value of x/2. Data for S, H2O+, C, As, Se,
Mo, Cd, Ta, and Bi are excluded in the final factor analysis because
those variables do not correlate highly (correlation coefficient
c < 0.5) with one another nor with other elements. In addition,
the concentrations of S, As, Se, Cd, Ta, and Bi are close to the ana-
lytical detection limits in many cases, thus they have large analyt-
ical uncertainties. However, some of those elements are discussed
whenever they are relevant.

Three factors with eigenvalue greater than 1 were extracted
from the Ryoke + Sanyo data set and these three factors can explain
79% of the total variance (factor 1, 50%; factor 2, 19%; and factor 3,
10%). The factor loading data are plotted in Fig. 4a and b. However,
some elements with factor loadings of less than 0.5 for both plotted
factors are not shown. Elements within any dotted oval in Fig. 4a
have the correlation coefficient (c) of equal to or greater than 0.5
among all pairs. The positive factor 1 (F1) consists of Si, K, Rb, Cs,
Tl, Pb, Y, Ge, Sn, W, Th, and U; Hf and Na are partially related to
F1 through Si and K. Hereafter, those elements will be referred to
as the felsic group elements. The negative factor 1 (�F1) consists
mainly of two ovals: one comprises Al, Fe, Mn, Ca, Sr, Zn and P;
and the other Al, Fe, Mn, Ca, Mg, Co, V, Cu, Ni, and Cr. These two
ovals are closely related through the common elements Al, Fe,
Mn, and Ca. The positive factor 2 (F2) represents Ni and Cr. All
those elements are referred to as the mafic group elements (�F1
and F2) hereafter. The negative factor 2 (�F2) includes La, Ce, Zr,
and Ba; Hf and Na are partially related to �F2 through La and Ce.
The positive factor 3 (F3) consists of Nb, Y, Ga, and P (Fig. 4b). How-
ever, Nb and Y are also closely related to F1; and Ga and P with�F1
through Ti and Zn, as evident in Fig. 4a. The correlation matrix ob-
tained among rare earth elements (REE), Rb, Sr, Ba, Y, Th, and U for
13 selected samples from the Ryoke and Sanyo belts (Table 3 of
Ishihara, 2003) further indicates that Pr, Nd, and Eu belong to the
�F2 group (La, Ce, Zr, and Ba); and Sm, Gd, and other heavy REE
belong to the F1 group (felsic group elements). Hereafter, the
�F2 group is called the LREE + Zr group. The elements As, Ta, and
Bi tend to have high concentrations for a few high silica samples,
thus may also belong to the felsic (F1) group elements.

The factor score results are shown in Fig. 4c and d. The Sanyo
samples are shown as open triangles (gabbroic), open circles
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(granitic), and open circles with cross (unusual leucogranite). The
Ryoke samples are shown as solid triangles (gabbroic) and solid
circles (granitic). Gabbroic samples 42–46 (open and solid trian-
gles) are mostly high in the mafic group elements (�F1 and F2 ele-
ments), especially gabbroic samples 42, 43, 44, and 46, which are
also high in Ni and Cr (F2 elements) and low in Ga and P (F3 ele-
ments) when compared to gabbroic sample 45. The Ryoke granitic
samples are mostly high in LREE + Zr group elements (�F2)
(Fig. 4c). The Sanyo granitic samples are mostly high in the felsic
group elements (F1), especially the leucogranite samples (2, 11,
12, 13), which are also high in Y and Nb (Fig. 4d) as well as Hf
and Ta (not shown). Excluding gabbroic samples 42–46 and Sanyo
sample 10, the fields occupied by the Ryoke and Sanyo granitic
samples in Fig. 4c and d (dotted ovals) do overlap somewhat.

The best way to explain the observed variation patterns shown
in Fig. 4 is the fractional crystallization of basaltic primary mag-
mas, which were in turn produced by the partial melting of upper
mantle and lower continental crust. In an island arc or continental
arc setting, the partial melting of the mantle wedge may be facili-
tated by the fluids liberated from a subducting oceanic crust and
sediments (Kessel et al., 2005a,b; Spandler et al., 2007; Iwamori,
2007; Kawakatsu and Watada, 2007). Gabbroic sample 45 may
represent the overall primary magma composition in this area.
The first batch of minerals crystallized and settled from the pri-
mary magmas should contain the mafic group elements, next the
LREE + Zr group, and finally Na-feldspar. The residual magmas
are concentrated in the felsic group elements. As discussed later,
the gabbroic samples 42, 43, 44, and 46 may represent cumulates
formed at the early stage of magmatic differentiation.

If the composition of mantle wedge under the SW Japan is rel-
atively homogeneous, and the degree of partial melting of mantle
wedge and the fraction of continental crust contribution to the pri-
mary magmas are all similar (which are probable when all primary
magmas were formed under similar physical conditions), then the
composition of primary magmas for the Ryoke + Sanyo samples
would be all similar regardless of time and space. Each sample,
which was emplaced in the crust, represents a snapshot of a certain
degree of fractional crystallization for a given primary magma
chamber. Therefore, when putting all the samples together, it is
possible to discern the magmatic differentiation through fractional
crystallization in the whole sampling area during the last 70–
110 Ma.

Factor analysis provides only the overall correlation patterns
among elements and samples. For more a detailed picture, it is nec-
essary to look back at the original raw data. Figs. 5–7 provide the
xy-correlation plots for the concentrations of selected mafic (�F1
and F2), LREE + Zr (�F2), and felsic (F1) group elements that illus-
trate in detail the variation patterns of elements among different
sample groups during magmatic differentiation, and provide a pos-
sible explanation for the changing patterns. For reference, the aver-
age composition of continental basalts (Li, 2000) is also plotted in
those figures as an open star symbol labeled by B.

As shown in Fig. 5, the element noted in a small box on some
diagrams has the variation pattern similar to that of the element
shown in the y-axis. For example, in Fig. 5b, the elements Mn
and V have a similar variation pattern as Fe2O3. The similarity of
the ionic radius among those elements (Fe2+ = 0.78, Mn2+ = 0.83,
and V2+ = 0.79 Å) indicates the easy substitution of Fe by Mn and
V. It is evident from Fig. 5a–c that gabbroic sample 45 may
represent the overall composition of primary magma for the
Ryoke + Sanyo belts. The contents of mafic group elements Mg,
Co, Fe, Mn, V, P, Ti, Zn, Ga, Al, and Sr in gabbroic sample 45 are
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similar to those of the world’s average basalts (see Fig. 5a–f). How-
ever, Cr, Ni, and Cu are much depleted in gabbroic sample 45
(Fig. 5h; Cu data are not shown).

The first batch of minerals crystallized and settled from primary
magmas should contain Mg, Co, Cr, and Ni such as garnet
Mg3Al2Si3O12, chromite FeCr2O4, nichromite (Ni,Fe,Co)Cr2O4, and
olivine MgSiO4. The next batch could be ilmenite FeTiO3, titanite
CaTiSiO5, anorthite CaAl2Si2O8, hornblende, biotite, apatite
Ca5(PO4)3(OH,F) etc., which contain the other mafic group ele-
ments. Gabbroic samples 42, 43, 44, 46 tend to be high in Mg, Co,
Cr, Ni, Al, and Ca, but low in Fe, P, Ti, Zn, Ga, and Cu, as compared
with sample 45 (Fig. 5). Therefore, those gabbroic samples are prob-
ably cumulates at the early stage of magmatic differentiation.
According to Nakajima et al. (2004), gabbroic cumulates in Ryoke
belt occur as isolated kilometer-size bodies within the massive gra-
nitic plutons, and coarse-grained plagioclase and hornblende tend
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to form small scale layering. The steady decrease in the concentra-
tion of the mafic group elements from gabbroic sample 45 to gra-
nitic samples (as SiO2 content increases) may indicate a steady
removal of mafic minerals throughout magmatic differentiation.
The crystal lattice water (H2O+) content also decreases with
increasing SiO2 content (Fig. 5d), indicating either removal of water
by hydrous mafic minerals in dry magmas or reflecting the decrease
of water solubility due to a decrease in temperature and pressure
during a magmatic differentiation involving water phase.

Variation patterns of the LREE + Zr group elements along with
Mo are summarized in Fig. 6. The dotted straight lines in diagrams
6a, 6c, and 6e represent the line connecting the origin and the
data point of gabbroic sample 45 (primary magma). A data point
above the dotted line means (X/Si)sample > (X/Si)#45 for the chosen
element X, and the sample proportionally gains more X than SiO2

during magmatic differentiation. Below the dotted line [i.e., (X/
Si)sample < (X/Si) #45], the sample proportionally gains less X than
SiO2 when Xsample > X#45. This also implies that the crystallizing
minerals proportionally remove X more than SiO2. If Xsample < X#45,
the sample has a net loss of X from magma by the fractional crys-
tallization, which is the case for all mafic group elements (Fig. 5).

For granitic samples, La data points all fall above the dotted line
(Fig. 6a). In contrast, the Zr data points at the high end of SiO2 fall
below the dotted line, but Zrsample > Zr#45 (Fig. 6c). The concentra-
tions of La and Zr increase first, and then decrease with increasing
SiO2 (Fig. 6a and c). Therefore, both La and Zr are incompatible ele-
ments at the early stage and became compatible at the late stage of
magmatic differentiation. The Zr maximum tends to occur earlier
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than La maximum, indicating earlier zircon ZrSiO4 removal. La and
Ce were probably removed by minerals such as monazite
(La,Ce,Th)PO4, apatite, and allanite (Ca,Ce,La,Y)2(Al,Fe)3(SiO4)3(OH).
Those minerals are common in the studied areas (Ishihara, 2002a,
2002b, 2003; Ishihara and Chappell, 2007). Fig. 6b confirms the lin-
ear relationship between La and Zr. The Zr/Hf ratio tends to de-
crease from Ryoke to Sanyo and to Sanyo leucogranite samples
(Fig. 6d). As demonstrated by Linnen and Keppler (2002), the Zr/
Hf ratio decreases with the progression of magmatic differentiation
in aluminous magmas. Excluding the high Mo samples 2, 7, 16, 14,
and 4 from the Sanyo belt, Mo concentration also increases with
SiO2 up to a broad maximum around 62% SiO2, decreases after-
ward, and then falls below the dotted line (Fig. 6e). By excluding
samples 2 and 7 in Fig. 6f, Mo and Zr become highly correlated,
and the Sanyo samples tend to have higher Mo/Zr ratio than Ryoke
samples. Mo in the ilmenite series magmas may exist as a tetrava-
lent Mo4+ and its ionic radius (0.65 Å) is close to Zr4+ (0.72 Å).
Therefore, Mo can easily fit into the zircon crystal lattice. A study
on the distribution coefficient of Mo in a zircon/matrix system will
be useful to verify this hypothesis. The high Mo and Si contents in
the Sanyo samples 2, 7, 16, 14, and 4 (Fig. 6e) may suggest that the
zircon-compatible Mo4+ is converted into incompatible Mo6+ in the
relatively high oxygen fugacity magmas of those samples. Mo ores
often occur as molybdenite-quartz vein in granite and sericitized
ignimbrites, or as disseminated molybdenite in chloritized granite
in the Sanyo belt (Ishihara and Sasaki, 2002). The hydrothermal
solutions containing ligands such as halide ions could be important
agents for extracting and mobilizing Mo from the plutonic rocks.
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The selected felsic group elements are plotted in Fig. 7. The dot-
ted straight line again represents the line connecting the origin and
the data point of gabbroic sample 45 (primary magma). The data
points for elements K, Rb, and Pb all fall above the dotted line, thus,
all samples proportionally gain more K, Rb, and Pb than SiO2

(Fig. 7a). Most of the Sanyo and Ryoke samples accumulate W (as
well as Sn, Tl, Cs, Th, U, and Ge; Fig. 7c) more efficiently than
SiO2. However, some samples are below the dotted line and a
few are even Wsample < W#45, indicating some removal of W from
magma during the early stage of magmatic differentiation, most
likely through substitution in mafic minerals. Fig. 7d confirms
the general positive correlation between W and Sn, and the Sanyo
samples tend to have higher W and Sn contents than the Ryoke. Sn
probably exists as divalent Sn2+ in the relatively reducing magmas
of the Ryoke + Sanyo belts and behaves like an incompatible ion.
Data points for Y (Fig. 7e) fall mostly below the dotted line, except
for leucogranite samples (2, 11, 12, and 13) and sample 24. The
majority of the Ryoke samples have Y content less than gabbroic
sample 45. Fig. 7f confirms the positive correlation between Y
and Nb. However, the Y/Nb ratio tends to be lower for Ryoke than
for Sanyo samples. Y and Nb were probably removed by identified
minerals such as monazite, allanite, xenotime YPO4 in the studied
area (Ishihara, 2002a, 2002b, 2003; Ishihara and Chappell, 2007)
and even samarskite (Y,Fe,U)(Nb,Ta)O4. The high Y and Nb content
in the leucogranite samples may result from the entrapment of
those cumulate minerals at the near end of magmatic differentia-
tion. The Na/Si ratio does not change much in the early stage of
magmatic differentiation, but Na tends to be removed when SiO2
became greater than 68% (Fig. 7b) due to the fractional crystalliza-
tion of Na-feldspar.

The most fractionated residual magma is very much concen-
trated in the felsic group elements, and may evolve into pegmatite
with many rare accessory minerals such as coffinite U(SiO4)0.9

(OH)0.4, thorite ThSiO4, yttrialite (Y,Th)2Si2O7, columbite
(Fe,Mn)(Nb,Ta)2O6, smarskite, cassiterite SnO2, wolframite
(Fe,Mn)WO4, and scheelite CaWO4. It may even evolve into aplite
dykes/veins, cassiterite bearing wolframite-quartz veins, and grei-
sen type Sn–W ores with high F and Li content in the Sanyo belt
(Ishihara, 2002a). Urabe (1985) also demonstrated in the labora-
tory that chlorine-rich hydrothermal solutions can easily leach
out Pb and Zn from aluminous granites. Pb–Zn, W–Sn, and U–Th
ores are commonly found in the Sanyo Belt.

When a magmatic differentiation follows the Rayleigh frac-
tional crystallization model, a plot of the observed logarithmic con-
centrations of the element Th versus X (any element other than Th)
in magma follows more or less the following relationship:

log X ¼ log X0 � DX � 1
DTh � 1

log Th0
� �

þ DX � 1
DTh � 1

log Th

¼ a1 þ a2 � log Th

where X0 and Th0 represent the initial or time-zero concentrations;
DX and DTh are the bulk distribution coefficients of elements X and
Th; and a1 and a2 are constants (e.g. Li, 2000). Fig. 8a–d show some
examples of this linear relationship. For Mg and Sr (mafic group ele-
ments), the slope a2 are negative, thus DMg and DSr > 1 (compatible)
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because DTh is a small positive value much less than one. For Rb (fel-
sic group elements), the slope is positive, thus DRb < 1 (incompati-
ble). For Zr (REE + Zr group elements), the slope a2 is positive at
the early stage and shift to negative at the later stage of magmatic
differentiation.

4.2. Chemical characteristics of rocks from the Mo-ore-rich Sanin belt

Chemical data for the Sanin belt rocks are selected from the
Shirikawa and Daito regions (Ishihara, 2002a) and the Hyogo re-
gion (Ishihara, 2002b). Those regions are shown in Fig. 1. Even
though the Hyogo samples 1–7 have low magnetic susceptibility,
their chemistry is similar to other samples with high magnetic sus-
ceptibility. Therefore, they are not distinguished separately here.
Samples 4, 18, and 30 from Hyogo are not included in the factor
analysis because they were highly metamorphosed (Ishihara,
2002a, 2002b). Unusually high contents of Mo in Shirakawa sample
10 (330 ppm) and Daito sample 17 (32 ppm), and Sn and W in Hyo-
go sample 5 (5.6 and 76 ppm respectively) are replaced with
respective mean values during the factor analysis run. Those high
values probably represent inputs from localized mineralization,
and are excluded from further discussion. Again all concentration
data in the format of ‘‘less than x’’ are replaced by the value of x/
2. The elements S, C Cs, Ba, Ge, As, Se, Mo, Sn, Cd, Sb, and Bi do
not correlate highly with one another nor with other elements,
therefore those elements were not included in the final factor anal-
ysis run.

Four factors with eigenvalue greater than 1 (from varimax)
were extracted from the Sanin data set and those four factors can
explain 81% of the total variance (factor 1, 48%; factor 2, 13%; factor
3, 12%; and factor 4, 8%). Five distinctive groups of elements can be
seen in Fig. 9a and b: the mafic group (F1) –Al, Ca, Co, Cu, Fe, Ga,
Mg, Mn, P, Sr, Ti, V, Zn; the felsic group (�F1 and F2) – Si, K, Rb,
Tl, Pb, W, U, and Th; the Y + Zr group (F3) – Y, Nb, Hf, and Zr; the
LREE group (F4) – La and Ce; and Na, which is partially correlated
with both Zr (F3) and Ga (F1). The major difference between Sanin
and Ryoke + Sanyo results are: Cr and Ni no longer belong to the
mafic group elements in Sanin belt, nor Y to the felsic group; the
LREE + Zr group in Ryoke + Sanyo belts now split into two indepen-
dent Y + Zr group and LREE group in the Sanin belt; the close asso-
ciation between Sn and W in Ryoke + Sanyo belts breaks down in
the Sanin belt; and Mo and Zr are no longer correlated in the Sanin
belt samples.

The concentration data of selected mafic group elements as well
as Cr and Ni are plotted in Fig. 10. The gabbroic sample 12 from
Daito area may represent the overall primary magma composition
for the Sanin belt. Fig. 10a–d all indicate a steady decrease in the
concentrations of mafic group elements as the concentration of
SiO2 increases due to the fractional crystallization of mafic miner-
als. Cr content is high for Shirakawa samples 6, 9, and 10; and Daito
samples 15 and 21; which are all high in SiO2 content (>69%;
Fig. 10e). It is possible that the highly compatible Cr3+ were con-
verted into incompatible Cr6+ for those samples under relatively
high oxygen fugacity conditions at the late stage of magmatic dif-
ferentiation in the Sanin belt. Ni tends to change independently
from Cr, except for samples 6 and 10 (Fig. 10f).

The distinct variation patterns of the LREE group and Y + Zr
group elements are demonstrated by Fig. 11a and c. The content



0

20

40

60

)
mpp(r

C

0

2

4

6

)
%(

Og
M

12

14

16

18

20

lA
2
O

3
)

%(

0

2

4

6

)
%(

Og
M

0

20

40

60

)
mpp(r

C

12

14

16

18

20

lA
2
O

3
)

%(

0 1 2 3 4 5 6
Ni (ppm)

50 60 70 80
SiO2 (%)

50 60 70 80
SiO2 (%)

0 2 4 6 8 10 12
Fe2 O3 (%)

50 60 70 80
SiO2 (%)

10 15 20
Ga (ppm)

(f)

(a)

(c)

(b)

(e)

(d)

  Shirakawa
 Hyogo

  Daito12

1

27

B

1

B
4

12

12

9

21

10
6

15

Fig. 10. XY-plots of the concentration data among selected mafic group elements, Cr and SiO2 from Sanin belt. Sample symbols are the same as in Fig. 8.

Y.-H. Li, S. Ishihara / Journal of Asian Earth Sciences 70–71 (2013) 142–159 153
of La diverges from the gabbroic sample 12 as SiO2 content in-
creases, and only a few samples fall below the dotted line
(Fig. 11a); while Zr content diverges first, and then converges to
low values below the dotted line by the fractional crystallization
of zircon (Fig. 11c). Apparently no appreciable quantity of LREE
carrying minerals such as apatite, allanite and monazite were pro-
duced to affect the removal of La and Ce for many Sanin samples.
Certainly further study is warranted. Another element diverges
from the gabbroic sample 12 with increasing SiO2 content is the
factor 2 element U (Fig. 11b), which correlates highly with Th
and Rb (Fig. 9a). However, more than one half of samples fall below
the dotted line and some are even Usample < U#12, probably indicat-
ing effective removal of U4+ by minerals such as xenotime and
coffinite etc. Daito samples 19, 20, 23, and Hyogo samples 1, 2, 7
are all high in both U and Si (Fig. 11b), suggesting an incompatible
nature of U6+ in the relatively high oxygen fugacity magmas of
those Sanin samples.

The factor analysis shows the high correlation between Zr and
Na, which is confirmed by Fig. 11d. However, the Zr/Na ratio for
Hyogo samples tend to be higher than that for Shirakawa and Dai-
to samples (Fig. 11d). Apparently the fractional crystallization of
Zr-bearing minerals (such as zircon) and Na-feldspar occurred
roughly at the same stage of magmatic differentiation. At first
glance, the variation patterns of Zr (Fig. 11c) and Sn (Fig. 11e)
are quite different. However, Sn and Zr do correlate moderately
when one looks at the Daito and Hyogo samples separately, but
not Shirakawa samples (Fig. 11f). In magnetite series magma, Sn
may exist as tetravalent Sn4+. The ionic radius of Sn4+ (0.69 Å) is
close to that of Zr4+ (0.72 Å), so Sn can be easily incorporated into
Zr-bearing minerals. Further study on the mineral distribution
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coefficients of Sn and other trace metals in a zircon/matrix system
will be useful.

Data points for the felsic group elements K, Rb, Tl, Pb and Th
mostly fall above the dotted lines (Fig. 12a; Rb as an example),
again indicating their high proportional gains relative to SiO2. In
the factor analysis, Cs does not correlate highly with any other ele-
ments, mainly caused by the systematically high Cs/Rb ratio in the
Hyogo samples relative to Shirakawa and Daito samples (Fig. 12b).
The Bi, Sb, and Se data have high analytical uncertainty but may
belong to the felsic group because their concentrations tend to
be high at high SiO2 content (not shown).

Data points for W and Mo fall above and below the dotted line,
and some are even less than the concentration values for the
gabbroic sample 12 (Fig. 12c and e, respectively). W is nicely
correlated with Pb (Fig. 12d) and with other felsic elements
(Fig. 9a), as also is the case for the Ryoke + Sanyo belts samples.
Even though Fig. 12c (SiO2 versus W) and Fig. 12e (SiO2 versus
Mo) look similar at first glance, Mo does not correlate with W
and any other elements (Fig. 12f). High Mo and Si contents in
Daito samples 10, 13, 19, 21, and 23, and Hyogo samples 2 and
20 (Fig. 12e) may again suggest the conversion of Mo4+ into
incompatible Mo6+ at relatively high oxygen fugacity conditions
in the late stage of magmatic differentiation. The granitic plutons
with high W and Mo contents could be the source rocks for the
Mo and W ores in the Sanin belt. Mo and W ores in the Sanin
belt occur mainly as molybdenite-quartz vein in granite and
leucogranite; molybdenite–chlorite vein in aplitic granite; dis-
seminated molybdenite in altered granite, aplite, and greisen;
wolframite–molybdenite-quartz pipe in altered granite and peg-
matite (Ishihara and Sasaki, 2002).
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We have postulated two oxidation states for Cr(III, VI), Mo(IV,
VI), Sn(II, IV), and U(IV, VI) to explain the change in their behaviors
during the magmatic differentiation. However, it is quite uncertain
as to under what redox conditions each element is transformed
from a reducing state to oxidation state, or vice versa. Further
study is needed.

4.3. Source rocks of primary magmas for the plutons in southwest
Japan

As discussed earlier, the gabbroic Ryoke sample 45 and Sanin
sample 12 may represent the overall primary magma compositions
for the plutons in SW Japan. Fig. 13 shows the concentrations of
various elements in these two gabbroic samples divided by those
in the world average continental basalts (Li, 2000). Apparently
their compositions mostly agree within a factor of two or better
(within two dotted lines in Fig. 13). The obvious exceptions are
Cu, Ni, and Cr, which are very much depleted in these two gabbroic
samples as compared with the average continental basalt. The
depletions may be attributed to the much earlier removal of crys-
tallized forsteritic olivine and chrome spinel (for Ni and Cr), and
sulfides (for Cu). Because the continental basalts are mainly differ-
entiated from the fertile primitive mantle (PM; Hofmann, 1988),
one may postulate that the primary basaltic magmas for the plu-
tons in SW Japan were first produced by the partial melting of
mantle wedge, whose composition is also similar to the fertile
primitive mantle. Underplating of basaltic magmas beneath the
continental crust might further facilitate the partial melting of
the lower continental crusts. Because our samples were mainly col-
lected for the W and Mo ores exploration, thus biased toward the
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granitic plutons. Certainly we need to collect more samples from
gabbroic plutons to ascertain the similarity in composition
between the Japanese Arc gabbros and the average continental
basalts.

In Fig. 13, the data for the normal mid-ocean ridge basalt (N-
MORB; Li, 2000) are also given (as crosses). The elements K, Rb,
Sr, Cs, Ba, La, Ce, W, Pb, Th, and U are all very much depleted in
the N-MORB as compared with the average continental basalts
and the gabbroic pluton samples. Therefore, the depleted upper
mantle (DM), which is the source rock for N-MORB, cannot be
the major source rock for the primary magmas of our selected
plutonic samples. As discussed earlier, the basaltic oceanic crust
(N-MORB) also cannot be the major source rocks because our
selected granitic samples are neither adakites nor ocean ridge
granites (Fig. 3g and h). Furthermore, the subducting oceanic
basalts tend to become ecologites after dehydration at depth and
be transported into the lower mantle (Iwamori, 2007; Kawakatsu
and Watada, 2007). However, some granitoids from Tamba in the
Sanyo belt are shown to be adakites (Kiji et al., 2000). A search
for more adakites is warranted to gauge the extent of oceanic crust
contribution to the plutons in SW Japan.

Another possible scenario is that the mantle wedge may have
the composition of the depleted oceanic mantle (DM; Togashi
et al., 2000); the primary magmas were produced by partial melt-
ing of the DM; and the depleted elements in the produced basaltic
magmas (N-MORB) were replenished by the fluid, hydrous melt,
and supercritical liquid liberated from the subducting oceanic crust
(Kessel et al., 2005a, 2005b). According to the calculated enrich-
ment factor EAl (=[X/Al]sample/[X/Al]reference, where X and Al are
the concentrations of elements X and Al, and the world average
continent basalts is adopted as the reference; Fig. 14), the depleted
elements such as B, Rb, Sr, Nb, Cs, Ba, La, Ce, Pb, Th, and U in the
N-MORB can be replenished by the fluid (800 �C/4 GPa) and super-
critical liquid (1000 �C/6 GPa) (Fig. 14). However, there are over-
supplies of Li, Na, Si, and REE other than La and Ce from those
liquids to the mixtures. If one can find some reasonable processes



Fig. 15. Variation patterns of ISr (or eSr) and INd (or eNd) values for the Sanin and
Ryoke + Sanyo samples. See the text for model parameters used for the mixing
curves among the fertile primitive mantle (PM), the least PM contaminated lower
continental crust (LCC�), and the Precambrian metasediments (pre-

”

). The star
symbol is the oceanic crust (OC) or the depleted upper mantle (DM).
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to remove those excess elements, the proposed scenario will
become attractive. The partial melting of the mantle wedge with
the DM composition would also contribute to the growth of the
Japanese Arc. Certainly more detailed studies are needed.

Among the recent compilation of Sr and Nd isotope data for the
granitic plutons from SW Japan (Jahn, 2010), there are 355 samples
with age between 50 and 110 Ma. They have a mean age of
80 ± 11 Ma; the mean ISr (or eSr) of 0.7072 ± 0.0018 (or 39 ± 26);
and the mean INd (or eNd) of 0.51235 ± 0.00014 (or �3.7 ± 3.0).
The plot of ISr versus INd for those samples is shown in Fig. 15,
which resembles Fig. 2c. The eSr and eNd scales in Fig. 15 are relative
to the ISr and INd values of the CHUR at 80 Ma ago. Because there
are no data on the ISr and INd values for the lower continental crust
(LCC), we choose the Ryoke + Sanyo sample with the lowest INd va-
lue as the end member of the least primitive-mantle-contaminated
lower continental crust (LCC�). The mixing curve between the PM
(fertile primitive mantle) and the LCC� end members (Fig. 15) is
based on the assignment of the following parameters into the
two end member mixing model of isotopic ratios (Faure and
Mensing, 2005): ISr = 0.7042 and INd = 0.51270 for PM; ISr = 0.7124
and INd = 0.51185 for LCC�; Sr (PM)/Sr (LCC�) = 2.5; and
Nd (PM)/Nd (LCC�) = 1. The mixing curve between PM and the
Precambrian metasediments (pre-

”

) is based on the additional
assignment of ISr = 0.7167 and INd = 0.51210 for pre-

”

; Sr (PM)/Sr
(pre-

”

) = 2; and Nd (PM)/Nd (pre-

”

) = 1, calculated back to 80 Ma
ago (Kagami et al., 2006). The contribution of the PM to the
average primary magmas for the Sanin samples is at least more
than 70 and up to 100%. For the Ryoke + Sanyo samples, it is more
than 50 ± 10% (Fig. 15). The rest is mainly contributed by the LCC,
but the contribution from the pre-

”

metasediments is always there
and sometime becomes significantly large for Ryoke + Sanyo sam-
ples (Fig. 15). The protoliths of pre-

”

metasediments may contain
sufficient biogenic carbon and sulfur to cause the Ryoke + Sanyo
belts to become relatively low in oxygen fugacity and d34S values
as compared with the Sanin belt.

One may conclude that the Cretaceous–Paleogene plutons from
SW Japan had contributed to the growth of continental crust with
new, non-recycled materials during the Phanerozoic Eon (Nakaj-
ima et al., 2004). In contrast, Jahn (2010) proposed that the gener-
ation of granitoids in SW Japan was most likely dominated by the
remelting of Precambrian crustal sources without much of later in-
puts from the upper mantle and oceanic crust. His conclusion is
based on the calculated separation ages of granitoids from the
mantle as obtained by the depleted mantle single-stage and
2-stage Sm–Nd models. However, as shown by Nakajima et al.
(2004) and Kagami et al. (2006), ISr and INd values for the
Precambrian metasediments in SW Japan do not fall on the field
for gabbroic and granitic plutons (Fig. 15). Moreover, any model,
including the Sm–Nd models, always involves assumptions and
uncertainties (DePaolo et al., 1991). The slight positive eNd values
for a few plutons from SW Japan (Fig. 15) may represent their in-
nate property of the fertile primitive mantle underneath. However,
one cannot rule out some transmission of isotopic signals from the
oceanic crust (OC in Fig. 15 with eSr � �28 and eNd � 10; Wilson,
1989) to the fertile mantle wedge through the released liquids
from subducted slabs. The mantle wedge with a depleted upper
mantle (DM) composition also can provide the end member with
eSr � �28 and eNd � 10.

5. Summary and conclusions

(1) The late Cretaceous–Paleogene plutons from SW Japan are
separated into three major belts: the ore-barren Ryoke belt
(110–70 Ma); W–Sn-ore-rich Sanyo belt (110–70 Ma); and
Mo-ore-rich Sanin belt (85–30 Ma) (Fig. 1). The Ryoke + Sa-
nyo rocks are characterized by the absence of magnetite
and the Sanin rocks by the presence of magnetite. The for-
mer were formed under a lower oxygen fugacity condition
than the latter. Our selected granitoid samples mostly
belong to the class of sub-alkali, I-type, volcanic-arc, and
non-adakite granites (Fig. 3).

(2) According to the factor analysis of the Ryoke + Sanyo chem-
ical data, the elements can be separated into three major
groups: mafic; LREE + Zr; and felsic groups (Fig. 4). Those
groupings can be best explained by the fractional crystalliza-
tion of primary magmas during magmatic differentiation.
The mafic group elements crystallize and settle first, then,
the LREE + Zr group, and then Na-feldspar. The felsic group
elements are concentrated in the residual magmas. A few
gabbroic samples are cumulates at the early stage of mag-
matic differentiation. Ryoke sample 45 may be representa-
tive of the overall primary magma composition in the
Ryoke + Sanyo belts.

(3) The LREE + Zr group elements also include Ba and Hf in the
Ryoke + Sanyo belts. Their concentrations increase first and
then decrease with increasing SiO2 content (Fig. 6a and c).
The Zr/Hf ratio tends to decrease from Ryoke to Sanyo sam-
ples, and to the Sanyo leucogranite samples (Fig. 6d), indi-
cating the progression of magmatic differentiation (Linnen
and Keppler, 2002). Excluding a few high Mo Sanyo samples,
Mo and Zr contents correlate nicely (Fig. 6f). The Mo/Zr ratio
tends to be higher in the Sanyo samples than in the Ryoke
samples. The high Mo and Si contents in a few Sanyo sam-
ples may indicate that the zircon-compatible Mo4+ were
converted into incompatible Mo6+ under a relatively high
oxygen fugacity condition in the magmas of those samples
at the late stage of magmatic differentiation.

(4) W and Sn belong to the felsic group elements and their
concentrations are high in the granitic Sanyo samples,
especially in leucogranites (Fig. 7d). Therefore, the granitic
plutons from the Sanyo belt are ideal source rocks for the
associated W–Sn ores. In contrast, the granitic Ryoke
samples have the lowest Mo content due to its removal
by zircon (Fig. 6e), and low in W and Sn content due to
the lack of the advanced magmatic differentiation stage,
which would produce W + Sn rich magma similar to leu-
cogranite (Figs. 4c and 7d). Therefore the Ryoke belt ends
up as ore-barren.
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(5) The elements in Sanin samples also separate into the mafic
and felsic groups. However, Cr and Ni no longer belong to
the mafic group, nor Sn and Y to the felsic group. The
LREE + Zr group in Ryoke + Sanyo belts split into two
independent Y + Zr group and LREE group in the Sanin belt
(Fig. 9). The Y + Zr group also includes Ba, Hf, Nb, and Ta.
The breakdown in the correlation between Cr and Ni
(Fig. 10f) may result from the conversion of highly
compatible Cr3+ to incompatible Cr6+ under a relatively high
oxygen fugacity condition at the late stage of magmatic
differentiation.

(6) Some Sanin samples are high in both Mo and Si (Fig. 12e),
but Mo does not correlate with any other elements, again
suggesting the conversion of the zircon-compatible Mo4+

into incompatible Mo6+ in the magmas of those samples at
the late stage. Sn in the Sanin samples no longer correlates
with W and other felsic group elements, but it does correlate
with Zr separately for the Daito and Hyogo samples
(Fig. 11f). In the magnetite series magma, Sn may exist as
tetravalent Sn4+, whose ionic radius is close to Zr4+, and
can be easily incorporated into Zr-bearing minerals.

(7) The plots of the logarithmic concentration of Th versus that
of X (elements other than Th) from each ore belt (Ryoke,
Sanyo and Sanin) follow more or less the Rayleigh fractional
crystallization model (Fig. 8).

(8) The gabbroic Ryoke sample 45 and Sanin sample 12 may
represent the overall primary magma compositions for the
plutons in SW Japan. Their compositions agree with the
world average continental basalts within a factor of two or
better (Fig. 13). The obvious exceptions are Cu, Ni, and Cr,
which were probably left behind as sulfides during the par-
tial melting. The source rocks for the primary magmas of the
plutons include mainly the fertile primitive mantle, the
lower continental crust, and the Precambrain metasedi-
ments. The oceanic crust and depleted upper mantle (DM)
as possible source rocks for the primary magmas needs fur-
ther study (Fig. 14).

(9) The Ryoke + Sanyo samples tend to have relatively high d18O
and eSr, and low d34S and eNd values as compared to Sanin
(Fig. 2) due to the incorporation of the lower crust materials
and the Precambrian metasediments (Fig. 15). The protoliths
of Precambrian metasediments may contain sufficient bio-
genic carbon and sulfur to cause the Ryoke + Sanyo belts to
become relatively low in oxygen fugacity and d34S values.
The calculated contribution of the lower continental crust
(LCC) to Sanin basaltic magmas is near zero to at most
30%, and �50% for the majority of Ryoke + Sanyo basaltic
magmas. The remainder is mainly contributed by the fertile
primitive mantle (PM). Therefore, the Cretaceous–Paleogene
plutons from SW Japan have contributed to the growth of
new, non-recycled component in the continental crust dur-
ing the Phanerozoic.
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