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Abstract: Magmatic processes in the active continental margins are one of the important issues to 

understand the evolution of the continental crust. The Cretaceous Susuma–Nagaho plutonic com-

plex, southwest Japan, is situated at the continental arc, and made up of gabbro, quartz diorite to 

granodiorite, and granite. According to the field occurrence, they are coeval intrusive rocks, and the 

biotite K–Ar ages of the granodiorite and granite are approximately 93 Ma, corresponding to the 

period of a magmatic flare-up in southwest Japan. Based on the whole-rock chemical analyses in-

cluding Sr–Nd isotopic compositions, the granodiorite magma has been formed through fractional 

crystallization of basaltic magmas, whereas the origin of granite magma involved partial melting of 

the continental crust. The gabbro contains calcium-rich plagioclase (An > 90) and the presence of 

early crystallized hornblende, indicating its derivation from a hydrous basaltic magma. Such basal-

tic magma intruded into the middle to lower crust and supplied the heat energy necessary for crus-

tal partial melting and granitic magma formation. The fractional crystallization and crustal melting 

took place at the same time, playing an important role in the crustal growth and differentiation 

during the magmatic flare-up event. 

Keywords: fractional crystallization; basaltic magma; crustal anatexis; crustal evolution;  

Susuma–Nagaho plutonic complex (SNPC) 

 

1. Introduction 

Mantle-derived basaltic magmas are important materials for the growth of continen-

tal crust, although the upper crust of continental magmatic arcs is composed mainly of 

granite. However, the granitic magma cannot be directly produced by the partial melting 

of the mantle because it is not in equilibrium with mantle peridotite [1]. The crust-forming 

granitic rocks, therefore, are thought to be generated by the following two mechanisms: 

(1) differentiation through processes of fractional crystallization with or without crustal 

assimilation of mantle-derived basaltic magma and (2) partial melting of meta-igneous 

and/or meta-sedimentary rocks. The former process contributes to the growth of conti-

nental crust, whereas the latter mechanism proceeds the chemical differentiation of crust 

without any addition to crustal materials from the mantle. Therefore, unraveling the re-

spective contribution of two different mechanisms in the formation of granitic suites is 

necessary to understand the evolution of continental crust [2,3]. 
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The volcano–plutonic complexes associated with the subduction of the Izanagi plate 

during the Cretaceous to Paleogene were generated as the magmatic flare-up in the Inner 

Zone of southwest Japan. The igneous complex in this zone consists mainly of granitoids. 

In terms of their lithologies, intrusive ages, and associated ore deposits, the granitoids can 

be divided into three belts: the San-in, San-yo, and Ryoke belts from north to south [4] 

(Figure 1a). The voluminous granitoids are accompanied by small amounts of gabbro and 

diorite stocks as coeval intrusive rocks due to field occurrence between granitic and mafic 

rocks. In other words, magmatism from the Cretaceous to the Paleogene could have pro-

moted both growth and differentiation of the Earth’s crust. 

 

Figure 1. Geological map of the study area. (a) Index map with the San-in, San-yo, and Ryoke Belts. 

(b) Geological map of study area (after reference [5]). Sample sites for biotite K–Ar dating are also 

marked. 

The Cretaceous gabbro–granodiorite–granite suite is exposed in the Susuma–Nagaho 

area, the western part of the San-yo belt, west Chugoku district, southwest Japan [5]. In 

this paper, these plutonic rocks are referred to as the Susuma–Nagaho Plutonic Complex, 

SNPC hereafter. We address petrography, and mineral and whole-rock geochemical anal-

yses to reveal their petrological characteristics and the petrogenesis of the SNPC by the 

highlighting following three points: (1) relationships between gabbro and granodiorite, 

(2) petrogenesis of granitic magma, and (3) the origin of basaltic magma and mantle dy-

namics. The SNPC provides an opportunity for the magmatic processes and their role in 

crustal architecture. This study essentially contributes to the formation of continental 

magmatic arcs and mantle dynamics above the subducting oceanic plate. The mineral and 

whole-rock chemical compositions of the SNPC except for the granite are quoted from the 

published paper [5]. 

2. General Geology 

The western end of Honshu Island is underlain by the high-pressure type of meta-

morphic rocks and the accretionary complexes as pre-Cretaceous rocks, and the Creta-

ceous igneous complex with low-pressure type metamorphic rocks, known as the Ryoke 

plutono–metamorphic complex. The SNPC shows an elongated body that is more than 25 

km in the E–W direction and 10 to 15 km in the N–S direction (Figure 1b). The SNPC 

intrudes the high-pressure type Suo metamorphic rocks of the Triassic age, the Kuga 

group that is a Jurassic accretionary complex, and the low-pressure type Ryoke metamor-

phic rocks with Cretaceous age (Figure 1b). 

The SNPC consists mainly of various kinds of lithologies: gabbro, quartz diorite, 

granodiorite, and granite. Based on the occurrence and petrography, the SNPC is classi-

fied into three groups, gabbro, quartz diorite to granodiorite, and granite groups. Alt-

hough the quartz diorite to granodiorite group is made up of diorite, quartz diorite, and 

granodiorite, the lithology of granodiorite is dominant. In this paper, we refer to this 
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group as “granodiorite”. The granite and granodiorite groups occur as relatively large 

plutons, whereas the gabbro group appears as a small stock (1 × 1 km, Figure 1b) and 

enclaves or syn-plutonic dikes in the granite and granodiorite groups. The gabbro can be 

subdivided into fine-grained porphyritic gabbro (Fn-Gab) and coarse-grained cumulus 

gabbro (Co-Gab) (Figure 2a,b). Although Fn-Gab and Co-Gab generally show massive and 

dark colors, Co-Gab locally shows a layered structure (Figure 2b). Figure 2c shows the 

occurrence of the granodiorite (left half) and granite (right half). The granodiorite is pale 

gray in color and medium-grained without any foliations. The granite shows massive and 

coarse-grained and leucocratic rather than the granodiorite. The boundary between the 

granodiorite and granite is not in sharp contact with intricate shapes (Figure 2c). The gran-

ite locally includes xenoliths of pelitic schists with weak foliations derived from the Ryoke 

metamorphic rocks (Figure 2d). The granodiorite and granite include the mafic magmatic 

enclaves (MME) probably derived from the gabbro stock. The gabbro locally bears the 

granodiorite inclusions indicating mutual intrusion relationships between the gabbro and 

the granodiorite. The straddled crystal such as an alkali-feldspar appears in the boundary 

between the gabbro and the granite. 

We separated the biotite from the granodiorite and granite for K–Ar dating. The rock 

sample was crushed by tungsten mortar. After a cloth sieve was used to reduce the parti-

cle size to 0.12–0.20 mm, the biotite was concentrated in the electromagnetic separator at 

Yamaguchi University. The K–Ar dating was conducted by GeochronEx Ltd. The age was 

calculated by using decay constants λβ = 0.4962/Ga and λε = 0.0581, and the isotopic abun-

dance ratio 40K/K = 0.0001167. Such an analytical procedure was described in the pub-

lished paper [5]. The biotite K–Ar dating of the granodiorite and granite gave the ages of 

92.1 ± 2.4 Ma for the granodiorite [5] and 93.8 ± 2.5 Ma for the granite (this study, Table 1, 

Figure 1b), respectively. According to their occurrence and the results of K–Ar dating, the 

granodiorite, granite, and gabbro simultaneously intrude on each other and would expe-

rience the same cooling processes. 

Table 1. The results of biotite K–Ar age of the granite. 

Sample 

17101203 
Mineral 

K 

(%) 

40Ar rad 

(nl/g) 

40Ar air 

(%) 

Age 

(Ma) 

Error 

(1s) 

Granite Biotite 7.11 26.11 6.2 93.8 2.5 

. 

Figure 2. Photographs including field occurrence of the studied samples. (a) Photograph of Fn-Gab. 

(b) Co-Gab showing layered structure. (c) Mode of occurrence of the granodiorite (left hand) and 

granite (right hand). The boundary between the granodiorite and granite is not in sharp contact with 

intricate shape. (d) The granite including a pelitic schist as a xenolith. 
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3. Description and Mineral Chemistry of Analyzed Samples 

The modal compositions of the granodiorite and granite were obtained by point 

counting under the microscope using thin sections. At least 2000 points were counted for 

each sample. The results are shown in the quartz (Qz)–alkali-feldspar (Afs)–plagioclase 

(Pl) diagram (Figure 3). According to Figure 3, the granodiorite and granite are plotted 

within the field of quartz diorite to granodiorite and tonalite to granite, respectively. We 

also conducted the modal analyses of Co-Gab. Co-Gab is divided into two lithofacies in 

terms of modal values of plagioclase and mafic minerals. The modal values of plagioclase 

and mafic minerals show 70–73 and 48–49% and 26–30 and 50–52% for the leucocratic and 

melanocratic facies, respectively. The Co-Gab of melanocratic and leucocratic facies refers 

as CM-Gab (coarse-grained melanocratic gabbro) and CL-Gab (coarse-grained leucocratic 

gabbro) hereafter. 

 

Figure 3. Modal values of the granodiorite and granite plotted in quartz (Qz)–alkali feldspar (Afs)–

plagioclase (Pl) diagram. The granodiorite shows lithological variations from quartz diorite to gran-

odiorite. The granite is mostly plotted within the granite field, but some samples show tonalite to 

granodiorite compositions. 

Photomicrographs of studied samples are shown in Figure 4. Mineral compositions 

were determined using a JXA-8230 electron probe micro-analyzer (EPMA) at the Center 

for Instrumental Analyses, Yamaguchi University. Operating conditions for chemical 

analyses were an accelerating voltage of 15 kV, a specimen current of 20 nA, and a beam 

diameter of 1–5 micro-meters. Wavelength-dispersion spectra were collected with LiF, 

PET, and TAP crystals to identify interfering elements and located the best wavelengths 

for background measurements. The ZAF method was used for data correction. Under the 

conditions described, analytical errors are ± 2% for major elements as estimated from the 

reproducibility observed in multiple measurements. Mineral chemistries of the granite are 

listed in Supplementary Table S1. Analytical data are plotted in Figure 5. 

Fn-Gab shows porphyritic texture and consists mainly of plagioclase, clinopyroxene, 

hornblende, and olivine pseudomorph as phenocrysts (Figure 4a). The occurrence of Fn-

Gab in Figure 4a is unknown, but it is likely to be a syn-plutonic dike because it is exposed 

on the geological map in the peripheral area of the gabbro group and shows the fine-

grained porphyritic texture. A groundmass includes plagioclase, hornblende, biotite, and 

ilmenite. The anorthite contents [An = 100 × Ca/(Ca + Na + K)] of plagioclase phenocrysts 

show a wide compositional range, An = 70 to 80 for core and An = 42 to 68 for rim (Figure 

5a). The olivine phenocrysts are completely replaced by aggregates of fine-grained min-

erals that are probably smectite (Figure 4a). Al ions at the tetrahedral site (AlIV) are up to 

1.5 apfu for the hornblende phenocrysts (Figure 5a). Na + K (atomic per formula unite, 

apfu) has a wide range from 0.1 to 0.7. Mg# [100 × Mg/(Mg + Fe)] vs. Al (apfu) of biotite 

are shown in Figure 5c. Mg# ranges from 21 to 48 but Al is almost constant around 1.0 

apfu. 
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Figure 4. Photomicrographs of the study samples. (a) Fn-gabbro. (b) CM-gabbro. (c) Granodiorite. 

(d) Granite. Pl: plagioclase, Qz: quartz, Kfs: K-feldspar, Ol: olivine pseudomorph replaced by fine-

grained minerals probably smectite, Opx: orthopyroxene, Hb: hornblende, Bt: biotite. 

CM-Gab consists of plagioclase, hornblende, clinopyroxene, orthopyroxene, and oli-

vine with small amounts of biotite (Figure 4b). Ilmenite, magnetite, and chromian spinel 

are present as accessory minerals. The axial color of the hornblende is variable. Brown 

hornblende grains occur as euhedral to subhedral shapes and are locally included in oli-

vine (Figure 4b) and orthopyroxene. Green to pale green tremolitic hornblende grains are 

present on the rim parts of the brown hornblende and/or those of pyroxene grains (Figure 

4b). The An contents of plagioclase generally show more than 90 (Figure 5a). The brown 

hornblende has the Al-enriched core, in which Al ions at the tetrahedral site (AlIV) attain 

more than 2 atoms apfu, whereas the green hornblende exhibits AlIV less than 1.5 apfu 

(Figure 5b). Biotite in CM-Gab is the highest Mg# among the SNPC from 76 to 78 with 2.6 

to 3.1 in Al (apfu) (Figure 5c). 

CL-Gab is composed of plagioclase and hornblende with small amounts of biotite 

and quartz. Olivine and pyroxenes are locally included within hornblende. Hornblende 

shows anhedral and interstitial occurrence, but its grain size is larger than plagioclase. 

Plagioclase possesses a wide core with An = 79 to 91 and a thin rim with An = 50 to 74 

(Figure 5a) and occurs as a poikilitic inclusion in hornblende. Forsterite contents (Fo = 100 

× Mg/Mg + Fe) of olivine in both CM-Gab and CL-Gab are less than 75 (not shown in 

Figure 5). Maximum AlIV is 1.8 slightly less than that of the brown hornblende in CM-Gab. 

Mg# and Al (apfu) of biotite show 59–61 and 3.0–2.5, respectively (Figure 5c). Olivine and 

quartz are not in direct contact, and quartz occurs interstitially with euhedral to subhedral 

minerals. 
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Figure 5. Chemical composition of each mineral. (a) plagioclase, (b) hornblende, (c) biotite. Gd, 

granodiorite; Gr, granite. See text for a detailed explanation. 

The granodiorite consists mainly of plagioclase, quartz, biotite, and hornblende with 

a small amount of alkali-feldspar (Figure 4c). Titanite, ilmenite, apatite, and zircon are 

accessory minerals. Plagioclase has An = 52 to 68 for core parts and An = 43 to 54 for rim 

parts (Figure 5a). The hornblende shows variable axial color with brown and pale brown 

to greenish brown. Modal compositions of hornblende and biotite vary in each sample. 

The chemical compositions of hornblende show a gradually changing edenitic core to the 

actinolitic rim with AlIV less than 1.2 apfu (Figure 5b). Mg# of biotite ranges from 41 to 45 

with 2.4 to 2.8 Al apfu (Figure 5c) 

The granite is characterized by alkali-feldspar phenocrysts and the matrix includes 

plagioclase, quartz, and biotite (Figure 4d). Muscovite and garnet are locally present. Il-

menite, zircon, and apatite are included as accessory minerals. The An contents of plagi-

oclase possess 27 to 40 in the core and 16 to 30 in the rim (Figure 5a). Mg# of biotite ranges 

from 32 to 38. The aluminum ion of biotite shows the highest values among the SNPC 

ranging from 3.2 to 4.1 apfu (Figure 5c). 

4. Whole-Rock Geochemistry 

We performed the whole-rock chemical analyses for the granite because the chemical 

compositions of the granodiorite and gabbro have been reported by the published paper 

[5]. Geochemical data will be described in the next section along with previously pub-

lished data [5]. 
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4.1. Analytical Procedure 

Geochemical analysis, for determining major and trace elements, was performed via 

X-ray fluorescence (XRF) spectrometry at the Center for Instrumental Analyses, Yamagu-

chi University. All analyses were made on glass beads using an alkali flux comprising 

lithium tetraborate. The analytical procedure is described in the published paper [6]. Trace 

elements including rare earth elements (REEs) were determined with inductively coupled 

plasma mass spectrometry (ICP-MS) at Activation Laboratory Ltd., Canada. The results 

of major and trace elements of the granite are shown in Supplementary Table S2. 

The Sr and Nd isotopic analyses of the granite were performed using the following 

procedures. Sr and Nd from the powdered whole-rock samples were extracted at the Yo-

shida Research and Education Building of Yamaguchi University by the following meth-

ods [7]. Isotopic analyses were conducted via thermo-ionization mass spectrometry 

(TIMS, Finigan MAT-262) at the Department of Earth and Environment Sciences, Shimane 

University. The detailed analytical procedure is described in the published paper [8]. 

Measured 87Sr/86Sr and 143Nd/144Nd ratios were normalized to 86Sr/88Sr = 8.357209 and 
146Nd/144Nd = 0.7219, respectively. The 87Sr/86Sr and 143Nd/144Nd ratios were corrected rela-

tive to reference values of 0.710242 (NIST SRM 987 [9]) and 0.511858 (JNdi-1 [10]), respec-

tively. The Rb, Sr, Sm, and Nd concentrations were measured by ICP-MS. The initial Sr 

and Nd isotope ratios were calculated using the decay constants λ87Rb = 1.42 × 10−11/year 

[11] and λ147Sm = 6.54 × 10−12/year [12]. The epsilon values (ε) were calculated using the 

following method [13]. Considering the results of biotite K–Ar dating of the granodiorite 

(92 Ma [5]) and the granite (94 Ma; this study), the Sr and Nd isotopic ratios were corrected 

to 93 Ma, because no zircon U–Pb ages were reported for the rocks in the SNPC. The re-

sults of Sr and Nd isotopic analyses of the granite are listed in Supplementary Table S3. 

4.2. Results 

The variation diagrams with SiO2 vs. major and trace elements are shown in Figure 

6. The granodiorite possesses a wide compositional range with SiO2 contents from 52 to 

72 wt% because this group includes lithological variation from quartz diorite to granodi-

orite. This is confirmed by chemical data (see also Figure 3). The SiO2 contents of Fn-Gab 

and Co-Gab, however, show 43 to 52 wt% and 38 to 50 wt%, respectively. The granite has 

67 to 78 wt% in SiO2. The analyzed samples mostly belong to the subalkaline series in the 

total alkaline (Na2O + K2O wt%) vs. SiO2 wt% diagram. The gabbro and granodiorite are 

almost metaluminous but the granite shows peraluminous features in terms of the alu-

mino-saturation index [Al2O3/(CaO + Na2O + K2O): mole ratio]. The granodiorite and Fn-

Gab make continuous trends on the variation diagrams; however, Co-Gab including both 

CL-Gab and CM-Gab is scattered around Fn-Gab. Some samples of Fn-Gab show MgO 

=10 wt%. The MgO contents decrease with increasing SiO2. The granodiorite and granite 

make different trends in SiO2 wt% vs. Sr and Zn ppm diagram. 

The spider diagrams normalized to the value of primitive mantle [14] and the chon-

drite normalized REE patterns are shown in Figure 7. The analyzed samples show enrich-

ment of LIL elements and depletion of HFS ones with remarkably negative Nb and Ta 

anomalies in the spider diagrams (Figure 7b). The chondrite-normalized REE patterns for 

the analyzed samples are of enriched light-REE (LREE) without two samples of CM-Gab 

but show almost flat patterns in heavy-REE (HREE). The granodiorite and granite show 

similar REE patterns with negative Eu anomalies (Figure 7a). In contrast, the gabbro ex-

hibits slightly positive Eu anomalies (Figure 7a). 

The initial epsilon-Sr (εSrI) and -Nd (εNdI) values calculated at 93 Ma are shown in 

the epsilon diagram (Figure 8). The granodiorite, Fn-Gab, CM-Gab, and CL-Gab have sim-

ilar isotopic compositions. On the other hand, the granite shows low-εNdI values rather 

than the granodiorite and gabbro although the Sr–Nd isotopic compositions of the granite 

are plotted in the same field as the Ryoke granitoids. It is noteworthy that the REE patterns 
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of granodiorite and granite are similar to each other, but the Sr–Nd isotopic compositions 

are different. Moreover, all samples described here possess the negative εNdI values. 

 

Figure 6. Variation diagrams of the SNPC. Gd, granodiorite; Gr, granite. The granodiorite and 

granite show different trends in SiO2–Sr and –Zn diagrams. 
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Figure 7. Chondrite normalized REE patterns (a) and spider diagram normalized to N-MORB (b) of 

the SNPC. Normalized values of C1 chondrite and N-MORB are after the published paper [14]. 

 

Figure 8. Epsilon Sr and Nd isotopic initial values corrected with 93Ma of the SNPC. Gr, granite 

[15]; Gd, granodiorite [16]. 
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5. Discussion 

5.1. Genetic Relationships between Gabbro and Granodiorite 

The gabbro contains hornblende with various compositions (Figure 5b). The brown 

hornblende occurring as poikilitic inclusions within orthopyroxene and olivine in CM-

Gab has high AlIV values of more than 2.0 apfu (Figure 5) and shows relatively high-Mg 

values (Mg# = 65 to 76). The hornblende having the highest AlIV values would, therefore, 

be crystallized close to a liquidus, whereas the low-AlIV green hornblende was formed in 

the differentiated magma under the state of cooling. Pressure and temperature conditions 

during crystallization of both high- and low-AlIV hornblende grains in CM-Gab were es-

timated using the hornblende geothermobarometer [17,18]. The results are shown in Fig-

ure 9. This figure also plots the emplacement conditions of the granodiorite using the 

hornblende–plagioclase geothermometer [18] and geobarometer [19].  

 

Figure 9. P–T diagram showing crystallization conditions for CM-Gab and the granodiorite. Pres-

sure and temperature conditions of CM-Gab and the granodiorite adopted methods of hornblende 

geobarometer and plagioclase-hornblende geothermometer [17–19]. Gd, granodiorite. 

The hornblende occurring as inclusions within olivine and orthopyroxene with high 

AlIV and Mg values was crystallized at the lower crust conditions between 8 and 11 kbar, 

whereas the other hornblende was formed at the middle to upper crust conditions (3–6 

kbar) (Figure 9). In other words, the basaltic magma crystallized hornblende with various 

depths from lower to upper crust conditions during the time for magma ascending, and 

the magma finally emplaced at the shallow level at 3–6 kbar. The hornblende in the gran-

odiorite was crystallized at pressure conditions from 2 to 4 kbar. The emplacement depth 

of the granodiorite, therefore, is similar to that of CM-Gab (Figure 9). 

The granodiorite and Fn-Gab geochemically make trends in the variation diagrams 

(Figure 6). Co-Gab locally shows layered structures (Figure 2b). CL-Gab and one sample 

of CM-Gab have positive Eu anomalies in the chondrite-normalized REE patterns, and the 

granodiorite shows negative Eu anomalies (Figure 7a). Fn-Gab, however, shows no Eu 

anomalies (Figure 7a). In addition, the initial Sr and Nd isotopic compositions of the gran-

odiorite, Fn-Gab, and Co-Gab are plotted within the same field (Figure 8). Considering 
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these lines of petrological data, the granodiorite and the gabbro would have originated 

from a single source [5]. The granodiorite magma would have differentiated from Fn-Gab 

magma through the process of fractional crystallization leaving plagioclase and olivine, 

pyroxenes, and hornblende consisting of CL-Gab and CM-Gab. The granodiorite includes 

quartz diorite and granodiorite. In this way, the co-genetic crystallization sequence be-

tween the gabbro and granodiorite groups is lithologically supported (Figure 3). 

To verify such a fractional crystallization model, we examined the geochemical mod-

eling using two folds: (1) mass balance calculation using major elements in the whole 

rocks and mineral compositions, and (2) the Rayleigh fractionation model adapting the 

results of mass balance calculation. The partition coefficients are listed in Table S4. In con-

sideration of phase and compositional changes of fractional minerals, we classified the 

fractionation process into three stages: Stages 1, 2, and 3. The results are shown in Table 2 

for the mass balance calculation and Figure 10 for the Rayleigh fractionation model. In 

conclusion, the formation of the granodiorite can be explained by the fractional crystalli-

zation process from basaltic magmas. 

Table 2. Results of mass balance calculation using the whole-rock and mineral compositions for Fn-

gabbro and the granodiorite. 

Stage 1 
Parent 

17032305 

Daughter 

16042904 

Fractionated 

Minerals 
    

Pl Opx Cpx Ol calc. diff. 

fraction 1.0000 0.3752 0.3044 0.1539 0.1245 0.0421     

SiO2 49.26 53.24 45.18 53.01 52.88 35.92 49.26 −0.06 

TiO2 0.47 1.12 0.01 0.23 0.30 0.01 0.47 −0.03 

Al2O3 17.32 18.05 34.88 1.16 1.32 0.01 17.32 −0.06 

Fe2O3 8.54 8.95 0.18 19.16 7.37 33.91 8.54 −0.07 

MgO 8.08 3.76 0.03 23.81 15.51 28.89 8.08 −0.05 

CaO 11.12 7.65 18.31 1.19 21.81 0.03 11.12 −0.05 

Na2O 1.38 2.86 1.00 0.02 0.14 0.01 1.38 −0.01 

K2O 0.28 1.00 0.01 0.00 0.00 0.00 0.28 −0.10 

       Sum of squares 

of residuals = 
0.03 

Stage 2 
Parent 

16042904 

Daughter 

16081401A 

Fractionated 

Minerals 
    

Pl(core) Hb*(rim) Hb(core) Ilm calc. diff. 

fraction 1.0000 0.3446 0.4037 0.1506 0.0886 0.0126     

SiO2 53.24 58.92 52.48 51.12 45.70 0.03 53.24 0.00 

TiO2 1.12 0.72 0.01 0.08 1.45 51.73 1.12 0.06 

Al2O3 18.05 15.69 29.71 0.54 6.90 0.01 18.05 0.12 

Fe2O3 8.95 6.50 0.14 30.30 18.53 42.14 8.95 −0.03 

MgO 3.76 2.62 0.01 11.18 10.48 0.10 3.76 0.28 

CaO 7.65 5.54 11.85 1.57 10.40 0.13 7.65 −0.12 

Na2O 2.68 2.75 4.59 0.08 1.21 0.02 2.68 −0.04 

K2O 1.00 2.17 0.15 0.02 0.66 0.01 1.00 0.12 

       Sum of squares 

of residuals = 
0.13 

Stage 3 
Parent 

16081401A 

Daughter 

16042001 

Fractionated 

Minerals 
    

Pl(rim) Hb(rim) Bt Qz calc. diff. 

fraction 1.0000 0.3251 0.3225 0.1264 0.1262 0.0998   

SiO2 58.92 65.08 54.89 48.09 34.58 100.00 58.92 −0.04 
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TiO2 0.72 0.38 0.02 0.70 4.89 0.00 0.72 −0.12 

Al2O3 15.69 13.82 28.15 5.52 14.04 0.00 15.69 −0.05 

Fe2O3 6.50 3.34 0.15 18.79 22.72 0.00 6.50 0.14 

MgO 2.62 1.18 0.01 10.79 9.23 0.00 2.62 −0.31 

CaO 5.54 3.09 10.24 10.60 0.69 0.00 5.54 −0.08 

Na2O 2.75 2.62 5.54 0.73 0.13 0.00 2.75 0.07 

K2O 2.17 3.69 0.18 0.35 8.05 0.00 2.17 −0.17 

       Sum of squares 

of residuals = 
0.17 

Ol, olivine; Opx, orthopyroxene; Cpx, clinopyroxene; Pl, plagioclase; Hb*, tremolitic hornblende; 

Hb, hornblende; Bt, biotite; Ilm, ilmenite; Qz, quartz. 

 

Figure 10. Results of fractional crystallization by the Rayleigh fractionation model using the results 

of mass balance calculation and partitioning coefficient. Normalized values of C1 chondrite are after 

the published paper [14]. The partitioning coefficients are listed in Table S4. The calculated magmas 

are identical with the granodiorite, suggesting that the granodiorite was differentiated from Fn-Gab 

as the parental magma. 

5.2. Petrogenesis of Granite Magma 

Muscovite and garnet are commonly found in peraluminous granites that are gener-

ally formed by assimilation and/or partial melting of pelitic rocks for their magmatic gen-

esis [20,21]. The granite from the study area includes the pelitic gneiss of the Ryoke met-

amorphic rock. The Sr–Nd isotopic compositions of the granite exhibit negative εNdI val-

ues but are different from those of the pelitic gneisses (Figure 8). Therefore, the partial 

melting of the pelitic gneisses is ruled out to produce granite magma. 

The open system (assimilation, mixing) processes were a candidate for the petrogen-

esis of a peraluminous granitic magma [21] because the differences in the SrI and NdI 

values in the granites could be attributed to the degree of assimilation rates or a mechan-

ical mixture of the pelitic gneiss. According to Figure 8, the granite magma can be thought 

to be produced by the assimilation and fractional crystallization (AFC) process, of which 
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the granodiorite and pelitic gneisses correspond to a parental magma and contaminant 

rocks, respectively. We adapted the AFC model calculation using the granodiorite with 

the highest εNdI values as the parental magma and two pelitic gneisses as contaminants 

for the endmember compositions. The results of the AFC model calculation are shown in 

Figure 11. The blue and red lines indicate the estimated trends for the AFC process with 

the different contaminants. The two samples of granite are plotted out of these trends on 

the Sr–SrI diagram (Figure 11) although the granite can reproduce the Nd isotopic com-

positions by the AFC process (Figure 11). The off-trend Sr and SrI values of the granites 

(even if the Nd values can be explained by the AFC model) indicate that the AFC process 

cannot produce the granite magma. On the other hand, the mechanical mixing of the gran-

odiorite and pelitic gneiss (contaminant 1) may produce the granite (Figure 11). The con-

taminant 1 pelitic gneiss and the parent granodiorite have SiO2 contents with 63 wt% and 

59 wt%, respectively. If the SrI values of granite were attained by the mechanical mixture 

between the granodiorite and the contaminant 1 pelitic gneiss, the SiO2 contents of the 

granite should be less than 63 wt%. The SiO2 content of granites shows more than 67 wt% 

(Figure 6), thus the granite cannot be produced by the mechanical mixture between the 

granodiorite and the pelitic gneiss. 

 

Figure 11. The results of assimilation and fractional crystallization (AFC) model. The granodiorite 

and the Ryoke pelitic gneiss correspond to a parental magma and contaminants, respectively. The 

“r” values indicate the ratio of assimilation/fractionation. The blue and red lines indicate the calcu-

lated AFC trends using the different contaminants. In Sr–SrI diagram, the granite deviates signifi-

cantly from these lines. Therefore, the granite cannot be reproduced by the AFC process. See the 

text for detailed explanation. 

The Sr–Nd isotopic compositions of the granite are plotted within the field of the 

Cretaceous, approximately 100 Ma, plutonic rocks from the Ryoke plutono–metamorphic 

complex (Figure 8). Previous works reported that the peraluminous granitic magmas can 

be produced by partial melting of igneous rocks with metaluminous compositions [15,22–

26]. To test the generation of granite magma, we addressed the partial melting of the plu-

tonic rocks from the Ryoke plutono–metamorphic complex because the Ryoke plutonic 

rocks were already emplaced in the middle to lower crust at c. 90 Ma in this area [15,27,28]. 

We chose two samples for the starting materials for the source of granitic magma because 

of the following reasons: (1) the Ryoke plutonic rocks have a compositional range from 
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gabbro to granite, and (2) the chemical compositions of the two samples resemble those 

of the starting materials of the melting experiments that were conducted under the middle 

to lower crust conditions [20,21]. Table 3 shows the chemical compositions of the Ryoke 

plutonic rocks as starting materials. 

Table 3. The chemical compositions of the Ryoke plutonic rocks as source rocks of the granite 

magma. 

(wt%) SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 

A 67.58 0.56 15.30 3.97 0.06 0.95 3.81 2.50 2.55 0.08 

B 51.22 0.91 17.63 9.14 0.17 5.28 8.55 3.10 1.49 0.13 

(ppm) Rb Ba Nb Sr Y      

A 115 562 13 238 11      

B 68 262 5.3 240 18      

(ppm) La Ce Nd Sm Eu Gd Dy Er Yb Lu 

A 17 34 16 3.4 1.1 3 2.4 1.2 1.1 0.2 

B 13 26 13 3.1 0.9 3.1 3.5 2.0 1.9 0.3 

Samples A and B are granodiorite (09032207B) and diorite (12050503), respectively. The data are 

quoted from the published paper [15]. 

In order to examine the above-mentioned scenario, model calculations were per-

formed by the formulation of a batch melting equation using trace element compositions 

and partitioning coefficients. The Ryoke plutonic rocks, granodiorite (09032207B), and di-

orite (12050503) [15] are regarded as source rocks. We used the experimental results as the 

modal abundance of residual phases [22,23]. The calculated results are shown in the spi-

der diagram (Figure 12). The calculated compositions are plotted within the compositional 

range of the granite from the SNPC (gray field). The chemical composition of granite 

could, therefore, be reproduced by partial melting of the plutonic rocks with diorite and 

granodiorite compositions from the Ryoke plutono–metamorphic complex. 

 

Figure 12. Spider diagram normalized to the primitive mantle [14] plotting the compositional ranges 

of the granite (gray field) and calculated granite magma (red and purple lines). The inferred granite 

magmas are plotted within the compositional field of granite. The granite magma can be produced 

by the partial melting of Ryoke plutonic rocks. See the text for further discussion. 

5.3. Formation of Basaltic Magma and Cretaceous Mantle Dynamics 

The Cretaceous magmatism in the west Chugoku district including Yamaguchi Pre-

fecture occurred from c. 100 Ma to 87 Ma [29], and the peak magmatic stage appeared 

from 95 to 90 Ma [30]. The magmatic activity of the SNPC is identical with the peak stage. 
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The nature of magmatic processes of the SNPC would, therefore, provides us an example 

for the growth and differentiation of continental crust along the active continental margin 

during the Cretaceous. 

In the subduction zone, the wedge mantle changed to an enriched composition under 

the influence of slab-derived components to form a metasomatized mantle. Such mantle 

partially melts to produce hydrous basaltic magma. The An contents of plagioclase in Co-

gabbro are as high as An90 (Figure 5a). According to experimental results, high-An con-

tents of plagioclase should be crystallized from a hydrous magma of more than 3 wt% in 

H2O [31–33]. Such hydrous magma deduced from the experimental results is consistent 

with the existence of hornblende within olivine and orthopyroxene as the early crystal-

lized phase in the gabbro. Considering the existence of early crystallized hornblende and 

high-An plagioclase, the gabbro would be derived from hydrous magma. The hydrous 

basaltic magma generally shows low viscosity and also moves the melting temperature of 

the solidus to the lower temperature side [34]. This means that the hydrous magma can 

rise to the shallower level of crust. The gabbro from the SNPC, therefore, was emplace-

ment at the shallower level in this region, then the complex had various compositions 

from the gabbro to granodiorite due to the process of fractional crystallization as previ-

ously mentioned. 

Fn-Gab closely shows primitive compositions with Mg# as high as 69 (Table 3); how-

ever, the Ni contents are lower than 70 ppm [5]. Therefore, Fn-Gab magma is thought to 

be a slightly differentiated magma, which early crystallized Ol (containing Ni) was re-

moved because the partitioning coefficient of Ni against olivine is high in basaltic mag-

mas. We examined the calculation of primitive basaltic magma adopting the maximum 

olivine fractionation method [35] using Fn-Gab with Mg# = 69. The calculated results are 

listed in Table 4. Fn-Gab adding 7.5% olivine can coexist with mantle peridotite. The cal-

culated primitive basaltic magma possesses Mg# = 75 with SiO2 = 50.4 wt% (Table 4). As 

mentioned above, the basaltic magma studied here contains hornblende as the early crys-

tallized phase. The εNdI value of Fn-Gab shows negative (Figure 8). These geochemical 

data suggest that the basaltic magma should be derived from the metasomatized mantle 

wedge, where εNdI isotopic composition is negative. The Nd isotopic compositions of Fn-

Gab suggest that the mantle source was strongly modified by crustal materials with neg-

ative εNdI values during the formation of basaltic magma. 

Table 4. Inferred primitive compositions of basaltic magma deduced from the chemical composi-

tions of Fn-gabbro using maximum olivine fractionation method [35]. 

  SiO2 TiO2 Al2O3 FeO* MnO MgO CaO Na2O K2O P2O5 Total Mg# 

Fn-Gab 51.41 0.49 18.08 8.02 0.19 8.43 11.61 1.44 0.29 0.04 100.00 69 

Prim. 

Comp. 
50.42 0.45 16.44 8.35 0.17 12.01 10.55 1.31 0.27 0.04 100.00 75 

Prim. Comp.: estimated primitive composition. 

The magma activities in southwest Japan began at 105 Ma [29]. At that time, the epi-

sodic magmatism occurs in the Kinki district known as the Kyoto lamprophyre [29,36], 

which has similar petrologic characteristics to Fn-Gab [5]. The Kyoto lamprophyre in-

cludes hornblende as the early crystallized phase and can be divided into two groups, the 

positive and negative εNd groups [5,29]. Both lamprophyres were generated by the par-

tial melting of mantle wedge under the garnet stability field because the Kyoto lampro-

phyre shows enrichment of LREE and depletion of HREE [29]. The heat source was 

thought to be an upwelling asthenosphere [29,36]. The REE patterns of Fn-Gab show al-

most flat in HREE, indicating the absence of garnet in the mantle source. The melting con-

dition of Fn-Gab would, therefore, be shallower than the Kyoto lamprophyre. The mag-

matic activity of the SNPC occurred at c. 90Ma later than that of the Kyoto lamprophyre 

but the time of 90Ma was a peak magmatic activity in southwest Japan [30]. Therefore, the 
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90Ma magmatic activity in southwest Japan would occur due to the upwelling of the as-

thenosphere reaching up to the shallower level under the garnet unstable depth. 

Finally, we consider the concept of magmatic plumbing systems, which is a view of 

arc magmatism in structure and composition. The hydrous basaltic magma is intruded 

into the crust and evolves in magma reservoirs where the magma differentiates by both 

closed system (fractionation) and open system (assimilation, mixing) processes, forming 

more felsic compositions [3]. In the SNPC, the basaltic magma evolved in an almost closed 

system. In any case, the product would be mafic cumulate like Co-gabbro and felsic melts, 

finally continuing their ascent to shallow levels to produce magma reservoirs [37,38]. The 

cooling and solidification processes lead to the formation of plutonic bodies, while ex-

tracted magmas may complementarily erupt as andesites–rhyolites. In contrast, partial 

melting in the lower crust directly produces granitic melts. The source region occurs in 

the following processes, melting reaction, melt migration, and segregation. Finally, the 

extracted magmas rise towards emplacement sites, but uncommonly reach the surface 

[39,40]. The Cretaceous volcano–plutonic complexes ubiquitously exist in southwest Ja-

pan [30]. The Cretaceous volcanic rocks mostly show andesite–dacite–rhyolite in compo-

sitions but are little present in peraluminous dacites–rhyolites. This suggests that the 

SNPC studied here is one of the representative plutonic rocks related to the magmatic 

processes and crustal growth at the Cretaceous continental margin. 

6. Conclusions 

The Cretaceous SNPC in southwest Japan exemplifies magmatic processes in active 

continental margins. In this complex, the mantle-derived basaltic magma was differenti-

ated during fractional crystallization processes to produce the granodiorite magma. In 

terms of the presence of early crystallized hornblende and high-An plagioclase (An ≥ 90), 

the basaltic magmas were thought to be hydrous. The underplated basaltic magma sup-

plied thermal energy to the already existing intermediate to felsic crusts, which then un-

derwent partial melting, giving rise to the granite magma. Mantle-derived magma con-

tributes to the growth of the continental crust, whereas the partial melting of crustal rocks 

increases the geochemical maturity of the continental crust. The magmatic activity of the 

SNPC occurred at c. 90 Ma. This time is considered to be the peak of the Cretaceous mag-

matic activity in southwest Japan. The REE patterns in Fn-Gab suggest that the primitive 

basaltic magma was formed at shallow mantle depths at c. 90 Ma. At that time, the mantle 

wedge environment beneath southwest Japan is thought to have been hot due to the as-

thenosphere rising. 

Supplementary Materials: The following supporting information can be downloaded at: 

https://www.mdpi.com/article/10.3390/min12060762/s1, Table S1: Representative mineral chemistry 

of the granite, Table S2: Whole-rock chemical analyses of the granite, Table S3: Sr–Nd isotopic anal-

yses of the granite, Table S4: Partitioning coefficients using calculation of the Rayleigh fraction 

method for Fn-gabbro and granodiorite [41–78]. 

Author Contributions: S.K. and M.O.; fieldwork, chemical analyses, and writing—original draft 

preparation; M.N.; chemical analyses and writing—review and editing, A.K.; Sr–Nd isotopic anal-

yses. All authors have read and agreed to the published version of the manuscript. 

Funding: This research was funded by KAKENHI (Grant-in-Aid for Scientific Research) provided 

by the Japan Society for the Promotion of Science, grant number 15H03748 (M.O), 18K03782 (M.N.), 

18H01313 (A.K.). 

Acknowledgments: We wish to thank Y. Morifuku for helping with EPMA works. 

Conflicts of Interest: We declare that we have no known competing financial interests or personal 

relationships that could have appeared to influence the work reported in this paper. 

  



Minerals 2022, 12, 762 17 of 19 
 

 

References 

1. Rudnick, R.L. Making continental crust. Nature 1995, 378, 571–578. https://doi.org/10.1038/378571a0. 

2. Moyen, J.-F.; Laurent, Q.; Chelle-Michou, C.; Couzinié, S.; Vanderhaeghe, O.; Zeh, A.; Villaros, A.; Gardien, V. Collision vs. 

subduction-related magmatism: Two contrasting ways of granite formation and implications for crustal growth. Lithos 2017, 

277, 154–177. https://doi.org/10.1016/j.lithos.2016.09.018. 

3. Moyen, J.-F.; Janousek, V.; Laurent, O.; Vachmann, O.; Jacob, J.-B.; Farian, F.; Fiannacca, P.; Villaros, A. Crustal melting vs. 

fractionation of basaltic magmas: Part I, granites and paradigms. Lithos 2021, 402–403, 106291. https://doi.org/10.1016/j.li-

thos.2021.106291. 

4. Ishihara, S. Modal and chemical compositions of the granitic rocks related to the major molybdenum and tungsten deposits in 

the Inner Zone of southwest Japan. J. Geol. Soc. Jpn. 1971, 77, 441–452. 

5. Kodama, S.; Owada, M.; Imaoka, T.; Kamei, A. Sr–Nd isotopic compositions of the Susuma–Nagaho Plutonic Complex in the 

San-yo Belt, Southwest Japan: Implications for the Cretaceous enriched mantle. J. Mineral. Petrol. Sci. 2019, 114, 99–104. 

https://doi.org/10.2465/jmps.181118b. 

6. Eshima, K.; Owada, M. Whole-rock geochemistry of diorite and dikes from Mt. Shaku-dake area, Fukuoka, Kyushu. J. Geol. Soc. 

Jpn. 2018, 124, 857–862. https://doi.org/10.2465/jmps.191209. 

7. Kagami, H.; Iwata, M.; Sano, S.; Honma, H. Sr and Nd isotopic compositions and Rb, Sr, Sm and nd concentrations of standard 

samples. Tech. Rep. ISEI Okayama Univ. 1987, 4, 1–16. 

8. Iizumi, S. Sr and Nd isotopic analyses, using a thermal ionization mass spectrometer MAT262. Geosci. Rept. Shimane Univ. 1996, 

15, 153–159. 

9. Kagami, H.; Yokose, H.; Honma, H. 87Sr/86Sr and 143Nd/144Nd ratios of GSJ rock reference samples; JB-1a, JA-1 and JG-1a. Geochem. 

J. 1989, 23, 209–204. https://doi.org/10.2343/geochemj.23.209. 

10. Tanaka, T.; Togashi, S.; Kamioka, H.; Amakawa, H.; Kagami, H.; Hamamoto, T.; Yuhara, M.; Orihashi, Y.; Yoneda, S.; Shimizu, 

H.; et al. JNdi-1; a neodymium isotopic reference in consistency with La Jolla neodymium. Chem. Geol. 2000, 168, 279–281. 

https://doi.org/10.1016/S0009-2541(00)00198-4. 

11. Steiger, R.H.; Jäger, E. Subcommission on geochronology: Convention on the use of decay constants in geo- and cosmochronol-

ogy. Earth Planet Sci. Lett. 1977, 36, 359–362. https://doi.org/10.1016/0012-821X(77)90060-7. 

12. Lugmair, G.W.; Marti, K. Lunar initial 143Nd/144Nd: Differential evolution of the lunar crust and mantle. Earth Planet Sci. Lett. 

1978, 39, 349–357. https://doi.org/10.1016/0012-821X(78)90021-3. 

13. DePaolo, D.J.; Wasserburg, G.J. Petrogenetic mixing models and Nd–Sr isotopic patterns. Geochem. Cosmochem. Acta 1979, 43, 

615–627. https://doi.org/10.1016/0016-7037(79)90169-8. 

14. Sun, S.-S.; McDonough, W.F. Chemical and isotopic systematics of oceanic basalts: Implications for mantle composition and 

processes. In Magmatism in the Oceanic Basins; Saunders, A.D., Norry, M.J., Eds.; Geological Society of London, Special Publica-

tions: London, UK, 1989; Volume 42; pp. 313–345. 

15. Akasaki, E.; Owada, M.; Kamei, A. Crustal differentiation due to partial melting of granitic rocks in an active continental margin, 

the Ryoke Belt, Southwest Japan. Lithos 2015, 230, 82–91. https://doi.org/10.1016/j.lithos.2015.04.021. 

16. Ikeda, Y.; Owada, M.; Nishizuka, D.; Kamei, A. Magma process of Gamano granodiorite in Ryoke belt, Yanai region, Yamagu-

chi, Southwest Japan. Jpn. Mag. Mineral. Petrol. Sci. 2019, 125, 167–182. https://doi.org/10.5575/geosoc.2018.0046. (in Japanese 

with English Abstract) 

17. Molina, J.F.; Moreno, J.A.; Castro, A.; Rodriguez, C.; Fershtater, G.B. Calcic amphibole thermobarometry in metamorphic and 

igneous rocks: New calibrations based on plagioclase/amphibole Al–Si partitioning and amphibole/liquid Mg partitioning. Li-

thos 2015, 232, 286–305. https://doi.org/10.1016/j.lithos.2015.06.027. 

18. Holland, T.; Blundy, J. Non-ideal interactions on calcic amphiboles and their bearing on amphibole-plagioclase thermometry. 

Contrib. Mineral Petrol. 1994, 116, 433–447. https://doi.org/10.1007/BF00310910. 

19. Schmidt, M.W. Amphibole composition in tonalite as a function of pressure: An experimental calibration of the Al-in-horn-

blende barometer. Contrib. Mineral Petrol. 1992, 110, 304–310. https://doi.org/10.1007/BF00310745. 

20. White, A.J.R.; Chappell, B.W. Ultrametamorphism and granitoid genesis. Techtonophysics 1977, 43, 7–22. 

https://doi.org/10.1016/0040-1951(77)90003-8. 

21. DePaolo, D.J. Trace element and isotopic effects of combined wall-rock assimilation and fractional crystallization. Earth Planet 

Sci. Lett. 1981, 53, 189–202. https://doi.org/10.1016/0012-821X(81)90153-9. 

22. Conrad, W.K.; Nicholls, I.A.; Wall, V.J. Water-saturated and -undersaturated melting of metaluminous and peraluminous crus-

tal compositions at 10 kb: Evidence for the origin of silicic magmas in the Taupo volcanic Zone, New Zealand, and other occur-

rences. J. Petrol. 1988, 29, 765–803. https://doi.org/10.1093/petrology/29.4.765. 

23. Beard, J.S.; Lofgren, G.E. Dehydration melting and water-saturated melting of basaltic and andesitic greenstones and amphib-

olite at 1, 3 and 6.9 kb. J. Petrol. 1991, 32, 365–401. https://doi.org/10.1093/petrology/32.2.365. 

24. Wedepohl, K.H. Chemical composition and fractionation of the continental crust. Geol. Rundsch. 1991, 80, 207–223. 

https://doi.org/10.1007/BF01829361. 

25. Wedepohl, K.H. The composition of the continental crust. Geochem. Cosmochem. Acta 1995, 59, 1217–1232. 

https://doi.org/10.1016/0016-7037(95)00038-2. 

26. Kamei, A. Petrogenesis of Cretaceous peraluminous granite suites with low initial Sr isotopic ratios, Kyushu Island, Southwest 

Japan Arc. Gondwana Res. 2002, 5, 813–822. https://doi.org/10.1016/S1342-937X(05)70915-1. 



Minerals 2022, 12, 762 18 of 19 
 

 

27. Skrzypek, E.; Kawakami, T.; Hirajima, T.; Sakata, S.; Hirata, T.; Ikeda, T. Revisiting the high temperature metamorphic field 

gradient of the Ryoke Belt (SW Japan): New constraints from the Iwakuni–Yanai area. Lithos 2016, 260, 9–27. 

https://doi.org/10.1016/j.lithos.2016.04.025. 

28. Mateen, T.; Okamoto, K.; Chung, S.-L.; Lee, H.-Y.; Abe, S.; Mita, Y.; Rehman, H.U.; Terabayashi, M.; Yamamoto, H. LA-ICP-MS 

zircon U–Pb age and Hf isotope data from the granitic rocks in the Iwakuni area, Southwest Japan: Re-evaluation of emplace-

ment order and the source magma. Geosci. J. 2019, 23, 917–931. https://doi.org/10.1007/s12303-019-0003-1. 

29. Imaoka, T.; Nakashima, K.; Kamei, A.; Itaya, T.; Ohira, T.; Nagashima, M.; Kono, N.; Kiji, M. Episodic magmatism at 105 Ma in 

the Kinki district, SW Japan: Petrogenesis of Nb-rich lamprophyres and adakites, and geodynamic implications. Lithos 2014, 

184–187, 105–131. https://doi.org/10.1016/j.lithos.2013.10.014. 

30. Imaoka, T.; Kiminami, K.; Nishida, M.; Takemoto, T.; Ikawa, T.; Kagami, T.; Iizumi, S. K–Ar age and geochemistry of the SW 

Japan Paleogene cauldron cluster: Implications for Eocene–Oligocene thermo-tectonic reactivation. J. Asian Earth Sci. 2011, 40, 

509–533. https://doi.org/10.1016/j.jseaes.2010.10.002. 

31. Sission, T.W.; Grove, T.L. Experimental investigations of the role of H2O in calc-alkaline differentiation and subduction zone 

magmatism. Contrib. Mineral Petrol. 1993, 113, 143–166. https://doi.org/10.1007/BF00283225. 

32. Takagi, D.; Sato, H.; Nakagawa, M. Experimental study of a low-alkali tholeiite at 1–5 kbar: Optimal condition for the crystalli-

zation of high-An plagioclase in hydrous arc tholeiite. Contrib. Mineral. Petrol. 2005, 149, 527–540. https://doi.org/10.1007/s00410-

005-0666-7. 

33. Hamada, M.; Fujii, T. H2O-rich island arc low-K tholeiite magma inferred from Ca-rich plagioclase-melt inclusion equilibria. 

Geochem. J. 2007, 41, 437–461. 

34. Kuritani, T. Water and magma. J. Geogr. 2007, 116, 133–153. 

35. Tatsumi, Y.; Sakuyama, M.; Fukuyama, H.; Kushiro, I. Generation of arc basalt magmas and thermal structure of the mantle 

wedge in subduction zones (Japan arc). J. Geophys. Res. 1983, 88, 5815–5825. https://doi.org/10.1029/JB088iB07p05815. 

36. Imaoka, T.; Kawabata, H.; Nagashima, M.; Nakashima, K.; Kamei, A.; Yagi, K.; Itaya, T.; Kiji, M. Petrogenesis of an Early Cre-

taceous lamprophyre dike from Kyoto Prefecture, Japan; Implications for the generation of high-Nb basalt magmas in subduc-

tion zones. Lithos 2017, 290–291, 18–33. https://doi.org/10.1016/j.lithos.2017.07.023. 

37. Hildreth, W.; Moorbath, S. Crustal contributions to arc magmatism in the Andes of central Chile. Contrib. Mineral. Petrol. 1988, 

98, 455–489. https://doi.org// 10.1007/BF00372365. 

38. Annen, C.; Blundy, J.D.; Sparks, R.S.J.. The genesis of intermediate and silicic magmas in deep crustal hot zones. J. Petrol. 2006, 

47, 505–539. https://doi.org/10.1093/petrology/egi084. 

39. Collins, W.J., Murphy, J.B., Johnson, T.E., Huang, H.Q. Critical role of water in the formation of continental crust. Nat. Geosci. 

2020, 13, 331–338. 

40. Nabelek, P.I. Petrogenesis of leucogranites in collisional orogens. In Post-Archean Granitic Rocks: Contrasting Petrogenetic Processes 

and Tectonic Environments; Janoúsek, V., Bonin, B., Collins, W.J., Farina, F., Bowden, P., Eds.; Geological Society of London: 

London, UK, 2020; Volume 491, pp. 179–207. 

41. Kim, S.W.; Kwon, S.; Park, S.-I.; Lee, C.; Cho, D.-L.; Lee, H.-J.; Ko, K.; Kim, S.J. SHRIMP U–Pb dating and geochemistry of the 

Cretaceous plutonic rocks in the Korean Peninsula: A new tectonic model of the Cretaceous Korean Peninsula. Lithos 2016, 262, 

88–106. https://doi.org/10.1016/j.lithos.2016.06.027. 

42. Aignertorres, M.; Blundy, J.; Ulmer, P.; Pettke, T. Laser Ablation ICPMS study of trace element partitioning between plagioclase 

and basaltic melts: An experimental approach. Contrib. Mineral. Petrol. 2007, 153, 647–667. https://doi.org/10.1007/s00410-006-

0168-2. 

43. Bacon, C.R.; Druitt, T.H. Compositional evolution of the zoned calcalkaline magma chamber of Mount-Mazama, Crater Lake, 

Oregon. Contrib. Mineral. Petrol. 1988, 98, 224–256. https://doi.org/10.1007/BF00402114. 

44. Beattie, P. The effect of partial melting of spinel peridotite on uranium series disequilibria: Constraints from partitioning studies. 

Earth Planet Sci. Lett. 1993, 177, 379–391. https://doi.org/10.1016/0016-7037(95)00215-L. 

45. Bindeman, I.N.; Davis, A.M.; Drake, M.J. Ion microprobe study of plagioclase-basalt partition experiments at natural concen-

tration levels of trace elements. Geochem. Cosmochem. Acta 1998, 62, 1175–1193. https://doi.org/10.1016/S0016-7037(98)00047-7. 

46. Brenan, J.M.; Shaw, H.F.; Ryerson, F.J.; Phinney, D.L. Experimental determination of trace element partitioning between par-

gasite and synthetic hydrous andesitic melt. Earth Planet Sci. Lett. 1995, 135, 1–11. https://doi.org/10.1016/0012-821X(95)00139-4. 

47. Drake, M.J.; Weill, D.F. Partition of Sr, Ba, Ca, Y, Eu2+, Eu3+, and other REE between plagioclase feldspar and magmatic liquid-

experimental study. Geochem. Cosmochem. Acta 1975, 39, 689–712. https://doi.org/10.1016/0016-7037(75)90011-3. 

48. Dostal, J.; Dupuy, C.; Carron, J.P.; Dekerneizon, M.L.; Maury, R.C. Partition-coefficients of trace elements application to volcanic 

rocks of St. Vincent, West Indies. Geochem. Cosmochem. Acta 1983, 47, 525–533. https://doi.org/10.1016/0016-7037(83)90275-2. 

49. Dudas, M.J.; Schmitt, R.A.; Harward, M.E. Trace element partitioning between volcanic plagioclase and dacitic pyroclastic ma-

trix. Earth Planet Sci. Lett. 1971, 11, 440–446. https://doi.org/10.1016/0012-821X(71)90206-8. 

50. Dunn, T.; Sen, C. Mineral/matrix partition-coefficients for orthopyroxene, plagioclase, and olivine in basaltic to andesitic sys-

tems—A combined analytical and experimental study. Geochem. Cosmochem. Acta 1994, 58, 717–733. https://doi.org/10.1016/0016-

7037(94)90501-0. 

51. Ewart, A.; Bryan, W.B.; Gill, J.B. Mineralogy and geochemistry of the younger volcanic islands of Tonga, S.W. Pacific. J. Petrol. 

1973, 14, 429–465. https://doi.org/10.1093/petrology/14.3.429. 



Minerals 2022, 12, 762 19 of 19 
 

 

52. Ewart, A.; Griffin, W.L. Application of proton-microprobe data to trace element partitioning in volcanic rocks. Chem. Geol. 1994, 

117, 251–284. https://doi.org/10.1016/0009-2541(94)90131-7. 

53. Forsythe, L.M.; Nielsen, R.L.; Fisk, M.R. High-Field-Strength Element partitioning between pyroxene and basaltic to dacitic 

magmas. Chem. Geol. 1994, 117, 107–125. https://doi.org/10.1016/0009-2541(94)90124-4. 

54. Frey, F.A. Rare earth abundances in a high-temperature peridotite inclusion. Geochem. Cosmochem. Acta 1969, 33, 1429–1447. 

https://doi.org/10.1016/0016-7037(69)90183-5. 

55. Fujimaki, H.; Tatsumoto, M.; Aoki, K. Partitioning coefficients of Hf, Zr, and REE between phenocrysts and groundmasses. J. 

Geophys. Res. 1984, 89, 662–672. https://doi.org/10.1029/JB089iS02p0B662. 

56. Green, T.H.; Pearson, N.J. An experimental study of Nb and Ta partitioning between Ti-rich minerals and silicate liquids at 

high pressure and temperature. Geochem. Cosmochem. Acta 1987, 51, 55–62. https://doi.org/10.1016/0016-7037(87)90006-8. 

57. Green, T.H.; Adam, J.; Site, S.H. Proton microprobe determined trace element partition coefficients between pargasite, augite 

and silicate or carbonatitic melts. EOS 1993, 74, 340. 

58. Higuchi, H.; Nagasawa, H. Partition of trace elements between rock-forming minerals and the host volcanic rocks. Earth Planet 

Sci. Lett. 1969, 7, 281–287. https://doi.org/10.1016/0012-821X(69)90066-1. 

59. Irving, A.J.; Frey, F.A. Trace-element abundances in megacrysts and their host basalts-constraints on partition-coefficients and 

megacryst genesis. Geochem. Cosmochem. Acta 1984, 48, 1201–1221. https://doi.org/10.1016/0016-7037(84)90056-5. 

60. Keleman, P.B.; Dunn, J.T. Depletion of Nb relative to other highly incompatible elements by melt/rock reaction in the upper 

mantle. EOS 1992, 73, 656–657. 

61. LaTourrette, T.Z.; Burnett, D.S. Experimental determination of U–partitioning and Th–partitioning between clinopyroxene and 

natural and synthetic basaltic liquid. Earth Planet Sci. Lett. 1992, 110, 227–244. https://doi.org/10.1016/0012-821X(92)90050-6. 

62. Matsui, Y.; Onuma, N.; Nagasawa, H.; Higuch, H.; Banno, S. Crystal structure control in trace element partition between crystal 

and magma. Bull. Soc. Fr. Minér. Cristallogr. 1977, 100, 315–324. 

63. McCallum, I.S.; Charette, M.P. Zr and Nb partition coefficients: Implications for the genesis of mare basalts, KREEP and sea 

floor basalts. Geochem. Cosmochem. Acta 1978, 42, 859–869. https://doi.org/10.1016/0016-7037(78)90098-4. 

64. McKenzie, D.; O’Nions, R.K. Partial melt distributions from inversion of rare earth element concentrations. J. Petrol. 1991, 32, 

1021–1091. https://doi.org/10.1093/petrology/32.5.1021. 

65. Nagasawa, H.; Schnetzler, C.C. Partitioning of rare earth, alkali, and alkaline earth elements between phenocrysts and acidic 

igneous magmas. Geochem. Cosmochem. Acta 1971, 35, 953–968. https://doi.org/10.1016/0016-7037(71)90008-1. 

66. Nash, W.P.; Crecraft, H.R. Partition coefficients for trace elements in silicic magmas. Geochem. Cosmochem. Acta 1985, 49, 2309–

2322. https://doi.org/10.1016/0016-7037(85)90231-5. 

67. Nielsen, R.L.; Gallahan, W.E.; Newberger, F. Experimentally determined mineral-melt partition coefficients for Sc, Y and REE 

for olivine, orthopyroxene, pigeonite, magnetite and ilmenite. Contrib. Mineral. Petrol. 1992, 110, 488–499. 

https://doi.org/10.1007/BF00344083. 

68. Okamoto, K. Geochemical study on magmatic differentiation of Asama Volcano, central Japan. J. Geol. Soc. Jpn. 1979, 85, 525–

535. 

69. Paster, T.P.; Schauwecker, D.S.; Haskin, L.A. The behavior of some trace elements during solidification of the Skaergard layered 

series. Geochem. Cosmochem. Acta 1974, 38, 1549–1577. https://doi.org/10.1016/0016-7037(74)90174-4. 

70. Philpotts, J.A.; Schnetzler, C.C. Phenocryst-matrix partition and basalt genesis. Geochem. Cosmochem. Acta 1970, 34, 307–322. 

https://doi.org/10.1016/0016-7037(70)90108-0. 

71. Reid, F. Origine of the rhyolitic rocks of the Taupo Volcanic Zone, New Zealand. J. Volcanol. Geothem. Res. 1983, 15, 315–338. 

https://doi.org/10.1016/0377-0273(83)90105-1. 

72. Rollinson, H.R. Using Geochemical Data: Evaluation, Presentation, Interpretation; Routledge Publishing Ltd.: Singapore, 1993; 352p. 

73. Ronov, A.B.; Yaroshevskiy, A.A. A new model for the chemical structure of the Earth’s crust. Geochem. Int. 1976, 13, 89–121. 

74. Schnetzler, C.C.; Philpotts, J.A. Partition coefficients of rare-earth elements between igneous matrix material and rock-forming 

mineral phenocrysts; II. Geochem. Cosmochem. Acta 1970, 34, 331–340. https://doi.org/10.1016/0016-7037(70)90110-9. 

75. Sisson, T.W. Hornblende-melt trace element partitioning measured by Ion-microprobe. Chem. Geol. 1994, 117, 331–334. 

https://doi.org/10.1016/0009-2541(94)90135-X. 

76. Skulski, T.; Minarik, W.; Watson, E.B. High-pressure experimental trace element partitioning between clinopyroxene and ba-

saltic melts. Chem. Geol. 1994, 117, 127–147. https://doi.org/10.1016/0009-2541(94)90125-2. 

77. Sobolev, A.V.; Migdisov, A.A.; Portnyagin, M.V. Incompatible element partitioning between clinopyroxene and basaltic liquid 

revealed by the study of melt inclutions in minerals from Troods lavas, Cyprus. Petrology 1996, 4, 307–317. 

78. Villemant, B.; Jaffrezic, H.; Joron, J.L.; Treuil, M. Distribution coefficients of major and trace elements fractional crystallization 

on the Alkali Basalt Series of Chaine-Des-Puys (Massif Central, France). Geochem. Cosmochem. Acta 1981, 45, 1997–2016. 

https://doi.org/10.1016/0016-7037(81)90055-7. 


