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The Cretaceous granitoids are widely distributed in northern Kyushu, the northern 

side of Matsuyama-Imari tectonic line, and they were formed by the subduction of 

the oceanic plate along the East Asian active continental margin. The Cretaceous 

granitoids in northern Kyushu are divided into the eastern ilmenite-series and the 

western magnetite-series, where both series are bounded by the Kokura-Tagawa 

tectonic line (Ishihara et al., 1979: Fig. 2 1). Izawa et al. (1990) and Izawa et al. 

(1994) called the high-Sr granitoids for the magnetite-series granitoids because they 

have a significantly higher Sr content rather than the ilmenite-series granitoids.  

 The Ushikiri-yama granodiorite is situated in the west side of the Kokura-

Tagawa tectonic line. The granodiorite is one of the stock-type plutons among the 

Kawara granodiorites described by Karakida (1985) (Fig. 2 1). It has been described 

by Matsushita (1940), Murakami (1985) and Sasaki and Murakami (1986), and is 

known to be a magnetite-series granodiorite and meta-aluminous granitoids because 

of including hornblende as mafic minerals (Eshima et al., 2019). The Ushikiri-yama 

granodiorite does not consist of only one lithology, but is accompanied by mafic to 

felsic dikes in addition to the main granodiorite body (Matsushita, 1940; Sasaki and 

Murakami, 1986; Eshima et al., 2019). A skarn zone with a width from several tens 

of centimeters to several tens of meters is formed along the contact zones of the host 

crystalline limestone reported by Katayama (1906) and Sasaki and Murakami (1986). 

-take on the 

so

and Murakami (1986) divided the Ushikiri-yama granodiorite into the north and south 

bodies, and concluded that the south body was the early intrusion, because the dikes 

and veins intruding the south body were captured by the north body. The biotite K

Ar age of 113 ± 3 Ma has been reported from the south body (Murakami, 1994). This 



age corresponds to the oldest age of the batholithic Cretaceous granitoids in northern 

Kyushu (Owada and Kamei, 2010). 

 The Ushikiri-yama granodiorite is an isolated granodiorite body that is not 

in contact with the other Cretaceous granitoid bodies in northern Kyushu (Fig. 2 1). 

This means that the Ushikiri-yama granodiorite is free from any alterations with the 

surrounding later intrusive rocks and/or bodies (e.g., Nishida et al., 2005). The 

Ushikiri-yama granodiorite is, therefore, a suitable body for the investigation of 

magmatic processes such as differentiation and crystallization, magma mixing and/or 

mingling, assimilation of crustal materials, and depth and mechanism during its 

emplacement. 

In this chapter 2, I discuss the relationships between the granodiorite and 

the dikes, the emplacement pressure-temperature (P-T) conditions, and the chemical 

characteristics of the granodiorite in comparison with the other granitic bodies in 

northern Kyushu. The petrogenesis, petrography, modal composition, mineral and 

whole-rock chemical compositions, K Ar ages, and Sr and Nd isotopic compositions 

of the Ushikiri-yama granodiorite are presented, and the magmatic processes of the 

Ushikiri-yama granodiorite and the genetic relationship with dikes is discussed based 

on these data. Finally, the petrological signature of Cretaceous igneous activity 

widely distributed in northern Kyushu are examined.  











































































The granitoids cover approximately 30% surface area of the Japanese island (Takagi, 

2004). Intense magma activities of the granitoids occurred during the Cretaceous 

(50 130 Ma; Takagi, 2004). The Cretaceous granitoid batholith is exposed over an 

area of about 100 km from east to west and 50 km from north to south in northern 

Kyushu (Figs. 1 1 and 1), showing zircon U Pb ages of 116 102 Ma (Adachi et 

al., 2012; Tiepolo et al., 2012; Miyazaki et al., 2018; Yuhara et al., 2019a, b; Yuhara 

et al., 2020). Small mafic bodies occur sporadically in the batholith. Some of these 

mafic bodies represent high-Mg diorite (HMD) compositions derived from high-Mg 

andesite (HMA) magma, and their petrogenesis has been discussed by several 

researchers (Murakami, 1994; Kamei et al., 2004; Yuhara and Uto, 2007; Tiepolo et 

al., 2012; Eshima and Owada, 2018; Eshima et al., 2019, 2020; Eshima, 2021a, b). 

The coexistence of both mafic and felsic rocks has been reported from volcanic-

plutonic sites of the active continental margin in the Cretaceous granitoid batholith 

of southwest Japan and the Cordillera Mountains in the  (Tainosho et 

al., 1985; Tepper et al., 1993). In addition, the mantle derived mafic magma is 

strongly involved in the origin of granitic magma as a parent magma and a heat source 

of crustal melting (Reid et al., 1983; Le Bel et al., 1985). Therefore, clarification of 

the behavior of the HMA-derived magma in the crust play an important role in 

examining the genetic relationship with granitoids. Furthermore, plutonic rocks are 

processes and the time scale of plutonic activity (e.g., Wiebe, 1994; Wiebe and 

Collins, 1998). Investigation of internal structures may help to clarify the lithological 

and chemical variation in plutonic rocks as well as their growth process, which is 

crucial for understanding the relationship between volcanic and plutonic activity 

(Lipman, 2007; Macdonald et al., 2014). These studies will contribute to the 



understanding of crustal growth and evolution (Bachl et al., 2001; Menand, 2008; 

Annen, 2011; Menand et al., 2011). 

The HMA magma is rich in Mg and has a high Mg/Fe ratio compared with 

ordinary andesite magma. Based on the melting experiments (Tatsumi, 1981, 1982; 

Hirose, 1997), the HMA magma is at equilibrium with Mg-rich mantle olivine and 

pyroxenes, suggesting that the HMA may be formed by the solidification of primary 

magma from the mantle. Based on this background, many geochemical 

discrimination diagrams for HMA have been proposed using mineral and whole-rock 

chemical compositions and isotopic compositions (e.g., Tatsumi and Hanyu, 2003; 

Kamei et al., 2004). However, detailed studies on magmatic processes, lithofacies 

variation and internal structure with HMA composition such as differentiation, 

mixing, and assimilation, and on the relationships among other magmas are scarce. 

By clarifying this chapter 3, I focus on the characteristics of the large-scale magmatic 

activity of the Cretaceous period.  

In this chapter 3, the magmatic process, lithofacies variations and the 

growth process of a newly finding HMA-derived rock, the Shaku-dake body (a high-

Mg diorite body), are discussed as a member of the Cretaceous granitoids batholith 

of northern Kyushu. 





The Mt. Shaku-dake area located in the northeastern part of Kyushu, southwest Japan, 

is underlain by the Wakino sub-group of the Kanmon group and the Shaku-dake body, 

a member of the Kawara-dake suite, that intrudes the Wakino sub-group (Fig. 2). 

The Wakino sub-group is composed of Cretaceous shallow marine deposits with 

well-stratified sequences of lower basal conglomerate, the middle coarse sandstone, 

and the upper sandstone/shale alternation (Nakae et al., 1998). The basal 

conglomerate locally includes limestone blocks as large gravels (10 60 cm). The 

limestone is derived from the Permian accretionary complex (Nakae et al., 1998). 

The bedding structures of the Wakino sub-group generally show E W to N 70°E in 

strikes and 10 40°N or S in dips (Fig. 2). The Shaku-dake body consists mainly of 

two-pyroxene diorite (TPD) and hornblende-biotite granodiorite (HBG) as stocks 

with several kinds of dikes. Both TPD and HBG are ellipsoidal in shape on the west 

of Mt. Shaku-dake (Fig. 2) and caused contact metamorphism to the surrounding 

rocks of Wakino sub-group in the range of several hundred meters.  





























































Plagioclase Clinopyroxene Orthopyroxene Ilmenite
Sample No. 16102103 16110611 16102103 16102103 16102103 16102103
SiO2 (wt%) 63.5 65.18 58.66 51.64 50.73 0.04
TiO2 0.83 0.64 0.03 0.31 0.17 49.80
Al2O3 15.41 15.42 25.60 1.70 0.84 0.02
FeO* 5.2 4.3 0.18 8.82 26.22 46.28
MnO 0.08 0.08 0.01 0.26 0.75 1.66
MgO 2.81 2.36 0.01 14.19 18.43 0.08
CaO 4.52 3.84 7.49 20.97 0.99 0.30
NaO 3.15 3.52 7.21 0.36 0.02 0.01
K2O 3.81 3.73 0.39 0.01 0.00 0.03
P2O5 0.27 0.21 0.00 0.00 0.00 0.00
Calculated result (%) 88.01 6.07 2.71 2.25 0.97

50.60 22.57 18.73 8.10
Sum of squares, 0.113

Plagioclase Clinopyroxene Orthopyroxene Ilmenite
Sample No. 17031006 17031009 17031006 17031006 17031006 17031006
SiO2 (wt%) 53.66 61.87 51.92 51.60 53.68 0.00
TiO2 1.03 0.63 0.08 0.46 0.27 51.90
Al2O3 14.34 15.69 29.23 2.50 1.76 0.02
FeO* 8.42 6.92 0.61 7.21 13.27 42.60
MnO 0.13 0.12 0.04 0.20 0.29 3.60
MgO 8.03 2.23 0.13 16.28 27.71 0.13
CaO 7.78 5.67 12.62 19.67 1.58 0.28
NaO 2.85 3.11 4.14 0.31 0.02 0.00
K2O 1.41 2.73 0.23 0.01 0.00 0.00
P2O5 0.38 0.17 0.03 0.00 0.00 0.02
Calculated result (%) 62.23 21.70 11.30 3.44 0.36

57.44 22.92 9.12 3.52
Sum of squares, 0.297

Plagioclase Hornblende Magnetite
Sample No. 16101403 16102108A 16101403 16101403 16101403
SiO2 (wt%) 66.88 72.36 59.97 48.50 0.02
TiO2 0.48 0.25 0.02 0.92 0.05
Al2O3 15.51 14.23 24.60 4.87 0.04
FeO* 3.44 1.43 0.18 13.66 89.63
MnO 0.07 0.03 0.01 0.49 0.07
MgO 2.14 0.72 0.00 14.21 0.00
CaO 3.55 1.05 6.31 10.52 0.00
NaO 3.88 4.08 7.72 1.13 0.01
K2O 2.94 4.52 0.27 0.42 0.00
P2O5 0.14 0.09 0.01 0.01 0.01
Calculated result (%) 65.92 21.57 11.79 0.72

63.28 34.59 2.12
Sum of squares, 0.570
Abbreviation are shown in the text.

Fractionated proportions (%)

Subtracted phases

Subtracted phases

Subtracted phases

Degree of crystallization, 11.99% 
Fractionated proportions (%)

Final magma

Final magma

Degree of crystallization, 37.77% 
Fractionated proportions (%)

Final magma

TPD CG                                      Initial magma

Do PFT                                        Initial magma

Degree of crystallization, 13.62% 

HBG FBG                                   Initial magma



























Granitoids occupy approximately 30% surface area of the Japanese island, intruded 

into the continental crust mostly between 50 and 130 Ma (Takagi, 2004). Thus, the 

Cretaceous was vigorously active period of granitic magmatism in geological history 

of Japan. The Cretaceous granite batholiths are widely distributed in northern Kyushu 

over an area of about 100 km from east to west and about 50 km from north to south, 

and divided into 17 bodies (Fig. 1 1 and 4 1: Karakida, 1985; Owada et al., 1999; 

Owada and Kamei, 2010). The magmatic processes of the Northern Kyushu 

batholiths have been investigated from the intrusive relationships, chemical 

compositions, and radiometric ages of each intrusive body (Karakida, 1985; 

Murakami, 1985; Izawa et al., 1990, 1994; Owada et al., 1999). The petrography, 

petrogenesis, and magmatic processes of the small-scale intrusive bodies that are the 

components of the batholiths, however, have not been investigated, and the whole 

picture of batholith activity has not been elucidated. In recent years, field surveys, 

geochemical analyses, and zircon U Pb age dating of small-scale intrusive bodies in 

the Northern Kyushu batholiths have been carried out on the small -scaled plutonic 

bodies (Eshima and Owada, 2018; Eshima et al., 2019; Yuhara et al., 2019a, b; 

Eshima et al., 2020; Muraoka et al., 2020; Eshima, 2021a, b). Yuhara et al. (2019a) 

reclassified the granitic bodies in terms of zircon U Pb ages and geochemical 

features. Eshima and Owada (2018), Eshima et al. (2019, 2020), and Eshima (2021a, 

b) investigated the characteristics of the magmatic processes and growth model of 

the small-scaled plutons. Moreover, Muraoka et al. (2020) revealed the genetic 

relationships between the ilmenite-series and magnetite-series granitoids that 

intruded into the eastern and western sides of the Kokura Tagawa Tectonic Line, 

respectively. Therefore, the detailed investigation for the small-scaled intrusive 

bodies is now available. Such specific data of the small-scale intrusive bodies are 



considered to be important for examining the igneous activity and growth process of 

batholiths in the world wide (Glazner et al., 2004; Menand, 2008; de Saint-Blanquat 

et al., 2006; Menand et al., 2011; Eshima et al., 2020; Eshima, 2021a).  

 The igneous rocks in the northern part of the Mt. Shaku-dake are exposed 

as a stock on Tashiro-cho, Yahatahigashi-ku, to Hata, Yahatanishi-ku in Kitakyushu 

City with the area of 5 km (east-west) and 3 km (north-south). It intrudes the 

Cretaceous Wakino sub-group that has been formed as a shallow-marine deposit 

because of the abundance of shell and fish fossils (Ota, 1959). The stock mainly 

consists of porphyry (porphyritic fine-grained tonalite: PFT), associated with the 

following intrusive rocks; two-pyroxene diorite (TPD), clinopyroxene quartz diorite 

(CQD), and small-scale dikes including porphyritic fine-grained diorite (PFD) and 

clinopyroxene andesite (CA). These rocks intrude the PFT. The PFT, CQD, and TPD 

have been so far reported only on their distribution, characteristics of the 

photomicrographs, and the hornblende K Ar age of PFT (Kubo et al., 1993; Nakae 

et al., 1998; Owada et al., 1999). The TPD reported by Kubo et al. (1993) used to be 

exposed in the eastern side of stock, but now there are no outcrops in this area, where 

it is the construction area changing into the substations and residential areas. The 

small-scaled dikes, PFD and CA, were found in this study, but the timing of their 

activity has not been clarified. Based on the above observations, this chapter 4 

focuses on PFT and CQD.  

 The PFT shows a porphyritic texture and exposed over a wide area of about 

5 km from east to west and about 3 km from north to south, despite the fact that it is 

shallow intrusive body intruded the Wakino sub-group (shallow-marine sediment). 

The hornblende K Ar age of 109.5 ± 2.4 Ma (Owada et al., 1999) is slightly older 

than the zircon U Pb age of 107 to 100 Ma reported for the intrusive bodies among 

the Northern Kyushu batholith but is similar to zircon U Pb age of the volcanic rocks 

(dacite: 108 Ma) of the Kanmon Group (Adachi et al., 2012; Tiepolo et al., 2012; 

Miyazaki et al., 2018; Yuhara et al., 2019a, b). This age overlaps with the 



depositional age of the Wakino sub-group (Kochibe, 1903; Nakae et al., 1998; 

Miyazaki et al., 2018). The intrusive order of the PFT (porphyry, shallow intrusive 

body) followed by CQD (pluton) is similar to the formation sequence of volcanic-

plutonic activity (Lipman, 2007; Macdonald et al., 2014). Considering the error range 

of the radiogenic ages, it is likely that the activity of the PFT magma was the 

precursor of the Northern Kyushu batholith. In other words, the magma activities of 

PFT and CQD are considered to preserve important information for understanding 

the process of magma supply and the genetic relationship between the small-scaled 

bodies of precursor and the batholith.  

 In this chapter 4, occurrence, petrography, modal composition, and mineral 

and whole-rock compositions of the PFT and CQD from the northern part of the Mt. 

Shaku-dake area are described, and the factors responsible for the compositional 

change from PFT (porphyry, shallow intrusive body) to CQD (pluton) are discussed.  





The geology of the northern part of the Shaku-dake area consists of the Wakino sub-

group that is a lower sequence of the Cretaceous Kanmon group, PFT, CQD, TPD, 

and small-scale dikes (Fig. 4 2). The bedding planes of the host rock, the Wakino 

sub-group, predominantly show N70°W N60°E strike and 10 40° dipping with north 

or south. The structural sequences of the Wakino sub-group show the lower basal 

conglomerate, followed by coarse-grained sandstone in the middle part and the 

alternation of sandstone (tuffaceous) and shale in the upper part (Nakae et al., 1998). 

The PFT occurs as an oval shape with northeast-southwest direction, and provides 

the thermal effect to the host Wakino sub-group. The boundary between the PFT and 

the Wakino sub-group is unclear, at which the veins and droplets derived from PFT 

magma sporadically occur within the clastic sediments of the Wakino sub-group (Fig. 

4 3a). Such features correspond to peperite, and calcite veins are often developed 

within the peperitic structures (Fig. 4 3b, c). In addition, the PFT is intruded by 

various kinds of veins consisting of calcite, quartz, prehnite, and pumpellyite (Fig. 

4 3d), and the periphery of the veins are pale in color, indicating the influence of 

hydrothermal alteration. On the other hand, the CQD intrudes the PFT and the 

Wakino sub-group with sharp and clear contacts (Fig. 4 3e). The CQD generally 

develops a weak flow structure due to the arrangement of plagioclase and 

clinopyroxene (Fig. 4 3f). In the area of the TPD, there are almost no exposure 

because of the construction of residential areas and substations. Therefore, the 

distribution of TPD follows the geological map of Kubo et al. (1993) (Fig. 4 2). The 

TPD occurring as boulders resembles its lithofacies to that of the Shaku-dake diorite 

(Fig. 4 2: Eshima and Owada, 2018; Eshima et al., 2020; Eshima, 2021a) in terms of 

mineral assemblages and microstructures. The small-scaled dikes are of two 



lithofacies, PFD and CA both of which are 1 10 m wide and of N40°W N52°W or 

N32°E N45°E strike, and intrude the PFT or Wakino sub-group with steeply dipping 

(dip 72 86°) (Fig. 4 2). The intrusive age of the dikes is unknown.



























































The Cretaceous granitoid batholith is exposed over an area of about 100 km from east 

to west and 50 km from north to south in northern Kyushu (Figs. 1 1), showing zircon 

U Pb ages of 116 102 Ma (Adachi et al., 2012; Tiepolo et al., 2012; Miyazaki et al., 

2018; Yuhara et al., 2019a, b; Yuhara et al., 2020). Detailed description of some 

bodies of the Cretaceous batholith in the northern Kyushu is reported in the previous 

chapters, chapters 2, 3, and 4. 

Throughout Earth's history, mantle-derived mafic magma has played an 

important role as a heat-supplying carrier from the mantle to the crust (e.g., 

Maclennan et al., 2004). The mantle-derived mafic magma intrudes the crust to 

transfer heat and materials from the mantle to the crust. Such primitive mafic magmas 

retain in their chemical composition and/or properties of the mantle that strongly 

constrains the magma-forming field and mechanism of magma generation from the 

physical-chemical conditions at the time of their origin. 

The Cretaceous Northern Kyushu batholith is also scattered with small-

scale mafic bodies that are considered to be parts of mafic magmatic activity (e.g., 

Karakida, 1985; Owada and Kamei, 2010). However, due to the small size and poor  

exposure of these mafic bodies, there have been few studies on the characteristics of 

these mafic bodies, such as crystallization, magmatic and growth processes. In recent 

years, the mafic bodies associated with the Northern Kyushu batholith have been 

studied in detail, and more data specific to small-scale bodies such as magma 

characteristics and growth processes have been obtained (Tiepolo et al., 2012; 

Eshima and Owada, 2018; Eshima et al., 2019; Eshima et al., 2020; Muraoka et al., 

2020; Eshima, 2021a, b). The mafic bodies associated with the Northern Kyushu 

batholith show a number of mixing texture (e.g., MME) (Yada and Owada, 2003; 

Yuhara and Uto, 2007; Yuhara and Masaki, 2013; Eshima et al., 2019, 2020). In 



addition, zircon U-Pb geochronological studies have supported the coeval activity of 

mafic and felsic magmas (Nakajima et al., 2004; Nakajima et al., 2021). This suggests 

that such mafic magmatic activity occurred at the same time as the large-scale 

igneous activity during the formation of the Northern Kyushu batholith. On the other 

hand, the petrological features of the mafic rocks have been not well understood yet. 

The mafic rocks showing mixing texture certainly reflect some kind of liquid 

composition, and their whole-rock chemical compositions are generally 

differentiated. Therefore, it is difficult to assess the degree of contamination by the 

surrounding granitic magma and to directly examine the characteristics of the source 

mantle. In order to understand the characteristics and origin of the mafic magmas in 

the Northern Kyushu batholith, it is necessary to examine compositions of primitive 

liquid inferred from volcanic rocks or cumulates. Such primitive liquid can estimate 

the coexisting mantle properties.  

 The mafic rocks mainly gabbro in the Kita-taku area, Saga Prefecture, have 

been studied by Akagi (1935) and Oshima (1961), but have not been the subject of 

much investigation since these studies. In recent years, Kamei et al. (2004) proposed 

a discrimination diagram using chemical compositions of whole-rock and 

clinopyroxene (Cpx) dividing a series of high-Mg andesite (HMA), and adopted it 

into the gabbro from the Kita-taku area. However, detailed geological and 

petrological data including photomicrographs, modal composition, whole-rock 

chemical composition, and mineral chemical composition have not been reported. In 

chapter 5, the geological information and essential petrological data and discuss the 

parent magma and crystallization process of the gabbro from the Kita-taku area.  











































(Adachi et al., 2012; Tiepolo et al., 2012; Miyazaki et al., 

2018; Yuhara et al., 2019a, b; Yuhara et al., 2020; Yuhara et al., 2021)
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