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Abstract 

The Kakkonda Granite, regarded as the heat source of the active 

high-temperature geothermal system at the Kakkonda geothermal field, northeast Japan, 

was available for the investigation of solidification process of a granitic magma 

chamber emplaced at a shallow level in the crust.  The granitic rocks sampled by the 

deep geothermal research well WD-1a at high formation temperatures were 

petrographically examined in this study.  The rocks exhibited the porphyritic to 

equigranular texture at shallow to deep depths.  Nucleation and growth rates of 

plagioclase and quartz crystals in the rocks, determined according to the crystal size 

distribution theory, became to be slow with depth.  Theses petrographic features were 

attributed to the increase in solidification duration of magma from the margin inward 

the granitic body, based on a numerical simulation of magma cooling in this study.  

Cathodoluminescence observation of the granitic rocks revealed crystal growth of 

quartz at three stages, implying that the magma was not so stable but interactive with 

respect to quartz, especially at the end during the solidification of magma.  Quartz 

exhibited many branched and curved lines under the cathodoluminescence observation.  

They were the healed microfractures.  The microfracturing of quartz possibly occurred 

with a relation to the formation of thermal conduction zone with a steep thermal 

gradient inside the granitic body.  It might sporadically provide a pathway for heat and 

fluid transfer in the granitic body in a geological time.  The result of this study might 

be helpful for a better understanding of the solidification process of the magma and 

modification of the sequential granite from a petrographic point of view. 
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1. Introduction 

 

Solidifying magma chamber conceptually consists of the immobile rigid crust, 

highly viscous mush, and magma-convective suspension from its margin inward based 

on the rheology and crystallinity (Marsh, 1989; 1996).  The solidification front 

generally moves inward upon cooling, leaving behind the various petrographic texture 

and mineralogy in the rigid crust with dependence on the temperature, pressure, and 

degree of liquid-crystal separation.  The cooling rate of magma chamber also affects 

the petrographic texture: with only heat conduction, with magma convection, and with 

formation of hydrothermal convection at the shallow levels in the rigid crust.  Granite 

is a kind of the immobile rigid crust.  It is a potential heat source of the active 

geothermal system, where the magma chamber is emplaced at a shallow level in the 

crust. 

In the Kakkonda geothermal field, northeast Japan, the deep-seated Kakkonda 

granite as a heat-source of the geothermal system was discovered at a shallow level 

(>2,860m depth: Doi et al., 1998).  A deep geothermal research well WD-1a was 

drilled into the granitic body (Uchida et al., 1996; Muraoka et al., 1998), and collected 

three spot core samples of the granitic rocks at temperatures of 370 to >500 °C (Ikeuchi 

et al., 1998; Saito et al., 1998).  The rocks preserved the petrographic feature of the 

high-temperature granite just after solidification of magma (Doi et al., 1998; Sasaki et 

al., 2003; Nakano et al., 2014). 

Quartz is one of the major constituent minerals in granite.  It is chemically 

simple and relatively stable without any growth and alteration texture.  However, 

cathodoluminescence (CL) makes it possible to detect the internal texture of quartz that 

is invisible to the traditional petrographic techniques (Marshall, 1988; Walker and 

Burley, 1991; D'Lemos et al., 1997; Seyedolali et al., 1997; Yuguchi et al., 2020).  

The method might provide new insights into petrographic feature of granite.  Crystal 
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size distribution (CSD) of the constituent minerals in granite including quartz is also 

available for the examination of petrographic feature of granite (Marsh, 1988; Higgins, 

2017; Cashman, 2020). 

In this study, the CL observation and CSD measurement of the three granitic 

rock samples collected from the well WD-1a were conducted in order to elucidate the 

solidification process of the granitic magma chamber from a petrographic point of view 

at the Kakkonda geothermal field. 

 

 

2. Overview of the Kakkonda geothermal field 

 

Geothermal power plants with a total capacity of 80 MWe are in operation at the 

Kakkonda geothermal field, northeast Japan (Fig. 1).  The geology of the field was 

summarized by Kato et al. (1993), Kato and Sato (1995) and Doi et al. (1998).  The 

basement of the field is the Pre-Paleogene (expressed “Pre-Tertiary” in the above 

papers) formation composed of slate, sandstone and andesitic tuff (Fig. 2).  The 

Neogene formations are composed mainly of andesitic to dacitic tuff, tuffaceous 

sandstone and black shale.  The Pleistocene rhyolitic to dacitic welded tuffs 

unconformably overly the Neogene formations.  The Pleistocene-Holocene andesitic 

volcanic rocks cover the welded tuffs.  The Pliocene dacitic intrusions are found in the 

Neogene rocks, and the Quaternary Kakkonda granite intruded the Pre-Paleogene and 

Neogene rocks. 

Petrography and mineralogy of the Kakkonda granite were investigated by 

Kanisawa et al. (1994), Kato and Sato (1995) and Doi et al. (1998).  It is made up of 

granodiorite, tonalite, quartz diorite and granite, and consists of fine to medium size 

crystals.  The granitic magma began to be crystallized at 869-874 °C with suspension 

of basic clots based on the pyroxene geothermometer, and was solidified at 640-780 °C 
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based on the hornblende-plagioclase geothermometer and homogenization temperature 

of melt inclusion in quartz (Kanisawa et al., 1994; Sasaki et al., 2003).  The granitic 

rocks showed the K-Ar ages of 0.24-0.11 Ma for hornblende, 0.21-0.02 Ma for biotite, 

and 0.14-0.01 Ma for K-feldspar (Kanisawa et al., 1994; Doi et al., 1998; Ito et al., 

2013), and the values became younger at deeper depths. 

Contact metamorphic aureole with a 1 km thickness occurs above the Kakkonda 

granite.  Metamorphic minerals identified are biotite, cordierite, anthophyllite, 

orthopyroxene, clinopyroxene, and andalusite with small amounts of corundum, spinel, 

and K-feldspar (Kato and Sato, 1995; Sawaki et al., 2001).  Metamorphic 

temperatures were estimated to be about 400 °C for biotite, 490 °C for cordierite, 

570 °C for andalusite, and 600-700 °C for corundum based on the paragenesis of the 

metamorphic minerals and thermodynamic calculation (Sawaki et al., 2001; Takeno et 

al., 2001). 

Geothermal fluid in the Kakkonda system circulates in the shallow and deep 

reservoirs, where the former has temperatures of 230-260 °C at depths of <1,500 m, and 

the latter has temperatures of 300-350 °C at depths of 1,500-3,100 m (Hanano and 

Takanohashi, 1993; Ikeuchi et al., 1998).  The reservoirs are under the hydrothermal 

convection, while the granite distributed below a 3,100 m depth is under the thermal 

conduction with a steep gradient of 32 °C/100 m.  Geothermal fluid in the 

hydrothermal convection zone is meteoric in origin and dilute, while fluid in the 

thermal conduction zone is magmatic in origin and hypersaline over a salinity of 40 

wt.% with abundant CO2 and H2S gases and metal elements (Yanagiya et al., 1996; 

Kasai et al., 1998; Yanagisawa et al., 2002).  Hydrothermal veins and fractures 

commonly occur in both the reservoirs with a high density, while they are sparse in the 

thermal conduction zone (Kato et al., 1998). 
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3. Description of core samples 

 

The deep geothermal research well WD-1a encountered the granitic body at the 

2,860 m depth, and drilled to the 3,729 m depth (Uchida et al., 1996; Muraoka et al., 

1998; Saito et al., 1998).  The well retrieved three spot-core samples of C11, C12 and 

C13 at depths of 2,938, 3,230 and 3,729 m at formation temperatures of 370 °C, 410 °C 

and 500-510 °C, respectively (Doi et al., 1998; Ikeuchi et al., 1998; Muraoka et al., 

1998; Saito et al., 1998; Sasaki et al., 2020). 

Petrography and mineralogy of the samples were examined by Doi et al. (1998), 

Sasaki et al. (2003) and Nakano et al. (2014).  C11 is granodiorite with weakly 

porphyritic texture, and has miarolitic cavities of about 5 mm in diameter (Ohtani et al., 

2000).  C12 is tonalite with granophyric texture.  C13 is tonalite with equigranular 

texture, and remains free interstitial spaces (Fujimoto et al., 2000b).  These granitic 

rocks are mainly composed of plagioclase, quartz, hornblende, and biotite with a small 

amount of K-feldspar.  C11 and C12 have weakly undergone the metamorphism (Doi 

et al., 1998).  A quartz vein less than 1 cm in width occurs in C12, and a quartz vein 

less than 2 cm in width is found in C13. 

Plagioclase occurs as euhedral to subhedral grains, and consists of 

irregular-shaped core with patchy zoning and mantle with oscillatory zoning.  The 

mantle is surrounded by albite-rich rims in C11 and C12, but not in C13.  K-feldspar 

occurs as interstitial grains, and exhibits perthite by exsolution of albite lamellae in C11 

and C12, but not in C13.  Quartz occurs as coarse to fine anhedral grains, and contains 

many fluid inclusions.  Quartz in C13 incudes tiny unidentified minerals and melt 

inclusions in addition to the fluid inclusions.  Hornblende occurs as euhedral to 

anhedral grains in C11 and C12 and subhedral to anhedral grains in C13.  Biotite 

occurs as coarse platy grains, and sparsely as fine flaky grains in C11 and C12.  
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Orthopyroxene and clinopyroxene are only found as inclusions in plagioclase and 

hornblende. 

In the previous works (Doi et al., 1998; Sasaki et al., 2003; Nakano et al., 2014), 

the presence of less- or non-altered constituent minerals such as K-feldspar without 

perthite, melt inclusion in quartz, and free interstitial space was identified as the 

petrographic feature of the high-temperature granite. 

 

 

4. CL observation 

 

Thin sections of the granitic rock samples were observed using a Nuclide® 

luminoscope at the Research Center of the Japan Petroleum Exploration Co. Ltd. under 

the operation conditions of acceleration voltage of 10 kV, excitation current of 0.8 mA, 

ambient pressure of 10-30 Pa under an atmosphere of He gas, and defocused area of 

5x5-15x15 mm2.  The CL photomicrographs were taken with a Fuji ISO 400 film at 

various exposure times from several seconds to several minutes (Figs 3, 4, and 5). 

Plagioclase, K-feldspar and quartz in the samples exhibited CL emission, but 

biotite and hornblende did not (Fig. 3a).  The plagioclase showed CL color of bright 

yellow at the core, pale yellow, green or blue at the mantle, and pink to red at the rim in 

C11 and orange at the rim in C12 and C13.  The K-feldspar showed CL color of bright 

blue.  The quartz showed CL color of blue, purple, and dark red, and exhibited the 

following primary and secondary CL textures. 

Quartz in C11 and C12 commonly showed monotone blue to purple CL color, 

but rarely displayed the following primary internal textures: a round-shaped core in 

relatively dark red color, only found in coarse grains (Fig. 3b); step zoning in 

transitional blue to dark red color, whose intervals were from 50 to 200 µm (Figs 3c, 

3d); and smudged heterogeneity in blue or dark red color in coarse grains.  Referring 
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previous works, the round-shaped core indicates the resorption of pre-existing quartz 

(D’Lemos et al., 1997; Müller et al., 2000; Peppard et al., 2001), and the step zoning 

(which is the gapped zoning with a >50 m width relative to oscillatory zoning with a 

2-20 m width) implies the crystal growth with a change in physicochemical condition 

of magma. (Watt et al., 1997; Müller et al., 2000).  Coarse quartz in C13 consisted of 

four zones (Fig. 3e): an irregular-shaped core in bright blue color (Q1), its surround in 

dark red to purple color (Q2), inner part adjacent to the grain edges in bright blue color 

(Q3), and the outermost part in dark red color (Q4).  The Q1 zone contained many tiny 

unidentified minerals and melt inclusions.  The Q3 zone commonly contacted with the 

mantle of plagioclase with pale blue color (arrow X in Fig. 3e), while the Q4 zone 

contacted with the rim of plagioclase with orange color (arrow Y in Fig. 3e).  Fine 

quartz in C13 commonly exhibited twice zoning by repeats of blue to dark red color 

(Figs 3e and 4c), indicating the repeated resorption and overgrowth.  Coarse quartz in 

C11 rarely showed the rounded shapes (Fig. 3f).  These lines of observation revealed 

that quartz grew at three stages, distinguished by resorbed core, overgrown main body 

(rarely with step zoning), and repeatedly resorbed and overgrown periphery (or fine 

grains). 

Quartz veins in C12 and C13 showed dark red CL color (Figs 4a and 4c).  The 

vein in C12 cut coarse quartz and plagioclase in the host rock, but the vein quartz had 

the similar crystallographic orientations to the host quartz (Figs 4a and 4b).  The vein 

in C13 appear to be continuous to the rims of the host quartz in CL color (Fig. 4c).  

Some coarse quartz consisted of fine grains with same crystallographic directions (Fig. 

4d), implying aggregation and coalescence of the fine grains. 

Quartz commonly exhibited many irregularly branched or curved lines under the 

CL observation (Fig. 5).  They were less than several tens of microns in width, and 

had a close relation to the alignment of fluid inclusions and tiny unidentified minerals, 

implying either origin of healed microfracture, recrystallized region, or alteration halo, 
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with reference to the previous works (Sprunt and Nur, 1979; Valley and Graham, 1996; 

Van den Kerkhof and Hein, 2001).  The areas of the lines in several individual quartz 

grains ranged from 3 to 34 % on the photomicrographs (Table 1).  Fluid inclusion 

itself exhibited no CL emission. 

 

 

5. Chemical analysis of quartz 

 

In general, CL emission of the felspar group is attributed to the intrinsic trace 

impurities (Mn2+ for yellow to green, Ti4+ for blue, and Fe3+ for red), while that of 

quartz is due to a variety of factors such as trace impurities (Ti4+ and Mn2+ for blue and 

Al3+, Na+ and water species for red), defects in crystal lattice, and mechanical 

deformation (Marshall, 1988; Walker and Burley, 1991; D'Lemos et al., 1997; 

Seyedolali et al., 1997).  Chemical composition of quartz in the studied samples was 

preliminarily examined for major elements using an electron probe microanalyzer 

(JEOL JXA 8800R) at the Geological Survey of Japan (GSJ) with the analytical 

conditions of acceleration voltage of 15 kV, current emission of 1.2x10-8 A, counting 

time of 20 s and correction method of Bence and Albee (1968), and water species using 

a Nicolet 550 Magna IR FT-IR spectroscopy with a NicPlan IR microscope at the GSJ 

with the analytical conditions of measured area of 20x20–52x52 µm2, scan range of 

450-6,000 cm-1, and scan time of 100 at a scan rate of 50 scan/min.  The object of the 

FT-IR micro spectroscopy was coarse quartz in doubly polished thin section with  

80-300 µm thickness, that was measured by a micro slide caliper with an accuracy of 

±1 µm. 

Quartz contained small amounts of Al and Ti (Table 2).  They were abundant 

at the main bodies with blue CL color compared to the peripheries with red CL color.  

An application of the Ti geothermometer of Wark and Watson (2006) indicated 
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formation temperatures of 836-903 °C and 700-735 °C at the former and latter parts, 

respectively, suggesting that magma decreased in temperature during the crystallization 

of quartz. 

Quartz showed four sharp peaks at 3,482, 3,433, 3,380 and 3,312 cm-1 in 

wavenumber in the FT-IR analysis (Fig. 6a).  They were assigned to Al3+ substituting 

Si4+ with the charge balanced by H+ and alkali-metal cations (Li+ and Na+) according to 

Aines and Rossman (1984).  The noisy peaks in wavenumber higher than 3,600 cm-1 

were due to influence of air during the analysis.  Molecular water generally exhibits a 

broad peak around 3,400 cm-1 in wavelength (Aines and Rossman, 1984; Kronenberg 

and Wolf, 1990), but was not clearly recognized in this study except parts with visible 

fluid inclusion.  Water contents were however hypothetically determined using the 

height of absorbance around 3,400 cm-1 in wavelength, as shown in Fig. 6a.  The 

determination followed the Lambert-Beer law with a molar adsorption coefficient of 8.1 

L mol-1 mm-1 (Aines and Rossman, 1984).  The water contents determined were 

between 30 and 100 ppm at parts in clear quartz without visible fluid inclusion nor tiny 

mineral.  The values were lower than those at parts in dusty quartz and quartz with 

visible fluid inclusions (Fig. 6b).  The values were higher than the water contents in 

pure quartz (several ppm: Paterson, 1986), and were lower than those in deformed and 

metamorphosed quartz (several thousand ppm: Nakashima et al., 1995). 

 

 

6. CSD measurement 

 

CSD of plagioclase and quartz found in thin sections of the granitic rock 

samples were determined according to Marsh (1988).  The photomicrographs taken 

under the optical microscopy were digitalized (Fig. 7a), and the crystals more than 0.1 

mm in size at least were picked up with its check under the optical microscopy.  The 
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areas of crystals were measured using a free software of ImageJ build at the National 

Institutes of Health, USA, in which the Analyze Particle command was available.  The 

sizes of crystals were expressed as diameters of circles with areas equivalent to the 

measured values.  The granitic rocks studied exhibited the 0.51-0.56 and 0.26-0.28 

area % of plagioclase and quartz on the digitalized photomicrographs of the thin 

sections, respectively (Fig. 7a).  The numbers of crystals per unit area on the thin 

sections were converted to the numbers of crystals per unit volume of the rocks through 

raising to 3/2 power, and the population density of crystals, that is the number of 

crystals in a given crystal-size class per unit volume, was determined (Fig. 7b).  The 

population density generally obeys the following equation (Marsh, 1988): 

n = n0 exp ( -L / G ) 

where n is the population density, n0 is the nucleation density, L is the crystal size, G is 

the crystal growth rate, and  is the crystal resident time.  The G is the characteristic 

length of the crystal. 

Numbers counted on each thin section of C11, 12, and 13 (Fig. 7a) were 3,060, 

2219, and 1,269 for plagioclase and 2,568, 994, and 750 for quartz, respectively.  

Plagioclase and quartz showed convex shapes in the population density curves (Fig. 7b), 

with peaks at crystal sizes (critical sizes) of 0.2-0.3 mm in C11 and C12 and 0.3-0.4 

mm in C13.  The curves were almost linear above the critical sizes, and appear to obey 

the CSD theory.  The linear intervals were relatively large in plagioclase compared to 

quartz.  The curves below the critical sizes exhibited positive slopes, possibly due to 

sorption and annealing of the fine crystals (Ostwald ripening); this effect appears to 

become intense from C11 through C12 to C13.  The n0 and G values were determined 

by fitting the above-mentioned equation (Table 3).  The n0 and G values 

systematically decrease and increase, respectively, with samples from C11 through C12 

to C13. 
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7. Numerical simulation on cooling of magma 

 

Solidification duration of magma is one of the most important parameters to 

influence on the petrographic texture of the solidified immobile rigid crust (Marsh, 

1989; 1996).  Numerical simulations in previous works indicated various solidification 

durations for the Kakkonda granitic magma: 0.03-0.04 Ma (Muraoka and Matsubaya, 

1994), 0.01 Ma (Hanano, 1998), 0.20 Ma (Shigeno, 2000), and 0.04-0.06 Ma (Ehara et 

al., 2001).  Solidification duration at each depth of core sampling in the well WD-1a 

was determined in this study using an analytical solution of one-dimensional conductive 

heat flow between two contact blocks with different temperatures (Carslaw and Jaeger, 

1959): 

(Tm (d, t) - Tr0) / (Tm0 - Tr0) = 1/2 (1 + erf (d / (2 √k t))) 

where Tm (d, t) is the temperature of magma at depth d and time t, Tm0 is the initial 

temperature of magma with an infinite thickness downward, Tr0 is the initial 

temperature of roof rock with an infinite thickness upward, and k is the thermal 

diffusivity.  Solidification durations at the depths of C11, C12 and C13 were 

determined to be about 520, 11,700 and 64,500 years, respectively, at the initial 

conditions of Tm0=1,000 °C, Tr0=100 °C, and k=0.01 cm2/s with solidification of 

magma at 700 °C (Fig. 8).  These values were almost concordant to the previous 

works, and became to be longer at deeper depths. 

The calculation, however, never attained the present-day temperatures in a 

reasonable duration because of the too gradual decrease in temperature below 600 °C.  

It should be then emphasized here that the formation of hydrothermal convection at the 

shallow depths forced the cooling of the granitic body, and consequently made the 

present-day thermal conduction zone with a steep gradient (32 °C/100 m: Ikeuchi et al., 

1998) at deep depths inside the granitic body. 



 

11 
 

 

 

8. Discussions 

 

The following petrographic features were identified in the Kakkonda granitic 

rocks in this study: (i) porphyritic texture with miarolitic cavities in C11 contrastive to 

the equigranular texture with free interstitial spaces in C13, (ii) crystal growth of quartz 

occurring at three stages (implied from the resorbed core, overgrown main body, and 

repeatedly resorbed and overgrown periphery), (iii) solidification duration of magma 

being slow in order with depth in the numerical simulation, and (iv) plagioclase and 

quartz indicating the decrease in nucleation density (n0) and increase in characteristic 

length (G) with depth.  Formation of these petrographic features during the cooling of 

magma and sequential granite was discussed below (Fig. 9). 

 

8.1 Primary textures during the cooling of magma 

Marsh (1989; 1996) defined the rigid crust as a crystallinity of >0.55, mush as 

0.25 to 0.55, and suspension as <0.25.  The granitic rocks studied exhibited the area % 

of 51-56 and 26-28 for plagioclase and quartz on the digitalized photomicrographs, 

respectively (Fig. 7a).  Then, plagioclase was possible to form a crystal network of the 

rigid crust by itself, but its timing and quartz contribution to the network might differ 

from the margin inward the granitic body as follows.  The solidification duration of 

magma became to be longer at deeper depths in the numerical simulation (Fig. 8).  It is 

one of the key reasons for the formation of porphyritic texture in C11 contrastive to the 

equigranular texture in C13.  This difference in texture should be ascribed into details 

by the nucleation and growth rates of crystals in magma.  Regarding the solidification 

durations of magma determined in the simulation to the crystal resident time () in 

magma, the crystal growth rate (G) and nucleation rate (J), that is defined by J=n0G in 
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the CSD theory (Marsh, 1988), were possibly calculated (Table 3).  The G and J 

values of plagioclase and quartz systematically decrease with depth from C11 through 

C12 to C13.  In C11, the G and J values of plagioclase were both faster than those of 

quartz, possibly forming a network of plagioclase crystals in magma followed by filling 

of interstitial spaces later with quartz crystals.  These G and J values was fast enough 

to partially prevent the escape of aqueous fluid exsolved from the magma, resulting in 

the formation of miarolitic cavities.  On the other hand, in C13, the G and J values of 

plagioclase and quartz were almost concordant to each other, possibly forming a texture 

composed equivalently of the plagioclase and quartz crystals, although the quartz 

occurred slightly behind the formation of the mantle of plagioclase (Fig. 3e).  These G 

and J values of C13 slower than those of C11 remained only free interstitial spaces in 

the solidified rock, instead of the miarolitic cavities as like the C11.  At the end during 

the solidification of magma, quartz repeatedly underwent the resorption and overgrowth, 

as recorded in the peripheries of coarse quartz and fine grains especially in C13 (Figs. 

3e and 4c).  It is attributed to the changes in physicochemical condition of residual 

magma such as temperature, pressure, and chemical composition.  Then, the residual 

magma filled with the interstitial spaces was not so stagnant from a viewpoint of 

interaction with respect to quartz.  The exsolution of aqueous fluid from the residual 

magma might also contribute to the changes in physicochemical condition of the 

residual magma. 

 

8.2 Secondary textures during the cooling of granite 

Two modifications of petrographic texture during the cooling of granite after the 

solidification of magma were recognized; they were the formation of perthite in 

K-feldspar with albitization of rims of plagioclase (Sasaki et al., 2003; Nakano et al., 

2014), and healed microfractures in quartz inferred from the many branched and curved 

CL lines in this study (Fig. 5).  The CL lines occupied large areas in individual quartz 
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crystals (Table 1).  They might enlarge in appearance in a geological time because the 

diffusivity of water species in quartz is fast at high temperatures: in a case of oxygen 

parallel to the c-axes of quartz to be 0.37-3.26 m/year at 450-600 °C and 0.44-4.55 

m/day at 700-900 °C (Giletti and Yund, 1984; Farver and Yund, 1991).  The 

microfracturing of quartz is believed to provide a potential pathway for fluid and heat 

transfer in granite (Sprunt and Nur, 1979).  Its effectiveness depends on the lifetime of 

microfractures in quartz.  It has been examined in previous works to be less than a 

year at 300-400 °C and 100 MPa in a heating experiment of a granite (Moore et al., 

1994) and less than 2 to 10 days at >550 °C and >50 MPa in a synthetic experiment of 

secondary fluid inclusions (Bodnar et al., 1985).  Fluid inclusions in quartz of the 

Kakkonda granitic rocks showed homogenization temperatures of 350-550 °C mostly 

(Ikeuchi et al., 1998; Komatsu et al., 1998).  Therefore, the microfractures identified 

in the studied quartz were never ceaseless, but taking into account of its number and 

areas, they might have provided an occasional pathway for fluid and heat transfer in a 

geological time.  Thermal contraction of quartz (typically, - quartz transition) is a 

cause of the microfracturing of quartz in granite (Sprunt and Nur, 1979; Müller et al., 

2002).  However, the above-mentioned homogenization temperatures of fluid incisions 

in quartz of the Kakkonda granitic rocks were apparently lower than the - quartz 

transition temperature of 574 °C (Skinner, 1966), and rather indicate the 

microfracturing of quartz occurring with a relation to the formation of thermal 

conduction zone inside the granitic body.  The Kakkonda granitic rocks remained the 

free interstitial spaces of 2.2-3.5 vol.% (Fujimoto et al., 2000b).  They were filled with 

saline aqueous fluid (Kasai et al., 1998), and had a fluid pressure of 50 MPa at the 

bottom level of the well WD-1a (Fujimoto et al., 2000a); the value was in a transition 

between the hydrostatic and lithostatic fluid pressures.  The transition is also a result 

of the formation of the thermal conduction zone in the granitic body.  The gradient in 

fluid pressure in the thermal conduction zone might support the upward migration of 
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aqueous fluid through the granitic body in a geological time, as well as the remained 

free interstitial spaces in the granitic body. 

 

 

9. Conclusions 

 

The deep-seated Kakkonda granite is the heat source of the Kakkonda 

geothermal field, northeast Japan.  Three granitic rocks collected by the deep 

geothermal research well WD-1a were petrographically examined in order to 

understand the solidification process of the Kakkonda granitic magma chamber, for 

which the CL observation and CSD measurement of the rocks were performed in this 

study. 

The results of this study presented the following knowledge on the solidification 

process of a granitic magma chamber.  Solidification duration of magma was the most 

important factor for the formation of petrographic texture in granite.  The duration 

affected the nucleation and growth rates of plagioclase and quartz.  They became slow 

from the margin inward the Kakkonda granitic body, resulting in the formation of 

porphyritic texture with miarolitic cavities to equigranular texture with free interstitial 

spaces from the margin inward the granitic body.  The crystal network of the rigid 

crust was formed predominantly by crystallization of plagioclase followed by 

crystallization of quartz at a shallow level, while it was formed equivalently by 

crystallization of both the plagioclase and quartz at a deep depth, based on the 

nucleation and growth rates of the minerals determined.  Quartz in the granitic rocks 

consisted of the resorbed core, overgrown main body, and repeatedly resorbed and 

overgrown periphery, indicating crystal growth of quartz at three stages, in which the 

magma was interactive with respect to quartz due to the changes in physicochemical 

condition of the magma, especially at the end during the solidification of magma.  
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Quartz in the granitic rocks recorded many healed microfractures.  They occurred 

mainly with a relation to the formation of the thermal conduction zone inside the 

granitic body.  The microfractures might provide a sporadic pathway for fluid and heat 

transfer in the granitic body in a geological time. 

The result of this study might be helpful for a better understanding of the 

solidification process of a granitic magma chamber emplaced at a shallow level in the 

crust. 
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Tables 

 

Table 1  Areas of the CL lines identified in quartz on the photomicrographs. 
Samples

C11 14.53 15.07 12.29 15.17 17.51 -

C12 3.84 22.58 34.03 17.83 33.27 18.92

C13 16.70 11.00 22.41 21.68 18.63 -

Area %

 

 

Table 2  Chemical composition of quartz in C13. 

No. SiO2 Al2O3 TiO2 Na2O K2O CaO MgO FeO MnO Total T. (
o
C)

main bodies with blue CL color
9 99.29 0.03 0.05 0.02 - - - - - 99.40 903

10 99.83 0.01 0.03 0.02 0.01 - - 0.05 0.01 99.95 836
peripheries with red CL color 

11 99.11 0.01 0.02 0.01 - 0.00 - 0.08 0.01 99.23 735
12 99.06 0.002 0.01 - 0.02 - - 0.08 - 99.17 700

Note, T.(
o
C): calculated by the Ti geothermometer of Wark and Watson (2006).  

 

Table 3  Parameters of the CSD theory determined in this study. 
Ln (n0) (/mm4) G (mm)  (yr)* G (mm/s) J (N/mm3 s)

Pl C11 4.1 0.17 520 1.0E-11 6.5E-10
C12 4.0 0.17 11700 4.5E-13 2.4E-11
C13 2.8 0.21 64500 1.0E-13 1.6E-12

Qz C11 5.4 0.10 520 6.4E-12 1.3E-09
C12 2.5 0.16 11700 4.3E-13 5.2E-12
C13 2.2 0.21 64500 1.0E-13 9.5E-13

Note: n0, nucleation density; G, crystal growth rate;  crystal resident time;  J, crystal nucleation rate;

and *, determined in Fig. 8.

Samples

 



 

 

Figures 
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Fig. 1  Locality of the Kakkonda geothermal field, northeast Japan (modified after 

Kato and Sato, 1995 and Doi et al., 1998).  The contours indicate the top of the 

Kakkonda granitic body (in relation to the sea level).  Arrows with “A” and 

“B” correspond to the cross section in Fig. 2. 

 

 



 

 

 

Fig. 2  A cross-section of the Kakkonda geothermal field, corresponding to the A-B 

line in Fig. 1 (simplified after Kato et al., 1993 and Doi et al., 1998).  

Abbreviations of Bt and Crd indicate the shallowest appearance depths of the 

metamorphic biotite and cordierite, respectively. 

 



 

 

 

Fig. 3  CL photomicrographs of the primary petrographic textures. 

(a) plagioclase showing CL colors in yellow at its core, green at its mantle, and 

red at its rim, K-feldspar in bright blue, and quartz in dark blue to purple (C11).  

(b) Coarse quartz having a round-shaped core in dark red CL color (arrow) and 

many irregularly branched and curved CL lines in dark red color (C12).  (c) 

Coarse quartz with step zoning in a transitional CL color from blue to dark red 

(arrow) (C12).  (d) Coarse quartz with step zoning (arrows) (C11).  (e) Coarse 

quartz consisting of four zones (C13): an irregular-shaped core in bright blue 



 

 

color (Q1), its surround in dark red to purple color (Q2), inner part adjacent to 

the grain edges in bright blue color (Q3), and the outermost part in dark red 

color (Q4), in which the Q3 zone contacts with the mantles of plagioclase in 

pale blue CL color (arrow “X”) and the Q4 zone contacts with the outermost 

parts of plagioclase in orange CL color (arrow “Y”).  (f) Coarse quartz 

exhibiting round shapes (C11).  Abbreviations: Hbl, hornblende; Kfs, 

K-feldspar; Pl, plagioclase; and Qz, quartz.  Scale bar: 1 mm. 



 

 

 

Fig. 4  CL photomicrographs of the secondary petrographic textures. 

(a) quartz vein cutting the host coarse quartz and plagioclase (C12).  Square 

part enlarged in Fig. 4b.  (b) quartz vein in the square part of Fig. 4a taken 

under the optical microscopy in the crossed-nicol state, where the vein and host 

quartz have same crystallographic directions.  (c) a contact part between quartz 

vein and host rock in (C13), where the vein and outermost parts of host quartz 

shows a same CL color.  (d) coarse quartz composed of fine grains with same 

crystallographic directions (surrounded by a white marker) (C13).  

Abbreviations: Kfs, K-feldspar; Pl, plagioclase; and Qz, quartz; and v.Qz, vein 

quartz.  Scale bar: 1 mm. 

 



 

 

 

Fig. 5  CL and optical photomicrographs of the quartz in left and right sides, 

respectively. 

(a) and (b) C11, (c) and (d) C12, and (e) and (f) C13.  Arrows indicate fluid 

inclusions.  Scale bar: 0.1 mm.  The CL emission was observed using a 

JSM-6300 scanning electron microprobe attached an optical microscopic 

window and a cooling stage (Tsukamoto, 1994) under operation conditions of 

acceleration voltage of 30 kV, excitation current of 2-20 µA, stage temperature 

of –194 °C, ambient pressure of 6.6x10-4 Pa, and defocused area of 

0.01x0.01-0.12x0.18 cm2, and was taken with Fuji ISO 1600 films at various 

exposure times. 



 

 

 

Fig. 6  Result of the micro FT-IR analysis of quartz. 

(a) absorbance in wavenumber.  Arrow indicates a height of absorbance around 

3,400 cm-1, which was used for the calculation of water content in quartz.  (b) 

water contents at various parts in quartz.  The term “FI” means fluid inclusion. 



 

 

 

Fig. 7  Result of the CSD measurement. 

(a) digitalized images of thin sections (gray: plagioclase, black: quartz).  (b) 

population density curves of plagioclase and quartz. 



 

 

 

Fig. 8  Thermal profiles of a cooling magma determined through a numerical 

simulation, whose initial calculation conditions were in the context. 

Temperature profile of the well WD-1a was cited from Ikeuchi et al. (1998). 



 

 

 

Fig. 9  Schematic formation of petrographic texture during cooling of the magma and 

sequential granite for the Kakkonda granite. 
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