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Abstract The three-dimensional spatial variations in the
cooling pattern of the Toki granitic body, a zoned pluton in
Central Japan, have been evaluated quantitatively by
thermochronology using cooling age determination based
on the different closure temperatures for target mineral
species. The Toki granite has hornblende K—Ar ages of
about 74.3 £ 3.7 Ma (N = 2; closure temperature of
510 +£ 25°C), biotite K—Ar ages of 78.5 £ 3.9 to 59.7 &+
1.5 Ma (N = 33; 300 & 50°C), and zircon fission-track
ages of 75.6 £3.3 to 52.8 £2.6 Ma (N = 44; 240 +
50°C). The spatial variation in the biotite K—Ar age is
similar to that in the zircon fission-track age in samples
collected from 11 boreholes and seven outcrop sites in the
Toki granite, indicating that cooling was effectively from
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the roof and also from the northwest margin. This cooling
pattern shows a strong correlation with the Alumina Sat-
uration Index (ASI) distribution of the body. Larger ASI
values correspond to earlier and more rapid cooling after
emplacement and smaller value to slower cooling. Toki
granite was effectively cooled from the peraluminous
regions where assimilation of country sedimentary rock
was most extensive.

Keywords Cooling process - Granitic pluton -
Thermochronology - K—Ar dating - Fission-track dating -
Toki granite

Introduction

Thermochronology, which is based on multiple dating
methods utilizing different closure temperatures for target
minerals, is a powerful tool for quantifying a cooling
process of a granitic body. The cooling process such as
direction of heat release and the cooling rate will give
important information about the size and configuration of
the pluton in the crust and also about the depth of the
intrusion, some of which can be evaluated independently
by geological and petrological methods. Knowledge of the
cooling also has potential practical application in under-
standing the distribution of fractures (e.g., cooling joints)
and the hydrothermal circulation in a pluton.

The application of thermochronometry to one particular
sample (i.e., one particular position) inside the granite can
clarify the “sub-solidus temperature—time path” that the
plutonic rock has undergone. Additionally, the application
of thermochronology to multiple samples widely collected
from a granite, i.e., “multi-sampling thermochronology,”
can reveal the three-dimensional cooling pattern of a pluton
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through the spatiotemporal change of temperature inside
the body. There has been a lot of discussion about cooling
rate and uplift history of granitic bodies based on ther-
mochronology (e.g., Dodson and McClelland-Brown 1985;
Hurford 1986; Yuhara and Kagami 1995; Tsuchiya and
Fujino 2000; Umeda et al. 2001; Zhao et al. 2004). How-
ever, there have been few attempts to clarify the three-
dimensional cooling pattern of an individual pluton. Only a
few studies based on “multi-sampling thermochronology”
investigated vertical (e.g., Harayama 1992, 1994; Eby et al.
1995) or horizontal variations (e.g., Bando et al. 2003;
Oikawa et al. 2006) of the cooling process. Harayama
(1992, 1994) described vertical variations in cooling rate of
the Plio-Pleistocene Takidani Granodiorite, Central Japan.
He showed that there was a difference in the cooling rate
between higher and lower levels in the granodiorite based
on biotite, K-feldspar and hornblende K—Ar dating, and
zircon fission-track dating for four samples collected from
various levels. Oikawa et al. (2006) described the hori-
zontal variations in the cooling pattern of the Miocene
Ichifusayama Granodiorite, Kyushu, Japan. They suggested
an unusual manner of cooling such that the rate of cooling
from 300 to 100°C in the central part of the body was about
100°C/m.y., i.e., faster than that in the periphery, based on
biotite K—Ar, zircon fission-track, and apatite fission-track
dating for four samples. Oikawa et al. (2006) concluded
that the influence of paleotopography resulted in the
anomalous cooling pattern inside the body.

This study investigated the three-dimensional cooling
pattern in a granitic body, the Toki granite, Central Japan
(Fig. 1), by employing “multi-sampling thermochronolo-
gy.” The Toki granite is a good example for such a study
because the petrography was already described by Yuguchi
et al. (2010) and the rock mass is clarified to have solidified
as a zoned pluton of Late Cretaceous age. Nineteen bore-
holes were drilled in the Toki granite (Fig. 2a) by Japan
Atomic Energy Agency (JAEA) for the “Regional
Hydrological Study (Japan Nuclear Cycle Development
Institute 2000)” and for the “Mizunami Underground
Research Laboratory Project (Japan Nuclear Cycle Devel-
opment Institute 2002).” The borehole lengths range from
about 500 m to 1,300 m. Samples collected from 11
boreholes and seven outcrops in the Toki granite display
spatial variations in mineral ages within the body in three
dimensions (Fig. 2a), which can be related to difference in
cooling rate of the magmatic body. Availability of these
samples allows placing accurate constraints on the three-
dimensional cooling process of the Toki granite using
“multi-sampling thermochronology.”

Good indicators of low-temperature closure thermochr-
onometry in granite include biotite K—Ar dating and zircon
fission-track dating. The data are mapped according to
horizontal location and vertical elevation within the body.
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Fig. 1 Location map showing the Toki granite (Tono district; square
symbol) in Central Japan, together with the distribution of San-in,
Sanyo and Ryoke Belts in the Inner Zone of Southwest Japan, after
Ishihara and Chappell (2007)

The cooling patterns of the Toki granite at the temperature
of biotite K—Ar closure (300 &= 50°C) and zircon fission-
track closure (240 £ 50°C) stages, respectively, are eval-
uated based on the spatial variations in the data.

The Toki granite

The southwest Japan is divided by the Median Tectonic
Line (M.T.L.) into Inner and Outer Zones (Fig. 1). Igneous
rocks of Cretaceous to Palacogene age in the Inner Zone of
Southwest Japan occur in the parallel, northeast—southwest
oriented Ryoke, Sanyo and San-in Belts (Ishihara 2003).
The Toki granite in the Tono district, Gifu, Central Japan,
is one of the Late Cretaceous plutonic bodies of the Sanyo
Belt (Ishihara and Chappell 2007; Fig. 1) and has been
dated at 68.3 £+ 1.8 Ma (monazite chemical Th-U-total Pb
isochron method (CHIME): Suzuki and Adachi 1998) and
72.3 4+ 3.9 Ma (whole-rock Rb-Sr: Shibata and Ishihara
1979).

The Toki granite is a nearly circular stock, with
14 x 12 km? in areal extent (Yamada et al. 1990) and
vertical thickness of at least 1.5 km based on borehole
investigation. The Toki granite intruded into Jurassic sed-
imentary rocks (the Kamiasou Unit) of the Mino Terrane
(Sano et al. 1992) and into the Nohi Rhyolite (85 £+ 5 Ma
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Fig. 2 The Toki granitic pluton. a Geological map of the Tono
district showing the Toki granite, after Itoigawa (1980), and borehole
and outcrop sites in this study. The topographic contour inside the
Tono district is based on Geographical Survey Institute, 1:25,000
topographic maps entitled Ontake, Takenami, Toki, and Mizunami.

of allanite CHIME; Suzuki et al. 1998; Fig. 2a). The Toki
granite is surrounded by the sedimentary rocks of the Mino
Terrane on the north and west and the Sumikawa granite on
the south and the Nohi Rhyolite on the east (Yamashita
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b Rock facies cross-section for the Toki granite along the line from
X to X' in the topography map (a); Ms-Bt granite, Muscovite-biotite
granite; Hb-Bt granite, hornblende-biotite granite; Bt granite, biotite
granite (Yuguchi et al. 2010)

et al. 1988). The intrusive contacts between the Toki
granite and the sedimentary rocks of the Mino Terrane are
sharp and observed at an outcrop (N69°W 65°S) about
1 km north of the study area (Asia Air Survey 1997) and

@ Springer



1066

Contrib Mineral Petrol (2011) 162:1063-1077

also in a borehole DH-6 (N38°W 44°E at the elevation of
52.3 m). The pelitic and psammitic rocks of the Mino
Terrane were metamorphosed to hornfels by the Toki
granitic magma (Yamashita et al. 1988). The Toki granite
is overlain unconformably by the Miocene Mizunami
Group and the Pliocene Seto Group (Itoigawa 1974, 1980).
The Toki granite and the Mizunami Group are cut by the
Tsukiyoshi fault, a reverse, dip-slip fault with an approxi-
mate N80°W strike and 65-75°S dip (Yamashita et al.
1988; Ota et al. 1999). The Tsukiyoshi fault has been active
intermittently since its formation in the Miocene up to the
formation of Pliocene Seto Group (Fujii 2000).

The Toki granite is characterized by systematic spatial
changes in rock facies (mode and mineral assemblage) and
corresponding change in bulk chemical compositions and
is interpreted to be a zoned pluton (Yuguchi et al. 2010).
The rock facies grades from muscovite-biotite granite
(MBG) at the margin through hornblende-biotite granite
(HBG) to biotite granite (BG) in the interior (Fig. 2b). The
boundaries of three rock facies are defined by the appear-
ance (MBG/HBG) and disappearance (HBG/BG) of horn-
blende without accompanying chilled margin. The
systematic change in the Alumina Saturation Index (ASI)
values (mol. Al,O3/(CaO + Na,O + K,0)) from the
MBG through HBG to BG corresponds to a systematic
variation in the bulk chemistry from peraluminous at the
margin to metaluminous in the interior. The Fe*t/Fe®"
ratios gradually increase from MBG through HBG to BG,
corresponding to a systematic change from ilmenite-series
at the margin to magnetite-series in the interior (Yuguchi
et al. 2010). This study employed hornblende, biotite, and
zircon for the thermochronometry. Hornblende only occurs
in the HBG, whereas biotite and zircon commonly occur
throughout the Toki granite.

Samples and analytical procedures

Samples used for this study were collected from 11 bore-
holes and seven outcrops (Fig. 2a) in order to examine the
spatial variation in mineral ages in the cooling magma
chamber. Hornblende, biotite, and zircon were separated
from rock samples by a combination of grain size separa-
tion, magnetic separation using a Franz isodynamic sepa-
rator, and density separation using conventional heavy
liquid. Their representative compositions are listed in
Table 1. Two data are obtained for hornblende K—Ar age,
33 data for biotite K—Ar age, and 44 data for zircon fission-
track age (Tables 2, 3, 4).

The potassium and argon analyses were carried out at
the Hiruzen Institute for Geology and Chronology Co. Ltd,
Geospace Science Co. Ltd and Allegheny Technologies
Japan Co. Ltd. Radiogenic argon concentrations were
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analyzed with an isotope dilution mass spectrometer
(Kratos MS-10S and AEI MS-10) following the technique
of Dalrymple and Lanphere (1969). Potassium was deter-
mined with a flame emission spectrophotometry utilizing
an internal standard. The isotopic ages of the samples were
calculated using the standard K—Ar age equation (Dal-
rymple and Lanphere 1969; Dalrymple et al. 1999) with
2o = 0.581 x 107 ""/year, iy = 4.962 x 10~'"/year and
“OK/K = 0.0001167 of Steiger and Jiger (1977). The
analytical uncertainties associated with the age determi-
nation were calculated using the method of Cox and Dal-
rymple (1967). K—Ar closure temperatures in this study are
based on Dodson and McClelland-Brown (1985) as fol-
lows: 510 &£ 25°C for hornblende and 300 % 50°C for
biotite.

Fission-track dating was carried out at Kyoto Fission-
Track Co. Ltd, using zeta calibration method based on
recommendation by the [.U.G.S. Subcommission on Geo-
chronology (Hurford 1900a, b). The density of spontaneous
fission-tracks generated by **®U decay in a mineral is
proportional to the age and the **U content of the sample.
The fission-track age are obtained by the following
equation:

1 Ps
T—Eln<1+iD'8'C'Z'Pd)
where T = age, Ap = total decay constant of 238U,
g = geometry factor depending on detector type (Gleadow
and Lovering 1977), { = zeta calibration factor, py/
p; = spontaneous/induced fission-track density ratio in the
sample, and py = density of induced fission-track mea-
sured on the detector place in intimate contact with the
glass monitor. Zircon samples were analyzed by the
external detector method (ED1, internal mineral surface)
using the geometry factor of 0.5 (Gleadow 1981). Zircons
were etched in a NaOH and KOH eutectic mixture (Glea-
dow et al. 1976). Thermal irradiations of samples were
carried out in the Rotary Speciment Rack of the TRIGA
MARK II reactor at Rikkyo University and in the PN site
of the JRR-4 reactor of JAEA. Fission-track ages were
determined based on the zeta calibration approach descri-
bed by Hurford and Green (1983). The total decay constant
of U is Ap = 1.55125 x 10 '“/year (Steiger and Jiger
1977). Zeta calibration factors of zircon for EDI are
{ep1 = 352 £ 3 (Danhara and Iwano 1983) for Rikkyo
University reactor and {gp; = 380 £ 3 (Danhara et al.
2003) for JRR-4 reactor. The errors in zeta values are given
to one sigma. Closure temperature for zircon fission-track
dating is 240 £ 50°C based on Dodson and McClelland-
Brown (1985).

Characterization of zircon fission-track length mea-
surements was also carried out for nine samples to test
possible rejuvenation by massive reheating during the
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Table 1 Representative analyses of hornblende, biotite, and zircon from the Toki granite

Mineral Hb Hb Bt Bt Zr Zr
Sample no. DH13-15 DH13-15 MIU2-34 MIU2-34 MIU2-13 MIZ1-23
Elevation —216.00 m —216.00 m —496.72 m —496.72 m —85.72 m —1,010.29 m
Location 03-core 03-rim 04-core 04-rim 02-core 03-core
(wt%)

SiO, 39.16 40.01 33.90 33.97 32.70 31.76
TiO, 0.61 1.11 3.89 3.20 - -
Al,O4 9.91 9.20 14.65 14.66 - -
FeO 27.69 28.03 29.20 29.01 - -
MnO 1.90 1.77 1.04 1.01 - -
MgO 2.83 3.04 3.86 3.71 - -
CaO 10.31 10.30 - - - -
Na,O 1.95 1.90 0.42 0.45 - -
K,O 1.15 0.96 9.63 10.11 - -
71O, - - - - 64.40 58.04
HfO, - - - - 1.32 2.21
P,05 - - - - - 1.91
ThO, - - - - - 2.07
U0, - - - - 0.87 2.53
Total 95.51 96.32 96.59 96.12 99.29 98.52
(atm)

(0] 23 23 22 22 4 4

Si 6.46 6.53 5.44 5.49 1.00 0.99
Ti 0.08 0.14 0.47 0.39 - -
Al 1.93 1.77 2.77 2.79 - -
Fe 3.82 3.83 3.92 3.92 - -
Mn 0.27 0.24 0.14 0.14 - -
Mg 0.70 0.74 0.92 0.89 - -
Ca 1.82 1.80 - - - -
Na 0.62 0.60 0.13 0.14 - -

K 0.24 0.20 1.97 2.08 - -
Zr - - - - 0.97 0.88
Hf - - - - 0.01 0.02
P - - - - - 0.05
Th - - - - - 0.01
U - - - - 0.01 0.02
Total 15.94 15.85 15.76 15.84 1.99 1.98

Table 2 Hornblende K—Ar dating results from the Toki Granite

Sample description Rock facies® Sample location and elevation K (wt%) Rad.*°Ar Age (Ma) + lo
Borehole (B)/ Sample name X (northing) Y (easting) Elevation (m) (scc/gm x 1073) (wt%)

outcrop (O)

(¢} Mitake KA-5Hbg MBG —63,940.0 350.0 290.0 1.25 0.37 73.6 746 £ 3.7

o Mitake KA-5Hby MBG —63,940.0 350.0 290.0 0.82 0.24 675 739+37

# Rock facies of the Toki granite includes muscovite-biotite granite (MBG), hornblende-biotite granite (HBG), and biotite granite (BG)
cooling process, which were collected from three boreholes  density. Track length measurement (track number, mean,

of DH-2, 10 and MIZ-1. Annealing will shorten the fission- maximum and minimum length, standard deviation, and
track length, thus yielding a decrease in fission-track  standard error) gives quantification of the shortening and
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Table 3 Biotite K—Ar dating results from the Toki Granite

Sample description

Rock facies® Sample location and elevation

K (wt%) Rad. *°Ar Age (Ma) £ lo

Borehole (B)/
outcrop (O)

Sample name

X (northing) Y (easting) Elevation (m)

(scc/gm x 107%) (wt%)

B DH-2 DHO2RA01  HBG —69,125.0 6,437.4
B DH-2 DHO2RA03  BG —69,125.0 6,437.4
B DH-3 DH3-1 MBG —64,489.2 4,416.3
B DH-3 DH3-2 MBG —64,489.2 4,416.3
B DH-8 FT-5 MBG —66,002.9 1,871.9
B DH-8 FT-6 MBG —66,002.9 1,871.9
B DH-8 FT-7 MBG —66,002.9 1,871.9
B DH-8 FT-8a MBG —66,002.9 1,871.9
B DH-8 FT-8b MBG —66,002.9 1,871.9
B DH-10 DHI10 MBG —63,7452  10,945.7
B DH-10 DHIORA MBG —63,745.2  10,945.7
B DH-11 DHI11-1 BG —67,285.4 7,560.5
B DH-11 DHI11-2 BG —67,285.4 7,560.5
B DH-12 DHI12 MBG —70,695.4 3,935.0
B DH-13 DHI13 HBG —65,324.7 8,625.8
B MIU-1 KA-1bi HBG —68,280.3 5,217.4
B MIU-1 KA-2Bi HBG —68,280.3 5,217.4
B MIU-I KA-3Bi BG —68,280.3 52174
B MIU-1 KA-4Bi BG —68,280.3 5,217.4
B MIU-4 MIU-4FT2-02 HBG —68,292.5 5,353.0
B MIU-4 MIU-4FT3-02 HBG —68,268.7 5,376.7
B MIU4 MIU-4FT5-02 HBG —68,237.2 5,408.2
B MIUA4 MIU-4FT6-02 HBG —68,243.9 5,401.5
B MiIZ-1 MIZOIRAO1 HBG —68,867.7 6,503.7
B MiIZ-1 MIZ0O1RAO3 HBG —68,867.7 6,503.7
B MiIZ-1 MIZO1RAO5 HBG —68,825.1 6,546.3
O Mitake KA-5Bi MBG —63,940.0 350.0
O Fukazawa KA-6Bi MBG —60,947.9 6,706.5
O Kamado KA-7Bi MBG —65,670.0 12,380.0
O  Garaishi KA-8Bi MBG —66,730.0 3,535.0
O Tsukiyoshi KA-9Bi HBG —69,385.0 5,885.0
O Jorinji KA-10Bi MBG —68,827.5 3,162.5
O Tokiguchi KA-11Bi MBG —72,025.0 390.0

—185.0 7.18 2.06 962 723 £1.8
—302.1 7.10 2.06 947 73.0+£1.8
77.0 6.24 1.86 922 750+£19
—479.7 5.80 1.68 89.2 731+ 138
473 5.87 1.69 982 729+1.8
—88.2 6.57 1.87 96.8 71.8 1.6
—439.6 6.37 1.84 984 730x£16
—610.7 6.46 1.86 984 729+ 1.7
—739.7 6.44 1.86 984 729+ 1.7
196.2 6.95 2.04 953 740+ 1.8
—256.2 6.86 1.96 947 720+ 1.8
—-116.7 2.62 0.69 88.6 663+ 1.7
—411.9 6.35 1.82 944 723 +£18
—246.7 6.98 2.07 956 745+£19
=710 6.22 1.83 953 739+ 18
108.6 4.64 1.37 90.7 741 £3.7
—261.9 6.74 2.02 953 750 %38
—360.9 6.61 1.97 89.6 749 £3.7
—520.1 6.28 1.84 90.6 73.6 £3.7
-98.5 2.27 0.54 519 60.1 £15
-176.2 1.34 0.33 73.0 63.1+1.6
—279.3 1.20 0.28 60.8 59.7+£15
—257.2 3.24 0.79 885 614%15
95.7 6.97 1.98 958 715+ 1.8
23.7 6.74 1.96 946 731+£18
—69.9 7.03 2.01 955 721 +£1.8
290.0 7.06 2.20 912 785 %39
290.0 7.02 2.16 913 773 +£39
268.0 7.09 2.01 89.8 714 +3.6
330.0 6.90 2.11 91.1 769 £ 3.8
179.0 5.96 1.78 932 752 +£38
230.0 6.49 1.96 82.0 759 £38
130.0 6.24 1.94 91.6 783 39

# Rock facies of the Toki granite includes muscovite-biotite granite (MBG), hornblende-biotite granite (HBG), and biotite granite (BG)

distribution shift in track length, based on comparison with
standard fission-track length sample (Fish Canyon Tuff:
reheating-free sample).

Thermochronology: K-Ar dating and fission-track
dating
The results of the K—Ar dating and fission-track dating for

minerals are listed in Tables 2, 3, and 4. Hornblende K—Ar
ages are about 74.3 £ 3.7 Ma (Fig. 3). Biotite K—Ar ages
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range from 78.5 £ 3.9 to 59.7 £ 1.5 Ma, with a distribu-
tion of approximately 20 Ma (Fig. 3). The zircon fission-
track ages range from 75.6 £ 3.3 to 52.8 + 2.6 Ma, with a
scatter of 23 Ma (Fig. 3). Characterization of zircon fis-
sion-track length measurements gives almost the same
results for nine samples, which show normal frequency
distribution ranging from 5 to 12 pum (Table 5; Fig. 4).
Mean fission-track length clusters range from 10 to 11 um
with a single frequency peak (Fig. 4). This result indicates
that the ages do not represent rejuvenation by massive
reheating during the cooling process.
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Fig. 3 Age distribution against closure temperatures. Closure
temperatures of the three minerals are from Dodson and McClel-
land-Brown (1985) and Hurford (1986): hornblende, K-Ar
510 £ 25°C; biotite, K-Ar 300 *+ 50°C; zircon, Fission-track
240 £ 50°C. Red and blue dash arrows denote the sub-solidus
temperature—time path of DH-11 —411.9 m elevation (central region
of the granite body) and DH-8 —439.6 m elevation (northwest
margin), respectively

converted to 3-D data for visualization using the software
Rock Works 14®.

MBG possesses biotite K-Ar age ranging from
78.5 =39 to 71.4 + 3.9 Ma (N = 16) and zircon fission-
track age from 75.6 £ 3.3 to 52.8 &+ 2.6 Ma (N = 20)
(Tables 3, 4). HBG shows the biotite age varying from
752 £3.81t059.7 &+ 1.5 Ma (N = 12) and the zircon age

Table 5 Characterization of zircon fission-track length measurements

from 64.3 £ 3.2 to 54.6 £ 2.4 Ma (N = 19). BG presents
the biotite age ranging from 74.9 + 3.7 to 66.3 £+ 1.7 Ma
(N=15) and the zircon age from 64.1 £2.7 to
57.2 £ 2.3 Ma (N = 5). The oldest ages in both datings
are recognized in MBG. Figure 5SA and B show the con-
toured spatial distribution of biotite K—Ar ages and zircon
fission-track ages, respectively, on fence and block dia-
grams. Vertical elevations given in the text are with respect
to the mean sea level, not the depth from the topographic
surface, i.e., positive/negative value denotes upper/lower
region with respect to the mean sea level, respectively. This
allows a comparison of the age data in terms of the vertical
coordinate (elevation). The distribution of biotite K—Ar
ages has the same tendency as that of the zircon fission-
track ages. The youngest ages (warm colors) are found in
the deeper regions of the MIU sites, and the oldest ages
(cold colors) are distributed at the northwest upper margin
of the pluton (Fig. 5A, B). The biotite K—Ar dating gives
ages of 614 + 1.5Ma in the central deeper region
(—257.2 m elevation of MIU-4) and of 72.9 &+ 1.8 Ma at
the northwest upper margin (47.3 m elevation of DH-8)
(Table 3). Table 4 shows the zircon fission-track ages of
58.9 £ 2.7 Ma in the central deeper region (—520.1 m
elevation of MIU-1) and of 68.7 4+ 2.8 Ma at the northwest
upper margin (50.8 m elevation of DH-6). The zircon
fission-track age indicates that the Toki granite effectively
cooled from the roof and the northwest margin from 75 to
65 Ma (Fig. 5B). Then the northeast margin cooled down
in the period from 65 to 61 Ma (Fig. 5B) followed by the
southern and central regions (boreholes MIU-1 to -4) from
61 to 55 Ma (Fig. 5B). These data show that the cooling
started from the roof and the northwest margin of the Toki
granite and then extended to the northeast and further to the
central and southern regions.

Sample description Age (Ma) + lo Track Fission-track length

Borehole Sample number Mean (pm) Min. (um) Max. (pm) Standard Standard
(B)/standard (S) name deviation error
B DH-2 RAO1 63.9 + 2.6 50 10.54 7.59 11.65 0.62 0.09
B DH-2 RAO3 572 +23 50 10.54 8.24 11.83 0.83 0.12
B DH-10 DHI0RA 69.7 £2.5 50 10.43 5.12 11.83 1.16 0.16
B MIZ-1 RAO1 595 +£22 50 10.27 5.30 11.89 1.14 0.16
B MIZ-1 RAO3 625 +24 50 10.47 8.35 11.88 0.66 0.09
B MIZ-1 RAOS 56.3 + 2.1 50 10.56 6.88 11.97 0.88 0.12
B MIZ-1 RAO7 571 +£22 50 10.40 6.34 11.96 0.88 0.12
B MIZ-1 RAO8 575+23 50 10.06 5.68 11.66 1.32 0.19
B MIZ-1 RA09 643 + 32 50 10.26 7.58 11.86 0.91 0.13
S Fish Canyon Tuff - 50 10.66 9.35 12.73 0.67 0.10
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Fig. 4 Frequency distribution of zircon fission-track length in three
samples (a DH-2 RAOI, b MIZ-1 RAOl, and ¢ MIZ-1 RAO03)
collected from the Toki granite (*S.D. standard deviation, **S.E.
standard error)

Discussion

Duration of cooling from biotite K—Ar closure
temperature to zircon fission-track closure temperature

“Sub-solidus temperature—time path” at the particular
position inside the Toki granite could be identified by
comparing biotite K—Ar age and zircon fission-track age at
any particular position (Fig. 3). The gradient of tempera-
ture—time path depends on the position inside the granite,
as the two representative cooling paths are schematically
shown in Fig. 3: DH-11 (—411.9 m elevation at the central
region of the granite body) and DH-8 (—439.6 m elevation
at the northwest margin). Figure 6A shows a more detailed
temperature—time relationship between biotite K—Ar and

@ Springer

zircon fission-track ages in the two samples. The difference
between the two ages at one particular position (or two
positions within 5 m) inside the granite indicates the
cooling duration in which the granite cooled from biotite
K-Ar closure temperature (300 £ 50°C) to zircon fission-
track closure temperature (240 £ 50°C). This cooling
duration of the northwest margin of the body (1.3 million
years of DH-8) is shorter than that of the central region (8.2
million years of DH-11) (Fig. 6a). Figure 6b shows the
contoured spatial distribution of the cooling duration
between two closure temperatures on fence diagram, which
was colored as a three-dimensional pattern using the soft-
ware Rock Works 14® based on 33 data (Tables 3, 4).
Long durations (warm colors) are found at southern to
central region, and short durations (cold colors) are dis-
tributed at the northwest and northeast upper margin of the
pluton. The cooling duration between two closure tem-
peratures gives about 14.7 million years in the central
deeper region (—520.1 m elevation of MIU-1) and of about
3.2 million years at the northwest upper margin (88.2 m
elevation of DH-8). The distribution of cooling duration
between two closure temperatures (Fig. 6b) has a pattern,
consistent with that of cooling pattern based on “multi-
sampling thermochronology” (Fig. 5A, B). Thus, the
region with relatively early cooling (older ages) corre-
sponds to that of the rapid rate of cooling from biotite K—
Ar closure to zircon fission-track closure temperatures, and
the region with relatively later cooling (younger ages) also
corresponds to that of the slower cooling rate. Assuming
simply that temperature difference between biotite K—Ar
and zircon fission-track closure is 60°C, the cooling rate
from 300 to 240°C at the central deeper region is about
4.1°C/m.y. (—520.1 m elevation of MIU-1) and that of
northwest upper margin is 18.8°C/m.y. (88.2 m elevation
of DH-8).

Factors controlling the cooling process

Figure 7 shows the contoured spatial distribution of the
ASI values on the fence diagram based on 483 analyses of
samples collected from boreholes in the Toki granite.
Original data are taken from Yuguchi et al. (2010). The
ASI values increase systematically from the roof down-
ward. The minimum ASI value (in purple) occurs in the
lower central region and larger values (warm colors) are
distributed near the upper northwest margin (Fig. 7).
Yuguchi et al. (2010) discussed that the intrusion/
emplacement process of the Toki granitic pluton probably
includes the assimilation of crustal country rocks into the
granitic magma. The ASI values can be an index of the
assimilation of the older sedimentary rock into the granitic
magma (Pitcher 1997). Yuguchi et al. (2010) also descri-
bed (1) the comparison of ASI between the Toki granite
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Fig. 5 Contoured spatial distribution of biotite K—Ar ages (A) and
zircon fission-track ages (B) in the Toki granite. The fence diagrams
(A1 and B1) along the lines on the borehole site map (C) and the block
diagrams (A2 and B2) inside the enclosed area in the borehole site
map (D) were constructed based on 33 biotite K—Ar age dates and 44

and the country sedimentary rocks of the Mino Terrane and
(2) the rare occurrence of the xenolith in the granite, which
implies either that the xenolith was completely assimilated
by the granitic magma or that the melt extracted from
partially molten country rock was assimilated into the
granitic magma. The country rock of the Toki granite is the
Nohi Rhyolite on the east of the body and the sedimentary
rocks of the Mino Terrane on the west. Assimilation of the
sedimentary rocks of the Mino Terrane can yield the larger
ASI than that of the Nohi Rhyolite. In fact, ASI value of the
Nohi Rhyolite is almost equal to that of HBG and BG in the
Toki granite (Yuguchi et al. 2010; Sonehara and Harayama
2007). Larger ASI values are distributed near the northwest
margin in contact with the metasedimentary rocks (horn-
fels) of the Mino Terrane. Thus, geology around the Toki
granite and ASI distribution inside the granite imply that
the assimilation by the Toki granitic magma operated

Cooling

CANRAEE B1  Fence diagram
Top ()

2000
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-5 |
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~< 70 m .
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zircon Ft age dates. To make these diagrams, the data were
interpolated and converted to 3-D data for visualizing of the
subsurface geological evidence using Rock Works 14. Northing and
easting in the borehole map are expressed based on the rectangular
coordinate system with the origin of 137°10'00”E/36°00/00"N

during in situ emplacement process, but not during magma
ascent process before the emplacement.

Both biotite K—Ar dating and zircon fission-track dating
show the same cooling pattern. The older age represents
earlier and more rapid cooling, because mineral age is
equivalent to the time at which the Toki granite cooled
down to the closure temperature. Thus, the Toki granite
effectively cooled down from the roof and also from the
northwest margin at temperatures between 300 + 50 and
240 +£ 50°C. There is a strong correlation between ASI
(Fig. 7) and the cooling behavior of the pluton during this
temperature stage (Figs. 5, 6). Large ASI values corre-
spond to earlier and more rapid cooling after intrusion and
smaller values to slower cooling. This consistency between
cooling rate and ASI value strongly suggests that the
intrusion/emplacement process of the Toki granitic magma
was affected by assimilation. Incorporation of country
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Fig. 6 Duration of cooling from biotite K—Ar closure temperature
(300 =+ 50°C) to zircon fission-track closure (240 + 50°C). a Exam-
ple of the duration x (1.3 m.y.) at “DH-8 —439.6 m elevation
(northwest margin of the body; leff)” and that (8.2 m.y.) at “DH-11 —

4119 m elevation (central region; right).” b Contoured spatial
distribution of the duration of cooling from biotite K—Ar closure
temperature to zircon fission-track closure on a fence diagram (using
Rock Works 14), based on 33 borehole and outcrop datum
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Fig. 7 Contoured spatial distribution of ASI values on a fence diagram (using Rock Works 14), based on 483 borehole samples in the Toki
granite. Original data (N = 483) on the bulk chemical composition are described in Yuguchi et al. (2010)

rocks into magma requires a lot of thermal energy to dis-
solve the country rocks (Glazner 2007). That is, the Toki
granite was effectively cooled from the peraluminous
regions where assimilation of country rock was most
extensive.

@ Springer

Contributions to thermal modeling

Thermal models of granitic cooling have been often dis-
cussed numerically (e.g., Okudaira 1996; Scaillet et al.
1996; Annen et al. 2001; Annen 2009, 2011), which would
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be useful procedure to acquire the “temporal variation” of
cooling pattern of the granitic pluton. Okudaira (1996)
described the thermal history of the granitic pluton and its
surrounding rocks in the vertical direction by using a 1-D
heart transport model. Scaillet et al. (1996) and Annen
(2009) presented the 2-D steady-state thermal model of the
crust on the cross-section to evaluate the cooling history
after the intrusion. The result of numerical model depends
largely on a shape of the plutonic body (e.g., thickness and
width) and values of parameters (e.g., density, heat
capacity, thermal conductivity and latent heart of the plu-
tonic and country rocks, and the heat production rate by
radiometric decay in the crust) and hence includes some
uncertainty inevitably. In the case of the Toki granite, the
boundary condition cannot be well defined, because the
shape of the body is not well known. It is very difficult in
such a case to reveal three-dimensional cooling pattern
precisely based on the 3-D numerical model. At this point,
multi-sampling thermochronology has a benefit as a prac-
tical method to reveal three-dimensional cooling pattern
such a granitic body. However, we have to note that the
cooling pattern clarified in this study is a “snapshot” of the
moment when the Toki granite cooled down to the closure
temperature of target mineral.

Memeti et al. (2010) discussed magma chamber evolu-
tion of the Tuolumne batholith, Sierra Nevada, California,
by a combination of thermochronology (U-Pb zircon age
and *°Ar/*’Ar) and 2-D finite difference thermal modeling.
Thermochronology shows a “moment cooling pattern” and
thermal model shows a “temporal variation of cooling
pattern.” The combination of the two can give more
information for thermal history of the granite body than
either one. Our study concludes that the multi-sampling
thermochronology provides three-dimensional cooling
pattern of the granitic pluton which is correlated with
chemistry (ASI value). Therefore, if both chronological
data and chemistry can be incorporated into numerical
model as parameters, it may yield practical thermal model
to understand more accurately the temporal change of
cooling pattern, which remains as a future study.

Conclusions

Samples collected from 11 boreholes and seven outcrops in
the Toki granite exhibit spatial variations in mineral ages
inside the zoned granitic pluton. The result of “multi-
sampling thermochronology” based on multiple mineral
dating with different closure temperatures therefore repre-
sents a good indicator of the cooling behavior (cooling
pattern and cooling rate) in a granitic pluton. The biotite
K-Ar dating and zircon fission-track dating show similar
patterns in the Toki granite, giving the central deeper region

of the pluton has the youngest ages and the northwest upper
margin shows the oldest ages. The region with the older
ages corresponds to that of the rapid rate of cooling from
biotite K—Ar closure (300 £ 50°C) to zircon fission-track
closure (240 £ 50°C), and the region with the younger ages
also corresponds to that of the slower cooling rate. Thus, the
Toki granite cooled from the roof and the northwest margin
of the Toki granite, and then cooling extended to the
northeast and further to the central and southern regions.
The ASI value becomes larger toward the margin of the
Toki granite. There is a strong correlation between the
cooling rate and ASI value: large ASI corresponds to more
rapid cooling rate and vice versa. A linkage between the
cooling pattern and chemistry is interpreted as that the Toki
granite was effectively cooled from the peraluminous
regions where assimilation of country rock was most
extensive. Thus, the intrusion/emplacement process of the
Toki granitic magma was affected by the assimilation. This
study combining thermochronology and petrographical
methods can delineate a quantitative cooling pattern of a
granite at the temperature condition between biotite K—Ar
closure and zircon fission-track closure, providing a vital
piece of information to reveal the record of the post-kine-
matic granitic pluton during the period from the intrusion
stage, through the sub-solidus stage to the present day.
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