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Abstract

Origin of a conspicuous microscopic fabric of a granitic pluton in the eastern part of 
southwest Japan, which has been an autochthonous component of the East Asian margin 
since the late Mesozoic, was elucidated through well-organized rock magnetic and geo-
chronological investigations. The voluminous Late Cretaceous Toki Granite suffered a 
thermochemical event succeeding to its emplacement, which resulted in tightly grouped 
principal axes of the anisotropy of magnetic susceptibility (AMS). The magnetic fabrics 
originate from ferromagnetic and paramagnetic minerals precipitated upon the surface 
of fractures developed under regional tectonic stress. Together with previous studies 
of three-dimensional microcrack generation and intrusion sequence of dike swarms in 
the Toki Granite, temporal changes in the azimuths of AMS principal axes delineate a 
drastic shift in tectonic stress regime along the Asian continental margin from the Late 
Cretaceous to the Paleocene. This remarkable event is probably linked to a regional 
unconformity contemporaneously formed on the convergent margin.

Keywords: paleostress, rock magnetism, anisotropy of magnetic susceptibility, fracture, 
tectonics

1. Introduction

For years, measurements of the anisotropy of magnetic susceptibility (AMS) have been applied 
to granitic rocks to determine their primary microfabric, a characteristic that reflects the azi-
muth of their original viscous emplacement flow (e.g., [1]). Their incompetence to strain means 
in general that the original fabrics are readily preserved [2]. On the other hand, AMS fabric 
has often been used to indicate the orientation of fractures developed after the initial emplace-
ment of granitic plutons. For example, Itoh and Amano [3] executed an elaborate rock magnetic 
study on a plutonic body and found that granite samples adjacent to a large fault are remag-
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netized, and that their anisotropy forms an oblate shape nearly parallel to the azimuth of the 

particles of iron oxides within fault-related veins, which undoubtedly contribute to the con-
spicuous AMS fabric. Another notable point among their paleomagnetic results is that nested 

4 -

formation of intrinsic microcracks whose orientations are normal to the orthogonal principal 
stress axes. It is conceivable that the network of cracks normal to the minimum axis is the 

-
nates from ferromagnetic minerals precipitating on the fracture surface, mimics the paleo-

Analytical samples used in the present rock magnetic study were taken from the Mizunami 
underground research laboratory (abbreviated as MIU; see Figure 1) of the Japan Atomic 
Energy Agency (JAEA). It is an underground laboratory that tests the in situ stability of the 
upper crust, which consists, around the MIU, of a Jurassic to Cretaceous accretionary complex, 
Cretaceous to Paleogene volcano-plutonic complex, Miocene marine sediments and Miocene 

5, 6]. In the MIU’s main and ventilation 

surface, and the downside comprises a pluton of Toki Granite.

Figure 1. Index maps of the study drilling site (MIU: Mizunami underground research laboratory). The geologic map 
5].
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Toki Granite is one of the Late Cretaceous granitoids extensively distributed in southwest 
] and whole-rock 

]. It is a stock, 14 km × 12 km in areal extent 
10], having a vertical thickness of at least 1.5 km based on borehole investigations by JAEA.

3. Paleo-/rock magnetism

3.1. Sampling and methods

Paleo-/rock magnetic sampling was executed on core samples from a research borehole 
(10MI22) drilled horizontally from the 300-m level access/research gallery (Figure 1). Figure 2 
shows the lithology column and fracture density along the borehole. We obtained fresh 

is closely associated with the main fault observed in the drift. Altered samples MI2206 and 

Conventionally drilled core samples were successfully oriented on the basis of the correlation 
between fractures on the core surface and the side-wall images for the cored interval obtained 
by a borehole television (BTV). Figure 3 shows typical examples of fractured core photo (a) 
and BTV image of the side-wall (b).

Ten to eighteen standard-sized cylindrical specimens (25 mm diameter, 22 mm long) were 
taken from 10 points along the Toki Granite core. Bulk initial magnetic susceptibility was 
measured for all the specimens using a Bartington susceptibility meter (MS2). We conducted 
progressive thermal demagnetization (PThD) testing on selected specimen from each site. 
Natural remanent magnetization (NRM) was measured using a cryogenic magnetometer 

-

3.2. Basic sample properties

For the fresh granites, we found semistable components to have a converging trend on 
origin of the vector-demagnetization diagrams across a broad distribution of unblock-
ing temperatures (TUB

and the magnetic components of most of the specimens were not isolated. On the other 
-

zation diagrams and isolated stable magnetic components with a broad distribution of TUB 
-

zation (ChRM) were calculated using a three-dimensional least squares analysis technique 
11].
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Figure 2. Columnar section of the 10MI22 borehole with rock magnetic sampling horizons.
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Site-mean ChRM directions in geographic coordinates are presented in Figure 4. As mentioned 
above, altered granites were thermally unstable, and number of data points was too small to 
obtain statistical parameters. It should be noted that the remanence directions of the fresh gran-

12] showed incipient rapid cooling of the Toki Granite and argued that the considerable disper-

granites during the cooling period. The diversity of the magnetic properties of the samples may 

weak NRMs of the altered rocks (Figure 5) imply leaching of iron oxide. Decreases in bulk initial 
13]) of altered 

rocks (Figure 6) indicate a loss of magnetic carrier and smaller magnetic particles, respectively. 

Figure 3. Determination of the orientation of conventionally drilled core samples. Fractures in a core (a) and side-wall 
images obtained by a borehole television (BTV; b) were correlated.

Figure 4. Equal-area projections of site-mean magnetic directions obtained from core samples of fresh granite (a), altered 
granite (b) and intrusive rock (c) along the 10MI22 borehole.
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3.3. Hysteresis properties

Magnetic hysteresis parameters were determined with an alternating gradient magnetom-

from 10 sites were gently ground in a mortar. From the ground material, 50 rock chips as 
large as 1 mm were randomly selected from each site. In addition, portions of the powder 

minerals are more resistant to the grinding process, they tend to be concentrated in the 

samples. Among the 10 sites, magnetization of the intrusive rocks did not reach satura-

analysis.

Figure 7 presents correlation plots of hysteresis parameters, namely, Jrs/Js versus Hcr/Hc 
14 -

netization experiments. Trends a, b and c originate from synthetic and crushed natural  

Figure 5. Comparison of intensities of natural remanent magnetization (NRM) of core samples of the 10MI22 borehole.
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15 16] and 
, ], respectively. As for the fresh 

granites (1), most of the data are found around mixture trends of various sizes of magnetite, 

the altered granite (2) fall completely separate from the SD and MD mixture trend and imply 
-

netized limestones, whose remanence is carried by authigenic magnetite having negligible 
].

Figure 6. F-factor plots for core samples of the 10MI22 borehole. Symbol: square = fresh granite, triangle = altered granite, 
cross = intrusive rock.
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Figure 7. 14] representing samples of fresh granite (1) and altered granite 
(2). See text for method of preparing chip and powder samples. Trends a, b and c originate from synthetic and crushed 

15 16] and superparamagnetic 
, ], respectively.
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Figure 8 shows examples of hysteresis loops for Toki Granite. The raw diagram seems to 
suggest an absence of ferromagnetic material. After correction to a linear gradient of para-
magnetism, we are able to recognize a weak signature of ferromagnetic behavior. The wider 
loop of the altered granite (powder samples) is indicative of SD magnetite dominance. A 
noteworthy fact is that the altered chip sample exhibits the so-called wasp-waisted loop shape 
that originates from the presence of high-coercivity components related to a remagnetization 

16]).

Figure 9 shows logarithmic plots of bulk hysteresis parameters for 10 horizons of the Toki 

University. Each sample, consisting of up to 1 cm3 of crushed rocks, was contained in a 
gelatin capsule for the measurements. This apparatus is able to deal with bulk samples 

-
sive rocks.

3.4. Isothermal remanent magnetization (IRM) experiments

3.4.1. Spectrum of coercive force

In order to identify carriers of magnetic components in the samples, isothermal remanent mag-
netization (IRM) experiments were undertaken. Stepwise acquisition of IRM was performed 

]. Figure 10 shows a linear acquisition 
plot (LAP) and gradient of acquisition plot (GAP) of the IRM progressively acquired in direct 

Figure 8. Examples of hysteresis loops for the Toki Granite (Blue: raw data, Red: data after correction to a linear gradient 
of paramagnetism). See text for preparation method of chip and powder samples.
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at 100 mT. The plots generated from a majority of the IRM data for fresh granite (a) can be 
matched by single magnetic components with relatively low B1/2

at which half of the IRM saturation is reached), indicating the existence of low coercive force 
(Hc) ferromagnetic mineral. On the basis of the TUB spectra mentioned earlier, we consider 
that the remanent magnetization of the fresh granites resides in titanomagnetite.

As for the altered granite (Figure 10b) and intrusive rock (c), the plots generated from the IRM 
data can be matched by two magnetic components with distinct B1/2

-
bution of the high Hc spectrum is overwhelming for intrusives. On the basis of the TUB spectra 

a thermochemical change resides in titanomagnetite and hematite with various mixing ratios.

3.4.2. Thermal demagnetization of orthogonal IRMs

We executed PThD of composite IRMs for selected specimens. Based upon the procedure 
20

0.4 and then 0.12 T onto the specimens in three orthogonal directions. As shown in Figure 11, 
the decay curve of the IRM components through PThD testing for fresh granite (a) indicates 
that the dominant magnetic phase is generally the low Hc (<0.12 T) soft fraction with a broad 
spectrum of TUB UB component of 
NRM is titanomagnetite.

Figure 9. 14] for 10 horizons of the Toki Granite measured on a 
15], 

16] and superparamagnetic (SP) and SD mixtures of 
, ], respectively.
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Figure 10. Linear acquisition plot (LAP) and gradient of acquisition plot (GAP) of isothermal remanent magnetization 
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Figure 11. Thermal demagnetization curves of three orthogonal IRM components imparted on specimens from fresh 
granite (a), altered granite (b) and intrusive rock (c).
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altered granite (b) and intrusive rock (c). In the altered granite, the medium (TUB

hard fractions (TUB

respectively. The medium (TUB UB

rock probably reside in MD-size and SD-size hematite, respectively. Thus, the author has 
proven that the NRMs preserved in the underground samples are carried by mixture of tit-
anomagnetite and hematite at various mixing ratios.

3.5. Magnetic susceptibility fabrics

Figure 12 presents the magnitudes of the magnetic fabrics in core samples with various lithol-
ogies. Obviously, thermochemical change results in remarkable decreases in the degree of 
anisotropy (PJ). It is also noteworthy that the shape parameter (T) values of the altered gran-
ites and intrusive rocks are in positive domain without exception, suggesting an oblate AMS 
fabric.

Figure 13 delineates the site-mean AMS fabrics of (a) fresh Toki Granite and (b) altered gran-

directional trend is observed. In sharp contrast with this, the principal AMS axes of the altered 
granites and intrusive rocks are tightly clustered with similar orientations. Considering the 
very weak ferromagnetic signature in the raw hysteresis loops (see Section 3.3), the fabric 
would appear to be carried by both authigenic iron oxides and platy grains of iron-bearing 
silicate minerals such as biotite or chlorite, whose shape anisotropy enhances the degree of 
AMS.

Figure 12. Magnitudes of magnetic fabrics in core samples with various lithologies.
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Figure 13. Anisotropy of magnetic susceptibility (AMS) fabric (principal susceptibility axes) for all specimens from the core 

AMS data are presented in two groups, fresh granite (a) and altered granite and intrusive rock (b), which show similar fabrics.
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4. Temporal transition of tectonic stress

Our rock magnetic experiments suggested a conspicuous AMS fabric in the altered gran-
ites and intrusive rocks. For intrusive rocks, magnetic anisotropy is generally related to 

2]. On the assumption that the AMS-carrying ferromagnetic and 
paramagnetic minerals in the altered granites were precipitated and aligned on the sur-

4], the magnetic anisotropy 

minerals tend to grow on the most permeable open fracture network, the foliation plane 
of the anisotropy ellipsoid, which is perpendicular to the minimum axis (K3), is expected 
to be parallel to dike elongation. In the next section, the author reviews previous studies 
of tectonic stress around the MIU site and tests the usability of the AMS data as a stress 
indicator.

4.1. Previous studies

Figure 14a presents orientation contour diagrams of healed microcracks (HCs), sealed micro-
cracks (SCs) and open microcracks (OCs) in the Toki Granite for surface outcrops (upper) and 

21]. They considered that the north-south trending HC data 

estimated from microthermometry for intrusion depth (3.5 km = 100 MPa). Later high-angle 

in the stress regime. The youngest OC was thought to be formed in the Miocene based on the 
-

ate minerals was not clearly discussed.

In igneous terranes, paleostress study is often based on the azimuth of a dike swarm, which 
max 23]. Near the MIU site, there are 

22] described 

then cut by a high-magnesium andesite dike swarm with an east-west trend. As shown in 
Figure 14b, the three-dimensional orientations of the aplite and andesite dikes show a strik-

21
obvious in Figure 14c 24

by a tectonic event around the end of the Cretaceous.

4.2. Radiometric dating

To consider the time sequence of stress changes envisaged from dike orientations, placing the 
timing of the aplite intrusion between the emplacement of the granitic pluton and the anomalous 
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activity of the high-magnesium andesite is of great importance. Therefore, the author executed 
radiometric dating on the igneous rock of unknown age.

4.2.1. Samples

lacked them. Hence, we concentrated on the aplite sample.

4.2.2. Methods

25]. U-Pb age data were obtained using induc-
tively coupled plasma-mass spectrometry (ICP-MS) combined with an excimer laser ablation 
(LA) sample introduction system. The U-Pb age determinations on zircon samples were per-

4.2.3. Results

The results of the FT dating of the zircon grains are summarized in Table 1a and Figure 15a. 

Figure 14. (a) Orientation contour diagrams of healed microcracks (HCs), sealed microcracks (SCs) and open microcracks 
21]. (b) Poles of aplite dikes 

22
relationship between intrusive rocks hosted by the Toki Granite.
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Ma. The results of a chi-squared test were negative because of considerable variation of ura-
nium concentration as anticipated from the samples’ strong zonal arrangement.

Figure  15b compares FT and U-Pb ages for zircons obtained from the aplite. The closing 
�•�Ž�–�™�Ž�›�Š�•�ž�›�Ž�1�•�˜�›�1���,���‹�1�Š�•�Ž�œ�1�’�œ�1�Š�‹�˜�ž�•�1�_�V�V�Ú���1�’�—�1�Š�1�•�Š�‹�˜�›�Š�•�˜�›�¢�1�˜�›�1�Á�]�V�V�Ú���1�’�—�1�—�Š�•�ž�›�Š�•�1�Œ�˜�—�•�’�•�’�˜�—�œ�ð�1
� �‘�Ž�›�Ž�Š�œ�1�•�‘�Š�•�1�•�˜�›�1�£�’�›�Œ�˜�—�1�����1�Š�•�Ž�œ�1�’�œ�1�X�Z�V�1�Å�1�X�[�V�Ú���1�•�˜�›�1�‘�Ž�Š�•�’�—�•�1�˜�Ÿ�Ž�›�1�Š�1�™�Ž�›�’�˜�•�1�˜�•�1�W�1�–�’�•�•�’�˜�—�1�¢�Ž�Š�›�œ�ï�1
���Ž���Ž�Œ�•�’�—�•�1 �•�‘�Ž�1 �•�’���Ž�›�Ž�—�Œ�Ž�ð�1 �•�‘�Ž�1 ���,���‹�1 �Š�•�Ž�œ�1�•�Ž�—�•�1 �•�˜�1 �‹�Ž�1 �˜�•�•�Ž�›�1 � �’�•�‘�1 �œ�–�Š�•�•�Ž�›�1 �œ�Œ�Š�4�Ž�›�1 �•�‘�Š�—�1�•�‘�Ž�1 �����1
ages.

Results of the U-Pb dating for the zircon grains are summarized in Table 1b (all analyzed 
grains) and Table 1c (adopted grains). Based on the concordia plot for U-Pb zircon ages in 
Figure 15c, we excluded zircon grains with discordant data then adopted concordant grains 
�•�˜�1�Œ�Š�•�Œ�ž�•�Š�•�Ž�1�•�‘�Ž�1�Š�Ÿ�Ž�›�Š�•�Ž�ï�1���‘�Ž�1���—�Š�•�1�›�Ž�œ�ž�•�•�1�’�œ�1�™�›�Ž�œ�Ž�—�•�Ž�•�1�’�—�1Figure 15d.

No. Ns Nu S × 10�º�[ (cm2) �Us × 10�º�] (cm�º�X) �Uu × 10�º�_ (cm�º�X) Ns/Nu × 103 T (Ma) �—T (Ma) U (ppm)

14 26 �Z�[�] 0.20 1.30 �X�ï�X�_ �[�\�ï�^�_ �_�_�ï�Z�^ 20.36 250

11 �^�Y 1631 1.00 �V�ï�^�Y 1.63 �[�V�ï�^�_ �^�_�ï�V�\ 10.50 �W�]�^

15 16 �Y�W�] 0.40 0.40 �V�ï�]�_ �[�V�ï�Z�] �^�^�ï�Y�Y �X�X�ï�^�[ �^�]

2 �]�Y 1461 1.20 0.61 1.22 �Z�_�ï�_�] �^�]�ï�Z�[ �W�V�ï�_�Y 133

�] 36 �]�[�W 0.60 0.60 1.25 �Z�]�ï�_�Z �^�Y�ï�_�X 14.62 �W�Y�]

4 55 �W�X�X�] �V�ï�^�V �V�ï�\�_ 1.53 �Z�Z�ï�^�X �]�^�ï�[�W �W�W�ï�W�] �W�\�^

�_ �_�_ 2656 1.20 �V�ï�^�Y 2.21 �Y�]�ï�X�] 65.35 �]�ï�V�] 242

12 �^�\ 2401 1.00 �V�ï�^�\ 2.40 �Y�[�ï�^�X �\�X�ï�^�W �]�ï�X�Z 262

6 �]�_ �X�^�Z�^ 1.00 �V�ï�]�_ �X�ï�^�[ �X�]�ï�]�Z �Z�^�ï�]�V �[�ï�^�W 311

13 �[�_ 2266 0.60 �V�ï�_�^ �Y�ï�]�^ 26.04 �Z�[�ï�]�X 6.24 413

1 62 2524 0.60 1.03 4.21 24.56 43.14 �[�ï�]�[ 460

3 31 �W�Z�^�Z 0.60 0.52 �X�ï�Z�] �X�V�ï�^�_ �Y�\�ï�]�W �\�ï�]�_ �X�]�V

�^ �X�_ 1420 1.20 0.24 �W�ï�W�^ 20.42 �Y�[�ï�^�_ �\�ï�^�[ �W�X�_

10 56 �X�^�Z�V 1.20 �V�ï�Z�] �X�ï�Y�] �W�_�ï�]�X 34.65 �Z�ï�^�Y �X�[�_

5 61 �Y�]�]�W �V�ï�_�V �V�ï�\�^ �Z�ï�W�_ �W�\�ï�W�^ �X�^�ï�Z�Z �Y�ï�^�W �Z�[�^

Ns is number of spontaneous tracks, Nu is number of �X�Y�^���1�Œ�˜�ž�—�•�œ�ð�1���1�’�œ�1�Š�—�Š�•�¢�£�Ž�•�1�Š�›�Ž�Š�1�˜�•�1�Œ�›�¢�œ�•�Š�•�ð�1�•s is density of spontaneous 
�•�›�Š�Œ�”�œ�ð�1�•u is density of �X�Y�^���1�Œ�˜�ž�—�•�œ�ð�1�—T�1�’�œ�1�Ž�›�›�˜�›�1�•�˜�›�1�Ž�Š�Œ�‘�1�•�›�Š�’�—�1�Š�•�Ž�1�û�W�1�—�ü�ð�1���1�’�œ�1�ž�›�Š�—�’�ž�–�1�•�Ž�—�œ�’�•�¢�ï�1���›�Š�—�’�ž�–�1�Œ�˜�—�Œ�Ž�—�•�›�Š�•�’�˜�—�1�•�˜�›�1
�œ�•�Š�—�•�Š�›�•�’�£�Š�•�’�˜�—�1�ž�œ�’�—�•�1�_�W�ð�[�V�V�1�œ�•�Š�—�•�Š�›�•�1�£�’�›�Œ�˜�—�1�’�œ�1�V�ï�^�\�Z�1�¼�1�W�V6 cm2�ï�1���™�œ�’�•�˜�—�1�û�‰�ü�1�Œ�˜�›�›�Ž�œ�™�˜�—�•�’�—�•�1�•�˜�1�Œ�˜�—�Ÿ�Ž�—�•�’�˜�—�Š�•�1�£�Ž�•�Š�1�û�Š�ü�1�Ÿ�Š�•�ž�Ž�1
�•�˜�›�1���’�œ�‘�1���Š�—�¢�˜�—�1���ž���1�£�’�›�Œ�˜�—�1�’�œ�1�Z�V�ï�^�1�¹�1�W�ï�Z�ï

Table 1a. ���’�œ�œ�’�˜�—�,�•�›�Š�Œ�”�1�•�›�Š�’�—�1�Š�•�Ž�œ�1�˜�•�1�£�’�›�Œ�˜�—�œ�1�˜�‹�•�Š�’�—�Ž�•�1�•�›�˜�–�1���™�ï�1�W�Z�V�\�X�^�V�X�ï
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Figure 15. ���Š�•�’�˜�–�Ž�•�›�’�Œ�1�•�Š�•�’�—�•�1�˜�•�1�Š�—�1�Š�™�•�’�•�Ž�1�•�’�”�Ž�1�’�—�•�›�ž�•�Ž�•�1�’�—�1�•�‘�Ž�1���˜�”�’�1�	�›�Š�—�’�•�Ž�1�û���™�ï�1�W�Z�V�\�X�^�V�X�ò�1���Š�•�ï�1�½�1�Y�[�ï�Y�[�X�X�Ú���ð�1���˜�—�•�ï�1�½�1
�W�Y�]�ï�W�]�W�[�Ú���ü�ï�1�û�Š�ü�1���Ž�œ�ž�•�•�œ�1�˜�•�1���œ�œ�’�˜�—�,�•�›�Š�Œ�”�1�û�����ü�1�•�Š�•�’�—�•�1�˜�•�1�£�’�›�Œ�˜�—�œ�ï�1�û�‹�ü�1�����1�Š�—�•�1���,���‹�1�Š�•�Ž�1�™�•�˜�•�œ�1�•�˜�›�1�£�’�›�Œ�˜�—�œ�ï�1�û�Œ�ü�1���˜�—�Œ�˜�›�•�’�Š�1�™�•�˜�•�1
for U-Pb ages of zircons. (d) Result of U-Pb dating of zircons.
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5. Discussion

5.1. Time sequence of igneous activity

���1�Œ�‘�›�˜�—�˜�•�˜�•�’�Œ�Š�•�1�œ�•�ž�•�¢�1�‹�¢�1�•�‘�Ž�1�Š�ž�•�‘�˜�›�1�˜�‹�•�Š�’�—�Ž�•�1�Š�1���,���‹�1�Š�•�Ž�1�˜�•�1�]�X�ï�X�1�¹�1�V�ï�\�1���Š�1�•�˜�›�1�•�‘�Ž�1�Š�™�•�’�•�Ž�1�•�’�”�Ž�1
�’�—�•�›�ž�•�Ž�•�1�’�—�•�˜�1�•�‘�Ž�1���˜�”�’�1�	�›�Š�—�’�•�Ž�ï�1���˜�—�œ�’�•�Ž�›�’�—�•�1�•�‘�Ž�1�Š�•�Ž�œ�1�›�Ž�™�˜�›�•�Ž�•�1�•�˜�›�1�•�‘�Ž�1�‘�˜�œ�•�1�›�˜�Œ�”�1�ý�]�.�_], the dike 
�œ� �Š�›�–�1� �Š�œ�1�Ž�–�™�•�Š�Œ�Ž�•�1�’�—�1�•�‘�Ž�1���—�Š�•�1�œ�•�Š�•�Ž�1�˜�•�1�•�‘�Ž�1���Š�•�Ž�1���›�Ž�•�Š�Œ�Ž�˜�ž�œ�1�Ž�¡�•�Ž�—�œ�’�Ÿ�Ž�1�’�•�—�Ž�˜�ž�œ�1�Š�Œ�•�’�Ÿ�’�•�¢�ð�1�Š�œ�1
��’�—�˜�œ�‘�’�•�Š�1�ý26] interpreted as resulting from subduction of oceanic plates’ divergent margin. 
���’�”�Š� �Š�1�Ž�•�1�Š�•�ï�1�ý24�þ�1�œ�•�Š�•�Ž�•�1�•�‘�Š�•�1�•�‘�Ž�’�›�1��,���›�1�Š�•�Ž�1�•�˜�›�1�•�‘�Ž�1�Š�—�•�Ž�œ�’�•�’�Œ�1�•�’�”�Ž�1�™�›�˜�Ÿ�’�•�Ž�œ�1�•�‘�Ž�1�ž�™�™�Ž�›�1�•�’�–�’�•�1
of the intrusion event. They also pointed out two stages of formation of high-magnesium 
andesite, which is suggestive of thermal input around the continental margin. Such a ther -
�–�Š�•�1�Ž�Ÿ�Ž�—�•�1�–�Š�¢�1�‹�Ž�1�›�Ž�•�Š�•�Ž�•�1�•�˜�1�›�’�•�•�Ž�1�œ�ž�‹�•�ž�Œ�•�’�˜�—�1�Š�œ�1�Œ�˜�—�Œ�Ž�’�Ÿ�Ž�•�1�‹�¢�1�ý26] or, alternatively, with an 
�Š�œ�•�‘�Ž�—�˜�œ�™�‘�Ž�›�’�Œ�1�’�—�“�Ž�Œ�•�’�˜�—�1�•�‘�Š�•�1�™�›�˜�Ÿ�˜�”�Ž�•�1�Œ�›�ž�œ�•�Š�•�1�•�‘�’�—�—�’�—�•�1�Š�—�•�1�•�Ž�•�˜�›�–�Š�•�’�˜�—�1�˜�•�1�•�‘�Ž�1���Š�›�1���Š�œ�•�1�ý�X�]].

5.2. Tectonic context of stress regimes

���‘�Ž�1�Š�£�’�–�ž�•�‘�1�˜�•�1�•�‘�Ž�1�Š�™�•�’�•�Ž�1�•�’�”�Ž�1�œ� �Š�›�–�1�’�œ�1�’�—�•�’�Œ�Š�•�’�Ÿ�Ž�1�˜�•�1�Š�1�—�˜�›�•�‘�,�œ�˜�ž�•�‘�1�—�
max direction at around the 
end of the Cretaceous, whereas those of the andesite dike swarm and our AMS fabric acquired dur-
�’�—�•�1�Š�1�•�‘�Ž�›�–�˜�Œ�‘�Ž�–�’�Œ�Š�•�1�Ž�Ÿ�Ž�—�•�1�’�—�1�•�‘�Ž�1�Ž�Š�›�•�¢�1���Š�•�Ž�˜�•�Ž�—�Ž�1�’�–�™�•�¢�1�Š�1�•�›�Š�œ�•�’�Œ�1�Œ�‘�Š�—�•�Ž�1�˜�•�1�—�
max trend into an 
�Ž�Š�œ�•�,� �Ž�œ�•�1�•�’�›�Ž�Œ�•�’�˜�—�ï�1���Ž�1�Š�œ�œ�ž�–�Ž�1�•�‘�Š�•�1�•�‘�Ž�1�›�Ž�•�’�˜�—�Š�•�1�œ�•�›�Ž�œ�œ�1�’�œ�1�›�Ž���Ž�Œ�•�Ž�•�1�’�—�1�Š�1� �›�Ž�—�Œ�‘�1�•�Ž�•�˜�›�–�Š�•�’�˜�—�1�–�˜�•�Ž�1
of the continental margin, which was controlled by lateral motions on the longstanding Median 
���Ž�Œ�•�˜�—�’�Œ�1���’�—�Ž�1�Š�œ�1�Š�•�Ÿ�˜�Œ�Š�•�Ž�•�1�‹�¢�1�ý�X�^]. Figure 16 presents the Late Cretaceous to Paleocene tectonic 
stress transition around the eastern part of southwest Japan inferred from geologic evidences. As 
�Œ�•�Š�›�’���Ž�•�1�‹�¢�1�ý�X�_], the deformation process of the forearc accretionary complex of southwest Japan 
�’�–�™�•�’�Ž�œ�1�Š�—�1�Ž�—�’�•�–�Š�•�’�Œ�1�œ�‘�’�•�•�1�˜�•�1�œ�‘�Ž�Š�›�’�—�•�1�–�˜�•�Ž�œ�ñ�1�œ�’�—�’�œ�•�›�Š�•�1�•�˜�1�•�Ž�¡�•�›�Š�•�1�Š�•�•�Ž�›�1�^�_�1���Š�1�Š�—�•�1�•�Ž�¡�•�›�Š�•�1�•�˜�1�œ�’�—�’�œ-
�•�›�Š�•�1�‹�Ž�•�˜�›�Ž�1�]�\�1���Š�ï�1���‘�Ž�1�™�›�Ž�œ�Ž�—�•�1�œ�•�ž�•�¢�1�œ�Ž�Ž�–�œ�1�•�˜�1�’�—�•�’�Œ�Š�•�Ž�1�•�‘�Š�•�1�•�‘�Ž�1�˜�•�•�Ž�›�1�œ�•�›�Ž�œ�œ�1�›�Ž�•�’�–�Ž���œ�1�ž�—�›�Š�Ÿ�Ž�•�’�—�•�1
(Figure 16�1�•�Ž�•�•�ü�1�’�œ�1�›�Ž�•�Š�•�Ž�•�1�•�˜�1�•�‘�Ž�1�œ�’�—�’�œ�•�›�Š�•�1�œ�•�Š�•�Ž�1�œ�’�—�Œ�Ž�1�Œ�Š�ï�1�]�\�1���Š�1�‹�Š�œ�Ž�•�1�˜�—�1�•�‘�Ž�1�•�’�–�’�—�•�1�˜�•�1�•�Ž�•�œ�’�Œ�1�–�Š�•�–�Š�1
�Š�Œ�•�’�Ÿ�’�•�¢�1�Š�—�•�1�•�‘�Ž�1�Š�™�•�’�•�Ž�1�’�—�•�›�ž�œ�’�˜�—�ï�1���‘�Ž�1�•�Ž�Œ�•�˜�—�’�Œ�1�Œ�˜�—�•�Ž�¡�•�1�˜�•�1�•�‘�Ž�1�¢�˜�ž�—�•�Ž�›�1�›�Ž�•�’�–�Ž�ð�1�Œ�˜�—���›�–�Ž�•�1�‹�¢�1�•�‘�Ž�1
azimuth of the anomalous andesite dike swarm and the AMS fabric of the Toki pluton, will be 
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Figure 16. Late Cretaceous to Paleocene tectonic stress transition around the eastern part of southwest Japan inferred 
from geologic evidences presented in Figure 14.
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6. Conclusions

Well-organized rock magnetic and geochronological investigations have revealed the origin 
of a unique magnetic fabric of a granitic pluton in the eastern part of southwest Japan. The 
���Š�•�Ž�1 ���›�Ž�•�Š�Œ�Ž�˜�ž�œ�1 ���˜�”�’�1 �	�›�Š�—�’�•�Ž�1 �œ�ž���Ž�›�Ž�•�1 �Š�1 �•�‘�Ž�›�–�˜�Œ�‘�Ž�–�’�Œ�Š�•�1 �Ž�Ÿ�Ž�—�•�ð�1 � �‘�’�Œ�‘�1 �›�Ž�œ�ž�•�•�Ž�•�1 �’�—�1 �•�’�•�‘�•�•�¢�1
grouped principal axes of the anisotropy of magnetic susceptibility (AMS). The magnetic fab -
rics originate from ferromagnetic and paramagnetic minerals precipitated on fracture sur -
faces developed under regional tectonic stress. Together with previous studies of microcrack 
generation and dike intrusion in the Toki Granite, the AMS fabric delineates a drastic shift in 
tectonic stress state along the Asian continental margin from the Late Cretaceous to the early 
Paleogene.
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