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Abstract

The Review Guide for Geology and Geological Structure Investigation at and around the
Site defines capable faults. The Guide requires that “Identification of capable faults, if a clear
judgment cannot be made about the activities after the Late Pleistocene to identify suitable ground
due to missing geographical surfaces or geological formations from the Late Pleistocene, activities
must be evaluated by comprehensive analysis of the terrain, geology, geological structure, stress
field, and so forth by dating back to a period after the Middle Pleistocene (about 400,000 years ago)”.
Therefore, it is important to establish a comprehensive evaluation method spanning from a
macroscopic perspective to a microscopic perspective that grasps the entire geological structure
containing faults and the tectonics based on stress field analysis and evaluates fault activity.

Fault activity is typically clarified by the depositional age of covering beds above the fault.
However, in the case that such covering beds are lacking, it is difficult to evaluate fault activity, it
is necessary to judge the activity from the properties and materials (fault fracture material) of the
fault itself. If the direct age of the faulting is acquired quantitatively, we can assess fault activity
effectively regardless of covering beds. Thus, it is necessary to clear their technical sources on the
method for quantitative assessment of fault activity, it is important decisively to verify age resetting
by faulting and to grasp the condition of age resetting. On the other hand, the methods for qualitative
assessment of fault activity based on comparing with stress fields and microscopic structures of
mineral vein, even though they are usual methods, verifying of effectiveness of the methods is
important.

In this project, four sub-projects were conducted during fiscal years 2013 to 2019.
v



The sub-projects ((1)-1), -2) and 3)) were implemented by JGI, Inc., Tohoku University
and Fugro Japan Co., Ltd. respectively through the NRA commissioned project, geological survey
and geophysical surveys were implemented. The sub-projects ((2)-1), -2) and (3)-1)) were
implemented by Kyoto University through the NRA commissioned project to perform geological

survey and dating analyses.

(1) Understanding of geological structures based on geophysical survey and deep boring surveys
1) Integrated analysis by deep structure surveys and deep boring surveys across the Shimokita
Peninsula

To understand the geological structure from the middle-to-deep part of the fault,
established a long-distance survey line, running approximately 58 km, crossing the Shimokita
Peninsula west to east for from the inside of Mutsu Bay in Aomori Prefecture on to the Pacific Ocean
off Higashidori; and performed seismic surveys with reflection and refraction methods. Accordingly,
we were able to estimate deep underground structures in the central part of the land area of the
Shimokita Peninsula and the precise velocity structures of the middle region down to approximately
3 km underground, and we were able to confirm the effectiveness of these methods for understanding

of the geological structure from the middle-to-deep part of the fault.

2) Investigation of the fault structures using geophysical exploration methods in the Wakasa area
Geological and CSAMT electromagnetic surveys were conducted to understand the
geological structure from the shallow-to-middle part of the fault. The results revealed that a low-
resistivity zone was detected from near the estimated fault position from the ground surface to the
deep part. The lower limit of the low-resistivity zone, which is continuous from the fault surface to
the deep part, agrees well with the inclination angle of the natural fault, indicating that the CSAMT

method is applicable to the detection of strike-slip faults in hard rock.

3) Investigation of fault structures using geophysical exploration method in northern Ibaraki area
The northern coastal area of Ibaraki prefecture was selected as the area of investigation,
and the effectiveness of the aerial gravity deviation survey for extracting faults in the borders of land
and sea area was studied. Accordingly, it was possible to detect the geological structures suggesting
a fault extending toward northwest-southeast, clearly demonstrating the possibility that the faults
previously assumed to be separate and distinct between the ocean and land possess a continuity, and
we were able to confirm the effectiveness of these methods for investigation of fault structures in

the borders of land and sea area.



(2) Development of a method for quantitative assessment of fault activity using fault fracture
material
1) Development of a method for direct dating using fault fracture material at the Nojima fault
Focusing on the Nojima fault which caused the 1995 Hyogo-ken Nanbu earthquake, we
verified the applicability of the direct dating method to assessment of the fault activity. We
recognized that increase of frictional heating associated with increasing depth contributed to age
resetting by these analyses. And they showed that the luminescence age (OSL, TL) was younger
than several hundreds of thousands of years ago, and had a high sensitivity comparing with other
methods. Thus, the luminescence dating method is available to evaluate fault activity after the Late

Pleistocene period.

2) Verification of age reset condition by high-speed friction experiments

We cleared the physical condition of age resetting using a friction experiment simulating
faulting. Considering the age resetting depth based on the result of the experiment, in the case of
frictional heating occurs efficiently, it is estimated that the OSL signal (one of the luminescence
dating) is almost eliminated at 141 m deep, partially eliminated at 35-141 m deep while the co-
seismic slip of the M7 class inland crustal earthquake comparable to the 1995 Hyogo-ken Nanbu

earthquake.

(3) Development of a method for qualitative assessment of fault activity using fault fracture material
1) Investigation on fault activity comparing with present and paleostress fields

We measured the stress field of the Nojima fault and Asano fault, which moved the 1995
Hyogo-ken Nanbu earthquake, to evaluate fault activities compared with present and paleostress
fields. The results revealed that the same tendency as the current wide-area stress field, that is, the
horizontal compression field in the east-west direction, was identified, and we were able to confirm
the effectiveness of these methods.
2) Investigation on fault activity using mineral vein based on microscopic structures and chemical
composition in the Median Tectonic Line

We observed microscopic structures of the non-active segment of the Median Tectonic
Line, and analyzed the chemical composition of the mineral vein. It is cleared that the mineral vein
cross the fault, and the mineral vein was generated at the environment with the ground temperature
exceeding 100 °C. These results suggested that this segment was a non-active fault after Late
Pleistocene. Considering that this segment is recognized as a non-active fault based on the
appearance of the peripheral topographic surface, the availability of this method using mineral vein

is confirmed to be effective.
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The whole geological structures from the shallow-to-deep part of the fault were able to
estimate using integrated analysis by geophysical survey and deep boring surveys. We verified the
applicability of the direct dating method to assessment of the fault activity, cleared that the
luminescence dating method is available to evaluate fault activity after the Late Pleistocene period.
This applicability was also supported by the results of a friction experiment simulating faulting. And
we confirmed the applicability of the methods to assessment fault activity based on comparing with
stress fields and microscopic structures of mineral vein. Accordingly, we were able to expand
knowledge of integrated assessment methods for fault activity with the macro-to-microscopic
viewpoints, such as estimation of whole geological structures, comprehension of tectonics by stress

field analysis and assessment of fault activity.
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Figure 2.22 Estimated ages (ka) of fault gouges at surface fault outcrop.
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Fig. 2.23 Estimated OSL and TL ages of fault gouges at drilling cores.

2.23

33



(3) HBZRER O W& B A D ESR AR AUHIE G 2R

REFWIE O Lo FOIEmICI W TEREL 72 £ W oW @ik’ E o ESR AFRHIE %
To72 (K 2.24), ESRIC K 2FRME T, B E» S Sz ESRES (A
DAL, BErEYRTA FUEGS BIES. CER)) ORMERUERBRERN LK
Wi, EWrfEm (®LODM) OWIEBHEMHE O ESR FRIE. Al FL.On B 13K 96 4R,
Al Hb (BRGHIREE) 225138 186 T, -tV n) A NUEEFO BEE2HITHN
108 H4E, £V I A FUEESDO CEZNLITHK 418 HHELZ R LT,

ZEBWBICE TSN OTHRE FHEICEITS
ESR F I &R

) FUERRY: (2019) Y & —EBiR4E
X 2.24 HEIO b L FITBIT D ESR AFARTIE O E g ik
Fig. 2.24 Location of ESR dating at surface trench.
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Fig. 2.25 Estimated ESR ages of fault gouges at drilling cores.
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(5) F L rFOWEIE D K-Ar 0N E G $
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NEEITH- T2 (F 2.2), EREFWEEOK BFE O K-Ar F1R%1% 5,150 T4H~9,030 T 4H-%
~L7T,

#® 22 b L TFOWEBAYE O K-Ar FARERR
Table 2.2 Estimated K-Ar ages of fault gouges at trench.

A EHE FAUE (ka)
T1 (gouge) <2 51,5001, 300
L3 (gouge) <0.1 64, 4003, 600
L2 (gouge) <2 66, 9002, 400
T2 (gouge) <2 67,9002, 700
L3 (gouge) <2 72,7003, 000
L3 (gouge) 2-6 77,500%2, 400
R1 (gouge) <2 83,8002, 900
R1 (gouge) 2-6 90, 3002, 300
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Fig. 2.26 Estimated K-Ar ages of fault gouges at drilling cores.
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Fig. 2.27 Geological profile of the drilling site

and age distribution of the latest fault gouges as function of elevation.
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Fig. 2.28 Schematic diagram of mother rock and sample.
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Table 2.3 List of experimental conditions for variable velocity experiments.

HVRNo. | FEWA[MPal #EE[m/s]  ZiE[m]
4087 10 0.0002 10
4092 10 0.0007 10
4089 10 0.0013 10
4088 10 0.0065 10
4102 10 0.0131 10
4093 10 0.0654 10
4094 1.0 0.1308 10
4095 1.0 0.6450 10
HVRNo. | BiEEMH FEG S [MPal HE [m/s] ZEHLE [m]]
4232 1% 1 0.65 10
4233 81g 1 0.25 10
4234 g% 1 0.4 10
4235 73 1 1.3 10
4236 g1g 1 1.3 10
4237 JKEaFn 1 1.3 10
4238 - ¢ 1 0.65 10

HU) SR (2018) 1718
HE) b PR 28 REEEMELY. T : Rk 20 AR HEFMIS

* 24 MEISHAIEEBROERY A b

Table 2.4 Experimental list of variable vertical stress experiments.

HVR.No. BREL ST T (B /1 (Mpa) B (m/s) EArE (m)
4276 B fg 5.0 0.65 2.1
4277 LA 3.0 0.65 2.1
4278 B f 1.0 0.65 2.1

i) FCER: (2018) 1

252 FER

B4 2.29 12V I v & AME 5 O ] 2R EER D )R A 2R, 200um/s 225 0.013 m/s
DEEDOFEBR T, ZAEOm 725 10 m (22 TEEBREOESHN RN b iz,
F720.065m/s L EDOFEEFRTIL, LI LIZEIRTREIR T (BRI FEBRBH AR 1E 1% 12 2RI
EH L%, Bl & IR T 23S BNRO LA, RERIETIX, 200um/s
225 0.013m/s £ TOREOER TIIHEEREE EFITRO L7, LarL, 0.065m/s 5>
5 1.3m/s FTOFERTIE, BENE RS LI EATHHEMA R G, FFZ, 0.13 m/s
TIX 118 °C, 0.65 m/s TliX 200°C PL E & BEZE A2 BB HIE S v7,
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Fig. 2.29 Dynamics and temperature data for speed variable experiments.
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Fig. 2.30 Dynamics and temperature data for variable vertical stress experiments.
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Fig. 2.31 Relationship between slip velocity and Lx/Tx in speed variable experiments.
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Fig. 2.32 Relationship between normal stress and Lx/Tx in variable normal stress experiments.
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Fig. 2.34 Geological distribution map of the boring survey location and its surroundings.
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Fig. 2.35 Hole wall deployment image of hole NFD-1

and a typical breakout found on the hole wall.
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Fig. 2.36  Core columnar diagram of NFD-1 holes and orientation of maximum horizontal

principal stress from rock distribution and breakout analysis of fault rocks.
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direction of the NFD-1 hole obtained from the breakout analysis.
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Fig. 2.38 Excavated trench at the Asano Fault.
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Fig. 2.39 Photograph shows the slickensaide of the Asano Fault.
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Fig. 2.40 Tangent-lineation diagram of fault slip data at the trench site of the Asano Fault.
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Fig. 2.42  Geological map of the survey area.
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Fig. 2.43 Location of drilling sites and the trench site.
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Fig. 2.44 Sketch of the fault outcrop.
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Fig. 2.45 Photograph of mineral veins in the ultra cataclasite.
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Fig. 2.46 Geological profile of the drilling site (profile A).
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Fig. 2.47 Geological profile of the drilling site (profile B).
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Fig. 2.48 Photograph of the trench site.
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Fig. 2.49 Sketch of the trench site.
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Fig. 2.50 Photograph of the polished fault rock.
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Fig. 2.51 Photograph of the thin section (crossed nicol).
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Fig. 2.52 Energy Dispersive Spectroscopy (EDS) elemental mapping images.
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Table 2.5 Result of EDS analysis (No.1).

PIE S (keV) % ¢ % e % HFA K K

0 29.69)
Na K 1.041 0.44) 0.08 0.52 Na20)| 0.59) 0.25 0.2227
Mg K 1.253) 12.33] 0.19 27.70) MgO| 20.45 6.56 6.3059
ALK 1.486) 0.46] 0.08 0.47 Al203 0.88| 0.22] 0.2669
Si K 1.739) 0.19) 0.09 0.37 Si02 0.40) 0.09) 0.1489

K K 3.312] 0.05 0.03 0.04] K20| 0.06) 0.02] 0.0865
CaK 3.690) 39.89) 0.19 54.32 CaQ| 55.81 12.87] 67.8097
Mn K 5.894 1.48] 0.06) 1.47 MnO| 1.91 0.35 2.0758
Fe K 6.398] 15.46| 0.16} 15.12] FeQ) 19.89) 3.58 23.0836
&t 100.00 100.00| 100.00] 23.93
TE) ZAFTE 1057 /& m o i (RR 16

,4V%%ﬁ:&mw

#* 2.6 MR No2lZ AR TTES
Table 2.6 Result of EDS analysis (No.2).

JLF (keV) B E% o £ L% =X} B E% B F A K

] 50.46
Na K 1.041 0.04) 0.03 0.07, Na20 0.06] 0.01 0.0805
Mg K 1.253 0.11 0.03 0.33 MgO| 0.18] 0.03 0.1926
ALK 1.486 22.84 0.17, 30.89 A1203 43.15 6.44 50.2638
Si K 1.739 26.33 0.23 68.42) Si02) 56.32) 7.13 48.6712

K K 3.312 0.01 0.01 0.01 K20 0.01 0.00) 0.0212
CaK 3.690 0.00) 0.02] 0.01 Ca0 0.01 0.00) 0.0132
Mn K
Fe K 6.398 0.21 0.02] 0.28| FeO 0.28| 0.03 0.7575
aFF 100.00| 100.00| 100.00| 13.65
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