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Paleoseismic investigation of the northern segment of the western trace and
eastern trace of the ltozawa fault ruptured during the 2011 Myua 7.0 Fukushima-
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Abstract: The 2011 Mjua 7.0 (Myw 6.6) Fukushima-ken Hamadori earthquake generated multiple east-
side-up normal faulting surface ruptures along parts of the previously mapped active faults, including
distinct slip on the NNW-trending western trace of the Itozawa fault and the NW-trending Yunodake
fault, and faint slip on the NNW-trending eastern trace of the Itozawa fault. Of these, the surface rupture
on the western trace of the Itozawa fault has extended beyond the previously mapped portion further to
the north. This raised serious question about the limitations for locating active faults. We conducted
tectonic-geomorphic mapping, a stratigraphic pit excavating, and paleoseismic trenching at Saido, Iwaki
City, located at the southernmost part of the northern extension of the western Itozawa fault trace, in
order to assess whether or not retrospectively we could have located this section. Direct evidence for
repetitive faulting was not exposed in trenching, but topographic analyses with high-resolution DEMs
created from airborne and terrestrial LIDAR (Light Detection And Ranging) and a total station survey
suggest multiple east-side-up slip events with penultimate event having substantially smaller slip than the
2011 slip, although their timing are not constrained. This result implies the possibility that some active
faults might occur larger surface slip than paleoseismically determined slip. We also performed a
trenching at Kamanosawa, Iwaki City, on the eastern trace of the Itozawa fault aiming at understanding
its slip history, but we could not find evidence for paleoearthquakes.
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Table 1. Division and description of stratigraphic units exposed on the trench at Saido.

'C age' and correlative

Unit  Inferred environment Subunit Facies
strata and rocks
Debris (containing sand, silt, gravel, fallen leaves, and twigs) shed from
1 Colluvium — the steep fault scarp formed by the 2011 earthquake (post-earthquake —
colluvial wedge)
2a Organic soil occasionally containing gravel with abundant roots (upper _
. . surface: ground surface at the time of the 2011 earthquake)
2 Top soil, slope deposit 2b Silty fine sand and medium sand (slope deposit) —
2c Organic silt (buried former top soil) —

3 Slope deposit 3c rip-up clasts derived from strongly weathered facies of unit 5. 610 + 30 yBP
(filling valley) Containing channel fill with dense charcoal at the basal part.
Sandy silt (partly organic silt) with gravel. Occasionally containing rip-
3d up clasts derived from strongly weathered facies of unit 5 filled with a 910 + 30 yBP
sandy silt matrix.
Weakly stratified (partly imbricated) clast-supported gravel with fresh 210+ 30 yBP
4 Valley fill deposit — amphibolite, gabbro, and granite clasts with 1-8 cm (max. 12 cm) in
. . . . 640 + 30 yBP
diameter, filled by a weakly organic sandy silt matrix
Semi-consolidated stratified conglomerate with weakly weathered or
. . Sa fresh amphibolite, diorite, gabbro, and granite clasts with 0.5-15 cm (up ~ Kunugidaira Formation
5 Debris flow deposit to 50 cm) in diameter filled with a medium sand to granule matrix (Early Miocene)?
Sb Sheared and fractured part of unit 5a with thin fault gouge

" Conventional "“C age with 10 (See Table 2 for detail).
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Table 2. "“C ages for samples collected from trench at Saido.

Trench  Sample Conventional "*C

Calendric age range (AD)

| . 13 o Tyt
Lab. No. Sample Name  Unit’ wall material Pre-treatment ~ §°C (%o) age (yBP) (10)’ g)lz -:S f’ PrObi’;:Itl};St
Beta-322944 CSHTE-3 3c E Plant acid/alkali/acid -28.8 220 +30 1640 post-1950
Beta-319230 CSHTN-1 3c N Charcoal  acid/alkali/acid -24.7 610+ 30 1290 1410
Beta-319231 CSHTN-2 3d N Plant acid/alkali/acid -27.5 910+30 1030 1210
Beta-322945 CSHTE-4 E Plant acid/alkali/acid -27.1 210+ 30 1640 post-1950
Beta-321452 CSHTN-26 4 N Charcoal  acid/alkali/acid -25.9 640 + 30 1280 1400

' Beta- : Beta Analytic, Florida, USA.

? Units correspond to those of Table 1.

* Conventional "“C age represents the measured '“C age corrected for isotopic fractionation, calculated using the §"°C.

* Calendric age is calculated using a calibration program OxCal 4.2 (Bronk Ramsey, 2009) with calibration curve of IntCall3 (Reimer e al.,
2013). Age is shown with rounded to nearest decade.
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Table 3. Result of tephra analysis for samples taken from pit at Saido.

Content of volcanic glass Content of heavy minerals B quartz L.
Sample No. (number/3,000 grains) (number/3,000 grains) (number/3,000 Refractl.ve index of Content of
. volcanic glass (n) AT glass
Bw Pm 0 Opx Gho Cum grains)
TSDP-1 56 69 153 96 49 3 2.1
TSDP-2 54 37 162 103 51 4 2.1 1.4986-1.5029, 1.5054 7/30
TSDP-3 88 70 135 93 55 3 1.2 1.4988-1.5028 7/30
TSDP-4 66 39 168 90 25 2 0.8 1.4982-1.5030 5/30
TSDP-5 52 34 85 75 20 2 0.9 1.4972-1.5030 10/30
TSDP-6 37 21 99 47 22 2 0 1.4992-1.5032 6/30
TSDP-7 31 24 67 19 11 1 0 1.4996-1.5025, 1.5051 8/30
TSDP-8 19 4 18 7 10 1 0
TSDP-9 1 0 2 2 9 1 0
Bw : Bubble wall type Opx: Orthopyroxene
Pm : Pumice type Gho: Green hornblende
O : Other type Cum: Cummingtonite

AR B/ PFMX b L FREEIZ AT 5 HE DXy LR

Table 4. Division and description of stratigraphic units exposed on the trench at Kamanosawa.

"C age' and correlative

Unit  Inferred environment Subunit Facies
strata and rocks

I Man-made fill Mixture of sﬂF, sand, and gravel with garbage, including vinyl sheet, B
lumber, and pipe

Organic silt, sand with roots and fallen leaves —

1I Top soil

JIIED Sand with gravel —

it Slope deposit Weakly stratified silty fine sand with gravel, containing abundant rip-up
clast of siltstone and sandstone derived from the Kunugidaira Formation
""""""""""""""""""""""""""""""""""""""""" East of grids N5 and S5: gravel with mainly subangular clast with lem
in diameter. West of N5 and S5: silt with gravel, containing abundant 120 + 30 yBP
charcoal and wood fragments.
"""""""""""""""""""""""""""""""""""""" Exposed west of grids N5.3 and S4.5. Silty fine sand with gravel (chiefly
1 to 10 cm in diameter subangular clast, with abundant rip-up clasts from 70 +30 yBP
the Kunugidaira Formation) and charcoal.
. Gravely sand with mainly angular clast derived from the Gosaisho
VI Talus deposit metaerphic rock. Expo)s/ed c%nly west of grids N5 and S4.8. a
Vila Gravel wi'th angular to subangular clast, filled by a fine to very coarse B
sand matrix
Angular to subangular blocks of the Gosaisho Metamorphic rock (unit
VIII) up to 200 cm in diameter
Viila Green s.chi.st with well-developed NS-striking schistsity (friable along Gosaisho Met. hi
VIII Metamorphic rock the schistsity) osaisho Vietamorphic

777777 VIIIb  Brecciated to pulverized schist  fock (Barly Cretaceous)

v Slope deposit

viI Talus deposit ~ —---
VIIb

Conventional "“C age with 10 (See Table 5 for detail).
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Table 5. 'C ages for samples collected from trench at Kamanosawa.

Calendric age range (AD)

: 14,
Lab.No.!  Sample Name Unit’ rizrt?:fil;l Pre-treatment  8"C (%o) Con\;erllgt;)n(all )3C (95.4% probability)*
age (yBP) (1o Oldest Youngest

. L Modern

Beta-321453 CKSTS-1 IV Wood fragment acid/alkali/acid -26.2 (162.7 0.4 pMC)
. L Modern

Beta-321454 CKSTS-2 IV Wood fragment acid/alkali/acid -26.6 (168.5 % 0.4 pMC)

Beta-322946 CKSTS-5 v Charcoal acid/alkali/acid -29.0 120+ 30 1670 1940

Beta-321455 CKSTS-3 \% Charcoal acid/alkali/acid -23.6 70 + 30 1690 1930

' Beta- : Beta Analytic, Florida, USA.
% Units correspond to those of Table 4.

* Conventional "“C age represents the measured '*C age corrected for isotopic fractionation, calculated using the §"°C.

* Calendric age is calculated using a calibration program OxCal 4.2 (Bronk Ramsey, 2009) with calibration curve of IntCall3 (Reimer et al.,
2013). Age is shown with rounded to nearest decade.
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Fig. 1. Map showing distribution of the Itozawa fault and Yunodake fault and field observation points of the surface ruptures
associated with the 2011 Fukushima-ken Hamadori earthquake. Of the observation points for the surface ruptures along
the western trace of the Itozawa fault, those of the northern segment are shown by the blue circles, whereas the southern
segment by the red circles. The surface fractures appeared on the eastern trace of the Itozawa fault and the surface ruptures
on the Yunodake fault are marked by the green and yellow circles, respectively. U and D denote upthrown side and
downthrown side, respectively. Areas of Fig. 3a, Fig. 13a and Fig. 14 are outlined by black boxes. Location of presumed
active faults is shown in broken line after Nakata and Imaizumi (2000). Location of the surface ruptures along the
Yunodake fault and a part of eastern trace of the Itozawa fault is based on Awata et al. (2011). Sites for previous
paleoseismic study on the Itozawa fault are also shown (I: Ishiyama et al., 2011, K: Kurosawa ef al., 2012, T: Tsutsumi and
Toda, 2012, Toda and Tsutsumi, 2013, N: Niwa et al., 2013). Topographic image is created from 10 m mesh digital
elevation model (DEM) distributed by Geospatial Information Authority of Japan. Topographic contour interval is 100 m.
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Fig. 2. a) Geologic map around the study area (simplified from Kubo et al., 2007). Location of presumed active
faults is after Nakata and Imaizumi (2000). b) Geologic cross section A—A’ across the Itozawa fault
(modified and simplified from Sugai et al., 1957). Area of Fig. 2a is same as Fig. 1. For location of the
section see Fig. 2a.
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Fig. 3. Map showing location of the surface rupture, trench and pit, topography around Saido, and topographic profiles. a) Shaded relief
image created from post-earthquake 1 m resolution DEM. The surface ruptures are marked by red arrows. U and D indicate
upthrown and downthrown, respectively. A pair of half arrows denotes strike-slip component. Sections B-B’ and C-C’ are
locations of topographic profiles shown in Fig. 3c and d. b) Topographic contour map in the area of white rectangle in Fig. 3a,
showing distribution of surface rupture (red lines; barbs on downthrown side), geomorphic surfaces (surfaces I and II) and small
valleys (blue lines). Contour interval of topographic map is 1 m. Note the significant dissection of valleys a, b, and ¢ on the
downstream side of the surface rupture appeared on the northern segment of the western trace of the Itozawa fault. WG: wind
gap. Topographic profiles ¢c) B-B’ and d) C—C’ across the surface rupture appeared on the northern segment of the western trace
of the Itozawa fault (blue: pre-earthquake; red: post-earthquake). Note that the surface rupture occurred on the base of pre-
existing west-facing scarp for both profiles. Shift in the profiles is influenced not only by displacement associated with the April
11 (Fukushima-ken Hamadori) earthquake, but also by eastward movement due to the March 11 Great East Japan Earthquake
and its afterslip. Easting and Northing in meters (Japan Plane Rectangular Coordinate System IX).
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Fig. 4. Photographs showing the surface rupture appeared at Saido viewed from a) west and b) north. Vertical offset of forest road
(forest road A in Fig. 6a) is measured to be ca. 1.3 m by means of conventional tape measurement carried out the
immediately after the earthquake. The forest road (forest road B in Fig. 6a) shown in left margin of the Fig. 4b corresponds
to that shown in right edge of the Fig. 4a. Trench excavation site is located between the forest road B and temporal pond
created by downstream-side-up displacement. Approximate location and orientation of photo shoot is shown in Fig. 6a.
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Fig. 5. Topographic profile D-D’ constructed from 1 m resolution post-earthquake DEM.
For location of the profile see Fig. 3b.
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Fig. 6. Detailed topographic map around Saido site created using a) a terrestrial LIDAR and b) a total station surveying data.
Black crosses in Fig. 6b denote the survey points. Area of Fig. 6a is outlined by black rectangle in Fig. 3a. The four
corners of frame of Fig. 6b are shown in Fig. 6a. Valleys a and b are the same as those in Fig. 3b. Both the terrestrial
LiDAR and total station surveys were conducted on February 23 and 24, 2012. c¢) Topographic profiles E-E’ to G-G’
constructed from the terrestrial LIDAR data. Note that the scarp morphology of profile E-E’ is modified to be gentle
slope due to the post-earthquake repair work. d) Swath topographic profile H-H’ constructed from the total station data
Width of swath is 4 m. Location of topographic profiles E-E’ to G—-G’ is shown in Fig. 6a and b. Note that the vertical
offset from profiles E-E’ and F—F’, which record only the 2011 displacement, are smaller than that from profiles G-G’
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1 m) was created using total station surveying data. Note that the east-side-up 2011 surface ruptures occurred

on or near the base of pre-existing west-facing scarp.

Valleys a and b are the same as those in Fig. 3b and

Fig. 6a, b. Area of figure is outlined by black rectangle in Fig. 3b.
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Fig. 8. Photographs showing a) the north wall and b) the south wall of trench at Saido site. For location of the trench,
see Figs. 3b and 7 (Site A).
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Fig. 9. Log of a) the north wall and b) the south wall of trench at Saido site. Grid interval is 1 m. Arabic numerals (with alphabet)
in white circle are stratigraphic (sub) units, which correspond to those of Table 1. Black circle and blue circle is position
where sample for '*C dating was collected and position where attitude of the fault surface was measured, respectively. Note
that the '“C age given is conventional age. Equal area stereonet in Fig. 9b shows attitude of the main fault exposed and
measured on the north and south walls of trench.
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Fig. 10. Photograph showing the slightly retreated free face of surface rupture at Saido including the east wall of trench and.
Approximate position of north and south walls is indicated by white dashed line. Grid interval is 1 m. Intersections of
grids are marked by cross. Location of the photo is shown in Fig. 7 (section I-I").
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Fig. 11. Log of the east wall of trench and the free face of surface rupture at Saido site. Approximate position of north and south walls is
indicated by black dashed line. Grid interval is 1 m. Arabic numerals (with alphabet) in white circle are stratigraphic (sub) units,
which correspond to those of Table 1. Black circle is position where sample for "*C dating was collected. Broken gray line indicates

inferred upper surface of unit 5a on hanging wall of the fault. Note that the '*C age given is conventional age. Explanation for figure
is same as Fig. 9.
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Fig. 12. Log of the northern wall of pit excavated on surface I at Saido site. For location of the pit, see Figs. 3b and 7
(Site B). Sampling number of TSDP-1 to 9 for tephra analysis is given in right side of the column (see Table 3).
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Fig. 13. a) Detailed topography around Sakura, Kawabe Town, showing location of surface fractures on and around the eastern trace of the
Itozawa fault (shown in red circles). The map is created from 2 m resolution pre-earthquake LIDAR DEM. Location of the eastern
trace of the Itozawa fault is marked by black arrows. Blues arrow indicates flow direction of the Same River. b) Photograph of
surface rupture at Sakura (marked by white arrows), where the asphalt-paved road is offset with minor east-side-up vertical and
right lateral slip (viewed from south). U and D denote upthrown side and downthrown side, respectively. For location see Fig. 13a.
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Fig. 14. Detailed topography around Kamanosawa, Tono Town, showing location of the trench, fault
exposure and surface fractures along the eastern trace of the Itozawa fault. The map is created from
2 m resolution pre-earthquake LIDAR DEM. Contour interval is 1 m. Location of the eastern trace
of the Itozawa fault and flow direction of the Amano River are shown in black arrows and blue
arrow, respectively. Location of surface fractures on the eastern trace of the Itozawa fault is shown
in red circles. Rectangle shows area of Fig. 16.
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Fig. 15. a) Photograph showing the surface crack with ca. 5 cm east-side-up on the southern retaining wall of the Amano

River. b) Photograph showing the fault exposed on the riverbed, which separates the Kunugidarira Formation on the
west from the Abukuma metamorophic rocks on the east.

ed)

gaw 1S

aoeJ] e} paliejul
=

(uney eme
- mmm .

Ku: Kunigidaira Formation

(Early Miocene)

Go: Gosaisho metamorphic rock
(Early Cretaceous)

0

B16 M. &/ RHIXK b Lo FHUREE OMIER JOHE SR, HERHE (FEEaiE 1lm) X h—21
AT = a a2 VTR, #Ug A3 BIHEE A LS < T RENT/ NI O A 2R3
Fig. 16. Map showing topography and geological route map around the location of trench at Kamanosawa site. Basal

topographic contour map (contour interval is 1 m) was constructed using a total station. Geologic route
map was made by field mapping. Black arrow denotes flow direction of the small river.
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Fig. 17. Photograph of a) the north wall and b) the south wall of trench at Kamanosawa site. Grid interval is 1 m.

23



Full IE - AT - s - 75 B

N-wall
« S7TO'W N70°E w,
Elev. (mas.l.)
Wi 160.32
159.32
158.32
157.32)
156.32
i 155.32|
im General strike and dip of the trench wall: N70°E68°S
S-wall (flipped)
< STOW N70°E w,
Elev. (mas.l.)
5B ISol Isal I S8l i3l 54l B3 52l ! S0

E
o

159.32

158.32

157.32

156.32

CKSTS 3
70:30yeP | [CKSTS-2 CKSTS-1 CKSTSS

modern modern 120:30 yBP

155.32
1im General strike and dip of the trench wall: N70°E72°N

FA8 K. &/ PWHIX b Lo FAehEmE () BLUmMEER (b) OA7 v F. 77Uy FEEEZ Im. KNPoEAunNo
B, AXROE 4 ROMEXy Extis (B—~F+ TN 77Xy MIMBEX S 25 Lizb D).
B o [ ALES KOV HLIE, ave i ARG E FRRHR B & 35 X OV if o0 A& 7] - (A I A 2 R g

P OAEAAE L Conventional C EAR AR (55 5 %).

Fig. 18. Logs of a) the north wall and b) the south wall of trench at Kamanosawa site. Grid interval is | m. Roman numerals
(with alphabet) in white circle are stratigraphic (sub) units, which correspond to those of Table 4. White circle and
blue circle is position where sample for "*C dating was collected and position where attitude of the fault surface was

measured, respectively. Note that the '*C age is conventional age (Table 5).
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