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Abstract: Paleomagnetic study was performed on Upper Jurassic~Lower Cretaceous Sorachi
Group and Yezo Group in Ashibetsu area, central Hokkaido for quantitative estimation of tectonic
movements in reference to the northeastern Eurasia. Characteristic remanent magnetization (ChRM),
which is carried by various ferromagnetic minerals, was isolated for five sites. To determine their
origin, we executed isothermal remanent magnetization (IRM) experiments, and origin of ChRM
is categorized into two groups. One of them is positive in reversal test, and enhanced precision
parameter after tilt correction implied pre-folding origin. Untilted formation mean direction
(D=-12.0 °, 1=47.7 °, 0ys=12.3 °) is characterized by significantly shallower inclination than the
expected value for coeval mother continent. These results suggest northward movement of 2100 km
(¥1500 km) since the Cretaceous. In comparison with previous paleomagnetic studies and tectonic
models, central Hokkaido could consist of at least two components and have experienced rapid
northward movement driven by plate movements.
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(a) An index map around Japan arc. (b) Tectonic map of Hokkaido modified from Kiminami et al. (1986). Open

symbols on the map show previous paleomagnetic studies, and a hatched area denotes this study area.
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Paleoreconstruction maps in Early Cretaceous, simplified from Takashima et al. (2006; left), and Otsuki (1992; right).

Thick arrow symbol shows the velocity of Izanagi plate at around 119Ma (Engebretson et al., 1985).
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FRIMISORR &Sl S Y > T VB, B, BN WEEREERIE. SI6E5 (2001) & Takashima
etal. (2006) (cfE> Tz, MEXTEALIE Gradstein et al. (2012) (CfED Tz,
Paleomagnetic sampling horizons. Stratigraphy of Sorachi and Yezo Groups in Ashibetsu area is from Takashima
et al. (2006) and Takashima et al. (2001). Radiolarian datum is cited from Takashima et al. (2006). Geological time
scale is cited by Gradstein et al. (2012).

*x1 mES Y > 7V X b
Table. 1 Paleomagnetic samples
Site name Lithology Stratigraphy N demag./total (Tsl}tg;g geeﬁlle(t)%
ASO1 Oolite limestone Shirikishimanaigawa Fm. 14/31 180, 76 PAFD
AS02 Oolite limestone Shirikishimanaigawa Fm. 14/24 199, 92 PAFD
AS03 Andesite sill Ashibetsugawa Fm. 11/17 191, 88 PThD
AS04 Shale Ashibetsugawa Fm. 4/4 196, 92 PThD
AS04st Volcanic sandstone Ashibetsugawa Fm. 7/8 196, 92 PThD
ASO05 Volcanic sandstone Nakatengu Fm. 12/18 188,90 PThD
AS06 Volcanic sandstone Shirikishimanaigawa Fm. 11/15 189, 100 PThD
OKO1 Orbitolina limestone Syuparogawa Fm. 13/19 205,70 PAFD

N demag., number of specimens treated by progressive thermal demagnetization (PThD) or progressive
alternating field demagnetization (PAFD); total, number of total specimens in a site; Tilting, bedding attitude
of a sampling site (S=strike, D=dip); Demag. method, applied demagnetization method for a site.
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IBEEANDNY MURSIREZE TR, )/ TBEBRETOWRE—X > bOKXKEETZBAREBHIL (natural remanent
magnetization; NRM) TR LIt DEERT, (1) ([FERFEFVERICEK 2T 2 DOLELGRBHICLR DD DB S
nfctis, (2) [FREEERICE 2T 1 DORELGZEHICARD D DS NS, (3) (FERFERERICE 2
TREGHRBHICRAD DR ENMR, (4) BREGHRBHCHDDDBEENGED D IR Z TR,
Representative results of progressive thermal demagnetization (PThD) and progressive alternating field
demagnetization (PAFD) in in situ coordinates. Solid (open) circles on the Zijderveld diagrams represent the
projection of vector end-points on the horizontal (N-S vertical) plane. J/J, shows relative intensity of magnetic
moments for each demagnetization step, standardized by natural remanent magnetization (NRM). (1) representative
sites in which two stable components are isolated by PThD. (2) representative site in which a stable component is
isolated by PThD. (3) representative sites in which a stable component are isolated by PAFD. (4) representative
sites in which no stable component are isolated.
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B AR T > A LICEILT B 55 K WOHDRHEICER
SNfee AREICLIELIEEEND YT 1 b (FeCO,)
&, RBRETOMRAICKITITZZA PPAIRZA MME
L. =V RIL— LR TH > TEILFFRERAL (chemical
remanent magnetization; CRM) &89 % Z &H. Dunlop
and Ozdemir (1997) IcK > TIREIN TV S, SEHIAK
ETCHHMEDS B, AS02, OKOT TILERMEASFERLIC L W
ChRM Z BT 2 EDTET, U EDRESTDOFEER. ChRM
DREETEMAICDONT, HIRFYHMIEKD, F2IC
e

4-2. Isothermal remanent magnetization SEE&#ER

RM DERFEEMEREREZ., K6ITRd, ERZTO
Tz 3#isn (ASO1, AS02, OKO1) |EEERDIEBZ R L. EH
ICHE ~ BRBEAORDDNFTENTWVBE D, EREILD
(By,=40~60 mT) HZENTH D, FREI~2REIILDD
WAl 2EmD 3 B IBETH Y. ERBHILICTDOVWTHER
WA THEOIT ONZBEEIHAREEEB > TWEHEE
ABNB. BRBEIIRDD B, &, BENEI I 21
DIREEF) (~10 mT; Dunlop and Ozdemir, 1997) & W &K
T MR CREDDE VBT A DX T 224 MY
WM E L CEREGIHREEETRE L TS,

Lowrie (1990) ™ 3 & IRM DERPEEERIER 2K 7 [T T
BEREIRD (~0.12 T HAEZENTH Y ZD&E7 > 7 Ay
FUTREIFK 580 ° CTH B, TN, BERBESIKD &
BB V22 A N ThHBT EHTRBL TS,
REMREE D (0.12~040T) (CEELTH. &7/ 7AY
FUUREIE. BEREAIMS EFELCK580° CTHY . FE

BISHLE - FRERA

RIS w18 D BB < %21~ ThBHelReE
D5, IRM DERFEEIRERD 5 &R E NIz VMR
ICDWTIE. RIS V2214 hOEaETR LTS EE
A5 5.

4-3. IRLROERBEKENE

EREHCEMEROR AT v T TAE LI RE,
f-factor DEDZ{LEX 8 FX 9 IR T, AREIE (ASO1,
AS02, OKOT; K 8) (CHWLTlE. 500 ° CIvrE CRIEED
ZEHAAREND (K8 —b). THUL/ IV T TR RDEN
Bartington MS2 ./ A4 XL NJUITEW 8 T, 5HAIRRED
FEEBZTTVDEREELSS L,

APEFERHICDOWT, JIBMEEA LR LIz 500° CLET
I&. ffactor DIEHLREL TS (K8—0, INERBE
f-factor &, 500° C H5 680 ° C (@b > CEFICEEMNT S
BEHLFSND, THlE. MEICEK Y FTZICHTH L fz5aE
HIMD. FETAHEAETELTVS,

ASO5 % B < Z DO S ICTHWNTE. 500 ~ 600 ° C AT
H 5 ffactor D EFHFSNT, FBITANEIEL. FIEMEE
DB & f-factor DIBIF & DEICIEAT L & BB A
BHOSNBZEWNT ETHD (K9), ffactor DML, F/c
AT U Te B B B g DA R s B S D EE E R T
—H. PEEROBIMNITIEE I E U IzsgBE st b,
AR DB TIEIMNEICT L B8 I DEEH A E <
BRLTHY. TNEDINT Y ADIIRLERDIE R A RE
LTWBEEZABND, LIch > T FiclTEBIMIEH
MHELTWRBETEH, SR PORBMELENHZLT S
T ElckY . TRMERITRD L5,

=2 BERIMIEIC DT T HZEAEE - IRRBE D EHB RS
Table. 2 Paleomagnetic directions of Sorachi Group and Yezo Group in Ashibetsu area.
No. Site name N Lithology Dec. Inc. Untilted dec.  Untilted inc. Olgys Demag. method
1 AS02 8  Oolite limestone 78.6 11.8 -6.3 56.8 8.5 PAFD
2 AS03m 7 Andesite sill 93.5 53.3 -733 383 10.0 PThD
3 AS04m 4 Shale 63.7 48.5 -43.8 27.6 6.1 PThD
4 AS04h 3 Shale 59.1 214 -13.6 385 4.5 PThD
5 AS05m 10 Vol. sst 62.9 51.1 -57.1 30.9 6.5 PThD
6 ASO05h 7 Vol. sst -119.7 -23.0 153.2 —46.7 2.9 PThD
7 OKO1 7 Orbitolina limestone  68.6 31.5 0.1 47.0 13.4 PAFD
formation-mean
BC Group (No. 1,4,6,7)  (4) (66.8) (22.1) (-12.0) 47.7) 12.3 (13.4)
A Group (No. 2,3, 5) 3) (72.8) (61.8) (=57.4) (32.8) 20.8 (16.9)

N, number of specimens (sites); Dec. and Inc., site (formation)-mean declination and inclination before tilt correction;
Untilted dec. and Untilted inc., site (formation)-mean declination and inclination after tilt correction; a5, radius of
95 % confidence circle, values before tilt correction are shown in parentheses; Demag. method, demagnetization
method (PAFD is progressive alternating field demagnetization, PThD is progressive thermal demagnetization)

adopted for each site.
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Gradient
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6  ZHERERML (isothermal remanent magnetization; IRM) DEXMEERISEER (Kruiver et al, 2001) #E58, > >AR/L ()
ERAET —5. RREEBH T4 v T A VT T8 BIRIEE T « v T« > T DERHNANRY M IV

Fig. 6 Results of progressive IRM acquisition experiments (Kruiver et al., 2001). Open squares are raw data, and broken
(solid) lines are individual (total) fitting data, respectively.
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B2 38 IRM (hard=3.0 T, middle=0.40 T, soft=0.12 T) DEXFEEERLEER (Lowrie, 1990), Hard Ai3hY 550 ° C Ak
KU bR Licfcd & B s,
Progressive three-axes IRM demagnetization experiment (hard=3.0T, middle=0.40T, soft=0.12T, Lowrie, 1990).

Slight increase of hard component around 550°C is caused by chemical change of ferromagnetic minerals during

repeated heating.

W EDRERIE. PR ERBEEFED. Ficizah
MO RIS DWW T/ L7 B LR L IFRIEDERE S
ABINGA=REBN 52 EETRLTVS,

4-4. IELEEEAMN

MBALRE A (anisotropy of magnetic susceptibility;
AMS) 7—2ZK10c& T AMS IE. #E IR T
DEF)H A% RBRY %, Tarling and Hrouda (1993) IZ £ %
& —RITHBEICB VL TIE. PHIOHBEENMREIN
TWAIEE.AMS D K, H B & B /G A EICRBEI N,
AMS 77 7w ZldRIFE (T>0) (2755, AS02, ASO4, ASO5
Tl K tBE S EB I, HEMBEOBEEFRE
LTWBT EETBLTWD,

5. &

5-1. FEEEREREIEDER

ARG OSSN S Bo Nl A IE. B
FEOER IO T 2O S 3 D07 IV—TIcnEITND
(1) 1 DEISEREHBEHICKY ChRMADBEE N
e Bm7 70w F 2 TBES560~580 °CDAYTIL—
7 (ASO3m, AS04m, ASO5m). 2 DB IZERFEEERLIC K W
ChRM B p 8t nicgs 7> 70y F > J8BE 690 ° CD
B 7 IL—"= (AS04h, ASO5h). BRAEZICEPESTMBERICK > T
ChRM B\t f= C 7 )L—= (AS02, OKO1) Th 5,

A 7 )b—= (ASO3m, AS04m, ASO5m) &, FEMIfT>
TeERBERSRIBREIC B W T H. ERFEFVEI & BRD D H\HE
SRE NSz MDF (median destructive field) (& 10 mT LR

5&
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(a) Limestone (AS01, AS02, OKO01) (b) Limestone (AS01, AS02, OKO1)
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Heller et al. (1991)] D&, (c) EnEMEED f-factor HEAK,

Fig. 8

(a) Low-field susceptibility of limestone specimens (AS01, AS2, OK01) during progressive thermal demagnetization.

(b) f-factor [ = (x1r — xur)/xLr X 100; Heller et al. (1991)] of limestone specimens. (c) enlarged f-factor changes in

high temperature treatments.

Thorfcctd. a7 70y F 2T BED 560~580° C
ThHdTELD. HEHACAIESEBBIEIEMIE< T X 21
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B 7 )L— 7 (AS04h, ASO5h) lFZDEE 7> av+ >y
BE (9690 ° Q) Hh5. TREBEMEZIE DB IENT
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CTI—TDaEEE. UTOR#EEED, 1) AREDL
5% 5. 2) IRM OERMEEEREROES 7 > 7Oy F+
JREFK580° C Thole. 3) MDF I 10~30 mT 12
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BWAODEWEHRXT A XD ITZ2A4 N ThBEEZSN
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eMEDFHFuERDDICHICY. BIIV—TECH
IW—THrFEDIEDE, BCYIV—T & LetaFigaar
(formation-mean direction) Z3K &7z (R 2. 12) A7 IL—

7 (ASO3m, AS04m, ASO5m) Tldk. {EENEIERDEFRE/N
Z A —% K (Fisher, 1953) I&82 L (K] 12) . McElhinny (1964)
DFETT A NERERTH e, BC U IV—F Tl (E8HE
FERICETENSA—ZKDEIFHRETNTND, Nl
BC 7 IL— 7 DREHALD . ESRICESLIEEDTHST
EHETELTWVWD, Fe. BB - WEROIFIERFETE
WRFHAMHIESNTH Y. wEsT A~ (McFadden and
Jones, 1981) (& LTce LIeh> T BC U /L—T D2
REHAAE. HEREIZDKEZ(LZFEL L TWBHEHD
LERIRTED, UEDFERK Y. BC U IL—TDIREBRMI.
TEND 2 WNETENIOSEVEL TH D EBIR L. LUFD
FEREED D,
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10 ¥IHMEEREAM (anisotropy of magnetic susceptibility; AMS) 7—42 (EEELER) ESEmBEREN EICERLIZED,
Ki, Ky K (FEFMZRTHEAMEDERT S 3 FHDAME. 3 FHMOKREEDFGTHR#ME LILBHMOR S ZERT,
SEAFHEIE 95 % 1EFEBRFR (Binghum, 1974) 2R 97, N, EALAEL; P [= expy 2[(InK; = npn)? + (In Ky — 7)? + (InK3 = 1n)?],
N, =K -InK, -InK, | EHEDKEEEZXRT /NS A—2;T[=2In K —InK = InK)/(In Ky — InK)], AZAK/ 85 A =%,

Fig. 10 Three principal axes of anisotropy of magnetic susceptibility (AMS) on equal-area projection after tilt correction.
Ki, K, K;are principal axes of the magnetic susceptibility ellipsoid, and their value is normalized by average
of them [=(K,+K,+K;)/3]. Solid oval is 95 % confidence limit (Binghum, 1974). N, number of specimens;

P, [ = expy/2[(InK; — np)? + 0Ky — 1) + (InK3 — 7)1, N, = J/InK, - InK, - InK, ], degree of anisotropy; T [=(2In K,
— InK; — In K;)/(In K; — In K;)], shape parameter.
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11 {BEEMEER SBREMBEROMR T AU FEEREK IR LIcHD, BEYIFTFRANDERE. BEY IEE¥F
RA\DIREZERT . BARBEMIE 95 % FERRFRERT, ~HEE (%), AJ)V—7 ,O%E (+),BJ)L—7, L (@),
C 7\\”‘/_700
Fig. 11 Site-mean directions in in situ and untilted coordinates on equal-area projections. Solid (open) symbols are on the

lower (upper) hemisphere. Broken ovals are 95 % confidence limits. Six-pointed stars, A Group (AS03m, AS04m,
AS05m); four-pointed stars, B Group (AS04h, AS05h); diamonds, C Group (AS02, OK01).

arcsin(sin a e/cosl) H 53R 5N B, Al a o ICF L
W, HIFETh 2R AN . BRI NEERBHIL AR
DELEICHE L. Beck (1980) DEE LY. KstE Y ElEnE

R = Dopserved — Dexpected (AR = ( JADobservedz + ADexpectedz ) N

Elljj t{EEE F= Iexpected - Iobserved (AF = JAIexpectedz + AIobservedz)
RS,

E®ICTlE. T—2HhH/N\—F 2R EMEOEmEN 9
ThY). TEBIEDORBENERICITTON. 1—2 27 Kb
DEHT Oy 7 DR LREENBEEICEE TN TV B
& LT, Gilder and Courtillot (1997) & BNz, Gilder and
Courtillot (1997) Ic &5 &, dERET7OY 7 EMPRETOY
I OEEIFFEY 1 IRICIERT L. IhenT7ov oA
SGI1—27EEBIE. AERKICIFIBES IZIER CABIC
ELTWeELTWS, ZDft. FHIZETIE, Gilder and
Courtillot (1997) &k, ABELOILFE 7Oy 7ICHIT3
RABHEESEN 5 TR SN2 MBS A, SEELNT
TREBBM L AN A LEE LT, Z DGR, BEtE Y [BlErE R= —
268 °+207°. BEILREEF=180°+132° A8, BE
GAtABEIER > TWAH T EDNRENE (ER3),

BEFTRIECIHBEICBREBRZ TR E LI HHEE
FHIRAEHTHON TS (Tamaki and Itoh, 2008; Tamaki et
al, 2008), 13 ic, AL SMETNTVBEABE - 1]
EEBROOGHBS AL, RAROEBS A E DRI
REE - ERDERZRYT, EBICBW T —21EF 3 TR
T M13A#HDE, AHRLOTHEI T — 2. KYE

(Tamaki and Itoh, 2008) %&BR< 3#R ¢, BEGILHFEH)
EZRLTWET EHDD D, YIR~BERAMI CRES
NTWBEEREFTE~a T H OGBS A (Tamaki
etal,2010) |&. IRFEOHBEBIZ AL SFTREINSRKRBE
FERENBEZRLTHEY (&3). BEBEFRIIIDEE
LEMBEFHHEICE. RELAREORBREICUEL TW D
DEBHNS,

AT —2DRAHLSHEINSILABEIEIL. 2100
+ 1500 km &£7%5%, UL, Takashima et al. (2006) ©HR
(2004) TRENBBHELANNTH S, —7AH. Otsuki
(1992) K SR ENAILEBHE S BT 5 & 2100 km &
WO EIEBES MK EN (K2), dBEFRRIHSFSN
TWAHHHS T — 2 &Y 5oicid. &Y ARER
IEBEEEEET HLENDH D,

Kimura et al. (1994) [C K5 &, BRBEIT KT ERERDE
TSR TN, ZOBATFHFTL— FDEEICHE>TILE
L. 110Ma tBIClE. 1—5 ¥ 7 EHGICEZET %, Kimura et
al. (1994) DET LA S FEEINZFEILREE S DEEAEK 13
ICnd, AR E. TL— b EDTOv 70t ABEEIL
BIEARELORBICRREICERT > TH Y. &I - KY5E
i - ERHIHOE MBS T — 2 LN TH S —H. H
AHED T — 2 EIEFET S, NI LEEFRIHE
BAHTOVIHSEBREINTWETZEATRER LTV,
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1BENEERT () SMEBMER (B) OY 4 NP uESEEREN EICR LEED, BEYITTHERADEZR.
BRVIF EHERANOREART, MIFEaFgA. EMEEMaTFEAMERY ., AVERBEEIZE A TEs
fi1 (formation-mean direction) @ 95 % {S3BEFR. ML SIRIBMISHI T HAT (site-mean directions) @ 95 %
EHERERETT, BC 7 /L— I, AS02, ASO4h, ASO5h, OKO1 A5zt C 20— 71k ASO3m, AS04m, ASO5m Hh'5
5%, N, Hm38; a o, 95 % [ESHEEFRDHEE ; k , ERE/NT A—2 (Fisher, 1953),

Fig. 12 Site-mean directions and a formation-mean direction in in situ (left) and untilted (right) coordinates on the equal-area

projection. Solid (open) symbols are on the lower (upper) hemisphere. Circles show site-mean directions and a star
shows formation-mean direction. Thick (thin) broken (dotted) ovals are 95 % confidence limits of formation-mean
(site-mean) directions. The BC Group consists of AS02, AS04h, ASO5h and OKO01. The A Group consists of AS03m,
AS04m and AS05m. N, number of sites; a5, 95 % confidence limit; K, precision parameter (Fisher, 1953).

*x3 JCBERREBICH S HEIAY 1 SR O HE=ROEMET T — 4

Table. 3 Upper Jurassic ~ Paleogene paleomagnetic data from central Hokkaido.

Area Age D[] I ags[] F[° R[] Reference pole Reference
Yubari and Late Oligocene 32.4 67.4 13.3  3.4%14.1  33.2#38.8 Eurasia Tamaki et al. (2010)
Minaminaganuma | e Eocene~Early Oligocene 8.4 58.1 74 12.7+87  9.2%18.7 Eurasia Tamaki et al. (2010)
Urakawa Campanian -146.6  31.0 154 34.7x16.1 -161.5%20.3 NCB Tamaki et al. (2008)
Oyubari Cenomanian/Turonian 7.5 65.9 6.6 -0.2+8.1 -7.3%18.8 NCB Tamaki and Itoh (2008)
Ashibetsu Berriasian~Aptian -12.0 477 12.3  18.0¥13.2 -26.8420.7 NCB This study
Nae Tithonian~Barremian -34.0 40.9 223 24.8+22.8 —48.8%31.5 NCB Hoshi and Takashima (1999)

F and R, inclination flattening (=lepectea™lovserves) @Nd clockwise rotation (=D gyservea™Dexpectea) (BECK, 1980). Reference
pole: NCB (North China Block), Gilder and Courtillot (1997) (Cretaceous, 78.6 °N, 202.6 °E, Ay; = 6.2 °); Eurasia,
Besse and Courtillot (1991) (30~50 Ma, 78 °N, 140 °E, Ags = 7 °)
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Fig. 13 Plot of inclination flattening (F=le,pectealobserved; BeCK, 1980), estimated by paleomagnetic studies, versus age for

the central Hokkaido. Cross symbols and thick gray line is northward block transportation estimated from Sorachi-

plateau model (Kimura et al.,

1994). Solid triangle, Nae area (Hoshi and Takashima, 1999); solid circle, Ashibetsu

area (this study); solid square, Oyubari area (Tamaki and Itoh, 2008); open square, Urakawa area (Tamaki et al.,
2008); open circle, Yubari and Minaminaganuma area (Tamaki et al., 2010).
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