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Abstract

Mechanism and kinematics of the Late Mesozoic oenmtial extension event of
eastern Asia are still debated. In order to betterstrain its evolution, two granodioritic
plutons of the Jiaodong Peninsula have been chasemargets for a time-constrained
palaeomagnetic study. Indeed, plutons are devowmlsiiile deformation, did not experience
rotation along horizontal axis and are preciselyedaby U/Pb and®Ar/**Ar methods.
Multidomain (MD) magnetite has been identified las principal magnetic remanent carrier.
The interpolation of existing and new U/Pb &fdr/*°Ar ages revealed that characteristic
remanent magnetisation was acquired in a narrogerah116 + 2 Ma. Twenty out of 27 sites
present stable magnetic directions calculated frbigh-temperature or high-coercive
components. The observations of the solo normalnetag polarity for this palaeomagnetic
collection and of the magnetic remanent age cardistith the Cretaceous Normal
Superchron (CNS) argue that the characteristic etagmemanence may be considered as
primary. Detailed field observations of the intuesirelationship between the plutons and
country rocks and Anisotropy of Magnetic Susceptib(AMS) study reveal the absence of
the subsequent deformation of plutons, or rigichtioh of plutons along a horizontal axis.
Two palaeomagnetic poles have been therefore esdzlifrom these plutons. Among 12 out
15 Cretaceous palaeomagnetic poles, including wiertew poles provided by this study,
from the Jiaodong Peninsula and on both sides a@f-LTaand Muping-Jimo faults are
statistically consistent. As a result, the JiaodBerginsula behaved as a rigid block as internal
deformation appears negligible. The remaining thdeaved poles are probably due to the
secular variation or/and the vicinity of fault zeneear of the palaeomagnetic sampling site.
Thus, they can not be applied to the peninsulaedctdctonics. Comparison of these time-
constrained Cretaceous palaeomagnetic resulteafitodong Peninsula with those of North

China Block (NCB) indicate that the Jiaodong Peulimsvas rigidly attached to NCB since,



at least, the Cretaceous as residual differencke@ly insignificant with respect to the error
brackets. These new palaeomagnetic results cottfiatrthe relative clockwise (CW) rotation
of Eastern Liaoning-Korea Block (ELKB) with respeotNCB does not affect the Jiaodong
Peninsula as a rigid block, nevertheless, someracstructures have been reactivated since
Cenozoic and local rotations could be produceds Pailaeomagnetic study reveals that the
Late Mesozoic extension in Eastern Asia is heteregasly expressed in time and space. The
complete understanding of the mechanism(s) of #ugensional event needs further

multidisciplinary investigations.
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magnetic remanent age, Cretaceous, Shandong Plninsu

1. Introduction

After a succession of Palaeozoic orogenies andlative tectonic quietude (e.qg.,
Kusky et al., 2007), Eastern Asia has experiencethjr extensional event and lithospheric
thinning during Late Mesozoic and Cenozoic timeat tbixtend from South China to Lake
Baikal south-northwardly and from the Japanesentiddao Gobi desert east-westwardly (e.g.,
Gilder et al., 1991; Menzies et al., 1993; Davislet 1996; Griffin et al., 1998; Ren et al.,
2002; Lin et al., 2003; Meng, 2003; Lin and Wan@0®@, Zhai et al., 2007; Daoudene et al.,
2009; Chen, 2010). Numerous geological observatimgse for the importance of this major
extensional event, including: (1) formation of adontinental extensional sedimentary basins
(e.g., Liu, 1986; Ma and Wu, 1987; Ren et al.,, 30q2) emplacement of widespread
volcanism and plutonism (Wu et al., 2005a, b, 2G0%) more importantly (3) exhumation of
Metamorphic Core Complexes (MCC; Davis et al., 193érby et al., 2004, Liu et al., 2005;

Lin et al., 2008; Charles et al., 2011). It is nodethy that most of these features developed



during the Late Jurassic-Early Cretaceous (e.gn, €&el., 2002; Liu et al., 2005; Wu et al.,
2005a; Wang et al., 2006; Lin et al., 2008). Vasiouodels proposed to account for the
geodynamical causes for this major extensional teaem still highly debated (e.g., Meng,
2003; Lin and Wang, 2006; Zhai et al., 2007): (akarc extension induced from Palaeo-
Pacific plate subduction (e.g., Watson et al., 198,72000; Zhou and Li, 2000; Ren et al.,
2002), (2) post-orogenic collapse (Meng, 2003)i{Bpspheric delamination (Lin and Wang,
2006), or (4) mantle plume (Okada, 1999).

The Late Mesozoic to Cenozoic extensional eveettdd eastern Asia composed of a
set of continental blocks amalgamated during previorogenies (e.g., Mattauer et al., 1985;
Kusky et al., 2007). The knowledge of kinematictdries of these blocks during Late
Mesozoic times can provide essential informatiaomsbétter understand relations between
rigid blocks movement of and development of majtersional crustal structures. In fact,
according to palaeomagnetic and structural studieset al. (2003) and Liu et al. (2005)
have proposed that clockwise (CW) rotation of tlastErn Liaoning-Korean block (ELKB)
with respect to the North China Block (NCB) was@omodated by the exhumation of South
Liaodong and Yiwulishan MCCs and the opening ofgan-Xialiaohe basin (see Fig. 1 in
Lin et al., 2003). Moreover, the Euler pole of tQi8V rotation is located in the southern end
of Bohai bay (Lin et al., 2003). Such a CW rotatislso invoked by Huang et al. (2007) for
the easternmost and southeastern parts of theadigd@eninsula (Shandong Province, NE
China) to the south of the ELKB and the Bohai bsipce Early Cretaceous. As a result,
Huang et al. (2007) assume that the Jiaodong Rdainannot be considered as a rigid part of
the NCB. However, an other palaeomagnetic studgechout in the peninsula showed that
the northern part of the Jiaodong did not expegeauy rotation nor latitudinal displacement
since Cretaceous times with respect to NCB (Gitteal., 1999). These discrepancies have

major consequences on the understanding of theaniesrh of the Mesozoic extension in the



eastern Asia and thus, need to be clarified. The ai the present paper is to better
palaeomagnetically constrain the kinematics of f#imodong Peninsula with well-dated
ferromagnetic granodioritic plutons (i.e. the Wealdan and Haiyang massifs; Fig. 1 and
Table 1). This palaeomagnetic study has been daaug with careful structural and AMS
analyses of both plutons and country rocks. Newgmahagnetic and time constraints are thus

provided to better understand the Late Mesozoierestbon of Eastern Asia.

2. Geological background

2.1. Jiaodong Peninsula

The Jiaodong Peninsula, in Shandong Province (Mi&}, is located along the
southeastern margin of the North China Block (NERj. 1a). This area is delimited to the
west by the NNE-trending crustal-scale Tanchengalgj (or Tan-Lu) fault (Fig. 1a), and to
the south by the Sulu ultrahigh-pressure metamorpleit which was tectonically active
during Triassic times (e.g., Faure et al., 2001030 To the northwest of the Jiaodong
Peninsula, Precambrian basement rocks are uncomibidymcovered by Mesozoic to
Cenozoic sedimentary and volcanic series (Fig. dlg,, SBGMR, 1991). Precambrian
basement rocks consist of (1) Late Archaean greisgeanulites, amphibolites and
micaschists (Jiaodong Group), unconformably overtai (2) Palaeoproterozoic multimodal
volcanic and sedimentary rocks metamorphosed tchdoolite-granulite facies (Jinshan and
Fengzishan Groups) and (3) Neoproterozoic (Simaetasedimentary rocks (Penglai Group).

Mesozoic rocks are mainly composed of Cretaceonisamo-sedimentary rocks
present in extensional intracontinental sedimenbasins (e.g., the Jiaolai basin). Cretaceous
stratigraphic series consist into three volcanarsedtary groups (Laiyang Group dated from
~138 to 126 Ma, Qingshan Group dated from ~1260@ Ma, and Wangshi Group dated to

the Late Cretaceous,KYu, 1990; Liu et al., 1994; Qiu et al., 2001; §and Wang, 2003;



Yan et al., 2003; Zhang et al., 2003). These latgres are mainly exposed in the Jiaolai
extensional basin (Zhang et al., 2003) and weradlr sampled for palaeomagnetic studies
(Gilder et al., 1999; Huang et al., 2007). Both darebrian basement rocks and most
sedimentary series are intruded by large volumieaté Jurassic to Early Cretaceous plutonic
rocks (Fig. 1b). They are divided into two well-ohefd temporal suites (Sang, 1984; SBGMR,
1991; Wang et al., 1998): (1) Late Jurassic grastalerived from a crustal source (partial
melting of upper crustal rocks) (e.g., Luanjiahenushan, Wendeng massifs) and (2) Early
Cretaceous granitoids derived from partial-meltoigower crustal levels with a significant
contribution of upper mantle (e.g., Aishan, Haiyaeideshan, Sanfoshan massifs). These
granitic rocks are involved in different geologicttuctures linked to a Late Mesozoic NW-
SE extensional setting (Charles, 2010; Charlesl.et2@11). Indeed, the Late Jurassic
Linglong monzogranite is associated with migmatitaad both of them constitute the
Linglong Metamorphic Core Complex (MCC) exhumedolethe Linglong detachment fault
(LDF) before 134 Ma (Fig. 1b; Charles, 2010). Besidthe Early Cretaceous Guojialing
granodiorite is a synkinematic pluton emplaced Wwetbe Guojialing shear zone (GSZ) at
around 124 Ma (Fig. 1b; Charles, 2010). Granitickeoalso occur as unstrained intrusive
plutons into the upper crust and the sedimentawerc¢e.g., Late Jurassic Luanjiahe pluton,
Early Cretaceous Haiyang and Weideshan plutonspl&ement and cooling ages of these
granitic rocks are particularly well constrainedtire region (e.g., Wang et al., 1998) and
provide more accurate time-constrained samplepdtaeomagnetic aims than surrounding

country sedimentary rocks.

2.2. Weideshan and Haiyang granitic plutons
Both the Weideshan and Haiyang plutons are congposke pinkish-reddish

granodiorite with a high proportion of pink K-fefum, and show porphyritic textures with



large microcline megacrysts and medium to coaraexgd groundmass (SBGMR, 1991;
Yang and L, 1996). Graphic and miarolitic textuvath quartz crystals aggregates in the
miarolitic cavities are commonly observed (e.g.GBER, 1991; Wu and Lin, 1991; Zhou and
Lu, 2000). The main accessory minerals include retign apatite, zircon and titanite.
Geochemical analyses of these plutons yiefd8d®°Sr ratios ranging from 0.7050 to 0.7076
(Li and Yang, 1993) highlighting a significant uppmantle contribution (Song and Yan,
2000).

The Weideshan massif is an elliptic granodiorggiaton (=520 km?) located in the
easternmost part of Jiaodong Peninsula (Figs. dll2ah to the north of Rongcheng city and
to the east of the Muping-Jimo fault (Fig. 1b). b/@alyses on zircon yielded an age of 118
+ 2 Ma (Zhang et al., 2007). In the field, granadio rocks appear devoid of macroscopic
deformation and present isotropic textures. Stratinvestigations along its contact with the
country rocks show clear intrusive relationshipthesi devoid of subsequent penetrative
deformation or brittle faulting. Anisotropy of magic susceptibility (AMS) study has been
carried out to access to planar and linear stratfabrics and showed that magnetic foliation
trajectories design concentric patterns (Charlegp2Fig. 2a). Moreover, magnetic foliations
are mainly subhorizontal to gently-dipping at tHetgn-scale (Fig. 2c). Magnetic lineations
are scattered and present sub-horizontal plungegs 2€). Corrected anisotropy degreg P
(Jelinek, 1981) shows low values (mean value doPthe pluton = 1.123) which denotes that
granitic rocks of the Weideshan pluton did not edee significant deformation since the
AMS acquisition (Fig. 2e; Charles, 2010). Gravigtalpoint to the existence of a main feeder
zone located below the pluton centre where the Beugnomaly value is the lowest (i.e. -16
mGal; Ma, 1997). Structural and geophysical datplynthat the pluton did not experience

any rotation along a horizontal axis with respedhe country rocks.



The Haiyang granodioritic pluton (~480 km?) is dted in the southwest part of
Jiaodong Peninsula, close to Rushan and Haiyareg,cand east of the Muping-Jimo fault
(Figs. 1b and 2b). Available Jurassic Rb-Sr ageslable for this pluton (156-147 Ma;
SBGMR, 1991) do not make geological sense sincsetlgganodioritic rocks are clearly
intrusive into Early Cretaceous sediments (i.e.yaag Group) leading to consider an
intrusion age younger than ~126 Ma (consistentadglcanic rocks of the Laiyang Group;
Yu, 1990; Liu et al., 1994). This age discrepanaytivated the geochronological study of
these rocks with both U/Pb arfdAr/**Ar methods on zircon and biotit® recognise
emplacement and cooling ages of the Haiyang pluttwanks to good outcrop exposures,
intrusive contact with Early Cretaceous layers besn observed (Figs. 1b and 2b). There,
horizontal to gently dipping strata indicates thatlimentary cover has not been significantly
tited during and more importantly after the emplaent of the pluton. Intrusion induced a
metamorphic aureole with development of hornfelshiem country rocks. Neither ductile nor
brittle deformation has been observed along thdacbrbetween pluton and country rocks.
AMS investigations show concentric pattern for nmetgnfoliation trajectories accompanied
with subhorizontal magnetic lineations and foliasoCharles, 2010; Figs. 2b and 2d). Low
values of the corrected anisotropy degreéniean value of ffor the pluton = 1.080) imply
that granitic rocks of the Haiyang pluton did naperience significative post-solidus strain
since the AMS acquisition (Fig. 2e; Charles, 20Byuguer anomaly values involve a main
feeder zone centered on the pluton cartographimeui.e. -14 mGal; Ma, 1997). Similarly
to the Weideshan pluton, structural and geophyscalences show that the Haiyang pluton

has not undergone any rotation along a horizowrxial a



3. Geochronological study of the Haiyang pluton

3.1. Aim, sampling and sample description

Palaeomagnetism relies on the study of magneticamence involved by
ferromagnetic minerals present in rocks. Such raiserecord Earth field directions when
rocks attempt a specific temperature below whiclymetic field is “fossilised”. Knowledge
of both pluton emplacement age and subsequentngpbistory is thus essential to determine
accurately the age of remanence. Up to now, notrelgble time-constraint is available for
the Haiyang pluton. Available Rb-Sr ages, rangnognf 156 to 147 Ma are clearly in conflict
with the intrusive character of the pluton into IgaCretaceous sedimentary layers of the
Jiaolai basin (SBGMR, 1991) and thus, cannot bé tiseonstrain the emplacement age of
the Haiyang pluton. Granodiorite samples were cpuesetly collected to perform new U/Pb
and*°Ar/**Ar analyses on zircon and biotite. Samples 07-0&6KH283 (see location in Fig.
2b) were picked from operating quarries to avoig mmeral alteration, especially for biotite.
More details on U/Pb an&fAr/**Ar analytical methods are given in Appendix A and B
respectively. Samples 07-056 and KH283 are a poitphgranodiorite essentially composed
of quartz, large pink K-feldspar, plagioclase, ieand amphibole. The rock does not show

any deformation either on outcrop or in thin-settio

3.2. Results
3.2.1 U/Pb analyses on zircons
Analysed zircons display a homogeneous populatiorlOOum sized grains in length
(Fig. 3a). According to the typology proposed bypiau(1980), zircons with a rather
prismatic habit are characteristic of high tempeaes (between 750-900°C). After data
reduction (GLITTER software; Jackson et al., 20843 common Pb corrections (Andersen,

2002), isotopic ratios were plotted into an invéréencordia diagram (Tera and Wasserburg,



1972). Eight analyses (Table 2) yielded a loweeriteépt age of 117.8 = 2.7 Ma (Fig. 3b)
interpreted as the cooling below 800°C (i.e. Sp#893; Cherniak and Watson, 2000) shortly

after granodiorite crystallisation. More detailsisatopic measurements are given in Table 2.

3.2.2.%\r/*Ar analyses on biotite

Chemical compositions of biotite were obtained uging the CAMECA SX50
electron microprobe (BRGM-ISTO Orléans), resulte gresented in Figure 3c. Biotites
chemistry show very slight compositional varialilivith K,O wt% = 9.14-9.90 and
Fel/(Fe+Mg) ratios ranging from 0.38 to 0.4%r/*°Ar analyses were carried out following a
conventional procedure for 15 increasing tempeeatsteps (Fig. 3d and Table 3). Age
spectrum, given on figure Fig. 3d yielded a platage segment for 78% of the gas released at
115.4 £ 1.2 Ma, consistent with both total fusige §TFA, 115.5 £ 0.3 Ma) and isochron age
(115.7+ 1.2 Ma). This age is interpreted as the time sddpsince the rock sample cooled
below the closure temperature of the K/Ar isotopystem for biotite settled at @& 30°C

(Villa, 1998).

4. Palacomagnetic study on granodioritic plutons of Jiaodong Peninsula

With respects to their bulk chemistry (SBGMR, 19%1¢ Weideshan and Haiyang
plutons are characterised by the relative abundarcéerromagnetic minerals, such as
magnetite. Their unstrained character together witbir intrusive relationships into
undeformed Lower Cretaceous strata, make themyhgyhtable for accurate palaeomagnetic
study. Furthermore, magnetic remanent ages actuaestrained by a critical compilation
of geochronological data completed by new acquim@@ constraints, allow to obtain new

kinematic constraints of Jiaodong Peninsula sinmetaCeous times.
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4.1. Palaeomagnetic sampling

Palaeomagnetic samples were collected from 28, sit& from the Weideshan pluton
and 14 sites from the Haiyang pluton (Table 1 aig$.R2a and 2b). These sites have been
chosen based on their geographic location so abtiin a representative spatial distribution
for each pluton (Figs. 2a and 2b). Sampling wadedhiout with a portable gasoline drill and
the cores were oriented with magnetic and solarpemses, when it was possible. The
average difference between magnetic and solarr@eicns is about -6.5° + 2.7° and -6.8° +
2.5° for the Weideshan and Haiyang plutons, respdgt As a result, an azimuth
measurement has been corrected to cores that legvedmly magnetically oriented. Cores

were cut into standard specimens (2.5 cm in dianaeté 2.2 cm in length).

4.2. Laboratory measurements

Magnetic remanent carrier(s) has already beenrrdated in the two plutons for a
detailed AMS study (Charles, 2010). Magnetic milwgg was investigated by two methods:
(1) thermomagnetic measurements carried out atlibBtut des Sciences de la Terre
d’Orléans (ISTO) and (2) hysteresis loops obtaiatthe Institut de Physique du Globe de
Paris (IPGP). Thermal magnetic (Curie point) experits were performed with &AGICO
KLY-3S kappabridge susceptometer coupled with a €®3ace. Magnetic hysteresis curves
were measured with a magnetic inductometer.

Both thermal and alternating magnetic field (AEnthgnetisations were applied to
clean the magnetic remanence at ISTO and IPGP.efragnetisation was done using a 2G
in-line three-axis AF demagnetiser and the magneticanence was measured using a 2G
three-axis DC SQUID magnetometer at IPGP. Otherpkssnwere demagnetised with a
laboratory built furnace and magnetic remanence meaasured with affAGICO JR-5A

automatic spinner magnetometer at ISTO. Inclinaticand declinations obtained by
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progressive demagnetisations were plotted on oottalgvector diagrams (Zijderveld, 1967).
Magnetic remanence directions were determined imgipal component analysis (Kirschvink,
1980). Site-mean directions were computed with disktatistics (i.e. Fisher, 1953).
Palaeomagnetic software packages of Cogné (20@B)RarEnkin (unpublished) were used

for the data analysis.

4.3. Magnetic mineralogy

Representative results of the magnetic mineratdgexperiments are presented in
Figure 4. Curie temperature measurements for\al ineasured samples show sharp drop of
magnetic susceptibility at around 585°C, charastieriof magnetite (Figs. 4a and 4b; e.g.,
Dunlop and Ozdemir, 1997). A moderate inflexionesed at ~400°C indicates the possible
presence of some maghemite (Figs. 4a and 4b). Merem Figure 4b, a drop of magnetic
susceptibility occurring between 585°C and 630°€ns®to indicate the presence of hematite.
Hysteresis loops are particularly narrow-waistetjgF4c and 4d) and present typical low
magnetic coercitive multidomain (MD) magnetite gmi The thermomagnetic results,
together with magnetic hysteresis curves, indidit@t MD magnetite is the dominant
magnetic mineral and the main carrier of remanenadl samples for both Weideshan and
Haiyang plutons, with possibly a small amount ofgihmeamite and hematite. MD magnetite
was directly observed on backscattered electrogesavith grains reaching 50 pm in length

(Figs. 4e and 4f).

4.4. Palaeomagnetic directional analysis
4.4.1. Weideshan pluton
Granodioritic rocks of the Weideshan pluton présenmodal NRM intensities and

magnetic susceptibilities ranging from 100 to 1¥88.m™" and 10 to 70 x I® Sl with
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averages of 343.9 mA:fand 33.2 x 18 S|, respectively. Such high NRM values ensure to
perform demagnetisation and to analyse magnetiamence of these granodioritic rocks.
Typical thermal and AF demagnetisation respongegranodioritic rocks from the

Weideshan pluton are presented in Figures 5a andOgbrall, the magnetic remanence
decays linearly from 150°C to 630°C for thermal dgmetisation and from 4 mT to 100 mT
for AF one, with well-defined magnetic component rafrthward to north-northeastward
declinations and downward inclinations. Site-meaneations and the corresponding
statistical parameters are listed in Table 1 aggifei 5e. It is noteworthy that three sites (i.e.
KWO01, KW17 and KW39) show significantly differentrelctions with others rather due to
probably the close vicinity to the contact zone aithinay have experienced a higher cooling
rate and border deformation effect (specified g Table 1). Moreover, the mean direction
of site KW14 may be influenced by the secular wamadue to weak number of samples
(only three; specified by *** in Table 1). Conseaqutig, these four sites are excluded from
site-mean direction calculation for the Weidesharigm (Table 1). Thus a mean direction
was calculated for the Weideshan pluton from nimietioirteen sites: D = 11.3°, 1 = 61.0°, k =

59.5 andhgs = 6.7 (Table 1 and Fig. 5e).

4.4.2. Haiyang pluton

Natural remanent magnetisation (NRM) intensities granitic rocks of the Haiyang
pluton range from 30 to 1200 mAwith average of 375.5 mA.th Magnetic susceptibility
values range between 25 and 60000 % $0with average of 23200 x £@I, which is typical
of ferromagnetic granitoids (Bouchez, 1997, 2000)e rather high NRM values allow to
perform magnetic remanence measurements and, tieensolate the palaeomagnetic

directions acquired during pluton cooling.
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Figures 5¢c and 5d present representative behaviofirmeasured specimens for
thermal and AF demagnetisations. For most of thessiafter the removal of random
components up to ~150°C and 2 mT, the magnetic mentadirections become stable. The
magnetic remanence decays linearly to the origitl 680°C and 100 mT. The magnetic
remanent directions are characterised by downwaithations with northward declinations.
The magnetic directions within each site are wetlbgped except for three sites that show
dispersed individual directions with highys and low k values (i.e. KH50, KH57 and KH58;
specified by ** in Table 1). A possible origin ofatered directions is discussed in Section
5.1. Consequently, mean directions were computed-isiier statistics from eleven out
fourteen sites. Mean direction calculated for theydng pluton is: D = 1.5°, | = 57.0°, k =

60.2 andhgs = 6.3° (Fig. 5f and Table 1).

5. Discussion

Thermal and AF demagnetisations have successtdlgted magnetic characteristic
components of high temperature and high AF fieldjnty carried by MD magnetite with
probably small amount of maghemite and hematitest€r pluton-mean directions have been
obtained from well consistent sites with k > 3@.(69.5 and 60.2 for Weideshan and Haiyang
plutons, respectively)pgs < 10° (i.e. 6.7° and 6.3° for Weideshan and Hagyatutons,
respectively). Haiyang and Weideshan plutons shquivalent mean directions with an
insignificant angular difference of 6.8° + 8.9° digag to calculate a mean direction for both
plutons on the basis of twenty sites: D = 6.6°,998°, k = 51.1 andgs = 4.6° (Fig. 5g and
Table 1). Prior to discuss tectonic significationisthese new palaeomagnetic data from
granodioritic rocks of Jiaodong Peninsula, reli#pidand age of magnetisation are discussed

below.
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5.1. Reliability and age of the magnetic remanence

For the Haiyang pluton, new acquired age datadgtla narrow ~2.5 Ma time
difference between U/Pb age on zircon &%d/*°Ar age on biotite which is well in line with
an emplacement in the upper crust. This differaadaterpreted as the time elapsed during
cooling from about 800 + 50°C down to about 30002 according to the mineral closure
temperatures (Harrison et al., 1985; Villa, 1998efdiak and Watson, 2000). Magnetic
remanence was acquired by the MD magnetite grainsgl this fast cooling history of the
Haiyang intrusion and the age of magnetisation nthstefore, lie between 117.8 + 2.7 Ma
and 115.4 + 1.2 Ma. Direct dating of magnetic reemae by hornblend®Ar/**Ar analysis
whose closure temperature lies in the same temyperatnge unluckily failed. Assuming a
linear decrease of temperature, age data are ghlotte temperature/time (T-t) diagram (Fig.
6) in order to estimate tentatively the magnetinaeence age of the Haiyang pluton (Fig. 6).
Using magnetic unblocking temperatures for MD maigmebetween 560 and 585°C, a
magnetic remanence age of about 116.0 + 1.8 MtheoHaiyang pluton is proposed. As far
as the Weideshan pluton is concerned, 118 + 2 MRblWdge on zircon (Zhang et al., 2007)
appears amazingly strictly coeval with the Haiygpigton (117.8 £ 2.7 Ma). A main
magmatic pulse is thus observed in the whole regigrported by the geochronological data
(e.g., Wang et al., 1998; Wu et al.,, 2005a), theials petrographic and geochemical
similarities of the plutons (SBGMR, 1991). Whif#r/*°Ar ages is currently lacking for the
Weideshan pluton, it is tempting to assume sinfdat cooling rates of the same order; the
involved magnetic remanence age for the Weideshaonrpwould also be settled at 116.0
1.8 Ma (Fig. 6).

Age of magnetisation for both plutons is thus cstesit with the Cretaceous Normal
Superchron (CNS) period between ~118 and 83 Madskem et al., 2004) and the absence

of reverse polarities in our palaeomagnetic calbectMoreover, the magnetic unblocking
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temperature interval considered for magnetite (6895°C) and the fast cooling rate, involve a
duration of the remanent acquisition of about 120,§ears. Consequently, we assume that
secular variation is broadly averaged out for sitdsboth plutons. However, seven
palaeomagnetic sites (i.e. KWO01, KW14, KW17, KWBH50, KH57 and KH58) reveal
dispersed directions and have been excluded fornnu@dculation (Table 1). In fact,
palaeomagnetic sampling that covers a large ardarnwplutons allows to access to different
structural levels since the elevation variatiorscheseveral hundred meters. Three excluded
sites (i.e. KWO01, KW14 and KW39; specified by *Table 1) are located in close vicinity to
the pluton envelope with respect to country rocksoaiated with a presumed fast and more
heterogeneous cooling (<10,000 yr), impeding toraye the secular variation. Site KW14
(specified by *** in Table 1) has been excluded daeveak number of samples (3 cores)
impeding to average the secular variation too. [Akethree excluded sites (i.e. KH50, KH57
and KH58; specified by ** in Table 1) are poorlatsstically defined with highgs and low k
values. Besides, structural and AMS studies havewshthat both plutons have not
experienced any significant deformation subsequenttheir emplacement (Charles, 2010),
nor any rotation along a horizontal axis.

The characteristic magnetic remanence isolated fyranodiorite of both plutons can
be confidently considered as primary thermal magaebns and, therefore, used for tectonic
applications. Two palaeomagnetic poles have beas ¢hlculated for the Weideshan pluton
(A = 80.1°N,® = 180.1°E, As = 9.0° with N = 9) and Haiyang plutoi € 86.5°N,® =

161.1°E, As = 8.9° with N = 11), respectively (Table 4 and.Hg).

5.2. Is there Cretaceous rotation(s) within JiagdBeninsula?

Fifteen palaeomagnetic poles, including resultghed study, are available for the

Jiaodong Peninsula in Table 4 and Figures 7a wathesponding declinations presented in
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Figure 7b. Among them, three poles from Huang.e2&07) are distinguishable by abnormal
northeastward declination with respect to the atligpecified in Table 4 by *; see also Fig. 7).
These three poles, measured from andesitic rockiseoQingshan Group, are located in the
southern and easternmost parts of Jiaodong Peajrdabke to the Muping-Jimo fault (MJF;
see Fig. 2 in Huang et al., 2007). According tdrtstudy, age of remanence for these three
poles spans between ~125-118 Ma. Thus such nottveaasdeclinations have led the authors
to suggest a relative clockwise (CW) rotation oé tbouthern and easternmost parts of
Jiaodong Peninsula with respect to the other §ites the same peninsula and NCB as well,
since mid-Early Cretaceous (Huang et al., 2007)wéi@r, our new palaeomagnetic results
from two granodioritic plutons located to the ealsMJF present rather consistent directions,
for inclination and declination, with those frometlwest of MJF, but significantly different
from these three previous discussed poles (Tabéndl Fig. 7). This difference can be
probably explained by two main reasons: (1) thetsmagnetisation time and (2) the vicinity
of the palaeomagnetic sampling sites with respeatdin fault zones. In addition, these three
poles are derived from volcanics of the Qingshaau@rwhose cooling ages are constrained
by “°Ar/**Ar means to 125-118 (Qiu et al., 2001; Song and §vVa003; Zhang et al., 2003).
Since sampled rocks of these poles (specified inleTd by *) are andesites, it is highly
questionable if secular variations have been aeeradrom these palaeomagnetic
measurements to ensure an axial-centred-dipoliar dethe hypothesis for the application of
the palaesomagnetism to the plate tectonics. Furibex, two of these latter three results are
obtained from zones close to the Muping-Jimo F@MIiF; Fig. 7b) whose motion has been
recently constrained at 122.8 + 0.3 Ma (Zhang et28l07; Fig. 1b) by°Ar/*°Ar analyses on
synkinematic biotites. Deformation (e.g., motioreothe fault zone) then appears of coeval
with andesite emplacement (~125-118 Ma; Qiu et2801; Song and Wang, 2003; Zhang et

al., 2003). Consequently, these zones may haverierped local faulting/deformation-
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related rotations along the MJF. Moreover, the iegthrotated palaeomagnetic pole (also
from andesite) is issued from a small basin locatdtie easternmost part of the peninsula, to
the north of the Weideshan pluton (Huang et alQ72@-igs. 1b and 7b). Field observations
revealed that the scarce outcrops are often higldgthered and are affected by brittle
faulting likely to produce local yet important rotas. Furthermore, the initial geometry of
the bedding may be also questionable as these eetdinare thought to be syntectonic.
According to (1) a good consistency between moghefpalaeomagnetic results from both
sides of the MJF, (2) questions on secular vanatend local rotations, these three poles may
not be applied to Jiaodong Peninsula-scaled texdoionsequently, the good consistency
among all poles from the Jiaodong Peninsula (exiceghree discussed above) illustrate that
there is no significant palaeomagnetic evidenceafoglative rotation or movement within the
Jiaodong Peninsula and therefore, a Cretaceousnaga- palaecomagnetic pole has been
calculated ak (K12 = 84.7°N,® (K1) = 191.3°E, As = 5.3° with n = 12 (Table 4 and Fig.
7a). This observation confirms also the Cretacestationary kinematic nature of China

blocks (NCB and SCB; Enkin et al., 1991).

5.3. Relative motions between rigid blocks andaeic implications for eastern Asia

Eastern Asia appears as a landmass formed by eélding of several blocks (e.g.,
North China block (NCB) and the South China blo8KCB)) and experienced a multiphase
tectonic evolution as argued by geological evideneed palaeomagnetic studies (e.g.,
Mattauer et al., 1985; Zhao and Coe, 1987; Sum..e12091; Enkin et al., 1992; Okay et al.,
1993; Gilder and Couirtillot, 1997; Lin et al., 20@&hai et al., 2007). During Late Mesozoic
times, this region was marked by extensional tectorand lithospheric thinning (e.g.,
Menzies et al., 1993; Davis et al., 1996; Ren gt24102; Liu et al., 2005; Lin and Wang,

2006; Zhai et al., 2007; Charles et al., 2011). Khewledge of block movements coupled
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with geological evidence is of prime importance letter understand their links with
continental extension. Indeed, relative motionsveen blocks seem to play a major role in
the development of extensional crustal structukestdasins or Metamorphic Core Complexes
(MCCs; e.g., Lin et al., 2003; Liu et al., 2005@rFnstance, relative Cretaceous CW rotation
(22.5 + 10.2°) of the Eastern Liaoning-Korean bl@EkKB) with respect to the NCB may be
related to the northeast China and southeast Rsssientary basins development (e.qg.,
Songliao, Xialiaohe basins) and alternatively,lte South Liaodong and Yiwulishan MCCs
exhumation, (Lin et al., 2003; Liu et al., 2005prparison of palaeomagnetic results from
the Jiaodong Peninsula with the surrounding blociey help to recognise the relative
movement and tectonic history of this region (eQjlder et al., 1999; Huang et al., 2007).
Poles used to discuss the relative motions bet@e@dong Peninsula (JP), Eastern Liaoning-
Korean block (ELKB) and North China block (NCB) gmeesented in Table 4 and Figure 8a.

Palaeomagnetic studies in the ELKB vyield five pdi@ the Early Cretaceous {Kand
Upper Cretaceous gkwhich exhibit consistent palaeomagnetic direi@iRigs. 8a and 8b).
Thus a Cretaceous (K) pole for ELKB was computed at (K1) = 60.4°N,® (K;.p) =
202.4°E, As = 8.5° with n = 5 (see Lin et al. (2003) for d&thi Palaecomagnetic data
available for the NCB, patrticularly for Cretace@ge, are compiled in several syntheses (e.g.,
Enkin et al., 1992; Gilder and Courtillot, 1997;¢pand Besse, 2001). One of their main
conclusions is that NCB experienced a stationanogeduring the Cretaceous and did not
experience a palaeomagnetically observable intaelative displacement since the Early
Cretaceous (see Table 4 and Fig. 8b for their socaaifidence error and coherent declination,
respectively). The NCB Cretaceous; @ pole used for the following comparison ish\afK ;-
2) = 79.5°N,® (K1) = 198.7°E, As = 5.2° with n = 7 (Table 4).

Three Cretaceous palaeomagnetic poles from NCB8, Jiaodong Peninsula and

Eastern Liaoning-Korea block are presented on Eidia. At the first order, they are all
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aligned on the small circle centred on the sampbitg (JP), indicating the negligible
latitudinal motion among them since the Cretacedts. detailed comparison between the JP
pole and the NCB poles reveals a statisticallygim$icant angular difference of 5.3° + 7.4°.
This angular difference presents a relative laiitadmotion of -0.1° + 5.9° and a relative
rotation of -6.8° = 9.5° between these two tectamis at the geographic reference of 37°N
and 121°E (Fig. 8a). It infers that the JP did exgperienced any significant movement with
respect to NCB since Cretaceous though some stesctunay be locally reactivated by
Cenozoic tectonics due to India-Asia collision, Iynpg that the JP can be considered as a
rigid part of NCB at least since Cretaceous. Ogults are in accordance with previous study
of Gilder et al. (1999). Moreover, located to thesteof the Tan-Lu fault, the JP shows the
consistent palaeomagnetic results with those froenvtestern part, indicating that no any
significant latitudinal displacement has taken platong the Tan-Lu fault since Cretaceous.
In other words, our results indicate that the siaismotion along the Tan-Lu fault involved
by some authors (e.g., Xu et al., 1987) should has@urred prior to Early Cretaceous.
Besides, the comparison of the ELKB pole with thfathe NCB exhibits a significant angular
difference of 19.1° + 10.0°, corresponding a siigalfit relative rotation 25.9° + 13.5°, but an
insignificant relative latitudinal movement of 2.¥8.0° at the geographic reference of 42°N
and 125°E. Lin et al. (2003) proposed that this @tdtion of the ELKB with respect to the
NCB induced the development of northeast Chinasmdheast Russia basins (Fig. 8b). Liu
et al. (2005) put forward the role played by theitBd_iaodong and the Yiwulishan MCCs to
accommodate the CW rotation of the ELKB (Fig. 8Based on available absolute time
constraints of footwall mylonitic rocks within Stutiaodong and Yiwulishan MCCs at 130-
110 Ma, Liu et al. (2005) proposed that most of @& rotation took place during Early
Cretaceous times. Such an accommodation by MCCsnetion of crustal blocks rotation

has been also recognised in the Aegean region (8ndnSokoutis, 2007). Lin et al. (2003)
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proposed that rotation (Euler) pole for ELKB wittspect to NCB lies on the southern border
of Bohai Bay and immediately to the northwest @& fiimodong Peninsula (Fig. 8b). Amount
of crustal extension thus increases progressiveiy the Bohai Bay toward the northeast. In
the Jiaodong Peninsula, the Guojialing synkinemptidcon was emplaced coevally with
ELKB CW rotation (i.e. ~124 Ma, Charles, 2010; Gearet al., 2011) and is located very
close to the rotation pole (Figs. 7b and 8b). Ihadeworthy that this synkinematic pluton
reveals a weaker amount of crustal stretching coegpéo MCC exhumation, which can
explain the insignificant rotation within the Jiawd) Peninsula during Late Early Cretaceous.
This new palaeomagnetic study reveals that theaCeeus extension in the whole
Eastern Asia area appears heterogeneously expriessedd and in space but the proposition
of a geodynamic model for this event is beyond skepe of the paper. For instance,
geological structures observed and described ihigmdong and Jiaodong Peninsulas do not
reveal the same strain amount undergone by the ttmagigh time (e.g., MCC, synkinematic
plutons or sedimentary basins). The ELKB (includibgodong Peninsula), which has
suffered a significant CW rotation with respectN€B, exhibits a Late Early Cretaceous
MCCs exhumation (South Liaodong and Yiwullishan,0~-120 Ma; Darby et al., 2004; Liu
et al.,, 2005; Yang et al., 2007; Lin et al., 2008ynkinematic pluton emplacement
(Laohushan, ~122 Ma; Lin et al., 2007) and basiiflig (Lin et al., 2003) coeval with the
rotation. The Jiaodong Peninsula is characterisethé exhumation of the Linglong MCC
during Early Cretaceous times (~143-134 Ma; Charksl0; Charles et al., 2011), then
followed by syntectonic emplacement of granitictphs (e.g, Guojialing pluton, ~124 Ma).
No rotation has been documented for Jiaodong Pdéaisince the late Early Cretaceous and
coeval features can be regarded as simple unddrand intrusive plutons such as the

Weideshan and the Haiyang plutons (~118 Ma; Cha2@%0; Charles et al., 2011). Further
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investigations are clearly needed to derive a bldiaproposition for the mechanisms

responsible of the Late Mesozoic extensional ewetite whole eastern Asia.

6. Conclusion

Cretaceous kinematic evolution of the Jiaodongir®eia closely related to the
Mesozoic extension of eastern Asia has been pakagoetically studied on two granitic
plutons whose internal structure (i.e. AMS data] atructural relationships with the country
rocks are well observed. Furthermore, U/Pb &#a/*°Ar radiochronologic methods were
performed to accurately constrain the magnetic remaage and should be regarded as a
major feed-back advantage in using granitic rockgpalaeomagnetic study. The multidomain
(MD) magnetite has been characterised as the pahanagnetic remanent carrier with
probably small amount of maghemite and hematite.oli@gp rate estimates from
geochronological data yielded a magnetic remangatad ~116 + 2 Ma, during a relatively
fast cooling between ~800°C and ~300°C. The obsens of the solo normal magnetic
polarity for this palaeomagnetic collection andtloé consistent magnetic remanent age with
the Cretaceous Normal Superchron (CNS, Gradsteah,62004) argue that the characteristic
magnetic remanence may be considered as primatgil&ekfield observations on the contact
between the pluton and country rocks and availabls data (Charles, 2010) reveal neither
any subsequent deformation, nor the rotation alandporizontal axis of the plutons.
Furthermore, twenty palaeomagnetic sites from these plutons show indistinguishable
magnetic directions. Among 12 out 15 Cretaceouaguahagnetic poles, including two from
this study, from the Jiaodong Peninsula and on biats of Tan-Lu and Muping-Jimo faults
are statistically consistent, therefore, the defdram within the peninsula may be negligible.
The remaining three excluded poles are probably tduthe absence of secular variation

average or/and the vicinity of fault zones for gaaeomagnetic sampling sites, so they can

22



not be applied to the Peninsula-scaled tectonicempgarison between the Cretaceous
palaeomagnetic results of the Jiaodong PeninsuldlenNCB data set reveal no significative
difference. This result indicates that the JiaodBeginsula is rigidly part of NCB since, at
least, the Cretaceous as suggested by Gilder et(18P9). In addition, these new
palaeomagnetic results confirm that the relative @wation of Eastern Liaoning-Korea
Block (ELKB) with respect to NCB does not affectethliaodong Peninsula. This
palaeomagnetic study revealed that the extensewaait is heterogeneously expressed in time
and space in the Jiaodong Peninsula. For instdhisegxtension is characterised by Early
Cretaceous exhumation of MCC (i.e. Linglong; ~183Ma; Charles, 2010; Charles et al.,
2011) followed by emplacement of synkinematic gramgluton (i.e. Guojialing; 124 Ma) and
finally late Early Cretaceous intrusion of unsteadrgranodioritic plutons (i.e. Weideshan and
Haiyang; ~118 Ma). Conversely, in the Liaodong Rsuia, the extension is marked by the
opening of the Songliao basin coeval with the ew®i@ent of granitic plutons (e.g.,
Jiuliancheng pluton, ~156 Ma; Wu et al., 2007)ntisefollowed by the exhumation of MCCs
(South Liaodong and Yiwulishan MCCs, ~120-110 Many et al., 2007; Lin et al., 2008)

which accommodated CW rotation of the ELKB.

Acknowledgements

This study benefited from a grant in the framehaf French national “Failles-Fluides-
Flux” project supported by the INSU-CNRS. The fieldrk was also financed by Chinese
projects KZCX2-YW-Q05-05-03, NSFC (90714007 and 2@@15). The first author
benefited a scholarship grant from the French Meniof Education and Research. We
present our special thanks to M. Le Goff and B. hefor their help during magnetic
measurements at the Institut de Physique du GlebRadis, Chen Ke, Chu Yang and Wang

Jun for their assistance on the field. P. Ben@iSTO) is acknowledged for mineral

23



separation. Pr. Stuart Gilder and an anonymougweri are both greatly acknowledged for

their helpful comments to improve our manuscript.

Appendix A. U/Pb analyses on zircon

Zircon crystals were obtained from crushed rodkgis combination of heavy liquid
and magnetic separation techniques at the InstésitSciences de la Terre d’Orléans (ISTO).
Individual crystals were hand-picked and mountedha epoxy resin. Experiments were
carried out at the (Q)-ICP-MS laboratory of thetituge of Geology and Geophysics, Chinese
Academy of Sciences, BeijingAn Agilent 7500a quadruple (Q)-ICPMS was used for
simultaneous determination of zircon U/Pb age aadetelements with an attached GeolLas
Plus 193 nm excimer ArF laser-ablation systéth.the gas lines were purged for over 1 h
prior to each analytical session to reduce Pb ersthface t6°Pb <50 cps in the gas blank.
The measurements were carried out using time redahnalysis operating in a fast, peak
hopping sequence in DUAL detector mode. RawcouesrorSi, 2°Pb,2°Pb,?°Pb, 2°%pb,
232Th and®®U were collected for age determinatié?fHg is usually <10 cps in the gas blank,
therefore the contribution dP*Hg to ***Pb is negligible and is not considered furthEme
integration time for four Pb isotopes was ~60 mbkeregas for the other isotopes (including
295j, 232Th and®?V), it was 30 ms. Data were acquired over 30 s withlaser off and 40 s
with the laser on, giving ca. 340 (= 170 readingioate x2 sweeps) mass scans for a
penetration depth of ca. 20n. U, Th and Pb concentrations were calibrated bygSi8i as
internal standard and NIST SRM 610 as externaldstah®’Pb/°°Pb and®®PbF**U ratios
were calculated using GLITTER 4.0 (Jackson et2§lQ4), which was then corrected using
the zircon 91500 as external standard. #eb/*U ratio was calculated from the values of
2pp%h and®®®Pb/*®U. Common Pb was corrected according to the megitodosed by

Andersen (2002). Thé"PbF*®U weighted ages and concordia plot were processatu

24



ISOPLOT 3.1 (Ludwig, 2004). Errors of individualayses are based on counting statistics

and are given at thesldevel. The detailed procedure can be found ineXial. (2008).

Appendix B. Conventional “°Ar/**Ar method

Single crystals of biotite were extracted from plemKH283 and progressively
degassed using a laser probe. Minerals separaigdtfrese two samples were hand-picked
under a binocular microscope directly on the ramkgle or from the 1000-50@m fraction
after crushing and sieving. Separates were washatistilled water, acetone and ethanol
before the packaging in individual aluminium foiagkets for irradiation. Samples were
irradiated in the McMaster nuclear reactor (Candadggther with aliquots of MMHDb-1 flux
monitors (520.4 £ 1.7 Ma; Samson and Alexander,7198he samples were irradiated in
several batches. The effects of interfering reastiwith Ca and K were evaluated using the
following correction factors obtained during a poas irradiation (McDougall and Harrison,
1999): (°Ar/*Ar)k = 0.0156; PAr*'Anca = 0.000651; LAr/*’Ar)ca = 0.000254. Single
crystals were degassed by means of a defocusethwons 50WCQ laser with a beam
diameter at least twice the size of the heatedhgrsier heating and gas cleaning, argon was
introduced in a MAP215-250 mass spectrometer withea ion source and a Johnston MM1
electron multiplier, at the Géosciences Montpelenchronology laboratory. Each analysis
involved 5 min for gas extraction and cleaning a@hdnin for data acquisition by peak
switching from argon mass 40 to 36. Isotopic contss were estimated by regression on
15 runs. System blanks were evaluated every thxgerienents. They were in the range of 2 x
10 e for “°Ar, 1.5 x 10M%cm?® for *°Ar, 3 x 10%cm?® for *®Ar, 6 x 10 cm® for *’Ar and 7
x 10 %cm?® for *°Ar,
For all analyses, mass discrimination was calcdlate the basis of affAr/*°Ar ratio of

289.0 £ 2.1 for the MAP 215-50 mass spectrometar each individual age reported in Table
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3, usual isotope corrections including blanks, ndissrimination, radioactive decay dfr

and *Ar and irradiation-induced mass interference wepmliad. Errors reported for
individual steps take into account the errors ihiced by these corrections as well as the
analytical errors on signals. The uncertainty anJtfactor was propagated in the calculation
of the error on the total age of each sample, edgmt to a K/Ar age. All ages are given at the

one standard deviationd)Lconfidence level.
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Figure captions

Figure 1: (a) Tectonic sketch of eastern Asia. SUHP B.: Sulu Ultra-High Pressure Belt;
TNCB: Trans-North China Belt; TLF: Tan-Lu Fault.) (Bimplified geological map of

Jiaodong Peninsula (Shandong Province). LJ: Lua@jigpluton; GJL: Guojialing

synkinematic pluton; SF: Sanfoshan pluton; HY: Haig pluton; WD: Weideshan pluton;
KY: Kunyushan pluton; WG: Wendeng pluton; Al: Aishpluton. U/Pb on zircon ages come
from Wang et al. (1998); Zhang et al. (200PAr/*°Ar ages after Charles (2010). LDF:
Linglong detachment fault; GSZ: Guojialing sheaneo(1) is the Muping-Jimo fault, (2)
Rushan-Weihai fault, (3) Haiyang-Rongcheng fautt &) Haiyangsu-Shidao fault (Huang et

al., 2007).

Figure 2: (a) and (b) Structural maps of Weidesdash Haiyang plutons with the location of
the palaeomagnetic sampling sites and samples fosdtie geochronological study. AMS
foliation trajectories are issued from Charles (0Xc) and (d) Equal-area projection of
AMS data for both plutons with K(AMS lineation in grey squares) ang KAMS pole to
foliation in white circles) mean direction. (e) Sh@pe parameter) vs; orrected anisotropy

degree) for both plutons (Charles, 2010).
Figure 3: (a) CL images of representative zircé@tsown are locations of analytical points.

The diameter of ablation pit is ca. gth. (b) Tera and Wasserburg Concordia diagram for

Haiyang granodiorite (07-056; Tera and Wasserbi8y,2). Data-point error ellipses are
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plotted as &. (c) AlY vs. Fe/(Fe+Mg) classification for analysed bidtitlor “°Ar/>°Ar
analyses (see Table 2 for details). (d) Biofitar/**Ar age spectrum of the Haiyang
granodiorite (KH283). Errors are given with.1See Table 3 for details. TFA = Total Fusion

Age. bi : biotite.

Figure 4. Results of the magnetic mineralogicalestigation for Weideshan and Haiyang
granodioritic plutons. (a) and (b) Thermomagnetieasurements; black and grey curves
indicate heating and cooling stages, respectiv@y.and (d) Hysteresis cycles showing
typical shape for ferromagnetic minerals. Paramagmerrections have been applied to the

loops. Modified from Charles (2010).

Figure 5: Magnetic remanent measurements and pakggeetic results from the Weideshan
and Haiyang plutons. (a) to (d) Orthogonal projtidf sample demagnetisation (T and F for
thermal and AF demagnetisations, respectively;efyjdld, 1967). Black and white circles
represent horizontal and vertical plans, respegtie) to (f) Equal-area projection for site-
mean directions isolated from high temperature aigh coercitive AF components in

geographic coordinates. Stars represent the pluemn directions.

Figure 6: Temperature/time diagram showing thermefé cooling path for both plutons and
estimated age of magnetic remanence of magnetifeb Ege for Weideshan comes from

Zhang et al. (2007).
Figure 7: (a) Equal-area projection of availableet&ceous palaeomagnetic poles for the

Jiaodong Peninsula and (b) the corresponding pdémdioation map. Star presents the

Cretaceous average without three poles in greyucqlsee the text for the details). Fault

42



abbreviations: TLF: Tan-Lu fault, MJF: Muping-Jinfault, RWF: Rushan-Weihai fault and

HRF: Haiyang-Rongcheng fault.

Figure 8: (a) Equal-area projection of mean Cretasepoles for Jiaodong Peninsula (JP),
North China Block (NCB) and Eastern Liaoning-KoreBitock (ELKB), with angular
differences of JP and ELKB with respect to NCB. \Gstar represents sampling location of
this study. Small circle centered on this locatiand passing through poles reveals a
negligible relative palaeolatitudinal movement agahnese blocks since the Cretaceous. (b)
Palaeodeclination map of North China with princifeadtonic structures. Block abbreviations:
NCB: North China block, SCB: South China block, B2:KEastern Liaoning-Korean block,
JP: Jiaodong Peninsula. Fault abbreviation: TLF:n-Ia fault. Extensive domes
abbreviations: BU: Buteel-Burgutoy (Mazukabzov kt 2006; Donskaya et al., 2008), ED:
Ereendavaa (Daoudene et al., 2009), GD: Gudaolhgres, 2010), HG: Hongzhen (Luo et
al., 1992), LL: Linglong (Charles et akQ11), LS: Lushan (Lin et al., 2000), LU: Luotian
(Eide et al., 1994; Hacker et al., 1998; Faurel.et1899), SL: South Liaodong (Liu et al.,
2005), YA: Yagan-Onch Hayrhan (Zheng et al., 198&bb et al., 1999), YU: Yunmengshan
(Davis et al., 1996), YW: Yiwulishan (Darby et @&004), ZA: Zagan (Donskaya et al.,

2008).

Tables

Table 1: GPS position of the sampling sites andgmhagnetic directions for Weideshan and

Haiyang plutons. Abbreviations: n, number of sampigken into statistic calculation; N,

number of measured samples; D, |, declination actiniation, respectively; k: the precision

parameterpgs. the radius that the mean direction lies withi®6onfidence. The sites in
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italic are excluded from mean calculations (*: site ledatlose to the pluton border, **: site

poorly statistically defined with higés and low k values, ***: site with weak sampling).

Table 2: Details of U/Pb analyses on zircons of iagyang granodioritic pluton after data
reduction and common Pb corrections. Uncertairdgresat &, including the error related to

calibration.

Table 3: Details of’Ar/*Ar of analyses performed on biotites of the Haiygranodioritic

pluton.

Table 4: Compilation of Cretaceous palaeomagnetita dbf North and eastern China.
Abbreviations: N, the number of sites; Slat (Pl#tg latitude of sampling site (pole); Slong
(Plong), the longitude of sampling site (pole}sAhe radius that mean pole lies within 95%
confidence, in degree. The palaeomagnetic polestdénby * are eliminated from the

average.
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Geographic coordinates

. Longitude Latitude

Site (9E) eny N D k s
Weideshan pluton
KWO1* 122.420 37.200 0/6 excluded
KW10 122.410 37230 4/4 113 605 336 16.1
KW13 122.384 37273 5/5 310 651 4351 37
KW14#*** 122.426 37296 0/3 excluded
KW17* 122.440 37.340 0/4 excluded
KW20 122.340 37250 5/6 3599 57.7 401 12.2
KW23 122.275 37.287 5/5 2.2 56.8 793 86
KW30 122.330 37230 3/3 126 53.2 358 20.9
KW32 122.462 37.246  4/6 18 47.6 17.1 228
KW36 122.501 37294 3/5 26.1 559 443 187
KW39* 122.452 37195 0/6 excluded
KW40 122.520 37180 4/6 115 735 70.8 11.0
KW45 122.268 37157 4/4 129 749 40.7 14.6
Mean 9 11.3 61.0 595 6.7
Haiyang pluton
KH50** 121.170 36.850 0/5 excluded
KH54 121.130 36.870 6/6 3379 59.3 56.5 9.0
KH57** 121.159 36.896 0/5 excluded
KH58** 121.140 36.8900 0/5 excluded
KH60 121.140 36.800 4/6 16.1 49.1 90.3 9.7
KH67 121.076 36.834 5/6 19.7 64.3 1888 5.6
KH68 121.212 36.837  4/5 3.1 59.6 41.2 145
KH69 121.290 36.870 5/5 11.0 498 3442 41
KH70 121.267 36.893 5/5 359.8 53.7 26.7 15.1
KH74 121.220 36930 4/6 103 47.3 110.0 88
KH281 121.379 36911 6/6 40.7 738 61.7 8.6
KH286 121.369 36.858 3/5 3469 56.4 804.1 44
KH290 121.360 36.809 5/6 347.7 70.1 343 132
KH294 121.301 36.832 6/6 349.7 53.2 196.2 4.8
Mean 11 1.5 57.0 60.2 6.3
Mean of both plutons 20 6.6 59.8 51.1 4.6
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Spots U Th  Z2ThAy  2%pp 207pp Y +1o 206pp P38y +lo 207ppPOpp +Io 26ppEy

(ppm)  (ppm) (ppm) Age (Ma)
)7.056/1 4982 957.9 192278 414 012624 00021001880 00004 004867  0.0005 1203
)7.056/2 1027 3013 293445 88 012176  000360.01827 00004 004830  0.0006 11743
)7-056/3 939 2231 237640 88 013592  0.00440.01897 00005 005195 00008 1213
)7.056/4 508.4 8257 162414 513 015009  0.00270.01856 00004 005862  0.0006 11943
)7.056/5 4811 1457.8 3.03045 572 014080  0.00260.01852 00004 005513 00005 118+3
)7.056/6 3702 13025 351842 445 014004  0.00280.01805 00004 005626  0.0005 115+3
)7.056/7 307.9 16765 544479 438 018468  0.00570.01908 00005 007020 00010 12243
)7.056/8 3155 19381 614211 440 012892  0.00760.01796 00006  0.05204 00017 11544
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Step OArPAr BAPAr TAPAr FAPAr FAr o %FAr %A ©Arc/ K Age  Error

KH283 (e3) (e14) (Ma) (1o

J=0.00717
1 9233 0054 000000 0000 0482 1801 99.83 922 115455 0.348
2 10.761 0.054 000000 6.003 0089 21.35 8337 897 112474 2.930
3 9589 0054 000955 0833 0115 2563 9728 933 116.803 2.949
4 9425 0051 000612 0000 0092 2909 99.83 941 117.787 1.001
5 9425 0051 000612 0000 0092 3255 99.83 941 117.787 1.001
6 9406 0053 000000 0000 0144 37.91 99.83 939 117.551 0.670
7 9321 0054 000000 0000 0111 4208 99.83 931 116525 0.717
8 9383 0053 000063 0000 0290 5292 99.83 937 117.272 0500
9 9281 0052 000000 0280 0206 60.62 9894 918 115038 1.317
10 9281 0052 000000 0280 0206 6832 9894 918 115038 1.317
11 9462 0054 000000 1179 0119 7276 9615 910 114.001 2.275
12 9334 0054 000056 0945 0165 7893 9684 904 113291 1641
13 9080 0051 000000 0000 0090 8230 99.83 906 113.596 0.456
14 9051 0051 000000 0000 0090 8568 99.83 904 113.245 0.454
15 9493 0052 000000 0000 0383 10000 99.83 918 114.970 0.353
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Age Slat (°N) Slong(°E) N  Plong (°E) Plat(°N) Ags Reference

Jiaodong Peninsula (JP)

Ky 35.97 119.15 4 172.3 76.4 111 Huang et d. (2007)
Ky 36.40 119.28 4 217.9 76.3 5.2 Huang et al. (2007)
K* 36.65 120.71 5 173.8 56.9 6.6 Huang et al. (2007)
K* 37.35 122.50 5 221.0 51.4 17.6 Huang et a. (2007)
K* 37.60 120.61 6 200.8 38.7 5.8 Huang et al. (2007)
K; (116 Ma) 37.27 122.41 9 180.1 80.1 9.0 Thisstudy (Weideshan)
K; (116 Ma) 36.89 12129 11 161.1 86.5 8.9 Thisstudy (Haiyang)
Ky 35.90 119.45 6 114.1 78.0 11.0 Huang et d. (2007)
Ky 36.82 120.94 6 125.3 74.7 111 Huang et d. (2007)
Ky 36.97 120.86 3 2409 738 7.3 Huang et al. (2007)
Ky 36.98 120.84 5 24 88.3 3.8 Huang et al. (2007)
Ky 36.00 120.00 20 135.0 83.1 5.9 Huang et al. (2007)
Ky 37.00 12070 11 217.3 81.3 5.9 Gilder et al. (1999)
Mean K, JP 10 177.1 83.0 5.5
Kz 37.00 121.00 4 297.5 80.5 10.9 Huang et a. (2007)
Kz 36.30 120.00 4 288.5 82.1 7.6 Huang et al. (2007)
Mean K, 36.50 12050 (8) 2934 81.3 5.3 Huang et al. (2007)
Mean K., P 12 191.3 84.7 5.3

Eastern Liaoning-Korean Block (ELKB)
Ky 35.90 12850 19 205.1 67.6 5.8 Leeetd. (1987)
Ky 35.90 12860 15 199.0 68.7 89 Zhaoet dl. (1999)
Ky 37.10 129.00 14 200.4 46.7 9.6 Doh and Piper (1994)
K> 41.30 123.80 5 202.6 59.3 6.0 Uchimaraet al. (1996)
K> 41.30 123.80 7 205.5 59.4 7.3 Linetal. (2003)
Mean Ky, ELKB 5 202.4 60.4 8.5

North China Block (NCB)

Ky 42.00 119.20 6 2495 82.9 5.7 Zhao et d. (1990)
Ky 35.00 108.00 10 208.7 75.8 75 Maetd. (1993)
Ky 45.40 107.60 3 247.6 87.3 21.6 Pruner (1992)
Ky 39.90 97.70 9 169.9 755 7.7 Chenetal. (2002)
Mean K, NCB 4 204.0 81.7 9.2
K1 37.20 105.00 10 203.4 745 8.2 Wuetal. (1993)
K1 31.60 116.00 10 201.0 745 4.7 Gilder and Courtillot (1997)
Kz 40.10 112.90 4 170.1 79.6 5.8 Zhenget al. (1991)
Mean Ky, NCB 7 198.7 79.5 5.2
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