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Abstract

Metamorphic Core Complexes (MCC) constitute rerablé features within wide
rifts. Based on analogue and numerical modellingCQV dynamics and structural
development are mainly controlled by first geotha&rrgradient, second the compositional
layering, and after the strain rate and partialtimgl In the Late Mesozoic, continental
extension occurred in East Asia leading to the kdgweent of MCC, magmatism and
extensional sedimentary basins. Based on an ineegsudy (i.e. structural and finite strain

analysis, petrofabrics, Anisotropy of Magnetic Smiility (AMS) and U/Pb on zircon



dating), this paper aims at constraining the tactexolution and deformation mechanisms in
the South Liaodong Peninsula (NE China). The Gudgomassif is identified as a
“migmatitic’ MCC developed from Upper Jurassic (&&7-154Ma) to Early Cretaceous (ca.
128-113Ma). Intrusion of the Yinmawanshan synkingenpluton (Early Cretaceous) to the
south of the dome marks out the final stages o&raéhg along the Gudaoling detachment
zone and of exhumation of the MCC into the uppersttrThe Gudaoling MCC and the
Yinmawanshan pluton stay in line with the coevautBoLiaodong MCC, to the south, all
making a ~140x30km wide extensional band formedhdua regional E-W to NW-SE crustal
stretching. The area shows a bi-phased developmiémia “slow” and a “fast” stage which
correspond to (1) crustal necking and (2) dome Hirgtion/exhumation stages according to
published thermo-mechanical modelling results. Ifnahe Gudaoling MCC lower unit
almost exclusively displays migmatites and anategtanitoids of Late Jurassic and Early
Cretaceous, respectively. Occurrence of partialtingelduring earlier stages of extension
seems controlling the initiation of MCC (as a sofomaly within lower crust). In East Asia, a
regional-scale thermal event, during Jurassic-Ceetas times, may have significantly
reduced the bulk lithosphere strength and locatiguced partial melting, emphasizing

pervasive deformations and development of a witlsystem.
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1. Introduction

Metamorphic Core Complexes (MCCs) have been yird#fined in the Basin and
Range province (USA) and then recognized in theeAaglomain-area (e.g. Davis and Coney,
1979; Crittenden et al., 1980; Wernicke, 1981; driset al., 1984; Gautier et al., 1990;
Sokoutis et al., 1993). MCCs are composed of twmrparts: (1) a lower unit made of lower
to middle crustal rocks exhumed and deformed dworginental extension and (2) an upper
unit composed of shallow crustal rocks and charesete by rather localised deformation. The
most striking feature of a MCC is the master dataaht zone separating the lower and upper
units, mainly consisting in a shallow dipping exdiemal ductile shear zone connecting to
mid-crustal levels. Some normal faults usually diewevithin the upper crust, connecting to
the ductile detachment at depth, and control syaresxon sedimentary series deposit. MCC
bulk finite architecture thus consists in a domeecoomposed of high-grade metamorphic
rocks, migmatites and granitic plutons surroundgtbtwv-grade metamorphic rocks.

While Buck (1991) defined three modes of extendmncontinental lithosphere (i.e.
narrow rift, wide rift and Core Complex modes), Br(1999) defined MCC as a particular
component of a wide rift system. On one hand, mamidt displays localised deformation
proeess at the whole lithosphere scale. This &edlto the high strength of uppermost brittle
mantle levels (Buck, 1991). Finite deformation exte over rather limited width in that case
(50 to 100 km maximum wide) with significant upngiof the Moho at the base of the rift
system (Buck, 1991). On the other hand, wide gftems are characterised by pervasive
extensional processes affecting large areas ofctimtinental crust (several hundreds of
kilometres). There, at first order, deformationyolalcalises throughout the thin brittle upper-

crust (maximum ~10 km) while all the rest of th#hdisphere behaves as a ductile medium



and flows over large volumes; this tectonic phenoonelocally yields to the development of
MCCs.

Recently, several numerical and analogue modellgigdies focused on the
mechanical processes leading to MCCs developmedt pint out, in particular, the
predominant role of partial crustal melting (Brdr§99; Tirel et al., 2006, 2008; Rey et al.,
2009a, b). For wide rifts/MCC development, a lowodus lower to middle crust with no
brittle layer within upper mantle is required tdoal rocks to flow laterally (e.g. Block and
Royden, 1990; Buck, 1991; Ranalli, 1997; Brun, 1998 contrast to continental rifting, a
specificity of this tectonic process is to maintaifiat lying Moho geometry while the overall
continental crust is thinning. Different first-@id parameters control the development of
MCCs: (1) the geothermal gradient, (2) the compmsil layering (like the thickness of the
crust), (3) the strain rate during extension andtii¢ presence of an initial “soft” (i.e. low
viscosity) rheological anomaly within lower crudtirel et al., 2008; Rey et al., 2009a, b).
This latter feature could be a local anomaly ofhhartial melting within the lower crustal
levels or magma coming from lowermost crust andfgper mantle and intruded within the
lower crust. In more details, previous studies gheint out different possible temporal
evolution of MCCs with rapid and slow MCCs (Reyakt 2009a, b). Several field studies of
MCC massifs, combined with accurate time constrdata can characterise the nature of
MCC-types (Vanderhaeghe et al., 1999; McGrew et 2000; Norlander et al.,, 2002;
Vanderhaeghe et al., 2003; Teyssier et al., 2008iy&n and Snoke, 2007; Rey et al., 2009a,
b; Charles et al., submitted).

East Asia is marked by large-scale continentaéresibn during late Mesozoic and
Cenozoic (e.g. Menzies et al., 1993; Ren et ab22Meng, 2003; Lin and Wang, 2006; Zhai
et al., 2007; Charles, 2010; Charles et al., 20blaAs no major tectonic event occurred

from that time, numerous and various markers ofdhstal extension are well preserved.



Widespread late Mesozoic extensional sedimentaginbaare the most studied structures
owing to their coal and/or hydrocarbon potentia$it{e.g. Liu, 1986; Watson et al., 1987; Ren
et al.,, 2002). Besides, both intrusions and effusiof magmatic rocks are widespread
throughout East Asia during late Mesozoic, parédyl around 130-120 Ma (e.g. Wang, et
al., 1998; Li, 2000; Wu et al., 2000, 2005a, 20028007). Recently, several Metamorphic
Core Complexes (MCCs) have been described in Eas Aom Transbaikalia to the
Jiaodong Peninsula, 2000 km apart (e.g. Sklyar@t.e1994; Davis et al., 1996; Webb et al.,
1999; Darby et al., 2004; Liu et al., 2005; Lin awthng, 2006; Donskaya et al., 2008;
Daoudene et al., 2009; Charles et al., 2011a). Meryevhile most of the East Asian MCCs
exhibit partial melting, with occurrence of migmas#i and granitic plutons (Liu et al., 2005;
Daoudene et al., 2009, 2011; Charles et al., 201ta)influence of crustal melting and/or
plutonism on tectonic evolution during late Mes@z@mains rarely discussed.

To the north-east of China, the Liaodong Peningklg. 1) is characterised by a
widespread magmatism and continental extensiorvidereced by the occurrence of granitic
massifs as well as MCC (the South Liaonan MCC: SKNI@nd extensional sedimentary
basins (LBGMR, 1994; Liu et al., 2005; Wu et aD08a, b; Lin and Wang, 2006; Lin et al.,
2007). This study highlights the occurrence of & meajor Metamorphic Core Complex, the
Gudaoling, to the north of the SLMCC. This and délssociated neighbouring granitic massifs
— and in particular the Yinmawanshan massif — glewan ideal region to study the link in
between partial melting and continental extensiaonEastern China. Combining field
structural, Anisotropy of Magnetic Susceptibili&N|S) and petrofabrics analyses with U/Pb
radiochronology on zircon, this integrated studscdminates field evidences on the role of

partial melting for MCC dynamics and structural eiepment.



2. Geological setting

2.1. The Liaodong Peninsula (East China)

The Liaodong Peninsula is located in the east@iL.iaoning Province of northeastern
China. This region belongs to the easternmostqgfaite North China Block (NCB), along the
western margin of the Pacific plate, and is bounidetthe west by the NNE-trending crustal-
scale Tan-Lu fault RKig. 18). The study area consists of rocks dated from &eahn to
Cenozoic Fig. 1b). Late Archaean rocks are predominantly composédtooalite-
trondhjemite-granodiorite (TTG) with minor amoura$ supracrustal rocks and with Nd
isotopic model ages mainly comprised between 28236 Ga (Liu et al., 1992; Song et al.,
1996). Early Proterozoic rocks of the Liaohe Graopsist in sediments and volcanic rocks,
metamorphosed during an orogenic event around Ga8%LBGMR, 1989; Lu et al., 2004).
Archaean and Palaeoproterozoic units are unconfdgmaverlaid by sediments: (1)
Neoproterozoic (Sinian) strata composed of shaedstone, limestone and dolomite, (2)
Palaeozoic layers comprising a suite of marine rsediary rocks and (3) half-graben
Cretaceous basins which are infilled by continergatliments and volcanic rocks (e.qg.
Wafangdian basin irFig. 1b; Allen et al., 1997; Ren et al., 2002; Liu et &£005).
Furthermore, Mesozoic granitoids are widely distrdal throughout the Liaodong Peninsula,
covering an area estimated at ca. 20,000 km2 (LBGNM#89; Wu et al., 2005a, b) and
spanning from Late Triassic to Early Cretaceous @Wval., 2005a, b; Yang et al., 2007c).
Several regional-scale structures, such as thehSlaabnan Metamorphic Core Complex
(SLMCC; 120-110 Ma; Yin et Nie, 1996; Liu et alQ05; Lin and Wang, 2006, Yang et al.,
2007Db; Lin et al., 2008), the Yiwulishan dome (M#&; Darby et al., 2004), the Laohushan
synkinematic pluton (122 Ma; Lin et al., 2007) g&hd Songliao basin (Ren et al., 2002; Lin

et al., 2003) are diagnostic of an important clustéension during Early Cretaceous.



The latest event in the area is marked by thetienupf alkali basalt, with occurrence
of xenoliths, during Cenozoic (LBGMR, 1989; Griffat al., 1998). This work focuses on the
southeastern part of the Liaodong Peninsula: thdaGling and Yinmawanshan massifs

which are currently recognised as a large-scalenmatig complex.

2.2. A ‘giant’ extensional complex in the Soutladdong?

The South Liaonan Metamorphic Core Complex (SLMG&Y first been identified by
Xu et al. (1991) and LBGMR (1994). It is locatedtire southernmost tip of the Liaodong
Peninsula and extends over 50 km along a NNE dared¢Fig. 1b). The SLMCC is mainly
composed of migmatites (presumably Archaean in age) of Jurassic to Cretaceous
granitoids. Structural studies highlight a pervasiluctile deformation throughout the massif
with evidence of high-strain zone along its westedge (Liu et al., 2005; Lin and Wang,
2006; Lin et al., 2007, 2008). Considering radiocimiogical data (Wu et al., 2005a, b ; Lin
et al., 2007 ; Yang et al., 2008) one can conchada rather fast exhumation of the dome,
below a west verging extensional detachment, dugsudy Cretaceous (120-110 Ma).
To the North, the Yinmawanshan and Gudaoling masdign with the SLMCCKig. 1b).
Both massifs are often presented as Cretaceousugniatrusions (Wu et al., 2005a, b).
However, structural data on both internal defororatand relationship of these massifs with
the surrounding rock units is lacking and the tignaf the Mesozoic extension/magmatism is
only partly constrained in this area.

This paper presents a multidisciplinary approatien finite strain is studied using
both (1) classical structural analysis and (2) Aty of Magnetic Susceptibility (AMS)
analysis for intrusive bodies where macroscopittdiatrain cannot be evidenced. In addition,

timing and strain rate are constrained by new U#ilbon analyses combined with a



compilation of existing radiochronological data.igktudy highlights spatial prolongation of
the SLMCC structures to the north; as a whole 80 km long structure can thus be
considered as a particularly large specimen ofnsib@al complex in the continental crust.
These results also highlight a well-defined MCC mehéhe entire tectonic evolution and
timing can be constrained, from the extensionatidin (in the deepest part of the crust),
through the exhumation of the dome (within upperstrand up to the dating of the latest

deformation increments along the master detachment.

3. The Gudaoling Metamorphic Core Complex

Located between Huatong and Wanfu cities, andh#® gouth of Gaizhou, the
Gudaoling massif forms a N-S oriented relief. Italgned with the SLMCC, to the north,
with a 50 by 30 km spatial extent. As a whole, walaoling massif (see “GD” drig. 1b) is
made of granitic rocks inter-fingered and emplas@tiin high-grade metamorphic rocks and
in particular migmatites. As detailed below, theegent study shows that the Gudaoling
massif must be regarded as a Metamorphic Core GongMCC). It includes migmatites and
granitoids, in the lower unit, separated from thgpger unit” by an extensional master

detachment zone to the east.

3.1. Surrounding rocks: the Upper unit

As shown onFig. 2, the Gudaoling massif is surrounded by Late Arahadcarly
Proterozoic, Neoproterozoic (Sinian) rocks thabfed the upper crust of the area at the onset
of late Mesozoic extension. In the field, Late Aaeln rocks mainly consist of migmatites,

gneiss, micaschists with several amphibolite baudiat are particularly well exposed close



to the Anbo city and to the west of the Gudaolingssif Eig. 2). Gneissic and migmatitic
structuration is Precambrian in age (LBGMR, 19%arly Proterozoic units extend to the
north-northeast of the massiFig. 2). They include low-grade metasedimentary rocks
including quartzites, metasilts and micaschistspr@pching the Gudaoling eastern border,
the micaschists exhibit a well-marked deformatiwith the development of protomylonitic
foliation developed at the expense of older fabraimg folds and a conspicuous ~N090-
plunging stretching lineation (underlined by whibécas). Granitic veins sometimes injected
into the foliation plane. Sinian, Neoproterozoicdisgentary rocks displaying variable
metamorphic grades unconformably lay on top of Pnecambrian rocks described above.
These metasedimentary rocks consist in W-dippingoles, red monogenic conglomerates,
dark greenish quartzites and siltites outcroppiogthte west and to the southeast of the
Gudaoling massifRig. 2). Within a ~100 m wide band along the eastern éood the massif,
Neoproterozoic (Sinian) dark greenish quartzitepldly higher strain.

Finally, Cretaceous rocks cropping out in narrov Idedimentary basin, are made of
volcanic rocks (e.g. andesite, trachyandesiteYdatated into scarce red conglomerates and
sandstone series. They are confined along bothéNesind Eastern borders of the massif,

close to Lutun and Wanfu citieBig. 2).

3.2. Rocks of the dome: the Lower unit

Crystalline rocks of the metamorphic core includgmatite Fig. 38 intruded by
successive pulses of Early Cretaceous igneous (d¢kset al., 2005a, b; 1: quartz diorite, 2:
porphyric granodiorite and 3: fine-grained grey muogranite;Figs. 3b and 4. Migmatites
exhibit well-developed metatexites displaying lesmmes and melanosomes layerifgg(

3a). In some places, lithological layering of the mafites displays as parallel surfaces,



concordant with the foliation, while in other placé& shows disorganised, curved layers
(Fig. 38). Amphibolite layers and boudins are often obsgnas intercalations within
migmatite Fig. 3a. All the metamorphic units found within the Gutiag massif show a
significant partial melting and sometimes lateralpolve to diatexites and anatectic granites,
with lithological contrasts and migmatitic struatarpreserved in sitUFig. 3¢). Migmatites
yield a 157 + 3 Ma U/Pb age on zircon, along thessifaeastern border (Wu et al., 2005b).
For other parts, and in particular within the care,other dating is available and, until now, a
Precambrian age is invoked (LBGMR, 1972, 1974).

Intruded within this migmatitic unit, differentanitic rocks have also been described
across the Gudaoling massif, often leading to kdhis massif-ene as a pluton. Hitherto,
these rocks have mostly been studied to deterrhigie petrography, geochemistry and age
(Yang et al., 2004, Wu et al., 2005a, b; Yang et24107a, 2008). Intrusions mainly consist in
monzogranite (with numerous enclaves), with sonetgudiorite located in the centre of the
massif and porphyric granodiorite confined to tlogtim of Anbo city Fig. 2). Monzogranite
is a fine-grained grey rock composed of plagiocglagdkali-feldspar, quartz and biotite, +
hornblende. Accessory minerals include apatiteoniy titanite and Fe-Ti oxides (Yang et al.,
2004). Quartz diorite exhibits a rather weak mihergentation, with an assemblage of quartz,
plagioclase and hornblende, =+ K-feldspar and l@oforphyric granodiorite is medium- to
coarse-grained with hypidiomorph inequigranulatueas. Mineralogical assemblage consists
in quartz, plagioclase, K-feldspar, biotite and rfimende with accessory iron oxides.
Monzogranite, porphyric granodiorite and quartzitéohave been dated at 121 + 1to 118 + 3
Ma, 124 + 2 Ma and 127 + 4 Ma, respectively (U/Rbzarcon; Fig. 2 Wu et al., 2005a).
Besides,"’Ar/*°Ar datings have been performed on monzograniteliyigl 116 + 3 Ma for
hornblende, 113 + 2 Ma for biotite, and on quaitzite with 118 + 3 Ma for hornblende and

112 + 2 Ma for biotite Kig. 2, Yang et al., 2008). From a geochemist point awi
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monzogranite have low initidl’Sr®Sr ratios (0.7052-0.7086) and strongly negativgt)
values (-18.5 to -20.9) leading to consider a elustigin for these magmas (Yang et al.,
2004). In contrast, the enclaves which yield cdesis120 + 1 Ma crystallisation ages (U/Pb
on zircon; Yang et al., 2007a) are characterisednigiier eng(t) values (+4.5 to -6.2), low
initial ®’SrP°Sr ratios (0.7058-0.7073) and are enriched in lighe earth elements (LREE)
and large ion lithophile elements (LILE). This segts that part of the magmas were also
derived from an enriched lithospheric mantle solitang et al., 2004, 2007a). Bimodal melt
sources (crust and upper mantle) and magma mixiast fme considered for the origin of

granitic rocks in the Gudaoling massif.

3.3. Overall structures of the dome and the Gudgaletachment fault (GDF)

Our field observations show that, most of the tinnégmatites are intercalating with
the fine-grained grey monzogranite. At outcrop-scgranite can be observed both as inter-
fingered bodies into migmatitic layers or as crosging dykes Fig. 3b and 33. At
cartographic-scale, ~1 km, occurrences of botholiithies can be alternatively observed.
From this, a coherent monzogranite pluton could betindividualised into the Gudaoling
massif. Outlines of the monzogranite/migmatite cdrire strictly drawn at the scale of our
study and a “composite” migmatites/anatectic gedmbnzogranite unit is considered here
(see “migmatites/monzogranite” ofig. 2). Yet, relative proportion of these lithological
facies can spatially change within the Lower uhit.particular, the eastern border and the
south-eastern corner of the massif display migestiexclusively, Kig. 2). In turn, quartz
diorite rocks form a curved band of up to ~5 kmtwid/hich crosses the masdig. 2). The
porphyritic granodiorite lies in its SSW part, iontact with the Archaean migmatites of the

surrounding rocks, close to Anbo cifyig. 2).

11



To the west of the Gudaoling, migmatites displasather disorganised layering and
the associated Early Cretaceous monzogranite isomo. Both become progressively
deformed toward the NW as shown by the gradual Idpugent of NO30-trending and NW-
dipping foliation planes. An associated E-W minenadl stretching lineation is also observed
which is underlined by biotite and quartzig. 2). Along the western border, shear bands
obliquity with regard to foliation plane orientatioshows a top-to-the W simple shear
deformation regimeHig. 2). Migmatites outcropping in the SW of the masdiét(veen
granodiorite and monzogranite bands) exhibits a ippidg foliation accompanied by
stretching lineation. In contrast, drag folds arigdeo kinematic markers indicate a top-to-the
E sense of sheaFigs. 2 and 3d.

In the core of the massif, the prominent quartzrigiodisplays a shallow dipping
foliation, with dip switching from W to E, and amientation parallel to the fabric in the
neighbouring migmatites={g. 2). On the other hand, the fine-grained grey moremitg is
isotropic in the centre of the massif, with preservmagmatic fabrics (e.g. schlierens).
Moreover, no planar or linear mineral preferredeotation could be macroscopically
observed.

The eastern boundary of the Gudaoling is markeg@asticularly strong finite strain,
whatever the rocks considered, which graduallyeases from the core toward this border.
There, initial migmatitic layering is sometimes qaetely transposed. Particularly well-
developed mylonitic foliation strikes ~N-S, paratie the N-S striking envelope of the massif.
This mylonitic foliation dips 15 to 35° to the east opposite direction compared to the
western border. Internal fabric of the Gudaolingisthdefines a dome shape. Stretching
lineation, underlined by biotite, quartz aggregatesl stretched amphiboles display a
consistent NO90-N120E trenHi¢s. 2 and 4. At outcrop-scale, low-angle E-dipping foliation

displays sigmoid, drag folds; anddé-pressure shadows around feldspars and assoclead s
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planes showing a clear simple shear deformatioime=gharacterised by a top-to-the E sense
of shear Figs. 2, 3e, 3f and ¥} From west to east, shear bands become more numand
thicker (from few millimetres to centimetres), defig a map-scale mylonitic band running
along the eastern edge of the massif. Well-develaypeamylonitic rocks are encountered to
the top of the lower unit rocks of the dom&g( 4). Fabric in both granitic and migmatitic
rocks exhibit impressive flagstones forming localiefs in the landscapeFig. 39.
Microstructural observations within this mylonitiand confirm the intense finite strain. It is
expressed as plastic deformation and solid-state dissociated to top-to-the E kinematics, as
shown by mica-fish geometries (efgg. 3h), 6- or o-type porphyroclast, shear bands and
asymmetrical pressure shadows around hard resistangrals (see Passchier and Trouw,
2005).

Finally, thickness of the N-striking ductile sheame, along the eastern border of the
Gudaoling dome, can be estimated at 3-4 km, inoudi-1.5 km of mylonites to
ultramylonites. Deformed eastern border of the dal@scribes a low-angle sharp limit area
between a high-grade lower unit, in the core of tmeme, and a low-grade or earlier
metamorphosed upper unit through a major extenkisim@ar zone characterised by both
ductile flow and subsequent movements under bititeditions Fig. 4). Indeed, at the top of
this ductile shear zone (i.e. to the east) sommmnexr breccias are observed with clasts of
sandstones, micaschists and greenish quartzites Foecambrian upper units and some
granitic and metamorphic mylonitic rocks from tlver unit Eigs. 4 and 53

As a result, the eastern border of the Gudaolingedcan be considered as a master
detachment fault with top-to-the E sense of shiat, we called the Gudaoling detachment
fault (GDF; Figs. 2 and 4. All the structural features described abovew@ with those
characterising well-known MCCs in the Basin and ¢gaprovince (e.g. Davis and Coney,

1979; Crittenden, 1980; Wernicke, 1981; Lister &avis, 1989), and in the Aegean domain
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(e.g. Lister et al., 1984; Gautier et al., 1993;Whkiznitz and Krohe, 1998; Jolivet et al.,
2004) and East Asia areas (e.g. Davis et al., 1BR6gt al., 2005; Lin and Wang, 2006;
Daoudene et al., 2009, 2011; Charles et al., 20Ttee) Gudaoling dome can thus be defined

as a MCC exhumed below a master detachment fault.

3.4. The Cretaceous extensional basins

East of the Gudaoling MCC, near Wanfu city, a @cebus sedimentary basin extends
along the GDF (over ~160 km?) and unconformablyrile® Archaean and Proterozoic rocks
of the upper unit of the MCCF{g. 2; LBGMR, 1972, 1974). Clastic sedimentary rocks
comprise red sandstone with a few conglomeraterdaffég. 5b). Bedding generally trends
~N-S and dips towards the west (ca. 30° to 50°)géaolume of andesitic lava and volcanic
breccias is also intercalated within sedimentargodés Fig. 5¢. While the basin itself
displays low reliefs and relative poor outcroppic@nditions, the transition zone from the
metamorphic units of the Gudaoling MCC to the basinwell exposed and has been
extensively studied. The Gudaoling detachment faontiudes both ductile and brittle
structures (see Section 3.3), at the base anceabphof the detachment fault, respectively.
Besides, rocks of the upper unit are sometimesrebdebetween the mylonites roofing the
dome and the basin (see NW and SW of the b&3m,2a) and the western limit of the
Wanfu Cretaceous deposits is marked by steep nofawdts. In addition, west dipping
normal faults also developed pervasively within tlidcano-sedimentary series itself; the
major ones separating blocks into the basin. Nwerio intersection of the normal faults with
below lying mylonites has been observed. On thdraoyn the high-angle brittle structures
seem to connect to the low-angle ductile shear.zAhéhese structures lead us to interpret

the “Wanfu” Cretaceous basin as a half-graben lyinghe hanging wall of the Gudaoling
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MCC (Fig. 4). Structural relationships between mylonites arittl® faults as well as their
shared E-W extensional regime argue for a coevaldpment of the extensional basin and
the GDF. However, radiometric dating of the volcanminits in the basin is needed to
unambiguously establish this synchronism.

It is noteworthy that, on the northwestern bordethe Gudaoling MCC (see Lutun
city) scarce outcrops of sedimentary strata andarot breccias are observed. These series
display similar lithologies as the one in the “Waihbasin and strata display a moderate W-
dipping Figs. 2 and 5d;LBGMR, 1974). These rocks most probably pertaia ©retaceous
basin in the northwestern part of the Gudaoling ME®. 2, LBGMR, 1974) but, due to
Cenozoic cover, no direct relationship betweendtsesies and the dome could be observed.
Field structural observations along the westerrd&onf the dome highlight a clear top-to-

the-W sense of shedfif. 2), consistent with a plausible secondary detachfmert

4. The Mesozoic intrusions

In addition to the anatectic rocks closely asdediawith the migmatites of the
Gudaoling MCC, several granitic plutons emplacewughout the study area, during Late
Mesozoic times. These have been mostly dated ty Eaetaceous (~120-128 M&ijgs. 1b
and 2 Wu et al., 2005a, b). In the field, they intrudetb upper crustal levels, within the
Precambrian rocks of the upper unit. One pluton particular, forming the large

Yinmawanshan massif, is subject to a specific #tienn this study.

4.1. The Yinmawanshan pluton

4.1.1. Lithology
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The Yinmawanshan pluton is located between the Soutlodong MCC (e.g. Liu et
al., 2005) and the newly identified Gudaoling M@&ast of Wafangdian city. It draws a ~40 x
~30 km E-W elongated ellipse in map view (see “Ybfi'Figs. 1b and 2;,LBGMR, 1972). It
is mainly composed of two distinct lithologies, frorim to the core: (1) porphyritic
granodiorite with K-feldspar megacrysts, quartatibe and hornblende, and (2) fine-grained
monzogranite with quartz, biotite, K-feldspar + hiolende Figs. 2and 6a; LBGMR, 1972;
Guo et al., 2004). Yet, both rock types yield saniU/Pb on zircon ages with 129 + 2 to 120
+4 Ma and 124 = 5 to 122 + 6 Ma for the porphyiianodiorite and medium- to fine-grained
monzogranite, respectivelfif. 2; Guo et al., 2004; Wu et al., 20058)SrP°Sr ratios are
ranging from 0.708772 to 0.713501 with lower values medium to fine-grained
monzogranite, and negatiggq(t) values (-19.32 to -14.62). Consequently, therse of the
Yinmawanshan intrusion mainly derived from ancidatver crust with a significant
contribution of lithospheric mantle and juvenileustal components (Guo et al., 2004). In
contrast with the Gudaoling MCC, the Yinmawansh&mgnm is exclusively composed of

granitic rocks devoid of migmatites and only raemaliths.

4.1.2. Structure of the Yinmawanshan pluton

Structural field observations in the Yinmawansiptuton are illustrated ifrigure 6.
Both the western and central parts of the massiibéxsubsolidus fabricsHgs. 6a and 6b
with figures of magmatic flow, as evidenced by smeins. On the southern border, aplitic
dykes intruded into the Late Archaean migmatites.(60. To the west, the geological
outline of the massif forms peculiar curved shafég. 7). According to the geological map
and our field structural study, this geometry isdlty controlled by the north striking sub-

vertical Neoproterozoic (Sinian) sedimentary seliégs. 2 and §. One particular thick
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quartzite layer, with >80° westward dip, followsetbontact with the igneous rocks there. To
the north of the massif, external contact and apsgs of the isotropic granodiorite cut across
rocks and ductile fabric of the Gudaoling MCC. #ikse features clearly argue for intrusion
of the Yinmawanshan igneous rocks within both thecBmbrian rocks of the upper unit and
the exhumed metamorphic rocks of the Gudaoling MEGally, the Yinmawanshan granitic
rocks contain few xenoliths of the Gudaoling MCCks, which is consistent with the above
described structural relationships. Yet, apophysfethe Cretaceous intrusive rocks of the
MCC cross-cutting the external lithological faciesthe Yinmawanshan massif have also
been observed. This suggests a contemporaneoud-aostemporaneous emplacement time
for the Yinmawanshan massif and the granites iredudithin the Gudaoling dome. This
inference is corroborated by a similar Early Cretass U/Pb ages on zircon at 118 to 129 Ma
for both geological featuref&ig. 2; Guo et al., 2004; Wu et al., 2005a, b).

Contrasting with the rest of the massif, the n&dlstern border of the Yinmawanshan
pluton displays strained rocks as underlined byagnessive development of NE-dipping
foliation (Fig. 6@ and an associated stretching lineation, markequaytz aggregates, biotite
and stretched amphibol&i¢. 2). Stretching direction spans from N0O90 to N115Erothe
deformed zone, which is consistent with the defdimnaobserved all along the Gudaoling
detachment fault. Moving to the east, C/S strustgmadually affect granitic rock&if. 6d),
with a decrease in both grain-size and C/S anflgs.(6a, 6b and 6c Kinematics analysis
(e.g. asymmetric pressure shadows and C/S obljgstityws a systematic top-to-the E sense
of shear along the north-eastern border. Tectorecdmms developed at the expense of both
the mylonite and surrounding rock clasts, argue &orsuperimposed localised brittle
deformation along this structurgig. 66.

Deformation along the north-eastern border of Ywemawanshan pluton within a

cartographic band of ~4 km gradient of finite straieaching mylonitic stage along the
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contact Figs. 2 and 63 Deformed rocks are only confined to the Yinmaslaan pluton
itself as the surrounding rocks (i.e. Late Archaaad Neoproterozoic units) do not display
ductile strain. In details, the deformed zone digpltwo distinct branches, which merge to
the north Fig. 2). One corresponds to the southern extension ofGilgaoling detachment
fault and the other is localised along the nortbtexa external boundary of the pluton.
Toward the south, in the strike of the GDF, defdiomathen progressively decreases and
disappears. This ductile shear zone thus latedithg out into the pluton, with a drastic
reduction of the net movemerkig. 2).

To sum up, the Yinmawanshan pluton is solely mad@manzogranite and porphyric
granodiorite with neither migmatite nor anatexitgrusive relationships with surrounding
rocks have been evidenced the progressive develtpohé€/S structures to the northeast of
the massif is diagnostic of a synkinematic emplaa®m(Berthé et al.,, 1979). Thus, the
Yinmawanshan pluton can be regarded as a synkinem#tusion emplaced within upper

crustal levels during at least partly ductile sirepalong the Gudaoling detachment fault.

4.2. Others plutons of the upper unit

Three distinct granitic plutons outcrop to the edghe Gudaoling MCCHKigs. 1 and
2). While the smallest of these massifs displaylaptie ~east trending shape, the two others
rather display contorted outlines in map view, withparticular preferred orientatioRig. 1).
Previous U/Pb analyses on zircon yielded 120 + 228 + 3 Ma crystallisation ages for the
Zhuanghe pluton, the largest, north of Zhuanghg ¢Hig. 1 and references therein).
According to our field structural study, granitmcks of these plutons look unstrained, at least
from a ductile point of view. Contacts with the mwnding Precambrian rocks systematically

show intrusive relationships with, in particulat) kenoliths preserved into the granitoids and
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(2) development of metamorphic contact aureoles (aetaquartzites into Neoproterozoic —
Sinian — sedimentary series). These granitic bodésbe defined as plutons intruded into
Precambrian rocks of the upper unit, during Eangt&ceous.

Based on field observations together with publispedlogical maps (LBGMR, 1972,
1974), the Zhuanghe pluton can be regarded asagiera prolongation of the Yinmawanshan
pluton. Indeed, both massifs share (1) similar pgritic granodiorite lithologies (se€g. 2),

(2) similar surrounding rock units (and, most pialgasimilar emplacement level) and (3)
similar emplacement ages (129-120 Ma and 128-120dfathe Yinmawanshan and the
Zhuanghe pluton, respectively). Yet, ductile shearobserved along the NE edge of the
Yinmawanshan pluton does not extent further sontb the Zhuanghe pluton or along its

external boundary eveki@. 2).

5. Petrofabrics and AMS studies of the late intrusins

Isotropic granitic rocks have been observed botiplakons within the Precambrian
rocks of the upper unit (e.g. Yinmawanshan, Zhuanglhtons) but also as intrusions within
the migmatites of the Gudaoling MCC (see fine-gedilgrey monzogranite, in particular).
However, even if finite strain is not macroscodicaxpressed and can thus not be directly
studied in the field, microstructural analysis andasurement of minerals statistical preferred
orientation is necessary if one wants to highligitg potential incremental strain conditions
during granitic rocks crystallisation. Combinedhwicrostructures and petrofabric analyses,
an Anisotropy of Magnetic Susceptibility (AMS) studas been performed on samples from
the Yinmawanshan pluton as well as from granodisrdf the Gudaoling MCC. In particular,

measurement of planar and linear magnetic fabhcgild permit to better constrain strain
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field and bulk structure of the interfingered mogmmite/migmatite unit within the

Gudaoling MCC.

5.1. Microstructures and petrofabric analyses

Description of microstructures is often used tardeimagmatic or solid-state flow in
granitic rocks (e.g. Gapais and Barbarin, 1986;bid, 1987; Paterson et al., 1989; Vernon,
2000; Passchier and Trouw, 2005) and thus allowerméning the rheological state of a rock
during tectonic and/or magmatic event. Using optio&croscope, detailed analyses of 78
thin-sections (49 for anatectic granitoids withinetGudaoling MCC and 29 for the
Yinmawanshan intrusion), result in the identificatiof four different types of microstructures
(Figs. 8 and 9, with increasing strain amount: (1) magmatic mstructure, (2) weak solid-
state fabric, (3) moderate solid-state fabric af)dr{tense solid-state fabric. Details on these
petrofabrics and characteristics of the microstmes are given iAppendix A.

In order to accurately highlight potential laterstrain gradients throughout the
massifs, the samples have been collected acrobsgbanitic parts of the Gudaoling MCC
and the Yinmawanshan pluton. Spatial distributdthe four microstructure types is shown
in Figure 9:

- In the Gudaoling MCC, magmatic and weak solid-staierostructure types together
account for over 70% of the samples and, thushefdome surfaceF{g. 9). They rather
occupy the central part of the dome and conveltbedytype has not been found along the
eastern border of the MCC. These microstructuresndb define any clear spatial
organisation Fig. 9). In turn, moderate solid-state fabrics repressmbut 15% of the
samples. Such a fabric type is located (1) aloegetstern border of the massif, (2) on its

northwestern edge and (3) in the area displayinglimnation of dioritic and migmatitic
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rock “bands”, in the SE part of the dontggs. 2 and 9. Finally, intense solid-state fabrics
which correspond to mylonitic to ultramylonitic i&crepresent 15% of the samples and
are exclusively distributed along the MCC easteondér, in close association with the
Gudaoling detachment fault (GDFigs. 2 and 9.

- In the Yinmawanshan pluton, samples with magmat\aeak solid-state flow evidences
occupy more than 75% of the pluton surfaé&g( 9). Samples displaying moderate to
intense solid-state fabric types are only restti¢te the northeastern border of the pluton,
along a ~5 km wide, NW to NNW striking banig. 9). The Yinmawanshan pluton thus
generally displays very limited finite strain extey the vicinity of the GDF where clear

solid-state flow evidences appear.

5.2. Anisotropy of magnetic susceptibility study

As shown in the pioneer paper of Graham (1954¢, Amisotropy of Magnetic
Susceptibility (AMS) is a powerful tool for analygj, in particular, structure orientation when
finite strain is macroscopically not well expressBesides, AMS is a versatile method for
analysing both qualitatively and quantitatively thagmatic and solid-state fabric of granitic
rocks (e.g. Hrouda, 1982; Rochette et al., 1992r&Maile and Henry, 1997; Bouchez, 1997;
Talbot et al., 2004; Charles et al., 2009; Jolglet2009; Denele et al., 2011). 708 cores from
78 sample sites have been studied for the EarliaGeeus anatectic granitoids emplaced into
the Gudaoling MCC and 403 cores from 50 samples diteve been studied for the two
granitic facies of the Early Cretaceous Yinmawansipiuton Tables 1 and 2. Most
outcrops in those granitic rocks are fresh and sswamples are not macroscopically
weathered below a few millimetres from the surf&eeAppendix B for details orsampling

and laboratory measurements procedure.
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5.2.1. Magnetic mineralogy

Characterisation of magnetic minerals carrying medig susceptibility has to be
performed to understand the relationships betwesrenal grains shapes and their spatial
distribution, with rock fabrics (ex. Rochette et, d1992; Tarling and Hrouda, 199%)igure
10 shows the distribution of the bulk magnetic susibdjty values measured from granitic
rocks of the Gudaoling dome (in black colour) andnyawanshan pluton (in white colour):

— For the anatectic granitoids of the Gudaoling M@@ye than 70% of cores reveal a
weak magnetic susceptibility of <500 x 4@BI, reflecting typical paramagnetic
minerals Fig. 10 and which are considered as main carrier of magsasceptibility
in granitic rocks (Bouchez, 1997, 2000). The renmgr80% exhibit higher values of
magnetic susceptibilities (from 2000 to 28000 x°1®l) revealing the presence of
ferromagnetic minerals as main carrierg( 10 Bouchez, 1997, 2000).

- In the Yinmawanshan pluton, more than 85% of the<display a high susceptibility
value of >500 up to 14000 x P0SI (Fig. 10), showing ferromagnetic minerals as
main carriers of magnetic susceptibility.

Note that, for both massifs, the distribution ofkbosusceptibility is not spatially controlled.
As a result, the magnetic fabrics are subject tandorm interpretation for the entire
Gudaoling MCC and Yinmawanshan pluton.

Hysteresis loops for granitic rocks of the GudagliMCC reveal two different
behaviours Figs. 11a and 11h Figure 1ladisplays a linear relationship between induced
magnetic moment and applied magnetic field, showihg presence of paramagnetic
minerals. Conversely,Figure 11b exhibits a typical loop shape for multidomain

ferromagnetic minerals (Dunlop and Ozdemir, 199)h a high value of induced magnetic
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moment reaching >400 x F0Amz2/kg. For the Yinmawanshan pluton, hysteresideghows
the occurrence of multidomain ferromagnetic mirgraiith a relatively high value of induced
magnetic field of >200 x IO Am2/kg (Fig. 119. Considering IRM measurements, granitic
rocks of the Gudaoling MCC display hard and so#rciive minerals Figs. 11d and 11g
respectively). The high (6.2 A/m) and rather low3(8 10° A/m) magnetic moment values
imply occurrences of ferromagnetic and paramagneiicerals, sustaining bulk magnetic
susceptibility and hysteresis loops results. IRMasuweements for the Yinmawanshan pluton
indicate that specimen is saturated more than 8020 mT Fig. 111f), leading to consider
high ferromagnetic minerals contents. Finally, thelr magnetic (Curie) measurement for
granitic rocks of the Gudaoling MCC show magnetisceptibility dropping at around 350
and 580°C revealing presence of maghemite and rnitgmespectivelyKig. 119. However,
the low value of natural magnetic susceptibility (8.4 x 10° SI) and linear relationship
between magnetic susceptibility and temperaturethi® heating stage of KG177-104 sample,
involve occurrence of paramagnetic minerdfsg( 11h). For the Yinmawanshan pluton,
Figure 11i clearly shows a magnetic susceptibility value giog at around 350 and 580°C
which corresponds to maghemite and magnetite omcoes in the granitic rocks.
Backscattered electron images confirm presence wfidomain magnetite in both massifs
granitic rocks with grain size >50 prhig. 11)).

To sum up, granitic rocks of the Gudaoling MCClude soft coercitive minerals such
as multidomain magnetite, and paramagnetic onesactesised by phyllosilicates (i.e.
biotite). These rocks have thus a bimodal magmetneralogy dominated by either magnetite
or biotite depending on sampling place in the nig&buchez, 1997, 2000). Fortunately,
biotite and magnetite subfabrics orientations eximb significant variations (Archanjo et al.,
1995). On the other hand, the Yinmawanshan plutonb®e considered as a ferromagnetic

granite (Bouchez, 1997, 2000) with magnetite as than carrier of the magnetic
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susceptibility. Magnetic interactions between maigmegrains are negligible as shown by
Greégoire et al. (1995, 1998), which made AMS meam@nts consistent. Moreover, no
inverse magnetic fabrics are expected due to nuutain magnetite grain size >50 um

(Rochette et al., 1992; Tarling and Hrouda, 1993).

5.2.2. Magnetic fabrics of anatectic granitdidsn the Gudaoling MCC

Granitic rocks have been analysed in the laboratoryrder to measure their planar
and linear magnetic fabrics. Statistics on thesasmements are presented able 1.
Sampled sites showing a corrected anisotropy de@gdnigher than 20%, represent more
than 20% of all sitesT@ble 1). This proportion is the same for sampled coreshasvn in
Fig. 12a Weak B value for the majority of samples (80%) indicatkat studied granitic
rocks have probably not encountered significanbeations from the AMS acquisition
period. This corroborates dominant magmatic micuastires as deduced from the above
described petrofabric analysis. The AMS foliatian statistically better defined than the
lineation since more than 80% of samples have pesharameter of AMS (T) value higher
than O Table 1 and Fig. 12a and 12b However, magnetic lineations present a well ok
distribution since only 9 sites out of 78 (e.g.eSi218, 230, 233) exhibit a confidence level
(0gs mean) values higher than 20Paple 1). Figs. 12b and 12aonfirm bimodal magnetic
mineralogy for granitic rocks of the Gudaoling M@@th samples cluster close to,Kow
values, and more scattered samples withvilues >2000 x I0SI. No statistically reliable
relationship can be established between the cedeanhisotropy degree jPand shape
parameter (T) value, neither with the bulk magnstisceptibility (k,; Figs. 12b and 12§

AMS principal axes (Kand Kg) are presented in equal-area projection for edelos

the Gudaoling MCC with sampling locationgid. 13. The AMS site-mean directions
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measured in the Gudaoling MCC granitic rocks apeagented as a structural mag-igure

14. Magnetic foliations strike globally N-S to NNW-BES with continuous rotation of
orientations through E-W trend visible for sevestés (e.g. Sites 174, 178, 206, 245, 246;
Fig. 13b). Magnetic lineations are characterised by twdirtis orientations whatever the
foliation strikes Fig. 13b): (1) E-W to NW-SE trend with a rather gentle gerfor almost all
sites, and (2) N-S trend with still gentle plunge few other (e.g. Sites 217, 228, 238, 247).
As shown in map viewHig. 143, magnetic foliations exhibit a flip from W-dipgnto E-
dipping, from one side to the other of the masSibnsistently, magnetic lineations jK
switch from W-plunging to E-plunging while the NOG®20 trend remains constant for 59
sites (75%;Fig. 14b). However, 19 of the sites located in the domereedisplay a ~N-S
trend Fig. 14b). Magnetic lineation trends display shallow plus§e20°;Fig. 14b). In order

to qualitatively compare AMS results with availalfield observations, density contour
diagrams have been calculated for individual AM8sxwithout the orthogonal constraint in

the three axed~(g. 14y Jelinek, 1981; Borradaile and Gauthier, 2003).

5.2.3. Magnetic fabrics of the Yinmawanshan piuto

From the 403 cores drilled from 50 sites in thistgn, the anisotropy degree ;P
values higher than 20% are represented by about &0&d sites Table 2). Such a high
proportion can be biased by the high shape magaetgotropy of magnetite grains which
could artificially increase Pvalues (Tarling and Hrouda, 1993; Dunlop and O7deh®97).
Indeed, it seems from our study thagy Righ values correspond to high magnetic
susceptibilities, and therefore to high magnetitoant in the rock (e.g. Sites 373, 394, 405,
414; Table 2); such feature is also displayed Bigure 12c which suggests a rough linear

relationship between;Rnd K,. Positive T values represent 78% of all samplaslitey to

25



consider the AMS foliation as better defined thiam lineation one from a statistical point of
view (Table 2 and Figs. 12a and 12b Yet, magnetic lineation is also statisticallyliwe
defined since only 4 sites out of 50 (i.e. Site$,3%98, 407 and 410) present scattered
lineation directions with a mean confidence leva)s (mean) higher than 20Téble 2).
Figures 12b and 12cargue for a ferromagnetic mineralogy for the gianiocks of the
Yinmawanshan pluton, with high values of, Khainly comprised between 2000 and 5000 x
10° Sl

Equal-area projections ofikand K; axes are representedfigure 13 with location of
each sampling site. Resulting magnetic planar ameat preferred orientations calculated
from site-mean directions are illustrated Figures 14aand 14b, respectively. Magnetic
foliations in the pluton exhibit variable foliatioamttitudes with rather shallow to moderate
dipping for a majority of sites (mean of 40°) artdeply to subvertical dipping for several
other ones (e.g. Sites 373, 374, 379, 387 and BRf;139. Magnetic lineations reveal a
consistent E-W trend for some sites (e.g. Sites 808, 409 and 411) while others better
display scattered directions (e.g. Sites 373, 389, 391 and 39Fig. 139. In map view,
magnetic foliations exhibit a concentric patternichhfollows the pluton boundaryig. 143).
AMS sites showing steeply dipping foliations cop@sd to the rim granitic facies or to the
contact between granitic rocks and surroundingsunih turn, flat lying E-W trending
magnetic lineations occur in the eastern part efgluton while steeply plunging, scattered
oriented ones are instead located in the westemn gpa&ay from the Gudaoling detachment

fault (Fig. 149.

6. Finite strain mapping
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Within the Gudaoling dome, where igneous rocksaal@acent or nearby migmatitic
ones, the measured magnetic fabrics is consistgéhtmacroscopic structural measurements
(compareFigs. 2 and 14. Indeed, magnetic foliations are locally paratielsub-parallel to
the foliation measured in the field. Besides, aerall E-W to NW-SE trending magnetic
lineations, displaying relatively shallow plunges, also consistent with the stretching
lineation orientations as measured in the field.

Based on both structural measurements and results the AMS study, spatial
variations of the ductile finite strain are diseegshere for both massifs. First, foliation
trajectory maps are drawn based on individual doeal data from both structural
measurements and/or AMS datgig; 159. Secondly, finite strain magnitude maps are
computed from a qualitative determination of théodwation observed in migmatitic and/or
igneous rocks (see Charles et al., 2011a for defdd. 15b). The scale used to assess strain
intensity is qualitative from isotropic rocks (ratk#5) to ultramylonitic rocks (ranked #1).
Igneous rocks displaying no apparent macroscopicdare scored to 5 for isotropic textures
and 4.5 when a preferred orientation has been ifaghtthrough AMS study. For
computation, kriging interpolation is used to poeditrain intensity at unsampled/observed
locations. It results in a continuous contours rtahe entire zone exterifable 3 andFig.
15b present semi-variogram model and the contours afidgiging interpolation of strain

intensity, respectively.

6.1. Finite strain within the Gudaoling MCC

In the Gudaoling MCC, the foliation trajectoriesplay a mean ~N striking for the

main part of the domd={g. 159. To the SW, north of Anbo city, foliation strik&&l50 on

average. Trajectories bend in both N and S tipthefMCC and as a whole, they draw a
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concentric pattern corresponding to a typical dastracture with foliation planes dipping
west in the western flank and east in the eastem (Big. 15 see details in structural
analysis, above). Yet trajectories look convergaigng the GDF, to the east, and partly
truncated by the trace of these structure at theedame. The Gudaoling MCC thus displays
an asymmetrical geometry with the deepest struickevals of the dome cropping out closer
to the GDF roofing the massiFig. 153.

Concerning strain intensity interpolation, variagranalysis reveals an asymmetrical
trend with longer correlation distances betweera gatint oriented N155E. Such direction
correlates well with the mean foliation planeskstigy within the dome Kig. 159. In the
variogram, a non-null value for the nugget effég§ € 0.8272) intends for deviations of the
strain intensity value at local scale, which can digibuted to lithological contrasts as
evidenced within the Gudaoling MCC (i.e. alterngtigranitess.|. and migmatites for the
main part). In map view, a low-strained area appéarthe north-central part of the dome
(Fig. 15b). It strikes ~north and corresponds to monzogeaadcumulation in that area. The
southwestern edge of the dome, with ~N150 strikimgan foliation plane, also displays
relatively low strained rockd={gs. 15a and 15h As a whole, from core to the eastern rim,
strain intensity progressively increases (i.e. ta™2") (Fig. 15b). Highly deformed rocks
correspond here to the mylonites and ultramylondéshe Gudaoling detachment fault
(GDF), as observed in the field.

In more details, interpolated trajectory map alswlarlines the occurrence of three
subdomes aligned along the core of the dofg. (153. In the southernmost one, foliation
planes envelope follows the cartographic tracdeflarge diorite band lying in the SE part of
the dome (comparEigs. 2 and 15a The core of this subdome corresponds to ondef t
deepest structural levels of the MCC and a pa#drtycontinuous migmatite “body” has been

mapped thereHigs. 2 and 15& Finite strain is of medium- to high-strengthaihgh this part
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of the dome core as shown on the interpolated comwap Fig. 15b). Identification of
subdomes has already been done within the Naxos K€@ean area; Gautier et al., 1993;
Rey et al., 2011) and the Montagne Noire gneissed@nench Massif Central; e.g. Géze,
1949; Van den Driessche and Brun, 1992; Matte.e1898; Soula et al., 2001; Charles et al.,
2009; Kruckenberg et al., 2011; Rey et al., 20Hgcent thermo-mechanical modelling
undertaken by Rey et al. (2011) shows that domeenmadg can follow a complex depth-
dependent strain history. Indeed, deep crustal thomd extension have not necessarily the
same direction in 3-D and models highlight thateptsst foliation corridors, separating
subdomes, could develop during MCC exhumation (Bewl., 2011). Besides, our AMS
study reveals two sets of magnetic lineations theoGudaoling MCC, with shallow to steep
plunges: (1) one trending E-W to NW-SE, parallethe stretching lineations and, (2) one
striking ~N-S and approximately located within sobeks, parallel to the dome’s core
orientation Fig. 159. Variability in both trend and plunge of magndtieations could thus
be explained by changing 3-D materials flow dynamidich principally depend, following
Rey et al. (2011), on the depth of rheological sitons (i.e. solidus and brittle/ductile
transitions) within given tectonic boundary conalits (e.g. geothermal gradient, mean strain

rate).

6.2. Finite strain within the Yinmawanshan pluton

To the south of the Gudaoling MCC, the Yinmawansplarhon is only composed of
granitic rocks and strain is inferred from the AMfata. Interpolated trajectory map
emphasizes a concentric attitude of magnetic fohat In addition, trajectories show a
circular shape globally parallel to the pluton ysdfig. 159. As shown before, magnetic

foliation becomes steeper toward the borders opti®n. On the other hand, the interpolated
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strain intensity map exhibits unstrained rockshia tmain part of the pluton, from its centre
and up to its western edg€ig. 15b). There, magnetic lineations display variable disen
which can correspond to magmatic flow as eviderimedhe predominance of magmatic to
weak solid-state microstructures in this arBay.(9). In contrast, the eastern border of the
pluton is characterised by highest values of therpolated strain intensityrig. 15b). They
correspond to the mylonites of the southern extensf the Gudaoling detachment fault and
characterised by intense ductile shearing. Incredsemple shear intensity appears gradual
from the core of the pluton toward the NEd. 15b). In this particular part of the pluton,
magnetic lineations exhibit a constant E-W trenthwelatively shallow plunge, parallel to
the orientation of stretching lineations measumedhie field Figs. 2 and 14h. Structural
study shows that mylonitic rocks of this synkineimattrusion border exhibit a top-to-the E
sense of shear which is compatible with the kinawabbserved in the GDF, along the
eastern border of the Gudaoling MCC, further north.

It is noteworthy that the Yinmawanshan pluton isr@unded by isotropic Early Cretaceous
granitoids belonging to the upper unit of the GuislgoMCC (Fig. 2), and in particular the
Zhuanghe pluton which seem, to connect to the Yimamshan pluton itself (séegs. 1 and

2).

7. Age constraints on partial melting within the Guaoling MCC

Traditionally considered as a single complex ision, the emplacement of the
Gudaoling MCC was dated at Early Cretaceous agesl@27-118 Ma; Guo et al., 2004; Wu
et al., 2005a, b) coeval with the emplacement e mmawanshan and Zhuanghe plutons, at
129-120 Ma (Guo et al., 2004; Wu et al., 2005aCmnversely, migmatites which have been

recognised in this work have not been studied enrtfassif interiors and the only published
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age, up to now, has been obtained from a sampéeld@long the dome margin which gives
a Late Jurassic age (157 = 3 Ma; Wu et al., 2009byeover, since Precambrian migmatites
exist in the MCC's upper unit, a Precambrian age thas been attributed to these rocks
throughout the region, including the ones withia Gdudaoling MCC (LBGMR, 1972, 1974).
In this study, leucosome of migmatites has beenpkaimto better constrain the crustal
melting timing in the Gudaoling MCC. U/Pb analyses zircon have been used (see
Appendix C for details).

Sampled migmatites are located in the centre®@MRC (sample 09-114 localised in
Figures 2 and 16aGPS: N39.995°-E122.454°). Sample 09-114 is adsoime of migmatites
essentially composed of quartz and feldspar wittmvaamount of biotiteKig. 169. A faint
foliation defined by biotite can be observed. Iprecisely comprised within the core of the
southernmost subdome of the MCC, in the migmatadybrimmed by the quartz diorite
cartographic bandHg. 2). This part of the dome is one of the deepesttiral levels Fig.
4b). As shown orFigure 16a the sampled leucosome makes part of melt netwotting
across a flat lying lens of amphibolite. This stane exemplifies well one of the boudins of
the more competent amphibolite layers stretchetimvihe migmatite, in an ~ESE direction.
From this, one can argue for a coeval ~E-W oriembetgnsional deformation regime with
partial melting.

The analysed zircons constitute a homogeneous aiulof grains >100um in length
(Fig. 16b). According to the typology proposed by Pupin @Q&he rather prismatic habit of
zircons is characteristic of high temperatureswkeen 750-900°C). Eight analyses yielded
consistent ages afté’ Pb/°Pb and?*Pbf**U ratios and common Pb corrections with
GLITTER and method according to Andersen (20023peetively Table 4). These spot
analyses yield a me&f?U/?%b age of 153.9 + 4.1 M&ig. 16b) that are interpreted as the

crystallisation age of migmatite leucosome. Thie mgconsistent with the U/Pb on zircon age
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calculated by Wu et al. (2005b) at 157 + 3 Ma fogmmatites located along the dome eastern
border. As migmatites display homogeneous lithaabiacies throughout the dome, it results
that the overall migmatites in the Gudaoling MC(.(from its core to borders) and related
partial melting should be attributed to Late Juras& general crustal partial melting may

thus have occurred during Late Jurassic (154-157 iNM#&he South Liaodong area. Again,

structure of the migmatite argues for contemporasaoelting and ~E-W stretchingdri.

164).

8. Tectonic evolution

Combining structural analysis with AMS study, dimite strain mapping and new
geochronology call for a new interpretation of thetonic evolution of the South Liaodong
peninsula.

While the Gudaoling massif was considered, as topjuhis study shows that is in
fact a metamorphic core complex. Its internal strieis characterised by a ~N-trending
asymmetrical dome of foliation with mineral andesthing lineations consistently oriented
N090-120. Lithologies in the dome include migmatit@natectic granitoids and quartz
diorites. Internal finite strain mapping highlighsubdomes developed in the deepest
structural levels of the lower unit and a systematcrease of ductile deformation toward the
east. Indeed, the exhumation of the dome driveghéoformation of a major E-dipping
detachment fault (GDF). Its E-W to NW-SE extenslateearing is fully compatible with the
overall NW-SE kinematics recognised throughout E&Astia, during Late Mesozoic
continental extension (e.g. Ren et al., 2002; ltialg 2005; Lin and Wang, 2006; Daoudene

et al., 2009, 2011; Charles et al., 2011a).
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Based on both structural and AMS data, finite stranalysis within the
Yinmawanshan pluton strongly argues for a synkirtengmplacement. As shown before, the
two branches of the ductile extensional shear Zondbat area correspond to the southern
prolongation of the Gudaoling detachment fault (kOR details, the GDF rapidly dies out,
to the south, when entering the Yinmawanshan platahthe movement looks relaying along
the north-eastern border of the massif. In turis, second ductile shear zone also dies out to
the south as no ductile deformation has been obdewithin the Zhuanghe pluton,
considered as the prolongation of the Yinmawangbatihe south and east (see discussion
before in Section 4.1). As the GDF progressivelgsdiout, along-strike, within the
Yinmawanshan-Zhuanghe plutons, and as the sameugmecks can be observed on both
sides of this main structure, the net movementgtbis normal ductile shear zone must be
limited after the igneous rocks crystallised, at €20-129 Ma (sed-igs. 1 and 2and
references therein). Moreover, field structurallgsia shows that the Yinmawanshan granite
cuts across and/or comprises xenoliths of mignsafiiem the Gudaoling MCC to the north,
migmatites from the South Liaodong MCC to the soatid Neoproterozoic (Sinian)
sediments to the wesFifs. 1, 2 and J. This clearly evidences (1) that the Yinmawanshan
pluton emplaced within upper crustal levels anénth(2) that rocks of the lower unit of the
Gudaoling MCC were largely exhumed at that time.

A detailed compilation of time-constraints is givenFigure 17a Ages have been
compiled from new geochronological constraintsho$ sstudy and published data (Wu et al.,
2005a, b; Yang et al., 2007b; Lin et al., 2008; '@t al., 2008) and were interpreted with
respects to thermochronometers defined by Dods8i3)1 Tectonic history of the South
Liaodong area can be drawn as follows.

E-W to ESE-WNW continental extension begins dutiiage Jurassic times (157-154

Ma) as shown by the coeval stretching of migmatiehkin the core of the Gudaoling MCC.
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These rocks were parts of the deepest structuralsleexhumed within the MCC and coeval
to partial melting. At that time, extension affettine entire crust, including the lower crust
(Fig. 17b). As shown by modelled cooling pathsid. 173, rocks of the MCC lower unit
remained under high temperature conditions up tdyHaretaceous times (127-118 Ma).
Anatectic granitoids intruded into the Gudaoling ®Gormed a complex alternance of
migmatites and granitic rocksFif. 17b). Structural measurements in the deformed
migmatites are consistent with the AMS resultssmtriopic igneous rocks. In particular, both
lineation types are parallel and constantly dispi®90-N120E striking which highlights a
common deformation regime and strain directionsnduicate Jurassic and Early Cretaceous.

To the south of the Gudaoling MCC, the synkinemafimmawanshan pluton
emplaced at 129-120 Ma (Guo et al., 2004) at rdtigdn crustal levels. Emplacement ages
are concordant for igneous rocks of the GudaolingGw(127-118 Ma) and plutons of the
upper unit (e.g. Yinmawanshan 129-120 Ma, Zhuarid8120 Ma). In the Yinmawanshan,
deformation is restricted to its northeast borded eontrolled by the southern termination of
the GDF. As discussed above, movement must beelihatter the Yinmawanshan-Zhuanghe
complex crystallised (i.e. after ~120 Ma); thisipdrthus marks out the final stages in the
tectonic evolution of the GDF and of the GudaolMGC exhumation. The Early Cretaceous
period also must probably correspond to the dewedny of the Wanfu extensional basin, on
top of the GDF.

Finally, Ar/Ar studies of mylonites from the duetitletachment zone, to the east, give
the youngest ages at 114-113 Nfgg( 178 Yang et al., 2008) which must correspond to the
very last stage of ductile deformation along theFGBig. 17b). Thus, exhumation of the
metamorphic units of the Gudaoling MCC, from lov@mupper crust, took place in between
127 and 113 MaKg. 17b). The compiled cooling path displays a two stagawgion with a

slow exhumation period, from 157 to ~127 Ma andudegrapid one from ~127 to 113 Ma
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(Fig. 179. As shown orfFigures 17a and 17cthe cooling path obtained from the Gudaoling
MCC is comparable to the one from the South LiagMCC with (1) occurrence of Jurassic
plutonism, (2) Early Cretaceous igneous rocks atlysation and (3) exhumation phase of the
South Liaodong MCC in between 125-120 Ma and ~1B0 &% marked by Ar/Ar ages

obtained on synkinematic minerals (Yang et al.,72QQin et al., 2008).

9. Discussion

9.1. Modes of crustal deformation during East Asiatinental extension

The Liaodong Peninsula (NE China) displays numepdsnsional structures related
to the Late Mesozoic continental extension thaecéd East Asia (e.g. South Liaodong
MCC: Liu et al., 2005; Lin and Wang, 2006; synkiraim Laohushan pluton (“LA” on Fig.
1): Lin et al., 2007; Cretaceous extensional camtial basins: see Wafangdian or Laohushan,
Fig. 1). The present study highlights the existenfeadditional first-order extensional
structures through the Liaodong area: the Gudaditf@C accompanied at the end of its
evolution by the synkinematic Yinmawanshan plutaa.discussed by Charles et al. (2011a)
MCCs development and synkinematic pluton emplacéndennot account for the same
amounts of extensional strain. Both geologicaluesg have been detailed in this study in a
way to better constrain the finite strain withiretBouth Liaodong area. Structural analysis
combined with new geochronological constraints shiwat the development of the Gudaoling
MCC followed a two folds evolution. First, an earlyE-W stretching occurred
contemporaneously with partial melting of lower stal levels during Late Jurassic. Overall
exhumation of lower crustal units then occurredirdurEarly Cretaceous intrusion of
synkinematic granitic rocks. Exhumation is con&dllby ~E-W extension, as classically

known for the rest of East China at that time, #m development of a major east dipping
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ductile detachment shear zone (GDF). Kinematickumation and anatectic granitoids were
almost synchronous in both Gudaoling and Southdoag MCCs, as shown by compiled
cooling paths (compar€igs. 17a and 17h Besides, structural map displays a southern
cartographic termination of the Gudaoling MCC a #@pproximate latitude of Anbo city
(North of the Yinmawanshan plutofjg. 18), with finite movements along the GDF dying
out to the south. Kinematics within the Gudaolimgl @he Liaodong MCCs display opposite
detachment verging (i.e. top-to-the-east along @&, and top-to-the W along the South
Liaodong detachment; Liu et al., 2005; Lin and Wa@p6). According to Tirel et al. (2008),
such versatility in the dynamic of the detachmeats be explained by very high temperature
conditions during extension. Thus, if considerihg éntire south Liaodong area ($ég. 19),
the Gudaoling and South Liaodong MCCs developedextmimed in line, during the same
period (Late Jurassic to Early Cretaceous) andbearegarded as a single N to NNE trending
~140 km extensional band. In a lithospheric extamsdi setting, MCC development results
from a strong tectonic denudation of the mid to dowrust with penetrative ductile flow
underneath a heterogeneously stretched upper &attction of such crust-scale structures
argues for quite large amount of finite strain. éaling to analogue and numerical modelling
(e.g. Brun, 1999; Tirel et al., 2006, 2008; Reyakf 2009a, b), the amount of extension
roughly corresponds to the width of the outcropdomger unit in the MCC (see also Charles
et al.,, 2011a). The ~N striking cartographic bamnprising the Gudaoling and South
Liaodong MCCs thus accounts for about 30 km of lieed ~E-W to NW-SE horizontal
stretching of the crusE(g. 18).

This study points out that granitic rocks intrucgkding the late stages of the tectonic
evolution of the South Liaodong province, during daaling MCC exhumation (128-
118 Ma). Some of these intrusions belong to thesttriting extensional band as the anatectic

granitoids, included into the MCC and intercalateith migmatites, or the synkinematic
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Yinmawanshan pluton located just between the twddglEig. 18. Combined structural and
AMS analyses show anatectic granitoids recordeuifgignt strain and similar kinematics to
those of metamorphic rocks of the dome. On the larel, strain is of lower magnitude as
deformation only localised along the GDF at thatetiand developed during the late stages of
the MCC exhumationHijg. 179. On the other hand, our finite strain study digghlights the
occurrence of unstrained Early Cretaceous graimtiasions in the area. Plutons stay outside
of the extensional band as described above (i.plam®ad into the upper unit of the MCC;
Fig. 18). These include, in particular, the Zhuanghe pluitnich forms the east-southeastern
prolongation of the synkinematic Yinmawanshan isitva but which displays only intrusive
contacts with surrounding units and no internal mas@opic strainKigs. 1 and 1§.

Thus, crust of the South Liaodong area displaydrains partitioning during Late
Mesozoic continental extension. Indeed, high-strines localise where MCC developed,
(i.e. below detachments), whereas juxtaposed sdgnse isotropic or weakly deformed
above detachment$i@s. 17c and 18 Finally, while extensional tectonics are somesm
related to the only Early Cretaceous period, thiglys clearly shows that ~E-W extension
lasted from Late Jurassic (157-154 Ma) to Early t&reous (~113 Ma) through South

Liaodong area.

9.2. A field illustration of MCC dynamics and démgment sequence

Whatever the scale considered, deformation ragefisst-order parameter controlling
rocks rheology. Recent studies, mostly based ommitidenechanical numerical modelling,
discuss the influence of strain rate on the fisiieicture of Metamorphic Core Complexes
(Rey et al., 2009a, b). Two categories have thuen ldistinguished: fast and slow MCC

depending on the strain rate. Fast MCCs typicadlyetbp in a few millions years (i.e. ca. 10
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My). They are characterised by localised defornmatioa the upper crust, isothermal
decompression and melts crystallisation at low li€Riey et al., 2009a, b). However, if the
geotherm is high enough then deformation is largedtributed in the middle and lower crust.
The resulting dome displays -a—peorly deformed metaiic core where deformation is
mainly at temperature above the solidus. Slow M@8slop in a few tens of millions years.
This MCC-type would display a metamorphic/migmatittore with high finite strain
(including solid-state deformation) and which cajsed at rather high depth in the crust (>
600 MPa; Rey et al., 2009a, b). In a compilation tfte duration of MCC development,
throughout different continental extensional doreamthe world (Charles et al., submitted),
typical durations range from less than 10-12 Mygldor the “fast” MCCs, such as Shuswap,
Naxos and the North Menderes (Vanderhaeghe et917, 1999; Keay et al., 2001; Lorencak
et al., 2001; Norlander et al., 2002; Ring et2003; Isik et al., 2004; Ring and Collins, 2005;
Brichau et al., 2006; Duchéne et al., 2006) to ntbae 60 My for the “slow” MCCs, such as
South Rhodope, Ruby Mountains and the Snake Ravigjer(et al., 1988; Wawrzenitz and
Krohe 1998; McGrew et al., 2000; Sullivan and Sn@ad7).

In the South Liaodong area, the tectonic evolutadinthe emplacement of the
Gudaoling MCC clearly shows a two folds history, rasorded through the shape of the
inferred cooling pathsHigs. 17a and 17h The first stage lasted over the ca. 155 Ma @ 13
120 Ma. As shown in this study, lower crustal rocksplay partial melting coeval with
penetrative E-W to NW-SE horizontal stretching (segmatites in the dome corkig. 179.
Late Jurassic migmatites show much more solid-staefermation microstructures than the
later Early Cretaceous intrusions. Besides, nceetaidocalised shearing has been evidenced
for that period in the upper crustig. 179. Such features during the inception phases in the
development of the Gudaoling MCC correspond toctlustal necking phase as proposed by

Tirel et al. (2008). By contrast, the second stafjéhe tectonic evolution of the Gudaoling
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area is characterised by (1) a fast cooling of M@C lower unit and (2) the intrusion of
granitic magmas into the upper crust (e.g. Yinmakan and Zhuanghe plutons).
Deformation is localised and concentrated along @Guelaoling detachment fault, to the
eastern border of the MCC. Moreover, Early Cretasesynkinematic intrusions display
strong spatial strain gradients as igneous roclsplaly no or very limited solid-state
deformations within the core of the MCC. Besidegst must have emplaced and crystallised
at quite high-levels in the crust as shown in ttisdy. The second stage of the tectonic
evolution of the Gudaoling MCC is then much cormasjing to the development of a fast
MCC-type, according to Rey et al. (2009a, b). It @dso be regarded as the late stage of
dome amplification and exhumation, as defined bkelTet al. (2008), when movement
localised along the detachment fault, into uppasizrand coeval extensional basin developed
on top of the systemF{g. 179. Thus, considering the two main stages for theladling
MCC (crustal necking and dome amplification-exhuorgt it could correspond to a slow,
then fast MCC.

The study highlights that, combining structural Iggsia with AMS study and U/Pb
constraints, one can constrain finite strain antekiatics within and around metamorphic
core complexes. While our understanding of MCCsetigwment highly benefited from
numerical and analogue modelling during last yéses Brun, 1999; Tirel et al., 2006, 2008;
Rey et al., 2009a, b), this study also shows tatSouth Liaodong area (East China) can be
regarded as a good field illustration of mechanprakcesses and sequence leading to MCCs

dynamics and structural development.

9.3. Role of crustal partial melting
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Former studies on metamorphic core complexes painthat, when observed, partial
melting may take place during decompression andcéreexhumation of lower crust
materials in the core of MCC (e.g. Teyssier and tWéy, 2002). In contrast, this study shows
that partial melting of the lower crust levels taallace very early during the development of
the Gudaoling MCC, at ca. 157-154 Ma, before thest faxhumation of the
migmatites/anatectic granitoids in the dome (Sege 17cand discussion above). Thus, in this
case study, partial melting of lower crust bettepesars as a precondition for initiation and
further development of the MCC. Such feature isotal accordance with previous thermo-
mechanical numerical models which highlight thgtra-existing soft rheological anomaly,
within lower crust, highly favours the initiatiorf tocalised extension throughout the crust
(Tirel et al., 2008). Igneous massifs emplacemenivéll documented for Late Mesozoic
times across East Asia (Li, 2000; Wang et al., 1998 et al., 2000, 2005a, 2005b, 2007).
The South Liaodong area displays numerous graroti&s intruded during the Gudaoling
MCC exhumation (128-113 M&ig. 179 and this strong magmatic activity period coineide
with the late fast development stages of the GuigdCC. MCCs develop within wide rift
systems (Brun, 1999). Wide rift systems are maitikgéxtensional structures which develop
over large distances throughout continental crust §everal hundred of kilometres; Buck,
1991; Corti et al., 2003). In that sense, numeteg#onic indicators suggest that East Asia
was a wide rift system during Late Mesozoic timeg.(Ren et al., 2002; Zhai et al., 2007;
Charles et al., submitted). In details, deformaimiocalised along major faults in the upper
crust while the rest of the lithosphere typicallgplays pervasive ductile deformations over
long distances. Such tectonic environment locak®ydg to the development of MCCs. From
this, development of wide rifts may be favouredpaytial melting at both local and regional
scales. First, previous modelling studies strorgglggest that local “soft” anomalies in the

lower crust help to the initiation of MCC developmieas discussed before (Tirel et al.,
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2008). Second, at regional-scale, widespread ngehimd/or magmatism can significantly
reduce the bulk lithosphere strength, emphasizongicuous pervasive deformation of the
deepest levels of the lithosphere (Van der Moleth Raterson, 197%Reynolds and Rehrig,
1980; Coney and Harms, 1984; Lynch and Morgan, 198 synthesis in Handy and Brun,
2004). Then, within South Liaodong area, the camtial crust mechanical behaviour in the
Late Jurassic and Early Cretaceous may have bemrgkt controlled by melts generation at
the onset and during the extension period. Wepnéeihere the magmatic activigy}. as the
first-order parameter controlling the mode of esten throughout East China, both at local
and regional-scale.

As far as migmatisation happened before the MCQummdtion period itself, another
external cause must be advanced for driving parigting of the lower crust rocks. Seismic
tomography and magma xenoliths studies show th&ast China, the continental lithosphere
was thinned over >100 km between Ordovician and@eic (Menzies et al., 1993; Griffin et
al., 1998; Chen et al., 2008; Chen, 2010;) with @nnthinning period during Jurassic-
Cretaceous (Gao et al., 2002; Fu et al., 2005; Ch@10). Lithospheric thickness has been
estimated to ~60 km in the study area for JuraSse&taceous (Chen et al., 2008, Chen, 2010);
this induces a high thermal gradient at that tiBwech feature has also been shown by palaeo-
gradients reconstructions through continental basialyses (Fu et al., 2005). Consequently,
early partial melting of the lower crust, as obselmn the South Liaodong, must probably
result from increasing thermal conditions in theaarMigmatites thus constituted a local soft
anomaly to initiate the development of MCC at thatation. Besides, increasing heat
advection from asthenosphere allows generating rlamgst ductile flow and preserving a
flat-lying Moho during MCC exhumation within theust (Block and Royden, 1990; Buck,

1991; Ranalli, 1997).

41



From a dynamical point of view, deformation in widé systems is traditionally
considered as driven by internal forces (e.g. posgienic collapse; Buck, 1991; Corti et al.,
2003). However, recent studies also highlight teednhof specific boundary conditions (e.g.
slab retreat, change in subduction velocity) tonpwte the development of wide rift systems
within the continental crust (Lister and Davis, 29&osenbaum et al., 2008; Jolivet et al.,
2009; Jolivet and Brun, 2010; Rey and Mdller, 2008 propose here that both thermal and
kinematical boundary conditions necessary to devéhe East Asia wide rift system (and
MCC) are consequences from the evolution of thivehargin, to the east, with slab retreat

during ongoing westward subduction of the palaecifRglate.

10. Conclusions

1. The Gudaoling dome is an asymmetric MetamorphiceGBomplex composed of
migmatites and anatectic granitoids, bounded by Guelaoling detachment fault
(GDF). MCC was exhumed from Upper Jurassic (ca.-I&¥ Ma) to Early
Cretaceous (ca. 128-113 Ma) and associated wittoagsE-W to NW-SE horizontal
crustal stretching;

2. The Yinmawanshan massif is a synkinematic plutonplaced during Early
Cretaceous during last stages of the Gudaolingchetant fault into an E-W to NW-
SE extensional setting;

3. The Gudaoling MCC and Yinmawanshan pluton belorg td40 x 30 km extensional
band, comprising also the South Liaodong MCC, ahdwing high stretching

amounts;
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4. From the new and existing radiochronological déte, Gudaoling MCC exhibits a
protracted process development with two phasedo(@ spper crustal necking and
then, a fast MCC amplification; Tirel et al., 2068y et al., 2009a, b);

5. This integrated study (field structural work, AM$ida geochronological studies)
brings field evidences of the two main steps for ®@ynamics and structural
development (i.e. crustal necking and dome amplifici/exhumation), corroborating
published thermo-mechanical numerical modellingglTet al., 2008);

6. Owing to increase of thermal conditions during 8aiaCretaceous in the Liaodong
Peninsula, partial melting involved local soft aradyninitiating the development of

MCCs.
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- Magmatic microstructure

Magmatic microstructure is characterized by weN«loped euhedral crystals of
minerals such as feldspar and micas which aremtetnally deformedKigs. 8a and 8.
Quartz grains present very weak undulose extinctiicating the absence of plastic
deformation. Plagioclase crystals exhibit igneoosation, and most of them have euhedral
crystal habits. Biotite platelets are euhedral vétBharp extinction, neither kinked nor bent,
and often isolated in a quartz-feldspar groundn{&ss. 8a and 8. K-feldspars do not
display plastic deformation. They appear unbroked aot surrounded by recrystallized
aggregates. Amphibole crystals exhibit euhedraitbath well-defined rhombic-shape basal
section, and are not internally deformed. Paraitelsub-parallel alignment of elongate
euhedral crystals is observed implying sufficiesw lviscosity for crystals to rotate without
undergoing plastic deformation. All evidences digsat above imply that the rock did not

experience significant high temperature subsolgltgn and recrystallization in that case.

- Weak solid-state fabric
Appearance of solid-state deformation in granibcks mainly depends on melt

percentage and ability of minerals and their shapesccommodate strain (Paterson et al.

1998). Thus, weak solid-state fabric is charaacterisy minerals which are more deformed
than those present in the magmatically deforme#tstoblinerals exhibit high temperature
plastic deformation evidences such as quartz grparsially replaced by subgrains with
chessboard pattern and undulose extinctiogs( 8c and 8¢l. Quartz grains joints are lobate,
or even slightly serratedFigs. 8c and 8¢l The beginning of dynamic recrystallisation
process is shown by occurrence of new recrystdllizmd small-sized quartz grains

development in some places. Biotite crystals becelmegated and slightly kinked with bevel
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extinction. Feldspar grains present undulose etxtincand subhedral crystals habits with
several myrmekites. This microstructure developethe transitional rheological state from

magmatic to solid-state flow.

- Moderate solid-state fabric

Moderate solid-state fabric is clearly shown bycnostructural evidences such as
mosaic of quartz small recrystallized grairiSgé. 8e and 8f This mosaic texture of
neograins with serrated boundaries is typical afaghyic recrystallization, even if aggregates
and recrystallized grains do not exhibit a mylanitabric. K-feldspars show microcline
twinning and marginal replacement by myrmekitesiiating rocks deformed in the solid-
state (Eggleton and Buseck, 1980; Bell and John$889; Simpson and Wintsch, 1989).
Combined brittle-ductile deformation is evidencedthe occurrence of fractured feldspars

with quartz-filled veins. Elongate biotite crystale kinked and internally deformed.

- Intense solid-state fabric

The last recognised microstructure correspondsyionitic fabric developed in close
vicinity to the Gudaoling detachment fault (GDR)tdnse solid-state fabric is characterised
by strongly recrystallized quartz grains organisedibbons Figs. 8g and 8i). Quartz and
feldspar extremely fine-grained tails occur ondaal phenocryst of K-feldspar. Biotite folia
anastomose around deformed porphyroclast of K{i@idsr plagioclase. Mica fish is often
observed which allows determining kinematic. Salidte flow and sense of shear are also

characterised by- ands-type mantled porphyroclast of K-feldspar.

Appendix B. AMS sampling and laboratory measuremerd procedure
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AMS sampling was carried out with a portable gasoldrill and the cores were
oriented with magnetic and solar compasses, whearast possible. The average difference
between magnetic and solar declinations is abdél® and -7.8 for the Gudaoling and
Yinmawanshan granitic rocks, respectively. As alliegores have undergone a declination
correction. The cores were cut into standard spaearof 22 mm in length and 25 mm in
diameter for the AMS measurements.

The bulk magnetic susceptibility, AMS and thermometges curves are measured thanks to an
©AGICO CS3 coupled KLY-3S Kappabridge apparatus.adMeements of Isothermal
Remanent Magnetization (IRM, acquired with ASC 8tfec IM-10-30) were performed
with an ©AGICO JR5-A spinner magnetometer. Lattezasures have been obtained at the
Institut des Sciences de la Terre d’Orléans (IST¥§gnetic hysteresis curves are obtained
by a magnetic inductometer at the Laboratoire Pa#gmétique de Saint-Maur (IPG-Paris).
The average orientation of the three principapstidal axes of AMS (K-K,>K3) for groups

of samples are computed with ANISOFT software udelghek’s statistics (Jelinek, 1981).

Appendix C. U/Pb analyses on zircon

The detailed procedure can be found in Xie &t28108). Zircon crystals were obtained
from crushed rock using a combination of heavyiticand magnetic separation techniques at
the Institut des Sciences de la Terre d’Orléan$@ISIndividual crystals were hand-picked
and mounted in the epoxy resin. Experiments weneechout at the (Q)-ICP-MS laboratory
of the Institute of Geology and Geophysics, Chinfésademy of Sciences, Beijingin
Agilent 7500a quadruple (Q)-ICPMS was used for siameous determination of zircon U/Pb

age and trace elements with an attached GeolLas1BRisxm excimer ArF laser-ablation
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systemExtraction lines were purged for over 1 h prioetxh analytical session to reduce Pb
on the surface t6*Pb <50 cps in the gas blarikhe measurements were carried out using
time resolved analysis operating in a fast, peghphy sequence in DUAL detector mode.
Rawcount rates fof°Si, 2Pb, 2°Pb, 2°Pb, ®*Pb, >*Th and***U were collected for age
determination?®Hg is usually <10 cps in the gas blank, therefbeedontribution of®Hg to
209pp is negligible and is not considered furtfidre integration time for four Pb isotopes was
~60 ms, whereas for the other isotopes (includii®y, 2*Th and®*®U), it was 30 ms. Data
were acquired over 30 s with the laser off and 4@tk the laser on, giving ca. 340 (= 170
reading/replicate x2 sweeps) mass scans for ana¢inetdepth of ca. 20m. U, Th and Pb
concentrations were calibrated by usifi§i as internal standard and NIST SRM 610 as
external standard®®’Pb’Pb and**®PbP*®U ratios were calculated using GLITTER 4.0
(Jackson et al., 2004), which was then correctatgube zircon 91500 as external standard.
The®’Pb/*U ratio was calculated from the valueS%Pb*Pb and*Pbf*%U. Common Pb
was corrected according to the method proposed hgersen (2002). Thé*Pb/8U
weighted ages and concordia plot were processed ISOPLOT 3.1 (Ludwig, 2004). Errors

of individual analyses are based on counting $iegiand are given at the level.
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Figure captions:

Figure 1: (a) Tectonic sketch map of eastern ANI@B: North China Block, SCB: South

China Block, TLF: Tan-Lu fault. (b) Simplified gemical map of Liaodong Peninsula

(Liaoning Province). YW: Yiwulishan dome (Darbyadt, 2004), SL: South Liaonan MCC

(Liu et al., 2005), LA: Laohushan sheared plutom (&t al., 2007), GD: Gudaoling massif,
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YM: Yinmawanshan massif. *U/Pb ages on zircon aseiéd from Darby et al. (2004), Wu et
al. (2005a, b), Wu and Yang (2005), Yang et alO720). **Ar/Ar ages on biotite are issued

from Yin and Nie (1996), Lin et al. (2007, 2008} et al. (2008).

Figure 2: Structural map of the Gudaoling and Yimmashan massifs. U/Pb ages on zircon
are from Guo et al. (2004), Wu et al. (2005a, bYAA ages on biotite and on hornblende
come from Yin and Nie (1996) and Yang et al. (2008D: Gudaoling MCC; YM:

Yinmawanshan pluton.

Figure 3: Outcrop pictures of the Gudaoling MCC) {digmatites intercalated with
amphibolites layers in the core of the dome, (JyEG@retaceous monzogranite intruded into
migmatites, (c) anatectic monzogranite in the adrthe dome, (d) drag folds in migmatites
on the western border of the dome, (e) mylonitegaxtterised by a top-to-the east shearing,
(f) diorite with development of shear bands indiogita top-to-the east sense of shear, (g)
landscape view of the Gudaoling detachment fauDKY; and (h) thin-section picture of a

muscovite-fish indicating a top-to-the E kinematic.

Figure 4: (a) and (b) Geological cross-sectionghe Gudaoling dome. (c) Map showing

positions of cross-sections.

Figure 5: (a) Tectonic breccias from the GDF atlihse of the Cretaceous supradetachement
basin. (b) Red sandstone strata (SO=N35E30W) inCile¢aceous Wanfu supradetachment
basin associated with (c) volcanic breccia. (d)dPama showing peaks made of E-dipping

volcanic breccias.
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Figure 6: (a) Geological cross-section within thenfawanshan pluton (location is precised
in Fig. 4). Outcrop photographies in the Yinmawamstmassif. (b) Isotropic porphyric
Yinmawanshan granite, (c) intrusive relationshiptween Yinmawanshan granite and
Archaean basement, (d) C/S mylonite indicating p-tteN100 sense of shear, and (e)

breccias including mylonitic clasts.

Figure 7: Zoom map on the western border of thanéwanshan pluton. Legend is the same

than in Figure 2.

Figure 8: Microphotographies of microstructures spré in both Gudaoling MCC and
Yinmawanshan pluton. (a) and (b) magmatic micrastme with euhedral crystals without
internal deformation; (c) and (d) weak solid-stateric illustrated by quartz grains which are
lobate or slightly serrated and presenting chessebstructure; (e) and (f) moderate solid-
state fabric woth quartz grains which appear dygtiynamically recrystallised; (g) and (h)
intense solid-state fabric shown by quartz-feldspafionite with strongly dynamically

recrystallised quartz grains. Kfs: potassic feldspa plagioclase, qz: quartz, bi: biotite, am:
amphibole. Left column and right one correspondsmicrostructures recognized in the

Gudaoling MCC and Yinmawanshan pluton, respectively

Figure 9: Distribution map of the different typeSmicrostructures in the Gudaoling MCC

and Yinmawanshan pluton.

Figure 10: Histogram of bulk magnetic susceptipiKt,.
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Figure 11: Magnetic mineralogy investigations measwents for granitic rocks in the
Gudaoling MCC and Yinmawanshan pluton. (a) to (gktdresis loops. (d) to (f) Isothermic
remanent magnetization. (g) to (i) Thermomagneteasaurements where black and grey
curves indicates heating and cooling stages, r&spgc (j) Backscattered electron images of

two magnetites from granitic rocks of both massifs.

Figure 12: AMS scalar parameters for cores issuexn fthe Gudaoling MCC and
Yinmawanshan pluton. (a) T (shape parameterp; (corrected anisotropy degree), (byS
Km (mean bulk magnetic susceptibility in@81) and (c) Pvs. K. The calculations of T and

P; can be found in Jelinek (1981).

Figure 13: (a) Map of localisation of AMS samplirgites for Gudaoling MCC and
Yinmawanshan pluton. Equal-area projection of AMSults of each site for (b) Gudaoling
MCC and (c) Yinmawanshan pluton. Squares and sirstand for K (magnetic lineation)
and Kz (pole of magnetic foliation), respectively. Smgliey dots and larger black ones
represent individual specimen and site-mean doectiespectively. Confidence ellipses at

95% level are drawn around site-mean direction.

Figure 14: Magnetic fabric maps of the Gudaoling@®eénd Yinmawanshan pluton. (a) and
(b) present magnetic foliation and lineation mapspectively. Equal-area projections (lower
hemisphere) show the density contours of individdslS axes for Gudaoling MCC (GD)

and Yinmawanshan pluton (YMW). Isocontour rangeGaidaoling massif is 2% and 1% for

Yinmawanshan massif ones. Legend is the same thiaigure 2.
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Figure 15: (a) Foliation trajectories map for Gudep MCC and Yinmawanshan pluton. (b)
Field strain intensity measurements on the Gudgaimd Yinmawanshan massifs. Locations
of the measurements are displayed with individadlies (n=258) by which the contours map

is built up with kriging interpolation. GDF = Gudawy detachment fault.

Figure 16: (a) Outcrop of dated migmatite locatedhw the dome centre with its
interpretation drawing; (b) Tera and Wasserburg72)9Concordia diagram for 09-114
sample. Examples of CL images of zircon are shovth lecation of analytical points. The

diameter of ablation pit is ca. 3@n. Data-point error ellipses are plotted as 2

Figure 17: (a) and (c) Reconstructed cooling hisgoof both South Liaodong and Gudaoling
MCCs, combining Ar/Ar on synkinematic minerals abidPb on zircon datations. am:
amphibole, bi: biotite, kf: potassic feldspar. @grie of sections showing the evolution of a
MCC at the crustal-scale whith both main phasesra$tal necking and dome amplification
and exhumation (modified from Tirel et al., 2008%sociated with corresponding field

photographies.

Figure 18: (a) Tectonic map showing the South LeeamdMCC (Liu et al., 2005; Lin and
Wang, 2006; Lin et al.,, 2008); the Gudaoling MCQl d@he Yinmawanshan synkinematic
pluton (this study). (b) and (c) present crossisastwithin Gudaoling and South Liaonan

MCCs, respectively.

Tables:
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Table 1: The results of AMS measurements for theda®ling massif. n: number of
specimens. Dec, InCgsmin, Ogsmaxare declination, inclination, Jelinek’s statistanfidence at
95% level (Jelinek, 1981) in degrees, respectivély. Corrected anisotropy degree, T:

Anisotropy shape parameter (Jelinek, 1981), apdMean bulk magnetic susceptibility.

Table 2: The results of AMS measurements for theméawanshan pluton. n: number of
specimens. Dec, Incgsmin, Ogsmaxare declination, inclination, Jelinek’s statistanfidence at
95% level (Jelinek, 1981) in degrees, respectiv®ly. Corrected anisotropy degree, T:

Anisotropy shape parameter (Jelinek, 1981), apd\tean bulk magnetic susceptibility.

Table 3: Semi-variogram models used for the ordikaiging interpolation of the strain field

intensity measured within the Gudaoling dome ardtimmawanshan pluton.

Table 4: Details of U/Pb analyses on zircons of rtigmatites within the Gudaoling dome

after reduction and common Pb corrections. Unatits are atd, including the error related

to calibration.
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Site Coordinates n Km B T K1 Ks
e oY o) DC) () oosmar ssmn  D()  IC)  Gomec  dosmn
KG174 122.383 40.291 8 7020 1193 -0.057 306.8 179 6.9 17 19.6 47.1 41 15
KG175 122.376 40.278 8 7920 1125 -0113 3030 9.1 4.8 17 457 54.0 7.4 23
KG176 122.363 40.260 7 118 1089 0307 3147 79 7.8 14 1972 732 6.9 38
KG177 122.415 40.246 7 108 1095 -0.615 1338 131 6.2 14 36.5 285 30.5 59
KG178 122.367 40.248 11 641 1.058 -0.143 3055 16.2 6.2 42 1491 724 13.4 4.3
KG179 122.352 40.244 12 231 1.078 0531 3268 318 215 6.3 919 429 8.4 4.1
KG180 122.336 40.233 11 128 1113 0.803 2425 26.2 289 5.6 955 59.6 6.1 21
KG181 122.309 40.229 7 1320 1.078 0412 3134 228 49.4 36 100.2 633 57 3.8
KG182 122.289 40.218 9 166 1046 0160 2788 36.3 24.6 6.1 99.9 537 185 74
KG183 122212 40.129 12 131 1093 0693 2788 576 185 25 66.6 28.2 55 25
KG185 122.242 40.098 12 168 1068 0576 255.6 429 8.3 4.3 498 441 5.6 2.7
KG186 122.260 40.076 7 465 1083 0465 3114 214 8.3 11 541 293 6.4 0.8
KG187 122.270 40.076 12 132 1114 0507 2772 433 135 49 84.6 46.0 12.8 6.2
KG188 122.277 40.058 11 150 1119 0.760 2829 439 8.8 2.9 69.8 410 5.2 2.7
KG189 122.286 40.046 6 86.3 1153 0568 3392 214 11.7 1.3 894 414 13.2 15
KG190 122.284 40.045 11 219 1.091 0816 2043 27.7 23.6 45 80.5 46.7 8.3 25
KG191 122.275 40.020 11 16100 1367 0354 2949 37.6 4.6 17 659 404 31 11
KG192 122.281 40.003 7 9670 1470 0475 2983 477 47 29 612 26.3 5.8 28
KG193 122.286 39.984 11 8120 1184 0622 2852 618 17.0 30 60.5 20.9 47 34
KG194 122.216 39.967 10 10600 1368 0250 2755 543 53 15 799 347 38 14
KG195 122.194 39.963 9 17500 1352 0.034 2824 653 4.8 4.2 64.6 199 5.8 2.9
KG196 122.300 40.120 10 120 1.065 0.602 3075 145 19.5 6.6 62.0 580 7.3 4.5
KG197 122.287 40.136 8 139 1.075 -0420 3136 335 7.7 22 1037 527 10.8 6.7
KG198 122.316 40.168 11 76.7 1.060 0.672 3220 356 16.1 6.4 1179 519 8.8 7.7
KG199 122.350 40.176 12 105 1030 0.247 11 07 13.2 55 936 744 151 55
KG200 122.331 40.172 11 92.6 1126 0.701 3050 173 323 39 741 637 11.0 40
KG201 122.345 40.187 8 87.6 1078 0689 3401 7.3 25.9 10.0 80.6 54.9 20.7 37
KG202 122.330 40.178 11 102 1070 0199 355.0 119 105 75 1058 595 16.0 4.2
KG203 122.255 40.286 11 29.8 1.062 0112 3114 203 15.7 8.9 99.8 66.5 14.5 9.2
KG204 122.286 40.288 10 149 1.242 0773 2833 20.6 6.7 33 1296 67.2 4.8 2.6
KG205 122.286 40.287 12 70.9 1.275 0738 290.8 27.9 5.8 39 1404 587 6.9 2.6
KG206 122.329 40.296 12 17800 1.085 -0.390 3354 227 7.7 23 1744 66.2 18.9 54
KG207 122.330 40.276 13 192 1142 0564 3133 37.1 52 24 1270 527 6.6 22
KG208 122.308 40.264 9 117 1155 -0.204 2935 284 8.2 6.4 929 60.0 14.6 4.6
KG209 122.287 40.244 8 58.2 1057 0131 3052 230 8.7 41 941 63.6 7.2 49
KG210 122278 40.234 8 236 1045 0022 3194 86 10.4 38 994 7838 26.7 6.8
KG211A 122.272 40.213 7 39.6 1192 0.827 2734 68.8 53 14 743 201 5.2 1.7
KG211E 122.272 40.213 7 139 1107 0291 236.7 343 12.6 2.6 81.7 531 12.7 3.6
KG212 122.416 40.274 7 116 1186 0379 116.0 181 7.2 44 2164 29.0 9.0 35
KG213 122.407 40.267 9 113 1136 0384 1259 19.9 12.1 58 279.7 68.0 10.8 24
KG214 122.452 40.206 7 109 1127 0.773 1075 26.8 150 40 2617 60.7 6.4 3.6
KG215 122.444 40.202 10 90.9 1212 0810 180.0 16.0 33.6 37 3368 727 5.8 33
KG216 122.428 40.189 10 93 1124 0.773 898 47 12.8 88 3311 804 121 30
KG217 122.420 40.175 12 785 1045 -0.088 1658 29.1 95 41 455 423 9.8 37
KG218 122.406 40.162 7 29.8 1.063 0.016 3454 10.0 49.4 199 2196 732 48.2 18.5
KG219 122.393 40.152 6 40 1.080 0.577 96 204 16.4 20 1426 614 7.1 34
KG220 122.356 40.113 7 86.5 1.037 0.041 3204 111 14.4 11.4 70.2 60.0 21.8 11.8
KG221 122.440 40.170 13 115 1.094 0431 1524 141 14.6 49 3276 758 21.0 8.4
KG222 122.359 40.101 8 69.6 1123 0.246 41 25 7.8 21 969 493 9.9 23
KG223 122.366 40.091 8 276 1054 0318 2674 46.9 214 8.7 912 431 10.2 39
KG224 122.378 40.079 11 116 1.080 0.050 279.0 433 10.1 47 106.2 465 11.3 6.7
KG225 122.395 40.070 7 1240 1158 -0.027 164.6 288 129 22 3141 575 129 32
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0.139
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0.564
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2045
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161.7
178.0
274.8
310.1
280.2
236.2
102.4
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126.8
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21.0
35.6
66.3

4.9
153

8.7
19.6
15.5
13.9
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9.1
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8.9
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4.7
17
6.3
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4.7
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5.9
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8.3
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5.0
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58.9
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308.6
385
130.8
100.8
63.4
128.3
307.4
39.1
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55.6
58.3
57.4
57.3
13.6
1415
242.2
313.6
152.7
165.5
33
303.5
263.0
29.8
19.2

41.0
138
46.4
474
72.9
71.4
37.6
16.2
86.5
54.6
35.9
54.7
37.3
454
325

3.7

31
71.6
57.8
61.5
29.6
55.2
50.1
66.7
13.7
54.4

14.6
6.2
21.6
185
16.3
19.3
153
20.8
6.9
7.0
7.7
7.8
11.3
6.3
171
154
20.1
7.7
7.2
15.6
14.8
22.7
333
11.0
13.0
10.3

6.6
3.6
13.9
34
6.0
11.9
74
149
4.8
5.6
57
18
31
35
11.7
6.6
39
4.0
0.6
51
5.9
11.4
115
4.2
52
7.7
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Site Coordinates n Km R T Ky Ks

RS e aocsy DC) 1) Gosma G D) ) dssmax  Gosmn
KG368 122.368 39.823 9 4310 1.099 0291 2601 6.6 13.0 6.1 3574 475 15.3 6.4
KG369 122.362 39.812 11 4840 1.094 0.030 2634 120 10.0 45 1237 744 13.2 43
KG370 122.358 39.802 12 8360 1.141 0082 2632 174 10.8 51 1724 28 21.2 4.8
KG371 122.321 39.773 8 7120  1.266 0249 2572 461 6.5 41 1203 351 6.1 3.8
KG372 122.315 39.756 9 5070 1.313 0440 2623 513 7.2 53 1111 351 7.0 23
KG373 122.284 39.767 7 8920 1451 0226 2106 619 10.8 29 3030 13 55 24
KG374 122.296 39.770 9 4800 1.232 0569 2230 649 131 38 1164 7.6 4.2 15
KG375 122.304 39.737 9 8910 1.132 0.263 206.3 43.0 8.7 11 1020 148 24 11
KG376 122.324 39.729 9 2930 1.243 0355 2657 145 21.8 93 1189 728 12.8 9.1
KG377 122.286 39.733 8 424 1.073 0315 2396 16.6 13.7 22 1038 674 134 49
KG378 122.308 39.714 9 2460 1.181 0.095 2080 253 15.0 10.0 959 38.6 28.2 10.8
KG379 122.278 39.753 8 4060 1.223 0283 1840 587 32 24 2747 04 53 24
KG380 122.296 39.783 7 932 1244 0451 2157 444 209 70 1072 180 8.1 79
KG381 122.301 39.796 9 4310 1.174 0.091 2325 322 14.3 5.0 88.8 520 115 34
KG384 122.273 39.802 7 3440 1182 0574 2424 216 254 10.4 98.6 63.8 11.3 8.5
KG385 122.263 39.789 7 3810 1214 -0.328 2111 198 16.3 4.8 777 624 222 4.1
KG386 122.232 39.766 9 3710 1.206 0198 2391 244 11.9 18 1054 56.7 9.3 25
KG387 122.184 39.803 11 2400 1.160 0451 2150 556 21.4 47 3178 86 17.8 52
KG388 122.125 39.768 8 1740 1.062 0.186 302 3.0 15.2 34 2828 801 17.1 6.6
KG389 122.185 39.730 8 3410 1.132 0201 2837 659 7.8 3.6 90.3 235 6.6 19
KG390 122.148 39.725 7 267  1.095 0595 2385 509 26.5 4.3 96.8 325 10.7 5.0
KG391 122.177 39.694 6 3180 1.199 0.751 1716 610 238 3.6 79.4 12 7.1 3.7
KG392 122.160 39.684 5 716  1.068 0419 3231 611 17.3 29 66.0 7.1 33 28
KG393 122.236 39.707 5 1010 1.084 -0.163 3526 57.1 74 11 2401 139 16.2 33
KG394 122.253 39.688 8 5280 1.491 0308 2535 433 8.1 19 935 449 6.1 35
KG395 122.276 39.697 9 6610 1.200 0.131 2480 43.0 333 85 90.3 4438 12.6 7.1
KG396 122.288 39.657 10 3270 1312 0672 2742 30.0 8.8 23 1148 583 55 21
KG397 122.212 39.670 7 158 1.054 0.137 1125 698 22.1 54 2828 105 7.7 4.0
KG398 122.370 39.638 5 2100 1.215 0.715 924 16.0 57.8 52 3181 67.7 12.7 8.4
KG399 122.360 39.649 10 6440 1.200 0.580 123 0.6 16.4 23 2803 728 31 20
KG400 122.384 39.677 9 4790 1.111 0.099 821 84 124 6.5 1969 705 12.6 6.5
KG401 122.398 39.705 9 3970 1.145 0283 2714 325 9.0 4.7 96.3 574 9.1 4.4
KG402 122.378 39.712 7 5740 1.090 0.185 983 05 10.4 46 1895 66.1 84 32
KG403 122.384 39.826 9 11500 1.278  -0.450 919 28 9.6 38 2641 871 11.0 34
KG404 122.394 39.839 9 1430 1.225 0489 1666 39.6 6.3 22 3373 500 131 21
KG405 122.394 39.825 8 9520 1397 -0.298 858 65 6.6 55 3506 381 10.0 45
KG406 122.389 39.806 7 4120 1248 -0.703 2673 7.6 9.6 4.0 8.7 56.0 33.6 34
KG407 122.433 39.793 6 541 1.064 0.404 914 379 50.6 11.0 320.7 40.0 17.9 8.7
KG408 122.403 39.780 11 6160 1.246 0345 296.7 251 12.9 51 852 612 7.0 31
KG409 122.453 39.763 9 9420 1.219 0361 1003 14.2 8.9 44 2383 712 7.2 4.7
KG410 122.397 39.743 6 1610 1.124 0174 2731 264 57.6 133 1249 597 14.1 8.8
KG411 122.408 39.733 9 5180 1.151 0292 2755 36.6 16.6 33 1162 516 15.0 3.6
KG412 122.478 39.800 9 4180 1270  -0.037 992 344 15.8 81 2799 556 11.9 6.4
KG413 122.501 39.813 6 1100 1266  -0.402 3298 23.6 19.5 99 1836 623 39.9 6.8
KG414 122,512 39.820 7 7580 1518 -0.117 80.1 93 4.0 22 1956 69.2 4.0 24
KG415 122.538 39.794 5 2230 1436 0.198 2754 7.2 12.2 52 1742 56.9 13.2 4.6
KG416 122.522 39.785 9 4480 1.292 -0.108 989 236 74 44 2606 653 20.3 4.2
KG417 122519 39.766 7 3980 1221 -0.303 1142 245 7.8 29 2774 645 119 41
KG418 122.556 39.738 8 1370 1200 -0.001 2832 6.6 10.8 6.5 650 817 12.7 34
KG419 122.581 39.739 7 187  1.066 0293 2769 18.6 10.2 6.8 1055 712 8.8 4.1

Table2



C, Co aMm am dir mod

Gudaoling dome and Yinmawanshan pluton
Semi-variogram model 12359 0.8272 957573 315501 334 S

Cy: sill; Cp: nugget effect; mod: adjusted model; aM: major amplitude (in kilometre); am: minor amplitude (in
kilometre); dir: major amplitude direction (in degree); S spherical model

Table3



Spot Analysis :zct)itgslc Iszgc;nc

BYr%Ph b 2Ppf%Ph 16 PpFU 16 %Ppy 16 2%p8y
09-114/2 39.9840 0.8793.0499 0.00050.1720 0.00340.0250 0.0006 159+3
09-114/3 40.4694 0.9008.0501 0.00050.1707 0.00350.0247 0.0006 157 +3
09-114/4 38.1098 0.9009.0519 0.00060.1878 0.00500.0262 0.0006 167 +4
09-114/7 42.4448 0.9188.0491 0.00050.1595 0.00270.0236 0.0005 150+3
09-114/8 39.6983 0.8983.0506 0.00100.1759 0.00590.0252 0.0006 160+4
09-114/11 41.5800 0.8811.0490 0.00050.1626 0.00240.0241 0.0005 153+3
09-114/16 41.2882 0.886%.0493 0.00050.1644 0.00250.0242 0.0005 154+3
09-114/17 40.0641 0.8501.0492 0.00050.1691 0.00240.0250 0.0005 159+3

Table 4



