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Abstracts

The study region located at the southeast of Central Asian Orogenic Belt (CAOB)
is the ideal area to research ancient accretionary orogen. It is hotly debated about the
final closural time and position of the Paleo Asian Ocean. Some geologists advocated
the “Solonker” suture marks the final closural zone. However, the basal geological
materials are few reported. The tectonic evolution of our three study areas, the Hongqi,
the Ondor Sum and the Mandula is essential and important to solve those
controversies. The Mandula area as part of the “Solonker” suture plays a curial role

for us to understand the Permian tectonic setting.

We recognize several litho-tectonic units in the light of the theory of accretionary
orogen belt in the Hongqi, the Ondor Sum and the Mandula areas. A multidisciplinary
research including structural geology, sedimentology and geochronology make us
propose a new possible Paleozoic tectonic evolutional model for the three study areas.
This model reinterprets the available lithological and geochemical data. Combined
with the precursors’ research data, we reevaluate the central Inner Mongolia regional

tectonic evolutionary history.

The litho-tectonic units recognized in the Hongqi-Ondor Sum area include the
Hongqi-Ondor Sum mélange belt, the Bainaimiao arc belt, North China Craton and
some post-orogenic unconformably sedimentary rocks. The matrix of the
Hongqi-Ondor Sum mélange belt mainly consists of sericite-chlorite schists,

chlorite-quartz schists, sericite-quartz schists, chlorite-epidote schists and tuffaceous



sandstones. Various sized of blocks, for example, marble, sandstones, pillow basalt
and blueschist are imbedded in the matrix. The Bainaimiao arc is composed of the
Bulongshan Formation and the Hala Formation in Hongqi area, granitic plutons in the

Bater Obo, and amphibolitic intrusions, plagiogranite, gabbro in the Tulinkai area.

The Hongqi-Ondor Sum mélange belt experienced two phases’ ductile
deformations and one phase ductile-brittle deformation. D; is responsible for the
regional greenschist foliation S;, elongated mineral lineation L, and intrafolial fold F;.
The kinematic criteria, such as sigmoidal object, oblique fabric, mica fish, shear band
etc. indicates a top-to-the-NW shearing sense. D, is characterized by various sized of
unsymmetrical folds with nearly NE axis corresponding to the NW thrust shearing. D
formed the regional framework in the Hongqi and the Ondor Sum areas. It developed
typical SE trending upright fold in the Hongqi area whereas formed an E-W strike
antiform structure in the Ondor Sum. The Devonian sediments are involved in the Ds

deformation, confining a lower deforming time limit.

We present a U-Pb zircon concordia age of 485+14Ma for a metavolcanic block
in the mélange, suggesting it from the upper plate volcanic arc. The mélange belt
contains Silurian fossiliferous limestone blocks, which is the youngest blocks in the
mélange for current knowledge. The Early Devonian clastic sediments and
fossiliferous carbonate rocks unconformably covering the Hongqi-Ondor Sum
mélange belt and the Bainaimiao arc belt suggest a coastal sedimentary environment.
All those geological data support that a broad ocean has disappeared; Oceanic crust
subduction terminated by the arrival of a potential microcontinent during Late

Silurian and Early Devonian.

The Mandula area contains olistostrome sediments, turbiditic sediments and
volcano-sedimentary rocks. The olistoliths including limestone, sandstone, volcanic
blocks and siliceous mudstone are imbedded in the matrix of disordered or
semi-continuous sandy and argillitic sedimentary beds. Turbidite developing typical
Bouma sedimentary sequence is divided as coarse turbiditic sedimentary subunit and
fine turbiditic sedimentary subunits. The Dashizhai Formation consisting of several
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sequences of volcano erupting, effusive sediments and intermittent sediments presents
a littoral environment. The Zhesi Formation interpreted as alluvial environment
features by upperward fining and thinning conglomerate, coarse grain sandstone and

fine grain sandstone association.

The basaltic lavas in Mandula give a U-Pb concordia age of 289 + 4Ma. A group
of zircon xenocrysts are detected with U-Pb average age of 434 + 4 Ma. Those
xenocrysts are well proved the Permian magmatism is contaminated or metasomatized
by Early Paleozoic arc magmatic materials. Therefore the Permian magmatic rocks
present some arc-like features geochemically. A gabbro vein with U-Pb concordia age
of 257 £ 1Ma intrudes into the turbiditic sediments implying it not typical ophiolitic
fragments. The xenocrysts of ca.1850Ma, 1600Ma, 1000Ma in the gabbro suggest a

potential Precambrian crystalline basement in deep.

The limestone olistolith possibly came from the southern the Amushan
Formation in the Hongqi area due to similar fossil associations. Detrital zircon grains
in sedimentary samples have two notable age peaks of ca.270-280Ma and
ca.420-440Ma, and several grains of 700-1000Ma. 1800-2200Ma and 2300-2500Ma.
These two grain peaks argue the Mandula study area received the southern
Bainaimiao arc materials and coeval Permian volcanic erupting materials nearby. The
1800-2200Ma and 2300-2500Ma grains probably are related to the North China
Craton whereas the grains of 700-1000Ma are common in the southern Mongolia.

Therefore a microcontinent is deduced existing to the north of study area.

The regional lithological and structural features, temporal and spacial
distribution of these litho-tectonic units and available geochemical data lead us to
conclude a rifting setting in Permian. The paleogeography features a deep water
environment in the southern Mandula while shallow or littoral environment in the
north on the basis of sedimentary facies analysis. The so called “Solonker” ophiolitic
fragments indeed are olistostrome. Typical ophiolite components, for example,

ultramafic blocks and cherts are not observed in the Mandula area.
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The sediments and volcanic rocks in Mandula area subject a nearly NW-SE or
N-S compressional shortening, which is named D4 following the order in the study
region. D4 presents various types of folds in the turbiditic sediments with well
developed cleavage, such as isoclinal folds, recumbent fold and overturned folds. The
volcanic rocks and coarse grains deposits in the northern Mandula are characterized
by E-W or ENE-WSW trending open folds. We argue that the folding in the Late

Permian to Early Triassic finally leads to the rift closure.

Key words: Central Inner Mongolia; Central Asian Orogenic Belt; Polyphase

deformation; Sedimentary facies analysis; Tectonic evolution
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Chapter 1 Introduction

Section 1.1 Research background

1.1.1 Accretionary orogens

Currently three end-member types of orogens are recognized namely, collisional,
accretionary and intra-cartonic (Cawood et al., 2009, Fig.1-1-1). Collisional orogens
related to continent-continent collision imply that the mountian building occupy the
internal location among the assembled continents (Wilson, 1966; Dewey, 1969).
However, this model can not explain the orogenic belts that lie at the plate margin
characterized by continuing subduction and accretion. These belts are termed
accretionary orogens, also refers as non-collisional or exterior orogens, Cordilleran-,
Pacific-, Andean-, Miyashiro- and Altaid-type orogens, or zones of type B subduction
(Matsuda and Uyeda 1971; Crook 1974; Bally 1981; Murphy and Nance 1991;
Windley 1992; Sengor 1993; Sengor and Natal’in 1996; Maruyama 1997; Ernst 2005;
Cawood; 2009).

(a)Collisional orogen (termination of Wilson cycle)

Continent A = Continent B
| /4%

// Orogenesis at termination

* of subduction when
buoyant continent reaches
subduction zone

(b)Accretionary orogen (on-going subduciton)

s

Continent \_?j—\‘ ;?/f . S
4 v/

/ 94
Orogenesis during /7
on-going AF
subduction

( ¢)Intracratonic orogen (no A-type subdution)

Orogé‘nesisthrough
intracratonic
contraction, possibly
in response to far-field
stresses

Fig.1-1-1 Schematic cross-sections through (a) collisional, (b) accretionary and (c) intracratonic

orogens (after Cawood et al., 2009)



Our understanding of the evolutional process for accretionary orogens is
moderately well established in modern orogens such as the Andes, Japan, Indonesia
and Alaska. The western and northern Pacific extending from Indonesia via the
Philippines and Japan to Alaska, and the North and South American Cordillera are
archetypical modern examples. The ancient examples, taking the Phanerozoic Terra
Australis and Central Asian orogens for example, also contribute to the understanding
of accretionary orogens (Windley 1992; Kroner et al., 2008; Cawood et al., 2009).
Accretionary orogens include accretionary prism, island arcs, back-arcs, dismembered
ophiolites, oceanic plateaux, old contienntal blocks, post-accretion granitic rocks,
syn-deformation metamorphic rocks and clastic sedimentary basins (Cawood, 2009).

The accretionary prism is usually associated with the offscraping and
underplating of matrial from the downgoing plate to the upper plate in intraoceanic or
continental subduction zones. High fluid pressure and shearing lead to a spectrum of
strucutre within the prism ranging from discrete thrust imbrication of relatively
coherent sedimentary packages to chaotic melange formation. Locally, the sequence
displays a distinctive ocean plate stratigraphy consisting, from bottom to top, of a
succession of mid-ocean ridge basalt (MORB), chert, hemipelagic mudstone, turbidite
or sandstone and conglomerate. All these materials preserve a record of deformation
and metamorphism during the burial in the lower plate, the accretion process at
maximum depth, and exhumation in the upper plate (Kimura et al., 1996; Agard et al.,
2001, 2009; Lister and Forster, 1996; Stanek et al., 2006). The high-P/Low-T
metamorphism may occurred at both the wedge and/or in the subduction channel
(Platt, 1993; Ring et al., 1999; Jolivet et al., 2003; Agard et al., 2009; Guillot et al.,
2009). The downward migration of subducting materials creates a serieous of faults,
including subduction thrust, later reverse faults, or out of sequence thrust, high-angle
and detachment normal faults, and strike-slip fault systems which alter substantially
their original architecture(Ring and Brandon, 1994; Ring et al., 1999; Ring and Layer,
2003; Mann, 2007). The arrive of the low-density continental material in the
subduction channel is generally thought to be responsible for the choking of
subduction and linking to ocean closure, which then stops or jumps outboard of the
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continental block (Ernst, 2005; Chopin, 2003; Stern, 2004). When a large buoyancy
mass (e.g. continental plate, large sea mount) enters the subduction zone, after a
restricted period of time of being dragged into subduction belt, the collision develops.

Accretionary orogens usually are divided into two types, namely retreating and
advancing based on the relative velocity of two plate and contrasting geological
character(Royden 1993). Accretionary plate margins and orogenic systems can switch
between phases of advance and retreat (e.g. the Lachlan segment of the Terra Australis
orogen; Collins 2002), Also the accretionary orogen can undergo multiple cycles of
tectonic mode switching that the dock of microcontinent at a convergent plate margin
was followed by a stepping out of the subduction zone beyond the accreted terrane
(Lister et al., 2001; Beltrando et al., 2007).

Island arc accretion in the accretionary orogen is important, for example, Japan
(Isozaki 1996, Maruyama 1997) and Alaska (Sisson et al., 2003). The magmatism of
Accretionary orogens can range from mafic to silicic. Magmatic arc activity is
characteristically calc-alkaline in composition but also contain components ranging
from low-K tholeiite to shoshonitic which partly depends on the nature of the
interaction of the magma with the arc substrate (Tatsumi and Eggins 1995). Arc
magmatism within accretionary orogens is invoked as the major source of continental
growth. Geochemical and isotopic data have shown that the composition of
continental crust resembles subduction-related igneous rocks and suggest a
progressive growth modle of continental crust through time (Taylor 1967; Taylor and
McClennan 1985; McCullonch and Bennett 1994; Arculus 1999). Thus, research the
accretionary orogen belt is critical to clarity plate tectonics and to understand the
significant crustal growth process (Sasmon and Patchett 1991; Sengor and Natal’in

1996; Jahn et al., 2000; Wu et al., 2000; Jahn 2004).

1.1.2 A brief introduction of Central Asian Orogenic Belt (CAOB)
The Central Asian Orogenic Belt (CAOB), also called Altaids (Altaid Tectonic
Collage, Sengor et al., 1993; Sengor and Natal’in, 1996) is a complex collage of

island arcs, micro-continental fragments and remnants of oceanic crust as well as



small forearc and backarc basins. It situated between the Siberian craton to the north
and the Kazakhstan, North China and Tarim cratons in the south. To the east, the
western margin of the Precambrian silvers of Mongolia and northeast China is a
suggested border of the CAOB. To the south, the boundary follows the northern
margin of the Karakum, Alai-Tarim, and North China cratonic blocks. In the west, the
boundary starts near the Caspian Sea and then follows the Main Urals faults as a
principal boundary between the non-oceanic and oceanic complexes (Fig.1-1-2,
Sengor et al., 1993, Mossakovsky et al., 1994; Sengor and Natal’in, 1996; Yakubchuk
et al., 2002; Jahn et al, 2000; Badarch et al., 2002; Jahn, 2004; Xiao et al., 2003, 2008;

Windley et al., 2007).
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Fig.1-1-2 the Central Asian Orogenic Belt and adjacent structures (modified after Alexander
Yakubchuk, 2004)

Sengor et al. (1993) and Sengor and Natal’in (1996) synthesize that the Central Asian

Orogenic Belt formed from c.542Ma to 250Ma involving one main island arc

(Kipchak-Tuva-Mongol arc) along the outboard marin of the Baikalides and

Ore-Uralides orogen. This arc collaged to Siberia and Baltica by differential rotation,

causing the arc duplication and oroclinal bending by the late Carboniferous. Some

researchers enlightened by the geology and tectonics of the modern western Pacific



suggested that island arcs, oceanic islands, seamounts, accretionary wedges formed in
the Palaeo-Asian ocean and accreted to the margins of Siberia and Baltica.
Simultaneously several Precambrian blocks were rifted off the margins of Gondwana
and/or Siberia and drifted to dock with the growing accretionary margins (Zonenshain

et al., 1990; Mossakovsky et al., 1993; Badarch et al., 2002; Khain et al., 2003).

1.1.3 Paleozoic tectonic evolution controversy and problems in Inner Mongolia

The vast territory of Central Inner Mongolia lies in the eastern part of the CAOB,
also called Manchurides (Sengor and Natal’in, 1996; Fig.1-1-2). Numerous research
have been carried out around the tectonic division and evolution, sedimentology,
magmatism, structural deformation, paleobiogeography, and paleomagnetism of Inner
Mongolia since several decades. However, there are markedly conflicting
interpretations on some questions, such as the tectonic affiliation of the Permian
marine basin in the eastern Paleo-Asian orogens, the postion and timing of the
collision between the Sino-Korean and Siberian Paleoplates (Wang and liu 1986; Shao
et al., 1991; Xiao et al., 2003; Zhang et al., 2008, 2011; Jian et al., 2008, 2010; Xu et
al., 2012 ). The Solonker (also called Solon Obo) suture is considered by most of
geologists as the major structure that delineates the final location of the Paleo-Asian
Ocean (Sengor and Natal’in, 1996; Xiao et al., 2003; Windly et al., 2007; Chen et al.,
2009; Jian et al., 2010). However, the exact position of the Solonker suture is still in
controversy. Some geologists advocated that the suture line extends from Solon Obo
to the Hegenshan (Shao 1991; Nozaka and Liu 2002). On the contrary, some believes
that the suture extends from Solon Obo eastwards through the region of Linxi and
XarMoron river (Wang and Liu 1986; Tang 1990, 1992; Sengor and Natal’in 1996;
Xiao et al.2003).

Several different models have been proposed to explain the tectonic evolution of
Inner Mongolia involving closure of ocean basins by multiple/doule-opposite
subduction, accretion and collision of island arcs and microcontinents, and formation
of multiple suture zones. Here list the main models:

1) Xiao et al.(2003) proposed a model for the evolution of the CAOB with three
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main stages that are related to progressive two-way subduction of the Paleo-Asian
Ocean (Fig.1-3): 1) early to mid-Paleozoic Japanese-type subduction-accretion, 2) a
Permian Andean-stage when the two opposing margins became sufficiently
consolidated, and 3) continent-continent collision, leading to the formation of the
Solonker suture zone at the end of the Permian during the final closure of the
Paleo-Asian Ocean due to its coeval southward and northward subduction beneath the
Tarim and North China cartons and Siberia, respectively. This process was
accompanied by emplacement of immense volumes of mafic and granitic magmas
(Chen et al., 2000; Jahn et al., 2000, 2004; Wu et al., 2002).

2) Jian et al. (2008, 2010) proposed two phases of orogenic cycles with a
timporal gap of ca. 120Ma. The southeastern CAOB evloved in a progression from
oceanic  subduction/arc  formation (ca.500-438Ma), to ridge subduction
(ca.451-434Ma), and microcontinent accretion/collision (ca.430-415Ma). The
Permian-Triassic orogenic cycle is associated with pre-subduction extension
(ca.299-290Ma), subduction initiation (ca.294-280), ridge-trench collision
(ca.281-271Ma) and slab break-off (ca.255-248Ma).

3) Recently, Xu et al., (2012) recognized several litho-tectonic units in Inner
Mongolia on the basis of regional lithological correlation and geochronology. It
argued that during early Palezoic, a south-directed oceanic subduction below the
North China Craton coeval with a north-directed oceanic subduction. Finally, the two
opposite subduction systems ended around 420-380Ma.

These numerous differing models are mostly based on various types of
geological data such as regional stratigraphic correlation, paleomagnetism,
paleontology, geochronology and geochemistry (Zhang and Tang, 1989; Tang, 1990;
1992; Shao, 1991; Ren et al., 1999; Nozaka and Liu, 2002, Chen et al., 2000, 2008;
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Fig.1-1-3 the exiting modles about the tectonic evolution of Inner Mongolia

Jian et al., 2008, 2010). However, none appears to account for all the geological data.
Here we synthsis all these problems about several geodynamic scenarios:

A) Although there were several models, the structure of this zone is poorly
constrained, so that it is difficult to evaluate these models.

B) It is widely regarded that the Solonker suture represents the final closure
positon of CAOB. However, there is rare geological data are documented about the

Solon Obo ophiolite and surrounding geology.



C) The Permian tectonic affinity in Inner Mongolia is arc or rifting setting. It is
still debated problem, even though plenty of geochemical data were reported.

D) The feaures of microcontinent that involved in the evolution of CAOB is
another problem. Rare existing evidences are reported, even though plenty of models
mentioned the existence of a microcontinents titled the South Gobi microcontinent
(Sengor and Natal’in, 1996; ), South Mongolia microcontinent (Xu et al., 2012) and
Hutag Uul terrane (Badarch et al., 2002).

Thus, the structural deformation data, new geological observation about the
Solonker ophiolite and new age dating data are important and will be critical

constraints about the eastern segment of the CAOB.

1.2 Research contents and methods

To solve the problems mentioned above, three research areas, Hongqi area,
Onder Sum area and Mandula area respectively, are seleted to carry out detailed
geological mapping about Paleozoic lithological and structural feasures. A
multidisciplinary research was carried into execution in this project, including:

1) Differentiating the litho-tectonic units concerning the accretionary orogenic
process on the basis of regional geological survey, lithological correlation and
deformation features. Recognizing the relationship between the differing the
litho-tectonic units.

2) Structral analysis: recording the geometric and kinematic characteristics,
especially the mélange belt. Differentiating the successive deforming phases to
discuss the relationship with the subduction-collision process.

3) Sedimentary facies analysis: analyzing the sedimentary facies and
sedimentary environment on the basis of sedimentary stratigraphy geometry, thickness
and distribution, sedimentary structure etc. Discussing the relationship between
stratigraphic development and the collision and/or rifting phases.

4) Geochronology and provenace analysis: with the help of the detrital zircon
dating method, creating the litho-geochronlogical framwork in the study area.
comparing the age distribution with the regional particular tecotnic event to anaylize

the sediementart provenace.



Finally, synthesizing our geological survey data and precursors’ research results,
a tentative geodynamic evolution model was proposed about the Central Inner
Mongolia to solve the problems mentioned above and to evaluate the existing

geodynamic modles.



B/ X EE R (Regional Geological Setting)

F—T MAXPHEEHEAME (Geographic and Tectonic
position)
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WAz oo, e et A A . (A S XSGR, 1991). i
DX Bty N R s e 28 B 45 RO B R I AR At o [, SIS rh I3 1
A T AARRE VAL RFRE)) ) 2 R BRAR L M, DRI S22 [ P AR 5T SR G
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K 2-1-2 thpid i K& a5 %2> (95 Alexander Yakubchuk, 2004 15040

FT HIRXHIEER (Geological background)

LR — A S Je — B R DX SRR T A AR TR 2 5 1Ly A DR A 3 PR
TG WP AR DX sk b R 38 A AR DA S B i O 2R, g o O L Ll 9 52 B A
AL IE LA (B 2-2-1, Wang and Liu et al., 1986; Xiao et al., 2003;
Jian et al., 2008, 2010; Xu et al., 1997, 2012). dbi&LiAlFo0An T 952k
JERE-BARIERE 22, - R AU F AR A S, AR P/T AR A i
MR ZCE AR NS (%%, 1990; Xiao, 2003; Xu et al., 1997, 2012). F
I LA TR AR R - 1 = 50— 2, RS 5 AN A T, AR )b kik
VIR =Bl n 8= QX UA TP = DL T € NI VN R L B G P A o
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[=] waw '/"
E fil oy !

Kezakhstan Russia

46N

44N

-
anﬂ) =
nSh 00 '[e” ,/

(E =
ne) -
THutag ””'_i;'."a Vol

Y
- i L pdu
! s I {\Sum su

-
¥ i i
Zalel oy 1 M Shdof e, ;
+S M M f’;@?’ 8 5% {Ea;‘il)}’lg\élﬂcm'co £1 ) A gt
B atatnes w B . o_inaimiao arc
= g S0 (Early Paleozoic Bal
R £ Wetn To Chifeng fault 420
P M ,‘/-‘—_'TT’J-I; Bayan Obo
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NCC o km 200
[108E JI10E |112E |114E S J116E J11BE

K 2-2-1 WEEEAERTFERE A Rookl4r (4 Badarch et al., 2002; Xiao et al.,
2003; Xu et al., 2012, &%) NCC=te]bwiHiil, SOB=Rgi Ly, HB=VE3Eikwlhibh, SMM=
B by, NOB=dbit LAy .

“CRICLEGT LA BEAAAE R . AEXE L BT, R At =
IR S 22 o A R . A DL 555 R B R 2R, RERE XTI L 1R TE
JRHEAL AT AT A s ASSCWFSE X T B B T R 3 L A I B G, T TR T2 R
IR AR AL, R T AR 23 RS AT Gl A8 B 7070 0 AT 1) 221K 4

2. 2.1 4]t (the North China Craton)

Ak s PE T K AR SRR U R R AL (2R IEISE, 20005 SR
AR D DI TR 19910 A RRIR t it R FENAE . O SRS R
FERUBA T SRS (L BELLS, 59 AME S AAT KRR A AR TTG 54 R, AR ik
BEBARA DN 5 AH — BRORLE AR o BB AME S W Re 5 - 11 = SR Tl — il oA ool 7t

BB, AT ARCARIRILESE, A —EANE MR, ’ARR
2.45-2.50Ga (#4, 2001; 5KEI%E, 2001; 5K RisAI A%, 2002, 5K K,
2002, 2004; IWAFFIEE, 2004). Hicl A A S SRR RZE LR, el
G TERUS R —A (B 25200, B8 T PAT R TR (CEA
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5, 1992). ARSIEREY B EE . IR G, Jeaies LKA,
AL AL BT o B K L 2 FBURE B A7 U-Pb 4% 1728 £5Ma (RS,
1991; Chao et al.,1997; FKZ5HESE, 2003). W/RFINEZE NS KR
s R BETUA M, PURUAT 1750Ma 24 (FAE, 19925 BRM =, 1993). 7E
fedbreprimdbss, H o SR IHIX 20A0 E B R PRI 4 s € R P 54, h—
EERRIR R 25 I G 5 G O A RS A AT, R 1 ST R S T A,
B> B RRIE IR (B 2R 1/25 JTIX I, 2002). F B804, B
AGP ) AR P ) R AT T SR R LR, P O Bt AR P R LR B
KEE, AR S E A SRR Gl b, WA RS A S
T o IXLey AU A A Hrh & =S AR AR (WS XIS,
1991; Hsu et al., 1991; Zhao et al., 2005). WY& 474 i) JEAR 1 1 =%
- R T S Ak b AR 1 9 0 B R A (RG22, 19915 R Su R,
1992; Tang et al., 1993; Xiao et al., 2003).

2.2.2 AJ)E % INHICX (The Bainaimiao Arc Belt)
1)) B TR TG S 4 i IR 2R 7 ) A, MR IR0 P oty H % 2 230 I U S i

ET AR (B 2-2-1), TZHEPERMER RS W8 EFIRIR R K.
78 2 SR A A3 LG 32 20 A YL B 2R B R DU 5 B AR 03T 4L o
IRYTEIRESP PIAS AL, R R, 3 SR o A1 L 2 4y
A XA, JE I A ARE R L s Kl fRRE AR, BURGR
B RETR O . SRR . KELA . SO 0CEM)R, JE 1359m (A ST
BB S 1991 FEAT L AL TS R BEA TR D 5 R %647 - Callogaptus sp.
Desmograptus sp. A Dictyonema sp., Aspidograptus sp. Dicranograptus?sp.,
AR T2l (B ARSE, 1992). Mafv Al E 22— Jalifis . K
WP s R B e e AN AL B B Rles Rl = KR I A e
TR INKCE MATSE N, A T R A o INKCE RSN A R T -
EREGRIE RS, HURHE RS AN LILE w AR S ) Nb—Ta FlI T1 6754
i Sr Ba Ik Y. Yb RFEEAT adakite K50k, La/Yb AALBATIFHEBEATIT Yb FH1E,
APRE S KA INAT 73 AR A DG (VFAZAAE, 2003; Bg4kiESE, 20055 Jian
et al., 2008). iZHLIX (148 5 Jive £ 3k A3 8 A AR AE 440-460Ma 2 7] (Jian et
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al., 2008; ZSEEEELE, 2010). [UERAUELHE X PG Il ] 20 AN 5 75 o VA P 2048 1
2 b, IR S 4 (Johnson et al., 2001).

A5 1) AL /R R X, SR AR 2 e 1 DA . 1S T o o =
AN KI-PIRAE A R B 5 G A B R K s RO TRV A, R
PASTRR S S X, ) o3, o BBl sk g, % s 4R KT 744m;
FC TR VE AR o — JO LR T Bl =4, 2R SR TAR A T A K B 5 0
&, EAJEL) 1236m. fx BIIERJE S AL S R R G, E R
A FOR D 2 s, 2 16520m (SR XS i, 19910, F1 5 Byl 5 4
ALt e S, RS (1990) 761 )5 By yTAH DGR i R IR A A1, AR
BN - BEL . Zhang et al. (2012) 78 1 Y BE K il 5 HH 345 SHRIMP 45 474
Wk ATA-436Ma. 115 JRRE K Ll g [RIAL 3 7R & Sr AT Nd IR ('Sr/™Sr=0. 7146,
eNd=2. 4+ 1. 7D, ULHA e e TR, BB A KR 293R8 (Shao, 1989;
Nie and Bjorlykke, 1999; Xiao et al., 2003).

2.2. 3 {RER/REIEAEZ2A X (The Ondor Sum Subduction/Accretion Belt)

VLIS I JER S8 A et K VG AR 2 TO0Km, A5 VG 348 140 1 2 6 128 48 23 il ey v o
AAET TR X, (Wang and Liu, 1986; Xiao et al., 2003). 7N ZE s
TE AT AT I R A A AR R R R (S IX TS, 199D, E
BEH— A KO -PURRN AR FUS R, A0 W R A . R
REEN (1983) KA /R BRI 6 Fis Al G B AR A e s A .
SAA-PR L RS KIS MK MEEEA A, IS ALA BRI
RBHCAE BB AL G o W AR RS RS s — B RGN 5 ) B R K I g
VR A RNE SRS DU, B TR 1. #H3R4E (1990) N J7 sk
FE RBRA& R ICA bR, T TR R, REBRIA
K AP W RIS KA FCA RV A AR B T B Sk 41 3 2 i
HEEPEmE R ME s, KER I A HOR e v B I S A0 35 L 4035 TTRE AR
EMZRE . I KA R A FIRESREE SR CE ARG, IR A B8
RILEICE o A WmZI SR e A BRI AL RIRELL . LR IR G IA 21 %
PEd—, FIONAIE . S ICE SRR A = A SR 5, JRUE LGSR AT RE ik
FURA . fEg A R R BN A A, SN A KA AR K
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WA RA BKGRRIE N B SR ek i e SRS REA S, RS
SIBEBOIRANAPOIR S8 55 o 5 AR S R i VR A 3T T VR IR AL B £ 2%
W97 (Wang and Liu, 1986; Yan et al., 1989; Tang and Yan, 1993; De Jong
et al., 2006), W& BN MHEH: WINA+ZHEE =R+ R 20 A+
SCAHIK A S, BN SRR R A AR SRR e L A
WA G R A+ ae AN KA A O, BT A ST A e e A A RATR
JEHL DX A AL AR A AR, BRI A, AN, AR, R
sA, 2 REEUIR. AOIREARII PR . Rk

Xiao et al. (2003) HRIE T 5 2=y X G4 Bk, B =4t Hoc.. H
RIS & B BEA M S . AR E . R ERE . SRSk s
SRR TR KA X s U . KBRS A Sk, (e
WAl RIS R BRI Ar/Ar R 453. 24 1. 8Ma 1 449. 44 1. 8Ma (De
Jong et al., 2006) , 442412 Ma (HEHFZ4E, 2007) o EIMKBIHBXIELRIEI S
A7 EH— ZR 5 1] B AP R ARAR R B, R PG AE i 200km, 58 25km Aidi. %I AR
JEH A Skm [R A AHAS LG, bR R AR AR BRI R R h 3 7
(HgRAE, 1990; EZ4%, 1991), Hprd s Ria BAkikid 425-490Ma 54714
W (%, 2003; Jian et al., 2008),

2.2.4 “RABLEEL” HILX (The “Solonker Suture” Suture)
2.2.4. 1 At AEACH

IO T RARHE R VE R AT R DX, — Lot s A R A0 4%
BN WM RLNPIAE M E (B 2-2-1; Xiao et al., 2003; Chen et
al., 2000, 2008; Jian et al., 2008, 2010, 1% 04 B H #& M A1 K RAS 2
BrUA L2 AN — % R MR (W5 BRI X T, 1991 4304, 1996) . A
CLEI2H B A TR A0 Je R 2Bl TA R 2 e G ety O — BRI AR
R BAOUG DA KAWE . AR BT A KOOGS, A K
EBEBAROLREE 5 o WEVEA S KRG, AR CEIATE T8N 8% K TR RS
(4= 3C 5%, 19965 ffi k%, 2006) » AEEAWET 2 M dEar,
Fostaffella-Millerella AT Hi M Triticites—Pseudoschwagerina 477,
AR A 40 g Tt Gl R hr X 1/25 J7 X, 2003) 6 BT A 1L 21 43 A v [ 5 A
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EURIZ— 3, M) B S AR A 2R ARG R, B LLGARIR A
K AR TFH, EA A S B K SRR IS I b 4
Wb, &S IARZIMAT, AR IR X5Ed. BaE i in
(A=A, 19965 SIpEHEE, 20065 J#bzHLX 1/25 JTX I, 2003) .

WX —BLMZ o)z, A Nl FRRE F R 284, Tl ERS
KRG M X R E M & ARG AL AR M B T (NS AR DA AL,
19960, KA ZEA LA TP IR, —XERERE . BRI R DL A
FRVG S5, W5 AP I5E A IR AH RN AH, 554 Derbyiasp., Streptorhynchus sp.
WAL (FEICEAE, 1996). FEIA X 32 EE H F T RV R K
J& 4 B E IR e CIRBTIES, 20000, 7EBIFRISEE—iF, B4 4R
Ly, B EFIE, IARh 280Ma (Zhang et al., 2008).
FEMRTE X Z L8 20 20 Rz g« BT 22 L R G i 2K
MK I DT (Zhu et al. 2001) o 7 JERe At X, KAZEH A R EHE
J 2 2 L B I — e — 5 T e A 2 L g N 2 2 T eV ) 2 1 -
AR -IMEUE A E PRI H A R (IR uESE, 1998; sKIEIESE, 20100, HKX
ZE-RPEHBIX, W E R M B A S A B IR SUE LA, TR A 2 -
ZEA S, EMERE - KA O R IR A A (ARG, 1991
FUGHEE, 20025 Zhu et al., 2001). FHTALRWIEIX AL KA FEA K IEE 2 a K
Bk 2R, B EIRIARRD S . TUA RIBRIR SR A, i X
REA KRS S CE 7 AEH o A EY e CERGESS, 2006).
ST AL T ARER A R MG BRI T, A AN 22 A AR T K I TR R G
(NS B X XS TR, 1991 EfEERsE, 1998; FH4%, 2002). {HigiT
I RAEVE DU DOR 3R AT T O AR, FR R RGOK TR, (RpAE,
2004). ETZGMIGH EE R ENCE . RIDE ndl, OFE IRAK
SEFIRYIAT . BARREE (20090 N USRI ETE, SRS B SS9k
TR G BT TP, S ORI IR R b (14 204, 0 5 P 18 A i 1)
WRAKIREG, SR BEAH DU R, 72 F ORI )k e A8 A5
2. 2. 4. 2 P BE R iU

RIOHIX: RIS LkeaCa w520 5 oA, EREEEA R KL 100kn, 5

/N Bkme BFRHE ADNIELCE B, KEIE AT AR, NEECFIIK, B
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RFNZE BRI PAR BRAS R W7 Fr ™ T B R GEATE — &gt ) rh o Pefk 52
AR SRS o« MR RHKAE K RV S A B I DU o 2 1 0 WL 30 e ot
EYRTERITAEE, R E o BRI G ERIE B B AR AR M, RASE AN
NAEZE 500-600m J, {EIEHEII K CHRUF 2248, 1991). HbA&A B Ik TUs A
FETMAEAE T LU 3 KU v R 21 8 R 38 20 5 DR i 8 (R XA 5 O o AR
A5, 1992; ARGF AR, 1991),

WEERRLH X 7 IR (K Py b X, R E— I 2 H R A AR A
BOHEE, 20000 =R Kol (FR4RMESE, 2004) R TARAARCEA . Ak
FEH RN FE LSS IR IS . KA . BRI L s 4
HH, ERTR IS RN 30-50%, dEsks LIS EE A I, 7 HRRAS A
FE I AP AL 22 2 W AT 5 M Bk B R vy Ve iR R (OB LS 5 20005 Big 4K 55, 2003,
2004). —LeHb i KSR, RO A S BRI R R A AR I T
G, T AT R tH— L thE 5 S R VR ety DAL ot X s
AR ARG A (ORBTESE, 2000; Jian et al., 2010). AEHREFUAH
BRI B Bt (E %% 2005; MR, 2004), RS EA AR
Frp BRI VR, BRI (2004) HIHEAR TR K 6 A BURL A A7 4
W (433.6E3. 6Ma) FIPRITA i ZHUPPRFIE U A e 4 i v] Be AR b it 2R AR
{D]CHETRANSE

TR AR EIHIX DR AR R - P P A 2 150km,  FEZ) 1-5km,
HIARTEAN L) — I UM & R R . MR L A R A e %, HUCh A9
AT BB TS £ KB . I BRA R . SE A
R AR UK L R 2 REA 08 A AR, T8 52 40 2 AH AR TR (AR % R
1997; SKREFIRZRIR, 1999). SpERI A A L Me 2 th 8 H B2 B 4108 s 4 A
BWABED RES, 1997, i prdiE a2 B Ar/Ar 4548 383+ 13Ma (£
A5, 200D MR A R RIS G R, RARICE W0 JE b 2R AR
AT R AR . {2 Xiao et al. (2003) A Ay i@ T i A QTR AL HEAR
R G, LRl e AE R AR bty w8 s 2 A ¥4 EF L THAERS

FERIAACTAI IR VGHr AN T AL, W2 H B —Sedp s et . Aol i L
HERA T SR M, SHA RWE AR, B kP gk iiA
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o WA A E RIS, MENCE S, mAMRSUA ANBRIRE 1L, 30 (A
DracsE, 1990 fEMMNE T, IEaCAMIERA T LEMEA, A4 AR
s A, AR B (ARG A, 1991, £425%, 1991).

2.2.5 thBE¥ (Microcontinents)

WFFER W K BII oy P R L EAT F S AIOCRE (SMMD RV 1w il (HBD .
G 5% 1 e SRR A Hutag Uul 8% Totoshan Ulanul (Badarch et al., 2002;
Demoux et al., 2009), ¥4 PG I LEMFIT 600km, 7 [E45E Py DL & i A AR
Foo SRR M AL VSRV R TR X, B AR AR T K
T BRI AIEE MR B AT AU JEREKT 178 Ko AR LT R K
WA Vermiculitesct. tortuosus Reitllinger } Vermiculites irregularis
Reitlinger, Osagia cf.libidinosa Zhuravieva , Radiosus cf. badius
Zhuravleva SEHIARA M FHE G H AL (600-1000Ma) (X I7#¢)H 1/20 JIIX 1,
1981).

FEFEHE NG L AR, S8 Tl D e G H 55 TR A s, B o KA A 2
AT H AR A BRIR A, R K . BURK R 4% (i 80T B
T A IEANBE s DA R LS R 2 . AEFEER 4L AR 8km Ak 1%
B 2L R B A7 . Vesicularites concretus Zhur, V. congermaus
Zhur, Nubecularites abustus Zhur. & £ 2 A0 B AR H & T SCERY (4
600-700Ma) (3 Jj4& )i 1/20 J7 X, 1981).

KEM T BRA A E Bty F5d i a R T (Antoine
Demoux, 2009; Hargrove et al. 2006; Kroner et al., 2007). A.Demoux 7
Baga Bogd (FBI5<ih) fLb it v g H 34345 41 SHRIMP £EAX 15194 11Ma F14K7K
BEAAEAR 1700Ma, UiPH RISE Y Baga Bogd HiDX 7o AR o AR ML SR A7 AE
R ANAZT IRJTUAE A1 IIAE B A AR A3 85 47 SHRIMP 4F% 0 98346, 95643 Fll 954
+8Ma, TEFCFEHIL (totoshan-Ulanul) Bipk, 1654 0 bR 3845 9524 8Ma
ERSE (U-Pb BRIES £175) (Yarmolyuk et al. 2005) .

Xu et al. (2012) BILBFFORA /R I AL IO I 5 A ARl o0 A, T LB A 1)
1300-900Ma 1 700-500Ma FJ i 15 e 1y H b o v S ) YR Ib  58 vy X AN — 55,
HEWTEVE 18 SOV AR I N Bl e
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=8 BHARKHMIERME (The Early Paleozoic

Tectonics )
RS FE 2 S TR X 2T AR I 90 DX R e Tt A0S 2% e A 9 DX 3R AT B
M, TR AN S S, NS X AT T 3 LA IR M) 3 R G R o AR 3 AR T
IR

B 4EBSSIX (The Honggi area)

AR5 87710 B P VAR I = P (015 i = W N 1 [ T R & 7 G I AR TN e DR S
o AERKINKCE, AR AT EE A G 7 o AR M ST ORFAE K 20RO T
FEXNE (] 63 73 R PUAS IR ek 3ty o3 o Aedbbictl CRTSEsERD . B9
T LT TR A% i I 6 280 3R — A0 T 20 YRS VMR AT 110 ok T2 5 25 ok 5 At o
DU R AT IR

3. 1. 1 AAMIER LRI (The Litho-tectonic framwork)
3. 1. 1. 1 #£Jb#edl (The North China Craton)

AR TR T T e A AT =B oo AR o SRR A S AR R 1
B, EEMAIE SRR - A sl . RERE Y B st a1k
MINAAAE S, R BB s . KBRS, BT —Ea kA A
KA WA B B ARIB AL B ik, IR 2. 45-2. 50Ga (R 4%,
2001; TKE4E, 2001; KEHSL, 2002, KERH, 2004; YAEFIE, 2004). E
2SR AT AR VE ) A, AR SRR . TR sRiE . A, U
TS M, 2 T — 7 oo AR AR b Skl B KBk A G Ui FE ) (Chao et
al., 1997; SRIZIGESE, 2003). HaFBMRE N HIOORS B Avea B, RO
e Ao B BCE ARG BRI BRIR Eh & b A A K Bl B0 Ba AN 5 ik
Fla (NS AR Xt i, 1991), Hrp e Kl sikids 1 U-Pb 4E i
17294 5Ma (EHEAE, 1991).
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3.1.1.2 A JyJd 5K (The Bainaimiao Arc Belt in Honggi area)

HFSMEHE

L By R E R R ARV BRSO LR A R s AL K
AR IR, BICE AR NI . B =5 I X, /J\alﬁaz vl

1n08an 10850 1moon ng" 1mo20 “U o
SHF!IMF' 44615 A45323Ma =S
LI | ArtAr459e2Ma 442¢aMa(z) | 42715

0 30km

41755

[K-Ar. 287213Ma (4] o [SHRIMP

12 5 bl B
108°35' 108°45' 108°55" 110°05" 110°15' i& {%J’l‘il
o
| YIS At g | HEECR:
Wi 4i 3 () e iR fiil 1k 7 (pre-€)
LA R,
| W #(D,) H AL 2 (T))
ﬁimi%ﬁ) :mﬁ*mMmm)
Jj}ﬂ # s
: | e R R (0,) Bl o samKk.
|J 1 2 ]}-J |, | ¢' (PJ

WfT]wmw&mm&%mg
Kl 3-1-1 20O X 3 1L A A R oo kil o CRAREIER AokUs WA 1)
EA =S EAE 25 AR D —47, WamAEd, AL, EEAhR
P o Al R BOK O . SR, R e BE ks 2, NIRRT
L BRI N B LA DR s, [N A KR K L A AR R K
WSR2 g — B LS KRS . O T S R IR A e 1L 2 Hb s
JRAZPRFE,  FRATTAEAS /D I LR 2 Skm AL T RS 40 (PR35, F5IR a0 F
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v+"v+ vv+\‘:vv vvvv vv o : LL:ll“..,‘:’“qvuvv \-"'Ih"r\-"ll vv
vV RARURESN AR R () 11
1 2 753 4 5 . AR AL 10 55°
86 74 ?ZS_B" 8 9 20 86°
28
=] = == = = [v +] 4] [v+]
i BRE ool B i I R W CE VRS W il ERE s

P 3—1-2 #8520 Je Ml X A s 1 Ly 20 S ) 1 1
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12 RO e ERRFHE 17. 9
R €L E 23, 6m
10 R @ 3HRERFHE 5 2. 8n
9 HLrE B ERMEE 2. 3m
8 FREFERNEBRL E, AFsxbERE 30 4n
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6 HREZERMEE, A EEHERKRTNE 3. 8n
5 K@ EHEN B GG EARMERKTAE B LE (. Tn
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2 Ra-REEHERKRAA B AA % 16, 4n
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AW AT e LI TR S UMD REAR TR S b e Mg s W, 3
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o LK LE AR JE DA e IR], AR T 22 K L =R st A T . kil
M A~ R BT R 2 s R E PRI S, KE RKERE AR, 307
firetH. Zola 2 BRI S & 2O K INABRE, WETRICE S, R,
PORMyaE, AR KNAZE, i VAL R Zalla o 32, OB AR K
fi S S le AT A K K, TR Wb S REACE (K] 3-1-4B) o izJiglnlz b ik
g, A R IGs) T iG K s b KR A AR T e 5 K
L e I K AR IR AT Ok o BT B R 3R 4L (35 IOl b v, Wb
B R OB OB S G W B SR, W0 iy LA KL E 3, R ARSI
FRAR B R A T B o 1) 1 AR A AN ) ER AL R K TR D A i A
(J 3-1-4C), KREKVEH, 3575 THXNBIR, KBS MDA EL. fEA
BF 98 XA 2 3 A Je L 20 B K ok b s b Gl 1T 2 100 AL
Callogratus sp., Desmograptus sp Kl Dictyonema sp., WAE AP (A
S MBS, 1991)
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AR, LB 2-4mm, 2RO RAT B SER BE (8] 3-1-6B).
LA FER IS NN R R I BAR AL &, TS 2 AR AR BHBRIR, B4
SRICYEAR TG, JRG AL, AR AAE (& 3-1-6C). 1%
JRASLLRECE A, [ BB AT 2Rk sk KR 2les, AGRT 51—
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E B B /E! ]
6 B¢ I A i 2l ol A% 22 e ’IL{H:‘: 1 :4{( 1l IJurL'I was
gl gl e Hehin

] 315 %/ ikt DX W 41 K L 2 P S
BygNR A R AL ORI AR B, RN . s Ks . %
K RN KA PUAN A AT BTG AR, AR B pl 2 203 ok - i bz A
KA IR 2 e PN b e 2 N BRI (B kRS, 2005).
HEAKTH AT T VR4 A 2 ORGSR AT ST, A IR 2R AR S
RV L B AL, HEARREAE 440-460Ma 2 0] (PFLALEE, 20035 B4k, 2005,

Jian et al., 2008; Z=GIf%%%E, 2010).
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IRV BURE K s B A 2800 32, EEON A IR X uln . SesPuiR 2
AARMAR A AR N Z s I E A KRS A A 22 L iRE AR
o, KRGS, 2 ERACH S5, 2 00 R KRR A 2K

AR ZCECE (B 3-1-TA): A (t, BRARGEH L HE ot mDhE 45 1 5l m] B 45 14
AATIRAE 3 o PRS2 R AT 2 B, & 2 165-25%. RHSA 4 0. 5-3mm,
FHIE—F ATEHCIR . MEA BT R K/N 0. 5-3mm, FHEIRINA . SRIEA . 4545 Al
A FEHA RSO AR AT (29 25%) FNEPIR s i o A e, 5 /b ik
B, BLEE/NT 0. 2mme AL AR, BENHIL 0. 1-0. 3mm (BRI, B
LA 35 o A U 2 RS e, BRORE PN H £ AR 1 S Yl A TBOR 4R S AR
Jl, AR 2 O A T

grmgeiRzles (B 3-1-TB): IKZrth, PRIRGTH, iR AL G5 Hynl ek
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ZIa), AATHCIRE R, HR A2 2 BERIARG kA o R o 3 2 o 3030 o sl A
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i : ‘?'1':-..'::\.
] 3=1-6 A /b ity X Afa R 2 K LD BT A i SR Ak B
As WERIAL KA B AN R SRR IE, 22 R i ANESE s B UL s, AT 07 i

AERKIE YT C: L FERBIES, TBEZ R AR. ECIR A A gxlie i i 22

ARz g (B 3-1-7C): WRKERtE, HBPIRGH . ARG, BEss
RHCAT 16%, KLEE 0. 2-1mm, HAJE-FHIELH, AR~ BEb: B ARG ST 4h
1), A RHCAT AR 59 € WS . IR Z R 0. 3-4mm, VEFPR. HFEDIR A& A
FRPIR, Bt R TT AT AT 9EEE

22 LT A R AR K, BATBEAR G5 SALBAR 4544, BEah 20 RHCA,
HIE—FHIEGH, RO e SR, = e,

mars (K 3-1-1TD): MK t-Luits, MROIREH . atid. B &
29 8%, By EERRHKA, K 0.2-1mm AZE, AR, EATRLSEH, B
R R A HEL 5%, R 0.2-0. 5mm, ‘EERRARGE M FETE L 80%, B
T, TEMEER, Ha e Ko SRS A
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Bl 3-1-7 2007 X AL R BT K Ll 5 B N RFIE ]
A: AR ZRE, BOREM, FLRMIBREE . PSR L 20-30%, AR ZCIRAHE
FRVEFAR S B B A A, D BRI AL VAT A B T R ) Sl A
LA, IERE R B R IWABPIRE ), TR MR- [RIBALEM, P& EL 15%
Fidi, RAELR 2 BERIRG AR o T R BRI A Al A AR, D RREER s B
T Co AR, BRRE M. ARG . BES A& 15%, A B, A AARTE
LR WEEDIR, WESRGb M7 il f . AoEss s WtsE B D W8ls, RSl ety

o FEBRAT. TRANEEM, B, KA S R AL R T .

WK s WK RS, FAu e, KR g Jokiis . Sa
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Shim RS L)
INGE

AT G A s e AT AC TR ARG, I 5 X i e ST H 4
BRIE RSV 2 SEseq ke ligiea, BEARTIR A HROR LS CASHTZ)
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H, SHIRRENEAA, FRRFKICREIRSE, RS AR Whdl
KM A FIRECE AL R R KA & T Zalsek s 2 b
A - R K g, R R AN SRR R IR KL AR A . i AT T VR
(I IRAG ZE AT 5, DA AR DUEIIRE I Ll e AR B iy B s s 22 L AT Hh R
J& T RS, WHEKE A% Rby Bay Thy K &, AHXS 54 Nby Zr,
Ti & Epmoc s, Won A RIKLARE (BRGF22 1991 MifEfESE, 2003 1
SR, 2003),

3.1.1. 3 445 (The Honggi melange belt)

bRy VA e s 7T 1 O LK S NN o o N AT TN 0 DT BN
km, ERA A RK AP P AR RS ORE &, M S A n KA R
N AT P E TN RESE 5, R EZ) 20 kn (& 3-1-84).
BRI IR A W= 20 R ARG VAR MRSy, TR Rt ases . s A, 4@
R . THCE . BERAs . B AN, SA ERGYAE, R
DAL AT b AR FUR AR B, DR B BRAG =3, ] e S SR TR A e ik
A K o 95 i W R ARG BRI Ay HAT SR (R 2 SLHERR 5 1), 22 = BEER e
e s BSRCE S RS . BEK TR A . DA BRI A AR AT R TR
RPN, REWRBA R, Bk FREETh (K 3-1-90), HHRA
AT LAy Ay e b R i b o B o et e e 32 00 B2 R MR B ) oo A
EEETEIR S RHCA NS MRV ESE M iR sy, ieaca i, Mok X
U BERUS . HERIRAUE . M SUA NI S N A FOrE G, (R EATTA HAT i
R ar s 2y, BRI AE R (B 3-1-9B), JRHbE A 3= 25 ol B 51
FHRI KL A S A 55 . XA ) T s FU 3l ) oo, K AEPITE
BT, EATLAFR B EAMMPIR . JEAR SriREEmEE . AE+JL
PTG A AT LR LRRAS RIS AR IR A A (B TR — ik .

PR 2 A Bk AR 2R (0, FBUAUBRAE 0. 3-0. 5m Ze47, A RLHITEZSAS K,
AT RAATEIS (K 3-1-90), #Mantaa A, Aomi, <4 &b n
HUG IR SeEG AR, Tk BN DB RRIRAR d 4k, il B s B B
A SRe A SR O RN O A S IR B AR T4 . E i TR 78 ) 2
sl
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Bl 3-1-9 2L X TR iy B AMRFAE K
As BN BB AR Ak o7 fESEmth, ACa PRl mANESE; B: BURMRINIEEUE |
WESCH A MR FORRC A REER, i TR 2 B AR SR (0 C: MR X s Db
MEAE AT D A9 NG HUR, e, RHACATRI B (L4 5 A TN A R IR IS €
RS E: ARk g ek, 0SBRSBI UMEHDE M Fe S RCE BUA,
PO, A ZEAAE ALK BT G AR S AT HCA TR, 5UA i Ry He
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Bz, IR K. AR IORELS T IR R A, AT AL, R e
MRABAL . AEVRART R, 5 B AL A A A e A A A7 S 1] o 1 i
(I 3-1-9F) XU ACA PARAR T IR A% 1 S SF AR 88 o

S W D R R R A (B 3-1-96), JRERERCK. APEEE LT
Mea W HBEA T, SRR SR a5 o D U0 RO AR ek
Hy BREAAEDSE, KEJRER. THCER TN KB HERID I THCE S
Je T RO AU R KT R B Wb T Hea KEkth, ASRIIREE R, THCIR
fid, B FR2EPIRARMETH, P E KOS - Asth A5l K osx
Aty ZEHMEMAR . FERD A R ATIN AT WACE AR, d e 2B DIVE ) & S-C 44
& 3-1-9HD o HEANR AT LK 2 A N 2, AR i £ 50 AL & xie £
Az B B BE AR o e H b I A DN S BRAR T2 B8 W0 4L 500 A TR A
R SR

3. 1. 1.4 JEi& PR IC (The overlying sedimentary succession)

AW 05877 A R ST AR )0 B K e W < AT 1| D 28 R O 05 v L e RO
A RGBTAR A . XL Z A S G FIR S A= Roc b, B
U A S A BCE PARZ DI PIEAR TR AL, JEE R Bon & Iy sk ZU I AR
JERNAZ
BB GrAIRH

VEITZAAE R O X HH R Ll , Bt = 4L ROk iR
RS S . RADRID S WD R ACE W R B AR T IR AR R R A
YIwE e i e, RO R AR S ORI B ICE M s I Ryl e . e
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IR 7 I R A b B B AR, Jey B oA & ik PR kL KA b
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30
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JOHUD 5 BSRRbE  AEMA AE RV S s« A S s, RE K&
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QTR INA I IS el EARZIR 7Y 7 2 RS ws TP MRS Sl b A S
IKARBS) 3 R Ta] = R A DURR A .
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F, e ey, DAREARESE A B GREFAE, 2004,
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HeE ABRRERA s Co PRI TR Z e b R B O RERRARLZ 2] D: PE I 21 T3 )2 e v
REEFARZH

AT AT AL SRR RALERD A IR KA 0 b 2 DL A i K
RIS e ACE R D, DR BERT 2km, ST KEBL . T, &
G ORZ AL A AT . BPAMR AR, 7R S A X A I AT A AR A
VIR, TG BRI R ARA | iha Rk sha 4 e, S AEwia (B
3-1-13). B G AR ARERE A A% (B 3-1-14), KERKEFAETIIR
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13 REAWFESE R E

12 e & b Bk mer g
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8 RUbTHEEREZENE, KEVEKTEE

7 RaEHE B

6 FubbriE

S ¥t hEEmEE, KEKEER
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K 3-1-14 200 S X MY B g & T A 4 b B SRRz e Sl i 11

FRATTET AP S 55 T NG5 18— 35, 78 DM X N YR Ge A TWA A 4 AN 5 7 36 7
WaE 2 b (& 3-1-16A), {EHITHJEH A R A E Pe—sm 2 B s (&
3-1-15B), [ LA TIAAEHRS, &AMy 2%, ks . Kilads (&
3-1-150), BEHIRIE T MREA MR TT, o) LETAR AT I, MR
J& e K A R s oK G KA JE R (Bl 3-1-15D), Sl AE Ak A AL A
Favosites-Squameofavosites, Wi /& Cyrtia sp. |Z4LH parallelostroma cf.
Pseudotuberculatum (1258 X 1:25 JTX I, 2002), thAqak®sehf, B
Hu =), X ECRHE SR R IR IR R Bh & RO OGRS o 5y — 4R AR T A e i
Hrp- EAUIBURE, 2O RA OIS, SR TRDRCS B Kb thank
KA Ve OB A A B8 = B (RO 25, RS ) 25 1) IS B o, J 4 ik
PG, A KA E R, U AR B . RS s R R A 0T
BRI, WK PR, NRATESZAE (B 3-1-15E), JERVEm B oici. 4
WE . M ETIRE R EACFZE (K 3-1-15F), R R eI .
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Kl 3-1-15  ZLHeIn S A T Y8 248 25 T A 4LEF AMTRRARE AR B

A MRS E TISATA S KA IRAS AR S MR Z M B: ARSI R
B TCIBIME ARG B Bk o ABEEZ EIIRIERE VIR, S A9es . ETA i
A5 De BT ISAT G ZAREDIE Ve i ACa RGP HCA TR B BT gl -
RO A PR E RN R B, P BT A EERRA R 5 R T 1K= 2E

Iy NITEEN

BRI AL I AN ) 2, ABGE G T LR Esoce b, atEE
BNEIE . ABIE ABRIRICE IS b s s Wia . Ioa . e b
w55, SR ERIEASYA, AMEZE. BER, WFedk. HEHSENA,
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SEMTENAX XM PGS, 1991 A a SR 1:25 J7 X, 2002). FRATTHEF 4
AR, FERTFE X AL L 2 3 2 b A A B I, (R )2
KA DRI LA BRAI)E . ZAYME Y bR R, FIBTR N
S, KIATRKIBEA B, /N EASLECTK, A RELMREM (& 3-1-16A),
AR BRI A (B 3-1-16B), BATTHBCRME, A K | 08 R
P, AT G (B 3-1-160) . fEAC A 2 2 rhal i
TR RECE K2 (8] 3-1-16D).

IEI 3-1-16 éIﬁEfFﬂZiZJimEJ:EZ%%BT*UﬁE PR AR R
As MR ACE B, RIEAUIREERAIR M B FPMRAEWE K C: "EWIRKCE
P KRG AT D IEHZ R RIRE R ORI E (R Ab)

AR EPIA I A AN A IS WAL R VUM Z 2 b (NS XU T
1991; 243, 1996; FRJR1E, 19965 ffIkH4E, 2006), FEIEHEMNE A&k
A E A Sy . RN B KRS IS, R 5%, HER
€ M TTRE iR Bh 6 M OR . (BRI, BR ER VTR & Btk i 2,
VEITEE AT A X BRI K LB RGBT 2l ] fig 5 (] IR 35 17 2
BAEAE (WJE30).
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AR, FERE EERSUANA, TlESEE T4 b
FRGIAI, LPIRUEREAE 4-5km (= 5PEHbIX 1:25 JTIXIH, 2002),
& PGV T L AN S5 7 R A W SRt S A IS R b, R R RS
PR S5 BRI UURR, 7] b2 S vh SRR S BR IS AR I AR JE I TRy 1k
ffE, WA SRR B2, fRRREE G PR AYRIIRAEE, R TR E
RS UTAR IR . Wb RS TR B2, W0 R R g,
HP AR R AKE TR, S5 R R Ry A AR, A SR X i, W]
REFESZ T By Ll g g 3l

VRIS T WA AN S S A VG AL RR A 2 b SE A K
AR 2 By AD A DA AR 2, RIS R, A KRS )
L BEEHURESLIR AT, B I B AT, AR, KA R
RPN, 8 TR IR . 7RIS oy b, KOS &= 8w, i
53 A FEAIR, W 7R R XA

ARG A S /e PRI e | (B =SB X 1:25 )5
DX, 2002), FFEREIE S BIR RS Sk g k)E, KE LR AT
DX R A ] e R AR A o (AR R, FRATTFEVR A%l B e i R I 2 B 40 Ak
HYUARAEBIEARY, JAE A PAARAEIR I oo, YIS LA is 3 VY 1% &
BN G o« TV G T WA A AN 78 1 A0 L35 B eV i I LR At 2
Ly HPURRIRE N AR VI DU, AR TE I s g B D 450

3. 1.2 AJEBIHIRIEZTE T (the structual and kinematic analysis)
3. 1. 2.1 Wk I

IR A ATE S T Z AR Y, BoR R AR RS AR
A E P TERE R 5 o ASCERE MR SRR A, A4 2L, frpges, /g
A W RS NS RAE, JESS G WA T E R T I RO E R AE, A TR N
PIEAR B 211 R JZ O Me— AR TE R 3 o =N E e 1) (BEK) 5 AE BB I A «
D, TR By Dy, DAARXSRRAEAARAAE: Doy RE EALARGE, T IX ekt i
R4 (& 3-1-8B Al D-F).

D, AR A3 1) 2 A3 AT ISk a8 B S OAREAE, sk E AR IR . AE T
bh, SibsRe i e oA M n ke e BE b . hah 2 stE, gk
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AV W) SR ) P B, SR ) G T, AR S SRR A
BIAISGE, PR A, BRSNS T s m, B 1] 5 DX 3R
IEER AL —2, AR SE, AR IRA 140°/60°, 7 B S 4 5
TIPS AR R 23t P AHAR STV H 2 (RN 8, T8 B B I PR AR T AR HI 5 v A
3 2 R IR s i VAT K

D, WATE BRI A LA S (R RS A A T F, MRS AR TR HE W sk, P A
BT 30 °, HATmAS TSSO, AR (R A AR IR RS A Uk
BT J5 WIRB A AT . BFAN R Sk nT WLaR 12 vh R B KR AR A RS A, Sk
SPATIX I BE, i) SE (B 3-1-17A). R R it = 2B ORAF I AF, AR S
FIAR JF b HE N RRAE . 5 P R RN T BN 4 3 SOK 22 b X 1 S, THI R =5
JFURZEE (S BEL—8 B So~S,. WY SO B, AR B PITEEI DA,
AU B, e RS, R BT D)0 SR A R BRI TR AE A . S,
Jr B SZ 5 DL AR TR, ) NE 5 SW.

AIAAS [R50 AR RE B AR A BRI ) A 26 BE Lo X ) 2 R B B, Ly
7k R GiECF i S E DA N ES TIPS oF T i S /W S PR N SR N i) A @ <Y
3-1-17B). AT FAH, AUk S @ mh K ek, & & kg iE son
A TG (B 3-1-170) . TEMINE YA, L RBERILN & I b i A I A
FIEE 2 K AT o MOTRIE A B R I s 0B AR, HY NW=SE 7 ) & ]
e (& 3-1-9C). b dufkeh, WHEEE, WSk A tyEAE NW-SE J7 )
ST B, SIS T, A2 B R Y, WA NW-SW 7 [l 8
EOASANS A R 0X( E573 i

TR PR R R AT S, B, B2 I 22 UK s Y DI T O 5, RIA
K B K I BE R ity IR B 1) B R AN S . IR LA
AR 7 B VIR 2, T RPNV YA . 757535 W2 9 S i AR i AR
H, HASTE B R Y, TR R B BUFPIRRE CRIRR M) . S PER AR R
4555 (B 3-1-17D). KA FIRRIE K LA A R TE R B A R G 1B
PERFBE, 4 RN B U BT A B
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Bl 3-1-17  ZEeO IR A i A TR T B SRy
As BT HORE [RVRHE AAEAL, BRI LR SEs B: SR Ra Th A H 1 )3 i £k
M, BEBRMREEE AU sl O MRS ARG C: A s TR E kA
Fi&s D: R A3 fE TN R AL B JR2%a T v BUOR B84, fhif SE BEMT; F.
ARE B E KB BTG, o SO B L& G He B FIBE TR A% E 8
3 LSRR A
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D, WAL TG LL Dy v B S ES B R AR PR A, UK H AR AR 4
BRI ZERF AN EE Sk w] WK IROKRGOR EE R AR R AR R 48, Sl 2 7] NE-SW,
FERLE, JLBBE, ZHONW FBEME (B 3-1-17B). I A 94 5 AP
NRE (B 3-1-17F), i D B S Fpr ek B L. T Esmif e, 204
iR D IR TS DR TEAHLY, W A b 3 T Ay il 25 n DG 2R I T4 48
RIRR L LA N EERIAS, AT LA 5 D IAHS IS —BY DI JE 30— 20 R A ¢

D J1AZ T IR DX DI R AG S s S, SR il T A T T ST AR T R
4. SRR IR B AEES N, RS Fay RRAK RN I [) NW B SE, Bl IRIBENT
A 65-80 S A ATHR LI /K ST NW-SE i) SEAH o FHAURE 48 E B T 22 I 2R A
HHECHRE (B 3-1-176), MTERET 24 9858 vl W 2 M- PAT R ot (]
3-1-1TH). HLARLERF AP FE Sk n) WK B B #gA, (FR AR KRR A X 4l F, &
S VI FE A B S, B B G v A e K (B 3-1-8B AT ED. Dy 1 H A7 AR
AR TR T A X R AR L, VR A R TR 2 A N SE T, SRR kKl
TR T R o LT AE A (B 3-1-13) o 75 I3 75 2 LUAR, %A 48 1) NW-SE,
(EJEAE 753 W2 06 7, AR AR 1) AR (B 3-1-8C AT D), ml B ST 23
ENFIEIRAZ AN R

3.1.2.2 WAL

5 X7 VT vy, mTDAOBLER 2B 2 125 4 AR AR« TESRTe = B,
W EEeA . aBERE, JEHBAINER T S R ST, S
DUV 1A 49 55 7 1) Ik 70 P L 5 B R TR SR AT 40 B2 R AE, THIAT — 260 S,
AS, A8 10-60 & (& 3-1-18A), EEFLAIF B =IRE M NE, Hiff 30-45 2
0], UEZAR PG I AEAH . Ly Ay 200 b K PR A 0 B L T 45 B A S R A
PREER Lo

TR EE b FoAT] B0 A e BRI . 2= B A0 R BY D) 4l 45 R iRy
MEA WIS AR TR IS8 . R INE SR, R LU N A 50 32, Bk
PR IR SR A, TEAE A SR G AR O S IR 22 M, e FL TS )
WNW [0 (4 B E1 K138 B 2 p (JB 3-1-18B), 1M 4% R AT S 0B () 4% 1A IR 25 1
BRI, IR HES . LEAR Ak i a R Ak L s i s e b, RIUK R
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BERERETE . RPN AT . BN, S TFR R TI A) NW KBS Uz 3k
i o WITEBEREE )L R 5 h, W KRR AN e K J15%, 7
TGS NW (R B J7 1) (P&l 3-1-18C A1 D)o BRIR SR MR A7 0k I 52 7 4 B
() “ M7 MIaE, RRESE 2 HL TR NW S5 710 (B 3-1-18E), i h—1k
o D PR S AROORE T A F L i PR e A RORE, TR A 1) NW-SE (18] 3-1-18F ).
EARYe iU, W W RE AN BT Y) S M, FR 7 T NW ] i) B D132 377 17
FEARRD 2 A R S R e A R s BE LS, JF ARSI DI IR R T
Fs I3, [N FERE B ae AR T B DISca (B 3-1-18G) .« 7175 75 Wi = 1
RILFIRE RIS Z) 2 F R4, Wl o BEBE, FR7n IO N K3z 502705 ) (] 3-1-18H).
2k EROWESE, T AT 2 XA A 52 T T ) NW IR0 PEST -3 DIVE R .

3.1.2. 3 /h&h:

HEAIR AT 535 W25 PG, PE R o tH BRI LA TR, B bR A
R g Pk, KRR RS MER: RIGHAAE T RER IS Kils il
AN R, AT LR VR A 450 o TR AT IR S TR A I 452 T AN A
JEAR AR SR AR B0, BRI G EAAAR T . BRI, AR
FEIIR AT ARG A 3 e Dy IS FEAEBfAR AR AR O FE, JE s — W B S,
R P G L, TR EE N e BRI 58, PSRl th hr KA S, Ko
ARG RGN . IRECIR IBFOIRIEHE K AR, R AN, o Rk
FRARTIER 0] NW (HEREIZ 8. 15220 D, WA JE s, v BEAbin) SE B NW; D,
WAARFE LLK B R B RN R BB A A RAAE o X B8 43 AR L NE, Sl T 22 %50 NW [ {81 1,
TR AL AT, P 3 AR R A BTG . DA B L S, o E S,
TE R 3T ) 28 rp o I BSR4, ARKALKCT, B I NW-SE,  HERTHF He . g = 22
I NE-SW i), A& H KRR RN ) N -2 WA E S5 D AR s T
LU X b 3 A R, Fje Al Z s A, SR B b AE T A
ZJ5 . THER DIHARTEIE M, DR B SE, 123 bRk Won B NW 1 EY
UIVEH, 5 SE [ NW 8 s BY D) A7 G . JAT JHERT rT e /v 5% SE 1 ffs i
PR 1 o
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K 3-1-18 LIRS G il O A AL B T

A: SOASUHBEVIRISCER, So LA SRR BT TS A bnals, S0 BLMEVE FOIG (M) BUARFAE: B:

N A DA AINATER o JEFR78 WNW R 9B Y); C. D: KL A, Wt KA BRBER

HANIRIEE A E IR Be o BRIRERMURLOIE T i) 2 ki kit e KA ORI R T,

B b O B A S Sk le A B A BERDRE s G AR B h B DI iiE s He AR Fish o
WD R T ) N (RI2 302577 1] o
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B/ wEAS/REFFSRIX (The Ondor Sum area)

TSR ST 5T XA T P 22 o SRR IX, 2 B R A AR AR K L s AL
U, ok deivst s, 3R A YU, ar A Ks a2 il R e . L il
15 X JR OR R AR B A RO LR, IO - B g 2d, BT R
PR LA TR, BTN AT 448 R . T AT R SRR AN (1 T A2 T S
Beo S EERTRE, FE M SO AR SR RER [ B L AT TR
RAF T LR R TR R AN T A PRI L, 00T A T
Kl 3 FIRA) s 2 FE AT o

3.2. 1. AAMERHITTRIS (The litho-tectonic framwork)

AR T A1 T A PSR AT, AR DA S0 i 40 J0% Jeki h DX MG 1) g 1) 43 by = AN TR
AT, 430 oA G e SR oIy o R R R SRR TR A e R R 2k IR Eh e DU 5 )2
(B 3-2-1)0 Nl AT iRk .

3.2.1. 1 AAJ4)E %947 (The Bainaimiao arc in the Ondor Sum area)

22 B T2 5K 1 T T b DX 8 P K SR DR IR S DR R b B A
Rk, TR FEAR LI X H 55 10— B A DA 1 DA T B R T (R e e 21 0y
(g%, 1990; JHT04%E, 1992; Xiao et al., 2003; Jian et al., 2008;
Zhang et al., 2012). AREFAMEELIL, BRI S Soa Tl INa R
HA RIS . KA SR, WM SUE . RN A . A DLAE
U S S A B B o IR B AV R V8 ) 20 AT T R AR R B AR L — iy, 4
KAL) 20km, FEALTELY 3—4km, FALM 55 /R i #E LAWY 20 9F, B B R SE
AR (B 3-2-1),

MINAREACTER A A . A AR S XA A — R 22
WHAGAR, 45 0. 2-10em A% (18] 3-2-2A F1 B), FZ i fm A4, &
KA RIS S i Rl ARHE A A T R A s B R A (] 3-2-20), RS
FAG, AN R A R L B, W KA e DA A . AHC A A
ANELL AR, BT B R Bk 2R DD 2 R A I B, A
SPAT BRI (& 3-2-2D) . RHKAE R A A R K E M, TRAERK S, F
ZERAHCA (65%) AT 95 (30%) AL, AERHE A N ARG, ol AT SN K

Pl
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DA R B DA B LR BV e, BT R TP I K RN E A, L&Ak
MAEDIR BAS KR 73 AT 0 A SN A A IR, HoRDRE, ISR 454, g H
R EE, BERRHCA (50%) « N (25% ) FIf s (20%) ZH .

AR IX LAY (125 FER A NG 2R A BT T MR AL S AR 20T, BT
A BRIE A G A A MR T XS AT E KB TR A 05 Nb-Ta
M Zr-HE U B, BT EMBeT B, RN SRR TAT B9k V-T1 %F
fiE; B547 U-Pb AR HIAE ca. 430-470Ma 2 J8) (XZ—2%; 2003; Jian et al.,
2008).

XSRS SR X 225 0 BT R AR IE A58, AT R LU S K
FERIBE 2 EE, RAE A A AR TR T (BRRAE, 1990) 5 A HIRFFC I ) LA A
PRIK vl K By NI, AR b SSZ AfTuhas rh e aea ik e CGulsh—%5,  2003;
Jianetal., 2008). FRATHIEFSEMES, SAY R dw Sk 2 4Oy i S0 A N
PRI DA S A S5 B oM 2 21 55 A0 il 0 2R S REA B, AR 2R
S HAT W AR AR TR AE LR 30 o HUBsRAE 22 80808 R LB 9 AE (Jian
et al., 2008), PHULBRMATANIKLELE AR T BCE I AL
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111 2°55' IR 3°00° '11 R
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e
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—4;25' .- W, @ ﬁl\%ﬁ%ﬁr\na_
7T mam G Zalt)

m 1 1 e ‘ 1 1
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GEQC)

5 ae & '
42307 L IR A (/w

AR LR
[ ] mesmarsc) i’

£ HRZRH

- S, BH
— S, h#
—— @A

& WEH & S, B4l
jL" - 1l 00 3
| 4| 7 kE = S,k A
[ | wrmmmianoy S| g2 min A L
& 1 i) 2 3
(out of page)

S R

B 3-2-1 R AR /R A D3 LA A A I B e R 7 CRR RSt e SCRR LB 1 1)

3.2. 1. 2 Ji2%%7 (The Mélange Belt)

TSR SRR A 7R S AL RN 2290l R LA, ARDUSEEZ) 50km,
ABBEL) 20k, [) Z A ) P AR R AR AU A R DTRRAIE o, H Ra  S Sy S
JEAAd (B 3-2-1). MR Eca A AL SR A By i, ASCR L hrg .
AN =B 73 BEAT IR AT T o
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Bl 3-2-2 AR /R e BRI DX A TR SR B o S BT MR I Ay |
Av B: MIAIEA AT MM A MBHCE AU, 2 sEEANTE ;s o M SR NI AR 4R
GAIEARIE s D JREET WA REA DI T NG IEE AT, febd G HURE

TERGHE, WA IR VR AR TE S A A - R — A W AR VG ) 0 AT, 2
AV, SRREET T B AN KSR S AT A AUk ANFUE IR S KA
BV A YUA . B IEE R B RS S R (8] 3-2-30) . RRA A
R WA AR, A i, A2 R . BRSO,
KBTS L AR R ESREUR, JREAE 2-50em AAE, HEHEATEE
JifRGIeF . KBRS TR (B 3-2-3B). B N &ikn EEairhs
Hoabh, Gef RANFRELZZ ZORAR R 73 A o

R A R AN, TR AR SR R L A s A SR s el s AL
Z G I AR A A R RV T 56 o B AN R IIA e BR RS A R
b, R E R AT RDAER S oA et gk, B 23R, SRz
JeF I ()& 3-2-30),

AL A 5 22— B, LIRS A R SR AR e SR AR
PR E . BERK A Siegnin o a5 (8 3-2-3D). BT 25K
AR TR A, — OANOR B B an 1 A KAL) 3, B S By A8 ot 45 R A S Al
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CPIRAR G TRISHUATIRE R, EEAFEMR XA Klka . KBS, &
b RETCE . MEKA RN a (B 3-2-3 B)o JLrp By s ar WL A2 A
Zlh, MO S O REROIR AL X s, 2 sk s AR T ER], Atk
MR A, W ERPR, BERECEE, R W, BRI R HIURH,
SR GHIE-FAT (B 3-2-3F), JR#nl W 1-2mm RIBEE KL . AR
30-50cm, ARLIEMA B, — B db. R E R o 2R, HARN X
EUA BRI AR (2, 2006). R Xita RIEZAE, HASIL
R ERBLRGER, TSR 0. 2-Tem A&, FIEFAAEAT I, Miao (2007)
MHERT X RS T X U & ca. 260Ma B A . RBTE XA AN E TR S
A1

RACEL) T8 A AN G A R T, R AR SRR T sl B A o 4
JEAHT PR BT A+ SRlle A+ 2R A+ T A KA A5 T2 o BE+E0e f
HK A A A S W AT RS WA IAA S ea B RIS A
A (Yan and Tang, 1989). Wil J i HAT Ar/Ar FERAE ca. 426-453Ma /oty
(Tang and Zhang, 1991; Jong, 2006)

PRI B SRR = N AT, AT Wang AT Liu (1986) ML, BlIXE A
AIRIHERURHE 125 A AL JRCE N & SRR R E T  DIBLK IR A 2R
o MEESE, RS R A A A RIE . o B s A DL
N, ATREAERVE SR i R D U A AR TR A AR, A7 /D 4 35
LT B, FEA AR R AT DR e ST FoE . TS A
S SR N LRV S A DI &, & SRR T3, TR D ER S KL AR
Vi
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P 3-2-3 LA /R Jeh L X TR 2% e S i I
A TEHSIRJEE P B S e AR DR A A TR AR R L OB P, A A A ALKl B A B:
TR R AL AR R 0 S a AT iR akie o . RBESE, HZMIRMAE; C: AR
Je s DR R 2 i P S SRS R AT AR De IR S X 2k A G B
Erlali RS SR I M SARGR I ep L N SRRt o IR TiE VA S S ATE W e S
AL R IRARATHL I 7347 5

3.2.1.3 Ui )Z (The Overlying Sedimentary Succession)

AR R AE M A B RGP I, AEE ST BidE ot
e T YRR AN S A B IR AR A ARG RN A TR IR . BTR
N HS S B AR 2, DRI R R HRRACE RIS I 4, T s
RIS KT LD YRS It AT A b 25 bR
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TR A J5 J2 LE R I A O A s A R s KRS . IS I SR
BERSEAAT, R T Triticites i (S X3 TSR, 1991), IHACHBEATRAL .
AU E R, BIA WA T E PR GG, RV R IR, 5 R
W JZAR IR KON, e n] BLFSE SRR R i DR A iy AT A I AR R

3.2.2 B /REH X A 4 # (The Structural and Kkinematic
analysis)

T NP /R o L DX HEAT T PR IS TR AR L0 CRASRAE 1990), {H2
TR AR AR R A R ) 8 L X 1R AR T 43 BT o AR U0 1o 256 2 R 0 1R Jek L X
WG EAHE, SEBa¥ b, WARH/REBEE 2 R TE, 20 EA—T
TERIRIERS AL (LR 30,
3.2.2.1 Wi (The macroscopical structure)

TR R DX A R R R A I ST X, 22 R A 22 R A I AR T
FPNH R TR o AR ET S0 BRI LG RN B, R AR X YR A e R A AR R
PN AN NE-SW [\ (5T T (B 3-2-1B). 1510 v 38 LA B BE 10 41 58 5 5
PONFRIE, EHES (B 3-2-10); RN — RIVE AL, WA E-W ),
WKL EAKs AEARERIS 22y 7, B N B NW BEMT, AR E AR . 7
TR TS, B INAE R ERA S8R AR s LA Z e, A A2
AL TIERINEALTE , Fa kGO WA U & (AR RS (&
3-2-5A Fll B)o WAL A L ZH A T m AL 0178 76 5275 T 30 . AR i e 4
FTEA IR X BOR B REERIAL AT, S56 WA T @ iy v M R AT, K
TRAAT R o R = AR T 8 (WD), WE BRI A Dy T X I R 25 D,
HIUAERI AR GO R R s DR HAZRRA, T X by 1 kg 2E

D, AR S 2 AR A E R RIS, TR X e v B S,0 7R R AR AL
BIMREL—7, S, ELE E-W ), 5T E (K 3-2-10). L i RdibifEH,
RHAE MBI a e KA. Jrfamhn, LRGSR A SR (18 3-2-50),
LU S, g s e BE 0 225 100, 7R R ] WK BOKR AN TR i F,, H0&E T
SR A B S P AT K o DA AR RE SKAN AT L, I X oS T G,
e P8 BT A AR 1) R BE AU ke 25 T ) e B8
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RIS S THEE LU Z SR F A AU JE A bRk, AR S 2
— R E-W B0 HALAEAE By AT EOK, B R AT ILIX S S, R AR K
s R i, AR DAY, SRR = A RIS o e U T T2 R E N-S
B NW=SE [n] i1 e 2 3 Lo ZU 4R 22 e BLE 1) KR F 4G i e A A e gl
bR IBER KRBT R, YIRS, B Dy U B AL R AR B SR
AL, AFERS G S, AR N (ND B SE (S) (] 3-2-1D),
VLI D, AR TR AR A

JEFBAE L 22— IR A BRI (B 3-2-4), FRATTHA AR LT T 2%
2o MG 2R DAL, SA s a SOvBN-S Em, [a] W, L &M

(A) ;_;’- (B)
38 0
T 34"?3“ + L, N-31
__Rcad._::’;% - Ca L N-42
2 T S, pole N-49
3g 430 e S,pole N-8
2
e 2
r}o 10>
! '}0"’0 - \etagabbro
\ £ a0 i1 ]
J Gé 20 Phengite “Ar/"Ar Basalt
- ] 453.2¢1.8Ma | T oo
------ L gz-_ 449.4+1.8Ma(5) Limestone
*\J‘ A Wi Chert
o Sandst
‘:.%0 rs ., - - . Sandstone
» -
Ao 1-45"‘..% — 8, foliation
zf’}_' ‘&2'?‘4 —— Vertical foliation
53{.‘3 = & S, crenulation cleavage
35 2 ! - A L,streching Lineation
‘Qi - Q% « Crenulation lineation
\'}/ ¥ &post foliation
? fold axis (L,)
0 4 Sericite-chlorite-quartz schist
Usg. hl é\gg and metasiltstone
SR | e e
axis and pillow basalt blocks

B 3-2-4 1 22 bl DR A R R A T

AT E-W o ARGk ZEm AL, S, i HAE ) NW BN 5 )0 e 43 L 4% 48 8 NW-SE
1] (Pl 3-2-5D). D, J1J LA D, 1) BRAE A A AR IR PR AR A, R IR R B B S, Rl — R
GRS R NGBS Foy BTSN NGE T ST AT LT 268 (8] 3-2-5E-H), XA}
FRER A L2 7K, 3 E-W o (AR 102 D2 WIRS Al A R R, F ik
) NW, A 16 A A7 1) {2060 () 3-2-5E), ELAEALII M AR, JbZEmabt.
TX SR BE FRIAN K FR A THI T3 S2 v BES D3 WIARTEAT ¢, B At . D3

51



SRR B 0 S A B2 AL ENE R WSW 5 it AR, 317K, HEWTHT R Y. ) 32 24 0T
—dbin) o 8 I AR S TR, DX B R A P A i SR T = e
(RIAALE, A SGIL A /K Je b X DX ik 42
3.2.2. 2 BIAAIMIFFAE (The microscopical structure)

SEAT XZ D) FIRER R, T OUL S BB B A A BRI R BB T o .
6 MIFEFAPERE, A A AR LIS B3 L P LLE K
TEERR BRI ) L] PRI S 25 (s IR B IR SR SR S, B R B 22 0 AN W v ) o
(1 3-2-6). fEMHl L BT E, i FAl WL 5. o BERmEnt 745, 48R
FCEg i b BTY) RIS SRR (K] 3-2-6A-C), R D AR TR IS, EARE T
TR NW B By YIS BN REIE . Tlakle a9 A, IS iR B M4 A %
IR, AR A o BRPESER B3 NW BT D) 2R AE (1] 3-2-6D). D, 1
AL D BRI R AR 1 AR, KR E SARBTERLD) S HE, EAsRA
TS L REL BE NS, RETERRIUNAIIIASE N, EAIR A
([ 3-2-6E). D, AR TEAE B T IR IE BT IR A et o e, RIS, Rk BS
PEUL A FERH) Sl B (&) 3-2-6F ). Jbilias i th e ik bt . = RE BT )
FA SR IR o AE BB, Ko R PR BRI A, o BRBE
[FIRE TR 2 LI 1) NW B )is 3 (18] 3-2-6G A1 HD.

3.2.2.3 /NgE

WA R R A A T A Sk s o T, SR A RS MEE S, kRS .
ERE A, HEE N KA RO LU S X, AT REIR T s s AP e
o ZIRACE W FEAT T 3R, DR IERY 2 A S Gk E B,
FE NW-SE JE [ (8 D hr PR B8, GBI BE R i o BERCIFBER K J) 5 AL T4y
fiE, WHER D WIASTEI 52, Dy 1 Bin) SE, 123 hri on 32 T B )
NW FIBYDIYER, 5 SE ) NW R By D12 247 G, FH LA T HERT v fig 55 40 e
i SE [t PR R . LA S, BN S 1, D, TR AR PRAE A F. A
R IR S, o WP FAEAN R X R B REEEANR], (R T0IRAERR KIE BN, 4B
RN RD B S, B DyWIARTE B I A Mk Is i 48, IR el i) i E-W
MR, (Er RIS, R s RE: e iR B — &1
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Bem HIES S
] 3-2-5 AR LR 2 A8 AL 5 Sk 1
e FEPRYLHBIX fi DR P9 B0 2 77 1 A FRARREAE,  PIK YZ DT B: ERIRKLALKE AN f R
PETCIUMIMEAS I C: YL AR R A A PR R R IR 0 1L, LA 1) B K R e 1 4
ERRRE D: BLIIRAAIE NW R B, USER A 5E S RS B
B R R R A T R KR, T SE B P G 13 iVl A S G F
W 4 B D, IR . He 13 22 IR A G 25 R B R A
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Kl 3-2-6 LA /R H X VR A% A 0 P 1 AR TR AE I
AFIC: o JEKARBEFR/RBM I LB YNEa) 7 ;s B: Assdie amt o BT faiket
FRw ) B UIES); D: W AR /R VR A% T4 A0 05 i A SRR DR 7 T 1) NW
WBIYI 5 ) B 5 22y X R A B S, Hag a8 S M EDIHL; Fe iRAURIREAA
RS B Ss HE YR Sy B G M H: o JBEAAT FIBR IR £R AR Bt 45 /s TS NW (1) BY Uiz 5
il
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TR FALARAN, AEAEET S 223l Al R I AN R A R BB A R g A
BOBEGAERER a2 b, B SR B WA R L. T ERERRE, R
HOR Je 3t DR 2 (K P SIRE A D, AN Dy R AE KV I N, I AR Sk b, R
MBI H Al B i 0% 2R s IR A FO R A LN FE RIS o Dy RRAEAE T O ARAE D,
SUTRE AR AR AL R P RS o A PARTIL B D ) 32 2 DU I 25 R AL
XEEE A TG, B RAVAIU AR, R RELS By RS HR AT
AT K

F=1 /N4 (Summary)

R PATT 0 Y A A X LG, Z0HEROA 5 X R /R B X 35 m] &)
O3 S AR BAE A A AT, B Y Rty . Z0REAR IR /K TR A i LA
S IAMANEE A 78 5 0 B PUR M o K 8 R A AL 3 B TG A DX ) HEAT X
beo By B A s B, 2Bk s LR KL S A, AL )
MR BRGS0 R AR b 2SR BRI X A A KA. B9kl
TELLTHEHOZ AT 1 ) Je X 534 DAL RV BUREA 3 3 e AR A AR O S 4R 48, 19915
Zhang et al., 2012). 7RSI RS, RADT R F 2N —%&
LEEAAR T, I A SR E, HEN LA AR LA DU
CEMARED, S PE e A C . TR AR, MK, —
AR LCA I A . MR Xl RIS ORED. BEs CRFA ).
TMD 55 o (HAFAE RO, FEIR AR L X ROIR X s il X s, AR
ZaR A ER L S RRE (A, 2006, 17 AR F A s R i) B 9 &
% (Xiao et al., 2003). FEZLHEHBUATRALH P &GP RILMING, AAdh-
AR U, TR R e D AR W A P, 7 v AR Y F IR AR
X BRI A AT T RIS T ATLLR LA 3R G A L 4L A 78 6 o 7 b
WA, IXELYTR U 32 B (BRI S P B IR h o A, A KR AR DT
R o YORR S A1 93 FGTRR R TR F R 7 T Y A Bl Bl A TEAHDTAREASE U W AR e
HAZ FTRIE A I TR IR B DA AE

TR E A BRI AR TR o AT SRR . Sy 2R /NRE A
WA A SR A DD B &, KR AR AR 2 ORIV AR T B 6 2 IR -0 1t AR
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TER 53 R = AR T P41 G0 o Dy I BER B TE X Itk 4 o v 2R 4 P A
B, MZNREY. DIHARTERT LAk DUWAR B 4k s, g a v BUR A, B
FRAN ) FPSEAS [F) A 280 (R e FRRB A, LA S5 AN [ (0 8 4l B B D) ) 4 2 1 A
fito Dy SAME—DAL TG AL, REAFE B LR, H X it 48 . kR
Dy WIAZTE ISR, Dy A B AR B NE-SW & i), |2 K E NW-SE [ Pyhr i 2k B,
W& X2 HHIEE R o BEREIRBE. 2 RERIBY )41 oM 410 B TR NW
1 BY VNI B R E . 2B B FARFIE S SE S I R DG . 20O HIX. D, 1Y)
JE R IT 1 B AR AP 5 SE-NW SE i, i it A1 1 e M DR AL A4 B2 E-W Bl NNW
). LUK D, AR B N PGt 2, UiZ AR A LT e i Al
TP DR T AN e T R 2 A0
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FE #BdERWERE (The Late Paleozoic tectonics)

WFFE Xy AR AR 2 2 A T S AR S P R ARG T ) e Xk, K i
ARG 1) 73041 ot 2 E 2 AR GEA AL PR LA 8 28 KA Z8 4
TR, EARGH R T8 — B s R AIRER S, S R A
—EEIEANUR TP IR TE SO E L B — B A s L TS MIRIR Fh A & . fH
P R IR L 2 TP A R R B BRER TR, . RAC I IX B R
Mg P, 5 SURATE BUIR B SR B A B A R BRGNS S
it JE CHBUR 5%, 19910 JARHIHX, EIEME—RE A P R AR AL (I
WIEEE, 20000 sk €okigE (PR4RIESE, 2004) A FAKAARCEA . AT
PRSI T AT R S AR TEARFAIE , AR SCIE R IA TS B AP b X BEA T B R 20
e

F— WEH X A& R ITRI 4 (the litho-tectonic framwork in

the Mandula area)

T AR DX A T I, AL T PR AR SR AR AL AR s S My,
L1 “RIFHUREES N7 (Solonker Suture) [RFTTEHE, BT (U1 Xiao et al.,
2003; Jian et al., 2010) B2 HIBERIEASE . RO JUrE Fos 45 24
Ji, it PEAT AR AR JEAR S o AR AR T o AR AR IR 8 5 o AR SO “ TR
S AT DX R A R - L S M R EAT T RGNS, AR PR R S b
DX A U Z R 4 R DA 2 ARG I TG, IR ZR TR T KA S840 KL ot ik
BUA B0 W MR TP i DT e (& 4-1-1), Jian et al. (2010) ft
g “IKAER IS (limestone block mélange) ” Fl “ g Jit 2% Jk VR 2% &
(argillaceous matrix mélange) 73l JH5E A i S HER S oC A A S oG, INES
B RV € iPLY U
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r g Y u T T
109740 109°50 Mmoo o F;'"' IR v v v "I!U"E-U

42740y =T
-}1
T |

h :51.3' L

;\,{1 ;,Lﬂ[,k,lllh P g

lﬂd 1 ?
82304 \}2044 R BB AR T

42°20°

090719807
il 16 437 1 [X
M )22 A T REAR P
BT az15)
= i 4
wamn ] o> ol S
PRI e I 0 20km q E:_, _
TR b e i ] il . .".
)H‘a |i|(,l
AN 3y H s =
Y o1 WA I (Rl
108°35 108745 ) 108°55° 0O 108 s 1118 ~
tig AR L IS TR

i S B 0 [T [ [ kb sk

[ e it e i REk®

i Y
L] i O] ok
s ] v o o

Bl A-1=1 S A 1 X DIy i b it P S AR B L (i A bt X. 1/25 J7 X, 2003)

4.1. 1 G IRHEFIETT (the Olistostrome Unit)
4.1. 1. 1 YUBUSAE (The sedimentary features)

VR HERA G BE R B R, AR PRI 50km, FALTE 1-8km AN, FEHE
AR R ORI A 5 AL A I BA DU T B A i T
ARG, AR AR GRERHbIX 1/25 JTIX I, 2003).

S A1 i 2 B AR 2 P 2 1 e A At A R e oS R A ke B Th TR 2%
AATRE, dia A s (B 4-1-2 A-F) &, JFA BRI KA Pk,
HAR R 5 1) 15 AN S A I AT 5 T AR AN . SR /INE R, RIECK, /I
BJUEK, WL, AR B E 2, DLABRIRY 32, S ERDR, B
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Mo BEEYUR T EAFEEYIMESCEA IIEPARE ETK, Bk, K
AR BT, (R AELE (B 4-1-20), HAREERE, XS REPAT IS
MEEA L, A A4 L, #OA G LT B M X 8 R A 20 A e AR
FHARL, DR 3K 6 2 Rk o] B SRR T 0 20 HEHO A X o o vl LA e e Ak
X EEH A 5 i A PURR T TR T AR AL, e AT I SR AT 7 A i i
(& 4-1-2B), Befkrp SO B4 (B85, 2005) o S I sed i ) £ Al
FURE B MR )bk D ik dh, e s Hedd i A g i 2 o e AL sy
WA EPAA (B 4-1-20), BEFTEEONR AT T, S dEsiald iias. o
A A, (R, SR E K 2K A R £ i Rl b 5 41
Ji, HuJZ RS, AR AT WL R (8] 4-1-2D). L, HTE
AR A IR AR A R VR A, SLIRUR 2P AN AT I

RES A HA SR EBZ )z, AR R FRAERE . 2RI
ALt 2, BUEVERI, BATRGF ik, F2 5 s Fl A =
P R R XEAAAE MAFEAE . ANRINAREEE AR, SR AE AR A
W BRI AEIRE I AR A DR SR AN RS IE s S, TR
JECRH B FE I S T S N A SR S . DU T

AT ARGV SR HER DT AE AN 27 P 1, JAT153 S A T B AR A 1)
IR RS AR 2 750 (8 4-1-3), Hikun .

HEIEZFERE: (GPS: N42° 25" 237; FE109° 46’ 257)

—— R AT ——

48 FRe s, RAMRNES, 4400, RETEAKGHLERL, SkfERKE
4T KAk e—F%e koo imes, ke 0E (BRIK)

46 RE B FAE S, RIREMBETT TS SR Fo R B RN, SRR B LT R a9 RAME,
BREKRZN-SH

45 FFERFWEE, RBREEBERERREIRK, AT ZERIAE > H

44 RO EREMEE, BHRTE, REMKE, kKREERIK

43 RAEREMEE, SEREFBARE LK, REZEANG R E SUFfii Rk

L

42 e, BEERYT AR B E
/‘,:,7\

41 RBARTIE B, SRS B ERATRIK, MESH, REBGIRY
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40 G ERBEFRERRANA B L5, SR ERMA, ZLER, REQIETEELRRE,
RS, HRAARRAE R AR TME R MaGA R, Lapkes W eEE, KE
KIKE T RERESE

39 RAAGERBERRE, RBENE, A EERBEN, HaRil, ZESRNE
GAT, F LA RE E B TALEE

38 FRABUEFERRAMA G, SR EMAEFRA LD ERBIE BRI, REFE
A& =

37 8%k & BRI

Kl 4-1-2 3o 1b DX 3 B ME AR B AU R AE 1L
A W ERHERA T R A YA L R g A, O ) ANESE: B: Ak Jitle s BUASR A 5 i i
C: TEWTIHERILIB LD BRI Kl m Bk D W IRMER M S5 40—k 1 (b 2 Ty
TP YR L SURSRIN
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5 N 75
MR K%
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WEWe

om 30m &0m g0m

A=1-4 AR D SR HER R D) ORI S 0 ) T

S —— B z
Kl 4-1-5 55l hr DX 3 B R XA D7) 1 5 Sk AR AE 1
A: BB EICEYE (B ED IR T KBS, ACE R RE W R gTERIR . EEIR; B
e R KA NI AP, 4 F APk 2 S TUR S
36 - BR B AR R RN, B E g B RRBGERIR, REMEAT R
Y, FERBERRE, BEAE 3-Scm, MEMBEAT
35 RUGEEERME SN e L&, BEFEE -3 en X, kY EARREER
S
3 RERERARZNGCIZFEREZ L, Kig R4 EEBRG T
33 IR ARSAMAE B, I8 AR s AR
FRAR, HATIRHK
2

30 RO EBERIE, &R 2
Fe B g FarE AR B B A

%
3 k@ ekemIMEE, A
—— AR ——
BB T VR AP AE «

TR HERR 2 38-40 JRAVRFIE A A, sk R4F (GPS: N42° 247 277,
E109° 44’ 52"), AL APMEE. W4ibrid MO ABhAET0%, WhAE Z 04 1)
FE2e ) TR SRR DT (B 4-1-4) 0 FIT, TRARTA b A R A 4L,
TR 40% /AT o WA FIICE Peff 528 LRS- A e b a2 i (18] 4-1-5), R
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RIS, 5 RTCR R OCR . HINRD A Pk B ENDIRIEIAE T T,
i3 N-S (] 4-1-4), W] Rg 5 Hr R fE I B DS 2 OG . I Sk 320 5 K
a i K, RWACH, EATE TSP AB AR T, 27k &R
BT HPAR, E BT AL o0 A o T BB I 2 2 o 75 K G T R ST TR % (A4
B BJEPEIRZE, RAEBIEARTE, R AT LRGNy BEA, o

4.1.1.2 AFTEAFME (The slumping structure)

R SRS o, SaiRALy (B 4-1-64), (HJE FUTRREAS AL itk
R, TERE, FETTDA E 2Rk, AR A R, R s,
TEARZABR AR o T db, 88 Sk bl WVF 22 TERUIRE A, A IR v] D08 48 35450 %
AR IR, WAURAED I, RN (& 4-1-6B), X 5EIK
B A W AN, 5 Sk B v R AR A 22 R E RN BT P (LR 30 .
Wb BB AT RS, KRR AR NW . TSR GRS, R R A KR
PEME, Jeahs o IR, Wb s s sl Rt (B 4-1-60) ,
A7 e 5 R AR SR NI E B A () 4-1-6D) o 883k bl WL K I 2K S B AR v A
TREDVEEZ b, FEIIRA R, BRI KB I .

Vg

SW

L

4-1-6 T FRRH I I A S T P

N VEIRMBUL TR IR R, SR BT Be ML B UL C:

FERVEE 2 0 AR, SRR IGE B al R, D: s BB IR TR A 2R V4
B
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4.1. 1.3 /M4 (Summary)

TS X S AR R PRI ST 40 2 . SRR A Kl
EAEE TS . W IR PR B AT e A, ACE Bk A 1) G, 7
B RIS b, B> FIAR s AR )R BRAA R R K Ll Bk ) 3
W% . WE PUATE R AU — RO, Bk, R ORI, (R
HH I3 1) R BT A, AG S LA A (4 b ORI U A4 80 ., 5T Bk i
FHA .

VU EARTE F ARG — SN2 SRR AR e it . W2 22 I T AR o
JUIIREHR, R BRI e 2 HE W, DIEI G Ik e b it ke
IR R R, DAL A, TS SR e fEACE SRR I o Rk
P, MRS SN ), FUBCBOR I AR G B BEBR BRI, bl AR b Rk
S-N IR . IXLSRFIE R FR 7l e b 1] RV B3z 3

IR B (R A A A A5 R AR R v 00 £ JAEAC 7 0 DX A e e A LU 28 ) A=
YA I EACEARABL, DLk mT LB i 00 B A LU ZH O A T PRI X
o TS AR WA R, W SR HERR R T AR R M T A e,
VEANAEAR A 204 WL T 3

P b DR S AR o A Y RO, PR SR AR, B AR mT DA b 2 AR
BP9, AN DLUE L BE P R S R A e 2 e . (R, AR
VB A B ORI HRAR AT A AR AR A Y, IXAN RT3 L e A SR TR 2 e HERN
T SRR W T RHEAEE, SMBLE VIR R BT LRG0 M o5 A Mk T )
FREFAHELOCR, WIRMERUR T KBRS, 5 =S a2 ¢ (W
N3O

4.1. 1.4 JRSE “RIBIEES” (A doubt to the “Solonker” Suture)

AU STE T TS “destmtuk” (SR, 1991; Be4kif
&5, 2004; FHL%, 2005; Xiao et al., 2003; Jian et al., 2010), A1
YA AN S N AT I, IR “dpggea B SRR o T SR HER PUACRT S R
DKL el X JEmS BT, 3T A UOK 8 T st dva s, da
SEMEUR RETCA RIACE YU . BAT B AMIEE RN, XS AR — BT
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RITIRREZ b, HARBARRR U -

ke ud I[ - A
e EERTIEE B MegiH RPEEIRE PRGBS
i Ak

A=1=T TS oz i DX 32 575 W e s 30t 5 7 &

“CEERR TR (GPS: E 109°32' 00"; N 42°26' 54"): B A IEAR 5,
KANANEE, ZHOBOKA AT IS W B E . TS ER], 208
MR AE TR, S5 AR HE LR o BATTER S 1 AR ic e 4 Betde. Gl 41
Fribx 1/25 XD BEATIRE, RIUITIEN BB TR SEhr FOR BRI L
R TR IRIE KOS B EREOEBORIAT M BLE e, %
TG SUEMER, KRR, KAhIT T SW-NE [, HRXIIELEAT, A
AEZJE I ARE, KR e, LT BT AR L s ik (]
4-1-80), (HEBE Fom hfieztiiss (B 4-1-8B). AP A B TA
AR AR ZARIAE F B P2 (B8 i BUA DURD, B ohr=
W WAIFEIES (K 4-1-80). Bi R %X I A T2 DR A MK A 4R,
KATR R B RS, WA sCa Ay (B 4-1-8D) FRATI3RAG D & B A
BEAT O34T, HAREACh 253 £ IMa (LR 3C sgz—3), FRTHEAMZ, MEFIMIH
RE . BRI 2R S A R TR A, ARNAZIAR “ieges” i
I .
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L il

418 ARG “EERE” R S
A BB HPARSIBR A CE KR, B BUE —RA IR TE: B BE R EEX
el s PUR g2z 1L K ALEE s Ce e Sk oK U A R NS DU = o s D
WE K TR T S BT SO AT KA R

Kl PR sES A (GPS: B 109°30' 59"; N 42°27' 45"). H h Rk
iE Pk, ZHOP DI ACES, 5RAZEA R KOG ARG ST I SR
I BV, AT 1 PR ERIR AR I SR A T o DR s He i b O ok
L B RITE SRR AT K

RAEPAK (GPS: E 109°33' 25"; N 42°24' 33"): KBk — BB EIRIE
FRAENT B HERR T o AN L FotR, ST B S HE R . B, A
LR P8 2 1 5 EL R X e L e ) ) AN, DRI G IR A I T3 S ME AR Pl
PRI i A TA A R AR B TR A T AL G 0 R AN B AT 1

EEe s (GPS: E 109°33' 26"; N 42°24' 49"): A4 T 11 BF AR SR
R, T R U U T S B R A BT R AT T AR T,
LT SR HERR B AL HE 5 i B B G 8 B B A e e A Bt J& T sl A b
BN e .

ZE LI AT, FRATTA AR B b X (1) S TR A A R (ARSI . TR
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SR T T B HERRAN— SRR NA . B2 T 5 I RIRE A, )2 A RS AR
B (L R30. EESE EMBUATIRUE BEA R, i BRdER L C 25
HA WA P e o el R AL, DR s o i HX a4 B WL AR A%
WRARANE, ENTRA 2 SO A FAE R« BRI B 7 A 32 2 55
B REAN LG SIAT O, Ja I AR B AAAR N o DRI Lt AR s DX A5 A7 A0
gl AT FOF A BURIPPAL

4.1.2 MAIAHIT  (The Turbidite Unit)
4.1.2. 1 MBUEZRFHFE (The turbidic sequences)

MBS B H BR ARV AR ST AL, b TEIT 5-15km, HHERIHIFALT 150
AT/NL =W AERT T A PSR 7 el 1) TP = N 11 S =35k B TR R e (RS
BRERR B TC R . WAV S R I AR 2 R S HEAR [R5 R IR e i 7,
BB R BN ARG LI QAR X 1/25 J7 X, 2003),
TRATT RIS s A B s A8 T BRI T W

XER BT SR AR S R AR AR Wb Wb b 4l
e, AR B F A RFAE, A SRR o M T A R S R S AR A
AT PREZ 073 A R R R AR i B P R 2R Y o R B TR 2 A B
BRAAD A h-gRib 2, o bt I D — B 0 RV I 22 o URR ALy DA
PSR 8 A2 1L B O LR JE 1 9 e ST BRRLRD 2 P AR S RO RS 5 e Tk
Wb BUE T L A B, PR RS R RS 0.5-1m, R
i b, WR UG, TV T T 2, ORI S BRE AR A o AR
RLF 2 BAELE & BRI R R D 5 R

T U BB (P REAE , ARSI B T — SR AR A T (1 4-1-9),
TR
—— AR ——

16 FREFHEERMAE  285m

15 FREAWERBERFTDHE. RE, AHERFTRREE, RERRKLEH 92m
14 RO & UG BRI 25BN EEE, W ERER23cm, MEELFBE
&3 18.4m

13 FREME EES RN ELE, HHEPAFKFEE 169m
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12 R E-FRalBERy-mBy, SRAEE A7 eKEE 18.m
11 k& EFEERRFEWEE 11.3m

10 kA &-LaeBay-mas, X7 MABRKRERE 152m

9 KA EBRRRE, SHERDSEE  122m

8 k& emrE, BiAEEWRE 16.4m

o

T HREF AR S, AR E, WEHEFERT 14.1m

REHEEmME 2 50r &8 & 17.3m

ok

5 FRECERMA ESmEV s, BEREE LR, B EFRE FATEE 20.5m

4 RUE LM E, HARWh S, HEME Rk, QLTAHFEMYE 42m

3 RO EREAFAEE, BRERWAREAT, 52 FY 15%, #rfR 2-4mm; & LT H%E

U EHE Y, FE/EY 5m; 3 15.8m

2 RUEHE P RS, kR MBS 16.6m

| AU E- KRG ESHIE L., A EE LT mbgieE, TRIAKEEEmME & AF)E

FafiEEE, /& 557m
—— R K ——

50m A SE

14 :13 12 : 108" 1‘?3

~SE

iR 2 M ARsd s RBY RERBE R

Bl A-1-9 JpAR S 3 DX AR B ST i SRECRR 2 Py R AL Sl )

a8
44°

T2 THTJEC B 22 R 2 o SRR D A b A e Rl A e, AH Y T8 5 e 41 1)
Tab, Tad 2414 (K 4-1-10A F1 B). JRIARA & =4 30%, “F-HIERE 8cm, 4
TEFBE Y — 1%, KEWEBKRFER (K 4-1-10 O, 1 EasaSER D, Hi

FEARAN o BEASE R OB H R I IR I . R 2R K A -

g EANGER |

Wb, W BRI, TR S L R A e f ik, 2Kk
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B KSR Z B (B 4-1-10 D), LLSE S %) Thed, Ted RUFAE,
RORLEE o3 — M, o8 BERETIRA, R Hiss . Hrh RS K g
W EA G, WA R EIRYRE N, RPN R IE R, i, AR T
WFGC DX BT A7 A 2 Db b AR 03RS o %0 i o BB KA . Ao,
KA ERRE g, AR i, SR 2 MR BRI Ty, & Taifbs
SO AR o ZIEAUE IS AN — RYIRKIT E-W 5 NEE [n) 8848, P40 B 704
IR,

Bl 4-1-10 3l AR hr i X R A B oC IR R e BT A0
As FHMBUADI Ta B, S KEEIUS . KUEATR, /M EFEE R %E; B: M A Tad
BB C: 5 P R & BRI 22 D iBUA SR oo WLk & 8 Se B 1 fifl
DURPA, JEREZY 0. 6m; E: dBUE O H WK EE 5 7241 Thes F: Z03A S Mibd B
WREACFEHARTER (FFkab)

RS SR IE S04 T i BT (1 4-1-3), Hiid i T
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——Z AR — (L EXL)
KO GBRERE, SR EERK, HAARTEAHK. >20m
RO CKE B ENE L, S5 FF &R S RN 19m
30 AR E R B IWE B LR, SR EEFA 4Tm
29 RIAARLERANA &, KB FAE EHAR 26m
28 KU EHEELENEE 1m
27 KWk E 1m
26 ERELENHE, KAKRZHME 1m
25 Kihs £ & 2m
24 RUEWEE . RITWAVE AR EESIR, HZY20cm, ZEFY 27.4m
23 FRE-LUEFERFAHAE 23.6m
22 Rt o EmAE G ERE  2.5m
21 Rt aipirs, & L RAMREE  33m
20 KA A B FEEE, W LR ARFTIE & 2.1m
19 B & RAMA % 9.8m
18 K& &FERFAEE 2.1m
17 FRE-FELELITWEE, BB EMEE  352m
16 K-k & &4 %HMEE 2m
15 Ré&a¥kHras 189m
14 k& &% 2 KEEME  9.4m
13 RE&BEEE5RFMEE LR, B EB4%AL 14.6m
12 k& & oA g Yy FRFWHE  203m
11 &BFEMIKR 16.5m
10 FRELFEMEE 2.5m
9 FREDLERTWEE 9.2m
8 HRELFENEE  13m
7T HERERTWE 5 REEmMEE 21m
6 ZFEMMEE  3.8m
5 BREE. mRmEE, EHRADBE REMEE, BOERA 21.5m4 FREL K
YEE. ZEMAE 1.3m
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3 FREABLILER N E. RAWAELE  17.1m

2 FRELEH SRR EELE  12.1m

| FREBERE . RITWE BF0 % LE>5.1m

—— ARk ——

IR AT > = AN EB . TR BURH AR (A P RV i plie g 2
b A, n) ARG AT KO [ R AR R AL R S W, R
W KEOJEE sk s, KARKA GRS, Hin LA ks
W A KVZEE, ZBUEZ 130m;  H B DU 2L (0 3l 2R B E EE 18
a3, U A ZrE fte s B2, R A sy, iba i R
AKVEUZ . TRBOYBIHERTE TR b, R o AR B I Pk, B i
T IR HERR o i B A 32 B th K A 2 T B NN EAA, PAK R ) BLK
wANE, R MR e IR (PER “H SR dERL I8,

4.1.2. 2 fifd I Fp A REE R C R A B
TR R I EARNUORR S, AR AN UURER], FeAT T K B R
PEBCETIEESI (B 4-1-11), DUREIRMBUAUTRRERE A, H R ) TOAK A

1 49° 21°

P A-1-11 BB D U OB Z 45 A1 S5 00 35 i 1

18 k& amas 5B ERFMNA % E 25cm

17 REFEmee 5% 2R EE 22em

16 REIAARECHEEmMIRE, @ LEARIWE 5. RE, ENABRFIE 55cm
15 RERZKRRTHA 30cm

14 Rat-ka&EEmirss REEZZRNE % 35cm

13 k& &dERmers 5 Rka EFERHE 5L E 30cm

12 k& &FENA%E 10cm

11 ¥4 & B EKREE 60cm
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10 R &% EBE) B AmA R % 12cm
9 BLreF R ERE S, RV EFEMNEE  40cm
8 kK& &EERSTINAE 8cm

7 RRE, FRRY 2-5mm, ik AeER AR, FRE R EZARMA B M B %

% Im

6 K@ EEERRAWEE Scm

5 kG e-Fatmery, 6 LRASEME . ME S, MIAHEENEE  30cm
4 RO G- LueEERTHAE  8cm

3 FRE-FUELHMEE, m ERAMEE  0.7m

2 REFERFTMA %S 10cm

E
| BLLEAMAE) E, JRIAEFRG, AR 2-25cm, RIVARIR B &, Kb & Fafl ey

EAHE, s E, ERTF, LEA LM 12m

2 Walker (1978) HMURIIARAN PSS, IXEIRBUA TN DYANAH: A A,
NIKA KREO)E RIS E A, S0 HBIERAa, R IERE AT A, #
JEJE 0.5-1. 2m, SN, JREH . B AH, g0 Ak, POk
SHEUR GPATZ . CAH, SRR, M DT e, d, e B4 a Bt
HRDIOREFP AL, SIS BT, A - IE, & 20-100cm; e d B
FRED A H I, BAKFa, JE 2-10em, {88 Sk B84k (08X o
D AP« Kb MU b ST 5 2 B B2, LA 5781 The T Tde B
N (B 4-1-108), @2 A Nl Bl AN RIc B2 k. Bz -4
Wb A2, WS URL TR B4, 5 AR e S 1 I R R, S I %, LA
TR EE N o DEURT N S-S, BR4 2-5mm, SINEUIRHES: TR
ARSI T T TG W SR, B AN I R4S e i o 3
AV FLA AR, HW W IRR P AR T 5T, AR b sz RATRAF i
KT AL IE RN TR BT (] 4-1-10F). WyRb—Je itz : T A HuR I g
R B W RO PAT SO

Z RO NI FUE T RUE ) — B ki e, B BB
Tt ORI IR UR, OB R B o S BLA AR LA BT B i
WEREE R, T HAR AT DUB A RBERHE N8 R BRI 95 2 EaE B
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1% (Partha P. C. Et al., 2002;Belen Alonson &Gemma Ercilla, 2002; Grant W. L.,
2007; Jacob A. C. et al., 2009; T.McHargue et al., 2011; FRFEH%, 2013). Ji#lHr
ULy AT S D SLes - S id) TE A 07| b/ S (T A S R L PAE < A U L o A
JAARTGES VAR DTN, LUK Tab JRFAE, KL J2 BRI ) 2 B ik o 00 2
PERE oy TRASR KA Ao, Rila B EMea s, AMEE R R, 58%
(R AR SR, & T PO R, AT IR L VARl I D 28 PR O
FRIE . AR AR B s st =), LABE T 2471 The FH Tde BA o gl BUE 2
FPAEIBUE DR T AT BB, A TR B TG A Ay o KL S KR T
KAULZE S, 1 IR AR ) I DX 35 A7 F S (0 K LG 3y, 35 1 g A B A
— N30 o ARSCNA T2 53 AT IR BUE DU S HE AR AL S AR R KK IR B,
I HEA —@ R E, 456 I8 LRI A AR ok, oy R SR
R BERHE IR (R 30,

4. 1. 3. BERAYTFHTIC (The shallow water sediments, the Zhesi Formation)
LTI o0 An AT AR X R, SRR DY ) A, 78 G AR AR e AL s
Z b (Bl 4-1-1. B Al 30 AEARE st 52 210 N S0 527 5K 1K 00, BT
TECVEAN S D e A 22T 5T, AR T R E BB Rl (Grabau, 1931;
AR, 2002; [WIRME, 2004 ZEROMRAE, 2004) 0 PEHRALAA BRI TR
REWHE, FENE B ARR S SN E IR . Tz h =
B — BB R A I RRAN SR A b S rh i Riib s — Bk
FHIG A O RIS B BT s R b i s AR S A, R R B AR I
() s —BOA RAH S I 0 U iR 5 B S RN SR AT A TS A IR ib 2 (250
PREE, 2004, FAAE, 2002), HHORGWA T KREEDE, SHBLK. N
RE LA LB, B =AM S0 700k Plerophyllum
crassoseptatum—tachylasm zhesiense N & 7 , Pseudow aagenophyllum
vesiculosum=Diphycarinophyllum 45 RS S G I Waagenophyl1um
stereoseptatum—Wentzelella A&, FAR M St (-265Ma) (T ZEA
4%, 19855 N HIREXHUTE =R 19965 TH. FoRTE, 1999; XIMEASFIEE
i, 1998; EHEAE 2002; ZFMiARSE, 2004; RMIPKHE, 2004; FoFAE, 2006,
FRATTH B SRS R BT W AL L5 B iR e — S BRI S - a ignl 4l &, 2 =
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REWAIE  TEDWENE G o BRI S 2 oK g, AR & 20-40%
Z ), LK s whm il i h 32, AN WA S AR (B 4-1-12A),
BRI AR ZE, (HR BRI ALLS, 1) BT S 7 e AR [ — B, R iRz 3
BOPATIE B, SRERD S SO (& 4-1-12B) o AN BERI] [r) 3 2R A
B, AWK T AT . Ghin) b, H RS BEmIS M, M E TR
N, JFEA kLK.

VRN ICE FEN G DG EE I EREUGRAT IG5 o AR AR
VUHB SO YIS, 3 E R L A, LA e s, a2 b
FEIW R 7 3 2R 5 397 0B BT 5 M 2H A B e KGR S BRI A S A AR
I NG IRB BIHCIREA ZE e IS a4l (B 4-1-120), %= )2)F 15-30cm
AN, JRER AT WK A, R Bk o & FE R, FEONEEA &
WiAESE . SRR WEASRIRAL TR, TS LA BRAE T B %
WIS IKoE BV TTNCE s A0 TR T Bty B e ) A= i o

TR S DX 2R AL 7, E 2 LR R e KA b A
O A e a R i, Ry I8 i A R o b TV I AR AR R A s A
SR BUCE 7 , REE IR TR (8] 4-1-12D),

T AR S PR S 4 A R AR U o e AR ORI A e n TR Ok
RIS Yo ACE )2 o WAL r A T O K O AR ORI s, AR A
IS ACE B, &R S . BRI, BRSO
A B E AR IR $h e 4R, JF HAESE S KA ZE ARk ia 2 B A2
TAET A 2 P AR BT K LE K (K 4-1-12B), IAE KA €4k ls
MM G 2 8, APATHEG KRR (K 4-1-12F) HVRgn b sl (&
4-1-12) MUZFPAIE L

——ARLM——

12 ROEFBERE AL, P kT EBRAEYHES KL >100m

11 R E-RUERZRIRARE AL L &, B2 10-15%, RS REHE,
Ko 2-5mm, VAR EFE Ak f EHE A £ 28m

10 K& EFEREVES R E. Adhiba K EF45 R e % L& 94m

9 rFEe-raenE, ALAHRERENKERE K E. EYRE 286m

§tHEKLEE, B 2m, APEIL, FREZE 22m
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3

Kb & B EREMLE K E 153m

P\‘*\'

6 RAAKE EF BRI E B 5, MHAFERMIE, 755K 1-20em, 2o

b=q)

B AT, BEFAEKRT Im EF/E 217m
5 RUE KRG EFERAEHE G -E B S, JRIFRE S EY 20%, B EIE, Ha
BIVAKNE. BEAE, 2V ERE (5%), XEFAFEE, M5+ HILKEE
¥ 427m
4 HE KN AERE. BB, AR 10-30em A4, EHAR-KAAIKR, FELa
A, RAVABRMK L EA T, KRAKLELE 37Tm
3 RHAREABERRE B, QLT AME S B B RE . KRS 4k A F ¥4
£, EARARKEARK, K 2mm-20em RF, WA ERRE T E A KL B EK,
REFEREWEZRETRR 223m
2 BE-REFERIRE . SIS L LR, LS THI0%NEE, TRIEE,
RS, RWAE, 4KbE. BE. REMERREMRE 85m
1 BRHEXK L EEREFERER AWM E. KW EEE, KhsrkE, RLERE
&, Yok, ZESRREERTE, BERF, BEAH 20em £4, BHILTK,
APEGR, BERMEZURE AL, Sk E, FALSEFRG >50m
—— ALK~
gr BRTd, AR BB JE KL R RS b B AR S b
A WE TPRRAOR/INBAR, IS, BB —VERR, 7 iEmZE, s A
KieahE, DEIRE S Mcase, 5 MMRRAZEALIAT R, KUK
HRAZEA KL, RIAR RS, &Ik R, JORZH, P47 = B4
TOR IS, FAT REAR DO U BT 55, ARER bt 2 i) AR B0 = SR
WA GRS . SRR K LS b PR R AR TE A . AR S K R
Wha B, SlEaaE WRENA, KEKTER, & AN
i, ABEJRER AT WAEIR I, R WA AR R 1 Bl o 7 2V E 2 B iR IIAS
i), fERkIRER A i E A DR R K E R E, U AR K a5 S, A A
BV AW AR TR . 856 DX JZ FEA KPR, T AL TR IR F R 7R 7
rh = TG R R R AR I A W i A EL U A
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B A-1-12 RSt D E I A ORI 3 Sk B
A TR AR RS 2, R 20-40%2 18], LKA WA R iAo 32, WhIEsCdE,
orikzE, BRI BG B HALMR b2 A ERA - A I, el R S AR . AL
CH ) KESCRZHECHTZE; C WM IHEE U H -3 2R RS B Je A
MRS DA ARG, BYEIANKR T, AR TSR S BT J= A7 Skt , WO i st e A,
JERPIEN: s D WEHRRICAAE At R TR A i R IO A B e, IOH T S2 T R0
s B FEAMZ R EA MR KRR, % In 2ok, R, KOLEBI s Fe
AR B A e N 28 AL A 2 by PR
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80°
(] 16 .= . e neme T 59 R S ) = e R T |

s EE=0 B == === == s | == v oy YX

ks BHKE ERKE Bt GERE M AU Bk Kilvgi ey

Bl 4-1-13 At DX S OB Py Sl 7 i

4.1.4 KA FEKILE $ G (the Permian volvanic rocks, the Dashizhai
Formation)

BIFFUDC KL B4 2 B I3 A i A S R A s PR S B Y
RATIEAFIRIE KNS, ARG KA A Kl

Vel AL T AR R 15km X3, BSR4 ) Je AT, R R R AEAR
VIR A, B ARE ol 2 i i, B RRR . KE O X EA K, T
FA IR ABOIR S BOR K, AR sr L SO R s
AR ER . KBTI IR BRRZES, JREERT 2130m CHRpT i<,
20000 ZIEE K e R AR — R AR A RN IR RAR N o R A1 AR
AP SHEMEREIRE (B 4-1-140), h—FBIK. KK, KEOEITHCE |
B b R e AR it b A T KA 2o AR e ko AR e s RAREFIE
T T B, DURIRL A, R IR RO, JRIE 2 AR . BE b %5E
RN, XIS BATROIRE K, P& R 10% A4y, EEOUEA. R, B
fi 2 N KARIR S AR T RE s TN [RPRE- TR BR AR, RHC AT 28 BLAC RS
FCTR] BRSO A R BB A T O S (B 4-1-14B) . AL R X lls
POIREEH S AR AR A B ik, BOfR ARG, BEa R 2 FBAEIR, K
PR TS AMORHCA R, LS RS 10-15%, B Ue. B gk
Jerilize (K 4-1-1400. MR Zula, i XBmBCIREHERR I, At AL
FRIEA, RIMKEREELL . BB 25l (& 4-1-14D), LB 4Ky
fit, BRBUR/NZ 0. 3-1em NG, 2R JAHERENE S HIsi T A A3t 440
SEOMT, SFARY ca. 280-290Ma, 5 AT A SE RARL (EARE R ML, b AT ca. 430Ma
gk AR A (IR 30,
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As ZETHES SRR S TORUZ , BRI BONE)E s & s, KB KFEURs B:

ZIE D BRRE M Gk, BEAREAT R, BB [RDRE-TRI B M, R R AL AT HE

FRBUF o (SRt BRI e C: AR, BRRE M, Bk /Bl

A, FARZWEEP AT KGR S AR (FikAb)s D BRORE XU, BREEH, BTE SR
WK/ 0. 3-Tem ANZE

KA ZEH A ATTEREFEIX AL, SR 2 AR P8 1) Ay, 22 A Ay 22 1l
ALz, RS BERCH AL, KA RIE K S (RS e 0 e AR
BRADRLE B A DO, Rl n] WA i g KL B DR J2 o AT & b
R TR E-UIRCE R (B 4-1-15), #dan k.

—— AT ——

14 RAAFREFERR EFBERTNEE, ALK L ERE  >86m

13 BHABKRELHMALE RS, TmiisFaE, RBEERZE 98m

12 RIAAREZ LS, RRME, BRHARKEREE, £F 40-50%, K/ 0.2-0.6mm
EA, EAAHLFEBMK L E k@b s KA % 226m

11 B Khs &k Y ERERKE >66m

——FwWnEE——

10 REE., RgEmTe by, ARILRERTZ LB RBR T @ 5. WA EE, KAERE
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& 92m

9 BERBEARDAE, &K LEHE MAANLERATRE  149m

8 RIA L FEERK NS, SRy, LIEATMERRAE, TAHRREREKEZ
>66m

T R A BRIT By B A 8, TS AR RNR, RV ERLERE, £EFE
7-10cm &%  167m

6 ke tig R s S bmtitig B e ak, &V EHRRERE 63m

5 HABEFEERBMEK LS, HREH  98m

4 FEKNEE, FEFREL 20-50cm RE, TR S AAERR 5 F8 K82 113m

3 REMEKLEEERFET YL/ L. AEELE 102m

2 BEEAEZLE, kML, skEH, S ABRFKRE, £FY 25%EL, K
JRAREF A hdh, BELFBEIRAEZLEH  52m

1 K AaRs. &3, AARKRDL 20 cm A4, ZHRAKR-KAEAIR, ROABREKLE
A E, RS H KL AKLRARL  >30m

—— R EK——

FZ A JCE S BEACE M PRI TR, RS B LKA RS T o
Kles BAT VSRR K e —Ia—UiARE AL SR (1B 4-1-16A AT B,

HIREEAE . KOUAURA MRS A2 s s hE, MRS R 30%
-50%, HRZ MBS KOO KRGS, WELEE. BE 3, &
20% /A7 (& 4-1-16C), AI WL/ B b s () k. e 2R E 2R 22 s
Aoz s IS 22548 o e N B0 POR M I8 sl A DR R3S, BEIRSE R, B
& 10%-15%, BB A RHAT S A58 BTN AT AR G A BB AT LR
FERBFEARRHC AT A A8 I 2% SR HE S, A w1 — e 1R 07 ) ko 0 1 v 30 S 2
B E— U A A G B S-S A - KRS, DIRUE BB BT . b
EALRG EE DA NS S T, T EIR, AR B L (K] 4-1-16D),
AR RADNATIKE (B 4-1-16E), SHREGHZRE S e K ILEEE A2 b
FTHT L0 H i J3 IR R 22 FORR SUTUK L& o, AR AR NEAR, A HM
RROETKA, PBDIRE . JORIIE SR SORIIE (B 4-1-16F), BEs
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LN EEONRHCA, DEaE, RETESCR, KD T LS. RERETPEA
B2 SRR S DA FIREA T 7, [RIRE AT KOs s - DiB U A5

MR AR R AR B2 538, KA ZE AL OLes nT LRI i i Al B AR g
RUTBAFICK AT Al B2 es s Az, Jeddlm 2 2. 5.
100 1245), JEEER, BRHESRE W, KK FURRE . Kl W
otk ARG . BEAH UL ATRE AR, AR 2 D, 25
BRI 2™, AT o RV : DUBEA RS 25« A IOt A
FOREEYE U240 61 7. 955, BIZFEFRTH . TEKLEE AR R U,
W FFER G MG A EVICEREREICE . KA R E 2 54
Ll kR, 2 BN OZ 12).

KAFEM LG TR K LG S i — DR E A, IR AE LK
L TR S0 PR i o B R e o ) P8 LA 189 JEE a3, 3 W L 50 38 T ik
59, VIBUWEZE NG O H B i) klis E 20 th iR 12, AR RIS
A SIS R RRECE . [EMERNZ, KIEREZ IR KA S
JE RS TR TTE e A0 B BRI, AH i 20 R B R B30 3L, A K
SJEER, Hr S EUS ) I T8 IR W BB B, YIRS
VAT . HLBRAL A RIS S KA JE 2 K o HAT XU K OLEA (RRFIE (Zhang
etal, 2011) , PRUBHFSTIX KA ZE AR AE — B A RN 5 N R B IR R ARSI
RS
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B 4-1-16  §HE0RHLIK A 6401 3 Sk )

As KU AUV 2 B Sk R, A EOR 2l ilss, A B 2R i B:

WA TR RS AR s =, BEBUR R C KIEEE, WEZ N, 3R

BETRIY s D Klea SRR A b, #OKPEEL, BB E s B Kl

HIRNRAIE, AU, G2 P KA TRNRECE, K HRL
i

/AT WE N X B AR E 4> T (the structural and kinematic

analysis in the Mandula area)
R B A L RS VAR e S¥ AW e i | i P e R < 87 O | A oy

B2 (Xu et al., 2012). B SCHEABUR T RHIGE S A F IR IE . FRATHE
HEPANESZ, T T AR b Hu X 0 85N 5 A I BT I AR TR (B 4-2-1),

P
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JFgeit I E ARHEAEE B AL, T A T -

b __‘ I.L Aa a \ A
o oy I
[ & -;‘f“s- \ i |
| );-“A_ '-'n & I| | t | III
\ e " % 7 ¥ p ry /
e o) Co——"on-35 R~ A .N2o —
42°3%' 10835 108°40° - ————t —- 1850 —— -—'-“IID?‘." . .. --—--I‘IID'O_Ofr' d _110‘0_5' 1100 ”:

| — P .
L . o T R S hE N

A

109°35' 108°40' 109743 108°50' 108°55' 110%00 110°05"

il AL o 52 ] &bk

“giessis [ _
d‘?iﬁélffﬂl*?'ﬁ;bj | ] ki etk
T ok fe it i el
] #imia :’/:_ut # ,; :;; E:L 7
Co] kAimkakns ] —#akma® X gopmman

4-2-1 AR B DX ALY 3 A T i T 14

4.2.1 M A B ITTAIGRHEFIEIT (The structure of the olistostrome and
turbidite units )

AW AR AR LB, TR AR SoE NS, MR R
RE B P EMEDL, B geisn, IRATE ARSIt R IR K sk
J=, RILIA) N BRI EENE S, #E A EW [, K (K] 4-2-24) o Rl s R
WILKE, el LG 212 B B PR AT sURAZ, 78 P F AN 5 2 BT T
AT Bl e 22 0 B 28, fBifh 40-50 2 8], FHAE ST . e Sk Fnr W
ESPL S 5 S RAMBEDIRICR, ACM—MK 10-60 B, BEBIREMI, Miffi 10-50
JEZIA), WTZRVE e (18] 4-2-2B) . oMk S EARMERL 5 2 B I /848,
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A I A TR BRI BS B OC R M A0,  REAR R M AN RR, TR kB N jag {5 (14
4-2-2B F1 C), T LADKI 38 3R I ) A0 o 0 R0 2 1 T 0 e 200 B
BB ]I B B T — s FERE e F o T2 BRBS B OC R B, AR B Sy
AT 73 WG AE 1 AR ST NE-SW ) 79 Al (18] 4-2-1B, C A1 D), A fHE 51T NW-SE
5 R AR AR A DG, (EREA MBS, BERLRIEELE AT (B 4-2-1B), e
P TR 2 B A S ARAT (&1 4-2-1C A1 D)o H1 TR K A2 5 2 (A8 SN R4 3 B A
H, B RS R SPAT R B AR ORAE R AF o 7R 284 AR S TR (Tde),
RE RLFEN A BB, REA0E R NW,  FE40R I RA7 B (1 NW-SE [ 37 f
2P (1] 4-2-2D) 0 YRR I 2 T AR R BRI B DDA I i) BE R 1 S, (B
SEEMBLE Ta B, Al W —S60RE 2 MERA Bmbr e, HAKHA NW-SE i (|
4-2-2B), AEGE FIXLER KRR L UL o fEDE, FR/TIES ) NW [m) BY )iz
& (E 4-2-2F).

TR G S e BE e b, IREREAZ T I NW-SE [ B4 AR A
PRI A LT K B AR R BN P RS (] 4-2-2G) 0 BFAPILE— 454
Wk A Yok, PR, WERE, VNSRRI R, YUk RS
WHES (B 4-2-21D, FEA 4R BRI T WBSRGEI . BN, 2k BT NW-SE [,
IXFhaR FUGE R B DI B IS KW, SARFEL D) T HeaE NW-SE [l [ 455 F AR
.

4.2.2 RAFEHKLEMEHHAIIIRE (The structure of the Dashizhai and the
Zhesi Formation)

KA FEH IO -WE G FUE 2 5 T RIRE R A, AR 3 N 1 B AT )
AR, BEAETPAEDIBUE R E T, R K TR W BEREE ST, 0T
BERAYE RAAGE ) AT NNE-SSW (P 4-1-13B 1 D)o X3 F X SE 84 LT i 48
b, BWRKEJUERASE, WAIEK, 5 E-W 8 NNE [,

YA A KA ZEL F P, ARV ) A . SR BTSSRI,
MRE T RINIRGAE, RGN ACE, Wifh 10024547, BSRHE RS K2
R 4, MR AL . RO NS, —BIL K- JLE K. &
TR 2 ORI £k R RE S Nl 3 B-W R4, (HEESBR 5 AW R (&
4-2-1E).,

84



0 M o

Kl 4-2-2 b b DX b 2 AR TE R AT 5 Sk 1]
As PRAA BT K LA Y2 R A WUENE A, Rl KT, B i B-Ws B R AUS YR (Taby
Thd) fibg 2 BEFIES B A BEAHAT, Fa7s NW R BUA X FREE S E R s C: Al BUA TR (Tde)
fibs 2 BN ES KA FEAHAT, Fa7m NW BB AT FRRE A E R s D: Ja3f o] DLl R Ui AR I
JE A BUREAS, REAEER I h AR 2R BE NW-SE [7]; E A1 F: yRyiyiiN Ta BodloE M b (B), Bl
KB AT NW [ (PE st i . G: W SRRV b e 55 56 00Uk /3 % R BS 8l H: —

SRR K L AR R T, 5B BUIRFES

Y
L
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A KA ZE AL DTRRR 22 i), DU = A R AN R E
4-1-15), FEAHRZERY WAL T2 7. 8 11, 13, Hoh 2 8 sl K 284
W EY IR AR, B PRM R 0-30° i 50-80° AbLBANX MR, E
H 2 K L R SR 2 . J2 11 IS AR ANHZE 200 R K,
B, i 175-200° 2 [8], MifELE, (e 30-40° ZIAl. ISR &
I Ay 1 S o AL 10 X AR A

$£= /N4 (Summary)

WA A AT ITOR S SRR, JRATPREB AR DX R 730 T 4 RG4Sk
oo, el R HERR . RS L Kl TN A i AT TR

THEHER SRR ACE . Wha s Klea MR e s, R - o
Wb E e E e 1% TC I R A — S [ A IR e 3, anlF 3R Al RR 4l
INRIES IS, FE -SSP R T EIVERL 2B, $RRIT N-S T BRissh . T
W TR E A A 5 20 B A L A A= PR A AR AR, SR T B s . %K E
P PRI o T B HERL LT S AR A AR TR BRI o S, B W
RISER

TR b X R BT DL SR 0 PR GO RFAE, FEAoR AU B
Tab Bh 32, KRy Jz2 PN R 2 B , AR S FR e B et A4V SEAH TR . 4
MABLE A A Tedey Tde B, QR A MR B i s ™ 4 o AR A S b X 3
BRHERURT B R A7 LA i S AT, BT A EA TR A m] RE Kl AR
WORRIAE, T DB B OB A Sh et = A i, SEWIRYIRES, TR
) —EH IR

WFFEIX TR 335 & A R 8 B P Jes 2 R G B KA 2 P IR K Lo o RS
o EEHEEARK KO X R4, RAREIRE 2, KCa K H B
RGN 3, A K AR IE . KA 2820 E 2 ks ks . 2 i
g e BEACE ARG A BRI RS e s S S R S S DU
KATFEM YRR 7 I EAS KO B R — i U — P () s IO R 2 B o DR e o 2
NN IR EAT G B, BRI AR, AR 20 R [ B 0t
KENRVIRE, ARSI, Bl OB 5 R A .
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P Ab e Sk on A A daAE BIRoc e b, RO ERR KRS ibaR
s R e R AR ARG B E R R S R S - A s e R,
BRI A R 2 3, PURIZBEAE, o b AR TR AL o A= s
BEEFAT IR, S a a2 MHESEEEA, KEAKPZE, & TN
DRI DRI AR T Bl IR . SRz i X i
MR DO AL S g R K IR, i 0 A 0 S s DA R AR ATt A LA, 18
AR A I R], A X AT BRI AR S B AL

XL R FRICHAE N W1 NW-SE [ AR Al A kA o A2 0 e T PEANTR] Y
FIG, RIUAANF AR o AEIRBU G 0 T BRI (AR (RIFE A1 b 4
Bz fat sy, B BE AR ACH , ARSI T LU 2R B S BE B A AR MR
JeU AR BLRIBS BEOC AR W 1, AR NW [ T AR PR 4. e TR K Kl
LR IR R Z 0 R I 58 22 1) R AR AL, KA K, SE AL
BOR, AHZ R AR B-W Bl ENE-WSW fia), ¥ AR IREFAIE Sl 7 0 g 2 AL BE A AR ARy
filo AEAL BT B BN EUR R, AR R B R OB e SR ol I o IR A A
55 DI b U NW=SE [7] 85 A2 A 0, 8 AN Bl )2 0 i SRR oG, DIk
FOHARNAEN B 2 e (PEILSENFDD o T AT ST X DA M T o 1) T
FRBA A GO T, T AR I ARKPU (Meng, 2003).
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FHE BLUWHREREAR (the Time Constraints)

SO 2L A7 DX s A0 21 Tt DX RT3 08 7 1 X b S 4 e 2B AT T 1R 1
A, K HRI D 2 N IRGCHE AR TG . LS A 2R Hr N D& T T 7F
M FEACEEIEIT, W E T e XPErRa ) SR T, B T AR L= D)
KERIL, DR A AR . Uiz, B THERARIN, HITRY)
P DL R XA A R R 3R, I(EAFIRAIR D o BRI A IR GRS A 5 A A i B
JCVEANRI A b, — O RS SN AT R R LR 1, 55—T7
AT E A U-Pb FEAREIIE , R 54 = 5 s R AEAR IR 24 T 70 A,
St NI L ) S A B R SR AR A AR

F— KW HEE (Analytical methods)
5. 1. 1 FEEhALEE (Sample experiment process)

Bl o e AR A4S SRR 5 R e AT, R R R R RO FRURE 4018 UV, (RTINS &6
AAHBE N T THE . AR EORAK R . B FBREE, JEATREM) 4>
Pk, PRk RIS E R R NN IR . AEES R, L ORI K
s P A Red, S HENRAEARER D, e ahEaA 2T E,
PEFES T BRIL T 2g DL RS o Rk Hh R B A FH A I [ g i ORe i, UG A
WRE, RIFERE A BT BEALPRIE, A BRI B0 S IR AE, BRI
JE SRR AL 200 LA EHIRE, s RO — A G EE . end BRI, R T
it B LT ()5 A PRS0 T A D S8 A 2 o 0 S IEF TRORE B EA T S s i
IR A0 (CL) BAH, DASREUES A1 1) 45 S B & SN BB A A5 5, T LA 53 R X
W4T U-Pb RN ZIMGE o BN AU, 27525 B A FE R UG &G
AT CL FAHFRRAE, SR BT AR, PR A% A E, DA
TERSE RIGHERA P o IR SSRGS R A I, SATRENLIE R T, RE
FIIE N R 57126 o B A7 B4R A O (CL) MEARAE AL 50 K 53 1Ly By i e A S 6 =8 M
UK AT e R, WO B RO A4 LT AU e s (HY) 10k, HLIRAE
(SP)5, TAFERE 8.0 mm.
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5.1.2 LA-ICP-MS #54 U-Pb E4E (LA-ICP-MS dating methods)

WO ) ol L B R A 25 B T UR% (Laser Ablation Induetively Coupled
Plasma-Mass spectrometry), fAjFK LA-ICP-MS, &Ik e Sk i) —Ff A7 43
Brorik, BA S, MR RS L, R T KRR I T . AT
AR, AT EZER LA-ICP-MS XA A FEah BEATH5 A7 U-Pb e 0. sl
FEef, A PR ES AT SRR IE R 7V, DA MRS R R S0 A ok i o R B
JRCEE AR A 2520 %, (Black et al., 2004). LA-ICP-MS #i47 U-Pb 5
A A R b K 2% (U0 b TR R 5 7 W 58 R 5K T i S 6 s 5 SR 3t
REERE AT S e S0 AT . SER AR R He AUE B, Ar AUE
NAMES o BRI IR 20-30s ISARZE 1T, SRJE RAE 508 IIAESE 5 o
K HT 91500 #5445k U-Pb & FEAL IE AN ARAERT il R T WIFEAE 0 RS IE
FEdh, KA 5 MRS G EZNEARFE. 91500 H547 U-Th-Pb [Al47 2 LU AE 1 bruE
{E%E ] Wiedenbeck &5 (1995) #iths o # il (¥ [F)f7. 3 EUAE 75K H] GLITTER (Ver4. 0
Macquarie University) #2/%, SL#dliiz Bl Anderson (2002) J7ikHEAT [FIA 2%
FAE AR I, DAFIBR T8 P IR 45 R 520 o 025 A i — L 30 4 ni
BEAT AT S H 5 S B H LR K T 65 ANBURLEEAT e vt o St bR A
8Hz HISOEATRA 32 um MIEOLHRBE,  “Pb/**U BT -5 ] TSOPLOT
FEF (Ludwig, 2003). FpS35E (1) U-Th-Pb [F] 4 2 LA AR R 220 1o, I
PR A AL 95% I EAG R . HAFER IS, AL U O R A IE . RO
JGHER, AT e SRR, AR TR T AN L, BIRR AT RERZ 2
THRMEAE . ARHE Th/U WIS 4 CL UG, WA R T 40T — Ak i
RS SR B 47, Th/U LG/ T 0. 1, 17 Th/U KT 0. 3 MR 7ZR2A 22 eI (Wil liams
et al., 1996). XJFRIFEG A TR, EROEMBEAEAMET 90-110% ) Eedfz H T
SRS . ETE B AR GE T, 25 Ph/ U SRR E KT 1. 0Ga, L *Ph/**Pb
SRR AT R TSR, 35 P/ U ARERE /N T 1. 0Ga, TUIREERN *°Pb/**U 4F
TS
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F MAL R (Dating results)

5.2.1 JRZAH 2 K1lEH A (the metavocanite blocks in the Hongqi mélange
Belt)

KA YA 090716-29 KRR S T 240 IA R A4 N (GPS: N42°59'247,
E109° 55'207), ARJi K ilE B it PORER R AE 2% oo 38 i . A Dl =2 BE A S AL
B, WA RE b, SRR AIR AT (K] 5-2-1A).

e vt A T, g v e, P

5-2-1 WEEAE A BT H WAL & A
A LIRS AR TR I PR, BERR AR, AU AN E T A S e e A
W GE. B: WEHASHL XuUBUK s, BEARGE; Co WHCHL DORMAR S TR, 8 i (0%
Kl Yo s EAA SRR SE D RERUJE B N AR, IEACET

MR A G IR B 2R b IS AT RORE 22 AR, A3 A A AT A (R
A, W BATE AR AL, A B R W] B A% A i, R
ZHOOCNESS, BRI AL 5 A HoAOeEsE (B 5-2-2 A), X
Seghfr Th/U LUfEAE 0.1 Zofy, HBM/DNT 0.1, WSz B FEEE AR i it
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( Hoskin and Black, 2000; Corfu et al., 2003). XIAfdh 09071629 HE47 20
ANEEA TR, Horp AT 6 AN R R S, (i B AR, AR REY
PRV RGBT . FRAT B PR P (R AF R AR AT INBLTH 55, ™"Pb /U AP 1 4F:
Wk 485+14Ma, MSWD=13 ([ 5-2-3A), ARFE KA ML MAFRS . H ek
A Z A, W e S IERANIE R P RRATK, tnlfig HACEKR T ik
AR o

K 5-2-2 SAI AR A B CL B AL
A: ZUBPBOARAR FKICERER; B AR D KB A R s Ce Tl AR DX A
(EINEN

5.2. 2 iHkHr XA (the basalt in the Mandula area)

TAERESL 090719-07 SR AT AR B RE , Z046 8 0 N42°22'38”,  E109° 58'57
Y, TR RIS SN, 5 Jian et al. (2010) A1 Chen et al. (2012) KAf 2T .
ZuUE RGO, YolRIgiE, B NS hBOIRGE ), BEAS R 2T 16%, 2R
KA, M, B A A, Mg (B 5-2-1B). PR
BIG EoRE, FER MRS 2 08 ATE AR i, KBELtbrE 1-2.5 28], RER
TP D RHERR A, X 30 MBS A AOIEAT 55K U-Pb [RIA7 24007, BS540 U e e
160 31| 700ppm 2 [A], Th 75 &7 38 4% 250 i H 7], #5447 Th/U LL{EZ /v T+ 0. 3-0. 8,
BOR TR REE RFAE . A0 0 0 S I B R g s, R
Bk, [FIRE AR SR, IR A W IRy, SR B AR Y
AN P IRRAE (B 5-2-2B)0 30 MINAAFERE LU 71, Horh B KA 4
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1800Ma, %5t F.oo i AR RS, SN FER ARG E A 289 + 4 Ma(n=8)
MSWD=0. 0014 (& 5-2-3B), i%f 5 Jian et al. (2010) fll Chen et al. (2012)4%
VT o AHREAFE R ML, FEG oA — i e mderh, HOgEmBERLs, n
BOT-¥M 434 & 4 Ma (n=6)MSWD=0. 14, CL F§ BoR Ky 4k &% A RFE (K] 5-2-2B),
PO XU SR A, 2 ) A AR TR TR Bt

5.2. 3 JHE P ASHEK S (the altered gabbro in the Mandula area)

MAERERD sgz=3 R AR RIHL D I i —ly, 22208800 N42°24'477,  E109°
33'26". #& kKGR, KAPERRIR, AHAA Leme EA R EREGE L
WRIAE JH AL A PTRUZ o, BEA IR WOIRIFE . B N S e XA F
HORDRAC A AT AL, KA R AZE R (] 4-1-15D). BT AOG
% FRE, B RNEEER, 50-150 um 2 [0], 85472 N BB R REAEIR S ik,
K58 LAE 1-2 22 J0), R A R I B AR BB AR FR A, O SRR R B A (1
5-2-20). A 25 ANEATIIEEAT S0 U-Pb [FIALZE0HT, BS54 U S EVsFAE 80
1| 700ppm 2 [A], Th 7 &7 30 42 550ppm & Fl 2 8], #5471 Th/U LLEZ /T 0. 4-1. 2,
BOR T R TRIE . MR AR 2 R AE El 2 BT oA, O RAE
WAEAE ca. 1850Ma, 1600Ma, 1000Ma ZiA7, ‘2o~ AnrFERbl i s BN
FEIBCEEIE A 257+ 1Ma (n=6) , MSWD=0.3 ([& 5-2-3C), U T KA MR
NFWE
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0.105 640 0.4
A) 090716-20 ®) 0g0719-07
BRI gop/ Lot 1800_
0.085 —. i & 03 540
‘j;l;b by et “Eppy 1400 = :f
U“'U ..-
SR - p
0.085 — 0.2 0 atsama
L 1000, 380 n=g (95%cont)
o ; 340, MSWD=0.14
i : 005,
0.075 : b g e 01 600 _ 300 — 289. 724, OMa
n=4 (95% conf.) 260 2
MSWD=13 ¢ 004 ’ n=8 (95%conf.)
440 LS | 220 MSWD=0.0014
200/ 0.08! Meriliin ; :
0.065 ; PR . _ b 015 025 035 045 0% 066
0.4 0.6 o8 1.0 1.2 0 1 [ 3 4 5
i *'pp/ U “pb /Uy
(C)sgz 3
e o o [ "I\
ot 7 L 1800 &
03 ~
“'pp 420
ey 1400 -
380.
0.2 o=
1000 . 3404
300
01 600, 260 257,541, 3Ma
ey - n=6 (85% conf.)
sogf wp | o MSWD=0.3
L T T Y S—)
0.0, B =L B
I"\.Pb. —’l:\U

Kl 5-2-3 A3 EFE AR EE U-Pb 1R P fi

5.2.4 WFHHEFIER (The matrix of olistostrome in the Mandula area)

P 82304 SRAET-HE BRI 1 (GPS: N42° 24° 2775 E109° 44’ 527),
B E BN T KA A A TR AR AL, ARSI T, Ja o] WA AR F
HA. EE AR 2 HO FIEECE QRS RBUGEB00 aE VR, 85Aa KN
— 50 m & 150w m, FENFAIR, KR 1.5-2 /it FEIRAOL F
IBLF I ey #ar (K] 5-2-4A), ZHURINA 543 Th/U HEAE 0. 1-0. 6 2 Ja],
R ERE B, R WM k. AT R A 2V EDR, CL K&
T A, FRWISRUE S e sl KBRS (W iis o ASkE i — 35204 T 65 AN,
Horp B T — s — 8 U-Pb 4E8S, ADBERS IR E ORI
JERT 10%), RiFAGit. #iqq “Pb/*U 4F# T 8T 550-250Ma 2 7], 7E4F
e 3 Bl v (B 5-2-5A) , B AT F IR R R T 2 4 TE SRR U AR, 3934 263-315Ma
FA11-51TMa. AR B/NAERS IR A 250Ma (1 1), H/MERELE ca. 245Ma

(2 FO. AN A1 T e A AR, 800-1100Ma (2 D,

1800-2200Ma (8 i) F1 2300-2500Ma (3 Fi).

FEGL 72044 SRR T WS B HE AR A o0 e Mg s (GPS . N42° 237 027 ;
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E109° 40°517), #&K MK A E, WE™E, Wi PuRpBiv) iz~ K
ANEEZE TE AR . S B AR 2 HO BB B B RS, R BLUC sk 41 (415 W]
WA, BN 100um & 150um o4y, EBNMEAR, KIEHAE 1.5-2
Jedi o AERIRRAOE T ZH8 A WLV R GG I, RIES AU E S e i, D
AL, JFRIRENAR, TR THOE RIpORU R S AT ¢ (8] 5-2-4B). A
FES 30T T 75 MR GUNREERE W%, 280K S Th/U LLfE7E
0.1-0.6 200, HATHEIEMBEEATES o X Tz R i 71 R s #5471 U-Pb
R AT B, ZHO TSR BB I ES A U-Pb 451 GERIBE N T
10%) . AHr 4 REoR, FERREE# AT P/ U 4 AT 400-480Ma 2 7], T
— AN EBERNE, 1N 435Ma (& 5-2-5B). HirP AT 4 e B B0 s R
by 368Ma, 542Ma, 669Ma Fll 1227Ma.
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(A)82304
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T [ PR R

(C)72022

(D)71107

P 524 EJF B P O, CL PEHGFE R
Ao ESHERUIL I 2 ST R B VMU TR B AR A, o s
TG B BT IRLR s D MU MG TR 455 AR



5.2.5 fHMMABLA (the turbidite sandstones in the Mandula area)

SRR 72022 SRR THLMOBUS ROG, R N42° 2T 177,
E109° 47" 55", Hifi i 30% /Ay, —MUAE 2-10cm Z00], ZriEfR 2, B —Hg,
F LR A K R A e A B NS A S A b, WIRE R,
B 40%, AT EZ, Jen ik HOOh i A sE (30%), B
GG (B 5-2-1C)0 kRS 3RAF R B A A L s (5, KRBT LAy ek,
—RARARR, KHELL 1-1.2 24, B R/ 100-150 wm A4, CL EHER
RSSO, KEELL 2 A, B AR/ 150w m AiAq,
CL BRI K IRG Fa B i o R (B 5-2-4C) o AFES P —3L50 47 T 75 i
Biga, Br T3 MU S e A 224, AR E R v I M & A, £
L A Th/U BOEAE 0. 1-0. 6 ZZ10), S fRa S sl R A A, Hrp 280w
FERES A1 45 HH-290Ma [(AFERME . (EAFER AT IR (& 5-2-50), B A1 AFE )
T AN BRI, —/NIELE 260-320Ma 2 7], (R K 285Ma. YISy
ATE 420-450 2], WEMEA 431Ma. BLAMEAT —LERTsEalal e A ke, 43k
1175Ma (1 i), —1800Ma (2 i), —-2500Ma (2 ).

5.2.6 EEJRVEA (the silicified mudstones)

FEJUIE A i 71107 SRAE T #Chr PO e 1 By W s, 2846 8 N42° 247
54”; E109° 33" 22", W13 BNEALEMW, A0 A, 7EEPAN R, 2
ATTEMAE BT AV AL RIS, I RIUSUN BfA, AR — &4
(CEHAE, 2005), fH24 F¥E s (Bl 5-2-1D). LM mrkic Gk i
BARZEHARRYAE, AR 50um 5 150 um i, K5 A
1:1 3 1:20 RINTERAREG N SIHBC KGRy (K 5-2-4D). 24
(R A543 Th/U BUAEAE 0. 1-0. 6 0], RBAESAT N A AR, MR E s Wk
SR MPREREAT T 73 AN IR, o 61 AN eI AL BT, BoRE LT
RIEAIE . ZEAER AT R (B 5-2-5D), X8 ¥cdls on AT Wi A, —4
fiF 250-307Ma Z[f], V&AM 261Ma, 53 —A~K 3390-460Ma 2 [H], WoRAy 2 A
UGB, 734 398 Fil 444Ma. BEAMEAFAE 700-1000Ma, 1400-2000Ma LA K
2300-2500Ma T ARV RS . P B/ N R AE-255Ma (2 M), 244Ma (1
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VDRIV

T3 AN EFE A 72034 RAE T AR A E PRI R, i T A
JG, SHJE Sy NA2° 27 167; E109° 49' 517, 7EMIMR ARG FiXeeht 47 I H 4
UF PR IAAE, 2B 1S Th/U LA AE 0. 1-0. 6 Z 18], FRUIH A 05w
U o SHZFETREAT 30 AR, JLrh 2 AMERAEIE R LT, JLREETE
FCH S PR AN RS I (] 5-2-5E), —/ME 260-290Ma 2 [A], UE(E4FEES 283Ma,
AN 430-550Ma Z 8], WEAHAERE 47TMa. HEANEAT —BEERME N 713Ma.

0.6 A
(A) 52304 82304
0.5 it 44 2 1 2600~ | R
N-57 /,/u N-57
04 29" :
s g
u 18007 <
0.3 b2 3
1400, £
o £
021 4000/ .
(Xl v d
' 800-1100 1800-2200
o _ JAVAN ALNNA s
0 2 4 6" :Jh 8 10 12 1000 1400 1800 2200 2600
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{B)T?J{?In;t : ] T20
e ity
0.18 : = - g
. 1100~ 5
L: o . E
0.14 800~ 210 I b
P2 3 &
0.10 ?ﬁ}/ ' z
503/ B i
{
0.08},./
I/
0.02 . A\
H 04 08 TTMIS 20 2 1000 1400 1800 2200 2600
0.6 090720 22
(C) 72022 e o
o W0
0.5 N 72 }@fﬂ
X
2200~ 4
0.4 / £
ph / :
y 180 g
0.3 ) El
=
149/0,/ g
62) . / "
1000
smy'/
0.1 /
#
0 2 4 6 Pu B 10 12 1000 1400 1800 2200 2600
U Age (Ma)

K] 5-2-5 yi5 Al b b DX AR S A A AEAR 2 U=Ph 1 RN L fi R84 0 A5 1]

97



D 71107
(O) 71107 ™ il
A 2600
05 le /-0 N=B1
22000 3
0.4 / ]
“pp - 2
. 1300/ o
0.3 2
14004 i
0.2 4 g
. maﬂ/ <
500/
01 '{' 701-960 1600 1800 2300~2500
0.0 _ i . :
2 4 e>mé& 100 12 ™ 300 600 1000 1400 1800 2200 2600
0.12|(E) 72034 700~ ) 72034
el W e ol T 2 2
M=28 S 1F
Sm/ N=28
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500" . 8
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400/ g S
0.06 / 283 g
303_{ =
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0,021 PaN :
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P 5-2-5 T FlH I DR i A SR AR U-Ph WA AR AR A 1] (88

F=1  FMREEXEPE (the Summary)

{ELL R TR A A, AR TR LA Bk 090716-29 R “Pb/* U INkCT
BJAE RS 485+ 14Ma, FATTANBAEE T KA KB RGERS . XG0 5 20 R
X1 5 A S AR AT, IR B £ U-Pb R AL AESR, A HAY
430-480Ma FFE (Bisx 1D, Bz s Seih sy FARIUR KOl miGsh 9%, 1
WA R b, R AR A B AR L s AL B e R
KR PARZ BGRB8 Y), — Sl Py K Bl e I B BRI, T R R
KA T T 52 5 [ h AR 45 i, TR RS G5 M R 22 25 et R,
U-Pb RGeS 2] Le5gmy, FE— LIl i 25 U-Pb 1A Hh &8, U/Th HoAE
0.1 ZiA7 COLBRSR 200 AR I )AL AR AR 5B/~ v 46 7 i o) A I
e

— S T AR XX A BT T 2 IR A AT, BTSSR S AKX
MARE KA, ca. 280Ma. (HAFEREAILZ, ARMRAIA KENREEA,
AT AT AT 2 70 A1, 71 420-500Ma Z [FJAE e — R RE, IACT- 316 ) 434Ma,
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BEAMIEATBOWTT AR 4R A B AT o X 28 Rt AR ARGk R B A 1 R A AU S B T
AR B BTSRRI AN, L AR AR R D IR e SR B K, RN T e
RERZ I (Xiao et al., 2003; Jian et al., 2010) , IXE&FE ALK,
ATTREARIE T UL, BEAE XA S B s i R b, 78— @ FE i B2 3
T AL A TR o AR AR B I A M TR G o X A X i iR i SURN i g )
EHBEAETESHE, AW A8 TRV Bl OB &g, 20000, A HIAA
J& T SSZ LT, AERMIP TG B sk AL T 445 9K (Jian et al., 2010);
UEAME A BTN N X B X U JE AR T AL W IR R IR 5L 1 77 1)
(Chen et al., 2012). HuRAL22/3 7K B (Chen et al., 2012; Jian et al.,
2010), Z X a0 R F B, LREE #2541 JHREE #2355 4, H 5 N-MORB
FBL RS L0 KPR AE ;. #I4R 143Nd/144Nd {1 0. 51262-0. 51270 . [f], e Nd
(1) 3.4-8.0 Jeify, IXUCRAESR S FORYR T 70 S T B g o T AR 0 4R
Rb. Ba. Sr25 K& FEACE, THNb. Ta S mipiics, XL RN EIE
W — SR E . H14G 87Sr/86ST {HAE 0. 70490-0. 70537 2 [], W g ki 5E M) it
TRGETE . VE52 S Fe MM LA R IR I EE, S S PR A2 AL, T
AR, B e X U TCa 2 A AR AT 45 A2 4% (Reading et al., 1996;
Hawkins, 2003; Stern and Blommer, 1992; Stern, 2004), Jf HANHREAFEAELK
HREE AT B2 B ST R R G . TRATIFFURIN, X8 L s B A BEIR 45
1), B A SRR RE BT, I HAZ AR AR AR TG ARGR AR A7 o X L IEH S RFA)
SRR IRBE IS, B SR T 7 Bt , () 52 1) Lt AR AR R 9ICA 2R TR 4
FITLAGR AT Sy 5ICA SR I — SeHh BR A0 2 M0 046 St R 35 Ji = R AE T o ARk
AR AT TR R R A AE M S L IR BT AR B, AR S ARk
WA AT I A0 ) 2, AEAETE) PESS I Be PR, DRIRAEAE SSZ 15 5% MM
ST BEVER N o R BT, FRAT A IR X B A N % s T iR 2
MBS VIR IRIETS ST, KB A RS0 o3 F s BE R 2 (R T S HE AR AT
AR (30,
TS DX T Al W A AR R B I ME h 25TMa, AR A M TR 4
A IS o 1108 B RS i Z 0N & T B A Gl hr s X 1. 25 J7 X, 2003;
FHEAE, 2005), XREEMMRAEMKCR LS00, ERTERS, 2EKE
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BES RIREEA ca. 1850Ma, 1600Ma, 1000Ma ZeA7 (K 4k A&SE A7, 57~ #lhr it X %
P AT BEAFAE AT HE aU AL BRI o BT A A WAL I DA/ B R R T B, R LA N
e gs PUA S A 13 JTURE I o

H RIS A1 APARE DT 2 N T Wb 2 D ORI AR | 1 S AR s X
PR X 338354k (Fedo et al., 2003; Andersen, 2004; Payne et al., 2006;
Moecher and samson, 2006). HbZIUIRAI AR — & AL T-1E 8 Y B8 B L,
o b B S B A ) AR R R H O R ) 29 M 2 1 U AR I AR (Nelson, 2001 5
William, 2001; Fedo et al., 2003). FH-TANE RIS 1 TR SUIRAERf 2
DR AP AT T T AR 1 R sl A VB R R AR B AT AT R

TR 1 DX T SR AN B G P B A RO N AF RS E. ca. 245Ma, KW R
PRI BB R AR I RIS BL T 245Ma,  HCPEAH I X SAe) 1 L R 30 RN . 7ETH
BRHER T, MK AN, A7 & B BRSO o A T
FLAT AL AR RS S AT AE, WNEAT ca. 430Ma FRIEAR, CL R 3R A - 4E 5
NN M AT (Hancharand Rundnick, 1995), 541 el X 5 9IUE 4 4
AEAROREABL, 150 8 8oy g s DX oty A AR 1 2 B e ok wT BRIV X o 3K 57
BRHERR O B DX (R A P, DS AN B Ty G R T B 7 A — 30 T AR
HRE TR b SR A g 263Ma F1 325Ma, HiAr CL EIME [FIRE S ATty
REAIE o 1R W 55 W AR i DX 1 — B 20 2 U AL A 28 L TR B IR AR
FHAE, HED 5N K L E VG S O, T REAE I B B b s N R AR TR
SEILE A RN AU AT WX LT G S, H TR R A E
FEAEPLE ca. 290Ma, IZFES A ca. 325Ma (AR U6, Ul HH 8 B A ok 0 DX 5K
ok CARAE SR EL 0 25 G B, AR 2L HEAC 7 b DX R IR A THE S A L 20 55 v A
S A B TR A AR B A 1 0 U I IE ST X R B AR A e 4l —
R3] B AR =B A

AR FAE IR P TC R4y O R RN A0 AR PR TR R Y, (H X
S it o Y e 2 S A B A AR A A B AR R A AR (I 5-2-5), 73k
ca. 255-300Ma Fl1 ca. 390-460Ma, F 0§ f 4= % 42 h /£ 4y 270-280Ma 2 [A] Al
430-440Ma 2 [7], XLEEEA S TEORTFEAS, Sl T IX S5 g B T8 52 1 L9 i b
2y 3 M T A E I S0 B8 ORI DX 48K 22 B TS BE B3 0, 1R s iR
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DAY A 3, CL BHR W W 1A ARG Aty , RIS Foa i 7R L,
X HEAE R AR b5 £ O X L AR R 9T R E R AR s X ) — B 28kl
WA AEAR 80 AR B A S RBE N %0, MR BUE th & KR K S R
T A o AP WA 1) 5 SCAH 380, I ADoK 1 g 08 1 vy A A B T X T R 30
TR KNG AR A ITRE TR A R N R AE-250Ma, B R TR AN
T 250Ma, JERIAH) T B LUIRUA AT e — HE S 3t SR 2 =84,

EAHE R, TEIXSO g WOk v, AEE DB ARE AR, EAT]
d B — M YRR, BOZE D] T 2R EE KIS S o AR AT BN (R -
HEHFE 700-1000Ma. 1800-2200Ma Al 2300-2500Ma 2 6] ¥T4EK, KiK E 1
R AR B AT U-Pb 5B 45 RARGR R R, AU B A S A
PRIEIAAERS AT 2.9-2. 7, 2.6-2.5 FI 2.35-1.95Ga, 7% 5 F 11§ HIAEE A
2.6-2.4Ga 1 1.9-1.8Ga (Wan et al., 2006; Kroner et al., 2005; Wilde and
Zhao, 2005; Zhai and Liu, 2003; Zhao et al., 2000). f7EPH{AIH)3F Fg%% LA
K gty —iy, KB BEHe AR IA SRR, AR 24 7E 880-860, —800.
760-729.700-630 Fll 536-464Ma (Salnikova et al., 2001; Khain et al., 2003;
Wilde et al., 2000, 2003; Kuzmichev et al., 2001, 2005; Rojas—Agramonte,
et al., 2010; Demoux, et al., 2009; Wang et al., 2001). AYKAFFTH T
HACHE S 5547 1800-2200Ma A1 2300-2500Ma. 5 HE LA B ) 8 3 2 S AR A — 33,
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Chapter 6 The Paleozoic Tectonic evolution in Central Inner

Mongolia

Section 6.1 The Litho-geochronological Framwork

We divided the Paleozoic litho-stratigraphy into several litho-tectonic units in the
Hongqi area, Ondor Sum area and Mandula area based on the lithological and
deformation features. They are the North China Craton, the Bainaimiao Arc Belt, the
Hongqi-Ondor Sum M¢élange Belt, the Olistostrome Unit, the Turbidite Unit and the
volcano-sediemntary Unit from south to north.

Numerous paleontolgical and radioative isotopic data show that the Bainaimiao
arc magmatism spaned the whole Ordovician age. The tuffeous sandstones in the
Bainaimiao Arc Belt croping out in the Hongqi, Ondor Sum (Tulinkai) area contains
the fossils of graptolite, such as Callograptus sp., Desmograptus sp. Dictyonema
sp.,Aspidograptus sp., Dicranograptus? sp., designate age of Ordovician (Tang et al.,
1992) . The Bater Obo magmatic intrutions with arc signatures in the Hongqi area
were dated at ca.440-460Ma (Xu and Tao, 2003; Jian et al., 2008; Li et al., 2010;
Appendix 1). The age of rhyolite and dacite in the Bainaimiao area is ca. 474-439Ma
(Zhang et al.,2012; Appendix 1). Geochemically, the Bainaimiao arc volcanic rocks
display high Sr and low Nd isotopic signature, indicating to some extent contaminated
by the crust material, argue that is continental margin arc magmatism (BGMRIM,
1991; Xiao et al.,2003; Jian et al.,2008).

The Hongqi-Ondor Sum mélange developed from the Ordovician to, at least,
before the Devonian evidenced by the Devonian red sandstones unconformably
covering the mélange belt in the Hongqi area. De Jong et al.(2006) reported that
quartz mylonite in the Wulan valley yielded Ar/Ar age of 453Ma and 449Ma. This
study shows that the metavolcanite block in the Hongqi mélange belt yields 484 + 14
Ma. It is worth noting that the Silurian deformed limestone as blocks cropping out in
the Hongqi mélange belt, suggesting Devonian the maximum age. All these data argue

that the ocean crust subduction was not terminated untill Devonian.

102



Our study displays that the Basalts in the Mandula area yields concordant age of
289 + 4Ma, close to others’ research results (Jian et al.,2010; Chen et al.,2012). The
Basalts contains one remarkable zircon claster with average age of 434 =4 Ma. These
zircon xenocrysts are interpreted that the basaltic magma were contaminated by the
Ordovician arc material. Thus it shows slightly arc magmatic geochemical signature
(Jian et al.,2010; Chen et al.,2012).

Zhang et al.(2011) documents the Early Permian mafic and felsic volcanic rocks
from the northwestern Inner Mongolia. The geochemical and geochronological
research shows that the mafic rocks generate from two mantle source components: the
subduction-related metasomatized asthenosphere and lithospheric mantle; whereas the
fesic rocks involves partial melts of mixed sources composed of predominante
juvenile basaltic underplates and minor ancient crustal materials.

The Zhesi formation geometrically covering the Dashizhai volcanic rocks
includes numerous fossils of Brachiopods, bryozoans, corals, sponges with age of
middle Pemian. (Grabau, 1931; Mueller et al., 1991; Wang et al.,2002; Leven et al.,
2001; wang et al.,2005).

The turbidity current is common in the deep water environment, for example
slope environment, oceanic plain (Reading et al., 1996) . The development of
turbiditic sediments in the Mandula area suggest the potential deep water setting
caused by the Permian rifting.

The olistostrome generally develops in slope environment that has close
relationship with turbiditic sediments (Jacobi, 1984; Postma, 1984; Christopher et
al., 1987; Liugz, et al., 1998; Direen, et al., 2008). The olistostrome geometrically
overlies the turbidite unit. Both of them suggest a deep water setting.

What is the real sedimenting age of the turbidite and the olistotrome in this study,
since several relatively younger zircon grains were detected, which are ca.255Ma (2
grains), 250Ma(1 grain) and ca. 245Ma (3 grains). For our current knowledge, there
are three possibilities about the origin of these younger grains: 1) they probably come
from the regional ca.240-250Ma magmatic plutons. It means these late Permian/early
Triassic plutons have exhumated and eroded after their emplacement. However, the
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related exhumated structure and geological records are poorly discovered.
Furthermore,much more zircon grains should be expected rather than a few, if the
ca.240-250Ma plutons were potential sources.Therefore,it seems that this explaination
is difficult to realize. 2) These younger grains were contributed by the regional
simutaneous volcanic eruption.Jian et al.(2010) discovered ca.252Ma andesite to the
north of study area.However,it appears to be doult due to the lack of age peak in those
grains. More geological survey are due to answer this question. 3)those younger ages
are caused by the loss of Pb,the U-Pb systerm is not completely closed. Whereas the
true age close to the peak age,ca.270-280Ma. The third possibility is more logical
condering the regional geological record. Also,it is consistent with the fact that the
257Ma gabrroic vein cutting the turbiditic sequences in our field observation. In this
study, we assigned the developing age of turbidite and olistostrom as earlier late

Permian (Fig.6-1-1).

Section 6.2 Polyphase deformation and time constraints

Four phases deformation were recognized in the three study areas based on the
field observation and micro structural analysis. the first two phases developing on the
Hongqi-Ondor Sum mélange belt are ductile deformation.

D1 is responsible for the pervasive S1 foliation, NW-SE striking L1 streching
lineation and F1 intrafolial folds. These microstructures are coeval with a green schist
facies metamorphism. During D2, NW-verging F2 folds associated with a S2 axial
planar cleavage deformation S1 and LI1. The D2 can be interpreted as the
continuationof the same ductile shearing under less penetrative conditions. In both
Hongqgi and Ondor Sum areas, the D1 kinematic criteria, such as Pressure shadows,
Mica fish and sigmoid porphyroclast, indicate a top-to-the-NW sense of shearing. D3
event is defined by SE-NW striking upright folds in the Hongqi area, whereas by
SW-NE striking antiform in the Ondor Sum area. At the macroscopic scale, F3 folds
deform the S1 foliation, resulting in formation of the general antiformal structural
framwork of the mélange belt. The Early Devonian red sandstone unconformably
covering the melange unit does not record the D1 and D2 event, and thus provides an
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Fig. 6-1-1 The chart of magmatic events in the central Inner Mongolia

upper time limit for the termination of the ductile events. The Km-scale upright
folding involves the Devonian and Carboniferous rocks.

D4 phase invoves the Permian stratigraphy that was recognized in the Mandula
area. It is represented by a series of isoclinal folds, overturned folds and recumbent
folds in the turbidite unit and olistostrome unit with nearly SW-NE or E-W axis.
Penetrative cleavage is pervasive in the turbidite unit. However, the deformation is
represented by nearly E-W striking open fold without cleavage in the relatively

competent volcan-sediments of the Zhesi Formation and Dazhizhai Formation. It is
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worth noting that those folded rocks were covered by the southern Mesozoic
extensional basin sediments (Meng, 2003). Aslo, the Triassic undeformed plutons
were widely spreaded in the study area. Therefore, those folds caused by nearly N-S

shortening should happened between the late Permian and early Triassic.

Section 6.3 A possible geodynamic evolutional modle

The Ordovician to Silurian Subduction: An Early Paleozoic SE-dipping
Paleo-Asian Ocean subduction zone developed along the northern margin of North
China Craton from Hongqi to Ondor Sum area. This oceanic subduction gave rise to
the Bainaimiao magmatic arc, and the Hongqi and Ondor Sum mélange units
(Fig.6-3-1A). Both the Hongqi area and the Ondor Sum area experienced two ductile
deformation phases before the Early Devonian. Although radiometric ages for each
phase are not settled, the deformation styles are comparable between the two study
areas. Namely, 1) the main event, D, is responsible for the development of the S,
foliation, NW-SE striking stretching lineation (L), and intrafolial folds (F;) with axes
parallel to L;. In Hongqi area, D; is coeval with a green schist facies metamorphism
whereas, in Ondor Sum area blue schist facies relicts, such as glaucophane, phengite
are locally preserved (Tang et al., 1993; De Jong et al., 2006). Our kinematic
observations show a top-to-the NW sense of shear in both study areas. F, folds
correspond to a-type folds formed during the ductile shearing. The D, structural
elements are subsequently deformed by a D, event represented dominantly by
numerous NW-verging asymmetric folds associated with an axial-planar crenulation
cleavage (S;). Due to the subsequent deformation (Ds), S, dips either to the SE or to
the NW in the Ondor Sum area whereas, dips to the NE or the SW in the Hongqi area.
However, the fold vergence is consistently to the NW. At Ulan valley, the north
dipping schists that constitute the north limb of the antiform show top-to-the NW
sense of shearing. Our structural observations and kinematic data do not support a
Late Precambrian to Cambrian north dipping subduction giving rise to the Ulan arc
(Xiao et al., 2003). Moreover, the alkaline geochemical signature displayed by the

deformed pillow basalt of the “Ulan arc” suggests that they originated in a sea-mount
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setting (Huang et al., 2006). The blueschist and quartz mylonites with age ranging
426~453 Ma (Tang and Zhang, 1991; De Jong et al., 2006) recorded the Ondor Sum
subduction event. In the Hongqi area, the deformed Late Silurian fossiliferous
limestone blocks mark the youngest age of the Hongqi mélange.

The Late Silurian Collision: The collision likely occurred in Late Silurian,
since the Early Devonian red sandstones unconformably cover the Hongqi mélange.
Accretionary tectonics and magmatism must have been stopped at that time.
Subsequently, a Late Carboniferous platform limestone developed in a vast area,
extending throughout the eastern part of Inner Mongolia (BGMRIM.1991). This
formation discordantly overlaid the Hongqi-Ondor Sum mélange and Bainaimiao arc
unit. In our study area, the most likely is that a microcontinent, here named the
Southern Gobi microcontinent, following Sengor and Natal’in, (1996), entered in the
trench and collided with the Andean active margin of the North China craton
(Fig.6-3-1B).

The Early Permian Intracontinental rifting: in the Mandula study area, Late
Carboniferous to Early Permian series are characterized by a syn-rifting sedimentation
coeval with a basaltic and acidic volcanism. The basalts are tholeiitic series, with low
TiO;, and P,Os, flat REE, or slightly depleted LREE spectra, enrichment in LILE but
strong depletion in Nb and Ta, and initial *’Sr /**Sr = 0.7046-0.70537, Nd=3.4-7.8
(Jian et al., 2010; Chen et al., 2012). These features were interpreted as N-MORB
with arc signature, indicative of proto-arc in a supra subduction zone setting (Jian et
al., 2010). By contrast, Chen et al (2012) argued for a juvenile ocean basin setting
with magma genesis of enriched mantle or N-MORB-like depleted asthenospheric
mantle contaminated and metasomatised by arc material. The later interpretation is
supported by our 437Ma and 1400-1800 Ma zircon xenocrysts in basalt that might be
scavenged by the acending magma. The acidic-intermediate volcanic rocks with age
of 272Ma (Chen, 2011) display a pronounced A-type affinity and a significant
contribution of crustal-derived rocks in their petrogenesis (Chen. 2011). The coeval
basaltic and acidic volcanic rocks suggest a bimodal signature, indicative of
intracontinental rifting.

107



Therefore, we propose that an intracontinental rift developed from Late
Carboniferous to Early Permian in the Mandula area (Fig.6-3-1C). The rifting gave
rise to the N-MORB-like basalt, the turbidite and the olistostrome units that received
the rewoked the Early Palezoic deposits (Fig. 6-3-1C, inset). During this period, a
narrow sea basin was likely created, but evidence for an oceanic crust is lacking.
However, Late Guadalupien (~270Ma) radiolarians are found in mudstone boulders
enclosed in the Late Permian conglomerate (Shang, 2004). These mudstones
deposited in a deep sea basin and reworked in the Late Permian strata.

The Late Permian-Early Triassic closure of the rift: At that time, the study
area experienced a compressional tectonics. The crust of one potential microcontinent,
previously heated and thinned during Early Permian rifting, was sliced by
NWe-directed thrusts along weak crustal shear zones whereas the Early Paleozoic
suture zone was inactive. This intracontinental tectonics was responsible for the
NW-verging folds in the olistostrome and turbidite units (Fig.6-3-1D). Later the crust
thickening results to the development of Triassic high K alkline/Calc-Alkline
intrusions (Fig.6-3-1D).

No typical ophiolitic suture zone was left by this intracontinental tectonic activity,
but a crustal scar, characterized by NW-thrusting, folding, and emplacement of

MORB-type magmatism developed in the Mandula area.
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Fig.6-3-1 The Paleozoic tectonic evolutional modle in central Inner Mongolia
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Section 6.4 Discussion

6.4.1 The Palezoic tectonic evolution in Inner Mongolia

The Palezoic tectonic evolution of Inner Mongolia has been debated for several
decades. Differing model and oppions have been proposed about the orogenic
mechanism, the final closure posion and time of Palaeo-Asian ocean (Wang and Liu,
1986; Ruzhentsev et al., 1989; Tang, 1991; Hsuetal., 1991; Sengor et al., 1993;
Xiao et al., 2003; Xu et al., 2012). Shao (1991) suggested that the final closure
position was a broad belt resulted by a “soft” collision between Siberia craton and
North China craton During the Carboniferous. This kind of “soft” collsion differing
from the typical continent-contient collison can not create strong continental
thickening and uplifting. This model well explained the regioanl pervasive late
Carboniferous fossiliferous limestones in Inner Mongolia, to some extent presents
accretionary orogen features which is no intensive crust uplifting and collsion-related
voluminous magmatism. However, this model ignors the regional Devonian sediments
unconformably overlying the mélange belt. Xiao et al.(2003) proposed a mutiple
suture zone along the Solonker Obo to the XarMoron river synthesizing the
stratigraphy correlation, structural analysis, paleontological and geophysical data etc.
Even though this is most logical geodynamic model about the tectonic evolution in
Inner Mongolia, it can not explain the Devonian and Carboniferous shallow water
sediments. Furthermore, the obvious age gap from Devonian to early Carboniferous in
our detrital zircon data questions Xiao’s continuous subduction model. Jian et
al.(2008, 2010) advocated an apparently perfect model that involves several
unverifiable scenario, such as pre-subduction extension, subduction initiation,
ridge-trench collision etc., based on the geochemcial and geochronological analysis
without any strucrural and regional stratigraphic records.

The geodynamic model proposed here considers the geological facts that: 1) the
temporal and spacial relationship of the litho-tectonic units, expecially the Devonian
red sandstone uncomformably covering the mélange belt. 2) the Carboniferous

fossiliferous limestones indicating a shallow sea environement are common in the
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study area. 3) the Permian alkline and bimodal volcanic rocks crop out in/near the
study area. 4) the Permian olistostrome and turbditic sediments are coeval with the
basalts and volcano-sediments. 5) the Permian stratigraphy experienced near N-S
shortening following by the Triassic voluminous high K alkline/ calc-alkline plutons.
In this model, a potential microcontinent is induced to terminate the subduction
process and contribute the ca.0.6-1.0 Ga detrial zircon grains in the Permian
sediments. the key point deffering with precursors’ model is the early Permian rifting
based on the regional lithological development and geochemcial data. The late
Permian folding leads to N-S shortening, crust thickening, finally resulting in Triassic

crust melting to produce high-K magmatism.

6.4.2 A doult to the “solonker” ophiolite

The Solonker suture was considered as ophiolitic mélange belt. some geologists
aurged that the Mandula area consists of limestone mélange and argillaceous mélange.
However, our field observations lead us to divide the “ophiolitic mélange” into
olistostrome and turbidite unit. The typcial ophiolitic component are not observed in
the study area.

The difference between the olistostrome and the tectonic mélange are widely
documented (Hsu, 1974; Potter and Pettijohn, 1977; Wang., 1981; Carine and Michel,
2004). Care must be taken in the outcrops. In the Mandula area, the olistostrome is
distinct with tectonic mélange as follows: 1) the matrix is mainly composed sandstone
and mudstone. Moreover, there is a gradual trend with sandstone decreasing and
mudstones increasing northward till the turbidite unit. 1i) No typical tectonic
shearing deformation and intermediate-high grade metamorphism are observed in the
Mandula area. To the south, the head areas of slumps are dominated by
demi-continuous bedding while the northern part of the slumps tends to be dominated
by compressional structures such as folds and thrusts. The inhomogeneous
deformation suggests southern part extension while northern part compression,
indicating the northward movement. iii) In the olistostrome unit the blocks include

limestone, sandstone, acidic volcanic rocks while in the turbidite unit expose basalt,
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volcanic bedding and gabbro intrusion. The typical ophiolitic blocks, such as
serpentinite do not exist. The limestone blocks lithologically and paleontologically
similar with the southern Amushan Formation (IMBGMR, 2004), suggest the
Amushan Formation as a potential source. This is also consistence with uneven slump
structure and the kinematic indicator in the siliceous mudstone. Thus the Mandula
study area is dominated by olistostrome and volcano-sediments. The reality of the

“Solonker” ophiolite should be reassessed.
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Chapter 7 Conclusion

This study advances the reseach about the tectonic evolution in Inner Mongolia
in the following aspects:

1) Four litho-tectonic units, were recognized in the Honhqi area based on the
lithological and structural features. They are, from north to south, the Hongqi mélange
belt, the Bainaimiao arc belt, North China Craton and the overlying sedimentary
successions, respectively. The Hongqi melange belt consists of mica-chlorite schist,
chlorite-quartz schist , calcareous slate and chert etc. with blocks of limestone,
sandstone, sepentinite and volcanic rocks. The arc belt is mainly composed of basalt
and andesite named The Bulongshan Formation and the Hala Formation. The Early
Devonian red sandstone unconformably covering the melang belt and arc belt,
suggesting the end of the subduction and collision.

2) Two phases ductile deformation and one phase ductile-brittle deformation
were recognized in the Hongqi melange belt. D, is characterized by the penetrative S;
foliation and L, stretching lineation coeval with the green schist metamorphism. The
kinematic criteria including sigmoidal porphyroclast, pressure shaddow, mica fish and
shearing band indicate a top-to-the-NW sense of shearing. D, is represented by the
asymmertrical fold with axis NE trending. D3 deformation involving the Devonian
sediments shaped the whole framework in the Hongqi area. It formed various sized of
axis NW-SE upright fold.

3) Three litho-tectonic units were recored in the Ondor Sum area, which are The
Ondor Sum mélang belt, the Bainaimiao arc belt and the overlying sedimentary
successions, which can be correlated with the Hongqi area. the blocks of melange belt
include basalt, volcanic rock, marble,chert and blueschist. The arc is composed of
amphibolites, plagiogranite and gabbro, interpreted as the deep component of the arc
basement.

4) The Ondor Sum melange belt experienced three phases deformation: D
formed the pervasive S; greenschist foliation and NW-SE trending L; stretching

lineation. The kinematic criteria suggest a top-to-the-NW shearing. Taken the SI
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foliation as the reference plane, the D, presents the asymmetrical fold F, and
crenulation cleavage S, .Ds is characterized by the regional antiform structure with
aixs nearly E-W.

5) The spacial and temporal distribution of these litho-tectonic units and the
structural analysis of the Hongqi-Ondor Sum mélange belt lead us to conclude that
ocean crust subducted Southeastward beneath the North China craton during the early
Paleozoic. The subduction was terminated at Devonian time by the arrival of a
potential microcontinent.

6) The olistostrome unit, turbidite unit, volcano-sediment unit were recognized in
the Mandula area. The olistotrome unit includes various sized of blocks of limestone,
sandstone and silicified mudstone, within the matrix of graywacke and mudstone. The
turbiditic sediments developed typical Bouma sequences. The sedimentary features of
volcano-sedimentary rocks indicated erupting in the shallow sea and coastal
environment. These litho-tectonic units are caused by the Permian rifting. The
well-known “solonker” suture is questionable in the Mandula area. The “solonker”
ophiolitic mélange indeed is olistostrome and turbidite with gabbroic intrusions. It
generally presents normal sedimentary sequences. The typical ophiolitic component
are not existed.

7) The Mandula area suffers D4 phase deformation caused by a nearly N-S
shortening. The turbidite unit displays a series of recumbent fold and tight isoclinal
fold with well developed cleavage; Whereas the volcano-sedimentary rocks develop
horizontal, E-W or NE-SW trending axis open fold. This nearly N-S shortenting led
the rift closure from the late Permian to early Triassic.

8) The detrital zircon analysis shows two age peaks in ca.270-280Ma and
ca.440-420Ma. it implies that the Bainaimiao arc belt and the adjacent Permian
volcanic activity are the possible source. the ca.700-1000Ma grains that are common
in the Mongolia area probably came form the northern potentional microcontinent.
The ca.1800Ma, ca.2300-2500 Ma suggested the North China craton was one of the

Sources.
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orl

Bk —

R U-Ph B R

concentritions (ppm)

U-Pb isotopic

ratios

age

spot Th/U concorda
Pb Total Th U 7pp2%pp 16 2 pp/PU e  pp/*y s 2P/ pp 16 PP/*L 16 PP/ lic nee
71629-01 59 38 529 0.07 0.1059  0.0033  1.4147  0.0442  0.0969  0.0014 809 121 618 25 567 8 8. 99%
71629-02 57 95 499 0.19 0.1270  0.0037  1.5821  0.0468  0.0904  0.0012 752 157 560 30 514 7 8. 95%
71629-03 53 39 495 0.08 0.0880  0.0029  1.1695  0.0387  0.0964  0.0014 580 120 574 23 572 8 0. 35%
71629-04 191 80 1019 0.08 0.2262  0.0065  3.7293  0.1094  0.1196  0.0016 691 357 604 71 581 10 3.96%
71629-05 75 45 692 0. 06 0.1329  0.0040  1.5750  0.0475  0.0860  0.0012 633 179 511 32 484 7 5. 58%
71629-06 102 50 1040 0.05 0.0933  0.0028  1.1237  0.0343  0.0874  0.0012 539 121 521 21 517 7 0. 77%
71629-07 42 29 374 0.08 0.1025  0.0034  1.3818  0.0457  0.0978  0.0014 600 143 576 27 570 8 1. 05%
71629-08 72 52 710 0.07 0.1143  0.0035  1.3358  0.0417  0.0847  0.0012 642 150 517 27 490 7 5.51%
71629-09 39 77 404 0.19 0.0914  0.0029  1.0666  0.0347  0.0846  0.0012 798 110 563 21 507 7 11. 05%
71629-10 124 276 1571 0.18 0.0623  0.0019  0.6582  0.0208  0.0766  0.0011 685 44 514 13 476 6 7.98%
71629-11 68 43 490 0.09 0.1701  0.0053  2.3634  0.0743  0.1008  0.0014 791 233 589 47 538 8 9. 48%
7162912 77 27 466 0. 06 0.2167  0.0067  3.2237  0.1013  0.1079  0.0015 744 340 577 66 535 9 7. 85%
71629-13 56 56 528 0.11 0.0818  0.0027  1.1007  0.0367  0.0976  0.0014 829 94 641 20 589 8 8. 83%
71629-14 70 57 814 0.07 0.0700  0.0023  0.7880  0.0262  0.0817  0.0012 595 91 517 16 500 7 3. 40%
71629-15 718 36 697 0.05 0.6918  0.0208  31.5738  0.9684  0.3310  0.0046 2385 1868 922 469 435 41 111.95%
71629-16 23 18 213 0.08 0.0888  0.0033  1.1858  0.0439  0.0969  0.0015 721 122 608 25 577 8 5. 37%
71629-17 154 13 371 0.03 0.4824  0.0148  11.4598  0.3589  0.1723  0.0024 1400 965 703 214 505 17 39.21%
71629-18 44 77 399 0.19 0.1242  0.0040  1.5163  0.0498  0.0886  0.0012 880 150 582 30 509 7 14. 34%
71629-19 424 93 756 0.12 0.5644  0.0175  16.2019  0.5107  0.2082  0.0029 1720 1189 765 285 480 23 59.38%
71629-20 162 105 552 0.19 0.3944  0.0123  7.4780  0.2372  0.1375  0.0019 1311 639 676 145 501 13 34.93%
71907-01 70 85 251 0. 34 0.1221  0.0041  4.0433  0.1376  0.2402  0.0034 1782 81 1537 32 1365 18 30.55%
71907-02 37 387 417 0.93 0.0559  0.0021  0.5515  0.0207  0.0715  0.0010 448 58 446 14 445 6 0. 22%
71907-03 48 23 204 0.11 0.1097  0.0037  3.2979  0.1121  0.2180  0.0031 1742 69 1455 26 1266 16 37.60%
71907-04 10 239 239 1.00 0.0603  0.0047  0.2586  0.0201  0.0311  0.0006 616 137 234 16 197 4 18.78%
71907-05 12 163 264 0.62 0.0514  0.0028  0.2875  0.0155  0.0406  0.0006 258 96 257 12 256 1 0. 39%
71907-06 24 564 327 1.72 0.0774  0.0037  0.5234  0.0247  0.0490  0.0008 1131 67 427 16 309 5  38.19%
71907-07 22 105 269 0.39 0.0563  0.0025  0.5773  0.0256  0.0743  0.0011 465 72 463 16 462 7 0. 22%
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concentritions (ppm) U-Pb isotopic ratios age
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Pb Total Th U DTpp/2%pp 1 2 pp/*U e pp/¥y s 2P/ pp 16 PPy/*L 16 PPp/Plic nce
71907-08 21 178 232 0.77 0.0564  0.0027  0.5876  0.0287  0.0756  0.0011 167 82 469 18 470 7 -0.21%
71907-09 28 242 321 0.75 0.0557  0.0014  0.5434  0.0135  0.0708  0.0009 440 33 441 9 441 6 0. 00%
71907-10 12 100 164 0.61 0.0770  0.0032  0.5797  0.0238  0.0546  0.0008 1121 59 464 15 343 5  35.28%
71907-11 17 204 307 0.66 0.0522  0.0015  0.3367  0.0093  0.0468  0.0006 294 39 295 7 295 4 0. 00%
71907-12 15 238 243 0.98 0.0522  0.0026  0.3376  0.0166  0.0469  0.0006 295 88 295 13 295 4 0. 00%
71907-13 25 47 79 0.59 0.0939  0.0024  3.3974  0.0875  0.2623  0.0035 1507 29 1504 20 1502 18 0.33%
71907-14 24 253 420 0. 60 0.0524  0.0014  0.3471  0.0092  0.0480  0.0006 303 37 303 7 302 4 0. 33%
71907-15 14 187 231 0.81 0.0523  0.0017  0.3423  0.0113  0.0475  0.0007 298 50 299 9 299 4 0. 00%
71907-16 51 112 699 0.16 0.0554  0.0013  0.5264  0.0121  0.0689  0.0009 428 29 429 8 430 5 -0.23%
71907-17 24 146 290 0.50 0.0550  0.0014  0.5286  0.0137  0.0698  0.0009 411 35 431 9 435 6 —0.92%
71907-18 12 164 210 0.78 0.0522  0.0027  0.3286  0.0171  0.0457  0.0006 293 94 289 13 288 4 0. 35%
71907-19 12 181 208 0.87 0.0518  0.0017  0.3171  0.0102  0.0444  0.0006 277 48 280 8 280 4 0. 00%
71907-20 42 80 102 0.78 0.1093  0.0025  4.8140  0.1105  0.3194  0.0042 1788 23 1787 19 1787 20 0.06%
71907-21 31 146 382 0.38 0.0556  0.0015  0.5484  0.0146  0.0715  0.0010 438 36 444 10 445 6 -0.22%
7190722 5 76 91 0.83 0.0542  0.0053  0.3485  0.0339  0.0466  0.0009 380 185 304 26 294 5 3. 40%
71907-23 13 146 173 0. 84 0.0541  0.0018  0.4462  0.0148  0.0598  0.0008 375 49 375 10 375 5 0. 00%
71907-24 33 191 466 0.41 0.0624  0.0020  0.5314  0.0169  0.0618  0.0008 686 45 433 11 387 5  11.89%
71907-25 19 112 239 0. 47 0.0554  0.0016  0.5252  0.0155  0.0688  0.0009 428 42 429 10 429 6 0. 00%
71907-26 8 112 126 0.89 0.0531  0.0023  0.3850  0.0167  0.0526  0.0008 335 71 331 12 330 5 0. 30%
71907-27 13 184 234 0.78 0.0518  0.0018  0.3152  0.0111  0.0441  0.0006 278 55 278 9 278 4 0. 00%
71907-28 14 163 247 0. 66 0.0521  0.0017  0.3332  0.0108  0.0464  0.0006 290 49 292 8 292 4 0. 00%
71907-29 29 52 84 0.62 0.0988  0.0026  3.8582  0.1012  0.2832  0.0038 1602 29 1605 21 1608 19 -0.37%
71907-30 20 38 66 0.57 0.0909  0.0024  3.1544  0.0845  0.2517  0.0034 1445 30 1446 21 1447 18 -0.14%
S6Z3-01 12 113 211 0.54 0.0531  0.0018  0.3908  0.0134  0.0534  0.0007 333 54 335 10 335 1 0. 00%
S673-03 29 346 638 0.54 0.0516  0.0017  0.2941  0.0100  0.0413  0.0005 269 54 262 8 261 3 0. 38%
S673-04 18 105 222 0. 47 0.0614  0.0023  0.6292  0.0233  0.0744  0.0010 652 57 496 15 462 6 7. 36%
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concentritions (ppm) U-Pb isotopic ratios age
spot Th/U concorda
Pb Total Th U DTpp/2%pp 1 2 pp/*U e pp/¥y s 2P/ pp 16 PPy/*L 16 PPp/Plic nce
S673-05 23 262 473 0.55 0.0521  0.0055  0.3161  0.0329  0.0440  0.0010 288 193 279 25 278 6 0. 36%
SGZ3-06 5 70 84 0.83 0.0519  0.0051  0.3276  0.0323  0.0458  0.0007 279 195 288 25 289 4 -0.35%
S6Z3-07 79 266 406 0.65 0.0755  0.0014  1.7598  0.0347  0.1691  0.0021 1081 20 1031 13 1007 12 7.35%
S673-08 50 687 626 1.10 0.0547  0.0014  0.4836  0.0123  0.0641  0.0008 400 34 401 8 400 5 0. 25%
S673-09 13 95 199 0.48 0.0541  0.0022  0.4415  0.0180  0.0592  0.0008 374 68 371 13 371 5 0. 00%
S6Z3-10 14 130 330 0.40 0.0513  0.0017  0.2846  0.0097  0.0403  0.0005 253 54 254 8 254 3 0. 00%
S6Z3-11 17 130 262 0.50 0.0539  0.0019  0.4427  0.0158  0.0595  0.0008 367 56 372 11 373 5 -0.27%
SGZ3-12 109 308 254 1.21 0.1198  0.0020  5.4291  0.0971  0.3287  0.0042 1953 16 1889 15 1832 20 6.60%
SGZ3-13 8 75 121 0.62 0.0536  0.0033  0.4233  0.0263  0.0573  0.0008 354 116 358 19 359 5 -0.28%
SGZ3-14 3 193 475 0.41 0.0523  0.0069  0.0493  0.0065  0.0069  0.0001 296 264 49 6 44 0.7  11.36%
SG6Z3-15 12 85 209 0.41 0.0530  0.0024  0.3840  0.0175  0.0526  0.0007 328 79 330 13 330 4 0. 00%
SGZ3-16 34 547 727 0.75 0.0514  0.0012  0.2876  0.0071  0.0406  0.0005 257 33 257 6 257 3 0. 00%
SGZ3-17 28 428 646 0.66 0.0638  0.0015  0.3337  0.0083  0.0379  0.0005 734 31 292 6 240 3 21.67%
S673-18 19 181 335 0.54 0.0529  0.0017  0.3780  0.0124  0.0518  0.0007 323 51 326 9 326 4 0. 00%
S673-19 8 130 142 0.92 0.0525  0.0028  0.3560  0.0188  0.0492  0.0007 308 95 309 14 309 4 0. 00%
S673-20 64 187 177 1.05 0.1010  0.0018  3.9654  0.0745  0.2847  0.0036 1642 18 1627 15 1615 18 1.67%
S673-21 37 291 565 0.52 0.0549  0.0012  0.4524  0.0105  0.0598  0.0008 406 30 379 7 374 5 1. 34%
S673-22 26 409 580 0.71 0.0561  0.0027  0.2937  0.0137  0.0380  0.0005 455 111 261 11 240 3 8. 75%
S673-23 24 529 482 1. 10 0.0513  0.0017  0.2863  0.0096  0.0405  0.0005 254 54 256 8 256 3 0. 00%
S673-24 10 187 209 0.90 0.0540  0.0018  0.3124  0.0106  0.0419  0.0006 371 52 276 8 265 3 4.15%
S673-25 19 205 431 0.48 0.0513  0.0013  0.2852  0.0076  0.0403  0.0005 255 37 255 6 255 3 0. 00%
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82304-01 <1.69 61.5 289. 66 0.21 0. 0548 0.0015 0. 4058 0.0108 0.0538 0. 0007 403 37 346 8 338 4 2.37%
82304-02 <1.66 30. 45 83.08 0. 37 0. 0509 0.0017 0.2973 0. 0095 0.0424 0. 0006 236 49 264 7 268 3 —-1.49%
82304-03 <1.71 245.63 232.55 1. 06 0.0571 0.0011 0. 6547 0.0120 0.0832 0. 0009 497 22 511 7 515 5 -0. 78%
82304-04 <2.04 227.08 330. 39 0.69 0.0538 0.0015 0. 3830 0.0100 0.0517 0. 0006 363 38 329 7 325 4 1.23%
82304-05 <2.07 161. 37 375. 35 0.43 0. 1560 0.0018 9. 7380 0. 1076 0.4534 0. 0046 2412 8 2410 10 2410 20 0. 08%
82304-06 <2.01 33. 47 86. 05 0.39 0. 0536 0.0017 0. 3069 0. 0091 0.0416 0. 0005 353 43 272 7 263 3 3.42%
82304-07 <1.98 130. 77 288. 26 0.45 0.0543 0.0012 0. 3428 0.0075 0. 0458 0. 0005 385 29 299 6 289 3 3. 46%
82304-08 <1.74 55. 41 375.09 0.15 0.1170 0.0013 5.5156 0. 0580 0. 3425 0.0034 1910 8 1903 9 1898 16 0.63%
82304-09 <1.95 225.58 473. 34 0.48 0. 1227 0.0013 5. 5048 0. 0564 0. 3258 0.0032 1996 8 1901 9 1818 16 9. 79%
82304-10 <1.81 169. 13 428.71 0.39 0. 1256 0.0014 6. 2587 0.0672 0.3617 0.0036 2038 8 2013 9 1990 17 2.41%
823041 <186 519 13963 0. 54 00616 00640 04550 0-0068 00536 00006 66+ 16 38+ 5 337+ 3 +3-06%
82304-12 <1.81 171.95 288. 22 0. 60 0. 1302 0.0015 6. 6677 0.0752 0.3720 0.0038 2100 9 2068 10 2039 18 2.99%
82304-13 2.33 198. 04 338. 35 0.59 0.0614 0.0016 0. 3635 0. 0090 0.0430 0. 0005 452 123 290 13 270 3 7.41%
82304=14 <202 1256 189+ 0. 66 00795 0004+ BFH8 0009+ 00650 0006+ +H84 2 546 5 406 4 34-48%
82304=15 <206 46589 H+36 0. 65 o2t 00644 4167 00489 02699 00028 1834 10 1668 16 1540 +4 +9-09%
82304-16 <1.78 44.23 121. 48 0. 36 0.0771 0. 0009 1.7732 0. 0205 0.1671 0.0017 1073 42 1019 11 994 9 2.52%
82304=17 <13 1654 5329 0.31 o442 00138 +-2999 01458 00827 00040 1867 133 846 64 542 24 65-23%
82304-18 <2.07 310. 28 396. 88 0.78 0.0520 0.0010 0. 2965 0. 0057 0.0414 0. 0005 285 25 264 4 262 3 0. 76%
82304=19 344 6608 10248 0. 64 04612 00432 125298 03603 04973 00042 4422 16 2645 23 Het 23 255+04%
82304-20 <2.01 338. 89 494. 58 0.69 0.0528 0.0011 0. 3067 0. 0063 0. 0422 0. 0005 318 27 272 5 267 3 1.87%
82304=2+ <194 46529 41374 0.98 048+ 001455 136864 03630 02066 00050 366 4+ 83 573 16 =1+-80%
82304-22 <2.08 155. 36 588. 66 0.26 0.1151 0.0015 5.8618 0.0749 0. 3698 0.0039 1882 10 1956 11 2028 18 =7.20%
82304-23 3.43 56. 81 144.79 0.39 0.1152 0.0013 5. 0557 0. 0539 0.3187 0.0032 1883 9 1829 9 1783 15 5.61%
82304-24 <2.14 123.9 279. 29 0. 44 0. 0564 0.0014 0.3934 0. 0096 0. 0507 0. 0006 467 34 337 7 319 4 5. 64%
82304-25 <1.87 168. 74 323. 65 0.52 0. 0539 0.0014 0. 3381 0. 0084 0. 0456 0. 0005 366 35 296 6 287 3 3. 14%
82304-26 <1.95 29. 65 72.76 0.41 0. 0530 0.0012 0.3175 0.0071 0.0435 0. 0005 328 31 280 5 275 3 1. 82%
82304-27 <2.16 30. 24 62. 95 0.48 0.0523 0.0021 0.4768 0.0186 0. 0662 0. 0009 297 64 396 13 413 5 —4.12%
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Pb Total Th U 207 pp/2% pp, s 2 pp/*y lo 208 ppy2%8 1o 27 pp/2% ppy o 2Py*U 1s P/U 1o nee
82304-28 <1.76 101. 23 172. 38 0.59 0. 0523 0. 0009 0. 3414 0. 0055 0. 0474 0. 0005 299 19 298 4 299 3 -0. 33%
82304-29 <2.06 75.73 310. 63 0. 24 0. 0697 0.0013 1. 4670 0. 0270 0. 1528 0.0017 920 20 917 11 917 9 0. 00%
82304-30 5.52 112. 86 253.01 0. 45 0. 0555 0. 0009 0.6171 0. 0095 0. 0807 0. 0008 433 17 488 6 500 5 -2.40%
82304-31 <2.11 179.79 285.91 0.63 0. 0525 0.0010 0.3735 0. 0066 0. 0517 0. 0006 306 22 322 5 325 3 -0.92%
82304-32 <2.14 36. 77 114.03 0.32 0. 0566 0. 0009 0. 6454 0. 0094 0. 0828 0. 0009 475 16 506 6 513 5 -1. 36%
82304 33 <207 1715 2717 0.63 0.0912 0. 0019 0. 4793 0. 0095 0.0382 0.0004 1450 2+ 398 6 241 3 6. 15%
82304-34 <1.91 134. 1 280. 3 0.48 0. 0524 0.0011 0. 3724 0. 0073 0. 0516 0. 0006 304 26 321 5 324 3 -0.93%
82304-36 <1.94 73.58 82.48 0.89 0. 1627 0.0017 10. 4979 0. 1062 0. 4687 0. 0046 2483 8 2480 9 2478 20 0. 20%
82304-37 <1.99 31.45 60. 42 0.52 0. 0546 0.0012 0. 4000 0. 0084 0. 0532 0. 0006 394 27 342 6 334 4 2. 40%
82304-38 <2.23 168. 34 448.9 0. 38 0. 0518 0. 0009 0. 3742 0. 0059 0. 0525 0. 0005 275 19 323 4 330 3 -2.12%
82304-40 <2.13 235. 69 226. 53 1. 04 0. 0538 0. 0038 0. 3341 0. 0232 0. 0451 0. 0008 361 124 293 18 285 5 2.81%
82304 41 1.68 128,34 145,78 0. 88 0.1003 0. 0014 18415 0. 0236 0. 1333 0.0014 1630 +H 1060 8 807 8 S1o35%
8230442 5.85 232. 32 392. 52 0.59 0. 0557 0.0013 0. 3989 0. 0090 0. 0520 0. 0006 440 30 341 6 327 4 4. 28%
82304-43 3.99 141. 45 429. 2 0.33 0.0514 0. 0009 0.2748 0. 0044 0. 0388 0. 0004 260 19 247 3 245 2 0. 82%
82304-44 8. 43 93. 23 568. 31 0.16 0. 0573 0.0010 0.6119 0. 0098 0.0776 0. 0008 502 18 485 6 482 5 0. 62%
82304-45 3.4 184. 27 494. 1 0. 37 0. 1025 0.0012 4. 4536 0. 0509 0. 3155 0. 0032 1670 9 1722 9 1767 16 =5.49%
82304-46 <2.18 495. 41 814.78 0.61 0. 1638 0.0017 10. 7015 0. 1081 0.4744 0. 0047 2495 8 2498 9 2503 20 -0. 32%
82304 47 <2.06 95. 74 366.79 0. 26 0.0622 0. 0011 0.3570 0. 0061 00417 0.0005 682 19 210 5 263 3 78T
82304-48 <1.17 198.91 361. 53 0.55 0. 0520 0. 0009 0. 3557 0. 0056 0. 0497 0. 0005 284 18 309 4 313 3 —-1.28%
82304-49 <1.83 151. 88 820. 07 0.19 0. 0525 0. 0008 0. 3534 0. 0053 0. 0489 0. 0005 306 17 307 4 308 3 -0. 32%
82304-50 <1.89 71.29 210. 19 0. 34 0. 0501 0.0018 0. 3362 0.0114 0. 0487 0. 0006 199 55 294 9 307 4 -4.23%
82304-51 <1.82 224.55 212.83 1. 06 0. 0516 0. 0008 0.3614 0. 0054 0. 0509 0. 0005 268 17 313 4 320 3 -2.19%
82304-52 <2.01 102. 17 480. 64 0.21 0. 0515 0. 0007 0.2736 0. 0035 0. 0386 0. 0004 261 13 246 3 244 2 0. 82%
82304-53 <1.99 136. 22 142.72 0.95 0.1153 0.0013 5. 2665 0. 0560 0.3318 0. 0033 1884 9 1863 9 1847 16 2. 00%
82304-54 <2.24 56. 45 137.93 0.41 0. 0564 0. 0009 0.5743 0. 0083 0. 0739 0. 0008 470 16 461 5 460 0. 22%
82304-55 16. 81 749. 05 2265. 39 0.33 0. 0521 0.0012 0. 3293 0.0071 0. 0459 0. 0005 289 29 289 5 289 3 0. 00%
82304-56 <2.26 250. 74 354. 09 0.71 0. 0515 0.0016 0. 3650 0.0108 0. 0515 0. 0007 263 45 316 8 324 4 -2.47%
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Pb Total Th U 207 pp/2% pp, s 2 pp/*y lo 208 ppy2%8 1o 27 pp/2% ppy o 2Py*U 1s P/U 1o nee
82304-57 <2.15 301. 61 353.91 0. 85 0.1134 0.0013 4. 7080 0. 0520 0.3015 0. 0030 1854 9 1769 9 1699 15 9. 12%
82304-58 <2.14 196. 14 443. 64 0. 44 0. 0574 0. 0008 0. 6651 0. 0085 0. 0841 0. 0008 507 13 518 5 521 5 -0. 58%
82304-59 <1.94 30.7 76. 11 0. 40 0. 0572 0. 0026 0. 4304 0.0190 0. 0547 0. 0008 499 71 363 13 343 5 5. 83%
82304-60 <1.96 303. 11 612. 57 0.49 0. 0540 0.0014 0.3711 0. 0090 0. 0499 0. 0006 372 34 320 7 314 3 1.91%
82304-61 <26. 61 323. 39 466. 64 0. 69 0. 0552 0. 0008 0. 5068 0. 0067 0. 0666 0. 0007 422 14 416 4 416 4 0. 00%
82304-62 39. 64 190. 12 310. 82 0.61 0.0514 0. 0009 0. 2904 0. 0048 0. 0410 0. 0004 259 20 259 4 259 3 0. 00%
82304-63 <1.95 311. 35 314. 41 0.99 0. 0535 0.0014 0. 4006 0.0101 0. 0544 0. 0006 349 36 342 7 342 4 0. 00%
82304-64 <2.09 92. 62 145. 93 0.63 0.0511 0.0010 0. 3343 0. 0062 0. 0475 0. 0005 247 23 293 5 299 3 -2.01%
82304-65 <1.98 102. 37 227.1 0. 45 0. 0495 0. 0008 0. 2694 0. 0042 0. 0396 0. 0004 170 18 242 3 250 3 =3.20%
72044-01  23.50628 102. 99 261. 33 0.39 0. 0558 0.0015 0. 5497 0.0146 0.0714 0. 0009 446 36 445 10 445 6 0. 00%
72044-02  10. 22119 84. 96 120. 18 0.71 0. 0560 0.0016 0. 5593 0.0157 0. 0725 0. 0010 451 39 451 10 451 6 0. 00%
72044-05 58.51204  443.45 778. 23 0. 57 0. 0567 0.0011 0.5170 0.0106 0. 0662 0. 0008 479 24 423 7 413 5 2.42%
72044-06  16. 48963 95. 06 203.71 0. 47 0. 0561 0.0014 0. 5693 0. 0142 0. 0736 0. 0010 456 33 458 9 458 6 0. 00%
72044-07  23. 35347 135.83 302. 67 0. 45 0. 0543 0.0011 0.5179 0.0110 0. 0692 0. 0009 383 26 424 7 431 5 -1.62%
72044-08  10. 42071 70.99 127. 94 0.55 0. 0560 0.0014 0. 5624 0.0138 0. 0729 0. 0009 452 32 453 9 453 6 0. 00%
72044-09  22. 87946 178.01 292.75 0.61 0. 0553 0.0011 0. 5180 0.0108 0. 0680 0. 0009 422 25 424 7 424 5 0. 00%
72044-10 101. 35325 408.51 773.49 0.53 0. 0656 0.0013 0. 9890 0. 0204 0. 1093 0.0014 794 23 698 10 669 8 4. 33%
72044-11  27.85453 197. 08 332. 76 0.59 0. 0561 0.0011 0. 5651 0.0116 0. 0731 0. 0009 455 24 455 8 455 6 0. 00%
72044-12  28. 75461 234. 22 338. 28 0.69 0. 0559 0.0014 0. 5486 0.0142 0.0712 0. 0009 448 35 444 9 443 5 0.23%
72044-13  9.67333 65.7 122. 83 0.53 0. 0556 0.0016 0.5334 0.0155 0. 0696 0. 0009 436 41 434 10 434 5 0. 00%
72044-14  13.7331 82.2 178. 43 0. 46 0. 0557 0.0014 0. 5476 0.0136 0.0713 0. 0010 439 32 443 9 444 6 -0.23%
72044-15  12.66209 91. 25 161. 94 0. 56 0. 0554 0.0015 0. 5288 0.0145 0. 0692 0. 0009 430 38 431 10 431 5 0. 00%
72044-16  41.62314  224.07 521. 53 0.43 0. 0560 0.0011 0. 5590 0.0115 0. 0724 0. 0009 452 24 451 7 451 5 0. 00%
72044-17  12. 74856 90. 08 161. 1 0. 56 0. 0556 0.0014 0. 5343 0.0139 0. 0697 0. 0009 435 35 435 9 435 5 0. 00%
72044-18 56.91866  375.95 580. 58 0. 65 0. 0534 0. 0049 0. 4322 0. 0389 0. 0587 0. 0009 346 210 365 28 368 5 -0. 82%
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72044-19  25.55969  247.07 290. 26 0. 85 0. 0559 0.0012 0. 5585 0.0119 0.0724 0. 0009 450 26 451 8 451 5 0. 00%
72044-20  14. 02465 82. 87 184. 37 0. 45 0. 0556 0.0014 0. 5330 0.0133 0. 0695 0. 0009 436 33 434 9 433 5 0.23%
72044-21  42.30852  203.63 582.97 0. 35 0. 0552 0.0011 0.5121 0.0101 0. 0673 0. 0008 420 23 420 7 420 5 0. 00%
72044-22  21.27328 120. 37 283. 46 0.42 0. 0553 0.0012 0.5219 0.0112 0. 0684 0. 0009 425 26 426 7 427 5 -0.23%
72044-23  9.29362 63. 74 117. 27 0. 54 0. 0556 0. 0015 0. 5381 0.0149 0. 0702 0. 0009 437 38 437 10 437 6 0. 00%
72044-24  29.54747  259.23 357.12 0.73 0. 0579 0. 0028 0. 5504 0. 0254 0. 0689 0. 0010 527 108 445 17 430 6 3. 49%
72044-26  20.92704 95. 02 292.93 0.32 0. 0551 0. 0015 0. 5055 0.0135 0. 0665 0. 0009 416 36 415 415 5 0. 00%
72044-27  35. 48801 175. 82 484. 23 0. 36 0. 0552 0.0011 0.5163 0.0106 0. 0678 0. 0009 422 24 423 7 423 5 0. 00%
72044-28 16. 71273 144. 32 194. 29 0.74 0. 0558 0.0014 0. 5506 0.0137 0.0715 0. 0009 446 33 445 9 445 5 0. 00%
72044-29  43.24855  261.17 548. 08 0.48 0. 0588 0. 0023 0. 5503 0. 0202 0. 0679 0. 0009 559 87 445 13 423 5 5.20%
72044-30  37.8741 205. 63 457. 46 0. 45 0. 0563 0.0014 0. 5762 0. 0147 0.0743 0. 0010 462 34 462 9 462 6 0. 00%
72044-31 18. 4633 192. 21 218.97 0. 88 0. 0549 0.0012 0. 5309 0.0122 0. 0701 0. 0009 408 29 432 8 437 5 1. 14%
72044-32  26.93415  277.74 320. 61 0. 87 0. 0552 0.0011 0.5138 0.0108 0. 0675 0. 0009 420 25 421 7 421 5 0. 00%
72044-33  59.74313  404.74 757.73 0.53 0. 0619 0.0012 0. 5993 0.0121 0.0703 0. 0009 669 23 477 8 438 5 8. 90%
72044-34  4.936891 8.72 21.4 0.41 0. 0811 0. 0025 2. 3457 0.0709 0. 2097 0. 0029 1225 38 1226 22 1227 16 -0. 16%
72044-35  21. 4458 124.92 278. 58 0. 45 0. 0557 0.0012 0. 5434 0.0117 0. 0708 0. 0009 440 26 441 8 441 5 0. 00%
72044-36  26. 02418 133. 48 354. 43 0. 38 0. 0553 0.0012 0.5210 0.0113 0. 0683 0. 0009 426 27 426 8 426 5 0. 00%
72044-38 9. 71845 59. 23 97. 47 0.61 0. 0583 0. 0042 0. 7046 0. 0503 0. 0877 0. 0015 541 128 542 30 542 9 0. 00%
72044-39  10. 00288 65. 78 123. 59 0.53 0. 0559 0.0015 0. 5583 0. 0155 0. 0724 0. 0010 450 38 450 10 450 6 0. 00%
72044-40  16. 11339 110. 37 206. 15 0.54 0. 0550 0.0013 0.5312 0.0131 0. 0701 0. 0009 410 32 433 9 437 5 -0.92%
72044-41  22. 32418 145.7 287.77 0.51 0. 0555 0.0013 0. 5336 0.0125 0. 0697 0. 0009 432 30 434 8 434 5 0. 00%
72044-42  7.789798 38. 36 99. 81 0. 38 0. 0561 0. 0020 0. 5651 0. 0206 0. 0730 0. 0010 458 57 455 13 454 6 0.22%
72044-43  36.04132 193. 24 491. 45 0.39 0. 0553 0.0012 0. 5238 0.0114 0. 0687 0. 0009 425 27 428 8 428 5 0. 00%
72044-44  30. 69257 196. 63 388. 87 0.51 0. 0556 0.0012 0. 5412 0.0116 0. 0706 0. 0009 438 26 439 8 440 5 -0.23%
72044-45  33.31713 297 397.73 0.75 0. 0557 0.0012 0. 5474 0.0116 0.0712 0. 0009 442 26 443 8 443 5 0. 00%
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concentritions (ppm)

spot Th/U U-Pb isotopic ratios age concorda
Pb Total Th U 207 pp/2% pp, s 2 pp/*y lo 208 ppy2%8 1o 27 pp/2% ppy o 2Py*U 1s P/U 1o nee
72044-46  28. 04823 158. 48 356. 57 0. 44 0. 0559 0.0012 0.5514 0.0126 0.0716 0. 0009 447 29 446 8 446 5 0. 00%
72044-47  31.64181 201. 98 408. 28 0.49 0. 0556 0.0013 0. 5345 0.0128 0. 0698 0. 0009 435 31 435 8 435 5 0. 00%
72044-48  27.50974 174.91 370.79 0. 47 0. 0553 0.0012 0.5159 0.0117 0. 0677 0. 0009 423 28 422 8 422 5 0. 00%
72044-49  8.62249 45.18 110. 62 0. 41 0. 0559 0.0016 0. 5487 0.0158 0.0712 0. 0009 447 41 444 10 444 6 0. 00%
72044-50  32.50443  227.99 421 0. 54 0. 0574 0. 0015 0. 5396 0. 0140 0. 0682 0. 0009 506 34 438 9 425 5 3. 06%
72044-51  31.06866  254. 34 399. 69 0. 64 0. 0553 0.0012 0.5164 0.0116 0. 0678 0. 0009 423 28 423 8 423 5 0. 00%
72044-52  24. 4506 195 302. 85 0. 64 0. 0557 0.0013 0. 5424 0.0127 0. 0707 0. 0009 440 30 440 8 440 5 0. 00%
72044-53  29. 54553 188. 39 386. 71 0.49 0. 0555 0.0012 0. 5272 0.0118 0. 0689 0. 0009 432 28 430 8 429 5 0.23%
72044-54  13. 58505 85. 58 178. 25 0.48 0. 0555 0.0014 0. 5277 0.0134 0. 0690 0. 0009 431 34 430 9 430 5 0. 00%
72044-55  27.08581 182. 25 352.09 0.52 0. 0556 0.0013 0. 5325 0.0123 0. 0695 0. 0009 435 29 433 8 433 5 0. 00%
72044-56  21.9521 192. 29 253.99 0.76 0. 0552 0.0013 0. 5571 0.0129 0.0732 0. 0009 421 29 450 8 455 6 -1.10%
72044-57  13. 08361 91.02 158. 88 0. 57 0. 0560 0.0014 0. 5581 0.0143 0.0723 0. 0010 452 34 450 9 450 6 0. 00%
72044-58 9.645234 42.98 132.9 0.32 0. 0554 0.0016 0. 5235 0. 0152 0. 0686 0. 0009 427 41 428 10 428 6 0. 00%
72044-59  17.92631 128.91 228.15 0. 57 0. 0559 0.0018 0. 5555 0. 0180 0.0721 0. 0010 449 47 449 12 448 6 0. 22%
72044-60  21.7982 134. 08 278. 14 0.48 0. 0557 0.0013 0. 5447 0.0134 0. 0709 0. 0009 441 32 442 9 442 6 0. 00%
72044-61  30.97223 160. 57 430. 99 0. 37 0. 0552 0.0012 0.5110 0.0116 0. 0672 0. 0009 420 29 419 8 419 5 0. 00%
72044-62  30.85074  232.01 401. 38 0. 58 0. 0553 0.0013 0.5182 0.0125 0. 0680 0. 0009 423 32 424 8 424 5 0. 00%
72044-63  23.0113 165. 91 296. 2 0. 56 0. 0546 0.0013 0. 5229 0.0123 0. 0694 0. 0009 397 30 427 8 433 5 -1.39%
72044-64  23. 66429 165. 1 312. 04 0.53 0. 0553 0.0014 0.5179 0.0130 0. 0679 0. 0009 424 33 424 9 424 5 0. 00%
72044-65  18. 45633 109. 85 244. 89 0. 45 0. 0555 0.0015 0. 5299 0. 0140 0. 0692 0. 0009 433 36 432 9 432 5 0. 00%
72044-66 12. 0335 63. 67 162. 75 0. 39 0. 0553 0. 0020 0. 5201 0.0193 0. 0683 0. 0009 422 59 425 13 426 6 -0.23%
72044-67  24.76122 179. 05 318. 55 0. 56 0. 0556 0.0013 0. 5320 0.0130 0. 0694 0. 0009 435 32 433 9 433 5 0. 00%
72044-68  25.22303  239. 16 305. 05 0.78 0. 0556 0.0013 0. 5362 0.0129 0. 0699 0. 0009 438 31 436 9 436 5 0. 00%
72044-69 9.312 52. 14 121. 23 0.43 0. 0557 0.0018 0. 5438 0.0173 0. 0708 0. 0010 440 46 441 11 441 6 0. 00%
72044-70  28.99812  229. 96 348. 28 0. 66 0. 0560 0.0013 0. 5598 0.0132 0. 0726 0. 0009 450 30 451 9 452 6 -0.22%
72044-71  29. 12875 139. 36 399. 33 0. 35 0. 0543 0.0013 0. 5003 0.0124 0. 0668 0. 0009 384 33 412 8 417 5 -1.20%
72044-72  15. 22098 112. 4 202. 23 0. 56 0. 0552 0.0015 0.5109 0. 0140 0. 0671 0. 0009 421 38 419 9 419 5 0. 00%
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spot concentritions (ppm) Th/U U-Pb isotopic ratios age concorda
Pb Total Th U 207 pp/2% pp, s 2 pp/*y lo 208 ppy2%8 1o 27 pp/2% ppy o 2Py*U 1s P/U 1o nee
72044-73  13.67484 100. 38 161. 89 0.62 0. 0561 0.0014 0. 5664 0. 0147 0.0733 0. 0010 454 34 456 10 456 6 0. 00%
72044-74  19. 57561 181. 67 231.97 0.78 0. 0558 0.0017 0. 5492 0.0166 0.0714 0. 0009 445 44 444 11 444 6 0. 00%
72044-75  29.9276 236. 37 362. 34 0. 65 0. 0589 0. 0015 0. 5792 0.0149 0.0713 0. 0009 563 34 464 10 444 6 4. 50%
72022-1 10. 16696 155. 61 173. 24 0.90 0. 0521 0. 0025 0. 3360 0. 0160 0. 0468 0. 0007 288 82 294 12 295 4 -0. 34%
72022-2  30. 13202 168. 31 386. 88 0. 44 0. 0554 0.0012 0. 5250 0.0114 0. 0688 0. 0009 427 26 428 8 429 5 -0.23%
72022-3 4. 869086 58. 39 94. 41 0.62 0. 0516 0. 0025 0. 3077 0. 0150 0. 0432 0. 0006 270 85 272 12 273 4 =0.37%
72022-4  5.292399 85.12 78. 36 1.09 0. 0528 0. 0022 0. 3695 0.0151 0. 0507 0. 0007 321 67 319 11 319 4 0. 00%
72022-5  36.55046  258.45 462. 3 0. 56 0. 0553 0.0011 0. 5160 0.0108 0. 0677 0. 0009 424 25 422 7 422 5 0. 00%
72022-6 16. 45536  229. 45 307.6 0.75 0. 0518 0. 0015 0.3128 0. 0089 0. 0438 0. 0006 275 42 276 7 276 4 0. 00%
72022-7  5.270131 59. 21 95. 38 0.62 0. 0522 0. 0023 0. 3350 0. 0145 0. 0466 0. 0007 292 72 293 11 293 4 0. 00%
72022-8  5.498831 59. 76 105. 59 0. 57 0. 0518 0. 0023 0. 3196 0.0143 0. 0447 0. 0006 277 76 282 11 282 4 0. 00%
72022-9 16. 75251 98. 28 205. 19 0.48 0. 0559 0.0014 0. 5500 0.0135 0.0714 0. 0009 446 32 445 9 445 6 0. 00%
72022-10  16. 20543 152.5 313.52 0.49 0. 0520 0.0013 0. 3252 0. 0081 0. 0454 0. 0006 285 34 286 6 286 4 0. 00%
72022-11  5.539071 63. 87 98. 34 0. 65 0. 0523 0. 0021 0. 3408 0.0139 0.0473 0. 0007 299 67 298 11 298 4 0. 00%
72022-12  13. 31511 42.07 14. 99 2. 81 0. 1639 0. 0036 10. 8925 0. 2453 0. 4818 0. 0068 2497 20 2514 21 2535 30 -1.50%
72022-13  10. 69781 73. 46 128. 94 0.57 0. 0558 0.0016 0. 5474 0.0159 0.0712 0. 0010 444 41 443 10 443 6 0. 00%
72022-14  10. 64774 73. 34 132 0. 56 0. 0555 0.0018 0.5319 0.0172 0. 0695 0. 0009 433 48 433 11 433 6 0. 00%
72022-15  9.22743 170 158.91 1. 07 0. 0519 0.0018 0. 3175 0.0108 0. 0444 0. 0006 280 52 280 8 280 4 0. 00%
72022-16  15.10503  203. 39 269. 39 0.76 0. 0537 0. 0015 0. 3366 0. 0094 0. 0455 0. 0006 357 39 295 7 287 4 2.79%
72022-17  10. 89462 149. 17 182. 38 0.82 0. 0524 0.0016 0. 3506 0.0104 0. 0485 0. 0007 305 43 305 8 305 4 0. 00%
72022-18  7.23472 54. 67 122. 77 0. 45 0. 0530 0.0018 0. 3829 0.0129 0. 0524 0. 0007 327 51 329 9 329 4 0. 00%
72022-19  17.09355 115.18 202. 77 0. 57 0. 0560 0.0013 0. 5621 0.0137 0. 0727 0. 0010 454 31 453 9 453 6 0. 00%
72022-20 5. 319836 43. 24 96. 27 0. 45 0. 0525 0. 0025 0. 3563 0.0168 0. 0493 0. 0007 306 81 309 13 310 4 -0. 32%
72022-21  13.45192 110. 09 246. 08 0. 45 0. 0525 0.0014 0. 3535 0. 0095 0. 0488 0. 0007 307 37 307 7 307 4 0. 00%
72022-22  8.96672 102. 23 169. 38 0. 60 0. 0521 0. 0021 0. 3253 0.0132 0. 0453 0. 0006 288 67 286 10 286 4 0. 00%
72022-23  8.75665 115. 68 167. 41 0.69 0. 0517 0.0016 0.3124 0. 0099 0. 0439 0. 0006 271 47 276 8 277 4 -0. 36%
72022-24  10. 31808 66. 7 130. 12 0.51 0. 0556 0.0015 0. 5347 0. 0147 0. 0697 0. 0010 437 37 435 10 434 6 0.23%
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Pb Total Th U 207 pp/2% pp, s 2 pp/*y lo 208 ppy2%8 1o 27 pp/2% ppy o 2Py*U 1s P/U 1o nee
72022-25  14. 78066 73.41 194. 62 0. 38 0. 0555 0. 0015 0. 5287 0.0145 0. 0691 0. 0009 431 37 431 10 431 6 0. 00%
72022-26  4.295736 49. 75 77.28 0. 64 0. 0522 0. 0040 0. 3342 0. 0254 0. 0464 0. 0007 295 145 293 19 292 4 0. 34%
72022-27  16. 34884 130. 36 199. 94 0. 65 0. 0555 0. 0015 0.5317 0.0144 0. 0695 0. 0009 431 37 433 10 433 6 0. 00%
72022-28  6.103072 179. 25 77.01 2.33 0. 0522 0. 0030 0. 3358 0.0189 0. 0466 0. 0007 296 100 294 14 294 4 0. 00%
72022-29  13.78001 122.1 275.98 0. 44 0. 0519 0.0014 0. 3212 0. 0088 0. 0449 0. 0006 281 39 283 7 283 4 0. 00%
72022-30  27.74151 246. 76 226. 15 1.09 0. 0593 0.0014 0. 7665 0.0182 0. 0938 0.0012 578 30 578 10 578 7 0. 00%
72022-31  42. 74666 105. 16 99. 78 1. 05 0. 1097 0. 0022 4. 8604 0. 0999 0.3214 0. 0042 1794 20 1795 17 1797 20 =0.17%
72022-32  11.40307 102. 95 199. 92 0.51 0. 0527 0.0019 0. 3641 0.0131 0. 0501 0. 0007 315 56 315 10 315 4 0. 00%
72022-33  19. 77496 168. 02 228. 64 0.73 0. 0560 0.0014 0. 5592 0.0144 0. 0724 0. 0010 454 34 451 9 450 6 0.22%
72022-35  22.66567  261.07 404. 2 0. 65 0. 0523 0.0014 0. 3452 0. 0095 0. 0479 0. 0006 299 39 301 7 301 4 0. 00%
72022-37  54. 45785 130. 59 78. 37 1. 67 0. 1607 0. 0032 10. 1959 0. 2092 0. 4602 0. 0060 2463 18 2453 19 2441 26 0. 90%
72022-38 4. 396843 57.65 81.73 0.71 0. 0520 0. 0022 0. 3209 0.0132 0. 0448 0. 0007 285 67 283 10 282 4 0. 35%
72022-39  15. 68126 86. 81 204. 88 0.42 0. 0556 0.0014 0.5319 0. 0140 0. 0695 0. 0009 434 35 433 9 433 6 0. 00%
72022-40  11. 14117 116.78 219. 85 0.53 0. 0518 0.0015 0. 3217 0. 0091 0. 0451 0. 0006 275 40 283 7 284 4 -0. 35%
72022-41  15. 43269 140. 35 303. 63 0. 46 0. 0519 0.0015 0. 3269 0. 0096 0. 0457 0. 0006 282 43 287 7 288 4 -0. 35%
72022-42  7.19251 137.29 122.6 1. 12 0. 0545 0. 0029 0. 3354 0.0178 0. 0446 0. 0007 392 93 294 14 281 4 4.63%
72022-43  13.69003  224. 56 242. 84 0.92 0. 0519 0. 0015 0. 3241 0. 0096 0. 0453 0. 0006 280 43 285 7 286 4 -0. 35%
72022-45  5.57895 54. 58 73. 14 0.75 0. 0551 0. 0033 0. 4888 0. 0296 0. 0643 0. 0010 417 109 404 20 402 6 0. 50%
72022-46  21.42303 151. 07 417. 24 0. 36 0. 0523 0.0013 0. 3432 0. 0088 0. 0476 0. 0006 296 35 300 7 300 4 0. 00%
72022-47  22.92695 137. 88 286. 8 0.48 0. 0553 0.0013 0. 5494 0.0135 0.0721 0. 0010 425 32 445 9 448 6 -0.67%
72022-48  17.44147  296. 92 308. 57 0.96 0. 0520 0.0016 0. 3245 0.0102 0. 0453 0. 0006 284 47 285 8 286 4 -0. 35%
72022-49  16. 79414 164 327. 06 0.50 0. 0521 0.0015 0.3301 0. 0095 0. 0459 0. 0006 292 42 290 7 289 4 0. 35%
72022-50  19. 11007 119. 27 242. 19 0.49 0. 0558 0.0015 0. 5466 0.0145 0.0710 0. 0010 445 35 443 10 442 6 0. 23%
72022-51 6. 063 95.1 112. 04 0.85 0. 0518 0. 0034 0. 3144 0. 0205 0. 0440 0. 0007 278 123 278 16 278 4 0. 00%
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Pb Total Th U 207 pp/2% pp, s 2 pp/*y lo 208 ppy2%8 1o 27 pp/2% ppy o 2Py*U 1s P/U 1o nee
72022-52 13. 028 72.11 181. 21 0. 40 0. 0547 0.0019 0. 4858 0.0173 0. 0644 0. 0009 400 55 402 12 402 5 0. 00%
72022-53  9.44076 129. 42 151.8 0. 85 0. 0529 0. 0020 0. 3776 0.0141 0. 0518 0. 0007 325 59 325 10 325 4 0. 00%
72022-54  26. 17765 75.41 110.9 0. 68 0.0791 0.0019 2. 1764 0. 0539 0. 1996 0. 0027 1175 29 1174 17 1173 14 0.17%
72022-55 9. 19404 118.03 171. 39 0. 69 0. 0521 0.0018 0. 3303 0.0116 0. 0460 0. 0007 289 54 290 9 290 4 0. 00%
72022-56  7.26121 80. 04 123.91 0. 65 0. 0528 0. 0025 0. 3720 0.0178 0. 0511 0. 0007 318 83 321 13 322 4 -0.31%
72022-57  4.907452 57.89 88. 94 0. 65 0. 0521 0. 0029 0. 3400 0.0185 0.0473 0. 0007 291 96 297 14 298 4 -0. 34%
72022-58  16. 35711 138. 49 198. 62 0.70 0. 0558 0. 0016 0. 5454 0. 0155 0. 0709 0. 0010 444 39 442 10 442 6 0. 00%
72022-59  28.99811 165. 57 385. 31 0.43 0. 0549 0.0013 0.5192 0.0126 0. 0686 0. 0009 407 31 425 8 428 5 =0. 70%
72022-60  6.89213 61. 35 130. 68 0. 47 0. 0523 0. 0023 0. 3440 0.0152 0. 0477 0. 0007 300 75 300 11 300 4 0. 00%
72022-61  17.86902 127.83 229. 22 0. 56 0. 0555 0.0016 0. 5328 0.0154 0. 0696 0. 0009 434 40 434 10 434 6 0. 00%
72022-62  14. 64755 183. 39 285. 61 0. 64 0. 0519 0. 0015 0. 3210 0. 0096 0. 0449 0. 0006 281 43 283 7 283 4 0. 00%
72022-63  6.62968 129. 47 117.99 1. 10 0. 0519 0. 0023 0. 3157 0.0138 0. 0441 0. 0007 281 72 279 11 278 4 0. 36%
72022-64  9.97965 117.78 183. 72 0. 64 0. 0523 0. 0022 0. 3436 0.0143 0. 0476 0. 0007 300 69 300 11 300 4 0. 00%
72022-65  14. 88876 88. 61 196. 73 0. 45 0. 0555 0.0018 0. 5297 0.0170 0. 0693 0. 0010 430 47 432 11 432 6 0. 00%
72022-66  14. 49165 115.12 186. 69 0.62 0. 0554 0.0018 0. 5227 0.0172 0. 0684 0. 0009 430 49 427 11 426 6 0.23%
72022-67  13. 06896 70. 84 167. 77 0.42 0. 0559 0. 0021 0. 5535 0. 0209 0.0718 0. 0010 448 59 447 14 447 6 0. 00%
72022-68  3.778538 44. 38 72.09 0.62 0. 0522 0. 0042 0. 3353 0. 0269 0. 0466 0. 0008 293 150 294 20 294 5 0. 00%
72022-69  12.53151 86. 29 167. 66 0.51 0. 0553 0.0018 0.5165 0.0170 0. 0678 0. 0009 424 49 423 11 423 6 0. 00%
72022-70  14. 60655 100. 78 194. 72 0.52 0. 0553 0. 0023 0.5108 0.0211 0. 0671 0. 0009 423 68 419 14 418 6 0. 24%
72022-71  13.63989 141. 33 266. 26 0.53 0. 0521 0. 0023 0.3314 0.0148 0. 0461 0. 0006 291 76 291 11 291 4 0. 00%
72022-72  35. 38381 309. 28 412. 51 0.75 0. 0561 0.0015 0. 5671 0.0152 0.0733 0. 0010 456 36 456 10 456 6 0. 00%
72022-73  19. 98899 192.1 390. 02 0.49 0. 0519 0.0014 0. 3351 0. 0094 0. 0468 0. 0006 283 39 293 7 295 4 -0. 68%
72022-74  19.94131 228. 34 404.72 0. 56 0. 0518 0.0016 0. 3154 0. 0098 0. 0442 0. 0006 277 46 278 8 279 4 -0. 36%
72022-75  30. 83377 45.1 79.12 0. 57 0.1143 0. 0029 5.3022 0. 1368 0. 3365 0. 0045 1869 27 1869 22 1870 22 -0. 05%
71107-01 <5.27 108. 64 124. 96 0. 87 0. 0553 0.0011 0. 5486 0.0110 0.0719 0. 0008 426 25 444 7 448 5 -0. 89%
71107-02 45. 84 583. 18 760. 05 0.77 0. 0555 0.0010 0. 5356 0. 0098 0. 0700 0. 0008 433 21 436 6 436 5 0. 00%
71107-03 <6. 86 500. 82 664. 35 0.75 0. 0540 0.0011 0. 3092 0. 0061 0. 0416 0. 0005 369 25 274 5 263 3 4. 18%
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Pb Total Th U 207 pp/2% pp, s 2 pp/*y lo 208 ppy2%8 1o 27 pp/2% ppy o 2Py*U 1s P/U 1o nee
71107-04 <4. 46 44. 42 145. 29 0. 31 0. 0576 0. 0008 0. 5096 0. 0073 0. 0642 0. 0007 513 15 418 5 401 4 4. 24%
71107-05 <3.96 110. 34 371. 86 0. 30 0. 0523 0. 0008 0. 3030 0. 0044 0. 0420 0. 0005 300 16 269 3 265 3 1.51%
71107-06 <5.70 72.78 227.6 0.32 0. 0569 0.0010 0. 4927 0. 0081 0. 0628 0. 0007 487 18 407 6 393 4 3. 56%
71107-07 <7.29 164. 97 206. 86 0. 80 0. 0552 0.0011 0.3213 0. 0064 0. 0422 0. 0005 421 25 283 5 267 3 5.99%
71107-08 68. 84 218. 42 998. 01 0. 22 0. 0532 0.0016 0. 2953 0. 0086 0. 0403 0. 0005 337 43 263 7 254 3 3. 54%
71107 09 <13.08 267. 06 467. 58 0. 57 0. 0840 0.0012 0.7515 0. 0105 0.0649 0.0007 1292 13 569 6 405 4 40.49%
71107-10 <4.26 73.03 151. 39 0.48 0. 0552 0.0012 0.4818 0.0103 0. 0633 0. 0007 422 27 399 7 395 4 1.01%
71107-11 8. 94 129. 11 444. 19 0.29 0. 0548 0. 0009 0.4705 0. 0077 0. 0622 0. 0007 406 18 392 5 389 4 0.77%
TH0T 12 <15.64 160. 83 222,16 0.72 0. 121 0. 0017 43162 0. 0656 0.2793 0.0033 18534 13 1696 13 1588 17 1. 49%
THH07T 13 <4 64 T7.61 129.07 0. 60 011D 0.0012 4 4422 0. 0476 0. 2890 0.0030 1824 9 1720 9 1636 15 1 49%
7107 14 12,72 T3 249,13 0. 45 0. 1097 0. 0014 4. 2388 0. 0561 0. 2804 0.0032 1794 +H 1682 H 1593 16 12.62%
71107-15 9.95 105. 12 144.9 0.73 0. 0499 0.0011 0. 2766 0. 0059 0. 0402 0. 0005 191 29 248 5 254 3 2. 36%
71107-16 <4.51 85. 58 104. 01 0.82 0. 0565 0. 0009 0. 4964 0. 0080 0. 0637 0. 0007 473 18 409 5 398 4 2. 76%
71107-17 <5.33 87.53 208.72 0.42 0. 0610 0.0012 0.5333 0.0106 0. 0634 0. 0008 641 23 434 7 396 5 9. 60%
71107-18 <4.87 105. 45 199. 75 0.53 0. 0555 0. 0015 0. 2907 0. 0076 0. 0380 0. 0005 432 37 259 6 240 3 7.92%
THO7T-19 <446 11854 193.59 0.61 0.0797 0. 0015 0. 4778 0. 0088 0.0435 0.0005 807 109 334 1+ 270 4 23.70%
71107-20 8. 05 42.1 329. 46 0.13 0. 0565 0.0010 0. 4996 0. 0084 0. 0641 0. 0007 472 19 411 6 401 4 2.49%
THOT 21 <3073 194, 66 272,79 0.71 0. 1163 0.0013 4. 7586 0. 0560 0.2968 0.0032 1901 9 1778 10 1675 16 13.49%
71107-22 14. 59 32.2 516. 26 0. 06 0. 0521 0. 0009 0.2901 0. 0049 0. 0404 0. 0005 292 20 259 4 255 3 1.57%
71107-23 <3.75 68. 1 103. 58 0. 66 0. 0530 0.0010 0. 3065 0. 0056 0. 0420 0. 0005 329 22 271 4 265 3 2. 26%
THOT 24 28,67 360,67 592,43 0.61 0. 1100 0. 0011 +.3560 0. 0467 0.2872 0.0030 1800 9 1704 9 1628 15 F0.57%
71107-25 <3.55 86. 59 100. 56 0. 86 0.0616 0. 0009 0.6144 0. 0091 0. 0724 0. 0008 659 15 486 6 451 5 7.76%
71107-26 4. 64 213.94 482. 02 0. 44 0. 0591 0. 0009 0. 5827 0. 0087 0.0715 0. 0008 572 16 466 6 445 5 4.72%
71107-27 <5.02 154. 78 267.63 0. 58 0. 0638 0. 0008 1. 0186 0.0125 0.1158 0.0012 700 39 704 7 705 7 -0. 14%
71107-28 <3.89 94. 14 179.7 0.52 0. 0545 0. 0008 0.4704 0. 0070 0. 0627 0. 0007 390 16 391 5 392 4 -0. 26%
71107-29 <3.58 278. 22 327. 11 0.85 0. 0705 0. 0008 1. 4400 0.0167 0. 1481 0. 0016 944 11 906 7 891 9 1. 68%
71107-30 10. 32 171. 06 436.9 0.39 0. 0540 0.0010 0. 3405 0. 0063 0. 0457 0. 0005 372 22 298 5 288 3 3.47%
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Pb Total Th U 207 pp/2% pp, s 2 pp/*y lo 208 ppy2%8 1o 27 pp/2% ppy o 2Py*U 1s P/U 1o nee
71107-31 <4.49 114.93 172. 88 0. 66 0. 0645 0.0010 0. 6384 0.0103 0.0718 0. 0008 643 81 479 13 445 5 7.64%
71107-32 <4. 38 79.7 190. 65 0.42 0. 0882 0.0010 3.0433 0. 0341 0. 2503 0. 0027 1387 10 1419 1440 14 -3.68%
T1HH07 33 <7049 97,7 169. 9 0. 58 0.0676 0. 0009 0. 7674 0. 0101 0.0824 0.0009 855 2 HIs 6 St 5 13
71107-34 <4.19 38.95 129. 07 0. 30 0. 0530 0. 0008 0. 3566 0. 0054 0. 0488 0. 0005 330 17 310 307 3 0. 98%
71107-35 <3. 56 216. 64 282. 05 0.77 0.1273 0.0013 5.9142 0. 0643 0.3372 0. 0036 2033 32 1948 12 1869 18 8. 77%
71107 36 <402 104,07 200. 53 0.52 0.0785 0. 0009 0. 7348 0. 0089 0.0679 0.0007 1004 56 H24 10 420 5 24 76%
71107-37 <3.63 116. 63 269. 61 0.43 0. 1637 0.0017 9. 7470 0. 1074 0. 4320 0. 0047 2494 8 2411 10 2315 21 7.73%
71107-38 18. 45 314. 89 261. 48 1.20 0. 1596 0.0017 10. 0570 0. 1084 0. 4571 0. 0049 2452 8 2440 10 2427 22 1. 03%
71107-39 <5.02 166. 41 177.02 0.94 0. 0609 0.0010 0.6318 0. 0099 0. 0753 0. 0008 634 16 497 6 468 5 6. 20%
71107-40 <4.17 70. 33 102. 41 0. 69 0. 0594 0. 0008 0.6136 0. 0082 0. 0749 0. 0008 583 13 486 5 466 5 4.29%
71107-41 <3.37 161. 71 275. 42 0.59 0. 1685 0.0017 10. 5753 0.1104 0. 4553 0. 0048 2543 8 2487 10 2419 21 5.13%
71107-42 6. 09 111.95 217. 39 0.51 0. 0571 0. 0007 0. 5535 0. 0066 0. 0703 0. 0008 495 12 447 4 438 5 2. 05%
TH0T 43 <456 205,13 429,16 0. 48 0. 1245 0. 0014 52712 0. 0627 0.3072 0.0034 2021 9 1864 16 1727 17 17.02%
71107-44 <{3. 66 111. 84 238. 39 0. 47 0. 1340 0.0018 1. 5096 0.0198 0. 0817 0. 0009 580 126 480 21 460 6 4. 35%
71107-45 48.2 131. 47 362. 64 0. 36 0. 0547 0. 0008 0. 5400 0. 0080 0.0716 0. 0008 401 16 438 5 446 5 -1.79%
71107-46 <6.01 83. 42 315.5 0. 26 0.0722 0. 0009 1.3349 0.0172 0. 1341 0. 0015 992 12 861 7 811 8 6. 17%
71107-47 <4.00 188. 42 412 0. 46 0.1124 0.0012 5.4037 0. 0607 0. 3489 0. 0038 1838 9 1885 10 1929 18 -4.72%
71107-48 <4.17 136. 31 252. 04 0. 54 0. 1679 0.0018 10. 2526 0. 1157 0. 4430 0. 0049 2521 30 2448 13 2360 22 6. 82%
71107-49 <3.59 138.52 231.83 0. 60 0. 1599 0.0016 9. 6742 0. 1029 0. 4390 0. 0047 2440 28 2395 11 2342 21 4. 18%
71107-50 26. 76 275.9 465. 77 0.59 0. 0599 0. 0009 0. 6209 0. 0089 0. 0752 0. 0008 599 14 490 6 468 5 4. 70%
71107-51 14. 88 140. 11 235. 14 0. 60 0. 0893 0.0010 3. 0927 0. 0351 0.2513 0. 0027 1410 10 1431 9 1445 14 -2.42%
71107-52 <3.48 123.98 388. 02 0.32 0. 0517 0.0014 0. 3450 0. 0094 0. 0484 0. 0006 274 39 301 305 4 -1.31%
71107-53 <4.00 92. 53 136. 63 0. 68 0. 1644 0.0017 10. 9186 0.1176 0. 4817 0. 0052 2502 8 2516 10 2535 23 1. 30%
71107-54 <3.60 30.09 127.4 0. 24 0.0731 0.0010 1. 6040 0.0215 0. 1592 0.0018 1016 12 972 8 952 10 2. 10%
71107-55 <4.26 75. 47 39. 43 1.91 0. 0550 0.0011 0.3514 0. 0068 0. 0464 0. 0005 411 23 306 5 292 3 4. 79%
71107-56 19. 82 87.8 210. 25 0.42 0. 0582 0. 0009 0. 5265 0. 0079 0. 0656 0. 0007 538 16 429 5 410 4 4. 63%
71107-57 <3.73 152. 21 216. 53 0.70 0. 0564 0.0010 0. 5140 0. 0091 0. 0662 0. 0008 467 20 421 6 413 5 1. 94%
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spot Th/U U-Pb isotopic ratios age concorda
Pb Total Th U 207 pp/2% pp, s 2 pp/*y lo 208 ppy2%8 1o 27 pp/2% ppy o 2Py*U 1s P/U 1o nee
71107-58 3.82 129. 15 297. 46 0.43 0. 0571 0. 0009 0. 4475 0. 0073 0. 0568 0. 0006 497 18 376 5 356 4 5. 62%
71107-59 <4.16 198. 19 245. 14 0. 81 0. 0530 0. 0009 0. 3126 0. 0051 0. 0428 0. 0005 330 18 276 270 3 2.22%
71107 60 T 139.9 432,58 0.32 0.0633 0. 0012 0.3773 0. 0068 0.0433 0.0005 T8 20 325 5 273 3 19.05%
71107-61 <9. 28 75.09 104. 68 0.72 0.0761 0.0010 1.3719 0.0183 0. 1307 0. 0015 986 58 842 14 788 9 6. 85%
71107-62 <4.05 167. 38 231.78 0.72 0.1103 0.0012 4. 4585 0. 0523 0. 2933 0. 0032 1804 10 1723 10 1658 16 8. 81%
71107-63 21.59 428.2 344. 74 1.24 0. 1092 0.0011 4. 5236 0. 0490 0. 3004 0. 0032 1787 9 1735 1693 16 5. 55%
71107-64 <3.82 53. 69 127. 04 0.42 0. 0540 0.0010 0. 3434 0. 0061 0. 0461 0. 0005 372 21 300 5 291 3 3. 09%
71107-65 <3.70 63. 25 276. 66 0.23 0. 0575 0. 0009 0. 5499 0. 0089 0. 0694 0. 0008 512 17 445 6 432 5 3.01%
71107-66 <18. 83 79.79 283. 46 0. 28 0. 0570 0. 0009 0.5518 0. 0090 0.0703 0. 0008 490 18 446 6 438 5 1. 83%
71107-67 <4.18 154. 01 230.73 0.67 0. 0593 0.0013 0.4132 0. 0088 0. 0506 0. 0006 329 88 317 10 315 4 0. 63%
7110768 <401 68,06 110,13 0.62 0.2696 0.0029 2,261 0. 0252 0.0609 0.0007 1688 154 h22 32 296 5 T6.35%
71107-69 <3.50 113.95 185. 83 0.61 0. 0586 0. 0008 0. 5486 0. 0077 0. 0679 0. 0008 473 65 431 9 423 5 1. 89%
71107-70 54. 42 552. 78 768. 02 0.72 0. 0568 0.0010 0. 3865 0. 0069 0. 0494 0. 0006 483 20 332 5 311 4 6. 75%
71107-71 <4.13 121. 89 97. 88 1.25 0. 0523 0. 0009 0. 3272 0. 0055 0. 0454 0. 0005 297 19 287 4 286 3 0. 35%
71107-72 <3. 88 185.9 255. 42 0.73 0. 0550 0. 0009 0. 3656 0. 0060 0. 0483 0. 0006 411 18 316 4 304 3 3. 95%
71107-73 <4.48 144. 51 258. 4 0. 56 0.1110 0.0012 5. 3600 0. 0598 0. 3503 0. 0038 1816 9 1878 10 1936 18 6. 20%
72034-01 38. 8628 246. 18 422. 44 0. 58 0. 0568 0.0015 0. 6082 0.0162 0.0777 0. 0010 482 36 482 10 483 6 -0.21%
72034-02  59.09421 512. 29 684. 46 0.75 0. 0594 0.0016 0. 5688 0.0153 0. 0694 0. 0009 583 36 457 10 433 6 5. 54%
72034-03  38.26282  239.44 444. 65 0. 54 0. 0561 0. 0015 0. 5689 0. 0150 0. 0736 0. 0010 457 35 457 10 458 6 -0.22%
72034-04  11.7161 135. 69 217.96 0.62 0. 0520 0.0018 0. 3229 0.0111 0. 0451 0. 0006 284 52 284 8 284 4 0. 00%
72034-05  7.24545 71.28 145. 94 0.49 0. 0516 0. 0027 0. 3070 0.0158 0. 0431 0. 0007 269 87 272 12 272 5 0. 00%
72034-06  15. 83081 168. 07 297. 64 0. 56 0. 0555 0. 0026 0. 3442 0.0157 0. 0450 0. 0007 432 76 300 12 284 4 5. 63%
72034-07  34. 25829 199. 29 410. 87 0.49 0. 0561 0.0016 0. 5605 0.0162 0. 0726 0. 0010 454 40 452 11 452 6 0. 00%
72034-09 10. 17139 110. 82 190. 79 0. 58 0. 0521 0. 0020 0. 3259 0.0122 0. 0454 0. 0007 289 59 286 9 286 4 0. 00%
72034-10  11.29783 134.79 190. 73 0.71 0. 0525 0. 0022 0. 3543 0.0148 0. 0490 0. 0007 307 69 308 11 308 4 0. 00%
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spot concentritions (ppm) Th/U U-Pb isotopic ratios age concorda
Pb Total Th U 207 pp/2% pp, s 2 pp/*y lo 208 ppy2%8 1o 27 pp/2% ppy o 2Py*U 1s P/U 1o nee
72034-12  29.21611 153. 37 337.82 0. 45 0. 0565 0.0016 0. 5902 0.0164 0. 0758 0. 0010 471 38 471 10 471 6 0. 00%
72034-13  36.63876 196. 39 438. 05 0. 45 0. 0561 0. 0015 0. 5701 0.0153 0. 0737 0. 0010 456 36 458 10 459 6 -0.22%
72034-14  30. 16251 154. 91 354.3 0. 44 0. 0564 0.0017 0. 5851 0.0182 0.0753 0. 0010 468 45 468 12 468 6 0. 00%
72034-15 10.55615  222.41 182. 56 1.22 0.0516 0. 0032 0. 3039 0.0188 0. 0428 0. 0007 266 113 269 15 270 4 =0.37%
72034-16  12.73173 112. 28 217.49 0.52 0. 0546 0. 0037 0. 3743 0. 0245 0. 0497 0. 0008 396 155 323 18 313 5 3.19%
72034-17  32. 38267 199. 68 355. 83 0. 56 0. 0583 0.0018 0. 6320 0. 0200 0. 0786 0.0011 543 45 497 12 488 6 1. 84%
72034-18  32.83848 196. 14 366. 71 0.53 0. 0567 0. 0016 0. 6008 0.0168 0. 0769 0. 0010 478 38 478 11 478 6 0. 00%
72034-19  49.91039  259. 36 532. 81 0.49 0. 0569 0. 0015 0. 6555 0.0175 0. 0836 0.0011 486 36 512 11 518 7 -1.16%
72034-20 14.60028  237.82 197. 68 1.20 0. 0533 0. 0025 0.4013 0.0186 0. 0546 0. 0008 343 78 343 13 343 5 0. 00%
72034-21  44.51957 163. 02 632. 71 0. 26 0. 0552 0. 0025 0. 4621 0. 0200 0. 0607 0. 0008 420 104 386 14 380 5 1. 58%
72034-22  24.93251 137.73 246. 41 0. 56 0. 0625 0. 0022 0. 7556 0. 0265 0. 0878 0.0012 690 51 571 15 542 7 5. 35%
72034-23  36.71995 169. 22 408. 43 0.41 0. 0574 0.0018 0. 6430 0.0198 0. 0814 0.0011 505 44 504 12 504 6 0. 00%
72034-24  12. 39827 67.75 140. 73 0.48 0. 0568 0. 0024 0. 6091 0. 0261 0.0778 0.0011 485 69 483 16 483 7 0. 00%
72034-25  25. 26045 132.29 308. 15 0.43 0. 0561 0.0018 0. 5640 0.0186 0. 0730 0. 0010 454 48 454 12 454 6 0. 00%
72034-26  28.97477 183. 33 331. 01 0.55 0. 0565 0.0019 0. 5905 0.0196 0. 0759 0. 0010 471 49 471 12 471 6 0. 00%
72034-27 108.03649 197.71 872.33 0.23 0. 0709 0.0019 1. 1433 0. 0304 0. 1170 0. 0016 955 33 774 14 713 9 8. 56%
72034-28  27.76825 174.23 311.02 0. 56 0. 0567 0.0018 0. 6029 0.0188 0.0771 0.0011 480 45 479 12 479 6 0. 00%
72034-29  19.49923  237.61 375.7 0.63 0. 0563 0. 0023 0. 3450 0.0138 0. 0444 0. 0006 465 64 301 10 280 4 7.50%
72034-30 12.11221 249. 38 203 1.23 0. 0567 0. 0032 0. 3363 0.0188 0. 0430 0. 0007 479 95 294 14 272 4 8. 09%
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We present a structural and kinematic study of an Early Paleozoic subduction mélange and a magmatic
arc that form the main elements of the Southern Orogen Belt of Inner Mongolia, which lies in the eastearn
part of the Altaids or Central Asia Orogenic Belt. The structural analysis of the mélange conducted in the
Hongqi and Ondor Sum areas (western Inner Mongolia) shows two phrases of ductile deformation. The D,
event is responsible for the pervasive S; foliation, NW-SE striking L, stretching lineation and F; intrafolial
folds. These microstructures are coeval with a greenschist facies metamorphism. During D,, NW-verging
F, folds associated with a S, axial planar cleavage deformed S; and L;. The D; kinematic criteria indicate a
top-to-the-NW sense of shear. D; and D, developed before the unconformable deposition of the Early
Devonian shallow water sandstone. A lithosphere scale geodynamic model involving an Early Paleozoic
southeast-directed subduction beneath the North China Craton and late Silurian collision of the North
China Craton with an hypothetical microcontinent is proposed to account for the microstructural
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1. Introduction

Accretionary orogens, formed at active plate margins, play a
major role in continental growth either vertically by transfer of
mantle material within the crust in magmatic arcs or horizontally
by accretion of oceanic material (i.e. magmatic island arcs,
sea-mounts, oceanic crust and its sedimentary cover) against the
continental margin (e.g. Condie, 2007; Cawood et al., 2009). Accre-
tionary orogens are widespread in Central and East Asia. The Paleo-
zoic accretionary orogens, recognized from the Urals Mts to Inner
Mongolia in NE China, are called Altaids (Altaid Tectonic Collage,
Sengor et al., 1993; Sengor and Natal'in, 1996) or Central Asia Oro-
genic Belt (CAOB, Jahn, 2004; Xiao et al., 2003, 2008; Windley et al.,
2007). The Altaids/CAOB represents the consumption and remnant
of the Paleo-Asian Ocean, currently preserved as ophiolite and ser-
pentinite mélanges. This belt occupies an area of more than
5000 km long and 300 km wide. The end of the oceanic subduction
and accretionary process is a critical point in the evolution of any
accretionary orogen. Several possibilities have been suggested.
Strike-slip tectonics along plate margins may lead to oblique sub-
duction and collage (e.g. Sengor et al., 1993; Choulet et al., 2012).
Another possibility is that the stopping of oceanic subduction is
due to the entrance of a buoyant feature such as a magmatic arc

* Corresponding author.
E-mail address: bxu@pku.edu.cn (B. Xu).

1367-9120/$ - see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.jseaes.2012.12.034

or a microcontinent in the subduction channel (Condie, 2007; Ca-
wood et al., 2009).

The eastern segment of the Altaids/CAOB is mainly exposed in
Inner Mongolia. The Solonker (also called Solon Obo) suture is con-
sidered as the major structure that delineates the location of the
Paleo-Asian Ocean (Xiao et al., 2003; Windley et al., 2007; Chen
et al., 2009; Jian et al., 2010). Xiao et al. (2003) considered that dur-
ing the Late Precambrian to Cambrian a north-directed subduction
gave rise to the Ulan arc, and during the Early Paleozoic, a south-
directed oceanic subduction below the North China Craton was
coeval with a north-directed oceanic subduction below the south-
ern Mongolian margin. Finally, in Late Permian to Early Triassic,
the two opposite subduction systems came into contact to give rise
to the Solonker suture. However, the Paleozoic tectonic evolution
of this area is also interpreted as the result of two opposite subduc-
tions and collisions during the Middle Paleozoic (Xu and Chen,
1993, 1997; Xu et al., 2001, 2012).

The Southern Orogenic Belt (SOB) is equivalent to the Manchu-
rides (Hsii et al., 1991; Sengor and Natal'in, 1996). Xu et al. (2012)
argued that during the Early Paleozoic, a south-directed oceanic
subduction took place below the North China Craton, and that
the subduction system ended around 420-380 Ma. Recently,
paired metamorphic belts were reported in the Bainaimiao and
the Ondor Sum areas, and the age of 411 + 8 Ma for undeformed
pegmatite dike was regarded as upper limit of the collision (Zhang
et al., 2012). Despite the existence of several geodynamic scenar-
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Fig. 1. Tectonic sketch map of central Inner Mongolia modified from Badarch et al. (2002), Xiao et al. (2003) and Xu et al. (2012). The late Mesozoic-Cenozoic formations are
omitted for clarity. SME = Southern Margin of Ergun block; NOB = Northern Orogenic Belt; HB = Hunshandake block; SOB = Southern Orogenic Belt; NCC = North China Craton.
The double spot dash line representing the Solonker Suture and the names in brackets and italics are from Xiao et al. (2003).

ios, the structural and kinematic features of the south-directed
subduction are poorly constrained. This paper deals with the wes-
tern part of the Southern Orogenic Belt that extends from Hongqi
to Ondor Sum, in the west, and east, respectively (Fig. 1). In the fol-
lowing, two main questions will be addressed, namely: (i) what is
the bulk geometry and kinematics deduced from microtectonic
analysis of the rocks involved in the main tectonic events? (ii) what
are the timing and relationships between these deformation
events?

2. Regional geological framework

The CAOB of Inner Mongolia is subdivided into several, roughly
W-E striking, litho-tectonic units namely, from south to north, the
North China Craton, the Southern orogenic Belt (SOB), several
microcontinents, including the Hunshandake block (HB), and the
Hutag Uul block, the Northern orogenic Belt (NOB), and the South-
ern Margin of the Ergun block (SME) (Fig. 1; Xu et al., 2012).

2.1. The North China Craton (NCC)

The NCC is mainly composed of Archean trondhjemitic-tonalit-
ic—granodiorite gneiss with mafic igneous rocks. Although the de-
tailed tectonic evolution, timing and polarity of subduction remain
disputed, it is now well accepted that the NCC was mainly built up
during the Paleoproterozoic (ca. 2 Ga) by the collision of several Ar-
chean blocks (e.g. Zhao et al., 2005; Kusky and Li, 2003; Faure et al.,
2007; Zhai et al., 2010; Trap et al., 2012, and enclosed references).
Undeformed Mesoproterozoic to Early Paleozoic, ca.10 km thick,
sedimentary deposits intercalated with volcanic rocks unconform-
ably cover the Paleoproterozoic belts (Zhang et al., 1999). All these
rocks are in turn unconformably overlain by unmetamorphosed
and weakly deformed Carboniferous-Permian strata. (BGMRIM,
1991; Hsii et al., 1991; Zhao et al., 2005; Kusky et al., 2007; Faure
et al., 2007; Trap et al., 2007). Late Palaeozoic granite and granodi-

orite intrude into the Precambrian basement of the NCC (BGMRIM,
1991). The east-west striking Baiyan Obo-Chifeng fault is consid-
ered as the northern boundary between the NCC and the Bainai-
miao arc that belong to the SOB (Shao, 1991; Tang, 1990; Tang
and Yan, 1993; Xiao et al., 2003).

2.2. The South Orogenic Belt (SOB)

The SOB extends at least for more than 700 km from the Tugur-
ige area in the west via Ondor Sum to the Chifeng area in the east
(Fig. 1). It is composed of the Ondor Sum mélange unit and the Bai-
naimiao arc unit (Xiao et al., 2003; Jian et al., 2008; Xu et al., 2012).
The Ondor Sum mélange unit consists mainly of blocks of pillow
basalts, gabbro, diabase, tuff, metasandstone, chert, pelagic sedi-
ments including iron-manganese formation, and rare limestone
enclosed into a pelite-siltite matrix (Wang and Liu, 1986; Shao,
1991; Tang, 1990; Xiao et al., 2003). The Bainaimiao arc unit ex-
tends along an E-W trend from the Bater Obo in the west to the
Chifeng in the east. It contains mainly andesite, basalt, a small
amount of felsic lava, and volcanic-sedimentary rocks. Several
granodiorite and granite plutons also crop out (Xiao et al., 2003).
Three magmatic phases have been identified from ca.500 Ma to
ca.415 Ma (Jian et al., 2008). Based on the high initial strontium
isotope ratio (87Sr/%6Sr = 0.7146) of granites and the ¢Nd value of
2.4+ 1.7 of granodiorite (Nie and Bjerlykke, 1999), Xiao et al.
(2003) suggested that the Bainaimiao arc was formed by mixing
between mantle-derived and crust-derived magmas emplaced in
an active continental margin of Cordilleran-type.

2.3. The microcontinents

In southwestern Mongolia several microcontinents have been
defined, namely the Hutag Uul block (Badarch et al., 2002), Toto-
shan Ulanul block (Yarmolyuk et al., 2005), and Tsagan Khairkhan
block (Demoux et al., 2009). They are dominated by quartz-rich
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micaschist, meta-volcanic rocks, meta-sandstones and marble
(BGMRIM, 1980). The Totoshan Ulanul Block contains metamor-
phic rocks dated at 952 + 8 Ma (single zircon U/Pb; Yarmolyuk
et al.,, 2005; Demoux et al., 2009). The Tsagan Khairkhan block
yields ages of 916 £ 16 Ma (Wang et al., 2001). In central Inner
Mongolia, the existence of the Hunshandake Block was deduced
from scattered outcrops of metamorphic rocks (BGMRIM, 1991)
and the presence of Precambrian detrital zircon grains in mélange
matrix (Xu et al., 2012). In our study area, Precambrian rocks are
not exposed, however on the basis of microstructural analyses,
we shall argue that the Hongqi mélange is underlain by a micro-
continent (cf. below). The correlation of this hypothetical micro-
continent with the previous ones will be discussed in section 6.

3. The Honggqi area
3.1. The litho-tectonic units

The Honggqi study area is located in the north of Bayan Obo at
the western end of the South Orogen of Inner Mongolia. Four
litho-tectonic units are recognized from northwest to southeast,
namely the Hongqi mélange, the Bainaimiao arc, an overlying sed-
imentary succession ranging from the Early Devonian to the Late
Carboniferous, and the North China craton (Fig. 2).

Earth Sciences 66 (2013) 123-139 125
3.1.1. The Hongqi mélange unit

To the north, the mélange rocks are hidden below the Mesozoic
sedimentary rocks of the Erlian basin (Meng, 2003). To the south of
the mélange unit, Permian magmatic rocks crop out. The entire
mélange unit is cut into two parts by the Suji fault (Fig. 3A). The
western part of the mélange is predominantly composed of fine
grain quartzite, micaschist, sericite slate, siltstone, iron-bearing
chert and metapelite with rare blocks of limestone. Coherent sed-
imentary strata of alternating beds of fine quartzite and metapelite
are locally well preserved, suggesting a turbiditic origin for these
rocks. The eastern part of the mélange exhibits a typical block-
in-matrix structure. It mainly consists of tuffaceous siltstone, seri-
cite chlorite schist, chlorite quartz schist, calc-slate, chert and a
small amount of greywacke. Blocks include amphibolite, pillow ba-
salt, volcanic rocks, limestone and chert (Fig. 4A). These blocks dis-
play variable size ranging from tens of centimeters to several
hundreds of meters. Mafic-ultramafic rocks, such as serpentinite,
serpentinized peridotite and metagrabbro, are reported in the
southern part of the mélange (Jia et al., 2003). In the middle part
of this unit, due to mining exploration work, amphibolite rocks
are digged out below a greenschist cover.

Intense ductile shearing and mylonitization characterize all the
rock types. To the south of the mélange, the available geological
map shows Silurian strata composed of fossiliferous limestone
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Fig. 3. Geological map (A), cross section (B), and structural elements of the Hongqi mélange (C-F; lower hemisphere projection). Modified after IMBGMR (2002, 2008).

and sandstone. However, our field observation indicates that these
rocks are foliated, recrystallized, and contain elongated crinoids
(Fig. 4B and C). Additionally, those limestones are laterally discon-
tinuous in the regional scale. Therefore, we consider these rocks as
blocks within the Hongqgi mélange.

The whole mélange unit is dominated by a greenschist-facies
metamorphism with a common mineral assemblage of chlorite,
muscovite, biotite, plagioclase and quartz in the metapelite. The
amphibolite blocks contain metamorphic minerals such as horn-
blend, plagioclase, epidote and quartz, indicating an amphibolite
facies metamorphism. In the western part of the mélange, biotite
and andalusite grains, oblique to the regional foliation, are related
to a contact metamorphism probably due to plutonic intrusions
emplaced after the main deformation. Graptolite fossils assigned
to Callograptus sp., Desmograptus sp., and Dictyonema sp., found
in the tuffaceous rocks, suggest an Early to Middle Ordovician

age (BGMRIM, 1991). An acidic metavolcanite block is dated at
485 *+ 14 Ma by ICP-MS on zircon (see Section 5).

3.1.2. The Bainaimiao arc

Eastward of the mélange, in the Bater Obo area, crops out the
Bainaimiao arc. It is composed of basalt, basaltic andesite, andesite,
interbedded with up to 10-20 m of tuffaceous siltstone as well as
agglomerate, pyroclastite and volcanic breccia. The basalts contain
three types of aphanitic, porphyritic and vesicular structure. The
basalts with typical porphyritic textures contain olivine (3-5%),
pyroxene (10-15%) and feldspar (25-30%) phenocrysts embedded
in a fine-grained groundmass of glass, plagioclase and pyroxene
microcline. Secondary chloritic and sericitic alterations and fine
carbonate veins are common in the volcanic rocks. Numerous gran-
ite, plagiogranite, granodiorite, quartz diorite and diorite plutons
with calc-alkaline geochemical signatures are exposed (Xu and
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Fig. 4. Field pictures in the Hongqi mélange unit. (A) Blocks of limestone and volcanite embeded in the matrix; (B) Early Devonian basal conglomerates cropping out close to
the mélange; (C) Foliated limestone containing elongated Silurian fossils included as block in the Hongqi mélange; (D) Undeformed Early Devonian basal conglomerates
including rounded pebbles of volcanic rocks, greenschist, chert and quartzite. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)

Tao, 2003). Jian et al. (2008) suggested that the quartz diorites are
high-K calc-alkaline rocks with adakitic feature, indicating an is-
land arc setting. The age of those plutons with arc signature is
about 440-460 Ma (Jian et al., 2008; Li et al., 2010; Fig. 2).

3.1.3. The overlying sedimentary succession

The Early Devonian and Late Carboniferous rocks unconform-
ably overly the volcanic, sedimentary and plutonic rocks men-
tioned in the previous section. The Lower Devonian Chaganhabu
Formation (IMBGMR, 2002), exposed in the southern part of the
Hongqi mélange and the Bainaimiao arc, can be subdivided into
two units. The lower unit, with a thickness of ca.975 m, consists
of basal red conglomerate, siltstone, gray arkose, upperwardly reef
limestone and red quartzose arkose and micrite. The upper unit is
composed of turbiditic deposits with a thickness of ca.1500 m
(Zhang et al., 2004). The association of various fossils, such as cor-
als, brachiopods, bryozoan and conodonts in the limestones indi-
cate an Early Devonian age. The conglomerate and terrigeneous
rocks unconformably cover the Upper Silurian series with an angu-
lar unconformably (IMBGMR, 2002; Zhang et al., 2004). Our obser-
vation of the basal conglomerates of the lower Devonian sequence
reveals pebbles of volcanic rock, metamorphic rock, quartzite and
chert (Fig. 4B-D). The unconformable contact of this sequence
above the underlying deformed limestone rocks can be observed
as well. The Uppermost Carboniferous strata consist of fossiliferous
limestone and clastic rocks that unconformably cover the lower
Devovian (IMBGMR, 2002). This Early Devonian to Late Carbonifer-
ous sedimentary succession did not experienced a ductile or syn-
metamorphic deformation, but only folding and brittle faulting.

3.1.4. The North China Craton basement

The southernmost unit of the study area is occupied by Meso-to
Late Proterozoic volcanic-sedimentary series (Bayan Obo group;
Fig. 2). These unmetamorphosed sedimentary rocks represent the
NCC basement in the study area.

3.2. The bulk architecture of the Hongqi area

A general cross section of the Hongqi area is drawn along a SW-
NE strike (Fig. 3B). The regional framework is represented by an
antiform composed of several SE-NW striking folds with hectome-
ter-wavelength. In the center of the antiform, a bimodal volcanic
rock with associated gabbro and Early Triassic tonalitic pluton
superimpose on the Hongqi mélange unit. The mélange is uncon-
formably covered to the south by the Early Devonian red sand-
stone, and to the north by Late Carboniferous limestone. The
Early Devonian rocks, gently dipping to the west, do not display
any metamorphism or ductile deformation. The structural charac-
teristics of the mélange are described in detail below.

3.3. Microstructural analysis of the Hongqi mélange

From our field observations, three deformation events namely:
D4, D, and D3, with the first two of ductile and syn-metamorphic
style, and the third one of gentle folding, are recognized.

The D; event is responsible for the formation of the main folia-
tion (S;), stretching lineation (L;) and intrafolial fold (F;). In the
field, S; is defined by the alternation of chlorite quartz schists
and sericite chlorite schists. The L; lineation is marked by elon-
gated clasts, quartz ribbons, aggregates of chlorite and mica
(Fig. 5A). Intrafolial F; folds with axes plunging to the SE are also
developed within the S, foliation (Fig. 5B). In places, the S; foliation
is approximately parallel to the sedimentary bedding, which is
well preserved in the metapelite and meta-quartzstone. Pinch-
and-swell and boudinaged structures are also observed in quartz
schists indicating a layer-parallel shearing (Fig. 5C). At the micro-
scopic scale, pressure solution seams of dark insoluble material
and aligned recrystallized phyllosilicates represent S; (Fig. 6A).
The S, foliation mostly dips to the NE or SW due to Ds folding.
The well foliated and lineated blocks wrapped around by S; matrix
foliation display SE-NW directed elongation. The L; lineation in
amphibolite blocks is represented by oriented hornblende and

154



128 G. Shi et al./Journal of Asian Earth Sciences 66 (2013) 123-139

Fig. 5. Field pictures in the Hongqi mélange unit. (A) Stretching lineation in chlorite quartz schist; (B) Intrafolial fold (F;) with SE-NW striking axis; (C) Pinch-and-swell
structure within quartz schists; (D) Flattened and elongated pillow lavas block in the mélange; (E) asymmetrical fold (F,) with SE-dipping long limb indicating northwest
vergence; (F) Asymmetric kink bands F, refolded L, stretching lineation; (G) Northeast striking upright fold (F;) developed in quartz chlorite schist; (H) Upright fold formed in

quartz-rich layer.

recrystallized quartz and plagioclase aggregates (Fig. 6B). Pillow
lava blocks, up to 30-50 cm in diameter, are also elongated in
the NW-SE direction (Fig. 5D). Sandstone blocks exhibit commonly
elongated chert pebbles along the NW-SE direction. Limestone
blocks display aligned and elongated crinoids along the NW-SE
stretching direction of L.

The D, event is associated with the development of NW-verging
asymmetrical folds (F,) that deform S; and L;. The most striking
structure is meter-scale asymmetrical fold F,. F, fold with NE-
SW trending subhorizontal axes (L) exhibits a NW vergence
(Fig. 5E). Asymmetric kink bands, bending the S; foliation and L,
mineral lineation, are well developed in quartz sericitic schists
(Fig. 5F).

The D5 event is represented by NW-SE trending upright folds
(F3) responsible for the bulk architecture of the area. Although the

eastern and western parts of the mélange unit on each side of the
Suji fault should have experienced similar structural histories, the
structures of the western part are, to some degree, disturbed by
the activity of the brittle Suji fault as well as the post-tectonic intru-
sions (Fig. 3C and D). In contrast, the three deformation events are
well recognized in the eastern part (Fig. 3A, E and F).

The D3 event is defined by SE-NW striking upright folds. Similar
folds are widespread in the layers where incompetent material
dominates such as chlorite schists (Fig. 5G), whereas parallel folds
with SE-NW trending axes develops in the quartz sandstone layers
(Fig. 5H). At the macroscopic scale, F5 folds deform the S; foliation,
giving rise to the general antiformal structural framework of the
Hongqi mélange (Fig. 3B and E).

Thin sections, made parallel to L; and perpendicular to Sy, exhi-
bit numerous kinematic indicators. In amphibolite blocks, the
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Fig. 6. Microscope scale kinematic indicators in the Hongqi mélange. (A-G) thin sections are cut perpendicular to the main S, foliation, and parallel to the L; stretching
lineation. (A) Geometric relationship between bedding (Sy) and foliation (S;) in the hinge of an intrafolial fold in metapelite; (B) oriented alignment of amphibole and anhedral
quartz indicating top-to-the WNW shearing; Am = Amphiolite, Pl = Plagioclase, Qtz = Quartz, Chl = Chlorite; (C) (D) asymmetrical chlorite fibers developed as pressure
shadows constitutes oriented chlorite fibers around the end of a feldspar clast, showing a northwestward shearing; (E) oblique fractured carbonate grains showing a top-to-
northwest NW shearing; (F) Boudinage of feldspar clast with recrystallized chlorite fibers in the interspace, suggesting SE-NW stretching direction; (G) Mica bands defined by
curved recrystallized mica aggregates and insoluble material, showing northwest ward shearing; (H) Sigmoidal clast indicating top-to-N shearing.

recrystallized amphibole and quartz aggregates indicate a top-to-
WNW shearing (Fig. 6B). In mylonitic volcanic-sedimentary rocks,
asymmetric pressure shadows defined by chlorite fibers around
feldspar porphyroclasts indicate a top-to-the-NW sense of shear
(Fig. 6C and D). Quartz oblique grain shape fabric showing a top-
to-the NW shearing is also recognized (Fig. 6E). Boudins formed
by pull-apart clasts with chlorite aggregates filling in the cracks
suggest a top-to-the-NW sense of shear (Fig. 6F). Mica fishs, and

shear bands developed in the metapelites also have the same sense
of shear (Fig. 6G). Sigma-type porphyroclast systems in the metap-
elite in the western part of the mélange exhibit a top-to-the-N
thrusting (Fig. 6H). Thus the kinematic criteria of the mélange unit
show a consistent top-to-the-NW sense of shear.

In summary, the Hongqi mélange of block-in-matrix structure
experienced three phases of deformation. The D; phase is domi-
nated by a consistent top-to-the-NW sense of shear coeval with
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the mélange formation. The NW-verging asymmetric folds devel-
oped during the D, event can be interpreted as the continuation
of the same ductile shearing under less penetrative conditions.
The last D3 deformation forms upright folds, which control the gen-
eral structural framework of the mélange unit. The Early Devonian
red sandstone unconformably covering this mélange unit does not
record the D; and D, events, and thus provides an upper time limit
for the termination of the ductile events. The km-scale upright
folding involves the Devonian and Carboniferous rocks.

4. The Ondor Sum area (Fig. 7)
4.1. The litho-tectonic units

In the Ondor Sum area, two litho-tectonic units are recognized
from north to south. The geometrically lowermost unit corre-
sponds to the Ondor Sum mélange, it is bounded to the south by
an amphibolite-granite unit, called “Tulinkai ophiolite” (Jian
et al., 2010).
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4.1.1. The Ondor Sum mélange unit

The Ondor Sum mélange crops out in three places: the southern
one (or Ulan Obo-Tulinkai area), the middle and the northern Ulan
valley areas (Fig. 7A). The Ondor Sum mélange is mainly composed
of sericite quartz schists, chlorite-epidote schists and albite-chlo-
rite—epidote schists. Various decimeter to several meter sized
lenses of sandstone, limestone, mafic rocks and iron-bearing
quartzite are scattered into a greenish matrix. These green and
red blocks dispersed in a sandy-silty matrix define a typical col-

ored mélange formation (Fig. 8A and B). Two types of basalts are
recognized near the Ulan valley. One is represented by flattened
vesicular basalt. As described by Xiao et al. (2003), the pillow lavas
are up to 30-50 cm in diameter, elongated, facing upward, and dip-
ping to the north. The other type of basalt is undeformed, with a
vesicular or massive texture filled by centimeter sized white
quartz. These deformed pillow basalts are blocks within the
mélange and were geochemically interpreted as originated from
a intraplate basalt (Huang et al., 2006). They must not be confused

Fig. 8. Field pictures in the Ondor Sum area. (A) Typical field aspect of the Ondor Sum colored mélange due to various blocks of pillow basalts, chert, limestone, sandstone
enclosed in a greenschist sandy-silty matrix; (B) Colored conglomerate with red chert, white limestone, green lava or volcanic-sedimentary material in the Ulan Valley; (C, D)
Amphibolite and gneissic granite dykes in the Tulinkai and Ulan Obo areas; C: amphibolite-acidic gneiss metre-sized alternation; D: folded amphibolite cross cut by a granitic
dyke; (E) Vertical foliation (S;) and mineral lineation (L;) in green chlorite-epidote schist in the southern part of the Ondor Sum mélange unit. (F) Mineral and stretching
lineation (L) folded around an F, fold, Ulan valley; (G) L, stretching lineation deformed by an SE-verging F, fold axis (L,: F, fold axis), Ulan valley; (H) Microfold associated
with a crenulation cleavage (S,) in Ulan valley. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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with undeformed basalts that occupy the top of some hills. Some of
these undeformed basalts yield a radiometric age of c.260 Ma
(Miao et al., 2007); Cenozoic basalts are also likely (IMBGMR,
1976).

In the Ondor Sum mélange, the rocks are pervasively deformed,
mylonitized and metamorphosed into greenschist or blueschist fa-
cies. Petrological study of metamorphic assemblages led previous
authors to deduce P-T conditions of the blueschist facies rocks at
7-8 Kb and 380-400 °C, respectively (Yan et al.1989; Tang,
1992). Glaucophane from blueschists yields “°Ar/*°Ar ages of
446 +15Ma and 426 + 15 Ma (Xiao et al., 2003; and references
therein). Phengite from quartzite mylonites at Ondor Sum has
4OAr/*°Ar plateau age of 449-453 Ma (De Jong et al., 2006). In
agreement with Xiao et al. (2003), we consider that this rock
assemblage, derived of Fe and Mn siliceous sediments, volcaniclas-
tic sediments, basalts and spilites, indicates an ocean floor origin.

4.1.2. The Tulinkai unit

The Tulinkai unit spreads in the E-W direction from Tulinkai to
Ulan Obo (Fig. 7A). In the literature, the Tulinkai unit is described
as an “ophiolitic suite” (Hu et al., 1990; Jian et al., 2010). Our field
observations indicate that the dominant rock is coarse to medium
grained, well foliated amphibolite, diorite and gabbro. Granitic lay-
ers are also widespread. Some appear as dykes cross cutting the
foliation and others show foliation parallel veins (Fig. 8C and D).
Large volumes of diorite and granodiorite with mafic boudins are
exposed further south of the “ophiolitic” rocks. Cumulate gabbros
from Tulinkai have a zircon SHRIMP age of 457 + 4 Ma, and a dio-
rite intrusion with an adakitic geochemical signature has a zircon
age of 467 + 6 Ma (Liu et al., 2003; Miao et al., 2007). These rocks
have been interpreted as supra-subduction zone type ophiolite
(Liu et al., 2003; Jian et al., 2008). However, from our field observa-

tion, usual ophiolitic component, such as serpentinized peridotite,
pillow basalts and siliceous sediments, are not observed. Therefore,
in the following section, we shall argue that these rocks might be-
long to the deep part of a magmatic arc.

4.2. The bulk architecture

Based on field structural measurements, the bulk architecture
of the Ondor Sum area is dominated by a NE-SW trending antiform
(Fig. 7B). The general structure results of a polyphase deformation
evolution. The southern limb of the antiform is dominated by a
steeply south dipping or vertical foliation (Fig. 7C). In the middle
part, the main foliation is involved in a series of nearly E-W trend-
ing upright folds (Fig. 7D). The Ulan valley, dominated by north-
west dipping foliation, corresponds to the northern limb of the
antiform. To the south of the Ondor Sum mélange, the Tulinkai unit
is fault-contact with the mélange unit. A top-to-the-north thrust-
ing is documented (IMBGMR, 1976). The light colored gneiss-
amphibolite alternation of the Tulinkai unit is ductilely deformed.
Amphibolitic and granitic dykes commonly form meter-scale iso-
clinal folds with approximately NW-dipping axes. The northward
and southward dip of the Carboniferous limestone bedding, in
the northern and southern limbs of the Ondor Sum antiform indi-
cate that the last deformation event took place after the Carbonif-
erous. However, the synmetamorphic deformations are clearly
older than the deposition of the Carboniferous series.

4.3. Microstructural analysis

Like the Hongqi area, three deformation events are also identi-
fied in the Ondor Sum area. They are named here D;, D, and Ds,
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nominally like in the Hongqi area but with a slightly different feldspar or calcite clasts, and chlorite fibers on the S; surface

meaning for Ds. (Fig. 8E). In thin section, the lineation is marked by oriented phyl-

In the southern limb of the mélange unit, the approximately E- losilicates and recrystallized carbonate clasts within insoluble
W trending S, is subvertical or dipping at a high angle to the south. material. For this part, a subhorizontal crenulation lineation is
The L; subvertical lineation is represented by elongated quartz, weakly developed. But centimeter- to meter-scale asymmetric

Fig. 10. Microscope scale kinematic indicators in the Ondor Sum mélange. All cross sections are cut perpendicular to the main S; foliation, and parallel to the L; stretching
lineation. (A-C) Sigmoidal feldspar and carbonate porphyroclast showing top-to-the-NW shearing, southern limb of Ondor Sum mélange; (D) Sigmoidal feldspar
porphyroclast showing a top-to-the-NW sense of shear in the middle part of the Ondor Sum mélange; (E) subvertical S; cleavage cutting the S; foliation; (F) Crenulation
cleavage oblique to the main foliation S;. Syn-S; chlorite is deformed by D, folding; (G) Asymmetric pressure shadow around quartz aggregates showing a top-to-the NW
sense of shear, Ulan valley; (H) Carbonate sigmoidal porphyroclast showing a top-to-the-NW sense of shear, Ulan valley;
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folds are observed in the chlorite quartz schistose layers. Shear cri-
teria, such as pressure shadows, sigma type porphyroclast systems
and shear bands indicate a SE (or S) moving upward sense of shear
(Fig. 10A-C). Thus, when the foliation is rotated to horizontal, the
kinematic indicators are top-to-the-NW (or N) sense of shear.

In the central part of the Ondor Sum area, a series of E-W strik-
ing centimeter- to millimeter-scale upright folds deforming S; are
identified. Both the chlorite and sericite schist matrix and the
blocks exhibit a N-S to NW-SE stretching lineation (L;) marked
by elongated recrystallized quartz and chlorite aggregates. Along
the lineation, pressure shadows and sigma-type porphyroclasts
indicate a top-to-the-NW sense of shear when S; lies subhorizontal
or gently tilted (Fig. 10D). S, is characterized by centimeter wave-
length crenulations. At the microscope scale, a S3 subvertical cleav-
age cuts at a high angle the S; foliation (Fig. 10E).

The Ulan valley has been studied in detail since it is well ex-
posed (Wang and Liu, 1986; Xiao et al., 2003; Fig. 9A). At the south-
ern entrance of the Ulan valley, Sy, generally N-S striking, contains
a nearly E-W striking L; mineral lineation. However, when moving
northward, S; turns to an E-W strike and dips to north or north-
west. A conspicuous NW-SE trending stretching and mineral line-
ation is preserved on the gently dipping foliation (Figs. 8F and 9B).
Crenulation wrinkles and asymmetric microfolds (F,) that inten-
sively deform the S, foliation and L, lineation are commonly devel-
oped (Figs. 8G and H). F, folds are scattered with subhorizontal
axes (Fig. 9B). An axial planar crenulation cleavage (S,) marked

by the opaque material is well developed (Fig. 10F). S, cleavage
is tilted to the northwest due to the D5 antiformal upright folding.
Locally, the intense F, folding gives rise to well developed inverted
limbs with some F, folds apparently overturned to the SE (Fig. 8H).
In thin sections cut parallel to the L; lineation, asymmetric pres-
sure shadows and sigmoidal porphyroclasts indicate a top-to-
the-NW sense of shear (Fig. 10G and H).

In conclusion, the Ondor Sum mélange unit is a terrigenous vol-
caniclastic block-in-matrix series with blocks of oceanic origin. It
experienced three deformation phases: D; was responsible for
the S; foliation and L; stretching lineation coeval with a green-
schist facies metamorphism. Taking S; as a reference surface, two
subsequent deformation events, D, and D3 are recognized. The D,
event associated with the F, asymmetric folds can be interpreted
as the continuation of the top-to-the-NW shearing, that occurred
by shortening at a low angle or subparallel to S;. After the deposi-
tion of the Late Carboniferous limestone, the D3 event gave rise to
the general antiform to form the regional structural framework.

5. Geochronological constraints

New zircon dating is obtained by ICP-MS U-Pb analyses method.
Cathodoluminescence (CL) images were performed by CAMECA SX-
50 microprobe at Peking University in order to document zircon
internal structures. Zircon laser ablation ICP-MS U-Pb analyses

Table 1
Summary of geochronological data for the Hongqi-Ondor Sum area. The number in the parentheses corresponds to those in Figs. 2, 7 and 9 respectively.
Study area Setting Lithology Age/Ma Dating Geochemisty Reference Remarks
method
Hongqi Bainaimiao arc Diortie (1) 451.5+29 Zircon High-K calc-alkaline Jian et al. (2008)
Quartz diorite (1) 4403 +24 SHRIMP High-K calc-alkaline adakite
Quartz diorite (1) 446 +2.2 High-K calc-alkaline
Hornblendite (2) 446.8+5.8 Zircon Li et al. (2010)
Hornblendite (2) 453 +3 SHRIMP
Diortie (2) 459.2+24 Hornblende
4071 /39 Ar
Diortie (2) 4429+4.2 Hornblende
40pr /39 Ar
Hongqi melange Acidic volcanite 485+ 14 Zircon ICP- Block within melange This study
MS
North China Craton Rhyolite (3) Zircon Alkaline Chen (2011) eNd(t)=-9.5
(south of Bayan Obo- SHRIMP to —10.3;
Chifeng fault) mantle
magma
mixed with
crust
Hornblend pyroxenite (4) 287 +13.6 Hornblende  Zoned ulmafic-mafic pluton Zhao et al.
K-Ar (2008)
Tulinkai Cumulate gabbro (5) 457 +4 Zircon Miao et al.
SHRIMP (2007)
Diorite (6) 467 +6 Adakitic geochemical signature Liu et al. (2003)
Tonalite (7) 490.1+7.1 MORB with arc signature Jian et al. (2008) Core
4498 +3.0 Overgrowth
mantle
Metagabbro (7) 479.6+2.4
Trondhjemite (7) 471.6+1.7 Magmatic zircon/low K boninite
439.4+33 Metamorphic zircon
Quartz diorite (7) 453.7+3.1 Magmatic zircon/medium K
peraluminous, calc-alkaline, high-
Mg
4384 +2.2 Metamorphic zircon
Dacite (7) 457 +2.6 Medium K peraluminous, calc-
alkaline, adakite
Albitite (7) 4253 +2.2 Boninite
Ondor Sum Melange Blueschist 446 £15 & Glaucophane Tang, (1992);
426+ 15 4OAr[*°Ar Zhang and Liou,
(1987)
Quartzite mylonite (8) 453.2+1.8 Phengite De Jong et al.
&449.4+1.8 “°Ar/*°Ar (2006)
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were conducted on an Agilent 7500a ICP-MS equipped with a
193 nm laser in China University of Geosciences, Beijing. Laser spot
size was set to ~36 pum for analyses, laser energy density at 8.5 ]/
cm? and repetition rate at 10 Hz. Isotopic ratios and element con-
centrations of zircons were calculated using GLITTER (ver. 4.4, Mac-
quarie University). Concordia ages and diagrams were obtained
using Isoplot/Ex (3.0, Ludwig, 2003). The common lead was cor-
rected using LA-ICP-MS Common Lead Correction (ver. 3.15), fol-
lowing the method of Andersen (2002). The summarized age data
and our new measured isotopic data are given in Tables 1 and 2.

An acidic volcanite block (Sample 090716-29; located at
42°59'24"N, 109°55'20"E) embedded in the Hongqi mélange was
dated. In thin section, the sample shows a mylonitic texture, with
feldspar clasts surrounded by elongated recrystallized subgrain
quartz aggregates. Most of the zircon grains from the acidic volca-
nite (090716-29) are weakly luminescent, and surrounded by a
thin bright luminescent rim (Fig. 11A). Some analyzed spots have
low Th/U ratios, generally close to 0.1. A few U-Pb isotopic composi-
tions are discordant (Table 2), probably due to Pb loss during shearing
in the mélange. 14 of 20 analyzed spots plot slightly on the right side
of the Concordia curve, and define three populations around ca. 560-
590 Ma, ca. 510-540 Ma, and 485 + 14 Ma (n = 4; Fig. 11B).

Our analysis paid much attention to detect youngest ages of the
volcanite, thus spots focus on zircon rim. The low Th/U (<0.1) ratio,
a common geochemical feature of high-grade metamorphic zircons
(Williams et al., 1996), are present in both younger and older pop-
ulations (Table 2). It is worth noting that no distinct high-grade
metamorphic minerals are observed in thin section. Globally, the
mélange unit experienced a green schist facies metamorphism.
Therefore, we consider that these zircons are magmatic ones pos-
sibly slightly suffering metamorphism. The youngest population
at 485 * 14 Ma represents the age of the acidic volcanism.

6. Discussion

6.1. Deformation comparison between the Hongqi and Ondor Sum
areas

During our field work, we did not find HP rocks, all the micro-
structures described in this paper are coeval with a greenschist fa-
cies metamorphism. The three phases of deformation of the Ondor
Sum mélange can be roughly compared with those of the Hongqi
mélange as follows: (1) the main event, Dy, is responsible for the
development of the S; foliation, NW-SE striking stretching linea-
tion (Lq), and intrafolial folds (F;) with axes parallel to L;. In the
Hongqi area, D, is coeval with a green schist facies metamorphism
whereas, in the Ondor Sum area blue schist facies relicts, such as
glaucophane, phengite are locally preserved (Tang and Yan,
1993; De Jong et al., 2006). Our kinematic observations show a
top-to-the-NW sense of shear in both study areas. F; folds corre-
sponding to a-type folds formed during the ductile shearing in
the Honggqi area. The D, structural elements are subsequently de-
formed by the D, event represented dominantly by numerous
NW-verging asymmetric folds associated with an axial-planar
crenulation cleavage (S,). Due to the subsequent deformation (Ds),
S, dips to either the SE or the NW in the Ondor Sum area whereas,
dips to the NE or the SW in the Hongqi area. The blueschist and
quartz mylonites with age ranging from 453 to 426 Ma (Tang and
Yan, 1993; De Jong et al., 2006) recorded the Ondor Sum subduction
event. In the Hongqi area, the deformed Late Silurian fossiliferous
limestone blocks mark the youngest age of the Hongqi mélange.

6.2. Crustal scale structure framework

A N-S oriented interpretative crustal scale cross section is pro-
posed on the basis of structural, lithological and geochronological

Table 2

ICP-MS U-Pb data for the magmatic zircons.

Conc. (%)

Age

U-Pb isotopic ratios

207Pb/206pb

0.1059
0.1270
0.0880
0.2262
0.1329
0.0933
0.1025
0.1143
0.0914
0.0623
0.1701
0.2167
0.0818
0.0700
0.6918
0.0888
0.4824
0.1242
0.5644
0.3944

Th/U

Concentritions (ppm)

Pb Total

Spot

1o

ZOEPb/238U

567
514
572
581
484
517

1o

207pb/235U

618

1o

207Pb/206pb

809
752
580

1o

206pp, 238
0.0969
0.0904
0.0964
0.1196
0.0860
0.0874
0.0978
0.0847
0.0846
0.0766
0.1008
0.1079
0.0976
0.0817
0.3310
0.0969
0.1723
0.0886
0.2082
0.1375

1o

0.0442
0.0468
0.0387
0.1094
0.0475
0.0343
0.0457
0.0417
0.0347
0.0208
0.0743
0.1013
0.0367
0.0262
0.9684
0.0439
0.3589
0.0498
0.5107
0.2372

207Pb/235U

1o

Th

8.99
8.95
0.35
3.96
5.58
0.77
1.05
5.51
11.05

25

121
157

0.0014
0.0012
0.0014
0.0016
0.0012
0.0012
0.0014
0.0012
0.0012
0.0011
0.0014
0.0015
0.0014
0.0012
0.0046
0.0015
0.0024
0.0012
0.0029
0.0019

1.4147
1.5821
1.1695
3.7293
1.5750
1.1237
1.3818
1.3358
1.0666
0.6582
2.3634
3.2237
1.1007
0.7880
31.5738

0.0033
0.0037
0.0029
0.0065
0.0040
0.0028
0.0034
0.0035
0.0029
0.0019
0.0053
0.0067
0.0027
0.0023
0.0208
0.0033
0.0148
0.0040
0.0175
0.0123

0.07
0.

529
499
495
1019

38
95

71629-01

30
23
71

560
574
604
511
521

19

57

71629-02

120
357

0.08
0.08
0.06
0.05
0.08
0.07

39
80
45

71629-03

10

691
633
539
600

191

71629-04

32

179
121
143

692
1040

75

71629-05

21

50
29
52
77
276

71629-06

570
490

27
27

21

576
517
563

374
710
404
1571

71629-07

150
110

642
798
685

72

71629-08

7

507
476
538
535

0.19
0.18
0.09
0.06
0.1

71629-09

7.98
9.48
7.85
8.83
3.40
111.95

514 13
47

44
233
340

71629-10

589
577
641

791
744
829
595
2385

490
466
528
814
697
213

43

71629-11

66
20

27

71629-12

589

94
91

1

56
57
36
18

71629-13

500
435

16
469

517
922
608

0.07
0.05
0.08
0.03
0.19

71629-14

41

71629-15

5.37
39.21

577

25
214

122

721

1.1858
11.4598

71629-16

14.34
59.38
34.93

17
7

505
509
480
501

30
285
145

65 703
150 582

1189

1400
88

1.5163
16.2019

371
399
756
552

13
77
93
105

44

71629-17
71629-18

162

23

765
676

1720
1311

12
19

0.

71629-19

13

639

7.4780

0.

71629-20
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Fig. 11. (A) Representative CL image of dated zircons. (B) U-Pb Concordia diagrams
for sample 090716-29 of acidic volcanite (The data ellipses are defined by standard
errors (1 sigma) in 2°°Pb/2*8U, 2°7Pb/2*>U and 2°7Pb/?°°Pb. Gray ellipses represent
inherited zircons. The data with age concordance >10% are not projected in the
concordia diagram.

data presented above (Fig. 12). The Early Paleozoic Hongqi mélange
belt, is unconformably overlain by the Early Devonian red sand-
stone and Late Carboniferous limestone.

The mélange belt displays a top-to-the-NW thrusting, indicat-
ing a southeastern oceanic subduction. The volcanic rocks exposed
in the Bater Obo area are comparable with the rocks in the Bainai-
miao area. The mafic plutonic rocks exposed in the Tulinkai unit

Hongqi

Melange 485Ma p oongione
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might represent the deep plutonic part of the Bainaimiao arc.
The age of the volcanite block dated in the Hongqi mélange, similar
to those of the Bainaimiao arc suggest that the magmatic blocks in
the mélange might derive from the arc rocks of the upper plate.
At depth, a possible crustal basement is inferred here on the ba-
sis of the following points. Firstly, in order to terminate the oceanic
subduction before Early Devonian, some buoyant material, such as
huge seamount, large oceanic plateau, or microcontinent, under-
neath the Hongqi mélange, is needed. The collision of this feature
will allow the oceanic subduction and the coeval arc magmatism
to stop. Secondly, Precambrian crystalline basement rocks are rec-
ognized, in the Hutag Uul terrane (Badarch et al., 2002), Totoshan
Ulanul block (Yarmolyuk et al., 2005; Demoux et al., 2009), Tsagan
Khairkhan massif (Wang et al., 2001) and Hunshandake microcon-
tinent (Xu et al., 2012). Precambrian middle to high grade meta-
morphic paragneiss are also recognized in the north of the Ondor
Sum, near Sunityouqi (Fig. 1; BGMRIM, 1991; Hsii et al., 1991; Li
and Gao, 1995; Zhang et al., 1999) or in the Xilingele (or Xinlin
Gol) complex near Xilinhot (Zhu et al., 2004). Though an oblique
subduction of the underlying plate, accommodated by strike-slip
faulting can be proposed to terminate a subduction (Choulet
et al.,, 2012), in the study area, no strike-slip fault of Early Paleozoic
age, and associated ductile deformation are observed. Therefore,
we argue that the structural features presented above, and partic-
ularly the syn-metamorphic ductile shearing can be explained by
the subduction of a microcontinent below the North China block.

6.3. A possible geodynamic evolution model

On the basis of our geological data presented in the previous
sections, a possible Early Paleozoic geodynamic scenario for the
evolution of the eastern part of the CAOB in Inner Mongolia is pro-
posed here.

6.3.1. The Ordovician to Silurian Subduction

An Early Paleozoic SE-dipping Paleo-Asian Ocean subduction
zone developed along the northern margin of North China Craton
from the Hongqi to the Ondor Sum area. It is supported by the con-
sistent top-to-the-NW sense of shear indicators. This oceanic sub-
duction gave rise to the Bainaimiao magmatic arc, and the Honggqi
and Ondor Sum mélange units (Fig. 13A). Both the Honggi and the
Ondor Sum areas experienced two ductile deformation phases be-
fore the Early Devonian. Moreover, the north dipping schists at the

S
Bainaimiao Arc
(~490-~430Ma)
| 270Ma

B\ -

T s

| Hypothetical microcontinent

Mesozoic Erlian basin sediments
(J+K)

C, limestone unconformably
overlying D, sandstone

S|
=
e,

R4

Melange
» Early Paleozoic
Arc magmatism.

| Acid-intermediate
volcanic rocks

‘F granitic plutons (Late Permian
y

to Middle Triassic)

= Early Paleozoic subduction

Fig. 12. Interpretative crustal scale cross section of the Southern Orogen of Inner Mongolia, showing the Early Paleozoic accretion-collision belt. The position of this cross

section is shown in Figs. 1 and 2.
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(A)~550--—420Ma Early Paleozoic: subduction accretionary orogen
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<
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Fig. 13. Tentative Paleozoic geodynamic evolution model of the southern belt of Inner Mongolia (see text for detail).

Ulan valley, which constitute the northern limb of the antiform,
show a top-to-the NW sense of shear that is unconsistent with a
Precambrian northward subduction.

6.3.2. The late Silurian collision

The collision likely occurred in Late Silurian, since the Early
Devonian red sandstones unconformably cover the Honggqi
mélange. Moreover, the basal conglomerates of the Early Devo-
nian sediments contain pebbles of the underlying litho-tectonic
units. Accretionary tectonics and magmatism must have been
stopped at that time. This scenario is supported by the unde-
formed pegmatite of 411 + 8 Ma that cuts the low P/T metamor-
phic complex in the Bainaimiao area (Zhang et al., 2012), and
the ca. 417 Ma tonalite interpreted as due to collision magma-
tism near the Hongqi area (Jian et al.,, 2008). Subsequently, a
Late Carboniferous platform limestone developed in a vast area,
extending throughout the eastern part of Inner Mongolia (BGM-
RIM, 1991). In our study area, the most likely is that a microcon-
tinent, entered in the trench and collided with the Andean active
margin of the North China Craton (Fig. 13B). This hypothetical
microcontinent might be connected with the South Gobi micro-
continent (Sengor and Natal’in, 1996) or the Hunshandake block
(Xu et al., 2012). But, the size and distribution of this hypothetic
microcontinent are not documented yet, and the correlations
with other microcontinental blocks between North China Craton
and Siberia remains hypothetic.

7. Conclusion

(i) The mélange belt exposed in the Hongqi and Ondor Sum
areas, is characterized by two phrases of ductile deformation
and a top-to-the-NW sense of shear, suggesting a southeast-
ward subduction during the Early Paleozoic.

(ii) The ductile deformations in the Ondor Sum-Hongqi mélange
belt are coeval with greenschist facies metamorphism. The
unconformably overlying Early Devonian sedimentary rocks
indicate that subduction and collision should terminate
before the Early Devonian.

(iii) In the present knowledge, the South-directed of a microcon-
tinent below the North China Craton appears as the most
likely geodynamic scenario to account for the structural
evolution.
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Abstract

In Mandula area, the Early Permian formations are represented by turbidite and
olistostrome coeval with mafic and intermediate lavas. Various sizes of blocks belong
to the olistostrome deposits and volcanic sills in the turbidites. A Permian “Solonker”
suture was questioned since typical ultramafic rocks, pillow lavas and deep-sea
radiolarian chert are absent. The sedimentary setting is continental slope with a
northward deeper trend. The sources of the olistostrome and turbidite are from the
southern Early Paleozoic material and contemporaneous Early Permian volcanic
magmatism. Intensive NW-directed folds and thrusts deform the turbidite and
olistostrome deposits. The chaotic terrigenous sedimentation and the bimodal
magmatism are interpreted as formed in a limited intracontinental rift opened and
closed during the Permian.

Key words: Central Asia Orogenic Belt, Late Paleozoic rifting, Solonker Suture, Inner
Mongolia

1. Introduction

Central Asian Orogenic Belt (CAOB) is the largest accretionary orogen of the
earth in Phanerozoic and represents the remnant of the Paleo-Asian Ocean, currently
preserved as ophiolite and serpentinite melanges (Sengor et al., 1993; Sengor and
Natal’in, 1996; Xiao et al., 2003, 2008; Jahn, 2004; Windley et al., 2007). The eastern
segment of the CAOB, also called Manchurides (Sengor and Natal’in, 1996), is
mainly exposed in Inner Mongolia. The Solonker (also called Solon Obo) suture is
considered by most of geologists as the major structure that delineates the location of
the Paleo-Asian Ocean (Xiao et al., 2003; Windly et al., 2007; Chen et al., 2009; Jian
et al.,, 2010). However, the Solonker mélange rocks are questioned since an Early
Paleozoic double-direction subduction model was proposed (Xu and Chen, 1993;
1997; Xu and Charvet, 2010, 2011; Xu et al., 2012). Xu et al., (2012) suggested that
during early Paleozoic, a south-directed oceanic subduction below the North China
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Craton coeval with a north-directed oceanic subduction. Finally, the two opposite
subduction systems came into contact with a microcontinent around 420-380Ma.
Although it is hotly debated, the detail lithological composition, spatial and temporal
distribution and genetics of the disordered rocks along the Solonker zone are few
documented.

This paper deals with the western part of the Solonker suture in the Mandula area.
The Mandula study area lies within Solonker suture zone. The previous studies in the
Mandula area proposed a Permian tectonic mélange for a clastic deposits and disorder
deposits, namely “argillaceous mélange” and “limestone mélange” respectively (Jian,
2010). The bearing radiolarian chert is also reported as the blocks within mélange
(Wang et al., 2005). In the following, three main questions will be addressed, namely:
1) what is the lithological composition and distribution in the Mandula area, ii) what is
the bulk geometry and kinematics deduced from microtectonic analysis of the rocks
and what is the timing of the deformation, and ii1) what is the significance of the
“Solonker suture” area in the geodynamic evolution of the eastern part of the CAOB.

2. Regional Geological Framework

The litho-tectonic units namely, from south to north, the North China Craton
(NCC), the Southern orogenic Belt(SOB), the Northern orogenic Belt(NOB), the
South Mongolia microcontinent (SMM), the Hunshandake block (HB) and the
Southern Margin of the Ergun block (SME) (Fig.1; Xu et al., 2012). Here we focus on
three main litho-tectonic units correlative to the Mandula area.

2.1 The SOB

The SOB crops out to the south of the Mandula area. It refers to an Early
Paleozoic orogenic belt composed of the Ondor Sum subduction complex and the
Bainaimiao arc belt (Xiao et al., 2003; Jian et al., 2008; Xu et al, 2012). The Ondor
Sum subduction complex in the Hongqi area consists of tuffaceous siltstone, sericite
chlorite schist, chlorite quartz schist, calc-slate, chert and a small amount of
greywacke. It contains various sizes of blocks of amphibolite, pillow basalt, volcanic
rocks, limestone and chert (our other paper). The Bainaimiao arc is dominated by
granitic plutons of ca.440-480Ma cropping out to the east of the Hongqi area. The
Early Devonian shallow water sandstones and the Early Carboniferous limestone
rocks unconformably cover the SOB, suggesting the subduction and collision end
before Early Devonian (our other paper).

2.2 The SMM

The SMM lies to the north of the Mandula area, it is considered as a potential
microcontinent that collided with the NCC during the Early Paleozoic (Xu et al.,
2012). This microcontinent is similar to the Hutag Uul block (Badarch et al., 2002),
Totoshan Ulanul block (Demoux, et al., 2009) and Tsagan Khairkhan massif (Wang et
al., 2001) in southwestern Mongolia. It is dominated by quartz rich micaschist,
meta-volcanic rocks, meta-sandstone and marble (BGMRED, 1991). The Totoshan
Ulanul Block contains metamorphic rocks dated at 952+8Ma (single zircon U/Pb;
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Yarmolyuk et al. 2005; Demoux, et al., 2009), Tsagan Khairkhan massif with age of
916+16Ma (Wang et al., 2001). The Hunshandake Block was deduced from the
scattered outcrops of metamorphic rocks (Xu et al., 2012).

Late Paleozoic volcano .
-sedimentary unit Kazakhst Russia

Post orogen

deposits (D,-C,) @A@

.« « .| Early Paleozoic ; i
<22 Grogenic unit MO”gOIla) China

North China craton

South Gobi
microcontinent

L HUUEEE

Late Permian- .°/ \"\
Early Carboniferous 4 N,
pluton /' '
..= Inferred Solonker suture /.'
&>  ‘Ophiolite” 1\
NN
& "
O \ 447

S M M __:—:___ . ErdaOJﬂa_ .|
ST o Paleoz T -
- A raAdvia !:a—tf' Stion < ompleX

= S - =t & - r
v e .= =Solonker{™= - ;a/

2N NN -—
ra

]

ugurige
&S ==> Early Paleozoic Ondor Sum
-0 bk, < subduction complex |
D‘ a2 %N \,\ - == - - -‘- -I- . ra
NCC Bayanobos Iy
(.:>'>:./.' <
108E° il 7 1 13| 112E°

Fig.1 Tectonic sketch map of central Inner Mongolia modified from Xiao et al., (2003) and Xu et

al., (2012). The late Mesozoic-Cenozoic formations are omitted for clarity.

2.3 The “Solonker suture”

The Solonker suture is widely regarded as the suture zone between NCC and
South Mongolia (Sengor et al., 1993; Sengor and Natal’in, 1996; Xiao et al., 2003;
Jian et al., 2010). In the western part (i.e. Solonker area) of the suture, the ophiolite,
associated with Lower Permian sedimentary rocks, consists of harzburgite, dunite,
gabbro, pillow basalt and chert (Wang and Liu, 1986). Extending to the east, the
Erdaojing complex is regarded as an accretionary wedge (Xiao et al., 2003). It
consists of two types of mélange, namely a tectonic mélange and an olistostrome
(Tang, 1990; Xiao et al., 2003). The tectonic mélange forms the structurally lower unit
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of the Erdaojing complex. It is characterized by lenses of mafic-ultramafic rocks
within an argillite matrix. The olistostrome is in fault contact with the southern
tectonic mélange unit. It consists of coherent turbidites including blocks of ophiolitic
rocks, chert, marbles and arc volcanic rocks. A few Tabulata fossils found within a
limestone lens indicate a Silurian age (Wang and Liu, 1986; Tang, 1990). In the
eastern end of the Solonker suture (out of Fig.1), cumulate gabbro, dykes, pillow
spilite, and quartz keratophyre with a whole rock Rb-Sr isochron age of 262Ma have
been described to crop out in Lower Permian clastic sediments (Wang and Liu, 1986).

3. The litho-tectonic units of the Mandula area

The Mandula area is located to the north of the Bainaimiao arc unit (Fig. 2). To
the north, it extends up to the Mongolian border. To the south, it is covered by
Mesozoic Erlian basin (Fig. 2). The Mandula area consists of five lithological and
tectonic units, namely: olistostrome, turbidites, shallow water sedimentary rocks,
Early Permian volcanics and Solonker mafic rocks (Fig. 10).

3.1 The olistostrome unit

Reefal limestone and terrigenous rocks, named the Benbatu formation
(IMBGMR, 2004), characterize the olistostrome unit. This unit is also referred to as
the “Mandula forearc mélange” (Jian et al., 2010). Indeed, the limestones are
olistoliths, rotated in various directions with disorganized bedding, enclosed within a
terrigenous matrix. The blocks, with sizes ranging from the centimetre to kilometre
scale, consist of biohermal limestone, siliceous mudstone, volcanic rocks and
coarse-grained sandstone (Figs. 3A-F). Plurimeter-scale limestone blocks may appear
as continuous at outcrop scale, but are discontinuous and scattered at the regional
scale (Fig. 3A). Huge limestone hills are commonly floating both on the
demi-continuous and mixed matrix showing well-preserved bedding. It is worth to
note that the limestone is petrologically and palaeontologically similar to the Late
Carboniferous limestone exposed in the southern part of the study area (Amushan
Formation), near Hongqi (Fig. 2), indicating a possible source for these olistoliths. In
places, siliceous mudstone blocks derived from the underlying mudstone occur in a
sandstone matrix (Fig.3B). Some of these siliceous rocks contain radiolarian fossils
(Wang et al., 2005). Rare acidic volcanic rocks are also included in the coarse
sandstone matrix (Fig.3C). Globally, the amount and size of blocks decrease
northwards. Pebbly mudstone becomes dominant northwardly. There is a gradual
changing in the matrix: to the southern most and west part of the olistostrome unit, the
matrix mostly consisting of grey white and pink argentite displays like
pinch-and-swell structure showing demi-continuous of primal bedding (Fig.3D). To
the Northeast, the matrix is dominated by dark grey mixture of sandstone and
mudstone and the original bedding is absent (Fig.3E).

The synsedimentary deformations are well-preserved locally. In the southern part,
it is slump-related demi-continuous sandstone is common. In the centre of the
olistostrome unit, the deformation is expressed as small-scale, rounded, overturned
folds with a ductile appearance without axial-planar cleavage (Fig.3F). Slump folds
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can be distinguished from tectonic folds by a transecting cleavage (i.e. cutting already
deformed beds, and non cylindrical geometries, such as thickened hinges and curved
axes). The lens of sandstone oriented with ellipsoid surface to the southwest includes
in the mixed matrix. In the northern margin of the olistostrome, compressional
deformation is common. The mudstone sometimes develops sigmoid structure
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Fig.2 Geological map of the Hongqi-Mandula area in Inner Mongolia showing litho-tectonic units
distribution. Modified after IMBGMR, (2002, 2004).

showing northward thrusting (Fig.3G) and sometimes strongly ductile crumpled
(Fig.3H). It is worth noting that no metamorphism is observed in the field and thin
section which is distinct with typical tectonic mélange. Deformation Small-scale
faults with a reverse sense of movement are observed. The slide style exhibits as
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Fig.3 Field pictures of the olistostrome unit. (A) Plurimeter-scale limestone olistolith in
olistostrome unit; (B) Mudstone olistolith in the coarse sandstone matrix; (C) acidic volcanic
olistolith in the olistostrome unit; (D) Sandstone olistolith in the red pelite/siltstone matrix (ca.20
cm red field book as scale, the same as following); (E) Pebbly limestone in the dark grey mixture
of sandstone and mudstone; (F) Inharmonious fold in the olistostrome unit; (G) Sigmoidal
indicator in the mudstone lithofacies near the olistostrome margin showing northward slump. (H)
Ductile crumple deformation near the margin of the olistostrome unit.
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huge limestone mountain covering the underlying disordered slump style deposits or
demi-continuous sandstone layers. The sedimentary sequence of Limestone
Mountains is well-preserved. Sometimes, a slip surfaces can be observed.

3.2 The turbidite unit

This unit refers to a terrigenous volcanic sedimentary rock association that
develops geometrically underlying to the olistostrome unit. Indeed, the turbidite unit
and the olistostrome wunit are not sharply separated. The appearance of
sandstone-mudstone alternation and the disappearance of limestone blocks define a
progressive olistostrome-turbidite boundary. Our study allows us to recognize four
major lithofacies assemblages in the turbidite unit on the basis of grain size,
sedimentary structure and bed thickness.

3.2.1 Mudstone-dominated assemblage

It is composed mainly of massive mudstone, siliceous mudstone and silty
mudstone with less very fine grained sandstone laminae (Fig.4A). The siliceous
mudstone forms horizontally laminated or massive sequences more than 20m thick.
The mudstone-dominated assemblage occurs in the southernmost part of the turbidite
unit, interfingering contact or underlying to the olistostrome unit. Sometimes the
massive mudstones expose as blocks in the olistostrome.

3.2.2 Medium/thick-bedded sandstone assemblage

It contains two types of sandstone assemblage. One is composed of
amalgamation of individual thick bedded sandstone. The stacks of amalgamation of
isolated medium-thick bedded sandstone internally have massive or flat laminar
structure (Fig.4B). The base sometimes incites into the underlying mudstone
assemblage. The other is composed of random stacking of the medium-thick bedded
sandstone and rhythmic alternating sandstone and mudstone (Fig.4C and D). It
generally shows typical Bouma sequence (generally Tab, Tbc, Tb-e, Tcde division of
Bouma, 1962; Fig.4D). The base is generally made up of pebbly sandstone, locally
conglomerate. Pebbly sandstone beds are dark grey to light pink, composed of
volcanic and sedimentary fragments. The sandstone beds are either internally
structureless or exhibit normally graded gradually to parallel lamination, ripple cross
lamination. Scour and groove structures are common in the Ta division of sandstone
and pebbly sandstone, locally the dewatering structure is well-preserved (Fig.4E).
This assemblage is common in the centre part of the turbidite unit. The thickness of
the succession is various, commonly 2-5m and is laterally continuous in outcrop.

3.2.3 Thin bedded sandstone assemblage

It is dominated by rhythmic thin bedded fine grained sandstone, siltstone and
mudstone (Fig.4F). Grey/light grey siltstone-mudstone form packets, up to 100m
thick, with a minor amount of thin bedded sandstone intercalations. The ratio of the
sandstone and mudstone ranges from 0.5-2. The Tbc, Tcde division of Bouma
sequence (1962) is common. The fine grained sandstone beds display either internally
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Fig.4 Field pictures of the turbidite unit. (A) Massive mudstone; (B) amalgamated medium-thick
bedded sandstone, internally flat laminar structure; (C) Random stacking of the medium-thick
bedded sandstone and siltstone; (D) Typical Bouma sequence in the medium/thick-bedded
sandstone assemblage; (E) Grade bedding in the Ta division of sandstone and pebbly sandstone,
upper develops the dewatering structure; (F) rhythmic thin bedded fine grained sandstone,
siltstone and mudstone; (G) Parallel lamination, ripple cross lamination in the Bouma sequence;
(H) conglomerate including rip up mudstone fragment and volcanic clasts, massive structure.
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structureless or parallel lamination, ripple cross lamination (Fig.4G), rare erosional
structures can be recognized. The acidic volcanic bedding is intercalated in this
assemblage. The thickness is uniform and typical successions of upward thinning or
thickening are not observed. This siltstone-mudstone assemblage is widely exposed to
the north and west of the turbidite unit. It may have interfingering contacts with the
medium/thick-bedded sandstone assemblage.

3.2.4 Thick bedded conglomerate assemblage

The conglomerate assemblage usually discontinuous laterally occurs in the
mudstone and thin bedded sandstone assemblages with a common erosional base. It is
made up of conglomerate or multiple stacking of conglomerate, pebbly sandstone and
thick bedded sandstone from base to top. The conglomerate contains plenty of rip up
mudstone fragment and volcanic clasts. Internally it is massive structure and roughly
grading bedding (Fig.4H). There are siltstone-fine sandstone couplet with well
developed climbing ripple laminae and slumped turbidites cropping out near the
conglomerate package. The thickness of the conglomerate assemblages is various
from 20cm to 1m. The thick bedded conglomerate assemblage is sparsely dispersed in
the turbidite unit.

3.3 The shallow water sedimentary rocks

The shallow water sedimentary unit was named Zhesi Formation and has been
studied in detail in the entire Inner Mongolia region (Grabau, 1931; Wang et al., 2002;
Shang, 2004; Li et al., 2004). It crops out in the northern of the Mandula area
geometrically covering the volcanic rocks (Dashizhai Formation). The Zhesi
Formation 1s composed of basal conglomerates, middle interval of lenses of
fossiliferous limestone and near the top biohermal grading laterally into shales that
was interpreted as alluvial to neritic environment (Wang et al., 1999, 2002; IMBGMR,
2004).

3.4 The Solonker mafic rocks

Altered gabbroic, basaltic and acidic volcanic bodies with sizes ranging from 1 to
~100 m, are widespread in the turbidite. These rocks belong to the so-called
“Solonker ophiolite” defined along the Chinese-Mongolian border (Sengor and
Natal’in, 1996; Xiao et al., 2003; Tao et al., 2004; Jian et al., 2010). Dismembered
mafic rocks are shown in the geological map of the study area (IMBGMR, 2004; Fig.
2). However, our observations of the easternmost exposures indicate that these lenses
lithologically include three main types: gabbro, basalt and acidic volcanic rocks with
the geometry concordant with the turbiditic bedding. The acidic volcanic rocks show
yellow colour due to strongly weathering that apparently like the produces of
weathered ultra basic rocks (Fig.5A). Indeed, it is andesitic rock in the thin section
with age of 282Ma (Fig.5B, see below). The basalt lenses sparsely dispersed in the
turbiditic bedding (Fig.5C) exhibit a porphyritic texture with plagioclase phenocrysts
(10-15%) in a groundmass of glass and tiny microcline. It is lithologically
corresponding to the Early Permian basalt exposed to the south of the Mandula area.
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The acidic volcanic and basaltic lenses might be interpreted magmatic sill or volcanic
bedding. A red thermal aureole developed in the turbidite around the altered gabbro
“blocks” has been observed, indicating an intruding feature. This is also supported by
the gabbro age of 257Ma (Fig.5D; see below). Furthermore, it is worth to note that
neither serpentinite masses, nor radiolarite have been observed in the study area.
Some “serpentinite” rocks shown in the geological map (IMBGMR, 2004; Jian et al.,
2010) are indeed strongly weathered yellowish andesite block or aphanitic acidic lava.
Thus, more investigation is needed in order to ensure the reality of the Solonker
ophiolite.

§100um

Fig.5 Field pictures and microscope images of the “Solonker ophiolite”; (A) Folded yellowish
silicified aphanitic lava within the turbidite unit (42°29719”, 109 °34°56"); (B) Microscope image
of the andesite “block™ in turbidite; (C) Greenish basalt lens in the reddish mudstone of the
turbidite (hammer ca.30cm length, the some as following); (D) Microscope image of the thin

section of gabbro intrusion.

3.5 The Early Permian magmatism

A large mass of intermediate-acidic volcanic rocks (Dashizhai Formation) crops
out to the north of the Zhesi Formation. This volcanic unit consists dominantly of
andesite, dacite, tuff and volcaniclastic rocks interbeded with rhythmic feldspathic
sandstone and muddy limestone lens. The age of the Dashizhai Formation is dated at
276+1 Ma by single zircon apparent age (Xu, 2005).

The basalts exposed in the southernmost part of the Mandula consist of massive
basalt, and amygdaloidal spilites as well as gabbroic, dioritic intrusions (IMBGMR,
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2004).the massive basalt are dated at 289Ma with Early Paleozoic inherited zircons. It
is debated about the origin of those basalts (Jian et al., 2010; Chen et al., 2012), but
our inherited zircons supports an origin of N-MORB-like depleted asthenospheric
mantle contaminated and metasomatised by arc material (see below).

4. Structural analyses

The bulk architecture of the Mandula area results of a multiphase deformation
(Fig.6). A pervasive deformation is widespread in the turbidite unit. The primary
bedding (So) is deformed by regional isoclinal folds with a relatively large scattering
of axes from NW to NE. An axial planar cleavage (S,) is well developed (Figs. 6C, D
and E). The bedding-cleavage relationships indicate a northward (NE or NW)
vergence (Fig.7A). Acidic volcanic layers in the turbidite also develop north-verging
recumbent folds with nearly N9OE striking axes. Intrafolial folds are also observed in
sandstone-siltstone lithofacies assemblage (Fig. 7 B). In the conglomerate layers of
the turbidite, pebbles exhibit a NW-SE striking stretching lineation (Fig. 7C). Both in

outcrop and thin section scales, these elongated pebbles and the matrix show
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kinematic indicators such as asymmetric pressure shadows, sigmoidal aggregates,
indicate a top-to-the-NW sense of shear (Figs.7C and D). The olistostrome
geometrically overlylng the turbldlte unit is also 1nV01V1ng the nearly NW—SE

Sllrceous
mudstone

Fig.7 Field pictures of the deformation style. (A) Ta, Tac, Tcd division of Bouma; the bedding
(Sp)-cleavage(S,) angular relationships and upward fining bedding indicate NW ward vergence; (B)
intrafolial fold in turbidites composed of dark grey thin bedded sandstone and grey medium
bedded siltstone; In the inverted limb, the sandstone shows graded bedding; (C) NW-SE elongated
pebble in turbidite (Ta), indicating NW shearing; (D) Pressure shadow at the margins of feldspar
clast, showing top-to-the NW sense of shear; (E-F) the volcanic bedding of the Dashizhai
Formation steep dipping while sedimentary intercalation with well developed cleavage. (G-H) the
Zhesi Formation is gentle dipping with pebbles of limestone, volcanic rock and mudstone of

underlying strata.
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shortening by locally well developed scaly foliation and flattened boulders. The thick
volcanic bedding of the Dashizhai formation develops open fold with nearly E-W axis.
Although no cleavage within the volcanic bedding is observed, the sedimentary
intercalations within the volcanic rocks develop pervasive N or S dipping cleavage
(Figs.7E and F). The structurally overlying Middle Permian Zhesi Formation is
characterized by E-W trending, hectomoter to kilometer of wavelength, open folds
with axes plunging gently eastward or westward, and devoid of axial planar cleavage
(Figs.6F, 7G and H).

5. Geochronological constraints

New zircon dating is obtained for magmatic and sedimentary rocks by ICP-MS
U-Pb analyses. Cathodoluminescence (CL) images were performed by CAMECA
SX-50 microprobe at Peking University in order to document zircon internal
structures. Zircon laser ablation ICP-MS U-Pb analyses were conducted on an Agilent
7500a ICP-MS equipped with a 193 nm laser in the China University of Geosciences,
Beijing. Laser spot size was set to ~36um for analyses, laser energy density at 8.5
J/em® and repetition rate at 10 Hz. Isotopic ratios and element concentrations of
zircons were calculated using GLITTER (ver. 4.4, Macquarie University). Concordia
ages and diagrams were obtained using Isoplot/Ex (3.0, Ludwig, 2003). The common
lead was corrected using LA-ICP-MS Common Lead Correction (ver. 3.15), following
the method of Andersen (2002). All magmatic sample ages reported below are
concordia ages (uncertainties are given at the 95% confidence limit).

5.1 Magmatic rock dating
5.1.1 Basalt (Sample 090719-07; 42°22°38", 109 © 58°57")

This sample was taken from the southern part of the Mandula area. In CL images
zircons appear heterogeneous. The dominant population consists of short prismatic
grains with a broadly spaced zoning. A few grains are prismatic and display
rhythmically zoned mantle with an inherited core. All isotopic compositions scatter
concordantly along the Concordia curve, and most of the grains are grouped at 289+4
Ma (n=8) and at 437+2Ma (n=6; Fig.8A). Four grains with a more or less rounded
shape, with an internally patchy structure yield a Proterozoic age (ca.l.4~1.8Ga).
These grains are interpreted as xenocrysts.

5.1.2 Altered gabbro (Sample sgz-3; 42°24°50", 109 ° 33722")

In this sample, most of zircon grains display patchy and widely spaced zoning
gabbroic zircons (Corfu et al., 2003), but other grains have internally heterogeneous
structures. The analyses are either clustered at 257+1Ma (n=6; Fig.8B) or dispersed
along the Concordia from ca. 280 to 400Ma, as well as three grains of Proterozoic age.
Those relatively old zircons, either internally homogeneous or rhythmically zoned, are
regarded as xenocrysts. We consider that the age of 257Ma corresponds to the
crystallization age of the gabbro intrusion.
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Fig.9 U-Pb Concordia diagrams for samples: (A)Basalt (090719-07); (B) Altered gabbro (sgz-3);
The sample location is shown in Fig.2. The data ellipses are defined by standard errors (1 sigma)
in 2°°Pb/**U, *’Pb/**°U and *""Pb/**°Pb, and grey areas represent inherited zircons in (A), (B) and
(C). The black areas in (A) represent analytical concordia age of the Early Paleozoic inherited

zircons.

5.2 Detrital zircon dating

Two sandstone samples, collected in the sandstone-conglomerate lithofacies
(090720-22), mudstone lithofacies (090720-34) of turbidite have been processed for
detrital zircon dating. The raw data for age spectra are given in Table 2 and illustrated
in the statistical diagrams (Fig.9). Zircon grains from all these samples mainly 50-150
pm in size, typically well zoned or patchy zoned with euhedral crystal faces are
representative of a first magmatic cycle and short transport history.

Of 75 grains analyzed in sample 090720-22, 2 grains are discordant and disused
in the probability density diagram. Most of the zircon grains of the sample define a
~285Ma and a ~431Ma grains populations, with five Proterozoic age grains at
~2500Ma (n=2), ~1800Ma (n=2) and 1200Ma (n=1) (Fig.9A).

30 grains are analyzed in sample 090720-34. The zircon population consists of
two main groups at 284 and 478Ma, with four sub-groups at 271 Ma, 310 Ma, 458 Ma,
and 512Ma, respectively. The youngest grains are at 258Ma (Fig.9B).

The zircon population at ca. ~280Ma (Early Permian) found in both sample
090720-22 and 090720-34 is similar to the age of the nearby magmatic rocks. Thus
these zircon grains are probably derived from the contemporaneous magmatic activity.
This interpretation is supported by the euhedral crystal habitus, and the numerous
basaltic and acidic volcanic fragments found in sandstone-conglomerate lithofacies.
The zircon population of ~430-480Ma is similar to the southern Bainaimiao arc
magmatism (Jian et al., 2008; Li et al., 2010). Therefore, the southern Early Paleozoic
arc magmatic rocks are the most likely source for this population. It should be
underlined that there is an important age gap in the Devonian and Early Carboniferous
(Fig.9), suggesting a lack of magmatism in this period around our study area.
Therefore, a continuous oceanic subduction coeval with an arc magmatism from Early
Paleozoic to Permian (Xiao et al., 2003) is not documented by the age of detrital
zircons.
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Fig.9 Probability density diagram for the age of detrital zircons from turbidite unit and
olistostrome unit; y-axis represents the number of zircon grain and relative probability, x-axis
represents the age 206p /28U of zircon grain (206Pb /*"Pb age for zircon older than 1Ga); the
minimum width for histogram is 8Myr. The grey column represents the statistical magnitude, and
the curve represents relative probability density. N is the total number of analyzed grains. The
inset of (A) shows the general age distribution of sample 090720-22.

6. Discussion
6.1 The olistostrome or tectonic mélange?

The difference between the olistostrome and the tectonic mélange are widely
documented (Hsu, 1974; Potter and Pettijohn, 1977; Wang., 1981; Carine and Michel,
2004). But care must be taken in the outcrops. In the Mandula area, the olistostrome is
distinct with tectonic mélange as follows: 1) the matrix is mainly composed sandstone
and mudstone. Moreover, there is a gradual trend with sandstone decreasing and
mudstones increasing northward till the turbidite unit. 1i) No typical tectonic
shearing deformation and intermediate-high grade metamorphism are observed in the
Mandula area. To the south, the head areas of slumps are dominated by
demi-continuous bedding while the northern part of the slumps tends to be dominated
by compressional structures such as folds and thrusts. The inhomogeneous
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deformation suggests southern part extension while northern part compression,
indicating the northward movement. iii) In the olistostrome unit the blocks include
limestone, sandstone, acidic volcanic rocks while in the turbidite unit expose basalt,
volcanic bedding and gabbro intrusion. The typical ophiolitic blocks, such as
serpentinite do not exist. The limestone blocks lithologically and paleontologically
similar with the southern Amushan Formation (IMBGMR, 2004), suggest the
Amushan Formation as a potential source. This is also consistence with uneven slump
structure and the kinematic indicator in the siliceous mudstone.

There is also volcanic bedding or block in the turbidite unit. The andesitic rocks
are volcanic sills emplaced in the turbidite since it has age 2824+3Ma similar to the
northern volcanism (Dashizhai Formation). The existence of numerous volcanic clasts
in the conglomerate assemblage and volcanic bedding in the turbidite suggests
generally coeval volcanism and turbidity deposits. Thus the Mandula study area is
dominated by olistostrome and volcano-sediments. The reality of the “Solonker”
ophiolite should be reassessed.

6.2 The sedimentary setting

The turbidite can be divided into four main lithofacies assemblage. The thick
bedded conglomerate assemblages contain plenty of various sized mudstone rip-up
clasts with poorly sorted sandstone matrix. The typical graded structures are not
observed, indicating the genesis of debris-flow or inertia debris-flow (Postma et al.,
1988) or high-density turbidite. The medium-thick bedded sandstone assemblage
shows finer grain-size in contrast to the pebbly sandstone may suggest a bipartite
gravity flow (Tinterri et al., 2003), of which pebbly sandstone facies are deposited
from the lower current and the medium-thick sandstone from the upper current. The
abundant mudstone fragments in the conglomerates and pebbly sandstone facies
indicate channel incision into an underlying mudstone lithofacies. The erosional base
and lenticular shape of conglomerate lithofacies assemblage suggests depositing as
channel fill. The siltstone-fine sandstone couplets with well developed climbing ripple
laminae juxtaposed with slumped turbidites are interpreted as channel-margin or levee
facies (Walker, 1985).

The medium/thick-bedded sandstone assemblage includes two types. The
amalgamation of thick bedded sandstone with flatten bedding can be correlated to
high-density turbidites or concentrated-density flow (Lowe, 1982; Mulder and
Alexander, 2001). The random stacking of the medium-thick bedded sandstone
exhibiting erosive structure, grading bedding and locally dewatering structure
represents a high-density turbidite while the presence of many Tbc and Tcde division
of rhythmic sandstone and mudstone lithofacies indicates deposition from low-density
turbidite current (Lowe, 1982). The thickness of Medium/thick-bedded sandstone
assemblage is less systematic changed at mapping scale, suggesting a steady sheet
sandstone body.

The thin bedded sandstone assemblage is considered as low-density turbidites
and classical turbidite (Lowe, 1982; Walker, 1992) based on the facies characteristics
that grading structure, traction-current structure of Bouma sequence (Bouma, 1962).

182



The mudstone contains turbidite mudstone and hemipelagic mudstone. The lower
sandstone/mudstone ratio rhythmic sandstone beds might deposit in distal area
relative to the higher sandstone/mudstone ratio rhythmic alternating sandstone beds
and the mudstone mainly consists of hemipelagic mudstone.

The mudstone-dominated assemblage generally derived from hemipelagic
suspension materials that deposit in a slope or geographic high setting. This
environment cannot be affected by turbidity current.

The development of olistostrome and turbidite is common in the slope
environment (Jacobi, 1984; Postma, 1984; Christopher et al., 1987; Liuz, et al., 1998;
Direen, et al., 2008). In Mandula area the slumped structure and the source of
olistostrome wunit suggest a northward movement. In the downslope areas,
compression is more common with thrusting and bulldozing of basin-floor sediments
(Lewis, 1971; Dingle, 1977). To the north of the olistostrome occurs the turbidite
which also received the southern materials. The lithofacies assemblage within the
turbidite displays a general northward or northwestward gradual low-density turbidite
evolutional trend, indicating a geographically northward deeper. The southern
Amushan Formation is dominated by bioclastic limestone, reef and sandstone and was
interpreted as the continental marginal shallow sea and carbonate platform setting
(IMBGMR, 2004). Thus the Mandula area is slope setting that deposits the southern
shallow sea sediments and the northern volcanic materials. It is also possible that the
turbidite unit is from the olistostrome deposits evolution during slump process
(Reading, 1996; Haughton, et al., 2009).

6.3 The geochemical constraint

In the Mandula study area, the turbidity deposits are coeval with a basaltic and
acidic volcanism to the south and north respectively. The basalts are tholeiitic series,
with low TiO; and P,0s, flat REE, or slightly depleted LREE spectra, enrichment in
LILE but strong depletion in Nb and Ta, and initial *’Sr /*°Sr = 0.7046-0.70537,
eNd=3.4-7.8 (Jian et al., 2010; Chen et al., 2012). These features were interpreted as
N-MORB with arc signature, indicative of proto-arc in a supra subduction zone
setting (Jian et al., 2010). By contrast, Chen et al (2012) argued for a juvenile ocean
basin setting with magma genesis of enriched mantle or N-MORB-like depleted
asthenospheric mantle contaminated and metasomatized by arc material. The later
interpretation is supported by our 437Ma and 1400-1800 Ma zircon xenocrysts in
basalt that might be scavenged by the ascending magma. Also, the coeval basaltic and
acidic volcanic rocks suggest a bimodal signature, indicative of intracontinental
rifting.

In the Hongqi area, the acidic-intermediate volcanic rocks with age of 272Ma
display a pronounced A-type affinity and a significant contribution of crustal-derived
rocks in their petrogenesis (Chen, 2011). To the north of the Mandula area, Zhang et
al., (2011) reported an Early Permian mafic and felsic volcanic rocks which involved
subduction-related metasomatized asthenosphere and lithospheric mantle components
and melts of mixed source of predominant juvenile basaltic underplates and minor
ancient crustal materials.
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Based on geochemical and sedimentary facies data mentioned above, we propose
an intracontinental rift developed during the Early Permian in the Mandula area. The
rifting is probably controlled by normal faults and forms a northward deeper
geography accommodating the turbidite and the olistostrome units.

6.4 The closure of rift

Both the turbidite unit and the olistostrome unit experienced a compressional
tectonics resulting in the development of the northwest-directed recumbent and/or
isoclinal folds. This NW-SE compression causing the closure of the rift involved the
Early Permian litho-tectonic units. The Middle Permian Zhesi Formation (~265Ma)
was also subjected to a nearly NW-SE compression event, reflecting a same strain
regime to the turbidite during the Middle Permian. An unconformity relationship was
reported between the Early Permian volcanic rocks (Dashizhai Formation) and the
Middle Permian Zhesi Formation (Wang et al., 1999, 2002). It is worth noting that in
the Mandual area, triassic sediments is absent (Mueller et al., 1991; IMBGMR 2004;
Shi et al., 2006). But Late Permian to Middle Triassic alkaline and calc-alkaline
undeformed granitoids emplaced near the study area (Zhang et al., 2009; Zhang et al.,
2010). These undeformed rocks provide an upper limit for the NW-directed
deformation. Thus, it is most possible that the closure of the rift happened during late
Permian time.

7. Conclusion

1) The Mandula area is composed of olistostrome, turbidite and coeval Early
Permian basalts and acidic volcanic rocks. The previous mélange blocks indeed are
olistoliths and volcanic sills in the turbidite.

ii) The sedimentary setting is continental slope with a northward deeper trend.
The sources of the olistostrome and turbidite are from the southern Early Paleozoic
material and contemporaneous Permian volcanic magmatism.

iii) The sedimentary succession in the Mandula area characterized as NW
verging isoclinal fold indicating a NW-SE directed shortening.

iv) Integrating the lithofacies assemblage, regional geochemical data and
deformation style, we argued that the Mandula area experienced an Early Permian
intracontinental rifting and Late Permian closure of the rift.

Acknowledgements

This work has been funded by the National Science Foundation of China
(40872145, 41121062). The China Scholarship Council is acknowledged for
providing a Ph.D. scholarship to Shi, G.Z., supporting a joint training Ph.D. between
the Université d’Orléans and Peking University. Flavien Choulet is thanked for useful
suggestions and improving a first draft of the manuscript. Tong Qilong, Li Ruibiao,

Fang Junqgin and Cheng Shengdong are thanked for their help in the field work. This
184



is a contribution to IGCP#592 supported by UNESCO-IUGS.

References:
Andersen, T., 2002. Correction of common lead in U-Pb analyses that do not report “**Pb,
Chemical Geology 192, 59-79.

Badarch, G., Cunningham, W.D., Windley, B.F., 2002. A new terrane subdivision for Mongolia:
implications for the Phanerozoic crustal growth of Central Asia. Journal of Asian Earth
Sciences 21, 87-104.

BGMRIM (Bureau of Geology and Mineral Resources of Inner Mongolia), 1991.Regional
Geology of NeiMongol (Inner Mongolia) Autonomous Region. Geological Publishing House,
Beijing (in Chinese with English summary).

Bouma, A.H., 1962. Sedimentology of some Flysch deposits: A graphic approach to facies
interpretation, Elsevier, Amsterdam.

Carine, C., Faure, M., 2004. The Saint-Georges-sur-Loire olistostrome, a key zone to understand
the Gondwana-Armorica boundary in the Variscan belt (Southern Brittany, France). Int J
Earth Sci (Geol Rundsch) 93: 945-958.DOI 10.1007/s00531-004-0398-3.

Chen, B., Jahn, B.M., Tian, W., 2009. Evolution of the Solonker suture zone: Constrains from
zircon U-Pb ages, Hf isotopic ratios and whole-rock Nd-Sr isotope compositions of
subduction and collision-related magmas and forearc sediments. Journal of Asian Earth
Sciences 34, 245-257.

Chen, C., 2011. geochronology, geochemistry, and its geological significance of the Early Permian

volcanic rocks in Damaoqi, Inner Mongolia. Master degree thesis, Peking University. 50pp.

Chen, C., Zhang, Z.C., Guo, Z.J., Li, J.F., Feng, Z.S., Tang, W.H., 2012. Geochronology,
geochemistry, and its geological significance of the Permian Mandula mafic rocks in
Damaoqi, Inner Mongolia. Science China earth Sciences 55, 39-52.

Christopher, J.E., Michael, M.G,, Stephen, E.N., 1987. Problems of recognition of olistostromes:
An example from the lower Pit Formation, Eastern Klamath Mountains, California. Geology,
v. 15, P.541-544. June 1987.

Corfu, F., Hanchar, J.M., Hoskin, P.W.O., Kinny, P., 2003. Atlas of zircon textures. In: Hanchar,
J.M., Hoskin, P.W.O. (Eds.), zircon: Reviews in Mineralogy and Geochemistry 53, 469-500.

Demoux, A., Kroner, A., Liu, D.Y., 2009. Precambrian crystalline basement in southern Mongolia
as revealed by SHRIMP zircon dating. Int J Earth Sci (Geol Rundsch) 98, 1365-1380. DOI
10.1007/s0051-008-0321-4.

Dingle R.V., 1977. The anatomy of a large submarine slump on a sheared continental margin (SE
Africa). Journal of the geological Society, London 134, 293-310.

Direen, N.G.,, Jago, J.B., 2008.The Cottons Breccia (Ediacaran) and its tectonostratigraphic
context within the Grassy Group, King Island, Australia: A rift-related gravity slump deposit.
Precambrian Research 165,1-14.

Grabau, A.W., 1931. The Permian of Mongolia-A Report of the Permian Fauna of the Jisu
Honguer Limestone of Mongolia and Its Relations to the Permian of Other Parts of the World.
Natural History of Central Asia 4, 1-665.

Haughton, P., Davis, C., Mccaffrey. W., Barker, S., 2009. Hybrid sediment gravity flow deposits —
Classification, origin and significance. Marine and Petroleum Geology, 26, 1900-1918.

Hsu, K.J., 1974. Mélange and their distinction from olistostromes: In Dott, R.H. and Shaven R. H.

185



(eds.), Mordern and Ancient Geosynclinal Sedimentation, Soc. Econ. Palacont. Min. Special
Pub.19, 321-333.

IMBGMR, 2004 .Regional Geological Investigation Report of 1:250000 scale Mandula
Quadrangle. Inner Mongolian Bureau of Geology and Mineral Resources.

Jacobi, R.D. 1984, Modern submarine sediment slides, in Raymond, L.A., ed., Mélanges: Their
nature, origin, and significance: Geological Society of America Special Paper 198, 81-102.

Jahn, B.M., 2004. The Central Asian Orogenic Belt and growth of the continental crust in the
Phanerozoic. In: Malpas, J., Fletcher, C.J.N., Ali, J.R., Aitchinson, J.C., (Eds.), Aspects of the
Tectonic Evolution of China. Geological Society, London, 3—100.

Jian, P, Liu, D.Y., Kroéner, A., Windley, B. F., Shi, Y.R., Zhang, F.Q., Shi, GH., Miao, L.C., Zhang,
W., Zhang, Q., Zhang, L.Q.,Ren, J.S., 2008. Time scale of an early to mid-Paleozoic orogenic
cycle of the long-lived Central Asian Orogenic Belt, Inner Mongolia of China: Implications
for continental growth. Lithos 101, 233-259.

Jian, P, Liu, D.Y., Kroner,A., Windley, B.F., Shi, Y.R., Zhang, W., Zhang, F.Q., Miao, L.C., Zhang,
L.Q., Tomurhuu, D., 2010. Evolution of a Permian intraoceanic arc—trench system in the
Solonker suture zone, Central Asian Orogenic Belt, China and Mongolia. Lithos 118,
169-190.

Lewis, K.B., 1971. Slumping on a continental slope inclined ata 1°-4 °. Sedimentology 16, 97-110.

Li, J.F., Zhang, Z.C., Han, B.F., 2010. Ar-Ar and zircon SHRIMP geochronology of hornblendite
and diorite in northern Darhan Muminggan Joint Banner, Inner Mongolia, and its geological
significance. Acta Petrologica et Mineralogica 29, 732-740. (In Chinese with English
abstract).

Li, S.L., Wang, X.L., Xu, X.Y., Zhang, H.J., Liu, X.D., Li, J.W., 2004. Characteristics of the
Maokou’an Reef in the Zhesiaobao, Inner Mongolia. Acta Sedimentologica Sinica 22,
434-442

Lowe, D.R., 1982. Sediment gravity flows: II. Depositional models with special reference to the
deposits of high-density turbidity currents. Journal of Sedimentary Petrology 52, 279-297.

Ludwig, K.R., 2003. User's Manual for Isoplot 3.0: A Geochronological Toolkit for Microsoft
Excel Berkeley Geochronology Center. Special publication 4, 1-71.

Luiz F.G.C., Renoto, O.K., Adriano, R.V., 1998. Slope sedimentary facies associated with
Pleistocene and Holocene sea-level changes, Campos Basin, southeast Brazilian Margin.
Sedimentary Geology 115, 159-174.

Mueller, J.F., Rogers, J.W., Jin, Y.G,, Wang, H.Y., Li, W.G., Chronic, J., Mueller Jo.F., 1991. Late
Carboniferous to Permian sedimentation in Inner Mongolia, China, and tectonic relationships
between North China and Siberia. Journal of Geology, 99, 251-263.

Mulder, T., Alexander, J., 2001. The physical character of subaqueous sedimentary density flows
and their deposits. Sedimentology 48, 269-299.

Postma, G., 1984. Slumps and their deposits in fan delta front and slope. Geology, v.12, P.27-30.

Postma, G., Nemec, W., Kleinspehn, K.L., 1988. Large floating clasts in turbidite: a mechanism
for their emplacement. Sedimentary geology 58, 47-61.

Potter, P.E., Pettjohn, F.J., 1977. Paleocurrents and basin analysis, 2" ed. Springerverlag, Berlin,
Heidelberg, New York.

Reading, H.G., 1996. Sedimentary Environments: processes, Facies and Stratigraphy. Blackwell
Publishing Company. Third edition, pp 407-418.

186



Sengor, A.M.C., Natal’in, B.A., 1996. Paleotectonics of Asia:Fragments of a synthesism. In: Yin,
A., Harrison, T.M. (Eds.), The Tectonic Evolution of Asia, Cambridge Univ, New York,
pp-486-640.

Sengor, A.M.C., Natal’in, B.A., Burtman, V.S., 1993. Evolution of the Altaid tectonic collage and
Paleozoic crustal growth in Eurasia. Nature 364, 299-307.

Shang, Q.H., 2004. Occurrences of Permian Radiolarians in Central and Eastern Neimongol (Inner
Mongolia) and their geological significance to the Northern China Orogen. Chinese Science
Bulletin 49, 2613-2619.

Shi, GR., 2006. The marine Permian of East amd Northeast Asia: an overview of biostratigraphy,
palaeobiography and palacogeographical implications. Journal of Asian Earth Science 26,
175-206.

Tang, K., 1990. Tectonic development of Paleozoic fold belts at the north margin of the
Sino-Korean craton, Tectonics 9, 249-260.

Tao, J.X., Su, M.R., Baoyin, W.L.J., Bai, L.B.,2004. Characteristics and tectonic significance of
the Solon Mountain ophiolitic melange in the Mandula area, Darhan Muminggan, Inner
Mongolia. Geological Bulletin of China 23, 1238-1242.

Tinterri, R., Drago, M., Consonni, A., Davoli, G., Mutti, E., 2003. Modeling subaqueous bipartite
sediment gravity flows on the basis of outcrop constraints: first results: Marine and Petroleum
Geology 20, 911-933.

Walker, R.G., 1985.Mudstones and thin-bedded turbidites associated with the Upper Cretaceous
Wheeler Gorge conglomerates, California; a possible channel-levee complex. Journal of
Sedimentary Research 55, 279-290.

Walker, R.G., 1992. Turbidites and submarine fans. In: Walker, R.G., James, N.P. (Eds.), Facies
Models: Response to Sea Level Change. Geol. Assoc. Can., pp. 239-263.

Wang, C.S., 1981. Olistostrome and melange in the evolution of subduction complexes. Memoir
of the geological society of China, 4, 55-65.

Wang, C.Y., Wang, P, Li, W.G, 2006. Conodonts from the permian Jisu Honguer (Zhesi)
Formation in Inner Mongolia, China. Acta Palaeontologica Sinica 45, 195-206.

Wang, H., Chen, Z.Y., Yang, W.R., 2002. Discovery of the Permian sponge mounds in Mandula,
Inner Mongolia. Journal of stratigraphy 26, 33-38. (In Chinese).

Wang, H., Gao, R.K., 1999. Further Study on Biostratum Division and Correlation of Early
Permian Epoch of Mandula Area of Damaoqi, InnerMongolia. Geology of Inner Mongolia 91,
7-20.

Wang, H., Wang, Y.J., Chen, Z.Y., Li, Y.X., Su, M.R., Bai, L.B., 2005. Discovery of the Permian
radiolarians from the Bayanaobao area, Inner Mongolia. Journal of stratigraphy 29, 368-372.

Wang, Q., Liu, X.Y., 1986. Paleoplate tectonics between Cathaysia and Angaraland in Inner
Mongolia of China. Tectonics 5, 1073-1088.

Wang, T., Zheng,Y.D., Gehrels, GE., Mu,Z.G., 2001. Geochronological evidence for existence of
South Mongolian microcontinent zircon U-Pb age of grantoid gneisses from the Yagan-Onch
Hayrhan metamorphic core complex. Chinese Science Bulletin 46, 2005-2008.

Windley, B.F., Alexeiev, D., Xiao, W.J., Kroner, A., Badarch, G., 2007. Tectonic models for
accretion of the Central Asian Orogenic Belt. Journal of the Geological Society, London 164,
31-47.

Xiao,W.J., Han, C., Yuan, C., Sun, M., Lin, S., Chen, H., Li, Z., Li, J., Sun, S., 2008. Middle

187



Cambrian to Permian subduction-related accretionary orogenesis of northern Xinjiang, NW
China: implications for the tectonic evolution of central Asia. Journal of Asian Earth Sciences
32, 102-117.

Xiao,W.J.,Windley, B.F., Hao, J., Zhai,M., 2003. Accretion leading to collision and the Permian
Solonker suture, Inner Mongilia, China: termination of the Central Asian Orogenic Belt.
Tectonics 22, 1069. doi:10.1029/2002TC001484.

Xu, B., Charvet, J., 2010. Mid-Paleozoic opposite Orogenic Belt in Inner Mongolia of China and
its significance for Central Asian Orogenic Belt, International Association for Gondwana
Research Conference Series 9, Qingdao, China, Abstract Volume, p. 84.

Xu, B., Charvet, J., Zhang, F.Q., 2001. Primary study on petrology and geochronology of the
blueschist in Sonid Zuoqi, northern Inner Mongolia. Chinese Journal of Geology 36, 424-434
(in Chinese with English abstract).

Xu, B., Chen, B., 1993. The opposite subduction and collision between the Siberian and
Sino-Korean plates during the early-middle Paleozoic. Report No: 4 of the IGCP Projrct 283:
Geodynamic Evolution of Paleoasian Ocean, Novosibirsk, USSR, pp.148-150.

Xu, B., Chen, B., 1997. Framework and evolution of the middle Paleozoic orogenic belt between
Siberian and North China Plates in northern Inner Mongolia. Science in China (series D) 40,
463-469.

Xu, B.,, Jacques Charvet, Yan Chen , Pan Zhao, Guanzhong Shi, Middle Paleozoic convergent
orogenic belts in western Inner Mongolia (China): framework, kinematics, geochronology
and implications for tectonic evolution of the Central Asian Orogenic Belt, Gondwana Res.
(2012), d0i:10.1016/j.gr.2012.05.015

Xu,L.Q., 2005. The Characteristics of Magmatic Rocks and Discussion of Geotectonics Evolution
from Caledonian through Hercynian to Indosinian stage in the Baiyun’ebo-Mandula Region,
Inner Mongolia. PhD thesis, China university of Geosciences (Beijing), pp. 116.

Yarmolyuk, V.V., Kovalenko, V.I., Salnikova, E.B., Kozakov, I.LK., Kotov A.B., Kovach, V.P.,
Vladykin, N.V., Yakovleva, S.Z., 2005. U-Pb age of syn- and post-metamorphic granitoids of
south Mongolia:evidence for the presence of Grenvillides in the Central Asian Foldbelt.
Doklady Earth Sci 404:986-990.

Zhang, S.H., Zhao, Y., Song, B., Liu, S.W.,, Yang, Z.Y., Chen, F.K., Hu, J.M., Liu, X.M., Liu, J.,
2009. Contrasting Late Carboniferous and Late Permian—-Middle Triassic intrusive suites

from the northern margin of the North China craton: geochronology, petrogenesis, and tectonic

implications. Geological Society of America Bulletin 121, 181-200.

Zhang, X.H., Wilde, S.A., Zhang, H.F., Zhai, M.G,, 2011. Early Permian high-K calc-alkaline
volcanic rocks from NW Inner Mongolia, North China: geochemistry, origin and tectonic
implications. Journal of the Geological Society, London 168, 525-543.

Zhang, W., Jian, P., Liu, D., Hu, K., 2010. Geochemical study, SHRIMP zircon dating, and
Hf isotopic composition of Triassic granodiorite—diorite and shoshonite from the northern
Damaoqi area, Inner Mongolia. Geological Bulletin of China 29, 821-832 (in Chinese with
English abstract).

188



[Guanzhong SHI]

[Evolution polycyclique de I'Est de la Central-Asie Orogénique Belt—Microtectonique analyse,
géochronologie et tectonique dans le centre d’Inner Mongolie, la Chine] (en francais)

Résumé : (1700 caracteres max.)

11 est débattue sur le temps closural finale de l'océan paléo-asiatique et la position. Certains géologues ont
préconisé la suture "Solonker" marque la zone closural finale du Permien , tandis que d'autres insistent sur le fait
Paléozoique milieu. Nos trois domaines d'étude, le Hongqi , le Ondor Somme et le Mandula ont essentiel et
important de résoudre ces controverses.

Les unités litho-tectonique reconnus dans le domaine Hongqi-Ondor Sum sont le mélange Belt de Honggqi-
Ondor Sum, la Belt de I'arc Bainaimiao, craton du Nord de Chine et les roches sédimentaires post-orogéniques. Le
Meélange Belt de Hongqi-Ondor Sum connu déformation ductile en deux phases et une phase de la déformation
ductile-fragile. D1 est responsable de la S1 foliation, linéation minérale L1, et intrafolial pli F1. Les critéres
cinématique indique un sens cisaillement de top-to-the-NW. D2 est caractérisée par divers taille de plis
asymétriques avec axe presque NE correspondant a la poussée NW cisaillement. D3 formé le cadre régional dans
le Hongqi et les zones Ondor Sum.

La zone Mandula contient les sédiments olistostrome, les sédiments turbiditiques et roches volcano-
sédimentaires. Grains de zircons détritiques dans des échantillons sédimentaires indiquent la zone d'étude
Mandula recu des matériaux d'arc Bainaimiao et matiéres contemporaines de 1'éruption volcanique du Permien.
Les sédiments et les roches volcaniques dans la région Mandula soumettent un NW-SE ou prés de N-S du
raccourcissement.

les données géologiques indiquent qu'une subduction et collsion dans Paléozoique inférieur, et rifting et
fermeture rift dans Palezoic supérieur. Les fragments ophiolitiques "Solonker" sont en effet olistostrome.
Composants ophiolitiques typiques ne sont pas observés dans la région Mandula.

Mots clés : Centrale de la Mongolie intérieure; Asie ceinture orogénique centrale; déformation polyphasée;
sédimentaire facies analyse; évolution tectonique

[Polycyclic evolution of the Eastern Central-Asia Orogenic Belt—
Microtectonic analysis, geochronology and tectonics in Central Inner Mongolia] (en anglais)

Summary : (1700 caractéres max.)

It is hotly debated about the final closural time and position of the Paleo-Asian Ocean. Some geologists
advocated the “Solonker” suture marks the final closural zone in Permian, whereas others insist in middle
Paleozoic. Our three study areas, the Hongqi, the Ondor Sum and the Mandula is essential and important to solve
those controversies.

The litho-tectonic units recognized in the Hongqi-Ondor Sum area include the Hongqi-Ondor Sum mélange
belt, the Bainaimiao arc belt, North China Craton and post-orogenic unconformably sedimentary rocks. The
Hongqi-Ondor Sum mélange belt experienced two phase ductile deformation and one phase ductile-brittle
deformation. D; is responsible for the regional greenschist foliation Si, elongated mineral lineation Li, and
intrafolial fold F;. The kinematic criteria indicates a top-to-the-N'W shearing sense. D> is characterized by various
sized of unsymmetrical folds with nearly NE axis corresponding to the NW thrust shearing. D3 formed the
regional framework in the Hongqi and the Ondor Sum areas.

The Mandula area contains olistostrome sediments, turbiditic sediments and volcano-sedimentary rocks.
Detrital zircon grains in sedimentary samples argue the Mandula study area received the southern Bainaimiao arc
materials and coeval Permian volcanic erupting materials nearby. The sediments and volcanic rocks in Mandula
area subject a nearly NW-SE or N-S compressional shortening.

The geological data support that an Early Paleozoic subduction and collsioan, Late Palezoic rifting and rift
closure model. The so called “Solonker” ophiolitic fragments indeed are olistostrome. Typical ophiolite
components are not observed in the Mandula area.

Keywords : Central Inner Mongolia; Central Asian Orogenic Belt; Polyphase deformation; Sedimentary facies
analysis; Tectonic evolution
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