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Abstract

A stratigraphic and structural study of the Permian North Shuangba@oamgexoffers
new evidence atstrainingthe iming of thefinal closure of thdPalecAsian Ocearto the late
Permian. Thdold and thrust belt afurbidite sequenci the North ShuangaotangComplex
is interpreted as a sytactonic sedimentary depositametro-foreland basiron the upper plate
recording theéermindion of the finalstage ofaccretionary orogenesis the Beishan orogenic

collage

A reconstruction of stratigraphand structural analysign this study identifiedhat the
North Shuangbaotarf@omplexis composed dafvo fault- boundedsedimentary pekages and
one cover packagewhich are subjected by two phases of deformatioReckage 1l is
considered as aapt of anaccretionary wedgeerived from the Liuyuan Complendpackage
2 is a part of dorearc basimerived fromthe Dundunshan terran&he northward subduction
of the oceanic crust and early collision between the Dundunshandeand the Dunhuang
terraneled to D1 deformation characterized by southwesterly thrgstifhe continuous
collision thickenedthe orogenic wedge and promoted the updifiven erosion of packages 1
and 2.Hence a swtectonic foreland basin formed andconformably oveied imbricated
packages 1 and 2..deformation is represented by the nerdrging fold and thrust belt in
the retreforeland basin and constrains the final stage of shortening in the southern Beishan

orogenic collagéo late Permian.
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Chapterlnt r odncti o

1.1 Introduction to the study area

TheCentral Asan Orogenic Belt (CAOB) is one of the largest accretionary orogensc belt
in the world (Fig. 1-1), representingan area ofimportart crustal growth Following the
introduction of the theory gblate tectonics in the 1960s, a systematic tectonostratigraphic
analysis demonstrated that the CAOB extendethéoEast European Craton in the west,
SiberiaCratonin the North, North China Craton and Tarim Craton in the south (Fig. 1
Decades of studghowedthat the CAOB was formed bsnultiple stages ofnorthward
accretionarytectonic event¢Co | e ma n 1989; Seng?®r Dobk@mdv,al 6i n
Berzin & Busl ov, 1 91996;; GaoSet al.gl998; B&chai et tala20@2j n ,
Bazhenov et al. 2003; Xiao et al. 2003, 2004a, b, 2008; Windley et al. Zb@Aermination
of accretionary orogenesis in the CAOBa@presented by the final closure of the Pafesian

Ocean. Howevelthe timirg of the final closure of the Palésian Ocean is still contentious.

The Beisharorogenic collaggBOC), located in the southernmost part of the CAOB
betweenthe SoutherrTian$ansuture zondo thewest andhe Solonkersuture zondo the
east(Fig. 1-1), was proposed by some workersrégord the final closure of thedleo-Asian

Ocean(Xiao et al., 2010aMao et al., 2012b)

This thesis is focused dhe structure and stratigrapbf the Permian sedimentargcks
in the Liuyuamarea which is locatednh the southern part of ti&OC (Fig. 1-2). 120 km to the

north of the Dunhuang City, an ENESW trending basaltic bettf mafic rocks and Permian
1



sedimentary sequences are well exposed with little vegetation cover. This basatteédvetd

to as theLiuyuanComplex is exposed in theniddle of theLiuyuan areaand is considered as

a dismembered Permian ophielity several workers in this area (Xiao et al., 2010a; Mao et
al., 2012b).The emplacement of the Liuyuan ophiokt@sproposed to constrain the timing

of thefinal closure of thd?aleeAsianOcean (Mao et al., 2012b).

1.2 Geological setting

As a product oftte subductioraccretiorsystem, the structusndthetectongtratigraphy
of the study areds conplex, mainlydue to the superpositiasf multiple stages ofectorc
eventsrelated to subduction, accretion and collisidimere are three lithological domai
present irthestudyarea which aresummarizedelowfrom previous stuiés (Fig. 1-3). They
are 1) Permianophiolitic assemblagéDomain J), 2) Carboniferous Permian sedimentary
sequencesnd Permian volcanic rock®omain 3 and 3) Ordoviciani Silurian granitic

plutons and quartrich schist Domain 3.

1.2.1 Lithological domain 1: Permian ophiolitic assemblage (Liuyuan

Complex)

The ENEWSW-trending Liuyuan Complex contairestypical ophiolitic assemblage
comprising minorultramafic rocls, pillow and massive basalts, gabbro, trondhjemite,
tuffaceous sediments and marine chbtag et al., 2@2b). Imbricated thrust sheets are well

2



developed within thextensiveliuyuan Complex (Mao et al., 20120)he gabbro and basalt
of the Liuyuan Commx display a supraubduction zone (SSZ) geochemical signature (Mao
et al., 2012b). Basalt within the Liuyuan Complex is generally metamorphosed to greenschist

faces conditions. Serpentine and epidote veins are common in the Liuyuan Complex.

1.2.2 Lithological domain 2: Carboniferous-Permian sedimentary units

and Permian rhyolite

ThePermian sedimentary lithologies bothsouthern and northesides ofthe Liuyuan
Complexdisplay a similar detrital zircorgapattern(Cleven et al., 2017) andme similarities
in sedimentary straares, but are different compositionallJo the north ofthe Liuyuan
Complex,part ofthe turbidite sequena@ppeas to represent aover packagéo basalthence
presumablydrm part of the Liuyuan Comple¥ig. 1-3). The Permian sedimentary rocks
the study areavere previouslygrouped intothe North Shuangbaotang Formation, which
contahs greywacke siltstone, pebblpandstone and some conglomei@eo et al., 2012).
Sedmentary structures of turbidite deposits in NMath Shuangbaotang Formation such as
graded bedding, erosional base, palarosslamination, and scours are common, which
represent elements of a dasBouma sequencand characteristic of turbidite deposit
According toapublishel geological maphe Permian sedimentary sequenaoesonformably

ovellie Carboniferouimestonesutare situategtructurallyunderneath i Liuyuan Complex



(Gansu BGMR, 1966Wang et al. (2017¢onsidered the Permian sediments occurinrye
North Shuangbaotang Fortian to have formed in &ft basin with comparable sedimentary
lithologies on both sides of the Liuyuan Complebawever,the Permian turbidite deposits
more likelyformed ina convergent settingecause the age of sediments overlaps the age of
the folding and thrusting deformatiorCleven et al., 201)7 The deformationalstructures
encountered in the research aaea characterized pld and thrust beltThe overturning of
bedding ad cutoff structures creatdualy thrusting are locally well presexdand described in
more detail below (Chapter .4Yhe composition of the turbidite sequence comprises a
significant volume of felsic volcanic clasts, inferred to have been derived from a nearby island
arc.The detailed geochemical analysis fr@uo et al (2012)suggests thahe provenance of

the sediments in the NortBhuangbaotang§ormationsincludes anmportant component of
continental /island arc rocksA large body ofrhyolite porphyry in the study area was
previously interprete@s part of a Devadan volcanic arcbut SHRIMP dating ofa rhyolite
yieldeda Permian agéSee Chapter 4hencet is a potential source for the volcaiterived

sediments
1.2.3 Lithological domain 3: Ordovician-Silurian granitic plutons and

guartz-rich schist

Further to the arth, the North Shuangbaotang Formation (lithological domain 2) is

juxtaposedvith Ordovician- Silurian schiseind a felsic to intermediate plut@fg. 1-3). The



pluton within the study areaas recentlydated a424 3 Ma by (Mao et al., 2012a). The
pluton contains granodrite, diorte, and graniteThe quartzrich schistin the studyarea is
considered to forrpart of the southern margin of tBeindunshan terrarend is known as the
HuaniusharGroup(Xiao et al, 201@&). The Huaniushan Group records a complexpeemian
tectonic evolution, including an association wii#i7 Ma eclogiten mafic rocks tectonically
to the west of théduaniushan GroufQu et al., 2011)Liu et al. (2010) dated the relict zircon
cores and constrained the age of protolith as ca. 1013 Ma to ca. 100&évtaafic protolith
of the eclogite isthought to represent a subducted slicéIQIRB that returned to the surface

prior to the Permian in previous studyXiao et al., 2010a).

1.3 Tectonic setting of the study area

The mapping area is tectonically situated between Hioaniushan group of the
Dundunshan terrarte the north anthe Shibanshan arc of the Dunhuaeganeto the south

documenting critical evidence of the closure of Pa#ls@n Ocean (Figl-4).

The southern margin dhe Dundunshan terramentains ophiolitic méange including
gneiss, schist, mylonite, ultramafic rocks and turbidites (Zuo et al., 1990, 1991). é&xlogit
identified within a belt of augen orthogneisses to the further west. Qu et al. (2011) dated the
metamorphic age of eclogites as 4@51 Aand considered the mafic protolith of the eclogite
to represent a sliver of subducted oceanic crust (Xiad.,e2@Gl0a). Calalkaline granitic

5



plutons were identified within the Huaniushan arc, which yielded a 38D Ma U-Pb zircon

age resulting from a Devonian intrusive event.

The Shibanshan aon the Dunhuang terramgeinterpreted as a continental arcNdgo et
al. (2010a) and forms the southern margin of the BOC and immediately occurs to the north of
Dunhuang block. Main rock units in the Shibanshan arc include granitic gneiss, schists, and
migmatites. The ages of main rock units range from DevoniaernmiBn (Zuo et al., 1990;
Zhao et al., 2006), but a significant volume is late Permian to Triassic in age. The granitic

intrusion with late Permian to Triassic age is commonly observed in the Shibanshan arc.

1.4 Purpose of study

The timingof theterminalsubductioracaetion events in the BOC are highly contentious.
There are two mainiews regarding the termination of the successive subduatioretion
processes. The first view considers that the accretionary history of the BOC was finished befo
300 Ma as a result of the collision of the Tarim and Kazakhstan pldtesdt al., 1998
Continental rifting occurred subsequently in the Permian. The second view considers the
Permian tectonic setting to have involved subduetiocretion processesidng the closure of
the last vestige of the Paldsian Ocean, principally based on the ophiolite interpretation of
the Liuyuan Complex (Mao et al.,, 2012Ioreover, there is n@oarse grain rift basin

sediments found within the Permian Liuyuan CoexggMao et al., 2012pb

6



The two contrasting views discussed above are largely based on interpreting the tectonic
setting of the igneous rocks. The structural and stratigraphic setting of the sedimarkairy
such as théurbidite sequences in our mappingaanere however rarelytaken into account.
Therefore, thistudy focused on the structure and tectonostratigrefhye Permian sediments

which was mapped in detail at a scald.@0,000during this study.
1.5 The framework of the thesis

This thesis contas sixmainchaptersThe firstchaptelis an introduction, which briky
introducesthe regional geological background and summarizes the previoussstiide
second chaptetescribs thedifferent sedimentary units identified from the field investigadio
in a tectonic and/or stratigraphic ord&nalysisof the structural history of the rocks and their
relationships with adjacent rock units comprises the main content of thethipter Equat
area stagonetplotsareusedto identify and examine the structural histories and patterns of the
various structural domains recognized. The fourth chapter describes the results of all
geochronologically analyzed samples in this study. The fifth chapter discusses, interprets and
combinesll data into a tectonic moddlhe sixth chaptesummarizes theonclusiors of this

study.



h Circum-Pacific Orogens
A Tethyan Orogens

Figure 1-1 A map showing the location and extenttioé¢ Altaids, &o known as Central Asian Orogenic Belt
(CAOB). The Beishan orogenic collage (BOC) is located at the southernmost margin of the iGdioded by
the white box (From Xiao el., 2011).
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Figure 1-3 Simplified geological map showing the geological units in the mapping area. ModifiedSams
BGMR (1966.
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Figure 1-4 A cartoon showinghe final stage of subductieaccretion irtheLiuyuan Ocean. The Liuyuan Ocean

is closed by the collision between the Dunhuémganeand Southern margin of thBundunshan terrane
Modified from Xiao et al(2010a).
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Chapter2.Li t hodmdyystrati gNaphy of

ShuangbaGomamamlge x

2.1 Introduction

The sedimentary rocks in the study area were previously included in the North
Shuangbaotang Formation. The latter formation is renamed into a comptais study
because its various sedimentary constituents do not form a cob&egigraphicunit. The
1:20,000 scalgeologicalmappingconductedn this studycoveredan area o200 kn? andhas
led to a better understanding of teetonastratigraphianakeup of the North Shuangbaotang
Complex The new geological maproducedin this studydivided the studyareainto two
sedimentary packagdsunded by faultend at least in partunconformably overlain bg

package of turbiditandconglomeratéFig. 2-1 and Fig.2-2).

2.2 Nature of the boundaries of the North Shuangbaotang Complex

The North Shuangb&ngComplexis boundedetweentwo majorfault contactsalong
its northern angouthern boundariewith the Ordovicianquartzrich schistof theHuaniushan

Groupand the Permian Liuyuatomplex respectivelyFig. 2-1).

11
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The northern boundary of tiRermianNorth Shuangbaotanf@omplexis herenamedhe
Northern Fault It steeplydips to the north with the Ordovicianschistand mylonite in the

hangingwall, thus placing old over your(§ig. 2-1) (See Chapter 3)

The southerboundaryof the North Shuangbaotar@omplexis namedheSouthern Fault
It also steeplydips to the north The faultemplaced the Permian North Shuangbaotang
Complex and the Ordasian quartzrich schistabove the Liuyuan Compleffig. 2-1). The
Southern Faulivas not well understooth previous stugsandwill be described and discussed

in moredetailin Chapter 3.

2.3 Lithologies of the North Shuangbaotang Complex

The study area is underlain by two diversek packages that are fault contact. Each
package comprises several different lithological unitse two packages are covered by a
sedimentary package containing turbidaed conglomeratg€Fig. 2-1). The tvo lower
packages are 1) The Permian Liuyuan Comgdexr covering sedimentary rocksand 2)
Ordovician toSilurian quartzitic rocks of Huaniusha@roup (BGMR,1966) Ordovician to
Silurian granié to intermediate plutan rocks Carboniferouso Permiadimesione, Permian
sandstone and conglomeratadchaotic sediments containing rhyolite boukidihe volcanic
rocks in the nortlrn part of the study area egprisesporphyritic rhyolite. The relationshsp

between thehyolite with each packagies complexdue tothe structural overprint

12



2.3.1 Package 1

Packagel in the study areaontainspillow basalt, chaotic sediments, asehdstonéFig.
2-1 and Fig.2-2). The pillow basalts the basememt package Bndinferred to be part of the
nearby LiuyuanComplex. The chaotic sediments in packagendinly comprise basaltic
bouldes in a darknudstonematrix (Fig. 2-3) without coherent beddind\ unit of greywacke

conformably overlisthe chaotic sedimengnd displaysoherent sedimentary bedding.
Basaltic basement

An isolatedsliceof the pillow baalt in the southern part of the mapping area is considered
the basemento the packagel. Pillows, wherewell preservedshow rorthward younging
directiors, suggesting thieasalt slice has a northernly digasaltsare metamorpteedto green
schist fates conditiors, becausehe primary igneousnineralsincluding plagioclase and
pyroxene were altered to epidote, chlorite, sericite and alfites basaltic basement maybe
pat of thenearbyLiuyuan Complex but furthestudyis neededo confirm this The age of the
Liuyuan Complex is constrained layca. 285 Ma trondhjemite intrusion (See Chaptebd)
the basalt of package 1 may be older if it comprises a piece of crust of the oceanic basin in

which the suprasubduction zone Liuyuan Complex formed.
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Chaotic sediments

Chaotic sediments in packagare mainly composed défagments opillow basaltand
sandstone and mudstone matrbhe pllow basaltis sheared and wrapped around by the
foliated mudstonedue to competary contrasi(Figs. 2-3a and 3h. The prefer orientation of
the pillow basalt is parallel with the foliation of the mudstone in th&irm The pillow basalt
is amygdular with the vesicles filled by calcite (R2¢g3c). There is no coherent bedding in the
mudstone matrixThe contact relationship between the chaotic sediments and underlying
basalt istectonic contacbecausdasaltic fragmentef chaotic sedimentaere derived from
underlying basement. The chaotic sediraeateinterpreted agectonosomebased on two
important features: 1) block in matrix pattern 2) strong ordered feé8ae Chapter FPini,

1999).
Greywacke

The main component of the sandstone unit is a greywacke with minor mudstone
component.Greywackeis composed of quartz (45%), feldspar (25%), lithics (15%) and
sericie (15%). Since the sericite is mainly produced bystmicitizationof the feldsparthe
original content of feldspar inhe sandstonenay have beemp to 40%.Clasts of olivine,
pyroxene, cheraind minor volcanic lithics werebserved undemicroscopgFigs. 2-4b, 2-4c

and 2-4d) suggesting a mafiprovenance. &salt clastslso occurmwithin the sandstone
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outcrop which further confirmghat the basalt and associated mafic rocks of the Liuyuan

Complex ae likely provenance dthe greywacke(Fig. 2-4a).

The contact relationship between the greywacke and chaotic sediments is cblgorma
Bedding gradually becomes more coherent upwards from the chaotic sediments to the
overlying greywackerather than with a sharp boundary. Bedding of the sandstone near the
boundary is dipping and young towatttie northbased on erosional bafi€igs. 2-9a and2-
9b). On the west side of package 1, the sandstone unit unconformably overlies the basalt. The
abundance of basalt clasts in the sandstone inditlaée erosion of basalt preceded the

deposition of thggreywacke

The angular grain shape atie high abundance of feldspar indicate tireywackehas a

low maturityclose to source area.

2.3.2 Package 2

Package comprises Ordovician to Silurian quarizh schist of he Huaniushan Group,
granite to intermediate pluton, limestorsgndstonenterbeddedwith conglomerateand
chaotic sediments containing various types of boulders including porphyritic rhyolit@{Fig.
1 and Fig2-2). The Ordovician to Silurian metamorphic rocks represenbésement to the
unconformably overlying sBmentary rocks. Carboniferous to Permian limestone

unconformably overlies the Ordovician to Silurian metamorphic basemetiadsociated
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felsic to intermediatepluton. The unit of sandstone interbedded withngtomerate
unconformablyoverliesthe Carboniferous tBermian limestonel his unconformity isngula

(Fig. 27). The youngest unit of package cdmpriseschaotic sedimentswhich contains
rhyolite bouldes and sandstone blockBhese rhyolite boulders are coeval with a rhyolite unit

in the northern part of the mapping arsae( Chapter 4), which interpret together with
spatially associated ash betssit in the same stratigraphic horizon as the package 2 sediments

(Fig. 2-2).
Ordovician to Silurianquartzrich schist

The Ordovician to Silurian quartd@ch schist of the Huaniushan Grougorms the
basemento the sedimentary rocksd package 2, which igixtaposedvith theturbidite of the
cover packagéo the north and Liuyuan Complex to the south. Along the northern boundary
of the North Shuangbaotar@pmplex quartrich schist is steeply dipping towatte north.
Along the northern boundary of the Liuyuan complex, théhweard dipping quartzich schist

structurally oveibsthe Liuyuan Complex.
Ordovician to Silurian pluton

The Ordovician to Silurian gneissic granite intruded into the quietizschist in the study
area, which is mainly composed of plagioclase, quaititite and hornblende (Mao et al.,
2012a). The contact relationship between Ordovician to Silurian pluton and overlying

Carboniferous to Permian limestone is an unconformity.
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Carboniferousto Permianlimestone

The Carboniferouto Permiarimestone unit has a dark grey color and comprises a thin
layer overlying both the Ordovician to Silurian quartz schist and pluton. The age of limestone
is constrained by fossils, such Brrginifera sp., Cleiothyridina sp, and Rhynchonellids

(Gansu BGMR 1966 Guo et al., 2012
Sandstone intebedded with conglomerate

The sandstorsof package 2aredominated by arkas sandstonand locally interbedded
with conglomeratéFig. 2-5a). The keddingof sandstonés generallydipping tovards the east
andyoung eastwardasevidenced by gradebedding(Fig. 2-5€). Arkosic sandstonés green
at thebottom of the uniand gradually changéo red near the topThe change in colamay
reflect ashallowing of the water deptbf deposition The sandstonis dominated byquartz
and feldspa(Fig. 2-5f). The high abundance of quartz indicatgatively high compositional
maturity. However, the poor sortingnd angular shape of the quartz clasticates a short
distance of transportatiofBoth sandstone and coogherate are well stratified witheds
having thickness aip totens of centimeters. The clasts within the conglomerate display slight
alignment which is inferred to indicate the paleacurrent flow direction (Fig. 2-5¢). The
rhythmic repetition ofsandstone and conglomerateggestsdepositionin an alluvial fan

setting
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Petrographicanalysisrevealed thathe conglomerat®f package 2containsca. 40%
guartz and more than 50% of rock fragmefitse sandstones mainly composed of quartz
(40%) andeldspar (:830%). Clastsin the conglomerate inctle quartzrich schistrhyolite and
sandstoneTherhyolite class arecharacterizedy a highamountof quartz and feldspdFig.
2-5e). The sandstone and conglomeratepackage 2are more felsic than theandstonen

packagel. In addition there are no basaltclasts found withirpackage?.
Chadadic sediments irpackage2

The chaotic sediments in package 2 gygcal of olistostrome deposits, which are
characterized by a great internal heterogeneity and discontitgalaing (A. Festa et al.,
2016. The chaotic sediments of package 2 were mainly derived from the underlying unit of
sandstone interbedded with conglomeraigause fragments aftetbeddedsandstone and

conglomerate were identified in the chaotic sediments.

There are at least 3 types of boulders identified wittenchaoticsediments of package
2. Type 1 boulder isonglomeratalerived from the underlying rocksvhich is well stratified
and contains alignment of clasfBig. 2-5c). Petrographicexaminationreveals thatype 1
boulders consist of around 50% quartz, 30% lithic and 20% feldByae.2 boulder isrkosic
sandstonéFig. 2-5f). Type 3 boulder igporphyriticrhyolite, whichshaesthe same age with
the rhyolite unit in the north part of the study afem. 2-5b and 25d). Recent SHRIMP U

Pb zircon dating determined the age of the rhyolite boulder as ca. 279 Ma, which constrains
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the formation age of the chaotic sediments toKa%r younger, but before the deposition of

the cover package (See Chapter 4).

2.3.3 Volcanic rocks

A volcanic unit of hyolite porphyry and spatially associated ash beds is located in the
northern part of the study area. Tdomtact relationship between thacanic unitand packages
1 and 2s nat observedn the field. The only linkage between the volcanic unit and package 2
is that rhyolite unit shares the same age with the rhyolite boulders in the chaotic sediments of
package 2. Structure suggeshe rhyolite porphyry together with the ash beds occupies the
northern limb of a shallowly east plunging synforig( 2-1) and connects to package 2 at

depth beneath unconformable cover package.
Rhyolite porphyry

The rhyoliteprophyryis characterized by a porphyritic texture (FAgbd) andpervasive
flow banding. The SHRIMP &b datingyields an age a282.2 2.1 Ma (See Chapter 4).

Ash beds

A unit of ash besd isinterbedded with siltstone the nortlwestern part othe study area.
The ash beds are deformed irtdight upright synform, immediately south of the rhyolite
porphyry, which togetherwith the ash bedsre bounded to the north by tNerthern fault

the trace of which is well displayexh the satellite imageU-Pb zircondatingof the ash beds
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yielded an age ofa. 282 MaSee Chapter 4), indicating a consanguineous relationship with

the associated rhyolite magmatism, since the ages are coeval.

2.3.4 Cover package

Cover package comprises Peamturbidite anaverlying polymictic conglomerat&he

turbidite sequence mainly comprises arkosic sandstone.
Permian turbidite sequence

The turbidite sequence ithe cover packagecomprisesinterbeddedsandstone and
siltstone characterized bgbundantprimary structures, such as grddeedding, parallel
laminae ripple laminae and erosioal base (Figs.2-6b, 2-6¢c and 29c¢). Those primary
structures are typical features of turbidite deos$iiis sedimetary sequenceontains k, Ts
and Tc components of the Bouma sequerksdew beds of turbidites are overturnedFigs. 2
13c and 21.3d). The SW dipping bexlyoung towardthe NE, evidenced bygraded bedding in
Fig. 29d. The best younging indicators of tigibe 2 are scour structures developed along the
base of the sandy layeBasedon the scour structures in Fig:9&#, the NWdipping turbidite

is younging towarslthe northwest.

The turbidite is dominated by arkosiandstone containing 60% feldspar, 30% quartz and
10% lithics.The quartz component is dominated by monocrystalline quate.components

of the brownishyellow arkosicsandstonare cemented together lgyartzwith an average
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grain size of 0.8nm. The feldsparcontent comprisemore plagioclase with albite twining than
alkali feldspafFig. 2-6e). The rest of the lithics are mainly derived from nearby volcanic rocks
such as rhyolite (Figz-6d). The relatively higher fraction of feldspand its angulashape
indicate lower compositional maturity anghort transportatiodistance fronthe source area

to the site of deposition

The westrn part of the turbiditeis compositionallymore calcareous.Calcareous
sandstondn the field is characterized bg brownishyellow weatheringcolor and easy
scratchingThe carbonate cemeistcharacterized bgalcite andankeritewithin thin sections.
The formationof carlbnate cementation depends on a constant suppBaGia” which is
pumped through the neaurfacesediments byipward movingfluids (Boggs, 2009). Early
PermianSpiriferellasaranagVerneuil),Kochiproductus porretu@utorga), Waagenoconcha
sp.,Neospirifersp., andAthyrissp. were identified within the calcareous sandstone by previous
studes (Liao and Liu, 2003; Gansu BGMR, 1966). These early Permian fassifsrm a

marinesedimentary environmén

This Permian turbidite sequence unconformably ovefiaskage 1 by an angula

unconformity described in more detbhélowin Section2.4.
Conglomerate

The polymictic conglomerata the cover packagecontains clasts of quartz, feldspar,

sedimentary lithics, felsic and mafic volcanic lithigsg. 2-6f). The conglomerate is clast
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supportedwith the grain size ranging from 0.3 €8rcm. The poor sorting of the conglomerat

and its various composition indicdteat the conglomerate is close to the source area

2.4 Significant unconformities in the stratigraphy

Angular unconformity between th€arboniferous toPermianlimestone and Permian

sandstonenterbeddedwith conglomerate of package 2

The sandstone in package 2 is overturned where it overlies the limestone in package 2. It
dips towards the southeast and iygsl northwestwasld(Fig. 2-7). The bed of limestone is
dipping to the southeast as well but with a shallower dip angle of ca. 45 degrees, which marks
an angular unconformity. The angular unconformity was subsequently overturned due to later

deformation.

Angular unconformity between theover packageurbidite andpackage 1and 2

This angular unconformity is demonstrated by turbidite of the cover package cutting the
underlying,moresteefy dipping sandstone of package 1 (R2¢8). The basal conglomerate
of the overlying turbidite near the contact has the same composition as the underlying
sandstone of package 1, which indicates that the underlying sandstone was eroded before

deposition of the overlying Permian turbidite of the cover packageZf@.The map pattern
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suggests a discordance between thdokled ash beds and the overlying cover package
turbidites along the northwestern limb of thesinform recognized in the cover package (see
Fig.3-1in Chapter 3). Sandstone beds in package 2 dip steefile hinge area of the steeply
eastplunging k antiform, whereas the overlying turbidite beds of the cover package dip much
more shallowly, also suggesting the presence of-&puaconformity between package 2 and

the cover package.

2.5 Summary of the stratigraphy

By combining the younging indicators aretent geochronological dating simplified
geological columrwas builtto indicate the relationship between two sedimenpagkage
and theoverstepping sequences of turbidite and congloméFade 2-2). Packagel and its
basaltic basement aia thrust faultcontact withpackage2 andboth weresubsequently
unconformably overlaitby the turbidite and aglomerateof the cover packagé he thrust
nature of thefault contact between package and 2 is based on twimes of evidence: 1)
Basalt(>285 Ma) of package &tructurally oveliks youngerchaotic sediments of package 2
(<279 Ma) and 2) shear sense indicatidentified near shear zone indicate basalt of package
1 wasthrust over chaotic sediminof package 2 (See Chapter®)e depositional age of the

turbidite of cover packagés constrainedy its youngest detrital zircon @f. 277 Ma by
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Cleven et al. (@17), and the 282279 Ma age of the underlying rocks of package 2 and the

associated volcanic rocks.
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Figure 2-2 Simplified stratigrapte column of the study area. Tpackage 1 and 2 are in fault contact. The turbi
of the cover packagenconformably overliepackage 1and2 and their fault contacthe Permian interbedded u
contains sandstone interbedded with conglomerate.
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Figure 2-3 Photograplof the chaoticsedimentin packagel. a)Block in matrix patternb) A pillow basaltis
oriented and palal with the foliation of mudstone matrix) Photomicrograplshowingcalciteamygdale withi
basalt. dPhotomicrograph of fine grainsedimentary rock. Abbreviations: Q, Quartz; P, Plagioclase.
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Figure 2-4 a) Greywacke of package 1 contains high volume of basaltic cladhotomicrograplshowingar
olivine and pyroxenelass in greywacke of packaged) Photomicrograpkhowingangularfelsic volcanic clag
in greywacked) Photomicrograpkhowing pyroxenelastwithin greywacke The pyroxene clast develops ar
texture.Abbreviations: Q, Quartz; P, Plagioclase; Py, pyroxene; O, Olivine; Lv, volcanic lithic fragment.
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Figure 2-5 a) Photo showing sandstometerbedded withconglomerate. b) Photshowing the chaot
sediments opackage? containing rhyolite, conglomerate and sandstone bouldgi€loseup photo of th
conglomerate boulder showingetlalignment of clasts. djhinsection showing rhyolite porphyig chaotic
sediments of package e)Photomicrograptshowinga felsic volcanic lithicfragment from the sandstar@
Photomicrograplshowingthe sandstonés dominated by quartand feldspagrains. Same abbreviations.
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Figure 2-6 a) Photo ofaturbidite inthe cover packagehowing the interlayer of sandstone and silts!
b) Photo of turbidite showing ripple lamination. ¢) Photo of turbidite showing parallel laminat
Photomicrograplshawing felsic volcanic lithic fragmentithin turbidite. e)Photomicrograpishowing
plagioclase with albite twins with turbidite f) Photo of outcrop showing conglomerate with abur
felsic volcanic clasts. Same abbreviations.
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Figure 2-7 Photo of outcrop showing the angular uncenfity betweera Permian conglomere
anda LateCarboniferougo early Permiafimestone. The limestoris overturned andtructurally
overlies the conglomerate.
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Figure 2-8 Photo of outcrop showing the angular unconformity betwiencover packaganc
packagel. Basal conglomerate boulders are found near the contact.
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Figure 2-9 Photo of outcrops showing young indicators of sedimengackags in study area. a) and b)
photos showing erosional basé turbidite in package.lc) andd) are phats showing grade beddingf
turbidite in cover packag&) Photo showing graded beddiof conglomerate in packagefPPhotoof scou
structureof turbidite in cover package
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Chapter3. St rucaoahiysis

Understanding the structural evolution and geometry of the deformed rocks is vital for
understanding how, why and when getlimentary rocks were deformed and translated into
their present setting during orogenesike structure of the cover package in the investigated
areais characterized by large easplunging & anitformsynform pair. On a smaller scale
the cover packjqe r o c k sfoldsahdothwustdeit 6 st yl e of def or mati o
excellent exposures ia roadcut cross sectionsée Section 3.3) The outcrop scal@orth
verging foldstructures and very loagrade metamorphism indicate that the cover package was

likely subjected tdhin-skinneddeformation internally

In the previous sectiagnpackage 1 and 2 discussed herein watgown to beexotic to
each other before their structural juxtapositlmecause theyvere derived from different
sources andrein fault contact Here, thestructuralanalysiscombined with the stratigraphic
relationships indicatewhy andhow two separated sedimentgrgckags were tectonically
amalgamatedWithin thischapterthe geometries and kinematics3aepresentativetrucural

domains can illustrate the style and nature of the deformiatiihve study area
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3.1 Structural boundaries

As mentioned in th&ection2.2, the NorthShuangbaotang Compléxbounded by two
major faults alonghe northern and southern margin. In adulti package 1 is in fault contact
with package 2 within the North Shuangbaotang Complex. The beginning of the structural
analysis in this sessionigentifying and deciphering the nature of Benajor fault contacts

Northern fault, Southern faudind Irternal fault Fig. 3-1).

3.1.1 Nature of the Northern fault

The Northern faultis defined by a northward dipping fault plane, along which the
Ordovician to Silurian quartach schist of the Huaniushan Group have moved over the
Permian turbidite of the coveapkage Theolder metamorphidasement structurallyverlies
the younger sedimentary roglssiggestinghatthe fault contact in between is a thrust (Bg.
2a). A local shear zonis developed along thNorthern fauliandstrikes EW. Thisshearzone
is characterized bipliations of quartzrich schistanda fault gougeof turbiditic sandstone
The Permian turbidite beds afie cover package are steeply dipping towards the north and
characterized by brittle deformation evidenced by formation wlf ffouge near the contact
(Fig. 3-2b).In the hanging wall of the shear zone, the Ordovician to Silurian euetitgchist
of the Huaniusan Groups strongly foliated and dgptoward the north(Fig. 3-2c). The

juxtaposition ofdifferent styles ofdeformdion and rocks of different metamorphic graole

35



eitherside of the shear zone indicate that the root of the shear zone initially developed relatively
deepin the ductile realmand the hangingwall rocks were subsequently transported to a
shallower level were deformation became britbeer time Both the presence of older and
highergrade rocks in the hangingall of the fault over a long strike length indicates it must

have accommodated a significant component of reverse motion.

3.1.2 Nature of the Southern fault

The Southern fault separates the Liuyuan Complex from the Ordovician to Silurian
metamorphic basemeot another segment of the Huaniushan Grang Permian sedimentary
rocks Fig. 3-1). The Southern fault in the southwestern part of the study sudefined by
northwestvard dipping foliation of quartrich schist of the Huaniushan Group structurally
overlying the Permian Liuyuan Complex. Unfortunately, ttaeilt contact between the
Liuyuan Complex and theermiarsedimentary rocks in the southeastern part of the study area
is not exposed. The Southwéébrtheast striking Southern fault contactrigerred toextend
continuouslynortheastward andlso representhe contact between the Liuyuan Complex and
the Permia sedimentaryocks (Fig. 31). The southern fault also probably accommodated a
major component of reverse motion, based on the same geological arguments as presented for

the Northern fault.
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3.1.3 Nature of the Internal fault

The fault contact between packadesnd 2 mentioned in Chapter 2 is nartrezinternal
fault in this study{Fig. 3-1). Thelnternal fault is interpreted as a thrigilt based on two lines
of evidence: 1) Older basalt of package 1 structurally overlies younger chaotic sediments of

packag 2 and 2) shear indicatordentified near the contadescribed below

The mudstone near the contbetween basalt and chaotic sedimevas sheared to form
a set ofparalleledschistosities (S Plane) and cutthg C Plane suggesting the Internal fault
movedtop to thewed (Figs. 3-3a, 3-3b and 33c). This Internal fault indicates th#te two
sedimentary packages were originally exotic to each othewangitectonially juxtaposed

later.

3.2 Structural domains

Three major structural domaingere identified in the study area (Chapter 2). These
domains are underlain by packages 1, 2, ash beds of the volcanic unit and the cover package
respectively. The ash beds and the cover package form subdomaimsin 8oThe structural
evolution and style of each domain contributes to the understanding of the tectonic evolution
of the North Shuangbaotang Complex. Theesteet plotgeveal that the structural patterns of

structural domain 1 (package 1) is in maegpects similar to that of structural domain 2
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(package 2)However, the structure of the ash beds and cover package (structural domain 3a

and 3b)aredifferent from those in domains 1 and 2.

3.2.1 Structural domain 1

Structural domain 1 is underlain by the gneacke of package 1, which is situated in the
hinge area of a large-® trending fold (Figs. &, 31). The poles of sandstone beds in
structural domain 1 are not concentrated but spread along a great circle dgfipiage(212,

14). The calculated fdlaxis of structural domain 1 is (120, 76) (Fig})3

3.2.2 Structural domain 2

Structural domain 2 ignderlainby package 2 and its outcrop pattern is largely controlled
by the same large fold structure that regulates domain 1 (Figs3-2). The poles tbeddings
of sandstone and conglomerate defime@ane (207, 27associated with a steeply plunging
fold axis (117, 63) (Fig.-&). The orientation of the axial plane of the fold is ca. (110, 71).
Most of the beds in structural domain 2 thvards the estor southeastThe correspondence
in the plunge of the large fold that controls the outcrop pattern of both domains 1 and 2, shows
it represents a steeply east plunging-16°), E-W trending steeply inclined antiform, which

is folding theinternal fault between packages 1 and 2 and the unconformity (Ej)g. 3
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Hence structural domais 1 and2 wereprobablysubjected tawo phase®f deformation
(D1 and D), becausehe unconformity, folded internal fault amsteeply plunging fold aes
sugeests that the beds that define the antiform were already faulted and tilted into a steeply

dipping orientations by an earlier deformation)(bDefore largescale E folding.

3.2.3 Structural domain 3

Structural domain 3s subdivided into two subdomains: 3ayderlain by the rhyolite
porphyry, ash beds and interlayered siltstone, and 3b, underlain by the cover package. Both
subdomains are grouped together into one domain, because they both show no evidence for
significant D tilting prior to R folding and disfay a very similar R structural history, despite
the presence of an unconformity between th&ndetailed description and interpretation of

two deformation phases goeesentedn Section5.3.

The Permian cover packagefolded by the Fantiform that @forms domains 1 and 2
and a large eagtlunging synform, cored by the conglomerate of the cover pactagatds
the north (Figs. 2, 3-1). Both the large antiform and synform pair in the cover package plunge
shallowly towards the east (Fig-43. The syform connects the ash beds and the rhyolite
porphyry in the immediate footwall of the Northern fault with package 2 in thegabs. The
ash beds are folded into a shallowly gasihging synfornwith a fold axis 087, 15)(Fig.3-4)

that isparasitic tahe B synform in the cover package (Figsl23-1), yet is slightly truncated
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by the unconformity at the base of the cover sequence, suggestibgtptiag of the ash beds
was minor.Structural domain B is characterized by a folthrust belt style deformation of
turbidite and conglomeratevith largescale folding of ash beds interbedded with siltstone.
According to the steronet plot, sedimentary b#fdbe cover package structural domaini3

are strking near ca0703 and dip steeply either to the southeashorthwest (Fig. 31). The

poles to beddingsf the cover packageéefine ap plane (153, 88) with a shallowly plunging
calculated fold axis (063, 2) dhe steronet. The field measurements ofifakial plane and
fold axis of the turbidite are ca. (088)) and (08515), respectively, which are consistent with
the orientations determined by tlsteronet plot. Generally, foliations and lineati@ns not

well developedr absentn structural domia 3.

3.2.4 Summary of structural domains

By comparing structural patternthiethee structural domains in the study areis,noted

that package 1 and Zhare 3 similarities:

1) Their fold axes arsteeplyplungingwith both axes approximately lying in a plane

that trendsa. 110.
2) Most ofthebeddings arenoderately to steeply dipping towartheeast.

3) Neither of them developddctonicfoliation or lineatiors.
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However, he structural pattern dfie cover packags different and more straightforward,
which is characterized bpproximatel\E-W trendingsteeply inclinedolds with shallowly
eastward plunging fold axes, which indicates the cover package only records the last phase of

deformation (D).

3.3 Road-cut cross-section

Thestructure of the turbiditeof the cover package well preserved andolelyrecorded
D> deformation A 144 mlong roadcut crosssection ofturbiditeillustrates wellthestructural
style of the cover packagEhis roadcut crosssection comprises threepresentativdomairs:

Domain A, Domain B and Domain @hich are separated by fau(tsg. 3-9).

3.3.1 Domain A

Domain A consists adandstone beds interbedded with siltstovigch isdeformed into
a series ofmainly southeastlipping thrustfaults (Fig. 3-9). The sedimentary beds in the
domain are dominantly younging toward the southeast. The northern bpohdamain Ais
marked byanorth-dipping fault. The geometry and bed truncas of the moderately to steeply
southeastlipping thrust faults indicate a northwebtected structural transport direction.

Duplex structures haveeenidentified wheeasa horse is created wheela higher thrust fault
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cuts a lower thrust faulfFig. 3-5 and Fig. 39). The fault truncations are best recorded and

preserved in the sandstone laydug totheir higher competeng

3.3.2Domain B

Bedding of turbidite in domain B is generally dipping towards the southeast. Layering of
turbidite is more cohent in domain B showing fewer fauluncations than imomainA.
Overall, beds are younging towartie southeast. However, a few beds are locally overturned
and younging northward# reverse fault with top tthe southeastinematics at a high angle
to bedding was identified withidomainB. This top tosoutheasimovemenis evidenced by
the deflection of the sandstone layer (B and Fig.3-9). Sandstone laysin domainB are
also boudinag®due totheir higher competence suggesting toghe norbhwestshear sense
(Fig. 3-7). Faulting mainly comprises southeagpping reverse or thrust faults that moved to

the northwest.

3.3.3 Domain C

Domain C is characterizecby an NWdirected, steeply SHipping thrust faultthat
truncates the southern limb of apright fold(Fig. 3-8). Folds withindomainC varyin shape
and interlimb angl. The folds ofdomainC gradually become more open and upright toward

the NW, suggesting the tightness of the folds is due to strain localization associated with the
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formationof thethrusts. The orientations of the major falisandfold axial plane are (070,
07) and (245,78) respectively. It is noted that the orientation of foldsdamain C are

consistent with thgeneral orientation dhe foldingstructures ircover packge(Fig. 3-4).

3.3.4 Summary of the road-cut cross-section

The structures ithe describedoadcut crosssectiongenerally represerhe structural
style of the wholePermian cover packagehich is characterized by foltirust beltstyle of
deformation. The overall kinemasiof thrustingin the cover package is top to the N/few
reverse faultsvith top to the SE movemeit the roadcut crosssection indicates that back

thrustingprobaly occurred simultaneously with main thrusting.
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Figure 3-1 Structuralmap of the study area showing tteucturaldomains and their structurabundariesThe
North Shunagbaotang Complex in the mididlesandwiched by Northern fault and Southern fagiihck dash
lines are unconformities. Red dash lines are fault contacts. The pale red dash lines are inferred fault contacts

covered by sediments.
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Pturbidite

Figure 3-2 Photos of outcrops showing the deformations of the Northern fault boundary. a) Phot
outcrop showing the 3 basement thrust southward to the top of the Percoiagr packageb) Photo of th
metamorphidbaement developed along tiNorthernfault boundary showing steep foliations. ¢) Phot
fault gouge derived from brittlely deformed cover package.
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Figure 3-3 Photos and sketch of the Internal fault bdary. a) Photo of outcrop showing the basalt opthekag
1 thrust to the top of the chaotic 2.d)d c)Photoand sketctof S-C fabrics showing top tavestshear sense.
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Figure 3-4 Equal area steronets ftireestructual domains in the study area showingitretructual patterns.
Structural domain 1, 2, 3a and 3b are represented by package 1, 2, ashdbealer packageespectively.
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Figure 3-5 Photo ofdomainA in roadcut crosssection showingross cutting relationshif helower thrust fault
cut higher thrust fault showirtgp to NW kinematics.
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Figure 3-6 Photo of outcrop showing a reverse fanldomainB.
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Figure 3-7 Photo ofdomainB showing boudinage of sandstone layer.
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Figure 3-8 Photo ofdomainC in cross section. A top to NWhrust fault truncates the southern limb of the
fold.
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