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Prefacd

[I'he theoryof plate tectOnICS wasmtroducedto Chmam the early 1970s.Dunng the last thIrtyyears, bothl
K:hmese and foreIgngeosciennstshaveundertakenmany studIeswhIchcontnbuted to our understandmgl
pf the tectonics of the Chinese continent, by systematically analysing and summarising considerablel
lamount of data accumulated by regIOnal geolog1cal surveys, and by Improvements m the methods of
[esearch. These studIesconcerned not only the dlstnbutlOn and geometry of tectono-stratigraphIc UnIt§
land theIrdeformation,but also the kmematlcs,dynamIcsand causes of rock deformatIOn and movemen~
pf the hthosphenc plates. As a result of these stud1es, many new and surpnsmg phenomena have beenI
kJiscovered, and many new concepts have also been developed. Research has progressed from purelYI
ijuahtatlveassessmentsof the amount of deformatIOn, wIth the forces and rates of movementmvolvedJ
~o numencal calculatlOns prov1dmg more quanutanve estimates. Concepts have also evolvedfrom th~

presumptionthat the Earth's crust is essentiallystable to an appreciationthat it is in constant movement,
[I'hese aspects wIll be dIscussedin thIs book.

[I'ectonICS IS now an essentIal component of studIes m Earth SCIences, provldmg the sCIentific baj
SIS for the dIscoveryand explOItatIOn of new mmeral deposits and energy resources, the protection of
~he environmentand the predlctlOn and reductlOn of the effects of natural hazards. I here 1S an urgen~

Ineed to summarise systematically the abundant recently acquired tectonic data for scientific researchJ
~xplO1tatlOn of mmeraldeposItsand energy resources and the protectlOn of the enVlfonment.

[I'he factual and theoreticalbasIsfor studIesm tectOnICS IS provIdedby developmentsm: (1) ReglOnall
geological studies; (2) Tectonicmodels; (3) Methodsof tectonic analysis; (4) Concepts of tectonic evo]
IlutlOn.1

~egional geologicalstudiesprovidethefoundationfor the studyof tectonicsand havebeen conductedl
1m Chma smce 1930s. ReglOnal geological maps at 1 : 1,000,000 scale were compiled for the maml
part of Chmese contmental area dunng 1930s-1940s and at 1 : 200,000 scale from 1950s to 1980~

(Published as provincial geological maps of China, 1984-1993). Based on these data, tectonic unit§
Ihave been Identified, dIscussed and analysed carefully m each reglOn (Huang JQ (1904-1995), alsq
~mown as Huang 'IK, 1945,1960,1964,1965,1977,1984,1987; Group of RegIOnal Geology,Beljmg
K:ollege of Geology, 1963; Ren IS et al., 1980, 1990, 1996,2000; Yang and Yang, 1985; Cheng YQ,I
1994; Che ZC et aL, 2002). Local and regIOnal tectOnIC charactenstlcs are now well understood, butl
K:hinese geoscientistsrecognized larger scale tectonic features and integratedthe regional pictures intg
~he tectOnIC developmentof the ChmesecontmentcomparatIvely later than the geosc1ent1sts abroad as al
Iwhole. However, the use of fixedtectonicunits does not prov1de an appropnate basIsfor the descnptlOnl
pf the tectonics of China, as during the course of geological evolution the effective tectonic units hav~

Rhanged throughout.
[I'ectonIC models have provIdedImportantconcepts for understandmgtectOnICs. LI SG (1889-1971,1

la1so known as Lee IS, 1926, 1947, 1976) proposed a structural system based on a combination of th~

[eatures of rock deformation and the different types of stress: E (epsilon) type; g (en echelon) type;1
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shear structural system; parallel structural system; longltudmal structural system; latltudmal structurall
system, etc. However, this classification will not be used in the following chapters.

Most recent monographs and textbooks on tectomcs (e.g. CondIe, 1982, 1997; Kearey and Vme,1
1996; Van der PIUljm and Marshak, 1997; Oreskes, 2001; Enckson, 2001) used the same tectomq
Imodels: Convergent tectomcs (subductIOn, colhslOn, mdentatlOn and thrust belts); DIVergent tecton1
Ilcs (oceamc ndges, ntts, extensIOnal basms, detachments and metamorphIc core complexes); I'ransforml
~ectonics (transform and strike-slip faults); Inversion tectonics, acting on earlier tectonic systems. Thi§
~heoretlcal system emphaslzes the mechamsms and the geometry of each tectomc model, and IS eas~

[0 be understood. However, this system does not place much emphasIs on tectomc history. The systeml
~mphasizes the tectonic analysis of specific geological situations, but it is important to realize that geoH
pgy or geosciences IS essentlally a hlstoncal SCience, and that many changes and many different tectomq
rvents have affected the lithosphere for more than four billion years of Earth historyJ

lit lS really Important for us to research the methods of tectomc analysIs. However, only emphaslZ1ngl
~he methods but never dlscussmg the tectomc evolutIOnin detaIl, as Ma WP (1992) dId, has been prove~

lineffective
IMany monographs and papers emphaslZ1ng the hlstoncal aspects of the tectomcs of Chma hav~

Ibeenpubhshed by Huang JQ (1945,1960,1964,1965,1977,1984,1987), [I CY (1904-1988) (1982J
1984), Wang HZ (1982,1985,1990,1994), Ren IS (1980,1990,2000) and Khain and Borhko (1996)J
[rhese studies are concerned with "Hlstoncal Tectomcs". On one hand, researchers engaged m hlstorj
lica1 tectonics pay more attention to stratigraphy and the characteristics of geological formations andl
~hen ongms, and analyze theIr hthologlcal and paleontologlcal charactenstlcs, then provenance, en1
IVlronments of formatIOn and the ongins of the sedlmentary or Igneous umts, wIth emphasIs on thenl
!'tistorical evolution. On the other hand, tectonic modelers pay more attention to the transformation of
~ock bodies, I.e. rock deformatIOn, structural geometry, kmematlcs and dynamlcs, with emphasIs on th~

Imechamsms of deformatIOn. Although most researchers engaged m tectomcs agree that both geologlcall
~ormatton and transformatIOn should be studied, and that hlstoncal and mechamcal analyses should b~

~ombined, due to the differences in training, experience and the focus of their interests, these differen~

lapproaches may produce different results. Zhang WY (1909-1984) et aJ. (1959, 1983) advocated thatl
~hese approaches should be mtegrated m the study of the tectomcs of Chma. The author consIdered thatl
lIt IS really Important for us to follow these precepts m the present volume, though It ISvery difficiilf

In this book, the author did his utmost to combine the studies of formation and transformation us~

Img the plate tectomc theory, together with hlstoncal and mechamcal analyses. Abundant and recentlyl
lacqUlred, geologIcal, geochemical and geophySical research data are apphed to descnbmg and dlsj
~ussmg the sequence of tectomc events which have affected the Chmese contmental hthosphere froml
~he Archean to the Recent. Until the presenttime, it is difficultto achieve this aim because ofthe scarcit}j
pf data on kinematics and dynamics.

lin thIs volume, for understandmg the tectolllcs of Chma, the author puts forward many new vIews:
Ralculatmg the thickness of the contmental crust of the Smo-Korean plate dunng the Archean and Paj
~eoproterozoic; determining the periods during which the Supercontinent of Rodinia broke up and th~

Rontmental blocks were amalgamated to form the Chmese contment; estabhshmg the stages dunng th~

Neoproterozoic in which tillites were deposited on the Sino-Korean and Yangtze plates respectivelyj
~ollowmg the changes in the latltudmal and longltudmal dlstnbutton of the Chmese contmental block~

k1uring the Paleozoic. During the Late Paleozoic and Triassic, most of the continental blocks which conj
stitute China collided and were amalgamated with the Eurasian Plate. Subsequently China continent wa§
laffected by mtraplate deformatIOn, wIth three pen ods of shortenmg m a near N-S onentatlOn: Indosllllani
Wenod (260-200 Ma); Sichuaman Penod (135-56 Ma); Himalayan Penod (23-0.78 Ma); two penod§
pf shortening with a near E-W orientation: Yanshanian Period (200-135 Ma); North Sinian Period (56--1
123 Ma). Smce 0.78 Ma (Neotectomcs Penod), the state of stress among the plates which constitute th~

Chinese continent has been nearly in equilibriumJ
lin thIS volume, the charactenstlcs of many colhslOn zones in the Chmese continent are analysed ml

13 dimensions and discussed in terms of the thickness of the crust and the lithosphere; a new hypothesi§
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lIS proposed for the "thmnIng"of the lIthosphere beneath the eastern Chma contment, whIchIS posslbl~

linduced by the counterclockwiserotation of the continentalcrust extendingacross onto oceanic mantle;1
[he controlof the envIronmentby tectOnICS IS recognIzed;the mtluenceof mtraplateextensIOn dunng th~

MeSOZOIc-CenozoIc on penods of majormmerabzatlOn InChIna IS madeunderstood;finally, hypothesesl
labout the dynamIC mechanIsms that control global tectOnICS are evaluatedl

II'hlS bookwasongmally wntten bythe author in Chmeseand publIshedbythe GeologIcal Pubiishmij
IHouse in Beijing in 2004. After incorporating many useful comments, the book was translated intg
IEnglIsh, wlth a reductlOn of local tenns and the removalof dlscusslOns whIchwere not necessary to th~

OCorelgn readers.Throughout,the emphaSIS has beenplacedon large scalefeaturesand the majortectonI(j
events which have affectedthe Chinesecontinent Some errors in the initial versionhave heen corrected!
OColloWIng the suggestIonsof experts In speCIfied fields.For the sake of the foreIgn readers, the lalltude§
land longitudesof critical localities have been inserted.Originaldata are recorded in Appendices,and al
Ilarge numberof referencesare CIted, partIcularlyfromthe Chmese lIterature, to facIlItate further researchl
lin (:hinese tectonics I

II'Ianfeng Wa~

Beijing October 20101
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Chapter1
IIntroductionl

II'ectomcs IS a comprehenslVe subject area mvolved m Earth SCiences concermng the hlstoflcal devel1
ppment, evolution and origin of the Earth. The aims of this study are to determine the composition, th~
structure, the movement (mcludmg defonnatlOn and displacement) and the evolutIOnof the outer spherel
pf the solid Earth, the lithosphere, and itS relatIOnship to actlVlty In the Intenor, In the lower mantle andl
~he core. This subject area is encompassed in the Theory of Plate Tectonics originating from the inves
~igation of the ocean floors during 1960s, and combined with the theory of continental drift, which was
~lntil then not universally accepted, evolving into a comprehensive theory of global tectonics. Result§

MAP OF THE PEOPLE'S REPUBLIC OF CHINA Ed~iOl1 ofAdministrative Region

~·Ig. 1.1 The geography at Chma(http://www.sbsm.gov.cn. withpermrssron at StateBureauof Surveymg and Mappmg,1
puna).
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~rom all branches of the geology, geophyslCS,and geochemIstry, IncludIng Isotope geochemIstry, petrol1
pgy, stratigraphical paleontology, paleoecology, paleoclimatology and paleogeography contribute to th~
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FIg. 1.2 Tectomc umts of ChIna dunng the PaleozOIcJ

50"

40"

30"

mocks In the Pen-Slbenan lectomc DomaIn: I Altay; '1.. Junggar East Kazakhstan; 3. III Balchas; 4. l\lrpanj
P(IngXIngXIa; 5. Kuruktag; 6. Hongshlshan; 7. Yagan; 8. North Bayannur; 9. I'uotuoshang XI1mhot (Abagnar); 10. Erguij
I(close to Gondwana during the Neoproterozoic-Early Cambrian); II. Harbin (Songhuajiang-Nenjiang); 12. Jiamusi-I
Bureinsky (close to Gondwana during the Neoproterozoic-Early Cambrian); 13. Xingkai (i.e. Wandashan, close to Gond-I
~ana during Neoproterozoic-Early Cambrian).

SIno-Korean plate (20).
IBlocks of the Yangtze Tectonic Domain: 32. North Yangtze Plate; 33. South Yangtze Plate; 21. Songpan-Garze (wes~

Sichuan); 22. Middle Qinling; 23. Wudang; 24. Dabie; 25. Jiaonan (Sulu); 30. Zhongdian; 31. Lanping-Sirnao-Indochinel
Plate; 34. Cathaysian Plate; 35. Taiwan (eastern Cathaysian Plate); 36. Sanya (northeast Indochina Plate).

Blocks of the Xiyu Tectonic Domain (transition type): 14. Tarim Plate; IS. Altun-Dunhuang-Alxa; 16. Middle Qiliani
17. Qaldam; 18. Hualong; 19. central West Kunlun.

Blocks m the Pen-Gondwanan lectomc Domam: 26. QIangtang; 27. Gangdlse (Lhasa); 28. HImalaya; 29. Baoshanj
ISlbumasu (SIno-Burma-Malay-Sumatra); 37. IndIan PlateJ

Collision Belts: A. Altay-Junggar-Ergun Early Paleozoic Collision Belt; B. Tianshan-South Hingganling Late Paleo-I
lzoicCollision (eastern part of the Central Asian orogenic) Belt; C. Qilian-Altun Early Paleozoic collision belts in the Xiyu
flate; D. Shuanghu-Lancangjiang (Changning-Menglian), Lazhulong-Jinshajiang, and Qinling-Dabie-Jiaonan Triassicl
collIsIOn Belt; E. [anpIng Simao Palaeogene CollIsIOn Belt; F.Bangong NUJlangand Yarlung Zangbo RIver Cretaceous=j
!",aleogene CollIsIOn Belt; G. West Pacific Palaeogene subductIOn zone (trench-arc zone). lhe ShaoxIng Shlwandashan
[lnasslc ColliSIOnBelt ISshown as a lIne between Yangtze Plate and Cathaysian PlateJ
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klevelopment of th1S subject area, encouragmgcooperation of spec1ahsts engaged m all the geosclence~

k1isciplines in the constructionof a comprehensiveEarth Sciences systeml
[n thIS book, the tectomcs of Chma (hgs. 1.1 and 1.2) IS dealt WIth as a sequenceof tectomc event§

[hroughgeologIcaltIme.A comprehensIve analySIS of these events IS basedon the mtegratlOn of record§
preserved m the rocks, whIch proVIdes the eVIdence of the deformatIOn produced by the movementof
~ontmental blocksdunng processes of the subductIOn, colhslOn and mtraplate cornprcssion and exten1
sion,

IrTJ''''hC:-e<Cte=-=c:<Cto=-=n''lC:-cCCsyCCs'''t=-=em==s"dccevcce'''lccop::Ce=-=dTdIu=-=n::Cn=-g=-Uth=-=eccse=-CCevcce=nCCts=-a=-=r=e--=dr:eccsc=-=r"'lbcce=-=drl"'n·t=-=erm==-s=-o=-=fF:r=a:<Cte=-=s--=oczfCC:m::Co=-=vcce=-=m=-e=-=n"'t-,0=-=n"'1
~ntatlOn of tectomcstresses,magmtudesof stress,and the tlmmgand rate of deformatIOn. 'I hese tectom(j
land structural aspects are integrated together with the paleo-sedimentary record, paleo-biogeography
land tectomc reconstructIOns of the dlstnbutlOn of contmental blocks at different geologIcal penodsJ
!Jasedon paleomagnetism, rock deformationand paleo-biogeographical data. As far as possibleall thes~
laspects are dealt w1th m a quantItative and a purely quahtatlve manner.

lJ'he Chmese contment IS located in Eastern ASIa (hg. 1.1), composed of the Qmghal-Xlzang('1'11
!Jet)Plateau, the Inner Mongolia-Ordos-Yunnan-Guizhou Plateau, the Tarim Basin and Junggar Basinl
land theIr surroundmgmountams, and the eastern plams and hIlls. 'Iectomcally, the Chmese contmen~

~onslsts of many contmental nucleI and small blocks, whIch were gradually amalgamatedto form th~

present Chinese continent. Until the Paleozoic, 37 tectonic blocks had been identified in the Chines~

Rontment (FIg. 1.2) and classifiedmto five tectomc domams, whIch WIll be dIscussedm detail m laterl
~hapters. The evolution of the Chinese continent was very different from the evolution of the Northl
IAmencan, South Amencan, EuraSIan, Afncan and Austrahan contmentalplates.1

1.1 Tectonic Events

K:oncept: Before discussing tectonic events it is necessary to introduce the concept of the tectonoj
stratigraphicunit (CTpyKTypHbIH 3TalK) firstproposed by geologistsofthe Soviet Union in the 1940sJ
land introduced in the study of the tectonics of China by Zhang WY (1959). American geologists have
lalso used a SImIlar concept, the "tectonosynthem",more recently (Muehlbergerand 'Iauyers, 1989).
~ tectono-stratigraphic unit encompasses all the tectono-stratigraphic features of a tectonic unit,1

khstmgUlshed by a particular type of deformatIOn developeddunng a particular tectomcpenod. In term§
pf time, a tectono-stratigraphIc umt represents a penod m the tectomc evolutIOn of the Earth; m space,1
lit covers the area affected by a speCIfic tectomc event (hg. I .3)~

[he boundary of a tectono-stratigraphic unit is taken at a break in sedimentation, marked by a rej
19ional angular unconformity which separates two tectono-stratigraphic units (Fig. 1.3). The tectonoj
stratIgraphIc umt hes between two angular regIOnal unconformItIes. An angular regIOnal unconformltYI
lIS formed when an older rock umt deformed by eIthercompressIOn or extensIOn IS then uphfted, erodedl
land buried by younger rocks. The boundaries of tectono-stratigraphic unit should not be taken at "par
lalleI" unconformItIes or dIsconformIties, as these do not represent slgmficanttectomcevents.

pifferent tectono-stratigraphic units are characterizedby different types, styles and degrees of rockl
kleformatlOn, WIth dIfferent mtensuy, resultmg from dIfferent stress onentations in d1fferent tectomq
~nvironments (Fig. 1.3). The geological time occupied by a tectono-stratigraphic unit is a "tectonig
period". Each tectonic period can be divided into a stable (or "uniform") period, which lasted for al
relatIvely long penod of t1me, and an active (or "catastrophIc")penod wh1ch occupIed a much shorten
['enod of t1me at the end of the tectomcpenod (Table1.1).Each tectomcpenod commencesWIth a 10ngJ
land stableperiodand ends with a short, and activeperiod.Movementof plates, rock deformationand th~

[elated metamorphIsm and magmatism mamly constitute a tectomc event dunng the shorter and actlv~

~ectonic period. By convention, these tectonic events are named after the area in which the tectonisml
Iwas first recogmzed. However, 1fthese events are named after theIr geologIcalor ISOtOp1C age, to mak~
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Fig. 1.3 Changesof foldingstylesand orientationof foldingaxis in differenttectono-stratigraphic units.

. Holomorphic and lineartypefoldsdeveloped in theoldesttectono-stratigraphic unit, ina nearnorth-south direction,1
Ishghtly mtluenced by foldmgwithan E-WonentatlOn formed at a later penod;1

lIT. Transitionor Jura-typefolds developed in intermediate tectono-stratigraphic unit, on E-W axes;1
III. Drapeor Germano-type folds developed in the youngesttectono-stratigraphic unit,on N-S axes.

Imternattonal companson becomes easter. ConventIOnal terms, denved from local tectomc penods orl
[ocal events, are therefore used as little as possible in this bookJ

II'he degree and style of tectOnIsm are dIfferent m the stable and actIve penods, but there IS usuaIl~

some connectton and mhentance, for example, the onentauon of tectonic stresses and the dlfectlOn of
plate movement may be the same in both periods. However, the styles and rates of rock deformationl
lare very dIfferent, the magmtudes of the stresses are dIfferent and the types of magmatIc actIvIty andl
Imetamorphlsm are also very dIfferent (Table I.1)J

1.2 Universal Tectonic Events'~

IStille (1876-1966) proposed that there was a rhythm in the tectonic evolution of the Earth and thatl
geologIcal hIstory was punctuated penodlcally by "orogemc phases", whIch occurred at the same tlm~

1m dIfferent parts of the world. In the 20th century thIs pnnclple exerted a great mfluence on the dej
Ivelopment of tectomcs, but has generated contmual controversy smce It was first put forward. By con1
~rast, Soviet structural geologists in 1930s considered that rock deformation occurred continuously, withl
~hanges takmg place over long pen ods of geologIcal tIme (e.g. Vaslhevsky, 1964), and some Amencanl
geologIsts (e.g. GlIIuly, 1949) not only dIsagreed wIth the concept ot phases ot unIversal orogeny, butl
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Type
'Iable 1.1 Stable and activepenods 10 Earth's evolutIOn (10 the penod of severalten millIonyears)

Stable or umformItypenod Activeor catastrophIc penod
~ n- 107years :( n· 104 - 106 yearsl

Giantchange of sea level,waterquality anc1
water temperature
Bio-catastrophe
Pole reversa]

Period of time
Atmosphere

Hydrosphere

Biosphere
Paleomagnetism

Stable change of clImatIc zone and air GIantchange of clImateand clImatIczonel
Itemperature
Stable sea level, water quality and water
Itemperature
Stablepropagationand resuscitation
Stable poles and minor motion

SedImentatIOn and erosion

Strata boundary

Geothermal

Magmatism

Metamorphism

Tectonic stress

Vertical motionof plate
Honzontal monon of plate
RockdeformatIOn

Astronomy
MeteoriteImpact

ContmuoussedImentatIOn, partIalerosion

ConformIty or partIalgeographIC confor-
[iiillY
Stable accumulation, weak geothermal
IiiCIiilll
Magma graduaIlycooling, minor
IiJ:iIillSiilll
Burial metamorphism, weak hydrother
Imal etlects
Gradual accumulationand revision, smaIl
Idifferential stress
Stable depressionand uplift, :( 0.1 mm/yr
Weak,:( n mri1Jyr
SlIghtor bendmgfolds, smaIlfracture

Solar system deviategalaxy disk
SmaIland weak impacts

PartIalsedImentatIOn, hIatus,selsmlteJ
strong erosion
RegIOnal angular unconformIty

Giant geothermalreleaseand reactions

Violentintrusionand volcanisml

Regionaland dynamo-metamorphism]
VIOlent hydrothermal etlectsl
Stress increase and release, gian~
djfferential stress

Strong, every type of fold and fault

~
Solar systemjust across the galaxy disk
Major impactl

supposed that tectomsm had occurred continuously throughout the whole evolutIOnof the Earth (Wang
HZ, 1990). In the 1970s-1980s, based on the recogmtlOn that sea-floor spreading was a contlnuousl
process, the appreciatIOn that syn-sedlmentary structures had developed over long penods of time, andl
~he scarcity of unconformities In thrust zones or Within orogemc belts, fewer geologists were Willing
~o accept Stille's (1924) proposition. At present, the consensus view is that the Earth is a rheomorphicl
solid and IS able to flow continuously under differential pressure, so that tectomsm and orogeny havij
pccurred umformly, throughout geological time and that there has been no penodlclty or rhythm dunnj:j
~he tectonic evolution of the Earth (e.g. Gretener, 1981; Senger, 1982; Hsu, 1989; Li JL, 1991; Zhu ZC,
r9%)l

IWang HZ (1982, 1985, 1990) advocated the concept of "moblhsm" for the tectomc evolutIOn of
K:hlna, In which deformatIOn had occurred dunng episodes of tectomc actIVIty, penodlcally In dlfferen~

lareas and at different time. From a comprehenSIVeassessment of a large volume of tectomc data, Wanl
[F (1997) concluded that there is no evidence that important tectonic events occurred at the same tim~

lin different parts of the Earth. However, It IS eVident that tectomsm has occurred over very large areas atl
lapproxlmately the same time In subductIOn zones, In colhslOn zones and In areas of Intraplate deformaj
~ion. For example, Caledonian tectonic events occurred at almost the same time (429-425 Ma) in a zon~

rxtendlng all the way from the Appalachian Mountains In eastern Amenca to Scotland and the west-I
rrn margins of the Scandinavia (Rogers and Dunning, 1991; Bally et aI., 1989; Trewin, 2002). Similarl
~xtenslve tectomc events have occurred In China, which Will be detailed In the follOWing chapters I

IAccordlng to Hsu (1989) and Sengiir (1982), If the Earth ISa rheomorphlc soltd, penodlclty wouldl
Inotappear in tectonic evolution on the scale of the Earth. According to the concept of mobilism, orogenYI
liS a continuous and umform process. When the plate tectomc theory was first proposed and data on seaj
Ifloor spreading was hmlted, thiS 0plmon seemed to be sustained. The onglnal map shOWing the patternl
pf magnetic anomahes on the floors of the oceans lmphed that sea-floor spreading was a contlnuousl
Iprocess, in which the floors of the oceans expanded continuously in the same direction, only varyingl
slightly in their velocity and direction of movement with time (Wilson, 1970; Le Pichon et aI., 1973j
IPressand Siever, 1974). GIven the relatIOnshIpbetween the expansion of the oceans at mid-ocean fldge~
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land then destructIOn In subductIOn zones along the margins of the oceans, It could eaSIly be assumedl
~hat the processesof subductionand collisionwere also continuousprocesses.However, Hsu (1989)andl
ISengor's (1982)hypothesescontradIctedmany dIscoveredtectOnIC facts before 1980's. Whenthe muchl
Imore detaIledthird edItIOn of the magnetIcanomaly map was publIshedat the end of the 1980s(Cand~
~t al., 1989;Cande and Kent, 1992;Ma ZJ et al., 1996),analysis showedthat since the Middle Jurassic
(156.6 Ma), the Pacific,Atlantic and Indian Oceans had all expandedduring the same six periods, with
Imovements in differentdirectionsand at different velocities(Table1.2; Fig. 1.4). Sea-floorspreading atl
Ivelocltles of severalcm/yr showsthat the Earth has the propertIesof a rheologlcsolId,whIlethe proces~

shows some perIOdlclty. It seemsthat bothargumentsare to some extentcorrect wIthgeneral contInUltYJ
land a superimposedelementof periodicity.

~vldence compIled In this volume shows that the tectOnIC evolutIon of the Earth has not becomel
~inear, with a uniform rate of change, but non-linear, with periodic variations in the rate of change.1
IFrom our present eVIdence It appears that the processes contInue over a penod of time at a more orl
Iless constant rate, but are then Interrupted by sudden and catastrophlc changes. Such qualItatIve andl
guantitative changes are characteristicof all evolutionaryprocesses. As Yu CW (2003) has explainedJ
~ectonIsm, lIke all other geologIcalprocesses, should be considered In terms of non-lIneardynamICs Inl
Ian unstable system. The evolutIOn of the Earth systems should be studIed USIng the complexlty------=j
I"Chaos" theory.

[n the past two hundredyears, there has beena lIvelygeologIcaldebate betweenproponentsof unIforj
Imitarianism, who argue that geologicalprocesseshave continuedin much the same way and at the sam~
rate throughout geological time (Hutton, 1785; Lyell, 1830-1833) and proponents of catastrophismJ
Iwho arguethat geologIcal processesproceed by InfrequentbutcatastrophIcevents(Cuvleret al. , 1817)1
k\t present, most Earth scientists agree that these concepts can be reconciled.It is recognizedthat ther~
lare stable perIods (or perIodsof unIformIty) lastIngover a long tlme span, whIch alternate wIth actIv~

(or catastrophIc) perIods, occupyIng a much shorter tIme span (Tao SL et aI., 1999); tectOnIC event§
~epresent thIscatastrophIcperIod (lable l.l )1

[ectonic eventsare difficultto resolve,as their completehistory is rarely preservedin the geologicall
record. The evidence is never complete. Strong deformation, block displacement, violent magmatisml
land large-scaleuplIftof the Earth's surtace haveresultedInwIdespreaderosIOn, formIngunconformltlesj
Iwhere the geologIcal record has been destroyed. For thlS reason the study of tectonics dld not advancel
Ivery rapidly in many parts of the world. In many areas, facts are few, tectonic and geodynamic datal
lare scarce; the geologIcal lIterature demonstrates that these deficIencIes do not deter geologIsts froml
rngagIng In much speculatIOn and guesswork.

ITable 1 2 Periodsin the accretion of the oceanfloor for the Pacific Atlanticand IndianOceans

0 Ma 6 stage
10 Ma

5 stage
37 Ma

58 Ma
4 stage

97 Ma
3 stage

138 Ma
2 stage

156.6Ma 1 stage

IAfter Candeand Kent, 1992;Ma ZJ et a!., 19961
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1.3 Determination of Tectonic Events in the Chinese Continenti

peologlcal data from whole China Included In the Bureau of Geology and Minerai Resources of th~

frovlnces (1984-1993),the IntroductIOn on RegIOnal Geologyoj China (Cheng YQ et aI., 1994)andl
~he earher researches of the author (1994),are referred to the internatIOnal stratlgraphlc chart (Reman~
rt aI., 2000; International Commission on Stratigraphy, 2004), and compiled as a table ofthe tectonicl
periods and tectonic events in China (Table 1.3)J

The former practice of referring the tectonic periods in China to world-wide tectonic periods is
lincorrect. A division into tectonic periods and events has been devised purely for the Chinese continent,
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Age of penod
lMa symbol

078 ---------

123 --------
Ez EJ

56 ---------
Kr-EI

1135 ---------

~-Kl
200 --------

P3-TJ
260

Dz-Pz
1397 ---------

E2 D[

513 --------

INP3 E[
680

liable 1.3 lectomc penods and events in Chmese contment

GeologIcal IsotOPIC age of
tjme tectonism (Ma)

MIddlePleIstocene Holocene Smce0.78

Miocene-Early Pleistocene 23-0.78

EOcene Ohgocene 56 23

Middlestage ofEarly Cretaceous-Paleocene 135-56

Jurassic-Early stageof EarlyCretaceous 200-135

Late Permian- LateTriassic 260- 200

MiddleDevonian-Middle Permian 397- 260

MIddleCarnbnan EarlyDevoman 513 397

Edlacaran EarlyCarnbnan 680-513

IntrodJJctjonl

Localtectonic
penOdand event

Neotectomq
----------------------J

Himalayanl
----------------------J

NorthSinianl
----------------------"

Sichuanian
----------------------J

YanshaniaJ
----------------------j

Indosiniad
----------------------1

Tianshanianl
----------------------J

Qlhaman
----------------------J

Sinian

NP2
SOli----

~,ooo --------
MP2 3

11,400 --------

PP4- MPI

Uoo ---------

12,500 h _

NA
12,800 ---------

MA
3,200

IPA
3,600 --------

FA

Cryogeman (Nanhua)

Tonian

Eetasian-Stenian

Stathenan- Cillymnnan

Siderian-Orosirian

Neoarchean

Mesoarchean

Paleoarchean

Eoarchean

800 680

1,000 800

1,400-1,000

1,800-1,400

2,500-1,800

2,800 2,500

3,200-2.800

3,600 3,200

Nanhual

Qmgbatkou (Jmmng)
----------------------1

Jixianl
----------------------J

Changcheng
----------------------J

Ltihang(Hutuo)
----------------------J

Wutail
----------------------J

Fnpingj

QlanXl
----------------------1

landthese have been given local names (Table 1.3). However, in order to simplify the terms, and for eas~

pf international comparison, the periods and events in this book are named directly after their geologicall
pr ISOtOPiC age; and local names for tectonic penods or events are used as !tttle as posslbleJ

~s shown in Table 1.3, seventeen tectonic periods and events are identified. The extent of our knowH
~dge concerning these tectonic penods and events IS very vanable. In general, much less IS known aboutl
rarlier periods compared with the more recent ones. Tectonic periods and events in the Archean andl
IProterozOic are known only broadly, and pen ods and events m the PaleozOiC can only be dlscussedl
generally, and although a senes of events can be recogmzed, the geological data IS not very detailed)
land only two periods can be distinguished. The eight tectonic periods and events since the Paleozoiq
~ave been researched in much more detail, and as geological data is more abundant and more accurately
I(nown, one chapter ISdevoted to each of these penods.

~n the Archean and Proterozoic, in the absence of detailed biostratigraphic divisions, geologicall
stages are defined m terms of tectono-magmatism, and the diVISIons are based on the tectono-magmatlcl
rvolution of the continental crust. In the period since the Paleozoic, geological and isotopic ages of th~

~ommencement and close of each tectomc penod do not comclde wIth the begmmng and end of era~

landpen ods based on bIOstratigraphy, and the time spans occupIed by each tectomc event may be veryl
k1ifferent (Table 1.3). This is because the climax and end of tectonic periods in China did not occur atl
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~he same tune as the extmcuon events mdlcated by the bIOstratIgraphy; the chmax of a tectonic penodl
lisalways later than the major catastrophic extinctions.

[<or example, accordmg to ISOtOPIC data from syntectonic magmatism m most areas of Chma, a§
shown m 'Iable 1.3, 135 Ma IS the most sUitable age for the boundary between the Yanshanlan andl
ISlchuanlan tectonic penods. In the mternatlonal stratigraphIc chart (Remane et aL, 2000; InternatlOnall
K:ommlsslon on StratIgraphy, 2004), there are dIfferent opmlOns on the age of the boundary betweenl
[he JurassIc and Cretaceous, rangmg from 135 Ma to 145.5 Ma. From recent studIes, most Chmes~

researchers recognize the boundary between JurassIc and Cretaceous at eIther 137 Ma or 144 Ma (LII
fX et aL, 2000). For the age of the boundary between JurassIc and Cretaceous, the author agrees wlthl
~he opinion of Li PX et al. (2000), that is, the boundary between the Yanshanian and Sichuanian tec1
[OnlC penods hes between early and mIddle epoches of Early Cretaceous. Wan TF (1994) ongmaIIyl
Rhose 135 Ma as the age of the boundary between the JurassIc and Cretaceous, but thIs dec1S1on ISnoW
reconsidered

1.4 Research Principles and Methods for Interpreting Tectonic Events

1J.4.1 The RockRecord!

[Thestudy of tectonic events in the active and stable periods of tectonic evolution requires different re1
search methods. EVIdence for the active penod of tectonic events IS commonly preserved in the rock~

las structural features such as folds, faults, thrusts, joints, foliations and lineations, which may be acj
~ompanied by recrystallization in a process of metamorphism. The internal changes in a rock body orl
1m a hand specimen can be expressed in terms of the amount of deformatIOn or stram It has undergone,1
li.e. reduction or expansion in volume, shortening or extension. Strain can be determined with respect tg
~hanges in the length of three mutually perpendicular principal axes of strain (E), maximum compres1
slon - shortest stram aXIs; 102, mtermedlate; 103, mmlmum compressIOn - the longest extenSIOnalstraml
laxis), 102 may be equal to or have any value intermediate between E) and 103. Strain can be measured if
~he rock contains "stram markers", objects whose ongmal SIze, shape, dlstnbutlOn and onentation ar~

known and can be compared with their present size or shape (Ramsay and Huber, 1991).1
II'ectonlc events may also be recorded mdlrectly by syn-tectonlc sedImentatIOn. Iectonlc events ar~

~ommonly accompanied by uphft WIth accelerated erosion, so that the sedImentary record ISdestroyed.1
However, the products of erosion may be deposited in marginal depressions or basins around highlYI
~eformed areas as molasse or flysch (bathyal) turbidites, providing a record of episodes of uplift and
rroslOn. TectOniC events may also be accompanied by the mtruslOn of magmatIc rocks WIthsyn-tectonlij
ImmerahzatlOn and pneumatohtlc/hydrothermal metamorphlsml

II'he study of sedImentary strata can be used to solve many problems in tectonics, usmg the sedlmen1
~ary facies and the sequence of formations in stable period, for the recognition of unconformities and of
~plsodes of strong deformatIOn in the active tectonic penod. These studIes are part of a complete stud~

bf tectonlcs.1
~ethods used in the analysis of sedimentation and paleogeography are more appropriate to the sta-I

Ible penod of a tectono-stratigraphIc unit. A stable tectonic penod ISrepresented by the depositIOn of al
~ontinuous sequence of sedimentary strata in a sedimentary basin. During the stable period, variation§
1m the thIckness and rates of depOSItIOn of sedImentary strata, and changes m the rate of vertIcal motlOnl
pf the Earth's crust, WIth depreSSIOn or uphft, can be recognized. By determmmg the sequence of stratal
land the facies of each sedimentary unit, it is possible to place these periods of uplift and depression inl
lachangmg paleogeographIc envIronment. The statIstIcal methods of measurmg the thIckness of sedl1
Imentary strata and determmmg rates of depOSItIon smce the Mesoproteroz01c, as shown m AppendIX 2,1
are very approximate. There is no method of measuring the effects of alternating depression and uplift,
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lalthough great thIcknesses of sedImentary strata are most hkely to be the results of multIple phases of
f.lepression-sedimentation and uplift-erosion. Also no allowances have been made for the effects of comj
pactIOnand diagenesIs, or for the thlckemng or thmmng strata caused by later tectomc events. The stud)J
pf syn-sedlmentary faults IS helpful to determmmg the history of development of sedImentary basm§
~unng a stable tectomc penod. A complete calculal1on, takmg account of all these factors, mvolves ani
~nonnous amount of systematic field and laboratory study.1

IAlthough a cover of sedimentary rocks, amounting to several tens of thousands meters, extends oven
~he maJar part of the Chmese contment, the greater part of the sedIment ongmally deposIted on thij
Rontment has been eroded away and IS no longer preserved. Accordmg to stal1sl1cal calculatIOns b)J
IRonov et at (l984, after Qian XL, 1996), based on the thickness and extent of sediments and theirl
geological age, at present day sediments are being deposited throughout the world at a rate of SOxlO81
1m3 per year. Most Mesozoic-Cenozoic sediments have been preserved on the Earth surface, of whichl
~70% ISfrom the PaleozOIC, ~20%-1O% from the ProterozOIc, and less than 10% from the Archean.

II'heaccumulatIOn of paleoblOgeographlcal data and especially the recogmuon of ecosystems are Im1
portant for distinguishing different paleoplates and smaller crustal blocks. The reconstruction of paleoj
IblOgeographlesdemonstrates the contmual movement of blocks through out and supports the moblhstlq
Roncept of tectomcs.

~.4.2 The Geometry oj RockDeJormation

[he foundation of the study of tectonics is the determination of the distribution and mutual relationship§
pf rock umts as seen m the field, together wIth theIr mternal structural features such as folds, faults,1
IhneatlOns and fohatlOns. Tectomcs mvolves rock deformatIOn on all scales from the megascopIc tij
~he mIcroscopiC, from the hthosphenc plate to the md1V1dual mmeral crystal and lls crystal latl1ce;
Ithls mformal1on can then be mtegrated mto a comprehensIve tectomc system (hg. 1.5). Tectomcs I§
lalso concerned with the intrusion and extrusion of magmatic rocks and the metamorphism and th~

"ecrystalhsatlOn of rock bodIes wIth the fonnatlOn of new mmerals and new textures, and the relatlOnshl~

pf these events to phases of deformatIOn. These relatIOnshIps must mltlally be estabhshed in the fieldl
"y detailed geological mapping and regional geological surveys, complemented by drilling and by dee~

structural studIes usmg geophySIcal methods and by the study of rocks under the optIcal and electronl
Imicroscopes.

II'he deformatIOn and the dIsplacement of the hthosphere are the major concerns of the study of tec1
~onics. Although comprehensive methods should be used in the study of tectonics, and research shouldl
~ncompass all branches of the geosciences, the study of rock deformation should be made on the majon
preoccupatIOn of tectomcs, whlch has been neglected m some recent studlesl

~ontnbutlOns to the knowledge and understandmg of rock deformatIon m Chma dunng the last fift)J
~ears have been immense. This can be attributed to the extent and success of regional geological surveys.1
[I'he plan for an outhne geologIcal survey covenng the whole Chmese contment, totalhng about 9.§
Imillionsquare kilometers at the scale of 1 : 1,000,000, commenced, but was not completed before 1949j
lareconnaIssance survey of regIOnalpetroleum geology at the scale of 1 : 200,000 was completed m thij
1960s (unpubhshed report); a regIOnal geologIcal survey at the scale of 1 : 200,000 was completedl
[or most areas of China before the end of the 1980s (Bureau of Geology and Mineral Resources of
IProvmces, 1984-1993); new regIOnal geological survey at the scale of 1 : 250,000 (more than 1001
sheets) has been completed recently over whole QmghaJ-Xlzang (TIbet) plateau; the results WIll bij
published shortly. These surveys raised the extent and precision of geological information substantially.1
passlficatlOn and companson of regIOnal strata, WIth the descnptlon of types, styles, atl1tudes and thij
f.listribution of folds and faults at the macro-and meso-scale, and of magmatism and metamorphismJ
Ibuddup the foundatIOn for studymg the tectomcs of Chma in thIS book.
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IFig. 1.5 Sketchof a tectonicsystemaffectedby deformation in differentorientations.

II

lerl = E-W orientated regional horizontal compression and shortening; F. N-S orientated folds; T. N-S orientated
~everse faultsor thrusts;N. nearE-W orientated extensionfaults;E. nearE-W orientationextensional joint system;S. NWI
firNE onentated stnke-shp faults;J. NW or NE onentatedshearjoint system.

pata concermng the geometry and attItudes of 11,723 macro-and meso-scale folds (Eg. 1.6; Apj
pendlX 3) have been collected and analyzed to determme regIOnal tectomc stress onentatlOns. In thij
larea to the west of l05° where regIOnal geologIcal surveys at the scale 1 : 200,000 have not yet beenl
~ompleted and folds are not shown in considerable detail, geological surveys at scales of 1 : 500,000 orl
I : 1,000,000 have been used and the statIstIcs relates to antlchnona and synchnona. From these data,1
litcan be seen that rock deformation is widespread throughout the Chinese continental lithosphere. Jointl
systems, the weakest type of rock deformatIOn, can be found even m the youngest rocks throughout
K:hina; it is difficult to find an area not affected by rock deformation.
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[Fig. 1.6 Number of folds/Number of joint observation points: Neoproterozoic (Pt}) 463/0, Early Paleozoic (pzd
801/0, Late PaleozOic (Pzz)49270, IndosInmn (I) 2,195783, Yanshaman 0) 3,169)[68, Slchuaman(K) 2,0087281, Northl
ISInlan (E) 2,126)[15,HImalayan (N) 469758.

lIn collISIOn zones, rock deformatIOn IS mamly Imear, WIth Alpmo-type folds and nappes WIth hlghl
land intermediate angles of dip for the limbs, associated with many thrusts. In intraplate areas coveringl
!lalf the area of China, there is widespread deformation with intermediate strength, in which the angle§
pf dip fold limbs are usually greater than 20°, and the folds are accompanied by faults. The main type§
pf deformatIOn are tranSItIOn types, belongmg to the sedImentary cover detachment type, and may bij
~aIIed Jura-type foldmg. Even m stable tectomc areas covenng one thud of ChIna whIch appear to havij
pnly horizontal sedimentary strata, there are Germano-type folds with limbs with very low angles of
klip,and normal faults with high angles of dip and complex joint systemsJ
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~.4.3 The Kinematics ofBlocks
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[he aim of tectonic studies is to examine rock deformation quantitatively, with the determination of
~he amounts of dilation (changes in volume), distortion (changes in shape) and translation (movements
pf the rock body as a whole) and the onentatlOn of the stresses responsible for thiS deformatIOn (Fig.
1.5), together with the determination of the rates of deformation (rates of shortening, extension and/o~

~onzontal and vertical displacement). It may be necessary to mamfest the effects of multiple phase~

pf deformation, where the orientation of the stresses may have been different in each phase. This i§
relatively easy if the orientation of the stresses in each tectonic period was very different, but may b~

kiitticult or even Imposslble If these stresses were in the same, or nearly the same dlrectlOn.1
Research into the kinematics of the lithosphere aims at determining vertical movements of uplift andl

~epression and horizontal movements of compression, extension and strike-slip movement, and the rates
latWhlCh these movements occurred.1

pose attentIOn has been concentrated on vertical movements of the lIthosphere with the uplIft andl
~epresslOn of Earth surtace. The determmatlOn of vertical movements dunng a stable tectonic penodl
Imakes use of data on variations in sediment thickness, changes in lithology and facies; magmatisml
rJay also contnbute to vertIcal movements. Vertlcal movements can be determmed through the stud~

pf sedimentatIOn and erosion, transgression and regression, the up-nse of magma or changes in th~

~hickness of the lithosphere over long periods of time. During the last one hundred years, while these
Imethods were being perfected, it seemed that vertical movements were the most important feature of
[he kmematlcs of the hthosphere.

II'hlS hypothesIs laid the theoretical foundatlOn for concepts of global expanSlOn,hmlted global eX1
panslOn, pulsatIOn, etc. More recently, hypotheses of opemng and c10smg (Yang WR et a!., 1984, 1993j
[iang CF, 1992, 1997), uplift of the Mohorovkic discontinuity (Chen FJ et aI., 1992), uplift due to manj
~Ie plumes and lithosphere re-rootmg or underplatmg (Deng JF et a!., 1992, 1996, 1997, 1998), whlchl
~ave theu bases m thiS earher tectomc thought, have exerted Important mtluences over the developj
ment of tectonics in China. In these concepts, the tectonic evolution of continents takes place essentiaU~

In SItu, With vertical movements bemg the dnvmg force for deformatlOn and dlsplacement, honzontall
Imovements being secondary and limited in their extent. In these hypotheses, the importance of verticall
rJovements has been more fully emphaSized, Without account for the pOSSlbllity of great honzontal d1S1
placements over dlstances of several thousand kilometers. In these models, no explanatIOn IS offered atl
laU for such great horizontal displacements.

II'heImportance of honzontal deformatIOn and dlsplacement was much more dlfficult to realize, and ItI
[ook a long time to recogmze It. In 1912, Wegener (1924, repubhshed m 1966) first proposed the 'I heoryl
pf Continental Drift, based on the distribution of fossils and indications of paleo-climatic zones. How1
~ver, due to unexplamed problems and some errors (e.g. "Is It pOSSible for the lighter Sialic contments tq
~rift at velocities of several meters per year through the denser simatic ocean crust?") and after detailedl
~lscusslOn at the InternatIOnalGeologlcal Congress m 1922, the theory of contmental dnft was reJected.1
IHowever, Wegener's hypotheSIS was fundamentally correct and formed one of the foundatIOns for th~

~evelopment of the theory of plate tectonics in the 1960s. This example demonstrates the difficulty of
Rhangmg entrenched sCIentificthoughtJ

Methods for determmmg vertical and honzontal movements of the hthosphenc plates are summaj
lrized in Table 1 4

II'he boundanes of the Iithosphenc plates dlffer accordmg to the movements of the plates: high angl~

Inormaland reverse faults indicate vertical movements; intermediate and low angle thrusts or overthrustsl
larecharactenstlcs of subductIOn or colliSIOn boundary zones and mdlcate honzontal crustal shortenmgj
Iwrench(stnke-shp) faults or transform faults mdlcate honzontal sheanng of the plates; mtermedlate andl
~ow angle detachments and listric growth, or syn-sedimentary faults are characteristic of continental rift
lzonesand oceamc ndges and mdlcate honzontal extensIOn of the plate.
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'labIe 1.4 Researchmethodsfor recogmzmg movements of the lIthosphere pIate§
Vertical movement Horizontal movement

Paleomagnetic drift, changesin paleolatitude, change§
in paleomagnetic declination
HOrIzontal changesm oceamcmagnetIc anomalIes andl
othergeophySIcal anomalIes

Changesm sedImentary thIckness
IransgresslOn and regressIOn, changes m sedImentary
faCIes
Habitatdepthchangesof plantsand animals

Magmallsm and accompanymg uplIftor depreSSIOn of

ProgressIve and retrogressIve metamorphIsm (P-l-t

Bendmgfolds
High anglefaulting

Height change of planation surfaces, valley terraces
and bmldmgs on the Earth's surtace

HOrIzontal mlgrallonof sedImentary faCIes and
formallons
Horizontal migrationof plantsand animals
Anomalous paleo-climatic zones
HOrIzontal drIftof magmallc centers

Honzontardnft of metamorphIC faCIes and zone§

BucklIng foId§
Thrust, strike-slip faultingand folding at platel
~

Horizontal dislocationof landforms

~amsay (1985), Ramsay and Huber (1991) proposed a series of methods for determining the strain
Imvolvedm foldmg and fractUring, and made slgmficant progress m thiS field, but parameters and methj
pds for determining regional strain fields have not yet been developed, and it is difficult to determinel
~ates of compressIOn and extensIOn usmg conventIOnal methods of structural geologYl

ISuglsakI (1976) first suggested that there was a relatIOnship between velocllies of plate movemen~

land the chemical content [K20 (WB %), Na20 (WB %) and silica index (8)= w (Si02) -47xn (Na2q
ft K20) 7n (Aha}) I of volcamc rocks near the subductIOn zone. In the formula above, the umt of I1J
(SI02) IS the percentage of weight, the umts of n (Na20), n (K20), n (Ah03) are the percentage of
rtolecules (Fig. 1.7). Using these parameters, Sugisaki (1976) discovered that the silica index increases
IWlth more rapid rates of shortenmg, while Na20 and K20 decrease (Fig. 1.7)J

[his relationship is not linear but has an exponential function. These relationships are due to th~

~elatlve IOmcradn of Silica and potassIUm and sodIUm. {'he IOmcradIUS of Silica IS very small, while thij
IlOmc radn of potassium and sodIUmare relatively large. When the velOCity of plate movement mcrease~
land tectonic activity is enhanced, silica ions are enriched, while the ions of potassium and sodium dej
Rrease relatively (Sun Y, 1982; 1998). On the assumptIOn that the velocllies of movement mvolved ml
Imargmal and mtra-plate deformatIOn are Similar, the author (Wan TF, 1994) has used the relatlOnshlp§
~erlved from the study of plate margms to quantify mtraplate movements; m general, velOCIties of move1
Imentduring intra-plate deformation should be less than the rates for marginal deformation. When th~

Ivelocities of plate movement for the whole Chinese continent are discussed, on the basis of velocitie§
~alculated from plate margms, these velOCities may be slightly exaggerated. However, all the data ha~

Ibeen treated by the same method, so that the relative magmtudes of movement velOCities for dlfferen~

areas are plausible.1
ISuglsakl (1976) used only the relalionshlp between the chemical content of volcamc rocks and vej

~ocity of plate movement. The author has used not only the chemical composition of volcanic rocks, butl
lalso that of mtrusive rocks to estimate the velOCities of plate movement. while volcamc and mtruslVel
[ocks were formed at the same time in the same tectonic period, the content of major elements in inj
~rusive rocks, especially Si02, Na20, K20, A1203, is not likely to differ greatly from that of associatedl
Ivolcamcrocks. Wan TF (1994) has made such comparison many times and found that estimated value~

pf plate movement velOCity are almost the same no matter usmg volcamc or mtruslve rocks. Chi JS et ai.
(1988), Chi 1S and Lu FX et al. (1996), Mo XX (1991), and Mo XX et al. (1993, 1998) used Sugisaki'~

Imethod to estimate velocllies of extensIOn and compression of blocks m the CenozOic volcamc areas of
rastern China and of the Latest Paleozoic volcanics in the Hengduanshan area. Using this method th~
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IFlg.I.? RelatiOnship between the chemIcal content of vokamc rocks and rates of plate movement (SuglsakI, 1976).1

Rurve for bastc magmattc rocks becomes so steep (St02 tSabout 45%-53%) that tt tSeasy to make mtsj
~akes, so that precision in the estimated velocities of movement is low. This is a difficult but unavoidablel
[JfOIJIeilil

[he author has collected systematically a total of 18,422 major element chemical analyses of magj
matic rocks, formed in different tectonic periods in China, taken from reports of regional geology sur
Iveys (1 : 200,000), provincial, municipal and Central Government geological reports, and articles writj
~en during the last 20 years (Fig. 1.8). These data has been used to prepare diagrams and to estimate the
Ivelocitiesof intraplate shortening and extension for regional tectonic events (Appendix 5).

[he amount of shortening or extension can be determined from balanced geological cross-section§
(Woodward et al., 1989). However, over vast areas, where there is insufficient data, the angle of dip of
[old limbs can be used to estimate the shortening ratio approximately: shortening ratio (%) = I - cos OJ
Iwhere 0 is a representative dip angle of the fold limbs in the region, calculated from regional statistics I

!Byselecting a representative section perpendicular to the regional lineation, the amount of shorten1
Img can be obtamed by multtplymg the shortening ratIO by the length of the sectton. The shortenmgl
~atlO obtamed by thts method tS a mtnlmum value, because shortening caused by thrusts tS not takenl
Imtoaccount. However, the shortenmg taken up by most thrusts in the Mesoz01c-Cenoz01c IS generallyl
!Jetween a few kilometers and dozens of kilometers, and has a significant influence on estimations of
~otal shortening. At present, there is very little precise data concerning the effects of thrusting, thereforeJ
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[Fig.l.S Total number of chemical analyses for major elements in magmatic rocks formed during different tectonic periods.

Archean (Ar) 417, Paleoproterozoic (PtIl469, Meso-Neoproterozoic (Pt23) 1,652, Early Paleozoic (PzIll,124, Latfj
faleozoic (pzzl 2,548, Triassic (T) 3,284, Jurassic (J) 2,985, Cretaceous (K) 4,076, Paleogene (E) 353, Neogene (N) 1,059,1
Neotectonic (Middle Pleistocene-Holocene, Q) 4551

Imoreprecise methods of calculating shortening using balanced geological cross-sections have not beenl
ladopted in this book,

II'he amount of tIme over whIch deformatIOn occurred can be calculated roughly by d1V1d1Og thij
lamount of shorten 109 mto sectIOns by the mtraplate shortemng ratIO,as explamed earher 10 thISchapter.1
V\nd then by dividing the shortening ratio by the time over which deformation took place, a strain rat~

(t'), which is the strain rate ofthe minimum principal strain, can be calculated. Estimations ofthe amoun~

land rates of extension in rift systems can be obtained by reversing the movement on syn-sedimentaryl
~aults to determ10e the amount of extension and usmg the stratIgraphy of the 10filhng sedIments tq
kJetermine the period of time over which extension took place.

[Using the methods outlined above, the amounts and rates of movement during shortening or extenj
sion, and the time of deformation and the strain rate (t') can be determined approximately, providing al
prehmmary model for the kmematlcs of contmental plates.

IStudles on paleomagnetism allow the determmatlOn of the locatIOn of contmental block at dlfferentl
geologIcal pen ods, whIch can then be used to make paleotectomc reconstructIons. Dunng the crysj
~allization of igneous rocks, magnetic minerals cooled through their Curie point take up the magnetiq
pnentatlOn of the Earth's rnagnenc field at that tune. MagnetIc sedImentary partIcles settled throughl
Iwater may also take up the same orientation. By measuring the magnetic vectors in an oriented rockl
sample, dated isotopically or paleontologically, it is possible to determine the latitude and longitudel
pf past geomagnetic poles, and from the paleomagnetic dechnatlOn to determme the paleolatItude of al
Rrustal block at the time of coohng of an Igneous body or the depOSItion of sedIment. It IS, howeverJ
rot possIble to determme the paleolongttude of blocks. PaleomagnetIc data cannot generally be used tq
lidentify tectonic events in the active period directly. In regions of strong tectonic deformation or withl
!ligh heat flow, the reliability of paleomagnetic measurements is commonly reduced, or the originall
~agnetlsm may have been destroyed completely and replaced by a new magnetic onentauon.

MTith reliable paleomagnetic data it is possible to construct a palaeotectonic map and to reconstructl
~he paleogeography of earlier geological periods. Reliability of reconstructions may be improved b~

rsmg paleobIology to Identify related and unrelated blocks. By companng the change 10 paleolatltudel
land the paleomagnetic declination for a block, before and after a tectonic event, the displacement of
la block can be determ10ed by ItS change 10 palaeolatItude, and by using age constraints, the rate of
~atitudinal movement of the block may be determined. It has so far proved impossible to determine th~

paleolongitudes of crustal blocks, except for the avoidance of overlap. Paleomagnetic studies provide th~

~ore convmcmg eVIdence for moblhstlc tectomcs. However, the data may be ambIguous as paleomag1
matism does not always provide unique solutions,

~n order to understand the kinematics and displacement histories of the crustal blocks making UI1
[he Chmese contment and ItSadjacent areas, only to study and determme mtraplate deformatIOn ISnotl
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sufficlent. It IS necessary to collate and carry out a comprehensIve analysls of paleomagnetIc data, andl
~o prepare paleotectonic reconstructions for determining the distribution of lithospheric plates during!
rach tectonic penod. However, there are many difficulties m paleomagnetic research. Paleomagnetlcl
Imeasurements are not very precise and particularly paleolongitude cannot be determmed. There ar~

pften problems of paleomagnetic overpnntmg by later events, and It IS often difficult to determme th~

lageof sedImentary strata where fosslls are absentl
Riven the enormous length of geological time, even if the displacement of a continental block is onlYI

lavery small amount each year, over long pen ods of tlme, a block may move over vast dIstances. 10 tak~

lavery low extensIOnrate of I ciIl7yrfor the movement of the oceanic floor dunng sea-floor spreadmg, If
~his movement continued for 100 million years, a block will have moved 1,000 km. For a high spreading!
[ate of 10 ciIl7yr, a block wlll move 20,000 km m 200 mllhon years, meaning that a block could hav~

traveled halfway round the Earth!
lOverthe last twenty years, paleomagnetic measurements, dnlhng m the oceanic floors and Isotoplq

~hronology have demonstrated that contmental blocks have undergone dramatlc dlsplacements smce th~

faleozoic. The major parameters have been determined and re-examined repeatedly, so that there is no»!
lageneral consensus. Maps reconstructmg the movements of the contmental blocks smce the PaleozOIC)
Imadeby ddlerent researchers on a worldwIde scale, now ddler only m mmor detmls (cf. Scotese et al.,I
1979, 1986, 1994 and recently on the net; McElhinny & Valencio, 1981; Tarling, 1985; Van der Voo,
1988, 1993; Gordlenko, 1999)1

k\lthough many paleomagnetic results of the Proterozoic have been published, no consensus has yeti
Ibeen achIeved, wIth each researcher puttmg forward hls(her) own partIcular model. PartIcularly, the h1S1
~ory of the formatlOn and breakup of the Rodmla supercontinent at about I Ga IS hvely dlsputed (ct.
fowell et aI., 1993; Li ZX, 1993; Zhang SH et aI., 2000; Condie, 2001; Lu SH, 2001). However, due t9
[he 1300 mllhon-year length of Meso-and Neo-Proteroz01c penod and the lack of precIsIOnm ISOtOPI(j
lagedatmg, It ISdifficult to correlate the paleomagnetIc determmatlOns from different blocks. Even afterl
~horough demagnetizatIOn, and using superconductmg magnetometers wIth very hIgh preCISIOn, It ISdlf1
lficult to make sure whether the remanent magnetic field has been correctly identified. These problem§
form an impediment to the reconstruction of paleotectonic maps for the Meso-and Neo-ProterozoicJ
II'hls ISthe frontIer of paleotectonic reconstructlOn at present. The use of paleomagnetIc data and recon1
structions of the dlstnbutlOn of the contmental blocks formmg the Chmese comment are restncted ml
~his book to periods after the Paleozoic, where results are more plausible (Zhu RX et aI., 1998; 2001)j
faleomagnetlc results of the Proteroz01c from prevIOuspubhcatlOns are reported and dIscussed, but neW
[econstructlOns are not attempted.

~esearch into paleomagnetism in Chma has not reached the same level of coverage as paleomagnetlcl
[esearch in other regions did. In the 1980-1990s, close attention was first paid to paleomagnetism in th~

~hree major blocks forming the Chinese continent (Sino-Korean, Yangtze and Tarim), and many valuablel
results were obtamed. The most controverslal problem lS whereabouts m the southern hemIsphere th~

ISmo-Korean and Yangtze blocks were located dunng Early Paleoz01c, and the Smo-Korean Block wa§
situated to the north or the south of the Yangtze Block. A southern position was first proposed by Lin JIj
rt at (1985), but many Chmese and overseas researchers have consIdered that the Smo-Korean Blockl
~as always been situated to the north of the Yangtze Block (Wang HZ et aI., 1990; Yang WR et aI., 1993j
IScotese, 1994; Yin A and Nie SY, 1996)1

MThat is the reason for this divergence of views? First, although the area of the Chinese continent i§
Iverygreat, it is composed of many small blocks amalgamated over a long period of time. Some Chines~

land overseas paleomagnetIc researchers have not fully understood the nature of Chmese contmentall
geology. It lS common for data from different blocks to be treated as though they had come from al
single block. During the 1980s, this mistake was made many times and in many areas. Second, in th~

labsence of fOSSIls, methods for the determmatlOn of ISOtOPIC ages m sedimentary strata are madequateJ
so that sometimes paleomagnetic data of different ages has been mis-correlated. The third reason ma}j
Ibe the effect of speclahzatlOn. Some geophyslclsts beheve only theIr own paleomagnetIc data and dq
Inotconsider, or pay less attention on paleobiography and evidence from geological evolution. Sinc~
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~he paleolongltude of blocks cannot be determined, blocks wIth very sImIlar features are sometlme~

placed at a distance from each other, and some reconstructions require the rapid movement of block§
pver a very short penod of tIme, "flYing" from one sIde of the map to the other. 'Ihese phenomena ar~

Rommonly observed In NeoproterozoIc reconstruction maps, and also In some PaleozOIc maps (Scotes~

~t aI., 1979; Scotese, 1986, 1994; Tarling, 1985; Powell et aI., 1993; Li et aI., 1993; Condie, 2001; Zh~
IRX and I'schu KK, 2001 ). On the other hand, some geologIsts do not beheve the paleomagnetIc data,1
pr in its absence, use evidence from paleobiography following their own interpretation of geologicall
~volutlOn, sometImes leading to ImplausIble results (Wang HZ et aI., 1990; Windley, 1995; SengorJ
1996;Yin A and Nle SY, 1996;ZIegler et aI., 1996; Gordlenko, 1999).
~hen the methods of paleomagnetic research are followed correctly, and the stratigraphic position

pf the samples has been established reliably, the mean paleomagnetic declination (DO) and the meanl
Ipaleolatltude (PO)of a continental block can be determined (AppendIx 6). Theoretically paleomagnetlcl
~eclination and paleolatitude can be determined within 10

, but in fact the uncertainty extends to several I
~egrees, equal to a dIstance of several hundred ktlometers, and at present, It ISnot pOSSIble to determlnel
~he paleolongitude of a crustal block. Thus ambiguities arise if paleomagnetism only is used to reconj
struct the pOSItIOn of paleo-continents. PaleoblOgraphlc slmllantles In the geologIcal evolutIOn of twq
Iblocks may proVIde further Important constraints, however the same paleoblOgraphlc zone may extendl
~o over 30°-40° of latitude, so that thIs constraint may not be very precIse.

faCing these dIfficultIes, the author has used four pnnclples In assessing the relIabIlIty of paleomagj
Inetic results and paleotectonic reconstructions of the Chinese continent:

(1) Only hIgh precIsIon paleomagnetIc data ISacceptable. Because the content of ferromagnetIc mln1
~rals In some rocks IS very low and the remanent magnetic field IS very weak, samples may have tq
!lndergo thermal demagnetization many times. Use of the general magnetometer may not be satisfac-I
[ory, and a superconductlng magnetometer may be reqUIred to gIve more satIsfactory results. Result§
OCrom samples collected In areas of folding should be corrected for the dIp of the beds, gIVing an Inj
~reaslng pOSSIbIlIty of error. For more certain results, samples should be collected from a stable blockl
linareas of horizontal strata. Highly dispersed paleomagnetic results should also be used as little as posj
SIble. Data WIth a radIUS of the cIrcle of 95% confidence In the mean dIrection (a9S) of less than 10°
should he used I

IWhere more precise data IS not avatlable, the author has been obhged to use data WIth a large~

~adius of uncertainty. From the 255 determinations given in Appendix 6, 36 % have a9S of more than
10°. In reconstructing the positions of paleocontinents, paleomagnetic data, especially paleomagneticl
k1eclInatlOn and paleolatItude, should be respectedl

(2) SlmI1antles In paleoblOgraphy and geologIcal evolution, the concordance of the onentation of
~eformation in different plates, and of the principal stress orientations of intraplate deformation, andl
Imovement characteristics of plates should also be considered and respected. Taking these factors intg
laccount WIll enable plates to be placed In then most probable relatIve pOSItIOns, at least In an E-WI
khrectlOn.

(3) Movement oflithospheric plates takes place by plastic deformation and flow of the asthenosphere~

[t ISonly pOSSIble for a plate or block to move for a certain dIstance In a partIcular dIrectIOn and the5J
~annot leapfrog over adjacent blocks. From plate movements at the present day, reasonable rates of
rJovements of a plate or block are from a few cennmeters to dozens of centimeters per year. SuggestlOnl
pf more rapid rates of movement should be treated with the greatest suspicion.

(4) China and its adjacent areas are composed of a very large number of small continental block§
Iwhlch developed over theIr long geologIcal hIstory. It IS very dIfficult to reconstruct the pOSItIOns of
rach of these paleocontinental blocks throughout geologIcal tIme. In reconstructing the hIstory of Chlnal
~he following principle is adopted: first to establish the paleo-positions of the largest blocks surroundingl
[he East ASIan continent, Slbena, AustralIa and IndIa, and then to determine the pOSItIOn of the large~

!Jlocks within the Chinese continent, Sino-Korea, Yangtze, Cathaysian and Tarim, and finally to fit inl
IWlth dozens of smaller blocks. ThIS approach forms a sound baSIS for reconstructing the pOSItIOns of th~

paleocontinental blocks through outJ
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IProf. Zhu H helpedthe author for two years, and selected81 studIeson the Chmese continent and It~

ladjacent areas and collected 255 high precision paleomagneticdata from different blocks and differen~

[ectomc penods (AppendIx6) to compIle a senes of paleotectomcreconstructIOns (see Chapters 4 tij
10). Although the ongmal data were collected wIth care, the results are stIlI not entirely satlsfactory.1
II'he kmematlcsof the developmentof the Chmese continent and Its adjacent areas WIll be dIscussedml
Ilater chapters.

[hough the above four principles are used to select paleomagneticdata to reconstruct the position§
pf the paleocontments, the results may stIli be ambIguous, and It IS eVIdent that further research I~

~eqU1red. Research m paleotectomc reconstructIOn IS a purely techmcal process, and breakthroughsml
~he techniquesof paleomagnetismand methodsof paleogeographicreconstructionare required, in order
[0 make Improvements m resultsI

~.4.4 The Dynamics ofBlock Deformation

[I'he study of the mechamsmswhIch have affected the contmental blocks IS based on the collectIOn of
~ata on rock deformation and the establishment of the relationships between magmatism, metamor1
Iphlsm and the kmematlcsof surroundmgplates. It may be possIbleto determmethe ongmal dynamlc§
pf deformation by identifying the orientation and magnitude of the tectonic stress, the temperaturesJ
pressures, depths and geothennal gradIents at the tIme the rock was defonned, datmg the tIme of thij
~plsode of deformatIOn, and then proceedmgto dISCUSS deformatIOn mechamsmsand dynamlcs.1

IStress can be determined with respect to three mutually perpendicular principal stress axes «(jl ,

Imaxlmum compressIOn - shortemng stress aXIs; (j2, mtermedlate; (j3, mlmmum compressIOn - thij
rxtenslOn stress aXIS), (j2 may be equal to or have any value mtermedlate between (jl and (j3. Thij
Imethod of usmg conjugate shear Jomt system to calculate the onentatlOn of the three pnnclpal axe~

pf stress was first proposed by Bucher (1920-1921) and populanzed m the OK by Anderson (1951]
land m RUSSIa by Gzovsk}i (1957, 1975). Now many dltferent types of rock deformatIOn (folds, faults,1
IhneatlOns, fohatlOns and some mIcrostructures) can be used to determme the attitudes of the axes of
prmClpal stress (Wan 1P, 1988)J

~ommonly, stress has been analyzed on the assumptionthat a block is homogeneous.Although thi~

lIS rarely the case,no matter whatever the ongmal tectomc features are, even If there are faults or othe~

lzones of weakness m the basement, the stnke of syn-sedlmentaryextensIOn faults or jomt systems ml
~he overlymgcover wIll be SUb-parallel to the axisof pnnclpal compressrve stress in the newer tectomq
stress field.Extensionalfeatures are favorableconduits for the movement,accumulationand leakage of
~he oil and gas commonlyfound in sedimentarybasins. If faults or shear joint systemsare developedinl
la homogeneousbasement and cover, the strike of syn-sedimentarystructureswill have an angle of 30°
[0 45° to the axis of principal compressivestress. Even if the basement and cover are inhomogeneous,1
~he axis of maximumprincipal compressivestress and the strike of the syn-sedimentaryextension andl
shear faults and extensIOn jomt systemsWIll usually be almostparallel.Actual tectomcsystemsare ottenl
Imore complex. If a simple tectonic model is considered only, tectono-chronology may be overlookedJ
las rock deformatIOn may haveoccurred at severaldIfferentpenods in responseto dIfferentstress fields.
[he considerationof homogeneousmaterials is not a realistic way to resolve structuralproblems.

[n recent tectonic research in the Chinesecontinent,different tectonic systems have been recognizedl
1m dIfferent tectono-stratIgraphIc umts, mfluenced by different tectomc stress fields (Wan '1 P, 1988J
1994).It IS Importantto d1V1de the deformatIOn hIstorymto separatetectomcpenods and tectomceventsJ
land to clarify the kinematicsand dynamicsof each tectonicevent.By comparingthe attitudeof principal
stress axes m each of the tectono-stratigraphIc umts m the Chmese contment, the onentatlOn of thij
principalcompressivestressaxes has been determinedfor each tectonicperiod sincethe Neoproterozoicl
(Fig. 1.5) (Appendix3).1
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putcrops of rocks after the PaleozOIcare wIdespread on the contmental blocks whIch make up Chma,1
so that data is abundant and the orientations of regional stress and the tectonic stress fields can b~

[econstructed, as presented m thIs book. However, outcrops of rocks before the PaleozOic are much les§
rxtenslve. It IS dIfficult to recognize the tectOniC sIgnificance of dIfferent stress onentattons m scatteredl
landhmlted outcrops. Also the crustal blocks have been subject to dIsplacement and rotation, so that 11 I~

rJore dltticult to reconstruct the paleotectonic stress field; much more research IS needed into thIs aspectl
of tectonics.1

IFor the determmatton of the present day onentatton of tectOniC stress vectors, seIsmIC data froml
rarthquake shocks IS used to find fault plane solutIOns(or called earthquake focal mechanism solutlOn).1
[Theprinciples and methods for these determinations will be discussed in Chapter 111

[n tectOniC dynamiCs, It IS not suffiCIentto determme the onentatton of tectOniC stress only, It IS alsq
Inecessary to estimate the strength of the stress. The value of tectonic stress is usually expressed in term§
pf dIfferentIal stress, namely, the dIfference between the values of the maxImum and mInimum prmcl1
pal compressive stress. From expenments in rock mechanics and the transrmssion electron microscopel
(TEM) observations, many researchers have recognized a relationship between ultra-microstructuresl
land magnitude of dIfferentIal stress. Over the last thlfty years, usmg ,[,EM, Wan '['F (1988) has recog1
InIzed that the exammatlon of ultra-mIcrostructures provIdes a satIsfactory method of estlmatmg value§
pf tectonic stress, although the precision of this estimation is so far only semi-quantitative. The ratio of
k1ynamlcally recrystalhzed grams, sub-grams, or dIslocatIOn denSIty shows a stable relatIOnshIp to th~

Imagnitude of differential stress, determined experimentally on natural rock specimens (Durham et al.,1
1977; Nuttal and Nuttmg, 1978; WhIte, 1979; Ross et aI., 1980). Gueguen and Darot (1980) mvestl1
gated the ultra-mIcrostructure of ohvme expenmentally and concluded that mtra-crystal free dlslocatlOnl
klensity structure is most reliable to determine the magnitude of paleotectonic stress. Their conclusion§
Iwereconfirmed by Durham et ai. (1977), Nuttal and Nuttmg (1978) and Wan n (1988, 1989, 1992J
1994, 1997).

IWan I'F and Cao XH (1997) conducted research on several hundred samples of magmatic rocksJ
Imylonites, and vein quartz from Chinese continent, ranging in ages from the Triassic to Early Pleis-I
~ocene. They found that the method of determining the intra-crystal free dislocation density structurel
(hg. 1.9) IS equally SUItable for the study of ductIle and bnttle deformatIOn. In many weakly deforme~

sedImentary, magmatic and metamorphIC rocks, It IS pOSSible to determme the dIfferentIal stress and ani
laccurate isotopic age at the same time. Differential stress values of known isotopic age provide the mosr
rseful data for tectOniC research. Quartz and ohvme m magmatIc and metamorphIC rocks formed dunng
la syntectonic penod are used to estImate dIfferential stress. DIslocatIOns occur very readIly m calclte,1
landthe dIslocatIOndenSIty IS observed eastly usmg '{EM, but ISnot usually used to estimate dlfferentlall
stress values. Clastic quartz from sedimentary quartz sandstones should not be used for the estimationl
pf the magnitude differential stress, as any dislocations may have been inherited from the source rockJ
Ibut It IS pOSSible to use secondary quartz m sandstone formed durmg dIagenesIs.

[I'he mtra-crystal free dIslocatIOndenSIty structures are usually formed dunng the first tectOniC even~

~ollowing crystallization and diagenesis, and the amount of displacement increases along existing disl01
~attons dunng later tectOniC events, wIthout an mcrease m the denSIty of dIslocatIOns (Guo TY and Wag
[F, 1988). Dislocation structures only disappear or change their densities when the mineral is affected b}j
Ilaterstrong metamorphIsm or partial re-meltmg, and the ongmal mmerals re-crystalhze or change mtq
Inew minerals. During multiple tectonic events, where the change in the tectonic setting is not obviousJ
~he intra-crystal free dislocation density structures are not increased by later stages of deformation. Thi§
pbservatlOn has been confirmed many tImes m the MeSOZOIc-CenozOIc rocks m many mtraplate area§
pf Chma (Wan n, 1988, 1994, 1995, 1997). Where deformed rocks have YIeldedISOtOPIC or geologlcall
lages, the intra-crystal free dislocation density provides a suitable method of determining the strength of
Iplate tectOniC stress, espeCIally for mtraplate deformatIOn. However, m subductIOn or colhston zones,1
rspecially those of younger ages, where the rocks may be re-metamorphosed or partially melted in al
rJaJor subductIOn or collISIon stage, new dIslocatIOns are formed in the mmeral, and old dlslocatlOn~

Imaybe re-activated, and in this case, it is very difficult to distinguish new dislocations from old ones.1
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IFlg. 1.9 Intra-crystal free dISlocatIOnof quartz, collected on TEM (1 em on photo equals 1um).

IWhen usmgthe dtslocatlOn denstty (p) m quartz to esttmatedtfferentIaI stress (L1cr), the expenmentall
~ormula, proposed by McCormIck(1980), IS SImIlar to that of actual geologIcalexamples, the formul~

Iwas obtamed by expenments in quartz WIth water,abundantand WIdespread in the Earth's crust. Osmgj
k1ifferent methods, Christie and Ord (1980) concluded that the experimental formula of McCormickl
(1980) was reliable, and WanTF (1988) has confirmedthese results.1

~ecause of the hmltatlonsof researchprojectsand financIal constramts,the author and hIS colleague§
~ave determinedonly 478 samplesof differentialstress from differenttectonicperiods of the Mesozoic-j
K=enozOlc m Chma dunng the last twenty years. The results of these expenments carned out in Chmal
land abroad are compiled in Appendix4.

[I'he magmtude of dIfferentIal stress IS very htde mfluenced by formatIOn temperature, stram rate,1
,"ock charactenstlcs, etc., thus, It settles the dIfficultproblem in usmg data from rock mechamc expen1
Iments to estimate tectonic strength,but it cannot define the time over which the stress operated, i.e. th~
strain rate problem.In contrast with determinationof differentialstress, the magnitudeof straindepend~

Inot only on the strength of tectomsm, but also on the hthology, thIckness of strata, posItIOn on foldl
structures. Local rock deformationcan be studied by taking account of these features, but it is difficult
~o extrapolatethe results to determme regIOnal strain data WIth not only local slgmficance.

[he magnitudeof tectonic stress is an importantand suitablequantitativeparameterfor determiningl
~ectomc strength. A programto estImatethe magmtudeof tectomc stress for whole Chma has onlyJustl
~ommenced. EarlIer research has been dlfected at the chOIce of methods and regIOnal reconnalssancel
k\lot of further research and experimentswill be necessaryto determine tectonic stress magnitudesandl
~heir orientations in different areas and stages for Chinesecontinent.

[[he pnnclples and methods for determmmgrecent quantltattvetectomc stress magmtude,usmg hyj
~rauhc fractunng, WIll be dIscussedin Chapter 11.
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~.4.5 The Chronology of Deformation
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[he major method for establishing the chronology of deformation is still the recognition of unconformi-I
~ies, where un-deformed rocks of known age are seen to overlie, or are adjacent to deformed rocks. Th~
lageof deformatIOn may be determined more exactly by dating methods uSing Isotope chronology. It I§
possible to determine isotopically the age of intrusion or extrusion of igneous rocks, or the age of crys1
~allizatlOn of metamorphic rocks (including the ages of hydrothermal alteratIOn), using single mlnerall
~rystals. However, the dating of fault rocks is much more difficult, because faulted rocks are commonlYI
Imixedup, and formed from rocks of many different ages from both sides of the fault, therefore, "whol~
,"ock"methods of determining the age of fault rocks are usually unreliable. What IS more satisfactory 1~

~o make determination by Ar-Ar, Rb-Sr, Sm-Nb, V-Pb, Re-Os methods of the age of newly crystallizedl
Iminerals (e.g. amphibole, illite, mica, feldspar or quartz) formed during the faulting process. Howeverj
pne has to take care to select those minerals which actually crystallized dunng the faulting, but thiS I§
Iratherdif!iclJItl

lIb sum up, it IS necessary to study tectonics, not only by usmg tradItIOnal geologIcal methods biii
!Jy using comprehensive data derived from studies on biostratigraphy, biogeography, geochemistry, geoj
phySICS and usmg new technologyl

References

IAndersonEM (1951) The dynamics of faulting, 2nd edn. Oiver and Boyd, Edinburgh,
[BallyAW, Scotese CR, Ross MI(1989) North America: Plate tectonic setting and tectonic elements. In:

Bally AW, Palmer AR (eds) The Geology of North Amenca-An Overview. A: pp. I-IS. GSA.
[Bucher WH (1920-1921)The mechamcal interpretatIOn of jOint.J. Geology 28: 707-730; 29: 1-28.
[Bureau of Geology and Mineral Resources of Anhui Province (1987) Regional Geology of Anhui

Province. Geological Publishing House, Beijing (In Chinese WithEnglish abstract).
[Bureau of Geology and Mineral Resources of Fujlan Province (1985) RegIOnal Geology of Fujlanl

Province. Geologlcal Publishing House, Beljlng (In Chinese WithEnglish abstract).
IBureau of Geology and Minerai Resources of FUjJan Province (1992) RegIOnal Geology of Talwanl

Province. Geological Publishing House, Beijing (in Chinese with English abstract).
IBureau of Geology and MineraI Resources of Gansu Province (1989) RegIOnal Geology of Gansij

Province. Geological Publishing House, BeiJIng (In Chinese WithEnglish abstract).
[Bureauof Geology and Mineral Resources of Guangdong Province (1988) Regional Geology of Guang

dong Province. Geological Publishing House, Beijing (In Chinese WithEnglish abstract).
[Bureau of Geology and Mineral Resources of GuangxI Zhuang Autonomous RegIOn (1985) ReglOnall

Geology of Guangxl Zhuang Autonomous RegIOn.Geological Publishing House, Beijing (In Chlnesij
WithEnglish abstract)l

[Bureau of Geology and Mineral Resources of Guizhou Province (1987) Regional Geology of Guizhoul
Province. Geological PUblishing House, BeiJIng (In Chinese WithEnglish abstract).

[Bureau of Geology and Mineral Resources of Hebel Province (1989) RegIOnal Geology of Hebej
Province, BeiJing and hanjln Mumclpality. Geological Publishing House, Beijing (In Chinese wlthl
English abstract).

IBureauof Geology and Mineral Resources of Heilongjiang Province (1993) Regional Geology of Heij
10ngJlangProvince. Geological Pubhshlng House, Beijing (In Chinese wlth Enghsh abstract).

[Bureau of Geology and Mineral Resources of Henan Province (1989) RegIOnal Geology of Provlncel
Henan. Geological Publishing House, Beijing (in Chinese with English abstract).

[Bureau of Geology and Mineral Resources of Hubel Province (1990) RegIOnal Geology of Hubej
Province. Geological Publishing House, Beijing (in Chinese with English abstract).



122 1 Introductjonl

IBureau of Geology and MInerai Resources of Hunan ProVInce (1988) ReglOnal Geology of Hunanl
Province. Geological Publishing House, Beijing (in Chinese with English abstract).

~ureau of Geology and Mmeral Resources of Inner Mongolia Autonomous RegIOn (1991) ReglOnall
Geology of Inner Mongolia Autonomous RegIOn.Geological Publishmg House, Beljmg (m Chmes~

with English abstract )1
IBureau of Geology and MInerai Resources of Jlangsu ProVInce (1984) ReglOnal Geology of Jlangs~

Province and Shanghai Municipality. Geological Publishing House, Beijing (in Chinese with Englishl
abstract).

~ureau of Geology and Mmeral Resources of hangXI Provmce (1984) RegIOnal Geology of Jlangxj
Province. Geological Publishing House, Beijing (in Chinese with English abstract).

~ureau of Geology and Mmeral Resources of Jilm Provmce (1988) RegIOnalGeology of Jllm ProvmceJ
Geological Publishing House, Beijing (in Chinese with English abstract).

IBureauof Geology and MInerai Resources of LiaonIng PrOVInce (1989) ReglOnal Geology of LiaonIng
ProVInce.Geological PubhshIng House, BeijIng (In ChInese with Enghsh abstract).

[Bureau of Geology and Mineral Resources of Ningxia Hui Autonomous Region (1990) Regional Gej
ology of NIngXia HU! Autonomous Region. Geological PubhshIng House, BeijIng (In ChInese wlthl
English abstract).

[Bureau of Geology and Mineral Resources of Qinghai Province (1991) Regional Geology of Qinghai
Provmce. Geological Publishmg House, Bellmg (m Chmese WithEnglish abstract).

[Bureau of Geology and Mineral Resources of Shaanxi Province (1988) Regional Geology of Shaanxil
ProVInce.Geological PubhshIng House, BeijIng (In ChInese WithEnghsh abstract).

IBureau of Geology and MInerai Resources of Shandong ProVInce (1991) ReglOnal Geology of Shan1
dong Province. Geological Publishing House, Beijing (in Chinese with English abstract).

~ureau of Geology and Mmeral Resources of ShanXI Provmce (1989) RegIOnal Geology of Shanxil
Province, Geological Publishmg House, BelJmg (m Chmese WithEnglish abstract).

~ureau of Geology and Mmeral Resources of Sichuan Provmce (1991) RegIOnal Geology of Sichuani
Province. Geological Publishing House, Beijing (in Chinese with English abstract).

IBureau of Geology and Mineral Resources of Xinjiang Uygur Autonomous Region (1993) Regionall
Geology of XInjiang Oygur Autonomous Region. Geological PubhshIng House, BeijIng (In ChInes~

WithEnghsh abstract)1
[Bureau of Geology and Mineral Resources of Xizang (Tibet) Autonomous Region (1993) Regionall

Geology of Xizang Autonomous Region. Geological PUblishmg House, Beljmg (m Chmese wlthl
English abstract).

~ureau of Geology and Mmeral Resources of Yunnan Provmce (1990) RegIOnal Geology of Yunnanl
Province. Geological Publishing House, Beijing (in Chinese with English abstract).

[Bureauof Geology and Mineral Resources of Zhejiang Province (1989) Regional Geology of ZhejiangJ
ProVInce.Geological PubhshIng House, BeijIng (In ChInese WithEnghsh abstract).

K:ande SC, La Brecque JL, Larson RL et al (1989) Magnetic lineatIOns of the world's ocean basms.
AAPG, Tulsa, Oklahoma,

K:andeSC, Kent DV (1992) A new geomagnetic polanty time scale for the Late Cretaceous and Cenoj
ZOIC. 1.Geophys. Res. B 97(10): 13917-13951.1

K:henFJ, Wang XW, Zhang GY et al (1992) Structure and geodynamiC settIng of 011 and gas baSInS Inl
the People's Republic of Chma. Geoscience 6(3): 317-327 (m Chmese WithEnglish abstract).

K=heng YQ (1994) An Introduction to Regional Geology of China. Geological Publishing House, BeijingJ
(mChmese).

K:hl JS (1988) The Study of CenozOic Basalts and Upper Mantle Beneath Eastern Chma (Attachmen~

Kimberlites). China University of Geosciences Press, Wuhan (in Chinese with English abstractj]
K:hl JS, Lu FX, Zhao L et al (1996) 'I he Klmberlites and PaleozOiC Features of Lithosphenc Mantle of

North China Platform. Science Press, Beijing (in Chinese).
K:hnstle JM, Ord A (1980) Flow stress from microstructures of mylOnites: example and current assess-I

ment. J. Geophy. Res. 85(B 11): 6253-6262J



[References 231

K:ondle KC (2001) Mantle Plumes and 'I hw Record In Earth HIstory. Cambndge Umverslty Press,
Cambridge.1

K:uvler G, LatreJile PA(1817)Le Rene AmmalDlstnbue d'apres son OrgamsatlOn, pour Servlf de Bas~

it I'Hlst01re Naturelledes Ammauxet d' IntroductIOn it l'Anatomle Comparee.Tome1.L'IntroductlOnJ
Les Mammifereset Les Oiseaux.Paris: Deterville.540pp. A.T.:comparativeanatomy

lDeng JF, Mo XX, Zhao HL et al (1997) Geotectomc units of China continent on a hthosphenc scal~

since Cenozoic.Earth Science 22(3): 227-232.
lDeng JF, Zhao HL, Wu ZX et al (1992) A mantle plume beneath the north part of China continent andl

hthospheremotIOn. GeoscIence6(3): 267-274 (InChinese wIth Enghsh abstract).
Deng JP, Zhao HL, Mo XX et al (1996) Continental Roots-Plume tectonics of China. Geological

Pubhshlng House, Beljlng.1
purham WB, Geotze C, Blake B (1977) Plastic flow of oriented single crystals of olivine. Part II ,

Observations and interpretations of the dislocation structures. Jour. Geophys. Res. 82(36): 5755--1
5JJJl.

Qdluly J (1949) DlstnbutlOn of mountainbUIlding In geologIctIme.Geol. Soc. Am. Bull. 60: 561-590J
pordlenko IV, Kuz'mln MI (1999) GeodynamIcs and metallogeny of the Mongolo-Transbalkahan re1

glOn. RUSSIan Geology and GeophysIcs40(11): 1522-1538.1
pretener PE (1981) Pore pressure discontinuities, isostasy and overthrusts. In: McClay KR, Price N~

(eds) Thrust and NappeTectomcs. BlackwellSCIentific PubhcatlOn, London.
pueguen Y, Darot M (1980) Microstructuresand stresses in naturally deformed peridotites.Rock Mej

chanics 9(Suppl.): 159-172.1
puo TY, Wan TF (1988) EstimatIOns of paleotectomcstress magmtudeIn Rutog-Burangarea, Westernl

Xizang-Qinghai Plateau, China. Geoscience 12(1):57-66 (in Chinese with English abstract).1
Qzovsky MB (1957)TectomcStress held. In: StructuralGeologySpecial CollectIOn of Geology,vol 6.

GeologIcalPubhshlng House, Beljlng.1
I'30BCKllll MB (1975) OCHOBLI TeKToHo<jJ1l311Kll. (IntroductIOn to Tectonophysics) 113,n;aTeJILCTBO

(Hayka),Moscow(in Russian),
Hsu KJ (1989) TImeand place In Alpine orogenesIs. Geol. Soc. London Spec. Pub. 45: 421=443.
Hutton J (1785) Theory of the Earth. F.R.S.Edinburgand Members of the Royal Academyof Agricul

ture at Parls.
[nrernationalCommissionon Stratigraphy(2004)InternationalStratigraphicChart. 32th IGC, Florence,

Italy.
~Iang CP, Yang JS, Peng BG et al (1992)The Open and Close Structureof Kunlun.GeologIcalPubhshj

mg House, BelJlng.
~Iang CF (1997) Opening-closingtectomcsof Tanm platform.XinjIangGeology 15(3): 193-202.
p JL (1991) Time and specialproblemsof lithospherictectonic evolutionin orogenic belts. In: Annuall

Reports (1989-1990) of Open Laboratoryof LIthosphere Tectomc EvolutIOn, InstItuteof GeologyJ
Chinese Academyof SCIences. China SCIence and TechnologyPress, Belling.

~e Pichon S, FrancheteauJ, BoninJ (1973) Plate Tectonics. ElsevierPublishingCompany, New York~

~I PX, Pang QQ, Cheng ZW,2000. The continentalJurassIc-Cretaceous boundaryand cntlcal stage Inl
northernChina. In: Proceedingsof the Third National StratigraphicalConferenceof China. Geologij
cal Pubhshlng House, BeIJing.

ILi ZX, Powell CM, Trench A (1993) Palaeozoic global reconstructions. In: Long JA (ed) Palaeozoiq
VertebrateBiostratigraphyand Biogeography. BelhavenPress, London.

ILIn JL, FullerM, Zhang WY (1985)PreiJmlnary PhanerozOIc polarwanderpaths for the north and southl
China blocks Nature313' 444=-449J

Lu SN, Li HK, YuHF (2001) Geological events, event sequence and event group. Geological Review
47(5): 521-526 (InChinese WIth Enghsh abstract).

~yell C (1830-1833) Principlesof Geology,vols. 1-3c. 1st edn. John Murray,London.
Ma ZJ, Gao XL (1996) Three global-scale seismotectonics systems and geoid. Journal of Southeast

ASian Earth SCIences 13(3-5): 337-340.



124 1 Introductjonl

IMcCorm1ckJW (1980) TransmIssIOn electron microscopy of experImentally defonned synthetIc quartz.1
Dissertation, University of California, Los Angles.1

McElhmny MW, ValenclODA (1981) PaleoconstructlOn of the Contments. GeodynamIc SerIes. Geoj
logIcal SocIety of AmerIca, Boulder, Colorado.1

Mo XX (1991) Volcamsm and the evolutIOnof 'Iethys m SanJlang area, southwestern Chma. In: Proceed1
mgs of the 1st InternatIOnal SymposIUm on Gondwana DIsperSIon and ASIan AccretIon. KunmmgJ
China.

IMoXX, Lu FX, Sheng SY et al (1993) SanJlang lethyan volcanIsm and related mmerahzatlOn. Geolog1
Ical MemOIrs 20: 267. GeologIcal Pubhshmg House, BelJmg.

Mo XX, Sheng SY, Zhu QW et al (1998). Volcanic-ophiolite and Mineralization of Middle-southern
Part m Sanjlang Area of Southeast Chma. GeologIcal PublIshmg House, BeljmgJ

~uehlberger WR, Tauyers PR (1989) Tectonosynthems and new tectonic map of North America. In:
Abstracts of the 28th InternatIonal GeologIcal Congress. Washmgton DC, USAI

INuttal J, Nuttmg J (1978) Structure and properties of heavIly coldworked for metals and alloys. Met.
Sci 12' 430-437

IPowell CM, L1 lX, McElhmny MW et al (1993) PaleomagnetIc constramts on tlmmg of the Neopro1
terozOlc breakup of Rodmla and the CambrIan formatIon of Gondwana. Geology 21: 889-892.

PressF, Siever R (1974) Earth. 1st edn. W.H. Freeman and Company, San Francisco.
IQlanXL (1996) The nature of the Early Pre-cambrIan contmental crust and ItStectomc evolutIon model.l

Acta PetrologIc a Smlca 12(2): 169-178 (m Chmese WIthEnglIsh abstract).1
Ramsay lG (1985) Folding and Fracturing of Rocks. The Blackburn Press, Caldwell.
IRamsay JG, Huber MI (1991) 'I he technIques of modern structural geology. vol 1: Stram AnalYSIS; voll

2: Folds and Fractures. Academic Press, New York,
~emane J et al (2000) InternatIOnal StratIgraphIc Chart. InternatIOnal CommIssIOn on StratIgraphyJ
~ogers G, Dunmng GR (1991) Geochronology of appmltlc and related gramtlc magmatIsm m the Wes~

HIghlands of Scotland: constraintson the nmmgof transcurrent fault movement. J. Geol. Soc. Londonl
148, part 1: 17-27.

IRoss lV, Ave LHG, Carter NL (1980) Stress dependence of recrystallized-grain and subgrain size inl
olivine. Tectonophysics 70( 1-2): 39-611

IScotese CR, Bambach RK, Barton C et al (1979) PaleozOIC base maps. Journal of Geology (UnIversltYI
of Chicago) 87(3): 217-277~

IScotese CR (1986) PhanerozOIc reconstructIOns: a new look at the assembly of ASIa. Umverslty of
Texas, InstItute for GeophYSICS Techmcal Report, no.66, 54pp.

Scotese CR (1994) Continental Drift, 6th edn. The PALEOMAP Project, University of Texas at Arling
tsm

ISengor AMC (1982) Edward Suess' relatIons to the pre-I 950 schools of thought m global tectOnICs.
Geol. Rundsch. 71(2): 381-420J

ISengor AMC, Natal'm BA (1996) PaleotectonIcs of ASIa: fragments of a syntheSIS. In: Ym A, Hamsonl
'I'M (eds) The Tectonic Evolution of Asia. Cambridge University Press, Cambridge,

IState Bureau of Surveymg and Mappmg (2008) Map of the People's RepublIc of Chma. http:
//www.sbsm.gov.cn. Accessed on 10 Mar 20lOj

ISugisaki R (1976) Chemical characteristics of volcanic rocks: relation to plate movements. Lithos 9(1):
17-301

ISunY, Shen XZ, Liu SH (1982) Preliminary analysis of some chemical determined by comprehensiv~

fault zone at Dayu, JIangxI Provmce. Geochemlca (4): 348-356 (m Chmese WIth Enghsh abstract).
ISun Y, Xu SJ, LIU DL et al (1998) An IntroductIOn of Tectono-geochemIstry m Fault Zones. SClenc~

Press, Beijing.
[fao SL, Wan TF, Cheng J (1999) IntroductIOn to earth sCIence. GeologIcal PublIshmg House, Beljmg.1
[arlIng DH (1985) Problems m PaleozOIC paleomagnetIsm. Journal of GeodynamICs 3(1-2): 87-103.
[I'rewm NH (2002) The Geology of Scotland, 4th edn. I'he Geology SocIety of London, London.1



IR eterences 251

IVan der Voo R (1988) PaleozOIC paleogeography of North Amenacan, Gondwana and mtervernng dlS1
placed terranes: comparisons of paleomagnetism with paleoclimatology and biogeographical patterns.1
GSA Bulletm 100(3): 311-324J

IVan der Voo R (1993) Paleomagnetism of the Atlanlic, Tethys and Iapetus Oceans. Cambndge Umverj
sity Press, CambndgeJ

[vasilivsky HP (1964) Argument about tectonic development and genesis. Translation Collection on
Geology (5): 17-22.

IWan I'F (1988) Paleo-tectomc Stress held. Geologlcal PubiJshmg House, BelJmgJ
IWan TF, Zhu H (1989) Cretaceous-Early Eocene tectomc stress field m Chma. Acta Geologica Smlcal

2(3): 227-239J
IWan TF (1992) Tectomc evolutIOn and stress fields of Shandong Provmce. Geology of Shandong 8(2):

70-101 (in Chinese with English abstract)]
IWan 'I F, Cao RP (1992) Tectomc events and stress fields of Middle Eocene-Early Plelstocene m Chma.

Geoscience 6(3): 275-285 (in Chinese with English abstractj]
~an TF (1994) Intraplate Deformation, Tectonic Stress and Their Application for Eastern China inl

Meso-CenozOIc. Chma Umverslty of Geosclences Press, Wuhanl
IWan TF, Cao XH (1997) Eslimatlon of dlfferenlial stress magmtude m Mlddle-Late 'Inasslc to Earl5J

Pleistocene for China. Earth Science 22(2): 145-152 (in Chinese with English abstract).
IWang HZ (1982) The mam stages of crustal development of Chma. Earth SClences-Journal of Wuhanl

College of Geology (3): 155-177 (m Chmese with Enghsh abstract)]
~ang HZ (1985) Atlas of Paleogeography of China. SinoMaps Press, Beijing]
IWang HZ, LI GC (1990) Comparative Table of InternatIOnal Strata Ages. Geological PubiJshmg House,1

Beijing.
IWang HZ, Yang SN, Lm BP et al (1990) Tectonopaleogeography and PaleobIOgeography of Chma andl

Adjacent RegIOns.Chma Umverslty of Geosclences Press, Wuhan.1
~egener A (1966) The origin of continents and oceans. Dover Publications, New York (first published

at 1924).
IWhlteS (1979) Dlfficullies associated with paleo-stress eslimates. Bull. Mmeral. 102: 210-215.1
IWllson J'I (1970) Contments Adnft: Readmgs from SCientific Amencan. W. H. Freeman and Company)

San franCisco]
~indley BF (1995) The Evolving Continent, 3rd edn. John Wiley Sons, Chichester, New York.
IWoodward NB, Boyer SE, Suppe J (1989) Balaced geological cross-sectIOns. Amencan Geophyslcall

Umon]
IYang WR, Guo TY, Lu YL et al (1984) "Opemng" and "closmg" m the tectomc evolutIOn of Chma.

Earth SClences (3): 39-56 (m Chmese with Enghsh abstract).
IYang WR, Liu YY, Yang ZH et al (1993) Probing into the open and close of Asian continent froml

the new results of paleomagnetism from Qmlmg orogemc belt and the paleoland on both Sides. In:
Chma Workmg Group on InternatIOnal Geological Companson Program. ProJect 321. Growth of
Asia. Seismological Press, Beijing,

IYm A, Nle SY (1996) A PhanerozOIc palmspastlc reconstructIOn of Chma and ItS nelghbormg reglOns.1
In: Yin A, Harrison 'I'M (eds) The Tectonic Evolution of Asia. Cambridge University Press, Camj
bndge.

IYu CW (2003) The Complexity of Geosystems. Geological Publishing House, Beijing.
ghang SH, Li ZX, Wu HC et al (2000) New paleomagnetic results in Neoproterozoic of the north Chinal

block and theJf paleogeographic ImpiJcatlOns.SCience m Chma 0 43(7): 233-2441
ghang WY et al (1959) An Outlme of 'Iectomcs of Chma. SCience Press, Beljmg.
Zhu RX, Yang ZY, Wu HN (1998) Magnetic APWP and block moving of China main blocks in Phanero

ZOIC. SCience in Chma 028: 1-16.1
ghu RX, Tschu K-K (2001) Studies on Paleomagnetism and Reversals of Geomagnetic Field in China.

SClence Press,BeIJmg.



126 1 Introductionl

~hu ZC (1996) ThInkIngon some Importantgeotectonic problems. GeologIcal SCIence & Technologyl
Information 15(4): 1-7 (in Chinese with English abstract)J

glegler AM, Rees PM, Rowley DB et al (1996) MesozOIC assembly of ASIa: constraInts from fosslll
floras, tectOnICS and paleomagnetIsm. In: YInA, HarrIson'I'M (eds) The TectOnIC EvolutIon of ASIa.
Cambndge UnIversIty Press, CambndgeJ



Chapter 21

Tectonics of Archean andPaleoproterozoic (Before 1.8 Ga)

lit IS consIdered that the contmental crust began to form between 4.2 and 3.6 Ga ago. '[ he Archeanl
(4.6-2.5 Ga) and Paleoproterozoic (2.5-1.8 Ga) periods account for more than 60% of the whole of th~
IEarth hIstory. It IS therefore not surpnsmg that the greater part of the present contmental crust, 70%~
80% or more, was developeddunng the Neoarchean (2.8-2.5 Ga) and Paleoproteroz01c (2.5-1.8 Ga).
[The processes for the formation of the continental crust of China were similar to those for the othe~

~ontments on the Earth. Rocks formed dunng the Archean and Paleoproteroz01c occur mamly m thij
Ilower crust, and theIr outcrops form between5% and 8% of the surfacearea of the Chmese contmentJ

~.1 TheEoarchean (EA, 4.6=3.6 Ga)1
'rplanetesimal theory, allumulation model ofthe Earth and the formation ofproto-continental nuclei

[he study of the origin of the Earth is related closely to the study of the evolution of the solari
system as a whole. It 1S beiJeved that the Earth was produced by the accumulatlOn and accretlOn of
iJlaneteslmals, composed largely of the heav1er elements, wh1ch had prevlOusly condensed from thij
solar nebula (Safranov, 1972; Dai WS, 1979). On the other hand, the sun is composed of the lighter
rlements, mamlyhydrogen(70%),hehum (27%)and smallproportlOns of more than 100otherelement§
(3%), WIth a SimIlar composItionto the ongmal solar nebula.

Wherefore the Earth's cornposition IS very dJf"terent from that of the sun, contammg a much hlghe~

proportion of the heavier elements. The Earth's composition has been compared to that of chondriticl
Imeteorites, consideredto be materialoriginallycondensedfrom the solar nebula, the remnantsof whichl
row res1de in the asterOid belt.The mternal structureof the Earth has beendetermmedfrom the veloCltyl
pf deep seismic waves passing through the Earth, compared with laboratory experiments on probablel
~arth materials at high temperaturesand pressures. The Earth, with a similar composition to the othe~

[errestnal planets, IS composed of Fe (34.6%), a (29.5%), SI (15.2%), Mg (12.7%), NI (2.4%), Cal
(2.2%),Al (2.2%),S (1.9%)and more than 100other elements(1.5%).From Rb-SfiSOtOPlc chronologyl
lit has been found that the Earth and most chondrites were formed at 4.55 Ga, more recently Re-O~

Ilsotoplc chronologyhas gIvenan age of 4.57 Ga (Stassen,2005).
k\ccording to the accumulation hypothesis for the origin of the primordial Earth, it is consideredl

[hat the solid Earth was formed by the aggregationof planetesimals*, mainly with the composition of

I' Planetesimals are classified in the same way as meteorites: M-group are iron meteorites; chondrites, i.e. stony mete]
rrites, are made up of chondrules with olivine and pyroxene, surrounded by iron-nickel facies, troilite, and their chemicall
~omposltlOn IS slmdar to ultrabaslc rock. Accordmg to the proportIOn of metallIC Iron and fernc OXIde, chondntes calli
IbeclaSSIfied mto: (l) EnstatIte chondntes (E-group); (2) Ordmary chondntes (H-, [-, [[-group), 10 whIch H-group I§

!ugh ferrous chondntes; [-group IS low ferrous chondntes; [[-group IS the least ferrous chondntes. (3) Carbonaceous
~hondrites (C-group), which can also be subdivided into three types, C- I , C- II , C- ill.
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~hondntlc meteontes, but ICy planetlsmals may have contnbuted components of the atmosphere andl
!lydrosphere.By analogy with the evolutionof the moon, the growth of the terrestrial mass and volumel
resultmg from meteonte Impactand accretIOn occurred exponentiallyover a penod of about 50 mllhonl
[ears (Ouyang ZY et a!., 2002). After 4.0 Ga the number of meteonte Impactsdecreased very rapldlyJ
land the augmentation of the Earth's mass since that time, caused by the impacts, has been only 1025

grams, 1/600of its total mass.This impliesthat accretionof the Earth effectivelyceasedat about 4.0 Ga,1
land the mass and volumeof the Earth has since remained essentiallyunchanged.Todaythe Earth has al
~otal mass of approximately5.976x 1027 grams (Allegre, 1985).Recent studies indicatethat the proces~

pf planetesImal accretIOn was mhomogeneous,rather than homogeneous (Tureklanand Clark, 1969)J
!Based on the resultsof earlier studies,OuyangZY et al. (1995,2002) proposedrecently that the proces~

pf accumulatIOn of the planet Earth could be d1V1ded Into two penods, a penod of Inhomogeneousl
laccretion and multi-periodof accumulation:

II. Proto-Earthwas formed by the accumulatIOn of "gamtstars", wIth a dIameterof more than 3, 0001
Ikm, accretmgto about 70%-90% of the present Earth mass. The gamtstarswere composedof M-grouPI
planetesimals, mainly iron, and L-group planetesimals whose composition was similar to that of th~

rJoon. Dunng the accretIOn and accumulatIOn process the heaVIer matenals sank towards the center ot
[he Earth under the Influence of gravIty. As matenal was continually added to the extenor the pressurel
lincreased, heating the materialsdiabatically, until the interior of the Earth becamelargelyor completely
Imolten. Continual differentiatIOn, with the Sinking of denser matenals towards the centre, and the ns~

pf lighter materialstowardsthe surface,has led to the developmentof the present sphere structureof th~
IEai1li

III""DCCucoe·to~ltCOs"h'-;lg:l:hCCdT;e=ncosl"'tyOC,--'I=ro=nccw=as;;-s=e=g=re=g=a"'te=dT;t=o=w=a=rd:rs"t"'hcoe=ccoen=t=ecorCOofl'Ct"'h=e'E"'a=rt"'h"tCOo'fcoorm=coa=n=lr=o=n-::a=nCld-::n cclc"'k=e:Tl1
1

bch core, whichnowaccountsfor aboutone third of the massofthe Earth's interior.Towardsthe surfaceJ
Ihghter slhcates formed the proto-crust and proto-mantle. Mg-nch slhcates, with a perovsklte crystall
structure and a hIgher denSIty, sank and condensed to form the lower mantle. Low-densIty slhcates,
IWlth a compositronsImilarto lunar rock and nch In rare earth elements (REE),potassium,phosphorusJ
~lfanium and thorium, moved upwards to form a proto-crust, equivalent to the present transition layerl
pt the mantle at a depth ot 400-670 km. The crust, mantle and core of proto-Earth have subsequentlyl
lundergone fractIOnal meltmg,emphas1Z1ng the layeredstructure.On the whole, the Earthhasmamtamedl
la stable gravItatIOnal eqmhbnum and a sphencal structure, smce It was formed at 4.5 Ga.

~. Becausethe upper mantle and crust are laterally inhomogeneousat the present time, it is proposedl
[hat smaller C-groupor [-group planetesImals, with an averagedIameterof 400 km, were accumulatedl
lat a late penod In the accretIOn process to form the outer layers of the Earth. These planetlsmalswer~
partially melted and differentiatedafter they accumulatedon the surtace of the coohng proto-Earth. lh~
Iproto-crust was formed from the partial melting of this proto-upper mantle layer and the process of
fhtterentlatlOn of the upper mantle and crust continuedsince 4.46 Ga.

lIn Allegre's (1985) model the aggregatlveprocess of planetesimals or meteontes was a homoge1
Ineous process and layenng of the Earth was formed by gravItatIOnal differentIatIOn. ThIS model doe§
Inot account for the present lateral inhomogeneityof the crust and upper mantle, but the inhomogeneity
lIS accountedfor In the accretlOn-multlpenod accumulatIOn model (Ouyang ZY et a!., 1995,2002), acj
~ording to the Pb, Nb and 0 isotopic data from Gondwanaand Laurentia and their affiliatedcontinent§
(Turekianand Clark, 1969;Chou et aI., 1983;Newsom, 1990;Jacobsen and Wasserburg, 1984).Many
pther explanationshavebeen offered to resolve this problem, but these will not be discussedhere.

[From his studyof oxygen isotopes,Claytonet al. (1973, 1976, 1983)found that all samplescollectedl
[rom the Earth or the moon lay on the same straight line, with a slope (i.e. the ratio of 8 170 /8 180 ) of
labout 0.52 on a 8 170 -8180 diagram.The Earth, the moonand meteoritesderivedfrom the solar systeml
show a parallel evolution of their oxygen isotopes, with the same slope, but with different intercepts.1
IOn the baSIS of differences In the charactenstlcs of theIr oxygen ISOtOPIC evolutIOn, meteontes can b~

k1ivided into six types (chondriteL, LL, H, E, C2 and C3), and it is believedthat this representsa primaryl
1mhomogeneIty m then chemical composiuon (bg. 2.1).
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!Fig.2.1 Oxygenisotopic composition of three nuclei of Sino-Korean continental proto-block (afterOuyangZY et al.J
fW02, ongmal diagramIrom Claytonet aI., 1973, with permissIOn 01OuyangZY).

DSCN (Dongsheng nucleus): slope- 0.5886,mtercept - 0.0918; CBCN(Clfcum-Bohar contmental nucleus): slope=J
p.5617,mtercept - 0.0103;LFCN (Lmlennucleus): slope- 0.6431,mtercept - 0.4988.

puyang ZY et aJ. (2002) plotted the oxygen tSOtOplC composttton of the vanous nuclet of the Smoj
IKorean protoblock on a 8110-8180 diagram (Fig. 2.1) and found that despite the great difference inl
~he1f ISOtOPiC ages, sometimes as many as 800 Ma, the evolutIOnary trends of the samples are almostl
lall parallel to the trends given by the Earth and the moon. The similarity in their slopes implies that alii
~hese materials originated in the solar system. However, the oxygen isotopic intercepts of DongshengJ
prcum-Bohal and [mfen nuclei (Figs. 2.1 and 2.3) are different. It IS reasonable to Illfer that dlfference~
1m oxygen ISOtOPiC evolutIOn reflect mhomogeneltIes m the ISOtOPiC compositIOn of theu proto-mantlel
source, and were not made during the evolution of crust-mantle system. After their formation, the lith01
sphenc plates contammg these nuclei have been affected by multIphase honzontal movements, so thatl
~heir oxygen isotopic characteristics are not related to those of the mantle that lies immediately beneathl
~hem at present. In addItIOn, samples from North Chllla and A-group chondntes show SImIlar oxygenl
lisotopic evolutionary trends, which indicate that the primitive composition of Sino-Korean Protoblockl
Iwas similar to that of H-group chondrites. In future the oxygen isotope composition of the other Chines~

contmental blocks Will also be studied.
[n the Eoarchean, the Earth was stilI frequently Impacted by meteontes, which repeatedly fracturedl

~he bnttle protocrust, formmg many large craters and causing the upnse of the mantle, with the genera1
~ion of intense volcanic eruptions, accompanied by the escape of volatiles. The volatiles were composedl
Imainlyof C02, helium and water vapor and formed the proto-atmosphere. Below the critical temperaj
~ure, the water vapor condensed into hqmd water to form the pnrmuve ocean (hydrosphere)1

IAllegre (1985) estimated that by 4.3 Ga, approximately three quarters of the core had been formedJ
land the mantle was almost thoroughly solidified, although thermal convection was still intense. Th~

latmosphere had also been formed by 4.4 Ga, with the ongmal mass of about 85% of the present atmoj
sphere, and composed mainly of C02 and C~, but with a temperature as high as 500-600"Cand ani
latmosphenc pressure bemg about 300 tImes the present day pressure, slmtlar to that of Venus.

[n the 1970s, rocks with an age of 3.65 Ga were found among gneisses m the western part of Greenj
Iland. Subsequently, the composition and structure of a metamorphosed conglomerate indicated that itl
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Iwas once a continental sedImentary rock and was collected In the nelghbonng area (lsua) wIth pebble~

giving an isotopic age of 3.77 Ga (Allegre, 1985). Wilde et ai. (2001) reported that detrital zircons withl
Ian age of 4.4=4.2 Ga from Archean sedImentary rocks In northern Austraha and orgamc carbon, formedl
Iby the metamorphIsm of carbonaceous orgamsms, were found In the nelghbonng area. LIU DY (l991J
1992) obtained an age of 3804±5Ma, using the zircon U-Pb method, from a granitic protocrustal rem
rant in the Anshan area of Liaoning Province (123°E, 4JON),and a U-Pb age of 3.72-3.65 Ga from a
k1etrital zircon within gaebhardite (rich chromium mica) quartzite in the Qianxi Group of northeasternl
~ebei Province (118.3°E, 40.2°N), which implies that continental crust existed in north China during!
[he Archean. Proto-crust wIth an age of 3.8 Ga has now been found m many contments (GreenlandJ
North U.S., Canada, East Antarctica, North China and France) (Qian XL et al., 1994).1

~y contrast, no protocrustal uJtrabaslc and basIc rocks whIch could represent the floors of Archeanl
pceans have been found anywhere in the world. Presumably any oceanic protocrustal material whichl
pnce eXIsted has long been subducted and absorbed back Into the mantle. It IS presumed that oceamq
iJrotocrustal rocks formed before 4 Ga would have been slmJlar to the plaglOdasltes of the lunar hlgh1
Ilandsand may be possibly represented by massive anorthosites which occur in many cratons (e.g. th~

ISupenor Province, Canada)l
[t IS beheved that the global protocrust had formed by 3.8 Ga. By that time the dIfferences betweenl

~ontinental crust and oceanic crust had been established, and the surface geological processes of erosionJ
[ransportatlOn and sedImentatIOn had commenced. Imtlally, the temperature of the ocean was very hlghJ
Inearly at boiling point, and the sea water was highly acid and strongly corrosive. In that early periodl
pf the Earth's hIstory weathenng and erOSIOn were much more Intense than at present. In these extremel
~ondltlOns thallophytes began to develop (Allegre, 1985; Bal J et al. 1996; Qlan XL, 1996). In thij
~itwatersland, South Africa, the minerals pyrite and uraninite have been found as clastic grains inl
sedImentary depOSIts, formed at 3.4 Ga. 'I hese mmerals are hIghly unstable m an oXldlsmgenvlronmentJ
Imdlcatmg that both the atmosphere and the hydrosphere were completely deVOId of oxygen at that time.

~.2 Tectonics from Paleoarchean to Neoarchean (PA-NA, 3.6=2.5 Ga]

t--formationof proto-continental blocksand continentalcratonization

[n the 1970s, great progress was made in Paleo-Neoarchean tectonic research by using unstabl~

lisotopic geochemistry to determine the ages of tectono-thermal events. This made it possible to identify
groups of rocks affected by partIcular tectono-thermal events and to arrange them mto a senes of tectonoj
stratigraphic periods according to age (Kroner and Greiling, 1984)1

IFollowlng the suggesuon of Cheng YQ (1994), the tectomc penods and tectono-thermal events Inl
K:hinaduring the Archean in this volume, are named after the areas in which these periods and event§
Iwere first recogmzed. These pen ods are correlated wIth the internatIOnal stratIgraphIc chart (RemaneJ
12000; InternatIOnal CommISSIOn on StratIgraphy, 2004): Paleoarchean tectomc era (PA, 3.6-3.2 Ga) ="1

IQianxiPeriod; Mesoarchean tectonic era (MA, 3.2-2.8 Ga) = Fuping Period; Neoarchean tectonic eral
(NA, 2.8-2.5 Ga) = Wutai Period (Appendix 1.1).

[rhe average chemIcal composItIOn of the present day crust (Holland and TurekJan, 2004) ddj
~ers greatly from the average composmon of the whole Earth. 'I he average crust IS composed of
ISiOl(60.6%), TiOl (0.72%), AIl03 (15.9%), FeOla!al (6.71 %), MnO (0.1%), MgO (4.66%), Caq
(6.41%), NalO (3.07%), KlO (1.81%), PlOs(O.13%)(on web). MineralogIcally the continental crustl
lIS composed prinCIpally of alumlnoslhcates containing oxygen, slhcon and aluminIUm In tectoslhcatij
pr moslhcate structures, and compared WIth the mantle, IS charactenzed by a low Iron and manganesel
content. Continental crust is made up of low density granitic and low femic (Fe and Mg) rocks, pri-
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rJanly granuhte, composed mamly of gramtOlds of the tonahte-trondhJemlte-gramte ('ITG) suue, thij
dominant rock types at the lower crust today, and presumably also in the pastJ

[I'he general rock dlstnbutlOn (FIg. 2.2), lIthologIcal features and ISOtOPIC datIng In the ChInese conj
[inental crust are shown in Appendix I (partial isotopic dating data *). Figs. 2.3 and 2.4. show thatl
R\rchean rocks occur m the Smo-Korean Block (N), Tanm Block ( I'), western and northeastern areas of
~he Yangtze Block (Y), in addItIOn,hIdden Archean basement may be present in the Jlamusl area.1

[Fig. 2.2 Archean and Paleoproterozoic tectonic framework of China (modified after Bai J et aI., 1996, with permission o~

IffiiIT!1

Legend: 1. Belt of tectOnIC actIVIty or collIsIOn zone 10 the PaleoproterozOlc; 2. Archean craton; 3. Inferred oceanIij
Rrust; 4. Boundary of tectonicareal

Name of contmental plate: MalO part of Smo- Korean block (Z); Alxa contmental block (A); Tanm contmental blockl
I(T); main part of Yangtze continental block (Y); Qinling-Oabie-Jiaonan continental block (Q); Cathaysian continentall
block (C); Harbin continental block (H); Junggar continental block (Zh).

Belts of tectonic activity: East Shandong and Liaoning active tectonic belt (1); Qinglong-Luanxian active tectonic beltl
I(L); ShanxI-Hebel nit zone (JJ); Northern Smo-Korean accretionzone (NZ); Southern Smo-Korean accrenon zone (SZ);
Dunhuang-Longshoushan Collision Zone (0); Tianshan-Beishan-Qilianshan Collision Zone (TBQ); Qaidam Collisiof
1Z0ne(CH); West Kunlun-Altun Collision Zone (XK); East Kunlun marginal accretion zone (OK); South Sichuan-Easf
[runnan marginal accretion zone (S); Southern Yangtze marginal accretion zone (SY).

ISaI J et al. (1996)have successfully carned out research on the formatIOnof the Archean contInental1
Inuclei and their movement history. They believe that two types of assemblages can be distinguishedl
lIn the Paleoarchean to Neoarchean rocks of ChIna: (1) GranulIte-gneIss, WIthgranulIte and amphlbolItel

I' Where a source is not specified, all isotope ages are cited from relevant geological monographs of the provinces orl
!hstncts (1984=1993).
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~ Ig. 2.3 Outcropsof Mesoarchean metamorphic rocks m the Chmesecontment (modIfied after Bm J et sr; 1996, WIthl
permissionof Bai J).

Legend: 1. Belt of tectonicactivityor collisionzone in the Paleoproterozoic; 2. Archeancraton; 3. Inferred oceanid
~rust; 4. Boundaryof tectomcareal

11. Daliushubiotite-plagioclase gneissof the FupingGroupin HebeiProvince(standard sectionat ~114.1 °E, 38.8°N),1
!he lowerpartof the ongmal tupmg Group,wItha Zlfcon U-Pbage of 2, 800± 190Ma (WuCH et aI.,2(00); 2. Granulit~
fuld amphibolite rock systemsm the lower part of Anshan Groupat Anshan,Llaonmg,wIth IsOtOPIC age of 3.186=2.8191
pa; 3. Granuliteand amphibolite rock systemsat Qingyuan, Liaoning,with isotopic age> 2.819 Ga; 4. Lower part ofj
~Ianpmg Group, west Liaoning(l19.8°E, 41.4°N) wIth ISOtOPIC age >2.97 Ga; 5. LonggangGroup IsOtOPIC age of 2.971
pa, southJilin (l26.2°E, 42.2'N); 6. Lowerpartof AlxaGroup(> 2.9 Ga), Ningxia(lOS.8uE, 39'N); 7. DiebusgGroup,
Iwith Rb-Sr age of 3.22 Ga, Sm-Nd age of 3.018±O.OS Ga at Ningxia; 8. Upper part of Shuichang Complex, Qianxj
proup >3.0 Ga, Hebel (l18.jOE, 4O.2°N); 9. YIShUl Group, with Sm-Rd total rock Isochron age of 2.997 Ga, located lij
Imlddle Shandong I 18.7°E,35.8°N;10. Kuruktag Group,withageof 3.218Ga, Xmjlang(88-nOE, 41.6=41.8°N) (Chengl
IYQ, 1994); II. KangtmgComplexGroup, wIth Pb-Pb total rock Isochron age of 2.957 Ga, western SIchuan (standarC!
Isection ~102°E, 29-3FN); 12. Biotite-plagioclase granulite and amphibolite in the lower part of the Kongling Group,
~ith western Hubei Province zircon U-Pb age of 2.891 Ga (standard section II FE, 30.8°N) (Li FX et aI., 1987); 13.
~ine isotopicages between3.4 and 2.5Ga identified by usingSm-Ndor U-Pbmethodsobtainedin Fujian(GaoTJ et al.j
1999);14.Gemun Group at the baseof metamorphosed crystallinerocks of QIangtang m IIbet, with smgle gram Zlfcolll
fb IsOtOPIC age of 3.2 Ga, perhapsrelatedto an mdlcatedearlierphaseof metamorphism (WangGZ, 2001).

IlIthofacles; (11) Greenstone belts and) ')G rock surtes,whIch havegreenschIstto amphIbolItelIthofacIes.
[hese assemblages are also found in the other continents throughout the world (Windley, 1995).

pranitic gneiss is the main rock type in granulite-gneiss areas, including Paleo-and Meso-archeanl
k1eep mtruslOns, metamorphosedsupracrustal rocks and the remams of greenstone belts, mcludmg TTOI
[ock sUites. The supracrustal rocks are mamly amphlbohte and pyroxene granuhte, formed from th~

rJetamorphlsm of basIc volcamc rocks, gneiss and leptIte, mamly metamorphosed from dacltltlc andl
[hyolitic protoliths, and biotite plagiogneiss, granulite and aimantine (= magnetite) quartzite. In th~
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supracrustal rocks of western Ymshan, Inner Mongoha, khondahtes, composed mamly of sllhmamte,1
[garnet and aplitic gneiss, granulite, quartzite, marble and metamorphosed sedimentary rocks rich inl

30'

Legend
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0 2

0 3

[2].
90'

30

!Fig. 2.4 Outcrops of Neoarchean metamorphic rocks in the Chinese continent (modified after Bai J et a!., 1996, withl
jiermlsslon of Bm 1).

Legend: 1. Belt of tectOnIC acnvity or colhslOn zone 10 the PaleoproterozOlc; 2. Archean craton; 3. Interred oceanIcl
Frust; 4. Boundary of tectoruc areal

[. QuartzIte, bIOtItegranuhte and amphlbohte ot the WutaI Group 10 ShanxI Provmce formed before 2.55 Ga (stan-I
§ard sectIOn I 133°E, 38.9°N); 2. Tmhua, Dengfeng and Songyang groups ISOtOPiC age of 2.84-2.4 Ga, Henan Provmc~

I(standardsecnon 112-1 13°E, 34"=34SN); 3. Tmshan Group, Shandong Provmce (>2.5 Ga) (1 17-1 17.6°E, 36.2-36SN);1
fi. Wuhe Group (2.65 Ga), northern Anhui Province (l18°E, 33°N); 5. Huoqiu Group (2.7 Ga), western Anhui Province'
1(l16.2°E, 32°N); 6. Jiangxian-Sushiu, Zhongtiaoshan Group on the border between Shanxi and Henan provinces (111-1
112°E, 34.8-353°N) (Wu CH et aI., 2000); 7. Liihang Group, western ShanxI Provmce (I 11-11 1.8°E, 37-38°N); 8.
IUpper part of Fupmg Group, Tmhangshan, western Hebel Provmce (2.48 Ga) (113.8-114.4°E, 383-39°N) (Wu CH etl
laI., 2000); 9. J13plgOU Group, Jlhn Provmce (2.5-2.48 Ga) (126=126.7° E, 42=43°N); IO. Upper part of the Anshan an~

~Ianpmg groups 10 Liaoning Provmce located at 120-123°E, 41°N); II. Jining Group (2.65 Ga) (l12-114°E, 41°N); 12.
~ulashan Group (2.52 Ga), Inner Mongolia nos.no-a 41-4ISN); 13. Alxa Group (2.6-2.5 Ga), Helanshan (l06°E,1
138-39°N); 14. Qianlishan Group (2.6-2.5 Ga), Ningxia; 15. Hongliuxia System (Khondalite system, 2.67 Ga) (Yu HF etl
W., 1998) Dunhuang, Gansu Provmce, Diikandaban Group, wIth ZIrcon age of 2, 412±14 Ma, northern Qmdam (Lu SN,I
"t aI., 2002); 16. TTG system, Kuruktag, north Tanm Block, wIth U-Pb and Sm-Nd ISOtOPiC ages of 3.2 2.58 Ga (89°E,1
fj"ISN) (Bm J et aI., 1996); 17. Teklhktag Gneiss, south Tanm, wIth U-Pb and Sm-Nd ISOtOPiC ages 2.78 2.58 Ga; 18. Mil
IlanGroup, east Tanm (89°E, 39°N) and the Huangyuan Group, north Qmdam, wIth U-Pb age of 2.46 Ga, (101.2°E, 3TNl
I(Wang YS et aI., 1987); 19. Metamorphic tholeiite, Mashan Group, Jiamusi Block, Heilongjiang Province, metamorphid
~ge Ar-Ar method on pyroxene 2.539 Ga (standard section BOSE, 45.3°N); 20. Kangting Complex, western Sichuan!
IZlrcon U-Pb age ot 2.451 Ga; Rb-Sr total rock Isochron age of 2.404 Ga, suggestmg that the group may have been affecte~

!Jy a later tectono-thermal event (standard section 102°E, 29-31 ON);21. Granulite and migmatite, lower Kongling Group,
Iwestern Hubel Provmce, ZIrcon U-Th-Pb age of 2.820=2.165 Ga (I l1°E, 30.8°N); 22. FujIan, Cathaysian contmenta!
Iblock, Sm-Nd or U-Pb ages between 2.8 and 2.5 Ga (Gao TJ et aI., 1999); 23. Gemun Group at the base of metamor-I
phosed crystalline rocks of Qiangtang, Tibet, gave a single grain zircon lead isotopic age of 2.762 Ga, indicating an earlier]
phase of metamorphism (Wang GZ, 2001).1
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lalummmm, have been descnbed (Hal J et aI., 1996). In the Chmese contment, 8 contmental blocks andl
12 activebelts have been recognizedwhich havebeen formed during the Archeanand Paleoproterozoicl
(Fig. 2.2)1

faleoarchean (3.6-3.2 Ga) metamorphtc rocks (Appendtx 1.1) are represented by the lowest rockl
systemof the Qianxi Group (CaozhuangComplex,standard section~118.3°E,40.2°N).They are com1
iJosed mamly of plaglOgranulIte wIth two-pyroxene, hypersthene granulIte in the lower part and pla1
gioamphibolite in the upper part. In the Qian'an area the Sm-Nd isochron age of the amphibolite i§
~3.5 Ga (Cheng YQ, 1994).However, PaleoarcheanmetamorphIcrocks havenot beenobservedwldel~

~

~esoarchean (3.2-2.8 Ga) metamorphicrocksare representedby the biotite-plagioclase gneiss,gran
riite and amphIbolIte rock systemson 14 sites (FIg.2.3; AppendIx1.1).

~eoarchean (2.8-2.5 Ga) metamorphIc rocks are metamorphIc quartzIte,bIOtIte granulIte,amphlboj
IlIte and clastIC rocks m turbIdItefaCIes (FIg. 2.4; AppendIx 1.1). Greenstone belts show a stratIgraphIC]
sequence from baSIC volcanICS, through mtermedlate-acld volcanICS to unmetamorphosedsedIments.
IKomatiite, with an MgO content greater than 18%, can sometimes be found at the base of the basig
IvolcanIcs, whIch are calc-alkalme volcanIC rocks, SImIlar to those formed above subductIOn zones atl
~onvergent plate margms, wIth an MgO content below 14%. The mtermedlate-acldvolcanIC rocks ar~

lalso primarilycalc-alkalinevolcanics. The sediments in the upper part of the successionare mostly im1
Imature turbIdItes and nentlc sedImentsformed m an actIvecontmental margmal tectOnIC envlronmentJ
[ntrusive rocks in these greenstonebelts are granitoidsof the TTG rock suite.1

II'he Archean rock system m North Chma area forms a protoplate wIth a hIgh degree of sedlmentaryl
rJatunty m crustal evolutIOn. Geochemlcally the rocks show a relatIve abundanceof the large radIUS)
positive ion, lithophile elements. In this respect, they are similar to the Siberian Plate but differ froml
[he North Amencan and Gondwananpaleo-plates.The ENd valuesof the baSIC rocks range from +2.2 tij
ff4.3, mdlcatmg denvatlOn from a depleted mantle. On the other hand, the volcanICS show ennchmen~

1m Sr, K, Rb, Ba, 'I h, Ce and P,mdlcatmgthat the magmaswere affected by metasomatism, so that trac~
rlement diagramsresemblethose of island arc volcanics.These featuresdemonstratethat the formationl
pf the continentalcrust was the result of the subductionprocessesbetween ancient oceanic crust and ani
lanclent contmentalplate (Sun OZ, 1990).MetamorphIsm in the Archeanusuallyreachedthe homblend~
land granulite facies, the temperature of metamorphismwas above 700°C and pressure up to 0.6 GPa,1
land the rocks had a flat-lying layeringor foliation (Dong SB et aI., 1986).

[3al J et ai. (1996) dIVIded the North Chma part of the Chma-Koreanprotoplate mto SIX contmentall
Inuclel: Dongsheng (A), ChIfeng (B), Llaonmg-Jllm (C), Lmfen (D), Jmmg (E) and Bohal (F) (FIg.
12.5). The center of each continental nucleus is an area of Archean granulite-gneiss, and corresponds tq
Ian uplifted area of the deep magnetic interface, which was estimated by continuation and filtering of
Imagnetic anomaly (depth 10-18 km; Guan ZN et ai. 1987). Archean greenstone belts surround eachl
pf the contmental nucleI, correspondmgto zones of depreSSIOn of the deep magnetIc mterface (depthl
16-24 km; Guan ZN et al. 1987) and represent paleo-collISIOn zones at the margms of the contmentall
~lUclei (Fig. 2.5). The foliation of the gneisses and that of ductile shear zones in the continental andl
[he subcontmentalnucleIhave CIrcular or arcuate patterns, suggestmgthat the nucleIrotated at the tlm~

pf collIsIOn and accretIOn (Bal J et aI., 1996). 'I he mechanIsm of contmental growth IS depIcted b~

subductIOn of oceanic crust, leadmgto collIsIOn, accreuon and amalgamatIOn of the contmental nucleLI
[he age of formation of the granulite-hornblende lithofacies of the continental nuclei is the Fuping
feriod (before 3.0-2.8 Ga) and the greenstone belts around it were formed in the Wutai Period (2.7-j
12.5 Ga). Reymer et al. (1987) estImated that the rate of accretIOn of contmental crust along the actIvg
Imargins of the Archeancontinentswas 1km3/yr; the rateof accretionfor Chinesecontinenthad a similarl
~

f"""'lg=-."2'.5CCs01:hC:;0"'w~sc;tLha"'tc;tLhe=-=p::lalr:::eccoccco;C:n:-'t"mC:;e=n<Cta:T1ccse;C:g;C:m~e"'n"'tCCs ccar=eccn;C:o"'t=p=er"'f'::ec"'t"'ly=c"'I"'rc;C:u"l=ar=-.T.In=-a::lIT.I"thOCeccpocaTle;C:o=-_ccco=n"'t"'m;C:eC:;n=tsl
lin the world the pattern of lineations is truncated at the margins of the continental nuclei, indicating
~hat they are separated fragments of earlIer paleocontments. 'I hese nucleI subsequently collIded andl
lamalgamated to form the present continents (Condie, 1982, 1994)J
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~'Ig. 2.5 ThedlstnbutlOn of Archeancontmental nucleI10 theSmo-Korean Plate10 NorthChmaandaveragedepthcontoursl
"f the deep magneticmterlace(afterBaJJ et a!., 1996, wIthpermiSSIOn of BaJJ). Data for the deep magneticmterfaceo~
,he aeromagnetic survey, with the filtering magneticanomaly, are from GuanZN et a!' (1987).

Legend: 1. Archeangreenstone belt; 2. UplIft area of the deep magneticmterface, I.e Archeancontmental nuclei; 3.
pepresslOnzone of the deep magnetIc mterlace,I.e.collIsIOn and amalgamatIOn zone;4. Borderof Smo-Korean Plate;5.
Ilnferred fault zone; 6. Archeannft; 7. Borderof Archean contmental nuclell

Continental nuclei:A. Dongsheng; B. Chifeng;C. Liaoning-Jilin; D. Linfen;E. Jining;F. Bohai.

lItIS probable that In additIOnto accretion, growth of the contInental crust occurs by the thIckenIng of
~he crust. The widespread occurrence of high grade Archean metamorphic rocks at the Earth's surfaceJ
lalthough they have undergone intense erosion over a very long period of time, suggests that they ar~

~ontInually being uplifted by thlckemng due to the additIOn of matenal to the continental crust, eltherl
~nternally or at its base (Dong SB, 1986). This may occur by intrusion, by shearing, by overthrusting andl
lunderplatIng of the crust dunng honzontal movements, and also by thIckenIng In transpresslOnal shearl
lzones. By these mechanisms the granitic crust expands vertically, bringing high grade metamorphicl
~ocks to the surtace (Hunter, 1981;Sun OZ, 1990;QIan XL, 1994).'[hIS InterpretatIOn IS supported b~

[he results of the Global Geoscience Transect (GGT) (Edltonal Board of Geoscience Transect, Chlnal
ISeismological Bureau 1991,1992;Yuan XC, 1990;Wu OJ et aI., 1991,1998),which showed that th~

~ower crust is dominated by horizontal layered structures, in contrast to the complexity of deformation
seen In outcrop and In seismic sections of the upper crustJ

~n early studies of the Archean, the continental nuclei were Identified as uplifted "mantled gnels~

klomes" (Eskola, 1949). Gneiss domes were described in Dabieshan (Ma XY and Cai XL, 1965;Cal
1965,1979)and at Fuplng In the Talhang area (Tan et aI., 1993)In China. Many of these gneiss dome§
larenow Interpreted as layered structures related to ductIle shear defonnatlOn and crustal vertIcal accre1
[IOnby underplatIng In zones of extensIOn (Qlan XL, 1996).

from studies of strontium, neodymium and lead isotopes, it is now considered that the Archean
~ontlnents were constructed by accretion at the margins of the paleo-continental nucleI. However, th~

Ipresent-day continents show evidence ofthe continual recycling since the Proterozoic of older continenj
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~al materials (Reymer et aI., 1987; Allegre, 1989; Yelzer, 2005). Although more than 70%-80% of thij
lareaof present-day continents was formed initially during the Archean, this material has been reworkedl
k1urlng younger colhslOn cycles (Goodwm, 1991; Qlan XL, 1994). By contrast, only a mmor amount of
Inew material has been added to the contments smce the Archean]

hom Paleoarchean to Neoarchean, the Chmese contmental crust had Its own terrestrial thermall
regime. According to Grambling (1981), over 4 billion years ago, global heat production was 5 times
lits present value, and at the end of Archean it doubled the present value. The temperature of formaj
~ion of Archean granulite globally was over 750°C, and the pressure was 0.41 GPa (this estimatedl
Ivalue of pressure may be too low), the depth of formatIOn was 14 km, and the geothermal gradlen~

Iwas therefore 54°C/km. However, in the Chmese contmental crust, the average formation temperaturel
pf granulite, mainly from the Mesoarchean, was 827°C, the pressure was 0.95 GPa, and the averagel
k1epth of formation was 32 km (AppendIx 1.1). If the Earth's surtace temperature was BoaC, then thij
average geothermal gradient was 22.2°C/km (Appendix 1.1). The above average values were calculated
~rom II measurements. If the temperature at the Earth's surface was O°C at that time, then the average
geothermal gradIent was 25.8°Clkml

~n the Neoarchean the maximum temperature for the formation of hornblende was 714°C, averagel
pressure was 0.81 GPa, and average depth of formatIOn was 27.5 km. If the mferred surface temperaturel
pf the Earth was 100°C at the end of Neoarchean, the average geothermal gradIent was 24.2°C/km.
[rhese average values were calculated from 47 measurements (AppendIx 1.1). If the temperature at thij
~arth's surtace was O°C at that tune, then the average geothermal gradIent was 26°Clkml

[I'hese results all show that the geothermal gradIent of Chmese contment m the Archean was onlyl
Ihalf the global value estImated by Gramblmg (1981 ), and close to the geothermal gradIent in recentl
~ontinental crust. The Chinese continental crust (mainly the Sino-Korean protoplate) in comparisonl
IWlth the global thermal gradIent was somewhat "cold" dUring the Archean. '1hese data do not suppor~

[he suggestIOn that there was an actIve mantle plume beneath the Chmese contmental crust or thatl
pceamc mantle processes operated at that time, as suggested by Kusky et aI. (2001) and LJ JH et aI.
(2002)~

IFromrecent studies, it is considered that ultrabasic komatiites, found in the lower part of the sequencel
1m greenstone belts, came from hIgh temperature mantle plumes (CondIe, 2001), and were not formedl
Iby the partial meltmg of depleted mantle, as suggested prevIOusly. CondIe (1997, 2001) suggested thatl
~rchean mantle plumes can be distinguished by the following featuresl

(1) Mantle plumes are related to the formatIOn of oceamc plateaus and flood basalts, and have ng
[elatlOnshlp to ocean floor, oceamc Island or Island arc basalts;

(2) Basalts related to mantle plumes have a dlstmctlve chemIcal compOSitIOn whIch can be recogmzedl
linthe w(TFeO)s versus [w(CaO) / w(Ah03)JS diagram, when w(MgO) = 8 %. Mantle plume basalts ar~

Fharacterized by high w(TFeO)sand low [w(CaO)/w(AI203)S]. On the other hand, in the w(Th)/w(Ta~

Iversusw(La)/w(Yb) diagram, basalts related to mantle plumes have been developed only m speCial area~
such as the Superior Provmce of Canada, Austraha, Slberlal

(3) The distribution and components ofkomatiite formed from mantle plumes give information con1
~ermng the changes m the depth and temperature of the magma source WIth time. CondIe (2001) dlsj
Rovered that from 4.0 Ga to 2.5 Ga, komatl1tes show that m the Archean the temperature of the mantlij
k1ecreased from 2,000°C to 1,600"C, and has remained at about I, 600°C since the Proterozoic. Thij
k1epth at which komatiites originated in the Archean mantle was 400-300 km, but since the Proterozoiq
~hey have originated at 200 km. The solidus of komatiite has also changed with time; the solidus dej
Rreased from 14 GPa to 5 GPa, dUring the Archean, and m the last 100 Ma the pressure has been onlyl
13 GPa. Changes m the pressure of the sohdus can change the composItIOn of the sohdus of komatlj
litefrom low aluminium (AI203, 5%-10%) and high w(CaO)/w(AI203) (about 3-1) to high aluminiuml
(Ah03.1O%-15%) and low w(CaO)/w(Ah03) (nearly I)j

Pid the Chinese continental greenstone belts originate from mantle plumes? This is a question t9
lanswer in future study. No one has yet presented any convmcmg eVIdence for mantle plumes in Archean.1
~esearch into this problem only just began in China.
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II'he Archean was the main penod for the formatlOn of banded Ironstone formatlOns, whIch forml
~arge-scale iron ore fields in Anshan, Liaoning and Qian'an, eastern Hebei. In China banded ironstone§
Iwere formed dunng the Archean; elsewhere In the world they were formed commonlydunng the Palej
pproteroz01c·1

IStudy of Archeanoceaniccrust also onlyJust beginS InChina. It IS presumedthat the mostof Archeanl
pceanlc crust has beensubductedand absorbedbackIntothe mantle,so that only small remnants,resem1
!Jlingophiolites, remain in the greenstonebelts. Archeanoceanic crust has been discoveredin the Slav~

IProvlnce m Canada, the Bamptongreenstone beltm South Afnca and In Wyoming In UnitedStates, butl
[hese occurrences lack the sheeted dykes and layered gabbros charactenstlc of typIcal ophlOhte sUItes.
~lthough some researchers(Kuskyet aI.,200I; Li JH et aI.,2002) havereportedArcheanophiolitic,andl
pceanlc crust and podlform chromltltes wIth a nodular texture g1V1ng an age of 2.5 Ga In DongwanzlJ
Hebei, this evidence is not yet conclusiveand is still contested. Many geologicalresearchers (Zhai Mq
~t a!., 2002; Zhang Q, et a!., 2003) havepOinted out that: (I) the mantle pendotlte and harzbourgltetec1
~onlte, descnbed by Kuskyet a!' (2001) and LIJH et al. (2002), are not recognizableas oceanic mantle.
[hese rocks are virtuallycomposedof Fe-rich pyroxeniteand amphibolite,and are not in direct contactl
IWlth a gabbroUnit. ZhangCH et a!' dIscoveredthat the gabbromtrudedmto the Mesoproteroz01c systeml
pf that area, and formed In Tnasslc (personalcommunlcatlOn); (n) pnmary blOtlte rarely occurs In gabj
!Jrosin ophiolite sections; (iii) the reported sheeteddyke swarmsare not actually sheeteddyke swarms,1
Ibecause they do not showeIther symmetncal or asymmetncal chIlled borders.The dykes are composedl
pf pyroxeniteand amphibolite,which do not represent a maficmagma; the geochemistryindicates thatl
~hey are probablyformed In an Intraplatetectonic setting, and are not related to an ophlOhte; (IV) unhkij
[JodJlorm chromltltesm ophlOiJte sections, the chromltltes assocIatedwIth the ultra-maficrocks are en1
bched in Fe and Cr, similar to chromitites from Fe-rich ultramaficrocks in the continental nuclei, and
(v) there IS no comprehensIve geochemIcaldata to demonstratethat the rocks In the Dongwanzlarea arij
PphlOhtlc.

II'he best eVIdence against the interpretatIOns of Kusky et aI. (200I) and L1 JH et aI. (2002) IS baslq
[geologIcal data. The "sheeted dykes" are only a few 10 cm WIde dykelets, spaced every 5-10 m apartl
lintruding into a gabbro dated as Mesozoic (Zhang CH's personal communication),which also intrudedl
Ilnto Mesoproteroz01c system. But the Re-Os datmg of the chromltltesas Archaeanprobably means thatl
la few chromlte-Iayeredserpenumtes may be of Archaeanage, but not adding up to a completeophlOiJtel
suite,

N~occrm=CCarrllY~ltC'l~s--ccccoccnC'sl--'dccercce~d'"'trhCCat"I"'1fcce-,ccreccpccreccsCCeCCnOCte~dnbCCyCCt<Th-Ce--ccCCyCCaCCnoCCp"'hCCy~tCCaccaccnd-.--ccrhlrco-croccp"'hCCy~tCCa,-dreccvccelrco--cpcceCTd~ln~thcc;ij

faleoarchean (3.5 Ga) In oceans whIchwere at a hIghtemperature,In condItIOns whIchare found todayl
pnly In submanne "black smokers". At thIS time It IS supposed that volcaniC acnvity released largel
guantities of C02 into the atmospherewhich formed an anoxic reducing environmentnear the Earth'§
SI.lIiaceJ

CratonizatIOn of Archean continental crust In northern China IS consIderedto have occurred abou~

13-2.7 Ga (FIg.2.5). In Datong,Jmmg and Xmghe, Neoarcheanor Paleoproteroz01c sedImentary rocksJ
Inow representedby khondalitesand are inferredto have been depositedunconformablyon a TTG gran1
luhte complex,formed at 2.8 Ga (Qlan XL, 1996, 1997).After cratOniZatIOn, baSIC diabase dyke swarm§
lintruded into fractured brittle crust. No deformation or metamorphismhas occurred subsequently andl
~he Archeancontmentalcrust has remamedstable over a very long penod of tune,

IUnmetamorphosed and undeformed Mesoproterozoic dyke swarms are widespread in the Sinoj
IKorean continentalblock, indicatingthat cratonizationwascompletedduring the Neoarchean-Paleoproj
[eroz01c. It seems that for many geologIcal phenomena m the world, such as the Kaapvaal Craton ml
ISouth Afnca, the Zimbabwe Craton, the BaltiC shield In northernEurope, the Supenor Province In thij
K:anadian Shield in North America, and the WestAustralian shield,cratonizationoccurred much earlierl
Ithan In North China. 'Ihese cratons became cratonlzed between 3 and 2.6 Ga. 'Ihe ISOtOPiC age of thij
kIyke swarms In the Supenor Province IS 2.6-2.7 Ga, earher than the dyke swarms0, 700-1,100 Ma]
Ii.Ii:IJlJ.lliL
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IAccordmg to SuglsakJ (1976) the rate of movement of crustal blocks can be calculated from thij
~hemical composition of magmatic rocks which were intruded or extruded at times. The rates of movej
Iment of the Chmese Archean contmental blocks have been calculated mamly for the North Chmesij
lbIocks (AppendIx 1.2). ExtensIOn veloclttes mdlcated by the composItIOn of basIc and ultrabaslc rock§
~s 0.7-0.88 cmlyr in the Early-Middle Neoarchean periods, and about 0.5 cmlyr in the Late Neoarchean,
Rates of shortening reflected by intermediate-acid magmatic rocks are 4.1-5.9 cm/yr at the end of the
INeoarchean. Because of the scarcity of data, we cannot define exactly the time at which extension wa§
replaced by shortenmg.

~.3 Tectonics of the Paleoproterozoic (PP, 2.5-1.8 Ga,Liiliang Period)

Fnjting-depresszon, amalgamatIOn andjormation oj the unifiedcrystallme basementoj Smo-Koreanl
Continental Protoplate

lIn the inner and marginal zones of the Archean granulite blocks and greenstone belts, intense erosionl
pccurred during the Paleoproterozoic period, and thick deposits of volcanic-sedimentary supracrustall
rocks were formed. Compared wIth the Archean, m the Paleoproteroz01c, rocks were formed m a dJfferj
ent diagenetic environment and were deformed in a different tectonic style.

~n the Sino-Korean continental protoplate there is an angular unconformity between the Archeanl
system and the overlymg PaleoproterozOIc system. The Ltiliangshan m ShanxI Provmce (I I 1.5°E, 37~
138°N; I m FIg. 2.6) IS the standard area for the PaleoproterozOlc of Chma. ThIs tectolllc event is calledl
~he Liihang Iectolllc Event, and the penod IScalled the Liihang Penod (Cheng VQ, 1994). I hIs ISnotl
OChe same as the "Liiliang movement", descnbed earher by Lee IS (1929) and Ma XY (1957). In thij
~utai area there is another famous tectonic event, perhaps equal to LiiIiang Tectonic Event, called th~

IHutuoTectolllc Event (Ma XV, 1956; Cheng VQ, 1994; 2 m FIg. 2.6). 'I he Liihang Tectolllc Penod I§
sometimes known as the Hutuo Period (2.3-1.8 Ga; National Commission on Stratigraphy of China,

~
k\ccording to International Commission on Stratigraphy (Remane et aI., 2000; International Commisj

sion on Stratigraphy, 2004), the Paleoproterozoic can be divided into 4 periods: Siderian, PPI, 2.5-2.~

pa; Rhyaclan, PPz, 2.3-2.05 Ga; Grosman, PP3, 2.05-1.8 Ga; Stathenan, PP4, 1.8-1.6 Ga. However)
lin China the ages of the protoplates have not been determined in sufficient detail to divide the Paleoj
proterozoic into four periods. The Siderian (PPI, 2.5-2.3 Ga) is the period in which super large iron or~

k1eposlts were developed worldwide, but at that time bedded Ironstone deposits were not developed ml
China.

II'he ulllfied Smo-Korean and Ianm cratons were finally consohdated to form a ulllfied metamor1
j5hlccrystalline basement at 1.8 Ga (~1.9-1.75 Ga, Zhat MG, 2004). The Chang cheng System IS thij
lfirstsystem to be formed from supracrustal sedImentary rocks and was deposIted after 1.8 Ga. A clearl
klistmctlOn can be made between the crystalhne basement and ItS sedImentary cover, so that 1.8 Ga I~

~aken as an important time boundary, separating the latest Paleoproterozoic from the Mesoproterozoic~

~nternationally the Statherian (PP4, 1.8-1.6 Ga) is used as the equivalent of the Changchengian Period
1m Chma. A time boundary at 1.6 Ga, recoglllzed mternatlOnaIly, has not been Identtfied m North Chma,1
but a similar boundary can be recognized in the Yangtze and Cathaysian protoplates (Bai, et aI., 1996)
(Fig. 2.6; Appendix 1.3).

lAsin other protoplates worldwide, the Paleoproterozoic in China includes three types of rock assemj
Iblage(CondIe, 1982; Wmdley, 1995):1

(I) Low matunty flysch formatIOns wIth feldspar-quartz, sandstone-shale and magnesian carbonate§
~ontaining stromatolites, accompanied by continental tholeiites with a total thickness of about ten kil01
Imeters. 'I his type of assemblage occurs m the North Hebel-ShanxI nft-depresston belt (JJ), in the maml
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iJart of Smo-Korean contmental block (Z) and m the Jmodong-East Llaonmg active belt 0) (hg. 2.6).1
ISuper large magnesite, ascharite and ludwigite ore deposits, rare elsewhere in the world, occur in Eastl
OC"laomng. 'I hese deposits were formed m a typIcal mtertldal flat sedImentary envIronment, the matenal§
pngmated from the erosIOnof magnesmm-nch Archean volcamc rocksJ

[Fig. 2.6 Tectonic framework of the Paleoproterozoic of China(modified afterBai J et aI., 1996,with permission ofBai J).

Legend: 1. Belt of tectomcacnvity or colhslOn zone in the PaleoproterozOlc; 2. Archeancraton; 3. Inferred oceamcl
FfUst; 4. Boundary01 tectomcareal

K:ontmental plates: [he mam part of the Smo-Korean (2); Alxa contmental block (A); [arlm contmental block (1);
~ain partof the Yangtze continental block(Y);Qinling-Dabie-Jiaonan continental block(Q); Cathaysian continental block]
I(c);Harbmcontmental block(H); Junggarcontmental block(2h).

Belts 01 tectomcactlVlty: East Shandong and LIaonmg activetectomcbelt0); Qmgxlan-LuanxIan activetectomc beltl
I(L); ShanxI-Hebel nit zone (JJ); NorthernSmo-Korean accrellonzone (N2); SouthernSmo-Korean accretionzone (S2);
[Junhuang-Longshoushan colhslOn zone (0); Tlanshan-BelShan-QIIlanshan colhslOn zone (TBQ);QmdamcolhslOn zon~

I(CH); WestKunlun-Altun collisionzone (XK); East Kunlunmarginal accretionzone (OK); South Sichuan-East Yunnarj
marginalaccretion zone (S); Southern Yangtze marginal accretionzone(SY)!

II. Luliangshan in Shanxi;2. HutuoGroupin Wutaishan, NE Shanxi;3. Kangding Groupin westernSichuanProvince'
1(~102°E, 300N); 4. Kongling Group, Huanglin, western Hubei Province, age 2.37 Ga (~lllOE, 30.S0N); 5. Feidongj
proup, Anhui Province, age 1.99Ga (~117.5eE, 3I.seN); 6. Oahongshan Group, Yunnan Province, Sm-Nd model ag~
fl.0-1.9 Ga (WuMD, 1988);7. Dlancangshan Group, Yunnan Provmce,age 2.037Ga; 8. Gaohgongshan GneIss, westeITj
IYunnan Provmce,Nd modelage 2.218Ga (ZhongOL et aI., 1999);9. XmgzlGroup,Lushan,JIangxlProvmce,mcon UJ
fb dIlutIOn age 2.2-2.0 Ga (~115.geE, 29.5'N); IO. Kuanpm andTaowan groups,MIddleQmlmg; II. Tongbm Complex,1
age 2.41S Ga; 12. Yunkai Group, Luoding, Guangdong Province; 13. Longhai-Shen'ao area, east Fujian Province; 14.
~adu Group, SW Zhejiang Province; 15. Mayuan Group, NW Fujian Province; 16. Hupiqiao granite gneiss, Oonghail
I(East Chma Sea); 17. WellXY I, Xlsha (Parace!) Islands,Nanhm Islands (SouthChma Sea); 18. [mlugegramte, mcolll
~-Pb age, 1.668Ga, Yushan, Taiwan Province.1
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(2) Calc-alkahne volcamc-turbldlte senes, wIth some banded Ironstone formatIOn, occurrmg in thij
~astern part of the northern margin of the Sino-Korean protoplate and on the margins of the Tariml
protoplate. The thIckness of thIs senes IS up to 5 kllometers.1

(3) BImodal volcamc-turbldlte senes IS composed maInly of basIc and aCId volcamc rocks, wlthl
pelItIc-arenaceous turbIdites and carbonates In the upper part of the sequence. 1hIs assemblage occur~

pn the southern margm of Smo-Korean protoplate (SZ), in the Jlaodong-East Llaomng active belt, andl
forms the spilite-keratophyre series of the Dahongshan Group in the southwestern part of the Yangtzel
protoplate (S) (Bal J et aI., 1996; FIg. 2.6). In the North Hebel-ShanxI nft-depresslOn belt thIs assem1
IblageIncludes feldspathlc quartzIte, purple or grey-purple phyllIte and slateJ

IThese sedimentary assemblages indicate that the global atmosphere was transformed from ani
pxygen-poor to an oxygen-nch envIronment dunng the PaleoproterozOlc. The rare earth elements (REE)
lin fine clastic rocks are also different in the Paleoproterozoic from those in Archean, a negative EI.j
lanomaly appears, and there was a gradual mcrease m total REE. OtherWIse the trace and REE element~

1m metamorphIc, volcamc and sedImentary rocks in the Archean and the PaleoproterozOlc are almostl
~he same. The composition of basic volcanic rocks plotted on w(Cr)-w(Y), w(Ti)-w(Zr), [w(Ti)/100j
Iw(Zr)-w(V)x3] and [w(TI)/w(V)-w(Nb)/w(V)] dIagrams mdlcates formatIOn m arc and mtraplate envl1
[onments. Values of ENd range from +2.1 to +3.0, IndIcatIng that the volcamc rocks ongInated from al
depleted mantle (Bai Jet aI., 1996).

[[he structure of metamorphIc rocks In the PaleoproterozOIc IS very dIfferent from the planar layeredl
Ipattern in the Archean. Metamorphism in the Paleoproterozoic ranges from middle-high temperaturel
~eglOnal metamorphIsm to low temperature regIonal dynamo-metamorphIsm (low greenschIst to lo\\]
lamphlbohte faCIes). The temperature and the areal extent of metamorphIsm gradually decreased wlthl
~ime, indicating that the rate of terrestrial heat flow was being reduced irreversibly (Zhang SG, 1990)J
k\s thIs metamorphIsm occurred In collISIOn belts, margInal accretIon belts and In nft-depresslOn zone§
IWlthIn the craton, metamorphIc faCIes zones are lInear, SImilar to those In the Archean tectomc belt§
(FIg. 2.2). HIgh amphIbolIte faCIes metamorphIsm appears In collISIOn and margInal accretion belts,1
Iwitha lower grade of metamorphism than in nearby Archean plates, indicating that the regions of highl
heat flow became concentrated in the center of the active belts. Due to the reduced thickness of the crustl
land low heat flow, low greenschist faCIes metamorphIsm occurred in nft-depresslons in the craton (Ball
get aI., 1996)J

~n the Paleoproterozoic, tectonism, like metamorphism, is concentrated in linear collision andl
ImargInal accretIOn belts and nft-depresslOns In the cratons. At the end of Archean the protoplate as-I
sumed a ngld character, and the craton was not subsequently Involved In large scale tectomsm, ductIlij
~eformatIon or tectoruc overpnntmg. WIthIn the craton, Inverted fan-shaped and lInear folds WIthover1
~hrusts developed in rift-depressions. Collision and marginal accretion belts form linear fold belts withl
!lorizontal fold axes in some places, penetrated by ductile shear belts, reflecting kinematic mechanism§
pf honzontal shortenmg and transpressIOn at depth.

IBal J et al. (1996) suggested that after the PaleoproterozOlc tectomc events, the Chmese contmentall
protoplate was divided into five protoplates (Fig. 2.6): Sino-Korean Protoplate, Yangtze Protoplatej
~athayslan Protoplate; HarbIn Protoplate; and Junggar Protoplate. At present, 28 representatIve ISOtOPICj
lageshave been obtained on samples from these protoplates (Appendix 1.3).1

[I'he Smo-Korean Protoplate IS the largest protoplate mcorporated in the Chmese contment. Stablij
plates formed during the Archean include the main part of Sino-Korean Plate [from Erdos, North Chinal
~o the Korean Peninsula (Z in Fig. 2.6), Alxa (A), Qaidam (CH) and Tarim ('I') plates]. Between thes~

plates are actIve tectomc belts whIch were formed by PaleoproterozOlc events, such as the Ounhuang-I
oc;ongshoushan CollISIOn Belt (0; 1.94-2.06 Ga), In the '1Ianshan-Belshan-QllIanshan (TBQ) CollislOnl
!Belt, the V-Pb isotopic age of zircons in some blocks within the Tianshan Belt is 2.0-2.3 Ga, in th~

IQIlIanshanBelt 2.2 Ga, In the margInal accretIOn belt of east Kunlun (OK) 1.85 Ga; and In the Wes~

IKunlun-Altun CollISIOn Belt (XK In FIg. 2.6) 2.46-2.13 Ga.1
K:rystalline metamorphic basement, formed in the Liiliang Tectonic Event (2.5-1.8 Ga), is found al]

round the Tarim Protop1ate, in the Kuruktag in the northeast (1.92-1.8 Ga), the Altun in the southeast, th~
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rI'ekJhktag in the southwest (2.13 Ga) and the Kalpm in the northwest. In the Smo-Korean Plate and It~

ladjacent areas crystalline basement is also developed in the Iiaoliao active belt, i.e. in eastern Shandongl
land eastern Llaomng (J), the Qmgxlan-Luanxlan (L) active belt m northern Hebel, the Shanxl-northl
Hebel nit (JJ), the northern margmal accretIOn belt of the Smo-Korean Plate (NZ), and the southernl
~arginal accretion belt of the Sino-Korean Plate (SZ) (Fig. 2.6), all of which were formed during th~

IPaleoproterozOlc tectomc event. After further fractures the Smo- Korean Protoplate was reconstructe~

[rom crystalline basement by collisions during the LiiIiang Period. At the end of the Paleoproterozoicl
(1.8 Ga) the Smo-Korean Protoplate extended from the 'Ianm Plate m the west to the Korean Penmsulal
1m the east, and survIved untIl the end of the MesoproterozOlc (1.0 Ga).

~haoGC et al. (1998, 2001, 2004) and Wilde et al. (2002, 2004) considered that original Sino-Koreanl
flate was formed by the amalgamatIOn of the eastern and western parts of the plate along the Hengshan~

IWutalshan-'Ialhangshan ColhslOn Zone as first proposed by Bal J et a!' (1996). From the ISOtOPIC ag~

pf thIS tectonothermal event and the degree of metamorphIsm, Zhao GC et al. (1998, 2001, 2004) andl
IWlldeet al. (2002, 2004) beheved that the colhslOn in the Hengshan-Wutalshan- Huhangshan belt wa~
~onnected to the Kola-Karelian Orogenic Belt in the Baltic Shield at the end of Paleoproterozoic. Atl
~hat tIme these two contments are thought to have been adjacent to each other. However, these author~

pald attentIOn only to the formatIOn of the Hengshan-Wutalshan-Talhangshan ColhslOn Zone, whlchl
lis well exposed, but they did not recognize many small stable plates and collision zones with not veryl
good outcrop, or the dIfferences between the northern and southern parts of the ongmal Smo-Koreanl
flate, consequently, their conclusion, recognizing only one collision zone, may be incorrect, and theirl
~ecogmtlOn ISrare m eVIdence to compare wIth Kola-Karehan Orogemc Belt, whIch ISJust a hypotheslsl

IMost researchers accept the existence of an ongmal Smo- Korean Plate, but use dIfferent terms de1
pending on their approaches, e.g. "Asian central axial continental plate" or "North China continentall
plate tectomc domalll" (Wang HZ, 1981; ASIan GeologIcal Map EdItIOn Group, Chllla GeologIcal SCI-I
~nce Institute, 1975), or Tanm-Slllo-Korean Plate (LI CY, 1982, 1984).

II'he major part of the Yangtze Protoplate was some stable blocks formed dunng the PaleoproterozOlcj
pf which many outcrops are found, such as Huanglin, western Hubei Province (Kongling Group, 4 inl
fIg. 2.6), Feldong, AnhUl Provlllce (Feldong Group, 5 III FIg. 2.6), the southern Slchuan-eastern Yunnanl
~arginal accretion belt in the southwest of the Yangtze Protoplate (6-8 in Fig. 2.6) and the marginal
laccretlOnbelt to the southeast of the Yangtze Plate (Xmgzl Group), Lushan, Jlangxl Provmce (9 in FIg.
12.6). Other paleo-blocks have been discovered in western Sichuan Province (Kangding Group, 3 in Fig.
12.6). To the northeast of the Yangtze Plate, there are also the Qlllhng, Wudangshan, Dableshan, haonanl
Iproto-blocks, formed dunng the Archean and PaleoproterozOlc, IllcIudlllg Central Qlllhng (lower ag~

~imit of the Qinling protolith is 2.267-1.987 Ga); the Sm-Nd model ages of the Kuanpin and Taowanl
groups (10 III FIg. 2.6) are all about 2.0 Ga (Lm GH et a!., 1993); Wudangshan wIth a slllgle zlfconl
lage of 2.442-1.967 Ga (data from Tlanjlll GeologIcal and Resource Institute personal commumcatlOn)j
lDableshan where the lower age hmlt of rocks of the Dable Complex IS2.424 Ga; the age of the protohthl
pf the 'Ibngbm complex (11 m FIg. 2.6) IS 2.418 Ga; the U-Pb age of the Susong-Hong' an Group (Q
~n Fig. 2.6) is 2.343-1.85 Ga (Suo ST et aI., 1993). Although the Qinling, Wudangshan, Dabieshan andl
~ laonan blocks are all regarded as Illdependent, theIr geochemIstry shows that they are related to th~

IYangtze Plate. The Yangtze Plate and the Qinling, Wudangshan, Dabieshan and Iiaonan blocks wer~

lfinally amalgamated to form a umform crystalhne basement in the Jmnmg Penod of the NeoproterozOlcl
(Fig. 2.7)1

lin the last two decades, some zircon samples collected from Yunkaidashan (12 in Fig.2.6) in th~

IYunkal Group at Luodmg, Guangdong Provmce m the western part of the CathaysIan Plate gave ani
~b-Sr age of 1.94 Ga (Chen HI et a!., 1993; Zhang BY et a!., 1994). Some PaleoproterozOlc age§
(2.415-1.831 Ga) were obtained from zircons in magmatic and metamorphic rocks in Fujian Provincel
(Gao '1'1 et a!., 1999). There are many outcrops of PaleoproterozOlc rocks (1.73 Ga) III Longhal-Shen'aq
larea, east Fujlan Provlllce (13 III FIg. 2.6) (Huang H et a!., 1990), III southwest Zhejlang Provlllce, Badij
KJroup(14 in Fig. 2.6), with zircon V-Pb age of 1.975-1.878 Ga, in northwest Fujian Province, Mayuanl
Proup (15 III FIg. 2.6) wIth Rb-Sr Isochron of 1.93 Ga. GeologIcal surveYlllg and dnlhng have provedl
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~he existence of a paleoplate, affected by a PaleoproterozOlc tectomc event (Guan SC et aI., 1999; QIaq
ReF et aI., 1990) in the Donghai(East China Sea), Hupiqiao granite gneiss (16 in Fig. 2.6) and Nanhaj
(South ChIna Sea) Islands, where gneiss was found In well XY 1, Xlsha (Paracel) Islands (17 In Fig.
12.6), formIng part of the Cathaysian Plate. From the TaIluge Gramte Yushan, Taiwan ProVInce (18 Inl
fig. 2.6), with zircon V-Pb age of 1.668 Ga, and in the southern part of South China Sea, there ar~

lalso remnants of a paleo-metamorphic crystallIne basement. "hese occurrences show that the ongInal1
K=athaysian continental block was very extensive (Fig. 2.7), and formed a uniform crystalline basemen~

latthe end of the Early PaleozOIc (~390 Ma).
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IFig.2.7 Periodsin the formation of uniformcrystallinebasementin the Chinesecontinentalblocks]

11. fInal penod of formation m the PaleoproterozOlc (before 1.8 Gal: Smo-Korean, Ianm, Alxa-Dunhuang, Mlddl~

RIllan, Qatdam,Altay,Ih-Balchas, Turpan-Xmgxmgxla, Kuruktag, Hongshlshan, Yagan, NorthBayannur, Tuotuoshang
p'ilingol,Songpan-Garze, south Sichuan-east Yunnan, Ailaoshan, Lincang,Zhongdian, Lanping-Simao, Southof Hainan,1
rhengdu, Huangling, Lushan,Feidong, Yunkai-dashan, SouthwestZhejiang-north Fujian,Hubijiao-Yushan uplift,Yushan,
[Iaiwan, North of Gangdise, part of the Himalayan; 2. End of Qingbaikou Period (800 Ma): Yangtze Plate; 3. Sinian
feriod (Pan-Africa Event, 680-513 Ma): Himalayan, Qiangtangand Gangdise,Ergun, Jiamusi-Bureinskij and Xingkail
Fontmental block;4. Late Penod of Early PaleozOIc (~390 Mal: Altay,Ill-northof Balchas,North Qlhan, South QlhanJ
k\ltun,WestKunlun, Qlmantagand Cathaysian, etc.; 5. Ihe end of Late PaleozOIC (260Mal: hanshan-South Dahmggan
Ihng; 6. Late 'Inasslc (205 Ma): Qmhng-Dable, Bayanhar-Western SIchuan-Eastern Yunnan; 7. Late JurassIc (135 Ma):
IWandashan; 8. Cretaceous Penod-Late Paleocene (80=52 Mal: Bangongco-Nujmng; 9. Ohgocene (~30 Ma): Yarlun~
Zangbo.
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[I'he Harbin (H In FIg. 2.6, Songnen-Jmmusl-Buha) and Junggar plates (Zh In FIg. 2.6, Junggar-Eas~
IKazakstan) show evidence of existance of Archean continental nuclei, and around them, are marginall
laccretlon belts of PaleoproterozOic age, e.g. the hamusl Greenstone Belt with a Sm-Nd model age of
12.29-1.99 Ga (Zhao CJ et aI., 1996), and In Kuruktag on the southern margin of the Junggar Plate al
IO-Pbage of 1.92-1.912 Ga was obtalned~

[I'he Yangtze, CathaysIan, Harbin and Junggar plates dId not fonn a uniform crystalhne basemen~

lasthe result of the Liiliang Tectonic Event, which extends from the Neoproterozoic into the Paleozoiq
(FIg. 2.7). If this was the case, It should be possible to find some oceanic crust In these plates and In thij
lakliacent areas (Fig. 2.2). But eVidence IS scarce and the situatIOnneeds to be clanfied by future research.1

~n addition, there are many small continental blocks m Chma (Fig. 2.7), such as the Altay (~900E,1

fl7.9°N), Ili-Balchas (~82°E, 43.9°N), Turpan-Xingxingxia (~94°E, 42.2°N), Hongshishan (~98°E,1

fl2°N), Yagan (~I02°E, 4TN), North Bayannur (~108°E, 42.2°N), Tuotuoshang-Xlhngol (~115°E,1

fl3°N), Ergun (~121°E, 51°N), Xingkai (~134°E, 46°N), Songpan-Garze (~I03SE, 33°N), north
pf Gangdise (~86°E, 30.2°N), Himalayan (~86°E, 29°N), Lincang (~I OOSE, 22.5°N), Zhongdian
(~99.8°E, 27.TN), Lanplng-Slmao (~I02°E, 23°N) and south of Haman (~109.2°E, 18SN) block§
(Fig. 2.7). Many Archean and PaleoproterozOlc ISOtOPiC ages have been obtained from these contlnentall
Iblocks.In later geological penods, perhaps m the PaleozOic, MesozOiC and CenozOic, these blocks andl
~heir adjacent areas were amalgamated to form part of the uniform crystalline basement of China.1

[[he development of the Earth was profoundly mfluenced by tectonic events m the PaleoproterozOlcJ
Hoffman (1988) has suggested that six cratons were amalgamated to form Laurentia, the North Amerj
Ilcan Paleo-continent, dUring a super-continental tectonic event at the end of PaleoproterozOlc (2.0-1.~

pal. The Baltic Craton was shaped after the Kola-Karehan colhslOn at 2.0-1.9 Ga. The Yllgarn andl
filbara continental blocks of Australia also collided and were amalgamated to form the West Australianl
Rraton at the end of PaleoproterozOlc, (Hoffman, 1988). However, there IS stilI msufficlent data concernj
Img thiS PaleoproterozOic global tectonic event.

~ccordmg to present data on the temperatures, pressures, depths and geothermal gradients for thij
[ormation of Paleoproterozoic metamorphic rocks (Appendix 1.3), from samples in 28 areas of China,1
OChe average temperature was 68JUC, average pressure was 0.78 GPa, average depth was 28.5 km. If
average surface temperature is assumed to have been 70°C at that time, the geothermal gradient was
121.4°Clkm.If the average surface temperature is assumed to have been O°C [Frakes (1979) suggested
~hat global glaciation first appeared at 2.3 Ga], the average geothermal gradient of China continental
~rust was 24°Clkm. This value for the geothermal gradient in the Paleoproterozoic is similar to th~

Ivaluecalculated for the Neoarchean, but somewhat lower than the average geothermal gradient m recentl
connncntal crust, and only half the global Archean average geothermal gradient of 54°C/km suggested
!Jy Grambling (1981). From the existing data, one can see that there were no large scale geothermall
lanomalies over most of the Chinese continental plate during the Paleoproterozoic, and no evidence fori
rJantle plumes according to recent data.

However, data in Appendix 1.3 also shows that there was a geothermal gradient of 50-67°Clkm inl
~he Mashan Group in Heilongjiang Province (Cheng YQ et aI., 1994; Jiang JS et aI., 1993). Cheng yq
(1994) studied Songshan greenschist m Henan Provmce on the southern margm of Smo-Korean Plate,
land concluded that the geothermal gradient was 49.5°C/km and m Dableshan It was 48.5°C/km. B)1
studYing an amphlbohte from the southwestern margin of QaJdam, Bureau of Geology and Resourcij
pf Qinghai (1991) obtained a geothermal gradient of 47°Clkm. If these results are reliable, it seem§
~hat there were geothermal anomalies during the Protopaleozoic in four areas: the eastern Heilongjiangl
IProvlnce, the southern part of the Sino-Korean Plate, Dableshan and southern QaJdam. However, thl§
k1ata may stilI be questIOnable.

~ates of movement have been calculated for the Chinese continent in the Paleoproterozoic, using!
Ithe chemical components of magmatic rocks to calculate the rates of plate movement (Suglsakl, 1976j
k\ppendix 1.4). According to the chemical components of ultrabasic and basic rock samples, the rat~

pf extensIOn was less than 1.0 cm/yr. Based on all granitic samples from the Chinese continental crustl
lin Paleoproterozolc, the calculated rate of shortening for all plates was between 4.6-6 cm/yr. It can bij
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seen that the rates of plate movement In the Paleoproteroz01c are sImIlar to rates of movement SInce thij
faleozoic; evidently the same mechanisms of lithosphere plate motion have operated since the Paleoj
proterozOIc. ChemIcal analyses used In these calculatIOns are taken from the reports of the 1 : 200,0001
[eglOnal geologIcal surveys and the regIOnal geology of the proVInces (Bureau of Geology and MInerall
IResources of ProvInces, 1984-1993).

~.4 Discussion of the Thickness of Continental Crust in the Archean and
IPaleoproterozoiq

V\s has been described above, the continental crust was formed mainly during the Archean and Pale01
proterozOIc. AccretIOn of matenal along the margms of the contmental crust and the emplacement of
Imagmatic rocks into the crust depends on the subduction of the oceanic crust beneath the continents.1
K:ondle (1982) suggested that the thIckness of the contInental crust could be calculated from the cheml1
~al composiuon of magmatic rocks occurring at the margins of paleocontInents. PotassIUm (K) conten~

lislow in basalts forming the oceanic crust, and high in continental crust. When subduction and collisionl
kiccur, the K content of the contInental crust ISIncreased. '10 calculate the thIckness of the crust, CondJil
(1982) suggested the "K60 method": the K content of the rocks should be determIned by assumIng thatl
the SiO? content =60%j

K:ondle's (1982) empmcal formula for determInIng the ongInal thIckness of the contInental crust Is:1

K7 (thickness of continental crust, km) - 18.2 x w (K60) +0.45

Iwhere w(K60) IS the K20 content, SI02 IS 60% of crustal rocks. ContInental crust formed SInce thij
faleoproterozoic was mainly recycled earlier crust, so that the relationship between the K content andl
~he thickness of the crust for these later periods is uncertain. The "K60 method" may therefore not b~
lapplicable to Mesoproterozoic and younger continental crust.

[n this volume the chemical composition of samples from representative Archean and Paleoproj
[eroz01c areas has been used to calculate the thIckness of the ChInese contInental crust (AppendIX 1.5).1
IUnfortunately, there are very few outcrops of Paleo- and Meso-Archean magmatIc rocks In ChIna, therej
~ore, data from samples has been obtaIned from only three areas; thIs data ISnot suffiCIent to draw anYI
significant conclusions. Neoarchean data from granitic samples of 9 areas represents the later periods of
Imagmatlsm, the average thIckness of contInental crust was calculated as 66.2 km. Based on the averagel
~omposltlOn of Archean magmatIc rocks In ChIna proVIded by Cheng YQ (1994), the average thlcknes~

pf the contInental crust was 64.89 km (AppendIX 1.5)J
!Based on the average chemical composition of Proterozoic (mainly Paleoproterozoic) granites Pro1

IVlded by Cheng YQ (1994), the average thIckness of the PaleoproterozOlc ChInese contInental crustl
Iwas 62.33 km. Data from baSIC rocks In the early penod of the PaleoproterozOlc from 11 areas glve§
Ian average contInental thIckness of 30.2 km, whJ1e data from gramte In the late penod of the Paleopro1
IterozOlc gIves an average thIckness of contInental crust of 55.9 km. In terms of the analyses presentedl
lIn AppendIX 1.5, although there ISInsuffiCIent data, It seems that the average thIckness of the ChInesij
~ontInental crust was about 60 km In the Archean and the later peflods of the Paleoproteroz01c. 'I hesij
~hickness is comparable to those obtained for other Archean and Proterozoic continents throughout th~
Iworld,which doubles the average thickness of 33 km of the continental crust at the present daYI

~ccordIng to the mIneralogIcal composItIOn of samples from 11 areas of Mesoarchean rocks thelfl
laverage depth offormation was 32 km; calculated from 47 areas of Neoarchean rocks the average depthl
pf formation was 27.5 km (Appendix 1.1); and from 28 areas of Paleoproterozoic rocks the averagel
§epth of formatIOn was 28.5 km (AppendIX 1.3). The Archean and Paleopro terozOlc rocks exposedl
lat the surface during the present day were all formed at depths of about 30 km. This means that onl
laverage about 30 km has been eroded from the upper part of the ChInese contInental crust SInce the latij
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iJeflodsof the PaJeoproterozOlc. In other words, half the thIcknessof contInental crust fonned durIngthij
k\rchean and Paleoproterozoic has now been eroded away,only half of the original thickness remains.1
[I'hls value IS the same as the averagethIcknessof the present day contInentalcrustJ

~vldently, the averagethIcknessof contInentalcrust, formed before the end of the PaleoproterozOlcJ
~as been gradually reduced to ItS present value SInce 1.8 Ga and the area of the continents has notl
changed over that period of time (Fig. 2.6). Continental crust formed before the Paleoproterozoic has
remained essentially stable for the last 1.8 billion years, continually uplifted and eroded, progressivelYI
klecreasIng the thIckness of contInental crust. 'I he average rate of eroSIOn IS exceedIngly slow, onlyl
p.0167 mm/yr. 'I he other half of the contInental thIcknesshas been eroded away and deposItedas sedlj
Iments on the continentalmarginsand on the ocean floors since the Paleoproterozoic,to be incorporatec1
Iback Into the contInentdunng later tectOnIC events,formIngthe more extensIvecontInentsof the presentl
k1ay, i.e. the original thick continentalcrust is now spread more evenlyacross the Earth.

IHowever, It does not mean that the thIcknessof all of the contInental crust has decreased SInce thij
IPaleoproterozOlc. In areas of subductIOn and collIsIOn, or In the areas affected by Intense Intraplatel
k1eformation, the thickness of the continentalcrust may have temporarilybeen increased,but have beenl
IlsostatIcally uplIftedand eroded back to the stable thIcknessof 30 km over peflods of tens of mlllIon~

~
~b-Sr isotopic analyses of Paleoarchean-Neoarchean granitic rocks from North China showed thatl

[heir original 87 Sr/86Sr ratio was 0.7022-0.7060, indicating that the greater part of the granitic materiall
priginated in the mantle (Zhang DQ et aI., 1988).All the original materials which form the continentall
~rust have originated in the mantle. However, this value is slightly higher than the original 87Sr/86Srl
ratIO of 0.7005-0.7020 measured by laboratoflesabroad for the ArcheanIn other contInentsJ

lIn summary,tectonics in Eoarchean (4.5-3.6 Ga) were characterized by planetesimal accumulationl
land the accretIOn and formatIOn of the paleo-contInental nucleI. In the Paleoarchean-Neoarchean(3.6=j
12.5 Ga), protoplates were formed and the contInental crust was cratonIzed. In the PaleoproterozOlcl
(2.5-1.8 Ga), rifting and depressionoccurredwithin the paleo-continentalblocks, formingthe main part
pf Chinese continental crust. Processes of subduction, accretion and collision reunited, reconstituted!
land amalgamated the continental blocks to form the unified crystalline basement of the Sino-Koreanl
~ontInental protoplate,and the other protoplatesof ChInesecontInental crust.1
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Chapter 31

Tectonics of the Mesoproterozoic, Neoproterozoic and
[Early Cambrian (1.8 Ga-513 Ma]

Ihve tectonic pen ods can be dlstmgUlshed in the tectomc evolutIOn of Chmese comment durmg thij
Meso-Neoproterozoic and Early Cambrian: (1) the Changcheng Tectonic Period (Latest Paleoprotero-I
IZOlc-Early MesoproterozOlc, equal to the Stathenan and Calymmlan penods, 1, 800-1, 400 Ma);1
(2) the JlXlanTectomc Penod (Middle-Late MesoproterozOlc, equal to the Ectaslan and Steman penodsJ
1, 400-1, 000 Ma); (3) the Qingbaikou Tectonic Period (or Hnning Period as it is called in Soutf
K:hma, equal to the global 'loman Penod, 1, 000-800 Ma); (4) the Nanhua Tectomc Penod (Cry01
geman Penod, 800-680 Ma); (5) the Smlan Tectomc Penod (Latest NeoproterozOic-Early Cambnanl
~poch, 680-513 Ma) (National Commission on Stratigraphy of China, 2001; International Commission
pn Stratigraphy, 2004).1

k\s the isotope ages obtained so far are not sufficiently precise, the division of the Proterozoic rock§
Imtotectomc penods depends mamly on their sedimentary features and their tectono-magmatic hlstory.1
[n general there IS no correspondence between the boundanes of the tectomc penods and the faunaIj
Ifloral epochs. However, il IS at present Impossible to classify the strata m more detail. In recent year~

lit has been demonstrated that there IS contmUlty m sedimentatIOn between the Smlan and Cambnanl
ISystems (the lime boundary IS about 543 Ma) m many areas of the Chmese contment, with a hiatus ml
kIeposltlOn between the Early and Mlddle epochs of Cambnan. The Smlan lectomc Penod ISthereforel
kIefinedto mclude both the Smlan and Early Cambnan Pen ods (I.e. 680-513 Ma).

IThickness data has been compiled for all the sedimentary systems in China, taken from the regional
geological reports about the 75 admmlstralive provmces. It IS found that the average thickness of sedlj
Imentarysystems IS reduced from 24,000 m m the MesoproterozOic to 600 m m the NeoproterozOic, andl
~hat the rate of depOSItIOn of sedimentary strata was also radically decreased (Appendix 2; hg. 3.1).

[n the South China Blocks the Early Mesoproterozoic is represented only by high grade metamorj
phic rocks, in which the history of rock deformation is not yet properly understood, consequently it i§
Ilmposslble to calculate the thickness of the strata. Recent statlstlcal data provldmg eVidence of change~
1m sedimentary enVlfonments and structure dunng the ProterozOic are denved mamly from the northernl
~hinese continental blocks. Data from South China Blocks reflect mainly sedimentary and structura]
Rharactenstlcs dunng the Middle-Late Penods of Meso-NeoproterozOic. Changes m sedlment thlckj
Iness(Appendix 2) will be discussed in the following section.1

~sing the method of Sugisaki (1976; given in Chapter 1), the velocities of extension or shorteningl
IWlthm the contmental plates m the Meso-NeoproterozOIc have been eslimated, usmg data from 5521
~hemical analyses of magmatic rocks (Appendices 5.1 and 5.2). The tectonic evolution of the Mesoj
NeoproterozOic rocks will be discussed m the followmg sectIOns, beanng m mmd the hmltatlOns m thij
(lata]
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* No data of Taiwanin recent.

IFig.3.1 Rates of sedimentation in sedimentary strata of Meso-Neoproterozoic in the Chinese continent (unit: m/Myr)J

A. Eastern part of Smo-Korean Protoplate; B. Northern Yangtze Plate; C. Southern Yangtze Plate; D. Cathayslaij
flate; E. Dable Qmlmg Block; F.Harbm-Kazilkllstan Block; G. Western part of Smo-Korean Protoplate (Ianm, Qmdam,1
Rilianshan and Alxa Blocks). H. Peri-Gondwanan Blocks.

f3.1 Tectonics ofthe Mesoproterozoic (1, 800-1, 000 Ma,Changchen~
IPeriod-lixianian Period)

'rdepression and formation of the sedimentary cover of Sino-Korean Protoplate, amalgamation of
Yangtze Plate

lOUring the PaleoproterozOlc the Smo-Korean Protoplate developed a unIfied crystallIne basemen~

rxtendmg westwards to Tanm and eastwards to the Korean Penmsula. The first tmportant angula~

~nconformity occurs between the Paleoproterozoic and Mesoproterozoic. In the Changcheng Period
(1,800-1,400 Ma) nft basms developed m many places on the Smo-Korean Protoplate, Ieadmg to th~

k1eposition of the earliest sedimentary cover to rest on the crystalline basement (Fig. 3.2). The sediment§
latthe base ot Changcheng System are separated from the basement by a deeply weathered denudatlOnl
surface, which had been developed over a long period of time. At the beginning of Mesoproterozoicl
~xtensional rift basins were developed, although Sino-Korean Protoplate remained a single plate.1
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!Fig. 3.2 Angular unconfonuity (shown by red line) between the Archean metamorphic system (Ar, amphibolite) withl
IfolIatlOn dlppmgto the left and the MesoproterozOlc sedImentary senes (MP,quartz sandstone) whIchIS the earlIestsedl-I
Imentary sequenceat Yesanpo, L31shul County, HebelProvInce (WangY, 2006,personalcommumcatlOn, wIthpermlsslOnl
fifWang Y).

[rhese nit basms were mvaded by shallow seas which extended between the Tanm and Qaldaml
!Blocks, as well onto the Smo-KoreanProtoplate.ExtenSIOn adjacent to the Qlhanshan Paleoblockprob1
lably led to the formatIOn of oceanic crust in thIS area (FIg. 3.3).1

puring the Jixian Period the Chinese continental blocks inherited the basic tectonic characteristic§
Iwhich had been developedduring the Changcheng Period. Because the data is very limited, these twq
[ectonIcpenods Will be discussed together.1

ISediments of the Changcheng and Jixian Systems are widespread over the whole Sino-Koreanl
frotoplate, from I'anm m the west to the Korean PenInsula m the east. The standard sectIOn fori
[he Changcheng System IS at JlXlan, Tlanjm m north Chma (117.4°E, 40.2°N), formmg a typlcall
~ransgresslve sequence and mcludmg the Changzhougou,Chuanhnggou, Tuanshanzl, Dahongyu andl
paoyuzhuang FormatIOns. I'he lower part of the sequence consists of conglomerate, sandstone andl
shale, while the upper part consists mainly of dolomitic carbonates.The Jixian System, which include§
~he Yangzhuang, Wumishan,Hongshuizhuangand TieIingFormations,is composed mainly of shallow
Imanne depOSits, with alternatmglayers of clastic sedimentand slhceous dolomitiC carbonate.

~n the mainpart of Sino-KoreanProtoplate,from easternLiaoning,Yanshan, Taihangshan, Shandong,
Hebei Plain, Shanxi to east Ningxia (I02-127°E, 34-43°N), the thickness of Meso-Neoproterozoic
strata reduced from 4, 000 m to 600 m m 400 mllhon years. The average rate of sedimentarydeposlj
~lOn was less than 0.01 mm per year. I hIS shows a very httle amount of tectOnIC actIvIty, as rates of
sedImentatIOn are normally 1-5 mfMyr (AppendIX 2, FIg. 3.1, A). In the JlXlan, TlanJm-Chaoyang
paoning and adjacent areas, tidal flat to shallow marine facies was deposited in the NE-NNE trending]
[Yanshan-western Liaoning Rift Basin. The center of this rift system is at Qinglong-Ruanxian (118.8--1
119°E, 39.7=40.5"N), m northern Hebel Provmce (Figs. 3.3, 3.4 and 3.5), where the thickness of th~

~esoproterozolc-NeoproterozOic sediments IS ~ 10,000ml
Bai Jet al. (1996) took samples of siliceous dolomite from the second member of Dahongyu For

Imation deposited in the rift basin, overlying the products of a volcaniceruption. He used the homogej
~HzatlOn of flUld mcluslOns wlthm the mmerals to determme the paleo-temperature, and found a pale01
[emperature of 260°C in the center of the rift basin, while in Chicheng-Yanqingto the NW,the paleoj
~emperature decreased to 150uC. He mferred that m thiS penod hot water spnngs erupted onto the seal
Ifloor from the Qmglong-Ruanxlan Fault.
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~Ig. 3.3 Paleotectomc sketchfor the Mesoproterozoic of Chma (1, 800=1, 000 Ma) (data after Bm J et aI., 1996; Lm BJI
~t aI., 1994, and completedbythe author).

11. Area of erosionon paleocontinental plate; 2.Rift system;3. Shallowseas with sedimentation; 4, Oceaniccrust; 5.
pranitic intrusions; 6. Islandarcs withintermediate-acid volcanicrocks;7. Continental slopewith turbiditesedimentation;1
8. CollIsIOn zoneor boundanesof plates;9. SubductIOn zonemeludmgophIOlIte belt; IO.Stnke-slIpfault; I I. Boundaryofl
!ectonlc provmce; 12.Rate of platemovement; "-" IS rate of extensIOn; "+" IS rate of shortenmg (cri1Jyr). See Appendlcesl
15 I and 5 21

IN marksthe Jiangnansubduction and collisionzone,formedat about 1000Ma.
Divisions of tectonic domains: Peri-Siberian Tectonic Domain (HA= Paleo-Kazakhstan Plate; HR= Paleo-Harbinl

plate); Proto-Sino-Korean Plate Tectonic Domain (TR= Paleo-Tarim Plate; CD= Paleo-Qaidam Plate; SK= Paleo-Sino
IKorean Plate whIchmeludedthe North Chma area, the Korean Pemnsulaand the Alxa Block);Pen-Yangtze Plate Iec-I
ltomc Domam(YZ- Paleo-Yangtze Plate;also meludedthe QmlIng-Dable Block;GS- Paleo-Songpan-Garze Block;CH=J
cathaysian Paleo-Plate); Pen-Gondwanan IectonlcDomam(G)J

In thIS figure, the eastern part of Paleo-Yangtze Plate IS shownto be mdentedmto Smo-Korean Plate m the southeiliJ
IYellow Sea area. This tectonicevent occurredin the Triassic. In a tectonic reconstruction, part of the Yellow Sea in thi§
map shouldbe shownto belongto the Sino-Korean Plate]

N.B.No reconstruction of the positionsof the platesand their boundaries are attemptedin these maps.

IIhe Yanshan-Western Liaoning Rift Basin developed on the Sino-Korean Paleoplate in the Mes01
proterozOIc along an earlIer suture zone whtch formed an eaSIly deformed zone of weakness In th~

k\rchean-Paleoproterozoic crystalline basement. The rift basin had a very low rate of extension. Atl
lIangshan of Hebei, Jixian of Tianjin and Damiao of Hebei (I 17.S-1IS.3°E, 39.6-41.2°N), the rate of
~xtenslOn IS calculated to be only O.I2=0.23 cm/yr, wIth an average rate of 0.2 cm/yr (Hal Jet aI., 1996)1
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[Fig. 3.4 Paleogeographic map of the Sino-Korean Plate in the Early Changcheng Period (1, 800-1, 600 Ma) (after Qiaq
fXF, 2002, wIth permIssIOnof Qlao XF).

11. Area of erosIOn; 2. SynsedImentary fault; 3. Earthquake event accompamed by synsedImentary faultmg (dlstnbu-I
!lOn of selsmltes); 4. FluvIatIle sedIments (fe1dspathlc quartz sandstone); 5. OlfectlOn of nver flow; 6. Area wIth httoraJ
!errugmous sedIments (stromatohte hematIte of Xuanlong type); 7. Aiea of manne transgressIOn (mter bedded shales ani!
!hin sandstones); 8. Open sea, with deep water sediments; 9. Border of country. Q)Yanshan-west Liaoning Rift Basin;1
[STF, East Yellow Sea Transform Fault (formed in the Triassic)J

[f extensIOn had contmued at thts rate for 100 million years, then plate would have been extended b5J
1200 km. However, the length of time over whtch extension of the plate contmued IS unknown~

lIn Shanxi Province, the northwestern part of Hebei Province and at lining (113°E, 41ON), Inner Mon
[golia,during the Proterozoic a basic dyke swarm on a very large scale intruded the Archean crystallin~

Ibasementand the weakly metamorphosed Early ProterozOic sediments. The dommant dlfectlOn of stnkij
pf the dykes IS NNW-SSE (m present day coordmates). About 20 samples from thiS dyke swarm havij
been dated isotopically and gave ages ranging from 1,700 to I, 100 Ma (Zhang C et aI., 1996, 1998j
~hao GC, 2004). The lengths of the dykes range from several thousand meters to dozens of kilometers~

land the Width from several meters to dozens of meters. The denSity of dykes m the swarm IS normallyl
labout 2-3 per kilometer. Eased on a study of the magnetic fabnc of the dyke swarm, Zhang C et al.
(1998) suggested that the source of swarm lay to the east of the Yanshan-west Llaonmg Rift Easm. I hij
lappearance of a dyke swarm on such a large scale shows that the main body of Sino-Korean Protoplatel
lalready formed a umfied crystalhne basement before the MesoproterozOic. The dykes are due to ENE1
IWSW extensIOnalong an NNW-trendmg zone of weakness wlthm the crystalline basement (these rock§
should not be used in paleomagnetic reconstructions). At the end of the Changcheng Period, i.e. in th~

Ilatetectomc penod of formation of the Yanshan-west Llaomng Rift Basm, the Smo-Korean Protoplatel
Iwas shortened in the NNW direction (also unsuitable for paleomagnetism). From the chemical comj
position of the granites in Liaoning (isotopic age I, 565-1, 305 Ma) and Shachang, Miyun in Beijing!
(I 10-1 18°E, 40oN; with isotopic age of I, 588 Ma), it is found that the rate of shortening was about
16 cm/yr, estimated by the method explained in Chapter I (data shown in Appendix 5.1).1
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[Fig.3.5 Paleogeographic map of the Sino-Korean Plate in the Late Changcheng and Jixian periods(1, 600-1, 000 Maj
I(after Qiao XF,2002,with permission of Qiao XF).

11. Area of erosion; 2. Syn-sedimentary faults with accompanying earthquake events (seismites in the Dahongyu,
paoyuzhuang and Wumlshan fonnatlOns); 3. Volcamc eruption (potasslUm-nch trachyte in the Dahongyu FormatIOn);
H-. Basalt, ErdaogouFormation; 5. Volcanic fumarole in limestoneof the Tie1ing Formation; 6. Lead, zinc, sulphur anc!
iron ore belt; 7. ltdal flats (stromatohtes, lammatedalgal hmestone,dolomIte); 8. Open manne sedIments; 9. Land; 10.
~order of country. (DYanshan-west LiaoningRift Basin;YSTF=East Yellow Sea Transform Fault (formedin Triassic)1

II'heXlOng'erGroup, wIth a thIckness of 19,200m (not sure), was deposIted m the XlOng'ershan Rlftl
~asm (aulacogen) between I, 870 and 1,459 Ma, m northern and western Henan, north hangsu andl
InorthAnhUl (11O-118°E, 32-35°N), along the southern margm of Smo-Korean Paleoplate. A blmodall
Ivolcamcrock system was developed, possIbly related to mtraplate extensIOnal faults, wIth a rate of plat~

~xtension, estimated from the chemical composition of basic volcanic rocks of 0.7 cm/yr. At the end of
~hangchengian Period, shortening occurred at a rate, estimated from granite compositions, of 4.5 cm/yr
(AppendIx 5.1)1

~n the Changcheng and JlXlan penods shallow manne sedIments were deposIted extensIvely on th~

southwestern margin of the Sino-Korean Paleoplate. In the southern part of Erdos (I 06-llOoE, 34--1
136°N), the thIckness of the Meso-NeoproterozOIc sedImentary strata IS about 14,156 m, at DunhuangJ
south of Alxa (95°E, 400N) IS 14,525 m, and 9,662 m at Alxa -Longshoushan (IOO-lOSOE, 37-38°N).
[I'hese sedIments were deposited m a WIdemargmal belt of subSIdence, Witha rate of plate extensIOn,es-I
~imated from the chemical composition of basic volcanic rocks, of 0.5 cm/yr. At the end of Changcheng
fenod, the rate of shortemng m the Erdos area was 7.8-8.2 cri17yr, estImated from the chemIcal com1
Iposition of granites at Alxa Zuoqi. The Xiaomashi granite (1, 079 Ma isotopic age) around Dunhuangl
lindicates a rate of plate shortening of 5.1 cm/yr (Appendix 5.1, Fig. 3.3).

~n the Mesoproterozoic Cha'ertai (106°E, 40.3°N) and Bayan abo (IIOOE, 42°N) Inner MongoliaJ
IBelshan(94-9TE, 41=41.8°N) and Tlanshan 08-noE, 42=43°N) were located on the northern margml
pf the Sino-Korean Protoplate, here the sediment thickness is about 7, 000-9, 000 m. In the Cha'ertaH
[.:angshan zone of subSIdence (> 1, 600 Ma) the transgressIve sedImentary sequence IS composed of
~oarse and fine grained clastic rocks, black shales and carbonates. Coarse clastic rocks near the bas~

pf the sequence have a low matunty, mdlcatmg rapId sedImentatIOn dunng subSidence. I'he clastIcl
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sedIments become tiner and more mature upwards, representmg a change from httoral to shallow mannel
conditionsJ

[I'he earhest sedIments of the Bayan abo Group m the north margmal Bayan abo RIft Basm m th~

ISmo-Korean Plate are Immature terrestnal clastic rocks, and the group IS composed mamly of clastlcl
~ocks and claystones. Bemg hIgher m the sequence the sedIments are mamly lutltes and turbidites, wlthl
shde and slump structures, beheved to be formed dunng the active phase of nftmg. The uppermos~

sediments are mature clastics and carbonates. The deposits in the Bayan Obo Rift Basin reflect rapidl
sedImentatIOn at the margm of the protoplate. I'he nft basm was also the sIte of mtermedlate, alkahn~
ImtruslOn and hydrothermal act1V1ty, followed by the formatIon of super-large depOSIts of rare earthl
~Iements, rare metals and iron ore. The mechanism for the formation of these ore deposits is not very
pear. A popular view IS that hydrothermal flUIds ongmatmg m the mantle moved upwards along fault§
linto a marine basin, via reacting with sea water, precipitating niobium, rare earth elements and ironl
pre depOSIts. These depOSits are mterpreted as the result of sedImentary, hydrothermal and metasomatiC]
processes (Chen H et aI., 1987; Wang J and [I SQ, 1987; Zhm YS et aI., 1999).

["he Bammmlao Group was deposited m the BamalmIao-Wenduermlao area (111°E, 42. I UN) on th~

rorthern margm of Bayan abo RIft Basm. The sedIments are of contmental margm nft type m whIch th~

pongshengmlao sedimentary lead-zmc, sulphur hydrothermal ore-deposits were formed. At the time of
~ifting, the rate of extension was 0.4-0.5 cm/yr. After extension ceased, shortening occurred at the rat~

pf 2.7 ciIl7yr. On the baSIS of the chemIcal composItIOnof the SandaoqIao, Dengkou and Wuhal gramte§
1m Inner Mongoha (centered on IOTE, 40.ZON; ISOtOPIC age of I, 717-1, 500 Ma), and a dlOnte of th~

~ixian Period in the Balunbieli and Bayan Obo basins (isotopic age of 1, 696-1, 681 Ma), at the endl
pf Mesoproteroz01c the rate of plate shortemng in Inner Mongoha ranged between 2.7 and 6.5 cm/y~

(Appendix 5.1)1
~ecently Qlao XF et ai. (1997) found tnloblte detntus at the base of the Yusmhn-hudong Group ml

[he Balyan abo area, and separated OrdOVICIan acntarchs and chltmozoan fossJ1s from the depOSIt. Theyl
~oncluded that the group was of Early PaleOZOIC age. It IS probable that some of the Bayan abo Super1
~arge scale ore-deposits may have been formed in the Early Paleozoic, rather than in the Proterozoicj
this probability requires further investigation.

lIn the Changcheng Penod, the rates of extension in the nft basms around the Smo-Korean Prot01
plate, in Liaoning Province, Bayan Obo, Fangcheng in Henan Province (I I3°E, 33.3°N), the Kuangpingl
Proup in ShaanxI-Henan (l08uE, 34.3°N-I 14uE, 32.2°N), western Qmghng m Gansu (lOouE, 36uN_1

106°E, 34°N) and Qilianshan (96°E, 39.6°N-I03°E, 37°N) have been estimated from the compositionl
pf baSIC volcamc rocks to be 0.45-0.7 ciIl7yr. In the J1X1an Penod, the rate of extensIOn m the nIt basml
pn the northern margin of the Smo-Korean Protoplate mcreased to 0.9 ciIl7yr(Fig. 3.3). In the nIt basm~
pn the northern and southern margins of eastern Sino-Korean Protoplate, rates of sedimentation wer~

15-15 m/Myr,greater than those m the basms m the central part of the plate (AppendIX 2; FIg. 3.1, A).
lIn earher pen ods the Qmdam and Tanm blocks formed the western part of Smo- Korean Protoplate. Inl

[he MesoproterozOic nIt systems formed around these blocks and they became separated from the Smoj
IKorean-Alxa Plate by the Qlhan Paleo-Ocean. At QI11an -Tlanshan, Altun (88UE, 38uN-94°E, 39SN),1
1m the northern part of West Kunlun, north of the MIddle Kunlunshan Fault (76°E, 37SN to 82°E,1
135.8°N), thIck shallow manne to bathyal sedIments were deposIted. At Qlhanshan m Gansu, a senes of
bathyal volcanic rock, carbonates and flysch sediments, with a thickness of 18,543 m, were deposited]
[hese rocks have been metamorphosed in the amphibolite and greenschist facies. In the Tielike area onl
~he northern slopes of West Kunlun, a shallow marine sequence up to 24,871 m thick accumulated. Rate§
pf sedImentatIOn m the Qlhanshan and Kunlunshan are very hIgh, between 10 m/Myr and 19 m/Myr.
IOn the Qaldam and Tanm Blocks the MesoproterozOic sedIments are thmner. On the northern margm of
~he Qaidam Block the sediments are 3, 547 m thick, in the center 8, 354 m and on the southern margin
(m the Xlaomlao Group, ISOtOPiC age I, 666-1, 549 Ma) of East Kunlun (87°E, 36.2°N-96°E, 35.8°N)
16,073 m. On the TarIm Block sedIment thIckness IS5,879 m. Rates of sedImentation m all these areas
lareless than 10 m/Myr (fIg. 3.1 G; AppendIX 2)1
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IRatesof extension around the Tanm Paleoplate in the Changcheng Penod have been estImated froml
~he composition of basic volcanic rocks, and were found to be 0.2-0.4 cm/yr, very similar to rate§
pf extensIOn m the nit basms m the Smo-Korean Protoplate. The hIghest rate of extensIOn m Wes~

IKunlun was 0.7 cIrilyr. BasIc volcamc eruptIOns m Changcheng Penod, m Tlehke and Suhman m th~

[TarimBlock, gave an isotopic age of I, 764 Ma. In Altun, where bimodal volcanic rocks were extrudedl
1m assocration wIth extensIOnal faultmg, the rate of extension was 0.3-0.34 cm/yr. Dunng the JlXlanl
IPeriod, rates of extension in the Tarim Block were similar to those in the Sino-Korean Paleoplate. Inl
IWest Kunlun the rate of plate shortenmg at a late penod m the Mesoproteroz01c, estImated from th~

RomposltlOnof gramtes, was 7.6 cm/yr, but only 3 cm/yr m Altunshan (AppendIx 5.1).1
[The Harbm Protoplate (centered on 127uE, 46UN) was relatively stable m the Mesopro-terozOlc. Inl

[he western part of the Hmggan Lmg area, the thIckness of the MesoproterozOlc sedImentary strata I§
pnly 2, 064 m. In the hamusl area m the eastern part of Harbm and m the southern part of the Harbml
Plate, southeast Jilin Province, the sediments reach 6,000-19,000 m in thickness. In the Changcheng
Period basic volcanic eruptions (1,376 Ma, Rb-Sr method) were controlled by extensional fractures,
pranitic intrusions, such as the Jiamusi granite, occur in the Harbin Protoplate. Recently zircon grain§
Iwerefound in north of Dunhua -Mishan (132°E, 45SN) granite, giving an Ar-Ar isotopic age of 1,13~
~a (Ll JY et aI., 1999).1

[The Kazakhstan-Junggar Plate shows evidence of a moderate amount of tectonic activity in th~

~esoproterozOlc, with sedimentary strata bemg only 9,240 m thiCk. Rates of sedimentary deposltlOnl
pn the Harbin and Kazakhstan-Junggar paleoplates were less than 10 m/Myr (Fig. 3.1 F). By contrastJ
~here was a large amount of tectonic activity in the Dabie-Qinling Block (l16°E, 31ON to 104°E, 35°N),1
kIunng the Mesoproteroz01c and the thIckness of the shght metamorphosed sedImentary strata ISbetweenl
11,400 m and 27,700 m, with rates of deposition being more than 9-37 m1Myr. In the Changchengl
IPenod, the rate of extensIOn m the Dable-Qmhng Block was 0.9 cm/yr and m West Qmlmg was 0.751
RIrilyr. The velOCity of shortenmg of the Dable Block m Late MesoproterozOlc was 5.2 cIrilyr, and thatl
pf the Qinling Block 6.8-7.9 ern/yr.

puring the last ten years 30 isotopic ages have been obtained from metamorphic and granitic rocksJ
linthe Qinling and Kuangping groups. The peak of metamorphic and magmatic activity was in the Jixianl
IPenod, between 1,200 Ma and 920 Ma (LI JHet aI., 1998). A tectOnIC event at ~ 1,000 Ma m the Dable-I
IQmhng Block caused re-metamorphlsm and deformatIOn of the Qmhng Group and metamorphIsm of
~he Kuanping Group, together with the emplacement of a series of basic and granitic intrusions. In the
~udang (centered on 120SE, 32SN) and the Hong'an groups in Dabie, the age ofthe metamorphisml
Iwas also ~ 1,000 Ma (AppendiX 7). It can be concluded that m the Early MesoproterozOlc, the whol~

lDable-Qmhng Block first expenenced extenSIOnal fractunng, followed by colhslOn and shortemng ml
~he last period of Mesoproterozoic. But, because of the limited amount of data, much more work will b~
required to reconstruct completely the tectonic evolution of the Qinling-Dabie area during the Mesoj
j)roteroz01cl

[n South Chma the history of deformatIOn and metamorphism m the MesoproterozOlc metamorphlcl
system (l ,800-1 ,000 Ma) has not been determined, and the rocks have not yet been divided satisfact01
[Iiy. There ISstilI much diSCUSSIOn concermng the age and claSSificatIOn of the rocks, as PaleozOIC strata,1
landeven 'Inasslc blocks have been found (Zhao CH et aI., 1995). The reconstructIOn of paleotectomc§
landpaleogeography of the Mesoproteroz01c of South Chma WIll require a great deal of further research.1

IMetamorphic rocks, formed during the Changcheng Period (1,700-1,200 Ma) in South China, belong]
[0 the Kunyang Group (centered on lO2.TE, 24.7UN) of Middle Yunnan, the Damenglong Group m th~

IAilaoshan (I OJ.3°E, 24°N; isotopic age of 1,436-1 ,367Ma, Sm-Nd method), the Diancangshan Groug
(100.1 °E, 25.8°N; isotopic age of 1,402-1,492 Ma, Sm-Nd method) (Zhong DL et aI., 1998), the Huilj
proup (l02.2°E, 26.7°N) in southwest Sichuan, and the Lower Shennongjia Group in Hubei (l1O.3°E,1
131.4°N). Meta-sedimentary schist from a clastic protohth, and gneiss formed from mtermedlate to aCldl
Ivolcamcrocks of the Baoban Group (109 UE, 19.2UN) m Haman gave metamorphiC ages of 1,800-1,40q
IMa(Wang KF, 1991).
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IMetamorphlc rocks In South ChIna formed dunng the J1X1an Penod (1,200-1,000 Ma), belong tq
OChe Dongchuan Group (lm.3°E, 26°N) of central Yunnan and southwest Stchuan, and the Upper Shenj
Inongjta Group of Hubel. Metamorphic rock systems, formed dunng the Changcheng and J1X1an penj
pds, whtch cannot be dlVlded temporally, are the FanjIngshan Group (108.8 uE, 27.9°N) to the northeas~

pf Guizhou, the Shuangqiaoshan Group (centered on 117°E, 29.3°N) and the Jiuling Group (115°E,1
129°N) of northern of Jiangxi and Hunan, most of the Shennongjia Group in Hubei, the Lengjiaxi Grou~
(centered on I l1SE, 28SN) of Hunan, the ShangxI Group (In.8°E, 29.8°N) of south Anhm, th~

Shuangxiwu Group (1IS.6°E, 2S.S0N) to the west of Zhejiang, the Sibao Group (the standard section at
IOS.9°E, 24.S0N) southeast of Guizhou, north of Guangxi, and the Shenshan Group (l16°E, 2S0N) inl
central Jiangxi~

~t the end of J1X1an Penod the most Important tectomc event In South ChIna was the Sibao Tectomq
~vent, whIch reached a peak at ~1,050 Ma. 'I he angular unconformIty, correspondIng to the Slbaq
[I'ectonIcEvent, IS seen clearly In northern GuangxI, northeast of Gmzhou, Hunan, northern Jlangxl andl
southern Anhui

Most of the Yangtze Plate was tectonically stable in the Mesoproterozoic, including Jiangsu, northj
IwestZheJlang, western Hunan, eastern SIchuan, Gmzhou and eastern Yunnan. The sedIments are notl
Ivery thIck (600-4,000 m), and velOCItIes of the sedImentatIOn were usually below 10 ri17Myr (Fig.
13.lB; Appendix 2). On the other hand, strata are much thicker in the active tectonic belts, 10,490 ml
lat Dabashan and 14,436 m at Chengdu-Xlchang. The hIghest rate of sedImentatIOn In the actIve beltl
Iwas 56.2 ri17Myr (I.e. 0.056 mri17yr). Rates of plate shortemng on the western and northern margIns of
~he Yangtze Plate dunng the J1X1an Penod, estImated from the chemIcal compositIOn of granItes, wer~
fJ.4 cm/yr In Halzhou of Jlangsu, only 2.8 cm/yr In north SIchuan and 5.2 cm/yr In HuanglIng, Hubell
(Appendix 5.1). During the Mesoproterozoic this area was the most tectonically active of all the Chines~

RontInental platesJ
[n the Slbao Tectomc Event at the end of MesoproterozOlc, the South Yangtze Plate was subductedl

land collIded WIth the North Yangtze Plate to form the present Yangtze Plate (Fig. 3.3). 'Ihe JIangnanl
subduction and collision belt (iN in Fig. 3.3) extends to the south of the Yangtze River from southernl
IAnhui,northeastern Jiangxi, northern Hunan and central Hunan to the border of Guizhou-Guangxi, andl
lhen to eastern Yunnan I)ifterent sections of the helt have different tectonic characteristics I he sectionl
lIn southern Anhm and northeast of Jlangxl, has been regarded as a contInent-contInent collISIOn belt, butl
lIS maInly a subductIOn zone, In whIch the rock umts have dIp angles of ~45°towards northwest downl
OCo a depth of 200 km, steepemng at greater depths (Xu Y, 2006). In DexIng of JIangxI, southern AnhmJ
Rold ultramafic rocks were thrust over the collISIOn belt at the end of MesoproterozOlc (Xu B et aI.,1
1992; Shen WC et al., 1992; Zhao JX et aI., 1995). From northern Jiangxi to northern Hunan, the suture
lzonetrends E-W, and seismic tomography shows that the oceanic crust subducted towards the northwes~

(Xu Y, 2006), although thIS IS not clear In the outcrop. In southeast Gmzhou, north of GuangxI, It agaInI
lappears to be a contInent-contInent collISIOn zone. In western Hunan and eastern Yunnan, the suture I~

laslmstral stnke-slIp fault (transform fault; Lm BJet aI., 1993; 1994)1
IThereis evidence for tectonic activity adjacent to the Jiangnan subduction and collision belt in th~

MesoproterozOlc, With thIck sedImentatIOn: 22,778 m In northern JIangxI; 16,261 m In north Guangxlj
land5,092 m In southeast Yunnan. In Late MesoproterozOlc rates of shortenIng adjacent to the JIangnanl
subduction and collision belt were 7.9-6.6 cm/yr, in northern Hunan and northern Jiangxi, Guangxi
rp to S.0-7.S cm/yr, at Motianling (lOS'soE, 25'soN) on the border of Guizhou -Guangxi, 7.S cm/yr.
~ven In the FanjIngshan area (l08.TE, 27.9°N) of Gmzhou, whIch IS several hundred kIlometers to th~

rorthwest of the JIangnan subductIOn-collIsIOn belt, the rates of shortenIng were 7.3=4.7 cm/yr. In th~

~arly Jlxlan Penod (Early Slbao Tectomc Penod), rates of plate extensIOnIn the northern Hunan, Hubej
landthe Guangxi areas, estimated from the composition of basic volcanic rocks, were 0.6-0.7 cm/yrl

[[he eastern part of the CathaySIan Plate, IncludIng southeast Zhejlang, the East ChIna Sea (DonghaI)J
southern Jiangxi, northern and central Guangdong, and the Nanhai Islands in South China Sea area, wa§
relatively stable tectonically. Sedimentary thickness is I ,SOO-6,000m (4,277 m in southeast Hunan, andl
15,501 m In northern Guangdong). Rates of sedImentatIOnIn most areas were 15-20 m/Myr. Sedlmentaryl
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~hlckness IS greater in Fiijiaii, (13,453 m m eastern PUJlan and 18,929 m in western PUJlan) wIth thij
!lighest rate of sedimentation being 41.4 m1Myr.The greatest rate of extension, up to 1.1 cmlyr (Fig. 3.3;1
k\,ppendix 5.1), is found in Zhuji, Zhejiang (l20.2°E, 29.7UN) on the northern margin ofthe Cathaysianl
Plate.

I~I'~h~e~S~o~u~th~Y~a~n~gt=z~e~P~I~at=e~l~s-c~h~ar~a=c~te=r~lz=e~d~b=y~an~a~b=u~nd~a=n=c~e-o~f~t~m=;=t=h~e~C~a=t~ha~y~s~la=n~P~la=te~ls-ch~ar~a~c1

~enzed by an abundance of tungsten. The South Yangtze Plate contains the largest deposIts of tm orij
lin the world. Tin deposits are located in eastern Yunnan, northern Guangxi, and on the borders of Huj
ran, Guangdong and Jlangx1. Only small tm depOSIts occur m the North Yangtze Plate. On the othe~

[land, the CathaysIan Plate has the largest tungsten ore depOSIts m the world, concentrated m southl
~iangxi, northern Guangdong and southwestern Fujian. However, the main period in the formation of
[hese tm and tungsten ore depOSIts occurred dunng the MesozOIC, and the source rocks were formed ml
Mesoproterozoic-Early Paleozoic. Although there are geochemical similarities between tin and tungj
sten, theIr areas of dlstnbutlOn are rather dIfferent. The South Yangtze Plate could be called the "tm-nchl
plate", and the CathaysIan Plate the "tungsten-nch plate". It ISsuggested that thIs may be due to dlfter1
ences in the original compositions of the planetismals, which formed these regions of the Earth.

lin the Mesoproteroz01c (1,800-1,000 Ma), there must have been an ocean between the Cathayslanl
land Yangtze plates, although no ophlOhte complexes have yet been Identified m the Shlwandashan"j
IShaoxing Collision Belt, which was formed along the boundary between two plates at the end of th~

IQmgbalkou Tectomc Penod. Contmental slope and bathyal turbIdIte depOSIts occurred on the margm§
pf the Cathaysian and Yangtze plates and metamorphosed Mesoproterozoic volcanic rocks are commonl
1m adjacent areas.

Where IS no data concernmg the nature and dlstnbutlOn of rocks of Mesoproteroz01c age in thij
IQinghai -Xizang (Tibet) area. It is inferred that shallow marine sediments were widespread around th~

parze-Songpan Plate (l00-104°E, 31.8-32.3°N) and in southern Gangdise (centered on 80oE, 32°N-1
86uE, 300N) whIch form part of the pen-Gondwanan blocks (FIg. 3.3). The thIckness of Mesoproteroj
~oic strata in the Henduan Mountains (97°E, 3I.soN-IOOOE, nON) is 11,651 m at Kangding-Zoige
(l02°E, 30oN-I03°E, 33.3°N), more than 7,900 m in Zhongdian (lOooE, 28°N) and Lanping-Simaol
(from 99.5 uE, 26AuN to 1U1.2°E, 22.7UN) and more than 10,230 m m the Baoshan (99UE, 25UN) tq
~ancang (lOooE, 24°N) area. Rates of deposition of these sediments were 30-40 mlMyr. Recently a
smgle Zlfcon lead Isotope age of 1,111 Ma was obtamed from the GuoganJla'mann Group m the meta1
Imorphlc crystalhne basement of QIangtang m XIzang (from 81°E, 34oN to neE, 32UN). ThIs may bij
[he age of formatIOn of the basaltICprotohth before metamorphIsm (Wang GZ et aI., 2001).

peothermal gradIents dunng the MesoproterozOlc have been estimated by usmg rather mcompletel
~ata from 34 areas on formation temperatures and pressures of the metamorphIc rocks and gramte~

(Appendix 7). Only 4 estimates of geothermal gradients have been collected from metamorphic rock§
formed in the Changcheng Period from the Sino-Korean Plate with an average value of 22.15 "C/kmJ
lin J1X1an Penod (12 values) the average geothermal gradIent in the Smo-Korean Protoplate (4 values~

Iwas 16.3"C/km, in the Qinling -Dabie Block (7 values) was 26"C/km; the highest value of37"C/km wa§
pbtained from the Sibao Group (I value), in the south of the Yangtze River (Appendix 7). Using datal
OCrom MesoproterozOlc magmatIc rocks, the average geothermal gradIent gIven by the ShanxI klmberhtel
(2 values) was 1O.4-15"C/km (Chi JS et aI., 1996), from Wendu'ermiao, in Inner Mongolia (l value)
17"C/km and in Jiangxi (3 values) 20-25 "C/km (Appendix 7)1

IData from Mesoproterozoic rocks obtained so far does not suggest that the geothermal gradient§
Iwere in any way abnormal, although geothermal gradients were lower than the average for presentl
~ay contmental crust. Only the value trom the south of the Yangtze RIver area IS somewhat hlghen
[han normal for the contmental crust. ThIs hIgh gradIent may be due to volcamc act1V1ty related tq
~he formation of the Jiangnan subduction and collision belt, but the possibility of a Mesoproterozoic
Ipaleo-mantle plume cannot be excluded.

[he incomplete data presented above shows that there was only relatively weak tectonic activit}j
~unng the Changcheng and J1X1an pen ods in the Chmese contment blocks, although the blocks werij
Imovingand were affected by intraplate rifting and plate collisions.



13.2 TectOnICS of the QmgbmkouPenod (1,000 800Ma) 61

[I'he matn charactenstlcs of the tectonic evolutIOn of ChInesecomment In the Mesopro terozoic arij
~hat a sedimentarycover was beginning to develop on the Sino-Koreanprotoplate, which was brokenl
rp and divided to three blocks: the maIn SIno-Korean Plate (IncludIng Alxa block), and the 'Ianm andl
IQaldam blocks. The Jiangnan subductIOn and collIsIOn belt formed between the northern and southernl
IYangtze plates, completIngthe amalgamatIOn of these two blocks. CompressIOn and collIsIOn also OC1
~urred between the QInhng-Dableand Yangtze blocks at the end of MesoproterozOlc; the other block~
show only weak tectonic activityJ

lAtter the MesoproterozOlc four tectOnIC domaIns can be dlstIngmshed In the ChInese contInent:
(1) Pen-Slbenan 'IectonIc DomaIn(Paleo-Kazakhstan Plate; Paleo-HarbIn Plate); (2) SIno-Korean 'Iecj
~onic Domain (Paleo-Tarim Plate; Paleo-Qaidam Plate; Sino-Korean Paleoplate, which includes th~

~orth ChIna area, Korean Peninsula and the Alxa Block); (3) Pen-YangtzeTectonicDomaIn (Yangtzel
flate; also includingthe Qinling-DabieBlock; paleo-Songpan-Garze Block; CathaysianPlate); (4) Perij
pondwanan IectOnIC Domam(Fig. 3.3).

~.2 Tectonics of the Qingbaikou Period (1,000-800Ma)

Famalgamation and collision oj continental blocks, jormation oj the unified crystalline basement oj
Yangtze Plate

[rhe ChIna NatIOnal CommissIOn on Stratigraphy (2001) named the penod between 1,000 Ma andl
800 Ma (Early NeoproterozOIc) the QmgbalkouPenod m North Chma. This dlVlslOn IS almost equal tq
~he TonianPeriod (1,000-850 Ma) in the InternationalStratigraphicChart (Remane,2000; International
K=ommission on Stratigraphy, 2004). However, the typical and strongest tectonic events in this periodl
pccurred in South China, and the standard section is located at Jinning, Yunnan; many researchersJ
rspecIally In South ChIna,refer to this penod as the "JInnIngTectonicPenod".

~n the QingbaikouPeriod, the main tectoniccharacteristicsof Sino-Korean,Tarimand Qaidampale1
pplates, IncludIng small blocks, such as the Hualong, Middle QIiIanand northern West Kunlun blocksj
Iwere similar to those in the Mesoproterozoic, although the area of sedimentationwas more extensivel
(Figs. 3.6 and 3.7). The main sedimentarylithologies belonging to the QingbaikouPeriod near Beijing!
1m north Chma are black shales of the XIamalmgFormatIOn, sandstones of Longshan FormatIOn andl
!picritic limestonesof the Jing'eryu Formation,with a Ph-Ph isotopic age of 879-853 Ma (Qiao XiufuJ
1997), equivalent to a late period of QingbaikouPeriod. However, in Recent the zircon SHRIMP is01
[OpIC age (1,327 Ma) of diabase sill, IntrudedIntoXlamalIngFormatIOn, was got (WangTleguan,200Yj
personal communication),if that isotopicage is correct, which means that XiamalingFormationshould
Ibe put under the MesoproterozOlcl

lin the TalZlhe area (l23SE, 41.3°N) of Liaoning, sandstones and shales, and In western Henanl
sandstones, shales and stromatohtlc hmestones of the Heyao FormatIOn were deposited m a tidal flatl
sedimentary environment.The LIaonmg-Shandong RIft Basm developed m the eastern Smo-Koreanl
flate. The southern part of this fault-depression basin is located to the west of the Triassic Tancheng-j
~ujiang (Tanlu)fault zone, while the northern part is located in the northern Korean Peninsula, to th~

rast of that. The NeoproterozoIc LlaonIng-Shandong fault depressIOn basIn was supenmposed on thij
faleoproterozOlcLIaonIng-ShandongRIftBasIn,where the crystallInebasementwas already weakenedl
land was easIlyextendedand subsIded,perrmtnngthe accumulatIOn of sedimentarydeposits. In contrastl
~o the Yangtzeand Cathaysian plates there is no obvious rock deformation in the whole Sino-Koreanl
~

[rTr"'hCO-e"S'CIn::Co::-_"K"::oC::re::CaO::nc-P"Ir;;a~te::-uocn::Cd;reO::r:OOwC::e=n·t :OOwC::e=ak"--::e=x<C:teC::n=sl'-;;oC::n--:a"'t"t"he:C-=ra"'t=e-==oCl'f-==oC::nT.lyc-T\O'.4fTY'-c=ri1J=yO::r.--:C7"'C:Com=p=re::Cs::Os"IOC::n--:a=n:-:>ldl
collision occurred on the southern margin of the Sino-Korean Plate, while magmatism developed at
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~'Ig. 3.6 PaleogeographIc map of the Smo-Korean Plate in the Qmgbmkou Penod (1,000=800 Ma) (afterQIaO XF,2002,
Iwith permission of Qiao XFlI

11. Area of erosion;2. Synsedimentary faults and accompanying earthquake events(seismites); 3. Main tidal flat sed-I
,mentary area (stromatolites, algal laminatedlimestoneand sandstone); 4. Littoral and shallowmarine sedimentary are~

1m the Late Qmgbmkou Penod (shales of the XIamalmg FormatIOn, quartz sandstones of the Longshan FonnatlOn and]
Ibedded lImestones of the Jmg'eryu FormatIOn); 5. Area of shallowmanne sedImentatIOn m the Late Qmgbmkou Penod;
~. Terrestrial basinformedin early periodof Late Qingbaikou Period,includingCDYongning Basin, (2lBuyunshan Basin,1
@Ltishun-Dalian Basin,@Weishahe Basin;7. Broadarea of shallowmarinesedimentation; 8. Borderof country. YSTF9
IYellow Sea Transform Fault (formedin Triassic).

ghongttaoshan (centeredon 111.3°E,35°N), where the rate of shortenmg,estimatedfrom the chemtcall
compositionof granite, was 5.8-6.4 cm/yr.1

II'he most Importanttectomcevents in the Meso-NeoproterozOIc were the formatIOn of the Qlhanshanl
land Altunshanrift basins between the Tarim,Qaidam and Sino-Koreanpaleoplates,and shorteningandl
~olhslOn in the mIddle-lateepoch of the QmgbalkouPenod. Recently, a lot of data has been obtamed ml
~hese rift systems:a V-Pb zirconage of880±31 Ma wasobtainedin the Liuyuan(95.7°E,41ON) granitic
gneiss, in southern Beishan (Mei HL et aI., 1999); many V-Pb zircon ages (between 950 Ma and 8701
~a) were abtamed from gramtlc gneIss on the northern border of the Qmdam Plate (97°E, 38°N; L~
ISongman, 1998) and an Sm-Nd Isochron age of 829±60 Ma was found from gabbro near Aksay, atl
V\,Itunshan (94°E, 37.6°N; Guo ZJ et aI., 1999).In recent years, from the interpretationof deep seismicl
~xpenments, wedgmgor crocodIletectomcs betweenthe Dunhuang-Tanm and Qmdamplates has beenI
recognized in Altunshan.The crust of Dunhuang-TarimPlate has been inserted into the middlecrust of
~he QmdamPlate (Xu ZQ et aI., 1999),but thIscolhslOn was not very mtense, as no strong deformatlOnl
lIS seen in the NeoproterozOIc rocks.

~owever, the northern and southern margms of the Tanm Plate, i.e, Kuruktag (centered on 90oE,1

~1.6°N),Tianshan(centeredon 82°E, 42°N) and Kunlunshan(centeredon 80oE, 36°N), all experienced
~ompression, folding and metamorphismin the QingbaikouPeriod. Rates of shortening were betweenl
~ cm/yr and 6.5 cm/yr, with an average value of 6 cm/yr. At this time the Sino-Korean, Tarim andl
IQmdam plates colhded and were amalgamatedto form a smgleplate, sImIlarto the ongmal Smo-Koreanl
frotoplate (Fig. 3.7).
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IFlg.3.7 Paleotectomcs of the QmgbaIkou Penod (1,000=800 Ma).

Legend: 1. Area of erosIOnon the paleo-plate; 2, Shallow manne depressIOn and belt of sedImentatIOn; 3. Low gradel
Imetamorphlc rocks. 4. GramtIc mtruslOns. 5. Island arcs wIth mtermedlate-acld volcamc rocks; 6. OphIOlIte sUIte; 7.
~clogIles; 8. Ocean crust; 9. Folds (only antIclInes); IO. SubductIOn zone (mcludmg ophIOlItes); 11. Boundary of tectomCj
province; 12. Rate of plate movement; "-" is rate of extension, others are rates of shortening (cm/yr) (data in Appendixl

rn
Divisions of tectonic domains: I. Peri-Siberian Tectonic Domain (HA= Paleo-Kazakstan Plate; HR= Paleo-Harbinl

,",late); 2. Smo-Korean Plate [ectomc DomaIn (lR- [anm Paleoplate; CD- QaIdam Paleoplate; SK- Smo-Korean Pale-I
pplate, mcludmg North Chma, Korean Penmsula and Alxa Block); 3. Pen- Yangtze Plate [ectomc Domam (YZ- Yangtz~

,",aleoplate; GS- Garze-Songpan PaIeoplate; CH- CathaysIan Plate; QmlIng-Dable Plate); 4. Pen-Gondwanan [ectomq
[)omam(G).

In this figure, the eastern part of Yangtze Paleoplate is shown indenting the Sino-Korean Plate in the southern Yello»J
Sea area; this tectonic event occurred in the Triassic. In a tectonic reconstruction, part of the Yellow Sea on this map should
be shown as part of the Sino-Korean Plate.

[[he strongest tectomc events III the Qlllgbmkou Penod affected the Yangtze and Cathaystan plate§
(Ftg. 3.7). Ihe earliest sedimentary cover deposited on the crystalline basement of western Yangtze Plat~

Iwas the linning System, called the Dayingpan or Shuanshuijing formation in the middle Yunnan andl
southwest Sichuan areas, and the Huashan or Machaoyuan groups in Hubei Province. However, in mostl
iJart of the Yangtze Plate, a greenschist metamorphiC senes was formed, which dunng the Nanhua Penodl
Iwas overlain with clear unconformity by the Liantuo Formation, seen especially in Hubei Province. Inl
~he Qingbaikou Period metamorphic systems in the Yangtze and Cathaysian plates were derived from
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shallow to bathyal clastIc sedImentary protolIths, and are classIfied into several groups: the BaxI Grou~
linHunan and northeast Guizhou; the Danzhou Group in the southeast Guizhou to north Guangxi areas;1
[he Luokedong or Oengshan Group In north JIangxI; the Shuanxlwu Group and the Shangsu FormatlOnl
lIn west Zhejlang. EqUIvalent rocks In the CathaysIan Plate are the Longquan FormatIOn In southwestl
~heJlang and the upper part of the LongbelXl Group In west FUJIanl

lin the Qmgbalkou PerIod metamorphIc and sedImentary systems in the Yangtze and Cathayslanl
plates developed strong folding, commonly isoclinal, on E-W trending axes (Fig. 3.7). As during th~

IProterozOlc the OrIentatIOn of these plates, determmed from palaeomagnetIsm, ISuncertam, m thIs dlS1
RUSSIan the dIrectIOns refer to present day co-ordmates. 'I he attItudes of 463 folds (234 antlclmes andl
1229 synclines), with predominantly E-W trending axes, have been collected from 76 regional geologicall
survey sheets (scale I: 200,000) (Wan TF and Zhu H, 1990; AppendIx 3.1). N-S shortenIng occurredl
~hroughout the Yangtze and Cathaysian plates. The preferred orientation and attitude of the maximuml
principal compressive stress (at) were N-S trending and near horizontal (LO° - L2°), the intermediatel
principal compressive stress (a2) which is parallel to the fold axes, trends E-W, and was also almostl
~orizontal (NE 88°L8°), and the minimum principal compressive stress (a3) was near vertical (SWI
1265°L87°). At the same time the Yangtze Plate developed a unified crystalline basement.

from the eVIdence of sImIlar Intraplate tectOnIC characterIstIcs In the Yangtze and CathaySIan plates,1
lit is found that both plates were affected by almost the same tectonic stress field in the Qingbaikou
ferIod. DUrIng thIs perIod the two plates were very close to each other, or had collIded and were amaH
19amated. However, no ophiolite complexes or other clear structural evidence of collision have beenl
~ecognized in the Shaoxing -Shiwandashan Collision Zone (from 120.5°E, 300N to lO8°E, 21.9°N~

lalong the boundary between the Yangtze and CathaySIan plates. ShUlT (1986, 1987) first proposed thatl
~he collision between Yangtze and Cathaysian plates occurred in the Enning (i.e. Qingbaikou) Period inl
[he ShaoxIng-JIangshan Zone In Zhejlang ProvInce.

[n the last twenty years, the rocks and ISOtOPIC age records of the ShaoxIng-Shlwandashan CollislOnl
~one and adjacent areas have been studIed IntenSIVely (Zhou XM et aI., 1989; Cheng H, 1991; Yang
MG, 1994; LIU BG et aI., 1995; 'lang HF et aI., 1997). 'Ihese authors used Sm-Nd Isochron or O-P§
IZIrcon methods to determIne the ISOtOPIC age of magmatIc rocks glVlng results from 1,034 Ma to 806 Mal
land concluded that collISIOn and the first perIods of amalgamatIOn m the Shaoxmg-Shlwandashan beltl
pccurred durmg the Qmgbmkou PerIod. GIlder et al. (1996) and Chen JF et al. (1998) first recognIzedi
lazone of high eNd values in a granitic zone in the Shaoxing-Shiwandashan belt and its adjacent area.
Hong ow et ai. (2002) consIdered that the granIte zone WIth hIgh eNd and low TDM values, IndIcatIng
Imantle Influence, provIded eVIdence for collISIOn between the Yangtze and CathaySIan plates along th~

IShaoxIng-Shlwandashan Zonej
Magmatism occurred in the Qingbaikou Period in the Yangtze and Cathaysian plates (chemical anaH

&sesof 718 Igneous samples, FIg. 3.7, AppendIx 5.2). BaSIC volcanIsm occurred dUrIng the Early QIngj
Ibmkou PerIod at FanJmgshan m northeast GUlzhou WIth a rate of plate extensIOn of 1.1 cm/yr. Manyl
Ibaslc rock bodIes WIth ISOtOPIC ages of around 823 Ma were developed In Longmenshan-Panzhlhua,1
Iwestern Sichuan; intrusive ultrabasic and basic bodies in Sanmen, north Guizhou gave an isotopic ag~

pf 837 Ma WIth a rate of plate extensIOn of 0.59-0.93 cri17yr; baSIC volcanIC eruptIOn on the borde~

Ibetween AnhUl and JIangXI showed a rate of extension of 0.55 cri17yr.
IAcld magmatIsm m the Late Qmgbmkouan PerIod shows that the Yangtze and CathaySIan plate~

Iwere undergOIng shortenIng at rates between 5 cil1f5'r and 7.6 cil1f5'r, whIch IS rather rapId. In modernl
~oordinates the Yangtze Plate underwent N-S shortening, with E-W extension along the western marginl
pf the Yangtze Plate, creatmg condItIOnsfavorable for granItIc mtruslOn. From the chemIcal composltlOnl
pf granites with isotopic ages of 1,043-818 Ma in Pengcheng and Guanxian (l03.5°E, 31ON) in SichuanJ
~he rate of plate shortening was 5.2 cm/yr; the Rb-Sr isotopic ages of granite at Dukou (101.9°E, 26.soN~
lIn SIchuan are 867-833 Ma. Zhou MF et ai. (2002) used the SHRIMP ZIrcon O-Pb method to determInel
[he ages of the KangdIng Complex (l02°E, 300N) on the western margIn of the Yangtze Plate, those of
~he Gongcai Complex near Danba (101.9°E, 30.9°N) and the related granites, and discovered that th~

Rores of many ZIrcon graInS were formed In Late QIngbalkouan PerIod (824-796 Ma), whereas the nm§
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pf some zircon grams gave a JurassIc age of 177±3 Ma. ThIs study resolved the controversIal probleml
pf the isotopic ages of the intrusions in those areas 1

[I'he JIangnan ColhslOn Zone (IN m Flg.3.3) and ItSadjacent areas of the Yangtze Plate formed durj
Imgthe Late Qmgbalkou penod, wIth the wIdespread emplacement of granitIc magmas, glVlng rates of
plate shortening in southeast Guizhou and north Guangxi of 5.9-7.6 cm/yr, and in Huangling, Hubei of
16.7 cm/yr (Rb-Sr isotopic age of 846 Ma; 111.loE, 30.8°N). The Rb-Sr isotopic ages of granitic in1
OCruslOns m Jmllng, Jlangxl (lISOE, 29°N) are 838-844 Ma, and the rate of shortening In that area wa§
16.9 cm/yr; on the border among Zhejiang, Anhui and Jiangxi (118.1 °E, 29.5°N) the isotopic age of
~hyolite is 818 Ma, with a rate of shortening of only 3.2 cm/yr; in Xiuning in Anhui (l18.2°E, 29.8°N)
~he isotopic age of the granite is 913 Ma, with a rate of shortening of 7.1 cm/yr; a granite in northwest
ghejlang gave a rate of shortening of 6.5 ciTI7yr.1

!Only a few data have been collected from the Cathaysian Plate. The rate of plate shortening of
16.9 cm/yr indicated by rhyolite of Mayuan Group (standard section lI8.3°E, 27.7°N) in Fujian is similar
~o that In the Yangtze Plate.

~vidence of a tectono-thermal event in the crystalline basement of the Qiangtang Block during th~

IQlngbmkou Penod IS indIcated by a zircon lead ISOtOPIC age of 1,016-929 Ma found recently In thij
pomori Group (85.9°E, 34°N) (Wang GZ et aI., 2001)1

~any researchers have studied the tectonism of Qinling-Dabie Block in the Qingbaikou Period~

Iwhere ItSeffects are very obvIOus. The rates of extensIOn In Early Qlngbalkou Penod In that area werij
Inot very great, around 0.5 ciTI7yr. The Songshugou OphlOhte SUIte (from llOoE, 33.8°N to 116.9°E,1
131.5°N) with isotopic age of 983 Ma (Li SG et a!., 1991) and 914 Ma (Yang WR et aI., 2000); incor1
iJorated in the Shangdan-Shangnan-Xlnyang-Shucheng ColhslOn Zone, IS generally conSIdered to bij
~he residue of Qingbaikou palaeo-mantle and paleo-oceanic crust. In the Qinling-Dabie Block extensivel
Imetamorphlsm and magmatIc intrusIOn occurred dunng the Qlngbalkou Penod. In recent years, morel
OChan one hundred ISOtOPIC ages between 987 Ma and 796 Ma have been determined, uSing Rb-Sr wholej
~ock, O-Pb ZIrcon and Sm-Nd Isochron methods (Lm OR et aI., 1993; Suo S I et aI., 1993; Zhang OWl
rt aI., 1996; Zhang SO et aI., 1991, 1998).

lInaddition, many basic igneous bodies in the Qinling-Dabie Block have been metamor-phosed unden
lultra-hlgh pressure to form eclogIte. There have been many studIes by Chinese and foreIgn researcher~

Immmg at determining the age and mechanism of formatIOn of the eclogItes (Cong BL and Wang QC,
1994,1999; Xu ST et aI., 1992). Li SG et al. (1993, 1996, 1997) used the Sm-Nd method to determine th~

lageof formatIOn of the eclogItes, and concluded that they were formed mainly In the Tnasslc, betweenl
1221 Ma and 244 Ma, precluding the posslblhty that they were formed In the Precambnan. Other author§
~ave maintained that geologIcal eVIdence for the age of the eclogItes ISmore Important than the Isotoplq
lage.High pressure metamorphic rocks have never been found in the Dengying Formation of the Sinianl
feriod within the Dabie collision zone and in its overlying units. Zhang SY et al. (1989, 1990) thereforel
~oncluded that the eclogItes were formed earher than the Smlan Penod. An Rb-Sr whole-rock Isochronl
lageof 744 Ma was obtained from blueschIsts In northern Rubel and a K-Ar dIlutIOnage of 845 Ma wa§
pbtained from eclogite. The conclusion of them is that high pressure rocks in the Dabie Collision Zone
Iwere formed dunng the Qlngblakou Penod, other than In the Tnasslc, wIth the younger age resulting
[rom the effects of later thermal events. With improvement in methods of isotopic age determinationl
landa better understandmg of the apphcatlOn and hmltatlOns of the vanous methods It IShoped that thl~

~ontroversy will soon be resolved.
[n recent years, the opinion that Qinling-Dabie high pressure metamorphic belt is composite, formedl

kIunng several pen ods of tectonic actlVlty,has gamed the support of many researchers (Zhang ow et al.,1
1996,2001; Suo ST et aI., 1993; 8a1 J et aI., 1996; Yang WR et aI., 2000). It ISsuggested that the firstl
limportant tectonic process in the Qinling-Dabie Zone was subduction and shortening, beginning froml
OChe Qlngbalkou Penod (about 800 Ma); at the end of the Early PaleozOIC (about 400 Ma) arc-contlnen~

subduction occurred between the plates; then the main period of continent-continent collision occurredl
lin the Triassic (250-200 Ma). This interpretation may not be the final conclusion, although there i~

[general agreement that multiple tectonic events have led to the formation of Qinling-Dabie Tectoniq



~6 3 Tectonics of the Mesoproterozoic, Neoproterozoic and Early Cambnan (1.8 Ga 5 I3 Mal

~one. However, the most Important tectonic penod occurred durmg the Qmgbmkou Penod when thij

IQinling-Dabie Tectonic Zone began to form as a result of plate subduction. Depending on the chemicall

RomposltlOn of aCIdIcmagmatIc rocks mtruded dunng the Qmbmkou Penod, the rate of plate shortenmgl
1m the zone ISestImated to be between 5.6 ciri7yr and 6.4 ciri7yr (AppendIx 5.2)1

II'he eclogItes, together WIth the adjacent strata, formed under condItIOns of plate compressIOn andl
lultra-hlgh pressure metamorphIsm dunng the Qmgbalkou Penod. However, sornetirnes eclogItes arij

found as inclusions in gneiss or marble, which crystallized under low pressure metamorphic conditions.1
lIn recent years, beSIdes the l'nasslc age, the eclogItes have yIelded many younger ages usmg thij

ISm-Nd method. IsotopIc ages of 329.68 Ma, 265 Ma, 176.5 Ma, 57.1 Ma and 55.5 Ma (quoted froml

ISuoST et aI., 1993)have been obtained and interpreted as the age of the high pressure metamorphism. It
lIS possIble that the Sm-Nd ISOtOPIC ratIOs m eclogIte may be changed eaSIly due to subsequent tectonoj
~hermal events. Besides, when it is agreed that the Qinling-Dabie eclogites formed under ultra-highl
iJressure condItIOns dunng Qmgbalkou Penod, the mechanIsm of emplacement of the eclogItes m theul
iJresent posiuon ISnot a problem, If the eclogIte and ItS surroundmg strata are regarded as constltutmg

la"tectonic melange" formed by multi-period tectonic processes (Suo ST et aI., 1993).Over a period of
800 mllhon years, even If the eclogIte was formed at a depth of about 100-200 km m the hthosphere, a~

suggested by some researchers, there has been ample tIme to denude the overlymg rocks and to alloW
~he high pressure rocks to rise to the surface, with an average rate of uplift of only 0.25 mmlyr.

[t ISgenerally consIdered that the Qmhng-Dable TectOnIC Zone was formed m a subductIOn zone bej
~ween the Sino-Korean and Yangtze plates during the Qingbaikou Period. The Qinling-Dabie Tectoniq
~one had a SImIlar tectOnIC hIstory to the Yangtze Plate dunng the Qmgbalkou Penod, wIth approxl1
rJately the same types of rock deformatIOn, metamorphIsm and magmatism, and wIth parallellmeatlOn~

land tectonic zones, but these characteristics are not found in the Sino-Korean Plate. Therefore, it is rea~

sonable to suppose that Qmhng-Dable IectonIc Zone ISrelated to the Yangtze Plate, and may actuall)J
Ibepart of that plate.1

II'he Smo-Korean and Yangtze plates show dlstmctlve charactenstIcs (Wan I'F and Zeng HL, 2002)~
[he effects of the Qingbaikou Event are important tectonic features of the Qinling-Dabie Zone and th~

IYangtze Plate (Fig. 3.7), but why there is no intraplate deformation, magmatism and metamorphisml
"elated to the Qmgbmkou Event m Smo-Korean Plate'! The eclogItes fonned under ultra-hIgh pressurel
~ondltlOns mdlcate the subductIOn of the hthosphere to a depth of 100-200 km m the mantle. If anclentl

pceanic crust and lithosphere belonging to the Qinling-Dabie Plate were subducted beneath the Sin01

IKorean Plate, It would be expected to have a great mfluence on the Smo-Korean Plate, wIth strong
[ock deformatIOn, magmatIsm and metamorphIsm, and to bUIldup a trench-arc system. PalaeomagnetIcl
~vldence for the dlstnbutlOn of the paleocontments m ProterozoIc era IS not very satIsfactory. On thij

IJasis of present data it cannot be established whether the Sino-Korean Plate was located to the northl
pr to the south of the Qinling-Dabie Plate. With the current evidence it is impossible to say that al
~nIfied "ancIent Chma platfonn (or plate)", mcludmg the Smo-Korean, Yangtze, CathaysIan, Qmdaml
land 'Ianm blocks, as Ren JS (1980, 2000) recognIzed, was formed dunng the Qmgbmkou Penod. It I§

lalso impossible to make certain that the Qingbaikou Period was a phase of convergence which resulted
1m the formatIOn of a "Super CathaysIan Contmental Group" as suggested by Zhang GW et al. (2001)J
K:onsequently it is not certain that the Qinling-Dabie oceanic crust was subducted beneath the Sinoj
IKorean Plate; It IS possIble that dunng the Qmgbalkou Penod the Qmhng-Dable Plate was subducte~

IJeneath some unknown ocean crust. All these possibilities require further consideration.
IAccording to lead isotopic studies by Zhang LG (1995)on the Yangtze Plate and surrounding block§

(mcludmg the Qmlmg-Dable), the lead Isotopes m the central part of the Yangtze Plate show slmllarl

OCeatures to those of the Smo-Korean Plate, but the surroundmg blocks, mcludmg Qmhng-Dable Block,1
show mixed oceanic and continental crustal features. Zhang LG's (1995) results confinn that oceaniq

Rrust was subducted together wIth the Qmhng-Dable Block, It means that the Smo-Korean and Yangtzel
flates were not a unified continental plate, and that in between was the Qinling-Dabie Block withl
hceanic CfIISt attached I
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lIn other partsof the Chmesecontment,geologIcal eVIdence for tectonic eventsdunng the Qmgbalkoul
feriod is rather sparse. During the Early Qingbaikou Period the Harbin Paleoplate was extended andl
[ragmented. According to data from the ophiolite at Yilan and Zhangguangcailing(l28.5°E, 4SUN) inl
HeIlongjIang, the rate of extensIOn In that area was 0.94 ctri7yr. GranItOIds formedIn QIngbaIkou PenodJ
IWlth a O-PbISOtOPIC age of 908 Ma, are found InDaluomltown,MudanJlang, Shuanghe,Shuangyazltunl
land Xingkai, in HeilongjiangProvince,the plate shorteningvelocitieshere were between4.6 cm/yr and
r.l ctri7yr. The rate of extensIOn reflectedby andeSIte wIth ISOtOPIC ages of 1,056-899 Ma In Altan Obij
(centered on 116.5°E, 48.8°N) in Inner Mongolia is 0.8 cm/yr, similar to that of Heilongjiang area.
pcean IS conSIdered to have surroundedthe ancIentHarbInand Kazakhstanplates (FIg.3.7).

from temperaturesand pressuresof formationof metamorphicrocks from 21 areas, and of magmatiq
[ocks from 3 areas dunng the QIngbaIkou Penod, It IS pOSSIble to estImate the geothermal gradlen~
(Appendix 7). The current data shows that the geothermal gradient of the crust and upper mantle of
K:hmese continent in the Qmgbalkou Penod was lower than that of the present average value for thij
Iwhole world «30°Clkm), only on the Cathaysian Plate can we find evidence of a higher geothermal

~
[I'he tectOnIC domams m the Chmese contment dunng the QmgbaIkou Penod were sImIlarto thosij

lIn the MesoproterozOlc: the Pen-Slbenan, SIno-Korean, Pen-Yangtze, and Pen-Gondwananplates (FIg.
[]I

[Frr'Lhc-e<teCCcCCtoCCn~l-Cc--ceCCvC-enCCtCCs--co?f-CthLec-7"Q"InC-g"bCCa~lkLoccuc-npc-er~lOc-dr-ocIn~thcce·C'"'hLI~n-cec-se~coccnc-.t~Incce--cn<t-coc-ccccuccr-creccd'--a"f"teccrc-.trhC-e?fo~rccmc-ac-.t~lOC-C;nl

pf Rodinia Supercontinent,at the when time when Rodinia passed from a period of relative stability tg
~he breakuppenod (Hoffmanet aI., 1999). It IS not appropnate to regard the QmgbalkouTectOnIC Even~

las a manIfestatIOn of the accretion and amalgamatIOn m Chma. Globally, the penod of amalgamatlOnl
pf Rodinia is called the TonionPeriod. However, the eventson the Chinesecontinent in the Qingbaikoul
fenod were very dIfferentfrom events In RodInla. When the RodInlasupercontInentbeganto break ug
[here was WIdespread amalgamatIOn and collISIon In ChIna, wIthonly lImIted extensIOnal fractunng. Itl
seems that the ChInesecontInentalblocksdId not form part of RodlnIaat thIs tIme~

~.3 Tectonics of'the Nanhua Period (800=680 Ma)

Fwidespread extensIOn and riftmg oj contmental blocks, glacIation developing tlllltes oj the Nantud,
!formation on the Yangtze-Tarim plate~

[n South ChInathe typIcalsedImentsof the NanhuaPenod are feldspathlc sandstonesof the Llantuq
formation and tillites (glacial deposit) of the Nantuo Formation. Formerly these rocks were classifie~

lin the Lower Sinian System, and were namedthe NanhuaSystem at the 3rd China NationalSymposiuml
pn Stratigraphy (China National Commission on Stratigraphy, 2001). This period corresponds to th~

K:ryogenian Period, 850-680 Ma, as recently defined on the InternationalStratigraphicChart (Remane
~t aI., 2000; InternatIOnal CommISSIOn on StratIgraphy, 2004)~

[he Nanhua Period was a period of widespreadextension in the Chinese continent in which a sedj
limentary cover was first deposited on the crystalline basement of the YangtzePlate, and tillites wer~
k1eposlted on the Yangtze and Tanm-QaIdam plates. ThIs glacIal penod, at about 720 Ma, IS eqUlvaj
Ilent to the global SturtIanglacIal penod (FIg. 3.8). Ihe Nanhua sedImentary system was deposItedonl
~he Yangtze Plate where It shows an angular unconformablecontact wIth the underlymgmetamorphlcl
strata, but is overlainby rocks of the Sinian System with a disconformablecontact.

lIn the early Nanhua Penod, the major part of the Yangtze Plate formed a land area wIth terrestnall
IflUVlatIle sedImentatIOn (Llantuo FormatIOn) In the Intenor and on the margInS of the paleocontInentJ
passing in the northern Guizhou-Hunan-Hubei area and in the southeast into transitional continentall
ImargIn and oceamc sedIments. Inthe Lower Yangtze RIverarea sedImentswere deposItedIn a coastall
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~Idal flat sedImentary environment. A volcamc rock senes was developed in the western SIchuan -mlddlel
IYunnan rift basinl

[n the Late Nanhua Penod, the Yangtze Plate was covered largely by tllhtes, deposIted from valleyl
glaCIers or contmental Ice sheets (Nantuo FormatIOn). GlaclO-manne sedIments m the eastern part of
IYangtze Plate belong to the Lelgongwu Formation. Ihe standard section in the eastern 'Ihree Gorgesj
lin Hubei (111.2°E, 30.8°N) shows a dark grayish-green and purplish-red color glacial boulder clay,
k1eposited from a continental glacier. Glacial conglomerates and clays were deposited on the westernl
iJart of the Yangtze Plate, WIth some tuffites and other pyroclastIC rocks. I'he glaCIal depOSIts of thij
Nantuo FormatIOn can be compared WIth those of southern Austraha and the Lubumbashl area m Zalfij
pf Africa, it means that the above areas had a similar ancient latitude.

~ates of plate extensIOn,estimated from the chemIcal composItIOnof basalts, are 0.9 cilllyr 10 Hunanj
land 0.55 cilllyr 10 southern ShaanxI and western Hubel (Yaohnghe FormatIOn). In the Late Nanhual
IPenod, from the cornposition of the Sanfang and Rongshm gramtes in GuangxI (ISOtOPIC age of 730=1
1712 Ma; 109uE, 25.1ON), the rate of plate shortening was 6.1 cm/yr, from a granitoid in north Zhejiang
(ISOtOPIC age of 844-766 Ma; 120oE, 30SN) that was 6.9 cm/yr and 10 the Qmlmg area 10 the northernl
part of the Yangtze Plate (isotopic age of 747-606 Ma; 108uE, 33.8°N) that was 5.8 cm/yr (Appendix
15:2).

~n the Nanhua Period, the greater part of the Sino-Korean Plate was a land area and subject to erosionj
Imcludmg the fault-depreSSIOn basms formed dunng the QmgbaJkou Penod 10 the eastern part of thij
ISino-Korean Plate. The characteristic sedimentation in the Sino-Korean Plate in the Nanhua period wa§
IverydIfferent from that m the Yangtze Plate, WIth a stable assemblage of sandstone, shale and carbonatel
"estncted to narrow fault-depressIOn basms along the southern and western margms. In the south thij
lHuangliantuo and Dongjia Formations, consisting of conglomerates, sandstones and carbonates, withl
~ach formmg a complete transgressIve sedImentary cycle, were deposIted 10 a narrow zone 10 westernl
Henan (llTE, 33.1°N), and have yIelded a K-Ar ISOtOPIC age of 665-669 Ma from glaucomte (Guanl
IBD et aI., 1986). On the western margin of the Sino-Korean Plate near Yinchuan (106°E, 38SN),1
N"anhuasediments are not restricted to a fault-depression basin, but were much more widely deposited.1
[I'he area from Alax to Belshan (106°E, 38SN to 95°E, 41ON) was exposed to erosIOn and the Nanhu@
ISystem IS not preservedl

IBy the Nanhua Penod the Tanm and Qaldam blocks already formed a umfied plate. SedlmentatlOnl
~m these blocks was similar to that on the Yangtze Plate. Glacial deposits, formed either in the sea orl
pn the land, are WIdespread. Manne glaCIal depOSIts of the Tery'eken FormatIOn were deposIted 10 thij
Inorthern Tanm, Tlanshan and Kuruktag areas; contmental glaCIal depOSIts were deposIted to form thij
IYou'rmemak FormatIOn 10 northwest I'anm and the QuanJl Formation 10 Qaldam. Ihese deposits canl
lallbe compared with the glacial deposits of the Nantuo Formation on the Yangtze Plate (Gao ZJ et al.,1
1983)1

hom slmllantles 10 sedImentatIOn and structural evolutIOnIt can be mferred that the 'Ianm-QaJdaml
flate was very close to Yangtze Plate dunng the Nanhua Penod. In the Mesoproteroz01c, and 10 earherl
~imes, the Tarim-Qaidam Plate had been part of the Sino-Korean Protoplate, but in the Nanhua Period
landlater, they were closer to the Yangtze Plate. Dunng the Nanhua Penod the Chmese contment was still
k1ivided into four tectonic domains: the Peri-Siberian, Sino-Korean, Peri-Yangtze and Peri-Gondwananl
[Jectomc Domams. However, the Janm and Qaldam paleo-plates should be mduded in the Yangtzel
[ectonic Domain, rather than in the Sino-Korean Tectonic Domain (Fig. 3.8).

[n central and southern Tianshan the Beiyixi Formation of Nanhua System, which consists mainlYI
pf aCId volcamc lavas and pyroclastIC rocks, was deposIted on a folded basement of the QmgbaJkoul
land older systems. Volcamc rocks have the WIdest dlstnbutlOn and were associated WIth plate extenj
sion and faulting. The Beiyixi Formation also includes polymict conglomerates, pebbly sandstones andl
greywackes. Some researchers thmk that these are glaCIaldepOSIts, but Gao ZJ et ai. (1983) conslderedl
~hat Beiyixi Formation and equivalent rock series are the product of turbidite sedimentation, and quit~

iJosslbly mdude gravny flows. However, Bureau of Geology and Mmeral Resources of XmJlang (1993)
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[Fig. 3.8 Paleotectonicsketch of the Chinese continent in Nanhua Period (800-680 Ma) (data from Bai J et al.. 1996;Litj
~J et aI., 1994;Meng XH et aI., 1993and then completed).

Legend: 1. Area of erosion; 2. Shallow manne basm, sedImentatIOn zone or contmental margmal extension zone; 3.
~athyaI oceanic region; 4. Ophiolite suite; 5. Volcanicrocks; 6. Rate otplate deformation,"-"= extension,and "+"=short
~mng (umt 10 cril7yr) (data as seen 10 AppendIx 5.2); 7. GlaClili manne depOSIt (Nantuo FormatIOn and other eqUlvalen!
Wock senes); 8. ContmentaItJlltte(Nantuo Fonnalion and eqUIvalent rock senes); 9. BoundarIes betweenplates, posslblyl
"ceans; 10. Boundarybetweentectonic or sedimentaryunits; I I. Area of metamorphism;12. Granitic intrusions.Tectonicl
reconstruction has not been attempted.

Divisions of tectonic domains: 1. Peri-Siberian Tectonic Domain (HA = Kazakhstan Paleoplate; HR = Harbin Pale-I
fiplate); 2. Smo-Korean Iectome Domam (SK - Smo-Korean PaIeoplate,mcludmg North Chma, Korean penmsula anill
k\lax, etc.); 3. Pen-Yangtze Plate [ectome Domam (YZ - Yangtze Paleoplate; [R - [arlm Paleoplate, CD - Qaldaml
faIeoplate, GS - Ganzl-SongpanPaleoplate, CH - CathaySIan PaIeoplateand QmImg-Dable Plate); 4. Pen-Gondwananl
[[ectomcDomam (G).

prefers to regard the conglomerates of the BelYlxl FormatIOn as glaCial depOSits of the Early Nanhu~

Period, but this interpretation is still controversial.
!TheQJ1tanshan regton (96UE, 400N to 102uE, 37SN), between the Alax area tn the western StnO~

IKoreanPlate and the Tanm-Qaldam Plate, shows sedimentary features and glacIal depOSits which bej
[ong exclusively to Nanhua Period. At that time, most of the Chinese continent was a stable block, excepf
~he Qilianshan region, which underwent active subsidence with the deposition of the 5,000 m Duoruonur
proup. This group consists of a suite of low grade metamorphic rocks (chlorite schist, metamorphose~
!Jasic-intermediate volcanic rocks, slates and crystalline limestones). The rate of plate extension in thatl
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larea was not very rapId dunng the Nanhua Penod, only 0.34 cm/yr estImated from the cornposition of
~he Subei basalt 1

~aslc magma was extruded m HeIlongjIang area on both sIdes of the Jlamusl Block. The rate of
rxtenslOn ISestImated to be 0.45 cIIlJYr on the eastern sIde (around Huma and Jm; 13IDE,45.3°N), andl
'-l.88cm/yr on the western side (near Zhangguangcailing; l28.7°E, 45°N)~

IFromthe temperatures and pressures of formatIOn for the metamorphIC rocks of the Nanhua Penodl
lin the two areas (Dong SW, 2002; Zhang C et aI., 1998; Appendix 7) the paleogeothermal gradient§
lareestimated to be 20.6°C/km in east Dabieshan, and 17DC/kmat Wendu'rmiao OIl DE, 42DN) in Innen
MongolIa, lower than the average thermal gradIent m the present day contments. ThIS su~ject reqUlre§
further study,

~.4 Tectonics of'the Sinian Period-Early Cambrian Epoch (680-513 Ma)

Fdevelopmg the tIllite oj Luoquan Formation on the southern margin oj Smo-Korea Plate, wldespreadl
influence oj the Pan-Ajrican Tectonic Even~

[I'he Smlan TectOnIC Penod IS almost eqUIvalent to the late NeoproterozoIc Penod (Edmcaran orl
~eoproterozoic illPeriod) in the newly approved stratigraphic chart (Remane, 2000; International Com~
~ission on Stratigraphy, 2004). The Sinian Period in China is defined by isotopic ages of 680-543 Ma,1
rqUlvalent to the Late Smlan age m older classIficatIOns, I.e. the penod dunng whIch the lImestone of th~

IDoushantuo and Dengymg FormatIOns was deposIted in South Chma (NatIOnal CommISSIOn on Stratlg1
raphy of China, 2001). The Sinian Tectonic Period continued into the Early Cambrian epoch (543--1
1513 Ma) In many areas. In the most ChInese contInent thISwas a penod of tectOnIC stabIlIty; It was alsq
~he period in which the Pan-African Tectonic Event influenced the northeastern and southwestern Chinal
contmental blocksl

~n South China, in the Liuchapo Formation in Hunan and east Guizhou and the Laobu Formation in
North Guangxi 009SE, 25.7°N), deposition was continuous from the Late Sinian Period to the Early
K:ambrian Epoch. In those areas, it is appropriate to extend the Sinian Tectonic Event of the Sinianl
IPenod Into the Early Cambnan age. However, In other areas of South ChIna, such as eastern Yunnan]
ISlchuan, Hubel, lower- Yangtze RIver area of Yangtze Plate and CathaySIan Plate, a major sedlmentaryl
kliscontinuity occurs between the Sinian and Cambrian systems, and the Sinian Tectonic Period shouldl
"e limited to the Sinian Period. In most areas of the Sino-Korean and Tarim -Qaidam plates there i~

ladlsconformlty between the Smlan and Cambnan systems, but wlthm the Cambnan system there wa§
~ssentially continuous sedimentation; again it is appropriate to limit the Sinian Tectonic Period to th~

ISInlanPenod. It may be acceptable to regard the SInIan IectOnIC Penod as beIng dIachronous occurnngl
latdifferent times in different areasJ

[Thestandard sectIOn of SinIan System IS in the eastern Three Gorges, Hubel (111.1 DE, 30.8°N) onl
~he Yangtze Plate, where the lowest unit ISthe Doushantuo FormatIOn, composed of SIlIceous dolomltel
land manganese shale, deposited in a restricted reducing environment. The upper unit is the Dengyingl
formation, composed of dolomite which was deposited in a vast epicontinental sea. In the Sinian PeriodJ
~ollowmg the glaCIatIOn of the Nanhua Penod and a long penod of denudatIOn, a manne transgresslOnl
~ook place from east to west, formmg a shallow manne carbonate platform whIch covered a very largel
larea. These sedIments extended Into the south QInlIng area (from Zheng'an and Shanyang In ShaanxII
~o the borders of ShaanxI, Henan and Hubel; from 109.1°E, 33.4°N to 111°E, 33.2°N). Thts mdlcate~

~hat after the collISIOn and amalgamatIOn of the QInlIng Block and Yangtze Plate In the QIngbalkoul
fenod, the south QmlIng area and Yangtze Plate were UnIted mto a smgle plate, and both were covered!
"y Sinian sediments (Fig. 3.9). In the northern Qinling area, the plate was extended and split during!
~he Smlan Penod, and the Iaowan Group, composed ongmally of sandstone, mudstone and Impurel
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~arbonate rocks of manne facies (Lm GR et aI., 1993), now a senes of metamorphic rocks In the 10"1
[greenschist facies, was deposited. Studies of micro-fossils and isotopic dating (660-570 Ma) show thatl
[he malO part of Taowan Group belongs to the Smtan System. In the Dableshan area the malO part of
fozlltng Formation IS a slmtlar rock senes, which may also belong to the Siman Systemj

II'he Siman System 10 North Chma IS dlstnbuted over only a ltmtted area. Most of the area was UP1
Ihfted and was being eroded. In the eastern part of Sino-Korean Plate, to the east of 'lancheng-LuJlan~

IFault Zone, shallow marine sediments were deposited. The lower part of the system is composed of
~Iastlc rocks and the upper part of the system IS composed of carbonate rocks, dlstnbutlng malnlyl
lin Shandong (Tumen Formation, 1I8°E, 36.3°N), Xuzhou-Huaihe area (Xuhuai Formation, l17°E,1
134°N; Fengtat Formation, l16.rE, 32.7°N), east Llaomng (Jmxlan Formation, l22uE, 39.6°N) andl
[he Gyeonggl masstf, adjacent to Seoul 10 the southern Korean Penmsula (Fig. 3.10). On the southernl
Imargin of the Sino-Korean Plate, the Sinian System is composed of tillite belonging to the Luoquanl
IFormatlOn (glacial conglomerate and aqueo-glaclal conglomerates and sIltstones) and Dongpu Forma1
~ion (standard section in western Henan, llO.8°E, 34.1ON). The Luoquan Formation and its equivalent
strata are distributed over a very large area, from west Henan, south Shaanxi and Ningxia to Beishan inl
~he Gansu area (96°E, 4l'soN). The thickness varies from 0.3 to 288 m, thinner in the north and thickerl
[owards the south. They are regarded as havmg been deposited from mountam glaciers, passmg mtij
glacio -marine sediments, on the southern margin of Sino-Korean continent. Further to the northwest,
[Illttes of the Luoquan Formation are found 10 Tlanshan and Karatal 10 Central ASia (Fig. 3.9)j

[his Luoquan glacial penod IS equal to Varanglan glacial penod around 590 Ma. The dlstnbutlOn of
glacIal depOSits and the other sediments of the Luoquan FormatIOn shows that the main part of Sln01
IKoreanPlate, r.e. Edos (north Shaanxl-Southern Inner Mongoha)-North China-Korean Peninsula andl
~he Alax Block must all have been connected in Sinian Period, and separated from the Tarim-Qaidaml
land Yangtze plates, which have a slgmficantly different tectomc hlstoryj

[n the Smlan, sedimentatIOn and the environments of depOSitionon the Tanm-Qatdam and Yangtzel
plates were slmtlar. Ihe sediments are mamly dolomite, deposited 10 an open eplcontmental sea, wlthl
lacomparable combination of stromatolites and other microflora. However, in some areas of the northl
[arim and north Qaidam blocks, such as Tianshan, Kuruktag and the northern margin of Qaidam, ther~

lare glacial depOSits, similar to those of the Luoquan FormatIOn In the upper part of Sinian System,1
(e.g. the Rangerqlaoke FormatIOn In the upper Kuruktag Group and the Rongtlegou FormatIOn In th~

IQuanjiGroup (Fig. 3.9)). These glacial deposits indicate that although Sino-Korean Plate was alreadYI
separated from Tanm-Qatdam Plate by a sea or ocean 10 the Qtllan Aulacogen, the distance betweenl
[he two plates was not very long, so that the similar manne glacial sediments are found also on th~

rorthern margms of the 'lanm and Qatdam blocks. The Qtllan Aulacogen, between lanm-Qatdam andl
ISino-Korean paleoplates, was in a state of extension in the Sinian Period, and controlled emplacemen~

pf super large copper-polymetallic ore deposits at Baiyinchang and Guomisi in the Qilian areaJ
IAccordlng to the data from Chinese continental blocks, by comparing Figs. 3.8 with 3.9, It can b~

seen that tlllttes were depOSited10 different areas at different times. In the Nanhua Penod tlllttes wer~

~eposited on the Yangtze and Tarim-Qaidam plates, but any tillites were never found on Sino-Korean
plate; 10 the Siman Penod the tlllttes were depOSitedon the southern margms of the Smo-Korean Plate,
!Jut never occurred on the main part of Yangtze and Tarim-Qaidam plates. This shows that tillites neve~

~overed the whole Earth at one time, but were hmlted to specIfic areas. It means that the "Snow Balli
IEarth" (Kirschvink, 1992) hypothesis about Neoproterozoic period for whole globe has some mistakes.

[n a late epoch of Sinian Tectonic Period (i.e. in the late Early Cambrian Epoch), violent tectonoj
[hermal events affected the Jiamusi-Xingkai Block (130-I32°E, 45-47°N); these were formerly calledl
[he Xmgkat movements (Huang JQ, 1960, 1965; Ren JS et aI., 1980, 1990,2000; Zhao CJ et aI., 1996)j
rrhe clastic-carbonate rocks formed in the Sinian -Early Cambrian were metamorphosed in the green1
schist faCies. An Ar-Ar age of 645-599.6 Ma has been obtamed from glaucophane schists around Yllaij
(Zhang XZ et aI., 1992), accompanied by adjacent collision-type granitic magmatic intrusions, showing]
~hat blocks had colhded and were amalgamated dunng this penod. On the Jiamusl Block, tholeIIte In th~

Mashan rock series has been metamorphosed into amphibolite and granulite. In recent years, through acj
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JIg. 3.9 PaleotectonIc sketch of ChIna In the SInIan Penod (680-513 Ma) (data from BaI J et aI., 1996; Lm BJ et al.J
1994; Meng XH et aI., 1993).

Legend: I.Area of erosion; 2. Shallow marine sedimentation or epicontinental basin; 3. Bathyal oceanic region; 4.
~olcanic rocks; 5. Granitic intrusions; 6. Eclogites; 7. Area of intermediate and low grade metamorphism; 8. Rate of plat~

~eformation, "-"= extension, others are rate of shortening, in cmlyr (data in Appendix 5.2); 9. Continental margin clastiq
RIeposlts; 10.ContInental margIn glacIal depOSIts (Luoquan ForInatlOn and ItSeqUIvalents); 11.Bathyal SIlIceousshale; 12.
~athyal volcanICflysch; 13.Plate boundanes; 14.BoundarIes between tectOnIC or depOSItIonal UnIts. 15.CollIsIOnbelt.

DIVISIOns of tectomc domaIns: 1. Pen-Slbenan 'IectOnIC DomaIn (HA- AnCIent Kaziikhstan Plate; HR- AncIentl
Harbin Plate); 2. Sino-Korean Tectonic Domain (SK= Sino-Korean Paleoplate, including North China, Korean Penin-I
Isulaand Alxa blocks, etc.); 3. Pen- Yangtze IectonIe DomaIn (YZ- Yangtze Plate; [R- [arlm Plate; CD- QaIdanI Plate;1
PS- AnCIent Garze-Songpan plate; CH- CathaySIan Plate, also IncludIng the QInlIng-Dable Block); 4. Pen-Gondwananl
[[ectonIc DomaIn (G), IncludIng Q [- QIangtang Plate. A PaleotectonIc reconstructIOn has not been attemptedJ

~urate chronology wtth ztrcon, tt has been shown that thts rock senes was formed m the Early Cambnanl
(527.5 Ma, Song B et aI., 1997; Li Jy et aI., 1999). Dorsett-Bam et ai. (1996) employed the SHRIMB
Imethod of V-Pb determination on zircon from granulite of the Jaimusi Block and obtained an age fori
~he zrrcon nms of 502± I0 Ma. Other PaleozOIC strata on the Jlamusl-Xmgkal Block overlIe the Smlan-I
~arly Cambrian metamorphic system unconformably. Therefore, the unified crystalline basement of th~

~iamusi-Xingkai Block was formed at the end of Early Cambrian Epoch, it is therefore appropriate thatl
[he Slman Tectomc Penod mcludes rocks formed m the Slman-Early Cambnan. Correspondmgly, ml
InorthHeilongjiang, the Jiagada Group-Erguna River Group, a greenschist facies metamorphic rock se-I
~Ies of NeoproterozOIc-Early Cambnan age and m the People's RepublIc of MongolIa the Wendu'rmlaol
pphlOhte and metamorphIc rock sUIteof NeoproterozOIc-Early Cambnan age (551-519 Mal were dej
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~·Ig. 3.10 Paleogeographic map of the Sino-Korean Plate 10 the Sinian Penod (630-543 Ma) (QIaO XF,2002, with per-I
j11lsslOn of QIaO XF).

II. Area of erosIOn; 2. Syn-sedlmentary faults; 3. DlstnbutlOn of selsmltesmdlcatmg earthquake aCllVlty; 4. ShalloW
ffiarme sediments(clastiC rocks 10 the lower part, transgressive carbonates10 the upper part); 5. MountamglaCiers ani!
ffiarme glacIal sediments (Luoquan FormatIOn 10 the upper SmIan); 6. Vast open sea marme sediments; 7. Border ofj
~ountry.

PTLF= Paleo-Tancheng-Lujiang zone of weakness; NCB= North China Block; JLKB= Jiaodong-Liaodong -Korcarj
~lock; YSIF- Yellow Sea transformfault (fonned 10 the Inasslc Penod).1

Iveloped (Ren JS et aI., 1980, 1990). ThiS tectOniC event affected the blocks of northeast of Chma andl
~ongolia, but is not seen in most central part of the Chinese continent. This tectonic event occurredl
lalmost simultaneously With the Pan-Afncan Tectonic Event on the Gondwana, and may have been ani
rxpression of that event in Northeast China.

lIn the Himalayan, Gangdlse, QIangtang and Sibumasu (mcludmg Baoshan) Blocks of western Vun1
Inan, Shan States of Burma, west of Chiang Rai and Tak of Western Thailand, Western Malay PeninsulaJ
~he pre-Ordovician rocks are all metamorphic. The tectonic evolution of the Jiamusi -Xingkai Plate,
Iwherethe Rouqlecun, Guqm and Qlwugongba Groups are eqUivalent to the Smlan and Early Cambnanl
senes, IS similar to that of the Himalayan Plate. In the metamorphic NamunanI Group m the Ngan areal
pfwestern Tibet (Xizang), the earliest intrusive rock has an isotope age of 645 Ma (Guo TY et aI., 1991)~
[n the Nyalam-Tmgn area (86°E, 28'soN) of the Central Himalaya, the ages of metamorphic rocks ar~

Ibetween 1,250 and 536 Ma. In mtca quartz schist of the Gugm Group to the south of Nymgchl-Tongmml
(94SE, 29.5°N) in southeastern Tibet, a zircon V-Pb age of 564 Ma has been determined. Around
IAmdo (nOE, 32.1°N) in the Qiangtang Plate, a V-Pb zircon age of 530-519 Ma was obtained froml
[gneiss (Bureau of Geology and Mineral Resources of Xizang, 1993). Recently, zircon isotopic age§
pf 1,016-929 Ma and 548-509 Ma were obtamed from the Gemun Group m the crystallIne basemen~

pf the QIantang Plate, showmg two tectono-thermal events (Wang GZ et aI., 2001). An Rb-Sr wholej
~ock isochron age of 519 Ma, marking the early metamorphic-deformation event, is associated with
Ian east-west trending foliation in the Lancang Metamorphic Zone of western Yunnan (Zhao J et al.,1
1992, 1994; centered on 100aE, 24aN). Pre-Cambnan-Early Cambnan rocks, metamorphosed at a loW
grade dunng the SmIan-Early Cambnan, are overlam by the Upper OrdOVICian sedimentary system wlthl
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langular unconformIty(FIg. 3.11). I he above geologIcaldata prove the wIdespreadoccurrence of a Pan1
~frican collision (also called the "East Gondwana collision") in the Yunnan-Tibet area. This tectoniq
rvent led to the formatIOn of a umfied crystallIne basement In the HImalayan,Gangdlse, QIangtangandl
ISlbumasu blocksof southwesternChIna, and separately In the Jlamusl-XIngkaI Block, Jlagada-Erguna
IRiver Blocksof Northeastern China 1

~'Ig. 3.11 Unconfonmty between OrdOVICIan dark yellow-grey lImestone (upper) and Pre-Cambnan SIlIceous marble o~

,he Laguigangri Group (whitish gray in photo, lower), photo orientation looking towards the NW in the Kangmar area
pf theCentral Himalayas (89.9'E, 28.5'N). Siliceous breccia and metamorphic quartz sandstone occur at the base of th~
prdovlclan System, (photo byZhou ZG and LIang OY, 2005and detmls viapersonal commUnICatIOn, With permISSIOn ofj
~

pramtlc IntrusIOns of the SInIanPerIodhave been found In the WestKunlun Block, and to the south1
Iwest In TarIm,gIVIng Rb-Sr ISOtOPiC ages of 644-517 Ma (BI H et aI., 1999), shOWIng that the TarIml
land west Kunlun blocks had converged and had been shortened. I'hls epIsode of tectono-magmatIsm
lIS closely related to the Pan-AfrIcanTectono-thennal Event. In recent years, In further studIes on thij
IWest Kunlun Block, JIn XC et aI. (1999) found the Kudl ophIOlIte sUIte (centered on 76GE, 37.6°N) Inl
[he area to the south of the West Kunlun central fault, and to the north of the Kangxlwar Fault Zonel
(centered on 79°E, 36°N), there IS a metamorphIC rock serIes of NeoproterozOic-EarlyCambrIan age,1
pOSSIbly representIngthe Pan-Afncan 'Jectomc Event. The tImesof formatIonof the metamorphiccrys1
~alhne basements of the southern and northern West Kunlun Block are very dIfferent. I'he basemen~

pf the northern block composed of an amphibolite facies metamorphic rock series was formed in th~

IArchean-PaleoproterozOIc, and the basementof the southern block was fonned In the Pan-AfrIcan lec1
[omc Event]

~hu YF and Ogasawara (2002) discovered a super high pressure metamorphic assemblage in th~

IKokchetav SubductIOn Zone In Central ASIa, fonned at 530 Ma, WIth dolomIte, aragomte and garnet§
IWlth dIamondInclUSIOns IndicatIng a depth of formatIOn of at least 250 km, presumably formIngpart of
~he Pan-AfrIcanTectomc Event. On the ChInese continent, In the Jlaonan Block (southern Shandongj
centered on 119,SOE, 35.7°N) and Qiemo -Mangai, Altun (centered on 90oE, 38°N), and the northern
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edge of Qaidam (centered on 96°E, 38°N), Sinian isotopic ages of 550-504 Ma were discovered in
~clogite, also possibly related to the Pan-African Tectonic Event (Lu SN et a!., 2001). Recently, Shj
IRendeng et al. (2004) usmg the U-Pb SHRIMP datmg method found an IsOtOPIC age of 550±17 Ma ml
[he YushlgouophlOhtem Qlhanshan (centered on lOODE, 38.4DN). The formatIOn of thIs oceanIC crustl
Iwas also related to the Pan-Afncan 'lectOnIC Penod. I'he mfluenceof thIs event eVIdently extended Intq
K:entral ASIa, Ahun and the northern margms of the QaIdam,QllIanshanand Jatonan blocks.1

IUsIng 169chemIcalanalysesof the composItIonof IntermedIateand aCId magmatIcrocks, the rate of
iJlateshortenmg m the whole Chmese contment m the SInIanPenod IS estImated to be between 4.7 andl
r cm/yr (AppendIx4.2), wIthan average value of 5.5 cm/yr. 'I he rates of shortenIngm Altun MountamJ
~utIehng, eastern Heilongjiang (centered on 132uE, 46°N) and Xiuning, Anhui (centered on 118.2°E,1
129.8°N) are higher, between 6.4-7 cm/yr, but were generally lower than 5.5 cm/yr in other areas. Th~
IInltlal strontIUm Isotope ratIo of the Zhuguangshan granIte (ISOtOPIC age 591 Ma; centered on 114°E,1
135.TN) on the western Cathaysian Plate is 0.7048, showing that much mantle material was intruded
linto this area 1

IAccording to the temperature, pressure and depth of formation of rocks metamorphosed in th~

ISlnIan Penod from 8 dIfferentareas (AppendIX 6.1), calculated ancient geothennal gradIents were 8.2=1
18.8°C/km.These geothermal gradients are very low, about half or 1/4 ofthe average geothermal gradij
~nt in the continents at the present day. One exception is the rough temperature and pressure estimationl
OConned by Zhang C et a!. (1996) on the WulawusuAmphlbohte (ISOtOPIC age of 638-607 Ma) In Inne~

Mongoha, where the formatIOn temperature was 670°C, the pressure 0.3 GPa, the depth II km gIVIng]
la geothennal gradient of 61°C/km. In this estimation, the author believes that the value for estimated
iJressureIS so low that the geothennal gradIentin thIs area IS far hIgherthan all the other detennmatlOnsJ
lalthough there may be other possibilities.

[n the SInIanPenod, most areas of the ChInese contInent were tectonIcallystable. DeposItIOn of th~

[Ilhte of the [uoguan Fonnatton around 590 Ma, eqUIvalent to the Varanglan glacIal penod all ove~

~he world, occurred on the southern margin of SIno-KoreanPlate and the northern marginof 'Ianm-I
IQaidam Plate, whereas the greater part of the South China blocks and the Tarim-Qaidam Block wer~

~overed by shallow warm water carbonate sedimentation. The Jiamusi-Xingkai, Himalayan, Gangdisel
land QIangtangblocksfonned a UnIfied crystallInebasement,whose structuralevolutIOn occurreddunnij
~he Pan-Atncan TectonIcEvent dunng whIch the Gondwana was fonned. It IS possIble tor these block~

~o constitutepart of the Gondwanaat that time. The four tectonicdomains forming the Chinese continenti
lIn the SInIanPenod were sImIlarto those of the Nanhua Penod, wIth the Tanm and Qatdam paleoplate§
stIlI belongIngto the YangtzeTectonIcDomaIn (FIg. 3.9).

~.5 Chinese Continental Blocks in Mesoproterozoic and Neoproterozoic Global
IEvolutionl

[I'he global tectOnIC evolutIon In MesoproterozOlc and NeoproterozOIc was charactenzed by the forj
Imation and breakup of the Columbia and Rodinia supercontinents, the occurrence of the Pan-African
rrectonIc Event, and the formatIOn of the Gondwana.

ISeveral hypotheses have been put forward for global tectonic evolution during Early Mesoproteroj
IZOlC, but none of these are entIrely belIevable. PartIcularly, many researchers have attempted tectonIq
reconstructIOns of the RodlnIa supercontinent (I, 100 Ma). ThIs concept was first proposed by McMe1
Inamin et a!. (1990), who considered that Rodinia was a global supercontinentformed by the collision of
Imany contInental blocks. They proposed that the margInS of thIs supercontInentprovIdedthe cradle fori
[he earhest anImals.On the baSIS of analysIsof the rock formatIOns of the GrenVIlle Colhslon Zone andl
~orrelatIons on a global scale, Hoffman (1991) proposed a restoration of the ancient RodlnIa supercon1
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~Ig. 3.12 Reconstruction of the RodlnIan supercontment at 1,100 Ma (Condie, 2001, personal commumcauon, wlthl
permIssIOn).

Lightgraycolor showsthe GrenvilleCollisionZone (orogeniczone);dark grayshowsthecontinental crust formedby!
~uvenile collision(1,350-900 Ma); shortblack heavyline indicatesthe distribution of rifts and floodbasalts~

Notebytheauthors: In thIsfigure the Yangtze and Cathays13n platesare mcludedm theSouthChmaBlock.Accordmgl'0 Condiethe Yangtze and Cathays13n plateswereamalgamated with the SouthChmaPlate at thIspenod. Ihere IS a larg~

~mount of geologIcal data to show that these colhslOns and amalgamatIOns occurred m the late Qmgbmkouan PerlO(j
pinning) at ~800 Ma, and not at this period.

OCInent. Powell et al. (1993) and LI ZX et al. (1996; 1998) added paleogeomagnetlc data and provldedl
Imanysupporting argumentsJ

[n recent years, CondIe (ZOO I) has Improved the prevIOus reconstructIOns and brought a new unj
~erstanding to the formation and evolution of the Rodinia supercontinent (Fig. 3.12). He carried ouq
~omparatlve geotectomc studIes on the front and rear of the GrenvIllIan collIsIOnzones, IncludIng JU1
Ivenilezones, using them as the main control over the reconstruction of the Rodinia supercontinent. H~
~onsidered the ancient Sino-Korean Plate (N China in Fig. 3.12) to be adjacent to the Siberian Plate,
landIncluded the South ChIna blocks among the LaurentIan, AustralIan, SIberIan and MalaYSIan Plates.
IOn the Chinese continental blocks in the Late Mesoproterozoic only the Sibao Tectonic Event in th~

IYangtze Plate was contemporaneous with the formation of the Rodinia supercontinent throughout th~
Iworld.LI ZX et ai. (1996) suggested that the collIsIOn between the Yangtze and CathaysIan plates ocj
~urred during the Sibao Period (l, 100-1,000Ma), forming part of the worldwide Grenvillian OrogenyJ
IHowever, as deSCrIbed above, the JIangnan CollISIOn Zone (iN In FIg. 3.3) formed between the Northl



13.5 ChmeseContmental Blocks10 Mesoproterozoic and Neoproterozoic GlobalEvolutIOn 771

JIg. 3.13 ReconstructIOn of the Rodmla supercontment (800=700 Mal (Condie,2001, personal commUnICatIOn, wlthl
permission).

pray indicatesa lithosphere thickness ;;, 200 km; the short heavy black lines show the locations of rifts and flood
Ibasalts; lIghtlme wIthteethshowsthe subductIOn zone;double lIneswIthopposedarrowsshowoceanicndges.

landSouth Yangtze plates during the Sibao Period (Liu BJ et a!., 1994), and not between the Cathaysianl
land Yangtze plates. The colhslOn between the CathaysIan and Yangtze plates must have occurred later,1
latthe end ofthe Qingbaikou Period (1,000-800 Ma), at the time when the Rodinia supercontinent beganl
~o break up. The Shaoxing-Shiwandashan Collision Zone between Cathaysian and Yangtze plates doe~

!lot show any of the characterlsttcs of the Grenvtlltan Orogeny; Lt ZX et ai. (1996) posstbly made tht§
Imtstake because It tSeasy to confuse the two adjacent suturesl

IAccordmg to the model of CondIe (2001) the central radlatmg extenslOnal area of nfts and floodl
!Jasalts within Rodinia supercontinent, with Laurentia, Australia and Antarctica, was due to the rise of al
Imantleplume at a late period; there was possibly a second plume beneath the Baltica Plate (Fig. 3.12).1

[I'he Rodmm supercontment broke up between 800 and 700 Ma (FIg. 3.13). In large plates suchl
las Australia, Siberia, Laurentia, Amazonia, and Baltica, the thickness of the lithosphere was 200 km
pr more. Rifts and flood basalts obviously related to extension occur between Laurentia and Soutf
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K:hma,Australia, Antarctica, Sibena and between Sibena and North Chma, between RIO de la Plata andl
~",mazonia, Congo, and North Africa and around West Africa. Data concerning the breakup with th~

OCormatlOn of oceanICcrust comes mamly from Laurentia, Australia and Sibena. SubductIOn zones wer~

k1eveloped on the margms of Malaysia, Tanm, Taimyr, Antarctica, West Afnca, Congo and AmazonIa.
II'he breakup and fragmentatIOn of the RodmIa supercontment between 800-700 Ma, affected mamlYI

ILaurentla and South Chma, AustralIa, Antarctica and Slbena (the upper part of FIg. 3.13) and RIO de lal
IPlata, Amazonia, West Africa and Congo, North Africa (the lower part of Fig. 3.13). The breakup of th~

K:hmesecontment durmg the Nanhua Penod was related to the breakup of the fonner assemblagel
~y VIrtueof tectOnIC features m south Chma and the large number of granItic mtruslOns, LI ZX etl

lal. (1998) proposed that the breakup of the Rodinia supercontinent was related to the development of
lamantle plume beneath South Chma. This proposal IS not supported by the eVidence and IS m contraj
k1iction to the data indicating low geothermal gradients during the Nanhua Period in China (Appendixl
[IT

from the reconstruction of the ancient continents between 700 and 550 Ma (Fig. 3.14), tectonid
~ollisions between the African, South American, Indian and Antarctic plates (the lower part of Fig. 3.14j
lat that time formed part of the Pan-AfrIcan TectonIc Event and led to the formatIOn of the Gondwan~

~OO-550 Ma

~ Rifts& Flood
Basalts

~ Subduction
Zone

t OceanRidge

!Fig. 3.14 Reconstruction of global tectonics between 700 and 550 Ma (Condie, 2001, personal communication, withl
IpermlsslOn).

Black short heavy hnes- nfts and !lood basalts; hght Ime with black teeth- subduction zone; double lme with opposedl
!UToWS- oceamc ndges.



13.5 Chmese Contmental Blocks 10 Mesoproterozoic and Neoproterozoic Global EvolutIOn 7~

(Unrug, 1996) wIth assocIated extensive metamorphIsm and defonnatlOn. 'IhIStectonic event contmue~
luntil ~500 Ma I

DeformatIon and metamorphIsm m the HImalayan, Gangdlse, QIangtang, Slbumasu, and hamusI-1
p'mgkat, hagada -Erguna RIver blocks m Chmese contment and theIr adjacent areas were also relatedl
~o formmg the part of Gondwana. However, Condie's (2001 (personal communication)) (hg. 3.14) re1
~onstructlOn allows no space for the HImalayan, Gangdlse, Qiangtang, Slbumasu and Jlamusl-XmgkatJ
~iagada-Erguna River blocks. The locations of these blocks during this period will be the subject of
futJlfe research]

~xtenston and breakup between AmaZOnia -BaltIca and Slbena -Laurentia, was preceded by nttmg
land extrusion of flood basalts, leading to the formation of oceanic ridges. At that time, the Sino-Korean
land Yangtze Plates were not connected, and were m slmtJar state of extensIOn and subSIdence. How tij
[evise Condie's (2001 l reconstruction in accordance with our knowledge of the tectonic evolution of th~

K:hmese contmental blocks WIll be a matter for future studyl
lDunng the tectonic evolutIOn of the plates dunng the Meso-and NeoproterozOIc, the charactenstlc~

pf sediments and their chemical compositions were also changing. The initial ratio of the strontiuml
lisotopes (87Sr / 86Sr)i may reflect the ratio of the contributions of the mantle and crustal source rock~

[0 the sedIments (hg. 3.15). Dunng a late penod m the formation of the Rodlnla contment, the mltla!
~atio of 87Sr / 86Sr increased from 0.7055 to 0.7071 showing that at that period, sediments from crustall

sources were bemg supphed m large quantitIes, WItha relatIve decrease m matenal from mantle sources,1
Iwhereas at the climax of the breakup of Rodinia (around 800 Mal, the initial ratio of 87Sr/86Sr decreasedl
~o around 0.7057, indicating the supply of large quantities of sediment derived from mantle sources and
~he reductIOn of matenal from crustal sources. WIth the accretIOn of the Gondwana dunng the Pan1
IAfrican collisions, the initial ratio of 87Sr/86Sr again increased from 0.7067 to 0.710 indicating th~

Imflux of large quantitIes of matenal from crustal sources and the reductIOn of matenal from mantl~

sources:
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fig.3.15 Evolution of ancient continents and the initial ratio of 87Sr / 86Sr (Condie, 2001, personal communication, withl
permission).

The abscissa shows isotopic age, and ordinate shows the initial of 87Sr / 86Sr rario]

[There were four periods during the breakup of Rodinia (850-600 Mal, when the deposition of black]
shale became common (FIg. 3.16). The number of phosphonte depOSIts also changed dunng the proces§
pf continental evolution. Phosphorites are rare in the Mesoproterozoic, and only became common in th~

Ilate NeoproterozOIc, apart from the two glaCIal penods, at 720 Ma and 590 Ma (hg. 3.17). After 6801
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~'Ig. 3.16 EvolutIOn of ancient contments and the mcrease in black shales (Condie, 2001, personal commumcanon, wlthl
permissionsj]

I he abSCissashows ISOtOPIC age; the left ordmate shows the thIckness of the strata; the nght ordmate shows the ratl(j
Ibetween black shales and the total amount of shale!

~a, during the accretion of the Gondwana, at ~550 Ma the deposition of phosphorite increased, reach1
Img ten times the background value. The appearance and the mcrease m black shale and phosphontel
Imdlcatea rapId mcrease m the quantity of livmg matenaI. Zhang TG et aI. (2002) suggested that followj
Img the two NeoproterozOIc glaCial penods there was a slgmficant blO-radlatlOn event, with evolutlOnl
[rom protozoan eucaryotes to multi-cellular metazoans, leading to a rapid increase in the quantity of inl
!Jiogenetic material (Zhu MY and Steiner, 2004).
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!Fig.3.17 The relationship between phosphate deposits and the evolution of ancient continents (Condie, 2001, personall
RommunIcatlOn,with permISSIOn).

The abscissa shows isotopic age; the left ordinate shows the relative abundance of phosphate deposits; The Sturtiarj
[glacialperiod occurred at ~720 Ma; the Varangian glacial period occurred at ~590 Ma.
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II'he relatIOnshIp between slgmficant tectonic events and the cosrmc year, r.e. the urne It takes for thij
solar system to rotate around the galactic disc (265±60 Ma), is the subject of lively discussion at th~

present tIme. The breakup of the Rodlma supercontment, the accretIOn of the Gondwana contment, thij
[wo large-scale low latItude glacIal events, and the blO-radlatIon event m the NeoproterozOIc occurredl
~unng the thIrd and second cosmIc years before the present.

lin the MesoproterozOlc and NeoproterozOIc the tectonic evolutIOn of Chmese contmental block~

shows some similarities to and differences from the tectonic evolution of the other global continentall
Iblocks. I he mam tectomc events m the evolutIOn of Chma m the MesoproterozOlc (1,800-1 ,000Ma~
Iwere the deposItIon of a sedImentary cover on the Smo-Korean Protoplate and then ItS breakup mtg
~hree continental blocks. Using the age of formation of the Jiangnan subduction and collision zone a~

lamarker, the Yangtze Plate completed ItSamalgamatIOn around 1,000Ma. Dunng the penod of globall
Ronvergence and formatIOn of the ColumbIa and Rodlma supercontments (1,900-950MaJ, the Chmesij
~ontment was stIli mamly m a separate state. Convergence and collIsIOn, wIth assOCIated magmatIC]
lact1V1ty in the Yangtze and QmlIng-Dable blocks, occurred at 800 Ma, but the Rodlma supercontmen~

!Jegan to break up. It means that the evolution of Chinese continental blocks was not synchronism withl
global blocks durmg the MesoproterozOlc and NeoproterozOIc.

IWldespreadconvergence and colhston of the Chmese contmental blocks took place m the Late Neoj
proterozoic, at the end of the Qingbaikou Period, while Rodinia appears to have changed from stability
[0 the breakmg up penod, around 800Ma, three cosrmc years before the presentJ

[he most Important tectomc events m the Chmese contment dunng the Nanhua Penod (800-63q
IMa) were wIdespread extensIOnand separate, slmtlar to the events elsewhere m the world. The first sed1
Ilmentary cover was deposIted on the Yangtze Plate; at around 720 Ma the Yangtze and 'Ianm-Qatdaml
flates entered the Nantuo glacial zone, equivalent to the Sturtian glacial period. In the Sinian Periodl
(630-513 MaJ, most areas of the Chmese contment were tectomcally stable. Around 590 Ma, eqmvaj
Ilentto Varanglan glacIal penod, the southern margm of Smo-Korean Plate and the northern margm of
~he lanm-Qaldam Plate also entered the glacIal zone WIth the depOSItIon of the tIIlltes of the Luoquanl
formation. At this time shallow warm water carbonate sediments were deposited over vast areas of
ISouth China, North China and the Tarim-Qaidam Plates. From the evidence of the distribution of th~

glaCIal depOSits dunng the Nanhua and Slman pen ods, the Smo-Korean Plate and South Chma-Tanm=j
IQaldamplates must have been wIdely separated, provldmg eVIdence agamst the hypothesIs ot a "Snoij
lEaIlEarth" during these periods; although the glacial deposits are widespread at these times, glaciation
ma not cover the whole Earth]

Major events m the tectomc evolutIon of Chma m the Meso-NeoproterozOIc and Early Cambnan are:
~he commencement of the breakup Smo-Korean Protoplate WIth the depOSItIOn of a sedImentary coverj
~he amalgamation of blocks originating in Gondwana to form the Jiamusi-Xingkai, Jiagada-Erguna,1
[Himalaya, Gangdise and Qiangtang blocks with a unified crystalline basement; the protoplates formingl
~he Chmese contment underwent multIple breakups, dIsplacements and collISIOns and were then re1
rmted; the Tanm-Qatdam Block was separated from Smo-Korean Protoplate, and graduaIly developedl
characteristics similar to those of the Yangtze Plate.

punng the whole Meso-and NeoproterozOIc the Smo-Korean and Yangtze plates were always enj
~irely separate and developed different tectonic features. During the Qingbaikouan Period in the Mesoj
proterozOIc the l'anm-Qaldam blocks formed part of the Smo- Korean Plate, but smce the Nanhua Penodl
~hey developed features, suggesting that they were more closely related to the Yangtze Block, but wer~
still not at great distance from the Sino-Korean Plate. During the Sinian Period, the Jiamusi and Xingkail
Iblocks, now m northeast Chma, formed a umfied crystallme basement belongmg to Gondwana. Thl§
Iwas the penod when the HImalayan, Gangdlse and QIangtang blocks also formed a umfied crystaIlmij
basement and were accreted to Gondwana

~fter the formatIon of a umfied crystalhne basement, m the MesoproterozOlc, the Chmese contlj
Inental blocks began to break up and became dispersed. The breakup into separate blocks occurredl
during different times in different plates: 1,800-260 Ma in the Sino-Korean, Alax, Qaidam, Tarim and
[ianshan-South Hingganling blocks; 1,800-400 Ma in the Altay-Ergun Block; 1,000 or 800-200 Mal
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lIn the Yangtze Plate; 400-220 Ma In the CathaysIan Plate; 513-200 Ma In the Qiangtang Plate; 513-561
Ma in the Gangdise Plate; 513-34 Ma in the Himalayan PlateJ
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Chapter 41

Tectonics of'Middle Cambrian-Early Devonial1j
(The Qilian Tectonic Period, 513-397 Mal

Famalgamation of XlyU (Western Chma)Plate
Horming the collission zone of Altay-Ergunl
Fjormmg the unifiedcrystallmebasementm the Cathaysran Platel
Fintraplate deformation in the South Yangtze Plat~

f---many continentalblocksmigratiorj

[TheEarly Paleozoic Tectonic Period (Middle Cambrian-Early Devonian, 513-397 Ma) was formerlyl
~alled the Caledonian Orogenic Period¥ in China. However, the Caledonian Orogeny was defined inl
Inorthwest Europe and northeast America (Rogers and Dunning, 1991; Bally et aI., 1989; Trewin, 2002)J
!Jut in East Asia. Recently Li Tingdong (personal communication, 2003) has proposed that it should b~

replaced by the local term "Qdlan Tectolllc PerIod", as first suggested by [I K et al. (1962).
puring Early Paleozoic Tectonic Period in China, most of continental blocks migrated and becamel

f:lispersed. However, also during this period separate continental blocks were amalgamated to form th~

p'Jyu Plate (called the West Chma Plate). The Altay-MIddle MongolIa-Ergun collIsIOn belt was formedJ
launified crystalline basement was formed in the Cathaysian Plate, and intraplate folding occurred in th~

ISouth Yangtze Plate. In thIs chapter the followmg tOpICS wIll be dIscussed: sedImentatIOn, palaeogeog1
[aphy, paleobiological distribution, palaeomagnetism, paleo-continental reconstructions during tectonj
lically stable periods; rock deformation, tectonic stress fields, metamorphism, magmatism and rates of
plate movement dUrIng perIods of tectonic acuvuy.

I' A distinctive tectonicterminology hasbeen developed in China,however the Paleozoic "Caledonian"and "Variscan" (orl
I"Hercyman') tectomcpenodsweretakendlfectlyfromEuropeantermmology (HuangJQ and YmZX, 1965;YmZX et al.J
1965). Ihese two tectomcpenods (~400 Ma and 397-260 Ma) are roughlycomcldentwiththe EuropeanCaledoman ani!
[variscanorogenicperiodsand can be comparedwith them in their relationship to biologicalevolution. This terminology
"as been used for a long time in China. It is now well established that global tectonicevents occur at differenttimes irl
~ifferent areas so that it is not appropriate to use the European tectonic terminology for East Asian tectonic periods. Itl
,S therefore necessary to choose a local tectomc termmology for these tectomc penods m Chma. However the style ani!
,[mmg of rock deformation, metamorphism and magmatism m these two tectomcpenods are so dIfferent m the d[fferenfj
f'ontmental blockswhIchcomposethe Chmesecontment,that [t [s difficult to choose a smgle term whIchcould be usei!'0 cover the whole of Chma. What names should be used?At the end of Early PaleozOIC, they were called the GuangxII
I(Omg WJ, 1929), Q[han(LI K et a!., 1962), Jiangnan(L[SG, 1931), and QUJIng (GuoWK, 1941)Movements. At the eniJ
"f the Late Paleozoic, they werecalled the Tianshan(Mushketov OJ, 1928), Kunlun(HuangJQ, 1945),Nanshan (Wang!
~Z. 1955),Vietnam (OingWJ, 1929), Qinling(Weng WH, 1927)and Oongwu(Li SO, 1931)Movements (N.B.the abovd
,erminologyand references are taken from the thesis of Yin ZX, 1965). Tectonic periods and tectonicevents should b~

Inamed after the area where major tectomsmoccurredat that time. Accordmg to this pnnc[ple, the author has named th~

~arly PaleozOIC event the "Qlhan Iectomc Penod" (513 397 Ma) and the Late PaleozOIC event the "ltanshan Iectontij
penod" (397 260 Mall
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14.1 Sedimentation, Paleogeography and PaleontologYI

[he Early Paleozoic tectonic period can be defined as commencing at the beginning of the Early Camj
Ibrian(543 Ma) or the Middle Cambrian (513 Ma), and terminating at the end of the Silurian (416 Ma~

pr Early Devoman (397 Ma), covenng about 120 million years, or half a cosmic year (the length of
~ime it takes for the solar system to rotate around the galaxy). The periods and systems of the Earl~

faleozolc, accordmg to the NatIOnalCommissIOn on Stratigraphy of Chma (2001), Remane (2000) andl
~he International Commission on Stratigraphy (2004), are shown in Table 4.1 J

[Iable 4.1 Penods and systemsin the Early PaleozOic

IEpoch Age IsotopiC age Area of dlstnbullon

IEarly Devomanand

MIddle-Late Stlunan

Sipam, Yujlanglan, Nagaobngwn 428 397 Ma Mamly in South Chmal

IMlddle Stlunan

IEarly Sllunan

ILate Ordovician

IMiddle Ordovician

IEarly OrdovIcian

ILate Cambrian

IMlddle Cambnan

IEarly Cambnan

Ankangwn

Zlyanglan,Dazhongban, Longmaxlan

Qiantangjiangian, Aijiashanian

Darriwilian,Dawanian

Daobaowaman, Xmchanglan

Fengshanian. Changshanian. Gushanian

Zhangxlan,Xuzhuangmn, Maozhuanglan

Longwangmlaoan, Canglangpuan,

IQlOngzhuslan, Melshucuman

428=423 Ma

444=428 Ma

461-444 Ma

472-461 Ma

488=472 Ma

501-488 Ma

513 501 Ma

543-513 Ma

Mamly m South Chmal

Mamly m South Chmal

Mainly in South Chinal

Mainly in South Chinal

Almost the wholeof Chma

Almost the wholeof China

Almost the wholeof Chma

Mamly in South Chmal

lIn the Chinese continent the Early Paleozoic Tectonic Period comprises many tectonic events whichl
pccurred at different times m different areas of Chma. I here ISat present msufficlent data to subdlVldel
~hese events mto separate tectomc pen ods, but the mam tectomc event occurred at about 400 Ma.1

!Becauseof the abundance of fossils in Paleozoic rocks, stratigraphic correlation between the differentl
lareas of China is very straight forward, so that many local stratigraphic terminologies used previously
[lave lost their Importance. On thiS account natIOnal and mternatlOnal termmologles for stratlgraphl(j
~mts and ages will be used to faCilitate correlatIOn Crable 4.1).

lOunng stable pen ods m tectomc evolutIOn, the tectomcs can be most eaSily discussed in terms of
paleogeography, using palaeontology and the distribution of fossils. Generally, the effects of tectonig
lactlVlty were more profound m areas where the sedimentary formatIOns were thickest and rates of sedl1
ImentatlOn were relatively hlghJ

IThe thickness of sedimentary formations and their rates of sedimentation are given in Appendix ~

land Illustrated 10 Fig. 4.1. In stable tectomc regions of Chma the thickness of PalaeozOic sedlmentaryl
[ormations is very different from that in the tectonically active regions. On the relatively stable centrall
iJart of the Smo-Korean Plate (mamly North Chma), the thickness of PaleozOic sedimentary formatlOn~

liS 800-2,000m, and rates of sedimentatIOn are 3-7 mfMyr (I.e. 0.003-0.007 mmfyr), while on the mar1
[ginsof the plate in Jilin, Liaoning, and North Anhui provinces and in the East Ningxia Hui Autonomousl
IReglOn, thickness of 4,000-5,000m IS reached, and rates of sedimentatIOn are 9-17 mfMyr. From sels-I
!TIIC profiling 10 the West Smo-Korean Plate 10 ShanXIand Shaanxi provmces, Wang 'IH (1995)found!
~hat the thickness of the Lower Paleozoic systems was controlled by N-S trending uplifts, alternating!
IWlth depreSSIOns, with sediment thickness rangmg from zero on the 0 lad uphft to 1,400m in the Hebel1
IShandong depression, while in the southern and western marginal depressions ofthe Sino-Korean Plate,
~he Lower PalaeozOic system ISmore than 4,000m thick (Fig. 4.1,A).

II'he thickness of PaleozOic strata m the centre of the stable Yangtze Plate IS 3,000=4,000 m, andl
rates of sedimentation are about 15 m/Myr. However, in regions of active tectonics on the margins of
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* No dataof Taiwanin recent.

IFig.4.1 Ratesof sedimentation of Paleozoic stratain China(m/Myr).

A.Sino-Korean Plate;B. Mainpartof Yangtze Plate;C. Hunan-Guangxi areain Southern Yangtze Plate(distinguishedl
Ibecause ot ObViOUS strongtectomc actlVlty); D. Cathaysian Plate;E. Qmhng DableBelt;F. Itanshan Hmgganlmg Beltj
p. Xlyu Plate (mcludmg Ianm, Qaldam, and Alxa blocks); H. Yunnan XIzang blocks. Ihere IS no mtormatiOn troml
IImwan Provmce.

~he Yangtze Plate, in Jiangsu and Zhejiang, North Jiangxi, Southeast Guangxi, Guizhou and Yunnanl
proVinces, the thIckness reaches 10,000 m, WIth rates of sedImentatIOn of 30-146 m/Myr (FIg. 4.1, B).
[I'ectomc actIvity was also strong 10 the CathaySIan Plate dUrIng the PaleozOIc. In East Fujlan and NEI
puangdong provinces, the thickness of the Paleozoic strata is 3,000 m and the rate of sedimentation
Iwas about 10m/yr. In West and North Guangdong, South Jlangxl and SE Hunan provinces the thlcknes~

pf the PaleozoIc strata IS 13-17 km and the sedImentatIOn rate was 45-60 tri7Myr(FIg. 4.1, D). In th~

Iwestern Yunnan and XIzang blocks where tectOnIC act1V1ty was very strong (FIg. 4.1, H) PaleozOIcstratal
lare 3-11 km thIck and the sedImentatIOn rates were between 13 and 76 m/Myr. 'lectOnIC acnvity wa~

~he strongest in the western part of the Qinling-Dabie Belt and the weakest in the east, the thicknes§
pf the PaleozOIc strata ranged from 3 to 18 km WIth rates of sedImentatIOn of 12-63 m/Myr. In thij
[I'Ianshan-South H10gganhng Belt (FIg. 4.1, F), tectOnIC actIvity was the strongest 10the western Alta5J
~eglOn, where PaleozoIc strata are about 41,000 m thIck and the rate of sedImentatIOn was close to 1401
Im/Myr (i.e. 0.14 mm/yr). In the main part of Tianshan-South Hingganling Belt and in the Xiyu Plat~
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('Iarlm, Qmdam, and Alxa blocks (FIg. 4.1, G», the thIckness of the PaleozOIc strata IS about 20,000 m,1
landthe rate of sedimentation was 60-70 m1Myr, although activity was weaker in the Alxa Block.

~lthough tectonic activity in most of the blocks * in the Chinese continent was not very intens~

k1unng the Early PaleozOIc, whIch IS characterIZed pnmanly by the dIspersIOn and subsidence of th~

Iblocks,paleogeographIcal and paleontologIcal eVIdenceshows that there were Important changes m th~

sedImentary and paleoecological envlronmentsl
IAfterlong-term erosion during the Neoproterozoic and Early Cambrian, a marine transgression ocj

~urred on the Smo-Korean Plate m the late Early Cambrian from east to west and from south to northl
(Eg. 4.2). Only the youngest Lower Cambnan, Xlaweldlan and Changpmg hmestone formatIOns occu~
~m the Sino-Korean Plate near Beijing, comparable to the Canglangpu and Longwangmiao formation~

1m South Chma. There are possIbly older Cambnan formatIOns, comparable to the QlOngzhushl Formaj
~ion, in East Liaoning Province on the East Sino-Korean Plate and in the Xuzhou-Huaihe region (froml
117.l oE, 34.2°N to 117°E, 32.6°N) on the southern margin of the Sino- Korean Plate.

IMlddleand Upper Cambrian depOSIts occur over most of the Smo-Korean Plate and consist of argJila1
~eous carbonate rocks. In the southern Sino-Korean Plate, from northern Anhui to southern Henanl
IProvmce, the sedIments were formed m sabkha tIdal flats (sabkha - salt flat m ArabIc), representmg al
supratIdal sedImentary envIronment m an and to semI-and chmate. The MIddle Cambnan IS found onlyl
linthe central Sino-Korean Plate and is composed mainly of littoral deposits, including oolitic carbonate'
[ocks. By careful correlatIOn, Meng XH et a!. (2002) demonstrated that the Middle Cambnan Zhangj
Ixian oolitic beach deposits are characterized by cyclic sedimentation, repeated at ~0.40 Ma, perhap§
~he sedImentary response to the period of the eccentricIty of the Earth's orbIt around the sun.

ILateCambrian sedIments are shallow marine argllhtes, mter-bedded wIth hmestones and often m1
~luding carbonate conglomerates deposited as storm beach deposits under warm climatic condition§
(Ym HF et a!., 1988).

punng the Early OrdovIcIan, a broad manne carbonate sedImentary basm covered the Smo-Koreanl
flate, wIth gypsum depOSIts formed in shallower water on the south-central part of the plate. As ther~

lare no deposits of Middle Ordovician to Early Carboniferous age on the Sino-Korean Plate, the plat~

Iwas evidently uplifted towards the end of the Early Ordovician, and was subject to erosion during thi§
lime interval]

IBeneath the Middle CarbOniferous dlsconformlty, m the central part of Smo-Korean Plate, An 'I XI
land Ma WP (1984,1993) recognized a facies boundary in the Early Ordovician, extending from H01
hhot City (l11.8uE, 41ON) to Qikou in Tianjin City (117 .7°E, 38'soN) and to Jinxian County, Liaoning
frovmce (12I.8°E, 39.1°N). North of thiS boundary the Early OrdovIcIan Majlagou carbonate formaj
~lOn occurs ImmedIately below the CarbOniferous, whJie to the south the Maj1agou FormatIOnISoverlaml
!Jy the clastic Middle Ordovician Fengfeng Formation. The facies boundary has been displaced along
~he Late Triassic Tancheng-Lujiang Fault; to the west the boundary occurs to the south of Tianjin City,1
Iwhlle to the east It occurs m Jmxlan County, LIaOning Provmce, mdlcatmg a sInistral strlke-shp dlS1
placement of ~160 km across the fault (Wan 'I F and Zhu H, 1996; Wan 'I F et aI., 1996)1

I' "Block"is a neutraltermusedfor a relatively stabletectonicunit, regardless of size, includingits areaand depth."Plate'1
,S used for large,stable tectomcumts, such as a hthosphenc plate,underlamby the asthenosphere, witha lower boundaryl
Imarked bya h[gh-conductlVlty and lowseismicvelocitylayer,md[catmg partIalfUSIOn or nch ness m flUId. "M[cro-plate 'I
jlleansa smaIlhthosphenc plate. [he authorssuggest that smaIlplates without a clearly defined base marked by a hlghl
~onductlVlty or low seIsmIC velOCIty layer should be termeda "block", rather than a "terrane".The term 'Terrane" IS notl
clearly defined and is not necessary. WanTianfeng and his colleagues have discussed the terminology of "terrane", ill
1988,with HowellDG (USGS),the originatorof the term. Howellconsidered that a "terrane" is a separatetectonicunit]
Iwhich has been displacedover a long distance. It is neithera micro-plate nor a thrust sheet, and does not show a clearlyl
~etined basal detachment surface. Smce the basaldetachment surface of a micro-plate [s a layer with hlgh-conductlVltyl
!ind low-velocity, and of a thrust sheet IS a low angle reverse fault, a terrane can be descnbed as either a mIcroplate orl
!i thrust sheet. [he term "terrane" [s thereforesuperlluous and has recently beenused less frequently m the mternatlonall
~
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!Fig.4.2 Palaeogeographic sketch map of the Early and Middle Cambrian (543-501 Mal in the Chinesecontinent (Dat~
RompIied from Wang HZ et a!., 1985; Yang JL, 1988;Lm BJ et a!., 1994;Meng XH et a!., 2003).

Legend: I. Area of erosion; 2. Littoral and shallow marine, and continental shelf deposits; 3. Shallow marine and
~ontinental slopedeposits;4. Carbonate;5. Gypsum,tidal flatdeposits;6. Karsticbreccia;7. Conglomerateand sandstone;
8. Sandy mudstone;9. Volcamc rocks; 10.D,rection of manne transgressIOn; 11. PhosphatIc deposlls; 12. Boundary otl
Ised,ments or geologicalumts; 13.Plate boundary, perhapswnh restdualoceaniccrust!

NC. North Chma BlOgeographlcaI Provmce; Sc. South Chma BIOgeographical Provmce; SB. Pen-Slbenan BIOgeo-I
graphIcalProvmce;ZD. Yunnan-XIzang BIOgeographical Provmce.

IOn the margins of the Sino-Korean Plate Ordovician deposits are sands and argillaceous deposits laid
~own m a shallow manne environrnent, passmg into bathyal flysch on the northern margm of the platij
(Fig. 4.3). During the Silurian, most of Sino-Korean Plate was uplifted to form part of the continent andl
Iwassubject to erosion, but agam reSIdual bathyal deposIts occur along the northern margm of the plate.
puring the Ordovician-Silurian aulacogens were developed locally at Imjingang o27°E, 38.1 ON) and
pgcheon (127SE, 36.S0N) m the Korean Pemnsula (FIg. 4.4), and SImilar aulacogens of Early Palej
pzoic age are found in North China at Taizihe, Liaoning (centered on 123.5°E, 41.8°N), north Qilianl
(centered on lOS.SoE, 34°N) and Baojl, west ShaanxI-Nmgxla Hm Autonomous RegIOn (106-I07UE,1
134.3-37°N).
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[I'he Early PalaeozOIc hIstory of the relatlVely stable Smo- Korean Plate may be summanzed by the de1
position of shallow marine sediments on the plate which underwent both uplift and subsidence, and wa§
subject to a senes of manne transgressIOns and regressIOns, wIth the local development of aulacogensJ

IStandard sectIOns for the Cambnan formatIons of Chma were defined m the South ChIna blocks. The
sImIlar Early Cambnan sedIments are developed on the Yangtze Plate In the eastern Yunnan, Slchuanl
land Rubel provinces, in the Lower Yangtze region. and on the CathaysIan Plate. I he sedlmentarY1
~ectonic environment of the Yangtze Plate during the Early Cambrian was inherited from the situation inl
~he Smlan. In most areas of Yangtze Plate shallow manne sedIments were deposIted, wIth phosphatIc)
largIllaceous carbonates at the base, (FIg. 4.2), whIle bathyal flysch was deposIted In mIddle Jlangxl andl
~unan regIons of the South Yangtze. In many regIOns (for example, In south Hanzhong (107°E, 33°N),1
OCrom East SIchuan to West Hunan provInces, after the earlIest transgressIon, there was a nse In seal
~evel, but in Guangxi Province palaeontological and sedimentary evidence indicates shallowing (Yang!
gL, 1988).

IPerhaps shallowmg was caused by uplIft of the Yangtze Plate dunng the latest penod of the Earl~

K=ambrian, which shows that the Early Cambrian should be considered as part of the Sinian Tectoniq
IPenod. Accordmg to the eVIdence of small Archaeocyatha reefs m west Rubel, North Gmzhou, Northl
ISlchuan and South ShaanxI proVInces In the Early Cambnan, the depth of the seawater was 20-30ml
(Liu BJ et aI., 1994). During the Middle Cambrian, shallow marine sandy mudstones and carbonate~

IWlth abundant fossIls were deposIted on the Yangtze Plate. Late Cambnan dolostones and gypsuml
kleposits indicate that the Yangtze Plate had a hot dry climate at that time (Yang JL, 1988)J

lDunng the OrdovIcIan, the sedImentary envIronment became relatIvely tectonIcally stable but wlthl
gradually deepenmg water (FIg. 4.3); from ecologIcal eVIdenceseawater depths are estImated to be 100=1
150 m. However, by the Silurian, after the Fentou Fonnation (~428 Ma, Liu BJ et aI., 1994), a marinel
regressIOn occurred (FIg. 4.4), wIth seawater depths of less than 50 m. Dunng the MIddle Cambnan andl
ISllunan the Yangtze Plate suffered both manne transgressIOn and regressIOn.

~ccordIng to the dlstnbutlOn, dIversIty and the ecologIcal charactenstIcs of the fossIls, there wer~

lalmost no differences between the paleo-biology of the Sino-Korean and Yangtze plates during th~

IEarlyCambrian, however, after the Middle Cambrian obvious differences arose.1
[I'he bIOgeographIcal area of the Smo-Korean Plate ISgenerally called the North Chma BlOgeograph-1

Ilcal Provmce, charactenzed in the Cambnan by a few tnlobltes and some small shells, wIthout Archaeo1
'cyatha and Bradoria, and in the Ordovician by Actinocerida and a few trilobites (Yang JL, 1988; Li ZM,I
1988)J

[n the Early PalaeozOIc the Yangtze Plate belonged to the South ChIna BIOgeographIcal ProvInceJ
~haractenzed In the Cambnan by abundant tnlobItes, small shells and Bradona, In the OrdovIcIan b~

Endocenda-Orthocerida, the most abundant trilobites, Graptolithina, Brachiopoda and Agetolites,and
lin Silurian by typical fossils, such as Brachiopoda (Nalivkinia, Xinanospirifer), Spiriferida, AtrypaJ
land corals, Tetracoralla, Heliolites, and Nautilida (Lu YR, 1976; Mu EZ, 1983; Yang JL, 1988; R~
peY, 1988). Palaeontologlsts consIdered that the West SIchuan ProVInce I.e. Garze-Lltang-Aba area (Inl
~he west of the Yangtze Plate and eastwards to the Lancangjiang River) belonged to the South Chinal
~lOgeographlc ProvInce, however there are few outcrops of Lower PaleozOIc systems, and the area has al
~omplex structure which has not yet been properly investigated. The West Cathaysian Plate, i.e. Middl~
~heJlang, South Jlangxl, most of Guangdong, southeast GuangxI and Raman provinces, also belonge~

~o the South China Biogeographical Province, where from the Cambrian to the Ordovician, the deposit§
Iwere mainly shallow marine sediments. The area was then subject to regression and uplifted to form al
~and area, except for the Qinzhou-Fangcheng region (centered on 108SE, 22°N) in Guangxi, wher~
[here was a reSIdual bathyal manne enVIronment, WIth contInUOUS sedImentatIOn from the SIlunan tij
[he Devonian I

[[he Early PaleozOIc evolutIOnof northwest ChIna ISvery dIstInctIve. The Alxa Block had very slmj
lilar sedimentary and palaeontological characteristics to the Sino-Korean Plate in the Early and Middl~
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JIg. 4.3 Sketch map of tectomc umts and blOstraligraphlc provmces m the Chmese contment dunng the MIddle and Latij
prdovlcIan (471=444 Ma) (compIled from Lu YH, 1976;Mu EZ, 1983;Wang HZ et aI., 1985; LIll BJet aI., 1994; Men!i]
pm et a!., 2003)1

Legend: 1. Area of erosion: 2. Lllloral to shallow manne and contmental shelf depOSits;3. Shallow manne and contJ1
rental slope deposits; 4. Carbonates; 5. Gypsum, tidal flat deposits; 6. Karstic breccia; 7. Conglomerate and sandstone; 8.
ISandymudstone; 9. Volcamc rocks; 10.Boundary of sedimentary umts; II. Plate boundary, perhaps wIth residual oceaij
i5ill[

NC. North China Biogeographical Province; Sc. South China Biogeographical Province; SB. Peri-Siberian Biogeo-I
[graphical Province; ZD. Yunnan-Xizang Biogeographical Province.

K:ambrian*. However, from the Late Cambrian to Silurian, the Alxa biological assemblages are similarl

1* There are many opinions concerning the location of Alxa Block, at the time of the formation of the Xiyu Plate in th~

~ambrian. Wang HZ (1985) and Yang JL (1988) believe that Alxa Block was part of Sino-Korean Plate. Due to th~

Ipresence of the Smlan glacIal senes, the Lower Cambnan phosphallc layer and a fauna sImIlar to that of the Yangtze Plate,1
!Juan IY et al. (1992) thmk that the Alxa Block was part of the Xlyu Plate from the Siman to the Cambnan. However, lij
!,ecent years the SmIan Luoguan glacIiil senes and the Lower Cambnan phosphallc layer have also been discovered on thij
Isouthernmargm of the Smo-Korean Plate (m Henan, ShaanxI and Gansu provmces), whIch were not found on the Yangtzij
Plate. The author has discussed the significance of the Cambrian fossils discovered by Duan JY (1992),with Professor]
Peng SC of the Nanjing Geology and Palaeontology Institute of China Science Academy in 2003. Prof. Peng (persona]
~ommunication, 2003) considers that the Lower and Middle Cambrian fossils (Xysrridura, Galaheres, Erbia, Pageria) OJj
Ithenorthern margm of Alxa Block belong tYPIcallyto the Pen-Slbenan BIOgeographIcal Provmce, the MIddle Cambnalll
~ossJls (Crepicephalina, Amparan, Koorenia) m the centre of the Alax Block belong to the North Chma Blogeographlcall
frovmce, and only a few dozen Opper Cambnan fossIls belong to the South Chma BIOgeographical Provmce. Professoq
feng's opmlOn has been adopted m this accountJ
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~o those of South Chma, wIth the bathyal manne flysch deposIts and basIc volcamcs related to nttmg
laround the margins of the block (Lu YH, 1976;Mu EZ, 1983).These features suggest that Alxa Blockl
Ibelonged to Smo-Koreanplate beforeLate Cambnan, separatedfrom the Smo-KoreanPlate dunng Lat~

~ambnan, whose paleomagnetIcand palaeontologIcaleVIdence mdlcates that It was located m the sam~
paleolatItudeas the Yangtze Platel

Where IS not sufficIentgeologIcaleVIdence to establIsh whether the Qaldam Block, lIke Alxa Block,1
Iwas part of the Sino-KoreanPlateduring the Cambrian (YangJL, 1988).However,during the Ordovicianl
land Sllunan, the QaIdam Block, wIth ItS extensIve bathyal manne depOSIts, formed part of the Southl
~hma BIOgeographIcal Provmce (He XY, 1988). Smce the Cambnan the Tanm Block, unlIke the Alxal
land Qaidam blocks, was coveredby shallow marine deposits, with a marginal faulted depression, which
kJeveloped more rapIdly m the OrdovIcIan. In the Early PaleozOIc, from the tIme of the Slman Tectomq
feriod, the TarimBlockformed part of the South China BiogeographicalProvince,but the faunas are notl
~ompletely identical (Lu YH, 1976;Mu EZ, 1983;Gao ZJ et aI., 1983;YangJL, 1988;He XY, 1988).Itl
lIS probable that the lanm Block was located in the same paleolatItudeas the Yangtze Plate, but was notl
lin contact with it. Sedimentary and palaeogeographicdata show clearly that during the Early Paleozoiq
~he three blocks m northwest Chma had a sImIlar hIstory to the Yangtze Plate, and had become part of
[he South ChIna BIOgeographIcal ProvInce (FIgs. 4.2, 4.3 and 4.4), and In the OrdovIcIanand Sllunanl
Iwere located in the same paleolatitude as the YangtzePlate.1

[rhroughout Early PaleozOIc the QIangtang, Gangdlse, HImalayan and West Yunnan Blocks (LInj
~ang and Baoshan regIOn, I.e. the North Slbumasu Plate, centered on 99GE, 24'soN), were covered b5J
~e1atlvely stable shallow manne carbonate depOSIts m whIch Cambnan fossIls are rare. I he Ordovl1
~Ian cephalopod fauna IS sImIlar to that of the Smo-Korean or Yangtze plate except for the presencel
pf Georgina. However, the Silurian planktonic fauna, characterized by cephalopods and conodonts, i§
sImIlar to that of western Europe. ThIs paleontologIcalassemblage IS IntermedIatebetween that of th~

~orth and South ChIna BIogeographIcal provInces, but can be recogmzed clearly, so that It has beenl
~lIstIngU1shed by ChInesegeologIstsas the Yunnan-XIzang BIOgeographIcal ProvInce(LIZM, 1988;H~
pcY, 1988)·1

IA marine transgressionoccurred in NortheastChina and the Junggar-Altayregion of northwestChinal
~rom the MIddle Cambnan to Sllunan. WIth the manne area mcreasmg and the contmental area de1
~reasmg, bathyal manne flysch was deposIted m the Junggar, Ergun, SonghuaJlang-NenJlang (aroundl
~he Harbin block), Jiamusi-Bureinskiy and Xingkai regions, where there were more and more intens~

Ivolcamc actIvItIes dunng the OrdovIcIanand SIiunan. These two regIOns belonged maInly to the Penj
ISlbenan BIOgeographIcal ProVInce. The OrdovIcIan palaeontologIcal assemblage IS charactenzed b5J
~he tabulate and tetracoralsAmsassza and Favlstella, and somedlstmctlvetnlobltes. I he Sllunan assem1
!Jlageis characterized by Tuvaella (He GQ and Li MS, 2001). These palaeontologiccharacteristics ar~

~ompletely different from those of the other regions of the Chinese continent. The Jiamusi-Bureinskiyl
IBlock (FIgs. 3.9, 4.15) had a sImIlargeologIcal hIstory to the Gondwanan crystallme basement dunng
[he Slman and Early Cambnan, and from the MIddle Cambnan to the Sllunan the bIota was slmllarl
~o that of the Siberian Biogeographical Province. So it seems that had a great migration for Jiamusi
~ureInskIy Block In Cambnan.

[n the Early Paleozoic TectonicPeriod, sedimentary and paleontologicaldata (Figs. 4.2, 4.3 and 4.4)
show that dIfferentmanne transgressions, regressions, and vertIcalmovementsaffected all the blocks ml
K=hinese continent. In addition, horizontal migrations occurred, with the drift of the Qaidam and Alxal
!Jlocksfrom the North China into the South China Biogeographical Province (i.e. from the neighborj
Ihood of the Smo-KoreanPlate towards the Yangtze Plate). Durmg OrdovIcIan and Sllunan, the YangtzeJ
~athayslan, West SIchuan, QaIdam, Alxa, and Tanm blocks belonged to South ChIna BlOgeographlcall
frovince. They were all located close to the same paleolatitude. However, the continental blocks be1
IlongIng to Pen-Slbenan, North ChIna and Yunnan-XIzangBIogeographIcal ProVInces had a dlfferen~

~ectonic evolution, so that they should be placed separately in paleogeographical reconstructions, withl
some distance betweenthem]
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~Ig. 4.4 Sketch map of the dlstnbutlOn of Early and MIddle Silunan senes (444=423 Ma) in the Chmese contmentl
I(compiled from WangHZ et aI., 1985;He XY,1988;Liu BI et aI., 1994;Meng XH et aI., 2003).1

Legend: 1.Area of erosIOn; 2. Littoral to shallowmanne contmentaIshelf deposIts;3. BathyaImanne and, contmental
Islope depOSits; 4. Carbonates;5. Gypsum,tIdal flat depOSIts; 6. Karstic breCCIa; 7. Conglomerateand sandstone;8. Sand51
!IJudstone; 9. Volcanic rocks; 10.Boundaryof sedimentary units; 11.Plate boundary, perhapswith residualocean crust.

NC. North China Biogeographical Province;Sc. South China Biogeographical Province;SB. Peri-Siberian Biogeo-I
[graphical Province; ZD. Yunnan-Xizang Biogeographical Province.

~.2 Palaeomagnetism andPalaeotectonic Reconstructionl

falaeomagnetism from the Chinese continent has been compiled according to the methods and treatmentl
pf paleomagnetic data, as descnbed In Chapter 1,uSing the data which had been collected carefully andl
Itestedprecisely In terms of internatIOnal standards (AppendiX 6). Since 1998, paleomagnetic data froml
~hfferent laboratones all over the world has become more and more agreeable to the correct methods fori
~he collectIOn of data and for the preparation of palaeotectoll1c reconstructlOns.1

~sing the palaeomagnetic data collected and analyzed properly (Appendix 6), the palaeomagneticl
~haractenstlcs and the palaeotectoll1c reconstructlOn of three major contmental blocks, Sibena, Indl@
land AustralIa, surrounding the Chinese continent dunng the Early PaleozOiC are first discussed (Fig.

tL51
from Early Cambrian to Silurian the Siberian (Angaran) Plate rotated 12° clockwise with respect tg

lacentral reference pomt and the paleolatitude changed from latitude 31.40 south to latitude 18.40 northl
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(Khramov et al., 1981). Over this period the position of the plate changed through latitude 49.8° (about
15,000 km of displacement), the average movement velocity was 4.53 cm/yr, perhaps more, if change§
linthe longitude were considered. The latitude of Indian Plate changed only slightly from latitude 25.3°
[0 28.T south dunng the Early PaleozOIc, but first rotated 25° clockwtse dunng the Cambnan, and thenl
rotated78° counterclockwise during the Ordovician and Silurian (Klootwijk and Radhakriehnamurty,
1981). The Australian Plate rotated 60.8° counterclockwise during the Early Paleozoic, but remained
IlatItude 110_13 0 south (Van der Voo, 1993). Although the AustralIan and IndIan plates all belong tg
pondwana domam, they have dIfferent charactenstlcs of movement.

~Ig. 4.5 PalaeotectonIc reconstruction and displacement of the Slbenan (SB), Indian (ID), and Australtan (AU) p1ate~

during the Paleozoic, data is showed in Appendix 6~

[herefore, during the Early Paleozoic the horizontal displacement of the Indian and Australian plate§
Iwas very small, but the dIsplacement of the Slbenan Plate was much greater. Many Chmese geologlst§
~hought incorrectly that because of its huge area the Siberian Plate would have been very stable, in fact,1
laccordmg to palaeomagnetIc and geologIcal data the plate mIgrated over a great dIstance and suffered al
substantial amount of tectono-thermal activity during the Early Paleozoic.

lOuringthe last thirty years, the Chinese and international researchers have made many determinationsl
pf the palaeomagnetIsm of the Smo-Korean, Yangtze and l'anm blocks, whIch make up the Chmesij
~ontinent, and have reconstructed their paleogeographical relationships. There are two opinions abou~

~he locations of Sino-Korean and Yangtze plates in the Early Paleozoic: in one model both plates la~

1m the southern hemIsphere, wIth the Smo-Korean Plate to the south of the Yangtze Plate (Lm JL et aLI
1985); in the other model the Sino-Korean Plate has always lain in the northern hemisphere, and alway~

~o the north of the Yangtze Plate (Wang HZ et aI., 1990; Yang WR et aI., 1993; Scotese, 1994; Ym AI
landNle SY, 1996).1

[he dispute is whether during Cambrian and Ordovician the Sino-Korean Plate was located in th~

rorthem or southern hemIsphere. Accordmg to data from recent palaeomagnetIc studIes of the Paleoz01q
lin North China (Yang ZY et aI., 1998; Yang ZY et aI., 1998; Huang BC et aI., 1999), the Early andl
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IMlddleOrdovIcian magneuzauon dlrectlOn (north pole) recorded from rocks of the Smo-Korean craton)
Iwhenconverted to a normal polarization direction, is oriented NNW and downward dipping (A=32. 9°N,
1>-314.2°E, A9s-9.6U), similar to that of Laurasia at that time. These results show that the Sino-Koreanl
flate was located at a low latitude m the southern hemisphere dunng the Early and Middle OrdovlclanJ
1H0wever, Cambnan palaeomagnetic results for the Smo-Korean Plate from different authors differ froml
eachother (Zhao Jet al., 1992; Huang BC et al., 1999; Lin JL et aI., 1985; Yang ZY et al., 1998; Yang!
~Y et aI., 1998). The results of Huang BC et al. (1999) are preferred because of their high precision, andl
Ibecause they are relatlVely close to the average value, and also close to the OrdovIcIan data. Thereforel
lit IS most probable that dunng the Cambnan the Smo-Korean Plate was also located m the southernl
~emisphere at a low latitude. The conclusion of some researchers that the Sino-Korean Plate has alway~

Ibeen located m the northern hemisphere was perhaps based on the random selectIOn of south/northl
Imagnetic poles or re-magnetization of the analyzed samples.1

IPalaeomagnetIc data in the Early PaleozOIc from the blocks formmg the Chmese contment IS hste~

lin Appendix 6, and palaeotectonic reconstructions are shown in Figs. 4.6-4.12. Considering the many
Imorebelievable paleomagnetic data for Chinese blocks and the world reconstruction maps, proposed b)j
IScotese, had some mistakes especially m the parts data of Chmese blocks, Wan TF and Zhu H (2007)
~ombmed the belIevable Chmese paleomagnetic data with the others accordmg to Scotese's data, andl
~edrew the Paleocontinental reconstruction map of the globe in Paleozoic (showed in Figs. 4.8, 4.lOj
14. I2, 5.5, 5.7 and 5.9).

[Fig. 4.6 Palaeotectonic reconstruction and displacement of the Sino-Korean (SK), Yangtze (YZ) and Cathaysian(CA)I
jllatesdUrIng the PaleozoIc, data IS showedm AppendIx 6.1

IThe Sino-Korean Plate rotated 13.80 clockwise m the Early PaleozOIC and migrated from latltud~

120.2° to 12.9° south with a rate of movement of only 0.8 cm/yr. From the Cambrian to the Early Sil-I
rnan the Yangtze Plate rotated 24.4 0 clockwise, and dunng the Middle and Late Sllunan 70° counj
~erclockwise, and migrated from latItude 11.70 south to latitude 2.80 north, with a rate of northwardl
rJovement of 0.7 cm/yr. Some credible palaeo-magnetic data from the Cambnan and DevonIan showedl
~hat the Cathaysian Plate rotated during the Early Paleozoic, however with only a slight change in paleoj
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Ilatltude. PalaeomagnetIc data shows that in the Early PaleozOIc the 'Ianm and Alxa blocks were bothl
~ocated at a low latitude in the southern hemisphere, but moved towards the north and underwent conj
slderable rotatIOn.However these data are not very precIse. Dunng the Early PaleozOIc, IndIa, Austrahal
landother small blocks in Chmese continent rotated, and only changed theIr paleolatitude shghtly.

~n the Early PaleOZOIC the Smo-Korean and Yangtze plates mIgrated towards the north and slmuIta1
reously rotated, and were perhaps mfluenced by the large-scale movement of Slbenan Plate. RotatlOn~

[given for these larger blocks are plausible, because many different studies have produced similar results.
However, the details of the locatIOn and movement of the smaller blocks are uncertam because there Iij
[10 sufficIent data.1

~onclusions derived from palaeomagnetism concerning palaeotectonic reconstructions and the mH
gratlon of the crustal blocks, whIch now form the Chmese contment and Its the adjacent areas, are ml
laccordance with the palaeogeographic and palaeontological evidence. In the Early Paleozoic most of
~hese blocks were dlstnbuted to the south of the equator m a tropIcal to subtropIcal enVlfonment, andl
lunderwent shght northward rmgranon. The palaeotectomc reconstruction of the Slbenan, Mongohan]
landOchotsk blocks made by Gordienko (1994) is valuable. His conclusions concerning the location andl
rJovements of the Slbenan Plate are acceptable, but hISconclusIOn that the Smo-Korean and Yangtzel
plates were located m mIddle latItudes of the northern hemIsphere dunng the Early PaleozOIC must b~

reconsidered in the light of more recent data.

[Fig. 4.7 Palaeotectonic reconstruction of the distribution of the Chineseblocksand their adjacentcontinental plates inJ
!he Cambnan (520 Ma). Black dots show the reference pOInt for the blocks, and black hnes mdlcate the dIrectIOn ofj
jiaiaeomagnellc north,data IS showed m APpendIx 6.1

Blocks: AL. Alxa;AU.Australian; BS.Baoshan-Sibumasu; CA.Cathaysian; GO.Gangdise; HM.Himalayan; 10. In-I
~han; JG. Junggar; Jr. Japan;KO.East Kunlun; KZ. Kazakhstan; LI.Lmgcang-Indochma; NO.Wandashan; QO. Qmdam;1
Kif. QIangtang; SB.S,benan;SK. Smo-Korean; IR. IannI; YO. Yagan; YZ. Yangtze; XM. Hmgganhng; XY. X,yu (1M
Isame symbolshavethe same meanmg m the other ,IIustratlOns m Chapters 4 and 5, andAppendIx 6)1
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~'Ig. 4.8 Paleocontmental reconstrucnon of the globe dunng the Late Cambnan (514 Ma) (Wan TF and Zhu H, 2007; Datal
rf Chinese blocks and their adjacent areas from Appendix 6, others from Scotese's wcbj]

~'Ig. 4.9 Palaeotectomc reconstruction of the dlstnbutlOn of Chmese and adjacent blocks m the OrdovIcian (460 Ma), datal
lisshowed in Appendix 6.

~n compiling Figs. 4.7-4.12, due to the inadequacy of the palaeomagnetic data, the locations of
smaller blocks had been esttmated by tnterpolatton or extrapolatIOn. Relattve paleo-latttudes and paleoj
~ongitudes were estimated by using similarities in the paleontology and paleotectonics of differen~
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[Fig. 4.10 Paleocontinental reconstruction of the globeduringtheMiddleOrdovician (458Mal (WanTF aud Zhu H, 2007;
pata of Chmeseblocksand theIradjacentareas from AppendIx 6, othersfrom Scotese's web)j

Iblocks. Some constramt on the dtstnbutlOn and mtgratlOn of the smaller blocks tS provtded by th~

rJore relIable data obtamed from the SIX larger plates, but these palaeotectonIc reconstructions are stllli
~xtremely sketchy.

~.3 RockDeformation, Metamorphism and Stress Fieldl

[he tectonic event which occurred at the end of the Early Paleozoic is marked by an angular unconj
~ormlty at the contact between the Lower and Upper PaleozOIC systems (FIg. 4. 13). I he age of thl~

~nconformlty can be used to define five tectonic regions (yellow in FIg. 4.13)1
(1) In the Tarim, Qaidam and Dunhuang-Alxa blocks, there are commonly clear angular unconfor-I

Imities between the Middle and Upper Silurian and the Lower and Middle Devonian systems. Thes~

[hree blocks had been amalgamated by the end of the Sdunan along the QIlIan-Altun CollIsIOnZone tij
~orm the Xiyu Plate, accompanied by widespread deformation and low-grade greenschist facies meta1
rJorphlsm of the Lower PaleOZOIC systems. However, in the central part of the I'anm Block there ar~

pnly disconformities between the Lower Silurian and the Lower Devonian systems, so this event did notl
laffect the central part of thIS block.

(2) In the Tlanshan-South HmgganlIng 'IectOnIC Belt, whIch mcludes a serIes of small blocks ml
[he margmal fault belts of the Junggar Block, the YIlIekede-Jagdaql Fault Belt (from 122uE, 49°N tg
123.8uE, 50.5°N) (1 in Fig. 4.13), the Ertix-Derbugan Fault Belt (from 85.5°E, 48°N to 91uE, 45.5°N)
(3 m FIg. 4.13), the KaramellI-Erenhot Fault Belt (from 91uE, 4SON to 112°E, 43.8°N) (2 m FIg. 4.13]
landthe Nilak-Xar Moron He Thrust Fault Belt (from ll3°E, 42,SONto 119°E, 43°N) (5 in Fig. 4.l3)l
~here are clear angular unconformItIes between the SIlUrIan and Lower or MIddle DeVOnIan sedIments.
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lFig.4.11 Palaeotectonic reconstruction of the distribution of Chineseand adjacentblocks in the Silurian(420 Ma), datal
,S showedin Appendix 6.

[Fig. 4.12 Paleocontinental reconstruction of the globe during the MiddleSilurian (425 Ma) (WanTF and Zhu H, 2007;
pata of Chmeseblocksand thelf adjacentareas from AppendIx 6, othersfrom Scotese's web)]
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FIg. 4.13 Sketch map showmg tectomc events of the QIImn Penod (513-397 Ma) m Chmal

II.Strata relationship in international stratum code; angular unconformity with a wavy line; disconformity with broken!
Iline;conformity with continuous line; 2. Area with disconformity; 3. Area with conformable strata; 4. Area with angular]
[inconformity; 5. Anticlinal fold axis (data in Appendix 3.2); 6. Trace of maximum principal stress axis (UI); 7. Granit~

intruSIOns dunng the QIlIan Penod (513 397 Ma); 8. DlfeclIon of block movement; 9. Volcamc rocks extruded dunnij
!he QIlIan Penod (513 397 Ma); 10. OphIOlItesand ultramafic rocks formed dunng the QIImn Penod (513 397 Ma); 11.
Rate of intraplate deformation estimated from litho-chemical data, "-" implies spreading rate, others imply shortening rate]
~m/a (data in Appendix 5.3); 12.Plate boundary, collision and fault belts and their serial numbers; 13.Activity not clearlyl
related to block boundary or faults]

~erial numbers of plate boundaries, collision or fault belts: mYiliekede-Jagdaqi Fault Belt; [2] Karameili-Erenhotl
fault Belt; [3] Ertix-Derbugan Fault Belt; [4] Narmand Collision Belt; [5] Nilak-Xar Moron He Thrust Fault Beld
[6] Hariktao Thrust Fault Belt; [7] Wuqia-Korla block boundary; [8] Kangxiwa Collision Belt; [9] Northern bound
!lry of East Kunlun Block 1101 Qimantag-Golmud Collision Belt (southern boundary of Qaidam Block); 1111 Ruoqiangj
~unhuang Collision Belt; [j1J Altun Collision Belt; I!lI Junulshan-southern boundary of Qinghai Lake Collision Beld
Il4I Southern boundary collision belt of the Middle Qilian Mountains; I!iJ Northern boundary collision belt of the Northl
Rilian Mountains; [§] Longshoushan Collision Belt; 1!11 Northern boundary of the Alxa Block; I!m Western boundaryl
pf the Sino-Korean Plate; [9] Northern boundary of the Sino-Korean Plate; IWl Boundary collision belt of Wushan-Baojil
~lock; [i] Shangdan-Tongbo-Zhucheng-Cheju Island Collision Belt; I22l Northern boundary of Yangtze Plate CollisiOlj
~elt; 1231 Shiwandashan-Shaoxing plate boundary (between Yangtze and Cathaysian plates)1

~eanwhile, in the Altay region(centred on 88°E, 48°N) of northwest China, and the Ergun(centered
pn 120oE, SOON) regton of northeast China, a htatus In sedtmentatton occurred earlter, as there tS ani
langular unconformIty between the MIddle and Upper OrdOVICIan, so that more strata are mIssing. Inl
pther segments of the 'I Ianshan-South Hangganhng TectOnIC Belt, the strata beneath the unconformltyl
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lare generally the Lower and MIddle OrdovIcIan, and in the Ergun rcgron even the Lower CambrtanJ
Iwhile the overlying strata are of Devonian, Carboniferous or Permian ages. In the Bainaimiao regionl
land the Ondor Sum-Ongniud Qi Collision Belt (from 113°E, 42.5°N to 119°E, 43°N) in the centr~

pf the Inner Mongolta there IS an angular unconformIty between the SIIunan and Lower and Mlddl~

!DevonIansedIments (Tang KD et a!., 1993).
(3) In the CathaysIan Plate (SE Chma) the Cambro-OrdovIcIan ISfolded on ~N-S axes accompanIe~

!Jy greenschist facies metamorphism and overlain with angular unconformity by Middle Devonian sys-I
~em. I'he umfied crystalhne basement of the CathaysIan Plate was formed durtng thIs Qlhan 'Iectomq
Event.1

(4) In the southern part of the Yangtze Plate, there is a widespread angular unconformity betweenl
[he Upper and Lower PaleozOIc systems. The underlymg strata are Cambnan, OrdovIcIan or Sllunanl
systems, and the overlying strata are mainly Lower Devonian sediments with E-W trending fold strucj
~ures. On the northern margm of the Yangtze Plate and m the western Qmlmg Mountams there IS ani
langular unconformIty between the MIddle Sllurtan and Lower Devoman systems, mdlcatmg strong tec1
[omc actIVIty at that tIme. In the Yunkaldashan regIon (centered on 111°E, 22.6°N) east to Shlwandashanl
(centered on IOSGE, 21.S0N) in Guangxi, there are angular unconformities between the folded and meta1
Imorphosed NeoproterozOIc Yunkal Group and the DevonIan, or between the Cambnan and Ordovlclanj
~his has been termed the "Yu'nan Tectonic Event", which is associated with a series of northward1
kltrected upthrusts wIth E-W trendmg (QIU YX et a!., 1993,1996). 'Ihls type of deformatIOn IS slmIlarl
~o that in the South Yangtze Plate, so at the end of Early Paleozoic, the boundary between Yangtzel
landCathaysIan plates was located along the Wuchuan-Slhm Fault Belt to the east of the Yunkatdashanl
regIOn, and at that tIme the Qmzhou-Fangcheng and Yunkatdashan regIOns formed parts of the Southl
IYangtze Plate. However, the Qmzhou-Fangcheng regIOn(centered on 108.4°E, 21.8°N) was a margmall
rIft belt m the South Yangtze Plate, where contmuous sedImentatIOn from the Upper Sllunan mto th~

Lower Devonian shows that no tectoruc events occurred at that tIme.
(5) In the Guanzhong region, Shaanxi Province (from 107°E, 34.soN to II OOE, 34.S0N), in the south]

Iwestern part of the Sino-Korean Plate there is an angular unconformity between the Upper Ordovicianl
land Permian systems, indicating compression and folding at the end of the Early Paleozoic (Tan YJ,
1992). However, most of Smo-Korean Plate was tectomcally stable, and was not affected by deforma1
~lOn at the end of Early PaleozOIC.

~t the end of Early Paleozoic a disconformity occurs in four regions (light green areas in Fig. 4.13)1
(1) Several dIsconformItIes occur m the Smo-Korean Plate. To the north of Hohhot-Tlanjm Cltyj

~mxlan, Llaonmg, there IS a dlsconformlty between the Lower OrdOVICIan Majlagou FormatIon and th~

~Iddle CarbonIferous, and to the south of thIs boundary there IS a dlsconformIty between the Mlddl~

pr Upper Ordovician and the Middle or Upper Carboniferous. However, in several aulacogens ther~

Iwereshorter sedImentary lacunae. For example m the TalZlRIver reglOn(centered on 124°E, 41.3°N) ml
Liaoning Province and the Imjingang(centered on 127°E, 3S.2°N) and Ogcheon(centered on 127.5°E,1
136.2°N) areas in the Korean Peninsula, the underlying strata are Middle, Upper Ordovician, or SilurianJ
land the overlying strata are Devonian (Wan TF and Zeng HL, 2002). An erosion residual of Devonianl
[ocks was found m the northern part of the Shandong Penmsula perhaps mdlcatmg a dlsconformlty ml
that area.

(2) In the main part of Yangtze Plate, there are dIsconformItIes, wIth only short breaks in sedlmen1
~ation. In the central part of the Yangtze Plate, i.e. East Sichuan and North Guizhou Provinces, ther~

lis a disconformity between the Lower Silurian and the Devonian or Lower Carboniferous. There wa§
lalmost contmuous sedImentatIOn on the margms of Yangtze Plate, wIth only a short lacuna, formmg al
k1lsconformltybetween the Upper Sllunan and Lower or MIddle DevonIan. EVIdently the central part of
~he Yangtze Plate was uplifted relatively at the end of Silurian and the beginning of Devonian. In Soutf
IQmltngand the West Longmenshan-PanzhlhuareglOn of western SIchuan, as m the Yangtze Plate, ther~

lisa disconformity between the Lower Silurian and Middle or Upper Devonian. However, in the southernl
ILanpmg-Slmao region, there IS a dlsconformlty between the Lower and MIddle Devoman.1
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(3) In the Gangdlse Block, a dlsconformltyoccurs betweenthe LowerSllunan and the Lower Dev01
nian,

T,(4")'In=<'lth:-Ceccc:-CeCOnt<=rc:olal""'IT'::aC::n"'m=-BT">Tlo:-CcLk-c,t"'hcoer=eC:I=-s=-a-;:Jd~lscoco=-n"'f-;Oo=rm=lty=be:O<t=wc;;eCOen=<'lth:-Ce"OTp=p:-CeC::CrTOcrdTo=vcol"'clcoa=-ncoan=-d;rt<l:hCOe'L--::o=w=ec:l~
ISllunan, 10 whIch up to 800-1,100 m of strata were eroded, however on the northern and southernl
Imargms of the I'anm Block only about 200 m of strata were eroded (Zhang YW et aI., 2000). On th~

rJargms of many small blocks 10 the 'lJanshan-Hmgganhng'lectomc Belt, there are generally dlscon1
Iformities between the Silurian and DevonianJ

IReglOns of contmuoussedImentatIOn at the end of Early PaleozOIc (dark green 10 FIg.4.13) mcludel
[he HImalayan, Qiangtang,HOhxII-Garze-Lltang regIOns, WestYunnan Provmce,East Yunnan aulacoj
1gen and the Qinzhou-Fangcheng marginal rilft areas. These regions did not undergo any significant
[ectono-thermalact1V1ty between the Early and Late PaleozOlc.1

[he data shows that in the Early Paleozoic the blocks forming the Chinese continent had differen~

Ihlstones of sedImentatIOn and erosIOn, FIg. 4.13 demonstrates that even between adjacent blocks th~

Ihlstory may be completely dIfferent. EVIdently Early PaleozOIc tectomc events were hmlted 10 thenl
~xtents, the main blocks were not connected, but were separated from each other at some distance, sq
~hat tectomc act1V1ty 10 one block dId not affect other blocks. The most Important tectomc event 101
[he Early PaleozOIc was the formatIOn of the Xlyu Plate wIth the most mtense epIsodeof deformatlOnl
rccurring in the Qilianshan region. So it is appropriate to name the Early Paleozoic tectonic event the
I"Qlhan Event"1

[he Xiyu Plate is madeup of the Tarim,Qaidam,Alxa-Dunhuang, MiddleQilian,Hualong(in northj
~ast QinghaiProvince,centeredon 102.1 cE, 36.2°N)and WestKunlunblocks (Figs. 4.13 and 4.15). A~
lalready mentIOned, these blocks were amalgamatedinto a umfiedcrystallme basementat the end of th~
faleoproterozoic (~1,800 Ma) and formed the western part of the Sino-KoreanProtoplate (Fig. 2.2).1
[I'hey began to break up 10 the MesoproterozOlc (Eg. 3.3), but went together 10 the Qmgbmkou Penodl
(1,000-800 Ma) to form the western part of the Smo-KoreanPaleoplate (Eg. 3.7). A nft system wa§
formed in the Qilian region during the Nanhua-Sinian Period (800-513 Ma), with the developmentof
rceanic crust, separatingthe Tarim-Qaidam Blockfrom the Alxa-NorthChina Block whichformed th~

Imain part of the Sino-Korean Plate. The occurrence of two tillites in the Neoproterozoic successiononl
~he l'anm-Qaldam Block showed that It had a sImIlarhIstory to the Yangtze Plate (FIgs. 3.8 and 3.9).1
lDunng the Cambnan the 'l'anm Block was stIli assocIated wIth the and Yangtze Plate, and ItS pale01
"iological assemblagesbelong to the South China BiogeographicalProvince.Howeverthe Qaidam andl
k\lxa-North Chma blocks belong to the North Chma BIOgeographIcal Provmce (FIg. 4.2). Dunng Orj
kIovlclan the Tanm, Qmdamand Alxa blocks sufferedextensIOn and subsIdence,wIth the deposItIOn of
bathyal marine deposits (WangHZ et aI., 1985).From the Late Cambrian to the Silurian the paleobio]
~ogical assemblagesin these blocks belong to the South China BiogeographicalProvince (YinHF et aI.,1
1988).In the Cambro-Ordovician extensivemagmaticactivityoccurredbetweenthe blocksin the Qilianl
land Altun regIOns, and ophlOhte SUItes, remnantsof OrdovIcIan oceamccrust have beenreported (Fengj
IYM et aI., 1995; XIa LX et aI., 1995; XU ZQ et aI., 1994, 1999;Zhang JX et aI., 1997, 1999;Guo ZJ etl
laI., 1999;Liu L et aI., 1998;Zhang Q et aI., 1998) (Figs. 4.3 and 4.13). Marine regressionbegan during!
[he SJlunan, and the colhslOns between the contments formed the Qlhan-Altun ColhslOn Belt dunngj
~he Late Silurian (Xu ZQ et aI., 1999) (Figs. 4.4 and 4.13). Consequently, the Tarim,Qaidam, Alxa andl
pther surroundmg small blocks were amalgamatedto form the Xlyu Plate. The tunes of colhslOn andl
lamalgamation are indicatedby the isotopic ages of granulite,eclogite and amphibolite in the metamorj
",hic rocks of the Qilian-AltunBelt (Appendix7): 460-400 Ma in the North Qilian Belt (Cheng YQ etl
lal., 1994; Zhang JX et aI., 1998); 465 Ma along the northern margm of Qmdam (Lm SC et aI., 1996j
IYang JS et aI., 1998), 503=462Ma for the western Altun Belt (Zhang JX et aI., 1999, 2002), formmgl
~he independentXiyu Plate.

[I'he term "XlYu Plate" was firstly proposed by Gao ZJ et ai. (1983) of the Bureau of Geology andl
Mineral Resources of the Xinjiang Uygur Autonomous Region. Yang WR et ai. (1984) named it th~

I"HuaxI" (meamng "WestChma") Plate. Wang YS and Chen IN (1987) agreed wIth XlYu's suggestIOn)
land it has been adopted by many researchers (Ge XH et aI., 1998).1
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IA deep scrsrmcprofile of the colhslOn belt In the Qlhan MountaIns (Wang ZJ et aI., 1997) showedl
~hat the crust of Alxa-Dunhuang Block forms a wedge in the middle crust of the Qilian Mountains, andl
[hat the fault belt shows the charactenstIcs of ramp-thrustIng. At a shallow depth the thrust plane dlp§
southwards, however, In the lower crust the thrust plane dips to the northJ

~t IS well establIshed that collIslOns occurred In the QI1lan-Altun Belt In the NeoproterozOIc QIng1
IbalkouPenod and at the end of the Early PaleozOIc. However the penod of the major amalgamatlOn of
~he Xiyu Plate is uncertain. The author considers that the Xiyu Plate was finally amalgamated to forml
la SIngle plate by the end of the Early PaleozOIc. However Ge XH et al. (1998, 2000) and Duan Jy etl
lal. (1992) belIeve that the amalgamatlOn occurred dunng JInnIng Penod (I.e. QIngba!kou Penod) In th~

~eoproterozoic. The disagreement does not lie in the interpretation of the isotopic age data, becaus~

[he ISOtOpIC age data IndIcates that there were two collIslOn events, nor does It lIe In the affinItIes of
~he Tarim Block, because the Tarim Block has been closely associated with the Yangtze Plate sinc~

~he NeoproterozOIc. I'he key POIntof the argument IS the status of the Aha Block. If the Alxa Blockl
~ormed part of SIno-Korean Plate dunng the Nanhua, SInIan and Early-MIddle Cambnan, then the Ne01
proterozoic (Qingbaikou or Iinning period) collision, represented by the Qilian-Altun Belt, marks th~

lamalgamatlOn between the SIno-Korean Plate (IncludIng the Korean, North ChIna, and Alxa blocks)
land the 'Ianm-Qa!dam Plate, and the Xlyu Plate was not completely formed at thIs penod. If the Alxal
!Block was associated with the Yangtze Plate from the Nanhua and the Sinian periods to the Cambrian~

las Ge XH et al. (1998, 2000) have proposed, then the collISIOn represented by the QIlIan-Altun Beltl
Imarks the amalgamation of the components of the Xiyu Plate, which has therefore existed since th~

INeoproterozOlc. However, the author consIders that the eVIdence IndIcates that the amalgamatlOn of
Iblocks to form an Independent Xlyu Plate took place only at the end of the Early PaleozOIc, and not Inl
the Neoproterozoic.

[<oldsoccur In the Early PaleozOIc systems and In the underlYIng strata around the Xlyu Plate, andl
lIn the QllIan-Altun Belt. The foldIng was accompanIed by Intense regIOnalmetamorphIsm and magmaj
~ism. The angle of dip of the fold limbs is between 60° and 70° and the fold axes trend WNW-ESE inl
IQIlIan, and ENE In Altun. A statIstIcal analySIS has been made of the attItudes of 126 antIclinona andl
119 synclinoria formed during the Qilian Period (Appendix 3.2). Inpresent coordinates, the preferredl
lattitude of maximum principal compressive stress axis (0'1) was NE 20° plunging at 6°, of the intermej
~iate principal stress axis (0'2) NW 287° plunging at 7°, and of the minimum principal stress axis (0'3)
ISW197° plungIng at 83° (FIg. 4.13). The plate suffered almost honzontal compression and convergenc~

linan NE 20°-SW 200° direction in present coordinates. Under the influence of this tectonic stress field,1
[he QIlIan CollISIOn Belt was formed almost at nght angles to the shortenIng dIrectIon and suffered maj
~or compression. However, the Altun Collision Belt lay at an angle of 60°-70° to the main shortening
k1irection, and suffered not only compression, but also a component of sinistral strike-slip movementJ
[During this intense tectonic activity, the rocks in the Qilian, the northern margin of the Qaidam, andl
~he Altun colhslOn belts were affected by WIdespread granuhte-amphlbohte faCIes metamorphIsm, andl
lIn some regIOns by hIgh-ultrahIgh pressure blueschIst and eclogIte faCies metamorphIsm (La! SC et aI.,l
1996; Zhang IX et aI., 1999,2002). On the northern margin of the Tarim Block and in the South Tian1
shan MountaIns, the rocks were also affected by granulIte-blueschIst faCIes metamorphIsm as the resultl
pf subductIOn and collISIOn (Shu LS et aI., 1996; Gao J et aI., 1996)1

lIn the CathaySIan Plate, east of the Wuchuan-Slhm Fault and Yunkaldashan In Guangdong ProvInce)
southeast of the Shaoxing-liangshan Fault, Early Paleozoic systems are affected by folding, accomj
panied by widespread regional greenschist facies metamorphism, rising to amphibolite and granulitel
OCacles metamorphIsm In some regIOns and followed by magmatIsm (Bureau of Geology and MIneral1
~esources of Fullan ProvInce, 1985; Chen B et aI., 1994). The angles of dIp of the fold lImbs are bej
~ween 30° and 800

, and directions of the fold axes and lineations are nearly N-S. Sm-Nd isotopic age~

pf amphibolIte are about 509 Ma and 463 Ma respectIvely In JInjlang (l18SE, 24.8°N), East Fujlanl
frovInce and In the Zhongmen PenInsula (l19.ZOE, 25.2°N), PutIan (Huang H et aI., 1990)J

~n present day coordinates, statistical analysis of the attitude of 154 anticlines and 133 synclines af1
fecting Early Paleozoic systems in the Cathaysian Plate (Appendix 3.2) shows that the preferred attitud~
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pf the maximum principal compressive stress axis (ad was SE 97° plunging at 9°, the intermediatel
principal stress axis (all NE 8° plunging at 6°, and the minimum principal stress axis (a31NW 285°
plunging at 85° (Fig. 4.14), indicating that the Cathaysian Plate suffered nearly E-W compression andl
shortening. The amount of shortening has been calculated along latitudes 27° and 2SO north, based onl
~ata from the I :200,000 regIOnal geologtcal survey map. The estimated amounts of shortening tn th~

K:athayslan Plate on these two E-W profiles wIth a length of about 1,000 km were 34.2% and 41.4%)
lamounting to plate shortening of 342 km and 414 km respectivelyl

0c:P

F'lg. 4.14 AttItude of the pnnclpal stress axes III the Early PaleozOlc(data III Append.x 3.2).

folds are widely developed in the Early Paleozoic systems on the southern Yangtze Plate, at Shiwanj
~ashan In GuangxI and Yunkaldashan In western Guangdong ProvInce, due to Intraplate deformatlOnl
[I'he angles of dip of the fold limbs are generally between 30° and 70°, with folding becoming morel
lintense to the south, and both deformation and metamorphism are more intense in the Yunkaidashan rej
19ion. Greenschists and granulites in Yunkaidashan have given an Rb-Sr isochron age of 487 Ma, and ar~

laccompanled by Isocltnal folds and thrust systems (QIU YX et aI., 1993, 1996). The tntenslty of deforj
Imation drops off towards the north, and in Middle Guizhou Province the fold limbs dip at angles of only
lafew degrees. StatIstIcal analysIs of the attItude of 130 antIclInes and 114 synchnes formed dunng th~

IQilianPeriod in the South Yangtze region shows that the preferred orientation of the maximum principall
Fompressive stress axis (aj) was SE 178° plunging at 8°, the intermediate principal stress axis (al) NEI
88° plunging at 6°, and the minimum principal stress axis (a3) NW355° plunging at 80° in present da~
~oordinates (Fig. 4.14). At that time, the plate suffered ~N-S horizontal compression and shorteningJ
~videntIy the dynamics for the deformation came from the south, quite a different direction from th~

~ompresslOn of the CathaysIan Plate. Calculated on a 500 km N-S profile along lO9.s uE longItude tnl
~he Hunan-Guangxi region, the amount of crustal shortening is estimated to be 42.16 %, showing that
~he South Yangtze Plate was shortened by ~21O km In the Early PaleozOIcI

M'hy did folding occur in the southern part of the Yangtze Plate, but only weak deformation to th~

rorth? The explanatlOn may be found In the relatIve strengths of the crystallIne basement. In Chapterl
13, It has been suggested that the amalgamatlOn of the South Yangtze and the North Yangtze plates,1
accompanied by greenschist facies metamorphism, occurred at the end of the Mesoproterozoic (I,OOq
~a). In contrast to the pre-Mesoproterozoic crystalline basement in the northern Yangtze Plate, th~

southern Yangtze Plate had a lower strength as there was no relatIvely ngld crystallIne basement tnl
~he upper part of the plate. In the Early PaleozOIc under shght tectonic compreSSlOn, the overlyIngl
sedImentary cover of southern Yangtze plate was eaSIly deformed. As the compression was not verYI
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strong at that nrne, foldmg occurred mamly in the cover and dId not result in metamorphIsm, and therij
Iwas only a small amount of magmatic activity.1

frevlOusly the Yangtze Plate was dlstmgUlshed from CathaysIan Plate usmg the stratIgraphIc posltlOnl
pf angular unconformlttes. ThISISdIfficult, espeCIally m the MIddle Hunan, GuangxI, and the East Yunj
Inanprovmces on the South Yangtze Plate, because m both the South Yangtze and CathaysIan plates thij
ILowerPaleozOIC systems are folded, wIth angular unconformItIes between the Early and Late PaleozOlq
systems. However, it is possible to distinguish the Yangtze and Cathaysian plates by the very differen~

k!lrectlOns of the fold axes and hneatlOns, and theu styles of deformatIOn, and whether or not they werij
laccompamed by regIOnalmetamorphIsm dunng the Early PaleozOIC Crable 4.2)j

~s the South Yangtze and Cathaysian plates have very different styles of deformation, metamorphism
landmagmatIsm, they cannot have been connected m Early PaleozOIC ttme. ThIS has been confirmed b5J
Ithe results of studIes m palaeomagnettsm. As suggested by Lm BJ (1993) and Zhong ZQ et aI. (1996]
~he CathaysIan Plate IS conSIdered to extend eastwards to the boundary of Shaoxmg- Yunkatdashan, m1
~Iudmg the Wuchuan-SlhUl area m west Guangdong and the WUylshan region m west FUJIan. In thij
~arly Paleozoic the Yunkaidashan region either was an independent island arc block (Zhang BY et aI.,1
1994; Wu HR et aI., 2001) or belonged to the southeastern part of the Yangtze Plate (Wang HZ and Mq
pcX, 1995). In the hangxI-Hunan regIOnIt ISdIfficult to define the locatton of Shaoxmg-Yunkaldashan
[TectonicBelt, because it is overlain by a Cretaceous sedimentary cover. Nevertheless because of the very
kltflerent dIrectIOnsof the fold axes, dIfferent deformatIOn styles and metamorphism of the Early Palej
pzoic systems, the problem can be solved. The Shaoxing-Yunkaidashan Tectonic Belt is considered tg
extend from Shaoxing (120.6°E, 300N) to liangshan, Zhejiang to the southeastern side of Wugongshan
(l14SE, 27.5°N), southwestward to Chenzhou (lBoE, 25.8°N), Hunan and then to Sihui-Wuchuanl
(11O.9°E, 2l.YN) m Guangdong.

[n addition, in the lianglang (1Ol.8°E, 28.7°N) region on the western margin of Yangtze Plate, tg
[he west of the Longmenshan, Early PaleozOIC amphlboltte faCIes metamorphism has been dlscoveredl
1m recent years (Yan DP et aI., 1997), thIS metamorphIsm also occurred on the northern margin of thij
IYangtze Plate and in the Qinling-Dabie Tectonic Belt (North Qinling-Tongbai Collision Belt, (Liu GH]
rt aI., 1993; Zhang GW et a!., 2001»J

IRecently, Yang WR et al. (2000,2002) have suggested that the high and ultrahIgh pressure eclogltij
rJetamorphlsm m the Dable ColhslOn Belt occurred m the Early PaleozOIC (519=403 Ma), based onl
~esults of isotopic dating using Sm-Nb, zircon V-Pb, Pb-Pb, Ar-Ar and SHRIMP methods, and froml
[he work of Zhat MG et aI. (1998) and Che ZC et aI. (2002) also suggested that the colhston andl
progeny m North Qmhng occurred m the Early PaleozOiC. The reason IS that the final dlsappearancel
pf oceamc crust, marked by an ophlOhte SUIte, occurred at the end of Early PaleozOiC. Recently, Suq
1ST et a!. (2003) recognized that the ultrahigh pressure metamorphic belt in North Qinling and Northl
[Dabie was also formed in the Early Paleozoic from the isotopic age of the ophiolite. It is evident that al
rJaJor colhslOnal tectono-thermal event occurred mamly m the North Qmlmg ColhslOn Belt. However)
KIue to the superpOSitIOn of later tectomc events, more research IS reqUIred to reconstruct the overalll
~haracteristics, scale and effects of Early Paleozoic tectonics on the western and northern margins of the
IYangtze Plate and m the Qmhng-Dable Belt.

~t present, it is not possible to prove conclusively that the collision period in the formation of th~

IQmhng-Dable Belt occurred mamly in the Early PaleozOIC (Zhang GW et aI., 2001). I he shght reglOnall
k1eformation in the Sino-Korean and Yangtze plates cannot be used to support the viewpoint that a majon
~ollision occurred between the two plates in the Early Paleozoic. If collision in the Qinling-Dabie Beltl
Iwas completed at the end of the Early PaleozOIC, eVIdence of mtense deformatIOn should be seen ml
[he margmal regIOns of the Smo-Korean and Yangtze plates. In addItIOn, palaeomagnettc, palaeogeoj
graphic, and palaeontologic data does not support the view that collision in the Qinling-Dabie Belt wa~
Rompleted at the end of Early PaleOZOIC. The author has proposed that plate underthrustmg occurredl
lin the North Qinling- Tongbai Belt at the end of the Early Paleozoic, but this event did not constitut~

~he colhslOn and amalgamatIOn of the Smo-Korean and Yangtze plates. Because the charactenstlcs of
~he neighboring blocks are unknown, and some of them may have been subducted beneath the crust,1
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~he marginal Intraplate deformatIOns of those two plates were never formed In Late Paleoz01c, but Inl
[riassic. The detailed understanding of these events requires a much more research.

Mild tectonism occurred during Qilian Period in all the blocks in Hingganling-Laoyeling (l300E,1

fl4.3°N) regIOnof Northeast China, but the trends of the tectonic lineatIOns are not consistent. Analysl§
pf the attitude of 12 anticlines and 16 synclines (Appendix 3.2), in present day coordinates, showed thatl
~he preferred attitude of the maximum principal compressive stress axis (aj) was NE 50° plunging atl
15°, that of the intermediate principal stress axis (a2) was NW 320 0 plunging at 4°, and that of the min1
limum principal stress axis (a3) was SW 231° plunging at 85°. At that time, the blocks suffered nearlyl
~orizontal compression and shortening in an NE 500-SW 230°direction. The direction of compressionl
pf these blocks was different from all the other blocks in China. Low-grade greenschist facies metamor1
phlsm accompanied deformatIOn In central Inner Mongolia and parts of Northeast China. In the Yllaij
[eglon (129.7"E, 46.3°N) In Heilongjiang Province, Early PaleozOic systems (445=415 Ma) have beenl
~iscovered with intensely deformed blueschists (Ye HW et aI., 1994; Zhao CJ et aI., 1996).1

lIable 4.2 Iectomc charactenstIcs contrasts among Northern Yangtze, Southern Yangtze and CathaysIan Plates In th~

~arly PaleozOIc
flate NorthernYangtze SouthernYangtze Cathaysiad
Biogeographical SouthChina SouthChina SouthChin~
province
formatIon age of 800Ma 800Ma 400 Mal
[lmfied crystallIne basementl
mean paleomagnetic 129.I' -83.8' 129.1'-83.8' 205.4'-201.3'j
f1eclInatlOn InEarly PaleozOIc In Early PaleozOIc InCambnanl
fuean paleolatItude From 11.7' S to 2.80 N From 11.7' S to 2.80 N From 10.8' to 11'j
Stratal boundary Disconformity Unconformity Unconformityl
betweenUpperand
LowerPaleozOIc
foldIng axres trendIng No foldIng NearE-W Near N-SI
IShortemng onentauon No Near N-S NearE-WI
~eglOnal metamorphISm No No Green schlStl
Magmatism Almostno weak strong

pata of paleomagnetISm shownIn Appendix 6 and foldIng data In Appendix 5.3

[he analyses of deformation data show evidently that the Xiyu Plate was situated near the Tianshanl
II'ectonic Belt, as their tectonic hneatlOns and the paleostress onentatlOns are similar. However, somij
small blocks In Hlngganllng-Laoyehng region In Northeast China suffered compression In an NE-SWI
~irection, suggesting that during the movements the smaller blocks were extruded between the Sinoj
IKorean Plate and the northern Mongohan and Sibenan Plates. The onentatlOn of rock deformatIOn)
[he magmatism and the metamorphism In the Cathaysian Plate (AppendiX 7) In the Early Paleozotij
lare very different from those of Yangtze Plate, which provides powerful evidence that the two plate~

~ould not have been connected and amalgamated with each other at that time. Dunng the Silunan, thij
ISouthYangtze and the main Cathaysian plates formed continental areas, but it cannot be demonstratedl
~hat they were united. Indeed palaeomagnetic data shows different paleomagnetic north directIOns andl
Ilndlcates that these two plates were located at different latitudes (shown In Table 4.2).

~.4 Magmatism and Ratesof' Plate Movement

K:ompared with other geological periods, magmatism was not very extensive, the area covered by Earl}j
faleozoic magmatic rocks is 67,500 krrr', accounting for only ~7% of the total area of China occupied
Iby magmatic rocks.
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IMagmatlc acuvrty occurred in XlyU, CathaysIan Plates and Qmhng-Dable, I Ianshan-South Hmg1
19anling zones. At the beginning of each tectonic event basic or ultrabasic magmatic activity, caused b)j
rxtenslOn, occurs between or on the margIns of plates. However, IntermedIate-acIdIc magmatIsm occur§
ImaInlyat the end of each tectomc event, caused by margInal or Intraplate compressIOn and shortemng.

~arly PaleozoIc ophlOhtes are found In the hanshan-South HIngganhng, Qlhan-Altun-East Kunlun1
~est Kunlun-Pamir and Qinling-Dabie belts (Xiao XC, 1984; Li JY, 1996) (Fig. 4.13), indicating!
~hat oceanic crust separated the continental blocks. There are Ordovician ophiolites in the Zhahebaj
Baytikshan region (91°E, 45SN), East Junggar, in the Tianshan-South Hingganling Belt (Li JY, 1995)
landat Hoglen (86°E, 46°N) in the West Junggar region, on the northeastern margin of the Kazakhstanl
flate (Bel WJ, et aI., 1995). There are Early PaleozOIC ophIOlItes at Mayla-Tangbal (84°E, 46°N) onl
[he northwestern margIn of Junggar block (Xlao XC et aI., 1992). The presence of Early PaleozoIij
pphiolite suites between the Junggar Block and the Kazakhstan Plate indicates that they were initiall)j
~wo mdependent blocks amalgamated in the Late PaleozOIC. 'I here IS the Ondor Sum-Ongmud QI-Xarl
Moronhe Cambrian Ophiolite Belt (from I 13°E, 42.5°N to 120oE, 43.4°N) on the southern side of thq
[Hingganling Tectonic Belt in the north of the Sino-Korean Plate (Li CY, 1982; Peng LH, 1984; Wang]
IQ et aI., 1991), and the ErdaoJmg-Hongger Horsefield-Kedanshan Cambnan-Ordovlclan OphlOhte Beltl
(from 112.2°E, 43.3°N to 118°E, 44°N) on the northern side of that belt (He GQ, 1983; Li JY, 1987j
~ang Q et aI., 1991)~

[n the Qlhan-Altun-East Kunlun Belt, three Early PaleozOIC ophlOhte belts and more than one hunj
dred ultrabasic and basic rock bodies have been discovered. These are: (1) The North Qilian Belt (Xiao
peC, 1978, 1984; Feng YM et al., 1995; Xia LX et al., 1995; Zhang Q et al., 1998); (2) The Late Or1
~ovician ophiolite and oceanic tholeiite belt on the northern margin of the Qaidam Basin (from 94°E,1
138.2°N to 98°E, 37.SUN), In Whichthe rate of oceamc extenSIOn, estImated by the chemIcal componentsl
pfbasic rocks, was about 2.5 cm/yr (Lai SC et aI., 1996); (3) The Qingshuiquan Belt (from 92°E, 36°N]
~o 96°E, 3SUN) In East Kunlun, to the south of the Qaldam BaSIn (Gao YL et aI., 1988).1

Il'here are many Cambnan-Ordovlclan ophlOhte melanges (Guo ZJ et aI., 1999; Lm L et aI., 1998) Inl
IJoth the E-W Hongliugou-Lapeiquan region (from 91°E, 38.7°N to 92°E, 38.8°N) and the Altun Beltl
(508-512 Ma, USIng the Sm-Nd method). ThIS ophlOhte IS perhaps the western extensIOn of the Northl
IQilianOphiolite Belt, displaced by a fault. In the Mangai-Aba region (from 90.5°E, 38.3°N to 88°E,1
138°N) in the southwestern segment of the Altun Fault there are 71 mafic blocks, with isotopic ages,
using the Sm-Nd method, ranging from 481 to 493 Ma.1

[he West Kunlun-Pamir Ophiolite Belt (i.e. Kudi-Subaz, centered on 79°E, 36.3°N) has generallyl
IbeenconSIdered to represent a segment of the SInIan-Early OrdOVICIan oceamc crust (Deng WM, 1995)J
[However,it has been also considered to have been formed in the Carboniferous (359 Ma, Rb-Sr wholej
[ock on basalt (Jiang CF etal., 1992». According to the opinion of Jin XC et al. (1999), the West Kunlunl
K=entral Fault Belt (Kudi-Subaz Ophiolite Belt) was formed by collision at the end of the Devonian, andl
Iwas covered unconformably by the Carbomferous system. But It IS most hkely that the Kudl-Subazl
pphlOhte Belt was developed In the Siman-Early OrdovlclanJ

Il'he Early Paleozoic ophiolites in the Qinling-Dabie Belt have been carefully studied in recent year~

(Zhang GW et aI., 2001). The Shangdan Belt (Shang County-Danfeng, In ShaanxI ProvInce; centeredl
pn lIO.2°E, 33.TN) IS composed of oceamc Island arc rocks and reSIdual blocks of OphlOhtlc oceamq
~rust. It IS the mam suture zone between the Qmhng Block and the Smo-Korean Plate. '10 the east of
~he Shangdan Belt is the Erlangping Ophiolite Belt (Xixia of Henan Province, centered on 111.4°E,1
133AON), Which IS composed of block)! basalt, pIllow basalt, and sheeted dykes or SIlls,accompamed b5J
slhceous rocks WIth Ordovlclan-Sllunan radlOlana. These rocks represent reSIdual sheets of the uppen
parts of oceamc crust, and proVIde eVIdence for the presence of an Early PaleozOIC ocean between th~

IQinlingBlock and the Sino-Korean Plate~

~ates of plate extensIon and shortenIng In the Early PaleozOIC have been estImated from the chemlcall
~omposition of 1,124 magmatic rocks (data from the geology of provinces and the 1:200,000 regionall
geological surveys of the whole of China) (Appendix 5.3, the preferred data in Fig. 4.13).
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lIn the early pen ods of the Early PaleozOIc(MIddle-Late Cambnan, 513-500 Ma), all the contmentall
"locks had generally extension. Basic and ultrabasic magmatism often led to the opening of oceansJ
Inowrepresented by ophlOhte sUItes, between the blocks. The rates of plate extensIOn, calculated froml
Ibaslcand ultrabaslc rocks m Kedanshan and Xlaosongshan, Inner Mongoha (106SE, 39SN) was th~

ImostrapId, with an average value calculated from II analyses reachmg 1.1 cri17yr. At Qmgshankou andl
IXinglonggou (128°E, 47.5°N) in Heilongjiang Province, the average rates of extension calculated from
122 analyses were 0.72 cri17yr, and 0.75 cri17yr from 35 analyses in the Qlhan MountamsJ

IAccordmg to Song SG and Su L (1998), dUnlte in the MIddle and Late Cambnan ophlOhte surte ml
IYushigou (lOooE, 38.6°N), North Qilian, was formed in the mantle environment at high temperaturel
(1,02SUC-l,093°C), ultrahIgh pressure (3.0-4.28 GPa), low dJf'ferentlal stress (28-32 MPa), and 10\\1
strain rate (0.2x 10 14_2.13x 10 14),at depths of95-132 km. The chemical composition of basic rock§
showed that the rate of plate extension was 1-3 cm/yr. The rate of extension in Qinling Mountains wa§
~he slowest, WIth an average value from 18 analyses bemg only 0.2-0.28 cm/yr.

Rates of plate extension calculated from the chemical compositions of Ordovician (500-435 Ma)
"asic and ultrabasic rocks gave an average value of 0.88 cm/yr from 38 analyses in the rift belt in th~

rortheastern margm of Qaldam and Qlhan. 'I he average value, estImated from 19 analyses in Fengxlanj
IShaanxi Province, and Donghe, Hubei Province, in the Qinling Belt (from 106'soE, 33.9°N to 111oE,1

132.soN), was 0.5 em/yr. The average rate of extension from 27 analyses in A'nyemaqenshan and Qmg~

shuiquan, Qinghai Province (from neE, 36.3°N to 100oE, 34.6°N) was 0.7 cm/yr. Three analyses froml
[he South Yangtze Plate at Dammgshan (l08SE, 23.3°N) of GuangxI, and Dexmg (I 17SE, 28.9°N]
pf Jlangxl Provmce gave 0.4-0.84 cm/yr, and the average value from 29 analyses in CathaySIan Plat~

Iwas 0.8cm/yr (AppendIx 5.3; FIg. 4.13).1
IRates of plate-shortening were calculated from the chemical composition of Ordovician (500-43~

Ma) mtermedlate-acldlc magmatIc rocks. The average value obtamed from 81 analyses from the Ylchunj
~llmg regIOn(I 29°E, 47.8°N), HeIlongjIang Provmce was 6.2 cri17yr, and that obtamed from IS analyse§
from Baoqing-Mishan (l32°E, 46°N), Heilongjiang Province was 5 em/yr. The average rate of short
rning from 88 analyses in Xiao Hingganling (l27.9°E, 48.2°N), Heilongjiang Province was 5.3 cm/yr.
[rhe average rate of shortening from 20 analyses from the Bammmlao-Bat Obo regIOn (Ill °E, 42°N]
Iwas the most rapId m Inner Mongoha, I.e. 9.2 cm/yr. I he average rate of shortening from 17 analyse~

1m the Qmhng-Dable Belt was 4.5 cm/yr. 'I he average rate of shortenmg from 19 analyses m the Bao]11
~eglOn (l07°E, 34.4°N) m the West Qmlmg Belt was more rapId, I.e. 7.1 em/yr. The average rate of
shortenmg from 46 analyses m the northern margm of Qmdam m Xlyu Plate was 5.5 cri17yr. The averagel
[ate of shortemng m North QI1lan,Gansu Provmce was 4.4 cri17yr, and the average rate of shortenmg ml
Beishan (96°E, 41.2°N), Gansu Province was 7.5 ern/yr.

[n conclusion, all the tectonic blocks in North China began to be compressed and shortened afterl
rxtension and dispersion during the middle period of Early Paleozoic. The rate of shortening was th~

rJost rapId (9.2 cm/yr) m the Bamalmlao-Bat Obo reglOn, Inner Mongoha. The rate of amalgamatlOn of
[he blocks m the Xlyu Plate, and the shortening rate at Hmgganlmg m the Qmhng-Dable TectOniC Beltl
Iwereof medium values (4-7 cm/yr)~

~ates of plate extensIOnwere calculated from the chemIcal composItIon of late penod of Early Palej
pzoic (Silurian-Early Devonian, 444-397 Ma) basic and ultrabasic rocks. The average rate of extensionl
~rom 20 analyses in Altan Obo, Dengkou, and Xiaosongshan in Wuhai City (107°E, 39.7°N) in central
[nner Mongoha was 0.84 cil17Yr. The average rate of extensIOn from 16 analyses m the Altay Mounj
[mns (89°E, 48°N), Xmjlang was 0.84 cri17yr. The average rate of extensIOn from 13 analyses m Jlhij
[province was 0.6 cm/yr. The average rate of extension from 12 analyses in Alxa Zuoqi (105.7°E, 39°N~

Iwas 0.6 cri17yr. '1he average rate of extensIOn m the Altun Belt m southeast Xmjlang regIOn was abou~

p.62 em/yr. The average rate of extension from 55 analyses in East Qinling was 0.8cm/yr. However, the
laverageextensIOn velOCIty from 9 analyses m West Qmhng was relatively slow (0.45 cri17yr)J

~ates of plate shortening were calculated from the chemical composition of intermediate-acidic rock§
Iweremtruded at a late penod in the Early PaleOZOIC (Sllunan, 444-397 Ma), at the peak of a senes of
~ectono-thermal events. The average rate of shortening from 40 analyses in central Inner Mongolia wa§
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16 cm/yr. The average rate of shorten 109 from 34 analyses 10 Jilm Provmce was 5.3 cm/yr. The averagel
[ate of shortening from 19 analyses in south Alxa was only 4.7 cm/yr. The average rate of shortening atl
IKangbao, northern Hebel ProvInce was 7.1 ciri7yr. 'I he average rate of shortemng from 34 analyses Inl
[he Altay In the XInjIang regIOnwas 8.5 ciri7yr. The average rate of shortemng from 12 analyses In Eastl
~unggar, Xinjiang region was 5.3 ern/yr. The average rate of shortening from 44 analyses in the West
IQinling Belt, South Shaanxi Province was 6.6 ern/yr. The average rate of shortening from 23 analyses
lin the East Qinling is 7 cm/yr. The average rate of shortening in the Dabie Belt was 4.7 cm/yrJ

Wherewas a major phase of gram trc magmatism at a late penod of the Early PaleOZOIC (416=400 Ma~

lin the Qilian and Zhangye (Hexizoulang) (from 97°E, 39.5°N to 103°E, 37SN) regions in the Xiyuj
Plate. The average rate of shortening from 20 analyses in South Qilian, northern Qinghai Province was
16.7 cm/yr. The average rate of shortening from 18 analyses in Dangjinshan and Sertengshan (94.3°E,1
139.4°N to 95"E, 38.5°N) In the Altun Belt In northwest QInghaI ProvInce was 6.2 ciri7yr. The averagel
~ate of shortening from 12 analyses from the Tianshan Mountains of the Xinjiang region was 5.7 cm/yr.
II'he average rate of shorten 109 from 7 analyses 10 the West Kunlun of XmJlang regIOn was 4.9 cm/yr.
[he average rate of shortemng from 5 analyses In East Kunlun In the XInjiang region was 5.9 cm/yn
(Appendix 5.3)1

[Jarge number of gramtlc IntrusIOns were emplaced In the Cathaysian Plate dunng the Early Paleoj
~oic. These are mainly crust-mantle syntactic (I-type) granitoids in areas of bathyal flysch deposits in th~

IwestCathaysian Plate (Middle Jlangxl-South Hunan provInces), In which the ImtIal value of the stronj
~ium isotope ratio is generally less than 0.709 (Bureau of Geology and Mineral Resources of Jiangxj
IProvmce, 1984; Bureau of Geology and Mmeral Resources of Hunan Provmce, 1988). But other gram1
~Olds were fonned mamly by crustal meltmg of gramte and rmgmaute 10 the contmental margin deposlt~

pf the central Cathaysian Plate (west Zhejiang, Fujian, and middle and west Guangdong provinces), inl
Iwhlch ImtIal values of strontIUm Isotope ratIOs are usually greater than 0.710 (Sun MZ and XU KQ,I
1990). It ISconsidered that on the western margIn of the Cathaysian Plate magma came from a deeg
~rust-mantle boundary, but that In the central part of the Cathaysian Plate the magma came from al
shallower depth in the crust (Appendix 7). In the early Paleozoic the Cathaysian Plate suffered intens~

~ectonic compression and collision. Oceanic crust was subducted westwards beneath the western marginl
pf the CathaysIan Plate, whIle mtraplate magmatism occurred 10 the central part of the Cathaysian Plate.

lIn Ime with the style of rock defonnatlOn, metamorphism and gramuc magmatism, the author doe~

Inotconsider that compression and shortening were caused by the collision and amalgamation of th~

IYangtze and Cathaysian plates at the end of Early PaleozOiC, as Sun MZ et ai. pOInted (1990), becaus~
[he tectomcs of the two plates has qUItedifferent onentatlOns, N-S In the Cathaysian Plate and E-W Inl
~he southern Yangtze Plate, and there was no any regIOnalmetamorphism In the Yangtze Plate.1

[n the Cathaysian Plate, the average rate of shortenIng from 16 analyses of gramtIc rocks from Fujlanl
IProvIncewas 6.1 cm/yr, from 20 analyses In central and southern JIangXI ProVInce,5.6 cm/yr, from 371
lanalyses In Guangdong Provmce, 6.5 cm/yr, from 18 analyses on the western margm of Guangdongl
IProvInce,7.7 cm/yr, from 21 analyses 10 HaInan ProVInce, 7.8 cm/yr, from IS analyses of the north of
IYangtze Plate in Hubei Province, only 3.2 cm/yr. There are also some granitic intrusions (400 Ma) in
[he southern Yangtze Plate, caused by the N-S compressIOn and collIsIOn. In Hunan ProvInce from 341
lanalyses the average values of rates of shortemng were 7.7 ciri7yr, and from 41 analyses In GuangxI, 6.1
cm/yr (Appendix 5.3)J

lOuring the Silurian, the rate of plate shortening in the Altay region, Xinjiang was the most rapidl
(8.5 cm/yr) in China. The rate of plate shortening in Hainan Province and on the western border of
Quangdong ProvInce (Yunkaldashan) was about 8.0 cm/yr; 10 the other regIOns, rates of shortenIngl
Iwerebetween 5 and 7 ciri7yr. However, In the relatively stable blocks of South Alxa, the Dable Belt andl
~he North Yangtze Plate, rates of plate shortening were generally less than 5 cm/yrJ

~ecause the penods of time of over which extensIOnof the contInents and shortemng of paleo-oceansl
!Jetween the blocks occurring are difficult to determine, it is not possible to calculate the total amount of
~xtenslOn and shorten 109 from the rates of plate extensIOnand shorten mg. Gao C[ (1992) calculated th~

IWldth of "Paleo-AsIan Ocean" In the OrdOVICIan to be 5,805 km. But thiS result IS not credible. Froml
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~he avaIlable palaeomagnetIc data (FIgs. 4.9, 4.10), one can see that the Slbenan Plate was located atl
lalmost the same latitude as the Sino-Korean Plate during the Ordovician, but it is not clear which plat~

Ilay to the north of the Smo-Korean Plate. Posed thIs problem ISIt sensIble to call the ocean to the northl
pf Smo-Korean Plate, the "Paleo-AsIan Ocean", let alone to attempt to calculate ItSwIdth?

f:I.5 Divisionof TectonicUnits in Early Paleozoiq

lOuring the Early Paleozoic, most of the continental blocks which form China were dispersed and wer~

Inotmvolved m colhslOn and amalgamatIOn. The geologIcal hIstory, paleomagnetism and paleogeogra-I
Iphyof these blocks are all very different, so that it is easy to distinguish the tectonic divisions. Tectoniq
~nits recognized during the Early Paleozoic in the Chinese continent are shown in Fig. 4.15 and Fig.
1.2. FIve major domams can be dlstmgUlshed: the Pen-Slbenan, Smo-Korean, Yangtze, Xlyu and Pen1
Gondwanan tectonic domains

reri-Siberian Tectonic Domain (N.B. blocks are indicated by the numbers in brackets in Fig. 1.~

land hg. 4.15): Altay (I), Junggar-East Kazakhstan (2), Ih-Balchas (3), Turpan-Xmgxmgxla (4), Kuj
~uktag (5), Hongshishan (6), Yagan (7), North Bayannur (8), Tuotuoshan-Xilinhot (Abagnar, 9), Ergun
(10), Harbm (Songhuajlang-Nenjlang, I I), Jlamusl-BuremsklY (12), XmgkaJ (Wandashan, 13). Thes~
!Jlocks were all separated from the Middle Cambrian to Silurian. A marine transgression occurred inl
~ach block, wIth the manne areas becommg gradually more extenslVe and the water gradually deepen1
Img. 'I he palaeon-to logIcal assemblages in these blocks are SImIlar to those of the Slbenan Plate. I h~
~rystalline basement of Jiamusi-Bureinskiy block was similar to that of the Gondwana Plate from th~

ISmlanto Early Cambnan, but after the MIddle Cambnan was slmJiar to that of the Slbenan Plate. Durj
Img the OrdOVICIan a colhslOn commenced m the Altay-Central Mongoha-Ergun belt, whIch formedl
VS'ltay-Junggar-Central Mongohan-Ergun Early PaleozOIC ColhslOn Belt. Ihe other blocks remamedl
separate during the Early Paleozoic, but were amalgamated during the Late PaleozoicI

ISmo.Korean 'Iectomc Domam IS the Smo-Korean Plate (20), whIch formed the crystallme basej
rJent dunng 1,800 Ma and moved northwards to near the equator dunng the Early Paleoz01c, posslbl~
Imfluenced by the great northwards rmgrauon of the Slbenan Plate, SImultaneously progressmg from ani
~pisode of marine transgression to one of regression. From the Middle Ordovician to the Silurian th~

plate was uphfted to form an extensIve contmental area. Only the southwestern part was affected b~

kIeformatlOn. The plate constituted an mdependent bIOgeographIc provmce m a warm tropIcal envlronj
rJent. SubSIdence occurred along the plate margms or m aulacogens wlthm the plate, whIch showed thatl
litwas not in direct connection with the other platesJ

IYangtze 'Iectomc Domam mcludes: North Yangtze Plate (32), South Yangtze Plate (33), Cathayslanl
IPlate (34), TaIwan (East CathaysIan) block (35), Songpan-Garze (21), MIddle Qmllng (22), WudanjiJ
(23), Oable (24), Jlaonan (25), Zhongdlan (30), Lanpmg-Slmao-lndochmaPlate (31), Sanya (Northeas~

~ndochina) block (36). The Yangtze Plate fonned the crystalline basement during 800 Ma and moved
slowly northwards to a posItIOn near the equator dunng the Early PaleozOIC, perhaps mfluenced b~

~he northwards migration of the Siberian Plate. It formed an independent biogeographical provincel
IWlthm the tropIcal zone. Between the MIddle Cambnan and SJiunan the plate progressed from a mannel
~ransgression to a regression, but with continual deposition of bathyal sediments in whole Paleozoiq
lat the Qinzhou-Fangcheng marginal depression. Only the northern margin of the Yangtze Plate wa§
laffected by deformatIOn. However, the sedImentary cover of the South Yangtze Plate was affected b~

Imtraplate foldmg on E-Waxes. In the CathaySIan Plate, from the Cambnan to the OrdOVICIan, deposltlOnl
Iwasmainly bathyal, and the fauna belongs to the South China Paleobiogeographical Province. A marine
[egressIOn occurred dunng the SJiunan, and most of the CathaySIan Plate formed a land area. At th~

rnd of the Early Paleozoic the plate was affected by deformation on N-S trending axes, associatedl
IWlth greenschIst faCIes metamorphIsm, and developed a umfied crystallme basement. Shallow mannel
sediments were deposited during the whole of the Early Paleozoic in the Songpan-Garze, Lanpingj
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Peri-Siberian Tectonic Domain: 1. Altay; 2. Junggar-East Kazakhstan; 3. IIi-Balchas; 4. Turpan-Xingxingxia;
~. Kuruktag; 6. Hongshlshan; 7. Yagan; 8. North Bayannur; 9. Iuotuoshang-XIlmhot (Abagnar); 10. Ergun; 11. Harblij
I(Songhuajmng-Nenjmng); 12.JmmusI-BureInsk!y; 13.XIngkaI (Wandashan). SIno-Korean leetoDIeDomam (20).PerIl
IYangtze 'l'ectoDIe Domam: 32. North Yangtze Plate; 33. South Yangtze Plate; 21. Songpan-Garze (west SIchuan);
122. Middle Qinling; 23. Wudang; 24. Dabie; 25. Jiaonan (Sulu); 30. Zhongdian; 31. Lanping-Simao-Indochina Plate;1
134. CathaySIan Plate;35. Taiwan (EastCathaySian Plate); 36. Sanya (northeast IndoehmaPlate).Xiyu TectonicDomanll
I(transition type): 14. TarimPlate; 15. Altun-Dunhuang-Alxa; 16. Middle Qilian; 17. Qaidarn; 18. Hualong; 19. centra]
~est Kunlun. Peri-Gondwanan Tectonic Domain: 26. Qiangtang; 27. Gangdise(Lhasa);28. Himalayan; 29. Baoshan-j
ISlbumasu (Baoshan-Burma-Malay-Sumatra); 37. IndIanPlate.

K=ollIslOn belts(foldedzonesor orogemcbelts):A. Altay-Junggar-ErgunEarlyPaleozOIc CollISIOn Belt;B. Tmnshan
HingganlingLate Paleozoic CollisionBelt (easternextension of the CentralAsianOrogenicBelt); C. Qilian-Altun Earlyl
Paleozoic collision belts in the Xiyu Plate; D. Shuanghu-Lancangjiang (Changning-Menglian), Lazhulong-Jinshajiang
~nd Qinling-Dabie-JiaonanTriassiccollision belts; E. Lanping-Simao Palaeogene CollisionBelt; F. Bangong-Nujiangl
~nd Yarlung ZangboRIverCretaceous-OlIgocene collISIOn belts;G. SubductIOn zone(trench-arc zone)of the WestPaclficl
Ismee the Palaeogene. Ihe Shaoxmg-Shlwandashan Inasslc ColliSIOn Belt betweenthe Yangtze and CathaySian plates I§
Ishown as a boundary line.1

The ISOtOPIC ages In the figureare the formIng ages of crystallIne basements for maInblocksl

ISimaoand east Yunnan aulacogens, and their paleobiotic assemblages are similar to those of the Southl
K=hina Biogeographical Province. In the Qinling-Dabie Belt sediments were deposited in marginal tg
pceamc environments dunng the Early PaleozOIC, and the palaeoblOtlc assemblages belong to the Southl
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K:hma BIOgeographIcal Provmce. SubductIOn and amalgamatIOn occurred m the Qmlmg-Dable Beltl
k1uring the Early Paleozoic. Nevertheless the areas affected are not clear, because local deformationl
pccurred only m the southwestern part of the Smo-Korean Plate and on the northern margin of th~

IYangtze Plate. Dunng this penod there IS no obvIOusdeformatIOn over most Sino-Korean and Yangtzel
[.iliiles1

lIb sum up, there are so dIfferent tectonic charactenstlcs between the Yangtze and CathaysIan plate~

(Table 4.2), they are separately never amalgamated and can not to be a unified continental plate inl
IEarlyPaleozOIc, although they are located m the same bIOgeographIcal provmce. The CathaysIan plat~

OCormed the unified crystalhne basement dunng 400 Ma. The dIfferences between Northern and Southernl
[Yangtze Plate are only in characteristics of rock deformation and strata boundary, and they are in the
same plate.

IYan MC et al. (1997) analyzed the upper-crustal chemical components from 2,718 samples collectedl
rver 3,300,000 km2 in the three major tectonic domains of East China, using IS chemical and physical
lanalytlcal methods. In the Smo-Korean I'ectonlc Domam, the samples are AI-poor, and nch m Fe, Mgj
landCa, with high oxidation [W(Fe203) / w(FeO) = 1.12] , rich in platinum group elements, rich in Cr,1
INI, Co, Cu but poor m [I, Rb, Cs, 0, I h, Zr, At, II, Mn, V and HREE. Samples from the Pen-Slbenanl
[ectonic Domain are AI-rich, high in w(Na20) / w(K20) = 1.32, with low oxidation [W(Fe203) / w(FeOj
F0.63], rather rich in As, Be, Li, Mn, Ti, V and HREE, but poor in Cu, Ni, F, Se, Ba, the platinum group
klements and LREE, and low In w(La) 7w(Yb). Samples from the Yangtze Tectonic Domain are nch In Sj
landK, poor in Fe, Mg and Ca, with low w(Na20) / w(K20) and with high incompatible trace elements,1
such as Rb, Cs, Nb, Ta, 0, Th, W,Sn, Sb, BI and REB. The Qmhng-Dable Belt ISan Important boundaryj
~o the north the rocks are nch m Na, wIth low w(Rb) 7w(Sr) and low [REE, whIle to the south they ar~

[ich in Si and K, with high w(Rb) / w(Sr), and rich in the LREE and incompatible elements. These datal
prove that the dIfferent tectonic domains are composed of chemIcally distinct types of continental crust.

p(lyu TeCtOUlC DomaIn IS a transItIOnal tectonic domain. Its formatIOn age of crystalhne basemen~

~s 1,800 Ma. During the Mesoproterozoic, Tarim (14), Altun-Dunhuang-Alxa (IS), Middle Qilian (l6)~

IQaidam (17), Hualong (18), and the centre of the West Kunlun (19) blocks all belonged to the Sinoj
IKorean Plate. In the Neoproterozoic the Tarim Block was separated from the Sino-Korean Plate andl
lapproached the Yangtze Plate. Before the MIddle Cambnan the Alxa-Dunhuang-Altun, MIddle Qlan1
Ihan, Hualong and Qmdam blocks stIli belonged to the western part of Smo-Korean Plate, but m the [at~

~ambrian they became related to the Yangtze Plate. At the end of the Early Paleozoic, these blocks wer~

lamalgamated to form the Independent Xlyu Plate. The Qllaln-Altun Belt was the main collIsIOn belt Inl
[he Xlyu Plate. SedImentary, paleogeographIc, paleobIOtIC and palaeomagnetic data all show that th~

p(lyu Plate was related to the Yangtze Plate. Although the Xlyu Plate was not connected to the Yangtzel
flate at that time, they were both located in the South China Biogeographical Province and lay in th~

same latitude
feri-Gondwanan Tectonic Domain includes the Qiangtang (26), East Kunlun, Gangdise (Lhasa)

(27), HImalayan (28), Baoshan-Slbumasu (29) blocks and the IndIan Plate (37), whose formatIOn age§
pf crystalline basement are about 500Ma. The Himalayan, Qiangtang, east Kunlun and Hoh Xil-Litanll
Iblocks were stable and were not affected by any tectono-thermal events from the MIddle Cambnan tij
~he Silurian. In the Peri-Gondwanan Tectonic Domain shallow marine carbonate sediments accumulated!
~unng the most part of the Early PaleozOIC. There was a short cessation of deposItIOnat the end of th~

IEarly Paleozoic in the Gangdise Block. The paleobiotic assemblages of the Peri-Gondwana Tectoniq
1D0main, although they have some similarity to those of the South China Paleobiogeographical Province~
~an stIli be dlstmgUlshed, and are related to those of Gondwana. ThIs has been called the Yunnan-Xlzangl
faleoblogeographlcal Province by Chinese scholars. In the Early PaleozOIC these blocks were dlspersedl
latlow latitudes in the southern hemisphere.

[I'he summary of the Early PaleozOIc tectoUlc evolutIOn of the ChInese contInent. The amalgaj
Imationof the Xiyu Plate was completed, the Altay-Ergun Collision Belt formed, the Cathaysian Plat~

~eveloped a Unified crystalhne basement, mtraplate foldmg occurred m the South Yangtze Plate, andl
Imostof the crustal blocks in China were dispersed but in the process of migration.
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Chapter 51
Tectonics of Middle Devonian-Middle permianl
(The Tianshan Tectonic Period, 397-260 Mal

FjormatlOnoj Tlanshan-South Hingganling ColllslOn Belt, development oj theEmelshan Mantle Plum~

lIn ChIna the tectOnIC penod from MIddle DeVOnIan to Mlddle Permlan (397-260 Ma) has prevlOuslyl
"een called the Variscian or HercynianPeriod, followingthe terms used for Late Carboniferousto Earl)j
fermlan tectOnIC movementsIn Europe, but It IS more appropnate that thIS penod should be re-defined!
!from Chinal

~ushketov (1928) first used the term "I'tanshan Movement" on geologIcal maps of Central ASia.
p(Je JR (1936) subd1V1ded the 'hanshan movementsInto two penods, the first at the end of the DevonIanl
pr Early Carboniferous,and the second at the end of the Late Carboniferous.Since that time the terml
Ihas beencommonlyused In ChIna.[I I D (2003, personalcommumcatlOn) has suggestedthat the entlfij
OC--ate Paleozoic tectonic period should be named the ''Tianshan Period" and this usage is followed onl
~his account. The Tianshan Tectonic Period extended over a period of 130 million years, nearly half a
f:0smic yeaI.

IThe Tianshan-South HingganlingTectonic Period commenced in the Middle Devonian and closed
lat the end of the MIddle Permlan. At thls penod most of the blocks whIch compose the ChInese con1
~inent were dispersed and in the process of migration. The main tectonic events were the formationl
pf Tianshan-SouthHingganling Collision Belt between the Xiyu (including the Tarim-Alxa-Qaidam
IBlocks)-SIno-Korean plates and the MIddle Mongolta Block (southern rnargm of Slbenan Plate), andl
~he developmentof the Emeishan Mantle Plume. Over most of Chinese continent sedimentation wa§
~ontinuous, with no major tectonic activity at the end of the Permian (251 Ma) and no break or almost
say no unconformIty betweenthe Permian and Tnasslc systemsI

~.1 Sedimentation, Paleogeography and PaleontologYI

[Ihe thickness of the Late Paleozoicstrata in China has not been specifically calculated,but the charac
~eristics of Late Paleozoic sedimentationare broadly the same as those described in Chapter 4 for the
Paleoz01c as a whole.

Early Devoniandeposits are absent over most of the Chinese continent (Fig. 5.1). In the Tianshan
South Hingganlingregion, Middle and Late Devonian(397-359 Ma) deposits are mainlybathyal tlysch
(turbidite), and the included fauna and flora belong to the temperate Siberian BiogeographicProvinceJ
IVolcamc act1V1ty occurredIn the Altay,Junggar and 'I'lanshan reglOns. 'Ierrestnal clastlc sedlmentswerij
k1eposlted In sedImentary baSInS on the northern margInof the Dunhuang-AlxaBlock, and In the Bel-I
shan and Qilian areas. On the southwesternmarginof the TarimPlate, sandy mudstoneswere deposited
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[Fig.5.1 Paleogeographicsketch map of the Chinesecontinent in the Middle and Late Devonian(397-359 Ma) (Data afterl
IWang HZ et ill., 1985; Zhao XW, 1988;Lm BJ et a!., 1994and recompIled).

Legend: 1. Land or area of erosion; 2. Shallow marine, continental shelf; 3. Bathyal, continental slope; 4. Carbonate'
~eposits; 5. Conglomerateand sandstonedeposits; 6. Sandy mudstone deposits; 7. Volcanicsarea; 8. Direction of marin~
ItransgresslOn; 9. Glacial clastIc-mud group; 10. Border of sedimentary faCies or geological uruts; 11. Plate boundanes,
Iperhaps With residual ocearuccrustl

K:. Central ChInaBIOgeographIc ProvInce;SB. Pen-Slbenan BiogeographicProvInce;ZD. Pen-Gondwanan (Yunnan=]
[lIbet) BIOgeographIc ProvInce.1

lina shallow sea. The fauna and flora in shelf to bathyal deposits on the Xiyu Plate, and on the northernl
Imarginsof the Sino-Korean Plate all belong to the Central Chinese Biogeographic Province (Zhao XW,
1988). 'I here are no Devoman depOSIts over most of the Smo- Korean Plate, but they do occur 10 thij
~ast Shandong (Jlaodong) Penmsula and at Imj10gang 10 the Korean Pen1Osula. In the Early Devomanl
(416-397 Mal clastic deposits lay down on the South Yangtze Plate, and in the Middle Devonian al
Imanne transgressIOn progressed across the plate from southwest to northeast, WIth the depOSItIOn of
shelf carbonates. In Hubei and NW Jiangxi provinces clastic shelf sediments were deposited, but th~

IDevoman system IS absent 10 the Lower and Upper Yangtze (SIchuan Provmce) regions, In the Qm1
~ing area, the deposits are mainly shelf carbonates. In west Sichuan and middle Yunnan provinces, th~
k1eposits are sandy shelf mudstones. In the western Cathaysian Plate carbonate shelf sediments are interj
,"upted by areas ot eroSIOn whIch were Islands dunng the Devoman. I he Devoman fauna and flora 10 thij
lareas from west SIchuan to mIddle Yunnan, from the Yangtze to the CathaYSIanPlate, all belong to thij
Central China Biogeographic Province. In the Devonian North China and South China both belonged
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~o the tropIcal Central Chma BlOgeographlc Provmce (Zhao XW, 1988). There IS very httle dlfferencel
"etween the faunas and floras of the Sino-Korean, Yangtze and Xiyu plates, showing that these wer~

Inelghbonng plates occupymg the same tropIcal envlronment.1
~ecause of lImIted mformatlOn, the nature and extent of DevonIan sedIments m the QmghaI-Tlbe~

~eglOn are not very clear. Perhaps there were ancIent land areas m the QIangtang regIOn.Manne shelf
~arbonates occur in the Gangdlse region and clastIc shelf deposIts in the central HImalayan Moun1
~ains. All these deposits contain a tropical fauna and flora, similar to Peri-Gondwanan (Yunnan-Tibetll
IBlOgeographlc Provmce. DevonIan fauna and flora m Chma define three blOgeographlc provmces: thij
fen-Slbenan; Central Chma and Pen-Gondwanan (Yunnan-TIbet) BIOgeographIc Provmces (Zhao XW,
1988) (Fig. 5.1)~

punng the CarbOnIferous (359-299 Ma), depOSItIon on the Chmese contment was more extenslvel
(FIg. 5.2). In the central Smo-Korean Plate, after a penod of denudatIOn and planatIOn,whIch lasted froml
~he MIddle OrdovIcIan to the Early CarbOnIferous, the early epoch of Late CarbOnIferous clastIc shelf
sedIments of the Hutlan and BenxI formatlOns were deposIted, charactenzed by nch bauxItIc shales,1
followed by the Jind Formation, characterized by alternating marine and terrestrial deposits, includingl
~oals, m a senes of sedImentary cycles (Chma NatlOnal CommlsslOn on StratIgraphy, 2001).

ISelsmlcexploratIOn of the CarbOnIferous system m North Chma has shown that the thIckness of thij
sedIments IS relatIvely UnIform, rangmg from 50m m the Qmgyang regIOn(~I08uE, 36°N) to 100m ml
[he Hebel-Shandong depressIOn (Wang 'IR, 1995). CarbOnIferous fauna and flora m the Smo-Koreanl
flate belong to the subtropical-tropical North China Biogeographic Province, with the typical fossi]
Iland plants: NeuropterlS glgantea, Linoptens neuropterOldes, Eleutherophyllum mirabile, Pecopterisl
'(ispera, etc. Manne fossIls, anthozoans, fusuhnIds and brachlOpods, are very sImIlar to those in thij
ISouthChina Biogeographic Province. Bathyal flysch was deposited in faulted depressions in southernl
[nner MongolIa on the northern margm of the Smo-Korean Plate, together WIth the products of voIcanIq
rruptlOns. Dunng the Late CarbOnIferous Important deposIts of bauxIte and sedImentary Iron ore werij
~ormed on the Smo-Korean Plate (Wang HZ et aI., 1991).

Marine regression commenced during the Carboniferous in the Tianshan-South Hingganling andl
~he Altay-Junggar zones and the Xiaohingganling-Songhuajiang-Nenjiang areas were subjected to tecj
~OnIC compreSSlOn and were uphfted to form part of the contment. I'he depOSIts are mamly c1astlq
land carbonate sedIments WIth volcanICS, whIle locally in depresslOns bathyal sedIments contmued tq
"e deposited. Typical fossils are: small single corals (Hapsiphyllum, Amplexizaphrentis, Zaphrentites,
I/{mkaidla, CYathaxoma), brachIOpods (Rota/a, SyringothyrIS, Pseudosyrmx) and an Angara flora (Cae-I
'/iodendron primaevum, Chacassopteris consinna, Cardioneura microphylla), bemg charactenstIcs of
~he northern cool-temperate Pen-Slbenan BIogeographIc Provmce~

!Because of abundant fossils and its distinctive sedimentary characteristics, the Carboniferous Sysj
~em can be defined easily in South China. The Lower Carboniferous is made up of the Yan' guan andl
lDatang pen ods and the Opper CarbOnIferous of the Wemmg and Mapmg pen ods. Apart from area~

pf uplIft m the center and on the western margms, shelf carbonates were deposIted over most of thij
IYangtze Plate. Carbonate shelf sediments were also deposited on the Cathaysian Plate. Most of th~

P(IYu Plate was uplIfted dunng CarbOnIferous to form a contmental area, except for the Dunhuang-I
k\ltun Zone where bathyal turbidites were deposited. A rift depression formed in the west Sichuanj
rnddle Yunnan area, in whIch bathyal carbonates and clastICS were deposIted, assocIated WIth baSIC voH
~anics. Typical fossils in South China are: anthozoans with local characteristics (Cystophrentis, Chuanj
~hanophyllum, Pseudouralinia, Fuchungopora, Huangongophyllum, Donetzites, Jintingophyllum, Kue-I
ichouphyllum, Yuanophyllum, Qmglongshanophyllum), brachlOpods (Yanguama, Eochoristltes, Mar-I
Itiniella), a dlstmctIve flora of Lycopsida and Sphenopsida (Lepidodendron gaolishanense, Sublepidol
rJendron mirabile, Cardiopteridium spitsbergense, Triphyllopteris collombiana), and during the Lat~

~arbonIferous, fusulInIds (Projusulina, Fusulina, Fusulinella, Pseudostafjella, Triticites). These fosstl~

show that the South China Biogeographic Province lay in a warm humid tropical environment during]
lhe (:arhonjferollS
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IFauna and flora In the Yangtze, CathaysIan and west SIchuan-mIddle Yunnan areas belong to thij
subtropical-tropical South China Biogeographic Province, and the fauna and flora of the Xiyu Plate ar~

lalso sImIlar to those of the South China Province. Clastic shelf sediments were deposIted In the Alxal
landQlhan regIons, and shallow manne carbonates on the western and northeastern margins of the Tanml
flate. Dunng the Early Carboniferous, wIdespread bauxite, gypsum, ]fon and manganese depOSits werij
~ormed on the Yangtze, CathaysIan and Xlyu plates (Wang HZ et aI., 1991).1

placial pebbly mudstones were deposited in the Qiangtang, Gangdise, and Himalayan regions inl
~he Carboniferous, assocIated wIth a Gondwana coldwater fauna. Iyplcal fossIls are small single coral~

(Ekvasophylloldes, Rhopalolasma, Parahumboldtia) and brachIOpods (Umspmjer, splrifer, Fusella, Ty-I
[othyris, Pseudosyrinx, Syringothyris) (Yang FQ, 1988; Wang HZ et aI., 1991; Fig. 5.2)~

[t IS very obvIOus that the blocks making up the Chinese continent were subject to dIfferent chj
Imaticconditions during the Carboniferous (Yang Fengqing, 1988): the Tianshan-Hingganling Zone bej
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~'Ig. 5.2 Paleogeographic sketch of the Chmese contment m the Late Carbomferous (318 299 Mal (Data after Wang HZJ
"t a!., 1985, 1991; Yang FQ, 1988; LlUBJet a!., 1994; Meng XH et a!., 2002 and recompIled).

Legend: 1. Land or area of erosIOn; 2. Shallow sea, contmental shelf; 3. Bathyal, contmental slope; 4. Carbonat~

§eposlts; 5. Conglomerate and sandslone deposlls; 6. Sandy mudstone depOSits; 7. Areas of volcamc rock; 8. DirectIOn ofj
marine transgression; 9. Glacial clastic-mud group; 10. Bauxitic formation; II. Gypsum and saline, tide flat deposits; 12.
Boundaries of sedimentary facies or geology; 13.Plate boundaries, perhaps with residual oceanic crust~

NC. North Chma Subtroplcal- Iroplcal Biogeographic Provmce; Sc. South Chma Subtroplcal- Iroplcal BlOgeographlcl
frovmce; SB. Pen-Slbenan Subtemperate BIOgeographic Provmce; ZD. Yunnan- IIbet Cold BIOgeographic Provmce.1
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Ilongs to the cool-temperate Pen-Slbenan BIOgeographIc Provmce; the Smo-Korean Plate belongs tq
~he subtropical-tropical North China Biogeographic Province; the South China blocks (including th~

IYangtze, CathaysIan, west SIchuan and Xlyu plates) also belonged to the subtropIcal-tropIcal Southl
~hma BIOgeographIc Provmce, but have a very dIfferent fauna and flora from the North Chma area; th~

IYunnan-I'Ibetblocks belong to the Gondwana BIOgeographIcProvmce m a cold-cool chmatIc zone wlthl
glaciers on a continental margin (Fig. 5.2)1

[he climate on the blocks making up the Chinese continent during the Carboniferous ranged froml
~old m the north and south to warm m the mIddle firstly. The blocks m the Chmese contment extendedl
lacross the world's chmatlc zones; the Pen-Slbenan blocks mIgrated mto the northern temperate zone;1
~he Sino-Korean, Yangtze, Cathaysian, west Sichuan and Xiyu plates remained near the equator, while
[he Pen-Gondwanan blocks mIgrated southwards to the margms of the glacIal zone.

punng the Early and MIddle PermIan (299-260 Ma), the Smo-Korean Plate was stIII covered biJ
~road sedimentary basins (Fig. 5.3). The sediments were mainly clastic with alternating marine andl
~errestnal facIes ('laryuan and Lower Shlhezl penods), wIth the lower part contammg coal-beanng stratal
(China National Commission on Stratigraphy, 2001). So the sedimentary environment was very differen~

~rom that m the Carbomferous. Coarse clastIc manne molasse was deposIted on the northern margm of
[he Smo-Korean Plate, whJ1e shaIIow manne shelf carbonates and coal-beanng sandy mudstones wer~

~eposited on the southern Sino-Korean Plate. The water in this sedimentary basin became gradually
kIeeper, and the gram sIze of the sedIments became graduaIIy finer from north to south (Meng XH et al.,1
I2ffiJ5)l

II'he pattern of sedImentatIon mdlcates that the Smo-Korean Plate mIgrated northwards dunnij
~he PermIan and collIded wIth the South Hmgganlmg-lnner MongolIa-Tlanshan blocks formmg th~

IYinshan-Xar Moron He Collision Zone with the development of high mountains along the northernl
Iborderof the plate. However, It IS not certaIn that a foreland basIn developed on the SIno-Korean Plat~

(Meng XH et aI., 2005). It IS not possIble to demonstrate by seIsmIc profihng whether the SIno-Koreanl
!Platewas subducted beneath the Yinshan Xar Moron He (:ollision Zone Slit the subduction must havd
pccurred, although there is little evidence, otherwise it is difficult to explain the formation of a forelandl
~asin on the Sino-Korean Plate. Carbonates were deposited on the southern part of the Sino-Koreanl
flate (Fig.5.3), during the Permian; there is no evidence that there are mountains in this area and there
lareno sIgns of a collIslOnl

fermlan sedIments reach a thIckness of 700-1,000 mat YInchuan (~106°E, 38°N), QIngyang~

IYan'an (~108°E, 36°N), Suide-Yulin (~1100E, 38°N) and in the Hebei-Shandong (~l 14-119°E, 36~
fll°N) faulted depreSSIon, but only 300-600 m In the N-S trendIng uphfted zones of XInzhao-UxInI
~i (~109°E, 38,SON) and Huoshan (~112°E, 36,SON) (Wang TH, 1995). Typical fossils in the Per1
mian sediments are: flora tGiganiopteris, Gigantonoclea, Emplectopteris triangularia, Cathaysiopterisi
Iwhitei, Sphenophyllum ), brachiopoda (Lingula sp.) (Xu OR et aI., 1988). The center of the Xiyu Plat~

Iwas uplIfted and became a land area, WIth a fauna and flora SImIlar to those of the North Chma BIO~

geographIc ProvInce, but shelf carbonates and bathyal sandy mudstones were depOSIted on the northernl
landsouthern parts of the plate, characterized by the mixing of forms from the North and South Chinese
~lOgeographlc ProVInces (Xu GR et aI., 1988; Shl GR et aI., 1995; Shl GR, 2006; FIg. 5.3)j

puring the Early and Middle Permian a bathyal sedimentary environment continued in the Southl
Hingganling-Inuer Mongolian zone (Fig. 5.3), with the deposition of sandy mudstones and carbon
lates, together with volcanic rocks. At the end of the Carboniferous the Tianshan Block had completedl
lits northward migration and became amalgamated with the Junggar Block, and in the Permian it wa§
rplIfted mto a land area. 'IYplcal fOSSIls mclude an Angaran flora (ZamlOpterzs, Crassinervia, Nephropj
~is, Walchia), gymnosperm poIIen, cold water brachIOpods (spiriferella, Kochiproductus, Yakovlevia)J
lanthozoans (Tahylasm, Calophyllum), fusulinids (Pseudodoliolina, Monodiexodina) (Xu OR et al.,1
1988), belongIng to the Pen-Slbenan BIOgeographIC ProVInce.

puring the Early and Middle Permian, shelf carbonates were deposited in South China, includingl
Imostpart of the Yangtze Plate, and in the Aba-Litang area in West Sichuan (Fig. 5.3). The Lower Per1
Imlan (299-270 Ma) mcludes the Zlsong and LonglIn pen ods, the MIddle PermIan (270-260 Ma), th~
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~'Ig. 5.3 Paleogeographic sketch of the ChInese contInent In the Early and M[ddle Permian (299 260 Ma) (Data complledl
~rom Wang HZ et aI., 1985; XUORet aI., 1988; Lm BJ et aI., 1994; Meng XH et aI., 2002).1

Legend: 1. Land or area of erosion; 2. ShaIlow marine, continental shelf; 3. Bathyal, continental slope; 4. Carbonattj
~eposlts; 5. Conglomerate and sandstone depOSits; 6. Sandy mudstone depOSIts; 7. Area of volcanIc actrvity; 8. Mann~
,ransgression direction; 9. Glacial pebbly mudstone; 10. Borders of sedimentary facies or geological units; II. Platd
Iboundanes, perhaps with residual oceanICcrust!

NC. Iemperate North ChIna BIOgeographic ProvInce; SC.Subtropical-tropical South ChIna BlOgeograph[c ProvInce;
ISB.Cool temperate Pen-Slbenan BIOgeographic ProvInce; ZD. Cool temperate Yunnan-lIbet BIOgeographic ProvInceJ

IQ1Xla, Xlangbo, Maokou and Lengwu penods, and the Upper Penman (260-251 Ma), the WujlapIng pej
~iod, in which the Longtan coal-bearing formation was developed, and the Changxing period (China Na1
~lOnal CommISSIOn on StratIgraphy, 2001; InternatIOnal CommISSIOn on StratIgraphy, 2004). Howeverl
lin the eastern Yangtze and Cathaysian plates shallow marine sandy mudstones were deposited. Typicall
fossils are: anthozoans (Wentzelloophyllum volzi, Hayasakaia elegentula, Polythecalis yangtzeens, Cys-I
Itommlchelina), fusulImds (Schwagenna tschernyschewl, Parajusulma, Neoschwagerma), ammonOldsl
(Rotodiscoceras, Pseudotirolites, Pleuronodoceras) and brachiopods (Monticu-lifera, Cryptspirifer).
[These forms all belong to the tropical Tethyan Biogeographic Province, or to the South China Bi01
geographIc ProVInce (Xu OR et a!., 1988).

[The Yunnan-Tibet area was characterized by the deposition of shelf carbonates (Fig. 5.3), whichl
~xtended to the northern border of the Karakorum and East Kunlun regions, wIth the eastern borde~

lalong the Lancangjiang Zone. The boundary of the Yunnan-Tibet and the South China Biogeographicl
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IProvmces was also the boundary between the Gondwana and EurasIan contments. 'I he segment of thij
"oundary in the Changning-Menglian area of China represents the site of the Lancangjiang Ocean, a§
lfirstproposed by Lm BP et al. (1991, 1993). The boundary then extends southwards across ThaIlandl
[hrough ChIangmel (~99°E, 19°N) and Tak (~99°E, nON), through the Gulf of ThaIland and the centrij
pf the Malay Peninsula (~I02°E, 4°N) to Bangka island, south of Sumatra (Barber et al. 2005). The
"order extends westwards through East Kunlun (83-86°E, 36°N), Karakoram 08°E, 35°N to 75°E,1
137°N), along the southern CaspIan Sea and northern Turkey, as far as the Alps and Pyrenees.

pondwanan glacIal sedIments occur m the Yunnan-'Ilbet regIOn to the south of the Yarlung Zangbol
~Iver zone, assocIated wIth a cold-water fauna, such as solItary corals (Lytvolasma, Wannerophylj
I/um), ammoniods (Um/oeems), large thick-shelled brachiopods (Taeniothaerus), and a Gondwananl
Iflora (Glossopteris, Sphenophyllum) (Xu GR et aI., 1988). However m the QIangtang and Gangdlsel
"locks this cool water fauna is mixed with forms belonging to the South China warm-water fauna, indij
~atmg that dunng the PermIan the QIangtang and Gangdlse blocks are separated from the Gondwananl
super-continent and mIgrated northwards into the temperate zone (Xu GR et aI., 1988; Shl GR et al.,1
N95)l

lin the Early and MIddle PermIan, the blocks whIch now fonn the Chmese contment were dlstnbutedl
[hrough the paleoclImatIC zones and belonged to dIfferent bIOgeographIc provmces, but dunng the Latij
fermian these relationships changed (Fig. 5.3). The fauna and flora of the Xiyu Plate were similarl
[0 those of North Chma, and they were both m the temperate clImatIc zone. The fauna and flora ml
~he Yangtze, Cathaysian and west Sichuan regions still belonged to the South China tropical warmj
IwaterclImatIc zone. Although North Chma and South Chma both belonged to Chmese-Iethyan BI01
geographIc Domams, and dIfferences can be found in theIr fOSSIl faunas and floras. The fauna and floral
linthe Tianshan-South Hingganling region are similar to those of the Siberian Biogeographic ProvinceJ
Ibelongmg to the northern cool temperate zone, wIth a typIcal Angaran flora, and a mIxed fauna of coldj
landwann-water forms (Xu GR et aI., 1988; Shl GR, 2006). However, the Yunnan-'lIbet BlOgeographlcl
frovmce stIlI belonged to the southern Gondwana cold and temperate zone (Xu GR et aI., 1988).1

[n the Chinese continent the Peri Siberian Biogeographic and the Peri Gondwanan (Yunnan-Tibet)1
IBiogeographic Provinces can be defined easily, as they had distinctive faunas and floras during the Lat~

IPaleozOlc. I here were almost no dIfferences m the faunas and floras of the Smo-Korean, Xlyu andl
IYangtze plates, dunng the DeVOnIan, but they became dlstmct dunng the CarbonIferous and Permlan.1
lOuring the Carboniferous the faunas and floras of the Xiyu Plate were similar to those of the Southl
~hma BIogeographIc Provmce, but dunng PermIan they were closer to the North Chma BlOgeographlcl
frovmce. '1hese changes can be easIly explamed usmg eVIdence from paleomagnetIsm (FIgs. 5.4-5.9)J
lDunng the DeVOnIan the Chmese contmental blocks were all nearly at the same latItude and were ar1
[anged with an E-W trend, so that they had similar faunas and floras. In the Carboniferous some of thes~

"locks migrated northwards, so that the blocks were re-arranged with an NW-SE trend and extendedl
lacross dIfferent latItudes and clImatIc zones, so that theIr faunas and floras were dIfferent. Howeverl
[he Xlyu and Yangtze plates had a sImIlar paleo-latItude, and both plates belonged to South Chma BlOj
geographic Province. During the Permian, the paleo-latitudes of most of the Chinese blocks were stil~

IverydIfferent, so that theu faunas and floras are also dlstmctlve. However, the Xlyu and Smo-Koreanl
Iplates collided with the southern side of the Tianshan-South Hingganling Collision Belt and becamel
lamalgamated WIth the Slbenan continent, so that they became part of the same bIogeographIc provmceJ

~.2 Paleomagnetism and Paleotectonic Reconstruction!

[[he paleotectonIc reconstructIOn of the blocks formmg the Chmese contment dunng the Late Paleoz01{j
lis discussed using the methods of paleomagnetic research and paleotectonic reconstruction, alreadYI
described in Chapter 4 for the Early Paleozoic, and the paleomagnetic data all plotted in Appendix 6J
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IPaleomagnetlsm and paleotectomc reconstructions for the Slbenan, IndIan, and Austrahan plates,1
surrounding the Chinese continent during the Late Paleozoic, will be first discussed (Fig. 4.5). From th~

[)evoman to the Early PermIan, usmg a central reference pomt to represent each of contmental blocksJ
pne can find the Slbenan (Angaran) Plate mIgrated from 33.4°N to 37.5°N latItude, a paleolatItudel
~hange of 4.10

, the rate of latitudinal displacement was only 0.34 cm/yr, much lower than its rate of
rJovement dunng the Early PaleozOIc. The measurements of paleomagnetIc decimatIOn show that thij
ISlbenan Plate rotated counter-clockwIse through a rather small angle of 13.9° (Khramov et aI., 1981j
IAppendix 6). During the same period the Indian Plate migrated southwards from 28.4°S to 37.3°S, a
~hange of 8.9° in latitude, at a rate of 0.74 cm/yr. During the Devonian the Indian Plate rotated 40°
~ounterclockwlse, and then dunng the Carbomferous and Permian rotated 67° clockwIse (Klootwl]kl
land Radhakriehnamurty, 1981; Appendix 6). In the Late Paleozoic the Australian Plate rotated ~20°

Rounterclockwlse and mIgrated southwards from 4.4°S to 56.3°S paleolatItude, at a rate of movement of
14.3 cm/yr (Van der Voo, 1993; Appendix 6). While the Siberian and Indian plates migrated slowly ove~

pnly a short dIstance dunng the Late PaleozOIc, the Austrahan Plate moved very rapIdly southwardsJ
Iwhile rotations of the Siberian and Australian plates were small compared with those of the Indianl
IPlate, although 80th Austraha and India Plates were the parts of Gondwana Supercontment, whIch wa~

Raused by rapId opemng of east part of Paleo-'Iethys Ocean (FIgs. 5.4-5.9).1

[Fig.5.4 Paleotectonic reconstruction of the Chinese continent and its adjacent blocks in the Devonian (380 Mal (Dat~

Ishowed In Appendix 61
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~'Ig. 5.5 Paleo-contmental reconstructIon of the globe dunng the Early DevonIan (390 Ma) (Wan TF and Zhu H, 2007)1
I(Dataof Chmese blocks from AppendiX 6, others from Scotese's web).

IPaleogeomagnetlc determInatIOns show that In the Paleoz01c the three major plates surroundIngl
~he Chinese continental blocks became dispersed (Fig. 4.5): the Siberian Plate moved directly northj
Iwardsacross 71° of latitude (~7 ,000 km); the Australian Plate moved southwards across 42° of latitud~

(~4, 100 km); at first the IndIan Plate was relatIvely stable, but dunng the Late Paleoz01c moved rapldlyl
southwards over a total distance of27° oflatitude (~2,600km) (Figs. 5.4-5.9). These paleogeomagnetic
k1ata (AppendIx 6), IndicatIng dIsperSIon of the major contInental blocks throughout the PaleozoIc, sugj
1gested that the continental blocks forming the Chinese continent migrated similarly and became morel
~hspersed over thIs penodl

Whereare no depOSIts of Sllunan and DeVOnIan ages on the SIno-Korean Plate, but It IS postulated thatl
OChe plate moved from l2.9°S to 1O.8°N, about 23.7° of latItude change, wIth lIttle change declInatlOnl
k1unng these penods. PaleomagnetIc determInatIOns on CarbonIferous and Permian strata In the SInoj
IKorean Plate show that from the MIddle CarbonIferous to the PermIan, the plate moved northwardsl
~hrough 3.10 oflatitude (~31Okm), at a rate of movement of little more than 1 cm/yr, and that it rotated
18.5° counterclockwisefrom 338.2° to 3l9.T. The Yangtze Plate migrated from 6.9°S to 3.3°N (~1,000l

!<,m) from the Devonian to the Early Permian, with a rate of movement of 0.84 cm/yr, more slowly thanl
~he Sino-Korea Plate, and rotated counterclockwise through 7.6°. The Cathaysian Plate remained in thq
southern hemisphere during the Devonian and Early Carboniferous, moving only 1.5° (~150 km), froml
l1.8°S to 10.3°S latItude, but rotated counterclockwIse through 52.3° from 111.2° to 58.9 ° (Figs. 4.61
15.4-5.9; AppendIX 6)J

[he Junggar Block remained in the northern hemisphere during the Late Paleozoic moving only froml
129.TN to 28.3°N latitude, but rotated clockwise through 77° from 342.4° to 59.4°. The Tarim Block]
Iwhich formed part of the Xiyu Plate moved through 10° of latitude (~I ,000 km) northwards froml
121.2°N to 3lJoN between the Devonian and the Permian, at a rate of more than 0.84 cri17a, and rotatedl
ccunterclockwise through 73.4°, from 94,50 to 21.]0 (Figs. 5.4-5.9; Appendix 6). Paleomagnetic datal
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~'Ig. 5.6 PaleotectonIc reconsrrucuon of the ChInese contment and Its adjacent blocks In CarbonIferous (306 Ma) (Dat~

showed in Appendix 6).

~rom the Alxa-Dunhuang and Qmdam blocks shows that both blocks were located at a low latItude Inl
the northern hemisphere, but the data is not well constrained and may have rather large errors.

ILate PaleozOIc paleomagnetIc data from the East Kunlun, QIangtang, Gangdlse and Hlmalayanl
~Iocks show that they were all located between 20°5 and 30°5 latitudes, in a similar position to thq
[ndian Plate and adjacent to the Gondwana (Figs. 5.4-5.9)1

faleomagnetlc data from the East Kunlun Block shows that It was close to the Gondwana In the Lat~

faleozOlc, and dId not form any part of the Xlyu Plate. A cold-water fauna has recently been found Inl
~he Qixia period of the Early Permian in the Muztag region (87.9°E, 36.I ON) in the East Kunlun Block,1
~onfjrmIng thIs mterpretanon (Sun QL et aI., 2002). On the other hand, the West Kunlun (Kudl) Blockl
Iwas part of the Xiyu Plate. From the collision history and paleomagnetic data from the Xiyu Plate, thq
lEast Kunlun and West Kunlun blocks dId not belong to the same tectomc unit and the locatIOnsof thes~
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!Fig.5.7 Paleo-continentalreconstructionof the globe during the Late Carboniferous(306 Ma) (WanTF and Zhu H. 2007;
!OJata of Chmese blocks from AppendIx6, others from Scotese's web)J

plates were completely different during the Late Paleozoic *. Reliable paleogeomagnetic data from th~

OC"ate PaleozOIcof the Baoshan-Slbumasu Block ISscarce, so that ItSpositIOncan only be suggested froml
paleontological, sedimentary and paleogeographic evidence (Figs. 5.4-5.9).

faleomagnetlc data shows that the Sibenan Plate migrated a great distance northwards dunng th~

faleozoic, while during the Late Paleozoic the Gondwana and Indian plates migrated southwards. Th~
~ontmental blocks formmg the Chmese continent remamed dispersed, migrated gradually northwardsl
!Jydifferent degrees during the whole of the Paleozoic. At particular times, blocks collided and amalgaj
Imated, for example the Altay-Junggar-Ergun Collision Belt was formed in Early Paleozoic, the block§
OCormmg the Xlyu Plate were amalgamated together m the end of Early Paleoz01c, and the 'I lanshan~
ISouthHmgganhng ColhslOn Belt occurred dunng the Carbomferous and Early PermlanJ

[TheChinese continental blocks were arranged along the equator during the Early Paleozoic, howeve~
1m the process of gradual movement arnved at an N-S arrangement m the Carbomferous. This was ani
limportant turning point in the assembly of the Chinese paleo-continent.

I' The tectonic evolutionof the West Kunlun,East Kunlun,and Qinling-Dabieblocks were very different. Geographically,
Ithey consIstof sImilarE-W trendmg mountam belts. Ihe Kunlun-Qmlmg-DabIe regIOn has therefore been regarded as al
Ismgle tectomc belt, and named the "Central Orogemc Belt". Ihls IS correct, If "Central Orogemc Belt" ISused only as al
geographIc term for an E-W trendmg mountam belt 10 the center of Chma recently, but ISmcorrect geologIcally, becausij
!he parts of WestKunlun-East Kunlun-QmlIng-Dable Belt had different tectomc evolutIOnary hlStones.1

[Ihe West Kunlun and Tarim blocks were amalgamatedat the end of the Early Paleozoic and became part of the Xiyu
Plate. The East Kunlun Block was an isolated block within Paleo-Tethys to the north of the Gondwanan Supercontinenf
~uring the Late Paleozoic,and amalgamatedwith the southernmargin of the Qaidam Block at the end of the Triassic.Th~
Qmlmg -DabIeCollIsIOn Belt lIesbetweenthe Smo-Koreanand Yangtze plates,and was finallycompletedat the end of th~

[Inasslc. From the Inasslc to the Neogene the East Kunlun and Qmlmg-Dable blocks were located 10 different lalttude§
fuldhad dIfferenttectomc posiltons. However, they collIdedand becameamalgamatedwith the EuraSIan contment, by thij
rnd of Tnasslc. In the MIddle to Late Quaternarythese blocks moved to almost the same lalttude.
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~'lg. 5.8 Paleotectonic reconstrucnon of the Chmesecontmentand Itsadjacentblocksm Penman (250 Ma) (Datashowedl
,n Appendix6)I

lIn that the above Chmese contmental blocks are located at northern parts of Paleo- Iethys Ocean,1
Iwhen Paleo-Tethys Ocean expanded and Slbenan Plate moved to north greatly and fast m PaleozOIc)
~hese blocks all moved to the north in different degrees, the Sino-Korean and Xiyu Plates maybe foIj
~owing the Siberian Plate moved to north faster, and others did slower (Wan TF and Zhu H, 2007). But
[tIl now no researcher explamed why the Stberlan Plate moved to north greatly and fast and the Paleoj
II'ethys Ocean expanded dUring Paleozotc. Although the causes and mechanisms of plate mtgratlOn ar~

rot clear enough, the eVIdencefor the existence of plates, contmental blocks, and contmual movemen~

k1uring their geological and tectonic evolution cannot be denied.

~.3 RockDeformation, Metamorphism and Stress Fieldl

II'he nature of stratIgraphIc contacts defines the Importance and mtenslty of tectonic actIvIty m dlfferen~

lareasat dIfferent penods. The dlstmctlVe character of stratIgraphIc contact relatIOnshIps in the blocks of
K=hinese continent at the end of Late Paleozoic can be used to elucidate the history of tectonic activit)j
(FIg. 5.10). Angular unconformItIes, mdlcatmg major tectOnIC actIvIty at the end of the Late PaleozOIc)
larefound m five regIOns: (I) Altay-Junggar-Ergun Belt, (2) 'iianshan-South HmgganlIng Belt and It§
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~'Ig. 5.9 Paleo-contmental reconstruction of the globedunng theLate Permian(255Ma) (WanTF andZhu H, 2()()7) (Dat~

rf Chineseblocksfrom Appendix 6, others from Scotesewebsitei]

southern margm, (3) West Kunlun-Altun-Belshan, (4) Qmdam Basm, and Its northern and southernl
Imargins(5) Bayanhar (southern Qinghai)-West Qinling (yellow in Fig. 5.10).

[n the Junggar-Ergun Belt and the Tianshan region (i.e. West Tianshan-South Hing-ganling Belt),
~here are two angular unconformItIes, one between the Devoman and Carbomferous, generally regardedl
las markmg the subductIOn of oceamc crust wIth plate collIsIOn at the end of the Early Carbomferousl
(Coleman, 1989; Xiao XC et aI., 1992; He GQ et aI., 1994), and one between the Carboniferous andl
fermIan, generally recogmzed as representmg a later collIsIOnevent. Both above were tectono-thermall
rvents, accompanied by regional metamorphism. The tectonic activity was most intense in the Tianshanl
~eglOn, so It IS reasonable to name the penod of tectonic actrvity in the Chmese contment near the eiid
bf the I ate Paleozoic the" Iianshan Event"

[n west Junggar an unconformity occurred earlier between the Early and Middle Devonian. In Xilinl
pol regIOn an angular unconformIty occurred between the Devoman and Carbomferous (Tang KD etl
lal., 1993), whIle m the South Hmgganiing area an angular unconformIty occurred between the Earl5J
land Late Carboniferous. In Inner Mongolia the Late Paleozoic collision occurred at the end of Earl~

IPermlan, along the Somdyouql (Mandalt)-Xar Moron RIver and Erenhot-Xl UJlmqmql Imes. 'I he coH
~ision, marked by tectonic activity, occurred a little bit earlier in the western (Junggar-Tianshan) andl
~entral (Inner Mongoha) parts of the lunggar--.:nanshan-South Hmgganhng ColhslOn Belt, than in thij
southeastern part.

[n the Tianshan-South Hingganling and its adjacent regions to the south, tectonic activity occurredl
~arller m the west than m the east, earlIer m the north than m the south, and was stronger m the northl
[han m the south. An angular unconformIty occurs between the Devoman and Carbomferous m the Wes~

IKunlunarea (Jm XC et aI., 1999). In the Altun-Belshan regIOnan angular unconformIty occurs betweenl
~he Lower-MIddle and Upper PermIan. Angular unconformItIes between the Lower-MIddle PermIan andl
ILowerTriassic occur on the northern and southern sides of the Qaidam Block and in the Bayanhar-Westl
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[Fig. 5.10 Tectonic sketchmap of the Chinesecontinent(299-260 Ma) in the TianshanPeriod.

Legend: 1. Strata contacts,named as m mternallonal stratumcode, angular unconformities m wavy lmes, dlsconfor
!lUtIeS m dashed lme, conformilles m contmuous lIne; 2. Area of strata conformity; 3. Area of dlsconformlty; 4. Are~
rf angular unconformity; 5. Anticlinalfold axis, (data in Appendix 3.3); 6. Trace of maximumprincipalcompressiod
l(uI); 7. Directionof blockmovement; 8. Graniteintrudedduringthe TianshanPeriod(299-260 Ma);9. Volcanism during
!he TianshanPeriod (299-260 Ma); 10. Ophioliteand ultramafic emplacedduring the TianshanPeriod (299-260 Ma);1
II. Rate of mtraplatedeformatIOn eSlImated from lItho-chemistry data, n_", rate of extensIOn, others, rate of shortenmgl
I(cirilyr) (datam Appendix 5.4); 12.Plate boundary; 13.CollIsIOn beltand fault beltandtheIrsenal numbers; 14. Intraplat~

[aulted-depression. N.B. In this figurethe LowerPermian(PI) includesthe formerLowerand MiddlePermian(299-26Q
Ma), the UpperPermian(Pz) is the sameas the formerUpperPermian(260-251 Ma)1

plate boundanes, collIsIOn or fault beltsand their senal numbersj

llJ Kurt-Narmand Collision Belt; l1J Tagtai-Derbugan Collision Belt; llJ Radbut-Karameili-Xilinhot CoIIisio~
~elt; [±] NiIak-Yilinxbierga-Xar Moron He CoIIision Belt; W Wuqia-Korla-northern border of the Alxa Blockl
[hrust Belt; [6] Kangxiwa-southern border of the Qaidam Thrust Belt; [7] Western border of the Sino-Korean Plat~

I(Helanshan-Liupanshan); [8]Plateboundary of Tianshui-Shangdan-Tongbo-Zhucheng-Cheju Island; [9] PlateboundarYI
pf Shuanghu-Lancangjiang; [01 Plate boundary of Lazhulung-Jinshajiang-Honghe; [i] Plate boundary of Longmen
Ishan; I!1l Plate boundary of Shiwandashan-Shaoxing (betweenYangtze and Cathaysianplates); I!lI Penzhihua-Xichang
f'xtension zone; I!Al Erenhot-HeiheCollisionBelt.

IQinlingregions. So there are two angular unconformities in the Tianshan-South Hingganling region, ocj
~urring earlier in the north than to the south of the Tianshan-South Hingganling Belt. However, to th~

south of the Ttanshan-South Hmgganhng Belt, no angular unconformtttes are seen between the Devoj
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~iIan and Carboniferous, except In the West Kunlun region, but angular unconformItIes do occur betweenl
~he Lower-Middle and the Upper Permian. In most of the area to the south of Tianshan-South Hingj
ganhng Belt there are dIsconformItIes and conformable contacts In the Upper PaleozOIc systems, but ng
langular unconfonmtIes (shown on the left of FIg. 5.10). So durIng the Late PaleozOIc tectonic act1V1tij
rccurred mamly on or near the 'hanshan-South Hmgganhng Belt, but gradually faded out towards th~

iilliilli
IDisconformities occur at the end of the Upper Paleozoic in six regions: (1) the Alxa Block, (2) th~

I['anm Block, (3) the QIangtang-Gangdlse-Hlmalayan Block, (4) the Aba-Garze-Lltang region In Wes~

ISlchuan, (5) the Yangtze Plate and (6) the CathaysIan Plate (lIght green color In FIg. 5.10).
~n the Alxa region the earliest disconformity occurs between the Devonian and Carboniferous. In

ISouth Tlanshan and northern Tanm, dlsconformlty occurs between the Lower-MIddle and Upper Perj
Imiansystems. However, there are conformable contacts between the Lower-Middle and Upper Permianl
systems In most of the TarIm area. In central TarIm, there are dIsconformItIes at the base of the Uppe~

lDevonlan (representIng the erosion of 200-1,000 m), and between the Penman and Tnasslc (erosIOn of
100-1,000 m) (Zhang YW et a!., 2000). In southern Tarim disconformities occur only between the Perj
rJlan and Tnasslc systems. In the QIangtang, Gangdlse and HImalayan blocks, In the Aba-Garze-Lltangl
[eglOn of West SIchuan and m the CathaYSIanPlate, there ISa dlsconformlty between the Lower-Mlddlel
land Upper Permian, which has been called the "Dongwu Tectonic Event" (Li SG , 1932). In the central
IYangtze Plate (West Hunan and West Hubel), there are two dIsconformItIes, one between the Mlddl~

land Upper Carboniferous (or the Lower Permian), and the other between the Lower-Middle and Uppe~

IPermlan (ct. Dongwu TectOniC Event)1
lIt the attItude of the strata alone ISconsIdered, there IS a dlsconformlty between the Lower-Mlddlel

land Upper Permian systems in the Yangtze Plate. However, the underlying plate was undergoing exj
[enslOnal tectonic actIvIty WIth the development of growth faults and the occurrence of selsmltes genj
rrated by paleo-earthquakes. ThIS type of unconformIty commonly occurs m extensIOnal basms andl
~an be called a "seIsmIc-extensIOnal unconformIty" (LIang DY et aI., 1991, 1994; PlazIat et aI., 1990j
1993). Seismic-extensional unconformities are widespread on the southern margin of the Yangtze Plat~

(southern Anhui, Hunan, Guangxi, Guizou, and Yunnan provinces), and in most of Sichuan ProvinceJ
~speclally In the West SIchuan-MIddle Yunnan regIOn (Songpan-Garze, Yanyuan-LIJIang, Panzhlhua1
IXlchang, Yanblan) (LIang DY et a!., 1994), demonstratIng that extensIOnal acnvity occurred on a large1
scale in the Yangtze Plate during the Late Paleozoic, especially on its western margin, which was for1
fuerly called the Panzhlhua-Xlchang (PanxI) RIft Belt by former researchers (Luo YN, 1985), howeverJ
1m hght of recent research that IS not a rIft belt, but three paleo-oceanic basms (Mo XX, 1991, 1993J
1998; Zhong DL et aI., 1998; Lm BP et aI., 2002). 'Ihls extensIOnal faultmg marks the uuuanon andl
ppening of the Lancangjiang and linshajiang Paleo-Ocean.

[n the Sino-Korean Plate and the Qilian region contact relations in the Upper Paleozoic are mainlYI
~onformable (dark green color In FIg. 5.10). However, because the sedIments were deposIted In a ter1
[estnal enVIronment, where breaks m sedImentatIOn are very hkeIy to occur, It ISdIfficult to make sur~

~hat all the contacts are conformable. However, these two regions were relatively stable tectonically, and
Iwere not greatly affected eIther by the Tlanshan-South Hmgganhng colhslOn, or by the extensIOn of th~

IYangtzePlate.1
lData from folds and the pnnclpal compressIve stress axes of the Tlanshan I'ectonlc Penod (397=1

1260 Ma) have been compIled from 250 antIclmona and 242 synchnona (AppendIx 3.3). The angles of
~hp of the fold hmbs are mamly 40°-60°. The trend of the fold axes, the mtermedlate pnnclpal stres§
laxis (0'2), are: NW-trending in the Altay-lunggar-Ergun Belt; near E-W-trerding in the middle Inne~

Mongoha regIOn; NE-trendmg m the Tlanshan-South Hmgganhng Belt, and the area to the south, onl
lalarge scale defining an arcuate fold belt; the maximum principal compressive stress radiate from the
Fenter of the Siberian Plate and trend nearly N-S; the minimum principal compressive stress axis (0'3)
lare nearly vertIcal (FIgs. 5.10 and 5.11).

I['hese data show that a SIngle Integrated stress field was developed In the northern part of the ChInes~

~ontinent at the end of the Paleozoic. This resulted from the northward migration of the Sino-Koreanl
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land Xlyu plates and theIr collIsIOn and amalgamatIOn wIth the central MongolIan and Slbenan Plate~

lin the Tianshan-South Hingganling Collision Belt, the largest scale arcuated tectonic belt in China. Inl
[erms of modern coordInates the movement of the blocks was broadly N-S, the palaeogeomagnelIc datal
lIS not sufficIently accurate to gIve the precIse dIrectIOnof convergence, and ISnear to NW trend.

Wherewas nOobvIOus tectomsm In the QIiIan regIon dunng the Late PaleozoIc, perhaps because of
~he weldmg of the contmental blocks, dunng intense tectono-thermal acnvity in the Early PaleozOlc.1
IHowever, in the regions of collision which were not securely amalgamated during Early Paleozoic, fori
~xample West Kunlun, Altun, the northern and southern margms of the Qmdam and Bayanhar-Westl
IQInlIng blocks, there was nOdeformatIOn dUrIng the 'I'Ianshan Event of Late PaleozOIc. Although ng
fieformation occurred in the Sino-Korean Plate to the south of the Tianshan-South Hingganling Collision
~3eIt, there was subsIdence On the northern margIn of the plate, wIth the deposItIon of marIne molass~

lina sedimentary basin, with a gradual decrease in grain size towards the south (Meng XH et al., 2002j
fig. 5.3).

N

ig. 5,11 Attitude of the
rincipal stress axes in the

Tianshanevent
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IRecently, Wu HR et al. (2001) have suggested that there was a umfied Yunkal Block in the Southl
puangxi and west Guangdong regions, including also the northern South China Sea and the Nanshal
~slands. This is a reasonable proposal, but this block existed during the Late Paleozoic for only a short
[Ime. As dIscussed In Chapter 4, perhaps the Yunkm Block formed the southern part of Yangtze Plat~

~urIng the Early PaleozoIc. DUrIng the breakup of the Yangtze Plate at the end of Late PaleozoIc, th~

IYunkm Block was separated from the Yangtze Plate and shows dlstmctlve sedImentary and tectomq
features. From the Devonian to the Early Permian, a deep faulted depression was formed in Qinzhouj
ILuodmg between the Yunkm Block and the Yangtze Plate, and a deep manne depreSSIOn developedl
lalong the Wuchuan-SlhUl-QlOngzhou Zone to the east of the Yunkm Block, but an ophIOlIte sUIteha§
not yet been found (Qiu YX et al., 1993). During collision and compression at the end of Early Permian
(Rb-Sr age of 265 Ma, Fang QH et al., 1987), recumbent folds and northward directed thrust systems, as-I
sociated with granitic migmatization and regional metamorphism, were formed in Late Paleozoic stratal
pn the Yunkm Block. The deformed rocks are overlam unconformably by Opper PermIan and Mld1
~Ie 'Inasslc strata. CollIsIOnand amalgamatIOn of the Yunkal Block, wIth the Yangtze and CathaysIanl
plates, were completed during the Indosinian Tectonic Event at the end of Middle Triassic (Wang QQ etl
lal., 1989; Llao OK, 1991; Om YX et aI., 1993)J

~.4 Magmatism and Rates of Plate Movement

ILarge scale magmatIsm occurred m Chmese contment durmg Late PaleozoIc. The areas of outcrop of
~he magmatic rocks formed at that period extend over 278,900 km2, mainly adjacent to the Tianshanj
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ISouth Hmgganlmg CollIsIOn Belt (Cheng YQ, 1994; AppendIx 7). They constitute nearly one thud of
the total outcrop area of magmatic rocks in the Chinese continent.

IFrom chemIcal analyses of 2,548 samples of magmatIc rock the rates of plate movement dUrIng Latij
faleoz01c have been calculated (FIg. 5.10; AppendIx 5.4): m the eastern 'hanshan-South Hmgganhngl
lBelt, from HeIlongJIang to Hegenshan m Inner Mongoha, rates of plate extension were 0.3-0.8 crilly~

~uring the Early Tianshan Period (Middle and Late Devonian, 397-359 Ma), estimated from the chem1
IlcalcomposItIon of 52 ultrabaslc and basIc rocks; dUrIng the MIddle Tlanshan PerIod (CarbonIferousJ
1359-299 Ma) rates of plate extensIOn, determmed from 38 ultrabaslc and basIc rocks, were 0.5-0.1
Rm/yr; and dUrIngthe Late TIanshan PerIod (Early and MIddle PermIan, 299-260 Ma) the rate of platij
extension determined from 12 ultrabasic and basic rocks was 0.8 cm/yr.1

[n the western Tlanshan-South Hmgganhng ColhslOn Belt, formed at the end of the DevonIan, ml
k\ltay and Tlanshan-Xmgxmgxla, XmjIang, rates of plate shortenIng of 6.1-7.3 crillyr m the Early 'I'ianj
shan I'ectonIC Event have been calculated from the chemIcal composItIOn of 284 granIte samples. I hij
Il'ianshan CollIsIOn Belt was formed mamly in the Early CarbonIferous, when magmatism resulted ml
~he lateral growth of the continent. In the processes of subduction and collision were formed blueschist§
landhIgh-pressure granulItes and eclogItes in the I Ianshan-Junggar region, however the geothermal gra1
~ient was normal «33 °C/km) for continental areas (Zhao ZY, 1993; Gao J, et a!., 1996; Wang RS, etl
lal., 1999; Zhang LF, et aI., 1998,2001) (Appendix 6.1). In the Tianshan-Xingxingxia region, Xinjiangj
[he rate of plate shortenIng dUrIng the CarbOnIferous was estImated to be 6.2 crillyr from the chemlcall
RomposltlOnof 174 granIte samples; m Altay, Xmjlang, 6.1 crillyr from 160 granIte samples; m northernl
ITianshan,Xinjiang, 6.3 cm/yr from 238 granite samples; around Junggar, Xinjiang, 5.5 cm/yr from 33~

granIte samplesJ
~xtensive post-collisional magmatism of mantle origin occurred in northern Tianshan during the Car-I

~oniferous and Permian (359-260 Ma), characterized by high ENd(t) (+2.6±9), relative low (87 Sr/86Sr)il
(0.702-0.710) and new model Nd and Pb ages (Han BF et aI., 1998, 1999). The magma eVIdentlycamij
~rom depleted mantle mIxed WIth some crustal materIal. Abundant magma of mantle ongm may havij
~aused underplating near the crust-mantle boundary, generating granitic fluids in the lower crust by parj
~ial melting. The thickened continental crust became an important part of the Junggar basement (Hanl
IBF et aI., 1999; Jahn BM et aI., 2000). The PaleOZOIC contmental crust m that regIOnISdue to the re1
~yclIng of Archean contmental crust, and also mcludes substantIal JuvenIle components. The data doe~

not support the view that the Junggar basement is composed of oceanic crust as suggested by Coleman
(1989)J

[n the east part of Tlanshan-South Hmgganhng Belt, from south HeIlongjIang to Inner MongohaJ
~he rate of plate shortening during the Devonian was 5-7.6 cm/yr, estimated from the chemical comp01
SltlOn of 56 granIte samples, however the rate of shortenmg m him Provmce was only 3.9 crillyr. Rate§
pf plate-shortenmg m tectonIcally actIve areas m Inner MongolIa were 6.5-7 cm/yr, and about 4.5-51
~m/yr m tectOnIcally stable areas from 118 granIte samples. DUrIngthe Late IIanshan PerIod (Early andl
MIddle Permian) when the colhslOn and amalgamatIOn m the 'hanshan-South Hmgganhng Belt werij
lfinallycompleted, the rate of plate-shortening in the East Tianshan-South Hingganling Belt was abouf
15.9 crillyr, estImated from 945 granIte samples.

[n West Qinling-Beishan, Gansu Province, and the northern margin of Qaidam, Qinghai ProvinceJ
~he rate of plate shortening during the Devonian was 4.7-5.8 cm/yr from the chemical composition of
r granite samples. In the Foping region of south Qinling, shortening may have resulted in folding andl
lamphibolite metamorphism, with a geothermal gradient in the normal range for continental crust (18-341
IOC/km) (Zhang SG et aI., 1998). In the Beishan-Qilian region, the rate of plate shortening was abou~

15.6 crillyr, estImated from the chemIcal composItIon of 3 granIte samples. In the Qlhan regIOn, the ratij
pf plate extension during the Early Permian was 0.79 cm/yr, estimated from 12 basic and ultrabasiq
samples, and the rate of plate shortenIng was about 6.4 crillyr from 15 granIte samples. On the southernl
Imarginof Qaidam, Qinghai Province and East Kunlun, the rates of plate shortening during the Devonianl
Iwere5.5-6.9 cm/yr from 92 granite samples, and during Early Permian, was ~7 cm/yr from 15 granite
samplesJ
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lin the Dableshan region, only two DeVOnIan granite samples have been analyzed, gavmg a rate of
plate-shortening of 4.1 cm/yr. In Guangxi Province on the southwestern margin of the Yangtze Plate, th~
rate of plate shortenIng dunng the CarbonIferous was 6.4 cm/yr from the analysIs of 8 granIte samples,1
landm the Early Permian ~ 6.3 ciIl7yrfrom 91 granIte samplesJ

~n the Cathaysian Plate, the rate of dispersion during the Devonian was 0.5 cm/yr, estimated from
~wo baSIC samples from Jlan'ou-Dakang, northern FU]lan Provmce, and dunng the CarbonIferous O'~

Ril1JYr, from 6 baSIC samples. In southeast GuangxI and west Guangdong on the southwestern margInI
pf the CathaysIan Plate, collisIOn-type granItIc mtruslOns were emplaced. I he Rb-Sr Isochron age of
[he granIte m Darongshan and Lmwandashan regIOn IS 265 ± 5 Ma, and many Ar-Ar, K-Ar, and Rb-Srl
~sotopic studies have given ages of 290-265 Ma. It has been suggested that the collision event betweenl
[he Cathaysian and YunkaI blocks occurred dunng the Middle and Late Permian. There also exhlbltedl
Ian Indosinian Tectonic Event at the end of the Middle Triassic (Fang QH et aI., 1987; Wang QQ etl
lal., 1989; Llao QK, 1991; Qm YX et aI., 1993; Zhang BY et aI., 1994). 'Ihe rate of plate shortenIngl
lin Guangdong, on the Cathaysian Plate during the Carboniferous was 6.7 cm/yr, estimated from th~

Rhemlcal compositIOn of 5 granIte samples. In the Plaotang regIOnof south JJangxl Provmce the rate of
plate-shortenmg was 5.9 cm/yr durmg the CarbonIferous, estImated from the chemIcal composItIOn of
pnly one granIte sample, and dunng the Permian was about 7.5 ciIl7yr, estimated from 8 granIte sample§
from the Cathaysian Plate.

[rhree Late PaleozOic ophIOlIte belts occur In the Hengduanshan regIOn,West Sichuan-Yunnan (Llij
~Q et aI., 1993; Mo XX et aI., 1998). These were the earliest to be recognized and are best known inl
China (Appendix 5.4).

IFrom west to east, they arej
(1) In the Early-Middle Carboniferous ophiolite belt of the Changning-Menglian Zone near the Lanj

RangjJang RIver (Lm BP, et aI., 1991; 1993), accordmg to a plate-dIsperSIOn velocIty of 0.67 cm/yrJ
rstlmated from basalt compositIOns (Mo XX et aI., 1991), the width of the Lancangjlang paleo-oceanl
Iwas ~ I ,200 km. Recently a complete ophIOlite suite was found In the haomen area, on the south1
Iwesternside of Shuanghu(centered on 89°E, 33'soN), central Qiangtang, representing the northwesternl
rxtension of the Lancangjiang Paleo-ocean (Zhai QG et aI., 2004 )J

(2) 'I he MIddle CarbonIferous-Early PermIan ophIOlite belt m the mIddle Jmsha]Jang Zone (Shenl
ISY et aI., 1994; Sun XM et aI., 1994, 1997), gave a rate of plate extension of 0.9 cm/yr, estImated froml
"asalts (Mo XX et aI., 1991). The Xijin'ulan Group formed during the Early Carboniferous-Early Per1
Imlanshows that this zone extends northwestwards Into the northern JInshajlang area, QInghai ProvIncel
(BIan QT et aI., 1997). The Early CarbonIferous (359-318 Ma) Allaoshan OphIOlIteBelt occurs to th~

southeast of the JInsha]lang Belt (han Net aI., 1991). SubductIOn of the oceanic crust and shortenIngl
pccurred in the Jinshajiang Belt at the end of Early Permian, with a continental collision during a lat~

period ofthe early Middle Triassic (Wang LQ et aI., 1999). According to the well-known data, the widthl
pf Early CarbonIferous-Early PermIan Jmsha]lang Paleo-Ocean has been estImated to be 1,800 km. It I~

rnreasonable to regard thIs as a small ocean baSIn(Chen BW et aI., 1991; Zhang Q, 1992; Zhong DL etl
lal., 1993), or a back-arc basin (Pan GTet aI., 1997; Hsu KJ et aI., 1995; Wang XF et aI., 2000); this is a
Imajorocean baSIn(Mo XX, 1991, 1993, 1998; Lm ZQ et aI., 1993)1

(3) Generally, it is considered that tholeiitic basalts and Upper Permian radiolarian cherts along th~

parze-Lltang Zone, to the east of the Jmsha]lang Belt, represent an ocean basm, but a complete ophlOlitel
suite has not been found. According to basalt compositions, the rate of plate dispersion was 0.8 cm/Yn
(Mo XX et aI., 1991), and the width of the ocean basin was about 400 kmJ

lin southern Chma the CarbonIferous and Early PermIan are charactenzed by extensIOn and largel
scale baSIC volcanIsm. Dunng the Late Permian contInUOUS extenSIOn, with the eruptIOnof the Emelshanl
flood-basalt (Large Igneous Province), occurred on the western margin of the Yangtze and Qiangtang!
plates. The basalts extend over an area of 2.5 x 105 km2, and are 250-2000 m thick (Bureau of Geologyl
pf Sichuan, 1991; Liu BJ et aI., 1994). The rate of plate-dispersion in the Late Permian was between 0.3
land0.6 cm/yr estimated from 89 samples from the Emeishan basalt]
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II'heEurasIan (mcludmg the Yangtze Plate) and the Gondwana (mcludmg the QIangtang Plate) contl1
Inentscan be distinguished clearly by the chemical analyses of tholeiites from either side of the Lancanj
UiangPaleo-Ocean (Yang KH, 1998) (Table 5.1). In the Gondwana IV (CaO) I IV (Ti02) and IV (AhO}) II
IIV (Ti02) are much higher than in the Eurasian continent, however, IV (La) I IV (Yb), IV (Ce) I IV (Y), ,y
(Zr) I IV (Yb), and 87Sr/86Sr(av.) are lower; the reasons for these differences are not clear.

[fable 5.1 Element chemIcal charactenslIcs of tholentes m the Gondwanan and EuraSIan contments (Yang KH, 1998).
Element chemical I
Lcbaracteristics Gondwana Eurasia

w(CaO) / w (Ti02) 4.63-5.26 2.1-3.94
w (Ah03) / w (Ti02) 7.75-10.73 3.42-5.8~

Iw (La) / w (Yb) 1.9-4.63 5.43-11.241
w (ee) 7w (Y) 0.78-1.54 l.75-2m
w (Zr) 7w (Y) 3.84=5.81 6.85-15.841

w (Zr)7w (Yb) 32-58 72-176

peothermal gradIents dunng the CarbonIferous and PermIan have been estImated from the temperj
latures, pressures and depths of formatIOn of regIOnal metamorphIc and magmatIc rocks (Appendlcesl
17.1 and 7.2). Most of the blocks in the Chmese contment stIli had normal geothermal gradIents dur1
ling the Carboniferous and Permian periods, apart from the abnormal geothermal gradient related to th~

~meishan extrusions in the Jinshajiang and Lacangjiang areas and the southwestern part of the Yangtzel
Plate.

Normal geothermal gradients were rare during the tectonic evolution of the Chinese continent. The
geothermal gradient is estimated to be 37°C/km from amphibolites in the Jinshajiang region, Sichuan
frovmce (Bureau of Geology of SIchuan, 1991), 44°C/km from amphlbohtes m the Lancangjlang GroulJ
(Zhong DL et aI., 1998), 36.4-38.5°C/km from gabbro in West Mojiang, West Yunnan Province (Zhoul
pJ et aI., 1992), 52.6°C/km from granites in Darongshan, Guangxi Zhuang Autonomous Region (Wang!
IQQet aI., 1990) and 49°Clkm from granIte-porphynes m Shlwandashan, GuangxI Zhuang Autonomousl
Region, between the Yangtze and Cathaysian plates (Xu HL et aI., 2001).1

punng the whole of the tectOnIC evolutIOnof the Chmese contment, very large-scale basalt eruptlOn§
rccurred only during the Permian on the western Yangtze and eastern-northern Qiangtang plates. Itl
Ihas been proposed that the Emelshan large Igneous provmce (LIP) represents the site of an underlymgl
Imantleplume which developed between the Yangtze and Qiangtang plates (Huang KN et aI., 1988, 1992j
K:hungSL et aI., 1995, 1998), and was responsible for the formation ofthe Jinshajiang and Lancangjiangl
IPaleo-Ocean. I hISmantle plume may be called the Emelshan Plume. However, the center of the plumel
Iwas not at Emeishan, but beneath the Jinshajiang and Lancangjiang Paleo-Ocean. The development
rf the Emeishan Plume initiated the extension and dispersion of the surrounding plates, including th~

IYangtze, Xlyu and many Gondwana blocks to dIstances of up to 1,000 km, generatmg the Jmgshajlangj
land Lancang)1ang Paleo-Ocean m the central part of the 'Iethys Paleo-Ocean. 'I he plume may be th~

iJnmary dynamICcause of the dIsperSIOn of the South Chma contments and theIr surroundmg blocksl
IRecently, a newly discovered eclogite belt, i.e. a Carboniferous-Permian collision zone at Gyaxing

landSumdo m eastern part of Lhasa (1.e.Gangdlse) block of XIzang (llbet), IS about 500-1 ,000 m wld~

landat least 60 km long m an E-W dIrectIOn.The eclogItes result tectOnIC slIces m garnet-beanng mlcaj
ijuartz schist, whose peak metamorphic conditions of 2.7 GPa and 730"Cand SHRIMP V-Pb dating of
~ircons from the eclogite yielded metamorphic ages ranging from 242±15 to 292±13 Ma. The MORB
rclogite is interpreted as remnants of Paleo-Tethyan oceanic lithosphere (Yang JS et aI., 2009; Chen SYI
~t aI., 2009). It means that the Gangdlse (Lhasa) plate compnsed North and South Lhasa blocks dunng]
(:arhoniferous Permian Periods
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~.5 Tectonics and Plate Movement fromthe Mesoproterozoic to the Paleozoic

[ectonic, paleomagnetic and paleogeographic information shows that the tectonic units and the tecj
~onic evolution of the blocks forming the Chinese continent were very different from their situation
OCrom the begmnmg of the MesoproterozOlc to the end of the MIddle Perrman (1,800-260 Ma), becaus~

~hroughout this period, the blocks were separate and in a process of movement, leading to collision and
lamalgamatlOn.

from the Changcheng and hxtan Penods (1,800-1,000 Ma) to the end of the PaleozOIc (260 Ma),1
~he Chinese continent can be considered to comprise four tectonic domains: Peri-Siberian, Sino-Koreanl
(North Chma-Korean Block), Yangtze (Yangtze, West SIchuan, Qmhng-Dable, and CathaysIan blocks~

landPeri-Gondwana (Qiangtang, Gangdise, Himalayan and Sibumasu blocks) (Figs. 1.2,4.15). Althoughl
~his basic tectonic framework continued through to the end of the Paleozoic, the blocks included in thesd
[ectomc domams changed through outJ

II'he lanm, Qmdam and Alxa blocks belonged to the Smo-Korean 'lectomc Domam dunng th~

IArchean-MesoproterozOlc, but after the NeoproterozoIc they gradually became more closely assoclatedl
Iwiththe Yangtze Tectonic Domain.1

IBlocks m Pen-Slbenan lectomc Domam (mcludmg Altay, Junggar-East Kazakhstan, Ih-Balchas,1
rI'urpan-Xmgxmgxla, Kuruktag, Hongshlshan, Yagan, North Bayannur, 'Iuotuo-shang-Xllm Hot, Er1
gun, Songhuajiang-Nenjiang-Harbin, Jiamusi-Bureinskiy and Xingkai), all with an Archean-Paleopro-I
~erozoic crystalline basement, were separated and migrated from the southern to the northern hemH
sphere, together wIth the Slbenan Plate, dunng the MesoproterozOlc to Early PaleozoIc. The crystallm~

Ibasement of hamusI-Buremsk!y and Xmgkm blocks was fonned m the Early Cambnan, mfluenced b~

~he Pan-Afncan lectomc Event. The Altay, Junggar-East Kazakhstan and Ergun blocks accompame~

~he Central Mongolia Block northwards, where during the Ordovician they collided and were amalgaj
rJated m the Baykal Belt around the Slbenan (Angaran) Plate, and wIth the northern Chmese contmen~

[0 form the Early PaleozOIc Altay-Junggar-Central Mongoha-Ergun ColhslOn Belt. From the Earl~

~arboniferous to the end of the Middle Permian, all the dispersed blocks of the Peri-Siberian Tectoniq
1D0mam collIded and were amalgamated to form the 'hanshan-South Hmgganhng ColhslOn Belt, th~

rastern part of the Central Asian Collision Belt, in the Tianshan Tectonic EventJ
linthe Archean-MesoproterozOlc the Smo-Korea 'Iectomc Domam mcluded the North Chma-Korean)

II'anm, Qmdam and Alxa blocks. Ihe mam Smo-Korean Plate (North Chma-Korean Pemnsula block]
[emained stable from the Mesoproterozoic to the end of the Paleozoic. Then the Liaoning-Shandong
IXuzhou-Humhe depreSSIOn belt developed m the east of the block, accompamed by many paleoj
~arthguakes.Dunng the Smlan penod (680-513 Ma), glaCIalsedIments of the Luoguan FonnatlOn wer~

deposited on the southern margin of the Sino-Korean Plate showing that the plate had moved into the
glacial zone. During the Paleozoic, the Sino-Korean Plate moved from 15°S to 15°N latitudes, and was
~overed by shallow marine pelite and shelf carbonate deposits. Collision and amalgamation occurredl
Ibetween the blocks in tbe Peri-Siberian Tectonic Domain at tbe end of tbe Middle Penni an All tbese
Iblocksthen became part of the Pangea Super-Contmental Plate.

[he tectonic evolution of the three blocks in the west of the original Sino-Korean tectonic domainl
Iwas more comphcated. Dunng the MesoproterozOlc, the Qlhan and Altun nft-faulted belts developedJ
separatmg and dlspersmg the Tanm, Qmdam and Smo-Korean (mcludmg the Alxa Block) plates. Butl
~unng the MIddle and Late Qmgbmkou Penod (900-800 Ma), colhslOn and compressIOn m the QI1
Ihan and Altun belts, brought the Tanm, Qaldam, and the mam Smo-Korean Plate back together agaml
~o reconstruct the original framework of the Sino-Korean Tectonic Domain. During the Nanhua-Sinianl
j)enods (800-513 Ma), the Qlhan faulted depreSSIOn was formed, so that the 'Ianm and Qmdam block~

~eveloped very dIfferent sedImentary charactenstIcs from the mam Smo-Korean Plate (mcludmg th~

~lxaBlock), and moved nearer to the Yangtze Plate, so that during Nanhua-Sinian Period the Tarim andl
IQaldam blocks became part of the Yangtze Tectomc Domam. From the Nanhua penod to the Carbomfj
rrous, the Tarim Block was attached to the Yangtze Plate. From the Archean to the Middle Cambrianl



~.5 Tectonics and Plate Movement from the Mesoproterozoic to the PaleozOIc 141

(2,500-501 Ma) the Alxa block was always attached to the west Smo-Korean Plate, however fossll~

show that from the Late Cambrian to the Carboniferous they belonged to the Yangtze Tectonic Domain.1
[)unng the OrdovIcIan and SJlunan, faulted depressIOns were formed on the eastern margm of the Alxal
~lock and m the QIlIan-Altun Belt, and the Tanm, Qaldam, Alxa, West Kunlun and Hualong block§
Ibecamegradually more related to the Yangtze 'lectOnIC Domam. However they remamed separate untlll
~he1f amalgamatIOn in the QJllan-Altun ColhslOn Belt to form the mdependent Xlyu Plate at the end of
~he Silurian. The Xiyu Plate existed for only a very short time during the end of Silurian and Devonian.1
IFrom the Early Carboniferous to the MIddle Penman the Xlyu Plate moved gradually northeastward~

~ntJllt collIded wIth the Pen-Slbenan Tectonic Domam m the 'I lanshan-HmgganlIng CollIsIOnBelt; th~
pciyu Plate, together with Sino-Korea Plate, was then incorporated into the Pangea Super-Continental
Plate.

[he Yangtze Tectonic Domain including the Yangtze, middle Qinling-Dabie, West Sichuan andl
K:athayslan blocks were gradually Jomed by the Ianm, Qaldam, Alxa-Dunhuang, West Kunlun andl
IHualong blocks. I he Yangtze Plate was fonned by the colhslOn and amalgamatIOn of the north andl
south Yangtze plates at the end of the Mesoproterozoic (Sibao Tectonic Period (1,000 Man, forming al
~nlfied crystalhne basement at the end of the Qmgbmkou Penod (800 Ma). Durmg the Nanhua Penodl
(800-680 Ma), WIdespread glacIal deposIts of the Nantuo Formation were deposIted on the Yangtzel
flate, indicating that they had migrated into the glacial zone. However, during the following Sinianl
renod, the Yangtze Plate was overlam by carbonate shelf deposIts showmg that It had mIgrated mto al
Iwarmwater environment, which is so different to Sino-Korean Plate. During the Paleozoic, the Yangtzel
Plate migrated northwards from latitude 15°S to near the equator. Although the plate did not move very
[ar, it rotated by about 90°, and shelf carbonates and sandy mudstones were deposited. At the end of thq
~arly Paleozoic, intraplate folding occurred in the South Yangtze Plate, but the causes of this deformaj
[IOnare not known. At the end of the Late PaleozOIC large scale extensIOn occurred m the southwesternl
part of the plate under the mfluence of the nsmg Emelshan PlumeJ

~t the end of the Qmgbalkou Penod (800 Ma), the ocean separating the Yangtze Plate and the centrall
!Jlocks of the Qinling-Dabie Belt was subducted, and the ocean separating the Yangtze and Cathaysianl
plates may also have been subducted, leading to the collision of these plates. At the end of the Earl}j
IPaleozOlc (~400 Ma), there was convergence and compressIOn m the Qmlmg-Dable Belt, perhaps a~

[he result of oceaniC subductIOn, because the mam contment-contment collIsIOn m thIs belt occurredl
only at the end of Triassic.1

[)unng the PaleozOIC the CathaysIan Plate was always located at a low latitude m the southern heml1
sphere and ItS latitude did not change greatly, but the plate rotated sIgnificantly, as mdlcated by th~

~hange m ItSpaleomagnetic decimatIOn. In the CathaysIan Plate at the end of the Early PaleozOIC (~400l
Mal, deformation in an independent stress field, with greenschist facies regional metamorphism, andl
Imagmatic activity, occurred, forming a unified crystalline basement. Collision between the Cathaysianl
land Yangtze plates dId not occur at the end of the PaleozOIC, but m the Inasslc.

[I'he tectOniC evolutIOnof the Pen-Gondwanan TectOniC Domam, mcludmg the Qiangtang, GangdlseJ
!Himalayan and Sibumasu blocks, during the Meso-and Neoproterozoic is not very clear. During the Ne01
proterozOIc and Early Cambnan (1,000-513 Ma), regIOnal metamorphIsm and defonnatlOn occurredJ
Worming a unified crystalline basement under the influence of Pan-African tectonic events. During thq
IPaleozOlc, these blocks were always located in the southern hemIsphere at mId to low latitudes, wlthl
shelf sedimentation in a cold-temperate climate. At this period they occurred as dispersed blocks along
the northern margin of the Gondwana.

IAt the end of the Early PaleozOIC, the North Amencan and the European Avalonian and BaltIC plate§
~ollIded to form the Caledonian CollIsIOnBelt, extendmg from the AppalachIans through New EnglandJ
preenland, Ireland and Scotland to Norway (Trewin, 2002). At the end of Late Paleozoic the Northl
~mencan, BaltiC and Afncan plates were amalgamated to form the HerCynian (Vanscan) CollIslOnl
!Belt.From the Carboniferous to the end of the Middle Permian, the Baltic (East European) and Siberianl
iJlates were amalgamated in the Ural ColhslOn Belt. At thIS penod the Lauraslan Super-contmentall
flate, including the North America and Eurasian plates, and the Gondwana, including South AmericaJ
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IAfnca, AntarctIca, India and Austraha, were amalgamated together in the western hemIsphere to forml
~he global super-continent, Pangea. However, many blocks in and around the Chinese continent wer~
still dIspersed wlthm the Eastern 'Iethys Paleo-Ocean (SmIth et aI., 1981; Sengor, 1989; Yang, 1998j
oc;1U BP et aI., 2002(hg. 5.12».

!BlocksIn the Yangtze 'lectomc Domain including the Yangtze, Cathaysian and West SIchuan blocksj
landthe QIangtang Block were gradually Incorporated mto the EuraSIan super-continent dunng the I'n1
lasslc. The Xlngkm (Wandashan) Block (upper nght of FIg. 4.15) colhded and was amalgamated wlthl
~he northeastern Chinese continent durmg the JurassIc. The Gangdlse Block was amalgamated wIth thij
southern border of the QIangtang Block at the end of Cretaceous and the Paleocene. hnally, the HI1
Imalayan Block and the Indian Plate collided and were amalgamated with the southern margin of th~

~uraslan super-continent at the Late Paleogene (hg. 4.15). The amalgamatIOn of whole of the Chlnesij
continent and its adjacent areas was then completedJ

lib sum up, the tectonic domams and tectonic Units whIch make up the Chinese continent havij
~hanged through out. What ISmore a tectonic block may belong to dIfferent tectonic domainS at diffe.
rent times during its geological history. A single map of the tectonic units cannot represent the tectonig
~volutlOn of the blocks and theIr changing relatIOnshIpsdunng whole tectonic penodsJ

[f the regIOnal tectomc evolutIOnIn China were to be dIscussed only In terms of local tectomc umts,1
lit would be easy to overlook the differences in the characteristics of the various blocks, the causes of

1:;::::::::::11
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~'Ig. 5.12 DlstnbutlOn of ocean basms m the East Tethys Ocean (dunng the QlX1a Penod m the Middle Permian; after Llij
~P et a!., 2002, with permission of Liu BP).I

Legend: 1. Fluviatile-lacustrine deposits; 2. Marine sandy mudstone deposits; 3. Turbidite deposits; 4. Carbonattj
Ishelf;5. Dolomite and dolomitIc carbonate; 6. Gypsum and hahte; 7. Oceamc spreadmg ndges and transform faults; 8.
ISubductjon zone

Blocks: NCH-North Chma; Sku-South Kunlun; Far-Farah; DZI-Dogobayazlt; Pon-PontIde; ¥AN-Yangtze; ICH-I
IIndochma;Cat-CathaySian; Lya-Lower Yangtze; Hal-Haman; Las-Lanpmg-Slmao; Zho-Zhongza; Ian- Ianggula-Qamdo;
~ay-Bayanar; Ish-iIanshmhal; Sbm-Slbumasu; Qla-West Qiangtang; CP-central Parmr; Lut-Lut; Nlr-Northwest fran;
IWhu-WestBurma; Lha-Lhasa; SP-South Pamlr; Hel-Helmand; SS-Sanandaj-Slfjan; Ata-Anatohde-Taunde.
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~hese dIfferences and the changmg relatIOnshIps of the blocks through out. I hISIS the major reason thatl
~he regional tectonics of the Chinese continent is not described in a map of tectonic units for whol~

geologIcal history m thIS book. In order to understand tectOnICS on the larger scale It IS necessary tij
strengthen comparatIve research on the dIfferent tectOnIC blocksJ
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Chapter 61
Tectonics of Late permian-Triassid
(The Indosinian Tectonic Period, 260-200 Ma)1

Fjormmg theLancangjiang, Imsha]lQng, Qinling-Dable andShaoxing-Shiwandashan Col/lSlon Zonesl
'rwidespread intraplate deformation and formation of the lndosinianTectonic Systeml

Major collision and amalgamation of continental fragments occurred in the Chinese continent during th~

[ndosinian Tectonic Event; the Lancangjiang (i.e. Lazhulung-Shuanghu-Changning-Menglian-Dak of
[I'hmland-central Malaya Pemnsula, 1 m hg. 6.3),Jmshajlang (18 m hg. 6.3), Qmhng-Dable (6,10andl
11 in Fig. 6.3) and Shaoxing-Shiwandashan (19 in Fig. 6.3) Collision Zones were formed during thi~

penod. More than three quarters ot the Chmese contmental area became amalgamated to the Pangeanl
ISuperContinent in the areas to the north and east of the Bangongco -Nujiang zone. At the same time,1
Iwidespread intraplate folding and faulting developed in the Indosinian Tectonic System affecting th~

sedImentary cover over a large part ot the Chmese contmentl
[ndosinian movement was first recognized in the Triassic of Vietnam by the French geologist, Froj

~aget (1934); this term was popularized in China by Huang TK (Huang JQ, 1945). Many Chines~

geologIsts regard the Indosmlan lectomc Event as the most Important event m the tormatlOn ot th~

Chinese continent (Wang HZ, 1981, 1982; Zhao ZP, 1986; Zhang WY 1984; Huang JQ et aI., 1987).
lin the Indochma Penmsula and in South Chma the Indosmlan l'ectomc Event IS represented by ani

langular unconformity between the Middle and Upper Triassic systems. But recently the Indosinianl
Tectonic Period has heen extended to cover all tectonic events from the Late Permian to the end of
~he 'I'nasslc. On the Chmese continent major colhslOns and detorrnatlOns occurred both at the end ot th~
Middle Triassic and at the end of the Late Triassic. There is generally a continuous sequence between th~

fermian and Triassic systems, with successive transitional lithologies, deposited in a tectonically stabl~

rnvlronment, although a catastrophIc taunal and floral extmctlOn event occurred between the Permlanl
land'Inasslc, with a rate ot cxtmction ot more than 90%ot species (Peng YQ and Ym HF, 2002;Benson,1

ImlmJ
Molnar and Tapponmer (1975), Tapponmer and Molnar (1977), usmg remote sensmg Imagery tij

study active faults, first proposed an indentation model for the collision between Indian and Asian Plate§
1m the CenozOIC, mfluencmg the eastward dlsplacement (escape) ot crustal blocks m ASIan contment.1
Later, Tapponnier et al. (1982, 1986) had extended the indentation model to all the earlier collisions
since the Triassic (Fig. 6.1). This model is regarded as the classic model of tectonics by the international
[ectomc commumty and has greatly mfluenced the tectomc studles ot Eastern ASIan. However, smc~
~helf study was based on movements along actIve faults, theIr tectomc model IS stnctly only apphcablel
~o the tectomc evolutIOn of ASla dunng a late penod in the CenozOIc. If thlS model IS used to explaml
~ectonic evolution during earlier tectonic periods, for example, in the Indosinian Period, it would enj
~ounter a great deal ot controversy and It may not be at all apphcable. Accordmg to the data presentedl
1m thIS volume, the 'I'apponmer model may be apphcable to the Eastern ASIan contment followmg th~

Late Cenozoic (since 34 Ma), but cannot be applied to earlier tectonic periods.
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~Ig. 6.1 IndentatIOn tectomcs m the East ASIan contment (Tapponmer et a!., 1982, WIthpermISSIOn of Tapponmer Pl.

16.1 Sedimentary PaleogeographJj

[n order to discuss the Triassic tectonicevolutionof China, it is necessaryto establish the Late Permianl
land 'I'nasslc paleogeographyand bIOgeography. As m the Early to MIddle PermIan, Chma contmen~

~unng the Tnasslc can be d1V1ded mto four bIOgeographIcal provmces (Ym HF et aI., 1988(f1g. 6.2)):
~he Altay-Hingganling, Northernand NorthwestChina, SouthernChina-Tethys and Gondwana-Tethys
!BIOgeographIcal Provlllces. 'I hese bIOgeographIcal d1V1slOns are based on the dlstnbutlOn of the pale01
Iflora (Sun KQ, 2002)confirmedby eVIdence from paleomagnetIsm (AppendIx6; FIg.6.8).

[{'he Altay-Hmgganhng BIOgeographIcal Provmce(I.e. Angara (north EuraSIan) cold temperate blO1
geographIcalprovince: AX in fIg. 6.2),has a fauna and flora in the Late Penman to Late 'I'nasslc whlchl
lis transitional between those of Angara and North China. In this area clastic sedimentation occurredl
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lIn scattered basIns. 'I he Northern and Northwest ChIna BIOgeographIcal ProvInce, extendIng froml
IKunlunshan-Qinling-Dabieshan in the north to Altay-Yinshan in the south, was located in the northl
[emperate clImate zone. At thIs tIme Northern and Northwest ChIna were amalgamated to the Pangeanl
ISuper-contInent. TerrestrIal clastIc sedIments In sedImentary basIns are coarser graIned In north andl
~ecome finer towards south. In North China, northern Tarim and Junggar (NC in Fig. 6.2), large scale
lintra continental basins formed in an arid climate and fossils are scarce

50'

30'

Legend

0 1 [ill]612J1l
0 2 ~7 IZJ 12

~3 02Js
B4 ~9

Bs010

50'

40'

30'

~Ig. 6.2 PaleogeographIc skelch map of the Chmese conlment m the MIddleTriassic (245 228 Ma) (CompIledfroml
~ang HZ et al., 1985;YinHF et aI., 1988;Liu BJ et aI., 1994;YangSR et aI., 200111

II. Landor areaof denudation;2. Shallowmarinecontinentalshelf;3. Bathyal, continentalslope;4. Carbonatedeposits;
15. Conglomerateand sandstonedeposits;6. Sandymudstonedepositsor flysch; 7. Volcanic rocks; 8. Directionof marin~
ItransgresslOn; 9. GlaCIal clastIc-mud group; IO. Gypsum and salme, tIdal flat depOSIts; II. Boundanes ot sedlmentaryl
~acles or geology; 12.Plate boundarIes, perhaps WIth reSidual oceaniccrustJ

AX. Altay-Hmgganlmg BIOgeographIcal Pfovmce; NC. Northern and Northwest Chma BIOgeographIcal PfovlDce;
ISC. SouthChma-TethyanBIOgeographIcal Provmce;G. Gondwanan-Tethyan BIOgeographIcal PrOVIDce.

lDenudatIonoccurred In the TarIm BaSIn(western most NC In Flg.6.2) at the end of TrIaSSIC. Innorthj
~rn 'Iaflm, there IS a dlsconfoflmty between the TrIaSSIC and JurassIc systems, but In eastern and centrall
[I'arIman angular unconformIty occurs between the JurassIc and the underlyIng strata. The unconformltYI
Imay have been due to collision between the Qiangtang and Tarim blocks which caused deformationl
rplIft and erosIOn In the TarIm BaSIn. The amount of denudatIOn represented by the unconformIty I§
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~st1mated to be about 100m, reachmg ~2,000 m in the Luntal-Ruoqlang area (mIddle 'Ianm, westernl
~C in Fig. 6.2) towards the east.1

[I'he South Chma-'Iethyan BIOgeographIcal Provmce (SC m FIg. 6.2), mcludmg the South Chma,1
IWestern SIchuan, QIangtang and Gangdlse blocks, was located m a tropIcal envIronment. In Southl
K=hlna the WUJlaplng FormatIOn forms the lower part of the Opper PermIan, including the Longtanl
~oal system, charactenzed by clastIC sedImentatIOn, wIth alternatmg manne and terrestnal faCIes. I hij
K=hangxing or Dalong Formation forms the upper part of the Upper Permian. The Changxing Formationl
rccurs m the central part of the Yangtze Plate as a shallow manne platform carbonate, and the Dalongj
formatIOn, composed of bathyal sandstones and clay, wIth radlOlanan chert, IS dlstnbuted around It§
Imargins, indicating uplift of the central part of the Yangtze Plate, while its margins were depressed. Th~
~melshan basalts were erupted on the western part of the Yangtze Plate, above the head of the Emelshanl
Imantleplume. Clastic littoral sediments were deposited over more part of the Cathaysian Plate, excep~

~or the Yunkal, eastern FUJlan and eastern Guangdong areas, whIch were uphfted to form land areas.
lin the Early Inasslc and the early epoch of the MIddle Tnasslc shallow manne carbonates werij

k1eposited on the Yangtze Plate, and shallow marine clastic carbonates on the Cathaysian Plate. In th~

Ilaterpen ods of the MIddle Tnasslc, the southeastern parts of the Yangtze and CathaysIan plates werij
rphfted to form land areas, due to the colhslOn between the Yangtze and CathaysIan plates, whIle shaH
~ow marine sedimentation continued on the western part of the Yangtze Plate. During the Late Triassic,1
lafter the complete amalgamatIOn of the Yangtze and CathaysIan plates, flUVIatIle and lacustnne clastIcl
sedimentary deposition was widespread in the Hunan, Guangdong, Sichuan, Guizhou and Yunnan areas.
[I'he Anyuan coal system was formed m northern Hunan and JlangxI. Other areas of South Chma werij
~overed by low mountains or hIlls (Lm BJ et aI., 1994). IntenSIve erosion occurred in a tropIcal rami
[orest environment after the collision between Yangtze and Cathaysian plates.

lin the Gondwanan-'Iethyan BIOgeographIcal Provmce (G m FIg. 6.2), shallow manne carbonatel
sedImentatIon was estabhshed on the HImalayan Block In the southern temperate zone.

16.2 Collision Tectonics

four collision zones were formed in China during the Triassic: the Lancangjiang, Jinshajiang, Qinling-j
pable and Shaoxlng-Shlwandashan colhslOn zones. The stronger IndoslnIan colhslOn penod occurredl
kIunng MIddle-Late Tnasslc at 228-200 Ma (FIg. 6.3).

[I'heLancang]1ang ColhslOn Zone (I.e. Lazhulung-Shuanghu-ChangnIng-Menghan-Dak, 'Ihmland=j
Rentral Malay PenInsula (l In FIg. 6.3») was a colhslOn and amalgamatIOn zone, located between thij
south Kunlun-northern Qiangtang-Ningjingshan-Lanping-Simao-Indochina blocks and the southernl
IQlangtang-Tanggulashan-'lanIantawengshan-Baoshan-Slbumasu blocks. 'I hIScolhslOn zone marks thij
Iboundary between Gondwanan continental blocks wIth Late PaleozOIC glaCIal depOSIts and cold waj
~er faunas, and Chinese continental blocks with warm water faunas (Figs. 5.2, 5.3). The Changning-j
Menghan area In Yunnan has been the most carefully studIed part of the colhslOn zone and here thij
~ollision is marked by the occurrence of melange, accretionary thrust slices and fold-and thrust-zonesJ
(Lm BP et aI., 1991; Zhong DL et aI., 1998). These rocks belong mamly to Late PaleozOIC system~

land include ophiolitic suites and crystalline basement rocks affected by greenschist and amphibolitel
[acies metamorphism. Foliation is steeply dipping, and the main fault planes dip to the west at high tg
Imtermedlate angles. Glaucophane from the Changnmg-Menghan zone gave Ar-Ar ISOtOPIC ages of 272
land 214 Ma, and muscovIte ages of 238-215 Ma. The Llncang GranIte whIch was Intruded Into thij
~ollision zone syntectonically has yielded zircon U-Pb ages of 254-213 Ma (Zhong DL et aI., 1998)J
[I'he Shuanghu ColhslOn Zone has yIelded an ISOtOPIC age of 275-287 Ma from the Gangman glaucoj
phane schIst (Deng XG, 2000), and that of 222.5 Ma from the Naru glaucophane schIst (LI C, 1997)J
IAccordmg to general and regIOnalrelatIOnshIps, the colhslOn began in the Late PermIan and contmue~

linto the Late Triassic, climaxing at the end of the Middle Triassic. In light of the chemical compositionl
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pf rnagmauc rocks, the rate of plate shortenmg near Lancangpang IS calculated to be 6.1 cm/yr and ml
!lOrthwestern Qiangtang, 6.8 cmlyr (Appendix 5.5)1

[I'he JmshajIang (I.e. Lazhulung-Jmshajlang-MojIang-Red RIver) collISIOn zone (18 m FIg. 6.3]
Imarked by ophIOlIte-melange, accretIonary slICes and fold-and thrust-zones IS the zone of amalgamaj
~lOn between the north QIangtang-Nmg)lngshan-Slmao-Indochma blocks and the HohxI1shan-Garze
ILltang-Yangtze blocks. Tnasslc and pre-'Inasslc systems show extreme deformatIOn and metamor1
phism, with steeply dipping foliations. Due to overprinting by later periods of movement (Paleogenel
land Neogene) along the multI-phase JmshaJlang-Red RIver stnke-slIp fault, an ISOtOPIC age for thij
phase of metamorphIsm whIch represents the major penod of collISIOn, IS dIfficult to determme. Moj
~asse deposits of Upper Triassic, which rest unconformably on the rocks of the collision zone, closure of
[he Jmshajlang Paleo-Ocean commenced dunng the Late PermIan WIth subductIOn, and sInIstral transj
Ipression and the collision was completed by the end of the Middle Triassic (Gu XD et aI., 1988; LiuJ
flQ et aI., 1993). A syn-collision granite gave isotopic ages of 255-227 Ma (Wang XF et aI., 2000). Th~
~vldence from geologIcal relatIOnshIpsand from ISOtOPIC datmg gave SImIlarresults. From the chemlcall
~omposition of magmatic rocks, the estimated rate of plate shortening in the Jinshajiang collision zon~

Iwas about 6 cm/yr, 7.2 cm/yr at Yldun and 6.9 cm/yr at Karakorum (AppendIX5.5). The Lancangjlangj
~mshajlang collISIOn zones and theIr adjacent areas show the most rapId rates of plate shortenIng I

~ccording to deep seismic data from the Jinshajiang Collision Zone in Yunnan, fault planes difl
[0 the east at mtermedlate angles at shallow depths, but m the lower crust they dIp to the west. Thl§
[e1ationship has been termed indentation tectonics, crocodile tectonics (Meissner et al. 1989) or wedgel
~ectonIcs (Qumlan et a!., 1993). The seIsmIC profile shows that the upper crust of Yangtze Plate wa~

pbducted towards the west, whIle the lower crust and upper mantle of the Yangtze Plate were subductedl
Iwestwards to a depth of250 km (Zhao YG, et a!., 1992; Zhong DL et al., 1998 (Fig. 12.3)).

~ased on surtace geologIcal expreSSIon,the Lancangjlang CollISIOn Zone ISthe most Important, as ItI
[epresents the boundary between EuraSIan blocks and dIspersed blocks from the Gondwana contment.1
1H0wever, WIth respect to IIthosphenc tectonics, the JmshaJlang CollISIOn Zone IS the most Importantj
lasit affects the whole lithosphere, while the Lancangjiang Thrust Zone affects only the shallowest partl
pf the lithosphere, and is cut off by the Jinshajiang Thrust Zone. This was the first study of the deeg
structure of a collISIOn zone m Chma. Subsequently, SImIlar tectOnIC structures have been dlscoveredl
1m other collISIOn zones, such as the Tlanshan (Shao XZ et a!., 1996), HImalayan (Teng JW et al.,1
1996), Longmenshan (Cai XL et a!., 1995, 1997, Fig. 12.4), Qinling (Yuan XC et a!., 1997, Fig. 12.5)j
IQllIanshan (Wang ZJ et aI., 1997) and Altunshan (Cal XL et aI., 1998; XU ZQ et aI., 1999) collIslOnl
lzones. It appears that mdentatlon or crocodIle tectOnICS occurs rather commonly m contmental collIslOnl

=
[he Qinling-Dabie Collision Zone, between the Sino-Korean and Yangtze plates, is composed of al

senes of thrusts. The Wushan-Bao]1 CollISIOn Zone (6 In FIg. 6.3) occurs along the northern border of
~he Qmlmg-Dable CollISIOn Zone; the Luonan-Fangchang CollISIOn Zone (10m FIg. 6.3) occurs m thij
Iwestern sectIon, but IS cut oft to the east by the Tancheng-Lujlang sInIstral stnke-slIp fault zone (121
,n Fig. 6.3), continuing as the Zhucheng-Qingdao-Rongcheng Collision Zone (11 in Fig. 6.3) as far a~

[he Yellow Sea, where It IS cut oft along the eastern margm by a dextral stnke-slIp fault (13 m FIg. 6.3]
(Hao Tianyao et aI., 2002). To the south of the Korean Peninsula it continues as the Cheju Do Collisionl
Zone (14 in Fig. 6.3). The Shandan-Tongbo Collision Zone (9 in Fig. 6.3) occurs in the central part
pf the Qinling-Dabie Collision Zone. The Mianxian-Lueyang-Dabashan-Fangxian-Xiangfan-Guangji
[hrust Belt (8 in Fig. 6.3) along the southern border of the Qinling-Dabie Collision Zone also form§
[he northern border of the Yangtze Plate. Agam thIS zone IS cut off along the 'Iancheng-Lujlang Faultl
landtransposed to northern Jlangsu. The eastward extensIon of thISthrust belt IS covered by the southernl
[Yellow Sea, and is cut off by the dextral strike-slip fault along its eastern margin.

~olllSlon and amalgamatIOn m the QmlIng-Dable Zone were completed at the end of Tnasslc, andl
~he residual marginal seas were destroyed. Isotopic data from many syn-collision metamorphic andl
rJagmatlc rocks gIves ages of 240-210 Ma (Ames, 1993; Maruyama, 1994; Cong BL and Wang QC,
1994,1995; LI SG et a!., 1997; Webb et aI., 1999; Suo ST et a!., 2000; Zhang GW et aI., 2001; Llij
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FIg. 6.3 Tectonic map of the Chmese contment 10 the Indosmtan Tectonic Penod (228-200 Ma).

11. Indosmtan granIte; 2. Indosmtan volcanIC rocks; 3. Indosmtan ultramafic rocks 10 ophIOlIte sUItes; 4. Rates ofj
[ntraplatc deformation, estimated from the chemical compositions of magmatic rocks, "-", rate of extension, others, rate~

rf shortening, units: em/a, (data in Appendix 5.5); 5. Numbered collision zones or thrust belts; 6. Numbered normal and
strike-slip faults; 7. Boundaries or strike-slip faults with weak activity not numbered; 8. Fold axes, only anticlines ar~

Ishown (data in Appendix 3.4); 9.Trace of maximum principal compressive stress «(J1); 10. Direction of plate movernentj
11. Areas wIth angular unconformIty; 12. Areas wIth parallel dlsconformlty.

Names of numbered plate boundaries, collision zones and fault belts: mLazhulung-Shuanghu-Lancangjiang
k:hangning-Menglian-Dak, Thailand-central Malay Peninsula Collision Zone; 121 Kangxiwa-southern border of Tarillj
rr'hrust Belt; llJ Southern border of Kunlun; @] Central East Kunlun thrust belt; LiJ Junulshan-Qinghainanshan Thrus~

~elt; [6] Wushan-Baoji Collision Zone; [7]Longmenshan Collision Zone; [8] Mianxian-Lueyang-Dabashan-Fangxian
R\:iangfan-Guangji (northern border of Yangtze Plate) Thrust Belt; [9] Shandan-Tongbo Collision Zone; [OJ LuonarJ
tFangchang (southern border of Sino-Korean Plate) Collision Zone; IIII Zhucheng-Qingdao-Rongcheng Collision Zone;1
I!1J Tancheng-Lujiang sinistral strike-slip fault zone; IUJ Eastern border of Yellow Sea dextral strike-slip fault; I!..'!I Chej~
~o Collision Zone; [j] Northern border of Alxa Thrust Zone; Ii§] Northern Yinshan-Xar Moron He (northern border o~

ISino-KoreanPlate) Thrust Zone; 1!11 Dunhua-Mishan sinistral strike-slip fault zone; I!ID Jinshajiang-Honghe (Red Rived
k:ollision Zone; [9] Shaoxing-Shiwandashan Collision Zone (sinistral strike-slip fault zone); IWl Helanshan-Liupanshan
I(western border of Smo-Korean Plate) dextral stnke-slIp fault zoneJ

lye et aI., 2003), indicating that amalgamation occurred during the Late Triassic. An ophiolite suit~

[anglng In age from the Late PaleozOiC to the Early Tnasslc has been discovered at Huashan along th~

Mlanxlan-Lueyang segment of ShaanxI-SUlzhou of Hubel ColltslOn Zone (Dong YP et aI., 1999; Zhang]
pW et aI., 200 I). I hiS suite represents residual oceanic crust, which was defonned by colliSion at th~
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~nd of the MIddle Tnasslc. ThIS mterpretauon ISaccepted by most geoscienusts as it ISfully supportedl
"y the geological evidenceJ

[I'he eVIdenceshows that the collISIOn between Smo-Korean and Yangtze plates had been completedJ
land the two plates were amalgamated by the end of the Tnasslc. There IS no eVIdence to suggest thatl
~ollislOn contmued mto the JurassIc or Cretaceous as suggested by Wang QC et ai. (1998), Yang ZYI
~t ai. (1998) and Ren JS et aI., 2000. H:ctomsm in the Qmlmg-Dable Zone after the I'nasslc was duij
~o intraplate deformation. During the Jurassic period, the Qinling-Dabie Collision Zone underwent Nj
IS extensIOn and subSIdence to form sedImentary basms m whIch terrestnal sedIments were deposlted.1
[I'here IS no difference between these basms and other mtraplate basms, whIch formed throughout Chmal
linresponse to the same N-S trending extensional stress at the JurassicJ

~ased on 549 chemIcal analyses of samples of magmatic rocks, the rates of plate shortemng m thij
IQmlIng-Dable CollISIOn Zone dunng the Indoslman penod were between 5.4-6.6 cril7yr m northernl
IQinling, 5.5 cmJyr in central Qinling, 5.3 cmJyr in southern Qinling and 6.2-6.8 cmJyr in western Qin
[ing (Appendix 5.5). The rate of plate shortening was more rapid in western Qinling, suggesting that
~ompression and convergence were stronger here, due to the northwards migration of the South Qiangj
~ang Plate. I he magmtudes of dJfferentlal stress determmed from the Qmhng-Dable ColhslOn Zonel
k1unng the Tnasslc are the hIghest values whIch have been obtamed m that penod: 147 MPa m thij
InorthernHuaiyang area (Xiong CY, 1992), and 142 MPa in Fengxian of Shaanxi (Wang GH, 1993). The
k1eformatlOn was more mtense m the QmlIng-Dable CollISIOn Zone than m the other collISIOn zones.

[he high to ultra-high pressure metamorphic rocks, including eclogite with quartz, coesite, microj
~hamonds and glaucophane schIst m melange m the Qmhng-Dable ColhslOn Zone, may be reslduall
sheets of upper mantle hthosphere belongmg to the Yangtze Plate, whIch were subducted, but have beenI
!Iplifted, and are now exposed at the earth's surface. Isotopic ages obtained from these high-ultrahighl
pressure metamorphIc rocks are concentrated m three penods: about 800 Ma (NeoproterozOIc) (Lm GH]
rt aI., 1993; Suo ST et aI., 1993; Li SG et aI., 1993; Zhang GW et aI., 1996; Zhang SG et aI., 1991J
1998); 400 Ma (end of the Early PaleozOIC) (Lm GH et aI., 1993; Zhm XM et aI., 1998; Yang WR et aI.,1
12000,2002; Xu B et aI., 2000; Zhang GW et aI., 2001; Che ZC et aI., 2002), and 221-244 Ma (Triassic).
lIt is probable that major tectonic events occurred in each of these periods. In the Qingbaikou Periodl
(about 800 Ma) and at the end of Early PaleozOIC, there were ocean-contment subductIOn, convergencij
landshortemng events. But these events dld not cause deformatIOn in the Smo-Korean Plate and dId notl
~esult in intraplate deformation in the plates on either side of the collision zone. The final continent1
~ontment collISIOn between the Smo-Korean and Yangtze plates With obvIOUS mtrapalte deformatlOnsl
bccurred m the Late Tnasslc.

IWebb et ai. (1999) obtamed many ISOtOPIC ages from the high to ultra-hIgh pressure metamorphlcl
[ocks in the Qinling-Dabie Collision Zone using V-Pb, Sm-Nd and Ar-Ar methods. They concludedl
OChat these rocks were formed deep m the mantle, between 245 and 240 Ma, they were uphfted bej
~ween 240 and 230 Ma through a dIstance of 75-375 km from the mantle mto the mIddle crust, at al
rate of 5-25 mm/yr, reachmg the upper crust m the JurassIc (200-190 Ma). At that penod muscovltel
Imlcare-crystallIzed at a temperature of 300uC. More recently Lm YC et ai. (2003) reached the slmllarl
conclUSIOns.

from regional research in Chenmagang and Hejiawan, Macheng in Hubei, Donghe chong, Yingj
shan, B1X1hng, YuexI in AnhUl and Maobel, Donghm in Jlangsu Provmce, Zhong ZQ et al. (1999) andl
ISuoST et al. (2000) concluded that residual high to ultra-high pressure metamorphic minerals and dej
[ormation are preserved only in large blocks of eclogite and ultra-high pressure metamorphic rocksJ
Iwhlch were formed dunng obhque colhslOn between Smo-Korean and Yangtze plates dunng the Tnj
lasslc (240-210 Ma). The uplIft of the high pressure Dable-Jlaonan blocks m melange, WIth retrogradel
Imetamorphism under amphibolite facies conditions, occurred as a result of N-S extension during th~

~arly JurassIc (200-170 Ma). These recent mterpretatlOns of the ongm and subsequent evolutIOnof thij
~igh to ultra-high pressure metamorphic rocks in Qinling-Dabie Collision Zone are not identical, butl
~ach may contain elements based on whIch a complete account could be constructed.
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IA deep sersrmc profile across the QmlIng-Dable CollIsIOn Zone shows the charactenstlc feature~

pf "crocodile" tectonics (Yuan XC, 1994, 1996, 1997) with the middle and lower crust of the Qinling]
~lock penetratIng the mIddle crust of SIno-Korean Plate to the north, and the middle and lower crustl
pf Yangtze Plate penetratIng the mIddle crust of the QInlIng Block also to the north (FIg. 12.5). OSIng
seisnuc tomography, Xu PF et ai. (2002) also IdentIfied crocodIle tectonics In the haonan CollislOnl
~one, the eastwards extension of the Dabie Collision Zone (Fig. 12.6). They found that at a depthl
Ibetween 16 and 25 km the crust of SIno-Korean plate penetrated the crust and mantle of the IIthospherel
pf the Yangtze Plate towards south, for a distance of more than 80 km.1

[I'here has been much dISCUSSIOn concernIng the eastward extensIOn of the QInlIng-Dable CollislOnl
~one. If the whole of the Korean Peninsula forms part of the Sino-Korean Plate (Chang KH, 1997 j
12000; Wan TF and Zeng HL, 2002), It was predIcted that the QInlIng-Dable CollIsIOn Zone wouldl
rxtend eastwards to the Cheju Do area, and further east to form the southern margin of Hida Block inl
rorthem Honshu, Japan. Recently Japanese geologIsts (I sUJlmon et aI., 2000; Kunuglza et aI., 2001)
Ihave dIscovered glaucophane m a rock sample wIth partIal eclogltlc mmeralogy m the Hlda Margmall
IBelt. Three groups of metamorphIc ages (350-300 Ma, 270-210 Ma and 210-180 Ma) were determmedl
~rom smgle grams of ZIrcon, monazIte and pItchblende usmg SHRIMP and O-Th-Pb me- thods, andl
OCrom amphIbole, mIca and whole rock, usmg Rb-Sr and K-Ar methods. These researchers suggest thatl
~he 270-210 Ma tectono-thermal event can be correlated with events of the same age in the Dabi~

~ollislOn Zone. If this mterpretatlOn IS correct, the Hlda Block IS part of the SIno-Korean Plate, the Hldal
Marginal Belt is equivalent to the Dabie Collision Zone, and the "interior belt" of northern Southwestl
~apan can be correlated WIth the Yangtze Plate. 10 further east the Yangtze Plate would become veryl
rarrow and terrmnate near 'Ibkyo at the Tanakura TectOnIC Lme; to the east of the lanakura Lme Japanl
"elongs to the Okhotsk Plate (western part of North American Plate).

~ecently, hIgh temperature and hIgh pressure laboratory expenments to determme the rheologlcall
strength of the crust under the dIfferentIal stress dunng contInental collISIOn (Hobbs, 1968; HIrth et al.,l
1994; Zhou YS et aI., 2004, 2005) found that the transition between quartz and coesite occurred in rather
~ow conditions of differential stress (550-950 MPa), at a strain rate of 10-14_10- 13 Is. This means that
rItm-hlgh pressure metamorphIC (UHPM) rocks could form between 20 and 60 km below the surface.1
IlfthIs IS correct, It does not reqUIresubductIOnto depths of 200-300 km to form OHPM rocks, followedl
Iby rapId uplIft as supposed by Cong BL et aI. (1999) and Lm yJ et aI. (2001 ).

~n South China the Shaoxing-Shiwandashan Collision Zone (19 in Fig. 6.3) between the Yangtze andl
~athayslan plates was formed dunng the IndoslnIan TectOnIC Event, maInly at the end of the MIddle Tnj
lasslc. However, there IS some eVIdence for convergence and compressIOn In the JInnmg penod (~80q

Ma) of the Neoproterozoic and at the end of Early Paleozoic. Shui T et al. (1986, 1987) suggested that
~ollision occurred gradually after the ]inning Tectonic Period. Sun MZ et al. (1990) proposed that difj
[erent sections of the collision zone developed step by step in different periods, the Shaoxing-Jiangshanl
sectIOn collIdmg m the Jmnmg Penod, the mIddle sectIOn, to the southeast of Wugongshan, collIdmg
lat the end of the Early PaleozOIc, and the southwestern sectIOn (near Shlwandashan) m the IndoslnIanl
feriod. Hsu (1980, 1987) first suggested that Shaoxing-Jiangshan-Shiwandashan Collision Zone had
OCormed dunng the IndoslnIan Penod and proposed new models of tectOnIC movement. For example, h~

suggested that the Jiuling-South Anhui Block was subducted beneath the Lower Yangtze Block along]
~he boundary between the Precambnan greenschIst system and the PaleozOIc sedimentary systems; h~

recognized Triassic metamorphic rocks, but not the Meso- and Neoproterozoic systems. He and his colj
Ileaguesdescribed the South China area as an orogenic zone and interpreted the Lantian in south Anhuil
lasa wmdow m a nappe structure, and concluded that collISIOn was contmuous from the Tnasslc to th~

~retaceous (Hsu et aI., 1988, 1989, 1990).
~owever, many Hsu et aI.'s (1988, 1989, 1990) opinions are not in accord with the geological facts, sq

[hat many geologIsts do not agree WIth theIr mterpretatlOns (Gupta, 1989; Rodgers, 1989). Most Chlj
Inesegeologists consider that the Yangtze and Cathaysian plates collided along the Shaoxing -Jiangshan-j
IShlwandashan CollISIOn Zone at the end of MIddle Tnasslc, but do not accept all the opimons of Hs~
land his colleagues. As shown in earlier chapters of this book, convergence occurred in the eastern secj
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~lOn of Shaoxmg-Jlangshan-Shlwandashan Zone at ~800 Ma, but there lS no eVIdence to mdlcate thatl
~ontinent--continent collision occurred in the Early Paleozoic. There may have been ocean--continent
subductIOn, but the dIrectIOns of convergence and shortemng m the Yangtze and CathaySIan plates atl
[he end of Early PaleozOiC were very different (Table 4.2). There IS a great deal of eVIdence from sedj
IlmentatlOn, paleogeography and the occurrence of mtraplate deformatIOn for the Shaoxmg-hangshan
IShlwandashan ColhslOn Zone, but perhaps because of the extent of the Cretaceous sedImentary cove~

landthe scarcity of outcrops no paleo-oceanic crust has yet been found in this zoneJ
INew seIsmIC tomography from the eastern part of Shaoxmg-Jlangshan ColhslOn Zone (Xu Y et al.,1

12006) shows that the CathaySIan Plate was subducted northwards at an mtermedlate angle of dIp beneathl
~he Yangtze Plate to a depth of 400 km, and that in the middle part of the collision zone the Yangtze Plat~

Iwas subducted southeastwards to the depth of 400 km at an mtermedlate angle beneath the Cathayslanl
IPlate(Cai XL et aI., 1998,2002).

Wherewas a large amount of shortenmg along the Shaoxmg-Jlangshan-southeast Wugongshan CoH
IhslOn Zone dunng the N-S convergence and colhslOn between the Yangtze and CathaySian plates, wlthl
~ranspression from southeast of Wugongshan to Siwandashan, the development of near N-S extensionall
~aults along the margms, and the mtruslOn of syn-colhslOnal gramtes (19 m FIg. 6.3; 'I m FIg. 7.8).1
k\s a result of the collISIOn strong foldmg and faultmg occurred m the Upper PermIan-MIddle Tnasslcl
systems in the Yunkai Block in western Guangdong Province, and the collision between Yangtze andl
~athayslan plates was completed (QIU YX et aI., 1993). The Upper Tnasslc rests unconformably onl
[oIded Middle Triassic and older systems. K-Ar and U-Pb isotopic ages obtained from 43 samples of
syn-colhslOnal gramtes are concentrated between 221 and 290 Ma; Early-MIddle Tnasslc geologlcall
lages were obtamed for volcamc rocks in the same penod (Fang QR et aI., 1988; Wang QQ et aI., 1989j
pao QK, 1991). From chemical analyses of magmatic rocks, the rates of shortening in the Shaoxing-j
ISlwandashan CollISIOn Zone m the Indoslman Tectomc Penod were 4.9 ciI17Yr from analySIS of q
samples from western Zhejlang, and about 6.0 cIri7yr from 98 samples near Slwandashan (Appendlxl
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pranltlc bodIes related to collIsIOn dUrIng the IndosmIan TectOniC PerIod, outcrop over more thanl
154,000 km2, equalling one sixth of the total area of granitic rocks in China (Cheng YQ et aI., 1994).1

lIn summary, the IndosmIan TectOniC PerIod (260-200 Ma) was the mam tectonic perIod for the forj
ImatlOn of the Chmese contment. As a result of collIsIOnsalong the four collIsIOnzones, LancangjlangJ
~mshajIang, QmlIng-Dable and Shaoxmg-Shlwandashan, blocks composmg three quarters of the Chl1
rese contment were amalgamated wIth the Pangean Super-contment; the Chmese continent bUllt It~

southeastern extension, like a peninsula. Paleomagnetic data also supports this conclusion (Appendixl
16). DUrIngthe last 200 mIllIon years, the blocks formmg the eastern Chmese contment have remamedl
1m the same latItudes and have mamtamed the same relatIOnshIps, movmg together synchronously (FIg.
16.4), showing that the collision and amalgamation of the blocks in eastern Chinese continent were com
['Ieted by the end of the Tnasslc.

16.3 Intraplate Deformationl

[I'he sedImentary cover of the Chmese contment underwent wIdespread mtraplate foldmg and faultmg
~orming the Indosinian Tectonic System during the Indosinian Tectonic Event. The deformation wa~

Iverystrong near collIsIOnzones, for example, to the north of the Qmlmg CollIsIOnZone (2 m FIg. 6.5)J
pn the northern margm of the Smo-Korean Plate (3 m FIg. 6.5), on the western margm of the Yangtzel
flate (7 in Fig. 6.5) and to the north of the Shaoxing-Shiwandashan Collision Zone (8 in Fig. 6.5).1
IHowever, there IS only weak defonnatlOn mother mtraplate areas, such as Junggar in Xmjlang, Jmyuanl
~n Gansu, Huaining in Anhui and Rutog in Tibet (Xizang) (l, 4, 5 and 6 in Fig. 6.5)J

pata from 2,195 macro-and meso-scale folds (mcludmg 1,109 antlclmes and 1,086 synclInes) formedl
k1unng the IndoslnIan TectOnIC Penod, and taken from the I: 200,000 regIOnalgeologIcal survey of th~

IWhole of Chma IS shown in AppendIx 3.4. Folds wIth a near E-W trend are wIdespread, occurnngl
[rom north Heilongjiang to south Guangdong. Isoclines and overturned folds occur in the vicinity of
~he collision zones or paleo-faults, and are accompanied by magmatism and metamorphism. In th~

smaller paleo-blocks or on the margms of large plates, such as the Smo-Korean, Yangtze, TarIm andl
ISonghuajlang-Nengjlang plates, Jurano-type box folds are commonly found. However, there are almostl
Ino folds in the center of the large blocks, for example, in the Erdos (western Sino-Korea) and Wester~

IYangtze (FIgs. 6.3 and 6.5). 'I here IS no foldmg m the Tanm Block and ItSadjacent area to the north. Thl§
Imaybe due to stram-hardenmg, as these areas were affected by strong foldmg and magmatIsm dunng th~

~ate PaleozOIC. I he Gangdlse and HImalayan blocks also show no foldmg. These blocks were locatedl
linthe Tethys Ocean in the southern hemisphere during the Triassic and were not amalgamated with th~

Chinese continent until a later periodJ
lIn most areas of the Smo-Korean and Yangtze plates the earlIest and most WIdespread foldmg of

[he sedImentary cover occurred dunng the IndoslnIan 'IectonIc Penod. On the margms of Smo-Koreanl
flate, the Mesoproterozoic, Neoproterozoic, Paleozoic and Triassic systems were all folded during thi~

['enod. In the northern and eastern areas of the Yangtze Plate, rocks from the JmnIng and Nanhual
rp to the Middle or Late Triassic systems were also folded during this period. Detachment occurredl
1m mcompetent Units, such as the shale of the SIlurIan Fentou FonnatlOn, Longtal coal formatIOn of
IPermianand the Middle Triassic evaporites, so that strata above and below show very different styles of
[olding. In the southern part of the Yangtze Plate, where E-W trending folds were formed at the end of
IEarlyPaleOZOIC, strata of the Upper Pennlan and Lower-MIddle TrIaSSIC systems were folded durmg th~

[ndoslnIan Penod. The onentatlOns of the fold axes and the maxImum pnnclpal stress were very slmllarl
~uring these two separate tectonic events, so that the unconformity between Middle and Upper Triassic
systems IS not easIly dlstmgUlshed.1

from the study of more than ten sections in southern China, Guo FX (1998) concluded that th~

IIndosmlan'!ectOnlC Event was relatIvely weak, so that the sedImentary cover on the South Chma block~

Iwas not extensively folded. When the orientations of the strike and the fold axes in different tectono-strj
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~.3 Intraplate DeformatIOn

FIg.6.5 Examples of deformation dunng the Indosinian Tectomc Penodl

II. A shght angular unconformIty between the Inasslc and JurassIc m the Junggar basm, Xmjlang; there was almostl
jio deformation dunng the Indosmlan. Ihe Kararnay-Olhuy fault movement between the Middle and Late Jurasslcl
Ibelongsto the Yanshaman Penod; 2. In North Qmhng thrust system, the Tnasslc and the underlymg systems underwen~

Imetamorphism and deformation during the Indosinian Period,rl is a Jurassic granitic intrusion, and the underlying thrusj
~as formed in the Sichuanian Tectonic Period; 3. In the Boluoshu Dongshancun in Chengde City, Hebei, the Early Jurassid
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p'ingshikou Fonnationrests unconformably on the Tieling(Pt21), Hongshuizhuang (Pt2h) and Wumishan (Pt2W) forma
ItIons (Bureau of Geology and Mmeral Resources of Hebel Provmce, 1989); 4. Ihe unconformIty between the Earlyl
gurasslc andLate Inasslc at Sldaogou, 10 Jmyuan, Gansu(Bureau of Geology andMmeralResources of GansuProvmce,
1989);5. An unconformIty between the Early JurassIc and MIddle and Late Inasslc at LalIjlan10 Yueshan, Huammg,1
k\nhmprovmce (Wan'IF's personal record); 6. ConformIty between the Early and MIddle JurassIc and MIddleand Latij
[Iriassic systemsat Linjitang, Rutog,Xizang(Bureau of Geology andMineral Resources of Xizang, 1993); 7. Angularun-I
conforrnity betweenthe EarlyJurassicBaitianbaFormation and Middleand Late Triassic near Erlangmiao, in Jiangyou,
ISichuan (Bureau of Geology and Mineral Resources of Sichuan, 1991); 8. Xishan Thrust in Xinjian, Nanchang City]
glangxI, the ProterozoIc systemthrustover Inasslc andCarbonIferous systems(ZhuZC, 1989).

ISymbols: A. Smo-Korean Plate;B. SouthChmaPlate(mcludmg Yangtze andCathaySIan plates); C. SlbenanPlate;0.1
IKazakhstan Plate;E. JunggarBlock;F. Ianm Block;G. QatdamBlock;H. Kunlun Block;1.QIangtang Block;J. Gandlsij
~lock; K. Himalayan Block;L. IndianPlate;M.Simao-Indochina Plate;N.Baoshan-Sibumasu Block; O. Pacific Plate;P.
fhllIppmes SeaPlate;Q. Hmgganlmg-MongolIa- hanshan CollISIOn Zone;R. AustralIan Plate;S. IzanaglPlate; 1. Iethy§
OceanIC Platel

[Ihe abovesymbolsare used10 the figures of deformatIon, stressmagnItude and tectono-paleogeographIc reconstruc

,ion in Chapters 6 to11.

latlgraphlc units are very SImIlar, and there IS only a small angle between them, the unconformIty ma~

Inot be very obvious. Where fold systems intersect each other at right angles or at a large angle, unj
Ronformltles can be dlstmgUlshed more eaSIly (fIg. 6.5). In the South Chma area these relatlOnshlp§
lare demonstratedclearly by thousandsof folds, shown on I: 200,000 regIOnal geologIcalmaps. On th~

K=athayslan Plate, mcludmgthe East and South Chma Sea areas, OpperPaleozOIC and Early and Mlddl~

II'nasslc systems were affected by foldmg dunng the IndoslmanEvent.
lIn Northeast China the Permian and Triassic systems were affected by Indosinian folding. An unj

~erstandmg of these tectomc relatIOnshIps IS Importantm the exploratIOn for 011 and gas in buned pre1
IMesozOlc systemsm basmsJ

~n importantcharacteristicof the IndosinianTectonicPeriod was the formation of arcuate tectoniq
lzones WIth lInearfolds and faults, for example,the famousGuangxI(m northernGuangxI)and HUaIyang
(along the lower YangtzeRIver, from Hubel to 1langsu) tectOnIC zones. In the sedImentary cover of th~

ISmo-Korean and Yangtze plates the lIthologIcal characters are rather homogeneous. Whenfoldmg OC1
~urs in areas WIth mhomogeneouslIthologIcal characters,arcuate folds and faults may occur at dlfferen~
scales. In present day coordinates nearly all the axes of the Indosinian folds trend E-W. This systeml
pf foldmg was termed "latItude trendmg tectomcs" by Lee JS (1929, 1939),as he consIderedthat theul
OCormatlOn was related to theIr latItude and the effects of velOCIty change of the Earth's rotatIOn. Butl
~he formation of these folds bears no relation to latitude or rotation of the Earth. Paleomagneticstudie~
show that dunng the IndoslnIanTectOnIC Penod the decimatIOn of blocksformmg the easternpart of th~
K=hmese contment was about 300to the east of theIr present declInatIOn (AppendIX 6; FIgs. 6.8 and 6.9)j
so that on a paleogeographIc map Indosmlanfold axes would have an NW-SEtrend, whIchoccurredj
Ihavmg nothmg to do WIth latItudeand effects of velOCIty change of the Earth's rotatlOnl

k\long N-S longItudes (103SE, 112.5GE, 115GE and 124GE) m the eastern parts of the Chmes~

Rontment, the shortemngratIO, shortemngmagmtude,shortenmgrate, defonnatlOn time and lInearstraml
rate for mtraplate folds have been calculated (methodsof calculatIOn shown m Chapter 1; Table6.1). Itl
~s found that the greatest shorteningratio, up to 50%, occurred in eastern South China along longitude
115°E, with lesser amounts of shortening in Northeast China (36.69%), middle China (20.18 %) andl
Iwestern South China (14.13%). In North China, folding was rather weak with a much smaller amoun~
pf shortemng. I he length of tIme over whIchdeformatIOn occurred, calculated from the four sectlOn~

labove, IS between2.1 and 8.6 mIllIon years, meaning that mtensedefonnatlOn occupIedonly between5
land 17%of the total length of the IndosinianTectonicPeriod. Linear strainrates were very small (I.39-J
12.13) xl 0-15/s , indicating that deformationtook place while the rocks were in a rheological state.

[n addItIOn to the collISIOn zones and WIdespread mtraplate foldmg, a senes of near E-W trendmg
~hrust zones were formed under the mfluenceof the tectonic stress field dunng the IndoslnIanPenodj
priginating in weakened zones or paleo-faults, e.g. the Kanxiwa-southern border of the Tarim Thrustl
gone (2 m FIg.6.3), the Central East KunlunThrust Belt (4 m FIg.6.3), the lunulshan-Qmghamanshan
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lIable 6.1 Shortenmg ratio, shortenmg magmtude, deformatIOn time and strain rate dunng Indosmlan Penod

I

Western Middle Eastern Northeast
Area South China South China South China China

ILongltude 103.5' E 112SE I lYE 124'E
ILength (km) 1,000 1,000 1,000 1,1251
IMean hmb angle offolds 30.8° 37' 60' 50.7°
(amount of data) (352) (402) (628) (200~

Shortenmg ratIO (%) 14.13 20.18 50.0 36.6~

Shortenmg magmtude (km) 141.3 201.8 500 413
Shortenmg velocIty(ctnlyr) 6.7 6.7 5.8 4.~

ITlme of DeformatIOn (Myr) 2.1 3.0 8.6 8.41
Strain rate (e, lis) 2.13 x 10 15 2.13 x 10 15 1.84 x 10 15 1.39 x 10 15

161

[hrust Belt (5 m FIg. 6.3), the Yushlgou-Chunclgou, northern Qlhan Overthrust (Feng YM, 1998), th~
ILongmenshan ColhslOn Zone (7 m FIg. 6.3), the northern border of the Alxa Thrust Zone (15 m FIg. 6.3~
landthe north Ymshan-Xar Moron Re (northern border of the Smo-Korean Plate) 'I hrust Zone (16 m FIg.
16.3). These thrusts were developed by the re-activation of paleo-faults, and are accompanied commonlyl
Iby S or A type gramnc mtrusions. Intraplate mtrusions of the IndosInIan Penod are dlstnbuted aroundl
~aoyeling in Northeast China, the northern Yinshan-Xar Moron He Thrust Zone, the northern border of
~he Qiadam, eastern Kunlun and the Aba-Garze-Litang-Hengduanshan areas (Fig. 6.3).1

londer the mfluence of N-S shortenmg, near N-S trendmg weakened zones eaSIly form stnke-sh~

faults, such as the Tancheng-Lujiang sinistral strike-slip fault, which extends from south of Guangji inl
IRubel to the north of Slpmg m Jlhn (12 m FIg. 6.3), the sInIstral Dunhua-Mlshan stnke-shp fault (17 ml
fIg. 6.3), the eastern margIn of the Yellow Sea dextral stnke-slIp fault (13 In FIg. 6.3) (Hao TY et aI..l
12002) and the dextral Helanshan-Liupanshan strike-slip fault (20 in Fig. 6.3).

II'he formatIOn and evolutIOn of 'lancheng-LuJlang fault zone ISof great mterest to geoscIentIsts ml
K=hIna and abroad (Wan TF, 1995, 1996). Xu JW (1957) first suggested that there had been a largel
~isplacement along the Tancheng-Lujiang sinistral strike-slip fault. Zhang WY (1959, 1964) recog1
~Hzed that colhslOn and shortenmg in the Qmhng-Dable zone were connected WIth stnke-shp move1
Iments along the Tancheng-Lujiang Fault. He considered that collision and strike-slip represented twq
[ypes of deformatIOn whIch were developed dunng the same tectOnIC penod. Although In the last fortYI
[ears no Tnasslc ISOtOPIC ages have been obtaIned from the fault rocks In Tancheng-Lujlang Faultl
~one, the structural and sedImentary eVIdence IndIcates that the fault zone formed after the PaleozoH:j
land before the JurassIc. I'he greatest sInIstral stnke-shp dIsplacement of 300=400 km IS found in th~

southern section of the fault (Zhang YX et aI., 1984; Weng SJ, 1984; Guo ZY, 1987; Wan TF et al.,1
1995, 1996; Wang XF et aI., 2000). Most geoscIentIsts agree WIth thISmterpretatlOn. However, there ar~

ImanydIfferent opInIOns about the tIme of formatIOn and amount of stnke-slIp dIsplacement along th~

ITancheng-Lujiang Fault Zone. Xue JS (1982), Zhang JS, (1983) and Qiao XF et al. (2001) suggestedl
[hat the earlIest movement along the fault zone occurred dunng the Archean or Meso-NeoproterozOlc,1
~hu G et al. (2001) suggested that movement occurred mainly during the Jurassic (190 Ma), while XuJ
~W et al. (1987) suggested the Cretaceous (about 130 Ma), however recently Zhang Q, Zhu G et al.
(2008) recognized that first moving happened during Triassic (236-238 Ma), turning back to the former
~onsideration. Xu JW (1980, 1994) and Xu JW et al. (1993) considered that the greatest strike-slip disj
placement was more than 700 km, whIle Qlao XF et al. (2001) thought that there was no eVIdence of
stnke-slIp at all. Although on the face of It these opInIOns are extremely dIfferent, It IS pOSSIble that al
consensus view can he reached

ISomebaSIC facts are generally venfied: In the Archean-PaleoproterozOlc weakened zones and faultedj
~epressions, with NE-trending foliations, were formed along the fault zone; there is much evidence fori
paleo-earthquakes; the fault zone was re-actlvated after the InaSSlC, and ISOtOPIC ages obtamed so far ar~

rJamly Tnasslc, JuraSSIC, Cretaceous and so on. Most structural geologIsts do not agree WIth neIther th~

~stimate of 700 km for the maximum amount of displacement, nor the viewpoint of the complete absenc~



162 6 TectOnICS of Late Permian Triassic(The IndosmIan Tectonic Penod, 260 200 Mal

pf dIsplacement. From the dIsplacement of the Qmhng-Dable-Jlaonan ColhslOn Zone the maxlmuml
lamount of strike-slip displacement is 430 km at its southern end, if the rotation of crustal blocks i§
Ronsldered to be about 350 km (Weng SJ, 1984). In Hebel and Llaonmg provmces the boundary of
prdovlclan lIthofacIes IS dIsplaced by about 160 km along the fault zone (An 'IX and Ma WP, 1993)j
~he outcrops of the Archean-PaleoproterozOlc metamorphIc systems and a zone of hIgh normal aero1
rJagnetlc anomahes are cut ott and dIsplaced by about 120 km. All these pieces of eVIdenceare certamlyl
~orrect (Wan TF et aI., 1995, 1996).

IRecently,usmg gravIty anomaly data, a dextral stnke-shp fault zone was found on the eastern margml
pf the Yellow Sea (Hao I Y et aI., 2002). The boundary between the SIno-Korean and Yangtze plate§
lisan example of indentation tectonics *. The Southern Yellow Sea area of the Yangtze Plate has cIearI~

IIndented the SIno-Korean Plate, the western margIn of the IndentIng block IS the Tancheng-Lujlangj
sinistral strike-slip fault zone and the eastern margin is the eastern Yellow Sea dextral strike-slip faultl
~one (Fig. 6.3).

IAlthoughthe Iancheng-Lu]lang Fault Zone cuts through the Smo-Korean Plate from north to south)
pver a distance of I, I00 km, no Triassic granitic intrusions are found along the fault. This could b~

~xplamed If the fault was an mtra-crustal fault not extendmg to a depth of more than 20 km, so that th~

OCault zone extended Into the crust only as far as a detachment zone between the upper and lower crustl
(Wan TF et aI., 1996). Recently Xu PF et aI. (2002) discovered that at a depth of 16-25 km the crustl
pf SIno-Korean Plate has penetrated between the upper crust and the IIthosphenc mantle as a sheet orl
Iwedge, extendIng for a dIstance of more than 80 km Into the Yangtze Plate (FIg. 12.6). It IS posslbl~

~hat the Hmcheng-Lu]lang Fault Zone penetrated only as far as a detachment zone m the mIddle crustl
lata depth of 16-25 km, allowmg the upper crust of the Yangtze Plate in the southern Yellow Sea area tq
~hrust northwards over the Sino-Korean crust for a distance of 300-400 km, as indicated by the amountl
pf dIsplacement on the boundIng stnke-slIp faults. I he upper crust of the Yangtze Plate, to a depth of
16 km In the south Yellow Sea area, could be called the South Yellow Sea Nappe. Between 15 and 25
~m depths the crust of the SIno-Korean Plate has penetrated the middle crust of Yangtze Plate, belo\\]
125 km depth the lower crust and the upper mantle belong to the Yangtze IIthosphenc plate. In addItIOn)
[rom the distribution of areas of intraplate deformation in the Chinese continent and the limited numbe~

pf granItIc mtruslOns belongmg to the IndoslnIan PerIod, It IS suggested that mtraplate deformatlOnl
~hroughout Chma was controlled mamly by a detachment between the upper and lower crust.

Data from Indosinian folds presented in Appendix 3.4 shows that the preferred attitude of the ma
Iximum principal compressive stress axis (all, relative to the present day geographical coordinates, i~

ISEI74°L4°, the intermediate principal stress axis (a2l (i.e. the average orientation of the fold axes) i~

~E86°L2°, with intermediate angles of dip of the fold limbs (40°-60°), and the minimum principal
stress axis (a3) is NW355° L8T (Fig. 6.6). Although the fold axes have a generally E-W trend, in th~

larcuate tectOnIC systems there IS sometImes a very great varIatIOn up to 40° In the OrIentatIOn of the foldl
laxes. In western Yunnan and Eastern XIzang In southwest ChIna, the vanation in the trend of the foldl

I' The indentationtectonicmodelbetweenSino-Korean and Yangtze plateswasfirstproposedin Chineseby ZhangWY etl
fil. (1983), and then re-proposed by YmA and Nle SY (1993, 1996) 10 EnglIsh. However, YmA and Nle SY conslderedl
~hat northernborder(Zhucheng-Qingdao Fault)of the Qinling-Dabie-Jiaonnan(Sulu)CollisionZone continuesinto th~

[mjingangarea in the central Korean Peninsula. The eastern marginof the area of indentation tectonicsis not veryclear,
~ut may be marked by the NNE-trending Hunan faults. According to Yan A and Nie SY (1993, 1996), the Gyeonggil
lVlassI! and thearea to the south belongto the Yangtze Plate.However, theydIdnot undertake any fieldwork10 the Korealll
!",enmsula beforepublIshmg theIr paper (YmA and Nle SY, 1993). In 1994, dunng the geologIcal fieldexcnrslOn for th~

[GCP 321 SymposIUm, manyKoreanand ChmesegeologIsts agreed that the Gyeonggl MasSIf and the areas to the soutij
Ibelong to the Smo-Korean Plate, becausethe geologIcal evolutIOn and charactenstIcs of the wholeKorean Penmsula,frolij
~be Archean to the paleozojc are sjmjlar to those of the Sino-Korean plate Sjnce the Hunan faults do not form a contjnuQusl

marginalfaultzone (ChangKH, 1995, 1997,2000;WanTF,2001;WanTF and Zeng HL, 2002), it is predictedthat ther~
'S a dextralstrike-slipfault locatedin the southernYellow Sea,as suggestedby ZhangWY (1983),but thereis no evidencel
Itor thIS fault zone. However, dunng 2001 2002, Korean and ChmesegeophySICIsts cooperated 10 a gravIty survey10 th~

IYellow Sea and dIscovered that there IS a dextral stnke-slIp fault zone along Its eastern margm (Hao I Y et aI., 2002).
[ndentatlOn tectOnICS proVIdes a reasonablemterpretatIon of the relatIOnshIps betweenSmo-Koreanand Yangtze platesa§
lfirstly predIcted by ZhangWY et al. (l983)J



~.3 Intraplate DeformatIOn 163

axes is very great, sometimes as great as 90°, due to later compression and deformation caused by thq
northward movement of the Indian Plate, so that the fold axes trend N-S~

ig. 6.6 Attitude of prin
ipal stress axes during the
ndosinian Period. 0"1. Maxi-
urn principal stress axis; O"z.
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. xis; O"J. Minimum principal
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lI'he IndosIntan n~ctomc System Includes a senes of near E-W trending folds and thrusts, arcuatel
~ectonic zones and a series of N-S, NNE or NNW-trending normal and strike-slip faults and extensionl
uoints (Fig. 6.3). The development of a unified tectonic stress field in the Indosinian Tectonic System
lacross many paleo-blocks shows that all the continental blocks forming the eastern part of the Chlnesij
~ontinent were amalgamated to form a single tectonic unit by the end of the Indosinian Tectonic Period.1

!Basedon 111 samples dated isotopically, data on the tectonic stress (i.e. differential stress) magnitudel
OCor the IndosIntan Penod was collected from 12 sample pOints and esttmated. The average magmtudel
pf differential stress was calculated as 105.5 MPa (Fig. 6.7; Appendix 4), it means that tectonism wa~

stronger dunng lndoslman Penod. In the areas of folding from the mIddle and lower Yangtze, Shandongl
land the western area of Altun and Burang of Xizang, the magnitude of differential stress was betweenl
100 and 125 MPa. The highest value of 147 MPa occurs in north Huaiyang (Xiong CY, 1992), therq
lIS also a hIgh value of 142 MPa at FengxJan, ShaanxI (Wang GR, 1993), indIcating the strength of thij
~ollision in the Qinling-Dabie zone. In areas of pre-Cambrian crystalline systems or granite intrusion§
(liu1ing of Jiangxi, Hetai of Guangdong, Ai1aoshan and east Kunlun), there is almost no Indosinian fold1
ling,and the magmtudes of dIfferentIal stress for samples collected at the Earth's surtace are much 10werJ
~ommonly <90 MPa (Fig. 6.7), indicating that there was very little stress on the sedimentary cover. Be-I
~ause there are insufficIent determinatIOns of paleo-stress magmtude, the general charactenstlcs of thij
~ectonic stress field during the Indosinian Period have not been established completely; further researchl
lis neceSSaIY.

MagmatIsm was not very extensIve dunng the lndoslman Tectomc Penod; the outcrop area of magj
Imatic rock is 129, 000 km2, about one seventh of the area of magmatic rocks in China (Cheng YQ,I

I2'ffiJ
from the chemIcal composItIOn of 3,284 samples of magmatIc rocks, from 73 areas (AppendIx 5.5]

~aken from the regional geological surveys, the average rate of intraplate N-S shortening was 5.6 cm/y~

~urlng the IndosInlan Tectolllc Penod. FIg. 6.3 shows rates of shortening In the Songhua]lang-Llaohe,1
Inorth China, upper Yangtze and Tarim stable areas were rather small, all less than 4 cm/yr, the rate§
pf shortening In north QIangtang, Kunlun, Qaldam, Qlhan, Renduanshan, Runan and GuangxI area~

Iweremore rapId, all more than 6 crillyr. CollISIOn and amalgamatIOn In the HohxI1-Lancangjlang area§
Iweremost intense at that time; other areas, including Shaoxing-Shiwandashan, Qinling-Dabie and their]
adjacent areas, show intermediate rates of shortening at 4-6 ern/yr. The Tethys Ocean, to the south of
IQiangtang, shows a slow and steady extension rate of 0.2-0.4 cm/yr, less than one tenth of the rate of
~xtenslOn In the present AtlantICOcean. Only In the western HImalayan areas of Ngan and Burang wa~

~he rate of extension more rapId, at 1.6 cm/yr, estImated from the chemIcal composiuon of ophlOhtes, al
Ivaluesimilar to that of the present Atlantic Ocean.1
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FIg. 6.7 Magmtude of tectomc stress 10 the IndosmIan Penod (~20SMa).

~. Gondwana continental blocks before the Indosinian Period; b. Areas with differential stress >90 MPa; c. Sampl~
IlocatlOns for differentIal stress estImatIOns;dIfferentIal stress < 90 MPa or not determmed In areas left blank. Ihe data IS
presented in Appendix 4. The symbols used for the tectonic blocks are the same as in Fig. 6.3.

[he block symbols are the same as 10 fIn.6.S.
[. MIddle and Lower Yangtze; 2. haonan, Shandong; 3. northern Hmuyang; 4. Xmcheng-HuangpI; 5. Fengxlan,

IShaanxI; 6. Jmhng, JIangxI; 7. Hetm, Guangdong; 8. AI1aoshan-Cangyuan, Yunnan; 9. eastern Gansu; 10. Altunshan;
II. eastern Kunlun, Qinghai; 12. Burang, Tibet (Xizang).

k\ tectono-paleogeographic reconstruction of the Chinese continent and its adjacent areas during th~

~ate Indosinian Period (208 Ma) has been compiled, controlled by paleomagnetic data (Appendix 6),1
supported by tectOniC, sedtmentary, paleontologtcal and paleogeographtc evtdence (FIgs. 6.8and 6.9).1
[hese paleogeographic reconstructions emphasize the importance of the Indosinian Tectonic Period inl
~he formatIOn of the major part of the ChInese contment. At thIs penod most of the ChInese contl1
Inental blocks were amalgamated with the Pangean Super-continent, and their sedimentary cover wa§
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~'Ig. 6.8 Paleo-tectonogeographlc reconstructIOn of the Chmese contment and Its adjacent areas m the Tnasslc (205 Mal
I(based on the paleomagnetIc data, showedm AppendIx6)1

II. Ocean; 2. Shallow seas; 3. Sedimentary basins; 4. Lowland with hills.1
Symbols: A. Sino-Korean Plate; B. South China Plate (including Yangtze and Cathaysian); C. Siberian Plate; 0.1

IKazakhstan Plate; E. Junggar Plate; F.Tarim Plate; G. Qaidam Plate, H. Kunlun Block; I. Qiangtang Block; 1. Gangdis~
~lock; K. HImalayanBlock; L. IndIan Plate; M. Slmao-lndochma Plate; N. Baoshan-Slbumasu Block; Q. HmgganlIng-1
MongolIa- I13nshan CollIsIOn Zone; R. AustralIanPlate; S. Izanagl Plate; I. lethys Oceamc Plate.1

Ihe block symbols are the same as m hg.6.5.
Ihe above symbols are used for maps of deformatIOn, stress magmtude and reconstructIOn m Chapters 6 to11. Paleo-I

magnetic data is presented in Appendix 6.1

laffected by widespread intraplate deformation, with the formation of a series of near E-W (in presentl
~o-ordmates) trendmg folds and thrusts. However, paleomagnetIc determmatlOns of declInatIOn shoij
[hat the continents have rotated through 30°compared with their declination in the Indosinian (Fig. 6.8).1

IWhenthe folds were formed the trends of folds and fault zones were about NW 300 0 -SE 1200
, as shownl
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~'Ig. 6.9 Paleo-contments reconstrucnon of globe dunng MIddle Triassic (220 Ma) (Wan TF and Zhu H, 2007) (Data o~

Chmeseblocks and their adjacent areas from Appendix 6, others from Scotese website).

1m the tectono-paleogeographtc reconstructIOn (FIg. 6.8). Throughout the whole of the 'Jnasstc penodJ
la large part of the southern Chmese contment was covered by shallow shelf seas 10 a hot, and mOlstl
~hmate. In the NorthChma, Tanm and western Yangtze areas, large terrestnal sedImentary basms werij
k1eveloped in a hot and dry climate. The elevation of the four mountain belts formed as the result of
Imtercontmental colhslOn IS estImatedto be less than 3,000 m, and they were bemgdenudedrapIdly10 al
hot and moist chmate.

[The IndosinianTectonicPeriod was the key period for the formationof the Chinese paleo-continentj
~ontmental blocks to the north and east of the Bangongco-Nujlang zone mcIudmg the YangtzeJ
K:athaysian, Qiangtang, Baoshan-Sibumasu and Indochina blocks migrated northeastwards, and bej
~ame amalgamatedwIththe PangeanSuper-contment. The JndosmJan wasthe penod 10 whIchdlspersedl
Iblocks 10 the eastern 'Iethys Ocean convergedand colhded. However, the situanon was very dlfferen~

lin the western hemisphere,where the North American, South American and African continental plate§
Iwere extended, broken up and separated smce the end of Tnasslc to form the Paleo-Atlantic Ocean.
Where IS eVIdence for uphft, wIth the developmentof a mantle plume between these three plates (Fig.
15.4) (Condie, 2001). In the eastern hemispherethe Triassic was a period of major collisions and amal
19amations among continental blocks which had been separated from Gondwana, while in the westernl
!lemispherethis was the period of the breakup of the Pangean Super Continent.The tectonic evolutionl
pf the eastern and western hemIspheres was certamly not synchronous.
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Chapter 71
Tectonics of Jurassic-Early Epoch of Early Cretaceous
(The Yanshanian Tectonic Period, 200-135 Mal

FcounterclockWlse rotatton oj Chmesecontinent, westwards subduction and compression oj Okhotskl
Ignd Izanagi Plate.
Fjormmg Neocathaysian Tectonic Systemand the Wandashan CollisIOn Zone
Fviolent detachments and tectono-magmatism in the crustoj Eastern Chinal

[he Yanshanian movements were first recognized by Weng WH (1927,1929) in Yanshan area, 116°_1
119.5°N, 40°-42uE. Since then the Yanshaman has been used as a local term in Chma fortectomc event~

Iwhichoccurred mainly during the Jurassic Period. Later, Ding WJ (1929), Huang JQ (1945, 1960) and
ghao ZF (1959) extended the term to cover tectomc events which occurred throughout Chma dunnj:j
~he Jurassic and Cretaceous tectonic periods. However, it was soon realized that tectonic and magmatiq
~vents in the Jurasslc and Cretaceous were very dlfferent. In the JurassIc there are NNE-NE trend1
ling folds and thrusts related to transpressional tectonics, and WNW trending normal faults with som~

strike-slip movement and widespread calc-alkaline magmatism, while the Cretaceous is characterizedl
predommantly by extensIOnal tectomcs with NE-NNE trendmg normal faults, WNW trendmg folds andl
~hrusts and highly alkaline acid magmatism located along faults, or at fault intersectionsI

lIn the regIOnalgeologlcal survey of Chma, the Yanshaman Penod has been dlV1ded mto "Early Yan1
shaman" (200-135 Ma) and "Late Yanshaman" (135-65 Ma) Penods (Bureaus of Geology and Mmerall
~esources of Provinces, 1984-1993). (Wan TF(1994) considers that it is best to revert to Weng WH'§
(1927, 1929) ongmal termmology and define the Yanshaman Tectomc Penod as extendmg from thij
[urassic to the earliest epoch of the Early Cretaceous (200-135 Ma). However south of the Shaoxingj
IShiwandashan Collision Zone in Southeast China, the Yanshanian Tectonic Period began from the Lat~

[I'nasslc and extended to the early penod of the Early Cretaceous (228-135 Ma). 'I he followmg tectomq
period from middle period of the Early Cretaceous to the Eocene (135-56 Ma) is called the Sichuanian
[I'ectomc Penod (Wan TF and Zhu H, 1989; Wan TF, 1994).

ISedimentation in the Yanshanian Tectonic Period included: the Lower Jurassic, Badaowan and San-j
19onghe formations, mainly coal-bearing sediments; the Middle Jurassic Xishanyao and Doutunhe forj
MatlOns; the Upper JurassIc Tuchengzl and Dabelgou formatIOns, mamly terrestnal clastic rocks; thij
[Yixian Formation, mainly acidic volcanic rocks forming the base of the Lower Cretaceous. The stan
dard sections for all these formations are located in the Yanshan area I

[{'he defimtlOn of the boundary between JurassIc and Cretaceous deposlts m Chma has been controj
Iverslalfor a long time because sedimentatIOn was continuous, Without any obvIOUS tectonic breaks (q
fX et aI., 2000). Most researchers have followed the proposal of Hao YC (1986) that the occurrence of
I&osestheria is diagnostic of the top of the Upper Jurassic, while the fauna and flora of the base of th~

K:retaceous are charactenzed by Yanjlestheria Nakamuranaia, Cypridea, Darwmula and Classopollis.
[n recent years, the boundary between JurassIc and Cretaceous has been recogmzed at Zhangjtagou, Luj
anping in northern Hebei, defined by abundant fossils in the Upper Jurassic Dabeigou Formation (first
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IblOzone, Luanpmgella-Eoparacypris-Pseudopara-CypridopslS) and the Lower Cretaceous Dadlanzll
formation (second biozone, Yanshanina-Cypridea-Rhinocypris, equal to the Yixian Formation) (Pang]
IQQand LI PX et a!., 2002). The JurassIc m Chma consIsts mamly of terrestnal clastIC rocks, shalloW
Imanne sedIments are found only m mIddle Hunan, Guangdong, southwestern Tanm and XIzang areas,1
~ut there is evidence of residual oceanic deposits at Wandashan (132°-134°E, 45S-47SN), Northeast
K:hmaand along the Banggongco-Nu]lang and Yariung-Zangbo]lang zones m XIzang CI'1bet)l

IMostof the continental blocks which make up the Chinese continent were amalgamated in the Triasj
SIC. Smce the JurassIc the whole of Chma has behaved as a smgle tectomc umt, and moved as a smglij

[Fig.7.1 Paleo-tectonogeographic reconstruction of China and its adjacent blocks in the Late Yanshanian Tectonic Period!
1(135 Maj. [he paleomagnetIc data IS gIven In AppendIx 6.

~. Oceans; 2. Shelf seas; 3. Terrestrial sedimentary basins; 4. Subdued topography; 5. Mountains.
[he block symbols are the same as In fIg. 6.51
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~ontmental plate. Subsequently Chma has formed a smgle sedImentary and bIOgeographIcal provmcel
so that these aspects are discussed only in outline in the following chapters.

[n the JurassIc Penod, the most of the Chmese contmental blocks occupIed an mtraplate sltuatlOn,1
land were located m the eastern part of the ASIan Contment. The eastern boundary of the East ASlanl
K=ontment was the colhslOn zone along the border of Slbena-Far East RUSSia, the Wandashan zon~

pf NE Chma and the Tanakura 'Iectomc Lme in the Japanese Islands. I he East ASIan Contment wa~
~onnected to the Russian-Baltic (Northern Europe) and the North American Continents, and formed th~

rortheast part of the Pangean Super Contment. The southern boundary of the East ASIanContment wa~
OCormed by a passIve contmental margm agamst the 'Iethys Ocean (hgs. 7.1 and 7.2).

lFig.7.2 Paleo-continental reconstruction of the globe during the Late Jurassic (152 Ma) (Data of Chinese blocks and thcirl
!tdjacent areas from Appendix 6, others from Scotese's web)J

The red arrow shows Eastern ASIan contmental plate with counterclockwIse rotatIon, due to the colhslOn and com-I
pression of the North American Plate (including the Okhotsk Block) against the Siberian-Chinese continenti

17.1 Movement and Rotation of Chinese Continent

IOsmgaccumulated paleomagnetIc data (AppendIX 6) It IS pOSSIble to reconstruct the kmematIcs of th~

~hinese continent. Although, the results from different researchers are not always consistent, neverthe1
Iless It IS clear that there IS a great difference of mean paleomagnetIc dechnatlOn m paleomagnetIc resuIt~

[or periods prior to the Jurassic, but that since the end of the Jurassic the paleomagnetic declination ha§
Ibeen SImIlarto that of today.1

lDunng the 'Inasslc and earlIer penods the mean paleomagnetIc declInatIOnfor the Smo-Korean Plat~

Ivaned from NW 319°to NW 338° (Huang BC et aI., 1999; Ma XH et aI., 1993; Fang DJ et aI., 1988)J
!Jut in the Late Triassic the mean paleomagnetic declination rotated to NE 30°, then during the Ear1~

~urasslc rotated to NE 0.90 SImIlar to the present dechnatlOn; dunng MIddle JurassIc changed only al
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[ittle to NE 3.6° (Ma XH et al., 1993). The above rotations of the declination can be seen by comparing
figs. 6.8 and 7.1. Fang DJ et al. (1988) determined the mean paleomagnetic declination during Lat~

[urassic to be NE 22.2° but this result may be in error. From the Triassic to Jurassic periods there wa@
lacounterclockwtse rotatIOn of 20°-300m the mean paleomagnettc declInatIOn, and then at the end of
~urasstc penod the declmatton rotated to nearly its present onentation on Smo-Korean Plate. From th~

~retaceous to Recent, the mean paleomagnetic declination was around 1T and has varied only slightly.1
IFromthe TnaSSlC to JurassIc pen ods the southern Korean Pemnsula rotated 20°counterclockwIse (Klml
landVan der Voo, 1990) and the Yangtze Plate also rotated counterclockwise through almost 20° (Liang!
IQZ, 1990; Zhu ZW et aI., 1988, Enkm et aI., 1992; Huang KN et aI., 1993). The mean paleomagnettcl
kleclInatton of the Siberian Plate rotated from n.3°m the Late Tnasslc to 41.l°m the Late Jurassic, al
~ounterclockwise rotation of 36.2°. Data on the paleomagnetic declination of the smaller continentall
!Jlocks in China is not discussed here, as it is at present scarce and unreliable. The counterclockwisel
~otatton of many areas m Chmese contment and ItS adjacent areas IS Important for ItS effects on th~

Imtraplate deformatIOn of the East ASian continent dunng the Yanshaman Penod (hg.7.2)1
IApart from paleomagnetic data, counterclockwise rotation of the blocks forming the Chinese conj

~ment IS also mdlcated by blOstratlgraphlc and paleo-chmatlc eVIdence. Gu ZW (1982) has pomtedl
put that there is a 30°-40°counterclockwise difference in the angle between the northern limit, of th~

Pachvodonia fauna, representing a moist and warm climate during the Middle Jurassic along the Altay-

[Fig.7.3 Paleotectonic reconstruction of tectonic plates in the Pacific area since the Jurassic (Moore, 1988).
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IShanghm line, and the present latItude. Lm BP and Chen F (1995) revIsed the hmlt of the Pachyodontal
Wauna (Lamprotula, Psilunio) to determine the northern border of the warm climatic zone and concludedl
[hat there was only 15°ofcounterclockwise rotation. Although there is some controversy there is generall
lagreement that counterclockwIse rotatIOnhas occurred, cOincIding wIth the paleomagnetIc results.

II'hecounterclockwIse rotatIOnof East ASIancontinent (hg. 7.2), whIch occurred dunng the Jurasslcl
penod, was Influenced dIrectly by the colhslOn and westward movement of the North Amencan Plat~

(including the Okhotsk Block) and more weakly by the northwestward subduction of the Izanagi Plat~

(Moore, 1988; Maruyama et al. 1986, 1997). Westward colhslOn and compressIOn by the North Amer1
Ilcan Plate caused very strong deformatIOn In the eastern Slbenan continent, the formatIOn of the Wan-I
dashan Collision Zone in Northeast China, movement along the Tanakura Tectonic Line in the Japanese
[slands, and also the 200 _30°of counterclockwise rotation of the East Asian continent, resulting in th~

Iwestward movement of Siberia, northern Asia, the southward migration of Junggar and Tarim block§
(Appendix 6), and the eastward movement of southern Asia, including South China (Fig. 7.2). It seems
~hat rotatton of East ASian continent dId not Influence the RussIan and north Europe contlnentsl

lOne important result of the third attempt at reconstructing the magnetic anomalies on floor of th~

IPaclfic Ocean was the reconsIderatIOn of the movement of tectomc plates In the Paleo-PacIfic areal
(Moore, 1988). At the end of the JurassIc (top left dIagram 10 FIg. 7.3), there was a radIal mIgratIOnof th~
plates, the Izanagi Plate moved northwestwards, the Farallon Plate moved northeastwards, the Phoenix
flate moved southeastwards and PacIfic Plate moved southwestwards. It has been suggested that th~

[adial movement of these plates was due to the up-rise of a super-mantle plume (Pavoni, 1997; CondieJ
12001). However, there ISno satIsfactory explanatIOn why uphft of a super-mantle plume occurred 10 thatl
partIcular area.

[7.2 Intraplate Deformation and the Stress Field

[he greater part of the thickness of Mesozoic sedimentary rocks in China is composed of Jurassicl
strata. YanatlOns In the thIckness of MesozOIC sedIments (AppendIx 2, hg. 7.4) can therefore be usedl
~o recogmze vertical crustal movements during the Yanshaman Tectomc Penodl

II'hegreatest sedimentary thicknesses and rates of deposition in the Mesozoic of China are located inl
IYanshan (35,435 m, 191.5 ri17Myr - 0.191,5 mri17yr) and southern GuangxI (33,342 m). Areas In whlchl
Ithe thIckness of strata IS more than 20,000 m occur at hamusI, HeIlongjiang (20,286 m), DahlngganhngJ
Heilongjiang (22,479 m), southern Anhui (20,093 m) and Kangding-Zoige (23,362 m) (Fig. 7.4). These
Iwere the most important areas of sedimentation in the Mesozoic, and show the greatest evidence of
f:Jeformation, with tectonic activity during the Yanshanian and Sichuanian tectonic periods. In othen
lareas the thIckness of the strata ISmostly between 20,000 and 3,000 m. Areas, In whIch the thIckness of
[he MesozOIC strata IS equal to or less than 2,000 m, such as the Qlnhng-Dable Zone, 'Imhangshan andl
Hainan, were areas of denudation or non-deposition during this period1

[I'he total sedImentary thIckness >35 km was not measured at a single locatIOn, but IS a composltel
pf thickness measurements from several different locations, indicating that the deposit centre movedl
~o different locations at different periods during the Mesozoic. If the complete 35 km thickness of the
IMesozoic had accumulated at one location the rate of sedimentation would have been 184 m/Myr, orl
pnly 0.184 mrn/yr, still not very fast but continuousJ

IStratathIckness and rates of sedImentatIOn for Intraplate sedImentary baSinS, such as Yanshan (A Inl
fIg. 7.4), and western Shandong (B In FIg. 7.4), are very different, but are not related to dIstance froml
~he margin of the continental plate, as the distance from the margin of the oceanic plate is almost th~

same. In the Yanshan and western LIaoning areas where the thIckness of MesozOIC sedIments reache§
135,435 m and the rate of sedImentatIOn was about 191 ri17Myr, strong macro scale folds and thrusts occu~

lin the sedimentary cover (3 in Fig. 7.5). When being subjected to deformation the thick sedimentary pil~

lisweaker than the underlying crystalline basement. However, detachments occur in the crust or betweenl
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!Fig.7.4 Average rates of deposition (m/Myr) of Mesozoic sediments for each stratigraphic subdivision on the Chines~

~ontment. A. Yanshan area; B. western Shanctong.1

~he crust and mantle or in the mIddle crust, and the Yanshaman mtraplate tectono-thermal events are weill
!mown internationally. In the western Shandong area, where the Mesozoic sediments are only severall
Ihundred meters thIck and the rate of sedImentatIOn was ~ I0 m/Myr, only one nmeteenth of that m thij
IYanshan area, the sedIments rest on the Pre-Cambnan crystallIne basement. Although the tectomc stres~

Iwas almost equally strong in both areas, only very weak deformation occurred in the sedimentary coverj
IWlth a ~10° dIp angle m the lImbs of open folds (5 m FIg. 7.5), eVIdentlythe crystallme basement wlthl
greater strength supported most of the tectomc stress. The tectomsm was very weak m later penodsJ
sImIlar to the Ordos on the western Smo-Korean Plate, eastern GuangxI, Sichuan Basm and southeastl
KJuizhouon the western Yangtze Plate (4, 5 and 7 in Fig. 7.5). In all these areas the sedimentary stratal
larevery thin, the basement is strong and intraplate deformation was weak.1

WhIck sedImentatIOn m the Yanshan area IS related to the mtersectlOn of three major basemen~

OCaults: the near E-W trendmg northern margmal fault zone of the Smo-Korean Plate; the NNE trendj
lingDahingganling-Taihangshan Fault; the NNE trending Tancheng-Lujiang Fault. A zone of Paleopro1
~eroz01c collISiOn and amalgamatiOn, a Meso-Neo-Proterozolc sedImentary faulted depressiOn, the lo\\]
strength of the sedimentary cover and the crystalline basement all contributed to the concentration of
~ectomc actrvity in thIs area. However, western Shandong IS located on a stable part of the Smo-Koreanl
II'l.J.ite::
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Fig. 7.5 DeformatIOn m the Yanshaman TectomcPenodl

11. Structural sectIOn m eastern Qaldam: MIddle JurassIc system was mtruded by a Late JurassIc gramte (Bureau ofl
peology and Mmeral Resources of Qmgh31 Provmce, 1991); 2. GeologIcal sectIOn at Panshl m J1Im: JurassIc system co-I
Ivenng TnasSlcsystem WIth unconformlly (Bureau of Geology and Mmeral Resources of Jlhn Provmce, 1988); 3. Struc-I
~ural section of Tuoli, in the WesternHills, Beijing, showingthe Late Jurassic, NE trending Nandazhai-BabaoshanThrusf
I(Wan TF, 1981);4. Seismic profile of western Ordos, showing ramp thrust formed by E-W orientation compression and
Ishortening during the Late Jurassic, overlain unconformablyby the Cretaceous system, (WangTH, 1995);5. Geological
IsectlOn of the unconformIty betweenthe JurasSIc and Cretaceous,west of Mengym in Shandong:JurasSIc system formmgj
!tnopen fold with an angle of dip of the fold limbs of about IOO(Wan Tianfengpersonalrecord, 1982) ; 6_ Structural sectiorj
fif Yanyuan, ,mbncated SIchuan,JurassIcand InasSlc systemsare underlam by a thrust plane, the onentatlOnof the fault§
is NNE (Bureau of Geology and Mmeral Resourcesof SIchuanProvmce, 1991); 7. Geological sectIOn of eastern GuangxI,1
~he near horizontal Jurassic system rests unconformably on the Carboniferous system (Bureau of Geology and Minera]
Resources of Guangxi Province, 1985); 8. Geological section of coalfield in middle Fujian, the granite body formed irj
~he IndosinianPeriod, thrusted over the Permian coal-bearing system, the age of thrusting was Late Jurassic (unpublished
~ata of Bureau of Geology and Mmeral Resourcesof FUJlan Provmce).
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Ilntraplate deformatIOn IS generally stronger near the margms of the paleo-plates. However, mtraplatel
k1eformation during the Yanshanian Tectonic Period in China does not conform to this pattern. Fori
rxample, m eastern Qmdam, Panshl County m him, the Western Allis of Beljmg, Yanyuan m Slchuanl
land the coalfields of central FujJan (I, 2, 3, 6 and 8 m FIg. 7.5), there are regIOns of strong mtraplatel
~eformatlon and major tectono-thermal events, which are all nght away from the plate margms, butl
~elated to regions of thIck sedImentatIOn, zones of paleo-weakness and the presence of faults in thij
basement.

lI'he major features of the mtraplate deformatIOn whIch occurred dunng the Yanshaman 'Iectomq
fenod were recogmzed seventy years ago. Almost atthe same time, as Weng WA (1927,1929) proposed!
~he Yanshanian movements, defined by a distinctive combination of styles of deformation, Li SG (1929)
proposed the Neocathayslan Tectomc System m eastern Chma, composed of a senes of NNE trendmg
[olds and thrusts formed since the Late Mesozoic. Although at that time these structures could not b~
~ated correctly, hIS proposal of the Neocathayslan 'Iectomc System has strongly mfluenced the stud~

pf deformatIOn m eastern Chma. More recently It has been recogmzed that the Neocathayslan 'Iectomq
ISystem is the same as the Yanshanian Tectonic Period, and that deformation occurred mainly in th~

gurasslc (Wan IF, 1994).1
[ntraplate deformatIOn m the Yanshaman Tectomc Penod, formmg the Neocathayslan Tectomc Sysj

~em, mainly formed during 175-135 Ma, is characterized by a series of NNE or NE trending flexural
~olds and thrusts, and WNW-NW trendmg extensIOnal or stnke-shp faults. Based on data from the rej
"ional geological survey of China (bureaus of geology and mineral resources of provinces, 1984-199~

(Fig.7.6)), I ,566 anticlines and 1,603 synclines in macro-or meso-scales with mainly intermediate an
19les (30°-60°) of dip of the fold limbs (Appendix 3.5) were collected. Adjacent to zones of weakness inl
~he crystalline basement or in large sedimentary basins, Alpino-type and linear folds were formed, andl
pn the stable crystalhne basement or m areas wIth thm sedIment, open, germano-type folds or only hoj
[Izontal sedImentary strata are found, m SIchuan, Ordos and western Shandong. Folds of the Yanshamanl
[Iectonic Period occur mainly in eastern China, e.g. east of Liupanshan (106S-1 07°E, 36°-38°N) and
~enduanshan (99°-102°E, 27°_32°N), but in western China folding is rather weak and limited to locall
lareas (FIg. 7.6).

IFrom research m the Yanshan, Henan and FUJlan areas, Wan (1994) found that dunng the Yanshamanl
rI'ectomc Penod the onentation of the fold axes changed wIth time. Fold axes formed at the end of thij
~arly Jurassic are usually ENE trending, at the end of Middle Jurassic NE trending, and at the end of th~
[:ate JurassIc commonly NNE trendmg. Fold axes show a counter-clockwise rotatIOnfrom Early to Latij
~urasslc penod, whIch may have been mfluenced by the counterclockwIse rotatIOnof the crustal blocks.1
II'hls IS rather slmllar to the rotatIOnfrom the Paleocathayslan and MesocathaysJan to the Neocathayslanl
Itectomc systems proposed by LI SG (l929, 1976). ThiS counterclockwIse rotatIOn IS exhIbIted mostl
~Iearly by the change in the direction of maximum principal compressive stress: NNW trending in th~

IEarlyJurassIc; NW trendmg m the MIddle JurassIc; WNW trendmg m the Late JurassIc. In many area~

pf the eastern Chmese contment where the strongest deformatIOn occurred m the Late JurassIc, NNEI
~rending fold axes are dominant. In southern China NE trending fold axes were formed as deformation
Iwas constramed by NE trendmg hneaments m the basement. Although some fold axes are NNE trendmgJ
landsome are NE trending, they are all considered to belong to the Neocathaysian Tectonic System. Th~
INeocathayslan Tectomc System IS not defined by any dlstmctlve onentatlOn of the fold axes.

pata from 3,169 folds and 168 pomts of JOInt observatIOn (AppendIX 3.5) was dlV1ded Into 37 area§
[or statistical purposes, and the orientation of the principal stress axes was determined for the end of
[he Yanshaman Tectomc Penod. In the present day coordInates the preferred attItude of the maxlmuml
principal compressive stress axis (crd for Yanshanian Tectonic Period was SE1160 1-7°, the intermediatel
principal stress axis (cr2) (equal to the average orientation of fold axis) were NE26°1-3°, and the minH
Imumprincipal compressive stress axis (cr3) were 297°1-800 (Figs. 7.6 and 7.7). The tectonic stress fieldl
k1uring the Yanshanian Tectonic Period in China was characterized mainly by near horizontal WNW-I
lESE shortemng, and near honzontal NNE-SSW extension. Dunng the Yanshaman Penod the crust of
~he eastern Chinese continent based on formation of many thrusts was slightly thickened. From th~
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IFig.7.6 Tectonic sketchof the effectsof the Yanshanian Tectonic Period in China (175-135 Ma).1
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11. Graniteof Yanshanian Period; 2. Volcanic rocks of the Yanshanian Period; 3. Rate of intraplatedeformation, es-I
~imated from the chemicalcomposition of magmaticrocks, "-" is rate of extension, others are rates of shortening (unit:
ern/a), (data shown in Appendix5.6); 4. Numberedcollision zones or thrust belts; 5. Numbered normal and strike-slip
~aults; 6. Boundaries of blocks with weak activityor faults, no number;7. Fold axes, anticlinesonly are shown (data i1j
~ppendix 3.5); 8. Traceof maximum principal compressive stress (ur); 9. Directionof plate movement; 10. Areas withl
Ronformlty or dlsconformlty; II. AreaswIthangularunconformity. Nameand numberof plate boundanes, collIsIOn zone§
kir fault beltsare listed jnTable7 1

~etermInatlOn ot 70 values ot paleo-dIfferential stress (method shown In Chapter I ), the magmtude ot
~ectonic stress was found to be stronger in eastern China than in western China. The locations froml
Iwhich the data was obtained, the rock types, minerals, numbers of samples and the magnitude of th~

laveragedifferential stress are all shown In AppendiX4. I he average magmtude ot dIfferential stress ove~

[he whole ChInese contInent IS99.4 MPa. The areas Withthe greatest dIfferential stress (>80 MPa) ar~

~oncentrated in eastern China, i.e. east to the Ordos and Sichuan basins (Fig. 7.8). Around some faultl
lzones, tor example the Nandazhal Thrust Zone ot the Western HlIIs (BeijIng) differential stress reachedl
161.8 MPa. It was commonly <80 MPa at the Gansu-QInghm-Ahun and In the western Kunlun area§
pt western ChIna. AccordIng to Incomplete data, there IS an area Witha high value dIfferential stress Inl
pangdlse, southeastern Xizang, where values reached 130-135 MPa. ThiS may be due to a concentraj
~ion of tectonic stress, according to westwards compression by the Izanagi and Pacific plates (Fig. 7.3).1
IAt that penod, the Gangdlse Block and the PaCific Plate were located at low latitudes In the southernl
!lemisphere.
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'lable7 1 LIst of major boundarIes or faults movingdunng the Yanshaman [ectomc Penodl

Boundaries or fault type Name of boundaries or fault zones Shown in Fig 7.6

Boundary of plates along Yalung Zangbojiang Tectonic Zone 1
(with oceanic crust)

D.

'J P '"6 "6

Zone (with oceanic crust)
Wandashan Collision Zone 34

Longmenshan 11
Panzihua-Xichang reverse fault with strike-slip 13

East of Dahingganling 16
Yilan-Yitong 17
Dunhua-Mishan 18
Fuxin-Jinzhou (western Liaoning) 20..

NNE or NE trending thrust East of the Cangzhou-Liaocheng 22
zone or reverse fault Tancheng-Lujiang reverse fault 23

Eastern border of Yellow Sea reverse fault 27
Xuefengshan 28

Wuchuan-Sihui reverse 30
Chong'an-Heyuan 31
Lishui-Lianhuashan 32
Changle-Nan' ao 33
Kararnav buried thrust durin. Mid-Late Jurassic 35
NorthYagan Thrust during Early-Mid Jurassic 37

Gegyal-Nyainqentangulha Fault 2
Shuanghu-Lancangjiang 4
Kangxiwa-southern border of Tarim strike-slip fault belt 5
Altun dextral strike-slio fault 6
Kurt Narmande strike-slip fault 7
Junulshan-Qinghainanshan strike-slip fault belt 8
Southern border of Qaidam (Wenquan-Chaka) Fault Zone 9
Wushan-Baoji strike-slip fault zone 10

E-W or WNW trend- Jinshaiianz-Rcd River (Honghe) sinistral strike-slip fault 12
ing norma auns wim zone
strike-slip Yinshan-Xar Moron He dextral strike-slip zone (former 15

northern border of the Sino-Korean Plate)
Shangyi-Gubeikou-Pingquan dextral strike-slip fault 19
Luonan-Fangcheng sinistral strike-slip fault zone (former 24
southern border of the Sino- Korean Plate)
Shandan-Tongbo sinistral strike-slip fault zone 25
Zhucheng-Qingdao-Rongcheng dextral strike-slip fault zone 26
North Tianshan (Bruknu-Aqigkuduk) 36
North Yagan extension detachment fault after Middle Jurassic 37

IShortemng ratto, shortemngmagmtude,length of ttme of deformatIOn and Itnearstram rate for fold~

~evelopmg dunng the YanshanIan l'ectonIC Penod have been estImated roughly (usmg the method~

1m Chapter I) for four E-W profiles along latttudes (4SON, 400N, 33°-3] ON and 25°N) m the presentl
~oordmates CI'able 7.2). The area wIth greatest shortenIngratIO (23.4%) IS located along the Qmhng=j
IDable Zone; smaIIerratIOs are found m South Chma (21.6%),North Chma (11%) and NortheastChmal
(11.5%).The time of formationof the folds was between2.25 and 7.59 million years, meaning tha~

rplsodes of strong deformatIon occupIed only 3.2%-10.8% of the whole YanshanIan TectOnIC Penod.1
~inear strain rates are between0.9x 1O-15/s and 1.6x 1O-15/s, indicatinga process of flowdeformationj

IA senes of reversefaults and thrusts wIth an NNE to NE trend were fonned together wIth the fold~

~urmg the Yanshaman Penod (FIg.7.6; I'able 7. I). Most of these faults developedalong zonesof pale01
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lIable 7.2 Shortemng ralio, shortemng magmtude, defonnatlOn lime and stram rate dunng the Yanshaman lectomc Penoi!

I

Northeast North part of QmlIng South I

Area China North China Dabie zone China
IIatilllde 45°N 400N BO-lloN 25'N
Length (km) 1,000 1,500 1,500 2,00q
Mean limb angle 27.7° 27.1o 40.04° 38.41
(amount of data) (166) (301) (354) (262)
Shortenmg ratIO(%) 11.5 11.0 23.4 21.§
Shortenmg magmtude (km) 114.6 164.9 351.6 432.8
Shortenmg velOCIty (cirilyr) 5.1 4.5 4.9 5.7
IDeformatlOnlime (Myr) 2.25 3.66 7.18 7.59
ILinear strain rate (E, lis) 1.6 x 10 15 9.5 x 10 16 1.04x 10 15 9.0 x 10 16

Iweakness, or from the combination of many small faults. Some strike-slip faults formed during th~

Iindoslman Penod were converted mto reverse faults dunng the Yanshaman Penod. In areas where strong
k1eformatlOn had occurred earlier, due to work-hardemng, It was eVidently difficult for superposed fold§
~o form during the Yanshanian Period, so faults were formed, cutting across folds formed during earlier
~ectomc penods.1

~-W trending thrusts (Table 7.1) formed in the Indosinian Tectonic Period were converted to normall
landstnke-shp faults m the Yanshaman Penod. Zhang CH et al. (2001) studIed the ShangYI-Gubelkou
IPmgquan Fault in northern Hebel m detatl, and found a great deal of eVidence for dextral stnke-sh~

[aulting in that zone during the Yanshanian Period; similar evidence is also found in many E-W trending]
~aults ('lable 7.1).

[1'0 sum up, near E-W trendmg faults were almost parallel to the regIOnal maximum pnnclpal comj
pressIOn stress axes m the Yanshaman Penod, but were mlluenced by WNW-ESE shortemng and b~

INNE-SSW extension, and all appeared to be normal faults WIth stnke-shp features. Intermedlate-baslcl
Ivolcanicrocks were erupted on the northern border of the Qinling-Dabie Zone, influenced by the NNEj
ISSW extensIOn along an E-W trendmg fault. Recently, Lu FX et al. (2003) discovered mciuslOns of
granulite and eclogite denved from a deep source m andeSites and basalts at Mmggang (Henan), wlthl
Ian isotopic age of 178±3.7 Ma, the trace elements and lead isotopes were similar to those of south Qin1
lling. Volcamsm dunng the Yanshaman Penod transported matenal subducted beneath the Smo-Koreanl
flate during the Indosinian Tectonic Period from the lower crust of south Qinling to the surface. Nearl
IE- W trendmg faultect=depresslOn basms m the western Llaonmg and Hefe! were controlled by near E1
IW trendmg normal-stnke-shp faults. In the Hefel Basm denudatIOn contours of the JurassIc system arij
lalsoshown to be nearly N-S trending, influenced by E-W shortening and N-S extension (Xue AM et al.,1

~
~-W trendmg normal faults m the western Chmese contment were all mlluenced by N-S trendmg

extension, but were not highly active during the Yanshanian Tectonic Period. Deformation was Iimited
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Fig. 7.8 Magnitude of differential stress (cr) in the Yanshanian Period.

fl. Gondwanan contmental blocks before the [ndosmIan Penod; b. Pacific Plate; c. Area with> 80 MPa dlfterenltall
Istress; d. LocatiOns of samples collected for the determmatiOn of dltlerentIiil stress. Aieas shown to be white have les§
!han 80 MFa stress or have no data. [he data IS shown 10 Appendix 4. Symbols for the blocks are the same as 10 fIg. 6.51

Locations of stress determinations: 1. Daheishan, Jilin; 2. Zhaoyuan-Laizhou, Shandong; 3. Mengyin, Shandong; 4.
"/hddle and lower Yangtze; 5. Eastern Fujian; 6. Eastern Gansu; 7. Eastern QmghaI; 8. AItun; 9. Western Kunlun; 10.
Eastern Xizang; 11. Southern Xizang; 12. Nandazhai, Western Hill, Beijing; 13. Nandan, Guangxi]

~o areas in the proximity of the faults. In areas distant from the faults, strata of the Upper and Lower
~urasslc systems are all conformable and do not show any deformatton~

MTith the influence of near E-W shortening and near N-S extension, a series of E-W trending sedij
rJentary depreSSIOns were formed m the Chmese contment dunng the JurassIc: e.g. the Junggar, Turpan=j
IHaml,Taflm, Dunhuang-Chaoshm, Alxa, Qmdam, Mohe of HeIlongJIang, Hmlar-Bmcheng, ErenhotJ
IYin'gen, Dengkou in Inner Mongolia, Shangyi, Xiahuayuan-Houcheng in Hebei, Nanpu of Hebei,1
Imouthof Yellow Rlver-Zlbo of Shandong, southern Zhoukou of Henan, Ordos, Qlhan-Mmhe of Qmgj
[1m and northern SIchuan basms. Huge hydrocarbon accumulatIOns and coals were formed m thos~
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IbasIns, maInly dunng the Early JurassIc, IncludIng many Important OIl-gas fields and the largest coaI1
lfieldin Chinal

~ecentIy, Feng YM (1998) carned out detaIled tectomc research on the later penods of deformatlOnl
lIn the North QIltan Colitston Zone and recogmzed detachment sheets In the western part of the Northl
IQilian Domain. The Zhulongguan and Beidahe detachments, with a displacement of 50km, occurred
~unng the Late JurassIc. These structures were formed under the Influence of E-W shortenIng and N-S
~xtension. The hanging walls of these detachments are composed of Paleoproterozoic and Mesoproj
~erozOlc rocks. The detachments cut across and overlIe closed folds In the footwall formed dunng thij
[ndostman Tectomc Penod, and the whole assemblage IS covered unconformably by the Lower Cretaj
ccous system.

However, around Junggar and Inner Mongolta, E-W trendIng thrusts were formed dunng N-S shortj
rning and compression, perhaps due to the southward movement of the Siberian Plate. The Karamay~

~Ihuy buried thrust (35 in Fig. 7.6 and I in Fig. 6.5) was formed during the Middle-Late Jurassic,1
iJenetratIng all the systems below the Upper JurassIc and leadIng to the accumulatIOn of 011 and ga~

lIn depth. A SImIlar fault IS the Bruknu-Aqlgkuduk reverse fault zone (36 In FIg. 7.6) on the northernl
Iborderof the Tlanshan. Zheng YD et a!. (1990, 1991, 1993) studied the E-W trendIng thrust zone, northl
pf the Yagan Block near the border between China and Mongolta and conSidered that the thrust wa§
~ormed during a late period of the Early Jurassic. The observed separation along the thrust is 60-70 km,1
Ibut the estimated separatIOn due to the thrust may be as many as 120 km, since the Middle JurassIc thij
Ithrustwas converted Into an extensIOn detachment fault (37 In Fig. 7.6). Since the Middle JurassIc thl§
larea was Influenced by the tectomc stress field of eastern ChIna, and was also controlled by near E-WI
shortemng and N-S extension, formIng a low angle detachment fault.1

[he only collision during the Yanshanian Tectonic Period in Chinese continent occurred in the Wan-I
~ashan CollISIOn Zone of Northeast ChIna (Shao JA et a!., 1992, 1995; Zhao CJ et a!., 1996) (34 In hg.
p.6). Mlzutam et aI.(1986) and Kojima (1989) have called this colltslon zone the Nadanhada ColltslOnl
~one, but this name IS not appropnate. In the Raohe area of Wandashan an Early JurassIc ophlOlttel
suite has given isotopic ages between 188 and 173 Ma. The lower part of the ophiolite is composed of
rltra-mafic and mafic magmatic rocks; the middle part is basalt with pillow structures and the uppen
iJart SIlIceous radlOlanan chert, Interbedded WIth clay of abyssal faCIes. The OphIOlItIC rocks occur a~

~ectomc slIces near the major collISIOn zone, and all the rocks are mylomtIzed. The Wandashan-Westl
ISikhote-Alin Block which lies to the east of this collision zone may be part of Okhotsk Block (includ1
ling the Okhotsk Sea, northeast Japan and the Far East of RUSSian), belonging to the North Amencanl
flate. The North Amencan Plate, including the Okhotsk Block and thetr adjacent micro-plates, mlgratedl
~apldIy westwards dunng the JuraSSIC, to colltde Withthe Sibenan Block of the northern EuraSian Plate,
Worming the Wandashan Collision Zone in Chinese continenti

[he series ofNNE-NE trending folds and thrusts, WNW trending normal faults with strike-slip andl
INNW or ENE trendIng stnke-slIp faults, Influenced by the tectomc stress field dunng Yanshaman 'Iec1
[omc Penod, compnse the Neocathayslan Tectomc System. Some authors conSider that only the NNEI
~rending folds and thrusts constitute the Neocathaysian Tectonic System; this usage does not conform
[0 the onglnal terminology of LI SG (1962)1

17.3 Tectono-magmatism in Crust

[rhe Yanshaman Tectomc Penod was a penod of major magmatic actlVlty In eastern China, where thij
Imagmaticrocks outcrop over an area of more than 229,000 km2, 25% ofthe outcrops of magmatic rock~

linChina formed dunng ItS whole geological history (Cheng YQ, 1994).1
!Beforethe Jurassic, magmatism always occurred near subduction or collision zones on the margins of

~he ChInese contInental blocks. There were only a few Intraplate magmatic intrusions. However, dunng
~he Jurassic, granitic intrusions and volcanic rocks were distributed widely throughout eastern Chinal



186 7 Tectonics of Jurassic Early Epoch of Early Cretaceous (rhe YanshanIan Tectonic Penoa, 200 135 Mal

(AppendIx 7). MagmatIc mtrusions were emplaced at least 600 km away trom the nearest subductlOnl
~one and sometimes at a distance of 1,000-2,000 km. Since the 1970's, the mechanism of magmatisml
k1unng Yanshaman Penod has been hotly dIsputed. If magmatIsm occurred wlthm 100=400 km of al
subductIOn zone, It would be reasonable to suppose that the magmatismwas connectedwIth subductlOnJ
!But dunng the JurassIc, magmatism 10the Chmese continent occurred 10 an mtraplateenvironment, farl
laway from any subductIOn zoneJ

IMagmatism in the Yanshanian Period was mainlyof intermediate-acidtypeof the calc-alkalineseries.
IMost of the gramtOlds are of S-type re-melted crust, wIth a magma source 10the mIddle or lower crust,1
pr of A-type syntactic crust and mantle, wIth a magma source near the Mohorovicic dlscontmUlty. Ih~

Ivolcanic rocks have a bimodal basalt and rhyolite-trachytecomposition (Appendix 7).
pata has been collected from 409 magmatic mtruslOns, of whIch 62.8% are S-type gramtOlds wlthl

pbvious foliation, distributed as sheets, together with volcanic rocks along NNE and NE trending thrustl
~ones, formed under NW-SE compression and originating in crust, 35% are A-type granitoids whichJ
~ogether wIth volcamc rocks, occur along WNW-ESE trend10g normal fault zones, nearly parallel tq
~he maximumprincipal compressional stress axis during the Yanshanian Period, and formed near Mohq
kbscont1OUlty, only 2.2% of the magmatIc 1OtruslOns contam ultra-mafic 1OcluslOns, 1Odlcat1Og that th~
Imagma ongmated from a source at the base of the hthosphere and rose along deep hthosphere fault§
(Appendix7; Figs. 7.9 and 7.10). The evidence indicates that the Yanshanianmagmatic rocks originated
1m the crust or near the MohorovicicdlscontmUlty, only a fewongmated from the baseof the hthosphereJ
but were not related to subduction or collision (WanTF, 1994; WanTF et aI., 2008).

IVolcamc rocks are WIdespread across the whole of Northeast Chma. In the central area of th~

ISonghuaJlang-L1Oghe Bas1O, east of NortheastCh1Oa, they are mamly 1OtermedIate-baslc volcamcrock~
Ibounded by the Duhua-Mishan Fault (18 in Fig. 7.6), Yanbian-Suifenhe, Laoyeling and the Yilan-I
IYltong faults (17 10 FIg. 7.6) where they were erupted dur10g the Early and MIddle JurassIc (171-191
Ma). From the basm of Songhuajlang-Nenjlang (Daqmg all FJeld)to Dahmgganhng, 1.e. 10 the mlddlel
part of Northeast Chma, the volcamsm mamly occurred 10 the Late JurassIc-Early Cretaceous (aboutl
160-120 Ma). The mIgratIOn of volcamc zone was westward, 1.e. counterclockwIserotatIOn (f1g.7.I1]
(Xu WL et aI.,2008; Lei MS, 2009 (personalcommunication)).The granitoids were commonly intrudedl
lin the Middle to Late Jurassic (160-135 Ma). Granodiorite occurs near the Nenjiang Fault in northern
lDah1Ogganhng, and there are major gramtes 10 other areas of Northeast Chma. Recently, 10the base1
~ent of Daqing oil basin, the Middle Jurassic (160 Ma) granites were found (Lei MS, 2009 (personal
~ommumcatlOn)). Ihe dlstnbutlOn of gramtOld zones was also shown to be westward mIgratIOn, 1.e.
Rounterclockwlse rotatmg a httle sn 10 Northeast ChmaJ

Magmatism of the Yanshaman Penod was extremely active 10 the Yanshan-westLJaonmg-Tmhang-1
shan areas of North China. In the eastern area Early Jurassic volcanic rocks of the Nandaling and Xingj
Ilonggou formations (185-170 Ma), conslstmg mamlyof basalts and andeSItes. occurred 10 rather narrowl
lzones along ENE trend10g faults. In the western area MIddleJurassIc volcamc rocks, mamly andesltes,1
pf the DIaojlshanand Langl formatIOns (170-155 Ma), are dlstnbuted WIdely along NE trend10g faults.
~n northern TaihangshanLate Jurassic rhyolites ofthe Baiqi and Zhangjiakouformations (155-135 Ma~

lare dlstnbuted mamly along NNE trendmg faults. At dIfferentpenods 10 the JurassIc,volcamsmeruptedl
lalong transpressional faults with different orientations, corresponding to the change in the orientationl
pf the fold axes 10 North Chma. From the Early to Late JurassIc the fold axes and volcamc eruptlOnl
lzones all trend ENE, NE or NNE, showmg the counterclockwIserotatIOn (Bao YG et aI., 1995). Graj
Initoids intruded during the YanshanianPeriod in the Yanshan-west Liaoning-Taihangshanareas had al
SImIlar dlstnbutlOn to the volcamc rocks, however 10truslve actlVlty was not contmuous. Also dur10g
[he Yanshaman Tectomc Penod, mtermedlate-acld magmatIsmoccurred separately along the northernl
boundary fault of the former Sino-KoreanPlate.

[ntermedlate-acld mtruslOns were emplaced 10 eastern Shandong and eastern Llaomng 10 the Mlddl~

land Late Jurassic. Recently,WanTF et ai. (2001) studied the Linglong granitoid complex, the largest inl
INorth Ch1Oa, and recogmzedthat although It IS mIxedWIth manypre-Cambnan metamorphIc1OcluslOnsJ
[he major body was mtruded dunng the MIddleJurassIc (170-153 Ma). The 1OtruslOn forms a sheet-hk~
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~'Ig. 7.9 DlStnbutlOn of magmatIc source areas and faults near the MohorovicIc dlScontmUlty and bottom of hthospher~

~unng Yanshaman Stage (205 135 Ma) m eastern Chma (Wan TF et aI., 2008).

Numbers of legend: 1.continental crust almost without magmatism; 2. continental crust with obvious magmatism; 3.
nceanic crust; 4. compression orientation in crust; 5. subduction zone, thrust or reverse fault; 6. normal fault with strike-I
Islip;7. magmatic source depth data near Mohorovicic discontinuity (data shown in Appendix 7); 8. magmatic source depth!
~ata near bottom of hthosphere (data shown m AppendIx 7).

Numbers of faults: 1. mferred subductIOn zone between contmental and oceamc crusts of eastern Chma dunng Yan-I
shanian stage (Japan Islands were located west to the zone, which due to rare data can never be reconstructed); 2. bound
ary between obvious and weak magmatism during Yanshanian stage; 3. Tancheng-Lujiang reverse fault zone; 4. Yan-I
shan (Shangyi-Gubeikou-Pingquan)-Yinshan normal fault with dextral strike-slip; 5. East Taihangshan lithosphric reverse]
Ifault; 6. southwestern Shanxi reverse fault; 7. North Dabie-Qinling normal fault with dextral strike-slip; 8. Ruichang-j
gmjIang-Dexmg normal crust fault; 9. northeast JIangxI reverse fault; 10.Shaoxmg-Shlwandashan reverse fault zone; I I.
[Jayuhng-North WUYlshan thrust zone; 12. Shaowu-Heyuan thrust; 13. Nanhng hthosphnc fault; 14. Heyuan-Fugang:.j
[Jarongshan normal fault wIth dextral stnke-shp; 15. Changle-Nan'ao thrust; 16. 'Ionghn WNW trendmg normal faultJ
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[Fig. 7.10 Distribution of magmatic source areas and faults in crust during Yanshanian Stage (205-135 Ma) in easternl
Chma (Wan IF et aI., 2008)1

Numbers of legend: I. continental crust almost without magmatism; 2. continental crust with obvious magmatismi
13. oceanic crust; 4. compression orientation in crust; 5. subduction zone, thrust or reverse fault; 6. normal fault withl
strike-slip; 7. magmatic source depth data in crust (data shown in Appendix 7)1

Numbers of faults: I. mferred subductIOn zone between contmental and oceamc crusts of eastern Chma dunng Yan-I
Ishaman stage (Japan Islands were located west to the zone, whIch due to rare data can never be reconstructed); 2.
Iboundary between obvIOUS and weak magmatism dunng Yanshaman stage; 3. Hmcheng-Lujtang reverse fault zone; 4.
IYanshan (ShangYI-Gubelkou-Pmgguan)-Ymshan normal fault wIth dextral stnke-shp; 5. East Imhangshan hthosphnc re-I
Iversefault; 6. southwestern ShanxI-MIddle ShanXIreverse fault; 7. North Dable-Qmhng normal fault with dextral stnke-I
Islip;8. Mufushan-Hengshan fault; 9. Jiuling-Hengdong reverse fault; 10. northeast Jiangxi reverse fault; 11. Shaoxing-]
Shiwandashan reverse fault; 12. Dayuling-North Wuyishan thmst zone; 13. Shaowu-Heyuan thrust; 14. Zhenghe-Dapu-]
panhuashan thrust; 15. Changle-Nan'ao thrust; 16. Heyuan-Fugang-Darongshan normal fault with dextral strike-slip.

~atholith less than 10 km thick, covering an area of more than 3,000 km2, which has been exposed b~

~he erosion of about 3 km of overburden since the JurassIc. The magma was mtruded at the mtersectlOnl
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JI, Early JurassIc magmatic zone; }Z, JurassIc magrnauc zone; l}, JurassIc magmatic zone. Big red rotauon arrowl
Ishows the rotanon dlreclionof magmalic zone.

~. JurassIc basm;2. Mountams; 3. Volcamc rock; 4. Shallowsea; 5. Gramte;6. Foldaxes, antlcltnes; 7. Reverse faultl
fir thfUst belts; 8. Normal fault; 9. StrIke-sltp fault; 10. Number of areas; 11.Trace of maximumprIncipal compresslvel
Istress (0"1 ).

pf a main strand of the Tancheng-Lujiang Fault Zone and a low angle thrust, at a depth of about 20 km.
IAt thiS IntersectIOn, crustal rocks were partIally melted to form gramuc magma, whIch was Intrudedl
~astwards and upwards along the thrust plane.

[n South China volcanic rocks erupted in the southern Jiangxi, southwest Fujian and eastern Guangj
klong areas In the Early and MIddle JurassIc. 'I he rocks are mainly bImodal intermedIate-basIc rocksJ
IWlth about 70% basalt, forming an east-west trending volcanIC belt, wIth ISOtOPIC age of around 1701
Ma (Lai ZZ et al., 1996; Tao KY et aI., 1998; Zhang BT et al., 2002). The basaltic magma may hav~
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Ibeen Intruded along a partIal detachment near the Mohorovicic dlscontInmty, caused by underplatIngl
lin the lower crust, and then erupted to the Earth's surface, together with a slight admixture of crustall
Imatenals, along E-W trendIng extensIOnal faults (Chen PR et aI., 1999). Gramtes In South ChIna ar~

Rommonly hIghly aCId, wIth an average SIal content of 73.25%, hIgher than Precambnan gramte§
Iwhich have an average SiOl content of 62.1 %, and a higher total alkali and rare earth element content.1
II'he gramtes are maInly of S-type remelted crust and secondary A-type syntactIc crust and mantle. I'heul
~ssential and accessory mineral contents, SiOl, KlO+NalO, the characteristics of [Fe3+j(Fe3+ +Fe 2+JL1
IAha3/(Kla+Nala+CaalI, corundum standard mmeral, trace elements, rare earth elements and IS01
[opes (Sri, 8 180 ) for different types of granites are given in the related references (see Gilder et al.,1
!22§)J

[n South Chma the gramtes show clear zomng. Zhan MG (1994) synthesIsed earlIer studIes to shoW
~hat from the Triassic to the Cretaceous granitic intrusions migrated gradually eastward, volcanic zone§
lalsomIgrated sImIlar to gramtIc zone (FIgs. 7. I I and7.12). Tnasslc gramtes occur maInly In the Shlwan1
~ashan-Changsha area, r.e. the southwest section of ShaoxIng-Shlwandashan CollIsIOn Zone. Apartl
[rom syn-collision granites, there are many small granitic bodies intruded along N-S extensional faults.
IEarly JurassIc S-type gramtes are located maInly In central and southwestern Jlangxl, MIddle Jurasslq
gramtes extend mamly to the north and east of hangxI, Late JurassIc gramtes occur to the west of
~hejiang, west Fujian and east and central Guangdong. The granitoids are all formed in the middle crustl
pr near Mohorovicic dlscontmUlty (AppendIx 7) and mfluenced by counterclockWIse rotatIOn of crustl
(Fig. 7.1 q

IHowever, A -or I-type gramtes of JurassIc age are located maInly along WNW extensIOnal faults,1
such as 10nglIng of Anhm, southeast Hubel-northeast Jlangxl, central Hunan and west Guangdongj
~here is only one intrusion along the NNE Zhenghe-Dapu-Lianhuashan Fault Zone. Cretaceous granite§
lare developed only m the coastal areas of Zhejlang, FujIan and Guangdong. LJ Wuxlan and Zhou XM
(1999) also found that the ages of the magmatIc rocks become gradually younger from west to east,
land that thelf composition vanes from calc-alkalIne to calc-alkalIne WIthhIgh potassium content. Zhanl
MG (1994) proposed that the emplacement of the granitic intrusions was controlled by a series of NEI
~rending thrusts and detachments in the crust. His suggestion provides a convincing explanation for th~

~lstnbutlOn of gram tICrocks In South ChIna.
~han MG (1994) found that from 'Inasslc to Cretaceous the centre of gramuc mtrusion rotated andl

Imigrated eastwards for about 420 km, with an average rate of displacement of 0.24 cm/yr (Fig. 7.9).1
[)unng the Yanshaman Penod the zone of gramtlc mtruslOn gradually mIgrated eastwards for abou~

180 km at an average rate of 0.26 cri17yr. 'I he depth of formatIOn of the S-type (remelted crust) gramtIij
~agma in South China was 15-22 km, i.e. about the depth of the low seismic velocity layer of th~

Imlddle crust (Zeng AL, 1995 (AppendIx 7)) and the ongmal depth of formatIOn of A-or I-type gramtIi.j
Imagma was at 32-42 km, i.e. near that of the Mohorovkic discontinuity (Teng JW, 2002 (Appendixl
17». In the lIght of the dISCUSSIOn above concernIng the rotatIOn of eastern ChIna, the eastward mlgratlOnl
pf gramtlc mtruslOn m South Chma could be the result of counterclockWIse rotatIon of the East ASlanl
continent crust (Figs. 7.2 and 7.11).

IWhere no tectomsm occurs m the lIthosphere, the lIthosphere remams stable and solId under the conj
~rol of gravity and magmatic chambers cannot form. Where tectonism, rock deformation and migrationJ
pr any other patterns of deformatIOn, IncludIng extension, compression or sheanng, occur, rock fracture~

pr ductile shears can develop, resulting in the formation of tectonic weakness zone, detachment and th~

[elease of pressure. In a deep and enclosed environment, release of pressure causes an increase of temj
iJerature. When the temperature exceeds the meltIng POInt of rocks, the magmatIc source areas occun
IWlth the partIal meltmg to form magma. Thus, based on the data of the depth of magmatIc sources froml
~ifferent areas during particular tectonic periods, the inversion of space position of local tectonic de1
[achment and sphere mteractlOn could be realIzed (AppendIx 7). MagmatIc source areas do not form ml
~ontinentallithosphere with a great thickness and low thermal gradients, although tectonic detachmen~

IWlthIn the lIthosphere or at the base of the lIthosphere may have occurred.
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11. 1-Inasslc intrusions; 2. JI-EarlyJurassIc mtrusions; 3. h-Mlddle JurassIc intrusions; 4. h-Late JurassIc mtrusions;
15. Kj-Early Cretaceous intrusions; 6. Kz-LateCretaceous intrusionsI

II'he author proposed that the eastward migratIOn of the zone of gramtlc intrusIOn In South Chlnal
Iwas controlled mainly by detachments In the low seismiC velOCity layer In the middle crust, and by th~

~astward propagation of piggyback thrusts (Fig. 7.13). These are the largest thrusts known in eastern
~hlna. The flat-lYing thrust planes are closely parallel to the maximum pnnclpal compressive stres§
(almost honzontal) Witha small amount of vertical extensIOn at that penod. Steep thrust planes are obj
IVlOusly compressive and gramttc intrusIOns In these areas often show strong fohatlOn. I he IntersectlOnl
pf high angle fault planes With major thrusts or ductile shear zones In the middle crust or at the M01
!"Jorovlclc discontinuity would have the effect of partially decreasing the pressure and then increasing
~he temperature, thus causing the formatIOn of gramtiC magma and ItS upward movement. Controlledl
Iby propagating thrusts, magmatism migrated gradually eastwards In South China With time, Influencedl
~uring the Yanshanian Tectonic Period by the counterclockwise rotation of the East Asian continent and
IWNWtrending compression. The source area for the formatIOn of gramtlc magma was located near th~
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~iddle crust or Mohorovlcfc discontinuity, where the temperature is usually 700-900°C. At the earth's
surface this temperature is sufficient to cause the melting of rocks, but with increasing pressure at th~

k1epth, thts temperature tSnot suffictent, so that when the crust tS stable, melttng tS tmposstble. The tmj
Ipltcatton tS that magma sources were localtsed at the tntersecttons between regtonal branch faults andl
~etachments tn the mtddle crust or at the Mohorovicic dtsconttnUlty, where magma was formed wtth th~

~eductton of pressure.1
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IFIg. 7.13 Detachments 10 the crust, locatIOnof gramtes and the thickness of the lIthosphere 10 South Chmal

T. Area of Triassic granites; 1). Area of Early Jurassic granites; h. Area of Middle Jurassic granites; h Area of Lat~

~urassic granites; K. Area of Cretaceous granites]
A. Shaoxing-Shiwandashan Collision Zone, Triassic crustal fault; B. Jurassic middle crustal detachment and over-I

'hrust with piggyback propagatIOn; C. Cretaceous crustal fault along the FUJlancoast; D. Recent FUJIan- [mwan thrus~

Isystem; E. [hlcker lIthospherIc mantle (contmental type), west of Hengyang; F. [hmner lIthospherIc mantle (oceamcl
Iype), east of Hengyang; Moho. MohorovIcIc dlscontmUity; LB. Base of lIthosphere. [he transitIon zone of IIthospher~

Iype ISnear Hengyang, east to It ISthe thm lIthosphere with contmental crust and oceamc IIthosphenc mantle, and west tij
,t is the typical continental and thick lithosphere.

~nother Important reason for the localtzatlon IS the vanatton tn the thickness of the ltthosphenc manj
~Ie. Areas of magmatism in eastern China during Yanshanian Period extended eastwards to Dahinggan-I
Iltng, western ShanxI, Wultngshan and Shlwandashan. However, to west of that ltne the magmatic acltvlt}j
Iwas very weak (Wan TF et aI., 2008) (Figs. 7.9 and 7.10). This boundary is close to the present zone of
Ihlghgravity gradient which extends from Dahtngganlmg to 'lathangshan and Wulmgshan. I'he presentl
!ligh gravity gradient marks not only a change in crustal thickness, but also a change in the thicknes§
pf the lithosphere, where the mantle passes from a western continental-type lithospheric mantle (contij
rental mantle) with a thickness of 60-120 km to an eastern oceanic-type Itthosphenc mantle (oceanlCj
Imantle) (Chi JS, 1988) with a thickness of about 40 km, that IS, from a western conttnental ltthospherel
~omposed of conttnental crust and conttnental mantle to an eastern tranSitIOnal ltthosphere composed of
~ontinental crust overlying oceanic mantle (Figs. 7.9, 7.10 and 7.13) (Wan TF, 2004; Wan et aI., 2008)J
[hus, the author has proposed that during the Jurassic there was a continental lithosphere, showing rar~

rJagmatlc acuvity as far west as the Dahmgganlmg-western ShanxI- Wultngshan-Shlwandashan Itne,1
Iwitha transitional lithosphere and strong magmatic activity to the east of this line. In this type of thinnen
~ranSlltonalltthosphere, the depth of the base of the ltthosphere, with a temperature of 1,200°C, IS onlyl
PO-80 km. Both the temperature and the geothermal gradient Will be higher than those tn conttnentall
Iltthosphere. When local tectonic detachment occurs wlthtn a ltthosphenc plate, a magmatic source areal
liS eaSily formed. Local tectonic detachments can also have occurred m the conttnental ltthosphere to th~
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Iwest of the Dahmgganlmg-western ShanxI -Wulmgshan-Shlwandashan Ime, but due to thIckness of
~ithosphere of more than 100-120 km, the temperature and the geothermal gradient are relatively 10w,1
land a magmatIc source area ISnot easJiy formed.1

lit seems that counterclockwise rotation of China, wIth the eastward movement of continental crustl
rver thin, hot, oceamc hthosphenc mantle, may have combined to cause wIdespread gramtic magmatlsml
1m eastern Chma dunng the JurassIc.

IRecently, facing the same facts, Li WX and Zhou XM (1999) proposed another explanation. TheYI
~onsldered that the wIdespread magmatIsm m eastern Chma dunng the JurassIc was caused by a changel
1m the angle of subductIOn m the subductIOn zone on the eastern margm of the Chmese continent. Froml
~he relationship of the angle of subduction to the position of the magmatic arc, they calculateed that
[he angle of subduction of the paleo-oceanic plate beneath Chinese continent increased from lOOt9
150° between 180 and 85 Ma. Based on theIr hypothesIs, magmatic act1V1ty dunng the JurassIc represent§
lapaleo-arc m South Chma, hke the Andes on the eastern margm of South Amencan contmental plate.
IHowever,m South Chma the gramtes are largely aCId,wIth no andesItes at all; most volcamc rocks havij
labimodal pattern, formed by crustal melting, casting doubt on this hypothesis.

ILater,Zhou XM et al. (2000) proposed that magmatIsm m South Chma was due to underplatmg of
[he crust by mafic magma. However, thIs underplating hypothesIs ISnot supported by any reasonable evj
lidence. Although some lower crustal inclusions have been found (Du YS et aI., 2003), mantle inclusion~

[lave never been reported from any of the gramtes In South China. BaSIC magmatIsm occurred along]
~-W trending extensional fault zones in the south Jiangxi, southwest Fujian and east Guangdong areas,1
~unng the JurassIc penod. If underplatmg by mafic magmas dId occur, It ISnot the mam mechamsm fori
~he formatIOn of the WIdespread gram tICmtrusions in South Chma.

[n western China magmatism was not very important during the Yanshanian Period. In Qinghai area,1
[here are four N-S trending tectono-magmatIc zones. The typIcal magmatic zone ISthe Ngolashan Zonel
(centered on 99°E, 36°N) m whIch many separate Yanshaman gramtOlds occur along an N-S trending]
~everse fault (Bureau of Geology and Minerai Resources of Qlnghm Province, 1991). In XinjIang mostl
[granitoid magmatism occurred in the Late Paleozoic and Triassic, however, a large number of Jurassicl
IK-Ar isotopic ages (190-140 Ma) have been obtained, and show that there was a tectono-thermal even~
~unng the JurassIc (Bureau of Geology and Mmeral Resources of XmJlang Oygur Autonomous Re-I
[lilOn, 1993). 'I here was also extensive gramtOld magrnausm in the QIangtang, Gangdlse and Hlmalayanl
areas (Bureau of Geology and Mineral Resources of Xizang (Tibet) Autonomous Region, 1993). In
southwestern Chma, JurassIc ophlOhtlc rocks along the Bangongco-Nujlang (3 m FIg. 7.6) and Yalungj
gangbo (1 In FIg. 7.6) zones represent subducted paleo-oceamc crust, mdlcatlng that the Gangdlse andl
!HImalayan mIcro-plates lay wIthin the 'Iethys Ocean In the southern hemIsphere (J and K In FIg. 7. q
land were not connected to the Eurasian continent at that time.

IBased on the chemIcal composItion of 2984 samples of magmatic rocks (AppendIx 5.6), the rates of
rJovement have been estImated for 75 areas throughout the Chmese contment. 'I he average rate of WNWI
1mtrap Iate shortening dunng the Yanshaman 'Iectomc Penod was 5.6 cm/yr. The average rate of N-S
~xtension in Tethys Ocean, south of the Qiangtang Block, was 1.6 cm/yr. In the Yanshan, Jiangxi, Eastl
Hunan, Guangdong and GuangxI areas the average rate of WNW shortening was 6.0 cril7yr, and morel
Ithan 6.0 cril7yr In the Kunlun, Qmdam, Henduanshan, Qiangtang, Gangdlse and HImalayan areas (FIg.
r.6). The regional distribution of rates of shortening higher than average ones suggests that the combined
~ffects of the northwestward subduction of the Izanagi Plate and the southwestward subduction of th~

[>acific Plate produced a region being of relatively high stress and strong deformation in the KunlunJ
IQaldam, Henduanshan, Qiangtang, Gangdlse and HImalayan blocks. In the stable crystalhne basemen~

rf Ordos, SIchuan, Tanm and Inner Mongoha the average rate of WNW shortening was less than 4.Q

frll/Yfl
[{'hemost Important tectomc event dunng the Yanshaman Tectomc Penod was the 20°_30° counterj

~lockwise rotation of the Chinese continent crust, influenced by the westward migration, subduction andl
~ompresslOn of the Okhotsk (a part of Amencan Plate) and Izanagl plates, formatIOn of the Wandashanl
K=ollision Zone, development of detachments and thrusts in the middle and lower crust underneath th~
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INeocathayslan 'Iectonlc System, followed by wIdespread tectono-magmausm In the above transltlOnall
~ithosphere of eastern China.
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Chapter S
Tectonics of'Middle Epoch of' Early Cretaceous-Paleocene
(The Sichuanian Tectonic Period, 135-56 Ma)

-jormatlOn oj the Sichuanran TectonicSyste~
-development of the basin and range tectonics in eastern Chin~

-clockwIse rotation oj the pnnclpal stress orientatIOn
-jormation oj the Banggongco-Nujiang Collision Zon~

[I'he Sichuaman movement or tectomc event was first Identified by Tan XC and [I CY (1948), whll~

~onducting geological survey in the Xikang area, western Sichuan Province. They recognized the dis1
~lnctive tectomc charactenStiCS of this penod, and appreCiated that they were different from the Yan1
shanian and Himalayan Periods. They considered that the main tectonic event occurred in the Lat~

K=retaceous or at the end of the Cretaceous, because in the middle of last century the stratigraphy wa§
rot very well estabhshed.

Many subsequent researchers came to the same conclusion, supposing that there was a continuousl
~ectonic evolution from the Jurassic to the Cretaceous, and regarding the NNE trending structures relat1
ling to compressIOn In the JuraSSIC, and those relating to extensIOn In the Cretaceous as part of a slngl~

~ectonic cycle (Huang JQ, 1945; Huang JQ, 1960; Zhao ZP, 1959). In the last 50 years, it has been es-I
~abhshed by reglOnalgeologIcal survey and detailed study that the contacts between the Cretaceous andl
faleocene are conformable in most areas of China, with no evidence of any tectonic event. Concerningl
~he Sichuanian Tectonic Event represented by a small angular extensional unconformity, according to th~

rIder stratigraphic d1V1slOns, between the Kongdlan and ShaheJle formatlOns, or between the Shasl andl
IShasanmembers of Shahejie formation in northern China (2, 3, 5 in Fig. 8.1), recently, most researcher§
~ecognized that it occurred mainly at the end of the Paleocene. These angular unconformities were firstl
Inotlced by Tang Z (1979), who appreciated that these tectomc events were not related to Hlmalayanl
~ectomsm, but related to the first epoch of the "North Siman" movements. However, as shown In Chap1
~er 7, Wan IF and Zhu H (1989) suggested that In accordance With the pnnclple of pnonty, the terml
"Sichuanian Tectonic Event" or "Sichuanian Tectonic Period" should be used for tectonic events whichl
pccurred mainly during the Cretaceous and Paleocene. The China National Commission on Stratigraj
iJhy (200 I) has defined the Sichuaman 'Iectomc Penod as commencing In the middle penod of the Earl)J
K=retaceous and continuing to the end of the Paleocene, i.e. between 135 Ma and 56 Ma from recent
lisotopic data.1

~vents of the Sichuaman Penod occurred over most of China dunng the Cretaceous-Paleocene. Th~
~eposlts are mainly red clastic sediments of alluvial fan and fluvlal-Iacustnne faCies, WIth some volcamq
rocks. 'I hey represent deposltlOn In hot continental and and environments In which gypsum and haht~

Iwereformed. Relict marine deposits occur in the southwestern part of the Tarim Basin and in southernl
IXlzang ('Ilbet). In Northeast China, Inner Mongoha and northern XinJiang, there are massive accumu1
IlatlOns of orgamc matenal, formed In warm, humid climatiC conditIOns. There was very little tectomq
activity in northwest China during the Sichuanian Period, the Jurassic, Cretaceous and Paleogene se-I
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klImentary systems are largely conformable, wIth weak deformatIOn and break in deposItIOn occurnngl
pnly near fault zOnes.

18.1 Intraplate Deformation andtheStress Field

lDeformatlOn m the Slchuaman Penod consIsted of open folds on WNW trendmg axes, WNW trendmg
pverthrusts, NNE trendIng normal faults and NE or NW trendIng stnke-slIp faults, formed under th~

linfluenceof a tectonic stress field comprising the Sichuanian Tectonic System~

[n the Slchuaman Penod, open folds formed on WNW trendIng axes are wIdespread. The broadJ
[gently undulating strata appear to have been irregularly deformed, but the trend of fold axes withinl
Ibasms IS relatIvely constant, and only on the margms can strata dIp towards the center of the basms.
II'housands of folds wIth curvIlInear axes on a macro-to meso-scale have been IdentIfied dunng reglOnall
geologIcal and petroleum geology surveys (AppendIx 3.6). DIps of fold lImbs are mamly at low orl
lintermediate angles (I °_30°) (1,2, 3, 5, 8 in Fig. 8.1; Fig. 8.2). Axial traces of folds range in lengthl
OCrom several to hundreds of kIlometers, and most fold aXIal planes are almost vertIcal, especIally In th~

southern Sichuan Basin (6 in Fig. 8.1) which is a reason why the tectonic system is called the Sichuanian.1
IOn the QInghaI-XIzang Plateau In the vlclmty of the Banggongco-Nujlang CollIsIOnBelt, the folds ar~

~Iose, and the axial traces of the folds are either parallel to the trend of the collision belt, or intersecting
litat low angles. In the middle and western Yunnan and Hengduan Mountains (25°-32°N, 99°-I03°E~
~he folds are very close and fold limbs dip at intermediate to high angles (30°-70°). In that area thg
~rending of fold traces trends NNW-SSE, influenced by strong later tectonism. In most of Southern andl
Northern ChIna, fold lImbs dIp at IntermedIate to low angles, but In NE ChIna, fold lImbs dIp only atl
~ow angles «5°). Evidently tectonic stresses in the Sichuanian Period were stronger in SW China thanl
lin NE (:hina

lIable8.1 ShortenmgratIO, shortemngmagmtude, foldmgdeformatIOn limeand lInearstramrate m the SlchuamanPerlO~

Area

Longitude
IStatisticallength (km)
Mean limb angle of folds
[amount of data)
!Shortemng ralio (%)
!Shortenmg magmtude(km)
Rate of shortening(cm/yr)

foldmg deformatIOn time (Myr)
linear strain rate (E, lis)

Helanshan
East Yunnan

20.6'
(490)
6.39
136
5.1
2.7
7.5 x to 16

lto°-120'E
3,600

(768)

11.46
413
5.0
8.2
4.4 x to 16

1200-135'E]

3,100

(313)1
6.271
194
5.~

losmg the fold data and the rate of plate shortenmg, the shortenmg ratIO,the shortemng magmtudeJ
~he foldmg deformatIOn tnne and the lInear stram rate dunng the Slchuaman Penod have all been es-I
~imated (Table 8.1). Because the trend of the fold axes formed during the Sichuanian Period is mainlYI
IE-W, the amount of shortenmg was calculated m an N-S dlfectlOn. Therefore, the followmg three sec1
[ions, Helanshan-East Yunnan (l05°E), Hingganling-west Guangdong (llOo-1200E) and Laoyeling-j
~oast of FUJlan(120 0 -135°E), were chosen, and regIOnal shortemng rauos were estImated separately.1
[Theshortening ratio in the Hingganling-west Guangdong section was the greatest (11.46%); the short
rning ratio in Helanshan-East Yunnan and Laoyeling-Coastal Fujian sections is only half that amoun~
(6.27%-6.39%). It demonstrates that in the Sichuanian Period the shortening ratio in every area was sig1
~iIficantly lower than durmg the lndoslman and Yanshaman Penods. In the Slchuaman Penod the lengthl
pf time over which intraplate deformation and folding took place was between 2.7 and 8.2 million years,1
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IFlg.8.1 DeformallOn m Ihe Slchuaman Penod.

II. Sketch of a seismic profile from the east Tarim Oilfield (Xinjiang), faults penetrate all the systems below the PaleJ
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kJgene (unpublished data of Xinjiang Petroleum Bureau); 2. Seismic profile from Bayanhot (Inner Mongolia), with twq

~ngular unconformities, reverse faults occur below the Cretaceous System, and normal faults penetrate the Cretaceousl

~nd the older systems (Wang TH, 1995); 3. Sketch of the Song I seismic profile in the Songliao Basin, Jurassic antl

cretaceous systems form acontmuous sedImentary successIOn(unpubhshed data of ExploratIOnand Development lnstltut~

kJfthe Daqing Oil Field); 4. Geological profile from Domar, northern Rutog, Tibet, the contact of Jurassic and Cretaceous

Isystems are either disconformable or faulted (Guo TY et al. 1991); 5. Geological profile near Ningjin, central Hebei,1

~orth Chma. [he JurassIc and Cretaceous systems are not dlstmgUlshed as sedimentatIon was contmuous (unpubhsheC!

~ata from Zhongyuan Oilfield); 6. WNW trending folds of the Sichuanian Period are superposed on NE trending fold~

fif the North SmIan Penod at southern Luzhou, Sichuan (Chmese Academy of GeologIcal SCIences, 1973); 7. Sketch ofl

la telluric electromagnetic sounding profile (MT) in the Dabie Mountains, UHP = ultrahigh pressure metamorphic zone;

Ithrustswere formed after the Cretaceous (Zhang GW et al. 200 I); 8. [he ShUlglanBasm, west of Fujlan, a fault depresslOnl

Ibasmcontrolled by normal faults extends to both north and south, the aXIsof foldmg of the Cretaceous m the basm trend§

lWJIIW:

13%-10% of the length of ume of the whole SlchuanIan TectOnIC PerIod. I he Imear stram rate wa~

~etween 7.5/ 1O-16/s and 4.4/ 1O-16/s, indicatingthat the deformationprocess was rheological (Tabl~
[]I

I"'D.-ca<Ctac-f"'rCCoccmc-2"',"0"'OTI8"f~oTCldrcs'(CCI',0V"3"'2'-accnC<tl--Cc"h~nccesC-=-an=-dTTI9'"'7T6's=-yCCnc~lccmcceC=s')~taCTkCCeccn--'f~roccm~trh=-e're=-g~lccon=-a~l~gCCeC=oTlo=-gC'lccca~I--cs=-ucc;r1

Iveys, and data from 281joint observationpoints, measuredby the authorand his colleaguesweredivided
~nto 50 areas and analyzed statistically(Appendix3.6). In the present coordinates the preferred atritude
pf the maximum principalcompressivestress axis (all during the SichuanianPeriod in the China wa~
~E240 L3 0, that of the intermediate principal compressivestress axis (i.e. trend of fold axis, (2) wa§
~W296°L3° and that of the minimumprincipal compressivestress axis (a3) was SW203°L80°, being
Inearly vertical(Figs.8.2 and 8.3).The resultof the appliedtectonicstress fieldin Chinacontinentduring
~he SlchuanIanPerIodwas mamly NNE-SSW shortenIngand ESE-WNWextenslOn.1

!Data from 176calculatIOns of the magnItudeof tectOnIC stressdUrIng the SlchuanIan PerIod,tested b}1
~he authorand his colleagues,werecollectedfrom 19areas (N.B. the area of collection,rocktypes tested,1
ImInerals tested, numberof samplesand the averagevalueof dIflerentIalstress are shownInAppendIx~
(Fig. 8.4)). The amount of tectonic stress calculatedexperimentallyfor the SichuanianPeriod is greate~

~han for any of the perIods tested. I'he average valueof dIfferentIal stress was calculated as 107.4MPa.
II'he vanation in the valueof dIfferentIal stress from one area to anotherIS gradatIOnal. DIfferentIal stres~

Iwas stronger in the southwest and weaker in the northeast, reaching 183.5 MPa in the Ngari-Yarlungl
gangbo area of TIbet, and was about 145 MPa m the Qmhng-Dable area. In northern and northeasternl
~hIna, dIfferentIal stress values are about 90-100MPa, exceedIng100 MPa only near fault zones, suchl
las the Tancheng-LujiangFault Zone (Appendix4)j

II'he calculated values of dIfferentIal stress decrease from southwest to northeast, showmg that tec1
~onic stressduring the SichuanianPeriod originatedin the southwest,presumablydue to the rapid northj
~astward mIgratIOn of the IndIanPlateand the subductIOn of the TethysOcean. Whenplotted on tectonIq
reconstructIOns (FIgs. 8.4 and 8.7), the value of dIfferentIal stress decreases over a dIstanceof ~5,000l

~m from 183.5MPa in the Ngari area, to only 90 MPa in the northeasternChina (WanTF et aI., 2002)J
[I'he valueof tectOnIC stressdecreasedgradually at a rate of ~1.8MPa per 100 km, when the stress wa§
[ransmlttedthrough a contInentalcrust.

~everse faults or overthrusts wIth the same WNW-ESE trend as the folds cut the folds and pene1
~rate the Paleocene,Cretaceous and the underlymg systems. Earher WNW-trendmg normal faults havij
!Jeen converted into reverse faults or thrusts. The most important fault zones in China are the fan-typel
~hrust zone, margmal to the Qmlmg-Dable IectOnIC Belt (7 m FIg. 8.1) (Zhang GW et aI., 2001), onl
[he southern SIde of the Wudangshan-southernfrontal Dableshan overthrust, south of the Dabashan~

fangxian-Ouangji overthrust (18 in Fig. 8.2) (Cai XL, 1995), and the north frontal Qinling overthrus~

(Wushan-Baojl-Luonan-Fangcheng Thrust Zone) (20 In FIg. 8.2); the Shangdan-TongbaI overthrus~

lzone (19 in Fig. 8.2); the Zhucheng-RongchengThrust Zone (21 in Fig. 8.2) (ZhangOW ei aI., 2001).
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Fig.8.2 Tectonic sketch of the Chinese continent in the Late Sichuanian Period (135-99 Ma).

II. Granite of the Sichuanian Period; 2. Volcanic of the Sichuanian Period; 3. Rate of intraplate deformation, estimatedl
[rom the chemical composition of magmatic rocks, "-" is rate of extension, others are rates of shortening (unit: cm/yr) (dat~

,n Appendix 5.7); 4. Ophiolite and ultramafic rocks of the Sichuanian Period; 5. Numbered collision zones or thrust belts;1
~. Numbered normal and strike-slip faults; 7. Block boundaries or faults with weak activity, unnumbered; 8. Anticline fokf
~es (data in Appendix 3.6); 9. Trace of maximum principal compressive stress (crl); 10. Direction of plate movement]
11. Areas wIth angular unconformIty; 12. Aieas wIth conformIty or dlsconformltyJ

The names of numbered plate boundaries, collision belts and fault zones: mYalungzangbo Suture Zone, wilh oceaniq
"rust; 121Gerze-Nyaingentanglha reverse fault; 13lBanggongco-Nujiang Collision Belt; 141Shuanghu-Lancangjiang re-I
Iversefault; WKangxiwa-southernmost Tarim strike-slip and reverse fault zone; [§] Altun sinistral strike-slip fault zone;
llJ Ruoqiang-Dunhuang reverse and sinistral strike-slip fault; lID Korla-Wuqia overthrust zone; l2J Nilek-Yilinhabirgal
reverse fault zone; I!Q] Bogda reverse fault; I!!J East Kunlun reverse fault or central Kunlun fault; 1!11 Northern Kun-I
Ilun (southmost Qaidam zone) reverse fault; [3] lunulshan-southernmost Qinghai Lake (northernmost Qaidam) reversel
[ault zone; [4] linshajiang-Honghe dextral strike-slip and reverse fault zone; [5] Anninghe dextral strike-slip and reverse!
[ault zone; [6] Daofu-Kangding dextral strike-slip and reverse fault zone; Ii] Longmenshan sinistral strike-slip and nor-I
fIlal fault zone; 1181 Southern Dabashan-Fangxian-Guangji overthrust zone; 1191 Shangdan-Tongbai overthrust zone; ~ol

K¥ushan-Baoji-Luonan-Fangcheng reverse fault zone; lIT] Zhucheng-Rongcheng reverse fault zone; ~ East marginall
fIuanghai (Yellow Sea) dextral strike-slip fault zone; ~ Southern section of Tancheng-Lujiang dextral strike-slip andl
~ormal fault zone; [;@ Middle section (Liaohe-Siping) of Tancheng-Lujiang sinistral strike-slip and normal fault zone;
IBJ Yilan-Yitong sinistral strike-slip and normal fault zone; I26l Dunhua-Mishan sinistral strike-slip fault zone; [7] Xar-I
Imoronhereverse fault zone; MI Eastern frontal Dahingganling dextral strike-slip and normal fault zone; ~ Liupanshan~

fIelanshan dextral strike-slip and normal fault zone; Iilll Eastern frontal Taihangshan dextral strike-slip and normal faultl
lzone; till Eastern Cangzhou dextral strike-slip and normal fault zone; Ig] Shiwandashan-Shaoxing sinistral strike-sli[1
~nd normal fault; [3] Chong'an-Heyuan normal fault; b\4l Lishui-Lianhuashan normal fault; I35J Changle-Nan'ao nor-I
!nal fault; I36l Shoufeng Fault; [7] Yuli sinistral strike-slip fault zone.1
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IMany E-Wand WNW-trendmg fault zones m westernChma were re-actIVated dunng the Slchuamanl
feriod, withreversefaultsdevelopedalongexistingfracturesurfaces,suchas the Oerze-Nyainqentanglha
[everse fault (2 in Fig. 8.2), the Kongkela-Shuanghu-Lancang-jiangThrust (4 in Fig. 8.2), Kangxiwa-j
south margmalTanm Thrust Zone wIth stnke-slIp (5 m FIg.8.2), the Ruoqlang-Dunhuangreversefaultl
(7 m FIg.8.2), the Korla-Wuqlaoverthrustzone (8 m FIg.8.2), the Nilek-YIlmhablrga reversefault zon~
(9 m FIg. 8.2), the Bogda 'Ihrust (10 in FIg. 8.2), the East Kunlunor Central KunlunThrust (I 1m FIg.
8.2), the North Kunlun Thrust in southern marginal Qaidam (12 in Fig. 8.2) and the Qinghainanshan
~unulshan Thrust Zone on the northern marginof Qaidam (13 in Fig. 8.2).

lIn the SlchuamanPenod, existmg NE-trendmgfaults moved as stnke-slIp or normal faults, becaus~
~hey intersectedthe regionalmaximumprincipalcompressivestress at a low angle, such as Altun sinis-I
~ral strike-slip fault zone (Oe XH et aI., 2001) (6 in Fig. 8.2) and Longmenshansinistral strike-slipandl
Inormal fault zone (17 m FIg.8.2).However, NW-trendmg faults are dextral stnke-shp and reversefaults,1
such as Annlnghe dextral stnke-shp and reverse fault zone (15 m FIg. 8.2), the Daofu-Kangdmgdexj
~ral strike-slipand reversefault zone (16 in Fig. 8.2) and the Jinshajiang-Honghe dextral strike-slipand
[everse fault zone (14 in Fig. 8.2).

IA series of NNE-trendingfaults in eastern China were formed as thrust or reverse faults during th~

IVanshaman Penod, but under NNE shortemngand WNW extensiondurmg the SlchuamanPenod wer~

~onverted into normal faults, with some strike-slip.Some researchershave argued that this reactivationl
Iwas due to elastic rebound following compression.This is a basic misunderstanding of a mechanicall
Roncept apphed to geology. the term of elastIc rebound after compressIOn IS very short, for example, ItI
pccursduringthe transmissionof a seismicwave,whenthe rock returnsto its original stateafter the wav~
Ihas passed. DefonnatlOn in rocks IS plastIcdefonnatlOn, whereafter the removalof the deformmgforce~

~he rock is permanentlydeformed.The climaxesof deformationeventsin the Yanshanian andSichuanianl
~ectonic Periods are separatedby tens of millionsof years; it is impossiblefor elastic deformationto b~

preserved over such a long penod of tIme.
IThe main NNE-trendingnormal faults in the eastern Chinese continent are: the southern section of

~he Iancheng-Lujlang normal fault zone, wIth dextral stnke-shp (23 in FIg. 8.2); the mIddle section of
~he Tancheng-Lujiang (Liaohe-Siping) normal fault zone, with sinistral strike-slip (24 in Fig. 8.2); th~
IYIlan-Yltongnormal fault zone, wIth sInistralstnke-shp (25 m FIg. 8.2); the Dunhua-Mlshan smlstral
stnke-slIp fault zone (26 m FIg. 8.2); the DahmgganlIng east margmal nonnal fault zone, wIth dextrall
strike-slip (28 in Fig. 8.2); the Liupanshan-Helanshan normal fault zone, with dextral strike-slip (22
lin Fig. 8.2); the Taihangshaneast marginal normal fault zone, with dextral strike-slip (30 in Fig. 8.2)j
[he Cangdong normal fault zone, wIth dextral stnke-shp (3I m FIg. 8.2); the Shlwandashan-Shaoxmgj
normal fault with sinistralstrike-slip(32 in Fig. 8.2); the Chong'an-Heyuan normalfault (33 in Fig. 8.2)j
~he Lianhuashan-Lishui normal fault (34 in Fig. 8.2); the Changle-Nanaonormal fault (35 in Fig. 8.2)j
Ithe ShoufengFault (36 m FIg. 8.2) m TaIwan. When they were onented almost parallel to the reglOnall
laxis of maximumprincipalcompressivestress these fault zones operated as normal faults and as normall
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~ Ig.8.4 Values of ddterenlIal stress dunng the Slchuaman Penod (data showed m Appendix 4).1

b. Gondwanan continental blocks before the Indosinian Period; b. Pacific Plate; c. Areas with values of differentiall
Istress > 100 MFa; d. LocatIOns where dltterent131 stress values were measured. Areas With values of dltterentlal stressl
<100 MFa, or without measured data are left white. Index letters of blocks are the same as in Fig. 6.5; the data are giverj
in AppendiX 4.

LocatIOns of collected samples: 1. DilhelShan, JIlm; 2. Fuxm, LiaonIng; 3. North Hebel; 4. NandazaI, western BeIj
limg; 5. East Shandong; 6. Iancheng-Luj13ng Fault Zone; 7. West Shandong; 8. Middle and lower Yangtze area; 9. Lmh31,1
~heJ1ang; 10. FUJ13n; II. Xikuangshan, Hunan; 12. Tongb31shan; 13. Xuong'ershan; 14. ManglIng, QmlIng; 15. Westl
[runnan; 16.Altun; 17.Western Kunlun; 18.Ngari-Yalung Zangbo; 19.Southeastern Tibet]

faults with strike-slip, when they intersected the trace of the maximum principal compressive stress atl
la small angle (WanTF et aI., 1981, 1989, 1992, 1995, 1996;Lin IP et aI., 1990, 1994;Liu MQ et aI.,1
1993;Tao KY et aI., 1998).

II'he present-day landscapeof easternChma wasongmally formeddunng the SlchuanIan tectOnIC Pe1
,"lOd, that IS, formatIOn of a basm-and-rangestructure by E-W extension along NNE-trendmg hstnc andl
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kletachment boundary faults. Basins formed dunng the Cretaceous have remained sedimentary basIn~

,mtil the present day. Cretaceous sediments were the first to be deposited in most of the sedimentaryl
IbasInsIn eastern Chma. Sedtmentary basms were formed m areas where the crystalline basement conj
[amed many high density mafic and basIc rocks relatively depressed under the mfluence of gravity. Mostl
pf these sedimentary basms are half grabens, bounded by normal faults on one Side, but were con1
~rolled by step faults near surtace. Areas affected by tectonic activity Since the PaleozOIC, and IncludIngl
~ower density granitoid intrusions were relatively uplifted to form horst mountain blocks (Xu SO et al.,1
12001). Some researchers have regarded the penod In which the basins were formed as the penod of
~tft development. The penod of nttmg was relatively short-lived so that the basm-and-range does notl
~ave the characteristics of rift system; it is more appropriate to refer to the basins as extensional orl
OCault-depreSSIOn basms.

[he formation of large fault-depression basins in eastern China was controlled by E-W extensionl
land SSW-NNE shortening: e.g. Songliao (Songhuajiang-Liaohe) (centered on 125°E, 46°N); San
~iang (Heilongjiang-Songhuajiang-Wusulijiang) (centered on 133cE, 4TN); Hailar-Erenhot (centered
pn 119°E, 49°N), Hegang m Hetlongjlang Province; Yanjl (centered on 129°E, 43°N), Bohm Bay Inj
~ludIng central Hebel, Huanghua and Llaodong Bay-lower regron of Llaohe; Jlaozhou-Lalzhou (cen1
[ered on 119.4cE, 36.2°N); north Jiangsu-southern Yellow Sea (centered on 121cE, 32SN); Jianghan-j
pongtmg(centered on 122.5°E, 300N), SanshUi m Guangdong (centered on 1l3°E, 23°N); Dunhuang
~iuquan-Minle (centered on 95°-10 ICE, 38°-400N); Tarim; Qaidam; Junggar. In addition, there ar~

[housands of medium to small sedimentary basins in South China in which red beds were deposited.1
ILarger basins are eqUivalent In area to a city and ItS suburbs, medIUm-sized basins are eqUivalent to al
~own and ItS suburbs, while smaller basins are eqUivalent to a Village. I he basins are surrounded b~

II ower mountains or hills

[,arge fault-depressIOn basms developed m northern and northeastern Chma, but medIUm-sized orl
small fault-depressIOn basms developed m South Chma. In the crystalline basement of North Chma, th~

Iweakness zones are separately and Widely spaced (300-400 km), while m South Chma the crystaIlm~

IJasement is more highly fragmented by a large number of NE-trending faults in the upper crust, formedl
k1uring Yanshanian Period. Distances between faults here range from several kilometers to hundreds of
Ikllometers, controlhng the formatIOn of a large number of small or medIUm-sized basIns.1

IRecently, amounts and rates of E-W extension have been estimated for many baSinS formed In Eastl
~hina during the Sichuanian Period. Zhang JS et al. (2002) investigated detachment faults along th~

OCront of Tmhang Mountams. They found that the surtace of detachment extended over a distance of 7q
!Cm, Witha maximum amount of displacement of 17 km; the Width of North Chma basm mcreased m ani
~-W direction by 24%. This detachment occurred before 68 Ma, at the end of the Cretaceous.

~hen QH et al. (1998) investigated the effects of deformation during the Sichuanian Tectonic Periodl
lin the eastern part of South China. They found that NNE trending extension faults were concentratedl
lin mne belts In thiS regIOn: (I) Southeastern Coastal Fault Zone; (2) Shaowu-Heyuan (Sm-Nd ages of
119-106 Ma were obtained from fault rocks), the amount of extensive movement on the HUichang Faultl
Iwas1.36 km, with an extension of 19.4 %; (3) from Nancheng (Jiangxi) to Shanshui (Guangdong) (Rb1
ISrand Sm-Nd ages between 102 and 94 Ma were obtamed from an NE-trendmg baSIC dike swarm atl
['Janxiong), the amount of extension on NNE-trending listric faults was about 4 km, with an extension of
124%); (4) Jlangshan-JI'an of Jlangxl Province (a baSIC vein In Qlanshan gave ISOtOPiC ages of 131-1021
Ma, and the age of uramum mmeralizatlOn was 120-75 Ma), the amount of extension on NE trendmg
faults was 2.8-3.48 km, with an extension of 19%-16.4%; (5) from Pingxiang of Jiangxi-Chenzhou of
IHunan to MaomIng of Guangdong; (6) Changsha-Hengyang of Hunan (fault rocks gave K-Ar ages of
121-85 Ma), the amount of extensIOn on the fault was ~5.8 km; (7) the Yueyang-Shaoyang Fault, th~

lamount of extension of faults on the margins of the Zhiyuan Basin of Guangxi is between 2.8 and 3.4~

!Cm, With an extensIOn of 36%; (8) Changde -Humhua; (9) Wuzhou- Yulin of GuangxI fault zones. 'Ih~

[ormation of these belts was controlled by regional NW-SE extension and NE-SW shortening, by mean§
pf utlhzIng exrstmg fractures, and developing detachments and sometimes exposing metamorphic cor~
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~omplexes. In addItIOn, the extension faults controlled the emplacement of deposIts of uranium andl
other important metal ore deposits.

WlIgh mountaIns,uplands and basInsformed In eastern ChIna dunng the Slchuaman Penod changedl
[he geologIcal envIronment greatly compared wIth the precedIng YanshamanTectomc Penod, provldj
lIng sItes for the accumulatIOn of hydrocarbons and mIneral resources. I'he largest accumulatIOn of
iJetroleum resources found dunng the last halt century IS the DaqIng ad field In the SonghuaJlang
INenjiang Basin, NE China. This hydrocarbon-bearingsystem was formed in the Early Cretaceous withl
Iwarm and mOIst clImate. Because the clImate was hot and dry durIng the later Cretaceous, gypsum andl
[jaiite deposIts were formed In red-bed basIns In many parts of mIddle and south ChIna, such as th~

Zigong Basin in the Sichuan, Hubei and Jiangxi provincesj
NNE trendIng detachment faults, formed on the margIns of many basIns dunng the Slchuaman Pej

[iod, controlled the formation of hydrothermal deposits, such as the Shuikoushan lead-zinc deposit inl
IHunan, the Wubulead-zIncdeposItm ZheJlang,the DaiingkounatIvesIlverdeposItand many hydrother-I
rJal uranium ore deposIts.Cretaceous red-bed basms, largeor small, are the mam sites of resIdentIal andl
lagricultural developmentin southern China at the present day.

lIn western Chma, from western Hunan to the west of the 'Iiuhangshan-Wulmgshan, the Jurasslc,1
~retaceous and Paleogene systems were deposIted conformably. DeformatIOn of the rocks, wIth th~

~evelopment of unconformities, occurred only in the vicinity of fault zones. During the Sichuanianl
[rectomcPenod, most of western ChIna was a regIOn of relatIvetectomc stabIlIty, wIth the depOSItIon of
sediments in rivers and lakes.

18.2 Tectono-magmatisml

[I'here was also strong magrnatic activityIn the Slchuaman Penod (called the "Late Yanshaman Penod'1
lin reports of many Chinese regional geological surveys). However, the area of outcrop of magmatiq
rocks formed during Sichuanian Period covers only 43,864 km2, equal to 5% of the total outcrop areal
pf magmatIcrocks m Chma, and only one fifth of the outcrop area of the magmatIcrocks fonned m th~

IYanshalllan Penod (Cheng YQ, 1994). Outcrops of rnagrnauc rocks of the SlchualllanPenod arrangedl
lin linear patterns or as scattered intrusions, very different from the distribution of S-type granites inl
[he Yanshaman Penod. Although the magmatIc rocks belong to the calc-alkalIne senes, wIth a hlghl
ISI02 content (averagIng71.43%),a hIgh alkalIcontent (8.45%) and lower total maficcontent (3.15%)J
rJagmatIc acnvityIn the Slchuaman Penod had ItS own Ind1V1dual character (Cheng YQ, 1994).

Magmatic rocks intruded during the Sichuanian Period in eastern China are distributed mainlYI
lalong four NNE trending transtensional fault belts: the Hengduanshan, Dahingganling-Taihangshan,1
[Iancheng-LuJIangFault Zone and the coastal zone of southeast Chma (LlshUl-Dapu-LIanhuashanandl
[he Changle-Nanao zones). Of the 379 magmatIc bodIesof Slchuaman Penod whIch have been studledl
land collected (Figs. 8.5 and 8.6; Appendix7), the main granitic rocks are of A-type (236 bodies, 62.4o/~
pf total), where the ongInal source magma formed at the IntersectIOn of NNE trendIngfaults or ductIl~

shear zones and the Mohorovicic dIscontInUIty (FIg. 8.5); less than one thud of the IntrusIOns are of
IS-type (113 bodies, 29.6% of total), with a source of the original magma in the crust (Fig. 8.6), often
~aused at the intersection of NNE trending faults and low velocity layer of middle crust, while only 3q
!Jasalticdykes or ultrabasic xenoliths inclusions (8% of total) had a deep source at the base of the lithoj
sphere (FIg. 8.5). The formatIOn of ongmal source magmas was usually located near the mtersectlOnl
Ibetween NNE trendIng extensIOnal fault belts and Mohorovicic dIscontInUIty or In the mIddle crust; ItI
lis suggested that magmas originated from local detachment or fracturing parts at these levels.1

punng the SlchuamanPenod (138-102 Ma) bImodalvolcamcrocks were extrudedalong NNE trendj
ling fault zones, including the Lishui-Dapu-Lianhuashan normal fault zone and the eastern coastal faultl
Izone of Zhejiang-Fujian-Guangdong. Acid rhyolites make up more than 50% of these volcanic rocks,
Iwhile basalts make up less than 30% (Mao JR, 1994; YuYW, 1993; Gao TJ et aI., 1999 (Fig. 7.9). Th~
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rJagma consIstedof matenal of bothcrustal and mantle ongm, mcludmgA-typegranites wItha Sri con1
~ent of 0.7036-0.7090. Basaltic magma was highly contaminated by crustal material during intrusion.1
[I'hls suggests that the NNE-SSW trendmg faults controllmg the magmatIsmwere deeply penetratmgl
[ranstenslOnal faults wIthInthe contInentalcrust tappInga magmatIc source near the Mohorovicicdlsj
~ontInUlty·1

IA distinctiveA-type alkali granite with a Si02 content of 76% and with a miarolitic structure, indi
~ating that the magma was emplaced at shallowdepth and had a high volatilegas content, was intrudedl
kIunng the mIddle and late epochs of the SlchuanIan Penod m the granitIc zone of the southeasternl
Roastal regIOn of Chma. ThIS granite ongmated from depth and has a Sri content of 0.706-0.708, mj
~Iuding 70% of mantle material (Gao TJ et aI., 1999).This granitic zone extends northeastwards to th~

IYeongnam area of South Korea and southwestwards to HaInan Island and the coastal area of easternl
IVietnam. This type of rock is also found in the Laoshan of Qingdao (Shandong),Gangshan (Jilin) andl
IDahmgganhng zones. These types of granites ongmated from near the MohorovicicdlscontmUlty b~

partIal re-meltmg of A-or I-type granites under condltlOns of contmental extension, faclhtated by thij
laddition of fluorine-rich fluids. They are F-rich, with W,Sn and B, and reach the upper part of the crustl
lalong deep penetratmgfaults.

[n QInghaI-XIzang Plateau,Late Cretaceous(about80-90 Ma) gramtes,adjacentto the Banggongco
~ujiang Collision Belt, were intruded. In the Altun Mountains,Xiaoqinling of western Henan, and th~

Imlddle-Iower Yangtze RIver areas, In addItIOn to IntermedIate-acIdIc gramtOlds, there are many small
land hypabyssalporphyries(phenocrystsusually alkali feldspar) or porphyrites(phenocrystsusually anj
~esine and rich calcium plagioclase) intruded from 135 to 87 Ma, associated with metal ore deposits;1
porphyry copper deposItsin the Yangtze area and W-Sn deposItsin the Nanhng area of southernChma.
[hese intrusionsusually originatedfrom the crust/mantleboundary and were intruded at fault intersecj
hons.1

["'nC-VK'CuccnLluccnc-,7Q"ICCnT'hCCngC-_'D""abL'l~eccaccn--'d--cm~ld'-dITleCC_'lccow~er~yccaccngCCtC=zcc e 7R"lccveccrc-accrccec-ascc,"'thLecc--.dccoccm~Inc-accnC<tCCs~tr'lkccec-rdl~rc-ec"'t~IOCCnc-o=f

~he basementstructuresIS broadlyE-W(usuallyENE or WNW),however, dunng the SlchuamanPenodl
rnder the influence of the tectonic stress field, N-S trending transverse extension faults were formedJ
Intrusions are often localised at the intersectionof E-Wand N-S faultsJ

pIke swanns and vems wIth steep angles of dIp mtruded dunng the SlchuanIanPenod have beenI
studIedmtenslVely over the past ten years and havebeen used to determmethe onentauon of the axes of
principal tectonic stress and the distributionof the regional stress field. Wan TF et al. (2000) recorded
>50 basIcdykes, glVlng ISOtOPIC ages of 130-120 Ma, In the LInglonggramtOld complexIn ShandongJ
IfillIng tensIOn JOInts and fissures trendIngNE 20°. ThIs means that the dIrectIOn of extensIOn was NWj
ISE at that time and the orientation of the maximum principal compressive stress was nearly NE 20°.
k\t about 100 Ma, hundreds of gold-bearingquartz veins (such as in Linglong gold ore deposit) wer~
formed in a conjugate shear joint system, indicating that the maximum principal compressive stres§
Iwas orientated at ~NE 40° during that time. Between 120 Ma and 100 Ma the maximum principal
~ompressive stress had rotated clockwise through 20°.

~n the study of Qiyugou goldfieldin Henan, Qi IZ (2001) found that in the Early Cretaceous (135--1
122 Mal the onentatlOn of the maxImumpnnclpal compressIvestress, IndIcated by a conjugate shearl
Ijoint and vein system, was near N-S, in the mid-Cretaceous(122-107 Ma) the orientationof the maxj
limum principal compressivestress, indicated by tension joints filled by quartz veins, was NE 40°, buf
lin the Late Cretaceous(104-80 Ma) the orientationof the maximumprincipalcompressivestress, indH
~ated by zones of small intrusions and veins, was ENE. This study showed that during the Cretaceou§
[he orientationof the maximumprincipal compressivestress rotated clockwise through 45°. A similarl
pockwlse rotatIon IS shown by zones of volcamc rocks erupted dunng the Cretaceous In the easternl
lareas of Fujian and Zhejiang; in the Early Cretaceous (135-120 Ma) these zones trend NNE, while in
[he Late Cretaceousthey trend ENE (LInIP et aI., 1990).

k\lthough there is still insufficientevidence, it has been demonstrated clearly that in eastern China,1
~rom Early to Late Cretaceous, the onentanon of the maximum pnnclpal compressive stress rotatedl
~Iockwise from NNE to ENE. The clockwise rotation of the axes of principal stress during the Sichuaj
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[Fig. 8.5 Distribution of magmatic source areas and faults near the Mohorovicic discontinuity and bottom of lithosphenj
§unng the Slchuaman Penod (135 56Ma) m eastern Chma (Wan IF et a!., 2008]

Numbers of legend: I. Continental crust almost without magmatism; 2. Continental crust with obvious magmatism; 3.
pceanic crust; 4. compression orientation in crust; 5. extension orientation in crust; 6. subduction zone, thrust or reversel
Ifault; 7. normal fault wIth stnke-shp; 8. magmatIc source depth data near the MohorovIcIc dlscontmUlty (data shown lij
k\ppendlx 7); 9. magmatIc source depth data near the bottom of hthosphere (data shown m AppendIx 7).1

Numbers of faults: 1. mferred subductIon zone, between contmental and oceamc crusts of east Chma dunng Slchua-1
"ian Period (Japan Islands were located west to the zone, on account of rare data, here never to be reconstructed); 2.
boundary between obvious and weak magmatism during the Sichuanian Period; 3. Tancheng-Lujiang normal fault zone;
fi. East Taihangshan normal fault; 5. Yanshan (Shangyi-Gubeikou-Pingquan)-Yinshan reverse fault; 6. East Taihangshanl
jiormal fault; 7. Huanghua Puyang normal fault group; 8. West Shandong NW trendmg reverse fault group; 9. Zhaoyuan=j
!",mgdunormal fault; 10.Zhucheng=Qmdao normal fault wIth smlstral strlke-shp; II. North Dable=Qmlmg normal reversel
~ault; 12. Yuan'an Lmxlang reverse fault wIth dextraI stnke-shp; 13. Macheng XIannmg normal fault; 14. Nanjmg Wuhij
Inormal fault; 15. Shaoxmg Shlwandashan normal fault wIth slmstral stnke-shp; 16. Ganzhou Nanfeng Shangrao nor-I
!nal fault; 17. Shaowu-Heyuan normal fault; 18. Zhenghe-Dapu-Lianhuashan normal fault; 19. Zhejiang-Fujian coastall
I(Changle-Nan'ao) normal fault; 20. Foshan-Dianbai normal fault; 21. Nanling lithosphric fault.
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~'Ig. 8.6 DlstnbutlOn of magmatic source areas and faults in the crust dunng the Sichuaman Penod (135 56 Ma) m easternl
K:hina(Wan TF et a!., 2008)

Numbers of Legend: 1. contmental crust almost without magmallsm; 2. contmental crust with obvIOUS magmallsm; 3.
!Jceamc crust; 4. compressIOn onentatlOn m crust; 5. extensIOn onentallon m crust; 6. subductIOn zone, thrust or reversel
~ault; 7. normal fault with stnke-shp; 8. magmallc source depth data m crust (data shown m Appendix 7).

Numbers of faults: 1. mferred subductIOn zone, between contmental and oceamc crusts of east Chma dunng tM
Sichuanian Period (Japan Islands were located west to the zone, on account of rare data, here never to be reconstructed);
12. boundary between obvious and weak magmatism during the Sichuan ian Period; 3. Tancheng-Lujiang normal fauh]
lzone; 4. East Taihangshan normal fault; 5. Yanshan (Shangyi-Gubeikou-Pingquan)-Yinshan reverse fault; 6. East Tai-I
!1angshan normal fault; 7. West Shandong NW trendmg reverse fault group; 8. Zhaoyuan-Pmgdu normal fault; 9. Northl
!Jable-Qmhng normal reverse fault; 10.Macheng-Echeng-Xlannmg normal fault; 11. YongxlU-Wanzhat normal fault; 12.
k\,nqmg-Wangjlang normal fault; 13. Nanjmg-Wuhu normal fault; 14 Iongcheng-Xlangym normaI fault; 15. Zhuzhouj
Hengyang normal fault; 16. Northeast JIangxI normal fault; 17. Shaoxmg-Shlwandashan normal fault with smlstral stnke-I
Islip; 18 Ganzhou-Nanfeng-Shangrao normal fault; 19. Shaowu-Heyuan normal fault; 20. Zhenghe-Dapu-Lianhuashan
rormal fault; 21. Zhejiang-Fujian coastal (Changle-Nan'ao) normal fault; 22. Foshan-Dianbai normal fault]
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~iIan Penod was the opposite of the crust counter-clockwIse rotation m the Yanshaman Penod. Also, ml
~ontrast to the Yanshanian Period, the rotation of the stress axes in the Sichuanian Period did not coin~

RIde wIth the rotatIOn of the crust or plate, as mdlcated by changes m the paleomagnetIc dechnatlOn. Inl
~act the decimatIOn of the contmental plates shows vlftually no rotatIOn dunng the Slchuaman Penod.

~t ISsuggested that the clockwIse rotation of the onentatlOn of the maxImum pnnclpal compresslVel
stress in Sichuanian Period resulted from the continuous northeastwafd movement of the Indian andl

pangdesi plates and their collision with Eurasia in the Banggongco-Nujiang Belt. This collision rej
suited m the compressIOn of the area to the north m a SW-NE dlfectlOn. At the begmnmg of Cretaceous)
IWlth the contmuatlOn of thIS northward movement, the eastern part of Chma was compressed m ani
~'mE-SSW direction, which changed gradually to the ENE-WSW direction in the Late Cretaceous. Th~
Rhange m the onentatlOn of the maxImum pnnclpal stress dId not result m the formatIOn of fold system§
Iwith different orientations over large areas. This suggests that in the Middle and Late Cretaceous, tecj
~omc forces were not very strong, resultmg m defonnatlOn m weaker zones only, WIththe fonnatlOn of
~xtenslOnal and shear joints or the re-opemng of pre-existmg fault planesl

IShao JA et al. (2001) found a bimodal dyke swarm, comprised of alkali-basalt and granitic rocksJ
~xtendmg for an dIstance of 40 km m an NNW dlfectlOn, whIch gave K-Ar ages of 114-120 Ma, and al
~b-Sr age of 128Ma at Nankou, Cangpmg-Guyaju, Yanqmg of north Beljmg. The trend of thIS dykel
swarm is close to the orientation of the maximum principal compressive stress in that area during Earl~

~retaceous. It also mdlcates that N-S shortemng and E-W extensIOn controlled the development of th~

Imainstructural features in that area. Dike swarms of different composition, but with the same trend, ar~

lfinalproducts of magmatIc dIfferentIatIOn. TheIr attltude IScontrolled by the onentatlOn of the honzontall
regIOnal rnaxrmum pnnclpal compressive stress; there ISno eVIdence of uplJft by a mantle plume or of
!-mderplating, as recognized by Li XH and McCulloch (1998) and Shao JA et al. (2001).

!Datafrom whole rock chemIcal analyses of 4,081 samples of magmatIc rocks d1V1ded mto 67 petroj
graphIC areas were used m calculatIOn and statIstical analYSIS, and m the estimatIOn of the rates of plat~

~eformation during the Sichuanian Period (Fig. 8.2; Appendix 5.7). During that time, the average rat~

pf NE-SW mtraplate shortenmg m the Chmese contment was 5.4 cril7yr, the average rate of extenslOnl
lin the Tethys Ocean (Banggongco-Nujiang Ocean) to the southwest was 1.2 cm/yr, the average rate of
lintraplate shortening was about 6.0 cm/yr in the centre of Gangdise, west Qiangtang, Karakorum, Wes~
IKunlun, southwestern Tanm, Hunan, Hengduanshan zone, GUlzhou, FUJlan, Dable-QmlJng, as well a~

~aoyeling in NE China. However, in Erdos, Sichuan and Tarim the average rate of intraplate shorteningl
Iwas usually less than 4.0 cril7yr, and m other areas between 6.0 cril7yr and 4.0 cril7yr. In the Slchuamanl
renod, areas whIch show rapId mtraplate shortell1ng are small and scattered. Rates of mtraplate deforj
~atlon dunng the Slchuall1an Penod were of the same order of magll1tude as in the earher Indoslll1anl
land Yanshanian Periods. The differences in rates of shortening in different areas are due to difference§
linthe direction and intensity of compression caused by the rate of movement of adjacent platesJ

II'he rates of mtraplate shortenmg mdlcate the northeastward movement of the entIre crust and IJth01
sphere. LImIted magmatIc act1V1ty dunng the Slchuall1an Penod was often related to fault zones orl
~uctile shear zones in depth in the Chinese continent. At the intersection among the N-S or NNE trend1
ImgtensJ1e faults, E-W structure hneatlOn and the mIddle crust or Mohorovicic dlscontmUlty, the rock§
lin depth were easy to fracture partially and cause decompression, magma composed of mixed crustall
land mantle matenal was formed. I'hls shows that the magrnauc acuvity was due to happenmg of partlall
fracture or ductile shear zone at the Mohorovkic discontinuity or in the low velocity layer in the middlel
~rust, only a few formed at the base of the lithosphere. Evidently the partial tectonic fractures in th~

ISlchuaman Penod were not as great as m Yanshaman Penod, so that less magma was formed and ther~

Iwerefewer intrusions.
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18.3 Formation of the Banggongco-Nujiang Collision Zoneand Northward
Movement of the Plates

I[,he Banggongco-NuJlang ColhslOn Belt resulted from the only colhslOn which occurred in Chmal
[rom the end of the Cretaceous to the Early Paleogene, formed during the amalgamationbetween th~

IQiangtang-Taniantaweng-Indochinaand Gangdise (i.e. Lhasa)-Baoshan-Sibumasu Blocks (3 in Fig.
8.2). Thts collisIOn belt extends from Banggongco eastwards, through Gerze-Dengqen (from 84.l°E,1
132.5°N to 95.8°E, 31.6°N), to Kangsha-Shlzlkaon the southwestside of Tamantaweng (98°E, 29.7°N),1
~ast of Xizang,and southwardsalong NUJlang to Burma.Rocksin the colhslOn belt havea high dip anglij
land are folded and overthrust, with thrust ramps, forming a fan shape in section. The major overthrus~
surfaces dip to the north or east, with an intermediate angle of dip. The collision belt was formed b)j
subductIOn, with northeastwardunderthrustmgof the footwall and southwest-wardoverthrustmgof thij
hanging wall. Faults in the collisionbelt cut the Jurassic, Cretaceousand part of the Paleogenesystem,
pphiolite suites occur along the belt. The ophiolite suite of Banggongcoformed as part of the oceaniq
Rrust m the Early Cretaceous (Guo TY, 1991), and part of Gerze-Dengqen m the Middle JurassIc, acj
~ording to the recent isotopic dating (Bureau of Geology and Mineral Resources of Xizang (Tibetj
IAutonomous RegIOn, 1993); at Kangsha-Sh1Z1ka, they were thrust with "cold-emplacement" mto thij
IEarly Cretaceous system (Wang GH et aI., 1996);at Nujtang on the eastern side of Gaohgong, westernI
IYunnan, they were thrust with "cold-emplacement" into the Lower Jurassic system (Zhong DL et al.,1
1998)J

[Ihe rate of extension in the ocean basins in Cretaceous to Paleocene times was about 1.2 cm/yr
(Appendix 5.7, Fig. 8.2), being equal to or less than the rate of extension of the Atlantic Ocean atl
~he present day. From reliable data, the Banggongco-Nujiang collision, already amalgamatedwith th~

IEurasian Plate, occarred at the end of the Cretaceousor in the Early Paleogene.The time of intrusionof
syn-andpost-colhslOn granite near Banggongcowas between 126Ma and 55 Ma (Guo 'I Yet aI., 1991 )J
[he ophiolite suites of Kangsha-Shizika were formed between75 and 86.4 Ma (WangGH et aI., 1996)J
~t means that the collision time of different sectionsof Banggongco-Nujiang collision zone may change
from Jurassic to the end of Cretaceous.1

[Ihere has not yet been a detailed tectonic study of the whole of the Banggongco-Nujiang Collision
Belt. However, WangGH et al. (1996) studieddeformationson the southwestside of Taniantaweng and
k1iscovered that mylonites in the Kangsha-ShizikaFaultZone indicatea major sinistralstrike-slipmovej
Iment at 75-86.4Ma, and weakerdextral strike-slipat about 30 Ma, related to compressionand collision.
lit IS reasonable that the slOistral stnke-shp mdlcates that the regIOnal maximum pnnclpal compresslVel
stress was WSW-ENEin eastern China during the Late Cretaceous Period. Under the influenceof thi§
stress field, the E-W trendingBanggongco-NujiangCollisionBelt developeda sinistralstrike-slipcom1
Iponent. ThiS stress directIOn IS related to the migratIOn of Indian Plate towards NE 40°-50 0 dunng thij
[5enod from 70 to 80 Ma (Figs. 8.8 and 8.9).1

lIn the Sichuaman Penod, the high degree of foldmg and high values of dlfterentlal stress in south1
Iwestern China, becoming weaker towards the northeast, indicates that the main dynamic source, whichl
~aused the extensIVe mtraplate deformatIOn m the Banggongco-NuJlangColhslOn Belt and in the eastl
pf Chma, was the rapid northeastwarddisplacementof the Indian Plate.

[Iectonicreconstructionthrough paleomagnetism(Fig. 8.7, Appendix 6) shows that during the Cre
~aceous the declination of every part of the Chinese continent changed by only 10° and was not very
k1ifferent from the present declination. But, the palaeolatitudeof the whole of China did change, withl
~he whole contment moving gradually northwards: the paleolatltudeof Smo-Korea block has change~
~hrough 8° from 34.3°N to 42.3°N, a northward displacement of about 800 km; the palaeolatitude of
OChe Yangtzearea changed from 23.9° to 31.3° north latltude, a northwarddisplacementof 7.4° or ~7401
~m; the paleolatitudeof Siberia changed from 55.7° to 61.1 0 north latitude, a northwarddlsplacemen~

pf 5.4° or about 530 km; the palaeolatitudeof Tarim changed from 22.9° to 25.4° north latitude, a 2.5°
pr ~250 km northwarddisplacement;the palaeolatltudeof the Indian Plate changed from 43.8° to 35.1°
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[Fig.8.7 Paleo-tectonogeographic reconstruction of China and its adjacent blocks in the Late Sichuanian Period (about 651
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!ulls (letters for blocks are the same as m Ftg. 6.5). Paleomagneltc data and central reference pomts for the blocks arij
Ihsted10 AppendIx 61

south latttude, 8.7° or about 860 km northward dIsplacement, wtth the most raptd movement reach10g 171
cm/yr at the end of the Cretaceous (Figs. 8.8 and 8.9); the palaeolatitude of the Australian Plate changed
[rom 65.1° to 58.9° south latitude, 6.20 or about 620 km northward displacement (Appendix 6). AI]
plates in the region of the Chinese continent moved northwards nearly synchronously. Any difference in
lamount of movement of the blocks may be due to etther the inaccuracy 10the methods of measurementJ
br the deformation within or between blocks.

IAtthat ttme, the Indtan Plate was stIli far away from the Eurastan Plate, separated by a WIdesegmen~
pf the 'Iethys Ocean, reduc10g the resistance to the northward movement of the IndIan Plate, permltt10gj
~he rapid displacement. At the end of Sichuanian Period, the Gangdise, Baoshan and Sibumasu blockl
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Fig. 8.8 Displacementof the Indian Plate smce 84 Ma (after Lee TY and Lawer, 1995,with perrrussion of Lee TY)!

[Ihe numberson the right handside of the IndiaPlate are isotopicages in Ma.The figureillustratesthe gradualslowing!
rate of movementof the Indian Plate, and the changes in the directionof movement, as indicatedby paleomagnetic north.

separated from Gondwana collided with the Chinese-Indochina part of the Eurasian Plate, and the Indian
I( >Cean Plate sllhdllcted to the north

[he movement of the Chinese continent and its adjacent plates corresponds with the general globall
plate movements during the Cretaceous (upper right, Fig. 7.7), in which all the continents and ocean§
pn the Earth moved northwards (mcludmg NE or NW). But, the rates of dIsplacement of the dlfferen~

plates were not the same. The rates of northward displacement of the Chinese continent and its adjacen~

plates were only about 5-6 cm/yr. However, the rate of northward displacement of the Indian Plate wa~

17 ciI1JYr In the Late Cretaceous, whIch IS the hIghest known rate of plate movement. ThIS IS a veryl
strange phenomenon, which will be discussed in a future chapter.

IAt end of Cretaceous, all the plates on the Earth were dIsplaced northwards (upper fight, FIg. 7.7).1
[t actually illustrates a radiative plate displacement, centered near Antarctica. Another similar examplel
pf radiative displacement occurred in the Jurassic (upper left, Fig. 7.7). These displacements might b~
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~'Ig. 8.9 The changes of velocIty and angle of convergence between the IndIan Plate and Eurasia since 84 Ma (Lee TYI
landLawver, 1995, with permission of Lee TY).

The ordinate shows the rate of convergence of plates in mm/yr. The numbers in the lower part of left ordinate refer t'1
,he angles of convergence indicated by the black dots on the lower curve. The abscissa shows the age in Ma. In the Eocend
~nd Oligocene, relict fragments of lethys lay between the IndIan Plate and EurasIa.

~aused by mantle plume uphft or by a giant meteonte tmpact. I'hese posstbthttes wtll be dtscussed ml
kletatl m Chapter 15.1

puring the Cretaceous, Taiwan Island was located on the eastern margin of Eurasia. In the Midj
K:retaceous (115-100 Ma) there was an N-S smtstral stnke-shp fault zone wtth about 2,500 km m length)
Ibetween the Pactfic Plate and eastern Japan, Tmwan Island and the Phthppmes (Osozawa, 1998) (Ftg.
8.?). In southwest Japan the Median Tectonic Line and the Kurosegawa Tectonic Zone were both formed
lat thts ttme. By careful study, the Medtan Tectonic Lme has been shown to be a major smtstral stnkej
slip tectonic zone during the Middle and Late Cretaceous (Yoshikura et aI., 1990). In addition, a serie§
pf Cretaceous pull-apart basms were formed along the Ime of the tectonic zone. I'he PacIfic Plate wa~

formerly located to the south of the equator and extended rapidly northwards and southwards. It thenl
Imoved rapidly northwards, faster than the Eurasian Plate, so that sinistral strike-slip tectonic zone§
kleveloped between the Pactfic Plate and the East Astan contmentJ

pnetss, amphtbohtes and mtgmatttes occur at Su'ao-Nan'ao m the Tmluge tectonic zone of Tmwanl
~sland, and there are amphtbohte factes metamorphtc rocks m the RUtshUt faulted block gtVlng tsotoptq
lages between 8? and 60 Ma. 'Ihe formatIOn of these metamorphIc rocks and assoctated magmattsml
Iwasnot related to subduction but to regional thermal metamorphism (Bureau of Geology and Minerall
IResources of FUJtan Provmce, 1992). 'I herefore, there was no subductlOn zone between I'mwan andl
~he Pacific Plate during the Cretaceous and Paleocene, although Faure and Natal'in (1992), Isozaki etl
lal. (1992), Li WX and Zhou XM (1999), Zhou XM and Li WX (2000) have suggested that since th~

~urasstc there has been etther a subductIOn zone or a low angle overthrust belt between the oceanic andl
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IEuraslan plates to the east of Japan and Imwan Island. It ISan Important result that a subductIOn zonij
"etween Pacific and Eurasian plates did develop in the Jurassic and Eocene-Oligocene (described inl
K:hapters7 and 9), but not in the CretaceousJ

[n conclusIOn, the tectomcs m Slchuaman Penod (135-56 Ma) was charactenzed by defonnatlOnl
IWlthm contmental plates, formmg the Slchuaman Tectomc System, developmg basm and range tectomc~

1m eastern Chma, the rotauon of the rnaxirnum pnnclpal compressive stress in a clockwIse dIrectIOn)
~xtension with detachments at the Mohorovkfc discontinuity or the low velocity layer in the middlel
~rust caused the magmatIsm, fonnatlOn of the Banggongco-Nu]lang ColiJslOn Belt and the northwardl
Imovementof most of the tectomc plates on the Earth. It was the penod when the general features of thij
present landscape of eastern Chinese continent were formed preliminarily, and the period when many
rndogenetlc and exogenous economIc hydrocarbon and metalhc deposIts were also accumulated.
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Chapter 91
Tectonics of' Eocene-Oligocene (The North Sinian Tectonic
[period, 56-23 Ma)

Fthe jormationoj theNorthSinianTectonic System, first westward subductlOn oj Pacific Plate,appear1
k/nce offour drainage basins, the formation of the Yarlung ZangboCollision Zone

[ang Z (1979) first recognized that tectonic events in China during the Eocene and Oligocenewer~
Inot caused by the collision markedby the Himalaya.Previouslyall tectoniceventsduring the Cenozoiq
Ihad been attnbuted to HImalayan tectOnIC movements(HuangJQ, 1945, 1965).TangZ named the tecj
~onic event representedby the unconformitybetween the Paleocene Kongdianand the Eocene Shaheji~

~ormatIOns, the "first epoch" of the North SInIan IectonIc Event, and the tectonic event representedb~

~he unconformitybetween the Oligocene and Miocene the "second epoch". These two unconformitiesl
lare widespread throughout eastern China. The "Sichuanian Tectonic Event" related in Chapter 8 wa§
lfirst named by Ian XC and LI CY (1948), and lS eqUIvalent to the "first epoch" of the North SInIanl
[ectonic Event proposed by Tang Z (1979). The "North Sinian Tectonic Period" is used here only fori
~he "second epoch", covering the Eocene and Oligocene (56-23 Ma), as proposed by WanTF and Cao
~P (1992) and termInatIng In the North SInIan'lectonIc Event at the end of thIS penod.

IThe North Sinian Period includes the Shahejie and Dongying formations which contain the mainl
petroleum source bedsof eastern ChIna.The North SInIan lectonIc Eventat the end of the North SInIanl
feriod, marked by the unconformityat the top of the North Sinian tectono-stratigraphic unit, occurredl
lat dIfferenttImes In dIfferentparts of ChIna: In the MId-OlIgocene (27-25 Ma) In the East ChInaSea; atl
~he end of the OlIgocene(~23 Ma) Ineastern ChIna;durIngthe MIddleMIOcene (20-15 Ma) In westernl
IYunnan, Tibet and Xinjiang(WanTF and Cao RP,1992;WanTF, 1994).

IThe sedimentary thickness and rates of sedimentation in the Cenozoic systems (Appendix 2, Fig.
~.l) reflect CenozOIc IntracontInental tectOnIC actIvIty, especIallydunng the Paleogene.In general, Paj
Ileogene sedImentsare the thIckestInnorthernChInaand west Huwan Island, andthe thInnestInsouthernl
ChIna. Ihe thIckestCenozOIc sedImentsare found In the Hebel PlaIn (13,000 m), west TaIwan Islandl
(14,600 m) and the Tanm BaSIn (13,782 m), where rates of sedImentatIOn were 224.8-200 ri17Myr (I.e.
p.22-0.2 mm/yr). Cenozoic sediments between 4,000 and 10,000 m in thickness occur on the southj
~rn SIde of the YInshan In Inner MongolIa (4,957 m), Junggar (4,224 m), west LIaonIng (5,453 m),1
north Henan (4,607 m), north Jiangsu and the southern Yellow Sea (4,746 m), the southernfront of the
lDabashan (4,035 m), southeast Guangxi (6,315 m), east Taiwan(7,350 m), Zhongdian, Yunnan(5,2561
1m), LanpIng-Slmao (7,953 m), the front of the QIilanMountaInsand Qmdam,QInghaI(6,803-5,308 m),1
~he northern front of the Kunlun Mountains (8,046 m), the southern front of the TanggulaMountains
(5,383 m) and Qiangtang-Changdu (6,230 m), where rates of sedimentationwere 105-62 m/Myr (0.1--1
p.06 mmJYr). In other areas of the Chmese contInentthe thIcknessof CenozOIc sedlments IS <3,200 m,1
land the rate of sedImentatIOn was <49 m/Myr (0.049 mm/yr).
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~Ig. 9.1 Rates of sedlmentalton In the CenozOIc system In the ChInese contInent Cum!: liIlMyr)J

~.1 Intraplate Deformation, Stress Field andMagmatism

[Deformation during the North Sinian Period has generally been ignored in most areas of the Chines~

~ontment, because theu effects are consIdered to be very weak. But deformatIOn at thIs penod was reall)J
lalittle bit strong, with the formation of NNE or N-S trending folds and reverse fault zones, NE trending!
~extral strike-slip faults, NW trending sinistral strike-slip faults and WNW or E-W trending extension
k1etachment(hstnc) fault zones, compnsmg the North Smlan Tectomc System.1

II'he NNE or N-S trendmg folds formed dunng the North SmJan Penod are open folds, m whIch th~

angles of dip of both limbs are usually <10°. Oligocene and underlying formations are involved in th~

folds, which formed at the end of the Oligocene. Anticlinal folds found in the exploration of oilfield§
provide many oil and gas traps, such as the famous drape fold in the Daqing Oil field (3 in Fig. 9.2) andl
Many small N-S antlchnes m the lower reaches of the LJaohe RIver, near LJaodong Bay (5 m FIg. 9.2)J
~he central Hebei Plain, northern Jiangsu and the southern Yellow Sea Basin. high angle normal and of
~lllgxla, 1990)j

Many folds were formed in the southwestern part ofthe Chinese continent in the North Sinian Period.1
Wherehas been a great deal of dISCUSSIOn concernmg the penod, durmg whIch the NNE-trendmg eJectlv~

folds in East Sichuan with ~30° dipping fold limbs were formed (4 in Fig. 9.2). In that area the Triassic,
[urassic and Cretaceous systems all have conformable contacts and all are involved in the folding. ManYI
researchers have considered these NNE-trending folds are related to the Neocathaysian Tectonic System,
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FIg. 9.2 DeformatIOn In the North Slman Penod.

II. A step-faulted, half-graben basin due to N-S extension has formed on the southern side of the Daqingshan, Hetao]
since the Paleogene (Changqing Oil Field); 2. Cretaceous and Paleogene systems cut by post-Paleogene high angle norma]
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~nd reversefaults at Liupanshan, Ningxia (Bureauof Geology and MineralResources 3. Distribution of NNE-trendingl
pagmg drapeanttclme(blacklens) tSshown.Cretaceousand Paleogene systemswere foldedat the end of the Paleogenel
I(Dagmg OIlheld); 4. Ihe dlstnbutlOn of ejectlvefold systemsIII theEast Sichuanbasm. Inasslc, JurassIc and Cretaceousl
Isystems were foldedat the end of the Oligocene(Bureauof Geologyand MmeralResources of SichuanProvmce, 1991).
1"1" IS outcroppmg of Inass[c systemand ''J'' [S outcroppmg of JurassIc system;5. Eoceneand OligocenesystemsIII thg
Liaohe Oil Fieldform en echelontraps (anticlines, black lens) and synclines("-" white lens)causedby dextralstrike-slip
land reverse faults (Li Hongweiet a!., 2001); 6. Jinding lead-zinc deposit of Yunnan, located in a reverse fault systerf
~etween the LowerCretaceous (KI) and Paleogene (E) systems,fonned at the end of the Oligocene(data from the Thir~

~ngade of Bureauof Geologyand MmeralResources of Yunnan, 1989); 7. ExtensIOn faultson the northernand southernl
ffiargms of the Dable Mountams formed byN-S extensIOn, the DableMountamhas formeda horst blocksmce the end ofj
!he Paleogene (ZhangGW,20(1); 8. Hmmmgsag of the ShengliOIlheld, Shandong. Ihe WNW-trendlllg normalfault@
controlledbasalt eruptionsin the Eoceneand Oligocene(datafrom ShengliOil Fieldj]

Index lettersfor blocksor plates in the central figureare also presentedin Fig. 6.51

50··~--,~---,------:r---,-----~r----,-----i~---,----+----,----T--=-r----T--- ,
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IFig.9.3 Tectonic sketchof Chinesecontinentin the North SinianPeriod(56-23Ma).

11. Granitic intrusions in the North Sinian Period; 2. Volcanic rocks (mainly tholeiite) in the North Sinian Period; 3.
PphlOlitlcandultramafic rocksIII theNorthSmlanPenod;4. Rateof mtraplatedefonnatlOn calculatedfromlitho-chemical
kJata. "-" IS rateof extensIOn, othersarerateof shortemng (Um!: cm/yr)(Datam Append[x 5.8);5. NumberedplatecollislOij
Ibelts, reversefault zones; 6. Numberednormaland stnke-slip faults; 7. Unnumbered block margmsor faults With weakl
~CtlVlty m the North Smlan Penod; 8. Ax[al traces of antlclmal folds (Data m Append[x 3.7); 9. Traces of maxlmuml
principal compressive stress axes (GI); 10. Direction of plate movement; 11. Basins with terrestrialsedimentation; 12.
!Orodmg landareas; 13.Shallowseas; 14.OceansJ
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Names of numbered subduction, collision and fault zones: llJ Ryukyu subduction belt; l1J Eastern Taiwan-
Iwestern Philippines subduction belt; 131 Reverse fault on the western side of theDiaoyudao uplift; 141 Reverse faultl
rf off-shore (~50 misobath) Fujian-Guangdong; WChong'an-Heyuan reverse fault; [§] Shiwandashan-Shaoxing re-I
Iverse fault; [7] Dunhua-Mishan dextral strike-slip and reverse fault zone; [8] Northern section (Yilan-Yitong) of th~

rr'ancheng-Lujiang dextral strike-slip and reverse fault zone; L2J Eastern side of Dahingganling reverse fault zone; I!QI
~eipiao-Jianchang reverse fault zone; I!lJ Cangdong reverse fault; 1!11 Eastern side of Taihangshan reverse fault zone;
[3] Liupanshan-Helanshan reverse fault zone; [4] Xar Moron River dextral strike-slip and normal fault zone; [i5] Jining-I
pubeikou normal fault zone; [!.§] Southernmost Yinshan-Daqingshan-Yanshan normal fault; I!ll Guangrao-Jiyang normall
~ault; I!lil Zhucheng-Rongcheng dextral strike-slip and normal fault; 1!21 Guanyun-southern Yellow Sea dextral strike-sli[1
rndnormal fault; ~ol Jiangdu-Hai'an dextral strike-slip and normal fault; ~II Wuhe-Huaiyuan normal fault; ~21 Luoningj
tLuoyang normal fault; I?3l Luonan-Fangcheng sinistral strike-slip and normal fault; [24] Baoji-Tianshui normal taultl
lzone; I?5J Fangxian-Xiangfan-Guangji normal fault zone; I26l E-W trending Nanling normal fault group; [7] Maoming
praben; Ml Derbugan-Kelameili normal fault zone; ~ Southernmost Nilek-Turpan-Hami normal fault; till Longmen
Ishan dextral strike-slip and reverse fault zone; Iill Daofu-Kangding sinistral strike-slip fault; Ig]Anninghe reverse fault;1
1}3] Honghe (Red River) sinistral strike-slip fault; 1341 Lancangjiang reverse fault; 1351 Nujiang reverse fault; [36] The north-I
~rnmost part ofAlxa normal fault; Illl Korla-Wuqia normal fault; Ml The southernmost part of theJunulshan-Qinghai
,-"ake normal tault zone (northernmost Qaidam zone); ~ Altun dextral strike-slip and normal fault; ~ Northern Kunlu~

I(southernmost Qaidam zone) normal fault; [!] Jinshajiang sinistral strike-slip fault; [@ Kongkela-Tanggula-Wenquan
,!Ormal fault; [3] Bangongco-Donggiao normal fault; fHI Yarlung Zangbo Collision Belt; fBI Southernmost relic o~

Himalayan (Tethys) Ocean; fI6l E-Wtrending extensional fracture zone ofthe South China Sea(new oceanic crust).1

land were formed, dunng the Yanshaman Penod, mamly m the JurassIc; thIs mIstake was also made b~

IWan IF (1989). Gan ZG (1988) first proposed that the "eJectlve"fold systems were formed dunng thij
[ertiary, by comparing characteristics of the sediments, the folds and planation surfaces in the Sichuanl
IBasm. The Bureau of Geology and Mmeral Resources of SIchuan Provmce (1991) concluded that thij
OColds m East SIchuanwere formed dunng the CenozOIc by companng the tectomc systems over a wldij
larea, and especialIy from the study of the N-S trending folds and reverse faults in the Cretaceous and
faleogene systems of West SIchuan and ItS adjacent areas. Accordmg to the present understandmgl
~he formation time of the NNE-trending ejective fold system in East Sichuan was at the end of th~

phgocene. The reason for the development of strong fold systems IS that the folds are Imked to threij
kIeep detachments, a Tnasslc gypsum-salt layer, the MIddle PermIan coal system and Sllunan shales.
[hese detachments could have been formed under quite weak tectonic stress. When the applied forcel
land the rock matenals are mhomogeneous, local folds and small-scale thrusts formed at depth ma~

Ilead to the formatIOn of "ejectlve" folds near the surface. Close and overturned folds, accompamed b~

~hrusts, occur in western Yunnan (6 in Fig. 9.2), where Early Miocene folds, also formed during the
INorth Smlan Tectomc Penod, are best developed.

IOsmg data from 2,126macro-and meso-scale folds (1,043 antIclInesand 1,083 synclInes) from thij
INorth SmIan Penod, taken from the results of the regIOnal geologIcal survey, and data from the mea1
surement of joints from 115 locatIOns by the author and hIS colleagues, the Chmese contment wa~
f.livided into 29 districts and the results were analyzed statisticalIy (Appendix 3.7). The orientationl
pf the pnnclpal stress axes was calculated from the analYSIS of thIS data. Inpresent day coordmatesl
~he preferred attitude of the maximum principal compressive stress axis (all during North Sinian Pej
~iod was SE114°L4°; that of the intermediate principal compressive stress axis (a2, i.e. fold axes) wa~
ISWI86°L2°; that of the minimumprincipal compressivestress axis (a3) was NW293°L86°, nearly verj
~ical (Figs. 9.3 and 9.4). The tectonic stress field in the Chinese continent was controlIedby WNW-ESEI
Ihonzontal compressIOn and NNE-SSW honzontal extensIOn dunng the North SmIan Penod.

[I'heauthor and hIS colIeague have recently determmed the average magmtude of dIfferentIal stres§
lin eastern China. Data from 47 determinations of tectonic stress have been gathered from the research
lareas, WIth rock type, mmeral tested, numberof samples and the magmtudeof averagedIfferentIal stres§
1m the North Smlan Penod (56-23 Ma) (AppendIx4). The average magmtude of dIfferentIalstress wa§
[ound to be 76.7 MPa: with 77.3 MPa from 6 samples of the Daqing Oil Field (Chen ZD et al., 2002)l
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ig.9.4 Attitude of the prin
ipal stress axes in the North

Sinian Period. 0"1. maximum
rincipal stress axis; 0"2. inter
ediate principal stress axis;

0"3. minimum principal stress
xis.

r4.4 MPa from 4 samples of the Nanpu sag m the east of Hebet; 73.6 MPa from 5 samples of the Ltaohel
Pil Field (Wang MM, 2003); 45.7 MPa from 17 samples of Guacangshan, Zhejiang (Wan TF and Caq
IXH, 1997). In recent years, the author has also obtained some data from western China: 77.3 MPa froml
~ samples of western Yunnan; 71.7 MPa from 2 samples of western Kunlun, Qinghai and Hohxilshanj
115.5 MPa from 3 samples of eastern Xizang (Ttbet); 81.9 MPa from 12 samples of the southern Xtzangj
(Tibet); 118 MPa from 3 samples ofthe Burang, southwest Xizang (Tibet) (Wan TF and Cao XH, 1997)
(Fig. 9.5; Appendix 4).1

pifferential stress magnitudes of more than 80 MPa have so far been found only in Tibet. Thi§
Iwas probably an area of mtraplate stress concentratIOn at latItude ~ ISON, caused by the westwardl
subductIOn of the Pacdie Plate. However, there IS msufficlent data to confirm thIs suggestion: morel
[esearch will be requiredJ

pue to E-W shortening an NNE trending fold system was formed in the North Sinian Period, accom1
[lamed by NNE trendmg reverse faults, such as the reverse fault on the western Side of the Dlaoyudaol
uplift-folded zone (3 in Fig. 9.3), the reverse fault of off-shore (50 m isobath) Fujian-Guangdong (4 in
fig. 9.3), the Chong'an-Heyuan reverse fault (5 in Fig. 9.3), the Shiwandashan-Shaoxing reverse fault
(6 m FIg. 9.3), the southern sectIOn of the dextral Tancheng-Lujlang stnke-shp and reverse fault zon~

(8 in Fig. 9.3), the eastern side of Dahingganling reverse fault zone (9 in Fig. 9.3), the Beipiao-Jiancangl
reverse fault zone (10 in FIg. 9.3), the Cangdong reverse fault (II in FIg. 9.3), the eastern SIde of th~

[Iaihangshan reverse fault zone (12 in Fig. 9.3), the Liupanshan-Helanshan reverse fault zone (13 in Fig.
~.3), the Anninghe reverse fault (32 in Fig. 9.3), the Lancangjiang reverse fault (34 in Fig. 9.3) and the
NujIang reverse fault (35 m FIg. 9.3)J

~n the eastern part of the Chmese contment the effects of these reverse faults are usually weak.
IHowever, locally m the southern sectIOnof the Iancheng-Lu]lang Fault Zone, the Paleogene system I~

pverturned (Wan TF et a!., 1996). HIgh angle reverse faults on eIther SIde of the uphfted Lmpanshan=j
lHelanshan block (2 in Fig. 9.2) also cut the Paleogene system. Only minor magmatism is found along]
[he NNE trendmg reverse faults. It Illustrates that those faults were formed dunng compressIOn.

~11 the NE-trending faults formed during the North Sinian Period show dextral strike-slip movementl
llJunhua-Mlshan reverse fault zone wIth dextral stnke-shp (7 in FIg. 9.3); the northern section (YJian-1
IYitong) ofthe Tancheng-Lujiang dextral strike-slip fault zone (8 in Fig. 9.3); the Zhucheng-Rongcheng
ronnal fault wIth dextral stnke-shp (18 m FIg. 9.3); the Guanyun-southern Yellow Sea nonnal faultl
IWlth dextral stnke-shp (19 m FIg. 9.3); the JIangdu-Hm'an nonnal fault wIth dextral stnke-shp (20 ml
fig. 9.3); the Longmenshan reverse fault zone with dextral strike-slip (30 in Fig. 9.3); the Altun norj
Imalfault with dextral strike-slip (39 in Fig. 9.3). During the Eocene-Oligocene NE-trending pull-apartl
Ibasms were formed m associatIOn wIth these stnke-shp faults, such as the Yllan-Yltong (centered onl
127°E, 45°N), Dunhua-Mishan (centered on 129°E, 44°N), lower reaches of Llaohe Rlver-LIaodongl
IBay (centered on 122°E, 4JON), Huanghua (centered on In.2°E, 38.5°N), Central Hebei (centered
pn 116°E, 38'soN), Lmqmg (centered on 115.7°E, 36.8°N), northern JIangsu (centered on 120.3°E,1
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FIg. 9.5 MagnItudeof dIfferentIal stress m the North SInIanPenodl
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~. DIspersedGondwanan contInentalblocks; b. PacIfic (0) and PhilippIneSea (P) plates and newer oceanIC crust; c.
k\rea wIth >80 MPa dIfferential stress magnItude; d. LocatIOns wheredifferentIal stress magnItudewas measured. Area§
IWlth a magnItudeof dlfferentl3l stress <80 MPa,or nevermeasured,are left whIte.Index lettersof blocksare the same a§
in FIg.6.5 (data In Appendix4).

Numbersof researchareas: I. Guacangshan, Linhai,Zhejiang;2. WesternYunnan; 3. Hohxilshan,Qinghai;4. Wcstcrf
!Kunlun; 5. EasternTibet; 6. SouthernTibetl

132.2°N), southern Yellow Sea (centered on 122°E, 33DN), Wuwei (centered on 117.9°E, 31.2DN), Qianj
shan (centered on 116.6DE, 30.6°N), Changzhou (centered on 120DE, 31.8°N) and Iurong (centered onl
119.2°E, 32°N) basmsJ

punng the North Stnlan Penod the NE-trendmg fault zones show dextral stnke-slip displacement of
several kilometers, such as 4.5 km displacement of the lower reaches of Ltaohe River fault-depresslOnJ
land the largest displacement, 10 km, m the Llaodong Bay fault-depressIOn. ExtenSIOn occurred at thij
same time as dextral stnke-slip. QI IF et ai. (1995) estimated that the amount of extensIOn m thij
ILlaodong Bay fault-depressIOn during the North SInian Penod was 7.7-16 km, an average extenslOnl
[atlo of 20%. In the Eocene, the amount of extensIOn was 3.2-9.4 km, and the rate of extensIOn wa~

p.075 em/yr. In the Oligocene, the amount of extension was 2.5-6.6 km, and the rate of extension wa§
p.036 cm/yr.1

~II the earlier NW-trendmg faults developed smlstral stnke-slip movement dunng North SInian Pej
[iod under the influence of the stress field: the Daofu-Kangding Fault (31 in Fig. 9.3); the Honghe (Redl
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IRlver)Fault (33 in FIg. 9.3); the JmshaJlang Fault (41 m FIg. 9.3). Wu HW (1989)and Zhong DL et a!.
(1998)studied a mylonite zone formed by the fault movements along the Jinshajiang-Honghe sinistra]
stnke-shp fault. IsotopIC age datmg showed that the fault movements occurred between 30 and 20 Mal
(Scharer et aI., 1990, 1994;Zhong DL et aI., 1990). From the amount of shear stram and the wIdth of th~

shear zone, they calculated the strike-slip movement along the fault to be between 100and 250 m, with
la rate of movement of 0.45 ern/yr. Zhong DL et al. (1993, 1998)determined horizontal displacement
pf 320km from the Paleozoic sedimentary system that occurs on both sides of the fault. Tapponnier etl
lal. (1990)used the dIsplacement of an ophlOhtlc-melange sUIteat JmgshaJJang and MOJlangto mdlcat~

la movement of 500 km, a rate of movement of 5 cm/yr. Hamson et a!. (1996)consIdered that dunnij
126-17 Ma, the Red River sinistral strike-slip ductile shear belt was displaced by 400 km, with a rat~

pf movement of 4.5 cIri7yr. It appears that calculatIOns through the amount of shear stram m the myj
~onite zone for the amount of displacement along the fault give a too much small amount of movementJ
IPull-apart basms, such as the Honghe-Ymggehal (west to Haman Island), and BaIse (mIddle GuangxI)
Ibasms, were fonned dunng stnke-shp movements along the NW-trendmg fault zones.

pue to the subduction of Pacific Plate, E-W trending shortening of the eastern China continent wa§
rot very strong and many detachments m crust and at Mohorovicic dlscontmUlty were sealed by sohdl1
ltiedmagma dunng the JurassIc and Cretaceous; magmatIsm m the Paleogene was rather weak dependmgl
pn recent data. The main magmatism was tholeiite eruption along E-W or NW trending deep fault zone~
k1unngthe North Smlan Penod, for example, at northern Shandong (Shengh OJ! Fleld)-western Bohaj
!Bay (Dagang Oil Field)-Beijing-Hannoba of Hebei, lower Liaohe area, northern Jiangsu, eastern Jilinj
land Llaomng (FIg. 9.3). '1 hese tholentes often ongmated from oceamc type mantle (ChI, 1988). How1
~ver, gramtOlds were mtruded m the Gangdlse Zone (west of Lhasa) and the Yulong Zone of easternl
[ibet, and western Yunnan, related to collision between the Indian and Asian Plates during Eocene andl
phgocene (AppendIx 7).

[1'0 determme the average rate of E-W shortemng of the blocks m the Chmese contment, Chma wa§
~1V1ded into 32 areas for statistical analysIs. Data from the chemIcal analyses of 377 samples of voH
~anic rocks from the North Sinian Period, together with ocean floor magnetic anomalies, were used t9
Ralculate an average rate of shortemng of 4.5 cIri7yr (FIg. 9.3; AppendIx 5.8).ThIS IS shghtly less thanl
~he rates of shortenmg m the IndosmJan, Yanshaman and Slchuaman Penods. In some areas the rat~

pf mtraplate shortemng was >5 cm/yr: Bmtoushan, east of Llaomng and Jllm (5.4 cm/yr); Northernl
~hina and Huanghuai (between Yellow River and Huai River) (6.4 crn/yr); Taiwan (7.1 crn/yr); Jiangxj
(5.4 cIri7yr);western Yunnan (6.6cIri7yr);Gangdlse (5.8cIri7yr);HImalayan (6.3 cIri7yr).In the most of
Ithe Chmese contment and m areas surroundmg the Tanm 8asm the rate of shortenmg was 3-5 cIri7yr.
lBecause of the lack of data from magmatic rocks, shortemng rates m Erdos, SIchuan and the areas tij
~he north and west and in the central Tarim Basin, are difficult to evaluate, but are estimated to be les~

~han 3 cm/yr.

[fable 9,1 Amountof shortening ratio, shortening rate, fold deformation time and linear strain rate in the North Sinian
Penod.

Northeastern Northern Yangtze Southern SouthChma
Arem

China China area China Sea

I atjtude 45'N l8°N lOON 25°N 15°NI
Statisticslength(km) 1,250 1,375 2,125 2,000 2,00(1
Meanfold limbangle 6.20 11.7° 30.2° 36.5' Basedon magnetic
(amountof data) (302) (188) (1,336) (878) anomaly
Shortemng rauo (%) 0.58 2.08 13.57 19.61 251
Shortemng magmtude (km) 7.3 28.6 288 392.2 500
Shortemng rate (cirilyr) 4.3 5.6 4.3 4.2 4.86
FolddeformatIOn time(yr) 0.17 0.51 6.7 9.3 10.3
Linearstrainrate (e, lis) 1.09x 10- 15 1.29x10- 15 6.4x 10- 16 6.7xlO- 16 7.7x IO-I~
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[I'he shortenmg rate, the amount of shortenIng, the length of time for fold deformatlOn and the m1
~raplate linear strain rate during the North Sinian Period can be estimated from the folds as measuredl
pn four E-W profiles (the method of calculation is described in Chapter I), along latitudes 45°N, 38°N,
1300N and 24°N (Table 9.1). The greatest ratIO of regIOnalshortenmg IS found m southern Chma (19.6% )J
Iwithlesser ratio in the Yangtze area (13.57%), in North China (2.08%) and in Northeast China (0.58% )~

[I'he dIfferences in the amount of shortenmg ratio represent the effects of a strong reglOnal stress field ml
~he south, but a weaker field in the north. In the North Sinian Period, South China formed a southeastern
j)enmsula of the EurasIan contment, and was located to the west of the PacIfic Plate (FIgs. 9.5 and 9. IO)J
Differences m the magnItude of regIOnal stress are due to the westward movement of the Pacific Plat~

Iwiththe strong compression of southern China,
[he South China Sea was formed by N-S trending extension at latitude ~ 15°N during the Paleogene.1

[I'he amount and ratIO of extensIOn m the first phase can be calculated as 500 km and 25%, from th~

~xtent of the oceanICcrust. From magnetIc anomaly patterns the rate of extenslOn of the ocean floor wa~
fl.9 cm/yr. Some researchers (e.g. 'IapponnIer et aI., 1990) have suggested that the northward movemen~
land subduction of the Indian Plate caused the southeastward extrusion of the Indochina Peninsula and!
~he extenslOn of the South Chma Sea (FIg. 6.1). But thIS suggestlOn IS ImplaUSIble as the extenslOn of
[he South Chma Sea was stronger 10 the east than 10 the west. It IS considered that extensIOn to forml
~he South China Sea was caused by back-arc N-S spreading due to the westward subduction of the
fhlhpp10e Sea Plate and formatIOn of the Phlhpp10e Island Arcl

[n the North Sinian Period, the amount of shortening was greater in south China and weaker in th~

Inorth. The percentage of deformation time in the North Sinian Period was longer in the south (36%)
land shorter (only 0.6%) in the north. Southern Chma and the South Chma Sea were affected by muchl
stronger tectonic activity occupying nearly one third of the North Sinian Period, while in the northl
~eformatlon took place over a much shorter time span, but there are very httle difference 10 the hnearl
strain rates, 1.29 x 10 ISand 6.4 x 10 16, indicating that the deformation in both areas was rheologicl

~s to volcanIsm 10 Eocene-Ohgocene, I.e. North SInIan TectOnIC Penod, there IS mamly eruptlOnl
pf tholeiites (29 in data, shown in Appendix 7), which is usually recognized by the evolution result of
pceanIc hthosphere mantle (Chi JS, 1988). The tholelltes and some alkah-basalts (6 10data) 10truded 101
~aults to form the dykes or small mtruslOns, and erupted on the surtace to form the small lava sheets andl
Iflows. There IS no large Igneous provmce (LIP), found in eastern Chma in CenozOIc. So ChI JS (1988)
pointed that there is "intraplate type" of Cenozoic magmatism in eastern China.

Depend10g on the deduced data of ongmal depth from baSIC magmatic rocks and thelf mantl~

Ixenohths (AppendiX 7), the tectolllc detachment 10 hthosphere dunng Eocene-Ohgocene Penods wa§
~Iscussed (Wang and Wan, 2008). Most of magmattc source depths are estimated by the value of t-I
186SrPSri, isotopic ratio of oxygen or lead, ratio of MgO-l:FeO / (l:FeO +l:MgO) for biotite or ratio of
[iOz-Alz03 for amphibolite, rare earth elements assemblage and other litho-chemistry characteristics.1
[I'hus, the hthosphere tectOnIC detachments posiuons and mechanIsm of eastern Chma dunng Eocene"""1
phgocene Penods can be prehmmanly researched.1

~ccording to Appendix 7 and Fig. 9.6, it can be shown that the most of magmatic sources formed ncar
[he 1OtersectlOn of branch faults and the bottom of hthosphere, only a few (just two) ongmated 10crust.
[I'he Tancheng-Lujtang fault zone (5 10 FIg. 9.6) IS NNE trend10g and the most Important hthosphemj
[ault in eastern China (Wan TF et a!., 1996; Niu ML et aI., 2001; Sun XM et a!., 2005). HoweverJ
pbvious detachments did not all form and the basaltic magmatic sources did not all occur everywherel
linthe intersection of that fault zone and bottom of lithosphere. Actually, most of them only originatedl
OCrom fault mtersectlOns of NNE, E-W trendmg faults and bottom of hthosphere, m whIch near th~

l1OtersectlOns of Tancheng-Lujlang fault zone and ItScross cut extensIOnfaults (Xlahaohe-Chlfeng andl
fenglai-Beijing faults) (6 and 7 in Fig, 9.6) the magmatic sources are easy to form. They may be formed
Iby subductIOn of PaCificPlate first towards the Chma contment, caused that to form near E-W trend10gj
shortening and N-S trending extension, and then resulted in that obvious dextral strike-slip and reversel
rJovements occurred in NE and NNE trendmg faults and sInIstral stnke-shp and normal movementsl
!lappened in NW or E-W trending faults (Wan TF and Zhao WM, 2002; Wan TF, 2004). Usually, NNEI
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[Fig. 9.6 Distribution of magmatic source areas and faults near the bottom of lithosphere during North Sinian Period!
1(52 23 Ma) m easternChma(Wang YMand Wan IF, 2008)1

Numbers of legend: I. contmental crust area wIthweak magmatIsm; 2. contmental crust area WJth strongmagmatIsm;1
13. oceamccrust; 4. platecompressIOn dIrectIOn; 5. subductIOn zone or thrust;6. stnck-shp and normalfault; 7. magmatI9
Isource depth data in crust(data shownin Appendix7); 8. magmatic sourcedepthdata near the bottomof lithosphere (dat~

Ishownin Appendix 7).
Numbers of faults: 1. predicted subduction zone between continental and oceanic crusts (Japan Islands should b~

[ocatcdwest to this zone,hereneverreconstructed); 2. the borderbetweenweakand strongmagmatism areas; 3. Dunhua-]
Mishan reverse fault; 4. Yilan-Yitongreversefault; 5. Main Tancheng-Lujiang reverse fault zone; 6. Xialiaohe-Chifengl
~ault; 7. Pengl31-Beljmg fault;8. Datong,northern ShanxINEtrendmgfaultzone;9. Huanghua-Puyang normalfaultzone;
IO. Northernhangsu NE trendIng nonual fault; II. llashan normalfault; 12.lmtan reversefault; 13.lmnghn normalfault;1
14. Nanfeng fault zone; 15. Sanshm-Heyuan-LIanpmg normal fault; 16. Mashan, GuangxI normal fault; 17.Maguan,
[Yunnan normalfault; 18.Qiongzhou nonual fault; 19.Changle-Nan'ao normalfault.

~rending faults are compressed and rather close, only the intersections of NNE lithosphere faults andl
~he1f cross cut extensIOnfaults are easy to form the partial decrease pressure posItIOns,and then brough~

labout the magmatIc sources. It may be the reason why the volcanIC rocks In Eocene-OlIgocene wer~

not very widely distributed in eastern China continent,
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~-W shortening and N-S extension in the regional stress field caused major intraplate deformation inl
~he Chinesecontinent,representedby E-W or WNW normal,extensionaland detachmentfaults: the Xarl
Moron Rtver dextral stnke-sltp and normal fault zone (14 lo FIg. 9.3); Jt'nlOg-Gubetkou normal faultl
~one (15 in Fig. 9.3); the southernmost Yinshan-Daqingshan-Yanshannormal fault (16 in Fig. 9.3)j
~he Guangrao-Jtyang normal fault, I.e. southernmost fault m the Bohal Bay hydrocarbon basm (17 lOl
fig. 9.3); the Wuhe-Huaiyuan normal fault (21 in Fig. 9.3); the Luoning-Luoyang normal fault (22 inl
fig. 9.3); the Luonan-Fangcheng normal fault (23 in Fig. 9.3); Baoji-Tianshuinormal fault zone (24 inl
IFlg. 9.3); the Fangxlan-Xlangfan-GuangJ! normal fault zone (26 in FIg.9.3); the NanllOg E-W normall
fault system (26 in Fig. 9.3); the Maoming N-S depression (27 in Fig. 9.3); the Derbugan-Kelameilil
normal fault zone (28 in Fig. 9.3); the southernmostnormal fault of the Nilek-Turpan-Hami fault zon~
(29 lo FIg. 9.3); the northern border of the Alxa normal fault zone (36 lo FIg. 9.3); the Korla-Wuqlal
Inormal fault (37 lo FIg. 9.3); the southernmostnormal fault of the Junulshan-QlOghal Lake fault zon~
(northernmostQatdamzone) (38 m FIg.9.3); the NorthernKunlun(southernmostQaldamZone) normall
fault (40 in Fig. 9.3); the Kongkela-Tanggula-Wenguan normal fault (42 in Fig. 9.3); the Bangongco
1D0ngqla0 normal fault (43 lo FIg. 9.3); the E-W trendlOg South Chma Sea extenslOnal fracture zon~

(46 in FIg. 9.3). '1 hese E-W faults sometimes occur as a senes of step faults and form the margm~

pf dustpan-shaped basins with great thickness (thousands of meters) of terrestrial clastic deposits of
Ifluvial-lacustrine facies, and sometimeswith gypsum-saltbeds containing reservoirsof oil and gas.

[[he Eocene-Oltgocene was not only the malO penod for the formatlOn of petroleumsource lo Chmal
(lOcludlOg the marglOal shallow seas), but also the malO penod of petroleum mIgrationand accumula1
~lOn. E-W or WNWtrendmg normal faults formed the main condUIts for petroleum rmgrauon, and ad1
Ijacent structures (i.e. small reversedrag anticlines,growth faults, dense fissurebelts and so on) formedl
~raps favourableto the accumulatlOn of petroleum.The unconformIty at the top of the Paleogenetecton01
stratigraphic umt represents a phase of very weak deformatlOn before the depOSItIOn of the overlYlOgl
~eogene system, which includes caprocks favourable to the formation and preservation of petroleum
~eservOlrs, e.g. the ShengIt OJ! FIeld in the hyang fault-depressIOn of Shandongand the Bohal sn tield~

lin the fault-depression of central Bohai BayJ
IXu J (1994) estImated the amount of N-S extenslOn 10 the North Chma Plam durmg the Paleogenel

~o be 25-29 km. '!Jan ZY et al. (1996) estimate the amount of N-S extension m Bohal Bay dunng th~

IPaleogene to be 25-70 km, with an extensionratio of 15%-40%, 70% of this extensionoccurred along
la detachment (decollement)formmg the margm of the basm. From the preparatlOn of seIsmIC protile§
~u KZ et a!' (1997) estimated that the amount of extensIOn lo the Bohal Basm dunng the Paleogenel
Iwas 15-25 km, with an extensionratio of 30%. The amount of verticaldisplacementon the faults in th~

IBohal Basm dunng the CenozOIc IS up to 8-10 km. I hIS basm has the largestamount of depresslOn andl
extension in the eastern Chinesecontinent.

lDunng the North Smlan Penod basalts were commonly mtruded along E-W and WNW trendmg
rormal faults, such as the HUlmm sag of Shandong (formmg ~40.7 Ma) (FIg. 9.7), the BelJmg plaml
(66.1-29.9 Ma), north of Jiangsu (55.9-34.6 Ma), Qianjiang of Hubei (52-46.5 Ma), and Maoming of
puangdong (49-45 Ma). Basaltsmjectedmto E-W or WNWfaults commonlygIvense to hIghposltlVel
Imagnetlc anomaltes,whIchcan be traced across unexposedareas WIth the same onentatlOn. The basaltl
lIS a dlstlOctlve tholellt1c basalt,with a bImodalcharacter,composedmamly of oceamc mantle matenal,1
Iwith an 87Sr/86Sr initial ratio between 0.703 and 0.705, but may not contain peridotite inclusions froml
~he base of the lithosphere. Although many of the features of the chemical compositionof this kind of
Ibasalt are analogousto ocean-floorbasalt, It IS generallyconsIderedthat they are relatedto the formatlOnl
pf contmentalextensIOnal fracture systems(WuLR et a!., 1984:Chi JS et a!., 1988).1

[n eastern China there are three E-W extensional fault zones: (I) the southern footwall of th~

IYlOshan-DaglOgshan-Yanshan normal fault (FIgs. 9.8 and 9.9; 16 lo FIg. 9.3); (2) the normal faultl
lzones at the southern and northernfronts of the Qinling-Dabie Mountains (7 in Fig. 9.2) including th~
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IWuhe-Humyuan nonnal fault (21 m FIg. 9.3); the Luomng-Luoyang nonnal fault (22 m FIg. 9.3); thtj
lBaoji-Tianshui normal fault zone (24 in Fig. 9.3); the Fangxian-Xiangfan-Ouangji normal fault (25 inl
IFIg. 9.3); (3) the E-W trendmg Nanlmg nonnal fault zone (26 m FIg. 9.3). Three mountam ranges werij
~ormed by N-S trendmg extensIOn: Ymshan-Yanshan, Qmltng-Dableshan and Nanltng (Fig. 9.8). Thesij
~anges are bounded along one or both sides of normal faults. The Ymshan-Yanshan (Y m Fig. 9.8) andl
IQmhng-Dableshan (Q in FIg. 9.8) ranges are great metamorphic core complexes in Chma, uphfted a~

~he result of N-S extension, while the Nanling (N in Fig. 9.8) area includes large outcrop of granitel
~

Differences m crustal density were probably responsible for the upltft of the Ymshan-YanshanJ
IQinling-Dabieshan and Nanling mountain ranges and the depression of the surrounding basins unde~

[he mfluence of N-S extension (Fig. 9.8). The Ymshan-Yanshan, Qmlmg-Dableshan and Nanltng upj
~ifted blocks underwent strong tectonism during their geological history, and they include many highlYI
~ractured rocks and many gramte mtrusions, g1V1ng them a low density. I'hese three zones are the "lat1
litudinal tectonic zones", defined by Li SO (1929,1947,1962) and related to variations in the rotationl
Iveloclty of the Earth. However, Shl YL (1976) calculated by stress analysIs that changes m the rate of
~he Earth's rotatIOn velocity are not strong enough to cause deformatIOn of the Earth's crust. Howeverj
1m 1940's ISOtOPiC datmg was not available, demonstratmg that It IS not sensible to study tectonic belt§
~nless they could be related to a reliable time frame. E-W trending mountain belts occur only in th~

rastern part of the Chmese contment, resultmg from N-S extensIOn and E-W compressIOn due to thij
Iwestward subduction of the Pacific Plate; however in the western part of the Chinese continent thes~

~ffects are very weakJ
II'he three E-W mountain ranges d1V1de the eastern part of the Chmese continent into four dram agel

"asins: (1) the Songhuajiang-Nenjiang, Yanji, Liaohe and Erlianhot basins north of the Yinshan-J
IYanshan (A of Fig. 9.8); (2) the YellowRiver dramage basm between the Ymshan-Yanshanand Qmltng~

Dableshan ranges, formmg the Hetao and Guyang (Inner Mongolta), the Weihe of ShaanxI, hyangj
IHUlmm, Dongymg and Lmwu of Shandong, Qlkou of I'tanJm, Nanbu of Eastern Hebel and centrall
Hebei, the Kaifeng, Zhoukou, Nanyang of Henan Province, and the Suxian and Hefei basins of Anj

[Fig. 9.7 WNW trending faults and the distribution of tholeiites in the Paleogene at Huimin sag of Shandong (Liu ZR etl
W., 1988, with permiSSIOn of Lm ZR). '[he eroded thorentes form 011 reservoirs.

Legend: 1. basalt-porphynte; 2. pyroxemle; 3. basalt; 4. vokamc breCCia; 5. fault; 6. well posltlOnJ
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IFlg.9.8 Tectomcs and landforms m the North SmIan Penod.1

~. Mountamous areas; 2. SedImentary basms; 3. Shallow seas; 4. Ocean; 5. Normal fault; 6. Reverse fault; 7. Stnke-shlJ
~ault; 8. '[race of axes of maxImum pnnclpal compressIOn stress; 9. DlfectlOn of plate movernentJ

A. Songhuajiang-Liaohe drainage basins and interior drainage basin of Inner Mongolia; B. Yellow River drainagtj
basin, C. Yangtze River drainage basin; D. Zhujiang River drainage basin. Y. Yinshan-Yanshan Mountains; Q. Qinling-I
Dabie Mountains; N. Nanling Mountains]

[lut (B m Ftg. 9.8); (3) the YangtzeRtver dramage basm, between the Qmltng-Dabteshan and Nanltngj
~anges, formmg the Jtanghan,Litkeof Dongtmg, Lake of Poyang, the northernJtangsu, southern YeIlo\\j
ISea and the mouth of the Yangtze RIver basms (C m FIg. 9.8); (4) the ZhuJlangRIver dramage basm,1
south of the Nanling range, forming the Sanshui, the mouth of Zhujiang, Nanning, and the Guangxil
Ibasms (0 m FIg. 9.8). In the North SmIan Penod coherent dramage systems dId not develop through1
put the area, these basms formed a senes of separate lake basms, wIth scattenng mdependent dramagel
systems (Wan IF, 1994).1

punng the North SInIanPenod there were no hIgh mountamsor plateaus m the whole of the Chmes~
~ontinent, including the western part. The sites of the present Tianshan and Qilianshan Mountains wer~
pccupled only by low mountams and hIlls. At thIs tIme the Ianm and Qaldam basms formed a broadl
~ontmuous area of sedImentatIOn, as they were not yet separated by the Ahun Mountams, whIch wer~

!Ipliftedlater by movementsalong a large scale strike-slipfault (Ge XH et aI., 1990).There was a relicti
sea m the southwesternpart of the Tanm area, connected to the Neo-Tethysand the Paleo-Medlterraneanl
ISea. The Eocene and Oltgocene system contams abundantfossIlsand accordmgto geologIcalrecords of
~he fauna and flora all the provinces of China were deposited in a similar ecological environment with
Iwarm and moist cltmateJ

k\fter the eastern part of the Chinese continent developed a pattern of E-W mountain ranges andl
Ibasms m the North SmIan Penod, the mOIst monsoon denved from PacIfic Ocean was able to travell
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[Fig. 9.9 Seismic profiles in the Hohhot and Linhe sags ofHetao area on the southern side of the Daqingshan in Inne~

Mongolia (Bureau ofGeology and Mmeral Resources ofInner Mongolia, 1991).

[rom east to west across the whole of China. The hot and arid environment, which occupied most of
~he Chinese continent in the Cretaceous, was changed during the Eocene-OligocenePeriod to a warml
land damp clImate, favorable to the prolIferatIOn of anImals and plants. In the North Smlan Penod thij
K:hmese continent enjoyedthe most favorableecologIcal environment in Its geologIcalhIstory. ThIS wa~

~he major epoch for the generation and accumulationof petroleum in China and also one of the mainl
penods for the formatIOn of coal depOSIts. In the exploratIOn and explOItatIOn of fossIl fuel resourcesani
rnderstandmg of tectOnIC developmentsdunng the North SInIanPenod IS of VItal economIcImportanceJ

~.3 Formation of the Western Pacific Subduction Zoneand Yarlung Zangbo
Collision Zone

[l'heWestern PaCIfic subductIOn zone, a systemof trenchesand Islandarcs extendmgfrom the AleutIan§
~hrough Kuril,Japan, Ryukyuand Taiwanto the Philippines,forminga major featureof global tectonic~
lat the present day, mltIatedm the MIddle OlIgocene. ThIS was the second penod m whIch an oceanIq
plate occupyingthe PacificBasin was subductedbeneath eastern Eurasia, compressingeastern Chines~

~ontment. RelIcs of oceanIC lIthosphere and tectOnIC melanges of Eocene-MIddle OlIgocene age arij
pbserved m the accreuon complex of the ShImanto Belt in the southern part of the Japanese Island~

(Okamura, 2001). This accretionary belt extends southwards into the Yuli-Shoufeng SubductionZonel
1m 'Imwan. Some researchers recognIzed that the subductIOn probably commenced at 87-60 Ma, butl
Imtense tectono-magmatIsm and metamorphIsm m TaIwan IS dated IsotopIcally as OCCUrrIng between4q
land 30 Ma. Rb-Sr and K-Ar IsotOpIC ages of metamorphIc mmerals m the TaIluko Belt on the westernl
SIde of the Yuh-Shoufeng SubductIOn Zone show that metamorphIsm took place between 35 and 4q
Ma (Chen Z, 1984; Jahn et a!., 1986). AndeSItes In the eastern Coastal Mountain Range of TaIwan,1
Imterpreted as the volcanIC arc related to subductIOn have been dated at 29.7 Ma (Stephanet aI., 1986)J
Imdlcatmg that subductIOn contmued untIl the mId-OlIgocene. Because of thIS subductIOn, the rate of
~-W shorteningin eastern Taiwanwas ~7 cm/yr, the most rapid in the Chinese continent,
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IImtIatlOn of the trench-arc system from the AleutIans to the Phlhppmes in the Western PacIfic wa~

[elated to a sudden change in the direction of movement of the Pacific Plate. From isotopic dating andl
[he study of ocean floor magnetIc anomahes around the Hawal1-Emperor Seamount RIdge (Clague etl
la1., 1972; Oyeda et aI., 1974; Seno et aI., 1977, 1984; Maruyamaet aI., 1986; Stephan et aI., 1986), It ha§
been established that between 40 and 36 Ma the direction of movement of the Pacific Plate changed from
~he NNW to the WNW (Figs. 7.7 and 15.1). The rate of westward movement of the Pacific Plate was
!IP to 9 cm/yr. The subduction of the Pacific Plate led to the formation of the Aleutian-Kuril-Japanese
IRyukyu-I'mwan-Phlhppme arc-trench system and Izu-Bonm-Manana (IBM) arc-trench system, wlthl
[he PhI1lppme Sea Plate lyIng between them.

~t the same time the western part of the Chinese continent was affected by the northward movemen~

pf the IndIan Plate, wIth subductIOn of the Intervemng oceans leadIng to the colhslon of IndIa wlthl
~urasla (FIgs. 8.6, 9.5 and 9.10). Lee TY and Lawver (1995) and Royden and Burchfiel et a1. (1997]
lused data from ocean floor magnetIc hneatlOn and ocean dnlhng to trace the northward movement of
~he IndIan Plate. Oceamc hthosphere was subducted contmuously beneath EuraSIa, but the process of
subduction gradually slowed. The rate of northeastward movement of the Indian Plate reduced from ani
Imltlal 17 cm/yr to about 10 cm/yr between 60 and 45 Ma, Lee 'I Y and Lawver (1995) named thISproces~
I"softcolhslOn". SInce 45 Ma, the northeastward rate of movement of the IndIan Plate decreased furtheiJ
~o 6 cm/yr, they named this process "hard collision" (Figs. 8.8 and 8.9). During the Paleogene the Indian
flate moved northwards about 1,100 km, from near the equator to about latitude 11ON (Klootwijk andl
~adhakriehnamurty, 1981).

~n the period between 60 and 45 Ma the oceanic lithosphere to the north of the Indian Plate wa~

subducted beneath the EuraSIan Plate at a reduced rate of 10 cm/yr, but wIthout contment-contment
~ollision. From 45 to 22 Ma with a reduced rate of movement (6 cm/yr), the period of really "hardl
RolhslOn", the oceamc hthosphere was gradually subducted completely leadIng to contInent-contInent
RolllSlonIn the Late Eocene-Early Ohgocene (about 34 Ma) (AItchIson et aI., 2001, 2004, 2007).

Il'he Yarlung Zangbo RIver-Indus RIver Colhston Belt IS the major boundary between the IndIan andl
~urasian plates. The collision belt includes ophiolite suites, Triassic flysch and Cretaceous-Oligocen~

Imelange.Outcrops ofthe Yarlung Zangbo River ophiolite suite are distributed over a very wide area nearl
IXlgazeand extend E-W as a nbbon of 170 km long and 2-20 km WIde('Iapponmeret aI., 1981; Allegrij
~t aI., 1984). Wlthm the colhslOn belt beddmg, schIstOSIty and fault planes dIp steeply eIther to the northl
br south on the earth smface The former consensus was that collision between Indian and Emasianl
RontInents occurred dunng the Paleocene (Tapponmer et aI., 1981; Allegre et aI., 1984; Besse et aI.,l
1984). However, AItchIson et a1.(2001, 2004, 2007) and Wang CS et a1.(2002) found Late Ohgocenel
~adtolana In pelagIC cherts assoCIated wIth the ophlOhte suite of Yarlung Zangbo RIver, shOWIng thatl
pceanic crust survived to the north ofIndia until the Late Oligocene (~34Ma), and that the final collisionl
did not occm until this date

II'he IndIan Plate finally colhded wIth EuraSIa (Gangdlse or Lhasa block) at a late penod of thij
~ocene (I.e. about 34 Ma) In the Yarlung Zangbo RIver Colhslon Zone (AItchIson et aI., 2007). HoweverJ
pn the baSIS of paleomagnetIc data from the 90uE RIdge, KlootwlJk et aI. (1991) conSIdered that thij
[ndlan Plate colhded wIth the Kohlstan Block (I.e. equal to Gangdlse Block of TIbet), In the westernl
HImalayan syntaxIs In northern PakIstan at ~ 50 Ma, and thISdate ISnot very well constraIned. Searlij
(1991) suggested that thIS colhslOn occurred before 37 Ma. Dmg L et al. (1999; 2001) found that thij
Imainmetamorphic period for the formation of garnet, kyanite and high pressure granulite in the eastern I
IHimalayan syntaxis (Namjagbarwa area) was 69-40 Ma, he did not show CL images of the zircon grain§
rsed for mPb datmg, It IS dIfficult to evaluate Dmg et al.'s data. However, recently, Lm Yanet al. (2007]
k1lscovered the age of 30-33 Ma at the nm domaInS of zIrcon crystals In recrystalhzIng hIgh pressurel
~elsic granulites by SHRIMP U/Pb analyses (at the mantle domains of zircons, got 515±35 Ma of U/P~
Ilsotoplc age, whIch IS the metamorphIc age denved from ProterozoIc sedImentary rocks ). DependIngl
pn the above recent isotopic data, it can be seen that the Yarlung Zangbo River Collision Zone formedl
lat30-37 Mal
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Where IS a swarm of WNW trendmg dIabase dykes at southern Yamzhoyumco in the Hlmalayanl
Block, Their chemical composition indicates a rate of N-S extension of 1.1 cm/yr in that area.

[I'he Paleogene contment-contment colhslOn between the IndIan and EurasIan plates affected the adj
liacent areas. Because m the Indoslman, Slchuaman and North Smlan Penods the dIrectIOnsof maxlmuml
j)nnclpal compressive stress m Qmghal-'lIbet were all approximately N-S trendmg, dunng later tectomq
~vents earher folds were more mtensely compressed, and movement occurred readIly along earher faultl
planes, with little change in orientation. In this case, in order to separate the tectonic results at differen~

j)enods, It ISnecessary to make careful, thorough, detaIled structural studIes. At present, the data ISnotl
sufficIent to resolve thISproblem. Nevertheless It IS possIble to put forward some proposItIOnsI

IBroadopen folds in Cretaceous-Paleocene strata, with near E-W or WNW trending axes are the result
pf N-S shortemng. Guo TY et ai. (1991) first pomted out that m the Ngan area of XIzang, weak fold§
Iwith an N-S axial trend are superimposed on these folds. Because Cretaceous and Paleocene system§
laremvolved m the later foldmg, It IS supposed that these folds were formed dunng the MIddle MlOcene.1
ISlmllarphenomena occur in the Turpan and Haml 011 fields in the Xm]lang Oygur Autonomous ReglOnl
(Zheng YD, 1989, personal communication). It is evident that in western China deformation due to E-WI
~ompresslOn and shortemng durmg the North Smlan Penod was weaker and later than m eastern Chma.

[n the 'Iamantaweng area, adjacent to the Nujlang Fault Zone, movements along the fault zon~

~hanged from sinistral to dextral, with a reverse component, between 42.5 and 30 Ma. The westernl
SIde of the fault moved northward under the mfluence of the colhslOn, and the contmued northwardl
Imovementof the IndIan Plate (Wang GH et aI., 1996).

[I'here are a large number of colhslOn-related Igneous mtruslOns on both SIdesof the Yarlung Zangbol
IRlverColhslOn Belt and m Gangdlse-Nyamqentanglha Zone, north of the HImalaya. Some of thes~

lintrusions are small stocks or diapirs originating from remelted continental basement by compressionJ
IWlth the assImIlatIOn of mlgmatlte and gnelssose mlgmatltlc gramte. 'I he ISOtOPIC ages of all thes~

ImtruslOns are between 50 and 20 Ma (Bureau of Geology and Mmeral Resources of XIzang ('Ebet)
VS'utonomous RegIOn, 1993). Ounng the same penod bImodal volcamc rocks of the LmZ1zongGrou~
landthe Nadingco and Dazuka formations, inter-bedded with alternating clastic sediments of marine andl
~errestrial facies, were erupted. Rates of intraplate shortening, determined from the composition of th~

ligneous rocks, were most rapid in western Yunnan (6.6 cm/yr), Gangdise (5.8 cm/yr) and the Himalayas
(6.3 cmlyr)l

lBecauseof compression due to the northward movement of the Yarlung Zangbo River Collision Belt,
[here was httle magmatIc act1V1ty m north QIangtang. Volcamc rocks of the calc-alkahne senes, wlthl
lahIgh potassIUm content, were erupted between 44.66-35 Ma and there were hIgh potassIUm gramtel
ImtruslOns between 29 and 24 Ma (ChI XG et aI., 1999). It means that there was an mtrap1ate magmatlsml
latnorth Qiangtang during those epochs. The effects of the collision of India and Eurasia were weakerl
lin the more northerly and easterly areas of the Chinese continent.

linrecent years, LIU ZF et al. (2000) restudIed the Feng Volcamc Group (56-33.2 Ma) and the Yaxlcq
[Jroup (33.2-30 Ma) covering an area of 100,000km2 in the Hohxil continental sedimentary basinl
~etween the Tanggula and Kunlun Mountains. The balanced cross section method was used to calculat~

[he magmtude and ratIOof N-S shortemng at the Paleogene (eqUIvalentto North Smlan Tectomc Penod]
las53.1 km and 42.8%.

[I'apponnieret al. (1986, 1990) suggested that the southeastward movement of the Indochina Plate was
due to the northward movement of the Indian Plate, with its collision and indentation of the southernl
Imargin of the Eurasian Plate. As reported above, the rate of northeastward movement of the Indianl
IPlate had decreased to 6 cmlyr dunng the penod of 45-22 Ma. Accordmg to 'Iapponmer et al. (1986J
1990), between 30 and 20 Ma the slmstral Red Rlver-Jmshajmg stnke-shp fault zone was generated b5J
~his movement, with a displacement of 500 km at a rate of 5 cm/yr. If movement along the zone wa~

Rontrolled only by the northward mIgratIOnof the IndIan Plate, It should have had a dextral stnke-shg
Imovement, similar to the Nujiang Fault. However, the Red River-Jinshajiang Fault certainly behavedl
las a sinistral strike-slip fault at that time, so that the explanation of Tapponnier et al. (1986, 1990) i~

lincorrect. In recent years there has been a tendency between both Chinese and foreign scientists t9
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lattnbute all the deformatIOn in the Chmese contment to the effects of the colltston and the contmuedl
Inorthward movement of the Indian Plate, and to ignore other possible causes. The author considers thatl
Imovements along the Red Rtver-Jmshajmg Fault Zone m the North Smtan Penod were controlled b)J
[he tectomc system whtch affected the eastern Chmese contment, where E-W compresston generatedl
~W-trendmg stmstral stnke-sltp faults.

~'Ig. 9.10 Paleo-tectonogeographlc reconstruction of Chma and Its adjacent blocks In the Late North SInIanPenod (23

ll'illill

11. Ocean:2. ShaIlowand Inlandseas; 3. Humid basInWith terrestnal facIes; 4. HIllsand low mountaInS (Index lelter~

fifethe saIneas In hg. 6.5). Ihe paleomagnetIc data and centraIreferencepOInts of the blocksare hsted InAppendIx61

IA paleogeographIc reconstructIOn has been prepared from paleomagnetIc data (FIg. 9.10; Appendlxl
16). From the JurassIc to the present day the paleomagnetIc declInatIOnm the eastern Chmese contmen~

~as not vaned by more than IOU, and It IS possIble that some of the apparent vanattons are due tq
rrrors m measurement. Dunng the late North Slman Penod there was ltttle change m the latItude of th~

rastern Chinese continent, but there were obvious changes in the position of Qinghai-Xizang (Tibet).1
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[['he dIrectIOn of magnetIc north In the QIangtang, Gangdlse and HImalayan blocks and IndIan Platij
Iwas about NW340° -350° and these blocks contInued to move In an NElD o-20odlfectIon. The Gangdlsel
landQIangtang blocks moved northward for only a few degrees, but the HImalayan Block, the northernl
RontInental margIn of IndIa, was at 4.3°S In the Late Cretaceous, but moved to 3°N In the Paleogenel
landto 25°N in Pliocene. At the same time the Indian Plate moved northward 1,200 km at the rate of {1

~m7yr·1

lIn addition, the formation periods of strong rock deformation areas induced by westward migrationl
pf PacIfic Plate wIth nearly N-S trendIng foldIng are gradually transmItted In Paleogene and Neogene:
IbegInmng of westward mIgratIOn of PacIfic Plate IS 34 Ma, formatIOn epoch of western PacIfic subj
fiuction zone and island arc is about 30 Ma, stronger deformation epoch in Eastern China continent i~

123 Ma, and slIght deformatIon epoch In western ChIna (Yunnan, TIbet and XInjIang) IS abou~

10-15 Ma. It means that westward hOrIzontal mIgratIOn velOCIty of strong deformatIOn from Paclficl
~o western China is about 0.65 mJyr. It is a suitable evidence for explanation of quasi-synchronous
kctonisml

lIn the North SInIan PerIod (56-23 Ma) the tectOnICS of ChInese contInent was first Influenced biJ
Iwestward subductIOn of the PacIfic Plate, caUSIng the compressIOn In eastern ChIna and the Intraplatel
kIeformatlOn of the North Slman Tectomc System. ThIs resulted In the uplIft of three E-W trendIng
Imountain ranges and the formation of four large drainage basins in eastern China. However, in westernl
~hIna rock deformatIons formed dUrIng thIs perIod record the Influence of the northward movement of
~he Indian Plate and the formation of the Yarlung Zangbo Collision Belt.
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ChapterlQ

Tectonics of'Miocene-Early Pleistocene (The Himalayan
Tectonic Period, 23-0.78 Ma)

[I'he HImalayan movements were first recogmzed by Huang TK (1945) correlated wIth the New Alpm~

Imovements of Europe. At the time of Huang's studies in France during the 1930s, it was consideredl
[hat the Alpme Orogeny had occurred m two phases, an "Old Alpme" (MesozOIC) phase and a "Ne\\]
k\lpme" (CenozOIc) phase, however, he dId not thmk so recently. Huang conSIdered that the Hlmalayanl
Imovements should include all the tectonic events occurring during the Cenozoic. This view has com1
rJonly been accepted and apphed 10 Chma over last sixty years. However, as deSCrIbed10earher chap1
~ers in this volume, both the Sichuanian and North Sinian Tectonic Events occurred within the Ceno-J
IzOlc. In the early MesozOIC the HImalayan and adjacent contmental blocks were attached to Gondwanal
ISubsequently these blocks were separated from Gondwana and moved gradually northwards untIl the~
~onverged and collided with the southern margin of Eurasia in the Banggongco-Nujiang and Yarlung]
gangbo CollIsIOnZones. In the SlUchuaman and North SInIan stages the separated blocks stIlI lay wlthInI
[he Tethys Ocean, rIght to the south of ASIa. The collIsIOnzones, whIch resulted In the HImalayan Tecj
~OnIC Zone and the HImalayan MountaIns, dId not form untIl the Neogene.

[I'he "HImalayan I'ectonIC PerIod" ISproperly apphed to the strongest deformatIOn, whIch resulted 101
~he formation of the Himalayan Mountains during the Neogene and Early Pleistocene (Wan TF, 1994 )J
Iwhlch IS really an orogenIC perIod. Because 10 Chma the contacts between Neogene and Early Plels-I
[ocene systems are conformable, wIth no eVIdence of a tectOnIC event at theIr boundary, the Neogenel
land Early Pleistocene epochs are considered to constitute a single tectonic stage. Due to the formationl
pf HImalayan MountaIns and the uplIft of the QInghaI-XIzang (called QIngzang or TIbet) Plateau, andl
~he consequent erosion, the Siwalik Molasse Group was deposited in the foreland basin to the south of
~he HImalaya Mountams and sImIlarly the Xlyu (quasl-) Molasse Group was deposIted at the foot of
~he Kunlun and Tianshan Mountains, the Yumen conglomerate formation to the north of the Qilianshanl
land the Ya'an conglomerate formation in western Sichuan. These coarse molasse groups were formedl
rJa10ly dUrIng a late stage of the Neogene and 10 the Early PleIstocene. All these molasse formatlOn~

larefolded and are overlaIn unconformably by MIddle PleIstocene sedlmentsJ

10.1 Thin-skinned Tectonics, theFormation of theHimalayan Thrust Zone and
Ithe Uplift of the Qinghai-Xizang (Tibet) Plateaul

IAtthe late epoch of the Paleogene (about 37-30 Ma), colhslOn between the IndIan and EuraSIan plate§
pccurred, forming the Yarlung Zangbo Collision Zone and making the oceanic crust disappear (Fig.
10.1 and 3 In FIg. 10.4). Further convergence In the Neogene led to the development of the Hlmalayanl
[I'hrust Zone to the south, wIth shortenIng In a "thIn-skInned" tectOnIC system. There are three maio~

~hrusts from south to north: the Main Boundary Thrust (MBT in Fig. 10.1; 6 in Fig. 10.3; 1 in Fig.
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10.4,), the MaIn HImalaya 'I hrust (MHT In FIg. 10.1; 6 In FIg. 10.3; 2 In FIg. 10.4), and the MaIn Northl
[hrust (MNT in Fig. 10.1) or Kangmar (KT) (Tapponnier et a!., 1981; Allegre et a!., 1984). The Mainl
~oundary Thrust and the Main Himalaya 'I hrust occur to the south of the watershed of the Hlmalayanl
Mountains In Nepal, Bhutan and India, and have rarely been studied by Chinese geosclenlists.

II'he main thrust planes of Himalayan Ihrust Zone all dtp to the north at low or intermediate angles,1
IWlth the hangIng wall overthrust towards the south. The rocks form an Imbncate thrust system stnkIng E1
~ which includes zones affected by low and intermediate grade dynamo-metamorphism of greenschistJ
lamphlbohte, sllhmanlte and glaucophane faCIes. lIght foldIng and metamorphIsm occurred dunng thij
Miocene and Phocene (Sinha-Roy, 1982; Allegre et aI., 1984). However, Searle (2007) discovered thatl
~ain Himalayan Thrusts were changed to low angle normal faults or called detachments at presentl
[Ime. It IS very similar to what the author observed at the top of Alps Mountains of Italy In 2004 and atl
~astern Himalayan Syntaxis in 2009, where the most of thrusts are changed to normal faults at low orl
IIntermedlate angle recently~

lOver the last twenty years many methods of ISOtOPIC chronology have been used to determIne thij
[Ime at whIch thrustIng took place, and ages between 23.5 and 16.8 Ma have been obtaIned: 23.5 Ma biJ
100Pb (Tapponnler et aI., 1990); 17 Ma by Ar/Ar (Copeland and Hamson, 1990); 18.5 Ma by Ar/Ar andl
k\palite fiSSIOn track (AFI) (Copeland et aI., 1987); 16.8 Ma by the AFI' method (Comgan and CrowleyJ
1992). Similar ages were obtained by the Bureau of Geology and Mineral Resources of Xizang (Tibet)
Kutonomous Region (1993) by ISOtOPiC methods and uSing geological cntena. In northern Pakistan, Inl
~he northwestern Himalayan syntaxis, movements of the Main Mantle Thrust occurred earlier, betweenl
145 and 20 Ma (Chamberlain and Zeitler, 1996). In the eastern Himalayan or the Namjagbawa syntaxis,1
~he youngest metamorphIc ages are between 23 and 18 Ma (DIng L and Zhong DL, 1999). IsotopIC]
f.lating shows that movements in the Himalayan Thrust Zone commenced in the Early Neogenel

II'he amount of displacement along the Main Central 'I hrust IS estimated by several researchers to bij
80-115 km uSing the shear strain method (Sinha-Roy, 1982). However, this may be an undereslimateJ
k\ccordlng to paleomagnel1c data, the central reference POint for the Indian Plate moved from lal1tudij
lioN to 21oN during the last 22 million years (Appendix 6). From the convergence of the Indian andl
IEurasianplates, and estimations of the amounts of movement along the Himalayan thrust zones the disj
placement of IndIa has been estImated to be ~1,000 km (KlootwlJk and Radhaknehnamurty, 1981; Leij
II'Y and Lawver, 1995), wIth an average rate of movement of 4.8 cm/yr. Besse et al. (1984) estlmatedl
~hat the amount of convergence between the Indian and Eurasian plates was 550±650 km, and displace1
Imentalong the thrusts was 400±400 km. The last two eslimated values are similar. However, Besse etl
lal., (1984) consIdered that the colhslon occurred before 50 Ma.1

Paleomagnetic data (Appendix 6) from crustal blocks in western China and its adjacent areas (Fig.
10.2) support the above interpretation. The blocks, which make up western China, were widely separatedl
pver a very long period of time, but during the last 40 million years, these continental blocks cam~

~ogether, untIl at 22 Ma they reached posItIOnssImIlar to those they occupy at the present day~
~ecently, convincing results were obtained by deep seismic profihng across the Main Hlmalayanl

rrhrust Zone. Results from the cooperative China-USA INDEPTH project, make clear that the footwall
pf the thrust zone has been subducted northwards for more than 200 kill, reaching a depth of ~ I5 km.
Kt the deepest level the fault plane dips to the north at only SO, the depth of MohorovIcic DlscontlnUityl
lIS around 23 km (FIg. 10.1), and a zone of partIal meltIng (STD In FIg. 10.1) IS recognized beneathl
~he Yarlung Zangbo Fault Zone (Zhao WJ, et a!., 1993, 1997). The above results provide importan~

~vidence for the structure of the Himalayan Thrust Zone and the northward subduction of the Indianl
IPlate, IncreasIng thIckness of the Xlzang-QInghat crust to 60-74 km (Zeng RS et a!., 1995; Zhao WJ etl
lal., 1997; Teng JW et aI., 2003)J

~n the last few years, seismic tomographic studies of the western Himalayas to a depth of 1,000 kml
[lave shown that the cool Indian Plate with high velOCity has been subducted to a depth of 600 km almostl
Ivertlcally,and then the depth between 600 and 800 km has been turned over towards the south (Van derl
IVoo et a!., 1999; Blgwaard et aI., 1998). Ihls shows that the subductIOn of IndIan Plate dId not extendl
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~ ig, 10.1 Geological section and lNDEPTH seisnuc profile across the HimalayanColhsiOnZonel

Upper section: 1. Cenozoic molasse formation; 2. Sedimentary cover; 3. Crystalline basement; 4. Granite; 5. Ultra]
!pafic rocks; 6. Subduction zone; 7. Thrust zone; MBT, Main Boundary Thrust; MHT, Main Himalayan Thrust; MNTJ
MalONorthern Ihrust; YI, Yarlung Zangbo Fault Zone; ED I, Eanggongco Dengqen Ihrustj

Lower section: MHT, Main Himalayan Thrust; Moho, MohorovicicDiscontinuity (Zhao WI et aI., 1993, 1997, withl
permission of Zhao WJ)I

rorthwards tora long dIstance, as has been suggested by some researchers (Argand, 1924; Powell andl
K:onagham, 1973; Seeber et aI., 1981; KlootWljk et aI., 1985; Houseman et aI., 1996)J
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Fig. 10.2 Change in paleolatitude for blocks in western China and its adjacent areasj

K:. Sibenan Plate; D. Kazakhstan-Junggar Plate; F. Ianm Block; H. Kunlun Block; I. Qiangtang Block; J. Gangdls~
~lock; K. Himalayan Block; L. Indian Plate.

IDeformatlOn m the Himalayan Stage produced a large-scale, thm-skmned thrust zone m westernl
K:hma. According to Burchfiel et aJ. (1989, 1992) and Royden et aJ. (1997), the thrusts of the Hlmalayanl
feriod constitute a large-scale thin-skinned tectonic system, not only forming the Himalayan Mountain~

(6 In Ftg.10.3; 1,2 and 3 In Fig. lOA), but also extending for over 1,000 km northeastwards, covenng th~

lareaof the Qinghai-Xizang (hereinafter called Qingzang) Plateau as far as the Longshoushan-Haiyuan
II'hrustZone (17 m Fig. lOA). The western margm of this system IS formed by the Altun sInistral stnke1
shp fault (13 m Fig. 1004), and the eastern margm hes m the Daxueshan-XlaoJlang foothills, along al
f.lextral strike-slip and normal fault zone (20 and 22 in Fig. 10.4). Within this area a series of WNWI
[rending faults form Imbncate thrust systems, such as the Banggongco-Nujlang Thrust (4 In Fig. IOA)J
[he Kongela-Wenquan Tanggula Thrust (5 In Fig. lOA), the Jlnshajlang-Honghe (Red River) Thrustl
(6 in Fig. 10.4), the Kunlun Thrust (i.e. Central Kunlun Thrust) (7 in Fig. 10.4), the southern margin
pf the Qaidam Thrust Zone (12 in Fig. 10.4), the Junulshan -southern margin of the Qinghaihu Thrustl
gone (14 In Fig. lOA), the southern margin of the Central Qlhanshan Thrust Zone (15 In Fig. lOA) andl
~he northern margin of the north Qlhanshan '[hrust (16 m Fig. lOA). Burchfiel et al. (1989, 1992) andl
~oyden et aJ. (1997) considered that this thin-skinned tectonic system, With a displacement of tens t9
~undreds of kilometers, was developed mainly in the upper crust, with a major detachment at a depth of
~30 km along the low velOCity layer In the lower crustl

[here are still several opinions concerning the amount and rate of sinistral strike-slip displacement inl
~he Altun Fault Zone dunng the MIOcene-Early Pleistocene. From a systematic study of geomorphol-I
pgy and sedimentation, the Altun Active Fault Zone Research Group of the Seismic Bureau of Chinal
(1992) estimated a sinistral stnke-shp displacement of ~75 km, Withan average rate of movement of
p.58 cm/yr. Based on the sedimentatIOn and deformatIOn m the basm m the middle sectIOn of the AI1
[un Fault Zone dunng the Neogene, Chen ZL (2001) proposed that the amount of sInistral stnke-shg
f.lisplacement was 80-100 km. From the process of formation of the Qingzang Plateau, Meyer et aJ.
(1998) suggested that the sinistral stnke-shp displacement In the Altun Fault Zone reached 156±40 km.
IOfcourse, some researchers have proposed greater displacements, choosing different markers for th~

~etermmatlOn of the amount of stnke-shp, but at present there IS no consensus vlewJ
[he Qingzang thin-skinned tectonic system developed in the tectonic stress field caused by northj

~astwards subduction and compression by the Indian Plate, making use of pre-existing faults. A seriesl
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Fig. 10.3 Rockdeformation in the HimalayanTectonic Period.

11. Tuguluanticlines in Junggar, Xinjiang, Thrustingand folding occurred in the Early Pleistoceneand affect all th~
fjlderstrata (N8724profile,Bureau of Petroleum of XlOJlang (unpublished data»; 2, Seismicprofileof Welhe-Pucheng,
!'IormalfaultlOg occurred10 thePleistocene, form109 the Fen-Wei graben(Yang KCet aI., 1989); 3. Yltong fault-depressIOn
in lilm. DaIluanshan structuralseClion. Normalfaultsand foldswere formeddunng theEarlyPleistoceneand are overlatij
lunconformably by the MiddlePleistocene (Llu MQ et aI., 1993);4. Kuchefold zone10 southernXlOjtang. FaultlOg ani!
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folding occurred in the Early Pleistocene, overlain unconformably by unfolded Middle Pleistocene-Holocene (Jia JH,I
~OOO); 5. Seismic profile of the Xihu fault-depression, Donghai (East China Sea), Deformation occurred in the Miocene.
[Ihe PlIocene and Quaternary systems are almost undeformed (Yang KC et a!., 1989); 6. Cross-sectIOn of the Hlmalaya§
l(lapponnIer et a!., 1981), MBI MalO Boundary Ihrust, BH'I MalO HImalaya Ihius!. Ihe thrusts affect Neogene ani!
Ruaternary systems; 7. Yingehai Neogene fault-depression basin, southwest of Hainan Island, influenced by the Hongh~

I(Red River) Fault Zone with horizontal dextral strike-slip, N-S extension faults and diapir structures (Zhang RM et al.]
1996); 8. Vertical conjugate shear joints in horizontal Miocene sandstone north of Jiashan, Anhui, followed by an N-SI
,rending extensional joint system, caused by N-S shortening (Ding GY, 1989)1

[nIlialletters for blocks and plates are the same as 10 Fig. 6.5.1

50'

100"

1312

10

~I

~

~
E;] 4

[§;J
~

30'

5O.c::---'i'----,--___')'-----.~-___')'----,--__'1~-__,_--_'_j"--__,_--T_~~_;_-f--__,_,

FIg. lOA TectonIc sketch of the Chmese contment 10 the HImalayan Penod (23-0.78 Ma)j

Legend: 1. GranItes of the HImalayan Penod; 2. VolcanIC rocks of the HImalayan Penod; 3. Rates of mtraplate de-I
[ormation. estimated from the chemical composition of magmatic rocks: "-" is rate of extension, other values are rate~

"f shortening in cm/yr (Appendix 5.9); 4. Numbered collision zones or thrust belts; 5. Numbered normal and strike-slip
faults: 6. Boundaries of blocks or faults with weak activity during the Himalayan Period; 7. Fold axes, only anticlines ar~

shown(Appendix 3.8); 8. Trace of axes of maximum principal compressive stress (UI); 9. Direction of plate movernentj
10. Areas of terrestnal sedimentatIOn; 11. Land areas sublect to erosIOn; 12. Areas of Shallow sea; 13. OceanIc areas.

Numbered plate boundanes, collISIOn belts and fault zones:mMain Boundary Thrust of the Himalayas (MBT, boundary between the Indian and Eurasian plates); [2] Main HiJ
fllalaya Thrust (MHT); 131Yalung Zangbo Thrust; 14lBanggongco-Donggiao Collision Belt; 15IKongela-Wenguan Tang
!iula Thrust; [§] Jinshajiang-Honghe (Red River) Thrust Zone, with dextral strike-slip on the Honghe section; liJ Kunlu~

IThrust (i.e. Central Kunlun Thrust); lID Kangxiwa-Ruoqiang-Dunhuang reverse fault zone with strike-slip; l2J Korla-I
~uqia thrust zone; !illNile-Yilinhabirga-Yagan Thrust Zone [j] Debuga-Kramali Thrusl Zone; I!1l Southern marginl
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rf the QaidamThrust; I!ll Altunsinistralstrike-slip fault zone; [@ Junulshan-southern marginof the Qinghaihu Thrust;

1151 Southernmarginof the CentralQilianshanThrust; 1161 Northernmarginof the north QilianshanThrust; 1171 Long-I

shoushanThrust; [j]] Northernmarginof the AlxaThrust; I!2l Wushan-Baoji-Luonan-Fangcheng ThrustZone; 1m East-I

~rn marginof the Daxueshan normal fault zone; 1m Longmenshan sinistral strike-slip fault zone; I22l Xiaojiangdextrall

Istrike-slip and normal fault zone;~ Liupanshan-Helanshan normal fault zone; IHl Fenhe Graben Zone;~ Easternl

~rontal Dahingganling normal fault zone; Ml Eastern frontal Taihangshan dextral strike-slip and listric fault zone; IllI
K¥ulingshan-Daruingshan normal fault; [8] Beipiao-Jianchang normal fault zone; [29] Eastern Cangzhou normal faultl

lzone; fuil Tancheng-Lujiang sinistralstrike-slipand normalfault zone; Iill EasternmarginalHuanghai(Yellow Sea) dex-I
,ral strike-slip faultzone; Ig] Chong'an-Heyuan normalfault; Itil Lishui-Lianhuashan normalfault; IBl Changle-Nan'ao

"ormal fault; ~sl Coastal fault zone of Fujian and Guangdong; ~61 Western marginal normal fault of Diaoyu Island;

[7] East marginal normal fault of Diaoyu Island; [8] Ryukyu Subduction Zone; 1391 Western Philippine-east Taiwa~

Ilongltudmal valleysmlstralstnke-shp fault zoneJ

pf folds were developed, especIally In the southern XIzang and Qmdam areas, In addItIOnto the thrusts.
lin the western part of the thm-skmned tectomc system E-W or WNW trendmg thrust zones werij

k1eveloped to the north of Kunlun, in which the mountains were thrust over their marginal basins, acj
~ompanIed by foldmg and the formatIOn of near N-S trendmg extensIOnal faults, e.g., the Kangxlwa=j
IRuoqlang-Dunhuang sInIstral stnke-shp and reverse fault (8 in hg. 10.4), the Korla-Wuqla I hrust Zonel
(9 in Fig. lOA) and the Nilek-Yilinhabilg-Yagan Thrust Zone (10 in Fig. lOA) on the margins of the
rrianshan. During the Early Pleistocene the Xiyu and Yumen conglomerate formations and their under1
IlyIng strata were folded and faulted. The Neogene and Early PleIstocene baSInS, located In the northernl
~oothllls of the Kunlun shan, and on the margIns of QIlIanshan and '1'Ianshan, such as the northern andl
southern margmal basms of lanm (4 m hg. 10.3), the northern and southern margmal basms of QmdamJ
~he southern marginal basin of Junggar (1 in Fig. 10.3) and the Yumen Basin in Gansu, could be calledl
~oreland basms. Only sedImentary basms formed m front of subductIOn zones and mtra-contmentall
rnderthrust zone are properly called "foreland" baSInS. The 'Ianm, Qmdam and Junggar baSInS werij
~ormed before the Neogene, so that before the thrust zones developed, i.e. before the Neogene, it is notl
lappropnate to call them foreland baSInS. Many sedImentologIcal researchers have expanded the use of
Ithe term "foreland baSIn" to cover all the baSInS whIch occur In front of mountaIn ranges (1m HF, 1995)j
Ihowever,thIS IS not the correct use of the term.

preat progress has been made m recent years in determmmg the hIstory of uphft of the Qmgzangj
flateau. Studies of the relationship between the vegetation and changes in the height of the plateau hav~

shown that smce the Paleogene the plateau has changed from an area of forested lowlands m the torndl
lzoneto hIghland forests and bush grasslands In the subtropIcal zone. The QIngzang Plateau was affectedl
~y periodic uplift, and by the end of Miocene, had reached a height of more than 3000 m above sea level
(WeI MJ et aI., 1998). In the Early Neogene (~23 Ma) a planatIOn surtace was developed across thij
plateau. In Hohxilshan the lacustrine facies of the Wudaoliang Group was deposited extensively acros§
~hls planatIOn surface (11 TO, 2002). Recently other researchers have concluded that the Qmgzangj
IPlateau was uphfted rather later (Ge XH et aI., 2002). Although uphft of the Qmgzang area contmuedl
~hroughout the Neogene, at the end of Neogene the plateau area was not more than 2000 m above seal
[eveIJ

~~e-se-a-rc~h-e-r-s~fr-o-m~L-an-z~h-o-u~U~n-l-v-e-rs~lt~y-s~tu-d~l-ed~th-e-r-e~la~t~lO-n-s~hl-p~b-e~tw-ee-n~th-e~h-e-Ig~h~t-o~f-t~he-p~la~te-a-u-a-n~dl

~he graIn sIze of the sedIments In the foothIlls along the northern margIn of the QIngzang Plateau, USIngj
~he sedIment gram sIze to determme the hIstory of uphft. They conSIdered that the rate of uphft of thij
Inorthern QIngzang Plateau was 0.13mri17yr dunng the mIddle epoch of the Neogene (12.18-8.26 Ma)
(Song CH et aI., 2001). At 8.35 Ma the heIght of the plateau was only 900 m above sea level, dunngj
8.35-3.1 Ma It was uphfted by only 420 m, at a rate of 0.11 mm/yr. The major penod of uphft occurredl
lin the Early Pleistocene, at 3.1-0.9 Ma, when the plateau was uplifted from 1,320 m to ~3,700 m,1
[he rate of uplIft reached 1.075 mri17yr, almost 9 times the rate dunng the Neogene; SInce the Mlddlij
fleistocene, the rate of uplift has been very slow (Fu KD et aI., 2001)1
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IFrom3.1 to 0.9 Ma the plateau was affected by a peflod of strong erosion and sedimentatIOn, whlchl
Iwas prevalent throughout the globe, due to the change from a stable to a more turbulent climatic enj
IVlronment(Zhang PZ and Molnar, 2001). 'Ihls probably relates to the Early Pleistocene global glaclall
rpoch, when large amounts of water were frozen m the Arctic and Antarctic Ice sheets, causmg a fall ml
global sea level, an mcrease m the rate of erosIOn of the contments and an mcrease m the gram size of
sediments. However the mcrease m gram size was not entuely due to the fall in sea level. In the Earl~

IPleistocene the plateau was uplifted by ~ 2,400 m, while the drop in sea level was only ~100 m. So th~

Imcreasmg gram size of sediments in the northern foothills of the Qmgzang Plateau reflects mamly thij
!1plIftof the plateau.

from a study of the sedimentary sequences and the subsidence history of the Yinggehai Basin
(108.1 DE, 18.2°N) and some intra-continental pull-apart basins to the southeast ofthe Qingzang PlateauJ
linwestern Yunnan, Wang GZ et al. (2001) established that the initial stage of uplift in the western Yunj
ran Plateau occurred between 23 Ma and II Ma, while the mam stage of eroston and planatIOn stagij
rccurred between II Ma and 5.3 Ma. The most rapid rate of uplift, to form the framework of the westernl
IYunnan Plateau, occurred between 5.3 and 1.6 Ma. This plateau reached a height of 1,700-2,100 m, atl
larate of uphft between 0.5 and 0.57 mm/yrl

from a comprehenSive analysIs of large amounts of data from CenozOic tectOniCS, sedlmentatlonJ
lfission track dating and a precise leveling survey, Xiao XC et al. (1998) proposed that the Qiangzang
flateau underwent a slow rate of uplIft from the Paleocene to a late stage m the MIOcene (60-11 Ma),1
k1unngwhich rates of uplIft were between 0.07 and 0.6 mtri7yr;from the Late MIOcene to Late Piiocenij
(10-3 Ma), the rate of uplift had intermediate values between 0.3 and 2.05 mm/yr; from Early Pleis-I
~ocene to an early epoch of the Middle Pleistocene (~2-0.5 Ma) was the peflod with the highest rate~

rf uplift between 5.35 and 1.6 mm/yrJ
Ma ZJ et al. (1998) pomted out that the deformatIOn of the Qmgzang Plateau was three dlmenslOnalj

from a comprehenSive analysIs of fissIOn track, paleoclImatiC, paleogeo-graphlc and paleoplanatlOnl
~ata, the three dimensIOnal kmematlcs of the deformation of the Qmgzang Plateau was reconstructedl
[heir results are very similar to those of Xiao XC et al. (1998), although there are some differences. Mal
~J et al. (1998) emphasized that there was a large-scale N-S shortening from the end of the NeogeneJ
land m the Early Pleistocene there was vertical thlckenmg, with uphft of the ground surtace and E- WI
~xtenslOn, especially dUflng the last 3 Ma.

~arrison et al. (1992) obtained an 40Ar / 39Ar isotopic age of 21 Ma for the Qushui intrusion in th~

pangdlse Zone, and considered that this marked the time of the mltlal uplIft of the Qmgzang Plateau.
k\t 8 Ma the plateau reached ItSgreatest height, followed by E-W extensIOn. Different authontles havij
~Ifferent opiruons concernmg the time at which N-S compression was replaced by E-W extension. MoH
Inaret al. (1993) concluded that the uplift of the Qingzang Plateau at 10 Ma was controlled by mantl~

k1ynamics, and was also greatly influenced by rapid erosion caused by the establishment of the Indianl
~onsoon. Coleman and Hodges (1995) and Searle (1995) determined an 40Ar / 39 Ar isotopic age of
14 Ma for hydrothermal muscovite m a N-S trendmg normal fault m northern Nepal, and conslderedl
~hat this dated the change from N-S shortening to E-W extension. Subsequently the Himalayan Moun1
[ams began to subSide and the height of the Qmgzang Plateau also decreased. However, Burchfiel et al.
(1987) proposed that E-W detachment and extension occurred when the Qingzang Plateau had reachedl
Iits greatest height at ~4 Ma.

~urbank et al. (1996) studied the SiwalIk Group m the foreland basm to the south of the Hlj
Imalayan Mountains and found that the basin contains no Paleogene sediments; the oldest sediment§
Ibemg of Early MIOcene age were deposited between 16.8 and 14.6 Ma. Between 14.6 and 10.8 Mal
(mid-MIOcene) the average rate of sedimentation was 0.3=0.2 ktri7Myr (I.e. 0.3-0.2 mtri7yr); the mostl
~apid rates of sedimentation, from 1.0 to 0.3 kmlMyr occurred between 10.8 and 7.8 Ma, decreasing tq
P.4=O.2 ktri7Myr between 7.8 and 0.7 Ma (I.e. PlIocene-Early Pleistocene). Based on the rates of sedlj
Imentation in the Himalayan foreland basin, the greatest rate of erosion and the highest rate of sedimenj
~atlOn, and also the most rapid rate of uphft of the Himalayan Mountams occurred between 10.8 andl

rL.RMaJ



10.2 Intraplate Deformation, Extension and Dispersion in Eastern China 2471

Where IS general agreementthat the QmgzangPlateau has been uphfted smce the MIOcene or a httlij
~arlier. It is well known that compression was accompaniedby thrusting, shortening and uplift of th~

plateau, followed by extensIOn and collapse. However, there IS stIli dIscussIOn concerningthe tlmmg of
[hIschange.Manyoverseasresearchers(Hamson et aI., 1992; Molnaret aI., 1993; Colemanand HodgesJ
1995; Searle, 1995;Burbank et aI., 1996)recognized that the climax of uplift of the Qingzang Platea~

pccurred between10.8and 7.8Ma or earher. However, most Chmese researchers(Xlao XC et aI., 1998j
IMa ZJ et aI., 1998;Song CH et aI., 2001; Fu KD et aI., 2001; WangGZ et aI., 2001) and some oversea§
researchers (Burchfiel et aI., 1987)consIder that the uphft occurred mamly at the end of Neogene andl
1m the Early PleIstocene (3-1 Ma). It IS possIble that the final epoch of uphIt of the Qmgzang Plateaij
pccurred between 3 and I Ma and that the most rapid period of uplift of the Himalayan Mountains
pccurred earher. It seems unhkely that the N-S nIts are eVIdence of plateau collapse.1

K:rustal shortening was accompanied by magmatism: there are intraplate potassium-rich volcaniq
rocks and muscovItegranitesformed by crustal re-meltmg,whIchgIveISOtOPIC agesyoungerthan 20 Mal
(Bureau of Geology and Mmeral Resources of XIzang('Ilbet) AutonomousRegIOn, 1993). In westernl
IKunlun and Yumen of Gansu, intra-continental volcanic rocks, including shoshonite, erupted in th~

central Kunlun-Hohlxll zone at 19-7 Ma and at ~5 Mal
[I'he dynamICs and mechanics responsIblefor the uphft of the Qmgzang Plateau are the subjects of

~ontroversy, and at present there is no general agreement.From field observations,geologicalmappingl
[he use of mathematicsand tectonophyslcalmodelhng,a great manyhypotheseshave beenproposed,fori
rxample, the hypothesisof continuousuplift, the effectsof multiplesubductionand collisionin differen~

~hrectlOns, causmg the thIckeningof the crust and hthosphere, and the mfluenceof Isostasy(Xu ZQ etl
lal., 1996; Housemanet aI., 1996; Cal XL et aI., 1998; Ma ZJet aI., 1998). 'Ihe main dynamICs of surtacij
!Ipliftand extensionwas the detachmentbetween the crust and the mantle among the geologicaleffect§
Iwas uphIt of the asthenosphere wIth partial meltmg and gravItatIOnal collapse (CUI JW, 1992, 1997j
~olnar et aI., 1993; Zhao WJ et aI., 1993; Gao R et aI., 1998; YmA et aI., 2000;Xlao XC et ai. 1998).

~t present there are not suffiCIent constraints to dlstmgUlsh between the many hypotheses whlchl
~ave been proposedto account for the uplift of the QingzangPlateau.Because manydata are impreciseJ
Imany of these hypothesesappear to be reasonable.The author recognizesthat it may not be establishedl
~aslly that meltmg of the crust was caused by uphft and extensIOn of plateau. Beneath the Qmgzang
IPlateau the asthenosphenc mantle IS depressed. Partial meltmg of the crust and mantle IS not sufficlentl
~o cause the regional uplift of the crust to form the plateau. Many processes were responsible for th~

[hree dImensIOnal deformatIOn of the hthosphere of the Qmgzang Plateau, mcludmg subductIOn andl
~-S shortening between plates, whIch caused the thIckeningof the crust and hthosphere, the uphIt of
~he plateau, Its Isostaticcollapseand E-W extension under the mfluenceof gravity.

10.2 Intraplate Deformation, Extension and Dispersion in Eastern China

punng the HImalayan Penod, whIle the HImalayan Mountams were bemg formed m southwesternl
K:hina, the weak intraplatedeformationwas occurring in eastern China, causing widespreadsubsidencel
land sedImentatIOn. At thIS penod more than a thousandmeters thIcksedImentsweredepOSIted, showmg
Ino obvIOUS sIgnsof deformatIOn, (2 and 5 m FIg. 10.3).However, m local areas, especiallynear reglOnall
~aults, E-W trendmg open folds were formed, wIth dIp angles usually <10 0(Flg. 10.4). Also m manyl
lareas, near N-S extensIOnal jomt systems were formed (8 in FIg. 10.3).

[[he mam type of deformatIOn m eastern Chma dunng the HImalayan Penod was extensIon, wlthl
~he formation of normal faults based on pre-existing near N-S faults, such as the eastern margin of th~

paxueshan normal fault zone (20 m FIg. 10.4), the Xlaojlang dextral stnke-shp and normal fault zonij
(22 in Fig. lOA), the Fenhe Graben Zone (24 in Fig. lOA), the eastern Dahingganlingfrontal normall
[ault zone (25 in Fig. 1004), the eastern Taihangshan listric frontal dextral strike-slip fault zone (26 in
fig. lOA), the Wulingshan-Damingshannormal fault (27 in Fig. lOA), the Beipiao-Jianchang normall
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~ault zone (28 In FIg. 10.4), the eastern Cangzhou nonnal fault zone (29 In FIg. 10.4), the 'lancheng1
[.-ujiang sinistral strike-slipand normal fault zone (30 in Fig. 10.4), the Chong'an-Heyuan normal faultl
(32 In FIg. 10.4), the LlshUl-LJanhuashan normal fault (33 In FIg. 10.4), the Changle-Nan'ao normall
OCault (34 In Fig. 10.4), the coastal fault zone of FujJanand Guangdong,with ~50 meters contour beloW
sea level (35 in Fig. 10.4), and the eastern and western marginal nonnal faults of Diaoyu Island (3~

land 37 In FIg. 10.4). I hese faults controlled the locatIOns of the N-S fault-depressIOn baSInS formedl
k1uring the Neogene-EarlyPleistoceneas the result of E-W extension, for example, the Songhuajiang
INengJlang, Yllan-Yltong, Mlshan-Dunhua, around Sohat Say (IncludIng central Hebel), YInchuan of
NingXia, Fenheof ShanXI, northernJlangsu-southern Yellow Sea, EasternEast Sea, Ryukyu'Irench andl
manyzig-zagbasins in Xizang.

NNE trendingfaults IneasternChina often showdozensof kilometersof sInistralstnke-shp dlsplacej
Iment. These faults penetrated the crust and the mantle of lithosphere, and alkali-basaltserupted along!
~hem during the Neogene and Early Pleistocene. The 8/Sr/86Sr initial values of these rocks are usu~

lally lower than 0.705, and they often contain mantle xenoliths of dunite and lherzolite, indicating thatl
OChe faults penetrated the Itthosphere (ChI JS et a!., 1988, 1996;AppendIx 7). From the occurrence of
Ixenoltths of mantlependotlte, the easternfrontal DahIngganltng-eastfrontalTathangshan-Wultngshan
pamlngshan normal fault zone, the Tancheng-LujJang normal fault zone With sinistral stnke-shp andl
~he coastal normal fault zone of Fujian and Guangdongformed during Neogene and Early Pleistocen~

Iwere Itthosphenc faults. These faults were sealed at the end of the Early Pleistocene after the basalt§
had been intruded into them (WangYM and WanTF, 2008).

IA baSIC dyke swarm was IntrudedInto extensIOnal JOInt systems assocIatedWith these faults. In thij
IbasIns the dike swarm IS marked by hIghposmve rnagneticanomaltes.The N-S to NNE Neogene andl
~arly Pleistocenebasic dyke swarm should not be confused with the E-W to NW trending Eocene andl
phgocene dyke swarmdescnbed already In Chapter9. I he Paleogeneand Neogene dYke swarms werij
separated by a time span of ~20 mllhon years and their onentatlOns are qUite different; they cannot bij
~sed as eVidence for the presenceof a mantleplume beneatheastern China.

from the isotopic ages of the basalts the normal faults were active at different time (E ML and Zhaq
pS, 1987;Chi JS et aI., 1988;Liu RX et aI., 1992).Time of movementon the fault zones are: ~14 Mal
~or the eastern frontal DahIngganltng-eastern frontal Tathangshan-Wultngshan -DamIngshan nonnall
~ault zone; 19.79-1.14 Ma for the 'lancheng-LuJJangnonnal fault zone WIth slnlstral stnke-sltp; 5.H
1 Ma for the eastern margin of the Daxueshan normal fault zone; 2.2-1.8 Ma for the coastal normal
OCault zone of Fujlan and Guangdong,which was also the main epoch of extensIOn of the TaiwanStraits,
separatingTaiwanfrom the continent.

II'he eastern margin of the Daxueshan and Xlaoj1ang nonnal fault zones IS the intra-continentaleX1
Ipression of the 900E Ridge Fault Zone in the Indian Ocean, an importantdextral strike-slipfault, whichl
~as separatedthe Indianplate from Australianplate since the Cretaceous(Klootwijket a!., 1991, 1992)J
lDunng the HImalayan Tectonlc Penod the IndIan Plate was stIli migratIng northwards at a rapid ratij
pf 4.8 cri17yr, while the Austrahan Plate was moving more slowly, at a rate of 0.43 cri17yr. As a resultl
~here was very strong shortening in western China, but only weak deformation in eastern China. Th~
rastern margin of the Daxueshan and Xlaojlang normal fault zones, and their northward extensIOn Inl
~he LiupanshanFault Zone formed the boundary between different types of tectonic activities in Chinal
~unng the CenozOIc. In eastern ChIna, a senes of long narrow NNE trendIng blocks were separatedl
!Jythe eastern margin of the Daxueshanand Xiaojiang,the east frontal Dahingganling,the east frontall
[aihangshan-Wulingshan-Damingshan, the Tancheng-Lujiang and the coastal Fujian and Guangdongl
ronnal fault zones. Dunng the HImalayan Penod the major tectOnlC zones of eastern ChIna have a nearl
N-S onentatlOn rather than an E-W onentatlOn; zones With a near N-S onentatlOn are also seen In thd
deep seismicdata.

~CtlVlty was weak on near E-W trending high angle faults, which were closed under compresslonJ
Iwhile pre-existing NE trending faults show sinistral strike-slip movement, with only small amount§
pf displacement. Qi JF and Chen FJ (1995) studied the fault kinematics in the Xialiaohe-Liaodong
[Bay oil fields, controlled by 45° NE trending faults. They estimated that in the Neogene the averagel
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lamount of E-W extension was only 0.88 km, wIth a ratio of extension of 1.4%, an extension rate of
p.036 mm/yr, and an average rate of subsidence of 0.014 mm/yr. The rate of sinistral strike-slip wa§
p.55 mm/yr, wIth very weak deformatlOn. However, stnke-shp movement along NW-trendmg faults,1
~or example, the Red RIver Fault Zone, was mamly sInistral 10 the Paleogene (Zhong DL et aI., 1993J
1998), changing to dextral during Neogene (Zhang QM et aI., 1996; Gong ZS et aI., 1997). As the resultl
pf these movements a senes of N-S trendmg secondary en echelon normal faults were developed, whlchl
~ontrolled the development of mud diapiric structures and formed reservoirs in the giant Yingehai ga§
lfield(7 10 hg. 10.3)1

!Data on 469 macro-or meso-folds (mcludmg 247 antlclmes and 222 synchnes) obtamed from rej
19ional geological surveys (bureaus of geology and mineral resources of the provinces, 1984-1993)1
OCormed 10 Chma dunng the HImalayan TectOniC Penod (23-0.78 Ma), and jo1Ot data from 58 obserj
Ivation points were divided into 39 areas (Appendices 3-8) for statistical analysis. In the Himalayanl
IPeriodin China the preferred attitude of maximum principal compressive stress axis ((; I ) was 1840 SWI
L2°, that of intermediate principal compressive stress axis (i.e. fold axial trend, (;2) was 94° SE L4°
landthat of the m10lmum pnnclpal compressIve stress aXIs ((;3) was 4°Z87° NE, be10gnearly vertical 101
~he present day geographIcal coordmates (hgs. 10.4 and 10.5). The controlhng features of the tectonlq
stress field 10the Chmese contment dunng the HImalayan Penod were near N-S honzontal compresslOnl
landnear E-W horizontal extension I

ISo far 10sufficlentdata have been obtamed for the complete determ1OatlOn of the tectonic stress dunngj
Ithe HImalayan Penod (AppendIX 4 and Eg. 10.6); only 18 determ1OatlOns have been made 10 quartzj
~earing rocks, using the dislocation density method. Average differential stress was found to be 92.~

IMPa, WIth most areas grving results between 80 and 90 MPa. HIgher values of 105.3-109.8 MPa werij
Imeasured at Malanshan, Qinghai and Ngari, Xizang, which may be due to the northward movement of
llie IndIan Plate]

N

...
Himalayanevent

ig. 10.5 Attitude of prin
ipal stress axes during the

Himalayan Period.

e
c

6,..

IOlivinefrom mantle-derived xenoliths was used to determine 24 differential stress values from the
~ithospheric mantle (at depths ~55-62 km, according to the estimated depth ofthe original magmatism)
(AppendIX 4 and hg. 10.6). I'he average value of dJ1ferentlal stress was 21.5 MPa (AppendIX4), slmJiarl
~o that of the global lithospheric mantle (Mercier, 1980). Usually, the value of differential stress at th~
Ibaseof the hthosphere IS less than values near the surface of the crust by an order of magnitude.

~ates of 10traplate deformatIOn dunng the HImalayan Penod have been calculated from the statistical
lanalysis of the whole-rock composition of 1,079 samples of magmatic rocks (Appendix 5.9), divided
Imto41 petrographIC areas (hg. 10.4). I he average rate of N-S mtraplate shorten 109 10 Chma dunniJ
ItheHImalayan Penod was 5.2 ciI17yr, and the shortening rate was usually greater than 4 ciI17yr. Thesij
Ivalues may be an overestImate, because these values were calculated accordmg to the values of platij
rJargms. From data on rates of active honzontal fault movement smce the Neogene, Dmg GY et a!.
(1991) calculated that the northward movement of the Xizang area was 2.8 cm/yr and in the Qaidaml
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IFIg. 10.6 Differentialstress magmtudesdunng the HImalayanPenod.
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~. Gondwanan contmental blocks;b.Oceamcand younger plates;c. Areas with valuesof dIfferentIal stress >90 MPa;1
d. LocatIOns of measurements of dIfferentIal stressvalues.The whIteareas are areas of differential stressvalues <80 MPal
rr wIthno data. The mdex letters for blocksare the same m Fig. 6.5; data are shownm AppendIx41

Numberedareasfor data collection: 1. Guacangshan, Linhai,Zhejiang;2. Tengchong, Yunnan; 3. Malanshan, Qinghaii
fi. WesternKunlun;5. Southern Xizang;6. Ngari, southwestern Xizang, reflectingthe stress magnitudein upper rnantle;1
17. Darnapmg, northern Hebel; 8. Shanwang, Shandong;9. Ntishan, Anhm; 10.MmgxI,FUJlan; 11. Changle, FUJlan; 12.
!=elzhou Penmsula,Guangdong.

larea the rate of movement was 1.5 cmlyr in a 25° NE direction. The average rate of E-W extension
Ralculated for 12areas In eastern China was 0.33 ciIl7yrand the rate of N-Sshortening was ~0.6 ciIl7yr.
~ates of E-W extension in the marginal sea areas of the Eastern Asian continent were much greater~

[eachlng 0.35-0.9 ciIl7yr; thts was the main penod for the formatIOn of the marginal seas of Easternl
Asia and the western PacificJ

IAmounts and rates of shortenmg and extensIOn, the duratIOn of epIsodes of foldmg and Imear stramI
"ates have been estImated for the HImalayan Peflod, usmg the data from folds and the rates of platij
Imovement (Table 10.1). From statistics on E-W trending folds formed during the Himalayan Period~

[ates of N-Sshortening can be calculated relatIvely eaSIly. 'I he ratIO of shortening In'lancheng-Lujlangj
Iwas 0.56%, shortening ratIO was greater than 1.77% In Hlngganllng-Tmhangshan, and was greatestl
~n Henduanshan, reaching 2.59%. Generally, the ratio and rates of shortening or extension in eastern
K:hinaduring the Himalayan Period are rather small, less than those in the Paleogene or earlier periods.1
lIn eastern China the length of time over which intraplate deformation in the Himalayan Period occurredl
Iwas 1.54-6.98mIllIon years, equal to 7%-30% of the duratIOn of the HImalayan Peflod. Lmear stramI
kates were between 8.0x 10- 17Is and 3.8 x I0- 16/s, the deformation processes were also rheologicalj
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lIn the manne areas of eastern Ch1Oa, the amount of extension was estImatedfrom the outcrop wldthl
pf the oceanic crust or from the sea floor magnetic anomalies, and rates of extension were estimatedl
OCrom the chemtcal composttlOn of ocean floor volcamc rocks. It can be seen that m the zone of margmall
rxtenston m the East ASIan contment, the amount of extensIOn was greatest m the Japan Sea, ~50%, ml
~he TaiwanStraits and the South China Sea it was between 10% and 15%, however there is no oceaniq
~rust 10the 'IaIwan StraIts. I'he extensIOn duratIOn of the Neogene-Early PleIstocene IS estImated tq
!lave lasted between 14.3 and 21.5 mIllIon years, throughout almost all of the HImalayan PerIod andl
still belongs to rheology, with linear strain rates between 1.1 x 10 ISis and 2.2 x 10 16lsi

lIable 10.1 Amounl and ratro of shortenIng, rano and rates of extension, time of deformatiOn and hnear strain rate I~

eastern China during the HimalayanStag~
Hengduan Hingganling Tancheng- Taiwan South Japan

Mountains - Taihangshan Lujiang Straits China Sea Seal
StalIslIcallength(km) 800 2,250 2,500 1,000 1,000 1,000
Average dIp angle of fold 13.08' 10.8' 6.05'
limbs (amountof data) (50) (41) (106)
Ratio of shortening(%) 2.59 1.77 0.511
Amountof shortenIng (km) 20.7 39.8 l3.~

Amountof extension(km) 6.9 13.2 4.6 100 140 5001
Rates of extension(clillyr) 0.32 0.19 0.30 0.47 0.65 3.5
Rallo of extension (%) 10 15 50
DeformatiOn trme (Myr) 2.16 6.98 1.54 21.3 21.5 14.3
Linear strain rate (10, lis) 3.8x 10- 16 8.0x 10- 17 1.15 X 10- 16 1.49 X 10- 16 2.2 X 10- 16 1.1 x 10- 15

1

lit tS found that whIle the rates of extensIOn m eastern Chma are small, those m western Chma ar~

Ilarge. Because shortemng10western Chma dunng the Early PaleOZOIC, Late PaleozOIC, I'nasslc, Creta1
~eous and Neogene-EarlyPleistocene Periods was superimposed in almost the same orientation, distinj
gUlsh10g the amounts of shortemng for these vanous stages wIll require a great deal of further detaIledl
geologIcal and structural research.

[:luringthe HimalayanPeriod N-S shorteningand E-W extension caused the migrationofthe depositj
~enters in some of the sedimentarybasins in China, especially near NW-trendingfault zones. For exam1
Iple, m the WNW-trendmgQaIdam Basm, m the western part of the basm affected by greater tectonIij
stress, there wasno obvIOUS migranon in the Paleogene, butdUrIng the Neogenethe sedImentarydepOSIt1
center migrated about 160km southeastwards,at an average rate of 0.73 cmlyr (YangYL, unpublished
paper of the Institute of Geology, Bureau of Petroleum of Qinghai Province; Zhang ML, 1998). In th~

IY10gehaI Basm (centered on 108.2°E, 18.8°N), where the Red River dextral stnke-slIp fault zone eX1
[ends out mto the South Chma Sea, the depOSIt-center of the basm mIgrated 300 km southeastwards atl
labout I cmlyr from the end of the Oligocene to the Pliocene (32-5 Ma) (Gong ZS et aI., 1997).Inthes~

~wo areas, the dIstances and rates of rrugratron of the depOSIt-centers are SImIlar, mfluenced by strong]
~ompression at the western end of the faults, leading to uplift in the northwest, so that the sedimentaryl
~eposlt-centers mIgratedgradually southeastwards.However,It should be po1Oted out that the mlgratlOnl
pf sedImentarycenters and the movementof the blocksare so dIfferent,that these data could not be usedl
~o deduce that the continental blocks had moved southeastwardsover a great distance, as suggested b)j
rI'apponmer et al. (1990).

rI'he volcamsm IS the strongest and more WIdespread dIstrIbutIOn along the NNE trendmg faults ml
~astern China during Neogene-Early Pleistocene, i.e. HimalayanTectonicPeriod (Fig.I0.7). Due to th~

Imfluence of N-S shorten1Og and E-W extension of HImalayantectomc stress field, these NNE trend1Og]
~ithosphere faults are all extension, so they are easy to make decrease pressure positions in the depthJ
land then present the magmatIsm. It IS also the result of E-W extensIOn 10eastern Chma cont1Oent.1

1271 volcamc rock samples of data are collected, 1Oclud1Og 264 basalt data ongmatmg near the 1Oter1
sections of bottom of lithosphere and NNE faults, 7 rock samples originating in crust. In the researchl
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JIg. IU.7 DlstnbutlOn of magmatic source areas and faults near the bottom of hthosphere dunng Himalayan PerlO(j
1(23--0.78 Ma) in eastern China (Wang YM and Wan TF, 20081

Numbers of legend: I. continental crust area with weak magmatism; 2. continental crust area with strong magmatism;1
13. oceamc crust; 4. plate compressIOn dIrectIOn; 5. plate extension dIrectIOn; 6. subductIOn zone or thrust; 7. stnke-sh~
~ault; 8. nonnal fault; 9. magmatic source depth data near the bottom of lithosphere (data shown in Appendix 7); 10.
jiegatlve value IS plate extension velOCIty, posiuve value IS plate shortenmg velOCIty (cri17yr); 11. the border between weakl
!ind strong magmatIsm areas.

Numbers of faults: 1. northern sectIon of DahIngganhng fault; 2. XlaohIngganhng fault; 3. Iancheng-Lujlang hthoJ
Isphere fault zone; 4. XI1InGol fault; 5. Zhangbel-Datong fault; 6. east border of Imhangshan fault; 7. middle part ofj
ghejiang and Fujian (Xinchang-Mingxi) fault zone; 8. Longhai-$antou fault; 9. Penhu fault; 10. East and North Taiwarj
~ault zone; II. southeast Yunnan fault; 12. southern Guangxi-Leizhou Peninsula-Wenchang fault; 13. border betweerj
Iweakand strong magmatIsm areas; 14. subductIOn zone between contInental and oceanICcrusts.



10.2 IntraplateDeformatiOn, Extensionand DispersionInEasternChIna

130
0

Legend

253

[Fig.tO.8 Thicknessof the lithosphere duringHimalayan Period(23--D.78 Ma) in eastern China(WangYM and WanTF,I
Z008)

Numbers of legend: I. continental crust area with weak magmatism; 2. continental crust area with strongmagmatismi
13-8. continental crust with strong magmatism, lithosphere thickness is respectively: 3. <50 km, 4. 50-60 km, 5. 60-1
PO km, 6. 70-80 km, 7. 80-90 km, 8. >90 km; 9. plate compression direction; 10.plate extensiondirection; II. subduc
!iOn zone or thrust; 12.stnke-shp fault; 13. normal fault; 14. ISObaths of hthospherebottom; 15.depth of data POInt ofj
Ihthosphere bottom;16.the borderbetweenweakand strongmagmatIsm areas.

Numbers of faults: the sameas in Fig. 10.7.1

samples, there are matnly alkait-basalts (236data), I I data of tholentes, 15 data of basamte, 7 data of
Imixedalkali basalts and tholeiites; 2 data of dolerite (Appendix 7) (Wang YM and Wan TF, 2008). Th~
~agmatic source depths are estimated by the value oft-86Sr;87Sr

o,isotopic ratio of oxygen or lead, ratiq
pf MgO-EFeO 7(ileO +EMgO) for blOttte,or ratIOof Tt02-Ah03 for amphtboltte, rare earth element§
assemblage, geothermobarometer and other litho-chemistry characteristics. Thus, depending on the de]
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kluced data of orIgmal depth from basIc magmauc rocks and theIr mantle xenohths (AppendIx 7), thij
tectonic detachment in lithosphereduring Miocene-Early PleistocenePeriod can be discussed.

[n the HtmalayanTectonicPenod (MIOcene-Early Pleistocene),detachmentswidely occurred at thij
ImtersectlOn m between the bottom of hthosphere and four NE and NNE trendmg hthosphenc faults,1
ramely, Xilin Gol fault (4 in Fig.IO.7), Dahingganling-Taihangshan fault (I, 2 and 6 in Fig.lO.7)l
[I'ancheng -LuJlang fault (3 in Fig.I0.7) and fault of southeast coast of Chma (8 in Fig.I0.7) on easternl
K=hina continent (Wang YM and Wan TF, 2008). After Early Pleistocene, the above four NNE faults,1
lfilhng the basIcmagma, are almost fixed,and the actlV1tles of faults decrease a loti

~ccordmg to ongmal depths of magmatism,which are nearlyat the bottomof hthosphere, the sketchl
pf the lithosphere thickness during the Himalayan Period (23-0.78 Ma) in eastern China is compiledl
(Flg.10.8).lt showsthat the thicknessof hthosphereon eastern Chma continent IS mainly 70-80 km, atl
~he middle part of eastern China the thickness of lithosphere can be more than 90 km. However, westl
~o the border betweenweak and strong magmatismareas (west to the fault number 13 m Fig. 10.8), I.e.
Iwest to the Imeform western Dahmgganhng,Middle ShanxI, Wuhngshan to Kunmmg,the thickness of
llithosphere is about 100-200 km (discussedin Chapter 13), which is the typical thicknessof continentall
Ihthosphere. I he above result IS rather similar to the data of mverSlOn of transverse wave tomographyl
(Cat XL et aI., 2002). It IS really a thin continental hthosphere In eastern China. The mechanismof thlnl
[ithosphereof eastern China will be discussed in Chapted3.

10.3 Formation of Giant Stepin Landscape andExtension Basins in Continenta~

MargiI~

!Under the influenceof the N-S shorteningand E-W extensiontectonic stress fieldduring the Himalayanl
[I'ectonlc Penod, all N-S trendingfault zones were convertedInto normal faults, and E-W trendingfaultl
lzones were converted Into reverse faults or thrusts, causing major changes In the geomorphologyandl
~opography on the Chinese contlnent~

lOUrIng hOrIzontal extension,areas of lowerdenSity thick crust and hthosphere, With mass depletlOnl
pf the lithosphere, are compensated by deep mantle material, causing isostatic uplift of the surface.1
K:onversely, m areas of thmned crust and hthosphere, high denSity asthenospherIc mantle approachesl
[he surface producing a high posItivegravity anomaly,which causes Isostaticsubsidenceat the surtace.1
[I'hese principles can be used to interpret changes in the landscapeof the Chinesecontinent.I

five major fault zones dlV1de the landscape of China Into SIX giant steps from western China to thij
facific Ocean: (I) The eastern marginof the Daxueshan-XiaojiangFault Zone; (2) The eastern front of
~he Dahmgganhng-eastern frontal 'Ialhangshan-Wuhngshan-Dammgshan Fault Zone; (3) I he coastalI
~ault zone of FuJlan and Guangdong; (4) The eastern margmal Dlaoyu Island fault; (5) The Ryukyul
ISubduction Zone-East Taiwan longitudinal valley-West Philippine Fault Zone (Figs. 10.9, 10.10 andl
lQ.ll}j

[[he giant steps are: (I) The Qlngzang Plateau (average 4,000 m above sea level); (2) Northwestl
K=hina-Inner Mongolia-Loess-Yunnan-Guizhou Plateau (average 2,000 m above sea level); (3) Plains,
[nils and lower mountains of eastern China (average less than 1,000 m above sea level, down to 50 ml
!Jelow sea level, including Bohai Bay and the Yellow Sea); (4) Continental shelf shallow sea (averagel
150-200 m below sea level); (5) Japan -Ryukyu-TaiwanIslands; (6) PacificOcean basin (average4,0001
rJ belowsea level) (Figs. 10.9 and 10.11 ). Smce that time, Chma continent has been charactenzed by al
~opography higher in the west than in the east (WanTF, 1994;Jiang FZ et aI., 1993).

[I'he giant steps In the landscapeand areas of steep gravity anomalygradients COinCide With change§
lin crustal thickness. In the sectIOn shOWing crustal thicknesses for Eastern ASia and ItS adjacent area§
~n Fig. 13.1, the crustal thickness of the Qingzang Plateau is shown to be 60-74 km, that of Northwest
K=hina-Inner Mongolia-Loess-Yunnan-Guizhou Plateau to be 40-48 km, that of the eastern plains, hill§
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lFig. 10.9 Paleo-tectonogeographic reconstruction of China and its adjacentblocks in the Late HimalayanStage (2.5 Ma).

II. Ocean (average depth 4,000 m below sea level); 2. Shal10w manne contmentaIshelf and Islands (average deptij
50::200 m belowsea level); 3. Plams and hll1s (averageheight less than 200m above sea level and down to 50 m belo§J
Isea level);4. Inland basmsand deserts (averageheIght500 1,000m abovesea level);5. Lower mountams(averagehelghtl
1200-1,000 m abovesea level);6. NorthwestChina-InnerMongolia-Loess-Yunnan-Guizhou Plateau(averageheight2,00(1
~ above sea level);7. QingzangPlateau(averageheight4,000 m above sea levelj]

The index letters for blocks and plates are the same as in Fig. 6.51

landlower mountaInS to be 30-36 km (whIch IS normal and average thIckness of crust on the Earth), thatl
pf shallow manne contInental shelf to be 28-24 km and that of the PacIfic Ocean to be 10-20 km ('Ieng
[Wet aI., 2003). These relationships show that the giant landscape steps, gravity anomalies and crustall
~hicknesses are the result of tectonism and gravitational isostatic compensation during the Neogene and
~arly PleIstocene.

~n the ChInese contment, E-W trendmg tectomc zones were formed gradually dunng the last 2,0001
Imillion years, and especially in the last 250 million years. However, the N-S trending tectonic zones]
gravity anomalies and crustal thicknesses in eastern China were formed during just the last 20 millionl
~ears. The present day tectono-physical framework, which coincides with the gravity anomalies, wer~

OCormed dunng the CenozOIc; gravIty anomahes cannot, however, be used to explam deformatIOn ml
earlier geological periods I
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IFig. 10.10 Average Bouguergravityanomaly(I' x I') in China(YinXHet aI., 1988,with permission of YinXH).
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FIg.10.11 Profileot the Chmesecontmentdunng the Himalayan Stagel

II. QmgzangPlateau (average height 4,000 m above sea level);2. Northwest Chma-Inner Mongoha-Loess-Yunnan
pmzhou Plateau (averageheight 2,000 m above sea level); 3. Eastern plams,hIlls and lower mountams (averagehelghtl
Iless than 1,000m abovesea level and downto 50 m belowsea level);4. Shallowmanne contmental shelf (averagedeptij
~0=200 m belowsea level);5. Japan-Ryukyu-Taiwan Islands;6. Ocean(average depth4,000m belowsea level).C-crust;
MccmantJ.e.

~ few decades ago, when there was msufficlent data, It was considered, mcorrectly, that the Yangtzel
(Changjiang) and Yellow (Huanghe) Rivers had been formed in Paleogene or even earlier times (Li
K:Y, 1934; Li CS, 1956; Ren ME, 1959; Shen YC, 1980). From paleogeographic data Wang HZ et al.
(1985) and Chen HH (1985) have shown that the Yangtze and Yellow Rivers did not form completelyl
Imtegrated dramage systems dUrIngthe Paleogene or Neogene, or even m the earlIest Early Pleistocene.
IAt these times the nvers were represented only by a senes of Isolated lakes and small dram age system~

(Fig. 10.4). The formation of the giant steps in the Chinese landscape led to the amalgamation of thes~

separate systems to form the present drainage systems of the Yangtze and Yellow Rivers.
[I'he Three Gorges proVide the key to understand the development of the Yangtze dram age system.

from systematic study of the river terraces in the Three Gorges area, Yang DY et al. (1988, 1992)
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~onsldered that the whole Yangtzedramage became mtegrated at 1.0±0.2 Ma. The most controverslall
laspect of the historical development of the YellowRiver drainage has been the time at which the stretchl
pf the nver bed between the ShaanxI and ShanxI Provmces was formed. From a compIlatIOn of th~

Ipaleo-geomorphologyof the mIddle reaches of the YellowRIver m the Phocene and Early Plelstocene,1
~hu ZY (1989) proposed that the nver bed between the ShaanxI and ShanxIprovmces was formed at O.~
IMa. EVIdently the whole ot the Yellow RIVer was connected up to torm an mtegrated dramage systeml
lin the Early PleistoceneJ

[l'he sources ot the Yangtze and Yellow RIvers are located m western Chma m the mIddle ot th~

IQmgzang Plateau. The nvers ran eastwards to connect up wIth pre-exlstmg small dramage systems t9
~orm the two great drainage systems in the Chinese continent. The linking of the Yangtze and Yello\\j
~Ivers to form coherent dramage systems occurred m the latest epoch of the Early PleIstocene (1.0-0.~

Ma), i.e. at the peak of the Himalayan Tectonic Event. After the formation of the giant landscape step§
landthe rapId uplIft ot the Qmgzang Plateau, as the dIfference m heIght between eastern and westernl
K:hma mcreased, nver gradIents mcreased, enhancmg retrogressive erosion, so that the Yangtze RIVerl
~arved out the Three Gorges and the YellowRiver carved out the Hukou Gorge, linking up the separat~

klramage systems.1
punng the HImalayan Penod, the Central ASIan monsoon developed due to the rapId uphft of th~

IQingzang Plateau and the formation of the Loess Plateau (eastern Gansu, Ningxia, Shaanxi and Shanxi).1
[fhe mfluence of mOIst aIr masses from the IndIan Ocean IS restncted to the Hengduan Mountams areal
land the southern side of the Himalayan Mountains. Because of the gradual uplift of the Northwestl
K:hma-lnner MongolIa-Loess-Yunnan-GUlzhou Plateau, mOIst aIr masses from the PacIfic Ocean ar~

Ibarely able to reach the northwest plateau in the summer, whIlem wmter the Slbenan monsoon IS able t9
f.lrive straight into China, gradually causing deterioration of the ecological environment and convertingl
Northwest Chma mto a desert. Thus the HImalayan Tectomc Event was responsIble for the senou§
k1etenoratlOn of the ecologIcal environment of northwestern Chma.

[I'he HImalayan 'Jectomc Event, not only resulted in a senes of geologIcal and geomorpho-loglcal
[eatures, such as strong deformation in western China, giant landscape steps, and the extension of th~

IYangtze and YellowRivers,but also formed a series of extensional marginal seas in the eastern part ofth~
K:hmese contment, tor example, the Japan Sea (or East Korean Sea), East Chma Sea, the TaIwanStrmt~

land the South Chma Sea. '1 hese margmal seas have been mterpreted prevIOusly as back-arc basms,1
forming part of the western Pacific trench-arc-basin system (Uyeda, 1977; Uyeda and Kanamori, 1979)J

[I'he western PacIfic trench-arc-basm system has provIded the type model for all trench-arc-basml
systems globally, and has provIded a model for the relatIOnshIps between tectomcs and sedlmentatlOnl
1m thIs system. Accordmg to the Ideal model of a trench-arc-basm system, m the back-arc regionplat~

subduction causes extension with the rise of the mantle and the formation of a high heat flow anomalyJ
parallel to the arc and the trench, leading to the formation of a back-arc basin. In this model all th~

~omponents ot the parallel trench-arc-basm system were tonlllng at the same tIme. However, m th~

Iwestern PacIfic the Japan-Ryukyu-Tmwan-Phlhppme trench-arc system was formed between 40 andl
130 Ma, at a late epoch in the Paleogene, while recent paleomagnetic results, oceanic drilling and isotopiq
~hronology for Japan and South Chma Sea show that these basms were formed much later, from 23-1
Ma in the Neogene to Early PleistoceneJ

~ccording to Yoon(2001), there was no extension in the Japan Sea area during the Paleogene (58-301
IMa) and shallow marine sediments were deposited in the Far East of Russia and on the eastern margin of
~he Korean Peninsula. Extension occurred in the middle ofthe Japan Sea at the end ofthe Oligocene andl
[he earlIest epoch of MIOcene (26-18 Ma) wIth the formatIOn of graben structures. Further extenslOnJ
OCormmg oceamc crust wIth the deposItIon of sedIments of abyssal facIes, occurred m the northeasternl
part of the Japan Sea during the middle and late epochs of the Miocene (18-7 Ma) with NE trending. BYI
[he late epoch of the MIOcene (7 Ma) the Japan Sea, hmlted by polygonal faults, had beenformed. Usmg
POP data, Tamaki et al. (1992), Jolivet and Tamaki (1992, 1994) proposed a dynamic mechanism fori
~he ongm ot the Japan Sea. They proposed that extension ot the Japan Sea was related to major dextrall
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strIke-slIpdIsplacementof the eastern margInalfault. ExtensIOn, wIththe formatIOn of the oceamc crust,1
pccurred during the Early Miocene (21-18 Mal, and ceased at ~10 Mal
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~Ig. 10.12 Tectonics of the PhllIppme Sea Plate (Hall et a!., 1995, wIth permISSIOn of Hall R).
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lIn the east central part of the South ChIna Sea an ocean wIth depths of 3,000-4,000m IS underlaIn b~

~ypical oceanic crust, with a thickness of only 4.4-8.75 km. E-W trending sea floor magnetic anomalie§
lIn that area IndIcate that Initial N-S extensIOn occurred dunng the OlIgocene (32-20 Ma); there was nij
IvolcanIcarc along the eastern margIn of that area at that time. Wedge-shaped oceanICcrust was formed Inl
~he southwestern part of the South China Sea during the Early Miocene (20-15 Ma). Basalts forming th~

seafloor In that area are not of back-arc type, but are of alkah and alkah-tholeute transmon type (Taylo~

~t aI., 1980, 1983; Briais et aI., 1993). N-S extension in South China Sea was caused by regional E-WI
~ompresslOn and shortenIng of the PacIfic Plate In the Ohgocene, and the NE trendIng wedge-shapedl
~xtenslOn In the southwestern South ChIna Sea could be due to northeastward compressIOn related tij
~he suhduction of the Australian Plate The framework of South China Sea was estahlished in the Middle
Miocene, and at the same time the Taiwan StraIts and southern East Chma Sea changed gradually mtij
shallow seas. The northern East China Sea became a shallow sea at the end of the Pliocene, at ~2 Mal
(Xu H, 1997).

lit IS concluded that the dynamIC mechanIsm for the formatIOn of the Japan and South ChIna Sea~

Iwas not related to back-arc extension of western Pacific Plate. These marginal sea basins were formedl
10-20 mllhon years later than the formatIOn of the trench-arc system, and the sea floor basalts ar~

Inotof back-arc type. Iherefore the South Chma and Japan Seas are not back-arc basms. If these twij
limportant marginal basins of the western Pacific Ocean are not back-arc basins, where are typical back-j
larcbasms'? The TectOnICS Group of Institute of South Chma Sea, Chmese Academy of SCiences (1988]
lfirstrecognized that the South China Sea was not a back-arc basin and proposed that it should properlYI
Ibe called a contInental margInal extensIOnal basIn.1

lIn the dISCUSSIOn of the tectomc evolutIOnof the ChInese continent In the HImalayan Peflod, It IS nec1
~ssary to pay attention to the influence of both the Indian and Australian Plates, however, the influencel
pf the PhilIppme Sea Plate should not be Ignored.

[I'he ocean floor of the PhllIppme Sea Plate has been systematically surveyed over the last ten years.
~all et al. (1995) using paleomagnetic data pointed out that during the Neogene the Philippine Seal
Plate moved northwards at a rate of 8 crilla. From 30 to 15 Ma the eastern basm extended E-W at al
[ate of 2.8 cm/yr, to form the Shikoku and Parece Vela Basins, to the south of the Japanese lsland§
(FIg. 10.12). In the Late Neogene and the Early PleIstocene (4-2 Ma), the PhlhppIne Sea Plate wa~

subducted to the north along the Ryukyu I rench and the NankaI 'I rough, at a rate of 4 cm/yr (Seno andl
~aruyama, 1984). In the Neogene, between 14 and 2.6 Ma, the west Philippine-Batan-Babuyan-East
[I'aIwan longltudmal valley fault zone changed to a normal fault With sInIstral stnke-slIp (39 of Fig.
10.3). 'I he rate of extensIOn of the East Taiwan longltudmal valley fault zone IS 0.68 crillyr (ongmall
~ata after E ML et aI., 1987).The rate of extension m the Ryukyu I'rench was 0.9 crillyr between 11
land 1 Ma (Liu CB, 1987). The northward movement and subduction of the Philippine Sea Plate causedl
sinistral strike-slip translation and E-W extension along N-S trending faults in the East Asian continentJ
~speclally along ItSeastern margInl

[I'he tectOnIC evolutIOnof eastern Chma and the western PaCificdunng the Neogene m the Hlmalayanl
[I'ectonic Period was influenced by the northward migration and subduction of the Philippine Sea andl
k\ustralIan plates (Barber et aI., 1986; Simandjuntak and Barber, 1996; Hall, 2002) and the collIslOnl
pf India with the southern margin of Asia. This resulted in strong deformation in western China, withl
~hIn-skInned tectonics to form the HImalaya MountaIns and hthosphere shortenIng and thIckenIng Inl
IQingzang, causing the uplift of the Qingzang Plateau, followed by E-W extension and collapse. On th~

pther hand, deformation in eastern China was very weak, with the main intraplate deformation occurringl
pn near N-S trendIng faults caused by E-W extenSIOn, assocIated WIth sInistral stflke-shp movementJ
[esultmg m the formatIOnof the margmal seas of the East ASian contment. These basms should be calledl
~ontinental marginal extensional basins formed by N-S compression and E-W extension, rather thanl
I"back-arc" basms. The geomorphologICal and clImatiCeffects of thiS deformatIOn were the formation of
~he giant landscape steps, the full development of the Yangtze and Yellow Rivers drainage systems, th~

~evelopment of the ASIanmonsoon and the detefloratlOn of the ecologIcal environment of northwesternl
China.
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Chapter11

Tectonics of'Middle Pleistocene-Holocene (The Neotectonic
[period, since 0.78 Mal

I[,he Neotectomc Penod dunng whIch the present day landforms were developed was proposed by thij
ISoviet Russian geologist Obruchef in 1948. Using this criterion, his student, Niglayf, considered thatl
[he Neotectomc Penod commenced dunng the MIOceneor Phocene Penod. However, It was later foundJ
[hat It was not appropnate to define the penod only m terms of landform evolutIOn (Dmg GY, 20031
(personal communication)). As explained in Chapter 10, the main period for the formation of the present
Ilandfonns of the Chmese contment mamly formed in the MIOcene-Early PleIstocene. However, If thij
[ules of priority are followed, it was unnecessary to introduce a "Neotectonic Period", as Huang JQ
(1945) had already defined the Himalayan Tectonic Period to cover the same period, and this usage was
IWldely apphed m Chma.

[:luring the past 40 years, with the development of large-scale engineering projects, geologists hav~

paid more attentIOn to seIsmIc act1Vlty, geomorphology and environmental geology, and the term "Neoj
[ectomcs" has been used more umversally. Dmg GY (1995), who first pIOneered the study of Neotectoj
Imcs m Chma, conSIdered that the recogmtlOn of a Neotectomc Penod was necessary as apphed to groundl
stablhty studIes on major engmeenng projects, and recogmzed that the Neotectomc Penod CommencedJ
[rom Quaternary. Now Neotectonics is taken to comprise recent active tectonics.

IAccordmg to author's present understandmg of the tectomcs of Chma, there was a notable changel
1m the tectomc stress field between the Early and MIddle PleIstocene. It has been suggested by Wag
ifF (1993) that the Neotectonic period should be defined to extend from the Middle Pleistocene to th~

present day on the Chmese contment, because m Chma there IS generally an angular unconformIty bej
~ween the Early and Middle Pleistocene systems, but since the Middle Pleistocene the continent ha§
Ibeen consIstently stable. However, after the MIddle PleIstocene the situauon was quite dIfferent froml
~he Neogene and Early Pleistocene epoch in the Himalayan Tectonic Period (23-0.78 Ma). As definedl
!Jy Wan TF (1993), the Neotectonic Period commenced only 780 thousand years ago, marking the comj
rJencement of a new penod m the tectomc evolutIOnof Chma. In the Neotectomc Penod the onentatlOnl
landmagmtude of the pnnclpal stresses have new charactenstlcs, but tectomc act1Vlty ISvery weak comj
pared with the Mesozoic era and earlier Cenozoic era.

~t the present l1me, although Neotectomc tectomc act1Vlty IS the youngest and weakest, because of
litsimportance for major engineering projects and its obvious applications in the exploration for minerall
land energy resources, research on earthquakes, changes in the environment and for the predIctIOn andl
Imitigationof geological disasters, it is the most intensively and quantitatively studied aspect of tectonic§
in.China,

11.1 Intraplate Deformation andRecent Tectonic Stress Fieldl

(1) Deformation Duringthe Neotectonic Period
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~. The Fuyun earthquake fault, an earthquake of Ms = 8 occurred in 1931, due to movement along a dextral fault of
180 km long with a maximum horizontal displacement of 14m (Seismic Bureau of Xinjiang, 1985); 2. The active Haiyuanj
fault, trendmg NW 290' with a maximum slmstral honzontal displacement of 600 01 smce the [ate Pleistocene (Denij
RD et a!., 1987); 3. Ihe dlStnbutiOn of Middle PleIStocene to Holocene Wudahanchl volcanoes, controlled by actIve fault@
!rendmg NE 45' (Bureau of Geology and Mmeral Resources of HeilongjIang Provmce, 1993); 4. '[he rate of honzontall
~lSplacement of the East Kunlun smlstral stnke-shp fault IS 10=15 mm/yr, with a vertical displacement of I mm/yr smc~

Late Pleistocene (Ren JW, et a!., 1999); 5. Since the Late Pleistocene the F1 active fault in Tancheng-Lujiang Fault Zond
lJas a vertical displacement of 2-3 m and a horizontal dextral strike-slip displacement of ~100 m (Wan TF et a!., 1996;
,"m AM et a!., 1998), and the dextral stnke-shp displacement is about 200 m on ItS northward extensiOn m Bohal Bay (Se~

PII ExploratiOn InstItute (unpubhshed data)); 6. In an active Quaternary fault near [Ijlang-Baoshan, Western Yunnan; th~
jJlanatiOn surtace of the Neogene IS cut oft about 800=1,000 m to the north (Zhongdtan), vertical dISplacement of thij
~ctive fault is about 2,000 m, and only 300 m to the south at Lianghe area; Sinistral strike-slip displacement on this faultl
liS more than I km smce Middle Pleistocene (He KZ et a!., 2001); 7. Volcamc craters and controllmg actIve E-W faults lij
!he [elzhou-QiOngzhou dlstnct. Ihe volcanoes have been actIve smce 7.5 Ma (Chen WJ et a!., 1992); 8. An earthquakel
~ault at Jiji, Taiwan; an earthquake ofMs=7.3 occurred along this fault on November 21st, 1999, in which the hanging wall
Iwasuphfted for 2.2=4.5 m With a honzontal smlstral shp of 7.1 m to the northwest; the footwall subSided OJ m With al
horizontal sinistral slip of 1.1 m. The depth of the epicenter was 7-10 km, indicated by the circles (Wang Yet aI., 2001).

Note: All the symbols are the same as those used in Fig. 6.5.1

lDeformatlOns have been very weak on the Chmese contment dunng the Neotectonic Penod. In mostl
lareas there are no records of folding since Middle Pleistocene. The Neotectonic has been a stable tecj
~onic period in Chinese continent, especially during Middle Pleistocene the weathering has formed "terral
[ossa" SOlis over the most of areas. However, smce the Late Pleistocene, tectOniCactlV1ty has mcreased.1

Since the Middle Pleistocene 105 folds have developed in the Neogene and Quaternary systems
lin western Taiwan and its adjacent sea floor. These folds are several kilometers long, and have NNEI
[rendmg axes With fold bmbs dtppmg at vanous angles, from steep to gentle. Nearly half the fold§
lare sheared by reversed faults, and some form OIl and gas-bearmg structural reserVOIfS. I'hese reversedl
~aults, such as JI-JI earthquake fault, nuwan (8 in FIg. 11.1) also have a sInistral dIsplacement. Folds andl
reversed faults indicate that at present these areas are undergoing ESE-WNW shortening. The Taiwanl
larea shows the most obvious Quaternary tectonism in China.

[<aults actIvItIes smce the Late PleIstocene are dlstnbuted throughout the Chmese contment. Most of
~his activity is due to the reactivation of old faults, but may show a different style of displacement. Fori
Imstance, volcaniC craters m Lelzhou-QlOngzhou, between Guangdong and Haman Island are dlstnbutedl
lalong actIve E-W faults, but have been eruptmg from 7.5 Ma to the present day (7 m FIg. I I.I) (Chenl
IWJ et aI., 1992). 'I hIS area IS undergomg near E- W shortenmg. In the Neotectonic Penod the F1 actlvij
~ault in the eastern part ot the Tancheng-LuJlang Fault Zone has changed to a transpresslOnal faultl
Iwith dextral strike-slip, which is rather closed, influenced by E-W shortening, very different from th~

~eogene-Early Pleistocene normal fault displacement due to E-W extension. Since the Late Pleistocene,1
Ivertlcal dIsplacement on the FI actIve Tancheng-Lujlang Fault Zone has been 2-3m and the honzontall
~extral strike-slip displacement 100-200 m (5 in Fig. 11.1) (Wan et aI., 1996; Lin et aI., 1998 (personall
~ommunIcatlOn of CNOOC». Recently, a macro gas and 011 reservoir (PL19-3 in Bohat area) has beenI
~iscovered along the fault (FI) due to closing the fault zone, which had been explored and exploitedl
Iby ConocoPhtlhps Chma Inc. and CNOOC (personal commUniCatIOn, 2008). The Wudahanchl volcanIq
~raters tonned m HeIlongjiang Provmce dunng the MIddle PleIstocene-Holocene are controlled by NEI
fl5° trendmg actIve faults. These faults are tensIOn fractures, showmg that the area has been shortenedl
lin an NE-SW direction since the Middle Pleistocene (3 in Fig. 11.1) (Bureau of Geology and Mineral
~esourcesof HeIlongjIang Province, 1993).1

~n western Chma VIOlent earthquakes have occurred along actIve faults. In 1931 dunng the Ms - 81
INN W Fuyun earthquake in north XmJlang, a fault developed over a dIstance of 180 km, WItha maxlmuml
~extral displacement of 14 m, indicating N-S shortening (l in Fig. 11.1) (Seismic Bureau of XinjiangJ
1985). In the frontal faults of the thm-skinned thrust structure in northeast Qmghat-Xlzang, the NW 290 0

stnke of the actIve transpresslOnal Hatyuan Fault, Nmxla, IS controlled by NE-SW shortening, WIth al
maximum sinistral strike-slip displacement of 600 m since the Late Pleistocene (2 in Fig. 11.1) (Denll
IQDet aI., 1987). Smce the Late PleIstocene the sInistral dIsplacement of the E- W trendmg East Kunlunl
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IFault in the Qmghal-Xlzang thm-skmned structure has reached 1,000-1,500 m, at a rate of hOrIZontal1
@ovementof 10-15 mm/yr and a rate of vertical movement of 1 mm/yr (4 in Fig. 11.1) (Ren JW etl
lal., 1999). In an actIve Quaternary fault near Lljlang-Baoshan, Yunnan on the eastern front of Qmghmj
p(lzang thm-skmned thrust structure, the Neogene planatIOn surface IScut off about 800-1,000 m, to th~

Inorth (ZhongdIan) vertIcal dIsplacement across the fault ISabout 2,000 m, but only 300 m to the southl
lat Llanghe area. I'he amount ot sInIstral stnke-shp dIsplacement has been more than 1 km smce th~

MIddle PleIstocene m thIs dlstnct (6 m FIg. 11.1) (He KZ et aI., 2001).1

dRaylei h

, Siesmic station
Pand S wave

Primary wave

~'Ig. 11.2 TransmIssIOn of earthquake waves.

(2) The Recent Tectonic Stress Field
II'he active faults descnbed above are controlled completely by the NeotectonIc stress field. It ISdlffi1

~ult to determine the Recent tectonic stress field using rare data from deformation during the Neotectoniq
IPenod, but It IS possIble to determme the pnnclpal stress dIrectIOns ot the Recent tectOnIC stress fieldl
Ibyusmg fault plane solutIOns from seIsmICdata (Byerly, 1926; "seIsmIc focus mechanIsm solutIOn" ml
~ussia). The method uses the positive or negative (up or down) symbols of the P-wave (longitudinall
Iwave) first motions ot seisnucwave transnussions from the same earthquake, as recorded by adJacentl
seismic stations, this data is then plotted on a stereogram as two fault planes dividing positive or negaj
~Ive quadrants ot the P-wave first motIOn (FIgs. 11.2 and 11.3). I he angular bIsector wlthm the posltlVel
ijuadrant ot the P-wave InItIal motion ISequal to the extension axis ('I' aXIS, namely rmmmurn pnnclpall
~ompressive stress axis =(13), the angular bisector within the negative quadrant of P-wave initial motionl
lisequal to the compression axis(P axis, namely the maximum principal compressive stress axis =(1Il,

land the mtersectlOn of the two fault planes defines the mtermedlate pnnclpal stress aXIs (-(12) (FIg.

IIJI
lIn1973, the Chmese NatIOnalSeIsmIc Bureau organIzed a fault plane solutIOn research group, whlchl

~as studied earthquake data since 1933 systemically for the whole of China. The research group recogj
,'med that most earthquakes whIch occurred beneath the Chmese contment are mtraplate shallow-focusl
~arthquakes, controlled by the honzontal prmClpal stress dIrectIOn. Usmg data from 173 shallow-focusl
~ectonic earthquakes, recorded between 1937 and 1977, Yan JQ et al. (1979) calculated fault plan~
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solutIOns, selectmg earthquakes stronger than Ms-6, and using the prmclpal earthquake, but not thij
laftershocks. The results were compiled from earthquake data for China and its adjacent areas on a disj
[nbutlOn map of pnnclpal compressIve stress axes. Contmumg research dunng the last 30 years ha§
Ivenfied these results, although researchers have used different earthquake data to determme the faultl
plane solutIOns (LJ QZ, 1973; Kan RJ, 1977; Lm JC, 1980; Group of Earthquake Focal Mechamsm of
Six Provinces and Cities, 1981; Zhang SC, 1981; Xu ZH, 1983, 1989; Wang SY, 1985). These results
!lave once again shown that the orientation of the principal compressive stress axes have been deterj
rJmed correctly from earthquake data, and are apphcable to local condItIOns.The author has used thesij
~ata to show the dlstnbutlOn of the maxImum pnnclpal compressIve stress axes for the Recent tectom(j
stress field on the Neotectonic map (Wan TF, 1984, 1988, 1994) (Fig. 11.4)~

~ Ig. 11.3 The distrIbutiOn ot earthquake first motiOn P-wavedetermmatiOns (black dots-negatIve, 10 the compressiOnl
fluadrant; crosses posItive, 10 the extension quadrant)and the fault plane solutiOn (hnes), an examplefrom an earthquakel
1m middleNewZealand(Eiby, 1980)1

~s shown in Fig.l1.4, the direction of the maximum principal compressive stress axes (GIl for th~

Recent tectonic stress field is different in the areas of Chinese continent. In northeastern China the
Imaximum compressive stress axis has an NE orientation, in North China an ENE orientation, in th~

IShandong-Henan-southern ShaanxI area, a near E-W onentauon, 10 South Chma an NW onentatlOnJ
linHainan Island, an E-W orientation, south of the Qinghai-Xizang area, an N-S orientation, the sam~

las in the Neogene period, and changes to an NE orientation in the northern Qaidam area, however inl
[he western Xmjlang area It has an NNW onentatlOn. In general, the maxImum pnnclpal compresslvel
stress axes are mainly nearly E-W in the eastern Chinese continent, radiating and gradually spreading outl
~astwards. In western Chma the maximum compressive stress axes have a near N-S oncntation radlatmg
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land gradually spreadmg northwards. The present tectonic stress field dId not appear m the geologlcall
[ecord before the Middle Pleistocene Epoch. The orientation of recent maximum principal compressivel
stress traces and then vanatlOn throughout Chma IS most Important for understandmg actIve tectonlc§
landfor resolvmg problems m the dlstnbutlOn of resources, changes m geologIcal envIronments and ml
~he predIctIon and mItIgatIon of natural dIsasters.

lIn the Neotectonic Penod the value of tectonic stress, obtamed from rehable "m SItu" testmg dunng
~he past forty years, is much more precise than the estimated magnitude of paleo-tectonic stress fori
~arher geologIcal penods. I he method used to measure the value of recent tectonic stress IS the hydrauhcl
OCracturmg method (Hubbert and Wllhs, 1957; Hmmson, 1975;Zoback et aI., 1977, 1979, 1980;Zhang
~H et aI., 2001). Hydraulic fracturing data is obtained easily from oil and gas fields, as the method i~

rsed to mcrease the permeabIlIty of the reservOIr rocks to enhance recovery. Rubber packers are usedl
~o line a section of the drill hole where rocks are un-fractured and a hydraulic fluid is pumped into thi§
sectIOnof the well. Under the actIOnof ongmal fracture pressure (Pr), the rock ruptures around the well.
IWhenpressure increase IS stopped, mamtammg the hydrauhc pressure, the pressure gradually decrease~

!mtil it reaches an equilibrium. The value of the pressure is then measured and is termed the "instantl
klosing pressure" (Pc is equal to the value of horizontal minimum principal compression stress 0'3).Thg
Ivalueof horizontal maximum principal stress(O'll can be calculated using the following formula:

10'1 - 3Pc+St - Pr - Fhl

IwhereSt is the tensile strength of the rock, obtained from well samples measured in the laboratory, orl
"y calculating the difference between the original fracture pressure and secondary tensile pressure. Pol
lIS the flUId pore pressure, and could be represented by the hydrostatIc pressure at the pomt of measurej
Iment. The differential stress between the maximum horizontal principal stress and minimum horizontall
principal stress is represented as t,.0'( = 0'1 - 0'3).

k\,ccording to the report of China National Committee, International Union of Geodesy and Geoj
physics (IUGG, 1983) and data collected more recently (Appendix 4), the mean value of recent tectonig
stress (dIfferentIal stress) in the Chmese comment IS 20.9 MPa, whIch IS eqUIvalent to 174-175 of thij
Ivalueof the paleo-differential stress during tectonically active periods in geological history. It shows thatl
~ecent tectonic stress field does not represent a period of high tectonic activity, but a period of relativel
stabIlIty. At depth of 2,000 m m sedImentary baSInS on the ChInese contInent, the value of maxlmuml
~orizontal principal stress is 1.1-2.2 times that of vertical principal stress, which shows that the horij
lzontalpnnclpal stress IS greater than vertIcal pnnclpal stress at present m the basms. I hISdata does notl
support the hypothesis that the basins are the result of mantle uplift. The value of maximum horizontall
principal stress is 1.2-1.7 times greater than that of minimum horizontal principal stressJ

lIn 9 areas In North ChIna the value of mean dIfferentIal stress was found to be 18.5 MPa, and Inl
South China 29 MPa in 6 areas (Appendix 4). As estimated by Wan TF and Chu MJ (1987) the valu~

pf differential stress is 38.2 MPa at 5 km depth in the Fujian-Taiwan active reverse fault system, similar
~o the value at 2 km depth in the Shanshui Basin, Guangdong (Appendix 4). The difference in the valu~

pf tectonic stress between North and South China may be related to the presence, in North China, of
rJany acuve faults and detachments, espeCIally in the mIddle crust, whIch have not healed, so that thij
stress is easily released and difficult to accumulate and to maintain in the present tectonic stress field.
!Bycontrast, in South China, deep faults and detachments in the middle crust were sealed during th~

MesozOIC by granitIc magma, so that the crust IS more coherent and has a hIgher strength. Thereforel
~ectonic stress is more easily accumulated but not easily releasedJ

~n the Recent tectonic stress field, pre-existing faults have often been reactIvated In the Neotectonlq
feriod. Most pre-existing faults with a high angle of dip in the upper crust, both in eastern and westernl
K:hma, are nearly perpendIcular to the dlfectlOn of maxImum pnnclpal compressIve stress, or mtersectl
~hls dIrectIOnat a hIgh angle, so that most of these fault planes are closed under compression. In fault~

Iwhichhave other angles to the axis of maximum compressive stress, movement along the fault plane i§
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FIg. 11.4 Tectonic sketch of the Chmese contment 10 the Neotectonic Penod (smce 0.78 Mall

II. NeotectOnIC volcanIc rocks; 2. Rates of plate movement obtamed from petrochemical data, "-", the velocIty ofj
~xtenslOn, others, the velocity of shortenmg (UnIt: cirilyr) (APpendIx 5.10); 3. Rates of m-plate movement, calculated froilj
pPS and seismic moment data (AppendIx 5.1ll; 4. Numbered recent plate boundanes or actrve large-scale reverse faults;
fs. Numbered active strike-slip or normal faults; 6. Maximum principal compressive stress trace (according to earthquake]
~ault plane solutions); 7. Directions of plate movement; 8. Qinghai-Xizang Plateau, mean height above sea level 4,000 ml
f-l. Inner MongolIa-Loess- Yunnan-Gmzhou Plateau, mean heIght above sea level 2,000m; IO.Lower mountams, hills and!
Iplams10 eastern Chma, mean height above sea level 1,000-001; II. Shallow manne area; 12.Oceans.1

Numbered subducllon, collIsIOnand fault zones:1
Fault Number: [0] Himalayan Main Boundary Thrust (MBT); mHimalayan Main Central Thrust (MCT); [2]Thd

IYarlung Zangbo River Thrust; [l] Bangonco-Nujiang Thrust Belt; @] Shuanghu-Tanggula reversed fault zone;
[5]Lazhulong-Jinshajiang reversed fault zone; [6]Kangxiwa-Kunlun Mountains reversed fault zone; [7]Southern frontall
[arim (Keziletao-Kuyake-Altun) Thrust with sinistral displacement; [8]Southern frontal Junulshan-Qinghai Hu (north
~rn frontal Qaidam) reversed fault; 191 Southern frontal Mid-Qilian overthrust; 1101 North frontal North Qilian overthrust;
I!il Longshoushan reversed fault; I!1l Korla-Wuqia Thrust; I!lI Yilin Habirga-Yagan Thrust; [QJ Ertis-Klamali Thrust;
[j] Northern frontal Alxa reversed fault; Ii§] Yidun-Litang Thrust; I!iI Eastern frontal Daxueshan reversed fault; !!ill
~iajinshan reversed fault; 1!21 Xiaojiang normal-sinistral strike-slip fault; ~ Lancangjiang normal fault zone; [!J Luxi-I
Menglian normal fault; ~ Honghe sinistral strike-slip fault; ~ Liupanshan-Helanshan reversed fault; ~ Xar Mororj
He sinistral strike-slip-normal fault; I25J Eastern frontal Dahingganling Thrust; 1?61 Beipiao-Jianchang reversed fault:!
[7] Eastern frontal Taihangshan Thrust; I?8l Eastern frontal Funiushan-Wulingshan reversed fault; f?9l Xuefengshanj
Ramingshan reversed fault; ~ol Fenhe-Weihe reversed fault zone (dextral strike-slip at the southern end); ~ll Yilan-I
IYitong dextral strike-slip-reversed fault; [g] Tancheng-Lujiang dextral strike-slip-reversed fault; ~ Baoji-Luonan~

fangcheng sinistral strike-slip normal fault; If!] Fanchang-Ningbo hidden active normal fault zone; ~ Zhucheng~

~ongcheng sinistral strike-slip-normal fault; !ill Coastal Fujian-Guangdong reversed fault; liZ! West Philippine-easternl
[Iaiwan sinistral strike-slip fault zone; [ill Ryukyu subduction belt; ~ Eastern Taiwan longitudinal vaIley (sinistral strike-I
Islip); flO] Western Yushan Thrust.
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strlke-siJp, eIther smlstral or dextral. hrst motion studIes show that most shallow-focus earthquakes ml
~he Chinese continental crust have a strike-slip mechanismJ

(3) Earthquake ActIVIty and Neotectomc§
from the analysis of all Ms~7 earthquakes between 1900 and 1980 and all Ms~4 earthquakes be1

[ween 1970 and 1980 m the Chmese contment, It IS found that 90 percent of the seIsmIC fOCI of Ms~§
~arthquakes and their aftershocks are concentrated at depths between 10 and 25 km (Xue F et a!., 1989)J
IMostcontmental earthquakes m Chma are shallow mtra-crustal earthquakes, occurnng especIally in th~

~lnhealed middle crust, i.e. in the low velocity and high conductivity layer, and at the Mohorovicic disj
~ontinuity at the base ofthe crust. In the Qinghai-Xizang Plateau a few seismic foci occur at depths oven
170 km, and m the Imwan area most sersrrnc fOCI are shallow focus earthquakes occurnng at depths of
Iless than 70 km. Intermediate depth earthquakes with foci between 100 and 280 km occur only in th~

famir in the far west of China, and in oceanic areas to the northeast and southeast of Taiwan. Thes~
rarthquakes occur WIthin the mantle, below the base of the lIthosphere. The East LongItudinal Valle5J
pf I'aIwan has not acted as a subductIOn zone since the Neogene, but was converted Into a hIgh angl~

~everse fault WIth small amount of sInIstral strike-slIp. In Chma contmental deep fOCI earthquakes, atl
klepthsof 500-590 km, occur only In JIlin and eastern HeIlongjIang provinces (Xue F et aI., 1989), du~
~o the westward subduction of the Pacific Plate. At present there is no evidence of subduction in othen
lareas beneath the Chmese contment]

pang HG (1989) counted 757 great earthquakes before 1900 and Feng H (1989) analyzed statisti-I
~ally 1,300 great earthquakes in 1900-1985. These studies showed that seismic centers are concentrated
Imamlym the QmghaI-Xlzang thm-skmned tectOnIC area, and m the Fujlan-TaIwan area, related to th~

liJstrlc fault system (Wan IF and Chu MI, 1987). The eastern boundary of the FUJlan-Talwan reversel
~ault system in the East Longltudmal Valley of Tmwan IS a hIgh angle lIthospheric fault. 'Ib the westl
~here are a series of low angle thrusts, extending as far as the Zhenhe-Dapu Fault in middle Fujian.
[his can also be termed an active thin-skinned tectonic system (dipping to east with low angle) withl
seIsmIC fOCI at depths between 5 and 70 km. Accordmg to statIstIcs, earthquakes are very frequent ml
~he Fujian-Taiwan listric fault system; one third of the Ms~6 great earthquakes throughout the China
rccurred in the eastern part of this system, accounting for 16 % of the total earthquake energy released.
[he earthquake activity in the Fujian-Taiwan thrust system is the result of the northwestward movemen~
pf the PhllIppme Sea Plate and southeastward movement of the Chmese contmentl

IEarthquakes are also very frequent in the thm-skmned Qmghm-Xlzang tectomc system (Burchtiell
~t a!., 1989, 1992; Royden et a!., 1997), accounting for 47% of all the Ms~4.7 earthquakes in China.
rrhe recurrence period of the earthquakes is short, and the intensity very great; the energy released b~

[hese earthquakes accounts for 78% of that for the whole of Chma. Earthquake actIvIty m the Qmgzang
~hin-skinned tectonic system is the result of the continuous northward movement of the Indian Platel

IStrongearthquakes WIth a longer recurrence period occur m Northeast and North Chma areas. Hebell
IProvince is the most earthquake-prone district, in which the frequency and released energy account fori
12% of the earthquakes for the whole country (Feng H, 1989). The Tancheng-LuJlang Fault Zone alon~

lIS responsIble for 68% of the energy released by earthquakes in North Chma (Tang Fr, 2003). 'I hIS I~

~he most obvious intra-continental effect of the compression caused by the westward movement of th~

Pacific Plate 1

~arthquakes m other areas are scattered and rather weak. Earthquakes occur along other fault zones,1
~or example the 'hanshan, Altay and the eastern margms of hIm and HeIlongJIang provmces. Many of
~he collISIOn zones formed in the mtenor of the Chmese continent and m South Chma dUring ItS ear1
llier geological history have not been reactivated during the Neotectonic Period, as the fractures wer~

Imtrudedand sealed by granItIc magma. There IS some relatIOnshIp between active tectonics and geolog1
IlcaI hIstorIcal tectOnICS, WIth conSIderable dIfferences I

(4) Intraplate Kinematics During the Neotectonic Period
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II'he average rates of dIsplacement along recent active faults can be determmed by using the maJo~

~lement composition of volcanic rocks, from sea floor magnetic anomalies, or by calculation of seismicl
Moment and the area affected by a seIsmIC fault (AppendIx 5.10) (Brune, 1968). Rates of movement of
[he present crustal blocks can be confirmed by precIse measurements usmg the Global PosItIOnSysteml
(GPS) (Appendix 5.11). Comparing the results presented in Appendices 5.10 and 5.11 shows that th~

~ates of deformatIOn durmg mtraplate shortenmg, estImated from major element whole-rock analysl~

pf volcanic rocks, are generally slightly greater than by other methods, however the rates of extensionJ
~stlmated from major element analyses, are very close to results obtamed by the other three method~

(FIg. 11.4)J
[Theaverage rate of extension in intraplate deformation in North China is 0.26 cm/yr, estimated from

[he total chemIcal analyses of 455 volcanic rock samples, and the average rate of dIsplacement along
[ecent active faults is 0.32 cm/yr calculated from the seismic moment. According to GPS data, easternl
K:hma as a whole IS movmg southeastwards at a rate of 0.1-0.12 cm/yr. Rates of deformatIOn 10 thij
IQinghai-Xizang Plateau in southwestern China are 2-2.85 cm/yr, and in Northwest China are 0.7-1.~

~m/yr, Junggar-Altay 0.1-0.22 cm/yr, Erdos 0.8 cm/yr, eastern North China 0.1-0.3 cm/yr, Northeastl
K:hma0.08-0.35 cm/yr and 10 South Chma 0.7-1.1 cm/yr (Wang Q et a!., 2002; Zhang PZ et a!., 2002)J
[I'he rate of shp movement along the East Longltudmal Valley of Taiwan IS 4.5 cri17yr (Wan TF andl
~hu MJ, 1987), with a sinistral strike slip movement of 25 km since the Pleistocene (Biq Chingchangj
1971). The average rate of movement along the fault system of West Taiwan IS 1.22 cri17yr, howeverJ
~he average rate of movement of the fault system in the coastal areas of Fujian and Guangdong is onlYI
labout 0.1 cm/yr (Wan TF and Chu MJ, 1987). The dIrectIOn of extensIOn 10 mtraplate deformatIOn I~

perpendIcular to maximum pnnclpal compressive stress trace (FIg. 11.4) at each area.1
[he rates of movement of the neighboring tectonic plates are greater than in the interior of Chines~

~ontinent. The average rate of shortening in the Indian Plate is 4.0-4.2 cm/yr in a 20° NE directionJ
land the rate of shortenmg of the Phlhppme Sea Plate IS3.7-4.5 cri17yr 10 northwest directIOn (Wang Q
~t aI., 2002; Zhang PZ et aI., 2002), whIch mdlcates extensIOn 10 an NE-SW dlfectlOn 10 the westernl
fhlhppme Sea Plate (AppendIx 5.11 and FIg. 10.10). The current rate of movement of the Pacific Platij
liS estImated by Maruyama et ai. (1986) to be 9-10 cil1JYr from magnetlc anomahes. Us10g GPS data,1
IMaZJ (2003) measured the current rate of movement of the PacIfic Plate and found It was 7 cm/yr 10 al
IWNW dIrectIOn. Dunng the Neotectonic Penod, since 0.78 Ma, It IS estImated that the IndIan Plate ha~

~oved 31.2-33 km northwards, the Philippine Sea Plate has moved 28.9-35 km northwestwards, andl
[he PaCificPlate has moved 55-74 km westwards.1

[rhe rates of deformatIOn 10the 1Otenorof the contment dunng the Neotectonic Penod are only 172 t9
1710of the rates of deformatIOn dunng the MeSOZOIc. As shown 10FIg. I 1.4, the 10traplate movemen~
khrectlOns at present are similar to the movement model proposed by Molnar and Tapponnler (1975) andl
[apponnler et a!. (1977, 1981, 1982) (FIg. 6.1). ThIS model, based on active stnke-shp fault movementsJ
las mdlcated on satelhte Imagery, IS the only reasonable model for the analysIs of tectonic movementsl
1m Chma dunng the Neotectonic Penod (FIg. 6.1). However, It IS unreasonable to extend thIS modell
~urther back in time to interpret the tectonics of the Eastern Asian continent since the Triassic period
(Tapponnler, 1982).1

11.2 The Influence of RecentTectonic Stress Field on the Earthquakes,
IResources and Environment

(1) Influence of the Recent Stress Field on Earthquakes
[rhe recent tectonic stress field 10fluences the dlstnbutlOn of earthquakes and earthquake belts. Fori

~xample, 10the Q1Oghal-Xlzangth1O-sk1Oned tectonic system, actlve earthquake belts do not occur along
~-W trend10g thrusts, but along N-S trend10g trans-tensIOnal faults (FIg. 11.5). It shows that under thij
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IInfluence ot the present stress field, E-W trendIng overthrusts are under compression and are c10sedl
"y N-S shortening, becoming active under extremely high stress, so that earthquakes occur with a lo\\]
OCrequency. However, where the N-S traces ot the recent maximum pnnclpal compressive stress ar~

Iparallel to eXistIng extensIOnal faults, earthquakes occur with a high frequency and migrate along th~

earthquake belt in an S-N direction (Fig. 11.5).

Fig. 11.5 Distribution of seismic epicenters in Xizang (Tibet) and zone of geothermal anomaly (Ma XY, 1989)J

11. Fault-depression zone; 2. Strike-slip fault; 3. Inferred fault; 4. Thrust; 5. Inferred thrust; 6. Volcanic crater; 7.
~picenters, Ms;:'8; 8. Epicenters, Ms = 6-8; 9. Epicenters, Ms<;;6J

peothermal anomalIes and earthquake epicenters are all concentrated N-S trendmg fault-depressIOns.

ISimilarly,during 1966-1976 a series of earthquakes occurred in North China, although in this district
~he main bedrock fractures have NNE and NW orientations, strong shocks migrated along an ENEj
~SW direction from Xingtai and Hejian in 1966 to the Bohai Sea in 1969, and from Haicheng in 1975 t9
[Iangshan In 1976 (Fig. 11.6). 'I he earthquake shocks migrated along the directIOnof maximum pnnclpall
~ompresslve stress, with many fOCI concentrated In the low velOCity layer of the middle crust, but the5J
Iwerenot controlled by faults in the bedrock or by lineaments formed during the earlier geological history
bf the area.

ISummarizing periods of earthquake activity in the Chinese continent over the last century, accordingl
~o the diVISIOn pnnclple of earthquake peflods, first proposed by Ma ZJ and Jiang M (1987), to add th~

iJresent data, the author (Wan TF, Z008) dlVldesearthquakes (Ms)6.5) Into SIX earthquake penods: A.D.
1897-1916, AD.l917-1940, A.D.l941-1961, A.D.l962-1980, A.D.l981-1999 and since AD.20001
(Fig. 11.7). Earher three peflods (A.D.1897-1916, A.D.1917-1940, A.D.1941-196l) and last two pej
[lOds (AD.1981-1999, since A.D.ZOOO) occurred mainly In western China. ThiS ISprobably due to th~

Inorthward movement of the Indian Plate, which causes adjustments In the Intraplate stress field, result1
lingIn strong earthquakes. The dlstnbutlOns of earthquake zones are so similar between A.D.1897-I91G
land A.D.1981-1999, and between A.D.1917-1940 and since A.D.ZOOO. Only one penod (A.D. 1966
1980) ot earthquake acuvity affected North ChIna and the Hengduanshan area, caused by Pacific Plat~

Iwestward subduction and compression, whereas these earthquakes affected densely populated region§
pf eastern China and were highly destructive of life and property. Based on the characteristics of above
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~'lg.11.6 DlstnbutlOn of seisnucepicenters dunng 1966 1976InNorthChlna.1

11. Continental basement; 2. Post-Cretaceous sedImentary basin; 3. Areas of uphft wIlhlnthe sedimentary basin;4.
~eglOnal or Inferred faults;5. Epicenters, Ms(6; 6. EpIcenters, Ms >6; 7. DirectIOn of maxImum pnnclpalcompresslvel
Istress trace

~arthquakeperIOdIcIty, It could be predIcted that strong earthquake actIvItIes m the areas of Longmen=j
IHengduanshan-Eastern Kunlun Mountams WIll be contmually from A.D.2000 to about A.D.2020. A~

OCo the North Chma area, the strong earthquakes (Ms;?6.5) could occur 32-52 years later.
IAccordmg to hIstorIcal records (HIstorIcal Workmg Group of Earthquake CommIttee, Chmesij

k\cademy of Sctences, 1956) and many authors' (Met SR, 1960; Sht ZQ et aI., 1974; Zhang HLI
~t aI., 1989) research, violent shocks (about Ms=7-8) have occurred in North China at four perH
pds: AD.1038-1057; AD. 13m-1307; AD.1668-1695; AD.1966-1976, wtth a penodtclty of 300±301
[ears. It is supposed that these phases of earthquake activity were related to compression caused b}j
~he westward movement of the PacIfic Plate. 'I he last epIsode of VIOlent earthquakes occurred betweenl
p(mgtal and Tangshan, Hebet m 1966-1976. Thts means that for the next 240 years there wtll not hkeliJ
"e any dangerous earthquakes (about Ms = 7-8) in North China. However, the reason for this 300 year§
penodtctty tS not clear and maybe tt tS the penod of stress accumulatIOn. These eptsodes of earthquakel
lactlVtty dtd not affect the Fujtan-Tatwan area, where the earthquakes are due to the convergence of thij
ISEmovement of Chma and the NW movement of the Phlhppme Sea Plate shown aboveI

k\lthough the determination of the tectonic stress field can explain some of the features of the distrH
"ution and causes of earthquake activity, at present, the stress field can not be used to precisely predic~

~he urmng of earthquakes in any way. The precise predIctIOn of earthquakes depends to some degreel
pn recognizing the repeated periodicity of the earthquake activity and using empirical methods, such a§
premonitory symptoms, till now it has not been found any quantitative relationship between a lot of ge01
phystcal symptoms and occurrence of earthquake. Thts problem tSvery complex as earthquake acttvttiJ
k1epends on so many factors. Because of the destructtve effects of earthquakes on property and mfrasj
~ructure and the frequent great loss of hfe, determmed efforts must be made to predtct thetr occurrencel
landto mitigate their effects.

(2) The Recent Tectonic Stress Field and the Accumulation and Migration of Fluid Resources
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[Fig. 11.7 Locationsof earthquakes in the Chinesecontinentduring six periodsbetween1897and 2008 (WanTF, 2008;
revIsedfrom Ma ZJ et aI., 1987)1

Red dots: EpIcenters, Ms>6.5; Ihe color frame showsdIfferent earthquake zones.

II'he recent tectonic stress fieldplays an Importantrole in controlhngthe movementand concentratlOnl
pf fluidssuch as oil, gas and ground water in fracturezones, includingthe deep circulationof hydrother-I
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rJal water. Dunng Its geologIcal hIstory the Chinese continent has undergone many multl-penod andl
Imulti-directional tectonic events. Large number of fractures are distributed throughout the rocks. It i§
Ilmposslble to find rocks wIthout any fractures, In the range from several centimeters to hundreds of
Imeters,anywhere In the bedrock of the Chinese continent.

~s fractures are dlstnbuted throughout the rocks In many dJflerent onentatlOns, the dIrectIOnIn whlchl
~ractures are most easJiy opened IS most Important In controlhng the flow of flUIds. '[ he dlstnbutlOn of
fractures and fissures in the rocks depends on the tectonic forces to affect the rocks in the past andl
~heIr mechamcal propertIes throughout theIr geologIcal hIstory. Fault planes may form condUIts filledl
IWlth permeable breccia or gouge, but In general, few of the fissures developed dunng the evolutIOn of
~he rock are open. Fissures, perpendicular to, or at a high angle to the direction of maximum principal
~ompresslve stress, are closed and the rock ISImpermeable to the movement of flUIds In thiS dlrectlOn.1
However, fissures parallel to, or at a small angle to the direction of the maximum principal compressivel
stress are more easIly opened and may form zones of hIgh penneabJilty, allOWing the flow of flUld~

~hrough the rock. The permeability of rock may differ by 5 to 10 times depending on the relationship of
the fractures to the direction of maximum principal compressive stressI

IWan TF (1984)studIed the relatIOnships between actIve controlhng faults and the onentatlOn of th~

[ecent maxImum pnnclpal compressIve stress In 89 areas In China famous for theIr geothermal water§
land hot springs, and found that in 74 of the fields, accounting for 83.2 % of the total, the controlling
lactivefaults were almost parallel to, or have angles of less than 45° to the direction of recent maximuml
pnnclpal compressIve stress. In Fujlan Province, Wan TF et al. (1986)studIed the relatIOnshIp betweenl
lactlVe controlhng faults of 171 fields of geothermal water and the recent dIrectIOnof the maximum pnn1
~Ipal compressive stress. They found that In 116geothennal fields, accounting for of 67.8%of the total ,I
~he active controlling faults are parallel to the recent maximum principal compressive stress, or intersectl
[his direction at an angle of less than 45°. In most cases, the flow and accumulation of geothermal water§
larefavored when the Intenor angle between the actIve controlhng faults of the geothermal fields and th~

recent maximum principal compressive stress is less than 45°.
[he controlling factor in the occurrence of ground water in fractures in shallow bedrock is consistentl

Iwiththat of geothermal waters. Extensional faults forming water-bearing fracture belts are usually paraj
Illel to the dIrectIOn of recent maxImum pnnclpal compressIve stress. [here are many examples of th~

successful use of thISpnnclple In search of water-beanng fracture belts In China (Shen ZL et aI., 1985j
~oal Mining College of Huainan et aI., 1979; Xiao NS et aI., 1986)~

p(Jao NS et al. (1986),Yin Shuren et al. (1989)suggested that most water-beanng fractures In Chlnal
lareWNW trending, and gave many examples. If only the hangsu, AnhUl and Henan provinces In whlchl
~hey worked are considered, theIr conclUSIOn IS certainly correct, because In those areas at present th~
Imaximum principal compressive stress is oriented WNW, and fractures in this direction show extensionl
land are water-bearing. However, they concluded that WNW trending fractures provide the optimuml
khrectlOn for water-tilled fractures throughout the whole of China. They dId not understand that th~

khrectlOn of recent maxImum pnnclpal compressIve stress IS different In other parts of China. Expenencel
gained in local areas cannot be extrapolated directly to cover all the regions of China I

[[hIS objectIve lesson should be borne In mind In search of water supphes. Local vanatlOns In th~

k1irection of the maximum principal compressive stress in China should be considered in locating waterj
Ibeanng fracture belts. ThISdIrectIOnISNE In northeastern China, ENE In North China, near E-W trend1
ling along the Shandong-Henan-southern Shaanxi belt, WNW in Jiangsu-Anhui, mainly NW in Southl
~hina (including Taiwan Island), E-W in Hainan Island, N-S in south Qinghai-Xizang, changing inl
IQaldam to the north Into NE, and gradually changing to NNW-trending In western XinjIang. If thes~

IvanatlOns In dIrectIOn are recogmzed, the probablhty of successfully locating water-beanng fracturel
belts may be 70%-80%~

ISlmdar relatIOnshIps occur In Oil and gas fields. Faults or fissure system, parallel to the directIOn of
Imaximum principal compressive stress often provide migration paths for oil and gas, and if the fault orl
~racture system IS sealed by a cap rock to form a trap, a fracture belt may form a reservoir for 011 arid
[gas. When searching for, or forecasting the location of deep seated oil and gas reservoirs and if bothl
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~he length and depth of the fracture zone or fissure belt are less than the depth of bunal, the positron of
"lind faults and fracture zones is the position of oil-gas fracture reservoir. Recently, it has been foundl
[hat a numencal sImulatIOn of the tectOniC stress field, accordIng to the above pnnclple, can be used tij
Ipredlct the locatIOns of deep fracture reservOIrs of OIl and gas (Chen ZD et aI., 2002; Zhang SR et aI.,1
12003; WangMM et aI., 2003), as explaIned In detaIl by WanTF (1988) and Wan IF et aI., (2004). 'Ihl~
j:lrmclple can also be used mOIl and gas reservoirs to select the most effectIve locatIOn and dIrectIOn fori
~he injection of water for secondary recovery.The most effective direction for injection is related to th~

recent tectOnIC stress field and not to paleo-lmeatlOns or to the mtenslty of earlIer deformatIOn. Waterl
IInjectlOn wells should not be necessanly dnlled along the dIrectIOn of the recent maxImum pnnclpall
~ompressive stress but the local angle of intersection of fissures with this direction should be taken intq
laccount, and the appropnate depth IS selected for water InjectIOn to dnve the OIl and gas towards th~

surfaceJ

(3) Influence 01' the Recent Stress I'leld on the EnVIronment and GeologIcal Hazardsl
fre-exlstIng fault and fissure GOInt) zones, parallel to the current maxImum pnnclpal compresslVel

stress dIrectIOn, are more easIly affected by recent tectomc acnvuy, to cause that rocks adjacent to th~

lfissure zone weakened, and new movements may give rise to a major geological disaster, such as th~

Imassive eruption of geothermal waters or the influx of water or gas into mining galleries, leading tg
Ifloodmg or explOSIOns. Fractures and fissure zones often constItute hIdden dangers for the stabIlIty of
~he foundations of large-scale construction projects (irrigation work, nuclear power station, etc.), and if
Iwater gains access to fracture and fissurezones, the foundations may become unstable. It is important tq
rstabiish the local relatIOnshIps between the recent maxImum prIncIpal compressIve stress orIentatlOnl
landpre-exlstmg faults or fissure zones to prevent geologIcal dIsasters and to ensure the stabIlItyof th~

~oundatlOns before commencmg any major construction proJectl

(4) Geomorphical Changes in the Neotectonic Period
[he geomorphical framework of the Chinese continent was basically shaped during the Himalayanl

[ectonic Period and has changed only a little during the Neotectonic Period. The macroscopic geomorj
j:lhlcal features dunng the NeotectonIcPenod are very sImIlarto those at the present day (FIg. 11.8), butl
some Important dIfferences should be noted.

ISince the Middle Pleistocene, under the influence of the recent tectonic stress field, horizontal dis~

placement along the sInistral strIke-slIp western Altun Fault Zone was 5000-6500 m, but vertIcal dlsj
placement was only 1/10 of horizontal displacement (Research Group of Altun Active Fault Zone, Seis-I
rJologlcal Bureau of Chma, 1992). It the average hOrIZontal dIsplacement was 10m for each of th~

rarthquakes along thIs zone, It would have reqUIred 650 VIOlent earthquakes, WIth a major earthquakel
pccurring once every 1200 years since the Middle Pleistocene, to account for this amount of displacej
mem:

[crn~thCCe'M'-'-'-ldTd"l-ce·KTuccnc-.lccun~a-cn--'M..-ccs_'8".'1'ecca-=rtCLh-CqCCu'akCCec-occccccccuccrrcce'd"l~n~2'<70TI'0"1~, "foccrccm~l~n-Cg-=a'frrccacc-.tCCu-Crec-z=-occncce'occf"-4"0"'OTLk=ml

[ong with a maximum horizontal displacement of 16.3 m at the earth's surface. This is the most violent
rarthquake with the maximum horizontal displacement along a fracture zone recorded from the Chines~

~ontinent (Lin AM et aI., 2002). The amounts of horizontal displacement recorded for individual earthj
ijuakes are generally less than 10 m. I'he Qomolangma dlstnct of southern XIzang was geodetlcallyl
surveyed 35 times between 1975 and 1992. It was found that this district is moving horizontally in a NEI
1540 dlfectIon at a rate of 6-7 cm/yr, WIth an average rate of uplIft of 3 mm/yr (Chen lY et aI., 2001).

IUnder the Influencesof the NeotectOniC stress field, NNE-trendIngactIve faults In North and Northj
rast China generally have dextral displacement, and rivers which cross the faults are diverted mostl}j
~o the nght. One of these faults, the frontal fault zone of the lalhangshan, shows a dextral honzontall
khsplacementof ~600 m SInce the Late PleIstocene. RIverscroSSIng WNW-trendIngfaults are dlsplacedl
Imamly to the left, for example, the Tleluzl Fault, north of QInlIng, has a smlstral dIsplacement of 5001
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~'lg.ll.8 Paleo-tectonogeographlc sketchreconstructIOn of Chmaand Itsadjacentblocks10 the Neotectomc Penod (smc~

p.78 Ma).

11. Oceans; 2. Shallow seas; 3. HIlls and plams; 4. Plateaux and mountams wIth average elevatIOn of 2,000 m; 5.
!",lateaux and mountams WIth averageelevatIOn above4,000 m;

SmallCIrcles representcentralreferencepomtfor paleomagnetIsm 10 eachblock.PosItIOnal datafor the paIeomagnetIij
Weference pomtfor each blockIS shown10 AppendiX 6. ImtIallettersfor each blockare the sameas 10 FIg. 11.1.

rJ (Yang JQ, 1983;Han MK, 1983),DUrIngthe NeotectonIc PerIod, the landscape of eastern Chma ha~

!Jeen much less modified geomorphologically than western ChinaJ
[n the southeastern coastal areas of China, under the influence of the NW-SE recent maximum prinj

~Ipal compressive stress, the landscape has been affected by a senes of conjugate shear fractures con1
~rolling the recent drainage system, The tectonic stress direction indicated by this drainage system is th~

same as the direction determined from earthquake fault plane solutions (Ai NS, 1982)J
~esearch on rates of verttcal uphft and depreSSIOn of the ground surface dUrIngthe NeotectOnIC Pej

[iod has encountered difficulties by giving different results during repeated leveling, due to disturbancel
1m the landscape elevatIOn m ramy and dry seasons, so that there IS uncertamty regardmg the rehabl1
Ihtyof the data. Between 1951 and 1982,Zhang ZS et aJ. (1989)used data from two natronal levehng
surveys and many precise regional surveys to make an overall assessment. Taking the average value of
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"ates ot vertIcal motion as beIng equal to zero, they concluded that the baSInS and plaIns ot South ChInal
Iwere undergoing uplift, while North China was being depressed, with a boundary along the Kunlun-J
IQInlIng-northern front of the Rualhe plaIn. The most rapId rate of uplIft, 2 clri7yr, IS OCCUrrIng In th~

WbmalayanMountaIns; In the North XIzang Plateau uplIft IS0.4-0.5 clri7yr, In the East Kunlun Mounj
~ains is 0.5-0.7 cm/yr, and in the Altun, West Tianshan, Qilian and in the Qinling mountains is about
rn cm/yr. A rate ot depreSSIOn ot 0.3-0.4 cm/yr occurs In the Tanm BaSIn, In the Qaldam BaSIn th~

[ate is 0.2-0.3 cm/yr, and in most of eastern China the rate is between 0.2 and 0.1 cm/yr; the highestl
"ate ot depreSSIOn ot 1 cm/yr occurs near TIanJIn. Rates ot vertIcal movement are much less than rate~

bf honzontal movements.1
~ landscape deformation survey across earthquake faults carried out by the Seismic Survey, Seism01

IloglcalBureau of ChIna (1975, 1977) (Zhao JR (1981), Chen YT et a1. (1979), Deng QD (1980) Wani?!
K:Y (1978», showed that in North China the ratio between horizontal and vertical displacement is 2,1
Iwhilein West China it is between 6 andl 0 These results are similar to those obtained from seismic faultl
plane solutIOns, as measured by macro-selsmogeologlcal survey (Ren JW et aI., 1999; Wang Y et al.,1
12001). At depths between 1,000-4,000 m in oil and gas-bearing sedimentary basins, as measured froml
IhydraulIctractunng, the honzontal prIncIpal stress ISgenerally greater than the vertIcal one, (ChIna Na1
~lOnal CommIttee, IOGG, 1983). All these results show that honzontal stress and honzontal motIon ar~

~he predominant factors in landscape modification,

(5) The Change of Coast During the NeotectonicPeriodl
!Becausethere are only several meters to several kilometers of total horizontal movement and several

Imeters to hundred meters of vertIcal movement, there were no great changes In the landscape of th~

K:hInese contInent dunng the Neotectomc renod and theIr Influence IS lImIted. However, the ettect~

Iweremuch greater In coastal areas. It IS commonly recogmzed that at the end ot the Neogene the floor~

pf the Yellow Sea and Bohai Bay were land areas, forming plains with many rivers and lakes. RecentlyJ
Ibefore 15,000 years BP, near the end of the Late Pleistocene, after several transgressions, the presentl
IYellow Sea and Bohal Bay formed the youngest of the margInal seas of eastern ChIna (FIg. 11.9) (Xij
1H0ng, 1997). During the last transgression in the Holocene, Hainan Island became isolated from the
Imainland1

~ccording to the records of the National Ocean Bureau, from 1891 to 1990 the average rise in seal
~evel in Chinese coastal areas was 1.4 mm per year, and since 1960 has risen by 2.1-2.3 mm per year
(Huang CJ et aI., 2000), correspondIng WIth a global sea level nse ot 180 mm (the most optImal eval1
ration) in the last 100 years CIPCC Working Group, 1996). Based on the statistical result of the annuall
"ench mark survey, Yang HT (1999) found that the sea level around China has recently risen by 1.0-4.~

Imlri7yr. The dIfference between these results may be caused by: a) a nse In global sea level (at an averagel
[ate of 1.8 mm/yr); or b) by local tectonic uplift or depressionj

IA rough calculatIOn ot the local rates ot crustal uplIft or depreSSIOn along the coast ot ChIna can b~

Iworkedout, by deducting the rise in global sea level from the apparent rate of sea level rise suggestedl
Iby Yang HT (1999)(Iable 11.1).

[fable 11.1 Rates of sea level rise in coastal areas of China (mm/yr)(data from YangHT, 1999and IPCC Working Group,
11996)1

Apparent rate of Rate of crustal rise Apparent rate of Rate of crustal rise
Area sea level rise or depression Area sea level rise or depression
Bohai 2.0 0.2 depression Shanghai 4.5 2.7 depression

Yellow sea 1.0 0.8 rise Zhejiang 3.4 1.6 depression
East china sea 2.7 0.9 depression Fujian 1.9 0.1 depression

South china sea 2.1 0.3 depression East Guangdong 2.1 0.3 depression
East Liaoning 2.6 0.8 depression WestGuangdong 2.8 1.0 depression

Tianjin-Tanggu 2.2 0.4 depression HainanIsland 1.7 0.1 rise
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[I'hlscalculatIOn IS more rehable where the dIfference in the apparent nse in sea level and the globall
[ise in sea level is greater, as shown in Table 11.1. For example, it is found that the rate of depressionl
1m the ShanghaI area IS 2.7 mm/yr, m the ZhejJang area IS 1.6 mm/yr, and m western Guangdong I§
1.0 mIIl7Yr. These data correspond very closely wIth areas of enhanced sedImentatIOn. In coastal areas,1
Iwhere the apparent rate of the nse In sea level IS almost equal to global sea level nse, as In BohaI Bay,1
INanhal Sea (South Chma), FUJlan, east Guangdong and Haman Island, there IS eVIdently very httl~

crustal movementl
K:ompanson of the geologIcal hazard dlstnbutIOn map (I :5, 000,000,Zhang MS, 1997) of the Chl1

rese coasthne dunng the Late-Quaternary,the bedrockgeologIcalmap for each area (1 :500,000,Provmj
~ial geological survey maps), and the recent tectonic stress field shows that zones of tectonic weaknes~

lIn the bedrock and the recent maxImum pnnclpal compressIve stress dlfectlOn control the dlstnbutlOnl
pf areas of crustal uplift or subsidence, and determine whether the coast is subject to erosion or is being!
~xtended by sedImentatIOn (FIg. 11.9). Zones of tectomc weakness in the bedrock are regIOnal tectomq
Ihneaments, mcludmg the stnke of major fault zones and fold axes.

MThere regional tectonic lineaments near the coastline are parallel to, or intersect the directions of rej
~ent maxImum prmclpal compressIVe stress at a small angle, crustal weakness and fault zones are morel
rXtenSIVe, consequently there are greater subsIdence and more sedImentatIOn. Four areas of sedlmentaj
~ion along Chinese coastline have the following characteristics (Zhang MS, 1997): (A) From Tanggu~

[I'IanjIn CIty to Lalzhou Bay, south Bohal Bay, lIneaments near the coastlIne trend E-W, and the presentl
Imaxlmum pnnclpal compressIve stress dIrectIOn trends 70°-80° NE; SInce the angle of IntersectIOn I§
small, thIS IS a zone of extensIOn and subsIdence, formmg an area of coastal sedImentatIOn; (B) I h~
IRlzhao-LJanyungang coasthne of northern Jlangsu, where the angle of mtersection between reglOnall
Ilineaments and the present maximum principal compressive stress direction is also very small; the orij
rntatlOnof lIneamentsand maxImumpnnclpal stress are E-W trendIng; (C) ShanghaI-mouth of Yangtzel
~Iver area, the angle of IntersectIOn between two regIOnal lIneamentsand the present maxImumpnnclpall
~ompresslve stress dlfectIon IS rather small, onentations of the lIneaments and the maximum pnnclpall
stress are nearly WNW-NW trending; (D) The coastline of the Leizhou Peninsula-Beibuwan (Northernl
IBay), southwestern Guangdong, the present direction of maximum principal compressive stress and th~

rJam faults actIve smce the MIddle PleIstocene both he E-W (FIg. 11.9).
IAlong the greater part of Chmese coasthne, regIOnal hneaments and fault zones commonly trendl

~NE, intersecting the E-W trending direction of present maximum principal compressive stress, at a
[ugh angle, fault zones are closed under compressIOn and It IS ImpossIble for large-scale zones of exj
[enslOn to form. Where IntermedIate-acIdIc magmatIc rocks have been Intruded along faults, the crustl
lIS relatIvely lIght, and easIly uplIfted to re-establIsh rsostatic eqmlIbnum. Here, along the coastlIne th~

seafloor is very shallow, enhancing marine erosion and the removal of beach sediments. Most of th~

K=hinese coastline, such as the eastern Liaoning Peninsula, the northern Bohai Bay, the Shandong Peninj
sula, JJangsu, FUJlan, Guangdong, and Haman and TaIwan Islands, IS undergomg uphft and reqmre~

protectIOn from manne eroSIOn, partIcularly along sandy shoresJ
[The state of gravitational equilibrium of the crust is an important geophysical property, greatly in1

Itluenced by Neotectomcs. The lIthosphere IS always tendIng to adjust towards eqmlIbnum, howeverJ
~ectonic activity often disturbs this gravitational equilibrium. If tectonic activity is weak, it maybe tak~

~housands or hundred of thousands of years for Isostasy to re-estabhsh the eqUlhbnum. Accordmg tq
~he nationwide lOx 10 isostatic gravity anomaly data (Jia MY et aI., 1989, precision 10 mgal), area§
Iwhere the absolute isostatic gravity anomaly is less than ±40 mgal, have almost reached gravitationall
rqUlhbnum, m fact most of Chma (89%) IS nearly at gravItatIOnal eqUlhbnum. Areas where the absolut~

Ivalue of the IsostatIc gravIty anomaly IS greater than ±40 mgal, accountIng for 11%of ChIna, are notl
lin equilibrium. Areas with positive isostatic gravity anomalies are underlain by light, low density lith01
sphere and are suliject to crustal uplIft, and areas WIth negatIveIsostatIcgravIty anomalIes are underiaInI
Iby heavy, hIgh denSIty lIthosphere and are subject to crustal subSIdence (Zeng HL, 2005). IsostatIcl
lanomahes vary greatly in West Chma, from 120mgal to -100 mgal, WIth steep gravity gradIents. IS01
static anomalies occur in ENE-or WNW-trendingbelts with alternating positive and negative anomalies.1
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~Ig. 11.'1 The Recent tectomc stress field and uplIft and subSIdence of the Chmese coastlme m the Late Quaternaryl
I(original data accordingto Zhang MS, 1997).

~. Land; 2. Recent NW extensionof the marginalseas; 3. Marginalseas before 15,000BP; 4. Areas of subsidenceanc!
!he stnke of fault zones; 5. Areas of uplIftand the stnke of fault zones; 6. Recent maxImumpnnclpal compressIve stressl
!races; 7. DIrectIOns of compressIOn.

A. Tianjin-Tanggu; B. Rizhao-Lianyungang; C. Shanghai-Mouthof Yangtze River;D. SouthwesternGuangdongJ

IMountaInbelts such as the Altay, 'ilanshan, QliJan, Kunlun and HImalaya show posmve isostauc anoma1
llies,and coincide with paleo-tectonic lineaments. There are fewer zones of positive isostatic anomaly inl
East China, but they occur at Dahingganling (120-123°E, 44-52°N), north Taihangshan (114-115°E,1
137-400N), middle Qinling (107-11O oE, 34-34SN), middle Wuling (109-111 °E, 27.5-29°N), Changj
~mshan (~128°E, 42°N) and the eastern Shandong Pemnsula. Most of East ChIna has reached a stat~

pf eqUlhbnum.
[here are two rather different maps showing isostatic gravity anomalies in China. One is th~

lOx l°isostatic gravity anomaly map of Jia MY et al. (1989) quoted above, the other was compiledl
Iby Zuo Yet al. (1996). In West ChIna the two maps show great ddterences In isostauc gravity anomalyl
Ivalues, reaching 100-220 mgal; although the values for East China shown on both maps are similar,1
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~here IS a great dIfference In the pattern of the contours (Zeng HL and Wan TF, 1999). It ISnot clear whyl
~hese two maps are different, but the precision of gravitational measurement requires improvement tg
[esolve thIs problem. Judgmg from the relatIonshIp between IsostatIc gravIty anomaly values and area§
pf recent vertIcal crustal upltft and subsIdence, the map compIled by Ila MY et ai. (1989) appears to b~

~loser to realtty (Zeng HL and Wan I'F, 1999).1

11.3 Dynamic Mechanism of'the Recent Tectonic Stress Field

k\Ithough the nature and dlstnbutlOn of the present tectomc stress field are charactenstlc, dlstmctlveJ
limportant, and have been deeply studied, their dynamic mechanism is not properly understood. Froml
K:hapter4 to Chapter 10of thIs volume, the author has Interpreted the tectomc stress field In each penodl
since the PaleozOIc as resulting from the mteractions of hthosphere plates. In each penod of geologl1
~al history the tectonics was determined by the stress concentration in the last episode of each tectonig
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!Fig. 11.10 The free air gravityanomaly, measured from satellites, and the directions of the maximum principal compres
ISlOn stressfor the Chmesecontmentand ItsaC!iacent areas (revIsed fromGaposchkm and Lambeck, 1971 )1

11. Contours of posll1ve gravIty anomahes; 2. Contours of negativegravityanomahes;1
~. Normals to gravIty gradIents; 4. Borderof Chmal
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iJeflod, when the stress exceeded the fracture strength of rocks and deformatIOn occurred, releaSing thij
stress, it was then possible to determine the stress fields for the different periods. However, the Neotecj
[omc Penod, where the tectomc stress field IS weak and has operated only for the past 780,000 years,1
IWlth a very small amount of differential stress, and where the duectlons of pnnclpal stress have changedJ
liS different. 'I he Neotectomc Penod represents the beglnmng of new penod 10 tectomc evolutIOn; thij
laccumulatlOn of stress IS Just beglnmng. There are outstanding problems In understanding the accumu1
~ation of stress. What is the tectonic factor which plays the leading role during the process of the stres§
laccumulatlOn? Stress accumulatIOn occurs as a sefles of pulses and shows peflodlclty. What are thij
OCactors which control this penodlclty 10the accumulatIOn of stress'~

ITwo dynamic mechanisms are suggested to control the formation of the present tectonic stress field:
(1) Isostatic gravitatIOnal compensatIOn; (2) Plates mteractlOn.

[he effect of gravitational isostatic compensation of the lithosphere is evident in the recent tectoniq
stress field of Chinese continent (Wan TF, 1988). On the free au gravity anomaly map of the Chlnesij
~ontlnent and ItS adjacent areas measured from satelhtes (Fig. 11.10), contours showing vananons Inl
~he value of gravity represent differences in the density of the mantle. Directions down the gravitYI
gradient, normal to the contours, indicate either the directIOn of the mass movements of the hthospheflq
Imantle due to lateral Isostatic compensatIOn, or the directIOn of the relative movement of the tectomq
plates. This is given most attention to by many geophysical scientists (Artyushkov, 1973; Turcotte andl
pxburgh, 1976; [ago and Cazenave, 1981; Bott and Kuszmr, 1984). If the free atr gravity anomalyl
Imap of the Chinese continent and its adjacent areas (Fig. 11.10) is compared with the map showing]
~he maximum pflnclpal compressIVe stress traces, It may be seen that directIOns normal to the free aul
gravity anomaly gradient correlate well with the traces of maximum pflnclpal compressive stress dUflngj
~he Neotectonic Period (Fig. 11.4). Consistency over wide areas shows that the origin of the recentl
[ectomc stress field 10 Chmese contment may be related to the movement of hthosphenc matenal 101
prder to estabhsh gravitational Isostatic compensatIOn. Bott and Kuszmr (1991) estimated that If thij
IQmghat- I'tbet Plateau, with a mean altitude of more than 4,000 m above sea level, ISentirely elastic,
~he differential stress in the deep part of plateau is about 100 MPa, but the estimated amount of stres§
latdifferent depths is not shown as that. Many researchers would agree with the hypothesis that a largel
ground load IS one of the causes of tectonic stressJ

IMost authors would accept that the dynamiC mechanism mainly responSible for the recent tectonlq
stress field is the interaction between the tectonic plates (Ma XY, 1989; Ma ZJ, 1990; Ding GY, 1991)J
[fhls mechamsm also proVides a reasonable explanatIOn for the ongm of the stress fieldJ

IWhlch mechamsm, Isostasy or plate movmg, IS most responSible for the stress field, or do bothl
~echamsms operate together? If both mechamsms operate, what percentage of the stress field can bij
lattributed to each of these mechanisms? This problem should be considered seriously; it is not sensibl~

~o dismiss either of these possible mechanisms.
II'heRecent stress field of the Neotectonic Peflod ISthe geophYSicalfield which currently controls thij

present tectomc actlVltyon Earth. Although thiS stress IS very weak, yet It have Important consequencesl
lin the location of earthquakes, the search for fluid mineral resources and changes in the environment,
~eotectomc research must be an Important aspect of future studies 10tectomcs.

References

k\1 NS, Liang GZ, Scheidegger AE (1982) The valley trends and neotectomc stress field of southeastl
China. Acta Geographica Sinica 37(2): 111-122 (in Chinese with English abstract).

k\rtyushkov FY (1973) Stress 10 the hthosphere caused by crustal thickness mhomogeneltles. 1. Geoj
phys. Res. 78: 7675-7708J

IBlq CC (1971) Some aspects of post-orogenic block tectonics In 1'<uwan: recent crustal movementJ
Royal Society of New Zealand Bulletin 9: 19-24J



IR eferences 285

IBottMHP, Kusznlr NJ (1984) The ongm of tectonic stress In the iJthosphere. 'Iectonophyslcs 105: 1-13.1
!Bott MHP, Kusznir NJ (1991) Sublithospheric loading and plate-boundary forces. Phil. Trans. R. Soc.

Lond A- :337' 83-93
!BruneIN (1968) SeIsmic moment, seIsmIcIty and rate of slIp of major fault zones. 1.Geophys. Res. 73:
~

IBurchfiel BC, Deng QD, Molnar P et al (1989) Intracrustal detachment Within zones of contlnentall
deformatIOn. Geology (Boulder) 17(8): 748-752.1

IBurchfiel BC, Chen ZL, Hodges KV et al (1992) I'he south I'Ibetan detachment system, Hlmalayanl
Orogen: extensIOn contemporaneous WIth and parallel to shortening In a collISIOnal mountaIn belt.
Special Paper-GSA 269: 41.

!Bureauof Geology and MInerai Resources of HeIlongjIang ProvInce (1993) RegIOnal Geology of Helj
longjiang Province. Geological Publishing House, Beijing (in Chinese with English abstract).

Bureau of Seismology of Xinjiang (1985) Fuyun Earthquake Fault Zone. Seismological Press, Beijing!
(In Chinese WithEngiJsh abstract).

IByerlyP (1926) The Montane earthquake of June 28, 1925. G. M.C.T., Bull. Selsmol. Soc. Ame. 16(4):
2!IlI-=232J

~hen JY, Wang JY, Pang SY et al (2001) On the earth crust movement of Qomolangma area. SCIenceInl
China 31(4): 265-271 (in Chinese).

~hen WJ, Ge 'I'M, LI DM et al (1992) The K-Ar magnetostratIgraphIc chronology of CenozoIc basaltl
in Hainan Island and Leizhou Peninsula. In: Liu RX (ed) The Age and Geochemistry of Cenozoiq
VolcaniC Rock In China. SeIsmologIcal Press, BelJlng (In Chlnese)l

~hen Y'I, Huang LR, Lin BH et al (1979) A dIslocatIOn model of the Tangshan earthquake of 197~

from the inversion of geodetic data. Acta Geophysica Sinica 22(3): 201-207 (in Chinese with Englishl
abstract).

~hen ZD, Meng QA, Wan TF et al (2002) Numencal sImulatIOn of tectonic stress field In Gulong
depreSSIOn In SonglIao baSIn USIng elastIc-plastIc Increment method. Earth SCIence frontIers 9(2):
483-492 (in Chinese with English abstract)1

K:hina National Committee, IUGG (1983) National Report on Seismology and Physics of the Earthl
Ii:JleIiill:

~oal Mining College of Hualnan et al (1979) Mining Geology and Mining Hydrogeology. China Coall
Industry Publishing House, Beijing (in Chinese).

peng QD (1980) MaIn charactenstlcs of CenozOIc fault-block tectonics In ChIna. In: SCIentIfic Paper§
on Geology for InternatIOnal Exchange. (I) TectOniCs and GeologIcal Mechalllcs. 101-108. Geologlj
cal PUblIshIng House, BeIjIng (In ChInese)l

[leng QD, Zhang WQ, Wang YP et al (1987) Main features of Haiyuan fault zone and 1920 Haiyuanl
earthquake faults and their formationmechanism. In: Institute of Geology, State Seismological Buj
reau. Research on Recent Crustal Movement (3): 9-25. SeIsmologIcal Press, BeIjing (In Chinese).

pIng GY (1991) llthosphenc DynamIC of ChIna-Explanatory Notes for the Atlas of Llthosphencl
Dynamics of China. Seismological Press, Beijing (in Chinese),

pIng GY (1995) Neotectolllcs. In: Cheng YQ (ed) Great EncyclopedIa In ChIna, Geology, 567-568J
Encyclopedia of China Publishing House, Shanghai.

IElbyCA (1980) Earthquakes. Heinemann.
feng H (1989) Recent epIcenter dlstnbutlOn of strong earthquake (1900-1985). In: Ma XY (ed) Llthoj

spheric Dynamics Atlas of China. SinoMaps Press, Beijing (in Chinese )J
Qaposchkln EM, Lambeck K (1971) Earth's gravIty field to the sIxteen degrees and statlOn coordlnatedl

from satellIte and terrestnal data. J. Geophys. Res. 76(20): 4855=4883J
proup of Earthquake Focal Mechanism of Six Provinces and Cities (1981) Recent tectonic stress field,1

referred by earthquake focal mechalllsm In Jlangsu, Shandong, AnhUl and Henan areas. Selsmologyl
and Geology 3(1): 19-28 (in Chinese).1



1286 II TectOnICS of MIddle PleIstocene Holocene (rhe Neotectonic Penod, smce 0.78 Mal

IHmmson BC (1975) Crust stress m the contmental Omted States as denved from hydrofractunng test.
In: HeacockJG (ed)The earth's crust, its natureand physicalproperties.GeophysicalMonograph20,1
pp.576-592, AGO.

Han MK, Zhu SL, Zhao JZ et al (1983) GeomorphtcexpressIOns of Quaternary tectomc stress field ml
the southern secttonof the easternptedmontfault zone of 'IarhangshanMountams.Acta Geographtc~
Sinica 38(4): 348-357 (in Chinese with English abstract).

IHe KZ, Zhang XJ, Qin ZL (2001) Cenozoic tectonic movements and environmentalchange of west-I
ern Yunnan. In: Lu YC et al (eds) Neotectomcsand EnVIronment. SeIsmologIcal Press, BelJmg (ml

~
Historical Working Group of Earthquake Committee, Chinese Academy of Sciences (1956) Annual

Tablesof Chma Earthquake.SCIence Press, Beljmg (m Chmese)J
Huang CJ, Dong QX, Lin JD et al (2000) Global warming and rising of sea level. Journal of Natur~

22(4): 225-232 (in Chinese)j
Huang TK (Jiqing) (1945)On the Major StructuralFormsof China. GeologicalMemoirs, ser.A, no. 20,1

IDm
IHubbert MK, Wllhs DG (1957) Mechamcsof fractunng. J. Petrol. 'Iechnol. 9: 153-168J
[PCC Workmg Group (1996)Chmate Change 1995.In: 'I he SecondAssessmentReport of the Intergov-I

ernment Plan on ClimateChange, pp.289-405. CambridgeUniversityPress, London,
~ia MY, Yuan GT, Xiang AM (1989) Isostatic gravity anomalies in grid lOx10

• In: Ma XY (ed) Lithoj
spheric DynamicsAtlas of China. SinoMapsPress, Beijing (in Chinese)j

IKan RJ, Zhang SC, Van Fl' et al (1977)Present tectomc stress field and ItS relatIOn to the charactenstlc~

of recent tectomc acnvity in southwesternChma. Acta GeophyslcaSmlca 20(2): 96-109 (m Chmesij
with English abstract)j

[.:ago B, CazenaveA (1981)Stateof stress m the oceamc hthospherem responseto loadmg.Geophyslcall
Journal of the Royal AstronomIcal SocIety64(3): 785-799.

[.:1 QZ et al (1973) The stress field of two regIOns mferredfrom the mIcro-earthquake data on an obser1
vatlOn statIOn. Acta GeophyslcaSmlca 16(1):45-61 (m Chmese wIth Enghsh abstract).

ILiang HG (1989) Distribution of history earthquakeepicenters(before1900A.D).In: Ma XY (ed) Lithoj
sphenc DynamICs Atlas of Chma. SmoMaps Press, BelJmg(m Chmese)J

ILm AM, Mlyata TK, Wan TF (1998) lectomc charactenstlcs of the central segment of the 'lancheng1
Lujiang fault zone, ShandongPeninsula,eastern China. Tectonophysics 293(1-2): 85-104.

[.:m AM, Fu BR, Guo JM et al (2002) Co-SeIsmIc stnke-shp and rupture length produced by the 2001
Ms 8.1 Central KunlunEarthquake.SCIence 296(5,575):2015-2017.

[.:m JZ, Llang GZ, Zhao Y et al (1980) Earthquakefocal mechamsmand tectonic stress field of coastall
southeastChma. Acta SelsmologlcaSmlca 2(3): 245-257 (m Chmese).

Ma XY (chief editor, Editorial Board for Lithospheric Dynamics Atlas of China, State Seismologicall
Bureau) (1989) Llthosphenc DynamICs Atlas of Chma. SmoMaps Press, BelJmg (in Chmese wlthl
Enghsh abstract).

Ma ZJ, Jiang M (1987) Strongearthquakeperiods and episodes in China. EarthquakeResearchin China
3(1): 47-51 (m Chmese WIth Enghsh abstract)1

Ma ZJ (1990) Subareasof continentalearthquakesof China and their analysison dynamics.In: Internaj
tlOnal Conference of AnalYSIS on Tectomc EvolutIOn of Contmental LIthosphereand Its DynamICs)
3thConferenceof StructureGeology,pp.86-95. GeologicalPublishingHouse, Beijing (in Chinese).1

Ma ZJ, Ren JW, Zhang J (2003) The present plate movements shown by GPS vector fields and th~

model of the combmed latltudmaland longltudmal mantle flow. Earth SCIence frontIers 10(1): 5-131
(m Chmese WIth Enghsh abstract).

Maruyama S, Seno T (1986) Orogeny and relative plate motions: example of the Japanese Islands.
TectonophysIcs 127: 305-3291

Mel SR (1960) SeIsmIc act1V1ttes of Chma. Acta GephyslcaSmlca 9(1): 1-19 (m Chmese WIth Enghshl
abstract).



[References 2871

IMolnarP and 'Iapponmer P (1975) CenozOIctectomcs of ASia:effects of a contmental coliJslOn.SClencij
189(4,201): 419-426~

~en JW, Wang YP, Wu ZM et al (1999) Quaternary active features and slip rate of east Kunlun fault beltl
in northern Tibetan Plateau. In: Edltonal Board of Research on Active Faults. Research on Active
Faults, no.7, pp.l47-164. Seismological Press, Beijing (in Chinese).

IResearchGroup of Altun ActlVeFault Zone, Seismic Bureau of Chma (1992) Altun Active Fault Zone.1
Seismological Press, BeijingJ

IRoyden LA, Burchtiel BC (1997) Surface deformatIOn and lower crustal flow in eastern 'I Ibet. SClencij
276(5,313): 788-790J

Seismic Survey, Seismological Bureau of China (1975) Landform deformation at Xingtai earthquake,
m 1966. Acta Geophyslca Smlca 18(3): 153-163J

ISeismicSurvey, Seismological Bureau of China (1977) Landform deformation at Haicheng earthquakel
Ms=7.3 . Acta Geophysica Sinica 20(4): 251-2631

Shen ZL et al (1985) Hydrogeology. Science Press, Beijing (in Chinese).
IShi ZL, Huan WL, Cao HL et al (1974) Some characteristics of seismic activity in China. Acta Geoj

physlca Smlca 17(1): 1-13 (m Chmese WithEngiJsh abstract).
[rang Fr (2003) Research on Recent Structural DeformatIOn of North Chma Block and ItSActive Feaj

tures of Strong Earthquakes. Dissertation, Institute of Geology, China Seismic Bureau (in Chinese
WithEnglish abstract)J

[apponmer P, Molnar P (1977) ActIve faultmg and tectomcs m Chma. J. Geophys. Res. 82(20): 2905=j
29JO:

II'apponmer P, MerCIerJL, Proust F et al (1981) The 'I Ibetlan SIdeof the India-EurasIa coliJslOn.Naturij
294 (5,840): 405-410.

[rapponmer P, Peltzer G, Le Dam AY et al (1982) Propagatmg extrusIOn tectomcs m ASia: new mSlght§
from simple expenments Withplastic Ime. Geology 10: 611-616J

[I'urcotte DL, Oxburgh ER (1976) Stress accumulation in the lithosphere. Tectonophysics 35(1-3): 183--1
122.

~an TF (1984) Recent tectonic stress field, active faults and geothermal fields (hot water type) in China.
Journal of Volcanology and Geothermal Research 22(3=4): 287-300.

IWan 'IF, Chu MJ (1987) Active detachment in FUJlan and Taiwan. Earth SCience 12(1): 21-29 (ml
Chinese with English abstract).

IWan TF (1988) Paleo-tectomc Stress held. Geological PUblishmg House, Beljmg (m Chmese).
IWan TF (1994) Intraplate DeformatIOn, Tectomc Stress and Thelf ApplicatIOn for Eastern Chma ml

Meso-CenozOIc. Chma Umverslty of GeoscIences Press, WuhanI
IWan TF (1994) Tectomc event and stress field of Quaternary m Chma. Quaternary SCIences (I): 48-5~

(in Chinese with English abstract).
IWan 'I F, Zhu H, Zhao L et al (1996) FormatIOn and EvolutIOn of the 'Iancheng-LuJlang Fault Zone.1

Chma Umverslty of GeoscIences Press, Wuhan.
~an TF (2004) An Outline of China Tectonics. Geological Publishing House, Beijing (in Chinese)]
IWan TF (2008) Mechamsm of Wenchuan Earthquake (Ms-8.0) and recent situatIOn of Earthquake ml

Chma. Chmese Journal of Nature 30(3): 125-127 (in Chmese WithEnglish abstract)J
IWang CY, Zhu CN, LIll YQ (1978) DetermmatlOn of earthquake fault parameter for the Ionghal earth1

quake form ground deformation data. Acta Geophysica Sinica 21(3): 191-198 (in Chinese with Enj
glish abstract)J

IWang MM et al (2003) Petroleum prospectmg regIOnand target assessment around Bohal Bay areas(No.1
010 107-9=4). Unpublished report for ExploratIOnand Research Institute of Chma NatIOnalPetroleuml
Corporation,

IWang Q, Zhang PZ, Ma ZJ (2002) GPS datebase and velOCity field of contemporary tectomc deformatlOnl
m contmental Chma . Earth SCience Frontiers 9(2): 415-429 (m Chmese WithEnglish abstract).

~ang SY, Xu ZH (1985) Seismo-tectonic stress field in east China. Acta Seismologica Sinica 7(1):
17-32 (in Chinese with English abstract).



1288 II Tectonics of Middle Pleistocene-Holocene (The Neotectonic Period, since 0.78 Mal

IWang Y, Zhang YZ, NIU ZS (2001) Global volcaniC earthquake acuviues and coastal-oceanic envlron1
mental effects. In: Lu YC et al (eds) Neotectonicsand Environment.SeismologicalPress, Beijing (inl

~
p(Jao NS et al (1986) NeotectonIc AnalysIs and Its ApplIcatIOn for Underground Water ExploratIOn.

GeologIcalPublIshmgHouse, BeIJIng (10 Chmese wIth EnglIsh abstract).
IXu H (1997) Changmg 10Chmese seas and contments . Manne Geology Letters (7): 4-7 (10 Chmese).1
p(u ZH, Yan M, Zhao ZH (1983) Evaluation of the direction of tectonic stresses in north China froml

recorded data of a large number of small earthquakes. Acta Selsmologlca Smlca 5(3): 268-279 (101
Chmese wIth EnglIshabstract).

p(u ZH, Wang SY,Huang YR et al (1989) The tectonic stress field of Chinese continent deduced froml
a great number of earthquakes. Acta Geophyslca Smlca 32(6): 636-647 (10 Chmese wIth EnglIshl
abstract).

IXue F, Huang JW (1989) DlstnbutlOn of earthquake focal depths. In: Ma XY (ed) Llthosphenc Dynam1
ICS Atlas of Chma. SmoMaps Press, BelJmg(10 Chmese).1

IYan IQ, Shi ZL, Wang SY et al (1979) Regional features of recent tectonic stress field for China andl
adjacent areas. Acta SelsmolOlgca Smlca 1(1): 9-24 (10 Chmese wIth EnglIshabstract).1

IYang HT (1999) Sea level nse and coastal dIsasters10Chma's coast. Quaternary SCIences (5): 456=46~
(in Chinese with English abstract).

IYang JC (1983) RelatIOnshIp between morphotectonIc evolutIOn and Quaternary tectOnIC stress stat~

in north and northeast China. Acta Geographica Sinica 38(3): 218-228 (in Chinese with Englishl
abstract).

IYm SR, Xlao YQ(1988)The hydrogeologIcsIgnificance of Neotectonicfractures. J. NanJIng Unlversltyl
(Natural Sciences) 24(3): 401-405 (in Chinese with English abstract).

geng HL, Wan IF (1999) Gross dIfferences between two IsostatIc gravIty anomaly maps of Chma.
TectonophysIcs306(2): 253-257.1

~eng HL (2005) Gravity Field and Gravity Exploration. Geological Publishing House, Beijing (in ChH
nese),

~hang HL, He SY (1989) Periodic analysis on historical earthquake sequence in North China. In: Re-I
search on Recent Strong Earthquakes.SeIsmologIcal Press, BelJmg(10 Chmese).1

~hang JR, Sun ZX (2001) Determme lechnlque of Earth's Stress and FIssures In ApplIcatIOn of alii
Exploration and Exploitation. Petroleum Industry Press, Beijing (in Chinese),

ghang MS (1997) Some comments on the map of dlstnbutlOns of types of Late Quaternary geologIij
hazards along Chma coast. Manne Geology & Quaternary Geology, 17(1): !OI-!O4 (10 Chmese wlthl
EnglIshabstract).

~hang PZ, WangQ, Ma ZJ (2002) GPS velocity field and active crustal blocks of contemporarytectoniq
deformation in continental China. Earth Science Frontiers 9(2): 430-441 (in Chinese with Englishl
abstract).

ghang SS (1981) ActIve features of earthquakes 10Fujlan and theIr mean stress field. FUllan Geologyl
2(1): 23-36 (in Chinese with English abstract)!

ghang SR, Wan TF (2003) Research on tectOnIC stress field and predIctIOn of fissure zone at uppe~
Triassic system, in Xiaoquan-Xinchang,Sichuan. China Universityof Geosciences, (an unpublishedl
report 10 Chmese).1

~hang ZS, Gen SC, Chen DM et al (1989) Rate of recent vertical crustal deformation. In: Ma XY (edj
Lithospheric Dynamics Atlas of China. SinoMaps Press, Beijing (in Chinese).

ghao JR (1981) On the stram fieldand recent crustal movementof central and south ShandongprovmceJ
Acta SelsmologlcaSmlca 3(2): 126-134 (10 Chmese wIth EnglIshabstract).

Zoback MD, Healy JH, Roller IC (1977) Preliminary stress measurements in central California using!
the hydraulIcfractunng technIque.Pure and ApplIed GeophysIcs 115(1-2): 135-152.

~oback MD, Roller JC (1979) Magnitude of shear stress on the San Andreas Fault: implication of al
stress measurement profile at shallow depth. Science 206(4,417):445-447 ~



References 28'1

~oback ML, Zoback MD (1980) State of stress m the conterrmnous Umted States. J. Geophys. Res. B
85(11): 6113-6156.

guo Y, LIU LY, LI YQ (1996) Map of abnormIty of eqUIlIbrIum gravIty. In: Yuan XC (ed) Atlas of
GeophysIcs of ChIna. GeologIcal PublIshIng House, BeiJIng (In ChInese).



Chapter 1~

Characteristics and Mechanisms 01' Chinese Continental
Tectonics

12.1 Characteristics, Influence Factor and Mechanism of Intraplat~
Deformation

[he intraplate deformation is the most important characteristic in China tectonics. At the present tim~
~he Chinese continent forms part of the Eurasian continental plate, this plate appears to be a coheren~

land UnIfied IIthosphencplate. However, China, from the POint of view of Its geologlcal evolutIOn, doe~
Inot form a single solid, stable continental block. During the last one hundred years, Chinese and forj
~ign geologistshave discoveredthat large areas of the Chinese continent have been affected by intens~

OColdlng, thrusting,WIth vanously onentated lInearand folIar structuresand WIdespread magmatismandl
Imetamorphism, as described in Chapters 2 toII of this volume.Recognizingstructuralevidencefor rej
iJeatedstrong tectOnIC actIvityIn the Chinese continent In the past, the defonnatlOn has been descnbedl
las polycyclIc (Huang JQ, 1945, 1960; Huang JQ et aI., 1965). The tectOnIC actIvIty has Included th~

[onnation of geodepressions(Diwa), the activationof platforms (Chen GD, 1960, 1998), the activationl
pf para-platfonns and platfonn margins (Ren JS et aI., 1980, 1990, 2000), the fonnatlOn of platfonnall
[old belts (Li DX, 1959; Ma XY et aI., 1961; Group of Teaching and Research of Regional Geology,
!Beijing Collegeof Geology,1963)and intraplateor intra-continentalorogeniczones (Ge XH, 1989;Cui
ISQ, 1999;Zhao ZP, 1995;Song HL, 1999;WuZW and Zhang CH,1999;Zhang CH, 1999)J

k\ll ofthe abovedescriptiveterms have some justification and are supportedby academicargumentsJ
litappears, at first, that these terms representdltterent points of view, however, they attempt to represen~

~he same phenomena, but with differences in emphasis and approached from different points of view.1
ISince the Mesoproterozoic,parts of the Chinese continental plate have suffered from collision, withl
strong deformatIOn, at dIfferent geologIcalpenods. The author conSIders that propOSIng new terms tij
~escribe tectonicphenomena is neither useful nor helpful. It is more profitableto recognize the charac1
~enstlcs of the evolutIOn, the mechamsmsof rock deformatIOn and the dIsplacements of the contInental1
~ithospheric plates, and to use this informationfor the location of economic resources, the preservationl
pf the environmentand the ameliorationof geological hazards.

IMany accounts have already been publIshed descnblng Intraplate defonnatlOn, the changes In th~

~ectonic stress fieldand the influenceof adjacentplateson the tectonicdevelopmentof Chinesecontinen~
~uring the Mesozoic and Cenozoic (Wan TF, 1994, 1997; Wan TF and Zhu H, 1996; Wan TF andl
K:ao XH, 1997; Wan TF and Ren ZH, 1999, Wan TF, 2004), and these have been summanzed In th~

~ar1ier chapters of this volume. In this chapter the causes and the dynamic mechanisms responsiblel
~or strong Intraplate defonnatlOn In China wIll be descnbed. The author conslders that the causes ot
lintraplate deformation in China are: (l) The occurrenceof many small unstable continentalblocks; (2)
[he depositionof huge thicknessof sedimentarycover;(3)The multi-periodcollisionand amalgamationl
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pf blocks; (4) ActIve movement of the adjacent plates resultmg m frequent changes in the tectonic stres~

lfieldwithin China since the Mesoproterozoic.

(1) Unstable and Small BIock~
~esearches by Chinese and foreign geologists over the last 30 years, have led to the recognition

[hat the Chmese contment has been constructed by the amalgamatIOn of many plates or mlcro-platesJ
generally called "blocks" (Huang TK, 1945; Ren JS et aI., 1980, 1990; 2000; Wang HZ and Mo XX,I
1995). Recently, Ren JS et al. (2000) divided the Chinese continent and its adjacent areas into 53 "para]
platforms" or blocks. From discussion with many colleagues, and according to results from recent rej
search, especially from the isotopic dating of metamorphic crystalline basement, the author consider§
~hat some of these small blocks, prevIOuslyconsIdered to be separate, belong together. Accordmg to ou~

linterpretation, in the Proterozoic, before collisions and amalgamations occurred, the Chinese continenti
Iwas divided originally into 37 separate blocks or microplates. In Fig. 4.15 a new tectonic map of China
[las been prepared showmg the tectonic Unitsof Chma dunng the Paleoz01cJ

[Thelargest paleo-plate in Chinese continent, the Sino-Korean Plate (20 in Fig. 4.15), occupying les~

~han 18% of the whole of China, is about 1.7 million km2, almost 1/12 of the North American Plate or
175 of the RUSSIan (Baltic) Plate (Ren JS et aI., 1990). Smaller blocks, for example, the Yagan (7 m FIg.
~.15), Northern Bayannur (8 in Fig. 4.15), Hualong (18 in Fig. 4.15) and Zhongdian (30 in Fig. 4.15~

~Iocks occupy only several thousand or hundred km2 . Very small blocks are too small to be represente~

pn small-scale tectonic maps. Collision belts (A-G in Fig. 4.15), formerly called orogenic belts, which
~ave suffered strong compression and have developed complex folding and faulting, occur between th~

Iblocks.Only the larger colhslOn belts are shown m hg. 4.15.In these belts the rocks are always fohatedJ
iJrovldmg zones of weakness whIch were easJly defonned durmg later tectonic penods. I hIS IS slmJlarl
~o the situanon in expenments in rock mechaniCS,where the strength of a Jomted rock IS always lowerl
~han that of an intact rock, devoid of joints. The Chinese continent, made up of many small blocks andl
Imany collision belts, is weaker than an intact continent, so that the continent is unstable and plasticl
k1eformatlon occurs easllyl

~ven in the larger plates, like the Sino-Korean and Yangtze plates, almost undeformed areas or area~

IWlth low deformatIOn are hmlted, the greater part of these plates show eVIdence of mtraplate deforma1
~ion. Almost undeformed areas include the Ordos area in the western Sino-Korean Plate (western partl
pf 20 in Fig. 4.15) and the area between Huayingshan and Longmenshan in the Sichuan basin, western
IYangtze Plate (western part of 32 in FIg. 4.15).

(2) Huge Thickness of Sedimentary Coverl
[n the regional geology of China (bureaus of geology and mineral resources of provinces or auj

~onomous regions, 1984-1993), China was divided into 86 sub-regions. The total thickness of sedij
fuentary strata from the Meso- or Neo-Proteroz01c to Quaternary systems was found to be 23,356 ml
(AppendIX 2). On the relatIvely stable blocks (49 sub-regIOns), the average thIckness of the sedlmenj
~ary cover is 16,985 m. The average thickness of sediments on the Sino-Korean Plate is 12,584 m; th~

Ithmnest sedIments, only 5,987 m, occur m the stable Ordos area on the western Smo-Korean Plate. 'Ih~

laveragethickness of sediments on the Yangtze Plate is 17,488 m; the thinnest sediments, 8,373 m, occun
1m southeastern Gmzhou, the most stable area on the central Yangtze Plate.1

[n paleo-collision belts and their adjacent areas (37 sub-regions) (Appendix 2), the average totall
~hickness of the sediments is 42,036 m, thickest in the Altun-Kunlun Collision Belt with 61,712 ml
(Eg. 4.15, western part of C, between western part of 15 and 17). The thIckness of the sedIments ml
Ithe Qmhng (eastern 0 mEg. 4.15), northern Hmgganhng (Eg. 4.15, northeastern A and B, west t9
II) and Qilianshan (Fig. 4.15, 16 and eastern part of C) are between 55, 000 and 58, 000 m. Dozens of
!cilometers of sediment indicate that uplift and depression have occurred over a great vertical range in th~

K=hinese continent since the Meso- or Neo-Proterozoic, controlled and accompanied by the horizontall
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rJlgratlOn of all the blocks in Chma over thousands of kIlometers dunng the same penod. As dlscussedl
linChapter 1 these sedimentary thickness estimates are only approximateJ
~ cover of sediments of dozens of kJ10meters m thIckness IS wIdespread over most areas of Chma.

[rhese great thIckness of sedIment IS relatively weak compared wIth the underlymg crystalhne basement.1
ISedlments on small blocks, or on the margms of plates, have generally been affected by mtraplatel
~eformatlOn dunng later tectonic events (Ren JS et aI., 1990, 2000; Wan I'F, 1994).1

IA good example, showing how sedimentary thickness influences intraplate deformation, occurs in th~

IYanshan (A m FIg. 7.1; 3 m FIg. 7.2; FIg. 7.3) and western Shandong (B m FIg. 7.1; 5 m FIg. 7.2; FIg.
[7.3)areas of the eastern Smo-Korean Plate. In the Yanshan area In the north of Hebel Provmce and ml
litsadjacent area of southwestern Liaoning Province, the thickness of Jurassic and Cretaceous sediment~

reaches 35,435 m. These sedIments were deposIted at a rate of 191 ri17yr (I.e. 0.191 mri17yr). ThIs areal
Iwas affected by strong folding, faulting and thrusting (3 in Fig.7.2) with detachments either between th~

sedImentary cover and the crystalhne basement or m the mIddle crust, together WIth magmatism andl
rJetamorphlsm. Accordmg to results from geoscience transects and from geodynamICs (Ma XV, 1989j
peoscience Transect Compilation Committee, China Seismological Bureau, 1991, 1992), there has beenl
ro uphft due to a mantle plume or to the swelhng of the asthenosphere m the Yanshan area.

However, m western Shandong, only hundreds of meters of JurassIc and Cretaceous sedIments cove~

~he Pre-Cambrian crystalline basement, and the rate of sedimentation was about 10 mlmyr, only 1/1~
pf the rate m the Yanshan area. Although a sImIlar strong tectonic stress acted on both the westernl
IShandong and Yanshan areas at the same time, the sedimentary cover of western Shandong is onlYI
Iweakly deformed, with fold limbs dipping only at 10°_20° angles (5 in Fig.7.2). It is evident that thq
rJam part of the tectonic stress was supported by the crystalhne basement so that deformatIOn in the thml
sedimentary cover was very weak. Why was such great thickness of sediments deposited in Yanshan andl
pnly thin sedIments In the western Shandong area'? The Yanshan area IS located at the mtersectlOn of
[he E-W trendmg northern boundary fault zone of Smo-Korean Plate and the Hmgganhng-Talhangshan
land'Iancheng-Lujlang NNE-trendmg basement fault zones (FIg. 7.3), so here the basement was rathe~

Iweakand the influence of later tectonic events more profound. The western Shandong area, however, i§
Iocared in the interior of the more stable and intact Sino-Korean Plate, so that later tectonic events hadl
much less influence

lIn the areas where the sedIments are thm, as in the Ordos area of the western Smo- Korean Plate (FIg.
~.15, western part of 20), the area between Huayingshan and Longmenshan, western Yangtze Plate (Fig.
fl.15, western part of 32) and southeastern GUlzhou area, I.e. m the centre of the Yangtze Plate, Intraplatel
k1eformatlOn was very weak, SImIlar to the SItuatIOn m the western Shandong areaJ

(3) Multi-perIod ColliSion and AmalgamatIOn
[The thirty-seven plates or blocks which make up Chinese continent and its adjacent areas werq

~onned dunng the ProterozOIC, and have smce suffered complex processes of multl-penod colhslOn andl
lamalgamation. The author considers that since the Proterozoic there have been eight collisions affecting
khfterent areas, on dIfferent scales and WIth different dIrectIOnsof movement:

Q) Some small blocks (1-4, and 10 in Fig. 4.15) in the Altay-Junggar-Ergun Collision Belt (A inl
fig. 4.15) collided in the middle to late period of Early Paleozoic (435 Ma) (He GQ and Li MS, 2001 j
P JY, 1998) (Fig. 4.13)J
~ At the end of the Early Paleozoic (~400 Ma), blocks belonging to the Xiyu tectonic regime, inj

~ludIng the 'Ianm, Altun-Dunhuang-Alxa, mIddle QJ1Jan, Hualong, Qaldam, mIddle Kunlun and north1
~rn Qiangtang blocks (C and 14-19 in Fig. 4.15; Fig. 4.13) collided to form the Xiyu Plate (Gao ZJ and
~u SZ, 1983; Yang WR et al. 1984).1

@In the late period in the Late Paleozoic (300-260 Ma), 8 small blocks (5-9 and 11-13 in Fig. 4.15~
1m the South Hmgganhng-Tlanshan ColhslOn Belt (B m FIg. 4.15) were gradually amalgamated wlthl
~he Altay-Junggar-Ergun Collision Belt, the Xiyu Plate and the Sino-Korean Plate (He GQ and Li MS,
12001; Li JY, 1998) (Fig. 5.10) to become part of the Eurasian or the Pangean Super-continental plate]
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r4l In the Indosinian Tectonic Period many collisions occurred in the Chinese continent, mainly inl
~he Triassic (260-200 Ma). The Shuanghu-Lancangjiang-Changning-Menglian (western border in D inl
IFlg. 4.15),Jmshajlang-Honghe (Red RIver)and Qmhng-Dable-Jlaonan (Sulu) colhslOn belts (easternl
pm FIg. 4.15)and the Shaoxmg-ShlwandashancolhslOn zones were formed between the Yangtze andl
K:athaysian plates (32, 33 and 34 in Fig. 4.15; Fig. 6.3). At this period the main Chinese blocks, to the
north of the Qiangtang Block and east of the Nujiang Fault Zone (Fig. 4.15) composed the southeastenj
part of the Eurasian Continental Plate.

@ The WandashanCollision Zone (34 in Fig. 7.3) was formed, and during the Late Jurassic (Yan~

shaman TectomcPenod) the WandashanBlock was amalgamatedwIth the mam EurasIanPlate.
@ The Gangdise Block moved northwards and, between the Cretaceous and Early Paleogenel

(Slchuaman Tectomc Penod), was amalgamated wIth the QIangtang Block to form the Banggongco-I
N"ujiang Collision Zone (Fig. 8.2).

K1l The Pacific Plate moved WNW-wards and was subducted beneath the Eurasian Plate, formingl
~he western Pacific trench and island arc system (Japan-Ryukyu-Taiwan-Philippines) (G and 35 inl
IFlg. 4.15; FIg. 9.9) and after the Late Ohgocene (North Smlan Penod, 30-23 Ma) mduced mtraplatel
kleformatlOn m the eastern Chmese contment. However, the Gangdlse Block, HImalayan Block andl
[he IndIan Plate (27, 28 and 37 m FIg. 4.15) formed the Yarlun Zangbo ColhslOn Belt and becamel
lamalgamated completely with the Eurasian Continental Plate during Oligocene (30-37 Ma)(F in Fig.
fl.15; FIg. lOA).

@ In the Neogene and Early Pleistocene (23-0.78 Ma, Himalayan Tectonic Period), the strongestl
kleformatlOns occurred m Hamalayanand Qmgzang areas to uphft and form the Qmgzang Plateaul

Il'hesemultl-penod amalgamatIOns resulted m the formatIOn of the Chmese continent. LatercolhslOn~
~aused intraplate deformation in the blocks which had already been amalgamated, and multi-period orl
polycychc deformatIOn m the mtervemngcolhslOn beltsI

(4) Movements of Adjacent Plates and Changes in the Tectonic Stress Fieldl
lit IS now recogmzed by geoSCIentIsts that there have been 5-6 phases of plate movement, wlthl

changes of the tectonic stress field in the continents and oceans since the Mesozoic (Cande et aI., 1989l
Cande and Kent, 1992; Burchfiel et aI., 1993; Wan TF, 1994; Hibsch et aI., 1995; Ma ZJ and Mo XX,I
1997). The hypothesis of uniformitarianism that continuous processes form collision or orogenic belt§
(Vacilivsky, 1964; Sengor, 1982; Hsu, 1989;Li JL, 1991;Zhu ZC, 1996)contradicts many facts. Sinc~
~he mam phase of formatIOn of the Chmese contment, mcludmgthe penod of major colhslOn (Indosmlanl
feriod) and related intraplatedeformation, the Chinese continent has undergonecompressionand shortj
~ning in different directions at different times (WanTF, 1994,1997;Wan TF et aI., 1996; Wan TF andl
~en ZH, 1999). Three times mtraplate deformatIOn was caused by blocks denved from the breakup of
pondwana, moving northwards to collide with the southern margin of the Eurasian continent in the In1
dosinian (260-200 Ma) (Fig. 6.3), Sichuanian (135-56 Ma) (Fig. 8.2) and Himalayan TectonicPeriods
(23-0.78 Ma (Fig.lOA); in Himalayan area the collision since 37-30 Ma, i.e. Oligocene). In each of
~hose penods mtraplate deformatIOn caused by the colhslOn was stronger m the south and weaker m thij
rorth. 'Iwice mtraplatedeformatIOn was caused by the westwardmovementof oceamc plates occupymgl
~he PacificBasin, with the subductionof the Izanagi Plate in YanshanianPeriod (200-135 Ma) (Fig. 7.3~
land the Pacific Plate in the North Sinian Period (56-23 Ma) (Fig. 9.3). In these two Periods intraplate
k1eformatlOn was stronger m the east than m the west. FmaIIy, m the NeotectomcPenod (smce 0.78 Ma)
(FIg. 1104) a quasI-balancehas been mamtamed between the EuraSIan, Indlan-Austrahan, PacIficplate~
land Phlhppme Sea. IntraplatedeformatIOn was super-Imposedupon pre-exisung deformatIOn to varymgl

~
~hanges m the dIrectIOn of plate movements mduced tectomc reactIOns near the plate boundanesj

lalong paleo-faultsand zones of weakness, or m extensIvesedImentarybasms. ThIS has resulted m manyl
~pisodes of rock deformation and has caused widespread inversion tectonics. Because of these change~

1m plate movementthe multl-penod mtraplatedeformatIOn occurred in differentonentauons many times.
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lIn mtraplate deformation, stress at the margins IS stronger than in central parts ot the plates. I hij
~ffects of intraplate deformation are controlled by the size of the continental blocks, the thickness andl
strength of the sedtmentary cover, and the strength of the crystalhne basement. For these reasons thij
kffects of Intraplate deformatIOn have been very complex In the Chinese continent.

(5) Discussionabout Mechanisms
IThreemodels have been proposed as dynamic mechanisms which control intraplate deformation and

~he assoCIated magmatlsm:1
KD Subduction model (Burchfiel and Davis, 1975;Livacari et aI., 1981)and plate collision (Dunlag

landTeyssler, 1995);
~ Mantle plume model, with uplift and delamination of the crust and mantle, inducing intra~

continental subduction (Martin, 1983;Deng JF et aI., 1996);
@ Far-field model, due to the transmission of the effects of subduction or collision over a long

k!lstance through the plates (Ben et aI., 1997;England, 1987).
~n the marginal areas of the continental plates, over a width of less than 500-600 km, it is clear thatl

~eformatlOn and rnagmansm are related to subductlOn or the colhslOn between plates, as proposed ml
~he first model. However, to account for intraplate deformation thousands of kilometers away from th~

plate boundary, the case has been argued for either model 2 or 3. Martin (1983)and his colleagues bej
Iheved that the nse ot mantle plumes cause delammatlOn between the crust and mantle, mducmg strong
fleformation and magmatism. In China recent years, the results from the geosciences transect and from
seismology (Ma XY, 1989;Yuan XC, 1990; Wu GJ et aI., 1991; Geoscience Transect Compilation Com1
Imlttee,China SeIsmologIcal Bureau, 1991,1992a-e; GeologIcal Group of M-SGT, 1994;Gao R et aI.,1
1995, 1998; Zeng RS et aI., 1995)in the Chinese continent have shown that strong deformation and
rJagmatlsm are not related to mantle plumes, or to the uphft of the Mohorovicic dlscontmUlty, or thij
!Iplift of the base of the lithosphere. It is not clear whether some mantle plumes have occurred in th~

K:hinesecontinent during the Phanerozoic, apart from the Emeishan plume at the end of Paleozoic. Evj
Ildencefrom geology and geophYSICS does not support the hypothesIs that deformatIOn and magmatIsml
fluring the Mesozoic were due to the rise of mantle plumes, the uplift of the Mohorovtcic discontinuity,
pr uphft of the base of the hthosphere.1

[he effects of intraplate deformation are widespread in the Chinese continent, with distances as manYI
las2,000-5,000km between areas of obvious intraplate deformation, and recent or paleo-plate bound1
lanes. In thIS case most geoscienusts naturally consIder that thIS IS due to tar-field effects, transmlttedl
~hrough the plates from the sites of subduction or of collision between plates. Ben et al. (1997)studiedl
fleformation in the eastern and western North America systematically, and considered that the activit~

latthe boundary between plates could be transmItted over dIstance of ~2,000 km. However, In Intraplatel
lareas at distance of 300km from the plate boundary, differential stress decreases rapidly from 100MPal
~o 20-30 MPa. In most mtraplate areas the dIfferentIal stress would be too small to cause any ObVlOusl
fleformation. Due to the completeness of the data from the North American continental plate, Ben etl
lal.'s (1997) research results must be taken senously. Intraplate deformatlOn IS probably hmlted to thij
rJargmal areas, at dIstances of less than 1,000km from the plate boundary (Burchfiel and DaVIS, 1975j
lBurchfiel et aI., 1993). Over most ofthe North American continental plate the sedimentary cover show§
only horizontal layering, being almost completely undeformedj

However, the Chinese continent IS very dIfferent from the North Amencan continent. The hthospherel
pf the Chinese continent IS rather weak. It IS eaSIly deformed by plastIc (bnttle or ductIle) deformattonl
IWlth the dIfferentIal stress decreasmg rather slowly WIth transrrnssion in crust, so that tectomc stres~

Imaybe transmitted over long distances, which is very different to the transmission of earthquake wave.
IWan TF (1994) and Wan 'IF and Cao XL (1997) took 176measurements of stress magmtude for thij
ISlchuaman Tectomc Penod (135-56 Ma) by the dlslocatlOn denSIty method m quartz and ohvme usmg
~he transmission electron microscope. This deformation was caused by the northward movement andl
~olhston of dIspersed blocks from the Gondwana (FIgs. 8.2 and 8.4). In the Ngan area, southwesternl
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IFig. 12.1 Far-field effectsof the collisionbetweenplatesduringCretaceousin the Chinesecontinent.

A. Ngan regIOn, HImalayan Block; B. Neo-lethy, Ocean; C. Gangdlse Block; D. ongmal QIangtang and lndochm@
Iblock; E. ongmal Yangtze Plate;F.ongmal Smo-Korean Plate;G. ongmal CentralASIan Fold Belt.

DoG werealreadyamalgamated mto EuraSIan contmental plate by the Cretaceous penodl
Moho.Mohorovicic discontinuity; B.L.baseof the lithosphere; thedepthsof the Mohoand the B.L.are shownat theirl

present depths.
The t.cr is the magnitudeof the differential stress; the arrow represents the decreasein stressfrom SW to NE in crusf

~nd uppermantlel

K:hma, the dIfferentIal magnItude of stress reached 183 MPa; further northeast, m the Qmhng-Dablel
larea, central China, ~140 MFa; in northern and northeastern China is still 90-100 MFa (Fig. 12.l)J
pnly half the differential magnitude of stress in the Ngari area. The magnitude of differential stres§
~ecreased durmg transrrnssion through 5,000 km by almost 90 MPa, WIth an average rate of decreasij
pf 1.8 MFa per hundred kilometers. This shows that far-field effects resulting from the subduction orl
~ollision between plates can be transmitted through the Chinese continent and are sufficient to accounf
~or Widespread mtraplate deformatIOn.

k\ series of detachments may develop under the influences of the far-field effects transmitted by subj
~uctlOn or colhslOn between plates, due to the dIfferent strength of layers m the hthosphere, allowmg
k1ifferential movement between the sedimentary layers, between the sedimentary cover and the crysj
~alline basement, between the upper and lower crust, between the crust and mantle and between th~

llithosphere and asthenosphere, leadmg to the development of folds, faults, thrusts and ducttle shearl
~ones. A decrease in pressure at depth may lead locally to partial melting, causing the rise of magmas.1
~ar-field effects, caused by honzontal reactions between plates, are conSIdered to be the main geodY1
Inamicmechanism for intraplate deformation in the Chinese continentJ

litshould be mentioned that the influences of rock strength and the mechanisms of transfer of stress b}j
iJrocesses of plastICdeformatIOn and of seisrmc waves by elastIc deformatIOn are completely dlfferent.1

pislocation within and between crystals is the main mechanism for penetrative rock deformationl
(White, 1977).This is a process of plastic deformation, taking place over a long time span and transmit1
[ed through the rock at the very slow rate, charactensttc of rheologtcal matenals. As stress IS transferredl
~hrough the rock, energy is consumed, decreasing the differential stress. The greater the rock strength~

~he more competent the rock, the more energy IS consumed in deformatton. When the differentIal tec1
~onic stress rises to a level sufficient to cause crystal dislocation, the rock fails and differential stress dej
~reases rapidly, so that tectonic stress cannot be transferred easily through the rock. When rock strengthl
lIS low, less energy ISconsumed m the process of stress transfer, dIfferentIal stress decreases more slowl~

landtectonic stress can be transferred farther, as occurred in the Chinese continent.
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IHowever,the dIspersIOn of earthquake waves through the Earth takes place by the dIfferent processe~

pf elastic deformation. Crystal cells in the rock vibrate parallel and transversely to the direction of
propagatIOn of earthquake waves, wIth each crystal cell recovenng ItS ongmal posItIOn after the wav~

[las passed. As m the case of plastIc deformatIOn, when the denSIty of the rock IShIgher, rock strengthl
lIS hIgher, the partIcle mterval of crystal cells IS smaller, seIsmIc wave IS transmItted more easIly andl
~ransferred over greater dIstances. Where the rock IS loose or has low strength, the denSIty of rock I~

~ower, the particle interval of crystal cells is larger, seismic waves are not easily transferred, the velocitYI
pf seIsmICwaves ISlower and waves are transferred over shorter dIstances, or are absorbed more qUlcklyl
IWhenthe rock ISlIqUIdm a molten state, the partIcle mtervals of crystal cell are even greater, cells canno~

Imaintain a fixed structure, the velocity of longitudinal (P) wave decreases very rapidly and transverse
Iwavesare absorbed completely.

12.2 Extension Tectonics and Mechanism of BasinForming

~vldence of mtraplate extensIOn can be found m the Chmese contment smce the Archaean. The trend of
~xtension zones is almost parallel to the direction of the maximum principal compressive stress, becaus~
[hey usually accorded wIth the eXlstmg weakness zone. ExtenSIOnzones can be formed on the margm§
pf continental plates and also internally within plates. Most extensional fracture zones are formed by th~

~e-actlvatlOn of older zones of weakness. Normal faults, caused by extensIOn, are syn-sedlmentary fault~

pr growth faults, controllIng the formatIOn of sedImentary basms. I hese faults have often a hIgh angl~

pf dip near the Earth's surface, but connect to low angle detachments at 15-20 km depth at low velocityJ
1m hIgh conductIVIty layer between the sedImentary cover and the crystallme basement m the mlddlel
~rust. These are IIstnc faults, steep m upper part and flattenIng at depth (FIg. 12.2). Only multl-penodl
~xtenslOn faults penetrate to the base of the lIthosphere, causmg IIthosphenc extension tectonics, dunngj
Neogene Period, for example, the Taihangshan-Dahingganling fault, the Tancheng-Lujiang Fault andl
~he southeast coastal margin fault along China Sea, often forming fault-depression basins, controlled b}j
iJarallei step faults near the Earth's surface.

IBecause the Chmese contment has undergone stress in several dIfferent dIrectIOns at dIfferent tlmes,1
~ones of extension do not maintain the same direction over a long period. The extension faults ar~

OCrequently affected by compressIon and show the effects of mverslOn tectOnICs. At dIfferent penod§
rxtenslOn belts have been formed m dIfferent dlfectlOns. The lIfe cycle of an extensIOn zone ISrelatIvelyl
short, WIthonly lImIted dIsplacement, for example, m the basms surroundmg the Bohm Basm, mcludmgl
~he Central Bohai, Huanghua and Central Hebei basins, the amount of extension was less than 10% (Fig.
12.2). According to descriptions given in earlier chapters of this volume, WNW-trending extensionall
Ibasms WIth near N-S extensIOn were fonned durmg the JurassIc (FIg. 7.3), NNE-trendmg extenslOnall
Ibasms, WIth near E-W extensIOn, were formed dunng the Cretaceous-Paleocene (FIg. 8.2), WNW orl
near E-W trending extensional basins, with N-S extension, were formed during the Eocene-Oligocene
(FIg. 9.3), whIle NNE-trendmg WIde extenSIOnal basms, WIth near E-W extensIOn, developed dunngj
~he Neogene-Early Pleistocene (Fig. 10.4l. Extension did not proceed to a rift period, leading to th~

~onnatlOn of oceanic crust wlthm the Chmese contment, so that flftmg came to a premature end, arid
Imost faulted basins are affected by inversion tectonics. While the faults operated as normal faults, th~

!Jasins showed depression with sedimentation; when the basins were compressed, normal faults wer~

~onverted to thrusts or reverse faults, the basms were uplIfted and there was a hIatus m sedlmentatlOnJ
Multl-penod mverslOn ISone of the major charactenstIcs of Chmese contmental basms.

[faking the NNE-trending Songhuajiang-Nengjiang basin as an example, in Cretaceous-Paleocenel
Il.e. dunng the SlchuanIan TectOnIC Penod (135-56 Ma), a maxImum pflnclpal compressIve stress oflj
rnted NNE trending, induced E-W extension, developing the original sedimentary basin (Fig. 8.2); durj
ling the North Sinian Tectonic Period (56-23 Mal with a maximum principal compressive stress ori
rnted E-W orientation, the area showed E-W shortening, the basin was inverted and uplifted, formingl
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~'lg.12.2 Extension tectomcs and mechamsms of basm development takmg the Bohar Bay Basm as an example (modlfie~

after Lu KZ et al., 1997, with permission ofLu KZ).

~he Daqing "plain-type" anticline with the main oil-gas reservoir;so during the Eocene-Oligocenether~
Iwas no sedtmentatlOn (Ftg. 9.3). Dunng the Htmalayan I'ectomc Penod (23-0.78 Ma) (Ftg. 10.4)th~
larea underwentN-S shorteningand E-W extension, the basin was extendedwith further subsidenceandl
sedImentatIOn. Dunng the NeotectonIc Penod (sInce 0.78 Ma) the baSIn was shghtly Inverted, uphftedl
land eroded, under the Influence of NE-SW shortenIngand NW-SEextension (FIg. 11.4)1

ISyn-sedimentary or growth faults are commonly developed during the formation of sedimentaryl
IbasIns. DependIngon recent three dImensIOnal seIsmIC research, the honzontal dIsplacements of syn1
sedtmentaryor growthfaults are usually btggerthan verttcaldtsplacement.Growthfaults are frequentlyl
~ased on earlier faults and zones of weakness. According to statistical analysis of the strike direction~

pf faults, most growth faults are found to be almost parallel to the onentauon of maximum pnnclpall
~ompressive stress. Using the above principle, the orientation of the maximum principal compressivel
stress can be determIned, based on statIstIcal analYSIS of the stnke of growth faults at any penod. Inl
~omogeneous media,faults usuallydevelopat an angleof ~45 0 to the maxrrnum principalcompresslVel
stress (Fig. 1.4).1

[I'he classIficatIOn of sedImentarybaSInS IS commonlybasedon theIrplate tectOnIC (DIckInson, 1976j
[ngersoll, 1988)or geodynamtc envtronment (Allen and Allen, 1990;Chen FJ et aI., 1992; Lm HF,
1993,1995).Using these classifications it is necessary to know the tectonic featuresof the basin. How1
~ver, there are some problems In relatIngthese claSSIficatIOns to regIOnal tectonics. As descnbed abovel
~he Songhuajiang-Nengjiang basin underwentdifferentphasesof evolutionduring a complexgeologicall
Ihlstory. lt IS dIfficultto summaflzethe dIfferentplate tectOnIC backgroundsand dIfferentgeodynamIC en1
IVlronments USIng only a SIngle model. In compIlIng a synthetIC tectOnIC UnIt map to represent reglOnall
~ectonics, it is also difficult to represent a long and complex evolutionary history. To classify basin~

rSIng theu tectOnIC backgroundor geodynamtc envtronment excludIng a ttme concept tS Inappropn-I
late for the Chtnese conttnent, for tts multt-penod tectOnIC evolutIOnary htstory. All bastns ongtnatedl
lIn an extenSIOnal SItuatIOn, but then expeflenced vaflous tectOnIC events, sometImes extenSIOn, some1
~Imes compression and sornetirnes WIth hOflzontal sheaflng. In dISCUSSIng baSIn-formIng mechanIsm~

lin terms of plate tectonics or the geodynamic environment, it is necessary to add a historical dimenj
SlOn. For example, SInce the Cretaceousthe SonghuaJlang-Nengjlang baSIn has expeflencedtWIce E-WI
rxtenslOnwtth substdence (Ftgs. 8.2 and 10.4),and twtce E-W compresston and upltft (Ftgs. 9.3 andl
11.4). Because the basin experienced a great deal of depressionand subsidence,the dominant features
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lIn basIn are due to extension tectorucs. However, In the SonghuaJlang-NengJ1ang basIn, If the penod~

pf compression and inversion with uplift were not taken into account, but only the effects of extensionl
[ectonIcs were emphasIzed, the formatIOn of an OIl reservOIr dunng the North SInIanPenod (FIg. 9.3]
land the re-mlgrattonof the hydrocarbonsdunng the NeotectOnIC Penod (FIg. 11.4)would not have beenl
~ecognIzed~

[I'he Yanql and Kuche basIns, located on the southern margm of the Tlanshan In the northern Tanml
IBasin of western China, provide other examples. During the Himalayan Tectonic Period (23-0.78 Ma)
(FIg. 10.4) they formed as foreland basIns, located In front of the lanm Block, subducted beneathl
[he ltanshan. However, dunng the Paleogene and earher penods there were no thrusts or subductlOnl
~ones in the basin. Prior to the Neogene these basins were not foreland basins, but in the Mesozoiq
land Paleogene sedImentatIOn consIstedof extensIvefluvIaland lacustnne facIes. In addItIOn to the plat~

~ectonic backgroundand geodynamics,basin classificationalso requiresa time concept. It is necessarytg
~ake tIme and the hIstoryof the evolutIOn of a basInInto consIderatIOn In any geodynamIC classlficatlOnl
pf sedImentary basIns. It IS Important to consIder the complete sedImentatIOn hIstory and processes of
linversion in the classificationof sedimentary basinsJ

Where IS dIscussIOn concernIng the foreland basIn mechanIsm for the fonnatlOn of sedlmentaryl
IbasIns, no matter whether they are related to plate subductIOn or tntra-conttnental subductIOn, thIs I§
pf marginal importance. There is no dispute about the mechanism responsible for the formation of
stnke-shp, pull-apart bastns, controlled by movements along stnke shp faults (LI ST, 1988; Xla BD etl
lal., 1994 b). The main argumentsconcern the mechanismfor the formation of extensional basins.

IMany hypotheses have been proposed for the fonnatton of extensIOnal basIns In the ChInese con1
~Inent, such as mantle uphft (LI OS, 1980), subductIOn-related back-arc basIns (Gao MX 1983), plat~

subduction and mantle delamination (Zhao HL et aI., 1996; Deng JF, 1996) and post-orogenic extenj
slonal collapse (Zhang JS et aI., 2002).

[n Chtna the mantle uphft hypothesIshas been supported by many geosclenttsts. It seems reasonablel
~o use gravity data to explatn bastn tectorucs, Most bastns have a hIgh positive gravity anomaly due tij
la high density upward mantle bulge. Many researchers thought that the hollow basin and the upliftedl
Imantle have mirror symmetry.If the mantle has a noticeable bulge there should be radial and ring faultl
systems near the Earth's surtace, but thIs type of fault system does not occur In assocIatIOn WIth any of
~he ChInesecontInental basIns.SeIsmIcreflectIOn profiles frequently show no mantle uphft, the amoun~
pf uplift is not very great and may be within the margin of error. Mantle uplift is often seen on one sid~

pf a bastn, but not obvIOusly on the other (for detatled data see Chapter 13). '1 he clearest example of
Imantle uphft of 8-10 km occurs on the margtns of the Tanm Bastn. However, thIs does not prove thatl
~he lanm Bastn was formed by mantle uphft. At present the mantle uphft hypothesIs IS becomtng les~

Ipopular.
lAs for back-arc basin hypothesis, as stated in Chapter 10, the marginal seas of the western Pacificl

pcean were fonnerly regarded as typIcal "back-arc basIns", but recent research suggests that they ar~

Inot back-arc bastns at all (Tamakl, 1992; Johvet and 'lamakl, 1992, 1994; Tayler,1980,1983; TectonIc§
proup of Institute of South China Sea, Chinese Academy of Sciences 1988; Briais, 1993). Where ar~

[he back-arc bastns on the margtns of Chtnese conttnent? The Chtnese conttnental bastns are more thanl
1600 km from an Island arc. How could these bastns possIblyhave been formed as back-arc bastns'~

lIn the post-orogernc extensIOnal collapse hypothesIs It IS consIdered that cornprcssion, shortenIngl
land mountainbuildingoccurredearlier, and that subsequentextension, subsidenceand collapse were th~

Imain mechanismsfor the formationof the basin: mountainbuildingfirst;basin formation later.RecentlyJ
sedImentary research In foreland basIns has shown that mountaIn bUIldIng and basIn fonnatlOn occun
sImultaneously, WIth no pnonty m thetr ttme sequence (Burbank et aI., 1996; Wang GZ et aI., 2000j
Song CH et aI., 2001; Fu KD et aI., 2001).

[rhe "plate-subductIOn WIth mantle-delamtnatton" hypothesIs has been very tnfluentlal tn recentl
[ears. In this hypothesis the sedimentarybasins of the eastern Chinese continent are interpretedas being]
~elated to subductIOn zones In the PaCIfic Ocean, whIch have caused delamInatIOn In the deep mantle.
[Hot mantle, uplifted as a result of mantle delamination, then caused the formation of extensional basins.
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rrhls hypothesIs ISa vanant of the mantle uphft hypothesIs, but can not explain why there are no radlall
pr ring fractures around any basins in China. In the search for evidence to support the delamination hyj
[jothesls, some researchers have combined fractures formed In different directIOns and at dJflerent times.
[t ISargued that radial fault systems, caused by mantle uplift, have the leading role In baSin formatlOnJ
II'he key problem lies In determining whether radlal fractures were formed contemporaneously or not. If
~hey were formed dunng the "MesozOIC" or "CenozOIc", It might appear that they were approxlmatelyl
simultaneous, using crude methods of timing. At the present time, it is not too difficult, using threej
kbmenslOnal seismiC exploratIOn, to ldentlfy the tlme of fonnatlOn of faults In different directIOns. A~
~escnbed In the prevIOus few chapters In thiS volume, dunng the formatIOn of the Chinese contlnentall
"asins the preferred directions of syn-sedimentary or growth faults were different at different times.
However, many researchers are content With the present delaminatIOn interpretatIOn and do not Wish tij
consider the matter further.

IAccordlng to the data presented In the earher chapters of thiS book, the author has consldered thatl
rJultl-penod, multl-dlfectlOnal tectonic stress fields, wlth honzontal cornpressron and extension, werij
~he dominant mechanisms controlling the formation of the Chinese continental extensional basins andl
~helf surrounding mountains. In every tectonic penod there are dlstlnct preferred fault trends, but nngj
land radial fault systems do not occur In the same penod. The amount of honzontal displacement onl
~aults, related to internal basins and nearby areas, is many times greater than their vertical displacement.1
~vldently the amount of honzontal stress ISgreater than the amount of vertical stress. The subsldencel
pf basins and the associated mountain uplift are controlled mainly by isostatic compensation under th~

Ilnfluenceof gravity. Since the PaleozOIC Era, hthosphere conslstlng of ancient crystalhne basement nchl
lin Intennedlate-baslc rocks With a high denslty, subject to extension, has subSIded under the Influencel
pf isostasy to form sedimentary basins. On the other hand, lithosphere consisting largely of granitoidl
~ocks, With a low denSity, has been relatively uplifted to form mountains (Xu DS et aI., 2001; Zhang L.I
12005). The major controlling factor for the dlstnbutlOn of baSinS and mountains IS the tectonic stres§
lfield,while subSidence and uplift to form baSinS and mountains are controlled by Isostatic gravltatlOnall

~ompensationJ

12.3 Characteristics of'Collision Tectonics

Where are many examples of contment-contment colliSIOnbelts m the Chmese contment, charactenzedl

~

(1) Tectonic Thrust Sheets and Melange Belts
K:olhslOn zones consist of mIXed crust and mantle denved from separate tectonic plates, Includlngl

relics of oceanic crust and mantle which once separated two continental plates. The results of mixing of
rJatenals from different plates dunng plate colhslOn are melange and tectonic thrust sheets on a macro1
land meso-scale, and mylOnites and cataclaSites on a rmcroscopic scale. ColhslOns result In the mlXlngj
pf rock types and of chemical elements, which does not lead to the enrichment of particular elements orl
~he formation of mineral ore deposits. The correct recognition of the characteristics of collision zone~

[las Important ImplicatIOns m the search for new solid mmeral resources. ThiS lesson has been learnedl
rver many years from many dlsappomtmg attempts at mmeral exploration m eastern Cliiiia.

(2) Fan Folds and Ramp Thrust Systeml
IFan folds and ramp-thrust systems are often fonned In colhslOn belts (Xlao XC et aI., 1991, 1992l

1998; Zhong DL et aI., 1998; Zhang GW et aI., 1996,2001). Because m the final penod of contmentj
~ontinentcollision,rock composition and strength of the two colliding plates are very similar, in contrastl
~o oceanic and continental subductIOn, conjugate shear fractures are eaSily developed, forming rampedl
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~hrust systems, accompamed by fan folds. Ramp thrust systems do not show the same features through1
put the whole section. Faults with a dominant direction of dip may be associated with faults with th~

PPposlte directIOn of dip. ThiS ISpossibly connected With the dIfference of rock strength for plates.1

(3) Three-dimensional WedgeTectonics(CrocodileTectonics)
~oIIlSlon belts umversaIIy exhibit on a large scale and three-dlmenslOnaIIy, "wedge" tectomcs (Qumj

~an et aI., 1993), "crocodile" tectonics (Meissner et aI., 1989) or "indentation" tectonics. The first stud~
1m deep tectonics carned out by Chmese scientists usmg seismtc tomography was 10 the JmshaJIang=j
~ancangjiang Collision Belt. In the Yunnan segment the Jinshajiang Collision Zone is inclined east-I
Iwards, with a medium angle of dip near the surface, but in the lower crust and mantle is inclinedl
Iwestwards, showmg a ramp and mdentatlOn thrust system. The upper crust of the Yangtze Plate wa~

pbducted onto the Lanping-Simao Block, while the lower crust and lithospheric mantle were subductedl
Iwestwards to a depth of 250 km beneath the Lanping-Simao Block (Zhao YO, Zhong DL et aI., 1992j
ghong DL et aI., 1998) (FIg. 12.3). On the baSIS of ItS surtace geologIcal expressIOn the Lancangjlangl
~oIIlSlon Belt IS the most Important, as It marks the boundary between the EuraSian contment and aC1
~reted Gondwana contmental fragments. However, If hthosphenc tectomcs ISconSIdered, the JmshaJlanij
K=ollision Belt is most important as it affects the whole of the lithosphere. The Lancangjiang Collisionl
gone affects only the shallow lithosphere, and is cut off at depth by the Jinshajiang Collision Belt. LaterJ
Many Chmese SClentlsts have reported SImIlar wedge or 1OdentatlOn tectomcs 10 Ilanshan (Shao XZ etl
lal., 1996), Himalaya (Teng JW et aI., 1996), Longmenshan (Cai XL et aI., 1995, 1997) (Fig. 12.4), Qin
[ing (Yuan XC, 1997) (Fig. 12.5), Qilianshan (Wang ZJ et aI., 1997) and the Altun Mountains (Cai XL,I
1998; XUZQ et aI., 1999).1
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IFlg. 12.3 Llthosphenc tectonics In western Yunnan (Zhong DL et aI., 1998, WIthpermISsIOnof Zhong DL)l

ITheQinling-Dabie CoIIision Belt has been studied in detail. From deep seismic sounding in easternl
IQmlmg from Fangcheng to Henan-XIangfan, Hubel, Yuan XC et al. (1994, 1996, 1997) dIscovered thatl
[he QmlIng crust, WIth a close affimty to the Yangtze Plate, was obducted northwards over the Smoj
IKoreanPlate. I'he mam fault plane dlps to the south. The Yangtze crust penetrated the Q10hng Block a~

lawedge between the upper and lower crust (PIg. 12.5).
[n the Dabie Collision Belt Wang XF et al. (2000) found that the Dabie Block (including the southernl

lDable, ultrahIgh pressure metamorphIC, and the Northern Dable Belt) and the northern Humyang Beltl
lare related to the Yangtze Plate, and have penetrated between and mdented the upper and lower crustl
pf the Sino-Korean Plate. The dip angles of fault planes are steep, wedging northwards with a rela-
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[Fig. 12.4 Lithospherictectonics in the Longmenshan CollisionZone, showingcrocodile tectonics (Cai XL et aI., 1995,
IWlth permiSSIOn of Cal XL). A. SeismiC soundmgprofile;B. Geologicalexplanallonof the seismiC seCllon.

11. CenozOic; 2. XU]lahe Group; 3. Low grade Triassic metamorphiC system; 4. Mesozoic; 5. Siman and PaleozOlcl
systems; 6. Intermediate-low grade Proterozoic metamorphic rock systems; 7. Intermediate-high grade Archaean rneta-]
~orphic rock system; 8. Metamorphicrocks of the lowercrust; 9. Granulite; 10. Pre-Siniangranite intrusion; 11. Meso-I
IzOic gramte mtruslOn; 12.Ductileshear zone penetratmgcrust and mantle; 13. Intra-crustal low velOCity zone; 14. Ihrus~
Ibelt; IS. Ihrust at an early penod, later a normal fault; 16.DirectIOn of blockdisplacement; n.Veloclty contours; 18.Mo-1
!10roVICIC dlscontmUlty; 19. VelOCity dlscontmUityl

[Fig. 12.5 Crust and upper mantle tectonics in Qinlingfrom Jiuxian to Dengzhou,HenanProvince(Yuan XC et aI., 1996,
IWilh penmsslOn of Yuan XC).

NC. NorthChmacrust; YZ Yangtze crust; QL]. Qmhangcrust (ongmally from the NorthChmaBlock);QLz. QmhniJ
~rust (ongmally from the Yangtze Block).

NorthQinliangthrust system: I. LuanchuanNappe; II.WaxueziNappe; ill. ErlangpingNappe.
~outhern Qinliangthrust system: N. DoulingNappe; V. Xinye Nappe;VI. ZhaoyangNappe;VII. XiangfanNappe.
~z. Cenozoic; K. Cretaceous system; Z +f. Sinian and Cambrian systems; Pt3,/. Neoproterozoic Yaolinghe Group;

"t2-3. Meso-NeoproterozOic Erlangpmg Group; PtZ-3k. Kuanpmg Group; Pt2-3m. Maotang Group; PtZ-3w' WudaniJ
proup; Ptld. PaleoproterozOic Doulmg Group; Ptlq.Qmhng Group; Ar3 + Pt,. hahua Group and Dengfeng Group; /3.1
~arly Paleozoicgranite; r,. Indosinianand Yanshanian Periods granite; or,. Indosinianand Yanshanian Periods granodi
"nte; M. Moho. MTS.SouthernMain Thrust;MTN. NorthernMam Thrust.1

~ively small displacement. The fault plane is inclined northwards near the Earth surface, and inclinedl
southwards at depth. The crystalline basement and lower crust of the 5100-Korean Plate were subductedl
southwards beneath the Dabie Block, and perhaps also the Yangtze Plate.
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IBased on seisrmc tomography, Xu PFet al. (2002) dIscovered crocodIle tectomcs (wedge) m thij
[iaonan Collision Belt, which is the eastward extension of the Dabie Collision Zone. They pointed outl
[hat the Smo-Korean crust was wedged between the crust and hthosphenc mantle of Yangtze Plate atl
la depth of 16-25 km (a and b m hg. 12.6) and mserted as a flake southwards for a dIstance of 80 kml
(c in Fig. 12.6).The main collision fault plane is inclined southwards near the Earth's surface, but dip~
rorthwards at depth. The upper crust of Yangtze Plate was obducted northwards over the Smo-Koreanl
~rust. From seismic tomography Hao TY et al. (2003, personal communication) also discovered thatl
~he mam plane of the eastern extenslOn of the JJaonan ColhslOn Zone near CheJu Island was mchnedl
Inorthwards, as far as the southernend of the KoreanPemnsula,1.e. the Yangtze Plate has beensubductedj
beneath the Sino-KoreanPlatel

f-wave Velocity Perturbation (%~

Fig. 12.6 Lithospheric structureof the Jiaonan-southern Yellow Sea region(Xu PF,2002, with pennissionof Xu PF)J

fl. NNW-SSE sectIOn of the Jlaodong Penmsula; b. NW-SEsectIOn of Llanyuangang; c. NW-SEsectIOn across tM
[Iancheng-Lujiang Fault, northernJiangsu;d. NNE-SSW sectioncross the Dabieshan. Ordinateis depth; abscissais lon-]
girude,color legendindicatesperturbation in the P-wavevelocity(%)J

HSP. Haizhou-SiyangFault;JXP.Jiashan-Xiangshui Fault;LAP.Lui'an Fault;MPP.MoupingFault;SDP. Shaoxian-j
pmgyuan Fault;SK-C.Crustof the Smo-Korean Block;SQF. Shldao-QmgdaoFault; ILF. Iancheng-LuJlang FaultZone;1
[IMF. Iarhu-Marnlao mIddledetachment; UHPM. Ultra-HIgh PressureMetamorphiC Belt; WSF. Wuhe-ShUlhoulmg lowerl
kletachment; XMF. XlaOl1an-MUlzltang Fault; YZ-S. Subductedremnantsof the paleo-Yangtze Plate; YZ-Uc. Uppercrus~
fif the Yangtze PlateJ
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lin the Qmhng-Dable-JJaonan ColhslOn Belt, near the Earth's surtace the attItude of the main faultl
plane varies greatly, sometimes is inclined to the south (in eastern Qinling and Jiaonan), and sometime§
[0 the north (m Dable and Chelu Island). In the collISIOn zone the dIp of the malO fault plane near th~

~arth's surtace IS often 10 the opposIte dIrectIOn to the dIp at depth. These observatIOns suggest thatl
Ibecausethe upper and lower crust 10 the two contmental blocks had a SImIlar strength a conjugate faultl
system developed, 10 whIch northward or southward movements on the fault planes were hkely equalJ
producing a complex fault system. These characteristics of collision zones are quite different from thos~

pf oceanIC subductIOn systems where movement has occurred 10 one dIrectIOnonly.
[t has been well known for a long tIme that the HImalayan CollISIOn Zone was formed by the subducj

~ion of the Indian Plate beneath the Eurasian Plate. In recent years seismic tomography of the western
HImalayas, to a depth of 1,000 km, has shown that 10 the Qmghal-Xlzang Plateau the cold, hIgh denj
sity, high velocity lithospheric slab of the Indian Plate has penetrated vertically northwards, but belo~
1600 km this direction is reversed, and between 600 and 800 km the slab dips southwards (Grand etl
lal., 1997; Blgwaard et aI., 1998; Van der Voo et aI., 1999). PreVIOusly It was beheved that the Indlanl
flate was subducted beneath Eurasia for a great distance towards the north (see Chapter 10). It has onlYI
recently been dIscovered, that the hthosphenc slab turns southwards and has penetrated the mantle tq
ladepth of 800 km. ThiS sItuatIon may explam the vIgorous uplIft of the QmghaI-Xlzang Plateau. Ih~
~vidence that the lithospheric slab had been subducted into mantle with a very steep attitude to a depth
pf 800 km precludes the pOSSibIlIty that the Tethys Ocean had been subducted beneath the EuraSIan conj
~inent for a distance of ~1,000 km. When continent-continent collision occurred since the Oligocenel
IPenod, the tectOnIC mechanIsm changed from thm-skmned, ramp-thrust tectomcs near the surface tq
Iwedgetectomcs at depthl

[n zones of tectonic collision, not only the direction of dip of the fault surface does vary, to forml
Iwedgeor crocodIle tectOnICS 10 cross-sectIOn, but mdentatlOn or zIg-zag tectOnICS also occurs 10 a horj
Ilzontal plane. As descnbed 10 Chapter 6, the QmlIng-Dable-Jlaonan CollISIOn Zone, fonned dunng
~ndosmIan IectonIc Penod, was cut by the Ianchang-LuJlang sInIstral stnke-shp fault zone (Wan IF etl
laI., 1996) and the dextral stnke-slIp fault zone on the eastern margm of the Yellow Sea (Hao TY et aI.,1
12002). The Jiaonan-southern Yellow Sea area is part of the Yangtze Plate, which has indented the Sinoj
IKoreanPlate to the north (Fig. 6.3). The weak Jiaodong (eastern Shandong)-eastern Liaoning crystallin~

Ibasement of the Smo-Korean Plate occurs at the Earth's surface. Dunng the colhslOn the Yangtze Plat~

~asily developed a detachment in the middle crust and was obducted along a shallow detachment for al
great distance northwards, WhIlethe crust of the Smo-Korean Plate penetrated a mId-crustal detachmen~
1m the Yangtze Plate.

II'he first example of mdentatlOn tectOnICS to be recogmzed was the gradual mdentatlOn of the In1
khan Plate mto the EuraSIan Plate dunng the CenozoIc (Tapponmer et aI., 1982) (FIg. 6.1) (referrIng tq
K:hapters 6, 8, I0 and 11), whIch does not need to be dIscussed further.1

IlndentatlOn IS charactenstlc of contmental colhslOn zones m three dlmenslOns, 10 both plan andl
Rross-sectlOn. ThIS model IS very dIfferent from the smgle directIOnal B-subductlOn or A-subductlOnl
Imodelsenvisaged by many researchers. The concept of indentation has made a major contribution to th~

[heory of global collISIOn tectomcs. The contnbutlOns of both Chmese and overseas geoscIentIsts to th~

k1evelopmentof this model should be properly acknow ledged.1

12.4 Characteristics andProblems of Strike-slip Tectonics

(1)The Geometry and Kinematics of Strike-slip Tectonics
IThe geometry of strike-slip tectonics is the same in China as elsewhere in the world (Sylvester, 1988)1

II'heattItude of the fault planes IS steep and faIrly straIght. At the surtace the fault trace IS represented b~
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several parallel faults, whIch merge to form a smgle fault plane at depth. In sersrmc sections thIs type of
structure is described as a structure of "flower" or "palm tree" J

[I'he largest scale stnke-sitp fault zones m China are the Tancheng-Lujlang, Honghe, and Altunl
~ault zones. The greatest amount of sinIstral dIsplacement on the Tancheng-Lujlang stnke-sitp fault,1
~350 km, occurred during Triassic period (Wan TF et aI., 1995, 1996) (Fig. 6.3). There has been ~500l

Ikm of slmstral stnke-shp dIsplacement along the Honghe Fault Zone (FIg. 9.3) smce the Paleogenel
(Tapponmer et aI., 1990), and dunng the Late Oitgocene-Early MIocene (26-17 Ma) there was a dextrall
stnke-shp dIsplacement of 400 km (FIg. 10.4) (Hamson et aI., 1996). 'I he amount of sinIstral stnke-shn
f.hsplacement along the Altun Fault Zone (FIg. 10.4) has been 350=400 km (Ge XH et aI., 1998, 1999j
pcu ZQ in et aI., 1999) since the Early Paleozoic. These faults with large-scale horizontal displacement~
provIde the most Important eVIdence for intra-continental rock deformatIOn In China; other stnke-sitg
[ault zones have much smaller displacements.

(2) TheOrIgm of StrIke-slIp }'anIts
~ccordlng to our present understanding, stnke-sitp fault zones do not appear suddenly but are re1

lactIVated earher fractures or zones of weakness. For instance, the lancheng-Lu]lang Fault Zone IS 101
~ated on the western side of the Jiaodong (East Shangdong)-eastern Liaoning aulacogen, formed in th~

ISino-Korean Plate during Paleoproterozoic (Fig. 2.2). In the Neoprotorozoic earthquakes occurred manYI
[Imes along thIs margm, fonnmg selsmltes (Qlao XF et aI., 1994, 1996,2001) (FIg. 3.8). The 'Iancheng-J
Lujiang Fault Zone formed along this zone of weakness on the western side of the aulacogen, with great
strike-slip displacement and accompanied by paleo-earthquakes, as a result of the collision between th~

ISlno-Korean and Yangtze plates dunng the Indoslman Tectomc Penod (FIg. 6.3). The author does notl
laccept that eVIdence of ancIent earthquakes precludes the POSSlblhty of stnke-shp fault movements at al
Ilater penod (QJao XF et aI., 2001, 2002). The eVIdence for a large dIsplacement along the lancheng=j
ILujJang stnke-shp fault ISreasonably conclusIVe (Wan TF et aI., 1995, 1996)J

[he Honghe Fault Zone, located on the southwestern boundary of the Yangtze Plate, is related tg
[he MIddle 'Inasslc colhslOn between the Yangtze and Lanpmg-Slmao-Indochma Plates (FIg. 6.3).1
~arge sinistral strike-slip movements on this fault zone occurred in the Late Paleogene (Zhong DD etl
laI., 1998) (FIg. 9.3). Dunng the Qlnbatkou Penod (1,000-800 Ma) the Altun Fault Zone formed th~

Rolltston zone between the Tanm and Qaldam blocks, and In the Early PaleozOIc (500-400 Ma) (FIgs.
13.6 and 4.10) began to form the sinistral strike-slip, large-scale sinistral strike-slip occurred possibl~

klunng the Cretaceous and Neogene-Early PleIstocene Penods (Ge XH, 1998; XUZQ, 1999) (FIgs. 8.2l
land 10.4). Each strike-slip fault zone has a long history of earlier movement and was not formed as th~

result of a single tectonic event.

(3) TheLimited Strike-slip
~ccordlng to much recent research, stnke-sitp faults have lImIts, eIther In the hIstory of theIr evoluj

[IOn or In theIr dlstnbutlOn. Intra-continental stnke-sitp faults can extend for thousands of kllometersJ
land the amount of dIsplacement ISof the order of hundreds of kIlometers. A dIsplacement of hundredsl
pf kilometers may not require a great deal of time. Faults with displacements of five hundred kilometer§
Iwouldneed only ten mlliton years of continuous movement, at an intermedIate rate of 5 cil17Yr, to caus~

~hls amount of dlsplacementJ
IStrike-slip faults do not always move in the same direction, but the direction of movement, controlledl

"y the tectonic stress, may change with time and may show displacement episodically. For example, th~

[I'ancheng-Lujtang Fault Zone was fonned dunng the Indoslman 'Iectomc Penod (260-200 Ma) (FIg.
16.3) wIth a slmstral stnke-sitp dIsplacement of ~350 km (Wan 'IF et aI., 1995,1996). No Indoslmanl
rJagmatlsm has been recogmzed along the fracture, suggesting that the fault zone was restncted mtq
~he crust at that time, accompanied with a detachment in the low velocity layer in the middle crust. Th~
[ault zone, penetrating to a depth of less than 30 km, can be called a basement fault. In the Yanshanianl
[Iectomc Penod (200-135 Ma) the Tancheng-Lu]Jang Fault Zone underwent compression m a WNW-I
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lESE dlfectlOn, there IS no obvIOUS shp, but the zone was affected by dynamlc metamorphIsm, wlthl
steepening of the strata and the formation of a series of ductile shear zones (Fig. 7.3). No magma wa§
Imtruded along the mam faults at thIS penod, but magma was generated at a depth of 20 km along
[he mtersectmg faults (Wan TF et aI., 2001). Dunng the Slchuanlan TectOniC Penod (135-56 Ma),1
~he I'ancheng-Lujlang Fault Zone extended northeastwards mto Far East of RUSSIa, hnkmg WIth othe~

~aults, such as Duhua-Mlshan, Yllan-Yltong and Slpmg-DehUl faults. In the northeastern segment)
~o the north of the Bohai area, it behaved as a normal fault, with a little sinistral strike-slip, whil~

1m the southern segment of the fault, south of Bohal, there was a small amount, less than 10 km, of
~extral stnke-shp (hg. 8.2). ACld-mtermedlate magma mtruslOn and eruptIOn occurred along the fault.
~t this period the fault could be termed a crustal fault, because the fault zone probably penetrated
[hrough the crust to the Mohorovicic dlscontmUlty. Dunng the North Smlan TectOniC Penod (56-2~

Ma) the Tancheng-Lujiang Fault Zone underwent E-W compression and behaved as a reverse fault inl
~he southern segment, south of the Bohal area, but shows dextral stnke-shp movement m the northernl
segment, north of Bohal (hg. 9.3). BasaltIC,usually tholentlc eruptions occurred often at the mtersectlOnl
!Jetween the Tancheng-Lujiang Fault and E-W and northwest trending secondary faults, or along th~

secondary faults. Dunng the Hlmalayan TectOniC Penod (23=0.78 Ma), the 'I'ancheng-Lujlang Faultl
gone was reactivated as a normal fault zone, together WIthsInistral stnke-shp movement of 1-20 km.
Many small faults with similar features were developed parallel to the fault zone. Xu JW (1987,1993)
Ipresumed that these faults were part of the mam Indosmlan Tan-Lu fault system. However, many of
~hese later faults can be distinguished easily by their small sinistral strike-slip displacements. In th~

INeogene and Early PleIstocene alkahne basalts enclosmg pendotltlc mantle xenohths were eruptedl
lalong the 'I'ancheng-Lujlang Fault Zone, mdlcatmg that the fault penetrated the top of the asthenospherel
lata depth of 70-80 km. This fault zone is a lithospheric fault, penetrating the whole of the lithosphere.1
punng the Neotectonic Penod (smce 0.78 Ma), the 'I'ancheng-Lujlang Fault Zone behaved as a reversel
OCault, WItha small dextral stnke-shp of 100-200 meters dIsplacement m the BohaJ-Shandong segment.1
~arthquakes are located along the fault with fOCI m the mIddle crust at ~20 km in depth; the shallo\\]
klepth is explained by the sealing ofthe Tancheng-Lujiang Fault Zone by basaltic magma. At the presentl
klaythe Tan-Lu Fault IS no longer a hthosphenc fault (Wan TF et aI., I995, 1996).1

IAlthoughmost geOSCIentIsts, have got to a common vIew on the general hIstory of the lan-Lu Fault,1
las grven above, there are stlll a great many problems to be resolved. The key to understand the ISSU~

lis that according to geological data, the Tancheng-Lujiang fault zone was formed in the Indosinianl
[I'ectonlc Penod, so dId the Qmhng-Dable-JJaonan ColhslOn Zone. However, so far rare eVidence of
Ilsotoplc age has been obtamed from fault rocks of the Tancheng-Lujlang Fault to confirm that It wa§
~ormed dunng the Indosmlan Penod.1

[here is still considerable controversy concerning the amount of displacement along the Altun Faultl
gone. XUZQ et al. (1999) proposed a sinistral strike-slip movement of ~400 km, from the displacemen~

pf correspondmg tectonic zones on eIther SIdeof the fault zone smce the Early PaleozOIC (500=400 Ma).
~lttS and Blffi (2000) conSIdered that sInistral stnke-shp displacement on the Altun Fault Zone ha§
~eached ~360 km since the Middle Jurassic. If corresponding tectonic zones on either side of the fault
lzone are correlated the amount of sInistral stnke-shp dIsplacement IS between 350 and 400 km. Parj
~icularly, Ge XH et al. (1998, 2001) identified similar tectono-petrological zones on the southern sid~

pf north Qlhan and the Bashlkaogong Fault, and on the northern slde the Helhe-Changma Fault in th~

Imiddle segment of the Altun Fault. They obtained Ar-Ar ages of 97-89 Ma from syn-tectonic mica§
~rom the Altun Fault Zone, and considered that the Altun Fault Zone was formed in Late CretaceousJ
land the major sInistral stnke-shp movement occurred dunng the Neogene. The Altun Fault Zone ha§
IbeendIsplaced by 285 km of sInistral stnke-shp movement smce the Late Cretaceous-Paleocene, causj
ling isoclinal, vertically plunging folds in the Jurassic coal system and forming a ductile shear zone.1
IYang JS et al. (2001) dId not find any eVIdenceof actlV1ty dunng the JurassIc and Eocene. Meyer et al.
(1998) studied the Altun Fault Zone with its relationship to the formation of the Qinghai-Tibet PlateauJ
landconsidered that the amount of sinistral strike-slip displacement is I56±40 km.
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~hen ZL (2001) studIed basIn sedImentatIOnand defonnatlOn features In the mIddle segment of Altunl
fault Zone and concluded that sinistral strike-slip displacement of the fault zone has been 80-100 kml
SIncethe Neogene. The fault has undergone three penods of stnke-slIp dIsplacement: (I) Trans-tenslOnall
stnke-slIp faultIng formed a pull-apart baSIn In the Later MIOcene-Early PlIocene. (2) SInIstral stnkej
slIp wIth slIght compressIOn dunng the Late PlIocene caused the atrophy of the stnke-slIp basm. (3~

~ontInual sInIstral stnke-slIp faultIng SInce the Early Quaternary. SInce the Late Phocene the averagel
[ate of stnke-slIp movement has been only 16-20 mil17Yr.

IBy careful study of the geomorphology, the Quaternary geology and the chronology, the Researchl
Qroup of the Altun ActIve Fault Zone, Chma SeIsmologIcal Bureau (1992) establIshed that there ha§
Ibeen75 km of sinistral strike-slip displacement along the Altun Fault since the Late Pliocene with ani
laverage rate of movement of 5.6 mIri7yr. There has been ~16 km of honzontal dIsplacement along th~

OCault dunng Quaternary, at an average rate of 6.4 mIri7yr, wIth an average rate of vertIcal movement of
p.56 mmlyr.

(4) The Problems of Strike-slip Tectonics
IArguments about stnke-shp tectorncs depend maInly on the chOIceof IndIcators to demonstrate dlf1

[erential horizontal movement. The best strike-slip indicators are narrow vertical structures at right anj
19les to the fault. These may be steep cross-cutting faults, shear zones or dykes, a steep lithofacies bounj
klary, metamorphIc zones, the contact of an Igneous IntrusIOn,contours of trace element dlstnbutlOns andl
boundaries of geochemical or geophysical anomalies. However, it may be necessary to use indicators
pf lower accuracy, such as basin margins, fossil zones, lithofacies zones, fold belts and paleomagnetic
k1ata, to determme the amount of stnke-slIp dlsplacementJ

IBecause the temperatures of fault rocks caused by fnctlOn dunng fault movement may not exceedl
~he temperatures of fonnatlOn of the mInerals In the rocks adjacent to the fault, especIally dunng stnke1
slip movements, it is often difficult to determine date of faulting using the isotopic ages of syntectoniq
Iminerals from the fault rocks. It is difficult to distinguish between those minerals which were formedl
syn-tectonIcally as the dIrect result of fault movement, and those whIch formed part of the country rock.1
[Thisis a great problem in determining the age and duration of fault movements.

12.5 On the Types of Continental Crus~

~n earlier discussions of tectonics, before the 1960s, only two distinct types of continental crusts wer~

[ecognIzed: OrogenIc belts (formed m geosynclInes) and Platforms. In thIs classIficatIOn there IS ng
~oncept that the crust may have evolved tectonically with time. With the development of plate tectonic
~heory It was apprecIated that thIs claSSIficatIOn was completely InadequateJ

lIn 1997 Marshak, Van der Pluijm and Hamburger et al. (1999) organized a seminar on intraj
~ontInental tectOnICS In 0 SA, at whIch a new scheme for the claSSIficatIOn contInental crust was putl
~orward, based on the tectonic evolutIOn of the crust dunng ItS hIstory, through multl-penod, tecton01
~hermal processes I

[Thisclassification scheme distinguished ten types of continental crust]
(1) Recent actIve crust at a convergent plate boundary (e.g. subductIOn zones-Japan)
(2) Recent actIve crust mvolved m a collIsIOnzone (e.g. HImalaya)
(3) Recent acuve nft crust (e.g. East Afncan nft)1
(4) Recent active transform plate boundaries (e.g. California)1
(5) MesozOIC reactIVe crust, no tectono-thennal event durIng the MesozOIC, but wIth low tempera1

[ure deformatIOn (e.g. the western Smo-Korean and western Yangtze plates; however, there were rathe~

strong tectono-thermal events with high temperature deformation during the Jurassic and Cretaceous in
~he eastern Smo-Korean and eastern Yangtze plates; thIs type was not dlscussed~
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(6) MesozOIC convergent margin crust, wIth no subsequent convergent tectomsm (e.g. sImIlar to thij
IQinling-Dabie, Shaoxing-Shiwandashan, Lancangjiang and Jinshajiang collision zones, but now it i§
Iwellknown that the subsequent convergent or nft tectOnIsm occurred m many parts of these zones)J

(7) MesozOIC nft crust, now formmg or adjacent to a passIve nft margm (e.g. dunng the Cretaceous~

~eogene, Northeast Chma and North Chma blocks formed nft crust for a short tIme wIth dlfferentl
~brectlOns of extension, but they show strong Intraplate deformatIOn since the MesozOIC, and are nq
~onger passive margin rift crust),

(8) PaleozOIC tectOnIC and metamorphIc crust, wIth no metamorphIsm or penetratIve deformatlOnl
lafter the PaleozOIC (e.g. some parts of the CathaysIan and Xlyu plates, but most of these plates havij
undergone some metamorphism or penetrative deformation after the Paleozoic )j

(9) ProterozOIc tectono-thermal crust, wIthout metamorphIsm or penetrative deformatIOn after thij
Proterozoic (e.g. the western Sino-Korean and western Yangtze plates).1

(10) Archaean tectono-thermal crust, wIth no metamorphIsm or penetratIve deformatIOn after thij
IArchaean(e.g. many areas of Dongsheng, Chlfeng, LIaoning-JIlin, Llnfen, Jlnlng and Bohal Contlnentall
Nuclei in the Sino-Korean Plate).

~ompared wIth the earher claSSIficatIOn, the classIficatIOn of crustal type In terms of age has cer1
[amly advantage. A more detaIled classIficatIOn could be prepared If crustal types were classified b}j
periods. However, if the scheme of classification was too complex, it would not be used. The schem~

pf classIficatIOn outhned above IS sUItable for contmental crust whIch has expenenced only a smglij
~ectono-thermal event. If the crust has undergone several tectono-thermal events, as is commonly th~

~ase m Chma, then the crust cannot be classIfied easIly m thIS type of scheme. It IS very dIfficult fori
la sImple classIficatIOn scheme to descnbe and dlstmgUlsh crusts that had undergone a long geologl1
~al evolution with a complicated tectono-thermal history. Fortunately, no one requires the compilationl
pf comprehenSIve paleogeographic maps covenng btlhons of years of the Earth's geologIcal hlstory.1
falaeogeographlc maps are usually prepared to cover paleogeographIc envIronments over only shortl
j)enods of geologIcal time.

[he author recognizes that there is a fundamental shortcoming in the methods used currently in th~

~ectonic classification of the types of continental crust, which ignore the possibility that particular area§
pf contmental crust may have undergone many tectOnIC events In several dIfferent tectOnIC envlfonmentsl
pver the course of thelf geologIcal hIstory. 'I hIS may be due to a lack of evolutIOnin thought concernlngl
global tectonics. It may be undesirable to attempt a comprehensive division of the continental crust. Inl
kbscussmg the classIficatIOnof segments of crust, the penod of tIme dunng whIch the crust was affectedl
Iby partIcular tectOnIC events needs to be represented more clearly. A tectOnIC classIficatIOnwhIch doe§
rot take account of the concept of time IS not helpful to the solutIOnof tectonic problems. A satIsfactor}j
scheme of crustal classification has yet to be devised; further advances in the study of global tectonic§
landfurther discussions may be needed to resolve this problemJ
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Chapter 1~

Tectonics andthe Thermal Regime in the Chinese
Continental Lithospher~

IFor a long time, the study of tectonics was based purely on geologIcaldata, restncted to research mtq
~he upper crust-the sedimentarycover and its crystallinebasement. In recent years, more attention ha§
Ibeen paId to the structure and composItIOn of the lIthosphere, usmg geophysIcal and geochemIcal mej
[hods, wIth partIcularemphasIson the relatIOnship betweenthe shallowlIthosphereand the IIthospherel
las a whole. The structure and composition of the of Earth's mantle and core (Song XD and Richards,
1996),beneath the lithosphere (Condie KC, 2001; XU ZQ et al., 2003), are studied by deep geophys
lica1 methods using the passage of seismic wavesgenerated by natural earthquakes,and by comparisonl
IWlth the composItIOn of meteontes (meteontlcs) and other planetary bodies (astrogeology),accompa1
~iIed by hlgh temperature and hIghpressure expenments on posslble mantle and core matenals. I hesij
~xperiments are still at a preliminaryperiodJ

[n descnbmg research on contmental IIthosphenc tectonIcs, first vanatlOns m the thIckness of thij
Rrust and the lIthosphere, and then the vanatlOns m theIr composItIOn, physIcalcharactenstlcs and mj
~ernal tectOnICS WIll be consIdered. Secondly, two contentIous Issues m research on the contmentall
IlIthosphere of Chma wIll be dIscussed: the mechanIsm whIchcaused the thmnmg of the lIthosphere ml
~astern China in the Jurassic, and whether mantle plumes have had any influenceon the tectonic devej
Ilopment of Chma. Argumentsare put forward for the apparent thmnmgof the contmental lIthosphere ml
~astern Chma by the detachment (ductJie shear zone) and rotatIOn of the upper crust, rather than by thij
uplift and delaminationof the mantle,

13.1 Characteristics of the Crust of the Chinese Continent andItsAdjacent Areij

IFor many years the depth of MohorovicicdlscontmUlty and therefore the thIckness of the crust werij
kIeduced by mvertmg the Bouguer gravlty anomaly (Shl ZH et aI., 1989). The results are essentIall5J
similar to those obtainedby deep seismicsoundingusing an artificialsource,althoughthe latter methodl
gIves much greater precIsIOn. GravIty data usually glve lower preCISIon, but has the advantage that al
Imuch largerarea can be covered.During the last 30 years, the China SeismologicalBureau,the Chines~

IAcademy of Sciences and the Ministry of Land and Resources have completed about 50,000 km deen
seismic soundingprofilesusing artificial sources in China and its surroundingseas, including2,000 kml
pf high precision seismic reflectionprofiles.These data are important for determiningvariations in th~

kIepth of the MohorovicicdlscontmUlty, and therefore crustal thlckness. Usmg thIs mformatlOn [I sq
land Mooney(1998),TengJW et ai. (2002) and Sun (2003) have compJieda map of crustal thlcknesse§
1m Eastern ASIa and ItS adjacent seas (FIg. 13.1). In thIs compJiatlOn 4,000 data points were used. lhij
~ontours give an error in crustal thicknessof ±2 km, with the greater precisionon the Chinesecontinent.I
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[I'he crust of Chinese continent and Its adjacent areas belongs to dIfferent crustal regimes: the thlck1
!less of continental-type crust is >30 km; that of quasi-continental type 30-15 km; that of quasi-oceanicl
[ype 15-10 km; that of oceanic type <10 km (Teng JW et aJ. 2002)j

[[he crust of Pacific Ocean to the east of the Chinese continent ISof oceaniC type; the central partl
pf the Japan Sea (12 km) and the central sectIOn of South China Sea (10 km) are of quasl-oceanIcl
~ype; East ASIaand the continental shelf, including Sakhalin Island, the Okhotsk Sea (28-34 km), thij
[apanese Islands (20-36 km), the Korean Peninsula (28-34 km), the Yellow Sea and East China Seal
(18-24 km), the Ryukyu Islands, 'Ialwan Straits (24 km), Taiwan Island (28 km), the Phlhpplne Island~

landthe northern part of South China Sea (18-24 km), are all of quasI-continental type; the major partl
pf Chinese continental crust is of continental type. On the eastern margin of China crustal thickness i~

130 km, reaching 74 km m the central part of the Qmghal-Xlzang (Tibet) Plateau m western Chma, thij
[greatestcrustal thickness on EarthJ

IEastern ASIa can be dIVIded Into 18 crustal blocks wIthin whIch the thIckness vanes very httle.
[I'hese crustal blocks correspond to areas of ancient crystalhne basement. 'I he boundanes betweenl
~rustal blocks are zones of abrupt change in crustal thickness, coinciding with ancient collision belt§
pr large-scale fault zones penetrating completely through the crust.

[Fig. 13.1 Crustal thicknessof Eastern Asia and its adjacent seas (Li SL and Mooney, 1998,with permissionof Li SLJ!

[The thickness of the crustal blocks which form Eastern Asia (Li SL and Mooney, 1998; Teng JWI
~t al., 2002) is: (I) Balchash Lake-Junggar Block, 42-44 km, 4-6 km thinner than that of the Altay
land Tianshan Mountains on either side; (2) Tarim Block, 44 km, 8-10 km thinner than that of the
[ianshan and Kunlun Mountains to the north and south. The southern margin is marked by a steeg
gravIty gradIent In the Altun-Kunlun zone, separating the QinghaI-XIzang Block from the Tanm Block;1
(3) Qinghai-Xizang Plateau Block, 52 km in Qaidam in the north, 68 km in north central QiangtangJ
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p4 km in south central Gangdlse, 56 km in the HImalaya to the south, correspondmg to a central E-WI
~rending depression in the Mohorovicic discontinuity; (4) Indian Sub-continental Block, 44 km thick inl
[he centre, thlckenmg to the north and thmnmg m other dIrectIOns; (5) Bay of Bengal Block, thmnmj:j
~rom 36 km in the north to 18 km in the south; (6) Indochma PenInsula Block, 38 km m the north]
gradually thinning to 36-32 kIDin the south; (7) South China Sea Block, 10-16 km thick in the central
iJart, thIckenIng rapIdly in the surroundmg areas, producmg an uphft of the Mohorovicic dlscontmmtyj
(8) Mongolian Plateau Block, varying from 40 to 48 km; (9) ardos-Fenhe-Weihe Block, 42-44 kml
1m the central part wIth an E-W trend, m the east thIckness contours trend N-S, but E-W towards thij
Iwest, consIstent wIth the regIOnal tectOnIC trend; (10) Upper Yangtze Block, varymg greatly, from 3§
~o 52 km, with 40-42 km in the central area, an important south-north zone of steep gradient on th~

Iwestern edge, thmnIng rapIdly from 60 km m QmghaI-Xlzang to 44 km m the Yangtze Block; (11)
Northeast China Block, 32-34 km, changing gently to form an NNE trending mantle uplift of 2-4 kml
~ompared to the western mountams; (12) Japan Sea Block, crust of contmental and quasl-contmentall
~ype, ISonly 12 km m the central part of the Japan Sea, reachmg 38 km m the northern part of Japanesij
Ilslands, 36 km m the south, and 20 km m ItS adjacent regIOns; (13) Bohal Bay Block IS about 32-341
Ikm;(14) Coastal Southeast Chma Block, 25-34 km, m the central area, the Mohorovicic dlscontmmtyl
[ISIng to 2 km hIgher than on the margms, along the SSW-trendmg south to Tancheng-Lujlang Faultl
~one to near South China Sea Islands, the measured uplift is close to the limits of precision, so ther~

fuay be no uplIft; (15) TaIwan Island-East Chma Sea-Yellow Sea Block, 18-28 km, belongmg to thij
ItransltlOn from quasl-contmental to quasI-oceanIC type; (16) Ryukyu Trough Block, 10-14 km m thij
~ast, belongmg to the transItIonal type from quasI-oceanIc to oceanIC type, at the southern end of thl~

Iblock ISthe Bashl Channel and the Phlhppme Sea Basm Block; (17) Phlhppme Sea Basm Block, 10=1
16 km, rhomboid-shaped, belonging to the oceanic type; (18) Sunda Islands Block, including Sund~

[slands, Borneo Island, Sulu Sea, SulaweSI Island, the Java and Banda seas and Zengmu'ansha m thij
ISouth Chma Sea Islands to the northwest, thmnIng from 20 km m the north to 16 km m the south]
Ibelongmg to the quasi-oceanic type.

[n classifying the crustal blocks of the east Asian continent, three zones of steep gradient in th~

IMohorovicic discontinuity control the structure: (I) around the Qinghai-Xizang Plateau Block of
steep gradIents such as the Kunlun-Altun, the north-south seIsmIC zone and the HImalayan zone;1
(2) Dahmgganhng-Talhangshan-Wuhngshan-Dammgshan zone of steep gradIent, extendmg along thij
~astern side of the Indochina Peninsula; (3) Southeastern coastal steep gradient zone of the Chines~

~ontment. These three zones of steep gradient cOIncIde wIth the three giant landscape steps m the Chlj
Inese contment and the zones of steep gradIent m average Bouguer gravIty anomalIes (Ym XH et aI.,1
1988) (see Chapter 10; FIg. 10.8). Steep gradIents m the Mohorovicic dlscontmmty comclde wIth largel
scale fault systems, such as the Kunlun-Altun-Haiyuan Thrust Zone-the eastern edge of Daxueshanj
IXiaojiang Fault Zone-the Himalayan Thrust Zone surrounding the Qinghai-Xizang Plateau, the east-I
~rn Dahmgganlmg-eastern 'Iiuhangshan-Wulmgshan-Dammgshan Nonnal Fault Zone, the FU]lan-1
puangdong coastal normal fault zone located below sea level at the 50 meter contour. VarIatIOns ml
~he thickness of the Chinese continental crust are related closely to tectonic activity since the Neogene
(see Chapter 10).1

IOn the baSIS of detaIled tectOnIC research (Yuan XC et aI., 1996) and the composItIon of the easternl
K:hmese contmental crust (Gao S et aI., 1999), the crust can be dIVIdedmto four layersj

(1) Upper Crust, 14 km thICk, the seIsmIc prImary wave velOCIty IS about 6.0 kri17s, the averagel
ISia2 content is 65%, typical rocks are sediments, granites and low grade metamorphic rocks, with al
~omposltlOn comparable to the average global chemIcal composItIOn of the crust, m strongly defonnedJ
lareas (CondIe, 1993).

(2) Middle Crust, between 14 and 24 km in depth, the seismic primary wave velocity is 6-6.6 kml~

Ibelowthe global average value. In northern Chma at about 20 km depth there ISa layer of hIgh electrIcall
RonductlVlty, wIth a low seIsmIc velOCIty, the average SI02 content of the mIddle crust IS 62%, thij
~yplcal rocks are I'IG gramuc gneiss (90 %) and amphlbohte (10%). The chemIcal cornposiuon I~

~onsistent with that of the global middle crust, with high Sia2, K2a, Ba, Li, Zr, LREE and LaN/YbNI
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IWlth an obvIOus Eu negative anomaly. I he middle crust of eastern Chma IS mterpreted as bemg at al
!ligher degree of evolution, with strong deformation, and many detachmentsI

(3) Upper part of Lower Crust, between 24-32 km m depth, the seismic pnmary wave velocity I§
labout 6.8 kiills. The average SID2 content, takmg the granulites m the North Chma Block as represenj
tative, is 57%-66%~

(4) Lower part of Lower Crust, between 32-37 km m depth, the velocity of scisrmc pnmary wavij
lisabout 7.0-7.1 kmls (N.B. below the Mohorovlclc discontinuity the velocity of seismic primary wav~

reaches 8.1 km/s), the average SID2 content IS50% and the representative rock ISmafic granulttel
[<romthe structural features of the crystalline basement and from deep seismic soundmgs, It can bij

fieduced that structure of the lower crust is relatively simple. From geological, geophysical and ge01
~hemlcal eVidence, the overall compositIOn of the lower crust IS comparable to mtermedlate granulite.1
[I'he pnmary wave velocity IS 0.2-0.5 krills, lower than the average of global contmental lower crustl
(Gao S et aI., 1999) and is different from the global mafic lower crustal model of [w(Si02) < 50%]
(Taylor and McLennan, 1995; Christensen and Mooney, 1995), but close to the European lower crustal
Imodel with a saltc upper layer and a mafic lower layer (Wedepohl, 1995). The ratIO of the thlcknes§
pf the upper and lower layers m the lower crust IS different m different areas, 0.3 m southern Chmal
landQmling, and 3.0 m northern Chma and Qllianshan, showmg that lower crust m southern Chma andl
IQinlinghas a great thickness, and a basic composition.

[I'he extent of evolution of the compositIOn of the crust m eastern Chma IS higher than the globall
Ivalue, and is characterized by w(Si02) = 62 %, with an obvious and negative Eu anomaly [w(Eu) II
Iw(Eu~) - 0.80], relative depletIOnm Sr and transitIOnelements and a higher rate of w(La) I w(Nb) - 3.0.1
Il'hls may be explamed by an amount of contmental crustal growth by mtraplate processes smaller thanl
10% (Rudnick, 1995), the ratio of similar compatible elements is consistent with, or close to, the ratiq
1m the ongmal mantle.1

~omplete regIOnalgeochemical data and geophysical mformatlOn are stilI lackmg m the western partl
bf the (:hinese continent 1

13.2 Lithosphere Characteristics of the Chinese Continent andIts Adjacen~
IAreaJ

[The lithosphere is primarily a mechanical concept, and is not defined by chemical composition. Th~
llithosphere IS defined selsmologlcally and IS recognized as the outer layer of the Earth With a strengthl
greater than the interior (Barrell, 1914; Daly, 1940). The lithosphere forms a sphere near the Earthl
surface dlstmgUlshed by the transmission of high velocity seismiCwaves, enclosmg a sphere Witha lowerl
Iveloclty,the asthenosphere. I he average depth of the base of the Itthosphere IStypically more than 40
Ikilometers beneath the oceans; but may exceed 150 kilometers beneath the continents, or even 400 km inl
IRussla. In most areas the contmental crust IS coupled to the contmentalltthosphere and the oceanic crustl
[0 the oceanic lithosphere. However, sometimes the crust and the underlymg Iithosphenc mantle are notl
~oupled permanently together. Especially, in the transitional region between the continental and oceanic
llithosphere the crust and Iithosphenc mantle may become separated along a senes of detachments.

k\part from a mechanical or seismological concept, there are three other definitions of the lithospherel
land asthenosphere: (1) the Itthosphere may be defined thennally as the outer sphere through which al
~hennal, adiabatiC conductIOn gradient extends to the surface of the soltd Earth, while the asthenospherel
lisan inner sphere with a thermal convection gradient; (2) petrologically, the asthenosphere is composedl
pf tlmd-nch mtra-crystalline fissures or partially melted pendotlte With basaltiCmagma, while the overj
Ilymg lithosphere IS completely solid (Deng et a!., 1984); (3) the lithosphere can also be defined ml
~erms of Isotope geochemistry where the lithosphere ISennched mantle (EM) while the asthenospherel
lisdepleted mantle (DM).
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l"Ennched mantle" IS defined relatIve to "depleted mantle". SometImes the composiuon ISthe samij
lasmelted mid-ocean ridge basalt, i.e. MORB, sometimes it is considered to be equivalent to the compoj
sltIon of the whole Earth (or chondnte) or the contammated reservOir of contmental flood basalts, and al
[hermal boundary layer (TBL), formmg the top of the thermal convectIOn system, and IS also called thij
I"thermal conductive margin layer" (Anderson, 1995). Although the boundary defined in different way~
rJay be located at a sImIlar level, the mechamcal defimtlOn of the hthosphere IS not equal completely tq
~he geochemical, thermal or petrological definitions. More difficulties are created, if the depleted mantl~

(DM) reservOIr IS regarded as the asthenosphere, and the ennched mantle (EM) reservOIrISregarded a~

[he lIthosphere. Many geoscIentIsts have observed that oceamc perIdotItes are mantle rocks of enrIchedl
pr slightly depleted type, however when oceanic mantle peridotites are subducted beneath a continen1
[al margm, they are characterIzed as depleted mantle wIth an mtermedlate or hIgh degree of depletlOnl
(Johnson et al., 1990; Niu Y, 1997)1

[Thetemperature at the boundary between lithosphere and asthenosphere is 1280°C (McKenzie and
Bickle, 1988). Arndt and Christensen (1992) considered that a temperature of 121O°C may mark th~

~ransition zone between the lithosphere and asthenosphere. In the upper part of lithosphere, based onl
kletermmatlOnsof tectomc stress, the greatest magmtude of dIfferentIal stress IS 100-200 MPa, but atl
[he base of the lIthosphere IS only 15-5 MPa (MercIer, 1980). The strength of lower lIthosphere notablyl
~ecreased, it cannot permanently maintain a greater magnitude of differential stress. The viscosity of
[he lithosphere (equivalent viscosity,1] = 1023_1025 poise) is 2-3 orders of magnitude greater than thatl
pf asthenosphere, which is 1021_1022 poise. Normally, the viscosity and strength of the lithospherel
ImcreasewIth IncreaSIngpressure (or depth), and decrease wIth IncreaSIngtemperature and flUId content.1
I['hus, the strength and VISCOSIty of asthenosphere are reduced substantIally and cannot support a hlghe~

differential stress, due mainly to an increase in the fluid content I
[<rom studIes based on mverslOn of transverse wave tomography, the thIckness of the IIthospherel

1m the Chmese contment IS found to vary consIderably (Cal XL et aI., 2002) (FIg. 13.2). In westernl
K:hina the lithosphere is typically continental, with a thickness commonly greater than 150 km. The
~hickest lithosphere in China occurs in the Tarim area, where the average thickness is about 170 km, butl
Ran reach 195-210 km, wIth an average thIckness m the southern Qmghal-northwest SIchuan area of
rJore than 170 km. ThIcker hthosphere occurs on the northern margIn of the ChInese contInent, wherij
~he Slbenan hthosphere reaches 195-205 km. 'I he hthosphere also reaches 160-230 km In northernl
~ndia-Afghanistan. The average lithospheric thickness in the northeast and northern parts of easternl
K:hmaIS only 70-73 km, and m southern Chma IS 75-79 km, belongmg to the transItIOnal type betweenl
Rontmental and oceamc lIthosphere. In the margmal sea and trench-arc system of the western PacIfic thij
~ithosphere is only 55-65 km thick, in the main part of Philippine Sea Plate the thickness of lithosphere
lIS 50-60 km, bemg of oceamc type.

[f the lithospheric thickness for China and its adjacent areas is compared (Fig. 13.2) with crustall
~hlckness (FIg. 13.1), It ISfound that they have no fixed relatIOnshIp.Cal XL (1998) suggested that therij
Iwere three types of relatIOnshIp between the crust and the lIthosphere: (l) A thIck crust wIth a thml
~ithosphere, an example of a thick crust with a thin lithosphere occurs in the Qilian Mountains wher~

[he crust IS 64 km thICk, whIle the lIthosphere ISonly 120-150 km thIck; (2) A thm crust wIth a thml
~ithosphere, an example of a rather thin crust with a thin lithosphere occurs in northern China wher~

~he crust is 32-42 km thick and the lithosphere is only 60-80 km thick (Fig. 13.3); (3) A thin crust
Iwitha thick lithosphere, an example of a thin crust with a thick lithosphere occurs in the Sichuan Basinl
Iwhere the crust is only 41.5-44 km thick, but the lithosphere has the greatest thickness exceeding 2001
Ikm (FIg. 13.3). In the Tanm Block the crust ISonly 44-50 km thIck, but hthosphenc thIckness reache§
1210 km, wIth the crust bemg only 174to I75 of lIthospherIC thIckness. A fourth type IS proposed hereJ
Iwithboth a thick crust and a thick lithosphere; in Qinghai-Xizang area the crust is 64-74 km thick and
Ithe lIthosphere reaches 160-170 km m thIckness.

[t appears that there is no connection between the thickness of crust and the thickness of the lithoj
sphere (IncludIng the hthosphenc mantle ). ['he reason ISthat the crust was formed over a long tlme-spanl
!Jy the tectonic evolution of crust, so that the crust differs in both composition and tectonic features froml
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~'lg.13.2 ThIckness of the hthosphere In Eastern ASIaand the western PacIfic Ocean (after CarXL,2002,wIth permlsslOnl
pfCai XL).

~he mantle. There is almost no difference in silicate composition between the lithospheric mantle andl
~he asthenosphere; the only difference is that the asthenospheric mantle has probably undergone partiall
fueltIng and contaInS more HUld (ultra cntlcal gas and volatIles). However, the most Important factor t9
deterrnine the depth of the interface between the lithosphere and asthenosphere is the mantle thermal
~egime, as well as the mantle fluid content. In most intraplate areas, the base of the lithosphere is notl
[elated to the long-term evolutIOn of the crust; this IS only eVident near present plate subductIOn andl
oceanic ridge zones, and controlled by thermal convection of the mantleJ

IBecause the dtfferent methods used to determIne the thIckness of the Itthosphere, such as setsmtq
~omography, artificial source seismology, and telluric electro-magnetic sounding, have different degree§
pf precision, and are suitable for different conditions determinations of the thickness of the lithospherel
pbtaIned by different methods may differ by dozens of kilometers.

~s shown in Figs. 13.2, 13.3 and 13.4, there are great differences in determining lithosphere thicknes~

lIn the Sichuan BasIn. At present thiS problem cannot be solved; In order to determme the lithospherel
~hickness reliably, improvements in technology and methods are required. However, there is no doub~

that there is no relationship between the thickness of the lithosphere and the crust.
IA great amount of research has been carned out to determIne the composiuon of the mantle Inl

~he eastern Chinese continental lithosphere. Zhang BR et al. (1998) studied mantle source rocks fori
~he Sino-Korean and Yangtze plates on either side of the Qinling Collision Belt during the Archean-j
faleoproterozOic. They determIned 63 elements USIng 15 reliable methods of analYSIS. They found thatl
mantle source rocks on the southern edge of Sino-Korean Plate have relatively high LFeO (12.0%-j
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~'Ig. 13.3 GeologIcal explanatIOn of vanations in hthosphenc thIcknessm the Longmenshan of SIchuan Xuefengshan
land the westernHunan-WuyishanbetweenJiangxi and Fujian (after Cai XL et aI., 2002, with permissionof Cai XL)I

II. Crust; 2. Lithosphericupper mantle;3. Lower lithospherewith high velocity;4. Asthenospheric low velocityzone;
fs. Highestvelocitywithin the low velocityasthenospheric zone;6. High velocityblock in the solid mantle;7. Low velocit)1
[ayer in the crust; 8. Base of the lilhosphere; 9. Base of the asthenosphere; 10.Paleo-platesubductionand collision zone;
11.Large scale thrust; 12. Ihrusts m the early penod but a normal fault m a later penod; 13.DIrectIons of relatIve move-I
ffientof hthosphenc blocks;14.DIrectIOns of relatIvesmkmgof hIgh velocIty bodIesm the hthosphereand asthenosphere;
15.DIrectIOns of relatIvemovementof crust near the surface;M. MohoroVICIC dlscontmUlty]

12.28%), MgD (7.75%-5.84%), Mo [(0.64-0.58) X 10-6], a high ratio of w(Zr) / w(Hf) (54.4-44 ); onl
Ithe northern edge of the Yangtze Plate they are relatively rich in Li (26.3 x 10-6) , Rb [(27-30) x 10-6],1
ISc [(34-46.7) x 10 6], eu [(80-126)x 10 6], with a high ratio of w(Nb)/w(Ta) (16-25) and a low ratiq
pf w(Zr) / w(Hf) (40), poor in [FeD (9.14%), MgD (5.19%-6.84%) and Mo [(0.3-0.54) x 10 6].

[The fNd(t) in metamorphosed basalts from mantle sources in the Sino-Korean Plate during th~

IArchean-PaleoproterozOlc was stablhzed at about +3, and at the southern end was stablhzed at +2.9~
+2.2. The fNd(t) values mdtcate that m whtch dtstncts the crust-mantle couphng ended comparattvelYI
Farly, and has not changed since the Proterozoic. However, the fNd(t) values increase from +2 to +7 onl
~he fNd(t)-t (Ga) dtagram m the Yangtze Plate dunng the Archean-PaleoproterozOlc, shoWIngthe trendl
bf mantle evolution I

ILeadisotopes in the Smo-Korean Plate dId not ongmate from radIOactIvedecay, but in the Yangtzel
flate lead isotopes originating from radioactive decay are notably enriched. This feature demonstrate§
~hat the Sino-Korean and Yangtze plates have different geochemical characteristics and underwent difj
OCerent processes of geochemtcal evolutIOn dunng the Archean-PaleoproterozOlc. They are thereforel
[wo dtfferent plates, and thelf hthosphere mantle had a completely dtfferent ongm. Even though the twq
plates have SImIlarrocks (Zhang SG, 1993),Itcannot be concluded that these plates ever formed a smgl~

~mified plate. It is probable that similar conclusions would be reached concerning other ancient plates,1
lifsimilar research was carried out. This type of research can also yield positive results as Zhang BR etl
lal. (1998) concluded that mantle geochemlcal charactenstlcs of the Qmhng ColhslOn Belt are related tq
~hose of the Yangtze Plate, but quite different from those of the Sino-Korean Plate.
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lFig.13.4 Global GeosciencesTransectin Eastern Asia (the eastern section of Europe-AsiaprofileNo.21) (The Develop
Iment ResearchCenter 10 Mmlstryof Land and Resourcesof Chma. Chma GeologIcal Surveyand AIl-RUSSIan Geologlcall
~esearch InstItute,2002, WIth permIssIOn of Yuan XClI

Ihe dark grey shadmg 10 the figure IS the IIthosphencmantle, the base IS determmed by seIsmIc wave velOCIty; th~

IlIght grey layer IS the crust, the unshadedzone ISthe low velOCIty layer 10 the mIddlecrust; the dotted lIne 10 the lowerl
part of the figureIS the base of the lIthosphere determmedby tellunc electro-magnetIc soundmg.ObVIOusly thIS does notl
~oincide with the base determinedby seismicwavevelocityand may differ considerably in some areas.

Upper mantle
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~'lg.13.5 DlStnbutlOn of faults and detachments 10 the lIthosphere (modIfied after Zhang WY, 1984)1

OCt is important to recognize the true structure of the lithosphere, especially the continentallithosphere.1
~t does not form a completely homogeneous rigid body, but contains a series of possible levels of de1
[achment. Smce the plate tectonic theory was first proposed the mam detachment has been conSidered tij
pccur at the base of the hthosphere. However, detailed studies of the contmental hthosphere have recogj
,'med many mterlaces and detachments in hthosphere at vanous depths, such as the boundary betweenl
sedimentary cover and the basement, the zone of low seismic velocity and high electric conductivity inl
[he mIddle crust and near the Mohorovicic dlscontmUity (FIg. 13.5). EVidence from faults and magmaj
~Ism mdlcates that the low velOCIty and hIgh conduct1Vltylayer IS an Important zone of dIsplacement ml
Imanyareas of Chinese continental lithosphere, while the interface between the sedimentary cover andl
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~he crystalline basement, and the Mohorovicic dIscontinUIty are less frequently zones of dlsplacement.1
[he interfaces of the low velocity and high conductivity layer and Mohorovicic discontinuity are morel
Ilmportant for magmatism and endogemc metallIzatIOn In ChInese contInentJ

Dlsplasement IS most notable In the low velocIty and hIgh conductIvIty layer, where many maio~

shallow earthquakes have been recorded In the ChInese contInent by many geoscIentIsts (Ma ZJ, 1987j
IXue F, 1989). I he low velocIty and hIgh conductIVIty layer In the Chinese continental crust ISdlstnbutedl
~ocally and has a discontinuous interface; it is not the same as the Mohorovicic discontinuity, whichl
lIs continuous and occurs everywhere. I'he low velocIty and hIgh conductIVIty layer was prevlOuslyl
RaIled the Conrad dIscontInUItyand was consIdered to be contInUOUS, but now there are abundant datal
~o prove that this is not correct. Xu CF (1996) discovered that the most highly active seismic areas,1
IWlth the strongest fault and earthquake actIvIty In the crust of northern ChIna, the Tlanshan belt, th~

southeast coastal zone and the Qinghai-Xizang plateau area, are characterized by a layer oflow velocitYI
land hIgh conductlVlty In the mIddle crust. On the other hand, some areas comparatIvely lacking Inl
recent tectomc activity and earthquakes, for Instance, the Yangtze area, Shandong-northern Jlangsu, th~

southern Taihangshan, the Yinshan-Yanshan regions, and most of the Tarim and Junggar, do not show al
IIow velOCIty and hIgh conductIVIty layer In the mIddle crust I

[n the South ChIna area, as dIscussed In Chapter 7, dunng Yanshaman Penod the upper crust wa§
Imoved eastward by almost 200 kilometers along the low velocity and high conductivity layer in th~

Imlddlecrust, and was supenmposed on the lower crust and a hot thIn oceamc lIthosphere mantle (FIgs.
r.8 and 7.9). This is the main reason for the large-scale granitic magmatic activity in the eastern part of
southern China dunng the Yanshaman Tectomc Penod.

INow In continental tectomc research, geoscienusts pay more attenuon to the pOSSlblhty of dlsplace1
!"nents in the low velocity and high conductivity layer of the middle crust. Anderson (1995) pointed outl
[hat the isothermal surface of 650±100DC is the interface between upper crust with greater strengthJ
shoWIng bnttle deformatIOn and composed of dipole magnetIc matenal, and lower crust WIth lowerl
strength, shoWIngductIle deformatIon, composed of non-dIpole magnetic matenaI. ThIs surtace IS clos~

~o Curie point interface between the dipole magnetic and non-dipole magnetic materials. From the poin~

pf view of deformation of the Earth's surface, this interface is really important, because shallow earthj
~uake foci are concentrated at or above this interface (Xu CF, 1996). Below this surface the crust i~

~omposed of dIstinctly weaker formatIOns, WIth rare earthquakes deformed by ductIle flow. The Inter1
~ace of 650±100°C temperature IS eqUIvalentto about half the temperature reqUIred to melt mantle rockl
Rompletely, It IS the highest temperature at whIch serpentImte remaInS In a bnttle state and IS also th~

[emperature boundary for a senes of Important mInerai phase changes. In the temperature Interval of
1500-700°C, a-quartz changes to f3 -quartz and clinoenstatite changes to enstatite, there are also dehy
klrationreactions, as well as the commencement of partial melting (Table 13.1). In the Chinese continentJ
[he Isothermal Interface of 650±1OouC temperature at a depth of about 20 km cOIncIdes WIth the loW
Ivelocltyand high conductlVlty layer In the mIddle crust,.1

lIable 13.1 [he change of features In the low velocityand hIghconductlVlty layer In the rmddleand uppercrust (temperJ
ature 650± 100' C, about 20 km depth) (data after Anderson, 1995]

Crust

Oppercrust
Lower crust

Deforma- SeismIcS wave DIpole
tion type velocity (km/s) Strength magnetism

bnttle 2.4=3.65 hIgh yes
ductile 3.4-3.6 low no

Quartz
mineral phase

a-quartz
l3-quartz

Pyroxene
mineral

chnoenstalIt~

enstatitg

IMelcheret al. (2002) In a study of the tectomcs of the Eastern Alps suggested that continental crustl
Imightbe emplaced over "preoceanic subcontinent mantle" by thrust tectonics. His interpretation is conj
slstent WIth the suggestIOnput forward In Chapter 7 of thIs book, that IS, crust and hthosphere mantle ar~

rot always coupled together, especIally In the transItIOnal region between continental and oceamc hth01
sphere. Crust and mantle can be detached and moved separately. It has been known for a long time thatl
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pceanlc hthospheremay be subductedbeneathcontInental hthosphere,but recently It has beenproposedl
~hat continentalcrust might be obductedor overthrustonto oceanic lithosphericmantle.

13.3 Lithosphere Transformation (Thickness Thinning) of East
rhina-Hypothesis of Rotation andDetachment of the Upper Crust

preat advances have been made over the last 30 years in understanding the tectonics of the Chines~

~ontInent USIng the theory of plate tectonics ([I CY et a!., 1982,1984; Zhu X, 1982; WangHZ, 1981J
1982,1985, XJaoXC, 1978,1984,1988). Mobllism IS now accepted by most researchers, and It IS notl
Inow considered that continental plates are stable rigid blocks, but that they may be affected by strong!
IIntraplate deformatIOn with slidIng along several layers withInthe lithosphere, which may even caus~

Iviolent magmatic activity (Zhang WY, 1984; Ma XY, 1989; Xue F et aI., 1989; Burchfielet aI., 1989j
IRoyden et a!., 1997).

IA vast amount of petrologIcand geochemIcal data has been accumulatedIn the mvestigauonof th~

Ilithosphere tectonics of the eastern Chinese continent. The geological history has been thoroughly rej
searched and onglnal interpretatIOns have been put forward by E M[ and Zhao OS (1987), Chi JS etl
lal. (1988; 1996), Oeng JF et al. (1992; 1996), Menzies and Xu YG (1998), [u FX et al. (2000) andl
~hou XM et al. (2000). These researchershavedeterminedthat In the Archeanand Paleoproterozolc th~

~hickness of the lithospherein the eastern Chinesecontinentwas between200 and 250 km, in the Mes01
['JeoproterozOic and PaleozoIcabout 160-220km, suddenly thinning In the middle penod of the Mesoj
Izoic (170-100 Ma) to 60-80 km, and thickening a little in the Cenozoic (Fig. 13.6). Most researcher~
row recognize that hthosphenc thInning and crustal thIckening In the eastern ChInese continent OC1
curred during the Middle-Late Jurassic (170-135 Ma), and was related to a violent tectono-magmatic
event.

Hrrr::o"'wC-::Cca=n""th"l=nn=I'-nC:g--:o"f"t:Lh=e'I"'lthlCo=s=p:LhC:e=re=-,-ow:-ClC01thc:<1th=l=ck'"'e=n"l=ng=-:;oTf"thlCe=-=c=ru=s:<tC:a-=-t"th=e=--s=aC:m=-e~tlC:m=e=--, LbC::e--:e=xC:pTla"l=ne=d:JTi?1
~any hypotheseshave beenproposed,amongthem the lithospheredelaminatIOn and de-rootinghypoth1
esis (Deng JF et aI., 1996) has been accepted by many researchers. It is suggested that areas of litho
sphere thinning are regions of continental rifting, underlain by hot mantle plumes; collision zones hav~
kleep crustal mountaInS and hthosphere roots; stable blocks (cratons) have deep contInental hthospherel
[oots. It IS Inferredthat lithosphere thinningof the eastern Chinesecontinent In the Meso-CenozOic wa§
~ue to a deep mantleplume and the effectsof isostasy,whichcaused delaminationand de-rootingof th~
Ilower lithosphere. ThiS hypotheSIS was also used by Cat XL et al. (2002) to provide a mechanism fori
~he formation of the giant rift system of western PacificOcean underneath the eastern China continent.I
IHowever, how do we know that there was a hot mantle plume at depth'! It IS probable that a hlghe~

klenslty mantle plume would not be able to cause the delamInatIOn and de-rootIngof the lower denslt~
lin lower lithosphere.This problemthrows doubt on the delaminationhypothesisi

I[u FX et a!. (2000) propose that hthosphenc thInnIng was related to regIOnal honzontal extenslOn.1
Whey POint out that the mantle matenals of old lithosphereare mainlypendotlte, With a depleted basaltiCj
~omponent, with buoyancy due to a low density.This is the main reason why the stability of a craton
liS preserved,and that graVity-induced delaminatIOn and de-rootingcannot occur. They suggest that th~
~ot mantle materials beneath the lithosphere or crust form upward surges, like "mushroom clouds"J

IIncludIng remnants of paleo-mantle. The surge of mushroom clouds and hot mantle matenals wouldl
~ause strong magmaticacuvrtyat the base of the crust. However, the key penod for hthospherethInnIng
lin the eastern Chinese continent was during the Jurassic (Menzies and Xu YO, 1998), which was notl
Ian epoch of continental extensIOn, but an Importantpenod of crustal shortemngand thickening,With al
Rrustal thicknessof about 40 km, With VIOlent rock deformatIOn and magmatism(WanTF, 1994, 2004)J
~f the thinningof crust and lithosphereoccurreddunng the Cretaceousit might be reasonablyexplalnedl
!JyE-W extension,as the Cretaceous Period was an important period of E-W trending extension in th~
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~·Ig. 13.6 The structureand thicknessof lIthosphere m dIfferent penods of NorthChma (modified from Menziesand Xul
IYOet aI., 1998,with pemussronof MenziesM).

~astern Chmese contment. Crustal shortenmg and thIckenIng, and IIthosphenc thmnmg occurred m thij
~urasslc almost at the same tune, and thIs IS dIfficult to explam by contmental extenslOn.1

[n view of the difficulties with the above hypothesis, the author advances a new hypothesis for disj
~usslOn. It IS proposed that upper crustal rotatIOn and the transfonnatlOn of lIthosphere were the maml
[easons for crustal thIckenIng and hthosphenc thmnIng dunng the JurassIc (Wan TF, 2004)J

(1) Paleomagnetic Evidence of Jurassic Crustal Rotation
By systematically compiling paleomagnetic data from the Chinese continent (Wan TF, 1994) (Ap1

pendix 6 and Chapters 4 to 7 in this book), it is possible to reconstruct the paleo continental kinematic~
pf Chma. As the data are secured by many dIfferent authors It ISpossIble that some of these results ma5J
Ibe m error. However, It can be stIll recognIzed that paleomagnetIc onentatIons of Chmese contmentall
Iblocks in the I'nasslc and fonner geologIcal penods were very dIfferent from then present magnetIC]
brientations

[n the PaleozOIC the paleomagnetIc north m the Smo-Korean Plate was onented between 319 0 andl
1338° NW, relative to its present magnetic orientation (Fang OJ et aI., 1988; Ma XH and Yang ZY,
1993; Huang BC et al., 1999), In the Late Triassic the palaeomagnetic north orientation of the Sino
Korean Plate corresponds to 30° NE in the present magnetic orientation, Since the Early Jurassic the
Ipaleomagnetic orientation has been very close to the present magnetic orientation; in Middle Jurassic itl
lisequal to the present 0.9 0 NE and 3.6 0 NE (Ma XH and Yang ZY, 1993). However, data for the Latij
~urassic paleomagnetic north (22.2° NE) is obviously in error (Fang OJ et aI., 1988). From Cretaceous
~o Recent, paleomagnetic north in the Sino-Korean Plate has changed only a little, fluctuating aroundl
~he present orientation of magnetic north. It is evident that during the Jurassic the continental crust of
[he Smo-Korean Plate rotated through 30° counterclockwIse to reach ItS present magnetIc onentatlOnJ
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rrhls change IS shown clearly In FIgs. 6.8 and 7.1. Paleomagnetic data since the PaleozOIcare conslstent,1
Iwithhigh degree of reliability.

IKimand Van der Voo (1990) found a 20° counterclockwise rotation of the south Korean continenj
[al crust from Tnasstc to Early Jurasstc. About 2000f counterclockwtse rotatIOn tSalso recorded for th~

IYangtze conttnental crust between the Late Tnasstc and the Mtddle JurassIc (Zhu ZW et a!., 1988; Liang]
IQZ, 1990; Enkln et aI., 1992; Huang KN et aI., 1993). Khramov et al. (1981) recorded a counterclock-I
IWlse rotation of 36.2° in the Sibenan conttnental crust between the Late Tnasslc and Late Jurassic, tM
paleomagnetic north rotating from 77.3° NE to 41.1 0 NE~

K:ounterclockwise rotation ofthe East Asian crust through 20°-300 had clearly an important influencel
~m Jurassic intraplate deformation and was responsible for changes in the thickness of the lithosphere,

(2) Geological Evidence I'or Jnrassic Crustal Rotatiollj
IThe Jurassic Period, called the Yanshanian Tectonic Period in China, is a period of strong tecton01

Imagmatlsm tn the eastern Chtnese conttnent (see Chapter 7 of thiS book). Zhan MO (1994) was the firstl
~o recogmze that from the Tnasslc to the Cretaceous, an area of gramtlc tntruston gradually mlgratedl
~astwards over a distance of 420 km (FIgs. 7.12 and 7.13), with an average rate of displacement of 0.2~

~m/yr. During the Jurassic, the axis of the granitic zone migrated eastwards for a further 180 km, withl
Ian average rate of displacement of 0.26 cm/yr (Figs. 7.12 and 7.13). Zhan MG (1994) suggested that th~
source area of S-type gramte magmatism was controlled by the occurrence of thrusts and detachment§
~n the crust. S-type granitic magmas in southern China originated in the middle crust at a depth of 15-221
~m, in the low seismic velocity and high electric conductivity layer (Zeng RS et aI., 1995), while A-orl
[-type gramlic magmas were formed at a depth of 32-40 km, near the Mohorovicic dlsconttnUity (Zengj
~S et al., 1995)~

K:ompanng the dlstnbutlOns of magmatic zones between Northeastern China and South China (FIg.
17.11), it is clearly shown that magmatic zone is counterclockwise rotation from Early Jurassic to Lat~

lIurassi.c.
[n the JurassIc, magmatism was rather strong tn the Yanshan-western Llaomng area of North Chtna.

~n the Early Jurassic (185-170 Ma) volcanic rocks were erupted along an ENE trend; in the Middle
~urassic (170-155 Ma) along an NE trend; in the Late Jurassic (155-135 Ma) along an NNE trend,
IVolcanic rocks of different ages were erupted along faults with different trends, which changed in th~

same way as the axes of the regional folds (Bao YG et aI., 1995). From Early to Late Jurassic, tecton01
Ivolcamczones all formed dunng shortemng, both the changes In the trend of tectono-volcamc zones andl
~he shortening were caused by the counterclockwise rotation of the continental crust (Wan TF, 2004 )J
but the migrations of magmatic zones are not clearl

[f the dlstnbuttons of magmalic zones tn South, North and Northeast Chtna are compared, tn Northj
~ast China the amount of volcanic zone westward migration and crustal rotation were clear; in North
K:hlna the counterclockwise rotation of tectono-magmalic zones IS ObVlOUS, but the rmgrauon of th~

Imagmatic zones is not clear; in South China there was not only counterclockwise crustal rotation, butl
lalso an eastward displacement of the tectono-magmatic zone. I he author recogmzes that whde west-I
IwardsubductlOn of North Amencan Plate was mainly Influenced by the counterclockwise rotation of
~he Eastern Asian continental crust in the Jurassic, the thrusts and magmatism mainly occurred in th~

,",pperand middle crust of Eastern China. Both thickening of the crust and the rotation of the magmatic
lzones have occurred to varytng degreesJ

(3) Mechamsm 01' Crustal RotatIOn
Counterclockwise rotation of the eastern Chinese continental crust in the Jurassic was influenced!

Iby the westward movement of the North Amencan Plate (mainly the western part-the Okhotsk Plate),1
~he northwestward movement of the Izanagi Plate, and the northward movement of the Farallon Plat~

(Maruyama et aI., 1986, 1997; Moore 1989; Scotese, 1994) (upper left tn Fig. 7.3). Dunng the west-I
Iwardrmgrauon and subductlOn of the North Amencan Plate, a colhslOn zone With strong deformatlOnl
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Fig. 13.7 Crustal detachments and lithospheric thinning in North China during the Jurassicl
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A. Contmental type of hthosphenc mantle; B. Oceamc type of hthosphenc mantle; Moho. MohoroVICIC dlscontmUlty;1
~B. Base of the lithosphere; the asthenosphere is shown in gray shading.

Arrows show the direction of movement of crustal segments.

Iwas formed on the eastern margm of the Stbenan Plate, extendmg to the Wandashan (someone calledl
Nadanhada) Collision Zone and the Tanakura Tectonic Line (TTL, the boundary between northeast and
southwest Japan). These movements caused a 20°_30° counterclockwise rotation of the continental crustl
pf Eastern Asia (Fig. 7.1), leading to the relative westward movement of the northern, and the relativel
~astward movement of the southern parts of the East ASIancontment.

lOneImportant result of the thud rnagneuc survey of the oceanic floor was to reassess the dlrectlOn~

pf plate motion in the paleo-Pacific region (Moore, 1989) (upper left in Fig.7.3). At the end of Jurassicl
[here was a radIal movement of the plates m the PacIfic regIon, the Izanagl Plate moved NW, the Paclfi(j
IPlatemoved SW. the Farallon Plate moved NE, and the PhoenIx Plate moved SE. The radIal movemen~
pf the plates IS accounted for by the nse of a superplume at the JunctIOnof the four plates causmg radlall
!ionzontal extensIOn (PavonI, 1997; CondIe, 2001) (FIg. 15.5). Smce MIddle JurassIc the nse of mantl~

Imaterial and magma in this super mantle plume has induced radial extension and the horizontal movej
rJent of the plates. ThIS mechanIsm for long-term plate tectOnIC dynamICs has recently gamed muchl
support and would provIde a mechanIsm for the large-scale rotatIOn of the eastern Chmese contmentall
crust,

(4) LIthospherIC TransformatIon of Eastern Chmese Contment
~orldwide seismic data show that the thickness of the oceanic lithosphere is usually about 40 km,1

land that of the contmental hthosphere IS 110-200 km. However, accordmg to seIsmIc tomography, th~

~hlckness of contmental hthosphere tS only 70-80 km m eastern Chma, but m western Chma reache~

110-200 km (Cal XL et aI., 2002) (Ftg.13.2). On the other hand, m eastern Chma the thIckness of th~

crust is only 30-40 km, while in western China is 40-70 km (Teng JW et al., 2002) (Fig. 13.I)J
II'hehthosphere beneath the crust IS called the hthosphenc mantle. In western Chma, to the west of th~

rnllhangshan (between Hebel and ShanxI)-Wuhngshan (between Hunan and GUlzhou), the contmentall
~ype of lithospheric mantle commonly reaches a thickness of 70-100 km or more. However, in eastern
China, east of the Taihangshan-Wulingshan, the thickness of the lithospheric mantle is commonly only
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labout 40 km, whIch IS very nearly the same as the thIckness of oceamc lIthosphere mantle (Cm XL etl
lal., 2002; Anderson, 1995) (Figs. 7.10 and 13.7). Usually it is recognized that oceanic mantle couldl
Ibe subducted beneath the contmental plate, almost never concernIng that the contmental crust could b~

Imovedand covered onto oceanIC mantle. Maybe It IS a good example for contmental crust covered onl
bceanic mantle in eastern (:hinal

lib account for thISanomaly It IS suggested that m the I'nasslc and earlIer penods, the crust of easternl
K=hina was located on continental lithosphere mantle with a normal thickness of 70-100 km, but in th~

gurasslc, due to rotatIOn and eastward movement, the crust of eastern Chma (North and South Chma 1
Iwas emplaced onto oceanIC hthosphenc mantle, less than 40 km thIck. Smce the JuraSSIC, the thlcknes§
pf the crust has remained the same (Figs. 7.10 and 13.7). By this mechanism the lithosphere of easternl
~hma was transformed from a thIck contmental type of hthosphere to a thm transItIonal type betweenl
~ontinental and oceanic lithosphere. Before the Jurassic the crust of eastern China was underlain b}j
la thIck contmental hthosphenc mantle, but dunng the JurassIc was transferred to a thmner oceanIq
IlIthosphere mantle. As the result of thIS process the depth to the top of the asthenosphere was reducedl
lfrom ~100 km to 70-80 km. At thIS depth the temperature was about 1280°C, causmg these hlghen
~emperatures to be conducted mto the lIthosphere, glvmg nse to meltmg and the nse of granItIc magmas.1

pranItlc magmas are most eaSIly formed along weak zones m the crust dunng over thrustmg. Thl§
Imodelexplains why Jurassic granitic magmatism was concentrated in eastern China, to the east of th~

[Hllhangshan-Wuhngshan, whIle m most of western Chma JurassIc magmatIsm was very rare, althoughl
~rustal shortening and overthrusting were strongly developed, for example, at Xuefengshan, westernl
IHunan and the western margm of the Ordos area. In north Chma mIddle crustal detachments were notl
~ommonly developed; crustal movements were localIzed only near the mtersections of crustal faults,1
such as fault intersections along the Mohorovkic discontinuity, the Tancheng-Lujiang and the frontall
lfaultsof the Tathangshan, causmg gramtlc intrusion near these fault mtersections.

[rhe major reasons for the WIdespread tectono-magmatIsm m eastern Chma dunng the JurassIc wer~

~he counterclockWIse rotationof the upper and mIddle crust and ItS emplacement on hIgh temperaturel
pceanic lithosphere mantle.

rrhe westward movement of the Okhotsk Plate and its collision with the Siberian Plate and the NWI
rJovement and subductIOn of the Izanagl Plate caused deformatIOn along the eastern margm of th~

ISlbenan Plate. 'Ihese movements caused the counterclockWIse rotatIOn of the whole of the Easternl
p"slan contmental crust through 20°-30°, resultmg m the westward movement of the contmental crustl
pf northern ASIaand the relatIve eastward movement of southern ASIa,mcludmg eastern Chma. RotatlOnl
land movement of the crust were responsIble for thIS major tectono-magmatIc event, for crustal thlckj
~mng and for the transfer of the hthosphere of eastern Chma from a hthosphenc mantle of contmentall
~ype to a mantle of oceanic type. The apparent thinning of the lithosphere of eastern China was due tg
lits transfer from a continental to a continental/oceanic transition type, not to continental extension, orl
~o the nse of a deep mantle plume.

13.4 TheThermal Regime in the Crust andDiscussion on theMantle Plumes

[he thermal regime in the crust is an important indicator of the type of tectonic activity. What wa§
~he thermal regime in Chinese continent during different geological periods compared with the presentl
kIay'! In understandmg tectOnIC evolutIOn It IS Important to know the thennal regIme. FIrst, the presentl
[hermal regIme m the crust of the Chmese contment WIll be dIscussed, then the thermal regIme m earherl
geological periods during its evolution, and finally whether mantle plumes ever existed beneath the
Chmese contment,

(1) Recent Crustal Thermal Regim~
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IWang Jet al. (1990) of the Geothermal Group, InstItute of Geology, Chmese Academy of SClence~

systematically studied the present day thermal regime in the continental crust of China. Temperaturesl
landgeothermal gradIentswere measured m 5,954 wells, 76% of these wells provIdedstatic thermal meaj
surements wIth a hIghdegree of rehablhty. Usmg these data WangJ et al. (1990) compIled a geothermall
Imap (FIg. 13.8) and a map to show geothermal gradIents at a depth of 3,000 meters (FIg. 13.9). lh~
laverage geothermal gradient in a continental area is 33°Clkm, with a global average heat flow value of
163 mW/m2. Areas with higher values have positive heat flow anomalies, and areas with lower value§
Ihave negative heat flow anomahesl

o'

o'

Fig. 13.8 Present temperatures ('C) below 3,000 meters depth in the Chinese continent (after Wang J et aI., 1990).1

~ecent geothermal gradients in the Chinese continent are shown in Table 13.2. Really notable
geothermal anomahes occur only In western Yunnan and southern Xizang (Tibet), where the gradlj
rnt IS as high as 40°C/km. In some areas of eastern China, such as the SonghuajJang-LJaoheBaSin,th~
~entral Hebel Basm, the Jlyang depreSSIOn, the Nanyang Basm, Lelzhou, Guangdong, Belbu Bay (Gulf
pf Tongking) and Taiwan, the geothermal gradient is only a little higher than the global average, but inl
Imost areas of China the gradient is below the global average, showing negative anomalies.

~verage heat flow can be obtained by relating the average geothermal gradient to the thermal conj
~uctivity of the local rocks. In North China the average heat flow is 61.5 mW/m2, in the Songhuajiang-I
liaohe Basin, 63.92 mW/m2, in the Fenhe-WeiheRift Zone, 63.9 mW/m2, and in the middle and lowerl
[eaches of YangtzeRiver, 51.5 mW/m2. These are all negative anomalies, or only slightly higher thanl
laverage global heat flow values; there are no large positive geothermal anomalies. In most areas of west-I
~rn China the average heat flow is low, for instance, in the Sichuan Basin heat flow is 47.6 mW/m2, in
pansu, 51.6 mW/m2, in the Qaidam Basin 52.] mW/m2, in the Junggar Basin, 43.1 mW/m2 and in th~

rtarim Basin, 40.7 mW/m2 (WangJ et aI., 1990)1
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Fig. 13.9 Geothermal gradients in China in mW/m 2 (after Wang J et al., 1990)1

~n uplift of the mantle occurs beneath each of the larger basms m western Chma, but there are ng
poslttve heat flow anomalies. I he most notable positive heat flow anomalies occur m western Yunnanl
(81 mW/m 2) , southern Xizang (80-120 mW/m 2) and Taiwan (78.1 mW/m 2) . Eastern China is oftenl
regarded as an extension system on the basis of heat flow data. If this were the case, it should show al
posItIve regIOnal geothennal anomaly. Chmese geoscIentIsts often conSIder the basms ot eastern Chmal
[0 be depressIOn basms, and take md1V1dual local hIgh geothermal anomalies as representattve of th~

Iwhole basin. But high positive geothermal values are local features, existing for only short periods.1
Il'here IS no obvIOusmantle uplift, and at different ttmes extension occurred in dIfferent dIrectIOns.Locall
~igh positive geothermal anomalies are related to structural features in the basins, i.e. anticlines (suchl
lasthe Daqing anticline, 40-50°Clkm); uplifted faulted blocks (such as the Tianjin geothermal anomaly
lin the Cangzhou uplifted block, 35-40°Clkm, and the southwest Sichuan uplifted block, 30-35°Clkm),1
pr to ancient buried hills, such as Central Hebei oil field.

[I'heoretlcally, the change m the geothermal gradIent and heat flow values m the hthosphere are causedl
Iby thennal conductton. Osually, about 60% of conductIOnheat comes trom the mantle and the other 40%1
lisproduced by the decay of radioactive elements in the crust.

[I'he hthosphere, defined in terms of heat "has a contmuous thennal conductIOn gradIent in the oute~

sphere of the solid Earth". As previously mentioned, this definition does not include contributions froml
~hennal convectIOnor radIatIOn. Nonnally the contnbutlOn of thennal radIatIOnIS too small to be consld1
~red, however thermal convection IS relatIvely Important. The presence ot flUlds ISessential for thennall
~onvection. Wherever fluids (gas and liquid) are present in the rock, thermal convection will occur. Unj
k1erground water seeps mto the ground m mountamous areas surroundmg basms, and accumulates ml
lfissures; confined underground waters converge m basms, absorb heat and form geothermal flUlds atl
~epth, whIch may emerge as geothermal spnngs. Where a basm mcludes an antIcline, uplifted faultedl
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[Iable 13 2 Present geothermal gradients in the Chinesecontinent (unit: ''C/km)1

331

Geothermal Geothermal Geothermal
Area gradient Area gradient Area gradient

Songhuajiang 33.75 Ordos Basin 28.8 Southern 32.7
-Liaohe Basin Sichuan Basin
Lower Liaohe 31.3 Northern 26.4 Northern 18

Basin Jiangsu Basin Sichuan Basin
Central Hebei 34.0 Nanyang 38.2 Baise Basin, 27.3

Depression Basin, Henan Guangxi
Huanghua 33.22 Jianghan 28.4 Eastern 11.33
Depression Basin, Hubei Guizhou

Jiyang 35.89 Leizhou, 35.2 West Guizhou, 22.5
Depression Guangdong Eastern Yunnan

Linqin 29.5 Hainan Island 25.6 Gansu 28.4
Depression
Baofeng- 25.27 Beibu Bay (Gulf 34.7 QaidarnBasin 27.29
Shengqiu of Tongking)
SE Inner 28.7 Taiwan 35.4 JunggarBasin 20.2
Mongolia

Sonit, Inner 21.7 WesternYunnan 42.3 TarimBasin 21.3
Mongolia
NWInner 29.4 Maqiu, southern Xizang (Tibet) 40
Mongolia

!-lataslmphhed atter WangJet al. (l'I'IU), the value tor southern XIzang IS tram Zhang ZU (personal communIcatIOn).

!Jlock or ancient buried hill, confined, deep, hot, underground water rises, inducing thermal convectionl
landproducmg hIgh posiuve geothermal anomalIes along fault zones.

~hen values of regional heat flow and regional geothermal gradient are discussed, the measured val
~es include heat due to thermal convection, but these data should not be taken into account. This is th~

Imajor reason why many slIghtly posItIve geothermal anomalIes are recorded for the baSInS of easternl
K:hina;these are not true regional geothermal anomalies. However, a zone of positive geothermal anomaj
IlIes provIdes smtable temperature condItIOnsfor the accumulatIOn of 011 and gas and for the utllIzatlOnl
pf geothermal waters. This relationship warrants further attention. This is commonly used as evidencel
pf the geodynamic mechanism for the origin of oil-and gas-bearing sedimentary basins in China (Comj
["lIng Group of Petroleum Geology, DaqIng OIl held, 1993;CompIlIng Group of Petroleum GeologyJ
paohe Oil Field, 1993). However, it is not correct to use these geothermal convection anomalies a~

~vldence of baSInextension and mantle uplIft.

(2) Thermal Regimes in Geological Historjj
[rhermal regImes for past geologIcal tImes cannot be determIned by dIrect in situ temperature meaj

surements, but must be obtained from estimated ancient temperatures and pressures from the rocksJ
~ombmed wIth accurate ISOtOPIC ages. In metamorphIc rocks the peak temperatures and pressures canl
Ibe determmed from the stable mmeral assemblages, or from mmeral or flmd mcluslOns, and the Isotoplq
lage may also be measured in the same rocks (Han YQ, 1993). From the peak temperatures and presj
sures of metamorphism the geothermal gradIent can be calculated at that tIme. In order to determInel
geothermal gradIents from magmatIc rocks, the temperatures and pressures from the magmatIc sourcel
lareashould be used, other than the temperatures and pressures at the time of erupnon, mtrusion or em1
Iplacement of the magma, as these are not suitable for the determination of past regional geothermall
[gradients. In sedimentary rocks, temperatures may be determined by the inversion of vitrinite reflectionl
~ata, by fiSSIOn track measurements, and by eVIdence from flmd mciuslOns, accompanIed by data con1
~ernIng the depth and the age of depOSItIOn of the rocks. From these data It may be possIble to determmel
~he geothermal gradients in ancient sedimentary systems.
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lin order to calculate the average geothermal gradIent In 35 km thIck continental crust during It~

[geological history, the temperature at a certain point in the crust is divided by its depth. The assumptionl
lIs that the geothermal gradient In the crust has not changed dunng geologIcal ttme, neglecting the lowerl
Rrustal geothermal gradIent change beneath the shallow constant temperature layerJ

pata for 309 determinatIOns of pressure, temperature and the depth of formatIOn of the rocks, andl
lanclentgeothermal gradIents dunng geologIcal ttme have been collected from about 300papers (Appen1
k!lces 7.1and 7.2),including 205esttmates of geothermal gradIents within the crust. Average geothermall
gradIents tor Chinese continental crust In the geologIcal pen ods are hsted In Table 13.3. AddItIOnally)
Iby contrast, the average values of 86 calculatIOns for Archaean and Paleoproteroz01c crust (Appendlcesl
1.1 and 1.3) are also listed in Table 13.3. It should be said that the above data are not yet sufficient, andl
larepresented only In order to put forward some prehmlnary concepts.1

puring the Sichuanian and North Sinian Tectonic Periods, the geothermal gradient in the Chines~

~ontlnent exceeded shghtly the global average, and In other tectonic penods the geothermal gradIent wa~
Iless than the recent global average (Iable 13.3). The Chinese continent has eXIstedsince the NeoarcheanJ
[t is reasonable to presume that the geothermal gradient was never very high. From the geothermall
gradIent data gIven above It IS dIfficult to Judge where and when an ancIent mantle plume was developedl
Ibeneath the continental hthosphere. However, the data for each geologIcal hlstoncal penod are notl
sufficiently reliable to draw firm conclusions from the existing data]

Table 13.3 Average geothermal gradient for the Chinese continental crust ("C/km) during geological time

Tectonic period
IsotopICage of Number of Average geothennal
tectonic period determinations gradient ("C/km)

Archaean Before 2,500 Ma 58 23.8
PaleoproterozOic 2,500=1,800Ma 28 24.6
Early MesoproterozOlc 1,800=1,400Ma 4 23.2
Late Mesoproterozoic 1,400-1,000 Ma 11 2§
Early Neoproterozoic 1,000=800Ma 16 27.8
Late Neoproterozoic 800-513 Ma 3 21
Early Paleozoic 513-397 Ma 28 27.9
Late Paleozoic 397-260 Ma 20 32.9
Indosinian 260-200 Ma 22 297
Yanshanlan 200-135 Ma 24 30.11
Sichuanian 135 52 Ma 27 341
North Sinian 52-23 Ma 19 13 4
Himalayan 23--0.78 Ma 31 29.3

[Ihe detailed data presented in the above table and the references are shown in Appendices 1.1, 1.3 and 7.

[rhe temperatures (T), pressures (P) and geothermal gradIents, calculated by many geosclenttsts (Apj
j)endlces I and 7), gIVe fatdy SImIlarresults, and perhaps a hIgh degree of confidence can be placed onl
~he onglnal data. Although data are not abundant, these results were obtained trom all over China b~

Imanygeoscientists, using similar methods. The data are objective, but problems still exist in judging th~

laccuracy of the resultsJ
ready 100 determinations of ancient crustal' geothermal gradients are based on temperature andl

pressure data obtained from mantle rocks (Appendices I and 7). These values are commonly far lower

I' Nearly 100 determinations of ancient crust geothermal gradients listed in Appendix 7 are based on temperature and]
pressure data from upper mantle 1OclUSlOns occurnng as xenohths 10 Igneous rocks. When rocks were fonned 10 thg
!iiantle, at depths greater than 35 km, the geothermal gradient 10 crust [s calculated by follow1Og formula:

IwhereTq is the average geothermal gradient in the crust ('C/km); T" is the formation temperature of the rock ("C); 1m i~

!he average geothermal gradient in the mantle ("C/km); dx is the formation depth of the rock (km); dq is the average crustall
!hlckness (35 km).
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~han geothennal gradIents based on crustal rocks, the cause of thIs dIfference IS unknown. 'I hese datal
~annot be included in the calculation of average geothermal gradients (Table 13.3). Additionally, inl
k\ppendlces 1 and 7, about ten values are stilI too hIgh or too low, possIbly due to the method of caIcuj
IlatlOn, or to mIstakes m the estimatIOnof some parameters. These data do not correspond to the averagel
Calculation listed in lable 13 3

IAccordmg to heat flow values and geothermal gradIents m South Chma (Wan I'F, 1988; Wan IFI
~t aI., 1989), the average geothermal gradient in the mantle (trn) has been calculated; the geothermall
gradient for the upper mantle is approximately 6-13°C/km. For simplicity, this is taken as an average
Ivalueof lOoC/km in this book. This is a preliminary estimation as infonnation is scarce. In order tg
pbtain better estimates of the geothermal gradient in the crust or the mantle, using data from mantle
[ocks, more mformatlOn Will be reqUired.

from existing data, southwest Yangtze or Emeishan area, eastern Xizang and the neighboring trag
provmce show very hIgh pOSItIVe anomalies m thelf ancIent geothennal gradIent dunng the Late Permlanl
penod. It ISpOSSIble that dunng thISpenod a hot mantle plume eXIstedat depth beneath the JmshaJlanij
landLancangjlang Paleo-Oceans, as dIscussed m Chapter 5. In other pen ods or m other areas hIgh poslj
~Ive geothermal gradIent anomalies are only local, and do not occur over large areas. I hese concluslOn~

lare based only on the data avaJlable at present. It IS probable that the acqUisitIOn of further data Will
requiremodification of these conclusions,

(3) Discussionon Mantle Plumesl
~n the absence of high positive regional anomalies in the geothermal gradient, it is difficult to believe]

1m mantle plumes at depth. However, some geoscientists have proposed that there were many mantl~

plumes m the Chmese contment over the penod from the Archaean to the Recent, unfortunately thes~

proposals are not supported by sutticlent eVIdence, so these are Just hypothetIcal. For example, It I~

proposed that whenever komatiites are recognized, from their high magnesium content, it can be dej
fluced that a mantle plume occurred at depth, completely neglecting the strict definition ofkomatiite andl
Iits relatIOnship to mantle plumes (see Chapter 2) (Condie, 2001). Some scholars have also suggestedl
~hat when a basic dike swarm occurs at the surface, it is indicated that a mantle plume occurs at depth
(Storey, 1989; Li ZX, 1996, 1998); this suggestion is not supported by most geoscientists. Similarly
some geoscientists have suggested that radial basic dike swarms indicate mantle plumes at depth, butl
some of these radIal swanns are compOSIte, correlatmg dIkes whIch were not mtruded at exactly th~

same time, but over a penod of tune, for example, the swarm descnbed from northern Guangdong (LJI
land McCulloch, 1998). As stated in Chapters 7 and 8, according to the isotopic age and orientation of
flikes in the field studied by Li XH and McCulloch, (1998), it was found that WNW trending dike~

[lave ISOtOPiC ages> 135 Ma (JuraSSIC), while N-S or NNE trendmg dikes have ISOtOPiC ages <135 Mal
(Cretaceous). These dike swarms are parallel to the orientation of the maximum compressive principall
stresses dunng the Yanshaman and Slchuaman Penods respectively. I hese two sets of dIkes result froml
~he extension under the influence of tectonic stress in different orientations. The interval between the
~wo groups of dIke swarm IS about 30=40 mIllions years. It IS probable that all the dykes m a radIal dlk~
swarm, caused by a mantle plume, would be fonned vlftually SImultaneously. The length of ume, ove~

Iwhichall the dikes in different orientations in a radial dike swarm were formed, is likely to be less than al
million years (Condie, 2001). Similar problems are encountered in interpreting the Mesozoic basic dik~

swarms studied by Shao JA et al. (1998, 2001) m the Dahmgganltng and Beljmg areas, due to mantl~

plumes, but thiS hypotheSISIS also not correct.
Based on the evidence of radial basaltic dike swarms Deng JF et al. (1988, 1992 and 1996) claimed

~hat seven sub-mantle plumes occurred beneath North China during the Paleogene and Neogene-Earlyl
IPlelstocene. However, m thIS type of study, pre-exlstmg faults whIch controlled the mtruslOn of basalt~

latvanous times should be taken mto account. 'Ihere has been no suffiCIenteVIdence that all the basaltil
lare of Cenozoic age. There are very few areas with basaltic dikes showing a radial distribution, indH
~atmg the occurrence of sub-mantle plumes, as they suggested. However, Deng JF et al. (1988, 1992l
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1996) proposed that there are seven basaltIc erupuons In North China (Bohal, Shuangltao, MudanJlangJ
K:hangbaishan, Zhangjiakou, Dahingganling and Wudalianchi), during the Paleogene and Neogene-j
~arly Pleistocene. Four of them are located on the western side of the Dahlngganllng-Tmhangshan,1
land three of them are located along the eastern side of the Tancheng-Lujlang Fault Zone. However, Inl
~he western area along the Dililngganhng-'Imhangshan, the basalts are mainly of Paleogene age, andl
lalongthe Tancheng-LuJlang Fault Zone they are mainly of Neogene-Early Plelstoceneage. ChI JS et al.
(1988) have pointed out that the compositions of the Paleogene and Neogene-Early Pleistocene basalt§
larenotably dIfferent. The Neogene-Early PleIstocene intrusIOns are alkalt-basalts containing IncluslOn~

Ilndlcatlnga mantle source, while the Paleogene basalts are mainly tholelltlc, indicating oceamc mantle.
~s discussed in Chapters 9 and 10, the NW or near E-W trending faults controlled Paleogene basaltl
rruptlons and dike swarms, while NNE or N-S trending hthosphenc faults controlled Neogene-Earlyl
fleistocene basaltic eruptions and dike swarms. The tectonic background and the tectonic stress fieldl
Iwerecompletely dIfferent In the CenozOIc. Certainly, trends of magmattc actlVltyoccur In all dlrectlOnsJ
Ilf the CenozOIc IS regarded as a single umt. However, the Interval of time between the mtrusion of Pale1
pgene and Neogene-Early Pleistocene basalts is more than 20 million years. Radial basic dike swarm§
have never been found In the locatIOns where all the dikes were Intruded at the same time. Needless td
say, the seven areas of concentratIOns of basalt were marked by positive regIOnal geothermal gradlent§
~uring the Paleogene and Neogene-Early Pleistocene. It is just a coincidence that positive geothermall
gradient anomahes are also found In these seven areas at present. It seems that there are stilI a lot of
Iproblems in using these data to deduce the earlier occurrence of mantle plume and this problem wil]
~eqUlre further researchl

II'hemain charactenstlcs of Chinese Itthosphenc tectomcs are: western China has typIcal contlnentall
~ype crust and lithosphere; eastern China has a crust of continental type and transitional type lithospherel
Ibetweenocean and continent, the hthosphenc mantle In eastern China IS of oceamc type; the boundaryl
Ibetweeneastern and western China IS located along the Talhangshan-Wuhngshan; In eastern China th~

Ihthosphere was thmned since the JurassIc. The thmmng of the hthosphere was caused possibly by th~

k:ounterclockwise rotation of the crust of Eastern Asia, which became detached and thrust eastwards,1
pver oceanic type lithospheric mantle, rather than by large scale extension, rifting, the rise of a mantl~

plume or Itthosphenc delaminatIOn and removal of ItS root.
lIn thIs book thIs Immature proposal has been put forward In the hope of stImulating readers to pa~

lattention to, and to promote the research into the lithosphere tectonics of the Chinese continent. So farl
[esearch on the Chmese contmental hthosphere IS stilI m a prehmmary penod. Many Improvements ml
[esearch methods, techmques, theory and philosophy Willbe reqUIredbefore a consensus can be reached.1
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Chapter 1~

IMineralization and Tectonics in China

IFollowmgan account of the main features of the structure and tectonic hIstory of the Chmese contmen~

presented in this volume, the related applied problems, the influence of the environment and geologicall
Ihazards have been dIscussed. PartIcularly, the relatlOnshlp between tectonics and mmerahzatlOn WIlli
Ibe conSIdered m thIS chapter; there are very good prospects for the further development of mmerall
Iresources in China

II'ectonlcs proVIdes the context m whIch the search for strategy of mmeral resources m Chma mustl
!Je conducted; the tectonic setting must always be taken into account in mineral exploration. During th~

~ast century the older generation of geologists in China, such as Weng WH (1920*, 1927, 1929), Xi~
~R (1936, 1952), [I SG (1947, 1962), Huang TK (Huang JQ, 1945, 1960, 1965), [I CY (1982, 1984)1
ghang WY (1959, 1983, 1984), Chen GD (1960,1978), Guo WK (1987), and Song SH (1989, 1992)J
rsed tectomc theory to make great contnbutlOns to the exploratIOn for mmeral resources m Chma. 'Ih~

IpresentgeneratIOn of geoscIentists must make research on these foundations.
~ecentIy, many Important books and theses on tectomcs and mmerahzatlOn have been pUbhshedl

iJrovldmg excellent gUIdance to the exploratIOn for mmeral resources. I'he monograph by ZhaJ YS
~t aJ. (1999) covers tectonics, petrogenesis, mineralization and dynamics, identifies research target§
systematlcally, proVIdesan account of ore depOSIts, and defines the pnnclples and methods for the stud~

pf regIOnalmetallogeny. Major aspects are the background to mmerahzatlOn, metallogemc systems andl
Imetallogenic evolution. The book gives an account of the materials, and the genesis of minerals inl
[Ime and space, dIscusses the formatIOn and dlstnbutlOn of ore depOSIts, WIth the sCIentIfic baSIS fori
Ipredicting the presence of ore deposits and provides a comprehensive monograph of the relationshig
Ibetweentectonics and metallogenesls.

[n this chapter, the major epochs and belts of mineralization in Chinese continent will be describedJ
Iwhichare influenced by tectonics of China. The control of deformation on the development of endogenicl
pre deposlts WIll be explamed, the Importance of mtraplate extensIOn tectonics m metallogenesls andl
[he prospects for the dIscovery of further mmeral resources m Chma WIll be dIscussed, WIththe addltlOnl
pf some personal opinionsl

[n the second prospectmg project for mmeral resources m Chma, Ye JH (1998) (Group of ReglOnall
flanmng, Chmese Academy of GeologIcal SClences) (personal commumcatlOn) studIed 1,573 macroj
land meso-scale metallic and nonmetallic mineral deposits systematically, including 52% macro-scale
pre deposits, recorded by the Ministry of Land and Resources, and the main characteristics of theirl
Imetallogeny were discussed. Most metallic minerals have a hydrothermal origin, with those being of
~xogemc ongm havmg the secondary Importance; nonmetalhc mmeral depOSIts are mamly of exogemcl
pngm, WIth hydrothermal depOSIts bemg secondary, whIle metamorphIC and magmatic ore deposlt§

I' The article "On the regional mineralizationin China" was published by WengWH in 1920, who first defined the zond
fit metalhc mmeral depOSits m south Chma, I.e. the dlstnbutlOn ot the tm, lead-zmc-copper, anl1mony and mercury zones,
~nd also recogmzed the relatIOnshIp ot magmatIcrocks to metallogeneSIs (after Zhm YS, 1999).
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~onn less than 10% of the ore depOSIts in Chma (FIg. 14.1 ). Although011, gas and coal are of exogemcl
prigin, they are not included in these statistics.

60%
50% Ik-----

0%

20%
10% I...l---==--

o

[Fig. 14.1 Typesof metallic and nonmetallicmineral deposits in China (originaldata from Ye JR, 1998)(personalcom-I
iJiumcatlOn).

MetallIc mmeral depOSIts (number 993): magmatIc (44; 4.4%); hydrothermal (590; 59.4%); metamorphIc (102;
10.3%);exogenic(257; 25.9%).

Nonmetallic mineral deposits (number 580): magmatic (44; 7.6%); hydrothermal (169; 29.1%); metamorphic (60;1
10.3%);exogemc(307; 52.9%).

Hydrothermal types, broadlyspeaking,mcludecontact-metasomatic, pneumato-hydrothermal and exhalatIOn deposlls.

14.1 MainEpochs andBelts of'Mineralizationl

IMany dIfferenttypes of ore depOSIt have beenfonned m the ChmesecontmentdUrIng ItS longgeologlcall
Ihlstory. Accordmgto the stanstics gathered by Ye JH (1998), the MesozOIC was the main perIodfor thij
[ormation of both metallic and nonmetallic mineral deposits, fewer deposits were formed during th~

ILate PaleozOIC, and even fewer m the CenozOIc (FIg. 14.2): 82.4 % of metallIc mmeral depOSIts andl
p3.7 % of nonmetallIC mmeral depOSIts have been formed smce the Late PaleozOIC; 61.6 % of metallIC]
Imineral deposits and 49.2 % of the nonmetallicmineral deposits were formed during the Mesozoicandl
K:enozOlc. DepOSIts bearmgthe relatIvely stable elementsof the iron group (Fe, Mn, V ,'n and rare earthl
rlements, etc., i.e. ferrous metals) were formed mainly before the Mesozoic, while deposits bearing]
~elatlvely actIvemmerals, sulfidesWIth non-ferrous,rare and noble metals, were formed mamly dUrIng
[he MeSOZOIC and CenozOIc (Zhm YSet aI., 1999)J

[he objectivedata givenabovedifferfrom the conclusionsreachedby someChineseresearchers,andl
lalso the malO perIodsfor the formatIon of ore depOSIts 10 Chma dlfferfrom those recogmzedon a globall
scale (FIg. 14.3),where most ore depOSIts (38 %) are seen to have been formeddUrIng the PrecambrIanJ
II'he malO reason for thIS difference may be that there have been a great many collISIOns 10 the Chmesij
~ontment smce the Late PaleozOIC, and mtraplatedeformatIOn has been very strong, whIlePrecambrIanl
rocks are rarely exposed, forming only less than 10% of the total surface area of China (Cheng YQ,I
1994). lectomsm smce the Late PaleozOIC has resulted 10 the fonnatIOn of many ore depOSIts, but alsq
k1estroyed and replacedearlIerfonned ore depOSIts, thus ore depOSIts found at or near the Earth's surfacij
Iwere formed mainly since the Late Paleozoic.During the Precambrianthere might be just as many or~

k1eposlts formed 10 Chma as 10 other parts of the Earth, however they are now bUrIed deeply beneathl
&ounger PaleOZOIC, MeSOZOIC and CenozoIc systems. But It may be that these ore depOSIts cannot bij
~xplOlted economIcally, even in the dIstant future]
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FIg.14.2 Penods offonnahon ofmetallic and nonmetallic mmeral deposIts 10Chma (ongmal data from Ye JH, 1998).1

Metallic mmeral deposIts (number 993):Archean (52;5.2%);ProterozOIc (82;8.2%);Early PaleozOIc (42;4.2%); Lat~
paleozlc (207;20.8%); MesozOIc (466;46.9%); CeonozOlc (146; 14.7%)1

Nonmetallic mmeral deposIts (number 580):Archean (8; 1.3%); Proterozoic (88; 15.2%); Early PaleozOIc (57;9.8%);1
~ate Paleozic (142; 24.5%); Mesozoic (168; 29%); Ceonozoic (117; 20.2%).

[Fig. 14.3 Main periods forthe formation ofglobal oredeposits (after Zhai YS eta!., 1999).(38 % inPrecambrian; 15.7%1
in PaleozOIC; 46.3 %10MesozOlcl

IPenods m whIch011 and gas reserVOIrs accumulatedm Chma are also extremelyunevenlydlstnbutedl
1m l1me: 92% of hydrocarbon reservOirs occur wlthm the MesozOiC and CenozOic systems; only 8% ar~

~ound in the Paleozoic systems (Chen RS, 1994). Althoughmore oil and gas reservoirshave been found
1m PaleOZOIC systems recently, research shows that 80 % of 011 and gas reservoirs occur 10 Cenozolq
rocks (Jia CZ et aI., 2003).1

lDetermmatlOn of the mam epIsodes of formatlOn of the ore depOSits m Chma IS very Important, a~
lIt WIll control the dlrectlOn of exploratlOn programs and strategic mmeral supply. Dunng the 1990~

~here was a lively debate as to whether the emphasis should be concentrated on the exploration fori
IPrecambnan ore depOSIts, or more attentlOn should be paId to ore depOSIts formed smce the PaleozOIc.1
[I'hls debate sl1n has ImmedIatepraCl1cal slgmficanceat the present l1me.

~t should be possible to relate the formation of the various metallogenic belts in China to specifiq
rJetallogemc penods.lt IS of httle use to compIlemaps showmgthe dlstnbutlOn of the metallogemc belt~

Iwithout including the concept of time. Because different styles of tectonism were dominant in differen~

~ectomc penods, dIfferent mmeral assoclatlOns and types of ore depOSIts were formed. When Isotoplq
kJates are not avmlable the classlficatlOn of metallogemc belts IS based upon the tectomc dlvlslOns ml
Iwhich they occur. This provides only a rough guide for the exploration of ore deposits. Maps of th~

kltstnbutlOn of ore depOSIts, the classlficatlOn of metanogemc belts, or metanogemc prospects, basedl
pn SImIlar pnnclples, should be compIled for each tectomc penod. When ISOtOPIC ages were dlfficultl
~o obtam or completely lackmg, rt was understandable that metanogemc maps were compIled Wllhoutl



1342 14 Mineraljzatjon and Tectonjcs jn Chjnal

IInciudIng the tnne concept. More recently, WIth the development of ISOtOPIC datIng methods, It ha~

"ecome possible to attribute the formation of the different metallogenic belts to specific tectonic periods.1
[I'he charactenstlcs of the mam metallogemc belts m the Chmese contment and representatIve or~

k1eposlts formed dunng each metallogemc penod are descnbed based on recent data (Ye JH, 1998; Zhaj
IYS et aI., 1999)j

~rchean and Paleoproterozoic metallogenic periods. Ferruginous quartzite in Anshan of eastern
ILlaonIngand Qlan'an of Hebel was formed maInly durIng these penods. The super-macroscale sldent~

pre deposit in Dashiqiao and macroscale ascharite and ludwigite ore deposits, which occur in the eastern I
ILlaonIng Aulacogen, the Sedex type lead-ZInC ore depOSIt In QIngchengzl and the copper and ZInC or~

k1eposlts m Hongtoushan were also formed. A depOSIt nch m NI, Cu, Pt and Pd was formed m Jmchuanl
pf Gansu, controlled by paleo-fault zones.1

~eso- and Neo-proterozoic metallogenic periods.The super-macroscale Sedex type moblUm, rar~
~arth elements and Iron ore deposits m Bmyun-Ebo, Inner Mongoha, the Sedex type lead, zinc andl
sulphur deposits in Dongshengmiao, Inner Mongolia, all formed in an aulacogen on the northern marginl
pf the SInO-Korean Plate. Sedex type copper, Iron and lead-ZInC depOSIts were formed In an aulacogen onl
~he southwestern margm of the Yangtze Plate. I'he Iron, titamum and vanadIUm ore depOSIts at Damla01
[Heishan, Hebei formed in a deep fault zone on the northern margin of the Yanshan-western Liaoning
flepression in the Sino- Korean Plate. The nickel deposit at Dapoling, Guangxi, is located in the collision
lzone formed dunng the Qmgbalkou Tectomc Penod (~1 ,000Ma).

~arly PaleozOIC metallogenIc perIod. The mam depOSIts are the lead-zmc and SIlver depOSIts atl
lBaiyinchang, Gansu, the lead-zinc deposits at Xitieshan, Qinghai, the copper, gold and silver deposit~

lat BaInalmlao, Inner Mongoha, uramum, gold and SIlver depOSIts at Maqu, Gansu, all developed Inl
Ian internal continental depression, or in a marginal rift. Sedimentary mineral deposits, formed mainlYI
fluring this period, are the phosphorus deposits at Kunyang, Yunnan, the phosphorus deposit at XinhuaJ
pmzhou, and the sulphur depOSIt at DalongpIng, Guangdong; these depOSIts were all deposIted on al
~ontinental shelf in a shallow marine environment. Important sedimentary-metamorphic iron, coppe~

landcobalt deposits at Shilu, Hainan Island, formed during this period were also deposited initially on al
k:ontmental shelf]

~ate PaleozOIC metallogenIc perIod. The mam ore depOSIts m thIS penod are of porphyry coppe~

~ype, with gold deposits at Duobaoshan and Xiaoxinancha, Heilongjiang, which developed along ani
~xtenslOnal fault zone near a contInental margm accretion zone. The gabbro-type mckel and copper or~
fleposits were also intruded along a deep fault at Hongqiling, Jilin. The copper-zinc ore deposit at Ashile,1
pcinjiang, the gabbro-type copper and nickel ore deposits at Hami and Kalatongk, Xinjiang, and the leadj
Izmc depOSIt at Changba, Gansu, the hydrothermal copper, cobalt and zmc depOSIts at Delm, Qmghall
Iwere formed in local extensional fault zones in or near the Tianshan-Inner Mongolia-Dahingganling
K=oll1S1on Zone. The Iron, titanium, vanadIUm and mckel deposits at Panzhlhua and Danba, SlchuanJ
~he tin, lead and zinc deposits at Dachang, Guangxi, manganese deposits at Xialie, Guangxi, the goldl
fleposits at Getang, Guizhou, and the lead-zinc deposits at Laochang, Yunnan were formed as magmatiq
pr hydrothermal depOSIts In an aulacogen at the margin of the Yangtze Plate. I'he lead-ZInC depOSIts atl
fankou, Guangdong, the gold and silver deposits at Changken, Guangdong, the iron and copper deposit§
lat Dabaoshan, Guangdong, and the bauxite deposits at Gongxian, Henan were formed as sediments inl
lashallow sea, or by hydrothermal act1V1ty beneath a shallow sea. The baUXIte depOSIt at Maochang of
puizhou was formed as a paleo-soil by weathering during the Late Carboniferous. The Carboniferousl
land PermIan were also Important coal-fonnIng penods; the coal beds In these systems also supplyl
Imethane.

[ndosIllmn ('Ihasslc) metallogenIc perIod. ThIS ISnot one of the mam metallogemc penods (FIg.
14.4), although continental collisions and intraplate deformations were widespread, but is a very interestj
lIngpenod for tectomc research. But dunng thISpenod the eastern rmgrauon of magmatic or hydrother-I
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rJal systems caused the mobIlIzatIOnof mmeral-beanng flUlds to form ore deposIts; these movementsl
lalso destroyed ore deposits and reservoirs. Major metallic deposits are related to collision, as well a§
Imtermedlate to small-scale chromIUmand platmum group deposIts occurnng In ultra-mafic rock bodlesJ
lasbestos and blue asbestos deposIts are related to serpentlnlzal1on, and some other endogemc magmatlq
land hydrothermal deposIts were formed In secondary cross extensIOn faults. Some Intermedtate andl
small-scale endogemc ore deposIts are related to mtraplate deformatlOnl
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~·Ig. 14.4 The age of 10nnatlOn 01 metalhc mmeral depOSits 10 South Chma dunng the MeSOZOIc (Zhan MG, 1994).
II. Inasslc metaIIogemc epoch; J. JurassIcmetaIIogemc epoch; K.CretaceousmetaIIogemc epoch.

[. Shlzliuyuan; 2. Xlanghnp; 3. Shanshan; 4. Xlanghuapu; 5 and 6.xlanghuahng; 7. Llmu; 8. Dengfuxtan; 9.
[)abaoshan; 10and 11.Qlebaoshan;12. Ylhu;13.Dashunlong; 14.Iongshanhng; 15.Huangshapmg; 16.Shmkoushan; 17.
~Ianyang; 18. PaoJlnshan; 19.Dongpo; 20. No.212ore depOSIt; 21. Yaogangxian; 22 and 23. Huangsha;24. Honghng; 251
land 26. Dajishan;27. Piaotang;28. Xihuashan; 29. Meiziwo;30. Yaoling; 31. Jubanken;32. Guimeishan;33. Pangushan;
134. Beiyunxian; 35.Qianchang; 36.Jiangkenli; 37. Hailuoling; 38. Hanjiaoshan; 39. No.531 ore deposit; 40. No.430 ord
kleposit; 41. Zhudong; 42. Xingluoken; 43. Dafan; 44. Deqing; 45. Nanping; 46. Shimaling;47. No.541 ore deposit; 48.
!"I0.4I4 ore depOSit; 49. Henshan;50. No.561 ore depOSit; 51. Huken;52. Xushan;53. Xishan;54. Xlpmg;55. Ymyan; 56.
IShlru; 57. hantang; 58.Yashan; 59. hanpmslian;60. Fuzlchong;61. Sanhe;62. Zhanggonghng; 63. Mang'ehng; 64.Leng
Islimken; 65. Xlangshan;66. Zhudt;67. Iongken;68. Yangshan; 69. Guaslian; 70.Maken;71. Qtanshan;72. heshanzhang;
r3. Sulian;74.Xianwu;75. Changpu;76. Xlhng;77. Houpo'ao; 78. Boluo;79. Jmquhng;80. Ltanhuashan; 81. Zhongteng;
82. Chilu; 83. Yinken; 84. Wubu; 85. Dalingkou; 86. Xiashan; 87. Yinshan; 88. Tongchang; 89. Geyuan; 90. Zijinshani
pI. Tashan; 92. Hongpumenling; 93. Beiniu; 94. Bumo; 95. Hetai; 96. Changkenand Fuwan;97. Babaoshan;98. Yanbeij
p9. Yadai; 100.Yaliang; 101.Anding,Jiusuo; 102.Niumiao; 103.Chuankou; 104.Dajiangping;105.Fenghuangling; 106.
["lannan, 107.Gaolian; 108.Jmshan; 109.Hehng.
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II'he main metallogemc penod dId not occur dunng the major colhslOn penod. Thls lesson has beenI
~earned over the past thirty years, after the expenditure of large-scale funding for scientific researchl
landexploratIOn. However, some researchers have either forgotten or do not know about thISexpenencel
land stIll conslder that metallogenesIs occurred dunng colhslOn and emphaSIze the Interdependence of
Imetallogenesls and the scale and strength of colhslOn. It IS regrettable that thIS 0plmon IS stIlI held b~

some researchers studying orogenic colhslOn zones, and also by some pohcymakers In the government
(Qiu XP, 2002). It is necessary to reconsider this opinion.

IYanshanIan metallogenIc perIod (200-135 Ma). ThIS penod was very short, however the quantItYI
pimetallIc minerai depOSIts, lormed dunng thlS penod, compnse a quarter 01 the total lor the whole 01
K:hlna;the quantity of nonmetalhc mineraI depOSIts are about 15% of total for the whole of China. It IS al
Imajorperiod for the formation of hydrothermal ore deposits of non-ferrous, rare and noble metals, thes~
lare controlled by Intraplate deformatIOn, espeCIally In extensIOnal faults or JOints, and can be d1V1dedl
Ilntothree metallogemc zones (FIg. 14.5)j

II'he metallogemc zones of northern margin of north China and Qlnhng-Dable- longhng were alii
~eveloped In onglnal colhslOn zones or along basement faults and were Influenced by the stress field Inl
~he Yanshanian Tectonic Period. Earlier near E-W trending foliation and fault zones limited extensionJ
~onnlng condItIOns for the accumulatIOn of many ore depOSIts. The main representatIve ore deposlt~

lare the gold depOSIts at JIaplgou, JIlm, at PaIshanlou and Ylwulvshan, Llaomng and Shuanwang andl
pciaoqinling, Shaanxi, and the lead, zinc, silver and gold deposits at Caijiaying, Hebei~

II'he thIrd important metallogemc zone IS located m south Chma, concentrated m the Nanhng area.
k\lthough regional fault zones of the Yanshanian Tectonic Period are mainly NE-trending, the majo~

rJetaliogemc zones are WNW-trending, nearly parallel to the maxImum pnnclpal compreSSlVe stres~

~unng that penod. RepresentatlVe ore deposlts are: copper, gold, molybdenum and sulphur at longhng)
k\nhui and Tongchang, Jiangxi, and tungsten at Xihuashan, Dajishan, Piaotang and Dahutang.

punng the Yanshaman 'Jectomc Penod, mercury depOSIts at Wanshan, Gmzhou, and antImony dej
POSItS at XIkuangshan, Hunan were concentrated m the hmge zones of NNE-trendmg antIchnes. Th~

~ungsten, tm, molybdenum and bIsmuth deposIts at Shlzhuyuan, Hunan, occur at the mtersectlOns of
~aults, forming multl-penod hydrothermal super-giant ore deposlts. Statlstlcal analySIS by Shl MK et al.
(1993) showed that the major periods for the formation of copper and lead-zinc ores were in the Middl~

lo I.ate Imassic
IWheredelormatlOn was rather weak, the Yanshaman Penod was also the most lmportant penod fori

~he formation of coal deposits in and near Ordos, and the period for the accumulation of oil, gas andl
rramum m North and Northwest Chma, m the Ordos, SIchuan, the western part of Northeast Chma,1
[nner Mongoha and m the Northwest Chma basmsJ

ISlchuanIan metallogenIc perIOd (135-52 Ma). ThiS penod was also very short. However, the metaIj
IhcmineraI deposlts fonned amount to a quarter of the total for the whole of China, and the amount of
ronmetalhc mineraI depOSIts fonns about 20% of the total for the whole of China, slmIlar to the Yan1
shanian Tectonic Period. This was the major period for the formation of hydrothermal ore deposit§
pi non-Ierrous, rare and noble metals, controlled by Intraplate defonnatlOn and for the lormatlOn 01
OCour NNE-trendmg metallogemc zones m East Chma (FIg. 14.6): the Hengduanshan, Dahmgganhng
rraihangshan, Tancheng-Lujiang and South China metallogenic zones. About 70%-80% of all ore de1
pOSItS m Chma were formed dunng thlS penod in extensIOnal lault and fissure zones trendmg NNE, NEI
landENE, almost parallel to the maximum principal compressive stress during the Sichuanian Period.1

II'he main representatIve ore depOSIts are: lead-ZinC at Jlachun, Slchuan, tin at GeJIU, Yunnan, Inl
~he Hengduanshan metallogemc zone; lead-ZinC at BaYlnor; Iron and tin at Huanggang, Inner Mong01
Ilia; molybdenum at Yangjiazhangzi, Liaoning; gold at Jinchangyu, Hebei; uranium at No.460 Mine,1
Quyuan, Hebel; the Iron at Handan-XmgtaI, Hebel; molybdenum at Jmdmcheng, ShaanxI; mercury atl
Qongguan, ShaanxI; molybdenum at Nanmhu, Luanchuan, Henan m the Dahmgganhng-TaIhangshan
Imetallogemc zone; gold fields at Zhaoyuan-LaIzhou, Mupmg-Rushan and GmlaIzhuang, Shandong ml
~he Tancheng-LuJlang metallogemc zone; the lead-ZinC depOSIt at Wubu, ZheJlang, fluonte, alumte andl
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~'Ig. 14.5 Zones of metallIc mmeral deposIts m eastern Chma dunng the Yanshaman Penod (200 135 Mal (Wan TF,I
1994)1

Legend: 1. MetallIC mmeral deposIt; 2. Normal fault; 3. lhiUst; 4. Stnke-slip fault; 5. Irace of maximum pnnclpl~

compression stress]
N: Metallogenic zones on the northern margin of north China; 0: Metallogenic zone of Qinling-Dabie-Tongling;

f: Metallogenic zones of southern China (centered in Nanling).

j)yrophyIltte deposttsto ZheJtang, and tm deposttsat Dachang, Changpuand hshUtmen, GuangXt to th~
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[Fig. 14.6 The metallicmineral depositzonesof easternChinaduringthe Sichuanian Tectonic Period(135-56 Ma)(Warj
ifF, 1994)1

Legend: The sameto Fig. 14.5.
H: Metallogellic zoneot Hengduanshan; X: Metallogellic zoneot Dahmgganhng Imhangshan; I: Metallogellic zon~

fit Tancheng Lujtang;S: Metallogellic zoneot southChma.

ISouth China metallogenic zone. The main period for the formation of tin deposits in the South Chinal
Imetallogenic zone was the Early Cretaceous (Shi MK et al., 1993).

II'he South Chma metallogemczone can be d1V1ded into three zones: (1) the southeastcoastaleplther1
Imal deposit zone with Pb, Zn, Au, Ag, fluorite,alunite and pyrophyllite;(2) the southernJiangxi--centrall
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IHunanhypothennal and mesothermal deposIt zone wIth W, Sn, Pb, Zn, Nb, Ta and rare elements; (3) thij
IwesternHunan-Guizhou epithermal deposit zone with Hg, Sb, As, Au, '1'1. This zonal division for southl
K:hmawas first proposed by Weng WH (1920). Recently, mmmg m South Chma metallogemc zone ha§
~aced a cnSlS, for most of the mmerals have been extracted, so that as a matter of urgency exploratlOnl
landmining have been extended over a much broader area and to depths of up to 1,500ml

linthe Slchuaman l'ectonICPenod, most of the sedimentary basms in Chma had a desert environment
Iwitha hot, dry climate with the formation of gypsum and halite deposits; however, in northeastern Chinal
land m the Junggar area the clImate was warm and moist, favorable to the formatIOn of 011 and gas, e.g.
[he Dagmg OIl and gas field.

~ineral deposits formed during the Yanshanian and Sichuanian Periods often show evidence of
[he superposItIon of several epIsodes of metallogeneSIs, so that many useful elements have becomel
~ighly concentrated, e.g. the copper, iron and gold deposits at Daye-Yangxin, Jiujiang-Ruichang andl
latTonglIng m the lower and mIddle reaches of the Yangtze RIVerarea (Zhal YS et aI., 1992; Wan TF,
1994). Ore depOSits of the YanshanIan metallogenIC penod fill mamly WNW-trendmg extensIOnal faultl
lzones,while those of the Sichuan ian metallogenic period fill mainly NNE-trending extension fault zone§
(FIg. 14.7). 'I he mtersectlOn pomts of faults formed m separate tectOnIC pen ods are often proVIded thij
posItIons for the formatIon of the nchest ore bodIes. 'Iwo metallogemc penods affected the antimonyl
~eposit of Xikuangshan, Hunan, in which the main controlling structures for the deposition of ore bod1
lIes were the hmge zones of antIclInes. Ore bodIes of the Yanshaman Penod are preserved mamly m thij
[lINE-trending hinge zones of anticlines, and those of the Sichuanian Period are preserved in the WNW-I
~rendmg hmge zones of superposed secondary antlclmes, wIth the major ore depOSIts bemg fonned atl
~he mtersecuon of two antIclInal hmge zones.1

200-135 Ma /Kc'0.'7~~~

~'Ig. 14.7 The tectomc stress fields, rock deformatIOn and theu mfluences on metallogeneSIs dunng the Yanshaman an~

ISichuanian Tectonic PeriodsJ

!. Conglomerate; 2. Sandstone; 3. SIltstone and Shale;4. DlOnte; 5. Ore depOSIt; 6. BreCCia Zone;7. AXIal surfaceofj
iiiiCrOfOJO

Whereare many nng structures outcropping at the surtace m the Chmese continent, WIth some relatmg
~o deeply buried igneous intrusions. Hydrothermal ore deposits are commonly associated with these ring]
structures, but are not developed all around the nng fault, whIle are often concentrated on eIther sldij
pf the rmg structure. In the YanshanIan 'l'ectonIC Penod, the NE and SW SIdes of the rmg faults werij
subject to extension, and easy to accumulate ore deposits, due to the WNW orientation of the regionall
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rJaxlmum prinCIpal compressive stress, whIle In the Slchuaman Tectomc Penod, the NW and SE slde~

pf ring faults were extended, and easy to accumulate ore deposits, due to the NNE orientation of th~

[eglOnal maxImum pnnclpal compressIve stress. Clearly In these cases the honzontal regIOnal tectomq
stress controlled the locatIOn of the ore depOSIts (Wan TF, 1994). The above dlstnbutlOn features ar~

IveryImportant for exploratIOn of ore deposits In Chlna~

~orth Sinian metallogenic period (52-23 Ma). According to recent data, this was the major period
~or the formatIOn and accumulatIOn of 011 and gas resources In eastern China, such as the 011 and ga~

lfields around Bohai Bay, north Jiangsu-south Yellow Sea, East China Sea, the Jianghan Plain (southl
IRubel and north Runan areas) and the mouth of the ZhuJlang. The source rocks of the large Daqlngj
~nl and gas field were depOSItedIn the Early Cretaceous, and the structures forming the reservOIrs wer~
developed at the end of the Paleogene~

~ndogenlc metalhc mineraI deposits formed dunng the North SInian penod occur In the Hengdu1
lanshan and Qinghai-Xizang areas, in the Yunnan-Qinghai-Xizang metallogenic zone. Representativel
pre depOSIts are the porphyry copper and molybdenum depOSIts near Yulong, eastern XIzang formedl
Ibetween 40 and 50 Ma, the gold depOSIt at Laowangzhm, Yunnan, the lead-ZinCdepOSIt at Jmdmg, Yun1
Inan. Ore deposits formed during this period will be explored and exploited as part of the "Western Chinal
!Developing Plan". In eastern China the only lead-ZinC deposlt fonned dunng thlS penod, controlled b~

lanear E-W-trendlng normal fault, was at '!'aolln, HunanJ

~imalayan metallogenic period (23-0.78 Ma). This was another important period for the deposij
~ion of source rocks and accumulation of oil and gas resources in Chinese continent. The discovery andl
~xploratlOn of two great gas fields have been very successful: Ylnggehal, southwest Ralnan Island, andl
fL 19-3in southern Bohai Bay. Both fields were formed during this epoch, controlled by N-S trending]
~ompresslOn, near N-S trending fracture zones and faults opened up WIth a hlgh permeablhty, pennlttlngj
Ihydrocarbons to nse through the section. After the Early PleIstocene, In the Neotectonic Penod, thes~

[ractures and faults were closed, influenced by near E-W compression, forming excellent gas reservoir§
latYinggehai and PL 19-3.This discovery was extremely important for exploration oil and gas in China.
~efore thISdIscovery, geoscIentIsts thought that faults always proVIdegood mIgratIOn paths for OII-gasJ
landcould not be responSIble for the formatIOn of reservOIrs.

IA great many endogemc ore depOSIts and porphyry copper depOSIts (intra-continental type) formedl
fiuring the Himalayan period have been discovered in the Gangdise metallogenic zone, Xizang, in recentl
5'ears, g1V1ng lSOtOPIC ages of 14-15 Ma (Rou ZQ et aI., 2003;RUI ZY et aI., 2003; LI GM and RUI ZY,
12004), WIth the largest mineraI reserves In China.

Neotectonic metallogenic period (0.78 Ma). Ore deposits, such as placers of gold, monazite, xenoj
~ime and rutile, formed along coasts or in rivers also have economic values. Underground water in th~

~rust proVIdes an Important water resource, including geothermal vapor and water. Hypothermal sys-I
~ems occur mainly in the Yunnan-Xizang and Taiwan areas; only epithermal systems were developed inl
lhe basins of eastern (:hina I

14.2 Rock Deformation Influencing Mineralization

~n recent years the major development In research into the geology of ore depOSIts has been the recog1
Inition that metallogenesis is a mobile and changing dynamic process. Petroleum geologists first recogj
,'med that research Into the fonnatlOn of 011 and gas fields reqUIred consIderatIOn of the aSSOCIatIOn of
source rocks, rmgrauon pathways, reservoirs and cap-rocks. 'I he same concepts can be apphed to th~

[genesis and accumulation of ore deposits. Research into mineralization should consider the source of
~he metallogenic materials, the migration paths of the metallogenic elements, reservoir status and con-
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kbtlOns of preservationof ore bodIes.'I he tectomc stress field and its mfluenceon the deformatIOn of thij
[ocks may also affect the mineralizationprocess to varying degrees.1

[fectonic units and the source of metallogenic materials. As descnbed In Chapters 1, 2 and 4,1
~he different continental blocks making up China continent belong to different tectonic regimes. Th~
pngInal crust and mantle matenals, of whIch each block IS composed, were dIfferent, and they havij
~ndergone very dIfferent geologIcalevolutIOn, wIth each block havIng developed dIstInctgeochemlcall
~haractenstlcs. A contmental block, belongmg to a partlcular tectonic umt, WIll often host slmllar orij
k1eposits, different from those of other blocks. Regional geochemical characteristics are an essentiall
~ontrollIng factor for metallogenesls. It means that partIcular types of ore deposlts may only be foundl
lIn certaIn regIOns, and may not occur In other areasJ

IOn a theoretical basis it might seem that more than one hundred chemical elements could be found
lIn anywhere on the Earth's surface, only the proportions of dIfferent elements mIght be dIfferent. Ge1
Inerally, any elements which were originally common in the Earth's crust and mantle can be concentratedl
Iby geologIcal processes and accumulated as ore deposlts. Of course, dIfferent ore deposlts may bij
laccumulated to dIfferentdegrees. Also technIcaland econormccondltlOns must be consIdered. It seem~
probable that any ore deposit could occur in any region. However,when the distribution of ore deposit§
lIS studIedm detaIl, It IS dlscoveredthat dIfferentregIOns havetheu own dlstmctlvetypes of ore depOSIts.

[rakIngeach of the contInentalblocks before theIr IncorporatIOn Into ChIna, the SIno-KoreanPlate I§
~haracterized by deposits of iron, gold, magnesium,boron, niobium and rare earth elements, deposits of
~agneslUm and boron were formed dunng the PaleoproterozOlc, maInly at the base of the aulacogen Inl
rastern Liaoning-easternShandong.In the Mesoproterozoicdeposits of niobium and rare earth element§
IWlth reserves, makmg up 70 % of those of the whole globe, were concentrated m the BaIyun-Ebol
laulacogen on the northern margm of the Smo-Korean Plate. The North Yangtze Block lScharactenzedl
"y deposits of copper, iron, gold and mercury; the South YangtzeBlock is characterized by deposits of
[In, lead, ZInC and antImony, formIng the largest tIn metallogenIcproVInce, not only In ChIna, but In thij
Iwhole world. Although tungsten depOSIts also occur In the South YangtzeBlock, the sIzeand reserves of
~hese deposIts are very small. lhe charactenstIcs of element accumulatIOns In the South Yangtze Blockl
lare slmllar to those of the eastern Malay PenInsula, northern Sumatra and parts of VIetnam; however)
~he Cathaysian Block is very special, reserves of tungsten make up more than half the deposits of th~

Iwhole globe. I'here are also many Important deposlts of lead, zinc, SIlver, copper, gold, uranium andl
some nonmetallIC mInerals]

IThe Junggar, Tarim, Qaidam, Qiangtang and the other small blocks in China are largely coveredl
Iby sedImentary baSInS at the present day and outcrops of the basement are rare, so that there are notl
sufficlentdata aVaIlable for a senSIble dlscusslOn.

pre depOSIts In collISIOn zones are slmIlar to those formed dunng the I'nasslc metallogenIcpenod)
II.e. mamly mtermedIate or small-scale chromIUm and platmum group depOSIts in ultra-mafic bodIes)
lasbestos and blue asbestos deposits associated with metasomatic serpentinization,and some magmatiq
pr hydrothermal deposlts formed m extensIOnal fault zones. A large number of small-scale chromlUml
k1eposlts formed In dIfferent penods are found In collISIOn zones, for example, the chromlte deposlt§
pf Dadorg and Yushigou, Qilianshan were formed in the Neoproterozoic, those of Shartohai in west-I
rrn Junggar In the DeVOnIan and CarbOnIferous, those of YI1Inhablfgar In north Tlanshan In the Mlddlij
K:arboniferous, and those of Lubusha and Donggia, Anduo, Xizang in the Cretaceous and Paleogene.1
IFollowmg collISIOn, later tectOnIC processes, related to mtraplate deformatIOn, have controlled the forml
pf many deposlts. Where two crustal blocks are Juxtaposed along zones of weakness ore depOSIts ma~
show mixed elemental characteristics from both blocks and it may be difficult to determine the contrij
IbutlOn of each block to the deposltJ

~ccumulatlOns of tungsten and tIn In the CathaYSIan and South Yangtzeplates, respectIvely, are gUltij
~nique. It is only a slight simplificationto claim that the Cathaysian Plate is rich in tungsten, while th~

ISouth Yangtze Plate IS nch In tIn. In the most areas of ChInese contInent, these elements are rathe~

[are, however some small-scale tungsten and tin deposits are found at Jiamusi and Dahingganling inl
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rortheastern Chma, m Gansu and in the Junggar areas. The element accumulatlOns in the vanous crustall
"locks may provide important evidence for plate reconstructions.

[I'he above diSCUSSIOn ISprelimmary, as It IS difficult to establish the dlstnbutlOn of the charactenstJij
klements m each contmental block, a great deal of work IS necessary. Crustal blocks have been affectedl
Iby mulliple tectomc processes, wilh large-scale movements and catastrophic colliSIOns. There may hav~

Ibeen mtra-crustal detachments or detachments between the crust and mantle. After colhslOn there ma~

!lave been intraplate deformation during several later tectonic periods, so that the original distribution of
~Iements and ore deposlts may have been greatly modlfied by later events. The result may be extremelyl
Romplex and many researchers have conSidered that It might be ImpOSSible to resolve.

Control of elementmigration by faults. There is very little element migration in solid rocks, es-I
pecially in sedimentary or metamorphic rocks. However, during the formation of magmatic rocks andl
~ydrothermal depOSits, elements are in a ffiiid conditIOn, and are able to migrate over conSiderable dis]
~ances, behaving in a similar fashion to fluids like oil, gas, underground water or epithermal fluids.1

IFaults, penetratmg to different depths, may provlde condUits for the movement of magmas and th~

~eposltlOn of ore depOSits of dlfferent types (hg. 14.8). Ultra-mafic rock bodies from the mantle wlthl
linclusions containing ore deposits of the iron and platinum groups, and diamonds may have been upj
Ihfted along hthosphenc faults, caused from athenosphere, and emplaced in a cold state near the Earth'~

surface]
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!Fig. 14.8 Faults, penetrating to different depths in the crust provide channels for different types of magmatism and!
!i1etallogenesls.

K:rustalfaults, penetrating to the Mohoreovicic discontinuity, provide conduits for the rise of magmal
[rom mixed crustal and mantle sources. The magmas are mainly of intermediate composition and th~

lassoclated porphyry copper depOSits are charactenzed by chalcophlle elements, noble, non-ferrous andl
[are metals, such as gold, silver, molybdenum, copper, lead, zinc, mercury, arsenic and antimonyJ

!Basement faults, penetrating to the low velocity and high conductivity layer in the middle crust,1
proVide condUits for S-type aCidgramlic magmas formed by re-meltmg of the crust, mtruded as sheetedl
gramt01d batholiths and stocks. The assoctated ore depOSits are charactenzed by lithophile elements,1
such as tungsten, tm, uranium, iiiobiiiiii, tantalum and rare earth elementsJ
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IFaults penetratmg to different depths In the crust may cause a decrease In pressure and a nse iii
~emperature, inducing partial melting of the rocks and the mobilization of geothermal fluids, allowing]
k1lfferent element assocIatIons, formed at dIfferent depths, to nse and accumulate nearer to the Earth'§
S\ii1aCe]

II'he above relatIOnshIps between faultmg and metallogenesIsare proposed by the author; It IS hopedl
~hat thIsproposition wJlI beconsIderedand confirmedbyfuture studIes.It seems that for most endogenIcl
pre deposits, the controllingfaults are mainlybasement and crustal faults, indicating that metallogenesi§
pccurs maInly near the base of the crust, and that hthosphenc faults gIve nse to relatlVely few mIneral1
k1eposlts. 'IectonIsm has been very strong In the Chmese contInent and occurred dunng many penodsJ
Iwith differentdirections of stress. Slidings and ductile shear zones occur easily in the low velocity layerl
pf the mIddlecrust and at the MohorovIcicdIscontInUIty, In most areas of the ChInesecontment, excep~
~he Qinghai-Xizangarea, crust and mantlehave been decoupled.The lowercrust or upper mantle,whichl
lat present hes beneath the upper crust, IS not the same lower crust or upper mantle, as It used to be.
Where IS no close relatIOnshIp betweenthe hthosphenc mantle or the asthenosphereand metallogenesls.1
~esearch into lithospheric tectonics is only of limited value as a guide to the exploration for minerall
kleposlts. ThIS IS not to say that research Into hthosphenc tectOnICS should be dIscontInued, but the valu~

pf thIs research should be assessed realIstIcally. A greater amount of research mto the mtenor of th~

Earth is not likely to lead to greater success in the exploration for minerals.

[(he relationship between rock deformation and reservoir space for metallogeny. ThIs probleml
lIs dIscussed very thoroughly in many textbooks and monographs (Chen GD, 1978; Zhm YS et al.,1
1993, 1997). If fissures or cavities occur in rocks during deformation, there is always the possibilit}j
~hat mInerals may be concentrated In them to form ore bodIes.ThIS has been a central concept for th~

relatIOnshIp between the structural geology of ore fields and ore deposItsover the last fifty yearsl
[s it possible for ore genesis to become specific to different tectonic environments (extension, comj

pressIOn or stnke-slIp)? For example, IS the formatIOn of lead-zmc deposIts related to normal faultmg
(mcludmg extensIOn and detachment types) or gold deposIts to the formatIOn of ductIle shear zones'~

~any examples demonstrate that dIfferent types of mmeral deposIts are not related to partIcular struc1
~ural environments. However, thIs IS not the case for rnagmatism; dIfferent types of magmatism ar~

[elated to specific types of mineral deposits. The major influence of deformation on ore deposits is tg
kletermIne the shape of the ore bodIes. In magmatIcand hydrothennal deposIts, rock deformatIOn open~

rp pathways for the mIgratIOn of flUIds and opens up spaces for the accumulatIOn of mIneraIdeposIts.
!Deformation does not create new rock types, apart from fault rocks or ductile shear zones, nor doe~

lIt form new ore deposIts. Where fissures are formed m rocks as the result of deformatIOn, any kmdl
Immeral-beanng flUId may pass through the rock to form accumulatIonsof ore mInerals. It would be al
rJlstake to attnbute dIfferenttypes of metallogeneSIs to speCIfic types of deformatIOn.

IDlfferent scales of defonnatlOn affect the scale of metallogeneSIs. Osually, larger scale deformatlOnall
structures accumulate larger ore deposits. For example, larger sedimentary basins accumulate largen
kleposlts of organIC matter or of gypsum and hahte. 'I here are always greater accumulatIOns of 011 andl
gas m large-scale antIclInereservOIrs. Large regIOnal fault zones, hundreds to thousands of kIlometre§
lin length and severalhundred or thousand meters in width, control the migration of metallogenic f1uids,1
land control the dlstnbutlOnof metallIC mmeral depOSIts across a complete metallogenIC provmce. Inl
south China, regional faults and metallogenic belts are NE-trending, however,within the metallogeniq
Ibelts, a senes of ore depOSIts were accumulatedonly along secondary WNW-trendIng extenSIOnal faults.

ILarge-scale regIOnal fault zones have a hIgh permeablhty due to numerous open fractures, favorablel
~o fluid migration, but unfavorable to the accumulation of mineral material to form ore deposits. Notl
pnly are there no large ore depOSIts, but few ore depOSIts are found, except some "stone-hke coal", I.e.
largIllaceous quartzIte WIth 5%-10% carbon. When thIs "coal" IS mvolved In a fault zone, the pennej
lability is increased, and the coal is fractured and can then be used as fuel, for example, in the YunxiJ
[-rubel stone-lIke coal depOSIt. In addItIon, some large-scale fault zones, when they were compressedl
land became impermeable in the Neotectonic Period (since 0.78 Ma), have accumulated gas deposits,1
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such as the newly dIscoveredP[ 19-3gas reservoir in southern Bohal Bay,along the Tancheng-[uJlan~

fault Zone
Meso-scale fault zones often proVIde fracture zones, dozens to thousands of meters m length, dozen§

pf cenhmeters to hundreds of meters m WIdth, and thousands of meters m depth m whIchendogemc or~

~eposlts are accumulated. Most ore deposits occur m meso-scale fault zones.
ISmail-scale fault zones may form gram or super-giant depOSIts of copper, molybdemum, gold orl

rranium where there is a high concentrationof micro-fissuresor joints, in whichore deposits form finel}j
~Issemmated vem structures, and there IS no reqUIrement for hIgh grade ores. There IS no relatlOnshl~

Ibetween the type and scale of deformatIOn and the types of ore depOSIt.

rreservation of ore deposits by late period tectonism with uplift or depression. For ore deposit§
~o be preservedfrom the time of formation until the present day, they need to remain intact and to remain
Ibuned at a SUItable depth. I'hese requirements are related closely to theIr tectomc hIstory.

pre deposits do not usually survivelater tectonism; if they suffer tectonism they are easily destroyed.1
lin the Chmese contment many ore depOSIts, formed before the Early PaleozOIC, have been destroyedl
IWlth only a few bemg preserved. Major tectomsm in the MeSOZOIc-CenozOIc was related to the forma1
~ion of many new ore deposits, but also destroyed many former deposits. It cannot be said that a greatl
rJany ore depOSIts were formed m MeSOZOIc-CenozOIc, and It IS really the case that a hIgh proportlOnl
pf MeSOZOIc-CenozOIc depOSIts has been preserved. 'I hIS has the Important result that the MesozOlc~

~enozoic appear to be the main metallogenic epochs, because ore deposits, formed in the Early Pale1
PZOIC and earher penods, are preserved only m areas, such as Northwest Chma, the western Yangtzel
larea and Inner Mongolia which suffered only weak tectonic deformation at later periods during th~

lMesozoic-< :enozoic]
Il'hemost of structures controlhng the formatIOn of ore depOSIts in the MeSOZOIc-CenozOIc metall01

[genic epochs were developed along existing zones of tectonic weakness. The orientation of stress ha§
Rhanged many hmes, breakmg the contmental blocks mto much smaller pIeces, so that the scale of dej
OCormatlOn was rather hmlted. ThIS may be the reason why many small or mtermedlate scale, but nch,1
pre deposits are found m the Chmese contment.

K:ondltlOns for the formatIOn of economic ore depOSIts are rather exacung. In addItIOn to favorablel
[geological conditions, economic and technical conditions must also be satisfied. In China, at presentJ
~conomlc and techmcal consIderatIOns hmlt the depth to whIch ore depOSIts can be worked to less thanl
la kilometer beneath the surface, and for flUId resources to less than 6 km. If buned ore depOSIts are tog
fieep the cost of exploitation will be too high and the deposit cannot be worked economically.ShalIo\\j
k1eposlts are hkely to be weathered and eroded. The depth at whIch a depOSIt IS now found IS unhkelyl
[0 be the depth at whIch It was formed. After ore depOSIts or hydrocarbon depOSIts have been formedJ
lappropnateuphft IS reqUIred to make them acceSSIble. Integrated research on the depth of formatlOnl
pf depOSIts and the geomorphology of ore fields IS reqUIred to IdentIfy the effects of recent vertlcall
Imovements. So far there has been very little research into these effectsI

14.3 Intraplate Extension Mineralizatioll]

IFrom research mto regIOnal metallogemc epochs, metallogemc belts, the mam controllmg structure~

~or ore depOSIts and recent data on large and mtermedlate scale ore depOSIts (Ye JR, 1988)(personalI
~ommunication), it is found that of ] ,573 endogenic and exogenic solid ore deposits, ] ,255 were conj
[rolled by regIOnal extensIOn, formmg 79.8%of total; 39ore depOSIts were controlled by localextenslOnJ
OCormmg 2.5%of the total; 123ore depOSIts were controlled by compreSSIOn, formmg 7.8%of the total;1
~ectonic influenceswere unclear in 156 ore deposits, forming 9.9% of the total. The formation of all oil]
gas and coal reserves was controlled by regIOnal or local extenslOnJ
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[I'he data grven above demonstrate that the most Important endogemc or exogemc phases of m101
~ralization in the Chinese continent were due to intraplate extension, including ore deposits formedl
pn contmental shelves and 10subsld10g nft basms. The formatIOn of these deposIts was unrelated tij
subductIOn or colhslOn. Ore deposIts filhng extensIOnal or transtensIOnal faults, controlled by reglOnall
~xtenslOn, mclude most of the magmal1C and hydrothermal deposlls. By ore deposIts, mfluenced by 101
~al extension, It IS found that even 10a general compressive regime many extensive cross faults ma~
!Jeformed, which are filled by magmatic and hydrothermal materials. Only the occurrence of a few or~

kleposlts, such as the chromIUm, platmum and blue asbestos deposIts, related to the emplacementof coldl
~ltramafic bodIes, and the Iron and graphIte deposIts due to regIOnal metamorphIsmwere formed andl
emplaced directly by regional compression.

[rhese conclusIOns ddfer from the prevalhng op1OlOn, accordmg whIch orogenesIs (colhslOn zone)
Iwas the cause of the main episodes of mineralization in China, and also from the opinion that the scal~

pf deposIts IS related to the 10tenslty of colhslOn (QIU XP,2002). ColhslOn should not be confused wlthl
subductIOn; there IS a great dIfferencebetween colhslOn and subductIOn. Whenocean crust IS subducte~

!Jeneatha continent to a depth of ~100 km, partial melting of the rocks occurs, producing intermediatel
Ivolcamsm and generat10g many large and famous super-large porphyry copper, molybdenum and goldl
k1eposlts of the world, whIch are related to thIs magmatIsm. However,10colhslOnzones, as has beenl
~escribed above, many ramp thrusts, subduction and obduction zones may be formed simultaneouslYl
so that the marg10s of the contmental blocks become 10dented10three dImensIOns. In thIs SItuatIOn d
Ipartial re-melting of rocks occurs at depth, it is difficult for magma to rise towards the surface to b~

~mplaced or erupted. ColhslOn zones are belts 10 whIch dIfferent types of rocks and elements becomel
rJlxed, but mmerals are not easIly concentrated to form mmeral deposIts10these zones.1

Recently, many ore deposits have been found in collision zones. When isotopic chronology for th~

OCormatlOn of rocks and ore deposIts was less well developed It was presumed that colhslOn zones andl
[he formatIOn of ore deposIts occurred sImultaneously. Some deposIts were formed before the colhj
sion, such as the hydrothermal and fumarohc deposIts formed dunng the extension of oceanic floor orl
lin aulacogens. The greater part of the deposits found in collision zones are post-collision deposits, notl
formed during the collision, and are not different from those formed during intraplate deformation. lnl
~olhslOn zones there are fohatlOns, zones of weakness and faults developed dunng the colhslOn penod.1
IWhen 10 later tectonic penods, the dIrectIOn of maxnnum pnnclpal compressivestress IS nearly parallell
~o the strike of these pre-existing foliations, zones of weakness or faults, these undergo extension, Pro1
IVld10g channels for the mIgratIOn of ore flUIds and the accumulatIOn of ore depOSIts. A good examplel
lIS provIdedby the Qmhng-Dable Zone, where after the colimon dunng the Yanshamanand Slchuamanl
[I'ectomc Penods, many ore deposlls were formed, but only a few of these deposlls were actually formedl
lin the Triassic during the collision period. Many porphyry copper deposits found in the Gangdise Zonel
Iwere formed 10 the MIOcene (at around 15Ma), after the mam HImalayancolhslOn penod (about 34 Ma).
lin the colhslOn penod, deformatIOn not only permIttedthe mIgratIOn of ore-flUIds, but also allowed thenl
k1lspersal and dIsappearance,so that elements and ore mmerals were less easIly concentrated. HoweverJ
~he highly deformed rocks in the collision zone may provide a suitable environment for mineralization
1m later tectomc penods.

[n western China, since the Himalayan Tectonic Period paleo-collision zones have been upliftedl
gradually tormmg mountains. SImIlarlymany endogemc depOSIts were uphfted nearer to the Earth'~

surface, where they are more easily explored and exploited. However, stable blocks between collisionl
~ones have been subject to subsidence to form sedimentary basins. Endogenic deposits may have beenl
OCormed 10 these basms buned beneathsedImentarysystems of MesozOIC and CenozOIC, but becausethe~
pccur at depths of several thousand meters they are much too deep to be explOIted economIcally. Due tij
~he different conditions of preservation, the exploration for mineral deposits in western China has beenl
Roncentrated 10 paleo-colhslOn zones and along theIr marg1Os. But thIs cannot be used as eVIdence thatl
~ollision is the most suitable environmentfor metallogenesis.
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14.4 On the Tectonics and Prospect of Mineral Resource§

~ecently, the relationship between tectonics and prospects for the occurrence of mineral resources ha§
lattracted more attention from tectonic researchers. It is easy to prepare an account of the existing rela1
[lOnshlps between tectomcs and known ore depOSits. However, It IS much more difficult to forecast th~

prospects for mineral resources on the basis of tectonic environments. In this book, the several limited
landImmature proposals for the value of the study of tectomcs In prospecting for mineral resources will
IJe discussed. Prospects for the discovery of endogenic deposits in eastern China, prospects for the disj
~overy of ore deposits in western China and the formation of accumulations of oil and gas in depressionl
Ibasmsin eastern Chma dunng the CenozoIc Will be discussed:

rrospect for the exploitation of endogenic depositsin easternChina.During the last one hundred
~ears, especially in the last fifty years, since the establishment of modern geological surveys, exploj
~ation for ore deposits has proceeded systematically. Initially many outcrops of endogenic and exogenic
k1eposlts were discovered, mainly In eastern China, but subsequently dlscovenes of buned endogemc dej
Ipositshave gradually increased. According to the statistics of the 280 large-scale deposits, found beforel
1965 in the whole of China, only 28 buried endogenic deposits were discovered, accounting for 10% of
[he total, while between 1965 and 1983, 98 large-scale depOSits were found, half of which are bunedl
~ndogenic deposits (Shi MK, 1993). During the last twenty years, as for oil and gas exploration, all
[he newly dIscovered endogemc depos1ts are buned mdlcatmg that the exploratIOn for buned endogemcl
deposits in eastern China has reached a mature period,

~t is not usually necessary to search for buried nonmetallic mineral deposits, apart from some veryl
[ugh value nonmetalhc minerals, such as diamonds. So far endogemc depOSits In China have not beenl
~xploited to depths of more than 500 m. However, nearly half of the endogenic deposits being exploited
larefacmg shortages and the sItuatIOn IS reachmg cnSlS pomt. It would be technologically and econom1
IlcallyfeaSible to extend the depth of explOitatIOn of endogemc depos1ts m Chma to ] ,500 m. InChma,1
latthe present time, it is urgently necessary to prospect for new buried endogenic deposits, especially inl
[Cnown ore provinces and near old ore fieldsJ

frospecting adjacent to presently exploited meso-and epi-hydrothermal ore fields for buried ore de1
pOSitS IS very hkely to prove successful. At depth It IS pOSSible to find mesothermal and eplthermall
k1eposlts formed at temperatures of 100-300°C, or mesothermal and hypothermal depOSits formed atl
~emperatures of 300-500DC. In high permeability fault zones, hydrothennal ftUlds would be at almostl
~he same temperature and have Similar charactenstlcs to the ore depos1t (Wan TF, 1994). HoweverJ
sudden transitions in the temperatures of formation and the typo-morphic characteristics of mineral as-I
sociations have been discovered near the Earth's surface. For example, in the Shanggong gold depositj
~uonlng, west of XlOngershan In western Henan, formed In Cretaceous, there 1S mesothermal gold dej
posit extending up to 1,700 meters above sea level, and a mesotherma11ead deposit extending downl
~o I,700 meters above sea level. Eastwards, on the eastern SIde of XlOngershan, m the Qlyugou goldl
fleposit, Songxian, the height of the transition boundary decreases to about 400 meters above sea levell
(Wan's personal data). In the Nandaxlan ore field, m the JurassIc volcamc system of Hebel, there 1~

lamesothermal gold depOSitin sulphIde quartz veins up to 750 meters above sea level, there ISa goldl
kleposit in an alteration zone, controlled by micro fissures, between 750 and 710 meters above sea level,1
land there are mainly mesothermal copper, lead-zinc deposits down to 630 meters above sea level (We~
fuyou, 1991). Inaddition to the differences In the depth for exploratIOn, metalliC elements and types of
Ibuned ore depOSits may be altered by regIOnalchemical charactenstics.

!Dependmg on these examples It can be pred1cted that copper, lead, zmc and molybdenum deposlts,1
lapart from gold, WIll occur at depth of 1,000-1,500 m below sea level beneath the East Shandong goldl
lfields. In the hypothennal ore fields m the CathaySian Plate which yIeld tungsten, moblUm, tantalum andl
~are earth elements, It seems hkely that Similar depOSits and veins would be found vertically beneathl
~hese deposits, because of the former 300-400 m exploration depth. Inmesothermal and epithermal or~
lfields,Yielding Pb, Zn, Cu, Au, Ag, 0, ftuonte and pyrophylhte, there are very good prospects of finding
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rJesothennal and hypothennal ore deposIts (W, Nb, Ta, Pb, Zn, Cu, Au, 0, and rare earth elements) atl
k1epth in those areas. In the south Yangtze Plate, characterized by tin and lead-zinc deposits near th~

surface, It IS probable that tm deposIts wIll be found around the margms of the plate. It should be sal~

[hat It IS a httle bIt dIfficultto find further deposIts vertically beneath recent hypothermal tm deposlts,1
Ibut belowother mesothermaldeposItsthe chances of findmgfurther meso-and hypo-thermaldeposItsof
~in and lead-zinc are rather more. Usually the exploration depth of ore deposits is only less than 500 m
pf depth in recent China, so even at the deep part of hypothermal tin deposits, the exploration should b~

~ndergone to find the buned ore deposIts at 1,000-1,500 m deep.
~emote sensmg has shownthat there are a large numberof nng structuresm eastern Chma, m areas ml

Iwhich there is not much limestone, so that the rings are not sinkholes or poljes (karst topography).Onl~
la few nng structures are thought to be meteonte craters. Most of these nng structures are developed ml
Imagmatic areas, so that they may be causedby intrusionof a buried magma at depth, formed by collaps~

lalong nng faults when the magma IS cooled. If m eXlstmg ore provmces, such as eastern ShandongJ
south Chma, Yanshan, and western Henan, buned magrnatic mtrusions less than 1-2 kIlometers dee~
lare discovered by geophysical exploration, it is hoped that on the top of the intrusion will be foundl
Ian ore depOSIt sImIlar to the OlympIc Dam depOSIt of Austraha, wIth ore mmerals dependent on th~

geochemIcalcharactenstlcs of the tectomc blocks. If thIs type of depOSIt IS reqUIred there are many nngj
structures in eastern China to choose. This project would require high risk, large-scale investment tq
Ilocate endogemc depOSIts related to buned shallow mtruslOns. Such a project could hardly be sponsoredl
!Jy a small mine without the support of the government or a major financial group. If it is though~

~eslrable to develop exploratIOn m eastern Chma a major effort should be made to find these types of
~eposlts. The author thmks that in the long term It wIll be necessary to undertake such a project.

[n the deep exploration for hydrothermal deposits, the characteristic patterns of arrangement of veinl
larrays should be apprecIated. Because honzontal stress IS always greater than the vertIcal stress, th~
pnentatlOnof stresses controls the developmentof vem systems throughout theIr geologIcalhIstory. Atl
~epth all ore-beanng vems have an en echelon arrangement m plan and an angle of dIp in profile. A~
Ivein systems develop, individual veins are initiated at a regular distance from each other so that ther~
Iwill be intervals between adjacent veins in which no ore-bearing veins are present. This distributionl
pf vems IS so common and so charactenstlc of vem systems that It should be possIble to construct al
ijuantltatlve three-dImensIOnal mathematIcal model of a vem array to predIct accurately the size andl
k1istribution of the constituent ore bodies (WanTF, 1988).Before this characteristic arrangementof or~

Ibodles was apprecIated, geologIsts frequently dnlled a large number of boreholes along the stnke andl
k10wn the dIp of eXlstmg ore vem, wIthout locatmg any further ore bodIes, so that mme managers hadl
Ina alternative hut to close the mine

rrospect for the discovery of endogenic ore deposits in western China. Compared with easterrj
K:hma there are good prospects for exploratIOn for ore depOSIts in western Chma at Earth surtace. Iq
~he west of the Helanshan-Liupanshan-Hengduanshan Mountains, there are a great many outcrops of
pre depOSIts waItmg to be explored. In western Chma, the QIangtang, Tanm, Qaldam and Zungga~

lareas were prevIOusly stable blocks, but most of them are now covered by large MesozOlc-CenozOlcl
sedimentary basins. The exposed areas are former collision zones, thus it is necessary to search and
rxplore for endogemc depOSIts m these colhslOn zones. Accordmg to research on the regIOnal tectomq
rvolution of western China discussed earlier in this book, this area has been influenced by the nearl
IN-S (NNW, S-N, NNE and NE) shortenmg of plates smce the Early PaleozOIC, qUIte dIfferent froml
~he situauon m eastern Chma. Due to tectomc acuvrty endogemc metallogeneSIs occurred dunng th~

[>aleozoic in the areas to the north of Tarim and Qaidam, and during the Mesozoic and Cenozoic to th~

SOiilll.
[rhe followmg four types of ore depOSIt are the mam targets m western Chmaj
(I) Magmatic, sea floor hydrothermal,metamorphicor sedimentarydeposits, found along near east-I

Iwest regIOnal tectomc hnes, were formed mamly before the colhslOn. After theIr formation, multlj
~ollision and shortening, the deposits were incorporated into the collision complex and gradually upj
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Ihfted towards the Earth's surface. TypIcal depOSIts are copper and lead-zmc fields in Altay, masslvij
!lematite and pyrolusite at Motosala, siderite at Wutonggou, Kalatongk, copper and nickel deposits atl
Huangshan m northern 'I'Janshan Mountams, the QJ!IC Iron depOSIt m western Kunlun, the lead-zmc andl
SIlverdepOSIts at Balymchang and the Iron depOSIt at Jmgtleshan, GansuJ

(2) DepOSIts, formed m the colhslOn penod, are controlled by compressive or trans-presslve struc1
~ures, WIth stnkes parallel to the regIOnal tectomc trend. Iyplcal examples are the Luobusha chromltel
k1eposit in Xizang and many small chromite deposits in Tianshan and Qilianshan. These are related tg
~Itra-mafic rocks and were emplaced cold, dunng shortenmg, at a shallow depth wlthm the colhslOnl
zonei

(3) Magmatic and hydrothermal deposits formed in syn-collision or post-collision periods are con1
[rolled by NE or NW trendmg trans-tensIOnal fault zones, near N-S extensIOnal faults or E-W reversel
[aults. These deposits were developed in local extensional positions in a regional compressive environj
rJent. Well-known representatIve depOSIts are the Hatu and AXI gold depOSIts m XmJlang, the PuchaniJ
~Itano-magnetlte and coulsomte depOSIts of magmatic type formed in the post-colhslOn penod in southl
[ianshan, the Kalama copper deposit in western Kunlun, the Tamu lead-zinc deposits, the Hetian jad~

kIeposlts m south XmJlang and the Xltleshan lead-zmc deposlt m Qmghal. Recently, many porphyryl
~opper depOSits (mtracontmental type) have been found m the Gangdlse Zone, formed between 14 andl
15 Ma, after the main Himalayan Collision Period, controlled by N-S trending extensional faults or E1
IW trendmg reverse fault (Hou ZQ et aI., 2003; Rm ZY et aI., 2003; LI GM and Rm ZY, 2004). Manyl
pre bodies in the Yulong porphyry copper field in eastern Xizang always occur at the intersection bej
~ween NNW-trendmg mam faults and ENE secondary extensIOnalfaults. The Mang'yaasbestos deposlt~

pf Qmghal were formed in an en echelon extensIOnal system by slmstral stnke-shp faultmg along thij
k\ltun Fault in the Cenozoic, accompanied by widespread serpentinizationI

(4) SedImentary depOSIts such as sylvme, celestme, borax and gold placer depOSIts are found m recentl
Ivalleysand in the sedImentary basms on the stable blocks.1
~mg structures, m the Chmese contment, no matter whether caused by meteonte craters or by othe~

processes, are always worthy of mvestlgatlOn. On the global scale there are more than 150 gIant mej
~eorite craters, several to hundreds of kilometers in diameter. Metallic ores occur in association withl
rJeteonte craters throughoutthe world, 20% of these depOSIts are of economlC value (Gneve, 1997). Fori
~xample, the Sudbury mckel, copper and platmum group deposlts, the Carswell uramum deposlt and thij
1B0ltysh oil shale deposit with 4.5 billion tons reserves were all formed in meteorite craters. It is disap1
pomtmg that no meteonte craters or depOSIts assocIated With meteonte craters have yet been found ml
~hma. In eastern and southwestern Chma, meteonte craters would have undergone deformatIOn m laterl
~ectomc penods and may not have been preserved, or mIght be difficult to recognize, and m northwesternl
K:hina,although there is less deformation, meteorite craters may be buried beneath Mesozoic-Cenozoicl
sediments. This may explain why meteorite craters have not so far been found on the Chinese continent.I

~'auIt-depresslOn zones and the accumulation 01' 011 and gas m eastern Chma durmg the Cen01
~oic. Fault-depression zones formed sedimentary basins developed with four different orientations in
[he eastern Chmese contment dunng the CenozOIc. Although these fault-depreSSIOn zones occur at thij
~arth's surface, at depth they are controlled by basement faults, and their development has been influ1
rnced by changes m the tectomc stress field. They also have different prospects for the formatIOn of 0111
landgas fields. These characteristics should be considered in exploration and exploitation.

II'hefour dIrectIOnsare: (1) E-W fault-depressIOn zones; (2) N-S fault-depressIOn zones; (3) NE fault1
kIepresslOn zones; (4) NW fault-depressIOn zones. I he four fault onentations whIch have controlled thij
[ormation of the fault-depression basins will be described and the prospects for the occurrence of oill
landgas resources m these basms WIll be dlscussed, the Bohal Bay proVIdesa good example (FIg. 14.9)J

~-W trending fault-depression zones are represented by the Jiyang and Huimin fault-depressionsl
~ontammg the Shengh OJ!FIeld, the Qlkou fault-depressIOn WIththe Dagang OJ!FJeld, the Nanpu faultj
kIepresslOn with the East Hebel OJ! FIeld, and the Bozhong fault -depressIOn m the south central part of
IBohal Bay, whIch lS the largest E-W fault-depreSSIOn in Bohal Bay (FIg. 14.9). 'Ihese fault-depresslOnl
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~lg.14.9 Tectomc sketch of Bohm Bay (Wang MM, 2003, wIth permISSIOn of Wang MM).

lzoneswere developed as the result of E-W shortening during the Eocene and Oligocene, which causedl
strong N-S extension, to form deep depressions and the deposition of a great thickness of sediments,1
~avorable to the formatIOn and accumulatIOn of hydrocarbons. However, durmg the MIOcene to Earl~

fleistocene, in response to N-S shortening, the near E-W trending faults tended to be closed. In th~
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present tectonic stress field, WIth an ENE-WSW shortenIngdIrectIOn in north Chma, and an NNW-SSEI
~xtension direction, E-W trendingfaults in north China show a small amount of extension,opening th~

pathways for the secondarymIgratIOn and further accumulatIOn, or loss, of OIl and gasJ
fault-depreSSIOn baSinS usually develop by the movement along syn-sedlmentary (growth) fault§

penetrating deep Into the baSin. Paleogene sedImentsIn the fault-depreSSIOn show obvIOUS dJflerence~

1m thIcknesson eIther SIde of the faults, WIth a dlstmct growth mdex, but MIOcene to Early Plelstocenij
sediments show no difference in thickness on either side of the faults, but again Middle Pleistocene tg
IHolocene sedImentsshowa differencem thIckness, mdlcatmga further syn-sedlmentarydlsplacement.1
[I'hese fault-depressIOn baSinS proVide a favorableenVlfonment for the formation of large-scaleOIl andl
gas reservoirs, as has been found in the oil and gas fields of Bohai Bay. It should also be noticed that
IWNW trendingfaults show recent shght opening, and are favorablefor the accumulatIOn of OIl and gas,1
Iwhile ENE trending faults exhibit a greater amount of recent opening, leading to the major loss of oill
land gas. In Bohal Bay the WNW trendmg faults are most favorable for the formatIOn of 011 and ga~

Iresetvoirs

IApart from continuously seeking to locate oil and gas reservoirs near existing oil and gas field§
(such as Shengh, east of Dagang,and Nanpu, East Hebel),exploratIOn should also be extended mto thij
~ozhong depreSSion, the largest area for pOSSible CenozOIc hydrocarbon accumulatIOn In Bohal Bay,1
Iwhich has not yet been explored and exploited; the prospects for success in this basin are very good.1
However, exploratIOn In the Bozhong depreSSIOn should be also extended below the depths reachedl
!Jyrecent exploration, as the Paleogeneoil and gas reservoirs quite likely lie at greater depths. Wher~
~aults were reactIvated at a later penod, 011 and gas may have mIgrated agam along faults, and havij
laccumulated at a shallower level wlthm the Neogene.Therefore the posslblhty of reservoirsdevelopedl
Iwithin the Neogene related to E-W, N-S NE or NW faults should be also examined during seismicl
~xploTatlOn. In the Bohal Bay the sea floor hes at a depth of 40-50 meters belowsea level. ExploratlOnl
land explOItation of OIl reserves IS alwaysmuch more difficultbeneaththe sea than on land.

N-S trendmg fault-depreSSIOn zones are representedInBohalBay by the PL19-3od-gas field In thij
~taOXI depreSSIOn (hg. 14.9)and In the South China Sea by the Ylnggehal gas field, bothcontrolledb~
IN-S or NNE trendmgfaults. Generally,It wouldseem unhkely that 011 and gas reservoirscould be foundl
lalong major fault zones, such as Fault No.1 of Tancheng-Lujiang FaultZone, as a high proportionof th~
Ihydrocarbons IS hkely to have been lost. But If condItIOns for the accumulatIOn of hydrocarbonseXlstedl
kIunng the Paleogene and Neogene, It IS pOSSIble that reserVOIrs have been formed along these majon
~aults. In eastern China N-S faults, formed during E-W shortening, were closed and sealed during th~

~ocene and Ohgocene. Dunng N-S shortenIngIn the MIOcene-Early Pleistocene, the faults were comj
Imonly opened and became zones of high permeablhty.ThiS was the main penod for upward mlgratlOnl
land lossof 011 and gas. However, dunng Neogenethe amountof E-WextensIOn m easternChma was notl
Ivery large, and the penod in whIchthe faults were opened was not very long, thus 011 and gas reservOIr~

Imay have formed near N-S trendingfaults. Since the Middle Pleistocenethe direction of the maximuml
prmClpal compressIve stress m eastern Chma changed to near E-W, so that the N-S faults were c10sedl
land sealed,once again proViding conditIOns for the formatIOn of OIl and gas reservOlrsJ

IThe thicknessof the Paleogenesedimentson either side ofthe N-S growthfaults is the same, indicat1
ling that there was no displacementdunng sedImentatIOn, whde the thicknessof the Neogenesedlment§
lis obviously different, indicating displacement,again there has been almost no displacement since th~

IMlddle PleIstocene. The dlscoveryof reserVOIrs along N-S trendmg faults was the major success m thij
~xploratlOn for OIl-gas in BohalBay.The dIscovery of reservoirs,especiallyfound in MlaoxldepreSSIOn)
Iwill encourageexplorationin LaizhouBay,LiaodongBay,the East China Sea, the southernYellow Sea,1
rorthern Jlangsu Basm,eastern Hefel Basm, DongtmgLakeand BoyangLake.On the easternmargmof
[he south Yellow Sea, In Korean terntonal waters, a gas field SImilar to the PL19-3 field may be foundl
(WanTF, 2002) along an N-S trending en echelon fault zone (Hao TY et aI., 2002).1

[rhe Ylnggehal Gas Field IS controlled by near N-S trendingsecondaryfaultsdevelopedIn an NW-SEI
rift zone, due to transtensionin the Red Riverstrike-slipfault zone (Fig. 14.10). In view of recent discoj
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Ivenes, these faults should be re-examined. The source formatIOns occur In the Paleogene and Neogenel
systems. The N-S trending faults were opened, and as zones of high permeability in the Neogene andl
~arly Pleistocene, allowed hydrocarbons to mtgrate and accumulate at shallower levels. It IS lIkely thatl
shallow reservOirs will be found In the Neogene system along N-S trending faults. However Influencedl
Iby E- W trending compressIOn of Neotectonic Penod, N-S trending faults are clOSing and form the goodl
~ondltlOn for reservation of gas. So that In exploratIOn, shallow scisrmc data should be re-examlnedJ
paying particular attention to near E-W trending vertical seismic profiles and isochronal surfaces.
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lFig. 14.10 Tectonic sketch of Yinggehai Gas Field, in South China Sea, southwest to Hainan Island (Zhang QM et al.j
1996)1

~E trendingfault-depression basinsare well developed around Bohai Bay (Fig. 14.9), in northern
[iangsu and in the south Yellow Sea. However, fault-depression basins in this direction are not very faj
Ivorablefor the accumulatIOn of 011 and gas. A senes of en echelon, intermedIate and small-scale 011 andl
gas reservOirs occur along NE-SW faults. In Bohal Bay the reserVOlfS are dlstnbuted In three zones: th~

~ower Liaohe (River) and Liaodong Bay; the Huanghua (Yellow Sea) depression, the western on-land
[Jart of the Dagang 011 held; the middle Hebel and Dongpu depreSSIOns of North Henan. There ar~

Imanydepressions of this kind in northern Jiangsu and the southern Yellow Sea. In the Paleogene thi§
~ype of depreSSIon was controlled by dextral stnke-shp faults WIth several to dozens of kdometers of
~lIsplacement. In the Neogene and Early PleIstocene they were controlled by sInistral stnke-shp fault~

Iwithseveral kilometers of displacement; since Middle Pleistocene by weak dextral strike-slip and norj
Mal faults, With only several hundred meters of dIsplacement. The effects of the changing movemen~

khrectlOns, WIth small dextral or sInistral stnke-slIp dIsplacements, are obvIOUS where there are majo~

~ifferences in the competence of the rocks, especially where there are gypsum-halite formations and
rJudstone layers, or near abrupt changes In the dIrectIOn of stnke of the faults, where the more com1
petent formations form traps for oil and gas. Because the greatest strike-slip displacements occurredl
~unng the Paleogene, the traps are due mainly to the effects of dextral stnke-shp faulting. 'I he stnke of
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la Single trap IS often N-S and a senes of traps form a pattern of NE-trendlng dextral stnke-shp faults,1
~ypically seen in the Lower Liaohe Basin (Li HW and Xu K, 2001). Where the rocks are of diversel
IlIthology, or are cut by many other faults, the en echelon pattern may not be clear. 'I he best way to dlsj
Rover these traps IS to analyze In detaIl honzontal Isochronal surfaces In three-dImensIOnal seIsmIc data.
~f only cross sectIOnal seIsmIc profiles are examIned, It ISeasy to miss the trap structures, but difficiili
~o recogmze the effects of the stnke-shp faulting.

lIn the southern Yellow Sea and the northern Jiangsu areas, there are many unexplored main E-W andl
IN-S trending faults as exploratIOn of 011 and gas IS very dltticult. Since these areas are located betweenl
[WO major N-S fault zones: the Tancheng-Lujlang Fault and the eastern margInal fault zones of th~

IYellow Sea, important targets for future oil and gas exploration will be adjacent to secondary N-S andl
~-W faults (Wan TF, 2010)1

~W trending fault-depression basins occur in eastern China. An NW-trending fault-depression
IJasin is located along the seismically active Beijing-Penlai hidden fault zone in Bohai Bay (Fig. 14.9)j
Where are also the Dachang- Wuqlng, southeastern Nanpu and Chengbel small fault-depreSSIOn baSinS.
II'hese NW-trendlng fault-depressIOn zones were fonned mainly by sinIstral stnke-shp movements dur1
ling the Paleogene, dextral strike-slip faulting during the Neogene and Early Pleistocene, and sinistrall
stnke-shp faulting again since the MIddle PleIstocene. None of these faults systems have yet been eX1
lamInedIn detaIl.

IThe most important NW-trending fault-depression basin is the Neogene Yinggehai fault-depression
system to the southwest of HaInan Island and In Belbu Bay (FIg. 4.10).As the result of dextral stnke1
slip movements along the Honghe (Red River) Fault Zone during the Neogene, a series of N-S trending]
~xtenslOnal faults WIth mud dIapIrIC structures formed, and subsequently a major fissure gas field de1
Ivelopedon top of these dIapIrIC structures (Zhang QM et aI., 1996). Since the MIddle PleIstocene E-WI
shortening and compression have closed the N-S faults and fissure zones, so that the gas has been trappedl
landnot dIspersed or 10stJ

~oth NW and NE trendIng fault-depreSSIOn zones were developed at the same tIme, only the duecj
~lOns of stnke-slIp faultIng are dIfferent, however they can be explored and may gIve dIfferent results.
Where are dIfferent and complex prospects for 011 and gas exploratIOn In the four dIfferently trending
Cenozoic fault-depression basin systems in eastern China.

II'hese fault-depressIOn baSin systems should be systematIcally researched and explored uSing dlffe1
rent play concepts to proVIde new breakthroughs In the exploratIOn for 011 and gas In China. E-W (orl
~NW) and N-S (or NNE) trending fault-depressions usually were more favorable for the formation of
gIant OIl-gasfields In East ChIna.1

~lthough the dIscovery and explOItatIOn of mInerai resources In ChIna are at present more dIfficultl
~han In the past, the prospects for the dIscovery of new mmeral resources are bnght. 'I here IS long wa~

~o go before all the mineraI depOSIts In China WIll have been exhausted. More exploratIOn IS reqUIred Inl
~astern China in the search for buried deposits, and in western China in the search for outcrops of ne»!
rJlneral depOSIts, to meet China's urgent need for addItIOnalminerai resources.1

[n recent years, because the responsIbIlIty for exploratIOn has been gIven to the mInIng compame§
~hemselves, exploration has not been carried out according to government plans. Many mining compa1
Imes, runmng short of mInerai resources or WIth low profits, are content to maIntaIn theIr present sltuatlOnl
~Intil their mineral resource is exhausted. There has been no strategic research, no unified planning andl
ro speCIficplans for the development and use of resources throughout the whole country. Now there I~

lasenous shortage of reserves of most mineraI and OIl-gas resources In China. A concentrated programl
pf exploration for mineral resources on a national scale is urgently required; this is an economic, sociall
landpohtlcal problem, beyond the scope of thISvolumeJ

[n thISvolume the maIn metallogemc epochs and zones, and the Influence of tectomcs on mIneralIzaj
~ion in China have been discussed, based on the most recent theories about tectonics, the importance of
Imetallogenesls dunng Intraplate extensIOn In the ChInese contInent has been emphaSIzed, the prospect§
[or the discovery of new mineral resources in the Chinese continent have been assessed from the vie»!
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[JOint of tectonic evolutIOn. It IS hoped that the above dISCUSSIon has strengthened the case for a syste1
Imatic program of prospecting and exploration for mineral and oil-gas resources in China, as a nationall
pnonty·1
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Chapter 151
IDiscussion on the Dynamic Mechanism of Global Tectonics

IAfter the evolutlOn of the Chmese contment was descnbed, as presented in this volume, many re1
searchers and students frequently pose the problem of the mechanisms which control the movementsl
pf the hthosphere plates, and ask why dlrectlOns of movement and compreSSlOn have been changedl
[hrough the Earth's history including the evolutIOnof Chinese continent. These are major problems conj
~ronted by all geoscientists. The dynamic mechanisms of global tectonics are generally considered tq
Ihe outside the scope of courses on the tectonics of Chma, so that It would be possible to aVOId thesij
klifficult problems in this book. However, it is not possible to discuss the dynamic mechanisms whichl
Ihaveaffected the Chmese contmental plate, without consldenng the whole field of global tectonics. Inl
prder that readers may understand the present status of research mto global tectonic mechanisms, all thij
[easonable hypotheses proposed in the past, and those being considered currently are reviewed, analyzedl
landcommented uponJ

Many eminent geoscientists have ventured opinIOns on these problems, which would seem to bij
~esolved easily. In fact, these problems are still very difficult to be settled which are embarraSSing thij
geoscientists, and provide them with the greatest theoretical challenge. It seems that the present da~
lis not the proper time to solve the problems definitively. The study of tectonics is still at the stage of
klata accumulatlOn. No new theones are proposed m this account, but eXlstmg theones of the dynamIC]
Imechanlsms responsible for dnvlng global tectonics are reviewed. 'I he different hypotheses proposed tij
~xplain global plate tectonics, new advances in plate tectonic theory, and the mantle plume and meteoritel
Ilmpact hypotheses, which are the most popular dynamiC mechanisms proposed at the present time fori
klriving plate tectonics, will all be discussedl

15.1 Review of Hypotheses aboutGlobal Tectonic Dynamics

lOverthe past century, hypotheses about the dynamic mechanisms which drive the tectonics on the Earthl
[lave proliferated. They can be classified Into three types: (1) Lithosphere tectonics due to the rotatIOn of
~he Earth; (2) Effects of thermodynamics and gravity; and (3) Mantle convection. The main argumentsl
~or and agamst these hypotheses wdl be discussed. Dunng the past thlrty years, many geoscientists havij
~mphasized the control of mantle plumes and meteorite impacts on the movements of the lithospherel
plates. These hypotheses will be discussed in sections 15.3and 15.4J

(1)HypothesesInvokmg EarthRotatIon and CelestIalMechamcsl
II'he tectonic dynamlcs on the Earth's surtace IS a part of global geodynamics. Many years ago re1

search In geodynamics was consldered to lie within the scope of mathematics and mechanics, but In thij
~ast three decades it has also been considered to be a branch of geophysics. Tectonic dynamics is ani
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IIntra-dlsclphnary subject, InvolvIng the mtegranon of data from several dIfferent sciences. As the Earthl
[otates, the influence of the moment of inertia on the Earth's rotation, on atmospheric circulation andl
lIn controlhng the dtrectlOn of flow of fivers has long been consIdered. Some geoscIentIsts have alsq
supposed that the deformatIOn of rock layers near the surface of the hthosphere IS Influenced by th~

~arth's moment of merna and IS controlled by changes In the velocIty of the Earth's rotation (LI SG,
1947, 1962; Scheidegger, 1963, 1982). It may be possible to explain limited horizontal displacements of
~rustal blocks by this hypothesis. However, at the time that this hypothesis was proposed the amount of
stress caused by changes In the velocIty of the Earth's rotatlOn had not been calculated. Jeffreys (1929)1
IShl YL (1976) and Wang R (1979) have calculated that the amount of dIfferentIal stress due to thesij
~ffects is only a few Pa. This amount of stress is much too small, less than one millionth of atmospheriq
pressure, to cause large-scale deformatIon of the hthosphere. It ISpOSSIble that under specIal condltlOn§
some conjugate shear joints or earthquakes may be induced by these small differential stresses. Thi§
Ihypothesls has been advocated InternatlOnally by a few geoscIentIsts, and IS now rarely dIscussed Inl
~he hterature. However, some ChInese geoscienusts have suggested that small stresses may accumulatel
pver tens of millions of years to more than tens of MPa, to cause rock deformation (Wang R and He GQ,I
1979). It seems very unhkely that uny stresses could accumulate contInuously and be preserved ove~

such a long peflod of tIme.
~hanges in the obliquity ofthe ecliptic and migration of the Earth's poles may cause the accumulation

pf stress In the crust. It IScommonly agreed that stress Induced by changes In the obhqmty of echpttil
Imayamountto ~ 0.003 MPa, hundreds oftimes the amount of stress caused by changes in the velocity of
~he Earth's rotatlOn. However, although thIs ISa greater amount of stress, It ISmuch less than the amoun~

recessary to cause rock deformatlOn. A change In the obhqUlty of the echptlc mIght be responsIble fori
~ausing earthquakes or for precipitating volcanic eruptions, but it is unlikely to be responsible for rockl
~eformatlon on a large scaleJ

[n summary, the hypotheses that changes In the velocIty of the Earth's rotatIOn or changes In thij
pbhqUlty of the echptlc may result In the accumulation of stress In crust, and cause large-scale defor1
Imation of the lithosphere, are advocated by very few geoscientists and are now rarely mentioned in th~

geologicalliteratureJ

(2) Hypotheses mvokmg thermodynamIcs and gravity
II'hls hypotheSIS conSIders that Internal thermodynamIcs and gravity control rock deformatlOn In th~

sohd Earth. RepresentatIve opimons are:

~arge-scale expansion of the Earth. According to Glikson (1980), the Earth's radius in the Pre
~ambrian is estimated to have been 40-50 percent of its present radius, and the continental area fori
globe is obviously smaller than that of recent Earth surface. The Earth is considered to have inflated
~ontInuously SInce the Pre-Cambflan, due to changes In the ratIO of the contInental and oceanIC crust.
!However, as dIscussed In Chapter 2, the peflod persIsted for about fifty mllhon years, over whIch th~

rJass of the Earth Increased, and then the rate of Increase decayed exponentIally. In last four bllhonl
D'ears, the amount of the increase in the Earth's mass, due to meteoric impact, has been only one sixl
!mndredth of the Earth's volume, because the amount of incoming meteoritic material has declinedl
rapIdly (Allegre, 1985).

[Finite expansion of the Earth by 15%-20%. Owen (1992) and Wang HZ (1995) proposed thatl
major disasters occurred at key times during Earth history caused a 15%-20% change in the Earth's
~adius, with pulsating and asymmetrical expansion. They consider that it is difficult to visualize drifting!
pf the contInents, as the hthospheflc roots of some contInents extend to depths of 250-400 km, such a§
~ussian (Baltic) Plate. They point out that the area covered by continents is considerably less than th~

surface area of the whole globe, and support theIr hypotheSIS by appeahng to paleo-blOgeographlc data.
[However, most geoscientists accept the astronomical results, which suggest a decrease in the Earth'§
gravitational constant (G) of 5 x 10 IIla, resulting in a rate of expansion of 0.025 mm/a, a volumel
IIncreaseof 1.18% and a total Increase In the Earth's radIUsof only 100 km dUflng the last 4 bllhon year§
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(DIrac, 1974; Hoyle and NarlIker, 1971). I here IS a lIttle pOSSIbIlIty that there has been any large-scalel
~xpansion of the Earth. After all, the Earth is a fairly stable dynamic system.1

rulsatingexpansion andcontraction. ThIs was a popular and dommant hypothesIs when the theoryl
pf geosynclines and platforms prevailed (Bucher, 1933; Grabau, 1940; Umbgrove, 1947; Zhang WY,
1959; MJlanovskY, 1980). It IS natural to presume that uphft and depressIOn of the Earth's surtace ar~

~elated to the expansIOn and contractIOn of the Earth. On the other hand, there ISno pOSItIve eVIdencefori
~hls hypothesIs, and partIcularly, no explanatIOn for large-scale several thousand kIlometers of honzontall
k1isplacementof the lithosphere.

[sostatIc meqUlhbrmffi. GravIty mfluences all types of rock deformatIOn and processes m the hthoj
sphere and asthenosphere which disturb the isostatic equilibrium and may provide enough potentia11
~nergy to dnve honzontal movements of the hthosphenc plates (Ma XV et aI., 1987). Ihls hypothej
sis connects the vertical movements of the Earth's crust with the horizontal ones. However, large-scalel
surface honzontal movements are not mduced by gravItatIOnal m-eqUlhbnum of the hthosphere andl
lasthenosphere, because the amounts of horizontal movements on the surface of Earth are much greate~

~han that of vertIcal movements. It ISnot proper to over-emphasIze the vertIcal functIOn, whIle It IS rea1
sonable to explam local honzontal dIsplacement and rock deformatIOn by gravItatIOnal m-eqUllIbnum.

Surge tectonics. Meyerhoff et al. (1992, 1996) proposed a new hypothesis, opposing the theory of
Imobilism. Their hypothesis is that surge channels exist beneath oceanic ridges and continental rifts, a§
~hannels for the flow of shallow magma, and are linked to the asthenosphere, spreading throughout th~
globe beneath the contments and oceamc basms. EpIsodIc tectomc surges are suggested to be the caus~

pf rock deformation throughout the globe. The hypothesis emphasizes the role of extension tectonics in
k1eformation, while downplaying the role of subduction zones. Meyerhoff et al. (1992, 1996) were not
lableto propose a cause for these episodes of surge tectonics and giant migrations of lithosphere platesJ

(3) HypothesIs of MantleConvectIolll
ISince the development of the plate tectonic theory the mantle convection-transmission model ha§

Ibeen the most favored explanatIOn for the dynamIC mechamsm responsIble for Earth movements andl
~ock defonnatlOn. 'I he hypothesIs of mantle convectIOnwas first proposed by Holmes (1928, 1944) andl
~}riggs (1939) and was generally accepted as an explanation for the process of mountain building orl
progeny before the end of 1960's. The ongmators of the plate tectomc theory (WIlson, 1970; Le Plchonl
rt aI., 1973) combmed eVIdence of plate movements wIth the mantle convectIOn hypothesIs to suggestl
~hat the plate transrrussion model was the dnvmg mechamsm for plate tectomcs. 'I hey suggested thatl
Imovements of the lithospheric plates set up convection currents in the deep mantle. The hypothesi§
lis that cool and heavy lithosphere is subducted into the mantle, driving the downward movement in al
~onvectlOn cell, whIle the nse of hot, lIght mantle matenal dnves the upward movement m a convectlOnl
RelI, and produces areas of extensIOn m the mId-ocean ndges; areas of subductIOn and extensIOn ar~

~onnected by the horizontal movement of the plate between them. This model was immediately accepted
lasthe dommant dnvmg mechamsm for plate tectomcs, and at first glance IS hIghly satIsfactory.

[he phenomenon of "hot spots" was discovered a long time before the development of the transj
Imission hypothesis. Wilson (1963) from his research on the Hawaiian volcanic chain proposed that th~

pcean Island volcano was a hot spot (FIg. 15.1), markmg the upward movement of mantle matenall
Iwhich was partially melted to produce basaltic magmatism. The volcanic rocks forming the Hawaiianl
Ivolcamccham are younger m the east and older m the west. He explamed thIs observatIOn by suggestmg
[hat the hthosphenc plate had moved from east to west over a statIOnary actIve hot spot; the hot spotl
provided a reference system, recording the movement of the overlying plate. The volcanic chain traces
~he movement of the lithosphere relative to the hot spot over a period of a hundred million years. Thi§
rxplanation has been generally accepted. The inference is that movement of the mantle, marked by th~

Ihot spot, IS exceedmgly slow, amounting to vIrtually zero, whIle the hthosphenc plate has moved atl
Ivelocitiesof several or dozens of centimeters per year. The question then becomes: How can the mantl~
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klnve the movement of the plates, If the mantle moves more slowly than the hthosphere? ThIs recogm1
~ion is a death blow for the transmission model originally proposed (Bolt and Kusznir, 1984; 1992). Inl
[he early 1990s, the IOGG ( InternatIonal Omon of Geodesy and GeophysIcs) saId that the problem of
rstabhshmg the dynamIc mechamsm dnvmg plate movements would be solved m twenty or thIrty years,1
Ilmphcltly acknowledgmg that there IS somethmg fundamentally wrong wIth the transmission model of
iJlate tectonics.

[he dynamic mechanism of lithosphere plate tectonics has not yet been solved; none of the presentl
Ihypotheses can saltsfactonly explam all the charactenstlcs of global plate tectonics.

Fig. IS.1 The Hawaii-Emperor seamount chain in the Pacific (ETOP05 bathymetry image)j

The track with diamonds, which closely follows the observed one, is for the best-fit Pacific plate motion. Two re-I
~onslructed tracks of Pacific-hotspot motion in the Indo-Atlantic reference frame are also shown with quantitative plat~

reconstructIOn error ellIpses. I he reconstructed track, which IScloser to the observed one, mcludes East-West Antarctlq
ImotlOn. ehrons and ages (m Ma) are shown (after Raymond et aI., 20(0).

15.2 Progress of Plate Tectonic~

~n recent decade, various opinions, papers and monographs have appeared, opposing the theory of plat~

[ectomcs, because none of the proposed dynamIc mechamsms provIde a satIsfactory dnvmg force.lh~

[esull IS that many non-plate tectomcs studIes have commenced, and some geoscIentIsts have proposedl
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la"penod of post-plate tectonics" (Zhang GW et aI., 2006). But If thw papers and monographs are readl
~arefully, it can be found that many of them criticize the hypotheses and data of 1960s-1970s and dcj
Inotconfront the new data and new vlewpomts m plate tectonics which have been developed dunng th~

Ipasttwo decades. It IS necessary to discuss new advances m plate tectonic theory, m order to reassess th~

~heory objectively and also to further research mto the dynamic mechamsms controlhng the movementsl
pf the hthospherel

(1) Periods of Tectonic Evolution
for a long time after the development of the theory of plate tectonics, it was believed that extensionl

since 180 Ma, with the spreading of the global plates, was continuous throughout the Mesozoic. Thi§
Iwas recognized as the Important new concept of "moblhsm" (Sengor, 1982, 1991; Hsu et aI., 19871
1989; Li JL, 1991). Belief in the periodicity of tectonic events was taken as evidence that the concept§
pf "fixism" still persisted in the geoscientific community. At about this time, the third magnetic anomalYI
fuap of the ocean floor was pubhshed (Cande et aI., 1989, 1992; Ma ZJ et aI., 1996), which demonstratedl
~hat the three mam oceans, PaCific, Atlanlic and Indian, had undergone SIX penods of expansion, wlthl
~hfferent directIOns and different rates of movement at each penod (FIg. 1.1, Table 1.1).

ILater, as the result of research into Mesozoic and Cenozoic intra-continental plate deformation inl
~hina (Wan TF, 1994), five to six different tectonic events were identified, with each having individuall
~haractenstlcs. SimIlar tectonic events have been recognized m the MesozOIC and CenozoIc of westernl
North America (Burchfiel et aI., 1992) and in the sedimentary basins of western Europe (Hibsch et al.,
1995). It is evident that there have been quasi-contemporaneous periods of tectonic evolution in all the
contments]

lIn additIOn, the study of plate movements and tectonic evolutIOn shows that those penods of aC1
~lVlty or catastrophic epIsodes have alternated WIth penods of stablhty in Uniform change. It has beenI
recognized that tectonic events in different paleocontinental plates and the periods of convergence orl
f.\ivergenceare quasi-contemporaneous over the whole EarthJ

~t 1,100 Ma most of the plates on the globe were assembled m the super-contment of Rodmlal
(McMenamin et aI., 1990; Hoffman, 1991) (Fig. 3.10); at 800 Ma Rodinia broke up (Fig. 3.11). In the
~ate Neoproterozoic-Earliest Paleozoic (680-513 Ma) there was the widespread Pan-African tectoniq
!went to form the Gondwana (Unrug, 1996) (FIg. 3.12). At the end of Late PaleozOIC (before 260 Ma]
rJost of contmental plates were re-assembled to form the super-contment of Pangea (SmIth et aI., 1981 j
ISengor, 1989; Yang ZY et aI., 1998; Lm BP et aI., 2002) (FIg. 5.9). However, the major part of th~

~hinese continent and its adjacent continental blocks did not take part in the amalgamation or dispersionl
pf the three supercontinents. However, when carefully researched it is found that tectonic events ar~

[eally asynchronous, or only quasI-synchronous, m each major contmental regIOn. It IS obVIOusly th~

result of that function for inter-plates and intra-plates, the formation periods of strong rock deformation
are transmitted very slowly (about 0.65 mlyr) (Chapter 9). It is a big harvest nowadays to know the
guasi-synchronization or difference of tectonic event period in each continental platel

(2) Directions and Rates of Plate Movement~
IFrom the study of terrestrial paleo-magnetism and intraplate deformation over the whole of geoloj

glcal time, It IS now generally understood that hthosphenc plates have moved in different dlrectlOn~

latdifferent periods of time, and that during the same period of time other plates have been moving inl
f.\ifferentdirections. Plates have been able to move freely across the equator; evidently the movements
pf the plates have not been restncted by the presence of the equator mdlcatmg that the rotatIOn of th~

~arth does not influence the movements of the plates. Plates have been rotated to certain degree, and ar~

able to be separated and move apart radially (Figs. 7.3, 15.4, 15.5 and 15.6).
[here are great differences in the rates of movement of the plates. As is generally known, during]

~he Mesozoic, the Indian Plate moved at the fastest rate northwards at the rate of 17 cm/yr in the Lat~

K:retaceous. Generally, small and thm hthosphenc plates were able to move most rapIdly, whIle large1
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~hlck hthosphenc plates moved more slowly (such as BaltIc Plate). At the present tune the most rapldl
[ate of extension, 13cm/yr, is taking place across the East PacificRise, while the rate of extension acros§
[he AtlantIcMId-oceanRIdge IS only 1-2 cri17yr, and the rate of mtra-contmentalextensIOn IS even lowerl
[han I cIIl7Yr m Chmese contmentl

!Plates have moved in different directions and at different rates' the Baltic Plate has remained stable
~hroughout geologIcal time, whIlethe Slbenan (Angaran) Plate moved from a low latItudein the south1
~rn hemisphere to a high latitude in the northern hemisphere during Paleozoic, and the Indian Plat~

rJoved from a lowto a hIgh latItudem the southern hemIspherem the penod betweenthe PaleozOIC andl
~urasslc; smce the Cretaceous IndIa Plate has moved from a hIgh latItude m the southern hemIsphere t9
la low latitude in the northern hemisphere. It has been demonstrated by paleo-magnetic determinationsj
Iby DSDP and ODP ocean-floor dnllIng, and from other geologIcal data, that plates have moved ove~

~housands of kilometers over tens of million years. The earlier view that plates have remained in theirl
pngmal places, or have moved for only short dIstances IS no longer tenablel

IRecent research has shown that the plates have moved much faster than the underlymg mantle.
[Hotspots have usually been regarded as providing a reference system to determine plate movementsl
(FIg. 15.1). Later studIes (Mmster and Jordan, 1978) proved that the hotspots themselves have moved)
lat rates of only several mri17yr. Rates of dIsplacement of some actIve hotspots have reached 2 cri17yr.
~t has been realized that the movements of the hotspot reference system, reflecting rates of convection
1m the deep mantle, are very slow,compared WIth the rapId movement of most lIthosphere plates; thl§
k1ifference amounts to an order of magnitude. From this observation, Bott and Kusznir (1984) deducedl
~hat the movementsof the hthosphenc plates dnve the movementsof the mantle, rather than the mantlij
klnvmg the movementsof the platesl

(3) Whatis the Dominant Causeof PlateMovements~
[s subduction or extension the dominant factor driving plate movements?In 1980s-1990s this poin~

Iwas intensely debated? Initially, many geophysicists emphasized the importance of the subduction proj
Ress (Forsythand Oyeda,1975;Turcotteand Schubet, 1982). 'I heyconSIdered that the valuesof tectomC]
stress driving subduction and plate extension are commonly ofthe order of 20-30 MPa, but at the mar1
gms of a sUbductmg plate could mcrease to 1,000MPa. A sUbductmg plate has huge negative buoyancYI
land this is the major drivingforce for plate movements.The abovedata obviously are too bigger than rej
lahty. Further factors should beconSIdered m estlmatmgthe denSIty of the downgomgplate and thereforel
~he values of neganve buoyancy, such as the changmg phySIcal parameters of pressure and temperaturel
Iwith depth, differences in subduction velocities, different thickness of plates and various conditions of
subductionprocesses, etc. Takingthese factors into account the estimated valuesof stress at the margins
pf a subductmg plate could be much less, between 40 and 290 MPa (Zang SX et aI., 1994).1

~ore recently researches have emphasized plate extension as the dominant process in driving th~

rJovement of the plates, espeCIally WIth relatIOnshIp to the emplacement of mantle plumes. ThIS modell
Iwill be discussed in detail in later section.

(4) State of Tectomc Stress
IAccording to the research carried out during the last three decades, the direction of maximumprincij

[lal compression stress IS parallel to the movement dIrectIOn of the plates. Rock deformatIOn caused b~

~ectonic stress is concentrated in the upper part of the lithosphere, especially in the crust. During geoloj
19ical history, the differential stresses in the crust could be between 100-200 MPa, decreasing to 8 MPal
lat a depth of 50-60 km belowcontmentalnit zones. Beneath contmental extensIOn zones the dIfferentIal1
stress may decrease from 45 MPa to 5 MPa. The dIfferentIal stress value commonly decreases to 15-51
IMPa at the depth of 100-200 km in the lower part of the contmental hthosphere (MerCIer, 1980; Eng1
~and and Molnar, 1991). Differential stress is almost negligible in the lower part of lithosphere, wher~
[he average confinmgpressure reaches 2,700-5,500 MPa. Here the denSIty of the rocks IS mcreased andl
~here IS httle deformatIOn. At present, the value of tectomc stress m the mtenor of the plates, near thij
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IEarth's surface, determIned by many methods, IS commonly between 20-30 MPa, (Bott and Kuszmrj
1984; Forsyth and Uyeda, 1975; Zoback and Magee, 1991).1

[t has not been possIble so far to obtaIn samples from the mIddle and lower parts of the mantle, beloW
[he base of the lIthosphere. From the IsostatIc nature of the global gravity field and from expenmentsl
pn rock matenals at hIgh temperatures and pressures, It has been deduced that the strength of mantl~

rJatenals IS very small, and that crystal symmetry IS more perfect. In the central and lower parts of th~

solid mantle, the differential stress is almost zero, i.e. the global stress system is also isostatic.

(5) On Mantle ConvectIonl
[Basedon the maximum depths in the Earth at which earthquake foci are recorded, it was consideredJ

~wenty years ago, that hthosphenc plates usually could be subducted and penetrate the asthenosphere tq
ladepth of 600-700 km. Part of west Pacific Plate penetrates beneath the east Asian continent to a depthl
pf 600 km (Grand et aI., 1997; Van der Hilst et aI., 1997; Van der Voo et aI., 1999). The subductionl
pf other plates also eVIdently ceased at depths of ~600 km, for example, the IndIan Plate penetratedl
~eneath the Qinghai-Xizang (Tibet) plateau, but at a depth of 600-800 km inverted and crimped to th~

south. Subducted plates In SaudI ArabIa and the MedIterranean region (Maruyama, 1994; Cavazza etl
lal.,2004), and many other examples suggest that there is a zone of detachment in the mantle at a depthl
pf about 600 km (Bigwaard et aI., 1998; Van der Voo et aI., 1999). However, recent seismic tomographicl
kJata, recordIng vanatlOns In seismICvelocIty withIn the mantle, have shown that the cool Farallon Plat~

penetrates very nearly to the boundary between the mantle and core, at a depth of 2,891 km beneath the
~orth American Plate. The subducting rate of plates is about 1-1.5 cmJyr only, much less than the rates
pf the honzontal movement of the plates across the Earth's surtace (Grand et aI., 1997).1

IWh11e plates are contInuously subducted and penetratIng Into the mantle, the hot mantle matenals ar~

,"ISIng up from the boundary between mantle and core to fonn the mantle plumes. SubductlOn of coldl
llithospheric plates, penetrating into the deep mantle asthenosphere on one hand, and rising hot mantl~
Imaterial on the other, constitutes a huge mantle convection system (Mattauer, 1999; Condie, 2001; Xtj
gQ et aI., 2003) (FIg. 15.3). An earher vIew that the convectlOn systems dId not Involve the wholij
mantle, but could occur only within restricted layers must be abandoned.

~Ithough convection In the mantle has been demonstrated, movements of the mantle cannot be heidi
[esponsible for transporting the lithospheric plates like a transmission belt, because there is no evidencel
pf movement rates In the mantle exceedIng 2 cm/yr. A "transmlsslOn belt" mOVIng at a slow speed 1S notl
lable to transport the "goods" at a faster rate. Therefore, the hypothesIs that mantle convection acts as al
~ransmission belt to drive the movement of the lithospheric plates is no longer tenableJ

~mong active extension zones in the present plate system, only the deeper part of the mid-Atlantiq
~Idge can be demonstrated to be the sIte of the ascent of hot mantle matenal from the core/mantlel
~oundary; other ocean ridges have only shallow earthquake foci. Most of the hotspots, which are th~

surface expressIons of mantle dlaplfs, occur wIthIn oceanic or contInental plates rather than at oceamq
[Idges (FIgs. 15.1 and 15.2).1

(6) Layer Detachments WIthm Contmental LIthosphenc Plate~

IEarlierplate theories assumed that the lithospheric plates were rigid (Wilson, 1970; Le Pichon et al.,1
1973). However, further research on contInental plates has shown that there are detachments (shdIng~

pr ductile shear zones within the continental lithosphere, such as the discontinuities between the sedij
Imentary cover and the crystalline basement, the low seismic velocity / high electric conductivity layer
lIn the mIddle crust and the Mohorovicic dIscontInUIty. Detachments are usually connected to hIgh anglij
Inormalfaults or thrust faults in the shallower part of the crust, becoming low angle slides, over-thrustsl
pr duct11e shear zones at depth In the crust or In the hthosphere. I hese dlscontInUlt1es become the focll
pf intra-continental earthquakes and give rise to igneous magmas. In transitional areas oceanic and conj
~inental lithospheres may become detached along these discontinuities and are able to interpenetratel
~ach other. ActIve magmansm may be generated where contInental crust becomes detached and shde~
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F'lg.15.2 Hotspot traces In the Atlanlic and the IndIanOcean (CondIe,2001, with permiSSIOn of Condie CK).

Large black spots mark the localion of present day hotspots; the black mangles gIve the age of volcamc rock; blackl
IIInes show the reconstructed trace of the hotspots; number ISthe IsotOpIC age In Ma (the Interval between two spots IS 51
Mill

;;W~M~(~W~h~lt~e'M=ou~n~ta~l~ns~)-,~DnI~(~DCe~cc~a=n'tr=a~p~s)',~R~I~(~R'a=im'aIl=a'l~tr'ap~s'),·P~H~(P~ar=a=n~a·tI~o=o"d"b=a~sa"'lt's)',·E·B~(E~te=n'd~ek'a~tlo=o~i!

Ibasalts), BB (Bunbury basalts).
Present hotspots: New England-Comer sea mounts, Great Meteor, Trinidade, Rio Grande Rise, Tristan da Cunha,

Reunion, Conrad Rise, Kerguelen, NinetyeastRidge, Tasmaniansea mounts]

rver oceamc mantle, such as m eastern Chma and m the east Alps (Melcher et al. 2002), dIscussed ml
~hapters 7 and 13. It is well known that oceanic lithosphere passes beneath continental lithosphere in
subduction zones

(7) RapidRotationof'Inner corel
[[he passage of seIsmIc waves shows that the Earth's mner core IS not homogeneous (Song xq

land RIchards, 1996). There IS a small systematIc dnft m the onentatlOn of the aXIs of rotatIOn of th~

linner core towards the east, 1.lo/yr. Later, this value was revised to 2-3°/yr (Su WJ et aI., 1996). It is
found that the maximum rate of rotation on the surface of the inner core at the equator is more than 2q
!<,m/yr, hundreds of thousands of times faster than the rate of rotation of the crust and mantle. Severall
K:hmese geoscienusts have suggested that thIS dIfferentIal movement must mfluence tectonic act1V1t~

near the surface of the Earth. This seems very unlikely, because the large massive mantle is rather
stable. However, friction and turbulence may be generated in the more rapidly rotating solid inner cor~
land the IIqUld outer core, against the base of the more slowly rotatmg solId mantle. ThIS turbulencel
Imay influence the magnetic field as recorded near the Earth's surface and might be responsible for th~

ImltlatlOn of mantle plumes. I'hlS Important research ISstIlI at a prelImmary stage.
[n summary, the theory of plate tectonics has been very successful and has generated many ne~

lideas concerning the geometry and kinematics of the movement of lithospheric plates. It is no longe~
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la hypothesIs,but a theory. However, the problem of controllIngdynamIc mechanisms has not yet beenI
satisfactorilyresolved.

15.3 OntheHypothesis of Mantle Plumel

lin order to dIscuss mantle plumes, It IS necessary to c1anfy the termmology. A mantle plume IS com1
Imonly consIderedto be a mass of relatively hot mantle matenal wIth a low densIty,whIch nses toward§
~he Earth's surfacedue to its buoyancy. Wilson(1963) first used this term to account for the gradual dis1
placement of the volcamc edIficesformmg the Hawau-Emperor RIdge relative to a statIOnary hotspot.1
[he implication is that the hotspot marked the top of a rising mantle plume. Although this phenomenonl
Ihas been thoroughly researched, It must stIli be regarded as a hypothesIs.

K:ondle (2001) mtegratedthe vanous suggesuons whIch had put forward, and dIscussedthe definltlOnl
pf mantle plumes systemically.He used the common observation that convection in fluids results froml
kbtterencesm buoyancyto cause lIghtmatenals to nse and denser matenals to smk. A mantle plume I~

OCormed when matenal near the base of the mantle IS reduced m densIty by heatmg m contact wIth th~

~iquid core, and rises towards the surface. When the plume reaches the base of the lithosphere it spread~
put to form a pancake-bke plume head, wIth a dIameter,estImatedfrom the dlstnbutlOn of flood basaltl
OCormed by the plume wIthnch flUId, bemg of the order of 500-3,000km (HIllet aI., 1992). The dlamete~

pf the underlying plume tail is typically only 100-200 km (Fig. 15.3)j
IHotspots mdlcated by basaltIc volcanism mark the posinon of the plume head below the Earth'~

surface, where magma has been generated by the partial melting of rising mantle material. The mainl
Rharactenstlcsof present day hotspots are the concentratIOn of volcamc activItyand hIgh values of heatl
Iflow. The altItude of the landforms above the plume depends on whether It nses beneath an oceamq
pr contInental plate, by the depth of the plume and by the IntensItyof actIve volcamsm. Superplumesl
[lave plume heads wIth dIameters of 1,500-3,000 km, and the volume of flood basalt erupted above al
superplume may reach 0.5x 106 km3. Mantle diapirs are small-scale plumes, with a plume head les§
~han 300 km m dIameter, wIth no plume taIl, and are no longer developmg (Hernck, 1999). I'hough al
plume IS commonly a large-scalestructure, It rarses the surface by only several hundred meters formmgl
la widespreadand rounded swell. Because the oceanic lithosphere is thin, this surface swell may be very
Ilarge, wItha dIameterof 2,000km and a relIef of 500-1,000m (Crough, 1983; McNutt, 1998). The tog
pf the plume may actually reach the Earth's surface due to the nse of the partIally melted base of th~

IlIthosphere.
OCt should be emphasized that plumes are composed of crystals of silicate minerals with an interstitia]

Ifluid, full of active components, such as K, LREE, e,water vapor and volatile elements. The passag~

pf seIsmIC waves mdlcates that mantle plumes are essentIally solId, apart from the plume head, wher~
Imantle matenal has undergonepartial meltIng.Hot InterstItialflUIds nse along fractures and along crysj
~al grain boundaries in the mantle rocks to accumulate in magma reservoirs, before being erupted atl
[he surface (Morgan, 1971). The term "mantle plume" IS more appropnate than "mantle column". Th~
~oncept of the mantle plume is completelydifferent from the convectioncurrents in the solid mantle du~
~o rheology,as vIsualIzedby Holmes (1944) and Gnggs (1939). Wlthm the plume temperatures in th~

Imantle may exceed normal values by 100-200De, reducing the viscosity of the mantle rock, the densit}1
land the velocity of seismic waves (But, no quantitativedata are examined now) (TengJW,2001). All of
[hese features mdlcate the presence of a mantle plume. Accordmgto the data from seIsmIC tomography,1
Imantle plumes are generated in the D" layer, near the core/mantleboundary.

~n the hypothesis that mantle plumes drive the movement of the lithospheric plates, it is suggested
[hat the nse of the plume head causes the uplIft of the upper lIthosphere, causIng extensIOn and th~

[ormation of radial cracks. As the mantle material rises, reduction in pressure causes adiabatic partiall
rJeltmg and the resultmg basaltIC flUIds are mtruded mto cracks and fissures to form radIaldyke swarm~
lin the lithosphere, or are intruded along horizontal discontinuities near the surface to form sills oven
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Fig. 15.3 Modelof mantleplumesand mantleconvection (Candle,ZOO!. with perrmssron of Candle KCl!

Iwideareas. Magma erupted at the surface forms extensive areas of flood basalt. All of these Iarge-scald
rJagmatlc effects are controlled by the plume and occur almost synchronously, Yleldmg rock Isotoplq
lages which differ by less than 1 Ma (Condie, 2001). If these processes continue over a long period of
~ime the lithospheric plate may be extended and broken into several plates, which move away from th~

larea of upltft above the plume head, and become mcreasmgly separated as they are pushed away b~

~ontinual injections of magma to form new areas of basaltic oceanic crustl
IThe study of ancient mantle plumes is often very difficult, as evidence for their previous existence

lIS rare, and may have been destroyed. In the North Amencan contment, dIke swarms WIth a fanhk~

~istribution, converging northwestwards, were intruded at 1267Ma (Ernst et aI., 1992).It is reasonablel
~o assume that an ancient mantle plume was located in the northwestern part of the CanadIan Shleldl
Inear Arctic Circle at that time, but other evidence is lacking. A large-scale flood basalt province wa§
[ofl11ed in Siberia at 250 Ma (Shafl11a et aI., 1997).However, there are still different opinions concerningl
[he locatIOn of the center of the mantle plume responsIble for thISeruptIOn. The Emelshan flood-basal~

province in southwestern China (described in Chapter 5) was erupted in the Late Permian, suggesting
~hat an ancient mantle plume was developed at that time beneath the Yangtze Plate and the Gangdlsel
landQiangtang blocks; further research into this possibility is required.

WhereIS a great more eVIdencefor the occurrence of superplumes smce the MesozOIC. CondIe (2001 l
proposed that there was a superplume between North and South AmerIca and AfrIca, whIch was respon1
SIble for the breakup of the Pangean supercontment (FIg. 15.4). He arnved at thIS conclUSIon from th~

~istribution of active volcanic centers, sills and radial dike swarms of forming the Early Jurassic (2001
Ma) Central AtlantiC MagmatIc Provmce among these three contments (fIg. 15.4). The ages of thes~

~ocks determined by 40ArP9Ar dating show that they were formed over a period ofless than 1 Myr. Th~
Ivolumeof flood-basalt exceeds 7xI 06 km3(Marzoli et a!., 1999;Hames et a!., 2000), but no evidence!
pf the deeper structure of this superplume can be recognized at the present time.

from contrasting swells in the geoid and relief on the core-mantle boundary (D" Layer) estimatedl
~rom sersrmc waves, and the dIstrIbutIOn of zones of ocearuc crustal accretion mdlcated by magnetlq
lanomalies on the oceanic floor, Pavoni (1997)proposed that there have been mantle superplumes belo»!
~he African and Pacific plates in the past 180Ma, since the Middle Jurassic. He proposed that there is al
geotectonIc blpolanty of two mantle plumes (FIg. 15.5).
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!Fig. 15.4 The mantle plume at the junction of the North American, South American and African plates in the Triassiq
I(Condle, 2001, with permiSSIOn of Candle KC). CAMP - Central Atlantic Magmalic Provlllce; the black star shows tM
[ocation of the superplume.

[he rise of these mantle plumes caused the horizontal displacement of the lithospheric plates and th~

!Ipper mantle. The anomalous swells in the geoid, with a maximum uplift of 800 m in central Africa, andl
1,200m In the central PaCIfic, correspond to elevatIOns In the core/mantle boundary of 3,500m belo\\J
~frica and 3,000 m below the Pacific. It is generally accepted that mantle plumes arise from core/mantle
Iboundary, and may be caused by dIfferences In the rate of movement of the lIqUId outer core and th~

solid mantle, with the resulting turbulence causing the core/mantle boundary swell and the formation of
the mantle plumes.

rt'he large Karoo flood-basalt province in South Africa covering an area of 3 x 106 km2 was eruptedl
Ibetween 195 Ma and 177 Ma and corresponds with the Ferrar basaltic province of mafic lavas, sillsl
land dike swarms extending along the eastern boundary of Antarctica, giving isotopic ages of 193-17q
Ma, and also the Chon Alke provInce In southern ArgentIna In South AmerIca (Storey, 1995, 1997)
(Fig. 15.6). These three basaltic provinces are centered on the Falkland Islands. It is suggested that al
superplume mIght occupy thIs position In the MIddle JurassIc. The nse of thIs mantle plume formedl
~he three flood basalt provinces with a rifted triple junction, which led to extension and the breakup of
pondwana. The deep structure of this proposed mantle plume has not yet been explored geophysically.

II'he mantle plume hypothesIs can explain the movement of plates In vanous dIrectIOns and then hon1
~ontal and radial displacements since the Mesozoic. The mantle plume hypothesis can also explain whYI
~he Earth has remained in a stable tectonic state for the last four billions years. It explains how hori-



1374 15 Discussion on the Dynamic Mechamsm of Global Tectomc~

I:;:;:;:;:;:;:;:;:;:l
>143.8

E3
143.8-118.7

~::::::::::::::::::J
118.7-84 84-66.2

1 I
66.2-0.0

[Fig. 15.5 Superplumes in the ancient Pacific and below Africa since the Middle Jurassic (Pavoni, 1997). Different oma
jllents mdlcate oceamc crust of dIfferent ages, deduced from magnetIc anomalIes on the ocean floor. The arrows show tM
directions of horizontal mantle movement beneath the lithospheric plates.

lzontal movements of the lithospheric plates can take place, being independent of the rate of convectionl
1m the underlymg mantle. It IS recognized that thIS hypotheSIS IS more reasonable than the alternatlves.1
IHowever, because of the absence of supportmg data thIS hypotheSIS cannot explam pre-MesozOIc plat~

Imovements, which must have occurred throughout geological history. In addition, it is difficult to exj
plain sudden changes in directions of plate movement over periods of only tens of millions of years, a~

[he evolutIOnof mantle plumes from the mantle-core boundary and theIr nse to the surface are lIkely tg
~ake hundreds of mIllIons of years. The suggestion that mantle plumes may anse at dIfferent depths Inl
~he mantle also requires further research.

Maruyama (1994) has divided the evolution of the planets of the solar system into five tectonig
iJerIods: "growth tectonics, mantle plume tectonics, plate tectonics, contractIOn tectonics and termmall
[ectonlcs". All the planets have passed through a growth tectonic penod m whIch they accreted froml
protoplanets, asteroids, comets and meteorites and underwent partial or complete melting, and wer~

~hen dIfferentIated by gravityInto a senes of concentnc spheres of redUCIng denSIty.In the mantle plumel
~ectonic period, partial melting occurred at the top and base of the mantle, initiating the process of mantl~
~onvectlOn m whIch no lIthospherICplates can be formed. At thISperIod the Earth was sImIlar to Venus atl
~he present day. l'he current perIod of Earth's evolutIOn IS the plate tectonic perIod, many spheres hav~

formed, some mantle plumes are still operating, lithospheric plates are still being subducted into th~

rJantle, the upper mantle IS dlfferentIatmg and the materIal of lower mantle ISmlxmg. In the contractlOnl
[ectonlc penod, the outer layer of the Earth's surface becomes thIcker, a few craters remam, macroj
shield volcanoes are formed, the globe contracts and will be compressed, like Mars and Mercury at th~
iJresent day. In the termmal tectonic perIod, the crust and mantle are colder and undergo contractlOnJ
Iwithincreased rigidity, lithospheric plate movement has ceased and gases are emitted through fracture§
1m the crust and mantle. Eventually the Earth WIll become SImIlarto the Moon and some other asterold~

lat the present day. Maruyama's (1994) speculatIOns are helpful to understandmg the evolutIOn of th~

~arth and the other terrestrial planets of the solar system.
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Fig. 15.6 The MiddleJurassicmantleplumein the southernAtlanticand the breakupof Gondwana(Storey, 1995).

15.4 On the Hypothesis of Meteorite Impacf

k\sterOlds and comets, which are abundant m the solar system, Impact the Earth's surtace penodlcaIIyJ
More than 170 meteorite impact craters have been identified, ranging in ages from 2 billion years to th~

150,000 year old. Barringer Crater discovered in Arizona, U.S.A. ranges in size from dozens of meters
~o 300 m. The majority of meteorite impact craters have been found on the continents, as they ar~

Imuch more difficult to identify on the ocean floors, and any craters older than 200 Ma will have beenl
subducted together with the ocean floor. Dunng the last three decades, there has been mcreasmg suppor~

for the hypothesis that meteorite impacts may change the direction and rate, and may be responsible fori
linitiating plate movements (Oberbeck et aI., 1993; Wan TF et aI., 1997).

[[he outhne of this hypothesIs ISthat macro-meteontes Impact the Earth with a penodlclty of 33±31
Myr (Rampmo and Stothers, 1984, 1988) and form huge meteonte craters (Fig. 15.7). A meteonte wlthl
ladiameter less than 200 meters vaponses on Impact and scarcely makes a crater on the Earth's surtacej
!Jut a major meteorite impact may alter the course of geological events:1

(I) When a meteorite, with a diameter greater than I km, impacts the Earth's surface, it makes a giantl
Rrater of hundreds of kilometers III diameter and more than twenty kilometers deep (Fig. 15.7). Circularl
landradial fractures extend over thousands of kilometers (Grieve, 1990). Meteorite impacts fracture th~

surface layers of the Earth and produce a huge mass deficit. Mantle matenal nses to maintain Isostatlcl
rquilibrium, forming a mantle diapir in the upper part of the mantle, causing large-scale magmatisml
Iwith the eruption of flood basalts covering areas of up to 106 km2. The impact produces circular andl
radial extension fractures. These fractures become filled With magma and develop as tnple JunctlOn~

Iwithin the lithospheric plates. The separated plate fragments are pushed apart horizontally and movel
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Fig. IS.7 Sketchto illustratethe formation of a meteoritecrater (http://craters.gsfc.nasa.gov).

(a) A giant meteoriteimpact forms a crater, and rock materials (i.e. mixed and crushed meteorites and rocks of th~

~arth suftace) are ejectedover a WIde area; (b) as the result of hIgh temperature, crushed rock and mass defiCit near th~
Isuftace. deepmateoalsare uphftedand surgeover the surroundIng area, volcamsm may be Induced, formIng fractures and]
fuore crushedrock. (c) ejectedImpactmatenals and lavamay completely cover the meteoote crater. Ihls Impactprocessl
refers to that 00 the Moon

laway from the sile ot the tmpact m dttterent dtrectlOns (Wan I'F et aI., 1997). (2) I'he energy of al
Ivtolent tmpact at a veloctty of 30-50 kiI17s causes the meteorite and the rocks tmmedlately adjacen~

~o the impact to vaporize, while rocks further away are melted or shattered. Powdered rock and ga§
~onn a plume nsmg up mto the atmosphere, spreadmg out to fonn black clouds blockmg the sun andl
~ausing a drop in temperature over a large part of the Earth, perhaps for several months. Where the targe~

~ocks, included limestones or evaporates, the greenhouse gases carbon dioxide, hydrogen sulphide andl
Iwaterare emttted by the shattered rock. The period of low temperatures tSfollowed by a period of hlghl
~emperatures causing wildfires (Alvarez et aI., 1980; Wolbach et aI., 1985; Rampino and Volk, 1988)~

IHydrogen sulphide combmes WIth water to form aCid ram. (3) High temperatures near the Impact Slt~

lignite fires killing off all the plants and animals in the immediate area. If the clouds of dust block out th~
sunlight for a long period oftime plants are unable to photosynthesize, in consequence, the plants witherl
landdie. First the herbivores die of starvation followed by the carnivores. If these subsequent effects of
~he impact cover a very large area and last for a long time, many species of plants and animals will
~ecome extinct. Acid rain will also kill the vegetation, contaminate fresh water and inhibit the formation
pf calcareous shells m marine and fresh water enVironments, many microorganisms Willbecome extmctJ
~estroymg food chams. Many sCientists belteve that all the mass extmctlOn recorded m the fOSSil recordl
rJay have been caused by meteorite Impacts (Alvarez et aI., 1980; Prlnn and Fegley, 1987). (4) If th~

limpact occurred in the ocean, a giant tsunami (seismic sea wave) would attack the adjacent coasts andl
lin low-lying areas extend far inland depositing chaotic tempestites (tsunamites) and the trace element§
lalso changed a lot (Erickson and Dickson, 1987; Hsu, 1990). (5) It IS pOSSible that a major Impactl
~vent could cause reversal of the polarity of the Earth's magnetic field. Although many such reversal~

lare recorded m the rocks dUring the Earth's history none have been Itnked to a specific Impact event.1
(6) Macro-meteorite Impacts fracture rocks over a large area, and produce a material defiCitaround th~

~rater. GravitatIOnal isostatrc compensation may mduce the fonnatlOn of the shallow mantle plumes (I.e.
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rJantle dlaplr), wIth large-scale rnagrnausm, ruptunng the hthosphenc plates wIth radial and C1rcula~

extension fractures, developing triple junctions, and slowly pushing the segments apartJ
~vldently major meteonte Impact events wJ1l affect the atmosphere, hydrosphere, bIOsphere, hthoj

sphere and the magnetIc field of the Earth.
~ccordmg to data accumulated by Rampmo and Stothers (1984, 1988) and Ym HF et al. (l988)l

~here IS a close relatIOnshIpbetween penodlclty 10 the tectomc evolutIOnof the Earth and the occurrencel
pf giant meteorite impacts. There are two periodicities in the movement of the solar system aroundl
~he galaxy: one of 33±3 Ma and another of 265±60 Ma. 'I he former IS related to penods when th~

solar system crosses the galaCl1C dIsk, where mterstellar matter IS dense. I he resuitmg changes 10 th~

[gravitational field may eject asteroids from their orbits to impact the Earth. The latter period is the lengthl
pf the galactIc year, the l1mewhen solar system takes to travehng around the galaxy; 10 one galactIc yearl
the solar system crosses the galactic disk eight times.1

IFrom our present data, dunng the last galactIc year there were probably a senes of catastrophIC]
rJeteonte Impact events at mtervals of 33±3 Ma:

(1) At ~ 0.78 Ma, between the Early and Middle Pleistocene, there was the Australasian microtektitel
Ilmpactevent (Glass, 1982) (hg. 15.8,A). Mlcrotektltes, wIth a diameter less than 1 mm, were strewnI
pver a wIde area and are preserved as a layer up to 10 m thIck 10 the Austraha, Indian Ocean, andl
InearbySoutheast Asia. The microtektites extend over an elliptical area, covering nearly one tenth of th~

~arth's surtace. The age of formatIOnof thIs tekl1te field, determmed by K-Ar and fiSSIOn track method§
lis 0.9-0.7 Ma, and it has been suggested that it represents two separate meteorite impact events. Th~
lamount of matenal thrown out by the Impact IS estImated to be a hundred mllhon tons. I he sIte of th~

Ilmpactwas located near the tnple junctions of three hthosphenc plates 10 the IndIan Ocean (hg. 15.81
k\) and the impact may have increased the rate of extension among the African, Australian, Eurasianj
[ndlan and Antarctic plates. Its mfluence on Chmese contment IS that Indian Plate moved more rapldlyl
Inorthwards, mtensdymg the effects of the colhslOn wIth ASIaand producmg ~30 kilometers shortenmgl
1m the HImalaya and 'hbet, causing a greater amount of uphft. Ihese effects are represented 10 Wes~

K:hina by an angular unconformity between the Early and Middle Pleistocene (Wan TF et aI., 1992J
1994; Ge XH, 2002); in East China, the impact is represented only by a scattering of microtektites.

(2) At ~35 Ma (Oligocene), there was an impact event in North America marked by the widespread
pccurrence of mlcrotektltes (Glass, 1982)(hg. 15.8,B). The area covered by the mlcrotektltes form~

Ian elhptlcal field wIth a long aXIsextendmg from ENE-WSW (70°-250°), across the southern part of
North Amenca, the Canbbean Sea, the central PacIfic and Southeast ASia, formmg a layer down to 4001
1m depth below ocean floor. The IsotOpIC age of these mlcrotekl1tes IS 34.6-37.5 Ma at the boundaryl
Ibetween the Eocene and Ohgocene. It ISesl1mated that the weIght of the mlcrotekl1tes amounts to (1="1
10) xl09 tons and the diameter of the meteorite zone is estimated to be 0.9-2.5 km. It is probable thatl
~he meteorite impacted the Earth at very low angle so that material ejected from California extendedl
lasfar away as Southeast ASia. At about the same time there were mass extmctlOn, unconformItIes andl
la major change 10 geochemIcal elements 10 the boundary clay. EVIdence from the oceans shows thatl
~hat was a transitional period from a greenhouse to an icehouse environment (Prothero et aI., 2002). Arq
OCractures are found 10 the ocean floor west of Baja Cahforma to the southwest of the North Amencanl
k:ontinent. The diameter of the circular fractures is ~1,000 km, two thirds of this area lies underneathl
~he North Amenca contment, The centre of the clfcles, representing the site of meteonte Impact, he~

Inearthe triple junction of the Pacific, North America and Cocos plates around the East Pacific Rise (Fig.
15.8, B). The distribution of the microtektites suggests that before impact the meteorite was travelling
[owards SW 2500 at a small angle with the Earth's surface. Yin YH et al. (1996) have suggested that thi§
Ilmpactmay have been responsIble for altenng the dIrectIOnand rate of movement of the PacIfic Plate. lnl
~he Eocene the Pacific Plate moved towards NW 3400 with velocity of 7.1 cm/yr; in Oligocene toward~

IWNW2850 WIth velOCIty of 10.6cIrilyr; but after the Impact, the PacIfic Plate has moved at the rate of
8.7 cIrilyr obhquely towards SW 24SO. The eVIdencefor thISevent IS seen clearly 10 the PacIfic, but notl
elsewhere
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[Fig. 15.8 Distribution of microtektites related to the Australasian and North American-Caribbean meteor impact event§
I(revlsedafter Glass, 1982, wIth permISsIOn of Glass BPJ. A. Area covered by mlcrotektItes from the AustralasIan event; B.
k\rea covered by microtektites from the North American-Caribbean event; the arcuate dash lines offshore Baja Californi~

represent circular fractures in the ocean floor. R1= East Pacific Rise; R2= Mid-Atlantic Ridge; R3= Carlsburg Ridge; R4=j
Circum-Anrarcnc Ridge. Small circles are DSDP well locations]

~t 65 Ma (latest Cretaceous) a large number of Mesozoic organisms, represented by the dinosaurs~

Ibecame extmct. Nearly thIrty years ago thIs extmction event was attnbuted to a meteonte Impact even~

(Alvarez et aI., 1980). A meteorite impact crater ~200 km in diameter was recognized by Sharpton etl
lal. (1992), at 1100 meters below sea level m the ChIcxulub area m the northern part of the Yucatanl
IPenInsula, MeXICO, and ItSadjacent offshore area. I he age of the crystallIzatIOn of the melted rocks ml
~he crater is 65.2±0.4 Ma, determined by 40ArP9Ar analysis. At that time it was generally assumedl
~hat the meteorite impact was the main cause of the major extinction event at the end of the Mesozoic.1
~ecentIy, Keller et al. (2007) recognIzed that ChIcxulub Impact predates 300,000 yrs before occurrencel
pf K-I' boundary. At that tIme all the hthosphenc plates were mOVIng northwards (Moore, 1989) (FIg.
17.7 nght upper). If the mfluence meteonte Impacts have on plate movement descnbed above IScorrect)
Ian impact site or a mantle plume should be looked for near the Antarctic continent. The existing boreholel
~ata from thIs area are unsatIsfactory due to technIcal problems m dnllIng, nevertheless more than 1001
!DSDP and ODP wells were dnlled m the K-T boundary layer. However, Noms et al. (1998) obtamedl
~hree complete cores across the K-T boundary (ODP line 1718, hole site 1049;) in the central Atlantic
pcean using a piston corer. A microtektite layer was found beneath the layer representing the K-lI
IJoundary (Keller et aI., 2007). Further drilling and sampling should be carried out in the ocean floorl
laround the AntarctIc contment, to establIsh WIth certamty the locatIOnof the Late Cretaceous meteontel
Ilmpact site.

IAtabout 100 Ma (Mid-Cretaceous), there was an important worldwide oceanic anoxic event (OAE)
(Schlanger and Jenkyns, 1976; Hay, 1988) WIth the depOSItIOn of hydrocarbon-nch rocks, assoclatedl
IWlth the extInctIOn of many specIes. At thIs tIme there was also a long penod when there were no Inverj
sions of the Earth's magnetic field, known as the "Cretaceous Quiet Period" or the Cretaceous Normal
ISuperchron (CNS; Prevot et aI., 1990; PIck and lauxe, 1993). It was Inferred that the 0" layer, near th~

IJoundary between the core and mantle, thickened (became more viscous?) stabilizing the mantle andl
Iweakenmg convectton m the Iiqiiid outer core, so that there were no mvcrsions of the magnetic pole, th~
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IIntensltyof magnetism was reduced, and the rates of rmgrauon of the true pole and the magnetic polij
Iwerealso reduced. At that time most of the lithospheric plates were moving towards the north, but inl
klIfterent directIOns. 'Iectono-magmatIsm was common, before and after this perIod, but no eVidence of
lagiant meteOrIte Impact has yet been found around 100 Ma, and the causes of the global oceamc anoxlq
~vent and the mass extInctIon have not been determIned. However, It may be possible to explaIn all thesij
~vents In Middle Cretaceous by changes In deep mantle convectlOn.1

IAn important tectonic event in the period of 138-140 Ma was the radial migration of lithospheriq
plates In the area of the Pacific (Moore, 1988) (FIg. 7.7 left upper). Pavom (1997) proposed that twq
super mantle plumes formed beneath AfrIcan and Pacific plates at ~ I 80 Ma. However, radial movementsl
Iwithrelation to the African Plate began at ~138 Ma, while the radial movements of the plates in th~

faclfic area occurred at the end of the JurassIc (~140Ma) so that these plumes are lIkely to be related tq
each other.

IAt about 170 Ma, a super mantle plume developed In the area of the south Atlantic near AntarctlcaJ
landcaused the breakup of Gondwana (Storey, 1995; Fig. 15.6). At the same time, many events occurred
lin the ancient Pacific area: reorganization of the plates; gaps in deposition; sudden changes in climat~

IWlth the northward movement of the northern boundary of the blO-stratlgraphlc zones In the Euraslanl
~ontInent; changes In the pattern of the Pacific ocean currents, so that warm currents extended to morel
~han latItude 60° N (Lm BP and Chen F, 1995). DUrIng thiS tIme (180-170 Ma), the global magnetIi:j
lfield was very weak, with only one third of ItS strength In the CenozOic; thiS IS the MOL (MesozOlq
pipole Low). It was also a stable time for mantle convection (Prevot et aI., 1990). There is no evidencel
~hat the super mantle plume at thiS time was related to processes In the deep mantle, or at the boundarYI
Ibetweenthe mantle and core. It IS possIble that the super mantle plume In the South Atlantlc-Antarctlc~

landthe breakup of Gondwana were caused by a giant meteorite impact near Antarctica,
IAt about 205 Ma, at the boundary between the JurassIc and 'I rIaSSIC, the Central AtlantIc super mantlij

plume fonned and caused the breakup of the Pangea super contInent (Condie, 2001) (FIg. 15.4). AgaInJ
lat present, there IS no eVidence to show that thiS super mantle plume was related to processes In thij
Imantle. It is possible that these events were caused by a giant meteorite impact in the central Atlantic ,I
forming a super mantle plume and initiating the breakup of the Pangea super continent.

[The transitional period of the Paleozoic and Mesozoic, between the Permian and Triassic at 2501
IMa, was a time of great catastrophe when more than 90% of species on Earth became extinct, thij
Imagnetic field was reversed, the climate and the composition of the atmosphere suddenly changed~

k\nomalous mlcroelements occur In the boundary clay between the Permian and TrIaSSIC successlOn§
lIn South ChIna (YIn HF et aI., 1988; Peng YQ et aI., 2002). Yang ZY et ai. (1991) found ferrugInousl
spherules In the boundary clay In several places, but the spherules were explaIned as due to a volcamq
rruption. However, the spherules have not been subjected to detailed chemical analysis. If the spherule§
Iwere analyzed using NTlMS (negative thermal ionization mass spectrometry) the ratio of rhenium t9
psmmm could be determIned to establIsh whether they were of terrestrIal or meteOrIC OrIgIn. AgaIn ItI
[las been suggested that thiS global catastrophe was related to a giant meteOrIte Impact event. However J

so far there is no evidence for the site of the impact. Oberbeck et ai. (1993) speculated that "tillites",
klIstrIbutedat low latitudes on Gondwana, were In fact materIals ejected by a meteOrIteImpact. Althoughl
~his interpretation has been much discussed, it has not been generally accepted (Young, 1993; Le RouxJ
1994; Zhang SX, 1996).1

lOuring the last galactic year, as the solar system rotated around the galactic disk, there have beenl
right catastrophic tectonic events which could be ascribed to major meteorite impacts.

IPerIodlcltyof the galactic year IS amaZIngly SimIlar to the perIodiCItyof major events In the tectomq
rvolutlOn of the Earth, and corresponds to the convergence and divergence of the lIthospherICplates a§
~escribed in the "Wilson Cycle" (Wilson, 1970). The super-continent of Pangea was formed one galactiq
&earago, at ~250 Ma, between the PaleozoIc and MesozOiC Eras. 'I he super contInent of Gondwana wa§
~ormed two galactIc years ago, at ~543Ma, between the NeoproterozoIc and PaleozoIc Eras. The superl
~ontInent of RodInla broke up and many of the contInental blocks In ChIna converged three galactlq
~ears ago, at ~800 Ma, between the Tonian and Cryogen ian Eras, this was at the end of the Jinning
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IPenod in the Chmese contment. The super contment of RodmJa fonned four galactic years ago, atl
~1,050 Ma, between the Mesoproterozoic and Neoproterozoic. It appears that periodically, for the lastl
pne billion years, astronomical events have mfluenced the tectomc evolutIOnof the Earth. Further backl
[0 geological time eVidence of earlier events has not yet been recogmzed, and perhaps IS no longe~

lavallable, was probably destroyed dunng later tectomc events. Further discussion may be expected onl
~he causes and effects of this penodlclty.

IFinally, the author offers some speculations about tectonic dynamic mechanisms controlling th~

rJovements of the hthospherel
~ very thm surtace layer, the lithosphenc plates with an average thickness of one sixtieth of th~

~adius of the solid Earth, moves over the Earth's surface, in response to variations in differential stres~

~ausmg extenSIOn, subductIOn, collisIOnof contments and VIOlent rock deformatIOn, with the formatlOnl
pf mountain ranges. These movements are generated by the thermal and compositional evolution of th~

IEarth's mtenor, mfluenced by reactIOns with the envelopmg atmosphere, hydrosphere and bIOsphere)
landprobably by penodlc meteonte Impacts. Super mantle plumes, nsmg from the boundary between th~

Imantleand core, drive the lithospheric plates, causing radial movement of the plates over long period§
pf time, bemg usually of the order of a hundred mllhon years. Rootless mantle diapirs may be causedl
Iby meteonte Impacts, explammg many short-term changes m the directIOns and rates of movement of
~he plates, being of the order of tens of millions of years. The mantle plume hypothesis as the motivel
~orce dnvmg plate tectomcs does not conflict with the meteonte Impact hypothesIs, both hypothesesl
~omplement each other. Great progress in geodynamics may be expected in the future, based on th~

systematic accumulatIOn and study of geological, geophysical, geochemical, and possibly astronomlcall
kIata, which Will lead to a better understandmg of dynamic mechanisms responSible for the tectonlq
klevelopment of the Earth.

peodynamlcs should prove of Immense benefit to human society m the exploratIOn and explOltatlOnl
pf energy and mmeral resources and the predictIOnand mitigatIOnof earthquake and geological hazards.1
frogress Will be made only by careful observatIOn, with the accumulatIOn and assessment of the datal
~o develop new theories which can be tested against further observations. Complete success is unlikelYI
~o be achieved quickly or easily. Fellow geoscientists are urged to continue their efforts to accumulatel
"ehable tectonic and structural data and to provide new mSlghts mto understandmg the evolutIOnof th~

EartI1.
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~ppendix 1 Tectonic Dataabout Archaen andPaleoproterozoic

Vtppendix 1.1 Rock formation time, temperature, pressure, depth and geothermal
Igradient in Archaen

Isotopic Tempera- Pressure Formation Geothermal
Area Lithofacies

age (Ma) ture ('C) (GPa) depth (km) gradient Sources

('Clkm)

Qingyuan, Liaoji granulite 2,924 800 1.0 36.7 18.3 Shen BF et aI.,
continental nucleus 1994

Anshan, Liaoji granulite > 2,900 800 1.1 36.7 18.3 Cheng YQ et aI.,
continental nucleus 1994

~J' e- , "'. .,
continental nucleus 1992

South of Chifeng granulite 2,846 990 1.1 36.7 23.4 CuiWY et aI.,
continental nucleus 1991

Jining, Dongsheng granulite > 2,900 860 I 36 20.3 Cheng YQ et aI.,
continental nucleus 1994

Qiari'an, Bohai amphibolite 3,561 900 1 33 23.3 ShenQH et aI.,
continental nucleus 1992

Xishui, Bohai granulite > 2,900 800 0.75 25 26.8 Cheng YQ etal.,
continental nucleus 1994

Gongdanshan, Yishui, granulite > 3,000 900 0.95 1.7 24.3 Su SG et aI., 1997
Shandong

Qianxi, Bohai granulite 3,300 800 1.2 40 16.8 Dong SB et aI.,
continental nucleus 1986

Linfen continental granulite > 2,800 900 1 33 23.3 Wu JS et aI., 1989
nucleus

Jining continental amphibolite 2,788 600 0.6 20 23.5 Xu HF et aI.,
nucleus 1992

Above 11 areas Average MA 827 0.95 32 22.2

Qingyuan, Jiliao amphibolite 2,624 610 0.61 20 25.5 ShenQH et aI.,
continental nucleus 1992

Jiapigou, Jiliao amphibolite 2,525 600 0.6 20 25 Shen QH et aI.,
continent nucleus 1992
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Isotopic Tempera- Pressure Formation Geothermal
Area Lithofacies

age (Ma) ture ("C) (GPa) depth (km) gradient Sources

"Clkm
Huadian, Jiliao granulite ~ 2,500 830 0.6-1 30 24.3 Bureau of Geol-
continental nucleus ogy of Jilin, 1988

Tonghua, JiHao granulite ~ 2,560 750 0.62 27 24
continental nucleus

Qingyuan, Jiliao granulite ~ 2,630 1000 0.75 33 27.3 Cheng YQ et aI.,
continent nucleus 1994

Anshan, Jiliao greenschist ~ 2,630 570 0.6 20 23.5 Cheng YQ et aI.,
continent nucleus 1994

caM VI rUMlUIl, -",to' JlV l.V JJ t z., LlIl lA er ar.,

Liaoning boleschist 1995

Jiapigou, Jilin granulite > 2,500 850 1.3 43 17.4 SunXM
et aI.,1992

Chongli, Chifcnz amphibolite 2,470 730 0.91 30 21 Chen QA et aI.,
continent nucleus 1992

Pingquan, Chifeng granulite 2,650 790 0.8 26.7 25.8 Tan YJ et aI.,
continental nucleus 1991

Pingquan, Chifeng amphibolite 2,505 670 0.7 23 24.8 Tan YJ et aI.,
,n,

Chongli, Chifeng granulite 2,454 868 0.9 33 23.3 WangRM et aI.,
continental nucleus 1994

West Liaoning, granulite 2,494 8oo I 40 17.5 Dong SB et aI.,
Chifeng nucleus 1986

West Liaoning granulite 2,575 860 1.25 41.7 18.2 JiJQ et aI., 1998

Jianping, West granulite 2,490 820 1.17 39 18.5 Wei CJ etal.,
Liaoning 2oo1

Jianping, West granulite 2,487 850 1.05 35 21.4 WangCQ
Liaoning et aI.,1999

Jianping, West granulite 2,575 860 1.25 42 20.6 Ji JQ et aI., 1998
Liaoning

Ruanping, Chengde, granulite > 2,500 8oo 1.20 40 17.5 Li JR, 1998
North Hebei

Huai'an, Northwest granulite > 2,600 860 0.92 31 24.5 Geng YS et aI.,
Hebei 2oo0

Sanggan area, North- granulite 2,530 830 1.25 42 17.4 GuoJR et aI.,
west Hebei 1998

Dongsheng amphibolite 2,625 880 0.8 26.7 33 Jin Wet a!., 1991
continental nucleus

Wulashan, Dongsheng granulite ~ 2,500 710 0.84 28 21.8 Cheng YQ et aI.,
continental nucleus 1994

Daqingshan, Dongsh- greenschist ~ 2,550 5oo 0.4 13.3 30 Cheng YQ
eng continent nucleus et al.,l994

Bohai continent amphibolite 2,663 680 0.5 16.7 34.7 Shen QH et aI.,
nucleus 1992

Miyun, Bohai granulite 2,523 9oo 1 36 22.2 Dong SB
continental nucleus et al.,l986

Miyun, Beijing granulite > 2,500 9oo 1.02 34 23.5 He GP et aI.,
1994.

Zunhua, Qian' an, granulite > 2,500 920 1.14 38 21.6 Chen MY et aI.,
East Hebei 1996
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Isotopic Tempera- Pressure Formation Geothermal
Area Lithofacies

age (Ma) ture ('C) (GPa) depth (km) gradient Sources

I'C/km)
Qianxi group, granulite < 2,700 940 1.1 37 22.7 He GP et aI., 1992
rz. r.r.

Jiaodong, Bohai granulite ~ 2,800 700 0.65 20-23 27.9 Yang ZF et aI.,
continental nucleus 1998

Jiaodong Group, amphibolite ~ 2,500 655 0.65 20-23 25.8 Yang ZF et aI.,
Bohai nucleus 1998

Linfen nucleus amphibolite > 2,500 670 0.8 26.7 21.3 Wu JS et aI., 1989

Wutai, Linfen amphibolite ~ 2,550 690 0.8 26.7 22 Cheng YQ et aI.,
continental nucleus 1994

Yanggao, Linfen granulite 2,440 900 1.4 41 19.5 Dong SB et aI.,
'00£

Dengfeng, Linfen amphibolite ~ 2,500 450 0.35 11.7 30 Cheng YQ et aI.,
continental nucleus 1994

Luonan, Linfen granulite ~ 2,500 650 0,6 20 27.5 Cheng YQ et al.,
continental nucleus 1994

Wutai-Taihang area gneiss > 2,500 700 0,6 13-20 36.4 WangKY et aI.,
1991

Taihangshan rich alumi- > 2,600 800 0.8 26.7 26.2 LiuSW et aI.,
niumgneiss 1997

.,
nucleus

Taishan, Jining granulite > 2,626 700 I 33 18.2 Bureau of Geo-
continental nucleus logy of Shandong,

1991

Taishan, Jining amphibolite > 2,626 660 0,8 26.7 21
continental nucleus

Huoqiu, Jining amphibolite 2,681 600 0,5 20 25 Dong SB et aI.,
continental nucleus 1986

North lone eo,' 7 hllll h()() 117 7, ,
7 "

0; TV

Qinling 1992

Huabei eclogite < 2,500 900 1.2 40 20 Zhai MG etal.,
1995

Jiamusi continental amphibolite 2,539 690 0.55 18.3 32.2 Cheng YQ et aI.,
nue eus I~~'t

Helanshan, Alaxa granulite ~ 2,500 800 0.65 21.7 32.2 Cheng YQ et aI.,
1994

Middle Kangdian amphibolite > 2,400 600 0.41 14 35.7 LuMJ,
greenstone belt 1986

South of Kangdian greenschist > 2,400 550 0.53 17.7 25.4 LuMJ,
greenstone belt 1986

Above 47 areas Average NA 714 0.81 27.5 24.2

World (average) granulite Arch. >750 0.41 14 54 Grambling, 1981
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Vtppendix 1.2 Blockmotion velocity in the Chinese continent ofArchean (3.2-2.5]
IGtiJ

~rea Rock Sampleamount Isotopicage (Ga) Deformationvelocity(cm/yr]

Xm'antun, Jtlm gramtOld 8 3.2- 2.8 5.2

~nshan, Liaoning harzburgite 4 > 2.5 -0.88

Raobazhai, Anhui ultrabasicrock 29 about 2.8 - 2.7 -0.87

Wutaishan,Shanxi basic lava 80 about 2.8 - 2.7 -0.72

~Ihong, Jlangsu ultrabaslcrock 2 about 2.8 2.7 0.8~

Wutaishan,Shanxi basic lava 79 about 2.7 - 2.6 -0.67

Luliangshan,Shanxi basic lava 25 about 2.7 - 2.6 -0.8~

IIonghua, Jlhn dlOntOld 2 about 2.8 - 2.5 4~

IWutaIshan, ShanxI aCidIc lava 4 about 2.7 - 2.6 5.)

North of Altun basIclava 2 2.46 0.78

North of Altun acidicJava 4 250 54

Luliangshan, Shanxi basic lava 12 about 2.6 - 2.5 -0.56

IZhongtIaoshan, ShanXI baSIC lava 11 about 2.6 2.5 0.48

Jilin granitoid 8 about 2.6 - 2.5 5.4

Baotcu, Inner Mongolia granitoid 2 about 2.6 - 2.5 5.~

[iihangshan, ShanXI aCidIc lava 27 about 2.6 - 2.5 4.2

IZhongtmoshan, ShanXI aCidIc lava 15 about 2.6 2.5 5.~

IWutaIshan, ShanXI gramtOld 86 about 2.8 2.5 5.]

[Iaishan, Yishan,Shandong granitoid 10 about 2.8 - 2.5 4.87

[Iaishan, Zouxian,Shandong granodiorite 6 about 2.8 - 2.5 4.~

Bengbu,Anhm gramtOld about 2.6 - 2.5 4.1

Note:" "IS extensIOn velocIty, othersare shortemngvelOCltIesJ
[he rock chemicaldata got from I:200,000regional geologicalsurveyreports in those areas and regionalgeology abou~

~hose provinces.

Vtppendix 1.3 Rockformation age, temperature, pressure, depth andgeothermal
Igradient in Paleoproterozoicl

Lithofacies
Isotopic Tempera- Pressure Formation Geothermal

Area
age (Ma) ture ("e) (GPa) depth gradient Sources

I(km) ("e/km)

East of Hingganling, amphibolite ~ 1,900 625 0.25 8.3 66.9 Cheng YQ et aI., 1994
Heilongjiang

Mashan Group, gneiss > 1,900 850 0.47 15.7 49.7 Jiang JS et al., 1993
Heilongjiang

East of Liaoning- amphibolite ~ 1920 660 0.8 26.7 22.1 Cheng YQ et al., 1994
South of Jilin

Liaohe Group, amphibolite > 1,900 630 0.8 26.7 20.1 Li SZ et al., 2001
NorthLiaoning

Liaohe Group, amphibolite > 1,900 600 0.7 23 23 Li SZ et al., 200I
Q ••••

East of Liaoning- low grade < 1,900 640 0.73 24.3 23.5 He GP et al., 1998
Southof Jilin amphibolite

Jianping,Westof granulite 2,490 820 1.17 39 19.2 WeiCJ et al., 2001
Liaoning
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Isotopic Tempera- Pressure Formation Geothermal
Area Lithofacies

age (Ma) ture (OC) (GPa) depth gradient Sources

Ilkm\ rOC/km\
Shuangshanzi, amphibolite 2,193 548 0.63 20-25 21.2 Dong SB et al., 1986
East Hebei

Xinghe, Inner granulite ~ 1,900 850 I 33 23.6 Mei HL et al., 1998
Mengolia

, UH"UA' . ""'" .lVV " , .U m5u~ "'-,

Wutaishan, Shanxi greenschist ~2,129 400 0.33 11 30 Dong SB et al., 1986

Shanxi-Inner kbondalite 1,800 750 0.6 20 34 Wu CH et al., 1997
Mongolia

Haivanssuo I zranufite > 1900 1050 1.24 41 23.9 Su SG et a1. 1996
Jiaodong, Shandong

Gejiaji, Jiaodong, granulite > 1,900 700 0.9 30 21 Su SG et al., 1996
Shandong

Jingshan, Jiaodong, amphibolite ~ 1,800 600 0.45 16.7 31.7 Yang ZF et al., 1998
..>Uauuvu,;

Jiaodong-Laixi- gneiss < 1,900 750 0.7 23.3 29.2 Lu LZ et aI., 1998.
Laiyang

Jiaonan Group, eclogite > 1,901 810 1.2 40 18.5 Bnrean of Geology of
Shandong Shandong, 1991

Jiaonan Group, amphibolite > 1,901 580 0.65 21.7 23.5
Shandong

Songshan, Henan greenschist ~2,071 400 0.2 6.7 49.5 Cheng YQeta1., 1994

Beishan, Gansu amphibolite 2,150 620 0.55 18.3 30 Cheng YQ et a1., 1994

Dunhuang, Gansu amphibolite ~ 1,900 660 0.55 17 -20 31.9 Gansu Geology Bu-
reau, 1989

Qilianshan amphibolite 2,205 540 0.5 16.7 28.1 Cheng YQ et al., 1994

Mid-Qilianshan amphibolite 2,205 900 0.9 30 27.7 Qinghai Geology Bu-
n;nah"; rp"" 1001

Northern Qaidam amphibolite > 1,900 800 0.9 30 24.3

Southeastern Qaidam amphibolite 1,846 800 0.85 28 26

Middle part in south amphibolite 1,846 750 0.75 25 27.2
margin of Qaidam

West part in south amphibolite 1,846 700 0.4 13.3 47
margin of Caidarn

Badu, Zhejiang amphibolite ~ 1,900 680 0.7 23.3 26.2 Cheng YQ et a1., 1994

Maoji, Tongbaishan granulite > 1,967 650 0.8 17 -27 26.4 Liu GH et al., 1993

lJaU10,lIaU, r-ieuau ,~o~ , iJ v. LJ.J "to.J UiOU~ L", 0' eu., i ~~'

Luotian-Huilan, granulite > 1,900 880 1.29 43 18.8 You ZD et al., 1995
Dabieshan

Ailaoshan Group, amphibolite ~ 1,900 650 0.49 16.3 35.6 Zhong DL, 1998
Yunnan

Dahongshan, Yunnan hornblende > 1,900 533 0.94 31 15 Qin OX et al., 2000

Diancangshan Group, amphibolite ~ 1,900 780 0.82 27.3 26 Zhong DL, 1998
Yunnan

Average of 28 areas amphibolite 681 0.78 28.5 24.6
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Vtppendix 1.4 Deformation velocity in continental plateDuringLiiliangperiod
1(2.5-1.8 Ga), Paleoproterozoiq

Area Rock Sampleamount Age(Ga)

f1uma,Shuangyashan, gabbro 4 2.5 2.4
f1ellongjtang
[Iaihang, Luliang,Shanxi basalt 36 2.5-2.4 -0.551
rhaoyanggou, Llaomng gabbro 2 2.5 2.4 0.751
~W Jllantm, InnerMongolta gabbro 2 2.5- 2.4 -0.651
[Imhang, Ltiltang, ShanxI basalt 57 2.5- 2.4 -0.451
Jlaobel, Shandong ultrabaslc-baslc 55 2.5 2.4 0.81
[Iaipingxi, Hubei ultrabasic-basic 25 2.5- 2.4 -0.81
rangshan, Yunnan ultrabaslc-baslc 2 2.5 2.4 0.71
k\I1aoshan, Yunnan ultrabaslc-baslc 2 2.5 2.4 II
Liaoning intermediate-basic rock 6 > 1,900 5.61
Westof Shandong granodIOrIte 20 2.075- 1.754 4.61
Westof Shandong metamorphIc gabbro 8 2.075- 1.754 6
[Imhang, ShanxI gramtOld 67 2.5 2.4 5.~

QI1lanshan-Belshan, Gansu daCIte 2 2.5 2.4 5.~

[Iongshan-Pixian, Jiangsu ultrabasic rock 1 2.0-1.8 -0.'1
rangshan Group,Yunnan basIcvolcamc rock 2 ~ 1.9 0.71
k\ilaoshan Group,Yunnan basicvolcanic rock 3 ~ 1.9 -0.81
~apeiquan, Altun basicvolcanic rock 13 ~ 1.793 -0.5

~apelquan,Altun slhcIC volcamc rock 5 ~ 1.793 8.~

Erguna,Jiamusi, Yichun granitoid 30 2.0- 1.8,1.705 4.71
~udargan, Mayatu, InnerMongolIa granItOId 3 2.0 1.8 6
Mlaohe,JI1lao activebelt granItOId 5 2.0 1.8 5.81
NorthHebei- Liaoningactivebelt granitoid 1 2.0-1.8 5.81
fost-tectomc stage, North Hebel- gramtOld 2.0-1.8 4.81
Liaoningactivebelt
Jilin granitoid 2 1.955- 1.781 5.81
Wutmshan, ShanxI granItOId I 2.0 1.8 M
[Iaihangshan, Shanxi granitoid 2 2.0-1.8 5.91
puandishan,Ltiliangshan granitoid 1 2.0-1.8 5.61
pableshan, Henan gramtOld 16 2.005 6.(J

Middlepartof Helanshan granitoid 16 1.84 7.11
Huoyanshan, Gansu granitoid 16 2.0-1.8 4.91
IKuruktag granItOId 22 1.9 1.8 6.91
~ast of Kunlun gramtOld 5 1.9-1.8 6.~

[iantangzhai, Hubei granitoid 14 2.0-1.8 5.81
Jiaonan, Shandong gramtOld 11 2.0-1.8 6.~

Donghai xian,Jiangsu meta.volcanite 1 2.0-1.8 5.11
Jlangsu granItOId 10 1.928 5.71

~ote:" , IS extension velOCIty, othersare shortemng velocltles.1
~ock chemical dataarequotedformthereportof I:200,000regIOnal geological survey III theseareasand regIOnal geologYI
~11 pluvIIlces.1
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Vtppendix 1.5 Estimated thickness for Archean-Paleoproterozoic continental crustl
~n Chinese platel

Location Geological age Rock
(km)

IQianxi, Hebei 3800Ma chamockite 1 1.02 19.01

IQIanxI, Hebel Paleo-& Meso-Archean tonahte I 1.05 19.5(J

IQlan' an, Hebel Paleo-& Meso-Archean tonahte 9 2.17 39.9

k\nshanGroup Neoarchean amphlbohte I 1.13 21

Molijiang,Liaoning Neoarchean plagiogranite 1 1.07 19.9

IWutar, ShlZUl Neoarchean amphlbohte 13 0.8 15.081
IWutarshan, ShanxI Early of Neoarchean meta. basalt 77 0.99 18.51

~utaishan, Shanxi Middleof Neoarchean meta.basalt 45 0.84 15.~

ILiihangshan Late of Neoarchean meta. basalt 37 1049 27.6

IWulashan Group Neoarchean plagiogneiss 1 1.62 29.93

ICularshan, Shandong Neoarchean epldlOnte 24 1.66 30.6

"'orth of Arjmshan Neoarchean plaglOgnelss 2 0.76 14.281
Cangshan,Yunnan Neoarchean meta.basalt 2 0.88 16.~

IAilaoshan, Yunnan Neoarchean meta.basalt 2 0.43 8.3
IAbove areas Neoarchean basic rock 205 21 51

[lantazi Group Neoarchean plagiogranite 2.98 54.6~

IE Anshan,Liaoning Neoarchean trondhjemite I 3.54 64.9

Lishan,Liaoning Neoarchean trondhjemite 1 3.4 6~

IChentargou, Llaomng Neoarchean trondhjemite I 3.59 65.~

[Iiejiashan, Liaoning Neoarchean granitoid 1 4.98 91.1
IXin'antun, jilin Neoarchean granitoid 8 3.39 62.2

[larshan, Shandong Neoarchean mlgmatlte 31 2.81 51.55
IShlgujIan, Anhul Neoarchean epldlOnte 2 3.5 64.15

INorth Altun Neoarchean gramtegneiss 4 4.25 77.~

IAbove areas Neoarchean granitoid 50 66.0~

Nauonal average Archean (ChengYG, 52 3.54 64.8~

If994)

IHuma, HeIlongjiang PaleoproterozOic meta.gabbro 10 1.6 29.6

paoli Duntai,Liaoning Paleoproterozoic monzonitic 1 1.1 20.~

gramte

Ilonghua, Jlhn PaleoproterozOic dlOnte 2 1.7 31.4

~ilantai, Inner Mongolia Paleoproterozoic meta.gabbro 2 1.21 22.~

[Iaihangshan, Liiliang, Shanxi Early stage of Paleopro- meta.basalt 57 1.78 32.~

IterozOic

[laoke,Shandong PaleoproterozOic meta.gabbro 24 1.79 32.95

IKuruktag PaleoproterozOic amphlbohte 5 1.74 32.11

IKuruktag PaleoproterozOic plaglOgramte 7 2.05 37,]

North Altunshan Paleoproterozoic granodiorite 9 2.02 37.2

~ast Kunlunshan PaleoproterozOic quartzdlOnte 5 104 25.9

IQlhan, Gansu PaleoproterozOic meta.daCIte I 1.6 29.6

IAbove areas PaleoproterozOic inter, baSIC rock 123 30.2

IBelshan, Gansu PaleoproterozOic meta.daCIte 1 2.9 53.2

Huoyanshan, Gansu Late ofPP granitoid 16 4.13 75·1
paohduntar, Llaomng Late ofPP gramtOid 5 2.5 4(J

IHuaplgou, HeIlongjIang Late of PP gramtOid 30 2043 44.~

!De'er, longte, Inner Mongoha Late of PP gramtOid 4 2.27 41.1
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Contmued

Location Geological age Rock

IWestKunlunshan Paleoproterozoic guartz diorite

[Iaihang, Liiliang Late ofPP granitoid

rlaoke, Shandong PaleoproterozOic quartz dlOnte 20 2.91

Zouxian, Shandong Paleoproterozoic granodiorite II 2.87

IKuluketag PaleoproterozOic mlgmatIte 3 2.87

~Aaohe Group PaleoproterozOic leptIte 1 4.16

IAboveareas Paleoproterozoic granitoid 180

!"atlOnal average PaleoproterozOic (Cheng YQ, 361 3.4 62.33

ll2W
!"ote: ChemIcal analysIS data were guoted from Cheng YQ (1994) and geology of provmces (1984=1993).
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k\ppendix 2 Thickness and Forming Velocity of Sedimentary Strataof Chinese
Continenti

IIhlckness of sedimentary rocks(m) Formmg veIoclety of strata(ril7Myr)
No Area Meso- & Paleo- Meso- Ceno- Tolal Meso- & Paleo- Meso- Ceno-

I Neoprol. zoic zoic zoic thickness Neoprol. zoic zoic zoic
11 Hmgganhng, Heilongjiang 10,692 21,508 22,479 3,158 57,832 8.5 73.4 121.5 48.51
2 JlamUSI, HeilongJIang 6,357 20,609 20,286 696 47,948 0.2 70.3 109.6 10.1
3 Yanhian, Jilin 22,043 16,805 2,996 41,844 75.2 91 46
4 Hingganling, Inner 2,064 22,319 10,249 520 35,152 1.6 76.2 55.4 ~

~
5 Ymshan, InnerMongoha 1,281 3,721 13,573 4,957 23,532 9.4 12.7 73.4 76]
6 Belshan, InnerMongoha 8,880 27,189 4,300 731 41,100 7.1 92.8 23.2 Il.21
7 Altay-Junggar 9,241 41,110 6,770 4,224 61,345 7.4 140.3 36.6 65
8 Tianshan 7,195 23,743 5,454 3,635 40,029 5.7 81 29.5 56
9 Southeast Jilin 19,053 4,237 10,700 1,786 35,776 15.2 14.5 58 27.51
10 EastLiaoning 4,214 5,006 8,660 2,009 19,889 3.4 17.1 47 31
11 WestLiaoning 11,718 2,285 13,891 5,453 33,347 9.3 7.8 75 83.~

12 Yanshan 9,200 1,733 35,435 125 46,333 7.3 3.7 191.5 9.6
13 'Imhangshan 3,126 2,210 2,766 1,130 9,232 2.5 7.5 15 17.41
14 Plmnof Heibel 2,183 2,266 2,766 13,000 20,215 1.7 7.7 15 20q
15 EastShandong 1,200 1,349 4,781 2,619 9,949 2.6 4.6 25.8 40
16 WestShandong 4,103 3,640 1,733 9,476 14 20 27
17 NorthHenan 19,206 2,452 6,152 4,607 32,417 15.3 8.4 33.3 70.~

18 NorthAnhui 4,285 3,559 7,377 1,111 16,332 9.4 12 39.9 17
19 NorthJlangsu 5,207 1,597 3,326 1,889 12,306 11.7 5.9 18 29

I(m Smo-Korean-P1ate)
20 Northeast ShanXI 1,342 1,007 6,052 1,224 9,625 1.1 3.4 33 19
21 Southeast ShanXI 6,789 1,255 2,563 3,777 14,384 5.4 4.3 14 58
22 WestShanxi 875 874 4,055 183 5,987 0.7 3 22 2.8
23 Erdos 14,156 944 5,405 543 21,048 11.3 3.2 29.2 8,4
24 EastNingxia (Qingyang) 1,571 2,573 3,975 2,899 11,018 1.2 9 21.5 44.§
25 Dable,Hubel 27,719 3,619 800 2,922 35,060 22.1 12.3 4 45
26 EastQmhng 18,124 11,394 9,721 3,363 42,602 14.4 38.9 52.5 5q
27 Qmhng-Wudang, Hubel 11,487 12,950 800 2,469 27,706 9.1 44.2 4 38
28 MiddleQinling 23,592 15,152 8,224 1,051 48,019 37 51.7 44.5 16.21
29 WestQinling, Gansu 26,284 18,507 8,087 2,155 55,033 20.9 63.2 43.7 33.21
SO Jiangsu (in Yangtze plate) 1,763 8,893 8,436 7,461 26,553 3.9 30.3 45.6 114.8
31 SouthAnhui 4,785 7,019 20,093 2,000 20,543 10.5 23.9 109 30.~

P2 Northwest Zhejlang 1,235 9,311 11,410 1,771 24,056 4.8 24.2 61.7 32]
P3 NorthJlangxl 22,778 10,556 10,165 1,879 45,378 18 36 54.9 28.~

[34 SouthHubel 639 4,524 11,873 1,015 18,051 3.1 15.4 64.2 15·G
135 NorthandMiddleHunan 774 4,544 7,928 1,264 14,510 3 15.5 43 19.41
P6 MiddleGuangxI 6,577 3,861 764 11,202 22.5 21 11.~

P7 Southeast GuangxI 42,755 33,342 6,315 82,412 146 180.2 97.21
P8 NorthGuangxI 16,261 16,261 12.9 I
139 Dabashan, Sichuan 10,490 3,402 3,876 4,035 21,803 8.3 11.6 21 62
~O Chengdu-Xichang 14,436 7,838 10,710 2,332 35,216 56.2 27 58 35.~

~1 Chongqing-Chengkou 1,802 4,330 5,600 265 11,997 7 14.8 30 4.11
~2 Midd1e& West Guizhou 4,607 9,842 6,248 1,016 21,760 7.4 33.6 33.8 15.(1
43 Southeast Gmzhou 4,223 4,000 150 8,373 14.4 21.6 2.3
44 Kunmmg 1,454 8,664 11,071 1,548 22,737 5.7 29.6 59.8 24
45 Southeast Yunnan 5,U92 11.177 12,225 1,508 30,002 19.8 38 66 23
~6 Southeast Zhejiang > 3,000 12,220 378 15,598 11.7 66.1 5.8
~7 EastFujian 13,453 3,523 5,410 857 23,243 29,4 12 29 13
~8 WestFujian 18,929 11,078 18,636 315 39,789 37 37.8 101 4.8
~9 EastTaiwan 7,350 7,350 1131
50 West Imwan 14,610 14,610 224.8
51 SouthJlangxl 6,428 17,050 22,389 1,320 40,759 14 58 121 20.~

52 Southeast Hunan 4,277 13,082 7,004 920 25,283 16.6 44.6 38 14.21
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IContmuedl
IIhlckness of sedimentary rocks(m) Formmgveloclety of strata (ril7Myr)

No Area Meso- & Paleo- Meso- Ceno- Total Meso- & Paleo- Meso- Ceno-
I Neoprot. zoic zoic zoic thickness Neoprot. zoic zoic zoic

53 West & NorthGuangdong 5,501 17,433 7,142 1,553 31,629 21.4 59.5 38.6 24
54 MiddleGuangdong 3,065 8,668 4,663 2,581 18,977 11.9 29.6 25.2 44.41
55 Northeast Guangdong 3,900 2,81 I 8,979 2,030 17,720 15.2 9.6 48.5 3I.21
56 Hainan 1,840 8,590 2,612 1,671 14,713 7.2 29.3 14.1 25.]
57 Kangding-Zoige 11,651 22,205 23,362 2,443 59,661 45 76 126 37.~

58 Zhongdian >7,900 17,247 17,922 5,256 48,325 30.7 59 97 81
59 Lanpmg Simao >7,900 12,588 11,201 7,953 39,642 30.7 43 60.5 122.3
fSO Baoshan Lancang > 10,230 19,190 7,463 2,551 39,434 39.8 65.5 40.3 39.21
fSl Nmgxla 1,571 12,729 4,778 3,653 22,731 1.2 43.4 26 56.21
fS2 Alxa Longshoushan 9,662 2,356 8,656 493 21,167 7.7 8 46.8 7.6
~3 Dunhuang-Alxa 14,525 19,801 9,743 663 44,732 11.6 67.6 52.7 10.21
~4 Qilianshan, Gansu 18,543 27,430 7,988 2,298 56,259 14.8 93.6 43.2 35.41
~5 Qilianshan, Qinghai 3,547 23,347 4,543 5,308 36,745 2.8 80 24.6 82
fS6 Qmdam 8,354 16,327 7,412 6,803 38,896 6.6 56 40 1051
fS7 lanm 5,879 22,451 4,910 13,782 47,022 4.6 76.6 26.5 21~

68 Kunlunshan 24,781 19,846 9,039 8,046 61,712 19.7 67.7 49 1241
Kl9 East Kunlun 6,073 11,531 13,034 30,638 4.8 39.4 70.5 -I
rO BayanHarShan 6,835 10,811 2,687 20,333 23.3 58 4.11
r1 IanggulaShan 7,424 19,248 5,383 32,055 25.3 104 83
R2 Karakorum Shan 3,904 10,263 2,108 16,275 13.3 55.5 32.41
r3 Qlangtang=Qamdo 11,409 16,587 6,230 34,226 38.9 89.7 95.~

r4 Gandise-Nyainqentanglha 5,607 11,024 2,203 19,474 19 59.6 11
ps Himalaya 8,107 17,917 2,912 31,521 27.7 96.8 44.~

~eferences for Appendix 2

~ureau of Geology and MmeralResources of Provmces (1984=1993) RegIOnal Geology of Provmces. Geological Pub-I
Iishmg House,Beljmg(m ChmeseWith Englishabstract, as shownm References for Chapter1).1
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k\ppendix 3 Dataof Folding and Principal Stress Axesof Chinese Continental
llectonlc Eventsl

VtPPendix 3.1 Data of folding and principalstressaxesof QinglJaikou Periodl
1(1,000-800 Ma)

LocatIon Foldamount Axes LImb
al (0) a2(O) a3(O)

Long.n Lat. (0) Area Antic. Sync. Orien. (0) Angle (0)
1104.5 32.3 Pingwu 6 6 80 40-60 350L5 80LI 170L8~

1106.5 32.3 Nanjiang I I 70 50--75 340LI2 70L3 160L78
1107.5 32.3 Zhengba' I I 50 65-75 320L5 50L2 14018~

1110 5 323 Zhnshan 1 1 HKI 4JRiO 190/10 10014 10780
1103 5 31 3 Maowen* I I 340 50----70 70/10 340L5 160/80
1110.5 31.7 ShennongJla I I 90 30--85 2L22 90110 181168
1112.5 31.7 Yicheng 5 4 90 20--40 OLIO 90L3 180L80
1113.5 31.7 Shuixian" 16 16 300 40-60 30L9 300L5 21OL811
11145 317 Xinxian" 13 12 319 35-55 49/11 319/6 229L79
1115.5 31.7 shancheng 4 6 115 40=70 2519 11719 251Z77
1116.5 31.3 Lu'an, Yuexi 2 1 90 30=55 018 9011 180182
1114.5 31 HuangpI' 7 5 310 30=65 4115 31012 22018~

1115.5 31 Luotlan' 3 I 300 50=30 30111 30123 2llZ79
1102.5 30.3 Baoxmg' 1 I 0 50=70 8919 114 270180
1103.5 30.3 Qionglai' I 1 65 40--70 155LI5 65L8 335L7~

1114.5 30.3 Wuhan' I 1 136 40-65 227LI 137Ll1 317L78
1115.5 30.3 Qichun" 7 6 300 32-58 206L4 295L2 30L85
11165 103 Tajhu 1 1 280 50-70 11131 280/3 192760
1117.5 30.3 Anqmg 2 0 76 60=80 34516 7515 16518~

1118.5 30.3 Jmgde I 0 92 50--80 IZ15 92L2 181Z7~

1103.5 29.7 Emei I 0 280 70--85 192L7 280L3 IOL83
1112.5 29.7 Huarong I 1 99 40--50 183L3 269LI4 75L761
III3.5 29.7 Pug. 2 2 285 40=85 195123 28519 15167
1114.5 29.7 Tongshan 3 4 80 50-60 I7714 80121 266Z7~

1115.5 29.7 Ruichang 2 1 280 35-70 IOL4 280LI 190L86
11165 297 Hukou 7 7 86 30----65 356L20 86LI 176L72
118 29.7 Qimen-Tunxi 7 6 85 36-72 350L29 85LI 175L70

1120.5 29.7 Zhuji' I 0 40 50-60 130LIO 41L9 310182
11025 29 Shjrnjan 1 0 90 6(Ri5 18212 9012 1I8!!
1103.5 29 MabIan 9 9 80 60 35015 8015 17118.'l
1112.5 29 Yuanjiang 2 I 95 50--70 18519 9514 518~

1113.5 29 Pingjiang 8 7 294 40-60 25LIO 295L4 204L79
11145 29 Xjllshllj 4 4 85 60----70 175L5 8U5 355L86
1115.5 29 Yongxiu 5 3 274 25-45 359LI3 275L15 197L76
III6.5 29 Boyang 2 1 90 40=80 1120 9015 181169
1117.5 29 Lepmg 2 3 85 50=70 17519 85111 3551811
1118.5 29 Quxmn 2 2 100 52=65 015 9116 18118~

1119.5 29 Jmghua I I 92 20--35 119 9014 182L811
1111.5 28.3 Anhua 6 5 91 50--85 182L13 89L6 OL771
1112.5 28.3 Changsha 4 3 110 50-60 20L5 I1OL2 201L86
1113.5 28.3 Liuyang 2 3 90 25-40 182L4 89LI IL8(j
1ll4.5 28.3 Tonggu 8 8 93 40=85 423 9418 273184
IllS 5 283 (laoan 4 2 78 38 70 347/9 78/1 1777811
1116.5 28.3 Dongxiang 11 12 90 45 75 182214 90110 IZ751
1102.5 27.7 Xlchang I I 80 45 rrrzz 8022 350188
1103.5 27.7 Zhaotong" I I 5 70--80 275L6 5L2 95L85
1108.5 27.7 Jiangkou' I 1 31 60--80 12115 3010 300184
1109.5 27.7 Zhijiang I I 80 30--75 170L23 80LIO 350L77
11125 277 Shaoshan 2 2 92 45 70 179/18 90/12 0172
11145 277 Yichun 1 1 81 60-70 351/10 80/2 170780
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Contmued
Location Foldamount Axes LImb

()I ra) ()2(O) ()](')Long. (0) Lat.j") Area Antic. Sync. Orien. n Anglen
1116.5 27.7 Nancheng 2 2 100 30=70 1OZ20 100ZIO 191Z72
1117.5 27.7 Guangze I 2 98 55 80 6Z8 98Z15 280Z74
1101.5 27 YanbIan I 2 SO 70-S5 170Z9 SOZ4 351Z73
1102.5 27 Miyi 7 5 2S0 50-60 190L5 2S0L2 IOLS5
1109.5 27 Huitong I 1 70 25-45 IS0Lll 9U5 USI
1117.5 27 Shunchang 3 3 S7 40-60 357L1 S7L5 261LS~

199.5 26.3 Lanping' I I 350 30-40 260L5 350L3 SOZS61
1101.5 26.3 Yongren* 5 4 40 40-50 31OL5 40L2 130LS4
11025 263 HlIili 2 2 80 55 75 171/10 80/5 351780
1103.5 26.3 Dongchuan" 2 2 2 100SS 271LI5 OLIO 90L75
1117.5 26.3 Sanming 3 1 S2 60-70 165L4 SUS 344LS4
1101.5 25.7 Dahao' I 2 60 40-50 330Z5 60Z4 151ZS:1
1102.5 25.7 Wuding' 2 3 45 35-50 135L7 45L6 315ZS~

III6.5 25.7 Dmgchang 0 I 116 30=35 26Z3 116Z3 252Z86
1101.5 25 Chuxiong* I 0 I 36-45 91L9 1L3 271LS2
1102.5 25 Kunming" 7 6 IS 45-65 105L1O 15L5 2S5LSO
1103.5 25 Yiliang' 10 10 20 40-50 290L6 20L2 1I0LS4
IIOS.5 25 Luocheng 6 5 2S0 50-75 IOL13 2S0L7 190L77
1116.5 25 Shanghang I 0 95 40-76 5L1O 95L5 IS5L79
11025 243 Yuxj* 6 6 0 47-78 270L9 OL4 9U811
11025 237 Ijanshllj 4 4 290 4Jb60 20/11 290/3 202780
1112.5 23.7 Humil 1 I 270 30=72 180Z19 90ZIO 0Z71
1103.5 22.7 Jmpmg' 3 4 310 40=50 220Z5 310Z3 40Z85
1100.5 22.3 Jmghong' 4 3 10 30=60 lOOZI5 IOZ12 280Z74
1100.5 21.7 Menghal' 4 5 30 30=50 330ZIO 30Z6 120Z80

~ Re-deformation folds by later tectonics. 234 229

[Appendix 3.2 DataoiJoldingandprincipal stress axis oj QUianian Periodl
1(513-397 Ma)

Location Foldamount Axes Limb
(),n ()2n ()3(OlLong. (0) Lat.n Area Antic. Sync. Orien. (0) Angle (0)

1109 193 Hainan Island I 2 40 45-60 130L15 40LI0 310D5
1112 21.6 YangjIang, Guanghm I 3 0 35-75 90Z5 ono 270Z85

109.5 22.3 Lmgshan 4 4 85 40=70 175Z15 85Z12 355Z75
1l0.5 22.3 Yuhn 5 3 19 30=70 109Z8 19Z5 289Z82
1112 22.3 Yangchun, Kmpmg 4 5 5 30-70 95Z15 5Z16 275Z75

107.5 23 Daxin 5 4 90 40-60 IS0L1O 90L5 OLSO
109.5 23 Nanning,Guixian 26 27 76 20-70 166LI5 76L5 346D5
114.5 22.7 Baoan,Huiyang 3 0 20-S0 90LIO OL5 270LSq
105.5 23.7 Funmg I, arc type 80 35=45 170ZIO 80Z7 350Z8Q
1108 23.3 Bmse,Lmbm 8 8 90 30=60 180Z7 90Z5 OZ83
1111 23.7 Gmpmg,Wuzhou 6 5 92 35-80 2Z12 92Z8 182Z781
1113 23.7 Humjl,Chonghua 5 6 51 30-S5 141Z15 51Z1O 321Z75

114.5 23.7 Heyuan 2 2 357 30-65 267D 357L20 170LSCj
1111 24.3 Lipu,Hexian 23 21 S7 40-75 177L15 S7L12 357D5

112.5 24.3 Yangshan 2 2 33 45-70 123LI2 33LlI 303DSI
1114 24.3 Ymgde, Llanpmg 3 3 IS 45 80 105ZIO 15Z8 285Z8Q

115.5 24.3 Xmgnmg 4 4 20 60=85 lIOZI3 20ZIO 290Z771
116.5 24.3 Meixian 3 1 0 30=80 90Z18 OZ5 270Z72
1105 247 GlIilin 2 I 256 42 72 163/12 256724 44/61
111.5 25 Jiangyong S 7 40 50-60 130L53 40LIO IOLS~

112.5 25 Lianxian l l.arc l l.arc 90 50-SO OLIO 90LS IS0LSCj
113.5 25 Shaoguan 6 6 357 43-60 267LS 357L5 S7LS2
II4.5 25 Longnan 11 5 10 50=80 100Z5 IOZ5 280Z85
1116 25 Xunwu,Shanghang 8 8 10 30=80 lOOZI2 IOZ5 280Z781
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Contmue(l

ocation
CYI ra) CY2(O) CY3raLon. Lat. 0 Area

117.5 25 Longyan 0 30=50 90710 075 27078q
1113 25.7 GUiyang, ChenxIan 36 110 32 85 20711 110710 2()()27~

1145 257 GanzhoJl 20 355 40----80 SSZ20 35SZl0 26517(J
1116 25.7 Yudu-Changding 4 180 30-60 90LS 180LIO 270L8S

118.5 25.7 Dehua I 182 60-70 91LS 182LS ILSO
1112 26 Yangmingshan I I 90 30-40 OL5 90L2 180L85

114.5 26.3 Jmggangshan 15 14 350 35 85 260Z20 350Z15 80270
1116 26.3 Xmgguo,Nmghua 7 5 4 35 80 271718 427 103271
1118 26.3 Sanmmg, Nanpmg 5 5 197 25=62 10627 197710 3422781

112.5 27 Hengyang 2 3 110 43-69 200713 11079 2907771
114.5 27 Youxian, Yongxin 9 8 5 30-70 95L5 5LIO 275L85
117.5 27 Guangchang, Jianou II 10 3 45-61 93L8 3L5 273L8:;J

1118 27.7 Guangze, Pucheng 6 6 10 30-80 lOOL25 IOLIO 280L65
119.5 28 LtshUl, Tmshun 3 48 30-80 138720 48715 31827<1
105.7 26.7 Nayong, Zhtjm I 87 14=20 17775 8773 35678G
1101 28.2 Muh 3 2 95 30=40 575 9570 1857841

122.2 43 Wafanggou I 3 55 70-75 14475 5572 32S78~

125.1 43.5 Gongzhuling I 2 290 45-60 200LIO 290L6 110L8(j
126.2 44.4 Jiutai I 0 300 40-60 211L4 300L4 121L85
1264 429 Hulan 2 2 330 45-70 60L5 330L4 12U85
1272 431 50mb Jiaohe 1 1 20 50-70 11075 20/5 2(K1I85
1286 439 North sJlohua I I 0 62-75 9114 0/6 271/841
128.4 43.6 Guan(ll I I 0 40=75 8973 027 26978(J
1285 43 I Antu I 2 320 5!b60 51/3 320/2 2311881
128.5 43 Hanchonggou 0 I 320 55-70 51L5 320L6 230L85
128.6 43 NorthShuguang I 0 320 40-70 SOL4 320L4 230L8§
1129 42.7 WestLongjing 2 I 340 40-60 70L5 340L5 250L85
1129 42.8 Yanjt 0 1 330 60=70 6272 330Z2 2417881
Il19 431 HIIDchnD 0 I 0 4Jb65 90/4 0/6 270185
1100 38 NorthQthan 3 3 310 60=70 4174 31075 221785

102.2 36.2 LaJlshan I I 280 50-70 19215 280/3 12184
98.4 36.5 NorthQaidam 0 I 290 60-70 200L6 290LIO 20L8~

1100 38.2 SouthQilian 6 6 292 40-50 202L4 292L5 22L86

P6 38.6 Yueyashan, SouthQilian 4 5 270 60-70 180L3 270L2 OL87
91 37.5 Qlmantag 5 5 90 60 18074 90Z2 0788
P8 39.3 NorthQlhan 6 6 300 50=70 3276 300710 21178~

98 39 MiddleQilian II II 300 60-70 30L8 302L5 209L83
96 38.7 SouthQilian 3 2 292 60-70 203L5 292L6 22L8~

878 485 Kasna 6 5 178 70-80 88/6 178/10 268/841
90 47 Kokfokay 4 4 305 70=80 3575 30578 21S78~

182 42.6 Hark,Ttanshan 10 9 70 60=80 34027 250710 1607841
~6.2 43 Chaganor, TIanshan 7 6 110 40-70 20216 11079 21781
189 41.3 Kuruktag 17 16 98 40-75 SLIO 98LS IS8L8(j
P3 41 Xingxingxia 6 5 128 50-70 37L9 128L12 217L81
189 385 AltunShan 10 9 100 60--180 191L7 100LI0 IILS2
188 375 East Kunlun 5 6 95 4Jl--75 7/5 96/6 187/85
ISO 36 Mjddle Kunlun 4 3 91 55-70 18276 9112 2184
175 38 West Kunlun 18 16 125 50-75 34/8 12517 215181

4211 381
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Vtppendix 3.3 Datao.f.folding and principal stress axis 0.[Tianshanian Period;
1(297-260 Ma)

ocanon im
(J"j(') (J"2(') (J"J(O)

Lon. ° Lat. ° Area Antic. S nco An Ie 0

90 477 Nort 3 2 310 50-60 40/10 310/7 221/80
89 47 Kelan 6 7 306 50=60 3675 306710 216782
90 46.2 Ertix River 4 5 300 50-75 210/7 300/5 32/80

85.7 47 West Junggar 23 21 285 40-75 16/8 285/8 195/82
90 45.8 East Junggar 21 20 302 50-80 32/10 30219 212180
86 435 North TI'lDsh'lD 12 10 290 60-80 200/4 29076 207861
82 43 Tekes, Tlanshan 13 12 86 55-75 356Z3 8676 176787

86.2 43 Bostenhu, Tlanshan 16 17 100 40-70 974 100Zl0 190786
89 41.3 Kuruktag 12 11 88 45-70 35878 88Z7 178782
93 41 Xingxingxia 6 5 80 40-65 350/5 80/8 170/85
88 375 East Kunlun 14 13 87 50 80 176/6 87/9 356/84
80 36 Middle Kunlun 10 II 122 50 70 20215 29217 22185
75 39 West Kunlun 7 6 110 60 80 4074 311l/1O 220786
97 173 hmW Shan 4 5 90 60 80 180/4 27075 078(J

92 36.2 Erdaogou 6 5 300 64=75 30Z3 300710 210787
96 35.6 Burhan Budm 4 3 290 60 75 20074 29076 207861
99 34.5 Anyemaqen 2 2 300 55-80 210/6 300/5 30/8~

962 41 8 Beishan 15 14 270 40 70 357/12 268/15 178/80
106 34 Tianshui, Huixian 6 6 88 30-70 177/4 88/5 358/85

11048 B3 WlIdll 8 8 280 40 80 190/8 280/10 10780

~5.5 39.7 Dunhuang 4 4 82 60 70 35678 82Z6 174782
1103.5 39.5 A1xa 4 5 85 50=60 174Z3 8576 355786
108 42 North Badam Jaran 6 7 90 40-70 178 9175 180782
114 44 Sonid Zuo Qi 8 7 80 35-65 350/6 260/8 172/84
117 45 Ujimqin 11 12 65 35-60 336/5 65/7 155/85
121 48 Songling 9 8 60 40-60 150/4 60/10 331/86
126 51 Huma 6 6 50 35-55 141/6 23578 325784
126 43.3 Shuangyang 8 7 55 30-60 14576 23578 325784

1129.7 43.4 Wangqmg 2 3 52 30=60 322Z5 52Z9 I42Z85
D50 2421

!Appendix 3.4 DataoiJoldingandprincipal stress axis oj Indochina Periodl
1(260-200 Ma)

Area
im (J"j (0) (J"2(') (J"J('

An Ie 0

197.8 Tongtlanhe 6 5 290 75-85 20Z3 29075 200787
100 Qinghai Nanshan 0 I 292 40-65 202/5 29213 22/85
101 Zeku, Tongde 4 3 282 40-60 12/3 28214 193/87
100 Maqen 8 8 290 40-60 201/6 290/10 21/83
93 Fast Kunlun 4 6 280 50 70 10/2 280/6 191/88
98 Bayn Har Shan 6 6 295 45 65 20575 29578 25785

1995 Baima 2 2 302 40 50 212/6 lO2I5 321841
101 North Qlhan 10 9 280 39 60 1176 28075 19078~

199.5 Middle Qilian 7 8 290 50-70 22/7 290/4 203/8~

99 South Qilian 10 9 282 20-60 22/5 292/10 202/8~

1937 Olunbluk I 0 285 40 50 195/2 285/6 15/87
1944 Maoniushan 0 I 280 30 50 191/5 280/8 10/85
91 South Q1mantag 0 1 284 20 30 13Z3 282Z7 192786

1916 East Kunlun I 2 lOO 30 64 2IIII 10 lOO/5 lOlSO
94 Tanggu1a Shan 12 13 290 35=60 2074 290710 202784

1101.9 Menyuan 3 2 300 45-75 208/3 300/8 28/85
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Contmuedl

ocation
Area

xes nn
CY! (0) CY2 (') CY]('Lon. 0 Lat. 0 Antic. S nco Orien. 0 An Ie 0

106 34 Tjanshllj Hujxjan 6 6 88 30 71l 177/4 8815 358I8S
1104.8 33.3 Wudu 8 8 208 40 80 190Z8 280ZIO IOZ80
195.5 39.7 Dunhuang Batushan 4 4 82 60 70 356Z8 82Z6 174Z82
1103.8 36.1 Tianzhu-Jingtai 1 1 100 13-25 190L:2 100LS 1OL:88

79 35.8 Karakorum 14 10 280 35-70 19U4 280L7 IU861
875 365 East Kunlun 8 7 86 35 70 35517 86/9 175183
98 29 Zogang 6 6 335 50 70 65Z5 335Z6 235Z8~

197.8 31 Qamdo 17 18 150 40 65 61Z6 150ZIO 240Z84
91 32.5 TanggulaShan 10 12 100 40=60 IOZ5 100Z8 190Z8~

~8.2 34 WestTanggula 7 7 125 40-65 35Z3 125Z6 215Z87
88 35.8 HohxiIShan 2 2 89 30-60 358L4 89L7 179L:86

1126.5 50.3 Jadaqi 4 5 90 30-60 IL7 91L:2 180L:82
1126.5 49.3 Longzhen 11 10 41 25-65 13UI5 40L:3 311L74
11285 47 TIeli 3 4 45 30-65 135/10 4515 314/81l
1129.5 46.3 Hesgula 6 6 60 32=60 329Z6 59Z1 148Z84
1132.5 46.3 Baoqmg I I 46 30-50 136Z8 46Z4 317Z82
122 45.5 Tuquan 8 8 80 28-48 170Z15 80Z3 350Z7~

1128.5 45.3 Bingxian 8 3 300 32-52 30L:1O 300L:5 21OL:811
1119.5 44 Balin Zuoqi 6 11 75 20-55 345L:14 75L:2 165L:84
126 44 Jilin city 10 9 10 45 35-55 135L:9 45L:3 315L:811
131 43.7 Shuangchengzl 9 4 80 30-50 350Z6 80ZI 170Z84

1129.5 43 Yanjl 8 6 45 40-57 134Z5 45Z5 315Z8~

118 42.7 ChIfeng 2 I 70 38=65 160ZlO 70Z7 340Z80
11205 423 Xjawa 7 6 81 30-66 352/7 81/2 171 781
126 42 Tonghua 3 8 67 30-62 157L9 67L3 338L811

1104.5 41 Vliji 3 4 88 28-58 178L15 88L4 358L7~

118 41 Chengde 11 3 83 40-60 173L:8 83L:2 353L:82
1110 5 403 RaotoH 3 4 86 42 62 356/7 86/1 176/8~

118 40 Tangshan 8 11 93 30 50 4Z8 93Z2 183Z82
1110.2 39.6 Dongsheng II 0 85 32=48 355Z3 85Z1 175Z87
1115.6 39.7 Lmshm25 6 5 85 28-40 175Z18 85Z5 355Z72
1109.5 37 Yan'an 5 0 80 13-20 170L:2 80L:I 350L:88
109 34 Qinling 12 5 92 40-60 19U5 9UI 4U85

1117.5 34.3 Xuzhou 37 36 44 42-65 314L:6 44L:0 134L:84
102 33 Hongyuan 10 8 90 30=45 180ZI5 90Z0 0Z751

1103.5 33 Zhangla 5 2 100 35 55 190ZlO 100Z5 IOZ8(J
109 333 Dahashan 9 7 290 35-65 20/10 290L:l 200L:80
118 33 Bengbu 5 3 260 30-52 350L7 260L:l 170L:8~

1104.5 32.3 Pmgwu 21 24 75 36-65 165ZlO 75Z6 345Z80
1106.5 32.3 Nanjlang 16 0 82 30=60 172Z5 82Z4 351Z86
119 32.3 Nanjing 56 51 72 30=65 162Z5 72Z3 342Z84

1103.5 31.7 Maowen 17 17 90 28-66 OZ4 90Z2 180Z86
1113.5 31.7 Shuixian 27 27 300 31-55 30L:16 300L:1O 21OL74
1118.5 31.7 Maanshan25 17 16 51 29-54 321L:6 51L:0 l41L:84
109 31.5 Chengkou 12 11 288 30-50 18L4 288L5 199L:8~

101 30.7 Kangdmg 14 12 90 29-55 OZ5 90Z4 180Z8~

114 31 Huangbl 18 19 29 30=60 20Z16 290Z7 200Z61
118 31 Xuancheng 24 26 47 29=65 317Z8 47Z1 137Z82

11205 31 3 SlIzhOJJ 15 II 53 28-60 323/5 53/1 143/89
1102.5 30.3 Baoxing 8 8 100 20-50 1OL:5 100L:2 190L:8~

115 30 Tongshan 23 62 61 90 30-60 180L:14 90L7 0L7§
117 29.7 Qimen 40 46 85 29-55 176L7 85L:6 355L:82

1120.5 29.7 Zhujl 49 37 58 35 60 328Z5 58ZIO 148Z8~

101 28 Yongmng 29 31 85 34=65 175Z5 85Z5 355Z8~

11125 275 Hunan 48 54 88 30=-65 176/7 88/4 356/8~

115 27.3 Jiangxi 46 47 87 28 66 357Z8 87Z7 177Z8~

1117.5 26.7 Fujian 14 28 95 20-55 185L:5 95L:5 5L:851
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Contmuedl

Area CY! (0) CY2 (') CY]('

(iujzholJ 18712 97/1 7/881

1107 23.3 Guangxi 100 91 85 32-50 175L:1O 85L:8 355L:80
114 23.5 Guangdong 49 65 89 30-48 359Z15 89Z9 179Z7~

1100.5 24 Jinggu 42 43 I 40-60 91L:15 1L:6 271L7~

11055 19 Hainan 0 3 90 35-64 180L:10 90L:5 OLSO
Jomt observatIOn pomts 83 1,109 1,086

Vtppendix 3.5 Datao.f.folding and principal stressaxisof Yanshanian Period;
1(200-135 Ma)

ocation xes 1m
CY! (0) CY2(O) cy](O)

Lon. 0 Lat. ° Area Orien. ° An Ie 0

126 50 Longzhen 8 24 25-50 294Z5 24Z3 114Z8~

1285 47 Tieli 0 30 30-55 120/3 30/6 3oo78J
132.5 46.3 Baoqing 0 25 30-50 115L:6 25L:5 295L:8~

119.5 46.3 Hesgula 3 14 28-52 284L:5 14L:3 104L:8~

121 45.7 Tuguan 17 35 25-54 305L:5 35L:4 125L:8~

1275 45 1 Binxl<m 10 27 20 50 11779 27/7 298/81
1185 433 Wutendj 15 200 lO 55 110/9 200/6 290/81
130 43.3 YanJl 10 28 30=60 118Z5 208Z4 297Z861
120 42.3 AohanQi 4 29 30 55 299Z3 29Z5 119Z8]
117 41.3 Xinglong 36 30 25-60 300L:3 30L:2 120L:8l
115 39.7 Dongsheng 8 28 28-45 118L:l 28L:l 298L891
lIS 397 1aishui60 8 41 30 63 131/8 41/7 312/81
119 39.7 Qmhuangdao 3 23 32 60 113Z7 203Z1 293Z8~

1m 387 Helanshan 14 19 30 55 109/2 19971 289/88
1ll.5 39 Wuzhm 39 32 14=28 122Z4 32Z0 21OZ8J
114 39 Wutalshan 39 45 30-55 315Z4 45Z0 135Z861
111 37 Jiaokou 114 25 32-56 115L:4 25L:l 292/861
113 37 Yllshe 129 29 31-60 119L:0 29L:0 /90

1072 367 Huanxian 5 2 15-30 92/3 2/2 272/88
1095 367 Van'uD 18 22 ~5 29271 20271 1121891
114.5 37 Xingtai 7 5 30-50 95Z8 5Z6 275Z81
118.5 36 Shandong29 9 24 10-35 294Z7 24Z3 I93Z821
III 5 35 Houma 20 32 15-50 122/4 32/2 3017861
118 33.3 Bengbu 70 25 25-60 294L:9 25L:l 114L:81
110 30 WestHllbei 90 37 30-60 12UI9 3U9 307/71
115 30.3 Wuhan31 15 34 25-60 304L:4 34L:3 124L:8J

119.5 30.3 Zhejlang-Anhm 114 28 30-60 298ZIO 208Z8 118Z8(J
III 277 Huoan 18 208 30 30=-65 120/20 30/12 3000!!
102 27.7 Xlchang 36 25 32=66 115Z5 25Z1 295Z8~

106.5 26.7 Lmpanshm 79 17 25-55 107Z7 17Z5 286Z8~

117 26 Fujian-Jiangxi 30 102 22 33-65 293L:9 202/15 113L:8q
103 24.3 Kunming 90 39 25-60 I29L:8 39L:2 309L:821
lID 25 Gujlin 130 16 26 56 106/9 16/3 286/81
liS 247 XllnWJI 23 18 30 50 108/13 198123 3451M

109.5 23 Nanning 51 21 32 60 291Z17 21Z8 rrrzn
113.5 23.3 Guangzhou 41 29 30=65 119Z18 29ZIO 308Z721
85.7 46 Krarnay I 50 20 30 140Z20 50Z5 320Z7q

Joint observationpoints 168 1,566
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Vtppendix 3.6 Data o.f.folding and principalstressaxis 0.[Sichuanian Periods
1(135-56 Ma)

Locallon rold amount Axes LImb
(J"I(') (J"z(O) (J"J(O)

Long. n Lat. (0) Area
Antic. Sync. Orien. (0) Angle (')

908 386 Xorkllii 8 8 90 60--85 2/2 90/85 2711J
99.1 38.1 Muh 2 2 280 25-52 19076 280710 10782

fJI 34 upper Tuotuo River 2 2 285 30--60 195/3 285/5 10/851

fJ2 33.3 Wenquan 6 6 290 40--60 200/8 290/4 20/851
94.2 33.3 Moyun 7 7 294 30--50 24/6 294/4 204/841
1032 363 Mjnhe-HekQII 10 7 288 21l-1O 19Z7 288710 19978]
104.2 35.1 Wciyuan 1 1 290 20=30 20Z3 29075 2007871

D1 32.5 Tanggula 7 8 100 40=65 1075 10078 190785
85 33 Dinggu 3 3 93 40--60 183Z2 9376 3788
81 34 Zapug 19 18 90 40--60 1/6 90/5 181/841
fJ3 31 Nyainqentanglha 17 18 93 30--70 3/4 93/7 183/8§
85 31 Cogen 15 15 92 30-70 2/6 92/5 182/841

124.5 51 Songhng 1 6 83 10=35 353711 8374 173Z781
121l5 457 Tulemaotu 3 355/1 8572 175185
1125 46 SonghuaJlang LIaohe 11 0 296 0.5 5 2672 29671 20678~

119.5 44 Ba1mZuoql 4 5 102 I 32 1223 10222 1922871
1130 43.5 Yanbian 0 9 112 5-33 22/9 112/2 202/81
1115 43 Liaoyuan 7 0 315 4-32 225/6 315/6 45/8~

1185 43 Wllfendi 3 5 290 2 32 20/15 290/6 200/75

1125 43 Slpmg 12 4 0 318 4=32 48Z3 31872 2287871
121 8 42 FlIxjn 16 2 2 162 1Il-32 252110 16211 n/81l
118.5 41.7 HargmQI 2 1 115 10=32 25Z3 11571 2057871
104.5 40.5 UhJI 4 6 111 12-32 221Z2 111/1 2178~

115.5 40.7 Longguan 17 6 7 308 12-32 38/1 308/1 216/881
109.5 39.7 Dongsheng 40 19 98 15-30 8/2 98/4 186/8§
1119 40 Qinhuangdao 6 7 295 20--40 25/15 295/7 206/8Q

108.5 38.7 Urad Qlangl 20 4 310 20=40 4076 31072 2207871
1112 38 Shanxi 3 3 284 21l-1O 196/1 284/2 102/871

120.2 37 Zhaoyuan-YexIan 14 I 1 122 15-30 30718 122710 240Z7<1
1103 36.4 Lanzhou 5 7 112 20--36 2371 11221 2967881

107.5 35.1 Huanxian 18 1 308 20--30 218/4 308/4 38/851
118.5 36 Middle Shandong 82 12 12 299 10--32 29/6 299/3 206/821
1113 34 Henan 10 4 3 106 15-30 196/12 106/3 16/771

117.5 33.5 Bengbu 6 8 321 10=35 51Z3 32171 2317871
1102 32 Markam 48 42 310 25=40 411/6 31011 2211/85
1106 32 Yllong 85 43 292 20=40 20275 29271 227851
1109 32 Dabashan 13 84 76 285 20--40 15714 28573 195Z7(j

1111 31.5 Hubei 31 120 105 288 22-45 18/2 288/3 108/871
117.5 31.3 Jiangsu-Anhui 25 77 65 115 20--35 205/2 115/2 205/881
103 5 293 West Sichuan 83 52 107 22 36 17/3 107/1 197/871

1120 29 ZhejIang 29 21 36 295 20=34 25Z3 29575 2057871
1023 267 Yanbjan 69 81l 302 25dJ) 210/6 302/2 1078~

105.3 25.3 LmpanshUl 15 13 310 25=44 22075 31072 4078~

1112 27.5 Hunan 18 7 12 123 20--50 213Z2 12379 315780
115.7 26.3 Jiangxi 12 33 120 20--50 220/3 120/12 40/81
117.5 26.3 Fujian 11 6 27 122 20--54 31/6 122/5 262/821
1102 23.7 Yuxi 122 137 301 30--60 211/10 301/4 31/80

1114 23.7 Guangdong 10 22 295 20--50 205711 29573 26Z7~

109.2 22.5 Guixian 12 31 121 24-50 31/4 121/3 212/8(j
1093 195 Hajnan 1 1 335 25-50 241/1 335/25 150/65

281 1,032 97~

EJomt observatIOn pomts
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[Appendix 3.7 Dataofjolding andprincipal stress axis oj NorthSinian Periodl
1(56-23 Ma)

Location
Area

Fold amount Axes Limb
0"1 (0) 0"2(°) 0"](°1Long. (') Lat. to) Antic. Sync. Orien. (0) Angle (')

128 48 Heilongjiang 2 8 28 0.5-10 118L8 28L5 298L8 II
124 46 Songhua)lang-Nen]1ang 116 110 10 0.5=6 100Zl 1072 280788
127 43 Jilin 12 21 205 2 32 295/8 20574 251821
122 41 LowerLiao River 19 12 10 27 2 33 29773 27Z2 117787
108 40 HangginQi 8 5 4 0.5-18 9473 18471 274787
106 37 Ningxia 22 20 5 0.5-20 96",2 5",2 275",88

1103.9 35.9 South Lanzhou I 0 178 20-30 86",4 175L7 265"'8.:l
1104.2 36.3 East Liuhuangshan 0 I 15 20-30 106",6 15",10 285",82
1969 39 Ej-lsl Vemj-lShj-lD I 0 183 20-30 274/4 18376 94/8~

1972 396 Vurnenhanxja I 0 180 30:;40 0/5 180/4 92180
1118.5 36.5 Shandong24 6 5 26 10=50 115712 26Z3 298Z78
1121.5 34 SouthHuanghai 39 30 9 0.5-28 9971 18973 279788
120 33 North Jiangsu 49 45 175 0.5-30 85",2 175",2 265",87
105 32.5 Guangyuan 33 28 25 2-30 115",10 25",4 295",80
103 31 Guanxian 82 77 40 2-33 130",9 40L3 31OLSO

11125 312 Huhei 12 4 3 9 5-35 279/5 9/3 99185
119 32 Nanjmg25 2 5 20 4-33 11075 2074 29078~

1101.5 30 Kangdmg 78 82 8 6-32 98712 18875 278Z78
1107.5 30 Daxian 86 72 28 6-32 298714 2876 118Z7j
102 29 Mianning 107 110 1 2-34 91",10 181",4 271",80
120 29 Zhejiang35 4 3 17 2-31 287L4 197L5 107L86
102 263 Huili 110 132 2 2 36 27U9 18US 9U80
III 27 HJJmlD 6 15 19 10-32 109/7 199/4 289/82
116 27 Jlangxl-Fujlan 6 6 184 6 32 9476 18474 27478~

199.5 24 Fengqmg 133 142 7 10=40 277710 7Z2 9778q
11025 243 Yuxj 48 45 356 14---44 86/7 356/3 266781
1100.5 22 Jinghong 55 55 8 12-46 278LII 188L4 98L78
113 23 Guangdong-Guangxi 10 17 5 10-36 95",6 5",1 275",84
114 20.5 Mouth of Zhujiang 10 36 170 2-32 80",1 170",1 260",89

Jomt observatIOn pomts 115 1,043 1,083

lAfJpendix 3.8 Datao.f.folding and principal stress axis ofHimalayan Period
1(23-0.78Ma]

Area 0"1 (0) 0"2(°) 0"](0)

98.4 Ulan I 300 0.5 22 3075 30075 2107851
100.5 Middle Qilian 0 280 10-32 190",4 280",6 10",86
975 VUIDeD 4 300 10-40 3U6 30U4 21OLS4I
104.2 Dingxi I 305 10-32 35",5 305",3 215",851
n06 Hujxjan 0 70 20dO 34074 70Z5 160/8B

102.7 Jmchang 0 280 0.5-20 1076 28076 19078~

179 Kepmg 6 60=110 10-70 175Z3 8575 3557871
175 Wuqta 5 70-112 10-75 18175 9178 1785

~2 Kuqa 3 80 10-70 170",6 80",4 350",851
178 Yecheng 2 115 12-68 195",4 115",6 15",86

§2.2 Minfeng I 86 10-65 176",4 86",4 356",851
89 East Kunlun 2 HKI 16-60 180/5 HKl/5 0/85
93 Xmgxmgxla 5 80=100 IS-50 17873 8876 3587871

9 1 East HImalaya 6 95 40-50 18676 95Z7 57841

~6 Middle Himalaya 8 102 40=60 19214 10215 12186
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Contmuedl
ocanon

()\ (') ()2 (") ()3(')Lon. Lat. 0 Area

BO 31 WestHimalaya 240Z5 150Z6 60Z8~

~1 32 Gegym 208Z7 118Z6 28Z82
~5 31 Coqen 2Z7 92Z5 182Z8~

P3 31 Nyainqentangulha 3.i4 93L7 183.i8(j
~I 34 Zapug 1.i6 90.i5 181.i841
~5 33 Dinggu 183.i2 93.i6 3.i88
pI 32.5 Tanggula IOZ5 lOOZ8 190Z851

122.3 41.2 Llaonmg 166Z30 257Z3 352Z6Q
1106 37 Ningxia 202Z3 292Z2 22Z81

116.5 38.7 Huanghua 1OZ2 100ZI 280Z8~

118.5 35.8 MiddleShandong 40 174.i1O 85.i1O 297L751
[I8 37.2 Guangji 8 6 77 0.5-15 167L3 77.i1 346.i8~

lOS 5 29 Sichuan-Guizhou II 10 90 05-20 180.i6 90.i4 0.i85
1115 11 Huhei 1 2 277 05-16 18878 277/1 91/82
1]7 5 31 Anhnj 0 1 91 05-19 0/5 9112 182/851
122.5 32.5 SouthHuanghm 41 30 85 0.5-20 175Z2 85Z1 356Z8~

119.5 33.5 NorthJiangsu 19 17 90 0.5-20 0Z3 90Z3 180Z871
119.5 29 Zhejiang 2 1 273 0.5-14 3.i4 273.i1 98L86
[12 28.5 Hunan 7 8 94 0.5-20 4.i2 94.i12 273L7ll

115.5 27.5 Jiangxi 6 6 269 0.5-16 359.i4 269.i5 178L831
P8 25.5 Fujlan9 181Z7 272Zl2 356Z7~

n02 25 Yunnan 9 14 16 110 05-26 20178 1lOll 29118:1
1108 23 GuangxI 0 7 262 0.5-20 352Z4 262Z2 82Z89
1113 23 Guangdong I 4 85 0.5-20 175Z5 85Z2 355Z871

[loint observation points58 247 222

IReferences for Appendix 3

Bureau of Geologyand MineralResources of Provinces (1984-1993) Regional Geologyof Provinces. Geological Pub-I
lishingHouse,Beijing(in ChinesewithEnglishabstract,as shownin References for Chapter 1).1
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VtPPendix 4.1 Indochina Tectonic Period

laverage value of differential stress (1\.0") (111) 105.5MPal

Iectomc Area Long.°E Lat. oN Rock Oeternuned Sample1\.0" (MPa) Sources
Period Mineral
IndochIna Lower& Middle 116 30 gramtOld quartz 20 113.2 Wan IF et al.,1997

Yangtze
IndochIna Jlaonan, Shandong 119.5 35.5 my10mte quartz 5 104.5 ZhangCH etal., 1993
Indochina NorthHuaiyang 114.5 32 mylonite quartz 16 147 XiongCY et aI., 19921
IndochIna XIncheng-Huangpl 114.5 31 mylomte quartz 6 125.3 XIOng CY et aI., 19921
Indochina Fengxian, Shaanxi 106.5 34 mylonite quartz 4 142 Wang GH, 1993
IndochIna Jmhng,lIangxl 115 28.5 fault rock quartz 41 83.6 LIOW,19851
Indochina Hetai,Guangdong 112.5 23.5 mylonite quartz 2 59 ZhangBY et al.,19941
Indochina Ailaoshan, Cangyuan 101.5 24 granitoid quartz 2 94 WanTF et aI., 199]
IndochIna EastGansu 105.5 33.5 gramtOld quartz 9 69.3 WanTF et al.,1991
IndochIna Altun 92 37 gramtOld quartz 1 125.8 Wan IF et a1.,199]
IndochIna Eest Kunlun 94 35.7 gramtOld quartz 2 84.6 Wan IF et a1.,199]
IndochIna Burang 81.3 30.2 ultramafic rock ohvIne 3 118 ZhaoCH

1 (unpubhshed)

VtPPendix 4.2 Yanshanian Tectonic Period

average value of differential stress (1\.0") (70) 99.4MPa

ectomc Area Long. 'ELat. 'N Rock SampleAc (MPa) Sources
Period

Yanshanian Nandazhai, Beijing 116 39.8 mylonite 4 101.8 WanTF et aI., 1997
YanshamanOahelshan, JIlIn 125 43.6 granllmd 3 112.5 LInJP et aI., 1994
Yanshaman Zhaoyuan-YexIan, 120.3 37.2 gramtOld 3 82.5 WanIF, 1992

shandongl
Yanshaman MengyIn, Shandong 118 35.7 method of angle 15 82.6 YInXH,1987

Iconjugatel
Yanshanian Lower& Middle 116 30 granitoid quartz 14 93.6 WanTF, 1993

Yangtze'
Yanshanian Fujian 118 26 granitoid quartz 12 94.6 Lin JP et aI., 1990
Yanshaman Nandan, GuangxI 107.5 25 gramtOld quartz 5 87.7 WanTF et aI., 1997
Yanshaman EastGansu 105.5 33.5 gramtOld quartz 4 71.6 Wan IF et aI., 1997
YanshamanEast QInghaI 101 36 granllmd quartz 3 73.8 Wan IF et aI., 1997
Yanshanian Altun 92 37 granitoid quartz 2 79.5 WanTF et aI., 1997
Yanshaman West Kunlun 75.5 37 gramtOld quartz 1 81.5 WanIF et aI., 1997
Yanshaman EastXizang 96 31 schISt quartz 2 135.6 Wang GH(unpubhshedj
Yanshaman SouthXizang 89 29 meta.sandstone quartz 2 130.4 Guo I Yet aI., 198~

f4ppendix 4.3 Sichuanian Tectonic Period;

average value of differential stress (1\.0") (176) 107.4MPa

ectomc Area Long. 'ELat. 'N Rock Sample1\.0" (MPa) Sources
Period
Sichuanian Daheishan, Jilin 125 43.6 granitoid 19 102.1 Lin JP et aI., 19941
Sichuanian Nandazhai, Beijing 116 39.8 methodof 17 98.3 WanTF, 1981

FUXIn, LiaonIng 122 42 conjugate angle 16 94.2 WuCL et al.,19841
Xikuangshan Hunan 111.5 27.8 28 120.2 Wan CL, 1993
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Continued

Tectomc Area Long. 'ELat. 'N Rock Determme SampleAo (MPa) Sources
Period Mineral

Slchuaman NorthHebel 116 41.7 gramtOld quartz 2 88.1 WanTF et aI., 19971
Sichuanian EastShandong 121 37 granitoid quartz 7 81.8 WanTF, 19921
Slchuaman Ian-Lu fault 118.7 36 fault rock Quartz 4 113.5 Wan IF et aI., 19971
Sichuanian WestShandong 117.7 36.2 granitoid quartz 14 77.8 WanTF, 19921
Sichuanian Lower& Middle 116 30 granitoid quartz 16 90.3 WanTF,1993

Yangtze
Sichuanian Linhai,Zhejiang 121 28.8 granitoid quartz 17 81.7 ChuMJ et aI., 1988
Slchuaman FUJlan 118 26 gramtOld quartz 9 86.3 Wan IF, 1993
Slchuaman Iongbarshan 113.7 32.3 mylomte quartz 3 140.5 XIOng CY et aI., 1992
Slchuaman XlOngershan 111.7 34.4 vren quartz 2 121.1 Wan IF et aI., 19971
Sichuanian Mangling, Qinling 108.7 33.7 granitoid quartz 2 147 Chai YC, 198(1
Sichuanian Deyang, Sichuan 104.4 31.2 sanstone secendary 9 60.8 ZhangSR et aI.,2003

f1uartz
Slchuaman West Yunnan 98.5 25 gramtOld quartz 4 121.5 Wan IF et aI., 19971
Sichuanian Altun 92.5 39 granitoid quartz I 102.5 WanTF et aI., 19971
Sichuanian WestKunlun 75.5 37 granitoid quartz 4 92.5 WanTF et aI., 19971
Slchuaman All & Yarlung zangbo 83 31 sandstone secondary 5 183.5 WanTF et aI., 19971

guartz
Slchuaman Southeast XIzang 91 29 pendotlte olIVIne 6 103.7 ZhaoCH(unpublished)

xenolIth

[Appendix 4.5 Himalayan Tectonic Period

average value of differential stress (!l0")in upper crust (18) 92.6MP~

Sample!l0"(MPa)ectoruc Area Long. 'E Lat. 'N Rock Determine

HImalayan Kuocangshan 121 28.8 1ntermedlate- quartz
acid

Imagmatltel
HImalayan 'Iengchong 98.5 25 gramtOld quartz
HImalayan Malanshan QInghaI 91 35.8 rhyolIte quartz
Himalayan WestKunlun 75.5 37 granitoid quartz
Himalayan SouthXizang 89 29 granitoid quartz
Himalayan Ali 80 32 granitoid quartz

2

2

2
7
4

89.4

84.7
105.3
82.7
83.8
109.8

Sources

Chu MJ et aI., 198~

Yan OF, 19911
Wan IFetal., 19971
WanTF et aI., 19971
ZhaoCH(unpublished)
Guo TY et al.,198~



f'\ppendix 4 Differential Stress Magnitudeof ChineseContinent in Mesozoic-Cenozoic

Vtppendix 4.6 Following data are the d{{erentail stresses determined from the
~nclusion ofmantlein Himalayan PeriotA

4071

average value of differential stress (~O") in mantel (24) 21.5 MPal
Iectomc Area Long. °E Lat. oN Rock Determined Sample ~O" (MPa) Sources
Period Mineral

Himalayan Darnaping, Hebei 114.5 41 iherzolite olivine 5 21.4 Pan SA, 1989
Himalayan Shanwang,Shandong 119 36.5 lherzolIte olIvine 2 29.5 Pan SA, 1989
Himalayan Nvshan,Anhm 118.8 32.2 lherzolIte olIvine 5 17.8 Pan SA, 1989
Himalayan Dangtu,Anhm 118.5 31.6 lherzolIte ohvme I 11.5 Sun P et a!., 1994
Himalayan Liuhe, Jiangsu 119 32.2 iherzolite olivine I 10.9 Sun Pet al., 1994
Himalayan Mingxi,Fujian 117.2 26.3 iherzolite olivine 5 29.7 Peng SB et al., 199q
Himalayan Changle,Fujian 119.5 26 iherzolite olivine 3 16 Peng SB et al., 199q
Himalayan Lelzhoupenensula 110 21 lherzolIte ohvme 4 14.5 Peng SB et a!., 199(J

f4ppendix 4.7 Following data are the recentdiferential stresses determined by
hydrofracturing test

[5 areas average differential stress (~O") 20.9 MPal

ITectonic Area Determined No. ~O" (MPa) Sources
Period Depth

Neotectomc Daglng Oil held 2,000 m± 7 12.5 Chen ZD et a!., 2002
Neotectonic Fuyu Jilin 2,000 m± 14.8 CNC, IUGG, 1983
Neotectonic YingkouLiaoning 2,000m± 22 CNC, IUGG, 1983
Neotectonic DagangTianjin 2,000 m± 18.2 CNC, IUGG, 1983
Neotectonic ShengliOil Field 2,000 m± 12.6 CNC,ruoo, 1983
Neotectonic Dashmkeng, NmgxIa 2,000 m± 19.7 CNC, IOGG, 1983
Neotectonic Qmgyang,Nmgxla 2,000 m± 25 CNC, IOGG, 1983
Neotectonic JIangdu,Jlangsu 2,000m± 24.1 CNC, LUGG, 1983
Neotectonic Qingjiang,Hubei 2,000 m± 22.8 CNC, IUGG, 1983
Neotectonic Zigong, Sichuan 2,000m± 32.6 CNC, IUGG, 1983
Neotectonic Deyang,Sichuan 2,000 m± 12 11.9 WuZJ, 200~
Neotectonic Baise, Guangxi 2,000 m± 25.8 CNC,ruoo, 1983
Neotectonic Sanshm,Guangdong 2,000 m± 40 CNC, IOGG, 1983
Neotectomc Yumen, Gansu 2,000 m± 22.4 CNC, IOGG, 1983
Neotectonic Karamay 2,000m± 8.8 CNC, LUGG, 1983
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k\ppendix 5 Intraplate Deformation Velocity of Tectonic Periods in Chinese
~ontinent SinceMesoproterozoiq

[he rock chemistrydata are collectedfrom regional geologyof provinces and regionalgeological survey(I :200,(00), fori
calculation of the deformation (extension or shortening) velocity]

IAPpendix 5.1 Intraplate deformation velocity ofMesoproterozoic (1.8-1.0 Ga]

DeformatIOn velocletyl

Area Rock Sample
amount

Periodor Age
Ma

IS extension,
others are shorten-
ing)(cm/yr)

Tangshan, Hebel
Jixian,Hebei
Damiao,Hebei
Liaoning
BayanObo rift, Inner Mongolia
WestQinling,Gansu
Qlhan, Gansu
XlOngershan-Kuanpmg, ShanxI
Fangcheng, Henan
Dabieshan, Hubei
Yunyang-Wudangshan, Hubei
!Shennongjla Dahongshan, Hubel
Baotan,GuangxI
Guangxi
Zhuji,Zhejiang
Altun
Hark, Itanshan
Kuruktag, XInjIang
Kangbao, Hebel
Mlyun,BeIjIng
Liaoning
Shimengou, Liaoning
Sandaoqiao, InnerMongolia
Dengkou, InnerMongolia
Wuhal, Inner Mongoha
BayanBleh, InnerMongoha
ZartayRtft, InnerMongoha
BayanObo nit, InnerMongoha
AlxaZuoqi
Songji-Lushi, Henan
ZhonglIaoshan, Henan
XlOngershan, Henan
!South ShaanxI
HuanglIng, Hubel
Jiuling,Jiangxi
Gate of Qaidam,Altun
Kongurshan, WestKunlun
Qinling,Shaanxi
Inner Mongoha
Altun
Kongurshan, WestKunlun
NorthHunan
InnerMongolia
Hatzhou, Jlangsu

BaSIC volcamc
Basic volcanic
Anorthosite
Gabbro
Basic volcanic
Basic volcanic
BasIcvolcaOlc
Basalt
Basic volcanic
Ultramafic
Ultramafic
Ultramafic
Ultramafic
Basic volcanic
Homblendite
BasIcvolcamc
BasIcvolcaOlc
BasIcvolcanIC
GranItOId
GramtOld
GraOltOld
Granitoid
Granitoid
Rhyolite
GraOltOld
GranItOId
AndesIte-rhyohte
GraOltOld
Granitoid
Granitoid
AndesiteIn land
AndesIte In sea
GranItOId
GramtOld
Granitoid
Diorite
Andesite-rhyolite
Basalt
GabbrOld
BaSIC volcamc
BaSIC voIcamc
GabbrOld
Diorite
Andeslte-rhyohte

2
3
37
5
13
6
6
22
2
3
5
2
16
4
8

2

10
IO
I
5
5
16
4
8
8
6
14
23
48
12
8
7
3
6
34
4
7

16
3
4

Early MesoproterozOlc
Early Mesoproterozoic
Early Mesoproterozoic
Early Mesoproterozoic
> 1,600
Early Mesoproterozoic
Early Mesoproterozolc
Early MesoproterozOlc
1,489
Early Mesoproterozoic
Early Mesoproterozoic
Early MesoproterozOlc
Early MesoproterozOlc
Early Mesoproterozoic
Early Mesoproterozoic
Early MesoproterozOlc
Early MesoproterozOlc
Early MesoproterozOlc
1,468
1,588
1,565 1,305
Early Mesoproterozoic
Early Mesoproterozoic

Early Mesoproterozoic
1,500=1,714
1,681-1,696
> 1,600
> 1,600
1,689
1,508-1,631
Early MesoproterozOlc
Early MesoproterozOlc
Early MesoproterozOlc
Early MesoproterozOlc
Early Mesoproterozoic
1,474
Early Mesoproterozoic
1,400-1,000
Late MesoproterozOlc
Late MesoproterozOlc
Late MesoproterozOlc
Late Mesoproterozoic
Late Mesoproterozoic
Late MesoproterozOlc

0.12
-0.17
-0.23
-0.45
-O.~

-0.73
-0.46
-0.64
-0.]
-O.~

-O.~

0.]

O.~

0.21
0.41
2.~

61
6.31
6.~

8.71
8.~

6.51
5.81
2.71
2.71
7.81
4.51
3.31
4.81
5.~

5.~

7.81
3

7·41
-O.§
O.~

0.41
0.]

4·41
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DeformatIOn veloc.etyl

Area Rock Sample
amount

Periodor Age
Ma

IS extension,
others are shorten-

Dabieshan, Hubei
Hannan-Tiechuanshan, Shaanxi
South ShaanXl
Dunhuang, Gansu
Kongurshan, WestKunlun
NorthSIchuan
Fanjmgshan, Gmzhou
Fanjingshan, Guizhou
Motianling, Northern Guangxi
GuangXI
GuangXI
NorthHunan
YIfeng]langxI

Granitoid
Granitoid
DacIte
GramtOld
Andesile-rhyohte
Alkahte
GramtOld
Andesite-rhyolite
Granitoid
Andeslte-rhyohte
GramtOld
GramtOld
Andesile-rhyohte

8
32
2
2
4
13
54
17
44
2
3
3

ing) (cm/yr)

Late Mesoproterozoic 5.~

1,400-1,000 6.81
1,400=1 ,000 7.~

1,079 5.11
Late MesoproterozOlc 7.§
1,400-1,000 2.81
1,400=1,000 7.31
1,400-1,000 4.71
1,400-1,000 7.81
Late MesoproterozOlc 8
Late MesoproterozOlc 7.81
Late MesoproterozOlc 7.~
Late MesoproterozOlc 6.§

[Appendix 5.2 Intraplate deformation velocity ofNeoproterozoic-Early Cambrian
1(1.0 Ga-513MaJ

DeformatIOn veloc.etyl

Rock Sample Periodor Age IS extension,
ea

amount Ma others are shorten-
ing) (cm/yr)

YJ1an-Zhangguangcmhng, Serpentlmte 11 Early Qmgbmkou 0.94
HellongjJan~

Alatan, InnerMongoha Andesile 4 1,056=899 -O.~

Liiliangshan, Shanxi Basalt-andesite 2 Early Qingbaikou -0.49
Xixiang,Shaanxi Basalt 16 1,000-800 -0.56
Fanjingshan, Guizhou Basalt 25 ~ 1,000 -1.1
Sanmen,Guangxi Basalt 3 1,000-800 -0.59
SanmenGuangxI Ultramafic 19 1,000=800 -0.93
Dableshan, Hubel Basalt 80 1,000-800 -0.51
BouderamongAnhm,Zhe]1ang Basalt 5 916 -0.55
and Jiangxj
Fengcheng, Jiangxi Basic volcanic 56 Early Qingbaikou -O.~

Gate of Qaidam,Altun Granitoid 26 Early Qingbaikou 41
Daluom.zhen, Hetlongjlang GramtOld 8 Early Qmgbmkou 7.11
Mudanjlang, HeJ10ngjlang Granilmd 5 930 5.11
Shuanghe, HeIlongjIang Granilmd 10 Early Qmgbmkou 4.§
Zhongt13oshan, ShanXI Andesile 40 Early Qmgbmkou 5.81
Shuanyazitun, Heilongjiang Granitoid 6 LateQingbaikou 6.81
Shenxianling, Shanxi Granitoid 6 Late Qingbaikou 6.41
Dableshan, Hubel GramtOld 17 1,000=800 7.81
Xixiang,Shaanxi Rhyolite II 1,000-800 6.31
Erlangpmg, ShaanxI ACId volcamc 33 Late Qmgbmkou 6.~

Maodang, ShaanxI ACId volcamc 39 1,000=800 5.§
Dunhuang, Gansu Granitoid I 790 4.81
Altun,Xinjiang Granitoid 41 1,000-800 6.31
WestKunlun, Xmjlang Granilmd 19 1,000=800 6.51
Kuruktag, Xmjlang Granilmd 17 1,000=800 5.51
l'1anshan, Xmj13ng GramtOld 4 1,000=800 6.~

Pengcheng-Guanxian, Sichuan Granitoid 14 1,043-808 5.~

Huangling, Hubei Granitoid 6 847-879 6.71
SoutheastGmzhou GramtOld 44 Qmgbalkou 7.~
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ContInuedl

DeformatIon velocletyl

Area Rock Sample Periodor Age IS extension,

amount Ma others are shorten-
ing) (cm/yr)

Fanjingshan, Guizhou Alaskite 54 966 7.~

Yuanbaoshan, Guangxi Granitoid 5 Qingbaikou 7.(1
Sanmen,Guangxi Acid volcanic 8 Qingbaikou 5.~

JIUIIng, Jlangxl GramtOld 19 838-844 6.~

Bouder among AnhuI,Zhejlang Rhyohte 15 818 3.~

and Jlangxll
Xiuning,Anhui Granitoid 17 913 7.11
NorthwestZhejiang Granitoid 8 1,00D-800 6.51
Mayuan,Fujian Rhyolite 24 Qingbaikou 6.~

Huma-Jixi,Heilongjiang Ultramafic 54 Nanhua -0.45
ZhangguangcaIhng, Hellongl'ang Ultramafic 46 Nanhua -0.88
Subel, Gansu Basalt I Nanhua -0.34
Yaohnghe, WestHubel-South Basalt I3 800-700 -0.55
IShaanxiI
Hunan Basalt 4 Nanhua -0.9
WestGuangdong-Hainan Basalt 2 Nanhua -0.(1
Fujian Basalt 22 Nanhua -0.52
PIngxIang Guangfeng,JIangxI Basalt I Nanhua 0.75
Ymyangguan, GuangxI BasIcvolcamc 4 Nanhua 0.22
Qmhng, Henan GramtOld 24 747 606 5.81
ZhejIang GramtOld 8 844 766 6.~

Rongshui-Sanfang, Guangxi Granitoid 39 730-712 6.11
Xiuning,Anhui Granitoid 4 Sinian 6·41
Hutieling,Heilongjiang Granitoid 68 Sinian 6·41
Vanchangbelshan, Altun DlOnte 3 674.6 7
Vaohnghe, WestHubel South Rhyohte 24 800 540 5.31
IShaanxiI
Henan Granitoid 7 593-541 5.71
Fujlan Rhyohte 47 Slman 4·41
JrangxI DecIte-rhyohte 4 SInIan 4.71
Ymgyangguan, GuangxI DecIte-rhyohte 10 SInIan 4.71
Guangdong Declte-rhyohte I SInIan 5.03

lLlQ(J

[Appendix 5.3 Intraplate deformation velocity of QUianian Period (513-397 MaJI

DeformatIOn velocletyl

Rock Sample Periodor Age IS extension,
ea

amount Ma others are shorten-
ing) (cm/yr)

XInglonggou=QIngshankou, Gabbro 22 Cambnan 0.72
HeIlongjIang]
Kedanshan-Xiaosongshan, Ultramafic II Cambrian -1.1
Inner Mongoliel
Tongziba, North Qilian Ultramafic I Cambrian -0.73
BaIJIngsl, North Qlhan Ultramafic 12 Cambnan 0.78
Vushlgou, North Qlhan Ultramafic 10 Cambnan 0.86
La!lshan,Qmghar Ultramafic 12 Cambnan 0.75
Barymchang, NorthQlhan Maficvolcamc 10 M. Cambnan -0.57
Zhongwel,Ningxia Maficvolcamc 5 M. Cambnan -O.~

Danfeng,NorthQinling Basalt 5 543-500 -0.28
Heihe, North Qinling Basalt 6 543-500 -0.23
Erlangping,North Qinling Basalt 4 543-500 -0.23
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Contmuedl
DeformatIOn velocletyl

Area Rock Sample Periodor Age IS extension,

amount Ma others are shorten-
ing) (cm/yr)

Yunjiashan, NorthQinling Basalt 3 543-500 -0.21
Fengxian, Shaanxi Basalt 15 Ordovician -O.~

NorthQinling,Gansu Maficvolcanic 3 E.Ordovician -0.26
NorthQmlmg,Gansu Maficvolcamc 8 M. OrdOVICIan 0.49
NorthQmlmg,Gansu Maficvolcamc I E. Sllunan 0.77
Baijiazui, Qmlmg,Gansu Ultramafic 4 OrdOVICian 0.83
NE borderof Qiadam Ultramafic 22 Ordovician -1.03
Qingshuiquan, Qinghai Ultramafic 10 Ordovician -0.68
Anyemaqen, Qinghai Ultramafic 17 Ordovician -0.75
Donghe, Hubei Ultramafic 4 Ordovician -O.~

Dammgshan, GuangxI Maficvolcamc I OrdOVICIan -0.41
Dexmg, hangxI Maficvolcamc 2 OrdOVICian -0.84
lSoutheast Zhejlang Ultramafic 6 OrdOVICIan -O.~

FujIan Maficvolcamc 6 OrdOVICIan -O.~

Fujian Ultramafic 14 Ordovician -O.~

Guangdong Ultramafic 2 Ordovician -O.~

Hatnan Maficvolcamc I OrdOVICIan Stlunan O:~

Dabieshan Granitoid 2 515 4.41
Danfeng, NorthQmlIng AndeSIte 6 500=435 3.51
Helhe,NorthQmlIng AndeSIte 4 500=435 4.81
Erlangpmg, NorthQmlIng AndeSIte 3 500=435 4.51
Yunjiashan, NorthQinling Andesite 2 500-435 5
EastQinling,Henan Granitoid 7 485-455 2.71
Bao]l,ShaanxI RhyolIte 19 OrdOVICIan 7.11
SouthShaanxi Granitoid 7 Ordovician 5.31
Ylchun JIlIng, Hetlongjlang Granl101d 53 OrdOVICIan 6.~

Baiqing-Mishan Heilongjiang Granitoid 15 Ordovician 5
Bamalmlao-Barde Obo, DlOnte 13 OrdOVICIan 9.21
InnerMongolIal
Huawendong, InnerMongolIa DlOnte 7 OrdOVICIan 6.~

JlshlShan, Qmghat Diorite 19 OrdOVICian 4.~

LajlShan, Qmghat Gramt01d 16 MlddldOrdOVICIan 5.51
Qaidanor, Qinghai Granitoid II 460 5.(1
NorthQilian,Gansu Andesite I LateOrdovician 4.41
Beishan,Gansu Diorite I Ordovician 7.51
Ylchun, HeIlongjIang RhyolIte 5 EarlyOrdovIcIan 61
XlaoHmgganlIng,Hetlongjlang RhyolIte 8 Early OrdovIcIan 6.11
XlaoHmgganlIng,HetlongjIang RhyolIte 80 MIddleOrdOVICIan 5.31
Ylchun, HeIlongjIang AndeSIte 23 MIddle OrdOVICIan 6.~

Jjljn Gabbro 6 Silurian -052
Jjljn Diorite 7 Silurian -065
AlxanObo,InnerMongolIa Ultramafic 7 ~417 O.~

Dengkou, InnerMongolIa Ultramafic 8 Stlunan 0.]
XIaosongshan, InnerMongolIa Ultramafic 5 384 O.~

AlxaZUOgl, InnerMongolIa Maficvolcamc 12 385 O·G
Altay, XmJlang Ultramafic 16 Sllunan 0.84
Altay, Xinjiang Ultramafic 2 408-396 -0.(1
Annanba, Gansu Ultramafic I Silurian -0.63
EastQiling,Henan Ultramafic 55 427-370 -O.~

Ankang Xunyang, ShaanxI Basalt 9 EarlySIIunan 0.45
AlxanObo,InnerMongolIa Granl101d 11 Sllunan 6.11
UlanObo,InnerMongolIa Gramt01d 8 Sllunan 6.G
OaganNur,InnerMongolIa Gramt01d 6 Sllunan 5·G
Sandaoqiao, InnerMongolia Granitoid 4 417 4.~

Jilantai,InnerMongolia Granitoid 11 Silurian 6.~
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ContInuedl

DeformatIon velocletyl

Area Rock Sample Periodor Age IS extension,

amount Ma others are shorten-
ing) (cm/yr)

South Nigxia Granitoid 19 ~39l 4.71
Jjljn Granitoid 34 408 360 531
Kangbao,Hebel GramtOld I Silunan 4.81
Kangbao,Hebel DlOnte I Silunan 7.11
Dableshan GramtOld 4 426 4.71
Hmchlzl.,South ShaanxI GramtOld 40 Sllunan 6.11
Ankang-Xunyang,Shaanxi Rhyolite 4 Early Silurian 7.11
South Qilian, Qinghai Diorite 20 Silurian 6.71
Dangjinshan, Qinghai Granitoid 18 Silurian 6.51
Altay,Xinjiang Granitoid 34 408-396 8.51
East l unggar, XIjtang GramtOld 12 408-396 5.31
Altun, XInjiang GramtOld 5 ~400 5.81
hanshan, XInjiang GramtOld 12 ~400 5.71
WestKunlun,Xinjiang Granitoid 7 ~400 4.~

East Kunlun,Xinjiang Granitoid 5 ~400 5.~

East Qinling,Henan Granitoid 19 427-370 7
Fujian Granitoid 11 Silurian 5.~

ltanou, Fujtan GramtOld 5 Silunan 6.51
NInggang, llangxI GranItOId I Sllunan 5
Changtan,llangxI GramtOld 4 Sllunan 6.31
Wanz31, llangxI GramtOld 3 394 5.71
Lean, liangxi Granitoid 2 450 61
Xunwu,liangxi Granitoid 10 Silurian 5.~

Huhei Trachyte 15 Silurian 3.~

Hunan Granitoid 21 Silurian 7.11
Dongkou,Hunan GranItOId 12 421 360 7.\1
Hengshan,Hunan Granitoid I 364 5.~

Hainan Granitoid 19 Silurian 7.51
HaInan Rhyohte 2 Late Sllunan 8
Zhanxlan,Guangdong GranItOId 18 Silunan 7.31
Guangdong Rhyohte 19 Sllunan 6.51
WestGuangxi Granitoid 18 Silurian 7.71
Chenxi, Guangxi Keratophyre 2 Early Silurian 5
SoutheastGuangxi Granitoid 8 Silurian 6·41
NortheastGuangxi Granitoid 24 Silurian 61
¥uIIn,GuangxI GramtOld 3 Silunan 6.11
lIngxI, GuangxI GranItOId I Sllunan 6.11
Wuzhou, GuangxI GramtOld I Sllunan 5.~

Lipu, Guangxi Granitoid 2 Silurian 7.~

lLillI

IAPpendix 5.4 Intraplate deformation velocity ofTianshanian Period(397-260Ma)

DeformatIOn velocletyl

Area

XInk31IIng, HeilongjIang
BaogIng,HeilongJiang
Hegenshan, Inner Mongolia
Badu, GuangxI
Wude, GuangxI
Napo, Guangxi

Rock

OphlOhte
Ultramafic
Ultramafic
Basalt
Basalt
Trachyte

Sample
amount

12
22
18

Periodor Age
Ma

Devoman
Devoman
Devonian
Early Devoman
MIddleDevoman
Late Devonian

IS extension,
others are shorten-
ing) (cm/yr)

O.~

0.64
-O.~

0.41
0.41

-0.21
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Contmued

DeformatlOu velocletyl

Area Rock Sample Periodor Age ( IS extension,

amount Ma others are shorten-
ing) (cm/yr)

Dakang,Fujian Ultramafic 2 350 -O.~

Sunke-Fulao, Heilongjiang Granitoid 13 322 5·11
Mudanjiang,Heilongjiang Granitoid 4 Devonian 7·11
Woduke-Meishan, Granitoid 5 Devonian 6.31
Inner Mongolial
Dahelshan,Heilongjiang GranItOid 34 DevonIan 4·G
Bikou, WestQinling Diorite I Devonian 4.7]
Beishan,Gansu Rhyolite 2 Late Devonian 5.~

NorthQiadam,Qinghai Diorite 4 Devonian 5
South Qiadam,Qinghai Diorite 21 Devonian 5.51
!South QIadam,QmghaI GranItOid 9 DeVOnIan 6.~

Altay,XmjIang GranItOid II2 377 7.31
hanshan, XmjIang GranItOid 161 377 6·1
XmxmxIa, XmjIang GranItOid II 377 M
East Kunlun,Xinjiang Granitoid 62 377 6.2
Dabieshan Granitoid 2 376-370 411
Jilm GranItOid 3 DeVOnIan 3.9
Olip, Inner Mongolia Basalt 16 CarbonIferous 0.53
!Solon, Inner Mongolia Ultramafic 22 CarbOnIferous 0.]
Fujlan Basalt 6 E. CarbOnIferous 0.41
Jingxi, Guangxi Basalt I E. Carboniferous -0.41
LancangjiangPaleo-ocean Basalt E. Carboniferous -0.67 (after Mo XX]
JinshajiangPaleo-ocean Basalt E. Carboniferous -0.9 (after Mo XX)I
Duobaoshan, Heilongjiang Granitoid 38 Carboniferous 5
Jilm GranItOid 3 CarbOnIferous 4.31
JmgxI,Llaonmg GranItOid 6 312 6.31
Inner Mongolia(activearea) Diorite 8 Carboniferous 6.51
Inner Mongolia(stablearea) DlOnte 4 CarbOnIferous 4.~

Inner Mongolia(aclivearea) GranItOid 23 CarbOnIferous 6.51
Inner Mongolia(stablearea) GranItOid I3 CarbOnIferous 5·2
Belshan,Gansu Rhyolite I E. CarbOnIferous 7.]
Beishan,Gansu Dacite I M. Carboniferous 4.7]
Qilianxian,Gansu Diorite I Carboniferous 6.51
Xinxinxia,Tianshan Granitoid 174 ~ 300 62
NorthTianshan Granitoid 238 300-295 6.31
Altay,XmjIang GranItOid 160 300-295 6.11
WestJunggar GranItOid 126 300-295 5.~

East Junggar GranItOid 212 300-295 5.2
Guangdong GranItOid 5 CarbOnIferous 6.71
Guangxi Granitoid 8 Carboniferous 6.4
Piaotang,Jiangxi Quartz diorite I Carboniferous 5.S1
Laoheishan,Heilongjiang Basic volcanic 6 Early Permian -0.75
JIanpmg-XIfeng, LIaonmg Ultramafic 6 Early Permian 0.86
Qillanxlan,Gansu SerpenlinIte I Early Permian 0.79
JmgxI,GuangxI Diabase I Early Permian O.~

l'angma, GuangxI Basalt 3 Early Permian O·G
Xichang,Sichuan Basalt 5 Late Permian -0.56
Dukou,Sichuan Basalt 7 Late Permian -0.41
Dongchuan, Yunnan Basalt 3 Late PennIan O.~

Lufeng, Yunnan Basalt 9 Late PennIan 0.21
WestGUlzhou Basalt 48 Late Permian 0.51
Border between Basalt IO Early Permian O·G
Yunnan & Guangxj
Lanpmg-Slmao, Yunnan Basalt 3 Early Permian -0.51
Ganzi-LitangPaleo-ocean Basalt E. Permian-E. Trias- -0.8 (after Mo XX)I

sic
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ContInued
DeformatIOn velocletyl

Area Rock Sample Periodor Age ( IS extension,

amount Ma others are shorten-
ing) (cm/yr)

UIiji,Heilongjiang Granitoid 27 > 203 5.2
Sunke-Furao, Heilongjiang Grauitoid 103 Permian 5
BaoqIng-Mlshan, HeIlongJIang DacIte 7 EarlyPermian 7.2
Maanshan, HeilongjIang GramtOld 9 Early Permian 6.§
helI, HeIlongjiang GramtOld 47 EarlyPermian 4.~

Muhetun, HeIlongjIang GramtOld 41 EarlyPermian 6.31
Handagl, HeilongjIang GramtOld 2 310-308 5.71
SonglingArea,Heilongjiang Granitoid 33 EarlyPermian 4·71
Longzhen, Heilongjiang Granitoid 38 EarlyPermian 5.51
BaoqIng, HeIlongJIang GramtOld 14 EarlyPermian 7.31
Daluomlzhen, Heilongjiang GramtOld 36 Early Permian 5.31
BmxIan, HeIlongJiang GramtOld 58 EarlyPermian 4.2
MudanJlang, HeIlongJIang GramtOld 5 EarlyPermian 8.2
IShuangchengzl, HeIlongjIang GramtOld 51 Early PermIan 7.51
Wjn Dacite 62 permian 61
Jjljn Granitoid 232 302-254 551
TuleMod,InnerMongolia Granitoid II EarlyPermian 6.31
LlUjIayIngzl, InnerMongolIa GramtOld 5 Early Permian 7.§
Aohangl, InnerMongolIa GranItOId 4 EarlyPermian 5
lSandaoglao, InnerMongolIa GramtOld 10 288 279 6.71
InnerMongolIa (aclIve area) GramtOld 17 Early PermIan 5.2
InnerMongolia (stablearea) Granitoid 27 EarlyPermian 5.2
AlatanAbo,InnerMongolia Granitoid 12 289-252 7.71
Liaoning Granitoid 14 270-269 5.~

LiaonIng GramtOld 12 ~240 5.~

n6.5'E,41.7'N GramtOld 4 PermIan 5.31
1117.5°E,42.3°N Gramtoid I LatePenman 4.71
Kangbao-Weichang, Hebei Salic volcanic 6 EarlyPermian 5·1
Kangbao-Welchang, Hebel GramtOld 20 266-250 4.71
Kangbao-Welchang, Hebel AndeSIte 13 266-250 4.2
Kangbao, Hebel GramtOld 20 266-250 4.71
IShanghuanggl, Hebel GramtOld 4 Early Permian 5.31
Qipanshan, Hebei Granitoid I EarlyPermian 4·71
SouthShaanxi Granitoid 7 EarlyPermian 7
Beishan,Gansu Andesite 1 EarlyPermian 5.<'1
Belshan,Gansu RhyolIte 2 LatePenman 7
Northern QaIdam, QInghaI GranItOId 5 EarlyPermian 6.]
lSouthern QaIdam, QInghaI GramtOld 7 EarlyPermian 8
Gateof QaIdam, QInghaI GramtOld 2 Early PermIan 6.~

Southof EasternKunlun, Granitoid 6 259 5.\1
Fujian QuartzDiorite 6 EarlyPermian 7.4
Ganfang, Jiangxi Granitoid 1 Permian 61
YunkaIdashan, Guangdong SchISt I Early Permian 10
LIUZhou, GuangxI luff 1 Late Penman 8.71
Darongshan, GuangxI GramtOld 90 EarlyPermian 6.31
LanpIng-Slmao, Yunnan DaCite 4 Early PermIan 5.31

~
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Vtppendix 5.5 Intraplate deformation velocity ofIndosinian Period(260-200MaJI

DeformatIOn velocletyl

Rock Sample Periodor Age - are extension,
ea

amount (Ma) others are shorten-
mg)(cri17yr)

BangongCo-Domar, Xizang Basalt 4 Early Triassic -0.21
East Hohxilshan Diabase 3 E &M Trjassic 021
Bayan Har Shan Basalt 6 E.&M. Triassic -1.21
IanggulaShan Basalt 8 E.&M. Inasslc -0.41
Paleo-JmshaJlang Ocean (Closmg) GranItOId E.Permlan- 4.69 (atter Mo XX)

E:T.iJ.iiSSi.a
North'I janshan (jumjtojd 61 ~219 471
Alatan Abo, 104.5°E, 40.3 ON GranItoId 25 ~ 235 5.81
Ela shan, Qinghai Acid volcanic 9 ~240 5.41
East Kunlun Granitoid 101 ~ 235 5.51
East Kunlun Acid volcanic 7 ~240 s.s
Mmgshan LlXlan, GranItOId 132 ~ 233 5.~

NorthQmlmgl
WestQmlmg RhyolIte 4 Early'InasSlc 6.81
NorthwestQiangtang Granitoid I 239.8 5.~

Baosahn,Yunnnan Granitoid 44 ~230 6.11
Lincang,Yunnan Granitoid 300 ~ 235 6.11
Nyalam-Yadong, Xizang Granitoid 1 235.8 5.51
Yarlung Zangbohang Basalt 7 Late Inasslc 0.21
Burang Daba Ophyohte 5 Late Inasslc I.G
Altay,Xinjiang Granitoid 4 ~228 4.~

Hami, Xinjiang Granitoid 13 ~230 4.~

Raohe-Baoqing, Heilongjiang Ultramafic 81 Triassic -0.61
Wandashan, Heilongjiang Ultramafic 53 Late Triassic -0.48
Baoqing,Heilongjiang Acid volcanic 105 Late Triassic 5.51
HmgganlIng, HeIlongjIang GranItOId 355 ~229 4.~

rsn; HeIlongjIang 128.5°E, 47 ON GranItOId 47 Inasslc 4.81
liIin (jranjtojd 18 ~223 571
Hetao, Inner Mongolia Granitoid 58 ~225 4.51
Jilantai, 105.5°E, 39.6 ON Granitoid 7 223 4.~

NQrthShanxj (iamjrQjd 12 ~227 B
NortbHehei (jranjtojd IS ~226 5
West Shanxi Iliff 8 Triassic III
Tianzhen-Yangyuan, Shanxi Nepheline-syenite 6 Triassic 1.51
Hezuo, NorthQinling Granitoid 75 ~227 6.~

Qmlmg GranItOId 213 ~226 5.51
Henan (iranitoid 6 ~224 4\1
Anhuj ( iranitoid 12 no 230 551
JIangxI GranItOId 29 ~235 5.~

Hunan Granitoid 40 ~224 61
Zhuji, Zhejiang Granitoid 5 Triassic 4.81
Quxian,Zhejiang Granitoid 7 Triassic 5
Fujian Granitoid 13 ~226 5.§
GuangxI GranItOId 86 ~226 6.51
Guangdong GranItOId 12 ~225 5.11
Panzhlhua Xlchang GranItOId 15 ~230 6.31
Lancangjiang Paleo-ocean (clos- Granitoid ~230 5.3 (after Mo XX]
ing)
Jomda-Qamdo, Xizang Dacite 22 E. - M. Triassic 5.81
YalongJlang, WestSIchuan GranItOId 81 ~229 7
Dawu, WestSIchuan GranItOId 31 ~221 6.~

Lanpmg-Slmao, Yunnnan GranItOId III ~225 5.~

LaoyelIng, HeIlongjIang GranItOId 215 ~219 5.41
Dengkou, 106.5°E,40.7°N GranItOId 22 ~218 5.71
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ContInuedl
DeformatIon velocletyl

Area Rock Sample Periodor Age IS extension,

amount Ma others are shorten-
ing)(cm/yr)

Baotou,1I0'E, 40.3 "N Gramtold I ~217 4.71
Liaoning Granitoid 51 ~213 5.41
Kuruktag, Xinjiang Granitoid 2 Triassic 6.~

SouthTianshan Granitoid 5 ~215 5.31
Qlmantag, Xljlang GranItOId 21 [nasslc 5.11
Qlmantag, Xljlang luff 2 ~211 5.81
KarakoDm Shan (jumjtojd 18 ~211 6~

Tianshui, northQinling Granitoid 101 ~217 5.41
south Qinling Granitoid 9 ~217 5.31
WestQinling,Qinghai Granitoid 15 ~219 6.~

Beishan,Gansu Granitoid 32 ~219 61
MIddle Qlhan GranItOId 75 ~218 5.51
Barkam, Sichuan GramtOld 70 ~219 6.51
Yldun, WestSIchuan Gramtold 45 ~218 7,;1
NorthQiangtang Diacite 2 LateTriassic 6.81
Yushu, Qinghai Acid volcanic 63 Late Triassic 5.51
Tanggulashan Acid volcanic 41 Late Triassic 5.31
lamantaweng Shan GramtOld 16 219.6 5.81
Jomda Markam, East XIzang ACid volcamc 50 Late [nasslc 7
Jomda Markam, East XIzang GramtOld 17 215 5.31
Ohjl, 104.5 'E, 41 ON GramtOld 3 ~203 5·G
NorthBorderof Qaidam Granitoid 128 ~205 5.~

J;T84I

f4ppendix 5.6 Intraplate deformation velocity of Yanshanian Period(200-135 Ma)

Deformation vclocictyl

IArea Rock Sample Periodor Age ("-" is extension,

amount (Ma) others are shorten-
Ing)(cm/yr)

East to Harbin Granitoid 56 ~ 170 5.71
NorthHingganling Granitoid 63 ~ 170 5.71
south HIngganhng GramtOld 19 ~ 166 5.~

Laoyehng GranItOId 86 ~ 167 4.71
liIin (jrnnjtojd 109 ~ 169 5 ~

Liaoning GramtOld 79 ~ 180 5
WestLiaoning Acid volcanic 137 M.&EJurassic 5.31
Chifeng Granitoid 6 169 3.51
Wuh31, InnerMongoha Syemte I 187 2.11
Nandahng FormtIon, Yanshan Basalt 21 ~ 178 4.~

haojlshan FormtlOn, Yanshan AndeSIte 30 ~ 165 4.51
Zhangjlakou FormtlOn, Yanshan Rhyohte 118 ~ 150 61
Helansban Granitoid 7 ~173 481
Shanxi Granitoid 73 ~ 170 41
Handan, Hebei Granitoid 16 ~ 148 5.21
East Shandong Granitoid 127 ~ 159 5.11
QInhng GramtOld 90 ~ 158 4.81
NorthHebel GranitoId 20 ~ 157 5
Southwest Henan ( iranitoid 84 ~ 158 411
NorthHuaiyang Acid volcanic 7 > 144 4.71
Jlangsu GranItOId 2 JurassIc 4.\1
SouthAnhur GranitOId 52 ~ 153 5.71
Southeast Huhej (jrnnjtojd 199 ~ 166 5 II
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Contmuedl

DeformatIOn velocletyl

Area Rock Sample Periodor Age IS extension,

amount Ma others are shorten-
ing) (cm/yr)

WestZhejiang Rhyolite-andesite 7 ~ 190 6.~

NorthwestZhejiang Granitoid 108 ~ 157 5.31
East Zhejiang Granitoid 126 ~ 156 5.51
Fujlan Gramt01d 20 ~ 167 5.~

Fujlan Gramt01d 31 ~ 149 5.§
Jlangxl Gramt01d 24 ~ 190 5.~

JtangxI Gramt01d 38 ~ 164 6.31
Jiangxi Granitoid 25 ~ 148 5.71
Northeast Hunan Granitoid 21 ~ 161 651
MiddleHunan Granitoid 35 ~ 161 6.51
GuangxI Gramt01d 41 ~ 178 61
GuangxI Gramt01d 94 ~ 149 6.11
Guangdong Gramt01d 62 ~ 180 7.11
Guangdong Gramt01d 20 ~ 158 6.~

Guangdong Granitoid 183 ~ 144 6.~

SoutheastYunnan Granitoid 34 ~ 167 521
Tengchong, WestYunnan Granitoid 19 ~ 160 5.~

Panzhlhua Xlchang Gramt01d 9 ~ 167 4]
Aba, WestSichuan Gramt01d 17 ~ 137.3 6.11
Markam, WestSIchuan Gramt01d 18 ~ 157 61
Dafu, WestSIchuan Gramt01d 35 ~ 154 5.71
Yalongjiang, WestSichuan Granitoid 5 ~ 187 6.~

Yidun,WestSichuan Granitoid 46 ~ 176 6.41
East Bayanhar, QmghaI ACid voIcamc 17 Early JurassIc 7.31
Bayanhar, QmghaI Gramt01d 21 ~ 192 61
QaIdam,QmghaI Gramt01d 29 ~ 152 6.11
Qaidamshan, Qinghai Granitoid 2 ~ 182 6·41
Northeast,Qinghai Granitoid 54 ~ 187 6.~

LangmusI, WestQmlmg Andesite 3 MiddleJurasSic 7.31
ltanshUl,North Qmhng Gramt01d 92 ~ 180 5.31
Altay Gramt01d 24 ~171 5.§
Altuo (jranitojd 1 Illrassic sa
West Karakorum Dacite 3 ~ 167 62J
Qarlong Baslte 6 E.&MJurassic -O.~

Qarlong Andesite 4 E.&M. Jurassic 5
Kunlun,Xljlang Gramt01d 11 JurassIc 6.4]
NorthQIangtang Gramt01d I JurassIc 7
Luma Co - Doma, XIzang Gramt01d 8 ~ 167 6.4]
Jomda, Xizang Gramt01d 4 ~ 143 6.31
Qiangtang-Qamdo,Xizang Rhyolite-andesite 8 Jurassic 5·41
Tanggula, Xizang Granitoid 4 Jurassic 6.31
Amdo-Nyainrong,Xizang Granitoid 10 ~ 163 5.51
Naggqu Barle,Xizang Ophyohte 1 Late JurassIc l.5I
Bangongco NUllang, XIzang Ophyohte 81 Late JurassIc 4
Bangongco Dengqen, XIzang Ophyohte 64 JurassIc 1.1
Bangongco-Dengqen, Xizang Basalt 17 Jurassic 4.31
Ngari, Xizang Granitoid 13 ~ 165 6·41
North Nyainqentanglha Xizang Basalt 8 M.&L.Jurassic -0.41
North Nyainqentanglha Xizang dacite 54 M.&L. Jurassic 6.~

!Shlquanhe, XIzang Ophyohte II M.&L.JurassIc 3.21
!South NyaInqentanglha XIzang daCIte 6 M.&L. JurassIc 61
LagUlgangn, XIzang Basalt 5 M.&L. JurassIc 0.41

2,9841
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VtPPendix 5.7 Intraplatedeformation velocityof Sichuanian Period (135-56 MaJI

[?eformationvelociety

~rea Rock Sample Periodor Age ("-" is extension'l
amount (Ma) others are shorten-

jng) (clriJyr~

ISE YarlungZangboJiang Basalt 18 Early Cretaceous -0.7
ISW Yarlung ZangboJiang Basalt 88 Early Cretaceous -0.5
Ngan-Shlquanhe, Xizang Basalt 13 Early Cretaceous 0.9
Ngari-Rutog, Xizang Basalt 6 Early Cretaceous -0.5
East NyaIngentangulha GramtOld 25 ~ 128 6.5
Luobusha, XIzang Ophyohte 85 Cretaceous -3.3
Cogen-Namco, Xizang Ophyolite 20 Cretaceous -3.11
lSouth Yarlung ZangboJIang Gabbro 5 Late Cretaceous -1.8
Yamzho Yumco DIabase I Late Cretaceous -1.11
Yarlung ZangboJIang Gabbro 7 Late Cretaceous -0.3
Yarlung ZangbolIang DacIte 24 Late Cretaceous 5.1
Yangbajing, Xizang Granitoid 49 ~76 (1
Nyainqentangulha Dacite 78 Late Cretaceous- 5.~

Eocene
WestLancangjiang Granitoid 1 ~76 6.1
North Nyamgentangulha GramtOld 18 ~ 104 5.§
Ngan Shlguanhe,Xizang AndeSIte 31 Late Cretaceous 5.~

Eocene
IShiguanhe-Bomi Granitoid 8 ~ 108 6.5
Gegyai,Ngari Dacite 25 Late Cretaceous- 5.5

~

WestQiangtang Granitoid 1 ~ 9004 6·41
g2°E,36°N Basalt 2 Paleocene-Eocene -0.3
79°E,35°N Dacite I Late Cretaceous 6.(j
KarakomID Granitoid 10 ~95 641
Tanggula, Qinghai Basalt 12 Cretaceous 4.~

Tanggula, Qinghai Granitoid 8 ~85 5.5
Tongren, Qinghai Basalt 2 Cretaceous -0.5
Jiuquan,Gansu Latite 5 83 2.71
Garze-Lltang Paleo-ocean (cios- GramtOld 42 Cretaceous 6.~

ii1g}
Bj IllOXlJeshan (jranjtojd 14 1011 52 6~

NujiangPaleoocean(c1osing) Granitoid 78 138-51 6·41
Dawu, WestSichuan Granitoid 18 139-52 6.5
Panzhihua-Xichang Granitoid 14 ~ 123 5.'1
SoutheastYunnan Granitoid 162 102-78 5.3
GuangxI GramtOld 143 132-68 §
lSoutheast GuangxI ACId volcamc 66 100-67 4.~

Guangdong GramtOld 123 135-90 5.71
Guangdong Granitoid 84 90-55 5.'1
Hunan Granitoid 10 131---fi5 641
Jiangxi Granitoid 19 135-70 5.81
Fujian Granitoid 187 127-70 6.1
Fujlan ACId volcamc 475 127 125 §
Zhellang GramtOld 22 125 70 5.3
IShanghaI ACid volcamc 42 136 84 4.§
Nanjing-Wuhu Granitoid 41 137-91 5.~

South Anhui Granitoid 14 136 115 5 1
Lujiang-Zongyang,Anhui Acid volcanic 62 133-108 3.(1
Dabie-Qinling Granitoid 98 121-105 §
SoutheastRubel ACId volcamc 153 132 102 4.1l
Henan Acidvolcanic 218 115 87 481



fi20

rea

South Gansu,
Tianshui, NorthQinling
Mingshan-Lixian,
NorthQmlmgl
Helanshan
~ 04.5' E, 40.3' N
~04.5'E, 41'N
Shanxi
Handan,Hebei
WestShandong
East Shandong
Yanshan
WestLlaonmg
LIaonmg
Liaoning
Jjljn

south HmgganIrng
LaoyeIrng
NorthHmgganIrng
JapanSea
WestPacificOcean

Appendices

Contmuedl
peformatlOnveloclety

Rock Sample Periodor Age IS extension,

amount Ma others are shorten-
ling) (cm/yr]

Tuff 3 LateCretaceous 5.(j
Granitoid II 127-104 5.3
Granitoid 5 Cretaceous 5.3

ACId volcamc 27 7Pi6 41
Basalt 1 LateCretaceous 41
ACId volcamc 23 EarlyCretaceous 4.71
Granjtoid 23 135-74 541
Alkalirock 6 110-52 2.71
ACId volcamc 337 133-78 4.71
ACId volcamc 285 136-90 5.71
GramtOld 52 140-110 3.41
ACId volcamc 369 135-70 4.~

ACId volcamc 74 135-70 51
Granitoid 70 132-S0 4.~

Granjtoid 34 104-76 51
GramtOld 74 132 91 4.~

GramtOld 18 128 76 77
GramtOld 30 132 105 5.~

RhyoIrte 11 127 5.1
90-S0 Magneticanomalies, SI

Em[!

Vtppendix 5.8 Intraplate deformation velocity ofNorth Sinian Period(56-23 Ma]

Deformation velocietyl

~rea Rock Sample Periodor Age ("-" is extension,

amount (Ma) others are shorten-
mg) (clriJyr)

WestPacific Ocean 40-30 Magnetic anomalies, 9
Baitoushan, Jilin Trachyte-rhyolite I Eocene-Oligocene 5.4
JIIrn Basalt 7 32.9 4.2
LowerLlaohe Basalt 54 Eocene=OIrgocene 3.2
Hebei Plain Basalt 26 49-17 54
Fansi,Shanxi Basalt 2 Eocene-Oligocene 4·2
MOJlth of Yellow Rjver Basalt 6 45-19 64
SouthHuanghai-NorthJiangsu Basalt S 47-42 4.2
North Anhui Basalt 4 Eocene-Oligocene 5.~

Hefei,Anhui Basalt 4 Eocene-Oligocene 5.4
SoutheastHubel Basalt 2 52 41
South AnhUl Basalt 1 42.6 2.2
CoastalMountians, Taiwan Basalt 20 Paleogene 7.]
Fujian Basalt IO Paleogene 3.~

Jiangxi Basalt 2 32-20 5.4
Sanshui,Guangdong Basalt 7 51-45 3.31
GuangxI Basalt 4 47 33 3
EasternNanhar 52 25 MagnettcanomaIres, 4.~

Jmshajlang Red RIver 44=23 SlmstralsIrp,0.451
MjddleYllOnan Basalt 9 52 14 2\1
West Yunnan Basalt 2 18 6B
Panzhlhua Xlchang Basalt 2 31 1.2
Jomda-Yulong GramtOld 128 55 34 5.71
Tianshan Granitoid I Paleogene 3
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DeformatIOn velocletyl

rea

NorthTanggula
SouthYushu area
WestKarakorum
NyaInqentanglha
Nyamqentanglha
Yamzho Yumco (NWW)
Yarlung ZangboPaleo-ocean
(closing]
Eastend of Himalaya Shan

Rock

Granitoid
Trachyandensite
Granitoid
GramtOld
DacIte
Dl3base
GramtOld

Basalt

Sample
amount

17
19
I

17
3

10
TIl

Periodor Age
Ma

46-36
Paleogene
33.6
53-31
Ohgocene
Paleogene
43-32

Eocene

( IS extension,
others are shorten-
ing) (cm/yr)

4.51
0.75
4.51
5.~

5.4
1.1

6.31

-0.21

Sources of rock chemIstry data: Data of Lower Ll3ohe, Mouth of Yellow RIver and Imwan, after E ML and Zhao
DS(1987); Panzhihua and Xichang, after LuoYN (1985); Jinshajiang-Red River, after WuHW (1989);Nanhai, after Liu
ZS (1988); JapanSea, after Uyedaet aI., (1974); Data of West Yunnan are sent by Prof.Zhao CH (personal commumca
tIon); otherscollectedfromgeological survey.

Vtppendix 5.9 Intraplate deformation velocity ofHimalayan Period(23-0.78 Ma)

DefonnatlOn velocletyl

Area Rock Sample Periodor Age IS extension
amount (Ma) others are shorten

mg) (clri7yr)
IZayu, Southeast Xizang Granitoid 16 20-16 6
IHigh Himalaya Granitoid 30 21-10 5.~

Nyainqentanglha Granitoid 19 23-12 6
IN yaInqentanglha DaCIte 6 Neogene 5.]
Qamdo,XIZang DaCIte 2 Neogene 6
QIangtang DaCIte 31 Neogene 5.61
90'E,34.6'N AndeSIte 25 Neogene 4.91
90'E,36'N Trachyandenslte 9 Neogene 5.1
86.s'E,36'N Dacite 6 Neogene 4.~

82°E,36°N Trachyandensite 13 28-20 4.41
175°E, 38.5'N Trachyandensite 13 1.4-1.2 4.1
IWest Karakomm {Jnwitojd 1 17 10 491
87'E, 36.3'N AndeSIte 15 10.5 5 4.]
ITanggula Shan Rhyohte 14 26=10 4.]
IUrad Houqi Basalt 1 1.19 -OJ
IXilingol Meng Basalt 36 ~14 -0.141
NorthwestShanxi Basalt 21 26-7 -0.241
IHannuoba, Hebel Basalt 72 ~18 0.231
IWest Henan Basalt 2 11 3.5 0.151
IMudanj13ng Basalt 11 16=1.1 0.531
INearby Changb31shan Basalt 154 14=1.2 0.21
lEast Liaodong Basalt 6 9.8-0.9 -0.2~

Shandong Basalt 86 21-0.86 -0.281
[Iancheng-Lujiang fault Basalt 85 16.5-9 -0.251
lEast Yunnnan Basalt 18 Neogene 0.331
Southeast GuangxI Basalt 7 Neogene 0.341
IBmyu, SIchuan Basalt 3 Neogene 0.231
ITengchong, Yunnan Basalt 5 23-2 -0.371
[Iengchong, Yunnan Basalt 13 2-0.78 5.61
IMlddle Zhejl3ng Basalt 50 Phocene -0.251
!West Fujl3n Basalt 37 Neogene -0.141
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Area

Coastal area of Fujian &
Guangdong
Oceancrust of Japan Sea
IWest Honshu,Japan
IRyukyu Irough
lEast I ajwan rift
Ipenbu Islands

117.5'E, 17.5ON

IPhIllppme Sea Plate
IPhllIppme Sea Plate

Basalt

Basalt
Basalt
Basalt
Basalt
Basalt

Basalt
Basalt

Rock Sample
amount

128

2
2

66
48

11,07(1

Periodor Age
Ma

20-1.8

7-1.8
6=0.8
11-1
25-1 85
~2

14.1
3.49
17
4

Appendices

DeformatIOn velocletyl
( • IS extension
others are shorten
ing) (cm/yr)

-0.431

-0.351
0.2~

0.91
() 681

-0471
-0631
-0.281

MagnetIc anomalIes, 8
MagneticanomalIes, 4

Sourcesof rock chemistrydata: Data of FujIan,Guangdong, 131wan, Iancheng-Lujlang,after E ML and Zhao DS (l987)j
Changbmshan, after Jm BL et aI., (1994); Nanhm,after Lm ZS (1988); Japan Sea, after Harumoto(1970), AokI (l987)j
IXilingol, after Chi JS et al.,(l988); Tengchong, after Liao ZJ (1988);Penghu Islands,after Chen (1973); RyukyuTroughj
after Liu CB (1989),PhilippineSeaPlate,after Senoand Maruyama(1977, 1984);otherscollectedfrom geological survey.

f4ppendix 5.10 Intraplatedeformation velocityofNeotectonic Period (since 0.781
IMUJ

IDeformatlOn velocletyl

~rea Rock Sample Periodor Age ("-" is extensiOnj
amount (Ma) others are shorten

ling) (cmlyr)
North QIangtang lrachyte-andeslte 7 0.067 4.51
~7'E, 36J'N Trachyte 2 Late Pleistocene ~
75 °E, 38.5'N Irachyte-andeslte I Late Pleistocene ~
~1.6°E, 35.8°N Rhyolite 3 Holocene 4.4
Tengchong, Yunnan AndeSite-basalt 26 Late Pleistocene & 4.~

Holocene
QiongshanHainan Basalt 3 0.319 -0.5
I ejzhoJl penjnsula Basalt 36 Holocene ()61
Nvshan Fushan, AnhUi Basalt 16 0.73~0.5 0.18
Hannuoba-Datong,ShanXI Basalt 72 0.73~0.2 0.18
LowerLlaohe, Llaomng Basalt 14 0.12 0.16
Changbaishan Trachyte 69 Mid-Late 3

Ipleistocene
Changbaishan Trachyte 21 Holocene 2.~

Longgang,Jilin Basalt 31 0.07 -0.14
Wudalianchi, Heilongjiang Basalt 113 0.39 -0.12
Mudanjlang, HeIlongjIang Basalt IS Mid Pleistocene 0.211

1H010cene
Daxiongshan,Heilongjiang Basalt 10 Mid Pleistocene- -0.5

1H010cene
Hakone,Japan Irachyte-andesne I Holocene 'J
RyukyuTrough Rhyolite 6 Mid Pleistocene- 5.2

1H010cene
Datun,Taiwan Andesite 9 Mid Pleistocene- 8.)

~

Sources of rock chemistry data: Data of Taiwan, after E ML and Zhao OS (1987); Tengchong, after Liao ZJ (l988)j
Changbaishan, after Jin BL et aI., (1994); Nanhai, after Liu ZS (1988); Japan Sea, after Harumoto (1970), Aoki (l987)j
XIlmgol,after Chi JS et aI., (1988);Ryukyu lrough, after Lm CB (1989),PhllIppmeSea Plate, after Seno and Maruyama
(1977, 1984);otherscollected fromgeologicalsurveyJ
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VtPPendix 5.11 Plate deformation velocitY (cmlyr) in recent, accordingto the data
of GPS (362 stations)and earthquake moment (after Zhang PZ e~

al.,2002)

IArea
IIndlan Plate
IHlgh Himalaya
Gandlse
lEast Qiangtang
BayanharShan
QaIdam
IAltun
INorth QIlIan
IWestTorim

IWest hanshan
Middle Tianshan
Bogda Shan,Xinjiang
IWest Junggar
IAltay, Xmjlang
IAlxa

DeformatiOn velocity

4.1
1.5

2.85
2.8
2.1
1.3
0.8
I

11
2

07
0.2
0.1

0.22
0.5

Area

Ordos
NorthChma
Yanshan WestLIaomng
NortheastChma
North Northeast China
NorthJiangsu
Kazakhstan
ShanghaI
Sichuan Yunnan
Baoshan, WestYunnan
Red Rjver

Xiaojiang, WestSichuan
East Yunnan
SouthChma
PhllippmeSea Plate

DeformatiOn velocity

0.81
0.3

0.451
0.351
O.O~

0.7
0.41
1.1
11

0.551
071
1.251
0.'1

4.1
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k\ppendix 6 Paleomagnetic Data of Chinese Continent and Its Adjacent Are~

IStratasymbols refer to that of mtematlOnal stratigraphic chart (UNESCO and lOGS, 2000); N IS the amount of samples orl
Isitesused in statistical analysis; I/Jp(O) are the degrees of longitude of virtual geomagnetic pole; Ap(') are the degrees o~

Inorthlatitude of VirtUal geomagnetiCpole ("-" IS south latitude); fX<)s IS radms (degrees) of mcle of 95% confidence abou!
!he mean direction; Dn is mean paleomagnetic declination in degree; pn is mean north paleolatitude in degree ("-" i@
Isouth latitude). The data of D and P recalculated according to central reference point of block, based on the original datal
[rom sources. The symbols of plates or blocks are the same as in the paleotectonic reconstruction figures.

1. Sino-Korean Plate (SK)
(central reference point: before Late Jurassic is 1l2°E, 38'1'1;after Early Cretaceous is 115°E, 37°1'1)

Q 25-0Ma 8 25.2 84.9 4 353.6 36.8 Lm C et a!., 1983

II' 23-2.6 9 208 86.2 4.4 4.7 36.7 Lm JL et a!., 1985; Cheng GL et a1., lY\l~

E 65-24 4 203.5 79.7 9.1 12.9 36.6 Cheng GL et a!., 199~
IK2 100 66 I 170.7 79.6 5.5 11.6 42.3 Zheng Z & Kono, 19911

IK I 137-101 I 210.8 75.9 9.7 17.1 34.3 Ma XH et a!., 1993

h 165 137 2 221.8 69.4 15.4 22.2 28 Fang OJ et a!., 1988

Jz 190-166 5 229.7 76.8 5.6 3.6 31 Ma XH et a!., 1993; Cheng GL et al., 19881

J1201 191 1 286 82.4 6.8 0.9 30.4 MaXH eta!., 1993
'13 227 - 206 I 7.7 62.3 3.8 30 27 Ma XH et a!., 1993

12241-2287 2 61 2.9 330.1 24.1 Fang OJ eta!., 1988; MaXHetaI., 199.J
T1250-242 6353.756.94.6 329.6 18.2 FangDJetal.,1988;MaXHetal.,199~

P2277-211 II 355.1 50.3 5.7 324 14.2 Zhao XX et a!., 1990; Ma XH et a!., 199~

PI 295-278 I 359.2 47 4.5 319.7 13.9 Ma XH et a!., 1993
C 354-296 3 333.3 56.5 6 338.2 10.8 Lin JL et al., 1985; Wu HN, 1991

PI-2490-455 6 323.4 33.4 8.5 333.5 12.9 Huang BC et a!., 1999; YangZY et a!., 199~

E3500-491 II 323 28.3 7.3 331.6 -17.6 Huang BC eta!., 1999;
E2513-501 17 324.1 30.6 7.4 331.7 15.1 Huang BC et a!., 1999;

E1543-514 8 332.4 20.6 10.3 319.7 202 Huang BC et a!., 1999;

North Korean Peninsula (KN) (central reference point: 128°E,41°N)

Q

~I

IK2-365-90

IK65-144
K1 98 144

J 144-178

J 133-178

J 157-202
T 708 245

1 335.3 85.2 4.3 357.5 36.5 SasaJlma, 1981

1 26 75.6 7.1 342.2 36.5 Sasajlma, 1981
I 315.9 81.8 4.4 358.9 33.3 Sasajima,1981

7 194.9 66.5 9.8 30.9 43.4 Sasajima, 1981

2 205.7 22.6 10 77.7 21.5 SasaJlma,1981

4 212.9 54.4 17.4 43.5 34.9 Sasajlma, 1981

South Korean Peninsula (KS) (central reference point: 128°E, 36°N)

1 191 69 8 25.8 42.9 Vander Voo, 1993

1 195 64 6 32.8 41.8 Vander Voo, 1993
I 183 76 3 15.7 43 Van der Voo, 1993

1 174 63 9 31.2 51.2 VanderVoo,1993

1 176 63 9 31.9 50.3 Kim & Van der Voo, 19901

1 213 54 17 43.2 31.1 Kim & Vander Voo, 19901

I 216 34 15 63 21 Kim & Van der Voo, 19901

2. Yangtze Plate (YZ)
[central reference pomt: before Jurassic IS IOS'E, .lOON; after Early Cretaceous IS 106.5°E, 29.5°N~

Q 2 I-OM, 4 222.6 87.5 11.3 2.6 28.4 Zhm yJ, 1989

N 23 26 8 18.8 85.7 9.8 355.1 29.6 Liu C, 1976; Lin JL, 1987

E 65-24 8 200.2 81.1 7.5 10 28.5 Li HM et a!., 1965; Liang QZ, 1986; Zhuang
iZI1,T988

IK2100-66 4 185.4 75.1 5.9 17.2 31.3 Kent et a!., 1986; Huang KN et al., 1993j
Zbu ZW et a!., 198~
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Conti.nuedJ

~trata N pp(O) Ap(O) CX95 D(O) P(O) Source@

IKt t37 101 4 219.3 77.1 5 13 23.9 Kent et aI., 1986; Huang KN et aI., 1993j
IZhu ZW et aI., 198~

1} 16S-13S 2 214.9 65.7 9.1 24.2 19.5 Liang QZ, 1990;Cheng GL, 199<'1

J2190 166 5 205.7 70.8 7.6 20.9 24.8 Liang QZ, 1990;Zhu ZW et aI., 1988;Enkinl
let aI., 1992a

J1205-191 1 190.9 65.5 5.3 28.1 28.7 Huang KN et al., 19931
'13227 206 23 190.2 55.8 6.5 39 27 LIangQZ, 1990;ZhuZWet aI., 1988;Cheng

IGL et aI., 1996;Zhou YX et aI., 1988

T2241-228 4 228.6 69.8 16.8 17.6 17.7 Zhu ZW et aI., 1988;Opdyke et aI., 1986j
IChan et al., 19841

'1I 250-242 9 218.3 52 5.6 35.1 10.6 Enkm et aI., 1992; Zhu ZW et aI., 1988j
ppdyke et aI., 1986

P2257-251 13 243.6 55.3 5.2 22.1 2.4 Lm C, 1987;Zhao XX et aI., 1996; WU HNI
let aI., 1999;Huang KN, 1986;Ma XH et al.J
isss

PI 295-258 228.8 48.7 12.3 33.3 3.3 WuHN et aI., 1999;Liu BJ et aI., 1993

C2-3320-296 229.9 53.5 24 29.4 6.2 Zhang SH et aI., 20011

IC I354-321 229.1 47.5 9.6 34 2.3 Zhang SH et aI., 200II

l)3372-355 234.1 45.4 6.6 33 -1.6 Zhang SH et al., 200~

DI-241O-373 231.4 36.1 12.1 40.9 6.9 Zhang SH et aI.,200~

S2-3420-411 195.7 6.8 5.3 83.8 2.8 Opdykeet aI., 1987

SI 2438 420 157 55.7 7.9 153.5 6.5 WuHN et aI., 199~

PI 2490 460 154.9 -38.4 13.7 144.6 -8.8 WuHN et al., 199~

E2513-500 185.1 39.5 7.8 129.1 11.7 BaJLX et aI., 199~

3. Cathaysian Plate (CA) (central referencepoint: 1I3.6°E, 25°Nj

111 I 209.2 I 9.1 88.5 5.5 Chen HH et aI., 19911

Cl I 227.7 22.6 19.7 58.9 10.3 Chen HH et aI., 19911
01 1 351.1 33.5 10.4 314.4 -10 Chen HH et al., 19911
D2 1 205.4 -24.9 14.8 111.2 -11.8 Chen HH et aI., 19911

~3 1 54.5 -65.5 6.1 201.3 -11 Lm BJ et aI., 199~

~2 I 51.5 -65.5 4.8 202 -12 Lm BJ et aI., 199~

reI 1 49.8 -62.2 8.4 205.4 -10.8 Liu BJ et al., 199~

IlaJwan block (TW) (central referencepomt: 121.5'E, 23SN)

11-5Ma 1 256 82 8 6 17.8 Vander Voo, 1993
15-24Ma 1 294 82 13 1.1 15.6 Vander Voo, 1993

N: -Ni 8 268.9 65.9 10.8 12.7 2.8 Li OG et aI., 1991

~. Blocksin the Hingganling-Mongolia collisionzone (XM)
~I 2 358 81.6 4.8 349.7 44.3 Manzhouli, 117°E,48.9°N; Zhao XX et al.j

f990

1] 7 192.6 69.2 4.4 31.3 50.2 Huaan, 123.1°E,47°N; Zhao XXetal., 19901
1] 2 185 56 7.8 49.2 47.5 Balm ZUOgl, 1I8.9°E, 43.8°N; Zhao XX ej

lal.,1990
I' 7 47.7 84.5 4.9 353.1 43 Jmmg, 113.2°E, 40.9°N; Zhao XX et al.J

19'1ll

f2 4 56.7 -8 7.1 244.4 13.7 Balm ZUOgl, 1I8.9°E, 43.8°N; Zhao XX ej
lal.,1990

f2 7 327.5 63.5 8.2 347 18.6 Wudan, 118.9°E, 42.7°N; Zhao XX et sn
19'1ll

C3 31.6 77.7 6.6 343 43.1 Balm ZUOgl, 118.9'E, 43.8' N; Zhao XX ej
lal.,1990
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Conti.nuedI

~trata N pp(O) Ap(O) CX95 D(O) P(O) Source@

(:, 4 304.5 77 5.5 358.7 36.2 Hailar, 119.8°E, 49.2°N; Zhao XX et al.J
l'l2O

(:2 231.2 46.9 8.9 43.7 23 Ming'an Obo, 113.2°E, 43.1°N;ZhaoXX e~

rar,T99Q

Wandashan block(ND) (central reference point: 133°E,46.3°N)

IKI 1 224.1 51 2.9 49.1 33.6 ShaoJAet aI., 19911
11 3 1 47 0.4 5 266.8 2.5 ShaoJAet aI., 199~

"'I 1 214.1 -22.6 4.1 112 -10.3 ShaoJAet aI., 1991

K:3 1 251.6 0 23.2 68.5 19.4 ShaoJAet aI., 19911
JIamUSI block(JM) (central reference pomt:QIlathe, 131.1°E, 45.8°N)

1K2 1 57.9 79.3 12.1 344.6 48.2 ZhangSH, 1996
[(I 1 63.7 64.4 5 322 49.7 ZhangSR, 1996

h 1 59.6 71.3 15.7 332.7 48.6 ZhangSR, 1996
~agan block(YO) (central reference point: 102.6°E,41.7°N)

fl 1 246.8 64.3 9.5 15.6 19.7 Zhu H et aI., 19871
10 1 296 65.3 10.2 354.1 17.5 ZhuR et aI., 19871
IS3 1 205.9 -25.7 12.4 102 -26.4 Zhu H et aI., 1987, Polarre-correctionl

03 1 216.1 -17.8 7.1 88.4 -29.1 Zhu H et aI., 1987, Polarre-correctionl

~3 1 206.6 -15.7 4.1 92.9 -20.7 Zhu H et aI., 1987, Polarre-correctlOnl

s, Siberian Plate (SB) (central reference point:80GE, 60GNj

Q2Ma 13 157 86 4 8 60.1 Khramov et aI., 198~

Nz5 5 152 83 3 14 61.4 Khramov et aI., 198~

NI15 9 156 80 7 22 60.9 Khramov et aI., 1981

~325 3 I37 72 14 38 65.2 Khramov et aI., 19811
EI 245 19 161 76 3 28 59.2 Khramov et aI., 198~
K365 3 152 74 13 33 61.1 Khramov et aI., 198~
K2100 6 167.4 69.5 8.7 38 55 Khramov et aI., 1981
K1121 5 166 70 4 37 55.7 Khramov et aI., 198~

IJ3142 6 150 70 9 41.1 60.7 Khramov et aI., 19811
IJz J73 6 132 63 11 60.4 65.7 Khramov et aI., 198~
IJ1 195 4 130 69 15 46 67.5 Khramov et aI., 19811
T3207 6 129 56 8 77.3 64.2 Khramov et aI., 1981
T2238 7 150 52 7 69.9 52 Khramov et aI., 19811
11 245 9 156 52 4 66.1 49.2 Khramov et aI., 19811
lP2253 6 161 42 7 72.3 39.6 Khramov et aI., 198~

WI 268 5 159 38 9 77.1 37.5 Khramov et aI., 1981
C3288 5 158 34 11 80.9 34.8 Khramov et aI., 198~

D 360 7 151 28 8 91 33.4 Khramov et aI., 19811
S 420 8 121 4 19 136.4 18.4 Khramov et aI., 19811

02460 11 130 -22 4 134.7 -1.5 Khramov et aI., 1981
0 1 490 12 132 -40 7 14Q.4 -18.7 Khramov et aI., 19811

IE1530 4 157 44 12 124.8 31.4 Khramov et aI., 198~

~. Junggar Plate (JG) (central reference point:86°E, 46°Nj

K 83 -14.1 183.4 29.8 n YA et aI., 199~

IT 180.5 59.3 17.9 39.1 36.2 Li YAet al., 1992
l' 179.2 45.3 27.7 52.7 28.2 n YA et aI., 199~
P 175.6 40.9 27.4 59.4 28.3 Li YAet al., 1992
C 200.6 59.5 11 31.6 28.2 n YA et aI., 19921
ID 312.4 68.7 25 342.4 29.7 Li YAet al., 1992
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~trata N pp(O) Ap(O) CX95 D(O) P(O) Source@

S 17.5 -60.8 18.6 211.7 -30.2 LI YA et aI., 19921

7. Kazakstan Plate(KZ) (central reference point 77°E,500Nj

IEl 2 269 78 6 357 38.2 Khramov et aI., 198!
lEI 2 196 76 11 16 41.3 Khramov et aI., 1981

~2 4 180.2 68.4 16 28 41.2 Khramov et aI., 1981
[(1 2 192.5 65 4 28 35.3 Khramov et aI., 1981
JI-2 3 233.2 62.5 19 12 24.1 Khramov et al., 19811
ITI 2 323.5 32 II 308 10.9 Khramov et al., 19811

4271

~. XiyuPlate (XY)
KlJ 1anm block(I R) (central reterencepomt 83°E,39.5°N)

N 2QMa 3 268.3 79.2 1.5 358.9 28.9 Li YAet al., 1989
IE 40 3 223.7 75.5 10.6 10.3 27.8 LIYA et aI., 1989
KIDS 1 211.6 69.7 8 17.5 25.4 LI YPet aI., 1988
K 134 3 217.1 68.1 15.7 16.9 22.9 LI YP et aI., 1988;Meng ZF, 1990;Zhang

ZK, 1989
J 150 1 219.9 65.6 14 17.5 20.3 Li et al., 198\!
J 172 I 185.9 62.7 13.5 30.8 29.1 FangOJ et aI., 19921

[I' 238 4 181.5 63.7 10.7 30.9 31.3 FangOJ et al., 1992;Li YAet al., 19851
IP 250 4 193.1 70.8 6.3 21.1 30.9 FangDJet aI., 1992;Bm YHet aI., 1985

~ 306 5 17l.3 51.9 9 46 31 FangOJ et al., 19921
0390 2 153.7 10 1.9 94.5 21.2 FangOJ et al., 1996; Li YR et aI., 1990

lSI 427 3 215.7 25.1 4 79.3 -12 MengZF, 19901

0481 1 4.0 45.7 15.4 227.1 18.4 LI YA et aI., 1995

E 520 I 44.7 -46.7 9.8 2UX.2 -6 J LI YA et aI., 1995
K2) Alxablock (AL) (central reterence pomt: 105.9°E, 37.2°N)

"2 I 355.2 50.3 5.7 327.5 8.6 HuangBC et al., 20001
C 3 2.9 23.6 11.1 296.4 4.5 He ZX et aI., 1988;HuangBCet aI.,2000

02-3 2 343.3 30.7 9.2 313.5 -3.5 He ZX et al., 1988;HuangBe et al., 2000
S 2 289.1 38.3 13.2 357.4 14.4 He ZX et aI., 1988;HuangBC et aI.,2000
0 3 187.5 20.2 11.3 111.1 5.7 He ZX et aI., 1988;HuangBCet aI., 2000
!Ol 1 38.6 48 144 219.5 14 He ZX et aI., 1988,Polarre-correctlOlj

P) Qaidamblock(QD) (central reference point 96GE, 37.5°N)
N, 1 189.4 72.9 11.8 20.9 34.6 Ge XH et aI., 1990
J3 1 212 55.5 7.1 32.3 17.7 Ge XH et al., 1990

J1 2 1 215 47 4.5 37.4 10.5 Ge XH et al., 1990

CI I 246.7 54.3 3.4 16.7 5.2 Ge XH et aI., 1990

PI 2 43.2 57 11.6 2U6.6 14.4 Ge XH et aI., 1990
K4) WestKunlun block(Kudiblock)(KX) (central reference point 77°E,36.5°N)

J1 , 2 77.2 27.1 15.3 179.8 26.4 LI YA et aI., 19981

11'1 165.9 41.7 24.5 54.8 24 LI YA et aI., 19981

"I 188 60.6 19.6 29.7 22.1 LI YAet aI., 19981

[;-0 344.3 -31 18.5 245.5 -19.8 Li YAet al., 1998;480-510 Mal

816Ma 18.4 -71.5 13.7 18.4 -25.5 Li YAet al., 19981

~. EastKunlun Block(KD) (central reference point 94.6°E,35.9°N)1

[(2 209.3 60 18.9 28.9 19.8 LmJL & Watts, 19901
J1 313.3 53.4 4.5 339 5.5 WuGJ et al., 19981
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~trata N pp(o) Ap(O) CX95 D(O) P(O) Source@

Ih 256.1 42.3 3.8 15.1 -9.2 WuGJ etal., 19981

IT2 266.2 38.5 11.7 6.8 -15.2 DongXB et aI., 1991
IT, 229.3 30.2 5.6 38.8 -11.4 DongXB et aI., 1991

fl 288.3 41.4 8.1 349.5 -11.7 DongXB et aI., 1991
C 223.9 13 10.7 54.2 21.6 LmJL & Watts, 19901
ID 17.5 64 13.8 208.5 26.6 LmJL & Watts, 19901

10.Qiangtang Block (QT) (central reference point:92'E, 33.8°N)

01 2 126.27 -76.6 2.05 51.44 32.1 QwnF et aI., 19971
I(recent latItude of sample, 35.69°)

N2 1 309.7 79.3 2.9 352.8 25.1 Ye XH et aI., 19871
E 1 202.4 55.1 8.8 34.1 16.9 LmJL & Watts, 19901

~2 3 328.5 67.4 10.6 340.1 19.7 ZhouYX et aI., 19841

h 2 333.3 57.1 7.7 330.5 14.5 DongXB et aI., 1991
rI 2- 3 3 232.9 41.1 15.6 28.6 6.9 LmJL & Watts, 1990;LI YA et aI., 19951

fl 3 318.5 27.1 5.6 318.1 14.8 Ye XH et aI., 1987;DongXB et aI., 1991

K::l 5 312.5 22.5 13.4 319.8 -21.8 YeXH et aI., 19871
D2 1 328.7 7.3 9.4 296.2 -22.4 YeXH et aI., 19871

11.Gandise Block (GD) (central reference point:91.2°E,29.7°N)1

lEI 1 299.4 71.8 11 351.3 13.4 Allegreet aI., 1984

~2 10 321.3 64.3 7.5 340 11.8 YeXH et al., 1987;Lin JL & Watts, 1990j
Zhou YX et aI., 1984;Achache, 1989; Dongl
IXB et aI., 1991; Zhu ZW, 198~

~I 1 17.9 -10.5 13.6 252 8.9 DongXB et aI., 1991
1] 5 295.3 45.4 13.6 343 11.8 YeXHetal.,1987;DongXBeta1.1991;Zhul

ZW et al., 198:'1
11 3 1 211.6 8.2 6 66.5 21.4 DongXB et aI., 1991

fl 1 271.2 36.8 9.7 359 23.5 DongXB et aI., 1991

K::J 1 288.7 41.1 6.8 346.3 -17.4 DongXB et aI., 1991

r:1-2 2 282.8 33 13.4 349 -26.1 DongXB et aI., 1991
D2 1 290 35.5 4.2 343.5 -22.4 DongXB et aI., 1991
S 1 263 24.3 4 9.2 -35.4 DongXB et aI., 1991

12.Himalayan Block (HM) (central reference point:89SE, 28.7°N)1

Q2-J 14 170.96 78.42 13.49 30.5 QianF, 1990(recentlatitudeof sample,31.5°1
QI 14 114.87 84.56 356.47 27.2 QianF, 1990(recentlatitudeof sample,31.5°1

1N2-Q 1 161.5 85.5 9.9 4.9 30 Zhu ZWet aI., 1984
N, 1 208 82.7 8.8 7 25 ZhuZWet aI., 1984
E 1 334.5 42.6 11 318.1 3 Zhu ZWet aI., 1984

~2 3 312.4 47.9 6.5 332.8 4.3 DongXB et aI., 1991;Lm JL & Watts, 19901
1] 2 329.4 5.8 12.6 290.9 -22.9 YeXH et aI., 1987;ZhuZW et al., 198~
J, 1 326.5 3 11.3 290 26.9 Ye XH et aI., 1987;ZhuZW et aI., 19851

[[1-2 1 308 22.7 6.3 320 -26.6 Zhu ZWet aI., 198~
C 2 321.4 0.8 16.5 291.4 -32.3 Zhu ZWet aI., 198~
ID 2 335.4 -18.8 12.4 263.6 -29.6 Zhu ZWet aI., 198j
S 1 283.7 28.3 5.8 345.3 -31.4 ZhuZWet aI., 198j

PI 1 289.1 26.3 16 339.3 -31.9 ZhuZWet aI., 198j
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~trata N pp(O) Ap(O) CX95 D(O) P(O) Source@

!Ot 334.8 -30.9 6 250 -34 ZhuZWet a!., 198~

13.Indian Plate (ID) (central reference point 79'E, 21'Nj

5 22.5Ma 1 114.5 78.5 2.3 353 11.5 KlootwlJk, Radhakriehnamurty, 1981
25 35 1 136 72.5 3.5 345.1 10.9 KlootwlJk, Radhakriehnamurty, 1981
35=45 1 132 67.5 12 342 6.7 KlootwlJk, Radhalmehnamurty, 1981
45-55 1 121.5 -57.5 9 158.7 3.9 Klootwijk, Radhakriehnamurty, 1981
60-65 4 286.1 34.1 16.6 334.4 -29.2 Klootwijk, Radhakriehnamurty, 1981

IK2 100 66 17 294.7 21.4 5 318 -35.1 Klootwljk, Radhakriehnamurty, 1981

[<I 137 101 7 295.7 7.9 3.6 305 -43.8 Kloolwijk, Radhakriehnamurty, 1981

Jz 190 166 2 288.7 16.5 18.2 320 -42.5 KloOlwlJk, Radhalmehnamurty, 1981
ITI-2250-228 2 306 13 19.5 302 -32.7 Klootwijk, Radhakriehnamurty, 1981

P2257 251 11 310 -16.4 7.2 266 -41.6 KlootwlJk, Radhakriehnamurty, 1981

P j 295 258 1 317 -13 7.3 268 -34 KlootwlJk, Radhakriehnamurty, 1981

IC331O-296 1 316 -22.3 257 -37.3 Klootwijk, Radhakriehnamurty, 1981

IC2331-311 1 212 22 49.6 -27.1 Klootwijk, Radhakriehnamurty, 1981

IC 1365-330 1 218 28.5 40.2 -26.6 Klootwijk, Radhakriehnamurty, 1981

P3378-366 1 243 22 20.9 44.3 Klootwljk, Radhakriehnamurty, 1981

PI 393-379 1 281 37 340 28.4 Klootwljk, Radhaknehnamurty, 1981

S2429-415 1 238 37 19 28.7 KlootwlJk, Radhaknehnamurty, 1981

P3467-430 1 187 -14 97.3 -21.5 Klootwijk, Radhakriehnamurty, 1981

PI 505-468 1 200 3 74.8 27.5 Klootwljk, Radhaknehnamurty, 1981

E1543-506 1 199 6 72.2 25.3 KlootwlJk, Radhakriehnamurty, 1981

g575-544 1 212 35 15 39.2 -18.4 Klootwijk, Radhakriehnamurty, 1981

14.Baoshan-Sibumasu Plate (BS) (central reference point 99.1°E, 25.2°N)1

Jz 5 168.2 15.7 5 83.7 25.2 Liang,1990;ZhuangZH, 19951
11 3 2 174.5 -12 11.7 107.2 7.7 ZhuangZB, 1995

11'2 1 167.6 -2.4 15.1 101.8 18.3 ZhuangZB, 1995

K:3 6 317 33.4 13.6 326.6 -21.2 LiangQZ, 1990;ZhuangZH, 199~

K:I 1 296.3 33.1 12.7 343.5 -29.4 ZhuangZH, 1995
03 1 357.3 -57.5 11.1 216.3 -27.3 ZhuangZH, 1995
DI 5 356.3 -55.8 8.6 218.2 -27.7 LIangQZ, 1990; ZhuangZB, 199:)

IS3 1 0.8 -68.3 9 204.1 -26.4 ZhuangZH, 1995

lSI 1 242 31.5 34 -23.1 LiangQZ, 19901

P3 5 2.6 -46.1 12 228.1 -22.2 LiangQZ, 1990; ZhuangZH, 199~

PI 5 2.6 36.7 20 237.8 19.7 LIangQZ, 1990;ZhuangZB, 199:)

15.Lanping-Simao-Indochina Plate(LI) (central reference point 101.4°E, 22.5°Nj

E 1 70.8 85.5 9.6 358 30.5 LiangQZ, 19901

~2 2 171.1 40 7.9 56 29.4 LIangQZ, 19901

~I 3 171.9 37.1 10.4 59 28.8 LiangQZ, 19901

Jz 1 170.1 4.9 10.4 94 20.5 LIangQZ, 19901

11'3 3 171.5 5 21.8 103 16.2 LIangQZ, 19901

K:3 1 216.9 31.6 10 50.9 -7.9 LiangQZ, 19901

IS2 2 347.7 30.3 15.8 307.1 -7.3 LiangQZ, 19901
!'lakhonPlateau(IC) (central reference pomt 102.5'E, 16SN)

11-OMa 1 17l 86 5 4 17.9 Vandec Voo, 1993; Yang & Besse, 1993
K 1 176 79 8 11.2 19.3 Vandec Voo, 1993; Yang & Besse, 1993
1] 1 177 60 14 31.3 22.8 VandecVoo, 1993; Yang & Besse, 1993
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~trata N pp(o) Ap(O) CX95 D(O) P(O) Source@

Jz 178.5 62.1 7.7 29.1 21.1 Van der Voo, 1993;Yang & Besse, 1993
[f3-JI 181.6 57.4 5 34.2 19.7 Vander Voo, 1993; Yang & Besse, 1993

IT3 180 53 9 38.6 20.6 Vander Voo, 1993; Yang & Besse, 1993

IfI 172 49 8 43 25.8 Van der Voo, 1993; Yang & Besse, 1993

f2 356.2 58.4 6 213 22.5 Yang & Besse,1993

IP2- TI 332 -57 10.7 207.2 -22.9 Haile, 1981 (101.5°10, 3°N)1
C2-PI 344 55 11.2 212.3 17.8 HaIle, 1981 (lOISE, 3°N)1

CI 2 57 9.2 212.1 7.6 HaIle, 1981 (lOISE, 3°N)1
0 256 46 6.3 156.5 41.6 HaIle, 1981 OOISE, 3°N)1

16.Australia Plate(AU) (central reference point 135°10, 25°S~

101 37 66 Ma 301 61 10 11.2 52.7 Van der Voo, 1993
K267 96 318 56 356.7 -58.9 Vander Voo, 1993

KI98-144 338 41 17 315.6 65.1 Van der Voo, 1993

Ih145-176 349 48 13 319.6 54.8 Vander Voo, 1993
1)1177-195 357 48 5 316 49.9 Van der Voo, 1993
T3216 232 350 32 291 -58.6 Vander Voo, 1993
T123) 245 342 42 314.1 -62 Vander Voo, 1993

P2246-266 320 43 348.4 -71.5 Van der Voo, 1993
PI 267 281 302 46 23.1 -66.6 Van der Voo, 1993
C2282 308 322 62 354.6 -52.7 Van der Voo, 1993
C1 309 365 141 84 0.7 -19 Van der Voo, 1993

ID3366- 378 203 62 16 26.5 -12.3 Van der Voo, 1993

ID2379- 397 80 77 348.9 -17.1 Vander Voo, 1993

S2415-429 318 53.9 14.4 181.8 11.1 Van der Voo, 1993
0 1468- 505 20.6 -17 17 243.6 -13.6 Van der Voo, 1993
f; 506-543 20.3 -18 16 242.6 -13.3 Vander Voo, 1993

17. Southwest Japau (JP) (central reference point 133°10, 35°N)1

NI 5 222.5 73.6 11.9 19.8 33.5 Sasa]1ma, 1981

1101 7 216.4 56.7 6.7 40.1 32.1 Sasajlma, 1981

~2 8 207.5 46 8.6 54.2 34.4 Sasajima, 1981

~I 5 195 47.5 12.9 54.7 43.1 Sasajima, 1981

h 1 17 49.6 20 323.5 11.8 Sasa]1ma, 1981
11 3 2 347.2 58.8 13.5 342.9 8 Sasajlma, 1981

PI-2 1 295.4 55.6 7.4 9.8 1.8 Sasa]1ma, 1981

K:3 1 202.9 -21.3 8 118.8 3.1 Sasajima, 1981
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greenschist, 24q
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HarbinProtoplate, 58
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HImalayan, 7
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HImalayan Mountams, 2391
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