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Pan ZHAO

L'évolution tectonique du Paléozoique supérieur de la Ceinture
Orogénique de 1'Asie Centrale du Centre-Oriental de la Mongolie
intérieure

Le Centre-Est de la Mongolie intérieure, faisant la partie sud-est de la Ceinture Orogénique de I'Asie
Centrale (CAOB), est une zonede clé pour étudier I'histoire de 1’accrétion-collision entre la Chine du Nord
(NCC) et les blocs continentaux du Nord. Les contraintes du cadre tectonique et de la connaissance de
I’évolution tectonique sont importantes pour comprendre 1’accrétion de la CAOB car il n’y a pas de
consensus sur le mode et la période de 1'accrétion entre NCC et les blocs du Nord. Par conséquent, des
¢tudes pluridisciplinaires ont été effectuées sur les roches sédimentaires et magmatiques du Paléozoique
supérieur dans le centre-oriental de la Mongolie Intérieure. Surla base de nosétudes sédimentologiques,
géochronologiques, géochimiques et paléomagnétiques, etcompte tenu des résultatsprécédentsen
pétrographie, géochimie et paléontologie, I'évolution sédimentaire et tectonique du Paléozoique supérieur
duCentre-Oriental de la Mongolie Intérieure a été bien établie.Les études détaillées en sédimentologie et
géochimie montrent une transition entre les dépdts molassiques du Dévonien a la dénudation du
Carbonifere inférieur et les sédiments marins du Carbonifére supérieure vers les dépdts de bassin
d'extension au Permien. D’apres nos analyses détaillées des facies sédimentaires, descaractéristiques
géochimiques des roches magmatiques et nos données paléomagnétiques, nous proposons un modele
géodynamique de subduction-collision-extension post-orogénique pour le Paléozoique au Centre-Oriental
de la Mongolie Intérieure.

Mots-clés: Ceinture Orogénique de 1’Asie Centrale (CAOB), Centre-Oriental de la Mongolie intérieure,
Paléozoiquesupérieure, sédimentologie, paléomagnétisme

The Late Paleozoic tectonic evolution of Central Asian Orogenic Belt in
Central-Eastern Inner Mongolia

Central-eastern Inner Mongolia, located in the southeastern part of the Central Asian Orogenic Belt
(CAOB), is a key area to study the collisional-accretionary history between the North China Craton (NCC)
and the northern continental blocks. The establishment of precise constraints of this tectonic framework
and evolutional history are importantto understand the accretion of CAOB. However, no any consensus has
been achieved about the way and the timing of the accretion between NCC and the northern blocks.
Therefore, multidisciplinary studies have been carried out on the Late Paleozoic strata and magmatic rocks
in central-eastern Inner Mongolia. Based on our sedimentological analyses, detrital zircon
geochronological constraints, geochemical studies and paleomagnetic investigations, integrating the
previous results in petrology, geochemistry and paleontology, the Late Paleozoic sedimentary-tectonic
evolution of the central-eastern Inner Mongolia has been established. Detailed sedimentological and
geochemical studies show atransition from the Devonian molassic deposits to the Early Carboniferous
denudation and from the Late Carboniferous inland-sea sediments to the Permian extensional basin
deposits. According to the comprehensive analyses on sedimentary facies, geochemical characteristics and
paleomagnetic data, we propose a Paleozoic subduction-collision- post-orogenic extension tectonic model
for central-eastern Inner Mongolia.

Key words: Central Asian Orogenic Belt, Central-East Inner Mongolia, Late Paleozoic,
sedimentology, paleomagnetism
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Abstract

The Late Paleozoic tectonic evolution of Central Asian
Orogenic Belt in Central-Eastern Inner Mongolia

Abstract:

Central-eastern Inner Mongolia, located in the southeastern part of the Central
Asian Orogenic Belt (CAOB), is a key area to study the collisional-accretionary
history between the North China Craton (NCC) and the northern continental blocks.
The constraints to its tectonic framework and evolutional history are important to
understand the tectonics of CAOB. Meanwhile, no consensus has been achieved about
the way and the timing of the accretion between NCC and its northern blocks.
Therefore, multidisciplinary studies have been carried out on the Late Paleozoic strata
and magmatic rocks in central-eastern Inner Mongolia. Based on our sedimentological
analyses, detrital zircon geochronological constraints, geochemical studies and
paleomagnetic comparison, together with the previous petrological, geochemistry, and
paleontological studies, the Late Paleozoic sedimentary-tectonic evolution of the
central-eastern Inner Mongolia has been established.

The Late Silurian-Early Devonian and Late Devonian red sandstone molassic
deposits unconformably covered the ophiolitic melanges along the South Orogen and
North Orogen, respectively, postdating the two orogens. Detrital zircon dating
displays unimodal age peak at 462 Ma, indicating the single provenance from the
nearby magmatic arcs. During the Devonian, the Airgin Sum-Xilinhot-Xing'an Block
(AXXB, the China-Mongolia tract) was dominated by shallow marine sediments,
representing intracontinental basin deposits within the welded Erguna-Xing'an Block.
Detrital zircon geochronological data present bimodal age peaks at 510 Ma and 440
Ma, suggesting bidirectional provenances from both the northern Erguna-Xing'an
Block and the southern Baolidao Arec.

The central-eastern Inner Mongolia came into subaerial denudation stage in the
Early Carboniferous, with littoral facies and neritic facies sediments only deposited in
southern Sunidzuoqi and northern Aohanqi areas. During the Late Carboniferous, the

central-eastern Inner Mongolia was dominated by clastic-carbonate deposits, which
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Abstract

unconformably covered the underlying Precambrian basement, Early Paleozoic Arcs,
ophiolitic mélanges, pre-Carboniferous strata and intrusions, indicating a regional
transgression. The Late Carboniferous strata can be correlated by rock assemblages
and fossils, presenting similar sedimentary type and environment. Detrital zircon
dating revealed two main age peaks at 440 Ma and 310 Ma, and abundant
Neoproterozoic grains, indicating that the provenances are mainly local magmatic
rocks and metamorphic basement. The Late Carboniferous inland-sea deposits
covered the three blocks and two orogenic belts, representing the first stable
sedimentary cover after the amalgamation of these blocks. The Upper Carboniferous
Baoligaomiao Formation with terrestrial deposits and volcanic rocks developed near
the China-Mongolia border. Detrital zircon geochronological data present the same
bimodal age peaks at 440 Ma and 310 Ma, indicating that provenances are from the
local sedimentary and magmatic rocks. These terrestrial deposits can be considered as
the northern margin of the Late Carboniferous inland sea in central-eastern Inner
Mongolia. The age peak of 440 Ma, representing the Early Paleozoic Arc magmatism,
was identified from all three blocks separated by two suture zones, indicating that this
provenance has strided the suture zones during the Carboniferous, which is an
important evidence for the pre-Carboniferous amalgamation of these blocks.

During the Permian, extensional basin clastic-volcanic rocks deposited above the
Late Carboniferous carbonate deposits, represented by the Early Permian volcanic
rocks, the Middle Permian shallow marine fauna bearing clastic-carbonate sediments
and the Late Permian fluvial-lacustrine facies deposits.The geochemical study of the
Early Permian volcanic rocks display bimodal characteristics, implying an intraplate
crustal thinningsetting. While the Late Permian terrestrial basin deposits marked the
termination of the marine environment in central-eastern Inner Mongolia. Along the
Southern Orogen, a Middle Permian alkaline magmatic belt represented by syenite,
quartz syenite and syenitic granite,was recognized. The Permian strata developed
above the Late Carboniferous inland-sea carbonate, representing a wide rift above the
post-orogenic cover.

Late Devonian and Permian paleomagnetic poles were obtained for the
i
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Songliao-Hunshandake Block at A=46.8°N, ¢=349.1°E, dp=14.6°, dm=27.3° with
N=3 and A=48.7°N, ¢=3.7°E, dp=5.2°, dm=9.1° with N=6, respectively. The
comparison of our new paleomagnetic poles with available data from North China
Craton, Mongolia Block and Siberia Block indicates that (1) the Paleo-Asian Ocean
has been closed at least before the Late Devonian, and NCC, Songliao-Hunshandake
Block (SHB) and Mongolia Block have been welded into a single block since then; (2)
the newly formed unified block is not a rigid one, with strike-slip movements
occurring within and at the boundary of these blocks, producing relative rotations
among them.

Detailed sedimentological and geochemical studies show the transition from the
Devonian molassic deposits to the Early Carboniferous denudation and from the Late
Carboniferous inland-sea sediments to the Permian extensional basin deposits.
According to the comprehensive analysis of sedimentary facies, geochemical
characteristics and paleomagnetic data, we proposed a Paleozoic subduction -
collision - post-orogenic extension tectonic model for central-eastern Inner Mongolia.
The Early Paleozoic bidirectional subduction of the Paleo-Asian Ocean produced
Bainaimiao Arc at the northern margin of NCC, and Baolidao Arc at the southern
margin of AXXB. At the Late Silurian-Late Devonian, the collision and
agglomeration of NCC, SHB and AXXB occurred by two subparallel orogenic belts,
the ophiolitic mélanges of which were unconformably covered by molassic deposits.
During the Late Carboniferous, the first stable post-orogenic sedimentary cover
developed, characterized by widespread carbonate deposits, which unconformably
overlaid the underlying strata and intrusions, indicating an inland-sea basin deposits.
Early-Middle Permian, extensional rift developed in the central-eastern Inner
Mongolia, characterized by widespread magmatic rocks and shallow marine deposits.
In the Late Permian the central-eastern Inner Mongolia came into continental

environment setting.

Keywords: Central Asian Orogenic Belt, Central-Eastern Inner Mongolia, Late

Paleozoic, sedimentology, paleomagnetism
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Résumé

L'évolution tectonique du Paléozoique supérieur de 1'Asie centrale
ceinture orogénique en Centre-Est de la Mongolie intérieure
Résumeé:

Le Centre-Orientalde la Mongolie intérieure, situé auSud-Est de la Ceinture
Orogénique de I'Asie Centrale (CAOB), est une zone de clé pour étudier I'histoire de
I’accrétion-collision entre la Chine du Nord (NCC) et les blocs continentaux du Nord.
Les contraintes de son cadre tectonique et de son évolution sont importantes pour
comprendre 1’accrétion de CAOB car il n’existe aucun consensus sur le mode et la
période d'accrétion entre NCC et les blocs du Nord. Par conséquent, les études
pluridisciplinaires ont été effectuées sur les roches sedimentaires et magmatiques du
Paléozoique supérieur du Centre-Orientalde la Mongolie intérieure. Sur la base de nos
¢tudes sédimentologiques, géochronologiques, géochimiques et paléomagnétiques,
compte tenu des études pétrologiques, géochimiques et paléontologiques précédentes,
I'évolution sédimentaire et tectonique du Paléozoique supérieur du Centre-est de la
Mongolie intérieure a été établie.

Les dépots molassiques du Dévonien inférieur et du Dévonien supérieurre
couvrent en discordance les mélanges ophiolitiques des orogénes du Sud et du Nord,
respectivement. Le pic d’age des zircons détritiques est a 462 Ma, indiquant une
provenance unique depuis des arcs magmatiques proches. Pendant le Dévonien
inférieur, la sédimentation sur le bloc d’Airgin sum-Xilinhot-Xing'an (AXXB, situé
sur la frontiere entre la Chine et la Mongolie), a ét¢ dominée par les sédiments marins,
qui sont similaires aux dépdts des bassins intracontinentaux dans le bloc
Erguna-Xing'an. Les analyses des ages de zircons détritiques montrent deux pics d'age
a 510 Ma et 440 Ma, suggérant une double provenance depuis le bloc Erguna-Xing'an
et de I’arc Baolidao.

Le Centre-Orientalde la Mongolie intérieure était en phase de dénudation
subaérienne au Carbonifére inférieur, avec des dépots marins dans le Sud de
Sunidzuoqi et le Nord d’Aohanqgi. Au cours du Carbonifére supérieur, la

sédimentation du Centre-Orientalde la Mongolie intérieure était dominée par les
iv
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dépdts clastiques-carbonatés, qui couvraient en discordanceles roches précambriennes,
les arcs paléozoiques, les mélanges ophiolitiques et les strates pré-carboniferes et les
intrusions, indiquant une transgression régionale. Les strates du Carbonifére supérieur
peuvent se corréler par les assemblages de faci¢set de fossiles qui présentent le méme
type d’assemblage biostratigraphiques et d’environnement sédimentaire. Les données
deszircons détritiques révelent deux pics d'age a 440 Ma et 310 Ma avec des grains
hérités néoprotérozoiques, ce qui indique que les provenances sont principalement des
roches magmatiques paléozoiques et métamorphiques précambriennes locales. Les
dépots du Carbonifere supérieurcouvrent trois blocs et deux ceintures orogéniques,
représentant la premicre couverture sédimentaire stable apres 1’agglomération de ces
blocs. Les dépodts continentaux de la Formation de Baoligaomiao d’age Carbonifére
supérieur se sont développé sala frontiere Chine-Mongolie. Les données de zircons
détritiques présentent les mémes deux pics a 440 Ma et 310 Ma, ce qui indique que
les provenances sont des roches magmatiques et sédimentaires locales. Ces dépots
continentaux peuvent étre considérés comme la marge du Nord de la mer
épicontinentaleau Carbonifére dans le Centre-Orientalde la Mongolie intérieure. Le
pic d'age a440 Ma, représentant le magmatisme d’arc du Paléozoique, a été identifié
sur lestrois blocs séparés par deux zones du sutures, ce qui indique que les dépots de
cette provenance onttraverséles zones de sutures au Carbonifére. Ceci présente une
preuve importantepour 1’agglomération pré-carbonifére de ces blocs.

Au cours du Permien, les formations sont représentées par des roches
volcaniques du Permien inférieur, des sédiments clastiques-carbonatés marins du
Permien Moyen et des dépdts de facies fluvio-lacustre du Permien supérieur, ce qui
indique des dépots de bassin extensifau-dessus dedépots du Carbonifere supérieure.
Les roches volcaniques du Permien présentent des caractéristiques géochimiques
bimodales, ce qui implique une amincissement intraplaque (rift ou pull-apart). Alors
les dépots des facies fluvio-lacustres du Permien supérieur marquent la fin de
I'environnement marin au Centre-Orienal de la Mongolie intérieure. Une ceinture
alcaline magmatique du Permien moyen a été reconnue le long de 1’Orogéne du Sud,

représentée par syénite, syénite a quartz et granite syénitique. Les strates
\
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permiennesse sont développées au-dessus des dépots carboniferes, représentant un rift
large au-dessus de la couverture post-orogénique.

Deux pdles paléomagnétiques d’ages dévonien supérieur et permien ont été
obtenus pour le bloc Songliao-Hunshandake (SHB) a A=46.8°N, ¢=349.1°E, dp=14.6°,
dm=27.3° avec N=3 et A=48.7°N, ¢=3.7°E, dp=5.2°, dm=9.1° avec N=6,
respectivement. La comparaison de nos nouveaux poles paléomagnétiques avecceux
de Chine du Nord, de Mongolie et de Sibérie indique que (1) I'océan paléo-asiatique a
ét¢ fermé au moins avant le Dévonien supérieur, et que les blocs NCC, SHB et
Mongolie ont été soudés enun seul bloc avant le Dévonien; (2) cependant ce nouveau
bloc unifi¢ n’est pas rigide, les mouvements de décrochement accommodés par des
rotations relatives se sont produits a 'intérieur et a la limite de ce bloc.

Les études détaillées de sédimentologie et de géochimie montrent une transition
entre les dépots molassiques du Dévonien a la dénudation au Carbonifere inférieur et
des sédiments marins continentaux du Carbonifére supérieur vers les dépdts de bassin
d'extension au Permien. D’aprés les analyses détaillées des facies sédimentaires, les
caractéristiques géochimiques et les données paléomagnétiques, nous proposons un
modele tectonique de subduction - collision -extension post-orogénique pour le
Paléozoique du Centre-Orientalde la Mongolie intérieure. La subduction
bidirectionnelle au Paléozoique inférieur de 1'océan paléo-asiatique produit I’arc de
Bainaimiao a la marge du Nord de NCC, et I’arc de Baolidao a la marge du Sud
d’AXXB. Au Silurien supérieur-Dévonien supérieur, la collision et I'agglomération de
NCC, SHB et AXXB ont eu lieu surles deux ceintures orogéniques subparalleles. Les
mélanges ophiolitiques ont été recouverts en discordance par desdépots molassiques.
Au cours du Carbonifére supérieur, la premiere couverture sédimentaire stable
post-orogénique s’est développée, caractérisée par des dépdts de carbonates répandus
qui ont couvert ensuite en discordanceles strates sous-jacentes et les intrusions,
indiquant un dépot de bassin marin-continental. Pendant le Permien inférieur et
moyen, une zone a croute amincie s’est développée au Centre-Orientalde la Mongolie
intérieure, caractérisée par des roches magmatiques alcalines et les dépdts marins peu

profonds. A la fin du Permien le Centre-Orientalde la Mongolie intérieure est en
vi
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phase d'évolution continentale.

Mots-clés: Ceinture Orogéniquede 1’Asie Centrale (CAOB), Centre-Orientalde la

Mongolie intérieure, Paléozoiquesupérieur, sédimentologie, paleomagnétisme
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Chapter 1 Introduction

Chapter 1 Introduction

1.1 Basic information of the Central Asian Orogenic Belt

1.1.1 Accretionary Orogenic Belt

VENBR PGS B I EE L=, 3 Ll s 42 53 T AR 1038 Bl B A4 B B )2 o P A
T\ HsE R R KL — GORE o ERARIE LU e W D A B i i e S A
R B9 7= (Wilson, 1966), {EEHLER I — i (115 I8 R AR (R Al i, 451
4 5 N TR R R Ll P TR R B L B B R I K i 1 R IS L
(Cawood et al., 2009). Kk, TR LA A FRRAE R 7T, 43 il
g L . AR ARG Ay R Y L (B 1-1; Cawood et al., 2009) . filh 183 11
a7 AP A BB B 7 2, 38 A B 1Ly 40 3% T R B TR i SR S5 A W 5 0 34
AR, T A B L AR T B B AR RIA G (—ROKT 1000 A HD R
Fli N6 (Guy, 2012) 0 AR FEN R AP IE s J& T35 A= 0 Ly, R 35 4=
Y3 1L AR AT L

(a) RIS LI R AR BE 12 £5)

HRIRA

IRIRB

ELWFA
FEMT L
RERE

(b)IEAEIE LT (I P SRt 1T)

<+ |

ﬁmé;///’

i

TS

(c)BEMIE LT (FTCABLE %)
A ,
PR tRRB

LR R B R4,
TR SRR N %

K 1-1 filtfE, R = Fss o g R ET ) (7 Cawood et al., 2009)
Figure 1-1 Schematic cross-sections through (a) collisional, (b) accretionary and (c) intracratonic

orogens
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SRS I i 0 AN & LA L (AU R DA BV ST E A iup: i AR E A B S|
FAE, HHMEREEAR. By SUSYR. eatd . Keeea. HEkid. 1
M JEAE R U A B e OB AR AR S5 40 s e s — R e AR 5 DA e IS I
TR (Windley et al., 2007; Cawood et al., 2009, 384 5 (1) 77— 55 3 (R 450
R KER A SE YR, IR Bk e i A4 () B B85 4> (Maruyama and
Parkinson, 2000; Jahn et al., 2000; 2004 ), 344 743 | AE AL FE T 2 HEBE 4 R
W VEH, HERRRT ., KIS0 R (Yakubehuk, 2005; Groves and Bierlein
2007, Seltmann et al., 2014; Goldfarb et al., 2014 ).

SRR IE L — RS S TR A T s (BOEAE ). ARG
AR T 5 1) B 5SRO e o ZERF it A5 2 Js b i P R e A5 P 0 5 AN 78 AR B
Yojsi, PASAMRI IR, GG & K& W b 2 S T R 4 A 42
(Windley et al., 2007). #4445 1b )5, BHE LA LGN A MR &ik—
TR o A IR A R sk R PR S TR b )R B (Cawood et al., 2009). 345 7Y
M 117 5 L AE R 5 A RO R 452 LE IR 8 2 22 17 — N RE R i B, I S 8028 W)
JR R ZLIRE AL T o FEREBY B, 22 7= A A i L s AR B R T8 e R i B P b e A
i (Cawood et al., 2009). [RltL, JrRA 723 H I ARG L R AR — 4> g 4t
SLHIE AT, iR AR L R ARBT B (Schulmann and Paterson, 2011).

1.1.2 Previous studies of the Central Asian Orogenic Belt

P 177 (Central Asian Orogenic Belt, CAOB) S FR B /R 2% i 1L Hy
(Altaids), B H AR 32 B E A S22 500E, SOy H T s i
T A A A (Sengor et al., 1993; Jahn, 2004; Windley et al., 2007; Kroner et al.,
2007; Yarmolyuk et al., 2008; Xiao et al., 2010; Wilhem et al., 2012; Xu et al., 2013;
Xiao and Santosh, 2014; Kroner et al., 2014; Safonova and Santosh, 2014). Suess fix
PR L A v AR AR PR A AR R G A A, IR ™ A2 D3 L i
YN Altaids. HUL, £ Altaids PSR H 22 H3E 50 BAS R O IR 17
Blaneg = s WriE Rl B, B b — Sl b . SRl RiidE s e
i 11755 (Sengor et al., 1993). Sengdr 55 AAE 1993 “EX Altaids #4750 45, #H
BN I TS L EEAT R 0, R AR D I Ky A A 58 A A )
X1 (Sengér et al., 1993). Altaids £ J5 £2 I 5 H X% 2 805 % w44 b i
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L4 (Windley et al., 2007; Kroner et al., 2007). 1F Jyth: 5 ki A iy 8 AF A ik
e 2, HRIE I L A R A R M 5E AR K B Oy 2 I HBIX (Han et al.,
1997; Jahn et al., 2000; 2004) . H i Ly AT BAR = AN 32 BRFAE

B, TTREMTEE (B 1-D. il i s BOE oKk, R4 5000 2
B, mIbEL 3000 A B, PHERED SRR, S0l 52w, E
WiH L RS HOTE L e e, R E T IX . Sl P EARILHIX, — B
SEAH BT Wi AR X (& 1-1) (Sengor et al., 1993; Jahn, 2004; Windley et al.,
2007).
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4 4/ ) /'\' JEiS Eﬂ A\ f)i :’ ' ‘\Y’:‘:‘:’%.‘-““"'1’:;1'
4 < (A )LE A A < F‘Jﬂjfﬁl 3597
& < N S NS maem

a
1
N Y. BT T ey

e O ORI

A 1-2 1l 7 RaE 7 B (4 Sengor et al., 1993 1 Han et al., 2010)
Figure 1-2 Tectonic position of the Central Asian Orogenic Belt (from Sengér et al., 1993 and Han
et al., 2010)

W, BRI s A St 7RG RE . PUE R e R E . B
AR v fr AL va fr ol 2 B O REE HEG LR (B 1-1; Sengér et al., 1993). PUAS
SR (A AEAR 2 Gt R W L AT B 9IREE,  IX LR I AN WG A B v R il 2%
Frix & SEOT Ll 2 B 5T 2 (K] 1-2; Sengor and Natal'in, 1996; Windley et al.,
2007),

= KI5 T i A T 4G, A v kYR T oo
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AR . PAEAF) AR B B9 2% Eastern Sayan, i [X ] Dunzhugur ¥ 4¢ 5 Nir &,
HAEA U-Pb FI7E 1020 Ma Aoy, ARl s sk B0 i ol 2w s
(Khain et al., 2002). X T A (LA B A5 R, EARAN [ HL X I 1L B PRAN ],
{EL3H7 3 I\ A 28 485 TR T o AR AR AR BT (Krner et al., 2010; Wilhem et al., 2012).

[ 1-3 1P 1 i pE RS (1524 Zhou et al., 2009 )

Figure 1-3 Tectonic frameworks of the Central Asian Orogenic Belt (modified from
Zhou et al., 2009)

1.1.3 Tectonic models of the Central Asian Orogenic Belt

TG L A, H AT R A W

S — R A N AEAE — 6 AUA D B TE Kipchak-Tuva-Mongol B3I, 514 {7
MR ECPAT T R A AT B YIEE) . PR se R IR B B e, DL A
Ab S E RS A S @ 1 AL A B T 0% B I B T A o B I A7 7E 1
XU R B R HT A SR 3 A, @ S I AN 7 25l 2 5 B T e il
%, A G L A TSH (Sengor et al., 1993; Sengor and Natal’in, 1996).

555 MR R 7 L8 T A S 30 i S A A e A B B e i
ZIAAFAERB S A T AP R 2 AN ST R Rl RVEm RS ) 1% 4441
il (B 1-3) 0 XSS ST HUABEE M AW AT DI T e h@ il &, w4
BPEFE W R AL RERE (Windley et al., 2007; Xiao et al., 2010; Kroner et al., 2010;
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Wilhem et al., 2012). 7EMLIEFR T AT BEFEBE S 2 N R T RIS (Kroner et
al., 2010).

BT 58 B 5 B 7, SR G A 2 D T R B AL, 5
—FrBONe A — ARG AR, 2B I B S A — R i Eg b il
Bk, S8 LA (4658 (Lehmann et al., 2010; Schulmann and Paterson, 2011 ).

1.2 Studies of Xing-Meng Orogenic Belt

1.2.1 Tectonic frameworks of Xing-Meng Orogenic Belt

n10° e "120° 11250 1130° 1357
XXS: #ith-EREEET

SXHS: 7 A hE-$HiNiETs-

R BB
§3555 '

ST A SS 4}
WAYS: BEVRIE-HBUXE-
50° EEGEA

MS: HETHEET S

K 1-4 XSEE UG F T (B R 2014)

Figure 1-4 Tectonic units of the Xing-Meng Orogenic Belt (modified from Xu et

al., 2014)

HTEE L 2R R A I 9 S A XA RAG X, A 40 1o R % 52
s, RO B H (Hsu et al., 1991). iZ X LI 52 -50 8 7w it
i, PS5 SIS TTARE, RIS PGS, FaRt A, 2t
IS LU 2R B R Y A P R 23 BT o O T TR AL AR AR 0 P 5 A w1y
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BV A BT B

B2k L EE W LN LRSI T R, b R E IR OO B -BUR
anph L, 3R B RE- e, AL RIS R, AR BRI L
SRE (B 1-4; 1RE&5E, 2014), XS B B HT AR -2 5 AR A, 95 0 -
BIRIE R - TSR G T, IR AR - P RIS - K AR 4 5 AL PH L4851 0 BS (I
1-4; 1R%5E,2014).

AL e hil L 2.5Ga Al 1.8Ga & I FAT IRFEVERE IR . FLALF YA efd i
JERFFIEEIZR Iy d ot AR (1.8Ga) AFie i (700-900Ma) A9 a T, i
WA BRI ACE K (Wu et al., 20115 5K24U04E, 2012; FMZHT4E, 2012; Tang et
al., 2013; 1R#45%E,2014).

PR I A% Gy 40 B S B A0 - A0 R ol g AN 3 R R A AR R e
e (B 1-4). THBEHEEIHIX I SLIEM I A A IIE (GRIEIEEE, 1986). I
AT JE R AR B A T B AT INBLCT- AR Y 500-490Ma CRERBHRED, IRE T
SO RN R IR AL AR BOBT MRl S B T i _b R B AR A IR A
MRS A AR Z A S (5L, 1991). 5KENEE (2013) KRILAKTHIGTE
<17 BR A PR AR RS A SRR A 49410 Ma, AT B8R S0 i LA S AR o
VEAF SRR B B GRRIG BUR 9 5 X e - 10 T8 T 8 A, 1A TR
B IRAG T WA (E AW #1053 54k (Zhou and Wilde, 2013).

T -5 MR R - BT 5% 4 B G 30 1 32 LA e -8 AR R - % 22 M R g
FREIRA L -V L iR, RV IR e R A TR . B RE B A
FEHL X BRI — 2k (] 1-4), DL I b A ACE S TR A I B o
AHONRIbRE (BR&SE, 2014) . B G RIMRIIAB A E SERSIRATZ L
IR G AR EE R TR IR %€ (Xu and Chen, 1997; Xu et al., 2013, 4] 42 i B
ORI, AR aRE T RARM (GRMINEE, 2012),

5 #8 JR Ji - FIODURE- AE 5 % e A A T -V S5 s b b A b S R 2 [A] F
FUBR,  ANTH ) R P ol A - 0 2 Je - 1 - DU - 5 P - i — 2 A (T
1-4). UERBREERERS. B A SMBR N RE (RE%,
2014). gt E 4K E LEE-MRAS VUMM AMER S, ANESE ST B
EBAE KA 2 b (Tang, 1990; 7K 70°F4, 2010; Xu et al,, 2013), fAFRFHAAR
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3 LT PR R 2R, R e 4 A B ARIE M R R 2w . SRTT, AR ARl
bG A RL-ZBLMENEWT, B FHINNEENRER - SHER R =5
tH: (Xiao et al., 2003; Li, 2006; Zhang et al., 2009a; Cao et al., 2013; Yu et al., 2014).

A500MazZ gl T BEAR IR R
b _— mEREE - E R

B 500 - 450Ma |
B3RS ENEDN ¢ Biam-19k
EiEE [ —— T B SR T e sumpmin

C 450 - 440Ma ENEBI 35 o942 - 184k

iR hnE FIEWT WiZ-FHEATHR \ HEgE 2
Bl s

D 440 - 400Ma BB 3 @B

fibRhiE ST WiZ-FEARHIR

B- TR

JLi T

E 400 - 380Ma BEOEREE
e S mm-wh
el e | RA-EHR

K 1-5 A5 B B A CHIE e L (R (9 Xu et al., 2013)
Figure 1-5 The Paleozoic tectonic evolutional model of eastern Inner Mongolia (from
Xu et al., 2013)
HPHTEE S WAL TR -V IR sr b e 5 R e 2 1), H AT sk = S5 Al
T I B, (5 — 28523 Mo A E IR TARAE F W 5 T 7 1 R BOs 5=
AEAGE R . VFCRAE (2012) 8 HVEAAIM-7K) A W8 ARG AT AE R AL 7] e A 1 -
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HAERIE RS, A 485Ma. 450Ma 1 425Ma 28 = /MIEH] . Wang et al. (2012) iR
B S A LU AEAE G B I K (443-451Ma). R INKA . MErafh
it KA RKE (424-430Ma), FFE4EIRE e AR REAR Rt AR AR A i B
A P R . BRI AR (2013) fRIE JRIIMIXAER N KA (43321 Ma) A1
KR A (43242 Ma), IWAF A TREEIEES, 505 e in &4 5%,
Meng & (2010) XFFABHI-7K) A 04 Mz I o X EEAR B b e 25 U X R e B4t
P A WA SR B, PIANHMERYE 413Ma (BRI ZRTE&dtE.

A. BEPRLE-EE

B. R A -2 et
LR

4 h TN
? 08

C.ARL-R_Eilt

SBEHEX
R bES CESNE
e ij:ué&&'s‘m %Hﬁ;ﬁ * B h )
‘F - = T:V'i v-..;::::,
D. B —Bt-B=H
8 B ?%i?’:gégé%%%ﬁa mﬁjfﬁ“ﬂﬁ)

a
i —

B 1-6 A SE A A A CRE I LA (3 Xiao et al., 2003)
Figure 1-6 The Paleozoic tectonic evolutional model of central-eastern Inner

Mongolia (from Xiao et al., 2003)
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1.2.2 Tectonic models of western Xing-Meng Orogenic Belt

AR SO FE XA 24 52 38 1 7 B, M3 R T S AR X (] 1-4).
H R0 T 1% XA & A AT AR AEAR K+, R R X T oy S A A 5 P o B A
PR o AT AIE ST UURR . HOBRAL S . AR S T T AR 7E, WP X ekt
T AL B PP AR

SRR 5 Y BT LA A5 A A T RS S R A IE AR T A
% (Tang, 1990; Xu et al., 2013; #4555, 2014) . A W B 3618 T B (b
W -VEEIR R PE B A BRI ST, 4 Al B A e = AR R R R TS
Ji S, T A AT o 22 S B R - MR R D e M R R R I TE R (] 1-5)
VAR e e b b b e T WG R B AR G A, R AR T R ) e SR A 4
- FUR R G BT AR S AR A i 26 o VIR SO S AL S A - B R R
e T M A A R AR R, RSB AT R R € P A A R AR B
FR A ARG R. AL, NEEPEHX L) 2 KFRAE, ARL— &
LA X HE N it R i R 2 I AR B (B 4655, 2014).

S AP U AR Y 2 B T s A R 4L — B AR NE R AR
HHh BRAL 22 78 L S — S AW B # A 98 (Chen et al., 2000; Xiao et al., 2003;
Zhang et al., 2009a; Eizenhofer et al., 2014). A AL 5 R & KREL 4% (F
1-4 3 AR - RE- D Y 2 (A1 TE W R PAETE, N R L
X A E AR D G 5 T3 9K, 72 S RS T - B MRV RE - e B 4%
TR T8 e PR A B 4 — B RREE R — 240, HEIM S —
B S AR S 5 R IR RICRURSE SR (B 1-6).

1.3 Overwiew of the Study

1.3.1 Research purpose

XPECCL B PRI, 3 e R B JE AL T A e & T A B RR
X—oF JE I 2 S L4 R, AR SCREX — AR X R R A E Ui o
BE A BT 1 G R, AR S I BRI R E R TR AL - — B a,
RUbe #2d — —BL S K AR M — il e B AR A CRZ X Y Had —
TBLVIRE FOR WA T TEN R, 185 2 AR TR I AR A A A I
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PREEATIRE -

AT 2 X B 7 B b TG i iiE i e e a s ki
MRS A T T, TN T A R R G AR A AT e R T A T
FOEONERZ o« I, SXIX =ANBONHES A7, A SORE 2 Z00 i 2B A=
BEATUURR S . DI B R M RE 5 TRI I 9. S8k, 456 o b2 b L A
RN AR ERAL A8, RER G iz DX A AR IE TR ALRFALE . AT
X IV A 55t o A S AT IR D 1 s 2 (R

1.3.2 Research contents

ARSCEAAWT LA AR LR LTI

1) e — —BLTRE TR AT BN 5 R LA B b X
e 40 — — B A0 MR T AT B AN AW S, SRS VTR AR 4 0 TR
FH o T TS DX EE TR B AN N 52k v R BRI X AR B AR AN [ T AR A B

2) el — B LUIRVE IR M AETTRR A0 FE B3R |, B =
Pl P OB e AT R 0 U-Pb A2, DURIRIT DU E i . JE
A AN [ DR I8 i A 45 SR BT B, BRI R 22531, AT AE ) 24 I 1 73t 7 A

3) e — B A HE W AT 5T . FEBF A  EE p HEA E, s BOE A
BEAT MR S 56 B 1 2 AT T R A o G S8 S B AT AN [ A R H o
iR PN T o e L 23 S N A S E I TR S | Ak i G N S 1 R A0k
LR W 2 18] B A8 AN BARBEAT X EE, - AT A5 21 ety BB A [ B S AR 7 B

4) Kl EAREAER AT T . AR —BLMR & 24 Kilrs
KE B EAR-T oBGE mEA . T R NAEHMNT S8 AL
Ao I HBATRIENAENE, BREZ TR BRI A, @ kil
SERT USRI KLU N B R IE T 55, AT DA 8 DX IR I R 3 42 (AL

5) Wik E EAE IR AT T B2 AR A AT P 25 R e 5 e IR
SRE SR ATt < el o e < 18 4 R | (< 138 e R
TR, AW TCEE X i oh — B itk iy B AT S ACE A ERAL 22T 7T, I

PHEHRHIAIE T 5
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1.3.3 Research Design and Methodology

EEXT A BRSPS, AR SOR SR G R BIF 5T 7792 -

BN S, DL SEE TR AR 1:25 J3AT 1:20 75 X8 5 18 R a7
B A1 5 5% o e HX L R P e ot A A AT S T AN B AR . T R
Z A HA G Z AN 512 N 08 RIEAT BF AR

VUK 23 Rt e 3885 %o H 88 A A (A b 2 AT BT AU s AL SR, 25 T
FIFIREAR I o Gl B AN RS LS, A PEARLRE AR AL, A R AR AR 55 U7 T
ST TR ARUARIA S, b i@ ik DX S0t b 5 7 R A A 3 2R 5

EARZEVF I GRS RS S5 A BT FE AN 5 2 5 R S8 SRR 9 . (E T 4b
0 TH 00 3 e v SRR RS S R X AT R B B A AR, A TR, W
TR AT 53 M o 5 22 00 41 SR HE A BR 2 KL s R AR B A
LA-ICP-MS U-Pb & F7EH E L K% (AbmD) FIdER K41 LA-ICP-MS R4
R MR A MO LRI B AE R 48 (UP193SS) 1 Agilent 7500a 7 0 4 #1425
B R SR A R B M B O S5 B T R A . A U/Pb S S A A i 3 T A v
1 91500; JoE S ELLEBRAEE NIST610 NAME, Si ANFRITS, NIST612 fl
NIST614 il E . HmEHRIE 2 *'Pb K 1E, J7i%:F Andersen (2002).
SRR 2P/ PU SRR, AN AR RN 1o. BN IR A O R A 2R
oA U-Pb R AT R & 8 1R MR Glitter 4.4 T2, INBCF3 4R
WIS AN I 1) 25 R FH Tsoplot 30PF (Ludwig, 2003). it 72 ok £
ANV R (B <10% P BUE AT GE o0 1T

HBERAL SR 5T« AEHT A5 SR b SRR K LLE AR NG R Sl AT MO BR AL 2 T
58, GG ERET BRI A F S 3 A IR ANERES, AT HR I Z I AR X 48
EHRFAE B 1 3 T 0 3R AT E AL R 22 LU s A 52 A O 0 R SR IR S 1
ARL ADVANTXP+ i R BT X S 2eototig A B8 . MEc®
BTEEARZ TG ST AN SR Acme A F] 58/, MR IGHLE Elan 6100DRC
ICP-MS 4341l &

AR T FERT AMRI TS AR, R EAIE R AT A R . R
SO B T D0 1 AN [ B Rt 2 PR TR 77 1), DT T SRR SR o 6 2 5 P A
[FIAR R B AR 7 B oty AR 77 B B R R 2 B S 36 3 5 il 7 ekt
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PESEAT B HIRE (Curie) MSEERIRE IRM)TE, IG5 0 F BT Y. SR
JEXTRE S TREE e, R3S AR A IR RE AN I R RE PR OT IR IB IR R, FRTEIR
R AR EAT TRV 52, DU 5 A o ) e B O () e FE AN 7 o, L A A R T 4
BI Ry IE . PGB B 1 IR kAT, A8 AR B A F S Agico LDA-3
H 332 AR MEAL AT 2G-755R SRR AN R Gt . Rl I & s 3 s i) AGICO
JR-5A JEHERE IR 2G-760 #E-FHE I BGHAT o B BAT B AL 2L, TETHE ML
& L8 H] PMGSC software packages V4.2 X k&5 AT 047, EAR > Hr B
T KT ASREE SR, M Kirschvink JF & 19X AR H A (Principal
component analysis method; Kirschvink, 1980) X4/ AR 45 SR HEAT 2047,
MR AERIBLTT I . SRIERREA KA A (Site) 453 10 J5 A I T7 0] 1EAT
Fisher 4i it (Fisher spherical statistics; Fisher, 1953), #5445
A LR AS — NN S Hh AR ARRAE 8B 7 17 o S XA R B BT A A T kAT
Fisher Ziit, AILASKH—ANREE b2 O S b 10 S5 AR IR 7 1), 3 I 122 5 A
7 e BV AT T 2 T BT AR R R AR TR 7 1)« SR A b 2 R SRR 7 Tr) 2 5
AT CURI R 207 ok B e, R AL, AT B S . i
FAE Y WO LT G FE ) Cogné TR K Paleomag HifF5E K (Cogné,
2003).
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Chapter 2 Geological settings

Chapter 2 Geological Settings of western Xing-Meng Orogenic

Belt

2.1 Tectonic frameworks of central-eastern Inner Mongolia
7 DR S =Mt AT R K OO SR - M - % 2B . FAL

SRR R AN A bR R . AR B o AR ARIE L RS, aldn oA
Jbig A ARG LA (& 2-1; 18445, 2014).

K w@mss i g e

© SHERMERE §

» EETEmE | | EaE

® )M 490+8Ma N
- gﬁmﬁm C%:Y{VSJEAIPZUCO gﬂﬁ‘_%ﬁ

439+3Ma ! 7 ll 483-423Ma ﬁ

shﬁlwpﬁm U Pbﬂumq:tgﬂiﬁ@‘_ JS‘;E:{‘T('!}{[PZDOR ﬁ"‘*ﬁ FEE | »‘%

g |

421-458Ma
SHRIMP
BEEF, 201

 423+7Ma
I LA-ICPMS
| R A

*‘ e
—‘ﬁ_ ' ’ —_—1 ‘ 457-423Ma |

LA-ICPMS )
£ 2013 404+1Ma

LA-ICPMS

I it %, 2013

454+3Ma :'hﬁt* O]
SHRIMP e FE
|

474-437Ma
SHRIMP

Zhang et al., 2013

452-446Ma
SHRIMP

Sk, 2008 |

ian etal., 2008

116° 118°

B 2-1 A 5E0 T el s 2

110° 112°

Figure 2-1 Tectonic units of central-eastern Inner Mongolia
2.1.1 Airgin Sum-Xilinhot-Xing’an Block

LIRS T 8% Ji ) 25 B 25 SR AR A BRI AR R X, 1 1 5 A 11
Hutag Uul #13AHi% (Bardarch, et al., 2002), [[db% 5242 i Afi% . Yarmolyuk
et al. (2005) 53¢ 353 P 1) Totoshan Hi X 75 Bl 5 BRIRAE o P i A 1 A8 s 4R %
N 952+48Ma, ERE AL, Wang etal. (2001) 7E 523058 M T4 [X 15 5]
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Chapter 2 Geological settings

FrRRIRAE B BB AT I AR RS N 916£16Ma. &y T b [X L0 55 0 3 J0A% R B e
AYEE . T RRE LR P R SR, M T iR AR SR A A oS B A A
1151+41Ma UREAR K FREIE) . FLHTEE (2013) fE75 e f o AR RIE 1 4F
¢y 1516+31Ma A1 1390+17Ma HIFE K 7 ks, AR IZIXAEAE oo i AR i A e
STz erh — AN E R R TC, FE T Sm-Nd, Rb-Sr S5 2%, Skl
BoRa A B ) UL HERBA R R — e AR R IR (AR5, 1996; 7
JEFIER %, 1997). (HEEEEAT U-Pb BRI, ol 2R AR 8 s 1 11 J S A 19 AN />
FHF NG G R T Rl USROS, 2003 BEPRRAE, 2009;
Chen et al., 2009; kA%, 2012). A1, HILHBHESE (2011) RE 7 HRERE
WX R E R T, JEANTERTE 1005-1026Ma 14 A 48 A% 4F- 1%
WA A 8 T oot AR, HFER AR AESKENFIREG B,
SR A IR AR A . B A AR I AT R A U A
H MG R TT,

2.1.2 Songliao-Hunshandake Block

R AR AN L 2t PE S E A s b BT 7, BRI R = AT,
BT 78 M, BRI R D, AU ER TR G X . i B ARG =
R 5 R 75749Ma. 843+10Ma e/ NERSIE(E, 15t BT AT REVTA T3 o ik AR
(Wang et al., 2014; BURXESE, 2013). MAICEHETHS, FEAEMES (20060 MES
FL 0 A5 B AR B A A AR BN KA AR R 4 ) O 1808+21Ma Al
1873+13Ma. EFi5E (2006) WAEMITHRIE | 1839+7Ma 3L BTN KA SHRIMP
BEAFEIS o 1X RO R B R T b PR S AE AR AT FE N0 LR . ZE MR VA T
oAb (JRJetEA iR ) MESZ GRE/RIEHIDO, IRES/RIEHE =~ A E
FRIRRE IS A P P4 R R 5-22 ACAE B (IR & AR R BB $7K R, 2012),
PRAE T Hh PP AT B A AE AT R A AR B R

2.1.3 North China Craton
Hedbi e 3 E RS — e AR R4, LA 2.5 Ga fl 1.8 Ga
N B IE N W 2B FFIE (Zhai and Santosh, 2011). N 22 R EB g AEAb I 2

WX g R o AEEEAS S, A%E . AINA MRS, 1R
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Chapter 2 Geological settings

%4 2.5 Ga (KEIFAIT5 % Hi, 2002
2.1.4 Northern Orogen

A3 1 9 3 RS S — 5 SRR B — AR R — 1 R 2R A, A BB
1% i -8RI R e R SR VR A S R (1] 2-1) 0 IR Lt AR K
. MAHR A R i (Xuetal, 2013; 12445, 2014), 24L& ILMEH
R AARE 8 BCE R A, K E BN 498-423 Ma (Chen et al., 2000; 41K
#i55, 2004; Jian, et al., 2008) . A1 K44 (2005) 7E5 /e e 5B € HY 425-423 Ma
Ry B s BRAE R A, YOS S T (45 o . 5% 8 e I R R0 S B A i X
SAiE R R ARG A R, s KIE . KA. B aMsgnes
SONFI IR SRR 24 A A (Xu and Chen, 1997; Xu et al., 2013). X35 43¢ H 74 1
B 55 47 B 576-735 Ma Al 911-1044 Ma P B (REERYEE, 10 e/ NeS A 4R %
488 Ma [R7E T HJF A VTR T3S KM (Xuetal., 2013). 7E75JE K5 /0 i R Al
3 EL R T H X e SR A Y R I R AR R e (B EE, 2001; ZER A,
2014) % Ji JE 4 22 T R B0 0 P 1) P A= Ar AR 15 51 383413 Ma (RIS R AE 4 (14
55,2001 ZIEERR AT RS H L B A B A B s A S
i, AR L A I B R Z s, AT PR 8 T3 L AR T BRR A HE (Xu et al.,
2013). [FJEF, 33X %3 Ll 2 BB AR A 2k, HAb LA A BB DL (Tuvaella)
R, T ARG ERARIC R e S A (B 2-1; S BIR X HUR
=R, 1991).

2.1.5 Southern Orogen

P 3 L 73 R AA XL -V A e s ORI AR R AR e, AT [ 2RV Pty 1 A 5
- A8 7R Je - TE A - B DU 35 Th -2 — 2 A . SAbiE A — 8, W R
TGRS IR H MR 3 (Xuetal, 2013; 185458, 2014). W5
DX 78 o HOA TR B ACDURBL . 28 A 2 B Rk 2R B Il B IUE R AT, K
B I 497-415 Ma( X #—4, 2003; K4ERITEF, 2008; Jian, et al., 2008; Zhang
etal, 2013; ZIEEE, 2013; XIEIESE, 2013). FAT T3l B AfAlE SRR A
7, Forh DU R 2R Je X 5 2= i FA el [X 20 A AR X (R Fe 2R,
1992; H5R4E, 1990; ARGFZE, 1991; Xuetal, 2013; Shietal., 2013), JRZ%
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Chapter 2 Geological settings

B A A S RSN A A2 RE A T P A-OAr 45RO 445.6 £ 15 Ma, 4532 + 1.8
Ma Fl 4494+ 1.8 Ma (Tang and Yan, 1993; De Jong et al., 2006). ZU¥EEIR A%
W L ER G- RGN ARG AR B R G A S S, RGN B
Frir b, IR E Tl R AR TG Gk asFaE, 2010; Xu et al,
2013). BHMEA TR, N 411:8Ma (KRS TR i Bk ) 5 b 2B AR
ok R, brBAEn S LA BT R e (Zhang et al., 2013).

FEALBANE AT S R 2 )5, EIR =AM PG AR, P 58 i v AR
X FE A L il AP B (Tang, 1990).

2.2 Devonian-Permian sedimentation

MR 5, A SR A IX 58 A 1 A S % S L A
AR RIFEAL o e Gt RV g 3 Ll iy AT S0 5 AT YR F b R AR R T
Ak L PR 5 JE g 22 TEAN B LR T X, DA R 0 e Ay 1D A A i ik 52 ELAH TR
NFFE o A7 B ECIU 32 73 AT Bk A B I e A A S o AR IR i e s, R 5 7
Ko Tepda g UK G 25, RE R AR R AW . LA
MR B I AN A — R s R B AR e s AL, IR T
FEBMRE REOLER (RS BI6 KIS 7/, 1991, WX 3%
Hu X G A AR 2 21 5% 2-1

2.2.1 Devonian

e F O 70 Al 0T ST X R AR IA AL IR AR K R AU X, S b
SOLIEHIIX (3R 2-15 B 2-2). SESHATIR AR /R Jd L X R Ve Z G v T 4L (COURR
AIEAD, HJRE A AR AT (GRATEE, 20100, PURIATAMEABELIE
SRas s RIS IR A e A UG @I B AR . b, h—E&
NSRS M E s . R AR A MU . B S s FACE AR
i A — VA BB o i 3 (5K 0155, 2010 0 ADUBEHE X N A4 DUE B b 5 A,
AN N E R RV, BOfie a8 A oA om oo T Re it (R 2R 4%,
20140 LI 2 0 A T — IR G TR BT AL, s R AL AR AR ) JE A (&
2-2)0 BR THEVERF LA T AR BT R A Y — B R AL tbRs — R A 4L A,
T _E AR R A B 2R S BT 420 D9 5 2 B AN S A AT BB o R R
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Chapter 2 Geological settings

W e 22 tH OB HH AR B3 L 275 JE A e T e A B M f v 38, LA I B2
EHOHNNRE (B 2-2; Xuetal, 2013). &HEZSHOMHAMERBESE AR
GURIAEARA R 2 L, N—BRSL RS, [ L ATkE S A
JE A Rt AR B R s, S Y Leptophloeum rhombicum. T N2
50cm JEIEDIREIE A (HBBF 22, 1991; Xu et al., 2013).

F 2-1 P52 AR A M X e o AR AR JE R

Table 2-1 Comparison of the Late Paleozoic stratigraphic sequences in central Inner

Mongolia

£ 2| e it &8 & &R RS
7 T s rpanam sREER| BaK | HE | mfmmK| SBRE | AUK
A [ 1 {11 ] [ [ ] & 4 ‘

1 |t% fexE | wEE | wEa

260 !

i g 4 sy g m Y 4
1= |#% pyp | EVE | RHRE | RRE | HEEE | Row
- | | X ERE bE & RiE

1 & | w4 HRWE | FRLE HRA LS
" #WaaE e

300 EhEEE

i FIAWIE | B AL @ FAWLE | BETFA
- 4

i ABEE | AREE ABELE | FiEAHE
. E | [ V\?/j\/w/*\}ﬂF

4 it 5 B 5
ug B | T

b RIS s

36(_)

1 |t HaE"

sl 3

&

= f 4

- STe S 48

] [T TWRTA | F AR
o ZBE

2.2.2 Carboniferous

A R N S O 4 b XA SR 2, AR I A i R SR A EDUE AR R
B ARSI (K 2-1; AZEEHHET 2R, 1991). 757 Bk A TER T A RS

17



Chapter 2 Geological settings

N—BEBER IR EREIFEARIEE S UTR (Xu and Chen, 1997; Xu et al.,
2013). BPUEALES T ARG N —EE R EWIRE S G IR, & K& 2 M
BRMA, RIS TRIZEAC R (AZEHHTE )R, 1991,

WA e AT L X AL (e —a) R ARV, /A T A& TR
—HE SR — RGO L, LR J@ AT — K ilE fRRE, [
ARACRE A AR 9 B RV AE DR, AR R R 47 i AN A 7 AR AT 9K
LR FURR . FO AU Z Resa 2 b (RS E RS )5, 1991; #fIR
145, 20060, JHIAEE S 2B BER A S (3¢5 -4, 2011,
I B Bl R A TR, ORR i LRI A BRI 26 5 A JE 5 9 3 (AR 2
PIZEL AR A L 4L, 73 A0 Y 7 o A~ A B2 B DX, AN i P 2 7 JE R A TR
PO 5 22 iR SE ) AR T S A B AR AL MR R, 7RG L P e
Sipi S B DX AR B G ACDOBEH X, R T VAR it A2 ELAF BRORE AF 2, ) 0 R L 25
HER NBOURB R4, IR EEACH Calamites (A5 HLJF ™
JRi, 19915 1:25 J3if#ER ).

e R R B TR Je ks, Har Az (B 2-3). anE4EmssE (2011)
IRAF KA FE X KA ZE ALK L A R N 31421 Ma, 8 U4 HH A ok T R 24
Wy FSEHAE (201D KARSGIHRBICIET /1w AR E N 320-303Ma FRFfiAH
K-TEJE A i s 73055 (2011 fETR ek A A L E A iR 7 313-308Ma
X KL, A TE X RAL TR M s A R

28 LRTR, AR A R E T RE AR AH - R A A - AR ORR i
i A DXHUT R =5, 1991 HREFZE, 1991), XA AR S T Kk A& L
Wz b, B LRy E R (REE, 2014).

2.2.3 Permian

HLZ ST, RS X 4k R T M R I URRARAE, D — B B
MR A A, JREn WIRERSE — M EHE . DA A. &R ILAE T B
ZHHRRE (R 2-Do B F X 8k § R A KA, DAsE )
A I B TR ZE R R 0 UL 2 K LA BORARER o AL T
2R A5 B AR R S AR AN XU SR L LA, B U-Pb SEAR2E TSR L me R 4 i
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las® 1127 4" m 7 118 720"

B i=zzne [l reazes | —2R0E
I =ssrnE BRANBE — hEERBEAS

B 2-2 I SEF R B i LA VI E A (P 5E P 78 X0 7 1991)

Figure 2-3 Distribution of the Devonian-Permian strata in central Inner Mongolia (IMBGMR, 1991)
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& TNagTMa9)

L p—— i . i - pe ' T
Bl e @k o s y - . A
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Figure 2-3 Distribution of the Devonian-Permian magmatic rocks in central Inner Mongolia
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Chapter 2 Geological settings

£ 290 Ma 7247 (Zhang et al., 2011). B A & X0 K 1L 7 18 A U-Pb 4F
R IR G & SERATE 280 Ma /247 (Zhang et al., 2008).

h B S LA BE R R T IX, ATE /D Hh X IR AR DT, B AR
A2 R 30 1S 1 R v DX B I R — rh R RS A, DA AR AL
AUONFHIE (JEET 4, 20100, TR A IR AR MRS — ik s, &F
BRI, R B A (Wang et al., 2004; J7 R, 2014).,
PRVE — S A T s L DX ) 5 9 i R L i 28 FL AR om0 R R S M X O
B EIZH K TR X U R B R A IR A ELAH RS e (5 A
FEJE, 1991),

W et A 5ot T OB 23 A T 7 5 B — pe At e 2k, DAAROR LA
MRPGLRRGAR (AR B Z R ERE NRHE, SFEEHYAa (A5G
JRA 7= IR, 19910 S A o o JEE i 30 T LG — 3 Thk SR B 1) 4 - L Ik A S hr i
B, RE B ERRAE NS E R B R AR b

2.3 Devonian-Permian magmatism

2.3.1 Devonian

RHLEFENRE T IR (] 2-3), DB A R AL A
BEAT U-Pb FEACERE LR W HR AL T 410-390 Ma (B4 TE4E, 2001; Jiang, 2005;
Zhang et al., 2009b; FKBEHERTEE B [E, 2010), ATREAE FEdE LA K i Ja bt
G F AT

2.3.2 Carboniferous

AR R A FE A T AR E T AR DX, oy e ks A 1 — 4
RIERE— 0 S —2k, DL R0 ¥ T — R A R — P X (8] 2-3). &
PECITE R FE RN K S AR A N . CHRGE G RO S A ORI E T
A X B A B (317-308Ma, VFAZAEE, 2012) FIZR B i AR B 48 K 5 (319Ma,
LM, 2013). IR e A EE E IIE A SN E (30948 Ma, Chen etal.,
20000, PHAREERE IR NGRS P RO RATER S (31643 Ma, [t
g, 2003), PHEEEHE S EEIAEINKSE (323-300Ma, #@KHEE, 2007;
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Chapter 2 Geological settings

XIEEIESE, 2009; BEMAIREE, 20100, VLT EHEKSE (33144 Ma, JH&E
25, 2009) FIfER% (320-317Ma, Zhang et al., 2012), A& X AL 5 N K7
(324-302Ma, Zhang et al., 2007; 2009a) 2%, XF T 41 8 20 0 3 8 AR R )& 30
855, AELEAR IR SK 1 A 3 P R AR AN [R] PRI A

2.3.3 Permian

HRARRTDRSZ 0 T REA W E G R REX (K 2-3), Wi
R MR . TR NS . KA SERRERENE, 20105 HR&5,
2014).

CAFFRRN, MNEFELHHNEEM. Lk - Samita™ (Ra%,
2014). by AR S0 A H RS R ) AR M R R S, HRE R St
BRPERE B 5 (R P25, 1994; W et al., 2002) FIXLIE R K 111 %+ (Zhang et al., 2011)
M. ZmTEE RS N EFEE, 5 Yarmolyuk %5 (2008) Pkl /IR A%
ENOEIE . AL TR R R A R R - R — 2, AR AL A i 2
RN 270-257Ma (57 545, 2009 ) 8 T 1 3 B2 AR A B 25 I A 264Ma
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Figure 3-1 Geological map of China-Mongolia border area (from IMBGMR, 1991). The location
of the suture zone is from Xu et al., 2013
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3.1.1 Sedimentological studies and facies analyses

3.1.1.1 Chaganaobao area (H|[HIAZ & GPS: 44°30'57"N, 111°54'51")
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Figure 3-2 Stratigraphic section of the Lower-Middle Devonian Nigiuhe Formation in
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Figure 3-3 Photograhps of the Nigiuhe Formation in Chaganaobao area: a, conglomerate at the
bottom; b, red coarse-grained sandstone with parallel beddings on the top of conglomerate; c,
ellipsoidal volcanic pebbles within red sandstone, d, red sandstone with graded beddings; e,
bivalve within red sandstone, f, Brachiopoda within limestone
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Figure 3-4 Stratigraphic section of the Lower-Middle Devonian Nigiuhe Formation in Baiyinwula

area: a, the strata was intruded by Permian granite; b, horizontal bedding within lower siltstone;

¢, interbedded sandstone and mudstone; d, horizontal bedding within upper siltstone
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Figure 3-5 Stratigraphic section of the Lower-Middle Devonian Nigiuhe Formation in

Narenbaolige area: a, wavy beddings within sandstone; b, parallel beddings within sandstone
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3.1.2 Detrital zircon geochronological study

In order to decipher the provenance of Devonian deposits in this region, three
samples from Chaganaobao, Narenbaolige and East-Ujimqin were selected for detrital

zircon dating, the sample position can be found in figure 3-1.
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Figure 3-7 Cathodoluminescence (CL) images of samples from the Nigiuhe Formation
in China-Mongolia border area
3.1.2.1 Chaganaobao area

The sandstone sample was selected from the parallel beddings bearing red
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sandstone (Fig. 3-3b). The zircon grains are euhedral to subhedral, ranging from

50-150 um in width and 100 to 250 um in length with well-developed oscillatory

growth zoning (Fig. 3-7a). The majority of zircons display high Th/U ratios ranging

from 0.24 to 1.06, indicative of magmatic origin. However, seven grains show Th/U

ratios less than 0.1 (0.08-0.09), which may indicate their metamorphic origin (Rubatto,

2002). All of 75 analyses are concordant, ranging from 44947 to 923+16 Ma. Two

main age populations are defined at 487-527 Ma (n=40) with a peak at 508 Ma, and
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Figure 3-8 U-Pb concordia and probability diagrams of zircon ages from the Nigiuhe Formation.

The inset figures within each U-Pb Concordia diagram show zircon grains with ages of 400—600

Ma
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536-608 Ma (n=30) with a peak at 576 Ma (Figs. 3-8a and b). Meanwhile, five
zircons yielded ungrouped ages of 449, 678, 794, 892 and 923 Ma (Figs. 3-8a and b).
3.1.2.2 Narenbaolige area

The sample was selected from wavy beddings bearing sandstone (Fig. 3-5a).
Most of zircon grains are subhedral to subrounded, ranging from 40 to 80 pm in width
and 50-200 pm in length (Fig. 3-7b). Most zircon grains display oscillatory growth
zoning, while a small proportion shows inherited cores and rims (Fig. 3-7b). Except
two grains with Th/U ratio less than 0.1, all other zircons show high Th/U ratios from
0.11 to 1.09, indicating magmatic origin. Among a total of 75 U-Pb analyses, 67 of
them are concordant and yielded ages ranging from 453+6 Ma to 2227+14 Ma (Figs.
3-8c and d). These grains fall into two main age populations at 453-581 Ma (n=49)
with two peaks at 459 Ma and 512 Ma, and 669-917 Ma (n=17) with peak at 794 Ma
(Figs. 3-8c and d). In addition, one grain yielded ages of 2227+14 Ma.
3.1.2.3 East-Ujimgqin area

The sample was selected from fossils-bearing yellow sandstone (Fig. 3-6a). The
zircon grains are euhedral to subhedral, ranging from 50-100 um in width and 80 to
150 pum in length with oscillatory growth zoning (Fig. 3-7c). Except one grain
showing Th/U ratio of 0.04, all other zircons show high Th/U ratios from 0.13 to 0.91,
indicating magmatic origin. Among a total of 74 analyses, eight analyses were
discarded because of high discordance, and one grain (#2325-20 with age of 214+3)
was also discarded. The 65 concordant analyses yielded ages ranging from 394+6 Ma
to 2018+45 Ma (Figs. 3-8e and f). Broadly, the grains fall into three age populations at
394-495 Ma (n=37) with a peak at 435 Ma, 505-546 Ma (n=15) with peak at 511 Ma,
and 778-1078 Ma (n=11) with a small peak at 959 Ma, respectively (Figs. 3-8¢ and f).
Meanwhile, two zircons yielded ages of 624 and 2018 Ma (Figs. 3-8e and f).

3.1.3 Provenance analyses

The detrital-zircon dating results presented above give us new clues to trace the
provenance of these sediments and decipher the tectonic evolution. All these three

Devonian samples display similar distributions in zircon-age probability diagrams,
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characterized by predominant Early Paleozoic groups at ~440 Ma and ~510 Ma, and
subordinate Neoproterozoic groups at ~570 Ma, ~800 Ma and ~950 Ma, respectively,
with only few pre-1.0 Ga grains (Figs. 3-8 and 3-9a). It indicates relatively stable
provenance for this belt during the Devonian.

The most striking feature of zircon-age distribution for this study is the
predominant peak age at ~510 Ma (Fig. 3-9a). This significant age group was well
documented from the EKB (Wu et al., 2005; 2012) and AXXB (Figs. 3-9b and 3-9c;
Liet al., 2011; Han et al., 2011) by geochronological studies of granitoids and clastic
rocks, which was considered as the orogenic related magmatic event due to the
collision between the EKB and AXXB (Wu et al., 2005). Furthermore, this age group
has also been revealed by zircon studies of igneous rocks from northwestern-central
Mongolia (Fig. 3-9d; Rojas-Agramonte et al., 2011), central Mongolia (Demoux et al.,
2009a), and southern Mongolia (Demoux et al., 2009b), and by detrital-zircon studies
from northwestern Mongolia (Kelty et al., 2008) and central Mongolia (Bussien et al.,
2011). Most of the ~510 Ma zircons display Th/U ratios higher than 0.1, implying that
these zircon grains probably came from the Cambrian magmatic rocks exposed on the
EKB, AXXB or/and the Mongolian blocks. Moreover, it was noticed that four zircons
from Sample 100826-01 and one zircon from Sample 100723-23 present Th/U ratios
less than 0.1 and U-Pb age of 497-517 Ma, showing the same feature with zircons
from Pan-African events in the northeastern margin of the EKB and AXXB (Zhou et
al., 2011a,b; Zhou and Wilde, 2013).

The age peak of ~440 Ma may represent the regional Early Paleozoic magmatic
event. Two Early Paleozoic magmatic events have been documented from nearby
blocks. After the amalgamation of the EKB and AXXB at the Cambrian, the Early
Paleozoic post-collisional magmatic intrusions from ~490 to ~ 440 Ma were taken
place on the newly formed EXB (Wu et al., 2005; Ge et al., 2005; Sorokin et al., 2011;
Ren et al., 2012; Guo et al., 2013). To the south, the Early Paleozoic Baolidao arc
magmatism at the southern margin of the AXXB was dated at 498-415 Ma (Jian et al.,

2008; Xu et al., 2013). These two kinds of magmatic rocks can both be considered as
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provenance regions for this zircon group. Notably, only one zircon from the western
Chaganaobao Devonian sample (100826-01) presents an age around this age peak,
with the main age group at 508 Ma (Fig. 3-8a), indicating that the main provenance
for the Devonian strata therein could be the EXB. However, the percentage of the
Early Paleozoic zircon grains increases eastwards (Figs. 3-8b, 3-8d and 3-8f). The
easternmost Devonian sample from West Ujimgqin (100723-23) presents the main age
peak at 435 Ma, which is most likely from the southern Baolidao magmatic arc. This
eastward tendency indicates that the contribution of the Baolidao arc to the
provenance of Devonian strata increases from west to east.

The Neoproterozoic peaks (800-1000 Ma) are subordinate in our results (Fig.
3-8), and they cannot be used as an effective provenance indicator because this peak
age represents the universal basement of nearly all blocks between NCC and Siberia
Block (SIB). Neoproterozoic alkaline plutons have been identified from the EKB with
the age of 950-737 Ma (Wu et al., 2011; Tang et al., 2013), which represent an
extensive environment (Tang et al., 2013). For the eastern Jiamusi Block, gneisses and
granitoids with the age of 913-777 Ma were reported at its western margin (Xie et al.,
2008). This Neoproterozoic basement was also identified from the SHB by
detrital-zircon dating of Late Neoproterozoic-Cambrian metasedimentary rocks (Xu et
al., 2013; Wang et al., 2013). For the AXXB, ca. 900 Ma gneisses were reported along
the China-Mongolia border (Wang et al., 2001; Y.Z. Zhou et al., 2013). The ca. 950
Ma magmatic events were also recorded in the central and southern Mongolia (Kroner
et al., 2007, Demoux et al., 2009b). To the northern Tuva-Mongolia Block, a
magmatism of the same age was also reported along the southern margin of SIB
(Kuzmichev et al., 2001; Gladkochub et al., 2007). These universal Neoproterozoic
magmatic rocks in these blocks correspond to an important global magmatic event,
which may be related to the assemblage and break-up of Rodinia supercontinent (Li et
al., 2008).

In summary, the results presented above indicate bidirectional provenances from
the EXB to the north and the Early Paleozoic Baolidao arc to the south for the

Ordovician-Devonian deposition. It provides new evidence to decipher the tectonic
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evolution of this region.
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Figure 3-10 a, Sketch geological map of Sunidzuoqi area; b, Geological map of Naomuhuni area,

south of Sunidzuoqi County
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Figure 3-11 Stratigraphic section of the Upper Devonian Seribayanaobao Formation

in the south of Sunidzuoqi County

3.2.2 Detrital zircon geochronological study
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Figure 3-12 Photographs of the Upper Devonian Seribayanaobao Formation in south of

Sunidzuoqi County: a, unconformity between basal conglomerate and ophiolitic mélange, b, the
basal conglomerate, ¢, photomicrograph of conglomerate with schist clastics, d, photomicrograph
of sandstone with schist clastics, e, limestone interlayer; f, photomicrograph of the bioclastic

limestone
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Figure 3-13 Cathodoluminescence (CL) images, Concordia diagram and probability plot diagram

of zircons from the Seribayanaobao Formation in south of Sunidzuogi County

3.3 Southern Orogen
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Figure 3-15 Stratigraphic section of the Lower Devonian Naging Formation in Ondor
Sum area: a, sandstone in the lower part; b, siltstone in the upper part with limestone

lens

3.4 Summary of this chapter
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Chapter 4 Carboniferous sedimentology features and detrital

zircon geochronology
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Figure 4-1 (a) Location of the Altaid /Central Asian Orogenic Belt (CAOB) (compiled from
Sengor et al., 1993, Windley et al., 2007). (b) Sketch geological map of central Inner Mongolia
showing the main tectonic units: three blocks (North China Craton, Songliao-Hunshandake Block
and Airgin Sum-Xilinhot-Xing an Block) and two Early Paleozoic orogenic belts (Southern
Orogen and Northern Orogen) (compiled from Jian et al., 2008, Xu et al., 2013). The
Carboniferous strata, highlighted in this map, are compiled from IMBGMR, (1991). Note that they

cover on the three blocks.
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Figure 4-2 Stratigraphic section of the Upper Carboniferous-Lower Permian Baoligaomiao
Formation in Chaganaobao area. a, pebbly coarse-grained sandstone; b, volcanic breccias

interlayer; c, red siltstone; d, the top conglomerate
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4.1 China-Mongolia border area-terrestrial deposits
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Figure 4-3 Stratigraphic section of the Upper Carboniferous-Lower Permian Baoligaomiao
Formation in Baiyintuga area: a, horizontal beddings in red sandstone; b, red sandstone; c,

limestone lens within sandstone; d, conglomerate interlayer
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4.2 South of Inner Mongolia area-inland sea deposits

The Carboniferous strata, especially the Late Carboniferous ones, are widespread
in central Inner Mongolia and crop out in the three blocks of this region (Fig. 4-1b).
Along the Northen Orogen, they conformably covered the Late Devonian molassic
deposits (Xu et al., 2013). While, they unconformably covered the Late Silurian-Early
Devonian molassic deposits along the Southern Orogen (IMBGMR, 1991). We
selected five typical sections for sedimentological studies. The positions of these five
sections are marked in Fig. 4-1b. The stratigraphic framework in central Inner
Mongolia has been constrained by several geological mapping projects, and
paleontological studies (Li et al., 1996 and references therein), which provide a
control on the timing and duration of the Carboniferous sedimentation. The relative
chronostratigraphic framework for each locality is illustrated in Fig. 4-8. The Early
Carboniferous deposits can only be identified in Sunidzuoqi and Aohanqi (Fig. 4-8).
However, the Late Carboniferous strata, represented by Benbatu and Amushan
formations, or Jiadaogou and Jiujuzi formations, are widespread in central Inner
Mongolia (Fig. 4-8). Their detailed lithofacies and sedimentary environment will be

discussed below.
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Figure 4-8 Comparison of stratigraphic sequences of the five locations in central Inner Mongolia,

with sandstone samples for detrital zircon dating illustrated.

4.2.1 Sedimentological studies and facies analyses

4.2.1.1 Sunidzuoqi section

The Sunidzuoqi section (S-1 in Fig. 4-1b), located along the Northern Orogen

(Fig. 1b), and developed above the Late Devonian molassic conglomerate-sandstone,

which unconformably overlay the ophiolitic mélange (Xu and Chen, 1997; Xu et al.,

2013). The Sunidzuoqi section is composed of, from bottom to top, Lower

Carboniferous Gouhudag and Nomgenhudag formations, and Upper Carboniferous

Benbatu and Amushan formations (Fig. 4-8).
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Figure 4-9 Stratigraphic sequence and photographs of the Carboniferous strata in Sunidzuoqi

(S-1 in Fig. 1b). The position of each photograph is marked besides the column. a: purple lithic
sandstone; b: inclined bedding; c: wavy bedding; d: bedding-parallel mud nodules; e: inclined
bedding; f: flat bedding, g: limestone with sandstone breccias; h: bioclastic limestone. The legend

is used for Figure 3 to figure 7.

56



Chapter 4 Carboniferous sedimentology and detrital zircon dating

o ol

Amushan Fm.
2590m

Upper Carboniferous

136m _

Benbatu Fm. ]

Hailasiamu Fm.
380m

Figure 4-10 Stratigraphic sequence and photographs of the Carboniferous strata in Ondor Sum
(S-2 in Fig. 1b). The position of each photograph is marked besides the column. a: quartz-rich
coarse sandstone; b: thin-layered black siltstone; c: plant fossils within black siltstone; d:
large-scale cross bedding; e: sandstone interbedded with mudstone; f: massive sparite and
bioclastic limestone; g: fusulinids within limestone; h: pebbly sandstone layers within limestone

sequence.

The 886 m-thick Gouhudag Formation is composed of purple lithic sandstone at
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the lower part (Fig. 4-9a), yellowish sandstone at the upper part (Fig. 4-9b), and 40
m-thick limestone on the top. Inclined beddings can be observed in the sandstone part
(Fig. 4-9b). The clastic materials, especially for the lower lithic sandstone, are mainly
composed of polycrystalline lithic fragments, which originated from magmatic rocks,
implying a possible provenance from nearby orogenic belt. The overlying
Nomgenhudag Formation, with a thickness of 391 m, is characterized by sandstone
interbedded with siltstone in the lower part, and laminated mudstone in the upper part
(Fig. 4-9). This formation yields abundant sedimentary structures, such as wavy
bedding (Fig. 4-9c¢), bedding-parallel mud nodules (Fig. 4-9d), inclined bedding (Fig.
4-9e) in sandstone, and flat bedding (Fig. 4-9f) and lamina in siltstone and mudstone.
All these sedimentary structures indicate an alternation of turbulent and stable
hydrodynamism.

Different from the Lower Carboniferous terrigenous sediments, the Upper
Carboniferous Benbatu and Amushan formations are mainly composed of marine
limestone with a few siltstone interlayers (Fig. 4-9). The base of Benbatu Formation is
marked by the brecciated limestone with sandstone breccias of 2-10 cm in length (Fig.
4-9¢), indicating an erosional basal contact. Following that, 0.2-1 m-thick beds of
sparite and 0.1-0.5 m-thick beds of bioclastic limestone (Fig. 4-9h) are interbedded,
with fossils of corals, fusulinids and crinoids. The upper part of the Benbatu
Formation comprises 762 m-thick of rhyolite, dacite, basalt and tuff, with bimodal
geochemical features consistent with an extensional setting (Tang et al., 2011).
Following the volcanic rocks, the basal limestone of Amushan Formation contains
pebbles of underlying volcanic rocks, also indicating an erosional contact, followed
by interbedded sandy limestone, bioclastic limestone and sparite with fusulinids and
crinoids (Fig. 4-9). These two limestone-dominated strata represent carbonate
platform deposition.
4.2.1.2 Ondor Sum area

The Ondor Sum section (S-2 in Fig. 4-1b), located along the Southern Orogen
(Fig. 4-1b), is composed of Upper Carboniferous Hailasiamu, Benbatu and Amushan

formations, which unconformbly covered the Lower Devonian Xibiehe Formation
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(Fig. 4-8).

The 380 m-thick Hailasiamu Formation is composed of quartz pebble bearing
quartz sandstone interbedded with black siltstone in the lower part (Fig. 4-10a), and
black siltstone in the upper part (Fig. 4-10b). Abundant plant fossils can be found in
several black siltstone layers (Fig. 4-10c). The whole sequence represents a transition
from fluvial to lacustrine facies deposition. The Benbatu Formation is not well
developed in this area with only 136 m-thick fusulinids-bearing limestone (Fig. 4-10),
representing carbonate platform deposition.

The 2590 m-thick Amushan Formation can be divided into three continuous
sequences according to rock types. The lower clastic sequence is composed of
massive coarse sandstone with large cross bedding in the lower part (Fig. 4-10d),
followed by sandstone interbedded with mudstone in the upper part (Fig. 4-10e),
representing an upward fining sequence from tidal flat with high water energy to
littoral sea. The middle carbonate sequence consists mainly of massive sparite and
bioclastic limestone, with abundant of fusulinids (Figs. 4-10f and 4-10g), indicating a
platform deposition. Several sandstone and pebbly sandstone layers, which represent
the input of terrigenous materials, can be found within the limestone sequence (Fig.
4h). The upper clastic sequence is composed of quartz sandstone, siltstone and
limestone, with important lateral variations.
4.2.1.3 Aerbaolage area

The Aerbaolage section (S-3 in Fig. 4-1b), located to the north of the Northern
Orogen (Fig. 4-1b), is composed of Upper Carboniferous Benbatu and Amushan
formations (Fig. 4-8).

The Benbatu Formation starts with a 45 m-thick basal conglomerate, but the
underlying formation is unknown. The gravels are rounded to sub-rounded, poorly
sorted of 2-20 cm in diameter, with solo composition of felsic volcanic rocks (Fig.
4-11a). These features indicate an alluvial facies proximal rapid accumulation, which
can be considered as molassic deposition. Following that, the 72 m-thick lithic coarse
sandstone consists of mainly low mature fragments, such as lithic and feldspar, also

indicating a proximal deposition. The 765 m-thick limestone is thick bedded, in which
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Figure 4-11 Stratigraphic sequence and photographs of the Carboniferous strata in Aerbaolage
(S-3 in Fig. 1b). The position of each photograph is marked besides the column. a: conglomerate
at the bottom of Benbatu Formation, b. corals within limestone layers, c: yellow siltstone at the
top of Bentabu Fromation, d: horizontal bedding, e: soft sediment deformation; f: coarse
sandstone interbedded with sandstone; g: cross bedding; h: the contact between black siltstone
and massive sandstone.
shallow marine fossils, e.g., corals (Fig. 4-11b), brachiopods and crinoids have been
found. These fossils well assign the strata to the Upper Carboniferous (IMBGMR,

1991). Then the limestone is covered by yellow siltstone (Fig. 4-11c). The whole
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Benbatu Formation represents a fining upward sequence from basal conglomerate to
littoral carbonate and clastic deposition.

Following the Benbatu Formation, the lower part of the Amushan Formation is
composed of tuff and siltstone with horizontal beddings (Fig. 4-11d), which are
interbedded with quartz sandstone. Wave beddings and soft sediment deformation can
be observed (Fig. 4-11e), indicating turbulent environment. The middle part consists
of mainly massive coarse sandstone interbedded with sandstone (Fig. 4-11f), with
cross beddings (Fig. 4-11g), representing a near shore strongly turbulent environment
with sufficient terrigenous material input. The upper part of this formation is
composed of thick layered (1-3 m) sandstone interbedded with thin-medium layered
(5-30 cm) black siltstone-mudstone (Fig. 4-11h), which may represent periodic sea
level change. Wave beddings and horizontal beddings in siltstone and mudstone
represent transgression and relative low water energy. While thick layered sandstone
and plant debris indicate regression and turbulent water environment. Within the top
limestone, abundant shallow marine fossils, e.g. brachiopods, corals and
lamellibranches, have been observed (IMBGMR, 1991).
4.2.1.4 West-Ujimgqin area

The West-Ujimgin section (S-4 in Fig. 4-1b), located along the Northern Orogen
(Fig. 4-1b), consists of the Upper Carboniferous Benbatu and Amushan formations
(Fig. 4-8).

The 490 m-thick Benbatu Formation is composed of conglomerate at the bottom,
several fining upward cycles in the lower part and limestone in the upper part. The
basal conglomerate represents a regional unconformity, which covered the underlying
metamorphic basement (Bao et al., 2006). The fining upward cycles contain
conglomerate-coarse sandstone-sandstone at the bottom and sandstone-siltstone-
mudstone at the top, representing a fining upward sequence (Fig. 4-12a), which
indicate a gradual transgression (Bao et al., 2006). Inclined beddings can be found
within the coarse quartz-sandstone layers (Fig. 4-12b), showing turbulent
environment. The blue thin-layered limestone contains numerous brecciated

intraclasts (Fig. 4-12¢) and fossil debris with soft sediment structures, also indicating
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Figure 4-12 Stratigraphic sequence and photographs of the Carboniferous strata in West-Ujimqin
(S-4 in Fig. 1b). The position of each photograph is marked besides the column. a: fining upward
sequence at the bottom of Benbatu Fromation, b: inclined bedding in coarse sandstone; c:
brecciated intraclasts in limestone; d: basal conglomerate at the bottom of the Amushan
Formation, e: intraclast limestone and Crinoidea therein; f: inclined bedding in sandstone; g: soft

sediment deformation; h: coarse sandstone with mud breccias.

Following the Benbatu Formation, the Amushan Formation starts with a basal

conglomerate with pebbles of the underlying sandstone and limestone (Fig. 4-12d),
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indicating an erosional contact, which may represent a regional regression. After 70
m-thick interbedded sandstone and limestone, carbonate deposits dominate the lower
sequence with shallow marine fossils, e.g., corals, fusulinids and crinoids,
representing a stable platform deposition. The upper part of this carbonate sequence is
composed of intraclast limestone and sandy intraclast limestone (Fig. 4-12¢), which
indicate high energy mid-ramp deposits (Burchette and Wright, 1992). The upper
clastic sequence is composed of conglomerate at the bottom, followed by sandstone
and siltstone. Inclined beddings and soft sediment deformation are pervasive in the
sandstone layers (Figs. 4-12f and 4-12g), indicating near shore deposition, which is
also indicated by plant fossil debris found within the sandstone. Then, mud breccias
are found within the low maturity yellow coarse feldspar-quartz sandstone (Fig.
4-12h), indicating a near shore deposition environment, possibly affected by storms.
4.2.1.5 Aohanqi area

The Aohanqi section (S-5 in Fig. 4-1b), located to the south of the Southern
Orogen (Fig. 4-1b), is composed of the Lower Carboniferous Houfangshengou
Formation and Upper Carboniferous Jiadaogou and Jiujuzi formations (Fig. 4-8).

The 1230 m-thick Houfangshengou Formation is composed of blue-grey
thick-bedded limestone (0.3-1.5 m, Fig. 4-13a) with thin layers of siltstone
interstratified in the upper part (Fig. 4-13b). The striking feature of this sequence is
the abundant of shallow marine fossils, such as coral, crinoids, fusulinids and
brachiopoda (Fig. 4-13c). The massive stratified beds and abundant corals represent
reef limestone deposited on a carbonate platform (e.g. Coniglio and Dix, 1992). On
the top of this formation, nodular limestone shows sea level fall, and significant
energy fluctuations.

The 1054 m-thick Jiadaogou Formation is composed of 10-20 cm-thick bedded
limestone interbeded with sandstone and siltstone (Figs. 4-13d and 4-13¢). The most
important difference from the underlying Houfangshengou Formation is the
significant increase of siliciclastic materials. Meanwhile, brachiopodas, instead of

corals, became the main fossils in this formation.
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Figure 4-13 Stratigraphic sequence and photographs of the Carboniferous strata in Aohanqi (S-5
in Fig. 1b). The position of each photograph is marked besides the column. a: massive limestone;
b: siltstone interlayer within limestone, c: corals in limestone; d: thin-bedded bioclastic limestone;
e: limestone interbedded with siltstone; f: fining upward sequence of the Jiujuzi Formation

sandstone; g: plant fossils in black shale; h: burrows in black shale.

The Jiujuzi Formation is 700 m thick with quartz sandstone interbedded with

plant fossil-bearing black mudstone (Fig. 4-13). From bottom to top, the thickness of
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black laminated mudstone increases from centimeter to meter scale, showing a
thinning upward sequence. The quartz sandstone is medium- to thick-bedded with
graded bedding (Fig. 4-13f). The angular to subangular quartz grains are of 2-5 mm in
diameter and from grain supported at the bottom to matrix supported on the top (Fig.
4-13f). The black shale is laminated or homogeneous with abundant burrows and
plant fossils (Figs. 4-13g and 4-13h). The basal contact with quartz sandstone is sharp
whereas the upper contact is mainly erosive which shows a high energy environment
when the coarse sandstone deposited. The quartz sandstone-shale sequence of Jiujuzi
Formation is interpreted to represent the meandering fluvial deposits, characterized by
thinning upward quartz sandstone-shale sequence, abundance of borrows and wood
fossils (Hendrix et al., 1996; Prothero and Schwab, 2003). The quartz sandstone
deposited in the flood period. The high energy streams bring coarse grains, cutting the
former black shales, and forming an erosive contact. As the flood weakened, the
amount of fine-grain material increased, developing graded beddings in the sandstone
beds. After the flood, black shale deposited on the floodplain with mollusk burrows

and plant grown.
4.2.2 Detrital zircon geochronological study

In order to determine the age and provenance of these Carboniferous strata,
detrital zircon U-Pb dating was carried out on sandstone samples from each locality
(Fig. 4-1b). The detailed information and location of each sample are given in Table 1,
and Fig. 4-1b, respectively.

Table 4-1 Summary of sandstone sample for detrital zircon dating

Number Location GPS Formation Tectonic division
090711-31 Sunidzuoqi 43°28'58"N; 113°32'17"N Nomgenhudag Fm. between NOB and SOB
100624-25 Ondor Sum 42°22'13"N; 113°08'05"N Amushan Fm. South of SOB
130615-04 Aerbaolage 44°58'43"N; 117°10'15"N Bentabu Fm. North of NOB
100701-23 West-Ujimqin 44°15"29"N; 117°49'59"N Amushan Fm. North of NOB
130622-01 Aohangqi 42°3426"N; 119°4921"N Jiadaogou Fm. South of SOB

4.2.2.1 Lower Carboniferous sandstone from Sunidzuoqi (#090711-31)

This sample was collected from the upper part of the Lower Carboniferous
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Nomgenhudag Formation. The zircon grains are euhedral to subhedral in shape, with
30-70 pm in width and 50-90 pm in length. Most grains show oscillatory zoning and
some old grains show bright to grey cores with weak oscillatory growth zoning (Fig.
4-14a). Totally, 75 grains were analyzed with 69 concordant results (<10%
discordance and most <5%). The Th/U ratios range from 0.23 to 1.35, characteristic of
an igneous origin. The 69 concordant analyses yielded apparent ages ranging from
328+4 Ma to 2894+27 Ma and fell into two main age populations: 328-503 Ma (n=53)
with main peak at 430 Ma and secondary peak at 348 Ma; 705-1313 Ma (n=13)
without peak age (Fig. 4-15a, b). In addition, one Archean and two Paleoproterozoic
grains yielded **’Pb/**°Pb ages of 2894+27 Ma, 1631+31 Ma and 1581+106Ma,
respectively.
4.2.2.2 Upper Carboniferous sandstone from Ondor Sum (#100624-25)

The sample was collected from the lower part of the Upper Carboniferous

Amushan Formation. The zircon grains are euhedral to subhedral, ranging from 40-60
( 352Ma  364Ma 427Ma 467Ma  804Ma 1113Ma  2894Ma

Dy
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Figure 4-14 Cathodoluminescence (CL) images of selected detrital zircons from each sample. The

circles represent U-Pb analytical sites with numbers in the circles and ages presented below.
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Figure 4-15 U-Pb concordia and probability diagrams of zircon ages of the five sandstone. The

inset figures within each U-Pb Concordia diagram show zircon grains with ages of 250-500 Ma.
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um in width and 50-100 um in length with oscillatory growth zoning (Fig. 4-14b). A
total of 75 zircons were analyzed and 71 of them were concordant. The Th/U ratios
range from 0.37 to 1.99, indicating a magmatic origin. Among the 71 concordant
analyses, 70 of them yielded apparent ages ranging from 403+5 Ma to 496+5 Ma,
with a peak age of 443 Ma (Fig. 4-15c, d). Only one grain yielded an age of 1136+29
Ma.

4.2.2.3 Upper Carboniferous sandstone from Aerbaolage (#130615-04)

The sample was collected from the lower part of the Upper Carboniferous
Benbatu Formation. The zircon grains are euhedral, ranging from 40-60 um in width
and 80-200 um in length with well developed oscillatory growth zoning (Fig. 4-14c).
Seventy-three of the total 75 analyzed zircons were concordant. The Th/U ratios range
from 0.34 to 1.34, indicating magmatic origin. The 73 concordant analyses fell into
only one age population, ranging from 28343 Ma to 353+5 Ma, with a peak age of
307 Ma (Fig. 4-15e, 1).
4.2.2.4 Upper Carboniferous sandstone from West-Ujimqin (#100701-23)

The sample was collected from the lower part of the Upper Carboniferous
Amushan Formation. The zircon grains are euhedral to subhedral, ranging from 40-60
um in width and 50-150 pum in length with fine-scale oscillatory growth zoning (Fig.
4-14). Seventy of the total 75 analyzed zircons were concordant, with the Th/U ratios
ranging from 0.15 to 1.41, indicating a magmatic origin. The 70 concordant analyses
yielded apparent ages ranging from 283+3 Ma to 245049 Ma and fell into one main
age population of 283-498 Ma (n=61), with age peaks of 313 Ma and 412 Ma (Fig.
4-15g, h). In addition, 9 Precambrian grains yielded ages from 545+5 Ma to 245049
Ma without peak age (Fig. 4-15g, h).
4.2.2.5 Upper Carboniferous sandstone from Aohangqi (#130622-01)

The sample was collected from the lower part of the Upper Carboniferous
Jiadaogou Formation. The zircon grains are euhedral to subhedral, ranging from
40-80 pm in width and 50-150 um in length with well-developed oscillatory growth
zoning (Fig. 4-14e). Totally, 73 of 75 analyzed grains gave valid results, all of which

were concordant. The Th/U ratios range from 0.15 to 1.72, indicating magmatic origin.
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The concordant zircons yielded apparent ages ranging from 305+4 Ma to 2559+17 Ma
and fell into one main age population of 305-483 Ma (n=70), with age peaks of 384
Ma (Fig. 4-151, j). In addition, 3 Precambrian grains yielded ages at 2458+10 Ma,
2488+10 Ma and 2559+17 Ma (Fig. 4-151, j).

4.2.3 Sedimentological comparison and correlation
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Figure 4-16 Tentative correlation diagram for the five sections analyzed in this study. See Figure
1b for locations of each section. Correlations were established by tracing similar beds in the field.
Five sedimentary stages were distinguished according to different rock assemblages and
sedimentary facies. a: Unconformity between Upper Devonian conglomerate and ophiolitic
mélange in Sunidzuoqi (from Xu et al., 2013); b: Unconformity between Upper Carboniferous
conglomerate and ophiolite in Aerbaolage (from Zhang et al., 2012); c¢: Unconformity between

Upper Carboniferous limestone and ophiolitic mélange in Ondor Sum.

The sedimentological analyses demonstrate a basal contact of most of the Late
Carboniferous strata with the underlying Precambrian basement and Early Paleozoic
arc magmatic rocks. A tentative composite lithostratigraphic correlation of the

Carboniferous strata in central Inner Mongolia based on the similarities in lithologic
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assemblages, fossils and detrital zircon U-Pb dating results is illustrated in Fig. 4-16.
Five main sedimentary stages are distinguished.
4.2.3.1 Basal molassic deposition

Two unconformities have been identified along both the southern and northern
orogens, which postdated these two orogenic events before the Late Silurian and Late
Devonian, respectively (Tang, 1990; Xu et al., 2013). Along the Southern Orogen, the
Late Silurian- Early Devonian molassic sediments of Xibiehe Formation covered the
metamorphic basement and ophiolitic mélange unconformbly (Tang, 1990; Li et al.,
1996; Zhang et al., 2010). After that, the whole region along the Southern Orogen
became a subaerial environment without sediments until the Late Carboniferous. For
the Northern Orogen, the ophiolitic mélange was unconformably covered by the Late
Devonian conglomerate of Seribayanaobao Formation, identified from the Sunidzuoqi
area (Fig. 4-16a; Xu et al., 2013). Started with the Late Devonian terrestrial molassic
conglomerate, the sequence became fining upward into the Early Carboniferous
littoral terrigenous lithic sandstone and siltstone (Figs. 4-9 and 4-16).

At the beginning of the Late Carboniferous, an extensive transgression occurred
after the Silurian-Devonian orogenic events (IMBGMR, 1991), producing the
molassic-like deposition at the bottom of Late Carboniferous strata in several
localities of central Inner Mongolia, e.g. Ondor Sum, Aerbaolag and West-Ujimqin
(Fig. 4-16). In the Ondor Sum area, the lowermost Hailasiamu Formation, which
unconformably covered the Xibiehe Formation (IMBGR, 1976), is mainly composed
of fluvial coarse quartz-sandstone and plant fossils bearing lacustrine black siltstone,
indicating a terrestrial deposition (Fig. 4-16). In the Aerbaolage area, although no
direct unconformity was observed, the basal conglomerate of the Benbatu Formation
can be considered as molassic deposition, with abundant volcanic boulders and
pebbles (Fig. 4-11a). Meanwhile, the unconformity between the Late Carboniferous
basal conglomerate and ophiolite was identified in the Aerbaolage area (Fig. 4-16b;
Zhang et al., 2012). In the West-Ujimqin area, the basal conglomerate of Benbatu
Formation unconformably covered the Precambrian Xilinhot metamorphic complex

(Bao et al., 2006), also showing a molassic-like feature. However, for the Aohangqi
70



Chapter 4 Carboniferous sedimentology and detrital zircon dating

area, the Early Carboniferous started from carbonate deposits and the basal sediment
is unclear, as no pre-Carboniferous sediment was identified here.
4.2.3.2 First stage of carbonate platform deposits

After the fining upward molassic deposition, the entire region came into a
carbonate platform environment, represented by the Benbatu Formation limestone,
which is characterized by abundant shallow marine fossils, e.g. fusulinids, corals,
brachiopods (Fig. 4-16). The Benbatu Formation from the Sunidzuoqi, Ondor Sum,
Aerbaolage and West-Ujimqin areas can be correlated by fusulinid combination. The
Profusulinella-Pseudostaffella and Fusulina-Fusulinella zones characterize the lower
and upper parts of the Benbatu Formation (IMBGMR, 1991; Li et al., 1996).
Meanwhile, the Benbatu Formation can also be identified from the Siziwangqi and
Alukerqin areas, which are located on both sides of the Southern Orogen (Fig. 4-1b),
indicating that the transgression occurred in the whole central Inner Mongolia.
Furthermore, a direct unconformity between the Late Carboniferous limestone and
ophiolitic mélange was identified in the Ondor Sum area (Fig. 4-16¢), indicating a
transgressive overlap. During this stage, the whole area became into an extensive
inland sea, producing widespread carbonate deposits with similar shallow marine
fossils.
4.2.3.3 Terrigenous deposits and local volcanism within the carbonate platform

After the Benbatu Formation carbonate deposition, terrigenous clastic sediments
dominated this region with locally volcanic occurrence (Fig. 4-16). In the Aerbaolage
and Ondor Sum areas, thick-bedded coarse sandstone with large inclined beddings
and cross beddings (Figs. 4-10d and 4-11g) is situated at the bottom of the Amushan
Formation (Fig. 4-16). Furthermore, the high proportion of lithic and feldspar
fragments, combining with conglomerate interlayers, indicate their low maturity,
which might be deposited in an inland sea close to the provenance. In the
West-Ujimqin area, the limestone pebbles within the basal conglomerate of the
Amushan Formation indicate erosion of underlying carbonate deposition. In the
Sunidzuoqi-Sunidyouqi area, the Chagannur volcanic rocks are situated above the

Benbatu Formation limestone (Fig. 4-16). The geochemical features of the basalt and
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rhyolite indicate an extensional setting (Tang et al., 2011). During this stage, the
regional tectonics caused uplift and erosion of the underlying strata, producing clastic
deposits in the nearby basins.
4.2.3.4 Second stage of carbonate platform deposits

Represented by the Amushan Formation limestone, a new stage of carbonate
deposits overlay the terrigenous sediments (Fig. 4-16). Like the Benbatu Formation,
the Amushan Formation can also be correlated by fusulinid fossils, e.g., Triticites and
Pseudoschwagerina throughout the entire area (IMBGMR, 1991; Li et al., 1996; Shen
et al., 2006). The distribution of the Amushan Formation carbonate deposits is more
widespread than that of the Benbatu Formation, indicating the expansion of this
inland sea.
4.2.3.5 Post-carbonate terrigenous clastic deposition

Following the Amushan Formation carbonate deposition, diverse depositional
patterns occurred in central Inner Mongolia (Fig. 4-16). To the south of Sunidzuoqi, a
subaerial environment followed the Amushan limestone without deposition until the
Middle-Late Permian terrestrial conglomerate (Xu and Chen, 1997). In Ondor Sum,
Aerbaolage and West Ujimqin areas, shallow marine or littoral facies clastic deposits
overlay the Amushan limestone, and in turn were covered by the Early Permian
shallow marine facies deposits (Bao et al., 2006; Gong et al., 2013). In Aohanqi area,
the Upper Carboniferous carbonate-clastic sediments were followed by the Upper
Carboniferous Jiujuzi Formation terrestrial facies deposits, with Cathaysian flora and

coal seams therein (IMBGMR, 1991; Figs. 4-16 and 4-13h).
4.2.4 Carbonifeous provenance analyses

Detrital zircon age spectra of the five sandstone samples from the Carboniferous
rocks are dominated by Phanerozoic grains that exhibit two main age clusters with
peaks at 400-440 Ma and 310 Ma, and subordinate peaks at 340 Ma (Fig. 4-15). The
Early Paleozoic peak at 400-440 Ma was identified from samples near the northern

and southern suture zones, in Sunidzuoqi, Ondor Sum and West-Ujimgqin (Fig. 4-1b),
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Figure 4-17. Comparison of probability plots for our Carboniferous data from Sunidzuoqi (a) and
West-Ujimgin (b) with the Early Paleozoic data from Airgin Sum-Xilinhot-Xing 'an Block (AXXB)

(c; Zhao et al., 2014) and Songliao-Hunshandake Block (SHB) (d; Xu et al., 2013).
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where the Early Paleozoic arc magmatic rocks are widespread (Jian et al., 2008; Xu et
al., 2013; Zhang et al., 2013). This peak can also be traced from detrital zircon results
of the Early Paleozoic sediments in AXXB and SHB (Fig. 4-17). The 310 Ma age
peak was identified from the West-Ujimqin and Aerbaolag areas, where the Late
Carboniferous magmatic rocks were well exposed (Bao et al., 2007; Liu et al., 2009;
Xue et al., 2010), indicating that the local magmatic rocks were the main provenance
for these zircons. Furthermore, the age peak at 384 Ma is only presented by the
sample from Aohanqi, where the same age peak has been displayed from the
Devonian strata (Cheng et al., 2014). This unique age cluster may be related to the
Devonian syenitic complexes and mafic intrusions at the northern margin of the NCC
(Luo et al., 2001; Jiang, 2005; Zhang et al., 2010; Zhang and Zhai, 2010).

Precambrian zircon grains can be traced from four samples and statistically a
rigorous comparison is impossible because of the small number of grains (Fig. 4-15).
However, the predominant Meso- to Neo-proterozoic grains are most likely supplied
from the underlying AXXB and SHB, where such a Meso- to Neo-proterozoic
basement is well documented (Fig. 4-17; Zhang et al., 2012; Xu et al., 2013; Wang et
al., 2013; Zhao et al., 2014).

In summary, the detrital zircon dating results indicate that the provenances for
these Late Carboniferous strata were mainly local magmatic rocks with subordinate
input of basement clastics, indicating local erosion and proximal provenances. This
kind of detrital zircon distribution pattern indicates that the Carboniferous strata
deposited above the Precambrian basement of these three blocks and two Early
Paleozoic orogenic belts. Therefore, the Carboniferous strata are most likely deposited

in an inland sea above the welded block, but not in a wide ocean.

4.3 Summary of this chapter
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Chapter 5 Permian sedimentology features, geochemistry and

geochronology studies of magmatic rocks
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Figure 5-1 Distribution of Permian strata and intrusive rocks in central-eastern Inner Mongolia

(from IMBGMR, 1991)
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5.1 Sedimentological studies and facies analyses
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Figure 5-3 Stratigraphic sequence of the Zhesi Formation in Sunidzuoqi: a and b, the bottom

conglomerate of Zhesi Formation
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Figure 5-5 Phtotgraphs of the Lower Permian Sanmianjing Formation in Ondor Sum area: a, the
limestone pebbles within basal conglomerate; b, sandstone interbedded with limestone; c,
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Figure 5-6Phtotgraphs of the Lower Permian Hugete Formation in Ondor Sum area: a, the
horizontal beddings bearing siltstone; b, thin-bedded sandy limestone; c,coarse-grained
sandstone with cross beddings, d, conglomerate interbedded with rved siltstone, e, fusulinids within

limestone; f, sandstone interbedded with black siltstone on the upper part
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Figure 5-7 a and b Lower Permian Shoushangou Formation yellow siltstone in West-Ujimgin area;
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Visiftss . R G 1EEE 2 E, BJEE 126 m) IEERMRD S 5lis 52
NE, GERERAGZNERNA T CE4 22592, BEE 672m) K
BHEREYE . P KU & AT ZRTD S, 550 BALRA B les . IR
EVERHEAA TR R AU B, — By RIS, REEELE 1-5
em. WERRIAA SR E, BREPESE, 2 2R — AR BN o
HNGE ) B A BE S8 i o R D2 J2 v A K DR 56 2 1) i A2 S AN 3 B 40 = (&
5-9C): ZBONKE — RA A —H R b, BREEAE 5-15 cm. Je
KR b DA B KR & 6 duf A X0 T HoAh =B, 9 & D & R A (B
5-9D). =B LIKE kb a 5 R Oe s LENRE, MibE ZE)E 10-30 ecm, 6
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Figure 5-8 Cross section of middle Permian Zhesi Formation in the south of West Ujimgin

&

K 5-9 ETATAHEFSN ICRRIFIERE /e A-JZ IR RFEAn K s B-FEda e TR E R C- 7547
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Figure 5-9 Photographs of sedimentary characteristics in Zhesi Formation. A-thick bedded sparite;
B-grey bioclastic limestone; C-Brachiopoda and coral in thin bedded siltstone; D-bryozoon and
bivalve in argillo-calcareous siltstone; E-siltstone interbedded with black mudstone, with soft
deformation; F-the parallel black mudstone lens in the fine-grained sandstone; G- biohermal limestone

lens in the fine-grained sandstone; H-basal erosion scouring structure; I-conglomerate
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5-30m, PABRANE, NIERRA TR E 3-20 cm JEMKLRYE, BRAZERA N L
G R . BRI IRE — D —ibE — KB AR AN, REEE 2
m, 5 bEBRSRAESAL, SR E SRS (& 5-9H). BRAR/NES], KL
#£2-5cm, riEHhsE, BREZE, £ EEM—RBMRE 59D BRA LT
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AHERIR K 25 M IR BT (PR MR s 17 N R IR EE, DAPGHEMER R A s
fiE, REH - BLIRTFR.
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K5-10a, JEAUIAHZREOH DA b, EEBDETHIEYET
Figure 5-10 the Upper Permian Beidashan Formation black siltstone (a) and the plant fossils (b)
5134 E=&gdb KA

AR H AT T VE S BRI TR E, AR AR S CE T (A
5-10a), /D ERVAEMBRE, B 3700 K, SFEEHEWLA (B 5-100), A
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5.1.4 Linxi area

K 5-11 FROTHEIXHRDTARFIRA: a, #9105 TRVEE, b, ROFEIE, ¢, Hiba TRIKE
B d, I TBOR: e MO AT RTEILT, |, H O TR

Figure 5-11 Stratigraphic sequence and photographs of the Linxi Formation in Linxi
area: a, inclined beddings within siltstone; b, black mudstone, c, wavy beddings
within siltstone; d, wave ripple within siltstone, e, bivalve within black mudstone; f, plant
fossils with black mudstone

MPEHIX R E T —&g0s LA, 1 S5 KPAM L - S5mhkitd (K
5-2). T BGEHERLALZXMNKE KEE B, FEERN—EmMmAR RS
W& ke MBI, S BRURFUIY S . BRI G . T RS KRAT
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WA—EREORRE, BN GBI A I/ B SR A, TR ARG 6
R e =

VENMRTEHL X e AR IE, LB G TRAL) i2 040, DR PE AL S
HITH BRI . h—FJF 1L 4000 m BIRMJ BT, & & WA A AR KT
Fuf, REFEHAHTI . AT W — 20, NRAHER S TR (B 5-11;
Mueller et al., 1991). a2 FNEEE KPR EJRTUS b s, BOjis 2
HolReHER (B 5-11a), FB2> KA RR . BUIRVEE Ik B /N RHZEEAIK
FREA S (B 5-11b), K054, A aeARRIRBIARTR . mibd =l I
BORZBAPIR (Bl 5-11c, d), RFIKBITEERITHBITIR . BEfs il
WG YA (B 5-11e, ©, SoRFl IR AR A AL .
PRVE AL FIT IR B A0 B S A ORI G — S 12 X N i A DT A
55, BEE AN KU 7 BRI,

5.1.5 Keshiketengqi area

AT B X R B e B & R, B8 T 85, &%
HHREA ., EoSEAEA K F B askE T4 (E 5-2),
5151 FZ&GuE LA

To2giE LAy FEEE B LA R (B 5-12). THEA B ik
L AR SRR WG E BRI ARR A A, 1:20 J5 5 B S v 1
K FAE iR B b s, AR S T HRME AT BEAFAE AN RE S ARG R o AR R 52
L BT B i o T P DA TR A R BRI, AP, L EK
FHJLK (B 5-12ab), AIRER A T FARMAREICE M= o XA GTRURAE S
HEIHERT (Festa et al., 2010; 2012) LR SLRIERAE: 1. WA PN IR — kAR
R, EAAMN KRR JLAK, JRRENLER T AR e B s 2. WA
EVETEONICE, ATRER AT MR AR Z 3. W3R Yo B 5 i A ok
FZR I S S R, WA HOE S AR B 7% (Festa et al., 2010; 2012). fi%
JE B AR A FOR D 5 B, R NBRE AR 35 ROl RS B it
1R — R SRR e ]
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K 5-12 F5 11 I TR X7 R L 2 T2 B SRR ab BRI AL P KD ed 15K
HIZEA R LA 1) e, BRI ol A REA T L7 f, 3 A T — S I
W7 gh B ERA A

A= 5 = B

Figure 5-12 Stratigraphic sequence and photographs of the Qingfengshan and
Huanggangliang formations in Keshiketengqi area: a and b, limestone blocks within
sandstone; ¢ and d, basalt interbedded with rhyolite; e, tuffceous coarse-grained
sandstone at the lower part of Huanggangliang Formation, f, tuffceous sandstone; g

and h, alluvial conglomerate of Huanggangliang Formation
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KLrs B LA SO A v i T R T R T AR, ER Xl RECE
FEEACAH R, I WRSCE 5 XA E)E H (K 5-12¢,d). XZ s
EEFEEYR, RWMRIEE . MECENKAE, REMIENRE . MIHEAY
FUHLERALEAIT FORE T4 B 58 =5 VEAUR .

5.1.52 h - BY K RA

PR ARG HN T A T vo A s IS I R B R, RSB ST F 2 RiE R
W2 b NENERREEAR TR S, & RE KA TRA (B 5-12¢), TR
POUE IR T T ARIE R ZH . e BRLREAR A, A il — b PR b S (&
5-120). EECNIRE G AR S, IS REEEHEMBHLA, T 5t
(Sphenophyllum yujiaense Dong) ¥ £ 14 (Pecopteris orientalis )~ 5 /K ( Calamites
sp.) & (1:20 FFbJs B Ta AT Se B iEE ) . B4, RS IS TR B L
FANIEER NP4, AR BRI AR AZ BT o 78 S A 5 9 78 1L 51 T &
WAPRE DI, BRA 2 m-IR, WP ITE A NW300°-NW340° (& 5-12g,h), it
WAYIE ORI Sk B wEdLT .

B R AR R I A it A2 BARAIRE AR UORR, B R & B R T, K
BREEEEDBA
51.53 E &84
° s L ol

f e ™

K 5-13 ] I IX RTINS 2 a, R RI 5 58 R 2 1= b 7R
Yk
Figure 5-13 Photographs of Upper Permian Linxi Formation in Keshiketenggi: a, Sandstone
interbedded with black mudstone; b, thin-bedded black mudstone
FBGMIEALE XX A RS, (A5 ARTH XAR P — 5, AP R
EARE A (B 5-13). SO SRS R XM P 20 3 A SR BR ELEFE RN, iR
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M — 5 TH it AW 23 0 B A 2R TR
5154 F=B580E TH
PEFHAHI T A B X, B 1700 m, FEERORE . HD S K
W . SRR 25 300 m, AEEEE T T & 5uE Al A — S5
MAER a2 B, AR IRXIBABSH M JRERE Pk of B B R 7 e 58 %, ki
1 2-40 cm, ZRFELMERY, RO DA AL A v E (& 5-140), 8/ & K la
WawA, REMRBEMIIF (Chamyal et al., 1997; Kuhlemann and Kempf,
2002), BRETOREUREE, BA BRI, HERE, WA KE 2ERTIR,
FEAE I [E—J7 ) (& 5-14b), JIRARTTRR I SOBURRE . il u Bk SRR A 1)
B2, REZRHFRBETRAES (B 5-14c). EERAS Ny EARAD 45 i IR 20
MibE (B 5-14d), b ah RIEMNA, WAAK (Calamites sp.)~ FiZf
A (Pecopteris sp. )~ 7 214 (Taeniopteris sp.) FHRH (Sphenophyllum sp.) 25 (1:20
3 45T B S A e R T D, AR A Z R v AR TR
BE T BRI ERE AR A B TRR R A1 S g b b AR A 1) i AR T8 2O

N d.

RETH

HUEd, LA R IR

Figure 5-14 Stratigraphic sequence and photographs of the Tieyingzi Formation in Keshiketengqi
area: a, the basal conglomerate; b, pebbly coarse-grained sandstone, ¢, conglomerate

interbedded with coarse-grained sandstone; d, sandstone at the upper part
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FAR e . BRE T HNAE A OIS IR AR I, IR AN RS de AL T ARHE AN
RNAZ L, TREAER SR B 18] 2 R P R A

5.1.6 Aohanqi area

PO IX KB g AL AN —EGR e (& 5-2).
. : Kd ——

BRALE T

K 5-15 RBEHIX T = BZTF MU AFRE: a, #E 7B Az, b fllc, f1#H7
PRIIRFZEE, H 9 S TSR Pl 1 d, i e BTl e 7 e, KilletBe
FEBRIR ZIEE, |, K BRA AR X ER F

Figure 5-15 Stratigraphic sequence and photographs of the Qingfengshan Formation in Aohanqi
area: a, fine-grained conglomerate; b and c, large cross beddings, d, yellow mudstone on th top of
clastic sequence, e,basalt at the lower part of the volcanic sequence; f, grey rhyolite of the

volcanic sequence, with rhyotaxitic structure

93



Chapter 5 Permian sedimentology and geochemistry

5.1.6.1 F&giERILA

JERULH AT N NS A B BRI B P BUE 680m, FEHE
JEATRR A R A AR, TEENE 20 m GRS (K 5-15). FiNfas
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FUFHRFE (Ramos et al., 1986; Prothero and Schwab, 2003). A KIlIE BN X HE
FRACEMKLFEE G . ZilE BYUR, EEER, REMREE (B 5-15¢).
JOLFE S N R R YERORRE, &b BRR MRS . IRSCE NRAT, RS
G, AEEYOR (8 5-150 . 5 rat s e Kli2H ko s Bl il
KL [FIRE I R XU L R RE o
51620 _ERRGH

ROEHBES T MUERILAZ b, RAEEARTT 8 ETFREBL. FBOVIKR
MREAE—WEER, FBOVEEER.

TEBJE 1000 m, TFEEVKREGOME A MY S, KEFATZE (K 5-16a).
NIRRT R K S, & KE AT EB S AR E (B 5-16b), REKE
ORI KBRS AL . RIS BT Hha] Wb g A8, JF R 3009 s s
fiE (B 5-160)0 Ve K X SO RFIE S R TRR T 52 VR AR F SR (1 Y 288 .
HRIGH AN A AR, RE A R RIEIR TS R A B R I
DRVEEIE AR IO [ 7 O e AR P A

EREE A BIR 900 m, JKESABRE, BRAUAEMR, kB, W R
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F e, SRRy B IE R b s — s — e E A, JEEA R K &4
Jig [ B AR Bl 1) B AR B UTAR R 41, RELIE T o kb, AR i o S P s (I
5-16€) . Jie [ B IR & AR b 5 B 2 T T RIS 2 b, JER IR Al oG &,
ARG 5 TR BOR K S T3 56 JemFmab & REUZIR, IFR B R
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SV A (B 5-160. REH FBHZA B 2400 e B sk, M1k
AKRE, REHBFAHUIEL (Prothero and Schwab, 2003 ).

K 5-16 FCKBEHIX H — BHFCHIFNRE: a0, Tk -7 EHMPE: b, K ¢,
TR & TP EZ G d, e e, FOH LR IBIMZEHHIVCRFY: |, JEa T HIEIEAT
Figure 5-16 Stratigraphic sequence and photographs of the Middle Permian Suocang Formation
in Aohangi area: a, coarse-grained sandstone with parallel beddings; b, mudy limestone; c,
sandstone lens within mudy limestone; d,conglomerate, e fining upward sequence at the upper

part of Suocang Formation; f, plant fossils within black mudstone
5.2 Geochemistry and geochronology studies of magmatic rocks

5.2.1 Early Permian volcanic rocks

AR N, WS ARER &tk HREKlE, Db sl
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TR A ZEH AT R I UL 4H kA A3 . Zhang et al. (2008) 8 X AR K A4 2840
UG K LA AT AR AR 22 58, 13 3 R 04 9 280 Ma, HiER{L
FRFE R B LR T R o A TR A0 7 i i 2L S A I A
1 40 3K AT AR E AR AL 20T 7T, IR HL e R 3R 8
5.2.1.1 b=y m JE AR S

FHREEA KA R A A SR (B 5-17), AU Gmadts (K
5-18a) AT, KREMBRLHE (K 5-18b). AUERAIFR & K LA BUR IS, XF
WMEE A RS 100718-55)#E4T LA-ICP-MS U-Pb %E4F. #ifiHiki @, Th/U
N 0.57-2.04, KB REGaKAW, RIH G RBRREARE (B 5-19). 22 ik
A RERIER N 298.343.2Ma, N &M (& 5-19).

MR A R R, R SR AR E I m s ARSI Si0, SRR, fE
76.84%-78.28% . ALO; & EIKAK, 7E 12.06%-12.72% . KO & &K &, 1E
4.17%-4.69%. TiO, F &K, N 0.171%-0.194%. TFe,O3. CaO Fll MgO & &K,

l46° 112 1114 el .- M3 ’ 1120

N !f’ EHnd®
/ L

|

B -aewnsl —2ee s —BERR - KLE
W EoBHMUERS WH-BHEEERS — PEEREAE

K 5-17 5T 4 ml — B2 E G RA LT, oL il = B 27 it FT R e i —
BT A7
Figure 5-17 Distribution of Permian volcanic strata and intrusions in central-eastern Inner
Mongolia, showing two alkaline magmatic belt: the northern Early Permian alkaline magmatic

belt and the southern Middle Permian alkaline magmatic belt
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Figure 5-18 Photograph (a) and photomicrograph (b) of Baoligaomiao Formation rhyolite in

Baiyinwula area
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Figure 5-19 U-Pb zircon geochronology results of Baoligaomiao Formation rhyolite in
Baiyinwula area
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2014), JEAEHSARAELL MR R (] 5-20¢), Rb. Th. fl K 25 K& FEAILR
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Figure 5-20 Geochemistry diagrams of the Baoligaomiao Formation rhyolite in Baiyinwula area:
a, rock classification diagram; b, Chondrite-normalized REE patterns; c, primitive
mantle-normalized trace element spidergrams, d and e, Rb vs Y + Nb and Nb vs Y tectonic
discrimination diagrams of Pearce et al. (1984) and Pearce (1996). VAG, volcanic arc granites;

WPG, within-plate granites; COLG, collisional granites; ORG, oceanic ridge granites.
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Figure 5-24 Photograph and photomicrograph of basaltic andesite (a) and rhyolite (b) in

Keshiketengqi
0.051 a 312
} Mean = 294.6+1.6,95% conf.
308 |- |
n=23, MSWD=1.06
0.049 304 +
206Pb
0.047
0.045 |
110503-11| ** )
004 %6 028 030 032 034 036 036 040 A6 110503-11
207p /239
0.050
c d
310 F Mean=288.7+4.7,95% conf.
n=23,MSWD=0.14
0.048 |
300
206Pb I |
a8,
U0A046 - 20
280 —8—HHHE it
0.044 |
270
101124-02
0-043 % 0.30 0.34 0.38 0.42 _-— 101124-02

207P b/23ﬁJ

K 5-22 551 B RE R ZRIEZCK 1 758 a FIb, ZaCZU12, ¢ fld, BXE
Figure 5-22 U-Pb zircon geochronology results of Qingfengshan Formation bimodal volcanic

rocks in Keshiketengqi area: a and b, basaltic andesite; ¢ and d, rhyolite
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Figure 5-23 Geochemistry diagrams of the Qingfengshan Formation basaltic andesite and

rhyolite in Keshiketengqi area: a, rock classification diagram; b, Chondrite-normalized REE
patterns, c, primitive mantle-normalized trace element spidergrams; d, Rb vs Y + Nb tectonic
discrimination diagram of Pearce et al. (1984) and Pearce (1996). VAG, volcanic arc granites;

WPG, within-plate granites; COLG, collisional granites; ORG, oceanic ridge granites, e, Zr vs

Zr/Y (Pearce & Norry, 1979) plots for the basaltic andesite. A, within plate basalts; B, Island arc

basalts; C, mid-ocean ridges basalts
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Figure 5-24 Photograph and photomicrograph of granodiorite (a and b), syenite (¢ and d) and
alkaline granite (e and f) in Keshiketengqi area
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5.2.2 Middle Permian alkaline intrusions
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Figure 5-25 Condordia diagrams of U-Pb data for zircons from granodiorite (a and b), syenite (c
and d) and alkaline granite (e and f)
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Figure 5-26 Geochemistry diagrams of the granodiorite and syenite in Keshiketengqi area: a, rock
classification diagram; b and d, Chondrite-normalized REFE patterns for granodiorite (b) and
syenite (d); ¢ and e, primitive mantle-normalized trace element spidergrams for granodiorite (c)

and syenite (e)
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Figure 5-27 Photograph (a) and photomicrograph (b) of quartz synite in Xianghuangqi
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5.3 Regional sedimentological comparison
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5.3.1 The Early Permian shallow marine and marine-terrigenous facies deposits
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Figure 5-29 A synthesis on Carboniferous-Permian sedimentary sequences of central-eastern

Inner Mongolia showing five deposition stages and corresponding sedimentary model
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5.3.2 The Early Permian rift-related volcanism
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5.3.3 The Middle Permian shallow marine and marine-terrigenous facies

deposits
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5.3.4 The Late Permian fluvial-lacustrine facies deposits
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Chapter 6 Paleomagnetic constrains to the Late Paleozoic

tectonic evolution

Paleomagnetism is an efficient tool to study plate movements and to propose
paleogeographic reconstructions. It could provide key arguments to solve the
aforementioned controversy on Paleo-Asian Ocean. The paleomagnetism has been
used to study the evolution of the Central Asian Orogenic Belt, especially for the
western part (Levashova et al., 2003; 2007; 2009; Van der Voo et al., 2006; Wang et
al., 2007; Gilder et al., 2008; Choulet et al., 2011; 2013; Bazhenov et al., 2012). For
the eastern part, previous paleomagnetic studies have been concentrated on the study
of the Mongol-Okhotsk Ocean between MOB and SIB (Kravchinsky et al., 2002a,
2002b; Cogné et al., 2005). Conversely, paleomagnetic constraints for the Paleo-Asian
Ocean remain rare and they were mostly carried out from regions to the northern part
of MOB, such as Trans-Baikal and upper Amur (Pruner, 1992; Xu et al., 1997;
Kravchinsky et al.,, 2002a). Zhao et al (1990) have reported the first and only
paleomagnetic study on Paleozoic rocks from Inner Mongolia, however, however,
their results of the Late Permian (11 samples) and Carboniferous (29 samples) are
clearly remagnetized with a negative fold test, Therefore no any reliable or utilizable
Paleozoic paleomagnetic data are available up to now for Inner Mongolia area. For
these reasons, a paleomagnetic study has been carried out on several sedimentary and

volcanic rocks from Paleozoic formations in central-eastern Inner Mongolia.

6.1 Stratigraphy of sampled strata

The sampled strata range from Late Silurian to Late Permian, which are the key
stages for studying the evolution of the eastern part of CAOB. In the following part,
we describe the sampling localities using the tectonic division presented in the

geological outline.
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6.1.1 North margin of NCB

In the northern margin of NCB, two localities were sampled, namely Damaoqi in
the west and Aohangqi in the east (localities a and b in Fig. 6-1b, respectively).

Late Silurian rocks are scarce in central-eastern Inner Mongolia, but are well
defined as the Xibiehe Formation (S;x) near Damaoqi County (Zhang et al., 2010).
This Late Silurian formation is composed of sandstone with basal conglomerate
grading upward into sandstone-limestone, containing corals and brachiopods, such as
Kyphophyllum, Progressum, syringopora, etc (IMBGMR, 1991; 2002). In Damaoqi, 6
sites of yellow sandstone with variable beddings were collected over a 500 m-thick
section (Fig. 6-2a and Table 6-1). The Xibiehe Formation underlies the Lower
Devonian Chaganhabu Formation (D;c) with an unconformable contact. The Early
Devonian assignment is based on the abundant corals, brachiopods and bryozoans,
such as Favosites sp. Atrypa sp. Leptotrypafragilis IMBGMR, 2002). In the north of
Damaoqi, the Chaganhabu Formation exposes a thick sequence of red sandstone, and
8 sites of red sandstone were collected from this ~800 m thick, gently folded section
(Fig. 6-2b and Table 6-1). It is worth noting that a dextral strike-slip fault showing
mylonitic deformation has been identified three kilometers to the east of the sampling
sites during our field work.

To the north of Aohanqi County, 7 sites were selected from the Lower
Carboniferous Houfangshengou Formation (C;h), which consists of thick-bedded
(0.2-1 m) black limestone (Fig. 6-2c and Table 6-1). This formation, more than 1200
m thick, attests for a stable platform carbonate setting. The well-preserved corals and
brachiopods (Gigantoproductus- Dibunophyllum) constrain its Early Carboniferous

age (IMBGMR, 1991). Open fold without cleavage can be observed in this formation.
6.1.2 Inner Mongolia Block (IMB, also called SHB in the previsou chapters)

Paleomagnetic samples were collected from 5 localities in IMB. From west to
east, they are Sunidzuoqi, Abagaqi, Keshiketengqi, Linxi and West Ujimqin (localities
¢, d, e, fand g, relatively, in Fig 6-1b).

Near Sunidzuoqi and Abagaqi counties, 5 sites of red coarse sandstone (Fig. 6-2d)
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and 6 sites of yellow siltstone (Fig. 6-2¢) of the Upper Devonian Seribayanaobao
Formation (Dss) were collected, respectively (Table 6-1). The Upper Devonian
Seribayanaobao Formation represents continental molasse deposits, which overlie
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Figure 1. a. Sketch tectonic map of Northeast Asia showing the main blocks and boundaries
(modified after Enkin et al., 1992). Block: EUR=Eurasia main plate; KAZ=Kazakhstan block;
JUN=Junggar block; TAR=Tarim block;, QA=Qaidam block,; SIB=Siberia Block;
MOB=Mongolia Block; NCB=North China Block; b. Geological map of eastern Inner Mongolia
emphasizing the two orogenic belts (North Orogen and South Orogen), Late Paleozoic strata and
intrusions (modified after IMBGMR, 1991; Xu et al., 2013). Sampling localities: a, Damaoqi, b,
Aohangqi; ¢, Sunidzuoqi; d, Abagaqi; e, Keshiketengqi, f, Linxi; g, West Ujimgqin; h, Erenhot; i,
East Ujimgin.
unconformably the ophiolite mélange (Xu and Chen, 1997; Xu et al., 2013). Strata
mainly consist of red conglomerate, red-yellow sandstone and yellow siltstone, with a
top layer of argillaceous limestone. The plant fossils, such as Leptophloeum
rhombicum in the sandstone and Nalivkinella profunda, Cyrtospirifer sulcifer in the
limestone, attest to the Late Devonian age (Xu et al., 2013). Near Sunidzuoqi, 5 sites
of red sandstone of the Lower Carboniferous Gouhuduge Formation (C;g) were also

collected from both limbs of a fold (Table 6-1). Sandstone of the Gouhuduge
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Formation forms a 900m-thick series, which conformably overlies the Upper
Devonian strata. Red lithic sandstone was deposited at site of transition from the
molasse basin to a shallow sea (Xu and Chen, 1997). Open fold has been observed
from Lower Carboniferous strata in the Sunidzuoqi; and the Upper Devonian strata in
Abagaqi are highly tilted (Table 6-1).

To the south of Keshiketengqi County, 6 sites of coarse sandstone of the Upper
Permian Tieyingzi Formation (Pst) were collected from a section with very gentile
bedding (Fig. 6-2f and Table 6-1). The Tieyingzi Formation contains rocks of
continental alluvial-fluvial-lacustrine facies, which consist of conglomerate at the
bottom, coarse-grained to conglomeratic sandstone in the middle, and red and green
siltstone on the top. The Tieyingzi Formation unconformably overlies the
Early-Middle Permian granite and volcanic strata, and the Upper Permian black
siltstone, with pebbles of all aforementioned rocks at the bottom. The enriched Late
Permian plant fossils, such as Pecopteris sp. Calamites sp. Nephropsis sp, and the
occurrence of the unconformity as well, assign the Tieyingzi Formation to the Late
Permian.

To the north of Linxi County, 3 sites of tuff and basalt of the Lower Permian
Dashizhai Formation (P;d) and 3 sites of sandstone of the Upper Permian Linxi
Formation (Psl) were collected (Fig. 6-2g and Table 6-1). The Dashizhai Formation is
composed of volcanic rocks erupted between 285 and 270Ma, which belong to the
major Late Paleozoic magmatic event widespread in Inner Mongolia (Zhang et al.,
2008; Liu et al., 2009; Chen et al., 2012). The Linxi Formation is composed of fluvial
conglomerate at the bottom with pebbles of volcanic rocks of Dashizhai Formation,
covered by ca. 4000 m-thick black mudstone and dark yellowish siltstone/sandstone
of fluvial-lacustrine facies (Mueller et al., 1991). The plant fossils and fresh water
bivalves, such as Brachythyris sp. and Rhombotrypella sp., and the minimum age of
detrital zircons (256 ==2Ma) (Han et al., 2011) well constrain its Late Permian age.

To the south of West Ujimqin County, 8 sites of limestone and 3 sites of grey
fine-grained sandstone were sampled from the Upper Carboniferous Amushan

Formation (C,a; Fig. 6-2h). As a very common feature of the Late Carboniferous
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deposits in Inner Mongolia, the Amushan Formation is composed of shallow marine
facies carbonate and subordinate terrigeneous deposits with a well-defined age owing
to enriched neritic fauna, such as Pseudoschwagerina and Triticites. All § sites were
sampled in monoclinal limestone strata. To the north of West-Ujimqin, 5 sites of
yellow sandstone of the uppermost part of the Upper Carboniferous-Lower Permian
Gegenaobao Formation (C,-P,) were sampled from both limbs of an open fold. The
uppermost part of Gegenaobao Formation, directly overlies volcanic rocks and
especially rhyolite that has yielded a zircon concordant U-Pb age at 266 +=2Ma (Zhao
unpublished data). Therefore, the collected sandstone is mid-Permian in age and we
further use P, to represent the age for these 5 sites. To the south of West Ujimqin, 6
sites of dark blue thick-bedded limestone were collected from the middle Permian
Zhesi Formation (P,z; Fig. 6-21). The age determination of Zhesi Formation is based
on the well-known Middle Permian Zhesi Fauna (Wang et al., 2004). The bedding

attitude for the Zhesi Formation is nearly vertical, with very slight variations.
6.1.3 Southern margin of MOB (also called AXXB in previous chapters)

In the southern margin of MOB, two localities were chosen for paleomagnetic
sampling. From west to east, they are Chaganaobao to the north of Erenhot (locality h
in Fig. 6-1b) and East-Ujimqin (locality i in Fig. 6-1b).

To the north of Chaganaobao village, 7 sites of red coarse sandstone (Fig. 6-2j)
and 1 site of conglomerate of the Lower-Middle Devonian Niqiuhe Formation (D;_,n)
were sampled on both limbs of the folded 4 km-long profile (Table 6-1). The Nigiuhe
Formation is composed of red conglomerate in the lower part, red coarse sandstone
and limestone in the middle part and tuffecous sandstone/siltstone in the upper part.
Corals and brachiopods fossils of Early-Middle Devonian age, such as Leptaenopyxis
bouei, Derbina and Coelospira, are described in this formation (IMBGMR, 1991).
These strata were further intruded by Late Jurassic-Early Cretaceous granite and
covered by contemporary volcanic rocks.

Near East Ujimqin County, 6 sites of volcaniclastic rocks were collected from the

upper part of the Upper Carboniferous-Lower Permian Gegenaobao Formation
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(Cy-P,g; Fig. 6-2k and Table 6-1). The Gegenaobao Formation displays conglomerate
and sandstone in the lower part and volcanic breccias-andesite-rhyolite-volcanoclastic
rocks in the upper part, with a nearly vertical bedding attitude. Volcaniclastic rocks
unconformably overlie the Late Devonian strata and granodiorite. The age was
determined by brachiopods fossils in the clastic part, such as Kochiproductus sp.,
Rhynchopora sp., Spirifer sp.. Several meters apart from the sampling sites, a W-E

trending dextral strike-slip shear zone was identified (Fig. 6-21).

‘*'"-"'1; oty W $ &t " EeEs b 4 'S ; C

Figure 6-2 Photographs of sampled strata

For each site, six to eight cores were drilled using a portable gasoline drill. Cores
were orientated by both magnetic and, if possible, solar compasses. The average

difference between these two azimuths ranges between 1.5°+0.5° and 8.0°+1.4°.
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Table 6-1. Paleomagnetic Sampling and measurement results from Inner Mongolia

Site coordinate Rock Age Strike/dip n'/n N/R Dg Ig Ds Is k Uos Comments and poles
North China Block (NCB)
Damaoqi
1° 41°55'N,109°56E red sandstone Dic 343.6/51.5 6/6 6/0 0.7 70.8 53.1 274  131.0 6.7
2° 41°55'N,109°56E red sandstone Dic 258.5/14 8/8 5/3 124.7 2.6 123.5 12.7 36.8 9.2 A=24.1° ¢=354.2° dp=4.6° dm=9.2°
3 41°55'N,109°56E red sandstone Dic 210/29 6/8 6/0 29.5 55.5 354.5 459 49.0 9.7
4° 41°55'N,109°56E red sandstone Dic 221/40 8/9 0/8 3145 -172 317.1 -57.1 17.0 15.1 2=24.4° ¢=340.7° dp=8.1° dm=15.6°
5 41°55'N,109°56E red sandstone Dic 176/35 0/4 - - - - - - - dispersed
6° 41°55'N,109°56E red sandstone Dic 220.5/24 4/5 0/4 107.5 -3.6 106.0 18.5 42.0 15.1 2=14.2° ¢=9.4° dp=7.6° dm=15.1°
7° 41°55'N,109°56E red sandstone Dic 179.7/42 4/6 0/4 211.7  -163 1953 2353 594.0 4.0 2=46.3° ¢=241.1° dp=2.1° dm=4.1°
g® 41°55'N,109°56E red sandstone Dic 190/51 3/4 0/3 2353 -12.1 211.7 422 90.0 7.1 2=29.5° ¢=220.0° dp=3.7° dm=7.2°
9 42°00'N,110°10'E coarse sandstone S3x 289/20 6/6 2/4 6.1 63.8 11.1 44.0 94.0 6.9
10" 42°00'N,110°10'E coarse sandstone S3x 283.5/30 8/8 5/3 42 70.9 6.7 380 114.0 5.7
12 42°00'N,110°10'E coarse sandstone S3x. 337/48 0/8 - - - - - - - weak NRM, viscous
13° 42°00'N,110°10'E greywacke S3x 338/49.5 7/9 4/3 5.8 66.0 442 26.7 21.2 134
14 42°00'N,110°10'E greywacke S3x 328/56 0/2 - - - - - - - weak NRM, viscous
15 42°00'N,110°10'E greywacke S3x 304/57 7/9 0/7 3375 -9.5 314.5 -33.1 53.0 8.4
mean® (site 1,9, 10,13) 4S/4S 33 67.1 653.0 3.6 2=81.9° ¢=125.4° dp=5.0° dm=6.0"
31.1 36.0 23.1 16.8
Aohanqi
NO1*? 42°33'N,119°47'E limestone Cih 246/26 8/8 8/0 10.5 64.0 355.1 40.5 59.0 7.3
NO2* 42°33'N,119°47'E limestone Cih 248.7/36.3 7/8 7/0 9.0 62.5 3543 28.8 23.8 12.6
NO3* 42°33'N,119°47'E limestone Cih 252/32.3 11/11 10/1 5.4 67.5 352.8 36.2 71.5 5.4
No4*? 42°33'N,119°47'E limestone Cih 239/41 8/8 4/4 449 76.6 3473 442 32.0 9.9
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NO5*® 42°33'N,119°47E limestone Cih 238.7/38.3 6/8 6/0 7.2 69.0 346.3 334 66.3 8.3
N06* 42°33'N,119°47'E limestone Cih 310/18 5/6 4/1 3543 57.6 8.2 43.4 19.2 17.9
NO7* 42°33'N,119°47'E limestone Cih 312.5/18.5 8/8 7/1 20.0 66.1 299 49.2 56.0 7.5
mean® 7S/7S 9.6 66.6 110.0 5.8 2=80.6° 0=161.9° dp=7.9° dm=9.6°
357.8 40.0 37.8 9.9
Inner Mongolia Block (IMB)
Sunidzuoqi
0o16 43°28'N,113°32'E red coarse sandstone Dss 245/20 4/7 4/0 173.4 14.8 177.4 32.8 40.0 14.6
017 43°28'N,113°32'E red coarse sandstone Dss 245/20 6/10 0/6 1643  -34.6 162.8 -15.0 50.0 11.0
023 43°28'N,113°32'E red coarse sandstone Dss 237/38 0/5 - - - - - - - weak NRM, viscous
024 43°28'N,113°32'E red coarse sandstone Dss 250/28 5/6 0/5 118.7 -55.6 131.7 -30.8 54.0 16.7
025 43°28'N,113°32'E red coarse sandstone Dss 250/28 6/6 1/5 138.6  -52.8 143.6 -25.4 54.0 9.2
mean 3S/58 143.6 -49.3 18.0 299
144.6 -24.3 24.3 255 2=46.8° ¢=349.1° dp=14.6° dm=27.2°
17s/17s 134.1 -49.9 13.0 10.3
139.9 -25.9 14.9 9.6 2=43.6° ¢=356.9° dp=5.6° dm=10.4°
018 43°29'N,113°32'E sandstone Cig 58/40 0/6 - - - - - - - weak NRM, dispersed
019 43°29'N,113°32'E sandstone Cig 58/45 0/2 - - - - - - - weak NRM, dispersed
020 43°29'N,113°32'E sandstone Cig 80/8 0/3 - - - - - - - weak NRM, dispersed
021 43°29'N,113°32'E sandstone Cig 220/20 0/7 - - - - - - - weak NRM, dispersed
022 43°29'N,113°32'E sandstone Cig 195/27 0/6 - - - - - - - weak NRM, dispersed
Abagagqi
25 43°56'N,114°56'E yellow siltstone Dss 242.3/82.3 0/1 - - - - - - - viscous
26 43°56'N,114°56'E yellow siltstone Dss 77.5/51.5 0/1 - - - - - - - viscous
27 43°56'N,114°56'E yellow siltstone Dss 76/40 0/1 - - - - - - - viscous
28 43°56'N,114°56'E yellow siltstone Dss 72.5/53 0/1 - - - - - - - viscous

118



Chapter 6 Paleomagnetic constrains

29 43°56'N,114°56'E yellow siltstone Dss 82/73.5 0/1 - - - - - - - viscous
30 43°56'N,114°56'E yellow siltstone Dss 90/62.3 0/1 - - - - - - - viscous
Keshiketengqi
NO8*® 43°01'N,117°40'E coarse sandstone Pst 110.7/34 5/6 5/0 350.5 63.4 252.6 732 220.0 52
N09* 43°01'N,117°40'E coarse sandstone P;t 120/16.5 77 7/0 350.0 72.2 288.7 77.0 180.0 4.5
N10* 43°01'N,117°40'E coarse sandstone Pst 136.3/17 7/7 7/0 355 68.4 306.3 73.1  208.0 42
NI11? 43°01'N,117°40'E coarse sandstone Pst 128/14 4/4 4/0 6.5 70.2 323.1 77.7 1240 35
Ni2? 43°01'N,117°40'E coarse sandstone P;t 128/14 3/5 3/0 1.2 67.2 320.0 744  344.0 6.6
mean* 5S/58 356.5 68.4 372.0 4.0 2=81.1° ¢=103.5° dp=5.7° dm=6.7°
297.5 76.5 114.0 7.2
Linxi
001 43°43'N,118°08'E sandstone Psl 332/84 9/9 9/0 6.4 73.2 134.0 18.5  269.0 3.1
002 43°42'N,118°25'E tuff Pid 203/46 0/3 - - - - - - - dispersed
003 43°42'N,118°25'E basalt Pid 200/50 5/8 0/5 201.6  -55.1 148.0 -36.1  148.0 7.6
004 43°42'N,118°25'E basalt Pid 200/50 477 0/4 166.5 -63.4 129.5 -24.8 138.0 7.8
005 43°41'N,118°17'E sandstone Pl 210/34 4/4 4/0 7.8 57.4 334.7 38.1 374 17.7
006 43°41'N,118°17'E sandstone Pl 210/34 8/9 1 347.7 67.3 326.0 37.4 95.4 5.7
West Ujimgqin
007 44°55'N,117°27'E sandstone Pog 20/65 0/4 - - - - - - - weak NRM, viscous
008 44°55'N,117°28'E sandstone P,g 12/68 6/8 0/6 125.9 -56.4 136.4 -30.4 35.0 10.0
009 44°55'N,117°29'E sandstone Pog 20/60 0/9 - - - - - - - viscous
010 44°55'N,117°28'E sandstone Pag 220/28 3/3 2/1 324.0 68.1 312.7 35.0 623.2 10.0
011 44°55'N,117°29'E sandstone Pog 225/31 0/5 - - - - - - - dispersed
mean Permian (site 002-O11) 6S/10S 167.2 -63.9 304 12.3
140.8 -34.0 70.9 8.0 2=48.7° ¢=3.7° dp=5.2° dm=9.1°
012 45°01'N,117°18'E sandstone Ca 277.5/67.5 3/3 0/3 - - - - - -
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013 45°01'N,117°18'E sandstone Cra 271.5/67.5 5/6 0/5 - - - - - -
014 45°01'N,117°18'E sandstone Cra 275/65 0/1 - - - - - - -
mean C,a 8s/10s 0/8 95.2 -86.4 178.1  -19.5 41.0 9.1 2=55.0° ¢=300.6° dp=5.0° dm=9.5°
015 44°50'N,116°28'E sandstone Doy 352.5/12 0/5 - - - - - - - weak NRM, viscous
N13*? 44°31'N,117°33'E limestone Pyz 86/88 3/3 3/0 - - - - - -
Ni4? 44°31'N,117°33'E limestone P,z 91.5/84 3/3 3/0 - - - - - -
Ni15° 44°31'N,117°33'E limestone Pyz 93/88 2/2 2/0 - - - - - -
N16* 44°31'N,117°33'E limestone Pyz 93.5/85.5 2/2 2/0 - - - - - -
N17° 44°31'N,117°33'E limestone P,z 93/85 2/2 2/0 - - - - - -
Ni18* 44°31'N,117°33'E limestone Pyz 93/85 3/3 3/0 - - - - - -
mean* 11s/11s 23.7 69.5 64.4 5.7 2=72.8° ¢=171.5° dp=8.4° dm=9.8°
187.9 16.3 39.6 7.3
N19 44°15'N,117°50'E limestone Coa 80/43 1/3 1/0 - - - - - -
N20 44°15'N,117°50'E limestone Coa 80/43 3/3 3/0 - - - - - -
N21 44°15'N,117°50'E limestone Coa 80/43 0/3 - - - - - - -
N22 44°15'N,117°50'E limestone Coa 80/43 0/3 - - - - - - -
N23 44°15'N,117°50'E limestone Cra 80/43 3/3 3/0 - - - - - -
N24 44°15'N,117°50'E limestone Cra 80/43 3/3 3/0 - - - - - -
N25 44°15'N,117°50'E limestone Cra 80/43 1/3 3/0 - - - - - -
N26 44°15'N,117°50'E limestone Coa 80/43 3/3 3/0 - - - - - -
mean 14s/14s 356.1 61.4 158.4 752 24.1 8.3 PEF
Mongolia Block (MOB)
Erenhot

16 44°30'N,111°57'E red coarse sandstone Dion 50/54 5/8 0/5 186.9  -55.9 277.3 -52.8 853 8.3

17 44°30'N,111°57'E red coarse sandstone Dion 50/54 6/8 6/0 52.8 71.3 117.6 33.0 255 13.5

18 44°30'N,111°57'E pebble Di.on 50/54 0/5 - - - - - - dispersed
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19% 44°31'N,111°56'E red coarse sandstone Dion 164/51 777 6/1 59 67.2 284.0 438 78.0 6.9

20" 44°31'N,111°56'E red coarse sandstone Dion 164/51 8/8 8/0 2.1 67.8 283.1 424 110.0 53

21° 44°31'N,111°56'E red coarse sandstone Di.on 190/30 7/8 7/0 2.1 59.7 325.2 46.3 45.0 9.0

22° 44°31'N,111°56'E red coarse sandstone Dion 177/25 4/4 4/0 345.8 62.7 311.6 502  143.0 7.7

23° 44°31'N,111°56'E red coarse sandstone Dion 276/22 6/8 6/0 7.9 59.3 14.7 38.1 92.0 7.0

24 44°31'N,111°56'E red coarse sandstone Di.on 206/77 5/5 5/0 3.1 60.7 322.8 0.6 137.0 6.6
mean*® 7S/7S 5.7 65.4 89.7 59 A=85.0° 0=162.6° dp=7.8° dm=9.6°

315.1 51.1 3.6 343

East Ujimgin

N27° 45°22'N,116°59'E volcanoclastic rock Cy-Pig 277.3/83.7 4/5 4/0 18.7 67.3 11.7 -16.3 245 18.9

N2§(LTC)* 45°22'N,116°59'E volcanoclastic rock Cy-Pig 285/76.5 7/7 7/0 444 62.0 28.6 -11.0 40.7 9.6
N28(HTC)" 45°22'N,116°59'E volcanoclastic rock Cy-Pig 5/7 0/5 2132 -174 225.7 54.2 89.5 10.4 A=43.7° ¢=248.5° dp=5.6° dm=10.8°

N29(LTC)* 45°22'N,116°59'E volcanoclastic rock Cy-Pig 107.5/84 4/8 4/0 52.5 46.8 167.0 39.4 54.4 12.6
N29(HTC)" 45°22'N,116°59'E volcanoclastic rock Cy-Pig 4/8 0/4 2167 224 330.8 -65.3 65.5 8.9 A=44.1° ¢=242.5° dp=5.0° dm=9.4°

N30(LTC)* 45°22'N,116°59'E volcanoclastic rock Cy-Pig 104/84 6/6 6/0 46.3 72.5 184.1 20.6  106.0 6.5
N30(HTC)" 45°22'N,116°59'E volcanoclastic rock Cy-Pig 5/6 0/5 2052 -28.0 349.5 -65.5  100.0 8.8 2=52.9° ¢=254.0° dp=5.3° dm=9.6°

N31°? 45°22'N,116°59'E volcanoclastic rock Cy-Pig 104/84 9/9 9/0 68.6 60.8 38.2 -4.4 91.3 54

N32° 45°22'N,116°59'E volcanoclastic rock Cy-Pig 281.5/75.5 7/7 7/0 33.0 57.0 235 -16.3 41.0 9.5

mean “(except three HTC) 6S/6S 453 62.4 47.7 9.8 2=58.1° 9=193.4° dp=11.9° dm=15.3°
196.7 18.1 15.5 17.6

Abbreviations. n’/ n: number of samples used to calculation/ measured sample number; N/R: normal/reversed polarity; Dg, Ig, Ds, Is:
declination (D) and inclination () in in-situ (g) and tilt-corrected (s) coordinates; k: the best estimate of the precision parameter, ays: the
radius that mean direction lies within 95% confidence, S, s: number of sites (S) or samples (s) used to determine pole; A and ¢: latitude and

longitude of paleomagnetic pole; dp/dm: semi-axes of the confidence ellipse of paleomagnetic pole. S;x: upper Silurian Xibiehe Formation
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(Fm); D;on and D3s: lower-middle Devonian Nigiuhe Fm and upper Devonian Seribayanaobao Fm; C;g, C/h and Cra: lower
Carboniferous Gouhuduge Fm, lower Carboniferous Houfangshengou Fm, and upper Carboniferous Amushan Fm; C»-P;g: upper

Carboniferou-lower Permian Gegenaobao Fm; Pd, Pz, P;l and Pst: lower Permian Dashizhai Fm, middle Permian Zhesi Fm, upper

Permian Linxi and Tieyingzi Fm, respectively.
Sites in bold are considered to be primary remanences. Detailed discussion is in the text.
“ Early Cretaceous remagnetized. Detailed discussion is in the text.

b Early Permian remagnetized. Detailed discussion is in the text.
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When sun measurements were not available, the average value of the locality was
used to correct the orientation of the samples. Overall, about 680 cores of 86 sites
were sampled from nine localities, covering most areas of central-eastern
InnerMongolia (Fig. 6-1b and Table 6-1). It is worth noting that a considerable effort

has been made to find all possible outcrops in this area for paleomagnetic sampling.

6.2 Measurement results

6.2.1 Magnetic mineralogy

Three main types of magnetic carriers are identified from both thermomagnetic
experiment and IRM measurement. (a) 55 out of 86 sites show magnetite is the main
magnetic carrier as revealed by the sharp drop of the magnetic susceptibility at
550°C-585°C during thermomagnetic experiments (Figs. 6-3a and 6-3b) and by the
rapid increase of the IRM until to a total magnetic saturation at about 300 mT (Fig.
6-3f-1). (b) For 22 out of 86 sites, both magnetite and hematite may coexist as the
main magnetic carriers, as deduced from the successive drops of the magnetic
susceptibility from 580°C until to 680°C (Fig. 6-3c), and the relatively rapid increase
of IRM at the weak applied field but without a total saturation at about 1.0 T (Fig.
6-31-2). (3) For 9 out of 86 sites, hematite as the main magnetic carrier was indicated
from the linear increase of IRM up to about 1.0 T without a total saturation (Fig.
6-3f-3), and with no drop at ca. 120°C of the magnetic susceptibility. Meanwhile,
mineral transformation is often observed during the thermomagnetic experiments. The
heating curve of the Curie temperature measurements displays a rapid increase of the
magnetic susceptibility at about 150°C followed by a slow increase to reach a peak at
about 300°C, which may correspond to the transformation of goethite and/or pyrite
into pyrrhotite and/or magnetite. In addition, the abrupt decrease from 300°C to
400°C is potentially due to maghemite destabilization (Figs. 6-3a and 6-3c). For 35
out out of 86 sites, heating and cooling thermomagnetic curves do not coincide, and
the rapid increase of magnetic susceptibility during the cooling also indicates mineral

oxidation during experiments (Figs. 6-3d and 6-3¢). However, it seems that mineral
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transformation does not disturb the thermal demagnetization, as in the majority of

cases, specimens display a relatively stable remanent direction.
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Figure 6-3 Representative results of thermo-magnetic experiments (a-e) and isothermal

magnetization measurements (IRM, f) showing different magnetic carries. Sample name, site

locality, stratigraphic age and lithology are shown on each figure.

6.2.2 AMS results

The AMS results for each site are presented in Table 6-2. For each locality
except East Ujimgqin, the equal-area projection of the principal axes of the magnetic
susceptibility (Fig. 6-4a) shows nearly horizontal K; (D=243.5°, [=8.8°) axes and
highly inclined K3 axes (D=102.5°, 1=78.8°) in tilt corrected coordinates, which well
define a horizontal fabric consistent with the initial sedimentary bedding. Meanwhile,
the K3 axes are better clustered after unfolding with the maximum/minimum radius at
95% confidence of mean K3 axes lies at 48.5°/35.2° in in-situ coordinates and
28.7°/25.6° in tilt-corrected coordinates. All samples show a relatively weak
anisotropy degree with P;<1.08 (Fig. 6-4b), suggesting that, at least at the sample
scale, these rocks have not experienced intense deformation since their formation.
Conversely, the dataset of the volcaniclastic rocks from East Ujimqin show
well-clustered and nearly horizontal K, but K; directions are distributed along a

girdle (Fig. 6-4c¢). Such pattern, combining with the relatively high and heterogeneous
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Figure 6-4 Results of Anisotropy of Magnetic Susceptibility (AMS) measurements. P, is anisotropy
degree and T is anisotropy shape parameter,; K;, K, and K; are the maximum, intermediate and
minimum anisotropy axes, respectively. P; = exp{2[(InK I—InK,,J2+(an2—an,,J2+(an 5-InkK,,)’] 1/2},
and T= 2In(Ky/K;3)/In(K/K3)-1. (a) and (b): equal-area projection of K; and K; directions in tilt
corrected coordinates and the corresponding plots of anisotropy degree (P;) versus anisotropy
shape (T) of magnetic susceptibility for all the samples in Appendix table 1 except site N27-N32;
(c) and (d): equal-area projection of K; and K; directions in in-situ coordinates for the
volcanoclastic samples from East Ujimgqin (site N27-N32) and the corresponding plots of

anisotropy degree (P)) versus anisotropy shape (T) of magnetic susceptibility (Jelinek, 1978)

Table 6-2: Anisotropy of Magnetic Susceptibility data for the sites that are included in mean

direction calculations™

site n Km st-deviation P; T K, Ks
(10°°SI) (10°°S1) Dec(°)  Inc(°) agsmax — ogsmin Dec(®)  Inc(°)  agsmax 0L gsmin
01 10 4.02E-04 2.29E-05 1.032  -0.216 284.9 22.2 7.7 43 152.4 58.9 9.2 3.6
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02 11 1.41E-04 6.52E-06 1.033  0.169 253.6 259 7.8 4.4 111.2 58.4 6.2 2.5
03 8 3.67E-04 7.32E-05 1.053  -0.023 263.2 12.5 8.2 3 79.4 77.4 11.2 4.6
04 7 2.89E-04 7.03E-05 1.034  0.129 263.6 1.1 11.4 5.4 358.7 71.5 11.8 6.1
05 7 2.86E-04 6.75E-05 1.031  0.179 264.3 0.4 15.7 10.5 173 74.5 14 10.6
06 7 2.84E-04 5.99E-05 1.039  -0.114 268.6 18.8 6.5 5 116.8 68.9 7.8 6.1
07 8 3.48E-04 6.64E-05 1.04 0.247 259.2 5 19 1.5 114.9 83.8 10.7 2.9
08 8 3.09E-04 4.86E-05 1.045  0.582 310.2 19.7 55.2 15.2 110.7 69.2 31.9 10
09 9 1.01E-04 9.03E-05 1.015  -0.091 66.7 42 29.8 12.5 160.7 44 17.5 13
10 11 1.70E-04 1.07E-04 1.009  0.239 54 2.9 16.6 7.7 177.8 84.8 18.9 13.1
12 10 2.83E-04 4.26E-05 1.013  -0.123 255.5 10.7 11.2 5.8 129.2 72.3 18 6.8
13 9 3.63E-04 1.71E-05 1.024  0.235 97.9 16 32.7 3.1 207.5 49.4 13.5 7.5
14 9 1.57E-04 3.90E-05 1.014  0.462 50.5 14 22 43 172.5 64.8 13.7 3.8
15 9 3.30E-04 2.37E-05 1.02 0.235 234.1 0.6 359 13.1 328 81.1 29.2 18.7
16 8 1.55E-04 2.22E-05 1.012 0.36 139.6 274 44.1 9.8 252.9 37.3 28.4 9.7
17 9 2.89E-04 1.54E-04 1.01 0.366 113.2 18.7 18.7 6.2 270.9 70 9.9 6.5
18 8 1.53E-04 4.65E-05 1.048  0.413 110 14.9 33 8.7 18.9 43 58.4 8.1
19 9 3.92E-04 8.46E-05 1.008  0.176 317.5 242 21.4 17.4 96.6 59.3 239 20.3
20 9 3.88E-04 8.35E-05 1.006  0.322 35.7 17.2 27.6 8 203.8 72.4 24 8
21 9 1.56E-04 4.65E-05 1.006  0.308 223.5 81.7 66.4 14.9 53.6 8.2 51 20
22 8 2.17E-04 4.37E-05 1.003  -0.154 259.3 57.7 43 242 31.6 22.9 68.4 20.5
23 10 3.39E-04 1.12E-04 1.007  0.289 249.5 4.8 73.7 10.3 148.7 65.7 12.5 7.6
24 7 2.34E-04 3.00E-05 1.005  -0.099 330.2 4.7 13.6 8.7 61.4 14.5 32.1 6.4
NO1 8 4.03E-05 1.37E-05 1.021  -0.414 127.8 73.7 21.1 9.2 15.1 6.4 70.7 11.3
NO02 11 2.28E-05 8.40E-06 1.032  -0.004 46.4 1.6 13 10.3 3154 30.7 27.8 12.6
NO3 12 1.42E-05 6.93E-06 1.049  0.038 47.9 18 54.4 15.9 302.3 39.7 23.6 17.3
NO4 8 3.41E-05 1.62E-05 1.018  0.236 69 31.6 83.2 28.8 291 50.4 38.2 322
NO5 9 9.45E-06 4.37E-06 1.088  0.335 27.6 1.4 57.2 12.7 296.8 28.9 14.2 9.9
NO6 8 1.74E-05 6.60E-06 1.054  0.474 241.2 35.4 82.9 9.3 143.7 10.4 13.7 3.7
NO7 8 2.83E-05 5.96E-06 1.032 0.44 2472 66.3 41.7 72 134.9 9.4 8.5 7.1
NO8 6 1.20E-02 3.76E-03 1.022  0.275 454 13.5 29.9 9 300 48 45.6 12.7
NO09 7 1.78E-02 3.94E-03 1.041  0.174 46.5 15.1 8 2.7 203.1 73.6 11.2 5.3
N10 6 7.58E-03 2.37E-03 1.027  -0.233 201.8 17.5 13 3.5 56.9 69 27.1 4.9
NI1 7 4.72E-03 2.81E-03 1.022 -0.084 210.2 33.8 9.2 3.6 112.3 11.5 55.6 5
NI12 6 6.03E-03 1.14E-03 1.027  -0.414 199.1 22.8 6.2 32 74.5 535 17.3 3
N13 7 2.15E-05 4.20E-06 1.036  -0.274 203.4 31.6 14.3 8.8 337.4 48.5 323 12.9
N14 6 2.76E-05 9.12E-06 1.073  0.165 270.1 10.5 42.6 53 172.2 36.6 339 3.7
NI15 6 3.13E-05 8.28E-06 1.075  -0.256 103.2 5.1 5.7 33 206.8 69.2 27 2.9
Nl16 6 2.25E-05 1.35E-06 1.031  -0.135 99.8 17.2 45.5 32 202 34.4 13.1 42
N17 6 3.65E-05 8.61E-06 1.051  -0.117 100 4.1 23.5 29 195.1 51.1 49.5 3
NI18 5 3.21E-05 7.54E-06 1.045  0.026 104.3 32 31.7 3 200 60.8 32.7 2.8
N27 7 3.76E-03 3.81E-03 1.126  -0.282 220 11.9 8.5 33 24.3 71.7 31.6 8.4
N28 7 2.07E-03 2.88E-03 1.057  -0.446 221.1 11.9 3.9 2.9 316.7 249 23 2.1
N29 8 2.25E-04 9.17E-05 1.017  -0.258 171.7 23 10.8 2.7 316 62.5 26.4 2.7
N30 9 2.52E-03 5.81E-03 1.036  -0.408 176.4 10.3 43.8 6.7 323.9 77.9 27.5 7.4
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N31 8 9.44E-03 4.62E-03 1.1 -0.409 215.1 9.6 43 3.3 10.9 79.5 17.1
N32 10 2.40E-03 2.00E-03 1.115  -0.325 219.8 9 4 22 311.2 8.7 15.2
005-06 9 2.20E-04 2.17E-05 1.028  -0.053 283 10.9 29.9 9.1 188.2 23.4 16.8
007-14 11 4.64E-03 9.30E-03 1.058  0.514 30 224 13.8 12.2 120.3 0.6 23.4
016-17 9 1.88E-03 6.55E-04 1.033  0.256 182.7 0.2 21 4.6 91.6 80.2 4.9
023-25 9 3.41E-03 2.14E-03 1.036  0.346 359 11.9 10.6 4.7 210.7 76.1 6.2

* Site numbers are the same as that of Table 1. Samples from Upper Devonian in Abagagqi (site
25-30) and Upper Carboniferous in West Ujimgin (site N19-N26) are excluded as no mean
directions or PEF directions are calculated.

Abbreviations. P, =  exp{2[(InK-InK,)’+(InK»-InK,,)*+(InK3-InK,,)’]"?},  and ~ T=
2In(Ky/K3)/In(K1/K3)-1). K; and K; are principal axes of the magnetic fabrics. K;: magnetic
lineation; Kjs: pole of the magnetic foliation; Dec/Inc: declination/inclination. Qgsmax/Qosmin. the

maximum/minimum radius that mean direction lies within 95% confidence.

values of P; (Fig. 6-4d), indicates a prominent prolate shape for the fabric. This may
be due to a post-deposition deformation, which is compatible with our field
observation of vertical dextral strike-slip fault in the vicinity of sampling (Fig. 6-21).
Meanwhile, both the K; and K; axes are better clustered in in-situ coordinates than in

tilt corrected coordinates, suggesting that the magnetic fabric may be secondary.
6.2.3 Paleomagnetic directional analysis

6.2.3.1 North margin of NCB
Damaogqi area (S3x and Dic)

The natural remanent magnetization (NRM) intensities of yellow sandstone
samples of the Upper Silurian Xibiehe Formation (Ssx) are in the range of 0.25 mA/m
to 38.7 mA/m. Among them, two sites (Site 12 and 14) display weak NRM (lower
than 1 mA/m) and strong viscosity, and no stable paleomagnetic component can be
isolated (Table 6-1). For others, two components were isolated from most of the

samples after progressive thermal demagnetization. The low temperature component
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(LTC) up to 150°C displays random directions (Figs. 6-5a and 6-5b). The high
temperature component (HTC), isolated from 200°C to 680°C, shows two types of
direction before bedding adjustments (Table 6-1; Figs. 6-5a and 6-5b).

For the red sandstone of the Lower Devonian Chaganhebu Formation (Djc),
NRM intensities range from 1 mA/m to 202 mA/m with most of them >10 mA/m. For
most of the samples, only one component was isolated from room temperature to
680°C (Table 6-1 and Fig. 6-5¢). In addition, few samples display two components
with random low-middle temperature component (LMTC, up to 500 °C) and reversed
HTC (Fig. 6-5d) before tilt correction. The Enkin’s direction-correction (DC) fold test
is negative for this locality. Except two sites with north-northeast declination and
steeply downward inclination (Sites 1 and 3) and one dispersed site (Site 5), the 5
remaining sites display shallow upward inclination and variable declinations ranging
from 110° to 315° (Table 6-1).

Aohangi area (C1h)

The NRM intensities of black limestone samples of the Lower Carboniferous
Houfangshengou Formation (C;h) range from 0.5 mA/m to 22.6 mA/m. Two
components were isolated from most measured samples. After removing a dispersed
viscous component up to 200°C or 2 mT, a stable component was isolated with both
normal and reversed polarities before bedding adjustments (Figs. 6-5¢ and 6-5f). A
mean direction has been calculated (Table 6-1), and it fails to pass the fold test as the

directions are much better clustered before unfolding (Fig. 6-6b).

6.2.3.2 Inner Mongolia Block
Sunidzuoqi area (D;s)

For the red coarse sandstone of the Upper Devonian Seribayanaobao Formation
(Dss), two components of magnetic directions have been isolated from 4 out of 5 sites.
The LTC is characterized by prominently viscous and dispersed directions (Fig. 6-5g).
After cleaning this viscous magnetic remanence up to 250°C, three sites (017, 024
and O25) display a uniform reversed polarity in tilt-corrected coordinates, except one

sample in Site O25 presents normal polarity (Fig. 6-5g and Table 6-1). Site O16
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presents normal polarity, which is much different from other sites. Therefore, we have
calculated a mean direction for these three sites (Table 6-1). The fold test is
inconclusive but the directions are better clustered after unfolding (Fig. 6-6¢). All 5
Lower Carboniferous sites (sites O18 to 022) show weak NRM intensity ranging
from 0.25 mA/m to 5.94 mA/m or high viscosity, with no reliable direction obtained
(Table 6-1).

Abagagqi area (D;s)

For the yellow siltstone of the Upper Devonian Seribayanaobao Formation, all
specimen present weak NRM values with a range of 0.41 mA/m to 3.69 mA/m.
Furthermore, most samples present highly viscous features during demagnetization,
since we observe a more than 90% drop of the magnetic intensity after heating up to
150°C. Consequently, no reliable direction was isolated from this locality.
Keshiketengqi area (Pst)

For the coarse sandstone of the Upper Permian Tieyingzi Formation, The NRM
intensities are relatively high, ranging from 46.4 mA/m to 227 mA/m. Only one
component has been isolated from all analyzed samples (Fig. 6-5h), and a mean
direction has been calculated for these five sites (Table 6-1). The site-mean directions
are better clustered before bedding corrections, indicating a negative fold test (Fig.
6-6d).

Linxi area (late P;d and P;l)

For the upper part of the tuff and basalt of the Lower Permian Dashizhai
Formation (P;d), NRM intensities vary from 1.91 mA/m to 1.89 A/m. By thermal
demagnetization, a random LTC has been isolated below 300°C. Thereafter, a HTC
up to about 600°C has been observed and displays southeastward declination and
upward inclination in tilt-corrected coordinates (Figs. 6-51).

For the sandstone of the Upper Permian Linxi Formation (P3l), After removing a
low LTC until about 200°C, the remanent magnetization show a stable decrease of
magnetic remanence from the origin up to 550°C. All samples except one display a
normal polarity (Table 6-1). Site O01 displays northward declination and steeply

downward inclination in in-situ coordinates (Table 6-1). The tilt-corrected directions
129



Chapter 6 Paleomagnetic constrains

for the other two sites display consistent northwestward declination and downward
inclinations (Fig. 6-5j).
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Figure 6-5 Orthogonal vector plots of representative specimens from each sampled age/locality
group. Closed (open) symbols present the projection in horizontal (vertical) plane. IS (in-situ) and
TC (tilt-corrected) stands for plot in in-situ and tilt-corrected coordinates. Sample name, site
locality and stratigraphic age are shown on each figure.

West Ujimgqin area (C»a, P;g and Pyz)

For the limestone of the Upper Carboniferous Amushan Formation (C,a), after
removing the random LTC until 200°C, all samples show normal polarity before
bedding correction and a mean direction has been calculated, which is close to that of
the Present Earth Field (PEF; Table 6-1). Only 8 specimens from three sandstone sites
of Amushan Formation were successfully demagnetized, and all display reversed
polarity (Fig. 6-5k) and a mean direction has been calculated (Table 6-1).

For the Middle Permian yellow sandstone of the Gegenaobao Formation (P,g),
most of samples display weak values of NRM (lower than 1 mA/m) and no reliable

direction has been obtained except for Site O08 and O10 (Table 6-1). For specimens
130



Chapter 6 Paleomagnetic constrains

of site 008, after removing the viscous LTC up to about 300 °C, the remanent
magnetization linearly decreases to the origin at 585°C, with solo reversed polarity

(Figs. 6-51), while Site O10 displays antipodal normal and reversed polarities (Table

6-1).
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Figure 6. Equal-area projection plots of site-mean directions of studied localities (a-h, data from
Table 1). Closed (open) symbols present downward (upward) magnetic directions. Star symbols
present the mean directions. 1S (TC) stands for in situ/geographic (tilt-corrected/ stratigraphic)

coordinates. (i) Enkin (2003) DC fold test: progressive unfolding showing a significant clustering

of magnetic directions after bedding corrections at 90% untilting for the 6 Permian sites from
West Ujimgqin-Linxi area showing in (6h).
For the limestone of the Middle Permian Zhesi Formation (P,z), after cleaning the
low temperature up to 150 °C, all measured samples show consistent directions (Fig.
6-5m) before bedding corrections and a mean direction has been calculated (Table 1).

The directions are better clustered before bedding correction (Fig. 6-6¢) indicating a
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negative fold test.

6.2.3.3 South margin of MOB
Erenhot area (D;_;n)

For the red coarse sandstone of the Lower-Middle Devonian Nigiuhe Formation
(D12n), only one component is isolated from progressive demagnetization, but
samples from these nine sites display variable directions. Site 16 yields magnetic
directions of reversed polarity. Site 18, which was selected for conglomerate test,
displays scattered directions. All other 7 sites, except one sample from Site 19, display
a consistent unique normal polarity (Figs. 6-5n and 6-6f) in-situ coordinates and a
mean direction has been calculated (Table 6-1). Although the pebbles give scattered
directions, the site-mean directions are better grouped before tilting, suggesting the
data fail to pass the fold test (Fig. 6-6f).

East Ujimgqin (C»-P;g)

For the volcaniclastic rocks of the Upper Carboniferous-Lower Permian
Gegenaobao Formation (C,-P;g), Only one component has been isolated from three
sites (Sites N27, N31 and N32), and two components have been isolated from the
other three (Sites N28, N29 and N30). The directions from three single-component
sites are consistent with that of the LTC deduced from the three dual-component sites
(Figs. 6-50 and 6-5p) and a mean direction has been calculated (Table 6-1). The
site-mean directions of these 6 sites are better grouped before tilting, indicating a
negative fold test (Fig. 6-6g). The HTC isolated from three dual-component sites
displays a solo reversed polarity (Fig. 6-5p). The site-mean directions for these three

sites are better grouped before bedding correction, also indicating a negative fold test.

6.3 Calculations of paleomagnetic poles

Magnetic mineralogy studies reveal that titanium-poor magnetite with,
sometimes, hematite are the main magnetic remanent carriers with subordinate
magnetic minerals, such as goethite, pyrrhotite and maghemite. AMS measurements

suggest that all collected rocks, except those from East Ujimqin, have not experienced
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intense deformation since their formation and maintain their original sedimentary
magnetic fabric. Seventeen out of the 86 analyzed sites present either too weak
magnetic remanent intensity or strong viscosity (Table 6-1) to provide reliable
paleomagnetic directions. Besides, for 4 sites, specimens display scattered directions
that hinder calculation of the site-mean direction. All these 21 sites are rejected for

further discussion.
6.3.1 Primary magnetizations

6.3.1.1 Late Devonian

Three Late Devonian sites from Sunidzuoqi show a uniform reversed polarity
except one sample in Site O25 displaying an antipodal normal polarity (Table 6-1).
Although the fold test is inconclusive due to probably the similarity of bedding
attitude, the features that the precision parameter has been well improved after
bedding corrections with a ratio of 1.35 for ky/k, and the coexistence of antipodal
normal and reversed polarities may suggest that the magnetic remanence was at least
acquired before the folding. The folding age cannot be, however, estimated by local
stratigraphic contacts. At the regional scale, the Upper Devonian-Upper Permian
strata are folded or highly tilted, and unconformably covered by the Late Permian
conglomerate; therefore, the folding took place during the Late Permian. Meanwhile,
the coexistence of antipodal normal and reversed polarities and inexistence of the
Early Permian magmatic rocks around sampling places exclude the Early Permian
remagnetization, which  displays only reversal polarity due to the
Permo-Carboniferous Reversed Superchron (PCRS), ranging from 320Ma to 263Ma
(Garcia et al., 2006; Cottrell et al., 2008). Thus, the magnetic remanence may be
considered as primary and a Late Devonian paleomagnetic pole has consequently
been calculated for IMB at A=46.8°N, ¢=349.1°E, dp=14.6°, dm=27.3° with N=3 sites,
or A=43.6°N, ¢=356.9°E, dp=5.6°, dm=10.4° with n=17 samples (Table 6-1).
6.3.1.2 Permian

Two sites of Early Permian basalt and two sites of Late Permian sandstone from

Linxi, and two site of Middle Permian sandstone from West Ujimqin display similar
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or antipodal directions after bedding corrections (Figs. 6-51, 51 and 6-5j). Zircon U-Pb
geochronology yielded ages ranging between 285Ma and 270Ma for the basalt sites
(Zhang et al., 2008; Liu, 2009). Our unpublished zircon U-Pb dating provides a
Middle Permian age assignment for the sandstone, which overlies the basalt directly.
In addition, the solo reversed polarity suggests that the magnetic remanence has been
acquired before <263 Ma, which is the upper limit of PCRS. Similarly, the age of the
Linxi Formation sandstone is well constrained by abundant plant fossils and detrital
zircon geochronology (256 Ma for the youngest grain) (Han et al., 2011). Meanwhile,
its chiefly normal polarity may suggest that the magnetic remanence was acquired
shortly after ~263 Ma, the upper limit of PCRS. All these rocks were deposited
during a period of ca. 30Ma, but they display similar or antipodal magnetic directions
(Figs. 6-51, 6-5j and 6-51). This indicates a relatively stable paleolatitude for IMB
from late Early Permian to Late Permian. Therefore, we have calculated a mean
direction for these 6 sites at D,=167.2°, 1,=-63.9°, k,=30.4, 095,~12.3°; D=140.8°,
[;=-34.0°, k=70.9, 09s5s=8.0° (Fig 6-6h; Table 6-1). Enkin’s fold test is positive with
maximum value of k parameter at 90% (Figs. 6-6h and 6-61), and it also pass the
reversal test (McFadden and McElhinny, 1990), suggesting that the magnetic
remanences were obtained before folding. As discussed above, the folding age is
probably of the Late Permian. Therefore, we consider that the remanences were
acquired during deposition. Thus, a late Early Permian - Late Permian paleomagnetic
pole has been calculated for IMB at A=48.7°N, ¢=3.7°E, dp=5.2°, dm=9.1° with N=6
(Table 6-1).

Table 6-3 Compilation of late Devonian and Permian palaeomagnetic data of North China Block,

Inner Mongolia Block, Mongolia Block and Siberia Block

Age Slat  Slong N Plat Plong  A95(°) test reference
CN)  (°E) (°N)  (°E)  (dp/dm)
North China Craton (NCB)
P, 39.6 98.0 33s 424 3509 3.9 F Meng et al., 1990
P, IIL 503 3552 5.7 F Yang et al.,1998
P, 37.8 1123 12S 440 358.0 6.9 F McElhinny et al., 1981
P, 375 1144 4SS 471 3569 7.7 F Zhao et al.,1989
P, 37.6 1013 58 239 212 12.8/214 F Wu et al., 1993
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Dy 374 1057 16S 342 2287 8.8 F+R  Zhao et al., 1993
Dy; 37.7 106.0 14S 56.0 336.0 9.2 F+R  Huang et al., 2000
Songliao-Hunshandake Block (SHB)
Late P;-P; 437 1184 6S 487 3.7 5.2/9.1 F This study
Dy 435 1135 3  46.8 349.1 14.6/27.3 - This study
Mongolia Block (MOB)
P, 48.1 1059 27s 113 3519 54/9.1 F Pruner, 1987
Ps 515 1154 145 205 200.6 14.5 F Xuetal., 1997
P, 506 1169 14S 83 1839 9.5/16.2 F Kravchinsky et al., 2002b
P, 515 1154 58 338 2078 26.3 F Xuetal., 1997
P, 47.8  107.1 4S 448 335.1 11.6 F Pruner, 1992
P 483  106.0 52s 328 118 5.8/9.9 F Pruner, 1987
Ds 540 1235 5S 405 3524  9.0/16.7 F+R  Kravchinsky et al., 2002a
Dy; 540 1235 7S 246 129  8.7/16.9 F+R  Kravchinsky et al., 2002a
Siberian Block (SIB)
P5(250) 646 1147 9L 508 149.6 9.4 - Kravchinsky et al., 2002¢
P;(250) 7L 562 151.7 3.8 - Veselovsky et al., 2003
P;(251) 67.5 104.0 8S 551 147.0 5.0 - Pavlov et al., 2007
P;(251) 67.0 89.0 8 572 151.1 4.0 - Pavlov et al., 2007
P, 508 107.2 I15S 63.1 151.0 13.5/15.0 F Kravchinsky et al., 2002b
P1(275) 51.7  104.1 58 505 1214 16.9 BC Pisarevsky et al., 2006
D5(360Ma) 640 116.0 1I1L 11.1 1497 8.9 - Kravchinsky et al., 2002¢

Abbreviations. N: the number of sites (S), samples (s) or localities (L) used for calculation; Slat
(Plat): the latitude of sampling site (pole); Slong (Plong): the longitude of sampling site (pole);
A95: the radius that mean pole lies within 95% confidence, in degree; dp/dm: semi-axes of the

confidence ellipse of palaeomagnetic pole; F: fold test; R: reversal test; BC: baked contact test.
6.3.2 Secondary magnetizations

All other 54 remaining sites (including the Late Silurian and Early Devonian of
Damaoqi, Early Carboniferous of Aohanqi, Late Permian-Early Triassic of
Keshiketengqi, Late Carboniferous and Middle Permian of West-Ujimgqin,
Early-Middle Devonian of Erenhot and Late Carboniferous-Early Permian of
East-Ujimqin) fail to pass Enkin’s DC fold test, suggesting post-folding
remagnetizations. Two groups of directions have been identified: (a) southward
(southeastward and southwestward) declinations and shallow upward inclinations
(Figs. 6-5c, 6-5d and 6-5p); (b) northward declinations and steeply downward

inclinations or antipodal southward declinations and steeply upward inclinations (Figs.
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6-5f, 6-5h, 6-5m and 6-5n).
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Figure 7. a: Synthesis of geochronological data of the Permian magmatic event around Damaoqi
and East Ujimqin (n=32), illustrating the activity peak at 274 Ma, which may be responsible for
the Early Permian remagnetization in these two localities. Individual data are from Zhang et al.,
2008; Liu, 2009, Luo et al., 2009, Zhao et al., 2011, Chen et al., 2012. b: Synthesis of
geochronological data of the Late Jurassic-Early Cretaceous magmatic event in Inner Mongolia
and southern Mongolia, showing the activity peak at 127 Ma (n=77), which may be responsible
for the Early Cretaceous widespread remagnetization in Inner Mongolia. Individual data are from

Liu et al., 2005; Wu et al., 2005; Wei et al., 2012; Daoudene et al., 2012.

The directions of HTC of five sites from the Early Devonian red sandstone in
Damaoqi (D) and of three sites from vocanochalstic rocks in East Ujimqin (C»-P1,)
show the solo reversed polarity (Table 6-1). Moreover, these sites are located close to
Early-Middle Permian granitic plutons and volcanic rocks. In addition, a review of the
literature concerning Permian magmatism around these two localities has shown a
peak emplacement age at ca. 274 Ma (Fig. 6-7a) (Zhang et al., 2008; Liu et al., 2009;
Chen et al., 2012), suggesting a major thermal event that could account for this
secondary magnetization. The solo reverse polarity and the estimated age of this
remagnetization coincide with timing and features of the PCRS. Among these sites,
inclinations vary slightly (-5° to -28°), but the corresponding paleolatitudes remain
similar. Conversely, declinations are scattered and vary between 110° and 315° (Table

6-1). The paleomagnetic poles calculated from each site are distributed along a small
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circle centered at the sampling zone, which overlap with Permian poles obtained from
NCB and MOB (Fig. 6-8b). So, it is reasonable to consider that the remagnetized
remanence acquired in Early-Middle Permian. The important difference in declination
may be due to posterior late strike-slip faulting, as observed in the field (Fig. 6-21).

All remaining remagnetized sites display HTC directions close to that of the PEF
(Table 6-1), but two major features allow us to distinguish them (except 8 sites of Late
Carboniferous limestone in West Ujimqin) from that of PEF: 1) these directions are
characterized by magnetic inclinations (65.4° to 69.5°) higher than that of PEF (ca.
62° in central-eastern Inner Mongolia), and 2) the occurrence of reversed polarity for
each locality (e.g. Figs. 6-5a, 6-5f and Table 6-1). Therefore, the remagnetization age
needs to be estimated. The corresponding poles of these remagnetized sites are
compatible with the Early Cretaceous poles of NCB, MOB and SIB (Halim et al.,
1998; Hankard et al., 2005; Kravchinsky et al., 2002b; Cogné et al., 2005; Charles et
al., 2011). Meanwhile, East Asia, including MOB, IMB and NCB, experienced
Mesozoic extensional tectonics, characterized by abundant extensional half-graben
basins and emplacement of numerous magmatic massifs (e.g. Webb et al., 1999;
Graham et al., 2001; Ren et al., 2002; Liu et al., 2005; Wu et al., 2005; Charles et al.,
2011; Wei et al., 2012; Daoudene et al., 2012). The magmatic event, which may
induce thermal remgnetization, started in Late Jurassic and reached the peak in the
Early Cretaceous (127 Ma, Fig. 6-7b). After the Early Cretaceous, no magmatic event
occurred in central-eastern Inner Mongolia until to the Early Pleistocene basalt
erupted nearby Xilinhot (IMBGMR, 1991). However, the distribution of the Early
Pleistocene basalt is restricted, and the magnetic directions of the Early Pleistocene in
this area are different from our remagnetized directions (Zhu et al., 1998). In
generally speaking, pervasive remagnetization is caused by regional magmatic event.
So, it is reasonable to consider that these secondary magnetizations were acquired in

Early Cretaceous.

6.4 Comparisons of the paleomagnetic poles

Up to now, no reliable Paleozoic paleomagnetic data have been documented
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from central-eastern Inner Mongolia, except a few remagnetization data obtained
from Carboniferous-Permian strata in northeastern Inner Mongolia (Zhao et al., 1990).
For MOB, paleomagnetic studies have mostly focused on its northern margin, such as
North Amuria (Xu et al., 1997; Kravchinsky et al., 2002a) and North Mongolia
(Pruner, 1987), with a few studies on South Mongolia (Pruner, 1987). Most of these
data were driven from deformed zones, e.g. the suspected Mongol-Okhotsk suture
zone, where the strike-slip movements may have caused significant deflection of the
paleomagnetic directions (Kravchinsky et al., 2002a; Webb and Johnson, 2006; Webb
et al., 2010; Metelkin et al., 2010).

6.4.1 Late Devonian

Late Devonian poles for these four blocks remain rare. For NCB, two poles were
obtained from Hexi Corridor region. Zhao et al. (1993) gave a Late Devonian pole at
A=34.2°N, ¢=228.7°E, A¢s=8.8° with 16 sites of red sandstone and andesite (Table
6-3). Huang et al. (2000) calculated a mean Middle-Late Devonian pole at A=56°N,
¢=336°E, Ays=9.2° with 12 sites of Middle-Late Devonian strata (Table 6-3). Despite
collecting in close locations less than 40 km, these two poles display huge rotation
with declination difference of 72.1°+15.4° (Fig. 6-8a), which is probably caused by
the strike-slip fault system in the Hexi Corridor (Huang et al., 2000). In the Upper
Amuria region (MOB), Kravchinsky et al. (2002a) obtained two poles for
Middle-Late Devonian and Late Devonian ages at A=24.6°N, ¢=12.9°E, dp=8.7°,
dm=16.9° with 7 sites of siltstone and tuff, and A=40.5°N, ¢=352.4°E, dp=9°,
dm=16.7° with 5 sites of sandstone and siltstone, respectively (Table 6-3). All these
four Devonian poles from NCB and MOB are distributed along a small circle,
indicating that these two blocks have evolved together without detectable
paleolatitude difference (2.3°£5.7°), but with significant relative rotations since the
Late Devonian (Fig. 6-8a). Our Late Devonian pole obtained from Sunidzuoqi (IMB)
locates on this same small circle (Fig. 6-8a), indicating that these three blocks of
compatible paleolatitudes were juxtaposed since at least Late Devonian (Fig. 6-9a).

Based on a paleomagnetic study of kimberlite and dyke in the east of Siberia,
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Kravchinsky et al. (2002c) gave a Late Devonian pole for SIB at A=11.1°N,
¢0=149.7°E, Ays=8.9° with 11 localities (Table 6-3). This pole is totally different from
the Late Devonian poles of NCB, MOB and IMB (Fig. 6-8a), indicating that SIB was

located far away from NCB, MOB and IMB during the Late Devonian (Fig. 6-9a).
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Figure 8. (a) Equal-area projections of Late Devonian poles from Sunidzuoqi (IMB), North China
Block (NCB), Mongolia Block (MOB) and Siberia Block (SIB). There is little or no latitudinal
difference but huge longitudinal differences between IMB, NCB and MOB, indicating that these
three blocks probably aggregated together, but with strong rotation. SIB was far away from other
three blocks in Late Devonian as the pole was far away. (b) Equal-area projections of Permian
poles from IMB, NCB, MOB and SIB. The pole of our study is consistent with that of NCB,
suggesting that these two parts have been welded as a rigid block. There is no latitudinal
difference but still huge longitudinal differences between IMB+NCB and MOB, indicating strong
postdated rotation, probably due to intra-continental strike-slip movements. SIB was still far away
from other three blocks in Permian. The Permian remagnetized sites are also aligned along a
small circle (SC2) with a shallower inclination, which probably due to local deformation since

samples were collected from zones where strike-slip faults are documented.
6.4.2 Permian

The Permian poles for NCB have been well documented by numerous studies
over the last three decades (Table 6-3) (e.g., McElhinny et al., 1981; Zhao et al., 1989;
Meng et al., 1990; Wu et al., 1993; Yang et al., 1998). These poles are well consistent
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with each other (Fig. 6-8b). Although statistically distinguished from other poles, the
pole from Hexi Corridor (Fig. 6-8b) (Wu et al.,, 1993) presents a compatible
paleolatitude, indicating post-Permian rotation of sampling area with respect to the
other parts of NCB.

Our primary Permian pole for IMB inferred from West Ujimqin - Linxi is well
consistent with the NCB poles (Star in Fig. 6-8b), indicating that no
paleomagnetically detectable relative movement has occurred between NCB and IMB
during Permian. These two blocks may have been welded as a rigid block (Fig. 6-9b).

The Permian poles of MOB are distributed along a small circle, which intercepts
the poles of NCB-IMB (SC1 in Fig. 6-8b) (Xu et al., 1997; Kravchinsky et al., 2002b;
Pruner et al., 1987; 1992). This observation indicates that the post Permian relative
movements between NCB-IMB and MOB are essentially produced by rotations
within these blocks. In fact, as described before, the samples of MOB are come
essentially from the marginal zones (e.g. Kravchinsky et al., 2002b). These significant
relative rotations may be caused by strike-slip movements along the tectonic
boundaries (Cogné et al., 2005; Metelkin et al., 2010).

The Permian remagnetized poles obtained from Damaoqi in the northern margin
of NCB and from East Ujimqin in the southern margin of MOB are scattered, but
once again, they are distributed along a small circle (SC2 in Fig. 6-8b), revealing
importance of strike-slip tectonics. This latter one is slightly different from SC1 that
intercepts all other poles from NCB, IMB and MOB. The latitudinal difference of
9.0°£7.6° between SC1 and SC2 may be due to (1) the not well-constrained age
determination of remagnetization solely estimated by the regional peak of magmatic
activity around the sampling area; (2) local deformation since samples were collected
from zones where strike-slip faults are documented (Fig. 6-21).

The Permian poles from Siberia are statistically grouped (Table 6-3; Kravchinsky
et al., 2002c; Veselovsky et al., 2003; Pavlov et al., 2007), except an outlier obtained
from mafic dykes (Pisarevski et al., 2006) (Fig. 6-8b). These poles are well far away
from all other poles of NCB, IMB and MOB, indicating that significantly latitudinal

movements have occurred since Permian between Siberia and other blocks (Fig.
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6-9b).

Late Devonian ~ Permian
Figure 6-9 The paleogeographic map of the North China Block (NCB), Songliao-Hunshandake
Block (SHB), Mongolia Block (MOB) and Siberian Block (SIB) during the Late Devonian (a) and

Permian(b)

6.5 Tectonic implications

As a major tectonic implication of this study, no obvious latitudinal differences
between IMB, NCB and MOB are observed neither in Late Devonian nor in the
Permian (Figs. 6-8 and 6-9), meaning that these three blocks have been amalgamated
since the Late Devonian and no wide ocean existed between them during Late
Paleozoic. This observation is consistent with the tectonic interpretation showing two
Silurian-Devonian orogens between NCB, IMB and IMB (Tang, 1990; Xu et al.,
2012). The sedimentological constraints showing the similarity of the Upper
Carboniferous to Upper Permian strata between NCB and MOB is also in agreement
with our paleomagnetic data (Mueller et al., 1991). Our sedimentological study
reveals that, following Late Devonian molassic deposition, IMB was dominated by
shallow marine carbonate platform in Carboniferous, followed by volcanic-
sedimentary sequences in Early-Middle Permian, and continental environment with
thick lacustrine sediments in Late Permian. Consequently, no large ocean existed

between NCB and MOB during the Late Paleozoic. Thus, the Paleo-Asian Ocean
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between NCB and MOB was closed at least since Late Devonian. NCB, IMB and
MOB were welded together as a single block. However, a small remnant sea may still
exist in MOB in Late Paleozoic, as Carboniferous arc and Permian marine
sedimentary deposits were identified in south Mongolia (Johnson et al., 2007;
Heumann et al., 2012). Conversely, the latitudinal differences between the welded
NCB-IMB-MOB block and SIB during Devonian and Permian may correspond to the
occurrence of the Mongol-Okhotsk Ocean (Fig. 6-9). As shown by the distribution of
paleomagnetic poles along small circles centered on the sampling regions, the welded
NCB-IMB-MOB block is not totally rigid owing to intracontinental deformation, and
significant relative rotations between NCB, IMB and MOB domains (Figs. 6-8a and
6-8b). The rotations are due to transcurrent tectonics that has been already described
by the previous studies (Enkin et al., 1992; Kravchinsky et al., 2002a; Metelkin et al.,
2010) and documented by numerous Mesozoic shear zones in MOB and IMB (e.g.

East Gobi Fault zone) [(Lamb et al., 1999; 2008; Webb et al., 2010).
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Chapter 7 Paleozoic tectonic evolution of central-eastern Inner

Mongolia
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7.1The Paleozoic tectonic evolution of western Erguna-Xing’an Block

According to our sedimentological studies and detrital zircon analyses presented
in chapter 3.1, combining with previous studies of the Early Paleozoic strata in this
region, a tectonic evolution model of the western Erguna-Xing’an Block was
proposed.

The collision between the EKB and AXXB occurred before the Late Cambrian,
followed by Late Cambrian granitic and mafic intrusions (Wu et al., 2005; Ge et al.,
2005; Wu et al., 2011) on both side of the Xinlin-Xiguitu suture zone (Fig. 7-1a).
During this period, the southern margin of this newly formed block was a passive
continental margin, and separated from the southern the SHB by the Paleo-Asian
Ocean (Fig. 7-1a);

After that, the newly welded Erguna-Xing’an Block (EXB) belonged to an
epicontinental setting, with the development of a Ordovician-Silurian sedimentary
basin that was adjacent to coeval magmatic intrusions (Fig. 7-1b; IMBGMR, 1991;
Ge et al., 2007; Sorokin et al., 2004; 2011; Ren et al., 2012; Guo et al., 2013). The
Cambrian (510-485 Ma) orogenic-related granitic and mafic intrusions and
subsequent Ordovician-Silurian (485-440 Ma) magmatic intrusions provide
provenance for the basin sediments (Fig. 7-1b). Since the Paleo-Asian Ocean
subducted beneath the southern margin of the welded EXB, the Baolidao arc formed
along this margin from ~ 490 Ma to ~ 420 Ma, with the peak at ~ 460 Ma (Shi et al.,
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2005; Jian et al., 2008; Zhang et al., 2009; Xu et al., 2013). The Baolidao arc
granitoids intruded into the Xilinhot Precambrian basement, and extensive thermal
metamorphism related to the arc magmatism occurred in the Precambian basement
(Sun et al., 2013b), which also made contribution for the provenance of the basin
deposition (Fig. 7-1).

During the Late Silurian, the magmatic events along the EXB have ceased, with
widespread clastic and carbonate deposits buried the EXB and did not include a
volcanic component (Fig. 3-2). The striking feature of these Upper Silurian strata is
the Tuvaella funa therein, which can be traced from nearly all the Upper Silurian
strata in the EXB (Su et al., 1981; IMBGMR, 1991), marking a tectonic stabilization
of this newly formed block (Fig. 7-1c; Wang et al., 2009). To the south, the
subduction of the Paleo-Asian Ocean was still going on, but the Baolidao arc
magmatism ceased at the Late Silurian (Fig. 7-1c¢), represented by ~ 420 Ma high-K
granite (Shi et al., 2005; Jian et al., 2008) and coeval hornblende gabbros (Zhang et al.,
2009).

During the Early-Middle Devonian, the marine sedimentary basins on the EXB
show significant lateral lithological variations from west to east (Fig. 3-2). In the
Chaganaobao area, the distinctive red basal conglomerate (Figs. 3-3f and 7-1)
represents a regional unconformity, indicating that the sedimentary basin might have
been closed before the Early Devonian in this area. However, to the east, the
Early-Middle Devonian strata are mainly composed of shallow marine sandstone with
abundant of shallow marine fossils, indicating that marine sedimentary basins still
existed. These lithological variations indicate an Early-Middle Devonian eastward
regression, revealing an eastward successive closure of the marine basin (Fig. 7-1d).
During the Late Devonian, due to the collision between the SHB and the EXB, the
Late Devonian molassic deposition uncomformbly overlied the ophiolitic mélange
(Xu et al., 2013; Fig. 7-1d). This collision also caused the final closure of the marine
sedimentary basins on the EXB, as no Late Devonian sediments were found to the
west, and plant-fossils bearing continental Upper Devonian Angeryinwula Formation

occurred to the east (West Ujimgqin area) (IMBGR, 2007; Fig. 7-1d). After the Late
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Figure 7-1 Cambrian-Devonian tectonic evolution of western Erguna-Xing 'an Block: XXS,

Xinlin-Xiguitu suture; SXHS, Sunidzuoqi-Xilinhot-Heihe suture

Devonian, the EXB came into a subaerial setting without sedimentation until the Late
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Carboniferous continental deposition (IMBGMR, 1991).
7.2 The Carboniferous evolution of central-eastern Inner Mongolia

7.2.1 The Late Carboniferous-Early Permian evolution of China-Mongolia

border areas
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7.2.2 The Carboniferous evolution of central-eastern Inner Mongolia

The sedimentological analyses and detrital zircon dating of the Carboniferous
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strata in central Inner Mongolia display the same depositional setting and similar
provenance, indicating that they deposited in the same geological setting. The
sedimentological analyses document that most of the Carboniferous strata overlie the
Neoproterozoic basement, Early Paleozoic magmatic arc, accretionary complex, and
Devonian strata. This conclusion is supported by our detrital zircon results (Figs. 4-15
and 4-17). This unconformity represents a regional transgression during the Late
Carboniferous after the Devonian-Early Carboniferous sedimentary hiatus in most
regions of central Inner Mongolia (Fig. 7-2; IMBGMR, 1991; Tang, 1990; Shao et al.,
1991).

The subduction of PAO produced two arc magmatic belts along two subduction
zones of opposite polarities, named the Bainaimiao Arc at the northern margin of
NCC and the Baolidao Arc at the southern margin of AXXB (Fig. 7-2a; Jian et al.,
2008; Xu et al., 2013). Both arc activities started from ca. 500 Ma, and ceased at
420-410 Ma (Jian et al., 2008; Shi et al., 2005; Zhang et al., 2013). The magmatism
was accompanied by blueschist facies metamorphism (Xu et al., 2001; De Jong et al.,
2006). The final continental collision was postdated by Late Silurian-Early Devonian
molassic deposition along the Southern Orogen (Fig. 7-2a; Tang, 1990; Zhang et al.,
2010; Shi et al., 2013), and Late Devonian molassic deposition along the Northern
Orogen (Fig. 7-2a; Xu et al., 2013). After the twice collision, NCC, SHB and AXXB
were welded into a unified continent (Xu et al., 2013). This scenario is supported by
recent paleomagnetic studies (Zhao et al., 2013). Except for the molassic deposition
along the two orogenic belts, most parts of the central Inner Mongolia came into a
subaerial environment, without Devonian-Early Carboniferous deposits (Fig. 7-2a;
Tang, 1990; Shao et al., 1991).

During the Late Carboniferous, abundant bimodal volcanic rocks and granite
emplaced, forming a huge extensional related magmatic belt in the southern Mongolia
and northern Inner Mongolia areas (Fig. 7-2b; Shi et al., 2003; Bao et al., 2007; Xue
et al., 2010; Yarmolyuk et al., 2008; Cheng et al., 2012; Xu et al., 2012; Liang et al.,
2013). Nevertheless, geochemical studies of the Late Carboniferous granitoids from

Sunidzuoqi and West-Ujimqin display calc-alkaline affinities (Chen et al., 2000; Liu
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et al., 2009; 2013). The Late Carboniferous magmatic intrusions from Chengde area
at the northern margin of NCC also display arc-like geochemistry affinities (S.H.
Zhang et al., 2007; 2009a). These results were considered as evidences for the
existence of magmatic arcs and oceanic subduction in central Inner Mongolia during
the Late Carboniferous (Chen et al., 2000; S.H. Zhang et al., 2007; 2009a; Liu et al.,
2013). However, the Late Carboniferous granitoids in West-Ujimqin were also
interpreted as extension-related (Bao et al., 2007; Xue et al., 2010). The Chagannur
bimodal volcanic rocks in Sunidzuoqi-Sunidyouqi were also considered to be formed
in post-collisional extensional setting (Tang et al., 2011). X.H. Zhang et al. (2012)
reported the Late Carboniferous appinitic intrusions in Hohhot area, which were
interpreted to be formed within a post-subduction transtensional regime. Moreover, he
also considered that the Late Carboniferous magmatic intrusions S.H. Zhang et al.
(2007; 2009a) reported in Chengde area are also belong to appinitic magmatic rocks,
which should emplace in the same transtensional setting. Furthermore, these Late
Carboniferous magmatic rocks can be found on both sides of the suture zone, which
can’t be explained by arc model. In addition, the arc interpretation is contradictory
with our sedimentary analyses, as the Late Carboniferous deposits on both sides of
this assumed Late Carboniferous arc are comparable, indicating the same sedimentary
environment (Figs. 4-1b and 7-2b; IMBGMR, 1991; Shao et al., 1991). Meanwhile,
the basal conglomerate of the Late Carboniferous strata uncomformably overlies the
underlying Precambrian basement, ophiolitic mélange, Early Paleozoic magmatic arc,
and Late Carboniferous magmatic intrusions, indicating an extensive transgression on
a single continent. Hence, the Late Carboniferous magmatic rocks may be emplaced
in a local extensional or transtensional trough (Fig. 7-2b; Bao et al., 2007; Tang et al.,
2011).

Furthermore, during the Late Carboniferous, the northern Inner Mongolia (from
Erenhot to East-Ujimqin) was dominated by terrestrial facies deposits (Fig. 7-2b),
represented by the Baoligaomiao Formation, from which abundant of Angara flora
was identified (IMBGMR, 1991). This terrestrial deposit belt indicates the

intracontinental environment of AXXB during the Late Carboniferous, which can be
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treated as the north margin of the inland sea (Fig. 7-2b; Bao et al., 2000).

(a) Early Carboniferous

C clastic deposits

Sunidzuoqi
Ophiolitic melange .
Chagannur

(b) Late Carboniferous volcanig rocks Baoligaomiao Fm.

Bainaimiao
magmatic belt . Ondor Sum

Baolida
Ophiolitic melange -

agmatic belt

inland sea clastic-

carbonate deposition
Ddenuded zone (no deposits) -molassic deposition -shallow marine carbonate deposition
-ophiolitic melange \ ultramafic rocks shallow marine clastic deposition
. o . : Late Carboniferous
-conﬂnental deposition , Early Paleozoic arc magmatic rocks post-orogenic intrusion

K 7-2 EIEBRIE, FAL —VF 2R i DR L 2B 18 - B I Nt ey 5 200 1 G
Figure 7-2. Schematic — evolutionary ~model —between the North China Craton,
Songliao-Hunshandake Block and Airgin Sum-Xilinhot-Xing’an Block (AXXB) during the
Carboniferous. Detailed interpretation is discussed in the text.

Our sedimentological analyses and depositional setting interpretation are
consistent with both the paleontological (Zhou et al., 2010; Xin et al., 2011) and the
paleomagnetic data in this region (Pruner, 1987; Xu et al., 1997; Chen et al., 1997; Li
etal., 2012; Zhao et al., 2013).

In recent paleontological studies, typical Cathaysia flora fossils were identified
from the Baoligaomiao Formation in East-Ujimqin, mixed with Angara flora (Xin et
al., 2011). Furthermore, Cathaysia flora fossils were also identified from the
Late-Middle Permian strata in East-Ujimqin (Zhou et al., 2010). The newly found
Late Carboniferous-Middle Permian mixture of Cathaysia and Angara flora in the

northern part of Inner Mongolia indicate that PAO has closed at least before the Late
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Carboniferous. These new discoveries improved the traditional paleontological
division, which considered the mixture of Cathaysia and Angara flora did not happen
until the Late Permian along the Solonker (Huang, 1980; Deng et al., 2009; Shi, 2006).
This pre-Late Carboniferous closure of PAO was also suggested by Dobretsov et al.
(1995; 2003) and then confirmed by Safonova et al. (2009) and Donskaya et al.
(2013).

Moreover, although paleomagnetic results indicate a long distance from the NCC
and SIB during the Carboniferous, the intervening microblocks were located nearby
the NCC since at least the Late Carboniferous (Pruner, 1987; Xu et al., 1997; Chen et
al., 1997; Li et al., 2012). Xu et al. (1997) carried out paleomagnetic studies on the
Carboniferous-Permian strata from the Chita area (Amur region of Russia), and got a
similar paleolatitude of the Amur block with that of NCC. From paleomagnetic
studies of the Carboniferous-Permian strata from central Mongolia, Pruner (1987)
considered that the central Mongolia was a part of the NCC ever since the Early
Permian. For the Chinese part, paleomagnetic studies were performed on the Upper
Carboniferous strata in East-Ujimqin and Sunidzuoqi area, northern Inner Mongolia,
both of which gave similar paleolatitudes with NCC and placed the northern Inner
Mongolia at the northern margin of NCC during the Late Carboniferous (Chen et al.,
1997; Li et al., 2012). Recently, paleomagnetic studies were carried out on the
Devonian-Permian strata of Hunshandake Block, showing that this block was located
at the northern margin of NCC ever since the Late Devonian (Zhao et al., 2013).
These blocks were accreted to the northern margin of NCC, and thus formed a large

continental block before the Late Devonian (Zhao et al., 2013; Xu et al., 2013).

7.3 The Permian evolution of central-eastern Inner Mongolia

FRFIURADI TR, ASOE AR X B UiBUR E T R TR R
WA by I H 5 — i B el pAY 4 Je G v i, — 5 TRl AR b AR i AR
e . A B —rh B TR DL AR AR A EAR DN 3, AAEAET [ P
PORR o GG — 28 kR 1t 2% ) 1 B 3 PAY 5ot v 2 8 2 G PR AT DD AR T
. BEBrBL WSS A AL R 1R AR SR AR
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BBt P B PR 0l O UK L R A R AR N, IR R TR A6
(B 5-1)0 Bkl b ER b SR E o R BTl i 5 23R 1% (Zhang et
al., 2008; Chen et al., 2012; AHF 2%, 2014). fLHE IR A R HHHZE, HBk
WAFRRIE 2 RN = F IR A BUTE KA RRAE, B R FUR A T R AL I R 5%
(i YeiESE, 2004; GfIPSR%5E, 2007ab; P05, 2009; A ZESE, 2009).
Hh S VR R I L G — BB — e A SO B R B I (B RS,
2009; HEMHZE, 2011; VL/NA%E, 20115 #FEELE, 2013; XN%EZE, 2014),
5 SR R T R A i, MR S TR S A AR L A
G R R RN . B S RE N F T RE R, (A2

AT B BRFAE, AR X MG T 5 (XIS, 2012).,

WAV, FETTEE (20100 FEAR S ERABIC T AR SR A F RS X (i
T AR — AR R — Do B D BRI R — R A G R R
PR EAEE EPEACA . UL R St B Y O 4 bR Jb bk A 52
X HE N R SIS, ISR e B YR R AR AR . IR AR bR S
b ik B G A S R A TR & M (AT, 20100, FHE R EHAE

(2011) 7EZR L BRAS U0 LG A1 o th b 23 rp O BLAR BAE A E 5 22 SRR DA VR

A, AEARAR P AL R R (RA I — VAl wo ORI 3 B J — B bR R — %22
HuH (RS AR I A R T AT 58

TRATTRE P 527 R — B AL A M A R AR, S A I — VR IA vt
A5 HIAR L E A 1 IR, TEB 3 RN — VR A i B 2 S AR
FRR—ARITEBAA . 46, Chen et al. (1997) FIZERIEEE (2012) fEHZRIANE
—f OB T3 AR — AR — D2t o) i 5 tH 1 2 b 45 21 5 ek AR B
FR T 26 B, 2T i B A A bR e 5 FL G ik e (e A T W e thE 2 i

According to new field investigation, lithofacies and sedimentary facies
comparison, a sedimentary evolutionary model for the Late Paleozoic rift in eastern
Inner Mongolia is established as following (Fig. 7-3).

In Carboniferous, inland sea carbonates and subordinate clastic rocks deposited
above the former molasse basin and orogenic basement (Fig. 7-3). The continuous
carbonate deposition from south to north suggests a huge inland sea covered eastern

Inner Mongolia with local alluvial deposition in its north margin (Fig. 7-3).
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e) Late Permian-Early Triassic: compress defomation and unconformity
East Ujimgin West Ujimqin Linxi Keshiketenggi Aohanqi

£
n 100km
d) Middle-Late Permian: post-rift stage

East Ujimqin West Ujimgin Linxi Keshiketenggi Aoheng

b) Late Carboniferous-Early Permian: rift initiation
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a) Carboniferous: epeiric sea stage
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fluvial - ' granitoids
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Figure 7-3. Simplified sedimentary evolutionary model for late Paleozoic strata in eastern Inner

Mongolia
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During late Carboniferous-middle Permian, an intracontinental rift developed in
eastern Inner Mongolia. The initiation of rift started in late Carboniferous to early
Permian, with olistrostromes and fluvial deposition covered the carbonate platform
(Fig. 7-3b). During early-middle Permian, the rift came into the climax, characterized
by intensive magmatic events, both bimodal volcanic rocks, A-type granite and mafic
intrusions, thick stable shallow marine strata and restrained deep water deposition
(Fig. 7-3c). At the end of Middle Permian, the rift decayed by shallowing upward
sequence and top conglomerate (Fig. 7-3c¢).

At Middle-Late Permian, post-rift sediments displaced the syn-rift deposition
gradually, from Middle Permian lacustrine and fluvial deposition in north (East
Ujimgqin) and south (Aohanqi) margin of the rift basin to the significant Late Permian
lacustrine deposition in the middle of the basin (West Ujimqin-Linxi-Keshiketengqi)
(Fig. 7-3d).

In latest Permian-early Triassic, a regional compression happened, which
strongly folded the former strata and uplift the whole area into the subaerial
environment. After this tectonic movement the regional alluvial conglomerate
deposited unconformbly on the underneath strata in Keshiketengqi, with other places
exposed (Fig. 7-3e).

B, AT AAEAEE. BE A A S ) R BUBCH Ak, IRIA
ARER RV (ERSMEELIK, 1997; MK, 2004; EHLE, 2005).
(B 5GT T80 BB AR TR PR 58 ) A P e 4L o TS R — b IR 2R B R 1R g
W EY), T DVEISAEHRE I 2 MR L, HA0 A mT DLBE TP A FITR
MZE PRV B X, L 28 ) P SRR M A 85 T T A7 AE (FLIR AN ZE 5 ), 1986;
FE—N5, 1992; FREANES KA, 2001 Hl4n, HrsiR4 s Hig s IR A1 MR R
L 2R A S s TR ) R B S e s S A ROV U R IS (R R R R i,
2003; #F RRAE, 2007). FLKEMZESE (1986, 1987) WX e — &L
IR TR SRR T, A I AL UAR TR T P ZE 1) Jm) B R SR P R o, 2R Pl
PRI R KRR IR £ 65 HURTES 52 = AR HTTTRR , SR R o 00 [ o T AR K s 7
IKIABE U e T Kametaka et al. (2005) 38 b %o 22 (50 55080 BT 04 20 Rk o 2
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HORC AL, ORI RE I ORRG 428X . Caridroit et al. (2000, 2002)
43 HIAE A5 i Mount Parnis A1 55 P8 & San Salvador Patlanoaya V&7 #H 7K 2 H &
G B, A EE O A R BUF A M, RO B AR R
WA, IFARRIGIAEE . R, & EHARTOR A AR VRIESE AT 255 i A e
T 58 TR AR B UTAR IS5

TiRAREE (2014) 75681 DR IUBOR S 2 A7 200 HHAR R AR AR ) 43
Fa, RWZX AR S DR TIRIGAHIAEL, MAEREER. HHh, RIK
SHRMTHHARE KEY SR UMAKS, HFREELRIRIEHEE Nz
B, AR MR HRIFARTTR (Wang et al., 2004), K, Bt py 5200 ih R 80
P A DR R R 28 AR YTAR 9 3o A5 r iR v p i Ll iy R A h — S sk
s Y B AR R R AR I BRI S AR CB BUESE, 2009;
FEEWIAE, 2011; YL/ANS5E, 2011; #FAESE, 2013; X%, 2014), {HiXph
JR AR FRATE FH A 7= AR A o 2 TURR o 7 =) 3B A R A g ek Z P b g R i B2 AL
A 20U L R IRPERL (Chen et al., 2012) . 3X A& FR 1 75 7T A8 R g4t
TS AH A SRR AT I [R) JF e vh — 8 SRR AH DO I i

7.4 The Paleozoic tectonic evolutional model of central-eastern Inner

Mongolia

7.4.1 Comparison of sedimentological features
7.4.1.1 The Early Paleozoic deposits

L AR AR i — B PRI R — D e th B L R B R R A B v (B
7-1), ARFEZH B AL EREUR g i B plf 3 5 B P 2R S O . | TR
Wl RoE, 2% X B R IEAR R A P E IR AR5

PAL — VR SO HUR B ot AR AR R R, DU ZL B R BB A
BRARIE . SHAEAEMAZRR KL EHR (] 7-1; Xu and Chen, 1997; %
ARAREE, 2012) o AR BT E T 18l KR ST (kAR 2248, 1999; 2001),
BN NIRRT —VEF IS e Bt AU R 2 TR AR AP 1L Ok
AR AR (Xu et al., 2013) o BARET NCRHR AR B HE A 7615 X (Xu and Chen,
1997), {HEGFT I U-Pb EAEWE FUA5 B HAL R % 1L E F 6 9 470£2 Ma, #¥
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J& E RS A 2 T 445-480 Ma, Ut BIRER R AU OR T B P 40 - L S R
(R AR, 2012),

felet b ok B B R R BN A s (NS A,
1991 A/RIERE A Tt AL & i B A — A =58 —), BT
At AN EASE R MR BSR4, 1992). A% 1L 41 H e 5 Ak A 5 I AR
EH R R R X, RIS 22 L S Rl AR AR
EBZR, 1992)0 H A RIS AT EEER) 65%LL F, i Byl
K BIERE BER, 1992). Mgl EZoAmME Z R, JREE s -
EL TR0 T At S b B (AT — IR R ), H S ES R
AN ARV 2 s 2B B A R AR L R TR A s, T R AT
B RE, m EAEMIE . Z0E . MR E e T — AN KL Rl, DT
AT O RIA B FAR . A TR AI AR BT DA B, 3ARER & P Al B
A= A 0 SRl — PURR S (B 7-1; Tang, 19900, 3 EANAL R IR
Y5152 B e s L B, R AE SR B AR RIS T, A v Sl A AR AN s (R
L4, 1992; Shietal., 2013).
7.4.1.2 Silurian-Devonian deposits

CHAJH — AR — X UL kK E A S RN AR S — TR A
50 Ve S5k T 4L VES Y U AR S AR J IR 7 G e M R B 5 2H et AR A T AR (I
7-4), BN AL LA A4 1 LSRN RHE, 5 5N RN UR g R R
GEUTRART LGS B, ARFE 3 B i — B R Ry — % 2 e SR oy gl st b S 52 1 3
Bt A 5 48— BV 05 2 o VeI A0 b S8R SRR AT, 1 R R AR
R BRAZIOE BLIA R HI X, EAR VTR AR ] AR AR, (AR AR DI A
WBUIRUAE, S bEiE, RN N I B TR o 1 bE A TR ] H TTAR (1 25
W, SR — RIS — % 22 ORI 70 b DXCHE N Rk B, ANAE /D B X
H LIRS AT

JeigE sy, FRESEHOEREHRE T I8 e R o i — B R —7r,
NN BRI, 1) B i AE BARA RS, IR B D> B ARG K
o, ABEEGE G TSRS bR ARRERERE 2 b, prds b i
45 (Xuetal, 2013).

raiE AT, FAEESG— FRES NI A R E T8 — R R s —H, F
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PSR A B LR 1] AR A IR R B S AR, AN S i TSR IR AR
i S B 2 By gl R Kl — iR UE Rz b, FREEFE ISR (5K AUF45,
2010; Shietal., 2013).
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T s P9 22 4 8 SRR i 9 22 380 B U SR B PO B 4522
%%ﬁﬁ %I* [@ @ 0000 o] ].%anno
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A8 L5 B SRR L B R R
LT | B R
(F 7718 SN VAARY, ceesse v v vie
— MRS E R
WMIT-F=E [0 o oo EnemelV vV _V][e 9
15 e b iR V.V Vi amm®V_V Ve o
50 48 2% X L1558 SRR 35 Ly 7 B SRR
T TS
(B 738 &0 2
Ry 48 2 2k Ly B ST AR i i - .
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fedeiirits N v v sesmeaailleN Vv Vie|
wRE | BREE AR
MEBRR | BWRR | EmR

O R (O RRaRERS vV KWlE TEmE IREREL A A MR AR WarEs Y ERE
S 7-4 7 58 2 AR B IX A RS TN S (AR AR XK Tang, 1990 #557% %42,

1991; A SELHNEY 77 )i 1991)
Figure 7-4 Sedimentological comparison of each block in central-eastern Inner Mongolia (data

from this study and Tang, 1990; Shao et al., 1991; IMBGMR, 1991)

7.4.1.3 Carboniferous-Permian deposits

Male ke, SCHAKJE — S ARIE R — Do FA T — VR v A AR b
iy E L2 I R b S Ll S R I A o AN N B2 T R T AR 2 D AH AL
AL RE o

B AR A 5ty rh 2R Rk B B, DR e AT R BRI T b L
Fisedbir by (B 7-4). Jbi& LA M ARGV S T B ESE R i 2
., MRERBR Ak 2 F K E TR (Xu and Chen, 1997; Xu et al.,
2013), JbIb G N ARGVIRK B T AR, kiR s G iR,
PEEHE AR AL S 1) Joy 9 AH 2 R

ERRG bR BRI K B R BRSNS R R B
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AR S — IR th o s (Bl 7-4), ARG E G T MRS A E RN EZ
b (BERFEE, 2006), ARE RIS S RN BRI, BRI UTIRE &
NS OB A B IX 1 SR A R IR Bt AR TR AR 2 2 i g 1 B A
“%.

L S T A 5 ok AR S X AN 5] B T RR R A o LR R 3t B LA AR
R AR S0 AF g = 0 it AT AR, T 3 ) DA A VA R ek 2 E A 8 o8 5 AR
T (B 7-4) 0 ZAPTR O AL T PE S BRI TR X, DLE B 75 LA 2H 3 g AH 4
BB IR RE G A5, 2013; AW, 2013). RSNk K 1K
AR AR A S, RILH R,  H RICIR  HURFAE

L e P B PR R DR A SR BN A R, AR K R A A SR
WK LA RN, B A U-Pb FEI R T 280-270 Ma (] 7-4; JHiOGIRESE,
2004; #IKAZE, 2007a,b; BFIFECZE, 2010; Zhang et al., 2008; Chen et al., 2012;
AT 224, 2014),

B, 95 AR R Se N AR TR R B, A R A A 0 AL (&
7-4). Hf S ST O 2 H X O R A B, A R S BR AR i
DX TR A R AR R — T B SR UU JRRET4%, 20100, HhEsAn
i IS b X 0] DA AR BB 0 IR 5 TR U £ (81 7-4), AT HTAE L o e
MREHTBOARE, REMBEZATREI. &FEMREAIMNA, R
PR A TS YIRE (Wang et al., 2004). J5 3B B BR 2 H X 7T BE IR
FMNIA L T A R PR PEZL (Chen et al., 2012), F AU B2 At AE 7RSS (£
KRR, 1997; MR, 2004; FHELE, 2005). miElEAREILG T =
B R I N AR B, DLBOOUE R G2 — BOM AU, &%
HAEMBAA o

Mo —Stt, WEFTIXCALES. FEAA PO A AR By, ORI T 2530V
B ERFRIL MR T — e S R A (& 7-4). ME B A A AR T R —
Bt R A g b b AR AR E . b = B G yT A AT RURH B 2 R A B2 (5 8 7T
HAT, EREEYNA, REFBEADSNZ S PRSI B (&
74,

157



Chapter 7 Paleozoic tectonics of central-eastern Inner Mongolia

7.4.2 Comparison of magmatic rocks

NS TR B W B A B AR AR 9IS R A R —
BHLE I HRAC G K g . Tidh, ARt Gtk E B it s .
7.4.2.1 The Early Paleozoic arc magmatism

Ly AR AT SR RO [ A0 v S B S — B AR A — % e s R g A A
Abse bl Ats, o3l E J03E B IO )R B9k (B (B 7-5; Jian et al., 2008;
Xu et al., 2013). 5718 5 3 3 HRAR I — IR Je e 2 B — B Re— i oo A, &
A CAIN RS PR A T, IR 2 R E RS B Oy 3, B 3 9
BRI 2Z4FME (Chen et al., 2000; Jian et al., 2008; X.H. Zhang et al., 2009). 5355
1247F 500-420 Ma (Chen et al., 2000; Jian et al., 2008; X.H. Zhang et al., 2009),
A b s B BAR S B lCa AR O B4755, 2005). HJ3)E B
I PR RS — a8 5 — DU 3 S — TR /R R — B S — B — e A, A R
BRNE KA WAL NS AT Mkilrs (Zala . Zilia Mkt
KA (e, 2014) HBERALZE DURSP R BEAM G HRIE N T, EoR B TUhER L2
FFAE (Jian et al., 2008; Xu et al., 2013; Zhang et al., 2013), % AL AL AL A 500-420
Ma (XIE—%%, 2003; 5K4EFR{EF, 2008; Jian et al., 2008; Xu et al., 2013; Zhang et
al.,, 2013; =A%, 2013), FLURZIEMHAIENE (41158Ma) HIRAbREH &
AR ZEH (Zhang et al., 2013 ).
7.4.2.2 The Early Devonian alkaline intrusions

FL Y B A S T T AR AR F b 2, W — 5208 /-0 G T — sk 1
A, R T 390-410 Ma (1] 7-5; BEUTESE, 2001; Jiang, 2005; R
A&, 2009; X.H. Zhang et al., 2010; FKEREFIR B E, 2010). A PRI I H B A
A 395 Ma [R88E — BB N A 1 390 Ma [N K2 (S.H. Zhang et al., 2007;
2009b). S A L ER AL 22 SIS A 5 3 L R SR A S A s e A
BRAE GRBFEAEIIE, 20100, 45 bR S — V8358 ot 11 5
B H 56 B 5 T B R 3 Lty U G B W] RETE AT 3 L i 0 AR
S EIASS (XH. Zhang et al., 2010).
7.4.2.3 The Carboniferous-Permian post-orogenic magmatism

WA 2R A SR oA T S T — M Ry — st e, Bty fr il —
VRIS s BRI bR b 2 (B 7-5).
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CHLMS i — BRI R — et b, S 4EIRAE (2011) FRIAF A ZEHIX KA
FEH OGRS Y 31441 Ma, 45 2 H I A R THE N D 8206 2 kb . < J A% (2011
FEZR S ERBIL SRS 5 sl 4l 320-303Ma FIREA KL, IR TR
G, REMHFAERGHBICIEARIING 31944Ma (HHRER S, TFAA
LI R T A okt Rl A R IR BT . VR LSS (2012) fF &R AL A T A
HLIX 3K 317-308Ma [ M, FRER A BITE A I HBER LA IE . 166
e b, WAEDZUE AT RER AR S, I W P8 5 500 B .
Yamolyuk 55 (2008) 7£5¢ 7 g 4l K& 300-330Ma F XU K 1L 5 A {6
(< its, A P SR A R R G R i
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Figure 7-5 Magmatism comparison of each block in central-eastern Inner Mongolia (data from
Xu et al., 2014 and references therein)

b3 Ly A e 2 9 B T T R R A G S BRAR I X . i A
(2003) RIE T RANG R IE TR B AR ALK S, ROAFERA
316+3Ma. PH 5 BRARIC IR & K & K E WA R RN, RALFE S H T 325-300
Ma (XIEEIESE, 2009; #IEKHEE, 2007a, bs BEMAREE, 2010). EXFTHAZAWN
B FAAESU (HHE BRI AR R RN KRR, 12X A K

159



Chapter 7 Paleozoic tectonics of central-eastern Inner Mongolia

AL S AR AT R IE S R

FAXL — VA IR T M HR AT 7R 1H 2 SR AR AN BR &2, A BT V3 95 JE R A T —
S JeRE e R AR, LA LR KA AR . 3055 (2011 fEJ3Je kit
FEAEE ARG 313-308Ma FIXUEK LA, FEUCHBFFTIX N AL T-2445 1)
IR

HALRBAEZ R & K& A R — oA R A K 5. AR5 (2009) 7E0Y
FEHEAF 3] 33144 Ma 130242 Ma MK, FHERNKERT RS H . AmEH
R B RKEM AR TR NE, FRERT 324-302 Ma, HiBER{L S BoRE
B — RS IR (U RFE, RN B IUE J S (Zhang et al., 2007; 2009a).
Zhang et al. (2012) 7EFFAIEREALHSE @ A48 320-317 Ma (151 Ba-Sr & INIR
A, TRV BRI A R AR NS [RIRE 8 T 2R A A . & Ba-Sr & A
R B A — B0 H T3 1L S RO I 2 BB #7075 5t (Atherton and Ghani, 2002
Ye et al., 2008), it B AL Sl ok AR N T T3 L 5 B e 7 55t
(Zhang et al., 2012).

CRAERBEBANNE R RIS EIRA M (K 2-4; B 7-5), MAbHA
Al A

S M ISR AL R AR S BR R ID I — A K B KRR S AR
(LK TZE, 1994; Jahnetal., 2009; Zhang et al., 2014) A1 /75 i 41 X0 =,
Kili# (Zhangetal., 2011), MR—%R ZSMBEREREW . ZH A HEES
W EFEE, 5 Yarmolyuk 25 (2008) Xl or HIZEAS 5 3% iy il

A Do BARACR AL Sk & DL 284 ANE XL H R ARER 1 5
AL R E AL R S o K L B T 1 R DT P S b I ]
FRER A FEAE L, MR 3 S KIL-UTRRUE A (RS 225%, 2014), JFR/R AR
FHE (Zhang et al., 2008; Chen et al., 2012), #fEBNBIR THEKHES . 5
LB K L E AR AR R R T S A b (B 7-2). B, R A
(2006) 8 7 P S BRI E T KRR 8- SR A, FIANER
PF AR — B A KGR, Chen etal. (2012) 71K i FHIL % 7] Hi 278Ma
MR, IR TR M RIS,

AR IR, WA — A /K — 3 — e s i — 2k, AT ARiE
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TRER WIS BRI S A AR R . TS (2009)
HRIE 1 IR AL R 270-257 Ma BIFE R . SR EREE AR AR M a AN
264 Ma CH™HI5E, 2012). fEEE— [N R & EiE e S ek s, F
ey 275-262 Ma (LR DA, 2007). SeAt 5o i i o Ik A I Ay 264-263Ma
(TL/NIEE, 20100 Fi4b, B (2009) 7EPYF IR A H 265Ma [ =
REERA, ST REEME A A4, SRR (2013) 1535001 T 2 {0 28 = BEE
< T AT AR 268 Mao IXUERE VA . Bl PEAR A RS BV AL AR TE A L T
TS LT R B S A R, WRR T R AR (K 7-5),
e — Bt — R =F I E AN S PRI RS, (AR A T
BRI SARFAE (B 7-5) . TRIEIESE (2006) 1E8 AR HE — 7 15 ERFZI0 i — 5
WA 245Ma (32 5 —TRECA LG, HERIL2ERBU A BUTE R A RIRRE. X1
FRIESE (2013) 7EEMAIEAR R 249Ma IERINK S . FEESE (2012) 7EE
AT HESEAR 2 B ARSI K& 245Ma IR ERIERR N A XIE%E (2007) 7EAR
PE153) 241Ma LR A . T2 (2012) EARPURTIT IR H 252Ma )4 1L H;
A 243Ma RSB KRS . £I55% (2009) ERILIG AL — RS 3]
254M [J4E K % » Zhang et al. (20092) 45 T A& BT 253-245Ma [ KL K7
HH BRI SRR s A BRI, TR R T 5 R AE IR AL 455 XI5,
Hb JSURFAE AL ER AL 22 R AE, IX el — 8 — R =S 5 R T T3 1 s i 4 i e
20

i

7.4.3 Comparison of paleolatitude

7.4.3.1 Late Devonian
WEie Z i, fedb e il . FAIL — VIR SO ORI St s et AR A - R —
AR, 2R HTR = Al AR I e 7 tH PR B T o T Y A1 ) SIE 5 e oy 1 b
PR b =R, B G ) 7 P AR I S P B iR = AR R
WA TR MR A AR, AT hnE AL T b 0-14°, AL T b4
8-14°, Ut B Ye A I I P2 R s nT LORBI A L2 (B 7-6). Tl
AR FeROE M AL T AULE 4004, HEH REAL BA 25-30° 4 L 2
(J& 7-6).
7.4.3.2 Carboniferous
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AR (2012) 43 H%T I3 SR AR A2 EA L A k- N B 40 I e e 4L AN
DU X A7 RGeS Jr) 13- AT MU 75, 19 30 i 20 0 18941 16.9°, 73
TR L HLAK il -8 PRI - e AN A b e b e AR A (18 7-6). it
BR A A thE 3 B - AR - e B L A T AR b s hi@db 2, PR IRIA .

® | ate Devonian

—80°N ® Late Carboniferous
X ® Permian
e SIB
NCB: North China Block
-60°
SHB: Songliao-Hunshandake Block !;E a?

-50° AXXB: Airgin sum-Xilinhot-Xing'an Block
MOB: Mongolia Block

—40°
SIB: Siberian Block MOB
30 SHB o
NCB AXXB
10° @ Q@ © ¥
@ L ® (PRE]
-0 - ®

] 7-6 LN 7ils A 1 R JE i T — 3 20 P 25 X HE I (B 46 6-1 21, Zhao et al., 1993,
2, Huang et al., 2000; 3, EHE S, 2012; 4, Meng et al., 1990; 5, Yang et al., 1998; 6, Zhao et
al., 1989; 7, KX FNHE: 8, FWEE, 2012; 9, Kravchinsky et al., 2002a; 10, Kravchinsky et
al., 2002a; 11, Pruner, 1987, 12, Xu et al., 1997; 13, Kravchinsky et al., 2002b; 14, Pruner, 1987,
15, Kravchinsky et al., 2002¢; 16, Veselovsky et al., 2003; 17, Kravchinsky et al., 2002c)
Figure 7-6 Paleolatitude comparison of each block in eastern Asia (data from Table 6-3: Zhao et
al.,, 1993, 2, Huang et al., 2000, 3, Li et al.,2012; 4, Meng et al., 1990, 5, Yang et al., 1998, 6,
Zhao et al., 1989; 7, This study, 8, Li et al., 2012; 9, Kravchinsky et al., 2002a; 10, Kravchinsky et
al., 2002a; 11, Pruner, 1987, 12, Xu et al., 1997; 13, Kravchinsky et al., 2002b; 14, Pruner, 1987,

15, Kravchinsky et al., 2002¢; 16, Veselovsky et al., 2003, 17, Kravchinsky et al., 2002c)

7.4.3.3 Permian
S AL, At v hin . AL — VR v MR 5% oy M e s R AR (R
FEAL T A — NN L, R = AN =S MR IR T . T Aedb sehm AL

162



Chapter 7 Paleozoic tectonics of central-eastern Inner Mongolia

I — VR 1 T MR M L P A LS AR SR AL — VA S DR SR R AR
B ok 1 18| ot ST (& 7 1 VAU Y MR 7 5 SR w875 T T S =
PEAF AR HeAThize B9 Fok =AMt

BT S WA, A RB A TR 9-15°, FAIL-VERE A v Ay
AL 19974, SCRMSE- ISR R AL T A0S 18° /a4, SR AL T
b4 200447, BRIRGMEAEZE, Bl BV w3 A & fgnT
LI 2GR 2 (K 7-6) . PEAARIE Fohiil B2 frFAbeh 60-70° 7 47, 558
J AL B AT 40-50° 4 2= (B 7-6).

7.4.4 The Paleozoic tectonic evolutional model of central-eastern Inner Mongolia

T OF A 5 R ARG o AR ACHEAT DURR S L BT AR M IsRAd 2 A o
ST, FEEEATASTZX ARG Y E A ARG A T T
WEFL, ASSCHR A 5 2R AR o AR AR T A AR 2

(1) 500-420Ma: PR AR FE M E4edL e hi@dt g, 74
F ) B9 Ry Ab O b 22 S B S — B R Ry — M bbb 2, JF A IE B
g (B 7-7a).

(2) 420-400Ma: Pl V%3505 v it bk 5 g d e AL o bl & ARl , o o
FER SO G, PP AR R ISR AT, I EE W — NIRRT AN RS
B (B 7-70). [, Edbrhnddbg ok § Rt mrts, RO TSR
Fr T AR DA A IE TS . U, AL SR AR AT AR 4R 25

(3) 400-360Ma: FAIL — VEFEIA v b He b5 b0 3 BLMS Ji — i MR r — e
1065 e SN 11 %1 WL | | b o vl e =0 DU sy 8 b e S O W
BHESHOAREEE R (B 7-70). ZWEB, il Ly N R B

(4) 360-320Ma: A, & ILEHZH, WEEH T RERE X Oy
B AR RPN B, AR/ BOMIX CAn g5 Je e 7 B P E BB AL 51D H B M WA
A

(5) 320-300Ma: HfA R, 5 ARER H I 1 5 B8 — MR g B UTAR
)2, LLEA 4 X BRI $ha TIRUARHE, ARG E ST MUhEME R S22
E, RE&ELETZHERER (B 7-7d). 1ENRRIEER%, xR
i R — RIS — M) K8 5 e AR TR Z o FEBERR IR
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a) 500-420Ma : double sides subduction

Bainaimiao Arc Baolidao Arc

NCC ? Southern SHB Northern ?

subduction zone subduction zone

b) 420-400Ma: formation of Southern Orogen
)r:\igli::::méoumem Baolidao Arc

NCC SHB Northern

subduction zone

AXXB

c)400-360Ma: formation of Northern Orogen

Seribayanaobao Fm.
molasse
l Northern

Orogen  AXXB
SN

Ondor Sum Sunidzuoqi v Early Paleozoic
fotitr ange  ophioliti Arc magmatism

Southern
Orogen

'NCC SHB

¢

2 . Early D i
d) 320-300Ma: inland sea deposits ¢a,i;.yineeivn‘§$§?ons
NCC SHB AXX
— Late Carboniferous
? ? = magmatism
L/\_/\/\Jr\l Early-Middle Permian
magmatism

e) 300-250Ma: intracontinental extension
NCC SHB AXX

s 2%

asthenosm asthenosm Qh»enos;;k

upwelling upwelling upwelling

K 7-7 SR B X A CHIE AL R CR] (R AT BIZ2CH Xu et al., 2013)

Figure 7-7 The Paleozoic tectonic evolutional model of central-eastern Inner Mongolia (the Early

Paleozoic part was modified from Xu et al., 2013)

AU, WS R B WA R A AR .

(6) 300-250Ma: &, W& PRI A FREMEEN, 4E
KA TR RE K L AR B - TR R NS (8] 7-7e) . A RAE I 1 R AR
FRES LI B 5% . rh B S AR — M R — D e b T A R
BB B B RS S L DX T R 2 N K B TR AR B IR B — W IE DR, DA ALy
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Chapter 8 Conclusion

WL VUAR T W8 B A AR E - MR SR TR T LG, S5
AT NE A HOERAG R AR AT 50, 6F PN 58 oy v 2R S Mk oy A= A RO — # 3 Vi
WP HEAT IR E , T3t Se Bl AR AR b — Rl — 3 LD 5 e R A A A
AR EAS LU U

1. V740 3 B i - MRS RE- e 2 P By (R S —) KA -k
ALV A HIFAR TR, SEE RS =t I S A s A
JEFB ARt AR, ARG S B i - R e - e i L 5 UK 7 g B o A A
FPEE 5 B A B OR o B A MR s O A AR RS IR 510
Ma Fll 440 Ma, UiBK B EUR 98- 24 22t bR By Km0 6 /18 B IVE S5
(RO PR o WG e 238 TH I 275 B AR T i -] ML 7 S R 0T iR, AN T
IeaRiR A 2 b, AR B LG LT iE (AR S5 R 10 8 B A AR AR S A R R B
—AEIRIE(E 462 Ma, Frunok B AGES T J3E 8 I i

2. WA R A 5 TR RS IX R B Rl RIS — IRIR B A DI, DA
AR AR L AR, KA S ESEN RO, B AR BINE A .
IEERIR AT . WA RAHE A RAENEZ b, AR XEEEAES . @it
JERE L2 BH A AR [ R URR R R AU A B . R 0 AR AR 7 310 Ma
A1 440 Ma AN T2 BAERRIEAE SR BB o A A, 1A e A R P 32 2y A
b S FAR ST, 3R I R 3 b R YR TR R o B i ik U
T AN S PRI, REES R AL = AMRER (R EAS J — BRI — D
B, RAL —VEEIA s AN AL e Rl R ANE AT (b LA R R LA,
REEFHEIPEE JG BB — AT a5 2 DU WA e th o 5200 85 8 56 7 v ik ZEL Bt A
P - K IRV E & WEJE 85 A SEACEAIT 78 2o 310 Ma A1 440 Ma AN 24 6%
U, o 7R FLDIE TR R B T AUR g — g R A R N R R 0
AR TR PR Ay 4 5 o b ZR Bt 2 DU AR R AL 0 ko MR AR R AE AR 9K
FHRFAN 440Ma FES0E, FHILT AL H &S R =A R |,
VLA R ALUTRRIS VB PR i Bt AR B s s C RS AR & AT TR,
[FIRE U = AN R AR 28 2 H DR PG
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3. ZRANF N AREH X R B RGN R Z S - K LT E R, R
BHEER K L F T Bt S S AR S -k R o A — & ey
DA A Bt AR TORR 2 R o 7 Bt X K L o M R A 27 R IE S s L T i Y
ZUPRIRET o W — 5t ok A 22 F 3 IR 785 PN 58 oty v R0 2 485 TRV A D R s
o TR S TR EVR B B S AT SE B R — Sk rh Bt s, AR
I A — 4B R B RS . B Z DU T I A % T ik R R R b 2
b, REELERESEZ LR MREIE.

4. AT AR B L - A v P e Gt R S 20 A o AR, 4y
BN A=46.8°N, ¢=349.1°E, dp=14.6°, dm=27.3°, N=3 Fl A=48.7°N, ¢=3.7°E,
dp=5.2°, dm=9.1°, N=6. i 5 J& AR GAT H Ui Ao EbAS e (D M
TR G MG, RAbTE RO R -VE A T MR S b 2L 2l
PG (2) AT RNE . VERE IR T HOR 52 b e B S S IR AR R A
RIAA, BB PR SR I S 1A TS B 5 BUNR B 2 T8 (R R e

5. TEAR DR 2 R BR AL 2 0 FE R 1 A 5 ot rh 2R 0 el Ve B 40 B S AN
& B A L R0, DL RS et 2 g 1) S 20 i e b AL I AR
TELEE TR & BB AR E . M BRAG R AE R oy s R A5l it -, i
AR P S AR X 58 R A -3 Ll -3 L S A R AR AR S Rk R
ARSI A AR R, b e hi@ A= A 5 Bk, T 3B — 2k
TERE — M U G AR R S R, MR R TR A, @ R AR A I L
i 56 AR b TR I A -V R T b ORI 32 LR T - AR - Y 2 b ) A e
Ho AR, A AR UG LS S — AR TR B 2, LA 42 X T
BRBR Eh A DI UNFRIE, JEABEEE S T FMRIZME R A2 b, RFE LER*E
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Did the Paleo-Asian Ocean between North China Block and Mongolia
Block exist during the late Paleozoic? First paleomagnetic evidence
from central-eastern Inner Mongolia, China
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[11 The tectonic evolution of the Paleo-Asian Ocean between the North China Block (NCB)
and the Mongolia Block (MOB) is a contentious issue, and geodynamic models remain
speculative. In an effort to puzzle out this controversy, a paleomagnetic study was carried out
on the Silurian to Permian formations in central-eastern Inner Mongolia (China). More than
680 sedimentary and volcanic samples were collected from 86 sites. We have established
titanium-poor magnetite and hematite as the principal magnetic carriers. Anisotropy of the
magnetic susceptibility measurements demonstrate negligible deformation of the majority of
study rocks with sedimentary fabrics. From primary magnetizations, a Late Devonian and a
Permian pole are calculated for Inner Mongolia Block (IMB) at A=46.8°N, ¢ =349.1°E,
dp=14.6°, dm=27.3° with N=3 and A=48.7°N, ¢ =3.7°E, dp=5.2°, dm=9.1° with N=6,
respectively. Two stages of secondary magnetization are also identified probably due to Early
Permian and Early Cretaceous magmatic events. As preliminary results, the comparison of
our new paleomagnetic poles with available data from NCB, MOB, and Siberia indicates that

(1) the paleolatitudes of IMB, NCB, and MOB are consistent between Late Devonian and
Permian, suggesting pre-Late Devonian closure of the Paleo-Asian Ocean and further
evaluation of these three blocks as a single entity and (2) post-Permian intracontinental
deformation was significant and characterized by block rotations, which are due to strike-slip

faulting within the welded NCB-IMB-MOB block.

Citation: Zhao, P., Y. Chen, B. Xu, M. Faure, G. Shi, and F. Choulet (2013), Did the Paleo-Asian Ocean between North
China Block and Mongolia Block exist during the late Paleozoic? First paleomagnetic evidence from central-eastern Inner
Mongolia, China, J. Geophys. Res. Solid Earth, 118, 1873-1894, doi:10.1002/jgrb.50198.

1. Introduction

[2] Central-eastern Asia, located between the North China
Block (NCB) and Siberia Block (SIB) (Figure 1a), is formed
by long-term amalgamation of the NCB, the Mongolia
Block (MOB, South Mongolia, and Amuria block), SIB,
and several intermediate microcontinents [Windley et al.,
2007]. It is considered as the southeastern part of the Altaids
[Sengor et al., 1993], also known as the Central Asian
Orogenic Belt (CAOB) in some papers [Windley et al.,
2007; Kréner et al., 2010; Xu et al., 2012]. This area has
attracted much attention from geoscientists for decades, as
it represents a natural laboratory to understand accretionary
processes and continental crust formation. Hence, it has been
extensively studied from tectonic evolution [e.g., Xiao et al.,
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2003; Windley et al., 2007; Xu et al., 2012], geochemical
and geochronological constrains [e.g., Jahn et al., 2009,
Litvinovsky et al., 2011; Wu et al., 2011], and paleomagnetic
reconstructions [e.g., Zhao et al., 1990; Enkin et al., 1992,
Pruner, 1992; Xu et al., 1997; Kravchinsky et al., 2002a;
Cogné et al., 2005].

[3] However, several issues dealing with the Paleozoic
evolution of the Paleo-Asian Ocean between NCB and
MOB are still controversial, especially the location of suture
zone and the timing of the final oceanic closure. According
to the unconformity between the Upper Devonian strata
and the underlying rocks, and their different deformation
patterns as well, Tang [1990] and Xu et al. [2012] suggested
that two branches of the Paleo-Asian Ocean were closed in
the Late Devonian to form two orogens between NCB and
MOB, namely the North Orogen and the South Orogen
(Figure 1b). These two belts are separated by a microcontinent,
namely, the Hunshandake Block by Xu et al. [2012], referred
as Inner Mongolia Block (IMB) in this paper. After that, this
region underwent an extensional setting characterized by Early
Permian alkine A-type granitoids and bimodal volcanic
rocks [Zhang et al., 2008; Jahn et al., 2009; Chen et al.,
2012] and extension-related sedimentation [7ang, 1990].
However, based on disputable geochemical interpretations,
and occurrence of the Permian marine sediments, some authors
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Figure 1.

(a) Sketch tectonic map of Northeast Asia showing the main blocks and boundaries (modified

after Enkin et al. [1992]). Block: EUR = Eurasia main plate; KAZ = Kazakhstan block; JUN = Junggar block;
TAR = Tarim block; QA = Qaidam block; SIB = Siberia Block; MOB = Mongolia Block; NCB =North China
Block. (b) Geological map of eastern Inner Mongolia emphasizing the two orogenic belts (North Orogen and
South Orogen), late Paleozoic strata and intrusions (modified after IMBGMR [1991] and Xu et al. [2012]).
Sampling localities: a, Damaoqi; b, Aohanqi; ¢, Sunidzuoqi; d, Abagaqi; e, Keshiketengqi; f, Linxi; g, West

Ujimgin; h, Erenhot; i, East Ujimqin.

hypothesized that the Paleo-Asian Ocean has existed through
the late Paleozoic, until the Late Permian when NCB and
MOB collided [Chen et al., 2000; Xiao et al., 2003; Johnson
et al., 2008; Heumann et al., 2012].

[4] Paleomagnetism is an efficient tool to study plate move-
ments and to propose paleogeographic reconstructions. Thus,
it could provide key arguments to solve the aforementioned
controversy on Paleo-Asian Ocean. In East Asia, previous
paleomagnetic studies have been concentrated on the study
of the Mongol-Okhotsk Ocean between MOB and SIB
[Kravchinsky et al., 2002a, 2002b; Cogné et al., 2005]. Con-
versely, paleomagnetic constraints for the Paleo-Asian Ocean
remain rare and they were mostly carried out from the northern
part of MOB, such as Trans-Baikal and upper Amur [Pruner,
1992; Xu et al., 1997; Kravchinsky et al., 2002a]. Zhao et al.
[1990] have reported the first and only paleomagnetic study
on Paleozoic rocks from Inner Mongolia; however, their
results of the Late Permian (11 samples) and Carboniferous
(29 samples) are clearly remagnetized with a negative fold test.
Therefore, no reliable or utilizable Paleozoic paleomagnetic
data are available up to now for Inner Mongolia area. For these
reasons, a paleomagnetic study has been carried out on sedi-
mentary and volcanic rocks from Paleozoic formations in
central-eastern Inner Mongolia. The widespread desert and
grassland hinder finding suitable outcrops for paleomagnetic
sampling. It took us 3 years to investigate the area and to find
all the outcrops presented in this paper.

2. Geological Setting and Paleomagnetic Sampling
2.1.

[5] The central-eastern Inner Mongolia, located between the
northern margin of the NCB and the southern margin of the
MOB (Figure 1b), has recorded a complex subduction-
collision history between these two continents [Xiao et al.,
2003; Windley et al., 2007; Jian et al., 2008; Zhang et al.,
2008; Xu et al., 2012]. Two well-documented ophiolitic
mélange belts exposing blocks of blueschists and chert [Xu
etal., 2001; Xiao et al., 2003; De Jong et al., 2006] are juxta-
posed with two magmatic arcs, namely, the Baolidao Arc and
the Bainaimiao Arc [Chen et al., 2000; Jian et al., 2008],
which are located to the south of Sunidzuoqi and Ondor
Sum, respectively (Figure 1b). An unconformable Late
Silurian to Late Devonian molasse overlies the mélanges and
postdates the early-middle Paleozoic orogenic events,
recorded in the North Orogen and the South Orogen
(Figure 1b) [Tang, 1990; Xu et al., 2012]. Between these
two orogenic belts, a microcontinent (IMB) exposes a
Precambrian basement [Xu et al., 2012]. In addition to the
two ophiolitic mélanges, the occurrence of numerous ultra-
mafic rocks, mainly serpentinite and metagrabbro, throughout
central-eastern Inner Mongolia [Miao et al., 2007] led many
authors to propose that they represent the ophiolitic remnants
of the suture zone and to speculate that oceanic domains have
persisted during the late Paleozoic [Xiao et al., 2003; Li, 2006;

Brief Geological Outline
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Figure 2. Photographs of sampling outcrops. (a) red sandstone of S;x in Damaoqi; (b) red sandstone of
D;c in Damaogqi; (c) limestone of C;h in Aohanqji; (d) coarse sandstone of Dss in Sunidzuoqi; (e) yellow
siltstone of Dss in Abagaqi; (f)coarse sandstone of P5t in Keshiketengqi; (g) sandstone of P51 in Linxi;
(h) limestone of C,a in West Ujimqin; (i) limestone of P,z in West Ujimgqin; (j) red sandstone of D;_,n
in Erenhot; (k) volcaniclastic rocks of C,-P;g in East Ujimqin; and (i) dextral strike-slip fault observed

5 m to the right of Figure 2k position.

Miao et al., 2008]. However, the geochemical signature of
most of these ultramafic rocks and their geological relation-
ships with the surrounding units do not support an ophiolitic
origin, and therefore, they do not represent a ophiolitic suture
zone [Miao et al., 2007; Jian et al., 2012].

[6] The Precambrian basement of central-ecastern Inner
Mongolia is composed of the strongly deformed and meta-
morphosed Paleoproterozoic Baoyintu Group, and the
Mesoproterozoic to Neoproterozoic Xilin Gol complex
[lnner Mongolian Bureau of Geology and Mineral
Resources (IMBGMR), 1991; Xu and Chen, 1997; Ge
et al., 2011]. The widespread undeformed Late Silurian
and Late Devonian molassic deposits unconformably overlie
the Precambrian rocks [Xu and Chen, 1997; Zhang et al.,
2010]. During the Carboniferous, IMB was covered by car-
bonate deposits with subordinate clastic rocks, which grade
upward into Early Permian volcanic rocks, Middle Permian
shallow marine deposits, and Late Permian lacustrine black
mudstone-siltstone deposits [[MBGMR, 1991; Mueller et al.,
1991]. The widespread Early Permian volcanic and intrusive
rocks are mostly alkaline or calc-alkaline, and the volcanic
rocks present a bimodal geochemical signature, which suggest
emplacement in an extensional tectonic setting [Zhang et al.,
2008, 2011; Chen et al., 2012]. These extensional basins were

closed at the end of Permian, as the Late Permian conglomer-
ate unconformably overlying the folded Carboniferous-
Permian strata. Subsequently, central-eastern Inner Mongolia
experienced uplift and erosion until the deposition of Late
Jurassic volcanic rocks and the formation of Early Cretaceous
rift-related basins [Meng, 2003], associated with contempora-
neous plutons intruded into the Paleozoic strata (Figure 1b).
[7] Concerning MOB, although there is no agreement for
the existence of a single block, several microblocks recog-
nized in southern Mongolia (e.g., Hutag Uul microblock
and Baga Bogd massif) [Wang et al., 2001; Demoux et al.,
2007], and in Amur area (e.g., central Mongolian, Argun,
upper Amur, Khingan-Bureya blocks) [Zonenshain et al.,
1990] are thought to be nearby each other [Zonenshain
et al., 1990; Kravchinsky et al., 2002a]. Meanwhile, all
Paleozoic paleomagnetic results obtained on or at the margin
of these microblocks display consistent paleolatitude
[Kravchinsky et al., 2002a and references therein], so we
use MOB to represent these nearby microblocks. However,
in the late Paleozoic, these microblocks may separate from
each other with remnant seas, as Carboniferous arcs and
marine deposits were identified [Johnson et al., 2008]. The
remnant seas were thought to be closed in the Late Permian,
with the Permian marine succession overlain unconformably
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by the Lower Triassic continental strata [Johnson et al.,
2008; Lehmann et al., 2010; Blight et al., 2010; Heumann
et al., 2012].

2.2. Stratigraphy of Sampled Strata

[8] The sampled strata range from Late Silurian to Late
Permian, which are the key stages for studying the evolution
of the eastern part of CAOB. In the following part, we
describe the sampling localities using the tectonic division
presented in the geological outline.

2.2.1. North Margin of NCB

[9] At the northern margin of NCB, two localities were
sampled, namely Damaoqi to the west and Aohanqi to the
east (localities a and b in Figure 1b, respectively).

[10] Late Silurian rocks are well defined as the Xibiehe
Formation (S;x) near Damaoqi County [Zhang et al.,
2010]. It is composed of basal conglomerate at the bottom,
grading upward into sandstone and limestone, containing
corals and brachiopods, such as Kyphophyllum, Progressum,
syringopora, etc. [IMBGMR, 1991, 2002]. Six sites of
yellow sandstone with variable beddings were collected over
a 500 m thick section (Figure 2a and Table 1). The Xibiehe
Formation underlies the Lower Devonian Chaganhabu
Formation (D;c) with an unconformable contact. The Early
Devonian assignment is based on the abundant corals,
brachiopods, and bryozoans, such as Favosites sp. Atrypa sp.
Leptotrypafragilis [IMBGMR, 2002]. To the north of
Damaoqj, eight sites of red sandstone were collected from an
about 800 m thick and gently folded section (Figure 2b and
Table 1). It is worth noting that a dextral strike-slip fault show-
ing mylonitic deformation has been identified three kilometers
to the east of the sampling sites during our field work.

[11] To the north of Aohanqgi County, seven sites were
selected from the Lower Carboniferous Houfangshengou
Formation (C;h), which consists of thick-bedded (0.2—1 m)
black limestone (Figure 2c and Table 1). This formation,
more than 1200 m thick, attests for a stable platform carbon-
ate setting. The well-preserved corals and brachiopods
(Gigantoproductus-Dibunophyllum) constrain its Early
Carboniferous age [IMBGMR, 1991]. Open fold without
cleavage can be observed in this formation.

2.2.2. Inner Mongolia Block (IMB)

[12] Paleomagnetic samples were collected from five
localities in IMB. From west to east, they are Sunidzuoqi,
Abagaqi, Keshiketengqi, Linxi, and West Ujimqin (localities
¢, d, e, fand g, respectively, in Figure 1b).

[13] Near Sunidzuoqi and Abagaqi counties (Figure 1b),
five sites of red coarse sandstone (Figure 2d) and six sites
of yellow siltstone (Figure 2e) of the Upper Devonian
Seribayanaobao Formation (Dss) were collected, respec-
tively (Table 1). The Upper Devonian Seribayanaobao
Formation represents continental molasse deposits, which
unconformably overlie the ophiolite mélange [Xu and Chen,
1997; Xu et al., 2012]. This formation mainly consists of red
conglomerate, red-yellow sandstone, and yellow siltstone,
with a top layer of argillaceous limestone. The plant fossils,
such as Leptophloeum rhombicum in the sandstone and
Nalivkinella profunda and Cyrtospirifer sulcifer in the lime-
stone, attest to the Late Devonian age [Xu et al., 2012]. Near
Sunidzuoqi, five sites of red sandstone were also collected
from both limbs of a fold within the Lower Carboniferous
Gouhuduge Formation (C;g; Table 1), which conformably

overlies the Upper Devonian strata. Open fold has been
observed from Lower Carboniferous strata in the Sunidzuoqi,
and the Upper Devonian strata in Abagaqi are highly
tilted (Table 1).

[14] To the south of Keshiketengqi County, six sites of
coarse sandstone of the Upper Permian Tieyingzi Formation
(P5t) were collected from a section with very gentile bedding
(Figure 2f and Table 1). The alluvial-fluvial-lacustrine facies
Tieyingzi Formation consists of conglomerate at the bottom,
coarse-grained to conglomeratic sandstone in the middle,
and red and green siltstone on the top. The Tieyingzi Forma-
tion unconformably overlies the Early-Middle Permian
granite and the Lower-Upper Permian strata, with pebbles
of all aforementioned rocks at the bottom. The enriched Late
Permian plant fossils, such as Pecopteris sp. Calamites sp.,
Nephropsis sp, and the occurrence of the unconformity as
well, assign the Tieyingzi Formation to the Late Permian.

[15] To the north of Linxi County, three sites of tuff and
basalt from the Lower Permian Dashizhai Formation (P;d)
and three sites of sandstone from the Upper Permian Linxi
Formation (P;1) were collected (Figure 2g and Table 1). The
Dashizhai Formation is composed of volcanic rocks erupted
between 285 and 270 Ma, which belong to the major Late
Paleozoic magmatic event widespread in Inner Mongolia
[Zhang et al., 2008; Liu, 2009; Chen et al., 2012]. The Linxi
Formation is composed of fluvial conglomerate at the bottom
with pebbles of volcanic rocks of Dashizhai Formation,
covered by approximately 4000 m thick black mudstone and
dark yellowish siltstone/sandstone of fluvial-lacustrine facies
[Mueller et al., 1991]. The plant fossils and fresh water
bivalves, such as Brachythyris sp. and Rhombotrypella sp.,
and the minimum age of detrital zircons (256 &+ 2Ma) [Han
et al., 2011] well constrain its Late Permian age.

[16] To the south of West Ujimqin County, eight sites of
limestone and three sites of grey fine-grained sandstone were
sampled from the Upper Carboniferous Amushan Formation
(Csa; Figure 2h). As the most general Late Carboniferous
deposits in Inner Mongolia, the Amushan Formation is com-
posed of shallow marine facies carbonate and subordinate
terrigeneous deposits with a well-defined age owing to
enriched neritic fossils, such as Pseudoschwagerina and
Triticites. To the north of West Ujimqin, five sites of yellow
sandstone were sampled from both limbs of an open fold
at the top of the Upper Carboniferous-Lower Permian
Gegenaobao Formation (C,-P;g). The top sandstone of
Gegenaobao Formation directly overlies volcanic rocks
that have yielded a zircon concordant U-Pb age at
266 £2Ma (Zhao, unpublished data). Therefore, the col-
lected sandstone is mid-Permian in age and we further
use P, to represent the age for these five sites. To the
south of West Ujimgqin, six sites of dark blue thick-
bedded limestone were collected from the middle Permian
Zhesi Formation (P,z; Figure 2i). The age determination
of Zhesi Formation is based on the well-known Middle
Permian Zhesi Fauna [Wang et al., 2004a]. The bedding
attitude for the Zhesi Formation is nearly vertical, with
very slight variations.

2.2.3. Southern Margin of MOB

[17] At the southern margin of MOB, two localities were
chosen for paleomagnetic sampling. From west to east, they
are Chaganaobao to the north of Erenhot (locality h in
Figure 1b) and East-Ujimqin (locality i in Figure 1b).
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Table 1. Paleomagnetic Sampling and Analysis Results From Inner Mongolia

Site Coordinate Rock Age Strike/Dip (°) n'/n N/R  Dg(°) Ig (°) Ds (°) Is (°) k olos (%) Comments and Poles
North China Block (NCB)
Damaogqi
1* 41°55'N,109°56E red sandstone Dic 343.6/51.5 6/6 6/0 0.7 70.8 53.1 27.4 131.0 6.7
20 41°55'N,109°56E red sandstone Dic 258.5/14 8/8 5/3 124.7 2.6 123.5 12.7 36.8 9.2 A=24.1°, p=354.2°,
3 41°55'N,109°56E red sandstone Dic 210/29 6/8 6/0 29.5 55.5 354.5 45.9 49.0 9.7 dp=4.6°, dm=9.2°
4" 41°55'N,109°56E red sandstone Dic 221/40 8/9 0/8 314.5 —17.2 317.1 -57.1 17.0 15.1 A=24.4°, 0=340.7°,
dp=8.1°, dm=15.6°
5 41°55'N,109°56E red sandstone Dic 176/35 0/4 0/0 - - - - - - dispersed
6° 41°55'N,109°56E red sandstone Dic 220.5/24 4/5 0/4 107.5 -3.6 106.0 18.5 42.0 15.1 A=14.2° 0=9.4°,
7" 41°55'N,109°56E  red sandstone Dic 179.7/42 46 04 2117 ~16.3 1953 —353 5940 4.0 dp=7.6", dm=15.1°
3/4 A=46.3°, p=241.1°,
dp=2.1°, dm=4.1°
8P 41°55'N,109°56E red sandstone Dic 190/51 0/3 2353 —12.1 211.7 —422  90.0 7.1 A=29.5°, ¢=220.0°,
9® 42°00'N,110°10'E  coarse sandstone Six 289/20 66 24 6.l 63.8 1.1 440 940 6.9 dp=3.7", dm=7.2°
10° 42°00'N,110°10'E coarse sandstone S3x 283.5/30 8/8 5/3 4.2 70.9 6.7 38.0 114.0 5.7
12 42°00'N,110°10'E coarse sandstone S3x 337/48 0/8 0/0 - - - - - - weak NRM, viscous
13 42°00'N,110°10'E greywacke S3x 338/49.5 7/9 4/3 5.8 66.0 44.2 26.7 21.2 13.4
14 42°00'N,110°10'E greywacke S3x 328/56 0/2 0/0 - - - - - - weak NRM, viscous
15 42°00'N,110°10'E greywacke S3x 304/57 7/9 0/7 337.5 -9.5 314.5 —33.1 530 8.4
mean * 4S/4S 33 67.1 635.0 3.6 A=81.9°, p=125.4°,
(site 1, 9, 10,13) dp=5.0°, dm=6.0°
31.1 36.0  23.1 16.8
Aohangqi
NO1 ? 42°33'N,119°47'E limestone Cih 246/26 8/8 8/0 10.5 64.0 355.1 40.5 59.0 7.3
NO2 # 42°33/N,119°47'E limestone Cih 248.7/36.3 7/8 7/0 9.0 62.5 3543 28.8 23.8 12.6
NO3 * 42°33'N,119°47'E limestone Cih 252/32.3 11711 10/1 5.4 67.5 352.8 36.2 71.5 5.4
NoO4 ® 42°33/N,119°47'E limestone Cih 239/41 8/8 4/4 44.9 76.6 3473 44.2 32.0 9.9
NO5 ® 42°33'N,119°47'E limestone Cih 238.7/38.3 6/8 6/0 7.2 69.0 346.3 334 663 8.3
NO06 # 42°33/N,119°47'E limestone C;h 310/18 5/6 4/1 354.3 57.6 8.2 434 19.2 17.9
NO7 ¢ 42°33'N,119°47'E limestone Cih 312.5/18.5 8/8 71 20.0 66.1 29.9 49.2 56.0 7.5
mean * 7S/7S 9.6 66.6 110.0 5.8 r=80.6°, 0=161.9°,
dp=7.9°, dm=9.6°
357.8 40.0 378 9.9
Inner Mongolia Block (IMB)
Sunidzuoqi
O16 43°28'N,113°32'E  red coarse sandstone Dss 245/20 4/7 4/0 173.4 14.8 177.4 32.8 40.0 14.6
017 43°28'N,113°32’E red coarse sandstone D3s 245/20 6/10 0/6 164.3 —34.6 162.8 —15.0 50.0 11.0
023 43°28'N,113°32'E  red coarse sandstone Dss 237/38 0/5 0/0 - - - - - - weak NRM, viscous
024 43°28'N,113°32'E red coarse sandstone Dss 250/28 5/6 0/5 118.7 —55.6 131.7 —-30.8 54.0 16.7
025 43°28'N,113°32’E red coarse sandstone Dss 250/28 6/6 1/5 138.6 —52.8 143.6 —254 540 9.2
mean 3S/58 143.6 —49.3 18.0 29.9
144.6 —243 243 25.5 A=46.8°, ¢=349.1°,
dp=14.6°,
dm=27.2°
17s/17s 134.1 —49.9 13.0 10.3
139.9 —-259 149 9.6 A=43.6°, ¢=356.9°,

dp=5.6°, dm=10.4°
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Table 1. (continued)

Site Coordinate Rock Age Strike/Dip (°) n'/n N/R  Dg(°) Ig (°) Ds (°) Is (°) k dlos (%) Comments and Poles
0138 43°29'N,113°32'E sandstone Cig 58/40 0/6 0/0 - - - - - - weak NRM,
dispersed
019 43°29'N,113°32'E sandstone Cig 58/45 0/2 0/0 - - - - - - weak NRM,
dispersed
020 43°29'N,113°32'E sandstone Cig 80/8 0/3 0/0 - - - - - - weak NRM,
dispersed
021 43°29'N,113°32'E sandstone Cig 220/20 0/7 0/0 - - - - - - weak NRM,
dispersed
022 43°29'N,113°32'E sandstone Cig 195/27 0/6 0/0 - - - - - - weak NRM,
dispersed
Abagaqi
25 43°56'N,114°56'E yellow siltstone Dss 242.3/82.3 0/1 0/0 - - - - - - viscous
26 43°56/N,114°56'E yellow siltstone Dss 77.5/51.5 0/1 0/0 - - - - - - viscous
27 43°56'N,114°56'E yellow siltstone Dss 76/40 0/1 0/0 - - - - - - viscous
28 43°56/N,114°56'E yellow siltstone Dss 72.5/53 0/1 0/0 - - - - - - viscous
29 43°56'N,114°56'E yellow siltstone Dss 82/73.5 0/1 0/0 - - - - - - viscous
30 43°56'N,114°56'E yellow siltstone Dss 90/62.3 0/1 0/0 - - - - - - viscous
Keshiketengqi
NO8 ® 43°01'N,117°40'E coarse sandstone Pst 110.7/34 5/6 5/0 350.5 63.4 252.6 732 220.0 5.2
NO09 ¢ 43°01'N,117°40'E coarse sandstone Pst 120/16.5 7/7 7/0 350.0 72.2 288.7 77.0  180.0 4.5
N10 ® 43°01'N,117°40'E coarse sandstone P;t 136.3/17 77 7/0 355 68.4 306.3 73.1  208.0 4.2
NI11*? 43°01'N,117°40'E coarse sandstone Pst 128/14 4/4 4/0 6.5 70.2 323.1 77.7 1240 3.5
Ni2*® 43°01'N,117°40'E coarse sandstone Pst 128/14 3/5 3/0 1.2 67.2 320.0 744 344.0 6.6
mean * 5S/58 356.5 68.4 372.0 4.0 A=81.1°, =103.5°,
dp=5.7°, dm=6.7°
297.5 76.5 114.0 7.2
Linxi
001 # 43°43/N,118°08'E sandstone Pil 332/84 9/9 9/0 6.4 73.2 134.0 18.5  269.0 3.1
002 43°42/N,118°25'E tuff Pid 203/46 0/3 0/0 - - - - - - dispersed
003 43°42/N,118°25'E basalt Pd 200/50 5/8 0/5 201.6 —55.1 148.0 —36.1 148.0 7.6
004 43°42'N,118°25'E basalt Pd 200/50 4/7 0/4 166.5 —63.4 129.5 —24.8 138.0 7.8
005 43°41'N,118°17E sandstone Pl 210/34 4/4 4/0 7.8 57.4 334.7 38.1 37.4 17.7
006 43°41'N,118°17E sandstone Psl 210/34 8/9 71 347.7 67.3 326.0 37.4 95.4 5.7
West Ujimqin
007 44°55'N,117°27'E sandstone Pog 20/65 0/4 0/0 - - - - - - weak NRM, viscous
008 44°55'N,117°28'E sandstone Pg 12/68 6/8 0/6 1259 —56.4 136.4 -304 35.0 10.0
009 44°55'N,117°29'E sandstone P,g 20/60 0/9 0/0 - - - - - - viscous
010 44°55'N,117°28'E sandstone Pg 220/28 3/3 2/1 324.0 68.1 312.7 35.0 6232 10.0
Ol1 44°55'N,117°29'E sandstone Pog 225/31 0/5 0/0 - - - - - - dispersed
mean Permian (site 6S/10S 167.2 —63.9 304 12.3
002-011)
140.8 -34.0 709 80.0 A=48.7°, ¢=3.7°,
dp=5.2°, dm=9.1°
012 45°01'N,117°18'E sandstone C,a 277.5/67.5 3/3 0/3 - - - - - -
013 45°01'N,117°18'E sandstone C,a 277.5/67.5 5/6 0/5 - - - - - -
014 45°01'N,117°18'E sandstone C,a 275/65 0/1 0/0 - - - - - -
mean C,a 8s/10s 0/8 95.2 —86.4 178.1 —-19.5 41.0 9.1
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Table 1. (continued)

Site Coordinate Rock Age Strike/Dip (°) nm  N/R Dg(°) Ig (°) Ds (°) Is (°) k dlos (%) Comments and Poles
A=55.0°, ¢=300.6°,
dp=5.0°, dm=9.5°
015 44°50'N,116°28'E sandstone Dyy 352.5/12 0/5 0/0 - - - - - - weak NRM, viscous
N13*? 44°31'N,117°33'E limestone P,z 86/88 3/3 3/0 - - - - - -
N14 2 44°31'N,117°33'E limestone Pz 91.5/84 3/3 3/0 - - - - - -
Ni15*® 44°31'N,117°33'E limestone P,z 93/88 2/2 2/0 - - - - - -
N16 * 44°31'N,117°33'E limestone Pz 93.5/85.5 2/2 2/0 - - - - - -
N17 ¢ 44°31'N,117°33'E limestone P,z 93/85 2/2 2/0 - - - - - -
Ni18*? 44°31'N,117°33'E limestone Pz 93/85 3/3 3/0 - - - - - -
mean * 11s/11s 23.7 69.5 64.4 5.7 A=72.8°, 0=171.5°,
dp=8.4°, dm=9.8°
187.9 16.3 39.6 7.3
N19 44°15'N,117°50'E limestone Cra 80/43 1/3 1/0 - - - - - -
N20 44°15'N,117°50'E limestone Cra 80/43 3/3 3/0 - - - - - -
N21 44°15'N,117°50'E limestone Coa 80/43 0/3 0/0 - - - - - -
N22 44°15'N,117°50'E limestone Cra 80/43 0/3 0/0 - - - - - -
N23 44°15'N,117°50'E limestone Cra 80/43 3/3 3/0 - - - - - -
N24 44°15'N,117°50'E limestone Cra 80/43 3/3 3/0 - - - - - -
N25 44°15'N,117°50'E limestone Cra 80/43 1/3 3/0 - - - - - -
N26 44°15'N,117°50'E limestone Cra 80/43 3/3 3/0 - - - - - -
mean 14s/14s 356.1 61.4 158.4 75.2 24.1 8.3 PEF
Mongolia Block (MOB)
Erenhot
16 44°30'N,111°57E  red coarse sandstone Dion 50/54 5/8 0/5 186.9 —55.9 277.3 —52.8 853 8.3
17 44°30'N,111°57'E  red coarse sandstone Dion 50/54 6/8 6/0 52.8 71.3 117.6 33.0 25.5 13.5
18 44°30'N,111°57'E pebble Dion 50/54 0/5 0/0 - - - - - - dispersed
19° 44°31'N,111°56'E  red coarse sandstone D;n 164/51 77 6/1 5.9 67.2 284.0 43.8 78.0 6.9
20° 44°31'N,111°56'E  red coarse sandstone D;on 164/51 8/8 8/0 2.1 67.8 283.1 424 110.0 53
21 44°31'N,111°56'E  red coarse sandstone Dion 190/30 7/8 7/0 2.1 59.7 325.2 46.3 45.0 9.0
22 44°31'N,111°56'E  red coarse sandstone Dion 177/25 4/4 4/0 3458 62.7 311.6 50.2 143.0 7.7
23° 44°31'N,111°56'E  red coarse sandstone Dion 276/22 6/8 6/0 7.9 59.3 14.7 38.1 92.0 7.0
247 44°31'N,111°56'E  red coarse sandstone D;.on 206/77 5/5 5/0 3.1 60.7 322.8 0.6 137.0 6.6
mean * 7S/7S 5.7 65.4 89.7 5.9 A=85.0°, p=162.6°,
dp=7.8°, dm=9.6°
315.1 51.1 3.6 343
East Ujimqin
N27 # 45°22/N,116°59E  volcanoclastic rock Cy-Pig 277.3/83.7 4/5 4/0 18.7 67.3 11.7 —163 245 18.9
N28(LTC) * 45°22'N,116°59E  volcanoclastic rock C,-Pig 285/76.5 717 7/0 44.4 62.0 28.6 —11.0  40.7 9.6
N28(HTC) b 45°22/N,116°59E  volcanoclastic rock Cy-Pig 57 0/5 213.2 —17.4 225.7 54.2 89.5 10.4 A=43.7°, p=248.5°,
dp=5.6°, dm=10.8°
N29(LTC) * 45°22/N,116°59E  volcanoclastic rock Cy-Pig 107.5/84 4/8 4/0 52.5 46.8 167.0 39.4 544 12.6
N29(HTC) b 45°22'N,116°59'E  volcanoclastic rock C,-Pig 4/8 0/4 216.7 —22.4 330.8 —653 655 8.9 A=44.1°, =242.5°,
dp=5.0°, dm=9.4°
N30(LTC) * 45°22/N,116°59E  volcanoclastic rock Cy-Pig 104/84 6/6 6/0 46.3 72.5 184.1 20.6 106.0 6.5
N30(HTC) ° 45°22/N,116°59E  volcanoclastic rock Cy-Pig 5/6 0/5 205.2 —28.0 349.5 —65.5  100.0 8.8 A=52.9°, 0=254.0°,

dp=5.3°, dm=9.6°
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193.4°,
15.3°

Comments and Poles

A=58.1°, ¢

s (%)
54
9.8

k
91.3
41.0
47.7

Is ()

—44
163

Ds (%)
38.2
235

Ig ()
60.8
57.0
62.4

68.6
33.0
453

NR  Dg()

9/0
7/0

n’/n

9/9

77
6S/6S

Strike/Dip (°)
104/84
281.5/75.5

Age
Co-Pig
Co-Pig
mean *

(except three HTC)

Rock
volcanoclastic rock
volcanoclastic rock

Coordinate

45°22'N,116°59'E
45°22'N,116°59'E

Site

Table 1. (continued)

N31
N32*®
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dp=11.9°,dm

JLEE«§ g [18] To the north of Chaganaobao village, eight sites of
£°2 3 red coarse sandstone (Figure 2j) and one site of conglo-
§"§ 25 merate of the Lower-Middle Devonian Nigiuhe Formation
;;1 %“ ég (D .n) were sampled on both limbs of the folded 4 km long
B z § profile (Table 1). The Niqgiuhe Formation is composed of red
E § e conglomerate at the bottom, followed by red coarse sand-
88 £ § stone and limestone in the middle part, and tuffecous sand-
£E28 stone/siltstone on the top. Corals and brachiopods fossils,
© R such as Leptaenopyxis bouei, Derbina, and Coelospira,
= %’% z & define the Early-Middle Devonian age of this formation
E‘i § k) [IMBGMR, 1991]. These strata were further intruded by Late
& Lé e Jurassicl-Early Crlitaceous granite and covered by contempo-
M EoR0 rary volcanic rocks.
= Sg = E [19] Near East Ujimqin County, six sites of volcaniclastic
_ E8F ¢ rocks were collected from the upper part of the Upper
) g = ?g Z Carboniferous-Lower Permian Gegenaobao Formation
2o BE (C,-P,g; Figure 2k and Table 1). The Gegenaobao Forma-
E j%i @ ; 5 tion, overlying the Late Devonian strata and granodiorite
N 5%2 s e unconformably, displays conglomerate and sandstone in
= Tes ‘g g the lower part and volcanic breccias-andesite-rhyolite-
ZEg 8 volcanoclastic rocks in the upper part, both of which
e ;5 ©g display a nearly vertical bedding attitude. The age of this
S @,g é“ﬁ‘ formation is determined by brachiopods fossils in the
a1 clastic part, such as Kochiproductus sp., Rhynchopora
5':@ g% & sp., Spirifer sp. Several meters apart from the sampling
&‘:’ et ‘§ g5 sites, a W-E trending dextral strike-slip shear zone was
BEETE identified (Figure 21).
BE o % [20] For each site, six to eight cores were drilled using a
;E "’E 2- portable gasoline drill. Cores were orientated by both mag-
g-(f;bz %"g netic and, if possible, solar compasses. The average differ-
225358 ences between these two azimuths of different localities
5 & E =5 ranges between 1.5° +0.5° and 8.0° +1.4°. When Sun mea-
237 28% surements were not available, the average value of the local-
ES é% g ity was used to correct the orientation of the samples.
; p : 27 Overall, about 680 cores of 86 sites were sampled from nine
2 ZzE5SS localities, covering most areas of central-eastern Inner
o g2 65 g Mongolia (Figure 1b and Table 1). It is worth noting that a
i E E 8_% E considerable effort has been made to find all possible
2 B 2 i.; Eﬁg outcrops in this area for paleomagnetic sampling.
= 2
% £5 g 50? 3. Laboratory Methods
=] 22 0Q
._% = E g *é g E [21] In the laboratory, cores were prepared into standard
58 s §8% Sz specimens with 2.5 ¢cm in diameter and 2.2 cm in length.
FEL2E2ET 91 IS Before the measurements of magnetic remanence of this
- E é iy E Z paleomagnetic collection, several techniques were performed
g2 §E gég to magnetic mineralogical investigation: thermal magnetic
5 % é 'TE o5 5 E (Curie point) experiments by KLY-3S kappabridge suscepti-
223%2%% ©s8 bility meter coupled with a CS3 furnace and the acquisition
223358 % 5 of isothermal remanent magnetization (IRM) by IM30 pulse
g%g E %% P magnetizer at Institut des Sciences de la Terre d’Orléans
3 g E- g “i SF (ISTO). In order to evaluate the deformgtion experienced by
25RFg g £ sampled rocllisz measurements of the anisotropy of the mag-
285°z e %’ netic susceptibility (AMS) were also systematically performed
E 2 %f-é 230~ on specimens before their demagnetization by KLY3
ZERELE S kappabridge susceptibility meter. The orientation of the princi-
§ E % Eg %QE pal magnetic fabric axes, namely, K;, K,, and K3, has been
BE-EEy Ea measured, and the anisotropy degree (P;) and shape parameter
=8 é EEZ gfF (T) have been calculated for each specimen as well, following
o © = @ 2 ’
25252288 Jelinek [1978].
H %%E 8g57% [22] Usually, at least six cores were chosen from each site
-;% AE28 ¢ f'; ) for demagnetization. Both thermal and alternating magnetic
©8335 field techniques were carried out to progressively remove
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Figure 3. Representative results of (a—e) thermomagnetic experiments and (f) isothermal magnetization
measurements (IRM) showing different magnetic carries. Sample name, site locality, stratigraphic age,

and lithology are shown on each figure.

the magnetic remanence by about 12—16 steps with temper-
ature intervals from 20°C to 50°C and alternating magnetic
field intervals from 2 mT to 20 mT, using a laboratory-
built furnace and a LDA-3 demagnetizer, respectively.
Magnetic remanence was measured by JRS magnetometer.

[23] Magnetic directions were isolated by the principal com-
ponent analysis [Kirschvink, 1980] or estimated by great circle
technique when end-points were not aligned [McFadden and
McElhinny, 1988]. The mean magnetic directions were
computed by Fisher spherical analysis [Fisher, 1953] using
paleomagnetic software packages offered by Cogné [2003]
and R. Enkin (unpublished).

4. Measurement Results

4.1.

[24] The detailed mineralogical analyses for each locality
are presented in Appendix A and summarized in the follow-
ing. Three main types of magnetic carriers are identified
from both thermomagnetic experiment and IRM measure-
ment. (a) 55 out of 86 sites show magnetite is the main mag-
netic carrier as revealed by the sharp drop of the magnetic
susceptibility at 550-585°C during thermomagnetic experi-
ments (Figures 3a and 3b) and by the rapid increase of the
IRM to a total magnetic saturation at about 300 mT
(Figure 3f-1). (b) For 22 out of 86 sites, both magnetite
and hematite coexist as the main magnetic carriers, deduced
from the successive drops of the magnetic susceptibility
from 580°C to 680°C (Figure 3c), and the relatively rapid
increase of IRM at the weak applied field but without a total
saturation at 1.0 T (Figure 3f-2). (c) For 9 out of 86 sites,
hematite as the main magnetic carrier was indicated from
the linear increase of IRM up to 1.0 T without a total satura-
tion (Figure 3f-3), and with no drop at approximately 120°C
of magnetic susceptibility, which excludes the high coercive
goethite. Meanwhile, mineral transformations are common

Magnetic Mineralogy

during the thermomagnetic experiments. The heating curve
of Curie temperature measurements displays a rapid increase
of the magnetic susceptibility at about 150°C followed by a
slow increase to reach a peak at about 300°C, which may
correspond to the transformation of goethite and/or pyrite
into pyrrhotite and/or magnetite. In addition, the abrupt
decrease from 300°C to 400°C is potentially due to maghemite
destabilization (Figures 3a and 3c). For 35 out of 86 sites,
heating and cooling thermomagnetic curves do not coincide,
and the rapid increase of magnetic susceptibility during the
cooling also indicates mineral oxidation during experiments
(Figures 3d and 3e). However, it seems that mineral transfor-
mation does not disturb the thermal demagnetization, as in
the majority of cases, specimens display relatively stable
remanent directions.

4.2. AMS Results

[25] The AMS results for each site are presented in Appen-
dix B. For each locality except East Ujimqin, the equal-area
projection of the principal axes of the magnetic susceptibility
(Figure 4a) shows nearly horizontal K; axes (D=243.5°,
[=8.8°) and highly inclined K3 axes (D=102.5°, I=78.8°)
in tilt-corrected coordinates, which well define a horizontal
magnetic fabric consistent with the initial sedimentary bed-
ding. Meanwhile, the K3 axes are better clustered after
unfolding with the maximum/minimum radius at 95% confi-
dence of mean K5 axes lies at 48.5°/35.2° in in situ coordinates
and 28.7°/25.6° in tilt-corrected coordinates. All samples
show a relatively weak anisotropy degree with P;<1.08
(Figure 4b), suggesting that at least at the sampling scale, these
rocks have not experienced intense deformation since their
formation. Conversely, the data set of the volcaniclastic rocks
from East Ujimqin shows well-clustered and nearly horizontal
K, but K5 directions are distributed along a girdle (Figure 4c).
Such pattern, combining with the relatively high and
heterogeneous values of P; (Figure 4d), indicates a
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Figure 4. Results of anisotropy of magnetic susceptibility (AMS) measurements. (a and b) Equal-area
stereoplot of K; and Kj directions in tilt-corrected coordinates and the corresponding plots of anisotropy
degree (P;) versus anisotropy shape (T) of magnetic susceptibility for all the samples in Table B1 except sites
N27-N32; (c and d) equal-area stereoplot of K and K5 directions in in situ coordinates and the corresponding
plots of anisotropy degree (P;) versus anisotropy shape (T) of magnetic susceptibility for the volcanoclastic

samples from East Ujimgqin (sites N27-N32) [Jelinek,

1978]. Py=exp{2[(InK; — InK,,)* + (InK, — InK,,,)* +

(InK; — InK,,)*1"%}, and T=_2In(K,/K3)/In(K/K3) — 1, where K, K, and K3 are the maximum, intermedi-

ate, and minimum anisotropy axes, respectively.

prominent prolate shape for the fabric. This may be due to
a postdeposition deformation, which is compatible with our
field observation of vertical dextral strike-slip fault in the
vicinity of sampling (Figure 21). Meanwhile, both the K
and K3 axes are better clustered in in situ coordinates than
in tilt-corrected coordinates, suggesting that the magnetic
fabric may be secondary.

4.3. Paleomagnetic Directional Analysis

4.3.1. North Margin of NCB
4.3.1.1. Damaoqi Area (S3x and D1c)

[26] The natural remanent magnetization (NRM) inten-
sities of yellow sandstone samples of the Upper Silurian
Xibiehe Formation (S3;x) are in the range of 0.25 mA/m
to 38.7 mA/m. Among them, two sites (Site 12 and 14)
display weak NRM (lower than 1 mA/m) and strong
viscosity, and no stable paleomagnetic component can
be isolated (Table 1). For others, two components were
isolated from most of the samples after progressive
thermal demagnetization. The low temperature compo-
nent (LTC) up to 150°C displays random directions
(Figures 5a and 5b). The high temperature component
(HTC), isolated from 200°C to 680°C, shows two types
of direction before bedding adjustments (Table 1 and
Figures 5a and 5b).

[27] For the red sandstone of the Lower Devonian
Chaganhebu Formation (D;c), NRM intensities range from
1 mA/m to 202 mA/m with most of them >10 mA/m. For
most of the samples, only one component was isolated from
room temperature to 680°C (Table 1 and Figure 5¢). In addi-
tion, few samples display two components with random
low-middle temperature component (up to 500°C) and
reversed HTC (Figure 5d) before tilt correction. The Enkin’s
direction-correction (DC) fold test [Enkin, 2003] is negative
for this locality. Except two sites with north-northeast decli-
nation and steeply downward inclination (Sites 1 and 3) and
one dispersed site (Site 5), the five remaining sites display
shallow upward inclination and variable declinations rang-
ing from 110° to 315° (Table 1).
4.3.1.2. Aohangi Area (Clh)

[28] The NRM intensities of black limestone samples of
the Lower Carboniferous Houfangshengou Formation
(C;h) range from 0.5 mA/m to 22.6 mA/m. Two compo-
nents were isolated from most measured samples. After
removing a dispersed viscous component up to 200°C or
2 mT, a stable component was isolated with both normal and
reversed polarities before bedding adjustments (Figures 5e
and 5f). A mean direction has been calculated (Table 1), which
fails to pass the fold test as the directions are much better
clustered before unfolding (Figure 6b).
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4.3.2. Inner Mongolia Block

4.3.2.1. Sunidzuoqi Area (D3s)

[29] For the red coarse sandstone of the Upper Devonian
Seribayanaobao Formation (Ds;), two components of mag-
netic directions have been isolated from four out of five
sites. The LTC is characterized by prominently viscous
and dispersed directions (Figure 5g). After cleaning this
viscous magnetic remanence up to 250°C, three sites (O17,
024, and 025) display a uniform reversed polarity in tilt-
corrected coordinates, except one sample in Site O25 pre-
sents antipodal normal polarity (Figure 5g and Table 1). Site
016 presents normal polarity, which is much different from
other sites. Therefore, we have calculated a mean direction
for these three sites (Table 1). The fold test is inconclusive
but the directions are better clustered after unfolding
(Figure 6¢). All five Lower Carboniferous sites (sites O18 to
022) show weak NRM intensity ranging from 0.25 mA/m
to 5.94 mA/m or high viscosity, with no reliable direction
obtained (Table 1).
4.3.2.2. Abagaqi Area (D3s)

[30] For the yellow siltstone of the Upper Devonian
Seribayanaobao Formation, all specimens present weak
NRM values with a range of 0.41 mA/m to 3.69 mA/m.
Furthermore, most samples present highly viscous features
during demagnetization, since we observe a more than
90% drop of the magnetic intensity after heating up to

150°C. Consequently, no reliable direction was isolated
from this locality.
4.3.2.3. Keshiketengqi Area (P3t)

[31] For the coarse sandstone of the Upper Permian
Tieyingzi Formation, the NRM intensities are relatively
high, ranging from 46.4 mA/m to 227 mA/m. Only one com-
ponent has been isolated from all analyzed samples
(Figure 5h), and a mean direction has been calculated for
these five sites (Table 1). The site mean directions are better
clustered before bedding corrections, indicating a negative
fold test (Figure 6d).
4.3.2.4. Linxi Area (Late P1d and P3Il)

[32] For the upper part of the tuff and basalt of the Lower
Permian Dashizhai Formation (P;d), NRM intensities vary
from 1.91 mA/m to 1.89 A/m. By thermal demagnetization,
a random LTC has been isolated below 300°C. Thereafter, a
HTC up to about 600°C has been observed and displays
southeastward declination and upward inclination in tilt-
corrected coordinates (Figure 5i).

[33] Concerning the sandstone of the Upper Permian Linxi
Formation (P;l), after removing the LTC until about 200°C,
the remanent magnetization shows a stable decrease of
magnetic remanence up to 550°C. All samples except one
display unified normal polarity (Table 1). Site O01 displays
northward declination and steeply downward inclination in
in situ coordinates (Table 1). The tilt-corrected directions

1883



ZHAO ET AL.: PALEOMAGNETIC DATA FROM INNER MONGOLIA

PR
Aohanqi
S3-D1 (N‘(::B)

ool kb 4+ o + b+ o+ 4+ 4 b 4+ 4+ oo

70l + + + + + + + +

270 + + + + + + + + + + fekst + o+ + + |90

Sunidzuoqi
(IMB)
D3

+ 4+ 4+ + 4+ + 4+ Joo

(®)
Erenhot
(MOB)
1-2
2710l + + + + + + + +

IS

+ + + + 4+ Joo

TC

90

270 ++ ANt + + + + P+ + o+t

+
#
+
g

East UjBimqin IS
(MOB)

Ca-Py ’\‘
S .’{

N

/2

7
NS

90 (l)

K /
West Ujimgin-Linxi +
(IMB) &
Late P1-P3

-50 50 100 150
bedding correction (%)

180

Figure 6. (a—h) Equal-area projection plots of site-mean directions of studied localities (data from Table 1).
Closed (open) symbols present downward (upward) magnetic directions. Star symbols present the mean
directions. IS (TC) stands for in situ/geographic (tilt-corrected/ stratigraphic) coordinates. (i) Enkin [2003]
DC fold test: progressive unfolding showing a significant clustering of magnetic directions after bedding
corrections at 90% untilting for the six Permian sites from West Ujimqin-Linxi area showing in Figure 6h.

for the other two sites display consistent northwestward
declination and downward inclinations (Figure 5j).
4.3.2.5. West Ujimqin Area (C2a, P2g, and P2z)

[34] Forthe limestone of the Upper Carboniferous Amushan
Formation (C,a), after removing the random LTC until 200°C,
all samples show normal polarity before bedding correction
and a mean direction has been calculated (Table 1), which is
close to that of the Present Earth Field (PEF: D=—4.3°,
1=61.2°) or Geocentric Axial Dipole (GAD: D=0°,
[=62.2°) for the sampling area. Only eight specimens from
three sandstone sites of Amushan Formation were successfully
demagnetized and all display reversed polarity (Figure 5k),
and a mean direction has been calculated (Table 1).

[35] For the Middle Permian yellow sandstone of the
Gegenaobao Formation (P,g), most of the samples display
weak values of NRM (lower than 1 mA/m) and no reliable
direction has been obtained except for Sites O08 and O10
(Table 1). For specimens of site O08, after removing the vis-
cous LTC up to about 300°C, the remanent magnetization
decreases linearly to the origin at 585°C, with solo reversed
polarity (Figure 51), while Site O10 displays antipodal nor-
mal and reversed polarities (Table 1).

[36] For the limestone of the Middle Permian Zhesi
Formation (P,z), after cleaning the LTC up to 150°C, all mea-
sured samples show consistent directions (Figure 5m) before
bedding corrections and a mean direction has been calculated
(Table 1). The directions are better clustered before bedding
correction (Figure 6e), indicating a negative fold test.

4.3.3. South Margin of MOB

4.3.3.1. Erenhot Area (D1-2n)

[37] For the red coarse sandstone of the Lower-Middle
Devonian Nigiuhe Formation (D;_,n), only one component
is isolated after progressive demagnetization, but samples
from these nine sites display variable directions. Site 16
yields magnetic directions of reversed polarity. Site 18,
which was selected for conglomerate test, displays scattered
directions. All other seven sites, except one sample from Site
19, display a consistent normal polarity in in situ coordinates
(Figures 5n and 6f) and a mean direction has been calculated
(Table 1). Although the pebbles give scattered directions, the
site mean directions are better grouped before tilt correction,
suggesting a negative fold test (Figure 6f).
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4.3.3.2. East Ujimqin (C2-P1g)

[38] For the volcanoclastic rocks of the Upper Carboniferous-
Lower Permian Gegenaobao Formation (C,-P;g), only one
component has been isolated from three sites (Sites N27,
N31 and N32), and two components have been isolated from
the other three (Sites N28, N29, and N30). The directions
from three single-component sites are consistent with that
of the LTC deduced from the three dual-component sites
(Figures 50 and 5p) and a mean direction has been calcu-
lated (Table 1). The site mean directions of these six sites
are better grouped before tilt correction, indicating a negative
fold test (Figure 6g). The HTC isolated from three dual-
component sites displays a solo reversed polarity (Figure 5p).
The site mean directions for these three sites are better grouped
before bedding correction, also indicating a negative fold test.

5. Discussion

[39] Magnetic mineralogy studies reveal that titanium-
poor magnetite and sometimes hematite are the main mag-
netic remanent carrier with subordinate magnetic minerals,
such as goethite, pyrrhotite, and maghemite. AMS measure-
ments suggest that all collected rocks, except those from
East Ujimqin, have not experienced intense deformation
since their formation and maintain their original sedimentary
magnetic fabric. Seventeen out of the 86 analyzed sites pres-
ent either too weak magnetic remanent intensity or strong
viscosity (Table 1) to provide reliable paleomagnetic direc-
tions. Besides, for four sites, specimens display scattered
directions that hinder calculation of the site mean direction.
All these 21 sites are rejected for further discussion.

5.1.

5.1.1. Primary Magnetizations

[40] Three Late Devonian sites from Sunidzuoqi show a
unified reversed polarity, except one sample in Site O25
displaying an antipodal normal polarity (Table 1). Although
the fold test is inconclusive due to probably the similarity of
bedding attitudes, the features that the precision parameter
has been improved after bedding corrections with a ratio of
1.35 for ky/k, and the coexistence of antipodal normal and
reversed polarities may suggest that the magnetic remanence
was at least acquired before the folding. The folding age
cannot be, however, estimated by local stratigraphic con-
tacts. At the regional scale, the Upper Devonian-Upper
Permian strata are folded or highly tilted, and unconform-
ably covered by the Late Permian conglomerate. Therefore,
the folding took place during the Late Permian. Meanwhile,
the coexistence of antipodal normal and reversed polarities
and inexistence of the Early Permian magmatic rocks around
sampling places exclude the Early Permian remagnetization,
which displays only reversed polarity due to the Permo-
Carboniferous Reversed Superchron (PCRS), ranging from
320 Ma to 263 Ma [Garcia et al., 2006; Cottrell et al.,
2008]. Thus, the magnetic remanence may be considered
as primary and a Late Devonian paleomagnetic pole has
consequently been calculated for IMB at A=46.8°N,
©=349.1°E, dp=14.6, dm=27.3 with N=3 sites, or
A=43.6°N, ¢=356.9°E, dp=5.6, dm=10.4 with N=17
samples (Table 1).

[41] Only eight specimens were successfully demagnetized
from three sites of Late Carboniferous sandstone from

Calculations of Paleomagnetic Poles

West Ujimgqin, displaying a unified reversed polarity. The
corresponding pole was calculated at A=55°N, ¢ =300.6°E,
dp=5°, dm=9.5° with paleolatitude of ~10° (Table 1). The
solo reversed polarity seems to be consistent with the PCRS.
The pole and the paleolatitude are comparable with the Late
Carboniferous pole from Hexi Corridor in the westernmost part
of NCB (A=58°N, ¢=262.5°E, dp=7.4°, dm=14.2°) [Wu
et al., 1993] and its paleolatitude (9.2°N =+ 7.4°N given by
Wu et al. [1993] and 5.4°N given by Huang et al. [2001]). Al-
though no fold test can be applied because of the small amount
of samples, it seems reasonable to consider this pole to be rep-
resentative of IMB for Late Carboniferous. However, for cau-
tious tectonic interpretation, we will not use this pole further.

[42] Two sites of Early Permian basalt and two sites of
Late Permian sandstone from Linxi and two sites of Middle
Permian sandstone from West Ujimqin display similar or
antipodal directions after bedding corrections (Figures 5i,
51, and 5j). Zircon U-Pb geochronology yielded ages ranging
between 285 Ma and 270 Ma for the basalt sites [Zhang
et al., 2008; Liu, 2009]. Our unpublished zircon U-Pb dating
provides a Middle Permian age assignment for the sandstone
from West Ujimqin, which overlies the basalt directly. In
addition, the solo reversed polarity suggests that the
magnetic remanence has been acquired before 263 Ma,
which is the upper limit of PCRS. Similarly, the age of the
Linxi Formation sandstone is well constrained by abundant
plant fossils and detrital zircon geochronology (256 Ma for
the youngest grain) [Han et al., 2011]. Meanwhile, its
chiefly normal polarity may suggest that the magnetic rema-
nence was acquired shortly after 263 Ma, the upper limit of
PCRS. All these rocks were deposited during a period of ca.
30 Ma, but they display similar or antipodal magnetic direc-
tions (Figures 5i, 5j, and 51). This indicates a relatively stable
paleolatitude for IMB from late Early Permian to Late Permian.
Therefore, we have calculated a mean direction for these
six sites at D, =167.2°, 1,=-63.9°, k,=30.4, 0195, = 12.3° and
D,=140.8°, I;=-34.0°, ks=70.9, 09ss=8.0° (Figure 6h and
Table 1). Enkin’s fold test is positive with maximum value
of k parameter at 90% (Figures 6h and 6i), and it also
passes the reversal test [McFadden and McElhinny, 1990],
suggesting that the magnetic remanences were obtained before
folding. As discussed above, the folding age is considered to
be the Late Permian. Therefore, we consider that the rema-
nences were acquired during deposition. Thus, a late Early
Permian-Late Permian paleomagnetic pole has been calcu-
lated for IMB at A=48.7°N, ¢=3.7°E, dp=5.2°, dm=9.1°
with N=6 (Table 1).
5.1.2. Secondary Magnetizations

[43] All other 54 remaining sites (including the Late
Silurian and Early Devonian of Damaoqi, Early Carboniferous
of Aohangi, Late Permian-Early Triassic of Keshiketengqi,
Late Carboniferous and Middle Permian of West-Ujimgqin,
Early-Middle Devonian of Erenhot, and Late Carboniferous-
Early Permian of East-Ujimgqin) fail to pass the fold test,
suggesting post-folding remagnetizations. Two groups of
directions have been identified: (a) southward (southeastward
and southwestward) declinations and shallow upward inclina-
tions (Figures 5S¢, 5d, and 5p) and (b) northward declinations
and steeply downward inclinations or antipodal southward
declinations and steeply upward inclinations (Figures 5f, 5h,
5m, and 5n). In the following, we will discuss the possible
reasons and age for these remagnetizations.
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Figure 7. (a) Synthesis of geochronological data of the
Permian magmatic event around Damaoqi and East Ujimqin
(n=32), illustrating the activity peak at 274 Ma, which may
be responsible for the Early Permian remagnetization in these
two localities. Individual data are from Zhang et al. [2008],
Liu [2009], Luo et al. [2009], Zhao et al. [2011], and Chen
et al. [2012]. (b) Synthesis of geochronological data of the
Late Jurassic-Early Cretaceous magmatic event in Inner
Mongolia and southern Mongolia, showing the activity peak
at 127 Ma (n="77), which may be responsible for the Early
Cretaceous widespread remagnetization in Inner Mongolia.
Individual data are from Liu et al. [2005], Wu et al. [2005],
Wei et al. [2012], and Daoudene et al. [2012].

[44] The directions of HTC of five sites from the Early
Devonian red sandstone in Damaoqi (D;.) and of three sites
from volcanoclastic rocks in East Ujimqin (C,-P;g) show the
solo reversed polarity (Table 1). Moreover, these sites are
close to Early Permian granitic plutons and volcanic rocks,
which could be the cause of this secondary thermal magnetiza-
tion. In addition, a review of the literatures concerning
Permian magmatism around these two localities has shown a
peak emplacement age at ca. 274 Ma (Figure 7a) [Zhang et al.,
2008; Liu et al., 2009; Chen et al., 2012]. The solo reversed
polarity and the estimated age of this remagnetization coincide
with timing and features of the PCRS. Among these sites, in-
clinations vary slightly (—5° to —28°), but the corresponding
paleolatitudes remain similar. Conversely, declinations
are scattered and vary between 110° and 315° (Table 1).

The paleomagnetic poles calculated from each site are distrib-
uted along a small circle centered at the sampling zone,
which overlaps with Permian poles obtained from NCB and
MOB (Figure 8b). So it is reasonable to consider that the
remagnetized remanence acquired during the Early Permian.
The important difference in declination may be due to poste-
rior late strike-slip faulting, as observed in the field (Figure 21).

[45] All remaining remagnetized sites display HTC direc-
tions close to that of the PEF (Table 1), but two major fea-
tures allow us to distinguish them (except eight sites of
Late Carboniferous limestone in West Ujimgqin) from that
of PEF: (1) the magnetic inclinations (62.4° to 69.5°) are
higher than that of PEF (61.2° for PDF and 62.2° for
GAD) and (2) the occurrence of reversed polarity for each
locality (e.g., Figures 5a and 5f and Table 1). Therefore,
the remagnetization age needs to be estimated. The corre-
sponding poles of these remagnetized sites are compatible
with the Early Cretaceous poles of NCB, MOB, and SIB
[Halim et al., 1998; Kravchinsky et al., 2002b; Cogné
et al., 2005; Charles et al., 2011]. Meanwhile, East Asia,
including MOB, IMB, and NCB, experienced Mesozoic
extensional tectonics, characterized by abundant extensional
half-graben basins and emplacement of numerous magmatic
massifs [e.g., Webb et al., 1999; Graham et al., 2001; Ren
et al., 2002; Liu et al., 2005; Wu et al., 2005; Charles et al.,
2011; Wei et al., 2012; Daoudene et al., 2012]. The magmatic
event, which may induce thermal remagnetization, started in
Late Jurassic and reached the peak in the Early Cretaceous
(127 Ma, Figure 7b). After the Early Cretaceous, no magmatic
event occurred in central-eastern Inner Mongolia until the
early Pleistocene basalt erupted nearby Xilinhot [[MBGMR,
1991]. However, the distribution of the Early Pleistocene
basalt is restricted, and the magnetic directions of the Early
Pleistocene in this area are different from our remagnetized
directions [Zhu et al., 1998]. Generally speaking, pervasive
remagnetization is caused by regional magmatic event. So it
is reasonable to consider that these secondary thermal magne-
tizations were acquired in Early Cretaceous.

5.2. Comparisons of the Paleomagnetic Poles

[46] Up to now, no reliable Paleozoic paleomagnetic
data have been documented from central-eastern Inner
Mongolia, except a few remagnetization data obtained from
Carboniferous-Permian strata in northeastern Inner Mongolia
[Zhao et al., 1990]. For MOB, paleomagnetic studies have
mostly focused on its northern margin, such as North
Amuria [Xu et al., 1997; Kravchinsky et al., 2002a] and
North Mongolia [Pruner, 1987], with a few studies on South
Mongolia [Pruner, 1987]. Most of these data were driven
from deformed zones, e.g., the suspected Mongol-Okhotsk
suture zone, where the strike-slip movements may have
caused significant deflection of the paleomagnetic directions
[Kravchinsky et al., 2002a; Webb and Johnson, 2006, Webb
et al., 2010; Metelkin et al., 2010].

5.2.1. Late Devonian

[47] Late Devonian poles for these four blocks remain
rare. For NCB, two poles were obtained from the Hexi Cor-
ridor region. Zhao et al. [1993] gave a Late Devonian pole at
A=34.2°N, ¢=228.7°E, Ags=8.8° with 16 sites of red
sandstone and andesite (Table 2). Huang et al. [2000] calcu-
lated a mean Middle-Late Devonian pole at A=356°N,
¢©=336°E, A9s=9.2° with 12 sites of Middle-Late
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Figure 8. (a) Equal-area projections of Late Devonian poles from Sunidzuoqi (IMB), North China Block
(NCB), Mongolia Block (MOB), and Siberia Block (SIB). There is little or no latitudinal difference but
huge longitudinal differences between IMB, NCB, and MOB, indicating that these three blocks probably
aggregated together, but with strong rotation. SIB was far away from other three blocks in Late Devonian
as the pole was far away. (b) Equal-area projections of Permian poles from IMB, NCB, MOB, and SIB.
The pole of our study is consistent with that of NCB, suggesting that these two parts have been welded
as a rigid block. There is no latitudinal difference but still huge longitudinal differences between IMB +
NCB and MOB, indicating strong postdated rotation, probably due to intracontinental strike-slip
movements. SIB was still far away from other three blocks in Permian. The Permian remagnetized sites

are also aligned along a small circle (SC2) with a

shallower inclination, which probably due to local

deformation since samples were collected from zones where strike-slip faults are documented.

Devonian strata (Table 2). Despite collecting in close loca-
tions less than 40 km, these two poles display huge rotation
with declination difference of 72.1° 4+ 15.4° (Figure 8a),
which is probably caused by the strike-slip fault system in
the Hexi Corridor [Huang et al., 2000]. In the upper Amuria
region (MOB), Kravchinsky et al. [2002a] obtained two
poles for Middle-Late Devonian and Late Devonian
ages at A=24.6°N, ¢=12.9°E, dp=8.7°, dm=16.9° with
seven sites of siltstone and tuff and A=40.5°N,
©=352.4°E, dp=9°, dm=16.7° with five sites of sandstone
and siltstone, respectively (Table 2). All these four Devonian
poles from NCB and MOB are distributed along a small cir-
cle, indicating that these two blocks have evolved together
without detectable paleolatitude difference (2.3°+5.7°),
but with significant relative rotations since the Late
Devonian (Figure 8a). Our Late Devonian pole obtained
from Sunidzuoqi (IMB) also locates on this small circle
(Figure 8a), indicating that these three blocks of compatible
paleolatitudes were juxtaposed since at least Late Devonian.
Based on a paleomagnetic study of kimberlite and dyke in
the east of Siberia, Kravchinsky et al. [2002c] gave a Late
Devonian pole for SIB at A=11.1°N, ¢@=149.7°E,
Ags=8.9° with 11 localities (Table 2). This pole is totally
different from the Late Devonian poles of NCB, MOB, and
IMB (Figure 8a), indicating that SIB was located far away
from NCB, MOB, and IMB during the Late Devonian.
5.2.2. Permian

[48] The Permian poles for NCB have been well docu-
mented by numerous studies over the last three decades

(Table 2) [e.g., McElhinny et al., 1981; Zhao and Coe, 1989;
Meng et al., 1990; Wu et al., 1993; Yang et al., 1998]. These
poles are well consistent with each other (Figure 8b). Although
statistically distinguished from other poles, the pole from Hexi
Corridor (Figure 8b) [Wu et al., 1993] presents a compatible
paleolatitude, indicating post-Permian rotation of sampling
area with respect to the other parts of NCB.

[49] Our primary Permian pole for IMB inferred from
West Ujimgin-Linxi (star in Figure 8b) is well consistent
with the poles of NCB, with an indistinguishable angular
difference of 2.6° &= 10.9° and a weakly paleolatitudinal dif-
ference of 5.8° +8.5° comparing with the mean Permian
pole of NCB (calculated at A=46.0°N, ¢=355.2°E,
Ags=4.7°), indicating that no paleomagnetically detectable
relative movement has occurred between NCB and IMB
during Permian. These two blocks may have been welded
as a rigid block.

[50] The Permian poles of MOB are distributed along a
small circle, which intercepts the poles of NCB-IMB (SCl
in Figure 8b) [Xu et al., 1997; Kravchinsky et al., 2002b;
Pruner, 1987, 1992]. This observation indicates that the
post-Permian relative movements between NCB-IMB and
MOB are essentially produced by rotations within these
blocks. In fact, as described before, the samples of MOB
come essentially from the marginal zones [e.g., Kravchinsky
et al., 2002b]. These significant relative rotations may be

caused by strike-slip movements along the tectonic boundaries
[Cogné et al., 2005; Metelkin et al., 2010].
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Table 2. Compilation of Late Devonian and Permian Palacomagnetic Data of North China Block, Inner Mongolia Block, Mongolia

Block and Siberia Block?®

Age Slat (°N) Slong (°E) N Plat (°N) Plong (°E) Ays(°) (dp/dm) Test References
North China Block (NCB)
P, 39.6 98.0 33S 424 350.9 3.9 F Meng et al. [1990]
P, 11L 50.3 355.2 5.7 F Yang et al. [1998]
P, 37.8 112.3 12S 44.0 358.0 6.9 F McElhinny et al. [1981]
P, 37.5 114.4 4s 47.1 356.9 7.7 F Zhao and Coe [1989]
P, 37.6 101.3 5S 239 21.2 12.8/21.4 F Wu et al. [1993]
Ds 374 105.7 16S 342 228.7 8.8 F,R Zhao et al. [1993]
Dys 37.7 106.0 14S 56.0 336.0 9.2 F,R Huang et al. [2000]
Inner Mongolia Block (IMB)
Late P;-P5 43.7 118.4 6S 48.7 3.7 5.2/9.1 F This study
Dy 435 113.5 3S 46.8 349.1 14.6/27.3 - This study
Mongolia Block (MOB)
P; 48.1 105.9 27s 11.3 352 5.4/9.1 F Pruner [1987]
P; 51.5 1154 148 20.5 200.6 14.5 F Xu et al. [1997]
P, 50.6 116.9 14S 8.3 183.9 9.5/16.2 F Kravchinsky et al. [2002b]
Py 51.5 115.4 5S 33.8 207.8 26.3 F Xu et al. [1997]
P, 47.8 107.1 4S 44.8 3351 11.6 F Pruner [1992]
P 48.3 106.0 52s 32.8 11.8 5.8/9.9 F Pruner [1987]

Dy 54.0 123.5 5S 40.5 3524 9.0/16.7 F,R Kravchinsky et al. [2002a]
Dys 54.0 123.5 7S 24.6 12.9 8.7/16.9 F,R Kravchinsky et al. [2002a]
Siberia Block (SIB)

P; 64.6 114.7 9L 50.8 149.6 9.4 - Kravchinsky et al. [2002c¢]
Ps 7L 56.2 151.7 3.8 - Veselovsky et al. [2003]

Py 67.5 104.0 8S 55.1 147.0 5.0 - Pavlov et al. [2007]

Ps 67.0 89.0 8S 57.2 151.1 4.0 - Paviov et al. [2007]

P, 50.8 107.2 158 63.1 151.0 13.5/15.0 F Kravchinsky et al. [2002b]
P, 51.7 104.1 5S 50.5 121.4 16.9 BC Pisarevsky et al. [2006]
Ds 64.0 116.0 11L 11.1 149.7 8.9 - Kravchinsky et al. [2002c]

#Abbreviations. N: the number of sites (S), samples (s) or localities (L) used for calculation. The “S” means several sites in a relatively constrained
locality; while the "L" represents a mean pole calculated from several localities, with several sites in each locality; Slat (Plat): the latitude of sampling site
(pole); Slong (Plong): the longitude of sampling site (pole); A95: the radius that mean pole lies within 95% confidence, in degree; dp/dm: semi-axes of the
confidence ellipse of palacomagnetic pole; F: fold test; R: reversal test; BC: baked contact test.

[51] The Early Permian remagnetized poles obtained from
Damaoqi in the northern margin of NCB and from East
Ujimgqin in the southern margin of MOB are scattered, but
once again, they are distributed along a small circle (SC2
in Figure 8b), revealing importance of strike-slip tectonics.
Though both of these two small circles are overlapped
(Figure 8b), the SC2 seems slightly shallower than SC1 that
intercepts all other poles from NCB, IMB, and MOB.
This slight latitudinal difference between SC1 and SC2
may be due to (1) the uncertainty in age estimation for the
remagnetization made by the correlation with the regional peak
of magmatic activity around the sampling area and (2) the
uncertainty in bedding corrections of Permian remagnetized
data. As multiphase tectonic events took place after the Early
Permian remagnetization, the in situ Permian remagnetized data
may also consequently introduce errors in the paleolatitudes.

[s2] The Permian poles from Siberia are statistically
grouped [Kravchinsky et al., 2002¢; Veselovsky et al., 2003;
Paviov et al., 2007], except an outlier obtained from mafic
dykes (Figure 8b) [Pisarevsky et al., 2006]. These poles are
far away from all other poles of NCB, IMB, and MOB, indi-
cating that significantly latitudinal movements have occurred
since Permian between Siberia and other blocks.

5.3. Tectonic Implications

[53] As amajor tectonic implication of this study, no obvi-
ous latitudinal differences between IMB, NCB, and MOB
are observed neither in Late Devonian nor in the Permian

(Figures 8a and 8b), indicating that these three blocks have
been amalgamated since the Late Devonian and no wide
ocean existed between them during the Late Paleozoic. This
observation is compatible with the tectonic interpretation
showing two Silurian-Devonian orogens between NCB,
IMB, and MOB [Tang, 1990; Xu et al., 2012]. The sedimen-
tological constraints showing the similarity of the Upper
Carboniferous to Upper Permian strata between northern
NCB and southern MOB is also in agreement with our
paleomagnetic data [Mueller et al., 1991]. Our sedimento-
logical study reveals that following Late Devonian molassic
deposition, IMB was dominated by shallow marine carbon-
ate platform in the Carboniferous, followed by volcanic-
sedimentary sequences in the Early-Middle Permian, and
continental environment with thick lacustrine sediments in
the Late Permian. Consequently, no large ocean existed
between NCB and MOB during the Late Paleozoic. Thus,
the Paleo-Asian Ocean between NCB and MOB was closed
at least since Late Devonian. NCB, IMB, and MOB were
welded together as a single block. However, a small remnant
sea may still exist in MOB in the Late Paleozoic, as Carbon-
iferous arc and Permian marine sedimentary deposits were
identified in south Mongolia [Johnson, 2004; Heumann
et al., 2012]. Conversely, the latitudinal differences between
the welded NCB-IMB-MOB block and SIB during Devo-
nian and Permian may correspond to the occurrence of the
Mongol-Okhotsk Ocean (Figure 8). As shown by the
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distribution of paleomagnetic poles along small circles cen-
tered on the sampling regions, the welded NCB-IMB-
MOB block is not totally rigid owing to intracontinental de-
formation and significant relative rotations between NCB,
IMB, and MOB domains (Figures 8a and 8b). The rotations
are due to transcurrent tectonics that has been already de-
scribed by the previous studies [Enkin et al., 1992;
Kravchinsky et al., 2002a; Metelkin et al., 2010] and docu-
mented by numerous Mesozoic shear zones in MOB and
IMB (e.g., East Gobi Fault zone) [Lamb et al., 1999, 2008;
Webb et al., 2010].

6. Conclusions

[54] Despite the difficult outcrop conditions, we collected
samples over a 3 year period and now present the first paleo-
magnetic data from central-eastern Inner Mongolia. Magnetic
mineralogical analyses show titanium-poor magnetite and
hematite as the principal magnetic carriers. From sites showing
magnetization of primary origin, we have calculated a Late
Devonian pole and a Permian one for IMB. Two stages of
remagnetization have been also identified, probably due to
Early Permian and Early Cretaceous thermal events. Although
the results are still preliminary and remain qualitative, the com-
parison of our paleomagnetic with available poles from NCB,
MOB, and SIB infers that (1) the Paleo-Asian Ocean has been
closed to form a single welded block (NCB-IMB-MOB) since
at least Late Devonian and (2) intracontinental deformation
within NCB-IMB-MOB block has continued throughout the
late Paleozoic and the Mesozoic, due to strike-slip movements
along unit boundaries or within units. To improve the results
from this study and better understand the Paleozoic evolution
of CAOB, the study area needs to be widened. Investigating
the western extension and especially the connection with the
western part of CAOB (e.g., Tianshan, Altay) may be a key
challenge for the late Paleozoic tectonics of Asia.

Appendix A: Analyses of Magnetic Mineralogy

[55] The analyses of magnetic mineralogy of 9 localities in
this study are detailed described in the following.

A.1. North Margin of NCB

A.1.1. Damaoqi Area (S3x and D1c¢)

[s6] For the yellow sandstone of the Upper Silurian Xibiche
Formation (S;x), the heating curve of the magnetic suscepti-
bility displays a quick decrease from ambient temperature to
about 150°C, a progressive decrease until to 450°C, an abrupt
drop from 540°C to 580°C, and a final slow decrease from
580°C to 700°C (Figure Ala), indicating the coexistence of
several magnetic minerals with different Curie temperatures.
In addition, an important change of the magnetic mineralogy
is recorded during thermomagnetic experiments, since the
magnetic susceptibility significantly increases after heating
up to about 700°C (inset figure of Figure Ala) due to probable
oxidation of pyrite into magnetite and pyrrhotite. IRM mea-
surements reveal that after a rapid increase up to 200 mT,
the magnetic remanence increases progressively with applied
magnetic field without any saturation at 1 T (Figure A2a-1),
suggesting the existence of both low and high coercive mag-
netic minerals in the rock.

[s57] For the red sandstone of the Lower Devonian
Chaganhebu Formation (D, c¢), the heating curve of the mag-
netic susceptibility successively displays a quick decrease
from ambient temperature to about 150°C, a slow decrease
until 450°C, an abrupt rise from 450°C to 540°C, and an
abrupt drop from 540°C to 700°C (Figure Alb), indicating
the presence of several magnetic minerals with different
Curie temperatures. Curie temperature measurements also
reveal important change of magnetic mineralogy during
experiments, as the heating and cooling curves do not over-
lap and the magnetic susceptibility significantly increases
with cooling (inset figure of Figure Alb). This may be due
to the oxidation of pyrite into magnetite and pyrrhotite.
IRM measurements display a rapid increase up to 200 mT,
followed by a progressive increase of the magnetic rema-
nence with applied magnetic field without reaching
saturation at 1 T (Figure A2a-2); this indicates that both
low and high coercive magnetic minerals occur in the rock.
A.1.2. Aohangi Area (C1h)

[s8] For the black limestone of the Lower Carboniferous
Houfangshengou Formation (C;h), thermomagnetic curves
present a slow decrease of magnetic susceptibility followed
by a rapid increase from 400°C to 500°C, a sudden and
severe drop from 500°C to 580°C, and finally a slow
decrease from 580°C to 700°C (Figure Alc), indicating the
presence of several magnetic minerals with different Curie
temperatures. The diagram deduced from IRM measure-
ments shows an abrupt increase from 0 mT to 300 mT,
reaching a 90% magnetic saturation at about 300 mT
(Figure A2a-3), suggesting predominantly low coercive
magnetic minerals, like magnetite in the rocks.

A.2. Inner Mongolia Block (IMB)

A.2.1. Sunidzuoqi Area (D3s)

[s9] For the red coarse sandstone of the Upper Devonian
Seribayanaobao Formation (Ds;s), the heating curve of the
Curie temperature measurements displays an obvious
increase of the magnetic susceptibility at about 150°C
followed by a progressive increase until to a peak at about
300°C, which may correspond to the transformation of
goethite and/or pyrite into pyrrhotite and/or magnetite
(Figure Ald). Then an abrupt decrease from 300°C to
400°C is potentially due to maghemite destabilization
(Figure A1d). The severe drop from 560°C to 600°C indicates
the occurrence of titanium-poor magnetite (Figure A2d).
Besides, thermomagnetic plots show an important change of
the magnetic mineralogy during experiments, as the magnetic
susceptibility displays a rapid increase of magnetic suscepti-
bility at about 150°C followed by a slow increase until to a
peak at about 300°C (Figure Ald).

A.2.2. Abagaqi Area (D3s)

[60] For the yellow siltstone of the Upper Devonian
Seribayanaobao Formation, thermomagnetic measurements
display a progressive decrease of the magnetic susceptibility
to reach a plateau at 350°C and an abrupt drop from 540°C
to 580°C, with a slow decrease until 700°C (Figure Ale),
revealing titanium-poor magnetite. IRM measurements show
a rapid increase of the magnetic remanence with applied mag-
netic field from 0 mT to 100 mT, followed by secondary in-
crease from 400 without saturation at 1 T (Figure A2b-1);
this suggests that both low and high coercive magnetic min-
erals in the rocks.
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Figure Al.
(grey) curve represents heating (cooling) curve.

A.2.3. Keshiketengqi Area (P3t)

[61] For the coarse sandstone of the Upper Permian Tieyingzi
Formation, thermomagnetic curves display an obvious increase
of the magnetic susceptibility at about 150°C, a slow increase
until to a peak at about 300°C, an abrupt decrease from
300°C to 400°C to reach a plateau, an abrupt drop from
580°C to 600°C, and a final slow decrease until 700°C (Fig-
ure Alf), indicating that both low (goethite and maghemite)
and high (magnetite and hematite) Curie temperature magnetic
minerals occur in the rocks. IRM measurements show an abrupt
increase up to a 90% magnetic saturation from O mT to 300 mT,
suggesting the predominance of low-coercive magnetic min-
erals in the rocks (Figure A2b-2).

A.2.4. Linxi Area (Late P1d and P3I)

[62] For the tuff and basalt of the upper part of the Lower
Permian Dashizhai Formation (P;d), the heating curve of the
Curie temperature measurements displays a rapid increase of
the magnetic susceptibility at 120-150°C, followed by a slow

Temperature (°C)

Temperature (°C)

Representative results of thermomagnetic experiments from each sampled locality. Black

increase until to a peak at about 300°C, which may corre-
spond to the transformation of goethite and/or pyrite into
pyrrhotite and/or magnetite (Figure Alg). The abrupt
decrease from 300°C to 400°C is potentially due to maghemite
destabilization (Figure Alg). After a slow decrease between
400°C and 580°C, the susceptibility dramatically drops from
580°C to 640°C indicating the occurrence of titanium-poor
magnetite and minor hematite (Figure Alg).

[63] For the sandstone of the Upper Permian Linxi Formation
(P51), thermal magnetic measurement shows a quick decrease
from 400°C to 560°C (Figure A1h), indicating titanium magne-
tite is probably the main remanent carrier.

A.2.5. West Ujimqin Area (C2a, P2g, and P2z)

[64] For the limestone of the Upper Carboniferous
Amushan Formation (C,a), IRM measurements show an
abrupt increase up to approximately 90% saturation at about
300 mT (Figure A2b-3), indicating a predominance of low-
coercivity minerals like magnetite in the rocks.
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Figure A2. Representative results of isothermal magneti-
zation measurements from each sampled locality.

[65] For the Middle Permian yellow sandstone of
Gegenaobao Formation (P,g), thermal magnetic measurements
present a progressive decrease of the magnetic susceptibility
from 0°C to 700°C, indicating both magnetite and hematite
as the magnetic carriers (Figure Ali).

[66] For the limestone of the Middle Permian Zhesi For-
mation (P,z), the heating curve of the thermomagnetic mea-
surements presents a progressive decrease of magnetic
susceptibility from 0°C to 700°C, whereas the cooling curve
displays a quick increase from 700°C to 400°C (Figure Alj).
Since heating and cooling curves do not overlap, changes of
the magnetic mineralogy due to oxidation may occur during
experiments. IRM measurements show an abrupt increase
with approximately 90% saturation at about 300 mT
(Figure A2b-4), indicating low-coercive magnetite may be
the main magnetic carrier in the rocks.

A.3. South Margin of MOB

A.3.1. Erenhot Area (D1-2n)

[67] For the red coarse sandstone of Lower-Middle
Devonian Niqiuhe Formation (D;.,n), thermal magnetic
measurements display a gradual drop from 500°C to
660°C (Figure Alh), indicating the coexistence of both
magnetite and hematite as the magnetic carriers in
the rock. IRM measurements show a first increase
below 200 mT and a secondary sharp increase without
reaching a total saturation up to 1 T (Figure A2c-1);
this suggests that hematite is probably the main mag-
netic minerals.

A.3.2. East Ujimqin (C2-P1g)

[68] For the volcaniclastic rocks of the Upper
Carboniferous-Lower Permian Gegenaobao Formation
(C,-P,g), thermal magnetic measurements show a progres-
sive decrease of the magnetic susceptibility with three
successive drops at about 300°C, 540-580°C, and 620-680°C
(Figure All), indicating the coexistence of maghemite,
magnetite, and hematite, respectively. IRM measurements
show a rapid increase to reach a total saturation at about
300 mT (Figure A2c-2), suggesting that a low-coercivity
mineral like magnetite is the main magnetic carrier.

Appendix B: Anisotropy of Magnetic
Susceptibility Data

Table B1. Anisotropy of Magnetic Susceptibility Data for the Sites That are Included in Mean Direction Calculations®

Km  Standard Deviation K, K5
Site n (107°s1) (107°s1) P; T Dec (deg) Inc (deg) ogsmax oosmin Dec (deg) Inc (deg) ogsmax —oosmin
01 10 4.02E-04 2.29E-05 1.032 -0.216 284.9 22.2 7.7 43 152.4 58.9 9.2 3.6
02 11 1.41E-04 6.52E-06 1.033  0.169 253.6 259 7.8 4.4 111.2 58.4 6.2 2.5
03 8 3.67E-04 7.32E-05 1.053  -0.023 263.2 12.5 8.2 3 79.4 77.4 11.2 4.6
04 7 2.89E-04 7.03E-05 1.034  0.129 263.6 1.1 11.4 5.4 358.7 71.5 11.8 6.1
05 7 2.86E-04 6.75E-05 1.031  0.179 264.3 0.4 15.7 10.5 173 74.5 14 10.6
06 7 2.84E-04 5.99E-05 1.039 -0.114 268.6 18.8 6.5 5 116.8 68.9 7.8 6.1
07 8 3.48E-04 6.64E-05 1.04  0.247 259.2 5 19 1.5 114.9 83.8 10.7 2.9
08 8 3.09E-04 4.86E-05 1.045 0.582 310.2 19.7 55.2 15.2 110.7 69.2 31.9 10
09 9 1.01E-04 9.03E-05 1.015  -0.091 66.7 42 29.8 12.5 160.7 44 17.5 13
10 11 1.70E-04 1.07E-04 1.009 0.239 54 2.9 16.6 7.7 177.8 84.8 18.9 13.1
12 10 2.83E-04 4.26E-05 1.013  -0.123 255.5 10.7 11.2 5.8 129.2 72.3 18 6.8
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Table B1. (continued)

Km  Standard Deviation K, K5
Site n (107°S1) (107°s1) P; T Dec (deg) Inc (deg) ogsmax ogsmin Dec (deg) Inc (deg) ogsmax —oosmin

13 9 3.63E-04 1.71E-05 1.024 0.235 97.9 16 327 3.1 207.5 49.4 13.5 7.5
14 9 1.57E-04 3.90E-05 1.014  0.462 50.5 14 22 43 172.5 64.8 13.7 3.8
15 9 3.30E-04 2.37E-05 1.02  0.235 234.1 0.6 35.9 13.1 328 81.1 29.2 18.7
16 8 1.55E-04 2.22E-05 1.012 036 139.6 27.4 44.1 9.8 2529 373 28.4 9.7
17 9 2.89E-04 1.54E-04 1.01  0.366 113.2 18.7 18.7 6.2 270.9 70 9.9 6.5
18 8 1.53E-04 4.65E-05 1.048 0.413 110 14.9 33 8.7 18.9 43 58.4 8.1

19 9 3.92E-04 8.46E-05 1.008 0.176 317.5 24.2 21.4 17.4 96.6 59.3 239 20.3
20 9 3.88E-04 8.35E-05 1.006  0.322 35.7 17.2 27.6 8 203.8 72.4 24 8

21 9 1.56E-04 4.65E-05 1.006  0.308 223.5 81.7 66.4 14.9 53.6 8.2 51 20

22 8 2.17E-04 4.37E-05 1.003 -0.154 259.3 57.7 43 24.2 31.6 229 68.4 20.5
23 10 3.39E-04 1.12E-04 1.007  0.289 249.5 4.8 73.7 10.3 148.7 65.7 12.5 7.6
24 7 2.34E-04 3.00E-05 1.005 -0.099 330.2 4.7 13.6 8.7 61.4 14.5 32.1 6.4
NO1 8 4.03E-05 1.37E-05 1.021 -0.414 127.8 73.7 21.1 9.2 15.1 6.4 70.7 11.3
NO02 11 2.28E-05 8.40E-06 1.032  -0.004 46.4 1.6 13 10.3 315.4 30.7 27.8 12.6
NO03 12 1.42E-05 6.93E-06 1.049  0.038 479 18 54.4 159 302.3 39.7 23.6 17.3
NO04 8 3.41E-05 1.62E-05 1.018 0.236 69 31.6 83.2 28.8 291 50.4 38.2 322
NO5 9 9.45E-06 4.37E-06 1.088 0.335 27.6 1.4 57.2 12.7 296.8 28.9 14.2 9.9
NO06 8 1.74E-05 6.60E-06 1.054 0.474 241.2 354 82.9 9.3 143.7 10.4 13.7 3.7
NO7 8 2.83E-05 5.96E-06 1.032  0.44 247.2 66.3 41.7 7.2 134.9 9.4 8.5 7.1

NO08 6 1.20E-02 3.76E-03 1.022 0275 454 13.5 29.9 9 300 48 45.6 12.7
N09 7 1.78E-02 3.94E-03 1.041 0.174 46.5 15.1 8 2.7 203.1 73.6 11.2 5.3
N10 6 7.58E-03 2.37E-03 1.027 -0.233 201.8 17.5 13 3.5 56.9 69 27.1 49
N11 7 4.72E-03 2.81E-03 1.022  -0.084 210.2 33.8 9.2 3.6 1123 11.5 55.6 5

NI12 6 6.03E-03 1.14E-03 1.027 -0.414 199.1 22.8 6.2 32 74.5 535 17.3 3

N13 7 2.15E-05 4.20E-06 1.036 -0.274 203.4 31.6 14.3 8.8 337.4 48.5 323 12.9
N14 6 2.76E-05 9.12E-06 1.073  0.165 270.1 10.5 42.6 53 172.2 36.6 339 3.7
NI15 6 3.13E-05 8.28E-06 1.075 -0.256 103.2 5.1 5.7 33 206.8 69.2 27 2.9
N16 6 2.25E-05 1.35E-06 1.031 -0.135 99.8 17.2 455 32 202 34.4 13.1 42
N17 6 3.65E-05 8.61E-06 1.051 -0.117 100 4.1 23.5 2.9 195.1 51.1 49.5 3

N18 5 3.21E-05 7.54E-06 1.045 0.026 104.3 3.2 31.7 3 200 60.8 32.7 2.8
N27 7 3.76E-03 3.81E-03 1.126 -0.282 220 11.9 8.5 33 24.3 77.7 31.6 8.4
N28 7 2.07E-03 2.88E-03 1.057 -0.446 221.1 11.9 39 2.9 316.7 24.9 23 2.1

N29 8 2.25E-04 9.17E-05 1.017 -0.258 171.7 23 10.8 2.7 316 62.5 26.4 2.7
N30 9 2.52E-03 5.81E-03 1.036  -0.408 176.4 10.3 43.8 6.7 3239 77.9 27.5 7.4
N31 8 9.44E-03 4.62E-03 1.1 -0.409 215.1 9.6 43 33 10.9 79.5 17.1 33
N32 10 2.40E-03 2.00E-03 1.115 -0.325 219.8 9 4 2.2 311.2 8.7 15.2 2.6
005-06 9 2.20E-04 2.17E-05 1.028 -0.053 283 10.9 29.9 9.1 188.2 234 16.8 9.6
007-14 11 4.64E-03 9.30E-03 1.058 0.514 30 22.4 13.8 12.2 120.3 0.6 234 4.9
o16-17 9 1.88E-03 6.55E-04 1.033  0.256 182.7 0.2 21 4.6 91.6 80.2 49 2.7
02325 9 3.41E-03 2.14E-03 1.036  0.346 359 11.9 10.6 4.7 210.7 76.1 6.2 4.5

“Site numbers are the same as that of Table 1. Samples from Upper Devonian in Abagaqi (sites 25-30) and Upper Carboniferous in West Ujimgin (sites
N19-N26) are excluded as no mean directions or PEF directions are calculated. P; = exp{2[(InK; — InK,,)*+(InK5 — InK,,,)*+(InK5 — InK,,)?]""?}, and
T=2In(K»/K3)/In(K;/K3) — 1). K; and Kj are principal axes of the magnetic fabrics. K;: magnetic lineation; Ks: pole of the magnetic foliation; Dec/Inc:
declination/inclination. algsmax/ogsmin: the maximum/minimum radius that mean direction lies within 95% confidence.
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In order to better understand the kinematic history of the Tarim block after the breakup of the Rodinia
supercontinent, paleomagnetic studies have been carried out on Neoproterozoic strata from the Quruq-
tagh and Yecheng areas in the northeastern and southwestern Tarim block (NW China), respectively.
Totally, 547 sedimentary and volcanic samples were collected from 64 sites. Magnetic mineralogical
studies show that titanium-poor magnetite and hematite are the principal magnetic remanent carriers.
For the Quruqtagh area, the directional analyses reveal that the stable and primary magnetic remanences

g?; g?gf;;ozoic have been isolated from the ca. 635 Ma Tereeken Formation cap carbonate and the 615 Ma Zhamoketi
Paleomagnetism basaltic andesite, providing two Neoproterozoic paleomagnetic poles at: A =27.6°N, ¢ =140.4°E, dp=8.8°,
Tarim block dm=11.1° for the Tereeken Formation and A = —4.9°N, ¢ =146.7°E, dp=3.0°, dm = 5.2° for the Zhamoketi
Australia formation. Nevertheless, all other Neoproterozoic formations from this area show magnetic directions
APWP close to either the Present Earth Field (PEF) or the Late Carboniferous-Early Permian ones. Samples from

the Yecheng area yield high anisotropy degree values and near vertical magnetic fabrics indicating the
absence of reliable Neoproterozoic magnetic remanence. Combined these two newly obtained paleo-
magnetic poles with the previously published ones, an Apparent Polar Wander Path (APWP) from the
Neoproterozoic to the Present has been built for the Tarim block. The comparison between the APWPs
of Tarim and Australia implies a long-term Australia-Tarim connection and/or same kinematic evolu-
tion from at least the Neoproterozoic until the Middle Silurian. The Tarim block probably began to break
away from northwestern Australia since the Late Ordovician and the final separation occurred at the Late
Silurian-Early Devonian.

© 2014 Published by Elsevier B.V.

1. Introduction

The western part of the Rodinia supercontinent, composed of
Australia, East Antarctica, India, South China and Tarim (Li et al.,
1996; Li and Powell, 2001; Powell and Pisarevsky, 2002), was
considered to break up from the Rodinia supercontinent during
800-700 Marifting events (Meert and Torsvik, 2003; Li et al., 2008).
After the breakup, each block displayed a different kinematic his-
tory. For East Antarctica, it situated against the southern margin
of Australia and evolved together with Australia (Li et al., 2008).
Concerning the India block, it separated from the western part
of Australia and drifted northwestwards at the beginning of the
Rodinia breakup event (Torsvik et al., 2001; Li et al., 2008; Gregory
et al., 2009). While for the drift history of the Tarim block after the

* Corresponding author. Tel.: +86 01062767288.
E-mail address: bxu@pku.edu.cn (B. Xu).

0301-9268/$ - see front matter © 2014 Published by Elsevier B.V.
http://dx.doi.org/10.1016/j.precamres.2013.12.009

Rodinia breakup, different ideas have been proposed. Chen et al.
(2004) and Zhan et al. (2007) suggested that the Tarim block was
situated against northwestern Australia at ~800 Ma and ~600 Ma.
In a recent reconstruction model (Li et al., 2008), the Tarim block
was placed at northwestern Australia and moved together with
Australia during the entire Late Neoproterozoic. However, Huang
et al. (2005) proposed that the Tarim block was situated against
Southwest Australia at ca. 740 Ma after a southward drift and a
counterclockwise rotation. It is obvious that further paleomagnetic
studies from geochronologically well constrained strata can pro-
vide critical answers for these controversies and the kinematic
history of the Tarim block. For this reason, in this paper, we present
new Late Neoproterozoic paleomagnetic data from the Quruqtagh
and Yecheng areas in the northeastern and southwestern parts of
the Tarim block, respectively. With these new results and the pre-
vious paleomagnetic data, we try to build up the Apparent Polar
Wander Path (APWP) of the Tarim block and discuss its kinematic
history after the breakup of the Rodinia supercontinent.
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2. Geological setting and paleomagnetic sampling
2.1. Geological setting

The Tarim block, situated in northwestern China (Fig. 1a), is
bounded by the Tianshan Mountain to the north, the Western
Kunlun Mountain to the southwest, and the Altyn Tagh Fault to
the southeast (Fig. 1b). Archean gneisses and Paleo- to Mesopro-
terozoic metasedimentary and metavolcanic rocks constitute the
basement of the Tarim block (Lu et al., 2008). The cratonization of
the Tarim block occurred between 1.05 Ga to 0.9 Ga by the Tarim-
ian Orogeny with the Aksu blueschist dated at 962 +12Ma and
944 + 12 Ma (Gao et al., 1993; Lu et al., 2008). The basement was
intruded by middle Neoproterozoic mafic dykes and granitoid plu-
tons with a peak age at 800 Ma, which attributed to the breakup of
the Rodinia supercontinent (Luetal.,2008; Zhangetal.,2007, 2009;
Shu et al., 2011). The middle Neoproterozoic to Phanerozoic sedi-
mentary rocks unconformably covered the metamorphic basement
and intrusions (Gaoetal., 1993; Lu et al., 2008). Late Neoproterozoic
diamictite bearing deposits have been identified from three areas
in the Tarim block, namely Quruqtagh on the northeastern margin,
Aksu on the northwestern margin and Yecheng on the southwest-
ern margin (Fig. 1b; Lu et al., 2008). Three glaciations have been
described from the Quruqtagh area (Xu et al.,, 2009), while two
glaciations have been identified from the Aksu and Yecheng areas
(Zhu and Wang, 2012; Tong et al., 2013). As paleomagnetic stud-
ies have been already performed on the Neoproterozoic dykes and
strata in the Aksu area (Li et al., 1991; Chen et al., 2004; Zhan et al.,
2007; Wen et al., 2013), this study focuses on the Quruqtagh and
Yecheng areas.

2.1.1. Qurugqtagh area

The Quruqtagh area is located on the northeastern margin of
the Tarim block, NW China (Fig. 1). The oldest Archean Tuoge
Complex is composed of granitic gneisses with minor amphibo-
lites (Lu et al., 2008; Long et al., 2010; Zhang et al., 2012a). The
Paleoproterozoic gneisses and marbles underwent amphibolite- to
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granulite-facies metamorphism and are unconformably overlain by
the Mesoproterozoic low-grade metamorphosed clastic and vol-
canic rocks (XJBGMR, 1993; Lu et al., 2008). The Neoproterozoic
strata are characterized by several layers of diamictites and volcanic
rocks, separated by shale, sandstone and limestone (Xiao et al.,
2004; Xu et al., 2009). The Neoproterozoic Quruqtagh succession
includes, stratigraphically from the bottom to the top, the Baiyisi,
Zhaobishan, Altungol, Tereeken, Yukengol, Zhamoketi, Shuiquan
and Hankalchough formations (Fig. 2a and b). Three glaciations,
i.e. Baiyisi, Tereeken and Hancalchough, have been recognized
from the Baiyisi, Altungol, Tereeken and Hankalchough formations
(Wang et al., 1981; Gao and Qian, 1985; Brookfield, 1994; Knoll,
2000; Xiao et al., 2004; Xu et al., 2009). Volcanic rocks from the
bottom and top of the Baiyisi formation yield zircon U-Pb ages of
740+ 7 Ma and 725 + 10 Ma, respectively. And volcanic rocks from
the top of the Zhamoketi formation gives a zircon U-Pb age of
615+ 6 Ma (Xu et al., 2009). Meanwhile, Chemo-stratigraphic and
sedimentary features of the Tereeken diamictite suggest a Mari-
noan age (ca. 635 Ma) for the Tereeken glaciation (Xiao et al., 2004).
Except for these four diamictite-bearing formations, interglacial
deposits contain interbedded sandstone-shale of the Zhaobishan
and Zhamoketi formations, carbonate of the Shuiquan formation
and shale of the Yukengou formation (Fig. 1d). The lower Cambrian
siliceous rocks unconformably overlie the Quruqtagh succession
(Xu et al., 2005).

2.1.2. Yecheng area

The Yecheng area is located in the southwest of the Tarim
block, which is separated from the Tibetan plateau to the south
along the West Kunlun Mountain (Fig. 1b). The Proterozoic strata
crop out at ca. 100 km south of Yecheng city. The strata include,
in ascending order, the Silu Group of the Qingbaikou series, the
Yalaguz formation and the Qakmaklik Group of the Nanhua (Cryo-
genian) series, the Kurcak and Kzisuhum formations of the Sinian
(Ediacaran) series (Fig. 2c). These Neoproterozoic formations are
unconformably overlain by the Devonian clastic-carbonate rocks.
The Silu Group of the Qingbaikou series is mainly composed of
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as well as the bedding attitudes of the Kelixi Formation.

weakly deformed sandstone and dolomite with abundant of stro-
matolite and algae fossils, e.g. Gymonsolen, Inzeria, Oscillatorites
sp., Polyedryxium sp., which well constrain its age (Wang et al.,
2004; Zhang et al., 2003, 2004). It unconformably overlies Paleo-
and Mesoproterozoic gneisses (Ma et al., 1991; Zhang et al., 2003).
Both the gneisses and the Silu Group were intruded by granites
and mafic dykes dated at 815-800 Ma (Zhang et al., 2003, 2004).

In turn, the Silu Group and mafic dykes are unconformably over-
lain by the Yalaguz formation conglomerate (Fig. 2c; Zhang et al.,
2004; Wang et al., 2004). The Yalaguz Formation mainly consists of
versicolor conglomerate with interbedded siltstone (Zhang et al.,
2003). The Qakmaklik Group is upwardly composed of the Polong,
Kelixi and Yutang formations (Fig. 1c). The Polong formation con-
sists of purple-green siltstone and mudstone at the lower part
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and thick dark purple tillite at the upper part, which is consid-
ered as marine glacier deposits (Zhang et al., 2003; Tong et al.,
2013). The Kelixi formation consists of red sandstone and con-
glomerate with large trough-planar cross beddings, considered as
delta or peritidal deposits (Zhang et al., 2003; Tong et al., 2013).
The Yutang formation contains dark purple tillite at the lower
part and red sandstone-siltstone on the upper part. No direct bio-
stratigraphic age has been obtained from the Qakmaklik Group
because of rare fossils therein. The Sinian strata, composed of the
Kzisuhum and Kurcak formations, are mainly made up of dolomite,
red-black sandstone and mudstone with characteristic gypsum lay-
ers (Tong et al., 2013). The wealth of stromatolite and algae fossils,
e.g. Trematosphaeridium sp., Polyedryxium sp., Pseudozonosphaera
rugosa, well constrain their age and make this series comparable
with the Hankalchough formation in the Quruktagh area (Gao etal.,
1985).

2.2. Paleomagntic sampling

In the field, 6-12 cores were drilled from each site using a
portable gasoline drill. Cores were oriented by both magnetic and
solar compasses, when it was possible. The average difference
between these two azimuth measurements is about 2.2 4+ 1.6° for
the Quruqtagh area and 4.0 & 1.8° for the Yecheng area. This mean
value is used for the orientation corrections for the samples mea-
sured only by magnetic compass as well as for the sedimentary
bedding measurement.

In the Quruktagh area, paleomagnetic samples were collected
from 6 out of 8 Late Neoproterozoic formations except the Baiy-
isi and Yukengou formations (Fig. 2c). Totally, 392 cores of 52
sites were paleomagnetically sampled (Fig. 2a; Table 1). Most
samples were collected from the Heishan-Zhaobishan area in the
central part of the Quruqtagh area (ca. 200 km southeast of Korla,
Fig. 2a), with 4 sites of the Zhaobishan formation collected from
the same section in the Xishankou area where the paleomagnetic
results of the Baiyisi volcanic rocks were published (Huang et al.,
2005). A notable fact of the strata from the Xishankou area is that
the green-colored volcanic rocks contain metamorphic chlorite.
Detailed sampling information can be found in Table 1.

In the Yecheng area, paleomagnetic samples were collected
from the red sandstone of the Kelixi formation between two tillite
layers (Fig. 2d) at the West Kunlun Mountain front (Fig. 1b). The
strata are intensively tilted with high angle bedding (Fig. 2d;
Table 1). Several faults have been observed in the sampling zone
(Fig. 2c). Two folds were identified within the Kelixi Formation
(Fig. 1d), providing a good opportunity for future fold test. Totally,
155 samples of 12 sites were collected from both limbs of folds
(Table 1).

3. Laboratory methods

In the laboratory, cores were prepared into standard specimens
with 2.5 cm in diameter and 2.2 cm in length. Before the measure-
ments of magnetic remanence of this paleomagnetic collection,
several methods were performed to investigate the magnetic min-
eralogy: thermal magnetic experiment (Curie point) by KLY-3S
kappabridge susceptibility-meter coupled with a CS3 furnace and
acquisition of isothermal remanent magnetization (IRM) by IM30
pulse magnetizer and JR5A magnetometer in the Laboratoire de
Magnétisme des Roches d’Orléans (LMRO), and magnetic hys-
teretic curves in the Laboratoire de Paleomagnétisme of Institut
de Physique du Globe de Paris (IPGP) at Saint Maur.

In order to evaluate the deformation experienced by sampled
rocks, measurements of the anisotropy of the magnetic suscep-
tibility (AMS) were also systematically performed on specimens

before their demagnetization by KLY3 kappabridge susceptibility-
meter. The orientation of the principal magnetic fabric axes, namely
Ky, K, and K3, has been measured, and the anisotropy degree (P;)
and shape parameter (T) have been calculated for each specimen
following Jelinek (1978).

Usually, at least 6 cores were chosen from each site for
demagnetization. Both thermal and alternative magnetic field (AF)
techniques were applied to progressively remove the magnetic
remanence by about 12-16 steps with temperature intervals from
20 to 50°C and alternative magnetic field intervals from 2 to 20 mT.
The majority of the sandstone specimens were measured in LMRO
with JR5-A spinner magnetometer; the remaining samples were
measured in IPGP with a 2G cryogenic magnetometer for compari-
son reason. Almost all limestone specimens were measured in IPGP
with a 2G cryogenic magnetometer because of their low magnetic
remanent intensity. No significant difference was found between
the results of these two laboratories.

Magnetic directions were isolated by the principal component
analysis method (Zijderveld, 1967; Kirschvink, 1980) or estimated
by great circle technique when end-points were not aligned
(McFadden and McElhinny, 1988). The mean magnetic directions
were computed by Fisher spherical analysis (Fisher, 1953) using
paleomagnetic software packages offered by Cogné (2003) and R.
Enkin (unpublished).

4. Measurement results
4.1. Qurugqtagh area

4.1.1. Zhamoketi Formation

For the sandstone of the Zhaobishan formation, isothermal mag-
netization measurements show a rapid increase until to 30 mT,
then a slow increase of IRM without a total magnetic saturation
at about 1.5T (Fig. 3a), indicating the existence of both low and
high magnetic coercive minerals in the rock. Thermal magnetic
experiments reveal a gradually decrease of magnetic susceptibil-
ity and an obvious drop from 580°C to 700°C (Fig. 3b), indicating
the existence of magnetite and hematite. The paramagnetic fea-
ture of hysteresis loop (Fig. 3c) may be caused by the weak amount
of ferromagnetic minerals. Four sites of sandstone collected from
the Xishankou area present two magnetic components (Fig. 4a).
The low temperature component (LTC) displays northeastward
declinations and downward inclinations (Fig. 4a). The high temper-
ature component (HTC) gives unified southwestward declinations
and upward inclinations (Fig. 4a), and a site-mean direction has
been calculated at: Dg=222.7°, Ig=—-38.6°, kg=27.5, ags¢ =24.0°;
Dg=227.2°1s=-6.9° ks =10.6, ag5s =40.0° with n=3 (Table 1). Tilt-
corrected directions are less clustered than the in situ directions
with a ks/kg ratio of 0.39. Meanwhile, the optimal concentra-
tion of direction correction (DC) of tilt test is achieved at —30%
unfolding, with DC slope at —0.317 +£0.600 (Enkin, 2003). Both
of them indicate a negative fold test at the 95% confidence level
(McElhinny, 1964; Enkin, 2003; Fig. 5a and b; Table 1). The 8
sites from Heishan-Zhaobishan area show northward declinations
and downward inclinations (Fig. 4b) with a site-mean direction
at: Dg=0.6°, Ig=56.5°, kg =210.5, atg54=3.8°; Ds=99.3°, Is=34.4°,
ks =25.6, agss =11.2° with n=8 (Fig. 5c and d; Table 1). The mean
direction in in situ coordinates is close to the Present Earth Field
(PEF; Fig. 5cand d) and a negative fold test is concluded (McElhinny,
1964; Enkin, 2003).

4.1.2. Altungol Formation

Eight sites of trachybasalt from the Altungol Formation were
sampled in a monoclinal section. The abrupt increase of IRM up
to 90% saturation at about 200 mT, and the magnetic hysteresis



Table 1

Summarized paleomagnetic sampling and measurement results of this study.

Site Lithology Slong (E) Slat (N) n/N Polarity Dg (°) Iy (%) Ds (°) Is (°) K(*) g5 (7) Strike () Dip (°) Comment
Zhaobishan Formation - Quruqtagh area
Xishankou area
632 Sandstone 86°33'08” 41°36'09” 4/7 R 200.0 —-38.0 208.5 -19.0 72.8 10.8 333.5 243
633 Sandstone 86°33'08” 41°36'09” 0/7 - - - - - - - 333.5 243 Dispersed
634 Sandstone 86°33'08" 41°36'09" 5/6 R 232.3 -39.1 235.3 -16.7 14.0 21.2 337.7 23.0
635 Sandstone 86°33'08" 41°36'09" 4/7 N 235.2 -355 237.2 16.0 30.0 171 338.0 52.5
Average 3/4 222.7 —38.6 27.5 24.0
227.2 -6.9 10.6 40.0
Heishan-Zhaobishan area
601 Sandstone 87°46'24" 41°24'29" 4[7 N 6.5 59.3 97.3 203 46.0 13.7 35.7 83.3 PEF
602 Sandstone 87°46'24" 41°24'29" 3/7 N 1.9 60.5 95.8 46.9 37.2 20.5 40.2 57.0 PEF
603 Sandstone 87°46'24" 41°24'29" 6/7 N 358.7 60.5 68.8 52.6 56.5 9.0 25.2 42.0 PEF
604 Sandstone 87°46'24" 41°24'29" 6/7 N 5.1 49.5 89.2 26.6 51.5 9.4 37.2 82.0 PEF
605 Sandstone 87°46'24" 41°24'29" 77 N 73 61.1 103.7 242 215 133 40.2 80.0 PEF
606 Sandstone 87°46'24" 41°24'29" 717 N 359.4 54.4 98.9 319 414 9.5 40.2 79.0 PEF
607 Sandstone 87°46'24" 41°24'29" 5/7 N 348.7 52.5 117.6 35.7 79.5 8.6 49.2 86.0 PEF
608 Sandstone 87°46'24" 41°24'29" 5/7 N 359.1 53.5 1142 31.7 29.5 14.3 50.2 85.5 PEF
Average 8/8 0.6 56.5 2105 3.8
99.3 34.4 25.6 11.2
Altungol Formation — Quruqtagh area
609 Trachybasalt 87°46'24" 41°24'29" 0/6 - - - - - - - - - Dispersed
610 Trachybasalt 87°46'24" 41°24'29" 4/6 N 13.7 62.4 111.1 45.6 829 10.2 52.5 58.0 PEF
611 Trachybasalt 87°46'24" 41°24'29" 4/6 N 12.7 64.6 1141 45.3 1394 7.8 52.5 58.0 PEF
612 Trachybasalt 87°46'24" 41°24'29" 0/6 - - - - - - - - - Dispersed
613 Trachybasalt 87°46'24" 41°24'29" 3/6 N 19.1 56.4 101.9 442 34.6 213 52.5 58.0 PEF
614 Trachybasalt 87°46'24" 41°24'29" 6/6 N 32 60.3 111.0 51.0 298.4 3.9 52.5 58.0 PEF
615 Trachybasalt 87°46'28" 41°24'18" 5/6 N 346.3 59.0 1184 58.6 157.0 6.3 52.5 58.0 PEF
616 Trachybasalt 87°46'28" 41°24'18" 6/6 N 355.8 455 89.6 60.8 82.1 7.4 52.5 58.0 PEF
Average 6/8 4.4 58.6 74.3 7.8
108.1 51.2 74.6 7.8
Tereeken Formation — Quruqtagh area
617 Carbonate 87°48'50" 41°27'08" 4/7 N 97.1 45.5 101.2 62.3 27.1 19 179.2 17.0
618 Carbonate 87°48'50" 41°27'08" 4/7 N 1141 36.4 94.0 63.1 25.4 25.0 224.2 29.0
619 Carbonate 87°48'50" 41°27'08" 717 N 79.2 61.3 115.7 64.4 55.2 8.3 106.7 18.5
620 Carbonate 87°48'50" 41°27'08" 718 N 82.2 61.6 76.7 61.8 54.8 8.3 255.7 3.0
621 Carbonate 87°48'50" 41°27'08" 4/6 N 1122 54.3 92.8 59.1 62.2 11.7 261.7 13.5
622 Carbonate 87°48'42" 41°27'03" 4/6 N 96.4 52.9 62.4 65.7 160.5 8.4 227.7 23.0
623 Carbonate 87°48'42" 41°27'03" 0/6 N - - - - - - 228.7 35.0 Dispersed
Average 6/7 98.8 52.7 394 10.8
90.8 63.7 914 7.0 A=27.6", ¢=1404°,dp=8.8°,dm=11.1°
Zhamoketi Formation - Quruqtagh area
S05 Basaltic andesite 87°52'57" 41°27'41" 4/8 N 45.3 65.9 112 40.1 83.6 10.1 53.8 49.0
S06 Basaltic andesite 87°52'57" 41°27'41" 8/8 N 73.6 63.2 115.1 28.1 108.7 53 53.8 49.0
S07 Basaltic andesite 87°52'57" 41°27'41" 4/8 N 63.4 65.8 1149 332 1154 8.6 53.8 49.0
S08 Basaltic andesite 87°52'57" 41°27'41" 3/8 N 50.1 65.1 111.6 38 220.7 8.3 53.8 49.0
S09 Basaltic andesite 87°52'57" 41°27'41" 0/7 - - - - - - - 53.8 49.0 Dispersed
S10 Basaltic andesite 87°52'57" 41°27'41" 5/8 N 52.1 69.8 117.7 38.6 524.6 33 53.8 49.0
S11 Basaltic andesite 87°52'57" 41°27'41" 7/8 N 724 69.2 120.5 31.9 115.5 5.6 53.8 49.0
S12 Basaltic andesite 87°52'57" 41°27'41" 0/8 - - - - - - 53.8 49.0 Dispersed
S13 Basaltic andesite 87°52'57" 41°27'41” 0/8 - - - - - - - 53.8 49.0 Dispersed
628 Basaltic andesite 87°52'14” 41°26'19” 0/6 - - - - - - - 93.5 435 Viscous
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Table 1 (Continued)

Site Lithology Slong (E) Slat (N) n/N Polarity Dg (7) I (°) Ds (%) Is (°) K(°) s (°) Strike (°) Dip (°) Comment
629 Basaltic andesite 87°52'14" 41°26'19” 0/6 - - - - - - - 86.0 44.0 Viscous
630 Basaltic andesite 87°52'05” 41°26'24" 0/6 - - - - - - - 88.5 42.5 Viscous
631 Basaltic andesite 87°52'05” 41°26'24" 0/6 - - - - - - - 67.0 62.0 Viscous
Average 6/13 59.6 66.9 222.6 4.5
1154 35.0 2239 4.5 r=-4.9° ¢=146.7°,dp=3.0°,dm=5.2°

Shuiquan Formation - Quruqtagh area

S01 Basalt 87°52'52" 41°25'51" 0/7 - - - - - - - 2443 23.1 Dispersed
S02 Basalt 87°52'52" 41°25'51" 6/7 N 359.1 30.1 356.7 15.6 13.1 19.2 244.3 23.1
S03 Basalt 87°52'29" 41°26'48" 6/7 N 3443 24.6 343.5 -88 14.0 18.5 2439 33.9
S04 Basalt 87°52'29" 41°26'48" 4/7 N 352.9 133 3533 -5.0 10.7 19.4 243.9 339
Average 3/4 352.0 228 55.4 16.7
351.1 0.6 30.2 22.8
Hancalchough Formation - Quruqtagh area
501 Carbonate 87°48'55" 41°24'59" 5/7 N 223 57.6 108.1 70.0 280.1 4.6 78.5 38.0 PEF
502 Carbonate 87°48'55" 41°24'59" 717 N 12.8 65.1 134.5 72.0 35.6 10.4 78.5 38.0 PEF
503 Carbonate 87°48'55" 41°24'59" 717 N 17.1 57.0 106.6 72.8 56.3 8.1 78.5 38.0 PEF
504 Carbonate 87°48'55" 41°24'59" 6/7 N 242 57.9 109.0 68.9 84.0 7.4 78.5 38.0 PEF
624 Carbonate 87°55'51" 41°26'50" 5/6 N 225 57.3 48.3 23.7 2104 5.3 347.2 43.0 PEF
625 Carbonate 87°55'51" 41°26'50" 5/6 N 16.4 64.0 50.7 31.1 83.9 8.7 340.2 43.0 PEF
626 Carbonate 87°55'51" 41°26'50" 5/6 N 26.5 55.1 47.8 163 41.6 12.0 340.2 48.0 PEF
627 Carbonate 87°55'51" 41°26'50" 6/6 N 12.4 59.6 46.9 28.7 823 7.4 349.2 47.0 PEF
Average 8/8 19.6 59.3 331.1 3.0
64.2 51.8 6.6 232
Kelixi Formation - Yecheng area
X01 Sandstone 77°01'34" 37°07'44" 12/12 M 31.8 -3.0 15.9 -30.2 9.3 15.0 356.5 55.0
X02 Sandstone 77°01'34" 37°07'44" 0/8 - - - - - - 349.0 57.0 Dispersed
X03 Sandstone 77°01'17" 37°07'46" 0/7 - - - - - - - 0.7 54.3 Dispersed
X04 Sandstone 77°01'23" 37°07'49" 8/9 R 1.2 374 85 -16.4 14.8 14.9 309.0 63.0
X05 Sandstone 77°01'22" 37°07'49" 0/10 - - - - - - - 301.7 58.7 Dispersed
X06 Sandstone 77°01'22" 37°07'49" 8/12 M 6.6 421 14.7 -13.4 23.0 11.8 308.3 61.3
X07 Sandstone 77°01'22" 37°07'49" 7/11 M 345.7 25.2 347.2 -20.1 185 14.4 304.0 61.3
901 Sandstone 77°01'34" 37°07'44" 6/12 R 7.0 38.2 9.5 -22.1 203 17.4 292.6 59.4
902 Sandstone 77°01'17” 37°07'46" 7/11 M 357.3 -29.8 1.5 -19.0 29.8 11.2 88.3 434
903 Sandstone 77°01'24" 37°07'52" 9/12 R 357.7 441 8.2 -11.9 279 11.6 298.0 60.0
904 Sandstone 77°01'23" 37°07'49" 6/11 R 135 55.0 214 -11.9 19.2 17.9 304.0 66.5
905 Sandstone 77°01'21” 37°08'01” 0/12 - - - - - - - 310.5 66.5 Dispersed
Average 8/12 52 279 7.2 22.2
8.4 -184 48.5 8.0 A=42.8",¢=245.7",dp=4.3",dm=28.3"

Abbreviations: Lith, lithology; Slong/Slat, longitude and latitude of sampling site; n/N, number of samples used to calculate mean direction/number of demagnetized samples; N, R and M, magnetic normal, reversal and mixed
polarities, respectively; Dg, I; Ds, Is, declination and inclination in geographic and stratigraphic coordinates, respectively; k, the best estimate of the precision parameter; ags, radius that mean direction lies within 95% confidence;
Ay, latitude and longitude of paleomagnetic pole; dp/dm, oval of 95% confidence for the paleomagnetic pole. PEF, Present Earth Field.
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Fig. 3. Magnetic mineralogical analyses. [sothermal magnetization measurements (IRM), thermal magnetic experiments (Curie temperature) and the magnetic hysteretic
curve of each formation are presented.

measurements (Fig. 3d and f) suggest mainly low coercive mag- (Fig. 3f). Two out of eight sites display too weak NRM to give reli-
netic minerals in the rocks. Thermal magnetic experiment shows able direction (Table 1). Only one component was isolated with
an evident drop of magnetic susceptibility at 580-620°C during northward declinations and downward inclinations from other 6
the heating process (Fig. 3e), implying titanium-poor magnetite as sites (Fig. 4c; Table 1). A site-mean direction has been calculated for
the main magnetic mineral, which is confirmed by hysteresis curve this formation: Dg =4.4°, Iy = 58.6°, kg = 74.3, aig55 = 7.8°; Ds = 108.1°,
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Is =51.2°, ks =74.6, atgss = 7.8° with n=6 (Table 1). The mean direc-
tion in in situ coordinates shows a close to the PEF direction (Fig. 5e
and f) and no fold test could be applied because of the monoclinal
bedding.

4.1.3. Tereeken Formation

Seven sites of carbonate were collected from the cap carbon-
ate above the Tereeken tillite (Fig. 2c). The abrupt increase of IRM
up to 90% saturation at about 200 mT and narrow wasp-waisted
hysteresis loops (Fig. 3g and i) suggest the predominant low coer-
cive magnetic minerals in the rock. Thermal magnetic experiment
shows an obvious drop of magnetic susceptibility from 540°C to
700 °Cduring the heating process (Fig. 3h), implying the occurrence
of both magnetite and hematite. The hysteresis curve reveals both
lower and higher coercive magnetic minerals in the rock (Fig. 3i),
Two components were isolated from most of the demagnetized
samples distinguished at about 350 °C (Fig. 4d) except for Site 623,
which displays scattered directions due to its weak NRM (Table 1).
The magnetic directions of the LTC (up to about 350°C) display a
close to the PEF direction in in situ coordinates, and become dis-
persed in tilt corrected ones (Fig. 5g and h). After removing the
LTC, the HTC shows a stable direction and a site-mean direction
has been calculated at: Dg =98.8°, I =52.7°, kg =39.4, 0955 = 10.8°;
Ds=90.8°15=63.7°, ks =91.4, 0955 = 7.0° with n = 6 (Table 1). Tilt cor-
rected directions are much more clustered than in situ directions
(Fig. 5iand j). Both McElhinny’s and Enkin’s fold tests give a positive
answer for this formation (McElhinny, 1964; Enkin, 2003).

4.1.4. Zhamoketi Formation
Thirteen sites of basaltic andesite were sampled from the top
of the Zhamoketi formation (Fig. 2c). IRM measurement shows an

abrupt increase with the total saturation at about 200 mT (Fig. 3j),
indicating predominant low coercive magnetic minerals in the rock.
Thermal magnetic experiment shows an obvious drop of magnetic
susceptibility from 580°C to 600 °C with subordinate decrease to
700 °C (Fig. 3k), implying the presence of titanium-poor magnetite
and some hematite. Although the low coercive minerals have been
observed by hysteresis curves, the weak induced magnetization
indicates a lower concentration of ferromagnetic mineral in the
rock (Fig. 31). Among 13 sites, 4 sites display a viscous compo-
nent without stable HTC and 3 sites present dispersed directions
(Table 1). For the remaining 6 sites, two components were iso-
lated from most of the demagnetized samples (Fig. 4e). The LTC
(up to 250-350°C) shows a close to the PEF direction in in situ
coordinates (Fig. 5k and ). After removing the LTC, six sites show
a unified HTC direction, and a site-mean direction has been cal-
culated at: Dg=56.9°, I;=66.9°, kg=222.6, 0955 =4.5°; Dg=115.4°,
Is=35.0°, ks =223.9, ag55 =3.5° with n=6 (Fig. 5m and n; Table 1).
No fold test could be applied as the bedding is monoclinal.

4.1.5. Shuiquan Formation

Four sites of basalt were sampled from the top of the Shui-
quan formation (Fig. 2c). Both the abrupt IRM increase with a
90% saturation at about 300 mT (Fig. 3m) and the wide wasp-
waisted hysteresis loops (Fig. 30) suggest low coercive magnetic
minerals as the principal remanent carrier. Thermal magnetic
experiment shows a sharp drop of magnetic susceptibility at
around 580°C with the obvious Hopkinson effect before 580°C
(Fig. 3n; Radhakrishnamurty and Likhite, 1970), confirming the
titanium-poor magnetite as the principal remanent carrier. Only
one magnetic component was isolated from this formation. Three
sites display northwestward declinations and shallow downward
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inclinations (Fig. 4f) with one site showing eastward declinations
and downward inclinations in in situ coordinates (Table 1). A
site-mean direction has been calculated at: Dg=352.0°, Ig=22.8°,
kg=55.4, 0ig5=16.7°; Ds=351.1°, Is=0.6°, ks=30.2, otg5s=22.8°
with n=3 (Table 1). Tilt corrected directions are less clustered than
in situ directions (Fig. 50 and p), indicating a negative fold test.

4.1.6. Hankalchough Formation

Eight sites of carbonate rocks were collected from the top of
the Hankalchough formation (Fig. 2c). IRM measurement shows an
abrupt increase with the total saturation at about 200 mT (Fig. 3p),
indicating predominant low coercive magnetic minerals in the rock.
Thermal magnetic experiment shows a sharp drop of magnetic sus-
ceptibility from 560 °C to 600 °C with the obvious Hopkinson effect
at about 560 °C and subordinate decrease to 700 °C (Fig. 3q), imply-
ing the existence of predominant titanium-poor magnetite and
some hematite. The narrow wasp-waisted hysteresis loops (Fig. 3r)
also suggest low coercive magnetic minerals as the magnetic rema-
nent carrier. Only one component was isolated after removing the
viscous component (Fig. 4g). All samples show a close to the PEF
direction in in situ coordinates and a site-mean direction has been
calculated at: Dg =19.6°, I =59.3°, kg =331.1, g5 =3.0°; Ds =64.2°,
Is=51.8°, ks=6.6, agss =23.2° with n=8 (Table 1). Tilt corrected
directions are much less clustered than in situ directions with a
ratio of 0.02 for ks/kg, indicating a negative fold test (Fig. 5q and r).

4.2. Yecheng area

For the red sandstone of the Kelixi formation, both low and high
coercive magnetic minerals were identified on the basis of grad-
ually increase of IRM without a total magnetic saturation at 1.5T
(Fig. 3s) and wasp-waisted hysteresis without saturation (Fig. 3u).
Thermal magnetic experiment shows three drops of magnetic
susceptibility at around 100°C, 560-580°C and 680°C (Fig. 3t),
indicating the coexistence of goethite, magnetite and hematite.
Single or dual components were isolated after removing the ran-
dom LTC (Fig. 4h and i). The HTC shows both normal and reversal
polarities with antipodal magnetic directions (Fig. 4h and i). A site-
mean direction has been calculated at: Dg =5.2°, Ig =27.9°, kg =7.2,
0959 =22.2°; Ds=8.4°, Is=—18.4°, ks=48.5, 0g5,=8.0° with n=8
(Table 1). Tilt corrected directions are more clustered than in situ
directions (Fig. 5s and t). Both McElhinny’s and Enkin’s fold test
give positive answers for this formation (McElhinny, 1964; Enkin,
2003)and italso passes the reversal test (McFadden and McElhinny,
1990).

5. Discussion

As the Tarim block experienced several important tectonic
events since the Paleozoic, for instance, the continental collision
between the Tarim block and the Kunlun block in the Early Pale-
ozoic (Matte et al., 1996), the continental collision/welding of the
Tarim block with Yili and Junggar blocks (Wang et al., 2007) in the
Late Paleozoic, and the strike-slip related deformation along the
margins of the Tarim block due to the India-Asia collision (Chen
et al., 1993; J. Chen et al., 2002), before putting these paleomag-
netic data for further tectonic interpretations, their reliability and
remanence ages should be discussed.

5.1. Reliability of paleomagnetic data

5.1.1. Rock deformation

Although no direct evidence of a penetrative deformation
(except tilting and folding of the strata) has been observed in the
field in both studied areas, these sampled rocks have experienced
polyphased tectonics since the Neoproterozoic. As mentioned

above, the AMS measurements have been therefore carried out
in order to further assess the effect of deformation. For the
samples from the Quruqtagh area, a weak anisotropy has been
observed with the anisotropy degree P;<1.08 (Fig. 6a), indicating
that these rocks have probably not experienced pervasive defor-
mation since their deposition. However, it is not the case for the
samples from the Yecheng area. The anisotropy degree is much
bigger with about 30% samples showing Pj value higher than 1.15
(Fig. 6b), which suggests that these rocks have probably experi-
enced a pervasive deformation since their diagenesis. For further
evaluation, the statistical results of the three principal magnetic
anisotropic axes have also been calculated for these formations.
For the Tereeken and Zhamoketi formations in the Quruqtagh area,
well-grouped vertical K3 (poles of magnetic foliation: D=348.9°,
[=77.8° with dgs5max/min =28.1°/14.9° and D=283.1°, I=81.3° with
Q95max/min = 29.2°/16.2°, respectively) have been obtained (Fig. 6¢
and d), indicating that the magnetic fabrics were developed dur-
ing their deposition and the original deposition surface was close
to horizontal. While for the Kelixi formation in the Yecheng area,
a nearly horizontal K3 (D=290.8°, I=9.5° dg5max/min =32.1°/21.1°)
has been calculated (Fig. 6e), suggesting that the magnetic fabrics
should be developed after the sedimentation, and the rocks have
been affected by later tectonics as shown by their high anisotropy
degree values. Therefore, the paleomagnetic directions from this
formation will be excluded from the following discussion.

5.1.2. Origins of magnetic remanence

Among remained 6 formations in the Quruqtagh area, the
magnetic direction analysis shows that only one, the Tereeken for-
mation, passes the fold test, indicating that the remanence was
acquired before the folding. During the Ordovician to the Middle
Silurian, Central Tianshan Ocean subducted beneath the northeast-
ernmargin of Tarim (Wangetal.,2008; Charvetetal., 2011), causing
the transition from Cambrian-Ordovician intra-craton extensional
basin to Silurian-Devonian compressive uplift (Tang, 1997; Cheng
et al., 2006), which may therefore be responsible for the absent
of Silurian-Devonian sediments in most parts (Fang et al., 2006)
and the folding of pre-Silurian strata of the Quruqtagh area. Since
magnetite and hematite are the stable magnetic remanence carri-
ers, and the sedimentary magnetic fabric is weak in the analyzed
samples, the magnetic direction measured from this formation is
likely primary. Moreover, this mean direction is significantly dis-
tinct from all those measured for Phanerozoic rocks (Zhu et al.,
1998; Fang et al., 2006; Gilder et al., 2008; Huang et al., 2008).
The corresponding paleomagnetic pole was therefore calculated at
A=27.6°N, ¢ =140.4°E, dp=8.8°, dm=11.1° with N=6. No fold test
can be applied to the paleomagnetic directions from the Zhamoketi
formation because of its monoclinal bedding attitude. Neverthe-
less, the HTC magnetic directions in tilt corrected coordinates are
close to those of the Tereeken formation and Sugetbrak formation
in the Aksu area (Zhan et al., 2007), and different from those of
all other younger periods (Table 2). These observations argue for
a primary origin of the magnetic remanence. Meanwhile, the vol-
canic rocks at the top of Zhamoketi Formation consist of 80-330 m
thick basaltic and andesitic lavas and pyroclastic rocks in numer-
ous layers of decimeter to several decimeters in thickness (Xu
et al., 2009). Volcanic rocks and pyroclastic rocks are interbed-
ded. This interbedded relationship indicates that the eruption of
these volcanic rocks might last a long period with even several
long intervals of eruption, implying that the Geomagnetic Secular
Variation (GSV) has been averaged out. Consequently, a paleo-
magnetic pole for the Zhamoketi Formation was also calculated
at: A=—4.9°N, ¢=146.7°E, dp=3.0°, dm =5.2° with N=6. All other
formations display negative fold tests, indicating that they are of
secondary magnetic remanences. The Zhaobishan formation from
the Xishankou area displays the same direction of a sole reversal



P. Zhao et al. / Precambrian Research 242 (2014) 39-57

L a Quruqtagh area

= b Yecheng area

Py | TR

Oblate

Prolate

Anisotropy shape parameter (T)

L

1 1.02 1.04 1.06 108 T 105 110 115 120 125 130

Anisotropy shape parameter (T)

1
—

Anisotropy degree (Pr) Anisotropy degree (Ps)

180 180
Kelixi Zhaobishan-Xishankou area

Fig. 6. Results of Anisotropy of Magnetic Susceptibility (AMS) measurements. (a) and (b) Plots of anisotropy degree (P;) vs shape parameter (T) of magnetic susceptibility
for the samples of the Quruqtagh and Yecheng areas, respectively. Legend for Quruqtagh area (a): solid circle, Zhamoketi Fm. from Heishan-Zhamoketi area; hollow circle,
Zhamoketi Fm. from Xishankou area; cross, Altungol Fm.; solid square, Tereeken Fm.; solid triangle, Zhamoketi Fm.; solid pentagon, Shuiquan Fm.; solid star, Hancalchough
Fm. (c)-(f) Stereoplot of K; and K5 directions of the samples from the Tereeken, Zhamoketi, Kelixi formations, and Zhaobishan formation in Xishankou area. K; and K3 are
the magnetic lineation and pole of magnetic foliation; Py = exp{2[(InK; —InKp)? +(In K> — In Ky ) +(In K3 — In Ky )2]"/2}, and T=2In(K>/K3)/In(K1 [K3) — 1).

49



50 P. Zhao et al. / Precambrian Research 242 (2014) 39-57
Table 2
Paleomagnetic poles for the Tarim bock from the Neoproterozoic to the Present.
Age N Slat (°N) Slon (“E) Plat (°N) Plon (°E) dp/A95 (°) dm (°) Reference Comment
Neoproterozoic
*NP2, 775 9S 41.1 80.1 19.0 128.0 6.0 7.0 Chen et al. (2004) RT
NP2, 740 6S 41.6 86.5 -17.7 14.2 3.0 6.0 Huang et al. (2005) Remag.
NP2, 730 14S 40.9 79.5 -6.3 17.5 9.1 Wen et al. (2013)
*NP3, 635 6S 41.5 87.8 27.6 140.4 8.8 11.1 This study FT
*NP3, 625 24S 41.0 80.0 191 149.7 9.3 Zhan et al. (2007) FT,N+R
NP3, 625 295 41.0 80.0 55.0 233.0 7.9 Lietal. (1991) Remag.
*NP3, 615 6S 41.5 87.8 -49 146.7 3.0 5.2 This study
Early Ordovician
*480 5S 41.3 83.4 -204 180.6 8.5 15.0 Fang et al. (1996)
Late Ordovician
*450 5S 40.6 78.9 —40.7 183.3 4.8 6.9 Sun and Huang (2009) FT
Middle Silurian
Sz 6S 40.5 79.7 121 158.4 4.1 7.2 Fang et al. (1996)
Sz 408 40.6 79.0 16.5 165.2 29 53 Li et al. (1990)
S, 18S 40.6 79.4 9.9 160.2 4.5 8.4 Fang et al. (1998)
*Ave., 425 3/3 12.8 159.8 7.3
Early-middle Devonian
*400 3S 40.5 79.6 135 160.8 4.9 Fang et al. (1996)
Late Devonian
*370 47S 40.5 78.6 16.5 165.0 43 Li et al. (1990) FT, RT
Late Carboniferous
*310 3L 48.7 175.7 3.0 4.8 Fang et al. (1998)
Early Permian
C3-P, 15S 37.0 79.0 64.6 166.5 25 Gilder et al. (1996) FT
Py 5S 40.6 79.5 56.1 179.4 2.5 Fang et al. (1998) FT
Py 26S 40.8 79.8 56.5 190.1 4.6 Bai et al. (1987)
Py 21S 40.5 78.8 54.5 172.3 4.0 Sharps et al. (1989) FT
Py 118 40.5 78.8 65.1 162.5 4.1 Sharps et al. (1989) FT
*Ave., 280 5/5 59.7 175.1 7.1
Late Permian
P, 7S 44.0 88.1 75.8 195.0 13.6 185 Nie (1991) FT,RT
P, 24S 40.8 79.8 62.9 190.7 6.3 Cheng et al. (1983)
P, 108 421 834 73.2 191.0 7.2 103 McFadden et al. (1988) RT
Ps 21S 40.0 79.0 65.6 181.2 39 Li et al. (1988b) RT
P5-Ty 16S 421 833 71.8 187.6 5.5 7.8 McFadden et al. (1988) FT
*Ave., 255 5/5 69.9 188.5 5.4
Triassic
T, 5S 41.0 74.9 52.8 175.5 6.3 10.1 Fang et al. (1992) RT
T, 26S 40.9 81.5 52.5 168.2 4.2 6.1 Fang et al. (1992) RT
Ts 8S 41.7 80.5 52.1 166.8 5.6 8.1 Fang et al. (1992) RT
T 6S 41.6 83.5 59.0 160.0 13.0 Li et al. (1990) FT,RT
Ts 6S 42.1 83.2 69.3 182.9 10.8 15.2 McFadden et al. (1988) FT
*Ave., 230 5/5 57.3 169.9 8.1
Middle Jurassic
Iz 10S 36.0 79.2 52.4 187.9 3.7 6.5 Fang et al. (1992) RT
I 7S 41.8 83.0 49.9 173.0 2.8 4.1 Fang et al. (1992) FT
Iz 9S 40.2 75.3 54.0 188.3 6.8 Meng et al. (1998) FT, RT
Iz 6S 42.1 83.2 75.7 198.0 8.1 Gilder et al. (2008) FT
*170 3/3 523 182.8 8.8
Late Jurassic
Is 7S 40.4 75.2 81.0 247.0 5.0 7.6 Li et al. (2003) FT
Is 6S 38.6 75.3 49 120.6 9.1 12.6 Li et al. (2003)
Is 3S 41.8 82.0 63.0 197.0 14.0 Zhang et al. (1989)
Early Cretaceous
I3-Kq 13S 44.2 86.0 723 2273 4.8 7.2 Chen et al. (1991) FT, RT
I3-Kq 6S 41.8 82.0 65.0 209.0 9.0 Li et al. (1988b) RT
Kq 13S 40.2 75.3 64.1 1721 12.0 Gilder et al. (2003) FT
Ky 5S 40.2 75.3 53.2 183.4 6.1 Gilder et al. (2003) FT



P. Zhao et al. / Precambrian Research 242 (2014) 39-57 51

Table 2 (Continued)

Age N Slat (°N) Slon (°E) Plat (°N) Plon (°E) dp/A95 (°) dm (°) Reference Comment

Kq 7S 39.5 75.0 66.3 226.6 9.0 15.9 Chen et al. (1992) RT

Ky 3S 38.5 76.4 70.4 212.1 6.6 10.8 Chen et al. (1992) RT

Kq 8S 36.3 78.8 72.3 206.6 9.8 15.9 Zhu et al. (1998) FT, RT

Kq 21S 39.5 75.0 70.1 225.8 7.0 Tan et al. (2003) FT, RT

*Ave., 120 8/8 68.0 205.1 7.2

Late Cretaceous

K 7S 41.6 83.5 66.3 2229 8.7 8.7 Lietal. (1988a) FT

K 10S 42.0 82.9 64.0 229.0 7.3 12.7 Zhu et al. (1998) RT

K 11S 39.5 75.0 70.8 222.6 5.4 8.9 Chen et al. (1992) FT

K 6S 38.5 76.4 71.0 234.0 6.8 11.6 Chen et al. (1992) RT

Ky-E 9S 44.2 86.0 74.3 223.1 6.4 9.4 Chen et al. (1991) FT, RT

*Ave., 80 5/5 69.3 226.4 4.2

Paleogene

Eq 4S 41.6 83.5 73.0 2454 6.0 9.7 Fang et al. (1998)

Eq 5S 37.0 79.0 58.1 202.0 12.7 Gilder et al. (1996) FT

E-N 7S 38.1 86.6 75.8 229.5 9.6 Y. Chen et al. (2002) FT

Es 6S 39.2 94.3 63.9 219.7 9.8 Y. Chen et al. (2002) FT

E3-N; 9s 38.5 76.4 71.2 226.7 6.7 Chen et al. (1991) FT

*Ave., 50 5/5 69.1 221.2 8.9

Neogene

16.5-5.7 44S 42.0 83.3 75.5 285.1 2.2 Huang et al. (2006) RT

*10, (12.6-5.2) 406s 419 833 72.5 284.5 14 2.2 Charreau et al. (2006) RT

Quaternary

*2,(3.3-1.1) 258s 39.8 76.2 73.9 297.5 1.9 J. Chen et al. (2002) RT

Abbreviations: S, the number of the sites; N, number of localities (L), sites (S) or samples (s) used to determine pole; Slong/Slat, longitude and latitude of sampling site; Plat/Plong,
latitude and longitude of paleomagnetic pole; dp/dm, oval of 95% confidence for the paleomagnetic pole; A95, radius that mean direction lies within 95% confidence; N+R,

normal and reversal polarities; FT, fold test; RT, reversal test.

Poles with * were used to build the Apparent Polar Wonder Path of Tarim. No mean pole was calculated for Late Jurassic because the three published Late Jurassic poles are

not consistent.

polarity with that of the Late Carboniferous-Early Permian for-
mations indicating a remagnetization corresponding to the Late
Carboniferous-Early Permian magmatic event developed in the
northern margin of the Tarim block and southern Tianshan (Gao
etal.,2009; Chenetal.,2011). The basalt samples from the Shuiquan
formation display a direction different from any of the younger
periods (Table 2), which may be ascribed to local fault movements
(see Fig. 2a). Another reason for this abnormal direction may the
short cooling time of basalt so that the secular variation has not
been averaged out from the magnetic remanence from these rocks.
All other formations display the recent geomagnetic directions
(Fig. 5).

5.2. The age of primary magnetic remanences

The age constraints of glacier deposits in the Tarim block are
obtained from zircon U-Pb dating of interlayered volcanic rocks (Xu
et al., 2005, 2009) and chemostratigraphic correlations (Xiao et al.,
2004; He et al., 2007). In the Quruqtagh area, two zircon SHRIMP
U-Pb ages of 740+ 7 Ma and 725+ 10 Ma have been obtained in
volcanic beds from the bottom and top of the Baiyisi Formation
(Xu et al., 2009; Fig. 7), which constrain the Sturtian age for the
Baiyisi glaciation, although the glacial origin of diamictites in the
Baiyisi formation is still ambiguous (Xiao et al., 2004). The zircon
U-Pb dating obtained from the top of the Zhamoketi formation (the
same layer where we collected the paleomagnetic samples) yields
a post-Marinoan age at 61546 Ma (Xu et al., 2009; Fig. 7), which
constrains the age of our paleomagnetic pole of the Zhamoketi for-
mation. The chemostratigraphic investigation of the Tereeken cap
dolostone shows the same §!3C pattern as that of Marinoan cap
carbonates (Xiao et al., 2004). Meanwhile, the characteristic macro-
peloids of Tereeken cap dolostone are similar to those found in

the Marinoan-age Raventhroat cap carbonate (Xiao et al., 2004).
Both of these two similarities constrain the Marinoan age of the
Tereeken glaciation. Based on the dating of the Marinoan glacia-
tion in the South China block from the Doushantuo cap carbonate
(Condon et al., 2005), the termination age of this glaciation should
be at 635.2 + 0.6 Ma. Therefore the age of our paleomagnetic pole
obtained from the Tereeken formation should be at ca. 635 Ma.

5.3. Apparent Polar Wander Path (APWP) of the Tarim block

The paleomagnetic studies of the Tarim block began in 1980s
(e.g. Bai et al., 1987; Li et al., 1990) and several syntheses have
been tentatively established for the Phanerozoic with small pale-
omagnetic dataset (Nie, 1991;Enkin et al., 1991; Fang et al., 1998;
Zhu et al., 1998). Since this century, new paleomagnetic poles have
been reported (Gilder et al., 2003, 2008; Chen et al., 2004; Huang
et al., 2005; Charreau et al., 2006; Zhan et al., 2007; Wen et al.,
2013), two APWPs of Tarim have been built up, however, both of
them concentrate on the only Paleozoic period (Fang et al., 2006;
Huangetal.,2008). Newly obtained Neoproterozoic results provide
a good opportunity to extend the APWP for the Tarim block from
the Neoproterozoic to Present by integrating the paleomagnetic
poles published after 2008 and to discuss its kinematic history,
especially in connection with Australia since the break-up of the
Rodinia supercontinent. Before using the available Neoproterozoic
poles into the APWP establishment, some assessments should be
made on the age and reliability of the published data.

In the Aksu area, four Neoproterozoic poles have been reported
(Fig. 7): one from Aksu dykes (Chen et al., 2004), one from the
Qiaoenbrak Formation (Wen et al.,, 2013) and other two from
the Sugetbrak Formation (Li et al., 1991; Zhan et al., 2007). The
first zircon SHRIMP U-Pb age of Aksu dykes has been obtained at
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is based on the geological time scale of Gradstein et al. (2004). The stars show paleomagnetical sampling position in the Neoproterozoic strata by this and previous studies.

807 +12Ma (Chen et al., 2004). By newly obtained geochronolog-
ical dating, Zhan et al. (2007) reassessed this age and considered
that the age of this pole from the Aksu dykes should be at ca.
785 Ma. Zhang et al. (2009) gave a new zircon SHRIMP U-Pb age of
759 + 7 Ma for Aksu dykes. Consequently, the intrusion of the Aksu
dykes might last for a long period from ca. 807 Ma to ca. 760 Ma.
Recently, new 40Ar/3%Ar ages on phengite from the metapelites
of the Aksu blueschist were obtained at 748-757 Ma (Yong et al.,
2012). As the Aksu dykes crosscut the blueschists, they should be
younger than 748 Ma. However, the reported mafic dykes, gneis-
sic granite and granodiorite along the margin of the Tarim block
are from 824 Ma to 752 Ma (Zhang et al., 2012b), and are uncon-
formably overlain by ca. 740 Ma Baiyisi Formation in the Quruqtagh
area (Shu et al., 2011). Besides, the 49Ar-39Ar isotopic system is
easily to be disturbed by later thermal event with the relatively
low closure temperature at ~350-400°C (Lee, 1991; Maluski et al.,

1993). The 40Ar/39Ar ages of blueschists may be related to the
later thermal input due to intrusions and slow cooling. So, the
SHRIMP zircon U-Pb ages may be the most reliable ones. In the
following, we use an average U-Pb age of 785 Ma for the pole of
Aksu dykes. For the ~730Ma pole from the Qiaoenbrak Forma-
tion (Wen et al., 2013), the AMS study of this collection displays
uncommon sedimentary fabrics: nearly vertical fabrics for both lin-
eation and foliation before bedding corrections, and nearly vertical
magnetic foliations with relatively well grouped and ~30° south-
westward inclined magnetic lineation after bedding corrections.
Meanwhile, the directions of magnetic lineation is highly consis-
tent with the magnetic remanent directions, suggesting that the
magnetic remanent orientation may be principally controlled by
the tectonic deformation process or/and glacier deposition one, as
the authors proposed, instead of the geomagnetic field. Accord-
ingly, we deduce that this pole cannot be used to present the true
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(1999), Wingate and Giddings (2000a,b), Schmidt et al. (2009) and Li and Evans (2011) and Paleozoic poles from McElhinny et al. (2003). The APWP of Tarim was rotated to
the Australian coordinates around an Euler pole at 45.9°S, 277.6°E with an angle of —43.4°.

paleomagnetic field for the period of ~730Ma and is excluded
from our APWP establishment. Two remained paleomagnetic poles
obtained from the same stratigraphic part of the Sugetbrak For-
mation are significantly different (Li et al., 1991; Zhan et al.,
2007;Table 2). In fact, the one from Li et al. (1990) is statisti-
cally indistinguishable from the Cretaceous poles of Tarim and
could represent a Cretaceous overprint. Therefore, we use the pole
from Zhan et al. (2007) for this formation. A new zircon U-Pb age
at 615+ 6Ma (Xu et al., 2013a) has been recently obtained from
the basaltic flow interlayered in the upper Sugetbrak formation,
which may constrain the age estimation for this pole. Another
approach to estimate this age concerns the correlation of the 813C
chemostratigtaphic variation between the Sugetbrak formation
and the Doushantuo formation in the South China block. These
two formations show a similar variation pattern (He et al., 2007;
Zhan et al., 2007). The Doushantuo cap carbonate has been dated
by numerous studies and gives a zircon U-Pb age of 635.2 + 0.6 Ma
(e.g. Condon et al., 2005). This age constrains the lower limit of the
Sugetbrak formation. Therefore, the age of the pole (Zhan et al.,
2007) may extend from 635 Ma to 615 Ma. In the following discus-
sion, we use 625 Ma, the average age of the sampling strata, as the
age of the pole of Zhan et al. (2007).

Concerning the paleomagnetic pole from the green colored
basalts of the Baiyisi formation in the Xishankou area of Quruqtagh
(Huang et al., 2005), neither fold test due to its uniform bedding nor
reversal polarity has been obtained. These basalts are, in fact, meta-
morphosed as the chlorite can be widely observed in these rocks.
Moreover, the magnetic directions isolated from these basalts are
similar to those of the overlying Zhaobishan formation by this study
(Table 1), which failed the fold test and are thought to be secondary
(see Section 4.1.1 above). Furthermore, the AMS measurements
have been made on the paleomagnetic samples from the overlying
Zhaobishan Formation. The AMS results display a nearly horizon-
tal K3 (D=164.3°,1=14.2°, dg5max/min = 9-1°/5.2°; Fig. 6f), suggesting
that the magnetic fabrics must be developed after the sedimenta-
tion and the rocks have been affected by later deformation. So, it
is reasonable to consider that both the Baiyisi Formation (Huang
et al,, 2005) and its overlaying Zhaobishan formation (Table 1) in

the Xishankou area have been remagnetized and cannot be used
for the Neoproterozoic period.

Concerning the Phanerozoic poles used to establish the APWP
of the Tarim block, we refer to the recent synthetic publications by
Fang et al. (2006), Huang et al. (2008) and Gilder et al. (2008), with
also poles published after 2008. An age-mean pole has been cal-
culated when several poles are available for one geological period
(Table 2). Combining our two paleomagnetic poles with the pre-
viously published ones, the APWP of the Tarim block was buildup
using the paleomagnetic poles listed in Table 2. Most of these poles
satisfy at least one of the following two characters: positive fold
test, both normal and reverse polarities. The paleomagnetic poles
and their uncertainties are shown by black dots and their confi-
dence ellipse, respectively, and the probable APWP is shown by the
dark line in Fig. 8a.

5.4. Kinematic history of the Tarim block: a long term
Australia-Tarim connection

According to this new APWP, we may characterize the kine-
matic history of the Tarim block as following. At ~800 Ma, Tarim
was located at about 45°N with a perpendicular orientation with
respect to its present shape. From the Late Neoproterozoic (Edi-
acarian) to Ordovician, the Tarim block moved southwards with
variable velocities until ca. 18°S. Since Ordovician, the Tarim block
changed its motion direction to the north, reaching the latitude of
ca. 15°N in Early Silurian (Sun and Huang, 2009). From this time
to the Late Devonian, the paleomagnetic poles show a good con-
sistency, implying that the Tarim block was stationary during this
period. From the Late Devonian to the Late Carboniferous, a signif-
icant northward drift of Tarim is identified with also a clockwise
rotation of the block. Since the Late Carboniferous, the poles of
Tarim become stationary indicating that this block did not expe-
rience a significant movement since then (Fang et al., 2006; Gilder
etal.,2008; Huang et al., 2008). Of course, cautions should be taken
for this simplified kinematic story as the paleomagnetic poles are
not determined for equal time intervals.
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The Paleozoic paleomagnetic data from Australia have been
summarized by McEhlinny et al. (2003). After a thorough assess-
ment of Paleozoic paleomagnetic results from different localities
of Australia, a coherent path with respect to that of the Gond-
wana supercontinent has been documented, and the corresponding
Paleozoic APWP has also been established in the Northwest Africa
coordinates (McEhlinny et al., 2003). For the convenience of com-
parison, the Australian APWP in the Northwest Africa coordinates
is restored to its own ones around an Euler pole at 28.1°S, 293.2°E
with angle of —52.1° (McEhlinny et al., 2003). The Neoproterozoic
and Paleozoic APWP for Australia may join the key Neoprotero-
zoic poles of 755+ 3 Ma derived from the Mundine Well dyke
swarm (MDS) of the Pilbara Craton, Western Australia (Wingate
and Giddings, 2000a,b), the Yaltipena Formation (ca. 640 Ma) of
the central Flinders Range of South Australia (Sohl et al., 1999; Li
and Evans, 2011), the mean Elatina formations (ca. 635 Ma) of the
central Flinders Range of South Australia (Li and Evans, 2011) and
the Nuccaleena Formation (ca. 630 Ma) of the Adelaide Geosyncline
of South Australia (Schmidt et al., 2009; Li and Evans, 2011).

For a better comparison, Tarim was rotated into the Australian
coordinates using an Euler pole at 45.9°S, 277.6°E with an angle of
—43.4°, After this rotation, these two APWPs fit well with each other
from ~750 Ma to ~480 Ma (Fig. 8b), which indicates the connection
between Tarim and Australia during this time interval. However,
the ~640 Ma to ~615 Ma poles of the two APWPs do not perfectly
overlap. This discrepancy may be due to the poorly constrained
ages of these poles, as no direct isotopic age has been obtained for
the three Australian poles, and their ages were estimated by tillite
comparison and stratigraphic contact (Sohl et al., 1999; Schmidt
etal., 2009; Liand Evans, 2011). Nevertheless, considering the large
Ags of these poles, they are statistically indistinguishable (Fig. 8b).
The Early Ordovician (480 Ma) pole of Tarim overlaps well with that
of Australia (Fig. 8), while both the Late Ordovician (450 Ma) and
the Middle Silurian (425 Ma) poles are distinguished, which may
indicate that these two blocks began to separate with each other
during the Late Ordovician to Silurian (Fig. 8). However, the rapid
break away of Tarim from Australia may occur after the Middle
Silurian, as the poles begin to significantly separate and lay far away
from each other since the Middle Silurian (Fig. 8).

Several reconstructions of Tarim and Australia during the Neo-
proterozoic have been attempted (Powell and Pisarevsky, 2002;
Chen et al.,, 2004; Zhan et al., 2007; Li et al., 2008). Although
the debate still exists about whether these two continents con-
nected directly (Chen et al., 2004; Zhan et al., 2007) or Tarim was
located at the margin of an Australia-centered continent (Powell
and Pisarevsky, 2002; Li et al., 2008), both of these reconstructions
placed Tarim to the northwest of Australia, and considered that
Tarim and Australia displayed the same evolutional pattern from
the breakup of the Rodinia supercontinent to the amalgamation of
the Gondwana supercontinent (Fig. 9). The penetrative 800-750 Ma
mafic dykes, identified from both northern Tarim (Chen et al.,
2004; Zhang et al., 2007) and northwestern Australia (Wingate
and Giddings, 2000a,b), suggest the connection between Tarim and
Australia at least since ca. 800 Ma. The tectonostratigraphic analysis
from both blocks also suggests that the Tarim block was adjacent to
the Kimberley region, northwestern Australia in the Neoprotero-
zoic (Li et al., 1996). New sedimentary analysis carried out from
the Sugetbrak and Qigebrak formations in the Aksu area, north-
western Tarim, suggests that the nonmarine, fluvial and lacustrine
facies of the Sugetbrak formation can correlate with the upper part
of the Louisa Downs and Albert Edward groups in northwestern
Australia, indicating the connection between these two blocks in
the Late Neoproterozoic (Turner, 2010). New researches about the
basement of Tarim reveal that the unified Tarim block in the Neo-
proterozoic should be much larger than the present Tarim basin, as
hundreds of kilometers of continental margin has subducted due

ca. 635Ma

Fig. 9. Paleogeographic reconstruction of the major part of Rodinia at ca. 635 Ma
in Australian coordinate, showing the relative position of Australia, East Antarctica,
Tarim, South China and India (modified from Li and Evans, 2011; Zhang et al., 2013).
This reconstruction is made by rotating the Neoproterozoic to Early Paleozoic poles
(crosses with 95% confidence levels) of Tarim, which coincide with those of Australia,
43.4° CCW around an Euler pole at 277.6°E and 45.9°S. Australia is at its present
location. Positions 1 and 2 of South China and India represent the possible locations
of these two blocks in Australian coordinate during the breakup of Rodiania.

to posterior continental convergence (Xu et al., 2013b). In our pale-
ogeographic reconstruction map, the same rotation transfers the
Tarim to the northwest of Australia, in broad agreement with pre-
vious reconstruction (Fig. 9; Chen et al., 2004; Zhan et al., 2007; Li
and Evans, 2011; Zhang et al., 2013), and during the break-up of
Rodinia supercontinent, Tarim still stay close to Australia.

The timing of the separation between Tarim and Australia is
still in debate, with different ages from the latest Neoprotero-
zoic (Li et al., 1996) to the Middle Paleozoic (e.g. Metcalfe, 2006,
2009, 2011). The upper Neoproterozoic succession in the Kimber-
ley region, northwestern Australia, is unconformably overlain by
the Cambrian Antrim Plateau mafic volcanics (Hanley and Wingate,
2000; Glass and Phillips, 2006), which were thought to represent
the extensional event corresponding to the separation of Tarim
from Australia (Li et al., 1996). For the Tarim part, Early Cambrian
volcanic rocks were also found in the Quruqtagh area, northeast
of the Tarim block (Jia et al., 2004). Meanwhile, trace element
study of the phosphorite shale at the base of the Lower Cam-
brian in the northwestern Tarim block indicates the mafic material
sources (Yu et al., 2003). Furthermore, the Cambrian strata of the
Tarim block consist of phosphates and evaporites at similar strati-
graphic levels to those of Australia (Metcalfe, 2006, 2009); and the
same microfossil assemblages have been found from the Ordovi-
cian and Silurian successions of both the Tarim and Australia blocks
(Burrett et al., 1990; Metcalfe, 2011). The deposition facies and
fossil similarities from the Cambrian to Silurian indicate the con-
nection of these two blocks in this period (Metcalfe, 2006, 2011).
The separation was proposed to take place in the Early Devonian as
the splitting of the Silurian Sino-Australian brachiopod province
into two sub-provinces and the apparent loss of links between
Tarim and Australia (Metcalfe, 2006). These paleontological obser-
vations coincide with our APWP comparison: the proximity of the
Ordovician and Silurian poles, while far away from each other of
the Devonian poles from two blocks (Fig. 8b). After the Silurian,
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Australia moved southwards to the southern hemisphere (Schmidt
et al., 1987; Thrupp et al., 1991), whereas the Tarim block stayed
at the low latitude position in the northern hemisphere and drifted
northwards from the Devonian to Carboniferous (Li et al., 1990;
Zhao et al., 1993). Taking the paleomagnetic, sedimentary and
paleontology evidences into account, the hypothesis of an initial
break-up at the Late Ordovician and a fast separation at the Late
Silurian-Early Devonian between Tarim and Australia seems the
most documented.

Although no consensus about the relative position between the
South China block (SCB) and Australia so far (Li et al., 2008; Li and
Evans, 2011; Zhang et al., 2013), the similarity in APWPs between
Australia and the SCB has been described by Yang et al. (2004) based
only on three poles, showing that the South China block was con-
nected to the northwestern Australia during the Neoproterozoic
until the Late Silurian-Early Devonian. The biostratigraphic study
revealed that the upper T. anozos-T. conoideum assemblage of the
Ediacaran Doushantuo formation in the Yangtze Gorge area can be
correlated with the Ediacaran complex acritarch palynoflora (ECAP)
of South and Central Australia (Liu et al., 2013). Besides, the lower
Paleozoic strata of the South China block display the same depo-
sitional pattern (Metcalfe, 2006) and fossil assemblages (Burrett
et al., 1990; Yao et al., 2005; Moczydlowska and Zang, 2006; Dong
etal., 2009; Metcalfe, 2013) as those of Tarim and Australia. Instead
of putting SCB to the northwestern Australia, Li et al. (2008) and Li
and Evans (2011) putted the SCB to the northeastern Australia to
fit the “missing link model” at 750 Ma and considered that the SCB
had moved northeast away from Australia at ca. 635 Ma (Position
1 of SCB in Fig. 9; see also Fig. 2c in Li and Evans, 2011). Moreover,
Zhang et al. (2013) had recently published their new paleomag-
netic results from the Nantuo formation of SCB (636.3 +4.9 Ma)
and show a relatively high paleolatitude of SCB. Combining geologic
and paleomagnetic data, they concluded that nevertheless the SCB
was closely situated to the north of Australia, and the direct SCB-
northwestern Australia connection at the Early Cambrian-Early
Devonian, had not formed at the time of ca. 635 Ma (Position 2 of
SCBinFig.9; see also Fig. 10in Zhang et al., 2013). Consequently, the
kinematic history between SCB and Australia is still controversial;
more results are needed to improve the understanding.

6. Conclusions

New paleomagnetic study is performed on the Neoproterozoic
strata from the Quruqtagh and Yecheng areas in the northeastern
and southwestern Tarim block, respectively. Magnetic mineralog-
ical analyses show that titanium-poor magnetite and hematite are
the principal magnetic carriers. The directional analyses reveal
both primary and secondary magnetizations. Among the 64 stud-
ied sites, except the viscous and dispersed sites due to the too
weak NRM (10 sites), 16 sites near the active tectonic zone present
a high anisotropic degree, vertical magnetic foliation with no
tectonically interpretable magnetic directions; 26 sites show the
effect of remagnetization. However, 6 sites from the ca. 635 Ma
Tereeken Formation cap carbonate, and 6 sites from the 615Ma
Zhamoketi basaltic andesite from the Quruqtagh area present
stable and probably primary magnetic remanences with a weak
anisotropic degree, and either a positive fold test for the former or
a consistent direction with previous results for the latter. There-
fore, two Neoproterozoic paleomagnetic poles were calculated
at: A=27.6°N, ¢=140.4°E, dp=8.8°, dm=11.1°, and A=-4.9°N,
@=146.7°E, dp=3.0°, dm=5.2° for the Tereeken and Zhamoketi
formations, respectively. Combining these two poles with the pale-
omagnetic poles previously reported from Tarim, a new APWP
from the Neoproterozoic to the Present has been built for the
Tarim block. The comparison between the APWPs from Tarim and

Australia implicates that there is a long-term, from at least the
Neoproterozoic to the Middle Silurian, Australia-Tarim connection
and/or they share the same kinematic evolution. The Tarim block
probably began to break away from northwestern Australia since
the Late Ordovician and the final separation occurred at the Late
Silurian-Early Devonian.
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To better constrain the Early Paleozoic tectonic evolution of the western part of the Erguna-Xing'an
Block, detrital zircon U-Pb dating was applied on the Ordovician to Devonian sedimentary strata along
the southeast part of the China—-Mongolia border. Most of the zircons from five sedimentary samples dis-
play fine-scale oscillatory growth zoning and Th/U ratios higher than 0.1, indicating a magmatic origin.
All five Ordovician-Devonian samples display the similar age distribution patterns with age groups at
~440 Ma, ~510 Ma, ~800 Ma, ~950 Ma, and few Meso- to Paleo-Proterozoic and Neoarchean grains. This
age distribution pattern is similar to those from adjacent blocks in the southeastern Central Asian Oro-
genic Belt. Considering previous tectonic studies, we propose bidirectional provenances from the Ergu-
na-Xing’an Block and Baolidao Arc.

Consequently, a new model was proposed to highlight the Early Paleozoic tectonic evolution of the
western Erguna-Xing'an Block, which constrains two main Early Paleozoic tectonic events of the Xing-
Meng Orogenic Belt: (a) pre-Late Cambrian collision between Erguna-Kerulen Block and Arigin Sum-
Xilinhot-Xing'an Block; (b) the Early Paleozoic subduction of Paleo-Asian Ocean and pre-Late Devonian
collision between Erguna-Xing’'an Block and Songliao-Hunshandake Block.
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1. Introduction

The Xing-Meng Orogenic Belt (XMOB), as the southeastern part
of the Central Asian Orogenic Belt (CAOB; Fig. 1a), recorded the
accretionary history among several main blocks, such as North
China Craton (NCC), Songliao-Hunshandake Block (SHB), Airgin
Sum-Xilinhot-Xing’an Block (AXXB) and Erguna Block (EB)
(Fig. 1a; Wu et al., 2007; Zhou et al., 2011a). These blocks experi-
enced multi-stage amalgamation during the Paleozoic. Numerous
studies have been carried out in the past two decades; however,
no consensus about the tectonic evolution of XMOB has been
reached (e.g., Xiao et al, 2003; Wu et al, 2011; Zhou et al,,
2011a; Zhang et al., 2012; Xu et al., 2013). The collision between
EB and AXXB is considered to have occurred before the Late
Cambrian, as orogenic related Late Cambrian alkaline granites,
granitoids and gabbros were identified from both sides of the
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Xinlin-Xiguitu suture zone, representing a post-collisional setting
(Fig. 1a; Sorokin et al.,, 2004; 2011; Ge et al., 2005; Wu et al.,
2005, 2007; Wu et al.,, 2011). After that, the newly formed Ergu-
na-Xing’an Block (EXB) involved into the following Paleozoic
accretionary process. From the Late Cambrian, the Paleo-Asian
Ocean subducted beneath the EXB to the north and the NCC to
the south, with two arc magmatic belts developed (Liu et al.,
2003; Jian et al., 2008; Zhang et al., 2009b; Xu et al., 2013; Zhang
et al.,, 2013). High-pressure metamorphic blueschists were identi-
fied from both northern and southern belts, with “°Ar->%Ar ages
of 383 +13 Ma and 453-446 Ma, respectively (Xu et al., 2001;
Tang and Yan, 1993; De Jong et al., 2006). Based on structural
and sedimentary investigations, two unconformities have been
described. The ductilely deformed Ondor Sum Group and ophiolitic
mélange were unconformably overlain by the Late Devonian
molasse along the northern suture and by the Late Silurian molasse
along the southern one, respectively (Tang, 1990; Xu et al., 2013).
After the orogenesis, Devonian alkaline intrusive complex fol-
lowed, indicating a post-collisional setting (Zhang et al., 2010). It
means that the amalgamation of EXB, SHB and NCC occurred
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before the end of Devonian, without wide ocean existing in
between, which is confirmed by recent paleomagnetic (Zhao
et al., 2013) and palaeontological studies (Zhou et al., 2010; Xin
et al,, 2011). However, different arguments have been put forward
to consider that the final collision occurred in the Late Permian
based on the geochemistry studies on the Carboniferous-Permian
magmatic rocks (Chen et al., 2000; Zhang et al., 2009a). Therefore,
the tectonic evolution between EXB and SHB is still controversal,
especially on the south margin of the EXB.

In this study, a detrital zircon geochronological investigation
was performed on the Ordovician-Devonian strata in the western
part of the AXXB (Fig. 1), where investigations remain rare. From
these new data, we try to decipher the sedimentary record and
the Early Paleozoic tectonic evolution of western EXB.

2. Geological setting

The northeastern China is divided into several blocks, namely
Erguna Block, Airgin Sum-Xilinhot-Xing’an Block, Songliao-Hun-
shandake Block and Jiamusi Block from north to south (Fig. 1a;
Wau et al., 2007; Xu et al., 2013). These blocks share the similar
Paleo- to Neo-Proterozoic basement, which was revealed by both
geochronological studies of magmatic massifs and metasedimentary
rocks (Wang et al., 2001; Wu et al., 2011; Li et al., 2011; Han et al,,
2011; Zhang et al., 2012 and references therein; Wu et al., 2012;
Sun et al.,, 2013a,b; Tang et al., 2013). To the west, according to the
new tectonic subdivision of Mongolia (personal communication

with Tomurtogoo), the Erguna Block might connect with the
Kerulen Block (Erguna-Kerulen Block, EKB), and the Airgin Sum-
Xilinhot-Xing’an Block connected with the Totoshan Block in the
southernmost Mongolia (Fig. 1a; Wang et al., 2001; Xu et al,
2013; Zhou et al., 2013). However, some researchers suspect the
existence of AXXB due to the lack of Precambrian basement and
some Paleozoic zircons identified from geochronological studies
of the Xilinhot complex (Wu et al., 2007; Xue et al., 2009; Chen
et al., 2012). This uncertainty was solved by recent studies, as Ge
et al. (2011) isolated the late Meso-Proterozoic supracrustal rocks
from the Xilinhot complex, which was intruded by ~740 Ma meta-
gabbro, indicating the existence of Precambrian basement. Mean-
while, Meso-proterozoic granitic gneisses were recently reported
from the east of Sunidzuoqi with zircon U-Pb age of 1516-
1390 Ma, considered as the basement of AXXB (Sun et al., 2013b).

The study area is located along the southeastern part of China-
Mongolia border, belonging to the western part of the AXXB, which
was separated from the northern EKB by the Xinlin-Xiguitu suture
zone (XXS) (Fig. 1a). To the south, it was separated from the Son-
gliao-Hunshandake Block by the Suzuoqi-Xilinhot-Heihe suture
zone (SXHS), which formed during the Late Devonian-Early Car-
boniferous based on the Late Devonian unconformity and Carbon-
iferous post-collisional intrusions (Fig. 1; Zhang et al., 2012; Xu
et al.,, 2013).

The oldest strata of the study area are of the Ordovician
period, consisting of Lower-Middle Ordovician Wubinaobao and
Tongshan formations, Middle Ordovician Duobaoshan Formation,
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and Middle-Upper Ordovician Luohe Formation (Fig. 2). Except for
the Duobaoshan Formation, which is mainly composed of basaltic
andesite, the other formations are mainly composed of fine-
grained clastic sediments. The Silurian strata are rare in the study
area, only Upper Silurian Woduhe Formation was identified from
the Narenbaolige and West Ujimqin areas (Fig. 2). These sediments
were characterized by Late Silurian Tuvaella fauna-bearing clastic
rocks and carbonates (Su, 1981; IMBGMR, 1991; Wang et al.,
2009). The widely distributed Lower-Middle Devonian Nigiuhe
Formation (Fig. 1b) mainly consists of clastic rocks from conglom-
erate to siltstone with several limestone interlayers, and displays
differences of sedimentary facies from western to eastern parts
(Fig. 2). It is characterized by its abundant shallow marine fossils,
such as brachiopoda, bivalve, coral and trilobita (IMBGMR, 1991).
The Middle-Upper Devonian strata were mainly distributed in
the west of West Ujimqin, namely Middle-Upper Devonian Tarba-
get Formation and Upper Devonian Angeryinwula Formation
(Fig. 2). Both of these formations mainly consist of fine-grained
clastic rocks (Fig. 2). However, corals and brachiopoda were also
found in the Tarbaget Formation, while plant fossils were identi-
fied in the Angeryinwula Formation, indicating a regression related
depositional facies transition from shallow marine to continental
facies (IMBGR, 2007). The Upper Carboniferous-Lower Permian
Baoligaomiao/Gegenaobao Formation, a ca. 5000-m-thick
sequence, unconformbly cover the underlying strata. It is com-
posed of conglomerate, coarse-grained sandstone and red siltstone
in the lower part and volcanic and volcano-clastic rocks in the
upper part. The abundant flora found therein and the geochemical
signatures of volcanic rocks reveal the continental deposition
(IMBGMR, 1991; Li et al., 1996; Zhang et al., 2011). The volcanic
rocks are coeval or slightly older than the Early Permian alkaline

granite, and together they constitute an Early Permian rift-related
alkaline magmatic belt (Hong et al., 1994, 1996; Jahn et al., 2009).

3. Sampling

Five sandstone-siltstone samples were collected from three
localities for detrital zircon U-Pb dating. The detailed sampling
information is described below.

Two samples were collected from the northwest of Chaganao-
bao County (Fig. 1b). Sample 100716-33 (GPS: 44°32'33"N,
111°47'52"E) is siltstone from ca. 4500-m-thick Lower-Middle
Ordovician Wubinabo Formation (Fig. 2). It is mainly composed
of dark green siltstone with schistosity (Fig. 3a), with grey sand-
stone interlayers (Fig. 2). Sample 100826-01 (GPS: 44°30'88"N,
111°57'39”E) is red coarse-grained sandstone from the Lower-Mid-
dle Devonian Nigiuhe Formation (Fig. 2). Overlying the conglomer-
ate (Fig. 3f), the red coarse-grained sandstone is considered as
near-shore deposition with plenty of lithic grains (Fig. 3b).

Two samples were collected from the northwest of Narenbaol-
ige County (Fig. 1b). Sample 100719-20 (GPS: 44°56'50"N,
114°20'14"E) was collected from a sandstone layer at the bottom
of the Middle-Upper Ordovician Luohe Formation (Fig. 2). It was
grayish-green in color with high proportion of basaltic lithic frag-
ments (Fig. 3c), which might come from the underlying Duobao-
shan basaltic andesite (Fig. 2). Sample 100720-20 (GPS:
45°11"15”N, 114°39'18”E) was collected from the lower part of
the Lower-Middle Devonian Nigiuhe Formation (Fig. 2). This sand-
stone is gray in color with wavy and parallel bedding. Lithic grains,
polycrystal and monocrystal quartz constitute the main clastic part
of this sandstone (Fig. 3d).
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Fig. 3. (a-e) Field photographs and photomicrographs of dated strata, with number, age and lithology at the top; (f) the basal conglomerate of the Lower-Middle Devonian

Nigiuhe Formation at the Chagenaobao area.

Sample 100723-23 (GPS: 45°36/38"N, 116°44'06”E) was col-
lected from the Lower-Middle Devonian Nigiuhe Formation in
the northwest of West Ujimqin County (Fig. 1b). It is yellowish
fine-grained sandstone with trilobita and brachiopoda fossils
found nearby, indicating stable sedimentation and long-distance
transport of provenance (Fig. 3e).

4. Analytical procedures

Zircons were separated using conventional heavy liquid and
magnetic techniques before handpicking under a binocular micro-
scope at the Langfang Regional Geological Survey, Hebei Province,
China. Handpicked zircons were photographed under transmitted
and reflected light under optical microscope before cathodolumi-
nescence (CL) imaging using a Quanta 200 FEG Scanning Electron
Microscope in Peking University. The CL revealed the internal tex-
tures and potential target sites for U-Pb analyses. Zircon U-Pb dat-
ing was carried out using an Agilient 7500c ICP-MS instrument
coupled with a 193-nm ArFExcimer laser with the automatic posi-
tioning system at the Key Laboratory of Orogen and Crust Evolution,
Peking University. Calibrations for zircon analyses were carried out
using NIST 610 glass as an external standard and Si as internal stan-
dard. U-Pb isotope fractionation effects were corrected using zircon
Plesovice (337 Ma) as external standard. Zircon standard 91,500 is
used as a secondary standard to supervise the deviation of age mea-
surement/calculation. Isotopic ratios and element concentrations of
zircons were calculated using GLITTER (ver. 4.4.2, Macquarie Univer-
sity). Concordia ages and diagrams were obtained using Isoplot/

X (3.0) (Ludwig, 2003). The common lead was corrected using

LA-ICP-MS Common Lead Correction (ver. 3.15), followed the
method of Andersen (2002). The analytical data are presented on
U-Pb Concordia diagrams with 2¢ errors. The mean ages are
weighted means at 95% confidence levels (Ludwig, 2003).

5. U-Pb zircon dating results
5.1. Chaganaobao area

5.1.1. Lower-Middle Ordovician siltstone (sample 100716-33)

The zircon grains are euhedral to subhedral, ranging from 30 to
50 um in width and 50-100 pm in length with fine-scale oscilla-
tory growth zoning (Fig. 4a). The Th/U ratios range from 0.12 to
1.44, indicating magmatic origin (e.g., Rubatto, 2002; Corfu et al.,
2003). A total of 75 zircons were analyzed and 12 of them were dis-
carded because of high discordance (Supplementary Table). The 63
concordant analyses yielded apparent ages ranging from
440 + 6 Ma to 2534 + 12 Ma and fall into three main age popula-
tions: 440-577 Ma (n=30) with a peak at 491 Ma, 766-956 Ma
(n=25) with peaks at 827 and 950 Ma, 1019-1598 Ma (n=5)
without peak age, respectively (Fig. 5a and b). In addition, one
grain yielded an age of 697 + 8 Ma and two grains yielded Archean
ages of 2530 + 12 and 2534 + 12 Ma (Supplementary Table).

5.1.2. Lower-Middle Devonian coarse-grained sandstone (sample
100826-01)

The zircon grains are euhedral to subhedral, ranging from 50 to
150 um in width and 100-250 pm in length with well-developed
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Fig. 4. Cathodoluminescence (CL) images of selected detrital zircons from each sample. The circles represent U-Pb analytical sites with ages presented below.

oscillatory growth zoning (Fig. 4b). The majority of zircons display
high Th/U ratios ranging from 0.24 to 1.06, indicative of magmatic
origin. However, seven grains show Th/U ratios less than 0.1 (0.08-
0.09), which may indicate their metamorphic origin (Rubatto,
2002). All of 75 analyses are concordant, ranging from 449 +7 to
923 +16 Ma. Two main age populations are defined at 487-
527 Ma (n = 40) with a peak at 508 Ma, and 536-608 Ma (n = 30)
with a peak at 576 Ma (Fig. 5¢ and d). Meanwhile, five zircons
yielded ungrouped ages of 449, 678, 794, 892 and 923 Ma (Supple-
mentary Table; Fig. 5c and d).

5.2. Narenbaolige area

5.2.1. Middle-Upper Ordovician siltstone (sample 100719-20)

The majority of zircon grains are subhedral to subrounded,
ranging from 30 to 100 um in width and 60-200 pum in length
(Fig. 4c). Most zircon grains display oscillatory growth zoning, with
a few showing inherited cores and rims (Fig. 4c). All zircons except
one (0.03 for #1920-01 with an age of 2081 + 19 Ma) give high Th/
U ratios from 0.24 to 1.47, indicating magmatic origin. Among a
total of 75 analyses, 69 concordant analyses yielded ages ranging
from 428 + 6 Ma to 2092 + 17 Ma (Supplementary Table; Fig. 5e
and f), and fell into one main age population at 428-547 Ma
(n=63), with two peaks at 442 Ma and 511 Ma (Fig. 5e and f).
Meanwhile, six zircons yielded ungrouped ages of 753, 940,
1282, 1461, 2081 and 2092 Ma.

5.2.2. Lower-Middle Devonian sandstone (sample 100720-20)
Most of zircon grains are subhedral to subrounded, ranging
from 40 to 80 pum in width and 50-200 pm in length (Fig. 4d). Most

zircon grains display oscillatory growth zoning, while a small pro-
portion shows inherited cores and rims (Fig. 4d). Except two grains
with Th/U ratio less than 0.1, all other zircons show high Th/U
ratios from 0.11 to 1.09, indicating magmatic origin. Among a total
of 75 U-Pb analyses, 67 of them are concordant and yielded ages
ranging from 453 + 6 Ma to 2227 + 14 Ma (Supplementary Table;
Fig. 5g and h). These grains fall into two main age populations at
453-581 Ma (n =49) with two peaks at 459 Ma and 512 Ma, and
669-917 Ma (n = 17) with peak at 794 Ma (Fig. 5g and h). In addi-
tion, one grain yielded ages of 2227 + 14 Ma.

5.3. West Ujimqin Lower-Middle Devonian sandstone (sample
100723-23)

The zircon grains are euhedral to subhedral, ranging from 50
to 100 um in width and 80-150 um in length with oscillatory
growth zoning (Fig. 4e). Except one grain showing Th/U ratio
of 0.04, all other zircons show high Th/U ratios from 0.13 to
0.91, indicating magmatic origin. Among a total of 74 analyses,
eight analyses were discarded because of high discordance, and
one grain (#2325-20 with age of 214 +3) was also discarded
(Supplementary Table). The 65 concordant analyses yielded ages
ranging from 394 + 6 Ma to 2018 + 45 Ma (Supplementary Table;
Fig. 5i and j). Broadly, the grains fall into three age populations
at 394-495Ma (n=37) with a peak at 435 Ma, 505-546 Ma
(n=15) with peak at 511 Ma, and 778-1078 Ma (n=11) with
a small peak at 959 Ma, respectively (Fig. 5j). Meanwhile, two
zircons yielded ages of 624 and 2018 Ma (Supplementary Table;
Fig. 7i and j).
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6. Discussion

6.1. Constraint on the depositional age of the studied Ordovician—
Devonian strata

The depositional ages of the investigated Ordovician to Devo-
nian formations were determined using association of fossils and
regional lithological correlation. Due to the poorly preserved fossils
(especially for Ordovician strata) and lithological variations from
region to region, the stratigraphic division of the Ordovician-Devo-
nian strata in this area is not precise. Our detrital-zircon data pro-
vide new constraint for their age assignment.

The youngest zircon age of the Lower-Middle Ordovician Wubi-
naobao Formation siltstone is 440 + 6 Ma, but defined by just one
grain. Consequently, the youngest grouped =zircon age of
461 + 6 Ma, as defined by 14 grains (Supplementary Table), was
used to constrain the depositional age of the Wubinaobao Forma-
tion. This age falls into the Middle Ordovician, and is therefore con-
sistent with the former fossil constraint (IMBGMR, 1991). For the
Middle-Upper Ordovician Luohe Formation, the youngest grouped
zircon age is 428 + 6 Ma, constraining the depositional age to be
younger than the Early Silurian, which is slightly younger than
the previous assignment (IMBGMR, 1991). The abundant fossils
found within the Nigiuhe Formation have well constrained its
Early-Middle Devonian age, and our detrital-zircon data from
Chaganaobao (449 + 7 Ma for the youngest zircon age), Baiyintuga
(453 6 Ma for the youngest zircon age) and West Ujimgqin
(394 + 6 Ma for the youngest zircon age) are consistent with this
age assignment. Hence, the depositional age of the Nigiuhe Forma-
tion should be the Early-Middle Devonian.

6.2. Provenance of Ordovician and Devonian strata

The detrital-zircon dating results presented above give us new
clues to trace the provenance of these sediments and decipher
the tectonic evolution. All these five Ordovician-Devonian samples
display similar distributions in zircon-age probability diagrams,
characterized by predominant Early Paleozoic groups at ~440 Ma
and ~510Ma, and subordinate Neoproterozoic groups at
~570 Ma, ~800Ma and ~950 Ma, respectively, with only few
pre-1.0 Ga grains (Figs. 5 and 6a). It indicates relatively stable
provenance for this belt from the Ordovician to the Devonian.

The most striking feature of zircon-age distribution for this
study is the predominant peak age at ~510 Ma (Fig. 6a). This sig-
nificant age group was well documented from the EKB (Wu et al.,
2005, 2012) and AXXB (Fig. 6b and c; Li et al, 2011; Han et al.,
2011) by geochronological studies of granitoids and clastic rocks,
which was considered as the orogenic related magmatic event
due to the collision between the EKB and AXXB (Wu et al., 2005).
Furthermore, this age group has also been revealed by zircon stud-
ies of igneous rocks from northwestern-central Mongolia (Fig. 6d;
Rojas-Agranonte et al., 2011), central Mongolia (Demoux et al.,
2009a), and southern Mongolia (Demoux et al.,, 2009b), and by
detrital-zircon studies from northwestern Mongolia (Kelty et al.,
2008) and central Mongolia (Bussien et al., 2011). Most of the
~510 Ma zircons display Th/U ratios higher than 0.1 (Supplemen-
tary Table), implying that these zircon grains probably came from
the Cambrian magmatic rocks exposed on the EKB, AXXB or/and
the Mongolian blocks. Moreover, it was noticed that four zircons
from Sample 100826-01 and one zircon from Sample 100723-23
present Th/U ratios less than 0.1 and U-Pb age of 497-517 Ma
(Supplementary Table), showing the same feature with zircons
from Pan-African events in the northeastern margin of the EKB
and AXXB (Zhou et al., 2011a,b; Zhou and Wilde, 2013).
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Fig. 6. Comparison of probability plots for the data from the western Airgin Sum-
Xilinhot-Xing'an Block ((a) this study), middle Airgin Sum-Xilinhot-Xing’an Block
((b); Li et al., 2011), northeastern Airgin Sum-Xilinhot-Xing’an Block ((c); Han et al.,
2011) and Mongolia ((d); Rojas-Agranonte et al., 2011).

The age peak of ~440 Ma may represent the regional Early
Paleozoic magmatic event. Two Early Paleozoic magmatic events
have been documented from nearby blocks. After the amalgama-
tion of the EKB and AXXB at the Cambrian, the Early Paleozoic
post-collisional magmatic intrusions from ~490 to ~440 Ma were
taken place on the newly formed EXB (Wu et al., 2005; Ge et al.,
2005; Sorokin et al., 2011; Ren et al., 2012; Guo et al., 2013). To
the south, the Early Paleozoic Baolidao arc magmatism at the
southern margin of the AXXB was dated at 498-415 Ma (Jian
et al., 2008; Xu et al., 2013). These two kinds of magmatic rocks
can both be considered as provenance regions for this zircon group.
Notably, only one zircon from the western Chaganaobao Devonian
sample (100826-01) presents an age around this age peak, with the
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main age group at 508 Ma (Fig. 6b), indicating that the main prov-
enance for the Devonian strata therein could be the EXB. However,
the percentage of the Early Paleozoic zircon grains increases east-
wards (Fig. 6b, d and e). The easternmost Devonian sample from
West Ujimqin (100723-23) presents the main age peak at
435 Ma, which is most likely from the southern Baolidao magmatic
arc. This eastward tendency indicates that the contribution of the
Baolidao arc to the provenance of Devonian strata increases from
west to east.

The Neoproterozoic peaks (800-1000 Ma) are subordinate in
our results (Fig. 5), and they cannot be used as an effective prove-
nance indicator because this peak age represents the universal

basement of nearly all blocks between NCC and Siberia Block
(SIB). Neoproterozoic alkaline plutons have been identified from
the EKB with the age of 950-737 Ma (Wu et al., 2011; Tang et al.,
2013), which represent an extensive environment (Tang et al.,
2013). For the eastern Jiamusi Block, gneisses and granitoids with
the age of 913-777 Ma were reported at its western margin (Xie
et al.,, 2008). This Neoproterozoic basement was also identified
from the SHB by detrital-zircon dating of Late Neoproterozoic-
Cambrian metasedimentary rocks (Xu et al., 2013; Wang et al,,
2013). For the AXXB, ca. 900 Ma gneisses were reported along
the China-Mongolia border (Wang et al., 2001; Zhou et al., 2013).
The ca. 950 Ma magmatic events were also recorded in the central

(a) Cambrian
XX

Paleo-Asian Ocean

Continental crust |S

(/" Baolidao Arc

~

Paleo-Asian Ocean

(d) Early-Late Devonian

SXHS
e AXXB

molasse basin

Fig. 7. Schematic geodynamic evolutionary model between the Erguna-Kerulen Block (EKB), Airgin Sum-Xilinhot-Xing'an Block (AXXB) and Songliao-Hunshandaka Block
(SHB). (a) The collision between EKB and AXXB occurred before the Middle Cambrian, followed by ~510-485 Ma post-collisional granite. This newly formed Erguna-Xing'an
Block (EXB) separated from the SHB by the Paleo-Asian Ocean. (b) Started from the Late Cambrian, The Paleo-Asian Ocean subducted beneath the AXXB from the Late
Cambrian to the Middle Silurian, producing the Baolidao arc at its southern margin. Meanwhile, on EXB, Ordovician-Silurian magmatic rocks intruded and extensional
sedimentary basins developed. The contemporary Baolidao arc magmatic rocks and post-orogenic rocks provided provenance for the sedimentary basins. (c) Late Silurian
Tuvaella fauna-bearing sediments were widespread on EKB, representing the stabilization of this welded block. The Baolidao arc magmatism ceased during this period. (d)
During the Early-Middle Devonian, this belt underwent different evolution from west to east. To the west, the basal conglomerate represents the closure of this basin and the
cease of the northward subduction. While to the east, shallow marine sediments still exists until to the Late Devonian, indicating an eastward successive closure of
the sedimentary basin. As the pre-Late Devonian collision between SHB and AXXB occurred, the Upper Devonian molassic sediments were unconformably deposited over the
ophiolitic mélange (Xu et al., 2013). Meanwhile, the marine basins on EXB were closed. No Late Devonian sediments were deposited in the west and Late Devonian
continental facies sediments were deposited to the east.
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and southern Mongolia (Kroner et al., 2007; Demoux et al., 2009b).
To the northern Tuva-Mongolia Block, a magmatism of the same
age was also reported along the southern margin of SIB
(Kuzmichev et al., 2001; Gladkochub et al., 2007). These universal
Neoproterozoic magmatic rocks in these blocks correspond to an
important global magmatic event, which may be related to the
assemblage and break-up of Rodinia supercontinent (Li et al,
2008).

In summary, the results presented above indicate bidirectional
provenances from the EXB to the north and the Early Paleozoic
Baolidao arc to the south for the Ordovician-Devonian deposition.
It provides new evidence to decipher the tectonic evolution of this
region.

6.3. Tectonic implications

A new model was proposed based on our geochological data to
illustrate the Early Paleozoic tectonic evolution of the AXXB with
its neighboring blocks.

The collision between the EKB and AXXB occurred before the
Late Cambrian, followed by Late Cambrian granitic and mafic intru-
sions (Wu et al., 2005; Ge et al., 2005; Wu et al., 2011) on both side
of the Xinlin-Xiguitu suture zone (Fig. 7a). During this period, the
southern margin of this newly formed block was a passive conti-
nental margin, and separated from the southern the SHB by the
Paleo-Asian Ocean (Fig. 7a);

After that, the newly welded Erguna-Xing'an Block (EXB)
belonged to an epicontinental setting, with the development of a
Ordovician-Silurian sedimentary basin that was adjacent to coeval
magmatic intrusions (Fig. 7b; IMBGMR, 1991;Ge et al., 2007;
Sorokin et al., 2004; 2011; Ren et al., 2012; Guo et al., 2013). The
Cambrian (510-485 Ma) orogenic-related granitic and mafic intru-
sions and subsequent Ordovician-Silurian (485-440 Ma) mag-
matic intrusions provide provenance for the basin sediments
(Fig. 7b). Since the Paleo-Asian Ocean subducted beneath the
southern margin of the welded EXB, the Baolidao arc formed along
this margin from ~490 Ma to ~420 Ma, with the peak at ~460 Ma
(Shi et al., 2005; Jian et al., 2008; Zhang et al., 2009b; Xu et al.,
2013). The Baolidao arc granitoids intruded into the Xilinhot Pre-
cambrian basement, and extensive thermal metamorphism related
to the arc magmatism occurred in the Precambian basement (Sun
et al., 2013b), which also made contribution for the provenance of
the basin deposition (Fig. 7).

During the Late Silurian, the magmatic events along the EXB
have ceased, with widespread clastic and carbonate deposits bur-
ied the EXB and did not include a volcanic component (Fig. 2).
The striking feature of these Upper Silurian strata is the Tuvaella
funa therein, which can be traced from nearly all the Upper Silurian
strata in the EXB (Su, 1981; IMBGMR, 1991), marking a tectonic
stabilization of this newly formed block (Fig. 7c; Wang et al.,
2009). To the south, the subduction of the Paleo-Asian Ocean
was still going on, but the Baolidao arc magmatism ceased at the
Late Silurian (Fig. 7c), represented by ~420 Ma high-K granite
(Shi et al., 2005; Jian et al., 2008) and coeval hornblende gabbros
(Zhang et al., 2009b).

During the Early-Middle Devonian, the marine sedimentary
basins on the EXB show significant lateral lithological variations
from west to east (Fig. 2). In the Chaganaobao area, the distinctive
red basal conglomerate (Fig. 3f and Fig. 7) represents a regional
unconformity, indicating that the sedimentary basin might have
been closed before the Early Devonian in this area. However, to
the east, the Early-Middle Devonian strata are mainly composed
of shallow marine sandstone with abundant of shallow marine fos-
sils, indicating that marine sedimentary basins still existed. These
lithological variations indicate an Early-Middle Devonian eastward
regression, revealing an eastward successive closure of the marine

basin (Fig. 7d). During the Late Devonian, due to the collision
between the SHB and the EXB, the Late Devonian molassic deposi-
tion uncomformbly overlied the ophiolitic mélange (Xu et al.,
2013; Fig. 7d). This collision also caused the final closure of the
marine sedimentary basins on the EXB, as no Late Devonian sedi-
ments were found to the west, and plant-fossils bearing continen-
tal Upper Devonian Angeryinwula Formation occurred to the east
(West Ujimgin area) (IMBGR, 2007; Fig. 7d). After the Late Devo-
nian, the EXB came into a subaerial setting without sedimentation
until the Late Carboniferous continental deposition (IMBGMR,
1991).

7. Conclusions

Combining new detrital-zircon dating results with previous tec-
tonic, sedimentological, geochemical and geochronological studies,
lead to the following conclusions.

(1) The detrital-zircon geochronological study of the five Ordo-
vician-Devonian samples from Erenhot-West Ujimgqin (the
southeastern part of the China-Mongolia border) display
the similar age distribution patterns with age groups at
~440 Ma, ~510 Ma, ~800 Ma, ~950 Ma, with few Meso- to
Paleo-Proterozoic and Neoarchean grains.

(2) This age distribution displays the same patterns with the
magmatic periods of the Erguna-Xing’an Block. Meanwhile,
the youngest age group is consistent with the Bolidao arc
magmatism at the southern margin of the Erguna-Xing'an
Block. Hence, a bidirectional provenance from the Erguna-
Xing'an Block in the north and Baolidao arc in the south
was proposed.

(3) A new model was proposed to highlight the Early Paleozoic
tectonic evolution of the western part of the Arigin Sum-
Xilinhot-Xing’an Block, which constrains two main Early
Paleozoic tectonic events of the Xing-Meng Orogenic Belt:
pre-Late Cambrian collision between Erguna-Kerulen Block
and Arigin Sum-Xilinhot-Xing’an Block; and the Early Paleo-
zoic subduction of Paleo-Asian Ocean and pre-Late Devonian
collision between Erguna-Xing’an Block and Songliao-Hun-
shandake Block.
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RESUME

Le Centre-Est de la Mongolie intérieure, faisant la partie sud-est de la Ceinture Orogénique de 1'Asie Centrale (CAOB),
est une zone de clé pour étudier I'histoire de 1’accrétion-collision entre la Chine du Nord (NCC) et les blocs continentaux du
Nord. Les contraintes du cadre tectonique et de la connaissance de I’évolution tectonique sont importantes pour comprendre
I’accrétion de la CAOB car il n’y a pas de consensus sur le mode et la période de l'accrétion entre NCC et les blocs du Nord.
Par conséquent, des études pluridisciplinaires ont été effectuées sur les roches sédimentaires et magmatiques du Paléozoique
supérieur dans le centre-oriental de la Mongolie Intérieure. Sur la base de nos études sédimentologiques, géochronologiques,
géochimiques et paléomagnétiques, et compte tenu des résultats précédents en pétrographie, géochimie et paléontologie,
I'évolution sédimentaire et tectonique du Paléozoique supérieur du Centre-Oriental de la Mongolie Intérieure a été bien établie.
Les ¢études détaillées en sédimentologie et géochimie montrent une transition entre les dépdts molassiques du Dévonien a la
dénudation du Carbonifére inférieur et les sédiments marins du Carbonifére supérieure vers les dépots de bassin d'extension au
Permien. D’aprés nos analyses détaillées des facies sédimentaires, des caractéristiques géochimiques des roches magmatiques
et nos données paléomagnétiques, nous proposons un modéle géodynamique de subduction-collision-extension post-
orogénique pour le Paléozoique au Centre-Oriental de la Mongolie Intérieure.

Mots-clés: Ceinture Orogénique de 1’ Asie Centrale (CAOB), Centre-Oriental de la Mongolie intérieure, Paléozoique
supérieure, sédimentologie, paléomagnétisme
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