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Abstract

The Beishan orogenic collage is a southern, central subset of the Central Asian Orogenic
Belt, in Northwest China. It is an accretionary orogen that was active during the early Pa-
leozoic, transitioning to convergent collisional tectonics in the late Paleozoic to early Meso-
zoic. It comprises two main early Paleozoic arcs built through Precambrian pericratonic
fragments, the Hanshan and Dundunshan terranes. Detrital zircon geochronology indicates
that they share a similar set of Precambrian ages with the Tarim craton. It also establishes
that the Hanshan arc developed with magmatism from the Late Cambrian to Early De-
vonian, then re-initiated with a minor peak of magmatism in the Carboniferous—Permian.
Magmatism in the Dundunshan arc follows an identical pattern, yet ol[set younger by
roughly 50 m.y. in all aspects. We interpret this pattern to indicate a staged collision
and accretion event, the docking of the arcs from north to south. The event initiated
during a regional magmatic hiatus in the Devonian. Known ophiolite ages of genesis and
emplacement respectively bracket the main arc-building magmatic period. This supports
conclusions that an ophiolite belt in the Beishan does represent a suture.

Deformation in the Mazongshan terrane, the central Beishan suture and accretionary
complex, is due to episodes of early Paleozoic accretion of arcs, oceanic units, and ophiolite
emplacement. To further establish the sequence of tectonism we provide an age and tectonic
setting of the Hongliuhe ophiolite, one of the oldest that now lies in the suture zone. It
comprises cumulate ultramafic to mafic plutonic rocks formed in the Cambrian (520.3
5.8 Ma, U-Pb, Gabbro). Volcaniclastic and arc-marginal sedimentary rocks overlie exposed
ductilely deformed lower crustal ophiolitic plutonic rocks. Petrography, lithostratigraphy,
and whole rock and mineral chemistry support a conclusion that the ophiolite developed in
an extensional arc-marginal supra-subduction tectonic environment. This illustrates how
ophiolites can be created during subduction rollback, not necessarily subduction initiation.
The emplacement timing of the ophiolite is constrained by an undeformed Early Devonian
granite (413.6 3.5 Ma, U-Pb) that intruded through its tilted, folded sedimentary cover
sequence.

Paleozoic deformation spanning the Mazongshan terrane can be di Lerentiated into two
events: pervasive Silurian-Devonian dextral transpression and Permian-Triassic sinistral
transpression. We identify that a protracted regional accretion or collision event produced
the early deformation. U-Pb zircon ages define a staged cessation of deformation from
five late-syn-kinematic dykes in the Xingxingxia region (436.5 2.6 Ma to 383.1 4.6
Ma, Early Silurian-Middle Devonian). High strain zones distributed throughout the ac-



cretionary complex exhibit dextral kinematics, with transpressive fault dynamics. Narrow
fault width and high variation of stretching lineation orientations within the foliation plane
together correlate to earlier timing of fault cessation. Wide fault zones bounding the ac-
cretionary complex have focused lineation orientations and correlate to later cessation.
This pattern of fault cessation indicates a progressive increase in localization of strain over
time, due to a possible combination of uplift, cooling (cessation of magmatism), and wan-
ing tectonism; each of these mechanisms can be characteristically linked to collision. The
dextral transpressive event is likely the collision of the northern and southern arc terranes
of the Beishan and spanned the Silurian to Middle Devonian. The timing correlates to the
emplacement of ophiolites within the suture.

To aid analysis of highly tectonized regions, we present a new detrital geochronol-
ogy provenance analysis technique dating populations of variably tectonized conglomerate
clasts. Bulk samples of clasts are sorted based on their degree of internal deformation into
three subsets: undeformed, deformed, and intermediate, or slightly deformed. Zircon from
each population is analyzed identically to a standard sandstone detrital geochronology sam-
ple. Our application of the method to the Hongliuhe Formation, a Permian syn-orogenic
deposit overlying the Mazongshan accretionary units, compares clast and sandstone data
sets at three stratigraphic levels. Clast population age spectra include a wider range of
ages than sandstone. They indicate a minimal lag time, implying rapid exhumation rates.
A dominant Ordovician magmatic peak is present in sandstone data, switching to a domi-
nant Silurian—-Devonian peak in clast data, indicating a younging of magmatism towards a
proximal provenance. A hiatus of magmatism starts in the Devonian, correlating with the
latest age of deformed clasts, interpreted as timing of collisional tectonics. The detailed
age spectra provide regional tectonic context and interpretation of processes, as well as
more robust provenance interpretation than could be determined from sandstone samples
alone.



Acknowledgements

I would like to thank my friends, family and colleagues that have provided me with
incredible support and inspiration over the years. It is important to me to acknowledge
the help and support of the students and professors from the Institute of Geology and
Geophysics, Chinese Academy of Science that have assisted me in my field work, especially
Ao Songjian, Tian Zhonghua and Ma Chong for their invaluable help in the field, and
Professor Xiao Wenjiao for his generous support of my work. 1 would like to extend a
kind thank you to Professor Brian Windley of the University of Leicester, England, for
participating in 2008 field trips. Thank you Joanna Hamlyn for being my field assistant
in the summer of 2009 and sticking through it. The comments on my works during the
publication process from Dr. John Wakabayashi of California State University, Fresno,
and all of the anonymous reviewers are greatly appreciated. My deepest regards go to Dr.
John Waldron of the University of Alberta for his extensive comments on my thesis. The
guidance of Dr. Don W. Davis in the Jack Satterly Geochronology Laboratory was instru-
mental to the success of the analytical portions of my work. | would like to acknowledge
the dedication and patience shown by my committee members over the years, Drs. Brian
Kendall, Mario Coniglio, Chris Yakymchuck, and especially by Drs. Shoufa Lin, Wenjiao
Xiao, and Carl Guilmette, my advising team.



Table of Contents

Author’s Declaration i
Abstract i
Acknowledgements \%
List of Figures Xii
List of Tables XV

1 Introduction
1.1 The Central Asian Orogenic Belt . . . . . ... ... ... .........
1.2 The Beishan orogeniccollage . . . . . . .. .. ... .. ... .. ......
1.2.1 Location and previouswork . . . .. .. ... ...
1.3 Thesisobjectives . . . . . . . . .

1.4 Organizationof thesis. . . . . . . . . . . . . ... . . .

o N oo o B~ N

1.4.1 Publicationof chapters . . . . . .. ... ... .. .. ... .. ...

2 Accretionary tectonic architecture inferred from o [set magmatic age
signatures between terranes of the southern Central Asian Orogenic
Belt: Correlations between U-Pb zircon detrital geochronology, tu [l
ages and ophiolite generation within suture zones of the Beishan
orogenic collage, NW China 11

2.1 Introduction . . . . . . . . ... 12



2.2 Regional geologic setting . . . . . . . . . . . . . ...
2.3 Tectonic framework of the Beishan . . . . . . ... ... ... .......
2.4 Field relationships . . . . . . . . . .. ..
2.4.1 The Dundunshan terrane . . . . . . . ... ... ... ........
2.4.2 The Mazongshan terrane . . . . . . . . .. .. ... .. ... ...
2.5 Geochronology . . . . . . . .
2.5.1 Analytical techniques . . . . . . ... ... ... .. ... ..
2.5.2 Igneous U-Pb zircon analyses — Dundunshan terrane . . .. .. ..
2.5.3 Igneous U-Pb zircon analyses — Mazongshan terrane . . . . . .. ..
2.5.4 U-Pb detrital zircon analyses — Dundunshan terrane . . . . . .. ..
2.5.5 U-Pb detrital zircon analyses — Mazongshan terrane . . . . . .. ..
2.6 Summary and DIiSCuSSION . . . . . . . ... e
2.6.1 Paleozoic magmatic periods and detrital provenance . ... .. ..
2.6.2 Tectonic staging in the Beishan . . . . . ... ... .........
2.6.3 Latest accretion in the Mazongshan terrane . . . .. ... ... ..
2.6.4 Suturing between Beishan terranes . . . . .. ... ... ......

2.7 Conclusions . . . . . . . .

Petrogenesis and implications for tectonic setting of Cambrian
suprasubduction ophiolitic rocks in the central Beishan
orogenic collage, Northwest China

3.1 Introduction . . . . . . ..
3.2 Geologicsetting . . . . . . ..
3.3 TectoniCSetting . . . . . . . .
3.4 Fieldobservations . . . . . . . . ... ...
3.4.1 Lithostratigraphy of the ophiolite and associated rocks . . . .. ..
3.4.2 Structure in the ophiolite. . . . . .. .. ... ... .........

3.5 Petrography . . . . . . . . e



3.5.1 Primary plutonic textures . . . . .. .. .. .. .. .. .. ...
3.5.2 Metasomatism and ductility in the plutonic sequence . . .. .. ..
3.5.3 Volcanic and volcaniclastic microtextures . . . . . .. ... ... ..
3.6 Ophiolite geochemistry . . . . . . . . . . ...
3.6.1 Mineral chemistry . . . . . . . . ... ...
3.6.2 Whole-rock geochemistry . . . . . . ... ... ... .. L.
3.7 Geochronology . . . . . . . . . . .
3.7.1 Analytical procedures. . . . . . . .. . ...
3.7.2 Gabbro and tonalite U-Pb zircon geochronology . . . .. .. .. ..
3.8 DISCUSSION . . . . . . e e
3.8.1 A seafloor genesis for the Hongliuhe ophiolite . . . . ... ... ..
3.8.2 Arc-related geochemical nature . . . .. .. ... ... .......
3.8.3 Tectonic setting in the context of the Beishan . . . ... ... ...

3.9 Conclusion . . . . . . . . e

Kinematics and geochronology of transpressive shear zones in the
central Beishan orogenic collage, Northwest China: Progressive
strain localization during middle Paleozoic arc-arc collision

4.1 Introduction . . . . . . . .. e
4.2 Geologic background: framework of the Beishan . . . . . .. ... ... ..
4.3 Tectonic setting: sutures, accretion and collision in the Beishan . . . . . .
4.4 Structure of the western Mazongshan terrane . . . . . . . .. .. ... ...
441 The Hongliuhe shear zone . . . ... ... ... ... ........
4.4.2 The Yushishan shear zone arrray . . . . . . ... ... ... ....
4.4.3 The Hongliushu shearzone . . . . . . ... ... ... ... .....
444 The Tianhushearzone . . . . . . . . . . . . ...
445 The Xingxingxia shear zone . . . .. .. ... ... ... ......

45 U-Pb zircon geochronology . . . . . . . . . . . .



45.1 Analytical techniques . . . . . .. ... .. ... ... ... . ..., 102

45.2 Results of U-Pb zirconanalyses . . . ... ... ... ........ 103
4.6 DISCUSSION . . . . . . e e 106
4.6.1 Deformation chronology and the interpretation of collision . . . . . 106

4.6.2 Characterizing transpressive deformation at di Lerent shear zone scales107
4.6.3 Implications for the tectonic evolution of the Beishan . . . . . . .. 109

4.7 Conclusions . . . . . . . e 109

Elucidating tectonic events and processes from variably tectonized
conglomerate clast detrital geochronology: examples from the
Hongliuhe Formation in the southern Central Asian Orogenic Belt,

NW China 128
5.1 Introduction . . . . . . . . . . e 129
5.2 Geologic setting of the Beishan orogenic collage . . . . . .. ... ... .. 130
5.2.1 General background . . ... ... L 130
5.2.2 The Permian Hongliuhe Formation . . . ... ... ......... 132

5.3 U-Pb geochronology of variably tectonized conglomerate clasts and sandstones133

5.3.1 Variably tectonized conglomerate clast population dating . . . . . 133
5.3.2 Sample framework for the Hongliuhe Formation . . . . .. ... .. 133
5.3.3 LA-ICPMS zircon geochronology and data . . . . . ... ...... 134
5.4 Interpretation and Discussion . . . . .. ... ... ... e 135
5.4.1 Constraining the tectonic framework using clast data . . . . . . .. 135
5.4.2 Using clast data to characterize provenance . ... ... ... ... 136
5.4.3 Clast age spectra and tectonic processes . . . . . .. .. .. .. .. 138
55 Concludingremarks. . . . . . . . . e 138
Summary of conclusions 154
6.1 Preliminary summary . . . . . . . . . .. 155
6.2 Mainconclusions . . . . . . ... .. 155



6.2.1 Paleozoic magmatic framework . .. .. ... ... ... .. ..
6.2.2 Suturing processes within accretionary complexes . . . . .. ..
6.2.3 Ophiolitic rocks along the Hongliuhe suture . . ... ... ...
6.2.4 Early Paleozoic tectonism . . . ... ... . ... ... .....
6.2.5 Kinematics of ductile shear zones in the Mazongshan terrane . . . .
6.2.6 Evidence of a [nifies to Precambrian crustal blocks . . . . . ..
6.27 Newmethods . .. .. ... ... ... . .. ... .. ...
6.3 Late Neoproterozoic to Early Paleozoic evolution of the Beishan . . . .

6.4 Future directions . . . . . . . . ...

Letters of copyright permission

References

Appendices

A Chapter 2 supplementary material

A.1 Igneous geochronology datatables. . . . ... .. ... .........

A.2 Detrital geochronology datatables . . . . ... ... ..........

B Chapter 3 supplementary material

B.1 Geochemistry datatables. . . .. .. ... ................
B.1.1 Mineral chemistry analyses . . . . . .. ... ... ........
B.1.2 Wholerock analyses . . ... ... ... .. ... . .......

B.2 Igneous geochronology data tables . . . . . .. ... ... ... .....

C Chapter 4 supplementary material

C.1 Igneous geochronology datatables. . . . . ... .. ... ........

163

164

182

183
183
187

199
199
199
205
205

211



Chapter 5 supplementary material 216

D.1 ProcedureS. . . . . . . . v i e e 216
D.1.1 Variably tectonized clast sampling methodology and strategy . . . . 216
D.1.2 LA-ICPMS analytical procedure . . . . . .. ... ... ... .... 218

D.2 Detrital geochronology data tables . . . . . ... ... ... ........ 220

Geology of the Hongliuhe suture and the Xingxingxia region, NW China
(insert) 250

Xi



List of Figures

1.1
1.2

2.1
2.2
2.3

2.4
2.5
2.6

2.7

2.8
2.9

2.10
2.11
2.12
2.13
2.14
2.15

The Central Asian Orogenic Belt . . . . . ... ... ... ... ......
Major tectonostratigraphy of the Southern CAOB . . . . .. .. ... ...

Beishan Tectonostratigraphy . . . . . . . . .. . . ... .. .. oL
Geologic map of the Dundunshan arc in the Liuyuan region . . . ... ..

Field photos of the sedimentary rocks and geochronology sample sites in the
Dundunshan terrane . . . . . . . . . . . . .

Field photos of structure in the Dundunshan terrane . . . ... ... ...
Field photos of fault structures in the Hongliuhe shear zone. . . . . . . ..

Geologic map of the Hanshan and Mazongshan terranes in the Hongliuhe
FEION . . . o e e

Cross sections of Devonian volcano-sedimentary successions in the Mazong-
shan terrane . . . . . . .

Field photos of Devonian pillow basalts . . . . . ... ... .........

Petrography of volcanic and detrital zircon samples from the Mazongshan
terrane . . . . . . e

Petrography of detrital zircon samples from the Dundunshan terrane

SEM and backscatter images of analyzed zircon . .. ... .........
Beishan U-Pb zircon geochronology - Concordia diagrams . . . . . . .. ..
Cumulative probability plots and K-S test of the Shuangbaotang Formation
Beishan Late Paleozoic U-Pb zircon detrital geochronology KDE diagrams

Beishan Early Paleozoic U-Pb zircon detrital geochronology KDE diagrams

Xii

35
36
37

38

39
40

41
42
43
44
45
46
47



2.16

2.17
2.18
2.19

3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9
3.10

3.11
3.12

3.13
3.14

4.1
4.2
4.3
4.4

4.5

Compilation of available Concordia and weighted average ages of igneous
rocks from Beishan literature . . . . .. ... ... ... ... .. .. ... 48

Plots of Th/U ratios of detrital samples compared to reference data by terrane 49

Cartoon of the tectonic assembly of the Beishan . . . . . ... ... .... 50
Geochemical discrimination of Tianhu volcanic succession . . . . . . .. .. 51
Tectonostratigraphic map of the Beishan . . . . . . .. ... ... ..... 75
Regional geological map . . . . ... ... .. ... ... ... .. .. ... 76
Outcrop photographs and field relationships . . . . ... ... ... .... 78
Field photographs of gabbroic mylonites with structural analysis . . . . . . 79
Photomicrographs of igneous lithologic textures from the ophiolite body . . 80
Photomicrographs of volcanic, volcaniclastic, and sedimentary textures . . 81
Photomicrographs of radiolaria or spherulite textures . . . ... ... ... 83
Spinel mineral chemistry . . . . . . ... ... ... ... o 84
Olivine and pyroxene mineral chemistry . . . . . . .. ... ... ... ... 85

Geochemical spider diagrams of the ophiolitic basic and ultrabasic intrusive
FOCKS . . o o o 86

Geochemical basaltic rock type discrimination diagrams . . . . . .. .. .. 87

Geochronological Concordia plot of a megacrystic gabbro from the ophiolite

body . . . . .. 88
Geochemical plot of Nb/Yb versus Th/Yb . . . ... ... ... ...... 89
Tectonic model of the Hongliuhe suture zone . . . . . . ... ... ..... 90
Beishan Tectonostratigraphy . . . . . . . . . . . .. ... ... .. ... 111
Geologic map of the Hongliuhearea . . . . . ... ... ... ........ 112
Structural data stereonet plots for the maparea . . . . . .. ... ... .. 113

Field photographs and thin section images of textures indicating sinistral
kinematics in the Hongliuhe shear zone . . . . . . .. ... ... ...... 115

Field photographs of dextral kinematics in the Hongliuhe shear zone . . . . 116

Xiii



4.6

4.7

4.8

4.9

4.10
4.11
4.12
4.13
4.14
4.15
4.16

5.1
5.2
5.3
5.4
5.5
5.6
5.7
5.8
5.9
5.10

5.11
5.12
5.13

6.1

Field photographs of kinematics in the Yushishan shear zone array and the

Hongliushu shear zone . . . . . . . . .. ... .. .. .. ... ... ..., 117
Geologic map and structural data for the Yushishan region . . . . . .. .. 118
Field photographs of textures and structures in the Tianhu shear zone . . . 119
Microstructures of the Tianhu shear zone . . . . . . . . .. ... ... ... 120
Field photographs of the Xingxingxia shear zone . . . . . . ... ... ... 121
Microstructures of the Xingxingxia shear zone . . . . . .. ... ... ... 122

Zircon grain textures from SEM and CL images and spot analysis locations 123
Concordia plots for samples from the Hongliuhe shear zone . . . . . .. .. 124

Concordia plots for samples from the Tianhu and Xingxingxia shear zones 125

Geochronology histogram of Precambrian zirconages . . . ... .. .. .. 126
Tectonic model of Paleozoic transpression in the central Beishan . . . . . . 127
Schematic cartoon of clast-detrital concept . . . . .. ... ... ...... 141
Hongliuhe Formation conglomerate outcrops . . . . .. ... .. ... ... 142
Beishan Tectonostratigraphy . . . . . . . . . . . . .. .. .. .. ... 143
Geology of the Hongliuhe region . . . . . . . ... ... ... ... ..... 144
Stratigraphic column of the Hongliuhe Formation . . . . .. ... ... .. 145
Clast tectonization classification criteria . . . . . . ... ... ... .... 146
Distribution of clast types at each stratigraphic level . . . .. .. ... .. 147
Paleozoic sandstone detrital geochronology data KDE plots . . . . . . . .. 148
Array of Paleozoic clast-detrital geochronology data KDE plots . . . . . . 149

Radial plots of zircon analytical measurement 1 error amounts and percent
discordance Versus age . . . . . . . i e e e e e e e 150

Precambrian clast and sandstone detrital geochronology data KDE plots . 151

Compiled clast data compared to compiled sandstone data . . . . . .. .. 152
Tectonic setting and possible provenances of the Hongliuhe Formation . . . 153
Tectonic model of the Paleozoic assembly of the Beishan . . . .. ... .. 162

Xiv



List of Tables

3.1

5.1

Al
A2
A3

B.1
B.2
B.3
B.4
B.5

Cl1

D.1
D.2

Mineral chemistry sample and analyses information . . . . ... ... ... 74
Granitoid composition statisticsof clasts . . . . . .. .. ... ... .... 140
Igneous zircon U-Pb LA-ICPMS geochronology data. . . . . ... ... .. 184
Igneous zircon U-Pb SHRIMP geochronology data . . . . . ... ...... 185
Detrital zircon U-Pb LA-ICPMS geochronology data . . . . .. ... ... 188
Spinel mineral chemistry analysesdata . . . .. ... ... ......... 200
Olivine mineral chemistry analysesdata . . ... ... ... ........ 202
Pyroxene mineral chemistry analysesdata . . .. ... ........... 203
Ophiolite geochemistry tables . . . . . . .. ... .. ... ......... 206
Zircon U-Pb SHRIMP geochronology data . . . . .. .. ... ....... 210
Zircon U-Pb LA-ICPMS geochronology data . . . . . .. ... ....... 212
Sandstone detrital zircon U-Pb LA-ICPMS geochronology data . . . . . . . 221
Clast detrital zircon U-Pb LA-ICPMS geochronology data . . . . ... .. 229

XV



Chapter 1

Introduction



1.1 The Central Asian Orogenic Belt

The Central Asian Orogenic Belt (CAOB), historically referred to as the Altaids (Sengor
et al., 1993; Allen et al., 1995; Yakubchuk, 2004; Sengdr and Natal’in, 2007), is defined
by the interrelated orogens between the Siberia and Baltica cratons (Fig. 1.1). It extends
from Kazakhstan, in the west, to eastern Siberia, along the southern margin of the Siberian
craton. The southern boundary is marked by the Tarim and North China cratons. The
late Neoproterozoic—Paleozoic sialic crustal material sandwiched between these four major
cratons formed from the progressive subduction of the Paleo-Asian ocean. Subduction
and collision brought about the accretion of intervening arcs, microcontinents, ophiolites,
oceanic seamounts and sedimentary rocks (Zhang et al., 1993; Jahn et al., 2001; Buckman
and Aitchison, 2004; Xiao et al., 2004a; Windley et al., 2007; Xiao et al., 2009b, 2010).
Collisional and post-collisional magmatism modified, reworked, and added volume to the
crust at diLerknt stages in CAOB development (Pirajno et al., 2002; Xiao et al., 2009a,b).
Early work in the CAOB established general terrane domains of oceanic crust, continental
crust, island arc crust, and composite crust, as well as the major faults bounding them
(Coleman, 1989; Windley et al., 1990; Allen et al., 1992; Sengdr et al., 1993). A key finding
was the wide geographical distribution of late Paleozoic A-type granites interpreted to
represent the final stages of amalgamation.

The Siberian and Baltic cratons are largely considered to be central nuclei around which
terranes were accreted. Early models of accretion proposed an idea which involved the
progressive strike-slip dismemberment of a single, large, migrating arc called the Kipchak
arc (Sengor et al., 1993). The many orogens identified in the present, the Ural, Tianshan,
Kazakhstan, Altay, and Mongol-Okhotsk orogens, were interpreted to have been emplaced
as o [selt fragments of the single arc, utilizing a single subduction system. Those purporting
this model eventually accepted growing evidence that more than one subduction system
was active simultaneously, and attempted to refine the model by increasing the number of
arcs involved to three Wang et al. (2003); Yakubchuk (2004); Sengor and Natal’in (2007).
The modern island archipelago model, or multiple subduction zone model, was developed
from work in the Tianshan orogen (Fig. 1.2) that indicated the Tianshan had evolved
with subduction zones under both its north and south margins (Windley et al., 1990;
Allen et al., 1992; Gao et al., 1998; Chen et al., 1999; Laurent-Charvet et al., 2002; Xiao
et al., 2004b). The model interprets that subduction systems were more prevalent, active
contemporaneously, and of various polarities. Each subduction system consumed portions
of the Paleo-Asian ocean, thus building arcs and bringing about the inevitable collision and



accretion events. Workers have drawn analogues to the tectonic setting of the Indonesian
archipelago in the South Pacific (Windley et al., 2007; Xiao et al., 2009b, 2010).

Evidence of subduction and each subduction zone’s specific polarity has continually
been the focus of debate and controversy in the CAOB. Sedimentology and stratigraphic
analysis have been used to identify passive margin and rift sequences, constraining sub-
duction location and timing (Windley et al., 1990; Charvet et al., 2007). Structural ver-
gence in subduction-accretion complexes is commonly used to infer subduction polarity, or
the transport direction of the overriding plate, though complications arise due to syn- or
post-accretionary back-thrusting and overprinting by both late convergence and strike-slip
structures (Laurent-Charvet et al., 2003; Xiao et al., 2003, 2004b; Windley et al., 2007).
The identification of suture zones by the presence of quasi-linear belts of ophiolite frag-
ments and high-pressure metamorphic rocks (Gao et al., 1998; Xiao et al., 2014) emplaced
along major structural breaks has been a contentious topic for establishing evidence of
subduction zones.

Researchers have noted that ophiolite successions in the CAOB are strongly deformed
and are commonly incomplete or fragmented sections. They are imbricated with various
other lithologies in accretionary complexes, and have highly variable geochemical charac-
teristics (Zhang et al., 1993; Xiao et al., 2008). Their organization along major structural
lineaments is considered by some to provide a loose framework for siting consumed ocean
basins, debatably as either major oceans or small back-arc/fore-arc basins (Xiao et al.,
2008, 2010, 2014). Ophiolite geochemistry in the CAOB largely points to supra-subduction
a [nifies (Hsu, 2003; Xiao et al., 2008). Overall, they provide records of ocean generation
and consumption from the Cambrian to Permian (Ao et al., 2012; Mao et al., 2012b).

Accretion and crustal growth in the CAOB occurred in stages from the Neoproterozoic
through to the end of the Paleozoic or Early Mesozoic (Windley et al., 2002; Wang et al.,
2003; Buckman and Aitchison, 2004; Xiao et al., 2004a; Windley et al., 2007; Xiao et al.,
2008, 2009b; Schulmann and Paterson, 2011; Kroner et al., 2014). In modern times the
orogenic belt generally trends E-W and youngs southwards. Termination of orogeny is
considered to coincide with the collision of the Tarim craton against the southern margin
of the Tianshan orogen during the Late Carboniferous—Permian (Allen et al., 1992; Gao
et al., 1998; Chen et al., 1999; Laurent-Charvet et al., 2002; Li et al., 2002; Xiao et al.,
2004b; Charvet et al., 2007; Xiao et al., 2009a; Xiao and Santosh, 2014). Further east the
North China craton collided with the Southern Mongolian accretionary system along the
Solonker suture in the Triassic (Xiao et al., 2003; Lehmann et al., 2010). These two major
collisions converted the mode of tectonism from localized accretion to regional convergence,
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causing widespread, distributed deformation, reactivation of inboard fault systems and
further orogeny. The region between the two major cratonic sutures is called the Beishan
orogenic collage (Figs. 1.1 and 1.2). It olerk a prime setting for analysis for both far-field
e[edts of both collisions, as well as deformation episodes preserved from prior tectonic
events with less of an overprint than its neighboring regions.

1.2 The Beishan orogenic collage

Development of the tectonostratigraphic architecture of the Beishan orogenic collage (or
Beishan) is in its infancy. Until recently researchers have assumed it to be an eastern
extension of the Tianshan orogen with a directly analogous tectonic history, albeit less
aledted by convergence associated with the collision of the Tarim craton. Some researchers
promote direct lithotectonic correlations between the two regions (Ma et al., 2014; Shi
et al., 2014). Review of its tectonomagmatic framework, metamorphic, structural and
accretionary history, indicates some significant di[lerknces from, and some similarities to
the Tianshan (Xiao et al., 2010). The Beishan has a history of Paleozoic arc magmatism
through the early and middle Paleozoic. This is similar to the Tianshan except that
magmatism ceased earlier, in the Devonian, instead of the Carboniferous (Li et al., 2001;
Hu et al., 2007; Liet al., 2009b; Lei et al., 2011; He et al., 2012; Mao et al., 2012a; Song et al.,
2013a,b; Guo et al., 2014; Lei et al., 2014). The Beishan contains two identifiable early
Paleozoic arc terranes, the Hanshan and Dundunshan arcs, separated by the Mazongshan
accretionary complex (each indicated in Fig. 1.2). These developed from two north dipping
subduction zones, as opposed to the bivergent subduction under the Tianshan along the
North Tianshan suture and South Central Tianshan suture (indicated in Fig. 1.2) (Gao
et al., 1998; Xiao et al., 2010; Qu et al., 2011; Ao et al., 2012; Tian et al., 2014; Cleven
et al., 2015). The terranes from the two orogenic systems share interconnecting E-W
trending major structural lineaments (Fig. 1.2), yet the magnitudes of strike-slip motion
are uncertain, and the faults are known to have been active from early amalgamation
to post-orogenic reactivation as late as the Triassic (Wang et al., 2010). The Beishan
arc terranes amalgamated in the middle Paleozoic and subsequently accreted against the
northern margin of the poorly understood Dunhuang block, which some purport to be
an o[selt block of the Tarim craton (Xiao et al., 2010; Guo et al., 2012; He et al., 2014a;
Wang et al., 2014a). A significant similarity between Beishan terranes and the Tianshan is
that they all share inherited Precambrian zircon ages, implying they may have co-genetic
histories as pericratonic fragments of the Tarim craton (Song et al., 2013c; Ma et al., 2014;
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Xia et al., 2014; Chapters 2, 4, and 5).

Many aspects of the Beishan provide opportunities for study of the evolution of accre-
tionary orogenesis in the CAOB. Its position in the south of the CAOB dictates that it
should be amongst the youngest terranes, yet it contains some of the earliest records of
Cambrian oceanic crust generation in some of its ophiolites (Ao et al., 2012; Chapter 3).
Its central early Paleozoic suture, the Hongliuhe suture (Fig. 1.2), contains two genera-
tions of ophiolites, from the Cambrian and the Silurian—-Devonian (Tian et al., 2014). This
phenomenon is not well constrained or understood. The staging of accretion events is an
important aspect of subduction zone evolution and the progressive closure of ocean basins.
While many researchers have focused on the deformation e [edts of terminal collision (\Wang
et al., 2010; Zhang and Cunningham, 2012; Tian et al., 2013; Cleven et al., 2015) some
recent metamorphic evidence supports the interpretation of early Paleozoic collision (Qu
et al., 2011; He et al., 2014a). Understanding the e [edts of early amalgamation and the
subsequent tectonic staging allows for further refining of the island archipelago accretionary
model.

This thesis approaches many topics of controversy in the Beishan. It focuses on the
dynamics and periodicity of magma generation, ophiolite generation and emplacement,
tectonism, and the regional deformation patterns of the accretionary orogenic collage.

1.2.1 Location and previous work

The region of study spans the Hongliuhe to Xingxingxia area in Northwest China, strad-
dling the border between Gansu province and the Xinjiang Autonomous Region (Fig. 1.2).
The mapped area is slightly larger than two (Canadian) 1:50,000 scale map sheets. The
area is accessible by train and the national freeway system, though much of the region re-
quires an o [=rbad vehicle to safely traverse the vast networks of dirt roads. There are many
small towns in the region with limited availability of goods and supplies. From largest to
smallest, towns include: Liuyuan, Xingxingxia, Hongliuhe, Weiya, and Tianhu (Fig. 1.2).

The Chinese portion of the southern Central Asian Orogenic Belt, including the Tian-
shan and Beishan orogenic collages, have a publicly available 1:1 000 000 scale map pro-
duced in 1997 (Anonymous, 1997). Maps of the Beishan produced at a scale of 1:200 000
in the year 1966 exist and are available to Chinese researchers, but are protected from
distribution by state secrecy laws. A regional review of available Chinese language litera-
ture and survey data summarizing Beishan tectonics was produced by Xiao et al. (2010).



Studies providing isotopic ages and geochemistry of ophiolitic and volcanic rocks in the
Hongliuhe region have been published in Chinese (Pan et al., 2008; Zhang and Guo, 2008).
Geochemistry and isotopic ages of deformed granitoids and gneisses from the Tianhu and
Xingxingxia region have been published, mostly in Chinese, except for the most recent, in
English (Hu et al., 2007; Li et al., 2009a; Hu et al., 2010; Lei et al., 2014; Wang et al.,
2014Db). Late fold-and-thrust belt deformation of Permian sedimentary rocks in the Hongli-
uhe to Xingxingxia (and further east) have been structurally characterized by Zhang and
Cunningham (2012), Tian et al. (2013), and Cleven et al. (2015).

1.3 Thesis objectives

The research objectives of this thesis are to approach regional and local tectonic questions
concerning stages, processes and mechanisms of accretionary orogenesis in the Beishan
orogenic collage. The Beishan has regional significance in providing a natural laboratory
for exploring the concepts behind CAOB Paleozoic tectonics. This is exemplified in the
exposure of magmatic rocks indicating staging relationships, well-preserved fault kinematic
structures, and the unique relationships between suturing and ophiolite production. The
specific, central objectives of this thesis are to investigate:

1. the time spans and nature of Paleozoic magmatic periods throughout the Beishan
and how the magmatic architecture relates to tectonism;

2. suturing processes within accretionary complexes and orogens, including staging and
structural dynamics;

3. whether ophiolites and ophiolite belts reliably mark suture zones in the Central Asian
Orogenic Belt, and to characterize the Hongliuhe ophiolite and its petrogenetic his-
tory in the Beishan;

4. links of deformation processes with periods of tectonism from the penetrative ductile
strain observable in the central accretionary complex of the Beishan;

5. constraints on the timing of deformation and the dynamics and kinematics of regional
shear zones;

6. geochronological and tectonostratigraphic links of preserved Precambrian crust to
any a [nitly with a specific craton;



7. new ideas and methods to approach the problem of establishing previously unknown
magnitudes of displacement across terrane and plate boundary faults developed in
obliquely convergent tectonic environments.

To approach these questions, my work has included mapping and sampling in the
field area, structural analysis, petrographic studies, U-Pb zircon geochronology studies
(both LA-ICPMS [Laser Ablation - Inductively Coupled Plasma Mass Spectrometry] and
SHRIMP [Sensitive High-Resolution lon MicroProbe]) of igneous and detrital rocks, and
whole-rock and mineral geochemistry. In addition, data and observations have been cited
from existing literature.

1.4 Organization of thesis

This thesis is presented as a series of four journal articles. Each following chapter ad-
dresses separate questions forming conclusions about the specified topic, intended to be a
stand-alone paper. Field data, photographs, geochronological results, interpretations and
conclusions are unique to each chapter. Repetitive use of maps, descriptions of regional ge-
ology and tectonics, and some discussion points, is necessary. The chapters are ordered to
provide a progressive, cohesive understanding of the main ideas and conclusions, occasion-
ally referencing previously stated conclusions. References and appendices for all chapters
are collated at the end of the thesis.

The second chapter contains U-Pb igneous and detrital zircon geochronology data to
provide a framework of the Paleozoic magmatic periods in the Beishan. The results depict
a similar pattern of magmatic peaks between two arc terranes, yet o [Sek by forty million
years, interpreted as staged subduction and collision dynamics. The third chapter provides
genetic and lithostratigraphic definition to the Hongliuhe ophiolite, characterizing it as a
Cambrian supra-subduction ophiolite formed in an extensional arc-marginal environment.
Its Devonian geochronological emplacement constraint links to the conclusions of chapter
four, which characterizes transpressive deformation within shear zones bounding and cut-
ting through the accretionary complex hosting the ophiolite. Deformed dyke ages allow
interpretation that the period spanning the Silurian through Middle Devonian experienced
obligue convergence and collision events that caused widespread penetrative dextral defor-
mation. Chapter five o[erk expanded methodology on detrital geochronology techniques.
The variably tectonized conglomerate clast dating technique provides a method for analyz-
ing the magmatic framework of highly tectonized, structurally and magmatically complex
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regions, such as accretionary orogenic belts. Age populations derived from geochronolog-
ical analysis of internally deformed and less/undeformed clasts are compared to establish
periods of tectonism and infer tectono-magmatic processes that occurred throughout the
region’s history. The sixth chapter synthesizes the main conclusions of the thesis.

1.4.1 Publication of chapters

In fulfillment of degree requirements chapters of this thesis have been submitted for pub-
lication. Chapter 2 has been submitted to an appropriate journal, its acceptance and
publication pending peer review. Chapter 3 has been published by the Journal of Asian
Earth Sciences in volume 113, part 1, a special issue on Tectonics of the CAOB and its Pa-
cific analogues. Chapter 5 has been accepted for publication in the American Geophysical
Union journal Tectonics, and is currently in an editing phase. The coauthors for these pub-
lications mainly fulfilled supervisory roles, providing instruction for lab work, comments
and critical analysis of the presented ideas, and edits of written work. For chapters 2 and
3 Bill Davis of the Geological Survey of Canada conducted and provided laboratory results
for all SHRIMP geochronology analyses presented.
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Figure 1.1: Generalized map of the Central Asian Orogenic Belt. Modified from Xiao et al.
(2009Db).
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Chapter 2

Accretionary tectonic architecture
Inferred from o [selt magmatic age
signhatures between terranes of the
southern Central Asian Orogenic Belt:
Correlations between U-PDb zircon
detrital geochronology, tu [Cajes and
ophiolite generation within suture zones
of the Beishan orogenic collage, NW
China
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2.1 Introduction

The Beishan orogenic collage (or Beishan), a southerly sub-region of the Central Asian
Orogenic Belt (CAOB; Fig. 2.1 inset), has many controversial interpretations concern-
ing the location, number and age of its suture zones (Xiao et al., 2010, 2014). As with
other regions of the CAOB, and as with other orogens worldwide, many workers in the
Beishan have assumed that fragments of ophiolites distributed along structural lineaments
directly correlate to suture zones. Potential complications in the Beishan include that it
contains three reported ages of Paleozoic ophiolite generation (Cambrian, Devonian, and
Carboniferous), and one known age of eclogitic rocks (Ordovician) within only two likely
sutures (Qu et al., 2011; Ao et al., 2012; Mao et al., 2012b; Tian et al., 2014; Zheng et al.,
2014; Chapter 3). To place these ophiolites and sutures in proper context, the general
tectonomagmatic framework of the Beishan requires clarification, in particular concerning
Paleozoic tectonic staging and the distribution of magmatic ages within terranes. This ar-
ticle characterizes these aspects of the Beishan, comparing its tectonomagmatic framework
to the surrounding regions of the CAOB and shedding light on the processes involved in
its suturing and ophiolite generation.

The controversy in accretionary architecture of the Beishan stems in part from the re-
liance on few, local studies of the stratigraphy and the granitoid geochemistry and chronol-
ogy. Researchers infer arc to continental magmatism through the early and middle Pale-
ozoic (Li et al., 2001; Hu et al., 2007; Li et al., 2009a; Lei et al., 2011; He et al., 2012;
Mao et al., 2012a; Song et al., 2013a,b; Guo et al., 2014; Lei et al., 2014) with orogenic
to post-orogenic magmatism in the middle Paleozoic (Zhao et al., 2007; Zhang and Guo,
2008; Li et al., 2009b, 2011) and late Paleozoic (Li et al., 2011; Su et al., 2011; Li et al.,
2012; Zhu et al., 2012). Some imply that the whole region contains continental material
created during and before the assembly of Rodinia, tenuously linked to the Tarim craton
(Li et al., 2009a; Hu et al., 2010; Lei et al., 2011; He et al., 2012; Wang et al., 2014b).
Individually, these existing studies provide details of local ages and evidence of specific tec-
tonic processes, but they commonly produce conflicting interpretations. Many studies lack
a collective regional view with the fidelity to reliably reconstruct the accretionary history.
Terrane-scale correlations are necessary for interpretation of tectonic and amalgamation
processes, and are key to understanding regional geodynamics (Xiao and Santosh, 2014).

Age spectra from detrital zircon geochronology of syn-orogenic clastic deposits can be
used as a proxy to frame the regional distribution of magmatic bodies and their tectonic
staging (Amato and Pavlis, 2010; Ma et al., 2012; Condie, 2014; Xia et al., 2014). The
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detrital zircon record represents a widely sampled provenance with age distributions pro-
portional to historical volumetric presence (Fedo et al., 2003; Vermeesch, 2004; Moecher
and Samson, 2006; Gehrels, 2011; von Eynatten and Dunkl, 2012; Condie, 2014). In this
paper we present the results of a U-Pb detrital zircon and tu [Cgeochronological study from
the Beishan. We provide field-based structural and petrologic relationships as context for
linking detrital age distributions to metamorphic and deformation episodes. Tu [Cages de-
termine arc-building periods (Guo et al., 2014) and allow us to constrain the latest accretion
event in the central Beishan to the Devonian, earlier than previous Permian interpretation.
The tectonomagmatic signatures of the two main Beishan terranes are similar, however,
absolute ages relating to staging are dilerent. This implies a shared geodynamic control
across individually evolving subduction and collision systems. Our inter-terrane approach
correlates existing knowledge to our detrital and igneous geochronology results, enhancing
interpretations of the regional structure and metamorphism. Our conclusions further the
understanding of accretionary processes active in the Central Asian Orogenic Belt during
the Paleozoic, and of the general dynamics of island archipelago accretionary models (Xiao
et al., 2010; Kroner et al., 2014; Xiao and Santosh, 2014).

2.2 Regional geologic setting

The CAOB is an E-W trending, generally southward younging orogenic belt. It was
built through continental and arc magmatic processes and through accretion of island
arc archipelago systems, oceanic units and micro-continents. Accretion occurred in stages
against the Siberian and Baltic cratonic margins from the Neoproterozoic through the
Paleozoic to early Mesozoic (Windley et al., 2002; Wang et al., 2003; Buckman and Aitchi-
son, 2004; Xiao et al., 2004a; Yakubchuk, 2004; Windley et al., 2007; Xiao et al., 2008,
2009b; Schulmann and Paterson, 2011; Xiao and Santosh, 2014). Researchers consider ter-
mination of orogeny to be timed with the collision of the Tarim and North China cratons
through the Permian and Triassic periods, respectively (Gao et al., 1998; Chen et al., 1999;
Laurent-Charvet et al., 2002; Li et al., 2002; Xiao et al., 2004b; Charvet et al., 2007). The
Beishan bridges major suture regions that separate the Tarim craton from the Tianshan
orogen to its west, and the North China craton from the Southern Mongolian accretionary
system to its east (Fig. 2.1). Some workers promote direct lithotectonic correlations be-
tween the Beishan and the Tianshan (Ma et al., 2014; Shi et al., 2014). Late overprinting
deformation and poorly constrained crustal-scale strike-slip shear zones severely compli-
cate the along-strike correlation of terranes and structures between the Beishan and the
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Tianshan. Late deformation in the Beishan is related to terminal closure and subsequent
convergence. Earlier deformation occurred during accretion events, emplacing Cambrian,
Devonian and Carboniferous ophiolites and oceanic units (Pan et al., 2008; Ao et al., 2012;
Mao et al., 2012b; Zheng et al., 2013; Tian et al., 2014; Chapter 3). In many areas late
Paleozoic—early Mesozoic fold-and-thrust belts cover accretion and suture zones, obscuring
older structural relationships (Guo et al., 2012; Zhang and Cunningham, 2012; Tian et al.,
2013; Cleven et al., 2015). Many workers have cited the impetus for terminal collision as
the Dunhuang block. The Dunhuang block is a poorly understood cratonic block south
of the southern margin of the Beishan, and is possibly an eastern part of the Tarim. It
is reported to have experienced a ca. 400 Ma tectonothermal event (Zhang et al., 2013b;
Wang et al., 2014a; He et al., 2014a). Other researchers cite this tectonothermal event,
along with early Paleozoic ophiolite emplacement in the central Beishan, as an indication
of middle Paleozoic arc-arc collision or arc accretion against the Dunhuang block (Zhao
et al., 2007; Zhang and Guo, 2008; Li et al., 2009b, 2011; Qu et al., 2011; Ao et al., 2012;
Song et al., 2013b, 2014; Chapters 3 and 4).

2.3 Tectonic framework of the Beishan

The architecture of the Beishan overlies a basement of scarcely preserved Precambrian
sialic material. Two E-W trending Precambrian cratonic slivers, which we will refer to as
the Hanshan and Huaniushan blocks, were intruded by Paleozoic arc plutons. Despite nu-
merous names in literature for the arcs, we will use the Hanshan and Dundunshan arcs for
that which built through the Hanshan and Huaniushan blocks, respectively. Encompassing
the respective block, arc, and related supracrustal rocks, we use the Paleozoic namesakes
for each respective terrane (their bounds defined in Fig. 2.1). Terrane terminology is used
considering their fault-bounded nature and progressive history through multiple tectonic
and magmatic episodes. The Mazongshan terrane lies as a wedge between the Hanshan
and Dundunshan terranes. Some consider it a protracted forearc accretionary complex
to the Hanshan terrane (Song et al., 2013b, 2014). The Hongliuhe shear zone separates
the Mazongshan from the Dundunshan terrane and has temporally unconstrained sinistral
kinematics. The Xingxingxia shear zone developed as a main structure between the Ma-
zongshan and Hanshan terrane (Fig. 2.1). It is reported to have been active as early as
the Silurian in a dextral kinematic sense (Chapter 4), and sinistral as late as the Triassic
(Wang et al., 2010). The Heiyingshan arc is a late Paleozoic arc massif that stretches
westward along the north margin of the Hanshan terrane and the Tianshan orogen. It
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is separated from them by the dextral strike-slip Shaquanzi fault, reported to have been
active until Permo-Triassic times (Wang et al., 2011) (Fig. 2.1).

The Hanshan terrane contains the remnants of the Hanshan block, ca. 950-800 Ma
orthogneisses with a ca. 470-450 Ma tectonothermal overprint (Li et al., 2009a; Hu et al.,
2010; Wang et al., 2014b), and Neoproterozoic metasedimentary rocks. Intruding these are
Early Paleozoic arc plutonic rocks (Wang et al., 2010; Lei et al., 2011; He et al., 2012), and
late Paleozoic syn-tectonic granitoids (Wang et al., 2010; Zhou, 2014). Mesoproterozoic
(ca. 1200-1400 Ma) and Paleoproterozoic (ca. 1750-1800 Ma) detrital zircon and inherited
cores in magmatic zircon have been reported in many existing geochronological studies of
the gneisses (Li et al., 2009a; Lei et al., 2011; He et al., 2012; Zhou, 2014).

The Mazongshan terrane comprises minor arc volcanics, and extensive metasedimentary
and (meta)plutonic rocks termed the Beishan complex. The Beishan complex has been
interpreted to be a subduction or accretionary complex, with amphibolite to granulite
facies metamorphism and a high concentration of deformation (Song et al., 2013a; Tian
et al., 2014). Geochemistry and geochronology have recently been used to reinterpret some
of its plutonic rocks and orthogneisses as Early Paleozoic volcanic arc rocks, over their
original Precambrian age estimations (Hu et al., 2007; Song et al., 2013a,b; Lei et al., 2014).
The southern margin of the Mazongshan terrane includes isolated fragments of accreted
Cambrian (Zhang and Guo, 2008; Ao et al., 2012; Chapter 3) and Devonian (Tian et al.,
2014) ophiolites, along with related supracrustal rocks. Sedimentary rocks of the Permo-
Triassic Hongyanjing basin (Fig. 2.1), which includes the Hongliuhe Formation of the Zhesi
Group, overlie the oceanic units and metamorphic rocks. The basin developed during late
Carboniferous extension then rapidly evolved to a compressional fold-and-thrust belt with
large-scale fold superpositioning in Permo-Triassic times (Zhang and Cunningham, 2012;
Tian et al., 2013; Cleven et al., 2015).

Studies of Dundunshan plutonic rocks have indicated Early Paleozoic arc-related mag-
matism (Mao et al., 2012a; Guo et al., 2014) that transitioned to collisional (Li et al.,
2011) and intraplate (Zhao et al., 2007; Li et al., 2009a) settings. Late Paleozoic and Early
Mesozoic intrusive rocks are reportedly A-type post-collisional granites (Su et al., 2011;
Li et al., 2012; Zhu et al., 2012), with some I-type characteristics (Li et al., 2012). The
terrane has only rare high-grade metamorphic rocks, but has extensive Paleozoic marginal
sediment cover (including the Dundunshan Group) and volcanic rocks. Late Neoprotero-
zoic through Silurian passive margin sediments (the Pingtoushan Formation) compose the
northern margin, exhibiting superposed folds. There is an eclogite occurrence in high-grade
gneissic rocks at the southern margin (Qu et al., 2011). The existence or boundary of any
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southern accretionary complex or suture zone is poorly defined. This may be due to late
Paleozoic extension that localized along the margin (Su et al., 2011) and produced the Li-
uyuan complex, a 9 km thick Carboniferous—Permian supra-subduction ophiolitic volcano-
sedimentary succession (Mao et al., 2012b). It is in fault contact with Permo-Triassic
nearshore sedimentary deposits to the north and south (the Shuangbaotang Formation).
Sparse outcrops have been studied in the expanse of desert further south, most attributed
to metamorphic rocks of the Dunhuang block (Zhang et al., 2013b; Wang et al., 2014a; He
et al., 2014a).

2.4 Field relationships

2.4.1 The Dundunshan terrane

Stratigraphic features and both extensional and compressional structures across the Dun-
dunshan terrane were mapped, providing context for detrital and igneous geochronology
(Fig. 2.2). The Shuangbaotang Formation sedimentary successions to the north and south
of the Liuyuan complex (Fig. 2.2) are openly to tightly folded successions of active margin
nearshore sediments. They exhibit syn-sedimentary deformation and loading structures,
including flame structures and convolute bedding (Fig. 2.3 A). Their fold axes plunge very
shallowly to the west and the units have an E-W trending, steeply north-dipping axial pla-
nar cleavage (Fig. 2.2, stereonet A). The Shuangbaotang Formation sandstones from both
basins north and south of the Liuyuan complex were sampled for detrital geochronology
(samples 11NC58 and 11NC59; indicated on Fig. 2.2).

Along and near the contact between the Dundunshan Group (Fig. 2.2) and the Shuang-
baotang Formation is a distributed series of four small steeply dipping shear zones hosted
in the Dundunshan Group metasediments (Figs. 2.4 A and 2.4 B). Ductile stretching
lineations are subvertical (Fig. 2.2, stereonet B). The shear zone rocks are highly carbona-
ceous with a protolith of siltstone or slate and have a very finely spaced mylonitic foliation.
Mantled porphyroblasts of quartz, C’ fabrics, and folded quartz domains indicate both
senses of shear, with a dominant south-over-north sense (Fig. 2.4 B with schematic dia-
gram).

Distributed within the Dundunshan Group metasedimentary rocks are ductile fault
zones of meter-scale width with steeply plunging mineral stretching and striation lineations
(Fig. 2.2, stereonet B). Some shear zones indicate a kinematic reversal from extension to
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compression (to south over north) as seen in individual boudins imbricated back over
neighboring in-line boudins (Fig. 2.4 C). Most Dundunshan metasedimentary units are
tilted to sub-vertical with a slight southern structural vergence, and show an increasing
metamorphic grade northward. A graywacke with crystal-lithic tu [CTayers from the Dun-
dunshan Group was sampled for geochronology (sample 08NCO03C; Fig. 2.3 B) along with
a quartzite for detrital geochronology (sample 11NC60; Fig. 2.3 C).

Further north, the Late Neoproterozoic Pingtoushan Formation (Fig. 2.2) comprises
amphibolite-grade marginal metasedimentary rocks. Its marbles host fine gray layers 4-15
cm thick, interpreted to have originally been ash layers (Fig. 2.3 D). One layer was sampled
for geochronology (sample 08NCO04A, indicated on Fig. 2.2). The marbles also contain de-
formed and undeformed dykes providing further evidence of compression after extension;
an early mafic dyke exhibits horizontal extension (boudinage) in a weak, shallowly dip-
ping marble layer, with subsequent opposing compressional folding and imbrication of the
boudin series (Fig. 2.4 D). An undeformed felsic dyke in the same photo (Fig. 2.4 D cross-
cuts the mafic dyke, and was sampled for geochronology (sample 08NCO01A) to provide an
age constraint on the cessation of all deformation.

At the northern boundary of the Dundunshan terrane sinistral translation across the
Hongliuhe shear zone has deformed, folded and imbricated a tract, several kilometers thick,
of passive margin sedimentary rocks. Within the cross-section they appear as alternating
fault-bounded units of limestone and schist, punctuated with E-W trending mylonitic
foliations that are loosely organized into flower-like structures (Fig. 2.2 cross-section and
stereonet C). Some slices of gneissic lithologies exist in the strike-slip imbricated stack.
Deformation is distributed in many (at least one dozen counted) meter- to decameter-scale
high-strain zones commonly hosted in limestone lithologies (Fig. 2.5 A), as well as in schist
and basalt units associated with the Mazongshan terrane (Figs. 2.5 B).

2.4.2 The Mazongshan terrane

Accreted oceanic volcano-sedimentary successions and younger overlying sedimentary rocks
were mapped within the Mazongshan terrane (Fig. 2.6) to constrain the latest accretion
event. The syn-orogenic Hongliuhe Formation is part of the Zhesi Group in the Hongyan-
jing basin (indicated in Fig. 2.1), and unconformably overlies the early Paleozoic oceanic
units. It is Early Permian in age (Li et al., 2006), and contains sections with rhyth-
mic interbedding of sandstone and siltstone and thick basal successions of conglomerate.
It contains low-angle south-vergent thrusts and folds with a shallowly plunging fold-axis
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(Cleven et al., 2015), except where overprinted by shear folding proximal to the Hongliuhe
shear zone. The formation was extensively sampled at three stratigraphic levels for detrital
geochronology (samples HLH; indicated in Fig. 2.6).

In the western Hongliuhe region sub-vertically dipping reverse brittle-ductile faults,
with a north-over-south sense of shear, imbricated the unconformably underlying oceanic
volcanic units, along with their overlying Hongliuhe Formation sedimentary rocks, into
a thrust stack. There are three separate thrust slices of volcano-sedimentary successions
in the Hongliuhe to Tianhu area. Cross-sectional maps provide detailed structural and
stratigraphic relationships (Fig. 2.7; section locations indicated in Fig. 2.6).

The southwest Tianhu volcanic section (section B-B’; Fig. 2.7 A) lies along the Hongli-
uhe shear zone and previous studies interpret that the volcanics have an ocean island
basalt geochemistry (Pan et al., 2008). It is approximately 700 m thick and contains
epidote-chlorite-altered massive and pillow basalt flows (Fig. 2.8 A) interlayered with
limestone and sandstone. A thick succession of interlayered limestone with thin basalt or
basaltic volcaniclastic rocks covers the pillow unit (Fig. 2.8 B) and continues north to
the Hongliuhe shear zone. Steeply dipping east-west striking ultramylonites are localized
within limestone units and exhibit both north-over-south and south-over-north kinematics.

The northwest Tianhu volcanic section (section C-C’; Fig. 2.7 B) contains similarly
epidotized basalt pillow flows with morphologies that indicate a younging direction to
the north in the southern unit (Fig. 2.8 C) and younging to the south in the northern
unit (Fig. 2.8 D). The southern and northern units are separated by siltstone exhibiting
a well-developed cleavage. The units all dip steeply to the north. Hongliuhe Formation
conglomerates unconformably overlie the overturned pillows, and the entire volcanic section
has been thrust over the Hongliuhe Formation sedimentary rocks in the south (Fig. 2.8
E).

The northeast volcanic-sedimentary section (section D-D’; Fig. 2.7 C) borders metased-
imentary rocks of the Mazongshan terrane to its north. They are separated by the Tianhu
shear zone (Fig. 2.6). The section is approximately 1200 m thick. It contains a thin series
of mafic-ultramafic cumulate intrusive rocks at its northern end which are overlain by basalt
and quartz-rich sandstone. The thin peridotite unit has been analyzed petrographically,
and shows poikilitic textures of amphibole encasing relict plagioclase and/or pyroxene, and
chloritized ?pyroxene encasing relict serpentinized olivine (Fig. 2.9 A). Sandstones upsec-
tion contain lithic fragments of plagioclase, K-feldspar, cryptocrystalline quartz, detrital
magnetite and volcanic material (Fig. 2.9 B). They were sampled for detrital geochronology
(sample 11NC57E). The section continues with basalt, diabase and sandstone units, with

18



the diabase also showing poikilitic textures of amphibole phenocrysts encasing plagioclase
grains (Fig. 2.9 C). Sedimentary units fine towards the south end to siltstone (Fig. 2.9 D)
and chert (Figs. 2.8 F and 2.9 E). Layers hosted in siltstone comprising coarse fragmental
quartz layers centimeters to meters thick are interpreted as crystal-lithic tu Chbrizons. One
tu [Chiorizon was sampled for geochronology (sample 11NC571). Overlying the chert unit is
a unit of pillow basalt that indicates a southerly younging direction, implying the unit is
overturned (Fig. 2.8 G).

2.5 Geochronology

Uranium-lead zircon analyses were performed on the samples described above, including
three igneous samples, two felsic tu [Csamples, one amphibolite (metamorphosed ash layer
in marble), and four detrital samples. An additional set of detrital samples (sample HLH)
were collated from previous work to provide an e [edtive fifth detrital sample. Two sepa-
rate analytical procedures were used: Sensitive High Resolution lon MicroProbe (SHRIMP
I1) analyses on zircon from one tu[_shmple, the amphibolite, one igneous dyke, and one
pillow basalt sample; and laser ablation — inductively coupled plasma mass spectrometry
(LA-ICPMS) techniques for the remainder. In all cases zircon grains were separated from
pulverized sample material using standard heavy liquid and magnetic separation proce-
dures. Individual grains were selected and hand-picked for favorable characteristics for
igneous samples, randomly for detrital samples, then mounted in epoxy, ground to expose
their cores and polished for analysis.

2.5.1 Analytical techniques
LA-ICPMS

Mounted and polished zircons were imaged with electron backscatter (BSE) and cathodo-
luminescence (CL) functions of a JEOL JSM6610-Lv scanning electron microscope (SEM)
at the University of Toronto. The U-Pb isotopic analysis was performed on the LA-ICPMS
apparatus at the Jack Satterly Geochronology Laboratory in the Department of Earth Sci-
ences at the University of Toronto, Ontario, Canada. The laboratory procedure involves
a VG Series 2 Plasmaquad ICPMS used in conjunction with a 75 I/s rotary pump for
the expansion chamber (the S-option) for enhanced sensitivity. The laser system is a 213
nm New Wave laser ablation system. Polished zircon crystals were ablated using a beam
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diameter of 15, 25 or 30 um at 5 or 10 Hz and 40% power. The He carrier gas was passed
through a 25 ml mixing chamber to dampen signal instability from U heterogeneity in the
sample. Data collection for chosen elements and isotopes was applied over specific time
intervals: 88Sr (10 ms), 2°°Pb (30 ms), 2°’Pb (40 ms), 2*2Th (10 ms) and 23U (20 ms). Sr
was measured as a proxy for alteration or inclusions. Analyses with high Sr were rejected.
Rastered ablation patterns were lasered onto the surface to remove debris or impurities
prior to each target analytical measurement. The 35 second target ablation and analysis
was performed after a 10 second establishment of a baseline signal. A washout period of
50 seconds was allowed to elapse between target sample analyses. In-house data reduction
software authored and provided by D. W. Davis allowed for practical editing and reduction
of data. The analyses did not include a measure of 2%4Pb, so the reduction and calculation
process made no corrections for common lead. Two in-house zircon standards were used
in separate analytical runs, the standards DD85-17 (3002 2 Ma) and DD83-10 (2733.0

0.9 Ma). The standard grain analyses were applied as brackets for sets of three or fewer
sample measurements.

SHRIMP

Analytical procedures for U-Pb zircon SHRIMP dating were conducted at the Geological
Survey of Canada Geochronology Laboratory in Ottawa, Ontario, Canada. The analytical
procedures followed the outline of Stern (1997) utilizing the U-Pb calibration methods and
zircon standards of Stern and Amelin (2003). Internal zircon zonation and grain structure
was imaged with back-scattered scanning electron microscopy utilizing CL in a Cambridge
Instruments SEM.

2.5.2 Igneous U-Pb zircon analyses — Dundunshan terrane

All LA-ICPMS single-age analytical results are provided in Table A.1 in the appendix. All
SHRIMP single-age analytical results are provided in Table A.2 in the appendix. Backscat-
ter SEM images of select zircons from igneous samples are provided in figure 2.11. Plotted
Concordia diagrams are provided in figure 2.12 using the program Isoplot (Ludwig, 2003).
All error amounts in Concordia diagrams are reported as 2 values, or at 95% confidence
level, and Concordia ages are calculated with decay-constant errors included.
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Sample 08NCO05 — LA-ICPMS analysis, Tonalite gneiss

Sample 08NCO05 was collected from a tonalite gneiss approximately 20 km south of the
Liuyuan Complex. Four concordant data (Fig. 2.12 A) provide a Middle Ordovician
Concordia age (Ludwig, 1998) of 467.9 4.0 Ma. This is interpreted to be either the
crystallization age of the tonalite or an age of metamorphism.

Sample 0BNC03C — SHRIMP analysis, Graywacke with crystal-lithic tu [C1dyers

Sample 08NC03C was collected from a muscovite bearing graywacke with quartz crystal-
lithic layers (Figs. 2.3 B and 2.10 C) near the southern margin of the Dundunshan terrane
(Fig. 2.2). The zircon population exhibits euhedral to subhedral grains commonly with a
low aspect ratio. CL images show that oscillatory zonation is present in most of the grains,
and some exhibit sector zonation (Fig. 2.11). Twelve concordant analyses (Fig. 2.12 B)
yield a Late Ordovician Concordia age of 449.9 2.9 Ma. This date is interpreted to be
the age of volcanism and sedimentation.

Sample 0B8NCO04A — SHRIMP analysis, Metamorphosed ash layer in marble

Sample 08NCO4A was collected from a horizon in a marble on the northern margin of
the Dundunshan terrane (Figs. 2.2 and 2.3 D). The sampled layer is quartz-amphibole
(anthophyllite) schist (Fig. 2.10 E) within a quartz-biotite-cordierite schist host rock (Fig.
2.10 F). The sample is interpreted to be a metamorphosed ash layer and proved to contain
abundant zircon. The zircon population contains euhedral to anhedral grains. The edges
of grains show partial resorption, creating irregular grain boundaries and embayments.
Small inclusions are common, and in many instances form inclusion trails, sometimes along
zonation lines. Oscillatory growth and sector zonation is common, and some grains show
disrupted patchy or convolute zonation in CL images (Fig. 2.11). Twenty-two concordant
data (Fig. 2.12 C) provide a Neoproterozoic Concordia age of 673.2 5.6 Ma. This date
is interpreted to be the age of volcanism and sedimentation.

Sample 0BNCO1A — SHRIMP analysis, Undeformed felsic dyke

Sample 08NCO1A was collected from an undeformed felsic dyke crosscutting a foliated
marble unit in the northern margin of the Dundunshan terrane (Figs. 2.2 and 2.4 E). It
yielded abundant zircon, most of which is euhedral with a lesser population of subhedral
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grains, and most share a similar long aspect ratio. Inclusions are fairly abundant. Typical
igneous oscillatory growth and sector zonation patterns are visible in CL and BSE images
(Fig. 2.11). Fourteen concordant data (Fig. 2.12 D) provide a Late Triassic Concordia age
of 232.3 2.1 Ma. This date is interpreted to be the age of emplacement of the dyke.

2.5.3 Igneous U-Pb zircon analyses — Mazongshan terrane
Sample 09NC39G — SHRIMP analysis, Pillow basalt

Sample 09NC39G was collected from a non-vesicular portion of a basaltic pillow outcrop
in the NW volcanic succession described above (location shown in Fig. 2.6). The small
population of zircon exhibits subhedral crystal shapes and CL imagery shows oscillatory
growth zonation (Fig. 2.11). The grains are small, all less than 100 um in diameter. Three
concordant data (Fig. 2.12 E) provide an Early Devonian Concordia age of 416.6 15
Ma. This date is interpreted to be the age of eruption of the basalt, which is supported by
field relationships and regional correlations (see below).

Sample 11NC571 — LA-ICPMS analysis, Crystal lithic tu ]

Sample 11INC571 was collected entirely from a fine grained quartz crystal-lithic horizon
inside a siltstone unit, interpreted as a tu [Tayer, in the northeast volcanic succession de-
scribed above (Figs. 2.6 and 2.9 D). Zircon is abundant and appears euhedral to anhedral
with high aspect ratios, but some are rounded. Inclusions are found in moderate abun-
dance. Oscillatory growth zonation and sector zonation are common. Occasional grains
exhibit inherited cores with patchy zonation (Fig. 2.11). A total of 18 grains were analyzed
(Fig. 2.12 F). Precambrian ages in the range of 1100, 1400, and 1800 Ma are interpreted
to be from detrital or inherited grains. The youngest set of eight concordant data provides
a Concordia age of 409.0 2.9 Ma (Early Devonian). This date is interpreted to be the
age of volcanism and sedimentation.

2.5.4 U-Pb detrital zircon analyses — Dundunshan terrane

All detrital zircon analyses were performed by LA-ICPMS. The analytical results are pro-
vided in Table A.3 in the appendix. The 2°°Pb/?%8U ages were used to assemble age
spectra. Separate histogram plots for Paleozoic and Precambrian grains are provided due
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to the lengthy hiatus between their populations and the small number of analyses that
prove to be Precambrian. Adaptive kernel density estimates (KDEs) are overlain on all
histograms as calculated by the visualization software Density Plotter, which also provides
an algorithm for calculation of the labeled component peak ages (Sircombe and Hazelton,
2004; Vermeesch, 2012). Component peak ages and their percentage representation of the
population are reported with the respective plot. Radial plots (Galbraith, 1990) were pre-
pared with the software RadialPlotter (\Vermeesch, 2009) to visualize the di [ering precision
distributions ( values) by age, and to display the level of discordance of each grain. Any
data that are >10% discordant or >5% reverse discordant were discarded.

Samples 11NC58 and 11NC59 — Sandstones from the Shuangbaotang Formation

Samples 11NC59 and 11NC58 were collected from low metamorphic grade sandstones of the
Shuangbaotang Formation, south and north of the Liuyuan complex, respectively (locations
indicated on Fig. 2.2). Petrographic images are provided in figures 2.10 A and 2.10 B,
respectively. A total of 96 grains from sample 11NC59 and 98 grains from sample 11NC58
fit the concordance criteria. A total of 22 grains from sample 11NC59 and 30 grains from
sample 11NC58 yield Precambrian ages, including measurements on six inherited cores
from each of the samples.

The Paleozoic age distributions of these two samples are shown in a cumulative prob-
ability plot (Gehrels, 2011) in figure 2.13. It illustrates the similarity between the age dis-
tributions of the two samples and is accompanied by the results of a Kolmogorov-Smirnov
(K-S) test (Sircombe and Hazelton, 2004), a goodness-of-fit statistical test (Fig. 2.13,
inset). The spreadsheet macro produced by George Gehrels of the Arizona LaserChron
Center was used to produce the cumulative probability plots and make the K-S statistical
calculations.

The probabilities (P values) obtained from the K-S test are used to compare potential
similarities in the provenance between detrital samples. The P value of 0.476 comparing
samples 11INC58 and 11NC59 is considered a high value, well above the threshold of 0.05
that gives a 95% confidence that the di [erences between the two samples are due to random
variation, and not due to a di[erknce in provenance. For comparison, the two samples are
each paired with the Hongliuhe Formation sample set (sample HLH, described below) for
the same K-S test (Fig. 2.13). The low P-values (0.010 and 0.017) support that the
Hongliuhe Formation has a di[erent provenance.

The above statistical analysis shows, with a fair degree of certainty, that the two samples
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from the Shuangbaotang Formation have statistically identical zircon populations. This
supports interpretation that the Shuangbaotang Formation exposed north and south of
the Liuyuan Complex is indeed part of the same formation. The zircon age data from
the two samples are thus combined in later discussion, together referred to below as the
Shuangbaotang sample set.

The Shuangbaotang sample set has a combined total of 142 Paleozoic grains that fit the
concordance criteria. The age distribution shows three distinct Paleozoic component peak
ages of ca. 280, 370, and 430 Ma (Fig. 2.14 A). A total of 52 grains have Precambrian ages.
The Precambrian population has a spread of ages yet shows only two distinct component
age peaks of ca. 940 and 1450 Ma.

Sample 11NC60 — quartzite, Dundunshan Group

Sample 11NC60 was collected from a quartz-biotite schist with porphyroclastic plagioclase
grains, polycrystalline quartz, cryptocrystalline quartz and volcanic fragments (Fig. 2.10
D) within the Dundunshan Group (location indicated on Fig. 2.2). A total of 108 grains fit
the concordance criteria. The age distribution shows a single distinct Paleozoic component
peak age of ca. 450 Ma (Fig. 2.15 A). There are no Precambrian ages obtained from this
sample.

2.5.5 U-Pb detrital zircon analyses — Mazongshan terrane

Sample 11NC57E - sandstone, Mazongshan accretionary unit

Sample 11NC57E was collected from a low-metamorphic grade sandstone situated within
a volcanic succession underlying the Hongliuhe Formation (Figs. 2.6 and 2.9 B). A total of
95 grains fit the concordance criteria. The age distribution shows a single distinct Paleozoic
component peak age of ca. 440 Ma (Fig. 2.15 B). The sample yielded no Precambrian
ages.

Sample HLH — Hongliuhe Sample Set

The Hongliuhe sample set is a collection of 721 analyses of zircon separates from 408
sampled granitoid conglomerate clasts, and 267 analyses of zircon separates from three
sandstone samples, collected from three dilerknt stratigraphic levels across a section of
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the Hongliuhe Formation. Representative petrographic images of Hongliuhe Formation
sandstone are provided in figure 2.9 F. Details on their zircon characteristics and the
analytical results are presented separately in chapter 5. The data, summarized here in
figure 2.14 B for the current purpose, are a compilation of all the clast and sandstone
results. They contain component peak ages of ca. 310, 400, and 450 Ma. Precambrian
grains are minimal considering the population size, numbering only n=41, five of which
are measurements on cores. They show peak component ages of ca. 720, 1030, and 1600
Ma.

2.6 Summary and Discussion

The age spectra of the Late Paleozoic detrital samples presented above show a more diverse
age record compared to the middle Paleozoic detrital samples. They depict two distinct
signatures, spatially divided between northern and southern regions: the Shuangbaotang
sample set in the south, and the Hongliuhe sample set in the north.

The southern Shuangbaotang sample set (Fig. 2.14 A), exhibits two early Paleozoic
pulses of magmatism, from 470 to 350 Ma with peaks at 435 and 370 Ma. A graywacke
with crystal-lithic tu CTayers yields an age of 449.9 2.9 Ma (08NCO03C, Fig. 2.12 B) and
confirms magmatic activity in the earlier peak. Paleozoic magmatism is followed by a 50
m.y. hiatus then resumed for 40 m.y. peaking at 280 Ma. An age from a metamorphosed,
layered anthophyillite cordierite schist, interpreted to have originally been a felsic volcanic
ash layer, provides evidence of the earliest magmatic activity, at 673.2 5.6 Ma (08NC04A
Fig. 2.12 C). This age is not represented in the detrital record.

The northern Hongliuhe sample set (Fig. 2.14 B) depicts continuous magmatism in its
provenance from ca. 500 Ma to 370 Ma with two main peaks at 450 and 400 Ma. A crystal-
lithic tuCabe of 409 2.9 Ma (11NC571, Fig. 2.12 F) from a sedimentary succession with
negligible lag time (see below, section 2.6.1) confirms arc-related magmatic activity for
the latter peak. This magmatism is followed by an approximate 40 m.y. hiatus and a
further 40 m.y. of magmatic activity between ca. 330 and 290 Ma, peaking at 310 Ma
before complete cessation. The youngest single zircon date at 294 3 Ma conforms with
paleontology-based Early Permian deposition timing interpretation (Li et al., 2006).
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2.6.1 Paleozoic magmatic periods and detrital provenance

The Early Paleozoic detrital samples from both the Dundunshan terrane (11NC60, Fig.
2.15 A) and the Mazongshan terrane (11NC57E, Fig. 2.15 B) have similar narrow age
distributions of 40-50 m.y. peaking at approximately 440-450 Ma. These are not diagnostic
of any single terrane in the region (Fig. 2.16). The Th/U ratios of the zircon are typical
for igneous rocks and match the signatures compiled from existing data from any of the
terranes in the region (Figs. 2.17 A and B, respectively). The lack of inherited Precambrian
zircon may characterize the sources as juvenile material. These features, especially with
the minimal lag time for 1INC57E deposition (the youngest single zircon age of 402 6
Ma being within the error of its crystal-lithic tu[Cabe of 409 2.9 Ma, 11NC571), suggest
that their magmatic peaks reflect active arc building in the Ordovician-Early Devonian
times, and deposition was in an environment proximal to an active arc.

Age spectra of the southern Shuangbaotang sample set (Figs. 2.14 A) match compiled
ages reported from central Dundunshan intrusive and volcanic rocks (Fig. 2.16; references
given in the caption). The Th/U ratios of the detrital grains also match the fields defined by
the same reference data set (Fig. 2.17 C). The youngest single zircon date is 245.5 5.7 Ma
and therefore the formation is likely Permo-Triassic. We interpret this data to indicate that
the provenance for the Shuangbaotang Formation is entirely in the Dundunshan terrane.
The Shuangbaotang Formation is situated at the southern margin of the Dundunshan
terrane, and key aspects of its signature are dilerknt from Hanshan and Mazongshan
terrane reference data (Fig. 2.16).

The northern Hongliuhe sample set (Fig. 2.14 B) closely mimics the age distribution
for previously reported Hanshan terrane igneous ages (Fig. 2.16) up to its deposition age
in the Early Permian (the youngest single zircon date of 294 3 Ma). The early Paleozoic
peak is also consistent with reported Mazongshan terrane ages (Fig. 2.16). Zircon Th/U
ratios closely match both Mazongshan and Hanshan terrane reference data, including very
low values, especially for a concentration just prior to the 385 Ma start of the hiatus (Fig.
2.17 D). The exception is the most extremes of the increasingly high values in figure 2.17
D from 440 to 380 Ma, likely a reflection of the limits of the Mazongshan reference data,
that represents a limited number of granitoids. The very low Th/U ratios are indicative
of metamorphic zircon, potentially sourced from the widespread metamorphic rocks in the
Mazongshan terrane (Li et al., 2001; Hu et al., 2007; Song et al., 2013a,b; Lei et al., 2014).
Based on the above, we interpret that the provenance for the Hongliuhe Formation is in
both the Hanshan and Mazongshan terranes.
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Paleozoic age distributions and Th/U ratios throughout the Beishan, from both our
detrital data and previous studies of magmatic rocks, are distinct from data reported in
along-strike terranes such as the Central Tianshan zone (Figs. 2.17 A-D), a location often
cited as a western extension of the Hanshan and Mazongshan terranes (Hu et al., 2007; Li
et al., 2009a; Hu et al., 2010; Lei et al., 2011; He et al., 2012; Lei et al., 2014; Wang et al.,
2014b). Its data show a similar overall Paleozoic magmatic age pattern, though with a less
pronounced, much shorter hiatus of approximately 10 m.y., and Th/U ratios (up to 2.7)
in the youngest magmatic pulse that far exceed the Beishan detrital data values that are
considered a representative sample of their provenance.

2.6.2 Tectonic staging in the Beishan

The Beishan’s Precambrian detrital zircon history shows magmatism coincident with known
Tarim craton peak magmatic ages (Li et al., 2009a; Hu et al., 2010; Wang et al., 2014b),
as the Tianshan’s early history does. This is true for both the Mazongshan terrane and
Dundunshan terrane signatures. This implies that the Hanshan and Huaniushan Precam-
brian blocks, basements to the Hanshan and Dundunshan arcs, may share a history as
pericratonic fragments of the Tarim. They are the most likely, or merely proximal, source
for the ca. 800, 930, 1400, 1700 and 2400 Ma peak magmatic ages documented in both the
norther Hongliuhe and the southern Shuangbaotang detrital sample sets.

The northern Hongliuhe and southern Shuangbaotang sample sets have similar patterns
of detrital age spectra, except that the southern Shuangbaotang sample set is younger by
roughly 30 to 40 m.y. in all respects (Fig. 2.14). For example, in the north magmatism
ramps up to full peak magmatic activity starting around 490 Ma, whereas in the south it
initiates around 460 Ma (Fig. 2.18 A). This is interpreted to indicate that arc magmatism
started earlier in the north than in the south by ca. 30 m.y. Based on the sudden cessation
of magmatism after the initial early Paleozoic pulse and the subsequent hiatus in each of
the respective detrital records, our interpretation is that the Beishan underwent a signifi-
cant multi-terrane, staged collision or accretion event in the middle Paleozoic. Magmatism
ceased first in the north implying closure of an ocean basin along a Hanshan/Mazongshan
terrane to Dundunshan terrane suture by 380 Ma (Fig. 2.18 B). Magmatism then ceased
in the south, with closure of another ocean basin along the southern margin of the Dun-
dunshan by approximately 350 Ma (Fig. 2.18 C). This matched dynamic implies that
there is a similar process occurring in both systems. The data may also imply that the
Dunhuang block (He et al., 2014a) docked with these terranes earlier than the Permian,
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as some workers purport (Xiao et al., 2010; Tian et al., 2014; Cleven et al., 2015). The
resumption of magmatism in the late Paleozoic also started earlier in the north (at ca. 340
Ma) than in the south (at ca. 300 Ma). It was likely related to regional extension and
could have been generated by staged slab breako [following collision/accretion (Fig. 2.18
D).

2.6.3 Latest accretion in the Mazongshan terrane

Previous workers have suggested that ocean closure in the central Hongliuhe suture oc-
curred as late as the Permian (Xiao et al., 2010; Tian et al., 2014). This stemmed from
interpretation of late Carboniferous whole-rock Ar-Ar dates from an ocean island basalt
(OIB) as the timing of eruption/deposition of volcano-sedimentary successions incorpo-
rated in the suture (Pan et al., 2008; Xiao et al., 2010). New U-Pb ages and field data
reported in this article are inconsistent with this age interpretation. The crystal-lithic
tuldge (1INC57I, 409 2.9 Ma) in the northeast Tianhu volcanic section and syn-
chronous basalt age (09NC39G, 416.6  15.0 Ma) in the northwest section constrain the
eruption/deposition of the Hongliuhe-Tianhu volcano-sedimentary successions to the De-
vonian. This constrains the youngest accretion in the Mazongshan terrane to after the
Early Devonian (younger than ca. 410 Ma). This correlates to the 380 Ma (Middle Devo-
nian) start of the hiatus in the detrital signature of the Hongliuhe sample set, interpreted
as the time of the accretion (Fig. 2.18 B).

Redefining the tectonic environment of the Hongliuhe—Tianhu volcanic succes-
sions

The northwest and northeast Hongliuhe-Tianhu volcano-sedimentary successions were pre-
viously interpreted as members of the Permian Hongliuhe Formation (Li et al., 2006). This
is inconsistent with our field observations that the successions include isoclinally folded
and overturned sections, and that they contributed metamorphosed clastic material to the
unconformably overlying Hongliuhe Formation (Cleven et al., 2015). It is also inconsis-
tent with the Devonian U-Pb ages from the volcano-sedimentary successions reported here
(samples 11NC571 and 09NC39G). Although one of the ages (sample 09NC39G) relies on
limited number of grains from a basalt, a lithology that rarely yields abundant zircon,
the two dates are identical within error. It should be noted that the Hongliuhe-Tianhu
volcanic successions bear many similarities with the Huoshishan-Niujuanzi ophiolite (see
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below), which lie eastward along the same structural lineament (Fig. 2.1), and have yielded
broadly similar ages (Huoshishan = 410.5 3.7 Ma, Gabbro zircon, and Niujuanzi = 435.0
1.9 Ma, Gabbro zircon).

Petrologic, lithostratigraphic and geochemical details of the Hongliuhe-Tianhu volcanic
successions allow for further reinterpretation of their original tectonic setting. Revisiting
the original OIB geochemistry interpretation by Pan et al. (2008) of the southwestern block
(section B-B’, Figs. 2.6 and 2.7), we found that its chemistry is directly comparable to that
of the basalt in the Huoshishan-Niujuanzi ophiolite (Tian et al., 2014). The trace element
diagrams from both show enriched LREEs with slight Nb and Ta anomalies, indicative
of a suprasubduction environment (Fig. 2.19 A). A La/Nb vs. La/Sm plot, normalized
to Sun and McDonough (1989) reference values (Fig. 2.19 B), depicts the influence of a
subduction zone in the Pan et al. (2008) and Tian et al. (2014) data. It also shows that the
Silurian—Devonian ophiolites are not geochemically comparable to the Cambrian ophiolites
(the Hongliuhe and Yueyashan-Xichangjing ophiolites) along the same suture (Ao et al.,
2012; Chapter 3), except for some island-arc basalt chemistry from the Hongliuhe ophio-
lite’s thick overlying supracrustal succession. Our petrography of peridotite and diabase
associated with the Hongliuhe-Tianhu volcanic successions shows poikilitic textures, in-
dicating that amphibole crystallized after plagioclase, consistent with a supra-subduction
setting crystallization sequence (Metcalf and Shervais, 2008). In the northeast succession
(section D-D’, Figs. 2.6 and 2.7) arc- or continentally derived sandstones are deposited
only meters above cumulate gabbro and peridotite, suggesting an arc-proximal extensional
seafloor environment that exhumed and exposed deeper plutonic rocks. This type of depo-
sitional environment is reported in the nearby Hongliuhe ophiolite, relating to subduction
rollback at the margin of an existing arc (Chapter 3).

In previous sections we interpret that arc-arc collision occurred between the Han-
shan/Mazongshan and Dundunshan terranes in the Early-Middle Devonian, a case sup-
ported by other researchers (Ao et al., 2012; Song et al., 2014; Chapter 4). This timing
is coincident with our ages for the Hongliuhe-Tianhu volcanic successions as well as those
the Huoshishan-Niujuanzi ophiolites (Tian et al., 2014). Collision and ophiolite generation
are not necessarily incongruent phenomena. Tracts of un-subducted oceanic crust can re-
main preserved, post-collision, in continental re-entrant gaps and may roll-back after their
adjoining, subducted oceanic-crustal underpinning has been removed due to post-collision
slab breako L_1A modern analogue of this may be present in the Mediterranean, where
subduction is now occurring and 100 m.y. old ophiolites have been emplaced in the Alpine
orogeny.
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2.6.4 Suturing between Beishan terranes

The site of suturing between the Dunhuang block and the Dundunshan terrane is a point
of contention (Xiao et al., 2010; Guo et al., 2012; Mao et al., 2012b), and our data support
an interpretation that it lies at least 30-40 km south of Liuyuan complex (He et al., 2014a).
The well-exposed portion of the Dundunshan terrane south margin, north of the Liuyuan
complex, lacks a well-defined suture zone with extensive accretionary units or subduction
complexes. Fragments of a subduction complex remain, such as eclogite-bearing granulites
(Qu et al., 2011). Ductile faulting is limited to small sets of normal faults, later reversed,
as seen in fault porphyroblasts (Fig. 2.4 B) and reversed imbricated boudins (Figs. 2.4 C
and 2.4 D). This sequence of deformation has only been constrained by extension of the
Pingtoushan Formation that occurred later than its Neoproterozoic deposition (673.2
5.6 Ma; 08NCO04A, Fig. 2.12 C), and compression earlier than a Triassic crosscutting dyke
(232.3 2.1 Ma; 08NCO1A, Fig. 2.12 D). There is no obvious deformation zone, large-scale
strike-slip fault, or specific suture zone that is comparable in scale to the Hongliuhe shear
zone and the deformation seen within the accretionary units of the Mazongshan terrane.

The Shuangbaotang Formation sediments north and south of the Liuyuan complex have
previously been suggested to have separate provenances due to their di [ering geochemistry
(Guo et al., 2012). Our statistical K-S test of the two samples indicates they likely share a
provenance (Figs. 2.13 and 2.14 A) despite being separated by the Liuyuan complex. The
Liuyuan complex is not likely part of a suture zone, as originally proposed (Xiao et al.,
2010; Guo et al., 2012; Mao et al., 2012b). The spreading associated with the creation
of the Liuyuan complex (Mao et al., 2012b) could reasonably be a late, post-accretion
phenomenon that separated fragments of the Dundunshan terrane (Fig. 2.18 D), both
containing its magmatic signature. This would have provided similarly aged detritus for
both Shuangbaotang Formation basins. Interpreting the Dundunshan terrane—-Dunhuang
block suture to be further south is supported by: (1) seismic data from Gao et al. (1998)
indicating a north-dipping deeply rooted reflector (subducted oceanic crust) intersecting
the surface roughly 40 km south of Liuyuan (if following the regional structural trend);
(2) our Middle Ordovician age of a mylonitic tonalite gneiss (08NCO05, 467.9 4.0 Ma), a
granitoid age of 309.4 1.8 Ma by Mao (2008) in the same region, and mylonitic ca. 430 Ma
granitoids further south, all consistent with Dundunshan magmatic ages and geochemistry
(He et al., 2014b); (3) granulites further south in the Dunhuang region with peak ages
of 431 Ma and retrograde amphibolite overprinting at 403 Ma (He et al., 2014a) akin to
accretionary or subduction complex rocks (the suture zone).
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Late Paleozoic orogeny was facilitated by reactivation of the existing Devonian suture
zones. The Hongliuhe Formation exhibits fold-and-thrust belt deformation with south-
ward vergence synthetic to the original north-dipping subduction system (Cleven et al.,
2015). Shuangbaotang Formation sediments north of the Liuyuan complex have broad,
open south-verging folds (Fig. 2.2). Deformation within the Liuyuan complex is also
south vergent (Mao et al., 2012b). Late Paleozoic/early Mesozoic compression forced the
Hanshan/Mazongshan terranes to further override the Dundunshan terrane along the pre-
existing north-dipping early Paleozoic suture, and the Dundunshan terrane to override a
north dipping suture to the south, and further impact the Dunhuang block. These con-
clusions support an interpretation that the Beishan experienced staged arc accretion and
orogenesis using at least two north-dipping subduction systems that were active in the
Paleozoic (Fig 2.18 B-D).

2.7 Conclusions

The Beishan can be subdivided into three early Paleozoic terranes (the Hanshan, Mazong-
shan and Dundunshan) with magmatic histories distinct from each other and from the Cen-
tral Tianshan. The detrital geochronology age spectra of Paleozoic Beishan sedimentary
rocks correlate to known regional granitoid ages and zircon Th/U ratios of each interpreted
provenance: the Shuangbaotang Formation and Dundunshan Group provenance is in Dun-
dunshan terrane rocks, while the Hongliuhe Formation provenance is in a combination of
the Hanshan terrane and its accretionary complex, the Mazongshan terrane. Tul_dnd
amphibolite (metamorphosed ash layer) ages support an interpretation that the Dundun-
shan terrane was magmatically active during the Neoproterozoic and the Ordovician, and
the Mazongshan terrane during the Devonian. The detrital age spectra indicate a similar
pattern of magmatic activity developed in both provenances, yet the pattern they exhibit
is o[selt by 50 m.y. older in the northern Hongliuhe Formation sample set (provenance in
the Hanshan/Mazongshan terranes) than in the southern Shuangbaotang Formation sam-
ple set (provenance in the Dundunshan terrane). Early Paleozoic arc magmatism ramped
up in the Cambrian and Ordovician, respectively, and abruptly ceased in the Early and
Late Devonian, respectively. After a 40-50 m.y. hiatus in each, small amounts of magma-
tism began in the Carboniferous in both provenances and continued through the Permian
in the former and Triassic in the latter. We attribute the similar but o[set pattern in
the magmatic activity to protracted, staged collision between all three terranes and an
undetermined backstop, likely the Dunhuang block. The Hanshan and Mazongshan ter-
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ranes shared one north-dipping migrating-arc subduction zone for which the initiation of
magmatism correlates to known ages of Cambrian ophiolite generation. As a subduc-
tion system, it accreted oceanic units into the Mazongshan terrane as late as the Early
Devonian, correlating to both emplacement constraints on Cambrian ophiolites and the
initiation of a second generation of ophiolites. During the Carboniferous extensional defor-
mation localized in both suture zones, separating a fragment of the Dundunshan southern
suture/margin through production of the Liuyuan basin. The final Permo-Triassic contrac-
tion, often cited as terminal collision, caused the Hanshan/Mazongshan terranes to further
override the Dundunshan terrane, and the Dundunshan terrane to further impact the Dun-
huang block, emplacing the Liuyuan complex and deforming both the Shuangbaotang and
Hongliuhe Formations.
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Figure 2.1: Tectonostratigraphic map showing major terranes, structural breaks and faults,
ophiolites, and late siliciclastic basins. Colors and fill patterns denote extents of labeled
terranes. Areas of figures 2.2 and 2.6 are shown. CAOB: Central Asian Orogenic Belt.
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Figure 2.3: Field photos of the sedimentary rocks and geochronology sample sites in the
Dundunshan terrane. A) Shuangbaotang Formation sandstone exhibiting convolute bed-
ding (partially covered by blue gra [tfi) (sample 11NC58). B) Crystal-lithic layers in Dun-
dunshan Group graywacke (sample 08NCO03C). C) Dundunshan Group quartzite (sample
11INC60). D) Pingtoushan quartz-biotite chloritoid schist with quartz-amphibole layers
(light gray) interpreted to have originally been ash layers (sample 08NCO04A). Centimeter
scale-card for scale.
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Figure 2.4: Field photos of structure in the Dundunshan terrane. A) One of a set of
distributed shear zones marking the boundary between the Devonian Dundunshan Group
metasediments and the Permo-Triassic Shuangbaotang Formation. B) Close-up of my-
lonitic foliation in A), with schematic diagram of asymmetric mantling of porphyroclastic
material. Opposing shear senses are present, and the view is reasonably close to the kine-
matic plane. C) Shear zone deformation within the Dundunshan terrane depicting boudins
that have been imbricated back over neighboring in-line boudins, in a post-extension com-
pression event. They appear similar to duplex structures. D) Two phases of dykes cutting
Pingtoushan Formation marbles. The older mafic (dark brown) dykes were boudinaged
and subsequently folded and imbricated onto itself. The younger felsic dyke (light brown)
is undeformed and was sampled for geochronology (sample 08NCO01A).
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