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open research questions are given.
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Abstract

The highest plateau in the world has attracted geologist’s attention for centuries. Significant crustal
shortening, which led to the eventual construction of the Cenozoic Tibetan Plateau, began in the
Himalaya in the south and the Qilian Shan in the north (over than 1000km) at approximately the Middle
Cenozoic. The Paleozoic and Mesozoic tectonic histories in the Himalayan-Tibetan orogeny exerted a
strong control on the Cenozoic strain history and strain distribution. Moreover, the Tibetan plateau
formed by several terrane slices each of which is about several hundred kilometer wide. Assuming that
the lithosphere thickness is also on the 100 km scale, the small width-thickness ratio must have induced a
strong influence of mantle dynamics on crustal deformation because of the strong crustal deformation that

is located mainly at the continent edges.

The Qiangtang terrane in Central Tibet, with its high-pressure rocks, is a key area to unravel the evolution
of the Paleo-Tethys. The presence of widespread Mesozoic subduction mélange and high-pressure rocks
in the Qiangtang terranes can have importance consequences for the formation of the Cenozoic Tibetan
plateau. Long-lasting and detailed mapping work offer us the possibly to unravel the geological evolution
of the Qiangtang terrane and further test existing geodynamic models in order to better understand the

evolution of small terranes.

1:50,000 mapping results from the Rongma area in the central Qiangtang terrane show that the Qiangtang
metamorphic belt can be separated into a Paleozoic autochthonous basement and an overlying
allochthonous thrust stack of subduction mélange that contains high-pressure rocks and Permian
sediments. Detrital zircon ages (youngest peak at 591 Ma) and an ~ 470 Ma granite intrusion age
constrain the age of the Qiangtang Basement to be between the Late Precambrian to Middle Ordovician.
This is in agreement with the observed unconformity between basement and overlying Mid—Late
Ordovician strata. Based on detrital age spectra and an Early Ordovician unconformity we prefer that the

Qiangtang terrane has Gondwana affinity during the Early Paleozoic.

The occurrence of Late Triassic eclogite and glaucophane-bearing schists in the Central Qiangtang terrane
indicates the existence of a suture zone between the North and South Qiangtang terranes before the Late
Triassic. Detailed 3D mapping analyses indicate that the high-pressure rocks were exhumed from
underneath the south Qiangtang terrane in an extensional setting caused by the pull of the northward
subducting slab of the Shuanghu-Tethys. High-pressure rocks, sedimentary mélange and margin

sediments were thrusted on top of the ophiolitic mélange that was scraped off the subducting plate. Both



units were subsequently thrusted on top of the south Qiantang terrane continental basement. These

conclusions are also supported by sediments and magma ages.

Onset of Late Triassic sedimentation marked the end of the amalgamation of both Qiangtang terranes and
the beginning of spreading between Qiantang and north Lhasa to the south, leading to the deposition of
thick flysch deposits in the Jurassic. Strongly folded Jurassic flysch is unconformably overlain by weakly
deformed mid-Cretaceous conglomerate and volcanics. This relationship demonstrates closure of
Banggong Hu-Nujiang Ocean during Early Cretaceous. Collision between the Lhasa and Qiangtang
terranes led to fast exhumation in the Qiangtang terrane during ~140-90 Ma, with exhumation rates about
0.15-0.3 mm/y. The Qiangtang terrane was above sea level up to the mid-Cretaceous and experienced
significant denudation prior to mid-Cretaceous times. This model implies substantial crustal thickening

and perhaps plateau formation in central Tibet prior to the Indo-Asian collision.

A new model for the exhumation of (ultra-) high-pressure ((U)HP) rocks was developed, based on the
observation of exhumed and obducted (U)HP rocks in the study area. It is suggested that exhumation was
caused here by pulling up of the subducted slab in a double divergent subduction setting. The long
northward subducting slab is envisaged to have extracted the short southward subducting slab. This model
was further investigated with numerical modelling. It is sugested that the proposed mechanism may
explain the very fast and recent exhumation of eclogites of the d'Entrecasteaux Island off the coast of

Papua New Guinea, as well as the fast opening of the Woodlark Basin.



Zusammenfassung

Das hochste Plateau der Welt hat seit Jahrhunderten die Aufmerksamkeit von Geologen auf sich gezogen.
Eine wesentliche Verkiirzung der Erdkruste von mehr als 1000 km begann im Siiden des Himalaya und
dem Norden des Qilian Shan etwa im mittleren Kanozoikum. Die tektonische Geschichte des Himalya-
Tibet-Orogens im Paldozoikum und Mesozoikum nahm einen starken Einfluss auf Geschichte und
Verteilung der Deformation zu dieser Zeit. AuBerdem entstand das Tibetplateau aus mehreren
Terranstiicken, welche jeweils Uber eine Breite von mehreren hundert Kilometer verfugen. Unter der
Annahme, dass die Starke des lithospharischen Mantels ebenfalls etwa bei 100 km liegt, missen Kleinere
Dicke-Breite Verhaltnisse auf einen starken Einfluss der Manteldynamik auf die Krustendeformation

hinweisen, da die starke Krustendeformation hauptsachlich auf den Kontinentalrand bezogen ist.

Mit seinen Hochdruckgesteinen ist das Qiangtang Terran in Zentraltibet eine Schlisselregion, um die
Evolution der Paleo-Thetys zu entrétseln. Das Vorliegen einer ausgedehnten Subduktionsmélange
zusammen mit Hochdruckgesteinen im Qiangtang Gebiet kann wichtige Konsequenzen fir die
Entstehung des kanozoischen Tibetplateaus haben. Lange und detaillierte Kartierungen bieten die
Mdglichkeit, die geologische Geschichte des Qiangtang Gebietes zu erklaren und ferner existierende

geodynamische Modelle zu testen, um die Entstehung Kleiner Terrane zu verstehen.

Die Ergebnisse der Kartierungen im MaRstab 1:50,000 aus der Rongma Region im zentralen Qiangtang
Terran zeigen die mogliche Einteilung des metamorphen Qiangtanggirtels in ein paldozoisches
autochtones Grundgebirge und einen dartiberliegenden allochtonen Stapel von Uberschiebungen der
Subduktionsmélange, die Hochdruckgesteine und permische Sedimente beinhalten. Detritische
Zirkonalter (jungstes Maximum bei etwa 591 Ma) und eine ca. 470 Ma alte Granitintrusion schranken das
Alter des Qiangtang Grundgebirges auf das spate Prékambrium bis mittlere Ordovizium ein. Dies stimmt
mit der Beobachtung einer Diskordanz zwischen dem Grundgebirge und dariiberliegenden
mittelordovizischen Einheiten Uberein. Basierend auf detritischen Altersspektren und der
frihordovizischen Diskordanz bevorzugen wir die Interpretation, dass das Qiangtang Terran im frihen

Pal&dozoikum Gondwana zugehdrig war.

Das VVorkommen von spéttriassischen Eklogiten und Glaukophanschiefern im zentralen Qiangtang Terran
zeigt die Existenz einer Suturzone zwischen dem Nord- und Siid-Qiangtang Terran vor der spéten Trias
an. Detaillierte dreidimensionale Kartenanalysen weisen darauf hin, dass die Hochdruckgesteine
unterhalb des Sud-Qiangtang Terrans in einem Extensionsmilieu exhumiert wurden, das von dem Zug der

nordwaérts gerichteten Subduktion der Platte der Shuanghu-Tethys verursacht wurde. Hochdruckgesteine,

Vi



sedimentédre Mélanges und Sedimente des Kontitentalrands wurden auf die ophiolitische Mélange
geschoben, die von der subduzierenden Platte abgeschnitten wird. AnschlieBend wurden beide Einheiten
Uber das kontinentale Grundgebirge des Sud-Qiangtangs geschoben. Diese Schlussfolgerungen werden

auch durch Sedimente und Magmaalter unterstutzt.

Das Einsetzen der Sedimentation in der spaten Trias markiert das Ende des Zusammenschlusses beider
Qiangtang Terrane und den Beginn der Spreizung zwischen Qiangtang und Nord-Lhasa, was im Jura zur
Ablagerung von mdchtigem Flysch im Suden des Qiangtang fiihrte. Der stark verfaltete jurassiche Flysch
wird diskordant von schwach deformierten Konglomeraten und Vulkaniten aus der mittleren Kreide
Uberlagert. Die SchlieBung des Banggong Hu-Nujiang Ozeans wahrend der mittleren Kreide wird durch
diesen Zusammanhang verdeutlicht. Die Kollision zwischen den Lhasa und Qiangtang Terranen fuhrte
zur schnellen Hebung des Siid-Qiangtang Terrans zwischen 140-190 Ma mit Hebungsraten zwischen
0,12-0,15 Millimetern pro Jahr. In der mittleren Kreide befand sich das Qiangtang Terran Uber dem
Meeresspiegel und erfuhr bedeutende Denundation vor der mittleren Kreide. Dieses Modell impliziert
eine erhebliche Verdickung der Kruste und vielleicht die Entstehung eines Plateaus in Zentraltibet vor der
Indien-Asien Kollision.

Ein neues Modell fiir die Hebung von (Ultra-) Hochdruckgesteinen wurde auf Grundlage von
Beobachtungen von herausgehobenen und obduzierten (Ultra-) Hochdruckgesteinen im Arbeitsgebiet
entwickelt. Es wird vorgeschlagen, dass die Hebung hier durch den Zug der subduzierten Platte in einem
Umfeld von divergierender Doppel-Subduktion verursacht wurde. Dabei wird erwogen, dass die lange,
nordwaérts subduzierende Platte die kurze stidwarts subduzierende Platte extrahiert hat. Dieses Modell
wurde weiterfilhrend mit Hilfe numerischer Modelle untersucht. Es wird gezeigt, dass der vorgestellte
Mechanismus die sehr schnelle Hebung von Eklogiten der d'Entrecasteaux Inseln vor der Kiste Papua

Neuguineas und ebenso die schnelle Offnung des Woodlark Beckens erklaren konnte.
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Chapter1

Chapter 1: Introduction

1.1 Motivation of this thesis

The Tibetan plateau, which is the most spectacular present-day example of the consequences of
subduction-collision orogeny, is marked by a width of ~2500 km between the Western (Nanga Parbat)
and Eastern Syntaxis (Namche Barwa). It occupies the E-W trending high Himalaya, which includes the
world’s highest mountains, the Karakorum in the south and the Tibetan Plateau in the north. This system
was largely created by the collision of India and Asia in the early Eocene (e.g. Najman et al. 2010) and is
part of the greater Himalayan-Alpine system, extending from the Mediterranean Sea in the west to the
Sumatra arc of Indonesia to the east (Yin and Harrison 2000). The plateau was developed by the closure
of the Tethys oceans between Laurasia in the north and Gondwana in the south since the Paleozoic (e.g.
Sengor, 1990; Sengor and Natalin, 1996).

The Tibetan plateau consists of six main terranes, including Kunlun-Qaidam, Songpan—Ganzi, north- and
south-Qiangtang, Lhasa and Himalaya terranes. From north to south, separated by the Kunlun-Anyenagen,
Jinsha-Tethys, Longmu Co-Shuanghu, Banggong-Nujiang and Yarlung Zangbo suture zones (Fig. 1)
(Sengor, 1990; Yin and Harrison, 2000). To the northwest the plateau is bounded by Altyn Tagh fault
from the Tarim basin and it connects with Pamir Plateau to southwest (e.g. Angiolini et al., 2013). To the
north of the Tibetan Plateau, the Qilianshan—Kunlun orogenic system was formed by the northward
subduction of the Kunlun-Anyenagen Tethys Ocean lithosphere and the southward subduction of the
Paleo-Asian Ocean lithosphere during the Early Paleozoic (e.g., Pan et al., 2012). The Tibetan Plateau
thrusted onto the Sichuan basin on its eastern margin and extends to southeast along Sanjiang area
jointing to Southeast Asian (Metcalfe, 2013). The India continent indented the Tibetan Plateau northward
during Cenozoic times at the Yarlung-Zangbo suture zone and created the largest plateau in the world (Xu
et al., 2014c). Within this orogeny, ophiolites and ophiolitic mélange zones preserved in the Jinsha-Tethys,
Longmu Co-Shuanghu and Bangong-Nujiang suture zones document the histories of complex island-arc
formation, back-arc spreading, back-arc basin closure, arc—-arc collision, and arc—continent collision
during the Late Paleozoic to Mesozoic. After indentation between India and Eurasia plates, all these small

terranes and tethyan suture zones were joined together (e.g., Pan et al., 2012).

During the last three decades, extensive geological knowledge of the Proto-, Paleo- and Meso-Tethys
oceans was accumulated in central Tibetan plateau. Nonetheless, details of the geological evolution are
still hotly debated, which encourages us to work more on this enigmatic and magnificent geological

structure: the Tibetan Plateau. During 2008 to 2014, the geological survey team from China University of

11



Chapter1

Geoscisences mapped a 60 x180 km?* area in the centre of the Qiangtang terrane, covering the Paleo-
Tethys (Longmu Co-Shuanghu suture zone) subduction mélange with high-pressure rocks (e.g., Zhai et
al., 2011a; Zhai et al., 2011b). This detailed field mapping works provided new and better understanding

of the evolution of the Qiangtang Terrane.

This thesis is based on parts of mapping results and data synthesis both from our observation and the
literature. Based on this, it was possible to confirm the presence of a south Qiangtang basement, to
separate the subduction mélange into three main units, and to propose a new exhumation model for the
high-pressure rocks. Moreover, the Mesozoic evolution is discussed, combining new thermochronological

data and structural relationships in the field.

Kunlun-Anyenage
| Jinsha-Tethys Jinsha-Tethys
Rhshan-Pshart zone Longmu Co-Shuanghu suture zone
Wakhan Tirich zone Bonggong-Nujiang suture zone
Yarlung Zangbo suture zone

— suture zone ) hu-Batan
Himalaya ‘ Ganzi-Litang

Main strust A 2 Ailaoshan
— 2iac 1€ Changning-

Menglian

g Main strike-slip fault " WestBurma 5___;_ 21 Shan Boundary |

SUE 62°E EH 66°E 66 T0°E 7'E T4°E T6E T8E 00°E 53 64E 3 B0E S0E 92°E HUE 9°E (133

/i
T00°E 02E T04°E

Fig. 1 Present tectonic setting of Tibet, SE Pamir and Sanjiang area, together sandwiched between the Eurasian plate
to the north and the Indian plate to the south. Modified from Angiolini et al. (2013), Zhu et al., (2012), Pan et al.
(2012).

In next section (1.2), | will briefly introduce the geological background of the surroundings of the
Qiangtang terrane. The Qiangtang terrane itself and the Longmu Co-Shuanghu suture zone (LSS) will be
focused on in section 1.3. A summary of the main argument for the tectonic evolution of these areas is
presented in section 1.4. Because blueschists and eclogites are found in the central Qiangtang terrane (e.g.,
Liu et al., 2011), a new model for their exhumation during closure of LSS in Late Triassic is proposed.
Hence, the current exhumation models are reviewed in section 1.5. A more detailed thesis structure is
presented in 1.6.
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Chapter1

1.2 Geological setting around Qiangtang terrane

In this section, the Songpan-Ganzi Flysch belt and Lhasa terrane, located north and south from Qiangtang
terrane separately, will be introduced firstly. The Jinsha Tethys formerly separated the Songpan-Ganzi
and Qiangtang terranes, while the Banggong-Nujiang suture zone (Meso-Tethys) is located between the
Lhasa and Qiangtang terranes (Fig. 1). Both sutures are also presented. The evolution of the Yarlung
Zangbo suture zone is related to the Mesozoic to Cenozoic deformation of Qiangtang terrane, hence it is
also introduced briefly.

1.2.1 Songpan-Ganzi Flysch

The Songpan-Ganzi Flysch belt (SGF) is located in the northeastern part of the Tibetan plateau and west
of the Sichuan basin (Fig. 1). It is bounded by the South China, North China, Kunlun—Qaidam and
Qiangtang continental blocks (Fig. 1) (Nie et al., 1994).

The SGF, covered by Upper Triassic turbidites, has traditionally been interpreted to be floored by oceanic
crust (e.g., Yin and Harrison, 2000; Roger et al., 2003). However, recent deep seismic data show the
crustal structure (e.g., Wang et al., 2007). Geochemical and isotopic investigations on the magmatic rocks
(e.g., Yuan et al., 2010), and tectonic modeling (Zhang, 2001b; 2002) also indicate that the terrane may

currently be underlain by a Cathaysian-type continental basement, at least in its eastern part.

From the Late Permian to Early Jurassic, coeval subduction zones were active along Kunlun—Anyenagen
to the north, Jinsha-Tethys to the south and Ganzi-Litang to the southeast (Fig. 1). Subsequent
convergence of the South China, Kunlun-Qaidam and Qiangtang terranes induced the closure of the
Songpan-Ganzi basin, a branch of the Paleo-Tethys Ocean (e.g. Roger et al., 2008; Pullen et al., 2008).
The Middle to Late Triassic deep-water deposits that form the Songpan-Ganzi Flysch comprise an
estimated ~2.0x10° km® of detrital material that accumulated in this triangular basin (Nie et al., 1994).
These huge turbidites have diverse provenances, with major sources derived from the Qinling—Dabie
orogen (Weislogel et al., 2010) and the central Qiangtang metamorphic belt (Zhang et al., 2006b).
Especially in the western SGF, the Late Triassic turbidites were derived from nearby central Qiangtang

Triassic collisional orogeny sources, rather than distant Dabie—Qinling sources (Zhang et al., 2008a).

Both northward subduction at the Kunlun—Anyenagen suture zone under the Kunlun arc and southward
subduction at the Jinsha-Tethys underneath the Qiangtang terrane started during the Carboniferous (e.qg.,
Li et al., 2002) and ceased in the Late Triassic (Pullen et al., 2011). The Late Triassic magmatism

separated into two groups, high-K calc-alkaline rocks (221-212 Ma) and medium-to-high-K calc-alkaline
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I-type granites (205-190 Ma) in the west of SGF. The magmatic source probably changed from the
subducted Paleo-Tethys oceanic slab, including basalts and marine sediments, to the juvenile crust (Zhang
et al., 2014). To the east, the Longmen Shan thrust-nappe belt separates the SGF from the Sichuan basin
(Chen and Wilson, 1996; Reid al., 2003). Westward subduction at the Ganzi-Litang suture zone separated
SGF to the west of Yangtze Craton (Fig. 1) (Wang et al., 2013). Subduction related magma activity can
also be separated into two groups, 228-210 Ma and 206-195 Ma, respectively (Zhang et al., 2014). The
west-dipping Ganzi-Litang oceanic lithosphere was apparently bounded the Yidun Arc to the north from
the SGF. The SGF was thus connected to, or collided with the northern part of the Yidun terrane during
the Late Triassic (Wang et al., 2013). Arc volcanism developed in the eastern Yidun Arc during the
Middle—Late Triassic, apparently in response to westwards subduction of the Ganzi—Litang back-arc.

Situations are more complex in the case of the Yidun Arc that was rifted from Kunlun arc during rollback
of northward subduction of the Jinsha-Tethys (e.g. Pullen et al., 2008). The alternative opinion prefers
that the Yidun Arc derived from the Yangtze Craton to the southeast, which was related to rollback of the
eastward-subducted Yushu-Batang oceanic plate, which could be the eastern extension of the Jinsha-
Tethys (Fig. 1). However, both theories agree that the Yidun arc is possibly underlain by Precambrian
basement with Cathaysian affinity (e.g., Reid et al., 2007a) and covered by Paleozoic warm-water
sediments and faunas (e.g., Metcalfe, 2013). This demonstrates that an unexposed Proterozoic basement
exists beneath the Triassic sediments of the SGF (Zhang et al., 2006a). Inherited Neoproterozoic (880-740
Ma) zircon ages found in two samples from the SGF indicate either inheritance of zircon crystals from the
surrounding SGF turbidite strata or possibly involvement of Yangtze Craton basement during crustal

thickening and magma genesis (Weislogel, 2008).

The timing of suturing of the Qiangtang Block and Yidun Arc is constrained by the emplacement of post-
tectonic plutons into deformed Paleozoic metasediments along the Yushu-Batang suture at 245 Ma.
Subduction also occurred underneath the northern margin of the Qiangtang Block at the Yushu-Batang
suture zone, resulting in arc volcanism that was synchronous with the deposition of extensive turbidites
sequences across the region (Roger et al., 2003; Reid et al., 2005a). This is identified by the Early Triassic
deformation that is documented in the western Yidun Arc (Yang et al., 2012). Because of closure of
Yushu-Batang suture zone was earlier than closing of western JSS, the Jinsha suture may jump and
connect with the Ganzi—Litang suture during Late Triassic. They represent the main branch of the Paleo-

Tethys Ocean that closed by southward subduction (Yang et al., 2012).
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The Ailaoshan suture zone, connected with the JSS suture zones, was interpreted as a back-arc basin
branch of the Paleo-Tethys Ocean between the Simao and Linchang Blocks (Fig. 1) (Jian et al., 2009).
Ophiolitic assemblages at the suture include meta-peridotite, gabbro, diabase and basalt capped by
radiolarian-bearing siliceous rocks. N-MORB type ophiolites in the Ailaoshan suture have been dated as
Middle-Late Devonian (ca. 387-374 Ma), and E-MORB type ophiolites dated as Lower Carboniferous
(ca. 346-341 Ma) by Jian et al. (2009). Plagio-granite was dated as latest Devonian (ca.362 Ma) by Jian et
al. (1998) and the radiolarian siliceous rocks are Lower Carboniferous in age (e.g., Yumul Jr et al., 2008).
Clasts in the olistostrome range in age from Silurian to early Permian. SHRIMP U-Pb analyses on
collision-related Triassic volcanic rocks give ages of 247-246 Ma from rhyolites, and ca. 245-237 Ma
from basaltic and intermediate-felsic volcanics (Zi et al., 2012). The Ailaoshan ocean basin is thus
interpreted to have opened in the Late Devonian — Early Carboniferous and to have closed in the Middle
Triassic.

One pluton (205 Ma) was emplaced simultaneously with a rapid uplift of the lithosphere, when surface
deposits changed from deep-water turbidites to tidal flat sediments in the SGF. Therefore, it generated
during decompression, probably related to the rapid removal of the overthickened lithospheric mantle
(Yuan et al., 2010). This extension period is consistent with 225-200 Ma Ar-Ar cooling ages (Reid et al.,
2005b). The sedimentary provenance data and magmatism history and deformation favor syn-convergent
extensional tectonics. Marine strata of Jurassic age in the northwestern SGF unconformably overlie Upper

Triassic turbidites, which also indicates extension during that period (Ding et al., 2013).

Generally, basement appears missing in the SGF and it may be mainly underlain by oceanic crust (Roger
et al., 2010), but possiblely have Cathaysian-type continental basement under the eastern edge.
Concluding from the discussion above, the SGF experienced magmatism and basin development during
Late Devonian (?) to 210 Ma at the ocean evolution stage, followed by extension at 205 Ma to 190 Ma. Its
evolution includes a large arc collision event that was between the Yidun arc and the Qiangtang Terrane

during early Triassic times (Pullen et al., 2008).

1.2.2 Lhasa terrane

The Lhasa terrane is bound to the north by the Banggong—Nujiang Suture (Meso-Tethys) and to the south
by the Yarlung—Zangbo Suture (Ceno-Tethys) (Fig. 1). The oldest exposed rock on the Lhasa terrane is
Precambrian crystalline basement. There are sporadic Paleozoic to Mesozoic strata that unconformably
overlie the basement (Zhu et al., 2012). It collided with Qiangtang terrane (Eurasia continent) during the

Cretaceous, just before the Eurasia-Indian continental collision (e.g. Zhang et al., 2012b). Some authors

15



Chapter1

divided Lhasa into a north and south Lhasa two parts, with Paleozoic continental shelf-affinity sediments
on north Lhasa, while the south Lhasa was occupied by a magmatic arc, the Gangdese arc that was active
from the Late Mesozoic to the Cenozoic (England and Searle, 1986; Murphy et al., 1997; Miller et al.,
2000).

The original position of Lhasa terrane within the Gondwana realm is still debated. Based on review of
detrital zircon age mode and comparing Paleozoic faunas and floras, Metcalfe, (2013) proposed that the
Lhasa terrane was connected to the Himalayan—Western Australian region during most of the Paleozoic
era. The Qiangtang terrane drifted away from relatively cold water zone (northern Gondwana) to northern
warm water before Middle Permian. However, the Lhasa terrane rifted later than the Qiangtang Block to
the north according to Late Guadalupian (~260Ma) fusuline was still belonging to cold fauna (Zhang et
al., 2010b). Missing of Upper Permian strata (Yin and Grant-Mackie, 2005) indicate northward drifting of
Lhasa after the Middle Permian. Palaeomagnetic data show that the Lhasa terrane travelled from southern

to northern hemisphere latitudes in the Late Triassic-Jurassic (Sun et al., 2010).

Eclogits aged 242 + 15 to 292 + 13 Ma (SHRIMP U-Pb) (Yang et al., 2009) and blueschist (Liu et al.,
2009) enclosed within a Triassic metamorphic massif indicate a suture inside of Lhasa terrane. Together
with ~260 Ma granite and the regional angular unconformity between the Middle and the Upper Permian
would represent a Paleo-Tethys suture within the Lhasa block (e.g., Yang et al., 2009; Zhu et al., 2009a, b,
2011b). This suture thus separated Lhasa into south and north Lhasa two parts. However, an alternative
explanation is that the entire Triassic massif was an overthrust sheet transported from the central Tibetan

orogen (Zhang and Tang, 2009).

~205-174Ma magma along the southern margin of the Lhasa terrane (e.g., Ji et al., 2009; Zhang et al.,
2007; Zhu et al., 2011a) is simultaneous with an early Jurassic (ca. 204-192 Ma) extension event (Weller
et al., 2015). It is assumed here that this event is related to BNS opening. Subsequent syn-orogenic
igneous activity at ~170-137 Ma represents a transition to compression of the Lhasa terrane at that time.
This compression, which induced crustal thickening of the Lhasa block at 140-130 Ma, was related either
to southward subduction of the Meso-Tethys or northward subduction of Ceno-Tethys under the Lhasa

terrane in the middle Jurassic (Ding and Lai, 2003).

Exposure of Middle Cretaceous high-temperatures metamorphic rocks (134-105 Ma), associated with E—
W-trending extensional faults in eastern Lhasa (Hu et al., 2004) and Cretaceous (135-100 Ma) post-

orogenic bimodal magmatism (e.g. Zhu et al., 2009a) indicate that the Lhasa terrane was extended. Break-
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off of southward subducting of Bangong—Nujiang ocean lithosphere may have caused elastic rebound of
the upper crust (Zhu et al., 2009a; Zhu et al., 2010). Another delamination model has also been used to
explain Middle Cretaceous magmatic rocks in the Lhasa block (Zhang et al., 2012a). This extension event
would have caused an extensive marine transgression in northern Lhasa. Therefore, a tectonic transition
from continental collision to extension in central Tibet occurred during Early Cretaceous times (ca. 120-
95 Ma) (Zhang et al., 2012a). However, this extension model is in conflict with other models that
envisage collision between the Lhasa and Qiangtang terranes during Aptian to Cenomanian (Kapp et al.,
2007). Thrusting inside the Lhasa terrane began at ~90 Ma and lasted into Early Eocene times (~50Ma)
(e.g., Kapp et al., 2007; Leier et al., 2007; DeCelles et al., 2007). This thrust event uplifted the Lhasa
terrane and marked changing from shallow marine to non-marine depositional records (Volkmer et al.,
2007).

1.2.3 Banggong-Nujiang suture zone

The~1700 km Banggong—Nujiang suture (BNS) extends from Banggong Lake in the west to Nujiang in
the east. It separated the Lhasa from South Qiangtang terranes (Dewey et al., 1988) and represents the
former Meso-Tethys Ocean. Opening of this oceanic basin is recorded by rift-sediments (Schneider et al.,
2003) and deep marine sediments, radiolarian cherts, are found ranging in age from the Carboniferous to
the Early Cretaceous (Wang et al., 2002; Baxter et al., 2009).

Ophiolitic mélange zones are found at the BNS, mainly in the Banggong Lake, Dong Tso and Lagkor Tso
areas (Wang et al., 2008; Shi et al., 2008) and include MORB-type ophiolite, SSZ-type ophiolite (Shi,
2007; Shi et al., 2005), oceanic island-sea mountain basalt (Wang et al., 2005) and oceanic ridge
plagiogranite (Zhang and Chen, 2007). Ages scatter from 221.6 £ 2.1 Ma to 167.0 £ 1.4 Ma (Wang et al.,
2008; Shi, 2007), indicating that these ophiolites formed between the Lhasa and south Qiangtang terranes
during the Late Triassic to Early Jurassic (She et al., 2009). The youngest ophiolitic gabbro from the
suture zone is early Cretaceous in age (128 Ma) (Chen et al., 2006), which represents the BNS closure

after 128Ma at its westernmost extent.

Closure of the BNS was due to divergent double subduction of BNS lithosphere, northward under the
south Qiangtang terrane during the Mesozoic (Kapp et al., 2003a, 2007; Guynn et al., 2006) and
southward under the Lhasa Terrane during the Permian—Early Cretaceous (Pan et al., 2006a; Zhu et al.,
2009b; Zhu et al., 2009a; Zhu et al., 2011a), respectively. Early Jurassic-Middle Cretaceous (183-101 Ma)
arc magmatic rocks, with calc-alkaline composition, are present on the southern margin of the Qiangtang

block (Zhu et al., 2011a; Xu et al., 2014b). An unconformity between marine sediments and coarse clastic
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sediments trends from Middle Jurassic in the east to Upper Cretaceous in the west along the BNS,
indicating that the BNS was closed from east to west (Kapp et al., 2003a; Pan et al., 2006b; Nimaciren et
al., 2005).

Commence of the Lower Cretaceous terrestrial sequence along with abundant volcanic rocks (131-110
Ma; Zhu et al., 2009a, 2011a) is interpreted to represent molasses sediments which derived from orogenic
activity on the South Qiangtang terrane. This uplifting was caused by the collision between the Qiangtang
and Lhasa blocks, but appears to precede uplift in the North Lhasa terrane by about 20 Myr.

A short-lived back-arc basin developed on the western part of the north Lhasa terrane in the early
Cretaceous. Its existence is indicated by an extensive marine transgression and limestone unconformably
overlying sandstones during the beginning of the Hauterivian (130 Ma) (Zhang et al., 2004). Along with
coeval normal faulting and abundant volcanic rocks, back-arc extension was interpreted to relate to
rollback of the northward-subducting Neo-Tethys during the Middle Cretaceous (ca. 120-95 Ma) (Zhang
et al., 2004). Alternatively, this extension may relate to rollback of southward-subducting BNS
lithosphere (Zhu et al., 2009a, b). All in all, a Cretaceous extension maybe occurred in response to a

rollback of subducted oceanic slab.

Different from this back-arc theory, Kapp et al. (2005) proposed a foreland-basin mechanism to explain
marine transgression. New geochemical data indicate that subductution of the BNS lithosphere continued
until 96.1+2.4 Ma (Li et al., 2014; Liu et al., 2012; Xu et al., 2014a) and a major magmatic event occurred
in the middle Cretaceous (117-95Ma) (Leloup et al., 2012). The Nima area on the South Qiangtang
terrane records a transition from marine to non-marine sedimentation at 118-99 Ma (Kapp et al., 2007),
which implicates that the South Qiangtang terrane underwent strong deformation and denudation in the
Early to Middle Cretaceous (Kapp et al., 2007). This transformation from marine to non-marine deposits
is coeval with shallow marine limestone deposited on the north Lhasa terrane (Kapp et al., 2005).
Moreover, these marine sediments on northern Lhasa never extended into southern Qiangtang in central
Tibet (Kapp et al., 2005). That let Kapp et al. (2003a) to explain the marine limestone as foreland basin
deposits which formed when ophiolitic mélange obducted southward onto the north margin of the Lhasa

terrane in the Late Jurassic-Early Cretaceous (Kapp et al., 2003a).

1.2.4 Yarlung Zangbo suture zone
Yarlung—Zangbo suture zone (YZS) forms the boundary between the Indian continent and the Lhasa

terrane in Tibet and represents remnants of Ceno-Tethys (Fig. 1).
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The earliest oceanic sedimentary records is Late Permian seamount limestones within the western part of
the YSZ in north of Burang (Xu et al., 2014c; Wang et al., 2010). The youngest cluster of detrital zircons
ages from the Upper Triassic strata vary around 266-224 Ma (Li et al., 2010) which is consistent with an
ocean that developed after the Triassic disaggregation of northern Gondwana (Bezard et al., 2011). The

Lhasa terrane thus separated from India in the Late Permian.

Northward subduction of YZS beneath the Lhasa terrane is recorded by Late Cretaceous arc magmatic
rocks in the Gangdese, south Lhasa terrane (Wen et al., 2008; Zhang et al., 2010a; Zhao et al., 2008; Zhu
et al., 2011a). The subduction mélange was emplaced northward onto Gangdese Batholith at 95-80 Ma
according to zircon U-Pb geochronological data mainly from central and eastern segments of the YZS (Li
etal., 2010; Zhu et al., 2011a). Blueschist-facies metamorphism occurred during 132 to 80 Ma (e.g. Xu et
al., 2014c). The HP rocks may have exhumed under oceanic basin hyper extension along the YZS
(Maffione et al., 2015), which would be consistent with northern Lhasa also experiencing simultaneous

extension.

1.3 Geological evolution within the Qiangtang Terrane

In this section, we will briefly introduce the geological background of the Qiangtang terrane. More
detailed descriptions are found in Chapters 2-5. The Qiangtang Terrane is located in central Tibet (Fig. 1).
It is bound by Songpan-Ganzi Flysch to the north and the Lhasa terrane to the south. Its central part is
covered by subduction mélange and Late Triassic high-pressure rocks (e.g., Liu et al., 2011; Zhai et al.,
2011b).

1.3.1 North Qiangtang terrane

The terms ‘North Qiangtang terrane’ (e.g., Bian et al., 2004; Jin, 2002) or ‘Eastern Qiangtang Block’
(Zhang et al., 2002) were proposed by Metcalfe (2002), based on the distribution of Early Permian warm
Cathaysian affinity faunas and floras. Metcalfe (2002) regarded this block as a separate micro-terrane
derived from South China—Indochina by back-arc spreading in the Carboniferous. The northern and
southern flanks of the north Qiangtang block were involved in intensive arc magmatism during Permo-
Triassic times, possibly related to the south-dipping subduction of the JSS (e.g., Kapp et al., 2003b), or
alernatively N-dipping subduction of the LSS (Yang et al., 2011). The western boundary of this block is
formed by the Altyn Tagh Fault (Fig. 1).
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1.3.2 South Qiangtang terrane

The South Qiangtang terrane is bound to the north by the LSS and to the south by the BNS. Basement
rocks are largely buried by an Ordovician to Jurassic cover sequence and obducted subduction mélange
(Wang and Wang, 2001; Zhao et al., 2014; Zhai et al., 2011b). Upper Carboniferous to Lower Permian
glacial-marine deposits and cold-water faunas indicate it may still have been attached to Gondwana at
that time (Li et al., 2007). These strata changed into Upper Permian warm-water Cathaysian faunas and
floras which indicates that the South Qiantang terrane had then separated from Gondwana and drifted to
north, where it may heve been connected to the Cimmerian continent by Late Permian times (Metcalfe,
2011). Late Triassic limestone and Early Jurassic siliciclastics and carbonates unconformably overlie the
older units (Zhao et al., 2015). Jurassic to Early Cretaceous marine sedimentary rocks were deformed and
uplifted above sea level due to collision between Lhasa and Qiangtang terranes (Kapp et al., 2007).
Deposition of non-marine that started at about 118 Ma ( Li et al., 2014; Wu et al., 2014) is attributed to
continued collision between the Lhasa and Qiangtang terranes and concomitantly shortening and uplift of
the Qiangtang terranes.

1.3.3 Longmu Co-Shuanghu suture zone

The Longmu Co-Shuanghu suture zone (LSS) has been proposed as the main boundary between Eurasia
and Gondwana (Li, 1987). It divides the Qiangtang terrane into a North and a South terrane (e.g., Li et al.,
2009; Zhang et al., 2006¢; Liu et al., 2011). The LSS is exposed around Gangmari, Gemuri, Jiaomuri,
Mayigangri and Qiagelela areas (Zhai et al., 2011a). This suture is the geological relic of the Paleo-Tethys
Ocean, which is the oldest Tethys oceanic crust relic currently recognized in the Qinghai-Tibet Plateau.
The Paleozoic ophiolites within the LSS are composed mainly of Ordovician-Silurian ophiolite (e.g.,
Zhai et al., 2010), Permian ophiolite, Carboniferous—Permian oceanic island—ridge basalt, gabbro—diabase
dykes, Devonian—-Permian and Triassic radiolarian chert, and a Permian oceanic island—sea mountain
accretionary complex (Zhai et al., 2006; Hu et al., 2014a). The oldest observed sedimentation ages
indicate that the formation of the LSS can be traced back to at least the Middle Ordovician to Early

Silurian.

This metamorphic belt possibly links eastward with the Ando (Zhang et al., 2010a), Jitang complex (Hu
et al., 2014b) and Basu (Zhang et al., 2008b) metamorphic massifs, where (ultra) high-pressure rocks
have been identified (Zhang and Tang, 2009). LSS may connect eastwards with the Changning—Menglian
suture of SW China (Zhai et al., 2011a). The occurrence of Late Devonian and Permian pelagic
radiolarian cherts in Changning—Menglian Suture in SW China supports this interpretation (Zhu et al.,
2006b).
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In the Qiangtang terrane, subduction related high-pressure rocks occur at Gangmari, Gemucuo,
Hongjishan, Rongma and Duomuchaka as an EW striking belt (Li et al., 2006; Pullen et al., 2014; Zhai et
al., 2001b). Blueschist exposed in Gangmari has glaucophane *°’Ar/*’Ar ages of 275.0 = 0.9 Ma and 282.4
+ 0.8 Ma (Deng et al., 2001). Younger blueschists found in other locations have glaucophane and
phengite 40Ar/39Ar ages that range from 236.8 + 4.5 Ma to 217.2 + 1.8 Ma (Li et al., 2006). The
blueschist are of MORB- and OIB-type affinity. The base of the Upper Triassic sediments and volcanic
sequence unconformably overlies all underlying strata, including blueschists, and marks the final closure
of the LSS (Fu et al., 2010).

How the subduction related high-pressure (HP) rocks exhumation remains hotly debated. The “in situ
exhumation model” proposed that the HP rocks exhumed in the northward subduction channel at the LSS,
maybe related to break-off of subducted oceanic lithosphere (Li et al., 2009; Zhang et al., 2006c; Zhai et
al., 2011a,b). However, the alternative “underthrust model” argued these HP rocks derived from >200 km
southward subduction, underneath the Qiangtang terrane, at the Jinsha suture, and, exhumed due to

extension of overlying crust that formed crustal-scale core complex (Kapp et al., 2000, 2003b).

1.4 Summary main points around and within Qiangtang terrane
1.4.1 Mainly geological evolution history around and within Qiangtang terrane

A very brief summary of the main events in and around the Qiangtang terrane is provided below.

(1) Both the North Qiangtang terrane and Yidun arc are based on Cathayian basement. It remains
unknown whether or not a crystalline basement is present underneath the Songpan-Ganzi Flysch belt
because of the absence of any direct geological evidence. A Proterozoic crystalline basement must
exist beneath the central Lhasa subterranes, the Amdo microcontinent and the south Qiangtang
subterrane all of which experienced a Cambro-Ordovician magmatic event (530-490 Ma) and have
Gondwana affinity. That indicates the main boundary of Eurasia and Gondwana is located in the
centre of the Qiangtang terrane.

(2) There are three branches of Paleo-Tethys Oceans in central Tibet, Kunlun-Anyenagen, Jinsa-Tethys
(JSS) and Longmu Co-Shuanghu-Tethys (LSS). The earliest Paleo-Tethys realm evolution is
recorded by Ordovician gabbro in the LSS. All these Paleo-Tethys branches vanished during the Late
Triassic as the South Qiangtang terrane drifted to north and finally collided with Eurasia.

(3) Amalgamation of the North and South Qiangtang terranes happened in the Late Triassic.
Amalgamation mainly occured by northward subduction of the Paleo Tethys underneath the North

Qiangtang terrane, but minor southward subduction probably took place underneath the South
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Qiangtnag terrane. Exhumation and obduction of the (U)HP rocks is proposed to be related to closure

of this divergent double subduction system.

(4) Soon after closure of the Paleo-Tethys, the Lhasa Terrane rifted from the Qiangtang terrane. This

extensional event is induced by intensive late Triassic to early Jurassic magmatism in the Paleo-

Tethys realm which traversed from the South Qiangtang terrane to the Songpan-Ganzi belt. The

Meso-Tethys opened due to this extensional event and finally formed the Bangong-Nujiang suture
zones (BNS) in central Tibet.
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Fig. 2 Summary of tectonic, sedimentary and magmatic evolution of the Tibetan Plateau from Cambrian to

Cretaceous times.

(5) The

BNS closed in a divergent double subduction setting, as indicated by arc magma on both the South

Qiangtang and North Lhasa terranes. All observations and interpretations indicate that the northern Lhasa

margin was under tectonic extension at Early Cretaceous times. This extension window around 140 Ma
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was identified by Langshan formation and coeval intensive igneous activity. However, mainly
compressional thrusts and uplifting occurred by the Lhasa-Qiangtang collision between 135 Ma and 90
Ma.

(6) The Neo-Tethys (Yarlung-Zangbo) may have formed during the Triassic according to radiolarian
records. It experienced long term evolution from Triassic until Cenozoic. Figure 2 is a summary

sketch of these geological evolutions.

1.4.2 Main debates on the Qiangtang terranes

1. The presence or absence of basement in the Qiangtang terranes and its affinity has been debated
for several decades (e.g. Dong et al., 2011). One problem is that large areas are covered by
mélange and Paleo-Cenozoic sediments.

2. Questions are remaining on the subduction related high-pressure (HP) rocks found in the
Qiangtang metamorphic belt (e.g. Liu et al., 2011). Currently, two contrasting models exist on the
formation of the Qiangtang metamorphic belt. The first model suggests that the metamorphic
rocks are part of the Songpan-Ganzi accretionary mélange that was underthrust during low-angle
southward subduction of the Paleo-Tethyan oceanic lithosphere along the Jinsha suture (Kapp et
al., 2000, 2003b; Yin and Harrison, 2000; Pullen et al., 2008, 2011). These high-P rocks were
exhumed to shallow crustal levels as a result of rollback of the Songpan-Ganzi oceanic
lithosphere along the Jinsha suture during the Late Triassic (Kapp et al., 2000, 2003b; Pullen et al.,
2008, 2011). The second model suggests that the high-pressure metamorphic belt formed in situ
along the LSS, which separates the Western Qiangtang with Gondwana affinity from the Eastern
Qiangtang subterranes with Cathaysian affinity (e.g., Li, 1987; Li et al., 2009; Zhang et al.,
2006d). In this model, the LSS formed from the northward subduction of the Longmu Co-
Shuanghu Tethyan oceanic lithosphere (e.g., Li, 1987; Li et al., 2009; Zhai et al., 2011a), and the
metamorphic rocks were exhumed in response to the slab breakoff of the subducted LSS
lithosphere beneath the North Qiangtang subterrane (e.g., Zhang et al., 2011; Zhang et al., 2006d;
Pullen and Kapp, 2014; Kapp et al., 2003b). However, the second model has so far not provided
a satisfactory explanation for the HP rocks exhumation.

3. There appears to be relatively little deformation during Qiangtang and Lhasa collision because
Mesozoic strata are only weakly deformed, a late Mesozoic mountain belt is missing (Schneider
et al., 2003). This is in favor the underthrust model that proposed that the Lhasa terrane
underthrust the south Qiangtang terrane during closure of BNS and thickened the Qiangtang
terrane (Kapp et al., 2005). This implies that Qiangtang terrane was a rigid block after the North

and South Qiangtang terranes reunited. Is that true or not? What is the evolution of Qiangtang
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terrane during forming and closing of BNS to south? The pre-Cenozoic crustal structures must

affect the Cenozoic Tibetan plateau formation.

1.5 Review of existing exhumation models

The controversy between in-situ and underthrust models for the Qiangtang terrane implicate different
exhumation models for the (U)HP rocks that are found in the Qiangtang Metamorphic Belt (Kapp et al.,
2000; Yin and Harrison, 2000; Zhang, 2001b; Kapp et al., 2003b; Zhang et al., 2006d). There is no simple
and widely accepted mechanism for the burial of crustal rocks down to mantle depths and their
exhumation to the surface (Philippon et al., 2011; Ring, 1999). Both field and laboratory work have been
carried out to understand the mechanism of exhumation (Beaumont et al., 2009; Philippon et al., 2009;
Platt et al., 2006). As this issue is importance for the interpretation of the Qiangtang Metamorphic Belt,
hence the proposed (U)HP exhumation mechanisms are discussed here.

The common traits of exhumation are 1) exhumation characteristics change from earlier, faster, ductile to
later, slower, brittle-ductile/brittle (Spencer et al., 2012; Warren et al., 2011; Philippon et al., 2009); 2)
two stages of exhumation are suggested according to age distributions in Sulu-Dabie (Hacker et al., 2006)
and detailed structural studies in the western Norway (Johnston et al., 2007) and the central Cyclades
(Philippon et al., 2011). The general situation is that first fast exhumation stage controlled by buoyancy
but the later slow exhumation dominated by erosion process; 3) the exhumation rate varies from 5 km/my

to 80 km/my and is similar to the plate motion rate (e.g., Warren et al., 2008).

There are several proposed models to explain the (U)HP rocks exhumation, for examples channel flow,
wedge extrusion and diapiric. In the channel flow model, the competition between Couette flow (caused
by the drag of the subduction lithosphere) and Poiseuille flow (driven by the buoyancy of low-density
subducted crustal material) control the exhumation process (Beaumont et al., 2009). The alternative
wedge extrusion model suggest that the UHP slab rose coherently from mantle to crustal depths by
buoyancy (Labrousse et al., 2004; Hacker et al., 2003; Young et al., 2007; Hacker, 2007). Diapric flow
envisages buoyant subducted material to be transported across the mantle wedge and eventually emplaced
into the base of the overriding plate (Little et al., 2011). Other exhumation mechanisms include
lithosphere-scale extension (resulting from plate divergence) (Malusa et al., 2011; Fossen, 2010), corner
flow (Burov et al., 2001; Warren et al., 2011; Gerya and Stdckhert, 2002), and buoyancy-driven flexural
rebound of unloaded continental lithosphere (Andersen et al., 1991), also termed ‘eduction’ (Duretz et al.,
2012).
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In the subduction channel (Cloos and Shreve, 1988), the strong buoyancy of serpentinites or hydrous
continental rocks at the mantle depth was the most likely driving force for exhumation (Beltrando et al.,
2010; Gerya and Stockhert, 2002; Platt, 1993). Consequently, the thrust zone at the bottom and a
detachment fault on the top of the channel assist the later exhumation (Rubatto and Hermann, 2001;
Ganne et al., 2006; Bond et al., 2007; Johnston et al., 2007). Erosion (Baldwin et al., 2004) combined
with forward normal faults allow material in the exhumation channel to move toward the surface as a

wedge (Terry and Robinson, 2004).

Kapp et al. (2000) firstly proposed a dome-like core complex model to explain exhumation of blueschists
in central Qiangtang. We not totally agree their model. Based on field evidences (Chapter 4) and
numerical modeling (Chapter 6) we addressed a new exhumation mechanism for HP rocks in Qiangtang

terrane.

1.6 Organization of the thesis

To address the questions that were listed above, an area around the town of Rongma in the centre of the
Qiangtang terrane, and which includes mélange, was mapped. Based on that mapping, satellite image
interpretation, 3D reconstructions and and (thermo-) geochronology, the presence of basement in the
South Qiangtang was confirmed (Chapter2 and 3 ), the structural relationships of different units in the
area was determined (Chapter2,3 and 4), evidence for closure of an ocean between the North and South
Qiangtang terranes was provided (Chapter 4), A mechanism for the exhumation and emplacement of the
high-pressure rocks was proposed (Chapter 4 and 6), and the effect of opening and closure of the BNS on

the South Qiangtang terrane was investigated (Chapter5).

The following five chapters are pubished papers (Chapters 2-4) and manuscripts in preparation for
submission to peer-reviewed journals:

Chapter 2: Zhao, Z., Bons, P. D., Wang, G., Liu, Y., and Zheng, Y.: Origin and pre-Cenozoic evolution
of the south Qiangtang basement, Central Tibet, Tectonophysics, 623, 52-66,
http://dx.doi.org/10.1016/j.tecto.2014.03. 016, 2014.

Chapter 3: Yang. Y., Zhao, Z. B., Yuan, T. Y., Liu, Y., and Li, C. Y.: Ordovician parallel unconformity
in Qiangtang terrane, northern Tibet: Implications to Early Paleozoic evolution of northern Tibetan region.
Acta Petrologica Sinica, 30, 2381-2392, 2014.

Chapter 3 was originally published in Chinese with an English abstract. Appendix A provides the original

text in Chinese.

25



Chapter1

Chapter 4: Zhao, Z., Bons, P., Wang, G., Soesoo, A., and Liu, Y.: Tectonic evolution and high-pressure
rock exhumation in the Qiangtang Terrane, Central Tibet, Solid Earth, 6, 457-473, 2015.

Chapter 5 Z. Zhao., P. D. Bons., K. Stubner., T. A. Ehlers and G. Wang.: Early Cretaceous exhumation
of the Qiangtang Culmination and collision of the Qiangtang and Lhasa terranes, central Tibet (In
preparation)

This chapter reports thermogeochronological work on the Rongma study area, carried out in Tubingen in
collaboration with Sttbner. It will form the base for a manuscript with the same title and as preliminary
list of authors: Z. Zhao, P.D. Bons, K. Stibner, T.A. Ehlers and G. Wang. This chapter will be
significantly shortened to meet the requirements for submission to the journal Terra Nova.

Chapter 6: Paul D. Bons., Evgene Burov., Enrique Gomez-Rivas., Alavar Soesoo., Douwe D.J. van
Hinsbergen., Kun Wang., Zhongbao Zhao (preliminary list of authors in alphabetical order).: Subduction
reversal: an efficient mechanism for the exhumation of Ultra-high-pressure rocks. (In preparation)

This chapter is a preliminary draft for a manuscript to be submitted to the journal Nature (Geoscience) or
Geology.

Apendix B contains the thermochronological data used in Chapter 5.

Apendix C includes the numerical modeling parameters for Chapter 6.
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Abstract
The Qiangtang terrane in Central Tibet, with its high-pressure rocks, is a key area to unravel the evolution
of the Paleo-Tethys. We present a new 1:50,000 map of the Rongma area in the central Qiangtang terrane,
of which relatively little is known so far. We show that the Qiangtang metamorphic belt can be separated
in a Paleozoic autochthonous basement and an overlying allochthonous thrust stack of subduction
mélange that contains high-pressure rocks and Permian sediments. Detrital zircon ages (youngest peak at
591 Ma) and an ~ 470 Ma granite intrusion age constrain the age of the Qiangtang Basement to be
between the Late Precambrian to Middle Ordovician. This is in agreement with the observed
unconformity between basement and overlying Mid-Late Ordovician strata. This unconformity and the
zircon age spectra are comparable to the Himalaya area. The Qiangtang terrane must thus have been part

of the Gondwana supercontinent during the Early Paleozoic.

The occurrence of the Late Triassic eclogite and glaucophane-bearing schists in the Central Qiangtang
terrane indicates the existence of a suture zone between the North and South Qiangtang terranes before
the Late Triassic. This suture zone resulted from closure of the Paleo-Tethys between the North and South
Qiangtang terranes. Late Triassic syn-collisional granites and rapidly exhumed high-pressure rocks
resulted from the closure of this ocean and final amalgamation of the reunited Qiangtang terranes with
Eurasia. Collision of the Lhasa and Qiangtang terranes is correlated with north dipping reverse faults in
the south Qiangtang terrane, which were probably related to exhumation of the Qiangtang basement and

formation of the Qiangtang Culmination.

Key words: Tibet, Qiangtang, high-pressure rocks, Paleo-Tethys, obduction, subduction mélange
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1. Introduction
The Tibetan Plateau, the largest orogenic feature on Earth, has been the focus of many recent geological

and geophysical investigations (e.g. Freymueller, 2011; Gehrels et al., 2011; Haines et al., 2003;

Tapponnier et al., 2001). However, due to its high elevation, remoteness and complex geology, open

questions remain on the pre-Cenozoic evolution of the plateau, particularly its interior, where the
Qiangtang terrane is located in Central Tibet. From north to south, the Central Tibetan Plateau is formed
by the Qaidam terrane, the Songpan—-Ganzi Flysch Complex, and the Qiangtang and Lhasa terranes.
These terranes are separated by EW striking suture zones of Paleozoic to Mesozoic age (Fig. 1a) (Yin and
Harrison, 2000).

The Songpan—Ganzi Flysch Complex lies to the north of the Qiangtang terrane, with the Jinsha Suture
Zone (JSZ) in between (Yin and Harrison, 2000) (Fig. 1a). This suture zone represents the Paleo-Tethys

(or a branch of it) between Eurasia and the Qiangtang terrane that was consumed by southward
subduction beneath the Qiangtang terrane in Late Triassic to Early Jurassic times (Dewey et al., 1988:
Kapp et al., 2000; Nie et al., 1994; Yin and Nie, 1996). The Bangong-Nujiang Suture Zone (BNSZ)

separates the Qiangtang terrane from the Lhasa terrane in the south (Fig. 1a) (Dewey et al., 1988; Guynn

et al., 2012; Zhu et al., 2012). It is defined by a broad and discontinuous belt of ophiolite fragments and

mélange. It is assumed to be the result of closure of the Meso-Tethys Ocean and subsequent collision of

the Lhasa and Qiangtang terranes during the Early Cretaceous (Dewey et al., 1988; Guynn et al., 2006,

2012; Kapp et al., 2003a, 2007). Considering this complex setting, better knowledge of the geology of the
Qiangtang terrane is important to understand the geological evolution of the Tibetan Plateau.

The Qiangtang terrane is traditionally divided into low-metamorphic grade Paleozoic (? Carboniferous—
Permian) clastic metasediments and subduction related mélange with high-pressure rocks, including

eclogites (Liu et al., 2011), in the center of the terrane. Permian—Jurassic shallow-marine limestones,

interbedded with minor sand-mudstones, overlie the southern and northern flanks of the Qiangtang terrane.
Some authors subdivided the Qiangtang terrane into two parts, the North Qiangtang terrane and the South
Qiangtang terrane (sometimes referred to as East and West Qiangtang, respectively), because the high-
pressure rocks are found in the center of the Qiangtang terrane (Fig. 1b) (Li et al., 2006; Zhai et al., 2011).

The boundary between these two terranes is the Longmu Co—Shuanhu Suture Zone, situated north of the

mélange and high-pressure rocks.

The Qiangtang terrane is considered to have been a contiguous part of the Cimmerian super terrane along

the Tethys margin of Gondwana (Guynn et al., 2012), because the terrane exposes Cambrian gneiss in
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Amdo (Guynn et al., 2006; Kapp et al., 2000; Xu et al., 1985), extensive late Carboniferous—early

Permian glaciomarine deposits in the central Qiangtang terrane (Li et al., 1995), and yields similar U-Pb

detrital zircon age distributions for Upper Paleozoic strata within the south Qiangtang terrane (Dong et al.,
2011; Gehrels et al., 2011; Kapp et al., 2003b; Leier et al., 2007; Pullen et al., 2008).
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Fig. 1. Tectonic sketch of central Tibet, showing the several terranes and suture zones. (a) Structural sketch of Tibet.
From north to south, the sutures are JSZ — Jinsha Suture Zone; LSSZ — Longmu Co-Shuanghu Suture Zone;
BNSZ — Bangong—Nujiang Suture Zone; and 1YSZ — Indus—Yarlung Suture Zone. (b) The main units of the
Qiangtang terrane, central Tibet. The middle part is the Qiangtang culmination, with Mesozoic to Neozoic sediments
mostly found on its the northern and southern flanks. Modified after Deng et al. (2005), Kapp et al. (2003b), Li
(2006) and Zeng et al. (2002, 2006).

Within the Qiangtang terrane, eclogite-bearing blueschist-facies rocks have been found in Gangmu Co,
Rongma etc., but their origin is under debate (Kapp et al., 2000, 2003b; Li et al., 2006; Liang et al., 2012;

Liu et al., 2011; Zhang et al., 2006a). Two basic, but radically different models have been proposed for
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the origin of these high- pressure rocks (Fig. 2). The “intra-Qiangtang suture model” envisages northward
subduction of the Paleo-Tethys along the Longmu Co-Shuanhu Suture Zone (LSSZ) that separates the
North and South Qiangtang terranes, and thrusting of the mélange over the South Qiangtang terrane
(Fig. 2a) (Li et al., 2009; Zhai et al., 2011). According to the alternative “underthrust model”, early

Mesozoic mélange was thrust under the Qiangtang terrane from the Jinsha Suture Zone (JSZ) that bounds
the Qiangtang terrane 200 km to the north (Fig. 2b) (Kapp et al., 2000, 2003b; Pullen et al., 2011). In this
model the mélange was underplated to the Qiangtang terrane and exhumed by detachment faulting. In the

intra-Qiangtang suture model, allochthonous mélange is underlain by autochthonous Paleozoic basement,
while the underthrust model predicts that the deeper crust in large parts of northern Tibet is mélange.
Knowing the exact nature of the Paleozoic metamorphic rocks is therefore crucial to advance our
understanding of the crustal structure of the Qiangtang terrane. The two very dissimilar models show that
whether the Paleozoic low-grade metamorphic rocks are autochthonous basement or not has far-reaching
consequences, not only for the pre-Cenozoic evolution of the Qiangtang terrane, but also for the whole
Tibetan plateau and the Indo-Asian collision (Kapp et al., 2003b). Unfortunately, the presence of
basement in the Qiangtang terrane (Dong et al., 2011; Pullen et al., 2011; Wang and Wang, 2001) and the

origin of the high-pressure rocks (Kapp et al., 2003b; Li et al., 2009) still remain controversial. The main

aim of this paper is to clarify the relationship between the various units in the Qiangtang terrane, using
detailed mapping and geochronology. We show that the low-grade metamorphic rocks are indeed

autochthonous basement rocks of Early Paleozoic age and Gondwana affinity.

2. Geology of the Rongma area

Due to the remoteness and difficult field conditions, the Qiangtang terrane has not yet been mapped and
studied in great detail. To gain better understanding of Paleozoic Tibet and the Paleo-Tethys, the Rongma
area was mapped at a scale of 1:50,000 (Fig. 3). Paleozoic metamorphic rocks, subduction mélange,

including eclogites, and Mesozoic strata are exposed in the area (Liu et al., 2011; Zhai et al., 2007).

Below we present and discuss the lithostratigraphy and structure separately.

2.1 Lithostratigraphy
Rocks that are exposed in the area vary greatly in their age, origin, metamorphic facies and deformation
(Kapp et al., 2000, 2003b). Based on this, they can be divided into four main units. These are (1)

Qiangtang basement (QB), consisting of greenschist-facies Paleozoic strata with pervasive folding and
cleavage, (2) nautiloids-bearing Middle to Late Ordovician slate and ammonoid-bearing Carboniferous
sandstone and siltstone (OC), (3) strongly deformed subduction mélange (SM) including high-pressure

metamorphic rocks (HP) and (4) the uppermost cover unit that consists of Permian to Jurassic shallow
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marine deposits (Fig. 3). Units 1-3 were intruded by the 210 + 5 Ma Gangtang Co Granite, NW of the
village of Rongma (Kapp et al. 2003b).

(a) Intra-Qiangtang suture model N —S

Longmu Co-Shuanghu suture zone Jinshajiang suture zone

5
\\\\ Bayanhar
o~ | Terrane

South Qiangtang Terrane North Qiangtang Terrane

Moho
Ocean crust—"_

(b) Underthrust model

Central Qiangtang metamorphic belt

Normal fault Jinshajiang suture zone
S

Qiangtang
Terrane

Ocean crust

Fig. 2. Competing tectonic models for the central Qiangtang metamorphic belt in early Mesozoic times: (a) the intra-
Qiangtang suture model (Li et al., 1995) and (b) the underthrust model (Kapp et al., 2003b).

As we will show below, the QB forms the structurally lowest unit and is exposed over large areas north of

Rongma. Cheng and Xu (1986) and Kapp et al. (2003b) interpreted the fossil-free metamorphic rocks as

Carboniferous in age, and assigned them to the Zhanjin Formation. In the mapping area, the unit is mainly
of clastic sedimentary origin, metamorphosed to quartzite, phyllite, meta-arkose and minor marble (Li et

al., 2006, 2007). Some mafic lenses are found, oriented parallel to the main foliation. The unit was

intruded by Early Permian dyke swarms with gabbro, diabase and minor ultramafic rocks. The supposed

Carboniferous age (Cheng and Xu, 1986) will be discussed and corrected below.

42



Chapter2

Middle to Late Ordovician strata of the Tashishan Formation are exposed at two locations, where they
unconformably overlie the QB. One is ~ 20 km north of Gangtang Co and the other is near Rongma
village (Figs. 3, 4a). The Tashishan formation is characterized by siltstone and slates, interbedded with
volcanoclastics and calcareous slates that are rich in crinoids, nautiloids and graptolites. Previously, these

outcrops of Ordovician strata were interpreted as klippen (Li, 2006). The Ordovician layers, however,

unconformably overlie the QB. Where the unconformity is exposed, a basal conglomerate is found,
consisting of cm—dm size quartzite and marble clasts in a calcareous matrix (Fig. 5a, b).

Carboniferous sediments, cm to 1 m thick sandstone and siltstone beds, are found a few kilometers west
of the Ordovician outcrop near Rongma village (Fig. 4a). The beds form an open km-scale syncline
bounded by a normal fault in the east. Carboniferous beds are not as strongly folded as the underlying
basement rocks (QB) and beds are parallel to the contact with these underlying rocks. In the absence of
any distinct faulting or shearing, the contact between QB and Carboniferous is interpreted as an

unconformity.

The subduction mélange (SM) is mainly found in the middle of the mapping area (Fig. 3). It is
characterized by strongly deformed marine sedimentary rocks that contain less-deformed lenses. The
marine sediment consists of pelites, siltstones, sandstones and minor limestones and cherts. These
lithologies form the matrix of the mélange, which contains blocks and lenses, tens of meters up to
kilometers in size, of more competent rocks, such as pillow basalts, minor ultramafics, gabbros, diabase,

etc. (Cheng and Xu, 1986; Kapp et al., 2003b). Blueschist and eclogite-facies metamorphic slices (HP)

are regarded as part of the subduction mélange. They occur in roughly N-S trending belts and consist of
eclogites, glaucophane-bearing schist, garnet- bearing phengite—quartz schist and marbles. The eclogites

are generally found to be enclosed as lenses in garnet-bearing phengite—quartz schist. The protoliths of

HP rocks have an oceanic affinity, and include basalt, gabbro and pelagic sediments (Zhang et al., 2006b).
The subduction mélange was interpreted as an accretionary mélange formed at a convergent-plate margin
(Zhai et al., 2004). Both the basement units (QB and OC) and the subduction mélange are intruded by the

Late Triassic Gangtang Co granite (Figs. 3, 4b).

The Late Permian to Jurassic shallow-marine deposits are divided into three types. In the north, Late
Permian to Late Triassic shallow- marine limestones, interbedded with minor siltstone and coral layers,

contain Eurasian warm-water faunas (Cathaysian affinity; similar to the South China block) (Li et al.

1995). In the middle part of the mapping area, Permian shallow-marine limestones of the Longge group
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structurally overlie both the Qiangtang basement and the subduction mélange (Fig. 3). Fossils in these

limestones include bivalves, gastropods, echinoderms, foraminifera and tetracorals.
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Fig. 3. (a) Detailed geological map of the Qiangtang basement, subduction mélange and overlying sediments of the
Rongma area based on our mapping. Locations of samples discussed in this paper are shown. Locations of Fig. 4a
and b are shown by the yellow frames.
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* Foliation Ordovician (v)

Carboniferous (i) Basement (1) Mélange (i) Ordovician (v)

(b)

Granite

Mélange

Fig. 4. (a) 3-D reconstruction of relationships between basement (QB), Ordovician slates, Carboniferous sandstones
(OC) and subduction mélange (SM) near Rongma village. The Ordovician slates and Carboniferous sandstone
unconformably overlie the basement, while the subduction mélange is thrust onto the other three units. Poles to
bedding and main foliation are shown in lower-hemisphere, equal area stereoplots for five locations (I to V) in the
block diagram. (b) Larger-scale 3D reconstruction of the Rongma area showing how the low-grade mélange, the
Permian sediments and high-pressure rocks form an allochthonous stack of thrusts on top of the Paleozoic
autochthonous rocks. Thrusts are cut by the Late Triassic Gangtang Co granite. Locations of diagrams are shown in
Fig. 3. Reconstructions were made with Move™ by Midland Valley. (¢) Sketch showing the different response to
the same deformation event (Db2): bedding in QB at a small angle to the shortening direction is folded, while
bedding in the overlying Carboniferous and Ordovician is oriented closer to the extension direction and therefore

stretched.
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Based on this fossil content, Zhang et al. (2012) determined an Early Permian age. Some of these Permian

rocks were mapped as Carboniferous by Kapp et al. (2003b). Below it will be shown that the

reclassification of these rocks as Permian has significant implications for the structural interpretation of
the area. Early Permian sandstones and minor siltstones that stratigraphically underlie the Longge group

are found in the south of the area. These are cold-water deposits with glaciomarine faunas (Li et al., 1995).

Late Triassic limestones with minor sandstones and conglomerate at the base overlie the early Permian
sandstone further south in the area. Jurassic flysch deposits uncomfortably overlie the south flank of the
Qiangtang culmination.

Finally terrestrial sediments, possibly as old as Cretaceous, but mostly Tertiary and Cenozoic (Kapp et al.,
2005), were deposited on top of all previous lithologies.

2.2 Structural relationships
2.2.1 Deformation of the basement (QB) and Ordovician-Carboniferous strata (OC)

Deformation of the basement (QB) and Ordovician—Carboniferous strata (OC) Layers and main foliation
in the clastic meta-sediments of the basement generally dip about 40-50° to the NE-NW in the north of
the area and turn to ~ 30° to the SE in the southern part of the culmination. The large-scale structure is
thus an open anticlinorium, the Qiangtang Culmination, with a fold axis that plunges to the east. Several
steep EW-striking reverse faults are found at Mayigang Ri Mountain and south of it (Fig. 3), and may be

associated with the formation of the culmination.

In outcrop and thin section, two tectonic foliations can be observed (Fig. 5c, d, e). The oldest one (Sb1) is
formed by a fine tectonic layering (Fig. 5¢, d, €) (Turner et al., 1994). Bedding and Sb1 are overprinted by
a second and main folding event (Fb2), which produced an axial planar cleavage (Sh2). Fb2 folds are the
dominant folds in outcrop. Fb2 folding around a NE-SW trending fold axis is clearly visible in the
orientation distribution of bedding and Sb1 near Rongma village (Fig. 4). Folds are similar and range
from open to tight and from the cm to m scale, depending on lithology. Psammitic units tend to have
larger scale folds. Sh2 is a crenulations cleavage formed by microfolding of Sb0/1 and new growth of

aligned sericite and biotite.

A >5 km long and up to 200 m wide EW-striking felsicmylonite zone separates North Qiangtang terrane
rocks in the hanging wall from South Qiangtang basement to the south. Unfortunately, the outcrop of the

mylonite zone is limited as most of the area is covered by recent sediments. The strong foliation and
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stretching lineation indicates high strain. Porphyroclasts (Fig. 59) show a dextral sense of shear (north
moving east). A second, EW-striking, felsic mylonite zone is found west of Gangtang Co in the center of
the area. This steep mylonite with a steep stretching lineation shows a north-side-up movement (Fig. 5h).
Both felsic mylonites contain quartz, feldspar, garnet and tourmaline and are interpreted to be sheared
granites or granitic dykes/sills. Gabbro dykes that intruded the basement in the north are undeformed and

have been dated as Early Permian in age (Zhai et al., 2009).

Fig. 5. Field images of the South Qiangtang basement (QB) and Ordovician strata. (a) Bedding (Sord0) and foliation
(Sord1) of Ordovician strata overlying the basal conglomerate. (b) The basal conglomerate with limestone pebbles
in a silty matrix, approximately 20 m above the unconformity. (c—d) Main foliation in the basement. Sh2 developed
with variable intensity axial planar to folds in Sb1. () Micrograph showing the relationship between bedding (Sb0),
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Sh1 and Sb2 in a basement pelite. (f) Micrograph showing bedding (Sord0) and cleavage (Sordl) in an Ordovician
pelite. Whereas the basement has two distinct foliations, only one (Sord1) could be observed in outcrop and thin
section in Ordovician rocks. (g) Felsic mylonite with a dextral sense of shear at the northern edge of the south
Qiangtang terrane. Looking down parallel to the mylonitic foliation. (h) An E-W striking felsic mylonite found to
the west of Gangtang Co, looking south onto the mylonitic foliation with a steep stretching lineation. North block

moves up.

Fig. 6. (a) Relationship between deformation structures in Qiangtang Basement (QB) rocks and overlying
Ordovician Strata (OS). In the basement, bedding (Sb0) and Sb1 are folded with Sbh2 as axial planar cleavage. Sb2 is
roughly parallel to Sord1 above the unconformity, and is therefore assumed to result from the same post-Ordovician
deformation event. (b) The post-Ordovician deformation event produced folds in basement bedding and first
foliation (Sbl), but stretching of Ordovician layers, as is indicated by this stretched Sinoceras nautiloid. (c)
Competent sandstone layers in the Carboniferous are boudinaged, indicating the Carboniferous strata
experienced the same layer-parallel stretching as the Ordovician layers. (d) Deformation in the subduction
mélange is intense with the development of a strong foliation in the mudstone and pressure shadows around
quartzite clasts. These indicate a top to the south shearing here. (e) Strong and multiply deformed high-pressure
rocks. Competent garnet-bearing phengite schist layers alternate with less competent muscovite schists. (f)
Shallowly dipping marble lenses included in blueschists.
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The Qiangtang Basement and overlying Middle to Late Ordovician and Carboniferous beds are separated
by faulted unconformities (Figs. 4a, 6a). The Ordovician and Carboniferous layers lie parallel to the
unconformity and are not folded, contrary to the underlying basement bedding (Fig. 4a). However,
boudinage of nautiloids (Fig. 6b) and a strong cleavage (Fig. 5f) indicate that the Ordovician strata were
deformed as well. The same holds for the Carboniferous layers where boudinage of competent sandstone
layers also indicates stretching of these layers (Fig. 6¢). Bedding in the basement is oriented at a high
angle to the unconformity, while Sh2 only makes a small angle and is approximately parallel to the
cleavage in the Ordovician rocks. We interpret the difference in folding of beds below and above the
unconformities to result from the different orientation relative to the folding event that produced Sb2.
Whereas bedding and Sb1l in the basement were oriented in the shortening field of this deformation,
Ordovician and Carboniferous layers were in the stretching field and therefore did not fold, but stretch
(Fig. 4c). Both units thus experienced the same deformation event, which therefore post-dates the
Carboniferous. No evidence for a foliation equivalent to Sh1 could be found in the Ordovician and
Carboniferous rocks and the deformation that produced this foliation thus probably preceded the

Ordovician unconformity.

2.2.2 Deformation of the subduction mélange

Deformation of the Permian to Middle Triassic subduction mélange is much stronger than in the
underlying basement and the Ordovician— Carboniferous rocks. The mélange has a strong main foliation
(Sm1) (Fig. 6d), which is chaotic in orientation, but is on average flat lying, approximately parallel to the
contact with the underlying basement rocks. The mélange is tightly folded with fold axes trending N-S to
NW-SE. The foliation wraps around inclusions, lenses and boudins of relatively competent lithologies,
such as metabasalt, gabbro, metasediment, etc. Clasts range from centimeters to hundreds of meters in
size. These competent inclusions have sigma shapes, with quartz or calcite in the pressure shadows (Fig.
6d). Less competent lithologies, such as chert and sandstone, form strongly stretched layers, where
complex deformation structures can be found in the tails of large sigma-clasts. These observations all
indicate intense shearing of the mélange, with a top to the S to SW shearing indicated by the o-clasts (Fig.
6d).

High-pressure rocks in the mélange also show intense deformation, with tight similar folds (Fig. 6e, f).
The high-pressure rocks are separated from the lower-grade mélange by faults. High-pressure rocks, low

metamorphic-grade mélange and Permian rocks form alternating N-S trending belts in the center of the
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area. Marbles and mafics are found in all units. Glaucophane-bearing blueschists exhibit tight similar
folds, while garnet-bearing quartz schists may even develop sheath folds. Deformation within the high-
pressure rocks thus appears the most intense of all rocks in the area, even more than the low-grade
mélange. This strong shearing probably resulted from subduction and exhumation at the subduction zone

that separated the South and North Qiangtang terranes.

2.2. 3 Deformation of the Permian to Jurassic strata

In the northern part of the area, the Late Permian—Late Triassic shallow marine limestones are gently
folded with hinges that plunge to the SE and ~ 35° dipping limbs (Fig. 7a). In the center of the area, only
Permian limestones are found, which are in contact with mélange belts (including HP rocks) that lie
structurally both above and below the Permian rocks. Layering in the limestones is preserved and is
mostly east dipping, parallel to the contacts to adjacent units. Folded veins show an increase in
deformation towards the contacts.

The structures are more complex in the south of the mapping area. The Early Permian sandstone and
siltstone layers form south-directed recumbent isoclinal folds. Both the Middle Permian and Late Triassic
limestones form open folds. All fold hinges in these strata strike EW in the west, and turn to NE-SW
striking in the east of the mapping area (Fig. 7b, c). The Jurassic flysch is relatively undeformed and
shows a gentle dip to the south (Fig. 7d).

The Permian strata overlie the subduction mélange that is younger than the Middle Triassic (Fig. 3). A
fault (thrust) must thus lie between these two units. Differences in fold intensity and style suggest the
presence of an unconformity between the Early Permian sand and siltstones and the overlying Late
Permian limestones (Fig. 7b). Due to the lack of Early Triassic sediments, the Late Triassic limestones are
assumed to unconformably overlie the Permian limestones. In the south of the mapping area, the Late

Triassic strata are thrusted onto the Jurassic flysch along north-dipping thrusts (Fig. 3).

2.2.4 Nature of contacts between units

To show the structural relationships between the various units we use the area north of Rongma village

(Fig. 4), where Kapp et al. (2003b) provide an E-W profile. Here, boundaries between units could be

determined in the field, as well as using ASTER satellite images. The high topography makes it possible

to determine the orientation of contacts and map units by using the interaction between these and
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topography, which was done with Move™ by Midland Valley. This provides orientations on the map
scale, which is preferable to using outcrop-scale observations and measurements, due to the often chaotic

deformation on the small scale, and the potential overprinting of multiple deformation phases.

From west to east the following rocks crop out: (a) Pre-Ordovician rocks (QB), unconformably overlain
by Ordovician and Carboniferous sediments (OC), (b) mélange with abundant lenticular mafic inclusions,
(c) a NS-trending band of Permian layers, (d) blueschists, and finally (e) mélange that is structurally
overlain by (f) a second occurrence of Permian rocks. Note that the western band of Permian rocks (c)

and part of the eastern occurrence of Permian (f) were classified as Carboniferous by Kapp et al. (2003b).

Fig. 7. Outcrop images of upper Permian to Jurassic strata, showing differences in folding intensity. (a) Strong
folding, with SE-plunging fold axes, in Middle Triassic limestone in the northern part of the area. Looking to the
NW. (b) Folded Middle Permian shallow-marine limestones from the SE of the area. (c) Late Triassic limestones in
the south of the area only show gentle folding with shallowly E or W plunging hinges. (d) Jurassic flysch, only

found in the south of the area, is virtually undeformed.

The Pre-Ordovician to Carboniferous rocks are bound to the east by an ~ 35°, E-dipping fault (Fig. 4a). In
accordance with Kapp et al. (2003b) we interpret this fault to be a thrust. East of this fault contacts

between units, bedding, lenses and transposed foliations generally dip to the east and northeast, with a dip
of ~ 35° that gradually decreases towards the east. The Permian (c) is thus a sheet between mélange and
overlying blueschist. We could not recognize consistent sense-of-shear indicators on contact zones.
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However, we interpret the contacts as thrusts because of parallelism between the unit contacts and
foliations within units, as well as top to the S and SW shear indicators within the mélange. In our
interpretation, thrusting would have stacked the various units (together the “allochthonous”), with highly
different metamorphic grade and internal deformation onto the autochthonous basement of Pre-

Ordovician to Carboniferous rocks in the west.

The large Gangtang Co Granite truncates the contacts between the various units and is itself undeformed.
Intrusion of the granite at 210 + 5 Ma must, therefore, have post-dated thrusting of the allochthonous

units on top of the autochthonous basement.

2.2.5 Deformation of the Tertiary and Cenozoic strata

Terrestrial sediments lie unconformably on all previously mentioned units. Ages range from possibly

Cretaceous to Cenozoic (Kapp et al., 2005). Orientations of the gently folded beds roughly follow the

shape of the Qiangtang Culmination, suggesting it grew further during and after the Tertiary red bed
deposition. The Tertiary strata are cut by recent normal faults that have a minor sinistral component.
These faults are steep and approximately NE-striking. These transtensional faults locally form scarps in
Quaternary deposits. One major structure of this generation is the S-shaped, ~ 340 km long Yibuchaca
Fault, which extends across the whole area (Taylor et al., 2003).

3. Geochronology work in central Qiangtang terrane

U—Pb zircon geochronology of three samples of the Qiangtang basement, three samples of the subduction
mélange and two samples for the high pressure metamorphic rocks were analyzed to determine their
provenance and maximum sedimentary ages. Felsic mylonites (RZ-M1 and D823-RZ) and phyllite (RZ-
C1) are from the basement. Pelites constituted by quartz, mica and matrix (P13-41), diorite (P13-43) and
guartzite (P18-30) belong to the subduction mélange. Garnet-bearing mica-quartz schists with intense

foliation (P22-16 and P27-31) were sampled from the high-pressure unit. Sample locations are shown in

Fig. 3.

3.1 Analytical Methods

U, Th and Pb of all samples except D823-RZ were measured at the LA-ICP-MS Zircon U-Pb
Geochronology Experimental Center of China University of Geosciences (Beijing). Samples were

processed using conventional magnetic and density techniques to concentrate the non-magnetic, heavy
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minerals before zircons were finally handpicked at the Langfang Geological Experiment Center. Zircon
crystals were mounted and then polished to section the crystals for analysis. All zircons were imaged
using transmitted and reflected light microscopy, as well as cathodoluminescence (CL) to reveal their
internal structure. Before zircon LA-ICP-MS U-Pb isotopic analysis and prior to carbon coating, the
surface of the mounts was acid-washed in dilute HNO3 and pure alcohol to remove any lead

contamination.

The instrument couples a quadrupole ICP-MS (Agilient 7500a) and a UP-193 Solid-State laser (193 nm,
New Wave Research Inc.) with an automatic positioning system. Laser spot size was set to ~36 um for
analyses, laser energy density at 8.5 J/cm* and repetition rate at 10 Hz. The procedure of laser sampling is
5-s pre-ablation, 20-s sample-chamber flushing and 40-s sampling ablation. The ablated material is
carried into the ICP-MS by a high-purity Helium gas stream with a flux of 0.8 L/min. The whole laser
path was fluxed with N, (15 L/min) and Ar (1.15 L/min) in order to increase energy stability. The
counting time for U, Th, ***Pb, **Pb, **’Pb and ***Pb was 20 ms, and 15 ms for other elements.
Calibrations for the zircon analyses were carried out using NIST 610 glass as an external standard and Si
as internal standard. U-Pb isotope fractionation effects were corrected using zircon 91500 (Wiedenbeck
et al., 1995) as external standard. The ratio of the number of standard zircons to analyzed zircons was
1:10 during the test. Zircon standard TEMORA (417 Ma) from Australia (Black et al., 2003) was also
used as a secondary standard to supervise the deviation of age measurement/calculation. Isotopic ratios
and element concentrations of zircons were calculated using GLITTER (ver. 4.4, Macquarie University).
Concordia ages and diagrams were obtained using Isoplot/Ex (3.0) (Ludwig, 2003). Common lead was
corrected using LA-ICP-MS Common Lead Correction (ver. 3.15), following the method of Andersen

(2002). The analytical data are given in supplementary data.

The zircon grains of sample D823-RZ were analysed for U, Th and Pb using SHRIMP I at the Beijing
SHRIMP Center, Institute of Geology, Chinese Academy of Geological Sciences. Analytical procedures
followed those of Williams (1998), and data were processed using the Excel-based Squid and Isoplot
programs (Ludwig, 2003). Mass resolution during he analytical sessions was ~5000 (1% definition). Spot
sizes were 25-30 um, and the intensity of the primary O, ion beam was 4-6 nA. Each spot was rastered
for 120-180 s prior to analysis. Data were determined by taking 5 scans on *°Zr,'°0*, ***Pb*, background,
06pp* 207pp* 208pp* B8Y* B2TRIQY S8YI°O*. Common Pb corrections were made using the measured
2%ph; uncertainties quoted in the supplementary data are at 1o, whereas weighted mean ages of individual

samples are quoted at the 95% confidence level (20).
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Low concentration of **°U relative to ***U result in low concentrations of **’Pb in younger zircons, and in
substantially larger measurement uncertainty for ***Pb/*”’Pb. Consequently, the **Pb/*"’Pb ages for
younger grains are less precise than the ***Pb/~*U ages. As the expected ages from the basement are
<1000 Ma, we preferred to use the **°Pb/**U ages. Reported crystallization ages of younger (~500 Ma)
magmatism is generally based on a weighted average of ***Pb/~*U ages for a cluster of concordant
analyses. All analytical results are listed in the supplementary data. Random and systematic errors are
included in the supplementary data.

3.2 Analytical results
3.2.1 Samples from the Qiangtang basement

RZ-M1 is a felsic mylonite composed of quartz, plagioclase and muscovite with minor biotite from the
northern edge of the basement, about 20 km from the Myyigang Ri (Fig. 3). Excluding five discordia ages,
the remaining 35 zircons give a peak age of 464 Ma (Fig. 8). The average age of the ten youngest zircons
is 468 + 17 Ma (Fig. 9a). The youngest age from this sample is 468 Ma. Hence, the protolith age of this

felsic mylonite is 468 = 17 Ma. The age of mylonitization is unknown.

Quartzite sample RZ-C1 from alternating phyllites and quartzites has a well-developed foliation defined
by sericite and stretched quartz grains. It was collected ~ 10 km north of the Myyigang Ri (Fig. 3). The
age of the youngest zircon, from a population of 83, is 534 Ma, while the mean age of the youngest
population is 591 Ma (Fig. 8), which is taken as the maximum depositional age of the meta-sediment
(Dickinson and Gehrels, 2009).

Sample D823-RZ is from a mylonitic orthogneiss of granitic composition from the central part of the
Qiangtang basement (Fig. 3). It contains stretched quartz grains, feldspar porphyroclasts, and fine-grained
muscovite that define the foliation. Minor garnet and tourmaline porphyroclasts are also found. The
majority of zircon analyses in this sample are well concordant although there are two disconcordant
analyses of Precambrian age (Fig. 9b). Thirteen concordant analyses give an average age of 472 + 3.4 Ma,

which is assumed to represent the protolith age.

3.2.2 Samples from the subduction mélange

Argillite sample P18-30 comes from an extensive exposure of subduction mélange near the northern edge

of the mélange area (Fig. 3). All 72 zircon grains analyzed from this sample are of sufficient quality to be
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included in the age spectrum. This sample yielded a spectrum with many different peaks in the

Neoproterozoic and early Paleozoic, including strong peaks at 535 Ma, 903 Ma and ~ 1487 Ma (Fig. 8).

There is a group of ages at ~ 2500 Ma and the oldest age is 3278 Ma. The mean age, 535 Ma, of the

youngest population is taken as the maximum depositional age of this sample.

Sandstone sample P13-41 is from a layer located 10 km north of Rongma (Fig. 3). A total of 26 zircons

from this sandstone were analyzed and 19 of these passed the minimum requirements to be used in the

age spectrum. The age spectrum for this sample has two prominent peaks at 621 Ma and 976 Ma, with

another peak at 1622 Ma (Fig. 8). There is a small peak at 742 Ma and a scattering of ages between 1800

Ma and 2300 Ma. There is only one Archean age at 2850 Ma. The youngest zircon population gives a

maximum depositional age of 621 Ma.
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Fig. 8. Detrital zircon U-Pb age spectra for Qiangtang
basement, high-pressure rocks and subduction mélange,
compared with the spectra from other Himalayan—Tibetan
terranes, namely Lower Paleozoic Tethyan Himalaya from
Myrow et al. (2010), Neoproterozoic to Ordovician Western
Tethyan Himalaya from DeCelles et al. (2000), and the South

Qiangtang Duguer Range from Pullen et al. (2011). Age

spectra are plotted as relative probability curves, which were
made by fitting normal distributions to the zircon apparent
ages and their corresponding 2c errors. The same procedure
was applied to the original data provided by Myrow et al.
(2010), DeCelles et al. (2000) and Pullen et al. (2011). The

ages of the youngest peaks are provided, as well as the age of

the youngest zircon apparent ages were used, as our main
interest is in Phanerozoic ages. When multiple spot analyses
were obtained on a single zircon (from Qiangtang meta-
sandstones), only the most concordant result was plotted. “N”
is the number of individual zircon analyses. The arrow shows

the youngest zircon age in each sample.

Sample P13-43 is a diorite located near P13-41 (Fig. 3). It is composed largely of plagioclase, K-feldspar

and biotite with minor quartz and amphibole. The analyses from 18 zircons for this sample yielded a

crystallization age of 280 + 15 Ma. Four ~500 Ma ages are interpreted as inherited zircon ages (Fig. 9c).
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Samples P22-16 and P27-31 are from high-pressure units in the center of the mapping area (Fig. 3). They
are largely composed of quartz, muscovite and garnets. They have a well-developed banding defined by
layers of quartz and aligned muscovite and garnet-rich layers. There were a total of 146 valid analyses
that were used in the age spectrum (supplementary data). The resulting age spectrum has two broad,
overlapping peaks at ~ 550 Ma and ~ 990 Ma (P22-16 only). The maximum depositional age of these
high-metamorphic grade rocks is estimated as less than ~ 550 Ma.

4. Discussion

The Qiangtang terrane, one of the largest units of the Tibetan plateau, forms the largest exposure of
metamorphic rocks, including eclogites, in the interior of the Tibet. Understanding the character and
origin of these rocks is crucial to constrain the tectonic evolution of Central Tibet. Of particular interest is
the controversial question whether autochthonous basement is exposed in the area (Li et al., 1995, 2006)

or that mélange was thrusted underneath Paleozoic crust and now exposed by subsequent doming under a
flat-lying detachment (Kapp et al., 2000). In the following, we discuss the evidence for the presence of

basement in the South Qiangtang terrane and its relationship to other terranes. Recognition of
autochthonous basement and its relationship with the overlying subduction mélange helps to clarify the

formation and origin of this mélange.

4.1 The existence of the Qiangtang basement

The large area of exposed metamorphic rocks with different lithologies, metamorphic grades and
deformation characteristics has led to ongoing debate on the question whether there is basement, or not, in
the Qiangtang terrane. The central Qiangtang metamorphic rocks were initially interpreted to be Paleozoic
basement of the Qiangtang terrane, as it was mapped to be unconformably overlain by Devonian and

younger strata (Cheng and Xu, 1986) and as indicated by geochronology by Dong et al. (2011) and Wang

and Wang (2001). However, the central Qiangtang metamorphic mélange must be younger than early
Paleozoic, because it includes metasedimentary strata with Carboniferous to Late Triassic fossils (Kapp et
al., 2003b; Li and Zheng, 1993).

Our detailed mapping provides evidence for the presence of basement in the south Qiangtang terrane.
Four distinct units, the Qiangtang basement, the Ordovician slate and the Carboniferous sandstone, the
subduction mélange and the upper most Paleo-Mesozoic sediments could be defined in the central
Qiangtang metamorphic belt (Fig. 3). Evidence for the existence of the Qiangtang basement includes: (1)

the basement is composed mainly of quartzite, phyllite and minor mylonite, which is distinctly different
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from the subduction mélange that includes abundant mafic lenses and limestone, although both units show
similar metamorphic grade, except for the high-pressure units in the mélange. (2) The foliation Sh2
overprints cleavage Sb1l (Fig. 5¢, d, e) and is pervasive throughout the whole area (Fig. 3). However, no
correlation could be found between the strong Sm1 in the subduction mélange and Sb2. Contrary to the
basement, the subduction mélange experienced intensive non-coaxial shear with structures such as sigma
clasts and boudinage. (3) The Mid—Late Ordovician and Carboniferous strata are found to unconformably
overlie the basement. These units only share the second basement deformation event (Sb2) (Figs. 5a, b, 6a,
c). (4) The basement was intruded by a 472 + 3.4 Ma granite, which is older than the Permian to Late

Triassic mélange.
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Fig. 9. Concordia plots of U-Pb ion microprobe single spot analyses (error ellipses are 1) of zircon from mylonites
RZ-M1 (a) and D823-RZ (b) and diorite P13-43 (c). The minimum average ages of the three samples are 468 + 17
Ma, 472.6 + 3.4 Ma and 280 + 15 Ma, respectively.

4.2 Age of the Qiangtang basement

Fossils were not found within the basement. The age of the basement is thus determined with

geochronology and the relationship with the overlying Ordovician slates. The youngest zircon from a
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basement quartzite (sample RZ-C1) is 534 Ma and the mean of the youngest age population of this
sample 591 Ma (Fig. 8), so the maximum deposition age of basement is Cambrian or Late Precambrian.
Two ~ 470 Ma felsic orthogneiss samples (Fig. 9a, b) show that the basement was intruded by felsic
magma before the Middle Ordovician. This pre- 470 Ma age of the basement is also consistent with the

unconformity between the basement and the Middle to Late Ordovician strata.

Two other exposures of basement in Qiangtang terrane are the Gangma Co Gneiss (Kapp et al., 2000) and

the Duguer Range (Pullen et al., 2011). U-Pb ages of zircons from the Gangma Co Gneiss range from
419 to 556 Ma (Kapp et al., 2000) and from 476 to 471 Ma in the Duguer orthogneisses, which is similar

to our results (Fig. 8). Other basement rocks of the Tibetan Plateau have been documented in many papers

(Zhu et al., 2012, and reference therein). To the south of the Qiangtang terrane, the younger suite of the
Amdo Orthogneiss intruded the older basement between 540 and 460 Ma (Guynn et al., 2012). One

granite in the central Lhasa terrane (Fig. 1), which is unconformably overlain by low-grade Paleozoic
strata, yielded a U-Pb zircon age of 509 Ma (Gehrels et al., 2011). In the Himalayan Orogen, south of the

Indus—Yarlung Suture (Fig. 1), orthogneisses of the Greater Himalayan zone have yielded ages ranging

from ca. 500 to 480 Ma (DeCelles et al., 2000), whereas granites intruding this lithotectonic zone have

ages of 480-472 Ma (Gehrels et al., 2003). All these data suggest the prevalence of Cambrian—Ordovician

basement underlying vast areas of the Tibetan Orogen.

4.3 The origin of the south Qiangtang Early Paleozoic basement

Pullen et al. (2011) show that detrital zircons from the North and South Qiangtang terranes and the

Duguer Range, ca. 100 km west of our study area, all have similar age spectra, with primary peaks at ca
550, 800 and 950 Ma, which is comparable with our sample RZ-C1 (Fig. 8). These age spectra are also
similar to those from the Lhasa and the Himalaya terranes (Fig. 8). This similarity in zircon age spectra
implies that the Qiangtang terrane was contiguous with the Lhasa and Himalayan terranes along the

northern margin of Gondwana during early Paleozoic times (Gehrels et al., 2006; Kapp et al., 2003b;

Pullen et al., 2011). Most Gondwana reconstructions place the Lhasa and Qiangtang terranes at the
northern edge of India (Guynn et al., 2012; Metcalfe, 1996; Torsvik and Smethurst, 1999), although some

authors place the Lhasa terrane adjacent to the northern margin of Australia (Zhu et al., 2011). The

unconformity between the Ordovician strata and the basement is also observed in the Himalaya (Gehrels

et al., 2003) and Lhasa terrane (Zhu et al., 2012), which confirms that the Qiangtang terrane was part of

the Gondwana supercontinent at least until Late Ordovician times. The Qiangtang terrane must thus have

separated from Gondwana later than the Late Ordovician.
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Cawood et al. (2007) proposed the Bhimphedian Orogeny, which can be related to Andean-style

orogenesis in response to the final assembly of Gondwana at the northern margin of the Indian continent
in the Early Paleozoic. This orogenic event is not related to the Pan- African Orogeny, which is driven by
continent—continent collision during Gondwana assembly, but rather occurs on the margin of Gondwana.
After their >591 Ma deposition, the Qiangtang basement rock experienced Dbl and formed Sb1, which
may be in response to the southward subduction of the Proto-Tethys (Gehrels et al., 2006). In the

Himalaya area, metamorphism occurred around 490-480 Ma, soon after the end of deposition at 510-500
Ma. Granite formation and emplacement were largely post-tectonic and occurred at 480-470 Ma
(Cawood et al., 2007). We envisage that our granite intruded at ~470 Ma in a similar setting. This was

followed by erosion and renewed sedimentation in a passive margin setting in the Ordovician (Gehrels et
al., 2006).

4.4 Origin of the subduction mélange

Detrital zircons from the garnet-bearing phengite schist (samples P22-16 and P27-31) and from the low-
grade mélange (P18-30 and P13-41) have age spectra similar to those of the Early Paleozoic basement
(Fig. 8). The provenance of these rocks is thus inferred to be this basement, in accordance with Pullen et
al. (2011). Tectonic erosion of the Qiangtang basement would have been the main source for material in
the subduction mélange, which itself is younger. The 280 + 15 Ma gabbro sample P13-43 shows this, as

well as fossil evidence (Li_and Zheng, 1993). These younger ages are consistent with Late Triassic

exhumation of the mélange as already proposed by Zhai et al. (2011).

Kapp et al. (2000, 2003b) argued that the mélange was underthrust southward beneath the entire

Gondwana-affinity Qiangtang terrane by low-angle subduction of Paleo-Tethys oceanic lithosphere along
the Jinsha suture in the north (Fig. 2b) during Paleozoic—Mesozoic closure of the Paleo-Tethys ocean. The
mélange, initially below the basement, was subsequently exhumed as metamorphic core complexes. This
model is contrary to our mapping, which shows that the mélange overlies the Paleozoic basement and
Ordovician to Carboniferous slates (Fig. 4a,b), which are exposed to the west of the Rongma village

(Fig. 3). In the intra-Qiangtang suture model (Li, 1987; Zhai et al., 2011), the Longmu Co-Shuanghu

Suture Zone divides the Qiangtang terrane into a northern and southern part (Fig. 1). In this scenario, the
subduction mélange is derived, probably by tectonic erosion, from the overriding North Qiangtang terrane.

The North and South Qiangtang terranes were connected until Carboniferous times (Zhai et al., 2009).

Zircon age spectra in both terranes are therefore the same (Pullen et al., 2011) and the similarity with

spectra in the mélange can therefore not be used to distinguish between southward subduction below a

59



Chapter2

single Qiangtang terrane or northward subduction beneath the Northern Qiangtang terrane, as proposed

here.

Our observations are in support of the model where the subduction mélange was thrust over Paleozoic
crustal rocks of Gondwana affinity. The large scale, 3D model of the central area (Fig. 4b) shows that
mélange and Permian rocks form a stack of east-dipping sheets, contrary to the interpretation of Kapp et
al. (2000, 2003b) that the late Paleozoic rocks are on top of a flat-lying detachment. Furthermore, the

detachment model (Fig. 6a of Kapp et al., 2003b) is based on the rocks above the detachment west and

east of Rongma village to all be of the same (Carboniferous) age. Our mapping shows this not to be the
case, which casts further doubt on the existence of the detachment and underthrusting of the mélange.
Finally, the underthrusting model requires exhumation of the mélange from >35 km (Kapp et al., 2003b).

Although the mélange contains blueschist and even eclogite-facies rocks, large parts of the mélange are of
low metamorphic grade. Based on our observations, we summarize the geological history of the area in
the discussion that follows (Fig. 10).

The age of the Paleozoic basement (QB) is at the most the very latest Precambrian. Dbl deformation
produced the first tectonic foliation (Sb1) and the basement was intruded by granites around 472 Ma.
Middle to Late Ordovician slates and Carboniferous sand-siltstones (OC) unconformably overlie the
basement. All three units experienced Db2 deformation and were intruded by the Middle Permian gabbro

swarms. These units together form the Paleozoic autochthonous basement.

Permian sediments were deposited on the margins of the North and South Qiangtang terranes, which were

separated by the Paleo-Tethys since no later than Carboniferous times (Zhai et al., 2013). Closure of this

ocean by northward subduction (Li et al., 2006) led to the formation of the subduction mélange and high-

pressure rocks, which were exhumed during the Late Triassic (Zhai et al., 2011). Details of the

exhumation mechanism are beyond the scope of this paper, but in accordance with Beaumont et al. (2009),

Warren et al. (2008) and others we suggest that this may have occurred in the subduction channel between

the subducting oceanic plate and the overlying North Qiangtang continental crust. This is consistent with
the mélange containing rocks with a continental-crust and oceanic-plate affinity. Upon closure of the
suture, Permian sediments, low-pressure mélange and high-pressure rocks were thrusted towards the
south to southwest to form an allochthonous thrust stack on top of the South Qiangtang Paleozoic
autochthonous basement. Intrusion of the ~ 210 Ma Gangtang Co granite postdates thrusting and is thus
set in a late- to post-tectonic environment. Most Late Triassic intrusions and volcanics are found north of

the Longmu Co-Shuanghu Suture Zone, consistent with northward subduction (Zhai et al., 2012; Zhang
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et al., 2011). That the Gangtang Co granite intruded into South Qiangtang crust could be related to slab

break-off (Zhang et al., 2011). At the time of intrusion of the Gangtang Co granite, sedimentation

commenced again in the south of the study area, possibly in a flexural foreland basin related to the thrust

stack north of it.
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Fig. 10. Summary of the Paleozoic to early Mesozoic tectonic evolution of the South Qiangtang terrane. Left column:
stratigraphic column of autochthonous units. Allochthonous units (Permian sediments, subduction mélange and
high-pressure rocks) were obducted onto the Paleozoic autochthonous in Late Triassic times. Early Ordovician D1
represents the earliest granodiorite found in the South Qiangtang terrane, approximately coeval with the first
deformation event that formed Sh1. Permian gabbro (D2) records the rifting between the North and South Qiangtang

terranes. Magmatic activity (granite intrusions, D3) marks the latest stages of the subduction and following collision
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between the North and South Qiangtang terranes. Early Paleogene basalts (D4) formed during convergence between
the Indian and Eurasian continents. The simplified tectonic-evolution sketch of the south Qiangtang basement shows
that the allochthonous Triassic subduction mélange, including high-pressure rocks and overlying Permian sediments,
was obducted southwards onto the South Qiangtang basement. Post-collisional Jurassic to Cretaceous sediments
form a second, Mesozoic autochthonous series. Numbers refer to references: (1) this paper; (2) Li (2006); (3) Zhang
et al. (2012); (4) Zhai et al. (2009); (5) Zeng et al. (2002); (6) Kapp et al. (2003a,b); (7) Dai et al. (2012); (8)
Unpublished data; (9) Zhai et al. (2010); (10) Zhai et al. (2013); (11) Zhai et al. (2006); (12) Zhai et al. (2011); (13)
Zhang et al. (2006a,b).

After collision between the South and North Qiangtang terranes, the entire Qiangtang terrane became
more stable. Jurassic and Cretaceous sediments were deposited on top of the allochthonous after closure
of the suture, forming the Mesozoic autochthonous. North dipping reverse faults in the south Qiangtang
terrane may represent the collision stage between the Lhasa and amalgamated Qiangtang terranes and

may have caused exhumation of the Qiangtang basement in the Qiangtang culmination.

5. Conclusions

Detailed lithological and structural mapping in the South Qiangtang terrane allowed the definition of three
main units in the area: (1) the Paleozoic autochthonous basement of the Qiangtang terrane, (2) the
Mesozoic allochthonous with subduction mélange, from low- to eclogite-facies metamorphic grade, and
thrust sheets of Permian sediments, and (3) the overlying Mesozoic autochthonous of Jurassic to

Cretaceous sediments.

Detrital zircons and dating of orthogneisses constrain the age of the basement between ~ 591 and 470 Ma.
The basement is unconformably overlain by Ordovician slates with a basal conglomerate and
Carboniferous sand- and siltstones. Similarity with the Lhasa and Himalaya areas suggests that the
Paleozoic autochthonous basement was part of the northern margin of Gondwana during the Early
Paleozoic (Cawood et al., 2007; Pullen et al., 2011; Zhu et al., 2012).

Two radically different models have been proposed for the Mesozoic tectonics of the Qiangtang area: the
intra-Qiangtang suture model with northward subduction (Li, 1987; Zhai et al., 2011) and the underthrust
model with southward subduction (Kapp et al., 2000, 2003b; Pullen et al., 2011). A crucial difference

between the two models is that basement should structurally underlie the mélange in the first model, and
overlie it in the second. According to our mapping, the subduction mélange and thrust sheets of Permian

sediments overlie the Paleozoic autochthonous basement, which provides strong new evidence for the
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intra-Qiangtang suture model. In this model, the Paleo-Tethys subduction mélange and Permian
sediments were thrusted (~100 km) onto the south Qiangtang terrane during convergence between the
South and North Qiangtang terranes in the Late Triassic. Our findings in a small part of the Qiangtang
terrane will not end the controversy on the Mesozoic evolution of the area. More detailed stratigraphic
and structural mapping of the whole area will be needed to settle the debate and answer the question how

the high-pressure rocks were exhumed.
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original paper is included in Appendix A. The English translation is given below.

Abstract
Several issues have been disputed for a long time in Qiangtang terrane, northern Tibet, such as whether it
has the metamorphic basement, as well as the pre-Cenozoic history. Here we report the Tashishan
Formation, which located in the northern position of southern Qiangtang terrane, of Middle and Late
Ordovician is parallel unconformity on thick-bedded fossil-free low-grade metamorphic quartz sandstones
which has been interbedded by thin layer of marl. Nearly 600 detrital zircons dating results indicates that
the maximum sedimentary age of the free low-grade metamorphic quartz-sandstone is 527+7 Ma. And
more than 300 detrital zircons dating results indicate that maximum sedimentary age of the quartz
sandstone at the bottom of Tashishan Formation is 47116 Ma. The age gap between the quartz sandstones
above the unconformity and the underlying low-grade metamorphic quartz sandstone is up to 56 Myr,
indicative of an obvious depositional hiatus between two quartz sandstones. This further confirms that the
unconformity between the two quartz sandstones is Early Ordovician. An independent piece of evidence
is that fossil-free low-grade quartz sandstone was intruded by Early Ordovician granitoids (471-477 Ma).
The sedimentary rock underlying the unconformity is, therefore, named as Rongma Formation and
classified in Late Cambrian era in this study. Cathodoluminescence images and geochronological studies
indicate that the detrital zircons of quartz sandstones above the unconformity were mainly from
crystalline rocks which formed in the late period of the Pan-African event and close to their provenance.
This imply that the Late Pan-African crystalline rocks had exhumed in Early Ordovician, and then,

underwent denudation, providing material sources for the Middle and Late Ordovician sedimentary rocks.
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The discovery of the parallel unconformity of Ordovician reflects that the south Qiangtang terrane is one
portion of the Gondwana supercontinent, as Himalayan and Lhasa terranes. The distinctive difference in
Paleozoic strata between South Qiangtang and North Qiangtang terranes shows that there is an ancient
ocean basin between the two terranes in the Early Ordovician at least, and the two terranes evolved
independently.

Key words: Detrital zircon; Ordovician parallel unconformity; Pan-African event; South Qiangtang,
northern Tibet; Gondwana supercontinent

1. Introduction
A >500 km long EW-striking orogeny is located in central Qiangtang and nominated as Qiangtang

Culmination (Wu et al., 1986) which separated Qiangtang into north and south Qiangtang terranes (Fig. 1).
The tectonic characters of Qiangtang Culmination have been debated for decades. Wu et al. (1986)
assigned these metamorphic mélanges as Amugang Group, which is located in the central Qiangtang
Culmination. From base to top, they are gneiss, quartzite, greenschists and cherts and belong to pre-
Devonian Qiangtang basement. Moreover, the Qiangtang basement separated into two layers, crystalline
base and metamorphic softer cover (Huang et al., 2001). The Guogangjianian Group (~1111 Ma) and
Gemu Ri Group (>1111 Ma), which separated from assigned basement, belong to the Proterozoic
metamorphic basement (Wang and Wang, 2001). However, Li et al., (1997) argued that the metamorphic
rocks belong to Late Triassic mélange instead of basement of Qiangtang terrane (Li et al., 2003). The
metamorphic unit includes ultramafic blocks, mafic blocks and low-temperature eclogites and blueschists
(Li et al., 2006; Kapp et al., 2000; 2003; Zhang et al., 2006; Liu et al., 2011) which were assigned as
greenschists before by Wu et al, (1986). Furthermore, large divergence of sedimentary characters and
lithostratigraphy on both sides of the culmination show that the Qiangtang Culmination represents an
important boundary, which is an in situ suture zone (Li, 1987; Zhang et al., 2001). North Qiangtang
belongs to the Cathaysian domain, while, South Qiangtang has Gondwana affinity. This model was
argued by Kapp et al, (2000; 2003) who proposed that the Qiangtang Culmination is a metamorphic core
complex like structure. It formed by diapiring of deep subdcted material during southward low-angle
subduction of Jinsha suture, ~200 km to north. It is similar with back arc extension during subducted slab
rollback. Recently, Pullen et al, (2008) modified this underthrust model to island arc collision with
Qiangtang which induced core complex structures within Qiangtang terrane. They are not focused on
long-distance low-angle subduction of Jinsha suture. Core complex model assumes that the Qiangtang has
not been separated by a suture and that the main boundary of Eurasia and Gondwana is located in Jinsha
suture (Gehrels et al., 2011; Pullen et al., 2011). Some authors attribute the metamorphic belts as relics of
ophiolite, and there is no basement underneath it (Pan et al., 2012a, b). These mélange together with

mélange from the Bangong Hu-Nujiang suture zone to the south form the largest and spectacular relics of
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Tethys Ocean in Tibetan Plateau. In their view, the Longmu Co-Shuanghu suture and Bangong Hu-
Nujiang suture belong to one suture, which separate Gondwana from Eurasia, but different branches.
This manuscript reports parallel unconformity on the north edge of the South Qiangtang terrane and
identified the underlying quartz sandstone as pre-Cambrian in age, we assign it as Rongma Group. Our

conclusion tries to offer more evidences of geological evolution of Qiangtang terrane.
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Fig. 1 Simplified geological map of Rongma, northern Tibet (Modified after Liu et al., 2011 and Zhao et al., 2014).
LST-Lhasa terrane; SQT-south Qiangtang terrane; NQT-north Qiangtang terrane; HM-Himalaya Block; 1'YS-Indus-
Yalongzangbu suture zone; BNS-Bangong Hu-Nujiang suture zone; LSS-Longmu Co-Shuanghu suture zone; XJS-

Xijinwulan-Jinsha suture zone.

2. Geological background
The research area is located in Rongma, northern Tibetan Plateau (Fig. 1). Accretion mélange, low-

metamorphic grade Rongma Group (RG) quartz sandstone, Middle-Late Ordovician Tashishan Group
quartz sandstone intercalated with marlstone, Late Paleozoic siltstone and Neogene purple-red molasse
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cropped out in the research area (Fig. 1). Indosinian porphyritic granite intruded the low metamorphic
grade Rongma Group (Zhao et al., 2014). Accretion mélange is not in sequence and includes mafic blocks,
ultramafic blocks (e.g. pillow basalt, gabbro, serpentinite) and high-pressure, low-temperature
metamorphic rocks (such as, garnet-bearing and glaucophane-bearing blueschists) (Li et al., 2006; Pullen
et al., 2008; Liu et al., 2011). Other rock units, which are composed of greenschists, dark-gray micaceous
quartzite, chlorite-bearing micaceous quartzite and marble, also occur in the mélange. In the field, the
greenschists are spread over a large area and was nominated as Amugang Group (Wu et al., 1986). The
greenschists are strongly deformed and developed tight folds and non-root folds. It contacts with Rongma
quartz sandstone and Ordovician Tashishan Group by faults (Fig. 2, 3). The temporary named Rongma
Group is mainly consisting of middle to thick-layered metamorphic quartz sandstone intercalated with
thin layers of marl. The Middle-Late Ordovician Tashishan Group directly overlies the Rongma Group
(Fig. 2, 4). The Rongma Group quartz sandstone crops out extensively, from Shuanghu (east) to Gaize
(west), ~500 km long and ~50 km in width, which was nominated as the Amugang Group (quartzite
section) before (Wu et al., 1986).

Quartz sandstone (RG) is always middle to thick-layered and experienced strong deformation, but the
primary sedimentary bedding can still be recognized by composition differences in Rongma (Fig. 2). The
Tashishan Group was assigned by the geological survey group of Jilin University (2005), with the group
named after the location name ‘Tashishan’ (Fig. 1). About 20 km* Tashishan Group raft contacted with
Paleozoic strata in Tashishan area (Fig. 1), however, the base of this unit does not crop out. Abundant
Sinoceras was found in the upper siltstone or carbonate section, so it dated as Middle-Late Ordovician age
(Jilin University, 2005). Basal conglomerate (~20 m thick) based under Tashishan Group exihibit a better
outcrop near Rongma village (Fig. 1, 2). The fossil-bearing calcareous siltstone is conformably overlying
the basal conglomerate (Fig. 5) and gradually changes to quartz sandstone intercalated with thin layer
marls towards up. There are Sinoceras in the marls and calcareous siltstone which are the same as in the
Tashishan Group (Fig. 5). Although the Tashishan Group is strongly deformed, with S-C fabric
development and sheared Sinoceras, its sedimentary layering is still recognizable by intercalation of
sandstone and marl. The original sedimentary layering seems parallel to the underlying basal
conglomerate (Fig. 5). Carboniferous strata are missing in the research area. Ordovician rocks contact
with Permian mélange by faults (Fig. 2). Neogene Kangtuo Group molasse unconformably overlies all the
older units (Fig. 2).

3. Unconformity between Rongma Group and Tashishan Group
The unconformity is located 3 km west of Rongma village, Nima County (Fig. 1, 2). From top to bottom,

the profile includes (Fig. 4) the Tashishan Group, basal conglomerate and the Rongma Group. Overlying
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the basal conglomerate, > 50m and 10°-20° SW dipping. the Tashishan Group is composed of middle-
thick-bedded quartz siltstone and fine sandstone interbedded with marl and shale. In thin section, quartz
sandstone consists mainly of quartz (0.1-0.2mm) and minor muscovite, fine-grained zircon, tourmaline
and so on (Fig. 6). White-gray calcareous siltstone (~30m), intercalated with white arenaceous shale and
marl, is situated between quartz sandstone and the basal conglomerate. Fossils were not found in the

calcareous siltstone.

86°35' 86°36' 86°37'

32°59 132°59’

------

o !
32°58— 32°58'
Rongma Group Ordovician
sandstone - Basal conglomerate Tashishan Group - Basalt
5 : Carboniferous- Neogene Strike-slip fault
DGreenschlst units Barmianunits aiitln GRG / rike-slip fau
Parallel unconformity Angular unconformity \ Photo location A-A’ profile location

Fig. 2 Geological sketch map of Rongma area, northern Tibet (location sees Fig. 1)

The basal conglomerate (~20m thick) contains homogeneous pebbles, such as white-gray metamorphic
quartz sandstone (Fig. 5), which mainly derived from bottom units. The oval-shaped or subangular
pebbles are rounded and well sorted. Diameters of pebbles are approximately 3-12 cm and the largest may
be as long as 20 cm (Fig. 5d). The sedimentary layering is illustrated by diameter gradient, which
decreases towards the top (Fig. 5d, 6b). These graded layers are parallel with original layering in both the
overlying and underlying units, which indicates that the conglomerate is a sedimentary breccia and not a

tectonic breccia (Fig. 5a).
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regnschists
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Fig. 3 Structural juxtaposed relationship between
greenschist facies metamorphic rocks (left) and Rongma

low-grade metamorphic quartz sandstones (right)

ST Metamorphic sanstone ~ [S5% |Basal conglomerateFEE] sittstone [E==]sandy shate
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Fig. 4 Geological cross-section of Ordovician

unconformity in Rongma area, northern Tibet
NT71306-Rongma Group;

NT71305-Basal conglomerate;

NT71304, NT71303-Tashishan Group

Fig. 5 Field photos of Cambrian-Ordovician strata in the Rongma area, northern Tibet. a, basal conglomerate and

conformably overlying sandstone; b, fossil-bearing Ordovician marl; c,

basal conglomerate and conformably

underlying Rongma Group quartz sandstone; d, pebbles in basal conglomerate.
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The base of the Rongma Group consists of grey or pale-yellow gk
metamorphic quartz sandstone and conformably underlies the |
basal conglomerate (Fig. 2, 4, 5). The outcrop of the Rongma
Group does not show its base or any fossils. Under the
microscope, metamorphic quartz sandstone shows an
equigranular texture and massive structure. Contents include
quartz, feldspar and a small amount of mica (Fig. 6c). ~0.05-0.5
mm quartz grains account for a proportion of about 75% and
commonly have undulatory extinction under orthogonal polarized
light. The feldspar content is about 5%-10% and contains both
plagioclase and microcline (Fig. 6¢c). ~0.1 mm plagioclase and
~0.25 mm microcline may indicate near provenance deposits. The
argillaceous or calcareous cements are characterized by fine-
grained sericite, chlorite and other metamorphic minerals (Fig.

6¢). Minor euhedral zircons have been found in thin section.

Fig. 6 Photomicrographs of rocks above and beneath the unconformity
in the Rongma area, northern Tibet, respectively. a, Tashishan Group
sandstone (cross-polarized); b, basal conglomerate (single-polarized) ; c,
Rongma Group metamorphic sandstone (cross-polarized), part of matrix

contains sericite and chlorite.

4. Analysis methods
A total of 4 samples has been analyzed in this paper. They derived from underlying Rongma Group

metamorphic quartz sandstone (NT71306), middle basal conglomerate (NT71305) and overlying
sandstone (NT71303, NT71304) (Fig. 4). The sample location is 32°58'40” N; 86°35'20" E. Zircons were
separated using conventional heavy-liquid and magnetic techniques. Representative grains were
handpicked under a binocular microscope, mounted in epoxy resin disks, and then polished and gold
coated. Zircons were examined under transmitted and reflected light, and then imaged by
cathodoluminescence (CL) at the Beijing Sensitive High Resolution lon Microprobe (SHRIMP) Centre to

reveal their internal structures and decide laser positions.

Measurements of U, Th, and Pb concentrations of zircons were carried out by means of LA-ICP-MS at
the Key Laboratory of Isotope Geochronology and Geochemistry, Guangzhou Institute of Geochemistry,
CAS. A Resolution M-50 laser-ablation system was used in conjunction with an Agilent 7500 ICP-MS.

The clearest, least fractured rims of the zircon crystals were selected as suitable targets for laser ablation
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analyses. Sample mounts were placed in the two-volume sample cell flushed with Ar and He. Laser
ablation was operated at a constant energy 80 mJ and at 8 Hz, with a spot diameter of 31 um. The ablated
material was carried by the He gas to the Agilent 7500 ICP-MS. Element corrections were made for mass
bias drift, which was evaluated by reference to standard glass NIST 610 (Y.S. Liu et al., 2008). The data
processing was conducted using the Ludwig SQUID1.0 and the ISOPLOT/EX program (v. 3.0) of Ludwig
(2003). The detailed results are shown in table 1.
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Fig. 7 Cathodoluminescence images of detrital zircons from the rocks under and above unconformity in Rongma
area, northern Tibet, respectively. a, b CL images of detrital zircon from Rongma Group; ¢, d CL images of detrital
zircons from Tashishan Group. Oscillatory zoning is common. Minor zircons occur accretion rim and get rounded.

Red circle indicates laser beam location. Both dating numbers and individual ages are shown.

5. Analysis results
~80-180 pum zircons, derived from Rongma Group metamorphic quartz sandstone, are mostly elongate

and minor equiaxed or oval-shaped with oscillatory zoning (Fig. 7a, b). In CL images, crystal traits reflect

a magmatic character. Some of the zircons were rimmed by a dark accretion edge (Fig. 7a). Sample
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NT71306 was analyzed with 123 zircons and 128 laser spots which five more zircons tested both in the
cores and dark rims. The analysis results show a large variation in Th content (0.6 x10-6 - 674 x10-6), U
(23.9 x10-6 — 856.8 x10-6) and Th/U (0.01 — 2.42). Most of Th/U value are larger than 0.1 (Table 1). The
detrital zircons from metamorphic quartz sandstone yielded a wide range of ages from 527 to 3340 Ma
(Fig. 8a). The youngest zircon age is 527+7 Ma with 4% disconcordant and the oldest age is 3340 +33Ma
with 96% harmony (Fig. 8a).
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Fig. 8 Detrital zircon concordant diagrams for clastic rocks under and above the unconformity in Rongma area,

northern Tibet, respectively.

Overlying the unconformity, detrital zircons from Tashishan Group and basal conglomerate are mostly
columnar in shape with minor oval-shaped grains. Zircon grains range from 60um to 200um in size and
also developed oscillatory zoning under CL image (Fig. 7c, d). Some of the zircons grew with dark
accretion rim (Fig. 7d). About 302 detrital zircon grains and 311 laser spots from three samples (NT71303;
NT71304 and NT71305) were analyzed. Nine were grains analyzed both in core and newly grown rim.
Analysis results indicate a large range of Th, U and Th/U, 1.2 x10° — 281.5 x10°, 28 x10° — 1391.7 x10°®
and 0.01 - 3.32, respectively (Table 1). The ages fall between 471 Ma and 3552 Ma populations (Fig. 8b)
with the youngest age 471 +6Ma (95% concordant) and the oldest age 3552 +26Ma (99% concordant).
The chronological difference between the Rongma Group and the Tashishan Group is that 470-480Ma
ages only occur in the overlying Tashishan group and basal conglomerate (Fig. 8b). Furthermore, the
zircon CL image of 470-480Ma show a crystalline character which is distinct from other detrital zircons
(Fig. 7c, d).
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6. Discussion
Pullen et al, (2008) and Dong et al, (2011) proposed three main detrital age ranges, 500-700 Ma, 885-

1100 Ma and 2350-2580Ma, which peaked at 615 Ma, 980 Ma and 2485 Ma, respectively (Fig. 9).
Overlying unconformity, more than 300 detrital zircons dated around 470-520 Ma, 580-800 Ma and 950-
1100 Ma, with three main frequencies with largest peak ages at 500 Ma, 585 Ma, 800 Ma and 985 Ma.
But there are large age frequencies differences between the overlying and underlying units. The detrital
zircons from underlying units are all older than 525Ma and have different age accumulative traits which
are younger than 620 Ma. That indicates that the two units were deposited at different times and non in
sequence. In CL images, most of zircons crystallized with euhedral or semi-euhedral (except a few
roundedones) shape (Fig. 7) and maintained magmatic oscillatory zoning, demonstrated that they sourced
from crystalline rocks and close provenance. Moreover, both CL images and age frequency from the
overlying Tashishan Group are similar with results from neighbor regions, located 100 km to the west
(Pullen et al., 2011) and 50 km to the northwest (Hu et al., 2010) (Fig. 11). These results illustrate that
guartz sandstone of the Tashishan Group derived from nearby Pan-African crystalline rocks. Hence, the
crystalline rocks must be exhumed to the surface during the Early Ordovician and eroded into the nearby
basin which offered material to Ordovician sandstone in Rongma. Therefore, there was an orogeny or

culmination (similar to Qiangtang Culmination) in the Ordovician.
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Fig. 9 Detrital zircon age frequency diagram for clastic rocks under and above the unconformity in the Rongma area,

northern Tibet, respectively. The total of 311 zircons, which are derived from the Tashishan Group, are all our data.
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The underlying unit ages include our 128 data, 323 data from Pullen et al, (2008) and 145 zircon ages from Dong et
al, (2011). When individual ages are <1200Ma, we use **°Pb/***U, otherwise, **’Pb/**Pb were used.

Due to the absence of fossils in the metamorphic quartz sandstone of the Rongma Group, there are
debates about its age (Li, 2003) that hinders our understanding of the Qiangtang basement. Our work
attempts to reveal the age of this fossil-free unit, as well as the Qiangtang basement. A total of ~600
zircons, both from our results and the literature, shows that the maximum depositional age of the Rongma
Group is 527+7 Ma which is older than overlying Tashishan Group (471+6 Ma). According to this
difference, we conclude that the Rongma Group deposited during 527+7 Ma and 471+6 Ma. A strongly
deformed two-mica granite (100 km to west) was dated as 471-476 Ma (Pullen et al., 2011), which
coincides with our unpublished data. Our field observation found that this granite intruded the Rongma
Group. Zhao et al. (2014) documented another strongly deformed granite (471Ma) that intruded the
Rongma Group about 30 km NW of our research area. These evidences confirm that the Rongma Group
guartz sandstone deposited during 527+7 Ma and 476 Ma. Considering the sandstone must have
experienced burial diagenesis before it was intruded by granite at a certain depth, the Rongma Group
hence formed in the Middle-Late Cambrian in the north of the South Qiangtang terrane. Field
relationships show that this sedimentary discontinuity is parallel to the unconformity between Rongma
Group and Tashishan Group.
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Fig. 10 Stratigraphic correlation in Tibetan regions. Nepal strata-Gehrels et al, (2003; 2011), granite age-Schéarer
and Allegre, (1983); Johnson et al, (2001). Nielamu strata-Zhu et al, (2003), Magma age-Xu et al, (2005); Liu et al,
(2007a). Kangma strata-Zhou et al, (2004), granite age-Xu et al, (2005); Lee et al, (2000). Shenzha strata-Ji et al,
(2009), Magma age-Gehrels et al, (2011); Ji et al, (2009). Mangshi-Cai et al, (2013). Baoshan strata-Huang et al,
(2012); Tang et al, (1982), granite-Song et al, (2007). Rongma strata-Jilin University, (2005); this paper, granite-
Pullen et al, (2011); Hu et al, (2010). Sanchakou strata-Xia et al, (2006). Changsheshan strata- Jilin University,
(2005); this paper. Mankang strata-China Geological Survey, (1984). Kunming strata-Fang et al, (2000); Zhang et al,
(2013). Leshan strata-Xu et al, (2012). Detailed locations are shown in Figure 11.
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Fig. 11 Tectonic units and records of the Early Paleozoic orogenic events in the Tibet region. 1-Baig et al., 1988; 2-
Garyanti et al., 1986; 3-Miller et al., 2007; 4-Valdiya et al., 1995; 5; 21-Gehrels et al., 2003; 6-Zhu et al., 2003; 7-
Yinetal., 1974; 8, 9- Zhou et al., 2004; 10, 28, 33-Gehrels et al., 2011; 11-Huang et al., 2012; 12-Cai et al., 2013;
13-Xia et al., 2006; 14-Jilin University, 2005 and this paper; 16, 17-China Geological survey, 1984; 18-Miller et al.,
2001 and Spencer et al., 2012; 19- Decelles et al., 1998; 20-Godin et al., 2001; 22-Xu et al., 2005 and Liu et al.,
2007a; 23-Schérer et al., 1983 and Johnson et al., 2001; 24-Lee et al., 2000; 25-Dong et al., 2009; 26 -Liu et al.,
2007b; 27-Zhang et al., 2008; 29-Xie et al., 2010 and Guynn et al., 2012; 30-Sun et al., 2007 ; 31-Cai et al., 2013;
32- Dong et al., 2012 and Liu et al., 2012; 34-Hu et al., 2010; 35-Fang et al., 2000 and Zhang et al., 2013; 36-Xu et
al., 2012.
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LST-Lhasa terrane; SQT-south Qiangtang terrane; NQT-north Qiangtang terrane; HM-Himalaya Block; 1'YS-Indus-
Yalongzangbu suture zone; BNS-Bangong Hu-Nujiang suture zone; LSS-Longmu Co-Shuanghu suture zone; XJS-

Xijinwulan-Jinsha suture zone.

According to the comparison of Early Paleozoic strata (Fig. 10, 11) within and around the Tibetan Plateau,
we conclude that 1) the central Qiangtang Culmination separates northern Eurasia from southern
Gondwana by geological records, 2) the Early Ordovician unconformity developed from south Himalaya
to South Qiangtang and extending to the east, such as the Baoshan Block in Yunnan, China, 3) the
unconformities are mainly parallel, although local angular unconformities formed occasionally (Tan et al.,
1982; Zhu et al., 2003; Zhou et al., 2004; Jilin University, 2005; Ji et al., 2009; Huang et al., 2012; Cai et
al., 2013; Gehrels et al., 2003; 2011). Intensive 460-510 Ma magmatic activity occurred in the southern
Qiangtang Culmination and always intruded Cambrian strata (Fig. 10, 11) (Xu et al., 2005; Song et al.,
2007; Ji et al., 2009; Hu et al., 2010; Cai et al., 2013; Schérer et al., 1983; Johnson et al., 2001; Liu et al.,
2007a, b; Pullen et al., 2011; Gehrels et al., 2011). During the Middle-Late Ordovician, these regions
experienced continued deposition and weak magma intrusion activity. However, the eastern Tibetan
Plateau (Yunnan and Sichuan Basin) experienced a continued sedimentary event during the Cambrian to
Ordovician without obvious interruptions (Fig. 10) (Fang et al., 2000; Xu et al., 2012; Zhang et al., 2013).
Nonetheless, the unconformity formed after the Early Ordovician and upper Ordovician to lower
Devonian strata are absent (Fang et al., 2000; Jilin University, 2005; Xia et al., 2006; Xu et al., 2012;
Zhang et al.,, 2013). The overlying Devonian molasses cover Early Ordovician strata with large
unconformable angles (Fig. 10) and 460-510 Ma magmas are absent which is instead of developing

younger Caledonian orogeny (Fig. 10, 11).

Differences between north and south Qiangtang terranes developed as early as the Cambrian-Ordovician
(Fig. 10, 11). The south Qiangtang terrane connected with Lhasa and Himalaya terranes to the south and
the Baoshan block to the southeast. All these terranes experienced ~500 Ma Pan-African movement and
assembled together during formation of the Gondwana supercontinent. At Middle-Late Ordovician times,
break-up of the Gondwana supercontinent contributed a marine transgression and led to Middle-Late
Ordovician strata unconformably overlying Cambrian basement. However, the north Qiangtang terrane
has Yangtze affinity and experienced strong Caledonian fold affects, which indicates that an old ocean

separated the south and north Qiangtang terranes in the Cambrian-Ordovician.

7. Conclusion
1. The Rongma Group metamorphic quartz sandstone is unconformably underlying Middle-Late

Ordovician Tashishan Group on south Qiangtang terrane.

2. Provenance of the Middle-Late Ordovician Tashishan Group is local crystalline rocks, which recorded
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the Pan-African orogeny event. The Rongma Group exhumed to surface at Early Ordovician times,
before later intensive erosion. That means an ancient culmination was forming and delivering
sediments to nearby basins.

3. The north and south Qiangtang were separated as early as the Cambrian-Ordovician by an ocean and

started their independent evolution.
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Abstract
Conflicting interpretations of the > 500 km long, east-west-trending Qiangtang metamorphic belt have
led to very different and contradicting models for the Permo-Triassic tectonic evolution of central Tibet.
We define two metamorphic events, one that only affected pre-Ordovician basement rocks and one
subduction-related Triassic high-pressure metamorphism event. Detailed mapping and structural analysis
allowed us to define three main units that were juxtaposed due to collision of the north and south
Qiangtang terranes after closure of the Ordovician—Triassic ocean that separated them. The base is formed
by the Precambrian—Carboniferous basement, followed by non-metamorphic ophiolitic mélange
containing mafic rocks that range in age from the Ordovician to Middle Triassic. The top of the sequence
is formed by strongly deformed sedimentary mélange that contains up to > 10 km size rafts of both
unmetamorphosed Permian sediments and high-pressure blueschists. We propose that the high-pressure
rocks were exhumed from underneath the south Qiangtang terrane in an extensional setting caused by the
pull of the northward subducting slab of the Shuanghu-Tethys. High-pressure rocks, sedimentary
mélange and margin sediments were thrust on top of the ophiolitic mélange that was scraped off the
subducting plate. Both units were subsequently thrust on top of the south Qiantang terrane continental
basement. Onset of Late Triassic sedimentation marked the end of the amalgamation of both Qiangtang
terranes and the beginning of spreading between Qiantang and north Lhasa to the south, leading to the

deposition of thick flysch deposits in the Jurassic.

Keywords: Qiangtang Terrane, Tibet, exhumation, high-pressure metamorphism, subduction
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1. Introduction

The Tibetan plateau is an amalgamation of terranes that were accreted to the southern margin of Eurasia
during Phanerozoic times (Yin and Harrison, 2000). From north to south, these terranes are the Qilian
Shan, Qaidam, Songpan-Ganzi flysch complex, Qiangtang and Lhasa terranes (Fig. 1a). Terrane
boundaries are defined by widely scattered belts of ophiolitic fragments and mélanges with high-pressure
rocks (Zhu et al., 2012). These represent the opening and closure of several oceans. However, which
ocean subducted where, when and in which direction is still subject of ongoing controversy. For example,
Triassic subduction mélange and high-pressure rocks that are exposed in the Qiangtang metamorphic belt
in central Tibet are interpreted in radically different ways (Kapp et al., 2003b; Li et al., 2006; Zhai et al.,
2011a; Liang et al., 2012; Zhao et al., 2014).

Li et al. (1987) interpreted the blueschists and subduction mélange as the remnants of a Late Triassic
suture zone. They proposed that the Qiangtang terrane was separated into a northern and a southern
terrane by the Paleo-Tethys Ocean. As a result of northward subduction of this Paleo-Tethys underneath
the north Qiangtang terrane (NQT), high-pressure rocks and subduction mélange were thrusted south-
ward onto the south Qiangtang terrane (SQT) (Zhang et al., 2006b; Zhai et al., 2011b; Zhao et al., 2014).
The inferred suture between the two terranes is called the Longmu Co-Shuang Hu suture (short
“Shuanghu” suture). The alternative to this “overthrust” model is the “underthrust” model of Kapp et al.
(2000, 2003b) and Pullen and Kapp (2014), in which the Paleo-Tethys separated a single Qiangtang
terrane in the south and the Songpan—Ganzi flysch complex in the north. The Paleo-Tethys subducted to
the south underneath the Qiangtang terrane along the Jinsha suture (JSS). High-pressure rocks and
mélange were subsequently exhumed by core-complex-like normal faulting and doming in the middle of
the Qiangtang terrane. To avoid confusion of the names of the various oceans, we use the term
“Shuanghu-Tethys” for the ocean that is proposed to have separated the SQT and NQT and subducted at
the Shuanghu suture.

The two different models thus predict totally different tectonic histories of central Tibet and, therefore,
the initial boundary conditions for Cenozoic growth of the Tibetan plateau. Here we present the results of
detailed mapping and structural reconstruction of the Rongma area in the centre of the Qiangtang
metamorphic belt. These results support the overthrust model and thus indicate that the north and south of

the Qiangtang terrane were once separated by an ocean that closed in the Late Triassic.

83



Chapter4

2. Regional setting
The Qiangtang terrane is located in the centre of the Tibetan plateau (Fig. 1a). It extends for more than

1200 km from east to west and reaches a maximum width of ~ 500 km. South-east of the Tibetan plateau
it connects with the Sibumasu terrane (Metcalfe, 2009). The Songpan-Ganzi flysch complex lies to the

north of it, with the Jinsha Suture Zone (JSS) in-between (Yin and Harrison, 2000).
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Figure 1. (a) Structural sketch of Tibet. From north to south, the sutures are Jinsha suture zone (JSS);
Longmu Co-Shuanghu suture zone (LSS); Bangong—Nujiang suture zone (BNS); and Indus—Yarlung
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northern margin of the south Qiangtang terrane. The LSS zone separates the south Qiangtang from the
north Qiangtang terrane in the northeast of the area. Strikes and dips are the properties of main tectonic
foliation in strongly deformed rocks, while bedding is the property of less deformed rocks. Rectangles
show the locations of structural reconstructions in Fig. 5. Numbers in parentheses refer to the following
references: (1) Li et al. (2007); (2) Zhai et al. (2010); (3) Zhai et al. (2013b); (4) Wang et al. (2008a); (5)
unpublished data; (6) Zhai et al. (2009); (7) Zhao et al. (2014); (8) Kapp et al. (2003b); (9) Zhu (2005).

This suture zone represents the Paleo-Tethys (or a branch of it) between Eurasia and the Qiangtang
terrane that was consumed by southward subduction beneath the Qiangtang terrane in Late Triassic to
Early Jurassic times (Dewey et al., 1988; Nie et al., 1994; Yin and Nie, 1996; Kapp et al., 2003b). The
Bangong— Nujiang suture zone (BNS) separates the Qiangtang terrane from the Lhasa terrane to the south.
It is characterized by an > 1200 km long EW-trending belt of widely scattered ophiolitic fragments that
are associated with a thick sequence of mainly Jurassic flysch, mélange and volcanic rocks (Wang et al.,
1983). The belt exhibits an anomalously large across-strike width, especially in far western Tibet between
Rutog and Shiquanhe and northwest of Lhasa between Xainza and Amdo (Kapp et al., 2003a).

Some regard the Qiangtang terrane as a single terrane (Kapp et al., 2003b; Pullen et al., 2011) that,
together with the Sibumasu terrane, separated from Gondwana in Paleozoic times (Metcalfe, 2009).
Others divided the terrane into a north Qiangtang and a south Qiangtang terrane (Li et al., 2009; Liu et al.,
2011). In this model, the two terranes were separated by the Shuanghu suture that closed in Late Triassic
times by northward subduction of ocean underneath the NQT. This north—south division will be used
throughout this paper. It should be noted that the SQT and NQT are equivalent to the east and west
Qiangtang terranes of Zhu et al. (2012) respectively.

In the SQT, the autochthonous units consist of low metamorphic grade pre-Ordovician basement,
unconformably overlain by Middle Ordovician siltstone and Carboniferous flysch and sandstone,
including glaciomarine deposits, all with Gondwana affinity (Zhao et al., 2014). Only Late Devonian
limestones and Early Carboniferous limestone intercalated with siltstone are exposed on the southern
margin of the NQT. Permian sediments are different in the NQT and SQT. In the SQT, only Middle
Permian limestones are exposed, characterized by cold-water fauna (Li et al., 1995; Zhang and Tang,
2009). In the NQT, only Late Permian sedimentary rocks are found, comprising sandstone, mudstone and
limestone with abundant warm water fusulinid and coral fossils of Cathaysian affinity (Li et al., 1995;

Zhang and Tang, 2009). Lower to Middle Triassic sediments are only found on the southern margin of the
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NQT (Fig. 1b). These are bathyal sediments including fossiliferous limestone, massive limestone, oolitic

limestone and minor intercalated sandstone and siltstone layers.

Late Triassic terrestrial sediments, limestones and volcanics are the first post-collisional deposits in both
the SQT and NQT. Magmatic arc volcanics dominate on the southern margin of the NQT (Zhai and Li,
2007; Zhai et al., 2013a), whereas the occurrence of limestone increases towards the south. During the
Jurassic, marine sediments were deposed on both the SQT and NQT, while Cretaceous limestones are
only found on the SQT (Kapp et al., 2005). Tertiary, and possibly also late Cretaceous, conglomerates
unconformably overlie all above rocks in intramontane, fault-bounded basins (Kapp et al., 2005).

High-pressure rocks, including blueschists and eclogites, as well as subduction mélange with ophiolitic
fragments are found scattered over an > 500 km long, EW-striking belt in the middle of the Qiangtang
terrane: the central Qiangtang metamorphic belt (Kapp et al., 2003b; Zhang et al., 2006a; Liu et al., 2011).
Ar-Ar analyses on synkinematic phengite, zircon U-Pb and Lu-Hf isotopic ages from high-pressure units
yielded ages from 244 to 214 Ma (Pullen et al., 2008; Zhai et al., 2011b), which is interpreted to provide
an estimate for the age of suture zone closing (Li et al., 2009) as well as exhumation of the high-pressure
rocks. These ages coincide with those of granitoids in the Qiangtang terrane, which range in age from 234
to 177 Ma (Zhang et al., 2011). Only one Late Triassic granite, the ~ 210 + 4 Ma Gangtang Co granite
(Kapp et al., 2003b) is found in the SQT within the study area. This large, undeformed granite intruded
both mélange and basement rocks (Kapp et al., 2003b; Zhao et al., 2014). This granite thus marks the end
of collisional activity and is approximately coeval with volcanic deposits in the NQT and the SQT.

Based on the brief overview above, the rocks in the Qiangtang terrane can be divided into three groups.
The first consists of autochthonous continental crustal rocks older than the Late Triassic ocean closure,
including pre-Ordovician basement rocks and overlying Ordovician to Triassic units. Units deposited
after closure, including the Gangtang Co granite, form the second autochthonous series. These range from
Late Triassic sediments and volcanics to recent terrestrial deposits. The third group is formed by the
mélange and high-pressure rocks and also includes blocks and rafts of the older autochthonous series
rocks. The two conflicting models make testable predictions on stratigraphy, metamorphic grade and
structural relationships between the different rock units in the study area. These are briefly discussed here.
This is followed by a more detailed overview of the stratigraphy in the critical period from the Permian to
the Triassic and a structural geological analysis. The observations are then compared with the predictions

of the different models.
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2.1. Cold- vs. warm-water fauna

In the underthrust model, the Qiangtang terrane formed one single block that drifted northwards from the
Gondwana margin. Permian to Middle Triassic sediments are expected to reflect this northward drift by
showing a trend from cold- to warm-water faunas. Contemporaneous sediments on the NQT and SQT
should not show a significant difference in paleolatitude (Pullen and Kapp, 2014). In the overthrust model,
the NQT and SQT were separated by an ocean of unknown width. Contemporaneous Permo-Triassic
sediments would then be deposited on terranes with potentially significantly different latitude, and cold-
water fauna is to be expected in the SQT but not in the NQT (e.g. Li et al., 1995).
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Figure 2. (a) Permian to Jurassic lithostratigraphic columns for the Qiangtang area, from south (left) to
north (right); (b) structural and stratigraphic relationships. Basement, ophiolitic mélange and sedimentary
mélange with blueschists and Permian sediments form a stack of thrust-bounded sheets. These are
unconformably overlain by Late Triassic sediments and volcanics. Sources: (1) Li et al. (2007) and (2)
Wang et al. (2008a).

87



Chapter4

2.2. Metamorphic grade

In the underthrust model, the mélange is formed between the Qiangtang terrane continental crust and the
subducting oceanic plate, which is thought to subduct southward at a shallow angle. This implies that all
mélange rocks were once buried below the Qiangtang continental crust, down to a depth of at least 35 km
(Kapp et al., 2003b). In the overthrust model, the mélange, including high-pressure rocks, derives from
the Shuanghu suture in the north of the study area. This mélange may include high-pressure rocks but not
necessarily exclusively, such as in the case of the Franciscan complex (e.g. Agard et al., 2009). The
distribution of metamorphic grade in the allochthonous units is thus an important criterion to distinguish

between the two models.

2.3. Structural position of the mélange

In the underthrust model, the mélange is exhumed by normal faulting that produced metamorphic core-
complex-like domes south of the JSS suture zone. This occurred due to rollback of the subducting slab
(Kapp et al., 2000, 2003b; Pullen et al., 2011) or later during Jurassic extension (Fu et al., 2010a).
Continental crust should thus lie structurally above the mélange, separated by normal faults. The opposite
is to be expected in the overthrust model, which envisages the mélange to be thrust over the SQT.
Mélange should then structurally overlie autochthonous crustal rocks, separated by thrusts (Zhao et al.,
2014).

3. The basic stratigraphic and lithological frame in the Qiangtang terrane

Here we review the Permian to Jurassic stratigraphy of the study area (Fig. 2a), including lithofacies,
paleontology and paleogeography, with particular attention to the Late Triassic unconformity.
Stratigraphic age assignments were made by correlating lithostratigraphy with biostratigraphic sections

within or near the study area.

3.1. Pre-collision stratigraphy and lithologies

Pre-Ordovician basement rocks crop out in the SQT in the Rongma area around the Gangtang Co granite
and as a thrust sheet at Mount Mayigang Ri. These rocks are dominantly quartzite and phyllite,
experienced greenschist-facies metamorphism and were deformed twice (Zhao et al., 2014). Detrital
zircons show that the basement was pre-Ordovician in age and has a Gondwana affinity (Dong et al.,
2011). It is unconformably overlain by slates of the Tashishan formation, dated as Middle to Late
Ordovician with Sinoceras—Michelinoceras fossils (Li et al., 2004; Zhao et al., 2014). Within the area,
Ordovician rocks are only found in two small areas near Rongma Village. The Devonian is only

represented in the NQT; in the NQT, Carboniferous limestones are found just northeast of the study area
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(Li, 2006). Carboniferous sandstones with cephalopod fossils also unconformably overlie pre-Ordovician
basement rocks west of Rongma. Fossiliferous Carboniferous siltstones in the NQT were dated as Late
Carboniferous (Wu et al., 2009). Ordovician to Carboniferous sediments are not metamorphosed and only
one deformation phase can be recognised by folding, boudinage and cleavage development (Zhao et al.,
2014). The first deformation phase observed in the basement is thus pre-Ordovician, whereas the second

must be post-Carboniferous.

Only the Middle Permian Longge Group (P2l) is found in the SQT. This unit comprises massive, poorly
bedded reef or platform limestones including micritic bioclastic limestone, sparry oolitic limestone,
dolomicrite, and brecciated dolomite. Fossils are abundant, including stromato-poroids, crinoids,
brachiopods, gastropods, corals, benthic foraminifera and fusuline, constraining the age to the Middle
Permian. This fusuline fauna is characterised by the presence of the distinctive bitemperate fossils (Zhang
et al., 2014). These strata occur as large fault-bounded rafts within the mélange, with a maximum
thickness of ~ 5000 m. Early to Middle Permian strata are absent in the NQT, where only the Upper
Permian Rejuechaca Group (P3r) occurs. It consists of grey to light-grey massive bioclastic limestone and
dark-green layered micritic limestone with brachiopods and gastropods. These platform limestones reach >
500 m in thickness and contain marine faunas of typically Cathaysian provenance (Wu and Lang, 1990;
Chen et al., 2009; Zhang et al., 2012b).

Late Permian to Middle Triassic strata are missing in the SQT. However, in the NQT, the Lower Triassic
Kanglu Group (T1k) conformably overlies the P3r. Its thickness can reach ~ 950 m. This unit consists
mainly of cyclically alternating purple, yellow or grey fine-grained sandstones, siltstones and marls. The
Lower Triassic age is confirmed by the presence of Claraia fossils. The overlying > 1500 m thick
Yingshuiquan Group (T1-2y) consists of light-grey, massive oolitic limestone intercalated with thinly
layered quartz and feldspathic sandstone. The limestones are sandy and contain abundant bivalves and
brachiopods. The Lower Triassic sequence is topped by the Kangnan Group (T2k) (< 310 m), which

consists of grey-green, fine-grained marls at the base and a bivalve-rich limestone at the top.

3.2. Syn- to post-collision stratigraphy and lithologies
The terrane-wide, Late Triassic unconformity marks the end of subduction activity (Zhai et al., 2011a)

and the beginning of a new cycle of sedimentation that continued through most of the Mesozoic.

In the NQT, the base of the Late Triassic sequence is formed by T3x and T3z. Polymictic conglomerates,

pebbly siltstone and mudstone are found at the base of the Xiaogiebao Group (T3x). Overlying the basal
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conglomerate are pillow basalt, basaltic lavas, andesite, rhyolite, tuffites, intraformational breccias and
mass flow deposits. These, in turn, are overlain by several tens of metres of coral-bearing limestones and
plant-debris-bearing sandstone with some conglomerate. The upper unit is the Zhana Group (T3z) that
mainly consists of fine-grained lithic sandstone, tuffaceous sandstone and siltstone (Zhang et al., 2005).
The total thickness of these units is more than 2000 m. The Late Triassic Nadigang Ri Group (T3n) in the
NQT starts with a set of fluvial conglomerates (Zhu et al., 2013), followed by mainly basaltic volcanic
breccia, basalt and layered quartz andesite. Minor terrestrial intervals occur in the predominantly volcanic
succession. A rhyolite in this sequence was dated at 208 Ma (Wang et al., 2007). The total thickness of
the Nadigang Ri Group is about 800 m.

Sediments of the Late Triassic Tumengela Group (T3t), Jiaomuchaca Group (T3j) and Wanghuling Group
(T3w) are found in the middle of the study area, unconformably overlying the mélange. The Tumengela
Group is characterized by thick-bedded, coarse to pebbly lithic sandstone and fine-grained feldspar—
quartz sandstone at base. The middle unit is occupied by a dark-grey, rhythmic sequence of layered
carbonaceous shale, silty shale or greyish-yellow calcareous silt. The uppermost part is composed of grey
micrite and dark-grey calcareous mudstone (Zhu et al., 2013). The lower part of the T3j consists of
conglomerates and platform-facies limestone, while the upper part is formed by reefal limestone with
corals, brachiopods, sponges and crinoids (Zhu et al., 2013). Components of the conglomerate include
poorly sorted volcanic debris, limestone and chert. The Wanghuling Group commences with a
conglomerate with highly variable clasts that include limestone, basalt, sandstone and high-pressure rocks.
Upwards, the conglomerate grades into sandstone intercalated with siltstone, followed by ~ 300 m of
tuffaceous sand- and siltstone, rhyolite and limestone intercalations. One rhyolite layer was dated as 214
+ 4 Ma and actinolite from the underlying units gave an Ar-Ar age of 219.7 = 6.5 Ma (Li et al., 2007;
Wang et al., 2008a).

On the SQT, Late Triassic sedimentation commenced with conglomerates to sandstones (Li and Wen,
2007) unconformably overlying Permian sediments, as well as mélange. In the south of the area, the basal
clastic sediments are overlain by medium- to thick-bedded clastic sediments and carbonates of the
Riganpei Co Group (T3r) (> 3000 m). This fossiliferous group mostly consists of grey micritic limestone
and oolitic limestone, intercalated with breccia, calcarenite and shell-clastic limestone, deposited in a

marginal sea or carbonate platform (Zhu et al., 2013).

From south to north the Late Triassic shows a transition from shallow marine, carbonate dominated

sediments towards terrestrial fluvial sediments and an increasing amount of bimodal volcanic deposits
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that dominate the sequence in the NQT (Fig. 2b). Onset of sedimentation progresses from ~ 220 Ma in
the south to ~ 206 Ma in the north.

3.3. Post-collision stratigraphy and lithologies

The Early Jurassic Quemo Co Group (J1q, ~ 1700 m thick) unconformably overlies the T3n on the NQT.
The base of this unit is characterized by coarse clastic rocks deposited in a river-delta environment. This
unit grade upwards into several cycles of mud limestone, oolitic limestone, mudstone, argillaceous
siltstone and sandstone, representing an overall transgression (Fu et al., 2010b). This is followed by the
Middle Jurassic Xiali Group (J2x) that shows a regressive sequence throughout the north Qiangtang basin.
The lower part of this unit is composed of mudstone interbedded with sparry oolitic limestone, while the

upper part consists of mudstone, micritic limestone and gypsum intercalations (Zhang et al., 2006c).

In the southern part of the area, < 1000 m thick Jurassic strata of the Sewa Group (J1-2s) conformably
overlie the Triassic (T3r). The group consists of dark shales, siltstones, fine- to medium-grained
sandstones with olistoliths, limestone lenses and quartzite. The whole sequence of sandy foreshore or
shore facies sediments is possibly related to the earliest stages of basin subsidence in the southern
Qiangtang realm during Early Jurassic extension (Duan et al., 2009; Schneider et al., 2003) and Meso-
Tethys formation (Baxter et al., 2009). Tertiary (possible even Late Cretaceous) to recent terrestrial
sediments, mostly conglomerates, covers the area in scattered, usually fault-bounded basins (Kapp et al.,
2005).

3.4. Lithologies and metamorphism of the mélange in the Qiangtang terrane
The subduction mélange, only found on the SQT, is divided into three lithologies: (1) ophiolitic mélange
(Zhai et al., 2007, 2010), (2) sedimentary mélange consisting of deep-water clastic sediments together

with blocks and rafts of high-pressure rocks and (3) Permian limestones (Zhang et al., 2012a; Fig. 1b).

The ophiolitic mélange consists of gabbro, diabase and basalt blocks and lenses, intercalated with deep-
water siltstone, with minor chert, mudstone, sandstone and limestone. The mafic rocks have ocean-island
or MORB affinities (Zhai et al., 2004; 2007) and range in age from the Ordovician to Triassic. Ordovician
to Carboniferous gabbro ages were reported from rocks in the NW of the study area (Fig. 1b), which were
interpreted as Paleozoic ophiolitic segments (Zhai et al., 2009, 2010, 2013b). Permian ophiolitic mélange
was first documented by Zhai et al. (2007) in the Jiaomu Ri area. Northwest of Rongma village, mélange
of gabbro blocks, pillow basalt and minor ultramafic blocks embedded in siltstone have Permian and

Triassic ages (Li et al., 2009; Zhang et al., 2012a). Most of these mafic rocks preserved their original
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structures such as amygdules in basalt (Fig. 3a). In a thin section, the gabbros show no signs of strong
deformation or of metamorphism (Fig. 3b). That means that the ophiolitic mélange was never buried to

significant depths.

The sedimentary mélange is mainly found south of Mayigang Ri, north and east of Jiaomu Ri and in an
east-west- to southwest—northeast-trending belt in the southern part of the study area (Fig. 1b). Its
composition is highly variable and includes sandstone, siltstone, mudstone, chert, thinly bedded limestone
and minor mafic blocks. Competent lithologies are embedded as lenses in a strongly foliated matrix (Fig.
3c). Various sedimentary structures are preserved, such as Bouma sequences, graded bedding, load casts
(Fig. 3d) and flute marks. Sections of the stratigraphy are preserved but disturbed by folds and faults (Fig.
3e). The sediments are not metamorphosed, as can be seen from a lack of recrystallisation in a fine-
grained siltstone (Fig. 3f). Fossils show that occasional limestone blocks are of Permian age (Zhang et al.,
2012a). Preservation of fossils and primary sedimentary microstructures show that the sedimentary
mélange was not metamorphosed. However, the Permian limestones in contact with blueschists NE of
Rongma trend towards strongly deformed marbles at that contact. The marbles contain assemblages of
calcite + tremolitic amphibole + epidote £ garnet + quartz, which indicates elevated temperatures (up to ~
500 °C) but relatively low pressure (Bucher and Frey, 2002). Microstructures indicate strong ductile
deformation of the calcite (twinning, dynamic recrystallisation) after at least growth of tremolitic
amphibole (Fig. 4a). The garnet, however, appears to have grown post-tectonically, implying a syn- to
post-tectonic thermal event (Fig. 4b).

High-pressure rocks are found in association with the clastic sediments and Permian limestones of the
sedimentary mélange. Main outcrops of high-pressure rocks are located in Jiaomu Ri and south of
Gangtang Co (Fig. 1b). They consist of phengite-quartz schists, blueschists and eclogites (Kapp et al.,
2003b; Liu et al., 2011; Zhai et al., 2011b; Zhang et al., 2006a). Peak metamorphic age is ~ 244 Ma and
exhumation occurred around 220-214 Ma (Zhai et al., 2011b; Pullen et al., 2011). Maximum temperature
and pressure ranges are 410-460 -C and 2.0-2.5 GPa. All authors agree that the exhumation was related
to subduction, although the mechanism and plate tectonic setting remains under debate (Kapp et al.,
2003Db; Zhang et al., 2006b; Li et al., 2009; Pullen and Kapp, 2014).
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Figure 3. Field photographs and micrographs showing metamorphism and deformation in the different
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units: (a) amygdules in basalt from the ophiolitic mélange, west of Rongma; (b) thin sections of gabbro,
west of Rongma; (c) load cast in mudstone from the southern part of the sedimentary mélange; (d) folded
chert from the sedimentary mélange west of Jiangaizangbu River; (e) thin sections of siltstone, west of
Rongma, which show that the ophiolitic and sedimentary mélanges did not experience any significant
metamorphism,; (f) typical main foliation in the sedimentary mélange wrapping around competent blocks,
here sandstone; (g) outcrop view of basement deformation: Sbl is folded, during which a second,
crenulation cleavage Sb2 developed. (h) Pressure shadow around pebbles in the Ordovician siltstone
indicate top-to-south shearing. (i) Near the thrust where ophiolitic mélange is thrusted over Ordovician
sediments (Fig. 6b), their deformation is more intense, with the local development of an axial planar So2.
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Figure 4. Micrographs (crossed polars) of marbles at the contact between Permian limestone and
blueschist, northeast of Rongma; deformed and dynamically recrystallised calcite (Cc) with aligned
needles of tremolitic amphibole (Tr); (b) calcite marble with epidote (Ep) and post-tectonic poikiloblastic
garnet (Gt).

At this stage it is useful to compare the stratigraphy described here with that of the detailed map of the
Rongma and Jiaomu Ri area of Kapp et al. (2003). These authors define two types of mélange: blueschist
and greenschist-facies mélange. The blueschist, which is readily identified in the field and on satellite
images, corresponds to the high-pressure rocks described above. According to Kapp et al. (2003),
greenschist mélange only occurs west of the Jiangaizangbu valley in areas that we classified as ophiolitic
or sedimentary mélange. Large areas that we mapped as mélange, because of the chaotic nature and
strong deformation of the rocks, were assigned to an autochthonous Carboniferous (C1-2) to Permian (P1-
4) series that overlies the mélange in the interpretation of Kapp et al. (2003). The Carboniferous
sandstone, siltstone phyllite and slate (C1) west of Rongma are equivalent to the pre-Ordovician basement
and overlying Ordovician and Carboniferous metasediments (Zhao et al., 2014). C1 northeast of Rongma
is part of the sedimentary mélange. Fossil evidences show that the C2 sandy limestone interbedded with

siliciclastics actually belongs to the Middle Permian Longge Group (P2l; Zhang et al., 2012a, 2014).

The Permian sequence of Kapp et al. (2003b) begins with turbiditic fine-grained volcaniclastic greywacke,
sandstone, siltstone, and slate (P1) and thinly bedded dark-grey limestone (P2), both of which are part of
the sedimentary mélange in our interpretation. Part of the basalts, as well as volcano-sedimentary
sandstones to conglomerate/breccia (P3), corresponds to the Late Triassic Tumengela Group (T3t) and
Wanghuling Group (T3w), the latter dated at 214 + 4 (SHRIMP) to 206 = 4 (Ar-Ar) Ma on rhyolite and
basalt of the Wanghuling Group (Zhu et al., 2005; Li et al., 2007). Other outcrops of P3 we assigned to

either ophiolitic mélange (dominated by mafic rocks) or the sedimentary mélange (dominated by
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sediments and breccias). The limestone and subordinate sandstone (P4) corresponds to the sediments of
the top of the Wanghuling Group in areas where P3 corresponds to its base. In the remainder of the area

northeast of Jiaomu Ri. P3 is mapped as sedimentary mélange.

As pointed out by Zhang et al. (2012b), the differences in stratigraphic and lithological classification
clearly have major consequences for the inferred tectonic history of the Qiangtang area. In the map of
Kapp et al. (2003b) the area of mélange is less than half that shown in Fig. 1. Furthermore, all mélange is
at least greenschist facies, derived from depths of ~ 35 km. Greenschist-facies rocks can indeed be found
in the ophiolitic and sedimentary mélange, but these occur together with non-metamorphic rocks. The
whole mélange unit is therefore non-metamorphic, but includes metamorphic rocks from various origins,

such as the Qiangtang basement (Zhao et al., 2014).

3.5. Igneous activity in the Qiangtang terrane

Apart from the ophiolites, the Qiangtang area records Carboniferous to Jurassic igneous activity. EW-
striking diabase dykes intrude basement rocks and were dated at 284 + 3 and 302 £ 4 Ma by Zhai et al.
(2009). Mostly felsic magmatic activity is dated between about 275 and 248 Ma in the NQT east of the
study area and interpreted as related to northward subduction underneath the NQT (Yang et al., 2011;
Zhang et al., 2013). This is followed by bimodal activity that continued into the Jurassic (Zhang et al.,
2011). Triassic (236-219 Ma) adakites and magnesian andesites from the Tuotuohe area, central NQT,
are interpreted as subduction related but indicate that the mantle source was metasomatised by slab
melting (Wang et al., 2008b). Some basalts show continental arc affinities, the source most likely being a
mixture of MORB- and within-plate basaltic source. This suggests the lithospheric mantle may be slightly
to moderately enriched, most likely by a previous subduction process (Zhai et al., 2004). Whereas
abundant arc-related Permo-Triassic activity is documented in the NQT, relatively little evidence for such
activity is documented in the SQT. Wu and Lang (1990) reported Late Permian andesites and dacites in
the SQT, which led Liu et al. (2011) to propose not only subduction to the north underneath the NQT but
also to the south underneath the SQT.

Along the southern margin of the NQT the Nadigang Ri group is mainly composed of acid tuff, dacite,
rhyolite and minor basaltic volcanic rocks ranging in age from 223 to 205 Ma (Zhai and Li, 2007; Fu et
al., 2008). These rocks show a trend from melt generated by melting of subducted slab (ca. 223-219 Ma)
to melting of Proterozoic oceanic crust (ca. 215-205 Ma; Zhai et al., 2013a). Bimodal activity continued
to ~ 177 Ma (Zhang et al., 2011) and includes the intrusion of the Gangtang Co granite at ~ 210 Ma
(Kapp et al., 2003b; Hu et al., 2012). Granite samples from Gangtang Co granite (unpublished data) show
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a deep Eu anomaly as normalised to EMORB or OIB and show REE contents similar to OIB-derived
melts. Some trace element concentrations, such as Ta, Yb, Nb, Y and Rb, suggest granite formation in a
syn-collisional volcanic arc environment. The mafic lavas were probably derived from the mantle,
whereas the felsic lavas were probably derived from partial melting of the continental crust in response to

the asthenospheric upwelling (Zhang et al., 2011).

4. Structures and tectonics of the mélange in mapping area

Although there are abundant data on stratigraphy and igneous activity in the area, only a few (and
contradicting) structural analyses have been published so far (e.g. Kapp et al., 2003; Pullen et al., 2011;
Liang et al., 2012; Zhao et al., 2014). Below we present the results of detailed mapping in conjunction
with 3-D modelling using satellite images and the program 3-D Move™ by Midland Valley. The
falsecolour ASTER images proved to be very useful, as different units can be recognised clearly and
mapped in inaccessible areas after ground-thruting in mapped areas. The high topography also allows

orienting the main structures and faults on the large scale.

The large-scale structure was modelled for three areas: SE of Mayigang Ri, NW of Rongma and NE of
Jiaomu Ri (Fig. 5; see Fig. 1a for locations). The block diagrams show that the various units form a large-
scale fold-and-thrust belt. Precambrian basement, exposed at Mayigang Ri, forms a flat-lying, N-dipping
sheet that overlies a sheet of sedimentary mélange, separated by a ~ 5-20° NE-dipping fault gouge (Fig.
6a). The upper few tens of metres of the underlying sedimentary mélange are strongly sheared with a top-
to-the-south sense of shear. The sedimentary mélange is itself underlain by ophiolitic mélange.
Lithologies and main foliations are approximately parallel and follow the contacts between the various
units, interpreted as thrusts. All units and main foliation are folded with shallowly plunging, EW- striking
fold axes (Fig. 5). To the south, north of Gangtang Co, the ophiolitic mélange is thrust over N-dipping
Precambrian basement and slivers of Ordovician slate (Figs. 5, 6¢). Unfortunately, most of this area is

covered by Tertiary sediments.

West of Rongma, NE-dipping ophiolitic mélange overlies Precambrian basement and Ordovician and
Carboniferous sediments (Fig. 6b). The main and only foliation in these latter units, as well as the second
foliation (Sb2) in the underlying basement rocks, dips to the NE and increases in intensity towards the
contact. The contact itself was initially a ductile shear zone that was overprinted by brittle deformation, as
mylonitic rocks are found as clasts in brittle breccias. Sigmoidal clasts in Ordovician sediments indicate a
top-to-the-south shearing (Fig. 3g). To the east, the ophiolitic mélange is overlain by a sheet of

sedimentary mélange followed by a sheet of blueschists that contains marble lenses. The blueschists are
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gently folded around NS-striking fold axes. The strongly deformed high-pressure rocks are overlain by a
sheet of non-metamorphic and relatively undeformed Permian limestones. The sequence of ophiolitic

mélange, sedimentary mélange and blueschists is repeated again towards Jiaomo Ri. The shallow-dipping

blueschists clearly overlie the sedimentary mélange (Fig. 6d).
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Figure 5. Three-dimensional reconstruction of selected areas near Rongma in the centre of the area
showing the fold-and-thrust geometry of the three main sheets: basement, ophiolitic mélange and
sedimentary mélange together with high-pressure rocks and rafts of (Permian) sediments. These are
unconformably overlain by Late Triassic sediments: (a) south of Mayignag Ri, (b) northeast of Rongma
and (c) northeast of Jiaomu Ri (see Fig. 1b). Lower-hemisphere equal-area stereoplots show the

distribution of the main foliations (black crosses), as well as orientations of fold axes (red dots).

The large-scale structure of the area is thus a fold-and-thrust belt of, from bottom to top, Qiangtang
basement (Pre-Cambrian to Carboniferous), ophiolitic mélange and finally juxtaposed sedimentary
mélange, blueschists and rafts of Permian sediments. All these units have a dominant tectonic foliation
that is approximately parallel to the main lithological boundaries. This foliation is the second foliation
(Sb2) in the Precambrian basement (Fig. 3h), the first in the Carboniferous and Ordovician sediments
(Sol, Fig. 3g) and the main one (Sm1) in the mélanges, which wraps around lenses and clasts. The
parallelism of these foliations between the different units and with the main sheets indicates that they all
formed during the thrusting event that created the stack of sheets. This is confirmed by So2 west of
Rongma, which is approximately parallel to bedding, causing boudinage and locally south-vergent

isoclinal folding (Fig. 3i). It increases in intensity towards the mylonitic/breccia contact with the over-
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lying ophiolitic mélange, as is to be expected if So2 had been formed during thrusting of that mélange

over the basement.

The ~ 8 km thick stack of sheets is folded and thrusted on the > 10 km scale. The thickness of the stack,
here derived from mapping and structural reconstructions, is confirmed by seismic data of Lu et al. (2013)
and Li et al. (2013). The strike of the thrusts rotates from EW in the north towards NS in the east. In the
southern part of the area folding and thrusting is south-vergent again (Fig. 5). This variation in trends is
interpreted as the result of later doming of the central Qiangtang Culmination, which may have occurred
as late as the Jurassic (Kapp et al., 2003a). Late Triassic limestones and overlying basalts discordantly
overlie the sedimentary mélange and blueschists. These Triassic units are almost undisturbed and
undeformed and shallowly dip to the east. The absence of equivalent Late Triassic sediments further west
may be because these were never deposited here or because of the aforementioned doming, with the upper
units now removed by erosion. The discordant contact between Late Triassic layers and underlying
mélange and blueschists, as well as the lack of deformation in the Late Triassic layers, is evidence that
sheet-parallel thrusting happened before the ~ 210 Ma Triassic sedimentation.

Further evidence is the fact that the undeformed 210 Ma Gangtang Co granite is in intrusive contact with
basement rocks and ophiolitic mélange and clearly cuts the contact between these two units (Fig. 1b;
Zhao et al., 2014). Formation of the sheet stack can thus be constrained to have occurred between about
220 Ma (Ar-Ar age of blueschists; Zhai et al., 2011a, b) and 210 Ma, which is the age of the granite

intrusion and onset of Late Triassic sedimentation.

Timing of the folding and thrusting of the sheet stack is less clear. Folding of Late Triassic and Jurassic
units in the south of the area and even occasional folding of Tertiary conglomerates are clear evidence for
Mesozoic to Tertiary tectonic activity (Kapp et al., 2005). Late Triassic sedimentation commenced earlier
in the south than in the north of the SQT terrane. This suggests the presence of a foreland basin or
depression in front of the thrust belt (Fig. 6e), with sedimentation progressively extending to the north as
erosion flattened the topography. It cannot be excluded that the fold and thrust belt, at least in part,

occurred in the Late Triassic.
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Figure 6. Field relationships of the main units. (a) View to the NW towards the Mayigang Ri Thrust,
which thrusted basement on top of sedimentary mélange. (b) West of Rongma, ophiolitic mélange is
thrusted on top of basement and Ordovician sediments, now separated by a wide fault zone. (c) Folded
thrust that placed gabbros of the ophiolitic mélange on top the basement, north of Gangtang Co. (d) View
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from the north towards Jiaomu Ri, clearly showing that blueschists lie above the sedimentary mélange,
which in turn overlies basalts of the ophiolitic mélange. (e) North-dipping thrust places subduction
mélange over Late Triassic limestone (T3r) in the south of the study area, showing that at least part of the

thrusting postdated the Late Triassic.

5. Discussion
5.1. Summary of main events and structures
Any model for the tectonic evolution of the Qiangtang terrane(s) must take the following observations

into account;

1. The SQT is a continental terrane with Gondwana affinity (Dong et al., 2011; Zhao et al., 2014) that
comprises a Precambrian basement that is unconformably overlain by Ordovician to Middle Permian
sediments.

2. Subduction-related igneous activity in the NQT ranges in age from 275 to 248 Ma (Yang et al., 2011;
Zhang et al., 2013) and is attributed to subduction of the Paleo-Tethys to the north at the Shuanghu
suture (Yang et al., 2011) or alternatively to southward subduction of the Paleo-Tethys towards the
south at the JSS suture (Wang et al., 2008b). Equivalent igneous activity is rare in the SQT. Both the
NQT and SQT saw bimodal igneous activity, ranging in age from 236 to 177 Ma, with signatures
indicating mafic underplating and ensuing crustal melting (Zhang et al., 2011). Most authors attribute
this to some form of slab break-off (Zhai and Li, 2007; Zhang et al., 2011; Peng et al., 2014).

3. Although all workers agree that high-pressure rocks and subduction-related mélange crop out in the
centre of the Qiangtang terrane, there is no agreement on the extent and classification of the various
rocks. According to some authors, most of the area under consideration is a single “metamorphic belt”
(e.g. Zhang et al., 2011), which ignores the fact that many rocks in this area are not metamorphic.
Furthermore, metamorphism in the Precambrian rocks is pre-Ordovician (Zhao et al., 2014) and is
unrelated to the Triassic high-pressure metamorphism of the blueschists. An opposite view is taken by
Kapp et al. (2003b), who restrict the mélange to greenschist- to blueschist-facies rocks and classify
the other, non-metamorphic rocks as part of the overlying Qiangtang continental crust. However, in
our view this restricts the definition of mélange in the area too much, as large areas are mélange but
not metamorphic. Based on our mapping, we define three main mélange lithologies: an ophiolitic and
a sedimentary mélange, both not-metamorphosed (but carrying metamorphic inclusions), and a high-
pressure unit.

4. The ophiolitic mélange consists of a range of sediments and abundant gabbros and basalts. A coherent
oceanic crust sequence is, however, not observed. Ages of the mafic rocks range from Ordovician to

Triassic.
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5. The high-pressure rocks experienced peak metamorphic conditions at ~ 240 Ma and exhumed
between 220 and 210 Ma, giving a minimum exhumation rate of > 1 cm yr—1 (Zhai et al., 2011b).

6. In the Rongma area, the main units form a stack of sheets with Precambrian to Carboniferous
basement at the base, ophiolitic mélange in the middle and sedimentary mélange with large rafts of
blueschists and non- metamorphic Permian sediments towards the top.

7. Formation of the sheet stack by S- to SW-thrusting took place between about 220 and 210 Ma. It was
postdated by intrusion of the undeformed, 210 Ma Gangtang Co granite and onset of Late Triassic
sediment deposition and volcanic activity.

8. The sheet stack was folded and thrusted, again in an S to SW direction. Timing is uncertain and can

range from the Late Triassic to the Mesozoic.

5.2. Existence of a Paleo-Tethys ocean and direction of subduction

The first question that needs to be addressed is whether the north and south Qiangtang are individual
terranes that were separated by an ocean or not. One argument for the presence of this ocean is that glacial
deposits and cold-water fauna indicate that the south Qiangtang terrane remained at high southern
latitudes until the Middle Permian. However, only Upper Permian warm-water sediments are found in
north Qiangtang terrane. It is thus possible that the north and south Qiangtang terranes moved into
warmer regions together between the Middle and Late Permian. As was discussed by Pullen et al. (2014),
cold- and warm-water faunas in the NQT and SQT neither prove nor disprove a separation of the two

terranes.

Most authors invoke Permo-Triassic arc-related igneous activity, mainly in the NQT, as evidence for the
former existence of the Shuanghu—Tethys between the NQT and SQT (Yang et al., 2011; Zhai et al.,
2011a; Zhang et al., 2013; Peng et al., 2014). With few exceptions (Wang et al., 2008b), these authors
interpret the igneous activity to result from northward subduction of this ocean underneath the NQT.
Further indications for a former ocean between the NQT and SQT are the ophiolitic mélange and high-
pressure rocks with oceanic affinity (Zhai et al., 2007; 2013a) in the SQT. However, Pullen and Kapp
(2014) favour a southward subduction of the JSS-Tethys underneath a single Qiangtang terrane. The
main argument for this is that in their structural interpretation, the subduction mélange in the Qiangtang
terrane lies underneath the continental crust and was later exhumed by doming and normal faulting. The
question is thus whether the mélange lies below or above continental crustal rocks. Several arguments are
in favour of the latter. If the mélange was below the crust, it came from a depth of at least 35 km (Kapp et
al., 2003b) and all mélange rocks must be metamorphic. This is not the case. Even with the restrictive

definition of mélange in the map of Kapp et al. (2003b), areas mapped as greenschist are not all
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metamorphosed (Fig. 3a—e). As not all mélange rocks are metamorphic, they cannot all have come from a
depth of tens of kilometres, as required in the underthrust model. Furthermore, this model requires a very
shallow subduction angle for the subduction mélange to be at a relatively shallow depth 200 km south of
the suture. This cannot explain the subduction-related igneous activity only in the north, close to the
postulated suture. Finally, our mapping and structural interpretation clearly favours emplacement of the
mélange on top of the continental crust (Fig. 5). If, as argued here, the mélange and high-pressure rocks
were not exhumed by core-complex-like doming, their presence within the SQT is difficult to reconcile
with any model other than the former presence of an ocean between the NQT and SQT.

5.3. Models for exhumation of high-pressure rocks

The presence of high-pressure rocks is one of the arguments to invoke subduction to the south or north of
the NQT. The southward underthrust model of Kapp et al. (2003b) provides a clear mechanism of
exhumation of the high-pressure rocks: metamorphic core-complex-like doming. This requires all
mélange to have experienced high-pressure conditions, which contradicts our findings. The sequence of
basement rocks at the base, overlain by ophiolitic mélange and high-pressure rocks, sedimentary mélange
and sediments, cannot be reconciled with the proposed exhumation in a core complex, in which the

autochthonous basement rocks should lie above the mélange.

Proponents of the northward subduction of a Shuanghu-Tethys underneath the NQT do not provide
detailed mechanisms on the exhumation of the high-pressure rocks. Most authors propose high-pressure
metamorphism at the downgoing slab, with subsequent exhumation in the orogenic wedge, possibly
related to slab break-off (e.g. Zhang, 2006a; Li et al., 2009; Liu et al., 2011; Yang et al., 2011; Zhai et al.,
2011a, b, 2012; Tang and Zhang, 2013). One problem with this exhumation in a convergent setting is that
it should be related to extensive erosion during exhumation, which appears inconsistent with the regional
sedimentary record (Pullen and Kapp, 2014). Exhumation of high-pressure rocks in the orogenic wedge
also does not explain how the high-pressure rocks are brought into contact with non-metamorphic

sediments and sedimentary mélange as is observed in the Rongma area.

5.4. Proposed tectonic evolution

Below we provide an overview of the sequence of tectonic events that affected the Qiangtang area. The
model we propose aims to explain our observations made in the study area and those published in the
literature. Of particular relevance are the following: (1) the NQT and SQT were separated by an ocean of
unknown width; (2) the high-pressure rocks and tectonic mélange are found in a fold-and-thrust belt of a

stack of three sheets-basement rocks, ophiolitic mélange and sedimentary mélange-together with HP
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rocks and undeformed Permian sediments; (3) mafic rocks in the ophiolitic mélange range in age from the
Ordovician to the Triassic. A key observation that needs to be explained is that the exhumed high-
pressure rocks were brought into direct contact with originally overlying non-metamorphic sediments and
mélange.

5.4.1. Pre-Ordovician (> 470 Ma)

The pre-Ordovician clastic metasediments form the oldest and structurally lowest unit of the Qiangtang
basement. These rocks experienced low-grade metamorphism and one stage of deformation, leading to
folding and the formation of the first cleavage (Sbl). This event is tentatively attributed to the
Bhimphedian Orogeny (Cawood, 2007), when the basement rocks still formed part of (assembling)
Gondwana (Zhao et al., 2014).

5.4.2. Ordovician to Permian (470-270 Ma)

Opening of the Shuanghu-Tethys between the NQT and the SQT probably commenced in the (Late)
Ordovician. The SQT formed the passive northern margin of Gondwana on which sediments were
deposited at various stages from the Ordovician to the Permian. Exposures of the Sumdo eclogites in the
Lhasa terrane may indicate that the SQT and north Lhasa terrane together separated from Gondwana as
early as the Carboniferous (Yang et al., 2009). Initial rifting and subsequent ocean spreading produced
mafic rocks with ages ranging from the Ordovician to the Permian in central Qiangtang (Zhai et al., 2010,
2012, 2013).

5.4.3. Upper Permian to Lower Triassic (270-240 Ma)

Northward subduction of the Paleo-Tethys underneath the NQT commenced at ~ 275 Ma, as is indicated
by arc activity in the NQT (Yang et al., 2012; Fig. 7a). The youngest known passive margin sediments
(P2I) were deposited on the SQT, but no known sedimentation occurred at the active southern margin of
the NQT where arc volcanism occurred instead. Ocean-floor sediments and mafics from the oceanic crust
were accreted to the NQT: the future ophiolitic mélange (Zhai et al., 2010, 2012, 2013). Although igneous
activity indicates that most of the subduction occurred on the northern margin of the Shuanghu-Tethys,
the southern margin, with cold, > 100-million-year-old oceanic crust, would probably also have started to
subduct (Fig. 7b; Liu et al., 2011). This would have brought oceanic crust and material from lower crust
of the overriding SQT plate down to > 100 km by ~ 240 Ma, which is the age of peak metamorphism in
the high-pressure rocks (Pullen et al., 2011).

5.4.4. Middle Triassic (240-220 Ma)

With (minor) subduction to the south as well, the Shuanghu-Tethys plate would have formed a divergent
double subduction zone (Gray and Foster, 2004; Soesoo et al., 1997; Zhao, 2015) with a long slab
subducting to the north and a short one to the south. A divergent double subduction zone was proposed

for the Shuanghu-Tethys by Liu et al. (2011). As long as the two sutures are far enough apart, each
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operates independently from the other. In the absence of spreading in-between, the two sutures must
converge by rollback. This inevitably leads to the two sutures converging to the point where the slab pull
of one subduction zone starts to affect the other. At some point in this scenario, the slab pull of the long
(northern) slab will override the opposite pull of the short (southern) slab, which results in the short one
being pulled up and towards the north (Fig. 7c). This scenario is similar to the current situation of the
Adria plate, which subducts underneath Italy (short slab) and the Dinarides (long slab; Gvirtzman and Nur,
2001; Di Stefano et al., 2009; Giacomuzzi et al., 2012). The Adria plate now moves as a whole towards
the Dinarides, causing rapid extension east of the Apennines (Devoti et al., 2008; Weber et al., 2010). The
proposed model for exhumation of high-pressure rocks in a divergent double subduction zone is novel but
bears some similarities with models for exhumation by slab rotation (Hacker et al. 2000; Webb et al.,
2013) or slab eduction (Andersen et al., 1991; Duretz et al., 2012; Brueckner and Cuthbert, 2013). The
main difference is that we suggest that the pull of the longer slab is the driving force for slab extraction
and resulting exhumation of high-pressure rocks. Extraction of the slab from underneath the SQT causes
extension of its margin, while high-pressure rocks exhume. Trench and Permian margin sediments are
dragged off the margin and brought in contact with the exhumed high-pressure rocks from below to form
the observed association of sedimentary mélange, rafts of Permian sediments and blueschists. All these
rocks, as well as the SQT Precambrian to Carboniferous basement are expected to experience strong
flattening strain due to the ex- tension, as well as a top-to-south shearing. This is consistent with the D2
deformation in basement rocks (Sb2, Sol) and main foliation in the sedimentary mélange (Sm1). It should
be noted that this core-complex-like extension is to some extent similar to that proposed by Kapp et al.
(2003b) with the difference being that we propose the whole oceanic slab, not only the mélange, to form
the core of the complex. The structural relationships are in part similar as described by these authors: low-

grade rocks juxtaposed onto high-pressure rocks in a strongly extensional setting.

A second effect of the extraction of the short slab is rising of the asthenosphere, with resulting mafic
igneous activity, as well as melting of the crust, producing felsic melts. In the SQT, bimodal activity is
documented from ~ 236 Ma (Zhang et al., 2011). Liu et al. (2011) showed that exhumation of the high-
pressure rocks was approximately isothermal (~ 500 °C) down to at least ~ 7 kbar, suggesting rapid
exhumation that is in accordance with the proposed model. Juxtaposition of the still relatively hot
exhuming blueschists and non-metamorphic sedimentary mélange and sediments can explain the
formation of epidote, tremolitic amphibole and garnet-bearing marbles at the contact (Fig. 4). Additional

heating may have been related to mantle upwelling and concomitant igneous activity.
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Figure 7. Schematic drawings of
the Permian to Early Jurassic
geological evolution of the
Shuanghu-Tethys. Ages shown in
the drawings are approximate only.
(&) Northward subduction of the
Shuanghu-Tethys underneath the
NQT started at about 275 Ma.
Minor

southward  subduction

would have commenced in the

Early  Triassic,  necessitating
rollback and convergence of the
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the sedimentary mélange (with
high-pressure rocks) is thrust on
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5.4.5. Middle—Upper Triassic (220-200 Ma)

Northward movement of the Shuanghu—Tethys plate, during convergence of the NQT and SQT, carried
the mix of sedimentary mélange and high-pressure rocks northward, towards and in the end on top of the
accreted material at the northern suture, the ophiolitic mélange (Fig. 7d). As the two terranes collided, all
these rocks were thrusted onto the SQT, producing the sheet stack as is now observed. At this stage, the
Shuanghu-Tethys slab finally slid down into the mantle, giving rise to a last stage of asthenosphere
upwelling and resulting bimodal igneous activity, including the 210 Ma Gangtang Co granite and Upper
Triassic rhyolites and basalts, mostly in the north but also extending south onto the (former) SQT (Fig.
7e). Post-collisional sediments, intercalated with volcanics, cover the amalgamated Qiangtang terrane.
From south to north, these Upper Triassic deposits show two trends: from shallow marine, carbonate-
dominated sediments towards terrestrial fluvial sediments and an increasing amount of bimodal volcanic
deposits. This can be interpreted as a foreland basin that developed in the south in front of the thrust belt
in the north. Southward propagation of thrusting finally thrusted mélange and P2l in the hanging wall
against latest Triassic sediments in the footwall (Fig. 6e).

5.4.6. Jurassic (200-170 Ma)

Following the closure of Longmu Co-Shuanghu suture zone, the Bangong—Nujiang suture zone opened
between the amalgamated Qiangtang terrane and the north Lhasa terrane. Jurassic shallow marine
deposits unconformably overlie Late Triassic T3n sediments and volcanics on the NQT. Jurassic the
deep-water flysch sediments (J1-2s) cover all the older units in the southern SQT. These are thought to
represent the opening of the Bangong—Nujiang suture zone (Schneider et al., 2003; Baxter et al., 2009). It
is not known whether Jurassic sediments once covered the whole Qiangtang terrane or they were never
deposited there. Jurassic sediments, if once present, could have been removed during formation of the
central Qiangtang Culmination. This domal structure may have formed as early as the Jurassic (Kapp et
al., 2005) or during compressional stages resulting from the closure of the Meso- and Neo-Tethys during
the Cretaceous and Paleogene respectively (Kapp et al., 2007; Xu et al., 2014). Minor terrestrial
sediments, mostly conglomerates in fault-bounded basins, were deposited during the Cretaceous and

Tertiary.

6. Conclusions

Subduction mélange and high-pressure rocks in the Qiangtang terrane record an important stage in the
evolution and formation of the Tibetan Plateau, which has consequences for the location of different
former oceans. Our mapping and structural analysis of the Rongma area in the centre of the metamorphic

belt leads to the following main conclusions:
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1. The north and south Qiangtang terranes were formerly separated by an Ordovician—Triassic ocean.

2. Metamorphism in the central Qiangtang metamorphic belt occurred in two unrelated stages. The first,
a lower greenschist-facies event, occurred in pre-/early-Ordovician times and affected the
Precambrian basement. A second event produced the high-pressure rocks that exhumed in the
Triassic as a result of the closure at the Longmu Co—-Shuang Hu suture zone between the north and
south Qiangtang terranes.

3. The pre- to syn-collision lithologies (> 210 Ma) can be grouped into three main units: (1)
carboniferous and older basement, (2) non-metamorphic ophiolitic mélange and (3) non-
metamorphic sedimentary mélange with large rafts and sheets of non-metamorphic Permian
sediments and high-pressure rocks (mostly blueschists).

4. To explain the current structural relationships of the units, we propose that the high-pressure rocks
were exhumed by extraction of a short, south-dipping slab from underneath the south Qiangtang
terrane, bringing them in contact with the sedimentary mélange and Permian margin sediments. This
unit was subsequently thrusted on top of the ophiolitic mélange. Upon final collision of the north and
south Qiangtang terranes, both units were placed on top of the Paleozoic south Qiangtang basement.
The whole tripartite stack was subsequently further shortened into a south-verging fold and thrust
belt. This may have been a consequence of the amalgamation of the two terranes or later (Jurassic—
Paleogene) events.

5.  After closure of the Longmu Co-Shuanghu suture zone, Upper Triassic sedimentation commenced in
the south in a foreland setting and progressively extended to the north where extensive bimodal
volcanic activity occurred, which is interpreted as the result of mantle upwelling due to the final

sinking of the Paleo-Tethys slab.

This study is based on a large study area in the centre of the Qiangtang terrane, which extends over almost
2000 km. We hope that this study encourages more work, including detailed mapping and structural
analysis, in the whole terrane to confirm or reject the former presence of an ocean between the north and
south Qiangtang terranes as well as investigate the consequences in terms of presence and size of other

oceans between the various terranes that form the Tibetan Plateau.
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Chapter 5: Early Cretaceous exhumation of the Qiangtang Culmination and collision of the
Qiangtang and Lhasa terranes, central Tibet

Z. Zhao, P.D. Bons, K. Stibner, T.A. Ehlers and G. Wang

This chapter reports thermogeochronological work on the Rongma study area, carried out in Tubingen in
collaboration with Stlbner. It will form the base for a manuscript with the same title and as preliminary
list of authors: Z. Zhao, P.D. Bons, K. Stiibner, T.A. Ehlers and G. Wang. This chapter will be

significantly shortened to meet the requirements for the intended submission to the journal Terra Nova.

Abstract

The Qiangtang Culmination in central Tibet is characterized by early Mesozoic blueschist-bearing
mélange and upper Paleozoic strata in the core and mainly Triassic—Jurassic strata along the limbs. In the
Rongma area, the culmination is unconformably overlain by weakly deformed mid-Cretaceous
conglomerate and volcanics. This relationship demonstrates that the Qiangtang terrane was above sea
level and experienced significant denudation prior to mid-Cretaceous times. We use zircon (U-Th)/He
ages to constrain the exhumation history of the Qiangtang terrane. From 210 to 140 Ma, the South
Qiangtang terrane experienced slow exhumation with maximum exhumation rate ~0.06 mm/y. Collision
between the Lhasa and Qiangtang terranes led to faster exhumation of South Qiangtang terrane during
~140-90 Ma, with exhumation rates in the range of 0.12-0.3 mm/y. A passive oceanic margin developed
due to the opening at the Bangong Hu-Nujiang suture (BNS) between the Lhasa and Qiangtang terranes
during the Jurassic, that response to slow uplifting rate of Qiangtang. This increased exhumation rate in
the Lower Cretaceous was caused, when closure of BNS and Lhasa-Qiangtang collision by thick-

skinned folding and thrusting of the South Qiangtang terrane.

1. Introduction
The Tibetan Plateau consists of several terranes, from north to south, the Songpan-Ganzi, the North and

South Qiangtang terranes, the Lhasa terrane and the Himalaya terrane (Fig.1), which were accreted onto
the Asian continent during Mesozoic to Cenozoic times (e.g., Yin and Harrison, 2000; Zhu et al., 2012).
This study focuses on the closure of the Bangong Hu-Nujiang suture (BNS), which is located between
Lhasa and South Qiangtang terranes (e.g. Kapp et al., 2003b; Zhang et al., 2004). Collision of the two

terranes left its traces near the suture, but is expected to also be recorded further inward in the Tibetan
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Plateau, such as in the Qiangtang and Songpan-Ganzi terranes (e.g. Ratschbacher et al., 2003; Vassallo et
al., 2007; Tian et al., 2014). Understanding the accretion mechanism and timing may shed light on the

development of the Tibetan crustal structure.
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Fig. 1 () Tectonic map of central Tibet (modified from Zhu et al., 2012). Main terranes and sutures are shown.
Available thermochronological data locations are plotted in the Qiangtang terranes. The rectangle indicates the study

area and location of Figure 2. (b) Apatite fission track ages of the Qiangtang terranes plotted as function of longitude.

The EW striking Bangong Hu-Nujiang suture (BNS) experienced Jurassic to Middle Cretaceous oceanic
evolution (e.g., Liu et al., 2015; Xu et al., 2014). A wide belt of Early Jurassic—Middle Cretaceous arc
magmatic rocks on South Qiangtang (Zhang et al., 2014; Zeng et al., 2015) indicates that the BNS
lithosphere was subducted beneath the South Qiangtang terrane (Li et al., 2014; Liu et al., 2015; Fan et al.,
2014; Xu et al., 2014). Kapp et al. (2003a) argued that the BNS closed at ~145Ma, based on stratigraphic
arguments. Recent geochemical data of Early Cretaceous magma indicate that most magma is A-type
granite (Qu et al., 2012) and formed due to thickening of the crust (Sui et al., 2013). These observations
are in favour of the BNS closing before ~140 Ma, followed by continental collision between the Lhasa
and South Qiangtang terranes (Zhu et al., 2013). The Lower Cretaceous molasse along the BNS
represents that collision between the Qiangtang and Lhasa terranes, which happened during the Early
Cretaceous (131-120 Ma; Zhu et al., 2009b; Zhu et al., 2009a).
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Zircon fission track ages are 108.7-69.8 Ma in the North Qiangtang terrane (Ren et al., 2015), 120-80 Ma
in the northern part (Wang and Wei, 2013) and 117-78 Ma in southern part of the South Qiangtang
terrane (Lu et al., 2015). All these data indicate Qiangtang terrane experienced exhumation due to the
collision of Lhasa-Qiangtang during the Cretaceous. Apatite fission-track ages range between 140 and 50
Ma and show a trend towards younger ages in the east (Fig. 1b). Exhumation rates subsequently dropped
from the beginning of the Paleocene (Lu et al., 2015).

The north-western part of the South Qiangtang terrane is occupied by a large domal structure (Yin and
Harrison, 2000; Kapp et al., 2005), the Qiangtang Culmination, which exposes basement rocks and
Permo-Triassic sediments and mélange, including (U)HP rocks (Zhai et al., 2011, Zhao et al., 2015). The
subduction-related rocks are interpreted to have been emplaced during late Triassic collision of the North
and South Qiangtang terranes (Zhai et al., 2011; Zhao et al., 2015). Alternatively, these rocks derive from
southward subduction at the Jinshajian suture and subsequent core complex-style doming (Kapp et al.,
2003b; Pullen et al., 2014). Zhao et al. (2015) favoured the first interpretation and showed that the Late
Triassic collision event was followed by north-south directed folding and thrusting, and formation of the
Qiangtang Culmination of undetermined age. Here we present structural data from the Qiangtang
Culmination near the town of Rongma together with new zircon (U-Th)/He (ZHe) ages. The data show a
change from slow to fast exhumation at ~140 Ma, coinciding with a change from marine to terrestrial
sedimentation. The results are in accordance with early Cretaceous closure of the BNS ocean, followed by
shortening and thickening of the crust in the Qiangtang terrane, leading to rapid exhumation around ~100
Ma.

2. Geological setting
The Qiangtang terrane lies between the Songpan-Ganzi belt to the north and the Lhasa terrane to the south.

Whether the Qiangtang is a single terrane (e.g. Kapp et al., 2003b) or consists of a North and South
Qiangtang terrane that amalgamated along the Longmu Co-Shuang Hu suture zone (LSS) in the Late
Triassic (Zhai et al., 2011) is strongly debated. We favour the interpretation that the Qiangtang terranes
were separated from Ordovician until Late Triassic times (e.g., Li et al., 2009; Zhai et al., 2011) because
of tectonic relationships among different units. Marginal sediments and mélange, including (U)HP rocks,
were thrusted southward on top of the South Qiangtang basement, forming an ~8 km thick stack of thrust
sheets that extends up to 100 km south of the LSS (zZhao et al., 2014; 2015). A foreland basin
subsequently formed on the South Qiangtang terrane, with latest Triassic sediments and volcanics

unconformably overlying basement rocks, pre-closure sediments on south Qiangtang terrane and mélange
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(Wang and Yi, 2001; Zhao et al., 2015). >5 km thick Jurassic flysch on the northern passive margin of the
BNS comfortably overlies the Triassic sediments (Schneider et al., 2003; Ren et al., 2015; Wang et al,
2005). Jurassic strata were involved in south-vergent folding and thrusting and formation of the

Qiangtang Culmination, which much therefore have formed later than the Jurassic (Zhang et al., 2006).
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Fig. 2 Simplified geologic map of the Rongma region, based on the Chinese geological map (Wang et al., 2013;
2014), unpublished 1:50,000-scale mapping and Zhao et al. (2015). Samples and photo locations are also shown.
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All aforementioned units are unconformably overlain by Cretaceous to Cenozoic terrestrial sediments,
mostly conglomerates, and minor basalts (Kapp et al., 2003a). In the study area, basalts just above the
unconformity near the town of Rongma (Fig. 4a) were dated at ~102-75 Ma (L. et al., 2014; Wu et al.,
2014). The terrestrial sediments are gently folded or tilted, but have been involved in thrusting as will be

described below.

3. Mesozoic tectonics of the Rongma area
The study area is located in the Qiangtang Culmination near the town of Rongma (Fig. 1a). The area is

bound by the LSS suture zone to the north and spans the entire north-south width of the subduction
mélange belt (Fig. 2). It also extends south into Jurassic flysch. This region is one of high elevation but
moderate relief, with elevations ranging from~4500 to ~6200 m, and is characterized by approximately
east-west—trending thrust fault—bound ranges that expose Paleozoic basement, subduction mélange and
Late Triassic to Jurassic sedimentary strata (Pullen et al., 2014; Zhao et al. 2014; 2015). Cretaceous to

Cenozoic fluvial-lacustrine sediments are found in east-west trending intramontane basins, (Fig. 2).

3.1 Lithological units

Rocks ranging in age from the Cambrian to Neogene are exposed in the South Qiangtang terrane and in
the study area. The Paleozoic basement consists of mainly greenschist-facies quartzite, Ordovician slate
and Carboniferous sandstone (Zhao et al., 2014; 2015). The basement is structurally overlain by mélange,
which includes ophiolitic and sedimentary mélange, (U)HP rocks and rafts of Permian sediments.
Basement and mélange are intruded by the ~210 Ma Gangtang Co granite (Kapp et al., 2003b), evidence
that closure of the LSS suture and thrusting of the mélange on top of the basement occurred before (Zhao
et al., 2015). Total thickness of the mélange is estimated at ~8 km, based on seismic data (Li et al., 2013)

and structural reconstructions (Zhao et al., 2015).

The post-collisional sequence commences with Late Triassic foreland-basin sediments with
conglomerates at the base, followed by volcanics and carbonates of the >3 km thick Riganpei Co Group
(T5r) (Li and Wen, 2007; Zhu et al., 2013). Late Triassic strata are found unconformably overlying the
mélange unit in the northeast of the study area, and as the lowest exposed unit south of the Zadao-
Reganpei Co thrust (Figure 2). Jurassic sediments comformably overlie the Triassic strata and are only
exposed south of this thrust. The Jurassic here consists of the Quse (J;q), Sewa (J;,S), Buqu (J,b), Xiali
(J2x) and Suowa Group (J;s) from bottom to top. Jurassic, marine sediments consist of shales, siltstones,

sandstones, olistolithic clastic sediments and several limestone units (Liu et al., 2007; Li et al., 2010). The

118



Chapter5

shallow-water carbonate platform sediments of the youngest Suowa Group indicate a regression towards
the end of the Jurassic, with sedimentation reaching just into the Cretaceous (Berriasian-Barremian) (Li et
al., 2010). Total thickness of the Jurassic is ~6 km.
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samples. See text for details.

Sedimentation commenced again with the deposition of the middle Cretaceous, terrestrial Abushan Group
(K;a) (Fig. 3) that mainly consists of red molasse intercalated with trachyte andesite, dated at ~102-75 Ma
(Lietal., 2014; Wu et al., 2014). Fossil evidence indicates that sedimentation may have continued until ~
30Ma (Li et al., 2006). The Abushan Group may reach a thickness of up to ~1 km. Neogene sediments

and lakes now cover part of the area.
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3.2 Main thrusts in the Rongma area

The major, approximately east-west-striking thrusts in the Rongma area are shown in Figure. 2. All dip to
the north as is shown by seismic profiles (Lu et al., 2014) and our 3D structural reconstruction (Zhao et al.,
2015).

g Conglomerates Permian limestone

Conglomerates Conglomerates

N S N

Fig. 4 Field photos showing the main relationships between conglomerate and other units. (a) Cretaceous basalt
unconformably overlying siltstones of the sedimentary mélange. (b) Close-up of Cretaceous conglomerates with
large feldspar clasts, probably derived from the nearby Gangtang Co granite. (¢) Permian limestone thrust southward
onto Cretaceous and younger terrestrial sediments. (d) Permian limestone thrust over folded conglomerate. (e) Flat

lying terrestrial conglomerate overthrust by basement rocks.

The Gangma Co-Shuanghu thrust is a reactivation of the LSS and separates the North and South
Qiangtang terranes (Kapp et al., 2005) (Fig. 2). It places folded Late Permian limestone in the north over
Cretaceous to Tertiary, flat-laying conglomerates (Fig. 4c). The Mayigang Ri and Tashishan thrust place
strongly deformed basement southward in contact with Cretaceous footwall rocks (Fig. 4e). Of particular
interesting to this study is the Rongma thrust, which uplifts the Gangtang Co granite (~210 Ma, Kapp et
al., 2003b) together with basement to the surface during deposition of intramontane conglomerate in its
front (Fig. 2). The base of the conglomerate contains course feldspar clasts (as large as several
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centimeters sizes), which probably derived from the nearby Gangtang Co granite (Fig. 4b). The nature of
the contact between mélange and Late Triassic foreland sediments is clearly seen at the Zadao-Regangpei
Co thrust (Kapp et al., 2005). The Zadao-Regangpei Co Thrust carries mélange units in its hanging wall,

which are thrust onto conglomerates and Late Triassic limestone.

Legend 24
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Fig. 5 N-S profile through the South Qiangtang terrane (location in Figure 2). Several thrusts accommodated the
south-directed shortening and exhumation of the basement and mélange units. Two insets show the structural

relationships near the thrusts in detail.

Figure 5 shows the geological cross section through the Rongma area, which transverses all the major
thrusts and sample locations. The section shows the configuration after the main phase of shortening and
exhumation of the Gangtang Co granite and basement in the Qiangtang Culmination. The Jurassic flysch
as well as the Late Triassic limestone are folded which indicate Jurassic or younger deformation. The
conglomerate unit is only gently folded, except near thrusts, such as at the Zishi Co and Rongma thrust
(Fig. 4d). Clasts in the conglomerate are derived from hanging-wall lithologies, such as large feldspars
from the Gangtang Co granite in case of the Rongma thrust and Triassic limestone in case of the Zishi Co
thrust. We thus conclude that the conglomerates formed towards the end of the fold and thrust movement,

after most of the exhumation in the core of the Qiangtang Culmination had taken place.

4. U-Th/He dating
4.1 Sampling

Seven samples from different structural levels were selected for zircon (U-Th)/He (ZHe) analysis. Six
samples (0819-RZ1-7) are located in between the Tashishan Thrust Rongma Thrust (Fig. 2). 0819-RZ1-4
are from the Late Triassic Gangtang Co granite. 0819-RZ5 and 0819-RZ7 are derived from mélange rocks
that the granite intruded into. One sample (0825-RZ1) is located in the hanging wall of the Mayigang Ri
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Thrust and derived from basement rocks (Fig. 2). In addition, one sample from Cretaceous sandstone

above the Zadao-Reganpei Co Thrust was used for detrital ZHe analysis.

4.2. Method

Idiomorphic zircon grains were selected based on suitable grain shape and size. Grain dimensions were
measured for the calculation of the alpha-correction factor (Hourigan et al., 2005). Single grains were
packed in Nb-tubes for U-Th/He analysis. In general we analysed 3-5 aliquots per sample. Helium was
measured in the Patterson Helium-extraction line at the University of Tiibingen, which is equipped with a
960 nm diode laser. Heating schedule was 10 min at 20 A. Each grain was re-heated and analysed to
make sure that the grain was degassed entirely in the first step.
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SH56 #0819-RZ1 % 0819-RZ5 ]
s M 0819-RZ2 @0819-RZ7 1|
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Fig. 6 Plotting of all individual zircon (U-Th)/He data against with samples relative distances to Rongma Thrust.

Concentrations of U and Th were determined by isotope dilution using the Thermo Fisher iCAP ICP-MS
at University Tubingen equipped with an all-PFA sample introduction system. Zircon samples and Nb-
tubes were spiked with a calibrated mixed spike of 233-U + 230-Th and dissolved in Berghof pressure
digestion bombs in a HF+HNO; mixture at 200 °C for 5 days. Zircons were analysed in a final solution of
5% HNO; + 0.5% HF. Grain mass was estimated from measured 91-Zr concentrations assuming 49.77
wt-% Zr in zircon. The analytical error of ICP measurements is reported as 2 relative standard deviations

(%). For Helium measurements the analytical error is generally <2% and not included in the data report.

In contrast to the analytical uncertainty, the reproducibility of the sample age constitutes a much larger

error. We therefore report the mean U-Th/He age and the standard deviation of the measured aliquots as
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the sample error. For single grain ages we apply a 5% 2-sigma error based on the reproducibility of

standard measurements in the lab.

4.3 Results

Three samples from the Late Triassic Granite (0819-RZ1, 3, 4) produced similar cooling age from 131 +
0.7 Ma to 149 + 8 Ma (Tablel). Granite sample 0819-RZ2 yielded older ages (201- 156 Ma) and has a
higher spread in single grain ages, and we interpret this sample as an outlier. Two mélange samples 0819-
RZ5 and RZ7 yielded broad ranges of single grain ZHe ages from 158.5 to 271.5 Ma (Fig. 6, Table 1).
Four single-grain ages of basement-quartzite sample 0825-RZ1 yield an average age of 148+3.8 Ma. The
detrital ages from Cretaceous sandstone 0729-RZ1 range from 81.9 to 241.9 Ma.

5. Discussions
5.1 Exhumation stages in south Qiangtang terrane

According to our thermochronological results and published data (Fig. 7), we separate exhumation

process of south Qiangtang terrane into three stages.

Stage 1: Jurassic-Cretaceous slow cooling

ZHe ages of the two mélange samples range from 158.5 to 271.5 Ma. The large spread in single-grain
ages may result from extremely slow cooling (Guenthner et al., 2013). A Middle to Late Triassic
deposition age of the mélange constrained by fossils and dating of enclosed gabbros (Zhao et al., 2015).
We thus suggest that the samples were not heated sufficiently to fully reset the ZHe system since
deposition, and some or all single grain ages may therefore reflect detrital cooling ages or geologically
meaningless mixed (partially reset) ages. In contrast, basement sample (quartzite, 0825-RZ1) from the
Mayigang Ri thrust sheet and all granite samples except 0819-RZ2 yield well reproducible single-grain
ages suggesting that the ZHe data reflect cooling through the ZHe closure temperature of 180 °C (Reiners,
2005). Thermal resetting of these samples may indicate that these samples were exhumed in the Late
Jurassic to earliest Cretaceous from greater depth compared to the mélange samples. Cooling ages from
the Gangma Co granite may result from continuous slow cooling from emplacement to ambient
temperatures, but the >60 Ma time span from crystallization of the pluton (210 Ma, Kapp et al., 2003b) to
cooling through the ZHe closure temperature suggests that the 150-133 Ma cooling ages correspond to a
tectonically or erosionally controlled episode of exhumation and cooling. This interpretation is
corroborated by the identical cooling age of the quartzite sample (148 + 3.8 Ma). Suggesting that both

thrust sheets were exhumed in the latest Jurassic/earliest Cretaceous.
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The field relationships and the structural reconstruction indicate that the mélange is ~8 km thick and
overlying basement. The Gantang Co granite mostly intruded the basement, but also the overlying
mélange. The mélange was overlain by an unknown amount of Late Triassic to Jurassic sediments. For a
typical continental geothermal gradient of 25 °C/km, the 180 °C ZHe closure temperature corresponds to
a depth of ~7 km. Consistent ZHe cooling ages indicate that the granite and basement samples derive
from depths >7 km, while the structurally higher mélange samples were buried <7 km and therefore not
fully reset. This suggest that the total thickness of the Late Triassic to Jurassic sequence in the present
Qiangtang Culmination never reached the full ~7.5 km as is found further south (Fig. 3).

The range of cooling ages (133-150 Ma) and an estimated thickness of the ZHe partial retention zone
of >1 km vyields a first-order estimate of a cooling rate of >0.06 mm/yr. Apatite fission track ages from
South Qiangtang (Lu et al., 2015) yield an Early Cretaceous cooling rate of ~9 °C/Ma or, using a
25 °C/km geothermal gradient, an exhumation rate of 0.06 mm/yr. We therefore suggest that ZHe and
AFT cooling ages can be attributed to slow continuous exhumation and cooling at erosion of the South

Qiangtang terrane at rates <0.1 mm/yr.

Stage 2: Thrusting and rapid exhumation in the Cretaceous

By the mid Cretaceous the basement and granite were exhumed to the surface and covered by Cretaceous
clastic sediments, intercalated with minor basalts (102-75 Ma, Li et al., 2014; Wu et al., 2014). Using the
youngest detrital ZHe age of 82 Ma (sample 0729Z) found in these sediments as a minimum constraint
for the depositional age of this sample we propose that thrusting in the Early Cretaceous resulted in the
formation of the thrust belt in the Rongma area, syn-kinematic erosion and exhumation and finally
formation of the intramontane basins. Exhumation rates are poorly constrained and range from
0.15 mm/yr (based on new ZHe ages only) to 0.3 mm/yr (based on AFT ages from Lu et al, 2015; Figure
7).

Stage 3: Cenozoic slow exhumation
Cenozoic (<70 Ma; Lu et al., 2015) apatite He ages are reported from Ando and thermal modelling
suggest slow exhumation at 0.04-0.07 mm/yr as a result of very low erosion rates throughout the

Cenozoic. The exhumation rate thus slowed down by one order of magnitude.

5.2 Cause for crustal shortening and exhumation in the early Cretaceous
The Bangong Hu-Nujiang Ocean (BNS) opened and developed between Lhasa and south Qiangtang

terranes from the Late Triassic onwards (Schneider et al., 2003, Liu et al., 2015). During the Jurassic,

124



Chapter5

thick (~6 km) sediments were deposited on the southern margin of the South Qiangtang terrane. The
sequence of sandy foreshore or shore facies sediments is probably related to Jurassic extension and
opening of the BNS ocean (Duan et al., 2009; Schneider et al., 2003; Baxter et al., 2009). Sediments were
derived from the centre of the amalgamated South and North Qiangtang terranes (Schneider et al., 2003,
Liu et al., 2015). Late Jurassic (155 + 3 Ma) granodiorite and 162-143 Ma (40Ar-39Ar, mica)
metamorphic rocks found in the Duguer Range on South Qiangtang (Pullen et al., 2011), interpreted as
resulting from a Late Jurassic detachment further indicate Late Jurassic extension (Wang et al., 2008). We

assign the first slow exhumation to this extensional stage.
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Fig. 7 Thermochronologic data from both literatures and our results show a change of the exhumation rate between
~140 Ma and ~90 Ma.

The basement and intruded granite arise cross the zircon (U-Th)/He cooling threshold between 149 and
131 Ma. During or soon after this cooling event, fast exhumation rate brought the basement and Late
Triassic granite to the surface, where it was unconformably overlain by Middle Cretaceous terrestrial

conglomerate (Fig. 7). Cessation of marine sedimentation in the Early Cretaceous (Li et al., 2001; Chen et
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al., 2012; Cai, 2014; Duan et al., 2009; Liu et al., 2007), as well as igneous activity during 120-95 Ma
indicate collision between the South Qiangtang and Lhasa terranes (e.g., Kapp et al., 2005; Kapp et al.,
2007; Leloup et al., 2012; Lu et al., 2015; Liu et al., 2015). This collision phase can be attributed to the
observed accelerated exhumation within the Qiangtang Culmination, leading to folding of Late Triassic-
Jurassic strata, and kilometers offsets along south-verging thrusts. Most of this shortening had ceased by
the time of Mid-Cretaceous conglomerate deposition, as these sediments are mostly only moderately
deformed or tilted.

Our conclusion are in accordance with other apatite/zircon fission-track ages results which also show fast
Middle Cretaceous (120-75 Ma) cooling rates in the order of 0.31-0.1 mm/y (Wang and Wei, 2013; Lu et
al., 2015). Similar Early-Middle Cretaceous rapid uplift and denudation is also observed in the Songpan-
Ganzi area, which is likely to be a response of Lhasa-South Qiangtang collision as well (e.g., Dai et al.,
2013; Ratschbacher et al., 2011; Li et al., 2014; Tian et al., 2014). We thus conclude that the Qiangtang
Culmination formed by south-vergent folding and thrusting in the Early Cretaceous, ending around the
time of Mid Cretaceous volcanism. Major thrusts controlled depocenters of the basins during the Late
Cretaceous (Wu et al., 2014). Mid-Cretaceous red beds around Rongma may have been deposited in
basins that developed along the main faults (wedge-top basins, Kapp et al., 2005). This model implies
substantial crustal thickening and perhaps plateau formation in central Tibet prior to the Indo-Asian
collision. After 90Ma, central Tibet experienced ongoing, but slow exhumation (Lu et al., 2015), which

that the effect of the India-Eurasia collision did not reach far into central Tibet.

6. Conclusions
Our ZHe results indicate that the Qiangtang Culmination experienced slow exhumation with a maximum

exhumation rate of ~0.06 mm/y from 210 to 140 Ma. During Early Cretaceous, exhumation accelerated to
0.15-0.3 mm/y, forming the culmination. Exhumation was caused by north-south shortening resulting in
south-verging, thick-skinned folding and thrusting. Mid Cretaceous terrestrial conglomerates and minor

volcanics mark the waning stages of this crustal-thickening stage.

After foreland basin evolution during the Late Triassic (Zhao et al., 2015), the South Qiangtang terrane
became the passive margin of the developing Bangong Hu-Nujiang ocean between the Lhasa and South
Qiangtang terranes in the Jurassic. Early Cretaceous closure of this ocean and collision between the Lhasa
and South Qiangtang terranes led to shortening and fast exhumation of South Qiangtang terrane.
Preservation of a gently dipping angular unconformity beneath mid-Cretaceous conglomerate and tuffs in

the Qiangtang terrane demonstrates that parts of central Tibet were above sea level at the middle
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Cretaceous (>90Ma). Thickening of the crust in central Tibet may have occurred or at least commenced in

the early to middle Cretaceous, well before final collision of India against Eurasia.
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Chapter 6: Subduction reversal: an efficient mechanism for the exhumation of ultra-
high-pressure rocks
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This chapter is a preliminary draft for a manuscript to be submitted to the journal Nature (Geoscience) or

Geology. The author Isit is preliminary and given in alphabetical order.

There is an ongoing debate on how (ultra) high-pressure (UHP) rocks, such as eclogites, can be brought to
the surface from depths well over 100 km (Hacker and Gerya, 2013;Warren, 2013), as indicated by high-
pressure minerals such as diamond and coesite (Chopin, 1984; Smith, 1984; Majka et al., 2014). It is
generally accepted that this exhumation is related to subduction of oceanic slabs. The enigma is that these
rocks move up towards the surface, while the oceanic slab is assumed to descend into the mantle in the
subduction zone at the same time (e.g. Schellart and Rawlinson, 2010). We show that a simple and
efficient mechanism for exhumation is the reversal of the down-going movement of the subducting slab
itself. In this mechanism the exhumation is a direct result of the slab movement and not an indirect effect,
as in most current models. Subduction reversal occurs when the downward pull by the weight of the
subducted slab is less than the opposing upwards pull on the slab. We present one scenario that is
particularly prone to lead to slab extraction: a divergent double subduction zone (DDS-zone; Soesoo et al.,
1997; Wu et al., 2011; Zhao et al, 2015) (Fig. 1). There are currently at least two active DDS-zones on
Earth between Italy and the Balka.ns (Faccenna et al., 2014) and between the islands of Sulawesi and

Halmahera in Indonesia (Hafkenscheid et al., 2001).

Oceanic plates are constantly produced at spreading ridges. As these plates cool, they become denser and
in the end slide down into the mantle at subduction zones, such as the Pacific "Ring of Fire". Although

the oceanic plate slides down into the mantle, high to ultra-high pressure rocks are commonly found in or
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associated with subduction zones (e.g. Ring, 1999). Instead of moving down as the slab does, these rocks
moved up from often >100 km depths (Baldwin et al., 2004). These rocks can either derive from the
down-going slab, or the base of the overriding plate (Hacker et al., 2013). Exhumation velocities can be
very high, well over 10 mm/yr, equivalent to velocities of plates (Rubatto and Hermann, 2001; Parrish et
al., 2006). The question of how rocks from great depths can be brought to the surface remains hotly
debated.
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Fig. 1. Schematic sketch of the force balance in typical divergent double subduction situations. (a) As long as the
two hinges are far apart, downward pull of each slab mostly results in rollback. (b) If there is a distinct inbalance
between the two slabs, one slab pull will exceed the other, leading to the whole oceanic lithosphere sliding in one
direction, resulting in exhumation of the short, trailing slab. (c) In case of slab break-off, the force balance is

suddenly disturbed, potentially leading to subduction reveral.

Most models have in common that they attempt to reconcile a downward movement of a slab with
upward exhumation of UHP rocks. One relatively simple option that has rarely been considered is that the
subducted slab may, under circumstances, reverse its sliding direction and move up instead of down.
What happens at a subduction zone is the result of the complex interplay of forces that act on the various
components: the overriding plate, the not (yet) subducting plate, and the part of that plate that is already
subducted (Fig. 1). Under normal circumstances a point on the subducting plate moves towards a point on
the overriding plate, forcing the subducting plate to slide underneath the overriding plate. The driving
forces are the weight of the slab (slab pull), as well as possible a push from a spreading ridge (ridge push)
(Conrad and Lithgow-Bertelloni, 2002). As plates globally form a complex mosaic, an additional factor is
the movement of the overriding plate, which may be pushed towards or pulled away from the subduction

zone (Webb et al., 2008).
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Fig. 2. Initial setup for our FLAMAR model of a divergent double subduction model with a close-up showing the

detailed structure of the oceanic crust. For beginning rheological setting up are in Appendix C.

Now we consider the case where points on the subducting and overriding plate diverge. Continued
downward sliding of the slab then necessitates so-called "hinge rollback™ and the extension of the
overriding plate, typically by the formation of a back-arc basin (Jolivet et al., 2013). If, however, the slab
pull is relatively minor (e.g. a short slab) and the plates cannot stretch significantly, the forces that pull

the plates apart may exceed the slab pull, with reversal of the slab movement a consequence (Fig. 1b).
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When subduction of the slab is reversed, UHP rocks from the slab and overriding plate are brought back
to the surface. It has been suggested by Hacker et al. (2000) and Webb et al. (2008) that subduction
reversal may have been caused by rotation of a microplate in the Triassic Dabie Shan orogeny in eastern
China and currently in eastern Papua New Guinea (see below), respectively. The scenario is also close to
the "eduction" model of Andersen et al. (1991) and Duretz et al. (2012) for the Western Gneiss Region in
Norway. That model envisages subduction of continental crust, dragged down by an oceanic slab. Once
the heavy oceanic slab tears off, the continental crust rises by its own buoyancy. Here we argue, with field
examples and numerical modeling, that subduction reversal is probably a more common and general
mechanism for the exhumation of UHP rocks, not restricted to particular circumstances of microplate
rotation or the subduction of buoyant plates.
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Fig. 3. Example of subduction reversal in a simulation with zero relative velocity between the overriding plates at
three points in time: (@) 0 Myr, (b) 5 Myr and (c) 14 Myr, at which stage the extracted oceanic slab begins to
separate from the overriding plate and a pull-away basin begins to develop.

A divergent double subduction zone (DDS-zone) (Soesoo et al., 1997; Wu et al., 2011; Zhao et al., 2015)
is one scenario that is prone to lead to subduction reversal. In this case one oceanic plate subducts at both
sides, which necessitates hinge rollback. As the subduction zones converge, the two slabs will be
increasingly affected by each other's pull. As it is highly unlikely that both slabs have equal lengths and
densities, one pull will in the end exceed the other, which then experiences a net upwards pull, leading to
its upwards extraction from the mantle. This scenario was simulated numerically with FLAMAR

(Angiboust et al., 2012, see Methods) for different relative velocities of the overriding plates (Fig. 2).

The simulations start with a DDS-zone with the left slab penetrating down to 150 km and the right one
down to 350 km (Fig. 2). As long as the overriding plates do not converge too rapidly (<1 cm/yr), the
longer slab slides down and pulls the shorter one up and finally down at the opposite suture, at a rate
reaching >5 cm/yr in the simulations. Rocks from >120 km depth exhume to near surface levels within a
few million years (exhumation rates up to 5 cm/yr), after which their ascend paths flatten (Fig. 3c, 4).
UHP rocks are thus juxtaposed to upper crustal rocks from the overriding plate that are pulled away in
what is effectively a giant, lithosphere-scale metamorphic core complex (Whitney et al., 2013) (Fig. 3c).
Once the short slab is fully extracted from the mantle, an oceanic basin, which we suggest to call a "pull-

away basin", develops as the trailing edge of the plate pulls away from the former suture (Fig. 3b).

One interesting aspect is that the sense of shear at both sutures is the same (Fig. 3a). The exhumed rocks
are dragged towards the suture of the down-going slab, where they in the end reach the thrust system.
When the two overriding plates finally collide, it is difficult to distinguish which deformation occurred at

which suture, as both have the same sense of shear.

Divergent double subduction systems are not the rule, but also not a rare exception. Presently, they are
found in the Adria plate, east of Italy (Faccenna et al., 2014) and between the Indonesian Sangihe and
Halmahera Islands (Hafkenscheid et al., 2001). Fossil systems are reported in the Australian Lachlan Fold
Belt (Soesoo et al., 1997), for closure of the Mongol-Okhotsk ocean (Van der Voo et al., 2015) and the
Qiangtang Terrane in Central Tibet (Liu et al., 2011). The simulations show that subduction reversal is
only short lived. Because of this, active subduction reversal is expected to be relatively rare at any one

time, and may currently only occur at two sites on Earth, which are described below.
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Fig. 4. Temperature-depth paths of selected particles, compared to conditions of UHP metamorphism recorded in
Qiangtang, central Tibet (Zhai et al., 2011); Tianshan, northwest China (Lu et al., 2012); Western Gneiss, Norway
(Kylander et al., 2007); d'Entrecasteaux Islands, Eastern Papua New Guinea (Baldwin et al., 2004). Pressures are
given for reference only and are calculated using a pressure increase of 0.3 kbar/km, thus ignoring possible tectonic
over- or underpressure..
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Subduction reversal may explain the exhumation of the youngest UHP rocks known on Earth: the eclogite
facies rocks of the D'Entrecasteaux Island of the coast of eastern New Guinea (Fig. 5a). These rocks were
formed at a depth of ~90 km depth between 4.6 and 5.6 Ma and reached the surface by 1.8 Ma, giving
average exhumation rates of ~2 cm/yr (Baldwin et al., 2004; DesOrmeau et al., 2014; Korchinski et al.,
2014). The UHP rocks occur in extensional domes, with normal faults separating them from the overlying
low-grade upper-plate rocks. Proposed exhumation mechanisms are diapirism of buoyant, and possibly
partially molten UHP rocks (Ellis et al., 2011;DesOrmeau et al., 2014), associated with extension due to
the NW-ward movement of the Solomon Sea Plate and rapid opening of the Woodlark Basin (Baldwin et
al., 2012). In an alternative model, Webb et al. (2008) proposed that the UHP rocks were brought down
by northward subduction of the Australian plate and were subsequently exhumed by subduction reversal,
due to anti-clockwise rotation of the Solomon Sea Plate (Fig. 5b). However, this subduction of the
Australian plate ceases by >20 Ma (van Ufford and Cloos, 2005), after which the whole system moved
another 2000 km to the north. This subduction can therefore not have caused UHP metamorphism around
5 Ma.

Our simulations provide an explanation for the opening of the Woodlark Basin, as well as the exhumation
of UHP rocks (Fig. 3b, c). Magmatism along the Maramuni Arc record southward subduction of the
Solomon Sea Plate underneath Papua New Guinea in the Miocene (van Ufford and Cloos, 2005) (Fig. 5b),
which would have brought down rocks to UHP conditions. The short subducted plate was subsequently
pulled up by the NW-ward subducting Solomon Sea Plate at the New Britain trench. Due to the anti-
clockwise rotation of the Solomon Sea Plate, it is completely extracted from the mantle in the east, where
the Woodlark Basin now opens in its wake as a "pull away basin". The Nabura "Fault" marks the trailing

edge of the extracted Solomon Sea Plate.

Another currently active divergent subduction system is that of the Adria plate between Italy and the
Dinarides (Wortel and Spakman, 2000;Benoit et al., 2011). One slab currently subducts under the
Dinaride coast, while the other slab subducts to the SW under the Apennines. The SW slab is currently in
the process of tearing (Wortel and Spakman, 2000;Faure Walker et al., 2012), making it effectively very
short (~300 km; Benoit et al. 2011) compared to the NE slab. GPS velocity measurements show that the
two overriding plates hardly move relative to each other (Caporali et al., 2009). However, the Adria plate
moves at a relative speed of a few mm/yr towards the NE, causing significant extension NE of the axis of
the Apennine chain (D'Agostino et al., 2011;Montone et al., 2012). The fact that the whole Adria slab

moves to the NE, faster than any rollback of the hinges on either side, must mean that the SW slab is
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pulled up in the same direction. However, this has not yet resulted in bringing UHP rocks to the surface in
the Apennines. Considering the velocity of the Adria plate, UHP rocks are expected to appear at the

surface in about 5-10 million years, which will provide the final proof of our model.
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Extracted Solomon Sea
plate with stretched
Australian plate margin
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Fig. 5 Model for rapid exhumation of UHP rocks at the d'Entrecasteaux Islands, off the coat of Eastern Papua New
Guinea. (A) Regional plate tectonic situation. Red arrows show plate velocities after (Baldwin et al. 2012). (B)
Cross sections showing the Solomon Sea plate being extracted from the mantle due to subduction at the New Britain
Trench. Map from
http://upload.wikimedia.org/wikipedia/commons/c/c6/Papua_New_Guinea_location_map_Topographic.png

The proposed model provides an efficient mechanism for the rapid exhumation of UHP rocks. It can
explain several features typical for UHP rocks, such as initially rapid exhumation, followed by slower
exhumation (Kylander-Clark et al., 2012), extension during exhumation (Brueckner and Cuthbert, 2013),
close association of UHP rocks with upper-plate rocks. This does not imply that other proposed models
are invalidated. However, considering that presently there appear to be at least two cases of subduction
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reversal in an active DDS-zone, each with a lifetime in the order of 10-20 myrs, one can expect to have
had at least 25 such cases on Earth in the Mesozoic alone. Subduction reversal in a DDS-zone, as well as
by other plate tectonic forces, should thus be regarded as an important mechanism for the exhumation of
UHP rocks.

Author contributions: The basic idea was conceived by Bons, Zhao and Soesoo. Numerical modelling
was carried out by Zhao, Gomez-Rivas and Burov. The paper was written by all authors.
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Chapter 7: Main conclusions and further questions

This PhD-thesis contributes to the ongoing controversy about key gquestions concerning the exhumation of
high-pressure rocks and basement in central Tibet during the evolution of the Tethys-realm. The key
highlights of this study are to clarify different units in Qiangtang, central Tibet and propose plausible
tectonic explanation of their spatiotemporal relationships. Transversely extending of our model in
Qiangtang is one the most important aims to us in future. Additional work should focus on geodynamical
process among the small Tibetan terranes of which geological analogues also exists today, such as in
southeast Asia and the Mediterranean region. Below, the main conclusions concerning these points as

well as open research questions are given.

7.1 The mélange in central Qiangtang clarified into several different units.
Detailed lithological and structural mapping in the South Qiangtang Terrane allowed the definition of

three main units in the area: (1) the Paleozoic autochtonous basement of the Qiangtang Terrane, (2) the
Mesozoic allochtonous unit with ophiolitic and sedimentary mélange. The ophiolitic mélange consists of
gabbro, diabase, basalt and minor cherts, however the sedimentary mélange composed by marine
sediments, high-pressure rafts and Permian limestone, (3) the overlying Mesozoic autochtonous of
Jurassic to Cretaceous sediments.

Detrital zircons and dating of orthogeneisses constrain the age of the basement between ~591 and 470 Ma.
The basement is unconformably overlain by Ordovician slates with a basal conglomerate and
Carboniferous sand- and siltstones. Similarity with the Lhasa and Himalaya areas suggest that the
Paleozoic autochtonous basement was part of the northern margin of Gondwana during the Early

Paleozoic.

The ophiolitic mélange consists of gabbro, diabase and basalt blocks and lenses, intercalated with deep-
water siltstone, with minor chert, mudstone, sandstone and limestone. The mafic rocks have ocean-island
or MORB affinities and range in age from the Ordovician to Triassic. Most of these mafic rocks preserved
their original structures such as amygdules in basalt. The sedimentary mélange is highly variable and
includes sandstone, siltstone, mudstone, cherts, thinly bedded limestone and minor mafic blocks.
Competent lithologies are embedded as lenses in a strongly foliated matrix. Various sedimentary
structures are preserved, such as Bouma sequences, graded bedding, load casts and flute marks. That

means both the ophiolitic and sedimentary mélange was never buried to significant depths.
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High-pressure rocks are found in association with the clastic sediments and Permian limestones in the
sedimentary mélange. Main outcrops of high-pressure rocks are located in Jiaomu Ri and south of
Gangtang Co. They consist of phengite-quartz schists, blueschists and eclogites. Peak metamorphic age is
~ 244 Ma and exhumation occurred around 220-214 Ma. Maximum temperature and pressure ranges are
410-460 °C and 2.0-2.5 GPa.

After closure of the Longmu Co-Shuanghu suture zone, Upper Triassic sedimentation commenced in the
south in a foreland setting and progressively extended to the north where extensive bimodal volcanic
activity occurred, which is interpreted as the result of mantle upwelling due to the final sinking of the
paleo-Tethys oceanic slab. Jurassic marine sediments deposited both on north and south flanks of
Qiangtang Culmination. Cretaceous to recent terrestrial sediments, mostly conglomerates, covers the area

in scattered, usually fault-bounded basins.

7.2 Structural relationships of different units.
Boundaries between units could be determined in the field, as well as using ASTER satellite images. The

high topography makes it possible to determine the orientation of contacts and map units by using the
interaction between these and topography, which was done with Move™ by Midland Valley. This
provides orientations on the map scale, which is preferable to using outcrop-scale observations and
measurements, due to the often chaotic deformation on the small scale, and the potential overprinting of

multiple deformation phases.

In the Rongma area, the main units form a stack of sheets with Precambrian to Carboniferous basement at
the base, ophiolitic mélange in the middle and sedimentary mélange with large rafts of blueschists and
non-metamorphic Permian sediments towards the top. Metamorphism in the Central Qiangtang
Metamorphic Belt occurred in two unrelated stages. The first, lower greenschist facies event occurred in
Pre-/Early-Ordovician times and affected the Precambrian basement. A second event produced the high-
pressure rocks that exhumed in the Triassic as a result of the closure at the Longmu Co-Shuang Hu suture

zone between the North and South Qiangtang terranes.

As a special case, the high-pressure rocks, as a kilometers scale rafts, are contained within the
sedimentary mélange. Preservation of fossils and primary sedimentary microstructures show that the
sedimentary mélange was not metamorphosed. However, the Permian limestones in contact with
blueschists NE of Rongma trend towards strongly deformed marbles at that contact. The marbles contain

assemblages of calcite + tremolitic amphibole + epidote + garnet + quartz, which indicate elevated
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temperatures (up to ~ 500 C) but relatively low pressure. The garnet, however, appears to have grown

post- tectonically, implying a syn- to post-tectonic thermal event.

7.3 Simplified tectonically evolution model of Qiangtang terrane.
The North and South Qiangtang terranes were formerly separated by an Ordivician-Triassic ocean.

Opening of the Shuanghu-Tethys between the NQT and the SQT probably commenced in the (Late)
Ordovician. The SQT formed the passive northern margin of Gondwana on which sediments were
deposited at various stages from the Ordovician to the Permian.

Northward subduction of the Paleo-Tethys underneath the NQT commenced at ~ 275 Ma, as is indicated
by arc activity in the NQT. The youngest known passive margin sediments (P,l) were deposited on the
SQT, but no known sedimentation occurred at the active southern margin of the NQT where arc
volcanism occurred instead. With (minor) subduction to the south as well, the Shuanghu-Tethys plate
would have formed a divergent double subduction zone with a long slab subducting to the north and a
short one to the south.

Northward movement of the Shuanghu—Tethys plate, during convergence of the NQT and SQT, carried
the mix of sedimentary mélange and high-pressure rocks northward, towards and in the end on top of the
accreted material at the northern suture, the ophiolitic mélange. As the two terranes collided, all these
rocks were thrusted onto the SQT, producing the sheet stack as is now observed. Formation of the sheet
stack by S- to SW-thrusting took place between about 220 and 210 Ma. It was postdated by intrusion of
the undeformed, 210 Ma Gangtang Co granite and onset of Late Triassic foreland sediment deposition

and volcanic activity. Coeval foreland basin developed in front of this thrust sheet.

Following the closure of Longmu Co-Shuanghu suture zone, the Bangong—Nujiang suture zone opened
between the amalgamated Qiangtang terrane and the north Lhasa terrane. Jurassic shallow marine
deposits unconformably overlie Late Triassic sediments and volcanics on the NQT. Jurassic the deep-
water flysch sediments cover all the older units in the southern SQT. These are thought to represent the

opening of the Bangong—Nujiang suture zone.

Thermochronology results illustrate that the Qiangtang Terrane experienced strong shorting during
closure of the Bangong—Nujiang suture and concomitant collision between the Lhasa and Qiangtang
terranes. During the Early Cretaceous, the large obducted mélange sheet was shortened and restacked

during this Lhasa-Qiangtang collision. During this shortening, the basement exhumed and ramped up and
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over Cretaceous terrestrial conglomerate. Middle Cretaceous terrestrial conglomerate commenced at

90Ma which has not strongly deformed and indicated end of Qiangtang-Lhasa collision.

7.4 New efficient exhumation model of high-pressure rocks.
To explain the current structural relationships of different units, a new high-pressure rocks exhumation

model, "subduction reversal" is proposed. The northward-subducting longer oceanic slab pulled a short,
south-dipping slab from underneath the South Qiangtang terrane and brought this in contact with the
sedimentary mélange and Permian margin sediments. The proposed slab extraction model provides a very
efficient mechanism for the rapid exhumation of UHP rocks. It can explain several features typical for
UHP rocks, such as initially rapid exhumation, followed by slower exhumation rate, extension during
exhumation, close association of UHP rocks with upper-plate rocks. However, this does not imply that
other proposed models are invalidated.

7.5 Open questions and further research aims.
1) The mapping only focused on central Qiangtang. Are the results still applicable to the whole EW extent

of the Qiangtang terrane(s)? Are any other regions comparable with Qiangtang and can the results be
applied there? The main geodynamical principles that control small terrane evolution remain enigmatic. 2)
What was the shortening mechanism, thin- or thick-skinned, during Lhasa-Qiangtang collision? This
spectacular issue influences understanding pre-Cenozoic evolution of the Tibetan Plateau. 3) Exhumation
of high-pressure rocks is another hotly debated issue for decades. How and where could the ‘slab reverse’

model be applied or further developed?
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Appendix
Appendix A: Original paper (in Chinese) for Chapter 3
Chapter 3 is translated from Chinese version which is also available on online.

http://www.ysxb.ac.cn/ysxb/ch/reader/create pdf.aspx?file n0=20140819&year id=2014&quarter id=8
&falg=1
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Miz 1 SRIBATRAERE (NT71306) A LAHITRE (NT71303 \NT71304 [NT71305 ) ##/E$5F LA-ICP-MS U-Pb £
Appendix Table 1  Detrital zircon LA-ICP-MS U-Pb age of the low-grade metamorphic quartz sandstones ( sample NT71306) from
Rongma Formation and of the sedimentary rocks (sample NT71303, NT71304, NT71305) from Tashishan Formation

Pb Th U 207 Pb/235 U 206 Pb/238 U ]/Efﬂ-l
s e Th/U 27phL/25U 1 206ph/ 28y 1 1 1
UJ = /E\E( X]Oié) T 7 Agc(Md) 7 Age( Md) 7 F{‘

FRIGLH AR A1 FERY S (NT71306)

6001 94.8 507.0  357.5 1.42 1.6915 0.0490 0.1720 0.0017 1005 18 1023 10 98%
6002 39.4 138.3  181.4 0.76 1.5490 0.0450 0.1622 0.0018 950 18 969 10 98%
6003 238.2  251.1 435.3 0.58 10. 6479 0.2498 0.4148 0.0041 2493 22 2237 19 89%
6004 38.2 239.5  333.5 0.72 0.7055 0.0228 0.0887 0.0010 542 14 548 6 98%
6005 73.1 33.9 734.5 0.05 0.7230 0.0217 0.0920 0.0012 552 13 567 7 97%
6006 151.4  204.4 321.2 0.64 5.5316 0.1656 0.3636 0.0042 1906 26 1999 20 95%
6008 12.0 7.6 32.5 0.23 5.5717 0.1992 0.3004 0.0047 1912 31 1693 23 87%
6009 96.1 248.6  463.8 0.54 1.5581 0.0391 0.1663 0.0016 954 16 992 9 96%
6010 44.2 123.7  151.0 0.82 2.7047 0.0751 0.2325 0.0024 1330 21 1348 13 98%
6011 62.9 136.0 241.3 0.56 2.2770 0.0661 0.2118 0.0026 1205 21 1239 14 97%
6012 28.7 169.0 135.8 1.24 1.3885 0.0508 0.1431 0.0018 884 22 862 10 97%
6013 36.7 83.6 208.6 0.40 1.3795 0.0511 0.1439 0.0016 880 22 867 9 98%
6014 88.2 370.6  856.8 0.43 0.7148 0.0235 0.0851 0.0011 548 14 527 6 96%
6015 68.8 71.5 85.9 0.83 15.3610 0.5090 0.5476 0.0070 2838 32 2815 29 99%
6016 240.8  263.3  829.7 0.32 3.9353 0.1868 0.2292 0. 0062 1621 38 1330 32 80%
6017 137.1  151.6  726.2 0.21 1.7837 0.0629 0.1663 0.0022 1040 23 992 12 95%
6018 28.6 91.8 231.6 0.40 0. 8405 0.0339 0.1032 0.0014 619 19 633 8 97%
6019 55.5 150.0 244.2 0.61 1.8855 0.0723 0.1752 0.0027 1076 25 1041 15 96%
6020 35.4 141.6  200.0 0.71 1.2824 0.0580 0.1381 0.0023 838 26 834 13 99%
6021 25.4 151.2  204.1 0.74 0.8556 0.0404 0.0985 0.0013 628 22 605 8 96 %
6022 32.5 102.0  223.8 0.46 1.0664 0.0464 0.1210 0.0020 737 23 736 11 99%
6023 59.0 238.8  437.8 0.55 0.8273 0.0291 0.1105 0.0014 612 16 676 8 90%
6024 13.8 39.3 62.0 0.63 2.2695 0.1492 0.1758 0.0029 1203 46 1044 16 85%
6025 66.1 107.8  261.4 0.41 2.0634 0.0710 0.2094 0.0025 1137 24 1226 13 92%
6026 16.2 42.2 64.1 0.66 1.8333 0.0770 0.1963 0.0029 1057 28 1155 16 91%
6027 17.2 237.8 115.6 2.06 0.6511 0.0328 0.0870 0.0013 509 20 538 8 94%
6028 81.9 674.7 524.6 1.29 1.2763 0. 0406 0.1132 0.0023 835 18 691 13 81%
6029 16.0 42.6 81.5 0.52 1.5781 0. 0660 0.1587 0.0023 962 26 949 13 98%
6030 53.6 144.9  282.9 0.51 1.4365 0. 0469 0.1525 0.0019 904 20 915 11 98%
6031 270.2 92.6 621.9 0.15 6.6460 0.1639 0.3637 0.0036 2065 22 2000 17 96%
6032 263.3  336.7 383.0 0.88 10.7542 0.2565 0.4831 0. 0054 2502 22 2541 23 98%
6033 49.1 75.6 225.2 0.34 1.9432 0.0575 0.1861 0.0023 1096 20 1100 13 99%
6034 44.1 133.1 248.6 0.54 1.3048 0.0359 0.1430 0.0017 848 16 862 9 98%
6035 30.4 112.2 182.0 0.62 1.1867 0.0404 0.1329 0.0017 794 19 804 10 98%
6036 100.2  130.3  207.6 0.63 7.4155 0.1944 0.3594 0.0037 2163 24 1979 18 91%
6037 74.6 72.3 130.7 0.55 9.7085 0.2680 0.4455 0. 0054 2408 25 2375 24 98%
6038 41.0 94.6 191.9 0.49 1.7852 0.0576 0.1752 0.0021 1040 21 1041 11 99%
6039 144.2  208.6  288.7 0.72 6.5758 0.2040 0.3836 0.0044 2056 27 2093 20 98%
6040 42.0 120.0  329.7 0.36 0.9566 0.0375 0.1108 0.0015 682 19 677 9 99%
6041 55.9 394.4  287.1 1.37 1.1949 0.0461 0.1363 0.0019 798 21 824 11 96%
6042 96.8 109.3  328.1 0.33 2.9965 0.0952 0.2498 0.0028 1407 24 1437 15 97%
6043 44.9 190.2  383.6 0.50 0.9872 0.0371 0.0973 0.0014 697 19 598 8 84%
6044 174.9  150.6  312.5 0.48 10. 0865 0.2852 0.4441 0.0048 2443 26 2369 22 96%
6045 67.1 171.5  626.6 0.27 1.0908 0.0502 0.089%4 0.0014 749 24 552 8 79%
6046 16.2 37.9 78.8 0.48 1.8264 0.0782 0. 1650 0.0024 1055 28 984 14 93%
6047 167.6  266.2  455.8 0.58 4.0355 0.1081 0.2840 0.0028 1641 22 1612 14 98%
6048 76.3 123.8 234.4 0.53 3.7275 0.0956 0.2484 0.0026 1577 21 1430 14 90%
6049 131.2  130.1  741.1 0.18 1.5164 0.0345 0. 1560 0.0019 937 14 934 11 99%
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Wris il ﬁ;.;(zhlo*) S Th/U  27ph/?5U lo 2ph/2U lo 2:;12/1;3:; lo Zz:g};lz/lxﬁ)U to »Egﬂ
6050 38.4 114.3  235.0  0.49 1.2325 0.0358 0.1339 0.0015 815 16 810 8 99%
6051 166.8 111.5 292.4  0.38 9.5652 0.1688 0.4341 0.0042 2394 16 2324 19 97%
6052 18.5 148.2 82.3 1.80 1.2597 0.0552 0.1334 0.0017 828 25 807 10 97%
6053 40.0 71.6 222.3 0.32 1.4097 0.0375 0. 1496 0.0018 893 16 899 10 99%
6054 131.6  426.9 730.8 0.58 1.4675 0.0373 0.1483 0.0019 917 15 892 11 97%
6055 58.1 140.4  388.2 0.36 1.1202 0.0315 0.1245 0.0014 763 15 756 8 99%
6057 64.3 243.9  580.3 0.42 0.7620 0.0237 0.0942 0.0012 575 14 580 7 99%
6058 39.8 211.8  348.8 0.61 0.7472 0.0259 0.0926 0.0013 567 15 571 8 99%
6059 6.8 0.6 67.7 0.01 0.9151 0.0572 0.0924 0.0016 660 30 570 10 85%
6060 70.7 121.3  507.2  0.24 1.1673 0.0476 0.1257 0.0028 785 22 763 16 97%
6061 30.2 70.1 229.9  0.31 1.0056 0.0398 0.1148 0.0015 707 20 701 9 99%
6062 70.0 264.4  666.4 0.40 0.7475 0.0261 0.0911 0.0013 567 15 562 8 99%
6063 160.6  62.9 166.7 0.38 29.1772 0.8969 0.6787 0.0086 3459 30 3340 33 96%
6064 22.6 59.5 124.4  0.48 2.0482 0. 1685 0.1534 0.0030 1132 56 920 17 79%
6065 14.0 44.1 88.1 0.50 1.2119 0.0577 0.1285 0.0018 806 27 779 10 96%
6066 10.1 16.6 58.5 0.28 1.4211 0.0825 0.1498 0.0024 898 35 900 14 99%
6067 196.0  633.4  831.5 0.76 1.8724 0. 0660 0.1856 0.0025 1071 23 1098 14 97%
6068 14.3 123.0  106.0 1.16 0.7588 0.0379 0.0936 0.0015 573 22 5717 9 99%
6069 11.9 94.9 68.5 1.38 1.0887 0.0614 0.1189 0.0022 748 30 724 13 96%
6070 18.0 100.0  131.9  0.76 0.9282 0.0478 0. 1064 0.0019 667 25 652 11 97%
6071 103.9 82.0 202.4 0.41 8.4790 0.3148 0.3974 0.0043 2284 34 2157 20 94%
6072 81.7 119.1  399.6 0.30 1.7743 0.0629 0.1768 0.0020 1036 23 1050 11 98%
6073 55.6  212.5 237.1 0.90 1.6635 0.0632 0. 1709 0. 0021 995 24 1017 12 97%
6074 41.1 144.7  192.8 0.75 1.6146 0.0627 0.1608 0.0021 976 24 961 12 98%
6075 20.8 40.8 147.5 0.28 1.0172 0. 0466 0.1205 0.0018 712 23 733 10 97 %
6076 6.4 21.6 35.8 0.60 1.2772 0.0876 0. 1407 0.0031 836 39 848 17 98%
6077 78.0 283.5 412.7 0.69 1.6596 0.0636 0.1598 0.0033 993 24 956 18 96%
6078 63.1 133.8 555.6 0.24 0.8298 0.0276 0.0999 0.0012 613 15 614 7 99%
6079 98.8 267.7 630.8 0.42 1.1837 0.0381 0.1338 0.0018 793 18 810 10 97%
6080 51.2 185.6  316.9 0.59 1.1409 0.0374 0.1280 0.0014 773 18 776 8 99%
6081 14.5 70.6 82.5 0.86 1.2039 0.0554 0.1317 0.0017 802 26 797 10 99%
6082 78.3 90.2 127.3 0.71 9.7901 0.2588 0.4514 0. 0045 2415 24 2401 20 99%
6083 11.9 0.8 119.9 0.01 0.7419 0.0340 0.0937 0.0014 564 20 578 8 97%
6084 155.5 354.2  739.9 0.48 1.7302 0. 0460 0.1747 0.0020 1020 17 1038 11 98%
6085 61.2 180.0  220.8 0.82 2.1399 0.0661 0.2102 0. 0025 1162 21 1230 13 94%
6086 110.6  221.7 517.3 0.43 1.7358 0.0516 0.1755 0.0020 1022 19 1042 11 98%
6087 57.6 228.5  281.8 0.81 1.4939 0.0450 0.1539 0.0017 928 18 923 10 99%
6088 36.9 67.7 324.8 0.21 0.8314 0.0292 0.0998 0.0015 614 16 614 9 99%
6089 18.1 111.9 69.8 1.60 1.7119 0.0848 0.1691 0.0028 1013 32 1007 16 99%
6090 46.3 73.3 446.6 0.16 0.7526 0.0302 0.0921 0.0012 570 18 568 7 99%
6091 15.2 79.9 86.1 0.93 1.1599 0.0622 0.1295 0.0020 782 29 785 11 99%
6092 22.4 84.0 182.2 0.46 0.8181 0.0370 0. 1006 0.0014 607 21 618 8 98%
6093 64.6 247.2  308.8 0.80 1.4973 0.0530 0.1551 0.0022 929 22 929 12 99%
6094 26.0 33.8 120.4  0.28 1. 8000 0.0736 0.1852 0. 0026 1045 27 1095 14 95%
6095 93.1 9.1 222.4  0.42 7.9407 0.7241 0.3353 0.0143 2224 82 1864 69 82%
6096 30.9 121.1 137.9 0.88 1.5287 0.0699 0.1658 0.0023 942 28 989 13 95%
6097 32.7 188.6  183.1 1.03 1.0884 0.0448 0.1294 0.0017 748 22 785 10 95%
6098 86.8 248.0 379.6  0.65 1.6925 0.0563 0.1781 0.0021 1006 21 1056 12 95%
6099 64.3 85.4 100.8 0.85 9.6800 0.3122 0. 4468 0.0051 2405 30 2381 23 99%
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6100 70.4 50.5 125.9  0.40 9.2995 0.3080 0.4345 0. 0050 2368 30 2326 22 98%
6101 52.7 92.6 76.2 1.22 10.5140 0.3513 0.4613 0. 0059 2481 31 2445 26 98%
6102 105.5 284.5 120.0 2.37 10.7993 0.3145 0. 4862 0.0057 2506 27 2554 25 98%
6103 25.6 66.0 108.7 0.61 2.0207 0.0705 0.1844 0. 0025 1123 24 1091 14 97 %
6104 122.3  498.2 578.0 0.86 1.6651 0.0514 0.1659 0.0022 995 20 989 12 99%
6105 103.3  127.6  367.8 0.35 2.7705 0.0895 0.2341 0.0026 1348 24 1356 14 99%
6106 116.8 162.9 162.2 1.00 11.0247 0.3784 0.5031 0.0080 2525 32 2627 34 96%
6107 28.4 258.3  216.4 1.19 0.7584 0.0330 0.0925 0.0013 573 19 570 7 99%
6108 37.7 119.3  132.2 0.90 2.1383 0.0953 0.2000 0.0043 1161 31 1175 23 98%
6109 22.6 59.9 176.1 0.34 0.8483 0.0348 0.1048 0.0016 624 19 642 10 97%
6110 4.6 3.0 23.9 0.12 1.6447 0.1079 0.1682 0.0037 988 41 1002 21 98%
6111 61.1 116.4  350.3 0.33 1.4788 0.0700 0. 1586 0.0031 922 29 949 17 97%
6112 256.7 173.6  354.8 0.49 13.2933 0.4341 0.5330 0.0063 2701 31 2754 26 98%
6113 130.4 228.0 195.6 1.17 9.4913 0.3092 0.4347 0.0048 2387 30 2327 21 97%
6114 220.4  273.2  356.3 0.77 9.5706 0.3195 0.4403 0.0048 2394 31 2352 21 98%
6115 221.8 253.6 339.4 0.75 10. 6631 0.3787 0.4702 0.0054 2494 33 2484 24 99%
6116 57.2 110.0  265.3 0.41 1.9360 0.0781 0.1753 0.0021 1094 27 1041 12 95%
6117 122.6  568.2  578.2 0.98 1.5277 0.0507 0.1520 0.0015 942 20 912 96%
6118 25.0 105.0 223.4 0.47 0.7857 0.0316 0.0929 0.0012 589 18 573 97%
6119 61.8 81.7 306. 1 0.27 1.7595 0.0554 0.1710 0.0019 1031 20 1018 11 98 %
6120 54.8 337.7 497.7 0.68 0.6766 0.0209 0.0854 0.0010 525 13 528 6 99%
6121 243.7 379.6 567.9  0.67 8.3806 0.3205 0.3917 0.0111 2273 35 2131 51 93%
6122 21.4 105.2  121.1 0.87 1.1690 0. 0400 0.1320 0.0016 786 19 800 9 98%
6123 103.9 71.6 130.4 0.55 16.7227 0.3641 0.5871 0.0062 2919 21 2978 25 98%
6124 38.7 107.4  321.0 0.33 0.8865 0.0280 0.1056 0.0013 644 15 647 8 99%
6125 55.1 452.8 186.8 2.42 1.5025 0.0431 0.1635 0.0019 931 18 976 11 95%
6126 19.7 59.4 133.6 0.44 1.1129 0.0418 0.1207 0.0015 760 20 734 8 96%
6127 95.8 123.3  254.3 0.49 4.3322 0.1011 0.2900 0.0036 1700 19 1642 18 96%
6128 42.3 143.2  205.5 0.70 1.4622 0.0448 0.1608 0.0020 915 18 961 11 95%
6129 68.8 165.4 343.4 0.48 1.5659 0.0385 0. 1644 0.0018 957 15 981 10 97%
6130 47.8 74.8 165.7 0.45 2.5723 0.0710 0.2338 0.0025 1293 20 1354 13 95%
A AP A (NT71303,,NT71304 ,NT71305)
3001 220.8  214.5 409.0 0.52 8.7291 0.2869 0.3954 0.0044 2310 30 2148 20 92%
3002 23.5 49.5 120.6 0.41 1.5798 0. 0666 0.1624 0.0022 962 26 970 12 99%
3003 148.2  117.8 327.6  0.36 5.8717 0.1627 0.3567 0.0039 1957 24 1967 18 99%
3004 78.0 189.9  386.9  0.49 1.5345 0.0457 0.1626 0. 0020 944 18 971 11 97%
3005 165.8 556.3 999.9 0.56 1.1367 0.0350 0.1325 0.0019 771 17 802 11 96%
3006 38.8 127.9  173.9  0.74 2.0077 0.1044 0.1896 0. 0057 1118 35 1119 31 99%
3007 39.9 47.3 112.0 0.42 3.5377 0.1217 0.2825 0.0035 1536 27 1604 17 95%
3008 76.3 137.8  364.1 0.38 1.6537 0.0531 0.1692 0.0019 991 20 1008 11 98%
3009 117.0 68.2 234.6 0.29 7.0664 0.2234 0.4094 0.0052 2120 28 2212 24 95%
3010 20.7 87.6 90.6 0.97 1.6975 0.0741 0. 1706 0.0026 1008 28 1015 14 99%
3011 30.2 64.8 134.9 0.48 1.8453 0.0720 0.1824 0.0023 1062 26 1080 13 98%
3012 39.4 103.0  199.7 0.52 1.4808 0.0525 0. 1640 0.0021 923 21 979 12 94%
3013 58.2 104.1  428.1 0.24 1.0009 0.0325 0.1185 0.0014 704 17 722 8 97%
3014 35.8 82.0 194.8 0.42 1.4095 0.0487 0.1488 0.0016 893 21 894 9 99%
3015 75.9 362.0 328.3 1.10 1.5421 0.0535 0.1651 0.0022 947 21 985 12 96%
3016 164.9  132.5  220.1 0.60 13.7662 0.4497 0.5473 0.0074 2734 31 2814 31 97%
3017 16.7 49.6 122.1 0.41 0.9519 0.0399 0.1105 0.0016 679 21 676 9 99%
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3018 34.7 234.5  348.5 0.67 0.6123 0.0221 0.0788 0. 0009 485 14 489 6 99%
3019 215.2  252.8 359.2 0.70 10. 1856 0.2630 0.4358 0. 0050 2452 24 2332 23 94%
3020 116.6  434.3 1021.3  0.43 0.8839 0.0263 0.0982 0.0015 643 14 604 9 93%
3021 98.3 64.8 878.5 0.07 0.9679 0.0336 0.1022 0.0017 687 17 627 10 90%
3022 53.5 200.7  213.2 0.94 1.9118 0.0523 0.1828 0.0023 1085 18 1082 12 99%
3023 10.6 36.8 48.7 0.76 1.6925 0.0737 0.1650 0.0022 1006 28 984 12 97%
3024 70.5 316.8  299.2 1.06 1.6798 0.0416 0.1690 0.0019 1001 16 1006 10 99%
3025 72.2 197.4  339.7 0.58 1. 6696 0.0413 0.1671 0.0018 997 16 996 10 99%
3026 25.5 131.5  139.1 0.95 1.2655 0.0465 0.1354 0.0021 830 21 818 12 98%
3027 45.8 75.9 317.8 0.24 1.0710 0.0299 0.1235 0.0013 739 15 751 8 98%
3028 84.7 128.2  439.4  0.29 1.5792 0.0390 0.1657 0. 0020 962 15 988 11 97%
3029 18.9 55.6 75.3 0.74 2.0398 0.0681 0.1938 0.0028 1129 23 1142 15 98%
3030 15.3 39.2 60.3 0.65 2.0964 0.0797 0.1955 0.0029 1148 26 1151 16 99%
3031 35.0 98.9 134.5 0.74 2.0181 0. 0605 0.1970 0.0024 1122 20 1159 13 96%
3032 33.0 78.4 128.6 0.61 2.2396 0.0681 0.1974 0.0023 1194 21 1161 12 97%
3033 109.3  126.2 154.6 0.82 11.4692 0.3078 0.5043 0.0062 2562 25 2632 27 97%
3034 44.1 172.4  271.1 0.64 1.1831 0.0363 0.1249 0.0013 793 17 759 8 95%
3035 15.6 68.9 122.7 0.56 0.7962 0.0357 0.1003 0.0013 595 20 616 8 96%
3036 91.8 370.5 638.1 0.58 0.9596 0.0336 0.1155 0.0016 683 17 705 9 96%
3037 72.6 141.6  362.2 0.39 1.5212 0.0479 0.1633 0.0019 939 19 975 11 96%
3038 206.4 195.0 326.5 0.60 10.1379 0.2784 0.4803 0.0063 2447 25 2529 27 96%
3039 30.6 50.8 144.1 0.35 1.7949 0. 0808 0.1692 0.0021 1044 29 1007 12 96%
3040 14.7 70.9 129.3 0.55 0.7370 0.0295 0.0915 0.0013 561 17 564 7 99%
3041 18.9 39.9 99.4 0.40 1.3874 0.0540 0.1556 0.0021 884 23 932 11 94%
3042 7.6 11.3 38.9 0.29 1.7129 0.1236 0.1553 0.0026 1013 46 931 15 91%
3043 35.3 111.5  156.7 0.71 1.5479 0.0515 0. 1696 0.0021 950 21 1010 12 93%
3044 111.8 688.0 1140.0 0.60 0.5764 0.0195 0.0807 0.0014 462 13 500 8 92%
3045 70.4 71.7 609.3 0.12 0.7762 0.0286 0.1048 0.0015 583 16 643 9 90%
3046 220.3  388.5 324.7 1.20 8.6665 0.3094 0.4504 0.0057 2304 33 2397 25 96%
3047 183.5 362.3 460.8 0.79 3.9278 0.1374 0.2872 0.0046 1619 28 1628 23 99%
3048 80.2 245.0 417.6 0.59 1.4811 0.0486 0.1612 0.0021 923 20 963 12 95%
3049 163.9  426.2 385.1 1.11 3.7123 0.1045 0.2958 0.0031 1574 23 1670 16 94%
3050 221.4  140.6  567.5 0.25 4.7235 0. 1369 0.3268 0.0041 1771 24 1823 20 97%
3051 37.7 88.9 292.1 0.30 0.9331 0.0299 0. 1097 0.0013 669 16 671 7 99%
3052 33.2 50.5 267.1 0.19 0.8815 0.0265 0.1079 0.0012 642 14 661 7 97%
3053 56.8 192.6  370.0 0.52 1.1392 0.0337 0.1261 0.0015 772 16 766 8 99%
3054 41.2 109. 1 194.2 0.56 1.6387 0.0494 0.1650 0.0021 985 19 984 11 99%
3055 87.0  210.5 131.5 1.60 8.0751 0.2329 0.3917 0.0038 2239 26 2130 17 95%
3056 80.9 216.4  266.9 0.81 2.6348 0.0789 0.2207 0.0024 1310 22 1286 13 98%
3057 46.7 87.5 60.8 1.44 10.5952 0.2944 0.4705 0.0054 2488 26 2486 24 99%
3058 58.0 250.2  365.7 0.68 1.0920 0.0328 0.1197 0.0012 749 16 729 7 97%
3059 30.7 81.2 248.6 0.33 0.8752 0.0289 0.1044 0.0013 638 16 640 8 99%
3060 5.9 9.9 30.8 0.32 1.5392 0.0894 0.1590 0.0029 946 36 951 16 99%
3061 47.2  252.9  190.8 1.33 1.5912 0.0529 0.1634 0.0019 967 21 975 11 99%
3062 39.6 178.3  159.4 1.12 1.8256 0.0589 0.1761 0. 0026 1055 21 1046 15 99%
3063 21.9 67.3 134.2 0.50 1.1517 0.0396 0.1294 0.0017 718 19 785 10 99%
3064 49.8 135.4  230.2  0.59 1.6121 0.0443 0.1686 0.0019 975 17 1004 10 97%
3065 22.9 58.6 126.9  0.46 1.2830 0. 0469 0.1424 0.0018 838 21 858 10 97%
3066 70.0 81.2 102.9 0.79 10.3151 0.2817 0.4701 0.0059 2463 25 2484 26 99%
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3067 100.6  133.5 166.1 0.80 9.2730 0.2264 0.4223 0.0044 2365 22 2271 20 95%
3068 60.5 66.6 136.7 0.49 5.2828 0.1338 0.3431 0.0039 1866 22 1902 19 98%
3069 21.5 124.4  170.1 0.73 0.7795 0.0282 0.0934 0.0011 585 16 576 6 98%
3070 97.8 130.4  125.7 1.04 12.5536 0.2925 0.5116 0. 0057 2647 22 2664 24 99%
3071 14.3 11.1 112.4 0.10 0.9350 0.0361 0.1130 0.0015 670 19 690 97%
3072 56.9 18.8 575.8 0.03 0.7000 0.0187 0.0898 0.0011 539 11 555 97%
3073 22.8 210.2  103.4 2.03 1.1185 0.0444 0.1298 0.0017 762 21 787 10 96%
3074 39.6 146.4  156.5 0.93 1.8443 0.0602 0.1809 0.0020 1061 21 1072 11 99%
3075 10.6 123.6 56.0 2.21 0.9029 0.0430 0.1057 0.0017 653 23 647 10 99%
3076 283.5 135.9 614.3 0.22 6.7286 0.1779 0.3785 0.0042 2076 23 2069 20 99%
3077 41.2 155.7 289.4  0.54 0.9626 0.0314 0.1127 0.0012 685 16 689 99%
3078 60.9 203.8  430.8 0.47 1.0017 0.0280 0.1152 0.0012 705 14 703 99%
3079 43.0 66.7  403.8 0.17 0.7504 0.0222 0.0924 0.0011 568 13 570 99%
3080 50.4  218.0 216.3 1.01 1.6429 0.0510 0.1653 0. 0025 987 20 986 14 99%
3081 30.2 68.5 136.8 0.50 1.7968 0.0621 0.1742 0.0022 1044 23 1035 12 99%
3082 38.5 58.4 53.0 1.10 10.3765 0.2817 0.4771 0.0070 2469 25 2515 31 98%
3083 19.3 95.1 81.2 1.17 1.5275 0.0573 0.1614 0.0023 942 23 964 13 97%
3084 28.5 87.9 136.6 0.64 1.5784 0.0599 0.1619 0.0021 962 24 967 11 99%
3085 8.6 65.5 59.5 1.10 0.8007 0.0459 0.1001 0.0016 597 26 615 9 97%
3086 23.5 91.7 112.8 0.81 1.5198 0.0619 0.1568 0.0023 938 25 939 13 99%
3087 20.3 121.2 86.4 1.40 1.3473 0.0565 0.1545 0.0023 866 24 926 13 93%
3088 51.8 328.6 455.2  0.72 0.6723 0.0240 0.0870 0.0011 522 15 538 97%
3090 9.5 46.5 82.9 0.56 0.7076 0. 0409 0.0916 0.0016 543 24 565 96%
3091 46.1 53.1 443.4 0.12 0.7148 0.0249 0.0914 0.0010 548 15 564 97 %
3092 32.1 64.1 184.9 0.35 1.2586 0.0433 0.1426 0.0016 827 19 859 96%
3093 134.4  402.2  464.7 0.87 2.3200 0.0790 0.2149 0.0028 1218 24 1255 15 97%
3094 38.4 124.5  172.7 0.72 1.6048 0.0635 0.1677 0.0023 972 25 1000 13 97%
3095 17.2 88.9 100.2 0.89 1.0510 0.0525 0.1263 0.0019 729 26 767 11 95%
3096 36.9 201.5 264.5 0.76 0.8491 0.0372 0.1048 0.0015 624 20 642 9 97%
3097 66.1 25.4 319.2 0.08 1.7933 0.0651 0.1833 0.0024 1043 24 1085 13 96%
3098 349.9  267.8 537.6 0.50 11.2510 0.3235 0.4851 0.0051 2544 27 2549 22 99%
3099 57.2 108.5 506.0  0.21 0.8176 0.0272 0.1017 0.0013 607 15 624 7 97%
3100 25.9 37.9 35.2 1.08 11.8666 0.3965 0.4928 0.0071 2594 31 2583 31 99%
3101 48.5 134.6  380.6  0.35 0.9079 0.0285 0.1083 0.0012 656 15 663 7 98%
3102 61.4 105.1 643.6 0.16 0.7346 0.0298 0.0887 0.0023 559 17 548 14 97%
3103 49.1 144.3  289.6  0.50 1.1874 0.0360 0. 1369 0.0014 795 17 827 8 96%
3104 32.1 102. 1 132.9 0.77 1.7240 0.0683 0.1799 0.0032 1018 25 1066 17 95%
3105 64.4  638.3 630.5 1.01 0.8506 0.0291 0.0921 0.0024 625 16 568 14 90%
3106 20.7 45.7 105.9 0.43 1.4977 0.0642 0.1595 0.0020 929 26 954 11 97%
3107 80.8 107.2  184.3 0.58 4.9834 0.1507 0.3365 0.0039 1817 26 1870 19 97%
3108 107.1  322.6 257.9 1.25 3.6509 0.1060 0.2833 0.0031 1561 23 1608 16 97%
3109 24.2 82.3 116.8 0.70 1.5757 0.0588 0.1639 0.0027 961 23 978 15 98%
3110 43.4 110.6  208.6 0.53 1.5306 0.0512 0.1654 0.0019 943 21 987 10 95%
3111 52.7 63.0  277.8 0.23 1.5590 0.0506 0. 1604 0.0017 954 20 959 99%
3112 26.9 75.1 237.5 0.32 0.8083 0.0285 0.0952 0.0012 601 16 586 97%
3113 46.0 175.0  212.0 0.83 1.6157 0.0576 0.1650 0.0022 976 22 984 12 99%
3114 27.6 53.2 136.2  0.39 1.6921 0.0624 0.1642 0.0019 1006 24 980 11 97%
3115 76.8 214.1  657.9  0.33 0.8293 0.0296 0.0982 0.0013 613 16 604 8 98%
4001 33.9 109. 1 198.8 0.55 1.2778 0.0482 0.1378 0.0019 836 21 832 11 99%
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4002 85.6  712.5 251.0 2.84 1.8145 0.0572 0.1816 0.0020 1051 21 1076 11 97%
4003 40.2 362.7  329.4 1.10 0.6533 0.0211 0.0851 0.0012 511 13 526 7 96%
4004 172.3  101.7  261.9 0.39 12.3416 0.2870 0.4950 0.0048 2631 22 2592 21 98%
4005 43.5 219.9 267.4  0.82 1.5483 0.0496 0.1305 0.0022 950 20 791 12 81%
4006 154.7 396.8 575.7 0.69 2.2669 0.0647 0.2064 0.0028 1202 20 1209 15 99%
4007 7.6 16.2 50.1 0.32 1.1345 0.0582 0.1264 0.0017 770 28 767 10 99%
4008 44.1 305.8  460.3 0.66 0.6226 0.0187 0.0757 0.0010 491 12 470 6 95%
4009 40.4 96.8 261.9 0.37 1.2018 0.0336 0.1268 0.0011 801 15 769 6 95%
4010 199.5 202.3 317.4 0.64 10.9919 0.2478 0.4783 0.0054 2522 21 2520 23 99%
4011 130.5 231.2  659.8 0.35 1.8332 0.0484 0.1705 0.0022 1057 17 1015 12 95%
4012 28.2  272.8 116.1 2.35 1.1925 0.0616 0.1322 0.0022 797 29 800 13 99%
4013 39.8 354.3  296.6 1.19 0.7493 0.0234 0.0919 0.0012 568 14 567 7 99%
4014 75.5 256.8 424.9  0.60 1.4351 0.0491 0.1381 0.0023 904 20 834 13 91%
4015 34.3 65.1 278.4  0.23 0.9217 0.0335 0.1055 0.0014 663 18 647 8 97%
4016 24.2 57.6 197.9 0.29 0.9509 0.0410 0.1049 0.0016 679 21 643 9 94%
4017 105.9 108.5 514.7 0.21 1.9903 0.0597 0.1821 0.0025 1112 20 1078 14 96%
4018 266.6 405.6 515.9 0.79 7.0339 0.1915 0.3812 0.0053 2116 24 2082 25 98%
4019 12.3 33.6 60.5 0.56 1.6150 0.0651 0.1634 0.0025 976 25 976 14 99%
4020 36.9 181.8  208.1 0.87 1.1618 0.0366 0.1322 0.0015 783 17 800 9 97%
4021 164.5 96.9 200.6  0.48 19.6913 0.5196 0.5862 0.0098 3076 26 2974 40 96%
4022 48.5 99.4 119.4 0.83 4.1326 0.1005 0.2977 0.0037 1661 20 1680 18 98%
4023 155.6  392.0 601.8 0.65 2.3483 0.0535 0.2037 0.0023 1227 16 1195 13 97%
4024 6.1 18.9 28.0 0.67 1.6187 0.0887 0. 1687 0.0034 978 34 1005 18 97%
4025 41.9 57.9 217.3 0.27 1.7312 0.0531 0.1780 0.0025 1020 20 1056 14 96 %
4026 63.1 128.0  416.9 0.31 1.1127 0.0317 0.1268 0.0016 759 15 770 9 98 %
4027 86.6  268.4 404.7 0.66 1.9351 0.0479 0.1760 0.0016 1093 17 1045 9 95%
4028 171.6  344.2  850.9 0.40 1.7161 0.0368 0.1637 0.0013 1015 14 971 7 96%
4029 131.2  256.2 223.6 1.15 9.6235 0.2665 0.4174 0.0074 2399 26 2249 34 93%
4030 9.7 26.9 92.8 0.29 0.7206 0.0362 0.0898 0.0015 551 21 554 9 99%
4031 28.1 61.2 282.8 0.22 0.7301 0.0228 0.0870 0.0010 557 13 538 6 96%
4032 194.1 539.6 986.0 0.55 1.6378 0.0426 0.1595 0.0020 985 16 954 11 96%
4033 63.6 259.1 335.4 0.77 1.3314 0.0384 0.1442 0.0017 859 17 868 9 98%
4034 115.5 210.8 164.0 1.29 10.2510 0.2765 0.4616 0.0048 2458 25 2447 21 99%
4035 52.8 102.3 75.5 1.36 10. 1506 0.3135 0.4557 0.0053 2449 29 2421 24 98%
4036 280.6  559.2 435.4 1.28 9.6787 0.3045 0.4403 0.0054 2405 29 2352 24 97%
4037 39.5 81.1 164.7 0.49 2.1435 0.0720 0.1915 0.0023 1163 23 1129 12 97%
4038 115.2  241.8 349.5 0.69 3.4069 0.1352 0.2506 0.0068 1506 31 1442 35 95%
4039 36.5 103.1  188.3 0.55 1.4928 0.0434 0.1515 0.0015 927 18 909 8 98%
4040 230.2  127.1  390.6 0.33 12.5396 0.3190 0.5119 0.0081 2646 24 2665 34 99%
4041 47.3 230.0  320.0 0.72 0.9509 0.0275 0.1126 0.0012 679 14 688 7 98%
4042 200.8 253.6 875.4 0.29 2.1507 0.0566 0.1876 0.0029 1165 18 1108 16 95%
4043 45.8 327.6  373.0 0.88 0.7267 0.0216 0.0894 0.0009 555 13 552 5 99%
4044 20.2 50.3 88.8 0.57 1.8175 0.0679 0.1790 0.0022 1052 24 1061 12 99%
4045 22.3 192.6  163.3 1.18 0.7738 0.0306 0.0953 0.0013 582 18 587 7 99%
4046 142.4  385.4 730.9  0.53 1.5318 0.0490 0. 1564 0.0021 943 20 937 12 99%
4047 136.6  253.6  652.2 0.39 2.3646 0.1059 0.1770 0.0051 1232 32 1051 28 84%
4048 46.4 156.9  226.4  0.69 1.4931 0.0429 0.1558 0.0016 928 17 933 9 99%
4049 18.4 80.5 81.7 0.99 1. 6065 0.059%4 0.1610 0.0020 973 23 963 11 98%
4050 136.8 426.5 317.2 1.34 3.8697 0.0972 0.2801 0.0026 1607 20 1592 13 99%
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4051 48.9 130.1  481.3 0.27 0.6796 0.0196 0.0892 0.0011 527 12 551 6 95%
4052 16.1 79.4 57.8 1.37 1.8478 0.0727 0. 1850 0. 0025 1063 26 1094 14 97%
4053 159.9 52.4 911.2 0.06 1.4686 0.0373 0.1605 0.0018 918 15 960 10 95%
4054 9.1 424.3  280.5 1.51 2.3074 0.0671 0.2163 0.0023 1215 21 1262 12 96%
4055 27.7 74.7 156.3 0.48 1.2962 0.0478 0.1443 0.0018 844 21 869 10 97%
4056 69.1 148.0  333.4 0.44 1.5193 0.0526 0.1742 0.0021 938 21 1035 12 90%
4057 56.1 146.7 174.7 0.84 2.6400 0.0860 0.2438 0.0032 1312 24 1406 16 93%
4058 26.9 118.6  123.8 0.96 1.4265 0.0530 0.1581 0.0018 900 22 946 10 95%
4059 27.4 45.0 160.7 0.28 1.3598 0.0475 0. 1460 0.0016 872 20 878 9 99%
4060 56.0 121.9  264.9  0.46 1.6786 0.0580 0.1716 0.0018 1000 22 1021 10 97%
4061 83.7 170.3  734.6  0.23 0.8863 0.0308 0.1018 0.0015 644 17 625 9 96%
4062 44.1 119.5 223.4 0.53 1.4973 0.0482 0.1579 0.0018 929 20 945 10 98%
4063 40.7 34.8 45.0 0.77 20.6118 0. 6084 0.6056 0.0073 3121 29 3052 29 97%
4065 42.1 80.2 191.8 0.42 1.8482 0.0632 0. 1800 0.0023 1063 23 1067 13 99%
4066 16.7 61.6 90.7 0.68 1.3624 0.0615 0.1412 0.0019 873 26 852 11 97%
4067 167.3 297.3 398.0 0.75 5.1805 0. 1547 0.3217 0.0034 1849 25 1798 17 97 %
4068 77.9 106.5  366.5 0.29 1.9080 0.0602 0.1802 0.0019 1084 21 1068 10 98%
4069 25.5 88.4 193.0 0.46 1.0411 0.0467 0.1045 0.0013 724 23 641 7 87%
4070 52.2 76.3 91.7 0.83 8.6739 0.3456 0. 4080 0.0051 2304 36 2206 23 95%
4071 77.7 112.8  167.7 0.67 5.7145 0.2139 0.3452 0.0041 1934 32 1912 20 98%
4072 111.7 22.0 413.1 0.05 3.1003 0.1139 0.2396 0.0036 1433 28 1385 19 96%
4073 8.2 70.8 59.5 1.19 0.8367 0.0503 0.0945 0.0017 617 28 582 10 94%
4075 180.5 279.8 333.6 0.84 8.5865 0.2538 0.3926 0.0038 2295 27 2135 18 92%
4076 73.9 127.4  343.7 0.37 1.7789 0.0580 0.1734 0.0019 1038 21 1031 10 99%
4077 68.6 122.4  125.2 0.98 6.7029 0.1973 0.3792 0.0045 2073 26 2073 21 99%
4078 20.4  212.0 154.4 1.37 0.7607 0.0305 0.0871 0.0011 574 18 538 7 93%
4079 164.4 54.5 277.2 0.20 10.4793 0.2901 0.4635 0.0052 2478 26 2455 23 99%
4080 47.9 238.5 305.9 0.78 1.1144 0.0408 0.1178 0.0016 760 20 718 9 94%
4081 238.0 227.9 341.8 0.67 13.4000 0.4157 0.4975 0.0073 2708 29 2603 31 96%
4082 166.3  582.2  576.5 1.01 4.0488 0.1204 0.2354 0.0052 1644 24 1363 27 81%
4083 284.8 169.4  398.7 0.43 16.2448 0. 4405 0.5507 0.0071 2891 26 2828 29 97%
4084 5.7 24.2 32.9 0.73 1.2908 0.0866 0.1328 0.0027 842 38 804 15 95%
4085 55.1 205.2  244.3 0.84 1.8400 0.0663 0. 1694 0.0020 1060 24 1009 11 95%
4086 45.8 257.4  218.6 1.18 1.5012 0.0561 0.1489 0.0021 931 23 895 12 96%
4087 13.2 42.9 97.1 0.44 1.0898 0.0545 0.1091 0.0017 748 26 668 10 88%
4088 82.1 437.0  338.0 1.29 1.7030 0.0471 0.1622 0.0016 1010 18 969 95%
4089 24.6 222.5 196.2 1.13 0.7458 0.0255 0.0854 0.0010 566 15 528 93%
4090 36.8 250.3 301.0 0.83 0.7435 0.0233 0.0901 0.0009 564 14 556 98%
4091 46.3 123.9  264.7 0.47 1.2317 0.0373 0.1396 0.0018 815 17 843 10 96%
4092 21.8 60.5 165.6 0.37 0.9082 0.0304 0.1074 0.0013 656 16 658 99%
4093 46.6 219.0 417.2 0.52 0.7125 0.0226 0.0883 0.0011 546 13 545 7 99%
4094 90.2 176.2  340.7 0.52 2.1491 0.0608 0.2079 0.0026 1165 20 1218 14 95%
4095 86.1 270.4  392.4 0.69 1.5399 0.0470 0.1653 0.0019 946 19 986 10 95%
4096 13.2 133.0 88.0 1.51 0.7831 0.0362 0.0942 0.0015 587 21 580 9 98%
4097 53.7 122.3  254.7 0.48 1.6324 0.0519 0.1712 0.0023 983 20 1018 12 96%
4098 38.5 64.4 124.5 0.52 2.9527 0.0880 0.2414 0.0029 1396 23 1394 15 99%
4099 67.5 180.8  290.3 0.62 2.1487 0.0658 0.1951 0.0031 1165 21 1149 17 98%
4100 18.9 143.6  139.1 1.03 0.9316 0.1135 0.0953 0.0014 668 60 587 8 87%
4101 19.1 319.6 96.3 3.32 1.4265 0.0656 0.1395 0.0045 900 27 842 26 93%
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4102 45.2 152.3  319.5 0.48 0.9775 0.0305 0.1137 0.0012 692 16 694 7 99%
4103 21.0 134.6 161.6  0.83 0.8580 0.0303 0.0958 0.0011 629 17 589 7 93%
4104 46.7 81.4 225.7 0.36 1.6218 0.0488 0.1699 0.0019 979 19 1012 11 96%
4106 163.5 1281.5 940.8 1.36 1.4501 0.0466 0.1267 0.0036 910 19 769 20 83%
4107 208.7 344.3  427.4 0.81 5.9511 0.1534 0.3627 0.0040 1969 22 1995 19 98%
4108 76.6 347.5 474.0 0.73 1.1736 0.0355 0. 1300 0.0020 788 17 788 11 99%
4109 62.1 462.0 387.1 1.19 1.2577 0.0366 0.1215 0.0021 827 16 739 12 88%
4110 13.4 47.4 65.6 0.72 1.4992 0.0620 0.1540 0.0021 930 25 923 12 99%
4111 442.9 184.2  406.3 0.45 31.6252 0.7192 0.7350 0.0069 3539 23 3552 26 99%
4112 43.5 141.1  217.5 0.65 1.5823 0.0503 0.1521 0.0017 963 20 913 9 94%
4113 275.1 231.1 520.9 0.44 8.4547 0.2133 0.4374 0. 0060 2281 23 2339 27 97%
4114 20.3 109.0  133.9 0.81 1.1033 0.0478 0.1126 0.0018 755 23 688 10 90%
4115 57.7 166.4  255.5 0.65 1.7971 0.0540 0.1750 0.0020 1044 20 1040 11 99%
4116 38.2 189.8 363.9  0.52 0.6894 0.0255 0.0863 0.0012 532 15 534 7 99%
4117 16.6 43.8 142.7 0.31 0.8166 0.0314 0.0980 0.0013 606 18 603 8 99%
4118 17.2 24.7 81.5 0.30 1.8317 0.0650 0.1779 0.0023 1057 23 1055 13 99%
4119 7.2 73.8 49.6 1.49 0.7753 0.0453 0.0949 0.0016 583 26 584 9 99%
4120 22.5 37.1 113.9 0.33 1.6501 0.0650 0.1686 0.0023 990 25 1004 13 98%
4121 73.3 435.6  490.1 0.89 0.9388 0.0299 0.1088 0.0012 672 16 666 7 99%
4122 122.9  314.0 469.3 0.67 2.2551 0.0622 0.1984 0.0021 1198 19 1167 12 97 %
4123 65.6 386.6  257.2 1.50 1.6980 0.0497 0. 1665 0.0022 1008 19 993 12 98%
4124 56.7 212.9  231.6 0.92 1.7483 0.0507 0.1728 0.0017 1027 19 1027 10 99%
4125 49.3 120.0  239.3 0.50 1.6233 0. 0464 0.1635 0.0020 979 18 976 11 99%
4126 123.2  252.1 675.1 0.37 1.4320 0.0415 0. 1454 0.0020 902 17 875 11 96 %
4127 50.1 141.5  227.7 0.62 1.7072 0.0520 0.1660 0.0017 1011 20 990 9 97 %
4128 27.6 81.4 217.3 0.37 0.9061 0.0343 0.1022 0.0011 655 18 627 7 95%
4129 40.2 220.4  379.0 0.58 0.7394 0.0291 0.0843 0.0013 562 17 522 8 92%
4130 65.0 186.0 317.4 0.59 1.7825 0.0762 0.1618 0.0025 1039 28 967 14 92%
5001 33.5 119.0 174.4  0.68 1.3450 0.0477 0.1492 0.0017 865 21 897 10 96%
5002 27.8 112.6  273.5 0.41 0.6952 0.0244 0.0809 0.0009 536 15 501 6 93%
5003 20.2 158.3 92.5 1.71 1.2866 0.0554 0.1301 0.0017 840 25 789 10 93%
5004 207.0 316.5 324.4  0.98 9.4550 0.2014 0.4236 0.0036 2383 20 2277 16 95%
5005 36.5 144.5  197.9 0.73 1.2558 0.0392 0.1378 0.0015 826 18 832 9 99%
5006 21.2 112.0  163.2 0.69 0.9907 0.0413 0.0992 0.0021 699 21 610 12 86%
5007 79.7 206.9 373.4  0.55 1.6773 0.0436 0.1655 0.0017 1000 17 987 9 98%
5008 43.6 189.6  398.9  0.48 0.7304 0.0230 0.0877 0. 0009 557 13 542 5 97%
5009 16.2 100.9 83.1 1.21 1.2790 0.0478 0.1265 0.0016 836 21 768 9 91%
5010 107.6  111.8 181.5 0.62 9.4706 0.2462 0.4310 0.0044 2385 24 2310 20 96%
5011 130.0 303.3 1391.7 0.22 0.6810 0.0179 0.0807 0.0009 527 11 501 5 94%
5012 155.0  229.2  379.0 0.60 6.2382 0.1398 0.3020 0.0029 2010 20 1701 14 83%
5013 16.9 86.7 95.0 0.91 1.2938 0.0523 0.1284 0.0020 843 23 779 11 92%
5014 61.6 114.3  406.6 0.28 1.2792 0.0307 0.1302 0.0011 837 14 789 6 94%
5015 56.0 239.4  247.6 0.97 1.6622 0.0480 0.1559 0.0026 994 18 934 14 93%
5016 48.1 103.2  384.2  0.27 0.9469 0.0254 0.1088 0.0013 676 13 666 7 98%
5017 83.8 98.3 389.2  0.25 2.0095 0. 0465 0.1836 0.0018 1119 16 1087 10 97%
5018 10.0 26.1 85.8 0.30 0.8442 0.0347 0.1003 0.0016 621 19 616 9 99%
5019 59.0  278.3  236.0 1.18 1.9420 0.0516 0.1701 0.0024 1096 18 1013 13 92%
5020 15.7 38.2 131.6  0.29 0.8642 0.0294 0.1023 0.0014 632 16 628 8 99%
5021 60.9 74.9 408.3 0.18 1.2061 0.0335 0.1306 0.0016 803 15 791 9 98%
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5022 132.2  188.1 877.7 0.21 1.2473 0.0298 0.1288 0.0013 822 13 781 8 94%
5023 79.1 333.0 269.6 1.24 2.2750 0.0570 0.2005 0.0019 1205 18 1178 10 97%
5024 54.9 240.6  393.3 0.61 0.9742 0.0274 0.1109 0.0013 691 14 678 8 98%
5025 14.2 45.3 52.6 0.86 2.2011 0.0832 0.1995 0.0029 1181 26 1173 15 99%
5026 64.1 123.5  289.6 0.43 1.9522 0.0551 0.1795 0.0018 1099 19 1064 10 96%
5027 50.9 111.3  268.8 0.41 1.4928 0.0481 0.1518 0.0025 927 20 911 14 98%
5028 33.3 196.4  166.1 1.18 1.3648 0.0453 0.1387 0.0016 874 19 838 9 95%
5029 30.6 53.4 153.1 0.35 1.6263 0. 0460 0.1649 0.0019 980 18 984 11 99%
5030 22.0 106.9  228.8 0.47 0.6155 0.0217 0.0786 0.0011 487 14 488 7 99%
5031 234.7 536.6  292.7 1.83 10.2260 0.2818 0.4643 0.0071 2455 26 2458 31 99%
5032 94.6 67.2 530.1 0.13 1.8626 0.0776 0.1784 0.0039 1068 28 1058 21 99%
5033 191.6 315.4 943.6 0.33 1.7709 0.0461 0. 1665 0.0026 1035 17 993 14 95%
5034 186.1 428.5 1060.7  0.40 1.5301 0.0425 0.1385 0.0015 943 17 836 9 88%
5035 485.6  201.3 973.6 0.21 9.3509 0.3092 0.4155 0.0090 2373 30 2240 41 94%
5036 24.6 8.0 203.0 0.04 1.0692 0.0614 0.1048 0.0020 738 30 643 12 86%
5037 39.4 177.5  167.7 1.06 1.6225 0.0562 0.1633 0.0020 979 22 975 11 99%
5038 64.7 189.0  592.7 0.32 0.7514 0.0210 0.0922 0.0011 569 12 568 7 99%
5039 190.5 227.6 1291.6 0.18 1.1974 0.0339 0.1312 0.0019 799 16 795 11 99%
5040 82.0 544.1 540.8 1.01 1.1522 0.0387 0.1096 0.0014 778 18 670 8 85%
5041 17.2 70.2 124.8 0.56 0.8643 0.0348 0.1093 0.0017 632 19 669 10 94%
5042 49.5 165.9  238.2 0.70 1.6334 0.0545 0.1647 0.0023 983 21 983 12 99%
5043 28.9 44.0 150.4  0.29 1.6285 0.0538 0.1629 0. 0021 981 21 973 12 99%
5044 37.3 42.4  430.5 0.10 0.5948 0. 0201 0.0769 0. 0009 474 13 478 5 99%
5045 63.0 300.4  222.7 1.35 1.8991 0.0659 0.1903 0.0028 1081 23 1123 15 96%
5046 34.0 135.5 160.6 0.84 1.4808 0.0599 0.1571 0.0021 923 25 940 12 98%
5047 38.0 185.3 161.5 1.15 1.5400 0.0573 0.1583 0.0020 947 23 947 11 99%
5048 95.8 151.0  233.6 0.65 5.3480 0.1514 0.2954 0.0028 1877 24 1668 14 88%
5049 53.2 87.4 395.0 0.22 0.9948 0.0319 0.1157 0.0014 701 16 706 8 99%
5050 69.2  226.2 333.8 0.68 1.5134 0.0502 0.1577 0.0019 936 20 944 10 99%
5051 44.2 89.7 215.2 0.42 1.6218 0.0540 0.1655 0.0020 979 21 987 11 99%
5052 49.0 143.3  224.4 0.64 1.6499 0.0501 0.1636 0.0017 990 19 971 10 98%
5053 49.9 127.0  242.2  0.52 1.5916 0.0500 0.1634 0. 0020 967 20 976 11 99%
5054 158.4  265.4 299.7 0.89 8.3352 0.2550 0.3694 0.0058 2268 28 2027 27 88%
5055 10.5 1.4 100.3 0.01 0.7950 0.0398 0.0961 0.0013 594 23 592 8 99%
5056 64.2 331.3  591.4  0.56 0.7190 0.0275 0.0865 0.0012 550 16 535 7 97%
5057 97.8 108.8  152.3 0.71 10.5101 0.2870 0.4606 0.0047 2481 25 2442 21 98%
5058 22.3 35.1 32.4 1.08 10. 6687 0.3279 0.4679 0.0068 2495 29 2474 30 99%
5059 77.8 219.2  330.1 0.66 1.9098 0.0470 0.1820 0.0018 1085 16 1078 10 99%
5060 16.5 175.9  136.1 1.29 0.6511 0.0276 0.0797 0.0010 509 17 494 97%
5061 34.0 2.2 334.0 0.01 0.7865 0.0235 0.0932 0.0010 589 13 575 97%
5062 119.4  147.7 250.6 0.59 6.1195 0. 1401 0.3601 0.0035 1993 20 1983 17 99%
5063 88.3 114.7  172.2 0.67 7.1668 0.1932 0.3832 0.0050 2132 24 2091 24 98%
5064 21.3 97.5 99.8 0.98 1.5351 0.0554 0.1530 0.0018 945 22 918 10 97%
5065 102.1  417.0 486.2  0.86 1.5258 0.0478 0. 1557 0.0019 941 19 933 10 99%
5066 18.2 38.1 87.0 0.44 1.6909 0.0677 0.1670 0.0022 1005 26 995 12 99%
5067 30.4 61.5 51.5 1.19 8.5385 0.2749 0.3840 0.0050 2290 29 2095 23 91%
5068 252.4 116.0 751.6  0.15 4.7188 0. 1449 0.2857 0.0051 1771 26 1620 25 91%
5069 24.1 68.6 152.4  0.45 1. 1807 0.0437 0.1292 0.0015 792 20 783 9 98%
5070 13.1 16.9 82.0 0.21 1.3621 0.0632 0.1362 0.0017 873 27 823 10 94%
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Appendix B: Table of thermochronologic data (chapter 5)

Elevation Latitude Longitude . Unit age 4-He 238-U 235-U 232-Th Alpa-corr | Mean Age Error
sample Lithology Ft
(m) (N) (E) (Ma) (mol) (mol) (mol) (mol) Age (Ma) (Ma) 1s
0729-RZ1 5076 490800 3644371 sandstone <90 8.73E-13 5.58E-12 4.10E-14 5.58E-12 7.46E-01 130.63
5076 490800 3644371 sandstone 1.64E-12 1.89E-11 1.39E-13 4.63E-12 7.70E-01 81.87
5076 490800 3644371 sandstone 5.74E-13 4.61E-12 3.39E-14 2.98E-12 7.79E-01 106.79 106.43 24.38
0729-RZ1 5076 490800 3644371 sandstone <90 1.27E-12 4.87E-12 3.58E-14 2.76E-12 7.69E-01 228.52
5076 490800 3644371 sandstone 1.46E-12 9.14E-12 6.71E-14 1.84E-12 7.78E-01 149.82
5076 490800 3644371 sandstone 1.98E-12 7.03E-12 5.17E-14 3.81E-12 7.85E-01 241.60 206.65 49.64
0819-Rz4 4990 466328 3674038 granite 210 7.13E-12 4.24E-11 3.11E-13 8.03E-01 159.70
4990 466328 3674038 granite 8.94E-12 6.69E-11 4.91E-13 7.71E-01 132.45
4990 466328 3674038 granite 1.12E-11 7.14E-11 5.24E-13 3.64E-11 8.22E-01 130.99 141.05 16.17
0819-RZ7 4698 471005 3658968 mélange >210 8.45E-13 3.39E-12 2.49E-14 3.45E-12 7.59E-01 202.79
4698 471005 3658968 mélange 1.45E-12 4.81E-12 3.53E-14 2.32E-12 7.56E-01 271.50
4698 471005 3658968 mélange 9.81E-13 5.83E-12 4.28E-14 1.28E-12 7.71E-01 158.52 210.94 56.93
0819-RZ7 4698 471005 3658968 mélange >210 5.78E-13 1.95E-12 1.43E-14 3.01E-12 7.85E-01 212.20
4698 471005 3658968 mélange 8.51E-13 4.56E-12 3.35E-14 2.36E-12 7.70E-01 165.29
4698 471005 3658968 mélange 8.77E-13 4.43E-12 3.26E-14 1.98E-12 7.46E-01 183.17 186.89 23.68
0819-RZ2 5321 464806 3677369 granite 210 1.16E-11 5.24E-11 3.85E-13 7.64E-12 8.11E-01 201.01
5321 464806 3677369 granite 6.61E-12 3.43E-11 2.52E-13 2.85E-12 8.06E-01 178.70
5321 464806 3677369 granite 1.57E-11 1.01E-10 7.38E-13 7.89E-01 150.63 176.78 25.24
0819-RZ5 4932 469855 3663776 mélange >210 9.26E-13 3.92E-12 2.88E-14 3.32E-12 8.04E-01 187.40
4932 469855 3663776 mélange 1.11E-12 4.75E-12 3.49E-14 4.34E-12 7.76E-01 189.88
4932 469855 3663776 mélange 6.64E-13 2.79E-12 2.05E-14 1.27E-12 7.74E-01 211.35
4932 469855 3663776 mélange 2.05E-12 1.03E-11 7.54E-14 2.69E-12 7.93E-01 180.43 192.26 13.34
0819-RZ3 5217 464714 3678211 granite 210 1.02E-11 7.11E-11 5.22E-13 3.14E-11 8.10E-01 123.08
5217 464714 3678211 granite 3.91E-11 2.32E-10 1.70E-12 1.29E-10 8.14E-01 140.57
5217 464714 3678211 granite 1.74E-11 1.06E-10 7.78E-13 9.45E-11 7.73E-01 134.53 132.72 8.88
0819-RZ1 5409 464526 3676742 granite 210 3.88E-12 2.32E-11 1.71E-13 1.23E-11 7.90E-01 144.32
5409 464526 3676742 granite 6.48E-12 3.73E-11 2.74E-13 1.57E-11 7.52E-01 160.94
5409 464526 3676742 granite 9.55E-12 6.14E-11 4.51E-13 2.06E-11 7.68E-01 143.74 149.67 9.77
0825-RZ1 5557 470896 3700948 basement 520-490 6.83E-13 4.00E-12 2.93E-14 2.05E-12 7.66E-01 152.33
5557 470896 3700948 basement 7.48E-13 4.85E-12 3.56E-14 1.63E-12 7.52E-01 145.50
5557 470896 3700948 basement 8.12E-13 4.84E-12 3.56E-14 2.23E-12 7.67E-01 151.04
5557 470896 3700948 basement 1.39E-12 8.91E-12 6.54E-14 3.91E-12 7.59E-01 143.07 147.99 4.42
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Appendix C: Numerical setup (chapter 6)

Tablel. Rheological setup.

Logio(A) n E sin(¢) Cohesive Density Experimental Flow low
(Mpa™s™) (kJ*mol™) material reference

Continental -3.7 1.9 141 0.5 20.e+6 2750 Wet westerly Hansen and

upper crust granite Carter (1983)

Continental -1.2 3.1 276 0.5 20.e+6 2980 Maryland diabase Caristan (1980)

lower crust

Continental 3.84 3 510 0.6 200.e+6 3330 Dry olivine Goetze and Evans

lithosphere (1979)

Sediments -67 31 98 0.08 10.e+6 2800 Micaschist Shea and
Kronenberg
(1992)

Serpentinite -12.6 5.8 18 0.08 10.e+6 2600 Serpentinite Hilairet et al.,
(2007)

Oceanic crust -1.2 3.1 276 0.5(0.08) 20.e+6 2980 Maryland diabase Caristan (1980)

Oceanic 3.84 3 510 0.6 500.e+6 3330 Dry olivine Goetze and Evans

lithosphere (1979)

mantle 3.84 3 510 0.6 500.e+6 3330 Dry olivine Goetze and Evans
(1979)

Table2. Boundary condition.

T_moho A (oceanic Vx (lift) Length T_base of

(°C) lithosphere) (cmlyr) differences lithosphere

°C
400 7.e+3 0 270km (133)0
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