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PRESSURE–TEMPERATURE–TIME (P–T–t) EVOLUTION OF SCHIST IN THE QINLING 
OROGENIC BELT, CHINA 
 

RUNNING TITLE: P–T–t evolution of schist in the Qinling Orogenic belt  

ABSTRACT 
 

The Qinling Orogenic Belt marks the amalgamation of the South and North China Cratons 

during a protracted but punctuated period spanning the Neoproterozoic through to Triassic. 

The complex evolution of the Qinling Orogen has been extensively studied through U–Pb 

zircon geochronology, but lacks fundamental characterisation of its thermal history. 

Moreover, metamorphic studies, of which there are few, focus on high-pressure rocks at the 

margins of major tectonic divisions within the architecture of the Qinling Orogen.  Cordierite 

schists investigated in this study have metamorphic monazite age affinities to Late Triassic 

magmatism and metamorphism in the South Qinling Belt (SQB) occurring at 220–230 Ma. 

Calculated phase equilibrium modelling constrains metamorphism to 0.60–4.25 kbar and 

540–570 ˚C, corresponding to steep (extreme) apparent thermal gradients between 135–900 

˚C/kbar. This probably represents contact metamorphism of the Liuling Group turbidite 

sequence by intruding magmas. Garnet–staurolite schist within the North Qinling Belt (NQB) 

has metamorphic monazite age data that overlaps with Late Palaeozoic events occurring at ca. 

400 Ma. Calculated phase equilibrium modelling constrains peak metamorphism to ~7.1 kbar 

and 615 ˚C, corresponding to a thermal gradient of ~87 ˚C/kbar. This represents Barrovian-

style metamorphism of forearc sedimentary units during arc-continent collision marking the 

closure of the Shangdan Ocean. Metamorphism of these forearc sequences has a comparable 

thermal gradient to Guishan Complex equivalents in the Tongbai Orogen, which comprises a 

continuation of the Qinling to the east. This study establishes previously undocumented 

contact metamorphism in the northern SQB and Barrovian-style metamorphism in the NQB 

providing fundamental data that is vital for better constrained tectonic models of the 

evolution of the Qinling Orogenic Belt.   
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INTRODUCTION 
 

The Qinling Orogenic Belt (QOB) is located in central China, and forms part of an extensive 

orogenic system known as the Central China Orogen (CCO). The QOB separates the North 

China Craton (or North China Block, NCB) and South China Craton (or South China Block, 

SCB) connecting from east to west the Dabie, Qinling, Qilian and Kunlun Mountains (Bader 

et al., 2013), and is a complex belt representing the amalgamation of the two cratons (Gilder 

& Courtillot, 1997; Meng & Zhang, 1999, 2000; Tao et al., 2003; Diwu et al., 2012; Tang et 

al., 2015; Dong & Santosh, 2016). In particular, the QOB involves a number of terranes that 

are proposed to have collided through a series of subduction-related collision processes. This 

has given rise to a large amount of research, from which several tectonic models have been 

proposed for the orogen (e.g. Bader et al., 2013; Dong & Santosh, 2016; Liu et al., 2016), 

often with contradicting scenarios. 

 

Of the large number of studies, the few that are metamorphic in nature have tended to focus 

on either high-pressure–ultra-high-pressure (HP–UHP) mafic rocks at the margins of some 

terranes in the QOB and/or the ages of metamorphism, as summarised in Table 1 (e.g. Bader 

et al., 2013; Dong & Santosh, 2016; Liao et al., 2016). Very few of these studies have 

provided quantitative thermobarometry (e.g. pseudosections) coupled with age data (Xiang et 

al., 2012; Bader et al., 2013; Tang et al., 2016). Therefore, a paucity exists in quantitative 

characterisation of the thermal (metamorphic) history of the interior regions of QOB terranes. 

This paucity results in an overall lack of understanding of the thermal character of the orogen, 

and more importantly, means that tectonic models proposed for the development of the QOB 

lack fundamental constraints provided by the thermobarometric record.  
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In this study, metasedimentary rocks are used to constrain the thermal structure of the North 

Qinling Belt (NQB), and the Devonian Liuling Group of the South Qinling Belt (SQB), both 

in the region south of Xi’an (Fig. 1). Calculated P–T pseudosections for schist boulders 

located in north flowing rivers are coupled with U–Pb LA–ICP–MS geochronology of in-situ 

monazite and mounted monazite and zircon to constrain the P–T–t history. Collectively, these 

results provide a basis for interpreting samples in the context of the existing tectonic 

framework as well as offering insights into the geodynamics of the QOB.  

GEOLOGICAL SETTING 
 

The QOB is an E–W trending belt in central China that is approximately 300 km wide (Fig. 1). 

It occurs between, and marks the amalgamation of, the NCB and SCB (Dong & Santosh, 2016 

and references therein) during a protracted but punctuated period spanning the Early 

Neoproterozoic through to Triassic (Dong & Santosh, 2016; Zhang et al., 2016). From north to 

south the QOB consists of four major tectonic units, the Southern-North China Craton (S-NCB; 

Archean to Paleoproterozoic rocks), the North Qinling Belt (NQB), South Qinling Belt (SQB) 

and the Northern-South China Craton (N-SCB; Late Archean to Early Proterozoic rocks) (e.g. 

Fig. 1; Tang et al., 2015). Within these belts are numerous E–W trending terranes that 

document the complexity that amalgamation involved, including interpreted arcs, basins, 

ophiolites and accretionary wedges (Dong et al., 2013; Tang et al., 2016).  

North Qinling Belt, NQB  
 

The NQB comprises several groups, bound to the south by the Shangdan Suture (SDS) and to 

the north by the Luonan-Luanchuan-Fault (LLF) (Fig. 1).  From north to south, groups that 

define the NQB are: The Kuanping Group, Erlangping Group, Qinling Group, Danfeng Group 

and Songshugou Ophiolite (Fig. 1 & 2). Major faults separate these Groups  (Zhao et al., 2015). 

To the south of the SDS, forearc sequences (FAS) are separated from the northern SQB by a 
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shear zone (Dong et al., 2013). As the extent of the FAS is unclear, and is commonly incorrectly 

identified as SQB sediments (Zhao et al., 2015) it has been inferred (Fig. 1c).   

The Kuanping Group consists of an ophiolitic unit and metamorphosed clastic unit (Zhang et 

al., 1994; Zhang & Zhang, 1995). Metasediments yield detrital U–Pb zircon ages between 

610–500 Ma  (Dong & Santosh, 2016).  

The Erlangping Group is interpreted as a Palaeozoic back-arc basin, consisting of 

metavolcanic and metasedimentary rocks, possibly deposited during the Cambrian–

Ordovician (Lu et al., 2003). Closure of the basin occurred at ca. 450 Ma (Dong & Santosh, 

2016). 

The Qinling Group consists of biotite gneisses, metapelites (e.g. Table 1; Chen et al., 2006), 

amphibolite and marble with a maximum deposition in  the early Neoproterozoic (Lu et al., 

2006; Liu et al., 2013; Shi et al., 2013).  Metamorphism is poorly age constrained to periods 

during the Neoproterozoic (ca. 1000 Ma; You et al., 1991) and Early Palaeozoic (510-380 

Ma; e.g. Fig. 2; Bader et al., 2013; Dong & Santosh, 2016) that includes migmatisation (Tang 

et al., 2015).  

The SDS, represented by the Danfeng Group and Songshugou Ophiolite, comprises 

discontinuous melange outcrop and eclogite-facies mafic-ultramafic rocks (Table 1), with U–

Pb ages of 530–420 Ma (Fig. 2; Yan et al., 2009; Dong et al., 2011a).  

Forearc sequences (FAS) to the NQB, located south of the SDS, characterised by highly 

deformed schist, psammite, marble and volcanoclastics defined by a maximum deposition 

age of ca. 435 Ma in the vicinity of location 2 (Fig. 1; Dong et al., 2013) and 389–330 Ma 

~200 km east (Yan et al., 2016). The FAS is interpreted to form in a forearc basin to, and 

receiving continental arc detritus from, the NQB (Dong et al., 2013). 
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South Qinling Belt, SQB  

 

The South Qinling Belt is located south of the SDS (Fig. 1). The Mianlue suture separates the 

SQB from the N-SCB (Fig. 1). Neoarchean–Proterozoic rocks form the basement, with 

Neoproterozoic to Triassic cover sequences (Zhang et al., 2001). The SQB is dominated by 

Triassic granitoids and dykes aged between 245–200 Ma (Zhang et al., 2016).  Few of these 

granitoids intrude the southernmost NQB (Fig. 1).  

Along the northern margin of the SQB, the Liuling Group is a Middle–Late Devonian 

turbidite package (Fig. 2) that is interpreted to represent the foreland basin to the NQB after 

the closure of the Shangdan Ocean (Dong et al., 2013). The group comprises several 

thousand metres of flysch sediments, including sandstone, siltstone and mudstone (Dong et 

al., 2013). It is characterised by detrital zircon age signatures from both the SQB and NQB, 

indicating the closure of the Shangdan Ocean and uplift of both belts (Dong & Santosh, 

2016).  

Tectonic evolution 

  

Tectonic models for the evolution of the QOB typically involve, in age order, southward-

directed subduction of the Kuanping Ocean initiated ca. 1000 Ma, followed by closure at ca. 

900–850 Ma (Dong & Santosh, 2016) resulting in voluminous 979–844 Ma magmatism 

intruding the Qinling Group (Dong et al., 2011b). Northward-directed subduction of the 

Shangdan Ocean to the south of the NQB occurred during the Palaeozoic (ca. 534–420 Ma), 

resulting in voluminous 534–403 Ma arc-related intrusions (Dong & Santosh, 2016). 

Existence of the Erlangping back-arc basin is temporally coeval with the Shangdan Ocean 

that amalgamated the SQB and NQB. During this time (458–434 Ma), the SQB was separated 

from the N-SCB by the Mianlue Ocean (Dong & Santosh, 2016). Exhaustion of the Shangdan 

oceanic lithosphere up to ca. 420 Ma was succeeded by arc-continent collision and 
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continental subduction of the SQB resulting in a foreland basin from the Middle Devonian to 

Lower Triassic (Dong & Santosh, 2016). At ca. 250 Ma the Mianlue Ocean subducted north 

underneath the SQB (Lai & Qin, 2010). The closure of Mianlue Ocean resulted in 

voluminous 245–215 Ma magmatism in the SQB during a period of orogenic thickening 

(Zhang et al., 2016). Post-orogenic collapse and extension of the SQB resulted in partial 

melting and migmatisation 215–200 Ma (Zhang et al., 2016). These events are shown in a 

time-space plot (Fig. 2).  

Study area and sample selection 

  

Samples for this study are boulders of schist collected from two north-flowing streams in 

heavily forested river gorges in the Qinling Mountains, within the NQB. The only accessible 

outcrop/rock in this part of the Qinling Mountains is along the steep river gorges. Granitoids 

dominate the total volume of boulders (~99%) within these mountain streams and schist 

forms a very minor component. The sample sites, and morphology of the streams, are shown 

in Fig. 3. Samples were attained for this study during field seasons in June 2015 and April 

2016.  
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Figure 1: (A) Simplified geological map showing the extent of the Central China Orogen with respect to 

adjacent craton blocks in China (modified after Tang et al., 2016); (B) Simplified map of the Qinling 

Orogenic Belt including sutures and faults bounding major tectonic divisions (modified after Tang et al., 

2016); (C) Geological map of the study area (adapted from 1:1 000 000 Geologic and Tectonic Maps of the 

Qinling—Daba Mountains (Zhang, 1992, Zhang et al. 2001). Stars depict sample locations within the 

North Qinling Belt. Shangdan Suture Zone (SDS, dashed line) marks the boundary between the North 

and South Qinling Belts.  Ages in Ma represented by numbered circles are; (1) 227 ± 3.6 (Jiang et al., 

2009); (2) 218 ± 2.4 (Jiang et al., 2009); (3) 210 ± 3 (Sun et al., 2000); (4) 219 ± 2 (Yang et al., 2006); (5) 

224 ± 1.1 (Hujun et al., 2009); (6) 213 ± 1.8 (Hu et al., 2004); (7) 209 ± 2 (Hu et al., 2004). 
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Figure 2: Time-space plot compiled for the northern portion of the Qinling Orogenic Belt, as far south as 

the N-SCB. Data points are from U–Pb and Th–Pb ages summarized in supplementary material provided 

by Bader et al. (2013) as ‘Table S1’. Red circles represent magmatic ages, blue boxes represent 

inheritance ages (of igneous rocks), and pink squares represent metamorphic ages from zircon, monazite 

and titanite. Yellow rectangles represent major magmatic crystallisation ages, identified by Dong and 

Santosh (2016). Stippled texture in columns represents periods of sedimentation. Columns with a fading 

blue gradient correspond to interpreted oceans occurring in the history of amalgamation of the QOB. 
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Table 1: Collection of published literature—summarizing available P–T–t conditions and associated thermal gradients. The following describe the means by which P–T 

estimates were determined; CTB = conventional thermobarometry, TC = THERMOCALC, TD = Theriak Domino. 

Location Rock type P–T 

conditions 

(CTB, TC, 

TD) 

Thermal 

gradient 

(˚C/kbar) 

Age (Ma) 

 

Interpretation/comment Reference 

Kuanping 

Group 

      

1 Mylonite and mylonitised gneiss    Muscovite 40Ar/39Ar 

372 ± 1.6, 381.4 ± 

1.4, Biotite 40Ar/39Ar 

372.98 ± 0.94, 372.9 

± 1.2, 371 ± 1 

Fault activation (Song et al., 

2009) 

2 Amphibolite Amphibolite 

facies 

 Hornblende 40Ar/39Ar 

434.5 ± 1.8  

 (Zhai et al., 1998) 

3 ‘Meta-neutral acidic rock’   Zircon 416, 423 and 

424  

Chinese literature (Dunyi & 

Dunmin, 1988) 

4 Deformed pegmatite and garnet 

amphibolite 

Amphibolite 

facies 

 Zircon 439 ± 24, 442 

± 6, 415 ± 5 

Metamorphic ages, ca. 440 Ma 

upper limit metamorphism, ca. 

415 Ma as a result of Pb loss  

(Liu et al., 2011) 

5 Garnet-biotite-quartz schist   Biotite 40Ar/39Ar 319 

± 3.6 

Chinese literature, most likely 

fault activation  

(Yan et al., 2008) 

6 Mica-schist    Biotite 40Ar/39Ar 328 

± 7; Muscovite 
40Ar/39Ar 348 ± 7   

  (Mattauer et al., 

1985) 

Erlangping 

Group 

      

1 Pillow basalt  Greenschist 

facies 

 Whole-rock Rb-Sr 

401.9 ± 6.3 

 (Sun et al., 1996) 
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2 Pillow basalt  Greenschist 

facies 

 Whole-rock Rb-Sr  

405 ± 22 

Resetting ‘metamorphic event’ (Sun et al., 

2002a) 

3 Garnet amphibolite   Zircon 440 ± 3, 394 ± 

5, 359 ± 6 

ca. 440 Ma due to amphibolite 

facies metamorphism. 

Younger ages represent 

‘metamorphic-deformational 

event’ 

(Liu et al., 2011) 

4 Intrusive diorite and amphibolite  

 

 

  Horblende 40Ar/39Ar 

433 ± 2 (diorite), 404 

± 5 

 (Zhai et al., 1998) 

Qinling 

Group 

      

1 Staurolite + kyanite + garnet  

and  sillimanite + andalusite + garnet + 

staurolite 

paragneiss 

  Monazite EPMA 520 

± 23, 435 ± 9 

Subduction-accretion along 

Gondwana, subduction-

collision Proto-Tethys 

(Chen et al., 

2006) 

2 Felsic gneiss    Zircon 511 ± 35, 507 

± 37  

Peak metamorphism, >120 km 

subduction based on diamond 

identification 

(Yang et al., 

2003) 

3 Gneiss   ZIrcon 508 ± 12 Peak metamorphism  (Liu et al., 2003) 

4 Paragneiss, diamond bearing    Zircon 493 ± 170 Peak metamorphism, 

continental subduction based 

on coesite and diamond 

identification  

(Yang et al., 

2005) 

5 Eclogite   Zircon 505 ± 12 >90 kb based on diamond and 

coesite, continental subduction 

(Liu et al., 2010) 

6 Eclogite   Zircon 502 ± 11 Peak metamorphism - Chinese 

literature 

(Chen & Liu, 

2011) 
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7 Eclogite 660–710 ˚C, 

26–28 kb  

(CTB & TD) 

 Zircon 501 ± 9 Peak metamorphism  (Cheng et al., 

2012) 

8 Eclogite    Zircon 489 ± 6, 484 ± 

5, 490 ± 6 

Subductoin of NQT under 

EPG 

No P-T work 

(Wang et al., 

2011) 

9 Eclogite   Lu-Hf garnet 494 ± 3, 

Zircon 490 ± 4  

Eclogite facies 

‘recrystallization’ and 

minimum ecl. Metamorphism 

age  

(Cheng et al., 

2012) 

10 Eclogite P–T conditions 

cited from 

Cheng et al. 

(2012) 

 Zircon 490 ± 12 NQT subduction under EPG 

(continental eclogite) 

(H. Wang et al., 

2013) 

11 Retrograde eclogite   Zircon 490 ± 4, 473 ± 

4  

Peak and retrograde, 

respectively 

 

12 Retrograde eclogite   Garnet-Amphibole 

Lu–Hf 414 ± 1 

Retrograde (Cheng et al., 

2011) 

13 Retrograde eclogite   Garnet-Amphibole 

Sm–Nd 400 ± 8  

Retrograde, interpreted with 

caution – thought to consist of 

mnz/ttn inclusions  

(Cheng et al., 

2011) 

14 Retrograde eclogite   Zircon 490 ± 6,  453 

± 9  

Peak and retrograde, 

respectively 

(Liu et al., 2013) 

15 Two-pyroxene and garnet-granulites 

(mafic protolith) 

757–840 ˚C, 

~9.5 kbar 

(CTB) 

~80–88 Zircon ca. 470–435  (Kröner et al., 

1993) 

16 Biotite-gneisses (amphibole and biotite 

analysis) 

  40Ar/39Ar below 540 

°C ca. 400 Ma. Below 

300 °C 330–340 Ma 

or 368  

Exhumation  (Dong et al., 

2011c) 
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17 Amphibolite, diamond bearing >40 kbar, 1-2 

µm diamond 

inclusion 

 Zircon 490 ± 6 Peak metamorphism (Wang et al., 

2014) 

18 Retrograded eclogite 760–770 ˚C, 

11.4–14.0 

kbar, and 679–

765 ˚C, > 16.7 

kbar (TC) 

~67–55 and 

~40–46  

Zircon 497 ± 2 

(Peak), 461 ± 5, 425 ± 

3 (Retrograde) 

Peak and retrograde 

metamorphism 

(Liao et al., 2016) 

19 Retrograded eclogite 800–850 ˚C, 

14.5–15.6 kbar 

and 795–855 

˚C, 8.3–10 

kbar (TC) 

~55–54 and 

~96–85  

Zircon 501 ± 9, 471 ± 

8 

Peak and retrograde 

metamorphism, respectively 

(Liao et al., 2016) 

20 Two pyroxene granulite    Zircon 440 ± 2, 426 ± 

1  

Retrograde metamorphism  (Zhang et al., 

2011) 

  Garnet amphibolite    Zircon 503 ± 5 

(Peak), 452 ± 5, 400 ± 

3 (Retrograde) 

Peak and retrograde 

metamorphism  

Liu et al. (2013)  

21 Garnet amphibolite (retrogressed 

eclogite) 

550 ˚C, ~31 

kbar (TD) 

~18   (Bader et al., 

2013) 

22 Garnet gneiss 635 ˚C, 10.6 

kbar (TD) 

~60    (Bader et al., 

2013) 

23 Garnet-phengite gneiss 633 ˚C, 15.4 

kbar (TD)  

~40  40Ar/39Ar Mica 470 ± 

1 

Retrograde metamorphism (Bader et al., 

2013) 

24 Garnet amphibolite (retrogressed 

eclogite) 

660 ˚C, 21.5 

kbar (TD) 

~30   (Bader et al., 

2013) 

25 Garnet amphibolite (retrogressed 

eclogite) 

  Titanite 471 ± 17  Retrograde metamorphism (Bader et al., 

2013) 

26 Garnet-sillimanite gneiss (migmatite) 743 ˚C, 7.1 

kbar (TD)  

~105 Zircon 502.4 ± 5.9  (Bader et al., 

2013) 
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27 Granite (post-migmatitic)    Monazite 394.9 ± 3.3  (Bader et al., 

2013) 

28 Meta-granite (weakly recrystallized)   Zircon 450.6 ± 3.1  (Bader et al., 

2013) 

29 Amphibolite    Zircon 401.7 ± 4.3  (Bader et al., 

2013) 

30 Pegmatite (leucosome)    Zircon 400.6 ± 3.1   (Bader et al., 

2013) 

31 Garnet-sillimanite gneiss  

(melanosome)  

699 ˚C, 6.6 

kbar (TD) 

~106    Bader et al. 

(2013) 

32 g-sill gneiss (melanosome)  693 ˚C, 7.2 

kbar (TD) 

~96    (Bader et al., 

2013) 

33 Amphibolite    Titanite 404.6 ± 3.6  Described as ‘syn-kinematic’. 

Age of deformation 

(Bader et al., 

2013) 

34 Garnet-sillimanite gneiss  

(melanosome) 

722 ˚C, 6.2 

kbar (TD) 

~116    (Bader et al., 

2013) 

35 Mylonitic garnet-gneiss (post-

migmatitic leucogranite) 

  Monazite 397.1 ± 5.4  Minor age at 352 Ma, 

monazite age interpreted as 

age of deformation (resetting) 

(Bader et al., 

2013) 

36 Garnet-gneiss (blasto-mylonite; 

melanosome) 

712 ˚C, 6.1 

kbar 

~117 Monazite 380.5 ± 7.4  Minor age at 352 Ma, 

monazite age interpreted as 

age of deformation (resetting)  

(Bader et al., 

2013) 

37 Garnet-hornblende-biotite schist 

(melanosome) 

675 ˚C, 7.2 

kb–760 ˚C, 6.8 

kbar (TD) 

~95–112 Zircon 464.0 ± 2.9  Minor age at 505 Ma. 

Metamorphic age  

(Bader et al., 

2013) 

38 Garnet-gneiss  754 ˚C, 7.5 

kbar (TD) 

~100 Zircon 487 ± 11  2 grains, mostly 

Neoproterozoic dataset  

(Bader et al., 

2013) 
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39 Syeno-granite (post-migmatitic)    Monazite 392.4 ± 4.2  Minor age at 354 Ma related to 

deformation (resetting) 

(Bader et al., 

2013) 

40 Garnet-gneiss (migmatites)  727 ˚C, 5.2 

kbar (TD) 

~140    (Bader et al., 

2013) 

41 Garnet-gneiss (melanosome)  700 ˚C, 8 kbar, 

–680 ˚C, 10.5 

kbar (TD) 

~88–65    (Bader et al., 

2013) 

42 Garnet-gneiss (melanosome) 773 ˚C, 5.1 

kbar (TD) 

~150    (Bader et al., 

2013) 

Danfeng-

Songshugou 

Group 

      

1 Arc-volcanic amphibolite facies, 

sheared amphibolite 

  40Ar/39Ar amphibole 

426 ± 2, Rb–Sr 

mineral isochron 411 

± 5  

‘Late Silurian metamorphic 

event’ for Danfeng/NQB 

(Sun et al., 

2002a) 

2 Amphibolite   40Ar/39Ar 420 ± 30 Retrograde metamorphism (Ratschbacher et 

al., 2003) 

3 Rodingite 710 ˚C, 10.5 

kbar–675 ˚C, 

10 kbar (TD) 

~68   (Bader et al., 

2013) 

4 Greenschist (tuffitic protolith)    Zircon 499.4 ± 9.3  Neoproterozoic inheritance  (Bader et al., 

2013) 

5 Garnet-amphibolite    Titanite 324 ± 12   (Bader et al., 

2013) 

6 Garnet-gneiss (melanosome)  702 ˚C, 6.8 

kbar (TD) 

~103 Monazite 458 ± 6.8  Minor age group at 342 Ma 

interpreted as age of 

deformation (resetting) 

(Bader et al., 

2013) 

7 Garnet-amphibolite  498 ˚C, 22.5 

kbar–530 ˚C, 

25.4 kbar–680 

~22, 21, 60, 

90, 88 

  (Bader et al., 

2013) 
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˚C, 11.5 kbar–

680 ˚C, 7.5 

kbar–615 ˚C, 7 

kbar (TD) 

8  Rodingite  680 ˚C, 7.5 

kbar–615 ˚C, 7 

kbar (TD) 

~90, 88   (Bader et al., 

2013) 

9 Garnet-pyroxenite    Zircon 501 ± 10 ‘HP-Granulite facies’ 

metamorphism, subduction 

(Su et al., 2004) 

10 Basic granulite 828–887 ˚C, 

14-15.8 kbar, 

795–825 ˚C, 

10.3–11.4 kbar 

(CTB) 

 Zircon 485 ± 3 Peak metamorphism  (Chen et al., 

2004) 

11 Garnet amphibolite    Zircon 500 ± 10, 506 

± 7 

Peak metamorphism (Liu et al., 2010) 

12 Basic and felsic granulite   Zircon 504 ± 7, 506 ± 

3  

Peak metamorphism  (Zhang et al., 

2007) 

13 Garnet amphibolite   Zircon 484 ± 4, 418 ± 

5  

Peak and retrograde 

metamorphism, respectively 

(Li et al., 2012) 

14 Felsic granulite    Zircon 497 ± 8 

(peak), 448 ± 4, 421 ± 

2 (retrograde)  

Peak and retrograde 

metamorphism  

(Liu et al., 2013) 

15 Garnet amphibolite    Zircon 496 ± 9  Peak metamorphism  (Qian et al., 

2013) 

16 Felsic gneiss   Titanite 413 ± 20 Retrograde metamorphism  (Li et al., 2014) 

17 Garnet amphibolite 750–850 ˚C, 

15-19 kbar 

(TC) 

~50–45 Zircon 515 ± 12 Ophiolite emplacement age (Tang et al., 

2016) 
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Figure 3: Representative streams of sample locations (A) Representative photograph of river sample 

locations 1a and 1b in Fig. 1c. (B) Representative photograph of sample location 2 in Fig. 1. Angular to 

sub-rounded off-white boulders are granitic erosional material. Granitic material forms ≥99% of the 

bedload in streams visited in the Qinling Mountains. 

 

 

Figure 4: Hand-samples of schists collected from locations in Fig. 1c. Samples QL-1, QL-2, QL-3, 2QS2 

and 4QS4 were collected in the river at locations 1a and 1b (see also Table 2). Sample CQ38S1 was 

collected in the river at location 2 (Table 2). In hand sample, schists are characterized by a micaceous 

foliation with homogenously distributed spots of dark bluish-grey spots of cordierite (up to 0.5 cm). 

CQ38S1 is a cordierite absent garnet–staurolite schist, also defined by a micaceous foliation with garnets 

clearly visible on fresh surface, up 0.2 cm in diameter. The location coordinates, sample dimensions and 

mineralogy are detailed in Table 2. 
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Table 2: Summary of samples collected, rock description and collection locality (WGS84 datum, latitude and 

longitude presented in degrees, minutes and seconds). 

Sample  Rock type  Dimensions 

(~L x W cm ) 

  Location 

number 

(Fig. 1c) 

Geological 

setting 

Coordinates 

QL-1  cd-bi schist ~15 x 12.5   1a Southern NQB ~33°55'50.13"N 

~108° 8'54.87"E 

QL-2  cd-bi schist ~25 x 15   1a Southern NQB ~33°55'50.13"N 

~108° 8'54.87"E 

QL-3  cd-bi-chl schist  ~20 x 13        1a Southern NQB ~33°55'50.13"N 

~108° 8'54.87"E 

2QS2  cd-and schist ~12 x 8        1b Southern NQB 33°55'12.17"N 

108° 9'9.71"E 

4QS4  cd-and schist  ~20 x 15        1b Southern NQB 33°54'52.40"N 

108° 9'10.77"E 

CQ38S1  g-st schist ~15 x 12        2 Central NQB 33°56'14.00"N 

109° 7'31.00"E 

 

Sample petrography  
 

In the following descriptions, the logic that peak minerals are coarser grained and/or define a 

fabric and that retrograde minerals define either no fabric or are aligned at an angle to the 

main fabric is applied. Petrography and photomicrographs for samples QL-2, QL3, 2QS2 and 

4QS4 are provided in Appendix A because these samples were not used to constrain P–T 

conditions. The modal abundance (‘mode’) of minerals in each sample are provided in Table 

3 because these data are used to constrain P–T conditions.   

QL-1  

Matrix minerals consist of biotite (50–300 μm), quartz (50–200 μm) and plagioclase (< 100 

μm) that are distributed evenly throughout (Fig. 5a, b). Biotite defines a pervasive foliation 

that encloses cordierite. Poikiloblastic cordierite (300–1400 μm) contains abundant inclusions 

of matrix minerals, but is completely pinitised. Inclusions in cordierite are generally finer 
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grained (≤ 100 μm) than matrix grains. Inclusions define a fabric that is both parallel and 

misaligned.  Accessory minerals include rutile, zircon, monazite and tourmaline.  The 

interpreted peak assemblage is cordierite + biotite + quartz + plagioclase + rutile.  

CQ38S1  

The matrix consists of biotite (≤ 100 μm), muscovite (≤ 100 μm), quartz (≤ 300 μm), 

plagioclase (≤ 50 μm) and ilmenite (≤ 20 μm). The dominant fabric of the sample is defined 

by biotite, muscovite and quartz. S1 and S2 fabrics are observed throughout (Fig. 5c,d). 

Porphyroblasts of garnet (100–700 μm) and staurolite (100–200 μm) are typically separated 

and the fabric defined by matrix minerals wraps around them. Garnet contains inclusions of 

quartz, biotite and ilmenite. Staurolite has numerous inclusions of ilmenite. Garnet grains are 

commonly fractured with fine grained (< 20 μm) muscovite and biotite occurring in the 

cracks. The interpreted peak assemblage is garnet + staurolite + biotite + plagioclase + 

muscovite + quartz + ilmenite. Sparse amounts of interpreted retrograde chlorite occur on the 

margins of garnet. 

Table 3: Summary of mineral modal proportions for each sample. Mineral abbreviations used throughout this 

study include; g (garnet), st (staurolite), cd (cordierite), and (andalusite), chl (chlorite), bi (biotite), mu 

(muscovite), ab (albite), pl (plagioclase), ru (rutile), ilm (ilmenite), q (quartz), tm (tourmaline). Totals for modal 

proportion do not equal 100% because Fe-Ti oxides including accessory phases zircon, monazite, tourmaline 

and apatite do not form part of the estimation. These minerals collectively occur in modal proportions <2%. 

Samples QL-2, QL-3, 2QS2 and 4QS4 are in Appendix A, abbreviated to ‘Ap. A’ for the relevant sample.  

Sample Modal proportion  

 g st cd and bi chl mu pl q Total 

QL-1 - - 23% - 32% - - 30% 12% 97% 

QL-2 Ap. A - - 28% - 25% - 5% 10% 30% 98% 

QL-3 Ap. A - - 15% - 20% 5% 15% 10% 32% 97% 

2QS2 Ap. A - - 23% 5% 20% 5% 5% 15% 25% 98% 

4QS4 Ap. A - - 25% 10% 15% - 5% 10% 34% 99% 

CQ38S1 5% 1% - - 40% <1% 17% 10% 25% 99% 
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Figure 5: Photomicrographs of samples used in this study: (A) Image: fine-grained plagioclase in the 

matrix; (B) Cordierite porphyroblasts surrounded by a matrix consisting of biotite + quartz + plagioclase 

+ rutile which also commonly occur as inclusions in cordierite. Biotite clearly wraps around cordierite; (C) 

S1/S2 fabric defined by biotite + muscovite + quartz, wrapping around garnet. Staurolite is separated from 

garnet by matrix grains; (D) S1/S2 fabric wrapping around garnet. Accessory tourmaline grain separated 

from garnet by matrix. S1/S2 fabric is mainly defined by muscovite. Staurolite is separated from garnet by 

matrix grains. Staurolite is finer-grained compared to garnet.   

 

ANALYTICAL METHODS 
 

Geochronology  
 

To establish the provenance of schist boulders and age of metamorphism, three 

complementary geochronological methods were applied. U–Pb zircon ages were acquired 

from QL-3 in the 79–400 μm fraction, and in the < 79 μm fraction for samples 2QS2, 4QS4 

and CQ38S1 by laser ablation-inductively coupled plasma-mass spectrometry (LA–ICP–
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MS). In-situ U–Pb monazite ages were acquired from samples QL-1, QL-2 and QL-3 as well 

as epoxy-resin mounted monazite in CQ38S1 (< 79 μm fraction) by LA–ICP–MS.  Sample 

preparation and operational procedures for these techniques are detailed in Appendix L.  

 

Phase equilibria forward modelling  
 

Phase equilibria calculations were performed using the software program THERMOCALC 

(Powell & Holland, 1988; Holland & Powell, 2011) in the model chemical system MnO–

Na2O–CaO–K2O–FeO–MgO–Al2O3–SiO2–H2O–TiO2–O (MnNCKFMASHTO), where ‘O’ is 

a proxy for Fe2O3, using the latest internally-consistent thermodynamic dataset ‘ds6’ 

(filename tc-dsc62.txt; Holland & Powell, 2011) and activity–composition models (Powell et 

al., 2014; White et al., 2014a; White et al., 2014b). Calculations in THERMOCALC are 

based on the user specifying the stable assemblage and calculating all the field boundaries 

and intersection points in turn. The initial stable assemblage is determined by performing a 

Gibbs energy minimisation calculation at a set pressure–temperature (P–T) condition. The 

diagram is built up and around from that initial assemblage and involves many trial and error 

calculations in order to determine which phases appear or disappear as a function of pressure, 

temperature and/or composition. Therefore, a single diagram commonly comprises >150–200 

total line and point calculations, and the user is intellectually involved in the calculations at 

every step along the way. This amounts to several weeks of calculation per diagram. The 

most uncertain compositional variables are Fe2O3 and H2O, commonly requiring that these be 

constrained with T–M type diagrams (where M refers to amount of an oxide component) prior 

to the calculation of the P–T pseudosection. In this study of un-melted rocks, H2O is assumed 

to be present in saturating amounts for all calculations, negating the need for T–MH2O 

diagrams. The choice of pressure at which to calculate the T–M diagrams is based on broadly 

estimating the pressure at which the observed peak metamorphic assemblage is stable.  
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Contouring of phase equilibria models for the normalised abundances (‘mode’) of phases was 

calculated using the Matlab-based, automated software TCInvestigator v1.0 (Pearce et al., 

2015). Input to TCI requires THERMOCALC input files and executable (.exe) files as well as 

the finished P–T model from THERMOCALC. 

RESULTS 
 

Geochronology 
 

Zircon was analysed to constrain the age of schist protolith (Fig. 6–9) whereas monazite was 

analysed to constrain the age of metamorphism (Fig. 10–13).  

ZIRCON U–PB LA–ICP–MS GEOCHRONOLOGY 
 

Sample QL-3  

One-hundred and thirty-nine analyses were collected from 121 zircon grains. Twenty-four 

were excluded from age calculations (< 90% concordance and > 105% concordance). All 

zircons show internal structure (oscillatory zoning). Commonly, oscillatory zoning is 

truncated by another generation of oscillatory zoning as shown in Fig 6.  Twenty-six analyses 

forming the youngest age peak at ca. 431 Ma range between 411–495 Ma. Five analyses 

range between 544–653 Ma. Fifty-three analyses range between 705–892 Ma. Ten analyses 

are between 910–944 Ma. Fourteen analyses are between 1070–1886 Ma. Eight analyses are 

between 2034 and 2617 Ma. 

Sample 2QS2  

This sample provided a relatively low yield of small (< 30 μm) zircon. Fourty-five analyses 

were obtained on 45 individual grains. Of the forty-five analyses, seventeen were rejected (< 

90% concordance and > 105% concordance). Typically zircon morphology is rounded with 

1.5:1 dimensions. Minor age peaks occur at <600 Ma, two analyses have ages of 356 Ma and 
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395 Ma and four analyses range between 413–541 Ma. Nine analyses range between 621–984 

Ma. Nine analyses range between 1000–1810 Ma. Four analyses range between 2290–2790 

Ma. Dominant peaks occur at ca. 400–500, ca. 808–1130, ca. 1630 and ca. 2280–2790 Ma. 

Sample 4QS4  

This sample provided a relatively low yield of small (< 30 μm) zircon. Thirty-five analyses 

were obtained on 35 individual grains. Of the thirty-five analyses, ten were rejected (< 90% 

concordance and > 105% concordance). Zircons in this sample have well rounded grain 

boundaries with common examples of zircon with 2:1 dimension in their morphology. Major 

peaks occur between 400–500 Ma, 900–1000 Ma and minor peaks at ca. 1600 and ca. 2700 

Ma. The distribution of data is; seven grains range between 298–343 Ma. Four analyses 

between 437–531 Ma. Thirteen analyses between 706–1220 Ma and single grain analyses at 

1680 Ma and 2703 Ma. 

Sample CQ38S1  

One-hundred and thirty-five analyses were collected from 135 individual zircon grains. Of 

those analyses, twenty-seven were excluded from age calculations (< 90% concordance and > 

105% concordance). Zircons in this dataset were ablated without identification of complex 

internal structures due to their size (< 30 μm). To avoid potential bias, every identifiable 

zircon mounted was analysed. The data predominantly concentrates between c. 400 Ma and 

600 Ma (Fig. 9d). From the probability density plot (Fig. 9a) there are four approximate age 

ranges 375–390 Ma, 403–608 Ma, 666.9–722 Ma and 837–920 Ma. Fifteen data points 

(13.8% of dataset) occur between 296–399 Ma. Twenty-two data points occur between 400-

420 Ma. The remaining 71 data points are distributed as ages > ca. 420 Ma. 
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Figure 6: Zircon U–Pb geochronological data for sample QL-3: (A) Zircon with distinct older core and 

younger oscillatory overgrowth; (B) Older, oscillatory zoned zircon grain with bright CL core; (C) 

Lighter and darker oscillatory internal structures in zircon; (D) Zircon with oscillatory zoning internal 

structure; (E) Wetherill concordia plot corresponding to data presented in ‘F’. White ellipses are 

excluded from age determinations due to discordancy (< 90% or > 105%); (F) Relative probability 

density plot for concordant (90–105%) zircon grains in sample QL-3. Major peaks are labelled (Ma).  

 

Figure 7: Zircon U–Pb geochronology for sample 2QS2: (A) BSE images of identifiable zircon grains 

occurring in the < 79 μm fraction. Zircon grains appear rounded to sub-rounded; (B) BSE image of 

another zircon which is brighter than other mineral grains (Fe–Ti oxide, silicates) forming part of the < 

79 μm separate; (C) Wetherill concordia plot corresponding to data presented in ‘D’. White ellipses are 

excluded from age determinations due to discordancy (< 90% or > 105%); (D) Relative probability 

density plot for concordant (90–105%) zircon grains in sample 2QS2. Major peaks are labelled (Ma).  
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Figure 8: Zircon U–Pb geochronology for sample 4QS4 (A) CL image of a < 30 μm zircon grain, complex 

internal structure is un-identifiable; (B) BSE image of zircon grains identified in the grain mount with 

adjacent oxide grains appearing less bright; (C) Wetherill concordia plot corresponding to data presented 

in ‘D’. White ellipses are excluded from age determinations due to discordancy (< 90% or > 105%); (D) 

Relative probability density plot for concordant (90–105%) zircon grains in sample 4QS4. Major peaks 

are labelled (Ma). 

 

Figure 9: Zircon U–Pb geochronology for sample CQ38S1: (A) BSE image of a larger zircon grain 

identified in the epoxy mount of < 79 μm. Zircon grains are brighter than Fe–Ti oxides and silicate 

grains; (B) BSE image of an angular zircon grain; (C) Corresponding Wetherill concordia plot to data 

presented in ‘D’. White ellipses are excluded from age determinations due to discordancy (< 90% or > 

105%); (D) Relative probability density plot for concordant (90–105%) zircon grains for sample CQ38S1. 

Major peaks are labelled (Ma).  
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MONAZITE U–PB LA–ICP–MS GEOCHRONOLOGY 
 

Sample QL-1  

Forty-two analyses were collected from 42 individual in-situ monazite grains. Of the forty-

two analyses, two were rejected on the basis of their 206Pb/238U error (> 1) and an additional 

four on the basis of their particularly low concordance values (< 30%). The remaining data 

define a lower intercept age of 219 ± 13 Ma (n = 42, MSWD = 2.0) and a concordia age of 

222.9 ± 2.9 Ma (n = 8, MSWD = 10.2). A linear probability diagram for analyses that define 

the concordia age shows the spread of 206Pb/238U ages (i.e. between 213–216.8 Ma).  

Sample QL-2 

Forty-eight analyses were collected from 48 individual in-situ monazite grains. Of the forty-

eight analyses, eleven were rejected on the basis of their negative error correlation value, and 

an additional two due to their significant deviation from the dominant spread (monazite 

grains 55 and 36). The remaining data is heavily discordant, defining a lower intercept age of 

214 ± 7.6 Ma (n = 37, MSWD = 3.4) and an upper intercept that approximates the age of 

Earth.  

Sample QL-3  

Forty-nine analyses were collected from 49 individual in-situ monazite grains. Of the forty-

nine, six were rejected due negative error correlation values, and an additional six on the 

basis of their large 207Pb/235U error (> 0.5–1). The remaining data define a lower intercept age 

of 221.8 ± 3.6 Ma (n = 37, MSWD = 1.3) and a concordia age of 228.9 ± 4.5 Ma (n = 9, 

MSWD = 2.9). A linear probability diagram for analyses that define the concordia age shows 

the spread of 206Pb/238U ages (i.e. between 214–239 Ma). 
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Sample CQ38S1  

Seventy-nine analyses were collected from 79 individual epoxy resin-mounted monazite 

grains.  Of the seventy-nine, twenty analyses were excluded from age calculations (> 10% 

discordance) and one was rejected on the basis of a negative error correlation value. The 

remaining data (50%) defines a concordia age of 405.0 ± 1.5 Ma (n = 40, MSWD = 7.3). A 

linear probability plot for analyses used to define the concordia age shows the spread of 

206Pb/238U ages. The spread of this data defines approximately two groups occurring between 

388.6–404.6 Ma and 407.4–412.8 Ma. Concordant data that was excluded from the preceding 

age calculations is shown in Fig. 13 forming a spread between 387.6 and 330.8 Ma (21% of 

data).  

 

Figure 10: U–Pb geochronology for in situ monazite from sample QL-1: (A) Backscattered electron image 

showing the microstructural location of monazite with the corresponding concordant age of 230 ± 17 Ma; 

(B) BSE image showing the microstructural location of monazite, aged 219 ± 13 Ma; (C) Wetherill 

concordia plot for all data. Grey coloured ellipses were used for an intercept age (219 ± 13 Ma, MSWD = 

2.0, n = 42), red ellipses were used to obtain a concordia age calculation (222.9 ± 2.9, MSWD = 10.2, n = 

8); (D) A close-up of the data forming a concordia age on the basis of overlapping ellipses; (E) A 

linearised probability diagram showing the distribution of concordant monazite grains forming the 

concordia age. 
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Figure 11: (above) U–Pb geochronology for in situ monazite from sample QL-2: (A) Backscattered 

electron image showing the microstructural location of monazite in contact with matrix biotite and 

quartz; (B) Backscattered electron image showing the microstructural location of monazite surrounded 

by quartz in the matrix; (C) Wetherill concordia diagram for all data (n = 39). White ellipses were not 

used for the purpose of calculating the lower intercept age of 214.2 ± 7.6 Ma, MSWD = 3.4 (n = 37). The 

upper intercept defines an age of 4974 ± 93 Ma (effectually age of Earth).  
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Figure 12:  U–Pb geochronology for in situ monazite from sample QL-3: (A) Backscattered electron 

image of monazite with the corresponding concordant spot age of 228 ± 17 Ma; (B) Backscattered 

electron image of  in-situ monazite aged 214 ± 16 Ma; (C) Wetherill concordia plot showing all data (n = 

43), white ellipses are excluded data. Grey (too small to see, identified by arrow) ellipses are data used to 

define an intercept age (also shown as red, right) at 221.8 ± 3.6 Ma (MSWD = 1.3, n = 37); (D) Subset of 

data which define a concordia age calculation of 228.9 ± 4.5 Ma (MSWD = 2.9, n = 9); (E) Linearised 

probability diagram of data showing the distribution of concordant monazite grains defining the 

concordia age.  

 

 

Figure 13: U–Pb geochronology for grain mounted monazite from sample CQ38S1; (A) Backscattered 

electron image of bright monazite in epoxy resin-mount, surrounded by matrix-type minerals in the < 79 

μm fraction; (B) Backscattered electron image showing the in-situ microstructural location of in-situ 

monazite in the matrix. The size of the in-situ monazite is significantly smaller than that which was 

separated from the sample. Therefore,—in-situ monazite was not analysed in this sample due to its small 

size; (C) Wetherill concordia plot of all data, white ellipses are excluded from age determinations due to 

discordancy (< 90% or > 105%), red ellipses define a concordia age. Grey ellipses are concordant (90–

105%) and define a spread to younger ages approaching ca. 320 Ma; (D) Close-up of data defining a 

concordia age calculation of 405.0 ± 1.5 Ma (MSWD = 7.3, n = 40), 66.6% of concordant data defines a 

concordia age; (E) Linearised probability plot, showing the spread of data that define the concordia age. 

Two distinct groups are identified between ca. 411–408 Ma, and ca. 404–400 Ma.  
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Phase equilibria forward modelling: T–MO and P–T  
 

Temperature–Molar oxidation (T–MO) and pressure–temperature (P–T) pseudosections were 

calculated for samples QL-1 and CQ38S1. The objective of the phase equilibria modelling 

was to constrain P–T conditions for two metapelitic samples, thus developing the thermal 

framework for their metamorphic evolution.  

The principle uncertainty in pseudosection modelling relates to the determination of effective 

composition, particularly in this study Fe2O3 (e.g. Kelsey & Hand, 2015). The appropriate 

oxidation state, or Fe2O3 (as ‘O’) vs FeO amount for P-T pseudosections was constrained for 

each sample by first calculating T–MO pseudosections. In each T–MO section the oxidation 

state along the M axis varies from 100% FeO to 99% Fe2O3, 1% FeO at M = 1. A fixed 

pressure is required to calculate the T–MO sections. For modelling QL-1 this pressure was 3 

kbar and for CQ38S1 this pressure was 5 kbar, based on independent published information 

(e.g. White et al., 2014a; White et al., 2014b).  

Sample QL-1  

The calculated T–MO pseudosection for QL-1 is shown in Fig. 14 and the pseudosection 

contoured for the modes of phases is shown in Fig. 15. The peak assemblage for sample QL-1 

is interpreted to be cordierite + biotite + plagioclase + rutile + quartz, shown as a field bound 

by a bold outline in Fig. 14.  

The chosen oxidation state corresponds to the composition at M = 0.02 on the basis that 

modal proportions estimated in Table 3 coincide with the calculated modes of phases in Fig. 

15.    

The calculated P–T pseudosection shows that the peak assemblage field occurs in a narrow 

area over a large P–T range 0.5–4.4 kbar and 530–675 ˚C (Fig. 16). The area of P–T space 
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that coincides with observed proportions of cordierite, biotite, plagioclase and quartz (Table 

3) is between 0.6–4.25 kbar and 
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 540–670 ˚C, as illustrated in Fig. 17f. This field is constrained by the presence of andalusite 

up pressure, and presence of K-feldspar down pressure.  

Sample CQ38S1  

The peak assemblage for CQ38S1 is interpreted to be garnet + staurolite + biotite + 

muscovite + plagioclase + ilmenite + quartz. Chlorite is interpreted as a retrograde mineral.  

The calculated T–MO pseudosection for CQ38S1 is shown in Fig. 18. The mode of peak 

assemblage phases in CQ38S1 did not prove comparable with observations and therefore TCI 

outputs are not used to constrain the degree of oxidation. The chosen oxidation state 

corresponds to the composition at M = 0.07 and was based on the absence of rutile-bearing 

assemblages to higher pressures, maximising the full possible range of staurolite–ilmenite 

bearing assemblages up-pressure for the purpose of comparing observations to calculated 

modes in TC Investigator.  

The peak field in the calculated P–T pseudosection (Fig. 19) is constrained to conditions of 

~7.1 kbar and 615 ˚C (Fig. 20d). This field is bound by the presence of rutile up-pressure, 

occurrence of margarite down-temperature and occurrence of sillimanite (and disappearance 

of staurolite) up-temperature and down-pressure.  
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Figure 14: Calculated T–MO pseudosection for sample QL-1. All fields in the diagram contain water, H2O, 

as part of the equilibrium assemblage. Fields too small to be directly labelled are identified by numbered 

circles corresponding to the assemblage occurring within the field. Progressively darker tones are 

representative of increasing variance, V, where V = components – phases + 2 (components = 11). The 

compositions in mole% used to calculate the diagram, corresponding to that at M = 0 and M = 1, are 

provided above the diagram. FeO* = FeO + 2 × ’O’.  The composition used for the calculation of the P–T 

pseudosection, Fig.16, is that at MO = 0.02, depicted as a vertical dashed line. This composition passes 

through the interpreted peak assemblage field cordierite + biotite + rutile + plagioclase + quartz + H2O, 

which occurs in the top left of the diagram (bold outline).  
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Figure 15: Calculated T–MO pseudosection for sample QL-1 contoured for the abundance (‘mode’) of 

some phases. The calculated abundance of phases in the peak assemblage field (at top left, bold outline, 

also in F) was used in conjunction with estimated abundances of minerals in the sample (Table 3) to 

choose an appropriate composition along the MO axis for calculation of the P–T pseudosection, Fig.16. 

Diagram (F) shows the peak field with calculated abundances of phases (combination of A, B, C and D) 

with respect to estimated modal proportions in Table 3 to further constrain the oxidation state within the 

peak assemblage field.   
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Figure 16: Calculated P–T pseudosection for sample QL-1. All fields in the diagram additionally contain 

water, H2O, as part of the equilibrium assemblage. Fields too small to be directly labelled are identified 

by numbered circles corresponding to the assemblage occurring within the field. Progressively darker 

tones are representative of increasing variance, V, where V = compoennts - phases + 2 (components = 11). 

The composition in mole% used to calculate the diagram, corresponding to that at M = 0.02 in Fig.14, is 

provided above the diagram. FeO* = FeO + 2 × ’O’. The white area at top right of diagram is melt-

bearing. This was not calculated as the sample is not migmatitic. The peak assemblage field cordierite + 

biotite + plagioclase + rutile + quartz + H2O is outlined in bold.  
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Figure 17: Calculated P–T pseudosection for sample QL-1 contoured for the abundance (‘mode’) 

minerals in the peak assemblage. The calculated abundances of phases in the peak assemblage field 

(outline in bold, also shown in detail in F), were used in conjunction with estimated abundances of 

minerals in the sample (Table 3) to constrain the peak P–T conditions experienced by the rock. Diagram 

(F) shows the detail of the peak assemblage with calculated abundances of phases (combination of A, B, C 

and D) coinciding with estimated modal proportions in Table 3 to further constrain the metamorphic 

conditions within the peak assemblage field.   
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Figure 18: Calculated T–MO pseudosection for CQ38S1. All fields in the diagram contain water, H2O, as 

part of the equilibrium assemblage. Fields too small to be directly labelled are identified by numbered 

circles corresponding to the assemblage occurring within the field. Progressively darker tones are 

representative of increasing variance, V, where V = components – phases + 2 (components = 11). The 

compositions in mole% used to calculate the diagram, corresponding to that at M = 0 and M = 1, are 

provided above the diagram. FeO* = FeO + 2 × ’O’.  The composition at MO = 0.07 passes through the 

interpreted peak assemblage field garnet + staurolite + biotite + muscovite + ilmenite + plagioclase + 

quartz + H2O, which occurs in the top left of the diagram (bold outline).  
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Figure 19: Calculated P–T pseudosection for sample CQ38S1. All fields in the diagram additionally 

contain water, H2O, as part of the equilibrium assemblage. Fields too small to be directly labelled are 

identified by numbered circles corresponding to the assemblage occurring within the field. Progressively 

darker tones are representative of increasing variance, V, where V = components – phases + 2 

(components = 11). The composition in mole% used to calculate the diagram, corresponding to that at MO 

= 0.07 in Fig.18 is provided above the diagram. FeO* = FeO + 2 × ’O’. The white area at top right of 

diagram is melt-bearing. This was not calculated as the sample is not migmatitic The peak assemblage 

field garnet + staurolite + biotite + muscovite + ilmenite + plagioclase + quartz + H2O is outlined in bold. 
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Figure 20: Calculated P–T pseudosection for sample CQ38S1 contoured for the abundance (‘mode’) of 

some phases. The calculated abundance of phases in the peak assemblage field (at top left, bold outline, 

also in F) was used in conjunction with estimated abundances of minerals in the sample (Table 3) to 

choose an appropriate composition along the Mo axis for calculation of the P–T pseudosection, Fig.16. 

Diagram (F) shows the detail of the peak assemblage field with calculated abundances of phases 

(combination of A, B, C and D) coinciding with estimated modal proportions in Table 3 to further 

constrain the metamorphic conditions within the peak assemblage field.   
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DISCUSSION 
 

The aim of this study is to understand the source, timing of metamorphism and thermal 

character of schists within the complex framework of the (northern) Qinling Orogen, for the 

purpose of providing constrains on models of its tectonic evolution. Published data including 

detrital zircon geochronology, magmatic geochronology and P–T–t constraints are used as the 

basis with which to compare the results of this study.  

Geomorphological analysis of schist boulder provenance   
 

The probable source and total displacement of schist samples occurring as boulders in 

mountain stream settings within the NQB are constrained by the integration of several key 

observations and data detailed in Appendix B. These include: (i) the known origin of the 

streams and drainage divide of the river system with respect to the known geology (Fig. 1c); 

(ii) the hydrological processes influencing bedload transport and (iii) weathering rates of 

comparable rock-types. It is reasonable to infer that samples in this study do not have a long 

residence time in the streams, and in combination with (i), (ii) and (iii), have probably 

travelled a maximum distance of the order of ~10 km. The conclusions derived from this 

analysis are discussed further in subsequent sections outlining U–Pb zircon geochronology of 

the schists, and comparison between monazite ages from the schists and known tectono-

thermal events within the framework of the QOB.   

Geochronology  
 

 Zircon and monazite are the two most widely used geochronometers for understanding high-

temperature processes and sources of rocks in the crust (e.g. Spear & Pyle, 2002; Dempster et 

al., 2004; Taylor et al., 2016). Zircon has additional utility as a detrital mineral for 

constraining the provenance of sedimentary rocks (e.g. Fedo et al., 2003). The rocks of this 
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study record mid to upper-amphibolite facies temperatures, but have not melted. This is 

crucial for the interpretation of age data from zircon and monazite. Zircon is largely 

unresponsive to metamorphism up-temperature until partial melting occurs (e.g. Rubatto et 

al., 2001; Dempster et al., 2004; Rubatto et al., 2013). Conversely, monazite commonly 

commences growth during prograde metamorphism at temperatures of ~400–500 °C (e.g. 

Smith & Barreiro, 1990; Janots et al., 2008). 

INTERPRETATION OF U-PB ZIRCON GEOCHRONOLOGY 
 

Although zircon is largely unresponsive to metamorphism below the solidus, a number of 

factors need to be considered in order to correctly interpret the age data collected in this 

study. First, the internal structure or zoning of zircon, as revealed by CL imaging, provides 

critical clues as to its origin and evolution. Zircon grains of igneous origin are characterised 

by oscillatory zoning  (Corfu et al., 2003). Xenocrystic cores mantled by overgrowths with 

oscillatory zoning are interpreted as inheritance in igneous sources (Corfu et al., 2003). Pre-

existing zircons modified by metamorphic processes, or grown during metamorphism, are 

typically characterised by sub-rounded grain morphologies and homogeneous CL responses 

(Corfu et al., 2003; Taylor et al., 2016). Second, zircon is known to grow at low grades of 

metamorphism—greenschist facies or lower—in some cases in slates and phyllites (Dempster 

et al., 2008; Hay & Dempster, 2009). However, very small zircon grains (~5–30 μm), 

interpreted to be detrital, can also occur in low-grade (sub-solidus) metasedimentary rocks 

(e.g. Hay & Dempster, 2009). 

The internal structure of zircon grains from sample QL-3 are dominantly characterised by 

oscillatory zoning and/or xenocrystic cores mantled by small overgrowths with oscillatory 

zoning (Fig. 6b). Therefore, it is interpreted that much of the zircon in QL-3 is detrital. For 

samples 2QS2, 4QS4 and CQ38S1, the entire zircon age datasets were obtained from 
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separated grains < 30 μm in size due to an absence of larger zircons. These grains did not 

show any internal structure with CL imaging. At face value, this makes it difficult interpret 

whether such grains are metamorphic or detrital origin (e.g. Dempster et al., 2004; Dempster 

et al., 2008; Hay & Dempster, 2009). However, by comparison to existing magmatic and 

detrital age spectra from the QOB in the following section, it is possible to interpret their 

origin. 

SOURCE OF SCHISTS USING ZIRCON DETRITAL AGE SPECTRA COMPARISONS  
 

Numerous datasets of magmatic, metamorphic and detrital zircon ages exist for the QOB (e.g. 

Diwu et al., 2012; Bader et al., 2013; Yu et al., 2015; Dong & Santosh, 2016). To constrain 

the source of the schists in this study and decipher whether < 30 μm zircon grains are detrital 

or metamorphic in origin, Figs. 21–23 compare the zircon geochronology of this study to 

published data. 

The drainage system in which sample QL-3 was collected starts amongst Devonian units 

(Liuling Group), and flows north through the NQB. Fig. 21 compares the age spectra to that 

of the Liuling Group (Fig. 21c) and NQB and FAS (Fig. 21b). Ages for the NQB between ca. 

400–500 Ma are a mix of metamorphic and magmatic ages, not detrital (Diwu et al., 2014). 

The age spectra for QL-3 (purple shaded columns to aid comparison) compares favourably 

with parts of the spectra for the NQB (especially ca. 510–1050 Ma) and Liuling Group. The 

FAS is characterised by detrital zircon ages between ca. 455–600 Ma and ca. 700–800 Ma. 

However, sample QL-3 arguably compares most favourably with the FAS (compare Fig. 21a 

with Fig. 21b). The FAS is reported to contain a mixture of rock types as is typical of forearc 

sequences, but pelites are not described. However, there are no relict Barrovian-style 

metamorphic minerals in QL-3 (see CQ38S1), which might be expected based on 

metamorphic ages (see monazite geochronology discussion). Therefore, the Liuling Group 
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rather than the FAS may be the source of QL-3. Zircon ages ≤ 400 Ma in QL-3 cannot belong 

to the FAS or the Liuling Group as this age post-dates the deposition of both packages ca. 

400 Ma (Dong & Santosh, 2016). These analyses are discussed separately below.  

Samples 2QS2 and 4QS4 are from the same drainage system as QL-3 (Fig. 1c, Table 2). As 

the total zircon yield of concordant zircon from 2QS2 and 4QS4 is comparatively low (Fig. 

7c, Fig. 8c) it is difficult to definitively constrain the source of these samples. As for QL-3, 

zircon age spectra for 2QS2 and 4QS4 are dominantly between ca. 400–600 Ma and ca. 700–

1300 Ma, with fewer ages occurring ca. 1500-1700 Ma, ca. 2200–2900 Ma (2QS2) and a 

single peak at ca. 2700 Ma (4QS4). The FAS arguably has a better spectra fit than the Liuling 

Group. However using the logic argued for QL-3, the Liuling Group is interpreted to reflect 

the most likely source for these samples. As such, this additionally implies that the ≤ 30 μm 

zircons are for the most part detrital. Analogous to sample QL-3, zircon ages ≤ 400 Ma post-

date deposition of the Liuling Group and are discussed separately below.  

Sample CQ38S1 was collected from a drainage system to the east of the remaining samples, 

where the headwaters of the streams occur within the NQB. Therefore CQ38S1 may not 

share a similar source to samples QL-3, 2QS2 and 4QS4. Figure 21 shows a comparison of 

age spectra from CQ38S1 to QL-3 and numerous parts of the QOB and its bounding cratons. 

Because the Liuling Group and FAS (Fig. 21c, 21b) contain detritus from numerous sources, 

including the NQB represented by the Qinling Group, the zircon age spectra for these 

packages compares well with that of CQ38S1. Ages in CQ38S1 between ca. 630–730 and ca. 

830–920 are identified in both the NQB and SQB. For the SQB these ages form shoulders to 

the major peak at ca. 730 Ma and for the NQB major identifiable age peaks align with the 

ages in CQ38S1 in (Fig. 21a,b). However, the NQB can be ruled out as a source as its 

maximum deposition age is ca. 850 Ma and the ca. 400–500 peak in the spectra (Fig. 21b) is 

in fact a mix of metamorphic and magmatic rather than detrital ages (Diwu et al., 2014). The 
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SQB can be ruled out because it is south of the drainage divide (Fig. 1c). CQ38S1 was most 

likely sourced from FAS or Liuling Group. The FAS is more likely than the Liuling Group 

because the Liuling Group does not appear to show evidence of Barrovian-style 

metamorphism (e.g. QL-3), wheras the FAS is known to consist of reclict garnet bearing 

assemblages (Yan et al., 2016). This interpretation is consistent with the FAS being intruded 

by a dyke dated at 435 ± 7 Ma (Dong et al., 2013), which constrains the maximum 

depositional age for the FAS within the proximity of this study. Ages < ca. 435 Ma defining 

the FAS in Fig. 21b are from a younger part of the FAS that occur further east of the sample 

locations in this study (Yan et al., 2016). 
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Figure 21: U–Pb zircon dataset 

comparison for samples QL-3 and 

CQ38S1 (A) U–Pb detrital zircon ages 

from samples QL-3 and CQ38S1 

collected in this study; (B) U–Pb 

detrital zircon age spectra of the 

southern part of southern- North 

China Craton (S-NCB) datasets are 

sourced from: (Li et al., 2010; Zhu et 

al., 2011; Diwu et al., 2012; Yang et 

al., 2014).  The U–Pb age spectra for 

the NQB excludes the Kuanping 

Group (detrital U–Pb zircon ages 

between 610-500 Ma) and Erlangping 

Group as there are no existing 

datasets for the group—but combines 

detrital zircon ages (≥ 850 Ma) 

attributed to the Qinling Group with 

magmatic and metamorphic ages 

which are erroneously incorporated 

into modern U–Pb ‘detrital zircon 

spectra’ for the NQB (metamorphic 

ages are attributed to ages between 

530–400 Ma,  and magmatic ages are 

attributed to ranges 950–850 Ma 

related to the southward subduction of 

the Kuanping Ocean and 867–729 Ma 

mafic rocks and 730–610 Ma mafic-

granitic dykes in the Qinling and 

Kuanping groups), these datasets 

collectively characterise the NQB—

sourced from: (Lu et al., 2006; Yu et 

al., 2009; Yan et al., 2010; YuSheng et 

al., 2011; Diwu et al., 2014). U–Pb 

detrital zircon age spectra for the FAS 

is sourced from: (Dong et al., 2013; 

Yan et al., 2016); (C) Detrital U-Pb 

zircon ages from the SQB are sourced 

from: (Dong et al., 2013; Liu & 

Zhang, 2013; Shi et al., 2013; Zhu et 

al., 2014). Magmatic ages in the SQB 

occur 760–710 Ma, U–Pb detrital 

zircon ages for the Liuling Group are 

sourced from Dong et al. (2013); (D) 

U–Pb detrital zircon ages for the 

northern South China Craton (N-

SCB) are sourced from: (Wang et al., 

2012; Chen et al., 2013; J. Wang et al., 

2013; L. Wang et al., 2013; Yin et al., 

2013). Coloured vertical bars through 

the diagram correspond to age peaks 

or distributions in QL-3 and CQ38S1 

to aid in comparison to other datasets. 

Samples 2QS2 and 4QS4 are not 

shown in this diagram due to 

population size, but are shown 

separately in Fig. 21. 
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Figure 22: (A) U–Pb detrital zircon ages from samples 2QS2 and 4QS4 collected in this study; (B) U–Pb 

deital zircon datasets representing the Liuling Group turbidite, source; (Dong et al., 2013) and the forearc 

sequences, a product of detritus from the NQB, during northward subduction of the Shangdan Ocean, 

source; (Dong et al., 2013; Yan et al., 2016). A low abundance of zircon in both samples 2QS2 and 4QS4 

makes comparison difficult. However broadly these samples align with both the Liuling Group and FAS. 

Coloured vertical bars through the diagram correspond to age peaks or distributions in 2QS2 and 4QS4 to 

aid in comparison to datasets of the Liuling Group and FAS. 
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Figure 23: Detrital zircon U–Pb spectra for modern river sediments of the north flowing river system 

which forms part of location 1, sourced from Hong (2008). This plot demonstrates that detrital zircons 

with ages corresponding to potential contaminants e.g. < 400 Ma, form an abundant part of the river 

material to which samples QL-3, 2QS2 and 4QS4 were collected from.    

 

INTERPRETATION OF U–PB MONAZITE GEOCHRONOLOGY   
 

Monazite is well understood to grow in metasedimentary rocks during prograde 

metamorphism (e.g. Smith & Barreiro, 1990; Wing et al., 2003; Corrie & Kohn, 2008; Janots 

et al., 2008). Detrital monazite is understood to mostly have reacted or recrystallized to form 

metamorphic monazite by ~350 °C (e.g. Wing et al., 2003; Janots et al., 2008). However, 

monazite is also known to be responsive to resetting in the presence of hydrothermal fluids 

(e.g. DeWolf et al., 1993; Janots et al., 2012; Seydoux-Guillaume et al., 2012; Didier et al., 



Jan Varga 

P–T–t evolution of schist in the Qinling Orogenic Belt 

46 

 

2013). As all the schist in this study preserves mid-upper amphibolite facies mineral 

assemblages (cordierite; cordierite + andalusite; garnet + staurolite), attesting to temperatures 

of > 550 °C, monazite age data in this study are plausibly the result of: (i) a single 

metamorphic event or (ii) poly-metamorphism: or (iii) fluid-rock interaction resetting the U–

Pb system. Samples QL-1, QL-2 and QL-3 record monazite ages in the range 214.2 ± 7.6 Ma 

(lower intercept) to 228.9 ± 4.5 Ma (concordia age). For each sample, the agreement (within 

uncertainty) between the concordia and lower intercept ages suggests that the ages are robust. 

The spread of data along a discord in QL-2 (Fig. 11c) is attributed to common Pb as the upper 

intercept approximates the age of Earth. Monazite age data from these three samples are 

coincident with zircon U–Pb geochronology of granulite facies metamorphism at ca. 220 Ma 

within the SQB (Yang et al., 1999), as well as known intrusion of voluminous granitoids and 

dykes in the interval 230–210 Ma (Dong et al., 2011b; Zhang et al., 2016) in the SQB and the 

southern part of the NQB, as shown in Fig. 1. Within the vicinity of the study area, examples 

of Upper Triassic granitoids intrude the Liuling Group and the NQB (Fig. 1c). Therefore it is 

interpreted that the monazite data records the age of metamorphism in these three schist 

samples. 

The monazite geochronology of sample CQ38S1 is complex. Arguably a population occurs at 

405.0 ± 1.5Ma (concordia age), but there are also a significant number of younger analyses 

(Fig. 13). Although metamorphism in the QOB, and more specifically the NQB, is mostly 

thought to cease at ca. 400 Ma (Fig. 2), individual studies (e.g. Tang et al., 2015) suggest that 

migmatisation continued until ca. 380 Ma, and monazite resetting related to post-orogenic 

deformation until ca. 350 Ma (Table 1; Bader et al., 2013). As the monazite data for CQ38S1 

records ages as young as ca. 325 Ma (Fig. 13c), it is conceivable that either (1) 

metamorphism was protracted over an interval of ca. 80 Myr, (2) that hydrothermal fluids 

caused partial resetting of ca. 405 Ma metamorphic monazite, to result in ages being drawn 
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down concordia to ca. 325 Ma, or (3) that a combination of both occurred. The spread of 

concordant ages between 400–330 Ma is coincident with three biotite 40Ar/39Ar ages 

occurring between 330–368 Ma in the NQB (Dong et al., 2011c). As it is not currently 

possible to distinguish between these possibilities, it is tentatively interpreted that the 405.0 ± 

1.5 Ma concordia age represents the timing of metamorphism, and that a combination of 

protracted metamorphism and partial resetting led to the spread of monazite ages along 

concordia to ca. 325 Ma. Evidence for limited retrogression (chlorite mantling garnet) makes 

it reasonable to attribute some of this spread to fluid-related resetting processes.  

ORIGIN OF ≤400 Ma ZIRCONS IN SCHIST SAMPLES  
 

All samples (except QL-3) analysed for zircon geochronology contain zircons that are 

apparently younger than the published maximum deposition age of the metasediment host. 

Samples 2QS2 and 4QS4 are argued to be sourced from the Liuling Group which has a 

maximum deposition of age of 400 Ma (Dong et al., 2013). Sample CQ38S1 is argued to be 

derived from the NQB, which although comprises many groups, contains a youngest 

deposition age of ca. 455 Ma, represented by the FAS (Dong et al., 2013). A detrital zircon 

study of modern stream sediments in the drainage systems of this study by Hong (2008) 

showed that a significant proportion of the zircon age data (32%) is ≤ 400 Ma (Fig. 23). Ages 

in the interval 190–250 Ma (Fig. 23) correspond to known ages of Triassic magmatism in the 

QOB (Dong et al., 2011b; Lu et al., 2016; Zhang et al., 2016). Ages in the interval ca. 380–

400 Ma correspond to migmatisation and granitoid emplacement in the NQB (Tang et al., 

2015; Dong & Santosh, 2016). As abundant amounts of zircons of these ages occur in the 

streams (Fig. 23), and the boulder material in the streams is greatly dominated by granitic 

rock as opposed to schist, it is possible that the schist has been contaminated by these young 

zircons as boulder transport down the high gradient mountain stream occurs. In the specific 

cases of ≤ 30 μm zircons separated from samples 2QS2 and 4QS4, they may have migrated 
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into microfractures and/or impacted into the mica rich matrix during boulder transport. An 

analogous phenomenon occurs at Port Macquarie on the east coast of Australia where from 

low-temperature eclogites and later intrusive trondhjemite have published zircon ages 

(Aitchison & Ireland, 1995; Nutman et al., 2013) that are erroneously dated to zircon ages in 

the modern beach sand (Sircombe, 1999), pointing to modern contamination during high 

impact beach wave action.  

Pressure–Temperature conditions  

LIMITATIONS OF PHASE EQUILIBRIA MODELLING  
 

As the model chemical system MnNCKFMASHTO was used to represent a complex natural 

system, it is acknowledged that there are a number of limitations. For example, chemical 

components such as ZnO, Cr2O3 and P2O5 cannot be modelled to represent natural mineral 

equilibrium processes involving these components in minerals such as staurolite (ZnO) and 

apatite (P2O5). Apatite occurs as an accessory mineral in samples of this study but, at present, 

cannot be modelled in the available model chemical systems. Apatite is a Ca-bearing phase, 

therefore its absence from calculations increases the stability of Ca-bearing phases in the 

calculations, such as garnet and plagioclase. However, the abundance of apatite is very low 

(˂˂ 1%) by contrast to the abundance of garnet and plagioclase (Table 3), the whole rock 

compositions of most samples contain very little P2O5 (Appendix C), and all samples contain 

monazite. Therefore, the impact of Ca contained in apatite being included in the model 

calculations is here considered to be minor (Morrissey et al., 2015).   

PURPOSE OF PHASE EQUILIBRIA MODELLING 
 

Phase equilibria modelling has been used to determine the thermal character recorded by the 

schist samples, for the purpose of constraining their potential tectonic significance in the 

architecture of the QOB. In sample QL-1, the peak assemblage biotite + cordierite + 
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plagioclase + rutile + quartz (+ water) is preserved with no evidence of retrogression. 

Therefore the abundances of the minerals estimated from thin section (Table 3) may be used 

in conjunction with calculated abundances (‘modes’) to constrain the peak P–T conditions. 

The region with the peak assemblage field (Fig. 16) that corresponds most closely with the 

observed and calculated modes is in the P–T range ~0.6–4.25 kbar, ~540–670 °C. This P–T 

range corresponds to approximate apparent thermal gradients of between about 135 °C/kbar 

and 900 °C/kbar. 

Inferring a P–T path for sample QL-1 is difficult due to the lack of inclusions in cordierite 

that differ from the matrix minerals, and also due to the lack of obvious retrograde reaction. 

However, the lack of andalusite in this rock probably precludes the prograde P–T path from 

passing through andalusite-stable fields because andalusite is known to be a sluggish reactor 

(Alias et al., 2002; Pattison & Tinkham, 2009). Therefore, if the prograde path had passed 

through andalusite-stable fields to the peak (andalusite-absent) field, one may expect relict 

andalusite to survive in the rock. Although not a robust constraint, the absence of K-feldspar 

inclusions in cordierite suggests a prograde path traversing about 1–2 kbar.   

As andalusite occurs in samples 2QS2 and 4QS4 and is interpreted to post-date cordierite due 

to its spatial positioning, the retrograde P–T path for these samples, and perhaps by inference 

for QL-1, passed up-pressure into andalusite stability (e.g. Fig. 16; Alias et al., 2002). The 

absence of late andalusite from QL-1 may reflect sluggish nucleation or rock composition 

unsuitable for the growth of andalusite. If the interpretation of a post-peak up-pressure P–T 

evolution is correct for QL-1, this probably means the prograde part of the P–T path involved 

either a gradual pressure increase to peak pressure or effectually remaining at the pressure 

corresponding to peak pressure if the rock was metamorphosed as a consequence of contact 

metamorphism (see later). Regardless of the specifics of the prograde trajectory, this most 

likely means that chlorite and muscovite were once stable in sample QL-1 (see lower-
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temperature part of Fig. 16). The prograde growth of cordierite probably formed at the 

expensive of H2O-bearing chlorite and muscovite, via the simplified reaction chl + mu  cd 

+ bi.  

In sample CQ38S1 the peak assemblage biotite + garnet + staurolite + muscovite + 

plagioclase + ilmenite + quartz (+ water) is preserved with only minor amounts of biotite and 

muscovite (that occurring in fractures in garnet) and rare localised examples of chlorite 

mantling garnet that are attributed to retrogression. Therefore the abundances of the minerals 

estimated from thin section (Table 3) may be used in conjunction with calculated modes to 

constrain the peak P–T conditions. The region within the peak assemblage field (Fig. 19) that 

corresponds most closely with the observed and calculated modes is the top left, where 

staurolite abundance is low, at ~7 kbar and ~615 °C. This P–T condition corresponds to an 

apparent thermal gradient of ~87 °C/kbar, which is a typical ‘Barrovian’ thermal character 

(Stüwe, 2007; e.g. Brown, 2014). Inferring a P–T path for this sample is difficult due to a 

lack of extensive retrogression and the absence of an inclusion record in garnet and staurolite 

to provide information about the prograde trajectory. However, given that Barrovian thermal 

regimes are typically associated with metamorphism resulting from convergence (e.g. Brown, 

2006; Brown, 2007; Brown, 2014), it may be that the P–T path was clockwise (e.g. England 

& Richardson, 1977). 

REGIONAL IMPLICATIONS 

  
Apparent thermal gradients constrained from analysis of metamorphic mineral assemblages 

may be used in conjunction with other geological information to provide constraints on the 

tectonic setting of metamorphism (e.g. Stüwe, 2007; Brown, 2014; Kelsey & Hand, 2015). 

This is chiefly because different tectonic settings are characterized by different thermal 

regimes (Spear, 1993; Vernon & Clarke, 2008). For sample QL-1 with apparent thermal 

gradients of ~135–900 °C/kbar, these very high values may correspond to regional extension 
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or contact metamorphism in the upper crust. South of the sample site for QL-1 (and 2QS2, 

4QS4) in the northern SQB migmatisation to produce garnet–sillimanite-bearing assemblages 

is reported to be ca. 220 Ma in age (Yang et al., 1999), coincident with the age of 

metamorphism in the cordierite schists. Migmatisation occurs at upper-amphibolite and 

granulite facies conditions and therefore requires elevated thermal gradients.  P–T conditions 

are not provided by Yang et al. (1999) so it is not possible to directly compare to those 

estimated for sample QL-1.  

If it is assumed that the extreme thermal gradients for QL-1 were regional, the total thickness 

of crust could not exceed ~4.5–15 km (assuming density where 1 kbar = 3 km). Continental 

crustal thickness of ≤ 15 km, would necessitate (extreme) crustal extension. The ca. 220 Ma 

timeline in the QOB is characterised by emplacement of voluminous granitoids (Dong et al., 

2011b; Zhang et al., 2016), which are interpreted to have intruded in a thickened orogen (e.g. 

Zhang et al., 2016 and references therein). In addition, the total thickness of the Liuling 

Group is estimated to be 3–4 km (Dong et al., 2013).  

In light of these constraints, it appears unlikely that total crustal thickness was regionally in 

the range ~4.5–15 km. As a result, the alternative of contact metamorphism in the shallow 

crust may provide the most reasonable explanation for the generation of the cordierite schists 

where magmatic heating caused local steep thermal gradients (Lux et al., 1986; Barton & 

Hanson, 1989; Collins & Vernon, 1991). Cordierite—and andalusite—are common minerals 

in shallow contact aureoles (Symmes & Ferry, 1995; Baboza & Bergantz, 2000; Alias et al., 

2002; Pattison & Tinkham, 2009) and attest at least locally to steep or extreme thermal 

gradients. In samples QL-1, QL-2, QL-3, 2QS2, 4QS4, cordierite is wrapped by a biotite–

quartz (± muscovite) fabric. This implies that contact metamorphism, and indeed magmatic 

emplacement, occurred in a dynamic, deforming orogenic system, rather than in a static 

environment. In this interpretation, regional migmatisation (215–210 Ma) occured at deeper 



Jan Varga 

P–T–t evolution of schist in the Qinling Orogenic Belt 

52 

 

crustal levels (Zhang et al., 2016). Closure of the Mianlue Ocean (Fig. 1a), resulting in 

amalgamation of the South China Craton/Block with the SQB–NQB–S-NCB, occurred at ca. 

220 Ma (Zhang et al., 2016) and is the most reasonable cause of the regional deformation and 

magmatism and contact metamorphism at ca. 220–230 Ma. 

For sample CQ38S1, the apparent thermal gradient of ~87 °C/kbar corresponds to a 

Barrovian-style thermal regime. The age of metamorphism in CQ38S1 is uncertain, but 

possibly occurs at ca. 405 Ma, or extends over a protracted period to ca. 325 Ma. If the 405 

Ma age corresponds to peak or near-peak metamorphism, then thickening of the FAS must 

have preceded ca. 405 Ma. Similar Barrovian-style schists (garnet–staurolite ± kyanite ± 

sillimanite) in the NQB occur ~150 km west of the sample site for CQ38S1 record EPMA 

monazite ages of 435 ± 9 Ma (Table 1; Chen et al., 2006). However, the discordance 

uncertainty in chemical age data (e.g. Suzuki & Kato, 2008; Spear et al., 2009) makes it 

unclear as to tectonic significance of this dataset. In the Tongbai Orogen—600 km to the east 

representing the continuation of the Qinling Orogen—the ‘Guishan Complex’ is arguably 

related to the FAS as it is characterised by a forearc sedimentary protolith metamorphosed in 

a Barrovian-style thermal regime (65–75 ˚C/kbar; Liu et al., 2011), highlighting that this 

thermal character probably had regional extent.  

Taken as a whole, the existing age data highlights that the geological evolution of the NQB 

and QOB remains unresolved in detail. Retrogression associated with exhumation of the 

tectonically thickened NQB is interpreted have ceased by ca. 400 Ma (e.g. Bader et al., 2013; 

Dong et al., 2016; Liu et al., 2016), and cooling continued until ca. 330 Ma. (e.g. Table 1; 

Dong et al., 2011c). Others interpret that migmatisation occurred in the NQB as late as ca. 

380 Ma (Table 1; e.g. Bader et al., 2013; Tang et al., 2015). Nevertheless, there is evidence 

that crustal thickening and metamorphism occurred in the NQB as a consequence of 

subduction-related convergence of the Shangdan Ocean leading up to ca. 400 Ma (Fig. 2). 
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However, this presumably did not set up the Barrovian thermal conditions in the FAS as 

forearcs are not typically known to involve warm thermal regimes (e.g. Baitsch-Ghirardello 

et al., 2014). Metamorphism continued during final ocean closure and arc-continent collision 

at ca. 420–400 Ma (Dong & Santosh, 2016) and it is at this time that Barrovian thermal 

conditions were presumably generated by thickening of the FAS (e.g. Dymkova et al., 2016). 

This suggests that originally forearc-derived sequences were no longer located in the forearc 

setting by the time of metamorphism, ca. 35 Myr later than the maximum depositional age. 

Metamorphism potentially continued for some time following, until at least ca. 380 Ma and 

possibly to ca. 352 Ma. However, monazite ages later than ca. 400 Ma in the NQB are 

typically  attributed to deformation and resetting processes (e.g. Table 1; Bader et al., 2013).  

Using constraints from the samples investigated in this study, as well as information and data 

sources in Fig. 2, (e.g. Bader et al., 2013; Dong & Santosh, 2016), Fig. 24 shows a series of 

schematic cross-sections conveying the tectonic evolution of the QOB for the timelines of 

direct relevance to the metamorphism of samples investigated in this study. Existing models 

are deficient in the thermal characterisation of lithologies younger than the early 

Neoproterozoic or subduction related mafic rocks—these rocks alone cannot represent the 

full complex evolution of the QOB. The Kuanping Group, Erlangping Group, FAS, and 

Liuling Group are limited to unclear age constrains, lacking meaningful thermal character 

(Table 1). Importantly, the value of this study provides the first detailed and coupled P–T–t 

constrains from the Liuling Group and FAS (Fig. 24), two sequences that are poorly studied 

in terms of their metamorphic character. These constrains require that tectonic models for the 

evolution of the OQB must now include Barrovian-style metamorphism. 
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Figure 24: Schematic north–south oriented cross-sections for the tectonic evolution of the QOB during the 

ca. 440 (earliest Silurian) to ca. 230 Ma (mid Triassic) interval: (A) Shangdan Ocean closure with 

deposition of the fore-arc sediments (FAS), which were intruded at ca. 435 Ma by mafic dykes; (B) 

Exhaustion of the Shangdan Ocean at ca. 400 Ma resulting in continent–continent collision and deposition 

of the Liuling Group in a foreland–basin on the northernmost SQB; (C) Voluminous Upper–Triassic 

magmatism in the SQB during thickening. Model is based on findings in this study, and adapted from 

Dong and Santosh (2016). 
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CONCLUSIONS 
 

This study provides the first zircon and monazite age data coupled to detailed, quantitative P–

T estimates to unravel the source and P–T–t history of in the Qinling Orogenic Belt, China. 

Detrital zircon geochronology constrains cordierite schists to be most likely sourced from the 

Devonian Liuling Group and garnet–staurolite schists most likely from the Ordovician-

Silurian FAS. Cordierite schists have metamorphic ages that overlap with Late Triassic 

magmatism and metamorphism in the South Qinling Belt at 220–230 Ma. Calculated phase 

equilibria modelling constrains metamorphism of the cordierite schists to involve very steep 

apparent thermal gradients, between 135–900 ˚C/kbar, interpreted to represent contact 

metamorphism of Liuling Group turbidite sequence. Garnet–staurolite schist within the North 

Qinling Belt has metamorphic ages that align with known Late Palaeozoic events occurring at 

ca. 400 Ma, with metamorphism possibly occurring over a protracted interval to ca. 350 Ma 

that is also consistent with existing age data. Calculated phase equilibria modelling constrains 

metamorphism of the garnet–staurolite schist to involve Barrovian apparent thermal gradients 

of ~87 ˚C/kbar, interpreted to represent metamorphism of the forearc sequences as a 

consequence of arc-continent collision that marks final amalgamation between the NQB and 

SQB.  

The P–T–t evolution of schists undocumented in previous studies now form a part of the 

known geological framework of the Qinling Orogenic Belt. Models of the QOB have 

previously excluded the evolution of forearc sequences and Barrovian metamorphism, which 

now must be incorporated into collisional models for the North Qinling Belt. These key 

findings constitute a platform for further research, as this study has identified meaningful 

thermal and geochronological data for the SQB and NQB to better understand the complex 

architecture and evolution of the QOB.  
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APPENDIX A:  Sample Petrography 
QL-2 

Matrix minerals consists of; biotite (~70–100 µm), muscovite (~100–300 µm), quartz (~50–

400 µm) and plagioclase (50–100 µm).Biotite and muscovite define a pervasive fabric. 

Poikiloblastic cordierite (1100–2500 µm) contains abundant inclusions of matrix minerals, 

but is completely pinitized (<10 µm) (Appendix Fig. 1, c, d). The longest axis of cordierite 

grains are commonly aligned to the pervasive foliation. Inclusions in cordierite are variously 

oriented matrix minerals, some of which align parallel to the dominant foliation. Some 

cordierite grains are partially mantled by coarse quartz (Appendix Fig. 1, c). Less common 

muscovite grains occur oblique to perpendicular to the main foliation (Appendix Fig. 1, d). 

Accessory minerals include zircon and monazite. Rutile is uncommon and occurs mainly in 

the matrix, but also less commonly as inclusions in cordierite. The interpreted peak 

assemblage is cordierite + biotite + muscovite + quartz + plagioclase + rutile and the 

muscovite oriented at an oblique angle to the main foliation is interpreted as retrograde.  

QL-3 

Matrix minerals consist of; biotite (50–100 µm), muscovite (50–300 µm), quartz (30–100 

um), coarse rutile (40–300 µm), chlorite (<50 µm) and plagioclase (<100 µm). Biotite, 

chlorite and muscovite define a pervasive foliation. Poikiloblastic cordierite (~1100 µm) 

contains abundant inclusions of matrix minerals, but is completely pinitized. The foliation 

defined by biotite, chlorite and muscovite wraps around cordierite poikiloblasts. Cordierite 

contains abundant inclusions of matrix minerals. The inclusions are oriented parallel to the 

external/matrix foliation as well as oblique to it. In the matrix, less commonly biotite occurs 

oblique to the main fabric. Large (up to 400 µm) muscovite grains perpendicular to the main 

fabric occur in cordierite. Fine grained chlorite occurs at the boundary between cordierite and 

the matrix. The interpreted peak assemblage is cordierite + biotite + muscovite + plagioclase 

+ quartz + rutile. Obliquely and perpendiculariy oriented muscovite and biotite, as well as 

chlorite, are interpreted as retrograde origin.  

2QS2 

The matrix consists of; biotite (50–200 µm), muscovite (100–700 µm), quartz (50–100 µm), 

rutile (10–150 µm), feldspar (<50 µm) and chlorite (~100 µm). Multiple fabrics (up to 4, by 

muscovite) are commonly defined by muscovite. Both biotite and muscovite form the main 

fabric. Poikiloblastic cordierite (2000–10,000 µm) is wholly pinitized and contains abundant 

inclusions of matrix minerals and rutile. Cordierite has no preferred orientation. Bands of 

aggregate muscovite strongly wrap around cordierite. Muscovite is commonly observed with 

orientations oblique to perpendicular to other fabrics. Poikiloblastic andalusite porphyroblasts 

occur in close proximity to cordierite, but separated from cordierite commonly by matrix 

chlorite and rutile. Fine-grained (<30 µm) inclusions in andalusite are biotite and quartz with 

larger (up to 80 µm) rutile. The peak assemblage is interpreted to be cordierite + andalusite + 

biotite + muscovite + chlorite + quartz + plagioclase + rutile.  Obliquely and perpendicularly 

oriented muscovite and biotite are interpreted as retrograde origin. 

 

 

 

 



Jan Varga 

P–T–t evolution of schist in the Qinling Orogenic Belt 

65 

 

4QS4 

The matrix consists of; biotite (50–200 µm), muscovite (50–300 µm), quartz (30–100 µm), 

and feldspar (<100 µm). Biotite and muscovite define a pervasive fabric. Poikiloblatic 

cordierite (~1000–2000 µm) and andalusite (up to 700 µm) are abundant. Fresh cordierite is 

preserved; however it is commonly pinitized. Cordierite contains inclusions of matrix grains 

commonly oriented parallel to the main matrix fabric. The long axis of cordierite grains is 

commonly aligned with the surrounding matrix foliation. Cordierite is partially to completely 

mantled by poikiloblastic andalusite, which contains inclusions of ilmenite (predominantly: 

up to 100 µm) as well as quartz and biotite which are finer grained compared to the matrix 

grains. Matrix ilmenite occurs as a common contact with andalusite often on its margins 

(some as large as 200 µm) and as common inclusions in its core regions. The fabric defined 

by matrix biotite and muscovite warp cordierite and andalusite poikiloblasts. Andalusite 

poikolblasts are commonly surrounded by dense aggregates of biotite. Some muscovite grains 

occur oblique to perpendicular to the main fabric. The peak assemblage is interpreted to be 

cordierite + andalusite + biotite + muscovite + quartz + plagioclase + ilmenite. Obliquely and 

perpendicularly oriented muscovite is interpreted to be retrograde in origin. 

 

Appendix Figure 1: (A) Atoll of cordierite, showing an inclusion filled core consisting dominantly of 

biotite and quartz; (B) Poikiloblastic cordierite with coarse cross-cutting muscovite (mu2), inclusions of 

biotite, quartz and muscovite; (C) Poikiloblastic cordierite locally mantled by chlorite; (D) Cross 

polarised light (XPL) image: comparison between pinitised cordierite and matrix. A second generation of 

muscovite (mu2) is perpendicular to main fabric. Localised radial orientation of mu3 occurs in the matrix. 

More closely, the occurrence of chlorite at the margins of cordierite is observed; (E) Cordierite separated 

from andalusite by chlorite. Andalusite contains abundant (relatively coarse with respect to adjacent 

external grains) ilmenite inclusions; (F) Multiple orientations of late stage chlorite which is perpendicular 

to the main fabric; (G) Cross polarised light (XPL) image: biotite mantles andalusite which surrounds 

poikiloblastic. Cordierite contains abundant matrix minerals; (H) Andalusite surrounds cordierite and is 

mantled by biotite; 
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APPENDIX B: Geomorphological analysis of schist boulder provenance  
The probable source and total displacement of schist samples occurring as boulders in 

mountain stream settings within the NQB are constrained by the integration of several key 

observations and data. These include: (i) the known origin of the streams and drainage divide 

of the river system with respect to the known geology (Fig. 1c); (ii) the hydrological 

processes influencing bedload transport and (iii) weathering rates of comparable rock-types. 

The conclusions derived from this analysis are discussed further in subsequent sections 

outlining U–Pb zircon geochronology of the schists, and comparison between monazite ages 

from the schists and known tectono-thermal events within the framework of the QOB.  

(i) Both sample locations are within northward flowing streams, Fig.1c. To the west, the 

drainage divide for north-flowing drainage systems occurs in the northernmost SQB 

(Fig.1c). The headwaters of rivers that flow past sample locations 1a and 1b are 

located within the Middle–Upper Devonian Liuling Group sediments, intruded by 

Early–Mesozoic to Late–Triassic dikes and granitoids respectively (Zhang et al., 

2016). The headwaters of rivers that flow past sample location 2 occur within the 

Mesoproterozoic–Early Neoproterozoic Qinling Group, which is intruded by 

Palaeozoic granitoids (e.g. Dong et al., 2013). 

 

(ii) Lenzi et al. (2004) reports two groups of colour-marked samples up to boulder size 

(diameter (D) = >5 cm to <90 cm) which were monitored in the instance of a single 

flood event in an alpine stream setting. Distances transported range between 1 m and 

170 m. Of relevance to the schist boulders of this study, which range in size between 

~8×12 cm to ~25×15 cm (Table 2), the majority of samples with D = >10 cm in Lenzi 

et al. (2004) were not displaced more than 100 m and samples for the class size of 

15.2 cm did not move more than 24 m. Mao and Lenzi (2007) discuss a decrease in 
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particle displacement with increasing sediment size, at conditions greater than D = 10 

cm and displacement about < 100 m. Similarly, Church and Hassan (1992) concur 

with superficial bedload mobility being a result of size dependence. Through 

experimental field data of mixed bedload grain size, it is common that tracer clasts 

become trapped amongst coarser clasts and in areas of bedload roughness e.g. step-

pools and rapids (e.g. Church & Hassan, 1992; Lenzi et al., 2004; Schneider et al., 

2015). Material larger than coarse gravel requires ‘event’ scale floods (such as >1:10 

to 1:50 year return period) to cause mobility (Gomi & Sidle, 2003; Mao & Lenzi, 

2007; Thompson & Croke, 2008). Whereas it is not possible to constrain exactly how 

long boulders examined in this study have been in the streams, and therefore the total 

distance travelled, the published empirical studies cited here can be used to argue that 

mobility of the schist boulders was most likely limited by entrapment amongst coarse 

bedload material (granites ≥30 cm to 2 m, occupying ≥99% of bedload, Fig. 2) to ≤10 

km, rather substantially greater than this estimate. 

(iii) On the basis that schist samples in this study are effectively unweathered (except for 

pinitised cordierite), inferences can be made to the likely residence time and 

approximate distance travelled in stream settings. Although empirical data on 

weathering rates of minerals is scarce, weathering to clay assemblages is thought to 

occur between 2 k.y. to 2 m.y. with mean values of 50 k.y. to 1 m.y (e.g. Price et al., 

2005). It is therefore reasonable to infer that samples in this study do not have a long 

residence time in the streams, and in combination with (i) and (ii), have probably 

travelled a maximum distance of the order of ~10 km.  
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APPENDIX C: Whole-rock geochemistry 
Whole-rock geochemical analyses for samples QL-1, QL-2, QL-3, 2QS2, 4QS4 and 

CQ38S1 (Table below) were undertaken by Wavelength Dispersive X-ray Fluorescence 

spectrometry at the Department of Earth and Environment, Franklin and Marshall College, 

Lancaster PA, USA. Major elements were analysed on fused disks prepared using a lithium 

tetraborate flux. 

 

Appendix Table 1: Whole rock geochemistry (in wt. %). Fe2O3T is total iron represented as ferric iron.   

 

Sample CQ38S1 QL – 1  QL – 2  QL – 3  2QS2 4QS4 

SiO2 63.58 56.11 65.15 69.19 62.46 64.53 

TiO2 0.80 0.95 0.80 0.80 0.81 0.77 

Al2O3 16.08 20.47 17.17 15.57 19.62 18.41 

Fe2O3T 8.71 8.25 7.14 6.05 7.51 7.21 

MnO 0.26 0.08 0.11 0.06 0.11 0.09 

MgO 3.74 6.30 3.59 2.83 3.68 3.40 

CaO 1.03 0.50 0.90 0.42 0.51 0.35 

Na2O 1.10 3.20 1.61 1.45 0.69 1.16 

K2O 4.25 3.59 3.37 3.42 4.37 3.82 

P2O5 0.20 0.27 0.19 0.17 0.20 0.16 

Total 99.75 99.72 100.03 99.96 99.96 99.90 

LOI 2.42 3.92 3.52 2.94 3.75 2.46 

FeO 6.62 6.61 5.28 4.02 4.79 5.56 

Fe2O3 1.35 0.90 1.27 1.58 2.19 1.03 
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APPENDIX D: Representative electron microprobe analyses  

Sample:  CQ38S1      

Mineral st ilm mu bi g rim g core 

       

SiO2 27.6786 1.21061 45.3252 36.0075 37.2831 37.0309 

TiO2 0.608093 50.1885 0.254759 1.4877 0.111521 0.091737 

Al2O3 55.2939 0.530516 38.275 19.6931 21.2664 20.962 

Cr2O3 0.066885 0 0.104859 0.070088 0.030462 0.03145 

FeO 11.7708 45.8159 0.900055 17.6698 31.5417 25.6581 

MnO 0.299848 1.36819 0 0.083247 5.94249 12.2753 

MgO 1.56854 0.565523 0.505744 10.8356 2.34601 1.54949 

ZnO 0.714084 0.049936 0 0.001314 0 0 

CaO 0 0.121904 0 0 2.62334 3.00703 

Na2O 0.007822 0.021174 1.45 0.334448 0.012995 0.048333 

K2O 0 0 8.51618 9.02077 0 0.001889 

Cl 0.00236 0 0.006156 0.036031 0.001791 0.000694 

F 0 0.133829 0 0.291828 0.024479 0.059061 

       

Total 98.010399 99.949733 95.336564 95.40042 101.17358 100.69096 

       
No. 

Oxygens 46 3 11 11 12 12 

       

Si 7.6209034 0.0302256 2.9824993 2.6996057 2.9768675 2.983139 

Ti 0.1259286 0.9424678 0.0126085 0.0838908 0.0066972 0.0055583 

Al 17.941951 0.0156099 2.9681504 1.7400092 2.0011128 1.9900869 

Cr 0.0145591 0 0.005455 0.0041543 0.0019229 0.002003 

Fe3+ 0 0.0294627 0 1.107751 0.0254237 0.0231186 

Fe2+ 2.7100136 0.9270479 0.0495237 0 2.0804666 1.705252 

Mn2+ 0.0699201 0.0289305 0 0.0052858 0.4018414 0.8374909 

Mg 0.6438472 0.0210497 0.0496131 1.2111145 0.2792558 0.1860899 

Zn 0.1451523 0.0009204 0 7.273E-05 0 0 

Ca 0 0.0032607 0 0 0.2244006 0.2595188 

Na 0.0041753 0.0010249 0.1849767 0.0486121 0.0020116 0.0075485 

K 0 0 0.7148163 0.8627004 0 0.0001941 

Cl 0.0011013 0 0.0006865 0.0045782 0.0002424 9.475E-05 

F 0 0.0105657 0 0.0691848 0.0061804 0.0150448 
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Sample: QL-1   

Mineral bi ru pl 

    

SiO2 35.139 0.089354 66.6655 

TiO2 2.06096 96.5431 0.007335 

Al2O3 19.5927 0.05455 20.7273 

Cr2O3 0.020089 0.169153 0 

FeO 15.5775 0.767925 0.12153 

MnO 0.028674 0 0.000707 

MgO 11.2383 0 0.000999 

ZnO 0 0 0.042763 

CaO 0.01092 0.009277 1.25729 

Na2O 0.215429 0.015365 11.226 

K2O 8.92238 0.100587 0.034238 

Cl 0.013744 0.001017 0 

F 0.384282 0.020438 0 

    

Total 93.039073 97.761931 100.08366 

    
No. 

Oxygens 11 2 8 

    

Si 2.6773187 0.0012122 2.9244271 

Ti 0.118106 0.9851102 0.000242 

Al 1.7592803 0.0008722 1.0715501 

Cr 0.0012101 0.0018142 0 

Fe3+ 0 0.0259134 0 

Fe2+ 0.9924567 

-

0.0172019 0.0044579 

Mn2+ 0.0018503 0 2.627E-05 

Mg 1.2765451 0 6.533E-05 

Zn 0 0 0.0013849 

Ca 0.0008914 0.0001348 0.0590877 

Na 0.0318217 0.0004041 0.9547134 

K 0.8671623 0.0017407 0.0019158 

Cl 0.0017748 2.338E-05 0 

F 0.0925842 0.0008768 0 
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Sample:  2QS2     

Mineral and mu bi ilm chl 

      

SiO2 36.2429 45.6512 35.6794 0.014576 24.6813 

TiO2 0.037449 0.820912 1.73575 47.0519 0.068916 

Al2O3 62.8131 35.556 19.8458 0.030597 22.7076 

Cr2O3 0.047761 0.021611 0.005323 0.063685 0.006434 

FeO 1.13568 2.34495 17.9911 46.5778 23.2345 

MnO 0.008894 0.010112 0.168842 3.91266 0.329154 

MgO 0.068651 0.565773 10.6362 0.035567 15.7435 

ZnO 0 0 0.034132 0 0.020656 

CaO 0 0 0.017558 0.003923 0 

Na2O 0.00799 1.04356 0.155918 0 0.01093 

K2O 0 9.70577 9.40378 0.002572 0 

Cl 0.009307 0.005259 0.013458 0.007006 0.015798 

F 0 0 0.491947 0.066262 0.044669 

      

Total 100.36963 95.72396 95.969035 97.737067 86.841084 

      
No. 

Oxygens 5 11 11 3 14 

      

Si 0.9810656 3.0353886 2.6683598 0.0003746 2.5999276 

Ti 0.0007624 0.0410535 0.0976351 0.9096047 0.0054602 

Al 2.0038049 2.7861538 1.749144 0.0009268 2.8189966 

Cr 0.0010221 0.001136 0.0003147 0.0012941 0.0005358 

Fe3+ 0 0 0 0.1722142 0 

Fe2+ 0.025706 0.1303764 1.1250912 0.8288589 2.0465847 

Mn2+ 0.0002039 0.0005694 0.0106941 0.0851715 0.0293651 

Mg 0.0027704 0.0560827 1.1858731 0.0013629 2.4724038 

Zn 0 0 0.0018845 0 0.0016064 

Ca 0 0 0.0014068 0.000108 0 

Na 0.0004193 0.1345203 0.0226064 0 0.0022321 

K 0 0.8231919 0.8970948 8.433E-05 0 

Cl 0.000427 0.0005926 0.0017058 0.0003052 0.0028204 

F 0 0 0.116338 0.0053855 0.0148791 
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Sample:  4QS4       

Mineral and cd bi mu pl ru ilm 

        

SiO2 35.7492 47.5598 35.878 44.3263 65.1351 0.13422 0.026895 

TiO2 0.059977 0.016623 2.43789 1.01804 0.032687 95.9128 51.8048 

Al2O3 63.393 33.3856 19.8882 35.9782 22.3909 0.081702 0.61186 

Cr2O3 0.107771 0 0.089075 0.091425 0.006982 0.363494 0.028252 

FeO 0.639067 8.80295 19.3259 1.42474 0.073601 0.960955 45.2864 

MnO 0 0.375943 0.082554 0 0 0.00153 0.81224 

MgO 0.072857 8.0097 9.19833 0.541505 0.010731 0 0.163735 

ZnO 0.005968 0 0.034367 0.027945 0.020167 0.000688 0 

CaO 0 0.001866 0.036682 0.006737 2.58083 0.012712 0.202402 

Na2O 0 0.258273 0.223503 0.699763 10.6293 0 0 

K2O 0 0 9.00036 9.81573 0.072583 0.004331 0 

Cl 0.005572 0.000427 0.012979 0.026471 0.003043 0 0.002233 

F 0 0 0.31793 0 0 0 0.086337 

        

Total 100.03215 98.411086 96.388976 93.950882 100.95524 97.472432 98.988298 

        
No. 

Oxygens 5 18 11 11 8 2 3 

        

Si 0.969172 4.9189872 2.6817453 2.9935388 2.8455875 0.0018266 0.000683 

Ti 0.001223 0.0012931 0.1370551 0.0517107 0.001074 0.9817319 0.9895472 

Al 2.0253773 4.0693491 1.7519225 2.863472 1.152812 0.0013103 0.0183129 

Cr 0.0023098 0 0.0052637 0.0048813 0.0002411 0.0039108 0.0005672 

Fe3+ 0 0 0 0 0 0.0277371 0 

Fe2+ 0.0144872 0.7613197 1.2079034 0.0804567 0.0026887 

-

0.0168018 0.9617132 

Mn2+ 0 0.0329304 0.005226 0 0 1.763E-05 0.0174702 

Mg 0.0029446 1.235028 1.0249984 0.0545194 0.0006989 0 0.0061993 

Zn 0.0001194 0 0.0018965 0.0013933 0.0006504 6.912E-06 0 

Ca 0 0.0002068 0.0029374 0.0004874 0.120792 0.0001853 0.005507 

Na 0 0.0517873 0.0323878 0.0916184 0.900264 0 0 

K 0 0 0.8581401 0.8455806 0.0040448 7.518E-05 0 

Cl 0.000256 7.485E-05 0.0016442 0.0030298 0.0002253 0 9.611E-05 

F 0 0 0.0751445 0 0 0 0.0069334 
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APPENDIX E: Additional garnet transect—electron microprobe analysis 

  

Appendix Figure 2: Chemical zoning profile from a 

single garnet grain for sample CQ38S1. Zonation is 

defined by enrichment of alamandine in the rim and 

lower in the core, conversely, spessartine is enriched 

in the core and lower towards the rim. TC 

Investigator outputs for g(z), g(x) and g(m) are 

coupled with this garnet transect.  



Jan Varga 

P–T–t evolution of schist in the Qinling Orogenic Belt 

75 

 

APPENDIX F: U–Pb geochronology zircon standard analyses 

Analysis 207Pb/206Pb 2σ 207Pb/235U 2σ 206Pb/236U 2σ %Conc. 

207Pb/2006Pb 

Age (Ma) 2σ 

206Pb/238U Age 

(Ma) 2σ 

207Pb/235U age 

(Ma) 2σ 

QL-3              

GJ_01 0.0666 0.0067 0.873 0.083 0.0978 0.003 99.34 560 190 601 18 605 45 

GJ_02 0.0578 0.0051 0.74 0.064 0.0978 0.003 108.70 400 170 600 20 552 35 

GJ_03 0.0613 0.005 0.839 0.07 0.0974 0.003 98.68 580 160 599 17 607 37 

GJ_04 0.0559 0.0048 0.78 0.066 0.0979 0.004 103.62 440 170 601 21 580 37 

GJ_05 0.06 0.0048 0.812 0.065 0.0978 0.003 98.85 550 150 602 19 609 35 

GJ_06 0.0596 0.0049 0.805 0.065 0.0981 0.004 101.00 490 170 604 21 598 38 

GJ_07 0.0607 0.0058 0.794 0.071 0.0967 0.003 103.48 470 180 594 20 574 41 

GJ_08 0.0571 0.0049 0.802 0.066 0.1 0.003 102.68 410 160 613 20 597 37 

GJ_09 0.0575 0.0048 0.769 0.066 0.0964 0.003 103.85 440 160 593 17 571 38 

GJ_10 0.0615 0.0052 0.831 0.069 0.0987 0.003 98.70 530 160 606 19 614 39 

GJ_11 0.0617 0.0054 0.85 0.073 0.0988 0.003 98.06 580 170 606 19 618 39 

GJ_12 0.0597 0.0057 0.794 0.069 0.1 0.004 107.33 400 170 615 21 573 39 

GJ_13 0.063 0.0058 0.819 0.072 0.0977 0.003 97.88 580 170 600 16 613 41 

GJ_14 0.057 0.0056 0.766 0.069 0.0975 0.003 107.32 350 180 601 19 560 39 

GJ_15 0.06 0.0053 0.793 0.064 0.0987 0.003 105.01 460 170 608 20 579 37 

GJ_16 0.0611 0.0052 0.816 0.069 0.0973 0.003 100.51 570 160 597 19 594 38 

GJ_17 0.0633 0.0056 0.828 0.068 0.0973 0.003 99.33 610 180 597 20 601 38 

GJ_18 0.0634 0.0057 0.888 0.08 0.098 0.004 96.02 650 180 603 20 628 43 

GJ_19 0.0635 0.0055 0.813 0.068 0.096 0.003 100.00 570 170 592 18 592 39 

GJ_20 0.065 0.0047 0.855 0.057 0.0969 0.003 95.51 700 140 595 16 623 32 

GJ_21 0.0617 0.0054 0.834 0.07 0.0987 0.003 101.16 560 160 608 20 601 38 

GJ_22 0.064 0.0058 0.844 0.072 0.0973 0.003 99.01 610 180 598 19 604 40 

GJ_23 0.063 0.0052 0.88 0.073 0.0999 0.003 99.51 620 170 613 20 616 40 

GJ_24 0.0576 0.0046 0.795 0.062 0.0984 0.004 103.25 470 160 604 21 585 36 

GJ_25 0.0606 0.0054 0.818 0.073 0.095 0.003 100.52 500 170 584 19 581 40 

GJ_26 0.0596 0.0055 0.8 0.071 0.0989 0.004 103.24 470 170 606 22 587 40 
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GJ_27 0.0628 0.0059 0.856 0.077 0.0968 0.003 98.51 520 180 594 19 603 43 

GJ_28 0.0578 0.0054 0.83 0.079 0.0974 0.004 100.50 460 180 598 20 595 42 

GJ_29 0.0587 0.0057 0.797 0.075 0.0969 0.003 101.70 530 180 597 18 587 42 

GJ_30 0.0563 0.0048 0.784 0.068 0.0971 0.003 101.53 450 160 596 17 587 38 

GJ_31 0.0627 0.0051 0.855 0.066 0.0979 0.003 96.31 630 160 601 19 624 35 

GJ_32 0.0666 0.0059 0.859 0.072 0.0985 0.004 99.84 670 180 608 21 609 41 

GJ_33 0.0621 0.0054 0.861 0.074 0.0991 0.004 100.00 610 170 612 20 612 40 

GJ_34 0.0602 0.0051 0.795 0.061 0.0947 0.003 98.81 550 170 582 20 589 35 

GJ_35 0.0585 0.0054 0.803 0.074 0.0995 0.003 105.50 450 180 614 19 582 43 

GJ_36 0.059 0.0055 0.823 0.074 0.1 0.003 101.66 510 180 613 19 603 41 

GJ_37 0.0578 0.005 0.783 0.067 0.1008 0.003 108.01 400 170 620 19 574 39 

GJ_38 0.0588 0.0056 0.819 0.075 0.0988 0.003 103.58 450 180 608 19 587 42 

GJ_39 0.0669 0.0057 0.908 0.066 0.0984 0.003 92.27 730 170 609 18 660 33 

GJ_40 0.0582 0.0051 0.808 0.064 0.0994 0.004 102.53 480 170 609 22 594 35 

GJ_41 0.0598 0.0054 0.796 0.065 0.0981 0.004 103.61 510 170 602 20 581 36 

GJ_42 0.0598 0.0052 0.827 0.069 0.0982 0.004 102.20 490 170 605 21 592 38 

GJ_43 0.0616 0.0049 0.842 0.063 0.0974 0.003 94.79 640 150 600 20 633 34 

GJ_44 0.0588 0.0055 0.799 0.07 0.0968 0.003 103.48 420 180 595 18 575 40 

GJ_45 0.061 0.0053 0.815 0.069 0.1005 0.003 103.35 480 170 617 19 597 39 

GJ_46 0.059 0.0051 0.788 0.066 0.0969 0.003 99.66 550 170 595 17 597 38 

GJ_47 0.0629 0.0053 0.831 0.067 0.0967 0.003 99.00 610 170 594 19 600 37 

GJ_48 0.0614 0.0048 0.841 0.062 0.0972 0.004 97.40 660 150 599 20 615 32 

GJ_49 0.0604 0.0053 0.792 0.064 0.0973 0.003 101.02 510 170 597 20 591 38 

GJ_50 0.0563 0.0051 0.762 0.065 0.0976 0.003 108.32 350 170 599 18 553 38 

GJ_51 0.0618 0.0052 0.81 0.063 0.0971 0.004 98.51 560 170 596 21 605 37 

GJ_52 0.0573 0.0054 0.771 0.069 0.0984 0.004 106.53 440 180 604 21 567 39 

GJ_53 0.0617 0.0053 0.809 0.066 0.0968 0.003 100.67 560 170 598 17 594 36 

GJ_54 0.0604 0.0058 0.815 0.075 0.0997 0.003 101.83 490 180 612 20 601 41 

GJ_55 0.0593 0.0052 0.784 0.062 0.0964 0.004 100.34 550 160 592 21 590 35 

2QS2              



Jan Varga 

P–T–t evolution of schist in the Qinling Orogenic Belt 

77 

 

GJ_01 0.0615 0.0057 0.835 0.084 0.0989 0.002 98.38 620 190 607 12 617 46 

GJ_02 0.0588 0.0055 0.797 0.081 0.0981 0.002 101.52 520 200 603 13 594 46 

GJ_03 0.0617 0.006 0.833 0.088 0.097 0.002 96.30 650 200 598 14 621 49 

GJ_04 0.0617 0.0058 0.849 0.086 0.0994 0.002 97.60 630 200 610 13 625 45 

GJ_05 0.0622 0.006 0.826 0.083 0.0969 0.003 96.28 680 190 596 15 619 45 

GJ_06 0.0608 0.0059 0.836 0.091 0.0977 0.002 98.53 600 210 602 11 611 50 

GJ_07 0.0629 0.0061 0.851 0.089 0.0987 0.002 98.06 650 200 606 14 618 48 

GJ_08 0.0631 0.0062 0.876 0.091 0.0997 0.002 96.84 670 210 612 12 632 49 

GJ_09 0.0625 0.0059 0.855 0.087 0.0973 0.002 94.77 720 190 598 14 631 48 

GJ_10 0.0595 0.006 0.782 0.083 0.0974 0.002 102.22 480 200 599 13 586 48 

GJ_11 0.0609 0.0058 0.801 0.084 0.0965 0.002 100.34 600 200 595 14 593 47 

GJ_12 0.0555 0.0053 0.741 0.078 0.0969 0.002 105.67 420 190 596 12 564 45 

GJ_13 0.0618 0.006 0.854 0.089 0.1 0.002 98.40 620 200 614 13 624 48 

GJ_14 0.0577 0.0056 0.782 0.082 0.0972 0.002 102.22 470 190 598 12 585 45 

GJ_15 0.0602 0.0056 0.814 0.084 0.0987 0.002 100.66 590 190 608 13 604 46 

GJ_16 0.0615 0.0059 0.818 0.085 0.0972 0.002 98.68 550 200 597 13 605 47 

GJ_17 0.0577 0.0056 0.784 0.082 0.0977 0.003 102.90 500 200 603 14 586 46 

GJ_18 0.0618 0.006 0.812 0.082 0.0966 0.002 99.00 610 190 594 12 600 44 

GJ_19 0.064 0.0065 0.858 0.093 0.0974 0.002 98.20 610 180 599 12 610 47 

GJ_20 0.0611 0.0058 0.861 0.089 0.0982 0.002 97.42 620 200 604 13 620 49 

GJ_21 0.0631 0.0058 0.84 0.084 0.0976 0.002 96.93 670 200 600 14 619 47 

GJ_22 0.0625 0.0057 0.817 0.083 0.0962 0.002 96.10 660 190 591 14 615 45 

GJ_23 0.0611 0.0059 0.805 0.082 0.0993 0.002 100.33 580 200 610 13 608 49 

GJ_24 0.0543 0.0051 0.74 0.075 0.0984 0.002 107.65 380 190 605 13 562 45 

GJ_25 0.058 0.0056 0.775 0.082 0.0973 0.002 102.75 490 200 598 13 582 47 

4QS4              

GJ_01 0.062 0.0043 0.838 0.061 0.0974 0.003 97.24 620 140 599 19 616 34 

GJ_02 0.058 0.0043 0.772 0.059 0.0982 0.003 103.60 480 140 605 18 584 34 

GJ_03 0.0614 0.0045 0.825 0.06 0.0977 0.003 99.01 600 150 602 19 608 33 

GJ_04 0.0614 0.0041 0.84 0.059 0.1 0.003 98.71 590 140 614 20 622 33 
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GJ_05 0.0604 0.0042 0.801 0.058 0.0966 0.003 100.34 550 150 594 18 592 34 

GJ_06 0.0581 0.0041 0.788 0.058 0.0973 0.003 101.18 500 150 600 18 593 33 

GJ_07 0.0614 0.0042 0.825 0.059 0.0969 0.003 97.70 580 140 596 19 610 33 

GJ_08 0.0596 0.0041 0.813 0.059 0.097 0.003 98.52 540 140 598 18 607 32 

GJ_09 0.0609 0.004 0.821 0.058 0.0974 0.003 98.68 590 140 599 17 607 31 

GJ_10 0.0613 0.0041 0.844 0.058 0.0988 0.003 97.43 620 140 607 19 623 32 

GJ_11 0.06 0.0038 0.812 0.057 0.0991 0.003 100.00 580 130 609 18 609 32 

GJ_12 0.0609 0.0041 0.813 0.057 0.0983 0.003 99.83 590 140 604 19 605 32 

GJ_13 0.0612 0.0043 0.801 0.058 0.0962 0.003 99.33 580 140 593 19 597 32 

GJ_14 0.0564 0.0041 0.765 0.058 0.0996 0.003 106.78 420 140 614 19 575 33 

GJ_15 0.0629 0.004 0.853 0.055 0.0983 0.003 96.79 660 130 604 18 624 30 

GJ_16 0.0599 0.0038 0.827 0.057 0.0997 0.003 100.49 580 130 612 18 609 32 

GJ_17 0.0637 0.0044 0.837 0.061 0.0953 0.003 95.45 670 140 588 18 616 33 

GJ_18 0.0578 0.0039 0.773 0.056 0.0974 0.003 102.57 500 140 599 19 584 32 

CQ38S1              

GJ_01 0.0603 0.0048 0.796 0.06 0.0966 0.002 100.17 550 160 595 12 594 33 

GJ_02 0.0576 0.004 0.795 0.053 0.0984 0.002 102.54 500 140 606 13 591 30 

GJ_03 0.0611 0.0047 0.814 0.057 0.0979 0.002 99.34 560 150 602 13 606 32 

GJ_04 0.0578 0.0042 0.773 0.054 0.0973 0.002 103.82 470 150 598 12 576 31 

GJ_05 0.0629 0.0047 0.836 0.06 0.098 0.002 98.53 630 150 604 11 613 33 

GJ_06 0.0608 0.0046 0.827 0.059 0.0978 0.002 99.01 590 150 601 11 607 33 

GJ_07 0.0594 0.0044 0.807 0.055 0.0979 0.002 100.67 530 160 602 12 598 31 

GJ_08 0.0628 0.0043 0.867 0.057 0.0972 0.002 94.93 670 150 599 12 631 32 

GJ_09 0.061 0.0045 0.802 0.057 0.0977 0.002 100.33 570 150 601 12 599 32 

GJ_10 0.0625 0.0043 0.825 0.054 0.0974 0.002 97.40 650 140 599 11 615 30 

GJ_11 0.0631 0.0046 0.842 0.056 0.0975 0.002 96.93 650 150 599 13 618 30 

GJ_12 0.063 0.0044 0.842 0.055 0.0988 0.002 97.75 660 150 608 12 622 32 

GJ_13 0.0569 0.0042 0.793 0.056 0.0981 0.002 102.73 460 140 603 12 587 31 

GJ_14 0.0593 0.0042 0.814 0.055 0.0991 0.002 100.50 530 150 609 11 606 31 

GJ_15 0.057 0.0046 0.767 0.058 0.0976 0.002 104.17 520 170 600 12 576 33 
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GJ_16 0.0605 0.0046 0.837 0.061 0.0973 0.002 98.36 550 150 598 12 608 34 

GJ_17 0.063 0.0047 0.841 0.057 0.097 0.002 97.39 650 160 596 13 612 32 

GJ_18 0.0592 0.0043 0.805 0.055 0.0992 0.002 102.69 540 150 610 11 594 31 

GJ_19 0.0594 0.0042 0.807 0.052 0.0999 0.002 102.00 520 140 613 14 601 29 

GJ_20 0.062 0.0045 0.82 0.056 0.0953 0.002 97.35 610 150 587 13 603 31 

GJ_21 0.0596 0.0044 0.795 0.053 0.098 0.002 101.69 550 150 602 12 592 30 

GJ_22 0.0594 0.0042 0.796 0.051 0.0971 0.002 101.18 560 150 598 13 591 29 

GJ_23 0.0588 0.0044 0.78 0.055 0.0981 0.002 103.97 510 160 603 12 580 32 

GJ_24 0.066 0.0049 0.88 0.061 0.0972 0.002 93.15 760 150 598 13 642 33 

GJ_25 0.0587 0.0043 0.793 0.053 0.0974 0.002 101.18 490 150 599 11 592 30 

GJ_26 0.0607 0.0046 0.813 0.056 0.0977 0.002 99.83 590 160 600 12 601 32 

GJ_27 0.0592 0.0044 0.803 0.056 0.0985 0.002 100.50 570 150 605 13 602 32 

GJ_28 0.0589 0.0047 0.806 0.06 0.0984 0.002 101.17 520 160 605 13 598 33 

GJ_29 0.0574 0.0044 0.778 0.056 0.0994 0.002 103.91 490 150 611 12 588 33 

GJ_30 0.0599 0.0042 0.847 0.057 0.1001 0.002 99.19 580 150 616 12 621 32 

GJ_31 0.0625 0.0046 0.84 0.058 0.0981 0.002 97.89 620 150 603 12 616 32 

GJ_32 0.0604 0.0044 0.811 0.056 0.0974 0.002 99.50 570 150 599 12 602 32 

GJ_33 0.0577 0.0045 0.788 0.055 0.0983 0.002 102.20 500 150 604 14 591 32 

GJ_34 0.0615 0.0045 0.834 0.058 0.0984 0.002 98.70 610 150 606 12 614 33 

GJ_35 0.0632 0.0047 0.84 0.059 0.0964 0.002 95.80 660 150 593 12 619 33 

GJ_36 0.0634 0.0046 0.854 0.058 0.0986 0.002 96.19 670 150 606 12 630 32 

GJ_37 0.0608 0.0047 0.824 0.057 0.0985 0.002 99.34 590 150 606 14 610 31 

GJ_38 0.0609 0.0049 0.805 0.06 0.0971 0.002 100.34 570 160 599 12 597 34 

GJ_39 0.0622 0.0045 0.854 0.058 0.0965 0.002 96.12 660 150 595 13 619 31 

GJ_40 0.0642 0.0047 0.861 0.062 0.0973 0.002 95.39 680 160 600 12 629 34 

GJ_41 0.0598 0.0043 0.835 0.056 0.0997 0.002 100.33 570 150 614 12 612 30 

GJ_42 0.059 0.0041 0.776 0.053 0.0968 0.002 101.71 540 150 595 13 585 29 

GJ_43 0.0589 0.0043 0.818 0.055 0.0994 0.002 102.35 500 150 611 12 597 31 

GJ_44 0.0595 0.0045 0.811 0.055 0.0992 0.002 100.00 550 150 610 13 610 31 

GJ_45 0.0608 0.0047 0.808 0.06 0.096 0.002 98.17 540 160 591 12 602 34 
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GJ_46 0.0617 0.0046 0.833 0.06 0.0988 0.002 98.38 620 150 608 13 618 33 

GJ_47 0.0637 0.0046 0.868 0.058 0.0973 0.002 94.64 690 150 600 13 634 32 

GJ_48 0.0633 0.0045 0.829 0.057 0.0967 0.002 96.91 650 150 596 11 615 32 

GJ_49 0.0597 0.0047 0.787 0.055 0.0957 0.002 100.86 540 160 589 13 584 32 

GJ_50 0.0615 0.0044 0.809 0.056 0.0969 0.002 97.55 640 150 596 11 611 31 

GJ_51 0.0558 0.0042 0.768 0.053 0.0987 0.002 104.29 420 150 608 13 583 32 

GJ_52 0.0629 0.0047 0.853 0.057 0.0988 0.002 97.75 650 150 607 12 621 32 

GJ_53 0.0597 0.0045 0.81 0.056 0.0974 0.002 100.50 540 160 599 13 596 31 

GJ_54 0.0621 0.0047 0.823 0.058 0.0978 0.002 98.85 650 150 601 12 608 32 

GJ_55 0.0568 0.0046 0.777 0.058 0.0979 0.002 103.09 450 160 601 12 583 33 

GJ_56 0.0587 0.0046 0.773 0.056 0.0964 0.002 103.49 470 160 593 12 573 32 

GJ_57 0.0604 0.0044 0.809 0.052 0.0975 0.002 99.67 570 140 599 12 601 28 

GJ_58 0.0586 0.0045 0.818 0.057 0.0999 0.002 100.99 510 150 613 12 607 32 

 

 

Analysis 207Pb/206Pb 2σ 207Pb/235U 2σ 206Pb/236U 2σ %Conc. 

207Pb/2006Pb 

Age (Ma) 2σ 

206Pb/238U 

Age (Ma) 2σ 

207Pb/235U 

age (Ma) 2σ 

QL-3              

PLES_01 0.0518 0.0031 0.401 0.023 0.0558 0.0011 102.64 290 120 350 6.8 341 17 

PLES_02 0.0537 0.0032 0.407 0.023 0.05452 0.00096 98.30 350 120 342.1 5.9 348 16 

PLES_03 0.0499 0.0034 0.38 0.025 0.0545 0.001 103.89 210 130 341.8 6.3 329 18 

PLES_04 0.0517 0.0033 0.392 0.024 0.054 0.0012 100.83 250 120 338.8 7.3 336 17 

PLES_05 0.0469 0.0037 0.352 0.026 0.0539 0.0011 110.85 70 140 339.2 6.8 306 19 

PLES_06 0.0541 0.0038 0.411 0.028 0.0548 0.0011 99.74 330 140 344.1 6.9 345 20 

PLES_07 0.0507 0.0036 0.39 0.026 0.0557 0.0013 104.52 220 130 349.1 7.8 334 19 

PLES_08 0.0506 0.0038 0.372 0.027 0.0541 0.0012 104.75 210 140 339.4 7.1 324 21 

PLES_09 0.0523 0.0039 0.399 0.028 0.0539 0.0011 98.06 340 140 338.3 6.8 345 20 

PLES_10 0.0543 0.0038 0.404 0.025 0.0542 0.0013 99.01 320 140 341.6 8 345 18 

PLES_11 0.0564 0.0043 0.411 0.029 0.0535 0.0011 95.07 370 150 335.6 6.8 353 21 
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PLES_12 0.0502 0.0033 0.373 0.024 0.053 0.0011 103.68 200 130 332.8 6.9 321 18 

PLES_13 0.0574 0.0049 0.436 0.034 0.0538 0.0015 93.43 450 160 337.3 9.2 361 24 

PLES_14 0.0487 0.004 0.355 0.027 0.0538 0.0012 111.02 130 150 337.5 7.5 304 20 

PLES_15 0.053 0.0049 0.406 0.033 0.0543 0.0014 99.88 300 170 340.6 8.6 341 24 

PLES_16 0.0536 0.0044 0.396 0.031 0.0535 0.0014 100.18 290 160 335.6 8.5 335 23 

PLES_17 0.0551 0.0051 0.413 0.036 0.0527 0.0013 97.01 340 170 330.8 8 341 26 

PLES_18 0.0557 0.0053 0.406 0.037 0.0525 0.0016 95.16 440 170 330.2 9.8 347 26 

PLES_19 0.0503 0.0039 0.379 0.028 0.0537 0.0014 101.14 230 140 337.8 8.3 334 21 

PLES_20 0.0515 0.0033 0.376 0.023 0.0535 0.0012 102.78 230 130 336.1 7.3 327 17 

PLES_21 0.0527 0.0042 0.389 0.028 0.0539 0.0013 101.01 260 150 338.4 7.9 335 20 

PLES_22 0.0488 0.0046 0.367 0.033 0.0536 0.0016 104.98 190 160 337 10 321 24 

PLES_23 0.0543 0.0034 0.404 0.025 0.0527 0.0011 95.94 380 120 331 6.6 345 17 

PLES_24 0.049 0.0037 0.358 0.025 0.0526 0.0011 106.14 140 130 330.1 6.5 311 19 

PLES_25 0.054 0.0034 0.405 0.024 0.0546 0.0012 99.77 340 120 343.2 7.4 344 17 

PLES_26 0.053 0.0032 0.388 0.023 0.054 0.001 102.29 300 120 339.6 6.3 332 17 

PLES_27 0.0541 0.0033 0.408 0.023 0.0541 0.0012 97.28 350 120 339.5 7.1 349 17 

PLES_28 0.0538 0.0038 0.394 0.026 0.0534 0.0011 100.12 320 140 335.4 6.7 335 19 

2QS2              

PLES_01 0.0569 0.0052 0.432 0.044 0.0548 0.0011 94.94 430 190 343.7 6.4 362 31 

PLES_03 0.054 0.005 0.416 0.042 0.054 0.0011 97.28 360 180 339.5 6.8 349 30 

PLES_06 0.0566 0.0052 0.408 0.041 0.0541 0.001 96.78 430 190 339.7 6.1 351 30 

PLES_08 0.0548 0.0051 0.405 0.041 0.0545 0.0011 99.16 390 180 342.1 6.7 345 30 

PLES_04 0.0538 0.005 0.404 0.041 0.0539 0.0011 98.92 350 190 338.3 6.8 342 30 

PLES_07 0.0516 0.0049 0.393 0.04 0.0549 0.0011 103.45 280 190 344.5 6.4 333 29 

PLES_02 0.0519 0.0048 0.384 0.038 0.0546 0.0011 104.74 280 190 342.5 6.5 327 28 

PLES_05 0.0503 0.0048 0.372 0.038 0.0547 0.0011 107.59 200 180 343.2 6.9 319 28 

4QS4              

PLES_02 0.0534 0.0033 0.403 0.026 0.0536 0.0016 98.54 330 120 337 10 342 19 

PLES_01 0.0529 0.0034 0.398 0.028 0.0537 0.0017 99.41 310 130 337 10 339 20 

PLES_04 0.0518 0.0033 0.389 0.027 0.0541 0.0017 101.50 260 130 339 10 334 20 
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PLES_03 0.0516 0.0034 0.376 0.024 0.0539 0.0016 104.06 180 110 338.2 9.8 325 18 

PLES_05 0.0513 0.0036 0.379 0.027 0.0533 0.0017 102.45 230 130 335 10 327 20 

PLES_06 0.0499 0.0029 0.376 0.024 0.0539 0.0016 104.06 180 110 338.2 9.8 325 18 

CQ38S1              

PLES_01 0.0505 0.0037 0.379 0.026 0.0538 0.0011 103.33 260 140 337.9 6.9 327 19 

PLES_02 0.0524 0.0043 0.392 0.031 0.0536 0.001 98.10 260 160 336.5 6.3 343 21 

PLES_03 0.0543 0.0039 0.398 0.027 0.05334 0.0009 99.38 340 150 334.9 5.5 337 19 

PLES_04 0.0528 0.0038 0.4 0.027 0.0538 0.001 98.77 320 150 337.8 6.3 342 20 

PLES_05 0.0549 0.0035 0.409 0.025 0.05394 0.0009 97.86 370 140 338.6 5.5 346 18 

PLES_06 0.0537 0.0036 0.396 0.025 0.05367 0.00091 99.97 320 140 336.9 5.6 337 18 

PLES_07 0.0537 0.0037 0.402 0.026 0.05419 0.00098 99.15 350 140 340.1 6 343 18 

PLES_08 0.0535 0.0042 0.408 0.03 0.0548 0.0011 100.58 340 160 344 6.6 342 22 

PLES_09 0.0502 0.0036 0.378 0.026 0.0531 0.0011 102.62 240 140 333.5 6.8 325 19 

PLES_10 0.052 0.0039 0.399 0.028 0.0556 0.0011 102.35 270 150 349 6.5 341 21 

PLES_11 0.055 0.0039 0.409 0.027 0.05303 0.00097 96.11 380 150 333.5 5.8 347 20 

PLES_12 0.053 0.0037 0.393 0.026 0.0539 0.001 100.60 310 140 338 6.1 336 19 

PLES_13 0.0524 0.0039 0.385 0.027 0.0536 0.0011 102.50 270 150 336.2 6.7 328 20 

PLES_14 0.0519 0.0039 0.385 0.027 0.0535 0.0011 102.59 260 150 336.5 6.8 328 20 

PLES_15 0.0516 0.0035 0.384 0.026 0.05406 0.00099 102.51 260 140 339.3 6.1 331 19 

PLES_16 0.0538 0.0038 0.405 0.026 0.05461 0.00099 99.88 330 140 342.6 6 343 19 

PLES_17 0.0553 0.0043 0.408 0.029 0.0536 0.0011 96.20 380 150 336.7 6.6 350 21 

PLES_18 0.0569 0.004 0.424 0.028 0.0542 0.0011 93.64 460 150 339.9 6.8 363 19 

PLES_19 0.057 0.0039 0.416 0.026 0.0536 0.0011 95.81 460 140 336.3 6.7 351 19 

PLES_20 0.0518 0.0037 0.39 0.026 0.0548 0.0011 102.60 260 140 343.7 6.5 335 18 
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APPENDIX G:  U–Pb geochronology monazite standard analyses 

Analysis 207Pb/206Pb 2σ 207Pb/235U 2σ 206Pb/236U 2σ %Conc. 

207Pb/2006Pb 

Age (Ma) 2σ 

206Pb/238U 

Age (Ma) 2σ 

207Pb/235U 

age (Ma) 2σ 

QL-1              

MADEL_01 0.0573 0.0057 0.83 0.18 0.108 0.019 107.14 500 220 660 110 616 98 

MADEL_02 0.0569 0.0056 0.68 0.14 0.087 0.015 102.47 480 220 540 91 527 87 

MADEL_03 0.0568 0.0056 0.54 0.11 0.071 0.012 99.55 470 220 440 75 442 76 

MADEL_04 0.057 0.015 0.69 0.25 0.088 0.013 102.26 470 580 542 76 530 150 

MADEL_05 0.0562 0.0097 0.68 0.16 0.0897 0.0038 104.93 450 380 553 22 527 93 

MADEL_06 0.057 0.0057 0.71 0.15 0.09 0.016 101.83 480 220 555 97 545 90 

MADEL_07 0.057 0.015 0.64 0.23 0.082 0.012 101.80 480 600 509 72 500 140 

MADEL_08 0.0563 0.0056 0.67 0.14 0.086 0.016 102.12 450 210 531 93 520 87 

MADEL_09 0.0562 0.0064 0.658 0.074 0.0848 0.0016 102.30 460 250 524.8 9.7 513 44 

MADEL_10 -- -- 0.684 0.078 0.0862 0.0053 100.76 490 180 533 32 529 47 

MADEL_11 0.057 0.015 0.68 0.24 0.084 0.012 100.19 490 590 521 73 520 150 

MADEL_12 0.067 0.012 0.77 0.18 0.0852 0.0035 91.03 830 370 528 21 580 100 

MADEL_13 0.0677 0.0071 0.76 0.17 0.084 0.015 91.39 810 210 520 91 569 91 

MADEL_14 0.0565 0.0064 0.651 0.073 0.0827 0.0016 100.67 480 250 512.4 9.3 509 44 

MADEL_15 -- -- 0.666 0.076 0.0853 0.0051 101.54 480 180 527 31 519 47 

MADEL_16 0.057 0.015 0.62 0.22 0.079 0.012 100.00 480 600 490 69 490 140 

MADEL_17 0.0565 0.0097 0.63 0.14 0.0822 0.0034 103.04 460 380 509 20 494 88 

MADEL_18 0.0564 0.0056 0.61 0.13 0.08 0.015 101.85 470 220 496 87 487 82 

MADEL_19 0.0569 0.0065 0.652 0.073 0.0823 0.0016 100.10 480 260 509.5 9.4 509 44 

MADEL_20 -- -- 0.66 0.077 0.0837 0.0051 100.58 490 190 518 30 515 47 

MADEL_21 0.0559 0.0096 0.63 0.14 0.0826 0.0034 102.81 430 380 512 20 498 88 

MADEL_22 0.0571 0.0057 0.63 0.14 0.081 0.015 101.01 500 210 502 88 497 86 

MADEL_23 0.0564 0.0018 0.672 0.083 0.086 0.011 101.72 468 69 531 64 522 50 

MADEL_24 0.067 0.0077 0.77 0.087 0.0828 0.0016 89.10 810 240 513.2 9.5 576 49 

MADEL_25 0.0552 0.0095 0.62 0.14 0.0824 0.0034 104.29 410 380 510 20 489 88 

MADEL_26 0.059 0.006 0.7 0.15 0.088 0.016 103.02 510 160 546 95 530 68 
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MADEL_27 0.0585 0.0019 0.679 0.084 0.084 0.01 98.48 542 68 519 62 527 51 

MADEL_28 0.0569 0.0065 0.651 0.072 0.0826 0.0016 100.73 480 250 511.7 9.4 508 44 

MADEL_29 -- -- 0.81 0.13 0.0868 0.0057 94.37 600 110 536 34 568 44 

MADEL_30 0.0562 0.0097 0.66 0.15 0.0838 0.0035 100.78 450 390 519 21 515 92 

MADEL_31 0.0562 0.0056 0.64 0.14 0.085 0.015 104.37 460 220 525 91 503 85 

MADEL_32 0.0564 0.0018 0.648 0.08 0.083 0.01 101.38 467 71 514 62 507 50 

MADEL_33 -- -- 0.631 0.07 0.0806 0.005 100.40 480 180 499 30 497 43 

MADEL_34 0.0564 0.0097 0.63 0.14 0.0824 0.0034 102.82 470 380 511 20 497 89 

MADEL_35 0.0573 0.0057 0.64 0.14 0.082 0.015 101.80 500 220 510 89 501 84 

MADEL_36 0.0566 0.0018 0.649 0.08 0.083 0.01 100.99 471 72 512 61 507 50 

MADEL_37 -- -- 0.639 0.077 0.081 0.005 100.20 490 190 502 30 501 48 

MADEL_38 -- -- 0.661 0.079 0.0846 0.0054 101.75 480 190 523 32 514 49 

MADEL_39 0.085 0.023 1.02 0.36 0.087 0.013 42.78 1260 540 539 75 700 180 

MADEL_40 0.0561 0.0018 0.686 0.09 0.088 0.012 102.65 451 72 543 68 529 55 

MADEL_41 0.0569 0.0065 0.676 0.074 0.0853 0.0016 100.71 490 250 527.7 9.5 524 45 

MADEL_42 -- -- 0.667 0.08 0.0846 0.0054 101.16 500 180 524 32 518 48 

MADEL_43 0.057 0.015 0.68 0.24 0.084 0.012 97.55 500 610 517 72 530 150 

MADEL_44 0.057 0.0057 0.66 0.14 0.085 0.015 102.52 490 220 528 91 515 86 

MADEL_45 0.0574 0.0018 0.633 0.078 0.08 0.01 99.40 510 69 494 59 497 49 

MADEL_46 0.057 0.0065 0.66 0.073 0.084 0.0016 101.44 480 250 520.4 9.3 513 43 

MADEL_47 -- -- 0.651 0.078 0.0824 0.0052 100.00 490 190 510 31 510 47 

MADEL_48 0.057 0.015 0.63 0.21 0.081 0.011 100.00 480 590 500 68 500 130 

MADEL_49 0.0571 0.0098 0.66 0.15 0.084 0.0035 100.58 490 380 520 21 517 90 

MADEL_50 0.0568 0.0065 0.673 0.073 0.0842 0.0016 99.69 480 250 521.4 9.5 523 45 

MADEL_51 0.057 0.015 0.68 0.22 0.086 0.012 101.92 490 600 530 71 520 140 

MADEL_52 0.0571 0.0065 0.641 0.069 0.0814 0.0015 99.92 490 250 504.6 9.1 505 44 

MADEL_53 0.0574 0.0019 0.667 0.082 0.084 0.011 100.58 499 71 521 63 518 50 

QL-2              

MADEL_01 0.0566 0.0012 0.686 0.025 0.0873 0.0036 101.89 466 47 540 21 530 15 

MADEL_02 0.0566 0.001 0.679 0.037 0.0854 0.004 100.38 461 41 528 24 526 22 
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MADEL_03 0.0565 0.0021 0.666 0.046 0.0858 0.005 102.51 471 88 531 30 518 28 

MADEL_04 0.05726 0.00078 0.675 0.059 0.0864 0.0086 102.10 494 30 535 51 524 37 

MADEL_05 0.0564 0.0012 0.652 0.024 0.0829 0.0034 100.59 466 48 513 20 510 15 

MADEL_06 0.0562 0.0014 0.672 0.05 0.0872 0.0054 103.06 449 56 539 32 523 30 

MADEL_07 0.05691 0.00097 0.685 0.037 0.0849 0.004 99.06 493 38 525 24 530 22 

MADEL_08 0.0566 0.0022 0.65 0.045 0.0838 0.0048 101.37 467 85 519 29 512 27 

MADEL_09 0.05671 0.0008 0.675 0.059 0.0863 0.0086 102.10 470 31 534 50 523 36 

MADEL_10 0.0575 0.0012 0.641 0.023 0.0814 0.0034 100.20 511 46 504 20 503 14 

MADEL_11 0.0571 0.0014 0.674 0.05 0.0854 0.0053 100.76 485 55 528 32 524 30 

MADEL_12 0.0563 0.001 0.646 0.035 0.0818 0.0039 100.20 447 41 507 23 506 21 

MADEL_13 0.057 0.0022 0.653 0.045 0.0827 0.0048 100.59 482 85 512 28 509 28 

MADEL_14 0.05672 0.00073 0.674 0.059 0.0861 0.0085 101.53 487 29 532 51 524 36 

MADEL_15 0.0577 0.0014 0.659 0.049 0.0835 0.0052 100.39 519 53 516 31 514 30 

MADEL_16 0.05745 0.00098 0.662 0.036 0.0816 0.0039 98.25 499 37 506 23 515 22 

MADEL_17 0.05686 0.00085 0.669 0.059 0.0853 0.0084 101.73 475 33 528 50 519 36 

MADEL_18 0.0572 0.0014 0.654 0.048 0.0831 0.0052 100.59 499 55 514 31 511 29 

MADEL_19 0.05691 0.00096 0.654 0.035 0.0819 0.0039 99.22 483 36 507 23 511 21 

MADEL_20 0.0568 0.0022 0.64 0.044 0.082 0.0047 101.39 475 84 509 28 502 27 

MADEL_21 0.05741 0.00074 0.681 0.06 0.0859 0.0085 100.95 504 29 531 50 526 36 

MADEL_22 0.0573 0.0012 0.639 0.023 0.0816 0.0034 101.00 501 46 506 20 501 14 

MADEL_23 0.0571 0.0014 0.641 0.047 0.0815 0.005 100.60 484 57 505 30 502 29 

MADEL_24 0.0566 0.001 0.64 0.034 0.081 0.0039 99.80 467 39 502 23 503 21 

MADEL_25 0.0589 0.0023 0.674 0.047 0.0826 0.0048 97.90 556 84 512 28 523 28 

MADEL_26 0.05662 0.00075 0.646 0.057 0.0824 0.0082 100.79 477 29 510 49 506 35 

MADEL_27 0.0574 0.0012 0.665 0.024 0.0839 0.0035 100.39 498 45 519 21 517 15 

MADEL_28 0.05691 0.00072 0.641 0.056 0.0825 0.0082 101.79 482 28 511 48 502 35 

MADEL_29 0.0571 0.0012 0.664 0.024 0.0839 0.0036 100.58 483 48 519 21 516 15 

MADEL_30 0.0565 0.0014 0.655 0.048 0.0841 0.0052 101.56 466 56 520 31 512 29 

MADEL_31 0.0569 0.00074 0.617 0.054 0.0783 0.0077 99.59 480 28 486 46 488 34 

MADEL_32 0.0568 0.0012 0.645 0.023 0.0814 0.0034 100.00 475 48 504 20 504 14 
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MADEL_33 0.05317 0.00092 0.615 0.034 0.0837 0.004 106.57 326 38 519 24 487 21 

MADEL_34 0.0572 0.0022 0.685 0.047 0.0872 0.005 101.89 494 84 539 30 529 28 

MADEL_35 0.05722 0.00076 0.578 0.051 0.0731 0.0072 98.06 493 29 455 44 464 33 

MADEL_36 0.0564 0.0013 0.658 0.024 0.0846 0.0036 101.95 464 50 524 21 514 15 

MADEL_37 0.05707 0.00069 0.785 0.069 0.0999 0.0099 104.24 492 27 614 58 589 39 

MADEL_38 0.057 0.0014 0.694 0.051 0.0887 0.0055 102.43 481 55 547 33 534 31 

MADEL_39 0.0527 0.0012 0.609 0.035 0.083 0.004 105.98 311 47 514 24 485 21 

MADEL_40 0.0565 0.0021 0.652 0.044 0.0834 0.0048 101.18 474 83 516 28 510 27 

MADEL_41 0.0572 0.0014 0.637 0.047 0.0811 0.005 100.60 490 53 503 30 500 29 

MADEL_42 0.0522 0.0011 0.598 0.034 0.0834 0.004 108.63 284 45 516 24 475 21 

MADEL_43 0.0573 0.0022 0.647 0.044 0.0818 0.0047 100.00 494 82 507 28 507 27 

MADEL_44 0.0856 0.0017 0.98 0.055 0.0824 0.004 38.72 1317 38 510 23 693 28 

QL-3              

MADEL_01 0.0574 0.0081 0.7 0.11 0.0873 0.0062 100.56 500 300 539 37 536 67 

MADEL_02 0.057 0.017 0.67 0.17 0.086 0.012 102.12 480 650 531 72 520 100 

MADEL_03 0.074 0.011 0.87 0.14 0.0875 0.0063 54.00 1000 290 540 37 634 78 

MADEL_04 0.059 0.018 0.72 0.22 0.085 0.012 95.82 580 640 527 73 550 130 

MADEL_05 0.0573 0.0012 0.665 0.07 0.085 0.01 101.35 493 47 524 60 517 42 

MADEL_06 0.0565 0.0012 0.664 0.033 0.0852 0.0035 101.93 460 47 527 21 517 20 

MADEL_07 0.0578 0.0081 0.66 0.11 0.0836 0.006 100.19 520 310 517 36 516 66 

MADEL_08 0.057 0.017 0.6 0.16 0.078 0.011 100.63 480 650 483 63 480 100 

MADEL_09 0.057 0.0011 0.663 0.069 0.085 0.01 101.75 481 44 524 59 515 42 

MADEL_10 0.0576 0.0012 0.657 0.032 0.083 0.0034 100.39 513 46 514 20 512 20 

MADEL_11 0.052 0.015 0.62 0.19 0.0845 0.0028 106.73 300 610 523 17 490 120 

MADEL_12 0.0574 0.0081 0.65 0.1 0.0812 0.0058 99.02 500 310 503 35 508 65 

MADEL_13 0.0568 0.0012 0.645 0.068 0.083 0.01 101.58 481 44 514 60 506 42 

MADEL_14 0.0572 0.0012 0.655 0.032 0.0839 0.0035 101.37 500 46 519 21 512 20 

MADEL_15 0.069 0.019 0.82 0.26 0.0855 0.0028 86.72 910 570 529 17 610 140 

MADEL_16 0.0569 0.008 0.63 0.1 0.0805 0.0058 100.40 480 300 500 34 498 63 

MADEL_17 0.057 0.017 0.59 0.17 0.078 0.011 102.55 460 660 482 63 470 110 
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MADEL_18 0.0572 0.0011 0.657 0.069 0.083 0.0096 100.00 502 43 514 57 514 42 

MADEL_19 0.0567 0.0011 0.664 0.033 0.0851 0.0035 102.13 476 45 527 21 516 20 

MADEL_20 0.069 0.019 0.79 0.25 0.0833 0.0027 87.46 840 560 516 16 590 140 

MADEL_21 0.0564 0.008 0.64 0.1 0.081 0.0058 100.00 470 310 502 35 502 65 

MADEL_22 0.057 0.017 0.59 0.17 0.078 0.011 102.77 470 660 483 67 470 110 

MADEL_23 0.0572 0.0012 0.654 0.033 0.0838 0.0035 101.37 486 47 519 21 512 20 

MADEL_24 0.053 0.015 0.61 0.19 0.0826 0.0027 106.46 340 610 511 16 480 120 

MADEL_25 0.057 0.017 0.69 0.19 0.082 0.012 96.04 480 660 509 69 530 120 

MADEL_26 0.0568 0.0012 0.649 0.032 0.0834 0.0034 101.57 476 45 517 20 509 19 

MADEL_27 0.053 0.015 0.61 0.19 0.0834 0.0027 107.50 320 600 516 16 480 120 

MADEL_28 0.0551 0.0078 0.65 0.11 0.0849 0.0062 103.14 410 320 525 37 509 66 

MADEL_29 0.058 0.017 0.7 0.2 0.086 0.012 99.81 520 650 529 72 530 120 

MADEL_30 0.0564 0.0012 0.66 0.069 0.085 0.01 102.13 455 48 527 61 516 43 

MADEL_31 0.0549 0.0078 0.65 0.11 0.0855 0.0062 104.14 400 320 528 37 507 65 

MADEL_32 0.057 0.017 0.66 0.16 0.085 0.012 101.74 470 670 526 71 517 98 

MADEL_33 0.0568 0.0012 0.641 0.032 0.082 0.0035 101.20 489 47 508 21 502 20 

MADEL_34 0.057 0.017 0.75 0.23 0.09 0.012 96.84 490 650 552 73 570 140 

MADEL_35 0.0565 0.0012 0.69 0.036 0.0877 0.0039 102.07 474 47 543 23 532 21 

MADEL_36 0.057 0.017 0.66 0.22 0.087 0.013 105.10 470 650 536 74 510 130 

MADEL_37 0.0574 0.0013 0.68 0.035 0.0866 0.0038 101.52 503 48 535 22 527 21 

MADEL_38 0.0526 0.0075 0.62 0.1 0.0847 0.0063 107.38 310 320 524 38 488 66 

MADEL_39 0.0572 0.0012 0.628 0.033 0.0795 0.0035 99.60 502 47 493 21 495 20 

MADEL_40 0.0531 0.0076 0.6 0.1 0.0814 0.0061 105.44 330 320 504 36 478 64 

MADEL_41 0.09 0.013 1.06 0.18 0.0851 0.0064 37.11 1420 270 527 38 735 89 

MADEL_42 0.057 0.017 0.61 0.21 0.079 0.012 101.88 490 660 489 71 480 130 

MADEL_43 0.0581 0.0012 0.642 0.067 0.0812 0.0095 99.80 541 44 503 57 504 41 

MADEL_44 0.056 0.017 0.61 0.19 0.081 0.012 105.21 460 650 505 69 480 120 

MADEL_45 0.0567 0.0012 0.621 0.065 0.0789 0.0093 99.80 475 46 489 56 490 41 

MADEL_46 0.057 0.017 0.65 0.19 0.082 0.012 99.02 480 650 505 70 510 120 

MADEL_47 0.0572 0.0012 0.612 0.064 0.0776 0.0091 99.38 499 45 482 55 485 40 
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MADEL_48 0.057 0.016 0.67 0.21 0.0852 0.0028 101.35 480 620 527 17 520 130 

MADEL_49 0.057 0.016 0.67 0.21 0.0843 0.0028 100.19 490 610 521 16 520 130 

MADEL_50 0.057 0.016 0.65 0.2 0.0822 0.0027 99.80 500 610 509 16 510 130 

CQ38S1              

MADEL_01 0.0567 0.0052 0.654 0.072 0.0833 0.0012 101.00 480 210 516.1 7.1 511 44 

MADEL_02 0.0567 0.0052 0.656 0.071 0.0847 0.0013 102.20 480 200 524.3 8 513 44 

MADEL_03 0.0567 0.0051 0.654 0.07 0.0832 0.0012 100.78 480 210 515 7.2 511 43 

MADEL_04 0.0581 0.0053 0.666 0.073 0.0841 0.0013 100.23 520 200 520.2 7.8 519 43 

MADEL_05 0.0568 0.0052 0.656 0.072 0.0848 0.0012 102.44 490 200 524.5 7.4 512 44 

MADEL_06 0.0568 0.0052 0.657 0.072 0.0836 0.0013 100.88 480 200 517.5 7.6 513 44 

MADEL_07 0.0566 0.0052 0.652 0.071 0.0836 0.0013 101.41 480 210 517.2 7.7 510 43 

MADEL_08 0.0574 0.0053 0.662 0.071 0.0836 0.0012 100.54 500 200 517.8 7.1 515 44 

MADEL_09 0.0571 0.0052 0.656 0.071 0.0837 0.0013 100.97 480 200 518 7.6 513 44 

MADEL_10 0.0568 0.0052 0.658 0.07 0.0841 0.0012 101.58 490 200 521.1 7.2 513 44 

MADEL_11 0.0569 0.0052 0.658 0.07 0.0833 0.0013 100.86 490 190 516.4 7.6 512 44 

MADEL_12 0.0572 0.0052 0.661 0.072 0.0843 0.0012 101.09 510 210 521.6 7.1 516 43 

MADEL_13 0.057 0.0052 0.657 0.071 0.083 0.0012 100.16 480 200 513.8 7.3 513 44 

MADEL_14 0.0573 0.0053 0.661 0.071 0.0831 0.0013 99.92 500 210 514.6 7.7 515 44 

MADEL_15 0.0567 0.0052 0.654 0.071 0.0837 0.0013 101.59 480 200 518.1 7.5 510 43 

MADEL_16 0.0567 0.0052 0.658 0.071 0.0834 0.0013 100.43 480 200 516.2 7.5 514 43 

MADEL_17 0.0572 0.0052 0.657 0.071 0.0834 0.0013 100.86 480 200 516.4 7.5 512 44 

MADEL_18 0.0574 0.0052 0.659 0.07 0.084 0.0012 101.11 500 200 519.7 7.4 514 43 

MADEL_19 0.057 0.0052 0.662 0.073 0.0837 0.0014 100.54 480 210 517.8 8.5 515 45 

MADEL_20 0.0563 0.0052 0.65 0.07 0.0839 0.0012 102.34 460 200 519.9 7 508 43 

MADEL_21 0.0573 0.0052 0.66 0.07 0.0828 0.0013 99.77 510 210 512.8 7.6 514 43 

MADEL_22 0.0572 0.0052 0.657 0.071 0.084 0.0013 101.48 480 200 519.6 8 512 44 

MADEL_23 0.0575 0.0052 0.662 0.072 0.0837 0.0012 100.45 500 200 518.3 7.5 516 44 

MADEL_24 0.0568 0.0052 0.658 0.072 0.085 0.0013 102.61 480 200 526.4 7.8 513 44 

MADEL_25 0.0571 0.0052 0.657 0.072 0.0839 0.0013 100.99 490 200 519.1 7.6 514 45 

MADEL_26 0.0564 0.0051 0.652 0.07 0.0835 0.0013 101.57 460 200 517 7.5 509 43 
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MADEL_27 0.0568 0.0052 0.658 0.072 0.0829 0.0012 100.51 480 200 514.6 7.4 512 44 

MADEL_28 0.0571 0.0052 0.658 0.073 0.0843 0.0014 102.01 490 200 522.3 8.2 512 44 

MADEL_29 0.057 0.0052 0.657 0.071 0.084 0.0012 101.35 490 200 519.9 7 513 43 

MADEL_30 0.057 0.0052 0.659 0.073 0.0837 0.0013 100.64 490 190 518.3 7.9 515 45 

MADEL_31 0.0566 0.0052 0.653 0.071 0.0837 0.0013 101.77 490 210 518 7.5 509 43 

MADEL_32 0.0577 0.0053 0.66 0.073 0.0832 0.0014 99.75 510 210 515.7 8.1 517 44 

MADEL_33 0.0567 0.0052 0.657 0.072 0.0841 0.0014 101.78 460 200 521.1 8.2 512 45 

MADEL_34 0.0573 0.0052 0.657 0.072 0.0832 0.0012 100.57 500 200 514.9 7.2 512 43 

MADEL_35 0.0568 0.0052 0.657 0.073 0.0839 0.0013 101.25 490 200 519.4 7.5 513 45 

MADEL_36 0.057 0.0052 0.659 0.072 0.0828 0.0012 99.75 490 210 512.7 7.1 514 44 

MADEL_37 0.057 0.0052 0.656 0.071 0.0849 0.0013 102.58 480 200 525.2 8 512 44 

MADEL_38 0.0569 0.0052 0.661 0.072 0.0849 0.0011 101.61 490 210 525.3 6.8 517 44 

MADEL_39 0.0571 0.0052 0.655 0.071 0.0838 0.0014 100.95 490 200 518.9 8.4 514 43 

MADEL_40 0.0568 0.0052 0.655 0.071 0.0841 0.0013 101.62 470 200 520.3 7.9 512 44 

MADEL_41 0.0572 0.0052 0.662 0.072 0.0843 0.0017 101.32 500 190 521.8 9.8 515 44 

MADEL_42 0.057 0.0052 0.659 0.072 0.0838 0.0013 100.86 490 200 518.4 7.5 514 45 

MADEL_43 0.0565 0.0052 0.653 0.071 0.0835 0.0012 101.55 470 200 516.9 7.2 509 44 

MADEL_44 0.0572 0.0052 0.66 0.072 0.0838 0.0012 100.54 490 200 518.8 7.4 516 45 

MADEL_45 0.057 0.0052 0.657 0.072 0.0835 0.0013 100.90 480 200 516.6 7.9 512 44 

MADEL_46 0.0572 0.0052 0.66 0.071 0.0841 0.0013 101.36 500 210 521 7.7 514 44 

MADEL_47 0.0568 0.0052 0.653 0.072 0.0832 0.0013 101.04 490 190 515.3 7.7 510 44 

MADEL_48 0.0568 0.0052 0.657 0.072 0.0836 0.0013 100.84 480 200 517.3 7.6 513 44 

MADEL_49 0.0573 0.0052 0.661 0.072 0.0828 0.0012 99.51 500 200 512.5 7.2 515 44 

MADEL_50 0.057 0.0052 0.655 0.071 0.0828 0.0013 100.37 480 200 512.9 7.5 511 44 

MADEL_51 0.0578 0.0053 0.665 0.072 0.0837 0.0013 100.06 500 200 518.3 7.9 518 43 

MADEL_52 0.0559 0.0051 0.647 0.07 0.0836 0.0014 102.27 450 200 517.5 8.2 506 43 

MADEL_53 0.0576 0.0052 0.664 0.072 0.0842 0.0012 100.74 510 200 520.8 7 517 45 

MADEL_54 0.0572 0.0052 0.657 0.071 0.0832 0.0012 100.68 490 200 515.5 7 512 44 

MADEL_55 0.0534 0.0048 0.616 0.067 0.0838 0.0013 106.45 340 200 519.5 7.7 488 42 

MADEL_56 0.0681 0.0062 0.778 0.085 0.0854 0.0013 90.46 870 190 528.3 8 584 48 
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MADEL_57 0.0532 0.0049 0.605 0.065 0.0833 0.0013 107.50 330 210 516 7.9 480 41 

MADEL_58 0.0561 0.0051 0.658 0.071 0.0849 0.0012 102.34 440 200 525 7.5 513 44 

MADEL_59 0.0572 0.0052 0.659 0.072 0.0829 0.0013 99.84 510 200 513.2 7.5 514 44 

MADEL_60 0.0579 0.0053 0.664 0.071 0.084 0.0012 100.76 520 200 519.9 7.4 516 43 

MADEL_61 0.0565 0.0051 0.652 0.07 0.0843 0.0013 102.35 470 210 522 7.9 510 44 

MADEL_62 0.0572 0.0052 0.66 0.071 0.0842 0.0013 101.48 500 210 521.6 7.9 514 44 

MADEL_63 0.0569 0.0053 0.655 0.07 0.0823 0.0013 99.59 480 200 509.9 7.8 512 43 

MADEL_64 0.0568 0.0052 0.658 0.071 0.0845 0.0013 101.65 480 200 522.5 7.4 514 45 

MADEL_65 0.0572 0.0052 0.66 0.072 0.0839 0.0012 100.99 490 200 519.1 7.3 514 44 

MADEL_66 0.057 0.0052 0.656 0.071 0.0841 0.0013 101.30 480 210 520.7 7.6 514 44 

MADEL_67 0.057 0.0052 0.66 0.071 0.0839 0.0012 100.99 490 200 519.1 7.1 514 43 

MADEL_68 0.0571 0.0052 0.655 0.072 0.0832 0.0013 100.82 490 200 515.2 7.9 511 43 

MADEL_69 0.0571 0.0052 0.659 0.072 0.0838 0.0013 100.86 500 190 518.4 7.8 514 44 

MADEL_70 0.057 0.0051 0.659 0.072 0.0831 0.0012 99.73 500 200 514.6 7.4 516 43 

MADEL_71 0.057 0.0052 0.654 0.072 0.0833 0.0013 100.94 480 200 515.8 7.6 511 43 

MADEL_72 0.0569 0.0052 0.66 0.072 0.084 0.0012 101.09 480 200 519.6 7.2 514 44 

MADEL_73 0.0571 0.0052 0.657 0.072 0.0833 0.0013 100.49 500 210 515.5 7.5 513 45 

MADEL_74 0.0572 0.0052 0.659 0.071 0.0837 0.0013 100.82 520 200 518.2 8 514 44 

MADEL_75 0.057 0.0052 0.658 0.071 0.0837 0.0013 101.05 500 200 518.4 7.7 513 43 

              

              

Analysis 207Pb/206Pb 2σ 207Pb/235U 2σ 206Pb/236U 2σ %Conc. 

207Pb/2006Pb 

Age (Ma) 2σ 

206Pb/238U 

Age (Ma) 2σ 

207Pb/235U 

age (Ma) 2σ 

QL-1              

222_01 0.0557 0.0063 0.659 0.073 0.085 0.0016 102.30 440 250 525.8 9.3 514 45 

222_02 -- -- 0.588 0.072 0.0756 0.0047 100.21 450 180 470 28 469 46 

222_03 0.056 0.015 0.51 0.18 0.0658 0.0094 97.86 440 590 411 57 420 120 

222_04 0.0544 0.0094 0.75 0.17 0.0999 0.0041 107.54 380 390 613 24 570 98 

222_05 0.0557 0.0055 0.54 0.11 0.071 0.013 101.61 450 220 443 77 436 75 

222_06 0.0557 0.0018 0.54 0.066 0.0702 0.0087 99.54 441 70 437 53 439 43 
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222_07 0.0557 0.0063 0.666 0.074 0.0855 0.0016 102.05 440 250 528.6 9.3 518 45 

222_08 -- -- 0.573 0.071 0.0723 0.0045 97.83 470 190 450 27 460 46 

222_09 0.055 0.014 0.5 0.17 0.0664 0.0095 100.98 400 600 414 57 410 120 

222_10 0.0551 0.0095 0.6 0.14 0.0794 0.0032 102.93 410 390 492 19 478 88 

222_11 0.0559 0.0055 0.53 0.11 0.069 0.012 100.23 450 220 431 75 430 75 

222_12 0.0562 0.0018 0.545 0.067 0.0698 0.0087 98.64 460 72 435 53 441 44 

222_13 0.0564 0.0064 0.66 0.073 0.0842 0.0015 101.46 470 250 521.5 9.1 514 45 

222_14 -- -- 0.549 0.068 0.0703 0.0044 98.65 470 190 438 27 444 45 

222_15 0.055 0.015 0.5 0.17 0.0647 0.0092 98.54 430 590 404 56 410 120 

222_16 0.0561 0.0097 0.57 0.13 0.0745 0.003 100.65 460 400 463 18 460 84 

222_17 0.0561 0.0056 0.51 0.11 0.067 0.012 99.76 450 220 415 72 416 73 

222_18 0.0555 0.0018 0.507 0.062 0.0654 0.0081 98.08 431 72 408 49 416 42 

222_19 0.0549 0.0018 0.472 0.058 0.0618 0.0077 98.47 399 75 387 47 393 40 

QL-2              

222_01 0.05522 0.00061 0.541 0.047 0.0711 0.007 100.91 417 24 443 42 439 31 

222_02 0.0555 0.001 0.57 0.02 0.0744 0.0031 100.87 434 41 462 18 458 13 

222_03 0.0559 0.0013 0.697 0.051 0.09 0.0056 103.54 443 54 556 33 537 30 

222_04 0.05423 0.00082 0.512 0.028 0.0677 0.0032 100.48 376 34 422 19 420 19 

222_05 0.0557 0.0021 0.528 0.036 0.0693 0.004 100.47 435 85 432 24 430 24 

222_06 0.05556 0.00067 0.543 0.048 0.0712 0.007 100.68 427 27 443 42 440 31 

222_07 0.0561 0.0012 0.572 0.021 0.0742 0.0031 100.43 456 46 462 18 460 13 

222_08 0.0564 0.0014 0.601 0.044 0.0765 0.0047 99.37 467 54 475 28 478 28 

222_09 0.05435 0.0009 0.518 0.028 0.0683 0.0032 100.71 378 37 426 19 423 19 

222_10 0.0548 0.0021 0.545 0.037 0.0722 0.0041 101.58 391 86 449 25 442 24 

222_11 0.05528 0.00073 0.527 0.046 0.0694 0.0069 100.70 415 30 433 41 430 31 

222_12 0.0563 0.0012 0.564 0.02 0.0717 0.003 98.24 463 48 446 18 454 13 

222_13 0.0554 0.0014 0.555 0.041 0.0726 0.0045 100.89 422 55 452 27 448 27 

222_14 0.05401 0.00085 0.52 0.028 0.0691 0.0032 101.17 370 35 431 20 426 19 

222_15 0.0561 0.0021 0.531 0.036 0.0693 0.004 100.00 456 84 432 24 432 24 

QL-3              
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222_01 0.053 0.015 0.51 0.16 0.0708 0.0023 105.00 310 610 441 14 420 110 

222_02 0.0552 0.0078 0.531 0.086 0.0703 0.0051 101.15 410 310 438 31 433 58 

222_03 0.056 0.017 0.6 0.2 0.072 0.01 93.75 430 660 450 61 480 130 

222_04 0.0559 0.0012 0.571 0.059 0.0731 0.0085 99.34 444 46 455 51 458 38 

222_05 0.0563 0.0011 0.558 0.028 0.0733 0.0031 101.11 460 45 456 19 451 18 

222_06 0.053 0.015 0.53 0.17 0.0729 0.0024 105.35 330 620 453 14 430 110 

222_07 0.054 0.0077 0.558 0.091 0.0733 0.0053 101.33 370 320 456 32 450 59 

222_08 0.055 0.016 0.54 0.21 0.071 0.01 100.45 420 650 442 62 440 130 

222_09 0.055 0.0012 0.563 0.059 0.075 0.0088 102.64 411 48 466 52 454 38 

222_10 0.0566 0.0012 0.574 0.029 0.0744 0.0031 100.22 468 47 462 19 461 19 

222_11 0.053 0.015 0.52 0.16 0.071 0.0023 105.24 310 610 442 14 420 110 

222_12 0.054 0.0076 0.541 0.088 0.0726 0.0052 102.73 360 320 451 32 439 60 

222_13 0.055 0.016 0.59 0.2 0.072 0.01 94.89 420 660 446 61 470 130 

222_14 0.0547 0.0011 0.55 0.058 0.0732 0.0086 102.48 388 45 455 52 444 38 

222_15 0.0555 0.0011 0.544 0.028 0.0715 0.003 101.13 420 44 446 18 441 18 

CQ38S1              

222_01 0.0559 0.0051 0.546 0.059 0.0714 0.00098 100.59 450 200 444.6 6 442 39 

222_02 0.056 0.0052 0.537 0.059 0.0721 0.001 103.22 450 200 449 6.2 435 39 

222_03 0.0549 0.005 0.532 0.057 0.0715 0.001 102.96 400 210 445.8 6 433 38 

222_04 0.0553 0.005 0.532 0.058 0.072 0.0011 103.73 420 210 448.1 6.4 432 38 

222_05 0.0569 0.0053 0.573 0.062 0.0714 0.001 96.44 480 210 444.6 6 461 41 

222_06 0.0591 0.0054 0.612 0.066 0.0721 0.001 92.96 560 190 449 6.3 483 42 

222_07 0.0573 0.0052 0.562 0.061 0.0705 0.0011 97.12 490 200 439 6.4 452 40 

222_08 0.0566 0.0052 0.572 0.062 0.0722 0.0011 97.86 470 200 449.2 6.3 459 40 

222_09 0.0556 0.0051 0.537 0.058 0.07032 0.00096 100.71 420 200 438.1 5.8 435 39 

222_10 0.0553 0.0051 0.554 0.061 0.0722 0.0011 100.29 410 210 449.3 6.3 448 40 

222_11 0.0545 0.005 0.533 0.058 0.07158 0.00097 103.00 390 210 446 5.9 433 38 

222_12 0.0568 0.0052 0.556 0.06 0.07149 0.00094 99.13 490 190 445.1 5.6 449 39 

222_13 0.0573 0.0052 0.572 0.062 0.07209 0.00095 97.54 500 210 448.7 5.7 460 39 

222_14 0.0543 0.005 0.543 0.059 0.0712 0.001 100.57 380 200 443.5 6 441 38 
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222_15 0.0561 0.0051 0.563 0.061 0.07217 0.00097 98.81 440 200 449.6 5.8 455 39 

222_16 0.0538 0.0049 0.549 0.059 0.07155 0.00098 100.34 360 200 445.5 5.9 444 39 

222_17 0.0551 0.0051 0.56 0.061 0.0723 0.0011 99.78 410 200 450 6.4 451 40 

222_18 0.0558 0.0051 0.536 0.059 0.0717 0.001 102.43 430 210 446.6 6.1 436 39 

 

Analysis 207Pb/206Pb 2σ 207Pb/235U 2σ 206Pb/236U 2σ %Conc. 

207Pb/2006Pb 

Age (Ma) 2σ 

206Pb/238U 

Age (Ma) 2σ 

207Pb/235U 

age (Ma) 2σ 

QL-1              

MtGt_01 -- -- 0.605 0.076 0.077 0.0049 98.76 430 180 478 29 484 46 

MtGt_02 0.06 0.016 0.38 0.13 0.0465 0.0067 88.79 560 580 293 41 330 100 

MtGt_03 0.069 0.012 0.52 0.12 0.0564 0.0025 83.85 810 370 353 15 421 79 

MtGt_04 0.0557 0.0058 0.36 0.077 0.0477 0.0086 96.77 410 220 300 53 310 58 

MtGt_05 0.0521 0.002 0.379 0.047 0.0522 0.0065 100.92 264 79 328 40 325 35 

MtGt_06 -- -- 0.405 0.051 0.0523 0.0033 95.63 430 180 328 20 343 37 

MtGt_07 0.062 0.016 0.4 0.14 0.0471 0.0068 87.35 650 580 297 42 340 100 

MtGt_08 0.076 0.014 0.59 0.14 0.0564 0.0025 34.61 1020 370 353 15 464 87 

MtGt_09 0.0609 0.0063 0.399 0.086 0.048 0.0086 88.82 600 220 302 53 340 63 

MtGt_10 0.0547 0.0022 0.388 0.048 0.0511 0.0063 96.99 379 85 322 39 332 36 

MtGt_11 -- -- 0.427 0.053 0.0511 0.0032 88.92 600 190 321 20 361 38 

MtGt_12 0.054 0.014 0.33 0.12 0.0453 0.0065 98.28 360 560 285 40 290 90 

MtGt_13 0.205 0.036 2.46 0.57 0.0839 0.004 18.47 2810 320 519 24 1250 170 

MtGt_14 0.0621 0.0064 0.395 0.085 0.0466 0.0084 86.69 680 220 293 52 338 62 

MtGt_15 0.0548 0.0022 0.373 0.046 0.0487 0.006 95.34 384 84 307 37 322 34 

MtGt_16 0.059 0.01 0.39 0.089 0.0494 0.0021 93.39 540 380 311 13 333 65 

QL-2              

MtGt_01 0.0523 0.0015 0.55 0.05 0.0768 0.0076 107.19 287 58 477 46 445 33 

MtGt_02 0.0539 0.0018 0.357 0.015 0.0485 0.002 98.71 344 69 305 12 309 12 

MtGt_03 0.0581 0.002 0.394 0.03 0.0495 0.0031 92.58 511 73 312 19 337 22 

MtGt_04 0.0533 0.0016 0.374 0.022 0.0496 0.0023 96.89 336 62 312 14 322 16 
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MtGt_05 0.0612 0.0029 0.414 0.031 0.0497 0.0029 89.43 630 100 313 18 350 22 

MtGt_06 0.0543 0.0015 0.392 0.035 0.0519 0.0051 97.60 372 58 326 32 334 26 

MtGt_07 0.0524 0.0017 0.353 0.015 0.0489 0.002 100.65 288 67 308 12 306 12 

MtGt_08 0.0564 0.0022 0.391 0.031 0.0504 0.0032 95.48 412 78 317 19 332 22 

MtGt_09 0.0563 0.0019 0.395 0.024 0.0505 0.0024 93.79 432 69 317 15 338 17 

MtGt_10 0.0704 0.0034 0.498 0.037 0.0513 0.003 78.97 916 99 323 18 409 25 

MtGt_11 0.0541 0.0013 0.372 0.033 0.0497 0.0049 97.51 367 51 313 30 321 24 

MtGt_12 0.059 0.0018 0.403 0.017 0.0496 0.0021 91.23 546 69 312 13 342 12 

MtGt_13 0.0637 0.0027 0.45 0.038 0.0509 0.0032 86.49 676 84 320 19 370 25 

MtGt_14 0.057 0.0018 0.386 0.023 0.049 0.0023 93.05 440 64 308 14 331 17 

MtGt_15 0.0597 0.003 0.408 0.031 0.0499 0.0029 90.75 540 100 314 18 346 22 

QL-3              

MtGt_01 0.063 0.017 0.46 0.14 0.0537 0.0018 86.86 680 580 337 11 388 99 

MtGt_02 0.0587 0.0085 0.437 0.071 0.053 0.0039 90.74 520 300 333 24 367 51 

MtGt_03 0.074 0.022 0.54 0.21 0.0533 0.0078 77.91 970 600 335 48 430 130 

MtGt_04 0.0808 0.0029 0.755 0.078 0.0659 0.0081 35.58 1155 83 411 49 570 46 

MtGt_05 0.0616 0.0021 0.461 0.027 0.054 0.0023 88.51 639 74 339 14 383 18 

MtGt_06 0.055 0.016 0.41 0.13 0.0538 0.0018 96.30 390 590 338 11 351 93 

MtGt_07 0.079 0.012 0.596 0.099 0.0543 0.004 30.45 1120 300 341 24 465 63 

MtGt_08 0.073 0.022 0.54 0.21 0.0553 0.008 78.86 970 630 347 49 440 140 

MtGt_09 0.0691 0.005 0.56 0.13 0.0593 0.0083 82.08 856 83 371 50 452 64 

MtGt_10 0.0669 0.0024 0.509 0.03 0.0557 0.0024 84.30 799 75 349 15 414 20 

MtGt_11 0.055 0.015 0.39 0.12 0.0514 0.0018 96.71 360 570 323 11 334 90 

MtGt_12 0.0584 0.0084 0.423 0.069 0.0523 0.0038 91.39 510 300 329 23 360 51 

MtGt_13 0.076 0.023 0.27 0.28 0.0468 0.0082 28.92 1020 610 295 50 240 160 

MtGt_14 0.0691 0.0027 0.539 0.06 0.0568 0.0067 82.60 847 80 356 41 431 39 

MtGt_15 0.0604 0.0022 0.428 0.024 0.0521 0.0022 90.58 573 77 327 14 361 17 

CQ38S1              

MtGt_01 0.0521 0.005 0.363 0.041 0.05085 0.00088 101.82 290 200 319.7 5.4 314 31 

MtGt_02 0.0513 0.005 0.356 0.041 0.05149 0.00088 104.72 260 200 323.6 5.4 309 30 
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MtGt_03 0.0526 0.0051 0.359 0.04 0.05054 0.00085 101.53 290 200 317.8 5.2 313 30 

MtGt_04 0.0616 0.0061 0.429 0.049 0.05104 0.0009 89.14 590 200 320.9 5.5 360 35 

MtGt_05 0.0544 0.0052 0.382 0.043 0.05059 0.00087 96.98 380 210 318.1 5.3 328 32 

MtGt_06 0.0627 0.0062 0.438 0.05 0.05142 0.00079 87.59 630 200 323.2 4.8 369 37 

MtGt_07 0.0639 0.0062 0.382 0.043 0.0442 0.0013 85.09 740 190 279.1 8.3 328 31 

MtGt_08 0.0535 0.0051 0.368 0.041 0.05074 0.00088 100.63 320 200 319 5.4 317 31 

MtGt_09 0.0532 0.0052 0.368 0.042 0.05019 0.0008 99.25 330 200 315.6 4.9 318 31 

MtGt_10 0.0512 0.005 0.36 0.041 0.05056 0.00084 101.57 240 200 317.9 5.1 313 30 

MtGt_11 0.0535 0.0051 0.357 0.04 0.05011 0.00083 101.32 320 200 315.1 5.2 311 29 

MtGt_12 0.055 0.0053 0.378 0.042 0.05021 0.0008 96.57 390 210 315.8 4.9 327 30 

MtGt_13 0.0744 0.0078 0.528 0.065 0.05225 0.00095 77.04 980 200 328.2 5.9 426 42 

MtGt_14 0.0543 0.0052 0.376 0.042 0.05067 0.00086 98.03 370 210 318.6 5.3 325 31 

MtGt_15 0.0544 0.0052 0.385 0.043 0.05102 0.00085 97.48 390 200 320.7 5.2 329 32 

MtGt_16 0.0543 0.0052 0.387 0.043 0.05105 0.00079 96.66 290 200 320.9 4.9 332 32 

MtGt_17 0.0539 0.0052 0.393 0.044 0.05063 0.00085 95.30 350 210 318.3 5.2 334 32 

MtGt_18 0.0521 0.0051 0.368 0.041 0.05052 0.00085 99.91 390 210 317.7 5.2 318 30 

 

Analysis 207Pb/206Pb 2σ 207Pb/235U 2σ 206Pb/236U 2σ %Conc. 

207Pb/2006Pb 

Age (Ma) 2σ 

206Pb/238U 

Age (Ma) 2σ 

207Pb/235U 

age (Ma) 2σ 

QL-1              

AMBAT_01 0.0569 0.0065 0.729 0.08 0.0922 0.0017 102.34 480 250 568 10 555 47 

AMBAT_02 -- -- 0.695 0.085 0.0884 0.0056 101.87 460 190 546 33 536 52 

AMBAT_03 0.057 0.015 0.61 0.21 0.079 0.011 101.46 470 600 487 67 480 140 

AMBAT_04 0.0546 0.0094 1.07 0.25 0.1421 0.0059 115.81 390 380 857 33 740 120 

AMBAT_05 0.0574 0.0057 0.59 0.13 0.076 0.014 99.79 510 220 472 82 473 80 

AMBAT_06 0.0563 0.0018 0.654 0.08 0.083 0.01 100.39 450 72 514 61 512 49 

AMBAT_07 0.0564 0.0064 0.704 0.078 0.0889 0.0016 101.42 470 250 548.7 9.6 541 46 

AMBAT_08 -- -- 0.674 0.083 0.0867 0.0055 102.49 450 190 536 32 523 50 

AMBAT_09 0.057 0.015 0.63 0.22 0.079 0.011 100.20 490 600 491 68 490 140 
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AMBAT_10 0.0559 0.0097 0.87 0.2 0.1123 0.0047 107.19 440 380 686 27 640 110 

AMBAT_11 0.0577 0.0057 0.57 0.12 0.073 0.013 99.12 510 220 451 78 455 78 

AMBAT_12 0.0561 0.0018 0.65 0.08 0.084 0.01 101.57 447 73 518 62 510 50 

AMBAT_13 0.0565 0.0064 0.667 0.073 0.0855 0.0016 101.83 470 250 528.5 9.7 519 45 

AMBAT_14 -- -- 0.663 0.082 0.0838 0.0053 100.39 490 190 519 31 517 50 

AMBAT_15 0.057 0.015 0.58 0.2 0.074 0.011 99.78 480 570 459 64 460 130 

AMBAT_16 0.0555 0.0096 1.09 0.25 0.1432 0.0059 115.07 430 380 863 33 750 120 

AMBAT_17 0.057 0.0057 0.57 0.12 0.074 0.013 99.57 490 220 458 79 460 80 

AMBAT_18 0.0558 0.0019 0.613 0.075 0.0795 0.0098 101.65 438 74 493 58 485 48 

QL-2              

AMBAT_01 0.05688 0.00069 0.656 0.057 0.0842 0.0083 101.76 487 27 521 49 512 35 

AMBAT_02 0.0571 0.0011 0.659 0.023 0.084 0.0035 100.97 491 44 520 21 515 14 

AMBAT_03 0.0574 0.0013 0.641 0.047 0.081 0.005 99.80 503 52 502 30 503 29 

AMBAT_04 0.05619 0.0008 0.624 0.033 0.0797 0.0037 100.41 458 31 494 22 492 21 

AMBAT_05 0.056 0.0022 0.635 0.044 0.0827 0.0048 102.40 439 87 512 28 500 28 

AMBAT_06 0.0568 0.00072 0.652 0.057 0.0837 0.0083 101.77 471 29 518 49 509 35 

AMBAT_07 0.0564 0.0012 0.655 0.023 0.0835 0.0035 101.37 466 45 518 21 511 14 

AMBAT_08 0.0575 0.0014 0.666 0.049 0.0846 0.0052 100.97 514 51 523 31 518 29 

AMBAT_09 0.05542 0.00083 0.631 0.034 0.0807 0.0038 100.60 425 33 500 23 497 21 

AMBAT_10 0.0566 0.0022 0.657 0.046 0.084 0.0048 101.57 469 87 519 28 511 28 

AMBAT_11 0.05658 0.0006 0.649 0.057 0.0837 0.0083 101.97 476 23 518 49 508 35 

AMBAT_12 0.056 0.0011 0.626 0.022 0.0808 0.0034 101.42 448 44 501 20 494 14 

AMBAT_13 0.058 0.0014 0.641 0.047 0.0802 0.0049 99.00 527 53 497 30 502 29 

AMBAT_14 0.05528 0.00082 0.626 0.034 0.0806 0.0038 101.21 415 33 500 23 494 21 

AMBAT_15 0.057 0.0022 0.632 0.043 0.0806 0.0046 100.40 493 86 500 28 498 27 

QL-3              

AMBAT_01 0.054 0.015 0.63 0.2 0.0838 0.0027 103.80 370 610 519 16 500 120 

AMBAT_02 0.0563 0.008 0.65 0.1 0.083 0.006 101.38 460 310 514 35 507 65 

AMBAT_03 0.058 0.017 0.63 0.25 0.082 0.012 101.60 510 650 508 70 500 150 

AMBAT_04 0.0571 0.0012 0.695 0.073 0.088 0.01 101.87 486 48 546 61 536 45 
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AMBAT_05 0.0568 0.0012 0.669 0.033 0.0849 0.0036 100.96 479 46 525 21 520 21 

AMBAT_06 0.054 0.015 0.62 0.2 0.0842 0.0027 106.33 360 610 521 16 490 120 

AMBAT_07 0.0554 0.0078 0.65 0.11 0.0856 0.0062 103.52 420 310 529 37 511 66 

AMBAT_08 0.057 0.017 0.64 0.25 0.083 0.012 102.60 480 640 513 72 500 150 

AMBAT_09 0.0584 0.0012 0.692 0.072 0.086 0.01 100.00 547 46 534 60 534 44 

AMBAT_10 0.0575 0.0013 0.657 0.033 0.0841 0.0036 101.56 496 48 520 21 512 20 

AMBAT_11 0.054 0.015 0.62 0.19 0.0826 0.0027 104.29 370 610 511 16 490 120 

AMBAT_12 0.0554 0.0078 0.66 0.11 0.0843 0.0061 101.76 420 310 521 36 512 66 

AMBAT_13 0.063 0.019 0.7 0.28 0.083 0.012 94.81 680 600 512 71 540 160 

AMBAT_14 0.0576 0.0013 0.652 0.068 0.083 0.0098 100.78 503 49 514 58 510 43 

AMBAT_15 0.0569 0.0012 0.642 0.033 0.0821 0.0034 100.59 490 47 508 21 505 20 

CQ38S1              

AMBAT_01 0.0556 0.0051 0.628 0.068 0.0829 0.0012 103.68 440 210 513.2 7 495 42 

AMBAT_02 0.0578 0.0053 0.639 0.07 0.0833 0.0011 102.77 510 200 515.9 6.7 502 43 

AMBAT_03 0.0556 0.0051 0.634 0.069 0.0834 0.0013 103.73 440 210 516.6 7.5 498 43 

AMBAT_04 0.0568 0.0052 0.627 0.068 0.0819 0.0011 102.94 470 200 507.5 6.5 493 43 

AMBAT_05 0.081 0.0074 0.96 0.1 0.0864 0.0012 43.80 1220 180 534.3 7.4 680 54 

AMBAT_06 0.0785 0.0071 0.93 0.1 0.0849 0.0011 45.34 1160 180 526 6.8 665 53 

AMBAT_07 0.0573 0.0052 0.652 0.071 0.0826 0.0011 100.47 500 200 511.4 6.5 509 44 

AMBAT_08 0.057 0.0052 0.651 0.071 0.0827 0.0011 100.59 480 200 512 6.8 509 45 

AMBAT_09 0.056 0.0051 0.635 0.069 0.0826 0.0011 102.34 450 210 511.7 6.8 500 42 

AMBAT_10 0.0577 0.0053 0.658 0.071 0.0821 0.0012 98.97 530 200 508.7 7.3 514 43 

AMBAT_11 0.0564 0.0051 0.64 0.069 0.0824 0.0011 101.65 480 210 510.3 6.4 502 43 

AMBAT_12 0.0582 0.0053 0.662 0.072 0.083 0.0011 99.65 540 200 514.2 6.5 516 43 

AMBAT_13 0.0581 0.0053 0.657 0.071 0.0834 0.0011 100.58 530 200 516 6.3 513 46 

AMBAT_14 0.0561 0.0051 0.649 0.071 0.0826 0.0012 100.75 460 210 511.8 6.9 508 44 

AMBAT_15 0.0558 0.0051 0.655 0.071 0.084 0.0011 101.54 440 210 519.9 6.7 512 43 

AMBAT_16 0.0561 0.0051 0.666 0.072 0.0832 0.0011 99.48 440 200 515.3 6.4 518 43 

AMBAT_17 0.0551 0.005 0.66 0.071 0.083 0.0011 99.75 410 200 513.7 6.6 515 43 

AMBAT_18 0.0571 0.0052 0.633 0.069 0.0824 0.0011 102.70 500 200 510.4 6.9 497 43 
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APPENDIX H: U–Pb geochronology zircon results 

Analysis 207Pb/206Pb 2σ 207Pb/235U 2σ 206Pb/236U 2σ %Conc. 

207Pb/2006Pb 

Age (Ma) 2σ 

206Pb/238U 

Age (Ma) 2σ 

207Pb/235U 

age (Ma) 2σ 

QL-3              

QL3_01 0.0573 0.0037 0.591 0.037 0.0754 0.0019 99.15 450 130 468 11 472 24 

QL3_02 0.055 0.0037 0.56 0.035 0.0747 0.0019 103.33 350 130 465 12 450 23 

QL3_03 0.0638 0.0045 1.163 0.077 0.1312 0.0035 101.27 740 140 796 20 786 35 

QL3_04 0.057 0.0034 0.582 0.033 0.0744 0.0018 99.35 470 120 462 11 465 20 

QL3_05 0.0651 0.0038 1.262 0.069 0.1448 0.0037 105.18 720 120 873 21 830 31 

QL3_06 0.0757 0.0036 1.808 0.082 0.1782 0.0037 98.69 1070 100 1056 20 1053 30 

QL3_07 0.0531 0.0061 0.495 0.054 0.0701 0.0025 100.00 240 210 436 15 436 36 

QL3_08 0.0685 0.0049 1.234 0.083 0.1332 0.0043 100.25 750 150 804 24 802 38 

QL3_09 0.0672 0.0032 1.527 0.069 0.1663 0.0032 105.43 853 99 991 18 940 28 

QL3_10 0.0818 0.0036 2.63 0.11 0.2263 0.0046 104.96 1251 92 1313 24 1311 31 

QL3_11 0.0522 0.004 0.557 0.039 0.0768 0.002 107.45 270 140 476 12 443 26 

QL3_12 0.067 0.0029 1.322 0.057 0.1451 0.0033 102.11 846 95 872 19 854 25 

QL3_13 0.1155 0.0055 5.43 0.23 0.3419 0.008 101.67 1861 85 1892 38 1890 37 

QL3_14 0.177 0.0071 12.8 0.49 0.518 0.011 103.13 2617 67 2699 48 2662 36 

QL3_15 0.0836 0.0041 2.58 0.12 0.2241 0.0049 101.40 1289 93 1307 26 1290 35 

QL3_16 0.157 0.0068 10.17 0.4 0.471 0.011 102.85 2417 78 2486 48 2442 38 

QL3_17 0.0647 0.0034 1.216 0.063 0.1349 0.0027 100.87 730 120 815 15 808 29 

QL3_18 0.0685 0.0046 1.493 0.099 0.1559 0.0038 100.65 790 140 933 21 927 40 

QL3_19 0.1555 0.0079 9.43 0.47 0.431 0.011 96.37 2395 88 2308 52 2370 48 

QL3_20 0.0661 0.0037 1.245 0.063 0.1378 0.0033 101.09 760 120 831 19 822 28 

QL3_21 0.0605 0.0056 0.749 0.067 0.0895 0.003 99.28 490 170 552 18 556 39 

QL3_22 0.1255 0.0047 6.69 0.25 0.3819 0.0075 102.36 2034 67 2082 34 2077 33 

QL3_23 0.0989 0.0043 3.94 0.16 0.2857 0.0056 101.00 1605 75 1621 28 1615 33 

QL3_24 0.0667 0.0041 1.452 0.089 0.1518 0.0041 100.33 780 130 910 23 907 36 
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QL3_25 0.0696 0.0042 1.538 0.087 0.1594 0.0039 100.74 840 130 954 21 947 36 

QL3_26 0.0617 0.0033 0.907 0.051 0.1067 0.0028 99.85 660 110 653 16 654 27 

QL3_27 0.0637 0.0027 0.996 0.048 0.1157 0.0034 100.57 720 94 705 20 701 24 

QL3_28 0.0593 0.0024 0.712 0.04 0.088 0.0033 99.82 585 90 544 19 545 22 

QL3_29 0.0583 0.0041 0.539 0.035 0.0693 0.0019 99.54 480 140 431 11 433 23 

QL3_30 0.063 0.0041 1.207 0.072 0.1402 0.0034 106.56 620 130 845 19 793 33 

QL3_31 0.0553 0.0034 0.546 0.033 0.0711 0.0015 99.86 390 130 442.4 9.3 443 21 

QL3_32 0.055 0.0039 0.494 0.036 0.0655 0.0019 100.24 400 140 411 11 410 23 

QL3_33 0.0629 0.0036 1.192 0.061 0.136 0.003 103.27 670 120 821 17 795 28 

QL3_34 0.0668 0.0034 1.242 0.057 0.1373 0.003 100.73 800 110 828 17 822 27 

QL3_35 0.0548 0.0037 0.563 0.034 0.075 0.0017 102.87 330 130 466 10 453 22 

QL3_36 0.0609 0.0063 0.577 0.056 0.0736 0.0031 98.50 480 190 459 19 466 35 

QL3_37 0.074 0.0042 1.859 0.098 0.1803 0.0046 105.64 1010 120 1067 25 1066 35 

QL3_38 0.07 0.004 1.534 0.086 0.1591 0.0035 100.53 900 120 951 19 946 35 

QL3_39 0.064 0.0039 1.132 0.065 0.1251 0.0033 99.35 740 120 761 19 766 31 

QL3_40 0.0557 0.0055 1.02 0.1 0.1355 0.0048 113.36 440 180 823 28 726 50 

QL3_41 0.065 0.004 1.173 0.071 0.1311 0.0036 101.28 690 130 793 20 783 33 

QL3_42 0.065 0.0034 0.832 0.062 0.0925 0.0046 92.99 800 100 570 26 613 30 

QL3_43 0.0554 0.003 0.589 0.03 0.0762 0.0017 100.85 400 110 473 10 469 20 

QL3_44 0.0548 0.0035 0.57 0.035 0.0761 0.0018 103.06 350 120 472 11 458 22 

QL3_45 0.0516 0.0044 0.516 0.04 0.0741 0.0023 109.00 240 160 460 14 422 27 

QL3_46 0.0679 0.004 1.413 0.073 0.1527 0.0034 102.69 830 120 915 19 891 30 

QL3_47 0.0635 0.003 1.24 0.055 0.1402 0.0029 104.06 720 100 845 16 812 25 

QL3_48 0.0568 0.0072 0.545 0.065 0.073 0.0031 108.85 210 210 455 19 418 44 

QL3_49 0.0624 0.0038 1.126 0.065 0.1313 0.0032 104.61 640 130 794 18 759 31 

QL3_50 0.0653 0.0034 1.189 0.059 0.1307 0.0029 100.51 720 120 793 16 789 27 

QL3_51 0.0659 0.0045 1.1 0.072 0.1198 0.0027 97.85 790 140 729 15 745 35 

QL3_52 0.0623 0.0039 1.172 0.069 0.1341 0.003 103.58 670 130 810 17 782 32 

QL3_53 0.0901 0.0042 3 0.18 0.246 0.012 100.50 1410 100 1417 63 1396 59 

QL3_54 0.0964 0.0053 3.65 0.19 0.2773 0.0066 102.94 1530 100 1575 33 1550 43 
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QL3_55 0.0644 0.0039 1.188 0.066 0.1325 0.003 101.01 720 130 802 17 794 31 

QL3_56 0.064 0.0027 1.186 0.054 0.1323 0.0037 100.50 772 91 800 21 796 24 

QL3_57 0.0626 0.003 1.131 0.05 0.1281 0.0027 100.91 680 98 777 16 770 23 

QL3_58 0.0709 0.0042 1.592 0.09 0.1631 0.0044 101.14 910 120 972 24 961 36 

QL3_59 0.0625 0.0041 1.178 0.073 0.1365 0.0035 103.52 660 140 824 20 796 34 

QL3_60 0.0654 0.0034 1.214 0.057 0.1333 0.0026 100.50 770 110 808 15 804 27 

QL3_61 0.0661 0.0031 1.223 0.055 0.1355 0.0022 100.61 807 99 820 12 815 24 

QL3_62 0.0636 0.0027 1.1 0.046 0.1266 0.0022 101.86 725 89 768 12 754 22 

QL3_63 0.0654 0.003 1.19 0.049 0.1315 0.0024 100.76 767 99 798 14 792 23 

QL3_64 0.066 0.0028 1.235 0.05 0.1354 0.0024 100.00 796 86 818 14 818 22 

QL3_65 0.0711 0.0059 1.5 0.11 0.1591 0.0046 102.59 790 170 950 26 926 46 

QL3_66 0.0738 0.0049 1.71 0.1 0.168 0.0041 100.40 950 130 1003 23 999 36 

QL3_67 0.0834 0.0055 2.73 0.17 0.245 0.0072 113.63 1240 130 1409 37 1352 46 

QL3_68 0.1017 0.0061 4.4 0.23 0.3204 0.008 110.56 1620 110 1791 39 1715 46 

QL3_69 0.066 0.0042 1.188 0.073 0.1313 0.0034 101.02 770 130 795 19 787 34 

QL3_70 0.0897 0.0043 3.09 0.14 0.2498 0.0052 102.42 1404 92 1438 26 1428 36 

QL3_71 0.064 0.0032 1.192 0.058 0.1348 0.003 102.51 730 110 816 17 796 26 

QL3_72 0.0668 0.003 1.172 0.051 0.1302 0.0022 100.51 810 92 789 12 785 23 

QL3_73 0.0966 0.0043 3.66 0.15 0.2768 0.006 101.55 1549 85 1573 30 1562 33 

QL3_74 0.0615 0.0048 0.844 0.061 0.1046 0.0034 101.10 560 160 641 20 634 35 

QL3_75 0.0539 0.0031 0.522 0.03 0.069 0.0014 100.44 330 120 429.9 8.5 428 19 

QL3_76 0.0648 0.0035 1.174 0.058 0.1319 0.0031 101.66 710 120 798 18 785 27 

QL3_77 0.0643 0.0028 1.108 0.044 0.1249 0.0021 99.61 743 92 758 12 761 20 

QL3_78 0.0587 0.0047 0.665 0.058 0.0799 0.003 98.02 560 160 495 18 505 36 

QL3_79 0.0589 0.0044 0.584 0.041 0.07 0.0021 92.96 530 140 436 13 469 27 

QL3_80 0.0994 0.0046 3.92 0.18 0.2859 0.0065 100.75 1606 92 1618 33 1614 36 

QL3_81 0.067 0.0035 1.516 0.073 0.1616 0.0032 103.42 830 110 967 18 935 30 

QL3_82 0.1058 0.0066 4.41 0.26 0.302 0.01 98.03 1730 120 1696 52 1714 49 

QL3_83 0.0636 0.0033 1.159 0.057 0.1304 0.003 101.41 690 110 789 17 778 27 

QL3_84 0.0783 0.0055 2.1 0.14 0.1936 0.0065 105.28 1080 140 1137 35 1139 44 
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QL3_85 0.0641 0.0038 1.159 0.063 0.1332 0.0035 103.07 680 130 805 20 781 30 

QL3_86 0.067 0.0049 1.187 0.091 0.1303 0.0048 99.62 760 150 788 27 791 41 

QL3_87 0.066 0.0031 1.243 0.053 0.1353 0.0027 100.00 780 100 817 15 817 25 

QL3_88 0.0544 0.0031 0.547 0.03 0.0729 0.0017 102.03 350 110 453 10 444 19 

QL3_89 0.0665 0.0066 1.19 0.11 0.1322 0.0047 102.03 680 190 804 27 788 52 

QL3_90 0.099 0.014 4.95 0.63 0.345 0.019 118.26 1610 240 1904 90 1850 99 

QL3_91 0.0607 0.0068 1.11 0.12 0.1355 0.0047 103.80 530 210 820 27 790 55 

QL3_92 0.0661 0.0051 1.18 0.088 0.1309 0.0039 99.12 750 150 792 22 799 40 

QL3_93 0.0698 0.0041 1.438 0.086 0.1479 0.0041 99.22 870 120 892 23 899 35 

QL3_94 0.0769 0.0038 1.949 0.091 0.1842 0.0041 97.59 1120 100 1093 22 1090 32 

QL3_95 0.0619 0.0087 0.559 0.074 0.0662 0.003 97.63 430 250 412 18 422 50 

QL3_96 0.0646 0.0054 1.268 0.086 0.138 0.0037 99.88 780 140 833 21 834 38 

QL3_97 0.0543 0.0031 0.524 0.029 0.0692 0.0017 101.41 360 120 431 10 425 19 

QL3_98 0.0986 0.0052 4.13 0.21 0.3011 0.0077 108.09 1570 100 1697 38 1642 42 

QL3_99 0.065 0.0031 1.227 0.053 0.1344 0.0029 100.37 750 100 812 16 809 24 

QL3_100 0.0545 0.0032 0.518 0.027 0.0693 0.0014 100.89 370 110 431.8 8.3 428 17 

QL3_101 0.1158 0.0059 5.56 0.28 0.345 0.0081 101.11 1886 96 1907 40 1904 44 

QL3_102 0.1159 0.0057 2.8 0.16 0.1727 0.005 53.66 1912 81 1026 27 1352 38 

QL3_103 0.1196 0.0083 3.28 0.23 0.1991 0.007 60.47 1930 120 1167 37 1469 54 

QL3_104 0.1692 0.0074 10.79 0.47 0.459 0.011 96.14 2536 73 2438 48 2507 43 

QL3_105 0.169 0.0067 11.58 0.5 0.498 0.012 101.80 2554 67 2600 52 2572 37 

QL3_106 0.0609 0.0042 0.621 0.039 0.0722 0.0022 92.42 620 140 451 13 488 25 

QL3_107 0.058 0.0035 0.604 0.036 0.0757 0.0016 98.76 460 120 470.1 9.7 476 23 

QL3_108 0.1116 0.0048 4.92 0.21 0.3219 0.005 97.35 1846 73 1797 24 1795 36 

QL3_109 0.0669 0.0038 1.186 0.063 0.1316 0.0025 99.75 800 110 796 14 798 30 

QL3_110 0.0699 0.0038 1.568 0.075 0.1601 0.0031 100.10 900 110 956 17 955 29 

QL3_111 0.0669 0.0041 1.194 0.074 0.1314 0.0031 100.13 780 120 795 17 794 33 

QL3_112 0.0714 0.0038 1.633 0.08 0.1638 0.0036 100.10 940 110 981 20 980 30 

QL3_113 0.0665 0.0033 1.092 0.056 0.1175 0.0031 95.84 800 100 715 18 746 26 

QL3_114 0.0548 0.0037 0.503 0.031 0.0667 0.0017 101.22 370 130 416 10 411 21 
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QL3_115 0.0658 0.0027 1.163 0.045 0.1282 0.0024 99.23 789 85 777 14 783 21 

QL3_116 0.0642 0.0029 1.249 0.053 0.139 0.0026 102.20 743 96 838 15 820 24 

QL3_117 0.0646 0.003 1.223 0.054 0.1356 0.0029 100.61 752 96 819 16 814 24 

QL3_118 0.065 0.004 1.191 0.071 0.133 0.0034 100.88 710 130 804 19 797 33 

QL3_119 0.0575 0.0084 0.527 0.074 0.0728 0.0029 112.16 200 250 452 17 403 51 

QL3_120 0.056 0.0046 0.53 0.043 0.0684 0.002 100.00 410 160 426 12 426 28 

QL3_121 0.0578 0.0045 0.579 0.044 0.0723 0.0019 96.99 470 150 451 12 465 27 

QL3_122 0.0724 0.0044 1.694 0.099 0.1671 0.0045 99.60 940 130 994 25 998 37 

QL3_123 0.1711 0.0067 10.38 0.36 0.444 0.01 92.57 2557 63 2367 47 2473 35 

QL3_124 0.0732 0.0038 1.67 0.1 0.1629 0.0062 95.10 1020 100 970 34 991 36 

QL3_125 0.0507 0.0052 0.462 0.044 0.0671 0.0021 105.82 190 180 418 13 395 28 

QL3_126 0.061 0.0067 0.556 0.061 0.0682 0.0025 98.84 440 210 425 15 430 41 

QL3_127 0.0659 0.0046 1.228 0.082 0.134 0.0034 99.75 760 140 809 20 811 37 

QL3_128 0.0667 0.0031 1.296 0.055 0.1396 0.0029 99.76 824 99 842 16 844 25 

QL3_129 0.0664 0.006 1.159 0.094 0.1293 0.0043 99.36 690 170 782 24 787 43 

QL3_130 0.0641 0.0028 1.152 0.054 0.1289 0.0035 100.64 739 92 781 20 776 25 

QL3_131 0.063 0.0029 1.124 0.051 0.1265 0.0025 100.52 700 100 768 14 764 24 

QL3_132 0.0557 0.0027 0.532 0.024 0.0704 0.0016 101.25 420 110 438.4 9.5 433 17 

QL3_133 0.064 0.0034 1.308 0.064 0.1462 0.0033 104.27 700 110 880 19 844 28 

QL3_134 0.0662 0.0044 1.231 0.073 0.135 0.0034 100.62 740 140 817 19 812 33 

QL3_135 0.0654 0.0029 1.262 0.052 0.1378 0.0028 100.73 799 89 833 16 827 24 

QL3_136 0.0539 0.0037 0.508 0.034 0.068 0.0019 100.71 350 140 424 11 421 23 

QL3_137 0.0522 0.0048 0.486 0.043 0.0677 0.0021 106.84 250 160 422 12 395 29 

QL3_138 0.1427 0.0063 8.17 0.34 0.408 0.0093 97.57 2264 75 2209 42 2248 36 

QL3_139 0.093 0.026 0.54 0.13 0.0628 0.0054 121.30 90 460 393 33 324 90 

2QS2              

2QS2_01 0.0776 0.0071 1.95 0.2 0.1828 0.0045 94.82 1140 170 1081 25 1096 68 

2QS2_02 0.159 0.012 8.65 0.78 0.3913 0.0061 87.17 2440 130 2127 28 2299 81 

2QS2_03 0.1161 0.0094 2.62 0.25 0.1632 0.0049 51.21 1900 140 973 27 1299 71 

2QS2_04 0.053 0.005 0.414 0.051 0.0569 0.0025 100.85 330 200 356 15 353 33 
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2QS2_05 0.0639 0.0066 1.16 0.13 0.1125 0.004 87.61 960 210 686 23 783 59 

2QS2_06 0.114 0.0092 2.65 0.26 0.1656 0.0052 53.46 1850 150 989 29 1303 76 

2QS2_07 0.0708 0.006 1.47 0.14 0.149 0.0035 98.25 930 180 898 19 914 57 

2QS2_08 0.0738 0.007 1.64 0.17 0.1653 0.0066 100.41 960 190 984 37 980 68 

2QS2_09 0.145 0.012 8.2 0.75 0.4119 0.0069 97.25 2290 140 2227 32 2256 81 

2QS2_10 0.1113 0.0091 4.92 0.46 0.3258 0.007 100.28 1810 150 1815 34 1807 76 

2QS2_11 0.0537 0.0049 0.498 0.051 0.0662 0.0019 100.73 340 190 413 11 410 35 

2QS2_12 0.16 0.013 8.58 0.8 0.3928 0.0096 87.51 2450 140 2144 45 2302 84 

2QS2_13 0.0871 0.007 2.12 0.2 0.1756 0.0046 76.84 1360 160 1045 25 1152 65 

2QS2_14 0.0686 0.0055 0.959 0.089 0.101 0.0018 90.92 880 170 621 11 683 46 

2QS2_15 0.0655 0.0059 1.16 0.12 0.1282 0.0028 99.49 760 200 777 16 781 57 

2QS2_16 0.0504 0.0051 0.511 0.055 0.0742 0.0018 111.35 200 190 461 11 414 37 

2QS2_17 0.095 0.0082 3.51 0.34 0.269 0.006 100.26 1530 170 1534 30 1530 75 

2QS2_18 0.0586 0.0047 0.705 0.064 0.0874 0.0014 99.63 540 180 541 8.4 543 38 

2QS2_19 0.0552 0.0063 0.515 0.066 0.0671 0.0025 99.29 380 230 419 15 422 43 

2QS2_20 0.0748 0.0064 1.91 0.18 0.1825 0.0038 102.26 1060 180 1084 21 1081 64 

2QS2_21 0.196 0.016 15.4 1.4 0.569 0.013 103.94 2790 140 2900 51 2849 88 

2QS2_22 0.1223 0.0097 4.32 0.39 0.2573 0.0046 74.12 1990 140 1475 24 1694 73 

2QS2_23 0.1086 0.0088 3.71 0.35 0.2474 0.0073 79.94 1780 150 1423 38 1572 74 

2QS2_24 0.127 0.01 5.44 0.5 0.3158 0.0057 86.67 2040 140 1768 28 1897 78 

2QS2_25 0.0558 0.0059 0.495 0.056 0.0632 0.0021 97.77 460 230 395 12 404 38 

2QS2_26 0.178 0.015 12.2 1.1 0.5 0.013 99.43 2620 140 2605 55 2615 85 

2QS2_27 0.0746 0.0078 1.16 0.13 0.129 0.0039 100.64 710 210 781 22 776 58 

2QS2_28 0.1002 0.0083 3.88 0.37 0.28 0.0064 98.52 1620 160 1596 34 1607 78 

2QS2_29 0.0603 0.0052 0.718 0.071 0.0867 0.0019 99.08 570 170 536 11 541 37 

2QS2_30 0.0764 0.0081 1.82 0.21 0.1762 0.0078 95.87 1090 210 1045 43 1050 73 

2QS2_31 0.0709 0.0062 1.32 0.13 0.1342 0.0048 95.52 950 180 811 27 849 57 

2QS2_32 0.0723 0.0064 1.67 0.17 0.1682 0.0053 99.01 1010 180 1000 29 995 64 

2QS2_33 0.0653 0.0054 1.21 0.11 0.1335 0.0028 100.87 800 160 808 16 801 52 

2QS2_34 0.1001 0.0095 1.85 0.2 0.1349 0.0037 50.62 1610 190 815 21 1045 69 



Jan Varga 

P–T–t evolution of schist in the Qinling Orogenic Belt 

104 

 

2QS2_35 0.0683 0.007 1.23 0.13 0.1354 0.0049 100.00 830 200 818 28 818 60 

2QS2_36 0.1004 0.0085 3.73 0.35 0.2721 0.0059 95.40 1630 170 1555 31 1577 77 

2QS2_37 0.0731 0.0062 1.44 0.14 0.1432 0.004 85.35 1010 170 862 22 905 54 

2QS2_38 0.0772 0.0076 1.21 0.13 0.1153 0.0032 64.50 1090 190 703 19 801 58 

2QS2_39 0.162 0.015 9.52 0.98 0.433 0.016 93.64 2470 160 2313 72 2388 92 

2QS2_40 0.0781 0.0081 1.79 0.2 0.1754 0.0061 95.50 1090 220 1041 33 1034 74 

2QS2_41 0.0909 0.0084 3.3 0.33 0.2639 0.0064 107.71 1400 180 1508 33 1471 81 

2QS2_42 0.0674 0.0056 0.677 0.063 0.0734 0.0017 87.05 850 180 457 10 525 39 

2QS2_43 0.152 0.012 4.2 0.39 0.204 0.0051 50.46 2370 140 1196 27 1670 76 

2QS2_44 0.0923 0.0083 1.81 0.18 0.1423 0.0063 57.91 1480 160 857 36 1048 64 

2QS2_45 0.0681 0.0055 1.34 0.12 0.1423 0.0025 99.65 870 170 857 14 860 54 

4QS4              

4QS4_04 0.186 0.0086 13.67 0.76 0.526 0.017 100.85 2703 76 2726 72 2726 54 

4QS4_06 0.2225 0.0096 11.04 0.57 0.357 0.01 65.64 2998 70 1968 48 2528 50 

4QS4_21 0.1035 0.0046 3.96 0.21 0.2751 0.0082 93.15 1680 81 1565 41 1628 43 

4QS4_18 0.1452 0.0077 3.72 0.23 0.1804 0.0072 46.31 2306 88 1068 39 1568 51 

4QS4_13 0.0841 0.0077 2.52 0.24 0.216 0.0089 103.20 1220 190 1259 47 1265 68 

4QS4_12 0.0938 0.0078 2.43 0.23 0.1839 0.0087 71.05 1530 170 1087 47 1248 71 

4QS4_03 0.0888 0.0044 2.25 0.13 0.1857 0.0077 78.65 1396 97 1098 42 1195 40 

4QS4_11 0.1113 0.0053 2.17 0.12 0.1413 0.0042 47.05 1811 89 852 24 1178 39 

4QS4_31 0.0739 0.0039 1.79 0.1 0.1751 0.005 98.11 1060 100 1040 27 1043 37 

4QS4_27 0.0754 0.0072 1.77 0.15 0.1721 0.0078 100.29 980 180 1022 43 1019 57 

4QS4_26 0.0775 0.0039 1.69 0.1 0.1539 0.0056 82.97 1110 100 921 31 1003 40 

4QS4_07 0.0712 0.0036 1.655 0.093 0.1666 0.0048 100.61 970 100 995 26 989 35 

4QS4_02 0.0716 0.0042 1.65 0.11 0.166 0.007 100.51 960 120 989 39 984 42 

4QS4_15 0.0699 0.0034 1.492 0.089 0.1556 0.0056 100.87 923 97 931 31 923 36 

4QS4_22 0.0681 0.0036 1.477 0.086 0.1547 0.0045 100.65 890 110 927 26 921 35 

4QS4_19 0.0675 0.0062 1.2 0.1 0.1307 0.0066 99.75 810 190 794 38 796 47 

4QS4_28 0.0667 0.0036 1.171 0.075 0.1301 0.0041 99.87 800 120 788 24 789 35 

4QS4_25 0.0645 0.0036 1.111 0.068 0.1242 0.0036 99.34 740 120 754 21 759 32 
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4QS4_29 0.0681 0.0031 1.094 0.058 0.1157 0.0033 94.26 884 93 706 19 749 29 

4QS4_20 0.0649 0.0035 1.066 0.062 0.1169 0.0038 96.48 740 120 712 22 738 31 

4QS4_30 0.0714 0.0044 1.063 0.068 0.1076 0.0037 89.65 970 130 658 22 734 33 

4QS4_08 0.0627 0.0048 1.022 0.081 0.1173 0.0045 100.42 640 160 714 26 711 42 

4QS4_05 0.0703 0.0039 1.018 0.064 0.1024 0.004 87.71 920 110 628 23 716 32 

4QS4_24 0.0625 0.003 0.748 0.042 0.0858 0.0024 93.65 683 98 531 14 567 24 

4QS4_10 0.0678 0.0033 0.719 0.042 0.0766 0.0022 86.08 862 98 476 13 553 24 

4QS4_09 0.0565 0.0028 0.603 0.035 0.0771 0.0022 99.79 470 110 479 13 480 22 

4QS4_01 0.0547 0.0041 0.539 0.041 0.0702 0.0024 100.23 380 150 437 14 436 28 

4QS4_14 0.0526 0.0045 0.53 0.047 0.073 0.0027 106.07 270 160 454 16 428 31 

4QS4_23 0.0568 0.0028 0.379 0.022 0.0474 0.0014 91.53 490 110 298.4 8.6 326 16 

CQ38S1              

CQ38_01 0.0573 0.0076 0.525 0.082 0.0656 0.0056 96.25 500 190 411 32 427 41 

CQ38_02 0.0976 0.0061 2.65 0.16 0.2006 0.0046 75.10 1570 120 1179 25 1309 44 

CQ38_03 0.055 0.004 0.502 0.034 0.066 0.0013 99.54 410 140 412.1 7.8 414 23 

CQ38_04 0.0579 0.0042 0.576 0.063 0.0734 0.0042 99.13 500 140 457 24 461 35 

CQ38_05 0.06 0.0037 0.641 0.037 0.0765 0.0013 95.21 570 120 475.1 7.9 499 21 

CQ38_06 0.0722 0.0042 0.726 0.04 0.0718 0.0011 44.67 1000 120 446.7 6.7 553 24 

CQ38_07 0.0579 0.0032 0.606 0.03 0.0746 0.001 96.63 510 120 463.8 6 480 19 

CQ38_08 0.0613 0.0034 0.563 0.029 0.06696 0.00096 92.00 640 120 417.7 5.8 454 18 

CQ38_09 0.0596 0.0032 0.591 0.029 0.07151 0.00095 94.12 590 120 445.2 5.7 473 18 

CQ38_10 0.0571 0.0033 0.564 0.03 0.07157 0.00096 98.13 470 120 445.5 5.8 454 20 

CQ38_11 0.0858 0.0048 2.42 0.13 0.2021 0.0038 88.30 1350 110 1192 21 1249 39 

CQ38_12 0.0561 0.0032 0.591 0.033 0.0764 0.0014 100.57 460 130 474.7 8.7 472 20 

CQ38_13 0.0788 0.0045 1.494 0.097 0.1366 0.0048 71.57 1150 110 823 27 927 40 

CQ38_14 0.0567 0.0033 0.623 0.033 0.0787 0.0011 99.65 470 120 488.3 6.8 490 20 

CQ38_15 0.0577 0.0037 0.501 0.03 0.0616 0.0011 93.93 530 140 385.1 6.8 410 20 

CQ38_16 0.0596 0.0033 0.638 0.033 0.0768 0.0012 94.96 580 120 476.7 6.9 502 20 

CQ38_17 0.0865 0.0049 2.17 0.15 0.1829 0.0067 81.20 1330 110 1080 36 1169 49 

CQ38_18 0.0742 0.004 1.012 0.05 0.0984 0.0011 58.17 1040 110 605 6.4 710 26 
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CQ38_19 0.0621 0.0037 0.576 0.032 0.0673 0.0011 90.67 660 130 419.8 6.4 463 21 

CQ38_20 0.0576 0.0036 0.639 0.038 0.0782 0.0014 97.10 500 120 485.5 8.3 500 23 

CQ38_21 0.0564 0.0035 0.5 0.028 0.06523 0.00096 98.83 430 130 407.2 5.8 412 19 

CQ38_22 0.0554 0.0033 0.536 0.028 0.07058 0.00095 101.29 420 120 439.6 5.7 434 19 

CQ38_23 0.0614 0.0044 0.56 0.12 0.0646 0.0075 89.58 680 120 404 43 451 54 

CQ38_24 0.0598 0.0032 0.549 0.027 0.06653 0.00091 93.49 590 110 415.1 5.5 444 18 

CQ38_25 0.0977 0.006 3.45 0.21 0.2566 0.0063 92.97 1580 110 1469 33 1510 48 

CQ38_26 0.0577 0.0034 0.648 0.037 0.0811 0.0014 99.31 500 130 502.5 8.4 506 23 

CQ38_27 0.0569 0.0032 0.472 0.025 0.06034 0.0008 95.96 480 120 378.1 4.8 394 17 

CQ38_28 0.0565 0.0034 0.508 0.028 0.06442 0.00076 96.96 450 130 402.4 4.6 415 19 

CQ38_29 0.0573 0.0034 0.576 0.033 0.0723 0.0015 98.02 480 130 449.9 9.1 459 21 

CQ38_30 0.057 0.0031 0.612 0.032 0.0771 0.001 98.50 490 120 478.7 6.1 486 20 

CQ38_31 0.0555 0.0031 0.447 0.025 0.05921 0.00083 99.14 400 120 370.8 5 374 17 

CQ38_32 0.078 0.0056 0.651 0.043 0.06011 0.00096 32.43 1160 150 376.2 5.8 511 26 

CQ38_33 0.0687 0.0039 1.031 0.052 0.1085 0.0016 92.28 880 120 664.4 9.4 720 26 

CQ38_34 0.0993 0.0079 1.36 0.45 0.098 0.017 37.12 1630 110 605 91 875 97 

CQ38_35 0.0556 0.0033 0.523 0.03 0.06859 0.00095 100.14 410 130 427.6 5.7 427 20 

CQ38_36 0.0618 0.0038 0.731 0.042 0.0855 0.0014 94.60 650 140 528.8 8.4 559 25 

CQ38_37 0.0642 0.0035 0.986 0.05 0.1121 0.0014 98.36 730 120 685.6 8.3 697 25 

CQ38_38 0.0661 0.0039 0.665 0.042 0.0723 0.0015 87.70 810 120 449.9 9 513 25 

CQ38_39 0.0597 0.0034 0.62 0.033 0.0763 0.0015 96.89 590 120 473.8 9.1 489 21 

CQ38_40 0.069 0.0041 1.381 0.089 0.1453 0.004 99.89 880 130 875 23 876 37 

CQ38_41 0.0683 0.0035 1.379 0.065 0.1452 0.0014 99.31 880 110 873.9 7.7 880 27 

CQ38_42 0.0728 0.0044 1.428 0.081 0.1431 0.0036 95.67 980 130 862 21 901 37 

CQ38_43 0.0601 0.0033 0.699 0.035 0.0838 0.0012 96.72 590 120 519.4 7 537 21 

CQ38_44 0.0556 0.0037 0.465 0.036 0.0621 0.002 100.52 430 140 388 12 386 24 

CQ38_45 0.055 0.0034 0.473 0.027 0.0618 0.001 98.02 400 130 386.2 6.2 394 19 

CQ38_46 0.0636 0.0071 0.732 0.076 0.0892 0.0036 95.31 600 200 549 21 576 40 

CQ38_47 0.0725 0.0042 1.538 0.083 0.1527 0.0025 96.93 970 120 917 14 946 33 

CQ38_48 0.0555 0.0031 0.401 0.021 0.04688 0.00087 86.49 440 120 295.8 5.3 342 15 
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CQ38_49 0.0726 0.0039 1.265 0.063 0.1239 0.0021 75.30 1000 110 753 12 831 28 

CQ38_50 0.0938 0.0049 2.49 0.14 0.1902 0.0068 74.30 1510 110 1122 38 1266 51 

CQ38_51 0.0677 0.0051 1.004 0.066 0.1096 0.0033 97.10 730 170 669 19 689 38 

CQ38_52 0.0564 0.0033 0.485 0.027 0.06237 0.00098 97.48 440 130 389.9 6 400 19 

CQ38_53 0.0589 0.0032 0.648 0.036 0.0786 0.0014 96.00 590 110 487.7 8.2 508 22 

CQ38_54 0.0616 0.0033 0.674 0.033 0.0786 0.0011 93.00 650 110 487.3 6.8 524 20 

CQ38_55 0.0732 0.0044 0.891 0.053 0.0886 0.0015 54.72 1000 120 547.2 8.8 648 29 

CQ38_56 0.0789 0.0045 1.035 0.089 0.0958 0.0041 50.78 1160 110 589 24 726 40 

CQ38_57 0.058 0.0032 0.604 0.031 0.075 0.0012 97.72 520 120 467.1 7.4 478 20 

CQ38_58 0.0575 0.0031 0.603 0.03 0.0755 0.0011 97.89 500 120 468.9 6.3 479 19 

CQ38_59 0.0678 0.0064 0.71 0.15 0.0759 0.0057 87.22 820 150 471 33 540 64 

CQ38_60 0.1087 0.0099 1.4 0.58 0.096 0.017 33.20 1780 110 591 90 880 110 

CQ38_61 0.0595 0.0039 0.541 0.034 0.0653 0.0012 93.70 530 140 407.6 7.2 435 22 

CQ38_62 0.0565 0.0092 0.48 0.36 0.063 0.013 98.00 470 170 392 71 400 110 

CQ38_63 0.0589 0.0046 0.57 0.12 0.0695 0.0092 95.37 510 140 433 53 454 55 

CQ38_64 0.0692 0.0037 1.379 0.069 0.1447 0.0022 98.42 900 110 871 12 885 30 

CQ38_65 0.0559 0.0035 0.496 0.029 0.0644 0.0012 98.34 400 130 403.2 7.5 410 20 

CQ38_66 0.0581 0.0033 0.569 0.03 0.0712 0.0011 97.21 510 120 443.3 6.4 456 19 

CQ38_67 0.0569 0.0035 0.559 0.037 0.0712 0.0021 98.66 470 130 443 12 449 23 

CQ38_68 0.057 0.0032 0.63 0.033 0.0798 0.0012 99.82 490 120 495.1 7 496 20 

CQ38_69 0.0565 0.0035 0.549 0.032 0.0701 0.0013 98.36 440 130 436.7 7.8 444 21 

CQ38_70 0.056 0.011 0.48 0.56 0.063 0.016 98.25 410 210 392 77 399 73 

CQ38_71 0.062 0.0045 0.576 0.039 0.0665 0.0014 90.20 630 150 414.9 8.7 460 24 

CQ38_72 0.0576 0.0035 0.502 0.03 0.0626 0.0015 94.06 510 130 391.3 8.8 416 20 

CQ38_73 0.0588 0.004 0.549 0.036 0.0673 0.0017 93.54 550 140 420 10 449 23 

CQ38_74 0.0911 0.0056 2.53 0.17 0.2002 0.0074 81.45 1450 120 1181 39 1285 49 

CQ38_75 0.0602 0.0037 0.695 0.039 0.0829 0.0017 96.07 590 130 513 10 534 23 

CQ38_76 0.153 0.0078 7.89 0.38 0.3699 0.0058 85.13 2381 91 2027 27 2222 42 

CQ38_77 0.0539 0.0036 0.471 0.031 0.0624 0.0013 100.59 320 140 390.3 8 388 21 

CQ38_78 0.0568 0.0033 0.579 0.032 0.0746 0.0013 99.91 470 130 463.6 8 464 21 
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CQ38_79 0.0744 0.0046 1.92 0.11 0.1842 0.0034 103.71 1050 120 1089 18 1084 37 

CQ38_80 0.0612 0.0035 0.55 0.029 0.0646 0.0011 90.83 640 120 403.3 6.7 444 19 

CQ38_81 0.055 0.0036 0.536 0.034 0.0706 0.0013 100.78 390 130 439.4 8 436 23 

CQ38_82 0.0571 0.0038 0.515 0.032 0.065 0.0013 96.55 490 130 405.5 7.7 420 21 

CQ38_83 0.0689 0.004 1.118 0.061 0.1181 0.0019 95.12 870 120 721 11 758 30 

CQ38_84 0.0872 0.0061 2.62 0.17 0.2181 0.0063 93.31 1360 130 1269 33 1293 49 

CQ38_85 0.0772 0.0046 1.77 0.1 0.1648 0.0041 89.27 1100 130 982 23 1027 38 

CQ38_86 0.0569 0.0034 0.586 0.034 0.0749 0.0012 99.70 480 130 465.6 7.4 467 21 

CQ38_87 0.209 0.011 17.46 0.85 0.595 0.011 103.98 2911 85 3027 46 2964 48 

CQ38_88 0.0845 0.0055 2.41 0.15 0.2114 0.0047 95.74 1290 130 1235 25 1243 43 

CQ38_89 0.0578 0.0036 0.614 0.036 0.0774 0.0016 99.88 500 140 481.4 9.3 482 23 

CQ38_90 0.055 0.0033 0.594 0.032 0.0764 0.0021 100.64 410 130 474 12 471 20 

CQ38_91 0.0945 0.0049 2.73 0.13 0.2098 0.0037 80.66 1520 97 1226 20 1337 37 

CQ38_92 0.0561 0.0032 0.529 0.029 0.0674 0.0011 97.81 440 130 420.6 6.9 430 19 

CQ38_93 0.0556 0.0035 0.478 0.027 0.0621 0.0011 97.59 410 130 388.4 6.4 398 19 

CQ38_94 0.1177 0.0065 3.67 0.22 0.2269 0.0057 69.07 1914 95 1322 29 1565 44 

CQ38_95 0.0676 0.0036 1.292 0.065 0.1376 0.0023 99.05 840 110 833 13 841 29 

CQ38_96 0.065 0.0046 0.863 0.084 0.0981 0.0047 94.96 730 140 603 27 635 40 

CQ38_97 0.0661 0.005 1.011 0.084 0.1151 0.0048 100.14 750 160 701 27 700 41 

CQ38_98 0.0599 0.0039 0.764 0.045 0.0914 0.0017 97.58 580 140 564 10 578 26 

CQ38_99 0.0578 0.0033 0.589 0.031 0.074 0.0014 97.73 510 120 460.3 8.3 471 20 

CQ38_100 0.0611 0.0034 0.613 0.032 0.0714 0.0012 91.86 640 120 444.6 7.4 484 20 

CQ38_101 0.0559 0.0036 0.5 0.031 0.0644 0.0013 97.86 420 130 402.2 8.2 411 21 

CQ38_102 0.0576 0.0032 0.634 0.033 0.0796 0.0014 98.88 500 120 493.4 8.3 499 20 

CQ38_103 0.0558 0.0034 0.495 0.028 0.0639 0.0011 98.33 430 130 399.2 6.6 406 19 

CQ38_104 0.074 0.0041 0.934 0.05 0.0904 0.0019 54.17 1030 120 558 12 666 27 

CQ38_105 0.0565 0.0031 0.551 0.029 0.0703 0.0012 98.39 460 120 438.8 7 446 19 

CQ38_106 0.0555 0.0035 0.493 0.029 0.06426 0.0009 98.38 420 130 401.4 5.5 408 19 

CQ38_107 0.0679 0.0048 1.409 0.089 0.1485 0.0031 99.55 860 140 892 17 896 37 

CQ38_108 0.0567 0.0034 0.498 0.028 0.0636 0.001 97.11 440 130 397.2 6.1 409 19 
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CQ38_109 0.1013 0.0051 3.91 0.19 0.2845 0.0073 98.72 1640 100 1619 38 1616 44 

CQ38_110 0.0689 0.0039 0.669 0.034 0.0706 0.0011 84.92 880 120 439.9 6.6 518 21 

CQ38_111 0.0567 0.004 0.553 0.034 0.0718 0.0013 100.18 450 140 446.8 8.1 446 22 

CQ38_112 0.0573 0.0074 0.562 0.08 0.071 0.0017 98.00 480 150 442 10 451 37 

CQ38_113 0.0572 0.0032 0.586 0.03 0.074 0.0011 98.61 510 120 460.5 6.8 467 19 

CQ38_114 0.0697 0.0042 0.688 0.037 0.0716 0.0012 83.88 910 120 447.1 7.2 533 22 

CQ38_115 0.0575 0.0033 0.569 0.028 0.0722 0.0011 97.93 510 120 449.5 6.5 459 19 

CQ38_116 0.0551 0.0032 0.475 0.027 0.0625 0.0011 98.89 380 130 390.6 6.5 395 19 

CQ38_117 0.0573 0.0031 0.622 0.031 0.0799 0.0011 100.69 490 120 495.4 6.7 492 20 

CQ38_118 0.057 0.0031 0.602 0.03 0.0763 0.0013 99.29 480 120 473.6 7.8 477 19 

CQ38_119 0.0565 0.0034 0.577 0.033 0.0745 0.0012 99.96 450 120 462.8 7.4 463 21 

CQ38_120 0.0589 0.0033 0.622 0.032 0.0766 0.0012 96.84 560 120 475.5 7.2 491 20 

CQ38_121 0.0559 0.0031 0.617 0.032 0.0789 0.0011 100.33 430 120 489.6 6.8 488 20 

CQ38_122 0.0624 0.0041 0.744 0.073 0.087 0.0039 95.72 690 130 537 22 561 36 

CQ38_123 0.0605 0.0031 0.536 0.026 0.06402 0.00075 91.53 620 110 400 4.6 437 17 

CQ38_124 0.0594 0.0036 0.514 0.05 0.0631 0.0033 93.16 580 120 395 19 424 30 

CQ38_125 0.0579 0.0031 0.544 0.028 0.068 0.0011 96.39 510 120 424.1 6.5 440 18 

CQ38_126 0.0563 0.0038 0.519 0.032 0.0657 0.0011 97.20 450 130 410.2 6.5 422 21 

CQ38_127 0.0871 0.0057 1.417 0.098 0.1191 0.0038 54.48 1340 130 730 22 899 44 

CQ38_128 0.063 0.0037 0.649 0.036 0.0755 0.0018 92.14 690 110 469 11 509 22 

CQ38_129 0.0575 0.0031 0.601 0.03 0.0749 0.0014 97.53 510 120 465.2 8.4 477 19 

CQ38_130 0.0565 0.0034 0.52 0.029 0.0661 0.0012 96.78 460 120 412.3 7.3 426 19 

CQ38_131 0.0743 0.0042 1.359 0.072 0.1321 0.0024 76.10 1050 110 799 14 870 31 

CQ38_132 0.0558 0.0042 0.502 0.06 0.0649 0.0033 99.02 430 140 405 19 409 35 

CQ38_133 0.0554 0.0032 0.51 0.028 0.0654 0.0012 97.75 410 120 408.6 7.1 418 19 

CQ38_134 0.0577 0.0032 0.59 0.031 0.0734 0.0011 97.36 520 120 456.6 6.7 469 19 

CQ38_135 0.0567 0.0035 0.497 0.031 0.0653 0.0013 99.85 430 130 407.4 7.6 408 20 

 



Jan Varga 

P–T–t evolution of schist in the Qinling Orogenic Belt 

110 

 

APPENDIX I: U–Pb geochronology monazite results  

Analysis 207Pb/206Pb 2σ 207Pb/235U 2σ 206Pb/236U 2σ %Conc. 

207Pb/2006Pb 

Age (Ma) 2σ 

206Pb/238U 

Age (Ma) 2σ 

207Pb/235U 

age (Ma) 2σ 

QL-1              

MNZ_01 0.0682 0.0083 0.358 0.047 0.03702 0.00098 74.15 830 250 234.3 6.1 316 34 

MNZ_02 0.066 0.014 0.34 0.1 0.0375 0.0017 79.00 720 220 237 10 300 50 

MNZ_03 0.0523 0.0064 0.263 0.032 0.03595 0.00086 96.48 280 240 227.7 5.3 236 25 

MNZ_04 0.0538 0.0093 0.27 0.053 0.0356 0.001 93.18 350 240 225.5 6.2 242 36 

MNZ_05 0.067 0.017 0.345 0.092 0.0357 0.0013 75.15 800 240 226.2 8.3 301 52 

MNZ_06 0.064 0.01 0.321 0.058 0.0353 0.0011 79.36 680 240 223.8 6.8 282 40 

MNZ_07 0.254 0.069 1.8 1.3 0.073 0.015 15.35 2880 280 442 75 970 150 

MNZ_08 0.0539 0.0085 0.26 0.042 0.03421 0.00078 92.65 350 240 216.8 4.9 234 31 

MNZ_09 0.0573 0.0067 0.279 0.032 0.03432 0.00076 87.35 480 250 217.5 4.7 249 25 

MNZ_10 -- -- 0.5 5.5 0.048 0.047 78.95 850 470 300 180 380 330 

MNZ_11 -- -- 0.339 0.046 0.0375 0.0025 79.80 700 200 237 15 297 34 

MNZ_12 -- -- 0.304 0.047 0.0356 0.0026 83.96 590 180 225 16 268 34 

MNZ_13 -- -- 0.322 0.069 0.0368 0.0027 82.11 670 200 234 17 285 44 

MNZ_14 -- -- 0.326 0.065 0.0373 0.0027 82.81 640 180 236 17 285 42 

MNZ_15 -- -- 0.278 0.046 0.0363 0.0027 92.74 370 190 230 17 248 34 

MNZ_16 -- -- 0.292 0.038 0.0363 0.0023 88.80 460 180 230 15 259 29 

MNZ_17 -- -- 0.275 0.041 0.0351 0.0024 90.24 430 190 222 15 246 31 

MNZ_18 -- -- 0.361 0.046 0.0348 0.0023 21.15 1040 180 220 14 312 34 

MNZ_19 -- -- 0.264 0.033 0.0346 0.0022 92.41 410 180 219 14 237 26 

MNZ_20 0.075 0.019 0.59 0.2 0.0577 0.0084 80.22 900 520 361 51 450 120 

MNZ_21 0.1 0.029 0.57 0.23 0.0416 0.0062 16.86 1560 500 263 38 460 130 

MNZ_22 0.056 0.017 0.27 0.11 0.0346 0.0053 92.02 440 560 219 33 238 87 

MNZ_23 0.058 0.016 0.279 0.098 0.0342 0.0048 87.15 540 570 217 30 249 78 

MNZ_24 0.065 0.031 0.32 0.25 0.035 0.0062 78.93 680 530 221 38 280 140 

MNZ_25 0.073 0.055 0.49 0.39 0.0453 0.007 28.04 1020 490 286 42 400 190 

MNZ_26 0.061 0.018 0.29 0.11 0.034 0.0051 82.44 620 520 216 32 262 85 
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MNZ_27 0.052 0.015 0.33 0.13 0.0452 0.0065 98.96 310 550 285 40 288 93 

MNZ_28 0.058 0.011 0.49 0.12 0.0578 0.0034 88.73 460 410 362 20 408 86 

MNZ_29 0.061 0.012 0.368 0.089 0.0392 0.002 78.23 610 400 248 12 317 65 

MNZ_30 0.058 0.01 0.287 0.066 0.0344 0.0015 85.57 520 380 218.2 9.6 255 52 

MNZ_31 0.062 0.012 0.5 0.12 0.0547 0.003 84.07 640 380 343 18 408 80 

MNZ_32 0.065 0.012 0.35 0.082 0.0379 0.0018 78.69 750 370 240 11 305 63 

MNZ_33 0.0537 0.0096 0.296 0.068 0.0387 0.0018 92.80 350 380 245 11 264 52 

MNZ_34 0.116 0.022 0.71 0.17 0.0482 0.0026 19.80 1530 330 303 16 511 95 

MNZ_35 0.063 0.011 0.44 0.1 0.0486 0.0021 82.93 670 380 306 13 369 71 

MNZ_36 0.074 0.015 0.4 0.1 0.0364 0.0018 21.70 1060 370 230 11 346 69 

MNZ_37 -- -- -- -- -- -- -- -- -- -- -- -- -- 

MNZ_38 0.0602 0.009 0.41 0.13 0.0489 0.0093 87.25 570 210 308 57 353 78 

MNZ_39 0.063 0.024 0.42 0.44 0.046 0.012 83.43 690 260 292 67 350 120 

MNZ_40 0.0565 0.0079 0.29 0.1 0.0363 0.0089 89.49 470 210 230 54 257 69 

MNZ_41 -- -- -- -- -- -- -- -- -- -- -- -- -- 

MNZ_42 0.0595 0.0044 0.276 0.039 0.0335 0.0038 85.83 556 89 212 24 247 21 

MNZ_43 0.0621 0.0054 0.282 0.065 0.0325 0.0048 82.07 610 120 206 30 251 43 

MNZ_44 0.1037 0.0055 0.484 0.072 0.0334 0.0044 12.98 1633 94 212 27 395 47 

MNZ_45 0.186 0.024 1.34 0.22 0.0527 0.0076 12.90 2590 210 334 46 843 90 

MNZ_46 0.072 0.011 0.45 0.15 0.0443 0.0076 74.01 980 130 279 46 377 71 

MNZ_47 0.072 0.0034 0.37 0.047 0.0374 0.0047 74.21 938 95 236 29 318 35 

MNZ_48 0.059 0.01 0.32 0.11 0.0397 0.006 88.69 550 150 251 36 283 54 

MNZ_49 0.059 0.012 0.29 0.14 0.0338 0.0058 84.25 570 160 214 36 254 74 

MNZ_50 0.0555 0.0024 0.283 0.039 0.0365 0.0049 91.67 401 91 231 30 252 30 

MNZ_51 0.0609 0.0072 0.282 0.063 0.0332 0.0048 84.06 610 180 211 30 251 40 

MNZ_52 0.0584 0.006 0.279 0.067 0.0346 0.0049 87.95 510 120 219 30 249 46 

MNZ_53 0.074 0.01 0.37 0.15 0.0368 0.0067 70.61 980 140 233 41 330 68 

QL-2              

MNZ_01 0.806 0.028 96 14 0.87 0.13 78.07 4983 63 3890 340 4574 97 

MNZ_02 0.2096 0.0071 1.18 0.14 0.0407 0.0044 8.94 2874 48 257 27 786 56 
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MNZ_03 0.461 0.012 4.56 0.62 0.0706 0.0092 10.72 4106 34 440 55 1729 82 

MNZ_04 0.1154 0.0042 0.564 0.073 0.0354 0.0037 11.93 1877 48 224 23 451 42 

MNZ_05 0.11 0.017 0.52 0.26 0.0346 0.0052 12.23 1790 110 219 31 422 81 

MNZ_06 0.3165 0.0085 2.12 0.2 0.0483 0.0048 8.60 3534 43 304 30 1148 66 

MNZ_07 0.163 0.0085 0.78 0.12 0.035 0.0038 9.07 2448 63 222 24 583 52 

MNZ_08 0.223 0.014 1.21 0.56 0.0389 0.0084 8.22 2993 40 246 50 802 75 

MNZ_09 0.72 0.037 1310 240 11.6 2.2 257.69 4812 94 1.24E+04 1.50E+03 5690 470 

MNZ_10 0.1013 0.0066 0.48 0.082 0.0348 0.0036 13.57 1628 81 221 22 394 31 

MNZ_11 0.2409 0.0076 1.711 0.087 0.0512 0.0023 10.30 3116 50 321 14 991 29 

MNZ_12 0.281 0.014 2.15 0.17 0.0542 0.0028 10.11 3362 80 340 17 1146 53 

MNZ_13 0.25 0.012 1.65 0.12 0.046 0.0022 9.08 3193 81 290 14 977 45 

MNZ_14 0.282 0.015 1.93 0.16 0.0473 0.0022 9.12 3268 92 298 14 1037 50 

MNZ_15 0.1117 0.005 0.565 0.03 0.0358 0.0018 12.58 1804 79 227 11 453 19 

MNZ_16 0.5 0.014 5.05 0.23 0.0726 0.0033 10.67 4236 43 452 20 1823 39 

MNZ_17 0.242 0.014 1.54 0.12 0.0442 0.0021 9.04 3087 83 279 13 931 46 

MNZ_18 0.161 0.0081 0.9 0.066 0.0386 0.0019 9.90 2464 84 244 12 646 34 

MNZ_19 0.1267 0.0062 0.62 0.039 0.0351 0.0015 10.94 2037 91 222.9 9.4 486 25 

MNZ_20 0.1203 0.0045 0.661 0.053 0.04 0.0025 13.09 1933 68 253 16 511 32 

MNZ_21 0.23 0.013 1.41 0.13 0.0459 0.0032 9.54 3028 92 289 19 882 55 

MNZ_22 0.1398 0.0084 0.706 0.06 0.0392 0.0028 11.22 2210 100 248 17 541 36 

MNZ_23 0.282 0.013 1.89 0.17 0.0467 0.003 8.86 3320 73 294 19 1055 61 

MNZ_24 0.331 0.016 2.34 0.2 0.0523 0.0039 9.08 3624 83 329 24 1229 56 

MNZ_25 0.218 0.013 1.2 0.12 0.0398 0.0027 8.57 2939 98 252 17 784 56 

MNZ_26 0.274 0.014 1.58 0.17 0.0424 0.003 8.09 3301 80 267 18 956 63 

MNZ_27 0.611 0.023 14.1 1.5 0.184 0.02 22.44 4523 60 1015 88 2590 110 

MNZ_28 0.274 0.01 1.83 0.15 0.0474 0.003 9.03 3299 61 298 19 1032 56 

MNZ_29 0.681 0.027 17.5 1.6 0.184 0.014 22.99 4675 65 1075 74 2911 82 

MNZ_30 0.1743 0.0063 1.322 0.098 0.0543 0.0026 13.16 2591 58 341 16 854 40 

MNZ_31 0.27 0.012 1.91 0.22 0.0508 0.0032 9.74 3276 57 319 19 1068 56 

MNZ_32 0.23 0.015 1.37 0.24 0.0439 0.0034 9.11 3042 63 277 21 870 58 
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MNZ_33 0.449 0.016 4.36 0.35 0.0722 0.0047 10.99 4087 51 449 28 1704 52 

MNZ_34 0.1966 0.0062 1.167 0.081 0.0434 0.0022 9.90 2768 50 274 13 780 35 

MNZ_35 0.158 0.01 0.87 0.12 0.04 0.0023 10.52 2404 81 253 14 636 49 

MNZ_36 0.308 0.016 2.2 0.2 0.0519 0.0032 9.47 3443 70 326 19 1144 49 

MNZ_37 0.1597 0.0062 0.844 0.085 0.0384 0.0021 9.91 2451 50 243 13 616 37 

MNZ_38 -- -- -- -- -- -- -- -- -- -- -- -- -- 

MNZ_39 0.578 0.043 8.28 0.83 0.1017 0.0086 14.35 4300 130 617 49 2155 81 

MNZ_40 0.573 0.022 8.17 0.6 0.1038 0.0063 14.36 4436 55 637 36 2244 63 

MNZ_41 0.387 0.024 3.66 0.75 0.0592 0.0079 9.66 3831 73 370 45 1548 81 

MNZ_42 0.269 0.013 1.82 0.14 0.0452 0.0028 8.71 3273 82 285 17 1020 49 

MNZ_43 0.246 0.012 1.53 0.12 0.0453 0.0027 9.09 3137 77 285 17 926 47 

MNZ_44 0.2098 0.0094 1.322 0.094 0.0459 0.0027 10.00 2891 73 289 17 849 41 

MNZ_45 0.119 0.022 0.62 0.34 0.0366 0.0042 11.96 1940 140 232 24 490 70 

MNZ_46 0.376 0.016 3.1 0.22 0.0601 0.0035 9.86 3815 63 376 21 1421 53 

MNZ_47 0.4 0.032 5.8 1.9 0.077 0.017 12.02 3953 75 475 84 1877 76 

MNZ_48 0.128 0.014 0.93 0.2 0.0523 0.0042 16.24 2020 120 328 25 652 72 

QL-3              

MNZ_01 0.053 0.044 0.31 0.4 0.0429 0.0075 100.00 220 580 270 39 270 140 

MNZ_02 0.164 0.048 1.05 0.35 0.0474 0.0033 12.84 2320 510 298 18 710 170 

MNZ_03 0.064 0.018 0.32 0.1 0.0374 0.0015 84.39 670 550 236.3 9.2 280 76 

MNZ_04 0.17 0.12 1.7 1.9 0.0687 0.0091 16.36 2610 520 427 52 1040 300 

MNZ_05 0.058 0.021 0.31 0.14 0.0404 0.0016 92.06 440 550 255 10 277 95 

MNZ_06 0.069 0.022 0.34 0.13 0.0358 0.0015 76.26 920 560 226.5 9.2 297 95 

MNZ_07 0.056 0.018 0.29 0.1 0.0375 0.0014 92.18 410 550 236.9 8.6 257 76 

MNZ_08 0.059 0.017 0.289 0.092 0.0359 0.0013 88.02 510 570 227.1 7.9 258 72 

MNZ_09 0.062 0.019 0.29 0.1 0.0357 0.0014 87.94 590 560 226 8.4 257 72 

MNZ_10 0.08 0.026 0.38 0.15 0.0365 0.0014 20.61 1120 540 230.8 8.5 330 100 

MNZ_11 0.0561 0.0083 0.295 0.05 0.0378 0.0028 91.92 420 290 239 17 260 39 

MNZ_12 0.0539 0.0079 0.282 0.047 0.0374 0.0027 94.80 310 290 237 17 250 37 

MNZ_13 0.0532 0.008 0.277 0.048 0.036 0.0027 92.31 330 320 228 17 247 38 
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MNZ_14 0.0536 0.0079 0.268 0.045 0.0355 0.0027 93.75 330 300 225 17 240 36 

MNZ_15 0.0575 0.0085 0.287 0.049 0.0355 0.0027 88.24 480 300 225 17 255 38 

MNZ_16 0.075 0.013 0.346 0.063 0.0346 0.0027 75.00 730 330 219 17 292 48 

MNZ_17 0.102 0.024 0.75 0.17 0.0496 0.0069 18.25 1710 330 312 43 560 100 

MNZ_18 0.0501 0.0072 0.235 0.039 0.0337 0.0025 100.47 190 290 214 16 213 32 

MNZ_19 0.09 0.015 0.54 0.1 0.0429 0.0036 19.64 1380 290 271 22 440 68 

MNZ_20 0.077 0.012 0.413 0.073 0.039 0.0032 23.98 1030 310 247 20 347 53 

MNZ_21 0.073 0.029 0.44 0.22 0.0401 0.006 68.38 970 530 253 37 370 120 

MNZ_22 0.08 0.024 0.42 0.18 0.0416 0.0061 23.60 1110 570 262 38 350 120 

MNZ_23 0.071 0.031 0.56 0.26 0.0484 0.0074 67.78 980 530 305 45 450 160 

MNZ_24 0.055 0.02 0.32 0.14 0.0367 0.0055 82.86 410 610 232 34 280 100 

MNZ_25 0.059 0.021 0.3 0.14 0.0367 0.0056 87.22 480 530 232 35 266 95 

MNZ_26 0.079 0.023 0.18 0.2 0.0307 0.0055 18.75 1040 590 195 34 160 130 

MNZ_27 0.056 0.018 0.29 0.12 0.0355 0.0052 85.23 430 600 225 33 264 90 

MNZ_28 0.051 0.015 0.259 0.089 0.0343 0.0048 93.16 230 610 218 30 234 73 

MNZ_29 0.093 0.029 0.2 0.22 0.0299 0.0054 15.32 1240 530 190 34 180 140 

MNZ_30 0.196 0.069 0.48 0.8 0.0384 0.0081 9.76 2490 530 243 49 390 240 

MNZ_31 0.0851 0.0072 0.408 0.063 0.0359 0.0045 19.91 1140 140 227 28 343 41 

MNZ_32 0.0642 0.003 0.314 0.035 0.0358 0.0043 82.85 659 93 227 27 274 27 

MNZ_33 0.0553 0.0015 0.27 0.029 0.0358 0.0042 93.42 408 58 227 26 243 23 

MNZ_34 0.405 0.042 12.3 2.1 0.195 0.038 28.49 3720 180 1060 160 2280 170 

MNZ_35 0.414 0.087 19.8 6.1 0.175 0.059 25.07 3470 350 870 240 2330 380 

MNZ_36 0.1106 0.0076 0.61 0.075 0.0419 0.005 15.96 1660 130 265 30 471 45 

MNZ_37 -- -- -- -- -- -- -- -- -- -- -- -- -- 

MNZ_38 0.0721 0.004 0.376 0.044 0.0378 0.0045 74.22 890 110 239 28 322 32 

MNZ_39 0.326 0.042 3.8 0.57 0.078 0.011 17.89 2660 350 476 67 1310 140 

MNZ_40 0.0602 0.0024 0.3 0.02 0.0365 0.0017 86.84 591 80 231 10 266 15 

MNZ_41 0.0702 0.0051 0.343 0.032 0.0354 0.0017 76.19 810 120 224 10 294 22 

MNZ_42 0.0657 0.0053 0.319 0.032 0.0357 0.0018 80.43 670 140 226 11 281 22 

MNZ_43 0.094 0.0067 0.466 0.043 0.0353 0.0018 15.93 1400 130 223 11 386 28 
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MNZ_44 0.0777 0.0074 0.399 0.046 0.0364 0.0019 21.70 1060 130 230 12 339 30 

MNZ_45 0.152 0.012 0.9 0.095 0.0433 0.0022 11.87 2300 120 273 14 634 44 

MNZ_46 0.0623 0.0022 0.307 0.019 0.0363 0.0017 84.56 658 73 230 10 272 14 

MNZ_47 0.106 0.021 0.61 0.16 0.0419 0.004 15.81 1670 170 264 24 465 63 

MNZ_48 0.0537 0.0021 0.248 0.016 0.034 0.0016 95.98 336 79 215 10 224 12 

MNZ_49 0.284 0.04 2.03 0.28 0.0514 0.0055 15.19 2100 380 319 33 910 100 

CQ38S1              

MNZ_01 0.1 0.01 0.91 0.11 0.0685 0.0011 28.10 1520 220 427.1 6.7 643 61 

MNZ_02 0.0714 0.0068 0.728 0.084 0.0638 0.0012 71.77 980 180 398.3 7.2 555 48 

MNZ_03 0.0801 0.0075 0.692 0.075 0.0625 0.0015 32.53 1200 190 390.4 8.8 534 43 

MNZ_04 0.076 0.014 0.67 0.18 0.0647 0.0013 38.14 1060 200 404.3 8 518 79 

MNZ_05 0.0637 0.0058 0.629 0.067 0.06218 0.00099 78.70 720 190 388.8 6 494 42 

MNZ_06 0.0717 0.0066 0.621 0.068 0.0629 0.001 80.41 980 190 393.2 6.3 489 43 

MNZ_07 0.0621 0.006 0.615 0.067 0.0656 0.0011 84.47 990 190 409.7 6.5 485 42 

MNZ_08 0.0721 0.0066 0.615 0.069 0.06468 0.00091 83.13 680 200 404 5.5 486 43 

MNZ_09 0.0671 0.0062 0.599 0.065 0.06552 0.00099 85.77 830 190 409.1 6 477 40 

MNZ_10 0.065 0.0065 0.597 0.071 0.0658 0.001 86.89 740 190 411 6.3 473 43 

MNZ_11 0.068 0.0063 0.587 0.065 0.06349 0.00092 84.58 840 180 396.7 5.6 469 41 

MNZ_12 0.0632 0.0058 0.581 0.065 0.0575 0.0011 77.46 710 190 360.2 6.8 465 40 

MNZ_13 0.0648 0.006 0.567 0.062 0.0645 0.001 88.79 750 200 403.1 6.4 454 40 

MNZ_14 0.0649 0.0059 0.559 0.061 0.0644 0.001 89.29 770 190 402.7 6.1 451 40 

MNZ_15 0.0591 0.0053 0.555 0.059 0.06063 0.00098 84.69 560 190 379.4 5.9 448 38 

MNZ_16 0.0645 0.0058 0.554 0.06 0.05523 0.00091 77.34 750 190 346.5 5.6 448 40 

MNZ_17 0.0612 0.0055 0.553 0.058 0.05591 0.00074 78.46 650 190 350.7 4.5 447 39 

MNZ_18 0.06 0.0056 0.547 0.06 0.06613 0.00094 93.18 600 200 412.8 5.7 443 39 

MNZ_19 0.0622 0.0056 0.539 0.061 0.05453 0.00096 78.13 690 190 342.2 5.8 438 40 

MNZ_20 0.0617 0.0057 0.538 0.059 0.06568 0.00091 93.61 660 190 410 5.5 438 39 

MNZ_21 0.0601 0.0056 0.534 0.059 0.0639 0.001 92.19 590 190 399.2 6.3 433 38 

MNZ_22 0.062 0.0056 0.529 0.056 0.06242 0.00095 90.53 670 190 390.2 5.8 431 38 

MNZ_23 0.0635 0.0061 0.528 0.06 0.06215 0.00086 90.37 720 190 388.6 5.2 430 39 
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MNZ_24 0.0619 0.0056 0.526 0.057 0.06448 0.00093 93.87 670 190 402.7 5.6 429 38 

MNZ_25 0.0584 0.0053 0.522 0.055 0.0602 0.001 88.24 550 200 376.8 6.2 427 37 

MNZ_26 0.0585 0.0053 0.521 0.057 0.06457 0.00095 94.89 540 190 403.3 5.7 425 38 

MNZ_27 0.06 0.041 0.52 0.89 0.0651 0.0071 96.90 600 330 407 41 420 180 

MNZ_28 0.0598 0.0074 0.52 0.12 0.0656 0.0039 96.25 590 180 411 23 427 54 

MNZ_29 0.0571 0.0052 0.516 0.056 0.0647 0.001 95.53 490 200 404.1 6.3 423 38 

MNZ_30 0.0594 0.0055 0.515 0.055 0.06424 0.00092 95.32 610 200 401.3 5.6 421 37 

MNZ_31 0.0578 0.0053 0.513 0.056 0.06431 0.00095 95.42 520 200 401.7 5.8 421 37 

MNZ_32 0.0572 0.0052 0.509 0.055 0.06457 0.00096 96.48 500 200 403.3 5.8 418 37 

MNZ_33 0.0572 0.0052 0.504 0.055 0.06557 0.00091 98.65 540 200 409.4 5.5 415 37 

MNZ_34 0.0584 0.0053 0.504 0.055 0.0656 0.001 99.10 520 200 409.3 6.3 413 37 

MNZ_35 0.0574 0.0053 0.504 0.055 0.06516 0.00098 98.17 500 210 407.4 5.9 415 37 

MNZ_36 0.0595 0.007 0.503 0.054 0.0654 0.001 98.91 500 190 408.5 6.3 413 37 

MNZ_37 0.0571 0.0052 0.503 0.073 0.062 0.0011 93.85 570 200 387.6 6.4 413 44 

MNZ_38 0.0552 0.005 0.501 0.054 0.06527 0.00099 98.91 420 210 407.5 6 412 36 

MNZ_39 0.0577 0.0053 0.499 0.054 0.06594 0.00095 99.90 510 190 411.6 5.7 412 36 

MNZ_40 0.0581 0.0052 0.498 0.054 0.0625 0.00088 95.09 530 200 390.8 5.4 411 36 

MNZ_41 0.0574 0.0052 0.498 0.053 0.0644 0.001 98.27 410 210 402.9 6.1 410 36 

MNZ_42 0.0551 0.005 0.498 0.054 0.06387 0.00097 97.34 510 200 399.1 5.9 410 37 

MNZ_43 0.0568 0.0052 0.497 0.057 0.06613 0.00098 100.93 420 200 412.8 5.9 409 38 

MNZ_44 0.0554 0.0053 0.497 0.054 0.0654 0.00093 99.59 470 190 408.3 5.7 410 37 

MNZ_45 0.0569 0.0052 0.496 0.055 0.06385 0.00095 97.79 470 200 399 5.9 408 37 

MNZ_46 0.057 0.0052 0.493 0.054 0.06387 0.00093 97.82 490 200 399.1 5.6 408 36 

MNZ_47 0.0566 0.0051 0.493 0.054 0.06562 0.0009 100.91 470 200 409.7 5.4 406 37 

MNZ_48 0.0564 0.0051 0.488 0.053 0.06462 0.00098 100.15 460 210 403.6 5.9 403 36 

MNZ_49 0.0605 0.0055 0.485 0.053 0.0575 0.00094 89.85 620 200 360.3 5.8 401 37 

MNZ_50 0.0556 0.005 0.484 0.052 0.06392 0.00094 99.60 430 200 399.4 5.7 401 35 

MNZ_51 0.057 0.0052 0.483 0.052 0.06218 0.00099 96.96 490 200 388.8 6 401 35 

MNZ_52 0.0569 0.0055 0.481 0.056 0.06118 0.0009 96.18 490 170 382.8 5.5 398 34 

MNZ_53 0.0565 0.0052 0.48 0.052 0.06478 0.0009 101.40 470 200 404.6 5.4 399 36 
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MNZ_54 0.0551 0.005 0.479 0.052 0.06379 0.00092 100.40 420 210 398.6 5.6 397 36 

MNZ_55 0.0582 0.0059 0.478 0.061 0.0628 0.0011 99.17 530 190 392.7 6.7 396 36 

MNZ_56 0.0565 0.0051 0.478 0.053 0.064 0.0013 100.68 460 200 399.7 7.8 397 36 

MNZ_57 0.0539 0.0049 0.477 0.051 0.06337 0.00085 100.03 360 200 396.1 5.1 396 35 

MNZ_58 0.0551 0.005 0.476 0.051 0.0645 0.00098 101.74 410 200 402.9 5.9 396 35 

MNZ_59 0.0569 0.0052 0.475 0.052 0.06241 0.00097 98.54 480 200 390.2 5.9 396 36 

MNZ_60 0.0562 0.0052 0.475 0.052 0.06286 0.00091 99.47 450 200 392.9 5.5 395 36 

MNZ_61 0.0555 0.005 0.474 0.05 0.06197 0.00089 98.13 430 210 387.6 5.4 395 34 

MNZ_62 0.0555 0.005 0.474 0.051 0.06342 0.00095 100.61 450 200 396.4 5.7 394 36 

MNZ_63 0.0564 0.0051 0.473 0.051 0.06298 0.00084 100.18 470 200 393.7 5.1 393 35 

MNZ_64 0.0568 0.0051 0.468 0.051 0.06048 0.00096 97.30 490 190 378.5 5.8 389 35 

MNZ_65 0.0554 0.005 0.467 0.05 0.06259 0.00098 100.33 420 200 391.3 6 390 35 

MNZ_66 0.0554 0.005 0.466 0.051 0.06185 0.00086 99.69 430 200 386.8 5.2 388 35 

MNZ_67 0.056 0.0053 0.465 0.053 0.06053 0.00087 98.01 460 190 379.3 5.3 387 33 

MNZ_68 0.0542 0.0049 0.461 0.05 0.0612 0.0009 99.71 370 200 382.9 5.4 384 35 

MNZ_69 0.0558 0.0086 0.46 0.11 0.0626 0.0021 101.82 440 200 392 12 385 55 

MNZ_70 0.0537 0.0049 0.459 0.05 0.06178 0.00096 100.89 360 210 386.4 5.8 383 34 

MNZ_71 0.0557 0.0051 0.455 0.051 0.06054 0.00092 99.68 440 200 378.8 5.6 380 35 

MNZ_72 0.053 0.0049 0.449 0.048 0.05904 0.00091 97.83 330 210 369.8 5.6 378 34 

MNZ_73 0.0545 0.005 0.446 0.049 0.05925 0.00089 98.93 390 200 371 5.4 375 34 

MNZ_74 0.055 0.017 0.43 0.17 0.0575 0.0015 98.50 430 260 360.5 8.9 366 81 

MNZ_75 0.057 0.0052 0.425 0.046 0.05426 0.0008 94.87 490 200 340.6 4.9 359 33 

MNZ_76 0.0545 0.0049 0.42 0.048 0.0566 0.001 99.69 390 200 354.9 6.1 356 34 

MNZ_77 0.0573 0.0052 0.415 0.045 0.05266 0.00093 93.98 500 200 330.8 5.7 352 33 

MNZ_78 0.054 0.0049 0.411 0.045 0.05741 0.00075 102.83 370 200 359.9 4.6 350 32 

MNZ_79 0.0539 0.0053 0.405 0.042 0.0553 0.0016 100.87 360 190 348 10 345 32 
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APPENDIX J: Range of chemistry for selected minerals 
Range of chemistry for selected minerals. Representative analyses are given in.  

 QL-1 CQ38S1 2QS2 4QS4  

Garnet core   
   

Xalm ─ 0.573–0.638 - -  

Xpy ─ 0.061–0.074 - -  

Xgrs ─ 0.069–0.086 - -  

Xsps ─ 0.208–0.278 - -  

Garnet Rim   
   

Xalm ─ 0.617–0.714 - -  

Xpy ─ 0.069–0.111 - -  

Xgrs ─ 0.070–0.085 - -  

Xsps ─ 0.10–0.20 - -  

Cordierite      

XFe - - 0.377–0.382 -  

Biotite   
   

F (wt%) 0.261–0.384 0.20–0.27 0.526–0.528 0.318–0.322  

Cl (wt%) 0.014–0.037 0.014–0.036 0.017–0.040 0.005–0.013  

TiO2 (wt%) 1.867–2.103 1.249–1.256 1.295–1.453 2.438–2.938  

Xbi 0.437–0.442 0.474–0.497 0.474–0.487 0.541–0.571  

Muscovite   
   

n(mu) ─ 0.122–0.161 0.127–0.135 0.089–0.094  

c(mu) ─ 0.000–0.002 0 0.001–0.003  

p(mu) ─ 0.716–0.746 0.687–0.678 0.1–0.772  

p(cel) ─ 0.050–0.069 0.056–0.058 0.055–0.406  

p(fcel) ─ 0.050–0.062 0.128–0.131 0.071–0.404  

Plagioclase   
   

p(ab) 0.937–0.940 ─ - 0.878  

p(an) 0.058–0.061 ─ - 0.118  

p(san) 0.002 ─ - 0.004  

Ilmenite   
   

g(ilm) ─ 0.001–0.19 0.001 0.001–0.007  

m(ilm) ─ 0.061–0.070 0.085–0.104 0.018–0.050  

p(ilm) ─ 0.937–1.016 0.823–0.895 0.950–0.989  

p(hem) ─ (-ve) 0.005–0.090 0.000–0.014  

MnO (wt%) ─ 1.159–4.708 3.913–4.755 0.827–2.249  

TiO2 (wt%) ─ 50.189–52.242 47.052–51.063 50.871–53.187  

Xalm=Fe2+/(Fe2++Mg+Ca+Mn), Xpy=Mg/(Fe2++Mg+Ca+Mn), Xgrs=Ca/Fe2++Mg+Ca+Mn), Xsps=Mn/( 

Fe2++Mg+Ca+Mn), Xbi=Fe/( Fe2++Mg) 
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Garnet  

Garnet in CQ38S1 is predominantly alamandine-spessartine mixtures, with core Xalm of and 

core Xspss of. Consistent with prograde garnet zonation. Neither Xgrs nor Xpy show significant 

zonation. Negligible increase of Xgrs  and decrease of Xpy towards the core.  

Cordierite + Feldspars  

2QS2 is the only sample preserving cordierite which isn’t wholly pinitized. The range of XFe 

values occur between   0.377-0.382. Plagioclase occurs in all samples, but was only analysed 

in QL-1 and 4QS4—both are identified as albite, QL-1 Pab = 0.937-0.940 and 4QS4 Pab = 

0.878.  

Biotite 

Biotite in all samples is relatively titanium-low, with TiO2 values of 1.248–2.938 wt%. 

Sample 4QS4 is most titanium-rich, 2.438–2.938 wt%. Samples QL-1, CQ38S1 and 2QS2 

have higher Cl contents (0.014–0.04) than sample 4QS4 (0.005–0.013). 2QS2 has the highest 

F contents (0.526–0.528) compared to the QL-1, CQ38S1 and 4QS4 (0.20–0.322).  

Muscovite  

Samples CQ38S1, 2QS2 and 4QS4 consist of 67–77% muscovite component. Of that 

muscovite component, the paragonite component (amount of Na2O) occurs between 9–16%. 

Ilmenite 

QL-1 is ilmenite absent, containing rutile. Samples CQ38S1, 2QS2 and 4QS4 contain 0.827–

4.708 wt% MnO and 47.052–53.187 wt% TiO2. Higher wt% MnO values occur in 2QS2.  

APPENDIX K: EPMA methods  
Bulk rock and mineral chemistry methodologies follow those of Tucker et al. (2015). 

Chemical compositions of garnet, cordierite, andalusite, staurolite, plagioclase, chlorite, 

biotite, muscovite, ilmenite, rutile and magnetite were acquired utilizing a Cameca SXFive 

electron microprobe at Adelaide Microscopy, The University of Adelaide following the 

methodology of Tucker et al. (2015). For each spot analysis, a beam current of 20 nA and 

accelerating voltage of 15 kV was set, and a PAP correction was applied to all data. Each 

analysis resulted in measurements of SiO2, TiO2, Cr2O3, Al2O3, FeO, MnO, MgO, CaO, 

Na2O, K2O, ZnO, Cl and F using Wavelength Dispersive Spectrometers (WDS). Callibration 

was undertaken on natural and synthetic mineral standards, following standard protocols used 

at Adelaide Microscopy.  

APPENDIX L: Extended geochronology methods 
U–Pb ISOTOPIC DATING OF ZIRCON AND MONAZITE  
 

Methodologies follow those of  Payne et al. (2008). Mounted zircon and monazite grains 

were imaged using a Quanta 600 Scanning Electron Microscope (SEM), with an attached 

Gatan Cathodoluminesence (CL) detector (utilized specifically for mounted zircon grains) at 

Adelaide Microscopy, The University of Adelaide. Zircon in the <79 μm fraction did not 

show complex internal structure due to grain size (commonly <30 μm). Zircon grains of ~30 

μm did, however, show brightness e.g. Fig. 8c. The use of Electron-Dispersive Spectroscopy 

(EDS) x-ray spot analysis confirmed zircon. Monazites were identified on the basis of 

brightness (brightest observable grains). In-situ monazite grains in samples QL-1, QL-2 and 



Jan Varga 

P–T–t evolution of schist in the Qinling Orogenic Belt 

120 

 

QL-3 were imaged using a back-scattered electron (BSE) detector on a Quanta 600 SEM to 

determine their microstructural locations. 

 

 

U–Pb DATA ACQUISITION  

 

U–Pb isotopic data were collected using Laser Ablation–Inductively Coupled Plasma–

Mass Spectrometry (LA–ICP–MS) on mounted monazite and zircon grains, and in-situ (thin-

section) for additional monazite grains. LA–ICP–MS analyses were done at the University of 

Adelaide, following the method of Payne et al. (2008). Zircon and monazite acquisition was 

undertaken with 30 seconds of background measurement and 30 seconds of sample ablation.  

 

Zircon U-Pb isotopic analyses (QL-3, 2QS2, 4QS4 and CQ38S1) were acquired using a 

ASI M50 laser coupled with an Agilent 7700 ICP–MS. Ablation of zircon in all samples was 

performed with a frequency of 5 Hz and a spot size of 20 μm. Monazite U–Pb isotopic 

analyses (samples QL-1, QL-2 and QL-3) were acquired using a New Wave 213 nm Nd–

YAG laser coupled with an Agilent 7500cs ICP–MS (spot size 15 μm, ablation in a He 

atmosphere and laser frequency of 4 Hz). U–Pb isotopic analyses for sample CQ38S1 were 

acquired using an ASI M50 laser coupled with an Agilent 7700 ICP–MS (spot size of 20 μm 

in a He atmosphere and laser frequency of 5 Hz).  

 

DATA REDUCTION AND PROCESSING  

 

Zircon and monazite isotopic data were reduced using Iolite software (Paton et al., 2011). 

Elemental fractionation and mass bias for zircon geochronology was corrected using the 

primary zircon standard GJ (TIMS normalisation data: 207Pb/206Pb = 608.3 Ma, 206Pb/238U = 

600.7 Ma and 207Pb/235U = 602.2 Ma; (Payne et al., 2008). For monazite, primary standard 

MAdel was used (TIMS normalisation data: 207Pb/206Pb = 491.0 ± 2.7 Ma, 206Pb/239U = 

518.37 ± 0.99 Ma and 207Pb/235U = 513.13. ± 0.19 Ma: updated from Payne et al. (2008) with 

additional TIMS analyses). Data accuracy was monitored by the use of secondary standards, 

including 94-222/Bruna-NW (SHRIMP data: 206Pb/238U 450.2 ± 3.4 Ma), MtGt (~325 Ma) 

and Ambat (~525 Ma).  

 

Bracketing zircon and monazite analyses on unknowns accounted for instrument drift—10 

unknown zircon analyses were done before bracketing, and 5–6 unknown monazite analyses 

were done before bracketing. Weighted average ages of standard analyses in this study are 

provided in. Ages quoted in this study are predominantly 206Pb/238U due to the majority of 

data being <1000 Ma. However, ages >1,000 Ma are quoted as 207Pb/206Pb ages. All errors 

are at the 2σ level unless stated otherwise. Concordance was calculated using the ratio 

(206Pb/238U) / (207Pb/206Pb).  

 

Weighted average ages collected for in-situ monazite analyses (samples QL-1, QL-2 and 

QL-3) throughout the course of this study for the primary (MADel) and in-house (222, 

MtGarnet and Ambat) monazite standards; MADel are 207Pb/206Pb = 495±20 Ma (n = 147, 

MSWD = 15), 206Pb/238U = 517 ± 1.9 Ma (n = 147, MSWD = 0.99), and 207Pb/235U = 513.5 ± 

4.1 Ma (n = 147, MSWD = 2.3). 222 were 207Pb/206Pb = 420.7±8.4 Ma (n = 49, MSWD = 

0.96), 206Pb/238U = 447 ± 13 Ma (n = 49, MSWD = 17), and 207Pb/235U = 449.1 ± 6.8 Ma (n = 

49, MSWD = 2.6). MtGarnet are 207Pb/206Pb = 473.2 ± 8.3 Ma (n = 48, MSWD = 1.09), 
206Pb/238U = 328.6 ± 9.7 Ma (n = 48, MSWD = 12), and 207Pb/235U = 346 ± 14 Ma (n = 48, 
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MSWD = 12). Ambat are 207Pb/206Pb = 473.2 ± 8.3 Ma (n = 48, MSWD = 1.09), 206Pb/238U 

=537 ± 17 Ma (n = 48, MSWD = 23), and 207Pb/235U = 508 ± 5.6 Ma (n = 48, MSWD = 1.4).  

 

Weighted average ages collected for expoy resin mounted monazite analyses in sample 

CQ38S1 analyses throughout the course of this study for the primary (MADel) and in-house 

(222, MtGarnet and Ambat) monazite standards; MADel are 207Pb/206Pb = 490 ± 23 Ma (n = 

75, MSWD = 0.30), 206Pb/238U = 518.37 ± 0.86 Ma (n = 75, MSWD = 0.85), and 207Pb/235U = 

513 ± 5 Ma (n = 75, MSWD = 0.18). 222 were 207Pb/206Pb = 443 ± 47 Ma (n = 18, MSWD = 

0.25), 206Pb/238U = 446.1 ± 1.7 Ma (n = 18, MSWD = 1.3), and 207Pb/235U = 446.6 ± 9.1 Ma 

(n = 18, MSWD = 0.44). MtGarnet are 207Pb/206Pb = 423 ± 98 Ma (n = 18, MSWD = 3.8), 
206Pb/238U = 318.4 ± 3.4 Ma (n = 18, MSWD = 6.8), and 207Pb/235U = 328 ± 12 Ma (n = 18, 

MSWD = 2.2). Ambat are 207Pb/206Pb = 575 ± 130 Ma (n = 18, MSWD = 6.5), 206Pb/238U = 

514.7 ± 3.1 Ma (n = 18, MSWD = 3.3), and 207Pb/235U = 519 ± 23 Ma (n = 18, MSWD = 

4.3).  

Weighted average ages collected for epoxy resin mounted zircon analyses in sample QL-3, 

2QS2, 4QS4 and CQ38S1 analyses throughout the course of this study for the primary (GJ) 

and in-house PLES zircon standards; GJ are 207Pb/206Pb = 560 ± 13 Ma (n = 156, MSWD = 

0.99), 206Pb/238U = 601.8 ± 1.1 Ma (n = 156, MSWD = 0.82), and 207Pb/235U = 601.7 ± 2.8 

Ma (n = 156, MSWD = 0.99). PLES are 207Pb/206Pb = 292 ± 21 Ma (n = 62, MSWD = 1.3), 
206Pb/238U = 388.9 ± 1.1 Ma (n = 62, MSWD = 1.5), and 207Pb/235U = 336.7 ± 3.0 Ma (n = 62, 

MSWD = 1.4). 

 


