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Abstract

Abstract

The Kunlun Mountains, located along the northern margin of the Tibetan Plateau in Qinghai, Western
China play an important role in the collision history between Eurasia and India. However, not much
research has been done on both metamorphic P-T conditions and geochronology. A combined P-T
modelling and “°Ar/*Ar dating study on the Jinshuikou group in the Kunlun Mountains revealed a
metamorphic event of Silurian — Devonian age. Peak conditions of amphibolite to granulite facies of
750°C, 13 kbar and 800°C, 10 kbar are at higher pressure and lower temperature conditions than
previously found by Liu et al. (2005). Dating of hornblende, biotite, muscovite and K-feldspar of
metamorphic and intrusive rocks from the Jinshuikou group revealed four age groups: 1) 450.27 + 22.60
Ma till 403.25 + 17.89 Ma; 2) 353.40 + 14.62 Ma till 263.43 + 9.97 Ma; 3) 252.58 + 8.87 Ma till 199.86 +
43.37 Ma and 4) 215.11 + 5.48 Ma till 184.26 + 7.52 Ma. These groups all correspond to important
accretion phases of microcontinents to the Eurasian continent with corresponding magmatic events.
Ages found display cooling rather than forming ages and are (partially) reset by new pulses of magmatic
intrusions.

By combining P-T modelling with the thermal history based on argon dates from this study and
U-Pb zircon and AHe ages from literature, initial cooling rates of 10 — 14°C/Ma between 430 and 400 Ma
were found, decreasing exponentially to 2.0°C/Ma between 400 and 300 Ma. Reheating of sample
locations 1 and 5 by Permian — Triassic intrusions caused another phase of exponential cooling, followed
by a fluctuation around 250°C due to several phases of granitic intrusions. A paleo geothermal gradient
of 50°C/km between peak metamorphism and present is assigned to the Jinshuikou group, which
implies a denudation rate of 0.1 km/Ma and total unroofing of 40 km.
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Introduction

1. Introduction

The Kunlun Mountains, located along the northern margin of the Tibetan Plateau in Qinghai, Western
China, play an important role in the collision history between Eurasia and India. However, not much
research has been done on both metamorphic P-T conditions and geochronology. By investigating the
metamorphic grade and internal variations therein, combined with timing of metamorphism by “°Ar/*°Ar
dating of selected samples from the Jinshuikou group in the Kunlun Mountains, we hope to improve the
understanding of its tectonic history.

This research is a collaboration between VU University Amsterdam and China University of
Geosciences Wuhan. A fieldwork for a period of one week was carried out in the Kunlun Mountains in
July 2012. During this fieldwork gneisses, amphibolites and granites (both syn- and post metamorphic)
were sampled at five locations along a transect in the Jinshuikou group. The transect was orientated
along the strike of the mountain belt over a distance of approximately 430 km.

1.1. Background

The Kunlun Mountains were accreted against the southern margin of Eurasia as one of a series of
microcontinents and island-arcs positioned in the Tethys ocean during the Paleozoic and Mesozoic
(Dewey et al., 1988; Xiao et al., 2003; Yin and Nie, 1996; Zhiqin et al., 1997). The final collision event in
this series is the Indo-Asian collision during the Cenozoic, which started between 70-34 Ma (Aitchison et
al.,, 2007; Mo et al., 2008; Royden et al., 2008; Zhu et al., 2005). Evidence for accretion towards the
Eurasian continent is clear as deformation in each subsequent unit becomes younger southwards across
the plateau (Dewey et al., 1988).

From recent studies it appears that the convergence of the Kunlun Mountains lasted at least
from Early Paleozoic up to Cenozoic (Liu et al., 2005; Mock et al., 1999). From this long lasting sequence
of orogenetic phases, four age groups of different tectonic events in the Kunlun Mountains were
identified by Liu et al. (2005) and Arnaud et al. (2003), of which at least two could be ascribed to distinct
metamorphic events of granulite and amphibolite facies of Middle Silurian - Late Devonian and Triassic
age. This was followed by magmatic intrusions and partial overprinting of earlier fabrics. The third age
group of Middle Jurassic — Lower Cretaceous age represents a sinistral deformation regime as strike-slip
structures in mylonites. The last age group represents late-stage exhumation during the Himalayan
orogenesis of Oligocene age.

1.2. Projectaim

This project aims to investigate the tectonic history of the Kunlun Mountains and more specifically the
Jinshuikou group. This will be done by thermodynamic modelling of samples collected on a west-east
transect along the eastern Kunlun Mountains, using the computer program Perple_X (Connolly, 2005).
OAr/*Ar dating of these samples will hopefully give an idea of the timing of different events. Combining
these results, P-T-t paths for different locations in the Kunlun Mountains can be resolved, providing
information on the tectonic history and ultimately differences therein for different parts of the Kunlun
Mountains.

In chapter 2, an overview of the geological setting will be given, followed by the research
methodology in chapter 3. Then, results of the “°Ar/**Ar dating will be shown in chapter 5, and of the
thermodynamic modelling in the program Perple_X (Connolly, 2005) in chapter 6, followed by the
discussion and conclusions in chapters 7 and 8 respectively.
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2. Geological setting

The study area is located in the eastern Kunlun Mountains, on the north-eastern edge of the Tibetan
plateau. The Kunlun Mountains are part of the Himalayan-Tibetan orogen, which is in turn part of the
Himalayan-Alpine system and stretches from Spain in the west, to Indonesia in the east (Yin and
Harrison, 2000). During the Palaeozoic to Mesozoic, subsequent accretion of microcontinents to the
southern margin of the Eurasian continent formed the orogen (Yin and Nie, 1996). These continents
include amongst others the North- and South Tarim block, North- and South China block, Qaidam block,
Qiangtang block and Lhasa block. A short reconstruction of the plate configuration and formation of the
Himalayan-Tibetan orogen after (Yin and Nie, 1996) will be given. The simplified tectonic model is shown
in Figure 1. In this figure, the future Kunlun Mountains and Altyn Tagh fault are indicated.

During the Silurian to mid-Devonian, the South Tarim and Qaidam block moved northward,
causing subduction of a small paleo-ocean underneath the North Tarim and North China block and
subsequent collision (Dai et al., 2013) (Figure 1A). Evidence for this accretion and subduction is found in
widespread Silurian and Early-Devonian granites across the Eastern Kunlun range (Figure 2) and
hornblende, muscovite and biotite “°Ar/*Ar ages (Chen et al., 2002; Liu et al., 2005). This was followed
by subduction of this group underneath the Siberia-Kazakhstan plate during the Devonian (Figure 1B).
During the Carboniferous — Permian the South China block started to subduct underneath the North
China-Qaidam plate and a magmatic arc formed along the southern margin of the Qaidam block, where
in the future the Kunlun Mountains will be (Figure 1C). In the Late Permian, collision of the South China
block with the North China-Qaidam plate started, propagating from east to west. Widespread granitoids
from this period can be found (Dai et al., 2013) (Figure 2). Simultaneous subduction of the Paleo-Tethys
occurred both northward and southward (Dai et al., 2013; Yin and Nie, 1996). Due to this collision,
earlier suture zones were reactivated as strike-slip faults and the Qaidam block was pushed to the west
during the Triassic (Figure 1D). During the late-Triassic to Cretaceous, subsequently the Qiangtang and
Lhasa block (also called Gangdise terrain) were attached, forming the later so called Qinghai-Tibet
plateau (Figure 1E). The timing of these events is strengthened by occurrence of Late Triassic and Early
Jurassic granitoids (Dai et al., 2013) and an age group of 104-172 Ma which may be related to ductile
deformation along the Xidatan fault due to the northward accretion of the Lhasa block (Liu et al., 2005).
During the Paleogene, the India-Asia collision began, propagating from west to east. Ongoing
compression resulted in the formation of thrusts and folds in the Qiangtang block, south of the Kunlun
Mountains. In the Cenozoic, activation of the Altyn Tagh and Kunlun sinistral strike-slip faults north of
the Qinghai-Tibet plateau, led to eastward extrusion of the plateau (Dewey et al., 1988) and to
separation of the Kunlun Mountains into the western- and eastern Kunlun (Figure 1F).

Today, the Kunlun Mountains separate the Qinghai-Tibet plateau from the Qaidam and Tarim
block in the north (Roger et al., 2003), which are on its turn separated by the Altyn Tagh sinistral strike-
slip fault. The Kunlun mountain range follows the sinistral Kunlun fault (Van der Woerd et al., 2000) and
stretches east for 2000 km into the Qilian and Qinling Mountains (Mattauer et al., 1985). Both the
Qaidam and the Tarim block are rigid regions that resisted deformation. Therefore it is probable that
deformation was strongly focused in the Kunlun and Altyn Tagh faults (Dewey et al., 1988).

The geology of the eastern Kunlun Mountains is dominated by a broad Palaeozoic arc with a
superposed Late Permian — Triassic arc, together referred to as the Kunlun batholith (Yin and Harrison,
2000) (Figure 2). The western part of this batholith consists of Middle to Late Proterozoic gneiss, schist
and marble, overlain by marine deposits (Yin and Harrison, 2000). Dating of gneissic basement rocks
near the Golmud-Lhasa highway with the Rb-Sr method gave an age of 1846 + 109 Ma (Zhang and
Zheng, 1994) in (Yin and Harrison, 2000). Protoliths of both the metamorphic and granitic sequences in
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the Jinshuikou group were dated between 1339 Ma and 2468 + 46 Ma (Ba et al., 2012; Liu et al., 2005;
Long et al., 2006; Yu et al., 2005; Zhang et al., 2003). Extensive granitic intrusions in the Eastern Kunlun
batholith give predominantly ages of 290-190 Ma (Dai et al., 2013; Harris et al., 1988; Li et al., 2013; Liu
et al.,, 2005; Mock et al., 1999). According to Yin and Harrison (2000), the local volcanic deposits
together with large amounts of submarine strata, suggest that the eastern Kunlun Mountains
experienced a rifting event in the Early Permian. Subsequent, northward subduction of the Songpan-
Ganzi-Hoh Xil terrain beneath the Kunlun batholith led to volcanic eruptions and intrusion of granites
forming the superposed arc. Alternatively, the superposed arc could be related to southward subduction
of the Qilian terrain north of the Qaidam block (Yin and Harrison, 2000).

The eastern Kunlun orogen can be subdivided into three different tectonic units, namely the
Northern, Middle and Southern Zone. These are separated by respectively the North- and Central
Kunlun fault (Liu et al., 2005; Zhang et al., 2012). The Southern Zone is bounded to the south by the
South Kunlun fault. The northern zone is an Early Paleozoic fold belt, containing Ordovician marine
sediments and low-grade metamorphic rocks (Liu et al., 2005). The Middle Zone mainly consists of
Middle to Late Proterozoic metamorphic sequences overlain by Devonian and Carboniferous rocks and
Paleozoic and Mesozoic granitic intrusions (Liu et al., 2005; Zhang et al., 2012). The Southern Zone is
similar to the Middle Zone, but contains more Triassic successions (Liu et al., 2005). The metamorphic
sequences in the Middle Zone can be divided into the Binggou formation, the Xiaomiao formation and
the Baishahe formation (Zhang et al., 2012), of which the Baishahe and Xiaomiao formations together
constitute the Jinshuikou Group (Zhang et al., 2012). The Binggou formation contains marbles, slates and
meta-sandstones. The Baishahe formation consists of gneisses and marbles, with minor amounts of
amphibolites, migmatites and schists. Their protoliths were greywackes, limestones and intermediate to
basic volcanic rocks. The Xiaomiao formation consists of granulites, schists and minor amounts of
marbles. Their protoliths were likely a suite of volcanic-sedimentary rocks that underwent low
amphibolite-facies metamorphism.
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Figure 1. Simplified tectonic history of the Himalayan-Tibetan orogen. Green in figures A-E indicates future
Kunlun mountains; orange indicates future Altyn Tagh fault. Figure F shows the Kunlun thrust system in green
and the Altyn Tagh fault in orange. Modified after (Yin and Nie, 1996).
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Figure 2. Geological map of the Eastern Kunlun Mountains and surroundings. Sample locations are indicated with a green star. Explanation of abbreviations: ATF =
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Modified after Chen et al. (2012)
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3. Methodology

In this chapter the used methodology for this research is described. First a fieldwork was carried out
where samples were gathered. Depending on the state of alteration and on the mineralogy, samples
were selected for thermodynamic modelling and for argon dating. In the following paragraphs,
procedures for these measurements are described.

3.1. Fieldwork and sample selection

Fieldwork was carried out in the summer of 2012, between July 18 and 24. Within the Jinshuikou group,
sixteen samples were collected along a transect parallel to the strike of the Kunlun Mountains, running
from 290 km west to 130 km east of the city of Geermu (Golmud), in the Qinghai province, Western
China (Figure 2). Samples from amphibolites and gneisses were used for both thermodynamical
modelling and argon dating. For argon dating also granites that intruded these rocks were sampled. Also
quartz lenses were sampled for fluid inclusion analysis (this would be in the context of a future study).
Due to limited time in the field, the main purpose of the fieldwork was to collect samples rather than
doing a structural analysis.

Thin sections were produced of all samples to identify minerals and alteration using optical
microscopy. From the metamorphosed samples, the ones with minor alteration were chosen for
thermobarometry and equally divided between this project and the project of Huijgen (2015). Most
samples were processed for mineral separation for argon dating as almost all samples contained (minor
amounts of) either K-feldspar, amphibole, biotite or white mica. A list of the samples including rock type
and type of analyses can be found in Table 1.

sample  Rocktype The;’;‘ggl‘l’i':;m" :;fl‘:";
JI-1-1 Amphibolite X X
JI-1-3 Biotite Gneiss X X
JI-1-4 Amphibolite gneiss X X
JI-2-1 Garnet amphibolite I

JI-2-2 Biotite gneiss X X
JI-4-2 Biotite Gneiss X X
JI-4-3 Amphibolite X X
JI-4-5 Mylonite X
JI-4-6 Garnet amphibolite

J-4-7 Granite X
JI-5-1 Granite with garnet X
JI-5-2 Granite with Cr micas X
JI-5-3 Hornblende hornfels I X
JI-5-4 Mafic intrusion

JI-5-5 Gabbro X
JI-5-7 Late post tectonic granite X X

Table 1. Samples and rock types used in this study. Thermodynamic modelling samples
indicated in yellow are analysed in this study; samples in green are analysed in the
study of Huijgen (2015); pink samples are used in both studies.
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3.2. Thermobarometry

For thermobarometry, both whole rock major element analyses, and single crystal in situ major element
spot analyses are needed. Therefore, Li-tetraborate glass beads were produced from whole rock
powders in order to perform XRF (X-ray fluorescence) measurements and thin sections were used for
electron microprobe measurements (EMP) on selected near surface locations in single crystals. The
obtained data was used to derive a P-T model with the program Perple_X (Connolly, 2005). This
methodology is described in more detail below.

3.2.1. XRF measurements

Whole rock XRF analysis of major elements will provide vital knowledge on the composition of the rocks.
In this section the procedure of preparation of the samples for XRF measurements and execution of the
measurements is described.

3.2.1.1. Preparation
Samples were crushed by a jaw crusher up to a particle size of <1 cm. Approximately 100 g of this
crushed material was used for XRF preparations; the rest was used for mineral separation for argon
dating. 100 g of the material was put in an agate mill for one minute, grinding the sample to a silt grain
size. By using a planetary mill with agate pots for one hour this grain size was reduced further to clay
size.

The clay sized material was dried in an oven at 100°C for one day. Subsequently, 1.2000 g of this
material was further heated at 1000°C for 30 minutes to remove all volatiles and eventually remove
organic material and carbonate. The difference in weight before and after heating to 1000°C will
determine the Loss On Ignition (LOI), which is a measure for the OH and CO; content. Then 1.0000 g of
ignited powder was mixed with 4.0000 g of spectroflux 110 (lithium tetraborate : lithium metaborate in
a 66.5 : 33.5 wt% ratio). The mixed powder was put in a platinum cup, heated to 1150°C in the Perl’X 3
machine and poured out into a platinum disk, creating a flat, glass bead with dimensions of
approximately 4 cm diameter and 4 mm thick.

3.2.1.2. Measurements
XRF measurements on the beads were carried out with the PANalytical MagiX Pro, based at the VU
University Amsterdam. The following major element oxides were measured: Fe,0; + FeO (total Fe listed
as Fe,03), MnO, TiO,, Ca0o, K0, P,0s, Si0,, Al,05;, MgO, Na,0 and BaO.
Table 2 shows the accuracy of the measurements as measured on andesite standard AGV-1 P4925 that
was co-processed with the project.

Fe;03 MnO  TiO, CaO KO P, 0s  SiO; Al0; MgO NaO  BaO
Delta (%) 01 45 -01 07 14 -02 13 06 -48 0,2 -1,3
Average (N=51) 6,76 0,096 1,049 4,973 2,960 0,499 59,624 17,248 1,457 4,267 0,136
Recommended value 6,77 0,092 1,056 494 292 05 5884 17,15 1,53 4,26 0,137

Table 2. Accuracy of the major element oxides as measured on laboratory standard AGV-1 P4925 using the
PANalytical MagiX Pro XRF spectrometer at the VU university Amsterdam.
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3.2.2. Electron microprobe measurements for thermobarometry

The same rock samples as used for XRF measurements were used for electron microprobe
measurements (EMP). Polished thin sections of these samples were coated with a conductive carbon
layer. Per thin section, five to six locations were indicated for measurements. Locations were chosen
such that the same type of different minerals in coherence with each other and possibly containing
zonation could be measured in each location.

Measurements were carried out on the JEOL JXA 8800M at the VU University. An acceleration voltage of
the primary electron beam was 15 kV, beam current was 20 nA and a beam diameter of 5 um were
used. As different kind of minerals were measured in each location, it was not possible to defocus the
beam for measurements of Na and K. Calibration was done against natural standards as listed in

Table 3. A ZAF correction was applied to the data (Reed, 2005).

Standard Element

Diopside Si, Ca
Forsterite Mg
IImenite Ti
Jadeite Na
Fayalite Fe

Table 3. Standards used for EMP measurements

3.2.3. Thermodynamic modelling

For thermodynamic modelling, Perple_X version 6.6.8. by Connolly (1990), updated in 2012, was used.
This is a set of FORTRAN77 coded programmes which calculate phase diagrams, phase equilibria and
thermodynamic data, based on minimization of Gibbs free energy of mineral reactions. The various
programmes in the Perple_X package each serve for a different part of the process of calculating a
pseudosection, a phase diagram which shows the fields of stability of different mineral assemblages at a
given bulk-rock composition, and defining mineral composition and modal abundances. Programs of
Perple_X used for this study are BUILD, VERTEX, PSSECT, WERAMI, PSTABLE, PSVDRAW and MEEMUM.
In addition the program PyWerami version 2.0.1 by Lexa (2011) was used to display data produced in
WERAMI. Table 4 shows a short description of the functionality of each of these routines.

Program Purpose

BUILD Define compositional variables, boundary conditions, and data sources to
be used for the actual calculation.

VERTEX Calculate the pseudosection.

PSSECT Plot the pseudosection as calculated in VERTEX.

WERAMI Calculate isopleths and modal abundances.

PyWerami Visualize isopleths and modal abundances.

PSTABLE Plot cumulative modal abundance against P, T or X.

PSVDRAW Plot profiles.

MEEMUM Define properties at specified conditions in the pseudosection.

Table 4. Programs used for performing thermodynamic modelling.

In the BUILD file, a thermodynamic data file, a fluid equation of state file and a solution model file need
to be defined. For all three, the default setting is used, hpO2ver.dat (Holland and Powell, 1998a), and
solution_model.dat, respectively. A more detailed description of how to use the programs can be found
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in Pietersen (2013). In a separate document (Basic Perple_X manual, version 2015), a roadmap of how
Perple_X was used in this study to arrive at acceptable pseudosections is given.

3.3. Argon dating

Argon dating is based on the decay of “°K to “°Ar and “°Ca with a half-life of 1250 Ma (McDougall and
Harrison, 1999). As precision of the K/Ar method is generally lower than that of the OAr/*Ar method,
the latter is used for this study.

For this method, samples have to be irradiated in order to transform a small proportion of *K
into *Ar. Subsequently, relative abundances of “OAr, 3°Ar, ®Ar, ¥Ar and *°Ar are measured in a Hiden
guadrupole mass spectrometer. As OAr" /2 Ar is proportional to OAr’ /%%, where “°Ar’ represents the
radiogenic argon component, the age can be calculated.

3.3.1. Preparation for argon dating

A high (preferably > 1.0%) potassium content is needed in order to perform argon dating. Therefore,
minerals with a high potassium content such as K-feldspar, amphibole, biotite and white mica were
separated from the samples. Subsequently radiation of the samples took place in the NRG HFR radiation
facility of Petten, The Netherlands.

3.3.1.1. Mineral separation

The material left over from the jaw crusher was sieved for size fractions 32 - 125 um, 125 - 250 um, 250
- 500 um and 500 - 1000 um. The different fractions were washed using demineralised water and put in
an ultrasonic bath as to get rid of small particles attached to the grains. Mineral separation and
measurements are easier on coarser material. Therefore, for each target mineral, the coarsest fraction
was optically chosen and used for further treatment.

By using a range of heavy liquids with different densities in the centrifuge LOC 50, minerals were
separated from each other.

Table 5 lists the liquid densities used for separation of the different minerals.

Mineral Liquid density (g/cm’)
K-feldspar 2.54-2.59
Biotite 3.05-3.20
Amphibole 3.05-3.20

Table 5. Heavy liquids used for mineral separation. White mica was separated using only the Faul table.

For further purification of K-feldspar and amphibole, the Frantz magnet was used. By applying a
variable electric current on the magnet, the minerals will be separated according to their magnetic
susceptibility. Contaminated grains will be separated from the fresh grains as the contamination
generally has a different magnetic susceptibility.

Further purification of biotite and separation of white mica was done using the Faul table. This
is a vibrating plate that separates grains according to shape. Platy minerals such as micas will be
transported to the end of the table, whereas round grains will drop off in the beginning. As there was
enough clean material of white mica present in the samples, it was not needed to use heavy liquids for a
first separation.
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Finally, a 3% HNO; solution was added for 5 minutes to all minerals to remove surface
contamination on the grains. Mineral separation was completed by hand picking using a small vacuum
cleaner, resulting in 5 till 100 mg of clean sample.

3.3.1.2. Electron microprobe measurements

As potassium content, heterogeneity and zoning are important factors for argon dating, EMP
measurements were carried out on roughly ten minerals per rock sample to check for these factors. The
potassium content was verified with EDS (Energy Dispersive Spectroscopy) on the EMP facility at the VU
University Amsterdam. Samples which did not contain enough potassium for dating according to EDS
measurements were excluded from further measurements. EMP Measurements of the core, middle and
rim of the grains using the wavelength dispersive spectroscopes were carried out in order to detect
changes in chemical compositions over growth time. For the process of EDS and EMP measurements
mineral mounts of the cleaned samples selected for argon dating were ma