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Abstract 

 The age of peak metamorphism of garnet bearing ortho-gneisses and schists in the 

Kongur Shan and Muztaghata gneiss domes of northeastern Pamir exposed is uncertain 

due to discrepancies in the recorded peak metamorphic age between different 

geochronometers from previous geochronologic studies.  U-Pb analysis of detrital zircon 

record a predominately Jurassic metamorphic signature in the Muztaghata gneiss dome, 

while Th-Pb dating of monazite inclusions in garnet yield an Oligo-Miocene 

metamorphic signature in both the Kongur Shan and Muztaghata massifs.  These results 

leave the question of when the peak metamorphic assemblages observed in these gneiss 

domes formed.  To address the conflicting ages and resolve the timing of peak 

metamorphism in the northeastern Pamir; the timing of garnet growth related to the peak 

metamorphic assemblages was determined using the Sm-Nd isotope system and further 

investigated using U-Pb analyses of Zircon.  Garnet whole-rock Sm-Nd geochronology 

from both the Kongur Shan and Muztaghata gneiss domes yields late Cenozoic ages, 

confirming that the late Miocene age recorded by the monazite is related to peak 

metamorphism.  Laser ablation U-Pb analyses of zircon yield Carboniferous to Triassic 

crystallization ages along with numerous partially reset grains with ages through the late 

Mesozoic and early Cenozoic.  In addition, a single grain with a distinct recrystallized 

rim yielded an age of 8.61±0.41 Ma.  The analyses performed in this study, in 

combination with the previous monazite and detrital zircon data, provide a clear late 

Miocene age for peak prograde metamorphism in the gneiss domes of the northeastern 

Pamir. This age is interpreted to be related to under-thrusting and crustal thickening in 
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the Pamir. My results also suggest that Th-Pb dating of monazite can be a more reliable 

geochronometer for addressing the timing of peak metamorphism in poly-metamorphic 

terranes.   
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1.  Introduction 

 Understanding the timing and thermal evolution of metamorphic belts is critical 

in understanding the tectonic development of complex arc accretionary and continental 

collision zones.  U-Th-Pb dating of monazite is an extensively used tool to investigate 

the evolution of mid- to high- temperature metamorphic terranes (Harrison et al., 1995; 

Foster et al., 2000; Kohn et al., 2005; Martin et al., 2007). Monazite is useful because it 

grows during prograde metamorphism and is not often inherited as a detrital phase, as is 

common with zircon. In-situ analytical techniques have been used to date the monazite 

as inclusions in garnet, which shield the grain from subsequent Pb-loss or 

recrystallization. This provides the ability to link monazite inclusion ages to the timing 

of peak prograde metamorphism.  However, a study by Martin et al., 2007 revealed that 

monazite inclusions in garnet could have communicated with the exterior of the garnet 

grain.  Fluid interactions via micro-cracks in the garnet can allow for retrograde Pb-loss 

and multiple generations of monazite intergrowth and recrystallization.  This shows that 

monazite ages are not necessarily protected by the garnet growth around them and may 

not reliably record the age of garnet growth or the peak metamorphism.  However, if 

not intersected by cracks, monazite should be completely protected by the overgrowth 

of garnet and recorded the age of peak prograde metamorphism. Thus, the difficulty in 

determining possible micro-cracks raises the question of the reliability of these results.  

 The high-grade gneiss domes of the Pamir provide a unique look into the deep 

crust of the Tibetan orogin and help to understand the tectonic evolution of this region.  

Previous studies by Robinson et al., 2004, 2007, and 2012 aimed in part at determining 

the age of peak metamorphism in the gneiss domes of the northeastern Pamir. One 
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complication that resulted from these previous studies is that Th-Pb monazite ages and 

U-Pb zircon ages each yielded distinct age populations related to distinct metamorphic 

events. This raises uncertainties in the reliability of monazite in dating peak 

metamorphism, and questions regarding what the different geochronometers are 

recording, and of the age of peak metamorphism in the Kongur Shan and Muztaghata 

Gneiss domes of the northeastern Pamir.  

 In order to resolve the questions of the peak metamorphism, I performed Sm-Nd 

garnet whole-rock geochronology and laser ablation U-Pb analyses of zircon.  Garnet 

grows during prograde metamorphism and the age of the growth directly dates the age 

of peak prograde metamorphism.  I used U-Pb laser ablation of zircon analyses to 

provide a data set of ages from the rim to the core of the grains.  This type of analysis 

can be used to better document diffusional Pb-loss, or metamorphic overprinting. I used 

these analyses to better constrain the timing of peak metamorphism that is recorded on 

the outermost rim of the zircon.  These results also provide insight into the accuracy and 

assumptions made in the previous geochronology and what those geochronometers were 

recording and telling us.  

2. Tectonic Setting 

 The Pamir mountain range lies in central Asia to the west of the Tibetan plateau 

and the Tarim basin, north of the western Himalayan syntaxes. The Pamir Mountains 

are bounded by lithospheric scale thrust faults that accommodate the southward 

subduction of Asia under the Pamir-Karakorum in the north, and the northward 

subduction of India under the Pamir to the south (Figure 1). 



3 
 

 
 

Figure 1: Map of the Pamir salient showing the major terranes and suture zones (after Robinson et al., 

2014 and Angiolini et al., 2013). 

 

 The Pamir Mountains are made up of a series of terranes accreted to the 

southern margin of Asia during the Mesozoic, similar to those of the Tibetan plateau. 

The terranes from north to south are: 1) the North Pamir-Kunlun terrane which 

represents the Paleozoic southern margin of Asia, and is bounded to the north by the 

Main Pamir Thrust (MPT) and to the south by the Tanymas suture.  South of the 

Tanymas suture, terranes of the Pamir-Karakoram region consist of Gondwanan crustal 

fragments, including: 2) the Central Pamir bounded to the north by the Tanymas suture 

and to the south by the Rushan Pshart zone, and the 3) Southern Pamir-Karakoram 

terrane bounded by the Rushan Pshart zone to the north and the Shyok suture to the 

south (Burtman and Molnar, 1993; Robinson et al., 2012) (Figure 1)  The accretion of 

the Central Pamir terrane to the southern margin of Asia marked the closure of the 

Paleo Tethys Ocean in this area.  Arc-related magmatism and metamorphism in the 
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Northern Pamir was related to the subduction of the paleo Tethys ocean prior to the 

accretion of the Central Pamir in the early Jurassic (~200 Ma) (Robinson et al., 2012, 

Angiolini et al., 2013). 

 The Main Pamir Thrust is a lithospheric scale fault that bounds the northern 

edge of the Pamir salient and has accommodated about 300 km of southward 

subduction of the Tajik basin, Alai Valley, and the western Tarim basin under the Pamir 

during the Cenozoic (Burtman and Molnar, 1993; Brunel et al., 1994; Strecker et al., 

1995; Sobel and Dimitru, 1997; Sippl et al., 2013; Sobel et al 2013).  To accommodate 

the northward displacement of the Pamir salient relative to Tibet and the Himalayan arc, 

dextral strike-slip faults along the eastern margin and sinistral strike-slip faults along the 

western margin of the salient have formed (Sobel and Dumitru, 1997; Burtman and 

Molnar 1993; Robinson et al., 2004; Cowgill et al 2011).  
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Figure 2: Geologic map of the Kongur Shan Extensional system (KSES) with the geochronology and 

major tectonic terranes (after Robinson et al., 2012). 
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 Active deformation in the Pamir is dominated by east-west extension, 

accommodated in part along the Kongur Shan Extensional System (KSES), a regional 

fault system that initiated in the late Miocene (Robinson et al., 2004, 2007, 2010).  

Ar/Ar cooling ages in the KSES footwall rocks date the initiation of extension to 7-

8Ma, with numeric modeling of cooling age data indicating consistent exhumation rates 

since initiation (Robinson et al., 2004; Robinson et al., 2010). The KSES has varying 

amounts of extension along its 250 km extent: ~30 km at the northern end, ~35 km 

along the Kongur Shan Massif, ~20 km or less along Muztaghata, and less than 3 km in 

the south along the Tashkorgan fault. 

 The rocks of the north Pamir are predominately composed of Triassic igneous, 

meta-sedimentary, and metaigneous rocks.  The hanging wall rocks of the northern 

KSES are composed of upper amphibolite facies pelitic schists, quartzites, and 

amphibolites along with minor lower grade greenschist facies rocks (Robinson et al., 

2007). Footwall rocks of the KSES are composed of upper amphibolite-granulite facies 

quartzo-feldspathic orthogneisses interlayered with pelitic schists, mafic schists, 

marbles, and calc-silicates.   
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Figure 3: Mechanism for gneiss dome formation in the Pamir (Robinson et al., 2007). 

 

 

 The gneiss domes in the central and northeastern Pamir were exhumed from 

lower crustal depths of 30-40km during the Miocene (Robinson et al., 2004, 2007; 

Schmidt et al., 2011; Smit et al., 2014).  The gneiss domes are interpreted to have 

formed as a result of Oligo-Miocene crustal thickening in the footwall of the East Pamir 

Shear Zone (EPSZ) caused by underthrusting of crustal material beneath the Northern 

and Central Pamir.  The EPSZ is interpreted to be a continuous regional ductile 

décollement that accommodated northward displacement of the middle and lower crust 

relative to the upper crust beneath the northeastern Pamir (Robinson et al., 2007).  

Crustal thickening in the footwall of the EPSZ led to melting of the middle and lower 

crust beneath the northeastern Pamir during the Miocene, with continued north-south 

shortening enabled the weakened middle and lower crust to be extruded along the EPSZ 

Tarim 

Tarim 

Tarim 
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without significant upper crustal shortening (Figure 3) (Robinson et al., 2007; Burg et al 

2004). 

 Kongur Shan is a large upper amphibolite facies (~650-700°C, 8kbar) antiformal 

gneiss dome in the footwall of the KSES (Robinson et al., 2004). It has a northwest 

trending fold axis that plunges moderately to the north-northwest and is structurally 

continuous with the Muztaghata Gneiss dome to the south.   Muztaghata is a large 

upright to slightly overturned antiform with a west-plunging domal structure, and is 

composed of upper amphibolite to granulite facies (700-750°C, 9-10kbar) rocks 

(Robinson et al., 2007). The Muztaghata metamorphic massif is likely the continuation 

of the Muskol, Sares, and Shatput gneiss domes in the central Pamir (Schmidt et al., 

2011).  These two gneiss domes formed as a result of middle and lower crustal 

thickening in the Oligo-Miocene recorded in monazite metamorphic ages (Robinson et 

al., 2004; 2007). Ar/Ar ages in biotite and muscovite document that the rocks exhumed 

upper crustal depths by 8 Ma at Muztaghata (Robinson et al., 2007) and by 1.8 Ma at 

Kongur Shan (Robinson et al., 2010).  Cooling ages in Muztaghata gneiss dome pre-

date extension along the KSES indicating that the exhumation of the gneiss domes was 

not caused by the onset of east-west extension.  Additionally active extensional 

structures cut the Muztaghata massif showing that the dome emplacement predated the 

east-west extension along the KSES (Robinson et al., 2007).   

3. Previous Geochronology 

 3.1 Monazite Geochronology  

 U-Th-Pb geochronology of monazite is a common tool used to date the timing 

of prograde metamorphism.  One common technique is to date monazite inclusions in 
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garnet. Garnet growth occurs during the prograde metamorphism, and when it grows 

around monazite grains it shields them from subsequent thermal events or deformation 

which could cause the age to be reset by diffusional Pb-loss or recrystallization.  

Therefore, the monazite record the age when the garnet grew which is interpreted to 

constain the age of the peak metamorphism.  Monazite grains in the matrix of the rock 

are not protected and subsequent thermal or deformation events can reset these grains.  

In-situ ion microprobe Th-Pb analyses of monazite in rock matrix and as inclusions in 

garnet from pelitic schists and gneisses in the footwall of the KSES at Kongur Shan and 

Muztaghata were performed in order to date the age of peak metamorphism in the 

northeastern Pamir (Robinson et al., 2004; 2007).  

 In the Kongur Shan gneiss dome,  analyses of monazite inclusions in garnet 

yielded late Miocene (~9 Ma) ages from a pelitic gneiss on the north flank of the 

Kongur Shan massif in the footwall of the KSES (Figure 4) (Robinson et al., 2004).  

This age was interpreted to be the age of peak metamorphism. Analyses of the grains in 

the matrix of the rock show overlapping and younger ages, interpreted to have been 

reset by retrograde growth, introduction of fluids, or recrystallization (Figure 4).  
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Figure 4: The relative probability vs. age of monazite grains from analysis of a gneiss on the north flank 

of the Kongur Shan in the footwall of the KSES. The blue curve is for monazite grains analyzed from the 

matrix of the rock, while the red curve is grains from inclusions in garnet (Robinson et al., 2004) 

 

 Analyses of monazite from the Muztaghata gneiss dome show an Oligocene-

Miocene age for the grains as inclusions in garnet in rock from the western flank of 

Muztaghata massif in the footwall of the KSES. The monazite grains in the matrix don’t 

consistently preserve the peak metamorphic event; some of the grains ages overlap with 

the inclusion ages while most others are younger and record a late Miocene signature 

(Robinson et al., 2004). The broad peak in inclusion ages between 18-28Ma was 

interpreted to be the prograde event. The largest peak represented in both curves at 14 

Ma was interpreted to be the peak metamorphic event which resulted in anatectic 

melting, while younger peaks in the matrix curve are interpreted to be from retrograde 

metamorphism (Figure 5). The inclusion data not only record an Oligo-Miocene 

population as also seen in the matrix data, but also record a broad and poorly defined 

population of Jurassic through Cretaceous ages. These ages were interpreted to 
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document an older metamorphic event and implied that the Muztaghata gneiss dome 

had experienced a poly-metamorphic history (Robinson et al., 2007).  

 

Figure 5: The age vs. probability of monazite grains from analysis from the western flank of the 

Muztaghata gneiss dome. The red curve is for matrix monazite grains, the black curve is grains as 

inclusions in garnet (Robinson et al., 2007). 

 

 3.2 Detrital Zircon Geochronology  

 High U/Th ratios in zircon analyses have been widely used as an indicator of 

growth in the presence of metamorphic fluids (Hoskin and Black, 2000; Mojzsis and 

Harrison, 2002; Gehrels et al., 2008; Rubatto et al., 200; Harley et al., 2007).   The 

detrital zircon analysis recorded a strong Jurassic-aged signature and when paired with 

high U/Th ratios, the analyses were interpreted to possibly represent the timing of 

metamorphism caused by tectonic juxtaposition (Robinson et al., 2007; 2012).  One 

zircon grain showed a Miocene aged metamorphic population that could be recording 

the same event as the monazite.   
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 Detrital zircon from the Muztaghata gneiss dome record an early Jurassic age 

signature with high U/Th ratios which is interpreted to be the age of a metamorphic 

event (Figure 6) (Robinson et al., 2012). The Triassic and older grains are representing 

the detrital crystallization ages or inherited cores.  This Jurassic-aged signature is 

interpreted to date suturing during the final closure of the Paleo-Tethys Ocean, which 

resulted in under-thrusting of the Karakul-Mazar terrane beneath the Central Pamir. 

While these analyses do not clearly record the Miocene event observed in the monazite 

grains, one discordant grain from the analyses yielded a Miocene 206Pb/238U age of 14.5 

± 0.5 over lapping with the monazite ages.   
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Figure 6: Age vs probability curve with U/Th ratios as red dots. Sample AR-8-31-03-1 was taken from 

the Western flank of Muztaghata and sample AR-6-22-00-1 was taken from the southern end of 

Muztaghata (Robinson et al., 2012). 

 

 These differing data sets raise questions of when the peak metamorphic 

assemblages seen in the two gneiss domes formed and the geologic significance of the 

two age populations identified.  Additionally, the data from these monazite analyses are 

not as robust as once thought, as demonstrated by the work by Martin et al., (2007).  

The study showed that the monazite are not consistently protected by the garnet growth 

around them, allowing communication with the outside of the garnet via micro-cracks.  

This questions the dependability of the monazite data in recording the peak 

metamorphism and what is their age signature is recording.  

4. Sample Descriptions 

 Sample AY-8-29-99-6 is a well-foliated garnet-bearing pelitic schist (Figure 7) 

from the northwest flank of the Kongur Shan massif in the footwall of the KSES 

(Figure 1). The matrix is composed of quartz, muscovite, and biotite, with several large 

porphyroblasts (1-5mm) of garnet. The garnet contain numerous inclusions of opaque 
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minerals and are highly fractured and possibly deformed (Figure 7). The quartz grains 

exhibits sub-grain rotation and grain boundary migration microstructures indicating a 

moderate to high temperature of deformation and metamorphism (Stipp et al., 2002). 

Nearby samples yielded upper amphibolite facies pressure and temperature conditions 

of 8 kbar and 650 °C (Robinson et al., 2004). 

 
Figure 7: Elongated garnet porphyroblast in plain polarized light from sample AY-8-29-99-6. 

 

 

 Sample AR-7-6-00-5a is a well-foliated garnet-bearing orthogneiss from the 

southern Muztaghata gneiss dome (Figure 1). It is composed predominately of quartz 

and feldspar with minor biotite and garnet.  There are large porphyroblasts of garnet (1-

5mm) that exhibit a foamy texture with inclusions of quartz and opaque minerals 

(Figure 8).  Nearby rocks from within the same metamorphic terrane yielded granulite 

facies pressure and temperature conditions of 9-10-kbar and 700-750 °C (Robinson et 

al., 2007). 

1000µm 



15 
 

 
Figure 8: Garnet porphyroblast in crossed and plain polarized light from sample AR-7-6-00-5a 

 

 Sample AR-9-3-03-4a is a mylonitic garnet-bearing orthogneiss from the 

western flank of the Muztaghata massif in the footwall of the KSES. This sample 

contains compositional banding of predominately quartz and feldspars with minor 

micas, interlayered with more mica-rich layers. The quartz throughout the sample 

exhibits grain boundary migration microstructures indicating a high temperature of 

deformation (Stipp et al., 2002).  There are large porphyroblasts of garnet (1-5mm) that 

are heavily fractured with inclusions of opaque minerals, micas, and quartz (Figure 9). 

Nearby rocks from within the same metamorphic package yielded granulite facies 

pressure and temperature conditions of 9-10-kbar and 700-750 °C (Robinson et al., 

2007). 

 
Figure 9: Garnet porphyroblast in crossed and plain polarized light from sample AR-9-3-03-4a. 

1000µm 

 

1000µm 

1000µm 

 

1000µm 
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5. Methods 

 5.1 Sm-Nd Garnet Whole-Rock Geochronology 

 In order to address the timing of garnet growth associated with the peak 

metamorphic assemblages, garnet from samples AY-8-29-99-6 and AR-9-3-03-4a were 

analyzed using the samarium and neodymium (Sm-Nd) isotopic system. The isotope 

147Sm decays to 143Nd via alpha decay with a half-life of 106 Ga.  This makes this 

isotope system good for dating old rocks and presents a challenge for dating very young 

rocks (i.e. late Cenozoic).  HREE enrichment in garnet causes relatively high Sm/Nd 

ratios with garnet taking up very little to none of the daughter element, 143Nd.  

Therefore, most or all of the Nd measured is created from the decay of Sm (Thoni, 

2002; Pollington and Baxter, 2011).  One complication is that a single inclusion of a 

different mineral phase can contain many times the amount of 143Nd as in the garnet, 

drastically skewing the isotopic ratios and therefore the age calculated from them.    

 5.2 U-Pb in Zircon Techniques 

 In order to further investigate the timing of peak metamorphism in the gneiss 

domes of the northeastern Pamir, laser ablation analyses of zircon were performed.   

A high-grade metamorphic event especially with fluids can cause partial or total reset of 

U/Pb ages in zircon or growth of new zircon.  If the grains are reset, the rim can record 

the metamorphism by experiencing diffusional Pb-loss or recrystallization event, while 

the core will preserve the initial crystallization age.  Metamorphic recrystallization and 

Pb-loss events recorded in zircon often only affect the rim of the zircon grain and are 

often too thin to be isolated and analyzed on a polished grain interior.  The laser 
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ablation analyses will collect the isotopic ratios as the laser ablates through the rim and 

into the core of the grain (Gerhels et al., 2008).  Peak metamorphism, if recorded in 

these grains, will be preserved in the outermost portion of the crystal.  

 5.3 Procedure  

 Each sample was crushed with a jaw crusher and disc mill to less than 0.5mm. 

Next, the material from each sample was passed over a strong hand magnet in order to 

separate the magnetic mineral fraction as well as any iron shavings from the jaw crusher 

and disk mill from the rest of the sample.  The highest density phases were separated 

from the non-magnetic fraction with a miner’s water table.   

 The denser fraction from the water table was separated using reclaimed 

Methylene Iodide (MI) with a specific gravity of about 3.0 g/cm3.    The denser mineral 

fraction was run through a Frantz Isodynamic ® Magnetic Separator, with a slide slope 

of 25° and a tilt of 15°at the following magnetic amperages: 0.2, 0.3, 0.5, 1.0, 1.5, and 

2.0. Nearly all of the garnet was separated into a single magnetic fraction, indicating a 

lack of fractionation between core and rim based on magnetic susceptibility (Lapen et 

al., 2003).  The last fraction left after the sample has been run through the highest 

amperage multiple times has minerals with the least magnetic susceptibility and 

contained the zircon. 

 5.4 Sm-Nd Garnet Whole-Rock Geochronology Procedure 

 The amount of Sm and Nd found in garnet separates from metamorphic rocks is 

dominated by contributions from inclusions of monazite or zircon (DeWolf et al., 

1996).  Therefore, the garnet fractions were hand-picked in ethanol to collect the most 

optically pure grains possible. The grains with obvious micro-cracks or grains 
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containing any inclusions will contaminate the calculated age and were picked out and 

kept as a dirty garnet fraction.  In addition to the garnet fractions; muscovite, biotite, 

and a whole-rock fraction were separated for sample AY-8-29-99-6, and the lights 

fraction and a whole-rock fraction were separated for sample AR-9-3-03-4a.  The lights 

fraction consists of the less dense fraction of rock separated by the water table. After 

extensive picking the clean garnet fractions and the dirty garnet fractions were dried and 

weighed.   

 For each sample the clean garnet and dirty garnet fractions underwent multiple 

iterations of leaching and hand picking to remove any inclusions leaving a more pure 

garnet sample. Too strong of leaching in too short of a time will dissolve away the 

sample along with the inclusions; therefore a slow step-by-step leaching was performed 

with checks between each step.  The two fractions were put into Teflon beakers and 

were labeled CR for Clean garnet Residue and DR for Dirty garnet Residue.     

 Each of the fractions were leached in 5 ml of 4M HCl for 30 minutes at 40°C, 

and then washed twice in deionized water.  This step removed any surface 

contamination and any basic salts in the sample. The water, acid and anything dissolved 

in the acid was decanted and stored in beakers labeled CL for Clean garnet Leachate, 

and DL for Dirty garnet Leachate. In addition for sample AR-9-3-03-4a, the clean 

garnet fraction was leached in about 5 ml of 2.5 M HCl in an ultrasonic bath for 30 

minutes two times. The sample was then washed twice with deionized water, and the 

leachate was decanted into the CL beaker.  Next 3 ml of 2M HF was added to each 

sample for 30 minutes at 40°C then rinsed twice with deionized water.  This step 

dissolved any oxides and some silicates including some of the garnet.  The water, acid, 
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and dissolved sample was decanted and stored in in the Cl and DL beakers. The sample 

fractions were leached again in 5 ml of 4M HCl for 30 minutes at 40°C, and then 

washed twice in deionized water.  This dissolved any salts formed from the HF 

leaching.  The water, acid, and dissolved sample were decanted and stored in the CL 

and DL beakers. 

 Samples were examined with an optical microscope to check for visible 

inclusions, and if present the samples were subjected to another round of leaching. The 

liquid in the Cl and Dl beakers was then dried down completely on a hot plate at 100°C. 

 The two garnet residue fractions were then dried and crushed with a mortar and 

pestle until they passed through a 100 mesh sieve (making the grains smaller than 149 

microns).  The clean garnet sample was then hand-picked again to remove any last 

inclusions left in the sample. To remove any final surface contaminates the clean and 

dirty garnet fractions were leached in approximately 2 ml of 2.5M HCl for 45 minute at 

100°C, after which the acid was removed and discarded.  This process was repeated for 

10 minutes two times and then rinsed with deionized water.  The remaining sample was 

dried and weighed and the final weights for all the fractions pre-analysis are listed in 

Table 1. All of the fractions from each sample were spiked with the stable isotope 

150Nd, so that the radiogenic isotope can be measured against it. An assumed amount of 

radiogenic Nd is used to calculate the amount of spike to add to each phase to be 

analyzed and the amounts used are listed in Table 1. 
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Table 1:  Information from sample AY-8-29-99-6 and AR-9-3-03-4a used to determine the amount of 

spike used. 

 

 The samples were converted to a solution of HCl in preparation for the cation 

removal column chemistry by dissolving the fractions first in a mixture of 3 ml of 29M 

HF and 0.5ml of 2x15M HNO3.  This step was repeated a second time to ensure that the 

samples were thoroughly dissolved.  Next the sample was dissolved in 2ml of 2x~15M 

HNO3 and 1ml of deionized water, than dried down.  Finally the sample was dissolved 

in 2ml of 6M HCl, and dried down three times to ensure that the solids were completely 

dissolved.  The cation exchange column of Hf-Nd chemistry removes all cations from 

the sample leaving the Rare Earth Elements (REE). The procedure for completing the 

cation columns is provided in Table 2. Once the REE’s were isolated from each 

fraction, α-hydroxyisobutyric acid (HIBA) columns were used to separate out the 

AY-8-29-99-6 Lab ID Sample Weight. (g) Assumed Nd ppm Spike (g) 

Garnet CLean Res 14N-1 0.04664 0.5 ppm 0.01048 

Garnet CLean Leach 14N-2 - 0.5 ppm 0.0301 

Garnet Dirty Res 14N-3 0.06389 5.0 ppm 0.15692 

Garnet Dirty Leach 14N-4 - 5.0 ppm 0.20653 

Muscovite 14N-5 0.02085 20 ppm 0.18520 

Biotite 14N-6 0.02055 20 ppm 0.18545 

Whole-rock 14N-7 0.02149 25 ppm 0.23167 

Blank 14N-8 - 0 ppm 0.00812 
AR-9-3-03-4a Lab ID Sample Weight. (g) Assumed Nd ppm Spike (g) 
Gar CLean Residue 14N-63 0.065616 0.5 ppm 0.14642 

Gar CLean Leachate 14N-64 - 1.0 ppm 0.20660 

Gar Dirty Residue 14N-65 0.0323275 10 ppm 0.14704 

Gar Dirty Leachate 14N-66 - 10 ppm 0.20764 

Lights 14N-67 0.02060 20 ppm 0.18329 

Whole-rock 14N-68 0.02087 20 ppm 0.18294 

Blank 14N-69 - 0 ppm 0.00806 
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different REEs and extract Sm and Nd separately to be analyzed.  The procedure for 

completing the HIBA columns is provided in Table 3. 

 

 Lab ID 14N-1 14N-2 14N-3 14N-4 14N-5 14N-6 14N-7 14N-8 

Column: 1 2 3 4 5 6 7 8 

Loading and Collection:         

Add 800µl of 2.5M HCl to 

samples 

x x x x x x x x 

Equilibrate and float resin 

with 2.5M HCl 3x 

x x x x x x x x x x x x x x x x x x x x x x x x 

Load samples in 800µl of 

2.5M HCl 

x x x x x x x x 

Pass 1 ml (500µl x 2) 2.5M 

HCl 

x x x x x x x x x x x x x x x x 

Pass 20 ml 2.5M HCl 

 

x x x x x x x x x x x x x x x x 

Collect REE with 1 ml 6.0M 

HCl 

x x x x x x x x x x x x x x x x 

Collect REE with 14 ml 

6.0M HCl 

x x x x x x x x 

Clean Resin 2x with column 

volume of ~6m HCl  

x x x x x x x x x x x x x x x x 

 

Table 2: Cation exchange columns procedure used to remove REE from solution. Each “x” represents the 

step completed in a single or multiple actions. 
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Lab ID 14N-1 14N-2 14N-3 14N-4 14N-5 14N-6 14N-7 14N-8 

Column Prep:         

Collect and leach 7ml Vials for 

collection (2 per sample) 

x x x x x x x x 

Inspect frit and column x x x x x x x x 

Leach columns in ~7M HNO3 

overnight 

x x x x x x x x 

Rinse columns 4 times with 

deionized water 

x x 

 x x  

x x 

 x x 

x x 

 x x 

x x 

 x x 

x x 

 x x 

x x 

 x x 

x x 

 x x 

x x 

 x x 

Resin Loading:         

Load ~ 2.5ml 0.15M α-HIBA 

and plunge out air 

x x x x x x x x 

Immediately load ~ 2.0ml resin 

into the acid 

x x x x x x x x 

Sample Prep:         

Add 40µl 1.0M HCl to sample x x x x x x x x 

Add 360µl deionized water to 

sample 

x x x x x x x x 

Pass 200µl deionized water x x x x x x x x 

Loading and Collection:         

Load sample in 400 µl 0.1M 

HCl 

x x x x x x x x 

Pass 200µl deionized water x x x x x x x x 

Pass 3ml 0.15M α-HIBA 

(200µl, 200µl, 2.6ml) 

x x x x x x x x x x x x x x x x x x x x x x x x 

Pass 2.5ml 0.21 α-HIBA 

(200µl, 200µl, 2.1ml) 

x x x x x x x x x x x x x x x x x x x x x x x x 

Collect Sm in beaker with 

1.25ml 0.21M α-HIBA 

x x x x x x x x 

Pass 3.5ml 0.21M α-HIBA x x x x x x x x 

Collect Nd in beaker with 

2.75ml 0.21M α-HIBA 

x x x x x x x x 

Column Cleaning:         

Discard resin down drain x x x x x x x x 

Rinse column with water until 

no resin remains 

x x x x x x x x 

Sample Analysis Prep:         

Dry down all cuts x x x x x x x x 

Make 1 ml Aqua Regia x x x x x x x x 

8M HCL:15M HNO3  

3:1 by volume 

x x x x x x x x 

Add 1 ml Aqua Regia x x x x x x x x 

Cap and heat 24 hours at 100C x x x x x x x x 

Dry down all cuts x x x x x x x x 

If HIBA crystals are still 

visible repeat Aqua Regia steps 

N/A N/A N/A N/A N/A N/A N/A N/A 

Add 50 µl 15M HNO3 to 

convert to HNO3 form for MC-

ICP-MS 

x x x x x x x x 

Dry down all cuts x x x x x x x x 

Table 3: HIBA columns procedure used to separate the Sm and Nd from the other REE’s in solution. 

Each “x” represents the step completed in a single or in multiple actions. 
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 To each of the Sm and Nd cuts I added 1ml of Aqua Regia (3 parts 8M HCL to 

1 part 15 M HNO3 by volume) capped and heated at 100°C overnight to remove any 

residual carbon from the organic HIBA acid used previously.  Next the Sm and Nd 

fractions were dried down on a hot plate at 100°C overnight. Once dissolved, 50 µl of 

15 M HNO3 was added to convert the solution into the nitric form for the MC-ICP-MS.  

The samples were then analyzed on a Nu Plasma II Multi Collector Inductively Coupled 

Plasma Mass Spectrometer (MC-ICP-MS).  

 5.5 U-Pb in Zircon procedure  

 Zircon grains were hand-picked from the least magnetic fraction and 50 grains 

from each of the three samples were placed into a grid on a small piece of double sided 

tape on a glass thin section slide. The samples were analyzed on a Varian Laser 

Ablation Inductively Coupled Mass Spectrometer (LA-ICP-MS). Laser ablation was 

conducted using a CE TAC LSX-213 Laser Ablation system, with a spot size of 20 

microns, 180 shots per analysis, a repetition rate of 6 Hz, and a fluence of 2.99J/cm3.  

 Three different standards were analyzed for each sample first: Peixe (Gerhels et 

al., 2008), Pleisovice (Slama et al.,2008), and  FC5Z (Pace and Miller 1993).  During 

the analytical session, 2 Pleisovice standards were analyzed after every 4 unknowns, 

with 2 FC5Z standards analyzed during every other standard analysis. The three 

standards were again analyzed at the end of the analytical session for samples AY-8-29-

99-6 and AR 7-6-00-5a.  

 After the data were gathered, they were processed in Iolite to investigate the 

possible metamorphic recrystallization or Pb-loss events.  The three samples were 

integrated separately on Iolite in two ways. Initially, the entire analysis was integrated 
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(Figure 10), which is frequently dominated by the isotope ratios of the zircon core. 

Diffusional Pb-loss and metamorphic recrystallization often affect only a very thin 

portion of the outermost rim of the crystal, which makes isolating and investigating the 

associated thermal or recrystallization event challenging. A second data reduction was 

run using only the first half of each analysis, aimed at capturing the rim of the grain and 

excluding the core (Figure 11).  Additionally, in sample AR-9-3-03-4a, a metamorphic 

recrystallization plateau (Figure 12) was identified and separately redused, yielding an 

analysis that isolates the metamorphic event that created it.   

 
 
Figure 10:  Iolite integration box across the total length of the grain, incorporating the rim and core. This 

analysis has a curve consistent with diffusional profile.  
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Figure 11: Iolite integration box capturing the first half of the total analysis or the rim.  This grain shows 

a curve that has characteristics of both a recrystallization plateau and a diffusional lead-loss curve. 

 

 
Figure 12: Iolite integration box of the metamorphic recrystallization rim plateau of a grain from sample 

AR-9-3-03-4a.  
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6. Results  

 All results are presented with errors of 2σ unless otherwise noted. 

 6.1 Garnet  

 For sample AY-8-29-99-6 the Sm and Nd ratios from seven phases were 

analyzed and used to create an isochron: clean garnet residue and leachate, dirty garnet 

residue and leachate, muscovite, biotite, and whole-rock (Figure 13B). Figure 13A 

shows all phases and yields an age of 5±26 Ma. The analysis of the biotite separate was 

a noticeable outlier. It is unclear why this is the case, so the analysis was removed from 

the isochron.  The isochron from the other six phases yields an age of 0.8±6.1 Ma 

(Figure 13B). This age is interpreted as the crystallization age for the garnet in this 

sample.  
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Figure 13: Isochron plots of sample AY-8-29-99-6. A) An isochron with all the phases that were analyzed 

plotted, B) An isochron with all the phases except biotite plotted. 
 

A 
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 For sample AR-9-3-03-4a the Sm and Nd ratios from six phases were used to 

create an isochron plot: clean garnet residue and leachate, dirty garnet residue and 

leachate, light minerals from the water table, and whole-rock (Figure 14). This isochron 

records an age of -12 ± 11Ma as the crystallization age of the garnet.  The analysis from 

the clean garnet residue separate has a relatively low 147Sm/144Nd ratio which is 

indicative of contamination by inclusions. This drives the clean garnet residue data 

point towards the group of other phases on the isochron and decreases the precision of 

the age calculation.  The Sm-Nd garnet analysis for this sample recorded an age of 

garnet growth 12 Ma in the future. This is clearly due to error in the analysis and 

therefore this sample is interpreted to have a distinctively young age of 0-10Ma.   

 

 
Figure 14: Isochron plots of sample AR-9-3-03-4a. An isochron with all the phases that were analyzed 

plotted yielding an age of -12±11Ma. 
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6.2 Zircon  

AY-8-29-99-6 

 For this sample, a total of 48 detrital unknown zircon grains were analyzed 

(Figure 15).  My analysis of the total zircon integration yielded a maximum depositional 

age of 264.2±11 Ma from three overlapping concordant ages (Dickinson and Gehrels, 

2009b) (Figure 15A). My results yield a spread of several Paleozoic-aged older grains, 

as well as a cluster of analyses around 300 Ma with scattered ages from 260Ma to 120 

Ma (Figure 15B).  None of grains contained a U/Th ratio that was significantly above 

10 (a proxy for metamorphic zircon growth (Hoskin and Black, 2000; Mojzsis and 

Harrison, 2002). 

 A second integration of just the first half of the analysis was conducted and the 

concordia diagram shows a cluster of grains whose age falls between 250 and 300 Ma 

(Figure 16A, 16B).   The age distribution shows a major peak between 250 and 300 Ma, 

along with some late Cretaceous ages (Figure 16C). The U/Th ratios are not 

significantly more than 10 and those older then about 300 Ma are scattered with no 

discernable trend.  However the grains younger than 300 Ma similarly exhibit an 

increase in the U/Th ratio with a decreasing age.   

  



30 
 

AY-8-29-99-6 Total 

 

 

 

Figure 15: Sample AY-8-29-99-6 Total integration. A) concordia diagram of all the grains analyzed, with 

the concordant grains in black and the discordant grains in red. B) concordia diagram showing only the 

grains that are less than 200% discordant and less than 300Ma. C) Probability diagram showing the age 

probability as well as the U/Th ratios of each analysis. D) concordia of standard FC5Z. E) concordia of 

standard Peixe. F) concordia of standard Pleisovice. 
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Figure 16: Sample AY-8-29-99-6 Total integration. A) concordia diagram of all the grains analyzed, with 

the concordant grains in black and the discordant grains in red. B) concordia diagram showing only the 

grains that are less than 200% discordant and less than 300Ma. C) Probability diagram showing the age 

probability as well as the U/Th ratios of each analysis. D) concordia of standard FC5Z. E) concordia of 

standard Peixe. F) concordia of standard Pleisovice. 
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AR-9-3-03-4a  

 For this sample, the total of 32 detrital unknown zircon grains were analyzed 

and integrated as described before, with the exception of a single grain with a 

metamorphic rim that was isolated.  The concordia diagram shows a spread of ages with 

an upper intercept of 259±45Ma and a lower intercept of 15±130Ma (Figure 17 A). The 

analyses yield 2 major populations; a Triassic-aged grouping between 210-240Ma and a 

Jurassic group ranging from around 200-110Ma.  One reduction was focused on a 

distinct and isolated young rim plateau and excluded the separate old core (Figure 12). 

This single grain’s isolated rim records a concordant age of 8.62±0.41Ma (Figure 17B). 

The zircon tuff age analysis yielded an intrusive igneous age of 229.59 +2.63 -6.76 Ma 

(Figure 17C). The age distribution shows a peak for the first population seen in the 

concordia between 210 and 240Ma (Figure 17D).  There is a low broad peak that 

incorporates the middle population from 210-150 Ma. There is a notable increase in 

U/Th ratios between the Triassic and Jurassic populations, and the single young grain 

which has a U/Th ratio of about 500, indicates growth in the presence of metamorphic 

fluids (Hoskin and Black, 2000; Mojzsis and Harrison, 2002; Gehrels et al., 2008; 

Rubatto et al., 200; Harley et al., 2007).   

 A second integration was performed on the 31 grains of this sample, excluding 

the single grain, because that grain’s rim was already isolated. The concordia plot 

shows a spread of ages with an upper intercept of 254±44Ma and a lower intercept of -

18±110Ma (Figure 18A). The analysis yielded two populations, a Triassic-aged group 

between 210-240Ma and a Jurassic-Paleocene-aged group between 200-50Ma. The age 
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distribution shows a peak for the first population 210 and 240Ma (Figure 18C).  There 

are also two low peaks that represent the middle population from 210-100 Ma and a 

single analysis at 50Ma. There is also a notable increase in U/Th ratios as the age 

decreases (Figure 18C).  The single grain (9Ma) is also plotted with the same age and 

U/Th ratio as in the total integration as it was unchanged (Figure 18B). 
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AR-9-3-03-4a Total 

 

 

 

Figure 17: Sample AR-9-3-03-4a Total integration. A) concordia diagram of all the grains analyzed, with 

the concordant grains in black and the discordant grains in red. B) concordia diagram showing only the 

grains that are less than 200% discordant and less than 300Ma. C) Probability diagram showing the age 

probability as well as the U/Th ratios of each analysis. D) A zircon tuff age calculation that shows the 

crystallization age of the sample. E) concordia of standard FC5Z. F) concordia of standard Peixe. G) 

concordia of standard Pleisovice. 
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AR-9-3-03-4a Rim 

 

 

Figure 18: Sample AR-9-3-03-4a Rim integration. A) concordia diagram of all the grains analyzed, with 

the concordant grains in black and the discordant grains in red. B) concordia diagram showing only the 

grains that are less than 200% discordant and less than 300Ma. C) Probability diagram showing the age 

probability as well as the U/Th ratios of each analysis. D) A zircon tuff age calculation that shows the 

crystallization age of the sample. E) concordia of standard FC5Z. F) concordia of standard Peixe. G) 

concordia of standard Pleisovice. 
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AR-7-6-00-5a  

 In sample AR-7-6-00-5a 44 zircon grains were analyzed. My analysis yielded a 

broad spread of concordant and discordant ages from 220-80 Ma (Figure 19B) and 

several much older inherited grains (Figure 19A).  The zircon tuff age analysis yielded 

an intrusive igneous age of 210.45 +5.49 -15.20 Ma (Figure 19C).  The age distribution 

shows a broad curve with two peaks at 210 Ma and 140 Ma. There are also several 

younger analyses at 115 Ma, 100 Ma and 70 Ma (Figure 19D).  The U/Th ratio is not 

significantly above 10 in any grain but shows an increase with decreasing age.  

 The concordia of the rim integration of sample AR-7-6-00-5a yields a cluster of 

ages that are 220 Ma and younger, along with several significantly older inherited 

grains (Figure 20A).  Of the grains that are less than 300 Ma, there is a cluster of 

concordant grains around 220-200 Ma and a broad spread of discordant ages from 180 – 

50 Ma (Figure 20B).   The age distribution contains a broad range of low peaks between 

220 Ma and 50 Ma and one analysis with an age of 45 Ma (Figure 20C).  The U/Th 

ratio in this analysis as well as in another zircon with an age of 120 Ma is greater than 

10 indicating metamorphic origin.   
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AR-7-6-00-5a Total 

 

 

 

Figure 19: Sample AR-9-3-03-4a Total integration. A) concordia diagram of all the grains analyzed, with 

the concordant grains in black and the discordant grains in red. B) concordia diagram showing only the 

grains that are less than 300Ma. C) Probability diagram showing the age probability as well as the U/Th 

ratios of each analysis. D) A zircon tuff age calculation that shows the crystallization age of the sample. 

E) concordia of standard FC5Z. F) concordia of standard Peixe. G) concordia of standard Pleisovice.  
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AR-7-6-00-5a Rim 

 

 

 

Figure 20: Sample AR-9-3-03-4a Rim integration. A) concordia diagram of all the grains analyzed, with 

the concordant grains in black and the discordant grains in red. B) concordia diagram showing only the 

grains that are less than 300Ma. C) Probability diagram showing the age probability as well as the U/Th 

ratios of each analysis. D) concordia of standard FC5Z. E) concordia of standard Peixe. F) concordia of 

standard Pleisovice. 
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7. Discussion  

 7.1 Garnet 

 The Sm-Nd garnet whole-rock geochronologic analysis yielded ages of 0.8±6.1 

Ma and -12 ± 11Ma from samples AY-8-29-99-6 at Kongur Shan and AR-9-3-03-4a at 

Muztaghata, respectively.  The age of 0.8±6.1 is critical to my analysis because it 

displays definitively that the peak metamorphism at Kongur Shan occurred within error 

less than about 7 Ma. The relatively large errors in my data set are due in part to 106 

billion year half-life of the Sm-Nd isotope system combined with the extremely young 

ages of formation.  The Sm-Nd Isotope system is a very useful geochronometer for 

dating the age of prograde garnet growth, however it is less effective for very young 

rocks.  With a half-life of 106Ga, little to no Sm has decayed to Nd within these garnet 

samples which make it difficult to calculate the age precisely.  Additionally, micro-

inclusions of high-Nd-bearing mineral phases could have been overlooked in the hand 

picking or not completely dissolved during the leaching, and could have caused the 

relatively low 147Sm/144Nd ratios which contributed to the imprecision in the analysis.   

 The young age recorded by Sm-Nd in the garnet is interpreted to be the age of 

peak prograde metamorphism caused by lower crustal thickening in the Miocene 

(Robinson et al., 2012, Bershaw et al., 2012).  A very young age for garnet growth from 

the Sm-Nd garnet-whole-rock analysis is consistent with, and confirms that the ages 

recorded in the monazite are recording peak metamorphism.  Although the garnet ages 

have relatively large errors, the data showed that the garnet are young, and distinctively 

not formed in the Jurassic as seen in the detrital zircon analyses.    
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 With a Sm-Nd garnet whole-rock age of 0.8±6.1Ma, the maximum age for 

garnet growth and peak metamorphism is about 7Ma at the Kongur Shan gneiss dome. 

The monazite analyses from Robinson et al., 2004 yielded an age of 9Ma for peak 

metamorphism, possibly indicating that they formed before the garnet.  The age of 

garnet growth at Muztaghata has too much error to confidently assign an age beyond 

that they are very young. However, the young age for peak metamorphism recorded by 

the garnet is likely still younger than the Oligo-Miocene age recorded in the monazite 

analyses from Muztaghata (Robinson et al., 2007).  Unfortunately, neither of the 

geochronologic analyses contains the resolution required to confidently state whether or 

not the monazite formed prior to the garnet. 

 7.2 Zircon 

 The total and rim integrations of the LA-ICP-MS analyses of zircon from each 

sample were compared to examine the metamorphic histories of these gneiss domes. 

For each sample a concordia diagram, an age probability plot, and an age vs U/Th ratio 

graph were created with both the rim (Green) and the total analysis (Red) plotted 

(Figure 21, 22, and 23).  The rim analysis from all three samples showed a systematic 

decrease in the age from the total (Figures 21, 22, 23) but is not produced in the samples 

from Muztaghata gneiss dome.  This indicates that these zircon grains have experienced 

some amount of metamorphic recrystallization or diffusional lead-loss.  

 In sample AY-8-29-99-6 the data in the concordia as well as in the probability 

diagram suggest that the rim integration ages are slightly younger than the total 

integration ages (Figure 21A, 21B). The figures show a single grain with an age around 

115Ma in the total integration shifted to about 90Ma in the rim integration. While the 
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age of the younger rim integration cannot be linked directly to a tectonic event, it does 

show that the rocks of the Kongur Shan gneiss dome experienced some amount of 

recrystallization or open system lead-loss.  The U/Th ratios of the zircon of both the rim 

and total integration don’t show a definitive metamorphic signature. However, a slight 

rise in the trend of increasing U/Th ratios with decreasing age within the rim integration 

indicates that the rims of these zircon crystals experienced some metamorphic influence 

(Figure 21C). Because the rims are only slightly altered, the grains must have 

undergone a short lived or lower thermal or deformational event causing a small amount 

of recrystallization or diffusional Pb-loss (Figure 10).  

 

 

A 
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Figure 21: Sample AY-8-29-99-6 total and rim integrations plotted on the same diagrams in order to 

document the differences in the rim. A) A concordia diagram of grains less than 200% discordant and less 

than 350Ma. B) An age probability plot including all of the grains from both integrations. C) A plot of 

age vs. U/Th including all of the grains from both integrations. 
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 In sample AR-9-3-03-4a, my results consistently show younger rim integrations 

of the zircon grains (Figure 22A, 22B).  This sample has a single grain with an age of 

8.62±0.41Ma that contained a high U/Th ratio and a metamorphic recrystallization 

plateau that was isolated (Figure 12) and analyzed separately and is represented in both 

the rim and total analyses.  The single grain has a very high U/Th ratio and is 

interpreted to be recording the peak metamorphism in the late Miocene that is seen in 

the U-Th-Pb monazite analyses and confirmed in the Sm-Nd garnet whole-rock data.  

The U/Th ratios increase slightly in the rim analysis, but the trend in the ratios doesn’t 

change significantly between the total and rim analysis. The data also show a Triassic-

aged peak in both integrations that is interpreted to be the crystallization age of the 

sample.  The ages under 200Ma show a consistent shift toward younger ages in the rim 

integration (Figure 22B), indicating that the rims of the zircon crystals have undergone 

some amount of late Cenozoic metamorphic recrystallization and/or diffusional Pb-loss.  

This shift may represent a mixing between the older metamorphic event in the Jurassic 

recorded in the U-Pb detrital zircon analyses and the younger event in the Miocene. 

 

A 
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Figure 22: Sample AR-9-3-03-4a total and rim integrations plotted on the same diagrams in order to 

document the differences in the rim. A) A concordia diagram of all of the grains from both integrations. 

B) An age probability plot including all of the grains from both integrations. C) A plot of age vs. U/Th 

including all of the grains from both integrations. 

 

B 

C 
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 In sample AR-7-6-00-5a, the rim integrations yield younger ages (Figure 23A, 

23B), similar to what is seen in sample AR-9-3-03-4a.  Several grains in this sample 

showed a significant decrease in age and increase in U/Th ratios. The analysis records 

an age peak at about 215Ma in both the total and rim integrations, which is interpreted 

to be the crystallization age of this sample (Figure 23B).  The ages under 200Ma show a 

consistent shift toward younger ages in the rim integration, similar to in sample AR-9-3-

03-4a (Figure 22B).  This is interpreted that the zircon rims to experience some amount 

of late Cenozoic recrystallization, diffusional lead-loss (Figure 10) or a potentially 

mixed of both (Figure 11).  The U/Th ratio increases values greater than 30 in the rim 

integration for two of the grains (Figure 23C), suggesting that the rims on some of these 

zircon grains experienced an increase in metamorphic influence, when compared with 

the total integration.  

 

A 
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Figure 23: Sample AR-7-6-00-5a total and rim integrations plotted on the same diagrams in order to 

document the differences in the rim. A) A concordia diagram of grains that are less than 200% discordant 

and less than 300Ma. B) An age probability plot including all of the grains that are less than 300 Ma. C) 

A plot of age vs. U/Th including all of the grains that are less than 250 Ma. 

 

 

B 

C 
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 All three zircon analyses show a systematic shift toward younger ages along the 

rims of the zircon grains, indicating that the rim integration incorporates a diffusional 

lead-loss or metamorphic recrystallization event and excludes much of the zircon core 

which dominates the total analysis. Within the rim integrations, high U/Th ratios in the 

youngest few grains and a rise in the U/Th trends represents zircon growth or 

recrystallization in the presence of metamorphic fluids (Hoskin and Black, 2000; 

Mojzsis and Harrison, 2002; Gehrels et al., 2008; Rubatto et al., 200; Harley et al., 

2007).  The thermal or deformational event that is recorded in this data must be younger 

than or equal in age to the youngest grains influenced by it.  The monazite and garnet 

data yielded a late Miocene age for peak metamorphic conditions, which coincides with 

the age of the isolated metamorphic zircon rim from sample AR-9-3-03-4a. Therefore 

metamorphic event recorded in the monazite and garnet is interpreted to be the same 

one that causes partial lead-loss and recrystallization in the zircon. 

 7.3 Kongur Shan 

 The Sm-Nd garnet whole-rock, monazite, detrital zircon, and laser ablation 

analysis from Kongur Shan were plotted together to assess the metamorphic history of 

this gneiss dome (Figure 24).  The detrital zircon analysis from Robinson et al., 2012, as 

well at my zircon analyses, both show a broad late Paleozoic peak. The Sm-Nd garnet 

whole-rock analysis as well as the monazite from Kongur Shan record a late Miocene 

event interpreted to be the peak metamorphism as a result of crustal thickening 

(Robinson et al., 2004).  This metamorphic event recorded in the monazites likely 

created the garnet bearing assemblages observed in the Kongur Shan gneiss dome.  

While my analysis of sample AY-8-29-99-6 shows some ages through the Jurassic and 
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Cretaceous, neither this analysis nor the detrital zircon analysis record high U/Th ratio 

the Triassic-Jurassic metamorphic signature seen in the analyses from Muztaghata.  

Instead, these ages are interpreted to represent the partial lead-loss and resetting of the 

detrital zircon as a result of the late Miocene metamorphism.  

  
Figure 24: Age probability curve of the monazite data, detrital zircon data, and sample AY-8-29-99-6 all 

of which are from the Kongur Shan Gneiss Dome. 

 

 7.4 Muztaghata 

 The Sm-Nd garnet whole-rock, monazite, detrital zircon, and laser ablation 

analyses from Muztaghata were plotted together to examine the thermal events recorded 

in the different geochronometers.  My two igneous zircon analyses (AR-7-6-00-5a, AR-

9-3-03-4a) record a Triassic population of ages interpreted to be the crystallization age 

of the igneous protolith (Robinson et al., 2012).  My two igneous zircon analyses as 

well as the detrital zircon analyses record a Jurassic age population.  Very high U/Th 

ratios in the detrital zircon analyses indicate that this age population is recording a 

metamorphic event that is interpreted to be related to the suturing and partial subduction 
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of the Karakul Mazar complex beneath the central Pamir terrane (Robinson et al., 2012, 

Bershaw et al., 2012).  However, my two samples do not show the same high U/Th 

ratios in their Jurassic population. The zircon over-growth and recrystallization may 

have only occurring in the detrital samples, which contain metamict zircon grains that 

are more susceptible to recrystallization (Rubatto et al., 2001), while the igneous 

zircons from samples AR-9-3-03-4a and AR-7-6-00-5a were too refractory and robust 

to be recrystallized. The monazite data as well as two zircon grains yield a Miocene age 

that is consistent with the garnet data from this area. The monazite analysis also shows a 

broad population of older ages that are interpreted to be older metamorphic grains that 

have been partially reset by the Miocene metamorphism recorded in all these 

geochronometers.  

 
 
Figure 25: Age probability curve of the monazite data, detrital zircon data, and sample AR-9-3-03-4a all 

of which are from the Muztaghata Gneiss Dome. 
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 7.5 Tectonic Implications 

 The monazite sample analyzed in Robinson et al., 2004 from Kongur Shan was 

located in the hanging wall of the Ghez thrust fault just to the north of the Kongur Shan 

Gneiss dome, while the garnet sample AY-8-29-99-6 was located in the footwall 

(Figure 2).  This thrust fault placed Paleozoic rocks of the Kunlun Terrane on top of 

Triassic rocks of the Karakul Mazar Terrane. The garnet age for metamorphism 

(0.8±6.1 Ma) is slightly younger within error than the metamorphic age for the 

monazite (~9 Ma). This suggests that the metamorphism in this gneiss dome was 

continuous at least until 7Ma, the maximum garnet age within error. Thus, 

underthrusting and crustal thickening in the northeastern Pamir continued until the onset 

of extension.  However, given the large error on this garnet sample and a future age of 

metamorphism of the other, it is likely that the garnet are recording the same 

metamorphic event as the monazite at 9Ma.   

 The age of peak metamorphism as recorded in these geochronometers is older 

(Oligo-Miocene) at Muztaghata and younger (late Miocene) to the north at Kongur 

Shan.   This observation is consistent with northward progression of younger Lu/Hf 

garnet ages from Smit et al., 2014. This analysis recorded Eocene ages for peak 

metamorphism in the South Pamir gneiss domes and Oligocene ages in the Central 

Pamir gneiss domes (Smit et al., 2014), suggesting that the age or peak metamorphism 

in the Pamir is younger in the north.  While the Kongur Shan and Muztaghata gneiss 

domes are approximately at the same latitude at the domes in the Central Pamir, they 

record a significantly younger age of metamorphism.  This could be due in part because 
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of the radial shape of the lithospheric structures in the Pamir (Robinson et al., 2004). 

Additionally, the proximity to the eastern margin of the Pamir tear fault or the 

Subduction-Transform Edge Propagator (STEP fault), could be affecting these 

northeastern most domes (Sobel et al., 2013; Govers and Wortel, 2005). Continued 

southward subduction of the Alai basin beneath the Pamir, next to the thick and buoyant 

crust of the Tarim basin has been suggested to create an influx of hot material related 

that could cause the peak metamorphism to continue into the Miocene along the eastern 

margin of the Pamir (Sobel et al., 2013). 

8. Conclusion 

 My geochronologic analyses provide clear evidence that peak metamorphism in 

the Kongur Shan and Muztaghata gneiss domes is Miocene in age. My analyses also 

show an inherited Jurassic age signature in the gneiss domes of the northeastern Pamir. 

This Miocene metamorphism is interpreted to be a result of crustal thickening in the 

northeastern Pamir which resulted in garnet bearing assemblages.  Continued northward 

subduction of India under Asia combined with southward subduction of Asia under the 

North Pamir has created ongoing shortening and crustal thickening in the Pamir.  

Because of the lack of Cenozoic upper crustal shortening, underthrusting of the 

Permian-Triassic Karakul Mazar rocks under the Paleozoic Kulune terrane is interpreted 

to be the driver of Miocene crustal thickening in the northeastern Pamir (Robinson et 

al., 2012, Bershaw et al., 2012).  

 My results suggest that Sm-Nd garnet whole-rock geochronology is a very 

useful tool for determining the timing of peak prograde metamorphism in complex 

metamorphic terranes.  Dating the prograde garnet growth directly constrains the age of 
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peak metamorphism in high-grade metamorphic rocks. However, my analyses show that 

it is difficult to be highly precise with very young rocks, due to the 106Ga half-life of 

the Sm-Nd isotope system and complications due to the increased susceptibility to 

inclusions of monazite, apatite, or zircon in the garnet separates which can drastically 

skew the results.  U-Pb analysis of zircon combined with U/Th ratios can also be an 

effective tool for determining the age or peak metamorphism.  However, zircon grains 

are more refractory and more difficult to recrystallize than monazites, and may not 

recrystallize during a metamorphic event without sufficient free zirconium.  My results 

suggest that in-situ Th-Pb dating monazite as inclusions in garnet and as matrix grains is 

a more reliable geochronometer for addressing the timing of peak metamorphism in 

poly metamorphic terranes. However, micro-cracks can act as a conduit for lead-loss 

providing ages that are not representative of the timing of garnet growth around them. 

Therefore the addition of another geochronometer ensures that the results are accurate 

and reliable.  
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Appendix  

Garnet

 
Table A1: Sm-Nd Isotope data for the different rock fractions analyzed 
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