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ABSTRACT 

Understanding orogenic processes is crucial for evaluating tectonic models of mountain 

belts such as the Himalaya. The channel flow model predicts that the Himalayan 

metamorphic core is exhumed by the buoyant flow of melt-bearing rocks in the mid-crust. 

Such melts, generated in the kyanite stability field during prograde metamorphism, may 

herald the transition from burial to exhumation tectonics. This thesis investigates the 

evidence for this prediction by examining the petrogenesis of kyanite migmatites, through 

detailed petrography, high-resolution mineral-scale geochemistry (including the first LA-

ICP-MS trace element mapping of kyanite) and geochronology. 

In Eastern Bhutan, melting of metapelites from the lowermost parts of the Greater 

Himalayan Sequence (GHS) generated ‘in-source’ kyanite migmatites by low-volume, 

fluid-present muscovite melting. Much of the kyanite in the leucosomes is xenocrystic, 

having been entrained from the metapelitic source rocks. Kyanite growth continued in 

the melt, producing both distinctive new rims observed in cathodoluminescence images, 

and fresh, Ge-enriched crystals. Back-reaction of kyanite with melt produced muscovite 

rims, also with elevated Ge concentrations. Peritectic kyanite growth is limited but is 

prevalent in structurally higher migmatites. Variations in kyanite Cr/V composition reflect 

disequilibrium melt production and changing melt compositions.  

Zircon U-Pb geochronology suggests melt formed episodically between ~34 and 12 Ma in 

response to periodic water availability. Pulses of zircon growth at ~21 Ma and ~14 Ma 

may relate to movement on the Main Central Thrust, which would facilitate fluid 

percolation into the overlying rocks, triggering melting. This is later than predicted by the 

classic channel flow model but consistent with recent composite models that propose 

segmentation of the GHS into tectonic slices. As the lowermost GHS is the final slice to be 

exhumed, prograde Miocene melting in the kyanite field could still have driven the 

change from burial to exhumation in this crustal section. 
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1 INTRODUCTION 

The Himalayan mountain range is one of the major geographical features of our planet 

and is the type example for continent-continent collision. The northward movement of 

the Indian sub-continent towards the Eurasian continental margin led to the closure of 

the Neo-Tethys ocean and collision of the two landmasses at ~50 Ma (Najman et al., 

2010; Hodges, 2000). This young, active orogen has been described as a ‘natural 

laboratory’ and the ideal place in which to investigate the processes that occur during 

continental collision, including crustal melting. 

Collision of the Indian plate with the continental margin of Asia during the Eocene caused 

crustal thickening and formed the 2300 km long, arcuate, Himalayan mountain chain. 

Crustal shortening was accommodated in the Indian upper crust by the formation of a 

fold and thrust belt, whilst the rigid Indian lower crust underplated beneath Eurasia 

(Nábělek et al., 2009). As collision continued, burial of the Indian crust caused widespread 

metamorphism and partial melting, while major structures juxtaposed distinctive tectonic 

units that are relatively consistent along strike (Figure 1.1a).  

 

Figure 1.1 – a) Geological map of the Himalaya (after Searle et al., (2009)). b) Generalised geological 

cross section through the Himalaya (after Jessup, (2013)). 
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1.1. Major units of the Himalaya 

The distinctive tectonic units of the Himalaya are bounded by northward-dipping shear 

zones (Figure 1.1b). The three main subdivisions (using the terminology of Kohn, (2014)) 

are the Lesser Himalayan Sequence (LHS), Greater Himalayan Sequence (GHS), and the 

Tethyan Himalayan Sequence (THS). The Lesser Himalayan Sequence is separated at its 

base from the unmetamorphosed Siwalik Group by the Main Boundary Thrust (MBT) and 

is bounded at the top by the Main Central Thrust (MCT). Emplaced above the LHS by the 

MCT is the GHS, and above this is the THS, separated from the GHS by the South Tibetan 

Detachment (STD). To the north of the THS are the rocks of the Indus-Tsangpo Suture 

Zone and the Transhimalayan batholith (Figure 1.1a). 

The LHS-GHS-THS stratigraphic sequence of the Himalaya can be viewed as a 

metamorphic “sandwich” (Kohn, 2014), with the high grade metamorphic rocks of the 

GHS, which have experienced widespread partial melting, between the lower grade LHS 

and TSS rocks. There is therefore an inverted metamorphic sequence through the LHS and 

across the MCT.  

1.1.1.  Geology of Bhutan  
All of the three main tectonic units (LHS, GHS and TSS) are present in Bhutan (Figure 1.2), 

but the fault systems in Bhutan show important differences to the rest of the Himalaya. 

The STD, which forms the upper bound of the Greater Himalayan Sequence, is exposed as 

both an inner-STD and an outer-STD. The outer-STD forms the base of a number of 

klippen that juxtapose the basal TSS Chekha Group metasediments in the hanging wall 

against the lower GHS rocks in the footwall (Zeiger et al., 2015; Kellett et al., 2009). The 

inner-STD, in the north, juxtaposes the TSS against the upper GHS (Greenwood et al., 

2015).  

Elsewhere in the orogen the GHS contains internal thrust faults that thicken the unit (High 

Himalayan Thrust, see Carosi et al., 2018 for a review). Similarly, the GHS in Bhutan is 

tectonically thickened by the out-of-sequence Laya thrust (NW Bhutan) and Kakhtang 

thrust (Central & Eastern Bhutan), which double the mapped thickness of the GHS in 

Bhutan (Warren et al., 2011) (Figure 1.2).  
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Figure 1.2 - Simplified geological map of Bhutan. After Greenwood et al., (2015); Zeiger et al., (2015); 

Kellett et al., (2009). White boxes outline the maps shown in Chapter 2 with sample locations.  

1.2. GHS rocks of the Himalaya 

The metamorphic core of the Himalaya comprises metapelites, orthogneisses, migmatites 

and leucogranites of the GHS unit. These represent the metamorphosed strata of a 

sedimentary wedge deposited on the Indian margin, as well as some remnants of the 

underlying Indian lower crustal rocks (Cottle et al., 2015). 

In general, the GHS can be split up into the Lower, Middle and Upper GHS (also referred 

to in the Central Himalaya as Formation I, II and III respectively (Le Fort, 1975), with the 

Lower GHS generally comprising kyanite-grade mica schists and gneisses, and occasional 

migmatites (though detailed tectonostratigraphy varies regionally). Kyanite-grade 

migmatites are also reported structurally higher in the Upper GHS however (see below, 

(Godin et al., 2001; Coleman, 1998). The Middle GHS is predominantly calc-silicate gneiss, 

with the Upper GHS composed of augen orthogneisses, migmatites and evidence of more 

widespread melting in the form of large leucogranite bodies and sheets (Hodges, 2000). 
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Crustal thickening following collision caused heating and the development of regional 

Barrovian metamorphism in the GHS, with these rocks recording clockwise P-T paths that 

typically reached upper amphibolite facies. Metamorphism in the Himalaya has previously 

been divided into two distinct events (though modern geochronology has now blurred 

this distinction): the prograde Middle Eocene-Late Oligocene Eohimalayan phase and the 

more recent Early Miocene to present Neohimalayan phase, which is related to 

decompression and significant anatexis (Hodges, 2000).  

GHS rocks generally record peak kyanite-grade conditions (550-700°C, 9-12 kbar) at ~30 

Ma, and then a sillimanite-grade overprint (650-750°C, 6-8 kbar) between ~25-16 Ma 

(Waters, 2019). The geometry of the P-T paths that these rocks followed can vary 

depending on the thermal structure present in the GHS, as demonstrated by Figure 1.1, 

which shows P-T-t paths of different levels of the GHS in Nepal varying between ‘typical’, 

‘hot’, and ‘cool’ GHS conditions. Depending on the geometry of these paths, GHS rocks 

may (or may not) cross through melt-forming reactions at different times (anytime 

between 30-16 Ma), in different aluminosilicate stability fields (kyanite or sillimanite) and 

by different mechanisms (up-temperature or decompression) (note the “Ms” and “Liq” 

solidus lines in Figure 1.3). 

 

Figure 1.3 – P-T-t paths 

for various parts of the 

GHS and footwall LHS, 

based on interpretations 

of isochemical phase 

diagrams. From Waters, 

(2019). The “Ms” and 

“Liq” lines denote the 

solidus for muscovite 

dehydration melting and 

fluid-present melting 

respectively. 
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Continued research combined with recent improvements in P-T modelling approaches 

and geochronological analytical methods have led to more region-specific constraints on 

these P-T-t paths (see reviews by Waters, (2019); Carosi et al., (2018); Goscombe et al., 

(2018); Kohn, (2014)). Related to this is the understanding that the GHS is composed of 

sub-units that are separated by tectonic breaks, and thus the rocks of the GHS have 

experienced different P-T conditions at different times (see 1.4.3. ). 

1.3. Melt formation in the GHS 

Crustal anatexis is an important mountain-building process, and being able to accurately 

constrain the timing of melt formation and its subsequent crystallisation is crucial to 

understanding how an orogen evolves over time. The presence of melt in the crust has a 

significant effect on its strength (Jamieson et al., 2011; Rosenberg and Handy, 2005), 

causing it to weaken and allowing crustal rocks to flow towards the surface. This melt-

weakening effect is a key component of the “channel flow” thermo-mechanical model of 

the Himalaya (see section 1.4). Evidence of this crustal melting is found throughout the 

Himalaya in the form of granites and migmatites, the crystallised remains of these melts, 

and as such have been a focus of research in the Himalaya. Understanding how, when, 

and under what conditions these formerly-molten rocks were generated is therefore 

crucial for evaluating thermo-mechanical models and for understanding the geodynamics 

of the continental collision.  

The most voluminous expression of the partial melting of crust in the Himalaya is that of 

the migmatites and large peraluminous leucogranite bodies found in the upper GHS 

(Locations shown in Figure 1.1, ages in Table 1.1). The leucogranites of the Himalaya have 

historically been divided into two belts based on their location, emplacement style and 

age (Harrison et al., 1997). The High Himalayan Granites (HHG) are found at the highest 

structural levels of the GHS slab, typically just below or cut by the STD. The HHG belt 

extends discontinuously for nearly the entirety of the length of the Himalaya from 

Pakistan to Bhutan, and includes the large granitic bodies of the Zanskar, Everest and 

Manaslu regions (Figure 1.4a). The HHG, which are thought to be emplaced generally 

between 24 and 19 Ma, tend to be complexes comprised of sills or dykes. Approximately 

100 km to the north and parallel to the HHG are the North Himalayan Granites (NHG). 

These plutons are generally younger in age, between 17-10 Ma, and are typically found 
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within gneiss domes that are lateral equivalents of GHS gneisses, which outcrop within 

the THS. As Figure 1.4 and Table 1.1 demonstrate, there is much more overlap in the ages 

of the HHGs and the NHGs than previously described (Harrison et al., 1997). 

 
Figure 1.4 - Locations and ages of Himalayan leucogranites. a) Geological map is same as seen in Figure 

1.1. b) Thin black error bars are shown for discrete crystallisation ages. Where the age is quoted as a 

range (continuous or discontinuous) this is shown as a thick coloured bar.  

(Hopkinson et al., 2020; Cottle et al., 2019; Yang et al., 2019; Regis et al., 2016; Carosi et al., 2006, 2015; 

Iaccarino et al., 2015; Zeiger et al., 2015; Rubatto et al., 2013; Lederer et al., 2013; Imayama et al., 2012; 

Warren et al., 2011; King et al., 2011; Streule, Searle, et al., 2010; Groppo et al., 2010; Kellett et al., 2009; 

Lee and Whitehouse, 2007; Godin et al., 1999, 2001; Prince et al., 2001; Searle et al., 1997, 1999; Harrison 

et al., 1995, 1997, 1999; Murphy and Harrison, 1999; Coleman, 1998; Wu et al., 1998; Edwards and 

Harrison, 1997; Hodges et al., 1996; Noble and Searle, 1995; Schärer et al., 1986) 
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Table 1.1 - Ages of Himalayan leucogranites as plotted in Figure 3, from west to east. Plutons are colour 

coded as in Figure 1.4.  

 Pluton Age (Ma) Reference 
 Zanskar 20.8 -19.5 Noble and Searle (1995) 
 Leo Pargil Dome 30-18 Lederer et al., (2013) 
 Gangotri 22.4 ± 0.5 Harrison et al., (1997) 

 Shivling 
21.9 ± 0.5 Harrison et al., (1997) 
23 ± 0.2 Searle et al., (1999) 

 Garwhal 39.0 ± 3.1 Prince et al., (2001) 
 Mugu 17.6 ± 0.3 Harrison et al., (1997) 

 Kali Gandaki, Nepal 

41-36 Carosi et al., (2015) 
36-28 Iaccarino et al., (2015) 
35-31.5 Godin et al., (2001) 
35 ± 3 Godin et al., (1999) 

 
Annapurna 

36.3 ± 0.4 Hodges, Parrish and Searle (1996) 
31.6-28 Hodges, Parrish and Searle (1996) 

 22.1 ± 0.6 Hodges, Parrish and Searle (1996) 
 Marsyandi valley, Nepal ~35-22 Coleman (1998) 

 Manaslu 
22.9 ± 0.6 Harrison et al., (1999) 
22.4 ± 0.5 Harrison, McKeegan and LeFort (1995) 
19.3 ± 0.3 Harrison et al., (1999) 

 Shisha Pangma 
20.2 ± 0.2 Searle et al., (1997) 
17.3 ± 0.2 Searle et al., (1997) 

 Nyalam 
27-19 Yang et al., (2019) 
16.8 ± 0.6 Schärer et al., (1986) 

 Everest 
20.5–21.3 Simpson et al., (2000) 
14.3 ± 0.6 Schärer et al., (1986) 

 Rongbuk 
16.8 ± 0.8 Murphy and Harrison (1999) 
16.4 ± 0.6 Murphy and Harrison (1999) 
16.2 ± 0.8 Murphy and Harrison (1999) 

 Lhagoi Kangri 15.1 ± 0.5 Schärer et al., (1986) 

 Makalu 

22-19  Cottle et al., (2019) 
24 ± 0.4 Schärer et al., (1986) 
24-21 Streule et al., (2010) 
21.9 ± 0.2 Schärer et al., (1986) 

 Arun valley 
31.0 ± 0.4 Groppo et al., (2010) 
29-27 Groppo et al., (2010) 

 
Maja 

35-16 Lee & Whitehouse (2007) 

 
9.8 ± 0.7 Schärer et al., (1986) 
9.2 ± 0.9 Schärer et al., (1986) 

 Donggong 14.5 ± 0.9 King et al., (2011) 
 Gomdre 14.4 ± 0.6 King et al., (2011) 
 Kuday 28.1 ± 0.4 King et al., (2011) 
 Wing 27.5 ± 1.0 King et al., (2011) 
 Lijun 25.4 ± 6.0 King et al., (2011) 
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 Pluton Age (Ma) Reference 
 Kua 22.6 ± 0.4 King et al., (2011) 
 Tamor-Ghunsa (Upper) 33-23 Imayama et al., (2012) 
 Tamor-Ghunsa (Lower) 18-16  Imayama et al., (2012) 
 Sikkim, India 31-25 Rubatto et al., (2013) 

 NW Bhutan 

31-12  Hopkinson et al., (2020) 
~21-18 Regis et al., (2016) 
22 ± 1 Warren et al., (2011) 
21.0 ± 0.6 to 16.9 ± 
0.4 Warren et al., (2011) 

20.5 ± 0.5  Carosi et al., (2006) 
15–11 Kellett et al., (2009) 
15.4 ± 0.8 Warren et al., (2011) 
13.9 ± 0.3  Warren et al., (2011) 
13.4 ± 0.5 Warren et al., (2011) 
12.4 ± 0.3 Warren et al., (2011) 

 Wagye La  12.1–11.6  Wu et al., (1998) 
 Khula Kangri 12.5 ± 0.4 Edwards and Harrison (1997) 

 Eastern Bhutan Range 27-13 
Mainly 20-18 Zeiger et al., (2015) 

 Central Bhutan 25-18 Zeiger et al., (2015) 

The formation of the larger HHG and NHG bodies (regardless of overlaps in age) are 

generally thought to have formed due to muscovite and biotite dehydration melt-forming 

reactions as a result of the decompression of GHS metapelitic assemblages along 

clockwise P-T paths (Rubatto et al., 2013; Visonà et al., 2012; Dasgupta et al., 2009; 

Harrison et al., 1999; Harris and Massey, 1994). This partial melting produced 

peraluminous leucogranites under sillimanite-grade conditions (Figure 1.5). This general 

scenario, however, masks complexity: a number of different composition melts with 

different modal proportions of garnet ± cordierite ± tourmaline ± aluminosilicate can be 

produced through several different melt reactions (i.e. water-fluxed or dry reactions) (see 

Weinberg, (2016) Table 1 for a review). 

More recently there has been increasing evidence of older melting (during the 

Eohimalayan phase of metamorphism), with migmatites throughout the GHS yielding 

ages older than 24 Ma (Prince, Harris and Vance, (2001); Lee, Hacker and Wang, (2004); 

Groppo et al., (2010); King et al., (2011); Imayama et al., (2012); Rubatto, Chakraborty 

and Dasgupta, (2013); Iaccarino et al., (2015)). Crucially a number of these studies have 

found evidence of older Eocene- and Oligocene-aged low-volume melts in kyanite grade 

rocks (Carosi et al., 2015; Iaccarino et al., 2015; Imayama et al., 2012; Guilmette et al., 
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2011; Groppo et al., 2010; Harris et al., 2004; Daniel et al., 2003; Godin et al., 2001; 

Hodges et al., 1996), suggesting that these melts formed via up-temperature prograde 

melting (Figure 1.5). Kyanite migmatites and associated pre-Miocene leucogranites are 

key pieces of evidence for testing tectonic models of the Himalaya that rely on prograde-

melting as a cause for the change from burial to exhumation (i.e. the channel flow model 

of (Beaumont et al., 2001); see section 1.4.2. ). 

 

Figure 1.5 – Schematic P-T path for a typical Himalayan metapelite showing Miocene-aged granites 

forming by decompression melting and older Oligocene melts forming along the prograde path. After 

Searle et al., (2009), using P-T path from Searle (1999) and melting reactions from White et al., (2001).  

1.4. Tectonic models 

Understanding how the GHS underwent processes of metamorphism and partial melting 

is crucial for understanding the tectonic evolution of the Himalayan mountain belt. 

Several thermomechanical models have therefore been proposed to explain the evolution 

of the Himalaya. These models have provided predictions that can be tested by new data; 

subsequently variations on these models have been produced based on geological 

constraints. 

In general, there are two end-member models proposed for the explanation of crustal 

shortening in the Himalaya: the “critical taper” model (Kohn, 2008; Robinson et al., 2006; 
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Dahlen, 1990) (Figure 1.6a), and the “channel flow” model (Jamieson et al., 2006; Searle 

et al., 2003; Beaumont et al., 2001; Grujic et al., 1996) (Figure 1.6b).  

1.4.1.  Critical taper 
In the critical wedge or critical taper model of Dahlen (1990), a strong underthrusting 

plate carrying weak material collides with a strong hanging wall (Figure 1.6a). 

Convergence and deformation are taken up along foreland-propagating thrust sheets. As 

the wedge evolves through time a redistribution of material occurs via thrusting in order 

to maintain a critical taper angle. In the Himalaya, the STD can be seen as an upper bound 

to the wedge, with movement on the thrust faults below (the MCT, MBT and MFT) adding 

material to the wedge (Harrison et al., 1998; Burchfiel et al., 1992).  

1.4.2.  Channel flow 
In the channel flow model extrusion of the mid-crust is initiated due to the development 

of a low viscosity layer through prograde partial melting, that then is driven southward by 

the pressure gradient created between the thickened Tibetan crust and the Indian crust. 

This melt-weakening of the crust is critical to the model, and it has been shown that as 

little as 8% volume partial melt is sufficient to dramatically reduce the viscosity of crustal 

rock (Rosenberg and Handy, 2005). Based on the initial modelling by Beaumont et al., 

(2001) melt is predicted to form at ~35 Ma (assuming collision at 54 Ma), weakening the 

crust and thus initiating a switch in transport direction from burial to lateral channelised 

flow towards the surface, causing the exhumation of GHS material.  

As the large leucogranite plutons of the Himalaya are thought to form during 

decompression (section 1.3, Figure 1.5) they represent the results of exhumation and 

cannot be the cause of the predicted melt-weakening in the channel flow model. Instead, 

earlier melting along the prograde path is required to reduce the strength of the crust 

(Figure 1.5). Evidence of this process may therefore be in the form of Oligocene-Eocene 

aged kyanite migmatites described above (section 1.3).  
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Figure 1.6 – Schematic diagrams showing end-member tectonic models; a) Critical taper; b) Channel flow. 

After Cottle, Larson and Kellett (2015).  

Both the channel flow and critical wedge models explain high-level normal faulting, low-

level thrusting, and the presence of deformed partial melts along the Himalayan front 

(Harris, 2007). The main differences between the ‘channel flow’ and ‘critical taper’ 

models are in the differences in the nature and timing of movement on the main-

bounding features i.e. the MCT and STD. Early research therefore was focussed on these 

features with less attention placed on the internal structure of the GHS unit itself. More 

recent work however has filled in this knowledge gap, testing the predictions in terms of 

when metamorphism and melt crystallisation occurred in each model. In the ‘critical 

taper’ model melt crystallisation and metamorphism are predicted to take place across a 

similar time scale across the GHS, with ages getting younger only in the region close to 

the lower-bounding fault (i.e. the MCT) (Kohn, 2008). In a channel-flow scenario the 

centre of the channel remains hotter for longer versus the channel margins and thus 

metamorphic and melt crystallisation ages would be younger in the centre (Jamieson et 

al., 2004; Beaumont et al., 2001). It has also been argued by Kohn (2008), that the two 

models differ regarding the scale of the effect of the channel: critical taper predicts small 

scale effects i.e. restricted distances of crustal flow, whereas channel flow predicts large 

scale effects where the channel dominates the tectonic evolution of the orogen. These 

two end-member models may not be mutually exclusive however, and the Himalayan 
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research community may have become “unnecessarily polarised” as a result (Cottle et al., 

2015). 

1.4.3.  Composite model 
Continued research driven by the desire to test the predictions of these tectonic models 

has led to more nuanced views, where these two end-member models are not viewed as 

mutually exclusive and their influences can vary spatially and temporally as an orogen 

evolves (see Cottle et al. (2015) for discussion and references therein). Furthermore, the 

identification of newly recognised “tectonometamorphic discontinuities” has advanced 

our understanding of how the GHS metamorphic core behaved. These intra-GHS 

structures are largely cryptic in the field and are instead identified by variations in P-T-t 

histories along transects, which indicate that different parts of the GHS have been 

juxtaposed across tectonic breaks. Thus, the GHS should not be viewed as a continuous 

channel that moved as a coherent unit. These structures, which can be collectively be 

called the High Himalayan Discontinuity (HHD) (Montomoli et al., 2014), have been 

identified along the length of the Himalaya, potentially representing a single discontinuity 

that exists along strike, running from far western Nepal, throughout Nepal, in Sikkim, and 

in Bhutan (see Cottle et al. (2015) Figure 5 and references therein). The discovery of these 

intra-GHS shear zones and apparent tectonic discontinuities where P-T-t paths change 

abruptly are incompatible with the exhumation mechanisms proposed by the classical 

models. 

A more recent synthesis of the channel flow model and these intra-GHS thrusts, based on 

multidisciplinary datasets, has therefore been proposed (Carosi et al., 2018). In their 

study, the HHD is considered to be a regional-scale feature (comparable to the MCT) that 

separates the lower GHS from the upper GHS. These different tectonic slices within the 

GHS, which may also represent protolith boundaries, experience different P-T-t paths, 

with exhumation and burial occurring at different times. In Central-Eastern Himalaya it is 

now well documented that there is a shift in deformation and shearing structurally 

downwards as the orogen develops (Agustsson et al., 2016; Chakraborty et al., 2016; 

Ambrose et al., 2015; Cottle et al., 2015; He et al., 2015; Khanal et al., 2015; Wang et al., 

2015). Data from Kali Gandaki, Central Nepal (Carosi et al., 2015; Iaccarino et al., 2015; 

Montomoli et al., 2014), suggests that the uppermost GHS experienced exhumation first 
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(at 41-30 Ma) and the lower GHS was exhumed later, through movement on the MCT 

between 17-13 Ma. In this model the large leucogranite bodies (HHGs) form due to 

decompression between ~24 – 17 Ma, but there have been no direct predictions or links 

made yet between this model and the presence of kyanite-grade anatectic rocks. 

 

Figure 1.7 – Schematic diagram of the “progressive downward thrusting” tectonic model proposed by 

Carosi et al., (2018) to describe the development of the Greater Himalayan Sequence in Nepal. 
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1.5. Thesis objectives 

This study aims to interrogate the evidence for the kyanite-grade melting that is 

predicted by the channel flow model to be the driver for the switch from the burial to 

exhumation phases of the Himalayan collisional orogen, and to investigate how such 

rocks formed. There are three key questions regarding the petrogenesis of kyanite 

migmatites that are addressed in this thesis: 

1. How is the kyanite formed in kyanite migmatites? 

Most migmatites in the Himalaya are sillimanite-bearing and examples of kyanite-bearing 

migmatites are relatively scarce in the literature. When they have been investigated 

(Carosi et al., 2015; Iaccarino et al., 2015; Imayama et al., 2012; Guilmette et al., 2011; 

Groppo et al., 2010; Harris et al., 2004; Daniel et al., 2003; Godin et al., 2001; Hodges et 

al., 1996), the migmatites are interpreted to have formed during up-temperature 

prograde metamorphism. There are a number of ways that kyanite can form in these 

rocks however i.e. it could form during metamorphism, peritectically when melt is 

produced, or could crystallise from melt. Little attention is paid to kyanite formation in 

the above studies, yet their interpretations have implications for any P-T conditions 

determined from these rocks. Building on recent studies and a renewed research interest 

in this aluminosilicate (Kendrick and Indares, 2017; Peterman et al., 2017; Müller et al., 

2016), the formation of the kyanite in GHS migmatites is investigated. By combining CL 

imaging with LA-ICP-MS analysis (including novel LA-ICP-MS mapping that has not been 

applied to kyanite before) geochemical variations within and between kyanite grains is 

used to track petrogenetic processes. 

2. How old are the kyanite migmatites? 

Placing age constraints on melt formed during the Himalayan collision is important for 

understanding the P-T-t history of the GHS, which can then be used to test predictions 

made by tectonic models. Improvements in analytical techniques and a shift towards high 

spatial resolution analyses of individual geochronometers now allows for highly detailed 

chronological histories to be determined. Zircon grains in the migmatites were analysed 

using in situ U-Pb techniques to place constraints on when the kyanite migmatites 

formed. 
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3. What melt-forming reaction(s) generated the kyanite migmatites? 

Crustal anatexis in the Himalaya is thought to proceed through mica (muscovite and 

biotite) dehydration reactions (Patiño Douce and Harris, 1998; Harris et al., 1993; Harris 

and Inger, 1992). The composition of these reactant minerals, alongside the presence or 

absence of water and other phases, will therefore determine the trace element 

composition of the melt that forms from them (Harris and Inger, 1992). This geochemical 

cycling of elements is well understood at the whole-rock scale (Kawakami and Kobayashi, 

2006; Jung et al., 1999; Nabelek, 1999; Harris and Inger, 1992; Dougan, 1982), but less so 

at the mineral scale (Yang and Rivers, 2000; Neves, 1997; Dahl et al., 1993). Advances in 

analytical techniques (LA-ICP-MS) now allow for the routine collection of a wide range of 

trace element data across a number of minerals. Muscovite and biotite in the kyanite 

migmatites were therefore investigated to determine if there are any geochemical 

fingerprints that are indicative of particular melt-forming reactions or processes. 

1.6. Thesis structure 

The questions outlined above are investigated in the following chapters: 

• Chapter 2 presents primary field observations and petrographical descriptions 

that form the basis of the subsequent chapters. 

• Chapter 3 presents CL imaging data, as well as LA-ICP-MS trace element maps and 

spot analyses, to gain insights into kyanite petrogenesis. 

• Chapter 4 presents geochronological U-Pb zircon and monazite data from the 

kyanite migmatites to determine when they formed. 

• Chapter 5 presents LA-ICP-MS trace element data for muscovite and biotite to 

investigate potential geochemical tracers of melt-forming reactions. 

• Chapter 6 is an overall synthesis of interpretations, including ideas for future 

work. 

  



CHAPTER 2
THE NATURE OF KYANITE
MIGMATITES IN BHUTAN
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2 THE NATURE OF KYANITE MIGMATITES IN BHUTAN 

2.1 Field work 

Geological fieldwork was carried out in Bhutan, E Himalaya during a 29-day field season in 

April-May 2018. Fieldwork was split into two parts; the first 13 days involved trekking to 

altitude (up to 4200 m a.s.l.) in NW Bhutan to examine the potential kyanite-bearing 

rocks of the Masang Kang Terrane (MKT) and to provide field assistance to another OU 

student (Eleni Wood). Outcrops were typically at the base of steep valley sides and along 

road cuttings, while float samples came from scree slopes or stream beds. The remainder 

of the trip involved sampling of previously known and new occurrences of kyanite 

migmatites in Central and Eastern Bhutan. These samples were collected from road 

cuttings and river beds in spatially-limited catchment areas.  

The target of fieldwork was in situ, deformed leucosomes and small bodies of melt from 

the GHS, that were kyanite-bearing. These sampling criteria maximised the chances of 

collecting rocks that record the earliest melt-forming processes in the Himalaya. Fist-sized 

samples of these leucosomes and migmatites, as well as the host rock were collected, 

allowing for comparison between the inferred crystallised melt and the unmelted 

rocks/residue following melting. A complete sample list is provided in Table 2.1, and a list 

of key kyanite-bearing samples and their mineralogy is found in Table 2.2. Sample 

locations for NW Bhutan and E Bhutan are shown on the maps in Figure 2.1 and Figure 

2.2. 

Kyanite-grade rocks were typically found within 10 km of the MCT in Central Bhutan as 

currently exposed (see Figure 2.2), which is structurally within ~7 km of the GHS above 

the MCT (Long et al., 2011). However, some kyanite-grade rocks were found at higher 

structural levels within the GHS, near the out-of-sequence Kakhtang Thrust (see samples 

from Buyong).  
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2.2 Sample lists and key samples 

Table 2.1 – List of samples collected from NW and E Bhutan. Samples highlighted in bold are discussed further in the text. ‘x’ in sample name denotes a float sample. 

Mineral abbreviations according to (Whitney and Evans, 2010). 

Sample name Locality Latitude Longitude Rock type Info 

SPB-01x North from Hot Stone 
Bath Camp (HSBC) 28.1391 89.7105 Deformed grt-bearing 

leucogranite Float sample. Recrystallised quartz veins. 

SPB-02x E side of Bear Valley 28.1546 89.6997 Ky leucogranite Float sample. Bt schlieren. 

SPB-03 E side of Bear Valley 28.1546 89.6997 Ky leucogranite Float sample. No ky in hand sample, was in boulder that was split. 

SPB-04 Bear valley, down from 
slope 28.1537 89.7003 Sil/Ky leucogranite 30m wide body, sil replacing ky, bt schlieren. Rafts of foliated gneiss, diffusing into melt 

SPB-05x Downstream of HSBC 28.1288 89.7044 Ky leucogranite 1m sized river boulder. Pale leucogranite, patchy ms, bt, tur, small mm grts. No schlieren 

SPB-06 Koina-Gasa roadcut 27.9491 89.7596 Ky grt leucogranite 
with gneiss S side of outcrop. Coarse ms granite with ky and some bt schlieren. Deformed quartz bands. 

SPB-07 Koina-Gasa roadcut 27.9491 89.7596 Gneiss Host rock of SPB-07.  

SPB-08 Koina-Gasa roadcut 27.9491 89.7596 Mafic sill with granite Foliation parallel mafic sill, slightly boudinaged. In situ granitic melt within sill. Intrudes swirly foliated gneiss. 

SPB-09 Koina-Gasa roadcut 27.9491 89.7596 Ky leucogranite From central 10 m wide "ballooning diapir". 

SPB-010 Koina-Gasa roadcut 27.9491 89.7596 Host gneiss Preserved sliver of host gneiss adjacent to ‘diapir’. 

SPB-011 Koina-Gasa roadcut 27.9491 89.7596 Mixed granite Coarse bt/sil granite intermingling with finer tur granite with rafts of gneiss 

SPB-012 Koina-Gasa roadcut 27.9491 89.7596 Ky tour granite Ky tour leucogranite 

SPB-013 Jakar 17 sign 27.5149 90.8116 Grt ky schist Representative samples and ones with large cm sized ky 

SPB-014 Jakar 17 sign 27.5149 90.8116 Leucogranite 2 mica leucogranite 

SPB-015 Jakar 17 sign 27.5149 90.8116 Leucogranite Coarse qz-rich leucogranite 

SPB-016a Thrumsingla, outcrop 
with graffiti 27.3095 91.1455 Granite- grt poor Scaly bt schists with deformed grt granite boudins. Sub-m scale. Rafts of host gneiss in the larger bodies. Grt 

abundance is variable, <?%. 

SPB-016b Thrumsingla, outcrop 
with graffiti 27.3095 91.1455 Granite - grt-rich Scaly bt schists with deformed grt granite boudins. Sub-m scale. Rafts of host gneiss in the larger bodies. Grt 

abundance is variable, >?%. 

SPB-017a Thrumsingla, outcrop 
with graffiti 27.3095 91.1455 Schist - coarse Scaly bt schists with deformed grt granite boudins. Slightly different textures. 

SPB-017b Thrumsingla, outcrop 
with graffiti 27.3095 91.1455 Schist - fine Scaly bt schists with deformed grt granite boudins. Slightly different textures. 

SPB-018 Thrumsingla, outcrop 
with graffiti 27.3095 91.1455 Gneiss First sign of potential GH gneiss further along outcrop. 

SPB-019x Yonkola West river 27.3499 91.1091 Granite with tour Bt-rich ky bearing gneisses produce large ky and grt in gneiss, melt and quartz veins. 
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Sample name Locality Latitude Longitude Rock type Info 

section veins 

SPB-020x Yonkola West river 
section 27.3499 91.1091 Grt leucogranite with 

gneiss Bt-rich ky bearing gneisses produce large ky and grt in gneiss, melt and quartz veins. 

SPB-021x Yonkola West river 
section 27.3499 91.1091 Ky leucogranite with 

schist Bt-rich ky bearing gneisses produce large ky and grt in gneiss, melt and quartz veins. 

SPB-022x Yonkola West river 
section 27.3499 91.1091 Schist with large ky Bt-rich ky bearing gneisses produce large ky and grt in gneiss, melt and quartz veins. 

SPB-023 Yonkola West river 
section 27.3499 91.1091 In situ leucosome 

with schist Bt-rich ky bearing gneisses produce large ky and grt in gneiss, melt and quartz veins. 

SPB-024x Tangmachu beach 27.6140 91.2125 Grt schist Float samples. Grt ky schists with variable low proportions of melt present. 

SPB-025x Tangmachu beach 27.6140 91.2125 Grt ky schist Float samples. Grt ky schists with variable low proportions of melt present. 

SPB-026ax Tangmachu beach 27.6140 91.2125 
Grt ky schist with 
leucosome - small 
volume 

Float samples. Grt ky schists with variable low proportions of melt present. 

SPB-026bx Tangmachu beach 27.6140 91.2125 
Grt ky schist with 
leucosome - melt 
with Ky 

Float samples. Grt ky schists with variable low proportions of melt present. 

SPB-026cx Tangmachu beach 27.6140 91.2125 
Grt ky schist with 
leucosome - 
boudinaged melt 

Float samples. Grt ky schists with variable low proportions of melt present. 

SPB-027 Khoma 27.6887 91.2240 Boudinaged 
leucogranite Variable melting dependant on mica availability. No grt or ky, bt schlieren. 

SPB-028 Khoma 27.6887 91.2240 Host gneiss Variable melting dependant on mica availability. No grt or ky, bt schlieren. 

SPB-029 S Khoma 27.6691 91.2175 Ky grt schist Very small scale leucosomes (cm) found in variable ky grt schists. Melt contains bt schlieren. 

SPB-030 S Khoma 27.6691 91.2175 Segregated ky grt 
schist Very small scale leucosomes (cm) found in variable ky grt schists. Melt contains bt schlieren. 

SPB-031 S Khoma 27.6691 91.2175 Ky grt schist with 
leucogranite Very small scale leucosomes (cm) found in variable ky grt schists. Melt contains bt schlieren. 

SPB-032 W of Rollong 27.3066 91.4888 Bt schist Gneissose bt schists with abundant leucosome, cm scale, and 20 cm size boudinages. High strain observed. Bt, 
ms + grt 

SPB-033 W of Rollong 27.3066 91.4888 Ky schist Gneissose bt schists with abundant leucosome, cm scale, and 20 cm size boudinages. High strain observed. Bt, 
ms + grt 

SPB-034 W of Rollong 27.3066 91.4888 Leucogranite with 
schist 

Gneissose bt schists with abundant leucosome, cm scale, and 20 cm size boudinages. High strain observed. Bt, 
ms + grt 

SPB-035x Rongthung bridge 27.2723 91.5314 Ky bearing 
leucogranite 

Float samples. Ky ± grt schists with cm scale leucosomes and thicker up to 10 cm segregations with cm sized 
ky. 

SPB-036x Rongthung bridge 27.2723 91.5314 
Ky tur sil bearing 
leucogranite with 
schist 

Float samples. Ky ± grt schists with cm scale leucosomes and thicker up to 10 cm segregations with cm sized 
ky. 

SPB-037x Rongthung bridge 27.2723 91.5314 Ky tur bearing 
leucogranite 

Float samples. Ky ± grt schists with cm scale leucosomes and thicker up to 10 cm segregations with cm sized 
ky. 
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Sample name Locality Latitude Longitude Rock type Info 

SPB-038x Rongthung bridge 27.2723 91.5314 Ky grt schist Float samples. Ky ± grt schists with cm scale leucosomes and thicker up to 10 cm segregations with cm sized 
ky. 

SPB-039 Yongphula airstrip 27.2526 91.5194 Gneiss with 
leucosomes Weathered roadcut with deformed granite veins, deformed tur in feldspathic gneiss. 

SPB-040 Rongthung village 27.2753 91.5454 Grt schist Grt bt schist with deformed cm leucosomes. Occasional bt schlieren. 

SPB-041 Rongthung village 27.2753 91.5454 Grt schist with 
leucogranite Grt bt schist with deformed cm leucosomes. Occasional bt schlieren. 

SPB-042 Rongthung village 27.2753 91.5454 Leucogranite Grt bt schist with deformed cm leucosomes. Occasional bt schlieren. 

SPB-043 Phongmey skarn river 27.3711 91.7427 Grt leucogranite Cross-cutting grt leucogranite with large ms books and coarse feldspar. 

SPB-044x Phongmey river west 27.3603 91.7339 Grt leucogranite Grt leucogranites seen in river boulders, often with rafts of assimilated and broken Cheka. Abundant large ms 
books. 

SPB-045x Phongmey river west 27.3603 91.7339 Grt leucogranite with 
schist 

Grt leucogranites seen in river boulders, often with rafts of assimilated and broken Cheka. Abundant large ms 
books. 

SPB-046 Buyong 27.5238 91.5128 Grt gneiss Variable grt bt ± ky schist/gneiss with segregations and leucosomes from mm to 10 cm thick. 

SPB-047 Buyong 27.5238 91.5128 Grt ky gneiss Variable grt bt ± ky schist/gneiss with segregations and leucosomes from mm to 10 cm thick. 

SPB-048 Buyong 27.5238 91.5128 Ky leucogranite Variable grt bt ± ky schist/gneiss with segregations and leucosomes from mm to 10 cm thick. 

SPB-049 Buyong 27.5238 91.5128 Ky leucogranite Variable grt bt ± ky schist/gneiss with segregations and leucosomes from mm to 10 cm thick. Sample from 
nose of a tight fold. 

SPB-050 Sakteng Rd South 27.3789 91.6774 Grt st schists Chekha grt ± st. Abundant mm sized grt, cm-sized st, discontinuously distributed. 

SPB-051 Sakteng Rd North 27.3964 91.7523 2 mica tour 
leucogranite 2 mica leucogranite ± tur (<cm). 

SPB-052 Kanglung 27.2671 91.5196 Gneiss with 
leucosomes Gneiss with cm sized leucosome, no grt or ky 

SPB-053 Trashigang West 27.3192 91.5361 Tur leucogranite in 
gneiss 

Leucocratic gneisses with strung out melt (close to MCT). Cm scale melts are most likely to be earlier, larger 
bodies (dm) are seen. 

  



The Petrogenesis of Kyanite Migmatites in Eastern Bhutan 

 

  36  

Table 2.2 - Mineralogy of key kyanite-bearing samples that are discussed further in the text. Colour-coding relating to Location is used consistently throughout the 

text.  

x Present  Absent * As schlieren  Rare x Retrograde 

 

Location Sample Rock Type Plagioclase Quartz K-feldspar Muscovite Biotite Garnet Kyanite Sillimanite Tourmaline Staurolite Chlorite Apatite Ilmenite Rutile Monazite Zircon 
Yonkola SPB-021x Schist x x  x x x x    x  x x x x 
Yonkola SPB-021x Leucosome x x x x * * x    x  x x x x 
Yonkola SPB-021xii Leucosome x x x x *  x     x   x x 
Yonkola SPB-023 Schist x x  x x  x  x      x x 
Yonkola SPB-023 Leucosome x x  x *  x  x      x x 
Tangmachu SPB-026bx Schist x x  x x x x   Rare   x x x x 
Tangmachu SPB-026bx Leucosome x x x x * * x x       x x 
S Khoma SPB-031 Schist x x   x x x      x  x x 
S Khoma SPB-031 Leucosome x x x x *  x      x  x x 
W Rollong SPB-033 Schist x x  x x x x  Rare    x x x x 
W Rollong SPB-033 Leucosome x x x x * x x      x x x x 
Rongthung SPB-035x Schist  x  x x x x  x  x  x  x x 
Rongthung SPB-035x Leucosome x x  x * x x x   x  x  x x 
Rongthung SPB-035xii Schist x x  x x x x x x Rare x  x  x x 
Rongthung SPB-036x Schist  x  x x x x  x    x x x x 
Rongthung SPB-036x Leucosome x x x x * * x     x x x x x 
Rongthung SPB-037x Schist  x  x x x x      x x x x 
Rongthung SPB-037x Leucosome x x x x * * x  x    x x x x 
Buyong SPB-048xi Schist  x  x x  x    x x x  x x 
Buyong SPB-048xi Leucosome x x  x *  x    x x x  x x 
Buyong SPB-049i Leucosome x x x x *  x     x x x x x 
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2.3 Location Maps 

2.3.1 NW Bhutan map 

Figure 2.1 – Map of sampling locations from NW Bhutan. Full geological map of Bhutan with this area 

indicated is in Figure 1.2. 



The Petrogenesis of Kyanite Migmatites in Eastern Bhutan 

 

  38  

2.3.2 E Bhutan Map 

Figure 2.2 – Map of sampling locations from E Bhutan. Full geological map of Bhutan with this area indicated is in Figure 1.2. Samples highlighted in bold are 

discussed further in the text. Colour-coding relating to location is used consistently throughout the text.  
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2.4 Kyanite-bearing sample descriptions by location 

2.4.1 Yonkola West 
Samples 021x, 021x_1, 021x_2, 021x_3, 021x_4, 021xii, 023, 023_1, 023_2, 023_3, 023_4, 023ii 

2.4.1.1 Field relations 

The Yonkola West locality is found along the Bumthang-Ura Highway, approximately 20 

km to the west of the MCT outcrop at Thrumsingla (27.3499, 91.1091) (Figure 2.2). 

Samples were found in a small river bed and are mostly float, other than SPB-023, which 

was collected as an in situ sample.  

Kyanite-bearing leucosomes in outcrop are found in biotite-rich kyanite ± garnet schists. 

Leucosomes are typically small, irregular deformed lenses, up to 10 cm in thickness, but 

not laterally continuous for more than a few metres (Figure 2.3a).  

 

Figure 2.3 – Outcrop photographs from Yonkola W where sample SPB-023 was taken. All images 

represent cross sections through the dominant foliation. (a) Typical outcrop seen at Yonkola W with 

variable sized leucosome lenses in a kyanite-bearing schist. (b) Kyanite crystal at margin of small 

leucosome lens and host schist. (c) Foliation of biotite-rich schist wrapping around a deformed 

boudinaged leucosome lens containing a cluster of kyanite crystals. (d) Biotite-rich margin of leucosome 

pods. (e) Quartz-rich lithologies in the same location with fewer, more elongate leucosomes. 
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Kyanite in both the leucosome and schist is typically cm-sized, and can be up to 4 cm 

(Figure 2.3b, Figure 2.3c). Foliation in the biotite-rich schists wraps around the leucosome 

lenses, which may be boudinaged (Figure 2.3c). Where the bedrock does not contain 

kyanite it is more quartz-rich with more obvious gneissic banding, and melt lenses are 

more elongate along foliation (Figure 2.3d).  

2.4.1.2 SPB-021x and SPB-021xii 

SPB-021x is a float sample composed of a  

• quartz + plagioclase + muscovite + biotite + kyanite + garnet schist and a  

• quartz + plagioclase + K-feldspar + muscovite + kyanite granitic leucosome.  

Schist and leucosome are both present in sections made from SPB-021x, whereas just 

leucosome is observed in SPB-021xii. The contact between the schist and leucosome is 

cuspate (Figure 2.4), and the schist is defined by the presence of biotite. This boundary is 

not always easy to define however, and grains near this boundary show evidence of 

interaction with melt. Rare schlieren of biotite + garnet can be found in the leucosome. 

Rutile and ilmenite are found in both the schist and leucosome, but rutile is much less 

common in the leucosome.  

 

Figure 2.4 - Hand specimen photo showing cuspate contact between leucosome and schist in sample SPB-

021x. 
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Kyanite is found in both the schist and leucosome, but with a variety of grain 

morphologies and textures: 

• Large (cm-sized) tabular kyanite found in the schist (Figure 2.5a). Edges of 

grains may be ragged and surrounded by muscovite, and thin layers of fine-

grained sericite are usually found at the margins of kyanite; these features are 

interpreted as evidence of minor retrogression. However, generally this type 

of kyanite lacks evidence of extensive alteration. Rutile, ilmenite, and zircon 

are common inclusions. 

• Large (cm-sized) tabular kyanite with clear, sharp crystal edges and no 

embayments or other evidence of alteration, found in the leucosome (Figure 

2.5b). Very similar in morphology and mineral association to the tabular 

kyanite in the schist. 

• Small (mm-sized) patches of rounded kyanite surrounded by typically large 

(cm-sized) optically continuous grains of muscovite (Figure 2.5c) can be found 

mostly in the leucosome but rarely in the schist. These corroded kyanites 

occur throughout the leucosome and may be found near (often within 5 mm) 

tabular kyanite.  

• Prismatic, elongate (aspect ratio ~1:10) kyanite found in the leucosome, 

showing minimal alteration features (Figure 2.5d). This type of kyanite tends 

to occur away from the schist margin, but again can be found in near both 

tabular and mica-rimmed kyanite. 

These different types of kyanite are also commonly found in close proximity to each other 

i.e. the leucosome contains both tabular and corroded kyanite that are within <1 mm 

away from each other (Figure 2.6) 
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Figure 2.5 - Kyanite textures observed in SPB-021x and SPB-021xii. a) Stable tabular kyanite in the schist 

in SPB-021x. b) Stable tabular kyanite in the leucosome in SPB-021xii. c) Corroded kyanite surrounded by 

a single optically continuous grain of muscovite, from the leucosome of SPB-021x. d) Prismatic kyanite 

from the leucosome of SPB-021xii. 
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Figure 2.6 - Thin section maps of a) SPB-021x and b) SPB-021xii showing distribution of kyanite types and 

muscovite. Images are PPL images with overlays of different kyanite types as described in the text. 

Garnet is up to 0.5mm in size and is typically strongly chloritized. When fresh crystals are 

preserved garnet cores are rich in quartz inclusions. Edges of biotite grains are also 

commonly chloritized. Muscovite is rare in the schist, and is only found in textural 

equilibrium when surrounded by and intergrown with biotite (Figure 2.7a). Muscovite can 

be found as small primary laths in both schist and leucosome (Figure 2.7b), but more 

commonly, muscovite is found surrounding kyanite in the leucosome. When surrounding 

kyanite the muscovite is typically a single large optically-continuous grain (Figure 2.7c). In 

the leucosome, when muscovite is in contact with K-feldspar the muscovite commonly 

intergrows with quartz (Figure 2.7d).  

Undulose extinction in quartz and kinked grains of kyanite, quartz, feldspars and 

muscovite (Figure 2.8) are common features of in these samples. Evidence of former melt 

includes embayments and blebby quartz and intergranular films at triple points 

suggesting melt pseudomorphs (Figure 2.9) (Holness et al., 2011; Vernon, 2011; Holness 

and Sawyer, 2008; Sawyer, 1999); this evidence is discussed further in section 2.5.4. 
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Figure 2.7 - Muscovite textures observed in SPB-021x and SPB-021xii. a) Muscovite in SPB-021x schist 

intergrowing with biotite. b) Primary muscovite in leucosome of SPB-021xii. c) Corroded kyanite 

surrounded by an optically continuous muscovite grain in leucosome of SPB-021x. d) Muscovite in 

leucosome of SPB-021x breaking down to quartz when in contact with K-feldspar.  



Chapter 2 - The nature of kyanite migmatites in Bhutan 

 

      45 

 
Figure 2.8 – Kinked grain of kyanite (a) and plagioclase kinked twin planes (b) from the SPB-021x 

leucosome. 

 

Figure 2.9 – Evidence of former melt in SPB-021xii leucosomes. a) Quartz embayments, and melt film and 

triple point pseudomorphs. b) Blebby quartz at feldspar-quartz contacts. 

2.4.1.3 SPB-023 

Sample SPB-023 is an in situ sample of a kyanite-bearing leucosome in a biotite-rich 

tourmaline-bearing host rock collected from the location shown in Figure 2.3. The host 

rock contains an assemblage of biotite + muscovite + quartz + plagioclase + tourmaline + 

kyanite. There are variations in biotite mode throughout the multiple thin sections that 

were cut; some appear more schistose, while others comprise almost exclusively a 

kyanite + tourmaline + biotite restite (Figure 2.10).  
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Figure 2.10 - Thin section photographs of SPB-023 sections a) 23ii and b) 23_3 illustrating the variation in 

biotite and tourmaline mode in the melanosome/schist. 

Green-coloured zoned tourmaline is present in both the leucosome and restite, and 

contains abundant quartz inclusions. Tourmaline varies in size between 1 mm and 1 cm, 

with smaller grains tending to be present in the leucosome. Kyanite is rare in the 

leucosome but when present it is large (cm-sized) and tabular with sharp edges, although 

commonly is more rounded than kyanite in SPB-021x and is associated with muscovite at 

its rim. Large tourmaline grains may also be in close proximity to kyanite porphyroblasts. 
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Occasional trails of small kyanite grains are found in between large plagioclase 

porphyroblasts. In the restite/schist, aggregations of tabular, rounded kyanite grains are 

found, often with abundant biotite and tourmaline inclusions.  

Large (up to 1 cm) muscovite laths are common in the leucosome, but where in contact 

with large plagioclase grains, their margins show skeletal muscovite + quartz 

intergrowths. Muscovite in the schist is common and grain margins are typically 

associated with irregularly-shaped quartz. Elongate, highly cuspate quartz grains are also 

found around muscovite grain boundaries. Biotite that is surrounding muscovite in the 

schist is not associated with this irregular blebby quartz.  

 
Figure 2.11 - Muscovite textures observed in SPB-023 leucosome. a) Irregular muscovite closely associated 

with quartz when in contact with feldspar. b) Muscovite with irregular blebs of quartz, whereas biotite 

remains stable. Melt film pseudomorph is also observed. 

Coarse (cms long) K-feldspar porphyroblasts dominate the leucosome and commonly 

contain elongate stringers of muscovite and quartz along cleavage planes and cracks. 

Zircon is largely confined to the schist, and monazite is rare. Zircon in the leucosome is 

usually found at grain boundaries between K-feldspar and quartz. 

  



The Petrogenesis of Kyanite Migmatites in Eastern Bhutan 

 

  48  

2.4.2 Tangmachu 
Samples 025x, 26ax, 026bx, 026bx_1, 026bx_2, 026bx_3  

2.4.2.1 Field relations 

Tangmachu beach is 200 m north of where the Mongar-Lhuntse Highway crosses the Kuru 

Chu River at the Tangmachu Bridge (27.6140, 91.2125) (Figure 2.2). All samples collected 

from this locality are float samples.  

Kyanite-bearing migmatites were found in outcrop along the ground on the track leading 

to the beach (Figure 2.12). These migmatites comprise kyanite ± garnet + biotite + 

muscovite schists and small volumes of boudinaged leucocratic pockets (no larger than 5 

cm in thickness, commonly much smaller lenses), with large kyanite and muscovite 

observed in the leucosome. A number of float samples show varying amounts of 

leucosome, and appear similar to rocks observed in situ along the floors of tracks. 

Leucosomes are foliation-parallel and lack evidence of melt-extraction pathways. 

 

Figure 2.12 – Photographs of outcrop along floor track at Tangmachu. Samples from this location are not 

taken from this outcrop but are float samples from the nearby beach. a) Leucocratic pods in garnet-rich 

kyanite schist. b) Close up photograph of leucocratic pod, showing kyanite and garnet distributed 

throughout the schist and the leucosome.  

2.4.2.2 SPB-026bx 

Sample SPB-026bx is composed of a  

• quartz + plagioclase + muscovite + biotite + garnet + kyanite schist in contact with  

• quartz + plagioclase + muscovite + kyanite leucosome.  

The presence of biotite and garnet define the extent of the schist, but occasional biotite-

garnet schlieren can be found in the leucosome. In the schist elongate muscovite laths 
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and kyanite define the foliation, and garnet and kyanite tend to be found in separate 

layers parallel to foliation (Figure 2.13).  

 

Figure 2.13 – Thin section images of SPB-026bx a) showing the distribution of kyanite and muscovite 

throughout the schist and leucosome, and b) denoting the leucosome- schist margin and the presence of a 

biotite-garnet schliere. 

Garnet is up to 3 mm in size, commonly with quartz, ilmenite and rutile inclusions in the 

core, with an inclusion-free rim. Smaller garnets (<1 mm) tend to be inclusion free. 

Garnet tends to be surrounded by biotite, some grains of which are now partially 

chloritized. Rarely, staurolite grains up to 4 mm in size are preserved in between adjacent 
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garnet grains, but they are more commonly smaller and skeletal, breaking down to quartz 

(Figure 2.14). Kyanite in the schist can be up to 1 cm in size and is commonly surrounded 

by thin rims of fine-grained muscovite. Ilmenite and rutile are both found in the schist 

matrix; zircon is also common. 

 

Figure 2.14 - Preserved staurolite grain between garnets in SPB-026bx. 

In the leucosome, tabular cm-sized kyanite is concentrated close to the margin with the 

schist, although some grains are found further away from this contact (Figure 2.13a). 

Schlieren of biotite + muscovite + garnet can be found in the leucosome. Margins of large 

primary muscovite laths are observed in the leucosome and tend to be intergrown with 

blebby quartz when adjacent to K-feldspar. Fine-grained muscovite is present in trails of 

quartz + sillimanite associated with the edges of large feldspar porphyroblasts. Bent twin 

planes in feldspars and kyanite, and undulose extinction in quartz are common 

deformation features in the leucosome. 
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2.4.3 S Khoma 
Samples 029, 030, 030ii, 031 

2.4.3.1 Field relations 

This locality is south of the village of Khoma, south-east of Lhuntse, (27.6691, 91.2175) 

(Figure 2.2) where a rockfall at the side of the road has exposed fresh outcrop. Here 

kyanite + garnet metapelite hosts small volumes of kyanite-bearing leucosome. The host 

rock varies from being a biotite-rich schist to a more segregated gneiss. Kyanite in the 

schist are cm-sized and elongate, with garnets being up to 2 mm in size. Muscovite is rare 

in both the schist and leucosome. Small cm-sized granitic pods are found discontinuously 

through the section, and often contain biotite schlieren. The outcrop as a whole appears 

weathered, with reddish purple streaks, and on fresh surfaces quartz and feldspars have a 

milky-yellow appearance. Three in situ samples were collected, with varying amounts of 

leucocratic material present.  

 

Figure 2.15 – Photographs of the S Khoma locality. a) Rockfall that exposed fresh outcrop. The fallen block 

was then sampled. b) and c) show contrasting volumes of leucosome present in the fallen block. 
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2.4.3.2 SPB-031 

SPB-031 is a biotite + kyanite + quartz + feldspar schist with discontinuous patches of 

kyanite + quartz + feldspar leucosome (Figure 2.16). Garnet is not present in this thin 

section, though it was observed in the field in the schist. Kyanite, primarily found in the 

leucosome, is cm-sized, tabular and elongate. Strongly deformed kyanite grains with kink 

bands are common (Figure 2.17a). Other kyanite grains are associated with large rounded 

quartz grains either as inclusions, or the kyanite is intergrown with matrix grains (Figure 

2.17). Some smaller, more prismatic kyanite grains are also present. Muscovite is not 

common but is in equilibrium with surrounding phases and follows the weak foliation 

defined by the biotite. Cuspate margins between quartz and feldspars, quartz strings-of-

beads, and quartz/feldspar melt films all suggest the former presence of melt in the 

leucosome. However, recrystallisation of quartz is common, and fine-grained aggregates 

of recrystallised quartz and plagioclase can be found between kyanite porphyroblasts. 

Large K-feldspar porphyroblasts in the leucosome commonly have patches of perthitic 

texture, with wavy or deformed blebs (Figure 2.17a). Ilmenite is a common inclusion in 

kyanite and biotite.  

 

Figure 2.16 – Hand specimen photograph of SPB-031. This sample represents the highest proportion of 

melt observed at outcrop scale. 
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Figure 2.17 – Types of kyanite in SPB-031. a) Intensely deformed kyanite in the leucosome showing 

undulose extinction and regions where kink bands are concentrated. Perthitic texture of feldspar 

porphyroblast can also be observed. b) Kyanite grains at the margin between schist and leucosome, 

showing intergrowth with, and inclusions of, large quartz grains.  

2.4.4 W Rollong 
Samples 032, 033, 033_1, 033_2, 034 

2.4.4.1 Field relations  

The W Rollong locality is found along the Mongar-Trashigang-Trashiyangtse Rd that 

follows the Dangme Chu River, W of the village of Rollong (27.3066, 91.4888) (Figure 2.2). 

Widening of the roads in this area has exposed outcrops of GHS schists and gneisses with 

abundant leucosomes. In situ leucosomes range in size from <1 cm stringers up to 20 cm 

boudinaged granitic lenses (Figure 2.18). Schist is biotite and muscovite rich, with large 

(up to 5 cm) garnets. Leucosomes are largely composed of quartz + feldspar ± minor 

tourmaline. The majority of observed outcrop is kyanite-free, but in a few patches the 

schist contains stubby kyanite and leucocratic areas. Here, leucocratic patches have 

weathered to a yellowish colour. 



The Petrogenesis of Kyanite Migmatites in Eastern Bhutan 

 

  54  

 
Figure 2.18 - Field photographs from W Rollong locality, showing a) larger segregated melt pockets that 

are laterally continuous for up to 1m. b) smaller segregated melt pockets in schist with cm-sized garnets. 

2.4.4.2  SPB-033 

Sample SPB-033 comprises a  

• biotite + muscovite + kyanite + garnet + quartz + plagioclase schist and a  

• quartz + plagioclase + K-feldspar + kyanite + garnet + muscovite leucosome.  

Biotite and garnet-rich schlieren are common, and the contact between the melt and host 

rock can be hard to distinguish. Here we consider that melt is indicated by a general 

absence of biotite and a coarsening of quartzofeldspathic minerals (Figure 2.19).  

Two types of garnet are observed: (i) small (<1 cm) subhedral, inclusion-free garnets 

primarily occur in the leucosome but are also found in biotite-bearing domains; (ii) larger 

(up to 5 mm), generally more euhedral garnets in the schist that host quartz, biotite and 

ilmenite inclusions.  

Kyanite in the schist tends to be cm-sized elongate tabular kyanite, oriented along the 

biotite-defined foliation. Large cm-sized tabular kyanite is found in the leucosome, as well 

as clusters of smaller, mm-sized tabular to equant kyanite (Figure 2.20a). Muscovite is 

present in both the schist and leucosome, commonly intergrown with biotite, typically 

being coarser in the leucosome. Quartz commonly shows chessboard extinction and 

elongate kyanite grains can show spectacular deformation textures (Figure 2.20b). Rare 

tourmaline can be found associated with biotite in the schist. Ilmenite and rutile are 

present throughout in minor amounts, being more abundant in the schist.  
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Figure 2.19 - Thin section photographs of SPB-033x demonstrating variability in amount of leucosome 

present and illustrating how difficult it is to delineate the contact between leucosome and schist. 

 

Figure 2.20 – Types of kyanite observed in SPB-033. a) Large kyanite in the leucosome adjacent to cluster 

of smaller kyanite at the margin of the schist. b) Large kyanite in the leucosome showing a concentration 

of kink bands or a “kyanite train wreck”. 
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2.4.5 Rongthung 
Samples 035x, 035x_1, 035x_2, 035x_3, 035xii, 036x, 036x_1, 036x_2, 036x_3, 037x, 037x_1, 

037x_2, 037x_2, 037xii  

Samples from Rongthung were collected from a stream valley to the south of the 

Rongthung bridge, found along the Trashigang - Samdrupjongkhar Highway between the 

village of Rongthung and Sherubtse College (27.2723, 91.5314) (Figure 2.2). The isolated 

mountain stream contains numerous float blocks but no in situ outcrop. The nearest 

outcrop to the south side of the bridge showed typical GHS grey gneisses with low 

volumes of leucosome, but no kyanite present. 

Float blocks are comprised of kyanite + garnet ± tourmaline schists with cm-thick 

leucosomes, occasionally larger (up to 10 cm thick) granitic segregations, with cm-sized 

kyanite blades being common in leucosomes (Figure 2.21). The abundance of biotite 

varies in the leucosomes; some are completely free of biotite, others have abundant 

biotite-rich schlieren. All three samples collected here (SPB-035x, -036x and 037x) contain 

both schist and leucosome. 

 

Figure 2.21 - Field photograph of river boulders from Rongthung locality demonstrating variety of sizes in 

leucosome segregations.  
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2.4.5.1 SPB-035x and SPB-035xii 

Sample SPB-035x is a float sample comprised of a  

• quartz + muscovite + biotite + kyanite + garnet + tourmaline schist and a  

• quartz + plagioclase + K-feldspar + muscovite + kyanite leucosome.  

SPB-035x comprises both schist and leucosome, whereas SPB-035xii (cut from the same 

sample) is schist only (Figure 2.22 and Figure 2.23). The boundary between the schist and 

leucosome is defined by the presence of biotite + garnet, and a significant coarsening of 

matrix material in the leucosome. The schist contains significantly more muscovite than 

biotite, with both micas being in textural equilibrium with each other. Patches of 

irregular-shaped and interlocking quartz are found between micaceous layers, with 

quartz often showing chessboard extinction. Garnet porphyroblasts in the schist are up to 

3mm in size, with inclusion-rich cores of quartz, ilmenite, uncommon muscovite, and rare 

tourmaline, with thin inclusion-free rims. Many garnets show red Fe-staining, and 

chloritisation of biotite is common. 

Kyanite in the schist is less abundant than in other samples, and is typically cm-sized and 

elongate, though there are also smaller mm-sized stubby grains. Sillimanite is present in 

the schist, occurring primarily at edges of muscovite laths, but can also be seen at the 

edge of garnet grains, and in rare instances, is seen nucleated on kyanite (Figure 2.24). 

Rare, irregularly shaped staurolite can be found in the schist, alongside <1 mm-sized 

tourmaline (Figure 2.25). Ilmenite and rutile are common throughout the schist. 

 
Figure 2.22 - Hand specimen of sample SPB-035x, with a) fresh surface and b) opposite cut surface 

showing the geometry of the leucosome pod. 
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Figure 2.23 – Thin section photographs of a) SPB-035x composed of schist and leucosome and b) SPB-

035xii, which is schist only.  

The leucosome is characterised by large cm-sized feldspar porphyroblasts, which 

commonly enclose large rounded quartz grains and finer muscovite inclusions. Towards 

the margins of the feldspars and between adjacent grains are muscovite laths, tabular 

and corroded/mica-rimmed kyanite, and occasional biotite and small garnet grains. 

Elongate tabular kyanite grains are up to 1 cm in size, commonly twinned, and show 

occasional muscovite at their tips. Bent kyanite grains are common (Figure 2.26a). Small 

(mm-sized), skeletal kyanite surrounded by ‘pools’ of muscovite is also observed (Figure 

2.26b). Rare sillimanite is found in strings in a few isolated patches at plagioclase-K-

feldspar contacts. Near to these isolated patches sillimanite is also found at the rim of 

one ragged-looking tabular kyanite, but no sillimanite is found surrounding an adjacent 

kyanite (Figure 2.24c). 
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Figure 2.24 - Sillimanite observed in SPB-035x and SPB-035xii. a) Sillimanite found at edge of garnet grain 

in close proximity to small kyanite in SPB-035xii schist. b) Sillimanite at margin of kyanite grain nearby to 

garnet in SPB-035xii schist. c) Sillimanite stringer at the margin of two feldspars in SPB-035x leucosome. 

Sillimanite continues around the margin of a nearby kyanite grain but is not observed along the margin of 

adjacent kyanite grain at the bottom of the image. 
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Figure 2.25 - Skeletal staurolite grains in SPB-035xii schist, found within a muscovite matrix, adjacent to 

garnet porphyroblast and a rare tourmaline grain. 

 

Figure 2.26 – Kyanite types observed in SPB-035x. a) Bent kyanite grain in leucosome of SPB-035x, 

including physical spalling of edge of grain. b) Corroded kyanite being surrounded by a pool of muscovite 

in SPB-035x leucosome. 
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2.4.5.2 SPB-036x  

Sample SPB-036x is a float sample comprised of a  

• quartz + muscovite + biotite + kyanite + garnet + tourmaline schist and a  

• quartz + plagioclase + K-feldspar + muscovite + kyanite leucosome.  

The schist is defined by the presence of foliated biotite + garnet; isolated layers of biotite 

+ garnet schlieren are also found away from the main schist. Sections cut from this 

sample include varying proportions of schist/schlieren/leucosome (Figure 2.27). The 

schist contains equal amounts of muscovite and biotite, which is commonly chloritized. 

Subhedral garnet porphyroblasts, up to 4 mm in size, are inclusion rich with thin 

inclusion-free rims, and are usually Fe-stained. The inclusion assemblage contains 

randomly-oriented quartz (sometimes significantly larger mm-sized grains), muscovite, 

chlorite, rutile and ilmenite. In some garnet grains, rims show fine-grained inclusion trails 

that are oriented parallel to hexagonal crystal faces (Figure 2.28). Rare large mm-sized 

tourmaline can be found in the schist and schlieren. 

Kyanite is not abundant in the schist, and generally occurs as small, tabular grains. Large, 

elongate (several cms long) grains are found close to schlieren or in layers in the 

leucosome, and kyanite tends to be oriented parallel to the foliation in the schist. These 

elongate kyanite grains tend to be unaltered but are commonly bent. Corroded kyanite 

grains surrounded by muscovite are also common, though these are usually more tabular 

in shape.  

Minerals in the leucosome are also coarser than in the schist, with cm-sized feldspar and 

quartz porphyroblasts. Patches of finer grained quartz and plagioclase are commonly 

found between rounded porphyroblasts. Muscovite occurs primarily as coarse grains 

surrounding corroded kyanite grains, but tabular, isolated muscovite laths are also 

observed (Figure 2.29). In rare cases, when muscovite is found next to K-feldspar, the 

margins of the mica grains display embayments filled with skeletal intergrowths of quartz 

and muscovite (Figure 2.29c). 
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Figure 2.27 - Thin section photographs of a) SPB-036x and b) SPB-036xii, demonstrating bands of schist, 

schliere and leucosome throughout the different sections.  
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Figure 2.28 - Garnet in schist in SPB-036xii, showing randomly oriented inclusions in the garnet core and 

finer inclusion trails in the rim, parallel to principal crystal faces of garnet. 

 
Figure 2.29 - Muscovite textures observed in SPB-036xii leucosome. a) Rectangular muscovite lath. b) 

Muscovite surrounding kyanite breakdown. c) Muscovite breaking down to quartz when in contact with 

K-feldspar. 
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2.4.5.3 SPB-037x  

Sample SPB-037x is a float sample comprised of a  

• quartz + muscovite + biotite + kyanite + garnet + tourmaline schist and a  

• quartz + plagioclase + K-feldspar + muscovite + kyanite leucosome.  

SPB-037x is very heterogeneous in terms of its mineral distribution, as demonstrated by 

the hand specimen photo (  

Figure 2.30) and photomicrographs of various sections (Figure 2.31). In places there is a 

poorly foliated kyanite-garnet-schist in contact with a coarse leucosome containing 

tabular kyanite grains. Elsewhere tourmaline clots are common in the leucosome, and 

biotite and garnet are distributed throughout the leucosome. 

  
Figure 2.30 - Hand specimen of sample SPB-037x, with cut surface showing the heterogeneity of schist: 

schlieren: leucosome in this sample. 

Kyanite abundance is variable throughout SPB-037x and is not always sampled by any 

given thin/thick section. Kyanite in the schist is generally unaltered, with only minor fine-

grained muscovite found at its margins. Grains can be elongate and up to 8 mm in length, 

but they are randomly oriented within the schist. Many kyanite grains show undulose 

extinction and evidence of strain. At the poorly defined margin of the schist and 

leucosome there may be large tabular kyanite grains, but kyanite is generally rare in the 

leucosome. When it is observed, kyanite is corroded and surrounded by muscovite. 
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Figure 2.31 – Thin section photographs of SPB-037x demonstrating heterogeneity of sample. a) The 

distinction between schist and leucosome is based on the abundance of biotite. b) Biotite is disseminated 

throughout a portion of the leucosome, whereas other parts of the leucosome are biotite free. 

Garnets in the schist are subhedral and up to 2 mm in size, with cores containing primarily 

quartz and ilmenite inclusions with lesser amounts of rutile and muscovite, and inclusion-

free rims. The garnets are commonly Fe-stained and surrounding biotite grains are usually 

chloritized. Entirely chloritized biotite is common throughout both the schist and 

leucosome, with chlorite also found associated with complex quartz, muscovite and 

ilmenite intergrowths. Feldspars throughout the leucosome are strongly sericitised 

(Figure 2.32b). In a rare muscovite-rich patch in the leucosome an entire garnet grain has 

been chloritised, and a number of clusters of small tourmaline grains can be seen that are 

not observed anywhere else in this sample (Figure 2.32a). 
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Figure 2.32 – Strong alteration observed in SPB-037x. a) Garnet and feldspar all show alteration in this 

muscovite-rich patch in the SPB-037xii leucosome. Small tourmaline clusters can also be seen. b) Strongly 

sericitised feldspar in the SPB-037x leucosome, alongside chloritised biotite. 

2.4.6 Buyong 
Samples 046, 047, 048, 048_1, 048_2, 048_3, 048ii, 049i, 049i_1, 049i_2, 049_3, 049ii 

2.4.6.1 Field relations 

The Buyong locality is situated along the Trashigang-Trashiyangtse Road, between 

Gomphu Kora and Chorten Kora (27.5238, 91.5128) (Figure 2.2). The road cut exposes 

garnet ± kyanite schists and gneisses with leucosomes that vary from mm-sized 

segregations to 10 cm thick veins (Figure 2.33a). Kyanite abundance in the schist varies 

and appears to occur in layers <50 cm in thickness. Where kyanite appears in the schist, it 

also occurs in the granitic bodies hosted in that protolith. Large porphyroblastic garnet up 

to 4 cm in size is found primarily in the more gneissose kyanite-poor host rocks, where it 

is often surrounded or replaced by leucocratic material at its margins (Figure 2.33b). 

More psammitic layers show less evidence of melting. Deformation features observed at 

outcrop include cm-scale crenulation cleavage in the schists and large tight isoclinal folds 

of leucosome bodies (Figure 2.33c). 
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Figure 2.33 - Field photographs from Buyong locality. a) Discontinuous leucosome in garnet kyanite schist.  

b) Large garnets and leucocratic boudinaged pod in a kyanite-bearing gneiss. Leucocratic material 

appears to replace the edges of the large garnet porphyroblast. c) Nose of a tightly folded biotite-rich 

leucosome where SPB-049 was collected. 

2.4.6.2 SPB-048 

SPB-048 contain varying amounts of  

• quartz + kyanite + biotite + muscovite schist and  

• quartz + plagioclase + K-feldspar + kyanite + muscovite leucosome.  

The schist-leucosome contact is generally defined by the presence of biotite although in 

some sections (SPB-048ii), biotite is distributed throughout. Tabular kyanite spatially 

associated with biotite is regarded as part of the schist/schlieren and can be up to 1 cm in 

size (Figure 2.34). This elongate kyanite is commonly deformed. Muscovite is also found 

in the schist, but this is much less common than biotite. Muscovite in the leucosome is 

most commonly observed as fine-grained rims surrounding otherwise unaltered, tabular 

kyanite in the leucosome, but it also surrounds corroded kyanite, where it is coarse (cm-

sized). Biotite is often chloritised in the leucosome and feldspars show moderate 

sericitisation. Large (mm-sized) apatite is present in both schist and leucosome. 
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2.4.6.3 SPB-049 

SPB-049 is a sample of kyanite leucogranite collected from the nose of a ~20 cm fold at 

Buyong (Figure 2.33b). Hand specimen and thin/thick section photographs (Figure 2.34, 

Figure 2.35 and Figure 2.36) demonstrate the variability in distribution of biotite and 

kyanite throughout the sample. Biotite and elongate kyanite are found in broad layers 

that appear to represent relics of the pre-existing foliation. Kyanite tends to be 

aggregated in the centre of the largest biotite-free leucocratic areas. Biotite is commonly 

chloritised, and rare muscovite is found alongside it in schlieren trails. Larger biotite 

aggregates are commonly found in close association with or overgrowing rutile clots (up 

to 1 mm in size) (Figure 2.37). Most muscovite is found surrounding corroded kyanite 

grains. Quartz, plagioclase and partly sericitised K-feldspar comprise the leucogranite, 

with triple-point contacts being common, indicating the presence of former melt.  

 

Figure 2.34 – Thin section photograph of SPB-048i with overlays showing distribution of kyanite and 

muscovite. 

Kyanite abundance is varied: grains can be found both in contact with biotite schlieren 

and also as part of the leucosome. As well as the tabular, unaltered grains, and corroded 

reactant grains familiar from other samples, many kyanite grains in this sample are 

distinctly different. These kyanite grains are large (often several centimetres in length) 

and contain numerous large rounded inclusions of quartz ± rutile. In some instances, 
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these rounded quartz inclusions with kyanite are further rimmed by thin, irregularly-

shaped quartz grains. 

 
Figure 2.35 – Hand specimen of SPB-049. Biotite mode is variable but is distributed throughout the 

leucosome. 

 

Figure 2.36 – Thick section photographs of a) SPB-049i and b) SPB-049ii showing variability in biotite and 

kyanite mode. Large faint blue kyanite grains can be seen in biotite-free areas. Red coloured clots are 

rutile. 
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Figure 2.37 - Biotite in SPB-049ii being overgrown by large rutile clots. 

 

Figure 2.38 – Kyanite textures observed in SPB-049. a) - c) Large kyanite grains, rich in quartz inclusions, 

with melt film pseudomorphs from SPB-049i. d) Large, twinned kyanite rich in quartz inclusions from SPB-

049ii. 
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2.5 Petrogenetic interpretations 

2.5.1 Source of leucosome 
Leucocratic samples collected in E Bhutan were from small scale cm-sized deformed 

leucosomes, composed of light-coloured quartzo-feldspathic material, representing 

crystallised former melt pools. Leucosomes are concordant with the host schists (being 

wrapped by the foliation) and are thus interpreted to be in-source migmatites, having 

been derived locally from the schists that surround them. There is no evidence of melt 

migration beyond outcrop scale, and no cross-cutting features were observed.  

2.5.2 Protolith control on melting 
The amount of melt produced from a given source rock is dependent on the type of 

source rock, the pressure and temperature at which melting occurs, and the water 

content of the rocks. Field observations suggest that there is a strong protolith control on 

the presence of melt. In outcrops that contain more psammitic layers, or more quartz-rich 

gneissose layers, there is less evidence of melting as illustrated by outcrops at the 

Yonkola (2.4.1) and Buyong (2.4.6) locations. This lack of melting in the quartz-rich layers 

is consistent with interpretations regarding difference in melt fertility between pelites 

and psammites (Wang et al., 2019; Clemens and Droop, 1998; Thompson, 1996). For 

melting at an outcrop-scale, where pressure, temperature and ‘free’ water content can 

be considered to be the same throughout, fertility will be controlled by the proportions 

and compositions of the micas and plagioclase (Harris et al., 1993). When temperatures 

are <800°C and water content is low, pelites will be more fertile than psammites, though 

psammites can still produce low volumes of melt through muscovite-dehydration 

reactions. This is expected to change at higher temperatures when biotite-dehydration 

reactions occur, which allow significantly higher melt fractions. The low-volume melts 

investigated in E Bhutan are therefore likely to have formed by muscovite-dehydration 

melting at low H2O contents. 

2.5.3 Melting reactions 
There is an overall scarcity of muscovite in the schistose portions of the investigated 

samples. This is interpreted to indicate that the accompanying leucosome was produced 
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by a muscovite-melting reaction, thus depleting the schist in muscovite. Muscovite-

melting can proceed either through the ‘wet or water-fluxed muscovite dehydration’ 

reaction  

 Ms + Qtz + Pl + H2O ⇒ Al2SiO5 + melt (1) 

or by the ‘dry muscovite-dehydration’ reaction 

 Ms + Qtz + Pl ⇒ Kfs + Al2SiO5 + melt (2) 

Both of these reactions produce silicate melt that will typically cool and crystallise quartz 

+ plagioclase + K-feldspar. The presence of K-feldspar cannot indicate which of these 

reactions took place to form the melt. Hence it is necessary to determine if the K-feldspar 

formed peritectically (indicating reaction (2)) or via melt crystallisation (following 

reactions (1) or (2)). Dyck et al., (2019) established textural criteria for distinguishing 

peritectic vs. melt-crystallised K-feldspar. Peritectic K-feldspar is inclusion rich, with 

inclusions often preserving paleofabric and should showing a coarsening outward from 

the core of the porphyroblast. Melt-crystallised K-feldspar, however, contains limited or 

no inclusions, and grain boundaries may be adjacent to monomineralic melt 

pseudomorphs or myrmekites. Following these criteria, the lack of fine-grained inclusions, 

their euhedral grain boundaries and the presence of melt pseudomorphs at their margins 

suggest that the K-feldspar observed in these E Bhutan samples formed via melt-

crystallisation. This however does not determine whether reaction (1) or (2) proceeded, 

just that the K-feldspar is not peritectic. Determining which reaction occurred requires 

further geochemical investigation, which is undertaken in Chapter 5 by examining the 

composition of the micas. 

2.5.4 Microstructural evidence for melting 
The presence of irregular quartzofeldspathic patches or leucosomes in these migmatites 

provides reliable evidence of partial melting in the studied E Bhutan samples. 

Microstructural evidence can also be used to support this interpretation. Recent 

microstructural studies have provided detailed criteria to determine the former presence 

of felsic melt (Holness et al., 2011; Vernon, 2011; Holness and Sawyer, 2008; Sawyer, 

1999). Euhedral feldspar crystal faces, common in the investigated samples, suggest early 
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formed phases crystallise from pockets of melt. Highly cuspate grains of quartz and 

feldspar with low dihedral angles are known as melt pseudomorphs or melt films, and 

represent small pores of melt trapped along grain boundaries. If cooling is slow enough, 

or the melt film is thick enough, this can lead to the nucleation and crystallisation of 

individual grains from the trapped melt film, creating a “string of beads” texture, or 

forming blebby quartz. These irregular grain shapes are commonly observed in the E 

Bhutan samples (Figure 2.9, Figure 2.11, Figure 2.38).  

2.5.5 Different types of kyanite observed 
Five different types of kyanite (Ky-A to Ky-E) have been observed in the samples from E 

Bhutan and can be categorised by their microstructural positions and morphology (Figure 

2.39, Table 2.3, and Table 2.4). Not all kyanite types are observed in all samples. Ky-A and 

Ky-B are similar, both being large, tabular, stable kyanite crystals, but they are found in 

different positions: the schist/restite and leucosome respectively. Ky-C crystals are found 

only in the leucosome of kyanite migmatite; they are corroded and surrounded by large 

single grains of muscovite. Ky-D crystals are thin and prismatic and are found rarely in 

samples SPB-021xii, SPB-031 and SPB-036x. Ky-E are found almost exclusively in SPB-049i 

(one grain in SPB-031), and contain abundant large inclusions of kyanite and quartz, 

giving them an irregular poikiloblastic texture.  

Kyanite classification based on the criteria described above is often straight forward, but 

in some cases grains are difficult to categorise. This is often because the schist-leucosome 

boundary is unclear (discussed further in section 2.5.7 with regards to biotite) but can 

also be due to kyanite grains having irregular morphologies. Some grains are therefore 

recategorized based on additional evidence such as cathodoluminescence imaging and 

trace element compositions that are described in Chapter 3. Muscovite types (section 

2.5.6) may also be recategorized for similar reasons based on trace elements 

compositions presented in Chapter 5. 
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Figure 2.39 – Summary of different kyanite types outlined in the text. 

 

Table 2.3 – Kyanite types observed in E Bhutan for each sample studied. 

Location Sample 
Kyanite Type 

Ky-A Ky-B Ky-C Ky-D Ky-E 
  Yonkola SPB-021x & SPB-021xii x x x x  
  Yonkola SPB-023 x x    
  Tangmachu SPB-026bx x x    
  S Khoma SPB-031  x  x x 
  W Rollong SPB-033 x x x   
  Rongthung SPB-035x + SPB-035xii x x x   
  Rongthung SPB-036x x x x X  
  Rongthung SPB-037x  x x   
  Buyong SPB-048 x x x   
  Buyong SPB-049  x x  x 

 

Table 2.4 – Summary of kyanite types found in E Bhutan samples 

Kyanite Type Rock type Morphology Interpretation 

Ky-A Schist/restite Tabular Sub-solidus 
Ky-B Leucosome Tabular Inherited from schist/restite 
Ky-C Leucosome Corroded Back-reacted with melt 
Ky-D Leucosome Prismatic Formed from melt 
Ky-E Leucosome Inclusion-rich Peritectic 
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There are several different processes and reactions that can lead to kyanite formation 

including: 

• via sub-solidus continuous reactions 

• as a peritectic product during a melt-forming reaction 

• by crystallisation of melt upon cooling. 

Differences in morphology between observed kyanite types suggests different processes 

of kyanite formation must be occurring. Given that multiple different kyanite types can be 

found in a given sample, and different kyanite types are found in different samples, this 

suggests that a number of kyanite-forming processes may have occurred in the same 

rock, but that not all kyanite-forming processes occurred in all locations. How these 

processes might relate to the different kyanite types will be considered in the following 

section. 

2.5.5.1 Ky-A 

Tabular Ky-A (Figure 2.39a), widespread throughout many samples of schist, is 

interpreted to have formed via sub-solidus growth during prograde metamorphism and 

could be related to a number of continuous and discontinuous kyanite-forming reactions. 

Commonly, staurolite-out reactions are related to kyanite growth, and have been invoked 

for similar aluminous pelites. (Yang and Rivers, 2001) link garnet and kyanite growth to 

the reactions 

 St + Qtz ⇒ Grt + Ky + H2O (3) 

 St + Ms + Qtz ⇒ Bt + Grt + Ky + H2O  (4) 

whilst (Daniel et al., 2003) interpret kyanite growth at temperatures above the reaction 

 St + Chl + Ms ⇒ Ky + Bt + H2O (5) 

and related to an episode of garnet growth coeval with kyanite in the reaction 

 St + Ms ⇒ Grt + Ky + Bt  (6) 

Relicts of irregular staurolite found in samples SPB-026bx and SPB-035x adjacent to 

garnet grains could represent precursors to kyanite (Figure 2.14 and Figure 2.25). No 
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direct textural reaction relationship between the staurolite and kyanite is seen in these 

samples, and this has been previously noted in the literature, even where there is 

substantial coexistence of kyanite and staurolite observed (Pattison and Spear, 2018). 

Hence, more robust support for the growth of kyanite from staurolite is usually derived 

from calculation of pseudosections (Kendrick and Indares, 2017; Palin et al., 2016). 

2.5.5.2 Ky-B 

Tabular kyanite grains found in the leucosome are categorised as Ky-B (Figure 2.39b). As 

Ky-A and Ky-B are morphologically similar it suggests that they formed in the same way. 

This implies that Ky-B, which is now located in the leucosome portions of the Bhutan 

samples, grew in the schist and is not genetically related to the leucosome in which it now 

sits. Ky-B is therefore interpreted to be a xenocrystic phase that formed sub-solidus and 

became entrained into the melt, which then crystallised. 

There are a number of examples where it is difficult to resolve whether a kyanite grain is 

part of the leucosome or the schist, either because the margin between the two domains 

is poorly defined, or because kyanite grains are commonly found near to, or crossing, this 

margin. As this margin moves during progressive melting it is therefore possible that 

kyanite (or any other phase that is not consumed by the melt-producing reaction) could 

be physically entrained in the melt. This is well illustrated in SPB-026bx where there is a 

concentration of kyanite grains in the leucosome near the observed margin with the 

schist (Figure 2.13a). This ‘layer’ of kyanite, now residing in the melt, mimics the layering 

observed in the schist where there are distinct layers of muscovite + kyanite. As the 

muscovite, quartz and plagioclase are involved in the melting reaction ((1) or (2)), kyanite 

crystals (along with other non-reactant phases) are left behind as restitic phases, which 

are subsequently surrounded by melt that then crystallises (Figure 2.40). More detail on 

how this process relates to biotite entrainment can be found in section 2.5.7. 



Chapter 2 - The nature of kyanite migmatites in Bhutan 

 

      77 

 

Figure 2.40 – Schematic diagram showing how phases such as kyanite and biotite can be entrained in a 

melt. 

2.5.5.3 Ky-C 

Unlike the tabular morphology and stable appearance of Ky-A and Ky-B, Ky-C is corroded 

and surrounded by muscovite (Figure 2.39c). While most of the kyanite types found in the 

leucosome are rimmed by fine-grained crystals of muscovite at their margins, Ky-C is 

distinguished by being surrounded by large, single, optically continuous grains of 

muscovite (this muscovite is categorised below as Ms-C; see 2.5.6.3). 

A similar texture was described in Glen Cova by (Chinner (1961) in Barrow-zone pelites, 

with the addition of sillimanite needles also found in the coarse muscovite flakes. 

(Carmichael, 1969) describes the replacement of kyanite by muscovite through the 

reaction 

 3 kyanite + 3 quartz + 2 K+ ⇔ 2 muscovite + 2H+ (7) 

whereby aluminium remains spatially static, while other, more mobile cations are allowed 

to migrate in and out of the system. This reaction, which requires an H2O activity 

sufficient for a coexisting hydrous phase, would produce muscovite rims on kyanite, 
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separating it from quartz. For the reaction to proceed and further replacement to occur, 

silica must then be allowed to enter the system from external sources, the reaction 

therefore being 

 3 kyanite + 3 Si(OH)4 + 2 K+ ⇔ 2 muscovite + 2H+ + 3 H2O (8) 

These reactions could proceed in the presence of a H2O-saturated melt, especially as 

nucleation would be facilitated by reduced pressure (versus the bulk solid rock) in order 

to accommodate the volume increase needed in reaction (7).  

Ky-C grains therefore likely represent a back reaction of kyanite with the melt, producing 

a replacement of kyanite with muscovite in a reversal of the muscovite-dehydration melt 

reaction (‘back reaction sensu stricto’ as defined by Kriegsman (2001). 

2.5.5.4 Ky-D 

Ky-D grains are morphologically distinctive in that they are thin prismatic kyanite grains 

found in the leucosome of a few samples, being relatively abundant in SPB-021xii (Figure 

2.39d) and rare in SPB-031 and SPB-036x. Although some grains show some reaction to 

muscovite at the margins, the muscovite is fine grained (c.f. Ky-C) and this is considered 

to be minor retrogression.  

The distinctive morphology of Ky-D (c.f. Ky-A, Ky-B, Ky-C) implies these grains did not form 

in the same way as those grains did i.e. under sub-solidus conditions and then become 

entrained in the melt. Instead Ky-D formed either peritectically or via melt crystallisation. 

Grains that form peritectically are commonly found in association with reactants, typically 

as inclusions in the peritectic phase (see Ky-E). The lack of inclusions in Ky-D grains 

suggests therefore they are not of peritectic origin. 

Given the peraluminous nature of the pelitic protoliths, it then follows that an aluminium-

rich melt would be produced that would be capable of producing Ky-D upon cooling. Any 

Al that is not consumed by the production of feldspars as the melt crystallises could then 

promote the crystallisation of small amounts of melt-formed kyanite, or primary 

muscovite. Further investigation into the origin of Ky-D grains is carried out in Chapter 3. 
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2.5.5.5 Ky-E 

As mentioned above peritectic crystals typically contain inclusions of the reactants from 

which they form (Cesare et al., 2015; Erdmann et al., 2012). Nucleation preferences 

however do exert a control over where peritectic products form (Dyck et al., 2019), 

meaning that peritectic minerals may not always have a spatial association with their 

products (White et al., 2004). Given that sillimanite + quartz intergrowths have been 

interpreted to form peritectically by the replacement of muscovite, it follows that kyanite 

could form in a similar way, especially as Al displays limited mobility (Dyck et al., 2019). 

Ky-E grains, which are found primarily in SPB-049 are commonly intergrown with 

inclusions of quartz. In both reactions (1) and (2) quartz is a reactant that produces a 

peritectic aluminosilicate, thus being consistent with the textures observed in SPB-049. 

There is also evidence that Ky-E grains formed prior to melt crystallisation from the 

presence of irregular quartz lenses interpreted to be melt pseudomorphs (Holness et al., 

2011; Vernon, 2011; Holness and Sawyer, 2008; Sawyer, 1999) located along kyanite grain 

boundaries (Figure 2.38). 

2.5.6 Different types of muscovite observed 
In addition to the different types of kyanite observed there are also different types of 

muscovite, which have been categorised as follows: 

• Ms-A – Stable muscovite grains in the schist. 

• Ms-B – Stable muscovite grains in the leucosome. 

• Ms-C – Large muscovite grains surrounding Ky-C grains in the leucosome. 

• Ms-D – Muscovite-quartz intergrowths in contact with K-feldspar in the 

leucosome. 

The origin of these different muscovite types is explored in Chapter 5 via investigation 

into their geochemistry. 

Additional types of muscovite include occasional grains reacting complexly with biotite 

and ilmenite, muscovite found as inclusions in a number of phases, and muscovite 

showing retrograde alteration, though these are not commonly observed. 
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2.5.6.1 Ms-A  

Much of the muscovite observed throughout both the schist and leucosome domains of 

the sampled migmatites is found in textural equilibrium with its surrounding phases. 

Muscovite is not particularly abundant in the schist (Ms-A) but when observed it is 

typically associated with biotite with both micas defining foliation (Figure 2.7a). Ms-A 

grains are interpreted to be part of the common sub-solidus pelite assemblage. Their low 

abundance in the schist is consistent with their consumption in muscovite-dehydration 

reactions to produce melt (section 2.5.3).  

2.5.6.2 Ms-B 

Ms-B in the leucosome tends to be more isolated, and rectangular muscovite laths may 

be observed (Figure 2.7b). The euhedral shape of these Ms-B grains suggests that these 

are primary melt-crystallised muscovite grains, though not all Ms-B grains are lath-

shaped. If melt formed through muscovite-dehydration reactions then upon 

crystallisation a peraluminous melt would have the appropriate composition to crystallise 

muscovite upon cooling.  

2.5.6.3 Ms-C 

Where kyanite grains show evidence of being corroded (Ky-C) and are surrounded by 

large, optically continuous muscovite grains, this muscovite is categorised as Ms-C. This 

texture has been interpreted to represent a back-reaction between the kyanite and the 

melt forming muscovite, in a reversal of the muscovite dehydration melt-forming reaction 

(further details in 2.5.5.3). 

2.5.6.4 Ms-D 

Ms-D is a common texture seen in a number of samples (SPB-023_3, SPB-026bx, SPB-036x 

in particular) where there is an intergrowth of muscovite and blebby quartz in contact 

with K-feldspar (Figure 2.7c, Figure 2.11a, Figure 2.29c). Similar symplectic intergrowths 

are found commonly in migmatites where they are considered to be a reversal of the 

muscovite-dehydration reaction, whereby K-feldspar breaks down to muscovite and 

quartz in the following reaction (Peterman and Grove, 2010; Brown, 2002): 

 K-feldspar + H+ ⇒ muscovite + quartz + plagioclase + K+  (9) 

Further investigation into the formation of Ms-D grains is carried out in Chapter 5. 
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2.5.7 Origin of schlieren 
As described above, muscovite-dehydration reactions (1) or (2) require the consumption 

of muscovite, quartz and plagioclase to produce melt, thus phases that are already 

present but are not involved in this reaction are left behind. Figure 2.40 shows how this 

mechanism leads to the entrainment of kyanite in the melt and eventually the 

leucosome. The same process may also occur for biotite, which is neither a product or a 

reactant in any of the muscovite-dehydration reactions mentioned above. All biotite 

grains that are found in the leucosome portion of the Eastern Bhutan migmatites are 

therefore considered to be xenocrystic grains that have been entrained in the melt.  

In the investigated samples, there is considerable variation in the extent to which the 

biotite has been entrained in the melt. This, commonly biotite-rich, restitic residue is 

commonly referred to as mesosome in the migmatite nomenclature (Sawyer, 2008). This 

mesosome may segregate from the melt-derived leucosome forming a concentration of 

dark material known as a melanosome. If this biotite-rich restite is incorporated into the 

leucosome as streaks it is referred to as schlieren (or schollen if distinct ‘rafts’ are 

observed). Figure 2.41 shows the different types of restite and schlieren textures seen in 

the investigated samples. In the most segregated sample (SPB-023) a biotite- and 

tourmaline-rich melanosome has a sharp contact with the leucosome, which contains 

minor amounts of biotite. Samples SPB-021x, SPB-026bx, SPB-036x and SPB-035 all show 

similar sharp contacts but these are with a more schistose host rock/mesosome (still 

containing felsic material and often muscovite). They also show smaller patches of 

schlieren defined by the presence of biotite ± garnet. The remaining samples are less 

segregated and with individual biotite grains distributed throughout the leucosome 

instead. Apart from in SPB-031 where the contact remains sharp, the contact between 

the mesosome and the leucosome becomes progressively more difficult to distinguish, 

schlieren layers become more disaggregated until biotite becomes disseminated 

throughout the melt domain SPB-037x and SPB-049i (i.e. a diatexite by the definition of 

Sawyer, (2008). Increased disaggregation of schlieren may represent an increased volume 

of melt present that is able to channelise and move (on a cm-scale), dynamically breaking 

up and dispersing any remnant layers of restitic phases. 

Texturally there is also evidence for interaction between the leucosome and the 

mesosome. In SPB-031 and SPB-033 there is a clear coarsening of the biotite that is in the 
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leucosome versus mesosome, and this can be used as a criterion upon which the contact 

between the two is based, though this is not always clear (SPB-033 in particular). 

However, in contrast to muscovite textures, there are no examples of biotite reacting 

with K-feldspar to form quartz. Biotite is considered to be a xenocrystic but stable mineral 

that may be found in the leucosome but formed sub-solidus in the schist. Biotite is 

commonly chloritized, but this is considered to reflect later, retrograde alteration. 

  

Figure 2.41 – Restite and schlieren textures observed in Eastern Bhutan samples, outlined in full thin 

section photographs. 

2.5.8 Crystallisation of melt 
The crystallisation of the melt produced in the studied samples produced a quartz-

feldspathic “granite” leucosome, comprising quartz + plagioclase ± K-feldspar, the 

feldspars commonly forming large porphyroblasts that dominate much of the leucosome. 

This melt may also have been able to crystallise minor amounts of primary muscovite 

(Ms-B, section 2.5.6.2), inclusion-free garnets (SPB-033, section 2.4.4.2), tourmaline (SPB-

037x, section 2.4.5.3) and kyanite (Ky-D, section 2.5.5.4). This leucosome both crystallised 

around, and also entrained, xenocrystic biotite, garnet and kyanite, all of which may have 
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interacted with the melt through coarsening (SPB-033, section 2.4.4.2), rim growth, and 

back reactions (Ky-C, section 2.5.5.3). 

2.5.9 Presence of sillimanite 
The presence of aluminosilicate minerals provides important constraints on the P-T path 

experienced by a rock. Sillimanite is only found in two of the studied kyanite migmatites. 

In SPB-026bx and SPB-035x sillimanite can be found in the leucosome in stringers at the 

contact between large feldspar porphyroblasts, occasionally with additional quartz or 

muscovite. This sillimanite is interpreted to have formed in the final stages of 

crystallisation. Direct textural contact between kyanite and sillimanite is extremely rare, 

being found on only one grain that is also at a feldspar-feldspar contact. This may not 

represent retrogression from kyanite to sillimanite during decompression, but rather 

melt-crystallised sillimanite growing on existing kyanite due to limited Al and Si mobility. 

Melt-crystallised sillimanite implies at least some of these rocks have passed through the 

sillimanite stability field, and that melt was present at that time. 

2.5.10 Alteration and fluids 
As mentioned above, minor amounts of fine-grained muscovite around kyanite and 

sillimanite grains, sericitisation of feldspars, and the chloritisation of biotite throughout a 

number of samples represent retrograde alteration reactions. These may be facilitated by 

the presence of fluids either released from the crystallising melt, or derived from 

elsewhere in the system. Such fluids, if B-rich could also explain the presence of small 

tourmaline clots seen in the leucosome of SPB-037x (section 2.4.5.3). 
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2.6 Conclusions 

• Muscovite-dehydration melting of metapelites at the base of the GHS produced low-

volume granitic melts, that crystallised to form kyanite-bearing migmatites.  

• There are variations in the style of migmatite produced, how much melt was 

produced, and the distribution of schlieren throughout the melt as observed at 

outcrop and in thin section.  

• Different types of kyanite have been identified in these kyanite-bearing migmatites 

that indicate that not all of the kyanite found in the leucosome was formed directly 

from the melt 

o Textural and morphological similarities and differences suggest that most of 

the kyanite observed in the leucosome has been entrained from the host 

schist.  

o This has implications for P-T estimates derived from such rocks, as well as 

tectonic implications.  

• These different kyanite types will be investigated further in Chapter 3 to place further 

constraints on their petrogenesis. 

• Different muscovite types are also observed and will be geochemically characterised 

in Chapter 5 to investigate their petrogenesis. 

  



CHAPTER 3
CL AND LA-ICP-MS
CHARACTERISATION OF 

KYANITE
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3 CL AND LA-ICP-MS CHARACTERISATION OF KYANITE 

3.1 Introduction 

The Al2SiO5 polymorphs are commonly used to constrain P-T conditions in a wide range of 

metamorphic rocks and peraluminous granites. In granites, however, crystals of these 

phases could be xenocrystic or peritectic in origin, or could have directly crystallised from 

melt: each of these occurrences provides different implications for the formation of their 

host rock. In Himalayan geology the presence of kyanite in leucogranites is commonly 

interpreted as a sign of early (Oligocene) melting during prograde burial (Iaccarino et al., 

2015; Groppo et al., 2010); by contrast, sillimanite-bearing leucogranites are interpreted 

as forming during later (Miocene) decompression melting (Weinberg, 2016; Harris and 

Massey, 1994) (Figure 3.1). The petrogenesis of these aluminosilicate-bearing melts 

therefore carries implications for the timing of mid-crustal weakening and overall 

Himalayan tectonics.  

 

Figure 3.1 – Schematic P-T path for a typical Himalayan metapelite showing Miocene-aged granites 

forming by decompression melting and older Oligocene melts forming along the prograde path. After 

Searle et al., (2009), using P-T path from Searle (1999) and melting reactions from White et al., (2001).  
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This chapter outlines an investigation into the geochemical composition of kyanites in 

anatectic melts in order to determine whether there are geochemical signals that allow 

different types of kyanite to be identified. The composition of kyanite was investigated 

using a combination of cathodoluminescence (CL) imaging, LA-ICP-MS trace element 

mapping, and LA-ICP-MS trace element spot analyses. This work shows that kyanite 

records multiple stages of growth that can be linked to their sub-solidus, peritectic and 

supra-solidus origins. 

3.1.1 Previous kyanite studies 
Recent studies investigating a range of rock types have sought to improve our knowledge 

of kyanite petrogenesis, by focussing on CL imaging of kyanite, trace element chemistry, 

and the relationship between the two (Tarantola et al., 2019; Kendrick and Indares, 2017; 

Peterman et al., 2017; Müller et al., 2016; Horkley et al., 2013). CL imaging of kyanite has 

been shown to reveal a variety of internal microstructures, though often very subtle 

patterns, at a much better resolution than chemical X-ray maps. Trace elements such as 

V, Cr and Ti that commonly occur in kyanite are known to be CL activators, and may be 

correlated to CL zonation, particularly when using panchromatic/true colour CL 

techniques. 

3.1.1.1 Cathodoluminescence 

Cathodoluminescence is the emission of photons in response to the excitation of a 

semiconductor by high energy electrons. When an electron beam interacts with a 

geological material the electrons are inelastically scattered within the crystal, leading to 

the excitation of electrons within the crystal that then move into the conduction band. 

When these electrons recombine across this hole or band gap into the valance band a 

photon is emitted with a wavelength (in the ultraviolent to near infrared range (200-

2000nm) that corresponds to the band gap energy (Marfunin, 2013).  

CL emissions can be split into two types, intrinsic CL and extrinsic CL, depending on the 

nature of the luminescent centre (site from which photons are generated) (Agangi et al., 

2016; Watt et al., 2000). Intrinsic CL is in response to structural imperfections within a 

material, such as oxygen vacancies, poor ordering and shock or radiation damage. 

Extrinsic CL is created by the presence of trace elements that substitute into sites of 

equivalent valency in the crystal lattice and create defects (Pagel et al., 2000; Remond et 
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al., 2000; Marshall, 1988). These elements can be categorised as either activators, 

quenchers, or neutral. Activator ions include the transition metals, REE and actinides and 

thus CL is used most commonly in the geosciences to investigate these variations within 

and between minerals (Pagel et al., 2000). 

3.1.1.2 Measuring cathodoluminescence 

There are two main techniques for analysing CL emissions: using a cold-cathode (using 

ionised gas in between a cathode-anode) coupled to an optical microscope, or hot-

cathode usually coupled to a scanning electron microscope (SEM). Cold-cathode CL 

systems are generally cheaper and easier to use than hot-cathode CL, but they only show 

emissions in the visible light range and often have poorer spatial resolution. As hot-CL 

systems use focussed electron beams with small beam sizes they can produce a high 

current density, which in turn provides good spatial resolution (Pagel et al., 2000). It is 

also possible to use a hot-cathode (using a heated tungsten filament) with an optical 

microscope (OM-CL) (Götze et al., 2013; Götze and Kempe, 2008). 

Images created from SEM-CL systems can be panchromatic, commonly represented in 

greyscale images recording total intensity, or can be tuned and filtered to specific 

wavelengths to produce monochromatic images. Such “wavelength targeting” techniques 

can produce CL maps that are analogous to X-ray maps, but have higher spatial 

resolution, greater sensitivity to compositional variation, and cause less beam damage 

versus X-ray maps (Horkley et al., 2013). An advantage of OM-CL systems is that they 

produce “true colour” images, allowing easier distinction between different coloured 

zones. True colour images are also not as analytically difficult to produce as “wavelength 

targeting” images (Müller et al., 2016; Götze and Kempe, 2008). 

Horkley et al., (2013) compared filtered images from hot-cathode SEM-CL detectors to 

cold-cathode Luminoscope true luminescent images that were split into colour channels. 

SEM CL detectors resulted in more accurate blue CL images, while Luminoscopes produce 

more accurate green CL images. Red luminescent CL images were similar using both 

methods. They concluded that as kyanite luminesces primarily in the red and blue colour 

wavelengths, SEM-CL detectors should be used for the investigation of kyanite.  
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3.1.1.3 What causes CL in minerals? 

Determining the cause of CL in silicates can be difficult as there are a variety of factors 

that can cause both intrinsic and extrinsic CL emissions (Ramseyer and Mullis, 2000). The 

presence of activator elements is thought to be the major contributor to the CL emissions 

of geological materials. Spectral analysis is commonly used to link CL emissions to trace 

element compositions by matching peaks in spectra to the wavelengths of known CL 

activators. The presence of such activators can then be verified by geochemical analysis 

of the material, through techniques such as EPMA or LA-ICP-MS.  

A wide variety of minerals across all mineral groups have been studied using CL 

techniques, including but not limited to, zircon, quartz, feldspars, carbonates, 

aluminosilicates, cassiterite, sapphire and diamond (see Ramseyer and Mullis, (2000) and 

Gaft et al., (2005) for an extensive list of luminescent minerals and their activator 

elements). In general, the main activator elements that cause luminescence in geological 

material are the transition metals (i.e. Ti3+, V2+, Cr2+, Mn2+ and Fe3+) and the lanthanides, 

substituting for Al, Si and Ca in minerals. The presence of these activator minerals is what 

allows CL imaging techniques to reveal the internal variations and textures of mineral 

grains. Such textures include growth zoning, oscillatory zoning, sector zoning, twinning, 

secondary alteration, deformation and exsolution (Götze, 2012). In opposition to 

activators, quenchers inhibit the CL response. The most important and oft-cited quencher 

ion in minerals is Fe2+, though Co2+, Ni2+ and Fe3+ have also been demonstrated to have 

CL-quenching effects (Gaft et al., 2005; Ramseyer and Mullis, 2000). 

Within kyanite grains CL zonation patterns are often complex, with features such as 

sector zonation, growth zonation and irregular zonation being observed (Kendrick and 

Indares, 2017; Peterman et al., 2017; Müller et al., 2016; Horkley et al., 2013). It has been 

suggested that complex kyanite zonation may be the result of the preservation of relic 

mineral shapes or ‘chemomorphs’ (Horkley et al., 2013). These authors also noted that 

the presence of sharp CL boundaries surrounding chemomorphs implies trace element 

immobility during kyanite-producing reactions, and that overlapping complex zonations 

and their unclear correlation with trace elements suggests variations in mobility between 

the trace elements. 
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Kyanite often shows intense red and blue cathodoluminescence, which has been 

attributed to the presence of Cr and Ti respectively (Müller et al., 2016; Horkley et al., 

2013). These red CL emissions are typically attributed to Cr3+ (Gaft et al., 2013; Pagel et 

al., 2000; Wojtowicz, 1991), however it is unclear whether blue emissions are related to 

Ti3+ or Ti4+ defects (Müller et al., 2016). Fe2+ is a known CL-quencher (Habermann, 2002) 

and non-luminescent kyanites in the Müller et al. (2016) study were found to have Fe 

content >3200 ppm. Within kyanite grains, areas of high FeO concentrations have also 

been shown to have dark CL emissions, consistent with this Fe-quenching effect 

(Peterman et al., 2017; Horkley et al., 2013). 

It has been suggested that crystallographic orientation may affect CL intensity in kyanite 

(Kendrick and Indares, 2017). EBSD mapping of kyanite by (Peterman et al., 2017) 

revealed the presence of kink bands, undulose extinction, and twin planes within some 

kyanite grains, but these did not correlate with CL intensity, and CL zonation was often 

continuous across grains that varied in absolute orientation (from 1° to 180°). Individual 

grains that were orientated differently also showed no correlation with CL intensity. This 

indicates that trace element composition is the dominant control on CL zonation in 

kyanite. 

The trace element composition of individual kyanite grains has also been linked to its 

protolith and metamorphic setting. Müller et al., (2016) found that kyanite grains 

containing high V and Cr tend to be derived from ultramafic and mafic protoliths; 

metasedimentary sources have kyanite grains with high V and low Cr; whereas kyanite 

with low V and Cr concentrations were from felsic protoliths. The Fe content of kyanite is 

thought to reflect the oxygen fugacity of the system, rather than its availability (Müller et 

al., 2016; Chinner et al., 1969).  

A tentative link has also made between kyanite Ti content and the published temperature 

of formation of the samples (Müller et al., 2016). Ti4+ may substitute isovalently with Si4+ 

in kyanite in a similar mechanism to that which forms the basis of Ti-based 

geothermometers in quartz and zircon (Huang and Audétat, 2012; Wark and Watson, 

2006; Watson et al., 2006; Watson and Harrison, 2005). Experimental confirmation of this 

correlation is still required, but a potential Ti-in-kyanite thermometer further bolsters the 

usefulness of kyanite for placing P-T constraints on rocks. 
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Complex CL internal zonation of kyanite has proven useful in combination with trace 

element analysis and phase equilibria modelling when determining the reaction history of 

aluminous granulites from the central Grenville Province (Kendrick and Indares, 2017). CL 

imaging revealed complex variations in CL intensity within kyanite crystals, identifying 

features such as embayments, discontinuous rims and oscillatory zoning. This highlights 

the potential of this approach (CL imaging and trace element analysis) for investigating 

the metamorphic reaction history of kyanite-bearing rocks. 

3.2 Methods 

As discussed in Chapter 3 five different types of kyanite were identified based on their 

morphology and microstructural positions (Table 2.4): 

• Large (cm-sized) tabular kyanite found in the schist (Ky-A). 

• Large (cm-sized) tabular kyanite, found in the leucosome, very similar in 

morphology to the tabular kyanite in the schist (Ky-B). 

• Small (mm-sized) corroded grains of kyanite that are surrounded by typically large 

(cm-sized) optically continuous grains of muscovite, found mostly in the 

leucosome (Ky-C). 

• Prismatic, elongate kyanite found in the leucosome (Ky-D). 

• Large (cm-sized) tabular kyanite associated with large rounded inclusions of rutile 

± quartz, found in the leucosome (Ky-E). 

The geochemical composition of kyanite grains from a subset of kyanite migmatites 

samples (see Chapter 3) were investigated using a combination of CL imaging, LA-ICP-MS 

trace element mapping, and LA-ICP-MS spot analyses. All kyanite types that were present 

in a given sample were investigated. All analyses were carried out on kyanite grains within 

thick sections (as opposed to mineral separates) to preserve the textural context of the 

grains. Due to the heterogeneity of the samples several thick sections were cut from the 

same sample.  

Samples were cut into 100 μm thick sections and polished using standard preparation 

techniques. Polished thick sections were then carbon-coated for use in the SEM-CL and 

for EPMA analysis. After imaging, and prior to LA-ICP-MS analysis, the carbon coat was 

removed using diamond paste.  
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Table 3.1 is a summary of the types of analyses carried out on each sample (CL imaging, 

LA-ICP-MS trace element mapping, LA-ICP-MS spot analyses). Appendix Table 10.1 

outlines the individual kyanite grains from each sample that were analysed. 

Table 3.1 – List of samples and the analytical techniques applied to kyanite from them.  

Location Sample CL imaging LA-ICP-MS maps LA-ICP-MS spot analyses 

Yonkola W  021x x x x 

Yonkola W  021x_1 x   

Yonkola W  021x_2 x   

Yonkola W  021x_4 x   

Yonkola W  021xii x x x 

Yonkola W  023_1 x   

Yonkola W  023_2 x   

Yonkola W  023_3 x x  

Yonkola W  023_4 x   

Tangmachu  026bx x x x 

Tangmachu  026bx_1 x   

S Khoma  031 x x x 

W Rollong  033 x x x 

W Rollong  033x_1 x   

W Rollong  033x_2 x   

Rongthung  035x x   

Rongthung  035x_3 x   

Rongthung  035xii x x x 

Rongthung  036x x x x 

Rongthung  036x_1 x   

Rongthung  036xi x   

Rongthung  037 x x  

Buyong  048_1 x   

Buyong  048_2 x   

Buyong  048i x   

Buyong  049i x x x 

Buyong  049i_2 x   

Buyong  049i_3 x   

Buyong  049xii x   
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3.2.1 CL imaging 
Greyscale panchromatic CL images were taken using a FEI Quanta 200 3D FIB-SEM 

equipped with a Centaurus Cathodoluminescence Detector at The Open University. CL 

images were taken over several analytical sessions from February 2018 to March 2019, 

using a working distance of ~13 mm and either 3.3 nA and 10 kV or 1.0 nA and 15 kV. 

Images taken under both analytical conditions show no appreciable variation in image 

quality or zonation patterns, and lower currents were preferred for filament longevity.  

Contrast and brightness settings were optimised for each analytical session, with the aim 

of highlighting any internal variation within a given grain and reduce noise in the image. 

These settings generally remained constant across each analytical session; However, 

when kyanite was in contact with strongly luminescent feldspars, brightness was reduced 

to stop excess feldspar luminescence affecting and washing out kyanite luminescence.  

To further reduce the effect of bright luminescence feldspar grains may have been 

manually masked out, or the brightness of an image adjusted using Adobe Photoshop. For 

large grains individual CL images were manually stitched together using Adobe 

Photoshop. Direct comparisons regarding brightness of any given grains must therefore 

be made cautiously and this panchromatic imaging technique should be regarded as 

semi-quantitive.  

Kyanite grains from the sampled migmatites are broadly aligned along foliation and thus 

tend to appear elongated in thick section. This is not the case for all grains however and 

grains may be orientated in any direction. It is not thought that CL intensity or zonation is 

affected by crystallographic orientation (Peterman et al., (2017), c.f. Kendrick and 

Indares, (2017)) 

3.2.2 LA-ICP-MS analyses 
Trace element mapping and trace element spot analyses were carried out using a HelEX II 

laser ablation cell coupled to an Agilent 8800 Triple Quadrupole ICP-MS at the Open 

University. Analyses were done over a number of analytical sessions from May 2018 to 

September 2019. At the beginning of each session the ICP-QQQ was tuned using an 

ablation signal from NIST SRM 612 glass to maximise signal intensity whilst minimising 

oxide and doubly charged ion production rates.  
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3.2.3 Laser mapping 
To investigate the relationship between trace element composition and CL variability, a 

subset of kyanite grains were selected for LA-ICP-MS trace element mapping. Grains with 

prominent CL zonation, from across the different sampling locations and grain types, 

were chosen for trace element mapping. 

By moving the sample stage continuously underneath a fixed laser beam (effectively 

rastering the laser across the sample surface) at a given speed with a fixed spot size 

analysis signals can be split into pixels from which compositional data can be extracted. 

This approach produces high spatial resolution images that can then be directly 

correlated to CL zonation. LA-ICP-MS mapping is a relatively new analytical technique and 

while it has been used to investigate growth zonation in pyroxene, amphibole and garnet 

grains (George et al., 2018; Raimondo et al., 2017; Ubide et al., 2015; Ulrich et al., 2009), 

this is the first known application of LA-ICP-MS mapping to kyanite. 

To provide fast washout of material during LA-ICP-MS mapping, the Aerosol Rapid 

Introduction System (ARIS) was used in the ablation cell. He gas flow within the cell was 

optimised for the ARIS in order to produce peak separation during continuous rastering of 

the laser. ICP-MS tuning was carried out using a laser beam masked into a 10 µm square 

at 50 Hz, 3.63 J/cm2 and a fixed speed of 30 µm/sec on the NIST SRM 612 glass. Following 

preliminary investigations, the elements chosen for kyanite LA-ICP-MS mapping were Si 

(internal standardising element), V, Cr and Ge. Counting times for each element were Si = 

0.003 ms, V = 0.0210 ms, Cr = 0.0180 ms and Ge = 0.0240 ms, giving a total sweep time of 

80 ms. For mapping, the laser was operated at fluence = 2.9 J/cm2, with a repetition rate 

of 150 Hz and 300 shots. A 10 μm square was continuously rastered over the grain of 

interest using a fixed dosage of 12 (meaning every pixel is shot by the laser 12 times) and 

a scan speed of 30 µm/sec. Parallel raster lines were positioned 10 μm below the 

previous line using the same scanning direction (left to right) to ensure the same particle 

transport direction in each line. The NIST SRM 612 glass was used as a primary standard, 

by analysing four raster lines before and after each map. 

3.2.4 Laser map data reduction 
LA-ICP-MS trace element map data reduction was carried out using HDIP LA-ICP-MS 

imaging Software (Teledyne Cetac). Quantification of count maps was carried out using Si 
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as the standardising element based on the average SiO2 concentrations for each 

individual kyanite grain as measured by electron microprobe (see Appendix A 8.2 for full 

analytical details of EPMA analyses and Table 8.1 for average kyanite compositions per 

sample). Standardised data were then exported from HDIP and imported into XMapTools 

MATLAB based software (Lanari et al., 2014). Raw Si counts were used to identify kyanite 

and masks were applied to LA-ICP-MS maps in order to exclude other phases analysed in 

the scan. Median filters (2 pixel) (Lanari, 2019) have been applied to all exported map 

images to reduce noise but maintain visibility of textural features. A comparison between 

non-filtered and filtered images is shown in Appendix B Figure 9.13. 

3.2.5 Laser spots 
For LA-ICP-MS spot analyses tuning was carried out on the NIST612 glass with a 50 µm 

spot, 10 Hz, 3.63 J/cm2 and a speed of 5 µm/sec. To determine the trace elements that 

were present in kyanite in measurable amounts, analyses were carried out with an initial 

element list of 56 elements. This resulted in an element list of the following 18 elements: 

Mg, Al, Si, K, Ca, Na, Sc, Ti, V, Cr, Fe, Ni, Cu, Zn, Ga, Ge, Ba, and Zr. Trace element analyses 

were run using a fluence of 2.5 J/cm2, a repetition rate of 10 Hz, and a 50 μm spot size. 

Sample analysis lasted 30 s, with 30 s background measurement before the laser fired, 

and 40 s washout after analysis. Every 20 unknown spot analyses were bracketed by two 

analyses each of the 612 and BCR standards. 

3.2.6 Laser spot data reduction 
Data reduction of spot analyses was carried out using Iolite software (Paton et al., 2011). 

NIST SRM 612 was used primarily as the internal standard and BCR as the secondary 

standard, except for Mg, Ca, Ti, Mn and Fe where BCR is used as the primary standard. Si 

is used as the standardisation element using values either from microprobe analyses 

carried out adjacent to LA-ICP-MS spots, or average SiO2 concentrations measured by 

microprobe for each individual kyanite grain (see 8.2 for full analytical details of EPMA 

analyses and Table 8.1 for average kyanite compositions per sample). 

To assess accuracy and precision analyses of BCR-2G were compared to published values 

(Jenner and O’Neill, 2012) and long term laboratory averages. There was good agreement 

between average values of analyses from individual analytical sessions and published 
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values, with accuracy typically being around 5-7% (See Appendix C section 10.2 for 

standard values). 

3.3 Results 

3.3.1 CL textures  
Most kyanite grains imaged (specifically Ky-A, -B, -C and -E) show complex internal 

zonation defined by differences in greyscale CL intensity within a given grain (Figure 3.2). 

The presence of such variability is independent of differences in analytical conditions. 

These textures have been classified into different zone types It is common for multiple 

different zone types to be observed within a single grain. Ky-D grains however do not 

show this complex internal zonation. While some CL zoning may be observed in Ky-D 

grains this is generally limited to sparse patches of dark CL. A classification of CL textures 

and zone types from the different kyanite grain types is show in Table 3.2.  

 

Table 3.2 – Classification of CL textures and zone types observed in different kyanite types. Colours for 

different zones in this table are used in figures throughout the rest of this chapter. 

CL texture Zone Type 
Kyanite Type 

Ky-A Ky-B Ky-C Ky-D Ky-E 

Sector zones  Z1  x x    

Complex zonation in kyanite core  Z1  x x x   

Bright rims surrounding kyanite 
core  Z2   x x   

Bright rims surrounding kyanite 
core truncated by crystal edge  Z2 

(truncation)   x   

Plain zonation  Z3     x  

Very complex zonation  Z4      x 

Bright rims surrounding very 
complex zonation  Z5      x 
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Figure 3.2 – Representative cathodoluminescence images of kyanite types (A-E). a) SPB-021x_Ky08, b) 

SPB-037x_Ky02, c) SPB-021x_Ky02, d) SPB-021xii_Ky06, e) SPB-049i_Ky12. 

3.3.2 Z1 - Complex internal zonation  
The interior of most kyanite grains (except Ky-D) can be described as complex, and can be 

broadly categorised into streaky, patchy, concentrically zoned and sector zoned. 

Variations in CL brightness are often subtle and hard to delineate clearly, and discrete 

zones often fade out into other zones. There does not appear to be a link between zone 

type and grain shape (and hence crystallographic orientation); more equant grains cut 
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perpendicular to the c-axis show similar complexity (or lack thereof) to elongate grains 

parallel to the c-axis. 

Where clear zones can be determined, there are often differences in zone type between 

the core and rim of the kyanite. Sector zones are not common but can be observed in the 

cores of some Ky-A and Ky-B kyanite grains, where four triangular shaped sectors are 

present around a central core (Figure 3.3). 

 
Figure 3.3 – CL image of sector-zoned kyanite from sample SPB-023_3. 

3.3.3 Z2 – Rims and truncations 
Clear core-rim relationships may be observed (though not always) in CL zonation in Ky-B 

grains, and less commonly in Ky-C grains. They are distinguished by abrupt changes in CL 

intensity; this may mean becoming darker or brighter towards the rim and may be 

distinct concentric zones or discontinuous bright lines and zones. The boundary between 

these zones mirrors that of the outer crystal shape in Ky-B kyanite (Figure 3.4), but in Ky-C 

grains they are often truncated by the irregular edge of the crystal (Figure 3.4c, d). Inner 

zones are therefore classified as Z1 and the rim portion as Z2. Ky-A grains only show Z1 

zones. 
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Figure 3.4 – Concentric growth zonation (Z2) around Z1 cores observed in Ky-B grains (a, b), that is then 

truncated in Ky-C grains (c, d). a) SPB-048xi_Ky13, b) SPB-036xi_Ky05, c) SPB-037x_Ky08, d) SPB-

021x_Ky12. 

3.3.4 Z3 - Minor internal zonation 
Ky-D grains (primarily from SPB-021x, but also observed in SPB-031 and SPB-036x) do not 

show the complex internal zonation as described above (Figure 3.5). While there may be 

some patches of darker and lighter CL, variation is relatively limited. This plain CL 

zonation is classified as Z3. 

 

Figure 3.5 – CL image of a Ky-D grain showing plain zonation (Z3) from sample (SPB-031x-Ky08). 
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3.3.5 Z4 and Z5 - complex internal zonation 
Ky-E grains (found primarily in sample SPB-049, rarely in SPB-031) show the most complex 

internal zonation, with irregular bright and dark patches throughout the kyanite grain 

(Figure 3.6). These Ky-E grains are associated with inclusions of quartz and rutile and 

often form in clusters, making the identification of individual grains difficult; the 

complexity in CL textures also makes identification of grain boundaries difficult and zones 

are often discontinuous. There are also discrete patches within (what appear to be) the 

same crystal, possibly indicating the presence of sub-grain domains. All Ky-E grains are 

described as having Z4 zones. Where plain bright-CL rims are seen at the margins of these 

Ky-E/Z4 zones, these are described as Z5 zones (Figure 3.6a). 

 

Figure 3.6 – Examples of complex zonation (Z4 zones) in Ky-E kyanite in samples SPB-036x and SPB-049i. 

Note the bright rim in a) is categorised as a Z5 zone. 



Chapter 3 - CL and LA-ICP-MS characterisation of kyanite 

 

      101 

3.3.6 Additional textures – streaky zonation 
In addition to the common internal CL textures described above, there is also a ‘streaky’ 

zonation observed in some kyanite grains. It is commonly (but not exclusively) observed 

in kyanite grains from thick section SPB-036xi, in bent, deformed Ky-B and Ky-C grains 

found in the leucosome. They have a streaky internal zonation where fine-scale variations 

in CL intensity mirror the grain boundaries (Figure 3.7). Bright-CL Z1 cores and dark-CL Z2 

rim zonation may also be delineated within this streaky zonation (Figure 3.7a, c, d). 

 

 

Figure 3.7 – CL images of streaky zonation present in a number of bent kyanite grains. Z1 and Z2 zones 

can be distinguished within this streaky zonation. 
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3.4 LA-ICP-MS maps 

Thirteen kyanite grains from across 8 different samples were mapped by LA-ICP-MS for 

the elements V, Cr and Ge. Mapped grains include all different kyanite types (Table 2.3) 

and zone types ( 

Table 3.1). Selected maps are included in this chapter to show key features. Trace 

element maps for all mapped grains are documented in Appendix C 9.1. 

3.4.1 Chemical variability within grains  
V, Cr and Ge concentrations vary considerably across all kyanite grains. Within a given 

grain V typically has a range of 20-150 ppm, Cr between 20-200 ppm, and Ge between 0-

15 ppm. V and Cr show the strongest intra-grain variation, and maps of these elements 

generally correlate with features observed in CL images, such as bright lines, dark patches 

and sector zoning. For example, in SPB-021x_Ky06 variations in V strongly pick out sector 

zones, and high Cr concentrations correlate with bright CL features (Figure 3.8), as well as 

grain boundaries and cracks that cut across other features.  

The strongest intra-grain variations seen in Cr LA-ICP-MS maps are from the grain SPB-

026bx_Ky03 (Figure 3.9 and Figure 9.6). This grain has a clear core region with Cr content 

of ~40 ppm, surrounded by an inner rim of depleted Cr (<10 ppm) followed by a Cr 

enriched rim with Cr content up to 70 ppm. While other grains such as SPB-049i_Ky07 

(Figure 9.12), have variations in Cr that are larger in magnitude (100-2500 ppm), the 

variation in SPB-026bx_Ky03 has a much clearer core-rim texture, as opposed to patchy 

zonation. In both cases this Cr variation tends to match well with CL variation, with high 

Cr areas (Z2 type rims) being brighter and low Cr areas being darker. There are also small 

patches in the SPB-026bx_Ky03 core where Cr is depleted (Figure 3.9). 

Ge variation is much subtler, often varying between 2-10 ppm. Despite grain SPB-

026bx_Ky03 showing large spatial variations in V and Cr concentrations, Ge 

concentrations vary between 0.8-1.8 ppm. This is considered to be the analytical 

uncertainty on these measurements and thus sub-ppm variations cannot be reliably 

resolved by this LA-ICP-MS map (Appendix B Figure 9.6d for Ge distribution map). 
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Figure 3.8 – a) Cathodoluminescence image and b)-d) LA-ICP-MS trace element maps of SPB-021x_Ky06 

grain, with different CL zones delineated. Arrows denote features observed in CL image that are also seen 

in LA-ICP-MS maps. LA-ICP-MS maps use an auto-contrast scale, with concentrations in ppm, with a 2-

median filter. 
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Figure 3.9 – a) LA-ICP-MS Cr map of grain SPB-026bx_Ky03 and b) transect produced in XMapTools across 

the map, plotting Cr and V concentrations. Line of transect is marked on the Cr map and corresponding CL 

zones are shown on the transect plot.  
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3.4.2 Lack of variation 
Although many kyanite grains show elemental variation in LA-ICP-MS maps, a number of 

grains show very little variation. Ky-D type grains (elongate grains that have Z3 type CL 

zonation) such as SPB-021xii_Ky06a (Figure 9.5) and SPB-031_Ky15 (Figure 9.8), also show 

little variation in trace element concentrations. However, grains such as SPB-031_Ky11 

(Figure 9.7) and SPB-033_Ky12 (Figure 9.10) that do show some CL zonation, do not have 

clear zonation in trace element maps. 

3.4.3 Cr/V maps 
Further to the LA-ICP-MS trace element concentration maps, XMapTools (Lanari, 2019; 

Lanari et al., 2014) allows mathematical manipulations of the available element maps. As 

Cr and V both show some of the same features as the CL images, maps of Cr/V 

concentration were also computed (Figure 3.10). The resulting ratio maps show excellent 

correlation with CL images and are able to reproduce most of the textural features 

observed. In general, where there is a bright CL response, Cr/V ratios are high and vice 

versa. Cr/V ratios tend to vary between 0-3, but extreme ratios (up to 30) are seen in 

kyanite grains SPB-033x_Ky04 (Figure 9.9) and SPB-049i_Ky07 (Figure 9.12), grains where 

overall Cr concentrations are very high (SPB-049i_Ky07 maximum Cr = ~2500 ppm versus 

<200 ppm in other samples). 
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Figure 3.10 - Selected LA-ICP-MS maps of Cr/V compared to CL images of the same grains. Arrows denote 

textural features that are observed in both LA-ICP-MS maps and CL images. Bright streaks from bright 

areas into darker areas are artefacts of imaging high-intensity phases/poorly polished surfaces.  
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3.5 LA-ICP-MS spot analyses 

226 LA-ICP-MS spot analyses were carried out on 62 grains from across 10 samples, with 

multiple spots being placed on single grains, to investigate variations across internal 

kyanite zones, between samples, and between different types of kyanite grains. Ti, V, Cr, 

Fe, Ga and Ge consistently had concentrations above limits of detection and were 

measurable across all samples. Ca and Sc concentrations were also determined for most 

kyanite grains; Mn was present in measurable amounts in some kyanite grains. Average 

compositions of kyanite in each of the samples are presented in Table 3.3. Average 2 SE 

errors for measurable elements are reported in Table 10.2. Full data tables are included in 

Appendix 10.3. 

Fe is the most abundant trace element found in kyanite, ranging from ~500 ppm up to 

>6000 ppm with concentrations commonly exceeding 1000 ppm. The average Fe content 

varies significantly between samples, with kyanite from SPB-026x (Tangmachu), SPB-

035xii and SPB-037x (Rongthung) and SPB-049i (Buyong) being enriched in Fe versus 

other samples and locations. Average Cr concentrations are similarly variable, with 

kyanite from samples SPB-033 (W Rollong) and SPB-049i (Buyong) being enriched in Cr 

(>500 ppm). Sc concentrations are significantly higher and more variable in kyanite from 

SPB-049i (Buyong). It is therefore possible to discriminate samples from different 

locations based on Fe, Sc and Cr concentrations in kyanite (Figure 3.11). Mg, Ca, Ti, V, Ga 

and Ge concentrations generally overlap between sample locations (Figure 3.12). 

3.5.1 Compositional variations by zone 
Variations in kyanite composition in different zones (as determined by CL), are shown in 

Figure 3.13. Most elements show considerable heterogeneity and overlap between zone 

types. V and Ti are very similar throughout all zone types (~25 ppm and ~65 ppm 

respectively). Sc and Ge show overall increases across Z1, Z2 and Z3. Cr, Fe and Sc 

concentrations are also elevated in Ky4 and Ky5. However, these zone types are restricted 

to one sample (SPB-049) that is also elevated in Cr, Fe and Sc compared with other 

locations (Figure 3.12). Ky5 rims show a narrower range of compositions for all elements 

versus other zone types.  
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To overcome the effect of differences in bulk composition normalised plots are shown in 

Figure 3.14. Each data point has been normalised to the average value of the element in 

that sample. Box plots are presented for each zone type and therefore represent 

variations in growth zone rather than between samples. Values > 1 (1 being marked as a 

line in Figure 3.14) indicate a relative enrichment in that element versus the sample 

average, and a depletion when values are < 1.  

 

Figure 3.11 – Fe, Cr and Sc concentrations of kyanite from East Bhutan colour coded by Location (note log 

scales).  
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Table 3.3 - Average trace element composition in ppm of kyanite measured by LA-ICP-MS for each of the samples analysed 

Sample Location n 
Mg Ca Sc Ti V Cr Fe Ga Ge 

Mean Range SD Mean Range SD Mean Range SD Mean Range SD Mean Range SD Mean Range SD Mean Range SD Mean Range SD Mean Range SD 

SPB-021x Yonkola  57 94.1 287.3 55.4 337.3 579 130 0.6 0.7 0.2 24.8 70.9 13 57.5 47.9 13 36.5 73.9 19.5 1245 1570 379 28.9 16.5 3.8 7.6 6.7 2.2 

SPB-021xii Yonkola  11 146.2 308.4 89.8 168 121 35.7 0.8 0.7 0.2 17.5 26.3 7.9 45 30.2 11.3 83.5 98.1 36 888.4 438 121 29.4 17.4 5.8 10.8 9 3.3 

SPB-023_3 Yonkola  25 72.9 79.6 17.1 311.4 358 88.6 0.4 0.2 0.1 42.7 87.5 24.4 75.6 51.3 13.4 197.2 480.7 97.5 4902 1880 554 33.5 10.5 3 3.9 2.5 0.6 

SPB-026x Tangmachu  32 75.2 206.1 50.4 226.3 310 82.1 0.8 1.4 0.3 23.8 49.3 7.9 67.2 60.9 11.7 127.1 175.5 35.2 1183 376 91 37.7 17 5.4 7.3 5.4 1.1 

SPB-031 S Khoma  24 103 196.8 67.1 174.4 174 45.5 0.4 0.2 0.1 22.7 58.4 11.9 45.4 47 10.8 737.3 1055 287.7 1613 443 109 32.5 10.4 2.7 5.8 2.4 0.7 

SPB-033 W Rollong  18 63.9 134.4 35.5 224.1 185 48.9 0.2 0.3 0.1 26.2 32 9.6 53 33.8 8.8 124.2 314 98.6 4089 3150 821 28.7 6.7 1.9 5.2 5.1 1.4 

SPB-035xii Rongthung  12 79.7 173.8 52.6 279.5 304 132 0.4 0.3 0.1 23.5 33.8 8.7 55 42 12.6 44.4 79.4 28.1 1904 1064 354 32.7 10.2 3 5.2 3.3 1.2 

SPB-036x Rongthung  19 79.6 163.8 41 670 0 0 0.3 0.3 0.1 34.1 45.6 13 84.6 54 13.2 182.1 206 71.1 4160 2410 652 35.9 9.1 2.3 5.6 5 1.3 

SPB-037x Rongthung  29 87.3 168.4 60.8 182.5 148 35.1 1.8 3 0.8 33.3 58.5 16.6 66.9 48.3 11.6 1478 2663 567 4499 2490 619 39.2 18.2 3.8 8.2 4.2 1.3 

SPB-049i Buyong  57 94.1 287.3 55.4 337.3 579 130 0.6 0.7 0.2 24.8 70.9 13 57.5 47.9 13 36.5 73.9 19.5 1245 1570 379 28.9 16.5 3.8 7.6 6.7 2.2 
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Figure 3.12 – Box and whisker plots of trace element compositions (ppm) of kyanite from East Bhutan samples, grouped by Location. The number of analyses used for 

each plot is shown in the top left panel. 
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Figure 3.13 – Box and whisker plots of trace element compositions (ppm) of kyanite from East Bhutan samples, grouped by Growth Zone. The number of analyses 

used for each plot is shown in the top left panel.  
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Figure 3.14 – Average normalised compositions of different kyanite zones. Data has been normalised to 

the average elemental composition of the muscovite in that sample.  

 

The result of this normalisation can be seen by comparing the absolute concentrations of 

Sc, Fe and Cr in analyses of Z4 and the normalised Z4 analyses. Sc, Fe and Cr all appear to 

be enriched in Z4 zones in terms of absolute concentrations (Figure 3.13), although their 

sample-normalised concentrations in Z4 zones are similar to the average concentrations 

in those samples (values around 1) (Figure 3.14).  

Average normalised compositions of kyanite zones reveal depletions in Mg and Ti in Z2 

and Z5 zones (Figure 3.14). Z5 zones are also significantly depleted in Sc, and V, Fe, Ga 

and Ge show some depletion. Z5 also is slightly enriched in Cr (and therefore Cr/V is also 

high in Z5).  

Z3 zones are enriched in Ge in both absolute concentrations (Figure 3.13) and normalised 

concentrations (Figure 3.14). Most kyanite analyses from Z1 and Z2 zones have Ge 

concentrations of < 8 ppm, whereas analyses from Z3 grains tend to have Ge 

concentrations > 8 ppm, although there is overlap between these zone types. There are 3 

samples that contain kyanite with Z3 zones; SPB-021x (all from thick section -021xii) and -

023_3, which are from Yonkola, and -031 from South Khoma. Kyanite analyses from SPB-

021x show a clear variation in Ge content with type of CL zone (Figure 3.15a). Analyses 

from Z1 and Z2 have similar Ge concentrations (<7 ppm) whereas those with Z3 have 

elevated Ge concentrations >7 ppm (minus one outlying data point). In other samples 
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however, this distinction is not observed. Analyses from kyanite in SPB-023_3 are all >7 

ppm, but are from Z1, Z2 and Z3 type zones. In SPB-031 analyses from all zone types (Z1, 

Z2, Z3 and Z4) are all between 5-9 ppm. There is no clear relationship between the Ge 

content of kyanite and the microtextural position in which it is found within the thick 

section (Figure 3.15b). 

 

Figure 3.15 – Cr vs Ge plot for samples that contain kyanite with Z3 zones. a) Colour scheme represents 

the different growth zones of the analyses. b) Colour scheme represents the different textural positions of 

the kyanite in the thick section.  
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3.5.2 Compositional variation within individual grains 
Multiple analyses were carried across individual grains and different zones in order to 

investigate the trace elements controlling these variations (Figure 3.16). The results show 

only tentative links between CL intensity, zone type and trace element compositions. The 

clearest correlation is seen in Cr concentrations, with low Cr concentrations in areas 

showing a dark CL response (Figure 3.16b, Figure 3.16h), and higher Cr concentrations 

showing a bright CL response (Figure 3.16a, Figure 3.16e, Figure 3.16g). Grain SPB-

023_3_Ky01 (Figure 3.16g) shows an increase in Cr and Cr/V ratio in bright Z2 rims versus 

Z1. Similarly, SPB-049i_Ky15 (Figure 3.16h) Z5 rim zones tend to have lower Fe, V, Ti and 

elevated Cr/V versus the complex core Z4 zones. 

V and Fe show strong variations across grains but this does not correlate well with 

changes in CL brightness or zone type. This can be seen clearly in Figure 3.16a where the 

Fe concentration of SPB-021x_Ky06 drops significantly between spots 1-7 and 8-14, yet 

there is no clear zone boundary visible in CL at this point. Conversely, where there is a 

change from Z1 to Z2 zones, there are no abrupt changes in trace element chemistry. Ti 

shows some variation across individual grains, and tends to be higher in the core of grains 

(Figure 3.16c & Figure 3.16d) but no systematic trends of Ti content with zone type or CL 

brightness are observed.  
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Figure 3.16  
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Figure 3.16.  
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Figure 3.16 – LA-ICP-MS spot analyses across different grains and the accompanying CL map of spot 

locations, showing the variation in trace element concentrations across the grains. Where grains contain 

multiple CL zones (e.g. Z1 and Z2), these analyses are marked on the chart and CL map with triangles. 

Note that not all of the analyses are consecutive transects across the grains. See Table 10.2 for average 

errors of LA-ICP-MS analyses.  
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3.6 Discussion 

3.6.1 Data Accuracy 
As a secondary check on the data quality of the LA-ICP-MS maps spot analyses were also 

carried out on regions of interest in the mapped kyanite grains. A comparison between 

the LA-ICP-MS maps and the V, Cr and Ge spot analysis values for a subset of mapped 

grains is shown in Figure 3.18. There is good agreement between the map concentrations 

and spot analyses performed on the same grains; high values in the maps also had high 

values of the same magnitude in the spot analysis concentrations. Spot analyses were 

40μm circles whereas mapped pixels represent 10μm squares, therefore spot analyses 

will represent an average composition over an area of the map. XMapTools (Lanari et al., 

2019) does permit the calculation of average compositions over an area, but due to 

uncertainties in choosing the exact location of the laser spot on the map, and the 

difficulty in selecting such a small number of pixels, this was not attempted. We consider 

this visual check between maps and spot analyses to be sufficient evidence to say that the 

LA-ICP-MS mapping technique measures kyanite trace element compositions with 

reasonable accuracy, at both high concentrations (1000s ppm for Cr) and low 

concentrations (<10 ppm for Ge). 

A comparison between the LA-ICP-MS spot analyses and the concentrations measured by 

EPMA provides a secondary check on their accuracy and precision. This comparison has 

been carried out using Fe concentrations as it is the only trace element in kyanite that 

was consistently measured by the EPMA setup in this study. FeO concentrations 

measured by EPMA were converted into ppm and individual laser spots matched to 

equivalent probe spots. Figure 3.17 shows that there is good agreement between Fe 

concentrations measured by LA-ICP-MS and EPMA. At low concentrations the relative 

difference between the two techniques is almost entirely within 0.1 wt% FeO, which is 

considered to be the best precision for the EPMA analyses. At higher concentrations (> 

3000 ppm) LA-ICP-MS analyses tend to record slightly higher Fe concentrations versus 

EPMA analyses. Where there are large variations between the two techniques, this may 

be due to mismatches in location of analyses. While care was taken to place EPMA spots 

near the visible laser spots and in the same CL zone, it is possible that they record 
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different zones (or mixtures of more than one zone, either in the horizontal plane or the 

vertical), as Fe concentrations are known to vary across a given kyanite grain. 

 

 

Figure 3.17 – Comparison of Fe concentrations in kyanite analysed by LA-ICP-MS and EPMA. 1:1 line is 

surrounded by a grey envelope representing ± 0.1 wt%. Errors on LA-ICP-MS analyses are 2 SE.  
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Figure 3.18 – CL images and LA-ICP-MS maps with trace element concentrations from LA-ICP-MS spot analyses of kyanite. Numbers on CL images represent Laser spot 

number, concentrations on maps are in ppm. 
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3.6.2 Spots versus maps 
Two different approaches have been taken in this study to investigate the relationship 

between CL images and trace element concentrations: LA-ICP-MS spot analyses guided by 

CL images and LA-ICP-MS mapping of whole grains. Both techniques have advantages and 

disadvantages, and provide different but complementary information about the trace 

element composition of kyanite. 

Both laser spot analyses and mapping are destructive analytical techniques. Spot analyses 

in this study are 40 µm in size but produce deep pits due to longer ablation times that 

improve counting statistics. Mapping uses a mosaic of 10 µm squares that cover the 

entirety of the grain but due to their shallow pits it would be possible to re-polish the 

sample to and analyse multiple times with different operating conditions to target 

different elements.  

Spot analyses can be achieved more rapidly than full grain maps (~1-minute spots versus 

~1-hour maps, depending on size). Maps at a coarse resolution could rapidly be carried 

out first to identify areas of interest, which could be further investigated through detailed 

mapping or spot analyses (Ubide et al., 2015). 

An alternative method of producing coarse-resolution trace element maps would be to 

place a number of LA-ICP-MS spot analyses across a given grain and then use an 

interpolation method to create a contour map (Fisher et al., 2017). This approach is faster 

than generating a full map but large spots may not necessarily have greater precision 

compared to raster maps. Contour spot maps would also be less likely to resolve fine-

scale-variations and would not capture features that are smaller than the size or spacing 

of individual spots. LA-ICP-MS mapping therefore offers the best high spatial resolution 

when investigating variations across given grains. 

Spot analyses have produced an inherently variable dataset, with box and whisker plots 

for kyanite from East Bhutan often showing considerable overlap between kyanite 

groupings, large inter-quartile ranges (IQR) and numerous ‘outliers’ (points that fall 

outside of 1.5 times the IQR) (Figure 3.12 & Figure 3.13). CL images clearly show complex 

zonation so it may be that it is difficult to adequately sample this heterogeneity using 

spot analyses. In order to resolve this complexity and increase spatial resolution smaller 
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spot sizes are required, such as the 10 µm spot sizes used in the laser mapping technique 

presented here. 

An additional issue with spot analyses versus mapping approaches when investigating 

grain scale variations is that of categorisation. Assigning metadata such as zone type to 

spot analyses is a labour-intensive, manual process that can be highly subjective when 

zone types are often hard to distinguish in the kyanite investigated here. Mapping allows 

a clear visual comparison between element maps and CL and features are often easier to 

pick out. These comparisons are qualitative (i.e. bright CL correlates with high Cr/V) but 

new advanced computing techniques could make these comparisons more quantitative. 

XMapTools 3.3.1. Lanari (2019) offers more advanced ways to convert image greyscale 

intensity (such as BSE and CL images) into numerical pixel-based maps. Individual pixel 

data can then be extracted and directly correlated to each other in a more robust 

manner. 

3.6.3 Trace element variation between samples 
Kyanite grains from different locations in East Bhutan show distinctive trace element 

abundances, specifically their Fe, Cr and Sc concentrations (Figure 3.11); kyanite from 

Buyong (SPB-049i) for example has high concentrations of Fe, Cr and Sc. This variation is 

largely independent of kyanite type or zone type; for example, analyses from kyanite 

from Tangmachu and Rongthung cover multiple different kyanite and zone types but 

these locations are still significantly higher in Fe. This suggests that protolith composition 

controls abundances of trace elements in kyanite, at least for Fe, Cr and Sc.  

A previous study that looked at protolith controls on kyanite compositions (Müller et al., 

2016) showed distinctive trace element compositions of kyanite from sedimentary and 

mafic sources. All the samples that were analysed in the current study are from the 

structurally lower portions of the GHS, which is composed of pelitic and psammitic 

schists. It is thought that the source of the High Himalayan leucogranites in Bhutan is 

entirely sedimentary with no mantle/mafic input (Hopkinson et al., 2015). It is likely that 

the GHS source of the East Bhutan kyanite migmatites would also be considered to be 

sedimentary/felsic in the classification of Müller et al., (2016). As shown in Figure 3.19 

however, the kyanite from East Bhutan overlaps with most of the Müller et al., (2016) 
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dataset, with the high Cr content of kyanite from West Rollong and Buyong overlapping 

as far as the mafic field. 

 

Figure 3.19 – Comparison of kyanite trace element data between Muller et al., (2016) dataset and data 

from this study. a) V-Cr plot and b) Ti, Fe, Cr tertiary plot. Areas shaded grey on the Muller et al., (2016) 

plots indicate where the data from this study plots. 

 

Given that the source of all the migmatites in this study is expected to be similar (i.e. GHS 

metapelites), it is surprising that kyanite trace element compositions suggest such 

variation in protolith. The exact provenance of GHS rocks is contested in terms of the 

configuration and nature of the pre-Cenozoic basins (Yin, 2006). If GHS rocks are derived 

from Indian margin sediments, especially an active margin (Spencer et al., 2011) this may 

provide a diverse source of sediments and thus variable chemical compositions to the 

GHS protolith, that could explain subsequent heterogeneity in kyanite compositions 

across East Bhutan. Without bulk-rock compositions to further investigate the nature of 

the protolith however, it is hard to accurately match kyanite compositions directly to 

protolith compositions. 
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Though Cr concentrations in the Eastern Bhutan migmatites span a broader range than 

expected versus the Muller et al., (2016) dataset, Ti concentrations do appear to overlap 

with those expected for kyanite from felsic sedimentary sources (Figure 3.20). It is 

suggested by Müller et al., (2016) that Ti concentrations of kyanite may be linked to 

metamorphic formation temperature, a finding that requires experimental calibration. 

Using their linear correlation as a crude thermometer, approximate temperatures have 

been calculated for the East Bhutan kyanite grains. These are shown in (Figure 3.20) as a 

function of their growth zone type. Most kyanite grains yield Ti concentrations between 

20 and 75 ppm, equating to temperatures of between 550°C and 700°C. There does not 

appear to be any correlation between these Ti contents/ temperatures and zone type. 

 

Figure 3.20– Comparison of kyanite Ti concentrations between Muller et al., (2016) dataset and data from 

this study. Ti concentrations have been converted into temperature based on the regression line quoted in 

Muller et al., (2016). Areas shaded grey on the Muller et al., (2016) plots indicate where the Ti 

concentrations overlap with this study. 
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3.6.4 What do the CL images represent? 
The CL images captured for most of the kyanite grains studied reveal a complicated 

internal variation, arguably more complex than has been described so far in the literature 

(Kendrick and Indares, 2017; Peterman et al., 2017; Müller et al., 2016; Horkley et al., 

2013). The LA-ICP-MS mapping approach provides a high spatial resolution image of trace 

element variation that can then be compared to CL images. Cr concentration maps of 

kyanite correlate well with many features observed in CL images, including sector zones, 

bright lines and dark patches. Cr3+ is a known CL activator in kyanite (Müller et al., 2016) 

and although the CL images taken were panchromatic and thus unable to determine the 

colour of the CL emissions, it is likely that the strong CL response was due to the presence 

of high concentrations of Cr, resulting in a red luminescence (Figure 3.19c). Ti 

concentrations are probably not high enough to produce a strong blue luminescence in 

the analysed kyanite grains (Müller et al., 2016) (Figure 3.19c). 

Although Cr maps match well to textures seen in CL images, they do not replicate all the 

features observed (Figure 3.8). In combination with V however, Cr/V ratio maps match 

very well (Figure 3.10). This is somewhat surprising as V is not a known activator 

(Ramseyer and Mullis, 2000), though it has been suggested as a luminescent centre in 

synthetic materials (Gaft et al., 2005). As only 3 elements were measured by LA-ICP-MS 

mapping, it is possible that V may behave as a proxy for another element such as Ti or Fe 

that is known to have a CL response. This does not appear to be the case however, as 

spot analyses of V do not show a strong correlation with any other element. The 

correlation between Cr/V maps and CL images remains true for all types of kyanite grains 

(Ky-A to Ky-E) regardless of whether zonation is complex (Z1 or Z5 zones) or plain (Z3 

zones). Slight discrepancies between maps and images may be due to the CL response 

being generated deeper in the sample than the LA-ICP-MS pits, or to the interference of 

CL-bright feldspars adjacent to kyanite grains where poor-quality images are taken (see 

section 3.2.1). 

The most comprehensive dataset regarding kyanite trace element compositions is that of 

Müller et al., (2016). Figure 3.21 shows a comparison of that dataset and data collected in 

this study. A major finding in their study was that kyanite analyses with Fe > 3000 ppm 

showed no CL response as Fe is a CL quencher at these concentrations. However, kyanite 



The Petrogenesis of Kyanite Migmatites in Eastern Bhutan 

 

  126  

grains from this study with Fe content > 3000 ppm still show a CL response (Figure 3.21). 

For example, SPB-026bx_Ky01c, shown in  

Figure 3.16d, is one of the most Fe-rich grains analysed (maximum concentration of 5630 

ppm), and yet shows a CL response, as well as CL variation within the grain. This suggests 

that there is another source of luminescence that is capable of overcoming the Fe-

quenching effect. As well from Cr, other CL-activators include Mn2+, Ti3+ and Ti4+ 

(Ramseyer and Mullis, 2000), all of which are found in measurable quantities in kyanite. 

There are no clear trends in this dataset however that suggest that either Mn or Ti is 

causing additional luminescence in these high Fe luminescent grains. It may also be the 

case that the relationship between activator and quencher ion concentration is a non-

linear effect, as has been suggested for Mn2+ (activator) and Fe2+ (quencher) in calcite 

(Lee et al., 2005; Budd et al., 2000).  

 

Figure 3.21 - Comparison of kyanite trace element data between Muller et al., (2016) dataset and data 

from this study. Areas shaded grey on the Muller et al., (2016) plot indicate where the data from this 

study plots.  

This discrepancy could also be related to the nature of the Fe present. Fe2+ is regarded as 

the primary ion responsible for CL-quenching in most minerals (Habermann, 2002; 

Marshall, 1988). Fe3+ is a well-known CL-activator in a number of silicate minerals (Götze, 

2002), though this has not been demonstrated in kyanite. Kyanite however is thought to 

contain both Fe2+ and Fe3+ (Faye and Nickel, 1969). The measurement of Fe in kyanite by 

LA-ICP-MS (both here and in Müller et al., (2016)) only yields total Fe content, with no 

distinction between Fe species. A kyanite grain could therefore contain high amounts of 
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Fe3+, contributing to high Fe contents, but not have significant amounts of Fe2+ to cause 

CL-quenching. It has also been suggested that Fe3+ may have CL-quenching effects (Gaft et 

al., 2005; Ramseyer and Mullis, 2000). Further investigation is required to understand the 

valency of Fe in kyanite, and the effect this has on CL response. 

While trace element composition is generally regarded as the main cause of 

cathodoluminescence in geologic materials, structural imperfections within minerals can 

also produce intrinsic CL responses (see section 3.1.1.3) (Götze, 2012); determining the 

exact cause of CL in silicates is however challenging (Ramseyer and Mullis, 2000). 

Structural imperfections such as crystal defects can accumulate in deformed materials, 

and there is evidence in some of the Eastern Bhutan migmatites of deformed, bent 

kyanite grains with distinctive streaky CL zonation (section 3.3.6). This streaky zonation 

could therefore be reflecting the underlying deformation-related microstructures within 

the kyanite grain. As well as providing a source of intrinsic CL, these intra-grain 

microstructures could be acting as transport pathways or accumulation sites for trace 

element, which themselves would induce a CL response. Such features have been 

described in a number of deformed minerals, including zircon (Reddy et al., 2006), 

tourmaline (Büttner and Kasemann, 2007), and pyrite (Fougerouse et al., 2019). 

3.6.5 Implications for kyanite growth 
Petrographic investigations into kyanite morphology, as discussed in Chapter 3 allowed 

the identification of 5 different types of kyanite grain. CL imaging and trace element 

chemistry provide supporting evidence and further detail to the petrogenetic story of 

these kyanite grains. Differences in zone type and the distinctive chemistry of some of 

these zones distinguish types of growth that further suggest that not all kyanite found in 

kyanite migmatites from East Bhutan grew in the presence of melt. The changes in 

concentrations of these various elements are related to which elements were available at 

the time when the kyanite was growing, in either sub-solidus or melt-present conditions, 

which is in turn dependant on which elements are being released or incorporated by the 

various mineral reactions occurring at that time. 

3.6.5.1 Z1 complex cores 

Z1 zoning is observed in the core of the majority of grains investigated by CL imaging. It is 

the only type of zoning observed in grains found in the schist (i.e. type Ky-A grains). This 
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therefore indicates that Z1 represents sub-solidus growth of kyanite, formed via a 

number of continuous reactions during prograde metamorphism. The complex Z1 zoning 

pattern may therefore be preserving the outline of relict phases or “chemomorphs” 

(Horkley et al., 2013) from previous reactions. Similar chemical heterogeneity in kyanite 

has been interpreted to be an inherited characteristic of the reactants replaced during 

these continuous reactions (Kendrick and Indares, 2017; Yang and Rivers, 2001). 

Identifying specific “chemomorph” features of previous phases is difficult as CL zonation 

and trace element distributions are complex and commonly unsystematic. A common 

precursor to kyanite however is staurolite (see section 2.5.5.1). It is uncommon to see a 

reaction relationship between staurolite and kyanite as they are thought to grow 

independently of each other, but rare examples of kyanite replacing staurolite have been 

described (Pattison and Spear, 2018). Staurolite commonly displays sector zoning, with Ti 

usually being the element that varies between the sectors (Hollister, 1970). Given the 

crystallographic similarity of kyanite and staurolite it seems reasonable to suggest that 

kyanite could inherit the zoning patterns from staurolite if/when it grows as a 

pseudomorph after staurolite (Horkley et al., 2013). As Ti is also thought to be a CL 

activator in kyanite this may also explain why sector zones in kyanite are visible in CL 

images. While Ti was measured by spot analyses these did not show any clear trends with 

CL intensity or across kyanite zones, therefore its spatial distribution cannot be well 

constrained in this study. Further investigation through LA-ICP-MS mapping or X-ray 

mapping could be carried out to see if Ti concentrations in kyanite preserve sector zones 

from their likely precursor staurolite. 

Z1 zones are also observed in Ky-B and Ky-C grain interiors, these kyanite grains being 

found in the granitic part of the migmatites. The fact that Z1 zones are found in Ky-A, as 

well as Ky-B and Ky-C is consistent with the interpretation that Ky-B and Ky-C grains are 

xenocrystic and have been inherited from the schist upon melting (section 2.5.7). 

3.6.5.2 Z2 & Z5 rim growth 

Z2 and Z5 zones are only observed in kyanite grains found in the leucosome as rims 

surrounding the inner Z1 and Z4 core zones respectively. These rims appear to grow 

concentrically around the outside of the core zones and their CL patterns tend to be 

brighter with little variation. This is also reflected in their more homogenous trace 
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element compositions. The Z2 and Z5 rims are depleted in Mg and Ti and enriched in Cr 

relative to their Z1 and Z4 cores. Z5 rims are further depleted in Sc, V, Fe, Ga and Ge 

(Figure 3.14). These rims are therefore geochemically and texturally distinct from Z1, Z3 

and Z4 zones, and are interpreted here to represent continued syntaxial growth of 

kyanite in the presence of melt.  

Similar textural and geochemical features were also observed in the rims of kyanite in 

samples from aluminous granulites from the central Grenville Province (Kendrick and 

Indares, 2017). Cr-rich rims in these granulites are interpreted to form by the breakdown 

of garnet during melt crystallisation (Kendrick and Indares, 2017). The thick section cut 

from sample SPB-049i (where these Cr-rich Z5 kyanite rims are observed) does not 

contain any garnet. However, large garnets were observed in this sample location 

(Buyong), with leucocratic material apparently replacing the margins of the garnet (Figure 

2.33b). This breakdown of garnet in the presence of melt may therefore be the source of 

the elevated Cr in Z5 rims in this sample. 

3.6.5.3 Z3 melt growth 

Z3 zones are only found in Ky-D grains, which are themselves only found in the 

leucosome, were previously postulated, due to their shape and textural position, to have 

formed as a result of melt crystallisation (See 2.5.5.4). Their homogenous CL zoning and 

trace element maps support the interpretation that they formed via a different 

mechanism to the other types of kyanite which have now been shown to have complex 

internal CL variation as a result of sub-solidus processes. Despite this homogeneity in CL, 

Z3 zones contain quite variable trace element concentrations, often overlapping with 

other zone types (Figure 3.13). These zones are distinguishable from other zone types by 

their higher Ge content, and to a lesser extent, their lower Ca and Fe content. While this 

Ge enrichment in Ky-D/Z3 is clearly observed in SPB-021xi however, it is not present 

across all samples that contain Ky-D grains (Figure 3.15, see further discussion below in 

3.6.5.4). 

The cause of the increase in Ge in Z3 zones is however unknown. No other studies report 

Ge concentrations in kyanite. Ge is not reported in any published element list so it is 

thought that it has never been analysed before, rather than it not being found in 

appreciable amounts. It is not known therefore what element Ge could be substituting for 
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in the kyanite structure; it is similar to Si as a Group 14 element with a 4+ valency, but 

also has a similar ionic radius and ionic potential to Al (Railsback, 2003). 

3.6.5.4 Differences between Z3 and Z2 & Z5 

Evidence presented above suggests that Z2, Z3 and Z5 zones all formed during melt 

crystallisation. However, Z3 zones have a distinct geochemistry compared to Z2 and Z5 

zones, which are similar to each other, suggesting a distinct petrogenesis for Z3 zones 

(see section 3.4.3.2, Figure 3.14). The evidence suggests that Z3 zones represent the 

growth of entirely new kyanite crystals from the melt, whereas Z2 and Z5 represent 

epitaxial rims forming on pre-existing kyanite grains. The difference may therefore be in 

the nucleation kinetics required to form new grains. Z2 and Z5 rims would be able to grow 

immediately on existing kyanite, whereas Z3 grains may take longer to nucleate. By the 

time Z3 begins to grow the melt composition may have evolved to lower Ca and Fe 

concentrations, and higher Ge concentrations; the crystallisation of feldspars and biotite 

would remove Ca and Fe respectively from the melt. The cause for the increase in Ge 

concentration in melt-formed kyanite is unknown. Spatially, Z3/ Ky-D grains in SPB-021xii 

are found in the same thin section as Ky-B and Ky-C grains with Z2 zones, but they clearly 

form in different domains (Figure 2.6), suggesting that small-scale local processes control 

nucleation and equilibrium. 

As shown in Figure 3.14 the distinctively high Ge concentration in Z3 zones is only 

apparent in one sample (SPB-021x); the Ge content of Z3 zones in the other samples 

overlap with the Z1 and Z2 Ge concentrations. This may be due to the different types of 

migmatite of each of the samples because there is great variability between the three 

samples investigated, which represent three different styles of migmatite (Figure 2.40). 

This is emphasised in Figure 3.15a that shows the same Cr vs. Ge plot as Figure 3.15b in 

but colour coded for the textural position in which the kyanite is observed. SPB-021x 

analyses are from kyanite found in the schist and the leucosome, SPB-023_3 is comprised 

of restite and granite, and SPB-031 kyanite is all characterised as part of disaggregated 

schlieren. This suggests that the processes that cause different styles of migmatite may 

also be affecting the trace element compositions of the kyanite within them. 
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3.6.5.5 Z4 peritectic growth 

Ky-E type grains, that are characterised by Z4 zones and are mainly observed in sample 

SPB-049i (Buyong), were previously interpreted to be of peritectic origin (See section 

2.5.5.5) due to the presence of quartz inclusions and evidence that they have interacted 

with melt. If complex CL zonation represents sub-solidus growth through continuous 

reactions (as it is argued in section 2.5.5.5) then the extremely complex nature of Z4 

zones are consistent with a peritectic origin. Kyanite grains in SPB-049i also tend to be 

large crystals that occur in clusters, and CL responses suggest the presence of sub-grain 

domains within the kyanite (Figure 3.6). This is consistent with previous studies that 

suggest a mechanism by which peritectic minerals in a melt form cotectic overgrowths 

that coalesce during continued growth to form large clusters (Erdmann et al., 2012). With 

continued growth the minerals may develop chemical zones, which may be modified over 

time by diffusive re-equilibrium (Erdmann et al., (2012) Fig. 14). Depending on the 

relative diffusivity of the trace elements incorporated, and the residence time and 

temperature of the melt, complex chemical zoning could arise in the peritectic mineral 

clusters. Trace element diffusion coefficients are not known for kyanite, therefore further 

comment on trace element variation is not possible, though it has been suggested that 

trace elements in kyanite have varying mobility in order to produce complex CL patterns 

(Horkley et al., 2013). 

3.7 Summary 

In summary, not all kyanite found in kyanite migmatites from East Bhutan formed in the 

same way, and the presence of kyanite in granite does not necessarily imply that the 

kyanite grew in the presence of melt. Zoning patterns revealed by CL imaging and trace 

element concentration variations are consistent with the entrainment of kyanite as a 

xenocryst in the melt, and reveals further growth of kyanite in the melt, either in the form 

of epitaxial rims on pre-existing grains or by the nucleation of new kyanite. The complex 

CL zonation in Ky-E grains provides evidence that these grains, mainly present in one 

sample, grew as the peritectic product of the muscovite dehydration reaction. Figure 3.22 

shows the relationship between kyanite type, zone type, trace element chemistry, and 

the interpretation of how the kyanite grew. 
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The correlation between CL response and Cr/V maps indicates that the Cr/V ratio changes 

throughout the kyanite growth history. The potential causes of changes in Cr/V ratio 

during kyanite growth are discussed above in section 3.6.4, but the exact geological 

processes that causes Cr/V to change (or to remain constant) are not yet constrained. 

Additional factors that could contribute to varying Cr/V ratios include: 1) the potential of 

other phases (other than garnet) to release or take up elements, such as micas, ilmenite, 

rutile or magnetite (Liu et al., 2014; Grammatikopoulos et al., 2002; Schuiling and 

Feenstra, 1980); 2) oxygen fugacity and variations in the valence state of Cr, and Fe 

(Müller et al., 2016); 3) partition coefficients of Cr and V (and other elements of interest) 

in kyanite during melting (Blundy and Wood, 2003); 4) diffusion rates of Cr and V (and 

other elements of interest) in kyanite. Further investigation as to the influence of micas 

on trace element cycling is carried out in Chapter 5. 

 

Figure 3.22 – Schematic cartoon showing how different kyanite types grow and how their CL patterns are 

preserved. Note that not all Z1 growth shows sector zoning, this is a representation of complex internal 

zonation. Arrows represent relative increases or decreases in the elements shown between the different 

zones. 
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3.8 Conclusions 

• Classification of different types of kyanite described in Chapter 2 is confirmed by 

the differences in CL images 

o Ky-A, Ky-B and Ky-C contain similar complex internal zonation (Z1) 

o Ky-B can form rims (Z2) that are then truncated in Ky-C grains 

o Ky-D is plain in CL (Z3) 

o Ky-E is extremely complex (Z4) and can also have rim zones (Z5) 

• Combination of CL and trace element analyses suggests that 

o Z1 growth was sub-solidus 

o Z2 rims grew in response to changing chemical conditions in the presence 

of a melt. Some of these grains then reacted with the melt to produce 

muscovite. 

o Z3 formed directly from the melt 

o Z4 grains formed peritectically 

o Z5 growth was due to changing conditions in the melt that caused the 

formation of rims. 

• Cr/V laser maps match up well to CL zone types 

o Ti and Fe were thought to be the cause of CL variation in kyanite but no 

clear trends are observed in these samples. 

• This approach further shows how kyanite can record changing conditions and 

preserve details of crystal growth over time. 
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4 GEOCHRONOLOGY OF KYANITE MIGMATITES 

4.1 Introduction 

Constraining the timing of orogenic processes is crucial for understanding the tectonic 

evolution of mountain ranges. Tectonic models proposed for the Himalaya provide 

predictions for the timing of processes such as burial, exhumation and anatexis, and 

therefore can be tested using geochronology. As in situ dating methods have improved 

we are better able to temporally resolve magmatic and metamorphic events at 

increasingly finer scales. These geochronological, and more recently ‘petrochronological’ 

approaches, commonly use U-(Th)-Pb dating of minerals such as monazite and zircon to 

determine the timing of prograde metamorphism and melt crystallisation.  

Zircon (ZrSiO4) is a popular and robust geochronometer, due to its ubiquity in many 

crustal rocks, and its ability to record significant amounts of U, Th, but low amounts of 

common-Pb (Hoskin and Schaltegger, 2003). Zircon most commonly forms due to the 

crystallisation of Zr-saturated melt, its behaviour therefore being dependant on bulk rock 

composition, saturation and temperature (Yakymchuk and Brown, 2014; Boehnke et al., 

2013; Kelsey et al., 2008; Hanchar and Watson, 2003; Watson and Harrison, 1983). Thus 

U-Th-Pb analyses of zircon in granitic rocks are interpreted to represent melt 

crystallisation ages. This interpretation is often supported by the presence of oscillatory 

internal zonation, as determined by cathodoluminescence imaging (Corfu et al., 2003; 

Hanchar and Miller, 1993). Metamorphic zircon can also form due to sub-solidus 

processes, alteration, and recrystallisation (see review in (Rubatto, 2017). Identification of 

metamorphic zircon and the correct attribution of zircon U-Pb ages with metamorphic 

conditions often requires the use of careful petrology, imaging of internal zonation, and 

further geochemical information (Ti-thermometry, trace element patterns, isotopic 

studies). 

Monazite ((Ce, La, Th)PO4) is another widely used geochronometer, being a common 

accessory mineral in metasediments and peraluminous granites that incorporates U and 

Th, as well as LREEs (Harrison et al., 2002; Montel et al., 1996; Montel, 1993). Monazite 

can grow over a wide-range of P-T space, allowing it to record both prograde 

metamorphic and igneous processes (Spear and Pyle, 2010). Its solubility in melt is also 
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controlled by bulk composition and temperature, and as a result monazite should 

crystallise in melt as it cools; inherited monazite is however rare (Yakymchuk and Brown, 

2014; Stepanov et al., 2012; Kelsey et al., 2008; Rapp and Watson, 1986).  

This chapter makes use of these geochronometers, presenting a dataset of zircon ages 

from the Eastern Bhutan kyanite migmatite samples in order to determine when these 

rocks formed, allowing them to then be evaluated in the context of Himalayan tectonic 

models. This dataset is compared to zircon and monazite datasets from similar additional 

samples from elsewhere in the Himalaya.  

4.1.1 Kyanite migmatites in the Himalaya 
Melting along “typical GHS” Himalayan P-T paths occurs either during prograde up-

temperature metamorphism in the kyanite stability field or during decompression whilst 

in the sillimanite stability field, (see section 1.2) each of which represents a distinct series 

of tectonic processes during the evolution of the orogen. A number of studies have 

investigated the metamorphic histories of kyanite-bearing migmatites in the GHS from 

different locations across the Himalayan belt (Carosi et al., 2015; Iaccarino et al., 2015; 

Imayama et al., 2012; Guilmette et al., 2011; Groppo et al., 2010; Harris et al., 2004; 

Daniel et al., 2003; Godin et al., 2001; Hodges et al., 1996), Figure 4.1, Table 4.1). P-T-t 

estimates of melt formation vary across the Himalayan mountain chain, and kyanite-

bearing migmatites are found in a variety of structural positions within the GHS, although 

they are usually found at the base of the GHS near the MCT (Table 4.1) (no distinction is 

made in this thesis between ‘kyanite-bearing migmatites’ and ‘kyanite migmatites’ that 

form in the kyanite field). While differences in P-T-t conditions may be attributed in part 

to different thermobarometric and geochronological methods used in their 

determination, this variation is also likely to reflect the fact that different parts of the 

mountain belt reached distinct P-T and melting conditions at different times, ranging 

from late Eocene through to the mid-Miocene. 
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Figure 4.1 – Geological map of the Himalaya showing the position and ages of prograde kyanite 

migmatites as described in Table 4.1 and in the text. Geological map after Searle et al., (2009), with units 

and faults as shown in Chapter 1 Figure 1.1. 

4.1.1.1 Eocene-Oligocene melting of the GHS 

Eocene-aged kyanite migmatites have been described from the lower-most GHS rocks of 

the Kali Gandaki Valley, Nepal. U-Th-Pb monazite ages constrain prograde melt growth 

between 43-36 Ma, with kyanite-grade melting occurring between 36-28 Ma, followed by 

monazite growth due to decompression related to MCT movement during the timespan 

25-18 Ma (Iaccarino et al., 2015). Melt formation from structurally higher in the same 

region was dated at a similar time at 35 Ma (Godin et al., 2001), based on a multigrain 

fraction of both zircon and monazite hence care must be taken with the interpretation. 
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Table 4.1 – Published pressure, temperature and age data for kyanite-bearing migmatites across the Himalaya, from west to east. References shown in bold represent 

prograde melts with precise geochronological constraints (discussed in the text). Mineral abbreviations as per Whitney & Evans (2010). 

Reference 
Rock Type Location Structural 

position 
Pressure Temperature Age Geochronologic 

technique 
Information about melting 

Iaccarino et 
al., (2015) 

Kyanite migmatitic 
paragneiss 
Kfs absent 

Kali Gandaki, 
Central Nepal 

Lower GHS 1.0–1.1 
GPa 

710–720°C 36-28 
Ma 

Mnz  
U-Pb  
LA-ICP-MS 

Evidence of melt films around kyanite, suggesting melt & kyanite coexist. High 
pressure near-peak T melting. 

Carosi et al., 
(2015) 

Kyanite gneiss 
Kfs absent 

Kali Gandaki, 
Central Nepal 

Lower GHS   36 Ma 
 

Mnz in grt 
U-Pb  
LA-ICP-MS 

Garnet with melt inclusions in equilibrium with kyanite; interpreted as 
peritectic garnet formed in kyanite field.  

Godin et al., 
(2001) 

Kyanite-bearing 
leucosome 

Kali Gandaki, 
Central Nepal 

Upper GHS   
 

35 ± 3 
Ma 

Mnz + Zrn 
multigrain 
U-Pb 
TIMS 

Magmatic crystallisation of leucosome during kyanite-grade metamorphism at 
35 Ma. 

Hodges et al., 
(1996) 

Kyanite-bearing 
migmatitic 
leucosomes 
Kfs present 

Modi Khola, 
Annapurna, Nepal 

Lower GHS   22.5 
Ma 

Mnz multigrain 
U-Pb 
TIMS 

In situ low volume prograde melts. 22.5 Ma (lower intercept) is the best 
estimate of a crystallisation age; multigrain fraction is interpreted to be a mix of 
Neogene ages with a 450 Ma component. 

Imayama et 
al., (2012) 

Kyanite-sillimanite 
migmatites 
Kfs present in 
leucosome 

Tamor Ghunsa, far-
Eastern Nepal 

Middle GHS 0.8–1.4 
GPa  
(peak) 

720–770°C 
(peak) 

21–18 
Ma 
 

Zcn rims 
U-Pb 
SHRIMP 

Muscovite dehydration melting occurring in the kyanite field. 

Groppo et al., 
(2010) 

Kyanite-bearing 
anatectic gneiss 
Kfs present 

Arun valley, 
Eastern Nepal 

Lower GHS 1.3 GPa 820°C 31 Ma Mnz + Zcn 
U-Pb 
SHRIMP 

No clear evidence kyanite grew during melt crystallisation – interpreted to be 
residual or peritectic. Dehydration partial melting occurred in the kyanite 
field. 

Harris et al., 
(2004) 

Kyanite-sillimanite 
migmatitic gneisses  
No matrix ky in 
leucosome, Kfs 
present 

Sikkim, India Lower GHS 0.8 GPa 750°C 16 ± 2 
Ma 

Grt  
Sm-Nd 
(solution) MC-ICP-
MS 
 

Decompression melts by muscovite dehydration in the sillimanite field. Kyanite 
growth at peak metamorphic conditions prior to 23 Ma. 

Daniel et al., 
(2003) 

Kyanite-bearing 
migmatites 
Kfs absent 

Central and 
Eastern Bhutan 

Lower GHS 1.2–1.3 
GPa 

750–800°C 18–16 
Ma 
 

Mnz & Xtm 
U-Pb 
TIMS 

MCT zone melting in the kyanite stability field. Dry muscovite melting reaction 
used. 
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Slightly younger aged-melts have been determined in the Upper MCTZ rocks of the Arun 

Valley, Nepal. U-Pb monazite analyses yielded a crystallisation age of 31 Ma, while zircon 

rims from the same samples yield slighter younger ages between 29-27 Ma (Groppo et 

al., 2010). The microstructural relationship to garnet and trace element characteristics of 

the monazite led to the interpretation that the dehydration partial melting in the kyanite 

field occurred during the Early Oligocene before decompression. This study is also one of 

the few to consider the petrogenesis of the kyanite, with authors finding no evidence of 

kyanite growth from the melt, thus concluding that kyanite in the leucosome is either 

residual or peritectic (Groppo et al., 2010). 

4.1.1.2 Miocene melting of the GHS 

Zircon chronology, REE compositions and pseudosection modelling in kyanite migmatites 

has revealed a complicated two-stage partial melting history in the Tamor-Ghunsa 

section, far-Eastern Nepal that is linked to the presence of an intra-GHS thrust (Imayama 

et al., 2012). Muscovite dehydration melting of GHS rocks at the base of the GHS during 

the Oligocene (33-28 Ma) formed sillimanite migmatites. This initiates melt-weakening of 

the channel that then facilitated exhumation and emplacement of the tectonic slice into 

the middle GHS between 27-23 Ma. Exhumation of this slice induced burial of the 

underlying GHS (beneath the intra-GHS thrust), which led to the formation of kyanite 

migmatites during the Early Miocene (21-18 Ma). Zircon rims in these migmatites yield 

ages between 18-16 Ma representing cooling and garnet breakdown. 

Kyanite migmatites found in the Lower GHS of Eastern Bhutan yield U-Pb monazite and 

xenotime crystallisation ages of 18-16 Ma (Daniel et al., 2003). Following prograde 

metamorphism in the lowermost GHS, constrained at ~23 Ma, partial melting occurred in 

the kyanite stability field at 18-16 Ma. This melt is thought to form at, or near, peak P-T 

conditions with exhumation occurring from 18-13 Ma. Reported temperatures in this 

study (750–800 °C) calculated by P-T modelling may be over-estimates, as fluid-absent 

dehydration reactions were used although the lack of K-feldspar suggests wet muscovite 

melting (Patiño Douce and Harris, 1998). 

4.1.2 Existing geochronology of the GHS in Bhutan 
The geochronologic research undertaken in Bhutan thus far has mainly been focussed on 

constraining the movement of the complex inner- and outer-STD fault system (Kellett et 
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al., 2010), its relationship to movement on the MCT (Chambers et al., 2011), and the 

dating of the large granite bodies (Hopkinson et al., 2020; Wu et al., 1998; Edwards and 

Harrison, 1997; Castelli and Lombardo, 1988). Investigations into the P-T-t paths of GHS 

rocks have led to the identification of intra-formation discontinuities such as the Laya 

(Warren et al., 2011; Carosi et al., 2006) and Kakhtang thrusts (Agustsson et al., 2016; 

Zeiger et al., 2015; Daniel et al., 2003; Grujic et al., 2002) and have suggested that the 

GHS did not behave as a single continuous unit throughout Himalayan evolution (Regis et 

al., 2016). 

Investigation of kyanite migmatites suggested that prograde metamorphism in the lower 

GHS in Eastern Bhutan occurred at ~23 Ma (Daniel et al., 2003). In contrast, a more 

protracted metamorphic history from ~33-14 Ma has been documented in Central and 

Eastern Bhutan (Zeiger et al., 2015). Samples from the Upper GHS above the Kakhtang 

thrust showed evidence of melt crystallisation at ~27 Ma (U-Pb dating of monazite and 

zircon), whereas younger melt crystallisation ages were found closer to the Kakhtang 

Thrust (~16 Ma) (Figure 4.2). No melt crystallisation ages were reported from the lower 

GHS unit. This shift to younger ages in lower structural levels was interpreted by authors 

as evidence that the GHS unit was constructed by the progressive underplating of ductile 

material, and may suggest the presence of additional, unidentified, intra-GHS shear zones 

in the uppermost GHS (Agustsson et al., 2016; Zeiger et al., 2015). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2 - Simplified version of Zeiger et al., (2015) Figure 10, showing the difference in ages across the 

Kakhtang thrust over two transects from Central and Eastern Bhutan 
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4.2 Methods 

4.2.1 In situ versus bulk rock approaches 
As identified in Chapter 2, Eastern Bhutan migmatite samples are highly domainal and 

vary greatly in the style of migmatite (in terms of proportion of visible melt, presence of 

schlieren, and type of kyanite observed). Given this variety it was considered important to 

retain the microtextural context of accessory minerals. Thus, zircon was identified in situ 

in polished thick sections (methods detailed in 4.2.3) rather than separated from the bulk 

rock. This allowed information about the location of the zircon grain, i.e. if it is from the 

leucosome or schist, and what mineral they are included within, to be recorded. As this in 

situ approach generally yields fewer zircon grains versus separation techniques, a number 

of thick sections were cut from the same sample. 

A subset of the migmatite samples were investigated for the presence of zircon, using 

instrumentation at the Open University (see section 4.2.3). Following the characterisation 

of the zircon grains using SEM-CL imaging LA-ICP-MS analysis was carried out on zircon 

rims that were large enough to be analysed. Table 4.2 outlines the samples that were 

analysed by LA-ICP-MS. 

A small number of additional Himalayan samples were also investigated for zircon and 

monazite geochronology. From an existing sample set housed at the Open University, 

leucogranite samples containing kyanite, or deformed leucogranites inferred to be 

Oligocene melts (and corresponding undeformed granites from the same location) were 

chosen. These were crushed and zircon and monazite grains were separated from the 

bulk rock using facilities at the British Geological Survey (methods are detailed below in 

section 4.2.2).  
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Table 4.2 – Eastern Bhutan samples investigated for presence of zircon. Locations are described in section 

2.3.2 Figure 2.2. 

Location Sample Sections investigated LA-ICP-MS zircon 
analyses 

 
 Yonkola 

  

SPB-021x 
SPB-021x, SPB-021x_1, SPB-
021x_2, 

SPB-021x_3, SPB-021x_4 
52 

SPB-023 SPB-023_1, SPB-023_2, SPB-
023_3 44 

  Tangmachu SPB-026bx 
SPB-026bx, SPB-026bx _1,  

SPB-026bx _2 
 

  W Rollong SPB-033 SPB-033, SPB-033_1, SPB-033_2 36 

 
  

 Rongthung 

SPB-035x SPB-035x_2, SPB-035x_3  

SPB-036x SPB-036x_1, SPB-036x_2  

 Buyong 

SPB-048 SPB-048i_1, SPB-048i_2  

SPB-049 
SPB-049i, SPB-049i_1, SPB-
049i_2,  

SPB-049i_3 
67 

 

Table 4.3 – Additional Himalayan samples investigated for presence of zircon and monazite. 

Sample Description Location Latitude Longitude Minerals Zircon Monazite 

G29  GHS Migmatite  Alaknanda 
valley, India 30.727749 79.497651 Grt, bt, ms, qz, 

kfs, pl, sil, ky  
Insufficient 
grains 

Insufficient 
grains 

26D/97  
GHS 
undeformed 
leucogranite  

Alaknanda 
valley, India 30.773378 79.482914 Bt, ms, qz, kfs, 

pl  U-Pb U-Pb 

G30  GHS strained 
leucogranite  

Alaknanda 
valley, India 30.727749 79.497651 Grt, bt, ms, qz, 

kfs, pl, sil  
Insufficient 
grains U-Pb 

G31(1)  GHS strained 
leucogranite  

Alaknanda 
valley, India 30.727749 79.497651 Grt, bt, ms, qz, 

kfs, pl, sil, tur  
Insufficient 
grains 

Insufficient 
grains 

Bh06/61 
GHS 
Ky leucosomes 
just above MCT 

Rongthung, 
Bhutan 27.272350 91.530983 Grt, bt, ms, qz, 

fspar, chl  U-Pb Insufficient 
grains 

I01/34  Ky Grt  
leucogranite 

Sutlej 
valley, India 31.602900 78.324550 

Tur, grt, ky, 
bt, ms, qz, kfs, 
pl  

Insufficient 
grains 

Insufficient 
grains 

P97/74  
Grt Tur Ky 
leucogranite 
with gneiss 

Harchu, 
Pakistan 35.404172 74.837726 Tur, ky, ms, qz, 

kfs, pl  
Insufficient 
grains 

Insufficient 
grains 
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4.2.2 Zircon and monazite separation 
Zircon and monazite grains from the additional Himalayan sample set were separated 

using mineral separation techniques. Samples were crushed using a tungsten carbide jaw 

crusher, and then milled using a steel disk mill at the NERC Isotope Geosciences 

Laboratory (NIGL). Material was then sieved to collect the <500 µm fraction and 

processed using a shaking table to separate out the light and heavy minerals. Heavy 

minerals were then processed using diiodomethane heavy liquid, and the remaining 

magnetic material was passed through a Frantz magnetic separator. From these fractions 

monazite and zircon grains were hand-picked from ethanol and mounted into 25 mm 

epoxy resin mounts. Polishing of grain mounts was then carried out to reveal equatorial 

sections of the minerals.  

4.2.3 Zircon and monazite imaging 
To locate zircon grains EPMA BSE maps were produced of whole thick sections. BSE 

images were taken using the ‘Mosaic mode’ function of the Cameca SX100 microprobe at 

the Open University, operated at 20 kV and 10 nA, using a frame time of 0.640s a step 

size of 2µm. Images were then exported and stitched together using Microsoft Image 

Composite Editor software. From these BSE maps, minerals with bright-BSE were located. 

Quick EDS spectral analysis on the microprobe was then carried out to confirm zircon 

identification.  

CL images of both the separated and in situ zircon grains were obtained using the FEI 

Quanta 3D Scanning Electron Microscope and a Centaurus SEM-CL detector at the Open 

University, operated at 10 kV, 3.3 nA and a working distance of ~13 mm. 

Individual separated monazite grains were characterised using BSE imaging (same 

operating conditions as above in full section maps but at a higher magnification) and Y, 

Th, U and Ce element mapping carried out on the Cameca SX100 microprobe at the Open 

University. X-ray element maps were produced using a focussed (0 µm) 200 nA beam, 20 

kV current, dwell time of 0.05ms, and step size of 0.5 µm. Spectrometers were set up in 

the following configuration; Ce = PET, Th = PET, U = LIF, and Y (TAP).  
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4.2.4 U-(Th)-Pb Geochronology 
Following characterisation of chemical zonation within the zircon and monazite grains, 

suitable rim locations were chosen for LA-ICP-MS analysis. Rims (as opposed to cores) 

were targeted in order to try and determine the most recent crystallisation ages; 

Himalayan zircon cores are commonly inherited from previous orogenic events. U-(Th)-Pb 

geochronology was carried out at NIGL over five analytical sessions between 2018 and 

2019.  

Separated zircon and monazite grains from the additional Himalayan samples, and sample 

SPB-033 from Eastern Bhutan, were carried out using the Nu Instruments AttoM HR 

single-collector inductively-coupled-plasma mass-spectrometer (SC-ICP-MS) connected to 

a New Wave 193UC excimer laser ablation system (Full analytical details can be found in 

Appendix section 0, Table 12.1). For zircon analyses the laser used a repetition rate of 5–6 

Hz, spot size of 18 µm, and laser fluence of 2.1 J/cm2, whereas for monazite the repetition 

rate was 3–7 Hz, with a spot size of 15 µm and a fluence of ~2 J/cm2. Both zircon and 

monazite were ablated for 22–25 seconds. The Nu AttoM was operated in peak-jumping 

mode measuring the following masses: 202Hg, 204X, 204Pb, 206Pb, 207Pb, 208Pb, 232Th and 235U 

for both zircon and monazite, with the additional measurements of Dy and Yb during 

monazite analyses.  

To improve the precision of analyses at the small spot sizes (8 µm) required for the zircon 

rims from Eastern Bhutan, these analyses (other than sample SPB-033, which was 

analysed using the AttoM SC-ICP-MS as above) were carried out using a Nu Plasma multi-

collector inductively-coupled-plasma mass-spectrometer (MC-ICP-MS) coupled to the 

same laser ablation system (Full analytical details can be found in Appendix section 12.1, 

Table 12.2). 

A standard-sample bracketing protocol was used to normalise the data using the ‘91500’ 

zircon (Wiedenbeck et al., 1995, 2004) and ‘Stern‘ monazite (Horstwood et al., 2016; Palin 

et al., 2013) as the primary reference materials. Zircons ‘Plešovice’ (Sláma et al., 2008), 

‘GJ1’ (Jackson et al., 2004), ‘BB9’ (Santos et al., 2017), ‘R33’ (Black et al., 2004), and 

‘Temora2’ (Black et al., 2004), and monazites ‘44069’ (Aleinikoff et al., 2006; Buick et al., 

2011), ‘Manangotry’ (Palin et al., 2013; Paquette et al., 1994) and ‘Moacyr’ (Palin et al., 

2013) were used as secondary reference materials to check data quality. All reference 
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material analyses yielded an external reproducibility of <3% (2𝜎𝜎) in individual sessions 

and over the course of the study. Concordia and weighted average plots of all standards 

used can be found in Appendix 12.5, Figure 12.1 – Figure 12.10. 

Data processing was conducted on the AttoM SC-ICP-MS using the time-resolved analysis 

on the Nu Instruments software and in-house Excel spreadsheets that compute 

uncertainty propagation. Data processing on the Nu Plasma MC-ICP-MS used Iolite v.3 

(Hellstrom et al., 2008; Paton et al., 2010), and in-house Excel spreadsheets that compute 

uncertainty propagation. IsoplotR (Vermeesch, 2018) was used to generate Concordia, 

weighted mean and Kernel Density Estimate (KDE) plots. All zircon and monazite analyses 

were corrected for common 206Pb using a common-Pb value of 0.84 based on the 

estimation of (Stacey and Kramers (1975) at ~22 Ma. All zircon analyses are quoted as 
206Pb/238U ages, whilst 208Pb/232Th ages are preferred for monazite analyses due to the 

potential for excess 206Pb due to initial 230Th incorporation. All quoted age uncertainties 

are given as 2σ absolute values. 

4.3 Results – Eastern Bhutan samples 

4.3.1 Zircon imaging 
CL images of zircon grains identified in Eastern Bhutan samples that were analysed by LA-

ICP-MS are shown in Appendix 11.1, Figure 11.1 – Figure 11.13, with common features 

shown in Figure 4.3. Zircon is found throughout all of the investigated samples in both the 

schist and leucosome, but zircon is much more common in the schist and schlieren parts 

of the migmatites. Zircon is most commonly found included in biotite, and to a lesser 

extent muscovite, and if neither mica is found in a particular leucosome domain then it is 

unlikely that a zircon will be found there. When zircon is observed in the leucosome but 

not associated with a mica phase, it is found in kyanite, quartz or feldspar.  

Zircon grains from Eastern Bhutan migmatites are small, typically <100 µm in length. As 

they are imaged in situ in thick sections the orientation of the zircon grains varies, thus 

zircon shapes vary between being elongate (cut parallel to c-axis) or equant (cut 

perpendicular to c-axis). Many grains are euhedral to subhedral, with rounded pyramidal 

crystal tips (Figure 4.3a). Irregular crystal shapes are most common in SPB-049i samples 

(Figure 4.3b). There does not appear to be a clear distinction in zircon morphology 
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between those found in the leucosome, schist or schlieren. Where grains are elongate, 

thicker outer rims are found at crystal terminations (up to 15 µm) and are therefore large 

enough to be analysed by 8 µm LA-ICP-MS spots. Despite the approach of investigating a 

number of thick sections from the same sample, the number of zircon grains that had 

rims large enough to be analysed by LA-ICP-MS was still small.  

Most zircon grains imaged by CL have CL-dark cores, surrounded by CL-bright rims. Cores 

are commonly rounded (Figure 4.3c, f) and show evidence of embayment and resorption 

(Figure 4.3d). Sector zoning is sometimes present in zircon cores. Rim regions typically 

contain multiple zones with oscillatory growth zoning (Figure 4.3a, e), but they may also 

have one simple thin bright rim (Figure 4.3f).  

4.3.2 Zircon U-Pb results 
A total of 198 U-Pb analyses were carried out across four different samples; of these, 104 

analyses were concordant or near concordant and are considered in the following plots 

(Figure 4.4, Figure 4.5, Figure 4.6, Figure 4.7, Figure 4.8). Analyses yielding dates older 

than 50 Ma, regardless of concordance, are excluded from further discussion. Such 

analyses are shown in Concordia diagrams below as white ellipses. See Table 4.6 for a 

summary of all analysed zircon and monazite dates. 

Zircon rim dates range broadly from ~32 Ma to ~12 Ma. Samples SPB-021x, SPB-023 and 

SPB-033 span this range in dates, whereas SPB-049 dates tend to be younger, between 12 

Ma and 20 Ma (Figure 4.8). Overall, across all samples, KDE plots show peaks in zircon 

growth at 15 Ma and 21 Ma (Figure 4.8). 



Chapter 4 - Geochronology of kyanite migmatites 

 

      147 

 

Figure 4.3 – Examples of zircon morphology and internal CL zonation observed in the Eastern Bhutan 

migmatites, as described in the text above. a) Elongate, euhedral grain with multiple growth zones, b) 

Irregular zircon shape and zonation common in SPB-049i, c) Rounded core with multiple growth zones, d) 

Bright inner rim shows deep embayment into dark core, e) oscillatory growth zoning, f) single bright CL-

rim surrounding a rounded CL-dark core. 
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Figure 4.4 – a) Tera-Wasserburg plot of all SPB-021x zircons. White ellipses (>50 Ma dates) are not 

considered in further plots or calculations. b) Common-Pb corrected dates from SPB-021x zircons, colour 

coded by microtextural position in which they are found. 

 

Figure 4.5 – a) Tera-Wasserburg plot of all SPB-023 zircons. White ellipses (>50 Ma dates or poor 

concordance) are not considered in further plots or calculations. b) Common-Pb corrected dates from SPB-

023 zircons, colour coded by microtextural position in which they are found. 
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Figure 4.6 – a) Tera-Wasserburg plot of all SPB-033 zircons. White ellipses (>50 Ma ages) are not 

considered in further plots or calculations. b) Common-Pb corrected dates from SPB-033 zircons, colour 

coded by microtextural position in which they are found. 

 
Figure 4.7 – a) Tera-Wasserburg plot of all SPB-049i zircons. White ellipses (>50 Ma ages) are not 

considered in further plots or calculations. b) Common-Pb corrected dates from SPB-049i zircons, colour 

coded by microtextural position in which they are found. 
  



The Petrogenesis of Kyanite Migmatites in Eastern Bhutan 

 

  150  

 
Figure 4.8 – a) Histograms for zircon dates for each of the Eastern Bhutan migmatite samples analysed. b) 

Kernel Density Estimate (KDE) plot all of the Eastern Bhutan zircons with accompanying scatter plot, 

colour coded by sample. Dates used have been common-Pb corrected. Bin width was fixed to 2 Ma, equal 

to the average 2 SE error of zircon analyses. 
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4.3.2.1 Microstructural positions 

As analyses were carried out in situ in thick sections the microstructural position of each 

zircon, in terms of what part of the migmatite it lies in and what mineral it is hosted by, is 

preserved. There does not appear to be a clear relationship between the microstructural 

position of the zircon and its date within a given sample (Figure 4.4b, Figure 4.5b, Figure 

4.6b, and Figure 4.7b). In samples SPB-021x and SPB-033 the range of dates present in the 

whole dataset is preserved in the schist/schlieren (Figure 4.4b, Figure 4.6b). Zircon grains 

from SPB-023 that are found in the leucosome are as young as the youngest zircon from 

the schist (~14.5 Ma); though there are only two analyses of zircon from the leucosome 

(Figure 4.5b). Zircon dates from the schist/schlieren of SPB-049i show an overlap with 

dates from zircon in the leucosome (Figure 4.7).  

The age of a zircon rim from a grain that is included within a given mineral places a 

maximum constraint on the age of that mineral. There are no clear trends between zircon 

age and the mineral in which the zircon grain is included in for any of the migmatite 

samples (Figure 4.9). Biotite-hosted zircon dates tend to span the age range of all zircon 

preserved in the given sample; zircon dates from tourmaline in SPB-023 are similar. In 

SPB-021x and SPB-033, kyanite tends to preserve older zircon dates (~30–20 Ma) whereas 

muscovite tends to be younger (~15–22 Ma), although there is overlap.  

Zircon dates can also be investigated in terms of what type of kyanite they are found 

within (Table 4.4, Figure 4.10a, Figure 4.11). Stable kyanite grains in the schist (Ky-A) 

contain zircons with dates between ~31 Ma and 18 Ma. Zircon grains in Ky-B (stable 

kyanite in the leucosome) and Ky-C (corroded kyanite in the leucosome) overlap with this 

range, yielding dates of 28.01, 24.00 and 20.00 Ma. Unfortunately, no zircon was found in 

any Ky-D grains. Ky-E (complexly zoned kyanite in leucosome) zircon grains give distinctly 

younger dates at 13.89 and 15.47 Ma. 

Zircon dates can also be linked to the type of muscovite grain in which they are found 

(Table 4.5 and Figure 4.10b). Stable muscovite found in the schist (Ms-A) contains the 

most abundant zircon, yielding a range of dates from ~13– 23 Ma. One concordant zircon 

grain was found in a stable muscovite in the leucosome (Ms-B), which yielded an age of 

20.10 ± 1.10 Ma. Zircons found in Ms-C grains (muscovite surrounding corroded Ky-C in 

the leucosome) gave a cluster of dates around ~22 Ma. 
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Table 4.4 – Dates of zircon grains found within kyanite from Eastern Bhutan samples. 

 Sample Kyanite grain Kyanite type / Zonation Location Zircon grain Zircon age 
 SPB-021x_1 Ky02 Ky-A / Z1 Schist (restite) 02a 21.76 ± 1.91 

 SPB-021x_3 Not imaged Ky-A Schist 08 31.62 ± 2.78 
 SPB-021x_3 Not imaged Ky-C Schist margin 14 24.0 ± 1.88 
 SPB-021x_3 Not imaged Ky-C Schist margin 22 20.0 ± 1.56 

 SPB-033 Ky20 Ky-B / Z1 Leucosome 27a_D 28.01 ± 1.62 
 SPB-033 Ky25 Ky-A / Z1 Schist margin 40_D 25.92 ± 1.32 
 SPB-033x_1 Ky08 Ky-A / Z1 Schist margin 09-3 18.43 ± 0.54 
 SPB-049_2 Ky01 Ky-E / Z4 Leucosome 11-1 13.89 ± 0.35 
 SPB-049_2 Ky01 Ky-E / Z4 Leucosome 11-2 14.32 ± 0.36 
 SPB-049_3 Ky03 Ky-E / Z5 Leucosome 11 15.47 ± 0.46 

 

Table 4.5 – Dates of zircon grains found within muscovite from Eastern Bhutan samples. 

 Sample Kyanite type / Zonation Location Zircon grain Zircon age 
 SPB-021x_2 Ms-A Schlieren 03 18.59 ± 1.59 

 SPB-021x_3 Ms-A Schist 20-1 12.98 ± 1.32 
 SPB-021x_3 Ms-A Schist 20-2 20.67 ± 1.61 
 SPB-021x_3 Ms-A Schist 20-3 21.30 ± 1.66 

 SPB-021x_3 Ms-C Schist Margin 23 22.00 ± 1.68 
 SPB-021x_3 Ms-C Leucosome 24-1 21.28 ± 1.61 
 SPB-021x_3 Ms-C Leucosome 24-2 21.60 ± 1.60 
 SPB-023_3 Ms-A Schist 28 20.10 ± 1.10 
 SPB-033x_2 Ms-B Leucosome 06 22.95 ± 1.51 
 SPB-033x_2 Ms-A Schist 26 15.31 ± 0.56 

 

Table 4.6 – Summary of Oligocene–Miocene aged zircon and monazite for analysed samples. Dates given 

are common-Pb corrected 206Pb/238U dates. Peak refers to peaks in zircon growth age from KDE plots. 

Sample Zircon dates Monazite dates 
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 SPB-021x 34–12 Ma  
(peak 21 Ma) 

n = 47  

 SPB-023 32–14 Ma 
(peak 15, 21 Ma) 

n = 17  

 SPB-033 30–15 Ma n = 8  

 SPB-049i 20–12 Ma 
(peak 14 Ma) 

n = 12  
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BH06/61 
(Eastern Bhutan) 

17–16 Ma n = 3  

26D/97 
(Garhwal Himalaya) 

26–22 Ma 
(peak 25 Ma) 

n =26 29–22 Ma 
(peak 25 Ma) 

n =25 

G30 
(Garhwal Himalaya) 

 23–19 Ma 
(peak 22 Ma) 

n = 19 
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Figure 4.9 – Zircon age data split up by sample and the mineral in which the zircon is found. Error bars 

shown are 2σ. 
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Figure 4.10 – Zircon dates for grains found within a) kyanite and b) muscovite. Error bars shown are 2 SE. 

Y-axis scales are the same for both plots. Kyanite type and muscovite types are discussed in the text and 

in Chapter 3 and 5. 
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Figure 4.11 – CL image of selected kyanite grains and zircon grains contained within them. Analysis spots 

are shown in pink and common-Pb corrected 206Pb/238Pb dates shown for analysed zircons (error is 2 SE).  
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4.4 Results – Additional Himalayan samples 

Zircon and monazite yields were low following mineral separation and only three samples 

had sufficient amounts of zircon or monazite that was also large enough for further 

analysis: 26D/97 and G30 from the Alaknanda valley (Gharwal Himalaya, India) and 

BH06/61 from Eastern Bhutan. Details about sample location and mineralogy of these 

additional samples can be found in Table 4.3. 

4.4.1 Zircon imaging 
CL images of separated zircon grains from the additional Himalayan samples that have 

been analysed by LA-ICP-MS are shown in Appendix section 11.2, Figure 11.14 and Figure 

11.15. 

Zircon grains from the additional Himalayan samples are typically several 100s microns in 

size, up to 400 µm. Most grains are elongate and thus cut perpendicular to c-axis; a 

number of grains are broken in half however.  

Most zircon grains from 26D/97 have irregular bright-BSE (and thus dark-CL) cores, 

followed by inner mantles that are commonly metamict, and then thin CL-bright rims that 

show oscillatory zoning. Conversely, BH06/61 zircon grains tend to have CL-light cores 

and CL-dark rims. Such rims are typically ~20–30 µm thick, permitting the placement of 18 

µm laser spots. 

4.4.2 Monazite imaging 
Monazite was imaged using BSE and element mapping of Y, Th and Ce (Appendix section 

11.3, Figure 11.16 and Figure 11.17). Monazite grains are typically ~200 µm in size, with 

euhedral crystal faces commonly observed. BSE images reveal some internal zonation 

that correlates well with Th maps, though Th tends to show the most internal variation 

and highest contrast; Th maps were therefore used to guide the placement of spot 

analyses. High Th cores and low Th rims are common in 26D/97 monazite grains, but this 

type of zoning is not ubiquitous. Y and Ce show some internal variation that matches Th 

zoning. 
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U-Pb results 

4.4.2.1 Zircon U-Pb results 

Of the 27 zircon analysis spots from BH06/61, 23 yielded pre-Himalayan inherited dates, 

ranging from ~820–125 Ma (Appendix E section 12.3 and 12.4); as with >50 Ma dates 

from Eastern Bhutan migmatites these dates are not discussed further. One analysis gave 

a much younger but discordant age of 44.2 Ma. The remaining 3 analyses yielded a cluster 

of common-Pb corrected dates at ~16.4 Ma (Figure 4.12b). 

 

Figure 4.12 - a) Tera-Wasserburg plot of all BH06/61 zircons. White ellipses are not considered in further 

plots or calculations. b) Weighted mean age plot of common-Pb corrected SPB-021x zircons. 

 

All zircons from 26D/97 yielded concordant or near-concordant dates (Figure 4.14a). All 

except 2 of the analyses from 26D/97 zircon grains gave Oligocene–Miocene dates; 

inherited dates were ~470 Ma. These younger zircon analyses yield a near continuous 

spread of dates from ~23–26 Ma (Figure 4.14b). See Table 4.6 for a summary of all 

analysed zircon and monazite dates. 

4.4.2.2 Monazite U-Pb results 

No inherited monazite dates were obtained from either G30 or 26D/97 monazite grains; 

all Himalayan dates are concordant or near concordant (Figure 4.13a and Figure 4.14c). 

Th-Pb corrected dates for G30 monazites range from ~22–19 Ma, and between ~26–22 

Ma for 26D/97. Two older dates of 28.0 ± 0.8 Ma and 28.2 ± 0.8 Ma were also obtained 

from 26D/97. Dy/Yb tends to be higher in older monazite versus younger monazite for 
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G30 grains (Figure 4.13b), but no clear trends between Dy/Yb and age are observed in 

26D/97 grains (Figure 4.14d). 

 

Figure 4.13 - a) Tera-Wasserburg plot of all G30 monazite. b) Weighted mean age plot of common-Pb 

corrected SPB-021x monazite, colour coded by Dy/Yb. 

 

Sample 26D/97 is the only sample that yielded both zircon and monazite dates. Both 

monazite and zircon dates for this sample show similar ranges, as well as zircon growth 

peaks in KDE plots at ~25 Ma (Figure 4.14e). See Table 4.6 for a summary of all analysed 

zircon and monazite dates. 

 

 

 
  



Chapter 4 - Geochronology of kyanite migmatites 

 

      159 

 
Figure 4.14 - a) Tera-Wasserburg plot and b) weighted mean age plot of common-Pb corrected 26D/97 

zircons. c) Tera-Wasserburg plot and d) weighted mean age plot of common-Pb corrected 26D/97 

monazite, colour coded by Dy/Yb. e) KDE plot of monazite and zircon dates. 
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4.5 Discussion 

4.5.1 Data quality 

4.5.1.1 Lack of zircon grains 

As mentioned in the above sections, yields of zircon and monazite from the Eastern 

Bhutan migmatite thick sections were low, and several of the additional Himalayan 

samples contained no zircon and monazite after processing. This limits the interpretations 

that can be made from this small dataset, and these results should not be 

overinterpreted. This is especially important when considering interpretations based on 

the sub-setting of dates, such as in Figure 4.10 where a small number of zircons found in 

different types of kyanite and muscovite from three different samples are compared.  

4.5.1.2 Small zircon grains 

In addition to zircon yields being low, the zircon grains that were identified tended to be 

very small in size (<100 µm) with very thin magmatic rims (which represent the targeted 

Himalayan-aged growth). The size of these zircon rims therefore made their age 

determination analytically challenging. Most analyses carried out in this study were 

achieved using an 8 µm laser spot size, which is towards the current limits of accurate LA-

ICP-MS analysis. Smaller spot sizes mean smaller ablation volumes and fewer counts, 

which then affects counting statistics and ultimately age uncertainties. Despite this 

analytical challenge, U-(Th)-Pb analyses of both monazite and zircon standards yield good 

agreement with published values; standard reproducibility of zircon analyses is greater 

than 3%, and greater than 3.5% for monazite analyses (See Appendix E section 12.5 and 

12.6). Dates of the young Himalayan grains have uncertainties of between 1–3 Ma (2σ), 

representing an average ~6% uncertainty; uncertainties from larger spot sizes could have 

reduced these uncertainties to ~0.2 Ma, giving better temporal resolution to the dataset.  

4.5.1.3 Spatially resolved dates 

An additional check on the geological accuracy of dates from small spot sizes is to 

examine whether multiple dates recorded in a single grain match the zoning patterns 

observed in the grain. Multiple spots were ablated in different zones on SPB-021x_2 

Zcn01 (Figure 4.15). The core region was not analysed (as it is likely an inherited core) but 

successive rims on either side of the grain provided rim crystallisation ages between ~24–
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20 Ma. While there is overlap between these ages, the spread is consistent with the 

textural position of the zoning visible in CL, with the inner-rim ages being distinctly 

different to the outer-most rim age. It is possible that this spread of ages is a result of 

mixed analyses where multiple CL zones have been analysed. However, the ability to 

spatially resolve these internal growth zones correctly provides verification that the small 

spot sizes used give valid, consistent ages. 

 

Figure 4.15 – a) CL image and b) common-Pb corrected age plot for SPB-021x_2 Zcn01 analyses, 

demonstrating the consistency between zonation and age determination. Colour coding of spots and age 

bars represents the different growth zones sampled from core to rim. 

4.5.2 Pre-Himalayan ages 
Zircon core regions, as identified by CL imaging, were not targeted for analysis as they are 

likely to represent inherited ‘pre-Himalayan’ grains that do not record processes related 

to the Himalayan collision. Where analyses yield dates older than 50 Ma, regardless of 

concordance, they are excluded from further discussion and are shown on concordia 

plots as white ellipses. They may also represent mixed analyses where pre-Himalayan 

material has been incorporated in the ablation volume, either at the margin of laser spots 

or below the original polished surface. 50 Ma is a nominal cut off point to denote ‘pre-

Himalayan’ versus ‘Himalayan’ dates; in this dataset concordant and near-concordant 

analyses are no older that ~32 Ma. 



The Petrogenesis of Kyanite Migmatites in Eastern Bhutan 

 

  162  

4.5.3 Constraints on petrogenesis 
Due to the textural information preserved by these in situ analyses, it may be possible to 

link ages to specific petrogenetic processes and mineral forming reactions. Zircon grains 

are commonly found as inclusions in other minerals, but this close spatial relationship 

does not necessarily imply any petrological relationship between the two (Rubatto, 2017). 

This caveat must be kept in mind when making age interpretations, and additional 

information such as geochemistry (e.g. trace element concentrations and isotopic ratios) 

must be utilised in order to make robust interpretations; this is a guiding principle of the 

emerging field of “petrochronology” (Engi et al., 2017a). 

4.5.3.1 Kyanite 

A small number (10) of zircon grains were found included in different kyanite types in the 

Eastern Bhutan migmatites. Ky-A found across two samples (SPB-021x and SPB-033) 

contained zircon with a range of dates from ~32 Ma to 18 Ma (Figure 4.10). Ky-B and Ky-C 

grains, which are interpreted to be xenocrystic varieties of Ky-A that became entrained in 

the melt (see 2.5.5), also contain zircons with dates within this range. Though there are 

only three Ky-B and Ky-C grains in two different samples, the similarity in zircon dates 

between these and the Ky-A grains provides further evidence that Ky-B and Ky-C grains 

were inherited from the schist. 

Ky-E grains however contain zircons that are much younger, at ~15 Ma. Ky-E grains are 

interpreted to have formed peritectically as a result of the melt-forming reaction, based 

on morphology and internal CL zonation (see sections 2.5.5.5 and 3.6.5.4). These 15 Ma 

dates were obtained from zircon formed at or near the margins of kyanite found in the 

leucosome (Figure 4.11). These zircon dates therefore place a broad age constraint on the 

melt-forming reaction in SPB-049i. This younger 15 Ma zircon growth/melting episode 

can only be ascribed to this particular sample however, as these peritectic Ky-E grains are 

mainly present in SPB-049i and very rarely seen in other samples. 

4.5.3.2 Muscovite 

In a similar way, zircon grains found in different muscovite types may be able to date 

specific petrogenetic processes. Ms-C (mantling kyanite grains) is found in the 

leucosomes of migmatites in Eastern Bhutan and is thought to have formed by the back-

reaction of kyanite with melt in a reversal of the muscovite-dehydration melt reaction 
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(See section 2.5.6.3). The age of zircon found within this reacting muscovite could 

therefore place constraints on the presence of melt, which in SPB-021x is at ~21 Ma. 

However, this zircon may instead have grown at an earlier stage and then been included 

in the muscovite at a later time. Dates from zircon found in Ms-C instead indicate that the 

zircon is no younger than 21 Ma (minimum age) and that the muscovite is no older than 

21 Ma (maximum age).  

It is not necessarily clear that the 21 Ma age places constraints on when melt was present 

however. The above interpretation assumes that both the zircon and the muscovite grew 

from the same local volume of melt. Crystallisation of zircon with oscillatory zonation, as 

observed in the sampled migmatite, is consistent with formation in the presence of a melt 

(Yakymchuk and Brown, 2014; Boehnke et al., 2013; Kelsey et al., 2008; Hanchar and 

Watson, 2003; Watson and Harrison, 1983), and Ms-C is interpreted to form as a back-

reaction with the kyanite and melt (section 2.5.6.3). It is not necessary however for these 

two processes to occur at the same time, nor in the same batch of melt. As shown in 

Figure 4.16a it is possible that zircon grew in the presence of a melt alongside kyanite and 

then that melt back-reacted with kyanite to form muscovite at 21 Ma, trapping the zircon 

within the muscovite. An alternative (Figure 4.16b) is that the zircon grew adjacent to the 

kyanite in a melt, with the last zircon growth occurring at 21 Ma. Melt was then no longer 

produced due to lack of fluid flux or exhaustion of other reactants. At some time after 21 

Ma (and this could be a much younger time), a new batch of melt was produced that 

induced a back-reaction with the kyanite and melt, forming muscovite that incidentally 

trapped zircon. Both these scenarios are consistent with 21 Ma being a minimum zircon 

age and a maximum muscovite age. 
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Figure 4.16 – Schematic diagram illustrating the relationship between kyanite, zircon and muscovite growth. There are two different scenarios that are consistent with 

the zircon age constraints that have different implications for when melt is present. 
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4.5.4 What does the spread of dates mean? 
Most of the samples investigated show a spread of dates, with dates commonly spanning 

15 Myr. This spread could represent either a mixing of distinct domains or continuous 

crystallisation over a period of time. KDE plots of young Himalayan zircon show peak 

growth at 15 Ma and 21 Ma; this is consistent between samples and with published ages 

of Himalayan granite formation (section 1.3). Therefore, these zircon dates are 

interpreted to be geologically significant rather than due to analytical mixing. This 

interpretation is further supported by the fact that the zircons found in the mineral 

biotite, which is not thought to take part in any of the melt-forming reactions, generally 

yield the range of dates present in the sample as a whole (Figure 4.9). The spread in dates 

therefore must represent protracted growth of zircon. As these ages do not therefore 

record a discrete crystallisation event weighted mean ages have not been calculated for 

each of the samples as they would be geologically meaningless. 

The presence of multiple growth zones in SPB-021x_2 Zcn01 with ages that can be 

spatially resolved (Figure 4.15), also suggests that zircon grains can grow multiple zones 

over a large time span (between ~24 Ma and 20 Ma). The CL zoning observed in this grain 

is polygonal or oscillatory, with clearly defined changes in CL brightness (and thus 

chemical composition) between each of these zones. This texture is commonly inferred to 

represent crystallisation of zircon from a melt (Rubatto, 2017; Corfu et al., 2003). SPB-

021x_2 Zcn01 is one of the few zircon grains to have been analysed that is included in a 

feldspar grain in the leucosome portion of the migmatite. Not only do these zircon ages 

suggest that melt was persistent for at least 4 Myr, but more specifically that the melt 

was sufficiently saturated in Zr to grow zircon over this time period.  

This persistent growth of zircon can either be considered to be continuous (within 

analytical uncertainty) or episodic. SPB-021x_Zcn01 shows abrupt changes in CL intensity 

(Figure 4.15) implying a change in chemical composition during zircon growth. This could 

indicate that zircon grew in the presence of multiple batches of melt that formed 

episodically and coalesced. Alternatively, the strongly zoned zircon may have grown in a 

single batch of melt that underwent chemical changes in response to events such as 

additional melt formation, melt extraction, or fluid influx. 
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The time span observed in SPB-021x_2 Zcn01 is broadly the same as observed in other 

zircon grains found in the leucosome in SPB-021x (Figure 4.4) and thus can be interpreted 

to represent the crystallisation age of the leucosome in this sample. Zircon from the 

schist/schlieren in this same sample however spans a much longer period, from ~32 Ma 

to 12 Ma. SPB-023 shows a similar trend for the zircon found in the schist, but has 

leucosome zircon dates at ~15 Ma (Figure 4.5). SPB-033 has a range of dates that is 

present in both the schist and the leucosome (~30 – 15 Ma; Figure 4.6). SPB-049i has a 

smaller range (~20–12 Ma; Figure 4.7), with those found in the schlieren tending to be 

younger than those in the leucosome (though as SPB-049i is a diatexite with well-

distributed schlieren the designated microstructural positions can be subjective). 

Assigning crystallisation ages to these samples is therefore more equivocal. 

4.5.4.1 Where is the zircon growing? 

Most of the zircon observed in the Eastern Bhutan migmatites was found in biotite, 

meaning zircon is mainly present in the schist/schlieren and very little zircon was 

observed in the leucosome. This is consistent with several other published studies of 

zircon in migmatites (Schwindinger et al., 2020; Yakymchuk and Brown, 2014). If biotite is 

consumed during fluid-absent melting reactions, zircon included in it may become 

liberated from the biotite and entrained into the melt. The Eastern Bhutan migmatites 

are not thought to have gone through biotite fluid-absent melting (see section 2.5.3); this 

means that any zircon present during the growth of biotite is likely to be shielded from 

interacting with the melt and is less likely to be affected by any dissolution that is 

required to saturate the melt in Zr. Therefore, any zircon that is enclosed during biotite 

growth is likely to be preserved.  

A recent study looking at the distribution of zircon in a migmatite found that of the 70% 

of zircon that was included within biotite, 20% was found at the edges of biotite grains 

(Schwindinger et al., 2020). Biotite found in the leucosome of the sampled migmatites is 

either found as schlieren or disaggregated biotite grains; in both cases this biotite is 

interpreted to have been entrained into the melt from the schist and is xenocrystic 

(section 2.5.7). It is therefore possible that this xenocrystic biotite could also contain 

zircon at its margins, and this zircon could interact with the melt. In contact with Zr-

saturated melt zircon would grow; under-saturation of the melt in Zr however would lead 
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zircon growth to stop and may lead to dissolution of zircon (Watson and Harrison, 1983). 

The presence of inherited or xenocrystic zircon could therefore lead to heterogenous Zr 

saturation levels throughout a given leucosome and whether a zircon grain grew or was 

dissolved is dependent on the local saturation conditions. This could result in variable 

zircon growth, and if melt was persistent, could contribute to variable age distributions of 

zircon (as seen in the Bhutan samples in this study). The presence of biotite, and the 

zircon it hosts as xenocrystic phases dispersed throughout the melt, may also mean that 

categorisations based on where the zircon is found in a migmatite could lead to 

misleading interpretations. 

4.5.4.2 Continual growth of zircon 

In the studied samples there is no clear differences in zircon morphology or internal 

zonation in different microstructural positions (c.f. Williams, (2001)), and most zircons 

observed have rims with oscillatory growth zoning that likely represents growth from a 

melt. The spread of dates in the Eastern Bhutan migmatites are likely then to represent 

prolonged zircon growth in the presence of a melt. The age spread implies either that a 

batch of melt was persistent for up to ~15 Ma (depending on the sample), or that 

multiple batches of melt were produced continuously over this time period. It has already 

been shown that a single zircon grain in SPB-021x records continuous/episodic growth 

over 4 Myr. A similar spread and duration of zircon dates in migmatites from the Central 

Alps was explained by Rubatto et al. (2009) to have formed by repeated melting due to 

the intermittent availability of water. A rock undergoing dry muscovite-dehydration 

melting is likely to produce a leucosome that can readily crystallise zircon, but will be 

poor in muscovite and thus is unlikely to be fertile enough to re-melt. During fluid-present 

melt reactions however, melt is produced wherever and whenever water is available, 

producing small pockets of melt of a eutectic composition that can either be re-melted or 

can coalesce with other small-scale melts, thus growing new zircon during each melting 

event. It is conceivable that this occurred in the Eastern Bhutan migmatites, though 

additional supporting geochemical information such as that provided by Rubatto et al. 

(2009) (Ti-in-zircon thermometry and REE analyses) is precluded in our study due to the 

small size of the zircon grains. These observations suggest that as long as melt and fluid 

are present, zircon growth in a migmatite can occur at any stage, whether on the 

prograde or retrograde path.  
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4.5.5 Tectonic implications of Oligocene–Miocene melting  
Most of the Eastern Bhutan migmatite samples analysed yield a continuous range of 

dates within each sample, but show overall peaks in zircon growth at around 21 and 15 

Ma (see Table 4.6 for a summary of zircon and monazite dates). For the additional 

Himalayan samples, a similar spread of dates is seen (between ~29 and 16 Ma) with 25 

Ma peaks seen in zircon and monazite in sampled 26D/97 and a 22 Ma cluster seen in 

monazite from G30. This is generally consistent with the ages of granite formation across 

the Himalaya as a whole (section 1.3), but is inconsistent with the prediction made by the 

channel flow model that requires prograde melts to form early (~30 Ma during the 

Oligocene) in order to trigger exhumation of the GHS. These younger ages could instead 

be more consistent with the progressive underthrusting model proposed by Carosi 

(2018), where the lowermost GHS is the last part of the channel to be exhumed (section 

1.4.3. ). 

Given that the zircons from the sampled migmatites record a range of zircon dates that 

reflect the continuous formation of small volumes of melt over a prolonged period of 

time in response to the local presence of water, these rocks cannot be used to constrain 

the timing of melt production in the context of tectonic models and P-T-t estimates. 

Instead they can tell us about the thermal regime of the orogen over a period of time. In 

order to continuously/episodically form these small volume fluid-assisted melts the 

temperature of the lower GHS could not have exceeded that required for muscovite-

dehydration melting. Temperatures must have then been within a restricted range 

bounded by the wet solidus and the muscovite dehydration reaction (Figure 4.17) over a 

long time period (up to 15 Myr) in order to continuously produce melt. A similar 

interpretation based on Ti-in-zircon thermometry data from the Alps suggested repeated 

melting of metasedimentary country rock during a single Barrovian metamorphic cycle at 

roughly constant temperatures (Rubatto et al. 2009). 
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Figure 4.17 - Pressure-Temperature plot of melting reactions for the GHS mid-crust after (Zhang et al., 

2004). Melt reactions shown include vapour-present pelite melting, vapour-absent muscovite melting 

(M0, M1, M2) and vapour absent biotite melting (B1 & B2). Field in grey denotes area where melting can 

occur in the kyanite stability field with limited fluid ingress. 

Metamorphism of the GHS in Eastern Bhutan is poorly constrained but prograde to peak 

metamorphism is estimated to have been between 36–24 Ma (Zeiger et al., 2015). 

Prograde fluid-present melting could have produced kyanite migmatites during this time. 

The preservation of these kyanite-grade prograde rocks requires that temperatures did 

not increase at the base of the GHS, otherwise there would be evidence of significant 

retrogression to sillimanite, or biotite melting could have occurred. This could have been 

achieved by movement on the MCT, underplating the GHS with colder LHS rocks, thus 

lowering temperatures or hindering further temperature increases. Movement on the 

MCT in Eastern Bhutan is thought to be constrained to between 23–13 Ma (Chambers et 

al., 2011; Kellett et al., 2009, 2010; Daniel et al., 2003; Grujic et al., 2002), with pulses of 

coeval movement on the MCT and STD at 23–21 Ma and 18–16.5 Ma (Chambers et al., 

2011) (based on zircon and monazite U-Pb geochronology). Movement of these faults 

could also have facilitated the upwards movement of fluids, promoting fluid-present 

melting in the lower GHS and explaining the peaks in zircon dates seen in the Eastern 
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Bhutan migmatites (Figure 4.8). The lag in time between the young onset of melting (~20 

Ma) and the dominant peak at ~14 Ma of sample SPB-049i versus the other samples may 

be explained by the structural position from which these samples were taken. SPB-049i 

was sampled from higher structural levels in the GHS (but still below the Kakhtang Thrust) 

than the other samples (Figure 2.2). If melting was in response to the availability of fluids, 

and these were sourced from the MCT zone, then perhaps the lag time represents how 

long it took for fluids to be driven off the underlying LHS rocks to percolate upwards 

through the MCT zone and then further up section. Tectonic implications of these dates 

are discussed and placed in a wider context in Chapter 6 Section 6.5. 

4.6 Conclusions 

• Continuous zircon growth is observed in the leucosome and mesosome of the 

sampled Eastern Bhutan migmatites, from ~34 Ma to ~12 Ma. 

• Zircon growth in the sampled migmatites was dependent on the availability of 

water, meaning that small batches of melt could continually have been produced 

over long periods of time. 

• Zircon growth peaks at ~21 Ma and ~14 Ma correspond to movement along the 

MCT that promoted the transport of fluids into the lower GHS. 

• Kyanite types Ky-A, Ky-B and Ky-C contain zircon inclusions with similar age 

ranges, confirming the interpretations made in previous chapters that leucosome-

hosted Ky-B and Ky-C are grains were inherited from the schist. 

• Ky-E grains host zircon dated at ~15 Ma, suggesting that these grains crystallised 

later. Zircon found in these peritectic kyanite grains place time constraints on the 

melt-forming reaction in this sample. 

 

  



CHAPTER 5
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5 CONSTRAINTS ON MELTING FROM MICA GEOCHEMISTRY 

5.1 Introduction 

The trace element composition of a melt is determined by the composition of the 

protolith from which it forms, the composition of the reactant minerals in the melt-

forming reaction, and which melt-forming reaction takes place (linked to pressure and 

temperature). The composition of the melt will then determine the composition of the 

minerals that crystallise from it. While this geochemical cycling is well understood at the 

bulk-rock level, it is less understood at the mineral scale. With analytical techniques such 

as LA-ICP-MS now allowing routine determinations of trace element composition in 

individual phases, mineral-scale processes can now be investigated further.  

Following the success of using kyanite trace element analyses in Chapter 3 to constrain 

mineral petrogenesis, LA-ICP-MS spot analysis of mica trace element compositions may 

also allow us to track the melt-forming reaction that created the kyanite-bearing 

migmatites. Granitic rocks in the Himalaya have been shown to form due to muscovite 

and biotite melting reactions, and evidence presented in Chapter 2 suggests that 

muscovite melting may be responsible for generating the kyanite migmatites. Chapter 5 

also documented a variety of different mica (muscovite and biotite) populations that vary 

by morphology and microstructural position. The aim of this chapter is to use trace 

element compositions of these different mica types in order to: 

• Geochemically ‘fingerprint’ the different mica populations 

• Investigate potential variations between mica populations in different 

microstructural positions and different migmatite types 

• Constrain the genetic relationship between leucosome and melanosome in 

kyanite migmatites 

• Understand geochemical cycling between minerals that take part in melt-

producing reactions 
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5.1.1 Current understanding of mica chemistry 
The mica group of minerals have a basic sheeted structure comprised of a sheet of 

octahedrally M cations (mainly Al, Mg and Fe) that is sandwiched between an upper and 

lower sheet of (Si, Al)O4 tetrahedra (Deer et al., 2013). Hydroxyl ions found in these 

tetrahedral sheets, lead to either a trioctahedral co-ordination with the M cations 

(biotite) or dioctahedral co-ordination (muscovite, where there are vacant sites). This 

structure allows a number of substitutions of elements to be made in the tetrahedral, 

octahedral, interlayer and hydroxyl sites, giving rise to a wide range of possible 

compositions.  

The important Tschermak substitution of AlVIAlIV↔ MgVISiIV, and Fe↔Mg allows for the 

distinction between white mica types, which range in composition between pure 

muscovite, pure celadonite, and potassic dioctahedral mica known as phengite (Rieder et 

al., 1998). Varying amounts of K, Mg, Fe and Al produce a variety of biotite end members 

that include annite, phlogopite, eastonite and siderophyllite. Common isomorphous 

replacements in muscovite and biotite also include 

• For K: Na, Rb, Cs, Ca, Ba;  

• For octahedral Al: Mg, Fe2+, Fe3+, Mn, Li, Cr, Ti, V.  

Muscovite and biotite also incorporate a number of trace elements into their structure, 

and the development of LA-ICP-MS trace element analysis techniques the behaviour of 

trace elements in micas to be interrogated in more detail in order to inform our 

understanding of petrogenesis (Villaros and Pichavant, 2019; Dubacq and Plunder, 2018; 

Sliwinski et al., 2017; Tischendorf et al., 2001). An important recent focus has been to 

understand how economically important critical elements behave during melt formation. 

Peraluminous granites have the potential to be significant hosts for a number of critical 

metals such as Li, Cs, Ta, Sn and W (Simons et al., 2017; Černý et al., 2012; Sial et al., 

2011) but there is debate over the details of their origin. Recent work has suggested that 

both the protolith and the temperature-dependent breakdown of minerals are crucial in 

concentrating such elements, with micas being important hosts (Kunz et al., 2020; Wolf et 

al., 2018).  

Of the existing studies that investigate trace elements in micas, the focus has been on 

highly fractioned melt/fluid systems that produce pegmatitic bodies or that are strongly 
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enriched in economically important minerals (Villaros and Pichavant (2019) and 

references above). How trace elements behave in low-volume incipient melts (like the 

Eastern Bhutan migmatites) is less well understood but provides an important 

comparison to these other studies. 

5.2 Methods 

Analyses were carried out on muscovite and biotite grains from each of the locations 

sampled in Eastern Bhutan (see Figure 2.2 for sample locations). The colour schemes for 

each of these locations is consistent throughout all plots. 

5.2.1 EPMA characterisation 
Muscovite and biotite grains were first identified from whole section EPMA BSE maps, 

and then individual grains and regions of interest were imaged in greater detail 

(Analytical details in Appendix B section 8.1). Following BSE imaging, muscovite and 

biotite grains were analysed using EPMA to characterise their major element chemistry, 

using the regular silicate analysis routine outlined in Appendix B section 8.2. 

5.2.2 Laser spots 
Trace element analyses of biotite and muscovite grains were carried out using a HelEX II 

laser ablation cell coupled to an Agilent 8800 Triple Quadrupole ICP-MS at the Open 

University, using similar operating conditions to those used for the kyanite analyses 

outlined in Chapter 3 section 3.2.5. A larger element list in comparison to kyanite 

analyses was used, resulting in longer analysis times. Elements analysed were Li, Be Na, 

Mg, Al, P, K, Ca, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, Ge, As, Rb, Sr, Y, Zr, Nb, Mo, Cd, In, 

Sn, Sb, Cs, Ba, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Hf, Ta, W, Tl, Pb, Bi, 

Th, U. Trace element analyses were run using a slightly higher fluence of 3.63 J/cm2 than 

for kyanite analyses, but with the same repetition rate of 10 Hz, and using 50 μm spot 

sizes. Mica analyses were carried out over four consecutive analytical sessions in 

September 2019. Most mica grains were analysed by a single spot placed in the centre of 

the grain. Larger grains or grains of interest were analysed by multiple spots or spot 

transects to investigate chemical variability. 
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Data reduction was carried out in a similar way as that outlined for kyanite in Chapter 3 

section 3.2.6. For the major elements (Na, Mg, Al, P, K, Ca, Ti, Mn and Fe) BCR-2G was 

used at the internal standard and checked against microprobe spot analyses adjacent to 

the laser pits. For the rest of the trace elements NIST SRM 612 was used primarily as the 

internal standard and BCR as the secondary standard. Si was used as the standardisation 

element using values either from microprobe analyses carried out adjacent to LA-ICP-MS 

spots, or average SiO2 concentrations measured by microprobe for each of the minerals: 

Biotite SiO2 = 36.08, Muscovite SiO2 = 46.08 (see section 8.2 for full EPMA analytical 

details and Table 8.1 for average muscovite and biotite compositions per sample). BCR-2G 

values were then compared to published values and long-term laboratory averages, 

yielding good agreement and typical accuracy between 5-7% (Table 10.2)  

5.3 Results 

5.3.1 Petrography 
As described in Chapter 2, muscovite observed in the kyanite migmatites can be 

categorised into 4 broad types: 

• Ms-A – Stable muscovite grains in the schist. 

• Ms-B – Stable muscovite grains in the leucosome. 

• Ms-C – Large muscovite grains surrounding Ky-C grains in the leucosome. 

• Ms-D – Muscovite-quartz intergrowths in contact with K-feldspar in the 

leucosome. 

Muscovite can also be classified by its microstructural position, being found in several 

different positions throughout the schist, schlieren (alongside biotite), and leucosome 

(Figure 5.1a). BSE images of representative muscovite types can be found in Figure 5.2. 

Muscovite is additionally found in minor amounts as grains reacting with biotite and 

ilmenite, as inclusions in a number of phases, and with retrograde alteration.  

Biotite is predominantly a stable phase in the migmatite samples and can be categorised 

by its microstructural position (Figure 5.1b). In the schist, biotite grains can either be part 

of the unmelted schist assemblage or in biotite-rich restite domains. In the leucosome 

biotite either forms schlieren or occurs as isolated grains of disaggregated schlieren 
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(shortened to “Dis_Schlieren” in plots). In rare cases biotite shows complex reaction 

textures with biotite and ilmenite (Figure 5.3a & b), retrogressing to chlorite (Figure 5.3c) 

or associated with rutile (Figure 5.3d). 

 

 

Figure 5.1 – Diagram explaining the microstructural positions and categorisation of a) muscovite types 

and b) biotite in Eastern Bhutan migmatites. Colour coding of mica types is used consistently throughout 

geochemical plots in this chapter. “Dis_schlieren” = Disaggregated schlieren.  
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Figure 5.2 – Examples of different muscovite types observed in the Eastern Bhutan migmatites. a) Ms-A is 

stable muscovite found in the schist, commonly intergrowing with biotite, b) Ms-B is stable muscovite 

found in the leucosome, c) Ms-C is reactant muscovite found surrounding corroded Ky-C grains in the 

leucosome, d) Ms-D is muscovite associated with quartz when in contact with K-feldspar. 
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Figure 5.3 – Examples of biotite reaction textures occasionally observed in the Eastern Bhutan 

migmatites. a) and b) Isolated biotite patch within SPB-037x leucosome. Complex reaction textures 

between biotite, muscovite and ilmenite. Muscovite found towards the top of a) is symplectically 

intergrown blebby quartz (Ms-D) in contact with feldspar. c) Biotite (lighter BSE) from SPB-021x, found in 

the schist has largely been replaced with chlorite (darker BSE). d) Biotite associated with rutile in the 

leucosome of SPB-049i.  
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5.3.2 Major element chemistry 
Average muscovite and biotite major element compositions for each sample are 

presented in Table 5.1 and Table 5.2. Major element compositions are presented using 

EPMA data (EPMA compositions are consistent with those determined by LA-ICP-MS), and 

have been converted into p.f.u. based on 11 oxygen atoms for both muscovite and 

biotite. 

Based on the classification of (Tappert et al., 2013) whereby muscovite has <3.1 Si atoms 

p.f.u. and phengite has >3.1 Si atoms p.f.u. (based on 11 oxygen atoms), most of the 

white mica analysed has a muscovite composition (Figure 5.4a). Some analyses fall into 

the phengite field, most notably those from sample SPB-026bx. This is also the sample 

with the highest Fe concentrations. Individual samples tend to define a negatively 

correlated array, where increases in Si concentration are accompanied by a decrease in Al 

concentration.  

K concentrations in muscovite decrease as Na concentrations increase, and individual 

locations and samples have specific Na/K ratios (Figure 5.4b & Figure 5.4c). A plot of Na/K 

against XMg (defined as Mg(Mg+Fe)) also shows the variation in major element chemistry 

between samples from different locations. 

Biotite major element chemistry also varies between samples and locations, though 

trends are not as clear as those in muscovite (Figure 5.5). Inter-location variations for Na 

and K are similar for biotite compared to muscovite: samples from South Khoma tend to 

have low Na/K whereas samples from Tangmachu and W Rollong have higher Na/K. XMg is 

high in both muscovite and biotite from Yonkola sample SPB-023_3. There are no 

significant differences in the major element chemistry of muscovite or biotite between 

different muscovite types, or muscovite and biotite microstructural positions.  
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Table 5.1 – Average muscovite compositions for each sample, expressed in per formula units, calculated for 11 oxygen atoms. XMg = Mg /(Fe+Mg). Temperatures 

calculated by Ti-in-muscovite thermometry using the calibrations of Wu & Chen (2015a). 

Location Sample Count 
Per formula unit 

XMg T (°C) 
Si Ti Al Fe Mg Ca Na K Mn Cation Sum 

 Yonkola 
SPB-021x 195 3.108 0.022 2.759 0.068 0.076 0.000 0.109 0.805 0.000 6.947 0.526 506 
SPB-023_3 22 3.041 0.022 2.808 0.049 0.113 0.000 0.145 0.852 0.000 7.030 0.691 554 

 Tangmachu SPB-026bx 183 3.116 0.049 2.622 0.139 0.111 0.001 0.170 0.800 0.000 7.008 0.441 676 
 S Khoma SPB-031x 24 3.050 0.048 2.778 0.057 0.092 0.000 0.074 0.901 0.000 7.000 0.619 685 
 W Rollong SPB-033 23 3.056 0.034 2.777 0.065 0.096 0.000 0.166 0.822 0.000 7.015 0.597 622 

 Rongthung 
SPB-035xii 76 3.083 0.053 2.682 0.126 0.086 0.001 0.155 0.826 0.000 7.012 0.407 689 
SPB-037x 49 3.086 0.029 2.732 0.119 0.067 0.001 0.158 0.813 0.000 7.005 0.349 522 

 Buyong 
SPB-048xi 127 3.082 0.036 2.749 0.094 0.067 0.000 0.195 0.763 0.000 6.986 0.412 606 
SPB-049i 51 3.096 0.028 2.727 0.098 0.076 0.000 0.205 0.770 0.000 7.000 0.435 559 

 
Table 5.2 - Average biotite compositions for each sample, expressed in per formula units, calculated for 11 oxygen atoms. XMg = Mg /(Fe+Mg). Temperatures 

calculated by Ti-in-muscovite thermometry using the calibrations of Wu & Chen (2015b). 

Location Sample Count 
Per formula unit 

XMg T (°C) 
Si Ti Al Fe Mg Ca Na K Mn Cation Sum 

 Yonkola 
SPB-021x 45 2.734 0.149 1.698 1.248 0.999 0.000 0.029 0.843 0.006 7.706 0.444 646 
SPB-023_3 19 2.724 0.082 1.770 0.812 1.459 0.000 0.043 0.879 0.007 7.775 0.642 547 

 Tangmachu SPB-026bx 30 2.751 0.111 1.654 1.094 1.252 0.003 0.054 0.839 0.002 7.759 0.534 573 
 S Khoma SPB-031x 75 2.738 0.188 1.691 1.114 1.037 0.002 0.024 0.868 0.008 7.671 0.482 691 
 W Rollong SPB-033 14 2.713 0.141 1.712 1.104 1.158 0.000 0.053 0.867 0.002 7.751 0.512 624 

 Rongthung 
SPB-035xii 22 2.725 0.115 1.640 1.296 1.107 0.001 0.048 0.862 0.002 7.795 0.461 586 
SPB-037x 39 2.740 0.159 1.617 1.344 0.971 0.002 0.042 0.873 0.003 7.751 0.419 656 

 Buyong 
SPB-048xi 53 2.729 0.132 1.673 1.260 1.053 0.001 0.044 0.860 0.001 7.753 0.455 619 
SPB-049i 70 2.768 0.102 1.617 0.992 1.389 0.001 0.046 0.858 0.005 7.778 0.583 556 
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Figure 5.4 – Muscovite major element compositions as determined by EPMA. Units are p.f.u. Colour 

coding is by location, with individual samples from the same location having different shapes. Black line 

in a) denotes Si = 3.1, defining the difference between muscovite and phengite compositions. 

 

 
Figure 5.5 – Biotite major element compositions as determined by EPMA. Units are p.f.u. Colour coding is 

by location, with individual samples from the same location having different shapes.  
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5.3.3 Thermometry 

5.3.3.1 Muscovite 

EPMA major element data was used to calculate Ti-in-muscovite temperatures using the 

geothermometer of (Wu and Chen, 2015a) (full details in Appendix G section 14.1 with 

data presented in Table 14.1). Ti-in-muscovite temperatures across all samples range 

from 444–760°C, but there is large variability (up to 300°C) within a given sample (Figure 

5.6a). Maximum temperature estimates vary between samples, with the S Khoma sample 

SPB-031x yielding the highest median muscovite temperatures (~720°C) and Yonkola 

sample SPB-023_3 yielding the lowest (~560°C). 

 

Figure 5.6 – Ti-in-muscovite thermometry results classified by a) sample and location and b) muscovite 

type.  

The range of temperatures yielded across each muscovite type is large, and there is 

overlap between muscovite types. Despite this, different muscovite types across the 

whole sample set yield different average temperatures (Figure 5.6b), with Ms-A 

muscovite yielding the highest average temperatures (~660°C), decreasing systematically 

through Ms-B and Ms-C to Ms-D (~560°C). This trend is also observed across individual 

samples where multiple types of muscovite are observed (SPB-021x for example).  
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5.3.3.2 Biotite 

Biotite thermometry was calculated using EPMA major element data using the calibration 

of (Wu and Chen, 2015b) (full details in Appendix G section 14.2 with data presented in 

Table 14.2). Similar to muscovite, calculated biotite temperatures are highly variable 

between different samples (Figure 5.7a), and again the highest calculated temperatures 

are from S Khoma sample SPB-031x (~700°C) and the lowest from Yonkola sample SPB-

023_3 (~550°C). 

Calculated biotite temperatures from different microstructural positions show 

considerable overlap, with average temperatures from the disaggregated schlieren, 

schlieren and schist yielding temperatures ~625°C (Figure 5.7b). Restitic biotite yielded 

noticeably lower temperatures (<560°C) and a smaller range. 

 
Figure 5.7 – Ti-in-biotite thermometry results classified by a) sample and location and b) microstructural 

position.  

5.3.4 Trace element compositions  

5.3.4.1 Concentrations in micas 

Most of the measured trace elements (see element list in section 5.2.2) were found in 

concentrations above the L.O.D. in both biotite and muscovite. Ca, Cu, As, Y, Mo, Cd and 
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Sb are occasionally present in measurable amounts, while most of the REE (La-Lu) with 

the exception of Eu are mainly below the L.O.D. Average compositions of muscovite and 

biotite in each of the samples are presented in Table 5.3 and Table 5.4. Full data tables 

including average errors for each element are included in Appendix C sections 10.4 and 

10.5. Elemental concentrations from the whole biotite and muscovite database, as well as 

kyanite, are shown in Figure 5.8. 

Elements vary greatly in their abundance, with elements such as Fe, Ti being present in 

10,000s of ppm, while Ta and Y are consistently present in both muscovite and biotite 

between 0.01 and 10s ppm. Some elements tend to be found in higher concentrations in 

biotite than in muscovite, notably Co, Ni and Zn, whereas Sr and Sb are higher in 

muscovite than in biotite. Many elements overlap in abundance between the two 

minerals, for instance elements such as V, Cr, Ga, Y, Zr and Hf. Ranges in concentrations 

can vary within one order of magnitude (Ge range ~10 ppm) or up to 3 order of 

magnitude (Cr, Ba range ~3000 ppm) (Figure 5.8).  

5.3.4.2 Concentrations compared to kyanite 

For the elements that are also present in kyanite there are variations in the overall 

concentrations between the different minerals as well. V, Cr and Ga all show similar 

concentrations and ranges across kyanite, biotite and muscovite. Ti, Fe and Sc are lower 

in kyanite than they are in either of the micas, whereas Ge content tends to be higher in 

kyanite than in either muscovite or biotite. 

5.3.4.3 Variations between samples 

Trace elements show strong variability between the different samples and locations, as 

well as within an individual sample, but relative trends tend to be consistent between 

biotite and muscovite. For example, Sc concentrations are highest in both muscovite 

(Figure 3.12) and biotite (Figure 5.10) from Yonkola sample SPB-023_3, and samples from 

Tangmachu and Buyong. There is significant enrichment/depletion in the following 

elements in both biotite and muscovite grains from: 

• Tangmachu: enriched in Li, Co, Ni, Cs, Tl, and Pb, depleted in Ge, Ta 

• Khoma: enriched in Sc, Ga, Zr, Nb, Ta and W 

• W Rollong: enriched in Cr, In, Sn 

• Buyong: enriched in Sc, Cr, Ba, depleted in Li, Zn, Rb, Nb, Cs, Ta, Tl, Pb. 
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Strong Ba enrichment is observed in biotite from S Khoma, but less so in muscovite grains 

from the same location. Sr is strongly enriched in muscovite from Tangmachu, whereas 

biotite from Tangmachu shows less of an enrichment. Biotite from S Khoma is enriched in 

Sr, but this enrichment is not comparable for muscovite from the same location. 

Variations in Cr within a given sample tend to be higher for muscovite than they are for 

biotite. Cr is both enriched and highly variable in W Rollong and Buyong (range ~1500 

ppm) (Figure 3.12), but biotite from these two samples, whilst they are also enriched, 

range only over ~300 ppm (Figure 5.10). 

 

Table 5.3 – Average LA-ICP-MS trace element compositions of muscovite for each sample analysed. 

 Sample SPB-021x SPB-023_3 SPB-026bx SPB-031 SPB-033 SPB-035xii SPB-037x SPB-049i 
 

Location 
Yonkola Yonkola Tangmachu S Khoma W Rollong Rongthung Rongthung Buyong 

         
 n 32 24 14 5 12 15 22 28 

Li 
Mean 43.5 37.1 68.2 22.4 20.6 39.4 43.8 7.1 
Range 94.4 13.8 35.5 9.1 6.7 15.5 43.6 17.8 
SD 21.9 3.6 11.5 3.4 1.9 4.7 11.5 3.7 

Be 
Mean 3.6 8.2 5.5 3.3 5.7 3.0 3.4 2.2 
Range 4.6 9.7 2.3 3.2 2.0 1.9 3.1 1.9 
SD 1.4 2.7 0.6 1.2 0.6 0.6 0.8 0.4 

Sc 
Mean 22.5 50.3 9.4 71.4 26.3 14.7 11.6 63.6 
Range 55.7 35.5 6.0 39.5 22.5 17.6 22.2 93.0 
SD 18.7 9.7 2.4 14.8 6.3 5.7 8.1 25.5 

Ti 
Mean 3010.1 2659.0 6290.0 5112.0 4218.3 6157.1 3606.4 3930.2 
Range 5225.9 1510.0 1370.0 3910.0 3330.0 8213.0 6657.6 2440.0 
SD 1699.2 349.4 424.5 1570.4 868.2 1896.7 2651.9 689.2 

V 
Mean 119.1 92.4 228.8 209.5 153.0 195.9 157.7 173.2 
Range 204.2 111.9 205.3 241.4 137.5 216.6 253.3 158.9 
SD 57.2 31.0 73.2 93.0 37.1 48.7 77.7 38.9 

Cr 
Mean 39.7 54.8 117.6 108.5 834.7 96.6 104.3 1244.8 
Range 98.9 127.0 232.1 159.0 1333.0 162.8 298.2 1522.0 
SD 25.7 32.0 80.4 68.3 364.6 53.9 69.8 440.5 

Mn 
Mean 35.0 40.4 15.1 60.9 7.9 9.3 6.8 23.0 
Range 163.2 57.2 7.8 13.2 2.3 9.5 10.9 17.3 
SD 33.6 10.8 2.4 5.2 0.8 2.9 2.6 4.1 

Fe 
Mean 13156.9 8834.6 23877.1 10750.0 11882.5 21515.3 20755.0 17349.3 
Range 34720.0 9080.0 2480.0 4790.0 2210.0 9390.0 9450.0 2980.0 
SD 6687.9 1736.0 774.0 1961.7 761.3 2468.1 2799.3 700.3 

Co 
Mean 1.3 1.0 5.5 0.8 0.9 3.9 2.8 1.3 
Range 4.8 1.9 2.6 0.4 0.4 1.8 3.7 5.1 
SD 1.0 0.4 0.8 0.2 0.1 0.6 1.2 1.2 

Ni 
Mean 2.4 2.6 16.2 1.2 1.3 13.0 8.1 7.6 
Range 10.0 4.4 13.9 0.5 1.4 9.0 11.2 41.7 
SD 2.7 0.8 4.4 0.3 0.4 2.6 3.1 9.7 

Zn 
Mean 32.9 13.3 39.4 36.2 18.9 25.1 28.9 2.3 
Range 45.1 20.0 43.2 23.3 9.1 19.5 35.8 2.0 
SD 13.9 3.8 13.9 9.0 2.6 6.1 11.3 0.5 

Ga 
Mean 51.5 63.6 57.8 88.9 64.5 63.1 50.1 59.5 
Range 44.2 15.4 13.2 25.2 7.6 34.0 51.1 25.0 
SD 13.1 4.5 3.9 10.0 2.3 7.4 16.1 7.3 
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 Sample SPB-021x SPB-023_3 SPB-026bx SPB-031 SPB-033 SPB-035xii SPB-037x SPB-049i 
 

Location 
Yonkola Yonkola Tangmachu S Khoma W Rollong Rongthung Rongthung Buyong 

         
 n 32 24 14 5 12 15 22 28 

Ge 
Mean 1.8 1.5 0.7 1.4 1.0 1.3 1.8 1.6 
Range 4.1 1.5 0.4 0.5 0.6 1.4 1.8 0.8 
SD 0.9 0.3 0.1 0.2 0.2 0.4 0.5 0.2 

Rb 
Mean 391.2 290.8 497.9 378.6 336.6 448.1 403.3 180.5 
Range 619.0 62.0 88.0 44.0 96.0 123.0 275.0 47.7 
SD 150.5 18.2 21.1 17.9 27.7 34.7 69.9 12.3 

Sr 
Mean 48.8 43.7 133.8 23.8 72.3 115.1 165.7 130.3 
Range 64.6 25.6 35.8 13.5 31.1 67.8 138.3 38.9 
SD 17.9 7.9 8.6 5.4 8.0 16.7 35.2 11.1 

Y 
Mean 0.4 0.0 0.0 0.0 0.0 0.1 0.0 0.1 
Range 3.9 0.0 0.0 0.0 0.1 0.5 0.1 0.4 
SD 1.0 0.0 0.0 0.0 0.0 0.1 0.0 0.1 

Zr 
Mean 1.6 1.8 1.9 3.1 1.7 2.2 1.2 0.8 
Range 3.3 2.0 1.1 2.5 1.5 2.7 2.4 0.7 
SD 1.1 0.5 0.3 1.0 0.4 0.7 0.8 0.2 

Nb 
Mean 16.2 24.6 6.2 35.8 21.4 18.6 16.6 2.0 
Range 26.4 10.6 3.8 10.4 14.7 31.1 30.7 2.1 
SD 9.9 2.3 1.1 4.8 4.9 10.7 11.6 0.5 

In 
Mean 0.3 0.3 0.3 0.7 0.8 0.3 0.3 0.3 
Range 0.3 0.1 0.1 0.1 0.2 0.2 0.3 0.2 
SD 0.1 0.0 0.0 0.0 0.1 0.1 0.1 0.0 

Sn 
Mean 14.6 21.3 17.3 16.6 34.3 17.4 13.2 9.3 
Range 23.8 8.7 6.5 3.0 10.6 8.5 17.8 4.6 
SD 4.8 2.2 1.7 1.2 2.8 2.4 5.1 1.1 

Cs 
Mean 9.5 6.1 17.6 4.8 5.2 8.1 9.4 1.0 
Range 27.2 5.5 7.3 2.2 3.9 7.1 10.7 0.6 
SD 6.4 1.1 2.0 0.8 1.2 2.0 2.9 0.2 

Ba 
Mean 1533.5 1799.5 1555.1 2079.0 934.3 1456.3 1035.9 2687.8 
Range 1908.0 676.0 440.0 1342.0 545.0 546.0 1348.8 756.0 
SD 546.1 199.0 160.2 567.7 193.6 160.2 390.9 186.2 

Eu 
Mean 0.3 0.3 0.3 0.2 0.3 0.4 0.4 0.3 
Range 0.5 0.2 0.1 0.1 0.1 0.2 0.3 0.1 
SD 0.1 0.0 0.0 0.0 0.0 0.1 0.1 0.0 

Hf 
Mean 0.1 0.1 0.1 0.2 0.1 0.1 0.1 0.1 
Range 0.2 0.2 0.1 0.1 0.1 0.2 0.2 0.1 
SD 0.1 0.1 0.0 0.0 0.0 0.1 0.0 0.0 

Ta 
Mean 1.2 1.8 0.3 2.5 1.4 1.0 1.6 0.1 
Range 2.4 2.2 0.3 1.9 1.1 2.4 3.4 0.2 
SD 0.7 0.5 0.1 0.8 0.4 0.8 1.1 0.0 

W 
Mean 7.3 22.6 10.3 62.8 32.0 12.5 8.9 21.2 
Range 16.4 18.1 6.8 51.5 34.4 18.3 17.9 23.1 
SD 5.8 4.8 2.2 20.5 11.7 5.6 4.7 6.2 

Tl 
Mean 1.3 0.8 2.0 1.0 1.2 1.5 1.4 0.3 
Range 2.7 0.3 0.4 0.4 0.5 0.8 1.0 0.1 
SD 0.6 0.1 0.1 0.1 0.1 0.2 0.2 0.0 

Pb 
Mean 51.6 24.7 81.0 31.8 43.1 39.5 53.8 7.0 
Range 100.8 11.7 25.4 8.5 15.1 21.6 29.4 2.2 
SD 31.7 3.0 6.8 3.5 3.7 6.2 9.6 0.6 
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Table 5.4 – Average LA-ICP-MS trace element compositions of biotite or each sample analysed. 

 Sample SPB-021x SPB-023_3 SPB-026bx SPB-031 SPB-033 SPB-035xii SPB-037x SPB-049i 
 

Location 
Yonkola Yonkola Tangmachu S Khoma W Rollong Rongthung Rongthung Buyong 

         
 n 8 13 3 13 4 1 3 3 

Li 
Mean 207.0 180.8 360.0 78.1 70.9 251.0 254.3 51.3 
Range 114.6 58.3 24.0 27.0 17.4 NA 36.0 40.2 
SD 35.6 16.7 12.0 9.8 7.4 NA 18.2 22.6 

Be 
Mean 1.8 4.7 2.3 1.7 2.9 1.3 1.5 1.1 
Range 2.3 5.0 0.6 2.3 0.8 NA 0.8 0.8 
SD 0.8 1.5 0.3 0.6 0.3 NA 0.4 0.4 

P 
Mean 75.7 102.4 50.1 83.8 81.4 55.0 130.6 60.5 
Range 27.2 98.8 5.2 66.0 18.5 NA 31.9 34.0 
SD 9.5 32.8 2.6 17.6 8.2 NA 16.0 18.3 

Sc 
Mean 12.4 18.8 10.8 52.6 11.5 14.0 8.8 36.7 
Range 24.7 17.6 10.8 31.5 6.7 NA 0.6 35.5 
SD 9.5 6.2 6.1 9.1 2.8 NA 0.3 17.8 

Ti 
Mean 15358.8 8554.6 12156.7 21560.8 15155.0 21100.0 16336.7 13476.7 
Range 5610.0 5950.0 1050.0 12710.0 1540.0 NA 4550.0 3580.0 
SD 1798.8 1369.9 529.2 3627.9 699.6 NA 2423.1 1851.5 

V 
Mean 194.6 76.3 217.1 319.8 168.4 248.0 269.3 185.1 
Range 137.6 81.2 117.6 190.0 112.7 NA 59.0 83.7 
SD 47.2 26.3 61.3 61.0 53.3 NA 33.5 42.6 

Cr 
Mean 65.4 55.6 278.2 190.0 648.0 240.0 199.8 1550.0 
Range 72.0 87.1 457.5 288.2 257.0 NA 122.9 223.0 
SD 23.2 22.6 229.8 94.9 120.6 NA 61.5 126.5 

Mn 
Mean 707.5 945.8 325.0 1443.0 236.7 430.0 525.0 711.0 
Range 631.0 399.0 102.0 404.0 147.9 NA 223.0 105.0 
SD 182.5 111.1 56.5 131.6 65.4 NA 119.9 58.2 

Fe 
Mean 181325.0 132738.5 164066.7 177607.7 174875.0 242000.0 200800.0 148633.3 
Range 23900.0 36200.0 13700.0 72000.0 12900.0 NA 3400.0 6600.0 
SD 7447.3 9489.1 7219.6 19691.9 5957.8 NA 1708.8 3557.2 

Co 
Mean 28.7 23.0 123.3 18.7 23.8 121.0 92.0 28.0 
Range 15.4 12.7 17.3 8.9 6.8 NA 6.2 3.2 
SD 5.7 2.9 9.3 2.2 2.8 NA 3.3 1.7 

Ni 
Mean 31.6 64.5 408.3 20.4 37.3 393.0 278.3 122.5 
Range 16.4 25.7 79.0 6.3 19.2 NA 46.0 17.0 
SD 6.5 6.1 39.5 1.9 8.4 NA 23.4 8.8 

Zn 
Mean 826.1 297.3 568.0 852.7 442.3 519.0 656.3 57.7 
Range 746.0 94.3 439.0 416.0 38.0 NA 165.0 10.7 
SD 316.0 21.8 249.5 117.3 17.2 NA 82.7 6.0 

Ga 
Mean 33.1 41.8 33.7 67.3 39.1 38.6 40.3 43.3 
Range 23.4 13.1 9.2 27.9 8.2 NA 4.2 1.8 
SD 8.1 4.5 5.0 7.3 3.6 NA 2.2 1.0 

Ge 
Mean 2.6 2.4 1.4 2.1 1.6 2.8 2.1 2.2 
Range 1.1 1.3 0.6 1.3 0.7 NA 0.7 0.5 
SD 0.3 0.4 0.3 0.4 0.3 NA 0.3 0.2 

Rb 
Mean 786.5 705.5 1124.0 788.2 804.3 1210.0 959.0 492.7 
Range 105.0 224.0 19.0 285.0 64.0 NA 103.0 3.0 
SD 36.9 54.3 10.4 73.0 27.8 NA 54.1 1.5 

Sr 
Mean 1.5 0.9 2.5 4.1 1.7 6.0 8.7 2.0 
Range 2.1 1.5 0.4 12.0 0.4 NA 8.6 0.9 
SD 0.7 0.5 0.2 3.4 0.1 NA 4.4 0.5 

Y 
Mean 0.0 0.0 0.1 0.1 0.1 4.1 0.1 0.0 
Range 0.1 0.0 0.1 1.2 0.1 NA 0.1 0.0 
SD 0.0 0.0 0.0 0.3 0.1 NA 0.0 0.0 

Zr 
Mean 1.4 0.7 0.3 1.2 0.3 0.3 0.6 0.4 
Range 2.7 2.1 0.3 4.5 0.2 NA 0.5 0.7 
SD 1.0 0.6 0.1 1.2 0.1 NA 0.3 0.5 
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 Sample SPB-021x SPB-023_3 SPB-026bx SPB-031 SPB-033 SPB-035xii SPB-037x SPB-049i 
 

Location 
Yonkola Yonkola Tangmachu S Khoma W Rollong Rongthung Rongthung Buyong 

         
 n 8 13 3 13 4 1 3 3 

Nb 
Mean 42.3 39.7 8.7 73.5 44.8 31.9 35.3 2.9 
Range 9.7 22.8 13.1 31.3 7.2 NA 10.5 2.1 
SD 3.9 5.9 7.1 10.3 3.4 NA 5.3 1.1 

In 
Mean 0.2 0.2 0.2 0.4 0.4 0.2 0.2 0.1 
Range 0.1 0.1 0.0 0.2 0.0 NA 0.0 0.1 
SD 0.0 0.0 0.0 0.1 0.0 NA 0.0 0.0 

Sn 
Mean 12.8 15.7 11.0 13.5 20.4 9.7 9.6 4.4 
Range 17.0 15.6 5.6 7.0 2.4 NA 1.6 1.8 
SD 5.8 4.0 2.9 1.7 1.0 NA 0.8 1.0 

Cs 
Mean 93.0 61.5 148.5 31.0 49.2 108.0 60.4 13.2 
Range 44.8 25.3 34.1 13.6 12.4 NA 7.0 0.2 
SD 19.5 6.5 17.8 4.7 5.5 NA 4.0 0.1 

Ba 
Mean 947.1 657.5 906.7 1287.4 519.3 940.0 1162.0 1526.0 
Range 233.0 454.0 142.0 750.0 122.0 NA 82.0 149.0 
SD 83.6 114.7 76.4 220.1 50.7 NA 41.3 74.6 

Eu 
Mean 0.0 0.0 0.0 0.1 NA 0.1 0.0 0.0 
Range 0.0 0.0 0.0 0.0 NA NA 0.0 0.0 
SD 0.0 0.0 NA 0.0 NA NA 0.0 0.0 

Hf 
Mean 0.1 0.1 0.0 0.1 0.0 0.1 0.0 0.0 
Range 0.2 0.2 0.0 0.1 0.1 NA 0.1 0.0 
SD 0.1 0.1 0.0 0.0 0.0 NA 0.0 0.0 

Ta 
Mean 5.1 5.2 0.8 6.4 5.3 1.3 4.9 0.1 
Range 2.2 2.6 1.1 5.6 1.9 NA 1.1 0.1 
SD 0.8 0.8 0.5 1.8 0.8 NA 0.5 0.1 

W 
Mean 0.9 1.9 0.7 6.1 1.6 0.6 1.2 1.4 
Range 1.4 1.7 0.9 2.6 0.7 NA 0.3 0.6 
SD 0.5 0.5 0.5 0.8 0.3 NA 0.2 0.3 

Tl 
Mean 4.5 3.4 7.4 3.6 4.6 7.1 5.4 1.7 
Range 1.0 0.8 0.2 1.3 0.5 NA 0.6 0.1 
SD 0.3 0.2 0.1 0.3 0.2 NA 0.3 0.1 

Pb 
Mean 25.3 8.1 30.0 14.3 18.5 27.9 29.1 1.8 
Range 28.6 7.3 0.9 4.9 4.9 NA 8.0 1.2 
SD 11.5 1.9 0.5 1.6 2.0 NA 4.1 0.6 
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Figure 5.8 – Trace element compositions (ppm) of biotite, muscovite and kyanite from East Bhutan samples, grouped by element. 
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Figure 5.9 – Box and whisker plots of trace element compositions (ppm) of muscovite from East Bhutan samples, grouped by Sample and coloured by Location.  
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Figure 5.10 – Box and whisker plots of trace element compositions (ppm) of biotite from East Bhutan samples, grouped by Sample and coloured by Location. 
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5.3.4.4 Economically important elements 

To investigate the potential trends related to melting processes and critical metal 

enrichment in micas (Kunz et al., 2020), these economically important ‘critical metals’ 

have been subsetted and plotted against Fe number (Fe# = Fe/ (Fe+Mg)) for both 

muscovite and biotite (Figure 5.11). Fe number is used as a proxy for increasing 

metamorphic grade.  

Li and Cs in muscovite appear to increase independently of Fe# in all samples apart from 

the sample from Buyong. Ta and Sn in muscovite tend to show a decrease in 

concentration with increasing Fe#, with Ta showing a steep decrease at Fe# ~0.6. (Figure 

5.11a). W also generally decreases with Fe# though a cluster of points from SPB-021x 

make this overall trend more unclear. There are no clear trends between Cr and Fe# in 

muscovite. 

Increasing Fe# in biotite also shows no clear trends: Li, Cs, Ta and Sn do not show any 

relationship with Fe#, whereas W decreases slightly with increasing Fe#. Cr tends to 

decrease with increasing Fe# except in Yonkola sample SPB-023_3. 

 
Figure 5.11 – Scatter plots of Fe# versus economically important trace elements for a) Muscovite and b) 

Biotite, colour-coded by Location and Sample. Note the logarithmic y-axes. Fe# = Fe/ (Fe+Mg) 
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There are strong variations in all elements between different locations (Figure 3.12 and 

Figure 5.10), and individual samples commonly define discrete fields in compositional 

space (Figure 5.11). For example, both muscovite and biotite from Buyong tend to have 

lower concentrations of Li, Cs, Ta, and Sn, but Cr from this location is noticeably enriched 

in both micas. Biotite and muscovite from Yonkola sample SPB-023_3 have a distinctively 

low Fe# (~0.4 and ~0.5 respectively).  

5.3.4.5 Variation with samples and within grains 

Compositional variations on a smaller scale (within individual thick sections and within 

individual grains) are also seen. Figure 5.12a shows a BSE image of a thick section from 

Yonkola samples SPB-023_3, with lines demarcating the different microstructural 

positions within the migmatite. Biotite- and tourmaline-rich restite is located in the upper 

and lower portion of the thick section with felsic leucosome in between. The leucosome 

contains mainly quartz and feldspars with occasional isolated grains of biotite. Protruding 

from the lower restite is a patch of schliere comprising muscovite and biotite. Muscovite 

and biotite in this zone are texturally different; muscovite + quartz intergrowths (Ms-D), 

and biotite grain margins are ragged. Another patch of muscovite and biotite, shown as 

the ‘reaction zone’ can be found at the margin of the upper restite. 

V and Cr concentrations of muscovite (Figure 5.12b) and biotite (Figure 5.12c) vary 

depending on which microtextural position they define. Generally, spot analyses with 

high Cr also have high V concentrations. The highest V and Cr concentrations (>100 ppm) 

are found in the lower restite (green region). In comparison, upper restite (blue region) 

muscovite and biotite have slightly lower V and Cr concentrations. Isolated biotite grains 

(orange triangles in Figure 5.12c) have similar compositions to the upper restite, with Cr 

~50 ppm and V ~80 ppm. Muscovite and biotite in the reaction zone (red region) have the 

lowest V and Ce concentrations. 
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Figure 5.12 – Variations in Cr, V and Ti compositions across muscovite and biotite grains within SPB-023_3. a) BSE image of SPB-023_3 thick section showing different 

microstructural positions within the migmatite. b) Cr vs V concentration plot for muscovite and c) biotite colour coded by microstructural position. d) BSE images and 

elemental transects across e) SPB-023_3 Musc05 and e) SPB-023_3 Biot08, showing changing compositions closer to the leucosome boundary. Location of LA-ICP-MS 

spots are indicated on BSE images by red circles.
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The grains that are most depleted in V and Cr are Musc05 and Biot08. Both were analysed 

using multiple spots, creating transects across the grain that proceed towards the 

leucosome boundary (Figure 5.12d and Figure 5.12e). Spot analyses from the grain 

boundary furthest from the leucosome (spot 1 for Musc05 and spot 4 for Biot08) yield Ti, 

Cr and V concentrations that are representative of average muscovite and biotite grains 

in this sample. Moving towards the leucosome boundary there are decreases in Ti, V and 

Cr in both Musc05 and Biot08. Musc05 in particular shows a sharp drop in V and Cr 

concentrations between spot number 5 and 6 (Figure 5.12d). 

5.3.4.6 Normalised data to investigate types of grains 

To overcome the effect of different bulk compositions, individual spot analyses were 

normalised to the average value of the element in that sample, following the method 

described for kyanite in section 3.5.1. Values >1 represent enrichment in that element, 

and values <1 represent depletions in that element, with values >1.2 and <0.8 being 

significant enrichment or depletion. Box plots that show ranges in composition for 

muscovite and biotite can be found in Appendix C section 10.6. Spider plots described in 

this section use the mean normalised composition of that mica type. 

Normalised concentrations for the different muscovite types are shown in Figure 5.13. 

Though there is overlap between the different types, (see Appendix C section 10.2) their 

mean normalised values do reveal enrichment and depletion for a number of elements. 

Ms-A (found in the schist) is enriched in Sc, V and Cr. Ms-B tends to be very similar in 

composition to that of the schist, but with subtle enrichment in Mn, Co, Zn, and Nb. 

Muscovite surrounding the kyanite (Ms-C) has a more distinctive composition, being 

enriched in Ge and Y, and depleted in Sc, Ti, V, Zn, Zr, Nb, In and W. Ms-D grains are most 

distinctive however with strong enrichment in Be, Zn, Zr, Nb, Ba, Eu, Hf, Ta, W and Pb.  

Average biotite normalised compositions are shown in Figure 5.14 for different 

microstructural positions. Biotite found in the restite (all from Yonkola samples SPB-

023_3) is subtly enriched in Be and Pb, depleted in Sc, V, Zn, and strongly depleted in Zr. 

Biotite in the schist (from multiple samples) conversely shows depletion in Be and Pb, 

with additional depletions in Y, Zr, Hf and Ta and enrichments in Sc, V, Cr. Biotite found in 

the schlieren is slightly depleted in Sc and V but enriched in Zr and Hf. Biotite from 

disaggregated schlieren is similarly depleted in Cr, and is enriched in Y. 
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Figure 5.13 – Average normalised compositions of different muscovite types. Data have been normalised 

to the average elemental composition of the muscovite in that sample. 

 
Figure 5.14 - Average normalised compositions of biotite from different microstructural positions. Data 

has been normalised to the average elemental composition of the muscovite in that sample.  
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5.4 Discussion 

5.4.1 Data Accuracy 
To provide a secondary check on the accuracy and precision of the major element 

concentrations of the muscovite and biotite LA-ICP-MS analyses, these are compared with 

the concentrations of the same grains as measured by EPMA. Figure 5.15 shows that 

there is good agreement between most of the major element concentrations measured 

by LA-ICP-MS and EPMA. Ti, Al, Fe, Mg, K, and Mn concentrations all plot along 1:1 lines 

or are within the 5% error envelope, which represents the average error of EPMA 

measurement. Analyses are also in excellent agreement at lower concentrations as well 

as higher concentrations (see Figure 5.1c). Where there are discrepancies between the 

two techniques, this may be due to mismatches in the location of analysis spots, whereby 

the EPMA spot may not be sufficiently close to the LA-ICP-MS spot. Subtle variations in 

the composition across a given grain may therefore contribute to differences in 

compositions analysed by the two techniques; muscovite and biotite are generally 

strongly zoned in major elements. 

CaO values measured by EPMA for muscovite and biotite are variable and very low 

(generally <0.025 wt%). LA-ICP-MS analyses show a range of CaO concentrations between 

0.025 and 0.1 wt%. These very low CaO concentrations are likely below the limit of 

detection for reliable EPMA analyses and thus LA-ICP-MS CaO concentrations are 

considered to be more accurate. 

Na concentrations are generally comparable between the EPMA and LA-ICP-MS analyses 

(Figure 5.15). Analyses that do not fall within the 5% error envelope may be due to the 

reasons listed above regarding matching of LA-ICP-MS spots and EPMA spots. Where 

EPMA analyses show lower concentrations compared to LA-ICP-MS spots, this may be due 

to Na mobility during EPMA analysis (Nielsen and Sigurdsson, 1981). The similarity 

between EPMA and LA-ICP-MS analyses however seems to suggest this is not an issue for 

all analyses. 
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Figure 5.15 – Comparison of major element concentrations in muscovite and biotite analysed by LA-ICP-

MS and EPMA. Dark black line shows equivalent concentrations and is surrounded by a grey envelope 

representing ± 5% of the concentration. Errors on LA-ICP-MS analyses are 2 SE.  
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5.4.2 Major element variations 
Muscovite and phengite Si concentrations vary within each sample, forming linear arrays 

when plotted against Al (Figure 5.4). This variation likely reflects gradual changes in 

conditions, such as pressure, suggesting that muscovite phengite content is tracking 

either the prograde or the retrograde path. Though there is considerable overlap 

between the phengite content of different types of muscovite, data for muscovite from 

an individual sample (SPB-021x) shows that Ms-A has the lowest Si content (~6.20), and 

that this increases towards Ms-D, which has a Si content of ~6.3. Given the interpreted 

paragenesis of the different muscovite types, phengite content therefore appears to 

increase as muscovite crystallises during cooling. 

Similarly, XMg compositions of biotite also tends to form linear arrays within each sample, 

which could be indicative of changing temperature conditions. The samples with the 

highest biotite XMg compositions are the samples with the lowest Ti-in-biotite 

temperatures (SPB-023_3 and SPB-049i). Within individual samples however there is no 

clear link between the biotite microstructural position and XMg. As all of the biotite found 

in the migmatites is thought to be derived from the source rock, the different 

microstructural positions do not therefore represent discrete biotite populations that 

formed at different times, therefore within a sample biotite XMg will not record changing 

conditions. Variations between samples instead will reflect broad differences in the 

biotite formation temperatures. 

As well as variations between samples in Ti-in-muscovite temperatures, there is also a 

clear decrease in temperature between Ms-A and Ms-B (which are thought to have 

formed at the same time), and then Ms-C and further, Ms-D (Figure 5.6). This is consistent 

with progressive formation of retrograde Ms-C upon melt formation, and suggests that 

the back reaction that forms Ms-D is a late stage process during cooling. 

Ti-in-muscovite temperatures for Ms-A grains found in the schist are high, largely being in 

excess of 750°C (Figure 5.6). The conditions set for the calculation of these temperatures 

are within the calibration range for this thermometer (Wu and Chen, 2015a), meaning it is 

appropriate for Al2SiO5-bearing assemblages in metapelites under P– T conditions of 450–

800 °C and 0.1–1.4 GPa. The calibration is, however, an empirical one, based on existing 

datasets for a range of metapelites. While there are some samples used in the database 
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with temperature up to 800°C, most of the samples used are <650°C. There is also no 

explicit mention as to whether this calibration can be used for constraining temperatures 

during partial melting reactions. It may be then that this thermometer is not appropriate 

for the sampled migmatite. 

5.4.3 Trace element variation between samples 
It has been previously noted in section 3.6.3 that kyanite trace element concentrations 

vary considerably between different sample locations, and this is interpreted to reflect 

the bulk composition control on the trace element budget of kyanite that forms from a 

particular protolith. Kyanite from different locations has distinctive Fe, Cr and Sc 

concentrations, with samples from Buyong being high in each of these elements (Figure 

3.11). Similar trends are observed in the analysed mica, with muscovite from Tangmachu 

and Rongthung showing Fe enrichment, muscovite and biotite from W Rollong and 

Buyong showing Cr enrichment, and Buyong showing Sc enrichment in both muscovite 

and biotite (Figure 5.16). Muscovite and biotite in some samples show distinctive 

enrichments in elements that are not detectable in kyanite, such as Li, Co, Sn, Cs, Ta, W, 

and Pb (Figure 3.12 and Figure 5.10). As these trends are found consistently across 

multiple phases, this further supports the interpretation that bulk composition of the 

protolith has a strong control on the trace element abundances of the subsequent 

minerals that form. 

 

Figure 5.16 - Fe, Cr and Sc concentrations of a) & b) Muscovite and c) & d) Biotite from East Bhutan colour 

coded by location (note log scales).  
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5.4.4 Geochemistry of muscovite types 
As mentioned in 5.1, the purpose of this chapter is to investigate whether different mica 

populations had distinctive geochemical signatures that could inform petrogenetic 

interpretations. While there is often considerable overlap between the compositions of 

these different mica populations, there are a number of elements that provide insights 

into geochemical cycling during migmatite formation. As mentioned previously in section 

3.6.5 the chemical composition of minerals forming at any given time is related to the 

elements being released or taken up by the reactions occurring, as well as the affinity of 

an element for a given phase. 

5.4.4.1 Ms-A 

The normalised plots show that Ms-A grains (found in the schist) are enriched in Sc, V and 

Cr compared with other muscovite types (Figure 5.13). In absolute concentrations this 

corresponds to an enrichment in Sc ~5-50 ppm, V ~50 ppm and Cr ~50-100 ppm. Schist-

hosted biotite also show an enrichment in these elements (Figure 5.14). This suggests 

that the unmelted parts of the migmatite are generally enriched in these elements, and 

therefore might represent a reservoir of Sc, V and Cr that is then available to the melt 

(and any minerals formed from it) if either of these micas were to undergo melting and 

dissolution.  

5.4.4.2 Ms-B 

Ms-B grains (stable muscovite found in the leucosome) are interpreted to be primary 

muscovite grains that crystallise from an aluminous melt, following muscovite-

dehydration melting (Chapter 2 section 2.5.6.2). Ms-B grains have similar compositions to 

Ms-A grains (Figure 5.13). Average normalised values for trace elements in Ms-B are 

typically around 1.0 – 1.1, though ranges in normalised values can be large (Appendix C 

Figure 10.3). There is subtle enrichment in elements such as Mn, Co, Zn and Nb, but 

compositions are not distinctive.  

Their similarity to Ms-A grains could indicate either that Ms-B grains are a) inherited 

xenocrystic muscovite grains from the schist or b) they have inherited the chemical 

composition of muscovite from the schist following melting. Petrographically, Ms-B grains 

tend to be stable rectangular euhedral-subhedral laths (sections 2.5.6.2 & 5.3.1) which is 

consistent with growth during crystallisation of a melt. Their similar chemical composition 
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therefore could indicate crystallisation from a melt-produced by the breakdown of Ms-A. 

Elements with an affinity to be incorporated into the muscovite structure would be 

released from the dissolving Ms-A and then be taken up by Ms-B that crystallised from 

the melt. Subtle differences between the two types of muscovite could then be explained 

by the crystallisation of other phases that may compete for the released elements.  

For the elements Sc, V and Cr that are enriched in the Ms-A grains, it follows that Ms-B 

grains should also have high contents of Sc, V and Cr. Sc concentrations are similar 

between Ms-A and Ms-B, whereas V and Cr are depleted in Ms-B, suggesting that this 

melt-crystallised muscovite is not taking in significant amounts of these elements during 

growth. This again could be explained by other phases preferentially incorporating V and 

Cr. Kyanite in the Eastern Bhutan migmatites incorporates variable amounts of V and Cr 

(Chapter 3). Variations in Cr/V across a kyanite grain could therefore be tracking the 

production of melt; this is discussed further in Chapter 5. 

The presence of primary muscovite in the leucosome indicates that the melt was 

sufficiently peraluminous to form new grains. The growth of muscovite would not require 

the presence of excess fluid as the muscovite would be able to utilise the H2O that is 

dissolved in the melt following the initial breakdown of muscovite.  

It is also possible that Ms-B grains represent either xenocrystic Ms-A grains that have 

been entrained in the melt but have not undergone chemical modification by the melt (as 

Ms-D grains have), or pseudomorphic Ms-C grains where the entire Ky-C grain has been 

replaced by muscovite and all textural evidence of the kyanite has been lost.  

5.4.4.3 Ms-C 

Ms-C (muscovite found surrounding corroded kyanite grains) has a distinctive 

composition, with a number of elements being depleted in normalised values (Sc, Ti, V, 

Zn, Zr, Nb, In, W) and some being enriched (Ge and Y) (Figure 5.13). This muscovite 

appears to represent a back-reaction between the melt and the kyanite, producing 

muscovite (section 2.5.5.3). This reaction could be happening concurrently with the 

formation of new kyanite from the melt (Ky-D grains or Z3 zones). Both Ms-C and Z3 

kyanite zones show a normalised enrichment in Ge content (Figure 5.17). This suggests 

that Ge is being released from the breakdown of kyanite (which would be Z2 growth 

zones which contain high amounts of Ge) into the melt, and that this Ge can be taken up 
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by any phases that grow after it (i.e. Ms-C grains and Ky-D/Z3 kyanite). A further 

discussion of geochemical cycling is presented in Chapter 6, section 6.3. 

There are no significant differences between the Ge enrichment observed in Ms-C (either 

in absolute concentrations nor normalised values) between different samples that do or 

do not have Ky-D grains. This suggests that if there is Ge present in the melt there is no 

preference for whether it is incorporated into new kyanite or muscovite. 

 

Figure 5.17 – Ge normalised box plots showing the enrichment in Ge content in Z3 kyanite zones and Ms-C 

grains.  

The fact that Ge is not enriched in either of the other muscovite types that also formed in 

the presence of melt (Ms-B and Ms-D) implies that it is the association with the kyanite 

that makes the Ms-C composition so unique. The Ge that is released from the kyanite 

does not migrate from the dissolving grain and is easily taken in by the muscovite that 

forms at the kyanite margin. If the released Ge is then also incorporated into the Ky-D/Z3 

grains then this Ge must somehow be transported further away from the dissolving Ky-C. 

There may be cases where Ky-D is found in close proximity (within 5 mm) of dissolved Ky-

C (see Figure 2.6) but this is not always the case (note that this observation is made based 

on a 2D slice of a 3D rock). Fluids (with H2O in excess of that required to crystallise the 

Ms-C grain) could enable such a pathway to transport the Ge. If fluids are not present 

then the Ge enrichment in Ky-D/Z3 may not occur, or possibly the Ky-D may not form at 

all.  
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5.4.4.4 Ms-D 

Ms-D grains adjacent to K-feldspar grains in the leucosome and intergrown with blebby 

quartz inclusions are thought to represent a late-stage back reaction between the melt 

and muscovite (section 2.5.5.4). This texture is most common in SPB-023_3, where 

muscovite grains in the schlieren also show depletions in Cr, V and Ti relative to other 

muscovite types. This depletion can be observed both between different grains and 

within an individual grain SPB-023_3 Musc05 (Figure 5.12). The Ms-D grains in SPB-023_3 

are found at the margin of the upper restite or in the central reaction zone, which could 

be a biotite + muscovite schliere that has not fully detached from the lower restite. As 

they are associated with biotite that is interpreted to be xenocrystic this also implies that 

these muscovite grains in the central reaction zone are also xenocrystic. Ms-D grains may 

therefore be Ms-A grains that have been entrained in and have been modified by the 

melt during this back reaction. This is slightly different to the interpretation made in 

Chapter 2 section 2.5.6.4, whereby Ms-D was inferred to have been produced due to the 

breakdown of K-spar crystallising in the melt. Ms-D grains however are always spatially 

associated with K-spar and therefore must be involved in this reaction. The enrichment of 

Ms-D grains in Be, Ba, and Eu may also support geochemical transfer of these elements 

from the K-spar to the muscovite. 

5.4.5 Biotite compositions in different microstructural positions 
Biotite grains are classified by their microstructural position in the migmatite, and like the 

different muscovite types, biotite from different positions have different geochemical 

characteristics (Figure 5.14). Where biotite is present in the Eastern Bhutan migmatites its 

composition varies subtly between the different samples (Figure 2.41 – Restite and 

schlieren textures observed in Eastern Bhutan samples, outlined in full thin section 

photographs.), and so the presence or absence of biotite types indicate subtly different 

processes.  

As discussed in section 2.5.7 biotite is not considered to be a reactant phase in terms of 

melt production, and any biotite that is found in the leucosome is considered to be 

xenocrystic and derived from the schist. The composition of these biotite grains in the 

unmelted schist/restite can then be considered to be the pre-melt composition of biotite 
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and any variations from this composition observed in other biotite types must indicate 

modification of the biotite due to the melt. 

5.4.5.1 Restitic biotite 

Sample SPB-023_3 is a uniquely different type of migmatite to the other samples, it being 

the only one that has a distinct biotite (+ tourmaline) -rich restite and a relatively kyanite-

poor leucosome. As described above in section 5.3.4.5, in general, biotite grains found in 

the restite do not show strong enrichment or depletion in any of the elements, with most 

normalised elemental values being between 0.9 – 1.1 (Figure 5.14). There is however 

geochemical variation between the biotite (and muscovite) found within different 

positions within this individual sample (section 5.3.4.5, Figure 5.12), particularly in Cr and 

V concentrations. Even when comparing the two regions of biotite-rich restite, with 

identical petrographic relationships, the biotite from the lower restite had higher 

concentrations of Cr and V than the upper restite (Figure 5.12c). This is also evident in the 

muscovite from the same regions (Figure 5.12b). As this trend is seen in both phases this 

difference could reflect initial protolith differences, where individual layers of pelitic 

sediment had subtly different Cr and V concentrations, and this was preserved in the 

biotite crystals formed during metamorphism. 

Though initially considered to be part of the restite, the biotite + muscovite grains that 

form an apophysis into the leucosome (or a schliere that has not fully detached from the 

restite) are better described as being part of a reaction zone where both muscovite and 

biotite grains have distinctively low Cr and V concentrations. This depletion is interpreted 

here to be a result of interaction with the melt. This interpretation is further supported by 

the depletion in Cr, V and Ti across individual muscovite (Figure 5.12d) and biotite (Figure 

5.12e) grains towards the leucosome boundary. While these muscovite (Ms-D) grains 

show a clear reaction texture with K-feldspar from the melt, it is less obvious 

petrographically that the biotite has interacted with the melt. This could suggest that the 

movement of Cr and V out of the biotite is facilitated by diffusion, rather than due to a 

phase reaction. The step-wise change in Cr and V concentrations in Musc05 (Figure 5.12d) 

may indicate a steep but smooth diffusion profile that is unresolvable at the spatial 

resolution of two laser spots, and would require further investigation using an EPMA or 

ion probe to resolve at a much finer scale. 
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Biotite is also present in SPB-023_3 as isolated biotite grains in the leucosome that are 

not associated with any muscovite (Figure 5.12a). The 3 grains analysed have a very 

similar Cr and V composition to that seen in biotite from the upper restite (Figure 5.12c), 

and are not depleted like the biotite seen in the reaction zone. These isolated grains 

appear to be more like disaggregated schlieren that have spalled off the upper restite and 

have been incorporated into the melt. However, they have seemingly not undergone any 

geochemical changes and their pre-melt compositions have been retained. 

5.4.5.2 Biotite in schlieren 

Most of the other migmatite samples include varying proportions of schist, schlieren and 

disaggregated schlieren. Across samples SPB-021x, SPB-026bx, SPB-031, SPB-033x and 

SPB-037x (which are the most similar migmatite styles) biotite in the schist has a very 

similar chemical composition to biotite in the disaggregated schlieren. When biotite in 

the schist is compared to the more coherent rafts of schlieren, where muscovite is also 

commonly present, biotite in the coherent schlieren has higher Li, Be, Zn, Ge, Cs and Pb 

concentrations and lower Sc, Ti, V, Cr, Ga, Nb, In, Sn, W concentrations (Figure 5.18). 

There is also a decrease in the variability and range of compositions of Li, Sc, Ti, Cr, Ga, 

Nb, In and W. Fe concentrations remain consistent across all types of biotite. 

Both the schlieren and disaggregated schlieren are thought to be derived from the schist 

but represent different amounts of melt and breakup of schlieren layers. The similarity in 

geochemistry of biotite in the schist and the disaggregated schlieren supports this 

interpretation, as was suggested for the isolated grains in SPB-023_3. The change in 

composition of the schlieren may therefore indicate that these biotite grains have 

interacted with, and been modified chemically by, the melt. The difference between the 

disaggregated schlieren and the coherent schlieren is that muscovite is also commonly 

found in the coherent schlieren, suggesting that muscovite may have a role in this change 

in geochemistry. 
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Figure 5.18 – Box plots of trace element compositions (ppm) of biotite from different microstructural 

positions. Numbers in a) show the number of analyses in each group.  

5.4.6 Exchange between biotite and muscovite 
Biotite grains in the schlieren appear to be modified by the melt, but only when they are 

part of more coherent schlieren where muscovite is also commonly found. Comparing the 

normalised compositions of biotite and muscovite found in the schlieren with the other 

mica populations reveals further geochemical trends. Be, Ge, Eu, Ta and Pb increase in 

both muscovite and biotite found in the schlieren, whereas Co, Ga and In decrease. Li, Zn, 

Zr, Sn, Ba and W however decrease in muscovite in the schlieren and increase in biotite 

(Figure 5.19). These observations potentially indicate that Li, Zn, Zr, Sn, Ba and W are 

exchanged between muscovite and biotite. This mutual exchange will only occur if both 

muscovite and biotite are present, because the presence of muscovite introduces a 

favourable chemical gradient that does not exist when biotite grains are isolated in the 

melt. A further discussion of geochemical cycling is presented in the Chapter 6 section 

6.3. 
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Figure 5.19 – Box plots of normalised muscovite and biotite compositions colour coded by microstructural 

position. Each data point is normalised to the average elemental composition of the kyanite in that 

sample. The number of analyses used for each plot is shown in a). Dashed line represents the value of 1. 

Arrows represent relative increases and decreases in muscovite and biotite found in the schlieren.  
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5.5 Conclusions 

• There are distinctive trace element variations between different muscovite and 

biotite populations, with enrichment and depletion of various elements being 

indicative of petrogenetic processes. 

• The enrichment in Ge concentration observed in kyanite has also been observed 

in muscovite, which is consistent with previous interpretations relating to timing 

of mineral formation 

• Similarities between elemental abundances in muscovite, biotite and kyanite 

further support the dominance of protolith control in determining the trace 

element compositions of minerals 

• Muscovite and biotite trace element chemistry can track depletions in Cr and V 

across a thick section and within individual grains 

• Mica trace element compositions can be modified by the presence of melt. This 

modification appears particularly strong in schlieren, where some elements are 

lost to the melt, and others are exchanged between the two micas.  

  



CHAPTER 6
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6 SYNTHESIS 

The work presented in this thesis provides a detailed account of the petrogenesis of a 

varied sample set of kyanite migmatites, obtained through the synthesis of detailed 

petrography, high-resolution mineral-scale geochemistry and geochronology. A highlight 

of this research is the novel application of LA-ICP-MS trace-element mapping of kyanite, 

revealing a detailed insight into kyanite growth mechanisms. The key findings of my work 

include: 

• The presence of kyanite in a migmatite does not necessarily indicate that the kyanite 

formed when melt was present. 

o This has implications for P-T determinations and hence the evaluation of 

tectonic models for the growth of the Himalaya. 

o Different types of kyanite demonstrate that kyanite growth can occur in a 

number of different ways (Kyanite morphology, internal CL zonation and trace 

element geochemistry, Chapter 3). 

o These different kyanite types therefore provide insights into the history of the 

melt, from generation to final crystallisation. 

• Kyanite grains demonstrate significant trace element variations that reflect 

geochemical fluctuations during their growth. 

o Kyanite growing under sub-solidus conditions can preserve “chemomorphs” of 

previous phases that it replaces (Ky-A trace element zonation, Section 2.5.5.1). 

o Kyanite that forms as rims on existing grains or nucleates new grains in the 

presence of a melt reflects changes in melt composition over time (Ky-B 

growth, Section 2.5.5.2). 

o Significant Cr/V variations across kyanite grains track disequilibrium melt 

production and crystallisation of other phases (Kyanite trace element mapping 

and mica trace element analyses, Sections 3.6.5 and 5.4.4). 

• Melting at the base of the GHS in Eastern Bhutan proceeded by fluid-present 

muscovite dehydration reactions, with small melt pulses forming over a 10 Ma period 

during the Miocene in response to episodic fluid availability (Protracted growth of 

zircon, Chapter 4).  
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• Variations in bulk-rock compositions between samples are reflected in kyanite, 

muscovite and biotite trace element compositions (Trace element analysis of kyanite, 

biotite and muscovite, Sections 3.6.3 and 5.4.3).  

• Geochemical compositions of kyanite, muscovite and biotite reveal complex trace 

element exchanges between these minerals and melt during petrogenesis (Trace 

element analysis of kyanite, biotite and muscovite, Sections 3.7 and 5.4.4). 

6.1 Kyanite petrogenesis 

Kyanite in a range of samples of Eastern Bhutan migmatites formed via a number of 

processes. Five different types of kyanite grain were identified using optical petrography 

techniques. CL imaging revealed details of their internal zonation patterns that have been 

linked to specific petrogenetic process (Chapter 2 & 3).  

Kyanite first grew due to sub-solidus continuous reactions in the schist during prograde 

metamorphism (Ky-A/Z1). When melting began, many of these grains became entrained 

in the melt as xenocrysts (Z2). Back reaction between the kyanite and the melt corroded 

kyanite grains and large muscovite grains grew around the corroded kyanite (Ms-C 

growth on Ky-C). In some samples, new grains of kyanite nucleated in, and grew directly 

from, the crystallising melt (Ky-D/Z3). In one location kyanite found in the leucosome is 

interpreted to have formed peritectically during muscovite dehydration melting (Ky-

E/Z4). This type of kyanite continued to grow in the presence of melt through epitaxial 

overgrowths (Z5). Aside from the sub-solidus Z1 growth, each of these different growth 

stages recorded in kyanite preserves changes in geochemistry that are related to melt 

production (decreases in Mg and Ti) and its subsequent evolution (decreases in Ca and 

Fe; increases in Cr and Ge).  

6.2 Melt formation 

The migmatites sampled in this study formed through prograde fluid-present muscovite-

dehydration melting of the surrounding GHS mica-rich metapelitic hosts. The small 

volumes of melt produced during this reaction did not migrate further than outcrop scale, 

forming dcm-sized discontinuous lenses of foliation-parallel leucosome (Chapter 2 section 

2.5.1). The melt was broadly granitic and peraluminous in composition, crystallising 
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quartz + plagioclase ± K-feldspar, plus variable but minor amounts of muscovite ± kyanite 

± garnet ± tourmaline (Chapter 2).  

U-Pb dating of melt-crystallised zircon suggests that melt was episodically produced 

between ~34 Ma to ~12 Ma, with small batches of melt interpreted to form as water 

became available and lowered solidus temperatures (Chapter 3). Pulses of zircon growth 

in the melt (based on KDE plot peaks) at ~21 Ma and ~14 Ma may correspond to periods 

of movement along the MCT, which provided pathways for fluids thus promoting 

upwards fluid migration into the lower GHS, thus facilitating melting. 

6.3 Trace-element cycling during melting 

The categorisation of different mineral populations (kyanite, muscovite and biotite) based 

on their morphology and microstructural position, combined with trace-element 

compositions, have yielded insights into geochemical cycling during melt formation 

(Chapters 3 & 5). A schematic diagram showing the interaction of these phases and the 

melt at various stages during petrogenesis is shown in Figure 6.1. 

Micas in the schists show high concentrations of Sc, V and Cr (Figure 6.1a). Muscovite 

dehydration reactions liberated these elements into the melt (Figure 6.1b), from where 

they were incorporated into the crystallising assemblage (Figure 6.1d, e). Decreases in the 

Sc, V and Cr content of biotite in the schlieren suggests that these elements may have 

also diffused into the melt from this biotite (Figure 6.1h). The proportions of Sc, V and Cr 

in the melt likely varied over time, depending on: (i) the degree of melting; (ii) the 

amount of these elements released into the melt, and (iii) whether or not any crystallising 

phases are preferentially incorporating these trace elements. Variations in Cr/V ratios 

across kyanite grains (section 3.4.3) may track this variation in melt composition during 

crystal growth and could be indicative of melt pulses formed by disequilibrium melting. 

Trace element exchanges between minerals and melt can also be demonstrated when 

kyanite (Ky-C) is corroded in the presence of melt (Figure 6.1f). Z2 kyanite grains are a 

source of Ge and thus when these outer zones of kyanite dissolve they will release Ge 

into the melt (Figure 5.17; Figure 6.1f). The Ge is largely taken up by the muscovite that 

forms immediately around Ky-C during this back-reaction (Ms-C; Figure 6.1g), but Ge may 
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be able to migrate through the melt at longer length-scales where it can be incorporated 

into newly forming melt-produced Ky-D/Z3 kyanite (Figure 6.1g). 

 

Figure 6.1 – Schematic diagram illustrating trace element cycling between kyanite, muscovite, biotite and 

melt, during the melting process and in different microstructural positions. See text for details. 
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Once melt is present it appears to be able to facilitate the modification of muscovite and 

biotite compositions, both as interactions between the mica and the melt (section 

5.4.5.2) and between the muscovite and the biotite (section 5.4.6; Figure 6.1h). This 

suggests that trace element partitioning between melt, muscovite and biotite is complex, 

and that within specific migmatite domains it is local geochemical gradients that drive 

such interactions. The physical process of melt formation and segregation also plays a 

crucial role in the composition of a given grain. For example, the distribution of 

xenocrystic grains within a melt will determine the length-scales of such chemical 

transfers, and impact on inter-domainal processes within the migmatite i.e. disaggregated 

schlieren experience limited trace element exchange (Figure 6.1i). 

Other minerals present in the sampled migmatites will also affect the trace element 

budget and partitioning of elements between phases, including phases that are forming 

or breaking down during continuous reactions alongside melt-producing reactions. Rutile, 

which is present in many of the sampled migmatites (abundantly in SPB-049i) is known to 

host significant amounts (1000’s of ppm) of V and Cr (Holycross and Cottrell, 2020; Porter 

et al., 2020; Zack and Kooijman, 2017; Liu et al., 2014; Meyer et al., 2011; Zack et al., 

2002). Variations in Cr/V rutile ratios between samples have also been attributed to 

variations in bulk-rock composition (Meyer et al., 2011), as is demonstrated this study for 

kyanite, muscovite and biotite. Rutile and ilmenite, being Ti-bearing minerals, will both 

exert a strong control on the Ti budget of the rock and its resultant minerals. Tourmaline 

(which is present in SPB-023_3) can be enriched in a number of trace elements including, 

but not limited to, Li, Be, Nd, Zn, V, Sr, Sc, Sn, Ta, (Klemme et al., 2011; Van Hinsberg, 

2011; Yavuz et al., 2011), and so records chemically distinct fluid sources (Marks et al., 

2013). In addition to preserving an important record of REEs during their growth, garnet 

grains also incorporate transition metals such as Ti, Sc, and V (George et al., 2018; 

Raimondo et al., 2017; Hickmott et al., 1987), and can contain significant amounts of Cr 

(Yang and Rivers, 2001) 

6.4 Sources of heterogeneity 

The Eastern Bhutan migmatites exhibit physical and chemical heterogeneity at all scales. 

On a regional scale, kyanite migmatites are exposed at the base of the GHS but can also 

be found structurally higher too (e.g. Buyong location, Figure 2.2); they are only found 
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where the protolith is strongly micaceous but are not ubiquitous even if the protolith is of 

this composition (Figure 2.3). At the outcrop scale melt volumes vary considerably, 

commonly with sub-cm stringers and dcm-sized melt pockets both found discontinuously 

throughout exposed sections (Figure 2.3). Macroscopically, there are variations between 

the sampled kyanite migmatites: some show clear segregation between melt and restitic 

phases, while others exhibit a range of schlieren types present, with schlieren being 

distributed differently throughout the leucosome (Figure 2.41). Mineralogy of the 

migmatites also varies with garnet and tourmaline being variably present. The migmatites 

are strongly domainal such that a petrography section will not be representative of the 

migmatite as a whole. Geochemical heterogeneity is also present both within and 

between samples. While systematic geochemical trends can be shown between different 

populations of kyanite (Chapter 3), muscovite and biotite (Chapter 5), and zircon peak 

growth ages can be determined (Chapter 4), there is typically considerable overlap in 

these datasets, both between samples and within individual samples. 

6.4.1 Variations in protolith 
The GHS is a generally continuous lithotectonic unit along the length of the Himalayan 

orogen yet it represents a heterogeneous package of metasediments, comprising 

psammites, pelites, carbonates and volcanics/volcaniclastics, derived from diverse source 

areas that changed over time. This means that the fertility (to melting) of protoliths, and 

the composition of those fertile protoliths, may vary considerably. Melting of such a 

heterogenous unit is therefore likely to produce geochemically heterogenous melts. 

Additionally, if melting was triggered primarily by the presence of fluids then other, less 

fertile, protolith types (i.e. not just the micaceous pelites) may also have melted, 

effectively adding another ‘source’ of heterogeneity to the system. 

6.4.2 Melting style preserves chemical heterogeneity 
Migmatites are by their nature texturally and mineralogically heterogenous rocks. The 

manner in which melting occurs and how the different domains (leucosome and 

melanosome) interact during this melting will affect the resulting leucosome composition. 

Thermodynamic modelling has suggested that partial melts that coalesce and are lost 

from their hosts show less major element variation than leucosomes of migmatites 
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(Koblinger and Pattison, 2017). This therefore implies that geochemical heterogeneity is 

much more likely to be preserved in low melt fraction migmatites where melt segregation 

is limited, such as the Eastern Bhutan migmatites. Melt migration in these migmatites is 

on the scale of centimetres, with melt moving from the grain boundaries to coalesce as 

melt pods or layers, yet essentially remaining hosted in the source rocks. This lack of melt 

migration emphasises local compositional domains in the melt as the resulting 

leucosomes will inherit the layer-by-layer variations inherited from their protolith. 

Forming at relatively low temperatures, and only when transient local fluid fluxes allow 

the solidus to be reached, these melts will also be subject to limited diffusive 

homogenisation.  

6.5 Tectonic implications of this work 

The Himalayan orogen provides an excellent natural laboratory for orogenic processes, 

and understanding its tectonic evolution is a driver for many studies in the region. This 

has led to a number of tectonic models being proposed to explain the features observed 

(section 1.4). The overall aim of this thesis is to investigate the evidence for the kyanite-

grade melting that is predicted by the channel flow model and evaluate its role in the 

change from the burial to the exhumation phase or orogenesis (Section 1.5). It has 

become increasingly apparent however that tectonic styles may vary both regionally and 

temporally across the Himalayan orogen. The ‘channel flow’ or ‘critical taper’ models may 

instead represent end-members (though they need not be mutually exclusive) and more 

hybridised models are more applicable. 

While there are number of ways to test the predictions of the classical tectonic models 

(for example the nature of bounding fault movement, differences in P-T paths), the key 

evidence presented in this thesis is the timing of melt formation. The Miocene age of 

formation of the Eastern Bhutan migmatites is younger than that predicted by the 

‘channel flow’ tectonic model (i.e. ~30 Ma) (Beaumont et al., 2001). This relatively late 

melting (i.e. post-Oligocene) event in the lower GHS instead appears more consistent 

with the tectonic model proposed by (Carosi et al., 2018), whereby a downward 

progression of thrusting exhumed the lower GHS later than tectonically overlying units. 

As the sampled migmatites are interpreted here to have formed along the prograde-to-

peak part of the P-T path (though this needs to be constrained more tightly), this means 
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that they may still represent the melt-driven switch between burial and exhumation in 

the orogenic pile, but that this switch occurred in Eastern Bhutan after 21 Ma.  

6.5.1 Tectonic framework for Eastern Bhutan 

To evaluate the implications of this chronological evidence it is therefore necessary to 

place the studied migmatites into a tectonic framework for Eastern Bhutan. This requires 

an understanding of when the GHS, or a particular part of the GHS, experienced 

exhumation, and how this links to melt generation. An overview of the tectonic 

framework of the East Bhutan GHS is presented in Figure 6.2. 

As mentioned in Section 4.1.2 limited geochronological work has been carried out for the 

GHS of Eastern Bhutan, and the body of evidence has not yet been brought together into 

a region-specific tectonic model. Previous work suggests that there are intra-GHS thrusts 

in Eastern Bhutan and thus the GHS should not be considered to have been exhumed as a 

single coherent unit, but rather as tectonic slices exhumed via the progressive 

propagation of foreland-directed thrust sheets. This is based on the downward-younging 

of melt crystallisation (Zeiger et al., 2015) and multiple distinct P-T breaks (Agustsson et 

al., 2016) within the GHS, including and across the Kakhtang Thrust (which is the upper 

bound to the Lower GHS slice). This exhumation style is similar to that proposed for 

Central-Eastern Himalaya in the ‘Carosi model’ outlined in Section 1.4.3. , whereby 

the uppermost portions of the GHS were exhumed before the lowermost GHS. It 

should be noted that this exhumation style can still be compatible with melt-

weakening as in the ‘channel flow’ model, but rather that melt-weakening occurs 

within individual tectonic slices. 
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Figure 6.2 – Tectonic framework for the GHS in Eastern Bhutan and comparison to Western-Central Nepal. 

References for the ages are given in the text. The width of the translucent vertical purple bands 

representing the change from burial (B) to exhumation (E) is arbitrary. Acronyms used are consistent 

with those defined in the text. References given in diagram: (a) Carosi et al., (2018), (b) Chambers et al., 

(2011), (c) Daniel et al., (2003), (d) Zeiger et al., (2015)
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The melt crystallisation ages of GHS leucosomes (red bars in Figure 6.2) are thought by 

Zeiger et al., (2015) to represent post-peak decompression melting (consistent with their 

zircon trace element data) of the GHS, thus placing a maximum constraint on peak 

metamorphism. For the middle GHS i.e. the region between the proto-KT (this is referred 

to as the proto-KT as movement on the KT is thought to be younger at 12-10 Ma (Kellett 

et al., 2009)) and another potentially cryptic structure, this is >21 Ma, and for the lower 

GHS this is >15 Ma. These ages correspond well to periods of coeval movement on the 

MCT and STD in Bhutan, purported to reflect periods when the GHS experienced 

‘channel flow’ style tectonics at 21-23 Ma and 18-16.5 Ma (show on Figure 6.2. by the 

yellow bars); when only the STD showed movement this reflects ‘critical taper’ style 

tectonics (Chambers et al., 2011). These age constraints (>21 Ma for the upper-GHS and 

>15 Ma for the lowermost GHS) therefore mark the change from burial to ‘channel flow’ 

style exhumation tectonics for these crustal slices (purple bands on Figure 6.2.).

For the Eastern Bhutan kyanite migmatites to represent the melts that weakened part of 

the GHS channel, they must precede these periods of ‘channel flow’ tectonics in 

the lowermost GHS. Zircon crystallisation ages from this study suggest that melt 

was episodically produced between ~34 Ma to ~12 Ma, with pulses of melt production 

at ~21 Ma and ~14 Ma.  

At 21 Ma the area immediately above the KT was being exhumed and the lowermost 

GHS was undergoing prograde metamorphism before peak conditions and the 

initiation of ‘channel flow 2’, and after a period of movement on the MCT 

(Figure 6.2.). Melt generation (inferred from peak zircon crystallisation ages in this 

study) in the lowermost GHS at this time, caused by fluid percolation related to MCT 

movement, could have therefore weakened this tectonic slice leading to channel flow 

style exhumation. Additional evidence that melt weakening was the driver of 

exhumation could instead be provided by the U-Pb monazite and xenotime 

crystallisation ages of 18-16 Ma yielded from a kyanite leucosome by Daniel et 

al., (2003). Whilst being younger than the 21 Ma peak this kyanite leucosome is still 

consistent with prograde melting just prior to ‘channel flow 2’. Note that neither this 

study, nor other published studies, identify the melt-weakening that causes ‘channel 

flow 1’ (see section 6.6.1 for further work). 
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At 14 Ma the lowermost GHS is expected to be in its exhumation phase following peak 

metamorphism >15 Ma and after ‘channel flow 2’ tectonics (Figure 6.2.). Melt generation 

at this time is not consistent with prograde melt-weakening, but could still have 

occurred due to fluids released during motion of the MCT (which underplated and 

dehydrated the LHS below). Zircon ages from all samples analysed contributed to this 

peak at 14 Ma, but as mentioned in Section 4.5.5, the peak is dominated by SPB-049i 

samples, which are from higher up in the GHS but below the KT. There may therefore 

be a time lag due to the distance fluids had to travel up section from the MCT zone.  

6.5.2 Comparison with orogeny in the Western and Central Himalaya 

Despite the orogen-wide features found along the length of the Himalaya, more detailed 

studies are suggesting that similar tectonic processes will be occurring in different areas 

of the Himalaya at slightly different times. Geochronological frameworks and tectonic 

models should only be applied therefore to specific regions. Within Bhutan, the Eastern 

and Central transects (through the major river valleys of the Bumthang Chu and Kuru 

Chu) are often considered together but separate to Western and Northwestern Bhutan, 

where eclogite-facies and granulite-facies metamorphism, and is preserved in the GHS 

alongside evidence for more intra-GHS thrusting along the Laya and Lumgu thrusts 

(Wood, 2019; Warren et al., 2011). Rapid exhumation of these HT/+HP rocks in NW 

Bhutan between 21-15 Ma (Wood, 2019) therefore required different tectonic 

conditions to those proposed for Eastern Bhutan operating at slightly different times. 

Comparing the tectonic model presented above for Eastern Bhutan with that created for 

Western-Central Nepal (i.e. the ‘Carosi model’) reveals slight differences in the timing of 

exhumation for various GHS tectonic slices (Figure 6.2). Exhumation of the uppermost-

GHS (above the Kalopani Shear Zone) occurred much earlier in Nepal (41-30 Ma) than 

in Bhutan (<29 Ma). The middle-GHS was also exhumed earlier in Nepal than Bhutan 

(26-18 Ma versus <21Ma). Both sections however indicated movement along the MCT 

and exhumation of the lower-GHS from ~17-13 Ma. An improved understanding in the 

cause of the lateral variations in exhumation style along the length of the Himalaya is 

required to resolve this lack in synchronicity. The identification of E- and W-dipping 

normal fault structures, such as the Yadong Cross Structure (Kellett et al., 2015; Wu 

et al., 1998), would add detail to a synthesised model across the Himalaya. 
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6.5.3 Implications for other collisional orogens 
The Himalaya have been designated the type-locality for continent-continent collisional 

orogenic systems, with their young age providing both excellent preservation of crustal 

architecture, and excellent (potential) precision on geochronological analyses, meaning 

mountain-building processes can be understood at high spatial resolution and at the 

temporal scale of a few million years. This level of detail is unattainable for older orogens 

for example where a modest 5% precision on a 200 Ma U-Pb zircon age would give you a 

10 Myr uncertainty. This means that the geochronological constraints used to create such 

a complex hybridised tectonic model as above for other orogens may not be possible. 

A number of studies have attempted to draw comparisons between ‘Himalayan-type’ 

collisions and other orogens, including both the Trans-Hudson and Grenville Belts of 

Canada, and the European Variscan Belt and Caledonides (Gee, 2020; Hyndman, 2019; 

Darbyshire et al., 2017; Maierová et al., 2016; Streule, Strachan, et al., 2010; Rivers, 2009; 

St-Onge et al., 2006; Gates et al., 2004). Evaluating the implications for these orogens of 

the results presented here requires a comparison of the similarities and differences 

between these orogens in terms of how crustal melting occurs and how the mid-crust 

was exhumed in these mountain belts. 

The Grenville orogen in particular has been studied extensively as a comparable ‘Large 

Hot Orogen (LHO)’ to the Himalaya, with various iterations of the ‘channel flow’ 

thermomechanical models being applied to it (Rivers, 2009, 2014; Jamieson et al., 2007, 

2010). As a result, it is thought that the extrusion of the mid-crust during the Grenville 

orogen was tectonically rather than viscosity driven, implying that evidence of melt-

weakening should be absent. High pressure melt-present assemblages are however 

common in the Grenville, and kyanite migmatites studied here have improved our 

understanding of kyanite growth, without their tectonic significance being resolved 

(Kendrick and Indares, 2017). 

Despite having a similar thermal evolution to the Himalaya, the Trans-Hudson does not 

present ‘channel flow’ features (inverted metamorphic gradient, STD-style faulting). This 

is thought to reflect the lack of voluminous melt-generation that is attributed to the 

paucity of fertile pelite assemblages within the Paleoproterozoic continental margin units, 

and thus melt-weakening could not occur (St-Onge et al., 2006). 
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The Caledonides do show evidence of widespread in situ melting similar to the Himalaya, 

with small-scale migmatites and large leucogranites found in East Greenland being 

analogous to upper-GHS migmatites and leucogranite bodies (Streule, Strachan, et al., 

2010). This implies that widespread melting in Greenland is a result of decompression and 

not the cause of it. If so evidence of prograde melting needs to be uncovered. Where, if at 

all, these melts are found, it is likely to be highly region specific. No leucogranites have 

been found in the Scandian-aged Caledonian rocks of NW Scotland and Scandinavia, 

either reflecting insufficient P-T conditions for melting, lack of fertile pelite source rocks, 

or reduced fluid activity. 

6.6 Future work 

6.6.1 Increasing evidence for melt-weakening 
Evidence for prograde melt-weakening of GHS is sparse and kyanite migmatites such as 

those studied here are not particularly abundant nor voluminous. Their formation is very 

protolith dependant, being only found in the more pelitic metasedimentary packages and 

they are generally restricted to the first few kilometres above the MCT. The dense 

vegetation and lack of outcrop in Bhutan means that they are often found in river 

channels and thus hard to find in the field. This means they are likely to have been 

overlooked in the past despite their important tectonic implications. Detailed mapping in 

both Bhutan and elsewhere in the Himalaya where more outcrop is available would likely 

uncover more evidence of prograde melting. Particular attention should be paid to 

evidence of melting regions at the base of the bounding faults of GHS-channels i.e. above 

the MCT zone and intra-GHS faults. In the case presented here for Eastern Bhutan I did 

not find evidence for the melt-weakening that caused the first period of channel flow 

tectonics (>21 Ma) above the Kakhtang Thrust. Evidence of prograde melting between 

~26-23 Ma in the in the middle-GHS would support the tectonic model presented above 

(section 6.5). More detailed mapping is also required to find the field evidence to support 

the presence of these often cryptic intra-GHS faults. 
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6.6.2 Constraining P-T conditions 
This study places broad constraints on the P-T conditions that formed the kyanite 

migmatites in the Eastern Himalaya but further work is required in order to constrain how 

these rocks evolved along their respective P-T paths. Pseudosection modelling of kyanite 

migmatites has proved useful in constraining P-T conditions in other studies (Iaccarino et 

al., 2015; Groppo et al., 2012; Imayama et al., 2012; Indares et al., 2008). This requires 

EPMA analyses of individual mineral geochemistry as well as determination of bulk rock 

compositions. Obtaining such bulk rock compositions, however, can be difficult due to the 

heterogeneous nature of migmatites, particularly where the anatectic melt has migrated. 

In these highly domainal rocks it may be more appropriate to determine the local or 

reactive bulk compositions that represent the equilibration volumes present in discrete 

textural domains (Lanari and Engi, 2017; Palin et al., 2016). This could be achieved using 

XMapTools software and thin section EPMA mapping (Lanari, 2019; Lanari et al., 2014, 

2017).  

Alternatively it has been suggested that peak temperature estimates from heterogeneous 

migmatites can be best constrained by constructing equilibrium phase assemblage 

diagrams calculated using the melanosome composition (Koblinger and Pattison, 2017). 

Following the determination of bulk-rock compositions and mineral geochemistry, 

pseudosection modelling and the calculation of phase diagrams using tools such as 

THERMOCALC, PERPLE_X or Theriak-Domino would allow P-T conditions to be more 

precisely constrained. 

6.6.3 Improved geochronological constraints 
U-Pb dating of zircon from petrographic sections in this study proved challenging, as little 

zircon was found and the grains that were observed generally had thin rims. This impeded 

the precision of the geochronological evidence and weakened their subsequent 

interpretations. Mineral separation techniques, such as crushing or SELFRAG, would allow 

a higher yield of dateable accessory phases (e.g. zircon and monazite) and hence facilitate 

more analyses, though microstructural constraints and context would then be lost. Such 

techniques would yield whole-grain geochronology and allow equatorial sections of grains 

to be exposed, thus maximising the size of magmatic rims. Alternatively, LA-ICP-MS depth 

profiling or surface rastering could enable thin rims to be analysed.  
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In addition to zircon, which generally provides information about melt crystallisation, the 

analysis of other geochronometers would provide complementary dates. U-Pb dating of 

monazite (which was observed in the studied kyanite migmatites) would provide 

constraints on both the timing of metamorphism (from monazite in the unmelted schist) 

and melt crystallisation (from monazite in the leucosome).  

U-Pb dating could also be applied to rutile, which is abundant in the kyanite migmatites 

(especially in samples SPB-049i). Rutile has a lower U-Pb closure temperature than both 

zircon and monazite and this would provide constraints on the cooling history of these 

rocks. Furthermore, crystallisation temperatures may be preserved in the cores of large 

rutile grains provided they reached high enough temperatures and cooled sufficiently 

rapidly (Zack and Kooijman, 2017). 

6.6.4 Petrochronology 
The geochronological data presented in this thesis yield a range of ages that could 

represent metamorphic growth, a number of melt crystallisation events, or continual 

crystallisation. Microstructural information and internal zonation of the analysed zircon 

grains can provide some information on the ages that these analyses represent, but these 

constraints could be greatly improved through a ‘petrochronological’ approach (Engi et 

al., 2017b), whereby textural information, trace element or isotopic analysis and 

geochronology are combined, such that the growth of mineral geochronometers can be 

linked to specific processes or mineral reactions. For example, zircon and monazite U-Pb 

analyses can be combined with REE compositions to track changing conditions in the melt 

or the growth of other phases. The Ti-in-zircon thermometer (Ferry and Watson, 2007; 

Watson et al., 2006; Watson and Harrison, 2005) could also provide further temperature 

constraints. 

Determining a number of geochemical tracers on often small, chemically zoned grains is 

now possible with multiple spot analyses being carried out on the same growth zone 

across different analytical sessions and often using different instruments (i.e. SIMS O 

isotopic analysis, followed by LA-ICP-MS U-Pb analyses, followed by LA-ICP-MS REE 

analyses). This requires that grains and zones of interest are large enough for multiple 

spots, and assumes that different analyses are sampling the same growth zone. To 

overcome these difficulties the Laser Ablation Split Stream (LASS) technique has been 
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developed, allowing a single laser spot and thus the same analytical volume of material to 

be split and passed into two mass spectrometers and analysed concurrently (Kylander 

Clark, 2017; Fisher et al., 2011, 2014; Xie et al., 2008; Yuan et al., 2008). The LASS 

technique could therefore be useful for maximising the amount of geochemical 

information gleaned from the thin zircon rims observed in the investigated kyanite 

migmatites, and for any other petrochronometers that require high spatial precision on 

small domains. 

6.6.5 Himalayan tectonics 
Using a combination of improvements in P-T determinations, geochronology, and 

petrochronology as discussed above, greater detail can be added to the ever-growing 

complexity of the Himalayan orogenic system. As new investigations provide us with 

finer-scale observations of mountain-scale processes it is becoming increasingly apparent 

that there are temporal and spatial variations across the Himalayan mountain chain, and 

that along-strike similarities are more appropriately evaluated at a region-specific level. 

This is typified by the development of composite tectonic models (Carosi et al., 2018) in 

order to explain orogen evolution. The discovery of intra-GHS structures is central to 

these models, but it is not yet known the exact nature of such structures, as they are 

often cryptic in the field and have largely been determined by variations in geochronology 

across transects. As suggested by Searle and Treloar (2019) care must be therefore be 

taken when constructing such complex P-T-t-D paths and such work should be 

supplemented by detailed field-mapping. 

6.6.6 Kyanite compositions 
There are a number of different analytical techniques that could improve our knowledge 

of the relationship between CL variations and trace element composition of kyanite. The 

panchromatic greyscale images taken in this study mean there is a loss of colour 

information versus the colour CL imaging techniques, as explored in other studies 

(Peterman et al., 2017; Müller et al., 2016; Horkley et al., 2013). To improve on colour CL 

images using specific ‘wavelength targeting’ it is possible to directly image known 

luminescence activator wavelengths to produce element distribution maps. Furthermore 

new technologies developed by Gatan with their Monarc CL Detector allow for 
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hyperspectral imaging and ‘3D Wavelength-resolved CL spectrum images’ to produce 

multi-element maps quickly and easily (Gatan, n.d.).  

Additional elemental mapping techniques include EPMA X-ray mapping, which, with 

careful calibration, has the potential to measure elements like Fe, Cr and Ti in kyanite. 

This would be a non-destructive technique but would require long counting times. LA-ICP-

MS maps can be analysed for a large number of elements, and for elements in lower 

concentrations than can be measured by EPMA, provided scan speeds are adjusted. EBSD 

techniques suggest that crystallographic orientation does not correlate with CL textures. 

However, it has been successful in identifying sub-grain domains, twin planes, and small 

misorientations (Rezvukhina et al., 2019; Peterman et al., 2017). Further work should be 

undertaken to investigate potential deformation features as the source of intrinsic CL 

responses (Agangi et al., 2016). 

6.6.7 Geochemical cycling 
This study has demonstrated geochemical cycling between kyanite, muscovite, biotite 

and melt in migmatites, though there are a number of other minerals present in these 

rocks that will affect the trace element partitioning between phases (section 6.3). To 

better understand these processes the trace element compositions of other phases 

present such as garnet, feldspars, tourmaline and rutile should be measured. Finer spatial 

scale LA-ICP-MS, EPMA or ion probe mapping of reactant muscovite and biotite would 

also provide improved constraints on the grain-scale geochemical processes that are 

hinted at in this study.  
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8 APPENDIX A: ELECTRON MICROPROBE ANALYSIS (EMPA) 

8.1 BSE Imaging 

Polished thick sections of the Eastern Bhutan migmatite samples were carbon coated and 

imaged using the Cameca SX100 microprobe at the Open University, operated at 20 kV 

and 10-20 nA, at a working distance ~15 mm.  

Backscattered electron (BSE) maps of whole thick sections were also produced using the 

Cameca SX100 microprobe at the Open University. Individual images were taken using 

the Mosaic function, then exported and stitched together using Windows Image 

Composite Editor. 

From whole section EPMA BSE maps muscovite and biotite grains could be easily 

identified based upon BSE brightness. individual grains and regions of interest were 

imaged in greater detail. Where grains were bigger than the largest field of view available 

multiple BSE images were taken and then manually stitched together using Adobe 

Photoshop. 

8.2 Silicate analysis 

Electron microprobe spot analyses were carried out to determine major element 

chemistry of major silicate phases (feldspars, micas, garnet, kyanite) in most samples. 

SiO2 and Al2O3 concentrations were further use in standardisation of kyanite, muscovite 

and biotite LA-ICP-MS data, and major element data used as a secondary check on data 

quality of LA-ICP-MS spot analyses.  

Analyses were carried out over a number of analytical sessions during 2018 and 2019 on 

polished, carbon-coated thick sections, using the Cameca SX100 microprobe equipped 

with 5 wavelength dispersive spectrometers at the Open University. Each of the 

spectrometers were routinely calibrated and verified during each session using a 

selection of in-house standards. Major element reproducibility was checked by analyses 

of an in-house secondary standard (Open University Garnet “NGA”) at the start of each 

session and compared to long term trends (data collected for >10 years). Spectrometers 

used for the following elements were: PET – K, P, Ca, Ti, LIF – Fe, TAP – Si, Mg, Na, Al. 
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Major element analyses were carried out using a standard silicate analysis setup of 20 nA 

beam, 20 kV accelerating current and 10 µm beam size, at a working distance ~15mm. 

The following metal oxides were measured: SiO2, TiO2, Al2O3, FeO, MgO, CaO, Na2O, K2O, 

P2O5, and MnO. Analyses were discarded if oxide totals were < 90%. Average oxide 

compositions of minerals analysed for each sample are given in Table 8.1. 
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8.3 EPMA major element data table 

Table 8.1 - Average oxide compositions of minerals analysed for each sample. 

Location Sample n Mineral SiO2 TiO2 Al2O3 FeO MgO CaO Na2O K2O P2O5 MnO Total 
Yonkola   SPB-021x 48 Biotite 35.84 2.56 18.89 19.31 8.81 0.00 0.20 8.57 0.02 0.09 94.28 

74 Garnet 37.76 0.01 21.20 34.72 4.06 1.00 0.00 -0.02 0.02 2.18 100.95 
5 Kspar 65.14 0.00 17.72 0.00 -0.01 0.02 0.26 14.34 0.00 0.00 97.47 

222 Kyanite 37.13 0.00 63.04 0.15 0.00 0.00 0.00 0.00 0.01 0.01 100.34 
195 Muscovite 46.48 0.43 35.00 1.21 0.76 0.00 0.84 9.43 0.01 0.00 94.16 
131 Plagioclase 64.98 0.01 21.47 0.02 0.00 2.54 10.20 0.19 0.09 0.00 99.51 

SPB-023_3 19 Biotite 37.26 1.49 20.53 13.28 13.39 0.00 0.30 9.42 0.01 0.12 95.81 
33 Kyanite 36.74 0.03 64.90 0.12 0.01 0.00 0.00 0.00 0.05 0.00 101.86 
22 Muscovite 46.34 0.44 36.29 0.90 1.15 -0.01 1.14 10.17 0.02 0.00 96.45 
11 Plagioclase 65.30 0.03 22.33 0.00 -0.01 2.12 10.69 0.25 0.22 0.00 100.93 

Tangmachu   SPB-026bx 30 Biotite 36.28 1.94 18.50 17.24 11.08 0.04 0.37 8.67 0.01 0.04 94.16 
103 Garnet 37.61 0.02 21.05 33.11 4.82 2.12 0.01 -0.02 0.01 1.50 100.23 

87 Kyanite 36.55 0.01 62.13 0.57 0.00 0.00 0.00 0.00 0.01 0.00 99.26 
183 Muscovite 45.99 0.96 32.83 2.46 1.10 0.01 1.29 9.25 0.01 0.00 93.90 

24 Plagioclase 64.14 0.01 21.82 0.10 0.00 2.99 10.16 0.12 0.04 0.00 99.39 
Khoma   SPB-031x 86 Biotite 36.18 3.30 18.75 17.45 9.05 0.03 0.16 8.78 0.07 0.12 93.88 

56 Kspar 63.69 0.02 18.80 0.04 -0.01 0.01 1.87 14.04 0.08 0.05 98.59 
92 Kyanite 36.73 0.01 62.60 0.13 0.00 0.00 0.00 0.00 0.01 0.01 99.47 
24 Muscovite 46.09 0.95 35.61 1.02 0.93 0.00 0.57 10.68 0.01 0.01 95.89 

6 Plagioclase 65.28 0.01 21.34 0.05 -0.01 2.17 10.60 0.23 0.06 0.05 99.77 
W Rollong   SPB-033 14 Biotite 36.36 2.51 19.46 17.68 10.42 0.01 0.37 9.10 0.01 0.03 95.94 

28 Garnet 37.18 0.05 21.59 32.75 3.49 1.54 0.02 0.00 0.02 4.08 100.71 
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22 Kyanite 36.88 0.02 64.28 0.18 0.00 0.00 0.00 0.00 0.02 0.00 101.41 
23 Muscovite 46.58 0.69 35.91 1.18 0.98 0.00 1.31 9.82 0.01 0.00 96.45 

8 Plagioclase 65.50 0.02 22.32 0.01 -0.01 2.35 10.59 0.11 0.11 0.00 101.01 
Rongthung   SPB-035xii 22 Biotite 35.04 1.96 17.88 19.91 9.55 0.01 0.32 8.68 0.01 0.02 93.39 

99 Garnet 36.00 0.01 21.00 35.49 3.83 2.04 0.01 -0.03 0.01 0.79 99.15 
36 Kyanite 35.74 0.01 62.17 0.49 -0.01 0.00 0.00 0.00 0.00 0.00 98.43 
76 Muscovite 44.81 1.03 33.07 2.18 0.84 0.01 1.16 9.41 0.01 0.00 92.52 

SPB-037x 39 Biotite 35.60 2.74 17.82 20.87 8.46 0.03 0.28 8.89 0.01 0.05 94.74 
38 Garnet 37.40 0.03 21.61 34.81 3.89 1.85 0.01 0.00 0.00 1.04 100.65 

1 Kspar 65.71 0.00 17.78 0.58 0.00 -0.01 0.34 15.74 0.01 0.00 100.15 
60 Kyanite 36.97 0.01 62.39 0.46 0.00 0.00 0.00 0.00 0.01 0.00 99.84 
49 Muscovite 46.15 0.58 34.66 2.14 0.67 0.01 1.22 9.53 0.00 0.00 94.97 
97 Plagioclase 63.02 0.01 23.01 0.03 0.00 4.19 9.32 0.14 0.04 0.00 99.75 

Buyong   SPB-048xi 53 Biotite 35.93 2.31 18.68 19.84 9.31 0.01 0.30 8.87 0.01 0.01 95.28 
80 Kyanite 37.04 0.00 63.04 0.42 0.00 0.00 0.00 0.00 0.02 0.00 100.52 

127 Muscovite 46.35 0.73 35.07 1.68 0.67 0.00 1.52 9.00 0.01 0.00 95.03 
45 Plagioclase 65.10 0.00 21.84 0.07 0.00 2.58 10.29 0.12 0.11 0.00 100.11 

SPB-049i 71 Biotite 36.76 1.81 18.22 15.79 12.40 0.01 0.31 8.92 0.00 0.08 94.30 
120 Kyanite 36.83 0.01 62.09 0.50 0.00 0.00 0.00 0.00 0.01 0.00 99.42 

51 Muscovite 45.94 0.55 34.31 1.73 0.76 0.00 1.57 8.96 0.00 0.00 93.82 
66 Plagioclase 63.08 0.00 22.73 0.02 0.00 4.20 9.62 0.09 0.03 0.00 99.78 
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9 APPENDIX B: LA-ICP-MS MAPPING 

9.1 LA-ICP-MS maps 

LA-ICP-MS maps were collected across 13 different grains from East Bhutan Samples. CL 

images (a) and V, Cr and Ge concentrations maps (b, c, d) are presented from  

Figure 9.1 to Figure 9.12. 



The Petrogenesis of Kyanite Migmatites in Eastern Bhutan 

 

  258  

 
Figure 9.1 - a) Cathodoluminescence image and b)-d) LA-ICP-MS trace element maps for SPB-021x_Ky06. 

LA-ICP-MS maps use an auto-contrast scale, with concentrations in ppm, with a 2-median filter.  
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Figure 9.2 - a) Cathodoluminescence image and b)-d) LA-ICP-MS trace element maps for SPB-021x_Ky09a. 

LA-ICP-MS maps use an auto-contrast scale, with concentrations in ppm, with a 2-median filter. 
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Figure 9.3 - a) Cathodoluminescence image and b)-d) LA-ICP-MS trace element maps for SPB-021x_Ky14. 

LA-ICP-MS maps use an auto-contrast scale, with concentrations in ppm, with a 2-median filter. 
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Figure 9.4 - a) Cathodoluminescence image and b)-d) LA-ICP-MS trace element maps for SPB-021xii_Ky03. 

LA-ICP-MS maps use an auto-contrast scale, with concentrations in ppm, with a 2-median filter. 
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Figure 9.5 - a) Cathodoluminescence image and b)-d) LA-ICP-MS trace element maps for SPB-021xii_Ky06a. LA-ICP-MS maps use an auto-contrast scale, with 

concentrations in ppm, with a 2-median filter.  
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Figure 9.6 - a) Cathodoluminescence image and b)-d) LA-ICP-MS trace element maps of SPB-026bx_Ky03 grain. Arrows denote features observed in CL image that are 

also seen in LA-ICP-MS maps. LA-ICP-MS maps use an auto-contrast scale, with concentrations in ppm, with a 2-median filter. 



The Petrogenesis of Kyanite Migmatites in Eastern Bhutan 

 

  264  

 

 
Figure 9.7 - a) Cathodoluminescence image and b)-d) LA-ICP-MS trace element maps for SPB-031_Ky11. 

LA-ICP-MS maps use an auto-contrast scale, with concentrations in ppm, with a 2-median filter. 
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Figure 9.8 - a) Cathodoluminescence image and b)-d) LA-ICP-MS trace element maps for SPB-031_Ky15. LA-ICP-MS maps use an auto-contrast scale, with 

concentrations in ppm, with a 2-median filter. 
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Figure 9.9 - a) Cathodoluminescence image and b)-d) LA-ICP-MS trace element maps for SPB-033_Ky04. LA-ICP-MS maps use an auto-contrast scale, with 

concentrations in ppm, with a 2-median filter. 
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Figure 9.10 - a) Cathodoluminescence image and b)-d) LA-ICP-MS trace element maps for SPB-033_Ky12. LA-ICP-MS maps use an auto-contrast scale, with 

concentrations in ppm, with a 2-median filter. 
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Figure 9.11 - a) Cathodoluminescence image and b)-d) LA-ICP-MS trace element maps for SPB-036_Ky19. LA-ICP-MS maps use an auto-contrast scale, with 

concentrations in ppm, with a 2-median filter. 



Chapter 9 - Appendix B: LA-ICP-MS mapping 

 

      269 

 
Figure 9.12 - a) Cathodoluminescence image and b)-d) LA-ICP-MS trace element maps for SPB-049i_Ky07. 

LA-ICP-MS maps use an auto-contrast scale, with concentrations in ppm, with a 2-median filter. 
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9.2 Median filter comparison 

Median filters (2 pixel) (Lanari, 2019) have been applied to all exported LA-ICP-MS map images to reduce noise but maintain visibility of textural features 

(see section 3.2.4). A comparison between non-filtered and filtered images is shown in Figure 9.13. 

 

Figure 9.13 – Comparison between LA-ICP-MS 

trace element maps produced in XMapTools 

without (a, c, e) and with a 2-median filter (b, d, 

f). Example grains are SPB-021x_Ky06 (a, b), SPB-

021x_Ky14 (c, d), and SPB-026bx_Ky03 (e, f). 
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10 APPENDIX C: LA-ICP-MS TRACE ELEMENT ANALYSES 

10.1 Kyanite grains analysed 

Table 10.1 – List of LA-ICP-MS analyses carried out on individual kyanite grains and the rock type in which 

they are found in the thick section. 

Location Sample Grain Rock Type CL imaging LA-ICP-MS maps LA-ICP-MS spot analyses 

Yonkola  SPB-021x Ky01 Leucosome x  x 

Yonkola  SPB-021x Ky03 Leucosome x  x 

Yonkola  SPB-021x Ky06 Leucosome x x x 

Yonkola  SPB-021x Ky09a Schist x x x 

Yonkola  SPB-021x Ky09b Schist x  x 

Yonkola  SPB-021x Ky10 Schist x x  

Yonkola  SPB-021x Ky12 Leucosome x  x 

Yonkola  SPB-021x Ky14 Leucosome x x x 

Yonkola  SPB-021x Ky23 Leucosome x  x 

Yonkola  SPB-021xii Ky01 Leucosome x  x 

Yonkola  SPB-021xii Ky02a Leucosome x  x 

Yonkola  SPB-021xii Ky02b Leucosome x  x 

Yonkola  SPB-021xii Ky02c Leucosome x  x 

Yonkola  SPB-021xii Ky03 Leucosome x x  

Yonkola  SPB-021xii Ky04 Leucosome x  x 

Yonkola  SPB-021xii Ky06a Leucosome x x  

Yonkola  SPB-021xii Ky07 Leucosome x  x 

Yonkola  SPB-021xii Ky15 Leucosome x  x 

Yonkola  SPB-021xii Ky16 Leucosome x  x 

Yonkola  SPB-021xii Ky17 Leucosome x  x 

Yonkola  SPB-023_3 Ky01 Schist x  x 

Yonkola  SPB-023_3 Ky04 Leucosome x  x 

Yonkola  SPB-023_3 Ky06 Schist x  x 

Tangmachu  SPB-026x Ky01c Leucosome x  x 

Tangmachu  SPB-026x Ky03 Leucosome x x  

Tangmachu  SPB-026x Ky04a Leucosome x  x 

Tangmachu  SPB-026x Ky06 Schist x  x 

S Khoma  SPB-031 Ky02 Leucosome x  x 

S Khoma  SPB-031 Ky03 Leucosome x  x 
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Location Sample Grain Rock Type CL imaging LA-ICP-MS maps LA-ICP-MS spot analyses 

S Khoma SPB-031 Ky06 Leucosome x x 

S Khoma SPB-031 Ky08 Leucosome x x 

S Khoma SPB-031 Ky10 Leucosome x x 

S Khoma SPB-031 Ky11 Leucosome x x x 

S Khoma SPB-031 Ky12 Leucosome x *semi quant x 

S Khoma SPB-031 Ky15 Leucosome x x x 

W Rollong SPB-033 Ky03 Schist x x 

W Rollong SPB-033 Ky04 Schist x x x 

W Rollong SPB-033 Ky12 Leucosome x x x 

W Rollong SPB-033 Ky13 Leucosome x x 

W Rollong SPB-033 Ky14 Leucosome x x 

Rongthung  SPB-035xii Ky01 Schist x x 

Rongthung  SPB-035xii Ky02 Schist x x 

Rongthung  SPB-035xii Ky04 Schist x x 

Rongthung  SPB-035xii Ky06 Schist x x 

Rongthung  SPB-035xii Ky08 Schist x x 

Rongthung  SPB-035xii Ky09 Schist x x 

Rongthung  SPB-035xii Ky12 Schist x x 

Rongthung  SPB-035xii Ky13 Schist x x x 

Rongthung SPB-036x Ky01 Leucosome x x 

Rongthung SPB-036x Ky19 Leucosome x x x 

Rongthung SPB-036x Ky21b Leucosome x x 

Rongthung SPB-036x Ky26 Leucosome x x 

Rongthung SPB-036x Ky27 Leucosome x x 

Rongthung SPB-037x Ky01 Leucosome x x 

Rongthung SPB-037x Ky02 Leucosome x x 

Rongthung SPB-037x Ky04 Leucosome x x 

Rongthung SPB-037x Ky05 Leucosome x x 

Rongthung SPB-037x Ky07 Leucosome x x 

Rongthung SPB-037x Ky08 Leucosome x x 

Buyong SPB-049i Ky05 Leucosome x x 

Buyong SPB-049i Ky07 Leucosome x x x 

Buyong SPB-049i Ky08 Leucosome x x 

Buyong SPB-049i Ky12 Leucosome x x 

Buyong SPB-049i Ky14 Leucosome x x 

Buyong SPB-049i Ky15 Leucosome x 
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10.2 LA-ICP-MS Standard data 

LA-ICP-MS analyses of kyanite, muscovite and biotite were carried out over a number of 

analytical sessions. The majority of kyanite analyses were ran during July 2018 and May 

2019 using the analytical conditions outlined in section 3.2.5. Muscovite and biotite, with 

some additional kyanite analyses were ran in September 2019 using the subtly different 

analytical conditions outlined in section 3.2.5BCR-2G standard analyses ran during these 

sessions were compared to the preferred published values (Jenner and O’Neill, 2012) and 

are shown in Figure 10.1 and in Table 10.2 – Average values of BCR-2G secondary 

standard analyses compared to published values..  

Figure 10.1 – Measured/Preferred values for BCR-2G secondary standard analyses from all LA-ICP-MS 

analytical sessions. Published values from Jenner and O’Neill, 2012. 
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Table 10.2 – Average values of BCR-2G secondary standard analyses compared to published values. 

Published values from Jenner and O’Neill, 2012. 

Preferred BCR ppm 
Mean BCR values 

(n=68) 
SD Mean/Preferred 

Li 8.85 9.21 0.39 1.04 

Sc 34.36 32.82 0.99 0.95 

Ti 14057.19 12810.59 538.84 0.91 

V 435.93 426.34 10.98 0.98 

Cr 17.25 15.79 0.87 0.92 

Mn 1630.00 1528.51 48.57 0.94 

Fe 93600.00 99469.56 3011.80 1.06 

Co 39.65 37.66 1.00 0.95 

Ni 12.63 11.86 0.46 0.94 

Cu 19.62 17.70 0.67 0.90 

Zn 155.80 147.32 6.73 0.95 

Ga 22.90 21.41 0.62 0.94 

Ge 1.81 1.45 0.14 0.80 

Rb 48.69 47.43 1.05 0.97 

Sr 338.78 328.22 9.94 0.97 

Y 32.34 32.15 0.86 0.99 

Zr 180.60 170.56 5.91 0.94 

Nb 12.70 11.58 0.26 0.91 

Mo 268.04 257.24 6.25 0.96 

In 0.10 0.11 0.02 1.14 

Sn 2.26 2.07 0.10 0.91 

Sb 0.33 0.29 0.03 0.88 

Cs 1.20 1.17 0.03 0.97 

Ba 705.50 653.15 15.57 0.93 

La 24.50 23.99 0.59 0.98 

Ce 51.13 50.14 1.23 0.98 

Pr 6.46 6.36 0.19 0.98 

Nd 27.53 26.96 1.10 0.98 

Sm 6.41 6.24 0.29 0.97 
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Preferred BCR ppm 
Mean BCR values 

(n=68) 
SD Mean/Preferred 

Eu 1.98 1.85 0.07 0.94 

Gd 6.29 6.24 0.26 0.99 

Tb 0.97 0.97 0.04 1.00 

Dy 6.08 6.11 0.23 1.00 

Ho 1.24 1.25 0.06 1.01 

Er 3.46 3.47 0.15 1.00 

Tm 0.48 0.48 0.03 1.01 

Yb 3.42 3.29 0.20 0.96 

Lu 0.49 0.48 0.03 0.99 

Hf 4.76 4.73 0.20 0.99 

Ta 0.73 0.70 0.04 0.95 

W 0.51 0.50 0.04 0.98 

Tl 0.22 0.21 0.02 0.98 

Pb 10.90 9.86 0.36 0.90 

Bi 0.05 0.04 0.01 0.90 

Th 5.82 5.71 0.17 0.98 

U 1.66 1.65 0.07 1.00 
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10.3 Kyanite trace element data table 
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10.4 Muscovite trace element data table 
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10.5 Biotite trace element data table 
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10.6 Normalised trace element box plots 

To remove the effect of different samples representing different bulk compositions, 

kyanite, muscovite and biotite spot analyses have been normalised to the average 

composition of that mineral in that sample (sections 3.5.1and 5.3.4.6). The following 

boxplots show the full dataset per element, instead of the averages shown in spider plots 

presented in the text (Figure 3.14, Figure 5.13, Figure 5.14). Box plots therefore 

demonstrate the overlaps in the different grain types (kyanite growth zones - Figure 10.2, 

muscovite types - Figure 10.3, and biotite types - Figure 10.4). 
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Figure 10.2 – Box and whisker plots of normalised trace element compositions of kyanite growth zones from East Bhutan samples, grouped by position. Each data point is normalised 

to the average elemental composition of the kyanite in that sample. The number of analyses used for each plot is shown in the top left panel. Dashed line represents the value of 1.  



The Petrogenesis of Kyanite Migmatites in Eastern Bhutan 

 

  292  

 

Figure 10.3 – Box and whisker plots of normalised trace element compositions of muscovite types from East Bhutan samples, grouped by position. Each data point is normalised to the 

average elemental composition of the kyanite in that sample. The number of analyses used for each plot is shown in the legend. Line represents the value of 1.  
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Figure 10.4 –Box and whisker plots of normalised trace element compositions of biotite types from East Bhutan samples, grouped by position. Each data point is normalised to the 

average elemental composition of the kyanite in that sample. The number of analyses used for each plot is shown in the legend. Line represents the value of 1.
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11 APPENDIX D: ACCESSORY MINERAL IMAGING 

11.1 Zircon CL images – E Bhutan 

 

Figure 11.1- Zircon CL images from sample SPB-021x_1. Zircon numbers are coloured according to the 

mineral in which they are found. U-Pb spot analyses are shown indicating grains analysed and analyses 

that are discordant.  



Chapter 11 - Appendix D: Accessory Mineral Imaging 

 

      295 

 

Figure 11.2 - Zircon CL images from sample SPB-021x_2. Zircon numbers are coloured according to the 

mineral in which they are found. U-Pb spot analyses are shown indicating grains analysed and analyses 

that are discordant.  
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Figure 11.3 - Zircon CL images from sample SPB-021x_3. Zircon numbers are coloured according to the 

mineral in which they are found. U-Pb spot analyses are shown indicating grains analysed and analyses 

that are discordant.  
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Figure 11.4 - Zircon CL images from sample SPB-021x_4. Zircon numbers are coloured according to the 

mineral in which they are found. U-Pb spot analyses are shown indicating grains analysed and analyses 

that are discordant.  
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Figure 11.5 - Zircon CL images from sample SPB-023_1. Zircon numbers are coloured according to the 

mineral in which they are found. U-Pb spot analyses are shown indicating grains analysed and analyses 

that are discordant. 
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Figure 11.6 - Zircon CL images from sample SPB-023_2. Zircon numbers are coloured according to the 

mineral in which they are found. U-Pb spot analyses are shown indicating grains analysed and analyses 

that are discordant. 
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Figure 11.7 - Zircon CL images from sample SPB-023_3. Zircon numbers are coloured according to the 

mineral in which they are found. U-Pb spot analyses are shown indicating grains analysed and analyses 

that are discordant. 
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Figure 11.8 - Zircon CL images from sample SPB-033. Zircon numbers are coloured according to the 

mineral in which they are found. U-Pb spot analyses are shown indicating grains analysed and analyses 

that are discordant.  
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Figure 11.9 - Zircon CL images from sample SPB-033_1. Zircon numbers are coloured according to the 

mineral in which they are found. U-Pb spot analyses are shown indicating grains analysed and analyses 

that are discordant. 
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Figure 11.10 - Zircon CL images from sample SPB-033_2. Zircon numbers are coloured according to the 

mineral in which they are found. U-Pb spot analyses are shown indicating grains analysed and analyses 

that are discordant. 
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Figure 11.11 - Zircon CL images from sample SPB-049i. Zircon numbers are coloured according to the 

mineral in which they are found. U-Pb spot analyses are shown indicating grains analysed and analyses 

that are discordant. 
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Figure 11.12 - Zircon CL images from sample SPB-049i_2. Zircon numbers are coloured according to the 

mineral in which they are found. U-Pb spot analyses are shown indicating grains analysed and analyses 

that are discordant. 
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Figure 11.13 - Zircon CL images from sample SPB-049i_3. Zircon numbers are coloured according to the 

mineral in which they are found. U-Pb spot analyses are shown indicating grains analysed and analyses 

that are discordant. 
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11.2 Zircon CL images – Additional Himalayan samples 

 

Figure 11.14 - Zircon CL images from sample 26D/97. U-Pb spot analyses are shown indicating grains 

analysed and analyses that are discordant. 
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Figure 11.15 - Zircon CL images from sample BH06/61. U-Pb spot analyses are shown indicating grains 

analysed and analyses that are discordant. 
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11.3 Monazite element maps – Himalayan samples 

 

Figure 11.16 - Monazite Th element maps from sample 26D/97. U-Pb spot analyses are shown indicating 

grains analysed and analyses that are discordant. Some grains are only BSE imaged, as indicated. 
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Figure 11.17 - Monazite Th element maps from sample G30. U-Pb spot analyses are shown indicating 

grains analysed and analyses that are discordant. 
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12 APPENDIX E: LA-ICP-MS U-PB ANALYSES 

12.1 LA-ICP-MS (zircon & monazite) operating conditions 

Table 12.1 - Instrumental parameters and metadata for U-(Th)-Pb monazite and zircon geochronology 

(single-collector analyses) as per the recommended reporting template of (Horstwood et al., 2016) 

Laboratory and Sample Preparation 

Laboratory name NERC Isotope Geosciences Laboratory (BGS, Keyworth) 

Sample type/mineral  Zircon & Monazite from Himalayan migmatites and leucogranites 
2018 analyses (Additional Himalayan samples + SPB-033) 

Sample preparation Zircon - in situ polished section  
Zircon & Monazite - Conventional mineral separation, 1-inch resin mount, & in 
situ polished section 
 

Imaging Zircon - cathodoluminescence imaging (SEM-CL) at the Open University 
Monazite – BSE and Y & Th X-ray mapping (EMPA) 

Laser ablation system 

Make, Model and type New Wave Research (ESI) 193UC excimer laser ablation system 

Ablation cell and volume  In-house built low volume cell, volume ca.4 cm3 

Laser wavelength (nm) 193 nm 

 Pulse width (ns)  4 ns 

Fluence (J cm-2) 2.1-2.5 Jcm-2 (zircon) 
2.0 Jcm-2 (monazite)  
 

Repetition rate (Hz) 5-6 Hz (zircon) 
3-7 Hz (monazite) 
 

Ablation duration (s) 23-25 s (zircon) 
22-25 s (monazite) 
 

Ablation pit 
depth/ablation rate 

~ 5 µm 

Spot diameter (µm) 
nominal  

18-8 µm (zircon) 
15µm (monazite) 
 

Sampling mode/pattern  Static spot ablation 

Carrier gas 100% He in the cell, Ar make-up gas combined using a Y-piece 50% along the 
sample transport line to the torch 

Cell carrier gas flow (l 
min-1) 

0.8 l/min 

ICP-MS Instrument 

Make, Model and type Nu Instruments AttoM SC-SF-ICP-MS 
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Sample introduction  Free air aspiration of desolvator 

RF power (W) 1300 W 

Make-up gas flow (l min-
1) 

0.8l/min Ar 

Detection system  Discrete dynode MassCom ion counter 

Masses measured 202, 204, 206, 207, 208, 232, 235  
Additional masses for monazite analyses: 164 & 174 

Integration time per 
peak/dwell times (ms); 
quadrupole settling time 
between mass jumps 

200μs (202, 204, 206, 208, 232), 500μs (207, 235) 
 

Total integration time per 
output data point (s)  

0.22 s 

Detection Efficiency (%, 
element)  

~0.27%, U 

IC Dead time (ns) 15ns 

Data Processing 

Gas blank  60s on-peak zero subtracted 

Calibration strategy  Zircon: 91500 used as primary reference material, others for validation  
Monazite: Stern used as primary reference material, others for validation 
 

Reference Material 
information  

Zircon:  

• 91500 = 1062.4 ± 1.9 Ma (Wiedenbeck et al., 1995, 2004) 
• Plešovice = 337.1 ± 0.2 Ma (Sláma et al., 2008),  
• GJ-1 = 602.3 ± 0.7 Ma (in-house ID-TIMS isotope ratios and Jackson et al. 

(2004)) 

Monazite:  

• Stern = 507.3 ± 0.7 Ma (Concentrations cross-cal'd with Moacir; in-house 
ID-TIMS isotope ratios),  

• Manangotry = 559.3 ± 5.8 Ma (Palin et al., 2013; Paquette et al., 1994) for 
concentrations; in-house ID-TIMS isotope ratios)  

• 44069 = 424.9 ± 0.4 Ma (Aleinikoff et al., 2006). 
• Moacyr = 507.3 ± 0.8 Ma (in-house ID-TIMS isotope ratios; Palin et al., 

2013)  

Data processing package 
used/Correction for LIEF  

Nu Instruments TRA acquisition software, in-house spreadsheet data 
normalisation, uncertainty propagation and age calculation. LIEF correction 
assumes reference material and samples behave identically. 

Mass discrimination 206Pb/238U, 207Pb/206Pb and 208Pb/232Th normalised to reference material 

Common-Pb correction, 
composition and 
uncertainty  

Monazite & zircon: 206Pb = 0.84  
 

Uncertainty level and 
propagation 

Ages are quoted at 2σ absolute, propagation is by quadratic addition. 
Reproducibility and age uncertainty of reference material and common-Pb 
composition uncertainty are propagated where appropriate. 

Quality control/Validation  See figures below in sections 0 and 12.6 
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Table 12.2 - Instrumental parameters and metadata for U-(Th)-Pb monazite and zircon geochronology 

(multi-collector analyses)as per the recommended reporting template of (Horstwood et al., 2016) 

Laboratory and Sample Preparation 

Laboratory name NERC Isotope Geosciences Laboratory (BGS, Keyworth) 

Sample type/mineral  Zircon from Himalayan migmatites  
2019 analyses (All Eastern Bhutan analyses except SPB-033) 

Sample preparation Zircon - in situ polished section  

Imaging Zircon - cathodoluminescence imaging (SEM-CL) at the Open University 
 

Laser ablation system 

Make, Model and type UP193SS (193nm) Nd:YAG laser ablation system (New Wave Research, UK)  

Ablation cell and volume  In-house built low volume cell, volume ca.3 cm3 

Laser wavelength (nm) 193 nm 

 Pulse width (ns)  3-4 ns 

Fluence (J cm-2) 1-3 Jcm-2 (zircon) 

Repetition rate (Hz) 5-6 Hz (zircon) 

Ablation duration (s) 23-25 s (zircon) 
 

Ablation pit 
depth/ablation rate 

~ 5 µm 

Spot diameter (µm) 
nominal  

8 µm (zircon) 

Sampling mode/pattern  Static spot ablation for 30 secs 

Carrier gas 100% He in the cell, Ar make-up gas combined using a Y-piece 50% along the 
sample transport line to the torch 

Cell carrier gas flow (l 
min-1) 

0.8 l/min 

ICP-MS Instrument 

Make, Model and type Nu Instruments, Nu Plasma HR, MC‐ICP‐MS  

Sample introduction  Ablation aerosol combined with co‐aspiration of desolvated Tl‐235U 
tracer  

RF power (W) 1300 W 

Make-up gas flow (l min-
1) 

0.8l/min Ar 

Detection system  mixed Faraday‐multiple ion counting array  

Masses measured 202, 204, 206, 207, 208, 232, 235  

Integration time per 
peak/dwell times (ms); 
quadrupole settling time 
between mass jumps 

200μs (202, 204, 206, 208, 232), 500μs (207, 235) 
 

Total integration time per 
output data point (s)  

0.22 s 



The Petrogenesis of Kyanite Migmatites in Eastern Bhutan 

 

  314  

Detection Efficiency (%, 
element)  

~0.4%, U 

IC Dead time (ns) 15ns 

Data Processing 

Gas blank  30s on-peak zero subtracted 

Calibration strategy  Zircon: 91500 used as primary reference material, others for validation  

Reference Material 
information  

Zircon:  

• 91500 = 1062.4 ± 1.9 Ma (Wiedenbeck et al., 1995, 2004) 
• Plešovice = 337.1 ± 0.2 Ma (Sláma et al., 2008),  
• GJ-1 = 602.3 ± 0.7 Ma (in-house ID-TIMS isotope ratios and Jackson et al. 

(2004)) 
• BB9 = 560 ± 0.4 (Santos et al., 2017) 
• R33 = 419.3 ± 0.4 (Black et al., 2004) 
• Temora2 = 416.78 ± 0.33 Ma (Black et al., 2004)  

Data processing package 
used/Correction for LIEF  

Nu Instruments TRA acquisition software, in-house spreadsheet data 
normalisation, uncertainty propagation and age calculation. LIEF correction 
assumes reference material and samples behave identically. 

Mass discrimination 206Pb/238U, 207Pb/206Pb and 208Pb/232Th normalised to reference material 

Common-Pb correction, 
composition and 
uncertainty  

All zircon analyses: 206Pb = 0.84  
 

Uncertainty level and 
propagation 

Ages are quoted at 2σ absolute, propagation is by quadratic addition. 
Reproducibility and age uncertainty of reference material and common-Pb 
composition uncertainty are propagated where appropriate. 

Quality control/Validation  See figures below in sections 0 and 12.6 
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12.2 Bhutan samples - Zircon U-Pb data table 

Analyses that are striked-through are discordant and/or inherited grains and are not presented in any of the figures in Chapter 4. 
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12.3 Existing samples - Zircon U-Pb data table   
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12.4 Existing samples - Monazite U-Pb data table 
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12.5 Zircon standard data 

 

Figure 12.1 – Weighted mean plots of 206Pb/238U ages from 91500 zircon standard during all analytical 

sessions. 

 

Figure 12.2 – Weighted mean plots of 206Pb/238U ages Plešovice zircon standard during all analytical 

sessions. 

 

Figure 12.3 – Weighted mean plots of 206Pb/238U ages from GJ1 zircon standard during all analytical 

sessions. 
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Figure 12.4 – a) Concordia and b) weighted mean plots of 206Pb/238U ages from BB9 zircon standard from 

2019 analytical sessions. 

 

Figure 12.5 – a) Concordia and b) weighted mean plots of 206Pb/238U ages from R33 zircon standard from 

2019 analytical sessions. 

 

Figure 12.6 – a) Concordia and b) weighted mean plots of 206Pb/238U ages from Temora2 zircon standard 

from 2019 analytical sessions. 
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12.6 Monazite standard data 

 

Figure 12.7 –Weighted mean plots of corrected 206Pb/228Th ages from Stern monazite standard. 

 

Figure 12.8 –Weighted mean plots of corrected 206Pb/228Th ages from 44069 monazite standard. 
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Figure 12.9 –Weighted mean plots of corrected 206Pb/228Th ages from Manangotry monazite standard. 

 

 

Figure 12.10 –Weighted mean plots of corrected 206Pb/228Th ages from Moacyr monazite standard. 
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13 APPENDIX F: CONVENTIONAL GEOBAROMETERS 

Ti-in-muscovite and Ti-in-biotite thermometry (outlined in section 5.3.3) are based on the 

calibrations of Wu and Chen (2015a, 2015b), which require pressure estimates as inputs. 

Geobarometry was calculated using a spreadsheet made available by Dave Waters, 

University of Oxford: (https://www.earth.ox.ac.uk/~davewa/pt/th_tools.html). The 

spreadsheet uses the linearised calibrations Grt-Pl-Al2SiO5-Qtz and Grt-Pl-Ms-Bt 

geobarometers for medium-grade metapelites, based on Powell and Holland (1994) 

dataset. 

Suitable samples containing biotite, garnet, muscovite and plagioclase that had been 

analysed by EPMA were SPB-021x, SPB-026bx, SPB-033, and SPB-037x. EPMA analyses for 

these phases was carried out using the methods described in section 8.2; results were 

converted into formula units and the averages calculated for each mineral from each 

sample. These were inputted and pressures calculated using the GASP, GPMB-MG and 

GPMB-Fe calibrations. Results of calibrations are shown in Table 13.1. These generally 

yielded pressure estimates between 7-9 kbar with SPB-026bx giving slightly higher 

estimates between 8-10 kbar. An average was taken from all three barometers across the 

4 samples (8.18 kbar) and applied to all samples when calculating Ti-in-muscovite and Ti-

in-biotite temperatures (Appendix G Section 14). 

  

https://www.earth.ox.ac.uk/%7Edavewa/pt/th_tools.html
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Table 13.1 - Metapelite geobarometry results. 
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14 APPENDIX G: GEOTHERMOMETRY CALCULATIONS 

14.1 Ti-in-muscovite thermometry 

EPMA major element data was used to calculate Ti-in-muscovite temperatures using the 

geothermometer of (Wu and Chen, 2015a) whereby 

ln[T(°C)] = 7.258 + 0.289 ln(Ti) + 0.158 [Mg/(Fe + Mg)] + 0.031 ln[P(kbar)]. 

Only muscovite analyses that fell within the calibration range of Ti p.f.u. = 0.01–0.07, Fe 

p.f.u.= 0.03–0.16, Mg p.f.u. = 0.01–0.32 and Mg/(Fe+Mg) = 0.05–0.73) (based on 11 

oxygen) were considered. Pressure estimate used was 8.18 kbar based on average 

pressure calculated using conventional geobarometers (Appendix E section 13). Average 

p.f.u. compositions and calculated temperatures are shown in Table 14.1. 

14.2 Ti-in-biotite thermometry 

Biotite thermometry was calculated using EPMA major element data using the calibration 

of (Wu and Chen, 2015b) 

ln[T(°C)] = 6.313 + 0.224 ln(XTi) – 0.288 ln(XFe) – 0.449 ln(XMg) + 0.15 P(GPa) 

Where Xj = j/(Fe+ Mg+ AlVI+ Ti).  

Only biotite analyses that fell within the calibration range of XFe = 0.19–0.55, XMg = 0.23–

0.67, and XTi = 0.02–0.14 (based on 11 oxygen) were considered. Pressure estimate used 

was 8.18 kbar based on average pressure calculated using conventional geobarometers 

(Appendix E Section 13). Average p.f.u. compositions and calculated temperatures are 

shown in Table 14.2. 
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14.3 Thermometry data tables 

Table 14.1 - Average muscovite per formula unit compositions, based on 11 oxygens and calculated temperatures using the calibration of Wu and Chen (2015b) 

Location 
 

Sample n Mineral Si 
PFU 

Ti 
PFU 

Al 
PFU 

Fe 
PFU 

Mn 
PFU 

Mg 
PFU 

Ca 
PFU 

Na 
PFU 

K 
PFU 

Cation 
Sum 

XMg Aliv Alvi Temperature 
°C 

Yonkola   SPB-021x 195 Muscovite 3.11 0.02 2.76 0.07 0.00 0.08 0.00 0.11 0.81 6.95 0.53 0.89 1.87 506 
SPB-023_3 22 Muscovite 3.04 0.02 2.81 0.05 0.00 0.11 0.00 0.15 0.85 7.03 0.69 0.96 1.85 553 

Tangmachu   SPB-026bx 183 Muscovite 3.12 0.05 2.62 0.14 0.00 0.11 0.00 0.17 0.80 7.01 0.44 0.88 1.74 675 
Khoma   SPB-031x 24 Muscovite 3.05 0.05 2.78 0.06 0.00 0.09 0.00 0.07 0.90 7.00 0.62 0.95 1.83 684 
W Rollong   SPB-033 23 Muscovite 3.06 0.03 2.78 0.06 0.00 0.10 0.00 0.17 0.82 7.01 0.60 0.94 1.83 622 
Rongthung   SPB-035xii 76 Muscovite 3.08 0.05 2.68 0.13 0.00 0.09 0.00 0.16 0.83 7.01 0.41 0.92 1.77 688 

SPB-037x 49 Muscovite 3.09 0.03 2.73 0.12 0.00 0.07 0.00 0.16 0.81 7.00 0.35 0.91 1.82 522 
Buyong   SPB-048xi 127 Muscovite 3.08 0.04 2.75 0.09 0.00 0.07 0.00 0.20 0.76 6.99 0.41 0.92 1.83 605 

SPB-049i 51 Muscovite 3.10 0.03 2.73 0.10 0.00 0.08 0.00 0.21 0.77 7.00 0.43 0.90 1.82 559 
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Table 14.2 - Average biotite per formula unit compositions, based on 11 oxygens and calculated temperatures using the calibration of Wu and Chen (2015b) 

Location 
 

Sample n Mineral Si 
PFU 

Ti 
PFU 

Al 
PFU 

Fe 
PFU 

Mn 
PFU 

Mg 
PFU 

Ca 
PFU 

Na 
PFU 

K 
PFU 

Cation 
Sum 

XMg Aliv Alvi Temperature 
°C 

Yonkola   SPB-021x 48 Biotite 2.74 0.15 1.70 1.23 0.01 1.00 0.00 0.03 0.84 7.70 0.45 1.26 0.44 644 
SPB-023_3 19 Biotite 2.72 0.08 1.77 0.81 0.01 1.46 0.00 0.04 0.88 7.78 0.64 1.28 0.49 546 

Tangmachu   SPB-026bx 30 Biotite 2.75 0.11 1.65 1.09 0.00 1.25 0.00 0.05 0.84 7.76 0.53 1.25 0.40 573 
Khoma   SPB-031x 86 Biotite 2.75 0.19 1.68 1.11 0.01 1.03 0.00 0.02 0.85 7.65 0.48 1.25 0.44 694 
W Rollong   SPB-033 14 Biotite 2.71 0.14 1.71 1.10 0.00 1.16 0.00 0.05 0.87 7.75 0.51 1.29 0.43 623 
Rongthung   SPB-035xii 22 Biotite 2.73 0.12 1.64 1.30 0.00 1.11 0.00 0.05 0.86 7.79 0.46 1.27 0.37 585 

SPB-037x 39 Biotite 2.74 0.16 1.62 1.34 0.00 0.97 0.00 0.04 0.87 7.75 0.42 1.26 0.36 655 
Buyong   SPB-048xi 53 Biotite 2.73 0.13 1.67 1.26 0.00 1.05 0.00 0.04 0.86 7.75 0.46 1.27 0.40 618 

SPB-049i 71 Biotite 2.77 0.10 1.62 0.99 0.01 1.39 0.00 0.05 0.86 7.78 0.58 1.23 0.38 555 
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