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Abstract
Aluminosilicates (kyanite, sillimanite and andalusite) are useful pressure–temperature (P–T) indicators that can form in a 
range of rock types through different mineral reactions, including those that involve partial melting. However, the presence 
of xenocrystic or inherited grains may lead to spurious P–T interpretations. The morphologies, microtextural positions, 
cathodoluminescence responses and trace element compositions of migmatite-hosted kyanite from Eastern Bhutan were 
investigated to determine whether sub-solidus kyanite could be distinguished from kyanite that crystallised directly from 
partial melt, or from kyanite that grew peritectically during muscovite dehydration reactions. Morphology and cathodolumi-
nescence response were found to be the most reliable petrogenetic indicators. Trace element abundances generally support 
petrographic evidence, but protolith bulk composition exerts a strong control over absolute element abundance in kyanite. 
Sample-normalised concentrations show distinctive differences between petrogenetic types, particularly for Mg, Ti, V, Cr, 
Mn, Fe and Ge. LA-ICP-MS element maps, particularly combined to show Cr/V, provide additional information about chang-
ing geochemical environments during kyanite growth. Most kyanite in the studied migmatitic leucosomes is of sub-solidus 
origin, with less widespread evidence for peritectic crystallisation. Where present, grain rims commonly crystallised directly 
from the melt; however, entire grains crystallised exclusively from melt are rare. The presence of kyanite in leucosomes 
does not, therefore, necessarily constrain the P–T conditions of melting, and the mechanism of growth should be determined 
before using kyanite as a P–T indicator. This finding has significant implications for the interpretation of kyanite-bearing 
migmatites as representing early stages of melting during Himalayan evolution.

Keywords Kyanite · Migmatite · Trace elements · LA-ICP-MS · Cathodoluminescence

Introduction

Aluminosilicate phases are commonly used to provide broad 
constraints on the pressure–temperature (P–T) conditions 
reached by a wide range of metamorphic and anatectic 
rocks, with kyanite suggesting high-P, sillimanite high-T, 
and andalusite low-P conditions. In sub-solidus metasedi-
mentary rocks, aluminosilicates can form through a variety 
of discontinuous and continuous mineral reactions. During 
partial melting reactions and the subsequent formation of 
migmatites, aluminosilicates may form from incongruent 

melting as peritectic products, may crystallise directly from 
melt, or may occur in melt portions as xenocrysts inherited 
from the metamorphic source. Each sub-or supra-solidus 
petrogenesis, therefore, has different implications for the 
metamorphic evolution of the host rock.

The presence of a particular aluminosilicate polymorph 
plays a critical role in the interpretation of orogenic pro-
cesses. The presence (or absence) of sub-solidus kyanite and 
sillimanite has been used across the Himalayan orogen to 
constrain the P–T conditions of high-grade rocks (Hodges 
2000 and references therein). The presence of kyanite in 
Himalayan leucogranites is commonly interpreted as a sign 
of melting during prograde (high-P) burial (Groppo et al. 
2010; Iaccarino et al. 2015); in contrast, the more wide-
spread sillimanite-bearing leucogranites are generally inter-
preted as the products of later melting related to decom-
pression during exhumation (Harris and Massey 1994; 
Weinberg 2016). The location and age of granite bodies and 
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migmatites containing either kyanite or sillimanite therefore 
underpins evolutionary models of Himalayan formation (i.e. 
the channel flow model of Beaumont et al. 2001), providing 
evidence for prograde or decompression melting. Evaluating 
the petrogenetic history of kyanite in these rocks is there-
fore critical for constraining tectonic models of orogenic 
evolution in general, and models of Himalayan evolution 
in particular.

One of the ways in which kyanite petrogenesis may 
be investigated is through specialised imaging and 
detailed geochemical analyses. Kyanite can incorporate 
100’s–1000’s ppm of Fe, V, Cr and Ti as well as lower 
concentrations of other trace elements (Albee and Cho-
dos 1969; Chinner et al. 1969; Deer et al. 2013; Herz and 
Dutra 1964; Neiva 1984; Pearson and Shaw 1960; Yang 
and Rivers 2001). How these elements vary within kyanite 
grains, however, is poorly understood. Studies of sub-solidus 
rocks have suggested that kyanite preserves growth zoning 
through (poly-)metamorphic cycles (Peterman et al. 2021). 
CL imagery of kyanite has been shown to reveal subtle tex-
tural details that have been linked to trace element variations 
(Horkley et al. 2013; Kendrick and Indares 2017; Müller 

et al. 2016; Peterman et al. 2021; Schertl et al. 2004; Taran-
tola et al. 2019). Different elements may act as CL quenchers 
or activators: Cr and Ti, for example, are known to be CL 
activators, whereas Fe is a known CL quencher (Gaft et al. 
2015; Habermann 2002; Pagel et al. 2000; Wojtowicz 1991). 
Variations in the concentrations of these elements have been 
shown to correlate well with changes in CL intensity (Müller 
et al. 2003). Maps produced by LA-ICP-MS allow quantifi-
cation of spatial variability in trace element concentrations 
that are too low to be resolved by electron microprobe—
these types of maps have previously been used to investigate 
chemical zoning in pyroxene, amphibole, and garnet (George 
et al. 2018; Raimondo et al. 2017; Ubide et al. 2015; Ulrich 
et al. 2009).

Here, we characterise the petrographic and geochemical 
composition of kyanite in metapelitic migmatites in East-
ern Bhutan (Fig. 1). This region provides good exposure 
of a sequence of kyanite-grade rocks over a thickness of 
hundreds of metres (Grujic et al. 2002). Changes in kyanite 
composition were investigated using a combination of opti-
cal petrography, CL imaging, electron microprobe spot anal-
yses, LA-ICP-MS maps (the first instance of this technique 

Fig. 1  Map of sample locations in E Bhutan. Redrawn after Greenwood et al. (2015). Map projection is WGS84, latitude and longitude in deci-
mal degrees. Coordinates for sample locations are provided alongside samples in Table 1
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being applied to kyanite), and LA-ICP-MS spot analyses. 
Our results document microstructurally and geochemically 
distinct zones in kyanite that can be linked to growth during 
sub-solidus, peritectic and supra-solidus reactions. The iden-
tification of xenocrystic kyanite suggests that the presence of 
kyanite in a migmatite or granite alone does not necessarily 
constrain the P–T conditions of melt formation. As many 
previous studies have interpreted the presence of kyanite in 
leucosomes as evidence for the earliest stages of melting in 
the Himalaya, re-evaluation of these instances based on our 
observations may be needed.

Metamorphism and partial melting in the Himalaya

The Himalayan orogen formed as a result of the collision 
of the Indian and Eurasian continents that started approxi-
mately 50 Ma ago and is ongoing today (Hodges 2000; 
Najman et al. 2010). The metamorphic core of the Hima-
laya (the Greater Himalayan Sequence or GHS) comprises 
metapelites and orthogneisses metamorphosed to amphi-
bolite- and granulite facies conditions, which represent the 
metamorphosed strata of a sedimentary wedge deposited on 
the Indian margin, as well as remnants of the underlying 
Indian lower crustal rocks (Cottle et al. 2015). During the 
collision, widespread metamorphism and partial melting 
affected the buried Indian continental crust.

In Bhutan, the GHS is divided into lower and upper 
units by a somewhat cryptic structure: the Kakhtang Thrust 
(Davidson et al. 1997; Grujic et al. 2002). In Eastern Bhu-
tan, the Lower GHS generally comprises kyanite-grade mica 
schists and gneisses with occasional migmatites; kyanite-
grade migmatites have also been reported in the structurally 
lowest parts of the Upper GHS (Daniel et al. 2003 as cited 
in Harris et al. 2004). At structurally higher levels towards 
the Kakhtang Thrust, kyanite–sillimanite gneisses with an 
increasing abundance of leucogranite sills and dykes are 
exposed. Peak P–T conditions of 0.8–1.2 GPa/650–700 °C 
were reached in the Lower GHS immediately above the 
Main Central Thrust (MCT), the pan-orogen structure that 
separates the GHS from the underlying lower grade unit, 
increasing to 1.0–1.4 GPa/750–800 °C 500 m above the 
MCT at ~ 23 Ma (Daniel et al. 2003). The GHS preserves 
widespread evidence for partial melting in the form of mig-
matites and peraluminous (commonly sillimanite-bearing) 
leucogranite bodies dated between 24 and 10 Ma (Harrison 
et al. 1997). Granite formation is generally attributed to mus-
covite dehydration melting of GHS metapelitic assemblages 
that occurred as a result of decompression within the sil-
limanite field during metamorphism along clockwise P–T 
paths (Dasgupta et al. 2009; Harris and Massey 1994; Har-
rison et al. 1999; Rubatto et al. 2013; Visonà et al. 2012). 
This muscovite breakdown occurs through one of the fol-
lowing reactions:

In both reactions, the aluminosilicate (usually sillimanite) 
is formed as a peritectic phase (Dyck et al. 2020; Harris and 
Inger 1992); sillimanite may also crystallise directly from 
the melt (Zen 1988).

The GHS preserves widespread evidence for partial melt-
ing in the form of migmatites and peraluminous leucogran-
ite bodies, with many migmatites being dated at > 24 Ma 
(Groppo et al. 2010; Iaccarino et al. 2015; Imayama et al. 
2012; King et al. 2011; Lee et al. 2004; Prince et al. 2001; 
Rubatto et al. 2013). Crucially a number of these migma-
tites, and especially those which contain kyanite, have been 
cited as evidence for melting under kyanite-grade condi-
tions (Carosi et al. 2015; Iaccarino et al. 2015; Imayama 
et al. 2012; Godin et al. 2001; Groppo et al. 2010; Guil-
mette et al. 2011; Harris et al. 2004; Hodges et al. 1996). 
The implication of these observations is that these particular 
melts formed along the prograde path rather than along the 
retrograde path during decompression. In the Lower GHS 
of Bhutan however, kyanite-bearing migmatites exposed just 
above the MCT appear to be much younger, at 18–16 Ma 
(Daniel et al. 2003), suggesting either that the timing of 
exhumation may not be consistent within the GHS, or oro-
gen-wide (Carosi et al. 2018).

Field descriptions

Nine migmatite samples were collected from the Lower 
GHS in six different locations in Eastern Bhutan (Fig. 1, 
Table 1). All but one of the samples were collected within 
the structurally lowermost part of the Lower GHS, in the 
immediate hanging wall of the MCT. Sample SPB-049i 
was collected from a structurally higher locality within the 
Lower GHS, but still in the footwall of the Kakhtang Thrust. 
Field observations suggest a strong protolith control on the 
presence of melt, with increased evidence of melting in more 
pelitic versus more psammitic regions or layers.

The migmatites comprise discontinuous pale-coloured 
quartzo-feldspathic layers (leucosome) containing varying 
proportions of muscovite + kyanite within a more biotite-
rich matrix (melanosome). The terms leucosome and mela-
nosome are used throughout this contribution as purely 
descriptive terms, based generally on colour or abundance 
of felsic minerals vs. mafic minerals, respectively. All sam-
ples are from deformed leucosomes that are typically no 
bigger than 10 cm and are associated with two-mica ± gar-
net ± tourmaline schists (Fig. 2a). Some 30–50% of the leu-
cosomes are in pinch-and-swell forms or are boudinaged, 
but all are concordant with the foliation of the host schists. 

(1)Ms + Qz + Pl + H2O = Melt + Al2SiO5,

(2)Ms + Qz + Pl = Melt + Kfs + Al2SiO5.
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Leucosome volume in any given outcrop is variable, but 
is typically < 20%. No granitic dykes, veinlets, or feeder 
channels cross-cut the foliation, suggesting little evidence 
of melt migration beyond a scale of tens of metres. Kyanite 
is present in both the leucosome and the melanosome, with 
crystals ranging in size from < 1 cm up to 4 cm (Fig. 2a–c).

Migmatite style, melanosome composition, and leuco-
some volume vary on the hand-sample scale between sam-
ples. The spectrum of sample styles is shown in Fig. 2. In the 

most segregated sample (SPB-023_3; Fig. 2a, d) biotite- and 
tourmaline-rich restitic-melanosome is in sharp contact with 
the leucosome, which contains very rare biotite. In many 
samples, the melanosome resembles the composition of 
the paleosome (unmelted host rock schist) (Fig. 2b), and 
cm-sized rafts of biotite ± garnet schlieren are found in the 
leucosome (Fig. 2e). Melanosome–leucosome contacts are 
more diffuse and more difficult to distinguish in less-segre-
gated samples; in end-member samples (such as SPB-049i) 

Table 1  Mineralogy and sample locations of key kyanite-bearing samples, and the types of kyanite found in them, that are discussed further in 
the text

Mineral abbreviations according to Whitney and Evans (2010)

Latitude Longitude Location Sample Rock type Mineralogy Kyanite types

Tabular Pokiloblastic Corroded Prismatic

27.3499 91.1091 Yonkola SPB-021x Paleosome Pl, Qz, Ms, Bt, Grt, Ky, Chl (retro-
grade), Ilm, Ru, Mnz, Zrn

x

Yonkola SPB-021x Leucosome Pl, Qz, Kfs, Ms, Bt (schlieren), Grt 
(schlieren), Ky, Chl (retrograde), 
Ilm, Ru, Mnz, Zrn

x x x

Yonkola SPB-021xii Leucosome Pl, Qz, Kfs, Ms, Bt (schlieren), Ky, 
Ap, Mnz, Zrn

x x x

Yonkola SPB-023 Paleosome Pl, Qz, Ms, Bt, Ky, Tur, Mnz, Zrn x
Yonkola SPB-023 Leucosome Pl, Qz, Ms, Bt (schlieren), Ky, Tur, 

Mnz, Zrn
x

27.614 91.2125 Tangmachu SPB-026bx Paleosome Pl, Qz, Ms, Bt, Grt, Ky, St (rare), 
Ilm, Ru, Mnz, Zrn

x

Tangmachu SPB-026bx Leucosome Pl, Qz, Kfs, Ms, Bt (schlieren), Grt 
(schlieren), Ky, Sil, Mnz, Zrn

x

27.6691 91.2175 S Khoma SPB-031 Paleosome Pl, Qz, Bt, Grt, Ky, Ilm, Mnz, Zrn x
S Khoma SPB-031 Leucosome Pl, Qz, Kfs, Ms, Bt (schlieren), Ky, 

Ilm, Mnz, Zrn
x Rare Rare

27.3066 91.4888 W Rollong SPB-033 Paleosome Pl, Qz, Ms, Bt, Grt, Ky, Tur (rare), 
Ilm, Ru, Mnz, Zrn

x

W Rollong SPB-033 Leucosome Pl, Qz, Kfs, Ms, Bt (schlieren), 
Grt, Ky, Ilm, Ru, Mnz, Zrn

x x

27.2723 91.5314 Rongthung SPB-035x Paleosome Qz, Ms, Bt, Grt, Ky, Tur, Chl 
(retrograde), Ilm, Mnz, Zrn

x

Rongthung SPB-035x Leucosome Pl, Qz, Kfs, Ms, Bt, Grt, Ky, Sil, 
Chl (retrograde), Ilm, Mnz, Zrn

x x

Rongthung SPB-035xii Paleosome Pl, Qz, Ms, Bt, Grt, Ky, Sil, Tur, 
St (rare), Chl (retrograde), Ilm, 
Mnz, Zrn

x

Rongthung SPB-036x Paleosome Qz, Ms, Bt, Grt, Ky, Tur, Ilm, Ru, 
Mnz, Zrn

x

Rongthung SPB-036x Leucosome Pl, Qz, Kfs, Ms, Bt, Grt 
(schlieren), Ky, Ap, Ilm, Ru, 
Mnz, Zrn

x x Rare

Rongthung SPB-037x Paleosome Qz, Ms, Bt, Grt, Ky, Tur, Ilm, Ru, 
Mnz, Zrn

x

Rongthung SPB-037x Leucosome Pl, Qz, Kfs, Ms, Bt, Grt 
(schlieren), Ky, Ilm, Ru, Mnz, 
Zrn

x x

27.5238 91.5128 Buyong SPB-049i Leucosome Pl, Qz, Kfs, Ms, Bt, Ky, Ap, Ilm, 
Ru, Mnz, Zrn

x
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individual biotite grains are distributed throughout the leu-
cosome (Fig. 2c, f). The schlieren are interpreted to have 
originated in the paleosome and then to have become vari-
ably entrained in, and later disaggregated by, the melt.

Petrography

Detailed petrographic observations were made on all 
samples by optical microscopy and CL imaging in order 
to create a systematic framework for classifying kyanite 
petrogenesis. Thin sections for optical petrography were 
made from each of the samples. All other analyses were 
carried out on 100 μm thick polished sections to preserve 
textural context. Greyscale panchromatic CL images were 

taken using a FEI Quanta 200 3D FIB-SEM equipped with 
a Centaurus Cathodoluminescence Detector at The Open 
University, using a working distance of ~ 13 mm and either 
3.3 nA and 10 kV or 1.0 nA and 15 kV. Contrast and bright-
ness settings were optimised for each analytical session, with 
the aim of highlighting internal variations in kyanite and 
reducing image noise. Where kyanite was in contact with 
strongly luminescent feldspars, brightness was reduced to 
stop excess feldspar luminescence affecting and washing out 
the kyanite luminescence. After acquisition, image bright-
ness was adjusted manually using Adobe Photoshop. For 
large grains individual CL images were manually stitched 
together in Adobe Photoshop.

Distinct restite/leucosome Schlieren present Biotite distributed throughout

1cm
Sharp contact 

L = Leucosome
M = Melanosome

S = Schlieren
R = Restite

L

R

R

L

S

M

L

Yonkola West Tangmachu Buyong

SPB-023_3 SPB-026bx SPB-049i

a

d e f

b c

Fig. 2  Field photographs and thin section photographs illustrat-
ing the range of migmatite types across E Bhutan, classified by the 
degree of segregation and distribution of biotite schlieren. a Outcrop 
at Yonkola West with irregular leucosome lenses in a kyanite-bear-
ing schist, with large kyanite at the contact. b Leucocratic patches in 
garnet-rich kyanite schist at Tangmachu. c Nose of a tightly folded 
biotite-rich leucosome at Buyong. d Sample SPB-023_3 (taken from 

location shown in (a)) showing a distinctive segregation between bio-
tite + tourmaline-rich restite and leucosome. e Sample SPB-026bx 
(taken from location shown in (b)) has a distinctive leucosome–mela-
nosome margin and biotite-garnet schliere. f Sample SPB-049i (taken 
from location shown in (c)) with variable amounts of biotite distrib-
uted throughout the leucosome
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Thin section descriptions

The sampled migmatites comprise metapelitic schists (paleo-
some) composed of biotite + muscovite + quartz + plagio-
clase + kyanite ± garnet ± tourmaline (Table 1), with leucosomes 
of quartz + plagioclase + K-feldspar + muscovite + kyanite that 
commonly host schlieren of biotite ± garnet. A summary of the 
main petrographic features of the samples is below; full sample 
descriptions can be found in the Online Resource S1. Samples 
with names ending in -x denote samples taken from float sam-
ples, generally from small stream valleys that suggest transport 
of material is minimal. Samples ending in -i or -ii indicate where 
multiple thin sections were cut from the same part of the hand 
sample. The sample ending in _3 indicates it is one of multiple 
sections taken from different parts of the same large sample.

SPB-021x comprises a kyanite + garnet paleosome that 
is generally in sharp contact with a leucosome that contains 
kyanite-biotite + garnet schlieren. Garnet and biotite rims 
are typically chloritised. Muscovite is not abundant in the 
paleosome, but is present as both primary laths and as large 
grains surrounding kyanite in the leucosome. SPB-026bx 
has a similar mineralogy and migmatite style, with the addi-
tion of rare staurolite preserved in the schist near garnet 
grains, and fine trails of sillimanite at the margins of feldspar 
porphyroblasts in the leucosome.

SPB-023_3 has a distinctive kyanite + biotite ± gar-
net ± tourmaline restite that is well segregated from the leu-
cosome, which is kyanite-bearing. Tourmaline is up to 1 cm 
long in the restite but commonly only a few mm long in the 
leucosome. Muscovite is common in both the restite and the 
leucosome; it is typically skeletal and associated with quartz 
intergrowths where in contact with plagioclase. Centimetre-
sized K-feldspar porphyroblasts dominate the leucosome.

SPB-031 is comprised of a kyanite + garnet paleosome 
with discontinuous patches of leucosome that are in sharp 
contact with the paleosome. Strongly deformed kyanite 
grains with kink bands are common throughout the paleo-
some and leucosome of this sample. Garnet is not present 
in the analysed thin sections of this sample, though it was 
observed locally in the field. Muscovite is uncommon in 
both the paleosome and leucosome but where present, 
appears in textural equilibrium with surrounding phases.

SPB-033 was collected from a heterogeneous outcrop 
that exposed patches of well-segregated boudinaged granitic 
lenses with no kyanite present, varying to patches containing 
stubby kyanite grains and patches of rock with a higher pro-
portion of leucocratic material. In thin section, the contact 
between the leucosome and paleosome is diffuse, and bio-
tite and garnet-rich schlieren are common in the leucosome. 
Quartz and kyanite are commonly significantly deformed. 
Muscovite is commonly intergrown with biotite.

SPB-035x, -036x and 037x all have similar mineralogy, 
with kyanite + garnet + tourmaline present in the paleosome. 
Sillimanite and rare staurolite is present in the paleosomes 
of SPB-035x. SPB-035x and SPB-036x both preserve sharp 
contacts between paleosome and leucosome. In both sam-
ples, the leucosomes contain kyanite and preserve schlieren 
and muscovite laths (with significantly higher proportion 
of muscovite to biotite in 35x). In sample SPB-037x, the 
leucosome–paleosome contact is much more diffuse and the 
spatial distribution of paleosome, leucosome and schlieren 
is more heterogeneous.

SPB-049i is from an outcrop where there is consider-
able compositional variability from psammitic kyanite-poor 
gneisses that show no evidence of melting to more pelitic 
kyanite schists containing folded leucosomes. Both samples 
are garnet-free. Biotite is typically disaggregated and dis-
tributed throughout the thin sections; however, some diffuse 
paleosome–leucosome contacts are present in other samples 
from the same outcrop. Muscovite is less abundant than bio-
tite in the paleosome, and is present in leucosomes only as 
coarse cm-sized patches surrounding corroded kyanite.

Kyanite morphology

Four different morphological types of kyanite are present in 
the studied samples: tabular (some of which are deformed), 
poikiloblastic, corroded, and prismatic. These morphologi-
cal types are present in different microstructural positions, 
i.e. in the paleosome or the leucosome (Table 2). Multiple 
types of kyanite commonly coexist within a single sample, 
but not all samples contain all kyanite types (Table 2). There 
is no apparent link between type of kyanite and amount of 
leucosome present.

Table 2  Petrogenetic kyanite 
classification based on 
microstructural position, kyanite 
morphology and CL zonation 
observed in E Bhutan migmatite 
samples

Growth mechanism Sub-solidus Peritectic Magmatic

Microstructural position Paleosome Leucosome Leucosome Leucosome Leucosome

Kyanite morphology Tabular Poikiloblastic Poikiloblastic 
and tabular 
(rims)

Prismatic

CL zoning Complex, sector zoning Highly complex Uniform
Grain part Core Core Rim Whole grain
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Large (0.1 to > 2 cm), tabular, stable kyanite crystals 
with no evidence of resorption or alteration at the crys-
tal edges are common in the paleosome and leucosome 
regions of nearly all samples (Fig. 3a). In the paleosome, 
kink bands in kyanite and bent grains suggest post-growth 
deformation.

Poikiloblastic kyanite crystals, commonly 1–4 mm in 
size and present in clusters, contain abundant 0.1–1 mm 
inclusions of rutile and quartz (Fig. 3b) and are associated 
with cuspate quartz lenses along their grain boundaries. 
Poikiloblastic grains are primarily found in sample SPB-
049i and are only found in leucosome domains.

Corroded, ragged, kyanite grains are commonly (and 
exclusively) present in the leucosomes of most samples 
(not in SPB-023, SPB-026bx and SPB-031x), and are 
generally surrounded by large single grains of muscovite 
(Fig. 3c). These grains appear to originally have been of 
a similar size and shape to the tabular kyanite grains in 
the schists.

Thin prismatic crystals, 1–2 mm in length, are only 
associated with leucosome domains, primarily in samples 
SPB-021 × and SPB-021xii (Fig. 3d).

Zoning patterns (CL)

Four distinct zoning patterns (complex, sector, CL-bright, 
and uniform) were recognised in the cores and rims of the 
different morphologies of kyanite within CL images. Core 
and rim regions are commonly delineated by abrupt changes 
in CL intensity.

All tabular grains in the paleosomes are characterised by 
discontinuous patches of complex, streaky, and patchy CL 
responses (Fig. 4a). The cores of corroded kyanite grains 
have similar complex CL zonation (Fig. 4c), and sector zon-
ing is distinguishable in some grains (Fig. 4c, d).

The poikiloblastic kyanite grains record complex internal 
zoning, characterised by bright and dark patches (commonly 
discontinuous) and ‘streaky’ zonation across the grains 
(Fig. 4b). Discrete patches are present within (what appear 
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Fig. 3  Photomicrographs of different morphological kyanite types. 
White scale bars are 500 µm. a Tabular kyanite from paleosome of 
SPB-021x (plane polarised light). b Poikiloblastic kyanite with rutile 
and quartz inclusions in leucosome of SPB-049i (crossed polarised 

light). Melt films are composed of quartz. c Corroded kyanite sur-
rounded by muscovite in leucosome of SPB-021x (crossed polarised 
light). d Thin elongate kyanite in leucosome of SPB-021xii (crossed 
polarised light)
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to be) the same crystal, possibly indicating the presence of 
sub-grain domains within the larger kyanite grain (examples 
can be seen in Fig. 4b but are more visible in other grains).

Uniform CL-bright (and very rarely CL-dark) rims com-
monly surround tabular, poikiloblastic, and corroded kyanite 
grains in the leucosome. Rims on poikiloblastic grains are 
commonly discontinuous (Fig. 4b). The core–rim boundary 
in tabular grains generally mirrors that of the outer crystal 
shape (Fig. 4c); whereas in corroded grains, the core–rim 
boundary is commonly truncated by the irregular edge of the 
crystal (Fig. 4d). Bright kyanite rims and corroded kyanite 
grains are only found in the leucosomes.

The prismatic kyanite found in the leucosome records a 
uniform CL response with muted darker and lighter patches, 
with similar response to the uniform rims on the tabular and 
poikiloblastic grains (Fig. 4e).

Kyanite petrogenesis classification

The petrographic and CL response observations together 
provide sufficient evidence to make preliminary interpreta-
tions of kyanite petrogenesis in these samples. As outlined 
in the introduction, kyanite may form by growth in the solid 
state ('sub-solidus'), as peritectic products of incongruent 
melting (‘peritectic’) or may form during melt crystallisation 

(‘magmatic’). Table 3 outlines the petrographic observa-
tions that allow these different petrogenetic types to be 
differentiated.

Tabular kyanite with complex internal CL zoning is the 
only type of kyanite observed in the migmatite paleosomes 
(Fig. 4a). This type of kyanite is also present in some of 
the leucosomes, forming grain cores commonly surrounded 
by CL-bright rims (Fig. 4c). We therefore interpret these 
tabular grains or grain cores as forming under sub-solidus 
conditions; their presence in the leucosome suggests inherit-
ance of sub-solidus kyanite from the paleosome/host rock by 
entrainment in the melt.

Poikiloblastic kyanite grains that are predominant in the 
leucosomes of sample SPB-049i contain plentiful inclusions 
of quartz (Fig. 4b). Since quartz is a reactant in both musco-
vite melting reactions (1) and (2), these inclusions suggest 
a peritectic origin for the poikiloblastic kyanite (peritectic 
crystals typically contain inclusions of the reactants from 
which they form, Cesare et al. 2015; Dyck et al. 2020; Erd-
mann et al. 2012. Furthermore, cuspate quartz lenses along 
poikiloblastic kyanite grain boundaries (Fig. 3b) may be 
pseudomorphs after melt (Holness and Sawyer 2008; Hol-
ness et al. 2011; Sawyer 1999; Vernon 2011). This observa-
tion further suggests that poikiloblastic kyanite formed while 
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in grain Ky01 in the leucosome of SPB-023_3. d Corroded kyanite 
grain Ky02 in the leucosome of sample SPB-021x showing complex 
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Thin prismatic kyanite grain Ky06 showing plain CL patterns, in the 
leucosome of SPB-021xii
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melt was present but before the melt crystallised, consistent 
with a peritectic origin.

When present, rims on the tabular and poikiloblas-
tic cores are typically concentric and show bright CL 
responses (Fig. 4b, c). Their simple CL pattern and euhe-
dral crystal shape suggest free growth in the presence of 
melt. As these rims are only associated with kyanite in 
the leucosomes, we interpret these to be magmatic rims 
representing syntaxial growth of kyanite during melt 
crystallisation (Hanchar and Miller 1993).

In many samples, kyanite grains are corroded. The 
corroded margins truncate the core–rim boundaries 
observable in the CL images. These grains are generally 
surrounded by single large, optically continuous grains 
of muscovite (Figs. 3c and 4d). Their ragged morphol-
ogy suggests that after crystallisation of the rim on the 
sub-solidus core, the newly formed kyanite subsequently 
partly dissolved into the melt.

The thin prismatic kyanite crystals (Fig.  4e) also 
show a bright, uniform CL response that is similar to the 
response of the magmatic rims on tabular and poikilo-
blastic cores. These grains are only found in leucosomes. 
Prismatic grains are therefore interpreted to have wholly 
crystallised from the melt.

In summary, the petrographic observations made 
through optical microscopy and CL imaging allow three 
kyanite growth types to be clearly distinguished: sub-soli-
dus, peritectic, and magmatic. Kyanite grains in many of 
the Bhutan migmatite samples record multiple episodes of 
growth and dissolution under different conditions, creat-
ing complex grains that require careful investigation to 
unravel their petrogenetic histories.

Geochemistry

Major element analyses

Major element concentrations were measured on carbon-
coated thick sections using the Cameca SX100 micro-
probe equipped with 5 wavelength dispersive spectrom-
eters at The Open University. Each spectrometer was 
routinely calibrated and verified during each analytical 
session using a selection of in-house standards. Major 
element reproducibility was ensured by analysis 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. 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 ~ 15 mm. The following 
oxides were measured:  SiO2,  TiO2,  Al2O3, FeO, MgO, 
CaO,  Na2O,  K2O,  P2O5, and MnO. Analyses were dis-
carded if oxide totals for kyanite were < 99%.

Trace element spot analyses

Spot analyses of 24Mg, 27Al, 29Si, 39 K, 43Ca, 45Sc, 49Ti, 51V, 
53Cr, 55Mn, 56Fe, 60Ni, 65Cu, 66Zn, 71Ga, 74Ge, 90Zr, and 
137Ba were collected using a Photon Machines Analyte G2 
193 nm excimer laser system, equipped with a HelEX II 
laser ablation cell coupled to an Agilent 8800 Triple Quad-
rupole ICP-MS at The Open University.

ICP-MS tuning was carried out on the NIST SRM 612 
glass with a 50 μm spot, 10 Hz, 3.63 J/cm2. 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. Two analyses each of the NIST 612 and BCR-2G 
standards bracketed every 20 unknowns.

Data reduction was carried out using Iolite software 
(Paton et al. 2011). BCR-2G was used as the primary stand-
ard for Mg, Ca, Ti, Mn and Fe. NIST SRM 612 was used as 
the primary standard and BCR-2G as the secondary standard 
for all other elements. 29Si was used as the internal stand-
ardisation element using values either from microprobe 
analyses carried out adjacent to LA-ICP-MS spots, or aver-
age  SiO2 concentrations measured by microprobe for each 
individual kyanite grain.

In order to assess data accuracy and precision, BCR-2G 
analyses were compared to published values (Jenner and 
O’Neill 2012) and long-term laboratory averages (Online 
Resource S2). Trace/major element concentrations measured 
by LA-ICP-MS maps/spots and electron microprobe were 
also compared for consistency (Online Resource S3).

Trace element map acquisition

Kyanite in eight samples was mapped to reveal spatial 
changes in trace element concentrations. Quantitative 
maps of 29Si (used as the internal standardising element), 
51V, 53Cr and 74Ge (chosen based on trends observed in 
spot analyses) were collected in thirteen kyanite grains 
using the LA-ICP-MS system at The Open University (as 
instrumentation described above). Maps were generated 
by moving the sample stage continuously underneath 
the laser beam with a fixed speed and spot size, allowing 
signals to be split into pixels from which compositional 
data can be extracted. The Teledyne Aerosol Rapid Intro-
duction System (ARIS) was used to provide fast signal 
transport and washout rates allowing fast map acquisi-
tion. The He-carrier gas flow was tuned to produce opti-
mal peak separation. Counting times were 29Si = 0.003 ms, 
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51V = 0.0210 ms, 53Cr = 0.0180 ms and 74Ge = 0.0240 ms, 
giving a total sweep time of 80 ms. Tuning was carried out 
using a laser beam masked into a 10 μm square at 50 Hz, 
a fluence of 3.63 J/cm2 and a fixed speed of 30 μm/sec on 
the NIST SRM 612 glass. Mapping was carried out using 
a 10 μm square at 150 Hz, a laser fluence of 2.9 J/cm2, 
using a fixed dosage of either 12 or 15 shots per pixel and 
a scan speed of 125 or 100 μm/sec respectively. A 20 μm 
square spot size was used for mapping larger grains (e.g. 
SPB-049i_Ky07, Online Resource Fig. S7.12). Parallel 
lines were positioned directly below the previous line (i.e. 
10 μm below for 10 μm squares) using the same scanning 
direction (left to right) to ensure the same particle trans-
port properties of each ablation. The NIST SRM 612 glass 
was used as a primary standard, by analysing four lines 
before and after each map. Grain scans took less than 4 h 
and thus, instrument drift was minimal and no correction 
was required.

Laser map data reduction was carried out using HDIP 
LA-ICP-MS imaging software (Teledyne Cetac). Quanti-
fication of count maps was carried out using 29Si as the 
internal standard element based on the average Si con-
centrations for each individual kyanite grain as measured 
by electron microprobe. Standardised data were then 
imported into XMapTools to facilitate the production of 
the final maps (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. A 2-pixel median filter was applied to all 

exported map images to reduce noise but maintain vis-
ibility of textural features (see Lanari 2019). Whilst filter-
ing may blur the sharpness of some interfaces, we do not 
deem this effect to be strong in our maps.

Results

Spot analyses

Trace element concentrations were measured in 227 spots 
in 63 kyanite grains from 10 samples, across all grain 
types and CL zones identified above. Full data tables are 
included in Online Resource S4. The variability in trace 
element concentrations by sample and across different tex-
tural zones is presented in Online Resource S5 and S6. Mg 
(~ 17–350 ppm), Ti (~ 7–105 ppm), V (~ 20–110 ppm), Cr 
(~ 3–2850 ppm), Fe (520–6200), Ga (~ 19–48 ppm) and Ge 
(~ 2–17 ppm) concentrations were above limits of detection 
in all grains. Ca (~ 100–1000 ppm) and Sc (~ 0.15–4 ppm) 
concentrations were mostly, but not always above limits of 
detection. 35 grains in all samples except SPB-031 and SPB-
033, contained measurable amounts of Mn (~ 0.26–3 ppm).

There is considerable variability in absolute trace ele-
ment concentration between samples (see Online Resource 
S5). For example, kyanite in sample SPB-049i contains 
higher concentrations of Sc and Cr; kyanite in SPB-026bx, 
SPB-035xii and SPB-037x and SPB-049i contains higher 
concentrations of Fe. This sample-to-sample variation is 

Fig. 5  Average compositions of 
different kyanite zones, normal-
ised to the average elemental 
composition of all kyanite in 
that sample
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largely independent of kyanite petrogenesis. To filter out the 
effect of bulk enrichment or depletion across different sam-
ples, individual spot concentrations were normalised to the 
average concentration of that element in all of the kyanite 
(regardless of petrogenetic type) in that sample (Fig. 5). We 
recognise that concentrations are usually normalised to an 
average sample bulk rock concentration, but these samples 
are so modally, and therefore chemically, heterogeneous 
that a bulk average is less meaningful. Absolute concen-
trations (non-normalised values) for each kyanite and their 
petrogenetic type are presented in Online Resource S4 and 

normalising values for each element in each sample are pro-
vided in Online Resource S7.

Sub-solidus tabular cores and peritectic poikiloblastic 
cores tend to have similar normalised values for all elements, 
and although there are subtle variations neither petrogenetic 
type shows any particular enrichment or depletion in any 
element. Magmatic rims (on both tabular and poikiloblastic 
cores) are strongly depleted in Mg, depleted in Ti and Mn, 
and relatively enriched in Cr. Magmatic prismatic grains 
are relatively depleted in Ca, Cr, Mn, and Fe, and enriched 
in Sc, Ti and Ge.

Fig. 6  Comparison of zoning 
patterns visible in cathodolumi-
nescence (CL) with LA-ICP-
MS trace element maps of V, Cr 
and Ge. Scale bars are 200 µm. 
Arrows denote features visible 
in the CL image that are also 
present in the LA-ICP-MS 
maps. LA-ICP-MS maps are 
created in XMapTools and use 
an auto-contrast scale, with 
concentrations in ppm, with 
a 2-median filter (see Lanari 
2019)
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Trace element maps

Trace element maps showing key features for each petroge-
netic type are shown in Fig. 6; all mapped grains are docu-
mented in Online Resource S8. Comparisons between LA-
ICP-MS maps and individual spot analyses are provided in 
Online Resource S9 and demonstrate the good agreement 
in measured concentrations of V, Cr and Ge between map 
and spot analyses.

The maps show that absolute V, Cr and Ge concentrations 
vary considerably across individual kyanite grains in differ-
ent samples and between the different petrogenetic types. 
Many features visible in the CL images are also present in 
the trace element maps, including both diffuse and abrupt 
zone boundaries. Not all the elemental maps display all fea-
tures observed in CL. High Cr concentrations tend to cor-
relate well with bright CL features (and vice versa). Changes 
in Cr concentrations tend to be sharp, as they are in CL, 
picking out fine-scale variations. Cracks in kyanite grains 
also tend to be high in Cr. Changes in V concentrations are 
generally more subtle and patchy but often also correspond 
to changes in CL intensity. Ge concentrations measured are 
typically low across all grains with little variation across 
the grain; where there is variation in concentrations this 
often relates to boundaries in CL and Cr or V concentra-
tions changes.

Sub-solidus cores generally have low concentrations of 
all analysed trace elements relative to their rims (Fig. 6a, 
c, e). Complex patchy or streaky CL zoning patterns that 
characterise the sub-solidus tabular cores do not clearly cor-
respond to elemental zoning patterns (Fig. 6a, c). The sector 
zoning visible in the CL images (especially in the core of 
SPB-021 × Ky06) is distinctly highlighted by V concentra-
tions (Fig. 6c).

Peritectic poikiloblastic kyanite core maps show similar 
features to the sub-solidus cores, with patchy CL response 
and patchy trace element zoning being common. Strong 
variations in Cr concentrations correspond well to some of 
the rounded sub-domains identifiable in the CL images, but 
these domains do not directly match changes in V or Ge 
concentrations (Fig. 6b).

Magmatic rims are characterised by brighter CL 
responses, which strongly matches elevated concentrations 
of Cr, and to a lesser degree, Ge (Fig. 6d). Discontinuous 
rims showing narrow bright lines in CL are also visible in 
Cr concentration maps (Fig. 6e). The rim region in kyanite 
grain SPB-021x Ky06 (Fig.  6c) and SPB-026bx Ky03 
(Fig. 6d) shows pseudo-oscillatory zonation, with dark CL 
zones that correspond to Cr-poor regions.

Magmatic prismatic grains (Fig. 6f) show very little vari-
ation in CL response. The corresponding V, Cr and Ge maps 
do show some variation but do not show any clear features. 
This does not appear to be due to lower concentrations of 

V, Cr or Ge, as SPB-031x Ky15 has higher concentrations 
of these elements versus other grains that do show strong 
variations.

As both Cr and V element maps match well to changes 
in intensity in CL images, maps of Cr/V were computed in 
XMapTools (Lanari 2019; Lanari et al. 2014) (Fig. 7a, c, 
e). These maps show excellent correlation with the textural 
features observed in their corresponding CL images (Fig. 7b, 
d, f). In general, a bright CL response corresponds to high 
Cr/V. Cr/V tends to vary between 0 and 3, but extreme ratios 
(up to 19) are recorded in kyanite grains SPB-033x Ky04 
(Fig. 7a), linked to variability in Cr concentrations (SPB-
033x Ky04 maximum Cr =  ~ 1400 ppm versus < 200 ppm 
in other samples).

Discussion

The geochemical data support the evidence from the pet-
rographic and CL observations that kyanite in the Bhutan 
migmatites grew in three different environments (in the solid 
state, as a peritectic product during melting, and crystal-
lising directly from melt). All three datasets offer comple-
mentary and supplementary insights into kyanite petrogen-
esis that could be applied to other orogenic belts to provide 
insight into the conditions and evolution of partial melting 
processes.

Protolith control on trace element concentrations 
in kyanite

Kyanite grains from different locations in East Bhutan show 
distinctive trace element compositions, (Online Resources 
Fig. S5.1); for example, kyanite in samples from Buyong 
(SPB-049i) has higher concentrations of Fe, Cr and Sc com-
pared to other localities. This variation is largely independ-
ent of kyanite petrogenesis; for example, analyses of kyanite 
from Tangmachu (SPB-026bx) and Rongthung (SPB-035x, 
-036x,  -037x), include both sub-solidus and melt-crystal-
lised kyanite but kyanite grains from these locations are all 
still significantly higher in Fe. This suggests that bulk pro-
tolith composition controls abundances of trace elements in 
kyanite, at least for Fe, Cr and Sc.

It has previously been suggested that V and Cr concen-
trations in kyanite are strongly controlled by the protolith 
composition, with distinctive compositional differences 
between kyanites formed in metasedimentary vs. metaba-
saltic rocks (Müller et al. 2016). All samples analysed in this 
study are from the structurally lower portions of the GHS 
unit in Bhutan (Fig. 1), which is composed of pelitic and 
psammitic schists, i.e. sedimentary/felsic in the classification 
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of Müller et al. (2016). The V and Cr concentrations in our 
metasedimentary samples plot across all the fields deline-
ated by the Müller et al. (2016) dataset (Fig. 8), not just the 
sedimentary field, suggesting that these elements may not 
provide useful source discriminators of the protolith, at least 
not in the Himalaya.

Link between CL response and geochemistry

Chromium and Ti are known to be CL activators in kyanite, 
whereas Fe is a known CL quencher (Gaft et  al. 2015; 
Habermann 2002; Pagel et al. 2000; Wojtowicz 1991), and 
variations in these elements have been shown to correlate 
well with changes in CL intensity (Müller et al. 2003). Vana-
dium is not a known activator (Ramseyer and Mullis 2000), 

though it has been suggested as a luminescent centre in syn-
thetic materials (Gaft et al. 2015).

Non-systematic relationships between trace element com-
position and CL zoning patterns in kyanite have previously 
been documented (Horkley et al. 2013; Kendrick and Indares 
2017; Müller et al. 2016; Peterman et al. 2021). The trends 
of high Cr corresponding to bright CL, and high-Ti cor-
responding to blue CL emissions reported in some studies 
(Müller et al. 2016) are not observed in others (Peterman 
et al. 2021). Elements such as Mg, Fe, Ti, and P are thought 
to exert a control over CL response depending on their con-
centrations, but CL intensity alone cannot be used to iden-
tify areas of enrichment or depletion in any element alone 
(Peterman et al. 2021). Similarly we see no clear correlation 
between LA-ICP-MS spot analyses and CL intensity.

Fig. 7  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. Bright 
streaks from bright areas into 
darker areas in the CL images 
are artefacts of nearby high-
intensity phases and poorly 
polished surfaces

ppm/
ppm

0.6

0.4

0.2

0

0.8

1.2

1.0

ppm/
ppm

1.0

0.5

0

1.5

2.0

ppm/
ppm

8
6

10

4
2
0

12

16
14

18

e

f

c

d

a

b

SPB-021x
Ky14

500 µm

SPB-026bx Ky03

500 µm

SPB-033 Ky04

500 µm

Cr/V

Cr/V

Cr/V

CL

CL

CL



 Contributions to Mineralogy and Petrology          (2023) 178:10 

1 3

   10  Page 14 of 19

The trace element maps show that there is some sys-
tematic correlation between CL response and the concen-
trations of V, Cr and Ge, though this relationship is not 
clear for any single element. The strongest correlation 
occurs between CL intensity and Cr/V (Fig. 7). Vana-
dium concentrations document the sector zoning patterns 
in the kyanite cores well, with darker sectors recording 
higher V concentrations. Where CL responses are bright, 
as in rims, patches and margins in grain interiors, these 
match well to high concentrations of Cr, and vice versa. 

Cr variations tend to pick out more detailed features than 
V element maps, which are patchier. Germanium concen-
trations broadly follow the larger contrasts in CL zoning 
(and therefore Cr and V concentrations), but resolution in 
the Ge maps may be limited due to low concentrations (Ge 
is typically < 10 ppm). More work is required to under-
stand both the variability in trace element geochemistry 
in kyanite as well as its link to CL response, but it is clear, 
particularly from Cr/V maps, that kyanite grains are able 
to record changing geochemical conditions as they grow.

Indicators of petrogenesis

Three petrogenetic origins of kyanite have been suggested 
from petrographic observations and CL imagery: sub-solidus 
growth, peritectic growth and growth during melt crystal-
lisation. These observations are summarised in Fig. 9.

Cores of many kyanite grains present in migmatite leu-
cosomes have similar CL zoning patterns and normalised 
trace element concentrations to tabular sub-solidus grains 
present in paleosomes. These observations suggest entrain-
ment or “inheritance” of sub-solidus kyanite grains into the 
melt.

Complex internal CL zoning patterns similar to those 
observed in the sub-solidus (tabular) and peritectic (poikil-
oblastic) kyanite cores have previously been suggested as 
representing “chemomorphs” of previous phases (Horkley 
et al. 2013). The geochemical data support this suggestion, 

Felsic

Sedimentary

0

50

100

150

200

1 10 100 1000 10000
Cr (ppm)

V 
(p

pm
)

Fig. 8  Vanadium versus Cr concentrations in E Bhutan kyanite grains 
(grey squares). Black ellipses represent the distinctions in kyanite 
compositions in felsic, sedimentary, and mafic source rocks suggested 
by the Müller et al. (2016) dataset

Fig. 9  Summary of observa-
tions of the different kyanite 
petrogenetic types observed in E 
Bhutan migmatites and their key 
geochemical indicators. Arrows 
represent relative enrichment or 
depletion in that element

Microstructural
position

Geochemical
evidence

Similar concentrations, regardless of 
microstructural position,

Growth 
mechanism

Kyanite
Morphology

CL zoning

Paleosome Leucosome

Tabular

Complex, sector zoning

Core Core Rim Whole
grain

Sub-solidus

Leucosome Leucosome

Uniform

Melt crystallised

Poikiloblastic 
& tabular 

(rims)
Prismatic

Leucosome

Highly complex

Poikiloblastic

Grain domain

Schematic 
evolution of 

microtextures

Peritectic

Ms

Sc, Ti

Mn, Cr, Fe, Ge
Cr

Mg, Mn, Ti 

Entrained
in melt Corrosion 

of kyanite

Qz inclusions



Contributions to Mineralogy and Petrology          (2023) 178:10  

1 3

Page 15 of 19    10 

with large absolute and normalised ranges in trace element 
concentrations being recorded in these zones.

The sector zoning apparent in the CL images of sub-
solidus kyanite in SPB-021x is also observed in the V ele-
ment map of the same grain (Fig. 6c). Similar sector zon-
ing recorded in Fe, P, Mg and Ti concentrations measured 
by EPMA has been described in kyanite by Peterman et al. 
(2021). Though not widespread in the sub-solidus kyanite 
in this study, this sector zoning could indicate the growth 
of kyanite at the expense of staurolite. Sector zoning is a 
phenomenon long recorded in staurolite from many orogenic 
belts (Hollister 1970) and the crystallographic similarity of 
kyanite and staurolite could enable kyanite to inherit a zon-
ing pattern from staurolite (Horkley et al. 2013). Staurolite 
is also a common precursor to kyanite in metamorphic rocks 
and there are a number of staurolite-out reactions that have 
been linked to kyanite growth for aluminous pelites, includ-
ing but not limited to;

(Daniel et al. 2003; Yang and Rivers 2001). There is no 
textural evidence to indicate reaction between staurolite and 
kyanite in our samples, though relicts of irregular staurolite 
exist in samples SPB-026bx and SPB-035x  adjacent to gar-
net. The lack of direct textural relationship between stauro-
lite and kyanite has previously been noted in the literature, 
even where their coexistence is more petrographically obvi-
ous (Pattison and Spear 2018). There is also no clear textural 
evidence in these migmatites for or against garnet growth 
coeval with kyanite growth or staurolite breakdown.

Poikiloblastic kyanite is interpreted to form peritectically 
during melt-forming reactions. CL imagery suggests that 
clusters of poikiloblastic grains formed by grain coalescence 
during growth. Coalescence may provide an explanation for 
the geochemical diversity of this type of kyanite. The chemi-
cal zoning in individual grains or sub-grains may also have 
later been further modified by diffusive re-equilibrium (Erd-
mann et al. 2012). This may explain why zoning in poikil-
oblastic cores appears strongest in the Cr element maps, 
whereas the zoning in the V and Ge maps is more diffuse 
(Fig. 6b). Due to a lack of diffusion data for trace elements 
in kyanite, we can neither exclude nor confirm the possibility 
that the complex CL textures in the poikiloblastic kyanite 
are a result of diffusive re-equilibrium.

CL-bright (uniform) syntaxial rims and prismatic grains 
(magmatic grains) have been interpreted as having grown 
in the melt. These grains and zones show more uniform 
trace element patterns compared with the sub-solidus and 
peritectic grains, as well as being strongly enriched in Cr 
and depleted in Mg and Ti and Mn. Prismatic grains are 

(3)St + Chl +Ms ⇒ Ky + Bt + H2O,

(4)St +Ms ⇒ Grt + Ky + Bt.

also depleted in Mn, as well as Cr and Fe, and are rela-
tively enriched in Sc, Ti and Ge. Although interpreted to 
have crystallised from melt in a similar manner to the rims 
on other kyanite types, prismatic grains have different and 
highly variable normalised compositions; this elemental 
variability is invisible in CL response.

It is likely that local differences in nucleation kinetics 
within individual migmatites are responsible for the two dif-
ferent types of magmatic kyanite growth, with rims able to 
form epitaxially on existing kyanite grains, and prismatic 
grains nucleating independently. The implication is, there-
fore, that these grains will be crystallising from the melt at 
different times, or in different domains in the melt, meaning 
that they are subject to the changing conditions of the melt 
as other phases crystallise. Phases such as muscovite and 
potentially garnet crystallising from the melt (evidence for 
the latter is unclear in these samples, however) can both 
accommodate the same trace elements as those incorporated 
into kyanite, and will therefore also exert a control over the 
trace element budget of co-crystallising phases. This may 
explain the significant geochemical variability of the mag-
matic kyanite in these migmatites, but quantification of this 
is beyond the scope of this study.

Implications for melt formation

Partial melting of aluminous pelitic protoliths generates Al-
rich melts that are capable of crystallising an aluminosili-
cate on cooling (Zen 1988). Our samples show numerous 
examples of different petrogenetic types of kyanite in close 
proximity to each other. For example, prismatic magmatic 
kyanite grains in sample SPB-021xii occur within centi-
metres of magmatic-rimmed tabular kyanite and corroded 
kyanite grains. The muscovite surrounding the corroded 
kyanite grains suggests a change in the P–T-a(H2O) condi-
tions such that the kyanite is no longer in equilibrium with 
the melt. Such a change could lead to kyanite back-reacting 
with the melt in a reversal of the muscovite-dehydration 
reaction (Kriegsman 2001);

The presence of grains of kyanite recording different 
petrogenetic histories in close proximity to each other sug-
gests very localised variations in geochemical environments 
and disequilibrium on a local scale.

The scarcity of muscovite in the paleosomes of the stud-
ied migmatites implies that muscovite has been consumed 
in muscovite dehydration reactions that produced melt (reac-
tions (1) and (2)), consistent with previous studies of GHS 
rocks (Harris et al. 1995). Both of these reactions produce 
peritectic kyanite, yet peritectic kyanite is recognised in only 
one of the sampled migmatites. This apparent scarcity could 

(5)Melt + Al2SiO5 = Ms + Qz + Pl + H2O.
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be due to a lack of preservation of peritectic kyanite; as it 
will be generated simultaneously with melt, grain bound-
aries are likely to be in contact with melt, which means 
there is a high potential for back-reaction between melt and 
kyanite during cooling. However, unlike the back-reaction 
described above associated with corroded kyanite, musco-
vite is not found surrounding peritectic kyanite, nor does 
peritectic kyanite appear corroded. It is likely, therefore, that 
the apparent scarcity of peritectic kyanite is the result of 
our small sample set that is not necessarily representative 
of the regional distribution of kyanite across the Himalayan 
orogen.

It is also possible that the peritectic kyanite formed as a 
result of dehydration melting of biotite, which would occur 
at higher temperatures after muscovite has been consumed 
(Vielzeuf and Holloway 1988)

Biotite dehydration melting, where reactant biotite com-
position allows, could also cause the resorption of peritectic 
kyanite formed previously by muscovite dehydration, and 
thus may explain the lack of peritectic kyanite in the studied 
samples. There is, however, abundant biotite in both the leu-
cosome and paleosome of all studied samples and there is no 
textural evidence for the breakdown of biotite to form melt. 
The low volumes of leucosome observed in the field also 
indicate that little melt was produced, which also suggests 
that any biotite dehydration melting was limited. We, there-
fore, favour the muscovite dehydration melting reaction(s) 
(1) or (2) as providing the dominant mechanism for melt 
(and peritectic kyanite) production in the studied samples.

The presence of water, as well as controlling the melt-
forming reaction and thus what type of kyanite is produced, 
will also affect the volume of melt produced and the tem-
perature at which melting can occur. At low temperatures, 
fluid-present muscovite dehydration will produce low vol-
umes of melt from fertile lithologies whenever fluid is avail-
able (reaction (1)). Fluid-present melting may, therefore, 
also explain the relative rarity of these kyanite migmatites 
throughout the GHS as a whole, and at an outcrop scale 
where small volume leucosomes are only found in the mica-
rich schists.

Implications for P–T determinations and Himalayan 
tectonics

As a key pressure indicator in metamorphic rocks, kyanite 
is useful for general P–T constraints. Most kyanite grains 
in our migmatite samples formed in multiple growth epi-
sodes by multiple different mechanisms. Caution is there-
fore needed when the presence of kyanite in migmatite leu-
cosomes or granites is used to infer P–T constraints on the 

(6)Bi + Al2SiO5 + P1 + Q = Melt + Gt + (Kfs).

conditions of melting. The majority of the kyanite cores in 
our migmatite samples formed under sub-solidus conditions 
and therefore place no constraints on the P–T conditions at 
which melt formed or crystallised. We can only infer melting 
in the kyanite stability field in samples where peritectic or 
magmatic kyanite has been identified.

In Eastern Bhutan, only samples SPB-021x, SPB-031, 
SPB-036x and SPB-049i provide evidence for kyanite that 
grew via peritectic reactions or during melt crystallisa-
tion. Migmatites in these areas therefore provide evidence 
for melt crystallisation in the kyanite field—interpreted as 
melting along the prograde metamorphic path. Such melts 
are implicated as key evidence for the “channel flow” model 
(Beaumont et al. 2001), whereby early melt-weakening of 
the GHS drove the change from burial to exhumation tecton-
ics. Detailed geochronology is still required to determine 
exactly when the melt formed and hence to provide further 
tests of this model, and/or more recent composite tectonic 
models that consider that different tectonic processes can be 
occurring at different times within the GHS unit and across 
the Himalaya (Carosi et al. 2018). Testing these composite 
models in Bhutan is of particular importance as kyanite-
bearing migmatites have been dated to form much earlier 
(18–16 Ma) (Daniel et al. 2003) here than elsewhere in the 
Himalaya (often older than 24 Ma: Groppo et al. 2010; Iac-
carino et al. 2015; Imayama et al. 2012; King et al. 2011; 
Lee et al. 2004; Prince et al. 2001; Rubatto et al. 2013). 
Combining geochronology with detailed information on 
petrogenesis is required to produce the accurate P-T-t paths 
that are critical for the evaluation of tectonic models in the 
Himalaya and other ancient orogens.

Conclusions

Kyanite grains in migmatites preserve evidence of growth 
through a variety of different mechanisms that may be dis-
tinguished by detailed petrographic observation, CL imag-
ing and geochemical analysis. Trace element abundances 
do not, on their own, allow the recognition of specific pet-
rographic type. However, the geochemical dataset provides 
complementary information that enriches the petrogenetic 
classification scheme based on petrographic observations 
and CL response.

Sub-solidus growth of kyanite is characterised by tabular-
shaped grains or cores with complex internal zoning visible 
in CL. The zoning and variability of chemical compositions 
suggest growth via continuous metamorphic reactions and/
or the inheritance of textures from previous phases such as 
staurolite. The presence of sub-solidus kyanite in the leu-
cosome indicates entrainment of sub-solidus kyanite into 
the melt. Peritectic kyanite, identifiable by poikiloblastic 
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texture, also has complex internal zoning visible in CL, but 
is only found in the leucosome.

CL-bright rims on xenocrystic sub-solidus or peritectic 
kyanite cores that are enriched in Cr and depleted in Mg and 
Ti represent epitaxial kyanite growth on existing grains via 
crystallisation from the melt. Newly crystallised magmatic 
kyanite without complex core domains preserves simple CL 
zoning patterns. These grains show a depletion in Cr and 
enrichment in Sc, Ti and particularly Ge, in comparison to 
other petrogenetic types.

Overall, our datasets show that the presence of kyanite in 
granites or migmatite leucosomes does not necessarily imply 
that the kyanite grew in the presence of melt. The recogni-
tion of different petrogenetic mechanisms by which kyanite 
can grow, along with the recognition that a single grain of 
kyanite can preserve multiple different growth zones that 
are not subsequently resorbed or modified, has implications 
for the interpretation of kyanite-bearing granitic rocks and 
hence for constraining tectonic models of orogenesis.
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