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Abstract The Kathalguri Pluton is a granitic pluton con-

fined within the Palaeo-Mesoproterozoic Shillong Group of

rocks in the Mikir Massif, eastern India. The pluton is

vertically zoned characterized by lower medium- to coarse-

grained equigranular to porphyritic granite and upper fine-

grained equigranular granite. Small to large mafic mag-

matic enclaves (MME) are distributed within the lower

granite, while homogeneous grey-coloured hybrid rocks

dominate the upper granite. From field relationships, tex-

tural features, and mineral chemical analyses we infer that

the Kathalguri Pluton was a vertically zoned felsic magma

chamber that was intruded by mafic magma during its

evolution. The lower portion of the magma chamber was

occupied by crystal mush, while the upper portion was

dominated by melt when mafic magma intruded it. The

occurrence of upper and lower zonations was probably

brought about by fractional crystallization. The presence of

such zonations within the felsic reservoir caused the mafic

magma to interact with the two distinct zones differently,

forming MME in the lower granite and homogeneous

hybrid rocks in the upper portion. The plagioclase com-

positions of the larger MME, smaller MME, hybrid rocks,

and granitic host rocks vary between An41–An47, An34–

An44, An02–An52, and An03–An29 respectively. The alkali

feldspar compositions of the hybrid rocks range from Or84

to Or97, while that of the host granite varies from Or92 to

Or96. The biotite is eastonitic and siderophyllitic in com-

position, while the pyroxene is diopside. The apparent

pressure range of biotite crystallization in the granitic rocks

was calculated at 1.93 to 2.28 kbar, while the biotite

crystallization temperature for the different rock types is in

the range of 628 and 759 8C. Oxygen fugacity estimates

from the biotite suggest that the Kathalguri magmas crys-

tallized at fO2 conditions above the nickel-nickel oxide

(NNO) buffer. Distinct disequilibrium textures indicating

mixing and mingling between the mafic and felsic magmas

are preserved in the smaller MME and homogeneous

hybrid rocks. These textures are mainly found in plagio-

clase crystals, which include resorbed grains, oscillatory

zoned plagioclase, boxy-cellular morphology, and over-

growth texture. Some common magma mingling and

mixing textures like quartz ocelli and back-veining are also

preserved in the smaller MME. An interesting feature

observed in the homogeneous hybrid rocks of our study

area is mantled alkali feldspar in which orthoclase is

mantled by microcline. We propose that this overgrowth

texture formed due to epitaxial crystallization of microcline

on orthoclase owing to mixing between the felsic and mafic

magmas. Such magma mixing event produces a heteroge-

neous system that is in an extreme state of disequilibrium

and facilitates the epitaxial growth of one feldspar on

another. On the other hand, the larger MME of our study

domain shows limited interaction with the felsic host as

indicated by the replacement of clinopyroxene crystals by

amphibole and biotite.
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1 Introduction

The mixing of diverse magmas has been extensively doc-

umented in numerous magmatic domains. Magma mixing

is a process, where two compositionally distinct magmas

associate to form a homogeneous product of intermediate

composition. In many instances, mixing leads to the for-

mation of a heterogeneous product in which the interacting

magmas could be identified in the hybrid rock samples and

is widely referred to as magma mingling. Mixing is initi-

ated when any particle of one magma is brought closer to

the other (Snyder 1997). Thus, for two magmas to mix,

they must be mechanically stretched and folded to decrease

the distance and increase the surface area of contact

between them leading to an increased probability of

chemical diffusion (Ottino 1989; Aref and El Naschie

1995). Even though magma mixing is a conventional

mechanism, understanding the physical and chemical pro-

cesses associated with magma interactions and their influ-

ence on magmatic systems is still an ongoing process

(Perugini and Poli 2012; Sosa-Ceballos et al. 2012; Farner

et al. 2014; Gogoi et al. 2020a). Many pieces of literature

have suggested that the mixing of magmas can play a vital

role in both of diversification of composition in igneous

rocks (Blundy and Sparks 1992; Wiebe 1994; De Campos

et al. 2004) and triggering of highly explosive volcanic

eruptions (Sparks et al. 1977; Snyder 1997; Murphy et al.

1998; Leonard et al. 2002). In addition, the mixing of two

disparate magmas offers significant insight into the

understanding of the evolutionary history of magma

chambers (Huppert et al. 1982; Gogoi et al. 2018; Gogoi

and Chauhan 2021). A variety of magma chambers has

already been documented from different tectonic settings

(Hilderth 1981; Gianetti and Luhr 1983; Wolff and Storey

1984; Worner and Schimincke 1984; Bacon and Druitt

1988; Wolff et al. 1990). Several studies have already

suggested that magma chambers may be internally zoned

and have distinct rheological boundaries, whose occurrence

is primarily attributed to variations in crystallinity of

magma (Hildreth and Wilson 2007; Takahashi and Naka-

gawa 2012; Singer et al. 2014; Gogoi et al. 2018). Thus, the

zoned structure in a magma chamber may be formed by

fractional crystallization. The internal structure of a magma

chamber can be estimated from the differential nature of

the eruptive products from a single eruption cycle (Taka-

hashi and Nakagawa 2012) or through geophysical meth-

ods like seismic tomography (Romero et al. 1993; Tizzani

et al. 2009) or by studying fossilized magma chambers that

preserve evidence of magma mixing (Wada et al. 2004;

Slaby and Martin 2008; Gogoi et al. 2018; Domańska-

Siuda et al. 2019; Gogoi and Chauhan 2021).

Magma mixing also influences the development of dis-

equilibrium textures from megascopic to microscopic scale

(Hibbard 1981; Baxter and Feely 2002; Grogan 2002). The

primary objective of our research is to elucidate the role of

textures depicted by feldspars in a magma mixing envi-

ronment. The study of igneous feldspars is rewarding since

the composition of the crystals in the mixing system

depends on the physical and chemical environment existing

at the time of their formation. As they commonly occur in

both the resident and the invasive magma in felsic-mafic

mixing systems, they provide much information about

mixing processes. Thus, the composition and textures of

feldspars can give an insight into where and when in the

magmatic evolution the mineral was originally formed. It

also provides information about the conditions during the

mixing event (Anderson 1984; Slaby and Götze 2004;

Slaby et al. 2008; Pietranik and Koepke 2009; Gogoi and

Saikia 2018). Various textures of the feldspar minerals

reflect a complex scenario of mixing within the magma

chamber in which the crystals form. Textural evidence in

the form of resorbed feldspars, sieve texture, compositional

zoning, boxy cellular morphology, and overgrowth texture

indicates interaction of felsic and mafic magmas (Tepley

1999). Feldspar is an abundant component in igneous

rocks, having the great capability in providing progressive

records of magma chamber dynamics (Anderson 1983;

Stamatelopoulou-Seymour et al. 1990; Blundy and Shi-

mizu 1991; Singer et al. 1995). Its chemistry and crystal

habit provides important information regarding the petro-

genetic histories of magmatic systems. It is important to

note that, feldspar does not disintegrate; instead it equili-

brates with the changing environment and persists as a

stable crystallizing phase. Hence, the composition and

growth morphology of igneous feldspars give a reliable

record of the crystallization environment and dynamics of

the melt (Anderson 1984).

This paper precisely discusses the field and petro-

graphical observations carried out on the Kathalguri Plu-

ton. This pluton preserves a variety of textural features,

which resulted from the mixing and mingling of an

invading mafic magma with the felsic host. Emphasis is

placed on the compositional and textural analysis of feld-

spars in the felsic, mafic, and intermediate rocks. Our study

possibly documents the first appraisal of magma mixing

events in the Mikir Massif. This work has been carried out

in one of the least investigated terrains of Precambrian

India such that our findings may yield significant insights

in understanding the petrogenetic and geotectonic evolu-

tion of the Proterozoic Shillong Basin.
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2 Geological setting

The Kathalguri Pluton is a part of the igneous intrusives in

the Shillong Group of Rocks of the Mikir Hills Massif. The

Mikir Massif is the easternmost extension of the Assam-

Meghalaya Gneissic Complex (Fig. 1).

2.1 Assam-Meghalaya gneissic complex

The Assam-Meghalaya Gneissic Complex covers an area

of about 25,000 km2, which is the sole representative of

Precambrian rocks in northeast India and is separated from

the Indian Peninsula by the Garo-Rajmahal Graben. The

gneissic complex is restricted primarily in Meghalaya and

partly in Karbi Anglong district and a few other districts of

Assam. The Precambrian rocks are exposed mainly in three

areas: i) Meghalaya Plateau, ii) Mikir Massif and iii) iso-

lated inselbergs in the Brahmaputra valley in Goalpara,

Bongaigaon, Dhubri, Kamrup, Darrang, and Sonitpur dis-

tricts of Assam.

2.2 Mikir Massif

The Mikir Massif is a segment of the Precambrian Assam-

Meghalaya Gneissic Complex, which is separated from the

Shillong plateau by a major N-S fracture zone viz. Kopili

rift. The Mikir Hills Massif spans over an area of about

7000 km2 within 25.5�–27�N latitude and 92.5�–94�E

longitude, forming a horst amidst the vast alluvial tract of

middle Assam. The rocks of Mikir Hills Massif are char-

acterized by Proterozoic basement granite gneisses,

Mesoproterozoic metasedimentary rocks, granites, mig-

matites, granulites, Cambrian granites, and Mesozoic-Ter-

tiary igneous and sedimentary rocks (Mazumder 1986;

Nandy 2001; Chatterjee et al. 2011; Kumar et al. 2017).

The basement gneisses along with the metasedimentary

sequence had been intruded by various felsic and mafic

igneous rocks, which are indicative of different

tectonothermal events.

2.3 Shillong Group

The Mesoproterozoic Shillong Basin is characterized by a

metasedimentary sequence known as the Shillong Group of

rocks that form a part of the Shillong Plateau and Mikir

Hills. The Shillong Group of rocks unconformably overlies

the Basement Gneissic Complex and mainly comprises

metavolcanics and metasediments, which is further divided

into the Upper and Lower Shillong formation. Upper

Shillong Group consists mainly of quartzites intercalated

with phyllite and conglomerate. The Lower Shillong For-

mation is also known as Barapani Formation (Ahmed

1981) comprises mainly of carbonaceous phyllite, thin

quartzite layers, slate, conglomerate, and schists with

calcsilicate rocks. Neoproterozoic, as well as Cambrian

granitic intrusives, are widely distributed within the Shil-

long Group of rocks.

2.4 Kathalguri pluton

The Kathalguri Pluton is a granite magmatic pluton related

to the Pan African orogeny (Majumdar and Dutta 2016;

Dhurandhar et al. 2019). This granitic pluton occurs as an

intrusive body in the metasedimentary sequence, viz.,

Fig. 1 A simplified geological map of India showing the locations of

Assam-Meghalaya Gneissic Complex (AMGC) and Mikir Massif

(MM) in the tectonic framework of the Archean cratons and

Proterozoic mobile belts (modified after Chatterjee and Ghose

2011). The locality of the Kathalguri Pluton is shown by the red

box. Archean cratonic blocks: Bastar Craton (BC), Bundelkhand

Craton (BuC), Dharwar Craton (DC), Singhbhum Craton (SC);

Proterozoic mobile belts: Aravalli Delhi Mobile Belt (ADMB),

Bathani volcano-sedimentary sequence (BVSs), Central India Tec-

tonic Zone (CITZ), Chotanagpur Granite Gneiss Complex (CGGC),

Eastern Ghats Belt (EGB), Mahakoshal Mobile Belt (MMB), North

Singhbhum Mobile Belt (NSMB), Satpura Belt (SB), Son-Narmada

graben (SONA)

Fig. 2 Regional geological map illustrating the Shillong Group of

rocks in the Mikir Massif, Assam (modified after Dhurandhar et al.

2019)
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Shillong Group of rocks (Fig. 2). During the crystallization

history of the magma chamber, the pluton was intruded by

mafic magma leading to magma mixing and mingling. The

Kathalguri Pluton hosts a significant number of mafic to

hybrid enclaves along with xenoliths composed of pure

granite. The lower part of the pluton holds many enclaves

of various sizes and shapes. On the other hand, the distri-

bution of the enclaves is markedly less in the upper part of

the pluton than that of the lower unit.

3 Field relationships

The Kathalguri Pluton is a granitic domain intruded into

the Shillong Group of rocks exposed at Kathalguri village

in Nagaon district of Assam (Fig. 2). The granitic rocks are

coarse to fine-grained as well as leucocratic to mesocratic

in nature. Apart from the granitic rocks, the pluton also

hosts dark-coloured mafic rocks in the form of mafic

magmatic enclaves (MME) and flows (Fig. 3a–c). More-

over, grey-colored hybrid rocks of intermediate composi-

tion are also observed in addition to the granitic and mafic

rocks (Fig. 3d). Hand samples representing the different

varieties of rocks encountered in our study domain are

illustrated in Fig. 4.

The mafic enclaves that are embedded within the

granitic rocks are mesocratic to melanocratic and hetero-

geneously distributed throughout the pluton. The enclaves

exhibit both sharp and diffusive contact with the host

granitic rocks. Extensive amounts of mafic enclaves are

found scattered in the lower part of the pluton. On the other

hand, the enclaves are found to be very scarcely distributed

in the upper part (Fig. 3a). These enclaves are broadly

categorized into two types: (i) larger enclaves, which are

dominantly melanocratic and angular in shape (Fig. 3b).

The melanocratic nature of these enclaves indicates that

they had very limited interaction with the granitic host (ii)

smaller enclaves, which display both angular and rounded

morphology (Fig. 3a). These enclaves are mesocratic to

melanocratic in nature suggesting variable degrees of

interaction with the felsic host.

Along with the mafic enclaves, some mafic flows are

also observed in the study area. These mafic flows are

notably mesocratic in nature. Along with the contacts

between the mafic flows and granites, reaction surfaces are

remarkably distinct. The reaction surfaces indicate the

interaction of the mafic flows with the host granite

(Fig. 3c).

The distinct textual evidence in the form of quartz ocelli

and back-veining was observed in the lower section of the

pluton. The quartz ocelli consist of quartz crystals, which

are encircled by mafic minerals such as biotite and/or

hornblende (Fig. 3e). These ocelli were encountered in the

mafic enclaves of the study area which are transforming

into hybrids due to their interaction with the felsic host.

The quartz crystals forming ocelli were incorporated in the

mafic hybrid magma from the felsic system, in an envi-

ronment where they were unstable and in due course

leading to the development of clusters of quartz crystals

consisting of mafic rims (Vernon 1990; Hibbard 1991;

Baxter and Feely 2002). Some outcrops display intrusion of

granitic veins into the mafic enclaves, which infers back

veining (Fig. 3f). This feature is indicative of interaction

between the invading mafic magma and the host granite.

During the mixing of felsic and mafic magmas, the initial

temperature difference between the two different magma

types is relatively large. This facilitates the mafic magma to

superheat its felsic counterpart and significantly decrease

the viscosity of the latter enabling it to back-vein the mafic

material (Blake 1981; Vernon et al. 1988).

4 Petrography

Petrographical observations are broadly carried out in three

different rock types of the Kathalguri Pluton: (i) mafic

rocks, represented by larger mafic enclaves that are

melanocratic in nature and appear closest in composition to

the invasive mafic magma. These mafic rocks appear to

have been least modified by the felsic host; (ii) granite,

representing the felsic magma; (iii) hybrid rocks, repre-

senting products of felsic-mafic magma interactions. Two

distinct types of hybrid rocks are observed in the form of

smaller mafic enclaves and gray-coloured intermediate

rocks that are homogeneous. These hybrids indicate vary-

ing degrees of interaction between the invading mafic

magma and felsic host.

4.1 Mafic rocks

Samples collected from the larger mafic enclaves consist of

mineral grains, which are mostly anhedral in shape repre-

senting allotriomorphic texture. These rocks are holocrys-

talline. The major constituent phases found in these

enclaves are pyroxene, biotite, plagioclase, amphibole, and

iron oxide. Few of the pyroxene crystals are mantled by

amphibole and biotite suggesting that the latter were pro-

duced at the expense of the former (Fig. 5a).

4.2 Granite

The granite samples are medium to coarse-grained with the

mineral grains ranging from subhedral to anhedral in shape.

These rocks consist of major mineral phases such as biotite,

plagioclase, alkali feldspar, quartz with epidote, muscovite,
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titanite, apatite, zircon, and iron oxide as minor

constituents.

The granitic samples show holocrystalline and allotri-

omorphic texture. In some plagioclase crystals, intergrowth

of branching rods of quartz is observed depicting myrme-

kitic texture. Such quartz intergrowths are also observed in

some alkali feldspar grains representing graphic texture.

Moreover, irregular lamellae of plagioclase within some

alkali feldspar grains are also seen depicting perthitic

texture (Fig. 5b).

4.3 Hybrid rocks

The hybrid rock samples consisting of smaller mafic

enclaves and intermediate rocks have similar mineralogical

and textural assemblages. The constituent mineral phases

found in these rocks include plagioclase, alkali feldspar,

biotite, quartz, amphibole, apatite, chlorite, titanite, and

iron oxide.

Distinct disequilibrium textures indicating mixing and

mingling between the mafic and felsic magmas are seen in

the hybrid rocks. These textures are mainly found in pla-

gioclase crystals, which are subhedral to anhedral in shape.

Fig. 3 Field photographs

displaying a Contact between

the upper and lower granites

demarcated by the yellow

dashed line. The mafic

magmatic enclaves are widely

distributed in the lower granite

b A larger mafic enclave

preserved in the lower granite.

The contact between the upper

and lower granites is shown by

the yellow dashed line c Mafic

flow in the lower granite. Well-

defined reaction surface can be

seen at the mafic-felsic contact

d Homogeneous hybrid rock

e Quartz ocelli f Back-veining
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Several textures like resorbed grains, oscillatory zoned

plagioclase, boxy-cellular morphology, and overgrowth

texture are observed in the plagioclase crystals. One of the

most vital petrographic features observed in these rocks is

the presence of resorbed crystals of plagioclase showing

rounded morphology (Figs. 5c, d). The mineral also shows

oscillatory zoning patterns indicating variations in com-

positional amplitudes at regular intervals within such

crystals (Fig. 5e). Oscillatory zoned plagioclase crystals

are characterized by zones of varying thickness ranging

from 10 to 100 lm. Boxy-cellular morphology with box-

like cells having partially resorbed edges is also seen

(Fig. 5f). Some of the plagioclase crystals are embayed by

distinct, strong normally zoned overgrowth rims. These

rims are a few tens of microns thick and tend to reinstate

the euhedral boundary of the crystal (Fig. 5g).

Another interesting feature observed in the intermediate

hybrid rocks is the overgrowth of microcline on orthoclase

feldspar. The presence of this feature represents epitaxial

crystallization of microcline on orthoclase crystals. The

transition between orthoclase and microcline is sharp,

while the inner orthoclase displays perthitic texture

(Figs. 5h, i).

5 Analytical methods

The mineral composition was determined with the Electron

Probe Micro Analyzer (EPMA) CAMECA SXFive instru-

ment at DST-SERB National Facility, Department of

Geology (Center of Advanced Study), Institute of Science,

Banaras Hindu University. Polished thin sections were

Fig. 4 Hand samples

representing a Coarse-grained

lower granite b Fine-grained

upper granite c, d Homogeneous

hybrid rocks e Smaller mafic

enclave f Larger mafic enclave
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coated with a 20 nm thin layer of carbon for electron probe

micro analyses using the LEICA-EM ACE200 instrument.

The CAMECA SXFive instrument was operated by

SXFive Software at a voltage of 15 kV and 10 nA current

with a LaB6 source in the electron gun for the generation of

an electron beam. The natural silicate mineral andradite

was used as an internal standard to verify the positions of

crystals (SP1-TAP, SP2-LiF, SP3-LPET, SP4-LTAP, and

SP5-PET) to corresponding wavelength dispersive (WD)

spectrometers (SP). The following X-ray lines were used in

the analyses: F-Ka, Na-Ka, Mg-Ka, Al-Ka, Si-Ka, P-Ka,

Cl-Ka, K-Ka, Ca-Ka, Ti-Ka, Cr-Ka, Mn-Ka and Fe-Ka.

Natural mineral standards fluorite, halite, apatite, periclase,

corundum, wollastonite, orthoclase, rutile, chromite, rho-

donite, and hematite standard supplied by CAMECA-

AMETEK were used for routine calibration, X-ray ele-

mental mapping, and quantification. Routine calibration,

quantification, acquisition, and data processing were car-

ried out using SxSAB version 6.1 and SX-Results software

of CAMECA. The precision of the analysis is better than

1% for major element oxides and the error on trace ele-

ments concentrations varied between 3 and 5% based on

repeated analysis of standards (Chauhan et al. 2020; Gogoi

et al. 2021).

6 Mineral chemistry

6.1 Plagioclase

Plagioclase occurs as a major mineral phase in all the

different rock types of our study area. Representative

EPMA analytical data of plagioclase occurring in the larger

mafic enclaves of Kathalguri Pluton are given in Supple-

mentary Table 1. Altogether eight single-point analyses of

individual plagioclase grains from the sample MM4 are

reported. The analyzed data of plagioclase plots in the field

of andesine (Fig. 6a) with An content ranging from An41 to

An47.

Altogether seven single-point analyses of individual

plagioclase grains were carried out in sample MF6 repre-

senting the granitic rocks. The representative data of pla-

gioclase from the granite sample are given in

Supplementary Table 2. Here, plagioclase compositions

Fig. 5 Photomicrographs displaying a Association of pyroxene and biotite in the larger mafic enclaves or mafic rocks b Graphic, myrmekite and

perthitic texture preserved in the granitic rocks c, d Resorbed plagioclase grains in the hybrid rocks e Oscillatory zoning in plagioclase f Boxy-

cellular plagioclase g Sieve-textured plagioclase crystals with normally zoned overgrowth rims h, i Mantling of perthitic orthoclase by

microcline. Mineral abbreviations: Bt = Biotite, Di = Diopside, Mc = Microcline, Or = Orthoclase, and Pl = Plagioclase
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plot in the fields of albite and oligoclase (Fig. 6b) with An

content ranging from An3 to An29.

Core-rim analyses of plagioclase grains were carried out

in the hybrid rocks, which include smaller mafic enclaves

and homogeneous intermediate rocks. Three samples, viz.

MF8, MF16, and MH9 were analyzed from the interme-

diate rocks, while one sample, viz. MM1 was analyzed

from the smaller mafic enclaves. Core-rim analyses (Sup-

plementary Table 3) were carried out in a single oscillatory

zoned plagioclase crystal of sample MM1 plot in the field

of andesine (Fig. 6c). The analyzed plagioclase grain

clearly shows oscillatory zoning illustrated by many dis-

tinct calcic spikes (Fig. 7a). Such calcic spikes in plagio-

clase serve as strong evidence of magma mixing (Hibbard

1991; Baxter and Feely 2002; Gogoi and Chauhan 2021).

On the other hand, the analytical data of two plagioclase

grains from the sample MF8 (Supplementary Table 4) plot

in the fields of albite and oligoclase (Fig. 6d). The com-

positions of three plagioclase grains are plotted in the fields

of andesine and labradorite (Fig. 6e) for the sample MF16

(Supplementary Table 5). Furthermore, compositions of

one plagioclase grain from the sample MH9 (Supplemen-

tary Table 6) plot in the fields of oligoclase, andesine, and

labradorite (Fig. 6f). The core-rim analyses of plagioclase

from the three samples representing the homogeneous

intermediate rocks show an overall normal zoning pattern

with less pronounced calcic spikes (Fig. 7b–g). Of partic-

ular importance are the plagioclase analyses of sample

MF8 that display a pronounced calcic spike towards the

rim followed by a strongly normally zoned rim (Fig. 7c, d).

Such strongly normally zoned rims over partially resorbed

plagioclase crystals have been reported from other magma

mixing scenarios (Tepley et al. 1999).

6.2 Alkali feldspar

Representative EPMA analyses of alkali feldspar were

carried out in the granitic as well as homogeneous inter-

mediate rocks of Kathalguri Pluton. This mineral is not

found in the larger mafic enclaves of our study area. A total

of eight single-point analyses were obtained from indi-

vidual alkali feldspar grains occurring in the granite sample

MF6 (Supplementary Table 7). Here, the alkali feldspar

compositions plot in the field of orthoclase (Fig. 8a) with

Or content ranging from Or92 to Or96. Consequently, core-

rim analyses were obtained from alkali feldspar grains

occurring in the homogeneous hybrid rock samples, viz.

MF8, MF16, and MH11. The analytical data of alkali

feldspar from the three hybrid samples are provided in

Supplementary Tables 8, 9, and 10. The alkali feldspars

from the three samples show similar compositions and

plots in the field of orthoclase (Figs. 8b–d). Moreover, the

presence of orthoclase-microcline transformation in the

sample MH11 does not have any influence on the overall

feldspar composition, i.e., the orthoclase-microcline tran-

sition is not characterized by any marked compositional

change.

6.3 Pyroxene

Representative data of pyroxene from the larger mafic

enclaves (sample MM4) are reported in Supplementary

Table 11. A total of ten data points were analyzed from

individual pyroxene grains present in MM4. The pyroxene

formula was calculated based on six oxygen atoms

(Morimoto et al. 1988) and the entire pyroxene data plot in

the field of diopside (Fig. 9).

6.4 Biotite

It is present as a major mineral phase in all the different

varieties of rocks of our study area. Biotite compositions

were determined from each of the vivid rock types to

understand the magma mixing process in the Kathalguri

Pluton. The biotite endmember calculation was performed

based on 22 oxygen atoms and Fe2?–Fe3? segregation of

Fig. 6 Nomenclature of plagioclase occurring in the a Larger mafic

enclaves b Granitic rocks c Smaller mafic enclaves d, e, f
Homogeneous hybrid rocks
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total iron content (FeOt) was done using the charge balance

procedure of Dymek (1983).

Representative EPMA analyses of biotite from the mafic

rocks or larger mafic enclaves (Sample MM4) are presented

Fig. 7 Core-rim analyses of plagioclase showing anorthite content in mol% from the a Smaller mafic enclaves b, c, d, e, f, g Homogeneous

hybrid rocks
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in Supplementary Table 12. Biotite from this particular rock

plots in the fields of eastonite and siderophyllite (Fig. 10).

On the other hand, biotite compositions from the felsic or

granitic rocks (Sample MF6) cluster in the region of

siderophyllite (Fig. 10; Supplementary Table 13). Mean-

while, biotite analyses were also carried out in the smaller

mafic enclaves (Sample MM1; Supplementary Table 14) and

homogeneous hybrid rocks (Samples MH11 and MF16;

Supplementary Table 15). On the Aliv vs. Fe/Fe ? Mg

classification plot (Speer 1984), biotite from the smaller

mafic enclaves clusters in the field of siderophyllite, while

those from the homogeneous hybrid rocks range in compo-

sition from siderophyllite to eastonite (Fig. 10). Overall, the

compositions of biotite from the smaller enclaves and

homogeneous hybrids plot within the compositional domain

of the felsic and mafic biotites forming a continuous linear

trend, which suggests the role of magma mixing in the

studied pluton. Moreover, in the Mg vs. Fe/Fe ? Mg and Fe

vs. Fe/Fe ? Mg plots (Fig. 11a, b), compositions of biotite

from the mafic, felsic, and hybrid rocks display linear trends.

Biotite occurring in the granite is Fe-rich, while those

occurring in the larger mafic enclaves are Mg-rich. The

compositions of biotite from the smaller mafic enclaves and

homogeneous hybrid rocks fall within the Mg- and Fe-rich

biotites and their Mg–Fe abundances vary linearly. Such

signatures suggest the rocks under investigation have been

affected by magma mixing (Gogoi et al. 2020b).

7 Discussion

7.1 Crystallization conditions of the Kathalguri

pluton

7.1.1 Temperature and oxygen fugacity

The crystallization temperature of biotite can be estimated

from its Ti content and XMg values. The Ti contents of

Fig. 8 Nomenclature of alkali

feldspar occurring in the

a Granitic rocks b, c, d
Homogeneous hybrid rocks

Fig. 9 Ca–Mg–Fe pyroxene classification plot displaying the com-

position of clinopyroxene from the larger mafic enclaves

Fig. 10 Aliv vs. Fe/Fe ? Mg classification plot showing the compo-

sition of biotite from the mafic, felsic, and hybrid rocks of the

Kathalguri Pluton. Colors represent: green = mafic rocks or larger

mafic enclaves, red = granitic rocks, blue = smaller mafic enclaves,

and pink = homogeneous hybrid rocks
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biotite from the mafic, felsic, and hybrid rocks were plotted

against XMg values in the Ti vs. Mg/(Mg ? Fe) diagram of

Henry et al. (2005). Results drawn from the Ti-in-biotite

geothermometer suggest that the biotites from the different

rock types crystallized at a range of temperatures spanning

between 600 and 750 8C (Fig. 12). Biotite crystallization

temperatures were also evaluated applying the geother-

mometer of Luhr et al. (1984). Luhr’s thermometer eval-

uates the crystallization temperature of biotite using the

empirical formula

T Kð Þ ¼ 838= 1:0337� Ti=Fe2þ� �
ð1Þ

This particular geothermometer estimated the crystal-

lization temperatures of biotite to vary between 628 and

759 �C (Supplementary Tables 12-15). Thus, both the

geothermometers give similar biotite crystallization tem-

peratures for the mafic, felsic, and hybrid rocks of the

Kathalguri Pluton. It has to be noted here that biotite from

the mafic rocks or larger mafic enclaves shows higher

crystallization temperatures in comparison to that of the

felsic and hybrid rocks (Fig. 12).

Biotite composition can also play an important role to

ascertain the oxygen fugacity conditions that existed during

magma crystallization. Wones and Eugster (1965) postu-

lated the empirical correlation between biotite composition

and oxygen fugacity (fO2) in their experimental work, thus

highlighting the importance of this mineral in redox

assessment. The duo proposed an Fe3?–Fe2?–Mg redox

assessment plot in which biotite compositions are matched

with common oxygen buffers: quartz-fayalite-magnetite

(QFM), nickel-nickel oxide (NNO), and hematite-mag-

netite (HM). The fO2 of biotite from the mafic, felsic, and

hybrid rocks cluster between the NNO and HM buffers

(Fig. 13), suggesting an oxidizing environment at the time

of crystallization of the mineral.

The oxygen fugacity conditions of crystallization for the

mafic, felsic, and hybrid rocks were also ascertained using

the Fe/(Fe ? Mg) ratio of biotite. The experimental iso-

baric (2070 bar) fO2-T plot of Wones and Eugster (1965)

illustrates the gradual changes in oxygen fugacity condi-

tions with increasing temperatures. Biotite compositions

(100 9 Fe/Fe ? Mg) projected onto the T-fO2 plot display

crystallization conditions between the NNO and HM buf-

fers for all the biotites of the Kathalguri Pluton (Fig. 14),

revealing oxidizing conditions during magma

crystallization.

7.1.2 Pressure and depth

Biotite composition can be used to estimate the crystal-

lization pressure of the mineral, which in turn can give us

an idea about the emplacement depth of magmas. Uchida

et al. (2007) highlighted the empirical correlation between

the total Al (AlT) content of biotite (calculated based on 22

oxygen atoms) and crystallization pressure (P), thus

Fig. 11 a Mg vs. Fe/Fe ? Mg

b Fe vs. Fe/Fe ? Mg plots of

biotite. Colors represent:

green = mafic rocks or larger

mafic enclaves, red = granitic

rocks, blue = smaller mafic

enclaves, and

pink = homogeneous hybrid

rocks

Fig. 12 Ti vs. Mg/(Mg ? Fe) plot of biotite from the Kathalguri

Pluton (after Henry et al. 2005) showing temperatures of biotite

formation. Colors represent: green = mafic rocks or larger mafic

enclaves, red = granitic rocks, blue = smaller mafic enclaves, and

pink = homogeneous hybrid rocks
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underlining the relevance of this mineral in pressure esti-

mation. They proposed a simple empirical equation that

can be used to estimate solidification pressure from biotite

composition. The empirical equation can be expressed as:

P kbarð Þ ¼ 3:03� AlT�6:53 �0:33ð Þ ð2Þ

The pressures evaluated by using the above-mentioned

equation range between 1.93 and 2.28 kbar (average = 2.12

kbar; Supplementary Table 13). The average pressure

obtained conforms to an emplacement depth of approxi-

mately 8 km for the Kathalguri Pluton.

7.2 Magma chamber dynamics involving magma

mixing

From field and textural relationships, it is evident that

magma mixing played a vital role during the evolution of

the felsic magma chamber. The Kathalguri Pluton is a

granitic domain that was intruded by mafic magma during

its crystallization history. Field evidence of magma mixing

like quartz ocelli and back-veining are preserved in the

mafic enclaves (Fig. 3e, f), which are heterogeneously

distributed throughout the pluton. A good number of mafic

enclaves are spotted in the lower part of the pluton (Fig. 3a,

b), while the upper part is devoid of such enclaves, which

suggests that the felsic magma chamber was vertically

zoned when mafic magma intruded it. In all probability, the

mafic magma intruded the felsic reservoir from its bottom

and ascended through the lower portion of the reservoir,

which was in all likelihood crystal-rich, and subsequently

broke up into discrete mafic blobs as indicated by wide-

spread distribution of mafic enclaves in the lower granite

(Fig. 3a). On the other hand, the mafic magma interacted

with the upper portion of the magma chamber, which was

in all likelihood crystal-poor, to produce homogeneous

hybrid rocks (Fig. 3d). These observations suggest that the

Kathalguri Pluton epitomizes a fossilized felsic magma

chamber that was vertically zoned as a result of fractional

crystallization.

Furthermore, field observations indicate that the larger

mafic enclaves are melanocratic in nature and share sharp

boundaries with the felsic host (Fig. 3b), while petro-

graphic observations reveal that crystals of clinopyroxene

are replaced by amphibole and biotite. These observations

suggest that the larger mafic enclaves underwent limited

interaction with the host felsic magma, which was pre-

sumably restricted to the chemical exchange of elements.

Meanwhile, the smaller mafic enclaves appear mesocratic

to melanocratic in nature and share sharp to diffused

boundaries with the felsic host (Fig. 3a). Petrographical

observations have revealed that several feldspar disequi-

librium textures are preserved in the smaller enclaves like

resorbed grains, oscillatory zoned plagioclase, boxy-cellu-

lar morphology, and overgrowth texture (Figs. 5c–g).

These textures are also observed in the homogeneous

hybrid rocks. These observations suggest that the smaller

mafic enclaves underwent higher degrees of interaction

with the host granitic magma. It can be concluded from the

above discussion that varying degrees of magmatic inter-

action occurred in the Kathalguri Pluton during its

evolution.

Fig. 13 Variations of Fe3?–Fe2?–Mg2? in biotite from the mafic,

felsic and hybrid rocks of the Kathalguri Pluton (after Wones and

Eugster 1965). HM, NNO and QFM are the buffer curves for

hematite–magnetite, nickel–nickel oxide, and quartz-fayalite-mag-

netite buffers respectively. Colors represent: green = mafic rocks or

larger mafic enclaves, red = granitic rocks, blue = smaller mafic

enclaves, and pink = homogeneous hybrid rocks

Fig. 14 Log fO2-T plot based on biotite composition (after Wones

and Eugster 1965) showing the redox condition of the mafic, felsic,

and hybrid rocks of the Kathalguri Pluton. Colors represent:

green = mafic rocks or larger mafic enclaves, red = granitic rocks,

blue = smaller mafic enclaves, and pink = homogeneous hybrid rocks
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7.3 Feldspar disequilibrium assemblage and their

implications

The development of disequilibrium textures in plagioclase

has been studied in several pieces of literature (Hibbard

1981; Tepley 1999; Castro 2001; Grogan et al. 2002;

Temizel 2013). The principal driving force involved in the

development of disequilibrium textures in igneous rocks is

the physical and chemical interactions of two disparate

magmas during the mixing process (Hibbard 1981). The

formation of these disequilibrium textures is mainly con-

trolled by diffusion i.e. thermal and chemical diffusion,

where chemical diffusion lasts longer than thermal diffu-

sion (Anderson and Eklund 1994; Grogan et al. 2002).

The study of plagioclase feldspar is very significant as

they crystallize early and their preservation of disequilib-

rium textures carries a reliable record of the dynamic

magmatic history of igneous rocks. A variety of disequi-

librium textures in plagioclase has been observed in the

hybrid magmatic rocks of our study area such as resorbed

grains, oscillatory zoned plagioclase, boxy-cellular mor-

phology, and overgrowth texture (Figs. 5c–g).

When a hotter mafic magma intrudes into a system

where relatively colder felsic magma is crystallizing,

thermal quenching of the former and superheating of the

latter lead to resorption and dissolution of the crystallizing

plagioclases (Hibbard 1981). Moreover, oscillatory zoned

plagioclase feldspars are the characteristic feature of many

igneous rocks. These zoning patterns document alternating

compositional fluctuations across the plagioclase grains

with changes in An and Ab contents. Two major zoning

patterns have been categorized by Pearce and Kolisnik

(1990): (a) Type I zoning, characterized by fine oscillations

ranging from 1 to 10 lm in width and An content ranging

from 1 to 10 %. These oscillations were formed due to

small perturbations in magmatic systems. (b) Type II

zoning, characterized by 10–100 lm wide oscillations with

An content ranging from 10 to 25 %. These oscillations

were formed due to the occurrence of large-scale distur-

bances in the crystallizing system such as magma mixing.

Type II oscillatory zoning has been observed in plagio-

clases of the smaller mafic enclaves of Kathalguri Pluton.

The presence of this feature in the smaller mafic enclaves

of our study area suggests higher degrees of interaction

between these enclaves and the host felsic magma.

Plagioclase crystals with boxy-cellular morphology are

considered to be a result of an effective undercooling. This

is caused due to change in the composition of the melt

towards a more anorthite-rich composition leading to

anorthite oversaturation in a plutonic environment (Castro

2001). In the Kathalguri Pluton, boxy-cellular morphology

is reported from the plagioclases of the homogeneous

hybrid rocks. Here, the boxy-cellular plagioclases were

formed due to oversaturation of anorthite in the felsic

magma where plagioclases were crystallizing during the

intrusion of the anorthite-rich mafic magma. The mixing of

anorthite-rich mafic magma with the crystallizing felsic

magma caused the composition of the felsic magma to

move towards a more anorthite-rich composition leading to

anorthite oversaturation and resulting in the formation of

boxy-cellular morphology in some of the crystallizing

plagioclases.

Furthermore, overgrowth textures shown by plagioclase

feldspars are formed either by nucleation or by the disso-

lution of the pre-existing crystals producing normally

zoned rim around the crystals (Streck 2008). Overgrowth

rim existing around the resorbed plagioclase crystals tends

to restore the euhedral outline that reflects retainment of

equilibrium conditions (Tepley 1999). Distinct normally

zoned rims in resorbed plagioclase crystals were observed

in the homogeneous hybrid rocks. The occurrence of such a

feature indicates that the plagioclases crystallizing in the

felsic magma underwent dissolution when hotter mafic

magma invaded the colder felsic magma.

Another interesting disequilibrium texture shown by

feldspars is the overgrowth of microcline on orthoclase

(Figs. 5h, i). Overgrowth of microcline on amazonite has

been discussed by Blasi et al. (1984). The transformation

from orthoclase to microcline is facilitated by solution-

redeposition processes due to the infiltration of fluid at

near-surface temperature. At a temperature less than

500 8C, the release of strain energy in perthite lamellar

boundaries and twin-domain walls of feldspars, followed

by Si, Al ordering, provides the driving forces for disso-

lution and redeposition of more ordered phases (Waldron

et al. 1993). Worden et al. (1990) proposed that the driving

force for dissolution during perthite coarsening leads to the

decrease in total free energy due to the release of elastic

strain energy in coherent cryptoperthites, coupled with a

decrease of perthite interfacial energy on coarsening. There

is no such role of compositional changes in orthoclase-

microcline transformation but decrease in total free energy

by releasing of strain energy present in the orthoclase and

increasing Si, Al order in the newly formed microcline

(Brown and Parsons 1989). Thus, the low-temperature

reactivity of many feldspars associated with aqueous fluid

can be attributed to stored energy present in the micro-

textures resulting from the processes not accomplished at

high temperatures. Our present study provides new insights

into the present understanding of mantled feldspars. Here,

we propose that the mantled alkali feldspars were produced

due to epitaxial crystallization of microcline on orthoclase

owing to mixing between the felsic and mafic magmas.

Such magma mixing event produces a heterogeneous

hybrid system that is in an extreme state of disequilibrium.

When a hotter mafic magma intrudes into a crystallizing
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felsic system, thermal quenching of the former and

superheating of the latter lead to resorption and dissolution

of the crystallizing feldspars (Hibbard 1981). The ortho-

clase crystals in the mantled alkali feldspars were crystal-

lizing in the felsic magma chamber when mafic magma

intruded it and, in all probability, this event halted the

crystallization of orthoclase and further drove its resorp-

tion. In the meantime, new phases began to crystallize in

equilibrium with the hybrid magma. A late-stage residual

aqueous fluid left over from the crystallization of the

hybrid magma took the resorbed orthoclase crystals as

nuclei and induced epitaxial crystallization of microcline

on orthoclase to produce the mantled alkali feldspars.

However, more such mantled alkali feldspars have to be

reported from other magma mixing scenarios to validate

our hypothesis.

Based on petrographical observations and mineral

chemical analyses, we infer that varying degrees of inter-

action between intrusive mafic and host felsic magmas

occurred in the Kathalguri Pluton. The hybrid rocks, viz.

smaller mafic enclaves and homogeneous hybrids of our

study display a wide range of disequilibrium textures in the

plagioclase feldspars. From mineral chemical analyses, it is

evident that the plagioclase grains of the smaller mafic

enclaves and homogeneous hybrids show distinct compo-

sitional discontinuities or calcic spikes. The numerous

calcic spikes from core to rim shown by the plagioclase

grains of the smaller mafic enclaves are oscillatory sug-

gesting extensive magma mixing. On the other hand, the

plagioclase grains from the homogeneous hybrid rocks

show overall normal zoning with less pronounced calcic

spikes from core to rim. Although plagioclase grains from

the mafic rocks, viz. larger mafic enclaves are devoid of

disequilibrium textures, alteration of pyroxene to amphi-

bole and biotite indicates a lesser degree of interaction

between the two magmatic phases. However, disequilib-

rium textures are absent in the plagioclase crystals of the

granitic rocks, which suggests that they were least modified

by the magma mixing processes.

8 Conclusions

The Kathalguri Pluton was a vertically zoned granitic

magma chamber that was intruded by mafic magma during

its crystallization history. In all probability, the lower

portion of the granitic magma chamber was occupied by

crystal mush while the upper part was dominated by melt

when mafic magma intruded it. The invading magma

interacted differently with the rheologically distinct upper

and lower zones, forming mafic magmatic enclaves in the

lower part of the pluton and homogeneous hybrid rocks in

the upper region. The mafic enclaves distributed in the

lower domain can be broadly divided into two categories:

(i) larger enclaves, which are dominantly melanocratic and

underwent very limited interaction with the granitic host

(ii) smaller enclaves, which are mesocratic to melanocratic

in nature and underwent variable degrees of interaction

with the felsic host.

Several disequilibrium textures of magma mixing and

mingling are preserved in the smaller mafic enclaves and

homogeneous hybrid rocks of the Kathalguri Pluton. These

textures are mainly showcased by plagioclase crystals,

which include resorbed grains, oscillatory zoning, boxy-

cellular morphology, and overgrowth texture. Some com-

mon magma mingling and mixing textures like quartz

ocelli and back-veining are also preserved in the smaller

enclaves. An interesting feature observed in the homoge-

neous hybrid rocks of our study domain is the overgrowth

of microcline on orthoclase. We propose that the mantled

alkali feldspars were produced by epitaxial crystallization

of microcline on orthoclase owing to mixing between the

felsic and mafic magmas. On the other hand, the larger

mafic enclaves of the Kathalguri Pluton show limited

interaction with the host granitic magma as indicated by

the replacement of clinopyroxene crystals by amphibole

and biotite.

Supplementary Information The online version contains
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Intrusion, NE Bohemian Massif, SW Poland. Contrib Miner

Petrol 158:17–36. https://doi.org/10.1007/s00410-008-0368-z

Romero AE, McEvilly TV, Majer EL, Michelini A (1993) Velocity

structure of the Long Valley caldera from the inversion of local

earthquake P-travel and S-travel times. J Geophys Res

98:19869–19879. https://doi.org/10.1029/93JB01553

Singer BS, Dungan MA, Layne GD (1995) Textures and Sr, Ba, Mg,

Fe, K, and Ti compositional profiles in volcanic plagioclase:

clues to the dynamics of calc-alkaline magma chambers. Am

Miner 80:776–798. https://doi.org/10.2138/am-1995-7-819
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