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Abstract The Ghansura Rhyolite Dome of Bathani vol-
cano-sedimentary sequence, eastern India, represents a
subvolcanic felsic magma chamber that was invaded by
crystal-rich mafic magma during its cooling phase to form
an assortment of hybrid rocks. A prominent solidified
portion of the magma reservoir was embedded in the
intruding mafic magma as fragments or clasts that pro-
duced mafic rocks with felsic clasts. Two distinct compo-
sitional zones could be identified in the mafic rocks
containing felsic clasts- (a) medium-grained mafic zones
that are dominated by amphiboles, and (b) fine-grained
felsic zones consisting primarily of quartz and feldspar.
Amphiboles occur in most of the felsic clasts suggesting
the mechanical transfer of crystals from the mafic to the
felsic zones. Compositions of amphiboles were determined
from both the mafic and felsic zones that show linear
compositional variation from actinolite to ferro-hornblende
through magnesio-hornblende, suggesting the interplay of
complex substitutions in individual amphibole sites.
Cationic schemes have confirmed the role of pargasite
(Pg)-type substitution, which is a combination of edenite
(Ed)- and tschermakite (Ts)-type substitutions. Moreover,
amphibole has been extensively replaced by titanite in the
studied rock. Titanite produced in the mafic zones due to
the destabilization of amphiboles was observed migrating
from the mafic to the felsic zones through mineral-trans-
porting veins. Compositions of titanite were determined
from grains that occur in association with amphiboles and
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those which are present as individual entities in the felsic
zones. Similar to amphiboles, titanite also displays cationic
substitutions in the studied rock. From the results presented
in this work, we infer that extensive replacement of
amphibole by titanite and cationic substitutions in amphi-
boles, and also titanite, may be considered important pet-
rogenetic indicators to decipher magma mixing events.

Keywords Magma mixing - Mineral-transporting veins -
Crystal transfer mechanism - Cationic substitutions -
Amphibole—titanite replacement

1 Introduction

One of the most intriguing yet rudimentary phenomena that
is prevalent in igneous petrology is magma mixing and
mingling. Mixing and mingling of magmas is considered one
of the most important petrogenetic and volcanological pro-
cesses and has been extensively observed in plutonic and
subvolcanic environments (Gogoi et al. 2018a; Gogoi and
Chauhan 2021; Hazarika et al. 2022). In the mixing process,
two or more compositionally dissimilar magmas mix toge-
ther such that the melts of each are blended into a compo-
sitionally uniform single magma (in addition to crystals and
gasses; Anderson 1976). Physically, whether magmas will
be mixed or mingled, will mainly be controlled by the vis-
cosity contrast between the two magmas. Lower viscosity
contrast results in progressively more efficient mixing,
whereas an increase in viscosity disparity entails proficient
mingling dynamics (Sparks and Marshall 1986; Grasset and
Albarede 1994; Bateman 1995; Perugini and Poli 2005).
When two or more magmas come in contact with each other,
mechanical processes and chemical diffusion result in
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diversified chemically mixed or mechanically mingled final
products (Donoghue et al. 1995; Cole et al. 2001).

Although there has been much advancement in knowing
about the mechanisms persistent during magma mixing at a
grander-scale, i.e., in magma chambers or conduits; very
little knowledge is available regarding the dynamics of
small-scale processes, particularly, about the interplay
between chemical diffusion and dynamics of magmas at
the microscopic scale (of the order mm to um). However,
these small-scale features are well-preserved and can be
easily inferred from mineral transformations and textural
interpretations. Rapakivi texture, quartz and titanite ocelli,
complex zoning in minerals, resorbed crystals, acicular
apatite, etc. are considered excellent petrographic bench-
marks of magma mixing (Hibbard 1991; Kuscu and Floyd
2001; Baxter and Feely 2002; Gogoi et al. 2017, 2021a),
whereas structures like back-veining, crenulated margins of
enclaves, reaction surfaces, and hybrid zones at mafic—
felsic contacts are direct field evidence of magma min-
gling, and indicate thermal disequilibrium which causes the
comingling phenomenon, especially in scenarios where
relatively hotter mafic magma injects into a colder felsic
magma chamber (Dorais et al. 1990; Waight et al. 2001;
Tepper and Kuehner 2004; Gogoi et al. 2018a, 2020).

There is a consensus that textural features preserved in hybrid
rocks play a pivotal role in interpreting the behavior and the
nature of mixing between two compositionally dissimilar mag-
mas (Hibbard 1981; Gogoi et al. 2017). Also, textural constraints
can play an important role in understanding magma chamber
dynamics (Agangi et al. 2011; Weidendorfer et al. 2014; Gogoi
and Chauhan 2021). Interpreting the genesis of textural features
preserved in hybrid rocks can significantly contribute toward a
better understanding of magma mixed systems, as mixing is
intrinsic for magma diversification and is considered one of the
most dominant mechanisms that trigger volcanic eruptions. In
this paper, we are trying to understand the dynamics of mixing
between felsic clasts and mafic magma in the Ghansura Rhyolite
Dome (GRD) of Bathani volcano-sedimentary sequence
(BVSs), eastern India. The GRD is a fossilized subvolcanic
magma chamber and hosts a variety of hybrid rocks, including
mafic rocks with abundant felsic clasts (Gogoi et al. 2018b).
Interaction between the felsic clasts and mafic magma caused the
widespread transformation of amphibole to titanite. We are
focussing on the amphibole-titanite transformation to decipher
the nature of the interaction between felsic clasts and mafic
magma in the subvolcanic magma chamber.

2 Geological setting
The crustal architecture of the Indian subcontinent is

defined by the amalgamation of two large-scale cratonic
blocks, namely the North Indian Block and the South
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Indian Block. These two crustal blocks are sutured by a
prominent, approximately 1500 km long, ENE-WSW
trending Proterozoic mobile belt, known as the Central
Indian Tectonic Zone (CITZ), which runs through the heart
of Peninsular India. The northern crustal block hosts two
cratons, i.e., the Aravalli and the Bundelkhand cratons,
which are believed to be Archean at the earliest; whereas
the southern block is a composite assemblage of the
Dharwar, Bastar, and Singhbhum cratons, which are
Archean in age too. The CITZ can be broadly specified into
three regions from west to east, viz., the main portion of the
CITZ occupying the central region of Peninsular India, the
Chotanagpur Granite Gneiss Complex (CGGC) lying to the
east of the main CITZ, and the easternmost Assam—
Meghalaya Gneissic Complex (Fig. 1). The research area
of interest, the Ghansura Rhyolite Dome located in the
Bathani volcano-sedimentary sequence, which lies in the
northernmost periphery of CGGC, is a broad magmatic
tectonic terrain and an idealized geological setting to
understand the dynamics of a shallow-level magma
chamber. The BVSs is considered the eastern extension of
the Mahakoshal Mobile Belt of CITZ (Saikia et al.
2014, 2017; Gogoi 2022 and references therein).

The BVSs is a bimodal volcanic and volcano-sedimen-
tary sequence (Fig. 2a; Ahmad and Wanjari 2009; Ahmad
et al. 2021), which encompasses an aerial distance of
approximately 40 km, with type area being located at
Bathani village (24°59.5’ N, 85°16' E) of the Nalanda
district in Bihar, India. The rock types visible in the vol-
cano-sedimentary section of the BVSs are banded iron
formation, chert bands, garnet-mica schist, rhyolite, car-
bonate rocks, and tuff, whereas the differentiated volcanic
portion comprises massive basalts, pillow basalts, rhyolite,
tuff, and mafic pyroclasts. Granites were later emplaced
into the volcanic sequence and appeared as plutons/hillocks
crosscutting the entire sequence. This granite magmatic
event in the BVSs is hypothesized to be a remnant of the
Columbia supercontinent assembly that occurred during
2000-1700 Ma (Saikia et al. 2017, 2019). The volcano-
sedimentary sequence of the BVSs is overlain by the dif-
ferentiated volcanic sequence. An appraisal of the pri-
marily exposed sedimentary and volcanic structures refers
that there is no remarkable unconformity between the two
sequences. Moreover, the association of rock types like
pillow basalts, rhyolites, volcanogenic and chemogenic
sediments, and explosive rock types suggest a subaqueous
environment for an eruption of mafic/felsic magmas and
the ejection of pyroclasts. Such an emplacement signature
is a singular expression of subduction zone volcanism,
associated with island arc volcanism and obduction (Wil-
son 1989).
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showing the disposition of different rock types
3 Field relationships and petrography

The GRD is a signature model for research on magma
mixing and mingling. It represents a subvolcanic felsic
magma chamber exposed in an outcrop area of ca.
0.25 km?, that was intruded by crystal-rich basaltic magma
during its evolution leading to the formation of an assort-
ment of hybrid rocks (Gogoi and Saikia 2018, 2019; Gogoi
et al. 2018b, 2021a). The GRD crosscuts the bimodal

volcanic sequence suggesting that the rhyolite dome or
laccolith was emplaced at a later stage in the BVSs
(Fig. 2b).

The GRD has recorded a wide range of rock types
ranging from felsic to mafic (Fig. 3a—d), with four distinct
hybridized varieties, which include basaltic rocks con-
taining rhyolite clasts, comingled mafic—felsic rocks, and
porphyritic and non-porphyritic intermediate rocks. The
mafic rocks exposed in the GRD essentially consist of
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clinopyroxene, plagioclase, and Ti—Fe oxide. Clinopyrox-
ene occurs as a phenocryst phase in the mafic endmember
and laths of plagioclase are engulfed within the phe-
nocrysts depicting ophitic texture (Fig. 3b). Meanwhile,
the rhyolites are fine-grained and consist of feldspar,
quartz, biotite, and iron oxide (Fig. 3d). A detailed petro-
graphic overview of the mafic and felsic rocks can be found
in Gogoi and Chauhan (2021). The hybrid rocks have
resulted from varied degrees of interaction between the
felsic and mafic magmas. Because of their haphazard dis-
tribution over the entire rhyolite dome, the mapping of the
different rock units at the outcrop scale is an arduous task.
The hybrid rocks of GRD show a considerable number of
textural and structural expressions associated with magma
mixing, such as hybridized zones at felsic—-mafic contacts,
mantled rapakivi feldspars, crenulated margins of enclaves,
mafic flows in the felsic host and felsic flows in mafic
rocks, back-veining, and veins transporting mineral phases.
Our study domain exhibits a complex scenario in which
many individual zones have formed due to varying degrees
of interaction of the mafic melt with the felsic host and
each zone is characterized by a different type of hybridized
rock. A brief description of each hybridized rock is given
below:

(a) Mafic rocks with felsic clasts The outermost zone of
the GRD is composed of mafic rocks with abundant
angular or tapered felsic clasts (Fig. 4a, b). It is charac-
terized by fine-grained felsic leucocratic fragments of
variable size embedded in melanocratic mafic groundmass
(Fig. 4c—f). The contacts between the felsic clasts and
mafic rock are usually sharp, with certain entities dis-
playing prominent reaction rims. The colour of the apha-
nitic, elongated felsic clasts ranges from white to light
grey, with sizes ranging from 1 cm to about 5 cm, all
embedded within the fine-grained mafic groundmass. The
clasts do not show any radial internal structure or zoning.
Occasionally, stretched-out thin streaks of felsic clasts are
also observed. The felsic entities display various types of
juxtaposition and coalescence. They merge, juxtapose, or
sometimes, even multiple clasts coalesce into larger
domains of over 20 cm. The groundmass of the mafic host
is highly vesicular.

Thin section study has revealed that the mafic rocks with
felsic clasts consist of two distinct compositional zones-
(a) medium-grained mafic zones that are dominated by
amphiboles; (b) fine-grained felsic zones consisting pri-
marily of quartz and feldspar. The felsic zones/clasts
appear to be embedded in the mafic zones (Fig. 5a). Most

Fig. 3 a Field photograph showing the mafic endmember with vesicles. The vesicles are filled with secondary minerals like chlorite and calcite
b photomicrograph showing the dominant mineral assemblage of the mafic endmember ¢ field photograph of the felsic endmember
d photomicrograph of the felsic endmember. Mineral abbreviation: aug = augite, pl = plagioclase
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Fig. 4 a—f Field photographs displaying mafic rocks containing abundant angular or tapered felsic clasts. The elongated nature of the felsic clasts
and their alignment along a particular direction was probably achieved as a result of magmatic flow and may indicate mingling within a conduit

of the felsic clasts are elongated in nature with tapered ends
and aspect ratios up to 1:10. The elongated nature of the
felsic clasts was probably achieved as a result of magmatic
flow and may indicate mingling within a conduit (Vernon
et al. 1988).

Amphiboles in the mafic zones display prismatic or
acicular habit. Other than amphiboles, titanite is a ubiqui-
tous mineral phase in the mafic zones. Titanite occurs as
small anhedral grains or specks, mostly within amphibole
crystals, which suggests that they are replacement products
of amphiboles. Barring a few, most of the felsic zones are
occupied by amphibole and titanite. Extensive replacement

of amphibole by titanite is evident in the felsic zones
(Fig. 5b—d).

A salient feature observed in this rock is the presence of
mineral-transporting veins (Fig. Se, f). These veins appear
to transport titanite from the mafic to the felsic zones. This
distribution of titanite through the mineral-transporting
veins has led to the enrichment of titanite in the felsic
zones. The movement of titanite from mafic to felsic
domains through veins in mingled rocks has earlier been
reported by (Gogoi et al. 2018b). Such movements of
mineral phases occur in mingled rocks to attain equilibrium
in the disequilibrated mingled system.
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Fig. 5 Photomicrographs displaying a an elongated felsic clast embedded in amphibole-rich mafic groundmass. Amphibole-titanite replacement
can be seen in the mafic zone b, ¢, d extensive replacement of amphibole by titanite in the felsic zones e a mineral-transporting vein migrating
from mafic to felsic zone. Note that amphibole is replaced by titanite as the vein treads into the felsic zone f a titanite vein preserved in felsic

zone. Mineral abbreviations: am = amphibole, ttn = titanite

This particular rock shares a boundary with the mingled
rocks, which constitute the next category of hybrid rock.
(b) Mingled rocks The coexistence of mafic and felsic
entities is a signature of mingled rocks. Mingled rocks are a
result of intermingling between two distinct magmas and
are identified by comingled mafic—felsic zones, where the
individual mafic and felsic components are distinguishable
(Fig. 6a). Presence of sharp cuspate-lobate contacts
between felsic and mafic entities at the outcrop scale is the
effect of magma mingling of synchronous mafic and felsic
magmas that have been observed in the mingled rocks of
our study domain (Barbarin and Didier 1992).

@ Springer

Petrographic observations have revealed that amphi-
boles in the mafic zones show compositional variation from
light green to dark green amphiboles (Fig. 6b). The light
green amphiboles are actinolite, while the dark green
amphiboles are hornblende. Biotite, ilmenite, and calcite
were observed in the regions occupied by dark green
amphiboles. Veins of biotite and ilmenite appear to be
transporting components or mineral phases from the mafic
to the felsic zones and enriching these mineral phases in the
latter (Fig. 6b, c).

(c) Non-porphyritic intermediate rocks with emulsions The
third genre of hybrid rocks occurring in the GRD is the
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Fig. 6 a Field photograph of the mingled rock b photomicrograph showing actinolite- and hornblende-rich zones within a mafic zone. Note the
occurrence of biotite and ilmenite vein in the hornblende zone ¢ photomicrograph showing the contact between mafic and felsic zones. Note a
biotite vein undergoing viscous folding in the felsic zone and occurrence of calcite in the mafic zone d field photograph showing the non-
porphyritic intermediate rock with emulsions e, f photomicrograph showing amphibole-rich emulsions within biotite dominated matrix in the
non-porphyritic intermediate rock. Mineral abbreviations: am = amphibole, bt = biotite, cal = calcite, ilm = ilmenite

non-porphyritic intermediate rock with emulsions (Fig. 6d;
Gogoi and Saikia 2019). Similar to the mingled rocks, the
non-porphyritic rock is heterogeneous and displays very
distinct felsic and mafic zones. This particular rock is
characterized by a fine comingled texture where darker
amphibole-rich emulsions are embedded in a biotite-dom-
inated groundmass, causing heterogeneities of minuscule
sizes (Fig. 6e, f). The amphibole-rich emulsions are present
as an assortment of bubble-like heterogeneities ranging

from spherical to subspherical in shape. This non-por-
phyritic emulsion rock occupies a small portion of the
study domain, sandwiched between the mingled rocks and
the porphyritic intermediate rock.

(d) Porphyritic intermediate rock The porphyritic hybrid
rock is a homogenized product of magma mixing. It is a
grey-coloured homogeneous mixed rock in which indi-
vidual components of the mafic and felsic magmas could
not be identified. It is the last category of hybrid rock
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which is in contact with the emulsion rock and it occupies a
significant portion of the GRD (Gogoi et al. 2021b). Pla-
gioclase phenocrysts are distinctively visible in the hand
sample. The phenocrysts are set in a fine- to medium-
grained grey groundmass giving the rock its characteristic
porphyritic nature (Fig. 7a). Also, abundant rapakivi feld-
spars are seen in these rocks (Fig. 7b). The presence of
rapakivi feldspars is an important textural feature which
characterizes hybrid rocks that have formed as a result of
mixing between compositionally dissimilar magmas (Hib-
bard 1991; Baxter and Feely 2002).

The various rock types discussed above are haphazardly
distributed within the felsic dome. However, based on field
observations, we were able to establish field relationships
between the different rock units to some extent. The mafic
rocks consisting of felsic clasts mostly occupy the outer
portion of the felsic dome. These rocks are seen at the
junction of the intermingled mafic—felsic rocks. At the
other end, the mingled rocks share their contacts with the
porphyritic hybrid rock and the non-porphyritic rock dis-
playing an emulsion texture. At a few places, contacts
between the emulsion rock and the porphyritic rock are
well exposed. On the other hand, unaltered felsic rocks are
present as randomly distributed isolated pockets throughout
the GRD.

4 Analytical methods

Mineral composition was determined with the Electron
Probe Micro Analyzer (EPMA) CAMECA SXFive instru-
ment at the Geological Survey of India, Kolkata, India. The
CAMECA SXFive instrument was operated by SXFive
Software at a voltage of 15 kV and 12 nA current with a
LaBg source in the electron gun for generation of electron
beam. The natural silicate mineral andradite was used as

internal standard to verify the positions of crystals (SP1-
TAP, SP2-LiF, SP3-LPET, SP4-LTAP, and SP5-PET) for
corresponding wavelength dispersive (WD) spectrometers
(SP). The following X-ray lines were used in the analyses:
F-Ka, Na-Ka, Mg-Ka, Al-Ko, Si-Ko, P-Ka, CI-Ka, K-Ka,
Ca-Ka, Ti-Ka, Cr-Ko, Mn-Ka and Fe-Ko.. Natural mineral
standards fluorite, halite, apatite, periclase, corundum,
wollastonite, orthoclase, rutile, chromite, rhodonite, and
hematite standard supplied by CAMECA-AMETEK were
used for routine calibration, X-ray elemental mapping, and
quantification. Routine calibration, quantification, acquisi-
tion, and data processing were carried out using SxXSAB
version 6.1 and SX-Results software of CAMECA. The
precision of the analysis is better than 1% for major ele-
ment oxides and the error on trace elements concentrations
varied between 3% and 5% based on repeated analysis of
standards.

5 Mineral chemistry

Mineral chemical analyses were carried out on two
important mineral phases (i.e., amphibole and titanite)
occurring in the mafic rock with felsic clasts to understand
the small-scale processes of magma mixing that operated in
this particular rock.

5.1 Amphibole

Amphibole compositions were determined from the mafic
as well as the felsic zones to check for compositional
variations in this particular mineral. Amphiboles from the
mafic zones show a linear variation in composition, plot-
ting in the fields of actinolite, magnesio-hornblende, and
ferro-hornblende (Fig. 8a), whereas amphiboles from the
felsic clasts show linear compositional variation from

Fig. 7 a Field photograph showing the porphyritic intermediate rock along with non-porphyritic intermediate rock and mafic rock with felsic
clasts b photomicrograph showing rapakivi feldspar preserved in the porphyritic intermediate rock. Note the cellular morphology of plagioclase
surrounding the K-feldspar phenocryst. Mineral abbreviations: kfs = Kfeldspar, pl = plagioclase
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magnesio-hornblende to ferro-hornblende (Fig. 8b). Rep-
resentative compositions of amphiboles from the mafic
zones are presented in Supplementary Table 1 and those
from the felsic zones are reported in Supplementary
Table 2.

The linear compositional variations observed in
amphibole chemistry from the mafic and felsic zones
suggest the interplay of complex substitutions in individual
amphibole sites. Such substitutions can be recognized
using simple cationic schemes that relate a number of
endmember amphibole compositions to the tremolite (Tr)
endmember (Czamanske and Wones 1973; Blundy and
Holland 1990; Castro and Stephens 1992). One such sub-
stitution is the edenite (Ed)-type substitution in which the
addition of alkalis in the A site is compensated by the
incorporation of Al in the tetrahedral site. This common
substitution may be formulated as:

Si + Ox = AIY + Nay (1)

Another important substitution in amphiboles is the
tschermakite (Ts)-type substitution in which divalent
cations are replaced by octahedrally coordinated Al in the
M1-M3 sites. The Ts-type substitution may be formulated
as:

Si + Rz = AY + Al" (2)

The aforementioned substitutions can be recognized
using simple cationic plots (Fig. 9). The Ed-type substitu-
tion can be recognized using alkalis in the A site versus
Al" plot (Fig. 9a), whereas octahedral sites versus Al" plot
(Fig. 9b) can be used to recognize Ts-type substitution.

1
a . tremolite
magnesio-
hornblende
0.8
E‘; tschermakite
Q06 d%%jﬁg o
"c', a actinolite
=3
> 0.4 —
= ferro- ferro- ferro-
0.2 tschermakite hornblende actinolite
0 I I
5.5 6 6.5 7 7.5 8
Si

©® Amphiboles from mafic zones

Amphibole compositions from the studied rock display
good linear correlation in both plots suggesting the role of
both Ed- and Ts-type substitutions. However, the correla-
tion in the octahedral sites versus A" plot is better than in
the alkalis versus Al"Y plot. This suggests that Ts-type
substitution has played a more prominent role in the
amphibole chemistry of the studied rock.

Cationic substitutions in amphiboles can also be rec-
ognized using the vector plot of Blundy and Holland
(1990). The vector plot is an efficient tool to recognize
simple cationic schemes that relate a number of endmem-
ber amphibole compositions to the tremolite (Tr) end-
member. The compositional vector of amphiboles from the
studied rock point towards the pargasite (Pg) endmember
(Fig. 10). Thus, amphiboles occurring in the mafic rocks
with felsic clasts have undergone pargasite substitution,
which is an amalgamation of Ed- and Ts-type substitutions.

5.2 Titanite

Titanite compositions were determined from grains that
occur in association with amphiboles and those which are
present as individual entities in the felsic zones. Back-
scattered electron (BSE) images clearly illustrate the
extensive replacement of amphibole by titanite in the
studied rock (Supplementary Fig. 1). Representative
EPMA analyses of titanite are presented in Supplementary
Table 3. Mineral chemical analyses have revealed that
titanite exhibits similar compositions throughout the stud-
ied rock, which suggests a common origin for the mineral
in this rock (i.e., replacement product of amphiboles). An
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Fig. 8 Classification of amphiboles from a mafic zones b felsic zones
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effort was made to look for possible substitutions in our
titanite. The most common substitution observed in titanite
is the replacement of Ti in octahedral coordination by Fe
and Al (Kiss and Zaccarini 2020; Kowallis et al. 2022).
The strong negative correlation observed in the Fe + Al
versus Ti plot (Fig. 11) suggests the role of Fe and Al

@ Springer

substitutions in the Ti octahedral sites. Furthermore, it has
been observed that titanite occurring in association with
amphiboles displays higher Fe/Al ratios in comparison to
titanite that occurs as individual entities in the felsic zones
(Fig. 12). Thus, titanite associated with amphiboles is rel-
atively more Fe-rich than those that occur as individual
grains.

6 Discussion

6.1 Physical processes facilitating magma mixing
in the studied rock

The Ghansura Rhyolite Dome was a subvolcanic felsic
magma chamber that was invaded by mafic magma during
its evolution to form a wide variety of hybrid rocks (Gogoi
and Chauhan 2021). A substantial solidified portion of the
felsic reservoir was embedded in the incoming mafic
magma to form mafic rocks with felsic clasts (Fig. 4). Two
distinct compositional zones could be identified in this
rock- (a) medium-grained mafic zones that are dominated
by amphiboles; (b) fine-grained felsic zones consisting
primarily of quartz and feldspar. Petrographical observa-
tions have revealed that most of the felsic clasts consist of
amphibole crystals, largely acicular in habit (Fig. 5a—d).
These crystals undoubtedly appear to have been transferred
to the felsic domains from the amphibole-rich mafic zones.
Thus, the crystal transfer mechanism has played an
important role in facilitating the mixing process in the
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studied rock. It has been observed that amphibole crystals
display different degrees of transfer from the mafic to the
felsic zones such that some of the felsic zones contain less

amphibole while others are abundant in it (Supplementary
Figs. 2, 3). It has to be noted here that the differential
transfer of crystals to the felsic zones from the mafic zones
is possible only in a viscous or ductile state. Thus, the high-
temperature mafic magma must have significantly
increased the temperature of the system, thereby modifying
the physical properties of the felsic clasts from exhibiting
solid-like behaviour at a lower temperature to liquid-like
behaviour at a higher temperature. The liquid-like response
of the felsic clasts allowed amphibole crystals to migrate
from the amphibole-rich mafic zones to the felsic zones.
Other than amphiboles, anhedral grains of titanite were also
observed migrating from the mafic to the felsic zones.
Titanite in the studied rock seems to have been transported
through the veining mechanism (Fig. 5e, f). Such mineral-
transporting veins carrying titanite from mafic to felsic
zones in mingled rocks have been reported by Gogoi et al.
(2018b) (Supplementary Fig. 4). These mineral-transport-
ing veins can act as a powerful tool to enhance mixing
between crystal-rich magmas. Thus, crystal transfer and
veining mechanism were the dominant small-scale
mechanical processes that facilitated mixing between the
mafic and felsic phases in our studied rock. The degree of
physical mixing in a hybridized rock can be estimated from
the degree of homogenization attained by the participating
discrete magmas or phases. In our scenario, discrete mafic
and felsic zones could be easily identified in the mafic
rocks with felsic clasts, suggesting that the overall degree
of physical mixing was poor in the studied rock.

6.2 Chemical processes facilitating magma mixing
in the studied rock

The mafic rocks exposed in the GRD dominantly consist of
clinopyroxene (augite) and plagioclase (Gogoi and Chau-
han 2021). However, the mafic zones in our studied rock
essentially consist of amphiboles. This implies that
amphiboles were produced from earlier pyroxene crystals
from the mafic magma. The replacement of clinopyroxene
by amphiboles was facilitated owing to the interaction of
the mafic magma with felsic clasts. Replacement of former
pyroxene initially crystallized in the mafic magma by
amphibole is a common phenomenon during mafic—felsic
magma interaction (Vernon 1990; Castro and Stephens
1992; Choe and Jwa 2004; Gogoi and Saikia 2018). The
first step during the interaction between clinopyroxene-
bearing mafic magma and felsic magma is the replacement
of clinopyroxene by actinolite. Replacement of clinopy-
roxene by actinolite is facilitated owing to the diffusion of
volatiles and H ions from the felsic to the mafic domain.
This conversion can be written as
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4Ca0,5Mg0_75Fe0,75 Si,0¢ + 2H

(clinopyroxene)

— CazMg3Fezsi8022(OH)2 + Fe (3)

(actinolite)

The occurrence of actinolite in the studied rock suggests
that this mineral has formed by the solid-state reaction
from augite, as actinolitic amphibole cannot crystallize
from melt (Gogoi and Saikia 2019). Moreover, clinopy-
roxene-amphibole replacement is comparatively much
easier than orthopyroxene—amphibole replacement. This is
because orthopyroxene—amphibole replacement demands
higher temperatures and larger mass transfers. The occur-
rence of clinopyroxene in the mafic rocks of GRD suggests
that actinolite in the studied rock has formed by the
replacement of primary clinopyroxene.

With further hybridization, the newly formed actinolite
reacts with diffusing Al cations from the felsic domain to
produce hornblende. This reaction can be written as
CazMg3F62818022(OH)2 + 2Al

(actinolite)
— CazMg3FCQSi6A12022(OH)2 + 2Si (4)
(hornblende)

The next step involves reaction of amphibole with dif-
fusing K cations from the felsic magma to produce biotite.
This reaction can be expressed as
CazMg3FeZSi3022(OH)2 +0.5K20 + 0.5A1203

(amphibole)
— KMg;AlSi3010(OH), +2Ca0 + 2FeO + 5Si0, (5)

(biotite)

Thus, with increasing hybridization clinopyroxene will
produce actinolite followed by hornblende and biotite.
During these transitions, a number of accessory phases like
Fe-Ti oxides (titanite, ilmenite, etc.), calcite, and quartz
are produced. These accessory phases are preserved in the
hybrid rocks of our study area. It has to be noted here that
the formation of a particular accessory phase will be gov-
erned by the degree of hybridization between the mafic and
felsic components. The degree of chemical mixing between
mafic and felsic magmas can be estimated by the appear-
ance or abundance of biotite and the disappearance of
ferromagnesian mineral phases like pyroxene and amphi-
bole in the hybrid rocks. In our scenario, amphibole is the
dominant ferromagnesian mineral, and biotite is not
observed in the mafic rocks with felsic clasts, suggesting
that the overall degree of chemical mixing was limited in
the studied rock.

Amphibole compositions were determined from the
mafic as well as the felsic zones in our studied rock. The
mineral shows linear compositional variations (Fig. 8)
suggesting the interplay of complex substitutions in indi-
vidual amphibole sites. With the help of cationic plots
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(Fig. 9), it has been observed that both Ed- and Ts-type
substitutions have played an important role in the amphi-
bole chemistry of the studied rock, with the Ts-type sub-
stitution playing a more prominent role. The vector plot of
Blundy and Holland (1990) distinctly points towards Pg-
type substitution (Fig. 10), which is an amalgamation of
Ed- and Ts-type substitutions. Such substitutions in
amphiboles during magma mingling events have been
reported by earlier workers (Castro and Stephens 1992;
Campos et al. 2005; Kocak et al. 2011; Ubide et al. 2014;
Lisboa et al. 2020; Gogoi and Saikia 2018; 2019). A
comparison of amphibole compositions reported in these
works is illustrated in Supplementary Fig. 5. Most of these
works have highlighted the role of pargasite substitution in
their mingled rocks. From the above discussion, it may be
inferred that cationic substitutions in amphiboles may be
considered an important petrogenetic indicator to decipher
magma mixing events. These substitutions occur in
response to the mineral trying to attain an equilibrium
within different zones (i.e., mafic, felsic, or hybrid) in a
disequilibrated mingled system.

Amphiboles in our studied rock have been extensively
replaced by titanite (Fig. 5). Extensive replacement of
amphibole by titanite owing to magma mixing has earlier
been documented by Gogoi et al. (2017). Titanite produced
in the mafic zones due to the destabilization of amphiboles
was observed migrating from the mafic to the felsic zones.
Titanite is a Ca—Ti silicate mineral. The felsic zones in our
studied rock were in all probability depleted in Ca and Ti.
The movement of titanite from the mafic to the felsic
domains was enriching the felsic zones in these two ele-
ments, thereby facilitating the process of chemical diffu-
sion to attain equilibrium in the mingled system. Thus,
movements of mineral phases as chemical species during
magma mixing events can significantly enhance the pro-
cess of chemical diffusion. Moreover, titanite from our
studied rock also displays cationic substitutions (Fig. 11)
suggesting the interaction between mafic and felsic
domains at the small scale.

7 Conclusions

Magma mixing is a ubiquitous geological phenomenon and
is considered one of the most important petrological pro-
cesses. Although there has been much advancement in
knowing about the mechanisms persistent during magma
mixing at a grander-scale, i.e., in magma chambers or
conduits; very little knowledge is available regarding the
dynamics of small-scale processes. This work has impli-
cations for understanding magma mixing processes oper-
ating at the grain scale. Here, we would like to infer that.
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(1)  Crystal transfer mechanism has played an important
role in promoting mixing between felsic clasts and
mafic magma in our studied rock.

(2) Mineral-transporting veins have significantly
improved the crystal transfer mechanism by trans-
porting titanite from the mafic to the felsic zones.

(3) Extensive replacement of amphibole by titanite may
be considered an important petrogenetic indicator of
magma mixing.

(4) Cationic substitutions in amphiboles may be
regarded as another important petrogenetic indicator
to decipher magma mixing events. This also holds
true for cationic substitutions in titanite.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/s11631-
023-00626-6.
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