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Abstract
Evaluation of the petrogenetic history of continental flood basalt using mineral–chemical data has been sparingly used for 
several flood basalt provinces of the world. For the Deccan flood basalts, such attempts are still rudimentary. The present 
contribution highlights several facets of petrogenesis of the Eastern Deccan Volcanic Province using details of constituent 
phases including glass. The present-study area around Khandwa (21°49′N, 76°21′E) indicates the presence of three dis-
tinct lava flows, which were identified on the basis of physical volcanological features based on a three-tier classification. 
Moreover, the occasional presence of chilled dykes and feeder dykes has been documented. The lava succession rests above 
(apparent) cumulate gabbro basement. The lava flows, in general, are characterized by dominant pyroxene (mostly augite, 
locally pigeonite) and plagioclase, opaque (magnetite and ilmenite) and glass, whereas olivine is rare. Both of these principal 
mineral phases (namely, plagioclase and pyroxene) occur both as phenocrysts and groundmass, while opaque phases occur 
only as groundmass. Pyroxene and plagioclase are generally zoned due to the changing milieu of crystallization conditions. 
Pyroxene thermometry data show the equilibration temperature range of 1050–1300 °C. Except for two samples of Flow II 
and one sample of chilled zone, the pyroxene thermometry data are broadly similar to that obtained from magnetite–ilmenite 
thermometry. As expected, deduced glass thermometric data reveal a relatively higher temperature. Crystallization history of 
parental magma was quantitatively modeled using Petrolog 3 software. The results indicate that the parental magma under-
went both equilibrium and fractional crystallization (for example initially crystallized olivine reacted with ambient liquid 
to give rise to pyroxene). Phenocrystal and groundmass plagioclase and pyroxene show distinct patterns of compositional 
zoning corresponding to fluctuating physical parameters within the magma. Some of the glass [especially from the chilled 
dyke, feeder dyke, and Upper Colonnade Zone (UCZ) of flow II and flow III] represents ‘higher magnitude pressure ambi-
ence’ (fossilized glass) which is distinct from ‘surficial glass’ caused by equilibrium quenching. The glass and pyroxene 
compositions (using tectonic discrimination diagrams) suggest a non-orogenic continental setting of the parent magma. It 
is concluded that the studied Deccan volcanism shows a complex interplay of repeated pulses of magma ascent, fluctuation 
of crystallization condition, effervescence, and local magma mixing.

Keywords Continental flood basalt · Eastern deccan volcanic province · Physical–volcanological features · Thermometer · 
Pyroxene quadrilateral · Continental tectonic setting · Oxygen fugacity

 Supplementary Information The online version of this 
article (https ://doi.org/10.1007/s0053 1-020-01960 -3) contains 
supplementary material, which is available to authorized users.

 * Jyotisankar Ray 
 jsray65@hotmail.com

1 Department of Geology, University of Calcutta, 35, B. C. 
Road, Kolkata 700 019, India

2 Department of Earth Sciences, Indian Institute of Technology 
Bombay, Powai, Mumbai 400 076, India

3 Department of Lithospheric Research, University of Vienna, 
Althanstrasse 14, 1090 Vienna, Austria

4 Natural History Museum, Burgring 7, 1010 Vienna, Austria

http://crossmark.crossref.org/dialog/?doi=10.1007/s00531-020-01960-3&domain=pdf
https://doi.org/10.1007/s00531-020-01960-3


448 International Journal of Earth Sciences (2021) 110:447–466

1 3

Introduction

In Large Igneous Provinces (LIP), mineral composition 
often provides insight into the changing nature of the 
parental basalt magma system (Moore et al. 2018). This 
has been critically assessed in the case of Steen basalt, 
Southern Oregon, USA (Moore et al. 2018). In fact, varia-
tion in mineral compositions indicates the balance between 
magma differentiation process and changing time. Some 
crucial information related to Continental Flood Basalt 
genesis is also documented from the Karoo Continental 
Flood Basalt Province (Heinonen et al. 2013). Some min-
erals (especially orthopyroxene mineral composition) help 
to bracket magma evolution at mid-crustal pressure for 
the Karoo Continental Flood Basalt Province. In the case 
of the Parana continental magmatic province (at Minas 
Gerais state, Brazil), elucidation of phase chemistry of 
constituent minerals (namely, plagioclase, clinopyroxene, 
subordinate olivine, and opaque oxide phase) of basalts 
suggests the involvement of at least two parental magmas 
which were subjected to fractional crystallization (Moraes 
et al. 2018). In the case of the Kwanza basin in western 
Angola (related to the Parana Etendeka Flood Basalt prov-
ince), evolved basalts-to-basaltic andesites, characterized 
by low  TiO2 (< 2 wt%), have been reported by Marzoli 
et al. (1999). Based on whole-rock major, trace, and iso-
tope characteristics, these authors have reported tholei-
itic and alkaline (and transitional) rock types. The pat-
terns of chemical variation of constituent mineral phases 
(namely, clinopyroxene olivine plogioclase and spinel) 
have been deciphered to be commensurate with the nature 
of host rock types, namely, the tholeiitic basalt, transi-
tional basalts, and alkaline basalt. Crystal size distribu-
tion coupled with mineral–chemical data helps to elucidate 
parental magma composition, magma storage pressure, 
and emplacement style of mafic dykes and sills from flood 
basalt provinces. One of such classical studies was made 
by Macêdo Filho et al. (2019) for the flood basalts of the 
Parnaiba Basin, Northeastern Brazil.

In the case of the Deccan basalt province, such attempts 
to understand petrogenetic processes with the help of 
mineral chemistry were rather rare. Chandrasekharam 
et al. (2000) worked on the basaltic dyke of the Tapi rift 
and highlighted unusual abundant clusters of prismatic 
quenched ferro-enstatite. The authors concluded that 
these ferro-enstatite crystals have been formed due to 
the assimilation of shale by the Deccan basaltic magma. 
They also proposed a liquidus temperature (for the dyke) 
to be 1220 °C, with crystallization temperature of ferro-
enstatite at 1080 °C. Furuyama et al. (2001) worked on 
an important differentiation center of the Deccan Traps 
(Pavaghad hill); their studies were based on the chemistry 

of constituent minerals such as olivine, clinopyroxene, 
chrome spinel, and plagioclase. They concluded that oli-
vine and spinel crystallized early, followed by crystalli-
zation of clinopyroxene. Plagioclase crystallization took 
place at the final stage. Based on these mineral–chemical 
data, it was inferred that basalts of Pavagad hill possibly 
represent an undepleted lherzolite mantle source located 
at ~ 85  km depth and 27  kb pressure. Similarly, min-
eral–chemical data were also used from Pangidi basaltic 
flows (extension of Deccan basalts) of Andhra Pradesh 
(Rao et al. 2012) to understand the equilibration tempera-
ture of clinopyroxene and coexisting magnetite–ilmenite 
phases. Furthermore, they believe that lower basaltic flow 
of that area is represented by higher temperature and a 
relatively higher amount of glass content as is expected 
in a differentiating basalt magma. Lightfoot et al. (1990) 
through their classical work established the stratigraphy of 
Deccan Trap lavas between Mahabaleswar Ghat and Bel-
gaon areas. These authors have deduced that the bulk rock 
compositional data (including isotope data), coupled with 
mineral chemistry, strongly suggest a fractional crystal-
lization model. A similar view of magmatic fractionation 
history was reported from Deccan Trap lavas occurring 
near Linga, Eastern Deccan volcanic province (Ganguly 
et al. 2012). Melluso and Sethna (2011) made a compre-
hensive review of the available mineral–chemical data for 
the Deccan Traps of Western India. Those authors have 
noted wide compositional variations of important constitu-
ent phases, such as pyroxene, plagioclase, spinel, ilmenite, 
and olivine. The range of mineral composition indicates 
parental magmas with varying degrees of silica saturation 
and a very similar low-pressure crystallization environ-
ment for all the tholeiitic magmas throughout the Deccan.

It is, therefore, evident that mineral–chemistry data for 
the different parts of Deccan lava flows are available in the 
literature, with little specific objectivities without having 
detailed effort to understand the petrogenetic evolution. In 
other words, detailed interpretations of petrogenetic histo-
ries of Deccan Trap lavas, utilizing mineral–chemical data 
alone, are mostly lacking. It is well known that whole-rock 
geochemical data (major-element, trace-element, and iso-
topic data) can bring out petrogenetic histories of several 
continental flood basalt provinces of the world including 
Deccan basalt (Mahoney 1988). While the whole-rock geo-
chemistry can assess overall petrogenetic aspects satisfacto-
rily in all cases, the use of mineral–chemical data can yield 
more pin-pointed and incisive data. These mineral–chemical 
data reveal sound information like density-profiling of the 
magma, prevailing oxygen fugacity, several magma cham-
ber processes (effect of magma mixing, effervescence char-
acteristics, etc.) and P–T equilibration scenario which are 
not attainable through whole-rock geochemistry data. Thus, 
it is apparent that for complete evaluation of petrogenesis, 
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mineral–chemical data in conjunction with whole-rock 
geochemistry can be a grand success. However, even min-
eral–chemical data alone can decipher petrogenetic aspects 
in vivid details. This approach (use of mineral–chemical 
data) provides a more effective means to elucidate petro-
genesis, since it can critically evaluate some petrogenetic 
parameters which are beyond the scope of whole-rock geo-
chemical data. Hence, in the present paper, an attempt has 
been made to unravel a complete picture of petrogenesis 
embodying mineral chemistry, mineral systematic, textural 
analysis, geothermobarometry, delineation of density, and 
oxygen fugacity variation (along lava flow succession). The 
entire exercise has been worked out on a well-correlated lava 
flow sequence of the present area of investigation around 
Khandwa (21° 49′ N:76° 21′ E), Madhya Pradesh which is 
a part of the Eastern Deccan Volcanic Province (EDVP). 
The present study has a profound importance since a simi-
lar mineral–chemical study can be gainfully undertaken for 
evaluating the petrogenesis of different flood basalt prov-
inces of the world.

Brief geological background

The Deccan volcanic province (DVP) represents one of the 
largest continental LIPs on the earth and elucidates one of 
the world’s well-studied continental flood basalt (CFB) prov-
inces that records vast accumulation of laterally extensive 
basaltic lava flows over extensive continental areas (Self 
et al. 1997; Sheth 2005; Rajan et al. 2005). The significance 
of the Deccan volcanic province (DVP) in the global context 
has been attributed to the vast expanse, enormous volume, 
and narrow eruption duration almost contemporaneous with 
the Cretaceous–Paleogene (K–Pg) boundary (~ 66–65 Ma) 
(Duncan and Pyle 1988; Baksi 1994; Hull et al. 2020). In 
other words, voluminous outpouring (~ 2 × 106  km3; Self 
et al. 1997) of basaltic lavas of DVP had erupted within a 
very short period. The associated plumbing system of dykes, 
sills, and layered intrusions represents a spectacular mani-
festation of earth’s internal activities and mantle melting 
processes (Coffin and Eldholm 1994; Eldholm and Coffin 
2000; Ernst and Buchan 2001; Sheth et al. 2009).

The southwestern and western parts of the DVP are geo-
logically well explored in earlier studies (e.g., Mahoney et al. 
1982; Mahoney 1988; Cox and Hawkesworth 1984, 1985; 
Lightfoot and Hawkesworth 1988; Peng et al. 1994; Bon-
dre et al. 2006). It is widely believed that the Satpura–Nar-
mada–Tapi rift system serves as a potential locale for Deccan 
lava extrusion, especially in the western DVP (Crookshank 
1936; West 1958; Bhattacharji et al. 1996; Sheth 2000; Sen 
and Cohen 1994). Cox and Hawkesworth (1985) and Beane 
et al. (1986) presented a chemostratigraphy of lavas of the 

Western Deccan Volcanic Province (WDVP), elucidating 
details of elemental and isotopic variations.

In comparison to the well-studied WDVP, the quantum 
of work done in the Eastern Deccan Volcanic Province 
(EDVP) (where the present area of investigation belongs 
to) (Fig. 1) is relatively less. In the EDVP, some sporadic 
sections (including Mandla lobe) have been worked out to 
understand field geological aspects and geochemical char-
acterization (Crookshank 1936; Alexander and Paul 1977; 
Yedekar et al. 1996; De 1996; Deshmukh et al. 1996; Pat-
tanayak and Shrivastava 1999; Nair et al. 1996; Peng et al. 
1998; Mahoney et al. 2000; Duraiswami et al. 2008; Gan-
guly et al. 2014; Sengupta and Ray 2007; Kashyap et al. 
2010; Sengupta and Ray 2011a, b; Kale et al. 2020; Srinivas 
et al. 2019). The early study on Eastern Deccan Volcanic 
Province (EDVP) was initiated by the officers of Geological 
Survey of India. Those studies mainly include extensive geo-
logical mapping at areas located on the northern slope of the 
Satpura Hills (Crookshank 1936). Later workers attempted 
to present a systematic classification of EDVP (in discon-
nected sectors) and correlation of lava flows (Alexander and 
Paul 1977, Yedekar et al. 1996 and Deshmukh et al. 1996). 
Lava flow correlation (based on firm physical–volcanologi-
cal characters) was also proposed almost at the same time 
(De 1996). Nair et al. (1996) and Kashyap et al. (2010) also 
attempted to correlate lava flow sequences of EDVP and 
those of Western Deccan Volcanic Province. In later years, 
several workers established geochemical finger printing 
from parts of EDVP using high-precision trace element and 
isotope data (Pattanayak and Shrivastava 1999; Mahoney 
et al. 2000; Sengupta and Ray 2011a; Ganguly et al. 2014; 
Shrivastava et al. 2014). Mineral chemistry of basaltic lava 
flows (and associated dykes/sills) from several domains of 
EDVP was also evaluated in an order to bracket the nature 
of pressure–temperature (P–T) equilibration and prevailing 
oxygen fugacity of the parent melt (Sen 1980; Sengupta and 
Ray 2007, 2011b). The study of lava–emplacement geom-
etry (and their bearing on eruption style/geological control) 
was duly adjudicated in recent years by Kale et al. (2020) 
and Srinivas et al. (2019). U–Pb zircon age data to con-
strain earliest eruption time (especially in Malwa plateau 
area) have recently been given by Eddy et al. (2020) (for a 
brief description of the studies carried out by these workers, 
see Supplementary Table S1). However, the available data-
base required to constrain the geochemical and petrological 
framework of EDVP is still rudimentary.

Field geology

The present area of investigation around Khandwa, Nimur 
district, Madhya Pradesh (21° 49′ N, 76° 21′ E) records over-
whelmingly dominant lava flows with the minor presence 
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of intertrap beds and local alluvium cover (Fig. 2). Exten-
sive field studies were carried out in different sectors of the 
study area namely, Nagchun, Donwara, Dhanora, Panjra, 
Jaswari (Fig. 2) which bring out the presence of three dis-
tinct lava flows (Flow I, Flow II, and Flow III). All these 
lava flows were identified using physical volcanological 
features based on the three-tier classification proposed by 
earlier workers (De 1972, 1974 and Macêdo Filho et al. 
2019). The main premise of such lava flow delineation was 
the identification of Lower Vesicular Zone (LVZ), Lower 
colonnade Zone (LCZ), Entablature zone (EZ), Upper colon-
nade zone (UCZ), and Upper Vesicular Zone (UVZ) based 
on their development in the fields (Fig. 3a–h). Moreover, 
the occasional presence of chilled dyke and feeder dyke 
(both intrusive into Flow II) has been documented. The lava 

successions rest over (apparent) cumulate gabbro basement. 
However, these above-stated zones were not ideally present 
uniformly throughout the study area and the thickness of 
such different zones was highly variable. Therefore, lava 
flow correlation of the study area was based on characteristic 
structural zones (present in each flows) and topography. In a 
few places, the presence of local inter trap beds was recorded 
that helped to correlate lava flows.

Petrography

The petrographic characters of all three flows (namely, 
Flow I, Flow II, and Flow III) recognized in the study area 
are zone-specific and monotonous. Some petrographic 
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variations have, however, been noted for other types, namely, 
Chilled Dyke, Feeder Dyke, Chilled Zone of lava flows, and 
Gabbroic basement. Cogent summary of their petrographic 
characters is given in Supplementary Table S1.1 and sup-
ported by Supplementary Fig. S1a-h, Supplementary Figs. 
S2a–l, S3a–f.

Mineral chemistry

Olivine

Olivine in investigated lava flows is rather rare (See Sup-
plementary Table S2). Olivine is restricted to UCZ of flow 
II (found only in PD 41) (Supplementary Fig. S2a). When 
olivine compositions are plotted in a Mg/  (Fe2+ + Mg) vs. 
 Fe2+/(Fe2+ + Mg) diagram, they show a slight compositional 
variation from hyalosiderite to hortonolite (Fig. 4).

Pyroxene

Mineral chemical data of pyroxene were obtained 
from different representative structural zones and their 

compositions are given in Supplementary Table S3. The 
analyzed pyroxene compositions have been considered 
in an attempt to classify them following IMA nomen-
clature (Morimoto 1989). As per Q–J relation (where 
Q = Ca + Mg + Fe and J = 2Na) (expressed in terms of 
apfu), the analyzed pyroxenes (both phenocryst/micro-phe-
nocryst and groundmass) have been designated as ‘quad’ 
pyroxene (Morimoto 1989) (Supplementary Fig. S4a–e). 
In terms of the Di–Hd–En–Fs quadrilateral (Morimoto 
1989), the majority of the plots fall in the augite field, 
while a few plots also occupy the Pigeonite field (Sup-
plementary Fig. S5a). Pyroxene compositions of flow III 
are broadly found to fall in the augite field (Supplementary 
Fig. S5b). For the pyroxene data (corresponding to feeder 
dyke and chilled dyke), the majority of plots fall in the 
augite field while a few groundmass pyroxene components 
also fall in the Pigeonite field (Supplementary Fig. S5c). 
Chilled zone pyroxene samples show rather restricted 
composition. They fall in the augite field with a limited 
compositional spectrum. Only a few samples occupy the 
pigeonite field (Supplementary Fig. S5d). Pyroxene com-
positions of basement (gabbro) rocks show a more lim-
ited compositional variability and they are restricted to 
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the augite field only; however, one sample plots into the 
pigeonite field, as well (Supplementary Fig. S5e).

The EPMA data of clinopyroxene involving line scan-
ning (from rim to rim or from core to rim) when plot-
ted on the Di–Hd–En–Fs diagram strongly indicate the 
presence of compositional variation in different pyroxene 
grains (Fig. 5a–d). Figure 5a shows a steady rise of Fs 

content from ~ Fs30 to ~ Fs 50. In Fig. 5b, the upper part 
of the curve shows a steady rise of Fs content, while the 
lower part of the curve shows a steep fall of Wo content, 
which is suggestive of sector zoning. Figure 5c shows Fs 
enrichment  in both wings of the variation curve and 
Fig. 5d depicts complex sector zoning type.

Fig. 3  Field photographs 
showing. a, b Upper Colon-
nade Zone (UCZ) of flow III, 
near Nagchun Village; c chilled 
dyke intrusive into flow III, 
near Panjra village. Long axis 
of the hammer has been placed 
perpendicular to the trend 
of chilled dyke; d intertrap 
(nonclastic type, containing 
fossils) occurring between 
flow II and flow III; e Upper 
Vesicular Zone of flow II (near 
Donwara village); f presence of 
Upper Colonnade Zone (UCZ) 
and Entablature Zone (EZ) in a 
single exposure, near Nagchun 
village. Numerous anastomo-
sing clay veins are present 
within the EZ; g presence of 
feeder dyke within flow II, near 
Taklimore village. The long axis 
of the hammer has been kept 
perpendicular to the trend of the 
dyke; h coarse-grained Gabbro 
occurring as basement of lava 
flows, at Chamathi village
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Plagioclase

Plagioclase analyses of the investigated lava flows are 
given in Supplementary Table S4. Plagioclase phenocrys-
tal compositions of flow II are found to be sufficiently 
calcic in the Or–Ab–An diagram (Supplementary Fig. 
S6a) being in the range of bytownite to labradorite. A 
few groundmass compositions of flow II correspond to 
andesine. In the case of plagioclase composition of flow 
III (Supplementary Fig. S6b), a similar behavior of phe-
nocrystal phase and groundmass phase was observed. 
Plagioclase compositions of both feeder dyke and chilled 
dyke are plotted in the Or–Ab–An diagram (Supplemen-
tary Fig. S6c), which show a broad overlap in the lab-
radorite–andesine range. The plagioclase compositions 
of the feeder dyke, as expected, show greater tenden-
cies to be clustered in the labradorite field in compari-
son to the chilled dyke body (Supplementary Fig. S6c). 
Chilled zone plagioclase composition (which corresponds 
to parental magma affinity), in an Or–Ab–An diagram, 
is broadly restricted to the labradorite–bytownite field 
(showing occasional spill to andesine field) (Supplemen-
tary Fig. S6d). Plagioclase compositions from the gab-
broic basement in terms of an Or–Ab–An diagram (Sup-
plementary Fig. S6e) show two distinct clusters. The 
plagioclase phenocrysts display significant compositional 
variation from rim to rim. The nature of such variation is 

mostly symmetric (~ An58 to ~ An80) with occasional evi-
dence of abrupt change (~ An63 to ~ An58 through ~ An74) 
(Fig. 6a–d). The early formed cumulates are distinctly cal-
cic (labradorite), whereas the intercumulas plagioclase is 
comparatively sodic (andesine). The compositional vari-
ation of plagioclase obtained through EPMA studies is in 
conformity with the cumulus and intercumulus textural 
evidence in the gabbroic basement (Supplementary Fig. S2 
b). This plagioclase compositional variation conforms to 
the cumulus–intercumulas toggle in a close system magma 
chamber (Morse 1980).

Opaque minerals (ilmenite and magnetite)

Ilmenite and magnetite analyses of investigated samples 
are given in Supplementary Tables S5 and S6, respec-
tively. Flow II and flow III (corresponding to UCZ and 
EZ) have Ti Magnetite samples. Ti magnetite has also been 
recorded from the chilled zone of flow I and flow II as well 
as from the chilled dyke and feeder dyke. The basement 
unit (gabbro) also records Ti magnetite. The other opaque 
mineral in the investigated samples is found to be ilmenite 
which has been recorded from UCZ of flow II, feeder dyke, 
chilled dyke, and chilled zone of flow I and flow II (Sup-
plementary Fig. S2c, f, g, h).

Fig. 4  Olivine data plots show-
ing compositional spectrum 
from Hyalosiderite to Hortono-
lite
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Glass

The isotropic glass of yellow and yellowish-green color 
has been noticed from flow II and flow III and chilled 
zones of flow I and flow II. EPMA data of representa-
tive glass are given in Supplementary Table S7. It may be 
noted that the analysis totals are relatively low; but this 
is a very commonly observed feature, since subsurface 
charging during EPMA reduces analytical totals. To over-
come the low totals, some workers have reported volatile 
contents  (H2O ± CO2) by a method known as ‘volatiles by 
difference’ (VBD). However, a recent review of literature 
data (Hughes et al. 2019) shows that this method (VBD) 
consistently overestimates the volatile contents of glass, 
and hence, in this present contribution, we did not use 
this VBD method. Those glass data were referred to in 
the Total Alkali–Silica diagram (Le Bas et al. 1986) (not 

shown), from where it is evident that, in general, the glass 
has basaltic compositions, while a single sample shows 
picro-basalt affinity. Representative photomicrographs and 
BSE images have already been furnished in Supplemen-
tary Figs. S1e–g, S2j–l.

Thermometry

Depending on the availability of relevant minerals, we have 
used the following geothermometers which are: (1) Pyroxene 
geothermometer (after Lindsley 1983), (2) glass thermome-
ter (after Helz and Thornber 1987; Montierth et al. 1995 and 
Putirka 2008), and (3) magnetite–ilmenite geothermometer 
(Powell and Powell 1977). The thermometric data obtained 
by different methods as stated above are given in Table 1.

Clinoenstatite Clinoferrosillite

Pigeonite

Augite

Diopside Hedenbergite

En Fs

Rim

Rim

PD 32 Px41 GM

Clinoenstatite Clinoferrosillite

Pigeonite

Augite

Diopside Hedenbergite

En Fs

Rim

Rim

PD 32 Px42 GM

Clinoenstatite Clinoferrosillite

Pigeonite

Augite

Diopside Hedenbergite

En Fs

Rim
Rim

PD 69 GM

Rim

Rim

Clinoenstatite Clinoferrosillite

Pigeonite

Augite

Diopside Hedenbergite

En Fs

Rim

Rim

PD 71 Px 49 PH

(a) (b)

(d)(c)

Fig. 5  a–d Styles of pyroxene zoning depicted in terms of Di–Hd–
En–Fs quadrilateral (Morimoto 1989). a, b Flow III Upper Colon-
nade Zone, c Feeder Dyke, intrusive within Flow II, d Chilled Zone 

of Flow I. Px 41, Px 42, and Px 49 refer to individual analysis-points. 
PD 32, PD 69, and PD 71 denote specimen numbers. PH and GM 
represent phenocryst and groundmass, respectively
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Pyroxene thermometry

Determining temperature using pyroxene composition is 
an effective and rewarding method (Lindsley 1983). The 
raw apfu data of pyroxene composition, of course, need to 
be recalculated in terms of Wo, En, and Fs end-members. 
The pyroxene thermometry method (Lindsley 1983) is 
essentially a graphical one where the pyroxene composi-
tion of a particular rock needs to be plotted with respect to 
experimentally obtained thermal contours. The output data 
faithfully portray the thermal equilibration of the host rock 
containing pyroxene. In this view, pyroxene thermometry 
(Lindsley 1983) has been attempted for the investigated lava 
flows and associated chilled zone, feeder dyke, chilled dyke, 
and the gabbro basement. The projected pyroxene composi-
tions in such contour diagrams are shown in Supplementary 
Fig. S7a-e and the corresponding data are given in Table 1. 
From the data in Table 1, it is evident that thermometric 
values deduced for flow II range from 1050 to 1130 °C, 
whereas thermometric values for flow III range from 1080 
to 1105 °C. The chilled dyke (occurring within flow II) gives 
an equilibration temperature of 1052 °C, whereas the feeder 
dyke also exposed in flow II gives a temperature of 1015 °C. 
The chilled zone corresponding to flow II and flow I shows 
a limited or restricted temperature range of 1013–1108 °C. 
The basement (gabbroic unit) gives a relatively lower 

thermometric value (1020 °C). In general, the pyroxene 
thermometric data yield a relatively restricted temperature 
range (1015–1130 °C) where the higher bound corresponds 
to early formed phenocryst phases.

Glass thermometry

A glass or liquid thermometer provides a useful means for 
understanding the equilibration temperature of volcanic rock 
(Putirka 2008). A simple method involving glass thermom-
eter was initially postulated by Helz and Thornber (1987), 
where wt% MgO in the glass (~ liquid composition) was 
given consideration. Subsequently, the Helz and Thorn-
ber (1987) thermometer was revised by Montierth et al. 
(1995). It was suggested by Putirka (2008) that, although 
those above-mentioned thermometers are simple enough, 
they work remarkably well. However, Putirka (2008) noted 
a systematic error in the thermometer proposed by Helz and 
Thornber (1987) and subsequently removed the error pro-
posing a new model, which is:

In the present study, glass thermometry was attempted 
using the methods of Helz and Thornber (1987) and Mon-
tierth et al. (1995) with the updated thermometer advocated 

T(◦C) = 26.3 MgO(Liq) + 994.4◦C.
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Fig. 6  a–d Variation pattern of An% in zoned plagioclase in several structural zones corresponding to different flows. PD 41, PD 32, and PD 71 
denote sample numbers. UCZ upper colonnade zone, EZ entablature zone, CZ chilled zone
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by Putirka (2008) (Table 1). All these methods yield a quite 
consistent and fairly well-defined range of liquidus tempera-
tures. Glass thermometry after Putrika (2008) indicates that, 
for the UCZ (of all the flows), the temperature varies from 
1355 to 1421 °C. For EZ, the temperature is seemingly low 
(1264 °C). The glass thermometry obtained for the feeder 
dyke is 1387 °C; in the case of the chilled dyke, the tem-
perature is relatively lower (1162 °C). Glass thermometry 
data for the CZ (chilled zone) of flow II are 1321 °C, while 
in case of CZ (chilled zone) of flow I, it is found to be rela-
tively lower (1203 °C). However, the Putirka (2008) method 
slightly overestimates the temperature.

Magnetite–ilmenite geothermometry

In this study, we have used the independent Iron–Titanium 
oxide geothermometer given by Powell and Powell (1977) 
which is based on experimental data of Buddington and 
Lindsley (1964). We have calculated  Xulv and  Xilm follow-
ing the Powell and Powell (1977) method and those data 
are presented in Table 1. We next calculated  KD, ln KD, and 
temperature in °C following Eq. 3 of Powell and Powell 
(1977). The deduced temperatures (Table 1) show a range 
from 632 to 1306 °C. Except for two samples of Flow II 
and one sample of the chilled zone, the pyroxene thermom-
etry data are broadly similar to that obtained from magnet-
ite–ilmenite thermometry. The oxide thermometry suggests 
that the opaque phases (mostly surficial) equilibrated for a 
relatively broader temperature range.

Tracking crystallization history through quantitative 
modeling

Quantitative modeling of the crystallization history of 
basaltic magma has often been attempted through software 
involving an algorithm that helps petrologists to understand 
the mineral-melt equilibrium model and quantification of 
physical parameters such as density, viscosity, and oxygen 
fugacity. In the present study, we attempted such quantita-
tive modeling with Petrolog 3 software (Danyushevsky and 
Plechov 2011). This software offers a model- independent 
algorithm, which enables workers to deal with a large num-
ber of mineral-melt equilibria models and several physical 
characters of the melt (such as density and viscosity). The 
Petrolog-3 offers a unique opportunity to the community of 
igneous petrologists to work with a very user-friendly inter-
face for computer simulation related to the crystallization 
process. This particular software enables us to understand 
the appearance (or disappearance) of several constituent 
mineral phases during magmatic evolution. This is par-
ticularly helpful to decipher the paragenetic appearance of 
constituent phases (both phenocryst and groundmass) in a 
basaltic magma (Morse 1980; Philpotts and Ague 2009). 

The output data obtained using Petrolog 3 software are 
given in Table. 2. To validate these data, petrographic and 
textural evidence for each of the specimen has been thor-
oughly examined. It is evident that, while the Petrolog 3 
output serves as an excellent tool for the initial estimation 
of several parameters, it gives the insight to understand sev-
eral magmatic processes only when coupled with detailed 
petrographic observations. For each sample, detailed output 
from Petrolog 3 and relevant textural support is furnished 
in Supplementary Table S8. Initial magma temperature was 
ascertained with glass thermometric data (Putirka 2008).

It is evident that the parent magma suffered both equi-
librium and fractional crystallization. As for example in 
the majority of the cases, olivine crystallized initially in 
the magma chamber, and subsequently, it started reacting 
with the ambient liquid. This would lead to the complete 
disappearance of olivine. As a result of olivine and liquid 
reaction during equilibrium crystallization, augitic clino-
pyroxene will be the stable phase. The magma, in turn, 
might have started the separation of relevant phases now 
represented by the phenocrysts (fractional crystallization). 
The parent magma, therefore, represents a combination of 
both, equilibrium and fractional crystallization, an expected 
behavior close to reality (Morse 1980). From Petrolog 3 
software, liquidus temperatures of different mineral phases 
can be obtained. These data (with relevant petrographic 
support) were duly assessed to understand the groundmass 
temperature. Groundmass opaque (temperature) was given 
due consideration to have an idea of melt solidification. 
The surficial magma eruption temperature could be con-
strained well with the help of groundmass minerals. Again 
within the groundmass component tiny pyroxene, slender 
thin plagioclase and surficial opaque minerals have been 
documented on the basis of petrographic analyses. Our cal-
culation indicates that after reaching the surface, magma 
started crystallizing at ~ 1250 °C (revealed by plagioclase 
thermometry using plagioclase groundmass composition, 
see Supplementary Table S4) which was closely followed 
by tiny clinopyroxene groundmass (~ 1215 °C) (pyroxene 
thermometry Lindsley 1983). These two minerals were next 
joined by opaque minerals (~ 1150 °C) (Powell and Powell 
1977). Of course, there is small-to-moderate degree of over-
lap pertaining to crystallization temperatures of these three 
phases, which is very usual. In general, textural data support 
that opaque minerals in the groundmass were crystallized 
at the last and that has been supported by our thermometric 
calculations as well, as stated above. Tables 1 and 2 indi-
cate that clinopyroxene started crystallizing (as phenocryst 
phase) at ~ 1150–1200 °C. The crystallization of clinopy-
roxene continued up to ~ 800 °C as depicted by pyroxene 
thermometry (Lindsley 1983) of the groundmass compo-
nents (see Supplementary Table S3). Similarly, plagioclase 
phenocrysts started crystallizing at ~ 1100 °C (see Table 2 
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Petrolog- 3 data). This thermometric value remains almost 
the same for the groundmass plagioclase. Careful scrutiny 
of Table 1 reveals that ~ 632 °C is the ultimate magmatic 
crystallization temperature (opaque thermometry method, 
Powell and Powell 1977). Another interesting character (that 
has been revealed through the Petrolog-3 program) is the 
variation of magma density with the onset of crystalliza-
tion. The density in the evolving magma ranges from 2.71 
gm/cc to 3.28 gm/cc. Likewise, oxygen fugacity (during the 
magmatic evolution) changes from—10.7 log  (fO2) to—6.4 
log  (fO2). The reason for such variations is discussed in the 
subsequent sections.

Discussion

Nature of crystallization in parental magma

Continental Flood Basalt (CFB) Provinces cover large areas 
within the Earth’s surface and the compositions of erupted 
basalts are essentially controlled by (1) characteristics of 
primary magma and (2) modification imposed upon them 
during their journey before eruption onto the Earth’s sur-
face (Wilson 1989). Often, the parental magmas reflect their 
source characteristics (Wilkinson and Binns 1977) and man-
tle lithology at different water saturation levels (Prestvik and 
Goles 1985). The relation between silica and iron-rich pri-
mary magma-composition for many CFB provinces has been 
attributed to subduction modified mantle (Wilson 1989). In 
general, the CFB provinces are marked by the character-
istic presence of plagioclase ± clinopyroxene ± olivine phe-
nocrysts (Cox 1980), which suggests low-pressure crystal 
fractionation (Wilson 1989). According to Morse (1980), 
the crystallization of basaltic magma is neither a manifesta-
tion of only equilibrium crystallization or fractional crystal-
lization. Rather, in nature, it is often a combination of both 
equilibrium and fractional crystallization. Textural analysis 
often serves as a useful tool to understand complex petro-
genetic processes.

Plagioclase composition from the present study also por-
trays the evolutionary history of the magma, at least during 
the time after the plagioclase touches the liquidus. It has 
been shown in an earlier section that rim-to-rim composi-
tional variation in plagioclase phenocryst is either symmet-
ric or kinked. This suggests fractional crystallization of the 
plagioclase from the parent magma (Fig. 6a–d) occasionally 
being controlled by water pressure fluctuation (Philpotts and 
Ague 2009) (Supplementary Fig. S8a–e). The fractionating 
behavior of the parental magma is more effectively adju-
dicated in terms of pyroxene phenocryst chemistry where, 
besides pyroxene separation, a collage of varieties of zon-
ing characteristics are present. These are simple type, sec-
tor type, and complex sector types (Fig. 5a–d), which are 

indicative of complex interplay of changing physico-chem-
ical processes in several micro- and macro-domains in the 
magma chamber during pyroxene separation. Thus, in the 
present case, fractional crystallization, by and large, plays 
a major role in the evolution of the magma (in other words, 
equilibrium crystallization was a subsidiary mechanism).

Glass chemistry and nature of fractionation vis‑a‑vis 
petrographic evidence

We used analyzed glass composition (adopting normali-
zation procedure given by Hughes et al. 2019) as a useful 
proxy to understand magma behavior (Putirka 2008). Pro-
jection of glass composition in terms of the plagioclase–oli-
vine–quartz normative diagram (Dilek et al. 1999) (Fig. 7) 
gives an idea of the ambient pressure of the parent magma 
during crystallization and quenching. The data correspond-
ing to different zones (Fig. 7) show some scatter. The chilled 
dyke (intrusive into flow II) represents olivine-rich pristine 
chemistry that corresponds to a sufficiently high-pressure 
equilibration within the magma chamber (pressure > 15 kb). 
The data corresponding to (1) Feeder dyke (Feeder dyke 
within flow II), (2) UCZ of flow II, (3) UCZ of flow III, and 
(4) chilled zone of flow II represent a relatively higher pres-
sure (~ 15 kb) which corresponds to roughly 45 km depth 
within the magma chamber. On the contrary, the glass com-
position corresponding to the chilled zone of flow I and EZ 
of flow III is located closer to 1 atm line (Fig. 7). Thus there 
is a barometric variation for different zones of several lava 
flows. This implies that different isotropic glasses noticed 
within the lava successions are not merely rapidly quenched 
products corresponding to the normal surficial condition. 
In other words, there is clear evidence of the distinct pres-
ence of glasses formed at higher pressure which were subse-
quently thrown out and embedded in the surficially formed 
groundmass and retained their ‘higher magnitude pressure 
ambience’.

Evaluation of the controlling tectonic setting

Evaluation of the tectonic setting of basaltic rocks with the 
help of discrimination diagrams is a conventional practice 
by many geologists. The pioneer worker who initiated this 
approach was Pearce et al. (1976, 1996) where the basic 
connotation was to decipher the tectonic setting of basalts 
of unknown affinity based on the geochemistry of modern-
day basalts of varied tectonic settings. In other words, the 
main tenet of this approach is ‘present is the key to the 
past’ (Law of uniformitarianism). The tectonic setting of 
the investigated basalts was evaluated using parent magma 
compositions obtained through glass chemistry of different 
samples (see Supplementary Table S7). One of the useful 
major-element diagrams to discriminate tectonic settings is 



460 International Journal of Earth Sciences (2021) 110:447–466

1 3

on the basis of the  TiO2(wt%)–K2O(wt%)–P2O5(wt%) dia-
gram (Pearce et al. 1975). All the present data plots fall 
within field B (continental) (Fig. 8). The mineral chemis-
try of clinopyroxene (belonging to host basaltic rock) is a 
good indicator to unravel tectonic settings (Leterrier et al. 
1982). Clinopyroxene compositions of the basaltic rocks of 
the study area when referred to the Ti (apfu) vs. Ca (apfu) 
diagram after Leterrier et al. (1982) (Fig. 9) clearly suggest 
the ’non-orogenic’ nature. Therefore, tectonic discrimination 
diagrams involving major-element chemistry of the constitu-
ent glass and mineral chemistry (especially clinopyroxene 
mineral chemistry) are a clear indication of having a ‘conti-
nental’ tectonic setting. This is in tune with the studies made 
by Mahoney (1988), Wilson (1989), Coffin and Eldholm 
(1992), Peng et al. (1994), and Melluso and Sethna (2011).

Viewing magma chamber processes

To view magma chamber conditions, magma chamber 
processes, and modification of the parent magma through 
several evolutionary stages, Petrolog software (Petrolog 
2 and Petrolog 3) was originally designed by Ghiorso 
et al. (2002). This software can effectively demonstrate 
processes like partial melting, fractional crystallization, 
and reverse fractional crystallization using a complex 
algorithm (Danyushevsky and Plechov 2011). Noting the 
effectiveness of this software, in this paper, we attempt to 

model the details of magma crystallization procedures, 
magma chamber processes, and the appearance of liquidus 
temperature of several constituent phases. The Petrolog 3 
program was also used to model the crystallization behav-
ior of several phases including liquidus phase estimation, 
oxygen fugacity calculation, and progressive change-over 
of density parameters. Interestingly, for almost all zones 
involving several flows, olivine was the first formed min-
eral (according to Petrolog 3) inside of the magma cham-
ber. As modal olivine is seldom found, we infer that, in 
almost all cases, olivine was totally reacted upon (with 
the ambient liquid) to give rise to clinopyroxene. The 
opaque phases (magnetite and ilmenite) that appeared at 
the very early stage of magmatic crystallization could not 
have survived as a phenocrystal phase because of preva-
lent low oxygen fugacity during their formative stage in 
the magma chamber. In other words, the initially formed 
oxide phases (magnetite and ilmenite) virtually vanished 
or became unstable immediately after their formation. 
Magnetite and ilmenite, which are almost ubiquitous as 
groundmass phases of the investigated lavas, formed at 
high oxygen fugacity, after lava eruption and stabilization 
at the surface. Figure 10 is a schematic lithology, showing 
different lava flows of the study area and several struc-
tural zones therein. The accompanying panel of the same 
figure (Fig. 10) depicts the variation of oxygen fugacity 
of ambient magma from bottom to top as well as density 

Fig. 7  Plots of glass composi-
tions for different representative 
samples in terms of normative 
plagioclase–olivine–quartz 
plot. Explanation of abbre-
viation: UCZ upper colonnade 
zone, EZ entablature zone, FD 
feeder dyke, CD chilled dyke, 
CZ chilled zone, B basement 
(Gabbro). Equilibration pressure 
lines (1 atm, 10 kb, and 15 kb) 
have been incorporated from 
Dilek et al. (1999). PD 31, PD 
48, etc. denote specimen num-
bers. Data plotting far below 
15 kb equilibration line (as, 
for example, PD 75) represent 
high-pressure formation; during 
sudden eruption, they form 
‘fossilized glass’, which may be 
later included in opaque miner-
als. For details, see text
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variation. The oxygen fugacity from bottom to top shows 
a slight oscillatory pattern. The –log(fO2) changes from 
7.7 (chilled zone of flow I) to ~ 7 (chilled zone of flow II). 
The oxygen fugacity oscillatory pattern may be ascribed 
to heating and reduction during magma ascent. Density 
of magma is one of the important controlling factors on 
the eruptibility of magmas. It has been found that there is 
a strong correlation between magma density and corre-
sponding volume of the lava flow (Hartley and Maclennan 
2018). Over about 85% of the total volume of the volcanic 
eruption lies close to a density-minimum that corresponds 
to the composition of basaltic magma at the arrival of pla-
gioclase at the liquidus. This type of density- minimum 
magma is buoyant enough which facilitates the magma to 
erupt in a profuse volume. The use of a simple numerical 
model has shown that eruption of magma with relatively 
higher density is assisted by the generation of overpres-
sure in the magma chamber (Hartley and Maclennan 
2018). In the present case, it is, therefore, evident that the 
density-minimum of the magma (~ 2.70–2.80 gm/cc) pro-
duced more voluminous and abundant lava flow (mostly 
Flow III and less commonly Flow II) and the feeder dyke. 
On the other hand, magma corresponding to the Chilled 
zones of lava flows and Chilled dyke (and locally some 

portion of Flow II) bear higher densities (~ 2.90 gm/cc), 
and they have restricted field occurrences (they correspond 
to localized domains of magma–chamber–overpressure). 
Anderson and Wright (1972) documented (contrary to 
popular belief) that, during the onset of magma eruption, 
it effervesces and suffers a reducing environment because 
of (1) loss of  H2O, (2) loss of  SO2, and (3) magma mixing. 
Furthermore, there is a conspicuous correlation between 
oxygen fugacity and temperature variation. In support of 
their contention, Anderson and Wright (1972) referred to 
the case of Tristan de Cunha lavas. This lava underwent 
strong reduction during eruption because of loss of vola-
tile materials, particularly  SO2 (Anderson 1968). Magma 
effervescence during ascent is found to be a definite cause 
of accelerated crystallization of microphenocryst, rise in 
temperature, and decrease in oxidation state. We, there-
fore, conclude that the Deccan volcanism (as revealed in 
the present study) shows a complex interplay of repeated 
pulses of magma ascent, fluctuation of the crystallization 
condition, effervescence, and local magma mixing. The 
petrogenetic aspects of the flood basalt provinces (~ LIP) 
in different parts of the world have been attempted by 
various workers in recent years (Heinonen et al 2013; 
Moore et al 2018; Moraes et al 2018) using high-precision 

Fig. 8  Plot of different 
representative glass composi-
tions (parent melt) in wt% 
 TiO2–K2O–P2O5 diagram (after 
Pearce et al. 1975). All data 
plots fall within field B (con-
tinental). PD 71, PD 77, etc. 
denote sample numbers

A
(oceanic)

B 
(continental)

K O2 P O2 5

TiO2

Flow II UCZ
Flow III UCZ

Feeder Dyke
Flow III EZ

Flow I CZ
Flow II CZ

Chilled Dyke

PD 31

PD 48PD 69

PD 32
PD 75

PD 71

PD 87

PD 77



462 International Journal of Earth Sciences (2021) 110:447–466

1 3

whole-rock geochemical data. For the Deccan volcanic 
province of the Indian shield, similar attempts (to under-
stand petrogenesis) is in vogue since almost the middle of 
the last century (Alexander and Paul 1977; Yedekar et al 
1996; Peng et al 1998; Pattanayak and Shrivastava 1999; 
Mahoney et al 2000). Recent studies by several workers 
(Sengupta and Ray 2011a, b; Vanderkluysen et al. 2011; 
Ganguly et al 2014; Patel et al. 2020) using whole-rock 
geochemical data have substantially improved our knowl-
edge related to Deccan petrogenesis. However, our present 
study highlights the importance of mineral–chemical study 
of the constituent phases (from different units like several 
lava flows, dykes, chilled zones, etc.) to assess the petro-
genetic evolution of the Deccan Traps. In other words, 
it has been shown that, based on sound field data and 
petrographic analyses, mineral chemistry of constituent 
phases can independently provide a good insight into the 
magma chamber processes. Significant information about 
the appearance of several liquidus phases, range of crys-
tallization temperature, nature of oxygen fugacity, density 
variation in the ambient magma, relevant petrological con-
sequences (like development of typical textures, relative 
dominance of lava flows, etc.), and controlling tectonic 

milieu were clearly brought out from our present study. 
We, therefore, contemplate that similar mineral– chemical 
studies (with or without conjunction of whole-rock chemi-
cal data) can be gainfully undertaken for other flood basalt 
provinces of the world.

Conclusions

The present study attempts to elucidate petrogenetic aspects 
(from parts of Eastern Deccan Flood Basalt Province) 
through comprehensive mineral–chemical studies. The 
Deccan trap volcanic province (which is a part of Conti-
nental Flood Basalts) covers large areas within the Earth’s 
surface and is essentially controlled by characteristics of 
the primary magma or any subsequent modification (from 
the magma chamber en route) before their eruption onto the 
Earth’s surface. In the present investigation, the constituent 
phases, namely, plagioclase and pyroxene (both phenocryst 
and groundmass), display significant compositional vari-
ation marked by several zoned geometry, suggesting the 
effect of fractional crystallization in the parent magma. It 
is evident that glass compositions (belonging to different 

Fig. 9  Ti (apfu) vs. Ca (apfu) 
plots for the investigated 
clinopyroxene in the tectonic 
discrimination diagram sug-
gested by Leterrier et al. (1982). 
Almost all samples occupy field 
D (non-orogenic basalts) [apfu: 
atoms per formula unit]
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structural zones of the investigated lava sequences) suggest 
varied ambient pressures which range from > 15 kb (fossil-
ized glass) to a surficial pressure regime. Glass composi-
tions corresponding to such contrasting ambiance have been 
corroborated by textural studies (Supplementary Fig. S1e, 
f, and g). The glass compositions were effectively used to 
evaluate the tectonic setting of the relevant discrimination 
diagrams. Use of the  TiO2 (wt%)–K2O (wt%)–P2O5 (wt%) 
diagram (Pearce et al. 1975) favors a ‘Continental’ setting. 
Mineral chemistry is a good assessor of tectonic setting 
(Leterrier et al. 1982) and clinopyroxene composition in the 

present case indicates a ‘non-orogenic’ continental setting. 
Petrolog 3 software was used to model the magma crystal-
lization procedure, internal magma chamber processes, the 
appearance of liquidus temperature of several phases, and 
switch over of oxygen fugacity and density parameters. A 
critical assessment of Petrolog 3 output data was made in 
conjunction with detailed petrographic analyses to arrive at a 
sound conclusion pertaining to the crystallization condition 
of the parent magma. It has been inferred that initially found 
olivine reacted with the ambient liquid in the magma cham-
ber in an equilibrium crystallization milieu. Early formed 
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Fig. 10  Panel diagram showing a schematic disposition of several 
lava flows, chilled zone, feeder dyke, intertrap, etc. The left-hand side 
panel diagram shows the variation of log  fO2 while the right-hand 

side panel diagram shows density variation (gm/cc) [PD 71, PD 77, 
etc. denote sample numbers]
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opaque phases also disappeared due to prevalent low oxy-
gen fugacity. We demonstrate that Deccan volcanism (as 
revealed in the present study) shows a complex interplay of 
repeated pulses of magma ascent, fluctuating crystallization 
conditions, effervescence, and local-scale magma mixing, 
evaluated on the basis of comprehensive mineral chemistry. 
A similar study (taking mineral chemistry as the main asses-
sor) may be effectively extended to other Continental Flood 
Basalts of different parts of the world.
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