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The nature of the magma plumbing system of Large Igneous Provinces is still poorly understood. Among these exceptional magmatic
events from Earth’s past, the end-Triassic Central Atlantic Magmatic Province (CAMP) and the end-Cretaceous Deccan Traps (Deccan)
coincided in time with two of the most catastrophic biotic crises during the Phanerozoic. In order to constrain the architecture of
their magma plumbing system, glomerocrysts containing abundant bubble-bearing melt inclusions from basaltic lava flows of both
CAMP and Deccan were investigated via in situ geochemical and microstructural analyses. The analysed glomerocrysts, dominated
by augitic clinopyroxene crystals, represent fragments of a crystal mush entrained by basaltic magmas before eruption. The analysed
melt inclusions, consisting of an intermediate to felsic composition glass and CO2-bearing bubbles, represent relics of interstitial melts
and fluids within a porous crystal framework forming the crystal mush. The different volume proportions between bubbles and whole
inclusions reveal that melt entrapment occurred after volatile exsolution. The minimum observed bubble/inclusion fraction indicates
that the CO2 concentration in CAMP and Deccan melts was at least 0.3 wt.%, consistent with a maximum entrapment pressure of
about 0.5 GPa at CO2–H2O fluid-saturated conditions. The MgO-rich composition of host clinopyroxene crystals and whole rocks is in
contrast with the SiO2-rich composition of (trachy-) andesitic to rhyolitic glass of melt inclusions, pointing to disequilibrium conditions.
Thermodynamic and geochemical modelling shows that fractional crystallization alone cannot explain the evolved composition of glass
in melt inclusions starting from their whole rock composition. On one side, the oxygen isotope composition of clinopyroxene crystals in
glomerocrysts ranges from +3.9 (± 0.3) to +5.8 (± 0.3) � and their sample-averaged oxygen isotope composition spans from +4.4 (N = 10)
to +5.6 (N = 10) �, implying that glomerocrysts crystallized from mafic melts with normal (i.e., mantle-like) to slightly low δ18O values.
On the other side, the oxygen isotope composition of glass in melt inclusions ranges from +5.5 (± 0.4) to +22.1 (± 0.4) �, implying that
melt inclusions entrapped intermediate to felsic melts with normal (i.e., mantle-like) to extremely high δ18O values, typical of (meta-)
sedimentary rocks. Some melt inclusions are compatible with fractionation from the same mafic melts that crystallized their host
mineral phase, but most melt inclusions are compatible with variable degrees of crustal assimilation and partial mixing, potentially
followed by minor post-entrapment isotope re-equilibration. In the CAMP, where sedimentary basins are abundant, (meta-) pelites and
occasionally granitoids were the most likely assimilants. On the contrary, in the Deccan, where sedimentary basins are rare, granitoids
and metapelites were the most likely assimilants. Oxygen isotope compositions of glass in melt inclusions, spanning from mantle-like
to crust-dominated signatures, suggest that the CO2 within their coexisting bubbles likely derived partly from the mantle and partly
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from assimilated crustal materials. The investigated glomerocrysts and their bubble-bearing melt inclusions are relics of a multiphase
(i.e., solid + liquid + gas phases) crystal mush revealing a dynamic evolution for the magma plumbing system of both CAMP and Deccan,
where crystals, silicate melts and exsolved fluids coexisted and interacted through most of the transcrustal section.

Key words: Central Atlantic Magmatic Province (CAMP); Deccan Traps (Deccan); Confocal Raman microspectroscopy; X-ray microto-
mography; Oxygen isotopes

INTRODUCTION
The classical model of magma chambers, as uniform and long-
lived reservoirs dominated by melt, has been gradually replaced
by the recent model of magma plumbing systems comprising
multiple, variably interconnected and short-lived reservoirs dom-
inated by crystal mush, extending from crustal roots to Earth’s
surface (Marsh, 2015; Cashman et al., 2017; Sparks et al., 2019).
The term mush indicates a multiphase system dominated by a
crystalline matrix in which melts coexist with buoyant fluids (Pis-
tone et al., 2013). In transcrustal plumbing systems, crystals, melts
and exsolved fluids interact throughout the crustal thickness,
amplifying potential element exchanges and mass transfers with
the crust, and resulting in typical rock textures and microstruc-
tures (Jackson et al., 2018). Compared to a liquid-rich environment
(e.g., melt lenses), a more static solid-rich environment (e.g.,
mush zones) produces characteristic microstructures, such as
polycrystalline aggregates indicative of limited crystal mobility,
with in situ crystal nucleation and growth (Holness et al., 2019).
Glomerocrysts in volcanic rocks are polycrystalline aggregates
which may form via several magmatic processes in different mag-
matic environments, including highly packed crystal frameworks
of mush zones, and thus offer unparalleled constraints on the
architecture of magma plumbing systems (Holness et al., 2007;
Ferguson et al., 2019; McCarthy et al., 2020).

Evidence of a mush-dominated plumbing system was initially
provided by active calcalkaline magmatism at convergent mar-
gins, but this paradigm was soon thereafter supported by Large
Igneous Provinces (LIPs; Grant et al., 2016; Black & Manga, 2017;
Bédard et al., 2021; Mittal et al., 2021; Mittal & Richards, 2021;
Marzoli et al., 2022). The concept of a mush-dominated plumbing
system in the context of LIPs shed light on their pulsed activity,
the occurrence of geochemically uniform and distinct magma
batches, and the flushing of magma reservoirs via melt–fluid
decoupling (Black et al., 2021). In general, LIPs are volumetrically
dominated by tholeiitic continental flood basalts, resulting in
relatively homogeneous rocks with phenocrysts of augitic clinopy-
roxene and bytownitic plagioclase, with much higher magma
volumes and eruption rates than arc volcanoes, likely implying
different mechanisms of magma supply (Ernst, 2014). In contrast
with active systems, the study of LIPs may be hindered by plate
tectonic fragmentation, by erosion of the original emplaced vol-
ume, by alteration of the original magmatic minerals, and cannot
be supported by geophysical methods to assess the presence of an
active crystal mush. Hence, in situ geochemical and microstruc-
tural investigation of rock samples (Ubide et al., 2014, 2019, 2022)
is the main viable approach to understand the fossil magma
plumbing system of LIPs as well as the evolution of their magmas
and volatile budget (Andreasen et al., 2004; Holness et al., 2017;
Krans et al., 2018; Marzoli et al., 2022; Carvas et al., 2023).

Magmatic volatiles control magma storage, migration and
ascent, and govern eruptive dynamics, ultimately affecting atmo-
sphere, hydrosphere and biosphere with potentially catastrophic
consequences, as revealed by the temporal coincidence between
LIPs and mass extinction events throughout Earth’s history

(Wignall, 2015; Bond & Grasby, 2017; Ernst & Youbi, 2017; Black
& Gibson, 2019; Clapham & Renne, 2019; Green et al., 2022). In
this study, we focussed on two LIPs (Fig. 1), the Central Atlantic
Magmatic Province (CAMP) at about 201 Ma (Marzoli et al., 1999,
2018) and the Deccan Traps (Deccan) at about 66 Ma (Schoene
et al., 2019; Sprain et al., 2019), respectively synchronous with end-
Triassic and Cretaceous–Palaeogene boundary mass extinctions
(Raup & Sepkoski, 1982; Marzoli et al., 2004; Hull et al., 2020). The
emplacement of the CAMP induced volcanic and thermogenic
emissions of greenhouse gases, such as CO2 and CH4 (Capriolo
et al., 2020, 2021), which seriously affected the end-Triassic global
climate and environment (Marzoli et al., 2004; Heimdal et al., 2018,
2020; Capriolo et al., 2022). Similarly, the emplacement of the
Deccan degassed mainly CO2 and SO2 (Self et al., 2008; Callegaro
et al., 2014a, 2023; Choudhary et al., 2019; Hernandez Nava et al.,
2021), which deteriorated the end-Cretaceous surface system
(Hull et al., 2020; Gilabert et al., 2021). Among magmatic volatiles,
CO2 is one of the most impactful greenhouse gases, and is a
propellant of volcanic eruptions in basaltic systems (Black &
Manga, 2017; Caricchi et al., 2018). Quantifying magmatic CO2

is thus crucial to reconstruct its role in the eruptive mechanism
of LIPs and their implication in mass extinction events. However,
the CO2 preserved in whole rock samples is a minimal part of
the original magmatic CO2 as it tends to exsolve and escape from
deep levels in Earth’s crust (Pichavant et al., 2013). Melt inclusions
(MIs) are microscopic imperfections in minerals which may entrap
melts and coexisting fluids during the crystal growth, and their
study is thus fundamental to quantify magmatic CO2 throughout
the magma plumbing system (Roedder, 1979; Self et al., 2005;
Baker, 2008).

Here, we analysed glomerocrysts containing bubble-bearing
MIs sampled from basaltic lava flows of both CAMP and Deccan,
using a multi-technique approach from micro- to macro-scale,
in order to assess the occurrence of a crystal mush in their
magma plumbing system, and to investigate how crystals, melts
and exsolved fluids interact throughout the transcrustal section.
Confocal Raman microspectroscopy allowed the quantification of
CO2 density within bubbles of MIs. Synchrotron radiation X-ray
microtomography provided precise volume proportions of bubbles
within MIs (i.e., bubble/inclusion fractions), which are essential
for estimating the original CO2 concentration in the melts and
were previously determined by optical microscopy observations
in 2D only. Electron microprobe (EMP) and secondary ion mass
spectrometry (SIMS) analyses of MIs glass and their host clinopy-
roxene revealed the origin of the melts via major element and
oxygen isotope compositions. Furthermore, thermodynamic and
geochemical modelling was employed to test the potential occur-
rence of differentiation by fractional crystallization and crustal
assimilation, as well as the possible implications for diffusional
exchange of oxygen isotopes. By combining in situ geochemical
and microstructural methods, we reconstructed complex mag-
matic differentiation processes occurring in mush zones within
the transcrustal plumbing system of the two investigated LIPs.
Hence, we obtained new constraints on the origin and transfer

D
ow

nloaded from
 https://academ

ic.oup.com
/petrology/article/65/10/egae103/7811003 by guest on 20 June 2025



Journal of Petrology, 2024, Vol. 65, No. 10 | 3

Fig. 1. Overview of the Central Atlantic Magmatic Province and the Deccan Traps with rock samples location. The preserved volume of the CAMP
(map adapted from Marzoli et al., 2018) is volumetrically dominated by intrusive rocks, whereas the preserved volume of the Deccan (map adapted
from Marzoli et al., 2022) is volumetrically dominated by effusive rocks. The investigated CAMP rock samples are lava flows from Algarve Basin, Fundy
Basin, Newark Basin and Central High Atlas, and the investigated Deccan rock samples are lava flows from Western Ghats (Supplementary Fig. 1 and
Supplementary Tab. 1).

of carbon from the mantle to Earth’s surface, with crucial impli-
cations for LIPs emplacement and for their environmental and
climatic impact.

GEOLOGICAL SETTING AND SAMPLING
The CAMP is one of the most voluminous Phanerozoic LIPs and
was synchronous with the end-Triassic mass extinction (Mar-
zoli et al., 2004). This LIP was emplaced over an area of about
1.0 × 107 km2 throughout the circum-Atlantic continents (Fig. 1),
involving an original volume of >3.0 × 106 km3 magmas (Marzoli
et al., 1999, 2018; Davies et al., 2017). The analysed CAMP rock
samples are from several lava flows outcropping in North Amer-
ica (Merle et al., 2014), Africa (Marzoli et al., 2019) and Europe
(Callegaro et al., 2014b). All rock samples belong to the early phase
of CAMP activity (latest Triassic), at ca. 201.6–201.5 Ma, except for
two rock samples (NEW73 from USA and AN156A from Morocco)
belonging to the late phase of CAMP activity (earliest Jurassic),
at ca. 201.2–200.9 Ma (Blackburn et al., 2013; Davies et al., 2017;
Marzoli et al., 2019).

The Deccan was active across the Cretaceous–Palaeogene
boundary, which was marked by the Chicxulub bolide impact and
the disappearance of non-avian dinosaurs among multiple other
marine and terrestrial species (Alvarez et al., 1980; Courtillot et al.,
1986; Renne et al., 2015). This LIP was emplaced over an area of
about 1.5 × 106 km2 on the Indian subcontinent (Fig. 1), involving

an original volume of >1.5 × 106 km3 magmas (Beane et al., 1986;
Krishnamurthy, 2020a, 2020b; Mittal et al., 2022; Self et al., 2022).
The analysed Deccan rock samples are from different lava flows
outcropping in the Western Ghats, India (Sprain et al., 2019).
Two rock samples (BOR14-2 and MAT14-3 from the Thakurvadi
Formation) belong to the Kalsubai Subgroup, corresponding to
the early phase of Deccan activity (latest Cretaceous), at ca.
66.3–66.1 Ma, whereas the other two rock samples (KJA14-2 and
PAS14-1 from the Poladpur and Mahabaleshwar Formations,
respectively) belong to the Wai Subgroup, corresponding to the
late phase of Deccan activity (earliest Palaeocene), at ca. 66.0–
65.5 Ma (Sprain et al., 2019).

Magma generation in both CAMP and Deccan continued
over about 1 Ma, but magma discharge occurred in short-lived
(few hundred years) pulses with high eruption rate, according
to geochemical, geochronological and magnestostratigraphic
constraints (Knight et al., 2004; Chenet et al., 2008; Davies et al.,
2017, 2021; Fendley et al., 2019; Schoene et al., 2019; Sprain
et al., 2019). Apart from this similarity, these two LIPs differ in
many ways. The preserved volume of the CAMP mainly consists
of shallow magmatic intrusions (e.g., sills, dykes and layered
intrusions), with a total volume of about 2 × 106 km3, and minor
lava flows in sedimentary basins, forming lava piles up to 400 m
thick (Philpotts et al., 1996; Kontak, 2008; Marzoli et al., 2019).
Most CAMP basaltic lava flows have low TiO2 (<2.0 wt.%) content,
and a large portion of the CAMP intruded rift basins dominated
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by volatile-rich sedimentary rocks, thus having a high potential
for thermogenic gas production by magma–sediment interaction
(Heimdal et al., 2019; Capriolo et al., 2021; Davies et al., 2021).
Conversely, the preserved volume of the Deccan mostly consists
of lava flows on a crystalline basement, forming lava piles
up to 1650 m thick in the Western Ghats, with a cumulative
volcanostratigraphic thickness up to 3 km (Krishnamurthy,
2020a, 2020b). These lava flows were emplaced on a gneissic
basement, which was intruded by Archean and Palaeoproterozoic
granitic plutons and rarely overlain by sedimentary sequences,
thus having a relatively low potential for thermogenic gas
production by magma–sediment interaction. Sedimentary basins
of Proterozoic and seldom Phanerozoic (mostly Palaeozoic) age
occur in grabens mainly to the North of the Western Ghats
(Krishnamurthy, 2020a, 2020b). Unlike the CAMP, the Deccan also
recorded felsic and alkaline magmatic activity (Cucciniello et al.,
2019, 2020; Basu et al., 2020; Halder et al., 2023). Additionally, in the
Western Ghats, Deccan basaltic lava flows have dominantly high
TiO2 (>2.0 wt.%) content and are occasionally interlayered with
m-thick palaeosol horizons, called red boles, which often include
reworked silicic tephra in terrigenous sediments (Ghosh et al.,
2006; Krishnamurthy, 2020a, 2020b; O’Connor et al., 2022).

ANALYTICAL METHODS
Based on the presence of glomerocrysts containing bubble-
bearing MIs, the most representative 15 basaltic rock sam-
ples were selected for this study (Supplementary Fig. 1 and
Supplementary Tab. 1). The 11 selected rock samples for the CAMP
are from North America (samples NEW31 and NEW73 from USA,
and samples NS9, NS12, NS13 and NS21 from Canada), Africa
(samples AN18, AN39, AN137A and AN156A from Morocco) and
Europe (sample AL14 from Portugal). The 4 selected rock samples
for the Deccan are from the Western Ghats (samples BOR14-2,
KJA14-2, MAT14-3 and PAS14-1 from India). All rock samples were
prepared as thin and thick sections, rock chips and epoxy mounts
(see Supplementary Materials for sample preparation). The
same glomerocrysts and different bubble-bearing MIs from the
same primary assemblages within the same glomerocrysts were
analysed by confocal Raman microspectroscopy, Synchrotron
radiation X-ray microtomography, EMP and SIMS in all rock
samples (Fig. 2).

Confocal Raman microspectroscopy
Volatile species within bubbles of unexposed MIs were charac-
terized by confocal Raman microspectroscopy in all rock sam-
ples from the Deccan only, using thick sections and rock chips
cast in epoxy mounts. All CAMP rock samples were previously
analysed by confocal Raman microspectroscopy (Capriolo et al.,
2020). Confocal Raman microspectroscopy was carried out at
the Research and Industrial Relations Center of the Faculty of
Science, Eötvös Loránd University of Budapest (Hungary), using
a HORIBA Jobin Yvon LabRAM HR800 Raman microspectrometer.
Spot analyses in both single- and multi-window settings were
carried out at ambient temperature, below the sample surface
for all the investigated MIs, allowing to characterize the volatile
content of bubbles within MIs, and to determine its density. A
frequency doubled Nd–YAG green laser with a 532 nm excitation
wavelength was employed, displaying 120 mW at the source and
23 mW on the sample surface. An OLYMPUS objective with 100×
magnification (N.A.= 0.9) was used to focus the laser on the
analysis sites. A 50 μm (for sample BOR14-2) and 100 μm (for
samples KJA14-2, MAT14-3 and PAS14-1) confocal hole, a 1800

grooves/mm optical grating, 2–10 accumulations and a 20–60 s
exposure time were employed. The investigated spectral region of
interest ranged from 100 to 4000 cm−1, and the spectral resolution
of measurements varied from 0.8 to 3.0 cm−1. All Raman data
were processed via LabSpec 5 software by HORIBA Jobin Yvon.

Synchrotron radiation X-ray microtomography
Selected glomerocrysts and bubble-bearing MIs were analysed by
Synchrotron radiation X-ray microtomography in all rock samples
from both CAMP and Deccan, using rock chips from the same
thick sections previously analysed by confocal Raman microspec-
troscopy. X-ray microtomography was carried out at the beam-
line I13-2 of Diamond Light Source (UK), using a pink beam
with 20.5 keV mean energy. A pco.edge sCMOS detector with a
total 20× magnification, a 2560 × 2160 pixel field of view and an
effective 325 nm-side pixel were employed for image acquisition,
resulting in <1 μm overall full resolution of the system. Each rock
chip was mounted on a pin for X-ray microtomography acquisi-
tion, and a sample volume of ca. 800 × 700 × 100–150 μm3 was
analysed in each rock chip. Raw image data were reconstructed
in the open-source Savu framework (Wadeson & Basham, 2016),
using the TomoPy reconstruction package (Gürsoy et al., 2014).
After identifying the centre of rotation, the processing of X-ray
microtomography data involved pre-processing and denoising,
using a non-local means filter, then segmentation, volume mea-
surement and volume rendering. Imaging of these data hinges on
the different density of the analysed materials (mineral phases,
glass and bubbles, which may be empty or occupied by fluid
phases). Reconstructed data were processed at workstation I13-
Data of Diamond Light Source (UK), using Avizo software by
Thermo Fisher Scientific, in order to model the most represen-
tative glomerocrysts and MIs in 3D, and to calculate volume pro-
portions of the different phases. The reconstructed glomerocrysts
were selected according to their variability in terms of volume
proportions between constituting mineral phases, whereas the
reconstructed MIs were selected according to their variability in
terms of size, shape, number of bubbles and volume proportions
between bubbles, glass and daughter mineral phases, across all
the investigated rock samples.

Electron microprobe (EMP) analysis
Major element compositions of the host clinopyroxene (Cpx) crys-
tals from glomerocrysts and of the glass of exposed MIs were
determined by EMP in all rock samples from both CAMP and
Deccan, using thin sections and rock chips cast in epoxy mounts
from the same rock chips previously analysed by Synchrotron
radiation X-ray microtomography. Since some CAMP rock samples
were previously analysed by EMP (Capriolo et al., 2020), Deccan
rock samples were more extensively investigated via additional
analytical sessions for the host Cpx crystals, the glass of exposed
MIs and the daughter mineral phases within them. In addition,
S (and Cl for further EMP analysis on Deccan rock samples)
was measured in the glass of exposed MIs. EMP analysis was
carried out at the Department of Geosciences, University of Oslo
(Norway), using a Cameca SX100 electron microprobe for all rock
samples, and at the Department of Earth Sciences, University
of Milano (Italy), using a JEOL JXA 8200 Superprobe for 3 rock
samples from the Deccan (samples BOR14-2, KJA14-2 and PAS14-
1). The analyses acquired at these two facilities are equivalent and
comparable for the level of accuracy required in the present study.
For the measurement of host Cpx and daughter mineral phases
within MIs at the facility in Oslo, a ≤1 μm (i.e., focussed) beam
diameter was adopted. Beam current was 15 nA, accelerating
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Fig. 2. 3D reconstructions of a glomerocryst and bubble-bearing MIs. Representative 3D reconstructions of a glomerocryst and bubble-bearing MIs by
Synchrotron radiation X-ray microtomography. a) 3D reconstruction of a glomerocryst consisting of clinopyroxene (brown phase) and plagioclase (teal
phase), in a microcrystalline groundmass consisting of the same mineral phases and magnetite (red phase; sample AN156A, CAMP, Morocco). b) 3D
reconstruction of a single-bubble MI, consisting of glass (dark blue phase) and a single bubble (light blue phase; sample NEW31, CAMP, USA). c) 3D
reconstruction of a multi-bubble MI, consisting of glass (dark blue phase) and multiple bubbles (light blue phase; sample NEW31, CAMP, USA). See
Supplementary Data 1 for all the glomerocrysts and bubble-bearing MIs reconstructed by Synchrotron radiation X-ray microtomography.

voltage was 15 kV, and counting times were 10 s on the peak and
5 s on the background for all analysed elements. The spatial step
of transects in host Cpx was about 5 μm for all analysed samples,
except for sample NS21, where the spatial step of the transect in
host orthopyroxene (Opx) was about 10 μm. For the measurement
of host Cpx at the facility in Milano, a 1 μm beam diameter
was adopted. Beam current was 5 nA, accelerating voltage was
15 kV, and counting times were 10 s on the peak and 5 s on
the background for all analysed elements. The spatial step of
transects in host Cpx was 4 μm for all analysed samples. For
the measurement of glass in exposed MIs at the facility in Oslo,
a 3 μm beam diameter was adopted in most cases, but during
the further investigation on Deccan rock samples a 5 μm beam
diameter was preferentially adopted when possible. Beam current
was 10 nA, accelerating voltage was 15 kV, and counting times
were 10 s on the peak and 5 s on the background for all analysed
elements. For the measurement of glass in exposed MIs at the
facility in Milano, a 1 μm beam diameter was adopted to avoid
contamination from the surrounding host mineral phase. Beam
current was 5 nA, accelerating voltage was 15 kV, and counting

times were 10 s on the peak and 5 s on the background for all
analysed elements. Natural and synthetic standards were used
for instrumental calibration. For the analysis of glass and mineral
phases at the facility in Oslo, the employed standards were wol-
lastonite for Si and Ca, albite for Na, orthoclase for K, pyrophanite
for Ti and Mn, barium sulphite for S, synthetic alforsite for Cl,
metal iron for Fe, and the corresponding oxides for Al, Mg and
Cr. Similarly, for the analysis of glass and mineral phases at the
facility in Milano, the employed standards were grossular for Si, Al
and Ca, omphacite for Na, orthoclase for K, fayalitic olivine for Fe,
forsteritic olivine for Mg, rhodonite for Mn, ilmenite for Ti, galena
for S, scapolite for Cl, and metal chromium for Cr. The analytical
uncertainty on major elements is typically <1 wt.% at the 2σ level
for both glass and mineral phases.

Secondary ion mass spectrometry (SIMS)
analysis
Oxygen isotope ratios of the host Cpx crystals from glomerocrysts
and of the glass from exposed MIs were analysed by SIMS in all
rock samples from both CAMP and Deccan, using rock chips cast
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in epoxy mounts from the same rock chips previously analysed
by Synchrotron radiation X-ray microtomography. The selected
rock chips were washed in acetone, cleaned in ethanol, dried
in oven, cast in epoxy resin, gently polished, and then coated
with a gold layer in preparation for SIMS analysis. SIMS analysis
was carried out at the NordSIMS ion microprobe facility, Swedish
Museum of Natural History, Stockholm (Sweden), using a CAMECA
IMS 1280 multi-collector instrument. Prior to SIMS analysis, the
epoxy mounts were imaged using a Hitachi TM4000Plus desktop
scanning electron microscope (SEM) located at the same facility.
Analysis sites potentially affected by the presence of (micro-)
fractures or, in the case of MIs, by the occurrence of evident post-
entrapment crystallization were carefully avoided. Only exposed
MIs with a ≥ 10 × 10 μm2 bubble-free area were selected for SIMS
analysis. Each analysis was preceded by an initial 80 s pre-sputter
phase with a 15 μm-side square raster. A Cs+ primary beam of ca.
1.5 nA was used in critically-focussed mode together with a 5 μm-
side square raster to sputter a < 10 × 10 μm2 sample area with an
impact energy of 20 keV. A normal incidence low energy electron
gun provided charge compensation, and a secondary ion beam
was centred in the field aperture with the 16O signal, followed by
a 64 s (16 cycles of 4 s integrations) data acquisition. Data were
acquired using two Faraday cup detectors (amplifiers equipped
with 1010 and 1012 Ω resistors for 16O and 18O, respectively) in the
multi-collector system operating at a mass resolution of ca. 2500.
The secondary magnetic field was regulated at high precision,
using a Metrolab NMR teslameter.

Appropriate reference materials were analysed in a sample-
bracketing procedure every 4 to 6 analyses of the unknown sam-
ples, in order to measure the external precision (i.e., reproducibil-
ity) as well as to correct for within-session drift of oxygen isotope
ratios and for instrumental mass fractionation (IMF). Oxygen iso-
tope ratios are reported in standard δ-notation, as δ18OVSMOW (i.e.,
Vienna Standard Mean Ocean Water; Gonfiantini, 1978; Coplen,
1988), and expressed as δ18OCpx and δ18Oglass for host Cpx and
MIs glass, respectively. Unless otherwise stated, the analytical
uncertainty is reported at the 2σ level.

The (unoriented) augitic Cpx crystal NRM-AG-1 (δ18O value of
+5.45 �; Deegan et al., 2016) was employed as the reference mate-
rial for host Cpx, and was embedded in all the analysed epoxy
mounts. Since this reference material has an augitic composition
with Fs (ferrosilite) content ∼15 % and Wo (wollastonite) content
∼45 %, all the analysed spots on Cpx crystals with Fs content
>30 % and Wo content <30 % were discarded as not matching
the reference material, including those on Opx and pigeonitic
Cpx crystals. Throughout the analytical session of Cpx crystals,
external precision was 0.13 � (1σ standard deviation, SD) on NRM-
AG-1 and internal precision was on average 0.11 � (1σ standard
error, SE; overall range of 0.09 to 0.18 �). The average 16O intensity
of Cpx crystals was 0.9 × 109 cps.

The silicate glass BCR-2G (SiO2 content of 54.4 wt.% and δ18O
value of +7.01 �; Hartley et al., 2012) was employed as the refer-
ence material for MIs glass, and was embedded in all the analysed
epoxy mounts. Because of their different composition (mainly
in terms of SiO2), silicate glasses show a significant IMF bias
(ΔIMF), that is the difference between accepted and measured
oxygen isotope ratios. In order to overcome the ΔIMF issue, a
suite of 9 glass reference materials (7 MPI-DING glasses, 1 USGS
glass and 1 obsidian, with SiO2 contents from 45.5 to 75.6 wt.%
and δ18O values from +3.20 to +9.43 �; Jochum et al., 2006;
Hartley et al., 2012) was measured before and after each analytical
session of MIs glass. The silicate glass BCR-2G, embedded as
an internal reference material in each epoxy mount, was also

included in the suite of external reference materials. Repeated
analyses of external reference materials provided a correction
scheme based on their SiO2 content, which was applied to all
unknown samples of MIs glass, using EMP data acquired after
SIMS analysis. Throughout the analytical sessions of MIs glass,
external precision ranged from 0.13 to 0.14 � (1σ SD) on BCR-
2G and internal precision was on average 0.12 � (1σ SE; overall
range of 0.08 to 0.25 �). The average 16O intensity of MIs glass
was 1.0 × 109 cps.

RESULTS
Petrography of glomerocrysts
All rock samples from both CAMP and Deccan are basaltic
lava flows, consisting of holocrystalline, isotropic and por-
phyritic rocks, characterized by the presence of phenocrysts and
glomerocrysts in a microcrystalline groundmass (Supplementary
Fig. 2). In this study, the term phenocryst refers to any single crystal
larger than 500 μm, without any implications for its equilibrium
with the surrounding groundmass. Similarly, the term glomerocryst
refers to any (glomerocrystic or glomerophyric) aggregate of
crystals larger than 500 μm. In the investigated rock samples,
the phenocrysts consist of mainly augitic clinopyroxene (Cpx),
plagioclase (Pl), rare orthopyroxene (Opx) and altered olivine
(Ol), and the microcrystalline groundmass consists of the same
mineral phases plus oxides (Figs. 3 and 4). Except for sample AL14,
where ilmenite (Ilm) is more abundant, magnetite (Mag) is the
most common oxide in CAMP rock samples, whereas Ilm and Mag
are equally abundant in Deccan rock samples. Glomerocrysts
are usually dominated by Cpx, with a mainly augitic and
subordinately pigeonitic composition, and often contain Pl and
rarely Opx (Fig. 3). As polycrystalline domains, glomerocryst-
forming crystals display different optical orientations, and their
Cpx crystals are intergrown and sintered together along with Pl
and Opx crystals, without any interstitial (microcrystalline or
glassy) groundmass, but often entrapping bubble-bearing MIs
(Supplementary Fig. 3). The analysed glomerocrysts generally
range from about 500 μm to 5 mm, whereas their individual
crystals mostly vary from about 100 μm to 1 mm in size
(Fig. 4). Phenocrysts and glomerocryst-forming crystals some-
times display irregular (wavy to subgranular) extinction, kink
bands and deformed twinning planes, such as tapered twins
(Supplementary Fig. 4). The crystallization sequence, based
on spatial relationships between the different mineral phases
within and around glomerocrysts, indicates the coprecipitation
of pyroxene and plagioclase from the melt, followed by Fe–
Ti oxides (see Supplementary Data 1 for all the glomerocrysts
reconstructed by Synchrotron radiation X-ray microtomography;
16 reconstructed glomerocrysts, 13 for the CAMP (plus 1 single
crystal) and 3 for the Deccan).

Petrography of melt inclusions
All Cpx-dominated glomerocrysts host abundant bubble-bearing
MIs, up to several hundred per glomerocryst (Supplementary Fig. 5).
The main host mineral phase is augitic Cpx, and the MIs are in
growth shells of single crystals or between individual crystals
within the glomerocrysts, displaying a variable number of
bubbles, usually from 1 to 15 per inclusion, but exceptionally
even more. Multi-bubble MIs are common in CAMP rock samples,
whereas single-bubble MIs are dominant in Deccan rock samples
(Figs. 5 and 6).

In general, MIs may have a primary, pseudosecondary or sec-
ondary origin (Roedder, 1984). Primary MIs are entrapped during
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Fig. 3. Photomicrographs of glomerocrysts containing bubble-bearing MIs, from both CAMP and Deccan. Representative photomicrographs of
glomerocrysts containing bubble-bearing MIs from CAMP and Deccan lava flows in transmitted, crossed polarized light. a) Cpx-dominated
glomerocryst (sample AL14, CAMP, Portugal). b) Cpx-dominated glomerocryst (sample AN137A, CAMP, Morocco). c) Cpx-dominated glomerocryst
(sample NEW31, CAMP, USA). d) Pl-dominated glomerocryst (sample NS12, CAMP, Canada). e) Cpx-dominated glomerocrysts (sample BOR14-2, Deccan,
India). This cumulitic rock sample displays coarser grain, higher porphyricity and slightly different mineralogical composition compared to the other
rock samples; although completely altered, Ol was present in interstitial position and along the rims of Cpx-dominated glomerocrysts. f) Tiny
(mm-sized), Cpx-dominated glomerocryst (sample PAS14-1, Deccan, India).

growth of the host mineral phase, whereas secondary MIs are
entrapped after growth of the host mineral phase because of its
fracturing and subsequent healing. Similarly, pseudosecondary
MIs are entrapped because of the brittle deformation of the host
mineral phase prior to its final growth. In the investigated rock
samples, bubble-bearing MIs are randomly distributed in clusters
corresponding to specific portions of the Cpx crystal domains
within the glomerocrysts (Fig. 5). These common clusters of MIs
within the Cpx-dominated glomerocrysts likely formed during a
specific phase of crystal growth, indicating a primary origin. In
few cases, bubble-bearing MIs are aligned along planes cutting
limited sectors of the Cpx crystal domains within the glomero-
crysts. These rare alignments of MIs within the Cpx-dominated
glomerocrysts likely formed from sealing fractures when crystal
growth was still ongoing, indicating a pseudosecondary origin.

The analysed MIs are mostly composed of glass, which is
optically transparent or sometimes brownish in larger MIs, likely
due to devitrification and alteration (Fig. 5). The analysed MIs

also often contain tiny (μm-sized) crystals, which are optically
opaque (mostly Mag) or transparent and similar to the host min-
eral phase (likely Cpx). Rather than incidentally being entrapped
along with the melt, these crystals likely crystallized from the
entrapped melt within MIs (i.e., daughter mineral phases). Bubbles
are usually distributed along MIs boundary, especially within
multi-bubble MIs.

The size of the analysed MIs ranges from 10 to 80 μm, and
exceptionally up to 100 μm, on the principal axis, whereas the size
of their bubbles ranges from <1 to 30 μm in diameter (Fig. 6). The
shape of the analysed MIs is variable, but generally highly irreg-
ular. They are often elongated or flattened, frequently hooked,
and sometimes display peculiar shapes, such as a hemisphere
or a torus. In some cases, the analysed MIs consist of discon-
nected and spatially separated portions of glass and bubbles. The
shape of bubbles within MIs is variable as well, from perfectly
spherical to irregular. They are often oblate or prolate spheroids,
but sometimes simply occupy the interstices between growing
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Fig. 4. 3D reconstructions of glomerocrysts, from both CAMP and Deccan. Representative 3D reconstructions of glomerocrysts by Synchrotron
radiation X-ray microtomography. Glomerocrystic aggregates consist of Cpx ± Opx (brown phase) and Pl (teal phase) in a microcrystalline groundmass
consisting of the same mineral phases and Fe–Ti oxides, mostly Mag ± Ilm (red phase). Empty interstices such as fractures and (gas-bearing) bubbles of
MIs (not visible at this scale) were also reconstructed. a) Sample AN39, CAMP, Morocco. b) Sample NEW73, CAMP, USA. c) Sample NS9, CAMP, Canada.
d) Sample NS21, CAMP, Canada. e) Sample MAT14-3, Deccan, India. f) Sample PAS14-1, Deccan, India. See Supplementary Data 1 for all the
glomerocrysts reconstructed by Synchrotron radiation X-ray microtomography.

crystals (see Supplementary Data 1 for all the bubble-bearing MIs
reconstructed by Synchrotron radiation X-ray microtomography;
12 reconstructed MIs, 9 for the CAMP and 3 for the Deccan).

Major element composition of host Cpx, MIs
glass and daughter mineral phases
The host Cpx, the glass and the daughter mineral phases of
exposed MIs in glomerocrysts were analysed by EMP for major
element composition (see Supplementary Data 2 for all the ana-
lytical data; 517 EMP spots on host Cpx and Opx crystals, 359 for
the CAMP and 158 for the Deccan; 99 EMP spots on MIs glass, 44 for
the CAMP and 55 for the Deccan; 5 EMP spots on daughter mineral
phases from 3 MIs for the Deccan). Apart from rare host Opx
crystals with an enstatitic composition (e.g., sample NS21), the

analysed host Cpx crystals have a mainly augitic and subor-
dinately pigeonitic composition (Fig. 7). All the analysed host
Cpx and Opx crystals are MgO-rich, from 34 to 85 Mg# and on
average 76 Mg# (defined as Mg/(Mg + Fe) × 100, where Mg and Fe
are expressed in mol.%, and Fe is total Fe), and major element
composition varies from cores to rims in MI-rich polycrystalline
aggregates of Cpx (see Supplementary Data 3 for the photomicro-
graphs of all the sites analysed by EMP on host Cpx crystals). In the
investigated rock samples from both CAMP and Deccan, MgO and
CaO decrease from cores to rims of Cpx crystals, whereas FeO and
TiO2 increase (Fig. 8). In general, the analysed host Cpx crystals do
not show any evident major element variation close to MIs.

The glass was analysed in exposed MIs (see Supplementary
Data 3 for the photomicrographs of all the sites analysed by
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Fig. 5. Photomicrographs of bubble-bearing MIs within glomerocrysts, from both CAMP and Deccan. Representative photomicrographs of
bubble-bearing MIs within glomerocrysts in transmitted, plane polarized light. Light blue arrows indicate bubbles within MIs. a) Augitic Cpx crystal
containing abundant bubble-bearing MIs within a glomerocryst (sample NEW31, CAMP, USA). Bubble-bearing MIs are clearly clustered from rim to
mantle of this Cpx crystal, suggesting a change in crystal growth. b) Enstatitic Opx crystal containing a big single-bubble MI within a glomerocryst
(sample NS21, CAMP, Canada). This single-bubble MI was reconstructed in 3D by Synchrotron radiation X-ray microtomography (Fig. 12). c)
Single-bubble MI with interstitial bubble (sample AL14, CAMP, Portugal). d) Multi-bubble MI with 5 bubbles displaying different sizes (sample NS12,
CAMP, Canada). e) Single-bubble MI displaying an irregular shape, made up of two disconnected portions: one of glass and bubble, and the other one of
glass only (sample AN18, CAMP, Morocco). f) Cluster of extremely tiny (≤1 μm-sized), single-bubble MIs (sample AN137A, CAMP, Morocco). g) Partially
crystallized, single-bubble MI displaying an extremely irregular shape (sample BOR14-2, Deccan, India). h) Partially crystallized, single-bubble MI
displaying an extremely irregular shape, made up of two disconnected portions and thus resulting in a bubble-dominated inclusion (sample BOR14-2,
Deccan, India).

EMP on MIs glass). Compared to the mafic composition of the
whole rocks from both CAMP and Deccan, ranging from basalt
to basaltic andesite, their MIs glass has an intermediate to felsic

composition and shows a wide variability, ranging from (trachy-)
andesite to rhyolite (Fig. 9). The glass of exposed MIs within
CAMP rock samples mostly has an intermediate composition
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Fig. 6. 3D reconstructions of bubble-bearing MIs, from both CAMP and Deccan. Representative 3D reconstructions of bubble-bearing MIs hosted in
Cpx by Synchrotron radiation X-ray microtomography. Bubble-bearing (both single- and multi-bubble) MIs consist of glass (dark blue phase),
(gas-bearing) bubble(s) (light blue phase) and daughter mineral phase(s) (likely Mag; red phase). The inset of panel e shows the orthogonal sections of
the reconstructed inclusion, consisting of gas only. a) Sample AN137A, CAMP, Morocco. b) Sample NEW73, CAMP, USA. c) Sample NS12, CAMP, Canada.
d) Sample MAT14-3, Deccan, India. e-f) Sample PAS14-1, Deccan, India. See Supplementary Data 1 for all the bubble-bearing MIs reconstructed by
Synchrotron radiation X-ray microtomography.

(57–63 wt.% SiO2), whereas the glass of exposed MIs within Deccan
rock samples mostly has a felsic composition (>63 wt.% SiO2).
In the analysed MIs glass, SiO2 displays a positive correlation
with Na2O and K2O, and a negative correlation with TiO2 and
FeO (as total FeO). In general, the analysed MIs glass shows an
evident variability in major element composition for both CAMP
and Deccan, even within the same rock samples.

Tiny (μm-sized) crystals that likely formed from the entrapped
melt within MIs (i.e., daughter mineral phases) were also analysed
in exposed MIs. Kaersutitic amphibole (Amp), enstatitic orthopy-
roxene (Opx) and hercynitic spinel (Spl) were detected within MIs
from sample MAT14-3. Potential thin (<3 μm) rims of Cpx that
likely crystallized from the entrapped melt on MIs boundary (i.e.,
daughter mineral phases) were not analysed because of their
small size (similar to the employed EMP beam diameter).

Oxygen isotope composition of host Cpx and MIs
glass
The host Cpx of glomerocrysts and the glass of exposed MIs
were analysed by SIMS for oxygen isotope composition (see
Supplementary Data 2 for all the analytical data; 133 SIMS
spots on host Cpx crystals, 93 for the CAMP and 40 for the
Deccan; 28 SIMS spots on MIs glass, 21 for the CAMP and 7 for

the Deccan). Oxygen isotope data for host Cpx crystals with an
augitic composition were acquired on all rock samples from both
CAMP and Deccan, except for sample NS21 that contains host Opx
crystals (see Supplementary Data 3 for the photomicrographs of
all the sites analysed by SIMS on host Cpx crystals). Measured
δ18OCpx values in glomerocrysts from both CAMP and Deccan
range from +3.9 (± 0.3) to +5.8 (± 0.3) � and their sample-
averaged δ18OCpx values span from +4.4 (N = 10) to +5.6 (N = 10)
� (Tab. 1 and Fig. 10). The analysed glomerocrysts have δ18OCpx

values similar to or slightly lower than typical δ18O values of
Cpx crystals from mantle peridotites, generally ranging between
+5.3 and +5.9 � (Mattey et al., 1994). Some rock samples (e.g.,
NEW31, BOR14-2 and KJA14-2) display a high internal variability
in measured δ18OCpx values (up to 1.0 �), whereas other rock
samples (e.g., AL14, NS12 and MAT14-3) display a low internal
variability in measured δ18OCpx values (down to 0.4 �).

Oxygen isotope data for MIs glass were acquired on the only 6
rock samples with MIs large enough to be suitable for SIMS analy-
sis (see Supplementary Data 3 for the photomicrographs of all the
sites analysed by SIMS on MIs glass): 5 from the CAMP (samples
AL14, AN137A, NEW31, NEW73 and NS21) and 1 from the Deccan
(sample BOR14-2). Measured δ18Oglass values in exposed MIs from
both CAMP and Deccan range from +5.5 (± 0.4) to +22.1 (± 0.4) �
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Fig. 7. Classification of host Cpx crystals. a) Host Cpx crystals from CAMP rock samples. b) Host Cpx crystals from Deccan rock samples. The symbols
indicate the composition of host Cpx crystals on the ternary wollastonite–enstatite–ferrosilite classification diagram (Morimoto, 1988). In the top right
inset of each panel, the grey semi-transparent circles indicate the composition of pyroxenes as glomerocrysts, phenocrysts and microcrysts in effusive
rocks and as crystals in intrusive rocks from the literature for the CAMP (De Min et al., 2003; Callegaro et al., 2013, 2014b; Marzoli et al., 2019) and the
Deccan (Melluso & Sethna, 2010; Callegaro et al., 2023), respectively. The analysed host Cpx crystals have a mainly augitic and subordinately pigeonitic
composition for both CAMP and Deccan, as typical of tholeiitic basalts worldwide. Hence, glomerocryst and non-glomerocryst crystal populations do
not display any significant difference in major element composition. See Supplementary Data 2 for all the analytical data.

(Tab. 2 and Fig. 10). The analysed MIs have extremely variable
δ18Oglass values, even within the same rock samples (e.g., NEW31,
NS21 and BOR14-2). Although some measured δ18Oglass values
overlap typical δ18O values of mantle-derived basaltic melts, gen-
erally ranging between +5.3 and +5.9 � (Eiler et al., 2000; Binde-
man, 2008), most of them are substantially higher, approach-
ing typical δ18O values of sedimentary and some metamorphic
rocks, even >+20.0 � (Bindeman, 2008). In general, δ18Oglass is
significantly higher than δ18OCpx in all the analysed rock samples
from both CAMP and Deccan. The lowest δ18Oglass values (i.e.,
those overlapping typical δ18O values of mantle-derived basaltic
melts) are from samples AN137A, NEW31 and BOR14-2, and the
highest ones (i.e., those approaching typical δ18O values of crustal
rocks) are from samples AL14 and NEW73. Interestingly, the 2
analysed rock samples of the Newark Basin (sample NEW31 from
the Orange Mountain Basalt and sample NEW73 from the Hook
Mountain Basalt), display contrasting δ18Oglass values.

Combining data from the present and previous studies on
oxygen isotopes from both CAMP and Deccan (see Supplementary
Materials for oxygen isotope composition), the δ18Oglass values of
MIs from this study are among the highest oxygen isotope com-
positions reported for both these LIPs. Excluding hydrothermal
materials of pipes and veins from the North Mountain Basalt in
North America (Kontak & Dostal, 2010), the highest oxygen iso-
tope composition reported in the literature for the CAMP is +12.0
� δ18O on zircon and baddeleyite crystals from the Tarabuco sill in
South America (Davies et al., 2021), whereas the highest measured
δ18Oglass value of MIs from this study is +22.1 (± 0.4) � for
the CAMP. Interestingly, the highest oxygen isotope composition
reported in the literature for the Deccan is +17.0 � δ18O on

the red boles (Ghosh et al., 2006), whereas the highest measured
δ18Oglass value of MIs from this study is +16.2 (± 0.5) � for
the Deccan.

Volatile content of bubbles within MIs
Confocal Raman microspectroscopy data on the volatile content
of bubbles within MIs are presented for Deccan rock samples
only (see Supplementary Data 2 for all the analytical data; 18
Raman spots on bubbles from 16 MIs for the Deccan). The volatile
content of bubbles within MIs for all CAMP rock samples was
previously analysed (Capriolo et al., 2020). Most of the analysed
bubbles resulted to be empty, albeit potentially containing volatile
species below the detection limit, and were thus not reported
in the present study. Only CO2 was detected within the bubbles
of 16 single-bubble MIs from all Deccan rock samples (Fig. 11).
No other volatile species (i.e., elemental C, CH4, SO2, H2S and
H2O) were detected within the same CO2-bearing bubbles. In the
Raman spectrum of CO2, the distance between the two main
bands (known as Fermi diad or doublet) is directly proportional
to its density (Rosso & Bodnar, 1995), allowing to determine the
CO2 density within the analysed bubbles. Applying the densimeter
calibration of Kawakami et al. (2003), which is optimal for mafic
systems and low-density fluids (Hartley et al., 2014; Lamadrid
et al., 2017), the CO2 within the analysed bubbles displays a density
of about 0.1 g/cm3, ranging from a minimum of 0.086 g/cm3 to a
maximum of 0.138 g/cm3.

Synchrotron radiation X-ray microtomography provides quan-
titative data of higher precision compared to optical observations
(see Supplementary Data 2 for all the analytical data; 16 recon-
structed glomerocrysts, 13 for the CAMP and 3 for the Deccan;
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Fig. 8. Transects for CaO, FeO (as total FeO) and MgO of host Cpx crystals within glomerocrysts. a) Rim (α) to rim (β) transect of a Cpx crystal
aggregate forming a glomerocryst (sample NS13, CAMP, Canada). The analysed host Cpx has a mostly augitic composition, and the broken line profile
of this transect reveals the polycrystalline nature of the crystal aggregate. b) Inclusion (γ) to rim (δ) transect of a Cpx crystal within a glomerocryst
(sample NEW31, CAMP, USA). The analysed host Cpx has a homogeneous augitic composition from the exposed MI to the crystal rim. In both
photomicrographs (at different magnification in reflected, plane polarized light), analytical spots (larger for SIMS and smaller for EMP) and interstitial
residues of gold coating are visible on the surface of the rock samples. See Supplementary Data 3 for the photomicrographs in reflected, plane
polarized light of all the sites analysed by SIMS and EMP on host Cpx crystals and MIs glass.

12 reconstructed MIs, 9 for the CAMP and 3 for the Deccan). X-
ray microtomography data show a clear density contrast between
bubbles, glass, host and daughter mineral phases of MIs, and
display a broad range in terms of volume proportions between
these phases (Figs. 6 and 12). The bubble/inclusion fraction of
a MI is the ratio between the volume occupied by (gas-bearing)
bubble(s) and the volume occupied by the whole MI (i.e., melt
+ bubble(s) + daughter mineral phase(s) within the inclusion). X-
ray microtomography data indicate that 0.1–0.2 is the prevalent
bubble/inclusion fraction for primary MIs within rock samples
from both CAMP and Deccan, in agreement with volume esti-
mates based on optical microscopy. However, X-ray microtomog-
raphy data display a wide spectrum of bubble/inclusion fractions
for primary MIs, from 0.07 to 0.68, and exceptionally up to 1,
reflecting a variability from inclusions consisting of glass with
a minimum amount of (gas-bearing) bubble(s), to those entirely
consisting of gas.

Combining data from the present and previous studies on
MIs from both CAMP and Deccan (see Supplementary Materials
for volatile budget), the average density of glass is 2.6 g/cm3 for
an intermediate composition (Emerson, 1990), the average CO2

density of bubbles is 0.1 g/cm3, and the minimum volume fraction
of bubbles within MIs is 0.07. The minimum bubble/inclusion frac-
tion, obtained by Synchrotron radiation X-ray microtomography,
corresponds to the amount of volatiles directly exsolved from the
entrapped melt within MIs, assuming negligible post-entrapment
processes. Hence, the concentration of CO2 in CAMP and Deccan

melts represented by the analysed MIs is conservatively about
0.3 wt.%, that is:

CO2 = (
0.1 g/cm3 × 0.07

)
/
{ [

0.1 g/cm3 × 0.07
]

+ [
2.6 g/cm3 × (1–0.07)

] } × 100 wt.% = 0.29 wt.%

DISCUSSION
The investigated glomerocrysts containing abundant bubble-
bearing MIs are found in several lava flows from both CAMP
and Deccan (Supplementary Fig. 2). Textural, chemical and
isotopic evidence indicates that glomerocrysts and their MIs
formed in a dynamic mush-dominated plumbing system. The
analysed glomerocrysts (Figs. 3 and 4) are interpreted as preserved
fragments of a crystal mush formed by sintering in a transcrustal
plumbing system. The analysed MIs (Figs. 5 and 6) are interpreted
as μm- to tens of μm-sized pockets of interstitial multiphase
magma (i.e., silicate melt ± exsolved fluids ± precipitated
crystals) entrapped in or between growing crystals within the
crystal mush during magma crystallization.

Textural evidence of a mush-dominated
plumbing system
All the analysed rock samples are lava flows containing Cpx-
dominated glomerocrysts, characterized by MI-rich and MI-free
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Table 1: Dataset of δ 18O values of host Cpx crystals. In CAMP rock samples, the analysed host Cpx crystals display δ18O values
between +4.80 and +5.17 � for Portugal (sample AL14), between +4.27 and +5.24 � for Morocco (samples AN18, AN39, AN137A and
AN156A), between +4.02 and +5.63 � for USA (samples NEW31 and NEW73), and between +4.65 and +5.79 � for Canada (samples
NS9, NS12 and NS13). In Deccan rock samples, the analysed host Cpx crystals display similar δ18O values, between +4.52 and +5.54 �
(sample BOR14-2), or lower δ18O values, between +3.89 and +4.90 � (samples KJA14-2, MAT14-3 and PAS14-1). See
Supplementary Data 2 for all the analytical data.

δ18O 2σ δ18O 2σ δ18O 2σ

(�) (± �) (�) (± �) (�) (± �)

AL14_1_Cpx_01 4.95 0.31 NEW31_1_Cpx_01 5.26 0.36 BOR14–2_Cpx_01 5.16 0.38
AL14_1_Cpx_02 4.80 0.34 NEW31_1_Cpx_02 4.88 0.32 BOR14–2_Cpx_02 5.11 0.33
AL14_1_Cpx_03 4.88 0.31 NEW31_1_Cpx_03 5.22 0.35 BOR14–2_Cpx_03 4.95 0.35
AL14_1_Cpx_04 4.83 0.31 NEW31_1_Cpx_04 5.12 0.33 BOR14–2_Cpx_04 5.32 0.32
AL14_1_Cpx_05 4.82 0.31 NEW31_1_Cpx_05 5.63 0.32 BOR14–2_Cpx_05 5.11 0.36
AL14_1_Cpx_06 4.95 0.33 NEW31_1_Cpx_06 5.26 0.32 BOR14–2_Cpx_06 4.91 0.35
AL14_1_Cpx_07 5.04 0.31 NEW31_1_Cpx_07 4.96 0.35 BOR14–2_Cpx_07 5.54 0.38
AL14_1_Cpx_08 4.90 0.31 NEW31_1_Cpx_08 5.34 0.34 BOR14–2_Cpx_08 5.35 0.32
AL14_1_Cpx_09 5.17 0.31 NEW31_1_Cpx_09 5.24 0.35 BOR14–2_Cpx_09 4.93 0.33
AL14_1_Cpx_10 5.09 0.35 NEW31_1_Cpx_10 5.12 0.38 BOR14–2_Cpx_10 4.52 0.33

NEW73_2_Cpx_01 4.51 0.33 KJA14–2_Cpx_01 3.89 0.34
NEW73_2_Cpx_02 4.56 0.34 KJA14–2_Cpx_02 4.25 0.35
NEW73_2_Cpx_03 4.68 0.37 KJA14–2_Cpx_03 4.31 0.36

AN18_2_Cpx_04 4.42 0.36 NEW73_2_Cpx_04 4.12 0.33 KJA14–2_Cpx_04 4.18 0.34
AN18_2_Cpx_05 4.69 0.33 NEW73_2_Cpx_05 4.40 0.37 KJA14–2_Cpx_05 4.58 0.34
AN18_2_Cpx_06 4.46 0.34 NEW73_2_Cpx_06 4.65 0.36 KJA14–2_Cpx_06 4.29 0.33

NEW73_2_Cpx_07 4.17 0.36 KJA14–2_Cpx_07 4.49 0.34
AN18_2_Cpx_08 4.98 0.32 NEW73_2_Cpx_08 4.49 0.33 KJA14–2_Cpx_08 4.51 0.41

NEW73_2_Cpx_09 4.02 0.36 KJA14–2_Cpx_09 4.19 0.40
KJA14–2_Cpx_10 4.90 0.40

AN39_1_Cpx_01 5.00 0.34 NS9_1_Cpx_01 5.34 0.33 MAT14–3_4_Cpx_01 4.42 0.34
AN39_1_Cpx_02 5.15 0.33 NS9_1_Cpx_02 5.46 0.33 MAT14–3_4_Cpx_02 4.58 0.32
AN39_1_Cpx_03 5.06 0.38 NS9_1_Cpx_03 5.18 0.32 MAT14–3_4_Cpx_03 4.54 0.33
AN39_1_Cpx_04 4.56 0.31 NS9_1_Cpx_04 5.13 0.31 MAT14–3_4_Cpx_04 4.69 0.35
AN39_1_Cpx_05 4.85 0.33 NS9_1_Cpx_05 5.35 0.41 MAT14–3_4_Cpx_05 4.81 0.33
AN39_1_Cpx_06 5.24 0.31 NS9_1_Cpx_06 5.02 0.34 MAT14–3_4_Cpx_06 4.65 0.45
AN39_1_Cpx_07 5.06 0.37 NS9_1_Cpx_07 5.62 0.34 MAT14–3_4_Cpx_07 4.83 0.32
AN39_1_Cpx_08 4.79 0.33 NS9_1_Cpx_08 5.49 0.33 MAT14–3_4_Cpx_08 4.51 0.32
AN39_1_Cpx_09 4.68 0.32 NS9_1_Cpx_09 5.58 0.33 MAT14–3_4_Cpx_09 4.42 0.32
AN39_1_Cpx_10 4.97 0.34 NS9_1_Cpx_10 5.58 0.32 MAT14–3_4_Cpx_10 4.55 0.39

AN137A_2_Cpx_01 4.84 0.35 NS12_3_Cpx_01 4.83 0.40 PAS14–1_3_Cpx_01 4.23 0.34
AN137A_2_Cpx_02 4.78 0.33 NS12_3_Cpx_02 4.80 0.32 PAS14–1_3_Cpx_02 4.40 0.33
AN137A_2_Cpx_03 4.77 0.31 NS12_3_Cpx_03 4.65 0.32 PAS14–1_3_Cpx_03 4.33 0.32
AN137A_2_Cpx_04 4.95 0.36 NS12_3_Cpx_04 4.76 0.33 PAS14–1_3_Cpx_04 4.42 0.37
AN137A_2_Cpx_05 4.79 0.39 NS12_3_Cpx_05 4.82 0.32 PAS14–1_3_Cpx_05 4.52 0.35
AN137A_2_Cpx_06 5.01 0.33 NS12_3_Cpx_06 4.88 0.38 PAS14–1_3_Cpx_06 4.44 0.38
AN137A_2_Cpx_07 5.24 0.39 NS12_3_Cpx_07 4.71 0.36 PAS14–1_3_Cpx_07 4.70 0.36
AN137A_2_Cpx_08 4.69 0.35 NS12_3_Cpx_08 4.88 0.32 PAS14–1_3_Cpx_08 4.22 0.33
AN137A_2_Cpx_09 4.98 0.36 NS12_3_Cpx_09 4.88 0.40 PAS14–1_3_Cpx_09 4.42 0.41
AN137A_2_Cpx_10 5.17 0.34 NS12_3_Cpx_10 5.05 0.34 PAS14–1_3_Cpx_10 4.38 0.35

AN156A_2_Cpx_01 4.57 0.35 NS13_2_Cpx_01 5.28 0.34
AN156A_2_Cpx_02 4.36 0.31 NS13_2_Cpx_02 5.56 0.34
AN156A_2_Cpx_03 4.55 0.32 NS13_2_Cpx_03 5.79 0.32
AN156A_2_Cpx_04 4.52 0.31 NS13_2_Cpx_04 5.76 0.34
AN156A_2_Cpx_05 4.54 0.32 NS13_2_Cpx_05 5.61 0.37
AN156A_2_Cpx_06 4.32 0.31 NS13_2_Cpx_06 5.34 0.38
AN156A_2_Cpx_07 4.27 0.33 NS13_2_Cpx_07 5.79 0.34
AN156A_2_Cpx_08 4.49 0.31 NS13_2_Cpx_08 5.50 0.32
AN156A_2_Cpx_09 4.28 0.33 NS13_2_Cpx_09 5.73 0.35
AN156A_2_Cpx_10 4.77 0.31 NS13_2_Cpx_10 5.31 0.32
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Table 2: Dataset of δ 18O values of MIs glass. The measured δ18Oglass values are significantly higher than the measured δ18OCpx values
in all the investigated rock samples from both CAMP and Deccan. Sample AL14 yielded 1 rhyolitic MI with +21.05 � δ18O. Sample
AN137A yielded 2 andesitic MIs with respectively +5.47 and +6.81 � δ18O. Sample NEW31 yielded 10 (trachy-) andesitic MIs with δ18O
values ranging from +12.05 to +16.05 �, exceptionally down to +6.67 � in the case of the most evolved MI. Sample NEW73 yielded 4
dacitic to trachytic MIs with δ18O values ranging from +17.47 to +22.14 �. Sample NS21 yielded 1 andesitic MI with +7.64 � δ18O and
1 dacitic MI with +15.06 � δ18O. Sample BOR14-2 yielded 7 dacitic to trachytic and rhyolitic MIs with δ18O values ranging from +5.70
to +16.15 �. See Supplementary Data 2 for all the analytical data.

δ18O 2σ δ18O 2σ

(�) (± �) (�) (± �)

AL14_1_MIb 21.05 0.34 NEW73_2_MIa 20.50 0.37
NEW73_2_MIg_A 19.73 0.35

AN137A_2_MIa 5.47 0.38 NEW73_2_MIg_B 19.45 0.40
AN137A_4_MIa 6.81 0.37 NEW73_3_MIa 22.14 0.40

NEW73_3_MIe 17.47 0.37
NEW31_1_MIb 14.34 0.39
NEW31_1_MIa 7.95 0.33 NS21_1_MIa 15.06 0.42
NEW31_1_MIf 6.67 0.41 NS21_1_MIf 7.64 0.34
NEW31_1_MIe 7.89 0.33
NEW31_1_MId 14.63 0.32 BOR14–2_bis_MIe 7.81 0.35
NEW31_1bis_MIa 13.48 0.57 BOR14–2_bis_MIg 15.96 0.36
NEW31_1bis_MIb 12.89 0.46 BOR14–2_bis_MIf 6.82 0.33
NEW31_1bis_MIi 14.13 0.40 BOR14–2_bis_MIh 5.70 0.31
NEW31_1bis_MIk 12.05 0.36 BOR14–2_bis_MIa 9.38 0.35
NEW31_1bis_MIo 15.73 0.34 BOR14–2_bis_MIb 6.14 0.31
NEW31_1bis_MIl 14.99 0.38 BOR14–2_bis_MId 16.15 0.45

portions (Supplementary Fig. 5). The lack of any interstitial
(microcrystalline or glassy) groundmass between glomerocryst-
forming crystals rules out the hypothesis of accidental crystal
clustering prior to eruption, whereas the random orientation
of glomerocryst-forming crystals and the irregular shape of
their grain boundaries exclude the hypothesis of compaction
after synneusis in a magma chamber (Holness et al., 2019). The
irregular shape of primary MIs and their net-like distribution
in specific sectors of Cpx crystal domains hint at an original
interconnection between interstitial melt pockets (Gleeson et al.,
2023). These domains likely correspond to rapid growth zones,
where MIs are the relics of an effective (i.e., open) porosity,
turned into an ineffective (i.e., closed) porosity due to the crystal
growth along melt-saturated boundaries. Input of new magma
batches and volatile fluxing or exsolution in magma reservoirs
are potential trigger mechanisms for a rapid crystal growth
(Hort, 1998), which may clog the interconnected pores of the
crystal framework occupied by melt and bubbles, leading to
their entrapment as MIs (Supplementary Fig. 5). The presence
of MIs throughout growth shells of single crystals within the
glomerocrysts (Supplementary Fig. 3) points to intra-crystal melt
entrapment, whereas the presence of MIs between individual
crystals within the same glomerocrysts (Supplementary Fig. 3)
points to inter-crystal melt entrapment during rapid growth of
the crystal framework (McCarthy et al., 2020). The occurrence of
daughter mineral phases as μm-sized crystals within partially
crystallized MIs or as a μm-thick rim of Cpx along their boundary
(Supplementary Fig. 3) implies post-entrapment crystallization,
that is the precipitation of a mineral phase from the melt after
its entrapment into MIs (Kress & Ghiorso, 2004; Steele-MacInnis
et al., 2011). In addition, the occasional evidence of ductile to
brittle deformation within glomerocryst-forming crystals and
phenocrysts (Supplementary Fig. 4), as well as the presence
of pseudosecondary MIs, indicate multiple fragmentation and
remobilization events of the crystal framework in the magma

plumbing system (Bindeman, 2005; Cooper & Kent, 2014; Jackson
et al., 2018; Marzoli et al., 2022).

Synchrotron radiation X-ray microtomography reveals a wide
spectrum of bubble/inclusion fractions in primary MIs, from those
with dominant glass (0.93 vol.%) to those without any glass and
with pure fluid only (Fig. 6). The great variability of bubble/inclu-
sion fractions indicates that in most cases the melt was entrapped
along with an already exsolved fluid phase after migrating along
crystal–melt interfaces, determining a heterogeneous entrapment
(Steele-MacInnis et al., 2017). In a scenario of heterogeneous
entrapment, most of the empty bubbles analysed by confocal
Raman microspectroscopy are likely to be gas exsolution
bubbles that lost their original volatile content (likely because
of a fluid phase loss via microcracks), rather than shrinkage
bubbles that nucleated after the entrapment of a volatile-free
melt. Furthermore, multi-bubble MIs prove that volatile-bearing
bubbles did not all coalesce after melt entrapment, and the oblate
or prolate spheroidal shape of bubbles within MIs without any
morphological constraints reveals a post-entrapment oriented
stress (Caricchi et al., 2011). Since a vitrifying melt always shrinks
after entrapment, the minimum bubble/inclusion fraction is
exclusively determined by post-entrapment shrinkage. Hence,
the minimum bubble/inclusion fraction of 0.07, reconstructed
by Synchrotron radiation X-ray microtomography in the analysed
MIs, corresponds to the amount of volatiles directly exsolved from
the entrapped melt (Moore et al., 2015). However, uncertainties
derived from post-entrapment processes may slightly affect the
bubble/inclusion fraction (Kress & Ghiorso, 2004; Steele-MacInnis
et al., 2011). For instance, post-entrapment crystallization at the
interface between the entrapped melt and the host mineral phase
(e.g., Cpx on MIs boundary) modifies the volume proportions
within MIs. Fractional and equilibrium crystallization may thus
have occurred within MIs and throughout the magma plumbing
system of both CAMP and Deccan, as further supported by
chemical evidence of a mush-dominated plumbing system.
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Fig. 9. Classification of MIs glass and whole rocks along with fractional
crystallization (FC) models. a) Classification diagram for CAMP and
Deccan rock samples. b) FC models for CAMP rock samples. c) FC models
for Deccan rock samples, along with mafic to felsic whole rock
compositions from the literature (Halder et al., 2023). The small symbols
indicate the composition of MIs glass, and the large symbols indicate the
composition of whole rocks (hosting the glomerocrysts containing the
MIs) on the SiO2 vs. Na2O+K2O (TAS) classification diagram (Le Maitre,
2002). The grey semi-transparent circles indicate the composition of
mafic to felsic rocks in the Deccan from the literature. The lines indicate
potential FC paths up to ca. 10 wt.% residual melt at different conditions
(0.1 GPa for anhydrous compositions, and 0.1 and 0.5 GPa for hydrous
compositions). All data are plotted after recalculation at 100 wt.%
(volatile-free). The analysed MIs glass has an intermediate to felsic
composition, ranging from (trachy-) andesite to rhyolite, whereas the
corresponding whole rocks have a mafic composition, ranging from
basalt to basaltic andesite, for both CAMP and Deccan. The whole rock
compositions of all the investigated rock samples are from the literature
(sample AL14 from Callegaro et al., 2014b; samples AN18, AN39, AN137A
and AN156A from Marzoli et al., 2019; samples NEW31, NEW73, NS9,
NS12, NS13 and NS21 from Merle et al., 2014; samples BOR14-2, KJA14-2,
MAT14-3 and PAS14-1 from Callegaro et al., 2023). See
Supplementary Data 2 for all the analytical data.

0

5

10

15

20

25

�1
8 O

   
   

(‰
) o

f M
Is

Typical analytical uncertainty (± 2��

Mantle-like �18O 

18O after melt �18O Cpx

c

3.5

4.0

4.5

5.0

5.5

6.0

6.5

�1
8 O

   
  (

‰
) a

fte
r

b

3.5

4.0

4.5

5.0

5.5

6.0

6.5

�1
8 O

   
  (

‰
) o

f g
lo

m
er

oc
ry

st
s

�18O from mantle peridotites

a

AL1
4

AN18
AN39

AN13
7A

AN15
6A

NEW31

NEW73

NS9
NS12

NS13

BOR14
-2

KJA
14

-2

MAT14
-3

PAS14
-1

CAMP Deccan

Cpx

�18O of mantle-derived meltsmelt

NS21

Se
di

m
en

ta
ry

 ro
ck

s

values

gl
as

s
m

el
t

C
px

�1
8 O

C
px

Typical analytical uncertainty (± 2��

Typical analytical uncertainty (± 2��

Fig. 10. Plots of δ 18O values of host Cpx crystals and MIs glass. a) Plot
of δ18OCpx values of glomerocrysts, compared to the typical δ18O values
of Cpx crystals from mantle peridotites, ranging from +5.3 to +5.9 �
(Mattey et al., 1994). b) Plot of δ18Omelt values calculated after δ18OCpx
values, using a fractionation factor Δmelt-Cpx of +0.3 � (Taylor et al.,
1984; Harris et al., 2005), compared to the typical δ18O values of
mantle-derived basaltic melts, ranging from +5.3 to +5.9 � (Eiler et al.,
2000; Bindeman, 2008). c) Plot of δ18Oglass values of MIs, compared to the
typical mantle-like δ18O values and the calculated δ18Omelt values. The
small symbols indicate the single δ18O values per rock sample, and the
large symbols indicate the sample-averaged δ18O values per rock
sample. Compared to the measured δ18OCpx values and the calculated
δ18Omelt values, the measured δ18Oglass values of MIs are significantly
higher in all the investigated rock samples from both CAMP and Deccan.
See Supplementary Data 2 for all the analytical data.

Chemical evidence of a mush-dominated
plumbing system
The analysed pyroxene crystals from glomerocrysts are MgO-rich
and, apart from rare enstatitic Opx, these are mostly augitic Cpx
and subordinately pigeonitic Cpx in both CAMP and Deccan rock
samples (Fig. 7). The major element composition of the analysed
glomerocrysts is typical of pyroxene crystals in tholeiitic basalts,
including these two LIPs (De Min et al., 2003; Melluso & Sethna,
2010; Callegaro et al., 2013, 2014b, 2023; Marzoli et al., 2019). In
addition, the reconstructed crystallization sequence of pyroxene
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Fig. 11. Raman spectrum of CO2 from the bubble within a single-bubble MI. Representative Raman spectrum of CO2 from the bubble within a
single-bubble MI (sample PAS14-1, Deccan, India). The Raman spectrum of CO2 is characterized by two main bands (at about 1285 and 1388 cm−1,
known as Fermi diad or doublet) and two symmetrical minor bands (respectively below 1285 cm−1 and above 1388 cm−1, known as hot bands) due to
the resonance effect (Frezzotti et al., 2012).

and plagioclase, followed by oxides, is typical of tholeiitic con-
tinental flood basalts (Chin et al., 2018; Bédard et al., 2021). The
analysed MIs glass is SiO2-rich and MgO-poor, displaying an inter-
mediate to felsic composition (from (trachy-) andesite to rhyolite)
in both CAMP and Deccan rock samples (Fig. 9). Conversely, the
investigated rock samples have a mafic whole rock composition
(from basalt to basaltic andesite) for both CAMP and Deccan
(Merle et al., 2014; Callegaro et al., 2014b, 2023; Marzoli et al., 2019).

The investigated MIs from both CAMP and Deccan indicate a
CO2 concentration of at least 0.3 wt.% for the entrapped melts.
Although H2O was never detected within bubbles of the inves-
tigated MIs, the local occurrence of kaersutitic Amp as daugh-
ter mineral phase within MIs from the Deccan indicates a H2O
concentration of up to 4 wt.% for the same entrapped melts
(Merzbacher & Eggler, 1984). The calculated CO2 concentration in
mafic to felsic melts is consistent with a maximum entrapment
pressure of about 0.5 GPa at CO2–H2O fluid-saturated conditions
(Tamic et al., 2001; Shishkina et al., 2010). This pressure constraint
suggests a maximum entrapment depth of about 15 km for a
pressure/depth gradient of 0.03 GPa/km. Apart from CO2, the
absence of SO2, H2S and H2O within all the analysed bubbles of
MIs is consistent with a deep volatile exsolution since SO2, H2S
and H2O exsolve at lower pressure than CO2 (Wallace & Edmonds,
2011; Baker & Alletti, 2012; Boulliung & Wood, 2022; Ding et al.,
2023). Up to >90 % of the total CO2 budget of MIs is in the bubbles,
as they generally contain about one order of magnitude more
CO2 than the coexisting glass (Steele-MacInnis et al., 2011; Hartley
et al., 2014; Moore et al., 2015; Capriolo et al., 2020).

Likely due to the different rheology of the entrapped melts,
the two investigated LIPs differ in the presence of multi- versus
single-bubble MIs (Figs. 2 and 6). In CAMP rock samples, where
MIs glass is less evolved (i.e., intermediate SiO2 content, thus
relatively less viscous), MIs often contain several bubbles, thus
many nuclei formed for bubbles in the source melt. On the
contrary, in Deccan rock samples, where MIs glass is more evolved
(i.e., high SiO2 content, thus relatively more viscous), MIs mostly
contain a single bubble, thus only few nuclei formed for bubbles
in the source melt. In both cases, the melt and nucleated bub-
bles were randomly entrapped and then quenched in different
volume proportions within MIs because of melt–fluid decoupling

(Caricchi et al., 2018). Notably, a single bubble is energetically
favoured rather than several bubbles within a specific volume
of viscous melt (Shea, 2017). The dominant presence of single-
bubble MIs in the Deccan may also imply either a lower degree of
CO2 saturation (Mourtada-Bonnefoi & Laporte, 2002), or a heating
episode that induced coalescence without decrepitation (Faure &
Schiano, 2004), after an evolution analogous to that forming the
multi-bubble MIs in the CAMP. The rhyolitic composition of MIs
glass and the basaltic composition of whole rocks were modelled
to quantify the viscosity of the investigated felsic and mafic melts,
using sample AL14 (Callegaro et al., 2014b). Oxygen fugacity was
set to the QFM buffer, pressure was set to 0.1 GPa, and temperature
was set to 1100 ◦C in all models. Applying a viscosity model for
silicate melts (Giordano et al., 2008), the viscosity of the rhyolitic
melt is 41.1 kPa × s, and the viscosity of the basaltic melt is
0.1 kPa × s, suggesting a great variability in the rheology of melts
during the evolution of the magma plumbing system.

Differentiation by fractional and equilibrium crystallization
possibly combined with crustal assimilation may explain the
evolved composition of MIs glass in comparison with whole rocks
and their Cpx crystals. Post-entrapment crystallization may also
have occurred within some MIs, as supported by the presence of
daughter mineral phases, such as oxides as well as anhydrous and
hydrous silicates (Supplementary Fig. 3). In the case of the CAMP,
the major element composition of intermediate MIs glass (sample
NEW31) may correspond to a residual melt after crystallization
of about 39 wt.% augitic Cpx, 11 wt.% Pl and 5 wt.% Mag from
a typical CAMP basalt, carrying out a simple mass balance
calculation (Capriolo et al., 2020). Similarly, in the case of the
Deccan, the major element composition of felsic MIs glass (sample
MAT14-3) may correspond to a residual melt after crystallization
of about 34 wt.% kaersutitic Amp, 23 wt.% augitic Cpx and
10 wt.% enstatitic Opx from a typical Deccan basalt, carrying
out a simple mass balance calculation combining the analysed
MIs glass, host and daughter mineral phases from this study and
their whole rock composition from the literature (Callegaro et al.,
2023). Part of this differentiation may have occurred after MIs
formation as post-entrapment crystallization (Kress & Ghiorso,
2004; Steele-MacInnis et al., 2011). However, the limited volumes
of daughter mineral phases within the investigated MIs point to
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Fig. 12. 3D reconstruction of a bubble-bearing MI. Representative 3D reconstruction of a large bubble-bearing MI hosted in Opx by Synchrotron
radiation X-ray microtomography. a) Orthogonal sections of a large bubble-bearing MI (sample NS21, CAMP, Canada). The darker region corresponds to
the CO2-bearing bubble of MI, the intermediate region corresponds to the glass of MI and the brighter region corresponds to the host mineral phase
(Opx). b-c) 3D reconstruction of the same large bubble-bearing MI from two different perspectives. The dark blue phase corresponds to the glass and
the light blue phase corresponds to the CO2-bearing bubble.

post-entrapment crystallization as a marginal process in driving
MIs differentiation. Fractional and equilibrium crystallization
may have occurred at different times and depths throughout
the transcrustal plumbing system, as supported by geochemical
and petrological evidence in both CAMP and Deccan. Most of
the lava flows from both these LIPs have a basaltic composition,
which represents ca. 30–50 wt.% residual melt after crystallization

of a primary mantle melt (Marzoli et al., 2018, 2019, 2022;
Krishnamurthy, 2020b). Strongly evolved (SiO2 > 57 wt.%) rocks are
absent throughout all the CAMP, but are locally present in the Dec-
can (Cucciniello et al., 2019, 2020; Basu et al., 2020; Krishnamurthy,
2020a, 2020b; O’Connor et al., 2022; Halder et al., 2023). Interest-
ingly, the major element composition of evolved Deccan rocks is
similar to that of the analysed MIs glass (Supplementary Figs. 6
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Fig. 13. Fractional crystallization (FC) models in comparison with the composition of MIs glass and whole rocks, in terms of SiO2 versus other
major element oxides and K2O/TiO2 ratio. a) SiO2 vs. MgO. b) SiO2 vs. FeO. c) SiO2 vs. CaO. d) SiO2 vs. Al2O3. e) SiO2 vs. TiO2. f) SiO2 vs. K2O/TiO2. The
lines indicate potential FC paths up to ca. 10 wt.% residual melt at different conditions (purple lines for the CAMP and green lines for the Deccan;
same line legend of Fig. 9). The small symbols indicate the composition of MIs glass, and the large symbols indicate the composition of whole rocks
(hosting the glomerocrysts containing the MIs; same symbol legend of Fig. 9). All data are plotted without any recalculation (EMP data for MIs glass
have totals between 92.00 and 101.00 wt.%), and Fe is reported as total FeO. In the plot of SiO2 vs. K2O/TiO2, the only MI glass from sample AL14 plots
off the scale (K2O/TiO2 ∼ 81). The whole rock compositions of all the investigated rock samples are from the literature (same references of Fig. 9).

and 7). The chemical contrast between the mafic composition of
whole rocks and the intermediate to felsic composition of their
MIs glass hints at the bimodal magmatism that fits the paradigm
of crystal mush reservoirs (Jackson et al., 2018).

In order to test the closed-system differentiation process
(Figs. 9 and 13), fractional crystallization was simulated using
Rhyolite-MELTS (code version 1.2.0; Gualda et al., 2012), starting
from the parental melt composition of a typical basalt from
both CAMP and Deccan. Sample NEW31 (Merle et al., 2014) was
employed as the starting composition for CAMP models, whereas
sample PAS14-1 (Callegaro et al., 2023) was employed as the
starting composition for Deccan models. Oxygen fugacity was
set to the QFM buffer in all models, pressure was set to 0.1 GPa
for anhydrous compositions, and to 0.1 and 0.5 GPa for hydrous
(0.5 wt.% H2O in the starting melt) compositions, in order to

test different depths throughout the magma plumbing system.
According to the modelled paths, fractional crystallization alone
cannot explain the evolved composition of MIs glass. In particular,
the measured Al2O3 and Na2O+K2O contents in MIs glass are
higher than the modelled ones, whereas the measured FeO, CaO
and TiO2 contents in MIs glass are lower than the modelled
ones in both CAMP and Deccan. Crustal assimilation may thus
have accompanied fractional crystallization of CAMP and Deccan
magmas, as further supported by isotopic evidence of a mush-
dominated plumbing system.

Isotopic evidence of a mush-dominated
plumbing system
The measured δ18OCpx values of the investigated glomerocrysts
display a moderate variability, ranging from +3.9 (± 0.3) to
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+5.8 (± 0.3) � (Fig. 10). The corresponding sample-averaged
δ18OCpx values display a narrower variability, ranging from +4.4
(N = 10) to +5.6 (N = 10) � (Fig. 10). Some of the measured δ18OCpx

values overlap the typical δ18OCpx values from mantle peridotites
(Fig. 10), which range between +5.3 and +5.9 � (Mattey et al.,
1994). All the other analysed host crystals yielded relatively
low δ18OCpx values (Fig. 10), which may result either from high-
temperature hydrothermal alteration, from assimilation of
crustal material that was hydrothermally altered, or from a
mantle source that involved recycled lithosphere (Bindeman
et al., 2006; Genske et al., 2013; Hartley et al., 2013; Troch et al.,
2020; Xu et al., 2021). Although some local, minor alteration
may have occurred, the hypothesis of diffuse high-temperature
hydrothermal alteration may be discarded since petrographic
observations and major element compositions of Cpx crystals do
not show any evidence of alteration (see Supplementary Data 3
for the photomicrographs of all the sites analysed by SIMS on
host Cpx crystals). The hypothesis of assimilation of crustal
material that was hydrothermally altered may be discarded as
well since this process would have partially affected MIs too,
but their δ18Oglass values are inconsistent with this hypothesis
in all the investigated rock samples. Lastly, the hypothesis of a
mantle source that involved recycled lithosphere is supported by
extensive geochemical evidence especially in the CAMP. For CAMP
basaltic rocks, their geochemical composition suggests a mantle
source enriched by subduction events, with minor evidence of
mantle plume components (Chalokwu et al., 1999; Deckart et al.,
2005; Kontak & Dostal, 2010; Merle et al., 2011, 2014; Callegaro
et al., 2013, 2014b; Bertrand et al., 2014; Whalen et al., 2015;
Marzoli et al., 2019; Boscaini et al., 2022). For Deccan basaltic rocks,
their geochemical composition suggests significant time-related
compositional changes, from an early continental lithosphere
signature to a late mantle plume source (Mahoney et al., 1982;
Matsuhisa et al., 1986; Peng et al., 1994, 1998; Peng & Mahoney,
1995; Melluso et al., 2006; Sheth & Melluso, 2008; Bhattacharya
et al., 2013; Peters et al., 2017).

In order to estimate the δ18O values of the melt from which Cpx
crystals grew (Figs. 10 and 14), a fractionation factor between melt
and Cpx crystals (Δmelt-Cpx = +0.3 �; Taylor et al., 1984; Harris et al.,
2005) was applied to the measured δ18OCpx values. The sample-
averaged δ18O values of the melt (δ18Omelt values) calculated
from the measured δ18OCpx values range from +4.7 (N = 10) to
+5.9 (N = 10) � (Fig. 10). Apart from few rock samples displaying
slightly lower values, the calculated δ18Omelt values generally
overlap the typical δ18O values of mantle-derived basaltic melts,
which span from +5.3 to +5.9 � (Eiler et al., 2000; Bindeman,
2008). In summary, although few rock samples likely recorded
a heterogeneous mantle source with slightly low δ18O values,
the analysed glomerocrysts crystallized from mantle-derived
mafic melts.

The measured δ18Oglass values of the investigated MIs display
a high variability, ranging from +5.5 (± 0.4) to +22.1 (± 0.4)
� (Fig. 10), clearly indicating isotopic disequilibrium between
MIs glass and their host Cpx crystals in most of the analysed
rock samples from both CAMP and Deccan. Only a few of
the measured δ18Oglass values overlap the calculated δ18Omelt

values and the typical δ18O values of mantle-derived basaltic
melts (Fig. 10), which range between +5.3 and +5.9 � (Eiler
et al., 2000; Bindeman, 2008). All the other analysed MIs yielded
high δ18Oglass values (Fig. 10), which approach the typical δ18O
values of sedimentary and some metamorphic rocks (Bindeman,
2008). These extreme δ18Oglass values are too high to result from
closed-system differentiation processes alone (e.g., fractional
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Fig. 14. Crustal assimilation models in comparison with the
composition of MIs glass, in terms of SiO2 versus δ18O. The lines
indicate crustal assimilation paths for potential different assimilants
(black, grey and brown lines), starting from a mantle-derived parental
melt (P), and the symbols indicate the composition of MIs glass for both
CAMP and Deccan. The green area indicates the composition of
mid-ocean ridge basalts (MORB), and the grey area indicates the
evolution of mantle-derived magmas, reflecting a closed-system
differentiation process for a basaltic parental melt (Troch et al., 2020).
Most of the analysed MIs fall outside the array of mantle-derived
magmas, pointing to an open-system differentiation process. All data
are plotted without any recalculation (EMP data for MIs glass have totals
between 92.00 and 101.00 wt.%).

crystallization of a mantle-derived parental melt), and may
result either from low-temperature hydrothermal alteration,
from post-entrapment crystallization, or from open-system
differentiation processes (Bindeman, 2008). Although some
local, minor alteration may have occurred, the hypothesis
of diffuse low-temperature hydrothermal alteration may be
discarded since petrographic observations and major element
compositions of MIs glass do not show any evidence of alteration
(see Supplementary Data 3 for the photomicrographs of all the
sites analysed by SIMS on MIs glass). Moreover, the analysed MIs
yielding the highest δ18Oglass values display a correlation between
their SiO2 content and their δ18O value (e.g., sample NEW73),
whereas low-temperature hydrothermal alteration would have
resulted in less systematic data trends (i.e., more scattered
data). The hypothesis of post-entrapment crystallization may be
discarded as well since the analysed MIs display δ18Oglass values
up to +22.1 �, whereas crystallization of mineral phases such
as Cpx and Pl at magmatic temperatures would have resulted in
a very minor fractionation of oxygen isotopes (<0.5 �; Taylor &
Sheppard, 1986). Furthermore, the sites potentially affected by
evident post-entrapment crystallization were carefully avoided
for SIMS analysis, the presence of daughter mineral phases at
sub-μm scale would have not affected the measurement as the
SIMS analytical spot is about 10 μm, and no noticeable changes
of oxygen count rates and oxygen isotope ratios (pointing to the
analysis of different materials such as crystals) were observed
during SIMS analysis. Similarly, the occurrence of boundary layer
effects (Kent, 2008) related to post-entrapment crystallization
may be excluded as well since no correlation between MIs size
and their δ18Oglass values was observed. Lastly, the hypothesis
of open-system differentiation processes (e.g., assimilation of
crustal material) is supported by extensive geochemical evidence
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Table 3: Conditions employed in the four oxygen diffusion models. For each model, different conditions were employed in terms of
temperature, number of time steps, duration of each time step, total duration, oxygen diffusivity in the melt and oxygen diffusivity in
the crystal. See Supplementary Data 4 for oxygen diffusion models as multimedia files.

Temperature Duration of
each time step

Total
duration

Oxygen diffusivity in
the melt

Oxygen diffusivity in
the crystal

Model
(◦C)

Number of
time steps (yr) (yr) (m2/s) Bibliographic

reference
(m2/s) Bibliographic reference

1 900 10 10 100 7.2 × 10−14 Zhang & Ni, 2010 1.3 × 10−20 Farver, 1989
2 900 10 1000 10 000 7.2 × 10−14 Zhang & Ni, 2010 1.9 × 10−28 Ryerson & McKeegan, 1994
3 1100 10 10 100 5.4 × 10−13 Zhang & Ni, 2010 3.8 × 10−19 Farver, 1989
4 1100 10 1000 10 000 5.4 × 10−13 Zhang & Ni, 2010 1.8 × 10−25 Ryerson & McKeegan, 1994

in both CAMP and Deccan. For CAMP lava flows, their geochemical
composition indicates up to 10 wt.% crustal assimilation (Merle
et al., 2011, 2014; Callegaro et al., 2013, 2014b; Marzoli et al., 2019).
For Deccan lava flows from the Kalsubai Subgroup (e.g., sample
BOR14-2), their geochemical composition indicates significant
crustal contamination by the continental lithosphere (Mahoney
et al., 1982; Peng et al., 1994, 1998; Peng & Mahoney, 1995; Melluso
et al., 2006; Sheth & Melluso, 2008). The wide range in δ18Oglass

values of the investigated MIs, along with their variability in major
element compositions (Supplementary Fig. 8), points to variable
amounts of crustal assimilation and/or to the involvement of
chemically and isotopically heterogeneous assimilants, such as
sedimentary rocks from shallow basins and crystalline rocks from
potentially different depths throughout the transcrustal section
(Bindeman, 2008; Bindeman et al., 2016).

In order to test the open-system differentiation process
(Fig. 14), crustal assimilation was simulated using simple binary
mixing models with different potential assimilants. For the
mantle-derived parental melt, the SiO2 content (51.0 wt.%) and
the δ18O value (+5.7 �) are from the literature (Eiler et al., 2000;
Bindeman, 2008; Merle et al., 2014; Callegaro et al., 2014b, 2023;
Marzoli et al., 2019). For the potential assimilants, including pelite
(65.0 wt.% SiO2 and +20.0 � δ18O), marly carbonate (25.0 wt.%
SiO2 and +20.0 � δ18O) and granitoid (70.0 wt.% SiO2 and +10.0
� δ18O), both the SiO2 content and the δ18O value are from
the literature (Bindeman, 2008; Rudnick & Gao, 2014). Samples
AL14 and NEW73 from the CAMP yielded measured δ18Oglass

values > +20 � (Figs. 10 and 14), indicating that the entrapped
melt is dominated by crustal components, likely with a (meta-
) sedimentary origin (e.g., pelite). The other investigated rock
samples from the CAMP yielded measured δ18Oglass values < +20
� (Figs. 10 and 14), suggesting a lesser degree of contamination
from a similar assimilant (e.g., pelite) or the involvement of a
different assimilant (e.g., granitoid). Sample BOR14-2 from the
Deccan yielded measured δ18Oglass values between +6 and +16 �
(Figs. 10 and 14), indicating the involvement of crystalline and/or
metasedimentary components (e.g., granitoid, metapelite), as
sedimentary basins are absent in the Western Ghats. In summary,
the analysed MIs entrapped intermediate to felsic melts with
normal (i.e., mantle-like) to extremely high δ18O values, typical of
(meta-) sedimentary rocks.

The variability of the measured δ18O values of Cpx crystals
and their MIs suggests a dynamic evolution of the crystal mush
reservoirs for both CAMP and Deccan. The bimodal distribution of
δ18Oglass values in some rock samples (NEW31, NS21 and BOR14-2)
may result either from variable amounts of crustal contamination
by similar or different assimilants, from the combination of open-
and closed-system differentiation processes involving different
assimilants, or from the local oxygen isotope re-equilibration

between MIs and host Cpx crystals. As a mineral phase, Cpx
preserves magmatic signatures as it is refractory to oxygen iso-
tope diffusional exchange (Taylor et al., 1984; Dallai et al., 2004;
Deegan et al., 2021). Nonetheless, post-entrapment oxygen isotope
exchange between the silicate melt/glass of MIs and their host
mineral phase and the subsequent oxygen isotope diffusion in
the host mineral phase may have partially re-equilibrated the
measured δ18O values (Farver, 1989, 2010; Cole & Chakraborty,
2001; Cherniak & Dimanov, 2010; Zhang & Ni, 2010).

In order to test the oxygen isotope re-equilibration (see
Supplementary Data 4 for oxygen diffusion models), exchange
of oxygen isotopes between melt and crystals and diffusion of
oxygen isotopes in the same crystals were simulated using a
1D diffusion model between two media with different oxygen
diffusivity (Hickson et al., 2011). Finite difference equations were
solved via Crank-Nicholson method. The 1D diffusion model
was run without any fractionation of oxygen isotopes between a
50 μm-wide MI, with an initial δ18O value of +22.0 �, and the host
Cpx crystal (simplified to diopsidic composition), with an initial
δ18O value of +5.5 �. Fractionation of oxygen isotopes is negligible
as the isotopic fractionation factor at the modelled temperatures
is small (<1; Bindeman et al., 2004). Four different models were run
(Tab. 3), using oxygen diffusivities in the melt and in the crystal
from the literature (Farver, 1989; Ryerson & McKeegan, 1994;
Zhang & Ni, 2010). According to the modelled re-equilibration,
oxygen isotope diffusion may potentially re-equilibrate the
δ18Oglass values of MIs down to +9.0 � in 100 years. Since most of
the analysed rock samples display a broad variability in terms of
δ18Oglass, oxygen isotope diffusion can explain the δ18Oglass values
of few MIs only, indicating that in general the cooling was too fast
(in the order of years or decades) to allow MIs and their host Cpx
crystals to re-equilibrate isotopically.

Architecture of a mush-dominated plumbing
system
The investigated microstructures preserved in lava flows, from
the glomerocrysts at the mm-scale to their bubble-bearing MIs
at the μm-scale, offer a snapshot of a transient disequilibrium
condition driven by volatile exsolution and crustal assimilation
in mush-dominated magmatic reservoirs of these two LIPs. The
snapshot of this spatial and temporal evolution would otherwise
be undetectable at the scale of whole rock samples. Glomerocrysts
and their bubble-bearing, evolved MIs are relics of the crystal
mush ripped from the magma plumbing system and preserved in
lava flows from both CAMP and Deccan. These fragments likely
formed during or after volatile exsolution and crustal assimi-
lation, when interstitial CO2 bubbles and intermediate to felsic
melts made crystal-dominated magmas buoyant in the magma
plumbing system, enhanced by crystal mush compaction and gas
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Fig. 15. Sequence of magmatic processes forming glomerocrysts and their bubble-bearing MIs, reconstructed on the basis of textural, chemical
and isotopic evidence of a mush-dominated plumbing system. a) Development of a crystal mush in the magma plumbing system, where a primary
basaltic melt, Cpx and Pl crystals and exsolved CO2 coexist. b) Episode of crustal assimilation with a crustal felsic melt entering the system. The
increase of volatile content via the assimilated crustal material (CO2 + H2O) causes a drop of the solidus with a partial dissolution of the already
formed crystals. However, the subsequent volatile exsolution via the system saturation (CO2 exsolves into bubbles and H2O remains in the melt
because of the depth) causes a rise of the solidus with a rapid crystal growth. Since none of the analysed host Cpx crystals yielded crust-like δ18O
values, the interstitial channels feeding the intra- and inter-crystal pores likely have a very thin (<10 μm) cross section (smaller than the employed
SIMS beam diameter). c) New development of a crystal mush in the magma plumbing system, where the rapid crystal growth entraps droplets of
different melts (i.e., parental mafic melt, crustal felsic melt or mixed melt) along with CO2 bubbles. A further CO2 flux, potentially from assimilated
crustal material or from new basaltic magma batches, may speed up the crystal growth. The presence of bubble-bearing evolved melt pockets within
the crystal mush may promote the buoyancy of Cpx-dominated glomerocrysts. Hence, potential remobilization events may rip fragments of these
solidified portions of the magma plumbing system to Earth’s surface, thus found as relics in lava flows.

filter pressing (Anderson et al., 1984; Philpotts et al., 1996). Crustal
assimilation includes a broad spectrum of chemical and physi-
cal exchange processes between magma and host rocks, mainly
driven by partial melts and supercritical fluids entering the mul-
tiphase (i.e., solid + liquid + gas phases) magmatic system. Major
element and oxygen isotope compositions of host Cpx crystals
and their MIs glass indicate the occurrence of two distinct silicate
melts (i.e., a parental mafic melt and a crustal felsic melt) within
the crystal mush reservoir (Fig. 15). Intermediate to felsic melts,
resulting from variable amounts of crustal contamination, were
entrapped in MIs during the formation of augitic Cpx crystals,
which formed from a mafic melt throughout the magma plumb-
ing system. However, none of the analysed glomerocrysts yielded
δ18OCpx values and corresponding δ18Omelt values representative
of a melt potentially affected by assimilation, indicating that the
crustal felsic melt may have been volumetrically minor, and that
the entrapment process was too rapid to allow this melt to mix
with the parental mafic melt. Potential cycles of dissolution and
recrystallization of Cpx crystals, forming MIs, may be triggered
and driven by the arrival of new magma batches (of either mantle
or crustal origin) and by volatile fluxing or exsolution in the
crystal mush reservoirs (Bouvier et al., 2022; Caracciolo et al., 2022).

The development of a transcrustal plumbing system is nec-
essary for the eruptibility of continental LIP magmas, implying
that the intrusive activity along with related degassing generally
precede the effusive activity, as inferred for several LIPs (Karl-
strom & Richards, 2011; Davies et al., 2017; Bédard et al., 2021;
Tian & Buck, 2022). The eruptibility of magmas forming extensive
continental flood basalts mostly depends on their density, aside
from many other parameters, such as temperature, pressure,
chemical composition, viscosity and tectonic context. Silicate
magmas are typically less dense than their crystallized products

and, if the overburden density is equal to or lower than that
of magma, the lithostatic pressure generally prevents magma
ascent and eruption, unless crustal discontinuities (e.g., fractures,
fault planes and any other anisotropy) are present. Hence, the
presence of sedimentary basins and the average felsic composi-
tion of the upper crust represent a density barrier for basaltic
magmas. Throughout the transcrustal section, the development
of a complex magma plumbing system via multiple intrusions
and their progressive crystallization increases the overburden
density up to and exceeding the eruptibility threshold, triggering
the eruption of LIP magmas (Tian & Buck, 2022). Moreover, mag-
matic intrusions often exploit pre-existing conduits, leading to
widespread crustal contamination and ubiquitous magma mix-
ing associated with replenishment (Bédard et al., 2021). During
magma ascent to Earth’s surface, volatile fluxing or exsolution
and crustal assimilation with different degrees of magma mixing
increase the pressure and decrease the density of the multiphase
system (crystals + melts + fluids) up to and exceeding the erupt-
ibility threshold, triggering the eruption of LIP magmas (Caricchi
et al., 2018). The geochemical and microstructural constraints
on crystal mush reservoirs in LIPs from this study point to the
key role of volatile exsolution and crustal assimilation in driv-
ing their open-system evolution. Despite the several differences
between CAMP and Deccan, the textural, chemical and isotopic
evidence from the analysed glomerocrysts and bubble-bearing
MIs indicates a similar architecture of their mush-dominated
plumbing system, shaped by transient disequilibrium conditions
triggered by multiple episodes of volatile exsolution and crustal
assimilation.

The analysed Cpx crystals from glomerocrysts derived from
mafic melts, as revealed by δ18OCpx values measured on them,
and their whole rocks were affected by variable degrees of crustal
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assimilation and partial mixing, as revealed by δ18Oglass values
measured on MIs within them. However, Fe–Mg partition coef-
ficients and predicted versus observed Cpx components indi-
cate a local and limited equilibrium in terms of major element
compositions between Cpx crystals from glomerocrysts and their
whole rocks. The occurrence of occasional equilibrium conditions
allowed the application of Cpx–liquid geothermobarometry, using
the major element composition of whole rocks as a liquid. The
Cpx crystals from glomerocrysts and their whole rocks were
thus employed to estimate the crystallization temperatures and
pressures of glomerocrysts, using the major element composition
of Cpx crystals from this study and the major element compo-
sition of their whole rocks from the literature (Merle et al., 2014;
Callegaro et al., 2014b, 2023; Marzoli et al., 2019). Except for sample
AN18, sample NS21 that contains Opx crystals and sample BOR14-
2 that is a cumulitic rock, all the analysed rock samples from
both CAMP and Deccan yielded at least a few geothermobarome-
try data at equilibrium conditions. Applying different Cpx–liquid
geothermobarometry models for silicate melts (Putirka et al., 1996;
Putirka et al., 2003; Putirka, 2008; Neave & Putirka, 2017), the
estimated crystallization pressures span from the middle to the
upper crust (see Supplementary Data 5 for geothermobarometry
data), in agreement with previous studies on both CAMP and
Deccan (Callegaro et al., 2014b, 2023; Marzoli et al., 2019, 2022;
Capriolo et al., 2020). These crystallization pressures are also
consistent with the maximum entrapment pressure of about
0.5 GPa, assessed from the calculated CO2 concentration in mafic
to felsic melts at CO2–H2O fluid-saturated conditions. For both
these LIPs, the development of a complex magma plumbing sys-
tem through most of the transcrustal section, up to sedimentary
basins in the CAMP, implies several potential sources for carbon,
preserved as CO2 within MIs. Discarding any potential melt–fluid
decoupling (Caricchi et al., 2018), the occurrence of both mantle-
like and crust-dominated δ18Oglass values in the investigated MIs
indicate that the CO2 within their bubbles likely derived from
both primary melts and assimilated crustal melts. Hence, the
assimilation of carbon-bearing crystalline and sedimentary rocks,
such as graphite-bearing schists or gneisses and organic matter-
rich shales or sandstones (Svensen et al., 2004; Deegan et al.,
2022), may have enriched magmas in CO2 through the entire
transcrustal section.

CONCLUSIONS
Glomerocrysts with abundant bubble-bearing MIs were inves-
tigated from several basaltic lava flows of both CAMP and
Deccan, via a multi-technique approach combining in situ
geochemical and microstructural analysis. In contrast with
the traditional model of melt-dominated magma chambers,
the analysed microstructures fit very well the more complex
paradigm of a mush-dominated plumbing system through most
of the transcrustal section (Marsh, 2015; Cashman et al., 2017;
Sparks et al., 2019). In this context, the investigated glomerocrysts
are fragments of the crystal mush, and their MIs cargo are relics
of interstitial melts and fluids (i.e., CO2) within the porous crystal
framework, constituting the magma plumbing system of these
mass extinction-related LIPs. Confocal Raman microspectroscopy
analysis revealed the presence of CO2 within bubbles of MIs
and allowed the quantification of its density. Synchrotron
radiation X-ray microtomography data, in support of optical
microscopy observations, allowed the 3D reconstruction of the
investigated microstructures and provided a precise estimate
of the minimum bubble/inclusion fraction within MIs, which is

fundamental to assess the original volatile budget. These new
X-ray microtomography data led to a high-precision refinement
of the CO2 concentration (at least 0.3 wt.%) in CAMP and Deccan
melts. Chemical and isotopic constraints from EMP and SIMS
data revealed that glomerocrysts formed from a mafic melt
with normal (i.e., mantle-like) to slightly low δ18O values, derived
from mantle melting and fractional crystallization, whereas MIs
entrapped distinct, intermediate to felsic melts with normal
(i.e., mantle-like) to extremely high δ18O values, derived at least
partially from crustal assimilation of (meta-) pelites or granitoids.
Moreover, isotopic evidence unveils that the CO2 preserved by MIs
likely derived partly from the mantle and partly from assimilated
crustal materials. All textural, chemical and isotopic evidence
indicates a dynamic evolution for the magma plumbing system
of these two LIPs, where crystals, silicate melts and exsolved
fluids were continuously coexisting and interacting throughout
their transit and temporary storage in the transcrustal section.
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