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ARTICLE INFO ABSTRACT
Keywords: The Marsili seamount is a submarine volcano in the Tyrrhenian Sea that originated in a back-arc setting. Aiming
Marsili to define the complexity of its trans-crustal plumbing system, we explored the compositional and textural var-
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iations of crystal cargoes in basaltic to andesitic lavas collected from three different sectors of the volcano
(northern, axial, and lateral). Lavas collected from the northern sector are basaltic in composition and contain
minerals with a narrow and more primitive composition compared to basalt and basaltic andesitic lavas sampled
at the lateral and axial sectors, hosting a crystal cargo characterized by a broader chemical variability. Crystal-
poor andesitic lavas were only collected at the axial summit sector of the volcano. Glomerocrysts with diverse
mineralogy are ubiquitous in lavas erupted from all sectors and testify to the presence of crystal mush domains in
the whole trans-crustal system. Thermobarometric calculations performed on clinopyroxene coupled to mass-
balance and thermodynamic modeling collectively point to a polybaric and spatially heterogeneous plumbing
system. The relatively less differentiated basaltic magmas erupted in the northern and axial sectors reside at
depth corresponding to the lower crust-mantle boundary (300-450 MPa, 1040-1080 °C). Basaltic and basaltic
andesitic magmas extracted from this deep storage zone formed, over time, scattered magma storage zones in the
10-12 km-thick oceanic crust beneath the Marsili volcano. The shallower magma storage zones sourced the
andesitic magmas (<250 MPa, 920-980 °C) erupted in the axial summit sector. In turn, basaltic and basaltic
andesitic magmas erupted in the lateral sector testify to intermediate storage conditions (200-400 MPa,
980-1060 °C) and variable degree of evolution. The variable content of incompatible (YAl and Ti) and REE in
clinopyroxene contained in basaltic lavas from the three sectors relates to different degrees of undercooling (AT),
with magmas erupted from the northern sector recording higher undercooling (AT = 90 + 39 °C) compared to
those erupted from the lateral (AT = 52 + 27 °C) and axial (AT = 30 & 25 °C) sectors. The emerging scenario is
that basaltic magmas erupted from the northern sector experienced a more rapid ascent (also testified by the
occurrence of high-Fo olivine and dendritic clinopyroxene in the groundmass) compared to magmas erupted at
the lateral and axial sectors, otherwise experiencing prolonged residence within the crust.

1. Introduction between ascending magmas and crystal- and melt- rich zones (e.g.,
Cashman et al., 2017), stresses the importance of integrating whole-rock

Defining the structure of magmatic systems feeding active volcanoes and mineral chemistry data with the petrographic information. This

is a crucial step for the understanding of magma dynamics and pathways approach has been found to be fundamental for deciphering the
in the crust, which yields substantial implications for the management of complexity of magmatic processes and to obtain a broader view of
volcanic hazard (Burchardt et al., 2022). The concept of “trans-crustal” volcanic plumbing systems, unveiling their variability through time and
plumbing system models, characterized by complex interactions space (Bennet et al., 2019; Burns et al., 2022; Giacomoni et al., 2014;

* Corresponding author.
E-mail address: fabio.colle@unipr.it (F. Colle).

https://doi.org/10.1016/j.1ithos.2024.107675
Received 24 February 2024; Received in revised form 31 May 2024; Accepted 31 May 2024

Available online 4 June 2024
0024-4937/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


mailto:fabio.colle@unipr.it
www.sciencedirect.com/science/journal/00244937
https://www.elsevier.com/locate/lithos
https://doi.org/10.1016/j.lithos.2024.107675
https://doi.org/10.1016/j.lithos.2024.107675
https://doi.org/10.1016/j.lithos.2024.107675
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

F. Colle et al.

Lormand et al., 2021; Mollo et al., 2022; Ubide et al., 2019b). While the
crystal cargo of a single eruption provides a snapshot of magma dy-
namics relative to a part of the reservoir, a complete picture of the
physico-chemical conditions and magma pathways through the
plumbing system can be obtained only from the integrated study of
multiple eruptive events (Boschetty et al., 2022; Geiger et al., 2018;
Jerram et al., 2018; Kahl et al., 2015; Weber et al., 2020). The
comprehensive analysis of eruptive products representative of distinct
domains of a volcanic system is particularly relevant in the case of
submarine volcanoes, owing to the obvious limitations in terms of
sampling and surface observation.

Here we present the case of Marsili seamount, a large (70 km long,
20 km wide) submerged volcano located in the Tyrrhenian Sea, origi-
nated in a back-arc setting and characterized by a plumbing system that
extends across the entire oceanic crust (Marani and Trua, 2002). Marine
campaigns targeting Marsili volcano (MV) collected a large number of
samples from three different sectors of the volcano: the axial, the
northern and the lateral sector (Fig. 1; Gamberi et al., 2006; Marani
etal., 1999). Previous petrological studies carried out on sets of MV lava
samples revealed remarkable differences, in terms of phenocrysts pro-
portions, chemical composition and zoning, among the basalt and
basaltic andesitic magmas, providing evidence for a wide spectrum of
petrogenetic processes (Albert et al., 2022; Trua et al., 2010, 2011,
2014, 2018; Trua and Marani, 2021). This petrologic diversity is linked
to the complexity of the MV trans-crustal plumbing system, providing
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Fig. 1. Sketch showing the location of Marsili Basin (MB) in the Southern
Tyrrhenian Sea (inset) and bathymetric map of Marsili volcano (MV) showing
sample location. The inset shows the locations of the Marsili Basin (MB; red
boxed area), the Vavilov Basin (VB), the Aeolian volcanic arc (AVA), and the
Ionian Oceanic Plate (IOP). The three different sectors of the MV have been
highlighted with colored squares (purple, blue and orange for northern sector,
axial sector and lateral sector, respectively). MV sampling sites (grey dots) and
classification of the volcanic samples from Trua et al. (2011). The sampling sites
investigated in this study are represented by dots filled with the respective
sector color. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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evidence of changes in magma dynamics and reservoir architecture that
cannot be inferred using the sole whole-rock geochemistry. Moreover,
while previous studies were generally focused on the analysis of a single
mineral phase, a comparative analysis of the crystal cargoes variability
in the erupted magmas is lacking. Hence, a more general perspective
which considers the effects of different pathways on the magmatic
evolution and the petrological heterogeneity of the MV feeding system
has yet to be gained.

In this study, we investigated the crystal cargoes of selected basaltic
to andesitic lava samples collected from the three sectors of the MV with
the aim of improving our understanding of magmatic evolution and
transfer across the trans-crustal plumbing system. In particular, we
combine the chemical database obtained from the revision of the
existing MV petro-chemical data (Albert et al., 2022; Trua et al., 2014,
2018; Trua and Marani, 2021) with the new textural and mineral
chemistry data. The whole chemical database is employed to perform
thermobarometric calculations as well as for mass-balance differentia-
tion modeling and thermodynamic simulations. The assessment of the
physico-chemical conditions controlling the magmatic evolution across
the complex trans-crustal plumbing system allows to establish a link
between the petrologic variability of the eruptive products and the dy-
namics of magmas erupted at the different MV sectors. This compre-
hensive picture may have fundamental implications for assessing the
impact of possible eruptions from the different sectors on the stability of
the MV edifice and the consequent hazard assessment for landslide-
induced tsunami along the Tyrrhenian coasts (e.g., Gallotti et al.,
2021). The acquired knowledge may also help in the identification of the
nature of magmatic processes in back-arc submarine volcanoes else-
where (e.g.: Beier et al., 2015; Jeanvoine et al., 2021).

2. Geological context and petrological background

The Tyrrhenian Sea is a complex back-arc basin, associated with the
tectonic history resulting from the convergence of the African and the
Eurasian plates (Zitellini et al., 2019 and references therein). It repre-
sents one of the few modern marine back-arc basins that initiated in
continental lithosphere (Vasey et al., 2021). The most recent spreading
volcanic activity of the Tyrrhenian back-arc area is expressed by the MV,
an active (< 0.7 Ma) submarine stratovolcano, roughly aligned NNE-
SSW, that rises from 3500 m to 500 m below sea level at the
spreading center of the Marsili Basin (Marani and Trua, 2002), the latter
located at the southern portion of the Tyrrhenian Sea (Fig. 1).
Geophysical investigations indicate an oceanic nature for the crust un-
derlying the Marsili Basin, identifying the Moho at a relatively shallow
depth of 10-12 Km (Manu-Marfo et al., 2019).

Geochemical studies carried out on a selection of the sampled lavas
have shown that the MV predominantly erupted basaltic and basaltic
andesitic magmas, while a minor volume of andesitic products erupted
at the axial summit zone (Trua et al., 2002, 2007, 2011). The more
recent products with a geochronological constraint (2-3 ka) are instead
represented by trachytic tephra (Gennaro et al., 2023; lezzi et al., 2014,
2020; Tamburrino et al., 2015) found on a small volcanic cone located in
a landform where, based on geomorphological data, the younger activity
of MV developed (Nicotra et al., 2024).

The MV lavas have a calc-alkaline affinity, like the one shown by the
igneous rocks that paved the Marsili Basin oceanic crust (Kastens and
Mascle, 1990). Geochemical and isotopic data suggest that the primary
magmas derive from melting of a subduction-metasomatized mantle
wedge environment, mixed with an enriched, African-derived mantle
component (Trua et al.,, 2010, 2011). In turn, whole-rock data from
basaltic to andesitic lava samples are indicative of fractional crystalli-
zation processes, with no involvement of assimilation of continental
crust (Trua et al., 2002, 2007, 2011).

Previous petrological studies on lavas collected from MV used
diverse mineral-liquid equilibria models and thermodynamic simula-
tions, providing the following estimates of the pre-eruptive conditions:
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temperatures varying from 1050 to 1170 °C, pressures varying from 20
to 500 MPa, oxygen fugacity conditions ranging from —0.6 to +2.5 log
units above the NNO oxygen buffer and melt-H,0 content in the range of
0.5-5wt% (Trua et al., 2014, 2018; Trua and Marani, 2021). The variety
of textures and compositions observed for olivine (Albert et al., 2022),
clinopyroxene (Trua and Marani, 2021) and plagioclase (Trua et al.,
2018) crystals points to petrological differences existing among indi-
vidual lava samples. Altogether, these mineral studies provide evidence
for the following magmatic scenarios: i) mantle melts injected at crust-
mantle transition depths cool and crystalize, forming a deep,
clinopyroxene-dominated crystal mush; ii) the extraction of basic
magmas appears to be more rapid in the northern sector than in the
other portions of the volcanic edifice; iii) some chemically evolved melts
rapidly rising from the deeper zones and briefly stalling at shallower
crustal levels give rise to the crystal-poor andesitic lavas; iv) locally,
magmatic inputs from the deeper zones may intercept and mix with
shallower magma bodies with different composition, thus generating
hybrid basic magmas.

3. Sample and methods
3.1. Sample selection and preparation

The extensive collection of lava samples dredged from the MV during
the MAR98 and TIR2000 cruises executed by the CNR ship R/V Urania
(Gamberi et al., 2006; Marani et al., 1999) is permanently stored at the
ISMAR-CNR repository (http://www.ismar.cnr.it/infrastructures/core-r
epository). Four MV lava samples were selected for a detailed petro-
chemical investigation: three are basaltic samples, dredged at the
northern (MRS4), axial (D5), and lateral (D16) sectors of the MV; one is
an andesitic sample (MRS9) from the axial summit zone (Fig. 1). Whole-
rock compositions of the MV lavas are from Trua et al. (2011)
(Table EA1). In order to provide a more robust insight on the crystalli-
zation conditions associated to these different sectors of the MV edifice,
we also revised the petrography and mineral chemistry of other existing
lava samples (Albert et al., 2022; Trua et al., 2002, 2014, 2018; Trua and
Marani, 2021). These further samples were collected from the northern
sector (MRS1, MRS2, and MRS3 basaltic samples), the axial sector (D6
basaltic sample; D1, D2, and D4 basaltic andesitic samples), the axial
summit zone (D14 and MRS10 andesitic samples), and along the lateral
sector (D12 basaltic sample; D11 and D19 basaltic andesitic samples) of
the volcanic edifice (Fig. 1).

Thin sections of the selected samples were prepared from small
blocks of the original samples and investigated using a petrographic
microscope. The free software package ImageJ was used for measuring
crystal size (major axis of the best fitting ellipse; see Pontesilli et al.,
2019), phenocryst abundance and vesiculation. The remaining aliquots
of the blocks (8-10 g) were cleaned from any external sign of alteration
and used to make a glass for major and trace element analysis
(Table EA1). Each sample block was crushed using an agate mortar to
make a powder and melted at 1400 °C for 1 h in a Fe-presaturated Pt
crucible, using a high temperature furnace Nabertherm LH7 01/17
installed at the HP-HT laboratory of the Dipartimento di Scienze della
Terra, at the University of Pisa (Italy). The crucible was quenched in
deionized water and the homogeneity of the glass inspected under
petrographic microscope.

3.2. Analytical methods

Polished thin sections were studied by back scattered electron (BSE)
imaging and energy dispersive X-ray spectroscopy (EDS) microanalysis
using a field emission-scanning electron microscope (SEM) FEI Quanta
450 equipped with a Bruker QUANTAX XFlash Detector 6/10 at the
Centro per la Integrazione della Strumentazione della Universita di Pisa
(CISUP). Microchemical data on minerals and glasses were determined
by electron probe micro-analyzer (EPMA) using a JEOL JAX8600 at the
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Department of Earth Sciences of Florence. The analytical conditions
were 15 kV of accelerating voltage with 20 nA of beam current and 3 pm
beam size for olivine, pyroxene, and oxide and 10 nA beam current and
5 um beam size for plagioclase. The counting time was 15 s on peak and
7 s in the background for major elements (except for the Na, counting 10
s on peak and 5 s in the background). For minor elements (P, Ni, Cr),
counting times varied between 30 and 40 s on peak and between 15 and
20 s on the background. The primary standards used for calibration were
albite Astimex for Si and Na, plagioclase Astimex for Al, olivine Astimex
for Mg, diopside Asimex for Ca, sanidine Astimex for K, ilmenite
Smithsonian for Ti and Fe, apatite Astimex for P, and barite Astimex for
Ba and celestite Astimex for Sr.

Trace element analyses were carried out on glasses obtained by
melting the natural rock powders and clinopyroxene crystals. Analyses
were performed with the laser ablation-inductively coupled plasma-
mass spectrometry (LA-ICP-MS) system installed at the Centre for In-
strument Sharing of University of Pisa (CISUP), composed by an
Elemental Scientific NWR-193 (Ar—F) excimer laser equipped with a
TwoVol2 two-volume cell coupled with a PerkinElmer NexION 2000
ICP-MS. The laser was operated at a repetition rate of 10 Hz, using a spot
size of 35 um and a fluence of 4.6 J/cm>. Signals were acquired for 30 s
during ablation and 50 s with laser off (background). The synthetic glass
standard NIST612 was used for tuning of the ICP-MS and as calibration
standard, whereas the synthetic glass standard NIST610 and an in-house
glass standard (BE-N) were used as quality monitor. Standard glasses
were measured every 6-8 spots. Ca and Si concentrations (previously
measured by EPMA) were used as internal standard for clinopyroxene
and glass analyses, respectively. Accuracy and precision were better
than 5% for all elements, except for Zn, which had an accuracy of 9%
and a precision of 12%. Limits of detection were calculated according to
Howell et al. (2013). Data processing was conducted using the com-
mercial software Iolite v4 (Paton et al., 2011; Woodhead et al., 2007).

4. Results
4.1. Petrography

The four investigated lava samples are weakly to moderately
porphyritic, with phenocrysts content ranging from 15 to 30 area% in
the basaltic lavas and of 10 area% in the andesitic lava (Fig. 2). Phe-
nocrysts occur both as isolated euhedral to subhedral crystals and in
glomerocrysts (monomineralic or polymineralic). Olivine, clinopyrox-
ene, and plagioclase are phenocryst phases in the basalts, whereas the
dominant phenocryst phase in the andesite is plagioclase, followed by
clinopyroxene and spinel (Fig. 2). Notably, spinel is absent as phenocryst
in the basalts, but it occurs as microlite in the groundmass and as in-
clusion in olivine phenocrysts. Neither orthopyroxene nor amphibole
were observed in the investigated samples, but these minerals were
found in two andesitic samples (MRS10 and D14) and in a basaltic
andesitic sample (D2) collected in the axial sector of MV (Trua et al.,
2014). In the basaltic samples, the groundmass is microcrystalline and
varies in texture from intergranular to intersertal, while it is pilotaxitic
in the andesitic sample (Fig. 3). A slightly different groundmass texture
was observed for a basalt from the northern sector (sample MRSI,
studied more in detail in Trua et al., 2002), characterized by skeletal
microcrysts of plagioclase (<200 pm) and acicular-dendritic microlites
of clinopyroxene (<50 pm) (Fig. 3a) and suggesting a rapid cooling of
the host magma. All the investigated lava samples exhibit a vesicular
texture (Fig. 2). The degree of vesiculation is higher in the basalt from
the axial sector (sample D5, 30 area%) and lower in the basalts from the
north and lateral sectors (sample MRS4, 15 area%; sample D16, 10 area
%). The andesite sample is moderately vesiculated (sample MRS9, 10
area%). The MRS4 basaltic sample from the northern sector exhibits
spherical and pipe vesicles that are partly, or entirely, filled by a dark
vesicular glass (Fig. 2a), resembling segregation structures observed in
pillow lavas (Merle et al., 2005).
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Fig. 2. Representative thin section photomicrographs in plane-polarized light (left column) and cross-polarized light (right column). (a) The basaltic sample MRS4
from the northern sector is characterized by a low porphyritic (PI = 15%) vesiculated texture and a phenocrysts assemblage composed by abundant olivine (Ol) and
clinopyroxene (Cpx), and scarce plagioclase (P1); note the presence of glassy pipes (GP). (b) The basaltic sample D5 from the axial sector is characterized by a
vesiculated and more porphyritic (PI = 30%) texture compared to basalt MRS4, with a phenocryst assemblage composed by olivine, clinopyroxene and plagioclase.
(c) The basaltic sample D16 from the lateral sector is characterized by a porphyritic texture (PI = 25%) and a mineral assemblage composed by olivine, clinopyroxene
and plagioclase. The andesitic sample MRS9 from the axial sector is characterized by porphyritic texture (PI = 10%) and a phenocryst assemblage composed by
plagioclase and minor amount of clinopyroxene, olivine and spinel (Sp). Note that the scale is the same for all the images.

Glomerocrysts (500-1000 pm in size) occur in all the basaltic and
basaltic andesitic lavas examined in this study and their mineral
assemblage varies sensibly with the provenance. In particular, glomer-
ocrysts in basaltic lavas from the northern sector are either ultramafic
(olivine-+pyroxene) or gabbroic (pyroxene+plagioclase) in composition,
whereas glomerocrysts in basalts and basaltic andesites from the axial
and lateral sectors display a larger variability, being dominantly
gabbroic (pyroxene-+plagioclase).

These petrographic observations reinforce results from previous

studies (Albert et al., 2022; Trua et al., 2002, 2018; Trua and Marani,
2021). As documented in these studies, basaltic lavas from the northern
sector are generally characterized by a lower phenocryst content (10-15
area%) compared to basaltic and basaltic andesitic lavas from the lateral
sector (20-25 area%) and the axial sector (25-30 area%). Relevant
differences are also observed among these lavas, in terms of mineral
assemblage and chemistry.
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Fig. 3. Representative backscattered electron (BSE) images of investigated samples. (a) skeletal microcrysts (<200 pm) of plagioclase and acicular-dendritic
microlites (<50 pm) of clinopyroxene in basalt MRS1 from the northern sector; (b) euhedral olivine phenocrysts in basalt MRS4, characterized by a narrow
(<40 pm) rim with high BSE intensity and enclosing glassy, or partially crystallized, melt inclusions and micrometric spinel crystals; (c) clinopyroxene phenocrysts in
basalt D5 from the axial sector showing concentric compositional zoning; (d) plagioclase phenocrysts in basalt D16 from the lateral sector, showing partially resorbed

(sieve-textured) core, oscillatory zoning and euhedral overgrowth rims.

4.1.1. Olivine

Olivine phenocrysts are euhedral in all the basaltic studied samples
and range in size from 100 to 800 pm. They often enclose brownish
glassy, or partially crystallized, melt inclusions and micrometric spinel
crystals (Fig. 3b). Olivine crystals contained in lavas from the northern
sector are unzoned and show a sharp narrow (<40 pm) rim with higher
BSE intensity (Fig. 3b). In contrast, basaltic lavas from the two other
sectors contain olivine crystals characterized by normal zoning
(Table EA2). In the andesitic samples, olivine is rare (three phenocrysts)
and characterized by the absence of compositional zoning (Table EA2).

4.1.2. Clinopyroxene

Clinopyroxene crystals in basaltic samples are generally euhedral
and range in size from 300 pm to 1000 pm. They often enclose crystals of
olivine and plagioclase, and melt inclusions. While clinopyroxene con-
tained in the basaltic lava from the northern sector appear composi-
tionally homogeneous or sometimes characterized by hourglass sector
zoning, clinopyroxene crystals contained in basaltic magmas erupted
from the axial and lateral sectors display a manifest concentric zoning
(Fig. 3c). In the andesitic sample, clinopyroxene is euhedral and ranges
in size from 100 pm to 400 pum, chemical zoning is frequent, as also
inclusions of opaque minerals.

4.1.3. Plagioclase

Plagioclase in basaltic samples from the axial and lateral sectors is
mostly euhedral to subhedral and ranges in size from 200 to 1500 pm.
Most of the crystals are characterized by partially resorbed cores (sieve
texture) and oscillatory zoning, with euhedral overgrowth rims
(Fig. 3d). Notably, sieve textures are less frequent in plagioclase phe-
nocrysts from the northern sector.

4.2. Mineral chemistry

The chemical composition of mineral phases analyzed in the MV
products from the northern, axial and lateral sectors are largely
consistent with chemical data from previous works (Albert et al., 2022;
Trua et al., 2002, 2014, 2018; Trua and Marani, 2021). New analyses
from this study expand the existing data set and allow to recognize
further compositional variability of the mineral phases related with the
sector of provenance.

4.2.1. Olivine

Olivine crystals contained in basaltic lavas emitted from the northern
sector (MRS1, MRS2, MRS3 and MRS4) are characterized by a relatively
high values of forsterite (Fogy 99) and CaO content (0.20-0.35 wt%)
(Fig. 4; Table EA2). Basaltic and basaltic andesitic lavas from the axial
sector (D1, D2, D4, D5 and D6) generally feature less primitive olivine
crystals, characterized by a broader range of forsterite (Foyy gg) and
slightly lower CaO content (0.10-0.27 wt%) (Fig. 4; Table EA2). In
contrast, the andesitic lava sample (MRS9) erupted from the same sector
exhibits olivine crystals with lower forsterite (Fo7o_71) and CaO content
(0.13-0.18 wt%) (Fig. 4; Table EA2). Olivine crystals contained in the
four samples erupted from the lateral sector are characterized by
different chemical compositions, with the basaltic and basaltic andesitic
samples D11, D12 and D19 being more forsteritic (Fogg_gg) and with
lower CaO content (0.10-0.25 wt%) compared to the basaltic sample
D16, having lower forsterite (Fogs_gs) and higher CaO content
(0.12-0.40 wt%) (Fig. 4; Table EA2).

4.2.2. Clinopyroxene
Clinopyroxene crystals have been categorized according to the
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Fig. 4. Compositional diagram showing CaO versus Fo content variation in
olivine crystals. Basalt, basaltic andesite and andesite are reported as circle,
square and diamond symbols, respectively. The color tone indicates the sector
of provenance: purple for northern sector, blue for axial sector and orange for
the lateral sector. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

classification scheme of Morimoto (1988) and are dominantly diopsidic
in composition for samples from the northern sector and vary between
diopsidic and augitic for samples from the axial and lateral sectors
(Fig. 5; Table EA3a). In detail, the composition of clinopyroxene crystals
in basaltic lavas emitted from the northern sector (MRS2, MRS4) is
Wous.48Enga.50Fsps_11, with Mg-number [Mg# = molar 100*Mg/(Mg +
Fe?") where Fe?" is expressed as total iron] varying from 80 to 90.
Overall, we note that the Mg# correlates inversely with TiO5 (0.76-0.28
wt%) (Table EA3a; Fig. SM1). A broader compositional variability is
observed for clinopyroxene crystals contained in basaltic and basaltic
andesitic lavas erupted from the axial sector (D1, D2, D4, D5 and D6),
characterized by composition ranging from diopside to augite (Woao.
48Eny41_49Fse_14) and Mg# ranging from 72 to 91 (Fig. 5; Table EA3a).
The content of TiO2 decrease from 1.60 to 0.19 wt% with increasing
Mg# (Fig. SM1). The three andesitic samples from the same sector
(MRS9, MRS10 and D14) are augitic in composition (Wosy.45En4o.
49Fs11-17) and with Mg# ranging from 72 to 79 (Fig. 5). They show in-
verse correlation with TiO5, which content varies from 1.27 to 0.43 wt%
(Table EA3a; Fig. SM1). The lavas erupted from the lateral sector (D11,
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D16 and D19) feature clinopyroxene crystals with composition varying
from diopside to augite (Woss.4gEn40.51Fsos_17) and have Mg# ranging
from 70 to 91 (Fig. 5; Table EA3a). The content TiO5 varies from 1.76 to
0.17 wt% and shows an inverse correlation with the Mg# (Table EA3a;
Fig. SM1).

Clinopyroxene crystals contained in the basaltic samples from the
three sectors of MV were analyzed for the trace element content
(Table EA3b). The basalt sampled in the northern sector is characterized
by clinopyroxene crystals with generally higher REE content compared
to basalts from the lateral and axial sector (Fig. 6). In turn, the axial
sector is characterized by the clinopyroxene population with the largest
variability of REE concentration.

4.2.3. Plagioclase

Plagioclase crystals have been classified following the Ab-An-Or
ternary diagram and overall range from andesine to anorthite, with
lavas from the axial sector showing a broader compositional variation of
plagioclase compared to lavas from the northern and lateral sectors
(Fig. 7; Table EA4).

Plagioclase contained in the basaltic lavas erupted from the northern
sector (MRS1, MRS2, MRS3 and MRS4) is characterized by a range of
composition varying from Angg to Angs. Basaltic and basaltic andesitic
lavas from the lateral sector (D11, D12, D16 and D19) exhibit a slightly
wider range of compositions, varying from Anss to Angs. A much
broader range of anorthite content, varying from Anss to Angy, is instead
observed for plagioclase contained in basaltic lavas erupted in the axial
sector (D1, D2, D4, D5 and D6). Plagioclase crystals contained in the
three andesitic samples (D14, MRS9 and MRS10) define a range in the
An composition, varying from Ang; to Angg, that overlap that of
plagioclase contained in basaltic and basaltic andesitic samples. It is
worth noting that two distinct populations of plagioclase compositions
are observed for the basaltic andesitic sample D2 (Angs 49 and Ansg_gp),
and for the andesitic sample D14 (Ansg_¢7 and Angs 91) (Table EA4).

4.2.4. Spinel

Spinel crystals are not observed in all samples and, when present,
they mainly consist of Cr-spinel enclosed in olivine crystals (Table EA5);
titanomagnetite is found as well-developed small phenocrystals only in
the andesitic samples. Notably, no substantial differences are noted
among spinel crystals in lavas erupted from different sectors of the
volcano.
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Fig. 5. Ternary diagram En-Wo-Fs (classification scheme of Morimoto, 1988) showing the compositional variability of clinopyroxene crystals from the three sectors

(each sector is reported in a separate panel; color legend as in Fig. 4).
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5. Discussion
5.1. Pre-eruptive storage conditions

Pre-eruptive storage conditions of MV magmas are evaluated by
validating the results obtained using different clinopyroxene-liquid
thermobarometers with the petrographic information collected on the
MV lava suite. For this purpose, results from conventional thermo-
barometric models (Putirka, 2008; eq. 32d) are compared to results
obtained using recent machine learning algorithms (Jorgenson et al.,
2022), both based on the clinopyroxene-liquid equilibrium. Estimating
the intensive variables that govern mineral crystallization can be chal-
lenging, particularly for rocks in which the coexisting glass is lacking
due to the crystallinity of the groundmass. A commonly employed
approach is to assume the whole-rock composition as representative of
the silicate liquid coexisting with the mineral, assuming that chemical
equilibrium exists between the two (Putirka et al., 1996). Thus, equi-
librium conditions between clinopyroxene and (whole-rock) liquid
composition have been tested using the model re-evaluated by Mollo
et al. (2013) and built upon the early formalism introduced by Putirka
et al. (1996). This model relies on the difference between observed and
theoretical (i.e., predicted by regression analysis of equilibrium
clinopyroxene-melt pairs) concentration of the diopside+hedenbergite
component (ADiHd) in clinopyroxene (Fig. SM3). From a theoretical
point of view, equilibrium conditions are attained for absolute ADiHd
values of <0.10 (Mollo and Masotta, 2014). As a further criterion to
assess equilibrium conditions, we considered the Fe—Mg exchange be-
tween clinopyroxene and liquid [q”“meanFe_l\,[g = (FePX/Fe™elty
(Mgmelt/ MgP¥)] (Fe calculated assuming FeO as total iron). As shown in
Fig. SM3, the results are broadly consistent with the ADiHd test,
although some clinopyroxene crystals deviate from the equilibrium
range of 0.28 + 0.08 suggested by Putirka (2008). Considered that the
results of the thermobarometric modeling using only clinopyroxene
crystals passing both equilibrium tests were comparable to those ob-
tained using the entire population of clinopyroxene passing only the
ADiHd test, this latter population was chosen for the modeling. This
supports the findings of previous authors (Mollo et al., 2010; Mollo
et al., 2013; Putirka, 2008) who identified the equilibrium test based on
the difference between “predicted” and “measured” clinopyroxene
components as a more robust test for equilibrium compared to the
cpx—melthFeng’ due to the significant dependence of this parameter on
the liquid composition.

Temperature and pressure values obtained with Jorgenson et al.
(2022), using clinopyroxene-melt pairs passing the equilibrium test,
were plotted in diagrams that identify the highest-probability peaks on
probability tail plots (Fig. 8b), thereby indicating the more realistic es-
timates for the MV pre-eruptive magma storage conditions.

We compare results from different clinopyroxene-liquid thermobar-
ometers, including the HoO-independent eq. 32d of Putirka (2008), that
yields an error of +58 °C, and the recently developed machine learning
algorithm-based model by Jorgenson et al. (2022), that yields an error of
+45 °C. In terms of temperature estimates, we observe that the model of
Putirka (2008) provides realistic values for most of clinopyroxene
occurring in the basaltic samples (1110-1180 °C), but it seems to largely
overestimate the temperature of clinopyroxene in the andesitic samples
(temperatures falling in the same range 1130-1180 °C) (Fig. SM2). On
the counterpart, the model of Jorgenson et al. (2022) gives results that
are shifted to lower temperatures compared to estimates obtained using
the model of Putirka (2008) and spanning a much broader range
(980-1080 °C). Specifically, temperature estimates obtained using the
model of Jorgenson et al. (2022) discriminate the crystallization tem-
perature of clinopyroxene in the basalt (1025-1080 °C), basaltic
andesite (990-1060 °C) and andesite (930-980 °C). Note that a pressure
of 200 MPa was used as input parameter to calculate clinopyroxene
crystallization temperature with the model of Putirka (2008) and the
pressure dependence of this model (in the order of 8 °C/kbar) does not
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reconcile the inconsistency observed for the temperature estimates of
the two models. Temperatures calculated with the model of Jorgenson
et al. (2022) however, appear consistent with the results of thermody-
namic simulations performed using Magma Chamber Simulator (MCS)
(Bohrson et al., 2014, 2020; Heinonen et al., 2021; see paragraph 5.2),
suggesting that these values could represent more accurately the pre-
eruptive magma storage conditions.

Concerning the pressure estimates, the predictions obtained using
the model of Jorgenson et al. (2022) are flattened to a minimum pres-
sure of 200 MPa, whereas the estimates obtained using the eq. 32b of
Putirka (2008) are largely scattered (Table EA3; Fig. SM2). We are

aware that due to the error associated to these models, +-270 MPa for the
model of Jorgenson et al. (2022) and + 260 MPa for the model of
Putirka (2008), it is not possible to achieve a reliable assessment of the
pre-eruptive crystallization pressure of clinopyroxene from our dataset.
However, we use the range of 200-400 MPa from the model of Jor-
genson et al. (2022), that point to depths within the 10-12 km thick
crustal column underlying MV (Manu-Marfo et al., 2019), for a
comparative appraisal of clinopyroxene populations.

Fig. 8a allows us to distinguish different ranges of pressure and
temperature values estimated for the lavas erupted from the different
sectors of the volcano. The basaltic lavas from the northern sector
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exhibit clinopyroxene crystals that record a narrower crystallization
range of pressure and temperature, 280-450 MPa and 1025-1075 °C
respectively. Clinopyroxene crystals from basalts and basaltic andesites
from the axial sector record crystallization conditions ranging from 200
to 500 MPa, and from 1000 to 1085 °C. Clinopyroxene crystals in basalts
and basaltic andesites emitted from the lateral sector record crystalli-
zation pressures ranging from 200 to 470 MPa and temperatures ranging
from 990 to 1075 °C, respectively. Crystals contained in the andesitic
lavas from the axial sector form a distinct cluster at a lower pressure
(200 MPa) and temperature (930-980 °C) compared to basalts and
basaltic andesites from other sectors (Fig. 8b).

The temperature-dependent plagioclase-liquid hygrometer proposed
by Putirka (2005b) (model H, with a SEE of 1.2 wt%) has been used to
evaluate the HyO content of MV magmas. Equilibrium conditions be-
tween plagioclase and (whole-rock) liquid compositions were tested
following the method discussed in Putirka (2008), based on the An-Ab
exchange coefficient between mineral and melt, defined as P"™1Kd ..
An = (XNapyag x XAlyq x XCayjq)/(XCaplag x XNayiq x XSijiq) where “liq” is
the liquid composition, “Plag” is the plagioclase composition, and all
components are expressed as molar fractions. According to Putirka
(2008), plagioclase is defined in equilibrium with the coexisting melt if
Plmeltied p an = 0.10 + 0.05 at T < 1050 °C or 0.27 + 0.11 at T >
1050 °C. As it can be observed in Table EA4, only a small portion of the
plagioclase crystals satisfies the equilibrium criteria. Since the plagio-
clase hygrometer is temperature-dependent, we used as input values the
temperatures inferred from the clinopyroxene-liquid thermo-barometer
of Jorgenson et al. (2022). Owing to the higher uncertainty of temper-
ature estimates of HoO-dependent plagioclase-liquid thermometers (and
also to avoid a circular dependence with the hygrometer), we preferred
to rely on temperature values inferred from clinopyroxene. This
assumption is justified by the petrographic evidence of co-saturation
between clinopyroxene and plagioclase in all the investigated samples.
The estimated water contents are reported in Table EA4. As illustrated in
Fig. 9, the H0 content ranges from 2 to 4 wt% and no significant dif-
ferences are observed in lavas erupted from the three different sectors of
the MV.
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Fig. 9. H,O estimates of magmas erupted from MV obtained using the
plagioclase-liquid hygrometer (model H) of Putirka (2005). Basalt (B), Basaltic
andesite (BA), Andesite (A). Color legend as in Fig. 4.
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5.2. Magma differentiation

The volcanic activity of MV is mainly characterized by basalts and
basaltic andesites, with the more evolved andesites collected only from
the summit cone of the volcano (Fig. 1). Various magmatic scenarios
have been proposed in the literature to explain the origin of andesitic
magmas, including magma differentiation by crystal fractionation,
crustal assimilation or mixing between magmas with different degrees of
evolution (Boettcher, 1973; DePaolo, 1981; Spera and Scruggs, 2016;
Wilson, 1993). In the case of MV, the whole-rock compositions point to
parent-daughter relationships between basaltic and andesitic lavas, with
no evidence of assimilation of the surrounding oceanic crust (Trua et al.,
2011). Simple mass balance calculations presented here support this
suggestion. We used as initial and final melt composition the whole-rock
analyses of the basaltic and andesitic samples D5 and MRS9, respec-
tively, and for the fractionating mineral phases, the composition of the
minerals contained in these samples. Results indicate that a melt with
the chemical composition of MRS9 can be reproduced with a sum of
square residual (SSR) of 0.05 after a fractionation of about 53%, of
which 8% olivine, 22% clinopyroxene, 21% plagioclase and 2% spinel
(Table SM1).

The relatively low crystal fraction observed in the MRS9 (10-15 area
%) requires some degree of crystal-melt separation, which implies
extraction of the andesitic melt from a crystal-rich domain of the shallow
plumbing system. The mechanisms of crystal-melt separation have been
extensively discussed in the literature by means of both numerical
models (Bachmann and Bergantz, 2004; Dufek and Bachmann, 2010;
Masotta et al., 2016) and experimental works (Masotta et al., 2012;
Shibano et al., 2013). These studies collectively evidenced that condi-
tions favorable to extraction of a differentiated liquid from a crystal-rich
domain subsist in the range of crystallinity of 50-60%, although the
lower limit may shift to even lower values in case of plagioclase-rich
mineral assemblages that characterize MORB settings, owing to the
capability of plagioclase to form solid crystal networks (Pan and Batiza,
2003). The 50-60% range compares well with the amount of crystal
fractionation calculated by mass balance modeling to form the andesitic
magma. The occurrence of ultramafic to gabbroic glomerocrysts within
the MV lavas (Fig. 2) provides evidence for the existence of crystal-rich
domains across the entire MV trans-crustal plumbing system, possibly
formed during the long-term storage, differentiation and migration of
the mantle-derived melts. These processes account for the formation of
crystal-poor magmas with fractionated compositions, such as the
andesite erupted at the MV summit cone (Fig. 1). The finding that cli-
nopyroxene in the crystal-poor andesites exhibits a composition similar
(yet not identical) to that of crystals carried in the D2 basaltic andesite
erupted from the axial sector suggests that the andesitic magmas were
likely produced by a shallow level fractionation stage from a parental
(D2-like) basaltic andesitic magma (Trua and Marani, 2021). Thermo-
barometric results with tail probability plots suggesting lower pressure
and temperature crystallization conditions for clinopyroxene crystals in
the andesite (Fig. 8b), further support this hypothesis.

In order to reconstruct the liquid line of descent of MV magmas, we
employed the energy-constrained thermodynamic model MCS (Bohrson
et al., 2014, 2020; Heinonen et al., 2021). Simulations were performed
in fractional crystallization mode only and we used the basalt D5 as
starting composition for the simulations, as previously done for the mass
balance calculation. Several fractional crystallization paths were simu-
lated at 100, 200 and 350 MPa and at different initial melt-H,O contents
(0, 1, 2 and 4 wt%) and temperature decrement steps of 5 °C, ensuring to
embrace the whole crystallization conditions of MV. Since MCS allows
running simulations only with few fixed fO, conditions, we calculated
the Fe303 and FeO values for each normalized input composition using
the model of Kress and Carmichael (1991) at the specified oxygen
buffers we needed (QFM, QFM + 1 and QFM + 2) and used these
normalized values as input parameters to run the simulations. For trace
element, we used MCS phase-equilibria and mineral-melt partition



F. Colle et al.

coefficients (Kd) for basaltic melts selected from the literature (see
Table EA6 for Kd values and related references). MCS simulations yield
andesitic melts in the temperature range 900-980 °C, corresponding to
fractionation values of 65-55% that are comparable to the results ob-
tained with the mass balance calculations (Table SM1). All input pa-
rameters and results of MCS simulations performed are reported in
Table EA6. All simulations performed with an initial H,O content of 2 wt
% and at different pressure and fO2 conditions reveal evolutionary paths
of the residual melt that broadly achieve the major and trace element
composition of the targeted andesitic samples MRS9, MRS10 and D14
(Figs. 10 and SM4). Based on the best match between the predicted
liquid compositions and whole-rock analyses, we determine the best
correspondences at temperatures below 970 °C in the simulations per-
formed at 200 MPa (sample MRS9) and 350 MPa (samples MRS10 and
D14), with initial fO, conditions corresponding to QFM to QFM + 1. It is
worth noting that the temperature value of 970 °C is consistent with the
estimates for the andesitic magma obtained using the clinopyroxene
thermobarometer of Jorgenson et al. (2022), thereby validating the re-
sults of the machine-learning algorithm. The only crucial ambiguity
arises for TiO5 and, to a lesser extent for FeOy,:, whose concentrations in
the residual melt are always underestimated (Fig. 10). This is due to the
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fact that, within the temperature range of 1000-1020 °C, an additional
ferromagnesian phase crystallizes, resembling an Al-rich (up to 18 wt%)
and Ti-rich (up to 13 wt%) clinopyroxene, depleting the residual melt in
TiO,. Yet, clinopyroxene with this composition is not observed in the
products of MV. Rare calcic amphibole (magnesiohastingsite) crystals
are in turn hosted in the D2 axial basaltic lava (Trua et al., 2014). These
crystals have lower TiO3 (3-4 wt%) and Al;O3 (9-13 wt%) contents than
the clinopyroxene obtained from the MCS modeling, suggesting that
amphibole may take part to the crystal fractionation process as ferro-
magnesian phase.

5.3. Magma pathways of the MV plumbing system

The diversity in textural features and mineral chemistry observed in
the sampled MV eruptive products can be interpreted considering the
different pathways followed by magmas ascending through the MV
feeding system. It is worth stressing the large depth range of the sam-
pling sites, which are separated by a distance of about ~50 km, from the
deep northern sector (2700-3100 m b.s.1.) to the lateral and axial sectors
(2300-2500 m b.s.1 and 600-1500 m b.s.1., respectively) (Fig. 1). In such
a scenario, it is likely to expect that magmas erupted from the axial
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Fig. 10. Liquid line of descent calculated using Magma Chamber Simulator (Bohrson et al., 2014, 2020; Heinonen et al., 2021). Only the results of simulations
performed with 2 wt% of initial H,O content are reported, which are found to be the best match with the composition of natural whole-rocks (reported as filled
triangles). The arrows indicate the approximate temperature and fractionated crystals (f.c.) at given points of the simulated differentiation paths. See text for
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sector experienced a protracted and more complex crystallization his-
tory compared to magmas erupted from the northern sector. Not coin-
cidentally, samples collected from the axial sector exhibit a broader
variability in terms of whole-rock compositions (from basalt to
andesite), crystal content (from 15 to 30 area%) and chemical compo-
sition (see Figs. 4, 5 and 7, and previous sections), compared to the low
porphyritic basalts collected from the northern sector (Fig. 2). Olivine
crystals contained in basalts erupted from the northern sector are also
generally more forsteritic compared to crystals contained in lavas from
the other sectors (Fig. 4), testifying to a generally lower degree of dif-
ferentiation experienced by magmas erupted in this sector. A similar
conclusion can be drawn from the chemical variability of clinopyroxene
across the different sectors, with crystals from the northern sector being
slightly more enriched in MgO and with their population resulting
compositionally more homogeneous, compared to crystals from the
axial and lateral sectors (Figs. 3¢ and 5).

The chemical variability of clinopyroxene can also provide infor-
mation on magma dynamics and conduit processes, as recently shown
for open conduit systems (Colle et al., 2023; Giacomoni et al., 2016;
MacDonald et al., 2022; Masotta et al., 2020; Pontesilli et al., 2019;
Ubide and Kamber, 2018). Under certain variations in the physico-
chemical conditions of the magma, clinopyroxene may undergo rapid
growth, incorporating elements from the melt in abundances that
deviate from that expected at equilibrium (Mollo and Hammer, 2017).
Recent experimental works pointed out how the incorporation of
incompatible and slow-diffusing cations in clinopyroxene lattice is more
favored upon transition from an interface-limited to a diffusion-limited
growth regime (Colle et al., 2023; Masotta et al., 2020; Pontesilli et al.,
2019). This phenomenon extends beyond major elements, encompass-
ing trace elements as well, with the uptake of REE in the M2 site of
clinopyroxene being favored at increased concentration of TAl via
charge-balancing substitutions (Ubide et al., 2019a). The transition be-
tween growth regimes and, consequently, the incorporation of slow-
diffusing elements such as TAl and Ti, is normally related to an
increased degree of undercooling (AT), defined as the difference be-
tween the liquidus temperature of the melt and the temperature at
which crystallization takes place (Kirkpatrick, 1981), which is expected
to occur during cooling of a magma or by degassing during ascent in the
conduit.

Fig. 11 highlights that the content of incompatible cations (YAl + Ti)
in clinopyroxene does not decrease with increasing Mg#, as it would be
expected for minerals crystallized in a less differentiated melt. Hence,
considered the less evolved composition of clinopyroxene from the
northern sector compared to the axial sector, the relatively higher
concentrations of TAl + Ti and REE (Fig. 6) suggest that higher under-
cooling conditions characterized the basaltic magmas erupted from this
sector. To test this hypothesis, we used the model by MacDonald et al.
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(2022) based on the partition coefficient of REE between clinopyroxene
and the melt (Dggg, calculated using the REE concentration determined
in the glass; Table EA3b) to infer the AT conditions of clinopyroxene
contained in the basaltic magmas erupted from the three sectors. The
modeling returned the following values: AT = 90 + 39 °C for the
northern sector, AT = 30 & 25 °C for the axial sector and AT = 52 +
27 °C for the lateral sector. It emerges a picture where basaltic magmas
erupted from the northern sector crystallized under higher regimes of
undercooling compared to those erupted from the other sectors, possibly
related to a more rapid ascent and a crystallization driven by a
decompression-induced degassing. This hypothesis aligns with petro-
graphic evidence such as the skeletal-dendritic forms of plagioclase and
clinopyroxene in the groundmass (Fig. 3a) and the sharp compositional
zoning of olivine crystals (Fig. 3b). On the other hand, the lower degree
of undercooling recorded by clinopyroxene in the basaltic magmas
erupted in the axial sector testifies to a prolonged residence in the crust
that consistently favored the production of andesitic melts. This inter-
pretation is also supported by the higher abundance and petrographic
diversity of glomerocrysts in basaltic samples from the axial sector
(Fig. 2b) and with the broader chemical variability of their minerals
(Figs. 5 and 6). In this frame, AT values recorded by clinopyroxene from
the lateral sector, comprised between those obtained for the northern
and axial sectors, correlate well with the petrochemical attributes of the
lateral sample D16, showing features that are intermediate between
samples from the two other sectors. A general model of MV plumbing
system that summarizes the observation presented in this study is re-
ported in Fig. 12. This model illustrates how magmas en route to the
surface move and evolve across the three distinct sectors, showing how
the petrographic evidence, combined with thermobarometric con-
straints and thermodynamic modeling, allows to depict a scenario of the
physico-chemical evolution of magmas in a back-arc volcanic setting.

6. Conclusions

We present new petrographic and chemical data obtained on lava
samples from the Marsili volcano (MV), collected by dredging in the
northern, axial and lateral sectors of the submarine volcanic edifice. We
found that the petrologic diversity of the lava samples investigated here,
together with the petrochemical data available from previous studies,
permits to depict a picture of the MV trans-crustal plumbing system. Our
conclusions can be summarized as follows:

1. lavas erupted from the three different sectors of the MV (northern,
axial, and lateral) exhibit distinct petrological features reflective of
different pathways taken by magmas en route to the surface;

2. the chemistry of olivine (Fogs_g) and clinopyroxene (Mg# = 80-90)
of the low porphyritic basalts erupted from the northern sector
highlights a generally lower degree of differentiation of magmas
compared to the basaltic magmas erupted from the axial and lateral
sectors;

3. based on the relative enrichment of TAl + Ti and REE in clinopyr-
oxene crystals, different undercooling (AT) conditions were inferred
for magmas erupted from the northern (AT = 90 + 39 °C), axial (AT
= 30 & 25 °C) and lateral (AT = 52 + 27 °C) sectors;

4. andesitic magmas formed beneath the axial sector and at relatively
shallow depths (200 MPa) were likely generated from basaltic
magmas that stagnated and fractionated at pressure conditions (350
MPa) corresponding to the local Moho.

Collectively, these new data reinforce previous observations con-
cerning the complexity of MV and allow to define a broader scenario, in
which the architecture of the plumbing system has a major control on
magma dynamics. Nonetheless, our knowledge of the MV system re-
mains still preliminary, considered the heterogeneity of the crystal-rich
domains inferred from the crystal cargo of the MV lavas. Future petro-
chemical and geochronological investigations targeting the
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Fig. 12. Schematic representation of the plumbing system beneath the MV, highlighting diverse magma pathways for the different sectors of the volcano and related
petrographic features (see text for a detailed discussion). Basaltic magmas are interpreted to be sourced from magma storage zones located at deep crustal levels,
whereas andesitic magmas (erupted only from the axial summit sector) are fed from shallower storage zones. Storage depth calculated using pressure estimates and
assuming a density value of 2.9%10°% kg/m3. The oceanic crust that lies beneath the MV is 10-12 km-thick (Manu-Marfo et al., 2019). Relief of the MV obtained from

the contours of the map in Fig. 1.

glomerocryst-rich lavas could provide an invaluable opportunity for
constraining magmatic processes involved in the formation of a trans-
crustal plumbing system at an active back-arc spreading center.
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