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A B S T R A C T   

The plumbing system of volcanoes in crustal convergent settings consists of vertically superimposed, sill-like 
reservoirs. The shallower reservoirs are generally filled by less dense and SiO2-richer magmas. The plumbing 
systems of spreading ridges are supposed to be simpler and characterized by prevailing sub-parallel vertical 
dykes. Here, we present the results of thermo-barometric determinations from minerals and modelling of po-
tential field data at the Marsili spreading ridge in the Southern Tyrrhenian Sea back-arc oceanic basin. The 
Marsili plumbing system consists of sill-like, large SiO2-rich magma reservoirs located at the Moho depth and 
sub-vertical basaltic dykes crossing the whole oceanic crust. The formation of deep-seated silicic reservoirs is 
associated with a decrease in the back-arc spreading rate. The geometry of the plumbing system of spreading 
ridges may be not dissimilar from that of volcanoes at convergent margins.   

1. Introduction 

The magma plumbing system of continental arc volcanoes commonly 
consists of a deep storage zone stowed in the lithospheric mantle, and of 
shallower, crustal and vertically interconnected reservoirs with different 
crystal/melt amounts (Annen et al., 2015; Cruden and Weinberg, 2018; 
Hildreth, 2004; Magee et al., 2018; Sparks et al., 2012). The deeper 
storage zone is characterized by H2O-poor basaltic magmas while the 
shallower crustal reservoirs host more evolved and hydrated magmas 
(Cashman et al., 2017). The plumbing systems of oceanic spreading 
ridges are supposed to be simpler than those of continental volcanoes 
because of the reduced thickness of the oceanic crust, although they may 
be also characterized by vertically superimposed magma reservoirs 
(Bennett et al., 2019; Lissenberg and MacLeod, 2016; Wanless and Shaw, 
2012). These reservoirs usually host poorly evolved, mainly basaltic 
magmas, but plagiogranites associated with the melting of gabbros have 
been occasionally found at the interface between the oceanic dyke 
complex and the lower oceanic crust (Koepke et al., 2007; Rollinson, 
2014). In addition, rhyolites originated from the fractionation of MORB 
(Mid-Ocean Ridge Basalts)-like basalts have been recognized on the 
Alarcon Rise (Portner et al., 2022). However, the storage depth of 
magmas with different composition and the inner structure of spreading 
ridges are still poorly constrained and mostly unknown because of the 

lack of coupled geophysical and geochemical data (Magee et al., 2018). 
In particular, an open question concerns the location of possible magma 
chambers hosting evolved magmas with important implications for the 
mechanisms of the accretion and evolution of the oceanic crust. Here, 
we report combined petrological and potential field (gravity and mag-
netic) data on the Marsili axial volcano (MAV, Southern Tyrrhenian Sea, 
Italy), which represents the ridge of the homonymous oceanic back-arc 
basin associated with the subduction of the Ionian Sea below the Cala-
brian Arc (Fig. 1a, b; Corradino et al., 2022; Marani and Trua, 2002; 
Rosenbaum and Lister, 2004; Ventura et al., 2013). MAV is a NNW-SSE 
elongated, 70 × 30 km ridge rising 3200 m from the seafloor. The top of 
the ridge is at about 500 m b.s.l. (Fig. 1a, b). MAV formed in the last 1 
Ma on the ~10–12 km thick oceanic crust of the 2 Ma old oceanic Marsili 
back-arc basin (Cocchi et al., 2009) and last erupted about 2–3 ka BP 
(Iezzi et al., 2014, 2020; Tamburrino et al., 2015). MAV is characterized 
by NNW-SSE striking dykes and aligned cones, and the erupted products 
consist of lava flows and more recent tephra. The MAV accretion rate 
during the Brunhes chron (0–0.78 Ma) is about 4 × 10− 3 km− 3 yr− 1 

(Cocchi et al., 2009). At the present, MAV is characterized by shallow 
seismicity and hydrothermal activity (D’Alessandro et al., 2009, 2012; 
Lupton et al., 2011). The MAV rocks range in composition from basalts 
with IAB (Island Arc Basalts) and OIB (Ocean Island Basalts) affinity to 
trachytes with a sub-alkaline affinity (Trua et al., 2002, 2011). The 
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crystal-chemistry of plagioclases and clinopyroxenes suggests the prev-
alence of fractional crystallization processes and minor mixing between 
OIB- and IAB-type basalts (Trua and Marani, 2021). Data on olivine 
crystals of some MAV basalts and basaltic andesites show that these 
magmas rose to the surface on time scales ranging from years to days 
depending on the storage time within the volcano and the degree of 
interaction with crystal-mush zones (Albert et al., 2022). 

Our results from petrological and geophysical data unveil that the 
MAV plumbing system consists of reservoirs stored at different levels in 
the oceanic crust and within the volcanic edifice. Unexpectedly, the 
most evolved magma is stored in reservoirs located at the Moho depth, 
while the progressively less evolved magmas accumulate preferentially 
at shallower depths. Also, the mafic magmas fed lava flows and dykes 
whereas the felsic magmas also fed low energy explosive eruptions (Iezzi 
et al., 2020; Tamburrino et al., 2015). This has important implications 
for the knowledge of the multi-level plumbing system of spreading 
ridges and the mechanisms of formation and growth of the oceanic crust 
in back-arc basins. The proposed integrated petrological and geophys-
ical datasets provide an opportunity to decipher the structure and evo-
lution of the magma plumbing systems at spreading centres. 

2. Materials and methods 

2.1. Petrology 

We used all the available whole rock composition and micro- 
chemical data on glasses, melt inclusions (MIs) and minerals for the 
MAV lavas and tephra. New mineral composition data collected by 
EPMA at the INGV of Roma from tephra are also presented. The whole 
dataset is reported in Tables S1, S2, S3, S4 and Figs. S1, S2, S3 and S4 in 
supplementary materials along with the data source. From the dataset, 
we select analyses with L.O.I. (loss of ignition) < 4 wt% and a total sum 
of major elements >96 wt% (Fig. S1). 

Clinopyroxene (cpx) phenocrysts compositions from Tamburrino 
et al. (2015), Trua et al. (2002, 2014), Trua and Marani (2021) and this 
study (Fig. S2), were first tested for equilibrium (see Section 3.2), and 
then employed to calculate the temperature (T) and pressure (P) of 
crystallization using equations 33 and 30 of Putirka (2008). When 
available, we used the composition of the cpxcore (Table S4) coupled 
with the corresponding bulk chemistry of the coexisting liquid 
(Table S1). Only for the Tephra03 and Tephra04 (M3 and M4 in Tam-
burrino et al., 2015) we used crystal-glass couples (Table S2). The 
standard errors of estimate (SEE) are 170 MPa for pressure and 33 ◦C for 
temperature (Putirka, 2008). The calculated P values were adopted to 

Fig. 1. a Location and geodynamic context of the MAV (bathymetry from EMODnet Bathymetry Consortium, 2020), and b 50 m resolution digital elevation model of 
the seamount (redrawn from Cocchi et al. (2009); distribution of volcanic cones (red filled triangle) is from Ventura et al. (2013). c TAS and d K2O vs SiO2 diagram of 
Marsili lavas and tephra (wr = whole rocks), glasses and melt inclusions (MIs). Samples are from literature (Beccaluva et al., 1990; Iezzi et al., 2014; Keller and 
Leiber, 1974; Maccarone, 1970; Rose-Koga et al., 2012; Savelli and Gasparotto, 1994; Selli et al., 1977; Tamburrino et al., 2015; Trua et al., 2002, 2007, 2010, 2011). 
Dashed line in plot 2c is the limit between alkaline and sub-alkaline fields (Irvine and Baragar, 1971). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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estimate the storage depth of the magma(s) assuming an average density 
of the oceanic crust of 2700 kg/m3 (as reported in Section 2.2). Anor-
thite (An) and Albite (Ab) components of plagioclase (plg) phenocrysts 
(from Tamburrino et al., 2015; Trua et al., 2002, 2014, 2017; and this 
study, Table S4 and Fig. S3) and the estimated P and T data are used as 
input parameters to calculate the H2O amount following the hygrometer 
of Lange et al. (2009), for which the SEE is ±0.32 wt% H2O. The model 
of France et al. (2010), which relates the partitioning of Fe3+ and Fe2+

among plg, cpx and the silicate melt, was used to constrain fO2 (oxygen 
fugacity) in cpx- and plg-bearing rocks. For magnetite-bearing rocks, the 
partitioning of Fe and Ti between magnetite and the silicate melt 
(FeTiMM) was used to retrieve fO2 (Arató and Audétat, 2017). The 
calculated T-P-H2O-fO2 values (Fig. 2, Table S5) are further validated by 
independent thermodynamic modelling with the MELTS code (Ghiorso 
and Sack, 1995; Smith and Asimow, 2005) at different P, fO2 and H2O 

content following Lanzafame et al. (2013) (Figs. S5, S6, S7, S8, S9 and 
Table S6). 

2.2. Potential field data and modelling 

A high-resolution gravity and magnetic ship-borne investigation of 
MAV was carried out in the Prometeous06 cruise (Cocchi et al., 2009). 
The total intensity magnetic field was recorded at 1 Hz (1 data per 
second) using a Geometrics G881 Cesium pumped magnetometer towed 
about 200 m astern the ship. Gravity data have been collected using a 
MicroG Air/Sea system II installed on-board the vessel. 1 Hz raw gravity 
readings were georeferenced using the DGPS system of the vessel. The 
raw gravity data were thus corrected for Eotvos effect and drift error. 
The two surveys were conducted in partly concomitance along a set of 
ESE–WNW parallel lines for a total length of 1400 km, with a line 

Fig. 2. a KDFe-Mg
cpx-liq values calculated for all available cpx-melt couples; b pressure and c temperature computations (see text) for MAV rocks. For Tephra01: values are 

calculated using cpx and whole rock (wr) compositions respectively from Tamburrino et al. (2015) and Iezzi et al. (2014). Depths (below sea floor) are estimated 
assuming a density constraint of 2.7 × 103 kg/m3 (see Section 2). d H2O (wt%) abundance (estimated through the hygrometer of Lange et al. (2009) and e fO2 has 
been estimated using T and P values calculated with Putirka (2008) only for in equilibrium cpx-melt couples (KDFe-Mg

cpx-liq = 0.27 ± 0.03). For some lava rocks, H2O has 
been calculated using, when available, An and Ab mol% of plg cores (green symbol). fO2 reported in this plot is calculated through the models of Arató and Audétat 
(2017) (star symbols) and France et al. (2010), where values are indicated as variation (Δ) from the fO2 of FMQ (Fayalite-Magnetite-Quartz) buffer. For the same 
tephra, the used T-P values are from microlites of cpx in equilibrium with glass (empty square symbols). SiO2 and f Mg# of Marsili magmas are reported in these plots. 
On the right, simplified plots showing only values of T and P derived from equilibrium between whole rock and phenocryst or cpx (core), considered as the most 
significant couples. Acronyms: wr = whole rock, gl = glass, micro = microlites in matrix glasses. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 
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spacing that ranges from 1200 m to 7000 m passing from the MAV 
summit ridge to the deeper and flat seafloor (Fig. S10). Further details 
about the data acquisition and processing methods can be found in 
Caratori-Tontini et al. (2010) and Cocchi et al. (2009). The joint inter-
pretation of potential field data suggests the presence of a pervasive 
hydrothermal alteration affecting the MAV summit portion (Caratori- 
Tontini et al., 2010), a feature confirmed by the occurrence of low- 
temperature, sulphur-rich chimney fields (Ligi et al., 2014). 

2.2.1. Gravity data reduction and estimation of Mantle Bouguer anomaly 
The shipborne gravity measurements have been reduced by 

removing the gravimetric contribution produced by the density con-
trasts among water, crustal rocks and upper mantle (Fig. S10). Free air 
anomaly (FAA) field (Fig. 3b) has been derived by subtracting the lati-
tude gravity contribution from the ship-borne measurements using 
WGS84 parameters. The contribution of each crustal layer in terms of 
gravity attraction was performed by applying an FFT technique based on 
Parker (1972), which involves a Taylor series expansion of powers of the 
Fourier transform. The Parker’s algorithm requires a 2D discretization of 
two distinct surfaces and assumes a constant value of the contrast den-
sity between the two layers. 

Complete Bouguer anomaly (CBA) was calculated by removing from 
the FAA data the gravity attraction derived by the density contrast be-
tween rocks at the seafloor (2700 kg/m3) and the water layer (1030 kg/ 
m3) (Fig. S11a). In the estimation of the attraction from the upper 
mantle crustal interface, we assumed a crustal thickness of 9 km as 
defined by seismic data (Sartori et al., 2004). The gravity contribution of 
the mantle interface has been derived using a crustal-mantle density 
contrast of 500 kg/m3 (average density of mantle equal to 3200 kg/m3). 
Mantle Bouguer anomaly (MBA) has been thus obtained by subtracting 
this latter contribution from the previous CBA data (Fig. S11b). 

2.2.2. 2.5D magnetic and gravity forward model 
Magnetic and gravity data (Fig. 3a, b) are newly interpreted per-

forming joint 2.5D forward models. This modelling technique, which is 
detailed in Cocchi et al. (2017), provides a detailed reconstruction of the 
crustal structure by means of a best fitting between the observed and 
computed profiles obtained varying the geometry, magnetic suscepti-
bility and density of the causative bodies (Fig. 4). The model accounts 
for the variation of dimensions of the different rock bodies both along 
and symmetrically across the profile (2.5 dimension). Although this type 
of model may not have a unique solution, in this specific case density 
and depth of the different magma-rich bodies with variable SiO2 content 
are reconstructed in agreement with the results from the petrological 
analysis, as previously reported (Fig. 2, Table S5). 

2.2.3. 3D inverse gravity modelling 
We derived a 3D reconstruction of the crustal structure of MAV by 

inverting the gravity anomalies. This interpretative approach is aimed at 
obtaining a 3D distribution of the density of the rocks forming the 
seamount able to reproduce the observed gravity anomalies. The 
inversion was performed using an algorithm proposed by Caratori 
Tontini et al. (2006) and details about the mathematical formalism are 
reported in their study. The modelling approach we follow to obtain the 
subsurface 3D density distribution of the sources consists in subdividing 
the crustal layer in a set of prismatic cells characterized by a constant 
density value and in performing a linear inversion of the gravity 
anomalies. More in general, the inversion of gravity (and magnetic) data 
suffers a non-uniqueness of the solutions, especially in case of an un-
constrained approach. This indicates that the same distribution of the 
observed anomaly can be modelled using different distributions of the 
causative sources. In order to overcome this situation, we used a robust 
algorithm, which adopts a priori information in terms of regularization 
of the matrix of solution (Tikhonov and Arsenin, 1977). The adopted 
inversion approach allows to estimate in a mathematical way the depth 

Fig. 3. a Shipborne magnetic anomaly and Free air gravity b data of MAV acquired during the Prometheus 06 cruise (R/V Minerva1). A-A’ (yellow dashed line) and 
B-B′ (red dashed line) tracks identify the location of the magnetic and gravity profiles used in the forward models (Figs. 4 and S13). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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to the bottom distribution of the sources (DTB, see Caratori Tontini 
et al., 2006). This is achieved by analysing the distribution of the norm 
of solution vs residuals with a chi-square test. In the case of MAV, the 
DTB estimation provided a value of 10 ± 0.5 km; this value was used as a 
priori information for the subsequent inversion. We performed different 
inverse models with a rather similar geometry by varying different pa-
rameters such as the number of cells, the extension of the mesh, and the 
depth to the bottom interface. The optimal solution (minimum RMS 
misfit) was obtained using a prismatic mesh formed by 100x100x100 
cells (equal to a cell-width of 360 m, 454 m and 95 m, in X, Y, and Z 
directions, respectively) with a vertical extension between the bathy-
metric surface and the DTB value. 

The result of the gravity inversion is a 3D distribution of the density 
for the inner portion of the MAV region. We proposed a graphical rep-
resentation using a set of isosurfaces (Fig. 5). These are 3D surfaces 

passing through points of equal density value. The graphical model was 
performed by using the Oasis Montaj software (Sequent inc.). The 
overall density distribution has been differentiated into four main 
layers: low (< 2500 kg/m3), low to intermediate (2600–2650 kg/m3), 
intermediate (2650–2750 kg/m3) and high (> 2850 kg/m3). This sub-
division was logically defined to enhance both shallow and deeper 
sources. In particular, the low density layer highlights a set of sub cir-
cular structures aligned along the summit crest possibly reflecting local 
hydrothermal sources, as already provided by Caratori-Tontini et al. 
(2010). Additional density layers could be added (i.e. 2750–2850 kg/ 
m3), but these complicate the visualisation without improving the 
picturing of the inner structure of the volcano. 

Fig. 4. Results of the 2.5D magnetic and gravity forward model of the Marsili Seamount. Magnetic and gravity anomaly data were sampled at 225 m along a NW-SE 
oriented profile (see track A-A’ in Fig. 3a) along the major axis of the edifice. The best fit between observed and computed magnetic and gravity profiles are reported 
in panels a and b, respectively; c distribution of the causative bodies derived from a and b. 
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3. Results 

3.1. Petrologic features 

The MAV rocks consist of lavas and tephra. The tephra are from wells 
located in the central, axial sector of the volcano and were erupted be-
tween 2.1 and 7.2 ka B.P. (Iezzi et al., 2014; Tamburrino et al., 2015). 
All the other products consist of lavas dredged on the flanks of the 
volcano. Because of the MAV steep slopes are affected by seafloor slides, 
the location of the lava samples may not mirror that of the corre-
sponding lava flow. Therefore, the location of the lava flows is poorly 
constrained although these lavas are reasonably older than the tephra 
being the lava samples collected at greater depths (Trua et al., 2002). 

The MAV rocks range in composition from basalts to trachytes with 
prevailing calc-alkaline and high-K calc-alkaline affinities; only a few 
MIs show a tholeiitic signature (Fig. 1c, d). The rocks depict a contin-
uous and uninterrupted evolution trend (Fig. 1c) consistent with the 
dominant fractionation of early olivine, pyroxene, plagioclase, and later 
alkali-feldspar (Iezzi et al., 2014; Trua et al., 2002). 

The chemical composition and the derived crystal-chemical formulas 
of the MAV minerals are reported in Table S4. Plagioclase is the most 
abundant phase followed by clinopyroxene and olivine. Plagioclase 
(Fig. S3) varies between andesine (An33-Ab61) and anorthite (An95-Ab5). 
Clinopyroxene occurs as phenocrysts and microlites and, regardless of 
the crystal size and bulk chemical composition of the tephra and lavas, 
its composition is augitic or close to the diopside-augite boundary 
(Fig. S2). Orthopyroxene (En66–75) occurs in the intermediate and SiO2- 
rich MAV rocks with restricted compositional variations (Fig. S2). 
Olivine phenocrysts are subordinated and range from Fo91 to Fo66 and 
few compositional differences exist between lavas and scorias. The 
amount of Fo molecule roughly decreases with the degree of evolution of 
the rocks (Fig. S4). Spinel is ubiquitous in lavas and it is found only in 
Tephra01 (Table S4). Spinel is Ti- and Mg-rich with a Usp component 
between 31 and 44 mol%, whereas Cr-spinels (up to 46 wt% of Cr2O3) 
are hosted in some basaltic lavas (Table S4). Few Ti-Mg-rich hastingsite 
and Fe-barroisite amphiboles occur only in the recent tephra, whereas 
apatite characterizes the evolved tephra and some andesitic lavas. Bio-
tite occurs in the MRS4 basalt (Table S4). 

3.2. T and P estimates 

We determine T and P of crystallization from the analyses of clino-
pyroxenes with equilibrium KDFe-Mg

cpx-liq values of 0.27 ± 0.03 (Fig. 2a, b, c 
and Table S5). The maximum T of crystallization of the MAV rocks 
linearly decreases from about 1200 ◦C to 1000 ◦C as a function of SiO2. 
Nonetheless, the T recorded by clinopyroxene in SiO2-poor rocks is 
variable being also lower than 1100 ◦C while the larger crystals 

document higher T than that of the tiny ones (Fig. 2c). The maximum 
estimated P values inferred by clinopyroxenes at equilibrium conditions 
follow a rough general increase from basalts to trachytes (Fig. 2b). In the 
more evolved MAV rocks, the larger clinopyroxenes and their cores 
(blue squares, SiO2 > 54.5 wt% in Fig. 2) display a decrease of the T of 
crystallization coupled with an increase of P with the SiO2 content 
(Fig. 2b, c inset). In lavas, the calculated equilibrium (cpxcore) T spans 
from 1039 ◦C (basaltic andesitic and andesitic lavas) to 1189 ◦C (basaltic 
lavas) (Fig. 2c and Table S5). The core of clinopyroxenes in the basaltic 
lavas virtually crystallized between 1136 ◦C and 1187 ◦C. The basaltic 
trachyandesite lavas show T between 1039 ◦C and 1122 ◦C (Fig. 2c). The 
estimated P values for the basalts and basaltic trachyandesitic lavas 
range between 4 and 311 MPa and between 10 and 265 MPa, respec-
tively. These data suggest that the reservoirs of the basalts and basaltic 
trachyandesites are located at depth variable from the top of MAV down 
to 12 km b.s.f. (Fig. 2b and Table S5). In the trachyandesitic lavas, only 
few equilibrium KDFe-Mg

cpx-liq are detected (for MRS9), with T and P in the 
ranges 1039–1069 ◦C and 175–407 MPa. These pressures correspond to 
a depth between 6.6 and 15.4 km b.s.f. (Fig. 2b, c and Table S5). Trua 
and Marani (2021) report T and P estimates only for the trachyandesite 
D14 with values in the ranges 1141–1145 ◦C and 80–100 MPa (~ 3 km 
depth). The clinopyroxene phenocrysts in the trachyandesitic and 
trachytic tephra crystallize at 1120–1130 ◦C and P of 208–258 MPa and 
1062 ◦C and 472 MPa, respectively. These P values correspond to depths 
of 8–10 km b.s.f. and 17.8 km b.s.f. (Fig. 2b, c and Table S5). Based on 
our results, this latter value represents the deepest magma storage zone 
below MAV. 

3.3. H2O and fO2 determinations 

Only one study (Rose-Koga et al., 2012) reports direct measurements 
of H2O contents of 1.6 and 2.1 wt% in melt inclusions (MIs) hosted in 
few MAV basaltic trachyandesites and basalts, although such de-
terminations can underestimate the H2O content due to H+ diffusion 
(Lloyd et al., 2013). Therefore, we estimate H2O in the MAV rocks using 
the hygrometer of Lange et al. (2009). All the MAV magmas record H2O 
content unrelated to SiO2 (and also with T and P) and invariably below 5 
wt% with values generally in agreement with those of L.O.I. (Fig. 2d and 
Fig. S1). 

The calculated fO2 values indicate that the MAV rocks are slightly 
oxidized with fO2 between 0.3 and 3.3 log units above the FMQ (Faya-
lite-Magnetite-Quartz) buffer (Fig. 2e) except for the lowest value (FMQ- 
0.9) for the olivine-hosted Ti-magnetite in MRS4 (rich in Cr-spinel). The 
more recent basaltic trachyandesitic and trachytic tephra are oxidized as 
the basaltic lavas (Fig. 2e). Our new range of fO2 estimates extends the 
previous one (1.5–2.5 log units above the QFM buffer) calculated using 
olivine-spinel equilibrium (Ballhaus et al., 1991) in basaltic lavas (Trua 

Fig. 5. Result of the 3D inversion of gravity data of MAV. The recovery density model has been cut by using a slice oriented in N-S (perspective view from SW) 
direction running along the main crest of the seamount. 
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et al., 2014). The fO2 of MAV rocks encompasses the redox fields of 
MORB (FMQ-1 < fO2 < FMQ + 0.6), BAB (back-arc basalts, FMQ < fO2 
< FMQ + 3), OIB (FMQ < fO2 < FMQ + 2) and IAB (FMQ + 1 < fO2 <

FMQ + 3) (e.g., Gaillard et al., 2015). In summary, only T and P of the 
MAV rocks are dependent on the degree of evolution of magmas 
(Fig. 2f). 

3.4. Theoretical solidification path 

Five representative MAV magmas with different degrees of evolution 
are used as starting composition for crystallization models with the 
MELTS code (Ghiorso and Sack, 1995; Smith and Asimow, 2005) at 
different P, fO2 and H2O content (Figs. S5, S6, S7, S8, S9 and Table S6). 
The conditions better reproducing the observed mineral assemblages 
(Figs. S2, S3, S4) and the T, P, fO2 and H2O values estimated from 
mineral equilibria (Fig. 2b, c, d, e) in the MAV basalts are attained with 
P = 100 MPa, fO2 between FMQ + 1 and FMQ + 2, and H2O = 0.5 wt% 
(Fig. S5). For the basaltic trachyandesites, the best conditions are at P 
and fO2 of 100 MPa and FMQ + 1, respectively, and H2O = 0.5 wt% 
(Fig. S6). The mineral assemblage of trachyandesites may be reproduced 
at 100 and 400 MPa, however, the clinopyroxene+plagioclase para-
genesis is better captured at 400 MPa, FMQ + 1 and 1 wt% of H2O 
(Fig. S7). For the mugearitic tephra, the modelling results are P of 300 
MPa, FMQ + 0.5 and FMQ + 2 with 0.5 wt% of H2O. These values are in 
very good agreement with the observed data (Fig. S8). For the trachytic 
tephra, the conditions are P = 400 MPa, FMQ + 1.5, and H2O = 1 wt% 
(Fig. S9). 

3.5. Magnetic and gravity anomalies 

MAV shows a very peculiar magnetic pattern characterized by 
intense positive anomalies with maximum value >1500 nT and negative 
anomalies (Fig. 3). The general positive magnetic anomalies are related 
to the young age of MAV, which was emplaced in the last 1 Ma (Cocchi 
et al., 2009). The symmetrical negative magnetic anomalies placed on 
the seafloor basin and bordering the base of the eastern and western 
flanks of the seamount are related to the emplacement of spots of 
oceanic crust during reversal geomagnetic polarity (Late Matuyama, 
C1r, 1.77–0.78 Ma) as the result of back-arc spreading processes. The 
MAV summit shows a magnetic minimum interpreted as the result of 
widespread rock alteration due to the release of hydrothermal fluids 
(Caratori-Tontini et al., 2010; Ligi et al., 2014). At the northern and 
southern tips of MAV, two intense positive peaks occur. These anomalies 
show the maximum values (> 1500 nT) recorded in the Marsili basin 
area (Fig. 3). These two magnetic highs coincide with two sectors of 
MAV characterized by outcropping lava flows and dykes and interpreted 
as surface manifestation of fissural-like volcanism at the edges of the 
seamount (Ventura et al., 2013). 

The Free Air anomaly (FAA) pattern of MAV mimics the bathymetry 
with the maximum anomaly value recorded at the summit area of the 
edifice (Fig. 3). MAV shows a general low FAA pattern in contrast to the 
overall gravity signature expected for an about 3 km high volcanic 
edifice measuring 70 km in length and 30 km in width. Caratori-Tontini 
et al. (2010) identify the presence of local gravity minima localized on 
the summit crest. They recognize a spatial relationship between mag-
netic and gravity lows due to hydrothermal alteration processes whose 
effect is a decrease in the magnetization and density of the volcanic 
rocks. The circulation of hydrothermal fluids seems to be superimposed 
(or associated) to a sill-like magmatic reservoir placed at very shallow 
depth (Ventura et al., 2013). Complete Bouguer Anomaly (CBA) 
computed using a reduction density of 2700 kg/m3 (see Section 2) de-
picts a general low-density pattern of the whole MAV excluding its 
southern and northern edges. Here, positive CBA peaks coincide with the 
magnetic highs. The central portion of MAV is characterized by the 
presence of three major gravity minima distributed along the ridge axis, 
one coincident to the major magnetic low and the others located slightly 

southward (Fig. S11a). 
The Mantle Bouguer Anomaly (MBA, Fig. S11b) is obtained by sub-

tracting the predictable gravity signal due to the water/crust and crust/ 
mantle boundaries from the free air anomaly data. This map shows two 
main local gravity lows localized at the centre of the volcano and in the 
southern sector. The bull-yes pattern observed in the MBA could reflect 
variations in crustal (i.e. hydrothermally altered regions) and upper 
mantle densities or both as convolution of the two gravity signals. To 
better constrain the possible depth position of the MBA minima, we 
performed a correlation between MBA and the low pass filtered CBA 
(LPBA, Fig. S11c) along a NNW-SSE striking profile running along the 
major axis of the volcano (track C-C′ in Fig. S11a). The low frequency 
contribution of CBA was computed by applying the 8-degree Butter-
worth filter using a cut-off central wavelength of 9 km. LPBA map 
highlights the gravity signal related to the deeper, higher density sources 
excluding in this way the local shallowest low-density sources located 
along the MAV ridge and associated with the hydrothermal alteration. 
This is confirmed by the complement of LPBA (Fig. S11d) computed by 
subtracting the LPBA signal from CBA, which shows a chaotic distri-
bution of very short wavelength gravity anomalies without any indica-
tion of major gravity lows. 

Along the MAV ridge, LBPA profile highlights the presence of two 
minima spatially correlated to the major deflections already depicted in 
the MBA profile (Fig. S12). This result implies that the deep crustal 
portion of the Marsili area is also characterized by two main low density 
sources probably located at the crust/mantle interface, i.e. at the Moho. 

3.6. Geophysical modelling 

The magnetic and gravity forward modelling approach is reported in 
Section 2. The results are summarized in Fig. 4 and refer to a 50 km long, 
NNW-SSE striking cross-section located along the crest of MAV (see 
track A-A’ in Fig. 3a). The results of an additional E-W striking forward 
model are shown in Fig. S13. In the forward models, the density and SI 
values of the upper and lower oceanic crust and mantle are taken from 
Caratori-Tontini et al. (2010). The obtained forward models provide a 
detailed image of the inner structure of the MAV deep roots. The mag-
netic signature of the volcano shows two main positive peaks (about 
1500 nT) localized in the northern and southern sectors of MAV. These 
two anomalies are related to 5–6 km wide highly magnetized bodies 
(0.15 SI) with a thickness of 3–4 km (Fig. 4). These bodies may be 
associated with the MAV dyke swarms. The two magnetic anomalies are 
separated by a magnetic low possibly associated with low-magnetized 
and low-density hydrothermally altered rocks. 

The long wavelength gravity and magnetic contribution has been 
constrained by introducing the mantle/crust interface at 9 km based on 
the available seismic reflection data (Sartori et al., 2004). The low 
gravity and magnetic patterns observed along the crest of MAV have 
been modelled by adding two main magma reservoirs located at depth of 
about 5–6 km. The depth and density (2620 kg/m3) of such magma 
reservoirs are constrained by the results of the petrology on the MAV 
basaltic trachyandesites and trachyandesites (Fig. 2). In particular, the 
models are constrained by fixing the depth of the potential magma 
reservoirs as a function of the magma composition determined from the 
above reported petrological data. The density of the magmas (Table S5) 
has been calculated as a function of the whole-rock composition, T, P 
and H2O following Iacovino and Till (2019). 

The lowest wavenumber gravity signature recorded at MAV also 
depicts the presence of a low-density crustal layer located at the Moho 
depth. This anomalous pattern can be ascribed to the presence of large 
magmatic reservoirs at the mantle/crust interface or below (depth > 13 
km) possibly filled by low density (< 2600 kg/m3) evolved magmas 
whose density is consistent with that of the MAV trachyte (Figs. 1, 2). 

The obtained crustal geometry and the bodies identified in the model 
depicted in Fig. 3 have been used as the base for a sensitivity, back- 
validation analysis of our results. By fixing the depth and dimension 
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of the different generating bodies, we tested the effect of other possible 
different crustal configurations by (a) varying the density and magnetic 
susceptibility values and trying to exclude the deep and/or shallow 
magmatic reservoirs, (b) inverting the depth of the SiO2-rich and SiO2- 
poor magma reservoirs, and (c) excluding the presence of the hydro-
thermal alteration at the summit of MAV. The results of the sensitivity 
analysis from these alternative geologic models (Fig. S14e) show that 
their fit (Fig. S14a, c) to the observed data is significantly worse 
(Fig. S14b, d). 

The 3D inversion of CBA data allows us to investigate the inner 
structure of the MAV region (Fig. 5). Inverse modelling has been ach-
ieved following Li and Oldenburg (1996) using a linear inversion be-
tween the observed anomaly data and the recovery of the 3D 
distribution of rock densities (see Methods). The recovery model high-
lights a very complex pattern of the densities of the sub-seafloor portion 
of MAV. The inverse model detects four major crustal layers (or do-
mains) having slight differences in density (Fig. 5). The upper portion of 
the volcano, just below the MAV summit is featured by 3 semi-spherical 
sources having a length of some kilometre and relatively low-density 
values (2200–2500 kg/m3). These bodies can be interpreted as 
shallow, probably altered rocks affected by the circulation of hot fluids. 
The recovery model highlights a region located at 5 km depth with 
density values of 2600–2650 kg/m3 (dark green isosurface in Fig. 5). 
According to the results of the 2D model in Fig. 4, this region could be 
interpreted as basaltic trachyandesitic to trachyandesitic magma reser-
voirs possibly heating the overlying MAV hydrothermal system. Just 
below this region, the density increases to values of 2650–2750 kg/m3 

(yellow isosurface in Fig. 5). This layer could represent the inner, core 
complex of the volcanic edifice. Further below, we observe an unex-
pected decrease of the density (dark green isosurface) while the northern 
and southern edges of MAV are characterized by high density (> 2850 
kg/m3) bodies. These two bodies could correspond to the two major 
basaltic dyke swarms already identified in the forward model of Fig. 4. 
The low-density body located at about 10 km depth may be interpreted 
as the reservoir(s) of evolved, trachytic magma. 

4. Discussion 

The MAV petrological data show that the younger spreading ridge of 
the Southern Tyrrhenian Sea back-arc basin erupted products ranging in 
composition from early basalt/trachybasalts up to later trachytic 
magmas originated by fractional crystallization processes (Trua et al., 
2002, 2011) (Figs. 1c, d, S2, S3, S4). The evolution trend of the MAV 
magmas differs from that generally recognized in other spreading ridges, 
where evolved magmas are, with few exceptions, e.g. the Alarcon Rise 
rhyolites (Portner et al., 2022), generally lacking. The thermo-, baro-, 
hygro- and oxy-meters determinations on the MAV minerals (Fig. 2) are 
in agreement with the results from the independent thermodynamic 
simulations performed at variable T, P, H2O and fO2 (Figs. S5, S6, S7, S8, 
S9), and show that the SiO2-poor and hotter magmas ascending from 
asthenosphere preferentially accumulate at variable crustal depth with 
pressure ≤ 300 MPa (Fig. 2b, c) on short time (days-few years) scales 
(Albert et al., 2022). The intermediate to high SiO2 MAV magmas reside, 
on average, at deeper crustal levels down to the mantle-crust boundary 
at pressures between 200 MPa and 450 MPa (Fig. 2c). Their evolution 
degree requires residence times scales significantly longer than few 
years, although not quantifiable from the available data. 

The results of the modelling of potential field data corroborate the 
vertical zonation of the MAV plumbing system inferred from the results 
of P and T estimates on the minerals (Fig. 4). In particular, models with 
denser large magmatic bodies, i.e. basalts, at crustal depths >10 km, are 
not feasible because of their greater misfit (Fig. S13). The 3D inversion 
of gravity data (Fig. 5) shows a general pattern of the central area of 
MAV where the density tends to decrease at greater depth (2600 kg/m3 

at depth > 10 km), suggesting the presence of lower density magma 
placed at deep portions of the MAV plumbing system. 

Our most reliable geophysical model is obtained by combining a set 
of SiO2-poor magma reservoirs placed just below the base and within the 
MAV edifice with the trachyandesites preferentially stored at the 
boundary between the upper and lower oceanic crust and the more 
evolved magmas in sill-like reservoirs located at the Moho depth, i.e. at 
the crust/mantle interface. As a result, we propose that the major crustal 
interfaces below MAV play a major role in controlling the storage and 
differentiation zones of melts upraising from the mantle. This feature is 
not exclusive to MAV and has been observed in volcanoes at convergent 
(Koulakov et al., 2017) and intraplate (Li et al., 2021) geodynamic 
settings. At MAV, our estimate of the magma temperature at storage 
conditions for the trachytes is ~1060 ◦C (Fig. 2), a value corresponding 
to the temperature estimated below the Marsili back-arc basin at 10–15 
km depth, i.e. at the Moho (Wang et al., 1989). The close correspon-
dence between the inferred temperature and pressure of magma storage 
of the MAV trachytes and that of the Marsili basin back-arc rocks at the 
Moho indicates that the MAV evolved magmas are in thermal and 
barometric equilibrium with the surrounding rocks. In addition, the 
nearly constant values of the oxygen fugacity and water content of the 
MAV basalts, trachyandesites and trachytes (Fig. 2d, e) suggest that the 
plumbing system of the Marsili spreading ridge is characterized by ho-
mogenous redox and water content conditions. Our model implies that 
most of the not erupted basalts from which the trachytes evolve by 
crystal fractionation are stored below the Moho in the mantle. 

The occurrence of evolved magmas in the deep levels of the MAV 
plumbing system may be explained by considering the model proposed 
by Annen et al. (2006) for the formation of deep magma storage of 
evolved magmas in the deep crust at subduction-related volcanoes. 
Following this model, the mantle-derived basalts emplace as a sequence 
of partly superimposed sills at the Moho and in the lower crust. This 
favours the formation and growth of a deep hot zone where the crys-
tallization of basalts or the melting of the surrounding rocks may pro-
duce residual, SiO2-rich magmas. This model explains not only the 
unusual vertical zonation of the MAV plumbing system, which is char-
acterized by magmas originating from crystal fractionations but also the 
occurrence of granites and anorthosites hosted in the deep roots of 
ancient and active spreading centres and mainly associated with the 
melting of pre-existing rocks (Bennett et al., 2019; Koepke et al., 2007; 
Rollinson, 2014). The peculiar, vertical zonation of the MAV plumbing 
system is similar to that deduced from petrological data at some vol-
canoes of Aeolian Islands, which represent the volcanic arc of the 
Calabrian Arc subduction system (Fig. 1a, b). Some of these volcanoes on 
Lipari and Salina Islands are characterized by eruptions triggered by the 
arrival of deep-seated rhyolites in shallower, crystal-rich basaltic to 
andesitic magma chambers (Calanchi et al., 1993; De Rosa et al., 2003). 

The occurrence of less dense, probably evolved magmas, in the deep 
roots of other submarine volcanoes of the Tyrrhenian Sea has been also 
suggested by geophysical data (Cella et al., 2006). Although the pres-
ence of deep, large, relatively cold and SiO2-rich magma reservoirs 
placed below hotter and SiO2-poor storage zones is a paradox from a 
thermal perspective, the ‘reverse’ zonation of the plumbing system of 
MAV and some of the surrounding Aeolian volcanoes can be explained 
by the presence of a continuous refilling of hot and hydrated basaltic 
melts from the asthenosphere (Corradino et al., 2022). We propose a 
conceptual model (Fig. 6) in which the basalts rising from the mantle 
may reach the surface along dykes or stop at the Moho depth or other 
intracrustal discontinuities as the upper/lower crust boundary depend-
ing on the magma supply and back-arc spreading rate (Cocchi et al., 
2009; Ventura et al., 2013; Zitellini et al., 2019). In that last case, the 
fractional crystallization of basaltic magmas forms sill-like magma res-
ervoirs with residual evolved melts. The higher viscosity of the MAV 
evolved magmas and the presence of physical discontinuities may favour 
the arrest, accumulation, and lateral expansion of magmas in reservoirs 
at depth (Giuliani et al., 2021; Lanzafame et al., 2017) (Fig. 3). Inter-
mediate and SiO2-rich magmas are then episodically remobilized and 
transported at shallower levels, where they can erupt as lava flows or 
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explosively, as a function of the accumulation of gas bubbles (Iezzi et al., 
2020). The high heat flow at shallower MAV levels is supplied by the 
continuous arrival (advection) of SiO2-poor magmas along dykes while 
at depth there is a thermal equilibrium between the magmas hosted in the 
deeper reservoirs and the surrounding rocks, as previously reported. 

The progressive decrease of the Marsili back-arc spreading rate from 
2.8 to 3.1 cm/yr in the Matuyama (1.77 Ma) to 1.8 cm/yr during Jar-
amillo (1.07 Ma; Cocchi et al., 2009), and the more recent findings of the 
cessation of the back-arc spreading processes in the Marsili basin due to 
a compressional reorganization of the Southern Tyrrhenian Sea (Zitellini 
et al., 2019) could have favoured the formation of deep magma storage 
zones at MAV and the transition from an early, prevailing fissural 
basaltic volcanism to a later trachyandesitic to trachytic volcanism from 
localized vents (Iezzi et al., 2014, 2020; Ventura et al., 2013). The re-
sults of our combined petrological and geophysical study of MAV sum-
marized in conceptual model of Fig. 6 show that the MAV plumbing 
system is not dissimilar to that already proposed for volcanoes in sub-
duction and intraplate settings, where a vertical extension of the 
plumbing systems and the occurrence of deep-seated SiO2-rich magma 
chambers has been already hypothesized (Annen et al., 2015; Cashman 
et al., 2017; Cruden and Weinberg, 2018; Magee et al., 2018; Sparks 
et al., 2012). The formation and growth of multi-level plumbing systems 
in spreading ridges of back-arc basins may be associated with a decrease 
in the spreading rates. Our results show that the integration of petro-
logical and geophysical data validated by independent thermodynamic 
models and sensitivity analyses pave the way to further investigations on 
other seamounts or volcanoes worldwide and may reconcile the di-
vergences observed between the results of geophysical and petrological 
models (Cashman et al., 2017). 

5. Conclusion 

We characterize the plumbing system of the Marsili back-arc 
spreading ridge by merging petrological and geophysical data. Results 
show the occurrence of different magma reservoirs with a sill-like shape 
located in the oceanic crust and within the volcanic edifice. Composi-
tionally less evolved, high temperature magmas are stored at 10–12 km 
depth, whereas the more evolved melts show lower temperatures and 
greater storage depth (> 10 km up to 20 km). 

We propose that the basaltic magma(s), originated at depth in the 
mantle, may have risen along fissures reaching the surface. Alterna-
tively, this magma may have stopped at the Moho depth or at the upper/ 
lower crust discontinuity, where it could evolve by fractional crystalli-
zation and form sill-like magma reservoirs. The larger sill-like reservoir 
with residual SiO2-rich magmas located at the Moho may be remobilized 
and transferred to shallower depth, where it may erupts explosively or as 
lava flows. In back-arcs, the formation of deep, large magma chambers 
at the Moho is associated with a decrease in the spreading rate. The 
geometry of the plumbing system of oceanic spreading ridges at back-arc 
basins may be similar to that of the volcanoes located in convergent and 
intraplate settings. 
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