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A B S T R A C T

Interaction between magma and carbonate plays a pivotal role in volcanic systems, yet its impact on magma
transport properties remains inadequately explored. This study presents novel viscosity data on a leucite-bearing
phonotephritic melt from the 472 CE Pollena eruption (Vesuvius, Italy), doped with varying amounts of CaO and
CaO + MgO. The compositions match the chemistry of melt inclusions and interstitial glasses from skarns at
Vesuvius, which have been interpreted as related to mixing of magma with different amounts of CaO and MgO
derived from the host carbonates (limestone and dolostone). Viscosity measurements were conducted at both
high (1150–1400 ◦C) and low temperatures (640–760 ◦C) by concentric cylinder viscometry, differential scan-
ning calorimetry, and micropenetration methods. Through an integrated approach which combines Brillouin and
Raman spectroscopy with the aforementioned techniques, we accurately predict the viscosity changes induced by
magma‑carbonate interaction and identify the formation of nanoheterogeneities during low-temperature vis-
cosity measurements. Notably, viscosity models from the literature fail to accurately reproduce our experimental
data set at both high and low temperature. In the high-temperature regime, the addition of CaO induces a
remarkable viscosity decrease, surpassing that produced by CaO + MgO addition. Furthermore, our findings
reveal a significant viscosity/temperature crossover resulting from the addition of CaO and CaO + MgO to the
melt phase. Undoped melt exhibits a higher viscosity compared to doped melts above 750 ◦C, with an inverse
trend observed below this temperature threshold. Such rheological constraints may affect the mobility and
mixing capability of melts exposed to different levels of carbonate assimilation.

1. Introduction

The interaction between magma and the surrounding country rock
may produce melts with compositions significantly distinct from those
resulting from simple crystal fractionation within the sub-volcanic
plumbing system (Daly, 1910; Hildreth and Moorbath, 1988; Rogers
et al., 1985; Sklyarov et al., 2021). Extensively documented in geolog-
ical records across various volcanoes, the assimilation of calcite- and/or
dolomite-bearing carbonate rocks by magma gives rise to the formation
of stratified shells, categorized as “exoskarns” and “endoskarns”
(Deegan et al., 2010; Del Moro et al., 2001; Di Stefano et al., 2018;
Foland et al., 1993; Kerrick, 1977; Lentz, 1999; Wenzel et al., 2002).

Exoskarns originate from thermal metamorphic reactions induced in the
host protolite by magmatic-hydrothermal fluids, diffusion of chemical
constituents from the adjacent magmatic intrusion, or a combination of
both processes. Endoskarns correspond to the crystallization of desili-
cated CaO- and/or CaO-MgO-rich melts during substantial carbonate
assimilation by magma. The heating of carbonate wall-rocks produces
calcium-rich melts that readily mix with the silicate magma to form a
hybrid melt, which may directly crystallize melilite due to silica
depletion (Conte et al., 2009; Lustrino et al., 2022). Alternatively,
melilite may form via equilibration at sub-solidus conditions in the
exoskarn shells (Wenzel et al., 2002; Whitley et al., 2020). It has been
also documented that the amount of CO2 released during
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magma‑carbonate interaction at subduction zones is minimally pro-
duced from the magma itself (<11 %) and is instead predominantly
generated from the decarbonation of wall-rocks within the metamorphic
aureole surrounding the magma body (>89%) (Morris and Canil, 2024).

The interaction between magma and carbonate induces the diffusion
of Ca2+ and Mg2+ into the melt phase with consequent changes in the
physicochemical properties of the magma, such as density and viscosity
(Colucci et al., 2024; Knuever et al., 2023a,b). Despite the obvious im-
plications of this process for magma dynamics, there is no literature
exploring from an experimental standpoint the influence of varying
degrees of carbonate contamination on melt viscosity. With the aim of
addressing this issue, here we present measurements on the high- and
low-temperature viscosity of melts, mimicking the assimilation of vari-
able amounts of calcite and dolomite by the phonotephritic magma from
the 472 CE Pollena subplinian eruption (Vesuvius, Italy). The eruptive
products from the Pollena eruption include xenoliths of different types
of exoskarns and endoskarns, interpreted as the outcome of variable
degrees of decarbonation reactions in a relatively shallow magma
chambers (8–10 km) within a thick calcite- and dolomite-bearing car-
bonate crust (Bruno et al., 1998; Cioni et al., 1998; Del Moro et al., 2001;
Fulignati et al., 2004; Iacono Marziano et al., 2007a,b, 2008; Iacono
Marziano et al., 2007b; Jolis et al., 2013, 2015; Sulpizio et al., 2005,
2007; Vona et al., 2020).

The rheological effect of the increasing amount of CaO and CaO +

MgO contents in the melt was characterized through concentric cylinder
viscometry at high-temperature, and micropenetration and differential
scanning calorimetry techniques at low-temperature. In addition, dif-
ferential scanning calorimetry, Brillouin, and Raman spectroscopy were
collectively employed to quantitatively constrain the effect of Fe-Ti-
oxide nanocrystallization during viscosity measurements and its role
in hindering the derivation of crystal-free viscosity (Di Genova et al.,
2017a,b, 2020; Kleest and Webb, 2022; Liebske et al., 2003; Okumura
et al., 2022; Scarani et al., 2022a; Valdivia et al., 2023, 2024).

Results show that the addition of CaO alone affects more extensively
the melt viscosity compared to the addition of CaO and MgO. Intrigu-
ingly, chemically-based literature models (Giordano et al., 2008; Lang-
hammer et al., 2022) fail to predict the viscosity of magma‑carbonate
interaction experiments, whilst the Brillouin spectroscopy-based model
(Cassetta et al., 2021) yields superior performance. Finally, we explore
the rheological control of carbonate assimilation during endoskarn
formation, hybrid magma mixing, and transport dynamics at Vesuvius.

2. Methods

2.1. Starting materials

The starting material is a leucite-bearing phonotephrite from the
472 CE Pollena eruption whose rheological behaviour has been experi-
mentally investigated by Di Fiore et al. (2023, 2021).

Following the same procedure described in Mollo and Vona (2014),
approximately 500 g of the phonotephrite sample was reduced to a
homogeneous powder in a ball mill and grounded to pass through a
#200 mesh sieve. Afterwards, the rock powder was doped with CaO
produced by thermal decomposition of variable amounts of CaCO3 (i.e.,
CaCO3 solid → CaO solid + CO2 gas), as CaO is an unstable compound at
atmospheric pressure conditions. In detail, a first aliquot of powder was
doped with only ~8 or ~ 17 wt% CaO (i.e., ~14 or ~ 30 wt% CaCO3),
whereas a second aliquot of powder was doped with ~4 or ~ 11 wt%
CaO (i.e., ~7 or ~ 20 wt% CaCO3) plus addition of ~5 wt% or ~ 15 wt%
MgO. Both undoped and doped rock powders were melted in a previ-
ously Fe-saturated Pt crucible using a Nabertherm® furnace at 1400 ◦C
and air redox conditions. The melt was held at constant temperature for
approximately 5 h and then quenched to glass in air. Based on Raman
spectroscopy and SEM imaging, no microlite and nanolite crystals were
detected in the synthesized glasses (Di Genova et al., 2017b; Kleest et al.,
2020). Finally, Archimedean buoyancy was performed to measure

densities of glasses, with an associated error of ±0.05 g/cm3.

2.2. Microprobe analysis

Major element compositions of experimental glasses were deter-
mined by an electron probe micro-analyser (EPMA) JEOL JXA-8200
equipped with five wavelength dispersive spectrometers (WDS) and
installed at the Bayerisches Geoinstitut (University of Bayreuth, Ger-
many). Analyses were performed on carbon-coated thin sections under
high vacuum conditions, using an accelerating voltage of 15 kV and an
electron beam current of 5 nA, with a defocused beam diameter of 10
μm. Elemental counting times were 20 s on the peak and 5 s on each of
the two background positions. Corrections for interelement effects were
made using a ZAF (Z: atomic number; A: absorption; F: fluorescence)
procedure. Synthetic wollastonite (Ca, Si), periclase (Mg), hematite (Fe),
spinel (Al), orthoclase (K), albite (Na), manganese titanite (Mn, Ti) and
apatite (P) were used as a calibration standard. Sodium and potassium
were analysed first to prevent alkali migration effects. BCR-2 was used
as a quality monitor standard and for the calculation of accuracy and
precision. Based on counting statistics, accuracy was better than 1–5 %,
except for elements with abundances below 1 wt%, for which accuracy
was better than 5–10 %. Precision was typically better than 1–5 % for all
analysed elements.

2.3. Concentric cylinder viscosity measurements

Viscosity measurements at high temperature were conducted using
the concentric cylinder (CC) viscometer at the Experimental Volca-
nology and Petrology laboratory (EVPLab, University of Roma Tre,
Italy) following the methodology outlined by Dingwell (1986). The
viscometer head featured a torque full-scale of 75 mNm. Prior to high-
temperature (HT) experiments, glass chips from distinct melting
batches underwent remelting in a Pt80Rh20 crucible. The molten samples
were stirred at 10 s− 1 using a Pt80Rh20 spindle under air redox condi-
tions at 1400 ◦C for 3 h to ensure chemical and thermal homogeneity (Di
Fiore et al., 2022, 2024). The rheometer was calibrated against the NIST
717a standard reference material, ensuring an accuracy of 0.06 log units
(Di Fiore et al., 2022). Temperature measurements employed a S-type
thermocouple with an accuracy of ±2 ◦C. The initial temperature mea-
surement was set at 1400 ◦C, aligning with a superliquidus state of the
melt, while a shear rate (γ̇) of 10 s− 1 was consistently applied
throughout the experiment. Subsequent temperature decrease was car-
ried out incrementally in steps of 50 ◦C and then 25 ◦C. At each tem-
perature step, conditions were maintained until a steady torque and
temperature were attained (approximately 30–45 min), ensuring pre-
cision in the measurement of liquid viscosity (ηliquid).

2.4. Micropenetration viscometry measurements

Viscosity measurements at low temperature were performed using a
thermomechanical analyser (TMA) and the micropenetration (MP)
technique in the range of 693 to 719◦C. The TMA was calibrated against
the standard glass DGG-1 (Meerlender, 1974) with a deviation of ±0.1
in log units. We followed previous protocols (Di Genova et al., 2020;
Scarani et al., 2022b; Valdivia et al., 2023) to attain thermal equilibrium
and melt relaxation before the viscosity measurement. The measure-
ments were conducted under Ar atmosphere at 1 bar, employing doubly
polished glass with a thickness of 3 mm. After thermal equilibration and
melt relaxation (10 min), the applied force was 1.47 N (150 g load) for 1
h. The force was decreased to 0.09 N (10 g load) when measuring vis-
cosity below ~109.5 Pa s. Temperature was controlled with an S-type
thermocouple (Pt-PtRh) placed at ~2 mm from the sample surface.
Temperature error, considering the accuracy of the S-type thermocouple
and its distance from the sample, was ±5◦C. The evolution of the
indentation depth was monitored over time, and the viscosity curve was
determined based on the equation of Douglas et al. (1965). Indentations
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ranged between ~15 (sample C10M4 at 678◦C) and 289 (sample C26M5
at 760◦C) microns.

2.5. Differential scanning calorimetry (DSC)

2.5.1. DSC measurements
A DSC 404F3 Pegasus was employed to measure the onset (Tonset) and

peak temperature (Tpeak) of heat flow curves over the glass transition
temperature interval. Different heating and cooling cycles (qc,h) were set
at 5, 10 or 20◦C min− 1 under a constant N2 flux (5.0 atm at a flow rate of
30 ml min− 1) using Pt80Rh20 crucibles. The mass of the glass samples
was approximately 25 ± 5 mg. The calibration of the DSC temperature
was performed up to ~1050◦C using the melting points of reference
materials (In, Sn, Bi, Zn, Al, Ag, and Au) (Di Genova et al., 2020; Scarani
et al., 2023; Stabile et al., 2021). Baseline measurements were con-
ducted with two empty Pt crucibles. Following the protocol described by
Di Genova et al. (2020), each sample was subjected to heating at 10◦C
min− 1 from room temperature to 50◦C and maintained at this temper-
ature for 20 min to achieve DSC signal equilibrium. Subsequently, to
erase the thermal history of the glass, the temperature was increased
with a heating rate of 10◦C min− 1 to approximately the Tpeak and then
decreased to 50◦C at 5, 10 or 20◦C min− 1. Finally, a matching cycles of
qc,h at 5, 10 or 20◦C min− 1 was applied to derive the Tonset and Tpeak for
each qc,h.

2.5.2. Literature review of the DSC approach
To derive melt viscosity, shift-factors Konset = 11.20 ± 0.15 and Kpeak

= 9.84 ± 0.20 (Al-Mukadam et al., 2020; Di Genova et al., 2020;
Scherer, 1984; Yue et al., 2004) were used in Eq. (1).

log10η
(
Tpeak,onset

)
= Kpeak,onset − log10

( ⃒
⃒qc,h

⃒
⃒
)

(1)

This approach has been extensively validated and optimized in prior
studies (Di Genova et al., 2020, 2023; Scarani et al., 2023; Stabile et al.,
2021; Valdivia et al., 2023; Yue et al., 2004) and enables the derivation
of viscosity at DSC characteristic temperatures around and slightly
above the glass transition temperature (Tg) [η(Tg)= 1012 Pa s]. Also, the
methodology minimizes the risk of chemical and textural alterations,
such as (nano)crystallization, thus ensuring the determination of (nano)
crystal-free viscosity (Di Genova et al., 2020; Stabile et al., 2021).

Eq. (1) has prompted numerous studies to explore its validity and the
consistency of Konset= 11.3 across various technical and natural systems.
Scherer (1984) demonstrated its use with an alkali lime silicate glass,
and subsequent research has shown that this Konset value is applicable
across a wide range of compositions. For example, Yue et al. (2004)
reported a Konset of 11.35 ± 0.1 for basaltic glass, while Chevrel et al.
(2013) found a Konset of 11.2 ± 0.11 for iron-free anorthite–diopside
eutectic compositions, averaging 11.04 ± 0.37 for iron-bearing systems.
Al-Mukadam et al. (2020) observed Konset = 11.19 ± 0.06 across a range
of glass-forming silicate and fluorophosphate systems using high-rate
calorimetry. Di Genova et al. (2020) found Konset = 11.20 ± 0.15
when testing a natural basaltic melt from Mt. Etna (Italy) across five
compositions, including both fully polymerized and depolymerized sil-
icate systems.

Inspired by extensive literature on the DSC approach for naturally
occurring melts (Gottsmann et al., 2002; Potuzak et al., 2008; Stevenson
et al., 1995; Webb and Dingwell, 1990; Wilding et al., 1995), it was also
determined a second characteristic temperature, corresponding to the
heat flow undershoot (Tpeak) that can be associated with η (Tpeak) in Eq.
(1).

Our literature review above suggests that Konset is generally inde-
pendent of melt composition. However, Kpeak appears to depend on glass
composition, especially in silica-rich volcanic systems like rhyolites, as
suggested by Stevenson et al. (1995) and Gottsmann et al. (2002).
Gottsmann et al. (2002) reported a relationship between Kpeak and the
excess oxides parameter (E.O.), calculated by subtracting the mol% sum

of network formers (excluding SiO2) from the sum of network modifiers.
They found that Kpeak increased from 9.64± 0.08 to 10.80± 0.16 with a
decreasing E.O. parameter across seventeen iron-bearing glasses,
ranging from rhyolites to basalts and basanites. Di Genova et al. (2020)
found Kpeak values between 9.62 and 10.11 for depolymerized standard
soda-lime silica glass (DGG-1, Meerlender, 1974) and fully polymerized
lithium aluminosilicate glass, respectively, concluding no significant
composition dependence of Kpeak and provided an average of 9.84± 0.2.

Finally, Stabile et al. (2021) calculated Konset and Kpeakusing data
from Giordano et al. (2008), which included hydrous iron-free melts in
the anorthite-diopside system as a function of qc,h (5, 10, 15, 20, 25 K/
min). They found that both Konset and Kpeak are independent of chemical
composition, with values of 11.20 ± 0.03 and 9.78 ± 0.02, respectively.
These findings align with the majority of observations reviewed in this
section and their theoretical background (Al-Mukadam et al., 2020;
Chevrel et al., 2013; Di Genova et al., 2020; Mazurin, 1977; Moynihan
et al., 1976; Potuzak et al., 2008; Scherer, 1984; Webb and Dingwell,
1990). Additionally, Stabile et al. (2021) confirmed that these shift
factors are also valid for iron-rich rhyolites with varying alkali content
and iron oxidation states.

Here, in this discussion, we test whether the assumption of chemi-
cally independent Kpeak holds also for our melts, and we explore the
potential impact of (nano)heterogeneities on the determination of the
viscosity of these melts.

2.6. Raman spectroscopy

Samples were structurally characterized both before and after the
DSC and micropenetration measurements to test for potential chemical
and structural alterations due to temperature exposure above Tg. Ana-
lyses were conducted using a Jobin Yvon LABRAM HR800 Horiba
equipped with a 532 nm green laser (60 mW nominal power), calibrated
with a silicon standard at the EVPLab. Spectra were collected using a
100× objective, covering the range between 100 and 1500 cm− 1, with a
30 s acquisition time and 6 accumulations. All spectra were smoothed,
baseline subtracted and normalized to the maximum intensity using the
code provided in Di Genova et al. (2017b).

2.7. Brillouin spectroscopy

Brillouin spectroscopy measurements (BLS) on glass samples were
conducted at the Bayerisches Geoinstitut, Bayreuth, Germany. A solid-
state Nd:YVO4 laser source, emitting at a wavelength of 532 nm and
with a power of 50 mW, was employed for the analysis of plane-parallel
polished glass samples, each approximately 50 μm thick. Using a six-pass
Fabry-Perot interferometer and a single-pixel photon counter detector,
the Brillouin frequency shift was measured with a symmetric forward
scattering geometry. Calibration of the scattering angle was accom-
plished using a silica reference glass. Eq. (2) was used to convert fre-
quency shifts (Δω) into longitudinal (Vp) and shear (Vs) sound velocities
(Sinogeikin et al., 2006; Whitney and Evans, 2010):

v =
Δωλ

2sin(θ/2)
(2)

where λ represents the laser wavelength and θ is the angle between the
incident and scattered beams (i.e., scattering angle of approximately
79.8◦). Eight spectra were acquired for each sample at different rotation
angles (ranging from − 135◦ to +180◦) to account for uncertainties. The
elastic moduli ratio (K/G) was calculated using the longitudinal (Vp) and
shear (Vs) acoustic velocities, as reported in Eq. (3):

K
G
=

(
Vp

Vs

)

−
4
3

(3)

The melt fragility (m) was calculated after Cassetta et al. (2021):
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m = 43
K
G
− 31 (4)

3. Results

3.1. Glass chemistry and Kpeak calculations

The undoped chemistry of C10M4 is reported in Table 1, showing as
primarily compositional features ~51 wt% SiO2, ~10 wt% CaO and ~ 4
wt% MgO. For the doped counterpart, C18M5 and C26M5 are enriched
in CaO (up to ~26 wt%) and depleted in SiO2 (down to ~41 wt%) and
Na2O + K2O (down to ~7 wt%). Similarly, C13M8 and C19M17 are less
enriched in CaO (up to ~19 wt%) due to addition of MgO (up to ~17 wt
%) and depleted in SiO2 (down to ~39 wt%) and Na2O + K2O (down to
~6 wt%).

According to the TAS classification diagram (total alkali vs. silica;
Fig. 1a), the glass composition changes from phonotephrite (C10M4) to
tephrite (C18M5) and foidite (C26M5), as the amount of CaO increases.
Similarly, the addition of CaO and MgO leads to the formation of pho-
notephritic (C13M8) and foiditic (C19M17) glasses. It is worth
mentioning that the glass compositional range matches the chemistry of
melt inclusions and interstitial glasses from magmatic skarns at the Mt.
Somma-Vesuvius complex (Del Moro et al., 2001; Fulignati et al., 2000,
2004; Jolis et al., 2015; Fig. 1).

As the concentration of network modifiers cations (Ca2+ and Mg2+)
increases during carbonate assimilation, the melt polymerization is ex-
pected to decrease. We use the parameter NBO/T (Mysen et al., 1985) to
quantify the number of non-bridging oxygens (NBO) per atom of a
tetrahedrally coordinated cation (T). The magnitude of NBO/T increases
from 0.42 (C10M4) to 0.74 (C18M5) to 1.14 (C26M5) with CaO addition
or, alternatively, it increases to 0.74 (C13M8) and 1.55 (C19M17) upon
addition of CaO and MgO (Fig.S5).

3.2. High-temperature viscosity

Viscosities measured at high-temperature using the concentric cyl-
inder apparatus are listed in Table 2 and shown in Fig. 2. Measurements
were conducted within the temperature range between 1400 ◦C and
1150 ◦C, encompassing a viscosity interval from 100.36 to 102.71 Pa s. For
each composition, the lowest temperature is represented by the onset of
crystallization. For the sample C26M5, we acknowledge only one data as
valid as the stress measured at higher temperatures was considered too
low to be converted in viscosity data (i.e., low signal to noise ratio).
Fig. 2 shows that at 1250 ◦C the undoped sample C10M4 has the highest
viscosity (102.21 Pa s) compared to doped samples. At the same tem-
perature, an increase in CaO content from ~18 to ~26 wt% leads to a
nearly 5-fold decrease in viscosity for C18M5 (101.54 Pa s) and a
remarkable 33-fold decrease for C26M5 (100.69 Pa s). In contrast, an

increase in CaO and MgO content from ~21 to ~36 wt% results in a
modest decrease in the viscosity for both C13M8 and C19M17 samples,
with a 4-fold decrease (101.63 Pa s) for the former and 5-fold decrease
(101.54 Pa s) for the latter.

3.3. DSC data

Tonset and Tpeak increase for all samples with increasing cooling/
heating rate (qc,h). The undoped sample C10M4 has the lowest Tonset and
Tpeak for a given cooling/heating rate (qc,h = 5, 10 or 20 ◦C min− 1),
whilst sample C26M5 with the highest CaO content of 26 wt% displays
the highest Tonset and Tpeak at a given qc,h. The remaining samples C18M5
(18 wt% CaO), C19M17 (36 wt% CaO+MgO) and C13M8 (21 wt% CaO
+ MgO) fall in between these two end-members.

The melt viscosity was calculated using Eq. (1) at Tonset and Tpeak of
DSC measurements (see data in Table 3), returning values that range
from 1010.32 to 1012.28 Pa s for temperatures varying from 639 to 719 ◦C
(Fig. 3).

3.4. Low-temperature viscosity

Fig. 3 shows viscosity measurements performed with MP at Tonset
(10 ◦C min− 1), Tonset (20 ◦C min− 1), or 50 ◦C above the Tonset (10 ◦C
min− 1). For a given temperature and/or sample composition, the vis-
cosity data are in good agreement with values derived by DSC within
100.13 Pa s. The only exceptions are represented by the undoped sample
C10M4 and the doped samples C18M5 and C13M8, where viscosity
values are between ~100.5 Pa s (C13M8 at 747 ◦C) and ~ 101.3 Pa s
(C10M4 at 730 ◦C) higher than those derived by DSC (Fig. 3).

3.5. Raman data

3.5.1. Raman spectra before DSC and MP measurements
Fig. 4 shows Raman spectra for undoped and doped samples. The

spectral features can be categorized in three regions: 1) a low-frequency
region (LF: ~250–600 cm− 1), 2) an intermediate-frequency region (IF:
~600–800 cm− 1), and 3) a high-frequency region (HF: ~800–1200
cm− 1).

In the LF region, Raman spectra for the undoped sample C10M4
(~10 wt% CaO and ~ 4 wt% MgO) and the weakly doped sample
C18M5 (~18 wt% CaO and ~ 5 wt% MgO) show the highest intensity at
~500 cm− 1. In sample C13M8 (~13 wt% CaO and ~ 8 wt% MgO), the
intensity at ~500 cm− 1 decreases. The same trend is observed in the
highly doped samples C26M5 (~26 wt% CaO and ~ 5 wt% MgO) and
C19M17 (~19 wt% CaO and ~ 17 wt% MgO), where the spectral in-
tensity at ~500 cm− 1 decreases significantly. The centroid of Raman
feature in the IF region shifts from 725 cm− 1 (undoped sample C10M4)
to 695 cm− 1 (C17M5), namely with increasing the doping components.

Table 1
Microprobe analyses (wt%) of undoped (C10M4) and doped (C18M5, C26M5, C13M8 and C19M17) starting materials used in this study normalized to 100 %. σ
represents the standard deviation of 10 microprobe analyses.

CaCO3 (wt%) added 14.00 30.00 7.00 20.00

CaO (wt%) added 7.84 16.81 3.92 11.21
MgO (wt%) added 5.00 15.00
(wt%) C10M4 σ C18M5 σ C26M5 σ C13M8 σ C19M17 σ
SiO2 50.76 0.19 46.12 0.37 41.49 0.36 46.67 0.35 38.80 1.05
TiO2 0.84 0.05 0.74 0.05 0.68 0.02 0.77 0.06 0.65 0.08
Al2O3 17.47 0.11 15.62 0.17 13.66 0.11 15.90 0.14 12.95 0.47
FeO 6.03 0.18 5.50 0.13 4.81 0.10 5.46 0.11 4.92 0.10
MnO 0.14 0.03 0.13 0.03 0.12 0.03 0.12 0.03 0.12 0.04
MgO 4.00 0.07 4.50 0.15 4.91 0.09 8.29 0.48 17.02 1.81
CaO 10.08 0.18 18.09 0.77 26.35 0.52 13.10 0.37 19.15 0.46
Na2O 2.95 0.08 2.60 0.11 2.20 0.06 2.68 0.05 1.82 0.18
K2O 7.18 0.07 6.24 0.28 5.33 0.18 6.50 0.26 4.15 0.50
P2O5 0.55 0.06 0.45 0.05 0.44 0.09 0.50 0.06 0.42 0.06
Total 100.00 100.00 100.00 100.00 100.00
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The Raman band in the HF region of the undoped sample C10M4 is
symmetric and centred at ~960 cm− 1 but, as the doping level increases
in the two different series, the band shifts to lower wavenumbers and
becomes asymmetric due to the development of a shoulder at ~885
cm− 1.

3.5.2. Raman spectra after DSC and MP measurements
Fig. 5 illustrates Raman spectra for doped and undoped glasses

before (untreated) and after DSC (Fig. 5a-e) and MP (Fig. 5f-l) viscosity
measurements (treated). For the undoped sample C10M4 (Fig. 5a), the
Raman intensity of DSC-treated glasses at approximately ~500 cm− 1

increases and slightly shifts to lower wavenumbers with decreasing qc,h
from 20 to 5 ◦C min− 1, mainly in response to the time spent in the
undercooled liquid state. LF Raman spectra of CaO-doped samples
C18M5 and C26M5 show no changes (Figs. 5b, c). However, the HF band
shifts to lower wavenumbers for sample C26M5 and becomes asym-
metric due to the development of a shoulder at ~885 cm− 1 (Fig. 5c). For
the poorly CaO + MgO-doped sample C13M8 (Fig. 5d), the intensity of
DSC-treated glass at ~500 cm− 1 slightly increases compared to the un-
treated glass. For sample C19M17 doped with the highest MgO content
(Fig. 5e), the HF band centroid shifts from ~940 cm− 1 (untreated glass)
to ~925 cm− 1 (DSC-treated glass) for measurements at qc,h of 20 ◦C
min− 1. Raman spectra of DSC-treated glasses measured at qc,h of 10 and
5 ◦C min− 1 resemble that of the untreated glass.

Fig. 5f shows Raman spectra of untreated and MP-treated glasses for

Fig. 1. a) Total alkali vs. silica (TAS) diagram showing the undoped and doped
glass compositions used in this study. The undoped material (C10M4) is rep-
resented as the white symbol. CaO doped samples are represented by the yellow
(C18M5) and red (C26M5) symbols, whilst purple (C13M8) and blue (C19M17)
symbols correspond to samples doped with CaO and MgO. Areas represent the
compositional variations of the products erupted from Vesuvius, specifically,
the dark grey area represents juvenile materials (Jolis et al., 2015; Macdonald
et al., 2016; Rosi and Santacroce, 1983; Santacroce et al., 2008),while the light
grey area represents xenoliths (Del Moro et al., 2001; Fulignati et al., 2000,
2004; Jolis et al., 2015). The chemical compositions of this study are reported
in Table 1. b) CaO + MgO vs. SiO2 diagram displaying the erupted material
(juvenile and xenoliths) from Vesuvius, undoped and doped glass composition
used in this study. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Table 2
Viscosity measurements for all compositions at high temperatures by concentric cylinder (CC), reported with temperature.

C10M4 C18M5 C26M5 C13M8 C19M17

T log10 η T log10 η T log10 η T log10 η T log10 η

(◦C) (η in Pa s) (◦C) (η in Pa s) (◦C) (η in Pa s) (◦C) (η in Pa s) (◦C) (η in Pa s)

1396 1.41 1400 0.36 1252 0.69 1398 0.81 1399 0.46
1350 1.63 1352 0.86 1350 1.08 1350 0.87
1301 1.91 1300 1.19 1325 1.25 1300 1.17
1276 2.06 1275 1.38 1300 1.38 1276 1.35
1251 2.21 1251 1.54 1275 1.51 1250 1.54
1226 2.37 1225 1.72 1251 1.63 1225 1.73
1201 2.54 1200 1.9 1225 1.78
1176 2.71 1175 2.09 1200 1.96

1150 2.28

Fig. 2. High-temperature viscosity measured with a concentric cylinder appa-
ratus. Curves correspond to MYEGA fits from Eq. (5) (See Section 4.2).
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C10M4. As the temperature of viscosity measurement increases (Tpeak10
= 678 ◦C and Tpeak10+50 = 730 ◦C), the intensity at ~500 and ~ 960
cm− 1 also increases. The inspection of Raman spectra for the poorly
CaO-doped sample C18M5 (Fig. 5g) reveals that at the lowest temper-
ature (Tpeak10 = 704 ◦C) the intensity at ~500 cm− 1 increases. The
Raman spectrum of the MP-treated glass at the highest temperature
(Tpeak10 of 754 ◦C) shows a similar increase at ~500 cm− 1 and the in-
tensity also increase at ~700 cm− 1. Fig. 5h illustrates Raman spectra of
the untreated and MP-treated glasses from the highly CaO-doped sample
C26M5. Raman spectra of MP-treated glasses (Tpeak10 = 710 ◦C and
Tpeak10+50 = 760 ◦C) exhibit a subtle intensity increase at ~500 cm− 1.
Raman spectra of the MP-treated glasses from the lowest CaO and MgO-
doped sample C13M8 (Tpeak20 = 708 ◦C and Tpeak10+50 = 747 ◦C) exhibit
an increase at ~500 cm− 1 (Fig. 5i). Additionally, the Raman spectrum of
MP-treated glass at Tpeak10+50 of 747 ◦C shows an increase in the in-
tensity at ~690 cm− 1. Finally, Raman spectra of the MP-treated glasses
from the highly CaO and MgO-doped C19M17 (Tpeak10 = 704 ◦C and
Tpeak10+50 = 753 ◦C) indicate no structural changes (Fig. 5l).

3.6. Brillouin spectroscopy

The longitudinal sound velocity (Vp) increases with increasing both
CaO and CaO +MgO doping levels, ranging from 6039.9 to 6498.5 m/s.
The shear sound velocity (Vs) shows a less pronounced increase which
mirrors the trend observed in Vp. The calculated ratio of elastic moduli
K/G from Eq. (3) for the undoped sample C10M4 is 1.64, while for low
and high doping levels the magnitude increases to 1.76 and 1.89,
respectively.

The melt fragility m calculated using Eq. (4) (Angell, 1995; Plazek
and Ngai, 1991) has been obtained after Cassetta et al. (2021) and re-
ported in Table 4. The undoped sample C10M4 is characterized by a
lower melt fragility (~40) that increases up to ~44 for low doped CaO
(C18M5) and CaO +MgO (C13M8) samples, and up to ~50 for the high
doped (C26M5 and C19M17) samples.

4. Discussion

4.1. Viscosity data evaluation

During MP and DSC measurements, the melt might undergo nano-
crystallization or, alternatively, might develop a heterogeneous nano-
structure (Bouhifd et al., 2004; Di Genova et al., 2020; Di Genova et al.,

Table 3
Low temperature viscosity data derived by DSC at the characteristic temperatures. The symbol “*” indicates viscosities measured by MP.

Sample T5 onset T10 onset T20 onset T5 peak T10 peak T20 peak T10 peak+50

C10M4

◦C 639 643 652 674 678 694 730

log10 η (η in Pa s) 12.28 11.98 11.68 10.92 10.62 10.32 –
– – – – 11.86* – 10.17*

C18M5

◦C 660 667 672 694 704 709 754

log10 η (η in Pa s) 12.28 11.98 11.68 10.92 10.62 10.32 –
– – – – 10.67* – 9.29*

C26M5

◦C 670 674 680 702 710 719 760

log10 η (η in Pa s) 12.28 11.98 11.68 10.92 10.62 10.32 –
– – – – 10.49* – 8.64*

C13M8

◦C 655 659 668 691 698 708 747

log10 η (η in Pa s) 12.28 11.98 11.68 10.92 10.62 10.32 –
– – – – – 10.39* 9.31*

C19M17

◦C 663 665 676 696 704 714 753

log10 η (η in Pa s) 12.28 11.98 11.68 10.92 10.62 10.32 –
– – – – 10.91* – 8.62*

Fig. 3. Low-temperature viscosity derived by DSC (circles) and measured using
MP (stars). Curves correspond to MYEGA fits of DSC data from Eq. (5). See
Section 4.2.

Fig. 4. Raman spectra of the undoped (C10M4) and doped (C18M5, C26M5,
C13M8, and C19M17) samples.
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Fig. 5. Baseline-corrected and normalized Raman spectra. Left panels (a-e) show Raman spectra of untreaded (black) and DSC-treated glasses (number in the legend
indicates qc,h). Right panels (f-l) show Raman spectra of untreaded (black) and MP-treated glasses at different target temperatures.
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2017b; Liebske et al., 2003; Okumura et al., 2022; Valdivia et al., 2023;
Verdurme et al., 2023). Thus, it is essential to investigate the glass used
for MP and DSC analyses by Raman spectroscopy before and after the
measurements. Failing to do so may result in data not accurately rep-
resenting the viscosity of the melt phase but rather that of a heteroge-
neous material at the nanoscale measurements (Di Genova et al., 2020;
Scarani et al., 2022b; Valdivia et al., 2023; Zandonà et al., 2023).

In the case of the undoped sample C10M4, Fig. 3 shows that the
viscosity measured (1011.86 Pa s) by MP at 678 ◦C (Tpeak10) is 101.24 Pa s
higher than the viscosity measured by DSC at the same temperature.
This discrepancy raises concerns about the potential effect of nano-
crystallization during the viscosity measurement. Otherwise, it prompts
questions about the reliability of the chemically independent DSC
approach used to derive the viscosity (Gottsmann et al., 2002), sug-
gesting that the Konset and Kpeak selected here may be not correct. The
close examination of Raman spectra not only reveals structural modifi-
cations during high temperature MP measurements (Fig. 5f) but also
during DSC measurements (Fig. 5a). The increase in the intensity at
~485 cm− 1 in the LF region suggests the formation of oxygen atoms
arranged in four-membered rings with breathing motion perpendicular
to the Si-O-Si plane (Galeener, 1982; Le Losq and Neuville, 2013; Pas-
quarello and Car, 1998; Rahmani et al., 2003; Sharma et al., 1981).
Thus, we infer that structural reorganization occurred in the undoped
C10M4 melt during both MP and DSC measurements, possibly resulting
in the formation of new four-membered rings of tetrahedra. Despite the
similarity between Raman spectra from MP measurements (Fig. 5f) and
those obtained after DSCmeasurements (Fig. 5a), the viscosity measured
by MP is least 1 log unit higher than the DSC-derived viscosity (Fig. 3).
We posit that the formation of new tetrahedral rings markedly increases
the relaxation timescale of the melt when subjected to shear deforma-
tion during MP measurements. Conversely, DSC measurements, relying
on a bulk property, does not appear to be significantly affected by these
local structural changes. However, we also tested the hypothesis pro-
posed by Gottsmann et al. (2002) that Kpeak depends on composition,
which means that the DSC-derived values may shift to lower or higher
values. Gottsmann et al. (2002) showed that Kpeak decreases from 10.8
(in the rhyolite domain) to 9.64 (in basanite), and this behaviour was
parameterized using the empirical parameter E.O. (excess of oxide, in
mol%; Table S2). This parameter is calculated by subtracting the sum of
the molar percentages of Al2O3, TiO2, and 0.5FeO (considered structural
network formers) from the sum of the molar percentages of oxides
regarded as network modifiers (0.5FeO, MnO, MgO, CaO, Na2O, K2O,
P2O5 and H2O). Using this parameterization, we found that Kpeak ranges
from 9.85 for our undoped melt sample (C10M4, E.O. = 14.93) to 9.67
for the highly Ca–Mg doped melt sample (C19M17, E.O. = 41.78)
(Table S2). Notably, as reported in Section 2.5, we use a Kpeak value of
9.84 ± 0.20 (Di Genova et al., 2020), which falls within the range
calculated using the method of Gottsmann et al. (2002) (Table S2).
Therefore, even if we assume that Kpeak depends on chemical composi-
tion, our assumption of a constant Kpeak value, as presented in our
manuscript, holds true for the chemical landscape explored in this study.

The reliability of our DSC approach can be validated by examining
the viscosity data of doped samples (Fig. 3). Viscosity data measured at
Tpeak10 and Tpeak20 by using MP match those derived by the DSC-derived
viscosity within the experimental error, provided that Raman spectra of

glasses remain unchanged after MP measurements (Fig. 5g-l). As for the
C10M4 sample, the viscosity of doped melts was also measured at
Tpeak+50. Raman spectra of some post MP measurements exhibit features
indicative of various degrees of structural changes (Fig. 5g-l), whose
overall entity, even if smaller than those exhibited by the undoped
C10M4 sample (C18M5 at 704 and 754 ◦C, C13M8 at 708 and 747 ◦C),
renders them inappropriate to be used for viscosity calculation. There-
fore, DSC data either in conjunction with or as an alternative to MP
measurements, are deemed more appropriate for modelling the viscosity
change with temperature. However, given the restricted viscosity-
temperature interval explored by DSC measurements, an accurate
extrapolation of the DSC-derived viscosity at higher temperature is
essential. Consequently, we present viscosity models for our melts that
facilitate the calculation of viscosity over a wide temperature range.

4.2. Modelling melt viscosity and melt nanoheterogeneity effect

CC and DSC viscosity data were fitted by employing the Mauro-Yue-
Ellison-Gupta-Allan (MYEGA) equation (Mauro et al., 2009) that uses
viscosity at infinite temperature (log10η∞), glass transition temperature
(Tg) and melt fragility (m) as parameters:

log10ηs(T)= log10η∞ +(12 − log10η∞)
Tg
T
exp

[(
m

12 − log10η∞
− 1

)(
Tg
T
− 1

)]

(5)

The viscosity at infinite temperature was set to − 2.93 (Cassetta et al.,
2021; Langhammer et al., 2021, 2022; Zheng et al., 2011), while Tg and
m were set as fit parameters. Results from calculations are reported in
Table 5, while the temperature-dependence of the viscosity is illustrated
in Fig. 6.

Broadly, the inspection of m in Table 5 reveals that the melt fragility
increases from 35.9 to 50.0 with increasing the addition of doping ox-
ides for the two doped series, which results in the increase of the non-
Arrhenian behaviour in Fig. 6. With respect to the undoped C10M4
composition, the melt exhibits lower viscosity at high temperature and
vice versa when the doping oxide concentration increases, thereby
leading to a viscosity-temperature crossover at ~750 ◦C (Fig. 6).

The modelling of melt viscosity and the analysis of Raman spectra
post MP measurements enable the accurate evaluation of the viscosity
increase due to formation of nanoheterogeneities especially at Tpeak+50,
where the DSC-derived viscosity cannot be obtained. As discussed
above, MP data of the undoped C10M4 melt exhibit the highest devia-
tion in viscosity from the DSC-derived viscosity and thus the MYEGA fit
(Fig. 3). The viscosity increases by 13-fold (101.11 Pa s) at Tpeak10 of
678 ◦C and 10-fold (101.01 Pa s) at Tpeak10+50 of 730 ◦C.We argue that the

Table 4
Measured longitudinal (Vp) and shear (Vs) sound velocity, glass density (ρ), calculated bulk (K) and shear (G) moduli, and melt fragility calculated m from Eq. (4).

Sample Vp Vs ρ K G K/G m

(m/s) (m/s) g/cm3 GPa GPa

C10M4 6039.88 ± 20.71 3502.75 ± 5.56 3.06 0.06155 0.03753 1.64 ± 0.02 39.61 ± 0.48
C18M5 6176.13 ± 21.12 3512.13 ± 11.57 2.06 0.04462 0.02536 1.76 ± 0.03 44.76 ± 0.76
C26M5 6326.50 ± 23.43 3526.25 ± 15.32 2.59 0.06079 0.03224 1.89 ± 0.04 50.24 ± 0.97
C13M8 6222.25 ± 11.19 3540.38 ± 8.43 2.05 0.04515 0.02572 1.76 ± 0.02 44.61 ± 0.46
C19M17 6498.50 ± 10.28 3620.88 ± 9.36 2.33 0.05768 0.03055 1.89 ± 0.02 50.34 ± 0.52

Table 5
MYEGA fit parameters obtained from Eq. (5).

C10M4 C18M5 C26M5 C13M8 C19M17

log10η∞ − 2.93 − 2.93 − 2.93 − 2.93 − 2.93

Tg (◦C)
643.87 ±

0.58
667.28 ±

1.20
677.15 ±

2.1
662.24 ±

0.84
668.20 ±

1.16

m
35.92 ±

0.14
43.50 ±

0.39
49.96 ±

2.31
41.70 ±

0.27
43.77 ±

0.46
RMSE 0.04 0.11 0.19 0.07 0.12
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increase in viscosity is related to the formation of new four-membered
rings of tetrahedra (Fig. 5f). For the doped sample C18M5, the viscos-
ity measured at Tpeak10+50 of 754 ◦C deviates 100.59 Pa s (~4-fold) from
the MYEGA fit (Fig. 3). Coherently, the Raman spectrum of the post
viscosity measurement glass shows an increase in intensity at ~700
cm− 1, also accompanied by the shift of the HF band centroid position
from ~940 to ~920 cm− 1 (Fig. 5b). Based on Raman literature of vol-
canic glasses (Di Genova et al., 2016, 2017b; Di Muro et al., 2009;
Schiavi et al., 2018; Wang et al., 1993, 1995), we state that this sample
underwent nanostructuration due to Fe–Ti clustering (intensity in-
crease at ~700 cm− 1) and possibly iron oxidation (HF centroid shift).
Moreover, the increase in the intensity of Raman spectra at ~500 and ~
690 cm− 1 for the doped sample C13M8 at Tpeak20 of 708 ◦C and
Tpeak10+50 of 747 ◦C (Fig. 5i), respectively, is correlated with a departure
of the measured viscosity from the MYEGA fit (100.23 Pa s and 100.47Pa s,
respectively). For the measured viscosities that align with the MYEGA fit
(Fig. 3), Raman spectroscopy results confirm that no major changes
occurred during the measurement (Fig. 5).

In summary, our integrated approach employing DSC for deriving
melt viscosity, MP for measuring the viscosity of nanoheterogenous
melts, and Raman spectroscopy for detecting nanoheterogeneities pro-
vides a robust tool to quantify the viscosity increase attributed to
nanoscale melt structural modifications. In the following, we discuss the
possible melt structural changes occurred in our sample due the addition
of alkaline earth cations. Next, we explore the predictive capability of
empirical models from literature, in which the integrated approach
presented in this study has been sporadically employed by previous
authors (Al-Mukadam et al., 2020; Di Genova et al., 2020; Stabile et al.,
2021; Valdivia et al., 2023; Zandonà et al., 2023).

4.3. Structural role of alkaline earth cations

The finding that CaO alone reduces viscosity at high temperatures
more effectively than CaO combined with MgO might seem counterin-
tuitive (Richet et al., 2009). Moreover, we observe no apparent rela-
tionship between viscosity reduction and NBO/T or between NBO/T and
fragility of the melt (Figs. S4 and S5). The most depolymerized melt
(C19M17) has in fact an intermediate calculated fragility (m = 43.77)
and intermediate viscosity, both at high and low temperature (Fig. 3).
The fragility and the viscosity trends seem however being related to the
total Ca content in both series, regardless of the Mg content.

Fragility increases with increasing CaO content and, at high tem-
peratures, viscosity follows the opposite trend. However, this trend re-
verses at low temperatures. Surprisingly, MgO addition has minimal
impact on viscosity despite its network-modifying role. This contradicts
the expectation of lower viscosity with increased network modifiers,
especially at high temperatures. Additionally, the combined effect of
CaO and MgO was not observed to further decrease low-temperature
viscosity.

It is generally assumed the as the concentration of network modifiers
cations (Ca2+ and Mg2+) increases, the melt polymerization is expected
to decrease according to the following exchange reactions: 1) Si-O-Si +
Ca-O-Ca↔ 2Ca-O-Si and 2) Si-O-Si+Mg-O-Mg↔ 2Mg-O-Si. We propose
that ionic potential of Mg2+and competition with Ca2+ cations for
bonding with oxygen limit the ability of MgO addition to break down the
network (depolymerize) shifting the Eq. (2)) to the left. This explains the
minimal viscosity change observed with MgO addition, both at high and
low temperature. This findings align with the observation of Dingwell
et al. (1996) that Mg2+ cations have a weaker effect on viscosity
compared to other network modifiers.

The crossover of the viscosity curves at T ≈ 750 ◦C leads to changes
in the viscosity versus composition relationships. In particular, the in-
crease in viscosity for doped melts compared to undoped at low tem-
perature presents a distinct feature. However, at low temperature, the
different contribution of chemical versus topological terms of the
configuration entropy may lead to these unexpected trends, as exem-
plified in the findings of Giordano et al. (2009).

In conclusion, the role of MgO addition in the melt structure appears
to be more complex than previously thought, requiring further investi-
gation for the interplay between cationic potential and network in-
teractions in multicomponent melts.

4.4. Comparison with models from literature

The viscosity data set obtained from this study has been compared
with predictions of empirical models from literature: 1) the chemically-
based GRD and LDS models from Giordano et al. (2008) and Lang-
hammer et al. (2022), and 2) the Brillouin spectroscopically-based BLS
model from Cassetta et al. (2021). For this comparison, we used only
data from glasses unaffected by structural changes after the viscosity
measurement, as revealed by Raman spectroscopy. The root-mean
square error (RMSE) calculated for each tested model is reported in
Table 8.

The GRD model relies on the Vogel-Fulcher-Tamman (VFT) equation
and has been calibrated with the viscosity at infinite temperature
(log10η∞) equal to − 4.55, while both LDS and BLS models describe the
temperature-dependence of melt viscosity according to the MYEGA fit
from Eq. (5) and they assume log10η∞equal to − 2.93 (Langhammer et al.,
2022; Mauro et al., 2009; Zheng et al., 2011). For the BLS model, m was
derived by using Eq. (4) and Tg via DSC measurements (see Tonset10 in
Table 3).

The BLS model performs the best in predicting viscosity for all the
five samples across the entire temperature interval (i.e., HT and LT
data). For example, RMSEBLS, RMSEGRD, and RMSELDS of the undoped
C10M4 sample are 0.44, 0.83, and 0.98, respectively (Table 6). Collec-
tively, these three models return similar estimates for the viscosity of
low doped C18M5 (RMSEBLS, GRD, LDS≈ 0.19) and C13M8 (RMSEBLS, GRD,
LDS≈ 0.29) samples. However, when considering the high doped C26M5

Fig. 6. Viscosity data from DSC and CC measurements, and MYEGA fits ob-
tained by using Eq. (5).

Table 6
Root mean square error (RMSE) of GRD (Giordano et al., 2008), LDS
(Langhammer et al., 2022) and BLS (Cassetta et al., 2021) viscosity models.

C10M4 C18M5 C26M5 C13M8 C19M17

GRD 0.83 0.19 0.55 0.26 1.35
LDS 0.98 0.23 1.18 0.30 1.00
BLS 0.44 0.16 0.26 0.31 0.56
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and C19M17 samples, the BLS model significantly performs better
(RMSEBLS= 0.26 and 0.56, respectively) than the GRD (RMSEGRD= 0.55
and 1.35, respectively) and LDS (RMSELDS = 1.18 and 1.00, respec-
tively) models (Table 6). This finding outlines the restricted applicability
of chemical-based models to compositional domains beyond their cali-
bration data sets (Fig. S3). We propose that the BLS model exhibits su-
perior performance because, unlike for the GRD and LDS models, the Tg
is measured via DSC and the input data are filtered to exclude viscosity
measurements influenced by nanocrystallization (e.g., Di Genova et al.,
2020) and/or melts depletion in Fe and Ti (e.g., Hushur et al., 2013;
Richet et al., 1996; Richet and Polian, 1998; Whittington et al., 2001,
2012).

As a further test, we closely examine the data sets used to calibrate
the GRD and LDS models, which also include phonotephritic composi-
tions. To validate our observations, we compare the viscosity data of our
undoped C10M4 sample with literature data from Giordano and Ding-
well (2003). The authors measured the viscosity of the sample Ves_G_tot
with composition nearly identical to that used in this study. The main
compositional difference regards the FeOtot. content, as sample C10M4
has 6.03 wt% FeOtot and sample Ves_G_tot has 7.20 wt% FeOtot. Given
the higher FeOtot, lower viscosity for sample Ves_G_tot is expected (Di
Genova et al., 2017a, 2017b; Valdivia et al., 2024). Fig. 7 show that the
Ves_G_tot melt is indeed less viscous in the high-temperature regime,
with a viscosity of ~101.3 Pa s at ~1347 ◦C, compared to our melt, which
is ~100.3 Pa s more viscous at the same temperature. However, sample
Ves_G_tot reaches higher viscosity values in the low-temperature regime,
where structural changes can easily occur (Fig. 3). For example, the
Ves_G_tot sample has a viscosity of ~1011 Pa s at 696 ◦C, while sample
C10M4 is 100.6 Pa s less viscous. Moreover, MP viscosity measured at
730 ◦C (Tpeak10+50) for sample C10M4, where Raman spectroscopy re-
veals structural modification during the measurement (Fig. 5f), aligns
with Ves_G_tot viscosity. As emphasized in emerging literature (Di
Genova et al., 2017a,b, 2020; Scarani et al., 2022a, 2022b; Valdivia
et al., 2023; Verdurme et al., 2023), we underscore the importance of
rigorously testing empirical viscosity models before their application to
natural environments, especially considering structural changes occur-
ring at low-temperature measurements.

By employing MYEGA parameterizations (Fig. 6 and Table 5), we
computed the viscosity resulting from the addition of only CaO or from
the addition of CaO + MgO, focusing on three temperature conditions
where substantial and contrasting effects were found (Fig. 8): i) a high-T
region (T= 1000 ◦C), ii) an intermediate-T region (T= 750 ◦C), and iii) a
low-T region (T = 666 ◦C). As shown in Fig. 6, in the high-T region all
doped melts display lower viscosity compared to the undoped melt,
whereas the opposite behaviour is encountered in the low-T region. The
contrasting behaviour at high- and low-T in the studied melts results in a
series of crossover in the viscosity curves. Notably all crossovers occur in
a very narrow T range, around T= 750 ◦C, at which viscosity variation is
minimal across all samples.

In the high-T regime (Fig. 8a), results indicate that the addition of
CaO induces more significant viscosity decrease compared to the addi-
tion of CaO + MgO. Specifically, addition of ~17 wt% CaO results in
nearly a 13-fold viscosity decrease (101.11 Pa s), while addition of ~11
wt% CaO and 15 wt% MgO leads to a nearly 4-fold viscosity decrease
(100.58 Pa s). Notably, the viscosity models of GRD (Giordano et al.,
2008), LDS (Langhammer et al., 2022) and BLS depict a different
behaviour (Fig. 8d), predicting the highest viscosity reduction in the
case of melts doped with CaO + MgO. For instance, the GRD model
predicts a decrease in viscosity of nearly a 400-fold with the addition of
~11 wt% CaO and ~ 15 wt% MgO which is 100-fold higher than our
measurements, and a decrease in viscosity of nearly a 60-fold s with the
addition of ~17 wt% CaO.

The opposite trend is observed in the low-T region (Fig. 8c), where
doping always induces an increase of viscosity compared to the undoped
melt. Furthermore, the addition of CaO alone induces a higher viscosity
increase compared to the addition of similar amounts of CaO + MgO,
Specifically, our modelling shows that the addition of ~17 wt% CaO
results in the highest viscosity, with nearly a 28-fold increase (101.45 Pa
s) with respect to the undoped material, while addition of ~11 wt% CaO
and 15 wt% MgO leads to a nearly ~9-fold increase in viscosity (100.94

Pa s). This trend is not captured by GRD and LDS models (Fig. 8f) that
predict the highest viscosity for the undoped melt, up to 101.42 Pa s
higher than estimates derived from our model (Fig. 8c). This inconsis-
tency reflects in an apparent, though inaccurate, opposite effect induced
by the doping with CaO and CaO + MgO, leading to a decrease in vis-
cosity in the low-T region.

Finally, it is worth noting that the temperature (T = ~750 ◦C) at
which our data and modelling indicate a convergence of all curves at
~108.7 Pa s (Fig. 8b), appears to be a characteristic feature that is not
reproduced by any of the chemical-based models (GRD and LDS;
Fig. 8e).

4.5. Implications for magma dynamics and xenoliths preservation

Magma‑carbonate interaction is well-documented in geological re-
cords (see Knuever et al., 2023a for a review) across various volcanic
systems such as Vesuvius (Barberi and Leoni, 1980; Bruno et al., 1998;
Dallai et al., 2011; Fulignati et al., 2000, 2004; Gilg et al., 2001; Iacono
Marziano et al., 2007b, 2008; Jolis et al., 2013, 2015; Stabile and Car-
roll, 2019), Colli Albani (Di Battistini et al., 1998, 2001; Di Rocco et al.,
2012; Di Stefano et al., 2018; Freda et al., 2008; Gaeta et al., 2009; Gozzi
et al., 2014; IaconoMarziano et al., 2007a; Kleest et al., 2020; Kleest and
Webb, 2021, 2022; Mollo and Vona, 2014), andMt. Etna (Chiodini et al.,
2011; Michaud, 1995; Mollo et al., 2011, 2012; Villemant et al., 1993) in
Italy, Merapi in Indonesia (Chadwick et al., 2007; Troll et al., 2012) and
Popocatepetl, Mexico (Goff et al., 2001; Schaaf et al., 2005). Our
research establishes the groundwork for measuring the influence of
carbonate assimilation on magma viscosity, mostly concentrating on the
straightforward scenario of anhydrous chemical compositions. Never-
theless, while this limitation is present at the laboratory scale, it is
somewhat offset by two factors: 1) the relative low amount of H2O that
can be dissolved in melts forming in CO2-saturated magmatic reservoirs,
and 2) the observation that both the increase of H2O and T contribute to

Fig. 7. Viscosity data for phonotephritic melts. White circles are viscosities of
sample C10M4 derived by CC and DSC, while the white squares refer to MP
measurements. Green symbols are viscosity data from Giordano and Dingwell
(2003). MYEGA fits of viscosity data are also shown in figure as black and green
curves. (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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lowering the viscosity of the melt in the same direction Specifically, our
data allow to discuss the mobility and the mixing capability of melts
subjected to different degrees of carbonate assimilation.

At Vesuvius, the magma chamber feeding the Pollena eruption was
estimated to be at relatively shallow depth (3–4 km; Scaillet et al., 2008)
within a thick calcite- and dolomite-bearing carbonate crust (Bruno
et al., 1998; Cioni et al., 1998; Del Moro et al., 2001; Fulignati et al.,
2004; Iacono Marziano et al., 2007b, 2008; Jolis et al., 2013, 2015;
Sulpizio et al., 2005, 2007; Vona et al., 2020). According to the evolu-
tion trend inferred by Cioni et al. (1998) at Vesuvius, the magma
chamber feeding Pollena eruption was in a “young” stage, typical of
subplinian eruptive activity, characterized by a continuous thermal (T
ranging from 850 to 1120◦C) and compositional gradients from a colder
and evolved phonolite magma at the top to a hotter and more mafic
phonotephritic magma at the bottom. Fulignati et al. (2004) interpreted
the occurrence of xenoliths (i.e. clinopyroxenites, glass-bearing fergu-
sites and foid-bearing syenites) in Pollena eruptive products as preser-
vation of the magma chamber solidification front. Beyond the

solidification front, endoskarns or magmatic skarns formed at T <

1000◦C (melilite-bearing endoskarns) or T < 800◦C (phlogopite-bearing
endoskarns), as the result of crystallization from Ca- and/or Mg-
enriched melts, whose compositions results from the mixing of silicate
melts with different amounts of CaO and MgO derived from the host
carbonates (Knuever et al., 2023a).

As shown in Fig. 1, the compositions of our undoped and doped melts
explore the same compositional range described by a mixing line con-
necting Vesuvius juvenile products (representing the “normal” compo-
sition of vesuvian magmas) to the most Ca-Mg-rich residual glasses of
the endoskarn xenoliths. Therefore, our data set allows to track the
rheological behaviour in an ideal profile along the chamber solidifica-
tion and assimilation front towards the carbonate host rocks, starting
from the pristine tephriphonolite melt (C10M4). In such a scheme,
experimental CaO- and CaO-MgO-doped melts mimic hybrid melts that
have undergone variable degrees of carbonate (calcite to dolomite)
assimilation at different distance from the carbonate host.

The effects of carbonate assimilation are not limited to the magma

Fig. 8. Melt viscosities defined at three different target temperatures of 1000, 750 and 666 ◦C. Viscosities are computed by the GRD (square), LDS (star) and BLS
(triangle) models and analysed as a function of CaO + MgO in wt%. Solid lines depict the viscosity trend of the CaO and CaO + MgO series, while dashed lines
illustrate the deviation between the viscosity trend calculated by employing MYEGA parameterizations and the GRD, LDS and BLS models.
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chamber walls but can pervade throughout. For instance, Jolis et al.
(2015) showed that crystals in Vesuvius eruptive materials frequently
exhibit elevated isotopic ratios of δ18O (~7–11 ‰), indicating assimi-
lation of carbonate wall-rocks with high δ18O-values (~28–33‰). This
suggests either widespread carbonate assimilation affecting significant
portions of the stored magmas, or highly efficient mixing between
contaminated magmas forming at the chamber margins and the residual
pristine magma (Knuever et al., 2023a).

Several studies explored the rheological constraints on the magma
mixing process (see Morgavi et al., 2022 for a recent review). Magma
mixing occurs more efficiently when the viscosity difference between
the end-member magmas is low, whereas for a higher viscosity contrast,
magmas are only mechanically mixed (i.e., magma mingling) and do not
form compositionally hybrid melts (Davì et al., 2009; Huppert et al.,
1984; Sparks and Marshall, 1986). In the present study, we observe a
very narrow range of temperature (T ≈ 750 ◦C) at which anhydrous
viscosity of all studied composition converge (i.e. η ≈ 108.7 Pa s). Such a
critical T, termed “inversion temperature” (Ti, after Fernandez and
Gasquet, 1994) could delineate optimal conditions for the mixing of
magmas undergoing variable degrees of carbonate assimilation, poten-
tially generating a broad spectrum of hybrid compositions. Similarly,
this minimal viscosity contrast may facilitate rapid carbonate assimila-
tion during magmatic stoping, a process believed to produce significant
CO2 fluid, enhancing the eruption explosivity (Buono et al., 2020;
Knuever et al., 2023c).

At T > Ti, CaO and CaO-MgO-rich magmas are the less viscous than
undoped phonotephrite, whereas at T < Ti these magmas become more
viscous. The rheological behaviour of CaO-MgO-enriched melts
compared to pristine melts resembles the injection of a mafic melt into a
more felsic host magma. In that case, many studies (e.g., Davì et al.,
2009; Fernandez and Gasquet, 1994) have shown that mixing occurs
when the mafic end-member is less viscous than the felsic one, while the
opposite case leads to mingling and the preservation of mafic enclaves.
Similar rheological constraints may apply to melts undergoing different
degrees of carbonate assimilation, where CaO-MgO-enriched melts
efficiently mix with the host magma at T > Ti, while CaO-MgO-enriched
melts are preserved as CaO-MgO-rich enclaves (i.e. endoskarn xenoliths)
at lower temperatures.

It is crucial to note that our data, measured on nominally anhydrous
melts, can only be qualitatively applied to natural settings. For instance,
the absolute value of viscosity at the inversion temperature (η > 105 Pa
s) would be too high to allow magma mixing (Morgavi et al., 2022;
Woods and Cowan, 2009). The water content in pre-eruptive Pollena
magmas, estimated at 3–5 wt% by Fulignati and Marianelli (2007)
through melt inclusion analysis in phenocrysts, suggests potential
changes in the melt fragility and viscosity with dissolved H2O content,
thereby impacting the inversion temperature value. According to the
chemical-based models discussed above, adding 3–5 wt% H2O to the
melt composition could decrease its viscosity by approximately 4 orders
of magnitude. Moreover, our data were collected for a single-phase
(liquid) melt, excluding the rheological effects of crystallization and
CO2 gas produced by carbonate thermal decomposition. While the
presence of a crystals is expected to increase magma viscosity, the
presence of a gas phase could produce either an increase or a decrease of
magma viscosity depending on the deformation regime (Mader et al.,
2013). Finally, the pressure-dependence of viscosity, although playing a
secondary role at low pressure as those investigated here (P = 100 MPa;
Russell et al., 2022), has been neglected. Precisely determining the
comprehensive rheological behaviour of these magmas is essential for
accurately modelling magma homogenization (mingling vs. mixing) and
flowmobility (Colucci et al., 2024). Therefore, future research that focus
on the rheology of multiphase, H2O-bearing endoskarn melt from
Vesuvius would be of great value.

5. Conclusions

Viscosity data for a phonotephrite from Vesuvius (Italy), contami-
nated by variable amounts of carbonate materials, show a viscosity
crossover in the temperature space when CaO and CaO+MgO are added
to the anhydrous starting material. The pristine melt shows the highest
viscosity above a critical temperature of 750 ◦C, whereas it attains the
lowest viscosity value below this threshold. The addition of CaO induces
a viscosity variation significantly larger than that produced by CaO +

MgO addition, pointing to a predominant role of CaO compared to MgO
in affecting the viscosity of the silicate liquid. Viscosity estimates ob-
tained by using empirical models from literature do not reproduce our
experimental data set, particularly for high doped melts. Differently
from chemically-based models, the Brillouin spectroscopy approach,
combined with differential scanning calorimetry, provides the most
accurate predictions for our viscosity data set. By interpolating Raman
spectroscopy with viscometry data, we identified the formation of
nanoheterogeneities during viscosity measurements and quantified their
impact on melt viscosity.

This research establishes a foundation for understanding processes
occurring within the volcano plumbing system, such as the interaction
between magma and host carbonate rocks, the formation and homoge-
nization of hybrid magma compositions (mingling versus mixing), and
the flow behaviour of magmas at pre- and syn-eruptive conditions,
where magmatic stoping can promote rapid host rock assimilation, CO2
release, and enhanced eruption explosivity. These insights are especially
relevant in volcanic contexts like Vesuvius were magma‑carbonate
interaction are well-documented. Further research is needed to
comprehensively understand the additional rheological complexities of
multiphase, H2O-bearing contaminated melts.
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