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Abstract

The dynamic interplay between magmas and carbonate wall rocks within volcanic plumbing systems
heavily influences the chemical and physical properties of erupted magmas. In this study we present results
from isothermal static experiments (ISEs) and isothermal deformation experiments (IDEs) aimed at
investigating the rheological evolution of a phonotephritic melt from Somma-Vesuvius (Italy) under variable
shear rates and CaO and CaO+MgO doping levels. Flash differential scanning calorimetry is also used to
determine the viscosity of interstitial melt, allowing for the first direct assessment of how crystallization affects
melt rheology without relying on empirical viscosity models. Two distinct rheological scenarios emerge from
IDEs: 1) a viscous deformation, characterized by uniform flow, and 2) a non-homogeneous deformation,
featuring shear localization and viscous/brittle rupture of the magma. As both shear rate and doping level
increase, a non-Newtonian melt behavior is observed due to stress localization and rupture, facilitated by the
development of the crystal network. The narrower viscosity range measured from IDEs, compared to models
of pure viscous behavior, suggests that shear localization and fracturing reduce the resistance to flow in doped,
crystal-rich samples. The complex rheology of doped melts reflects the disaggregation of skarn shells at the

margins of magma chambers, thereby facilitating skarn recycling and enhancing magma contamination.

Keywords: melt rheology, shear rate, magma-carbonate assimilation, skarn rocks
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1. Introduction

The interaction between magmas and surrounding country rocks is a dynamic process that occurs under
various volcanic settings and across different timescales (e.g., Huber et al., 2009; Sparks et al., 2019; Knuever
et al., 2023a). When magma stalls within the carbonate crust its interaction with the country rock involves
mechanical, thermal, and chemical processes, including convective flux/strain rate, thermal cracking, heat
loss/exchange between the hot magma and the cold carbonate, and contamination phenomena (Caricchi et al.,
2021; Del Gaudio and Ventura, 2008; Di Rocco et al., 2012; Mollo et al., 2010; Mollo and Vona, 2014). These
processes promote the erosion and transport of host rock portions and metamorphosed blocks into the
magmatic body, while heat loss/exchange results in decarbonation reactions at the magma-carbonate interface
(Knuever et al., 2023b). However, limestone and dolostone decarbonation reactions promote the assimilation
of CaO and CaO+MgO by magma, thereby changing the chemistry of the parental melt and ultimately
influencing its rheology. At the same time, the intricate multi-step progression from the interior of the magma
chamber to the carbonate wall rock facilitates the formation of different skarn rocks, which are categorized as
1) exoskarns, forming through solid-state thermal metamorphic reactions in the carbonate protolith, and 2)
endoskarns, crystallizing directly from magmas that assimilate carbonate materials (Barnes et al., 2005; Carter
and Dasgupta, 2016; Di Rocco et al., 2012; Knuever et al., 2023b; Mollo and Vona, 2014; Wenzel et al., 2002).

At Somma-Vesuvius (Italy), the assimilation of carbonate by magmas is testified by the presence in
the erupted products of abundant exoskarn/endoskarn xenoliths, reflecting various degrees of CaO and MgO
contamination at shallow depths within the magma chamber (Bruno et al., 1998; Jolis et al., 2015). Somma-
Vesuvius is characterized by different types of eruptions, ranging from effusive lava flows to explosive
Strombolian, sub-plinian and plinian events, with compositions variable from mildly silica-undersaturated
(basalt to trachyte) to highly silica-undersaturated (tephrite to phonolite). This variability in
eruptive/compositional styles is attributed to changes in the mantle source (Ayuso et al., 1998; Peccerillo,
2019, 2001; Somma et al., 2001), magma mixing and differentiation (Cioni et al., 1995; Civetta et al., 1991),
and magma-carbonate interaction (Del Moro et al., 2001; Gilg et al., 2001).

To date, several experimental studies across various volcanic settings have underscored the impact of
mechanical deformation on the crystallization kinetics, which influences the rheological evolution of the melt,

the transport capability of magma and its eruptive style (Chevrel et al., 2015; Di Fiore et al., 2024, 2021a;
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Harris et al., 2020; Kolzenburg et al., 2022, 2018, 2016; Mollo et al., 2020; Vetere et al., 2021, 2024; Vetere
and Holtz, 2020; Vona et al., 2011; Vona and Romano, 2013). One of the primary effects of the deformation
regime on melt crystallization is the reduction of the activation energy for nucleation, which is achieved by
increasing the likelihood of random collisions of atoms within the melt phase (Hammer, 2008; Kolzenburg et
al., 2018; Kouchi et al., 1986; Tripoli et al., 2019). Because the diffusive atomic mobility increases upon the
effect of convective stirring, the crystallization rate of the melt markedly increases as the result of a shorter
incubation time of nucleation (Di Fiore et al., 2022; Hammer, 2008; Kouchi et al., 1986; Sehlke et al., 2014;
Vetere et al., 2021; Vona and Romano, 2013).

To elucidate the impact of dynamic deformation on the rheological evolution of magmas upon
crystallization, two interrelated effects must be considered: (1) the crystallinity change resulting from an
enhanced crystal nucleation and growth process, and (2) the compositional evolution of the residual melt as a
function of crystallization (Di Fiore et al., 2023, 2021b; Kolzenburg et al., 2018, 2016; Picard et al., 2013;
Sehlke et al., 2014; Sehlke and Whittington, 2020; Soldati et al., 2024). The physical influence of particles on
viscosity has been the subject of extensive investigation, prompting substantial efforts aimed at developing,
validating, and parameterizing models that describe the rheology of multiphase suspensions (Costa et al., 2009;
Frontoni et al., 2022; Mader et al., 2013; Pabst et al., 2006; Vona et al., 2011). Suspended solid particles are
rigid obstacles in a flow which increase viscous dissipation by forcing the fluid flow lines to deviate around
them. Whilst particles may accommodate some of the bulk strain in the suspension through solid-body rotation,
the viscosity of a particle suspension is always higher than the viscosity of the particle-free liquid (Mader et
al., 2013; Mueller et al., 2010). As the solid fraction in a suspension increases, a significant shift occurs in
response to a transition towards solid-like behavior. This critical point, defined by the maximum packing
density of the particles, marks the threshold where fluid flow ceases, and the system may undergo brittle failure
under additional stress. The evolution through distinct rheological states is influenced not only by particle
concentration but also by factors such as particle shape, size, distribution, and orientation (Arzilli et al., 2022,
2019; Kolzenburg et al., 2020; Lejeune and Richet, 1995; Moitra and Gonnermann, 2015; Mueller et al., 2010;
Pabst et al., 2006; Pistone et al., 2016; Vona et al., 2011).

Building upon the above considerations, Giuliani et al. (2024) conducted a systematic study with the

aim to investigate the influence of CaO and Cao+MgO on the crystal-free rheological evolution of a
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phonotephrite melt from Somma-Vesuvius, under both high- and low-temperature regimes. The composition
of the CaO and CaO+MgO-doped starting material closely resembled that of melt inclusions and interstitial
glasses found in natural skarn xenoliths due to assimilation of carbonate rocks by magmas. Giuliani et al (2024)
found that the pristine melt exhibits the highest viscosity above a critical temperature of 750 °C, while attaining
the lowest viscosity values below this threshold. The addition of CaO resulted in a significantly larger variation
in viscosity compared to the combined addition of CaO+MgO, highlighting the dominant role of CaO over
MgO in modifying the viscosity of the silicate liquid.

Here we experimentally investigate how the deformation regime and carbonate assimilation
collectively affect the crystallization and multiphase rheology of the same phonotephritic melt from Somma-
Vesuvius. Using flash differential scanning calorimetry, we extracted the viscosity of the residual melt,
enabling, for the first time, a precise assessment of crystallization effects on melt rheology without relying on
empirical viscosity models. We have recently documented that these models perform poorly within the
chemical parameters of this study (Giuliani et al., 2024). By examining the interaction between mechanical
deformation and melt contamination, we explore the processes governing the nucleation and growth of crystals,
along with the resulting changes in the melt viscosity. Our contribution provides insights into the mechanisms
that control the efficiency of magma transport in volcanic systems open to variable degrees of carbonate

assimilation.

2. Methods

2.1 Starting material

The starting material employed in this study is a leucite-bearing phonotephrite from the 472 CE Pollena
subplinian eruption of Somma-Vesuvius (Di Fiore et al., 2023; Sulpizio et al., 2005; Vona et al., 2020).
Following the procedure reported by Mollo and Vona (2014) and Giuliani et al. (2024), the undoped
phonotephrite (sample C10M4) 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 CaCOjs (i.e., CaCOs solid + CaO solid + CO, gas), as CaO is an unstable
compound at atmospheric pressure conditions. As detailed in Table 1, a first aliquot of the powder was doped

with only ~8 (sample C18MS5) or ~17 (C26M5) wt.% CaO, whereas a second aliquot of the powder was doped
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with ~4 wt.% CaO plus addition of ~5 wt.% MgO (sample C13M8) and with ~11 wt.% CaO plus addition of
~15 wt.% MgO (sample C19M17). Both undoped and doped rock powders were melted in a 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.

2.2 Isothermal deformation and static experiments

Giuliani et al. (2024) characterized the crystal-free melt viscosity (#i4uiq) of the doped and undoped
samples using high-temperature measurements with a concentric cylinder apparatus (CC) and low-temperature
measurements with a conventional differential scanning calorimetry (C-DSC). High-temperature
measurements were conducted from 1400 to 1150 °C, returning in a viscosity range from 10%3¢ to 10>”! Pa-s.
In contrast, low-temperature measurements were conducted from 719 to 639 °C, returning a viscosity range
from 10'°32 to 10'>* Pa-s.

Crystallization experiments were conducted using a a Rheotronic II Rotational Viscometer equipped
with a concentric cylinder setup at the Experimental Volcanology and Petrology Laboratory (EVPLab) of the
University of Roma Tre, Rome, Italy. The system is equipped with an Anton Paar Rheolab Qc viscometer head
(full-scale torque of 75 mNm), a PtsoRhyo crucible (62, 32, and 1.5 mm in height, inner diameter, and wall
thickness, respectively) and a PtsoRhyo stirring spindle (3.2 and 42 mm in diameter and length, respectively).
The experimental setup was calibrated against the NIST 717a standard reference material, providing an
accuracy better than 0.06 log units (Di Fiore et al., 2021b). Temperature measurements were performed with
a S-type thermocouple with accuracy of £2 °C. Two types of isothermal crystallization experiments (Table 1)
were conducted at ambient pressure and air oxygen fugacity: i) isothermal deformation experiments (IDEs),
applying shear strain rates (y) of 1 and 5 s™!, and ii) isothermal static experiments (ISEs), conducted under
static conditions (i.e., no melt stirring). Prior to crystallization, a superliquidus pre-treatment (7s) was applied
to ensure chemical homogenization and thermal equilibration. This involved heating the melt at 25 °C/min
from room temperature to 1300 or 1400 °C, then stirring the melt at a shear rate of 10 s™! for 2 h. After thermal
pre-treatment, the melt was cooled at 25 °C/min to the subliquidus target temperature of 1180 °C.

For the ISEs, we focused on the undoped (C10M4st), CaO-doped (C18M5st and C26M5Sst) and

CaO+MgO-doped (C13M8st and C19M17st) samples. To investigate the effect of doping level on equilibrium
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crystallization evolution in static conditions, experiments were performed in the absence of stirring by
positioning the spindle outside the crucible. Consequently, no monitoring of the real-time viscosity evolution
during crystallization is available for these experiments.

For the IDEs, two distinct experimental subsets were performed using a variable shear rate. The first
subset was performed with a shear rate of 1 s, focusing on the undoped (C10M4sr1) and all doped samples
(C18M5srl, C26M5srl, C13M8srl, and C19M17srl). The second subset was performed with a shear rate of
5 71, focusing on the undoped (C10M4sr5) and two doped samples (C18M35sr5 and C13M8sr5). The evolution
of viscosity was monitored for 20-24 h, until a time-independent apparent viscosity (#.) was achieved,
indicating a stable crystal content (Chevrel et al., 2015; Di Fiore et al., 2021b; Vona and Romano, 2013).

At the end of the experimental runs, the samples were rapidly quenched using a cooling rate of ~120
°C/min by holding the crucible walls under flowing water (Campagnola et al., 2016). The quenched samples

were then drilled, mounted in epoxy, and finally polished for subsequent chemical and textural analyses.

Table 1. Experimental conditions for IDEs and ISEs.

Experiment CaO MgO Cooling/heating  Superliquidus Dwell Strain Dwell Pressure Oxygen
added added rate temperature temperature rate  time fugacity
# (Wt.%) (wt.%) (°C/min) (°C) (°C) (s (h) (MPa)  (buffer)
ISEs
C10M4st 0 0 25 1300 1180 0 24 0.1 air
C18M5st 7.84 0 25 1300 1180 0 24 0.1 air
C26M5st 16.81 0 25 1300 1180 0 24 0.1 air
C13M8st 3.92 5 25 1300 1180 0 24 0.1 air
CI9M17st  11.21 15 25 1300 1180 0 24 0.1 air
IDEs
C10M4srl 0 0 25 1300 1180 1 22 0.1 air
C18M5srl 7.84 0 25 1300 1180 1 24 0.1 air
C26M5srl 16.81 0 25 1300 1180 1 24 0.1 air
C13M8srl 3.92 5 25 1400 1180 1 24 0.1 air
CI9M17sr1  11.21 15 25 1300 1180 1 24 0.1 air
C10M4sr5 0 0 25 1300 1180 5 24 0.1 air
C18MS5sr5 7.84 0 25 1300 1180 5 22 0.1 air
C13M8sr5 3.92 5 25 1300 1180 5 24 0.1 air

2.3 Differential Scanning Calorimetry

So far the viscosity of the residual melt at a post-crystallization stage has been estimated using
empirical models based on chemical composition (Giordano et al., 2008; Hui and Zhang, 2007; Langhammer
et al., 2022). This approach has been extensively utilized across various studies (i.e., Campagnola et al., 2016;

Chevrel et al., 2015; Di Fiore et al., 2023, 2021b; Harris et al., 2024; Kolzenburg et al., 2018; Picard et al.,
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2013; Vona et al., 2011). Other studies adopted different strategies, such as the viscosity measurement of a
newly synthesized melt with chemistry equivalent to that of the residual melt (e.g., Sehlke et al., 2014; Soldati
et al., 2016). However, as demonstrated in our recent work (Giuliani et al., 2024), chemically-based models
fail significantly to describe the crystal-free viscosity of the starting melts used in this study and, likely, the
residual melts obtained after a certain degree of crystallization. Additionally, new syntheses of analogue
samples may be subjected to chemical uncertainties and possibility different iron oxidation conditions (Di
Fiore et al., 2024 and references therein). Therefore, to directly extract the residual melt viscosity and assess
the effect of crystallization on the rheology of the magma, we have coupled conventional (C-DSC) and Flash
(F-DSC) differential scanning calorimetry, as detailed below.

Conventional Differential Scanning Calorimetry (C-DSC) allows the study of the glass transition
interval via the measurement of the fictive temperature (7)) using milligrams of glass with heating rates in the
range of degrees per minute. In contrast, Flash Differential Scanning Calorimetry (F-DSC) operates at much
higher heating rates (thousands of degrees per second) and requires nanograms of material, making it ideal for
samples that are prone to crystallization within timescales typical of C-DSC. For a detailed review, see Fanesi
et al. (2025).

Building on the foundational work of Adam and Gibbs, 1965 and the model of Narayanaswamy
(1971), Scherer (1984) derived a relationship between 7y and cooling rate (¢ in K-s™), paralleling equilibrium

viscosity (1) through a shift factor (K):

logion (Ty) = 11.3 = logio(q) Eq. (1)
This relationship was validated for basaltic melts over a range of cooling rates from 1072 to 10° K-s™ (Yue et
al., 2004) with a recalibrated K = 10" Pa-K. Di Genova et al. (2020b) expanded these findings using the
characteristic temperature Tonset (1.€., T7) to various silicate compositions, confirming a chemically invariant
shift factor, Konsee = 1029015 Pa-K. Stevenson et al. (1995) refined the analysis by using characteristic

temperatures such as 7geat, representing the peak heat flow, leading to a reformulation of Scherer’s equation:

logiom (Tgpeak) = erak — logio (qc,h) Eq.(2)
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The study of Stevenson et al. (1995) focused on SiO,—rich melts (e.g., rhyolites) and found that K. ranges

Na20+K20

from 10'"! to 10'"8 Pa-K as a function of the agpaitic index [( e
2Y3

)], with an average Kpeq of 10104

Pa-K. Afterwards, Webb and Knoche (1996) compiled 7.+ data for 70 silicate melt compositions in the albite—
anorthite—diopside, Na,O-SiO,, and haplogranitic (HPG8) systems and found an average Kyeax = 10'%1* Pa-K
from 135 data. Gottsmann et al. (2002) focused on a wide range of melts with different compositions and
described Kpeqy as a composition-dependent term equal to 1010-321-0175In() pa.K where x is the molar
percentage of excess (network modifying) oxides. Recently, (Di Genova et al., 2023, 2020b; Fanesi et al.,
2025; Giuliani et al., 2024; Scarani et al., 2022b; Stabile et al., 2021; Valdivia et al., 2024a, 2023; Zandona et
al., 2023) demonstrated that Konsee = 10112915 Pa-K and Kpeax = 10°%4*°2% Pa-K remain chemically invariant
across a wide compositional range using both iron-free and iron-bearing systems (e.g., diopside, cordierite,
anorthite, spodumene, several natural silicate melts, and a peridotitic composition). These findings align with
those from previous studies (e.g., Scherer, 1984; S. L. Webb and Knoche, 1996; Yue, 2008) and have been
corroborated using different techniques (Di Genova et al., 2023; Valdivia et al., 2024b; Zandona et al., 2023).

Here, to derive melt viscosity from both C-DSC and F-DSC analyses, shift-factors Kouser = 11.20 £
0.15 and Kpear = 9.84 £ 0.20 were used. Giuliani et al. (2024) have recently outlined that these shift factors are
constant and thus independent of melt chemistry considered in this study.

C-DSC measurements were performed with a Netzsch 404F3 Pegasus, installed at the EVPLab. The
sample mass of the crystalline glass loaded into a PtsyRhyo crucible was approximately 20 £+ 5 mg. T and
Tpear (Fig. 1) were measured at heating and cooling rate (g.») of 10 and 20 °C min™!, under N, 5.0 atmosphere
(80 ml min"! flow rate). The calibration of the C-DSC temperature was performed up to ~1050 °C using the
melting point of different reference materials (In, Sn, Bi, Zn, Al, Ag, and Au) (Di Genova et al., 2020a; Stabile
et al., 2021). Baseline measurements were conducted using two empty crucibles.

F-DSC measurements were performed with a Mettler-Toledo Flash DSC 2+, installed at the GLASS
laboratory CNR-ISSMC, Rome, Italy. The instrument is equipped with a UFH1 sensor, enabling measurements
up to 1,000 °C and g..»0f 30,000 K s, As displayed in Fig. 1, we used g, of 1,000 and 5,000 K s™!, respectively
(Al-Mukadam et al., 2020; Scarani et al., 2022a). Prior to measuring the characteristic glass transition
temperatures (Tonse: and Tpeqr) of the melt, a two-step thermal treatment of an empty sensor was performed

according to the manufacturer's temperature program. Initially, the temperature of the glass chip and sensor



260  support was set at 27 °C. Once thermal equilibrium was reached, we carried out the so-called “conditioning”
261  program, which consists of a series of heating and cooling steps at the maximum operating temperature. Such
262  a temperature program is required to remove the thermal history of the glass chip. Subsequently, the
263  thermocouple correction program was carried out. F-DSC measurements were conducted on interstitial glass
264  material from the post-run samples. Specifically, we powdered the partially crystallized quenched samples and
265  manually isolated the interstitial glass of interest using a fine-haired pen for precise selection. To obtain an
266  optimal signal-to-noise ratio, a glass mass ranging from ~10 to ~300 ng was used (Al-Mukadam et al., 2020).
267  The F-DSC was calibrated using the melting temperature of aluminum (7, = 660.4 °C) and indium (7, = 156.6
268 °C).
269
Figure 1. Heat flow of C18M5sr1 glass measured as a function of temperature using conventional (C-DSC)
and Flash (F-DSC) differential scanning calorimetry. Dashed lines correspond to the second upscan during

measurements performed at 10 and 20 K min ™! and at 1000 and 5000 K s™! using the rate-matching method
(Di Genova et al., 2020b; Stabile et al., 2021; Valdivia et al., 2023).

1 694 705 850 890 Tpeak

10 K min~
20K min’!
1000 K sec”
5000 K sec”!

1

C-DSC F-DSC

Heat flow (a.u.)

Tonset 666 ' 670 793 ' 819

500 ' 660 ' 760 ' 860 ' 960 ' 1000
T(°C)

270

271 2.4 Microprobe analysis

272 Major element compositions of residual glasses from ISEs and IDEs (Table 2) were determined by

273  electron probe micro-analyzer (EPMA) Cameca SX100 equipped with five WDS (wavelength dispersive)

274  spectrometers and one EDS (energy dispersive) spectrometer and installed at the Natural History Museum in
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London (UK). Analyses were performed on carbon-coated samples 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
um. Elemental counting times were 15 seconds on the peak and 5 seconds on each of the two background
positions. The following standards were used for calibration: jadeite (Si and Na), corundum (Al), forsterite
(Mg), andradite (Fe), rutile (Ti), orthoclase (K), barite (Ba), apatite (P), and spessartine (Mn). 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 analyzed elements.

Table 2. Microprobe analyses of the starting materials (from Giuliani et al., 2024) and residual glasses (post-
ISEs and post-IDEs) resulting from isothermal static and deformation experiments. Analyses are normalized
to 100%. o represents the standard deviation of 10 microprobe analyses.

Starting

material SiO; TiO, AL O; FeOxor, MnO MgO CaO Na,O K,0 P,0s
C10M4 50.76 0.84 17.47 6.03 0.14 4.00 10.08 2.95 7.18 0.55
c 0.19 0.05 0.11 0.18 0.03 0.07 0.18 0.08 0.07 0.06
CI18M5 46.12 0.74 15.62 5.50 0.13 4.5 18.09 2.60 6.24 0.45
c 0.37 0.05 0.17 0.13 0.03 0.15 0.77 0.11 0.28 0.05
C26M5 41.49 0.68 13.66 4.81 0.12 491 26.35 2.20 5.33 0.44
c 0.36 0.02 0.11 0.10 0.03 0.09 0.52 0.06 0.18 0.09
C13M8 46.67 0.77 15.9 5.46 0.12 8.29 13.10 2.68 6.50 0.50
c 0.35 0.06 0.14 0.11 0.03 0.48 0.37 0.05 0.26 0.06
C19M17 38.8 0.65 12.95 4.92 0.12 17.02 19.15 1.82 4.15 0.42
c 1.05 0.08 0.47 0.10 0.04 1.81 0.46 0.18 0.50 0.06
post-ISEs SiO; TiO> AlLO; FeOrot. MnO MgO CaO Na,O K,0 P05
C10M4st 50.40 0.81 17.36 6.24 0.14 4.22 9.80 2.99 7.58 0.45
G 0.45 0.02 0.14 0.02 0.01 0.04 0.06 0.07 0.09 0.02
C18M5st 47.10 0.89 16.14 6.08 0.18 4.15 15.62 3.26 6.07 0.57
G 0.43 0.12 0.11 0.08 0.05 0.41 0.32 0.53 0.74 0.23
C26M5st 42.25 0.99 16.74 6.66 0.16 2.76 18.67 2.55 8.64 0.57
G 0.64 0.05 0.31 0.20 0.01 0.08 0.22 0.08 0.27 0.04
C13M8st 45.53 0.83 15.74 6.21 0.15 7.26 15.00 3.22 5.63 0.43
G 0.11 0.03 0.02 0.12 0.01 0.04 0.06 0.03 0.03 0.01
CI9M17st  41.72 0.74 14.55 7.97 0.18 7.35 17.59 2.77 6.76 0.37
c 0.72 0.01 0.19 0.02 0.01 0.16 0.21 0.02 0.14 0.03
post-IDEs SiO; TiOz Al,Os FeOyor. MnO MgO CaO Na,O K,0 P05

Cl0M4srl  50.37 0.89 17.37 6.44 0.16 4.13 10.16 3.33 6.65 0.51
c 0.36 0.02 0.20 0.01 0.01 0.03 0.02 0.05 0.11 0.03
Cl0M4sr5  50.62 0.87 17.05 6.69 0.16 4.39 10.05 3.24 6.38 0.56
c 0.38 0.03 0.35 0.15 0.01 0.13 0.65 0.10 0.19 0.07
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C18Mb5srl  44.75 0.84 15.23 6.22 0.14 4.71 19.56 2.98 5.16 0.42

c 0.04 0.02 0.08 0.01 0.01 0.05 0.01 0.07 0.02 0.04
CI18MS5srS  46.06 0.82 15.26 6.21 0.16 4.47 17.93 3.17 5.20 0.72

c 0.28 0.03 0.25 0.17 0.02 0.13 0.57 0.10 0.29 0.02
C26M5srl - 41.89 1.42 14.88 8.15 0.18 1.93 20.57 2.57 7.59 0.81

o 0.36 0.05 0.32 0.45 0.01 0.26 0.46 0.10 0.01 0.04
CI13M8srl  45.99 0.81 15.52 6.28 0.15 7.19 14.87 3.36 5.39 0.45

o 0.60 0.04 0.55 0.30 0.02 0.37 0.55 0.14 0.20 0.03
CI13MB8sr5  45.06 0.81 16.61 5.96 0.16 6.95 14.24 3.69 5.99 0.52

o 0.73 0.03 0.67 0.19 0.02 0.30 0.34 0.42 0.36 0.10
C19M17sr

1 41.61 0.81 15.92 6.13 0.13 7.92 17.68 3.01 6.14 0.65

c 0.24 0.06 0.38 0.22 0.01 0.15 0.28 0.12 0.26 0.02

2.5 Textural analysis

Photomicrographs were collected at different magnifications in reflected light using both an optical
microscopy and a field emission gun-scanning electron microscope FIB-SEM Scios 2 DualBeam installed at
the HP-HT Laboratory of Experimental Volcanology and Geophysics of the Istituto Nazionale di Geofisica e
Vulcanologia (INGV) in Rome (Italy). Backscattered electron (BSE) photomicrographs were acquired using
an accelerating voltage and electron beam current of 10 kV and 0.80 nA, respectively. The Image] software
(imagej.nih.gov/ij/) were employed for image binarization by grey level thresholding and manual drawing of
crystal outlines. The error associated with the segmentation process was assessed by adding or removing pixel
layers around each crystal in the binarized image. The resulting uncertainty in the crystallinity estimate is
approximately £3% (Di Fiore et al., 2023). Mean 3D crystal habits were evaluated using the CSDslice5
software implemented by Morgan and Jerram (2006), which compares the distribution of 2D size
measurements to a database of shape curves, thereby determining a best-fit 3D crystal habit in terms of short
(S), intermediate (/) and long (L) axis. Mean crystal shapes are expressed as mean aspect ratios R, calculated
following the method described by Vona et al. (2011). In some cases, the accurate determination of a mean

crystal shape is hindered by crystal clustering and/or intergrowth.

3 Results
3.1 Phase assemblage and textural features
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BSE photomicrographs illustrating the phase assemblage and textural features resulting from IDEs and
ISEs performed at 1180°C are displayed in Fig. 2. The change of mineral relations as a function of shear rate
and doping level is also illustrated in Fig. 3.

For ISEs, the undoped sample C10M4st is the only crystal-free experimental product among the entire
experimental set (Fig. 2). The low CaO-doped sample C18MS5st is characterized by clinopyroxene-leucite
intergrowths (R,, = 2.2), whereas melilite dominates the mineral assemblage of the high CaO-doped sample
C26M5st (R, = 3.0) (Figs. 2 and 3 and Table 3). The low CaO+MgO-doped sample C13M8st shows olivine-
leucite intergrowths (R, = 2.0). This phase assemblage is replaced by spinifex olivine (R, = 11.6) in the high
CaO+MgO-doped sample C19M17st (Figs. 2 and 3 and Table 3).

For IDEs, the mineral assemblage systematically changes as a function of both shear rate and doping
level (Figs. 2 and 3). In particular, the effect of convective stirring promotes the crystallization of melilite and
nepheline in both CaO- and CaO+MgO-doped samples. Clinopyroxene and leucite saturate the melt in
undoped samples C10M4sr1 and C10M4sr5, developing intricate intergrowth patterns (R, = 3.5 and R, = 1.9,
respectively). The low CaO-doped samples C18M5sr1 and C18MS5sr5 are characterized by the crystallization
of clinopyroxene, leucite and melilite (R, = 3.5 and R, = 2.1, respectively). Clinopyroxene disappears in the
high CaO-doped sample C26M5sr1, whereas melilite and nepheline expand their stability fields (R. = 4.5)
(Figs. 2 and 3 and Table 3). The low CaO+MgO-doped samples C13M8sr1 and C13M8sr5 (R, = 2.9 and R,
= 1.9, respectively) exhibit olivine, clinopyroxene and leucite, either as individual crystals or intergrowth
relations. Clinopyroxene is no longer stable in the high CaO+MgO-doped sample C19M17srl (R, = 2.6),

whereby olivine, nepheline and melilite crystallize (Figs. 2 and 3).
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Figure 2. BSE photomicrographs illustrating the phase assemblage and textural features resulting
from ISEs and IDEs. Gl, glass. Ol, olivine. Cpx, clinopyroxene. Lct, leucite. Nph, nepheline. Mll,
melilite
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Figure 3. Mineral relations as a function of shear rate and doping level in ISEs and IDEs. Plots (a)
and (b) illustrate the mineral phases of CaO-doped and CaO+MgO-doped samples, respectively. Ol,
olivine. Cpx, clinopyroxene. Lct, leucite. Nph, nepheline. MIl, melilite. The dashed lines
qualitatively indicate the in-out saturation conditions of crystalline phases and serve as a visual
guide. The exact boundaries between data points remain uncertain.
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3.2 Crystal fraction

Fig. 4 shows the crystal fraction (@) of ISEs and IDEs as a function of shear rate and doping level (see
also Table 3 for further quantitative details).

For ISEs, the magnitude of @ increases from ~32% to ~43% with increasing the doping level of CaO
in samples C18M5st and C26M5st compared to the crystal-free undoped sample C10M4st (Fig. 4).
Conversely, the value of @ is significantly lower in samples C13M8st (@ ~10%) and C19M17st (@ ~8%)
doped with CaO+MgO (Fig. 4).

For IDEs, as the doping level of CaO and CaO+MgO increases, the magnitude of @ increases at
constant shear rate with exception of sample C19M17srl (Fig. Table 3 and Fig. 4). Increasing convective
stirring generally increases the crystal fraction, except for sample C18M5srl. For the undoped samples
C10M4srl and C10M4sr5, @ increases from ~16% to ~19% as the shear rate increases from 1 to 5 s/,
respectively (Fig. 4). For the weakly CaO-doped samples C18M5srl and C18M5sr5, @ increases from ~24%
to ~31%. Notably, for the highly CaO-doped sample C26M5sr1, @ significantly increases up to ~51% (Fig.

4). On the other hand, for the low CaO+MgO-doped samples C13M8srl and C13M8srS, @ increases from
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~30% to ~35% with increasing the shear rate. For the highly CaO+MgO-doped sample C19M17srl, @ is ~31%

(Fig. 4). These findings collectively suggest that, at high doping levels, the addition of CaO+MgO is less

effective in enhancing the crystallization process compared to the addition of only CaO.

Table 3. Phase abundance in ISEs and IDEs. The numbers in parentheses represent the aspect ratios (R)
of each mineral phase, while for total crystallinity, they indicate the mean aspect ratio (R,,) calculated as
reported in Vona et al. (2011).

Experiment  Olivine Clinopyroxene Leucite Nepheline Melilite Glass Totql .
crystallinity
Dy Depe D D Dot Diass Do
(%) (%) (%) (%) (%) (%) (%)
ISEs
C10M4st - - - - - 100 -
C18M5st - 10 (2.3) 22 (2.2) - - 68 32 (2.2)
C26M5st - - - - 43 (3.0%) 100 43 (3.0%)
C13M8st 5(2.0%) - 5(2.0%) - - 90 10 (2.0%)
CI9M17st 8 (11.6) - - - - 92 8 (11.6)
IDEs
C10M4srl - 7 (3.0) 9 (4.0) - - 84 16 (3.5)
C18M5srl - 2(2.2) 19 (2.6) - 3 (10) 79 24 (3.5)
C26M5srl - - - 6 (4.5%) 45(4.5%) 94 51 (4.5%)
C13M8srl 2 (5.0) 11 (3.0) 17 (2.7) - - 70 30 (2.9)
CI9M17srl 17 (2.0) - - 2 (4.5) 10 (3.4) 81 29 (2.6)
C10M4sr5 - 3(1.7) 16 (2.0) - - 81 19 (1.9)
C18M5sr5 - 5(4.0) 17 (2.0) - 9 (1.6) 78 31 2.1
C13M8sr5 3(5.0) 17 (1.6) 15 (2.0) - - 65 35(1.9)

* crystal clustering and/or intergrowth prevents the accurate determination of a mean crystal habit

elongation.

Figure 4. 3D histogram plot showing the crystal fraction evolution of ISEs and IDEs as a function
of both shear rate (0, 1, and 5 s') and CaO (left diagram; CaO = 10, 18, 26 wt.%) and CaO+MgO
(right diagram; CaO+MgO = 15, 21, 36 wt.%) doping levels. The dotted square refers to the crystal-
free static sample C10M4st. Ol, olivine. Cpx, clinopyroxene. Lc, leucite. Nph, nepheline. MII,

melilite.
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3.3 Chemical evolution of starting and residual glasses

According to the TAS classification diagram (total alkali vs. silica; Le Bas et al., 1986), the
composition of the starting glass shifts from a more differentiated phonotephrite (~51 wt.% SiO, and ~10 wt.%
Na,O+K;0) for the undoped sample C10M4 to a less differentiated phonotephrite for samples C18M5 (~46
wt.% SiO; and ~9 wt.% Na,O+K,0) and C13M8 (~47 wt.% SiO; and ~9 wt.% Na,O+K,0) weakly doped
with CaO and CaO+MgO, respectively (Fig. 5). Conversely, the composition of the starting glass corresponds
to that of a foidite for samples C26M5 (~41 wt.% SiO and ~8 wt.% Na,O+K,0) and C19M17 (~39 wt.% SiO»
and ~6 wt.% Na,O+K,0) highly doped with CaO and CaO+MgO, respectively (Fig. 4). As a general rule, the
addition of increasing amounts of CaO and CaO+MgO produces starting glasses that are progressively depleted
in Si0; and Na,O+K,O, thus reproducing both juvenile materials and skarn xenoliths erupted at Somma-
Vesuvius (Fig. 5). At the same time, the amounts of CaO and MgO in these compositions increase from ~10
to ~26 wt.% and from ~4 to ~17 wt.%, respectively, in response to carbonate assimilation (Table 2).

The compositions of residual glasses from static (i.e., C10M4st) and stirring experiments (i.e.,
C10M4srl and C10M4sr5) carried out on the undoped sample C10M4 cluster at the boundary between
phonotephrite and tephriphonolite (~50-51 wt.% SiO, and ~10-11 wt.% Na,O+K»O; Fig. 5). Similarly, residual
glasses obtained using as starting compositions samples C18M5 (i.e., C18M5st, C18M5srl and C18M5srl)
and C13MS (i.e., C13M8 and C13M8r1) weakly doped with CaO and CaO+MgO, respectively, cluster at the

boundary between tephrite and phonotephrite (~45-47 wt.% SiO» and ~8-9 wt.% Na,O+K,O; Fig. 5). The only



379  exception is found for the residual glass C13M8sr5, which is placed at the boundary between phonotephrite
380 and foidite (~45 wt.% SiO; and ~10 wt.% Na,O+K,0O; Fig. 5). On the other hand, residual glasses from static
381  and stirring experiments carried out on samples C26MS5 (i.e., C26M5st and C26M5srl) and C19M17 (i.e.,
382  CI9M17st and C19M17srl) highly doped with CaO and CaO+MgO, respectively, exhibit a more marked
383  differentiation trend within the foidite field (up to ~42 wt.% SiO; and ~11 wt.% Na,O+K,O; Fig. 5).

384 It is worth noting that residual glasses resulting from undoped samples and weakly doped CaO and
385 (CaO+MgO samples correspond to the compositions of juvenile materials erupted at Somma-Vesuvius,
386  whereas residual glasses from highly doped CaO and CaO+MgO samples fall within the field of skarn

387  xenoliths (Fig. 5 and S1).
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Figure 5. Total alkali vs. silica (TAS) diagram showing the compositions of undoped and doped starting
glasses and residual glass. The undoped starting material (C10M4) is represented as a white circle. CaO-
doped starting glasses are represented by the yellow (C18MS5) and red (C26M5) circles, whilst purple
(C13M8) and blue (C19M17) circles correspond to CaO+MgO-doped starting glasses. Diamonds refer to
residual glasses from ISEs. Squares and triangles refer to residual glasses from IDEs. The dark grey and
light grey fields represent juvenile materials (Jolis et al., 2015; Macdonald et al., 2016; Rosi and Santacroce,
1983; Santacroce et al., 2008) and skarn xenoliths (Del Moro et al., 2001; Fulignati et al., 2004, 2000; Jolis
et al., 2015) erupted at Somma-Vesuvius.
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3.4 Apparent viscosity evolution and post-run sample deformation

In IDEs, the temporal evolution of the apparent viscosity (#.) and shear stress (7) measured at 1180 °C
for undoped and doped samples is illustrated in Fig. 6 (shear rate of 1 s™') and Fig. 7 (shear rate of 5 s’!). These
different experiments display complex patterns of increasing viscosity and rheological response. A detailed
list and schematic graph of rheological parameters, such as the peak apparent viscosity (7 peat), minimum
apparent viscosity (7 min), peak stress ( zear), peak time (£,eqx) and the timespan (z,) to achieve the stable apparent
viscosity (7.), is reported in Table 4 and in Fig. S2.

The undoped samples C10M4srl (Fig. 6a) and C10M4sr5 (Fig. 7a) show that the apparent viscosity
increases with time in response to the thermal relaxation of the melt, as its structural framework adjusts from
the superliquidus state (1300-1400 °C) to the target temperature of 1180 °C. After ~30 min at 1180 °C, #, first
stabilizes to 10>%* Pa's (C10M4sr1) and 10*7° Pa-s (C10M4sr5), before increasing to 10>”’ Pa-s and 10*%* Pa-s,
respectively. Since these experiments were conducted at constant shear rate, with 7 = uy, the corresponding
value of T mirrors the evolutionary trend of viscosity, attaining 10”7 (C10M4sr1) and 10> Pa (C10M4sr5).
The surface morphology of the recovered samples is smooth, indicating that both the samples deformed
viscously upon the applied shear rate (Fig. 8a).

Low CaO-doped samples C18M5srl (Fig. 6b) and C18M5sr5 (Fig. 7b) exhibit a more complex
apparent viscosity evolution, which is characterized by an initial steep increase up to a maximum peak value
and a subsequent viscosity (and stress) drop. Afterwards, the increase in apparent viscosity is more smoothed.
For sample C18M5srl, a gentle viscosity increase shows a sawtooth profile made up of subtle viscosity drops
and recoveries (Fig. 6b). The apparent viscosity starts to increase after ~10 h and a peak value of log 10>°* Pa-s
(at 10>°* Pa) is achieved ~5 h later. After a local minimum of 10> Pa-s, a stable viscosity of 10> Pa-s is
attained at the end of the measurement (23 h). For sample C18M35sr5, the apparent viscosity starts to increase
after ~4 h and a peak value of 10*7° Pa-s (as 10*4° Pa) is achieved ~12 h later. After a local minimum of 10>3¢
Pa-s, a stable viscosity of 10** Pa-sis attained at the end of the measurement (20 h). The high CaO-doped
sample C26M5sr1(Fig. 6¢) exhibits a rapid increase in apparent viscosity up to 10*** Pa-s (at 10*33 Pa) after
~1 h and 20 min, then followed by a gradual decline to a stable value of 10°3* Pa-s (22 h).

Low CaO+MgO-doped samples C13M8sr1 (Fig. 6d) and C13M8sr5 (Fig. 7d) show apparent viscosity

trends like those observed for the low CaO-doped samples, with a viscosity peak followed by a drop. For
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sample C13M8sr1, there is an initial rise in apparent viscosity after ~3 h, peaking at 10*%° Pa's (and 10>*° Pa)
~2 h later, and declining to a stable viscosity of 10*% Pa-s ~17 h later. For sample C13M8sr35, there is a marked
initial increase in apparent viscosity after ~2 h, peaking at about 10** Pa-s (and 10*° Pa) and followed by a
further increase in apparent viscosity before stabilization at 10>°® Pa-s (20 h). For the high CaO+MgO doped
sample C19M17srl (Fig. 6¢), a rapid increase in apparent viscosity is observed, peaking at 10*!? Pa‘s (and
10*!2 Pa) within ~2 h. Afterwards, the apparent viscosity gradually decreases to 10>%® Pa-s, then increases

again and becomes stable at 10*!? Pa-s until the end of the experiment (22 h).

Notably, the examination of the surface morphology of all CaO and CaO+MgO-doped samples reveals
that the applied deformation regime induces a non-homogenous deformation characterized by viscous rupture

and fracture development (Fig. 8b).

Figure 6. Temporal evolution of the apparent viscosity (1.) for samples (a) C10M4srl, (b) C18M5srl, (¢)
C26M5srl, (d) C13M8srl and (e) C19M17srl at 1180 °C upon the effect of a shear rate (y) of 1 s™.. The
apparent viscosity is expressed as 'crystallization exp' (solid line). The crystal-free viscosity of the starting
glass (dotted line) from Giuliani et al. (2024), the crystal-free viscosity of the residual glass (dashed line;
see section 3.5) and the melt+crystal viscosity (solid line) calculated using the model of Frontoni et al.
(2022) (see section 4.2.3) are also presented for comparison in the figure. The modeling results for sample
C26M5srl (logrn.n= 7.85 Pa-s) are out of scale and therefore not displayed in the figure.
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Figure 7. Temporal evolution of the apparent viscosity (#,) for samples (a) C10M4sr5, (b) C18MS5sr5, (¢)
C13M8sr5 at 1180 °C upon the effect of a shear rate (y) of 5 s™!. The apparent viscosity is expressed as
'crystallization exp' (solid line). The crystal-free viscosity of the starting glass (dotted line) from Giuliani et
al. (2024), the crystal-free viscosity of the residual glass (dashed line; see section 3.5), and the melt+crystal
viscosity (solid line) calculated using the model of Frontoni et al. (2022) (see section 4.2.3) are also
presented for comparison in the figure.
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Table 4. Results of viscosity measurements from IDEs.
peak apparent peak peak minimum apparent  timeline of stable stable apparent
viscosity stress time viscosity viscosity viscosity
Na peak Tpeak tpeak Ma min ta Na
logion logio 7 h logion h logion
(n1in Pas) (rinPa) (hours) (nin Pa-s) (hours) (n71in Pa-s)
C10M4srl - - - - 20 2.77
C18M5srl 2.94 2.94 15 2.57 23 2.96
C26M5srl 4.33 4.33 1 - 22 3.34
C13M8srl 3.85 3.85 5 - 22 3.00
C19M17srl 3.12 3.12 3 2.98 22 3.12
C10M4sr5 - - - - 20 2.84
C18M5sr5 2.75 3.40 16 2.56 20 2.63
C13M8sr5 3.23 3.90 4 2.68 22 2.98
440
441
Figure 8. Surface morphologies of representative post-experimental samples. (a-b) Post-experimental
surface morphology of the samples recovered at the end of IDEs, showing two different rheological
behaviors: (a) viscous deformation (sample C10M4srl) and (b) viscous/brittle rupture (Sample
C26M5srl). Note that the hole at the center of the crucible indicates the spindle position. In (b), the high
crystal content (brown color) and the presence of crystal aggregates lead to the development of large
fractures. The inner diameter of the crucible is 32 mm.
442
443
444
445

446



447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

3.5 Viscosity of residual glasses

For all residual glasses, both 755 and Tpear from C-DSC and F-DSC measurements increase with
increasing cooling/heating rate (q.:). The residual glass C10M4sr5 exhibits the lowest Tyuser and Tpear for a
given g, whilst the residual glass C13M8sr5 displays the highest values of 7, and 7Tpear. The remaining
residual glasses fall in between these two end-members (Table 5). This suggests that variations in chemical
composition influence the structural relaxation of the melt.

The residual melt viscosity (77,), calculated by Eq. (3) at Touser and Tpear from C-DSC and F-DSC
measurements (Table 5), ranges from 10%!*to 10!''® Pa-s for temperatures varying from 890 and 638 °C (Figs.

1 and 9).

Table 5. Low temperature viscosity data derived by C-DSC and F-DSC.

Sample TIOanset TZ()onsel T]()O()onse[ T50000nset TI()peak TZOpeak TIO()Opeak T5000peak
°C 650 658 773 685 694 834
C10M4srl
logn (1 in Pa-s) 1198 11.68  8.19 1062 1032 634
°C 666 670 793 819 694 705 850 890
C18M5srl )
logn (ninPa-s)) | 11.98 11.68  8.19 749 | 1062 1032  6.34 6.14
°C 647 654 772 684 694 826
C26M5srl
log# (77 in Pa-s) 1198 11.68  8.19 10.62 1032 634
°C 652 661 777 681 697 839
C13M8srl .
log7 (77 in Pa-s) 1198 11.68 8.19 10.62 10.32 6.34
°C 658 662 787 693 700 856
C19M17srl )
log7 (77in Pa-s) 1198 11.68 8.19 10.62 10.32 6.34
°C 638 645 780 675 688 836
C10M4sr5 .
log7n (771n Pa-s)) 1198 11.68 8.19 10.62 10.32 6.34
°C 665 672 785 815 698 704 838 877
C18M5sr5 .
logn (ninPa-s)) | 11.98 11.68  8.19 749 | 1062 1032  6.34 6.14
°C 650 658 764 661 695 815
C13M8sr5 :
logn (17 in Pa-s) 11.98 11.68  8.19 10.62 1032 634

To model the temperature dependence of viscosity, data were fitted using the MYEGA equation
(Mauro et al., 2009), which requires values for the viscosity at infinite temperature (log 1), the glass

transition temperature (7,) and the melt fragility (m):

log197s(T) = 10g17e0 + (12 = logro7e) £ exp | (5o — 1) (£ - 1)) Eq. (3)
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The viscosity at infinite temperature is set to -2.93 (Langhammer et al., 2022; Zheng et al., 2011), T
corresponds to the temperature at which the viscosity is 10! Pa-s (i.e. Tigonser; Scherer, 1984; Table 5), and m
is a fit parameter. Residual melt viscosity data derived from C-DSC are similar to those obtained for the starting
melts (Giuliani et al., 2024; Fig. 7), although samples C10M4sr5 and C26M5sr1 exhibit larger deviations.
When considering data from F-DSC, the MYEGA fits for the residual melts markedly deviate from those of
the starting melts, showing crossovers at high temperatures for the undoped samples (i.e., C10M4srl and
C10M4sr5) and at low temperatures for the CaO (i.e., C18M5srl, C18M5sr5, and C26M5srl) and CaO+MgO
(C13M8srl, C13M8sr5, and C19M17srl) doped samples. The melt fragility, which illustrates how the melt
viscosity changes with temperature around 7, returns a broad range of values across the samples. The highest
melt fragility is observed for sample C13M8sr5 (40.04), indicating that the viscosity increases more rapidly
with cooling than other samples. The lower melt fragility of sample C19M17sr1 (35.44) suggests an opposite

behavior, highlighting differences in thermal dynamics due to varying chemical compositions (Table 6).

Table 6 shows the residual melt viscosities at 1180 °C, the temperature at which the crystallization
experiments were performed. The modeled viscosity indicates a viscosity generally higher than that measured
for the starting glasses, but lower than the melt+crystal viscosity measured from IDEs (Fig. 10). In the undoped
samples C10M4srl and C10M4sr5, the viscosities are relatively consistent to 10*%* and 10*"7 Pa-s,
respectively. In contrast, CaO-doped samples exhibit significant variations in viscosity across different doping
levels and shear rates. At low CaO-doping levels, the sample C18M35sr1 (shear rate of 1 s™!) displays a higher
residual viscosity compared to sample C18M35sr5 (shear rate of 5 s'), as well as compared to the high CaO-
doped sample C26M5srl. Conversely, at low CaO+MgO-doping levels, the sample C13MS8sr1 (shear rate of
1 s!) shows a residual viscosity higher than that derived for the sample C13MS8sr5 (shear rate of 5 s™). The

highest residual viscosity is calculated for the high CaO+MgO-doped sample C19M17srl.
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Table 6. Glass transition temperature (7¢) measured by C-DSC. Melt fragility (m) and
viscosity of the residual glasses (77,) from IDEs are calculated at 1180 °C through the
MYEGA equation from Mauro et al. (2009). The relative viscosity (77,) is calculated
as the ratio of the apparent viscosity of the suspension (77,) to the viscosity of the
residual melt (77,). The net effect of the crystallinity on the viscosity 7., and modeled
apparent viscosity 77.» are calculated using the model of Frontoni et al. (2022). The
difference between measured and modeled relative viscosities is expressed as A7,.

T, m log, logn, log 17m log 77am log A,
(°C) (n1n Pa-s) (n1n Pa-s)
C10M4srl 649 36.89 2.62 0.15 0.33 2.95 0.18
C18M5srl 666 37.43 2.74 0.22 0.61 3.34 0.39
C26M5srl 647 36.81 2.59 0.75 5.25 7.85 4.50
C13M8srl 652 36.83 2.65 0.33 0.82 3.47 0.49
CI9M17srl 658 35.44 2.90 0.21 0.74 3.64 0.53
C10M4sr5 638 32.02 2.77 0.07 0.31 3.08 0.24
C18MS5sr5 665 38.91 2.53 0.10 0.63 3.16 0.53
C13M8sr5 650 40.04 2.21 0.77 0.73 2.94 -0.04

Figure 9. Temperature-dependence of the viscosity measured for starting (Giuliani et al., 2024) and residual
glasses (this study). The MYEGA fits from the equation of Mauro et al. (2009) refer to viscosity data
obtained by C-DSC and F-DSC measurements at low and high temperature regimes. The viscosities of
starting melts are displayed as solid lines and circles (Giuliani et al., 2024). The viscosities of residual melts
and their modelling are displayed as squares and dashed lines for a shear rate of 1 s, and triangles and
dotted lines for a shear rate of 5 s™!. The melt+crystal viscosities from IDEs performed at 1180 °C are also
displayed as diamonds and inverted triangles for shear rates of 1 and 5 s™!, respectively. The panels show
the temperature-dependence of the viscosity measured for the undoped sample C10M4 (a), the low CaO-
doped sample C18MS5 (b), the high CaO-doped sample C26M5 (c), the low CaO+MgO-doped sample
C13MB8 (d), and the high CaO+MgO-doped sample C19M17 (e).
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4 Discussion

4.1 Effect of carbonate assimilation and shear rate on the crystallization rate and mineral assemblage

Results from both IDEs and ISEs provide essential insights into how shear rate and carbonate
assimilation reactions affect the crystallization rate and mineral assemblage of silica undersaturated melts
(Figs. 2 and 3). At 1180 °C, the crystal fraction significantly increases as a function of doping level (Fig. 4 and
Table 3), pointing out that carbonate assimilation promotes melt crystallization (e.g., Mollo et al., 2010; Mollo
and Vona, 2014). As pointed out by Giuliani et al. (2024), ionic potential of Mg?* and competition with Ca*"
cations for bonding with oxygen limit the ability of MgO addition to break down the silicate network thus
causing a weaker effect on melt viscosity. The reduced impact of doping on melt viscosity in the CaO+MgO-
doped system (C13M8 and C19M 17 starting materials) results in higher overall viscosity compared to samples
doped exclusively with CaO (C18M5 and C26MS5 starting materials). This increased viscosity restricts the
mobility of the constituent elements, thereby limiting their ability to rearrange and crystallize. A similar trend
is also observed under convective stirring conditions, emphasizing the pivotal role of melt compositional
changes in driving the dynamic crystallization of decarbonated magmas. Shear rate is observed to enhance
crystallization by promoting atomic collisions and by transporting fresh melt to the surfaces of pre-existing
crystals, and these processes also lead to the development of more euhedral and equant crystal habits (Table
3; cf. Mollo et al., 2024)

Under these deformation conditions, the residual glasses exhibit minimal compositional variations,
except in highly doped samples, where a shift towards alkali-rich compositions is observed (Figs. 5 and Table
2). Viscosity measurements reveal a direct correlation between these chemical and physical changes with
rheological properties, outlining that both doping and shear rate contribute to increased viscosity and more
complex rheological behavior (Figs. 6 and 7, and Table 4).

The experimental phase assemblage closely resembles the paragenesis of skarn rocks from different
igneous systems worldwide (e.g., Del Moro et al., 2001; Fulignati et al., 2004; Gaeta et al., 2000; Lustrino et
al., 2022; Wenzel et al., 2002; Whitley et al., 2020). The ubiquitous crystallization of clinopyroxene in both
undoped and doped samples (Fig. 3) is caused by the enlargement of its stability field upon the effect of
carbonate assimilation (cf. [acono Marziano et al., 2008; Mollo et al., 2010). Olivine is observed exclusively

in samples doped with CaO+MgO (Fig. 3), consistent with previous magma-carbonate interaction experiments
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documenting that dolomite assimilation, as an MgO-bearing mineral phase, promotes olivine crystallization
(Iacono Marziano et al., 2007). Leucite remains stable in the undoped phonotephritic sample and at low doping
levels but disappears in highly CaO- and CaO+MgO-doped samples (Fig. 3). This observation aligns with
natural juvenile products from Somma-Vesuvius, where leucite is a low-pressure (P < 100 MPa) mineral phase
in equilibrium with phonotephritic melts (Fulignati et al., 2004). The crystallizing margins of the shallow
magma chamber feeding eruptions at Somma-Vesuvius are represented by glass-bearing fergusites, consisting
of highly crystalline rocks composed primarily of leucite, clinopyroxene, and olivine, among other minerals
(Del Moro et al., 2001). Magmas are progressively contaminated by the addition of CaO and MgO derived
from the host rocks, thus leading to abundant clinopyroxene crystallization and accumulation in the lower
portion of the chamber. Clinopyroxenitic nodules found in volcanic deposits testify to crystal accumulation by
crystal settling (Del Moro et al., 2001). On the other hand, skarn rocks at Somma-Vesuvius are mainly
represented by melilite-bearing xenoliths with minor nepheline, particularly skarn xenoliths found in 1944 and
AD 472 eruption deposits (Fulignati et al., 2004). Our experiments support the hypothesis proposed by
Fulignati et al. (2004) that melilite crystallization is primarily driven by the assimilation of calcite rather than
dolomite (Fig. 3), occurring through the high-temperature (7" > 950 °C) magma contamination reaction:
CaMgSi,0¢ (diopside) + CaCOs (calcite) = Ca,MgSi,07 (akermanite, melilite group). It is important to
emphasize that this reaction shifts to the left with increasing stirring (Fig. 3), as enhanced convective mixing
promotes greater ion mobility, thereby favoring crystallization. An increased crystal fraction leads to strong
silica undersaturation and the formation of feldspathoids which resemble feldspars but have a different
structure and much lower silica content.

While clinopyroxene and leucite are generally euhedral in both undoped and doped samples, as
observed in natural skarn rocks, a key finding of our experiments is the growth of anhedral olivine and melilite
crystals (Fig. 2). The morphology of these mineral phases is strongly influenced by undercooling effects arising
from superliquidus pre-treatment and subsequent melt cooling to the subliquidus target temperature. In
particular, the presence of spinifex and skeletal olive crystals in highly CaO+MgO doped samples indicate
rapid growth from a poorly viscous melt (cf. Lang et al., 2021), as expected under dynamic crystallization
conditions at the chilled margins of carbonate host rocks. However, these anhedral textures differ significantly

from those observed for cumulus olivines growing upon sluggish undercooling/cooling conditions, whereby
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cuhedral habits develop during the crystallization of melts in zones near but not directly in contact with the

carbonate wall-rocks (e.g.,Conte et al., 2009; Di Rocco et al., 2012; Wenzel et al., 2002).

4.2 Rheological impact of carbonate assimilation

4.2.1 Melt viscosity

From IDEs we can evaluate the rheological impact of both crystallization-driven melt compositional
evolution and the physical effects of suspended crystals on viscosity evolution. For this, we extrapolate the
residual melt viscosity (77,) at 1180 °C using the MYEGA equation (Mauro et al., 2009) by combining C-DSC
and F-DSC data (Table 6). The compositional changes in the melt resulting from crystallization (Fig.5) may
or may not significantly impact viscosity. While the effect of CaO and CaO+MgO doping typically reduces
the viscosity of the initial (crystal-free) liquid, the crystallization-driven compositional evolution of residual
melts generally leads to an increase in the liquid-phase viscosity (Fig. 11). We can explore this evolution by
calculating the empirical parameter NBO/T (i.e., the number of non-bridging oxygens NBO per tetrahedrally
coordinated cations 7), which is often correlated with the degree of melt polymerization (Mysen et al., 1985).
At the experimental temperature of 1180 °C (i.e., within a high temperature regime of melt viscosity), the value
of NBO/T increases as the melt viscosity decreases, outlining the depolymerizing effect of CaO and CaO+MgO
addition (accompanied by a decreasing SiO, content) on the melt phase (see all NBO/T values listed in Table
S1). For CaO-doped samples, the NBO/T shows minimal variations from the starting material C18M5 (NBO/T
= 0.75) to the residual melts of C18M5srl and C18M5sr5 (NBO/T = 0.81 and 0.75, respectively). However,
for the highly doped C26M5, the NBO/T decreases significantly from 1.55 in the starting material to 0.80 in
the residual melt of C26M5sr1. Similarly, for CaO+MgO-doped samples, the NBO/T remains relatively stable
in the starting material C13M8 (NBO/T = 0.74) and residual melts of C13M8sr1 (NBO/T=0.77) and C13M8sr5
(NBO/T=0.74). In contrast, the highly doped sample C19M 17 exhibits a notable decrease in NBO/T, from 1.55
in the starting material to 0.94 in the residual melt of C19M17srl. These results indicate that significant
changes in NBO/T occur only in the residual melts of the highly doped samples C26M5 and C19M17,
corresponding to a stronger residual melt compositional evolution driven by crystallization (Fig. 5).
Comparatively, Figs. 10 and S3 shows that the largest increase in viscosity occurs in C26M35srl and

C19M17sr1 (~10'°Pa-s). Nonetheless, at 1180 °C, all residual melts are characterized by a similar viscosity,



584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

ranging from 10%?! (C13MS8sr5) to 10*°° (C19M17sr1) Pa-s (Table 6). This outcome has implications for the
mixing efficiency of magmas when interstitial melts are extracted from the crystalline framework (Morgavi et
al., 2022). For instance, at the margins of a mature magma chamber in contact with carbonate host rocks, where
a thick solidification front develops, the formation of CaO- or CaO+MgO-rich residual melts results in near-
isoviscous melts, maintaining high mixing efficiency. This dynamic interaction between magmas and skarn
shells enhances hybridization, promoting further magma contamination and assimilation processes (Jolis et al.,

2013; Knuever et al., 2023a).

Figure 10. Viscosity evolution of starting and residual melts as a function of CaO and CaO+MgO addition
at 1180 °C. (a) CaO-doped and (b) CaO+MgO-doped samples under shear rate of 1 s7!; (c) CaO-doped
and (d) CaO+MgO doped samples under shear rate of 5 s™!. Circles refer to the crystal-free viscosity of
the starting materials plotted against their chemical composition. Triangles and squares refer to the
viscosity of the residual melts under shear rates of 1 and 5 s™!, respectively, and plotted against their
chemical composition. Pentagons and hexagons refer to the viscosity measured in IDEs under shear rates
of 1 and 5 s, respectively, and plotted against the residual melt composition. Dashed lines show the
depolymerizing effect of CaO and CaO+MgO doping, while solid lines highlight the difference between
the apparent viscosity and the viscosity of residual glass.
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4.2.2 Effect of crystallization

To quantify the rheological changes caused by the crystallization process, we have calculated the
change of relative viscosity (#,) (Table 6), which is defined as the ratio of the measured apparent viscosity of
the suspension (7,) to the viscosity of the residual melt (7,) at 1180 °C. The relative viscosity serves as a
measure of deviation from the behavior of a pure melt, thereby isolating the physical effect of crystallization
on the overall viscosity of the system (Fig. 9). The value of 7, increases from 10%!° (C18M5sr5) to 10%7
(C13M8sr5). The largest relative viscosities are calculated for samples with crystal contents of 35 and 51%
(C26M5srl and C13M8srS), whereas the relative viscosity of other samples (C18MS5srl, C18MS5srS5,

C13MS8srl, C18MS5sr5, and C19M17srl) is lower or, in some cases, within the uncertainties of the
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measurements. For these samples, the apparent viscosity of the suspension closely resembles the viscosity of
the residual melt at lower crystal fractions. The effect of crystallinity on 7, is also compared to the viscosity
(7:m) predicted by model of Frontoni et al. (2022), for mean aspect ratios R,, comprised between 1.9 and 4.5,
consistent with the variability observed in the experimental samples (Tab. 3). This model is calibrated
using a large database of rheological measurements, which includes natural magmas, synthetic melts, and
analog materials, with measurements spanning a wide range of crystal contents (1-80%) and strain rates (10~
to 10% s7'). The model builds upon a previous study by Costa et al. (2009) but includes improvements based on
new data to account for particle shapes and strain rate effects. Furthermore, the model of Frontoni et al. (2022)
considers different regimes of particle interactions, from diluted (non-interacting particles) to concentrated and
hyper-concentrated regimes, where particle interactions strongly influence the predicted viscosity. The input
parameters are the total crystallinity (@) and the mean aspect ratio (R.), (Table 3), and the shear rate (y). The
apparent viscosity (77.») of the crystal-bearing suspension is determined as:
Nam = Mo X Mrm Eq. 3)

Results from calculations for 7., and 7., are reported in Table 6 and illustrated in Figs. 6, 7 and 11. The
modeled value of 7,,, increases from 10%3' (C10M4sr1) to 10°2° (C26M5sr1). As expected, the modeled values
increase with increasing crystal elongation (Vona et al., 2011, Mader et al., 2013). The discrepancy between
the modeled and measured viscosity values is quantified through the parameter Az, (Table 6), defined as the
difference between 7, and 7. The model of Frontoni et al. (2022) overestimates the relative viscosity, so that
7rm is higher than 7, (Fig. 11), with Az, ranging from 10%!8 (C10M4sr1) to 10*3° (C26M5sr1) Pa-s. The only
exception is found for sample C13M8sr5, where 7, is slightly higher than 7., resulting in a negative A7,
corresponding to -0.04. As a consequence, the modeled apparent viscosity 7.. is systematically higher than
the stable apparent viscosity 77, measured during the IDEs (Table 4). To explain the deviation between
measured and modeled viscosity (77, VS, 7Jm OF 77, VS, am), it should be noted that the model of Frontoni et al.
(2022) was developed accounting for only pure viscous flow regimes. For diluted and semi-diluted regimes,
the concentration of crystals is low, particle interactions are minimal, and the fluid behaves almost like a
Newtonian fluid, with a relatively small increase in viscosity as the crystal content slightly increases. In

contrast, for concentrated and hyper-concentrated regimes, where the crystal content is extremely high, the
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particle interaction becomes dominant, leading to a non-Newtonian behavior. Therefore, the viscosity becomes
more sensitive to the strain rate and the flow exhibits more complex behaviors, such as shear thinning (Fig.
11). However, crystal-bearing viscosity models, such as the one proposed by Frontoni et al. (2022), do not

consider the effect of shear localization and departure from pure viscous behavior.

4.2.3 Deformation regimes

The rheological evolution of melts from IDEs shows two distinct deformation regimes. The viscosity
evolution of undoped samples (C10M4sr1 and C10M4sr5) exhibits viscous deformation, indicating a uniform
and continuous flow (Figs. 6a, 7a and 8b). In contrast, the viscosity of CaO- (C18MS5srl, C18M5sr5 and
C26M5srl) and CaO+MgO- (C13M8srl, C13M8srS5 and C19M17srl) doped samples corresponds to a non-
homogeneous deformation (Figs. 6b-e, 7b-c and 8c), accounting for viscosity and stress drops induced by shear
localization and viscous/brittle rupture (Caricchi et al., 2008; Cordonnier et al., 2012; Di Fiore et al., 2021b;
Picard et al., 2013; Vetere et al., 2024). Note that the time required to reach rupture (#,..x) decreases with
increasing the amounts of both CaO and CaO+MgO doping levels (Table 4), as well with increasing shear rate
(Di Fiore et al., 2021b). Once the crystal network develops, it significantly hinders viscous flow, shifting the
rheology towards strain rate dependence and non-Newtonian behavior. The mechanical heterogeneities
introduced by the crystals compromise the structural integrity of the melt, causing stress localization and the
formation of shear bands, which may lead to premature rupture. For example, in sample C26M5sr1 (Fig. 2),
the sudden formation of a complex melilite-nepheline crystal networks results in an abrupt increase in apparent
viscosity (10*** Pa-s), ultimately causing early brittle rupture (z,csx =1 hour; Figs. 6¢ and Table 4). A similar
behavior is observed in CaO+MgO doped samples C13M8srl, C13M8sr5, and C19M17sr]l which exhibit
comparable crystal fractions of 30%, 35%, and 29%, respectively. In these samples, the intricate texture of the
mineral assemblage facilitates viscous rupture. Notably, the peak time ( zime in Table 4) decreases from 5 to 4
h and from 5 to 3 h as the shear rate (for the same chemical composition) and CaO+MgO doping level (under
the same deformation regime) increase, respectively.

In general, for doped samples, we observe a viscous-brittle transition characterized by a drop in
viscosity, associated with a mean shear stress ranging from 10*%* to 10*** Pa, with an average of 10>%° %3 Pa,

This transition reflects intense strain localization and material failure, with macroscopic viscous flow
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potentially punctuated by localized discontinuous brittle behavior (Cordonnier et al., 2012, 2009; Lejeune and
Richet, 1995). Further evidence of non-homogeneous deformation during IDEs includes strain weakening (i.e.,
samples C26M5sr1 and C13M8sr1) and strain hardening (i.e., samples C18MS5srl, C18M5sr5, C13M8sr5 and
C19M17srl), which are associated with crystal rearrangements following the peak and drop in apparent
viscosity. As these rearrangements occur, the ability of crystals to either impede or facilitate melt flow may
alternatively decrease or increase, thereby controlling the passage of the melt through the crystal network
(Deubelbeiss et al., 2011; Morgan and Boettcher, 1999).

The apparent narrow variation of peak shear stress values (where the difference between the smallest
and largest values corresponds to a factor of ~25), representing the mechanical strength of the investigated
material, remains challenging to explain based on our experiments. Our current understanding of the shear
strength of magmatic suspensions is limited, as most available studies focus on experiments conducted at
relatively low temperatures and high viscosities (e.g., Cordonnier et al., 2012; Lavallée and Kendrick, 2022).
At high temperatures, Di Fiore et al. (2021b) reports peak stress values in the range of 10*72-10°2% Pa for
experiments conducted at constant cooling rates between 1 and 10 °C/min and constant strain rates between
2.5 and 20 s!, using the same undoped phonotephritic melt investigated here. These peak stress values are
approximately 1-1.5 orders of magnitude higher than those observed in our experiments for doped samples
showing peak drops. Similarly to our findings, Di Fiore et al. (2021b) observed no peak stresses in isothermal
crystallization experiments on the undoped phonotephritic melt conducted at temperatures between 1167 °C
and 1189 °C and shear rates between 1 and 3 s

The mechanical strength of the material is primarily influenced by the composition of the residual
liquid, the content and morphology of the crystals (which control the suspension viscosity), and the shear rate.
In our experiments, no clear relationship between peak shear stress and shear rate was observed, likely due to
the relatively small range of strain rates tested (1-5 s!) (Fig. S4a). Additionally, the viscosity of the residual
liquid remains relatively constant (Fig. S4b), suggesting it does not significantly influence the observed
variation in shear stress. Instead, crystal content generally increases with higher doping levels and shear rates
(Fig.4 and Fig. S4c), while the mineral assemblage and average crystal morphology vary substantially
depending on the initial melt composition and stirring conditions (Fig. S4d). Unfortunately, due to the

limitations of our experimental setup, we could only analyze the mineral assemblage, crystal content and
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morphology at the end of each experiment, leaving the textures present at the onset of viscous rupture
unknown. The interaction of these parameters in producing different, yet comparable, rupture thresholds across
experiments remains an open question that warrants further exploration.

Notably, despite both spatial heterogeneity and localized deformation are observed, all the samples
exhibit an almost comparable apparent viscosity of 10293334 Pa-s at the end of IDEs (Table 4), irrespective of
their starting composition, chemical evolution, crystal content, and deformation regime. Specifically, samples
subjected to a shear rate of 1 s~ display a viscosity of 10*7733 Pa-s, while those subjected to a shear rate of 5
s display a viscosity of 10*42°® Pa-s. In terms of chemical composition, CaO-doped samples exhibit a
viscosity of log 10%63-334 Pa-s, while CaO+MgO-doped samples exhibit a viscosity of log 10*%312 Pa-s. The
undoped samples C10M4srl and C10M4sr5 also show similar viscosity values. This viscosity range is
narrower than that expected for suspensions undergoing a pure viscous behavior, as outlined by the comparison
with results from the model of Frontoni et al. (2022). For example, the sample C26M5sr1 exhibits an apparent
viscosity of 1033 Pa-s, which is 4.5 log units lower than that predicted by model of Frontoni et al. (2022).
This suggests that the complex rheological behavior attained by carbonate assimilation, including the onset of
shear localization and fracturing, may reduce the resistance to flow for the doped, crystal-rich samples under

the applied stress condition.

Figure 11. Variation of relative viscosity as a function of crystal fraction. The parameters 7, and 77, refer
to the relative viscosity calculated and modeled for IDEs using model of Frontoni et al. (2022) by
considering the crystal aspect ratio, crystal fraction, and shear rate. Light and dark grey bands represent the
relative viscosity-crystal fraction relationship for solid suspensions, according to the model of Frontoni et
al. (2022) for aspect ratio (R,) between 1.9 and 4.5 (Tab. 3).
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4.2.4 Implication for natural systems

Our experimental findings have significant implications for the rheological behavior of the outer
portions of magma chambers emplaced within carbonate host rock, where endoskarn formation occurs (Buono
et al., 2020; Colucci et al., 2024; Di Rocco et al., 2012; Di Stefano et al., 2019, 2018; Freda et al., 2011, 2008;
Gaeta et al., 2009; Iacono Marziano et al., 2008; Jolis et al., 2015; Knuever et al., 2023b; Mollo et al., 2013,
2010). These crustal regions are characterized by physical deformations, decarbonation reactions, and thermal
gradients that control the compositional and rheological evolution of magmas (Gudmundsson, 2012; Marsh,
2015, 2007). Strain deformation regimes, operating at the margins of magma chambers, may promote the
formation of disaggregated blocks from a highly anisotropic host rock due to cracking and channelized magma
flow (Paterson et al., 2012). In this context, processes such as 'skarn recycling' and 'stoping’ occur, involving
the detachment and subsequent assimilation of skarn fragments or carbonate wall rocks by magma (Buono et
al., 2020; Gudmundsson, 2012; Jolis et al., 2015; Paterson et al., 2012, 2008). In mature magma chambers, a
thick skarn shell can act as a physical barrier, inhibiting direct magma-carbonate interaction (Buono et al.,

2020; Carter and Dasgupta, 2015; Jolis et al., 2015; Pappalardo et al., 2018). However, the detachment of outer
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margin blocks may develop fresh contact surfaces between the magma and the carbonate host rock, thereby
facilitating further contamination reactions (Jolis et al., 2015; Knuever et al., 2023b). Such detachment can be
triggered by volcanic unrest, earthquakes, tremors, magma migration and pulses, thermal cracking, diking, and
deformation within anisotropic wall rock (Carter and Dasgupta, 2016; Deegan et al., 2011). Therefore, the new
data set provided in this experimental study enables the tracking of the rheological behavior along an idealized
profile, starting from the pristine phonotephritic melt and extending towards the solidification front in contact
with the carbonate host rock. In this framework, the CaO- and CaO-MgO-doped melts mimic natural hybrid
magmas that have undergone variable degrees of carbonate (calcite to dolomite) assimilation at different
distance from the carbonate host. Although our experiments were performed under dry conditions, atmospheric
pressure, and air oxygen fugacity due to the technical limitations of the concentric cylinder apparatus, we
propose that the complex rheology observed in the contaminated melts during IDEs (Figs. 5 and 6) may reflect
the processes driving block detachment and skarn recycling. Ultimately, these processes are favored by the
extensive crystallization of CaO- and CaO+MgO-rich melts, which are more inclined to viscous rupture and

brittle behavior than uncontaminated magmas.

5. Conclusions

By integrating results from isothermal deformation experiments (IDEs) and isothermal static
experiments (ISEs), we have quantified the combined effects of carbonate assimilation and shear rate on
crystallization kinetics and the rheological evolution of a pristine phonotephritic melt. Relying on these
experimental data, the following conclusions can be drawn:

1. the textural analysis of different phase assemblages obtained under dynamic conditions, coupled
with variable CaO and CaO+MgO doping levels, lead to the formation of an intricate mineral
framework due to a more effective crystallization processes, which is concurrently enhanced by
chemical doping and shear rate;

2. residual melts from undoped, low CaO-doped, and low CaO+MgO-doped samples resemble the
compositions of juvenile materials erupted at Somma-Vesuvius. In contrast, residual melts from
high CaO-doped and high CaO+MgO-doped samples closely align with those found in skarn

xenoliths;
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using a novel approach, based on conventional and flash calorimetry, it is possible to directly
estimate the viscosity of residual melts in the low-temperature regime (and viscosity range from
10° to 10'2 Pa s). This approach provides a more reliable assessment of the role played by different
crystallization regimes in controlling the rheological properties of the melt, compared to chemical-
based models and viscosity measurements of experimentally-derived residual liquids;

two distinct rheological behaviors are outlined by IDEs: 1) viscous deformation, which indicates
a uniform and continuous flow, and 2) non-homogeneous deformation, characterized by viscosity
and stress drops due to shear localization and viscous/brittle rupture. An increase in both shear rate
and carbonate assimilation favors the development of a crystal network, which significantly
changes the melt rheological properties. This effect is particularly evident by the establishment of
a non-Newtonian behavior, where the presence of crystals introduces mechanical heterogeneities
that disrupt the uniform flow of the melt, leading to localized stress and premature crack formation.
the discrepancy between modeled and measured viscosities points out that modeling results do not
fully capture the complexities introduced by localized deformations;

the apparent viscosity range documented by IDEs is much narrower than the viscosity range
expected for a pure viscous behavior, as predicted by recent models. Thus, the resulting rheological
behavior, characterized by shear localization and fracturing, reduces the flow resistance of the
doped, crystal-rich samples under stress conditions;

the complex rheology observed for CaO- and CaO+MgO-doped melts, which mimic varying
degrees of carbonate assimilation by magmas, likely reflects the disaggregation of skarn shells
into single blocks at the periphery of the magma chambers, thereby favoring skarn recycling and
magma contamination. Extensive crystallization in these skarn environments may lead to an
increased susceptibility to viscous rupture and brittle failure.

Residual melts exhibit near-isoviscous behavior, which enhances magma mixing efficiency during
the extraction of interstitial melts from the crystalline framework. This behavior is particularly
significant at the margins of mature magma chambers in contact with carbonate host rocks, where

CaO- or CaO+MgO-rich melts maintain high mixing efficiency within a solidification front.
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