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Timescale of Emplacement and Rheomorphism of the Green
Tuff Ignimbrite (Pantelleria, Italy)

A. Scarani' (2, C. F. Faranda? (', A. Vona! (2, F. Speranza® (», G. Giordano! 2, S. G. Rotolo*’ (), and

C. Romano!

'Dipartimento di Scienze, Universita degli Studi Roma Tre, Rome, Italy, 2°CNRS, BRGM, ISTO, UMR 7327, Université
Orléans, Orléans, France, ’Istituto Nazionale di Geofisica e Vulcanologia, Rome, Italy, “Dipartimento di Scienze della Terra e
del Mare, Universita di Palermo, Palermo, Italy, °Istituto Nazionale di Geofisica e Vulcanologia, Palermo, Italy

Abstract We present a multidisciplinary study based on Differential Scanning Calorimetry (DSC),
paleomagnetic analysis, and numerical modeling to gain information on the timescales of syn- and
post-depositional ductile deformation of the strongly welded and rheomorphic Green Tuff ignimbrite

(GT; Pantelleria, Italy). DSC measurements allow the determination of glass fictive temperatures (7} i.e.,

the parameter accounting for the cooling dependence of glass structure and properties). Using a T-based
geospeedometry procedure, we infer the cooling rate (g,) experienced by the glassy phases in different
lithofacies within the GT formation. Glass shards from the basal pumice fall deposit record a fast g, of ~10°C/s.
In contrast, the ignimbrite body returns slow g, values depending on the stratigraphic position and lithofacies
(basal/upper vitrophyres, fiamme-rich and rheomorphic layers), ranging from ~102 to ~10~¢ °C/s. Moreover,
paleomagnetic analyses of the natural remanent magnetization of ignimbrite matrix and embedded lithic clasts
indicate an emplacement temperature higher than 550-600°C. By integrating calorimetric and paleomagnetic
datasets, we constrain a conductive cooling model, describing the ignimbrite's temperature-time-viscosity (7—¢—
1) evolution from the eruptive temperature to below 7, Outcomes suggest that the upper and basal vitrophyres
deformed and quenched over hours, indicating that the entire GT underwent intense syn-depositional ductile
deformation. Furthermore, the central body remained above 7 for a much longer timespan (>1 month),
enabling post-emplacement rheomorphic flow. Lastly, we dlscuss the critical role of mechanisms such as shear
heating and retrograde solubility of volatiles, in locally controlling the rheological behavior of the GT.

Plain Language Summary Pyroclastic density currents (PDCs), one of the most dangerous
occurrences caused by volcanic eruptions, are hot mixtures of ash, gas, and rocks that travel rapidly and
propagate around the volcanoes. In some conditions, favored by the high temperature of the erupted

material, the associated deposit (ignimbrites) may continue to deform viscously during and after deposition,
experiencing welding (sintering and compaction of pyroclasts) and rheomorphism (formation of pervasive
lava-like structures). Studying rheomorphic ignimbrites can improve our knowledge of the hazard posed by
the emplacement of PDCs. Here we constrain the timescales at which this type of ductile deformation occurs,
focusing on the pantelleritic Green Tuff ignimbrite emplaced during the 45 ky eruption at Pantelleria Island
(Italy). Distinct experimental approaches (i.e., calorimetry and paleomagnetism) allow constraining a model
to describe the cooling history of this deposit. We define different deformations regimes experienced by

the ignimbrite, highlighting that intense viscous deformation occurred at timescales like those of deposition
(hours), and rheomorphic flow can also continue for a longer time (months) after the PDC deposition. Finally,
we discuss the possible causes that lead to the formation of the observed rheomorphic structures.

1. Introduction

The thermal evolution of pyroclastic deposits is the primary factor controlling the rheology of secondary deforma-
tion during pyroclastic density currents (PDC) transport and deposition, influencing processes such as welding and
rheomorphism (G. Giordano & Cas, 2021). Welding is defined as the adhesion and plastic compaction of hot pyro-
clasts and can occur gradually during the deposition of an ignimbrite (Branney & Kokelaar, 1992; Freundt, 1998;
Mahood, 1984; Quane et al., 2009) or after the whole deposit emplacement (Druitt, 1998; Sparks, 1976). Rheomor-
phism is the ductile flow of a strongly welded ignimbrite (Andrews & Branney, 2011; Branney & Kokelaar, 1992;
Robert et al., 2013; Schmincke & Swanson, 1967; Wolff & Wright, 1981; Wright, 1980) before cooling through
the glass transition (the temperature at which the ductile-brittle transition occurs; e.g., D. Giordano et al., 2008).
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Pyroclast coalescence and ductile deformation can obliterate original clast outlines in extreme cases (e.g.,
Andrews & Branney, 2011; Quane & Russell, 2005), and the resulting massive or flow-banded welded lithofacies
are called “lava-like” ignimbrites (Branney & Kokelaar, 1992).

The temperature dependence of viscosity is decisive in viscous and brittle deformation timing during and after
emplacement (Gottsmann & Dingwell, 2001a, 2001b, 2002; Wilding et al., 1995), combined with numerous
factors which can strongly affect the deposit rheology (e.g., Andrews & Branney, 2011; Di Fiore et al., 2022). An
emplacement temperature (7,) much higher than the glass transition temperature is necessary for intense welding
(Freundt, 1998; Russell et al., 2003). This occurs if the PDC is characterized by (a) high eruptive temperature, (b)
minimal heat dissipation during transport (e.g., high mass flux, minimal air ingestion; Trolese et al., 2019), and
(c) rapid deposition (Bachmann et al., 2000; Branney & Kokelaar, 1992; Ekren et al., 1984). T, is commonly inves-
tigated through paleomagnetism. The T, of PDC varies from <200°C to >600°C depending on the initial magma
eruptive temperature, as well as eruptive and PDC transport mechanisms (e.g., Pensa, Giordano, et al., 2015;
Trolese et al., 2017). These parameters, together with the deposit thickness and topographic effects, reflect the
different abilities of the PDC to weld and flow (e.g., Andrews & Branney, 2011; Calabro et al., 2022; Quane &
Russell, 2005).

Evaluating the time a deposit remained above the glass transition temperature is pivotal to constrain the
time-window during which viscous deformation (both welding and rheomorphism) occurred (e.g., Quane
& Russell, 2005). Different studies have been carried out to constrain limits on welding (Heap et al., 2014;
Kolzenburg & Russell, 2014; Lavallée et al., 2015; Quane & Russell, 2005; Quane et al., 2009; Russell &
Quane, 2005) and rheomorphism (Andrews & Branney, 2011; Bachmann et al., 2000; Branney & Kokelaar, 1992;
Mundula et al., 2013; Robert et al., 2013) of ignimbrites. In particular, the rheological model proposed by Russell
and Quane (2005) provides a method for investigating the welding of pyroclastic deposits by monitoring viscos-
ity changes due to porosity loss. A granular deposit accommodates strain during deformation mainly by viscous
compaction and reducing intergranular porosity. Porosity loss creates strain-dependent rheology depicted by a
marked and continuous increase in effective viscosity (1), defined as:

7= mexpl i) m
where 7, is the viscosity of the material at zero porosity, ¢ represents porosity, and « is an adaptable fit parameter
defined by experimental study (1.8 < a < 5.3 for intergranular porosity; see Sicola et al. (2021) for a review).
By deploying this rheological model, Heap et al. (2014) define the relationship to estimate the timescales for the
welding as it follows:

At = ;10< 1 ;O-(Pi ) [exp(ﬁ) — exp(:l—l;’:) (2)

where o is the axial stress acting on the deposit and ¢’ is the initial porosity of the deposit. The occurrence of
welding and compaction processes can develop over a period ranging from near-instantaneous to hours in pyro-
clastic deposits (Quane et al., 2009). In extreme cases (very hot - very alkaline - very fast moving), welding and
rheomorphism are synchronous and syn-depositional (Andrews & Branney, 2011; Branney & Kokelaar, 1992).
However, rheomorphism can last for months to years if the deposit temperature is preserved above the glass tran-
sition temperature (e.g., Andrews & Branney, 2011).

This study focuses on estimating the time frame within which a PDC deposit cooled. We employ a combination
of glass geospeedometry (see Text S1 in Supporting Information S1), paleomagnetism, and thermal and rheo-
logical modeling on peralkaline deposits from the Green Tuff (Pantelleria Island, Italy) to better understand the
time-dependent processes of welding and rheomorphism. Moreover, we discuss the significance of different ther-
mal proxies derived from paleomagnetism and calorimetry in recording syn- and post-emplacement deformation
history (from micro-to macro-scale) of the pyroclastic deposit.

2. Volcanic Context

The study of the thermal evolution of peralkaline rhyolitic (pantelleritic) pyroclastic deposits is intriguing
because they are notably prone to welding and rheomorphism (e.g., Mahood, 1984). In fact, despite having high
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Figure 1. Schematic geological map of Pantelleria (modified after Rotolo et al. (2021)) and position of the sampling sites.
Colored circles represent the locations of samples used for Differential Scanning Calorimetry measurements, whereas yellow
stars indicate paleomagnetic sampling sites. Green areas indicate outcrops of the Green Tuff ignimbrite.

silica content, these magmas exhibit low viscosities due to their high Na and K content, potentially high eruptive
temperatures, and can remain in the viscous deformation regime for a prolonged time after emplacement (e.g.,
Di Genova et al., 2013; Mahood, 1984).

Pantelleria Island in Italy (Figure 1) represents the type locality of such pantelleritic composition. The volcanic
complex is situated in the submerged continental rift system between Sicily (Italy) and Tunisia (Sicily Channel
NW-SE oriented; Catalano et al., 2009; Mahood & Hildreth, 1986; Rotolo et al., 2006). The landscape is dominated
by two nested calderas: La Vecchia caldera (140145 ky old; Rotolo et al., 2013) and the Cinque Denti caldera
(45-50 ky old; Mahood & Hildreth, 1983, 1986). The latter is considered associated with the caldera-forming Plinian
eruption of the Green Tuff (GT; Orsi & Sheridan, 1984), although Williams (2010) questioned this point, supposing
that a large part of the Cinque Denti caldera might be older than the GT eruption. The volcanological evolution of
Pantelleria appears to be extremely complicated and was recently reviewed by Rotolo et al. (2021). They summa-
rized the Pantelleria activity as a sequence of nine ignimbrite eruptions, interspersed with inter-ignimbrite activity
during which several local centers were active (Jordan et al., 2018), with at least two caldera collapses (but likely up
to five). After the emplacement of the last ignimbrite, the Green Tuff, volcanism resumed with numerous (>40) low
explosivity to effusive eruptions produced from several spatially and temporally close eruptive vents (local centers).
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2.1. Green Tuff Formation

This study focuses on the thermal modeling of the Plinian GT eruption. The Green Tuff formation represents the
most studied eruptive unit at Pantelleria (Jordan et al., 2018; Lanzo et al., 2013; Liszewska et al., 2018; Mahood &
Hildreth, 1986; Orsi & Sheridan, 1984; Romano et al., 2019; Scaillet et al., 2013; Villari, 1974; Williams, 2010;
Williams et al., 2014; Wolff & Wright, 1981) and outcrops around the entire island (green areas in Figure 1).
Its age was recently re-assessed at higher resolution by “’Ar/*Ar laser ablation dating at 45.7 + 1.0 ky (Scaillet
et al., 2013), while Jordan et al. (2018) evaluated the onland volume at 0.28 km? (D.R.E.). Williams (2010)
suggested an eruptive dynamic of “boiling over,” characterized by the genesis of a poorly developed eruptive
column that did not allow efficient air ingestion and led to the formation of a highly dense, hot pyroclastic flow
without detectable attenuation of temperature in radial directions.

The GT consists of (a) the Kartibucale Member, a 1 m thick pumice fall, and (b) the Green Tuff ignimbrite, on
average 5 m thick, interpreted as a low aspect-ratio ignimbrite (Figure 2), as described by Williams (2010) and
Williams et al. (2014). The Kartibucale Member indicates that the eruption started with an eruptive column that
generated a well-sorted pumice fall deposit of limited (east-directed) distribution. Subsequently, the eruption
evolved into a sustained, quasi-steady granular fluid-base current that extended across the island in a cumu-
lative time < ~1.5 hr. The climax of the eruption occurred with the emplacement of the last meters of the
deposit when the ignimbrite reached its maximum runout distance (Williams et al., 2014). The correspond-
ing Green Tuff ignimbrite member appears as a matrix-supported and poorly sorted lapilli-tuff with eutaxitic
texture, strongly welded within the lower layers and highly rheomorphic upwards in the stratigraphic succession
(Figure S1a in Supporting Information S1). Despite its high grade of welding, it preserves primary characteristics
such as local lithic breccia lenses (possibly recording partial caldera collapse), crystal-rich layers, and pumice
concentration zones (Williams, 2010). The ignimbrite shows a pervasive lineation and foliation characteristic of
high-grade welded/rheomorphic ignimbrite. Lineation is commonly defined by stretched vesicles and fiamme,
often imbricated, or by phenocrystals alignment (predominantly feldspars and pyroxenes). Folds are abundant
in the upper deposit as deformed, U-shaped structures with fold axes mainly parallel to the lineation direction
(Williams, 2010). Rotated clasts are also common at this level, where rotational structures occur around lithic
and lapilli clasts. Such fabrics indicate the deposit undergoes intense syn-depositional ductile shear due to the
overriding current (e.g., Andrews & Branney, 2011). Abundant rounded vesicles occur throughout the deposit,
indicating significant late-stage gas exsolution and bubble nucleation and growth (Figure Slc in Supporting
Information S1; Williams, 2010). Notably, the only unwelded GT deposit outcropping in Pantelleria (in prox-
imal facies near the airport; Figure 1) presents gas escape pipes, indicating post-emplacement fluid migration
(Figure 2). The upper part of the deposit also shows post-emplacement deformation, where rheomorphism
produces back-flows along scarps (i.e., opposite to the PDC direction) due to gravity. Finally, a variably devel-
oped basal and, less frequently, upper (crystal-bearing) vitrophyres (i.e., obsidians-like quenched layers; Quane
& Russell, 2005) characterize the deposit, with a thickness of ~25 and ~10 cm, respectively. The basal vitro-
phyre is black, with abundant feldspar phenocrysts, fiamme-rich, and shows vesiculated regions, mostly aligned
or imbricated (Figure 2 and Figure S1b in Supporting Information S1). A marked rheomorphism is observed at
the micro-scale (Figure S1d in Supporting Information S1), with ductile deformation of the matrix well evident
around phenocrysts. The upper vitrophyre at place is dark-red colored, also with stretched vesicles and feldspar
phenocrysts (Figure 2). In addition, it appears folded and auto-brecciated, indicating the occurrence of both
ductile and brittle deformation at the macro-scale, similar to other welded/rheomorphic ignimbrites (e.g., Grey's
Landing ignimbrite; Andrews & Branney, 2011).

3. Sampling
3.1. Paleomagnetic Sampling

The GT was paleomagnetically investigated at six different localities (Figure 1 and Table S1 in Supporting Infor-
mation S1). Paleomagnetic samples were gathered by a gasoline-powered portable drill cooled by water, and
cores were oriented in situ by both a sun compass and a magnetic compass. At each locality we drilled 9-10 cores
in the matrix (Figure 2, total number of 55 cores), preferring outcrops where rheomorphic folds were mostly
apparent, and 10-16 cores in lithic clasts (total number of 75 cores). Lithic clasts were mostly made by lava
fragments except for 11 clasts belonging to three different categories (intrusive lithics, mafic scoriae, and other
ignimbrites; Text S2 in Supporting Information S1). Clasts size ranged between 5 and 34 cm.
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Figure 2. Representative synthetic stratigraphy of the Green Tuff formation (redrawn after Williams (2010)) from the Monastero scarp type-locality (white circle in
Figure 1), and representative outcrops of the studied samples (see Figure 1 for sample locations). (GT-Top) Upper vitrophyre at Cala Rotunda. (GT-Rheo) U-shaped fold
structure in the upper part of the GT ignimbrite from Cala Rossa location. (GT-Fiamma) Massive lapilli-tuff at Salto La Vecchia, showing stretched vesicles and fiamme
in a fine-grained, green welded tuff matrix. (Unwelded) Pipe structure in the only unwelded deposit of the GT formation. (GT-Bott) Basal vitrophyre at Cala Cinque
Denti. (GT-Fall) Pumice-lapilli facies from the fallout Kartibucale member. (COS) Lithic clasts and matrix of the upper rheomorphic GT part drilled for paleomagnetic
investigation.
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3.2. Sampling for Differential Scanning Calorimetry (DSC) Analyses

Due to the scarcity of outcrops with continuous exposure of the entire stratigraphic GT succession (see Figure 2
for a synthetic stratigraphic column), the analyzed glass samples for DSC measurements were collected from
seven locations, which were selected to assure a detailed sampling of the different lithological features (Figure 1),
at different distances from the caldera rim, including proximal sites (Cala Cinque Denti, Kartibucale, Zinedi,
Monastero), intermediate (Cala Rossa, Scauri) and (relatively) distal (Salto La Vecchia, Cala Rotunda).

Specifically, we collected glassy fragments (~3—-5 mm) within the angular well-sorted pumices-lapilli (1-2 cm)
of the Kartibucale member (GT-Fall; Figure 2), sampled along the ancient Roman road in the ENE portion of
the island. Glasses from the basal and upper vitrophyres (GT-Bottom and GT-Top samples) were collected at
several outcrops in Cala Rossa, Cala Cinque Denti, Cala Rotunda, and Salto La Vecchia locations (Figure 1).
From both vitrophyres, the more glass-rich and crystal-free layers were selected for the analysis. Within the main
ignimbrite body, we analyzed obsidian glasses collected from a fiamme-rich welded horizon in the bottom part
of the ignimbrite in the Scauri locality (Figure 1; GT-Fiamma sample) and from the upper extremely rheomor-
phic unit (GT-Rheo samples) from Costa Zinedi location. Fiamme are typically small (up to a few cm in length),
black or brown, and show characteristic flame edges (Figure 2), whereas GT-Rheo samples are glassy fragments
preserved in a fold structure of the rheomorphic massive lapilli-tuff (Figure 2). In particular, the latter represents a
portion of the ignimbrite back-flowing toward the center of the caldera (with a slope >40°). All the obsidian-like
samples have a pantelleritic composition (Romano et al., 2020) and are crystal-free.

4. Methods
4.1. Paleomagnetic Methods

Drilled cores were subdivided into 1-2 cm long cylinders and the natural remanent magnetization (NRM) of all
specimens was analyzed in the shielded room of the Paleomagnetic Laboratory of the Istituto Nazionale di Geofi-
sica e Vulcanologia (INGV) in Rome.

All samples were thermally demagnetized by a Pyrox shielded oven, using nine heating/cooling steps from room
temperature up to 600°C. After each temperature step, the NRM was measured by a 2G Enterprise Direct Current
Superconductive QUantum Interference Device cryogenic magnetometer. To investigate magnetic mineralogy,
the variation of the low-field magnetic susceptibility during heating and cooling cycles in air was measured on
crushed powders from one specimen per site from room temperature up to 700°C using an MFK1 Kappabridge
coupled with a CS-3 furnace.

The analysis of thermal demagnetization data was done by using orthogonal demagnetization diagrams
(Zijderveld, 1967) and equal-area stereographic projections, while principal component analysis was used to
isolate the magnetization components (Kirschvink, 1980).

Paleomagnetism of lithic clasts is considered a reliable method to infer the emplacement temperature of
PDC deposits (Bardot & McClelland, 2000; Pensa, Porreca, et al., 2015; Pérez-Rodriguez et al., 2019; Risica
et al., 2022; Turner et al., 2018, among many others). The principle of the method is as follows (McClelland
et al., 2004; Paterson et al., 2010): accessory and accidental clasts entrained from the conduit walls and the
substrate have an original remanent magnetization acquired when the rock formed. When they are incorporated
into the PDC, such clasts are randomly rotated and then deposited to their final setting. Depending on clast size
and composition, timescale of the PDC deposit cooling, and clast position within the deposit, clasts tend to
thermally equilibrate to the mean PDC. If the clast is reheated above the Curie Temperature 7, of its magnetic
minerals (or blocking temperature 7)), its original magnetization is completely erased. If instead the clast is
reheated to a temperature below 7, then only a portion of the magnetic remanence carried by ferromagnetic
grains will be erased that have blocking temperatures T, lower than PDC temperature. Afterward, when the
PDC deposit cools after emplacement, the clasts acquire a new, partial thermal magnetization, oriented parallel
to the local Earth's magnetic field direction at cooling time. The lithic clasts may therefore have two magnetic
components: a randomly oriented high-temperature component, and a low-temperature component subparallel
to the local magnetic field direction that is acquired during in situ cooling within the PDC deposit. Different
lithic clasts within the same deposit thus share the same (similarly oriented) low-temperature component. The
re-heating temperature of each lithic clast is estimated to be between the highest unblocking temperature of the
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low-temperature component and the lowest unblocking temperature of the (randomly oriented) high-temperature
component.

Conversely, when PDCs are very hot (hotter than 580°C; i.e., the Curie temperature of magnetite, the most
common magnetic mineral of PDCs) they re-heat the lithic clasts until the latter completely demagnetize and lose
the original magnetization component acquired before being entrapped in the deposit. In such cases, the clasts
host only a characteristic magnetization component (ChRM) acquired sub-parallel to the local magnetic field
direction during PDC cooling.

4.2. Differential Scanning Calorimetry (DSC) Methods

The heat capacity (c,; J/(g °C)) of each sample was measured at the Experimental Volcanology and Petrology
Laboratory of the Science Department of Roma Tre University (EVPLab). We followed the procedure of baseline,
standard sapphire (21.21 mg; Archer, 1993), and sample measurements via DSC (e.g., Di Fiore et al., 2023; Hui
et al., 2018; Nichols et al., 2009; Potuzak et al., 2008; Scarani, Vona, et al., 2022, Scarani, Zandona, et al., 2022).
The instrument (Netzsch DSC 404 C Pegasus) was calibrated using melting temperature and enthalpy of fusion
(up to 1064°C) of reference materials (pure metals of In, Sn, Bi, Zn, Al, Ag, and Au), and measurements were
performed under a constant N, flux (5.0 atm at flow rate 30 ml/min). The mass of the samples ranges between
28.1 mg (GT-Bott-2) to 19.1 mg (GT-Bott-4), with a mean value of 23.8 mg.

For each stratigraphic layer, between 1 and 5 chips of glass were subjected to DSC. Two cycles at fixed heating
and cooling rates of g,, = 10°C/min were performed from room temperature to 7 above the glass transition
for each run. The first heating segment (i.e., unmatching upscan) explores the sample thermal history acquired
during the (unknown) natural cooling. This segment was followed by a matching cooling-heating segment at
q. = g, on the rejuvenated glasses.

4.3. Fictive Temperature (Tf) of Natural Glasses

Conventionally, the glass transition temperature (7g) is taken as the temperature at which the viscosity is equal to
10'2 Pa s (e.g., D. Giordano et al., 2008). This value has practical use in the glass-making industry and volcan-
ology since it corresponds to the arrest of flow at the observational timescale (e.g., Dingwell & Webb, 1990).
However, the actual temperature at which the glass retains the structure and properties of the parent melt depends
on the cooling rate it undergoes. This temperature is defined as the glass fictive temperature (75 Tool, 1946).
Therefore, its estimation allows calculating the unknown cooling rate of glasses at the ductile-brittle transition
crossing (i.e., during unmatching cycles). Notably, T = Tg when performing DSC matching cycles at g, , = 10°C/
min. In such a specific case, Tg is referred to as the calorimetric glass transition (e.g., Scarani, Vona, et al., 2022
and reference therein; see also Text S1 and Table S2 in Supporting Information S1).

To evaluate T}, each ¢, trace was subjected to a normalization procedure described by Scarani, Vona, et al. (2022).
The procedure allowed obtaining the excess ¢, contribution (Ac,, i.e., the difference between c, of the liquid state
and c, of the glassy state; Figure S2 in Supporting Information S1). Finally, these pair of normalized measure-
ments allowed to retrieve the T, of each unmatching cycle via the “unified area-matching” approach (Figure S2 in
Supporting Information S1; Guo et al., 2011; Scarani, Vona, et al., 2022) as follows:

Tf 0
/ (ACp)dT = / (Cpay — Cp1)dT 3)
T, 0

onset

where ¢, and ¢, are the normalized excess heat capacity curves of the unmatching and the matching upscans,

respectively, and 7, , refers to that of the matching cycle where T, = Tg ~ T, (see Text S in Supporting

onset nset

Information S1 for details). The latter parameter represents the temperature at the interception point between the
tangent to a ¢, curve of the glass and the tangent to a ¢, curve of the subsequent increase in the c,, signal (Figure
S2 in Supporting Information S1).

4.4. Viscosity Determination and Calibration of the Model to Retrieve Cooling Rates

DSC was also used to determine the viscosity of the investigated material. Specifically, we used a set of match-
ing cycles (g,,, of 20°C/min, 10°C/min, and 5°C/min) to evaluate viscosity in the low-T high-7 interval (e.g.,
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Di Genova et al., 2020). The T, and T

onset peak
cp curves can be related to viscosity via the equation:

(i.e., the peak temperature of the ¢, measurements) from all matching

loglorl(Tpeak,anser) = eruk,onset - 10g10(|QC,h|) (4)

where g, are the experimentally imposed cooling/heating rates and K is the parallel shift factor (Al-Mukadam
et al., 2020, 2021; Chevrel et al., 2013; Di Genova et al., 2020; Scarani, Vona, et al., 2022; Schawe & Hess, 2019;
Scherer, 1984; Stabile et al., 2021; Yue et al., 2004). We use a K, ,, = 11.35 + 0.16 log,, Pa K (Scarani, Vona,
et al., 2022; Scherer, 1984), and prk =9.84 + 0.20 log,, Pa K (Di Genova et al., 2020).

This type of measurements explore a limited range of viscosities (10'3-10'24 Pa s). To extend the description of
the temperature dependence of viscosity to a wider range, it is necessary to use chemical-based predictive models.
Therefore, we adopted the Di Genova et al. (2013) model, specifically calibrated for pantelleritic compositions,
and used our viscosity data as external validation (see Section 5.2). Such a model is based on a non-Arrhenian
VFT equation (Fulcher, 1925; Tammann & Hesse, 1926; Vogel, 1921):

B

1 =A+ ———
0801 TK) —C

(&)

where A, B, and C are composition-dependent parameters.

Following the strategy of Scarani, Vona, et al. (2022), the experimentally calibrated rheological model has been
finally used to estimate the viscosity at T} (i.e., (7)) for samples with unknown natural cooling history and to
retrieve the values of cooling rates as:

log,o(19c|) = Konser — log1on(T) (6)

5. Results
5.1. Paleomagnetism

Thermomagnetic curves systematically indicate Curie temperatures around 600°C in both lithic and matrix
samples, whereas only a few specimens also show a Curie temperature around 700°C (Figure S3 in Supporting
Information S1). Such data reveal magnetite as the main ferromagnetic mineral, coupled with hematite in a few
samples.

Thermal demagnetization of NRM from GT samples systematically revealed well-defined ChRMs in the
200-600°C temperature interval, both in lithic and in matrix specimens (Figure 3a) confirming magnetite as the
main magnetic carrier. ChRMs were combined and yielded at each site mean paleomagnetic directions defined
with 2.8°-7.8° confidence cones (Table S1 in Supporting Information S1 and Figure 3b). When combined in the
same data set, mean Green Tuff paleomagnetic directions from lithic and matrix clasts are fully consistent, and lie
within 5° from the mean paleomagnetic direction previously obtained from the GT matrix by Zanella (1998), and
within 10° from the geocentric axial dipole (GAD) field direction expected at Pantelleria (Figure 3b).

5.2. Analysis of DSC Signals and 7, Determination

Representative DSC measurements of samples from the different stratigraphic layers are reported in Figure 4 (see
Figure S4 in Supporting Information S1 for the complete data set). Qualitative observation of Figure 4 indicates
that the ¢, traces of the first upscans typically undershoot (cf. Figure 4a) or overshoot (cf. Figures 4b—4d) those of
the second matching upscans. When the first heating rate applied (g,,) is much slower than the previous cooling
(in this case, the unknown natural ¢,_), the enthalpy relaxation leads to a deflection in the ¢, trace occurring along
with the glass transition (cf. Figure 4a; e.g., Potuzak et al., 2008). This is the case of the GT-Fall sample, which
must have experienced a cooling rate much higher than the imposed g, of 10°C/min. In contrast, all samples from
the GT ignimbrite unit display a marked overshoot upon the first reheating across the glass transition interval
(cf. Figures 4b—4d). This observation is consistent with cooling rates much slower than the imposed heating
rate. Indeed, this opposite condition (g,, > previous g,) implies that the glass on the first upscan starts in a more
profound minimum of the potential enthalpy surface due to its higher annealing compared to the signal related to
the second upscan (e.g., Gottsmann & Dingwell, 2001a; Guo et al., 2011).
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Figure 3. Results of paleomagnetic investigations. (a) Representative orthogonal vector diagrams of typical thermal demagnetization data from GT lithic clasts and
matrix, in situ coordinates. Filled and empty dots represent projections on the horizontal and vertical planes, respectively. Demagnetization step values are in °C. (b)
Equal-area projection of mean paleomagnetic directions from lithic clast and matrix sites of GT (1), and mean paleomagnetic directions from the whole lithic clast and
matrix data sets (2). The ellipses around the paleomagnetic directions are the projections of the relative a5 values. The mean paleomagnetic direction obtained from the
GT matrix by Zanella (1998) is also shown.
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Figure 4. Representative Differential Scanning Calorimetry heat capacity measurements of (a) GT-Fall, (b) GT-Bott-2, (c¢) GT-Fiamma, and (d) GT-Top-3 samples.
The unmatching cycles at g, = 10°C/min are shown as blue curves, whereas the matching cycles at g, = 10°C/min are reported in red lines.

The T, retrieved (Equation 3; Figure S2 in Supporting Information S1) from DSC measurements of all the
samples considered here are shown in Figure 5a and listed in Table 1. Samples for each stratigraphic layer show
distinct ranges of T}, indicating a limited dispersion when multiple chips of glasses were analyzed within the same
layer. As anticipated, the GT-Fall sample exhibits the highest T value (acquired during cooling at a relatively
fast cooling rate), equal to 572.9°C. The GT-Fiamma, GT-Rheo-1, and GT-Rheo-2 samples exhibit the lowest
T, of 356.7°C, 365.5°C, and 366.2°C, respectively. T} of glasses from the upper vitrophyre ranges from 454.7°C
(GT-Top-1) to 465.7°C (GT-Top-3), with a mean value of 460.0°C. T of samples from the basal vitrophyre ranges
from 397.3°C (GT-Bott-5) to 406.4°C (GT-Bott-3), with a mean value of T, of 401.5°C.

5.3. Viscosity Results and Modeling

The viscosity values (17,¢.; low-T high-; region) obtained from DSC matching cycles range from 10032 to 101243
for T comprised between 471.1 and 575.4°C (Table S2 in Supporting Information S1).

The measured viscosities are well predicted by the model proposed by Di Genova et al. (2013) for pantelleritic
compositions, using the GT chemical composition from Romano et al. (2020) (Figure 5¢). The model best repro-
duces 7, data if small additional water content is considered (~0.05 wt.% for the ignimbrite samples and 0.12
wt.% for the GT-Fall sample; Figure 5¢).
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Figure 5. Differential Scanning Calorimetry (DSC) results of the studied glasses. (a) Modeled 7} following the “unified area-matching” approach (Equation 3), and
(b) retrieved unknown ¢, according (Equation 6), as a function of stratigraphic depth within the GT ignimbrite. (c) Arrhenius plot of viscosity (left axis) and reciprocal
cooling rate (right axis). Left axis: viscosity values at T, ,, (empty squares) and T,,,, (empty circles) from DSC matching cycles (Equation 5; see text for details). Red
lines describe the non-Arrhenian VFT equation (Equation 4) according to the viscosity model by Di Genova et al. (2013) at different water contents (0-0.12 wt.%).
Chemical composition from Romano et al. (2020). Fitting parameters are (i) A = —4.55, B = 11250.22, C = 98.35 (anhydrous condition; dotted line), (ii) A = —4.55,
B =11085.69, C =98.35 (H,0 = 0.05 wt.%; solid line), and (iii) A = —4.55, B = 11025.97, C = 95.81 (H,0 = 0.12 wt.%; dash-dotted line). Colored upward triangles

describe the estimated n(T/) values. Right axis: Cooling rates (qc) of obsidian glass (colored downward triangles) estimated with Equation 6 (K, = 11.35 + 0.16;
Scarani, Vona, et al., 2022). Error bars are smaller than symbols.
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Table 1 5.4. Cooling Rate Determination

Characteristic Fictive Temperatures ( T; Equation 3), Viscosities n(T;) and
Cooling Rates (q,.; Equation 6) of the Investigated Glasses

The experimentally calibrated rheological modeling has been used to esti-
mate (7)) for samples with unknown cooling history and to compute cooling

Sample IO T, (K) n(T)(Pas) -logg (°Cls)  g.(°Cls) rates according to Equation 6 (Figure 5¢; Table 1).

GT-Top-1 45477279 13:3 20 Rl Figure 5b shows the estimated cooling rates within the GT vertical profile.

GT-Top-3 4594 7326 13.2 18 1.45x 107 Notably, the g, related to the GT-Fall sample shows a fast cooling rate equal

GT-Top-5 4657 7389 13.0 1.7 217x 107 tolog,, 1.2°C/s (15.9°C/s). On the other hand, the cooling rates related to the

GT-Rheo-1 3662 639.4 16.2 4.9 1.27x 10°  GT ignimbrite body span four orders of magnitude, returning slow g, rang-

GT-Rheo-2 3655 638.6 16.3 4.9 1.20 x 10=5 ing from log,, —5.27°C/s (5.4 x 10~¢ °C/s; GT-Fiamma) to log,, —1.97°C/s

GT-Fiamma 3567 629.8 16.6 53 540 x 10-6 (1.07 x 1072 °C/s; GT-Top-1). The upper and basal vitrophyres show g, of
~1072 °C/s and ~107* °C/s, respectively. The slowest cooling rate values

GT-Bou-1 399.3 6724 150 37 ORI pertain to the central part of the ignimbrite, with ¢, ranging from ~10~> °C/s

GT-Bott-2 404.7 677.8 14.9 3.5 3.06 x 10~* (GT-Rheo) to ~1076 °C/s (GT-Fiamma).

GT-Bott-3 406.4 679.6 14.8 3.5 3.50 x 10~*

GT-Bott-4  399.6 6727 15.0 37 2.06 x 10~ . .

GT-Bott-5 397.7 6709 15.1 3.8 1.78 x 10~* 6. Discussion

GT-Fall 572.0  846.0 10.2% —12 15.9 Paleomagnetic directions from lithic clasts systematically show ChRMs

Note. n(T)) values are estimated using the viscosity model from Di Genova
et al. (2013), with an H,O content of 0.05 wt.%. Stars (*) indicate n(T)
estimated using an H,O content of 0.12 wt.% (see text for details).

sub-parallel to the local GAD field direction that are demagnetized between
550 and 600°C, showing unquestionably that the GT was emplaced at a
temperature greater than a 550-600°C temperature window. The same result

is consistently obtained from matrix samples collected at outcrops charac-

terized by pronounced rheomorphic folds (Figure 2), implying that rheo-
morphism also occurred at temperatures >550-600°C. It is noteworthy that the same result was obtained for
specimens drilled at the center of the biggest lithic clasts sampled (diameter 30 cm, Figures 2 and 3a), demon-
strating that even those clasts were completely heated at a >550-600°C temperature and that the GT acquired a
notably homogeneous temperature.

The estimated g, values (Figure 5b) reflect the completely different thermal evolution that the Kartibucale member
and the GT ignimbrite body experienced. The GT-Fall glass samples derive from a fallout deposit. The values
of cooling rates (~16°C/s) are consistent with literature data via DSC (Wilding et al., 1995; Wilding, Webb, &
Dingwell, 1996; Wilding, Webb, Dingwell, Ablay, & Marti, 1996) and modeling (Capaccioni & Cuccoli, 2005;
Tait et al., 1998; Thomas & Sparks, 1992) and likely record the primary fast cooling in air after fragmentation,
ultimately leading to the emplacement of cold pumices. On the other hand, the GT ignimbrite unit appears
welded and strongly rheomorphic (especially in the upper part; Williams et al. (2014); Figure S4 in Supporting
Information S1), confirming the PDC remained hot for a prolonged time after deposition, allowing to record the
ultraslow cooling in the studied samples (from 10~ to 1072 °C/s; i.e., from ~1°C/day to ~50°C/hr, respectively).
It should be noted that the retrieved cooling rates record the final stages of cooling of the obsidian sample across
the glass transition. Moreover, the calorimetric analysis was performed on small glass chips that may represent
local conditions at the specific location within the ignimbrite body. Finally, the thermal history and T} crossing
could be complicated by the long thermal annealing processes that may occur in the glass transition interval, lead-
ing to the recording of ultraslow cooling rates, not representative of the real cooling experienced by the deposit
(Gottsmann & Dingwell, 2002).

To understand the reliability and significance of the retrieved data and their ability to capture the cooling history
of the whole GT ignimbrite, we performed a set of experimentally validated cooling numerical simulations from
emplacement temperature to the glass transition.

6.1. Thermal Modeling of the Green Tuff Ignimbrite

Numerical simulations were performed using Heat3D software (Wohletz, 2008; Wohletz et al., 1999). We calcu-
lated only the conductive heat transfer between the hot PDC deposits, the air (at ambient temperature), and
the substrate and considered convection negligible in the deposit. We defined a two-dimensional (2 m X 7 m)
computational domain with a 0.1 m cell grid (Figure S5 in Supporting Information S1) for modeling purposes.
These dimensions intend to represent the 5 m mean thickness of the GT ignimbrite unit, whereas the remanent
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2 m represents the substrate. Note that the model automatically considers interaction with air at the upper bound-
ary and does not consider lateral boundary effects. The selected cm-sized cell grid allows for balancing the need
to model the cooling of the upper and basal vitrophyres (10 and 25 cm thick, respectively). Moreover, the time
steps of the numerical solutions depend on cells dimension. Thus, the 2 m horizontal length, together with the
centimetric cell grid, permits simulating a minimum of 35 min-long timesteps allowing the accurate description
of the T—¢ profiles within the thin vitrophyre layers. We define a simple configuration simulating the thermal
exchange between the hot pyroclastic body, air, and a regular substrate (Configuration A, Figure S5 in Supporting
Information S1).

According to paleomagnetic data (T, > 550-600°C) and to Williams et al., 2014 (see also Section 2.1), we assume
emplacement much faster than the cooling history of the entire thickness of GT ignimbrite at an emplacement
Tempn.ve = 720°C (see Di Carlo et al. (2010) for Tmpm
little or no heat loss during particle transport (e.g., Trolese et al., 2019). The upper boundary cools to the atmos-

temperature T, constraints). Such conditions imply

e_model =
phere, assuming a starting air temperature (7, = 20°C). All model parameters and the sources used are summa-
rized in Table S3 of Supporting Information S1. We perform the numerical simulations at fixed timesteps every
35 min (during the first 24 hr), 24 hr (for the following week), and 48 hr (until the deposit reaches a temperature
of ~300°C).

The results of the numerical simulations for the ignimbrite body are reported in Figure S5 of Supporting Infor-
mation S1. Figure 6a shows the results focusing on three stratigraphic levels located at —0.1 m, —2.5 (+2) m, and
—4.9 m from the surface, chosen to represent the upper vitrophyre, the middle PDC zone, and the basal vitro-
phyre, respectively. As expected, zones near the upper and basal surface (i.e., vitrophyres) cool rapidly. The upper
vitrophyre (blue line in Figure 6a) shows a fast and monotonous temperature decrease with time, whereas the
basal vitrophyre (solid red line in Figure 6a) shows a more complex trend distinguished by two different cooling
regions. The interior portions of the ignimbrite cool over more extended periods with different 7—¢ paths depend-
ing on the stratigraphic position (green area in Figure 6a). The middle layer (green line in Figure 6a) remains at
T,

s model for about 1 week before cooling.

To validate the reliability of the numerical model, we use the estimated g (7)) values as external constraints.
Figure 6b shows an Arrhenius plot, where the evolution of cooling rates obtained from the derivatives of 7—t paths
is plotted as a function of the inverse temperature. Within the —log,(¢,) versus I/T space, the non-Arrhenian 7,
dependence of g, (internally calibrated using Equations 5 and 6) is also plotted as the glass transition boundary
defining the viscous-brittle deformation zones (e.g., Dingwell & Webb, 1990). Concerning the upper vitrophyre,
the cooling rate path perfectly agrees with the calorimetric data by intercepting the glass transition anhydrous
curve at the estimated ¢,.. The modeled middle zone crosses the glass transition with ultraslow velocity from 10~
to 1073 °C/s. The green area shows that the considered stratigraphic positions strongly influence the calculation.
Nevertheless, model and calorimetric data agree within the assumptions.

Configuration A, however, does not reproduce the calorimetric data from the basal vitrophyre, for which it
predicts a cooling rate at the glass transition (~107% °C/s), about two orders of magnitude slower than the calo-
rimetric ones (~107* °C/s). Therefore, to better constrain this basal unit, we performed additional simulations
considering a more complex heat exchange condition (i.e., increased conductive cooling) due to the PDC interac-
tion with an irregular porous substrate represented by the underlying fallout deposit (Configuration B; Figure S5
in Supporting Information S1). This configuration involves an initial 60 cm thick layer within the substrate, simu-
lating 50% intergranular porosity (air in black squares; Figure S5 in Supporting Information S1). Moreover, the
ignimbrite is separated by a thin (10 cm) dense substrate layer to avoid boundary effects when evaluating the 7—¢
profiles above (i.e., levels representing the basal vitrophyre). Outcomes indicate that Configuration B produces
almost identical 7—¢ paths obtained with Configuration A for the upper and the central parts of the PDC. At the
same time, this model (dashed red lines in Figure 6) is also perfectly consistent with the estimated ¢ (7)) values,
confirming that the cooling of the basal layer may be strongly dependent on substrate interaction generating a
more complex cooling trend.

In summary, the excellent correspondence of simple conductive cooling models with the DSC-derived cooling
rates at T suggests that the latter may approximate primary cooling rates. In this scenario, possible annealing
effects could have a subordinate role in describing the cooling history of the GT ignimbrite. Therefore, the
presented modeling can be used to describe the cooling history of GT ignimbrite and to gain information on the
emplacement and rheomorphism timescales.
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Figure 6. Heat 3D simulation results. (a) 7-¢ paths obtained from the different investigated stratigraphic layers, according
to Configuration A (solid lines) and Configuration B (only for the basal vitrophyre; dashed line). The retrieved fictive
temperature values are also plotted (colored circles). (b) Arrhenius plot of the reciprocal cooling rate describing the
brittle-ductile transition internally calibrated via Equations 5 and 6. The retrieved cooling rates are also plotted as colored
circles. Colored lines describe the paths of the 7—¢ derivative (i.e., cooling rate) according to the stratigraphic layer for
Configuration A (solid lines) and Configuration B (only for the basal vitrophyre; dashed line).
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Table 2 6.2. Timescale of Viscous Deformation

Estimated Times to Reach the T Thresholds of the Three Layers
Representing the Upper and Basal Vitrophyres and the Middle Ignimbrite

The modeled 7—t curves (Figure 6a) provide the time frame within which
the investigated levels remain at temperatures sufficiently high to promote

welding and rheomorphism. The different cooling paths affect the timescale
to reach some rheologically important 7 thresholds, given in Table 2.

n — We use the values of (a) the emplacement temperature, 7, .., = 720°C,
’ ’ (b) the Curie temperature (T, = 580°C) of magnetite, (c) the calorimetric

Zones

«T) (hr) t(Tg) (hr) t(T/ mean) (hr)
Upper vitrophyre 0.9 1.6 2.2
GT middle zone 752.9
Basal vitrophyre 10.3 28.4 111.7

glass transition temperature (7g ~ 500°C for anhydrous melt), and (d) the
fictive temperature 7 (from 356.7 to 465.7°C; Table 1). The Curie temper-
ature of magnetite, the predominant ferromagnetic mineral in the GT
ignimbrite (Figure S3 in Supporting Information S1), allows assessing the first temperature interval (from T, ,, .,
to T,) in which the lithic clasts can macroscopically move within the PDC (i.e., horizontal and/or rotational
motion), before locking and acquiring their final characteristic remanent magnetization.

Considering anhydrous melt conditions, according to the viscosity model (Di Genova et al., 2013), this zone is
bounded by the limit viscosities of (T, ,....) = 108 Pa s and 7(T) = 10'° Pa s (Figure 7a), A second interval is
confined between T, and the calorimetric Tg (i.e., n(Tg) = 10! Pa s; Scarani, Vona, et al. (2022) and reference
therein; see also Text S1 and Table S2 in Supporting Information S1). This viscosity window (10'°-10"2 Pa s) still
implies viscous deformation (Figures 6b and 7a), but the elevated viscosity is expected to produce deformation at
the microscopic scale (not recorded by the large lithic clasts). At Tg, the ignimbrite is virtually immobile, but the
structural rearrangement of the supercooled melt continues down to the fictive temperature 7, where the glass is
structurally frozen (Figures 6b and 7a). T, depends on the cooling rate (Table 1) and results in anhydrous viscos-
ities ranging from n(7) = 10130 Pa s (GT-Top-5) to n(T) = 106 Pa s (GT-Fiamma) according to the analyzed
glass fragment and its stratigraphic position within the ignimbrite (Figure 7a).

Figures 6a and 7a show that the rapidly cooling upper vitrophyre reaches 7, in 0.9 hr, g in 1.6 hr, and 7;;in ~2.2 hr.
The basal vitrophyre (following the model configuration B; Table S3 in Supporting Information S1) crosses T,
in 10.3 hr, 7g in 28.4 hr, and 7} in ~111.7 hr (~4.7 days). Finally, the middle PDC zone cooled more slowly
(Table 2), reaching T, in 752.9 hr (31.4 days), Tg in 1060.4 hr (44.2 days), and Tf in ~1921.6 hr (~80.1 days).

Figure 7b depicts the estimated welding and rheomorphism windows along with a normalized vertical profile to
consider porosity loss during welding and compaction (h, = h/h,,,. where h, is the initial deposit thickness). We
constrain the welding window (lined area in Figure 7b) via Equation 2, using the literature spectrum of « values
(1.8 < a £5.3; Sicola et al., 2021) and an initial porosity of ¢, = 0.5. We determine the stress due to lithostatic
load as o = p,gh,, where p, = 1,215 kg m~ (i.e., p; = ppgg/2; Table S3 in Supporting Information S1), and g is
the gravitational acceleration. First, we calculate the welding time assuming h; = 20 cm, which corresponds to
a scenario where there is little to no lithostatic load contribution. This specific case aligns with the progressive
aggradation model proposed by Branney and Kokelaar (1992), where a low viscosity allows for instant aggluti-
nation of pyroclasts during deposition without significant strain caused by load. This configuration represents the
maximum timescale for welding in the GT, as indicated by the vertical dashed lines in Figure 7b (between 1.2 and
2.9 hr according to the used a value). Shorter timescales are computed if the potential contribution of the lithos-
tatic load is considered (h;, = 10 m) as if the entire GT was completely deposited before welding (Sparks, 1976).

Concerning vitrophyres, the timescales of welding (and associated rheomorphic flow) are comparable with the
cooling time across the glass transition (Figures 6a and 7b). According to Quane et al. (2009), this implies a
syn-depositional event. Conversely, the middle zone spends an extended amount of time (>100 hr) at almost
isothermal (T'~ T

e_

nodey) cONditions (Figure 6a) and, therefore, at relatively low viscosity (Figure 7a). In such a
scenario, when the welding timescale is much smaller than the time spent above Tg, welding can be considered
completely decoupled from cooling (Quane et al., 2009). Subsequently, our model (red area and transect in
Figure 7b) suggests the middle zone could spend ~1 month above T, and an additional ~1 month above Tg, that
is, at T-n conditions allowing ductile flow and structural reassessment even after deposition.

The anhydrous melt condition considered so far offers a minimum timescale for the rheomorphism window.
The studied glassy samples are almost completely dehydrated, but this does not exclude the presence of water
dissolved in the melt during the emplacement. Concerning this aspect, Lanzo et al. (2013) assessed the water
content at pre-eruptive conditions in the GT pantelleritic melt up to 4.2 wt.%. In addition, field observations of
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rheomorphism window and the glassy region refer to the estimated time at which each layer reaches «(T,), #(Tg), and are extrapolated up to «T).
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gas pipes in the only unwelded deposit on the island (see Figure 2), together with abundant stretched-imbricated
and rounded vesicles in the welded and rheomorphic tuff, attest to evidence of gas-rich pyroclastic flow deposit
subjected to syn- and post-emplacement degassing (e.g., Andrews & Branney, 2011; Schmincke & Swanson, 1967;
Williams, 2010). Water could drastically affect viscosity and, for instance, the presence of 1 wt.% dissolved H,O
produces a decrease of two orders of magnitude of #(Z, , ..) (from 10 to 10¢ Pa s) and 5(T,) (from 10'° to
108 Pa s) (Di Genova et al., 2013; Figure S6 in Supporting— Information S1). This effect further reduces the weld-
ing timescale (Equation 2). In addition, the calorimetric glass transition temperature Tg strongly decreases from
~500 to ~395°C allowing the rheomorphic window to enlarge, favoring ductile deformation for a more extended
period.

6.3. Emplacement and Deformation Model of the Green Tuff Ignimbrite

We finally propose a conceptual model for the emplacement and deformation timescales of the GT ignimbrite
(Figure 8). To this aim, vitrophyres bear extraordinary importance, especially the upper one, which seals the
deposit and is usually less preserved or not developed in pyroclastic sequences. The obtained ductile deformation
windows for vitrophyres are comparable with the cooling time across the glass transition (#(7g) =~ few hours;
Figures 6a and 7b). These timescales perfectly match those obtained by Williams et al. (2014), who affirm that
the GT emplaced in a cumulative time <~1.5 hr using Zr as a chemical proxy along the pyroclastic sequence.
Accordingly, this implies a syn-depositional event within which these two levels emplaced, welded, flowed (at
the micro- or macro-scale), degassed, and quenched (Figures 8a—8c). Consequently, the entire deposit underwent
syn-emplacement deformations, as field evidence also testified (see Section 2.1; Williams, 2010). As the deposi-
tion proceeded through continuous sedimentation of hot, agglutinating particles, the ductile shear zone generated
by the overriding current migrated upwards (Branney & Kokelaar, 1992). This results in the formation of linea-
tion and foliation fabrics in the basal part and massive flow-banded lithofacies in the upper deposit (Figure Sla
in Supporting Information S1).

Despite the similar cooling history evaluated for GT_Fiamma and GT_Rheo samples (from the basal welded
part and the upper rheomorphic zone, respectively; see Section 3.2 and Figure 2), different deformation styles
affect the bottom and top regions of the GT. As possible mechanisms that may promote a marked rheomorphism
upwards in the stratigraphic succession (Figure 8b), we suggest: (a) shear heating induced by the overriding
current (Robert et al., 2013); (b) resorption of gas into the undersaturated melt phase (Sparks et al., 1999); (c) a
combination of the previous two cases. In the first case, high emplacement temperature, and sufficient residence
time in the shear zone, could strongly impact the deposit's rheology by increasing the available thermal budget.
In the second case, due to the steadily progressive and rapid deposition, gas cannot escape and may eventually
be resorbed. Notably, both hypotheses are supported by Williams et al. (2014), who propose that the climactic
phase of the GT eruption occurred with the deposition of the middle-upper part of the deposit, highlighting an
increase in the mass flux and, therefore, in sedimentation rate that, in turn, may increase the gas concentration
within the deposit. Consequently, in the bottom part, likely in response to fewer favorable conditions (e.g., higher
viscosity, lower amounts of volatiles, lower sedimentation rate, lower shear heating effects), ductile deformation
would only produce lineation/foliation fabrics and imbricated fiamme and vesicles with respect to the upper part
(Figure 8b; Figure S1a in Supporting Information S1).

Except for the vitrophyres, the ignimbrite is preserved at T'> Tg for a significant amount of time after deposition
(#(Tg) ~ 1.5 months for the central zone, according to the model). The rapid formation of vitrophyres could also
facilitate this condition by thermally insulating the main ignimbrite body. In such a situation, post-depositional
rheomorphic flow is promoted, and deformation proceeds due to gravity by re-folding folds and/or spreading or
slumping down slopes, especially in the upper part (Williams, 2010). During this period, the upper vitrophyre
underwent auto-brecciation (i.e., brittle deformation), and secondary degassing may occur (Figures 8d and 8e;
Figure S1 in Supporting Information S1). Finally, as the cooling proceeds, deformation stops due to increased
viscosity and/or gravity force removal (Figure 8f), leading lithics to acquire the final remanent magnetizations
and the analyzed clasts to record the ultraslow cooling rates at 7} crossing.
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Figure 8. Emplacement and deformation timescales of the Green Tuff ignimbrite (GT). (a—c) GT emplacement and syn-depositional viscous deformation (from
minutes to hours). Vitrophyres form rapidly and cool through 7}, insulating the central ignimbrite body. Highlights show rotational structures around phenocrystals
(observed at the micro-scale in the basal part; Figure S1c in Supporting Information S1), vesicles flattening and imbrication, and possible significant shear heating
or gas resorption mechanisms allowing for rheomorphism upwards (Figure S1a in Supporting Information S1). (d—f) Post-depositional deformation and GT cooling
(from days to months). Auto-brecciation of the upper vitrophyre in response to theomorphism downwards. Crossing 7, (and then 7g) leads the GT ignimbrite to stop
macroscopically (lithics stop moving), whereas a structural rearrangement is still possible down to 7. Highlights show secondary degassing with rounded bubbles
formation (Figure S1d in Supporting Information S1).

7. Conclusions

The integration of paleomagnetism, calorimetric data, thermal and viscosity model of the GT ignimbrite allow
us to draw the following conclusions:

1. Paleomagnetic analyses reveal for both lithic and matrix Green Tuff samples well-defined ChRMs sub-parallel
to the local GAD field direction i.e., demagnetized between 550 and 600°C. Thus, Green Tuff emplacement
is constrained at a temperature greater than a 550-600°C temperature window.

SCARANIET AL. 18 of 22

95U9017 SUOLUWIOD SAIIR.D) 9|qed![dde auy Aq pausenob ae ssp e YO ‘8sn Jo Sajni o} Azeiq1aUlUO A3[IAR UO (SUDNIPUOI-PUR-SWB)W0D A8 1w Ale1q 1 jpul|Uo//:SdNY) SUONIPUOD PuUe SWIS 1 8y 89S ' [£202/20/6T] U0 Aleiqiauliuo A1 ‘9dueld aUeIyd0D Aq /529208r2202/620T OT/10p/wod Ae|im AreiqipuljuosgndnBe//sdiy Wwouy pspeojumod ‘2 ‘€202 ‘95866912



A7oN |
MN\\JI
ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Solid Earth

10.1029/2022JB026257

Acknowledgments

The authors acknowledge the reviewers
G. Andrews and the Associate Editor
(anonymous) for their feedback and
constructive comments which remarkably
improved the quality of this research.
The authors also thank M. Dekkers
(Editor) for the editorial handling of the
manuscript. CFF and FS acknowledge
A. Di Chiara, G. Risica, and I. Di Carlo
for the help given during paleomagnetic
sampling, paleomagnetic laboratory
measurements and data analysis, and
petrographic analyses, respectively.

2. The cooling rates retrieved from selected glasses embedded within the GT deposits span several orders of
magnitude (from ~107¢ to ~10°C/s) and record the different thermal histories the basal fall and ignimbrite
undergo crossing the glass transition.

3. Calorimetric and paleomagnetic data can be used to constrain thermal models of the ignimbrite from the
emplacement temperature to the brittle-ductile transition. The excellent agreement between DSC data and
simple conductive cooling models suggests that the retrieved cooling rates may be primary and not or less
affected by post-emplacement processes (e.g., thermal annealing).

4. Different thermal proxies can provide information on different thresholds characterizing the cooling behav-
ior of ignimbrites. In particular, the magnetite Curie temperature 7, defines the temperature above which
a deposit can macroscopically deform. Tg corresponds to the temperature at which viscosity is 10! Pa s,
describing the cessation of microscale deformations. Finally, the fictive temperature 7, embedded in the glass
records the temperature at which the structural reassessment ends.

5. We provide the timescale for the occurrence of viscous deformation in the GT ignimbrites along different
stratigraphic positions and deposit lithofacies. The evaluated cooling paths for basal and upper GT vitrophyres
suggest that rheomorphism was a syn-depositional event that occurred in an amount of time in the order of
hours. In addition, the main ignimbrite body remained at 7 > Tg for a prolonged time after emplacement (at
least 1 month), allowing for post-depositional rheomorphic flow.

6. A conceptual model is proposed for the emplacement and deformation of the GT ignimbrite. The different
deformation structures observed along the hot deposit are related to the possible occurrence of significant
shear heating and/or volatile resorption processes upwards. Thus, ductile deformation produced in the basal
part lineation/foliation fabrics and imbricated fiamme and vesicles, whereas the upper part developed syn- and
post-emplacement flow-banded lithofacies.

We finally remark that this type of research can be successfully used: (a) to broaden our knowledge of
low-viscosity ignimbrites which can viscously deform significantly during and after emplacement and (b) as
important constraints to numerical models developed for hazard assessment and risk mitigation.
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