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Abstract
The study of medium-large magnitude and intermediate-high intensity (VEI = 4/5;
Column Height 15-20 km) eruptions fed by poorly evolved magmas is one of the main

topics in volcanology. In this framework, the 472 CE (Pollena) eruption from Somma-
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Vesuvius (Italy) represents a key case study, as it is one of the subplinian eruptions used to
constrain the reference scenario adopted by the Italian Department of Civil Protection in
case of renewal activity at Somma-Vesuvius. The Pollena eruption experienced a complex
dynamics, with abrupt shifts in eruptive style. This study focused on the fall products (L1-
L8) of the magmatic eruptive phases (Phases | and 11), which preceded the onset of the final
phreatomagmatic phase (Phase IIl). Phase | was characterized by unsteady magma
discharge resulting in an oscillating convective column, whereas Phase Il involved
pulsating activity with alternation of sustained and collapsing c.\)umns. To evaluate the role
of textural variability in controlling magma rheology (and t'eicfoie variations in magma
discharge), a detailed textural analysis of the juvenile prod.ciw 1as been performed.

Pyroclast textures record a variable degree of outga:siny efficiency and lateral textural
stratification of magma in the conduit, related tc dihz:rential magma ascent rates and
resulting in variable eruption intensity. Repetitive pdtterns of magma densification,
achieved by progressive outgassing and crys.ar.7=.cion, led to stages of decreasing ascent
velocity resulting in the end of the e.upt.ve pulse (during the oscillatory Phase I) or
anticipating PDC emplacement (at *he ena of Phase | and during the pulsatory Phase II).
Further decompression of the outra.~eu magma induced intense clinopyroxene microlite
crystallization, that markedly ir.c.~a.cd magma viscosity and promoted the restoration of
sustained columns during the eruption climaxes (L3 and L8). Magma densification patterns
and consequent unsteadiress N magma discharge at the surface may derive from small
heterogeneities in the init.al volatile budget and/or represent a natural evolution of low
viscosity magmas, as u.ose feeding Pollena eruption, where efficient crystallization in the
conduit can deeply and abruptly modify magma rheology, outgassing ability, conduit flow
and, ultimately, eruptive style.



1. Introduction

Subplinian eruptions are characterized by unsteady magma discharge (e.g. Cioni et al.,
2015 and references therein), responsible for the formation of short-lived, oscillating
convective columns, repeated transitions from sustained to collapsing column (e.g. Trolese
et al.,, 2019), and occasionally time-breaks of days/weeks between different eruptive pulses
(e.g. Miyaji et al.,, 2011). As a result, the pyroclastic fall degucits show alternating grain
size, and are frequently interlayered with small-volume p rroc ‘astic density currents (PDC)
(e.g., Sulpizio et al., 2005; 2007; Pensa et al., 2C1s) The unsteady behavior and the
associated transitions in eruptive style are commnily ascribed to the decoupling between
magma supply at depth and magma dischar = at the surface (e.g. Scandone and Malone,
1985) and can be caused by either exteri. t or internal factors. External factors involve: i)
magma-water interaction (Cioni e* '. 2003), and/or ii) syn-eruptive changes of conduit
shape (Wilson et al., 1980; M~ssaic et al., 2018). Internal factors include: iii) changes in
physico-chemical parameter. 0. the magma stored in the reservoir (Jaupart and Allegre,
1991; Pensa et al., 2(15; Di Piazza et al., 2019; Romano et al., 2020), and/or iv) syn-
eruptive change of flow behavior, magma ascent and degassing dynamics along the conduit
(Gardner et al., 1998; Wilye et al., 1999, Cioni et al., 2003, Pardo et al., 2014; Romano et
al., 2020). All internal factors affect magma rheology, which strongly depends on melt
chemical composition (including dissolved volatile content; e.g., Romano et al, 2003;
Giordano et al., 2008), crystal and bubble contents (e.g., Mader et al., 2013 and reference
therein; Vona et al., 2013, 2016). Multiphase magma rheology, in turn, deeply controls

every process during ascent as volatile exsolution, bubble growth, gas escape and degassing
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induced crystallization (e.g., Cashman and Blundy, 2000; Gonnermann and Manga, 2007).
As a consequence, set the external processes aside, the time-dependent rheological behavior
of magmas ultimately determines the style, duration and size of the eruptions, as well as the
fluctuations in eruptive intensity often responsible for abrupt transitions in eruptive style
(e.g., Campagnola et al., 2016).

We focused our study on the Pollena subplinian eruption nf Somma-Vesuvius (Fig. 1;
Rosi and Santacroce, 1983; Sulpizio et al., 2005) dated at 47 <t (Rosi and Santacroce,
1983; Andronico et al., 1995). This type of eruption (VE = «; Column Height 12-20 km)
has a conditioned probability of ~ 30% to take place u. <ase of a renewal of the activity at
Vesuvius (Marzocchi et al., 2004), and has been ~duptea oy the Italian Department of Civil
Protection as the reference eruptive scenar.. associated with the emergency plan (DPC,
2012).

Pollena eruption started wit', ~ sustained, oscillating column related to magmatic
fragmentation (i.e. no external ‘vate: involved; Phase | in Sulpizio et al., 2005). This Phase
ended with the destabilizatiu~ o the convective column, its collapse and the generation of
PDCs. Subsequentlv, te e\ uption entered a more complex phase (Phase I1 in Sulpizio et al.,
2005) characterized hv the emplacement of several PDCs punctuated by two episodes of
powerful convective column. The eruption ended with the emplacement of two PDC
deposits generated by phreatomagmatic activity (Phase Ill in Sulpizio et al., 2005).

In order to evaluate the role of the textural variability in controlling magma rheology
and therefore eruptive dynamics (e.g., Cashman and Mangan, 1994), a detailed analysis of
the erupted juvenile products has been performed with the aim to define their density,

porosity, crystallinity, and their vesicle and crystal size distributions (i.e., VSD and CSD,
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respectively). In particular, the purpose of this study was to address the magma textural
(and therefore rheological) control on: 1) the oscillating behavior of the convective column
during the initial phase of the eruption; 2) the transition from sustained to collapsing
column between Phase | and Phase II; 3) the restoration of the high energy sustained
column events (and their subsequent collapse) during Phase II.

Moreover, the reconstructed eruption dynamics of the subplinian Pollena eruption
was compared to that of the 79 CE Plinian eruption at Vesuv..'s as inferred by previous
studies on pyroclast textures (Gurioli et al., 2005; Shea 2t a., 2009; 2010a; 2011; 2012;
2014; Balcone-Boissard et al., 2011) to evaluate poss:on aialogies and differences between
the products and the eruptive processes of these two main events which characterized the

Vesuvius eruptive history.

2. 472 CE Pollena eruption of Sor.ma-Vesuvius

The stratigraphy ana petrology of the 472 CE Pollena eruptive products of Vesuvius
have been described hv Rosi and Santacroce (1983), Arno et al. (1987); Joron et al. (1987),
Mastrolorenzo et al. (2002), Rolandi et al. (2004), and Sulpizio et al. (2005) (Fig. 1).

Bulk rock compositions indicate that the first erupted magma (L1) is phonolitic (Fig.
1D; Sulpizio et al., 2005; Santacroce et al., 2008). During the eruption, magma becomes
progressively less evolved (from phonolite to phonotephrite). At Vesuvius, similar

chemical gradients are common and have been interpreted as due to a stratified magma



chamber in which the phonolitic magma occupies the apical part of the reservoir
(Sigurdsson et al., 1990; Cioni et al., 1995, 1998; Scaillet et al., 2008).

The most recent and detailed stratigraphical study of 472 CE eruption by Sulpizio et
al. (2005) has been used as benchmark for this study. The composite stratigraphic section of
the erupted products, as reconstructed by the authors is shown in Figure 1B. As for other
Plinian and subplinian events of the Somma-Vesuvius, the 472 CE Pollena eruption is
characterized by a thick, basal sequence of fall beds covered by "LC deposits in the upper
part of the stratigraphic succession (Rosi and Santacroce, 1383). Sulpizio et al. (2005)
distinguished three main phases based on the do nu.an. eruptive style (i.e., sustained
column vs. pyroclastic density currents, PDC) ar- tie type of fragmentation (i.e., magmatic
Vs. phreatomagmatic) driving the eruptive dy,amics.

The first phase of the eruption (Phe. 2 1) is characterized by a continuous succession
of fall beds of variable grain-size (!4 !h-Jdominated: L1 to L7; and ash-dominated: Al-A4).
Except for the L1-L2 and L6-L 7 trasitions, all lapilli beds are separated by thin ash layers
(Al-A4; Fig. 1B) indicative of short period of times in which the eruptive column is absent
or significantly lower:d. *hase Il is characterized by the alternation of PDC and fall
deposits, the latter indirated as L8 and L9 (Fig. 1B). Both Phases | and Il do not show any
evidence of phreatomagmatic fragmentation (Rosi and Santacroce, 1983; Sulpizio et al.,
2005). Conversely, as commonly observed in other explosive eruptions from Vesuvius
(Santacroce et al., 2008 and references therein), extensive phreatomagmatic activity
characterizes the final phase of the eruption (Phase I11), which is dominated by dilute and

dense PDC deposition (Rosi and Santacroce, 1983).



In this study, we focused our attention on the fall products from Phase | and Il. In
general, all these deposits vary in thickness and lithology throughout the stratigraphic
sequence and show a northeastward dispersal with variably elongated isopachs (Fig. 1A;
Sulpizio et al., 2005). The variability of dispersal and grain size oscillations reflects the
effect of the unsteady subplinian column.

The first member of the Pollena eruption (L1) is a massive, well-sorted, lapilli sized
fall deposit, characterized by highly wvesicular juvenile frayn.oms (mainly light-colored
pumices of phonolitic composition; Fig. 1D) and scarce accdental lithic clasts. Column
height (h) and mass discharge rate (MDR), estimatec’ by Sulpizio et al. (2005) by means of
the Carey and Sparks (1986) method, correspord to h = 13 km and MDR = 9x10° kg s™*.
All the following fall beds (L2-L9) are do..inaied by angular, crystal-bearing dark-grey
scoria lapilli showing less evolved compu. itions (Fig. 1D). L2 and L3 are separated by Al
bed in proximal sites, and merge ir 1, 20.al and distal sites to form a single layer. In L2 and
L3 beds, the abundance of ac:idental lithic fragments (mainly lava fragments) sharply
increases, suggesting crater cnicrgement (Sulpizio et al.,, 2005). Calculated column height
and MDR for L2-L3 Iz ver .ncrease to h= 16 kmand MDR = 2x107 kg s, respectively. The
amount of accidental )'chics decreases in the overlaying L4 bed, which shows grain-size
oscillations upwards. For this bed, calculated column height and MDR show the lowest
values (h = 12 km and MDR = 7x10° kg s). L5 and L6 beds are massive, well-sorted
lapilli units, comprising dark gray scoriae. As L4 bed, they are also characterized by low
accidental lithic/juvenile ratios, although increase in lithic size results in higher calculated
column height (L6 bed; h = 14 km and MDR=1.2 x10” kg s!). The fall deposit closing

Phase | (L7) also consists in a massive, well-sorted lapilli unit, although the abundance of
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accidental lithics (mainly hydrothermally altered lava fragments) increases. Its limited
dispersal area (Fig. 1A) testifies a lowering of the convective column during the
emplacement of this bed (Sulpizio etal., 2005).

Two main fall beds (L8 and L9) characterize the second phase of activity (Phase 11),
that consists in an alternation of PDC and fall deposits. The L8 fall bed records the highest
magnitude and intensity of the whole eruption (h = 20 km and MDR=3.4 x10’ kg s™*) and
consists of well-sorted lapilli, including dark colored scorie¢ <o deep-seated accidental
lithic fragments of syenites, marbles, cumulates and skarn -, in'icative of a deepening of the
fragmentation process (Barberi et al., 1989). Phase I" 15 <wsed by the deposition of L9 fall
bed, made of well-sorted lapilli characterized bv = low ainount of accidental lithics (mainly
lava fragments), and resulting from a poweri.'l supplinian convective column similar to L8

(Sulpizio etal., 2005).

3. Sampling and methods

The samples used for the textural analyses were collected at the “Vergine di Castello”
site (Fig. 1A), corresponding to VS7 section of Sulpizio et al. (2005). This section is
located on the NE flank of Mt. Somma (i.e. along the maximum dispersal axis) at ~ 4 km
from the eruptive vent and shows the best exposure of the fall deposits of Phase I (L1-L7)
and of L8 bed of Phase Il (Fig. 1C). Due to post depositional erosion affecting L9 bed in

both proximal and medial/distal sites, we decided to exclude this layer from our analysis.



Between 1 and 2 kg of pyroclastic material was collected for each stratigraphic layer
(Fig. 1C). For two thick fall beds (L4 and L8), samples at different stratigraphic height have
been collected (L4B, L4M and L4T for L4 bed, and L8B and L8T for L8 bed; where B, M
and T suffixes label the bottom, middle and top stratigraphic positions, respectively).
Samples were mechanically dry-sieved at 1 @ intervals (® =—log,D, where D is the particle
diameter in millimeters). Grain size distribution data (Fig. 1F) were used to identify the
grain size -3 < ® < —2 as the most representative and su’w.'e for density/vesicularity
determination and quantitative textural analyses (see Silpi.io et al., 2005, for a more
detailed grain size characterization of the eruption).

For each level, density measurements were ne, formed on 100 vesicular juvenile clasts
following the method of Houghton and Wils: n (1989). Clast densities were converted into
vesicularities using dense rock equivalent (ORE) densities of 2.57-2.75 g cm®, as measured
by helium pycnometry on sample r.v *ac:s. Connected and bulk (i.e. connected + isolated)
porosities were obtained by cc mpa.ing water and dry weights of clasts before and after a
coating with a waterproofn.x spray (density of solidified spray of 1.20 g cm®). Ratio
between connected ar 1 bulk porosity corresponds to the pore connectivity as defined in
Colombier et al. (2017) Pore connectivity ofall the analyzed clasts (N>1000) spans a wide
range of values fromabout 0.5 (half of the vesicles are isolated) to unity (all the vesicles are
connected). Values higher than unity have no physical meaning (see Colombier et al., 2017)
and give a measure of the extent of possible analytical errors in connected vs. isolated
porosity and hence C estimations.

Following the method of Shea et al. (2010b), density/vesicularity distributions were

binned and plotted on histograms, used to select clasts for quantitative textural analysis

9



(crystal and vesicle size distributions). About 5-10 juvenile clasts from each sample
representing the mode (MD), the low- (LD) and the high- (HD) density tails were chosen
for each sample. Modal clasts are commonly assumed to be representative of the bulk of the
magma erupted at a given time and allow inter-layer comparisons. Conversely, low- and
high-density clasts give information on the degree of magma heterogeneity during a
specific eruptive event (Sable et al., 2006).

Clasts were mounted in epoxy resin and prepared 75 c9onshed thin sections for
scanning electron microscopy (Philips XL30 SEM at th L1 /AE laboratory of Roma Tre
University). Sets of nested BSE images were acqu’ieu au four magnifications (20x, 80x,
320x and 640x; image resolution of 114, 460. 1840, 5375 pixels/mm, respectively) and
were processed using Imagel software (‘magej.nih.goVv/ij/). To characterize wvesicle
populations in terms of Volume Vesicle C«istribution (VVD) and Vesicle Number Density
(VND), the Matlab©-based softwe.c FLCAMS by Shea et al. (2010b) was used. A similar
procedure was employed for the characterization of the crystal population in terms of
crystallinity, Crystal Volun.> vListribution (CVD), Crystal Size Distribution (CSD), and
Crystal Number Den:ity (CND). Quantitative textural analysis of crystals was only
performed on modal dr nsity clasts. Crystal fractions were obtained from an integration of
measured image crystallinities at different magnifications using in-house Matlab© codes
(see Vona et al., 2017 for detailed methodology). The estimation of mean crystal shapes
was performed using CSDslice5 software (Morgan and Jerram, 2006) and the stereological
conversion to obtain volume distributions from two-dimensional data was performed using
the method of Sahagian and Proussevitch (1998). Crystal Size Distributions (CSD) were

calculated using CSDcorrections 1.6 software (Higgins, 2000). If not specified, porosity
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data are bulk-referred, whereas all other data retrieved for crystals (crystal fraction, CVD
and CND) and for vesicles (VVD and CVD) are always referred to the melt phase alone

(e.g., Shea etal., 2010b).

4. Results

Figure 2 summarizes the results of the textural ana vsis of the erupted products as a
function of stratigraphic height. Results include dens’ty onu porosity distributions (Fig. 2A),
pore connectivity (Fig. 2B), vesicle number der<ity (Fiy. 2C), crystallinity (Fig. 2D) and
crystal number density (Fig. 2E). In the foliowing sections, each category is presented in

detail.

4.1. Pyroclast density and porcvity 'istributions

The juvenile material ¢frollena eruption has a broad density range, from 0.6 to 2 g
cm® (Fig. 2A). A genera! increase of mean density can be observed with increasing
stratigraphic height. In particular, two end-members can be distinguished. The frequency
histogram of L1 bed shows a uniform distribution with a main mode in the range 1.0-1.2 g
cm™ and 55-60 vol% porosity (highly to moderately vesicular; Houghton and Wilson,
1989; Fig. 2A). In contrast, the top part of the L8 bed (L8T) shows a well-defined
distribution with a main mode in the range 1.4 — 1.6 g cm™ and 40-45 vol% porosity
(moderately vesicular; Houghton and Wilson, 1989; Fig. 2A). The remaining fall beds

show intermediate features, characterized by uni- or bi-modal distributions and

11



intermediate modal densities (Fig. 2A). In particular, L2 bed shows a quite wide density
distribution showing a clear bimodality involving a low-density mode similar to the modal
value of L1 and a second high-density mode similar to the modal value of L8T. All L4 beds
(from bottom, middle and top positions) resume unimodal distributions, with different
modal densities and distributions indicating an internal, vertical stratification, with denser
clasts at the bottom (and partly at the top) and lighter clasts in the middle of the layer. L5
layer shows a high-density tail and a rough bimodal density d’su *hudon similar to L2 layer,
while in L6 a clear unimodal distribution is restored, v ith « shape and modal densities
resembling the distribution of pumice layer L1. In o/ layer the unimodal distribution is
maintained, progressively shifting to higher m~das density. The series of PDC deposits
(LRPF S1, NA in Fig. 1B; Sulpizio et al, ?00o) overlaying L7 layer and marking the
transition between Phase | (oscillating convective column) and Phase Il (pulsatory
convective/collapsing column) was 1.t 1.vestigated in this study. L8 layer, representing the
restoration of the convective crluin during Phase 11 and the maximum intensity of the
entire eruption, displays an ¢ ‘iacnt density stratification. L8B shows modal density of 1.2—
1.4 gcm™ comparable to L7 (before convective column destabilization) but with a narrower
distribution. In L8T br.d the distribution shifts toward higher densities representing the
high-density end-member recorded through the succession. Similarly to L7, L8 episode
ends with a new destabilization and collapse of the column generating widespread PDCs
(Fig. 1B).

A detailed analysis of the individual contribution of connected and isolated pores to
the bulk porosities indicates that the variability of mean clast porosity with stratigraphic

height (Fig. 2a) is accompanied by a variability of isolated pore fraction, as illustrated in
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detail in Figure 2B and 3. Most of the clasts from L1 bed have isolated porosity between 5-
10% (Fig. 3A) resulting in connectivity parameter C always <1 (Fig. 2B). The abundance
of clasts with all connected porosity increases in layers L2 and L3 where most of the clasts
have 0-10% isolated porosity (Fig. 3B), i.e., C <1 (Fig. 2B). In layers L4 and L5 the mean
range of isolated porosity (0-20%) sensibly widens (Fig. 3C,D), but clasts with all pores
connected are still present (C < 1; Fig. 2B). Conversely, from 1.6 upwards all clasts have a
minimum of about 5% non-connected pores (C < 1; Fig. 2P). In .6 and L7, most of the
clasts have isolated porosities ranging from 5-20% (Fig. 3 J), \/hile the range expands up to

25% in L8 layer (both at the bottom and the top; Fig. <t, Fg. 3E).

4.2. Quantitative analysis of vesicles

Textural analysis has been perforn. 1 for each stratigraphic level on clasts from the
mode and the high- and low-dens., ta.s of the density distribution (Fig. 2A). Detailed
results are reported in Apper-ix . of the Supplementary Materials and summarized in
Table 1. Figure 4 shows re. esentative BSE images and textural results for two selected
clasts of modal density fro.n end-member layers L1 (opening phase of the eruption) and L8
(last well-developed sirined column).

Clasts appear macroscopically different, as in L1 deposit they are light-green highly
vesicular pumices of phonolitic composition, whilst L8 layer is characterized by denser,
dark-green/brown scoria of less evolved phonotephritic composition (Sulpizio et al., 2005).
From the microscopic point of view, this difference reflects a different septa thickness
increasing from L1 to L8 (Fig. 4A,D). Typical vesicle shape is also quite different with

more rounded vesicles characterizing the porosity of L1 clasts, compared to the more
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convoluted shapes building the porous framework of L8 clasts. Along the stratigraphy, the
transition from pumice-dominated to scoria-dominated deposits is quite sharp at the end of
L1. Only L2 layer shows mixed populations of pumices and scoria producing its bimodal
density distribution (Fig. 2A). From L3 to L8, light-color pumices disappear and, with few
exceptions (e.g., L6), scoria with progressively lower average bulk vesicularity become
dominant (Fig. 2A).

Vesicle sizes range from few microns to a maximum of~ 30u um in L1 and > 1 mm
in L8. In both the representative samples of Figure 4, as we.' as in most of the analyzed
clasts along the Pollena stratigraphy (Appendix 1 of ‘ne Supplementary Materials), Vesicle
Volume Distributions (VVDs: vesicle volume fiaction vs. vesicle diameter size) are
unimodal, with a mean vesicle size broadly ‘ncreasing from L1 to L8 clasts and more in
general from the lower to the upper layei. of the sequence (Fig. 4B,E). Denser clasts often
show asymmetrical, negative-skewzu shepes (right-modal and truncated at large sizes; Fig.
4E).

Cumulative Vesicle v9lume Distribution (CVVD) diagrams (Fig. 5) are almost
sigmoidal as anticioat:d wr nearly unimodal distributions. The distributions show some
variability both alona ~he sequence and within the same stratigraphic layer for different
clast density (Fig. 5). InFig. 5A, the vesicularities of modal clasts from significative layers
L1, L3, L4M and L8B are compared. Clasts from the other layers display intermediate
features. On the ordinate axis all the curves reach the effective vesicularity of the specific
clast, highlighting the trend of decreasing porosity from L1 to L3 and from L4M to L8B.

Furthermore, the different slopes of the curves reflect different median vesicle size showing
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minimum values in L1 (~45-50 pm), maximum values in L3 (~105 pum), with intermediate
values for L4M and L8B (~70 um).

In Fig. 5B-H, cumulative distributions of clasts of low, modal and high density of
each layer are reported. For L4 and L8, cumulative curves are also separated for sub-layer
stratigraphic position, i.e., bottom, (middle) and top. The variability within a single layer is
different for L1 (Fig. 5B), L3 (Fig. 5C) and L8 (Fig. 5H) compared to layers L4 (Fig. 5D),
L5 (Fig. 5E), L6 (Fig. 5F) and L7 (Fig. 5G). Clasts of variable pc-osity of layers L1, L3 and
L8, show almost overlapping distributions in the small ve icle part of the curve (<100 pum),
indicating that the different clast porosity is exc.<ively ascribed to the variable
contribution of large (>100 um) vesicles. Convarsely, clasts from layers L4 to L7 show
wider dissimilarities also within the small ves:~le population.

Vesicle Number Densities (VNDs) « @ in the range 0f6.8 x 10* — 7.1 x 10° mm™ (Fig.
2C; Tab. 1). Inthis case, even if th7 \>we st values are recorded at the top L8 layer, no clear

trend with stratigraphy can be c'2tec.~d.

4.3. Quantitative analysis « f crystals

The mineralogical assemblage is constituted by dominant leucite (Ic) and
clinopyroxene (cpx) and very minor sanidine, biotite and oxides (Fig. 4; Appendix 1). In
this study, quantitative analyses of crystal contents and size distributions have been carried
out on leucite and clinopyroxene phases, and the contributions of minor phases have been
ignored. In Table 1, crystal contents are listed and separated according to crystal sizes as
microlites (2D axis length L < 100 um), microphenocrysts (100 um < L < 300 um) and
phenocrysts (L > 300 um). Cpx phenocrysts are common, whilst Ic phenocrysts are absent
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or not statistically relevant and for this reason have not been included in Table 1. Leucite
microlites represent the most common and abundant crystalline phase. Leucite crystals are
rounded (mean aspect ratio R close to unity), while clinopyroxene crystals range from
weakly elongated prismatic phenocrysts and microphenocrysts (R=2-3) to more elongated
microlites (R=4-6) (Morgan and Jerram, 2006). An almost continuous increase in crystal
content (both Ic and cpx) is observed with increasing stratigrephic height (Fig. 2D) from
about 20-25% by volume on vesicle-free basis at the beginniiy 91 the eruption (L1) (Fig.
4C) to 45-55% for L8 layer (Fig. 4F). Layer L3 seems to dep. rt from this trend displaying
high crystal fractions (40-45%), despite its relatively ‘ov. suatigraphic position.

Figure 6 displays Cumulative Crystal V~lune Listribution (CCVD) diagrams of
leucite, clinopyroxene and total crystal conte 1t tor all the analyzed stratigraphic layers. In
all cases, the volume distributions of lc 1hase have a sigmoidal shape, confirming that
population is completely described a. 1 1.:0st of the crystals have sizes lower than ~100 um.
On the contrary, cpx populatics si.ow linearly increasing distributions in the investigated
size range (< 1 mm), testify.~g he presence of larger phenocrysts not observed due to the
size limitation of the 'nai 'zed clasts. CVVDs of the whole crystal population (Ic + cpx)
maintain however a sijmoidal shape indicating the predominant contribution of leucite
crystals to the overall distribution.

Leucite median size (50" percentile of the cumulative distribution; Tab.1) is the
largest for L1 layer (50 um), decreases to a minimum value of 15 um for L4-L5 layers and
slightly increases upwards (25 um for L8 layer). For clinopyroxene, a rough increase in
mean size could be observed from L1 (15-20 um) to L8 (20-550 um) although the estimate

is biased by the incomplete characterization of the phenocryst population (Tab. 1).
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Crystal Size Distribution (CSD) diagrams are reported in Appendix 1. In the classic
semi-logarithmic representation, leucite CSDs show almost linear distributions, with a
common downward curvature at small sizes. Conversely, clinopyroxene CSDs are curved
and concave-up. The slope and intercept of the CSDs have been determined by linear
regression and are listed in Tab. 1. A single regression was sufficient to characterize the
entire leucite population. Incontrast, the curved CSDs of clinopyroxene have been modeled
using two linear segments, for microphenocryst (> 100 ury onu microlite populations,
respectively (Appendix 1 and Tab.1). For the latter, only the : mallest sizes (< 30 um), not
affected by the CSD curvature, were selected for th: icqression. In L1 and L2 clasts, cpx
microlites were absent or statistically not signifi~ative aid only parameters from the large
population (> 100um) were retrieved. Letcic» imercepts and slopes vary from 13 to 19 In
mm™ and from -67 to -220 mm™, respect, . ely. Intercept and slope of cpx microphenocrysts
range from 10 to 15 In mm™* and f..m -18 to -71 mm™, respectively, whilst intercept and
slopes of cpx microlites are hicher ond steeper, ranging from 20 to 22 In mm™ and from -
200 to -280 mm%, respective . 1do clear trend of CSD parameters can be detected along the
sequence (Fig. 7A; Tah. 1, On the other hand, Crystal Number Densities (CND) of leucite
and clinopyroxene and "heir variability along stratigraphy show substantial differences (Fig.
2E and Tab. 1). In general, number densities of leucite crystals (~10° — 10* mm’®) are 1-2

® mm3). The lowest

orders of magnitude lower than those of clinopyroxene (~10% — 10
values of Ic and cpx number densities are both found in L1 layer (CNDy: 4.4 — 6.3 x 10°
mm; CNDgpy: 1.2 — 1.9 x 10* mm®). CNDs from L2 layers (CNDj¢: 2.2 — 2.5 x 10* mm®;

CNDcpx: 1.4 — 4.6 X 10* mm®) appear similar to L1 or transitional to the values from all the
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other stratigraphic layers L3-L8 (CNDj: 2.6 x 10* — 3.4 x 10° mm™3; CND¢py: 1.0 — 4.3 X
10° mm).

The comparison of CND and crystal content (Fig. 7B) also highlights a difference
between leucite and clinopyroxene populations and their evolution during the eruption. For
leucite, a direct relation is evident from L1 to L2 (oblique trend in Fig. 7B), whereas the
variation of crystallinity in the L3-L8 interval is accompanied by a narrow range of CND
(quite vertical trend in Fig. 7B). On the other hand, a positive ~u.e1ation can be appreciated
for all clinopyroxene data, although an apparent change of s'ope and a large gap (in the
interval 10° < CNDgp < 10° mm®) between L1-. and L3-L8 data clusters can be

envisaged.

5. Discussion

Similarly to the other 10ajor eruptions of Somma-Vesuvius, as the subplinian
Greenish Pumice (19 | a; Cioni et al., 2003; Santacroce et al., 2008) and the Plinian 79 CE
(Shea et al., 2012), Po lena eruption was characterized by a complex sequence of events
with abrupt shifts in eruptive style.

Based on componentry, grain size, microscopic features of the juvenile fragments and
field evidences, Sulpizio et al. (2005) ruled out for Phases I and Il significative magma-
water interaction and major changes in the conduit geometry (failure of conduit walls and
successive clearing). With the exclusion of these external environmental processes (e.g.,

Barberi et al., 1989; Houghton et al., 2004), unsteady magma discharge rates can only be
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determined by intrinsic factors able to induce temporal variation of magma flow behavior
(Gardner et a., 1998; Cioni et al, 2003). These factors include variations in physico-
chemical parameters of magma stored in the reservoir providing the overpressure driving
the eruption (e.g., temperature, chemical composition, wvolatile budget) and/or
transformations (e.g., vesiculation and crystallization) occurring during magma ascent
toward the surface.

The 472 CE Pollena deposits exhibit an almost co.iuous bulk compositional
variation from phonolite to leucititic phonotephrite (Rosi ¢ nd & antacroce, 1983; Cioni et al.,
1998; Fig. 1D). At Vesuvius, a composition and temrerctue gradient (ranging from T~850-
900 °C for the more evolved melt to T~1050 °C *r the nore mafic melt; Cionietal., 1998),
is expected for relatively large magma chami. rs, as those inferred for Pollena (0.1-0.5 km®,
Cioni etal., 1998).

Initial volatile content of n«anw feeding Pollena eruption is less constrained.
Relatively high water contents wverc recorded in MI (> 5-6 wt.%; Fulignati and Marianelli,
2007) with no significant crionges between the phonolitic (L1) and the phonotephritic (L8)
end members. At the sam. time, slight variations in the initial dissolved volatile content
along the entire sequence (e.g., L2-L7) could exist and could have played a role in
modulating magma supply (e.g., Jaupart and Allegre, 1991). In fact, initial volatile content
exerts a primary control on the ascent dynamics, affecting melt viscosity and the entire
degassing process (e.g., bubble nucleation and growth, degassing induced crystallization,
gas permeability onset), in turn determining the magma ascent velocity (including the onset
of lateral velocity gradients), the effective MDR, as well as the waning and ending of a
single eruptive pulse.
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The effects of all the conduit processes are frozen in the textures of the erupted
pyroclasts. In the following, we analyze and discuss all the textural information to get
insights on the influence of conduit processes on the eruptive dynamics, and in particular
on the oscillating behavior of the eruptive column (including phases of ash production)
during Phase 1, as well as the column collapse at the end of Phase | and during the pulsating

activity of Phase II.

5.1. Conduit processes inferred by pyroclast textures

A large textural variability in terms of clast 1.21phology, porosity, crystallinity,
vesicle and crystal size distributions has been obearved 1. the juvenile fragments of the 472
CE Pollena eruption both along the stratiorag Yy and within each single layer (Fig. 2-7 and
Appendix 1). In the following sections, . ‘formation from wvesicle and crystal populations
are first discussed separately and w.»n merged to get a complete picture of the textural

variations and their link to the ~ympiax dynamics generating the Pollena eruption.

5.1.1 Inferences from '‘esic'2 populations

In all the analvzed dataset, Vesicle Volume Distributions (VVDs) are mostly
unimodal (Figs. 4-5, and Appendix 1) suggesting a relatively simple history of bubble
nucleation and growth (Klug et al., 2002), whereas Vesicle Number Densities (VNDs) are
in the range of 10*-10° mm™ (Fig. 2C; Tab. 1), which represents typical values for
subplinian eruptions fed by evolved magmas (e.g., Di Piazza et al., 2019) or Plinian

eruptions from more mafic compositions (e.g., Sable et al., 2006, and references therein).
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Along the analyzed sequence, the most important textural variations related to the
bubble population involve changes in mean pore connectivity (Fig. 2B and 3) and vesicle
median sizes (Fig. 5), both concurring to determine the different bulk clast porosities (Fig.
2A).

The pore connectivity parameter, representing the connected fraction of total porosity
(Fig. 2B, 3), can be used as a simplified proxy for magma nermeability (Formenti and
Druitt, 2003; Giachetti et al., 2010; Bouvet de Maisonneuve v ', 2009; Shea et al., 2012,
Colombier et al., 2017). This simplification is related to ‘he \1dependence of connectivity
from pore aperture size and tortuosity, fundamental par.meters controlling the evolution of
gas permeability (e.g. Saar and Manga, 1999; Blrner, 20ul; Polacci et al., 2006).

Isolated porosity substantially chang>s within each eruptive unit, both in the
minimum value (from 0 to 10%) and .. the range of values of the investigated clast
populations (up to 50%). In analor,y ‘vich previous studies (e.g., Shea et al., 2012; 2014),
we interpret the measured variibm'y as related to different degrees of maturation of the
bubble network by free growth, coalescence of medium to large bubbles, development of
permeable outgassing ana subsequent collapse prior to magma fragmentation. Extensive
coalescence is respons'ale for the increasing connectivity in some of the analyzed clasts
(from L1 to L2-L3; Fig. 3); once volatiles are lost through outgassing, bubbles collapse and
magma heals leaving several isolated bubbles, as indicated by the general lower C value
(L6-L8; Fig. 2B and 3D,E) and VVD truncated shape (L8; Fig. 4E). A maturation of bubble
population during the eruption is confirmed by the increase of vesicle median sizes (e.qg.,
from L1 to L2-3 and from L7 to L8), possibly related to the higher amount of time allowed

for bubble growth (e.g., Adams et al., 2006).
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Intra- layer porosity distribution in L1 and L8 layers seems to be dictated by a change
in the large size population (see CVVDs in Fig. 5B,H), while the small size population
substantially overlaps. This population distribution is in agreement with the different
density clasts sampling magma with variable degree of bubble coalescence, but relatively
uniform ascent velocities (e.g., Gurioli et al., 2005). Conversely, more complex patterns
characterize the Vesicle Volume Distributions of L2 and L4-L7 layers with differences in
both small and large size populations (Fig. 5B-G). In this ras. a possible interpretation
involves more marked differential ascent velocities across the conduit and therefore
variable residence time of different magma parcels o to produce large radial gradient of
vesicularity and VSD (Polacci et al., 2001; Hrigaton et al,, 2004; Adams et al., 2006;
Sable et al., 2006; Noguchi et al., 2006: ~hea et al., 2012). This type of intra-layer
variability is typical of subplinian eruptic as (e.g., Pistolesi et al.,, 2017; Di Piazza et al.,
2019), probably related to relativeiy na;row conduits (i.e., large boundary effects at the
margin) leading to large physica( gicdients in the ascending magma (Cioni et al., 2015).

In addition to latera, vesicularity gradients, the multiple sampling at different
stratigraphic heights v ithi the same layer (i.e., L4 and L8) shows a vertical vesicularity
stratification (Fig. 2A) likely recording conduit processes acting during the single eruptive
pulse (e.g., Di Piazza et al, 2019). In both L4 and L8 cases, a shift to higher modal
pyroclast density (modal densities of 1.27 and 1.47 g cm™, respectively) marks the end of
the eruptive pulse. For L4, the intermediate layer L4M shows the lowest pyroclast density
(1.05 g cm™). A sequence of processes able to produce such variations could be: 1)
relatively high degree of open-system degassing at the beginning of the eruptive pulse,

generating heterogenous density distributions (e.g., L4B, and in part L8B); 2) more coupled
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degassing in the central part of the eruptive pulse representing the maximum intensity
(L4M and L8B) (e.g., Sable et al., 2006); 3) magma ascent velocity decreasing, higher
degree of gas-magma decoupling and gas escaping at the end of the eruptive pulse (L4T
and L8T) (e.g., Adams etal., 2006).

Trends of progressive magma densification similar to those within L4 and L8 layers
can also be observed from L1 to L2, and from L6 to L7 layers (Fig. 2A), which are not
separated by ash deposition (Fig. 1B) and likely recorded 7. yonecal decrease of magma
ascent rate across the transitions.

Therefore summarizing, several cycles of mugi.a densification can be envisaged
throughout the stratigraphical record both within « sinyle pulse (L4 and L8) and within
contiguous lapilli beds (L1-L2, L6-L7). Du:ng we first part of the eruption (L1-L2 and-
L4B-LAT), the eruptive pulses end with v,.» deposition of ash layers (Al and A3, following
L2 and L4, respectively; Fig. 1B) i dicative of a repose time at the end of these pulses.
Subsequently, activity resume' w.*h the eruption of high-density magma (L3 and LS5,
respectively), possibly recoruiny a previous stage of magma stalling, and in turn ended with
a new ash deposition phae (A2 and A4, respectively). Conversely, in the final part of
Phase | (L6-L7), mar.ma densification anticipates the destabilization of the sustained
columnand the generation of PDCs. A new episode of magma stalling, likely following the
PDC formation, was interrupted by a magma remobilization corresponding to L8 phase of
the eruption. As at the end of L7, L8 magma densification leads to the subsequent column

collapse.

5.1.2 Inferences from crystal populations
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The owverall crystal content increases during the eruption (Fig. 2E). However, the
histories recorded by leucite and clinopyroxene are different and provide information on
distinct stages of the eruptive process.

Figure 7B can give insights on the crystallization process and its kinetics (Blundy and
Cashman, 2008). Generally, a direct relation between crystal content and CND indicates
that the crystallization is dominated by crystal nucleation whose degree is mainly
controlled by the decompression rate (e.g., Hammer and Ruth~.ii.va, 2002). Onthe contrary,
crystal contents increasing without a significant change o * CND (vertical trend in Fig. 7B)
indicate that crystallization is dominated by growth a1 crystal content can be used as a
proxy for the time spent by the magma at quite st~auy conditions (e.g., Cashman and Marsh,
1988).

L1 layer is characterized by large . ucite micro-phenocrysts (Fig. 6) and the lowest
CND (CNDy: 4.4 — 6.3 x 10° mr.™: Fi3. 7B), both indicating relatively low degrees of
undercooling for the phonolite mcgma. L2 layer displays intermediate values of both
crystal size and CND, where2s wvom L3 to L8 layers leucite crystals are smaller and have a
higher CNDs (CNDjc 3.L x 10* — 3.4 x 10° mm®), quite constant and independent of
stratigraphic layer. Tais latter trend can be interpreted as a growth-dominated
crystallization under almost constant undercooling conditions (greater than in L1). Within
the L3- L8 layers, the difference in leucite content is therefore mostly related to variable
crystallization time.

Through decompression experiments on 79 CE eruption material, Shea et al. (2009)
ruled out leucite formation during fast magma ascent in the conduit and proposed that

leucite microphenocrysts more likely crystallized in magma chamber and/or during an
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initial stage of slow decompression preceding the eruption. We used the range of leucite
growth rates experimentally derived by Shea et al. (2009) (Gicmin) = 2x10® mms™; Gicmax)
= 1x107" mm s™) and the CSD slopes (Tab. 1) to constrain the crystallization timescales
(t = —1/G x slope gy, Marsh, 1988; Cashman and Marsh, 1988) of leucite during Pollena
eruption (Fig. 8). Timescales span from 13 hours to 9 days. No clear trend can be
recognized with stratigraphy, due to the relatively small CSD <lope variation (Tab. 1). The
results of the calculation suggest however that also in the cae «f Follena eruption, leucite
crystallization occurs before the rapid magma ascent in the cor Juit.

Conversely, beside the phenocryst population ‘ike'y formed in the magma reservoir,
clinopyroxene microlites and microphenocrysts 2nasyzea in this study show a general (i.e.,
not continuous) CND increase during the er.ntion, ultimately responsible for the increase
in crystal fraction, and likely recording .ne fast decompression stage along the conduit
before fragmentation. As for leuriw . a.30 clinopyroxene data suggest a different history
between the first (L1-L2: low CNDs) and the second part of the eruption (L3-L8: high
CNDs).

To calculate the cpx crystallization timescales, small (i.e., <30 um) and large (>100
um) size populations h..ve been considered separately (Tab. 1; Fig 8). Even in this case, a
range of experimentally derived growth rates was selected. In the absence of kinetics data
on cpx from alkaline compositions similar to Pollena magmas, we selected G values from
decompression experiments on basalts and basaltic andesites, and in particular from Shea
and Hammer (2013) (Gepxmin) = 2x10° mm s) and from Arzilli et al. (2019a) (Gepxmay =
2x10™* mm s™). Cpx microphenocrysts (>100 pm) yield crystallization times ranging from

few minutes to 8 hours, whereas microlites (< 30 um), only modeled from L3 to L8 layers,
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yield shorter timescales between ~20 seconds and 40 minutes (Fig. 8). These calculations
confirm the hypothesis that both cpx microphenocrysts and microlites form during ascent
along the conduit, with the microlite population likely recording the ultimate

decompression before fragmentation.

5.1.3 Combining information from vesicle and crystal textures

Analysis of crystal textures suggest that pyroxere 9nenocrysts and leucite
microphenocrysts were already present during the fast decompression associated with
magma ascent in the conduit, when conversely, exte ns. /e crystallization of clinopyroxene
microlites and microphenocrysts took place. VVNs suggest a relatively simple vesiculation
history, in which volatile exsolution is mc:tly umited to the final ascent and involves
variable degrees of maturation of bu.2le population by free growth, coalescence,
permeability onset, outgassing and Luhbie collapse (Fig. 4,5).

Figure 9 compares cryste lime/ and bulk porosity for the analyzed clasts. As argued
by Gurioli et al. (2005), . pousitive correlation might indicate heterogeneous bubble
nucleation on microp enczrysts (e.g., Hurwitz and Navon, 1994), whereas an inverse
relationship would poir.t to a role of crystals in hampering bubble growth and expansion
(e.g., Gardner et al. 1998). No simple relationship can be inferred between crystallinity and
bulk porosity (Fig. 9A). Vesicle fraction referred to the melt phase alone (i.e., calculated on
a crystal free basis; Fig. 9B) gives a measure of the effective gas fraction available for
magma fragmentation. In this case, with the exception of the outlier L5 layer, a better-
defined positive correlation characterizes data distribution throughout the eruption from L1

(low values of crystallinity and melt-referenced porosity) to L8 (higher values of both). It is
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interesting to note that layers with high melt-referenced porosity and crystallinity are also
those with lower vesicle connectivity (Fig. 2B).

Highly explosive activity (coupled degassing and overpressurized bubbles) is favored
by fast magma rise, high decompression rates, high viscosity of the magma or a coupling of
these factors (Houghton et al. 2004). Syn-eruptive crystallization of abundant microlite
probably played a key role in enhancing coupled degassing by increasing the effective
viscosity of the magma during its ascent. A similar model s «2nimonly accepted as the
most reliable for highly explosive mafic eruption (Sable et al., 2006; Szramek, 2016; Arzilli
et al., 2019a,b; Bamber et al., 2020). In particular u.~ vrystallization timescales of cpx
microlites (Fig. 8) in the order of seconds to mir'ite are consistent with timescales inferred
for syn-eruptive disequilibrium crystallizatio. in explosive eruptions fed by poorly evolved
(basaltic) magmas (La Spina etal., 2016; . rzilli et al., 2019a).

To verify how much suitab'c ~ similar mechanism could be for Pollena eruption,
calculations on the effective vir:0siy (nL+c) of the involved magmas have been performed.
Melt viscosity (n.) was calcc 'awcd on chemical basis (Sulpizio et al., 2005) using the GRD
model by Giordano e’ al. ‘2008) and a constant value of 1.5 wt.% H,0O, as measured in
matrix glasses by Mast.olorenzo and Pappalardo (2006). The effect of crystals, expressed
as relative viscosity (n, = nL+c / ), was derived by the equation of Vona et al. (2011) as a
function of crystal content and mean shape (Tab. 1).

Figure 10 shows the results of the modeling for the effect of crystals. Relative
viscosities span almost 4 orders of magnitude from n, ~3 (L1 layer) to 12000 (L8T layer)
and show an irregular increasing pattern along the eruption, characterized by minimum

values for L1 and L4, relative maximum at L2-L3, and increasing values from L6 to L8.
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The striking similar pattern of the computed viscosities and the stratigraphical variation of
field-derived MDRs by Sulpizio et al. (2005) (Fig. 10) seems to support a pivotal role of the
crystal-bearing magma viscosity to the eruptive dynamics.

More calculations were performed to take also into account possible variations of the
bulk viscosity of erupted magmas due to the different melt composition, which vary from
phonolite L1 to phonotephrite L8 (Sulpizio et al., 2005), and temperatures, which vary from
850 °C (L1) to 1050 °C (L8) (Cioni et al., 1998).

Figure 11A illustrates the results as a function of ten derature. As expected, pure
liquid viscosity decreases with stratigraphic height (Fig. 11A, dashed lines) in response to a
decreasing of melt polymerization (Romano et ar., 20J3; Giordano et al, 2008). The
relation mostly inverts however, for bulk (i.~, two-phase) viscosity curves when crystals
are taken into account (Fig. 11A, solid In.s; cf. also Fig. 10). An exception to the trend is
represented by L3, whose elevated .. si.! content results in bulk viscosities higher than all
the contiguous layers. To accum for the thermal stratification of the Pollena chamber
suggested by Cioni et al. (1¥2%), we selected a constant T gradient from T = 850 to 1050 °C,
from L1 to L8 magmas (duts in Fig. 11A). The presence of crystals seems to be of greater
importance than temo.rature variation in determining the relative variability of bulk
viscosity among the different stratigraphic layers. As a consequence, a direct correlation of
effective viscosity with the eruption energy expressed by the MDR still holds, despite the
modelled increase in T (Fig. 11B), indicating that the crystal content and its effect on
effective viscosity are the main factor controlling explosivity during Pollena eruption,
whereas other variables, such as temperature and suspending melt composition, seem to

have a smaller effect.
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5.2. Magma dynamics during the Pollena eruption

A comprehensive framework of magma dynamics during Pollena eruption can be
obtained integrating textural data with field observation (Sulpizio et al., 2005) (Fig. 12).

The eruption started with the emission of L1 phonolite (Fig. 12A), representing the
apical part of a chemically stratified magma chamber. Vesiculation process occurred during
L1 phase is consistent with a closed-system, near ecun‘br,um degassing up to
fragmentation. The narrow density/vesicularity distribu ion of the pumices suggests a
texturally uniform magma (Fig. 4B). This is also ccnnmed by clasts of different density
showing similar small-size vesicle population 2nd only differing in the amount of large
coalesced vesicles (Fig. 5B). Leucite crystals ~how the largest median sizes (35-55 pm) and
the lowest CND (4-5 x 10° mm®) of the whole sequence, suggesting that crystallization
occurred at relatively low underrocling conditions, in the magma chamber and/or in
response to an initial slow decomp:ession (e.g., Shea et al., 2009), 0.5-9 days before the
main decompression event (i ‘a. 3). Clinopyroxene content (< 6%) and CND (CND¢py: 1.2 —
1.9 x 10* mm®) are th lov est of the entire eruption, likely reflecting a subordinate role of
cpx in this phase of the :ruption.

A first change in eruption intensity took place with the emission of L2-L3 layers. An
increase in MDR and eruptive column height (from 7x10° kg s™ to 2x10” kg s** and from 13
km to 16 km, respectively) is accompanied by the increase in lithic content related to a
phase of crater enlargement. Field data do not allow to discern the eruptive energy of L2
and L3 layers, that are separated by an ash layer in proximal sites (Fig. 1B,C), but merge in

medial/distal sites (Sulpizio et al., 2005). However, some information can be gathered by
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their textural features. The bimodal density distribution of L2 layer (Fig. 2A), characterized
by pumices and high density scoria, as well as a clinopyroxene population with CNDs
similar to L1 (Fig. 7B), suggest that this layer could represent the final waning stage of the
L1 pulse (Fig. 12B). Subsequently, the deposition of the Al ash layer and the high density
of the L3 clasts (Fig. 2A), as well as its relatively high crystal content (Fig. 2D) and mature
vesicle textures (large modal size and truncated VVDs; Fig. 5C; Table 1 and Appendix 1)
would suggest a brief magma stalling at the end of L2, which ancwed the magma to further
vesiculate, crystallize and outgas. A subsequent emission »f th crystal-rich, degassed high-
viscosity magma (Fig. 10-11) would have resulted ‘.1 «e nigh eruption energy during the
L3 phase (Fig. 12C).

The following L4 layer represents the lowest energy phase of the whole eruption
(MDR = 7x10° kg s* and 12 km column ; eight) (Fig. 12B), as consequence of an efficient
outgassing and open-system behavio. testified by high connectivity of the analyzed clasts
(Fig. 3C) suggesting a low mag ma . pply, possibly related to a slight decrease of the initial
volatile content. Low ascenu ‘e.wocities are also correlated to relatively low values of CND
(Fig. 7B), melt-refere xceu gas volume fraction (Fig. 9) and viscosity (Fig. 11) for L4
magma. The textural variability can be successfully explained by marked lateral magma
stratification in response to differential ascent velocity (Fig. 5C). After an eruption rest
marked by the deposition of the A3 ash layer, L5 clasts display relatively low mean
porosity (Fig. 2A) and high VNDs (Table 1) likely recording the previous stage of magma
stalling (Fig. 12C).

Layers L6 and L7 show CVVF variability similar to L4 layer indicating the presence

of lateral velocity gradients and open system degassing (Fig. 12B). L6 testifies an increase
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of eruption energy compared to L4 (h = 14 km and MDR=1.2 x10" kg s™), where the
degree of outgassing is reduced as recorded by decreasing vesicle connectivity (Fig. 2B;
Fig. 3C,D), increasing crystal fraction (Fig. 2D) and melt-referenced porosity (Fig. 9). With
L7, a new densification of the erupted magma (Fig. 2A) is indicative of the incorporation of
high abundance of slow-moving magma from the conduit margin (Fig. 12B). In this case,
however, magma densification, implying both larger outgassine and an increase of the bulk
density of the erupted pyroclastic mixture, leads to the colum i .>llapse occurred at the end
of the Phase | (LRPF; Sulpizio et al., 2005) soon after rhe »mplacement of L7 layer. A
similar mechanism has been invoked for the PDC ge.ie:>tiun at Vesuvius during the 79 CE
eruption (Shea etal., 2012).

During the Phase Il, after the emplac: mernt of two additional PDCs (S1 and NA,;
Sulpizio et al., 2005), a convective co..mn is restored in correspondence of L8 layer
deposition (h = 20 km and MDR=".= x.2” kg s™*; Fig. 11C). In analogy with L7 layer, L8
clasts show features of extensi -2 ou*gassing of a slow-moving magma with uniform ascent
velocity (low porosity, Fig. 24, low vesicle number density, Fig. 2C; truncated VVD, Fig.
4E; large modal bubb!2 si.2, Fig. 5). Similar to L3 and L5 layers (although no MDR data
are available for the lat.er), the contrasting presence of dense clasts and high MDR would
point to an initial magma stalling allowing extensive outgassing and a subsequent new
decompression event leading to the magma remobilization. In this case, an extensive, rapid
(seconds to minutes, Fig. 8) syn-eruptive crystallization of clinopyroxene microlites is
testified by the highest cpx CNDs and crystal content (Fig. 7B). As previously inferred for
L3 (and likely L5), crystal framework increased the effective viscosity hindering free

bubble-growth and favoring the onset of bubble overpressure build-up ultimately promoting
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and sustaining magma explosivity (Toramaru, 1995; Mueller et al., 2008). The column
height is the highest of the whole eruption, reflecting the highest effective viscosity (Figs.
10,11) and melt-referenced gas volume fraction (Fig. 9) reached by the crystal-rich L8
magma. Finally, as at the end of the deposition of L7, magma densification (L8T) could
also be the main cause of the subsequent column collapse.

It is possible to notice a repetitive pattern of the eruptior It started with a texturally
uniform magma (as evidenced by the narrow density/vesicuia ity distribution) which is
indicative of a closed-system, near equilibrium degassir . \ /ith time, velocity gradients
developed inside the conduit, producing lateral tzx.wal variability and the onset of
permeability and outgassing, likely localized near the conduit walls. In each cycle,
increasing textural maturation involved the ¢ llapse of coalesced bubbles, density increase,
overall velocity decrease, up to the stalln.* of magma, resulting in the end of the eruptive
pulse (ash deposition) or leading to - MC 2mplacement (as at the end of L7 and L8). Magma
densification patterns may der*'e v m non-uniform initial volatile content and/or represent
a natural evolution of lo.v viscosity magmas, whose fast reaction kinetics (e.g.,
crystallization and degass'ng) make them extremely responsive to subtle changes in
physico-chemical intenive parameters (T, P) during ascent under disequilibrium conditions
(e.g., La Spina et al., 2016). In these conditions, efficient crystallization in the conduit can
deeply and abruptly modify magma rheology, outgassing ability, conduit flow and,

ultimately, eruptive style.

5.3. Subplinian vs. Plinian eruptions at Vesuvius: comparison with the 79 CE eruption
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Pyroclast textures of the subplinian Pollena eruption (VEI 4; 0.5-1.4 km®> DRE;
Sulpizio et al., 2005) used to elaborate the simplified eruptive model presented in Fig. 12
allowed us to make a comparison with data and models from previous studies (Gurioli et al.,
2005; Shea et al., 2009; 2010a; 2011; 2012; 2014; Balcone-Boissard et al., 2011) on the
Plinian 79 CE eruption at Veswvius (VEI 5; 2-3 km® DRE; Cioni et al., 2008).

Subplinian eruptions commonly display intensities between 10° to 10” kg s*, 1 to 2
orders of magnitude lower than Plinian events (Cioni et al J0b). For Pollena eruptive
event, column heights varied between 12 and 20 km, corrcspo.ding to mass discharge rates
of 7x10° kg s and 3.4x107 kg s, respectively. The 1y <t eruption column heights varied
between 15 and 33 km, corresponding to mass fiscnarge rates of 8x10’ kg st and 1.5x108
kg s, respectively. Despite these difference. the two eruptions show several similarities,
and probably share the main mechanisms - antrolling eruptive dynamics. Conceptual model
in Figure 12 was in fact largely inf'uc-nced by the model of Shea et al. (2012, 2014) for the
79 CE eruption.

Analogies between t.~» "ollena and 79 CE eruptions, and in general between
subplinian and Plinia ev2nts at Somma-Vesuvius, were first recognized by Rosi and
Santacroce (1983). In particular, both sequences are characterized by a thick, basal
sequence of fall deposits followed by PDC deposits interbedded in the upper part of the
stratigraphic succession, and show a compositional variability, with an initial eruption of a
phonolite magma (L1 for Pollena; EU1-EU2 for 79 CE; eruption units after Cioni et al.,
1992) followed by a more mafic composition (L4-L8 for Pollena; EU3-EU4 for 79 CE).
The 472 CE magma is however less evolved than the magma feeding 79 CE eruption (in

Figure 1D, light grey field indicates bulk chemistry of 79 CE eruption; data from
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Santacroce et al., 2008). This difference has been attributed to shallower storage conditions
and smaller volume of magma involved in the post-79 CE subplinian eruptions (i.e. 472 CE
and 1631 CE; Scaillet et al., 2008).

During the 79 CE eruption, the transition between the two erupted magmas was
characterized by a higher degree of instability including a partial column collapse (EU2/3;
Cioni et al., 1992) responsible for the destruction of the city of Herculaneum (Gurioli et al.,
2002). The instability was likely related to the configuratiw,. o the magma reservoir
feeding Plinian eruptions, characterized by well-developcd tvrofold layering (Cioni et al.,
1998), with marked temperature, composition and, “ne.2wre, rheological contrasts across
the transition between the apical phonolite an® tie lover phonotephrite. Conversely, at
Pollena, possibly due to a more continuous ¢ mpositional gradient, such transition (L1-L2-
L3) is likely associated to short stasis anu restoration of activity with an increase in MDR
without evidences of PDC generatic...

Density and porosity dis*ibu.'ons of pyroclasts from both eruptions point to marked
lateral velocity gradient dur.~q .he oscillating/pulsating column phase (L4-L7 for Pollena;
EU3 for 79 CE), suggestin,y a major control of the open vs. closed system degassing on the
eruptive dynamics duriry this phase of the eruption.

Furthermore, both sequences show a gradual increase in the median density (Gurioli
etal., 2005), mostly related to increasing crystal content and outgassing efficiency. Magma
densification seems to be the main factor controlling column collapse (at the end of L7 and
L8 events at Pollena and within the EU3 member for 79 CE; Shea et al., 2012).

Lastly, the peak intensity is achieved in both eruptions during the emission of the low

silica end -member (L8 for Pollena; EU3 for 79 CE), before the total column collapse
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linked to the onset of phreatomagmatic activity (Barberi et al., 1989; Sulpizio et al., 2005,
2007). Even if both eruptions are characterized by an increase in leucite content, a major
role in the increasing energy of sustained column during L8 event of Pollena has been
exerted by the rapid syn-eruptive crystallization of clinopyroxene. This significant
crystallization process, absent during the 79 CE event was probably favored by the lower
melt viscosity and higher component diffusivity of the silica-pocrer Pollena magma.

All considered, it appears that, apart from few specific e ures mainly related to the
lower viscosity of Pollena magmas, the governing proces:es v.ere very similar between the
two eruptions, despite the clear differences in tken size. These findings imply that
subplinian eruptions can be regarded as low-enarqy cases of a continuum spectrum (from

subplinian to Plinian) of highly-explosive vowanisin at Vesuvius.

6. Conclusions

The combinatior ot extural data from the erupted products with field-based data of
physical volcanology .llowed to present a model for the magma dynamics during the
subplinian Pollena eruption. All data converge to a pivotal control of conduit processes in
determining magma discharge at the surface, controlling the extremely unsteady character
of the eruption. In particular outgassing efficiency, possibly related to variable magma
ascent rate, seems to regulate the oscillating behavior during the first phase of the eruption,
which laid down L1-L7 layers. During the pulsatory second phase of the eruption, after the

destabilization of the eruptive column, the effect of intense crystallization of microlites, and
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consequent viscosity increase becomes more important and allows the restoration of high
energy sustained column (L8). This process is the main difference between subplinian and
Plinian eruption at Vesuvius, probably related to the lower viscosity of magmas involved
during Pollena eruption, whose dynamics in this phase is more similar to that of high-
energy eruption of mafic compositions (e.g., Etna 122 BCE: Sable et al., 2006; Arzilli etal.,
2019a; Calbuco 2015: Arzilli et al, 2019b; Masaya Triple Layer, 2.1 ka: Bamber et

al.,2020).
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Table and Figure Captions

Tab. 1. Summary of textu-al w.atures of the juvenile clasts from Pollena eruption deposits.

Fig. 1. Stratigraphy a1d chemistry of the 472 CE Pollena eruption of Vesuvius. (A)
Location map of Vesuvius band distribution of the fall deposits, expressed as 10 cm
isopach of each fall bed (from Sulpizio et al., 2005). Black circle indicates the inferred vent
location; star locates sampling site (VVS7 section). (B-C) Composite stratigraphic section of
the Pollena eruption (B) and VS7 section (C) (both redrawn from Sulpizio et al., 2005). In
(B), the three main phases of the eruption are reported in the left column. In (C), the
colored circles indicate fall beds sampled for textural characterization. (D) TAS (Total
Alkali vs. Silica) diagram showing the bulk rock composition of Pollena products (data

from Sulpizio et al., 2005, colored symbols; and from Santacroce et al., 2008, dark grey
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field). Bulk chemistry of 79 CE Pompei eruption products is also reported as a light grey
field (Santacroce etal., 2008). (E) Grain size distribution of fall deposits from VS7 section.

Fig. 2. Stratigraphical variation of textural features of Pollena eruption fall products (L1-
L8). (A) Density (g cm™) and porosity (vol.%) distributions of the fall beds of Pollena
eruption. Stars indicate characteristic density/porosity classes selected for VSD and CSD
analyses. (B) Bulk porosity (%) vs. pore connectivity. Blue circles indicate raw data; red
boxes confine the 25" and 75™ percentiles of both connectivit  and porosity distributions.
(C) Vesicle Number Density (mm™). All analyzed clasts (emr.y ~yinbols) and mean values
from clasts of modal density (MD) (filled symbols) are dicpi.\eu. (D) Crystal contents (%)
referred to the solid rock. (E) Crystal Number Density *mn: ~). Mean values are plotted as

filled symbols.

Fig. 3. Comparison of connected porosity ar.* %ulk porosity. Solid lines describe 1:1
relation (no isolated porosity). Dashed (ines show contours of the volume percentage of

isolated vesicles, labeled in (A).

Fig. 4. Results of textural analy-w 21, «epresentative clasts from L1 bed (A-C) and L8T bed
(D-F). In (A) and (D), BSE i'nages acquired at 20x (top), 80x (middle) and 320 x (bottom)
are reported. (B,E) Vesic!= vo ume distributions of juveniles from L1 bed (B) and L8T bed
(E). (C,F) Crystal area dist ‘butions of juveniles from L1 bed (C) and L8T bed (F).

Fig. 5. Cumulative Vesicle Volume Distribution (CVVD). In each diagram, data from all
clasts are plotted as gray curves in the background to facilitate comparison among the
samples. (A) Comparison among different key stratigraphic layers. (B-H) Vesicle

population variability within each layer.

Fig. 6. Cumulative Crystal Volume Distribution (CCVD) of the analyzed stratigraphic
layers L1 (A-C), L2-3 (D-F), L4 (G-I), L5-7 (J-L), and L8 (M-O). In each diagram, data
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from all clasts are plotted as gray curves in the background to facilitate comparison among

the samples.

Fig. 7. (A) Variation of Crystal Size Distribution (CSD) parameters (slope and intercept)
determined by linear regression of the crystal populations (Tab. 1 and Appendix 1).
Clinopyroxene CSDs have been modeled using two linear segments, for microphenocryst
(> 100 um) and microlite (< 30 um) populations. (B) Crystallinity vs. Crystal Number
Density (CND) of leucite and clinopyroxene.

Fig. 8. Crystallization timescales of leucite and clinopyrux.ne (microphenocrysts: > 100
um; microlites: < 30 um). Timescales [t = —1/(G X slcme¢p)] Were estimated using CSD
slopes (Tab. 1) and a range of experimentally deri.=d «rowth rates G. Leucite: Gigmin) =
2x10°® mms™; Giema = 1x107 mm s (Shea et »! . 2009). Clinopyroxene: Gepx(miny = 2X10°

mm s (Shea and Hammer, 2013); Gepymaxy = 2x-"" mm s (Arzilli et al., 2019a).

Fig. 9. Comparison of crystallinity and po.osity. Porosity values are referred to the bulk
sample (A) and to the melt phase a'ne (B). Crystallinity is expressed on a vesicle-free
basis in both diagrams.

Fig. 10. Stratigraphic varatio,. of (A) Mass Discharge Rates (MDR) calculated by Sulpizio
et al. (2005) on the ba:is o © field analysis of pyroclast dispersion and (B) effect of crystals
on magma rheology exdressed as relative viscosity (n: = ni+c / n) and calculated in this

study on the basis of crystal textures using the formulation of Vona etal. (2011).

Fig. 11. Rheological modeling (A) and relation with field-derived MDRs (B). Dashed lines
in (A) describe the T dependence of the viscosity of pure liquid calculated on chemical
basis using the GRD model (Giordano et al., 2008) and bulk compositions of Sulpizio et al.
(2005). Solid lines include the effect of crystals according to the equation by Vona et al.
(2011) (see Fig. 9). Black circles in (A) indicate the syn-eruptive variation of the two-phase

(liquid+crystals) magma viscosity assuming T = 850 °C for L1 magma (blue lines), T =
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1050 °C for L8 magma (red lines) and assuming a linear gradient for intermediate eruptive

units (e.g., Cioni et al., 1998).

Fig. 12. Schematic diagram summarizing the main changes in the dynamics of Pollena
eruption. (A) Phonolite magma (L1) is first erupted from the apical part of the reservoir.
(B) Lateral textural gradients induced by differential ascent velocity (red arrows) modulate
eruption energy (outgassing ability) during L2, L4, L6 and L7 events. While L2 and L4
events conclude with the deposition of an ash layer, magma dc rsification in L7 ultimately
leads to the column collapse and disruption of the upper condr.at cvsiem concluding Phase 1.
(C) Sustained column restores after a short stasis at L3, 1.5, ~nu L8 events, in response to

clearing of the outgassed crystal-rich and high-viscosity magn@as.
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Tab. 1. St

Clast D Unit Density Density p Porosiy VND * Median Cristallinity Leucite (vol%) "™ Median Leucite Leucite Leucite Pyroxene (vol%)™
Class (kg ) Bres (mm?) Vesicle B (VOI%) Leucite CND CsD csb
(vol%) Size Size (mm?*) slope intercept
(um) i biem Pic_mp (pm) (mm*) (mm?) [ Ppm o oo
L1_72 L1 LD 709 72 3.34E+05 70 - - - - - - - - -
L1_2 L1 MD 1112 57 2.05E+05 50 25.3 19.4 19.1 0.3 55 4.37E+03 -66.9 13.53 5.9 3.0 1.2 17
L1_20 L1 MD 1155 55 1.65E+05 45 20.6 17.0 17.0 0.0 35 6.29E+03 -102 15.06 3.7 3.2 0.0 0.4
L1_82 L1 HD 1557 39 3.74E+05 25 - - - - - - - - - -
L2_24 L2 M1D 1107 57 1.89E+05 105 33.2 25.5 25.5 0.0 35 2.22E+04 -102 15.16 7.7 2.2 17 3.8
L2_15 L2 M2D 1451 44 2.86E+05 60 28.0 18.8 18.8 0.0 30 2.47E+04 -102 15.15 9.2 3.1 0.2 5.9
L3_79 L3 LD 943 63 2.71E+05 80 - - - - - - - - - -
L3_2 L3 MD 1281 50 3.08E+05 105 43.5 29.8 29.8 0.0 25 5.18E+04 -121 16.17 13.8 7.4 0.9 5.4
L3_9 L3 MD 1229 52 1.35E+05 105 40.7 29.2 29.2 0.0 35 2.63E+04 -94 15.32 115 9.2 0.8 15
L3_28 L3 HD 1654 36 6.20E+05 70 - - - - - - - - - -
L4B_98 L4 LD 934 64 3.20E+05 85 - - - - - - - - - -
Bottom
L4B_35 L4 MD 1241 52 1.72E+05 90 26.8 14.8 14.8 0.0 15 8.24E+04 -195 17.38 12.0 7.5 17 2.8
Bottom
L4B_55 L4 MD 1249 51 1.54E+05 80 33.6 243 243 0.0 - < “TE+04 -153 17.02 9.4 7.5 1.6 0.2
Bottom
L4B_97 L4 HD 1717 33 4.21E+05 50 - - - - - - - - - -
Bottom
L4AM_21 L4 LD 842 67 6.66E+05 105 - - - - \ - - - - -
Middle
L4AM_7 L4 MD 1083 58 2.13E+05 70 39.0 22.7 22.7 ) 15 6.07E+04 -188 17.82 16.3 5.8 0.5 10.0
Middle
L4M_29 L4 MD 1020 60 2.61E+05 70 30.7 20.7 20.7 1.0 15 5.43E+04 -175 17.36 10.0 6.3 0.8 29
Middle
L4AM_40 L4 HD 1323 49 2.90E+05 60 - - - 2 - - - - - -
Middle
LAT_28 L4 Top LD 927 64 9.97E+05 100 - - - - - - - - -
LAT_54 L4 Top MD 1278 50 7.05E+05 60 26.5 13.2 752 0.0 15 4.49E+04 -208 17.57 134 6.8 0.2 6.3
LAT_67 L4 Top MD 1273 50 2.95E+05 60 46.2 28.F PR 0.0 15 4.72E+04 -177 17.73 17.6 12.1 0.7 4.8
L4AT_23 L4 Top HD 1521 41 4.41E+05 70 - - - - - - - - -
L5_79 L5 LD 1024 60 6.17E+05 50 - - - - - - - - - -
L5_1 L5 MD 1520 41 6.15E+05 50 . a 22,38 22.8 0.0 15 3.50E+04 -154 17.18 13.1 9.9 1.0 2.2
L5_3 L5 MD 1572 39 4.49E+05 40 415 24.9 24.9 0.0 15 4.75E+04 -166 17.40 16.5 9.7 2.6 4.2
L5_13 L5 HD 1846 28 7.14E+05 35 - - - - - - - - -
L6_82 L6 LD 723 72 5.27E+05 55 N - - - - - - - - -
L6_5 L6 MD 1070 58 1.90E+05 3 45.9 31.9 31.9 0.0 25 3.95E+04 -120 16.32 13.9 8.5 2.6 2.8
L6_41 L6 MD 1008 61 1.54E+05 70 36.2 27.5 275 0.0 20 4.66E+04 -141 16.67 8.7 6.0 2.2 0.5
L6_49 L6 HD 1763 31 5.92E+0. 3t - - - - - - - - - -
L7_3 L7 LD 1002 61 2.€ E+05 95 - - - - - - - - - -
L7_49 L7 MD 1264 51 1710 05 75 43.9 32.8 32.8 0.0 25 2.99E+04 -145 16.97 11.0 7.3 2.0 1.8
L7_98 L7 MD 1220 53 3.48 +05 50 45.7 33.6 33.6 0.0 25 5.09E+04 -115 16.71 121 8.3 25 13
L7_11 L7 HD 1639 36 1.36E+05 80 - - - - - - - - - -
L8B_16 L8 LD 1102 60 2.48E+05 85 - - - - - - - - - -
Bottom
L8B_1 L8 MD 1264 54 2.51E+05 50 45.9 26.2 26.2 0.0 20 9.38E+04 -140 17.10 19.7 7.5 3.1 9.1
Bottom
L8B_2 L8 MD 1368 50 1.82E+05 70 48.6 25.3 25.3 0.0 20 7.34E+04 -169 17.45 233 10.2 2.6 10.6
Bottom
L8B_41 L8 HD 1553 44 2.56E+05 80 - - - - - - - - - -
Bottom
L8T_81 L8 Top LD 1161 58 1.03E+05 105 - - - - - - - - - -
L8T_5 L8 Top MD 1459 47 6.85E+04 95 54.6 30.8 30.3 0.5 25 5.40E+04 -118 16.61 23.8 17.6 0.7 5.5
L8T_25 L8 Top MD 1480 46 9.78E+04 65 45.6 28.8 28.8 0.0 20 3.42E+05 -222 18.54 16.8 8.1 1.9 6.8
L8T_27 L8 Top HD 1645 40 3.11E+05 60 - - - - - - - - - -

* Recalculated with reference to the melt alone (NV®™ in Shea etal., 2010); ® Subscripts are: m= microlites (L < 100 um); mp = microphenocrysts (100 < L <300 um); p = phenocrysts (L > 300 pm).
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Highlights:
A subplinian eruption is a reference scenario in case of Vesuvius reactivation
Pyroclast textures are used to reconstruct Pollena subplinian eruption dynamics
Conduit processes control eruption intensity and fallPDC transition

Subplinian and Plinian events at Vesuvius show similar eruptive mechanisms

52



(A)

—1L8
—L7
L6
L5
L4

—L2-3

L1
@ Vent

Yr vs7

(D) 18

4 a4
N A~ O

-
® o

(o>}

Alkali (Na,0 + K,0) wi%
~

N

® ® ® 0O 06 O 0 @

=

45

50

55 60 65
Silica (Si0,) wt%

70

75

—L8T
---18B

Figure 1

synthetic
stratigraphy

not to scale

Phase Il

Phase Il

(<)
(%]
‘U o 4 90% o
_C D; VD.Q
o .

L3

Al

L2

L1

(©€)

VS7 section

gov, &

00 05 4AG 100‘0
'OO‘U'" Yo A.Do‘go
e 1One

IOV, © b 9o DO
0,05 41 6% 495 4

S0 TV o 2.2
9

50cm



1
50

n
o

Frequency (%)
o
o

n
o

50

25

50

25

50

25

50

25

50

25

50

25

50

25

50

25

50

25

Bulk Porosity (%)

00 80 60 40 20 0
i B *: L /\-o\ 75 TT IIIIII| T \IIIII‘ T TTTTTm T \IIII\Il T IIHIIIl T \IIIIIII T T TTIm)
%
2 50 @® O O e A
9| B Z \ ECRE 3
g% \ i 1 g
o o ——
*i \ =
=
o 3 50 (’) + Zlk
25 | I |
T | =] T 75 | | J
50 C‘) /'
|||* i SRS by
3 52 / I i
5 I | i
50 @ O — o A
25 !
[ [ 75 \ I \
X 50 C\’D ] <+) +
lIIIII 25 l | I
75 | | ]
.l 50 e 1) —— 1) LA\
JIL 7 / ‘ !
x | | 3
50 +) ©; [— Q 4 %
- 25 | ! | -
. * t i i |
50 [ T}  I—— /3 m
* * |
. 25 \ | |
i ’ e
« Wm. 50 OPO E——— )} A
J.Ill 25 | I i
1 75 l i
X X 50 @ — A#g
_'IIIII 25 ’ I Leucite / l @ Leucite ||
75 | I Pyroxene / | |APyroxene
50 &@ r Cim
0 05 1 15 2 25 04 06 08 1 104 10° 108 107 0 20 40 60 10° 10* 10° 10° 107
Bulk Density (g cm®) Pore Connectivity VND (mm3) Crystallinity (%) CND (mm®)
(A) (B) (©) (D) (B)

Figure 2




80

(A) ° L (B) °o L2 (C) [ o ws (D) =
L3 o L4M o
/ / A L4T / =]
70r /T i /T
/ // /7
/ 9/ v
g / a/ 7 //
el /7 f/ 1 /a/ T
= Y, /4 0 //
2 / 7/ /4
S50l 7/ /| aal /|
o 0é/ /1] /7
3 /177 /17 &y /7
8 /o /% 1/ S0 d/ /7
€40l /8 /e/ / / /1] B// |
3 ¢/ /// / fol I/ /Odrﬁﬁ/
o/ //// /) &Y
11 /0 /f’/// /7%
a0l /1 /1] | /Tl /71 /°
Sl /111 Iy TR/ b/ Yy
VYl b /) sl 1 |g@/////
//~/.§’)g9/§/ 87/ 11/ w/// 77 L/
50 /Y5 Y ‘ / . /Ly
20 40 60 20 40 60 20 40 60 20 40 60 20 40 60 80
Bulk Porosity (vol% ) Bulk Porosity (vol% ) Bulk Porosity (vol% ) Bulk Porosity (vol% ) Bulk Porosity (vol% )

Figure 3



L1

0.2
(8)
< 0.15
2
e g
w5 0.1
IS
=2
s
0.05
04 L
0.001 0.01 0.1 1 10
Vesicle Size (mm)
0.25
(®) [ leucite
0.2 Pyroxene
c
2
8 0.15
[T
£
5 0.1
o
>
0.05
NI I
0.001 0.01 0.1 1 10
Crystal Size (mm)
(D)
0.2
(E)
< 015
k]
ks
Y
© 01
IS
=}
S
0.05
04 L
0.001 0.01 0.1 1 10
Vesicle Size (mm)
0.25
(F) [ Leucite
0.2 I Pyroxene
c
i)
8 0.15
[T
()
E 01
o
>
0.05
o -
0.001 0.01 0.1 1 10

Crystal Size (mm)

Figure 4



Cumulative Volume fraction Cumulative Volume fraction

Cumulative Volume fraction

Cumulative Volume fraction

0.8

087

087

067

0.4

027

L4M

wn low-density
== modal density
= = high-density

L1

— L2
— L3

== bottom
—= middle

- top

low-density
modal density
= = high-density

« low-density
modal density
= = high-density

low-density
modal density
high-density

087

0.6

04

0.2}

we low-density
~=_modal density
. high-density

bottom

- top

mn IOW'denSity
modal density

= = high-density

Vesicle Size (mm)

Figure 5

107
Vesicle Size (mm)



TOTAL

CLINOPYROXENE

LEUCITE

10°

107"

102

10°

107!

Crystal Size (mm)

o
=)
£ o -
S T©
52 o
— < o E 2
[m)] -l
~—" ——— "
T T T S S S T T S S R S T N T S S S .___....0
S B M 1w N W - 1 QO W M W’ N W - 1 O B M W N W = 0 ® B N B = 1 O
o ® o N 6 = o @< ® o N o = o <9 ® o N o © o < @ o N o © o <9
<] o IS <] o IS IS [S] <} o [S] o IS o [S) IS

uoljoel) SWN|OA BAEINWNY uoljoel} BWNJOA SAIR|NWNY uonoeI) BWN|OA SAlE|NWNY uoljoel) BWN|OA SAIRINWNY uoljoel) BWN|OA SAIE|INWNY

Crystal Size (mm)

Crystal Size (mm)

Figure 6



CSD intercept (In mm™)

Volume Fraction (%)

— E : : : .
ool oL st Gro,,,,,b J
Y Acw g
20} o, l
Clinopyroxene G
(<30 pm)
v
18} .
Vv AN
Vv ¥ N
° L \Z ¥ N
16 | B L2 N, -
A L3 Leucite A NG
v L4 e N
14 | 215 v
o e o 00F
A L7 v-%\
15 v L8
Clinopyroxene ) !
\
(A) (> 100 pm) )
10 1 1 1 1 L
-300 -250 -200 -150 -100 -50 0
CSD slope (mm-™)
50 T T T
451 | ® L1 8 1
|2 g
40F | A L3 . IS b
v L4 Leucite '.8
35r | © L5 s b
o L6 A A s
30r | A L7 A A 5 1
vV L8 (m]
25} oV 1
o v \/
20 B ) = v v 4
[ ] v O
151 Clinopyroxene 4/ O ]
10t i . EAA |
|- . -
°l (B .
0 1 1 L
10° 10* 10° 108 107

Crystal Number Density, N,, (mm)

Figure 7



> 100 pm

Clinopyroxene Leucite
<30pm —~— ——

F1 moﬁth

e
o
w

108 1072 10! 10° 10" 102
Crystallization Timescale (hours)

Figure 8



Porosity (%)

100

BULK-REFERENCED

MELT-REFERENCED

100

90 POROSITY POROSITY %0
I o ]
80 q7 80
‘ v
70t .5 170
I o *y 160
60 .v.V O
o m 00
s0f V¥V %vv lso
v
]
L [e) ® L1 140
40 o a2
- A L3 4 30
30 vV L4
i O L5 |
20 LY
A L7
10t 110
(A) (B) r L
0 : - 0
0 50 100 50 100

Crystallinity (%)

Figure 9

Crystallinity (%)



(A) - W ® 0
[e] o o

""""""" N 17
"""" o |l e o ]
""" N
B o o ]

[e] o O

[e] oo
e L3 [ oo |
e L
""" o I~
0 1I0 2‘O 3‘0 40 10° I 162 | 164

Mass Discharge Rate
(10° kg s™)

Relative Viscosity

Figure 10



log viscosity (Pa s)

= . . ‘ =
. (B)
L3
L4
L5
L6
L7
—L8 L8
L L3® .
[) [ ]
L2
(—‘@ e L6
i L4 ©
fal
o
+
il
=]
g
1=
=
g

2 : : — 2
800 900 1000 1100 O 10 20 30 40

T(°C) Mass Discharge Rate
(108 kg s™)

Figure 11

[$)] [«

~
log viscosity (Pa s)



r— -1
| |
| |
| | g
c
I S8 |
EE=
I 29 |
EQ
I £o | ‘
;&Y L3
a
[ [ L5
o 1
L L8
eruption of texturally variable outgassing further decompression of
uniform magma regulates eruptive intensity outgassed crystal-rich magma

(A) (B) ©

Figure 12



