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Abstract 

In this study we parameterize the textural attributes of plagioclase phenocrysts and 

microlites from nineteen pyroclasts ejected during mild to violent explosions at Stromboli over a 

timespan of 18 years, from 2003 to 2021. By allying kinetic and crystal size distribution 

principles, we document that the morphological stability of large-sized, euhedral phenocrysts is 

superimposed on an internal textural heterogeneity due to growth-dissolution phenomena associated 

with the input rate of hot, H2O-rich recharge magmas rising from depth. As a result, the volumetric 

plagioclase proportion, dominant size, and number of phenocrysts per unit volume decrease from 

mild to violent explosions responding to a more efficient magma mixing process via sustained 

injections of mafic magmas into the shallow reservoir. On the other hand, the crystallization of 

anhedral plagioclase microlites is controlled by fast growth kinetics taking place in the uppermost 

part of the conduit during magma acceleration towards the surface. Under such highly dynamic 

crystallization conditions, the microlite number density closely depends on the increase of melt 

liquidus temperature via magma decompression and H2O exsolution. This mutualism allows to 

model the degassing rate and ascent velocity of magma under open-conduit flow regimes for the 

different eruptive styles, thereby supporting the idea that violent explosions at Stromboli are driven 

by sustained influxes of recharge magmas favoring strong acceleration (12-27 m/s), 

decompression (0.25-0.49 MPa/s), and H2O exsolution (0.005-0.01 wt.%/s) before magma 

discharge at the vent. 

 

Keywords: plagioclase phenocrysts and microlites; crystal size distribution analysis; textural 

parameterization; Stromboli eruptions and eruptive styles. 
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1. Introduction 

Stromboli (Aeolian arc, Italy) is a persistently active steady state volcano, whose Present-

day activity (< 1.2 kyr) is characterized by continuous and mildly explosive ‘Strombolian’ eruptions 

fed by a multifaceted plumbing system in which magmas undergo variable degrees of mixing and 

crystallization processes (Landi et al., 2008; Francalanci et al., 2013; Petrone et al., 2018, 2022; 

Ubide et al., 2019; Di Stefano et al., 2020; Andronico et al., 2021). This type of “normal” activity 

produces phenocrysts and microlites (width  30 and < 30 m, respectively; after Zellmer, 2021) in 

black scoriae, with plagioclase as dominant phase over clinopyroxene and olivine. The normal 

explosive activity is periodically punctuated by lava effusion episodes, and more violent eruptive 

events that are classified as “major” and “paroxysm” explosions on the basis of hazard criteria 

(Barberi et al., 1993). Major explosions do not affect the settled area, whereas paroxysms represent 

a threat for the inhabitants and villages due to higher volumes of ejected juvenile material (Barberi 

et al., 1993). During major/paroxysm expositions, black scoriae are associated with highly 

vesiculated light pumices containing a few phenocrysts of clinopyroxene and olivine, whereas 

plagioclase is generally absent. Black scoriae represent colder, degassed, and highly porphyritic 

(Hp; 50 vol.% phenocryst content) magmas stalling at shallow crustal levels, whilst light pumices 

are produced by hotter, volatile-rich, and low porphyritic (Lp; 5 vol.% phenocryst content) 

magmas rising from depth and mixing within the Hp-reservoir before eruption towards the surface 

(Landi et al., 2008; Francalanci et al., 2013; Petrone et al., 2018, 2022; Di Stefano et al., 2020; 

Andronico et al., 2021). Products erupted from the active craters are intermediate between high-K 

and shoshonitic basalts (SiO2  49-53 wt.%), showing compositional heterogeneity caused by 

variable degrees of mixing between more differentiated Hp- and primitive Lp-endmembers 

(Francalanci et al., 2012).  

Numerous studies from past (e.g., Cashman, 1990) and recent (e.g., Moschini et al., 2021) 

literature have pointed out the potential value of crystal population analysis as a tool for interpreting 

volcanic processes. Cashman (1993) has compiled the results of earlier natural and experimental 
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works on plagioclase crystallization and presented correlations between growth kinetics and cooling 

rate. Furthermore, measurements of crystal size distribution (CSD) have been recognized to 

reconstruct the solidification history of magmas and provide information about crystallization and 

mixing phenomena during their dynamic ascent towards the surface (Higgins, 1996; 2000). CSD is 

a direct measure of the solidification process and represents an exponentially increasing effective 

nucleation rate with time associated with a steady growth rate (Marsh, 1988). As a result, all 

temporal and spatial scales of crystallization (i.e., time, length, and number of crystals) depend on 

both nucleation and growth rates, which combined effects lead to a sigmoidal increase of 

crystallinity with time (Marsh, 1988). On this basis, we focus on developing quantitative 

relationships between the textural attributes of Hp-products dominated by plagioclase 

crystallization and their eruptive history. Throughout the CSD analysis, textural parameterization of 

plagioclase phenocrysts and microlites from nineteen scoria clasts ejected during 2003-2021 

normal, major, and paroxysm explosions reveals subtle differences in terms of input rate of mafic 

recharge magmas, in spite of the fact that rock textures appear, at first glance, macroscopically 

almost identical in hand specimen. Systematic departure from equilibrium crystallization due to 

magma mixing and conduit dynamics has profound effects on the composite growth history of 

plagioclase, whose stability is primarily controlled by temperature and melt-H2O content (Metrich 

et al., 2001, 2010). Results from calculations allow to elaborate a conceptual model for the time 

scales of magma dynamics and ascent within the volcanic conduit before eruption at the vent by 

applying the MND (microlite number density) rate meter developed by Toramaru et al. (2008). The 

final scope of this study is to improve our knowledge on plumbing system dynamics in open-

conduit volcanoes and to provide insights into the relationship between the type of activity and 

magma H2O exsolution, decompression, and ascent time. 

 

2. Rational and modeling approach 
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Textural attributes of plagioclase phenocrysts and microlites at Stromboli have been 

quantified and parameterized by collecting representative backscattered electron (BSE) 

photomicrographs for each Hp-product investigated (Supplementary Material 1). BSE 

photomicrographs are reduced to binary black and white images (Supplementary Material 1). 

Textural analysis of binarized images has been performed according to the CSD theory 

(Supplementary Material 2). Microlite textural attributes have been used as input data for the MND 

rate meter developed by Toramaru et al. (2008). This model relies on kinetic crystallization 

principles and quantifies the H2O exsolution rate dCH2O/dt, decompression rate dPH2O/dt, and ascent 

velocity n of magma at the microlite nucleation depth (Supplementary Material 3). The MND rate 

meter applies well to Hp-products erupted at Stromboli because plagioclase is the only mineral 

phase forming the microlite groundmass. 

 

3. Plagioclase textural parameterization and conceptualization 

Through the integration of CSD analysis and MND rate meter modeling, we test how 

plagioclase textural attributes resulting from the morphological evolution of phenocrysts and 

microlites (e.g., Fig. 1a) respond to open-system magma dynamics in the Hp-reservoir of Stromboli 

and growth kinetics driven by the degassing of magma during its ascent towards the surface. A 

quantitative distinction between phenocryst and microlite populations emerges from the CSD 

diagram, where the natural logarithm of population density ln(n) is plotted against the crystal size L 

(e.g., Fig. 1b). CSD curves for the nineteen scoria clasts ejected during 2003-2021 activity share 

common trends characterized by kinked concave-up shapes and marked changes in their slopes, 

from a shallower gradient in the larger phenocrysts to a steeper gradient in the smaller microlites 

(Fig. 1b and Supplementary Material 2). Kinked shape trends are attributed to transition in the 

crystallization regime from growth-dominated for phenocrysts to nucleation-dominated for 

microlites (Cashman, 1990; Moschini et al., 2021), as magmas residing within the shallow Hp-
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reservoir migrate along the volcanic conduit upon fast depressurization-inducedundercooling 

conditions (Arzilli et al., 2019, 2022).  

All CSD data obtained for the studied eruptions are summarized in Fig. 1c by reappraising 

the diagram originally proposed by Higgins (1996). In this diagram, the natural logarithm of 

nucleation density [ln(n°), as the intercept of CSD curve at L = 0] is plotted against the natural 

logarithm of the crystal growth rate G multiplied by the crystallization time  [ln(G), as -1/slope of 

the CSD curve]. Values of ln(n°) determined for plagioclase microlites increase by three orders of 

magnitude (9-12.5 mm
-4

) from normal to major to paroxysm explosions and are much higher than 

those (0.7-2.4 mm
-4

) measured for plagioclase phenocrysts (Fig. 1c). An opposite trend is observed 

for ln(G), ranging from -4.7 to -5.6 mm
-1

 for microlites and from -1.5 to -2.4 mm
-1

 for phenocrysts. 

According to Higgins (1996), the tight linear correlation (R
2
 = 0.99; Fig. 1c) between ln(n°) and 

ln(G) derived for both phenocrysts and microlites attests that nucleation density, growth rate, and 

crystallization time are all function of the upward migration of magma (Cashman, 1990; Armienti, 

2008; Pontesilli et al., 2019). Compared with the textural attributes of phenocrysts, microlites show 

higher values of ln(n°) and lower values of ln(G) (Fig. 1c), accounting for the prevailing effect of 

plagioclase nucleation over the growth stage under syn-eruptive conditions (Moschini et al., 2021; 

Mollo et al., 2022). Elongate and acicular plagioclase microlites are surrounded by a bright 

diffusive glass (Fig. 1b) that is typically observed when the growth rate largely exceeds the 

diffusion of plagioclase-forming components in the melt (Del Gaudio et al., 2010; Mollo et al., 

2011; Iezzi et al., 2014). Swallow-tail and hopper shapes of tiny crystals (Fig. 1b) confirm the role 

played by fast crystal growth kinetics in causing morphological instability during abundant volatile 

exsolution within a narrow degassing path of magma in the uppermost part of the conduit (Arzilli et 

al., 2019, 2022).  

Phenocryst crystallization parameters obtained from CSD analysis change as a function of 

the eruptive style (Fig. 2). The number of crystals per unit volume Nv (Fig. 2a) and the dominant 

size Ld (Fig. 2b) progressively increase as the volumetric proportion of plagioclase Vpl increases 
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from paroxysm to major to normal activity. Differently from major and paroxysm eruptions, normal 

products show a higher number of phenocrysts per unit volume and larger characteristic lengths, 

attesting that open-system magma dynamics are related to small recharge volumes of hotter and 

H2O-rich Lp-magmas rising from depth (Francalanci et al., 2013; Petrone et al., 2018, 2022; Di 

Stefano et al., 2020). Textural variations of plagioclase phenocrysts, such as corroded cores, 

coarsely sieved mantles, overgrowth rims, and oscillatory zonations (Fig. 1a and Supplementary 

Material 1), are generally produced by cyclic dissolution and recrystallization processes caused by 

recurrent arrivals of deep Lp-magmas into the shallow Hp-reservoir (Francalanci et al., 2005, 2012; 

Landi et al., 2006, 2008). However, imbalance between Lp- and Hp-magmas during mixing 

processes causes modest dissolution phenomena for the normal eruptive activity at Stromboli, with 

the formation of more abundant (Fig. 2a) and larger plagioclase phenocrysts (Fig. 2b) in the 

shallower, colder, and more degassed Hp-reservoir. Under such favorable crystallization conditions, 

plagioclase phenocrysts are more resistant to dissolution during Lp-replenishments, with consequent 

Nv, Ld, and Vpl increase up to 35 mm
-3

, 0.2 mm, and 37%, respectively (Fig. 2a-b). In contrast, 

the lower textural parameters measured for paroxysm products (i.e., Nv  7-23 mm
-3

, Ld  0.1-0.15 

mm, and Vpl  17-28%; Fig. 2a-b) testify to volumetrically abundant inputs of mafic, hotter, and 

volatile-rich Lp-magmas into the Hp-reservoir (Bertagnini et al., 1999; Francalanci et al., 2013; 

Petrone et al., 2016, 2018). Sustained magma replenishments promote the melting reaction of 

plagioclase and limits the formation of large-sized phenocrysts, as the stability field of feldspar is 

reduced by the effect of temperature and volatile flushing (Francalanci et al., 2005; Landi et al., 

2008). More efficient dynamic mixing regimes are associated with the paroxysm activity due to an 

increased Lp-magma supply measured since the beginning of the 2002–2003 eruptive crisis (Landi 

et al., 2006; Francalanci et al., 2012). 

Another important consideration stemming from short-lived disequilibria (
210

Pb-
210

Bi-
210

Po; 

i.e., 
226

Rn daughters) in volcanic gases monitored at Stromboli is that the residence time of magma 

in the shallow Hp-reservoir varies from a minimum to maximum corresponding to 10 to 213 days, 
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respectively (Gauthier et al., 2000). A steady state degassing is attained by continuous injections of 

Lp-magmas that exsolve their volatile phase in the upper part of the plumbing system to renew the 

Hp-reservoir and sustain the emission of volcanic gases (Gauthier et al., 2000). The overriding 

implication is that lower renewal rates are associated with mild explosions, whereas higher renewal 

rates pertain to violent explosions (Gauthier et al., 2000). Noting that the alignment of textural 

parameters in Fig. 2 follows a clear evolutionary trend as a function of the different types of 

eruptions, we inverted the slope of CSD curves to derive the apparent plagioclase growth rate 

associated with the residence time of magma (i.e., Gapparent = -1/slope). Values of Gapparent depict a 

systematic increase from paroxysm to major to normal eruptions, on the order of 10
-6

 to 10
-5

 

mm/s, as timescales increase from 10 to 213 days (Fig. 2c). Notably, our estimates are faster than 

those determined for slow cooling basaltic systems (10
-7

 mm/s at 1 °C/h; Cashman,1993; Conte 

et al., 2006), suggesting that Gapparent is not associated with a continuous steady-state growth under 

unperturbed physico-chemical conditions. Rather, the magnitude of Gapparent is mediated by 

chemically- and thermally-induced growth kinetics related to the renewal rate of the shallow Hp-

reservoir by Lp-replenishments. The extent of Hp-Lp mutual interaction may effectively impart a 

common set of textural attributes (i.e., Nv, Ld, and Vpl in Fig. 2) to plagioclase phenocrysts as a 

function of the eruptive style. On this basis, lower Gapparent values measured for paroxysm 

explosions reflect more intense dissolution effects caused by a higher renewal rate of the shallow 

Hp-reservoir via sustained injections of hotter, H2O-rich Lp-magmas. This pairs with the recent 

findings by Petrone et al. (2022) that the plumbing system of Stromboli may respond very rapidly to 

injection of mafic magmas prior to paroxysm eruption crises. According to the authors, the 

importance of Lp-mafic recharge actively interacting with the Hp-reservoir is emphasized by the 

diopsidic overgrowths of clinopyroxene phenocrysts from the 2019 paroxysms, which return short 

Fe-Mg diffusive scales ranging from a few days to a couple of months (Petrone et al., 2022). In 

contrast, higher Gapparent values measured for normal eruptions are associated with a lower input rate 

of mafic Lp-magmas into the shallow Hp-reservoir, with consequent enlargement of the plagioclase 
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stability field and preferential equilibration of phenocrysts with the host melt (Francalanci et al., 

2012). 

Application of the MND rate meter outlines that textural attributes of plagioclase microlites 

change as a function of H2O exsolution rate dCH2O/dt (Fig. 3a), decompression rate dPH2O/dt (Fig. 

3b), and ascent velocity n (Fig. 3c) of magma. Two distinct groups are identified for mild and 

violent major/paroxysm explosions, corresponding to low (0.002-0.003 wt.%/s) and high (0.005-

0.01 wt.%/s) H2O exsolution rates, respectively (Fig. 3a). A similar sorted distribution is also found 

for the decompression path (Fig. 3b) and ascent rate (Fig. 3c) of magma, with decompression and 

ascent rates (0.08-0.17 MPa/s and 5-11 m/s, respectively) from normal Strombolian activity that 

are slower than those (0.25-0.49 MPa/s and 12-27 m/s, respectively) observed for 

major/paroxysm products. In this context, higher values of NMND from violent explosions reflect fast 

growth kinetics determined by a large degree of undercooling resulting from the increase in the 

saturation temperature of plagioclase via abundant H2O exsolution during rapid magma 

acceleration, decompression, and degassing within the conduit (Toramaru et al., 2008; Gonnermann 

and Manga, 2013). 

Fig. 4 shows a conceptual model of open conduit dynamics at Stromboli in which cardinal 

physical, chemical, and temporal changes are schematized. According to melt inclusion data 

(Metrich et al., 2001, 2010), thermodynamic calculations (Landi et al., 2008), and mineral-melt 

hygrometric equilibria (Di Stefano et al., 2020), the amount of H2O dissolved in mafic Lp-magmas 

reaches ∼2.7–3.5 wt.% at depths of 7-10 km, where plagioclase is not stable (Fig. 4). Plagioclase 

becomes the dominant phenocryst when the melt-H2O content lowers to ∼0.5–2.5 wt.% in the 

shallow Hp-reservoir (∼2-4 km) via magma decompression and degassing (Fig. 4). Following 

Landi et al. (2008), the injection of Lp-magmas from depth may produce a H2O-rich gas phase that 

leads to phenocryst dissolution by re-hydration of the Hp-reservoir via differential gas bubble 

transfer and physical magma mixing. Landi et al. (2008) calculate that most of dissolution textures 
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originate at P = 75  25 MPa, T= 1135  15 °C, and melt-H2O = 1.35  0.15 wt.% (Fig. 4). At P < 

100 MPa, no plagioclase dissolution reactions develop due to magma cooling and volatile loss 

(Landi et al., 2008). Numerical modeling data from La Spina et al. (2015, 2016) confirm that 

abundant H2O exsolution takes place within the volcanic conduit from a depth of 1 km up to the 

vent and, upon syn-eruptive magma ascent, microlite crystallization occurs at T = 1077-1112 °C 

(Fig. 4). Fast disequilibrium magma withdrawal causes that plagioclase microlites develop in tens to 

hundreds of seconds when the gas exsolution timescale is on the order of a few minutes in the 

uppermost part of the conduit (La Spina et al., 2016). Li diffusion modeling for the 2019 paroxysms 

confirm that the enrichment of Li at the rim (up to 6.7 ppm) compared to the interior (2.3-3.6 ppm) 

of plagioclase crystals occurs in less than 180 s during magma ascent in the last 200 m of the 

conduit (Viccaro et al., 2021). Also, in situ 4D experimental observations carried out by Arzilli et 

al. (2019) on mafic alkaline magmas suggest that skeletal and swallow-tail plagioclase 

morphologies, like those of microlites displayed in the zoom-in view of Fig. 1a, may develop in 

shorter ascent times of 90 s as the result of T  80-175 °C. In relation to these ascent times, our 

dCH2O/dt estimates (Fig. 3a) indicate that microlite crystallization in violent explosions is driven by 

H2O degassing of 0.5-1.8 wt.% before magma discharge at the vent.  

Plagioclase textural parameterization supports the idea that violent major/paroxysm 

explosions at Stromboli are determined by sustained influxes of hot, H2O-rich Lp-magmas rising 

rapidly from depth upon fast ascent rates (Fig. 4). A high ascent velocity inhibits gas bubble 

expansion and H2O loss from Lp-magmas before mixing with more degassed magmas stalling in the 

shallow Hp-reservoir. This causes ample and continuous H2O-rich gas percolation that leads to 

more energetic open-conduit dynamics associated with violent eruptions (Fig. 4). In contrast, if less 

voluminous Lp-magmas are intruded slowly into the shallow Hp-reservoir, then the resulting longer 

degassing times will give reason for the periodic mild explosions observed during ordinary volcanic 

activity (cf. Gauthier et al., 2000). Following this line of reasoning, we propose that plagioclase 

crystallization at Stromboli is intimately related to the interplay between 1) the renewal rate of Hp-
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reservoir via recurrent Lp-injections and 2) the time required for Lp-magmas to ascend from the 

deeper and hotter parts of the crust, mix at shallower depths with the Hp-endmember, and be 

discharged through the conduit system connected to the surface. Finally, by analogy with other 

open-conduit volcanoes worldwide, we infer that quantitative analysis of plagioclase morphometric 

attributes may effectively shed new light on the relationship between magma dynamics and the 

different types of eruptions. Although eruptive samples exhibit similar textures at the macroscopic 

scales of thin-section and hand specimen, the characteristic scales of plagioclase crystal size, crystal 

number, and crystallization time are inextricably interrelated to kinetic effects giving direct insight 

into the renewal rate of the reservoir and decompression rate of magma immediately before ejection 

from the vent. 

 

4. Concluding remarks 

By allying crystal size distribution (CSD) principles and textural attributes of pyroclasts 

erupted at Stromboli, we disambiguate the role played by crystallization kinetics on the growth 

history of plagioclase during the dynamic ascent of magma towards the surface. CSD data measured 

for plagioclase phenocrysts record the imprint of hot, H2O-rich influxes of mafic magmas rising 

from depths into shallow crustal reservoirs. As the eruptive style changes from mild to violent 

explosions, progressive decrease in volumetric proportion of plagioclase phenocrysts, dominant 

size, and number of crystals per unit volume reflects a more efficient magma mixing process due to 

sustained injections of mafic magmas from depth. Conversely, textural parameters measured for 

plagioclase microlites are related to strong magma depressurization and H2O exsolution within the 

uppermost part of the volcanic conduit and before magma discharge at the vent. In this context, we 

observe that the microlite number density is a viable means to model the degassing path, 

decompression rate, and ascent velocity of magmas associated with different eruptive styles. 
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Figure captions 

Fig. 1. Composite backscattered electron image showing an example of plagioclase 

phenocryst (a) and microlite (b) textures from a scoria clast erupted during the 06/10/2021 major 

explosion. Crystal size distribution (CSD) analysis of plagioclase returns a semi-logarithmic curve 

characterized by kinked concave-up shape and a marked change in slope, from a shallower gradient 

in the larger phenocrysts to a steeper gradient in the smaller microlites (c). The tight linear 

correlation (R
2
 = 0.99) between ln(n°) and ln(G) attests the meaningfulness of CSD curves for 

scoria clasts from normal, major and paroxysm explosions, in accord with thermodynamic and 

kinetic principles governing plagioclase nucleation and growth. The parameters n°, G, and   refer 

to the nucleation density, crystal growth rate, and crystal growth time, respectively. 
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Fig. 2. Phenocryst crystallization parameters obtained by crystal size distribution (CSD) 

analysis of scoria clasts from normal, major, and paroxysm explosions. Nv, Ld, and Vpl refer to the 

number of phenocrysts per unit volume, characteristic length, and volumetric plagioclase 

proportion, respectively. Gapparent is determined by inverting the slope of CSD curves and 

accounting for timescales of 10 and 213 days, as reported in Gauthier et al. (2000). 

 

Fig. 3. Modeling of H2O exsolution rate dCH2O/dt (a), decompression rate dPH2O/dt (b), and 

ascent rate n (c) of magmas feeding normal, major, and paroxysm explosions through the 

application of microlite number density (MND) rate meter developed by Toramaru et al. (2008).  

 

Fig. 4. Schematic illustration of magma dynamics driving major/paroxysm (violent) 

explosions at Stromboli. Pre- and syn-eruptive crystallization conditions of plagioclase phenocrysts 

and microlites, respectively, refers to T and melt-H2O estimates from Landi et al. (2008), Metrich et 

al. (2001, 2010), La Spina et al. (2015, 2016), and Di Stefano et al. (2020), as well as magma 

residence times and ascent timescales from Gauthier et al. (2000), Arzilli et al. (2019), and Viccaro 

et al. (2021). 
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Research Highlights 
 

- Plagioclase crystallization dominates scoria clasts erupted at Stromboli  

- Plagioclase textural attributes markedly change as a function of the eruptive style 

- Phenocrysts record the renewal rate of the shallow magmatic reservoir  

- Microlites reflect conduit dynamics before magma discharge at the vent 
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