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Abstract: Steady-state volcanic activity implies equilibrium between the 

rate of magma replenishment and eruption of compositionally homogenous 

magmas, lasting for tens to thousands of years in an open conduit system. 

The Present-day activity of Stromboli volcano (Aeolian Islands, Southern 

Italy) has long been recognised as typical of a steady-state volcano, 

with a shallow magmatic reservoir (highly porphyritic or hp-magma) 

continuously refilled by more mafic magma (with low phenocryst content or 

lp-magma) at a constant rate and accompanied by mixing, crystallisation 

and eruption. Our aim is to clarify the timescale and dynamics of the 

plumbing system at the establishment of the Present-day steady-state 

activity (<1.2 ka) to pinpoint the onset of the steady-state regime. We 

investigated the Post-Pizzo (PP) pyroclastic sequence (~1.7-1.5 ka) and 

one of the Early Paroxysms (EP) of the Present-day activity, focussing on 

the clinopyroxene population.  

Whole rock and clinopyroxene compositional variation among the PP and EP 

magmas is consistent with the time progression of the Stromboli system 

towards more mafic and lower 87Sr/86Sr compositions, pointing to the 

chemical and isotopic signature of the Present-day activity. 

Clinopyroxenes from both PP and EP record a complex history with 

compositional zoning that reflects growth in three different melt 

domains: a high-Mg# proto-lp recharging magma, a low-Mg# proto-hp 

resident magma, and a transient intermediate-Mg# magma. These are the 

result of complex turbulent flow fields and mixing regimes produced by 

repeated injections of the proto-lp magma in the shallow proto-hp magma 

reservoir. During the PP period the magmatic system was already able to 

regain the pre-input proto-hp composition, gradually changing toward a 

less evolved signature after the injection(s) of the more mafic proto-lp 

magma, owing to efficient (days to a few years) stirring and melt 

homogenisation (i.e., homogenisation time < residence time).  

Based upon Fe-Mg diffusion in clinopyroxene the total residence time 

during PP and EP periods, from the arrival of the mafic magma in the 

shallow system until the eruption, ranges from 1 to ~50 years. Longer 

residence times (up to 150 years) have been recorded in the initial phase 



of the PP sequence, possibly testifying to the transition from a closed- 

to the open-conduit, steady-state regime of the Present-day activity.  

Some clinopyroxenes from the PP recorded the mafic triggering event of 

the feeding proto-lp magma occurring within few months to a few days 

before eruption. Remarkably, other clinopyroxene portions crystallised 

and captured the rapid timescales (a few days) of the on-going mixing and 

homogenisation process between the proto-lp and the proto-hp magmas 

leading to the eruption.  

The modelling of clinopyroxene zoning events at Stromboli provides 

evidence for growth and storage in three different melt domains, and sets 

robust constraints on their residence time from lp-magma recharge(s) to 

eruption, along with the timescales of melt homogenisation and triggering 

events. The lifetime history captured by Fe-Mg zoning of Stromboli 

clinopyroxenes suggests that the interplay between rapid mixing and short 

storage timescales can be a key parameter controlling the dynamics of the 

plumbing system of steady-state volcanoes. 
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Abstract  

Steady-state volcanic activity implies equilibrium between the rate of magma 

replenishment and eruption of compositionally homogenous magmas, lasting for tens to 

thousands of years in an open conduit system. The Present-day activity of Stromboli 

volcano (Aeolian Islands, Southern Italy) has long been recognised as typical of a 

steady-state volcano, with a shallow magmatic reservoir (highly porphyritic or hp-

magma) continuously refilled by more mafic magma (with low phenocryst content or lp-

magma) at a constant rate and accompanied by mixing, crystallisation and eruption. Our 

aim is to clarify the timescale and dynamics of the plumbing system at the establishment 

of the Present-day steady-state activity (<1.2 ka) to pinpoint the onset of the steady-state 

regime. We investigated the Post-Pizzo (PP) pyroclastic sequence (~1.7–1.5 ka) and 

one of the Early Paroxysms (EP) of the Present-day activity, focussing on the 

clinopyroxene population.  

Whole rock and clinopyroxene compositional variation among the PP and EP magmas is 

consistent with the time progression of the Stromboli system towards more mafic and 

lower 87Sr/86Sr compositions, pointing to the chemical and isotopic signature of the 

Present-day activity. Clinopyroxenes from both PP and EP record a complex history with 

compositional zoning that reflects growth in three different melt domains: a high-Mg# 

proto-lp recharging magma, a low-Mg# proto-hp resident magma, and a transient 

intermediate-Mg# magma. These are the result of complex turbulent flow fields and 

mixing regimes produced by repeated injections of the proto-lp magma in the shallow 

proto-hp magma reservoir. During the PP period the magmatic system was already able 

to regain the pre-input proto-hp composition, gradually changing toward a less evolved 

signature after the injection(s) of the more mafic proto-lp magma, owing to efficient (days 

to a few years) stirring and melt homogenisation (i.e., homogenisation time < residence 

time).  
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Based upon Fe-Mg diffusion in clinopyroxene the total residence time during PP and EP 

periods, from the arrival of the mafic magma in the shallow system until the eruption, 

ranges from 1 to ~50 years. Longer residence times (up to 150 years) have been 

recorded in the initial phase of the PP sequence, possibly testifying to the transition from 

a closed- to the open-conduit, steady-state regime of the Present-day activity.  

Some clinopyroxenes from the PP recorded the mafic triggering event of the feeding 

proto-lp magma occurring within few months to a few days before eruption. Remarkably, 

other clinopyroxene portions crystallised and captured the rapid timescales (a few days) 

of the on-going mixing and homogenisation process between the proto-lp and the proto-

hp magmas leading to the eruption.  

The modelling of clinopyroxene zoning events at Stromboli provides evidence for growth 

and storage in three different melt domains, and sets robust constraints on their 

residence time from lp-magma recharge(s) to eruption, along with the timescales of melt 

homogenisation and triggering events. The lifetime history captured by Fe-Mg zoning of 

Stromboli clinopyroxenes suggests that the interplay between rapid mixing and short 

storage timescales can be a key parameter controlling the dynamics of the plumbing 

system of steady-state volcanoes. 

 

Keywords: Clinopyroxene residence time, non-isothermal Fe-Mg diffusion, magma 

mixing, volcano dynamics, Stromboli



 4 

1. Introduction 1 

Tracking the pre-eruptive history of magma storage and ascent is a key challenge of 2 

modern volcanology to gain insight into the timescale of pre-eruptive processes at active 3 

volcanoes. Steady-state volcanic activity at polygenetic volcanoes (e.g., Stromboli, 4 

Francalanci et al., 1999; Etna, Bonaccorso and Calvari, 2013, Yasur, Firth et al., 2014) 5 

implies an equilibrium between the rate of magma replenishment and tapping that can 6 

sustain persistent eruptive activity for tens to thousands of years (e.g., O’Hara 1977; 7 

Wadge, 1982), and it is also associated to homogeneity of erupted magmas over long 8 

periods (O’Hara, 1977; Armienti et al., 2007). The steady-state condition is linked to an 9 

open conduit system (e.g., Giberti et al., 1992) with a continuously erupting, crystallising 10 

and replenished magma reservoir (e.g., Sheehan and Barclay, 2016). The Present-day 11 

activity of Stromboli volcano has long been recognised as typical of a steady-state 12 

volcano, with a shallow magmatic reservoir continuously refilled at a constant rate and 13 

accompanied by continuous mixing and homogenisation, crystallisation and eruption 14 

(e.g., Francalanci et al., 1999, 2004; Landi et al., 2004; Armienti et al., 2007).  15 

Recent studies have found very rapid timescales (from hours to a few months) of pre-16 

eruptive magmatic processes for the Present-day activity of Stromboli and Etna, on the 17 

basis of chemical and textural characteristics of olivine and plagioclase (Bertagnini et al., 18 

2003; Kahl et al, 2011; Agostini et al., 2013). At the same time, longer residence times 19 

(~5 years) have been calculated for the Present-day volcanic activity of Stromboli from 20 

time series analysis of U-series disequilibria (Bragagni et al., 2014). It is well known that 21 

in many volcanoes the temporal whole rock homogeneity due to the steady-state regime 22 

often contrasts with large compositional and temporal heterogeneity revealed at the 23 

mineral scale, resulting in a wide range of timescales of pre-eruptive magmatic 24 

processes. This suggests a complex history in which older crystals and antecrysts can 25 

be recycled with time by fresh inputs of magma and homogenised in the volcanic system 26 
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at different times before the eruption (e.g., Davidson et al., 2007; Bachmann and 27 

Bergantz, 2008; Burgisser and Bergantz, 2011; Cashman and Blundy, 2013). 28 

Disentangling the lifetime history of single minerals is essential for understanding the 29 

complexity of the plumbing system. 30 

In this study, we present and discuss new timescales obtained from Fe-Mg diffusion in 31 

clinopyroxenes from the Post-Pizzo (PP) pyroclastic sequence and one of the Early 32 

Paroxysms (EP) of the Present-day activity at Stromboli. Diffusion modelling has been 33 

performed using the Non-Isothermal Diffusion Incremental Step (NIDIS) model, which 34 

allows deconstructing the core-rim diffusion profile of single- and multi-banded crystals 35 

into different isothermal steps (Petrone et al., 2016). Our aim is to get insights into the 36 

inception of the steady-state regime at Stromboli and the timescales of the pre-eruptive 37 

processes to enhance our understanding of the dynamics and evolution of the plumbing 38 

system. 39 

 40 

2. Geological and volcanological background 41 

Stromboli stratovolcano is the northernmost island of the Aeolian Volcanic Arc in the 42 

Southern Tyrrhenian sea, Italy (Fig. 1). It shows characteristic persistent volcanic activity 43 

consisting of periodic discrete mild explosions (normal Strombolian activity) alternating 44 

with episodic lava effusion and more violent explosive events (paroxysms, Barberi et al., 45 

1993). This persistent activity started at ~1.2 ka (Rosi et al., 2013) and has continued 46 

until the present-day.  47 

The subaerial portion of Stromboli is the result of six eruptive epochs during the last 85 48 

kyr characterised by large compositional variations of the erupted magmas (e.g., 49 

Francalanci et al., 2013). The last 13 kyr of activity have been characterised by recurrent 50 

NW-dipping collapses (sc3-5,7 Fig. 1a), which have formed the multi-stage Sciara del 51 
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Fuoco scar (Tibaldi, 2001), where the Recent (i.e., Epoch 6, Francalanci et al., 2013; 52 

Lucchi et al., 2013) volcanic activity has mostly taken place.  53 

Epoch 6 started ~2.4 ka ago, is characterised by prevalent summit central-vent explosive 54 

eruptions, and has been divided into three successive periods (Fig. 1b) (Francalanci et 55 

al., 2013). Epoch 6a started with explosive eruptions forming the pyroclastic succession 56 

of Pizzo-Sopra-la-Fossa (Pizzo) fed by shoshonitic basalts and high-potassic calc-57 

alkaline basalts and basaltic-andesites (Francalanci et al. 2014). The activity continued 58 

with the explosive eruption of the shoshonitic PP pyroclastic sequence (Post-Pizzo 59 

formation, Petrone et al., 2006; Chiappe Lisce formation, Francalanci et al., 2013, Lucchi 60 

et al., 2013) and the Bastimento lavas. Epoch 6b started with the onset of the Present-61 

day persistent activity (<1.2 ka, Rosi et al., 2013), possibly after a lateral collapse (sc6) 62 

towards SE (Fig. 1). Epoch 6c was marked by the last relevant lateral collapse (sc7) 63 

(0.7-0.35 ka, Arrighi et al., 2004, Speranza et al., 2008), and is characterised by the 64 

Present-day activity typically ejecting black scoriaceous lapilli and bombs. Episodic 65 

paroxysms also erupt black scoriaceous bombs and spatters, variably mingled with a 66 

small volume of light pumices. Lavas and scoriae represent a degassed highly 67 

porphyritic (hp) magma, whereas light pumices are a more mafic, hotter, volatile-rich and 68 

less Sr-radiogenic magma with low phenocryst content (lp-magma) (Francalanci et al., 69 

1999, 2004). Based on geochemical and radiogenic isotope characteristics, the lp-70 

magma is considered to represent the deep-seated (≤240 MPa, Metrich et al., 2005) 71 

feeding magma of the volcanic system prior to crystal mush interaction and mixing with 72 

the hp-magma in a crystallising shallow (~3 km depth) (Francalanci et al., 1999; 73 

Bragagni et al., 2014) reservoir. The lp-magma is erupted only during paroxysms, 74 

suggesting a rapid eruptive timescale upon new magma injections, preventing complete 75 

homogenisation within the shallow reservoir. All Recent erupted magmas, following the 76 

Pizzo activity, are invariably shoshonitic basalts.  77 
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 78 

2.1 The Post-Pizzo pyroclastic sequence  79 

The PP pyroclastic sequence, briefly described by Petrone et al. (2006) and Francalanci 80 

et al. (2013), is about 2 m thick and outcrops along the old path to the active craters at 81 

~800 m a.s.l. (Fig. 1a), in clear discordance with the older lithostratigraphic units of 82 

Upper Vancori and Pizzo. It consists of planar-bedded, partly welded fallout scoria layers 83 

interbedded with thin, discontinuous grey ash-lapilli fallout and scoriaceous spatter lavas 84 

(Fig. 1b, Supplementary 1 Fig. S1). The latter predominate and become laterally more 85 

continuous in the upper half of the sequence. The whole sequence was produced by 86 

intense lava fountaining probably from a secondary vent located in the ENE part of the 87 

summit collapse depression, although its age and vent position are unknown. On the 88 

basis of geochemical characteristics (Francalanci et al., 2013), it is considered coeval to 89 

the Bastimento lavas (1.7-1.5 ka, Speranza et al., 2008) (Fig. 1). The top of the PP 90 

sequence is in direct contact with the products of the Present-day activity (Sciara del 91 

Fuoco formation; Fig. 1a), which slightly further north consist of black scoriaceous 92 

spatter stacks forming an almost continuous layer mantling the previous topography (Fig. 93 

1b). These products were erupted around 0.35 kyr ago (Arrighi et al., 2004; Speranza et 94 

al., 2008) (Fig. 1b), probably during the Early Paroxysm of the Present-day activity (EP). 95 

Three samples (STR276, STR273 and STR277) of grey scoriaceous spatters were 96 

collected in stratigraphic series from the PP pyroclastic sequence: two samples (STR276 97 

and STR273) were taken from the base of the succession, whereas sample STR277 98 

was collected from the uppermost spatter lava layer (Fig. 1b). In order to understand the 99 

evolution of the volcanic activity at the transition from PP to the Present-day, we 100 

sampled a large, flattened black scoriaceous spatter (STR275) from the EP deposit (Fig. 101 

1b). Petrographic and mineralogical characteristics of samples STR276 and STR275 102 

have been already discussed in Petrone et al. (2006). At that time, however, Stromboli 103 
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revised volcano-stratigraphy (Lucchi et al., 2013, Francalanci et al., 2013) was not yet 104 

available and we considered sample STR275 as the top portion of the PP sequence not 105 

as a spatter of EP.  106 

 107 

3. Results 108 

3.1. Geochemistry and mineralogy of the studied rocks  109 

The EP is a typical shoshonitic basalt (SiO2 = 49.8 wt%) of the Present-day activity, 110 

whereas the PP samples range from shoshonitic basalts to shoshonites (SiO2=51.2-53.7 111 

wt%) (Fig. 2; Supplementary 2 Tab. S1), and represent the most evolved shoshonitic 112 

magmas erupted during the last 2.4 kyr.  113 

Our data show a progressive SiO2 decrease and MgO increase through the stratigraphic 114 

series from the base of the PP sequence to the shoshonitic basalt of the Present-day 115 

activity (Fig. 3a,b). Other major and trace element variations (Supplementary 2 Tab. S1) 116 

are consistent with this trend. A time-related variation is also evident from Sr and Nd 117 

isotope signatures (Fig. 3c,d), showing that the PP rocks have intermediate isotope 118 

composition between the older Pizzo-shoshonitic products (Francalanci et al., 2013, 119 

2014) and the Present-day activity (STR275 and data from Francalanci et al., 2013). The 120 

overall geochemical variation indicates a compositional change in the plumbing system 121 

due to the arrival of mafic shoshonitic magmas since the early activity of the PP 122 

sequence (Francalanci et al., 2013), possibly establishing a system dynamics similar to 123 

the Present-day lp-hp magma interaction.  124 

The studied samples show high vesicularity (~30-40 vol.%) and increasing porphyritic 125 

index from PP (~35-45 vol.%) to EP (~45-55 vol.%). The paragenesis is identical in all 126 

samples and consists of plagioclase (20-30 vol.%), clinopyroxene (10-15 vol.%) ± olivine 127 

(~5 vol.%), occurring as both pheno- and micro-phenocrysts, + microlite-bearing (mostly 128 

plagioclase) glassy groundmass (20-30 vol.%). Large (0.5-3mm) phenocrysts of 129 



 9 

euhedral, zoned clinopyroxene are found in all rocks, with slightly higher abundance in 130 

the EP sample (~10 vol.%), where they are also larger (up to 4 mm) than in the PP 131 

samples (~5 vol.%). In contrast to clinopyroxene, plagioclase is larger in the PP samples 132 

(up to 3 mm) but less abundant than in the EP sample. Plagioclase phenocrysts (0.3-2 133 

mm) are euhedral and often show complex zoning with sieved and resorbed textures.  134 

Clinopyroxene shows a large range in composition (Fig.4, Supplementary 2 Tab. S3). PP 135 

clinopyroxenes have Mg# [molar Mg/(Mg+Fe2++Mn)] ranging from 0.70 to 0.89, 136 

overlapping those of EP sample STR275 (Mg#=0.70-0.91) (Fig. 4a-c). These values are 137 

similar to clinopyroxenes from the hp rocks of the Present-day activity (e.g., Francalanci 138 

et al., 2004; Landi et al., 2006). Plagioclase phenocrysts of both PP and EP periods 139 

span almost the same composition (An51-83 and An60-83, respectively) (Petrone et al., 140 

2006). PP olivine crystals range in composition from Fo61 to Fo68, whereas those of the 141 

EP sample are more homogeneous and fosteritic (Fo70 -73). EP plagioclase and olivine 142 

have the same compositional range as their counterparts from the Present-day hp-143 

magma (Francalanci et al., 2004; Landi et al., 2006).  144 

 145 

3.2. Textural and compositional characteristics of clinopyroxene phenocrysts 146 

Clinopyroxene phenocrysts are mostly characterised by chemical zoning with Diopsidic 147 

Bands (DB) sometime associated with patchy and/or resorbed cores. Single and multi-148 

banded zoning is observed and typically characterises the internal portion of crystals 149 

(Figs. 4, 5).   150 

Clinopyroxene spans a large range in composition and a clear bimodality is evident for 151 

both PP and EP samples (Fig. 4) with overall diopsidic and augitic compositions. The 152 

augitic portion (core and most rims) of PP samples ranges from Mg# 0.70 to 0.76 (Fig. 153 

4b,c,e,f). The DBs span from Mg# 0.76 to 0.89, with a prevalent average composition of 154 

0.82-0.84 in the bottom samples and a rough bimodality (0.80-0.82; 0.86-0.88) in the top 155 
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sample (Fig. 4b,c,e,f). The DBs are mostly present in the intermediate portion of the 156 

crystal along with some rims (Fig. 4b,c). In the EP sample, the augitic portion spans from 157 

Mg# 0.70 to 0.79 and characterises rims (Mg# 0.74-0.78), the majority of cores and 158 

some intermediate portions (Fig. 4a,d). In contrast to PP, the cores of EP clinopyroxenes 159 

show a larger compositional variability with the most representative composition shifted 160 

to higher values (Mg#=0.74-0.78). Notably, the lower Mg# cores (0.70-0.73) in some EP 161 

clinopyroxenes overlap the composition of PP cores but are associated with Mg#-richer 162 

rims (0.74-0.78). At the same time, the augitic rims have slightly higher Mg# and are less 163 

variable than in PP (Fig. 4a). The DBs of EP clinopyroxenes have higher Mg# 164 

compositions (Mg# 0.80-0.90) than PP, with a marked prevalent composition at 0.88-165 

0.90 (Fig. 4d), and characterise the intermediate portion of the crystal along with the 166 

portion around resorbed low-Mg# cores (Figs. 4a, 5).  167 

On the basis of compositional characteristics of the rims and the textural complex zoning 168 

pattern, two main groups of clinopyroxene with low- and high-Mg# rims are recognised 169 

(group A and B, respectively; Fig. 5).  170 

Group A can be further subdivided in A1 and A2. Subgroup A1 is the most common type 171 

in both PP and EP (~60 and ~50 vol.%, respectively), and usually has a single well-172 

defined DB in the inner portion of the crystal, with sharp contrast on both sides of the 173 

compositional boundary (Fig. 5a,b), which can be up to ~60 μm thick. Augitic cores and 174 

rims have the same composition in PP samples, whilst higher Mg# rims than cores are 175 

present in EP crystals (Fig. 4, 5a,b). Rims show variable thickness between 400 and 50 176 

μm. Subgroup A2 has a patchy resorbed core surrounded by a DB with sharp contact 177 

toward the large low-Mg# rim (~100-150 μm) (Fig. 5c). Occasionally, a second DB 178 

between the resorbed core and the rim is present (Fig. 5d). Subgroup A2 is found in EP 179 

(~45 vol.%), with few examples in the top PP sample (~5 vol.%). Group B is single or 180 

multi-banded/oscillatory zoned clinopyroxene characterised by two or more concentric 181 
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DBs, with the external one on the rim (Fig. 5e,f). DBs have variable thickness (~10-50 182 

μm) (Fig. 5e) and are usually thinner toward the rim, particularly in the top PP sample. 183 

Group B clinopyroxene core has augitic composition with melt and Fe-Ti oxide inclusions 184 

and no-patchy texture (Fig. 5e,f). Group B clinopyroxenes occur in the PP samples (~40 185 

vol.%), and represent the majority of clinopyroxene type with multi-banded texture, 186 

whereas only few (~5 vol.%) are present in EP. In addition, some clinopyroxenes with 187 

partially resorbed cores are found in both A and B groups.  188 

 189 

3.3. Lifetime history of clinopyroxene phenocrysts 190 

The complex zoning of clinopyroxene phenocrysts (Fig. 5) indicates alternating 191 

crystallisation and storage in magmas with high- and low-Mg#, and permits to assess 192 

their lifetime history after DB formation using Fe-Mg diffusion profiles along 193 

compositional boundaries (e.g., Morgan et al., 2004). DBs generally indicate recharge 194 

episodes with more mafic and hotter magmas. According to the NIDIS model (Petrone et 195 

al., 2016), it is possible to calculate a total clinopyroxene residence time (t) from the 196 

first mafic input until the eruption, as captured by temperature-dependent elemental 197 

diffusion. It consists of the diffusion time t1, at higher temperature, after the first formed 198 

compositional boundary (e.g., internal: core-DB) plus the diffusion time t2, at lower 199 

temperature, after the last formed compositional boundary (e.g., external: DB-rim) until 200 

eruption. Following this reasoning, we have adapted the NIDIS model to unravel the 201 

different zoning patterns of the analysed clinopyroxene phenocrysts (Fig. 5), and 202 

reconstruct their lifetime history (Tab. 1). The NIDIS model is based on back-scattered 203 

(BSE)-SEM greyscale profiles used as a proxy of Fe-Mg compositional zoning boundary 204 

along transects normal to the (100) clinopyroxene crystal face. Fe-Mg diffusion 205 

coefficients (D) have been calculated using T estimated via the clinopyroxene-liquid 206 
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geothermometer (Putirka, 2008), and the pre-exponential factor D0 and activation energy 207 

from Dimanov and Sautter (2000). T calculations used different melt compositions for the 208 

different crystal zones. The estimated T ranges for the PP clinopyroxenes are 1150-1174 209 

°C (high-Mg# DBs) and 1040-1047 °C (low-Mg# crystal zones), whereas those for EP 210 

clinopyroxenes are 1174-1180 °C (high-Mg# DBs) and 1089 °C (low-Mg# zones) 211 

(Supplementary 1 and 2 Tabs. S2, S3 for details). These are crystallisation 212 

temperatures, which in case of active and open system volcanoes such as Stromboli can 213 

be safely assumed to represent storage (i.e., diffusion) temperatures as well.  214 

The single DB of subgroup A1 is clearly resolved on both sides of the boundary layer 215 

(Figs. 5a,b, 6a) and yields the total residence time (t =t1+t2, Tab. 1) from the 216 

formation of DB (t1) to the eruption (t2). In this case, the t1 (Fig. 6, Supplementary 2 217 

Tab. S4) is the time spent at high-T in the high-Mg# melt domain, and t2 is the time 218 

spent at low-T in the low-Mg# melt domain. In cases of clinopyroxene with DB boundary 219 

layers defined by a bell shape profile (i.e., absence of compositional plateaux, Fig. 6b), 220 

we can calculate the total residence, from the formation of DB, at low T (t2) using the 221 

finite reservoir NIDIS code (FR in Fig. 6b and Tab. 1)(see also Petrone et al., 2016). The 222 

DB surrounding the patchy core in clinopyroxene of subgroup A2 (Fig. 5c) can be 223 

modelled only for a partial residence time corresponding to the time t2 spent at low-T in 224 

the low-Mg# melt domain until eruption (Tab. 1), owing to the lack of a clear core-DB 225 

compositional boundary (Supplementary 3). In more complex A2 crystals, with a second 226 

DB between the resorbed core and the rim (Fig. 5d), the lifetime history of the crystal has 227 

been resolved using the finite reservoir NIDIS code at high-T (FR in Fig. 6c), due to the 228 

lack of a compositional plateau; t1 (Supplementary 2 Tab. S4) and t2 are again the 229 

timescales at high- and low-T, respectively.  230 
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In case of group B crystals showing a well-defined high-Mg# rim (Fig. 5e), the calculated 231 

timescale is only related to the time spent by the core-rim compositional boundary in the 232 

high-T high-Mg# domain until the eruption (t2, Fig. 6d). The thin low-Mg# outer-rim in 233 

these crystals (Fig. 6d) reveals, however, that eruption occurred during the formation of 234 

the outer-rim, and considering that clinopyroxene growth rate is some order of 235 

magnitude faster than Fe-Mg diffusion rate (e.g., Dimanov and Sutter, 2000; Ni et al., 236 

2014), we can safely assume that the obtained timescale (t2) is a minimum estimate 237 

close to the total crystal residence time.  238 

In case of multi-banded zoning (Fig. 5f), the NIDIS model allows calculation of the 239 

diffusion timescale for each boundary (Fig. 6e) applying twice either the finite reservoir 240 

code (FR in Fig. 6e and Tab. 1) or the semi-infinite reservoir code on the basis of a bell 241 

shape profile (FR) as opposite to well definite compositional plateaux. In crystals such as 242 

Fig. 6e, both timescales (t1 and t2) are referred to the time spent at low-T in the low-243 

Mg# melt domain. The final high-Mg# rim has been excluded from the calculation and its 244 

meaning shall be discussed in the next section. 245 

Crystal residence time has been calculated on 45 and 15 carefully screened 246 

clinopyroxenes from PP and EP samples, respectively (Fig. 7, Tab. 1; Supplementary 1).  247 

The distribution of crystal residence times at the base of PP has a clear peak at 10-30 248 

years with some crystals recording longer residence time up to 150 years (Fig. 7a, Tab. 249 

1). Shorter timescales (4 days to 4 months) were also measured, albeit mostly referred 250 

to the timescale spent in the high-T environment (group B crystals, high-T t2, Fig. 7b). 251 

In contrast, very short timescales, on the order of a few days to <1 day, characterise 252 

most of the clinopyroxenes from the top PP sample (Fig. 7a,b) although only a limited 253 

number of suitable clinopyroxenes could be modelled in sample STR277. EP 254 

clinopyroxenes show residence times overlapping those of the bottom of PP (Fig. 7a,b), 255 
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even though the most frequent residence time is slightly shorter, from 1 to 10 years, and 256 

no total residence times <1 year has been recorded owing to the lack of group B 257 

clinopyroxenes (Fig. 7).  258 

The NIDIS model allows the comparison of the different timescales of the events 259 

recorded during crystal growth (Fig. 7b).t2 timescales, indicating the time spent in the 260 

last melt domain prior the eruption, are variable: at low-T they range from 0.3 to 150 261 

years (Fig.7b) and overlap in both PP and EP clinopyroxene, with more frequent values 262 

around 10-50 years for PP and 1-20 years for EP. A complementary finding is the very 263 

short timescale obtained for high-T t2 (group B, Fig. 7b), testifying to the short time 264 

elapsed from the last recorded magmatic input (DB) to eruption. A striking result of all 265 

analysed clinopyroxenes, with only few exceptions, is the instantaneous residence time 266 

in the high-T high-Mg# environment in comparison to the residence time in the low-T 267 

low-Mg# environment (Fig. 7b, Tab. 1), which sets robust constraints on magma 268 

chamber dynamics (see discussion). Overall, no clear correlation is observed between 269 

the calculated timescales and clinopyroxene textural groups, apart those having a 270 

residence time >60 years which have been modelled using the finite reservoir code and 271 

are restricted to subgroup A1 and group B crystals (Fig. 7b, Tab. 1). 272 

In addition to the well-defined and fully resolved elemental diffusion profiles, we have 273 

encountered a small fraction (<10-15 vol.%) of anomalous profiles that cannot be 274 

explained by Fe-Mg diffusion, such as those shown in Figure 8. The critical point is that 275 

the core-DB boundary is steeper than the DB-rim boundary (Fig. 8a,b) contrary to what 276 

expected in a pure diffusion profile where the core-DB boundary must have experienced 277 

diffusion for longer time (i.e., t1+t2) than the DB-rim boundary (i.e., only t2). In another 278 

example (Fig. 8c), the slope of DB-rim boundary is not only less steep than the core-DB 279 

boundary, but also has a stepped-like profile, which contrasts with a pure diffusion-280 
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controlled process. These profiles are hard to detect using microprobe analyses, but are 281 

clearly evident using the much better spatial resolution (<0.5 m versus >2–3 m) of the 282 

BSE-SEM greyscale profiles.  283 

 284 

4. Discussion 285 

The recent literature (e.g., Francalanci et al., 2013 for a review) reports that the shallow 286 

hp-magma chamber of the Present-day plumbing system of Stromboli seems to exist 287 

since the age of Pizzo activity (~2.4 ka), always occupied by shoshonitic mafic, mainly 288 

basaltic, magmas. The compositional uniformity of the whole magmatic system with time 289 

contrasts with chemical and isotopic heterogeneities at the mineral scale testified by 290 

complex textures in plagioclase and clinopyroxene. This heterogeneity is originated 291 

during the intricate processes of lp-hp magma mixing and antecryst recycling from a 292 

~2.4 ka old crystal mush (Francalanci et al., 2005, 2012, 2014; Bragagni et al., 2014). 293 

The erupted magmas of Epoch 6 reached the more evolved shoshonite composition only 294 

at the base of the Post-Pizzo sequence. Our data indicate that from this period onwards, 295 

namely between 1.7-1.5 ka (PP activity) and 0.35 ka (EP activity) (Fig.1), the Stromboli 296 

magmatic system was becoming progressively more mafic and, starting from the 297 

beginning of Epoch 6, also had gradually lower 87Sr/86Sr values (Fig. 3). A corresponding 298 

time-related Mg# increase of clinopyroxene rims and DBs is also observed from PP to 299 

EP period (Fig. 4). Overall these characteristics provide evidence for a progressive shift 300 

of the shallow system towards the more mafic composition of the Present-day activity. 301 

 302 

4.1. Mafic recharge events and timescales  303 

The observed textural characteristics and compositional zoning in PP and EP 304 

clinopyroxenes (DBs and low-Mg# portions, Fig. 4) indicate crystallisation in two different 305 

melt domains that, referring to the Present-day dynamics between lp- and hp-magmas 306 
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(e.g., Francalanci et al., 1999; Bragagni et al., 2014), can be envisaged as the 307 

precursors of the recharging high-T and high-Mg# lp-magma (proto-lp) injecting into the 308 

shallow (~3 km deep) low-T and low-Mg# resident hp-magma (proto-hp). The proto-lp is 309 

never erupted during the PP period, but it is clearly recorded by the DBs crystal zoning.  310 

Our results also show that the low-Mg# cores and rims of PP clinopyroxenes have 311 

exactly the same compositions, whereas EP rims usually have slightly higher Mg# than 312 

cores (Fig. 5a). This indicates a well stirred proto-hp resident magma, which is 313 

homogenised, by mixing and crystallisation, after the injections of the more mafic proto-314 

lp magma, as it occurs in the Present-day magmatic reservoir (Francalanci et al., 2004). 315 

Overall, the similar compositional zoning and texture of PP and EP clinopyroxenes 316 

suggests the occurrence, during the PP period, of dynamic processes resembling those 317 

of the Present-day plumbing system.  318 

Most clinopyroxenes from both the base of PP (71% of the total modelled crystals) and 319 

EP (80%) record total (i.e., after DB growth) crystal residence times in the range of 1-30 320 

years (Fig. 7a). There are however important differences. Very short residence times, 321 

between 3 days and 6 months, are recorded by a large proportion (23%) of 322 

clinopyroxenes in the samples at the base of the PP sequence, with even shorter 323 

timescales (<1-3 days) characterising the limited number of clinopyroxenes modelled for 324 

the top PP sample (Fig. 7). These short timescales record the last injection of mafic 325 

magma prior to eruption (high-T t2 of group B clinopyroxene, Fig. 7b), and are similar to 326 

the ~3h to ~30 days residence time calculated by Agostini et al. (2013) combining 327 

decompression experiments and crystal size distribution on plagioclase from the 328 

Present-day activity. Magma residence time of the Present-day activity has also been 329 

estimated from time series analysis of radiogenic isotopes variations in the resident hp-330 

magma due to the input of lp-magma. These residence times ranges from ~0 to 55 years 331 

for the lp-magma, and from 2-10 years (230Th/232Th activity ratio, Bragagni et al., 2014) to 332 
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~19 years (Sr isotopes, Francalanci et al., 1999) for the resident hp-magma of the 20th 333 

century activity. Taken together, the similar timescales of our diffusion-based study 334 

compared with those of Agostini et al. (2013), Bragagni et al. (2014) and Francalanci et 335 

al. (1999), provide further constraints indicating that the PP period was characterised by 336 

a very well-stirred and dynamic reservoir akin to the Present-day period. 337 

 338 

4.2. Implication of clinopyroxene timescales on the magma dynamics  339 

The deconstruction of clinopyroxene zoning profile into single steps, via the NIDIS 340 

model, yields the timescale of Fe-Mg diffusion at different temperatures (Figs. 6, 7) and 341 

provides insights into the timescale of multiple proto-lp magma injections along with 342 

magma chamber dynamics during mixing events.  343 

Clinopyroxene growth rate is some orders of magnitude faster than Fe-Mg diffusion rate 344 

(e.g., Dimanov and Sutter, 2000; Ni et al., 2014), implying that DBs form almost 345 

instantaneously within the proto-lp magma, and the core-DB interface diffuses at high-T 346 

until the instantaneous growth of the low-Mg# clinopyroxene rim within the low-T proto-347 

hp resident magma. From that moment until the eruption, elemental diffusion, both 348 

between the core-DB and the DB-rim boundary layers, occurs in the proto-hp resident 349 

magma. Given this assumption, one of the main results of the NIDIS model is the very 350 

short residence time in the high-T, proto-lp magma (t1) in comparison to that in the low-351 

T, proto-hp resident magma (t2) (Fig. 7b, Tab 1) for both PP and EP clinopyroxenes. 352 

This is a novel and unique output of the NIDIS model, which could be deciphered neither 353 

using radiogenic isotope modelling (Francalanci et al., 1999; Bragagni et al, 2014) nor 354 

crystal size distribution approaches (Agostini et al., 2013). This timescale difference 355 

provides constraints on a steady-state dynamic reservoir where inputs of proto-lp 356 

magmas are rapidly (t1 days to a few years) stirred and homogenised into the proto-hp 357 
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resident magma (i.e., homogenisation time < residence time). This is particularly true for 358 

the PP clinopyroxenes, with the bottom samples showing short residence time at high-T 359 

(high-T t1=4 days-9 years, Fig. 7b) and the top PP sample characterised by even 360 

shorter timescales (1 day-8 months), suggesting an increasing of mixing efficiency 361 

possibly due to low volume of the injected magma. At the same time, high-T t1 for the 362 

EP albeit short (6 months-2 years) do not record the very short (<6 months) timescales 363 

as calculated for the PP (Fig. 7b). 364 

A number of crystals, especially in the top PP sample, record multiple banding (Figs. 6e, 365 

8d), suggesting the occurrence of more frequent replenishment events and possibly a 366 

direct link between injections of new recharging magma and eruption frequency, as 367 

suggested for the persistent Present-day activity (Taddeucci et al., 2013). This is also 368 

consistent with field data, showing thicker and more continuous spatter layers at the top 369 

of the PP sequence (Fig. 1, Supplementary 1 Fig S1). 370 

The dynamics of the Stromboli volcanic system determined on the basis of the normal 371 

Fe-Mg diffusion profile (Figs. 6, 7) suggests an explanation for the anomalous 372 

clinopyroxene profiles (Fig. 8) mainly occurring in samples of the PP period (Tab. 1). 373 

Indeed, the NIDIS model allows calculation of the timescale over which the core-DB 374 

boundary has diffused in the proto-lp magma in these anomalous profiles (left-hand side 375 

profile, Fig. 8a-c).  376 

The smoother DB-rim profile observed for clinopyroxenes in Figure 8a-c clearly contrasts 377 

with the steeper diffusion profile of the core-DB boundary, suggesting that the former 378 

might record the effect of the ongoing homogenisation between the proto-lp and the 379 

proto-hp magmas, thus capturing the magma mixing in action. In these cases, we can 380 

calculate a pseudo-timescale (t4 rather than the t1, see Petrone et al., 2016) to 381 

reproduce the observed core-DB diffusion profile assuming that it formed entirely at the 382 
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high-T of the proto-lp magma. The timescales obtained range from 2 days to 6 years 383 

(Fig. 8, Tab. 1) and are minimum residence times.  384 

Finally, in some cases (e.g., Fig. 8d, group B crystal), we are able to resolve the 385 

timescale for internal compositional zoning but not for the whole crystal. In fact, the 386 

second DB (DB2, Fig. 8d) shows a profile similar to those of Figures 8a-c, thus recording 387 

a new injection of the proto-lp magma and the subsequent growth in the homogenising 388 

environment. At the same time, the core-DB2 can be resolved similarly to multi-banded 389 

clinopyroxenes (i.e., Fig. 6e). For crystals such as Fig. 8d, we obtain three timescales 390 

referred to the time spent from core to rim (i) at high-T in the high-Mg# melt domain (t1), 391 

(ii) at low-T in the low-Mg# domain (second t1), and (iii) at high-T again in the high-Mg# 392 

domain (t2). The very last DB (DB3) at the outer rim, clearly represents the last injection 393 

of the feeding proto-lp magma (red arrow, Fig. 8c,d) that possibly triggered the eruption 394 

while homogenising in the changing Mg# melt domain. We observed several of these 395 

cases in group B clinopyroxenes, where the final thin (<20 µm) high-Mg# rim records the 396 

eruption triggering event, and such high-Mg# rims are found only in the PP samples 397 

(Figs. 6e, 8b,d).  398 

Our thorough analysis of compositional zoning profiles, even when characterised by 399 

anomalous profiles (Fig. 8), can provide critical information on the dynamics of the 400 

magmatic system, although an important step-forward will be represented by the ability 401 

to transform this information into quantitative or at least semi-quantitative timescales. 402 

Considering a clinopyroxene growth rate of ~10-8 cm s-1, as estimated by Orlando et al. 403 

(2008) for basalts of Mt Etna, and measuring the thickness of homogenisation bands 404 

and triggering events on our greyscale profile (Figs. 6e, 8, Tab. 1), we can have a rough 405 

glimpse of the mixing and stirring timescale. Our calculation indicates that 406 

homogenisation takes place in only a few days (10 days maximum estimate) with even 407 
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shorter timescales for the triggering event (maximum of 2-3 days). While we stress that 408 

these are semi-quantitative estimations, it is important to note that these very short 409 

timescales confirm the efficiency of the mixing processes during the PP period. The 410 

timescales of 2-3 days estimated for the triggering event during the PP period, where 411 

most of the anomalous profiles occur (Tab. 1), are consistent with the ascent rate of a 412 

few hours to a few tenths of hours of the lp-magma during the Present-day activity 413 

calculated on the basis of olivine growth rate (Bertagnini et al., 2003). They are also 414 

similar to gravimetric data indicating a range from 8 to 20 hours for the gas-rich lp-415 

magma injections in the shallow feeding system of the Present-day activity (Carbone et 416 

al., 2011).  417 

 418 

5. A working model for crystal zoning and mixing dynamics  419 

The PP and EP, record a complex history with compositional zoning that reflects 420 

crystallisation in a further distinct melt domain in addition to the high-Mg# proto-lp 421 

magma, and the low-Mg# proto-hp magma, namely a transient intermediate-Mg# magma 422 

recording the homogenisation, via turbulent mixing (e.g., Misiti et al., 2009; Schleicher et 423 

al., 2016) and crystallisation, of the proto-lp magma within the proto-hp magma.  424 

The oscillatory zoning of the clinopyroxenes with similar low-Mg# at the cores and rims 425 

(Figs. 4, 5) indicates the ability of the magmatic system to regain a pre-input proto-hp 426 

composition.  427 

The overall dynamics of the plumbing systems during the PP period and at the transition 428 

to the EP period is summarised in Figure 9. The resident proto-hp magma in the shallow 429 

magmatic reservoir is perturbed by repeated injections of the proto-lp magma, resulting 430 

in complex turbulent flow fields and mixing regimes with formation of the three different 431 

melt domains (Fig. 9). The clinopyroxene textures in the studied samples (Fig. 5) 432 
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indicate that the turbulent flow fields determine crystal wandering intotransfer between 433 

these three melt domains. 434 

Clinopyroxenes cores of subgroup A1 and group B crystallised in the proto-hp reservoir 435 

(Figs. 5, 9). Upon injection of the feeding proto-lp magma into the shallow system, 436 

clinopyroxenes were randomly caught entrapped by the proto-lp magma and crystallised 437 

the DB around the proto-hp cores (subgroup A1) (Fig. 9). Subgroup A2 clinopyroxene 438 

cores are patchy and deeply resorbed and prevalent in the EP sample (Figs. 5, 9). This 439 

may indicate the passage of the proto-lp magma through a pre-existing crystal mush 440 

while ascending, with remobilisation and resorption of some older and possibly low-Mg# 441 

crystals (from previous more evolved magma), in agreement with antecrysts recycling in 442 

the Present-day activity (Francalanci et al., 2005, 2012).  443 

After DBs growth (high-T t1), subgroup A1 and A2 clinopyroxenes crystallised their final 444 

low-Mg# rims before eruption (low-T t2) in a magma formed upon rapid proto-lp and 445 

proto-hp magma mixing and crystallisation, re-establishing the pre-input proto-hp 446 

composition. The high-T t1 represents the storage time in the high-T proto-lp melt 447 

domain and sets constraints on the transient mixing process. The low-T t2 represents 448 

the storage time in the low-T proto-hp resident magma and sets constraints on the 449 

timescales from mixing to eruption (subgroup A1) or from injection, after core 450 

remobilisation (i.e., antecrysts), to eruption (subgroup A2) (Fig. 9). 451 

In contrast, group B clinopyroxenes were taken by the eruptive event while starting to 452 

crystallise the few micron-thick low-Mg# outer-rim (high-T t2, Fig. 6d), implying that they 453 

were erupted immediately after the mixing process was completed, given that no proto-lp 454 

magma has been erupted during the PP period. In this case, timescales of the eruption 455 

triggering event are estimated via the high-T t2, which seems to decrease with time 456 

along the PP sequence (from months to a few days) (Fig. 9). Some crystals, prevalent in 457 
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the PP samples, record repeated proto-lp magma injections (i.e., multi-banded), 458 

indicating higher frequency of new magma inputs. Notably no group B clinopyroxenes 459 

are found in the EP sample possibly testifying that, during the paroxysm, injection of 460 

proto-lp magma rapidly triggers the eruption with no interaction with the resident proto-hp 461 

magma, as occurring in the Present-day activity (e.g., Bragagni et al., 2014).   462 

Some clinopyroxene portions grew and crystallised in the intermediate-Mg# melt domain 463 

(subgroup A1 and group B, Figs. 8, 9) resulting in anomalous profiles (Fig. 8), which 464 

shed light on the on-going homogenisation process and its timescale (a few days). The 465 

meaning of the difference between smooth (Fig. 8a,b,d) and stepped (Fig. 8c) profiles 466 

cannot be conclusively assessed, although it could be related to different mixing regimes 467 

within turbulent flow fields (e.g., Misiti et al., 2009; Bergantz et al., 2015; Schleicher et 468 

al., 2016). The prevalent occurrence of multi-banded and the anomalous profiles among 469 

PP crystals may suggest a higher frequency of proto-lp magma injection(s) associated 470 

with slightly different efficiency of the turbulent mixing shortly before eruption. The 471 

prevalence of subgroup A2 clinopyroxenes, preserving a core of possible antecrystic 472 

originpossibly having an antecryst core, in the EP period may depend on the occurrence 473 

of a cumulated crystal mush formed in the plumbing system during the entire Epoch 6 474 

(Francalanci et al., 2005, 2012). Finally, other clinopyroxenes rims record the mafic 475 

triggering event associated with the initial phase of homogenisation (Figs. 6e, 8b,c), 476 

which has been estimated occurring within a few days prior to eruption.  477 

 478 

6. Concluding remarks and implications on the steady-state activity 479 

Our results demonstrate that the persistent steady-state Present-day dynamics of the 480 

Stromboli magmatic system was established at least since the PP period.  481 

At the beginning of PP period, the proto-hp resident magma, possibly originated via 482 

mixing plus crystal fractionation from the older Pizzo-shoshonitic magma reservoir 483 
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(Francalanci et al., 2014), was more evolved than the Present-day hp-magma. Repeated 484 

injections of the feeding proto-lp magma into the shallow reservoir drove the proto-hp 485 

magma toward the more mafic composition of EP period and Present-day activity (Fig. 486 

3). On the basis of the increasing Mg# of DBs from the beginning of the PP to the EP 487 

period (Fig. 4), we could also hypothesize that the proto-lp feeding magma became 488 

progressively more mafic.  489 

PP and EP clinopyroxenes show similar total residence times of 1-50 years (mainly 490 

group A). Longer residence times (up to 150 years) have been recorded by crystals 491 

(subgroup A1 and group B) belonging to samples of the initial activity of the PP period 492 

(Fig. 7), possibly indicating the transition from closed- to open-conduit steady-state 493 

regime of the Present-day activity.  494 

The consistency of our timescales with those estimated for the Present-day activity using 495 

other methods (Agostini et al., 2013, Bragagni et al., 2014, Francalanci et al., 1999), 496 

indicates that the Post-Pizzo volcanic activity was already characterised by a steady-497 

state regime with continuous and frequent magma inputs and outputs.  498 

Modelling diffusion profiles of the different clinopyroxene zoning textures resulted in 499 

instantaneous residence time in the high-T, high-Mg# melt domain (t1, days-9 years, 500 

Figs. 7, 9), and set constraints on a rapid homogenisation process of the lp-magma 501 

within the resident hp-magma via crystallisation, mixing, and stirring. Crystal residence 502 

time in the low-T low-Mg# resident hp-magma (t2) are longer (some tens of years, high-503 

T t1 significantly < than low-T t2, Figs. 7, 9) indicating a repeatedly erupting and 504 

steady-state system. 505 

Taken together the t1 and t2 provide the total residence time from the mafic injection(s) 506 

to the eruption. At the same time, we have been able to set constraints on the timescales 507 

of the mafic triggering event (high-T t2, 1 day-6 months) and also estimate the 508 
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timescale capturing the ongoing mixing and homogenisation process leading to the 509 

eruption (10 days maximum). The rapid residence time at high-T (Fig. 7) and higher 510 

frequency of multi-banded clinopyroxenes at the end of PP period suggest a more 511 

intense activity linked to a higher frequency of small mafic inputs, in agreement with field 512 

data. 513 

Clinopyroxene population can greatly enhance the ability to unravel complex interactions 514 

between crystals and magma mixing, preserving the timescale record of pre-eruptive 515 

processes, from magma injections and melt homogenisation to eruption-triggering 516 

events. The lifetime history recorded by Fe-Mg zoning of Stromboli clinopyroxenes is 517 

peculiar to the Strombolian activity, suggesting that the interplay between rapid mixing 518 

and short storage timescales can be a key parameter controlling the dynamics of the 519 

plumbing system of steady-state volcanoes. 520 
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Appendices 
 
Supplementary 1 - Representative photographs and schematic sequence of the studied 
outcrops; Greyscale proxy of Mg# variation; Temperature estimations; NIDIS model: 
parameters, related errors and timescale detection limit.  
 
Supplementary 2 - Table S1-S4 
 
Supplementary 3 - BSE images, greyscale profiles and ETA fractions of all the processed 
clinopyroxene crystals 
 
Figures 
 
Figure 1 - Geological setting and schematic description of the studied deposits. a) Simplified 
geologic map of the summit area of Stromboli volcano, showing the distribution of the deposits 
related to the Eruptive Epoch (EE) of the recent period of activity (EE6 a,b,c) (modified from 
Lucchi et al., 2013). The location of the two studied outcrops and the samples collected are also 
shown. b) Detailed legend describing the chronological succession of the stratigraphic units 
reported in the geologic map and their correlation to the lateral collapse chronology (labelled as 
sc2-7). The stratigraphic sequence (2.5 m thick) of the studied outcrop is schematically showed 
with a short description of each single eruptive level (L1-L4) and its correlation within the 
chronological succession of the recent period of activity. The location of the samples collected 
has been also reported according to the stratigraphic level. See also Supplementary 1 Fig. S1. 
 
Figure 2 – K2O vs. SiO2 diagram of the EP (Early Paroxysms of Present-day activity) and PP 
(Post-Pizzo) scoria samples (whole rocks and glasses, Supplementary 2 Tabs. S1, S2). The 
compositional fields of the other products of the recent Epoch 6 are reported for comparison 
(data from Francalanci et al., 2013). In particular, both the shoshonitic and high-potassic calc-
alkaline basalts and basaltic-andesites, erupted by the Pizzo activity (EE6a) are reported (i.e., 
Pizzo-SHO and Pizzo-HKCA respectively) (data from Francalanci et al., 2014). 
 
Figure 3 – Variation of SiO2, MgO and Sr-Nd isotopes (error bars within symbol size) of the 
studied scoria samples along the stratigraphic sequence of the PP toward the Present-day EP 
deposit (Supplementary 2 Tab. S1). The compositional variation of Pizzo-SHO and Present-day 
products are also reported (data from Francalanci et al., 2013; 2014). 
 
Figure 4 –Variation of Mg# [molar Mg/(Mg+FetotFe2++Mn)] of clinopyroxene crystals in the EP 
and PP samples. Mineral chemistry data are obtained by microprobe analyses and are provided 
in Supplementary 2 Table S3. In the left-hand column, the histograms of EP and PP samples 
are compared showing the core to rim compositional variation observed within single crystals on 
each sample. In the right-hand column, the composition of the high-Mg# DB zones is compared 
with the low-Mg# zones to highlight the strong bimodality of the studied clinopyroxenes. Sample 
names and number of crystals analysed are reported. 
 
Figure 5 – High resolution back-scattered electron (BSE)-SEM images of typical clinopyroxene 
phenocrysts observed in the studied samples, together with their representative compositional 
profiles (Mg#). The crystal population of zoned clinopyroxenes has been subdivided into two 
main groups on the basis of rim composition (i.e. group A and B), and further discriminated on 
the basis of core textures (i.e. A1 and A2). For each category, the estimated recurrence (vol.% 
of total zoned crystals) among the different samples is provided. a) sample STR275, CPX16; b) 
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sample STR276, CPX10; c) sample STR275, CPX19; d) sample STR275, CPX14; e) sample 
STR273, CPX18; f) sample STR273, CPX20.  
 
Figure 6 – Grey value diffusion profiles (grey circles) of 5 representative clinopyroxene crystals 
(a. CPX16, STR275; b. CPX120, STR276; c. CPX14, STR275; d. CPX20, STR273; e. CPX108, 
STR273) calculated inside the blue area in the yellow boxes of the associated BSE-SEM 
images (see Supplementary 3 for all modelled profiles). Crystals showed in a and c are the 
same used to illustrate the NIDIS model in Petrone et al. (2016). The diopsidic bands (DB) are 
shaded in grey and numbered progressively from core to rim in multi-banded crystals (c, e). 
Each diffusion profile is calculated (blue area) using the ‘greyscale’ procedure of Petrone et al. 
(2016) and calibrated against the chemical composition (Mg#) measured with the electron 
microprobe. The diffusion profiles across the boundaries have been modelled using the NIDIS 
code (Petrone et al., 2016). For each crystal zone is also reported the relative equilibrium 

temperature used in the NIDIS modelling. Symbols: total residence time tt1+t2; t2 (blue 
and orange lines) best fit timescale on the diffusion profile across the more external boundary 

(DB- low-T Low-Mg# rim in a, b, c, e; and DB-high-T high-Mg# rim group B crystal in d); t1= 

t4-t3 best fit timescale obtained on the diffusion profile across the more internal boundary 
(core-DB in a, c) and at low-T of the low-Mg# magma (i.e., Finite Reservoir, FR, on DB1 in e); 

t3 pseudo-timescale (blue line) obtained assuming that the core-DB profile has diffused at high-

T with the same √4Dt parameter of the DB-rim fit (i.e., t2); t4 pseudo-timescale obtained by 
the best fit model applied to the core-DB diffusion profile (yellow line) assuming it is formed 
entirely at high-T; grey dashed line (in b, c and e) represents the inferred initial boundary 
condition for the finite reservoir of limited extent (FR); red arrow: final input of mafic magma 
recorded by the final portion of crystals (e) triggering the eruption (see Supplementary 1 for full 
details). 
The diopsidic band (DB), testifying the arrival of the new mafic magma, is shaded in grey on 
each plot. Each diffusion profile is the average of 200–600 lines across the boundary layers and 
is calculated using the ‘greyscale calculation’ procedure of Petrone et al. (2016). The error bars 
represent the 2 standard error of the mean and typically is within symbol size. Fe–Mg diffusion 
profiles across the boundaries have been modelled using the NIDIS code (Petrone et al., 2016) 
and applying the analytical equation developed for a semi-infinite plane sheet or the analytical 
equation for a finite reservoir of limited extend (FR). According to the NIDIS model the total 

residence time of the clinopyroxene is tt1+t2. Where t2 is the timescale obtained by the 
best fit (blue and orange lines) on the diffusion profile across the more external boundary – i.e., 
after the last formed boundary until eruption at the low-T of the low-Mg# magma (DB-rim in a, b, 

c, e) or at the high-T of the high-Mg# magma (group B crystal in d). t1 is the timescale obtained 
by the best fit on the diffusion profile across the more internal boundary and is calculated as the 

difference between the two pseudo-timescales t4 and t3 obtained, according to the NIDIS 

model, as follows: t3 is the pseudo-timescale (blue line) obtained assuming that the core-DB 

profile has diffused at high-T with the same √4Dt parameter of the DB-rim fit (i.e., t2); t4 is the 
pseudo-timescale obtained by the best fit model applied to the core-DB diffusion profile (yellow 

line) assuming it is formed entirely at high-T. The difference between t4 and t3 gives the 

effective diffusion timescale (t1) of the core-DB boundary, both at the high-T of the high-Mg# 
magma (core-DB in a, c) and at low-T of the low-Mg# magma (i.e., FR on DB1 in e). The grey 
dashed line in b, c and e represents the inferred initial boundary condition for the finite reservoir 
of limited extent (FR). Each greyscale profile is calibrated against the chemical composition 
measured with the electron microprobe and expressed as Mg#. For each crystal zone is also 
reported the relative equilibrium temperature used in the NIDIS modelling and calculated as 
detailed in Supplementary 1. In multi-banded crystals (c, e) the DBs are numbered 
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progressively from core to rim. The final input of mafic magma recorded by the final portion of 
crystals (e) triggering the eruption is marked by the red arrow.  
 
Figure 7 – Elemental diffusion timescales (yr) obtained from the analysed greyscale profiles of 
the modelled clinopyroxene phenocrysts (58 crystals) in the EP and PP samples. a) Histogram 

of total residence times in EP and PP clinopyroxenes; b) Partial residence times (t1, t2 and 

t4) of the modelled clinopyroxenes, plotted as a function of crystal groups and temperature. 

The deconvolution approach allows to define the timescale after the first formed boundary (t1) 

and the timescale after the last formed boundary until eruption (t2) both at high- and low-T. t4 
is the partial timescale determined at high-T on the internal boundary of the DB and represent 
the only resolvable timescale when anomalous profiles are observed on the external boundary 
(e.g., crystals a,b,c in figure 8) – i.e., where only the internal boundary of the DB can be 

resolved (see text for details). In general, the t1 timescale at high-T is referred to the core-DB 

boundary, whereas the t2 timescale at low-T is referred to the DB-rim boundary (as detailed in 

legend). In the case of multi-banded crystals, however, t1 is also obtained at low-T for the DB-
intermediate boundary or from FR profiles (see also Table 1). Grey-shaded background 
indicates the lower timescale limit (~1 day) of the diffusion modelling. 
 
Figure 8 – Representative greyscale profiles of 4 banded and multi-banded clinopyroxene 
crystals where the diffusion timescale determination is prevented by a DB-rim profile that cannot 
be resolved by elemental diffusion (i.e., anomalous). a. CPX1, STR276; b. CPX13, STR273; c. 
CPX113, STR276; d. CPX10, STR273. In the first two cases (a, b) the DB-rim boundary is 
evidently smother than the inner core-DB boundary, whereas in c the DB-rim boundary is 
stepped and irregular. These crystal portions (marked by blue arrow) record the process of 
homogenisation (via mixing + crystallisation) of the proto-lp magma within the proto-hp magma 
(see text for details). The final input of mafic magma triggering the eruption, and recorded by the 
rim of some crystals (b and d) is marked by a red arrow.  
 
Figure 9 – Schematic cartoon illustrating the formation of clinopyroxenes zoning for the different 
crystal groups (subgroup A1 and A2 and group B) and their storage timescales in the three 
different melt domains, in the context of magma mixing dynamics of Stromboli during the PP 
and EP periods. Colours indicate crystallisation in the three different melt domains: (a) yellow = 
low-T, low-Mg# proto-hp resident magma; (b) red = high-T, high-Mg# proto-lp refilling magma; 
(c) orange = transient hybrid magma formed via turbulent mixing between the proto-lp and 
proto-hp magmas. Formation of subgroup A1 clinopyroxenes with anomalous profiles is also 
shown. Symbols: black arrow = entrapment of clinopyroxene crystals cores upon proto-lp 
magma injection; dashed black arrow = schematic turbulent flow mixing lines. Clinopyroxenes 
are caught by different input events as testified by the occurrence of different clinopyroxene 
groups, with variable zoning and residence time. See text for details.  
 
 
Table 1 - Timescale results from NIDIS modelling on clinopyroxene of PP and EP.  
Footnotes: elemental diffusion modelling has been carried out on single selected crystals of 
zoned clinopyroxene, using the NIDIS model (Petrone et al., 2016) on single clinopyroxene 
grains . prepared according to the following procedure, slightly modified from Morgan et al. 
(2004). For each sample, around 150-200 crystals of clinopyroxene were separated via hand 
picking from the crushed fraction between 2 mm and 500 μm grain size. The grains were 
embedded flat in epoxy resin, polished and reduced to the thickness of ~30 μm as a normal 
polished section. In order to obtain the best results from the diffusion modelling in term of 
reducing the orientation effect of the crystal and minimize the effect of not sectioning 
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perpendicular to the core-rim boundary (Morgan et al., 2004; Costa et al., 2008), only the grains 
oriented parallel to the (010) crystal plane were selected for analysis and only the [100] direction 
was analysed for a total of around 15-20 crystals per samples. Clinopyroxenes were separated, 
mounted and subsequently analysed at The Natural History Museum of London (NHM), 
Imagining and Analysis Center (IAC) and Department of Earth Sciences (DES). For each crystal 
high-resolution core-rim compositional profile, ~2.5-3 μm step size, of each zoned area were 
obtained using a Cameca SX 100 electron microprobe. High resolution electron backscattered 
(BSE)-SEM images of the compositionally zoned area, previously analysed with the electron 
microprobe, were obtained, for each crystal, using a LEO 1455 VP SEM. The high-resolution 
BSE-SEM images were then analysed with the Greyscale Matlab code (Petrone et al., 2016) to 
produce a greyscale profile of the zoned area, which was calibrated against the electron probe 
data and then used in the NIDIS diffusion model as described in Petrone et al. (2016). The error 
propagation at 66% confidence level on the time estimate is reported considering the 
uncertainty on both 4Dt and T (2sd and 1sd, respectively), see Supplementary 2 Table S4 for 
details. Symbols: * timescales obtained by the application of the analytical diffusion equation 
within a finite reservoir of limited extent assuming the low-T conditions calculated on the basis of 
the composition for the evolved zones. The initial conditions have been inferred from the 
average DB (diopsidic band) composition of each sample and calibrated on the basis of 
greyscale profiles (Supplementary 2 Tab. S4 for detail); "- " not calculated. For multi-banded 
crystals the modelled DBs have been progressively numbered from core to rim; grey 
background indicate the crystals with anomalous profiles where only partial timescales have 

been determined, see Δt4 in Fig. 7 and 8. In multi-banded crystals having two t1 the second 
one is related to the timescale calculated at low-T on the more external boundary of the DB 
using the semi-infinite equation; IR= inner rim. 
  
 
Supplementary 1:  
 
Figure S1 – Representative photographs and schematic stratigraphic sequence of the studied 
outcrops (see Fig.1a in the main text for location and details). Sampling sites and labels (e.g., 
STR275) are shown both in the schematic sequence and in the photographs, together with the 
eruptive levels forming the PP sequence (L1-L4). 
 
Figure S2 – Examples of correlation between the electron microprobe compositional data (Mg#) 
of representative clinopyroxenes (a-e represent different clinopyroxene groups) with the 
brightness of the BSE-SEM image along the modelled compositional boundary. The 
composition has been measured along the red arrows, which indicates the profile direction from 
core to rim; the ETA value of each spot analysis versus ETA fraction of Si+Al, Ca, Fe+Mn+Ni, 
and Mg along with their relative linear regressions are shown as well as the ETA value of each 
spot analysis versus Mg# and the relative linear regression. 
 
Figure S3 – Correlation between the Kd cpx/liquidus and Mg# for all the analysed 
clinopyroxenes. The core and the rim compositions of both EP and PP clinopyroxenes fall well 
within the equilibrium fields defined by Putirka (2008) and Sisson & Groove (1993) when 
compared to matrix glass compositions (in green: STR275 and STR276, respectively, this 
study). The DB compositions of PP are well represented by equilibrium with one of the melt 
inclusions (MI) from Bertagnini et al. (2003) (see Fig. S3). On the other hand, the DB 
compositions of EP show equilibrium conditions with the STR9/96d from Francalanci et al. 
(1999). 
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Figure S4 - Correlation between the calculated equilibrium temperature and the Mg# content. 
The obtained equilibrium temperatures for different clinopyroxene compositions (i.e., different 
Mg#) have been calculated applying the Putirka geothermometer (Putirka, 2008) to the 
analysed composition of EP and PP clinopyroxene and appropriate coexisting liquids as inputs. 
The comparison between values obtained by the application of both the two proposed equations 
(Eq. 33 and Eq. 34) are showed. The error bar is reported for reference. 
 
Figure S5 – SiO2 versus K2O plot showing the composition of possible mafic input compositions 
in the PPEP plumbing system, compared to whole rock and glass compositions of the studied 
samples. The glass composition has been used as representative of the evolved system from 
which the lowMg# zone of clinopyroxene crystallised. Some possible lp compositions are 
selected among published data in the existing literature to represent the refilling magma from 
which the DBs could have crystallized. 
 
Figure S6 – The two greyscale profiles have been normalised for homogeneity: y-axis from 1 to 

0, x-axis from -1 to 1 m. The diffusion profile at 0.2 m interval after 1 day (red line) and the 
initial conditions at t=0 (grey line) are reported for a comparison with the greyscale profiles of 
the two clinopyroxenes (red and light blue circles). 
  
 
Supplementary 2: Supplementary tables 
 
Table S1: Major (wt%) and trace (ppm) elements and Sr-Nd isotopes of the studied samples. 
Footnotes: Whole rock major and trace elements were determined at Actlabs laboratories of 
Ancaster, Canada by ICP-MS. Whole rock Sr and Nd isotope ratios were carried out at the 
Department of Earth Sciences of the University of Florence following the method described in 
Avanzinelli et al. (2004, Per. Min. 74, 147-166). Measures were performed using a thermal 
ionisation Thermo-Finnigan Triton®-Ti mass spectrometer equipped with nine movable 
collectors. 87Sr/86Sr and 143Nd/144Nd were measured dynamically and corrected using an 
exponential mass fractionation law to 86Sr/88Sr = 0.1194 and 143Nd/144Nd = 0.7219, respectively 
(Avanzinelli et al., 2004). Replicate measurements of NBS987 and La Jolla standards (0.710249 
and 0.511856, respectively; Thirlwall, 1991) gave mean values of 87Sr/86Sr = 0.710249 ± 
0.000017 (2 standard deviation (2sd), n = 215) and 143Nd/144Nd = 0.511846 ± 0.000007 (2sd; n 
= 67); within-run standard measurements were in agreement with this ranges. All errors 
reported are 2se (2 standard error of the mean) for within run precisions and 2sd for standard 
reproducibility. The Sr analytical blank measured during this study is 200 pg. 
 
Table S2: Glass composition (wt.%) of the studied samples by EMPA.  
Footnote: chemical composition of glassy groundmasses was determined using a microprobe 
JEOL 8600 Superprobe at CNR-IGG of Florence, located at the Department of Earth Sciences 
of the University of Florence. The operating condition were 15 keV, 10 nA and a 10 μm beam 
size. Analytical precision and correction are the same as in Petrone et al. (2006). 
 
Table S3: S3-1) Representative microprobe analyses of clinopyroxene crystals from the 
STR275-EP sample; S3-2) Representative microprobe analyses of clinopyroxene crystals from 
the STR277 scoria from Post-Pizzo period; S3-3) Representative microprobe analyses of 
clinopyroxene crystals from the STR276 and STR273 scoriae samples from the Post-Pizzo 
period. 
Footnote: ph: phenocryst; mph: microphenocryst; m: microlite; En: enstatite component as wt.%; 
Fe: ferrosillite component as wt.%; Wo: wollastonite component as wt.%; Mg#=molar 
Mg/(Mg+Fetot+Mn). Symbols: * analyses performed using a microprobe JEOL 8600 Superprobe 
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at CNR-IGG of Florence, sited at the Department of Earth Sciences of the University of Florence 
and already published in Petrone et al. (2006). ** analyses performed at IAC-NHM using a 
Cameca SX 100 electron microprobe equipped with five WDS (wavelength dispersive) 
spectrometers and one EDS (energy dispersive) spectrometer. Operation conditions were 20 
keV and 20 nA with a focused beam. Sodium was measured as first elements and counted for 
10 sec., all the other elements (Si, Mg, Al, Ca, Ti, Cr, Mn, Fe, Ca and Ni) were measured for 20 
sec. Matrix effects were corrected using the XPHI Cameca built-in protocol. 
 
Table S4: Detailed timescale results from NIDIS modelling on clinopyroxene of PP and EP  
Footnotes: elemental diffusion modelling has been carried out on single selected crystals of 
zoned clinopyroxene, using the NIDIS model (Petrone et al., 2016) on single clinopyroxene 
grains prepared according to the following procedure, slightly modified from Morgan et al. 
(2004). For each sample, around 150-200 crystals of clinopyroxene were separated via hand 
picking from the crushed fraction between 2 mm and 500 μm grain size. The grains were 
embedded flat in epoxy resin, polished and reduced to the thickness of ~30 μm as a normal 
polished section. In order to obtain the best results from the diffusion modelling in term of 
reducing the orientation effect of the crystal and minimize the effect of not sectioning 
perpendicular to the core-rim boundary (Morgan et al., 2004; Costa et al., 2008), only the grains 
oriented parallel to the (010) crystal plane were selected for analysis and only the [100] direction 
was analysed for a total of around 15-20 crystals per samples. Clinopyroxenes were separated, 
mounted and subsequently analysed at The Natural History Museum of London (NHM), 
Imagining and Analysis Center (IAC) and Department of Earth Sciences (DES). For each crystal 
high-resolution core-rim compositional profile, ~2.5-3 μm step size, of each zoned area were 
obtained using a Cameca SX 100 electron microprobe. High resolution electron backscattered 
(BSE) images of the compositionally zoned area, previously analysed with the electron 
microprobe, were obtained, for each crystal, using a LEO 1455 VP SEM. The high-resolution 
BSE images were then analysed with the Greyscale Matlab code (Petrone et al., 2016) to 
produce a grey-scale profile of the zoned area, which was calibrated against the electron probe 
data and then used in the NIDIS diffusion model as described in Petrone et al. (2016). All 
parameters and conditions used for calculation or obtained by the model for greyscale fitting 
have been reported. Constants: Do = 9.5x10-5m2 s-1 and DH=406 kJ mol-1 (Dimanov and 
Sautter, 2000). The error propagation at 66% confidence level on the time estimate is reported 
considering the uncertainty on both 4Dt and T (2sd and 1sd, respectively), see Supplementary 2 
Table S4 for details. Symbols: * timescales obtained by the application of the analytical diffusion 
equation within a finite reservoir of limited extent assuming the low-T conditions calculated on 
the basis of the composition for the evolved zones. The initial conditions have been inferred 
from the average DB (diopsidic band) composition of each sample and calibrated on the basis 
of greyscale profiles (Supplementary 2 Tab. S4 for detail); "- " not calculated. For multi-banded 
crystals the modelled DBs have been progressively numbered from core to rim; grey shaded 
indicate the crystals with anomalous profiles where only partial timescales have been 

determined, see Δt4 in Fig. 7 and 8. In multi-banded crystals having two t1 the second one is 
related to the timescale calculated at low-T on the more external boundary of the DB using the 
semi-infinite equation; IR= inner rim. 
 
Supplementary 3  
Supplementary Material 3: BSE-SEM images and fitted greyscale profiles of all the processed 
clinopyroxene crystals.  
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Abstract  

Steady-state volcanic activity implies equilibrium between the rate of magma 

replenishment and eruption of compositionally homogenous magmas, lasting for tens to 

thousands of years in an open conduit system. The Present-day activity of Stromboli 

volcano (Aeolian Islands, Southern Italy) has long been recognised as typical of a 

steady-state volcano, with a shallow magmatic reservoir (highly porphyritic or hp-

magma) continuously refilled by more mafic magma (with low phenocryst content or lp-

magma) at a constant rate and accompanied by mixing, crystallisation and eruption. Our 

aim is to clarify the timescale and dynamics of the plumbing system at the establishment 

of the Present-day steady-state activity (<1.2 ka) to pinpoint the onset of the steady-state 

regime. We investigated the Post-Pizzo (PP) pyroclastic sequence (~1.7–1.5 ka) and 

one of the Early Paroxysms (EP) of the Present-day activity, focussing on the 

clinopyroxene population.  

Whole rock and clinopyroxene compositional variation among the PP and EP magmas is 

consistent with the time progression of the Stromboli system towards more mafic and 

lower 87Sr/86Sr compositions, pointing to the chemical and isotopic signature of the 

Present-day activity. Clinopyroxenes from both PP and EP record a complex history with 

compositional zoning that reflects growth in three different melt domains: a high-Mg# 

proto-lp recharging magma, a low-Mg# proto-hp resident magma, and a transient 

intermediate-Mg# magma. These are the result of complex turbulent flow fields and 

mixing regimes produced by repeated injections of the proto-lp magma in the shallow 

proto-hp magma reservoir. During the PP period the magmatic system was already able 

to regain the pre-input proto-hp composition, gradually changing toward a less evolved 

signature after the injection(s) of the more mafic proto-lp magma, owing to efficient (days 

to a few years) stirring and melt homogenisation (i.e., homogenisation time < residence 

time).  



 3 

Based upon Fe-Mg diffusion in clinopyroxene the total residence time during PP and EP 

periods, from the arrival of the mafic magma in the shallow system until the eruption, 

ranges from 1 to ~50 years. Longer residence times (up to 150 years) have been 

recorded in the initial phase of the PP sequence, possibly testifying to the transition from 

a closed- to the open-conduit, steady-state regime of the Present-day activity.  

Some clinopyroxenes from the PP recorded the mafic triggering event of the feeding 

proto-lp magma occurring within few months to a few days before eruption. Remarkably, 

other clinopyroxene portions crystallised and captured the rapid timescales (a few days) 

of the on-going mixing and homogenisation process between the proto-lp and the proto-

hp magmas leading to the eruption.  

The modelling of clinopyroxene zoning events at Stromboli provides evidence for growth 

and storage in three different melt domains, and sets robust constraints on their 

residence time from lp-magma recharge(s) to eruption, along with the timescales of melt 

homogenisation and triggering events. The lifetime history captured by Fe-Mg zoning of 

Stromboli clinopyroxenes suggests that the interplay between rapid mixing and short 

storage timescales can be a key parameter controlling the dynamics of the plumbing 

system of steady-state volcanoes. 

 

Keywords: Clinopyroxene residence time, non-isothermal Fe-Mg diffusion, magma 

mixing, volcano dynamics, Stromboli
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1. Introduction 1 

Tracking the pre-eruptive history of magma storage and ascent is a key challenge of 2 

modern volcanology to gain insight into the timescale of pre-eruptive processes at active 3 

volcanoes. Steady-state volcanic activity at polygenetic volcanoes (e.g., Stromboli, 4 

Francalanci et al., 1999; Etna, Bonaccorso and Calvari, 2013, Yasur, Firth et al., 2014) 5 

implies an equilibrium between the rate of magma replenishment and tapping that can 6 

sustain persistent eruptive activity for tens to thousands of years (e.g., O’Hara 1977; 7 

Wadge, 1982), and it is also associated to homogeneity of erupted magmas over long 8 

periods (O’Hara, 1977; Armienti et al., 2007). The steady-state condition is linked to an 9 

open conduit system (e.g., Giberti et al., 1992) with a continuously erupting, crystallising 10 

and replenished magma reservoir (e.g., Sheehan and Barclay, 2016). The Present-day 11 

activity of Stromboli volcano has long been recognised as typical of a steady-state 12 

volcano, with a shallow magmatic reservoir continuously refilled at a constant rate and 13 

accompanied by continuous mixing and homogenisation, crystallisation and eruption 14 

(e.g., Francalanci et al., 1999, 2004; Landi et al., 2004; Armienti et al., 2007).  15 

Recent studies have found very rapid timescales (from hours to a few months) of pre-16 

eruptive magmatic processes for the Present-day activity of Stromboli and Etna, on the 17 

basis of chemical and textural characteristics of olivine and plagioclase (Bertagnini et al., 18 

2003; Kahl et al, 2011; Agostini et al., 2013). At the same time, longer residence times 19 

(~5 years) have been calculated for the Present-day volcanic activity of Stromboli from 20 

time series analysis of U-series disequilibria (Bragagni et al., 2014). It is well known that 21 

in many volcanoes the temporal whole rock homogeneity due to the steady-state regime 22 

often contrasts with large compositional and temporal heterogeneity revealed at the 23 

mineral scale, resulting in a wide range of timescales of pre-eruptive magmatic 24 

processes. This suggests a complex history in which older crystals and antecrysts can 25 

be recycled with time by fresh inputs of magma and homogenised in the volcanic system 26 
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at different times before the eruption (e.g., Davidson et al., 2007; Bachmann and 27 

Bergantz, 2008; Burgisser and Bergantz, 2011; Cashman and Blundy, 2013). 28 

Disentangling the lifetime history of single minerals is essential for understanding the 29 

complexity of the plumbing system. 30 

In this study, we present and discuss new timescales obtained from Fe-Mg diffusion in 31 

clinopyroxenes from the Post-Pizzo (PP) pyroclastic sequence and one of the Early 32 

Paroxysms (EP) of the Present-day activity at Stromboli. Diffusion modelling has been 33 

performed using the Non-Isothermal Diffusion Incremental Step (NIDIS) model, which 34 

allows deconstructing the core-rim diffusion profile of single- and multi-banded crystals 35 

into different isothermal steps (Petrone et al., 2016). Our aim is to get insights into the 36 

inception of the steady-state regime at Stromboli and the timescales of the pre-eruptive 37 

processes to enhance our understanding of the dynamics and evolution of the plumbing 38 

system. 39 

 40 

2. Geological and volcanological background 41 

Stromboli stratovolcano is the northernmost island of the Aeolian Volcanic Arc in the 42 

Southern Tyrrhenian sea, Italy (Fig. 1). It shows characteristic persistent volcanic activity 43 

consisting of periodic discrete mild explosions (normal Strombolian activity) alternating 44 

with episodic lava effusion and more violent explosive events (paroxysms, Barberi et al., 45 

1993). This persistent activity started at ~1.2 ka (Rosi et al., 2013) and has continued 46 

until the present-day.  47 

The subaerial portion of Stromboli is the result of six eruptive epochs during the last 85 48 

kyr characterised by large compositional variations of the erupted magmas (e.g., 49 

Francalanci et al., 2013). The last 13 kyr of activity have been characterised by recurrent 50 

NW-dipping collapses (sc3-5,7 Fig. 1a), which have formed the multi-stage Sciara del 51 
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Fuoco scar (Tibaldi, 2001), where the Recent (i.e., Epoch 6, Francalanci et al., 2013; 52 

Lucchi et al., 2013) volcanic activity has mostly taken place.  53 

Epoch 6 started ~2.4 ka ago, is characterised by prevalent summit central-vent explosive 54 

eruptions, and has been divided into three successive periods (Fig. 1b) (Francalanci et 55 

al., 2013). Epoch 6a started with explosive eruptions forming the pyroclastic succession 56 

of Pizzo-Sopra-la-Fossa (Pizzo) fed by shoshonitic basalts and high-potassic calc-57 

alkaline basalts and basaltic-andesites (Francalanci et al. 2014). The activity continued 58 

with the explosive eruption of the shoshonitic PP pyroclastic sequence (Post-Pizzo 59 

formation, Petrone et al., 2006; Chiappe Lisce formation, Francalanci et al., 2013, Lucchi 60 

et al., 2013) and the Bastimento lavas. Epoch 6b started with the onset of the Present-61 

day persistent activity (<1.2 ka, Rosi et al., 2013), possibly after a lateral collapse (sc6) 62 

towards SE (Fig. 1). Epoch 6c was marked by the last relevant lateral collapse (sc7) 63 

(0.7-0.35 ka, Arrighi et al., 2004, Speranza et al., 2008), and is characterised by the 64 

Present-day activity typically ejecting black scoriaceous lapilli and bombs. Episodic 65 

paroxysms also erupt black scoriaceous bombs and spatters, variably mingled with a 66 

small volume of light pumices. Lavas and scoriae represent a degassed highly 67 

porphyritic (hp) magma, whereas light pumices are a more mafic, hotter, volatile-rich and 68 

less Sr-radiogenic magma with low phenocryst content (lp-magma) (Francalanci et al., 69 

1999, 2004). Based on geochemical and radiogenic isotope characteristics, the lp-70 

magma is considered to represent the deep-seated (≤240 MPa, Metrich et al., 2005) 71 

feeding magma of the volcanic system prior to crystal mush interaction and mixing with 72 

the hp-magma in a crystallising shallow (~3 km depth) (Francalanci et al., 1999; 73 

Bragagni et al., 2014) reservoir. The lp-magma is erupted only during paroxysms, 74 

suggesting a rapid eruptive timescale upon new magma injections, preventing complete 75 

homogenisation within the shallow reservoir. All Recent erupted magmas, following the 76 

Pizzo activity, are invariably shoshonitic basalts.  77 
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 78 

2.1 The Post-Pizzo pyroclastic sequence  79 

The PP pyroclastic sequence, briefly described by Petrone et al. (2006) and Francalanci 80 

et al. (2013), is about 2 m thick and outcrops along the old path to the active craters at 81 

~800 m a.s.l. (Fig. 1a), in clear discordance with the older lithostratigraphic units of 82 

Upper Vancori and Pizzo. It consists of planar-bedded, partly welded fallout scoria layers 83 

interbedded with thin, discontinuous grey ash-lapilli fallout and scoriaceous spatter lavas 84 

(Fig. 1b, Supplementary 1 Fig. S1). The latter predominate and become laterally more 85 

continuous in the upper half of the sequence. The whole sequence was produced by 86 

intense lava fountaining probably from a secondary vent located in the ENE part of the 87 

summit collapse depression, although its age and vent position are unknown. On the 88 

basis of geochemical characteristics (Francalanci et al., 2013), it is considered coeval to 89 

the Bastimento lavas (1.7-1.5 ka, Speranza et al., 2008) (Fig. 1). The top of the PP 90 

sequence is in direct contact with the products of the Present-day activity (Sciara del 91 

Fuoco formation; Fig. 1a), which slightly further north consist of black scoriaceous 92 

spatter stacks forming an almost continuous layer mantling the previous topography (Fig. 93 

1b). These products were erupted around 0.35 kyr ago (Arrighi et al., 2004; Speranza et 94 

al., 2008) (Fig. 1b), probably during the Early Paroxysm of the Present-day activity (EP). 95 

Three samples (STR276, STR273 and STR277) of grey scoriaceous spatters were 96 

collected in stratigraphic series from the PP pyroclastic sequence: two samples (STR276 97 

and STR273) were taken from the base of the succession, whereas sample STR277 98 

was collected from the uppermost spatter lava layer (Fig. 1b). In order to understand the 99 

evolution of the volcanic activity at the transition from PP to the Present-day, we 100 

sampled a large, flattened black scoriaceous spatter (STR275) from the EP deposit (Fig. 101 

1b). Petrographic and mineralogical characteristics of samples STR276 and STR275 102 

have been already discussed in Petrone et al. (2006). At that time, however, Stromboli 103 
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revised volcano-stratigraphy (Lucchi et al., 2013, Francalanci et al., 2013) was not yet 104 

available and we considered sample STR275 as the top portion of the PP sequence not 105 

as a spatter of EP.  106 

 107 

3. Results 108 

3.1. Geochemistry and mineralogy of the studied rocks  109 

The EP is a typical shoshonitic basalt (SiO2 = 49.8 wt%) of the Present-day activity, 110 

whereas the PP samples range from shoshonitic basalts to shoshonites (SiO2=51.2-53.7 111 

wt%) (Fig. 2; Supplementary 2 Tab. S1), and represent the most evolved shoshonitic 112 

magmas erupted during the last 2.4 kyr.  113 

Our data show a progressive SiO2 decrease and MgO increase through the stratigraphic 114 

series from the base of the PP sequence to the shoshonitic basalt of the Present-day 115 

activity (Fig. 3a,b). Other major and trace element variations (Supplementary 2 Tab. S1) 116 

are consistent with this trend. A time-related variation is also evident from Sr and Nd 117 

isotope signatures (Fig. 3c,d), showing that the PP rocks have intermediate isotope 118 

composition between the older Pizzo-shoshonitic products (Francalanci et al., 2013, 119 

2014) and the Present-day activity (STR275 and data from Francalanci et al., 2013). The 120 

overall geochemical variation indicates a compositional change in the plumbing system 121 

due to the arrival of mafic shoshonitic magmas since the early activity of the PP 122 

sequence (Francalanci et al., 2013), possibly establishing a system dynamics similar to 123 

the Present-day lp-hp magma interaction.  124 

The studied samples show high vesicularity (~30-40 vol.%) and increasing porphyritic 125 

index from PP (~35-45 vol.%) to EP (~45-55 vol.%). The paragenesis is identical in all 126 

samples and consists of plagioclase (20-30 vol.%), clinopyroxene (10-15 vol.%) ± olivine 127 

(~5 vol.%), occurring as both pheno- and micro-phenocrysts, + microlite-bearing (mostly 128 

plagioclase) glassy groundmass (20-30 vol.%). Large (0.5-3mm) phenocrysts of 129 
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euhedral, zoned clinopyroxene are found in all rocks, with slightly higher abundance in 130 

the EP sample (~10 vol.%), where they are also larger (up to 4 mm) than in the PP 131 

samples (~5 vol.%). In contrast to clinopyroxene, plagioclase is larger in the PP samples 132 

(up to 3 mm) but less abundant than in the EP sample. Plagioclase phenocrysts (0.3-2 133 

mm) are euhedral and often show complex zoning with sieved and resorbed textures.  134 

Clinopyroxene shows a large range in composition (Fig.4, Supplementary 2 Tab. S3). PP 135 

clinopyroxenes have Mg# [molar Mg/(Mg+Fe2++Mn)] ranging from 0.70 to 0.89, 136 

overlapping those of EP sample STR275 (Mg#=0.70-0.91) (Fig. 4a-c). These values are 137 

similar to clinopyroxenes from the hp rocks of the Present-day activity (e.g., Francalanci 138 

et al., 2004; Landi et al., 2006). Plagioclase phenocrysts of both PP and EP periods 139 

span almost the same composition (An51-83 and An60-83, respectively) (Petrone et al., 140 

2006). PP olivine crystals range in composition from Fo61 to Fo68, whereas those of the 141 

EP sample are more homogeneous and fosteritic (Fo70 -73). EP plagioclase and olivine 142 

have the same compositional range as their counterparts from the Present-day hp-143 

magma (Francalanci et al., 2004; Landi et al., 2006).  144 

 145 

3.2. Textural and compositional characteristics of clinopyroxene phenocrysts 146 

Clinopyroxene phenocrysts are mostly characterised by chemical zoning with Diopsidic 147 

Bands (DB) sometime associated with patchy and/or resorbed cores. Single and multi-148 

banded zoning is observed and typically characterises the internal portion of crystals 149 

(Figs. 4, 5).   150 

Clinopyroxene spans a large range in composition and a clear bimodality is evident for 151 

both PP and EP samples (Fig. 4) with overall diopsidic and augitic compositions. The 152 

augitic portion (core and most rims) of PP samples ranges from Mg# 0.70 to 0.76 (Fig. 153 

4b,c,e,f). The DBs span from Mg# 0.76 to 0.89, with a prevalent average composition of 154 

0.82-0.84 in the bottom samples and a rough bimodality (0.80-0.82; 0.86-0.88) in the top 155 
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sample (Fig. 4b,c,e,f). The DBs are mostly present in the intermediate portion of the 156 

crystal along with some rims (Fig. 4b,c). In the EP sample, the augitic portion spans from 157 

Mg# 0.70 to 0.79 and characterises rims (Mg# 0.74-0.78), the majority of cores and 158 

some intermediate portions (Fig. 4a,d). In contrast to PP, the cores of EP clinopyroxenes 159 

show a larger compositional variability with the most representative composition shifted 160 

to higher values (Mg#=0.74-0.78). Notably, the lower Mg# cores (0.70-0.73) in some EP 161 

clinopyroxenes overlap the composition of PP cores but are associated with Mg#-richer 162 

rims (0.74-0.78). At the same time, the augitic rims have slightly higher Mg# and are less 163 

variable than in PP (Fig. 4a). The DBs of EP clinopyroxenes have higher Mg# 164 

compositions (Mg# 0.80-0.90) than PP, with a marked prevalent composition at 0.88-165 

0.90 (Fig. 4d), and characterise the intermediate portion of the crystal along with the 166 

portion around resorbed low-Mg# cores (Figs. 4a, 5).  167 

On the basis of compositional characteristics of the rims and the textural complex zoning 168 

pattern, two main groups of clinopyroxene with low- and high-Mg# rims are recognised 169 

(group A and B, respectively; Fig. 5).  170 

Group A can be further subdivided in A1 and A2. Subgroup A1 is the most common type 171 

in both PP and EP (~60 and ~50 vol.%, respectively), and usually has a single well-172 

defined DB in the inner portion of the crystal, with sharp contrast on both sides of the 173 

compositional boundary (Fig. 5a,b), which can be up to ~60 μm thick. Augitic cores and 174 

rims have the same composition in PP samples, whilst higher Mg# rims than cores are 175 

present in EP crystals (Fig. 4, 5a,b). Rims show variable thickness between 400 and 50 176 

μm. Subgroup A2 has a patchy resorbed core surrounded by a DB with sharp contact 177 

toward the large low-Mg# rim (~100-150 μm) (Fig. 5c). Occasionally, a second DB 178 

between the resorbed core and the rim is present (Fig. 5d). Subgroup A2 is found in EP 179 

(~45 vol.%), with few examples in the top PP sample (~5 vol.%). Group B is single or 180 

multi-banded/oscillatory zoned clinopyroxene characterised by two or more concentric 181 
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DBs, with the external one on the rim (Fig. 5e,f). DBs have variable thickness (~10-50 182 

μm) (Fig. 5e) and are usually thinner toward the rim, particularly in the top PP sample. 183 

Group B clinopyroxene core has augitic composition with melt and Fe-Ti oxide inclusions 184 

and no-patchy texture (Fig. 5e,f). Group B clinopyroxenes occur in the PP samples (~40 185 

vol.%), and represent the majority of clinopyroxene type with multi-banded texture, 186 

whereas only few (~5 vol.%) are present in EP. In addition, some clinopyroxenes with 187 

partially resorbed cores are found in both A and B groups.  188 

 189 

3.3. Lifetime history of clinopyroxene phenocrysts 190 

The complex zoning of clinopyroxene phenocrysts (Fig. 5) indicates alternating 191 

crystallisation and storage in magmas with high- and low-Mg#, and permits to assess 192 

their lifetime history after DB formation using Fe-Mg diffusion profiles along 193 

compositional boundaries (e.g., Morgan et al., 2004). DBs generally indicate recharge 194 

episodes with more mafic and hotter magmas. According to the NIDIS model (Petrone et 195 

al., 2016), it is possible to calculate a total clinopyroxene residence time (t) from the 196 

first mafic input until the eruption, as captured by temperature-dependent elemental 197 

diffusion. It consists of the diffusion time t1, at higher temperature, after the first formed 198 

compositional boundary (e.g., internal: core-DB) plus the diffusion time t2, at lower 199 

temperature, after the last formed compositional boundary (e.g., external: DB-rim) until 200 

eruption. Following this reasoning, we have adapted the NIDIS model to unravel the 201 

different zoning patterns of the analysed clinopyroxene phenocrysts (Fig. 5), and 202 

reconstruct their lifetime history (Tab. 1). The NIDIS model is based on back-scattered 203 

(BSE)-SEM greyscale profiles used as a proxy of Fe-Mg compositional zoning boundary 204 

along transects normal to the (100) clinopyroxene crystal face. Fe-Mg diffusion 205 

coefficients (D) have been calculated using T estimated via the clinopyroxene-liquid 206 
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geothermometer (Putirka, 2008), and the pre-exponential factor D0 and activation energy 207 

from Dimanov and Sautter (2000). T calculations used different melt compositions for the 208 

different crystal zones. The estimated T ranges for the PP clinopyroxenes are 1150-1174 209 

°C (high-Mg# DBs) and 1040-1047 °C (low-Mg# crystal zones), whereas those for EP 210 

clinopyroxenes are 1174-1180 °C (high-Mg# DBs) and 1089 °C (low-Mg# zones) 211 

(Supplementary 1 and 2 Tabs. S2, S3 for details). These are crystallisation 212 

temperatures, which in case of active and open system volcanoes such as Stromboli can 213 

be safely assumed to represent storage (i.e., diffusion) temperatures as well.  214 

The single DB of subgroup A1 is clearly resolved on both sides of the boundary layer 215 

(Figs. 5a,b, 6a) and yields the total residence time (t =t1+t2, Tab. 1) from the 216 

formation of DB (t1) to the eruption (t2). In this case, the t1 (Fig. 6, Supplementary 2 217 

Tab. S4) is the time spent at high-T in the high-Mg# melt domain, and t2 is the time 218 

spent at low-T in the low-Mg# melt domain. In cases of clinopyroxene with DB boundary 219 

layers defined by a bell shape profile (i.e., absence of compositional plateaux, Fig. 6b), 220 

we can calculate the total residence, from the formation of DB, at low T (t2) using the 221 

finite reservoir NIDIS code (FR in Fig. 6b and Tab. 1)(see also Petrone et al., 2016). The 222 

DB surrounding the patchy core in clinopyroxene of subgroup A2 (Fig. 5c) can be 223 

modelled only for a partial residence time corresponding to the time t2 spent at low-T in 224 

the low-Mg# melt domain until eruption (Tab. 1), owing to the lack of a clear core-DB 225 

compositional boundary (Supplementary 3). In more complex A2 crystals, with a second 226 

DB between the resorbed core and the rim (Fig. 5d), the lifetime history of the crystal has 227 

been resolved using the finite reservoir NIDIS code at high-T (FR in Fig. 6c), due to the 228 

lack of a compositional plateau; t1 (Supplementary 2 Tab. S4) and t2 are again the 229 

timescales at high- and low-T, respectively.  230 
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In case of group B crystals showing a well-defined high-Mg# rim (Fig. 5e), the calculated 231 

timescale is only related to the time spent by the core-rim compositional boundary in the 232 

high-T high-Mg# domain until the eruption (t2, Fig. 6d). The thin low-Mg# outer-rim in 233 

these crystals (Fig. 6d) reveals, however, that eruption occurred during the formation of 234 

the outer-rim, and considering that clinopyroxene growth rate is some order of 235 

magnitude faster than Fe-Mg diffusion rate (e.g., Dimanov and Sutter, 2000; Ni et al., 236 

2014), we can safely assume that the obtained timescale (t2) is a minimum estimate 237 

close to the total crystal residence time.  238 

In case of multi-banded zoning (Fig. 5f), the NIDIS model allows calculation of the 239 

diffusion timescale for each boundary (Fig. 6e) applying twice either the finite reservoir 240 

code (FR in Fig. 6e and Tab. 1) or the semi-infinite reservoir code on the basis of a bell 241 

shape profile (FR) as opposite to well definite compositional plateaux. In crystals such as 242 

Fig. 6e, both timescales (t1 and t2) are referred to the time spent at low-T in the low-243 

Mg# melt domain. The final high-Mg# rim has been excluded from the calculation and its 244 

meaning shall be discussed in the next section. 245 

Crystal residence time has been calculated on 45 and 15 carefully screened 246 

clinopyroxenes from PP and EP samples, respectively (Fig. 7, Tab. 1; Supplementary 1).  247 

The distribution of crystal residence times at the base of PP has a clear peak at 10-30 248 

years with some crystals recording longer residence time up to 150 years (Fig. 7a, Tab. 249 

1). Shorter timescales (4 days to 4 months) were also measured, albeit mostly referred 250 

to the timescale spent in the high-T environment (group B crystals, high-T t2, Fig. 7b). 251 

In contrast, very short timescales, on the order of a few days to <1 day, characterise 252 

most of the clinopyroxenes from the top PP sample (Fig. 7a,b) although only a limited 253 

number of suitable clinopyroxenes could be modelled in sample STR277. EP 254 

clinopyroxenes show residence times overlapping those of the bottom of PP (Fig. 7a,b), 255 
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even though the most frequent residence time is slightly shorter, from 1 to 10 years, and 256 

no total residence times <1 year has been recorded owing to the lack of group B 257 

clinopyroxenes (Fig. 7).  258 

The NIDIS model allows the comparison of the different timescales of the events 259 

recorded during crystal growth (Fig. 7b).t2 timescales, indicating the time spent in the 260 

last melt domain prior the eruption, are variable: at low-T they range from 0.3 to 150 261 

years (Fig.7b) and overlap in both PP and EP clinopyroxene, with more frequent values 262 

around 10-50 years for PP and 1-20 years for EP. A complementary finding is the very 263 

short timescale obtained for high-T t2 (group B, Fig. 7b), testifying to the short time 264 

elapsed from the last recorded magmatic input (DB) to eruption. A striking result of all 265 

analysed clinopyroxenes, with only few exceptions, is the instantaneous residence time 266 

in the high-T high-Mg# environment in comparison to the residence time in the low-T 267 

low-Mg# environment (Fig. 7b, Tab. 1), which sets robust constraints on magma 268 

chamber dynamics (see discussion). Overall, no clear correlation is observed between 269 

the calculated timescales and clinopyroxene textural groups, apart those having a 270 

residence time >60 years which have been modelled using the finite reservoir code and 271 

are restricted to subgroup A1 and group B crystals (Fig. 7b, Tab. 1). 272 

In addition to the well-defined and fully resolved elemental diffusion profiles, we have 273 

encountered a small fraction (<10-15 vol.%) of anomalous profiles that cannot be 274 

explained by Fe-Mg diffusion, such as those shown in Figure 8. The critical point is that 275 

the core-DB boundary is steeper than the DB-rim boundary (Fig. 8a,b) contrary to what 276 

expected in a pure diffusion profile where the core-DB boundary must have experienced 277 

diffusion for longer time (i.e., t1+t2) than the DB-rim boundary (i.e., only t2). In another 278 

example (Fig. 8c), the slope of DB-rim boundary is not only less steep than the core-DB 279 

boundary, but also has a stepped-like profile, which contrasts with a pure diffusion-280 
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controlled process. These profiles are hard to detect using microprobe analyses, but are 281 

clearly evident using the much better spatial resolution (<0.5 m versus >2–3 m) of the 282 

BSE-SEM greyscale profiles.  283 

 284 

4. Discussion 285 

The recent literature (e.g., Francalanci et al., 2013 for a review) reports that the shallow 286 

hp-magma chamber of the Present-day plumbing system of Stromboli seems to exist 287 

since the age of Pizzo activity (~2.4 ka), always occupied by shoshonitic mafic, mainly 288 

basaltic, magmas. The compositional uniformity of the whole magmatic system with time 289 

contrasts with chemical and isotopic heterogeneities at the mineral scale testified by 290 

complex textures in plagioclase and clinopyroxene. This heterogeneity is originated 291 

during the intricate processes of lp-hp magma mixing and antecryst recycling from a 292 

~2.4 ka old crystal mush (Francalanci et al., 2005, 2012, 2014; Bragagni et al., 2014). 293 

The erupted magmas of Epoch 6 reached the more evolved shoshonite composition only 294 

at the base of the Post-Pizzo sequence. Our data indicate that from this period onwards, 295 

namely between 1.7-1.5 ka (PP activity) and 0.35 ka (EP activity) (Fig.1), the Stromboli 296 

magmatic system was becoming progressively more mafic and, starting from the 297 

beginning of Epoch 6, also had gradually lower 87Sr/86Sr values (Fig. 3). A corresponding 298 

time-related Mg# increase of clinopyroxene rims and DBs is also observed from PP to 299 

EP period (Fig. 4). Overall these characteristics provide evidence for a progressive shift 300 

of the shallow system towards the more mafic composition of the Present-day activity. 301 

 302 

4.1. Mafic recharge events and timescales  303 

The observed textural characteristics and compositional zoning in PP and EP 304 

clinopyroxenes (DBs and low-Mg# portions, Fig. 4) indicate crystallisation in two different 305 

melt domains that, referring to the Present-day dynamics between lp- and hp-magmas 306 
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(e.g., Francalanci et al., 1999; Bragagni et al., 2014), can be envisaged as the 307 

precursors of the recharging high-T and high-Mg# lp-magma (proto-lp) injecting into the 308 

shallow (~3 km deep) low-T and low-Mg# resident hp-magma (proto-hp). The proto-lp is 309 

never erupted during the PP period, but it is clearly recorded by the DBs crystal zoning.  310 

Our results also show that the low-Mg# cores and rims of PP clinopyroxenes have 311 

exactly the same compositions, whereas EP rims usually have slightly higher Mg# than 312 

cores (Fig. 5a). This indicates a well stirred proto-hp resident magma, which is 313 

homogenised, by mixing and crystallisation, after the injections of the more mafic proto-314 

lp magma, as it occurs in the Present-day magmatic reservoir (Francalanci et al., 2004). 315 

Overall, the similar compositional zoning and texture of PP and EP clinopyroxenes 316 

suggests the occurrence, during the PP period, of dynamic processes resembling those 317 

of the Present-day plumbing system.  318 

Most clinopyroxenes from both the base of PP (71% of the total modelled crystals) and 319 

EP (80%) record total (i.e., after DB growth) crystal residence times in the range of 1-30 320 

years (Fig. 7a). There are however important differences. Very short residence times, 321 

between 3 days and 6 months, are recorded by a large proportion (23%) of 322 

clinopyroxenes in the samples at the base of the PP sequence, with even shorter 323 

timescales (<1-3 days) characterising the limited number of clinopyroxenes modelled for 324 

the top PP sample (Fig. 7). These short timescales record the last injection of mafic 325 

magma prior to eruption (high-T t2 of group B clinopyroxene, Fig. 7b), and are similar to 326 

the ~3h to ~30 days residence time calculated by Agostini et al. (2013) combining 327 

decompression experiments and crystal size distribution on plagioclase from the 328 

Present-day activity. Magma residence time of the Present-day activity has also been 329 

estimated from time series analysis of radiogenic isotopes variations in the resident hp-330 

magma due to the input of lp-magma. These residence times ranges from ~0 to 55 years 331 

for the lp-magma, and from 2-10 years (230Th/232Th activity ratio, Bragagni et al., 2014) to 332 
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~19 years (Sr isotopes, Francalanci et al., 1999) for the resident hp-magma of the 20th 333 

century activity. Taken together, the similar timescales of our diffusion-based study 334 

compared with those of Agostini et al. (2013), Bragagni et al. (2014) and Francalanci et 335 

al. (1999), provide further constraints indicating that the PP period was characterised by 336 

a very well-stirred and dynamic reservoir akin to the Present-day period. 337 

 338 

4.2. Implication of clinopyroxene timescales on the magma dynamics  339 

The deconstruction of clinopyroxene zoning profile into single steps, via the NIDIS 340 

model, yields the timescale of Fe-Mg diffusion at different temperatures (Figs. 6, 7) and 341 

provides insights into the timescale of multiple proto-lp magma injections along with 342 

magma chamber dynamics during mixing events.  343 

Clinopyroxene growth rate is some orders of magnitude faster than Fe-Mg diffusion rate 344 

(e.g., Dimanov and Sutter, 2000; Ni et al., 2014), implying that DBs form almost 345 

instantaneously within the proto-lp magma, and the core-DB interface diffuses at high-T 346 

until the instantaneous growth of the low-Mg# clinopyroxene rim within the low-T proto-347 

hp resident magma. From that moment until the eruption, elemental diffusion, both 348 

between the core-DB and the DB-rim boundary layers, occurs in the proto-hp resident 349 

magma. Given this assumption, one of the main results of the NIDIS model is the very 350 

short residence time in the high-T, proto-lp magma (t1) in comparison to that in the low-351 

T, proto-hp resident magma (t2) (Fig. 7b, Tab 1) for both PP and EP clinopyroxenes. 352 

This is a novel and unique output of the NIDIS model, which could be deciphered neither 353 

using radiogenic isotope modelling (Francalanci et al., 1999; Bragagni et al, 2014) nor 354 

crystal size distribution approaches (Agostini et al., 2013). This timescale difference 355 

provides constraints on a steady-state dynamic reservoir where inputs of proto-lp 356 

magmas are rapidly (t1 days to a few years) stirred and homogenised into the proto-hp 357 
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resident magma (i.e., homogenisation time < residence time). This is particularly true for 358 

the PP clinopyroxenes, with the bottom samples showing short residence time at high-T 359 

(high-T t1=4 days-9 years, Fig. 7b) and the top PP sample characterised by even 360 

shorter timescales (1 day-8 months), suggesting an increasing of mixing efficiency 361 

possibly due to low volume of the injected magma. At the same time, high-T t1 for the 362 

EP albeit short (6 months-2 years) do not record the very short (<6 months) timescales 363 

as calculated for the PP (Fig. 7b). 364 

A number of crystals, especially in the top PP sample, record multiple banding (Figs. 6e, 365 

8d), suggesting the occurrence of more frequent replenishment events and possibly a 366 

direct link between injections of new recharging magma and eruption frequency, as 367 

suggested for the persistent Present-day activity (Taddeucci et al., 2013). This is also 368 

consistent with field data, showing thicker and more continuous spatter layers at the top 369 

of the PP sequence (Fig. 1, Supplementary 1 Fig S1). 370 

The dynamics of the Stromboli volcanic system determined on the basis of the normal 371 

Fe-Mg diffusion profile (Figs. 6, 7) suggests an explanation for the anomalous 372 

clinopyroxene profiles (Fig. 8) mainly occurring in samples of the PP period (Tab. 1). 373 

Indeed, the NIDIS model allows calculation of the timescale over which the core-DB 374 

boundary has diffused in the proto-lp magma in these anomalous profiles (left-hand side 375 

profile, Fig. 8a-c).  376 

The smoother DB-rim profile observed for clinopyroxenes in Figure 8a-c clearly contrasts 377 

with the steeper diffusion profile of the core-DB boundary, suggesting that the former 378 

might record the effect of the ongoing homogenisation between the proto-lp and the 379 

proto-hp magmas, thus capturing the magma mixing in action. In these cases, we can 380 

calculate a pseudo-timescale (t4 rather than the t1, see Petrone et al., 2016) to 381 

reproduce the observed core-DB diffusion profile assuming that it formed entirely at the 382 
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high-T of the proto-lp magma. The timescales obtained range from 2 days to 6 years 383 

(Fig. 8, Tab. 1) and are minimum residence times.  384 

Finally, in some cases (e.g., Fig. 8d, group B crystal), we are able to resolve the 385 

timescale for internal compositional zoning but not for the whole crystal. In fact, the 386 

second DB (DB2, Fig. 8d) shows a profile similar to those of Figures 8a-c, thus recording 387 

a new injection of the proto-lp magma and the subsequent growth in the homogenising 388 

environment. At the same time, the core-DB2 can be resolved similarly to multi-banded 389 

clinopyroxenes (i.e., Fig. 6e). For crystals such as Fig. 8d, we obtain three timescales 390 

referred to the time spent from core to rim (i) at high-T in the high-Mg# melt domain (t1), 391 

(ii) at low-T in the low-Mg# domain (second t1), and (iii) at high-T again in the high-Mg# 392 

domain (t2). The very last DB (DB3) at the outer rim, clearly represents the last injection 393 

of the feeding proto-lp magma (red arrow, Fig. 8c,d) that possibly triggered the eruption 394 

while homogenising in the changing Mg# melt domain. We observed several of these 395 

cases in group B clinopyroxenes, where the final thin (<20 µm) high-Mg# rim records the 396 

eruption triggering event, and such high-Mg# rims are found only in the PP samples 397 

(Figs. 6e, 8b,d).  398 

Our thorough analysis of compositional zoning profiles, even when characterised by 399 

anomalous profiles (Fig. 8), can provide critical information on the dynamics of the 400 

magmatic system, although an important step-forward will be represented by the ability 401 

to transform this information into quantitative or at least semi-quantitative timescales. 402 

Considering a clinopyroxene growth rate of ~10-8 cm s-1, as estimated by Orlando et al. 403 

(2008) for basalts of Mt Etna, and measuring the thickness of homogenisation bands 404 

and triggering events on our greyscale profile (Figs. 6e, 8, Tab. 1), we can have a rough 405 

glimpse of the mixing and stirring timescale. Our calculation indicates that 406 

homogenisation takes place in only a few days (10 days maximum estimate) with even 407 
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shorter timescales for the triggering event (maximum of 2-3 days). While we stress that 408 

these are semi-quantitative estimations, it is important to note that these very short 409 

timescales confirm the efficiency of the mixing processes during the PP period. The 410 

timescales of 2-3 days estimated for the triggering event during the PP period, where 411 

most of the anomalous profiles occur (Tab. 1), are consistent with the ascent rate of a 412 

few hours to a few tenths of hours of the lp-magma during the Present-day activity 413 

calculated on the basis of olivine growth rate (Bertagnini et al., 2003). They are also 414 

similar to gravimetric data indicating a range from 8 to 20 hours for the gas-rich lp-415 

magma injections in the shallow feeding system of the Present-day activity (Carbone et 416 

al., 2011).  417 

 418 

5. A working model for crystal zoning and mixing dynamics  419 

The PP and EP record a complex history with compositional zoning that reflects 420 

crystallisation in a further distinct melt domain in addition to the high-Mg# proto-lp 421 

magma, and the low-Mg# proto-hp magma, namely a transient intermediate-Mg# magma 422 

recording the homogenisation, via turbulent mixing (e.g., Misiti et al., 2009; Schleicher et 423 

al., 2016) and crystallisation, of the proto-lp magma within the proto-hp magma.  424 

The oscillatory zoning of the clinopyroxenes with similar low-Mg# at the cores and rims 425 

(Figs. 4, 5) indicates the ability of the magmatic system to regain a pre-input proto-hp 426 

composition.  427 

The overall dynamics of the plumbing systems during the PP period and at the transition 428 

to the EP period is summarised in Figure 9. The resident proto-hp magma in the shallow 429 

magmatic reservoir is perturbed by repeated injections of the proto-lp magma, resulting 430 

in complex turbulent flow fields and mixing regimes with formation of the three different 431 

melt domains (Fig. 9). The clinopyroxene textures in the studied samples (Fig. 5) 432 



 21 

indicate that the turbulent flow fields determine crystal transfer between these three melt 433 

domains. 434 

Clinopyroxenes cores of subgroup A1 and group B crystallised in the proto-hp reservoir 435 

(Figs. 5, 9). Upon injection of the feeding proto-lp magma into the shallow system, 436 

clinopyroxenes were randomly entrapped by the proto-lp magma and crystallised the DB 437 

around the proto-hp cores (subgroup A1) (Fig. 9). Subgroup A2 clinopyroxene cores are 438 

patchy and deeply resorbed and prevalent in the EP sample (Figs. 5, 9). This may 439 

indicate the passage of the proto-lp magma through a pre-existing crystal mush while 440 

ascending, with remobilisation and resorption of some older and possibly low-Mg# 441 

crystals (from previous more evolved magma), in agreement with antecrysts recycling in 442 

the Present-day activity (Francalanci et al., 2005, 2012).  443 

After DBs growth (high-T t1), subgroup A1 and A2 clinopyroxenes crystallised their final 444 

low-Mg# rims before eruption (low-T t2) in a magma formed upon rapid proto-lp and 445 

proto-hp magma mixing and crystallisation, re-establishing the pre-input proto-hp 446 

composition. The high-T t1 represents the storage time in the high-T proto-lp melt 447 

domain and sets constraints on the transient mixing process. The low-T t2 represents 448 

the storage time in the low-T proto-hp resident magma and sets constraints on the 449 

timescales from mixing to eruption (subgroup A1) or from injection, after core 450 

remobilisation (i.e., antecrysts), to eruption (subgroup A2) (Fig. 9). 451 

In contrast, group B clinopyroxenes were taken by the eruptive event while starting to 452 

crystallise the few micron-thick low-Mg# outer-rim (high-T t2, Fig. 6d), implying that they 453 

were erupted immediately after the mixing process was completed, given that no proto-lp 454 

magma has been erupted during the PP period. In this case, timescales of the eruption 455 

triggering event are estimated via the high-T t2, which seems to decrease with time 456 

along the PP sequence (from months to a few days) (Fig. 9). Some crystals, prevalent in 457 
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the PP samples, record repeated proto-lp magma injections (i.e., multi-banded), 458 

indicating higher frequency of new magma inputs. Notably no group B clinopyroxenes 459 

are found in the EP sample possibly testifying that, during the paroxysm, injection of 460 

proto-lp magma rapidly triggers the eruption with no interaction with the resident proto-hp 461 

magma, as occurring in the Present-day activity (e.g., Bragagni et al., 2014).   462 

Some clinopyroxene portions crystallised in the intermediate-Mg# melt domain 463 

(subgroup A1 and group B, Figs. 8, 9) resulting in anomalous profiles (Fig. 8), which 464 

shed light on the on-going homogenisation process and its timescale (a few days). The 465 

meaning of the difference between smooth (Fig. 8a,b,d) and stepped (Fig. 8c) profiles 466 

cannot be conclusively assessed, although it could be related to different mixing regimes 467 

within turbulent flow fields (e.g., Misiti et al., 2009; Bergantz et al., 2015; Schleicher et 468 

al., 2016). The prevalent occurrence of multi-banded and the anomalous profiles among 469 

PP crystals may suggest a higher frequency of proto-lp magma injection(s) associated 470 

with slightly different efficiency of the turbulent mixing shortly before eruption. The 471 

prevalence of subgroup A2 clinopyroxenes, preserving a core of possible antecrystic 472 

origin, in the EP period may depend on the occurrence of a cumulated crystal mush 473 

formed in the plumbing system during the entire Epoch 6 (Francalanci et al., 2005, 474 

2012). Finally, other clinopyroxenes rims record the mafic triggering event associated 475 

with the initial phase of homogenisation (Figs. 6e, 8b,c), which has been estimated 476 

occurring within a few days prior to eruption.  477 

 478 

6. Concluding remarks and implications on the steady-state activity 479 

Our results demonstrate that the persistent steady-state Present-day dynamics of the 480 

Stromboli magmatic system was established at least since the PP period.  481 

At the beginning of PP period, the proto-hp resident magma, possibly originated via 482 

mixing plus crystal fractionation from the older Pizzo-shoshonitic magma reservoir 483 
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(Francalanci et al., 2014), was more evolved than the Present-day hp-magma. Repeated 484 

injections of the feeding proto-lp magma into the shallow reservoir drove the proto-hp 485 

magma toward the more mafic composition of EP period and Present-day activity (Fig. 486 

3). On the basis of the increasing Mg# of DBs from the beginning of the PP to the EP 487 

period (Fig. 4), we also hypothesize that the proto-lp feeding magma became 488 

progressively more mafic.  489 

PP and EP clinopyroxenes show similar total residence times of 1-50 years (mainly 490 

group A). Longer residence times (up to 150 years) have been recorded by crystals 491 

(subgroup A1 and group B) belonging to samples of the initial activity of the PP period 492 

(Fig. 7), possibly indicating the transition from closed- to open-conduit steady-state 493 

regime of the Present-day activity.  494 

The consistency of our timescales with those estimated for the Present-day activity using 495 

other methods (Agostini et al., 2013, Bragagni et al., 2014, Francalanci et al., 1999), 496 

indicates that the Post-Pizzo volcanic activity was already characterised by a steady-497 

state regime with continuous and frequent magma inputs and outputs.  498 

Modelling diffusion profiles of the different clinopyroxene zoning textures resulted in 499 

instantaneous residence time in the high-T, high-Mg# melt domain (t1, days-9 years, 500 

Figs. 7, 9), and set constraints on a rapid homogenisation process of the lp-magma 501 

within the resident hp-magma via crystallisation, mixing, and stirring. Crystal residence 502 

time in the low-T low-Mg# resident hp-magma (t2) are longer (some tens of years, high-503 

T t1 significantly < than low-T t2, Figs. 7, 9) indicating a repeatedly erupting and 504 

steady-state system. 505 

Taken together the t1 and t2 provide the total residence time from the mafic injection(s) 506 

to the eruption. At the same time, we have been able to set constraints on the timescales 507 

of the mafic triggering event (high-T t2, 1 day-6 months) and also estimate the 508 
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timescale capturing the ongoing mixing and homogenisation process leading to the 509 

eruption (10 days maximum). The rapid residence time at high-T (Fig. 7) and higher 510 

frequency of multi-banded clinopyroxenes at the end of PP period suggest a more 511 

intense activity linked to a higher frequency of small mafic inputs, in agreement with field 512 

data. 513 

Clinopyroxene population can greatly enhance the ability to unravel complex interactions 514 

between crystals and magma mixing, preserving the timescale record of pre-eruptive 515 

processes, from magma injections and melt homogenisation to eruption-triggering 516 

events. The lifetime history recorded by Fe-Mg zoning of Stromboli clinopyroxenes is 517 

peculiar to the Strombolian activity, suggesting that the interplay between rapid mixing 518 

and short storage timescales can be a key parameter controlling the dynamics of the 519 

plumbing system of steady-state volcanoes. 520 
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Appendices 
 
Supplementary 1 - Representative photographs and schematic sequence of the studied 
outcrops; Greyscale proxy of Mg# variation; Temperature estimations; NIDIS model: 
parameters, related errors and timescale detection limit.  
 
Supplementary 2 - Table S1-S4 
 
Supplementary 3 - BSE images, greyscale profiles and ETA fractions of all the processed 
clinopyroxene crystals 
 
Figures 
 
Figure 1 - Geological setting and schematic description of the studied deposits. a) Simplified 
geologic map of the summit area of Stromboli volcano, showing the distribution of the deposits 
related to the Eruptive Epoch (EE) of the recent period of activity (EE6 a,b,c) (modified from 
Lucchi et al., 2013). The location of the two studied outcrops and the samples collected are also 
shown. b) Detailed legend describing the chronological succession of the stratigraphic units 
reported in the geologic map and their correlation to the lateral collapse chronology (labelled as 
sc2-7). The stratigraphic sequence (2.5 m thick) of the studied outcrop is schematically showed 
with a short description of each single eruptive level (L1-L4) and its correlation within the 
chronological succession of the recent period of activity. The location of the samples collected 
has been also reported according to the stratigraphic level. See also Supplementary 1 Fig. S1. 
 
Figure 2 – K2O vs. SiO2 diagram of the EP (Early Paroxysms of Present-day activity) and PP 
(Post-Pizzo) scoria samples (whole rocks and glasses, Supplementary 2 Tabs. S1, S2). The 
compositional fields of the other products of the recent Epoch 6 are reported for comparison 
(data from Francalanci et al., 2013). In particular, both the shoshonitic and high-potassic calc-
alkaline basalts and basaltic-andesites, erupted by the Pizzo activity (EE6a) are reported (i.e., 
Pizzo-SHO and Pizzo-HKCA respectively) (data from Francalanci et al., 2014). 
 
Figure 3 – Variation of SiO2, MgO and Sr-Nd isotopes (error bars within symbol size) of the 
studied scoria samples along the stratigraphic sequence of the PP toward the Present-day EP 
deposit (Supplementary 2 Tab. S1). The compositional variation of Pizzo-SHO and Present-day 
products are also reported (data from Francalanci et al., 2013; 2014). 
 
Figure 4 –Variation of Mg# [molar Mg/(Mg+Fe2++Mn)] of clinopyroxene crystals in the EP and 
PP samples. Mineral chemistry data are obtained by microprobe analyses and are provided in 
Supplementary 2 Table S3. In the left-hand column, the histograms of EP and PP samples are 
compared showing the core to rim compositional variation observed within single crystals on 
each sample. In the right-hand column, the composition of the high-Mg# DB zones is compared 
with the low-Mg# zones to highlight the strong bimodality of the studied clinopyroxenes. Sample 
names and number of crystals analysed are reported. 
 
Figure 5 – High resolution back-scattered electron (BSE)-SEM images of typical clinopyroxene 
phenocrysts observed in the studied samples, together with their representative compositional 
profiles (Mg#). The crystal population of zoned clinopyroxenes has been subdivided into two 
main groups on the basis of rim composition (i.e. group A and B), and further discriminated on 
the basis of core textures (i.e. A1 and A2). For each category, the estimated recurrence (vol.% 
of total zoned crystals) among the different samples is provided. a) sample STR275, CPX16; b) 
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sample STR276, CPX10; c) sample STR275, CPX19; d) sample STR275, CPX14; e) sample 
STR273, CPX18; f) sample STR273, CPX20.  
 
Figure 6 – Grey value diffusion profiles (grey circles) of 5 representative clinopyroxene crystals 
(a. CPX16, STR275; b. CPX120, STR276; c. CPX14, STR275; d. CPX20, STR273; e. CPX108, 
STR273) calculated inside the blue area in the yellow boxes of the associated BSE-SEM 
images (see Supplementary 3 for all modelled profiles). Crystals showed in a and c are the 
same used to illustrate the NIDIS model in Petrone et al. (2016). The diopsidic bands (DB) are 
shaded in grey and numbered progressively from core to rim in multi-banded crystals (c, e). 
Each diffusion profile is calculated (blue area) using the ‘greyscale’ procedure of Petrone et al. 
(2016) and calibrated against the chemical composition (Mg#) measured with the electron 
microprobe. The diffusion profiles across the boundaries have been modelled using the NIDIS 
code (Petrone et al., 2016). For each crystal zone is also reported the relative equilibrium 

temperature used in the NIDIS modelling. Symbols: total residence time tt1+t2; t2 (blue 
and orange lines) best fit timescale on the diffusion profile across the more external boundary 

(DB- low-T Low-Mg# rim in a, b, c, e; and DB-high-T high-Mg# rim group B crystal in d); t1= 

t4-t3 best fit timescale obtained on the diffusion profile across the more internal boundary 
(core-DB in a, c) and at low-T of the low-Mg# magma (i.e., Finite Reservoir, FR, on DB1 in e); 

t3 pseudo-timescale (blue line) obtained assuming that the core-DB profile has diffused at high-

T with the same √4Dt parameter of the DB-rim fit (i.e., t2); t4 pseudo-timescale obtained by 

the best fit model applied to the core-DB diffusion profile (yellow line) assuming it is formed 
entirely at high-T; grey dashed line (in b, c and e) represents the inferred initial boundary 
condition for the finite reservoir of limited extent (FR); red arrow: final input of mafic magma 
recorded by the final portion of crystals (e) triggering the eruption (see Supplementary 1 for full 
details). 
 
Figure 7 – Elemental diffusion timescales (yr) obtained from the analysed greyscale profiles of 
the modelled clinopyroxene phenocrysts (58 crystals) in the EP and PP samples. a) Histogram 

of total residence times in EP and PP clinopyroxenes; b) Partial residence times (t1, t2 and 

t4) of the modelled clinopyroxenes, plotted as a function of crystal groups and temperature. 

The deconvolution approach allows to define the timescale after the first formed boundary (t1) 

and the timescale after the last formed boundary until eruption (t2) both at high- and low-T. t4 
is the partial timescale determined at high-T on the internal boundary of the DB and represent 
the only resolvable timescale when anomalous profiles are observed on the external boundary 
(e.g., crystals a,b,c in figure 8) – i.e., where only the internal boundary of the DB can be 

resolved (see text for details). In general, the t1 timescale at high-T is referred to the core-DB 

boundary, whereas the t2 timescale at low-T is referred to the DB-rim boundary (as detailed in 

legend). In the case of multi-banded crystals, however, t1 is also obtained at low-T for the DB-
intermediate boundary or from FR profiles (see also Table 1). Grey-shaded background 
indicates the lower timescale limit (~1 day) of the diffusion modelling. 
 
Figure 8 – Representative greyscale profiles of 4 banded and multi-banded clinopyroxene 
crystals where the diffusion timescale determination is prevented by a DB-rim profile that cannot 
be resolved by elemental diffusion (i.e., anomalous). a. CPX1, STR276; b. CPX13, STR273; c. 
CPX113, STR276; d. CPX10, STR273. In the first two cases (a, b) the DB-rim boundary is 
evidently smother than the inner core-DB boundary, whereas in c the DB-rim boundary is 
stepped and irregular. These crystal portions (marked by blue arrow) record the process of 
homogenisation (via mixing + crystallisation) of the proto-lp magma within the proto-hp magma 
(see text for details). The final input of mafic magma triggering the eruption, and recorded by the 
rim of some crystals (b and d) is marked by a red arrow.  
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Figure 9 – Schematic cartoon illustrating the formation of clinopyroxenes zoning for the different 
crystal groups (subgroup A1 and A2 and group B) and their storage timescales in the three 
different melt domains, in the context of magma mixing dynamics of Stromboli during the PP 
and EP periods. Colours indicate crystallisation in the three different melt domains: (a) yellow = 
low-T, low-Mg# proto-hp resident magma; (b) red = high-T, high-Mg# proto-lp refilling magma; 
(c) orange = transient hybrid magma formed via turbulent mixing between the proto-lp and 
proto-hp magmas. Formation of subgroup A1 clinopyroxenes with anomalous profiles is also 
shown. Symbols: black arrow = entrapment of clinopyroxene crystals cores upon proto-lp 
magma injection; dashed black arrow = schematic turbulent flow mixing lines. Clinopyroxenes 
are caught by different input events as testified by the occurrence of different clinopyroxene 
groups, with variable zoning and residence time. See text for details.  
 
 
Table 1 - Timescale results from NIDIS modelling on clinopyroxene of PP and EP.  
Footnotes: elemental diffusion modelling has been carried out on single selected crystals of 
zoned clinopyroxene, using the NIDIS model (Petrone et al., 2016). The error propagation at 
66% confidence level on the time estimate is reported considering the uncertainty on both 4Dt 
and T (2sd and 1sd, respectively), see Supplementary 2 Table S4 for details. Symbols: * 
timescales obtained by the application of the analytical diffusion equation within a finite reservoir 
of limited extent assuming the low-T conditions of the evolved zones. The initial conditions have 
been inferred from the average DB (diopsidic band) composition of each sample and calibrated 
on the basis of greyscale profiles (Supplementary 2 Tab. S4 for detail); "- " not calculated. For 
multi-banded crystals the modelled DBs have been progressively numbered from core to rim; 
grey background indicate the crystals with anomalous profiles where only partial timescales 

have been determined, see Δt4 in Fig. 7 and 8. In multi-banded crystals having two t1 the 
second one is related to the timescale calculated at low-T on the more external boundary of the 
DB using the semi-infinite equation; IR= inner rim. 
  
 
Supplementary 1:  
 
Figure S1 – Representative photographs and schematic stratigraphic sequence of the studied 
outcrops (see Fig.1a in the main text for location and details). Sampling sites and labels (e.g., 
STR275) are shown both in the schematic sequence and in the photographs, together with the 
eruptive levels forming the PP sequence (L1-L4). 
 
Figure S2 – Examples of correlation between the electron microprobe compositional data (Mg#) 
of representative clinopyroxenes (a-e represent different clinopyroxene groups) with the 
brightness of the BSE-SEM image along the modelled compositional boundary. The 
composition has been measured along the red arrows, which indicates the profile direction from 
core to rim; the ETA value of each spot analysis versus ETA fraction of Si+Al, Ca, Fe+Mn+Ni, 
and Mg along with their relative linear regressions are shown as well as the ETA value of each 
spot analysis versus Mg# and the relative linear regression. 
 
Figure S3 – Correlation between the Kd cpx/liquidus and Mg# for all the analysed 
clinopyroxenes. The core and the rim compositions of both EP and PP clinopyroxenes fall well 
within the equilibrium fields defined by Putirka (2008) and Sisson & Groove (1993) when 
compared to matrix glass compositions (in green: STR275 and STR276, respectively, this 
study). The DB compositions of PP are well represented by equilibrium with one of the melt 
inclusions (MI) from Bertagnini et al. (2003) (see Fig. S3). On the other hand, the DB 
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compositions of EP show equilibrium conditions with the STR9/96d from Francalanci et al. 
(1999). 
 
Figure S4 - Correlation between the calculated equilibrium temperature and the Mg# content. 
The obtained equilibrium temperatures for different clinopyroxene compositions (i.e., different 
Mg#) have been calculated applying the Putirka geothermometer (Putirka, 2008) to the 
analysed composition of EP and PP clinopyroxene and appropriate coexisting liquids as inputs. 
The comparison between values obtained by the application of both the two proposed equations 
(Eq. 33 and Eq. 34) are showed. The error bar is reported for reference. 
 
Figure S5 – SiO2 versus K2O plot showing the composition of possible mafic input compositions 
in the PPEP plumbing system, compared to whole rock and glass compositions of the studied 
samples. The glass composition has been used as representative of the evolved system from 
which the lowMg# zone of clinopyroxene crystallised. Some possible lp compositions are 
selected among published data in the existing literature to represent the refilling magma from 
which the DBs could have crystallized. 
 
Figure S6 – The two greyscale profiles have been normalised for homogeneity: y-axis from 1 to 

0, x-axis from -1 to 1 m. The diffusion profile at 0.2 m interval after 1 day (red line) and the 
initial conditions at t=0 (grey line) are reported for a comparison with the greyscale profiles of 
the two clinopyroxenes (red and light blue circles). 
  
 
Supplementary 2: Supplementary tables 
 
Table S1: Major (wt%) and trace (ppm) elements and Sr-Nd isotopes of the studied samples. 
Footnotes: Whole rock major and trace elements were determined at Actlabs laboratories of 
Ancaster, Canada by ICP-MS. Whole rock Sr and Nd isotope ratios were carried out at the 
Department of Earth Sciences of the University of Florence following the method described in 
Avanzinelli et al. (2004, Per. Min. 74, 147-166). Measures were performed using a thermal 
ionisation Thermo-Finnigan Triton®-Ti mass spectrometer equipped with nine movable 
collectors. 87Sr/86Sr and 143Nd/144Nd were measured dynamically and corrected using an 
exponential mass fractionation law to 86Sr/88Sr = 0.1194 and 143Nd/144Nd = 0.7219, respectively 
(Avanzinelli et al., 2004). Replicate measurements of NBS987 and La Jolla standards (0.710249 
and 0.511856, respectively; Thirlwall, 1991) gave mean values of 87Sr/86Sr = 0.710249 ± 
0.000017 (2 standard deviation (2sd), n = 215) and 143Nd/144Nd = 0.511846 ± 0.000007 (2sd; n 
= 67); within-run standard measurements were in agreement with this ranges. All errors 
reported are 2se (2 standard error of the mean) for within run precisions and 2sd for standard 
reproducibility. The Sr analytical blank measured during this study is 200 pg. 
 
Table S2: Glass composition (wt.%) of the studied samples by EMPA.  
Footnote: chemical composition of glassy groundmasses was determined using a microprobe 
JEOL 8600 Superprobe at CNR-IGG of Florence, located at the Department of Earth Sciences 
of the University of Florence. The operating condition were 15 keV, 10 nA and a 10 μm beam 
size. Analytical precision and correction are the same as in Petrone et al. (2006). 
 
Table S3: S3-1) Representative microprobe analyses of clinopyroxene crystals from the 
STR275-EP sample; S3-2) Representative microprobe analyses of clinopyroxene crystals from 
the STR277 scoria from Post-Pizzo period; S3-3) Representative microprobe analyses of 
clinopyroxene crystals from the STR276 and STR273 scoriae samples from the Post-Pizzo 
period. 



Petrone Page 32 

Timescales at Stromboli 

 

Footnote: ph: phenocryst; mph: microphenocryst; m: microlite; En: enstatite component as wt.%; 
Fe: ferrosillite component as wt.%; Wo: wollastonite component as wt.%; Mg#=molar 
Mg/(Mg+Fetot+Mn). Symbols: * analyses performed using a microprobe JEOL 8600 Superprobe 
at CNR-IGG of Florence, sited at the Department of Earth Sciences of the University of Florence 
and already published in Petrone et al. (2006). ** analyses performed at IAC-NHM using a 
Cameca SX 100 electron microprobe equipped with five WDS (wavelength dispersive) 
spectrometers and one EDS (energy dispersive) spectrometer. Operation conditions were 20 
keV and 20 nA with a focused beam. Sodium was measured as first elements and counted for 
10 sec., all the other elements (Si, Mg, Al, Ca, Ti, Cr, Mn, Fe, Ca and Ni) were measured for 20 
sec. Matrix effects were corrected using the XPHI Cameca built-in protocol. 
 
Table S4: Detailed timescale results from NIDIS modelling on clinopyroxene of PP and EP  
Footnotes: elemental diffusion modelling has been carried out on single selected crystals of 
zoned clinopyroxene, using the NIDIS model (Petrone et al., 2016) on single clinopyroxene 
grains prepared according to the following procedure, slightly modified from Morgan et al. 
(2004). For each sample, around 150-200 crystals of clinopyroxene were separated via hand 
picking from the crushed fraction between 2 mm and 500 μm grain size. The grains were 
embedded flat in epoxy resin, polished and reduced to the thickness of ~30 μm as a normal 
polished section. In order to obtain the best results from the diffusion modelling in term of 
reducing the orientation effect of the crystal and minimize the effect of not sectioning 
perpendicular to the core-rim boundary (Morgan et al., 2004; Costa et al., 2008), only the grains 
oriented parallel to the (010) crystal plane were selected for analysis and only the [100] direction 
was analysed for a total of around 15-20 crystals per samples. Clinopyroxenes were separated, 
mounted and subsequently analysed at The Natural History Museum of London (NHM), 
Imagining and Analysis Center (IAC) and Department of Earth Sciences (DES). For each crystal 
high-resolution core-rim compositional profile, ~2.5-3 μm step size, of each zoned area were 
obtained using a Cameca SX 100 electron microprobe. High resolution electron backscattered 
(BSE) images of the compositionally zoned area, previously analysed with the electron 
microprobe, were obtained, for each crystal, using a LEO 1455 VP SEM. The high-resolution 
BSE images were then analysed with the Greyscale Matlab code (Petrone et al., 2016) to 
produce a grey-scale profile of the zoned area, which was calibrated against the electron probe 
data and then used in the NIDIS diffusion model as described in Petrone et al. (2016). All 
parameters and conditions used for calculation or obtained by the model for greyscale fitting 
have been reported. Constants: Do = 9.5x10-5m2 s-1 and DH=406 kJ mol-1 (Dimanov and 
Sautter, 2000). The error propagation at 66% confidence level on the time estimate is reported 
considering the uncertainty on both 4Dt and T (2sd and 1sd, respectively), see Supplementary 2 
Table S4 for details. Symbols: * timescales obtained by the application of the analytical diffusion 
equation within a finite reservoir of limited extent assuming the low-T conditions calculated on 
the basis of the composition for the evolved zones. The initial conditions have been inferred 
from the average DB (diopsidic band) composition of each sample and calibrated on the basis 
of greyscale profiles (Supplementary 2 Tab. S4 for detail); "- " not calculated. For multi-banded 
crystals the modelled DBs have been progressively numbered from core to rim; grey shaded 
indicate the crystals with anomalous profiles where only partial timescales have been 

determined, see Δt4 in Fig. 7 and 8. In multi-banded crystals having two t1 the second one is 
related to the timescale calculated at low-T on the more external boundary of the DB using the 
semi-infinite equation; IR= inner rim. 
 
Supplementary 3  
Supplementary Material 3: BSE-SEM images and fitted greyscale profiles of all the processed 
clinopyroxene crystals.  
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Table1 - Timescale results from NIDIS modeling on clinopyroxene of PP and EPDP

Deposit Sample Crystal Type
Size 

(mm)
Boundary T°C Dt1 (yr) 1sd Boundary T°C Dt1 (yr) 1sd Boundary T°C Dt2 (yr) 1sd

Total 

residence 

time (yr)

1sd

EP STR275 CPX1 A2 1.5 - - - - - - - - - - - - DB-Rim 0.88 0.77 1080 1.2 0.3 - -

EP STR275 CPX3 A2 1 - - - - - - - - - - - - DB-Rim 0.88 0.76 1080 17 4.8 - -

EP STR275 CPX11 A2 1 - - - - - - - - - - - - DB-Rim 0.88 0.75 1080 58 16 - -

EP STR275 CPX11A A1 0.8 Core-DB 0.71 0.88 1165 1.7 0.7 - - - - - - DB-Rim 0.88 0.77 1080 3.9 2.0 5.6 2.1

EP STR275 CPX14 A2 1.5 LB* 1175 1.4 0.9 - - - - - - DB-Rim 0.89 0.76 1080 12 3.8 14 3.9

EP STR275 CPX16 A1 1 Core-DB 0.73 0.86 1165 0.01 0.08 - - - - - - DB-Rim 0.86 0.76 1080 1.8 0.5 1.8 0.5

EP STR275 CPX18 A1 1 Core-DB 0.71 0.85 1165 1.0 0.3 - - - - - - DB-Rim 0.85 0.75 1080 1.3 0.4 2.3 0.5

EP STR275 CPX19 A2 1 - - - - - - - - - - - - DB-Rim 0.86 0.76 1080 2.4 0.8 - -

EP STR275 CPX101 A2 1.5 - - - - - - - - - - - - DB-Rim 0.88 0.76 1089 36 10 - -

EP STR275 CPX103 A1 1.5 Core-DB 0.72 0.89 1180 0.4 0.2 - - - - - - DB-Rim 0.89 0.76 1089 2.4 1.0 2.8 1.0

EP STR275 CPX105 A2 1 - - - - - - - - - - - - DB-Rim 0.87 0.76 1080 2.2 0.9 - -

EP STR275 CPX106 A2 1 - - - - - - - - - - - - DB-Rim 0.89 0.77 1089 24 7.0 - -

EP STR275 CPX107 A1 1 - - - - - - - - - - - - DB* 1047 43 13 43 13

EP STR275 CPX108 A2 1.5 - - - - - - - - - - - - DB-Rim 0.87 0.76 1089 5.3 2.3 - -

EP STR275 CPX 110 A2 1.5 - - - - - - - - - - - - DB-Rim 0.87 0.71 1045 8.5 3.0 - -

PP (L-d) STR277 CPX6 A2 1.5 - - - - - - - - - - - - DB-Rim 0.84 0.74 1045 19.8 9.2 - -

PP (L-d) STR277 CPX7 A1 1 - - - - - - IR-DB 0.72 0.85 1165 0.003 0.002 - - - - - - - -

PP (L-d) STR277 CPX10 B 1 - - - - - - DB1* 1047 30 14 DB2* 1047 13 4.3 43 14

PP (L-d) STR277 CPX12 B 0.5 - - - - - - - - - - - - IR-DB 0.72 0.85 1165 0.001 0.001 - -

PP (L-d) STR277 CPX13 B 0.8 - - - - - - - - - - - - IR-DB 0.73 0.84 1150 0.002 0.002 - -

PP (L-d) STR277 CPX14 A1 1 Core-DB1 0.72 0.79 1100 0.51 0.38 DB1-IR 0.79 0.77 1080 0.25 0.26 IR-DB2 0.77 0.84 1165 0.007 0.004 0.8 0.5

PP (L-d) STR277 CPX21 A1 1 - - - - - - IR-DB 0.73 0.83 1145 0.02 0.02 DB-Rim 0.89 0.72 1040 1.3 0.7 1.3 0.7

PP (L-d) STR277 CPX101 A1 2 - - - - - - IR-DB 0.73 0.85 1165 0.22 0.07 - - - - - - - -

PP (L-d) STR277 CPX103 B 1.5 - - - - - - - - - - - - IR-DB 0.72 0.85 1165 0.003 0.002 - -

PP (L-d) STR277 CPX104 A1 0.8 Core-DB 0.73 0.85 1165 0.15 0.06 - - - - - - - - - - - - - -

PP (L-d) STR277 CPX 111 B 0.8 - - - - - - - - - - - - IR-DB 0.71 0.85 1165 0.005 0.002 - -

PP (L-d) STR277 CPX 115 A1 1 - - - - - - IR-DB 0.72 0.85 1165 0.005 0.007 - - - - - - - -

PP (L-b) STR273 CPX8 B 1 - - - - - - - - - - - - DB* 1040 130 37 130 37

PP (L-b) STR273 CPX10 B 1 Core-DB1 0.71 0.83 1150 0.8 0.5 DB1-IR 0.72 0.83 1047 11 4.5 IR-DB2 0.72 0.83 1150 0.2 0.05 12 5

PP (L-b) STR273 CPX13 A1 0.8 Core-DB1 0.74 0.81 1145 0.4 0.1 - - - - - -

PP (L-b) STR273 CPX18 B 0.7 Core-DB1 0.72 0.84 1150 0.05 0.02 DB1-IR 0.84 0.72 1047 4.8 1.8 IR-DB2 0.73 0.83 1150 0.01 0.01 5 2

PP (L-b) STR273 CPX20 B 1 - - - - - - - - - - - - IR-DB 0.72 0.83 1145 0.27 0.1 - -

PP (L-b) STR273 CPX21 A1 1.5 Core-DB1 0.73 0.84 1165 1.9 0.5 - - - - - - - - - - - - - -

PP (L-b) STR273 CPX25 A1 0.7 - - - - - - IR-DB 0.74 0.83 1145 2.3 0.6 - - - - - - - -

PP (L-b) STR273 CPX 101 B 1 DB1* 1045 106 31 IR-DB2 0.72 0.82 1150 0.01 0.01 - - - - - - 106 31

PP (L-b) STR273 CPX 105 B 0.8 - - - - - - IR-DB 0.72 0.82 1150 0.02 0.01 - - - - - - - -

PP (L-b) STR273 CPX 106 A1 0.7 - - - - - - - - - - - - DB* 1047 26 8 26 8

PP (L-b) STR273 CPX 107 B 1 DB1* 1047 51 58 - - - - - - DB2* 1047 95 30 146 65

PP (L-b) STR273 CPX 108 B 1 DB2* 1047 4.7 3.5 - - - - - - DB3* 1047 4.7 2 9.4 4.1

PP (L-b) STR273 CPX 110 A1 1.2 - - - - - - - - - - - - DB* 1047 58 22 58 22

PP (L-b) STR273 CPX 111 A1 1 - - - - - - - - - - - - DB* 1047 124 36 124 36

PP (L-b) STR273 CPX 113 A1 1 Core-DB 0.73 0.83 1150 2.8 1.4 - - - - - - DB-IR 0.83 0.76 1089 7.8 3 11 3

PP (L-b) STR276 CPX1 A1 1 - - - - - - IR-DB 0.73 0.83 1150 0.01 0.01 - - - - - - - -

PP (L-b) STR276 CPX3 A1 1.5 - - - - - - IR-DB 0.73 0.85 1165 1.0 0.9 DB-Rim 0.85 0.72 1045 44 13 45 13

PP (L-b) STR276 CPX10 A1 1 - - - - - - IR-DB 0.72 0.83 1145 0.7 0.6 DB-Rim 0.83 0.72 1045 20 7 21 7

PP (L-b) STR276 CPX15 A1 0.8 Core-DB 0.72 0.84 1165 0.1 0.2 - - - - - - DB-Rim 0.84 0.73 1045 19 6 19 6

PP (L-b) STR276 CPX23 A1 1 - - - - - - IR-DB 0.74 0.82 1150 0.1 0.1 DB-Rim 0.82 0.73 1045 6 2 6.1 2.0

PP (L-b) STR276 CPX101 A1 1.5 Core-DB 0.71 0.83 1145 0.1 0.7 - - - - - - DB-Rim 0.83 0.71 1045 19 8 19 8

PP (L-b) STR276 CPX 106 B 1.5 - - - - - - - - - - - - IR-DB 0.72 0.85 1170 0.12 0.05 - -

PP (L-b) STR276 CPX 107 A1 0.8 Core-DB 0.78 0.85 1170 9 0.9 - - - - - - DB2* 1045 48 14 56 14

PP (L-b) STR 276 CPX 108 A1 0.8 DB1* 1047 35 12 IR-DB2 0.72 0.79 1115 0.01 0.09 DB2-Rim 0.79 0.72 1047 0.3 0.3 35 12

PP (L-b) STR276 CPX 109 A1 0.8 Core-DB 0.72 0.79 1115 1.5 0.5 - - - - - - - - - - - - - -

PP (L-b) STR 276 CPX 110 A1 0.8 - - - - - - - - - - - - DB* 1047 15 4.4 15 4

PP (L-b) STR 276 CPX111 A1 0.8 - - - - - - - - - - - - DB* 1047 41 13 41 13

PP (L-b) STR 276 CPX 112 A1 0.9 DB1* 1047 13 10 IR-DB2 0.72 0.81 1130 1.5 1.1 DB2-Rim 0.81 0.70 1047 9.9 6.1 24 11

PP (L-b) STR 276 CPX 113 A1 0.8 Core-DB 0.72 0.81 1130 6 2.1 - - - - - - - - - - - - - -

PP (L-b) STR 276 CPX 114 A1 1 Core-DB 0.73 0.83 1150 2.1 0.7 - - - - - - - - - - - - - -

PP (L-b) STR 276 CPX 115 A1 0.5 - - - - - - IR-DB 0.71 0.82 1150 0.01 0.01 DB-Rim 0.82 0.70 1047 0.4 0.2 0.5 0.2

PP (L-b) STR 276 CPX 116 A1 0.7 - - - - - - - - - - - - DB* 1047 20 5.8 20 6

PP (L-b) STR 276 CPX 118 B 1 Core-DB 0.73 0.81 1130 1.7 0.9 - - - - - - DB-IR 0.81 0.75 1047 9.6 3.6 11 4
PP (L-b) STR 276 CPX 120 A1 0.8 - - - - - - - - - - - - DB* 1047 69 20 69 20

0.79
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0.820.81

0.79

0.79

0.80
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Footnotes: elemental diffusion modelling has been carried out on single selected crystals of zoned clinopyroxene, using the NIDIS model (Petrone et al., 2016). The error propagation at 66% confidence level on the time estimate 

is reported considering the uncertainty on both 4Dt and T (2sd and 1sd, respectively), see Supplementary 2 Table S4 for details. Symbols: * timescales obtained by the application of the analytical diffusion equation within a 

finite reservoir of limited extent assuming the low-T conditions calculated for the evolved zones. The initial conditions have been inferred from the average DB (diopsidic band) composition of each sample and calibrated on the 

basis of greyscale profiles (Supplementary 2 Tab. S4 for detail); "- " not calculated. For multi-banded crystals the modelled DBs have been progressively numbered from core to rim; grey background indicate the crystals with 

anomalous profiles where only partial timescales have been determined, see Δt4 in Fig. 7 and 8. In multi-banded crystals having two Δt1 the second one is related to the timescale calculated at low-T on the more external 

boundary of the DB using the semi-infinite equation; IR= inner rim.
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