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Supplementary Material 1  - Rapid mixing and short storage timescale in the magma dynamics of 
a steady-state volcano (Petrone, C.M., Braschi, E., Francalanci, L., Casalini, M., Tommasini, S.) 
 

Representative photographs and schematic stratigraphic sequence of the studied outcrops 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S1 Representative photographs and schematic stratigraphic sequence of the studied outcrops. 
(see Fig.1a in the main text for location). 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). 
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Extended caption for 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 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 Dt=Dt1+Dt2. Where Dt2 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). Dt1 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 Dt4 and Dt3 obtained, according to 

the NIDIS model, as follows: Dt3 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., Dt2); Dt4 

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 Dt4 and Dt3 gives the 

effective diffusion timescale (Dt1) 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 
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detailed in Supplementary 1. In multi-banded crystals (c, e) the DBs are numbered 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.  

	 	



	 4	

Greyscale proxy of Mg# variation 
	
The high-resolution back-scattered electron (BSE)-SEM images of the clinopyroxene reported in 

Fig. S2 has been chosen as representative examples to demonstrate that the greyscale values 

can be used under certain circumstances (i.e., negligible Ca variation) as a proxy of Mg# 

[Mg/(Mg+Fe+Mn) at.] values. 

The greyscale value (i.e., the brightness) of the BSE-SEM image depends upon the ETA values 

of the mean atomic number of the sample volume interacting with the electron beam. Thus, the 

formula unit weight of each spot analysis strictly correlates with the corresponding grey value.  

Ca (at. wt. 40.08 g mol-1) has an ETA fraction variation from core to rim negatively correlated with 

the ETA value of each spot analysis, meaning that Ca cannot cause the increase of brightness of 

the BSE-SEM image (as also reported by Petrone et al., 2016).  

           

Figure S2 - (continue) 
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Figure S2 - (continue) 
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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. 
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Temperature estimations 

Equilibrium temperature is one of the main critical parameter in elemental diffusion modelling 

(e.g., Morgan et al., 2004; Costa and Chakraborty 2008; Muller et al., 2013; Petrone et al., 

2016) due to the exponential dependence (i.e., Arrhenius-type equation) of the (chemical) 

diffusion coefficient (D) to temperature, which dictates the rate of elemental inter-diffusion at 

compositional boundaries within solid crystal upon system closure (e.g., Costa and 

Chakraborty, 2008; Cherniak and Dimanov, 2010; Costa and Morgan 2011). In this light, the 

temperature uncertainty is critical to elemental diffusion modelling, and remains the largest 

source of error. 

In the case of Stromboli, the Present-day system is well constrained from both the petrological 

and chemical-physical point of view (e.g., Francalanci et al., 2004; Landi et al., 2006; Bertagnini 

et al., 2008; Metrich et al., 2010; Pichavant et al., 2011). It is well known that at Stromboli two 

different products, representative of two distinct magmas feeding the Present-day activity, are 

erupted: (i) lp pumice, representing the fresh, phenocryst poor magma, rich in volatile and 

erupted only during paroxysms (Francalanci et al., 1999); (ii) hp lavas and scoriae, the highly 

porphyritic magma that is originated from the lp-magma upon storage, crystallisation, mixing 

and homogenization within the shallow magma chamber (Francalanci et al., 1999). The hp is a 

shoshonitic basaltic magma erupted as highly degassed black scoriae during the normal 

Strombolian activity and paroxysms. 

The intensive parameters of both hp and lp magmas have been assessed by several authors 

(e.g., Métrich et al., 2001, Francalanci et al., 2004; Cortés et al., 2006, Di Carlo et al 2006, 

Pichavant et al., 2009), on the basis of experimental petrology, melt inclusion analyses, 

geothermometer and geobarometer modelling. Consequently, there is now a consensus in 

literature on the following estimated values of intensive parameters for both lp and hp 

magmas: T = 1098±15 °C (2sd), P < 100 MPa, H2O = 0.2 wt.%, fO2 = NNO+1 for the hp-

magma and T = 1150±10 °C (2sd), P = 100--270 MPa, H2O = 3.0±1 wt.% and fO2 = NNO+0.5 

for the lp-magma. In contrast, intensive parameters of the Post-Pizzo system are poorly 
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constrained, although, as supported in this study, the Post-Pizzo activity is the direct precursor of 

the Present-day activity (Francalanci et al., 2013, 2014). The Post-Pizzo clinopyroxenes have the 

same Mg# range of those of the Present-day (Francalanci et al., 2004; Landi et al 2006), implying 

that the former likely crystallised at similar temperatures of the latter from similar magmas (proto-

lp and proto-hp). 

In order to evaluate the magmatic equilibrium temperatures for the PP and the EP 

clinopyroxenes, the clinopyroxene-liquid geothermometer of Putirka (2008) was applied (eqs. 

33 and 34 in Putirka, 2008) to all the clinopyroxene crystals selected for diffusion modelling. 

We first checked the clinopyroxene-liquid equilibrium condition (Fig. S3), then calculated the 

temperature (F ig .  S4)  and evaluated the consistency with temperature estimates from 

literature (Métrich et al., 2001; Francalanci et al., 2004; Cortés et al., 2006, Di Carlo et al., 

2006, Pichavant et al., 2009). 

         

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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Chemical composition of magmatic end-members (i.e., proto-hp and proto-lp), was chosen on 

the basis of the existing wide knowledge of the Stromboli magmatic system (data from this 

study, Francalanci et al., 1999, 2004, 2013; Bertagnini et al., 2003, 2008). The composition of 

STR9/96d of Francalanci et al. (1999), PST9 of Pichavant et al. (1999) and two melt inclusions 

(MI) from Metrich et al. (2001) and Bertagnini et al. (2003) were chosen as representative of 

the proto-lp magma refilling the system, and thus used to test the equilibrium conditions with 

the high-Mg# DBs (Fig. S5). The STR9/96d gave good equilibrium conditions for DBs of PP 

samples, whereas the PST9 and the MI equilibrate well with the DBs of clinopyroxene from the 

EP sample.  

             

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. 
 

Glass compositions measured by WDS electron microprobe (EMPA) on our samples 

(Supplementary 2 Tab. S2) were used as representative composition of the proto-hp magma, 

and thus the equilibrium was tested against the augitic composition of clinopyroxene rims. The 
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same equilibrium conditions were then extrapolated for clinopyroxenes cores and inner 

portions with similar composition. We also assumed a pressure of 1 kbar and H2O content of 

0.2 wt.%, corresponding to the conditions generally accepted for the hp reservoir and 

considering a rapid degassing of lp-magma once injected into the shallow reservoir. 

Clinopyroxene-liquid equilibrium was tested on the basis of KD(Fe-Mg)cpx-liq = 0.27 ± 0.03 

(Putirka, 2008) and only clinopyroxenes satisfying the equilibrium test were used for 

calculation with the clinopyroxene-liquid thermometer (Fig. S4) The equilibrium test indicates 

that the augitic low-Mg# core and rim are in equilibrium with the proto-hp magma, whereas the 

diopsidic high-Mg# bands (DB) are in equilibrium with the proto-lp magma. 

         

Figure S5 - SiO2 versus K2O plot showing the composition of possible mafic input compositions in 
the PP-EP 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 low-Mg# 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. 
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The calculated temperatures are reported in figure S4. The results from both Eqs. 33 and 34 

(Putirka, 2008) are shown and the expected Mg# vs. T °C positive correlation is well-defined. 

The results from the two equations are fully comparable, despite a very small shift towards 

lower values for the results obtained by Eq. 33, which is, however, within the geothermometer 

uncertainty (Putirka, 2008). Given the good correspondence between T obtained via the two 

equations, and considering the fact that Eq. 34, yields temperatures at which a liquid will 

become saturated with clinopyroxene at a given pressure, for our diffusion calculation we 

considered only the temperature values obtained by the application of this latter equation. 

For the EP sample (STR275), the calculated temperatures of the low-Mg# cores (0.72-0.74) 

and rims (0.75-0.78) were 1045 °C and 1089 °C respectively, whereas those of the DB (Mg# = 

0.87-0.89) were 1180 °C (for a total of 15 crystals processed). For the PP samples, we 

obtained the same low-T (1047 °C) values for the low-Mg# (0.71-0.73) cores and rims, but lower 

temperature of 1150-1170 °C for the DB (Mg# = 0.83-0.86) (for a total of 45 crystals processed).  

We also applied the MELTS software package (Ghiorso and Sack, 1995; Asimov and Ghiorso, 

1998) to simulate the theoretical composition and equilibrium temperature of clinopyroxene 

crystallising from the abovementioned end-member melts, from which both the low- and the 

high- Mg# (DB) compositions crystallised. MELTS results indicate that equilibrium temperatures 

for the EP sample (STR 275) are 1050 °C for the low-Mg# portions (average 0.75) and 1180 

°C for the DB (Mg# 0.88). The equilibrium temperatures for the low-Mg# (average 0.72) 

portions of the PP samples (STR276, STR 273, STR277) are in equilibrium at T of 1035 °C, 

whereas the equilibrium T for the DBs (average 0.84) is 1145 °C. 

The temperature estimates based upon the clinopyroxene-liquid geothermometer of Putirka 

(2008) and cross-checked with the MELTS software package yield consistently similar results 

(within ±15-20 °C), and match the Present-day temperature estimates (Métrich et al., 2001; 

Cortés et al., 2006; Di Carlo et al., 2006; Pichavant et al., 2009). This gives us confidence that 

we can safely use a temperature uncertainty of ±20 °C (2sd). 
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NIDIS model: parameters, related errors and timescale detection limit 

Fe-Mg elemental diffusion modelling has been carried out on single selected crystals of zoned 

clinopyroxene at The Natural History Museum of London (NHM), Imagining and Analysis Center 

(IAC) and Department of Earth Sciences (DES), using the NIDIS model (Petrone et al., 2016). 

Clinopyroxenes were 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 face were selected for analysis and only the [100] direction was analysed for a total of 

ca. 15-20 crystals per samples.  

For each crystal, high-resolution core-rim compositional profile, ~2.5-3 μm step size, of each zoned 

area were obtained using a Cameca SX100 electron microprobe. High resolution electron back-

scattered (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 and the FEI 

Quanta 650 FEG SEM, both operated at 15 KeV and 100 μA electron current and 15 mm WD 

(working distance). The LEO images were acquired with the INCA software accumulating eight 

frames of 2046 x 1536 pixel each, the FEI Quanta images were acquired on 8 lines integration with 

20 μs dwell time at a resolution of 1536 x 1024 pixel. The high-resolution BSE-SEM 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). The initial conditions of each 

greyscale profile have been inferred from the plateaux or from the average DB composition, when 

using the finite reservoir equation (Petrone et al., 2016), and calibrated on the basis of 

compositional profiles (Supplementary 2 Tab. S4). 
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NIDIS package requires several input variables to run the curve fitting protocol and to obtain the 

timescales from the greyscale profile fit (Petrone et al., 2016), namely: the inter-diffusion coefficient 

of the interested elements (i.e., DFe-Mg), the activation energy (DH), the estimated temperature 

(T°C), together with the associate error value (1sd). In this work, we modelled the clinopyroxenes 

using the Fe-Mg diffusion coefficient Do=9.5x10-5 m2s-1 and activation energy DH=406 kJ mol-1 of 

Dimanov and Sauter (2000).  

An error of ± 20 °C (2sd) has been estimated on the calculated temperatures (see above), 

which translates in a propagated error on residence time of some 45-55% uncertainty (2sd) 

when coupled with the uncertainty in the 4𝐷𝑡 parameter (see also Petrone et al., 2016). For 

the sake of clarity, the uncertainty on residence times is reported at 1sd level in Table 1 and Fig. 

7. 

The lower timescale limit that can be discerned with the greyscale method depends upon the 

uncertainty on the fit parameter 4𝐷𝑡, the pixel resolution of the BSE-SEM greyscale, and the 

value of the diffusion coefficient D. The uncertainty on 4𝐷𝑡	of our modelled profiles is always 

better than 5% (most of the modelled profile have a 4𝐷𝑡	uncertainty better than 2%) implying 

that the 4𝐷𝑡parameter can be always resolved without overlapping. 

The BSE-SEM greyscale resolution is always better than 0.3 μm and the lower timescale limit 

depends on when we can start detecting a change on the error function equation from the initial 

conditions at t=0. The 4𝐷𝑡 parameter is a function of time and diffusion coefficient, and the 

higher the temperature the faster the diffusion. Referring to Fig. 7 of the main text, the lowest 

resident times are those of group B crystals (Dt2 at high-T, close to 0.001 yrs or 0.4 days). The 

BSE greyscale resolution of those crystals is better than 0.2 μm per pixel and the diffusion 

coefficient is 1.52x10-19 m2s-1 (T= 1160°C). Assuming as a lower limit of the BSE greyscale 

resolution, three times the pixel dimension (i.e., 0.6 μm), we can clearly start detecting the 

change of the diffusion profile from the initial conditions after only 1 day (0.0027 yrs). This is 

illustrated in the diagram below (Fig. S6) enlarging the x-axis (from -1 to 1 μm) and using, as an 

example, two greyscale profiles (STR277- 4CPX103 and CPX111) whose crystal residence time 
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is 0.003 yrs (1.1 days) and 0.005 yrs (1.8 days), respectively (Tab. 1, main text). 

 

Figure S6 - The two greyscale profiles have been normalised for homogeneity: y-axis from 1 to 0, x-
axis from -1 to 1 µm. The diffusion profile at 0.2 µm 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). 
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