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Deep Magma Storage Revealed by Multi-Method Elemental Mapping of Clinopyroxene Megacrysts at Stromboli Volcano
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The magmatic architecture and physicochemical processes inside volcanoes influence the style and timescale of eruptions. A long-standing challenge in volcanology is to establish the rates and depths of magma storage and the events that trigger eruption. Magma feeder systems are remarkably crystal-rich, and the growth stratigraphy of minerals sampled by erupted magmas can reveal a wealth of information on pre-eruptive processes. Here we combine detailed textural and chemical data acquired on large (>5 mm), euhedral augite megacrysts from Roman era activity (Pizzo scoria cone, 2.4–1.8 ka) at Stromboli (Italy) to investigate the plumbing system prior to the onset of current steady-state activity. Our dataset includes novel laser ablation time-of-flight mass spectrometry (LA-ICP-TOFMS) maps, which rapidly visualise multi-element zoning patterns across entire megacryst sections. The clinopyroxene data are complemented with geochemical constraints on mineral and melt inclusions, and adhering glassy tephra. Megacrysts are sector and oscillatory zoned in trace elements, yet their major element compositions are relatively uniform and in equilibrium with shoshonite-buffered melts. Mild sector zoning documents dynamic crystallisation under conditions of low undercooling during magma residence and growth. Clinopyroxene-melt thermobarometric and hygrometric calibrations, integrated with thermodynamically derived equilibrium equations, accurately track the P-T-H2O path of magmas. The refined models return restricted crystallisation depths that are deeper than those reported previously for historical and current eruptions, but consistent with deep clinopyroxene-dominated crystallisation (≥10 km), resembling other water-rich alkaline mafic systems. Megacryst cores are overgrown by oscillatory zoned mantles recording continuous input of magma that failed to trigger eruption. Crystal rims are characterised by a mild increase in compatible transition metals Cr and Ni, and depletion in incompatible elements, indicative of pre-eruptive mafic replenishment and magma mixing. The volcanic system appears to have been dominated by protracted periods of replenishment, convection, and crystal residence, punctuated by rapid megacryst evacuation and eruption upon arrival of more mafic magma (days-weeks). Since the inception of current steady-state activity, eruption-triggering melts have become appreciably more mafic, suggesting that intrusion of primitive magma may be a key driver of the steady-state regime.
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INTRODUCTION

The depths and rates of magma storage, transport, mixing, and eruption are of fundamental importance in igneous petrology, and key in the interpretation of monitoring signs at active volcanoes (e.g., McNutt, 2005; White and McCausland, 2016; Biggs and Pritchard, 2017; Cashman et al., 2017). The pathway of mantle-derived magmas through the crust to eruption can be highly convoluted and includes protracted magma segregation, stagnation, and crystallisation in vertically extended mush columns (Cashman et al., 2017), often conspiring against magmas reaching the Earth's surface. As a result, most magmas do not erupt (Putirka, 2017). Indeed, measurements of degassing at active volcanoes infer volumes of shallow magma that greatly exceed erupted volumes (Shinohara, 2008). Understanding the intensive parameters and timescales of the processes that modulate volcano plumbing systems, and identifying those that tip volcanoes to the point of eruption, are key research directions in modern petrology and volcanology (e.g., Putirka, 2017).

Stromboli volcano (Aeolian archipelago, Italy; Figure 1) constitutes an ideal natural laboratory for the detailed investigation of magmatic processes and eruption triggers on geological, to historical, to human timescales (e.g., Francalanci et al., 2013). The stratovolcano is an archetype of steady-state activity, where continuous input of basaltic magma has maintained persistent volcanism for centuries, affording the volcano the unique moniker “Lighthouse of the Mediterranean” (Rosi et al., 2013 and references therein). Frequent mild explosions (every 10–20 min) eject crystal-rich black scoriae sourced from a shallow, highly porphyritic (HP) reservoir. The regular “Strombolian” activity is periodically interrupted by more energetic short-lived blasts, “paroxysms,” the latest examples of which occurred on July 3rd and August 28th, 2019. Paroxysms typically erupt HP magma mingled with crystal-poor, volatile-rich, more primitive “golden” pumice fed from a deep, low porphyritic (LP) reservoir. More rarely, the volcano produces lava flows, similar in composition to the regular black scoriae and also sourced from the HP reservoir (e.g., Armienti et al., 2007). An improved understanding of the processes controlling the different eruptive styles is a high priority for civil defence (Burton et al., 2007). Syn-eruptive mixing and mush recycling is recorded by chemical and isotopic heterogeneities at the mineral scale, preserved as complex textures in plagioclase and clinopyroxene (e.g., Landi et al., 2004; Francalanci et al., 2005, 2012; Armienti et al., 2007; Bragagni et al., 2014; Petrone et al., 2018). Olivine-hosted melt inclusions locate the current LP-HP double-tier storage system at ca. 10 and 3 km, respectively (Aiuppa et al., 2010; Métrich et al., 2010), within a vertically extended mush column. Precisely locating distinct reservoirs throughout the history of Stromboli volcanism is crucial given the hazard potential of activating magma pockets with distinct crystallinity and volatile contents. However, independent petrological estimates based on mineral-melt equilibrium have been hampered by a lack of calibrations appropriate for Stromboli magmas.
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FIGURE 1. (a) Location of the island of Stromboli in the Aeolian archipelago, Sicily Province, southern Italy. (b) Aerial view of Stromboli from Google Earth, outlining summit sample area (Pizzo; solid white square). Dashed white inset denotes location of the geological map in (c). (c) Simplified geological map of the Stromboli summit area (modified after Petrone et al., 2018). Legend includes age of eruptive units. The Post-Pizzo activity lacks absolute age constraints but is considered coeval to the Bastimento lavas on the basis of geochemical characteristics (Francalanci et al., 2013). Sampling site is marked with a white star on the map: the clinopyroxene megacrysts were collected from the partially collapsed Pizzo-o-Sopra-la-Fosa (Pizzo) scoria cone, which represents the best viewpoint for observing the Present-day activity at the summit of Stromboli volcano (Francalanci et al., 2014).



Products erupted during the last two millennia encompass three successive periods of activity (Figure 1C): Epoch 6a (Pizzo, San Bartolo, Bastimento, and Post-Pizzo), 6b and 6c (<1.2 ka Present-day activity; Francalanci et al., 2013). In a recent study on the eruptive products of the Post-Pizzo and the Present-day activity, Petrone et al. (2018) concluded that steady-state activity was already established in the Post-Pizzo period. Using bulk rock and clinopyroxene compositions, together with Fe-Mg diffusion modelling of clinopyroxene zoning, Petrone et al. (2018) suggested a link between the arrival of mafic shoshonite magma and the development of a very well-stirred, dynamic plumbing system characterised by rapid mixing and short-storage timescales. The power of mafic intrusions as drivers of enhanced magmatic activity has also been highlighted through clinopyroxene compositions at Mt. Etna (Ubide and Kamber, 2018), a larger stratovolcano situated on the island of Sicily (Figure 1) and characterised by annual volcanic activity. At Stromboli, the question remains as to whether the steady-state activity started in Post-Pizzo times or even earlier. Most importantly, there is a need to better understand the key magmatic processes and plumbing system architectures that bring about changes in eruptive activity through time.

Previous products of Roman era volcanism (2.4–1.8 ka; Pizzo activity; Figure 1) crop out near the summit of Stromboli and include pyroclastic deposits that can be compositionally divided into two subgroups: shoshonites (similar to Post-Pizzo and Present-day activity eruptive products) and high-K basalts (common in pre-Pizzo activity but not observed subsequently; Francalanci et al., 2013, 2014). Geochemical investigations on the Pizzo deposits are challenging due to strong alteration by acidic fumarolic gases emitted from the active craters (Francalanci et al., 2014 and references therein). However, detailed stratigraphic and geochemical studies reported that the two compositional subgroups, while coeval, were fed by independent reservoirs located at distinct depths (inferred at ~3 km for the shoshonites and ~9–11 km for the high-potassium basalts; Francalanci et al., 2014). The lack of interaction between deep and shallow Pizzo reservoirs contrasts with the current LP-HP configuration, suggesting that the plumbing system may have been distinct during Pizzo compared to more recent times. Fresh, perfectly euhedral clinopyroxene (augite) crystals have been long described in these outcrops (Kozu and Washington, 1918) and provide an exciting opportunity to help disentangle protracted magmatic histories and P-T-H2O constraints for a potential turning-point in the eruptive history of Stromboli.

Clinopyroxene is stable over upper mantle and crustal conditions and has low chemical diffusivity, affording the potential to trace eruption triggering mechanisms and timescales in basaltic to intermediate volcanoes (Putirka, 2017; Petrone et al., 2018; Ubide and Kamber, 2018). The composition of clinopyroxene is highly sensitive to pressure, temperature, and melt water content, and recently optimised calibrations on water-rich, mafic alkaline melts (Perinelli et al., 2016; Mollo et al., 2018) open the possibility of new constraints on the architecture of the plumbing system feeding volcanism at Stromboli. Moreover, a recent reappraisal of sector zoning in clinopyroxene (Ubide et al., 2019) has shown that sector-zoned crystals can provide insight not only into magmatic histories and eruption triggers, but also into magma cooling rates and reservoir dynamics. At Stromboli, sector-zoned clinopyroxene has been reported in the products of historical eruptions (Métrich et al., 2010) but to date, the occurrence, record, and implications of sector zoning have remained largely overlooked.

Here we apply a combination of detailed petrography and in-situ major and trace element analysis and mapping of clinopyroxene megacrysts (>5 mm) from the Pizzo activity in Roman times, to explore pre-eruptive processes and plumbing system architecture through protracted growth histories. Megacryst sections were prepared parallel and orthogonal to the c crystallographic axis to investigate three-dimensional zoning relationships. We applied a multi-method mapping approach combining electron microprobe, laser ablation quadrupole mass spectrometry (Ubide et al., 2015), and novel laser ablation time-of-flight maps (Burger et al., 2015, 2017) for a detailed investigation of zoning patterns, inclusion populations, and their textural context. Petrological results and P-T-H2O estimates of clinopyroxene crystallisation bring new insights into deep magma dynamics and the inception of steady-state activity at Stromboli. Our integrated elemental mapping approach highlights methodological advantages, considerations and limitations, providing guidance for the effective investigation of crystal zoning in magmatic systems elsewhere.

THE CLINOPYROXENE MEGACRYSTS

Clinopyroxene megacrysts were collected at the summit of Stromboli volcano in June 2016, from the remnants of the partially collapsed Pizzo-o-Sopra-la-Fosa (Pizzo) scoria cone (Figure 1) which currently forms the best viewpoint for observing the Present-day activity (Francalanci et al., 2014). We collected a single bulk sample that comprises pervasively altered, unconsolidated ash- to lapilli-sized scoria from the top of the Roman-age Pizzo sequence (2.4–1.8 ka; Francalanci et al., 2014, see “psf” in their Figure 2). Loose, perfectly euhedral and fresh clinopyroxene megacrysts (>5 mm), often occurring as glomerocrysts, were readily hand-picked from the weathered scoria. Although the origin of the sample cannot be definitively constrained, the extremely friable nature of the matrix material and presence of loose single megacrysts is consistent with the large crystals having weathered out over the last several thousand years. Megacryst preparation and petrographic observations were undertaken at the School of Earth and Environmental Sciences at The University of Queensland.

Fifty-three megacrysts were carefully cleaned (10–45 min ultrasonication cleaning cycles in 3.5N HCl, milli-Q water, and finally ethanol), weighed, measured, and photographed (Figure 2). Crystals were named sequentially based on mass (30–550 mg, clinopyroxene 1 is the lightest) and range from 4 to 17 mm in length. The megacrysts have polyhedral habits following the augite crystal model (e.g., Downes, 1974; Leung, 1974; Ubide et al., 2019), characterised by a consistent set of dominant crystal forms {100}, {110}, {010} perpendicular to the c-axis, and {−111} along the c-axis (Figure 3). Twins on {100} yield swallow-tail crystals elongated along the c-axis. Less commonly, twins on {101} form cross-shaped crystals (e.g., Welsch et al., 2016). Non-symmetrical crystal intergrowths are also common. A number of crystals have inclusions of olivine/plagioclase on the surface and/or are partially coated with glassy matrix. Olivine, plagioclase, and matrix glass are variably altered, whereas the clinopyroxenes are invariably fresh.
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FIGURE 2. Selection of 12 clinopyroxene megacrysts analysed in this study. The crystals are perfectly euhedral augites, oriented with their c crystallographic axis in vertical position (following the scale bar). Crystals 2, 7, 11, 23, 27, 31, 34, and 44 are laying on {100}, whereas 1, 13, and 46 are slightly rotated around the c-axis showing {110} in the foreground. Samples 11 and 13 are swallow-tail crystals twinned on {100}. Often, crystals have inclusions of olivine on the surface, remnant inclusion indentations (e.g., 31), and/or are coated with glassy matrix (e.g., 34). Sample 49 is a complex glomerocryst.
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FIGURE 3. Crystal model based on the habit of sample 31 (Figure 2) and following the 12-pyramid morphological model of augite (e.g., Downes, 1974; Leung, 1974; Ubide et al., 2019). The crystal is composed of a total of 12 pyramidal sectors: 8 prism sectors growing perpendicular to the c-axis, including the forms {100} x2, {110} x4, and {010} x2, plus 4 hourglass sectors of the form {−111} growing along the c-axis. The bottom panel shows theoretical sections along and across the c-axis, which expose the prism and hourglass sectors in markedly different locations and shapes. The sections along the c-axis are orthogonal to those shown in Ubide et al. (2019): in the present study, elongated sections were prepared along the c-b-axes, as opposed to the a-c-axes in Ubide et al. (2019). Note that the angular outline of the hourglass form, generating “valleys” that translate into “indentations” of sector {−111} in two-dimensional crystal sections.



A subset of 12 representative megacrysts (Figure 2; Supplementary Table 1) were embedded in resin mounts with their {100} plane face down. Where possible, mounts were then cut in half to expose a cross section perpendicular to the c-axis (basal section, named “B”). The two halves were remounted in resin, one parallel and one perpendicular to the c-axis, and polished. The section parallel to the c-axis (named “C”) was polished down to the middle of the crystal with the aim of exposing the entire core-to-rim growth pattern. Reflected light microscopy and back-scattered electron (BSE) imaging guided the selection of crystal sections of interest for in-situ analysis and mapping. A summary of crystal sections analysed and techniques applied is provided in Supplementary Table 1.

ANALYTICAL METHODS

Major Element Analysis and Mapping Using Electron Microprobe

A total of seven sections from five crystals were analysed for major element compositions by electron probe microanalysis (EPMA) at INGV Rome, using a JEOL JXA-8200 instrument equipped with five wavelength dispersive spectrometers. Analyses were performed on carbon-coated resin mounts under high vacuum conditions, using an accelerating voltage of 15 kV, an electron beam current of 7.5 nA, and a beam diameter of 5 μm. Elemental counting times were 10 s on the peak and 5 s on each of two background positions. Corrections for inter-elemental effects were made using a ZAF (Z: atomic number; A: absorption; F: fluorescence) procedure. Calibration was performed using a range of standards from Micro-Analysis Consultants (MAC; http://www.macstandards.co.uk): albite (Si-PET, Al-TAP, Na-TAP), forsterite (Mg-TAP), augite (Fe-LIF), apatite (Ca-PET, P-PET), orthoclase (K-PET), rutile (Ti-PET), and rhodonite (Mn-LIF), as well as JEOL Cr metal (Cr-LIF). Rim-to-rim and rim-to-core profiles were acquired at 5, 10, or 20 μm step spacing along 1,150–6,300 μm transects. Additional spots targeted mineral and melt inclusions across the megacrysts and in the adhering glassy matrix, where present. Results were screened based on stoichiometry and analytical totals, and the final dataset comprises >3,000 analyses (Supplementary Tables 2–7). Smithsonian augite (Jarosewich et al., 1980) and MAC augite were used as quality monitor standards; accuracy and precision were better than 1–5% except for elemental abundances below 1 wt.%, for which accuracy was typically better than 1–10% (n = 20). For EPMA mapping, we used 2.5 × 2.0 to 3.0 × 2.5 μm pixel size and 60 to 90 ms dwell time per pixel, measuring up to five elements per analysis (one per diffracting crystal). Mapped areas varied in size from 2,560 × 2,048 μm to 3,072 × 2,560 μm, with total analytical run times of 19 h 36 min to 29 h 13 min.

Trace Element Mapping Using LA-ICP-QMS

Eleven crystals were investigated using high-resolution laser ablation inductively coupled plasma quadrupole mass spectrometry (LA-ICP-QMS) trace element mapping, following the rastering technique described in Ubide et al. (2015). Most of the crystals were mapped both perpendicular and parallel to the c-axis (B and C sections, respectively). Given the large size of the crystals, we selected mapping strips across different crystal faces to reduce analytical run times. In order to effectively resolve elemental zoning in two dimensions across large crystal faces, strips were typically oriented orthogonal to each other.

Mapping experiments were carried out at The University of Queensland Centre for Geoanalytical Mass Spectrometry, Radiogenic Isotope Facility (UQ RIF-lab). We used an ASI RESOlution 193 nm excimer UV ArF laser ablation system with a dual-volume Laurin Technic ablation cell, coupled to a Thermo iCap RQ quadruple mass spectrometer. The laser system was operated with GeoStar Norris software and the mass spectrometer with Qtegra software. Ablation was performed in ultrapure He (grade 5.0, 99.999% purity) to which the Ar make-up gas and a trace amount of N2 was added for efficient transport and to aid ionisation. Details of laser parameters, gas flows, and mass spectrometer set-up are given in Table 1. The instrument was tuned with scans on NIST SRM 612 glass. Elemental maps were built with Iolite (Paton et al., 2011) v2.5 in quantitative mode, using NIST SRM 612 as calibration standard and calcium concentrations in clinopyroxene obtained previously by electron microprobe (21.4 ± 0.3 wt.% CaO; n = 2,924) as internal standard. Accuracy and precision were monitored using BHVO-2G, BCR-2G, BIR-1G, and GSD-1G glass reference materials as quality monitor standards (http://georem.mpch-mainz.gwdg.de/). Accuracy was typically better than 1–10% and precision better than 1–5% (n = 5 for each glass reference material). Limits of detection (Longerich et al., 1996) were at the sub-ppm level for most analysed elements and ≤2 ppm for Na and Cr (Table 1).


Table 1. Instrument parameters used for laser ablation micro-chemical mapping experiments.
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Multi-Element Mapping Using LA-ICP-TOFMS

Five sections of crystals 31, 34, and 46 were also mapped using laser ablation inductively coupled plasma “time-of-flight” mass spectrometry (LA-ICP-TOFMS) at TOFWERK AG (Thun, Switzerland). We used an icpTOF time-of-flight mass spectrometer (TOFWERK AG, Thun, Switzerland) coupled to an Analyte G2 193 nm excimer laser ablation system (Teledyne CETAC Technologies, Omaha, USA). The laser system was equipped with a HelEx II dual-volume ablation cell and an Aerosol Rapid Introduction System (ARIS) for fast washout of the sample aerosol (Teledyne CETAC Technologies, Omaha, USA). Helium was used as the transport gas, and Ar was added inside the ARIS device prior to introduction of the sample gas into the plasma (see method parameters in Table 1). The Analyte G2 laser ablation system was operated with Chromium software (Teledyne CETAC) and the icpTOF mass spectrometer was operated with TOFpilot software (TOFWERK AG). The instrument was tuned with scans on NIST SRM 612 glass. A notch filter was applied to attenuate the Ar peak at 40 m/q.

For analysis of the clinopyroxene samples, “spot-resolved” imaging was performed. This implies that each individual laser shot results in one multi-element pixel in the image (e.g., Burger et al., 2017; Bussweiler et al., 2017). The laser was programmed to raster across the sample area along an array of side-by-side, non-overlapping spots. Based on the signal duration resulting from one laser shot on the sample (measured to be <100 ms), a laser repetition rate of 10 Hz was used. The icpTOF records full mass spectra (from 23Na to 238U) at a rate of 33 kHz (e.g., Borovinskaya et al., 2013), so that multiple measurements are obtained across the signal of a single laser shot. Here, for a single laser-pulse signal with a duration of 100 ms, a total of ~3,300 mass spectra were acquired and averaged into one pixel. NIST SRM 612 was measured as calibration standard, in the same way as the clinopyroxene images, including gas blanks, immediately before and after each image. Five lines of ~500 μm length (each lasting 2.5 s) were ablated on the calibration standard during each mapping experiment.

For quantification of the intensity images, the raw data files (HDF5 file format) were processed using an in-house software (Tofware) for TOF baseline subtraction and peak integration (Burger et al., 2017; Hendriks et al., 2017). Images were then quantified against the calibration standard using Iolite software (Paton et al., 2011) with 29Si as the internal standard, assuming a constant content of 23 wt.% Si in clinopyroxene (49.4 ± 0.9 wt.% SiO2 from microprobe data; n = 2,924). The typical accuracy and precision of the instrument are reported in Burger et al. (2017). Limits of detection for spot-resolved imaging with LA-ICP-TOFMS as employed here were <1 ppm for Zr, La, Nd, <10 ppm for Sc, V, Cr, Ni, ~10 ppm for Al, and higher for Na (~120 ppm) and Ca (~1,000 ppm; Table 1). Elemental results from LA-ICP-QMS and LA-ICP-TOFMS methods are comparable in terms of zoning patterns and concentration scales (Figures 4–6).
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FIGURE 4. Elongated section of crystal 13, cut along the c-axis (section 13C). The section was imaged under reflected light (left panel), and chemically using electron microprobe (Al, P: middle panels) and LA-ICP-QMS (Cr, Ni: right panels). The reflected light image includes a 2D crystal model (top right corner) showing the crystallographic orientation of the section (see also Figure 3). Reflected light imaging and micro-chemical mapping provide detailed information on inclusion populations and sector zoning. LA-ICP-QMS maps unveil concentric zonation at the trace element level.



Compositional “Interrogation” of Laser Ablation Maps

Following visual examination of LA-ICP-QMS and LA-ICP-TOFMS zoning maps, we used the Monocle add-on for Iolite (Petrus et al., 2017) to further interrogate the quantified elemental maps and to extract average compositions for individual crystal zones (regions of interest, ROIs). This approach provides high precision concentration data by averaging a large number of data points pooled from compositionally homogeneous ROIs (zones), rather than spatially restricted compositions obtained with classic spot analyses, which are also subject to potential downhole-fractionation (Petrus et al., 2017; Bussweiler et al., 2019). Regions of interest were typically defined using Cr zoning.

RESULTS

Identifying Clinopyroxene Complexity

Under reflected light, the megacryst sections appear remarkably uniform (Figure 4), the most notable feature being the abundance of concentrically-distributed mineral and melt inclusions in distinct regions of the crystals (see section Exploring Inclusions Across Megacryst Growth). Electron microprobe major element imaging suggests very mild geochemical variations across the clinopyroxenes (Figure 4; Supplementary Figure 1). Chemical gradients are almost negligible along concentric zones, and sector zoning is only clear in Al. The hourglass form {−111} is relatively Si-Mg-rich and Al-Ti-Fe-poor compared to prism sectors. However, sectoral variations are minor in Ti and Mg, and very subtle in Si and Fe. Major element maps are best suited as indicators of inclusion populations, the most striking example being apatite (highlighted by EPMA P maps; Figure 4).

In contrast, LA-ICP-MS trace element maps reveal marked chemical complexity within the megacrysts (Figures 4–6). Chromium maps show the sharpest variations, revealing μm-scale oscillations that follow euhedral grain boundaries, producing concentric zonation patterns not reflected in major element compositions (e.g., Mg and Fe). The megacrysts can be subdivided into: homogeneous cores (~90 ppm Cr; Mg#71−76 where Mg# = 100 Mg / (Mg + Fe) with concentrations expressed on a molar basis and Fe = total iron as Fe2+), overgrown by finely oscillatory zoned mantles (70–200 ppm Cr; Mg#72−78), and Cr-rich rims (200–400 ppm Cr; Mg#72−77). Rims show a range of textures from single Cr enrichments (Figure 5) to multiple (up to 4) Cr oscillations following euhedral to partially irregular surfaces (Figures 4, 6). Chromium enrichments are mirrored by Ni (80–90 ppm from mantle to rim), along with depletions in mildly incompatible elements, such as La, Nd, and Zr (Supplementary Figure 2), suggesting crystallisation from a more mafic melt (Ubide and Kamber, 2018). Some of the crystals contain irregular cores with very high Cr contents (e.g., Figure 5; 400–450 ppm Cr), coupled with relative enrichments in Sc, V, and Al, indicative of a recycled (antecryst) origin. Major elements are not significantly different in antecryst cores, with Mg#73−75 variations within the range observed for core, mantle and rim compositions. In addition, cations with high charge including rare earth elements (REE) and high field strength elements (HFSE) show sector zoning following the differential partitioning of Al as a function of crystallographic orientation (Figures 3, 4; Supplementary Figure 2; Ubide et al., 2019). Transition metals Cr and Sc show only mild sector zoning, whereas Ni does not partition into sectors (Figure 4).
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FIGURE 5. Reflected light scans and LA-ICP-TOFMS maps of crystal 31, cut perpendicular to the c-axis (section 31B) and along the c-axis (section 31C). This crystal has a perfect polyhedral habit (Figure 2) and was used to build the models in Figure 3. Chromium shows the largest variations across the crystal, defining a homogeneous, depleted core (~100 ppm), a finely oscillatory zoned mantle (140–200 ppm oscillations) and a Cr-rich rim (~280 ppm). The elongate cut 31C contains a recycled antecryst with Cr concentrations up to >400 ppm. The antecryst portion is interpreted to finish shortly after the termination of the crystal cut, as it does not appear in the basal cut 31B. Aluminium contrasts reveal the development of the hourglass {−111} form, occurring in the centre of the basal cut and at the end of the elongate cut (see Figure 3). Zirconium follows the zonation in Al. The white arrows on reflected light scans (top) mark the location of EPMA traverses in Supplementary Figure 3.



To explore the three-dimensional architecture of zoning patterns, we present LA-ICP-TOFMS maps (TOF maps) of single crystals cut along and perpendicular to the c-axis (Figures 5, 6). The TOF-method records a wide range of major and trace element distributions on entire cm-sized sections. The TOF maps corroborate the zonation patterns derived independently using EPMA and LA-ICP-QMS (Figure 4) and expand their crystallographic significance, as described below.
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FIGURE 6. Reflected light scans, LA-ICP-TOFMS and LA-ICP-QMS maps of crystal 34, cut along the c-axis (section 34C) and perpendicular to the c-axis (section 34B). The basal cut (34B) includes a smaller half-crystal unit oriented parallel to the main crystal but rotated 90-degrees about the c-axis. According to Cr zonation, the crystal contains a relatively homogeneous core (~70 ppm Cr), a finely oscillatory zoned mantle (80–110 ppm Cr) and a Cr-rich rim (~260 ppm). The distribution of Al highlights the occurrence of {−111} sectors in both the elongated and basal cuts. The clinopyroxene is partially coated with glassy matrix (shown in the reflected light images at the top), which includes analysed microlites of plagioclase and Ti-magnetite. Note that the TOF-method provides an unparalleled overview of the internal zonation of the crystal, whilst LA-ICP-QMS maps (Q: overlapping strips) targeted specific crystal regions for high-resolution trace element characterisation.



Whilst Cr and low charged metals such as Ni and Mn define concentric zonations, Al and highly charged Ti, V, Zr, Hf, and REE (and to a lesser extent Cr and Sc) show clear sector zoning that extends across crystal cores, mantles, and rims (Figures 3–6). Sector zoning is particularly evident in elongated crystal sections, cut along the c-axis (31C and 34C; Figures 5, 6), where the hourglass {−111} form displays sharp indentations following the crystal model depicted in Figure 3. Cation depletions in the hourglass {−111} sectors are counterbalanced by enrichments in prism sectors {100}, {110}, and {010}. These latter sectors are compositionally almost identical.

The occurrence of compositional contrasts between hourglass and prism sectors in elongated crystal cuts can be extended to basal cuts (31B and 34B; Figures 5, 6), where hourglass sectors are not immediately apparent and can be easily misinterpreted as “inner” cores (Figure 3). Indeed, the Cr-poor cores identified in the basal cuts contain what could initially be interpreted as an Al-poor nucleus or “seed” (Figures 5, 6). However, upon closer examination, the Al-poor nuclei display subtle “valleys” that can be linked to the morphological model of the hourglass form (Figure 3). The Al-poor zones are, therefore, not inner cores. Rather, they are basal sections of the hourglass {−111} form, characterised by low Al contents (Figures 5, 6). For a given crystal, the mismatch of zoning patterns between the basal cut and the terminated end of the elongate cut is directly related to the re-mounting and re-polishing of the two crystal halves during sample preparation (see section The Clinopyroxene Megacrysts). In crystal 31, re-polishing of the basal section (31B) led to the loss of the antecryst core and exposure of the hourglass form (Figure 5).

The stark zoning patterns revealed by multi-element TOF maps, unresolvable using conventional microscopy, provide crystallographic context to test and quantify compositional variations across the megacrysts (e.g., Figures 5, 6, bottom panels). We use the mapping results to locate and classify individual microprobe analyses into sectors ({−111}, {100}, {110}, {010}) as well as concentric zones (antecryst core, regular core, mantle, rim). Traverses across megacryst 31 (Figures 2, 3, 5) are presented in Supplementary Figure 3 and illustrate the minimal extent of major element variations across concentric zones. The traverses highlight the contrast between hourglass and prism sectors (Supplementary Figure 3); however, this compositional change would likely remain unnoticed or misinterpreted without the elemental maps for context. Additional transects across the studied crystals (e.g., Figures 4, 6) form a large major element dataset that is graphically summarised in Figure 7. As observed in electron microprobe maps (Figure 4; Supplementary Figure 1), major elements are unzoned relative to core, mantle, and rim regions, and sectoral partitioning is only resolvable for hourglass vs. prism sectors (Figure 7; Supplementary Figure 3). The hourglass sectors {−111} plot in distinct compositional regions with shifts of up to +3 wt.% SiO2, +1.5 wt.% MgO, −2 wt.% Al2O3, −0.5 wt.% TiO2 and −1 wt.% FeOT (total iron as FeO) compared to prism sectors (Figure 7). The prism sectors ({100}, {110}, and {010}) are compositionally indistinguishable within analytical uncertainty. All sectors have similar concentrations of CaO and Na2O. Chromium variations are not resolvable, being below the detection limit of EPMA, even for recycled antecrysts. Compared to clinopyroxene phenocrysts from Mt. Etna (Sicily, Italy; Ubide et al., 2019), sector zoning in Stromboli megacrysts is very weakly developed (Figure 7), but the relative partitioning of elements between hourglass and prism sectors is similar. Building on constraints from cooling experiments (Mollo et al., 2010, 2013) and natural samples from alkaline systems (Mollo et al., 2011, 2015; Scarlato et al., 2014; Ubide et al., 2014; Gernon et al., 2016; Ubide and Kamber, 2018), we checked for the occurrence of Al2O3-TiO2 enrichments in the outermost growth layers of the crystals. Increased uptake of these incompatible cations within the crystal structure could be related to kinetically-controlled crystal growth caused by high rates of undercooling during rapid magma ascent and eruption. However, we did not find resolvable Al-Ti-rich outer rims for the studied megacrysts, suggesting that crystallisation occurred at depth and possibly under conditions of near-equilibrium cation partitioning.
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FIGURE 7. Clinopyroxene compositional variations. (Left) Major element compositions across the clinopyroxene megacrysts, obtained by electron microprobe. The data from core, mantle and rim regions are largely coincident, however crystal cores reach highest Al2O3-Ti2O and lowest Si2O-MgO concentrations. Note the overlap among prism sectors {100}, {110}, and {010}, and the MgO-rich and Al2O3-poor composition of hourglass sectors {−111} compared to prism sectors. The black and gray lines represent the evolution of fractionated clinopyroxene modelled with Rhyolite-MELTS (Gualda et al., 2012) from 1,090°C (high MgO) to 1,030°C (low MgO) at isobaric conditions of 300 and 400 MPa, respectively; Rhyolite-MELTS fractionation at 300 MPa reproduces the mineral assemblage and the overall compositional characteristics of the megacrysts, and is in agreement with thermobarometric and hygrometric results (Figure 8). (Right) Comparison of megacryst compositions (same data and symbols as in the left panel) with previous data from Pizzo clinopyroxene (F14: Francalanci et al., 2014; shoshonites and high-K products), as well as Post-Pizzo and Present-day clinopyroxene (P18: Petrone et al., 2018), including recent crystals from 1984 to 1996 eruptions (F05: Francalanci et al., 2005). Note that Pizzo shoshonite clinopyroxenes are similar to mantle and rim compositions in the megacrysts. From the Pizzo high-K subgroup through Post-Pizzo to Present-day activity (for stratigraphic context see Figure 1), clinopyroxenes contain diopsidic bands relatively enriched in MgO-CaO-Cr2O3.



Our data are similar to smaller clinopyroxenes (phenocrysts and microcrysts) hosted in the regular shoshonite basalts from the Pizzo sequence at Stromboli (Figure 7, right panels; Francalanci et al., 2014). In detail, the smaller crystals mirror the compositions of megacryst mantles ad rims, whereas megacryst cores are slightly more evolved (MgO-poor). In contrast with shoshonite crystals, the high-K clinopyroxenes from Pizzo reach higher MgO values. Compared to clinopyroxene compositions from more recent eruptions (Post-Pizzo and Present-day activity, i.e., Epochs 6a-late and 6c; Francalanci et al., 2005; Petrone et al., 2018), the megacrysts (Pizzo, i.e., Epoch 6a-early) have remarkably low MgO, CaO, and Cr2O3 concentrations (Figure 7, right panels). Essentially, the megacrysts lack the “diopsidic bands” of clinopyroxenes from recent eruptions, recognised optically as concentric zones of lighter colour under plane polarised light and darker grayscale contrast in BSE images (Francalanci et al., 2004, 2005; Landi et al., 2006; Petrone et al., 2018). The implications of these observations will be discussed later.

Exploring Inclusions Across Megacryst Growth

The megacrysts are speckled with μm-sized inclusions of varied compositions (Figures 4–6). In major element maps, melt inclusions have irregular outlines enriched in Al and Na relative to their host. Inclusions of plagioclase, titanomagnetite and olivine are relatively rounded and define “hotspots” of Si-Al, Ti-Fe, and Mg-Mn, respectively. Apatite crystals are readily distinguished as P-Ca enrichments, and show equant to tabular shapes depending on sectioning angle. Trace element maps highlight the compositional contrasts expected for each inclusion type (e.g., Ni-rich inclusions are olivine; REE-rich inclusions are apatite). In addition, some of the megacrysts have patches of glassy groundmass attached to their outer surface (Figure 4, see Al map; Figure 6, see reflected light images), providing textural and compositional information on the final erupted melt. The groundmass glasses are compositionally similar to melt inclusions in the megacrysts (Supplementary Figure 4), whilst the chemistry of groundmass microcrysts (typically plagioclase) agrees with that of mineral inclusions.

Importantly, EPMA analyses indicate that the melt feeding crystal growth was chemically homogeneous, maintaining a shoshonitic composition across the entire growth history of the megacrysts (Supplementary Table 7). On average, melt inclusions and groundmass glasses return major element concentrations (52.4 ± 0.5 wt.% SiO2, 3.5 ± 0.2 wt.% MgO, 4.7 ± 0.3 wt.% K2O, normalised on a 100 wt.% anhydrous basis; n = 70) comparable to those of glasses analysed in the Pizzo-shoshonite series (Francalanci et al., 2014) and the Present-day activity (Petrone et al., 2018; Supplementary Figure 4). These studies showed that glass compositions are more evolved than whole rocks, which have similar SiO2 concentrations but higher MgO (4.5–7.0 wt.%; anhydrous basis) and lower K2O (1.5–3.0 wt.%; anhydrous basis; Francalanci et al., 2014; Petrone et al., 2018). We note that the Pizzo products are strongly porphyritic, and the shoshonite subgroup typically contains 30–45 vol.% of plagioclase, clinopyroxene and less commonly olivine phenocrysts (Francalanci et al., 2014). Consequently, bulk rock compositions constitute mixtures of crystals and melt that may not be representative of true liquids (crystal-free melts; e.g., Francalanci et al., 2004; Reubi and Blundy, 2007; Cashman and Blundy, 2013; Ubide et al., 2014). The constancy of melt inclusion and groundmass glass compositions during the entire growth of megacryst sections reflects the buffering effect of magma recharge episodes on the erupted magma compositions (e.g., Landi et al., 2004, 2008), as described for the mafic alkaline products at Mt. Etna volcano (Peccerillo, 2005; Armienti et al., 2013).

Most mineral inclusions are homogeneously distributed across the megacrysts and show restricted compositional variations. Plagioclase inclusions and microcrysts show An70±5 (n = 62; Supplementary Table 4). Olivine inclusions are less common but are compositionally homogeneous at Fo72 (n = 10; Supplementary Table 3). Titanomagnetite inclusions and one analysed titanomagnetite microcryst are also relatively consistent in composition (9.6 ± 0.6 wt.% TiO2; n = 50; Supplementary Table 5) except for Cr2O3, which is generally at 0.2–0.3 wt.% concentration levels but increases up to 0.5–0.6 wt.% in inclusions hosted in Cr-rich clinopyroxene rims.

In contrast to other mineral inclusions, apatites are oriented along concentric growth bands and occur within the core and mantle of the megacrysts, but are not found at rims or groundmass (Figure 4), nor within recycled antecryst cores. The link between apatite occurrence and concentric zoning in clinopyroxene suggests changes in apatite saturation conditions throughout the megacryst growth history. Apatite compositions are constant across the database (52.8 ± 0.5 wt.% CaO, 43.2 ± 0.5 wt.% P2O5; n = 40; Supplementary Table 6). Halogen concentrations were not determined for this study.

Estimating Clinopyroxene Crystallization Conditions (P-T-H2O)

To investigate the temperature, depth, and water content of the melt from which the megacrysts grew, we combined the major element dataset on clinopyroxene with a representative melt composition to apply thermobarometric and hygrometric calibrations. The melts sampled throughout the entire clinopyroxene history are homogeneous and relatively evolved, as documented by EPMA analysis of melt inclusions and groundmass glasses (Supplementary Figure 4). We chose a relatively primitive matrix glass composition within the dataset, with 52.4 wt.% SiO2, 15.2 wt.% Al2O3, 3.6 wt.% MgO, and 10.0 wt.% FeOT (anhydrous basis; see complete composition in Supplementary Table 7, analysis 34_A3_glass5).

A plethora of clinopyroxene-melt equilibrium models based on experimental and thermodynamic data attest to the achievement of near-equilibrium conditions between all clinopyroxene compositions and the selected melt (Supplementary Figure 5). One of the most widely used tests for equilibrium is the Fe-Mg exchange coefficient KD(Fe-Mg)cpx−melt, with an equilibrium range refined at 0.28 ± 0.08 by Putirka (2008). Whilst our data return equilibrium Fe-Mg conditions (Supplementary Figure 5), the KD(Fe-Mg)cpx−melt coefficient is known to be dependent on temperature and melt composition (Putirka, 2008; Villaseca et al., 2019), and does not respond to potential kinetic effects during crystal growth (Mollo et al., 2013; Mollo and Hammer, 2017). In fact, the value of 0.28 ± 0.08 represents the weighted arithmetic mean of a much broader equilibrium range of 0.04–0.68 obtained by regressing clinopyroxene-melt compositions from phase equilibrium experiments (Putirka, 2008). Therefore, we applied additional, more robust equilibrium tests that rely on the difference between measured vs. predicted diopside + hedenbergite components (ΔDiHd of Putirka et al., 1996; Mollo et al., 2013) and clinopyroxene-melt partition coefficients between clinopyroxene and melt (DNa and DTi of Blundy et al., 1995; Hill et al., 2011, respectively) (cf. details on clinopyroxene-melt equilibrium tests in Mollo et al., 2018; Ubide et al., 2019). The agreement between measured and predicted values for all mineral-melt tests (Supplementary Figure 5) supports the reliability of clinopyroxene-melt P-T-H2O estimates for the clinopyroxene compositional database presented here.

We adopted the clinopyroxene-melt barometric, thermometric and hygrometric equations recently optimised by Mollo et al. (2018) for alkaline melts: P-independent thermometer 33MAM (±28°C uncertainty), T-dependent barometer AMAM (±150 MPa uncertainty) and P-T-dependent hygrometer HMAM (±0.5 wt.% H2O uncertainty). The new calibrations are based on the equations of Putirka et al. (2003) and Perinelli et al. (2016) for P-T and H2O, respectively, and refined for a large dataset of clinopyroxene-melt pairs from alkaline, oxidised and water-rich magmas at Mt. Etna volcano. Stromboli magmas are shoshonitic and highly oxidised (Métrich and Clocchiatti, 1996) and our (relatively evolved) melt returns low clinopyroxene saturation temperatures of 1,080–1,098°C (modelled with the melt-only thermometric equation 34 of Putirka, 2008; ±45°C uncertainty), well within the calibration range indicated by Mollo et al. (2018).

Initial results for crystallisation pressures, temperatures, and melt water contents determined for clinopyroxene megacrysts were 322 (±33) MPa, 1,054 (±7)°C, and 1.8 (±0.2) wt.% H2O, respectively, where numbers in brackets refer to the standard deviation. The remarkable homogeneity of clinopyroxene major element compositions (Figures 4–7) translates into almost constant P-T-H2O results across core, mantle and rim regions, as well as across hourglass and prism sectors. Indeed, the standard deviation values on n = 2,924 estimates are within error of the barometric, thermometric, and hygrometric models, indicating very stable conditions of crystallisation. To determine the most likely P-T-H2O conditions, we adjusted the P-T estimates within the calibration errors of the barometer (±150 MPa) and thermometer (±28°C) to minimise the value of ΔDiHd, thus approaching the ideal equilibrium condition of ΔDiHd = 0 (cf. Mollo and Masotta, 2014). The equilibrium correction provided the most reliable crystallisation conditions for the megacrysts: 1,082 ± 7°C (+28°C addition to T estimates), 316 ± 33 MPa (−6 MPa subtraction from P estimates), and 2.0 ± 0.2 wt.% H2O (+0.2 wt.% addition to H2O estimates; Figure 8). It is worth noting that water contents are not directly modulated by ΔDiHd, but follow P-T adjustments. Interestingly, the corrected temperature data approach the saturation temperature of clinopyroxene in the melt (1,080–1,098°C according to equation 34 of Putirka, 2008 as outlined above) and fall within the range of temperatures obtained for compositionally similar clinopyroxenes in Post-Pizzo and Present-day activity products (1,040–1,089°C; low-Mg# zones in Petrone et al., 2018) using clinopyroxene-melt thermometry (Putirka, 2008).
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FIGURE 8. Kernel Density Estimates (KDEs) of magmatic pressure, temperature, and melt water content according to the integrated clinopyroxene-melt calibrations by Mollo et al. (2018), optimised for alkaline basaltic compositions from Mt Etna and further adjusted to minimise deviations from Cpx-melt equilibrium [see details in section Estimating Clinopyroxene Crystallisation Conditions (P-T-H2O)]. Dashed dotted lines and figures represent mean and standard deviation values for P-T-H2O estimates: 316 ± 33 MPa, 1,082 ± 7°C, and 2.0 ± 0.2 wt.% H2O (n = 2,924). The constancy of thermobarometric and hygrometric results (within error of the calibrations: AMAM ± 150 MPa, 33MAM ± 28°C, HMAM ± 0.5 wt.% H2O) indicate very stable conditions throughout the crystallisation of the megacrysts. Clinopyroxene-melt equilibrium tests are presented in Supplementary Figure 5.



To provide further constraints on the intensive variables controlling the crystallisation conditions of the Stromboli megacrysts, we conducted thermodynamic simulations using Rhyolite-MELTS software v1.2.0 (Gualda et al., 2012). The applicability of this established algorithm to potassic and “exotic” magma compositions typical of many volcanic settings in Italy has been documented by several authors, as in the case of the Campi Flegrei Volcanic Fields (Fowler et al., 2007) and the Sabatini Volcanic District (Del Bello et al., 2014). The fractional crystallisation path of the melt in equilibrium with clinopyroxene megacrysts was modelled at 1,250–1,000°C, 2 wt.% H2O and f O2 buffered at nickel–nickel oxide (NNO; Métrich and Clocchiatti, 1996; Di Carlo et al., 2006) and results are presented in Supplementary Table 8. At 400 MPa isobaric conditions, the thermodynamic data reproduced the mineral assemblage observed in the megacrysts. Spinel (titanomagnetite) is the liquidus phase (1,250°C), followed by apatite (1,130°C), olivine (1,110°C), and finally clinopyroxene (1,090°C), which drives the majority of solid fractionation from the liquid (of the total fractionated assemblage, 47.5% mass is clinopyroxene). The composition of clinopyroxene, however, matches our megacryst compositions more accurately at 300 MPa than at 400 MPa (see isobaric fractionation patterns in Figure 7). At 300 MPa, model results are in close agreement with the clinopyroxene-melt P-T-H2O estimates, and with the inclusion populations. For example, feldspar is not produced at 400 MPa, yet by reducing the pressure to 350 MPa, plagioclase saturates the melt at 1,010°C. Therefore, we conclude that the crystallisation of the megacrysts is best reproduced at 300 MPa pressure. Fluctuations in volatile components may also affect the fractionating assemblage. For example, the melt water content modulates the stability of plagioclase, and thermodynamic simulations at H2O <2 wt.% expand the stability of feldspar and limit the production of apatite. Fluxing with CO2 can also dehydrate the melt (Spilliaert et al., 2006) promoting crystallisation of plagioclase (Cashman and Blundy, 2013), and modulating the texture and composition of the crystallising assemblage (Humphreys et al., 2009; Giuffrida et al., 2017). This is particularly relevant at Stromboli, where magmas are enriched in CO2 relative to typical arc systems (Aiuppa et al., 2010;Allard, 2010).

To the best of our knowledge, P-T-H2O estimates from this study are the first set of comprehensive mineral-melt equilibrium constraints on clinopyroxene crystallisation at Stromboli (Figure 8). Thermodynamic modelling supports crystallisation of the megacrysts and their inclusions from a relatively evolved shoshonitic melt equilibrating at ~300 MPa, 1,080°C, 2 wt.% H2O, and NNO-buffered conditions (Figure 7). Our pressure results reflect the relatively high Na2O and Al2O3 concentrations in the clinopyroxene megacrysts (Figure 7), consistent with the increasingly compact structure of the mineral at higher pressures (Blundy et al., 1995; Nimis, 1995; see Supplementary File 1). Assuming a mean rock density of 2,700 kg/m3 for the crust at Stromboli (Allard, 2010), clinopyroxene-melt pressure results of 316 ± 33 MPa indicate depths of crystallisation of 11.9 ± 1.2 km, below the major mid-crustal discontinuity beneath the volcano (~10 km; Morelli et al., 1975). These estimates will be discussed in the context of the plumbing system in section New Insights Into Plumbing System Architecture.

DISCUSSION

Multi-Method Approach to Elemental Mapping

The sharp chemical contrasts revealed within seemingly homogeneous megacrysts (Figures 4–6) illustrate the potential of micro-chemical mapping as a new petrological tool with which to better understand the compositional and textural complexities of igneous crystals, as well as other geological materials (e.g., Burger et al., 2015, 2017; Ubide et al., 2015; Gundlach-Graham et al., 2018). The combination of major element maps obtained via electron microprobe, with trace element maps acquired by LA-ICP-QMS, and the significantly extended multi-element mapping capability of LA-ICP-TOFMS, provides a powerful means to interrogate magmatic histories recorded in clinopyroxene megacrysts (Figures 4–6). Here we discuss the main benefits and drawbacks of the mapping approaches, and highlight key textural and compositional information extracted using each method.

Most notably, the outstanding record of zoning patterns visualised with the TOF maps provides fundamental navigation for subsequent analyses and crystal-scale interpretations. The icpTOF instrument mapped the mass spectrum from 23Na to 238U on entire, mm-sized crystal sections in as little as 1 h (Table 1). Together with our crystallographically controlled sectioning approach, LA-ICP-TOFMS maps provide invaluable rapid insights not only into the general core-to-rim major and trace element zonation, but also into the complex sectioning effects of hourglass and prism sectors (Figures 3, 5, 6).

LA-ICP-QMS mapping generated trace element images of increased-resolution and -sensitivity that revealed fine textural details and subtle compositional variations (e.g., Figure 4). Compared to the TOF approach, conventional LA-ICP-QMS mapping is limited by the number of analytes and requires longer analytical run times (Table 1). Relative to the 1 laser spot = 1 pixel approach used with the icpTOF (Burger et al., 2015; Bussweiler et al., 2017), the LA-ICP-QMS spot-overlapping technique improves spatial resolution at a given spot size and, therefore, the LA-ICP-QMS maps were preferred to undertake precise thickness measurements on Cr maps for timescale estimates (section Crystal Storage and Mobilisation Timescales). We note that the benefit of spot-resolved imaging is that each pixel is exactly in the right location and that the rastering approach involves the risk of signal smearing and/or spectral skew. However, Ubide et al. (2015) showed that for modern analytical systems with fast washout times, and limited total dwell cycles (dictated by the repetition rate), the spatial resolution of the rastering approach is better than the spot size. The improved sensitivity of the LA-ICP-QMS technique employed here is exemplified in maps showing mild compositional contrasts such as Ni (Figure 4), which remained undetected with the TOF method.

The spatial resolution of laser-based approaches is primarily controlled by the spot size, which was set at 20 μm for all the analyses in this study (Table 1). Importantly, vertical sample “destruction” in mapping experiments is negligible compared to traditional spot analysis, and has been quantified at <1 μm depth relative to the original sample surface in clinopyroxene LA-ICP-QMS maps (Ubide et al., 2015). Hence, samples can be mapped multiple times and then re-polished for traditional petrography or electron beam techniques.

Electron microprobe maps on large areas of the megacrysts (Figure 4, Supplementary Figure 1) provided general sectoral variations as well as valuable information on the occurrence and distribution of inclusion populations. Whilst more time consuming and less sensitive for trace elements than laser mass spectrometry methods, electron-based imaging techniques are commonly available to petrologists and mineralogists and provide a powerful approach for resolving micro-chemical complexities in major and minor elements.

Dynamic Crystallisation of Clinopyroxene Megacrysts

The megacrysts are markedly euhedral and their chemical complexity is only revealed via micro-chemical imaging. Interestingly, compositional zoning patterns vary according to element group. A large proportion of major elements appear relatively homogeneous to mildly sector zoned, whereas minor and trace elements show decoupled distributions in oscillatory zones and/or sectors. Within the overall homogeneity, Al, Ti, (Fe), and highly charged trace cations including V, REE, and HFSE are enriched in prism sectors relative to hourglass sectors. This distribution agrees with that observed in sector zoned clinopyroxenes at Mt. Etna (Downes, 1974; Duncan and Preston, 1980; Ubide et al., 2019) and other volcanic systems world-wide (Hollister and Gancarz, 1971; Ferguson, 1973; Leung, 1974). In a recent study on major and trace element zoning of sector zoned clinopyroxene, Ubide et al. (2019) demonstrated that sector zoning is strongly dependent on the charge/size of a given cation and its ability to charge-balance the clinopyroxene structure after incorporation of Al3+ in tetrahedral substitution for Si4+. The authors showed that sector zoning can develop under conditions of low undercooling, and proposed that the extent of sectoral partitioning might be related to the degree of undercooling. Interestingly, sectoral partitioning is significantly stronger in Etnean phenocrysts than in Stromboli megacrysts. The differential partitioning of hourglass and prism sectors in Etna phenocrysts is typically twice as large compared to Stromboli megacrysts, and the compositions of prims sectors {100}, {110}, and {010} are distinct from each other at Etna but indistinguishable at Stromboli (compare Figure 6 in Ubide et al., 2019 with Figure 7, this study). In this regard, the comparatively mild sector zoning of the studied megacrysts from Stromboli could be linked to very low degrees of undercooling and crystallisation conditions very close to thermodynamic equilibrium. In fact, all the sectors in the megacrysts are in equilibrium with shoshonite melt (Supplementary Figure 5). Furthermore, very low undercooling conditions are consistent with the formation of large megacrysts under growth-dominated crystallisation, whereas higher undercooling conditions would favour smaller phenocrysts through nucleation-dominated crystallisation (Kirkpatrick, 1977; Landi et al., 2019). The origin of the mild undercooling conditions has important implications for the interpretation of crystallisation dynamics. One possible explanation could be megacryst crystallisation during very slow magma ascent. However, given the protracted magma storage suggested by the large size of the megacrysts, we consider crystallisation at the margin of a reservoir, which could undergo convection (e.g., Welsch et al., 2009), as a more plausible hypothesis. Such a scenario would impose low, relatively constant undercooling conditions that agree with the mild sector zoning ubiquitous across megacryst cores, mantles, and rims.

The homogeneous major element data recovered for crystal and melt portions across the clinopyroxene megacrysts indicate that crystallisation was supplied by continuous input of uniform shoshonitic melts, as suggested by crystal size distribution analysis of the products of historical eruptions at Stromboli (e.g., Armienti et al., 2007). The megacrysts may therefore offer a record of incremental magma body growth (Cashman and Blundy, 2013), where successive inputs of magma of buffered bulk composition replenished and interacted with prior melts and crystals. Mineral inclusions are abundant across the megacrysts (Figures 4–6) suggesting that new magma inputs promoted heterogeneous nucleation of clinopyroxene and other phases on pre-existing clinopyroxene crystals (Kirkpatrick, 1977). To investigate subtle modulations in the history of melt compositions involved in clinopyroxene growth, we hereafter deconstruct the Cr record across the megacrysts. As a slow diffusing and highly compatible cation in the clinopyroxene structure (D'Orazio et al., 1998; Costa and Morgan, 2011), chromium defines fine concentric variations with only minor sector partitioning (Ubide et al., 2019).

Some of the megacrysts contain Cr-rich antecryst cores (e.g., Figure 5) that lack sector zoning and could have formed under very slow crystallisation conditions before being partially dissolved and incorporated into new shoshonitic melt. Because antecryst cores lack internal features, however, we cannot rule out the possibility of diffusive resetting during protracted storage at magmatic temperatures (e.g., Costa and Morgan, 2011). Whilst similar to other clinopyroxene compositions in major elements, the Cr-rich antecryst cores lack apatite inclusions, suggesting crystallisation from a relatively mafic and volatile-poor shoshonitic melt. Resorbed cores with distinct chemical signatures have also been described in the Pizzo high-K subgroup (Francalanci et al., 2014), as well as in the Post-Pizzo to Present-day sequence (Petrone et al., 2018), and during the most recent activity of Stromboli (Francalanci et al., 2005, 2012; Bragagni et al., 2014). In all these previous studies, the antecryst cores have been interpreted as older cumulates derived from the crystal mush zone, recycled or “cannibalized” (Cashman and Blundy, 2013) by volatile-rich, hot, mafic magmas.

Megacryst cores and mantles differ in the nature of their concentric zonations. The mantles show fine Cr oscillations that could be linked to changes in intensive or extensive parameters through time. However, the euhedral textures of concentric zones, together with the compositional consistency of mineral and melt inclusions, indicate that such changes were relatively minor. A plausible explanation is continued replenishment of the megacryst-crystallising reservoir with shoshonite-buffered magmas, followed by minor magma fractionation, reduction of Cr levels and further replenishment. Additionally, convection of the megacrysts within a chemically heterogenous reservoir could result in crystallisation from slightly different melts through time. It is interesting that the megacryst cores do not show such inner oscillations, however they are also sector zoned. If sector zoning relates to cooling rate (Welsch et al., 2009, 2016; Garrison et al., 2018; Ubide et al., 2019), then the thermal path of cores and mantles should be the same. Therefore, the cores and mantles could have crystallised at the margin of a reservoir and: (a) the reservoir was relatively stable during the crystallisation of the cores and was repeatedly replenished during the crystallisation of the mantles; or (b) the megacryst convected within an initially homogeneous reservoir that became compositionally zoned with time. Recharge events are common drivers of convective dynamics in magmatic reservoirs (Bergantz et al., 2015; Landi et al., 2019; and references therein) and a recent investigation on the textural and compositional records of K-feldspar megacrysts from Southern Tuscany (Italy) by Landi et al. (2019) suggested that repeated influx of hot magma can, in fact, favour the growth of large megacrysts.

The primary distinguishing feature of megacryst rims is their Cr-rich composition (Figures 4–6). This applies not only to clinopyroxene rims, but also to rim-hosted titanomagnetite inclusions, which are more Cr-rich than core- and mantle-hosted titanomagnetites. Such variations, coupled with milder enrichments in Ni and depletions in incompatible elements, suggest crystallisation from a more mafic melt (Streck, 2008; Ubide and Kamber, 2018). Given the lack of apatite inclusions at megacryst rims (e.g., Figure 4) and adhering groundmass, the recharge magma was possibly less volatile-rich than the resident magma. Chromium-rich rims occur in all the studied crystals, implying ubiquitous mixing shortly before eruption (e.g., Kent et al., 2010). Mafic recharge and mixing may therefore represent the eruption-triggering mechanism (Ubide and Kamber, 2018). Numerical modelling has shown that stirring and swirling of crystals upon recharge can generate a variety of zonation patterns (Bergantz et al., 2015). Such reservoir dynamics involving interaction between crystals and melts could well explain the spectrum of rim textures recorded in the megacrysts, including multiple oscillations and discontinuous dissolution between Cr-poor and subsequent Cr-rich layers (e.g., Figure 4). Still, the major element compositions of the clinopyroxene rims and rim-hosted mineral and melt inclusions are consistent with those of core, mantle and groundmass regions, suggesting mixing between compositionally similar shoshonitic melts. In a study of clinopyroxene megacrysts from the infamous 1669 eruption at Mt. Etna, Magee et al. (in press) have suggested that the pressure oversaturation of the system leading to the onset of eruption could have been triggered by a large-volume mafic injection, and not necessarily by a major compositional change in the intruding magma. Similarly, the recharge that tipped the Stromboli megacrysts to erupt was likely “cryptic,” only compositionally distinct at the trace element level (e.g., Magee et al., in press).

Crystal Storage and Mobilisation Timescales

The relative sizes of growth zones in the megacrysts (e.g., thin rims) suggest rapid melt mobilisation upon recharge and mixing, in contrast to the longer timescales of crystal residence implied by large megacryst cores and mantles. Chromium zonations are very sharp in spite of the lack of major element variation, which precludes application of Fe-Mg diffusion chronometry (e.g., Costa and Morgan, 2011; Petrone et al., 2018). Experimental data on crystallisation kinetics of Stromboli and Etna basalts show that at low degrees of undercooling, crystal growth rates can be considered constant (Vona and Romano, 2013). Therefore, the thickness of crystal zones can be used to approximate the time of crystallisation in deep magmatic environments, provided that crystal growth rates are well-constrained and the growth of a given mineral zone can be considered continuous (Ubide and Kamber, 2018). The megacrysts studied here have polyhedral shapes and major element compositions that indicate crystallisation in deep-seated reservoirs, under constant P-T-H2O conditions from core to rim (Figure 8). Melt inclusions trapped throughout megacryst growth have similar compositions to groundmass glasses, including incompatible and slow diffusing elements such as P and Al (Supplementary Table 7). This observation implies that the melt inclusions are not the trapped remnants of a liquid boundary layer surrounding rapidly growing clinopyroxenes, which would be enriched in incompatible elements relative to the bulk melt composition (Baker, 2008). Thus, we assume that the megacrysts formed at depth under conditions of low undercooling, supported by presence of only weak sector zoning.

Studies on clinopyroxene growth kinetics in alkaline basaltic melts from Mt. Etna, conducted both in experiments (Orlando et al., 2008; Mollo et al., 2013) and through crystal size distribution analyses of natural products (Armienti et al., 2013), have constrained clinopyroxene growth rates on the order of 10−8 cm/s at low degrees of undercooling (ΔT <10–20°C). Because the rims record the final crystallisation stage and potentially the eruption trigger, we assume that they grew continuously and immediately prior to eruption (Ubide and Kamber, 2018). We, therefore, apply the 10−8 cm/s growth rate to the thicknesses measured across crystal rims to estimate the timescales of magma mixing and mush mobilisation upon magma intrusion. Results can be discussed as recharge-to-eruption timescales under the assumption that magma ascent is rapid to instantaneous. Indeed, olivine growth during the Present-day paroxysms at Stromboli suggests magma ascent from 350 MPa within a few hours to a few tens of hours (Bertagnini et al., 2003). To minimise the effect of differential growth in different crystallographic orientations, we limit our timescales to measurements across the prism sectors {100}, {010}, and {110}, and disregard measurements across the faster growing hourglass sectors {-111} as they yield longer timescales than the prism group. Results for 58 rim thicknesses across prism sectors on 11 megacrysts and 20 crystal sections converge at 200 ± 99 μm, returning timescales of mixing and evacuation following recharge of 22 ± 10 days. This estimate is of the same order of magnitude as maximum mixing, stirring and triggering timescales of 10 days obtained from thickness measurements on clinopyroxenes from younger Stromboli products (Post-Pizzo to Present-day activity; Petrone et al., 2018). In the Present-day shallow plumbing system, plagioclase crystal size distributions in natural scoriae combined with growth rates from decompression experiments indicate minimum mixing-to-equilibration timescales of hours to days (Agostini et al., 2013).

The recharge-to-eruption timescales, whilst dependent on the veracity of growth rate estimates, are in good agreement with results of numerical simulations of magma recharge in basaltic mush systems, which show that mixing processes that precondition magmas for eruption can operate on timescales of days-weeks (Schleicher et al., 2016). These authors quantified that the volume of magma mobilised by the intruding melt depends on the mass flux of the intrusion, further supporting the notion that compositionally similar but volumetrically significant magma recharge has the potential to trigger eruption.

Growth prior to the final recharge event was likely discontinuous, and we lack constraints on potential hiatuses in crystallisation during storage, violating the premise of continuous growth required for timescale calculations. We also note that repeated replenishment of the crystallising reservoir with hot magma could have led to dissolution episodes (see also Landi et al., 2004, 2008; Armienti et al., 2007). The fine oscillatory zoning of megacryst mantles may reflect repeated mafic injections; however, dissolution features are uncommon between growth layers (e.g., Figures 4–6), except around antecrysts. In any case, it is reasonable to assume that crystallisation of the core-mantle portions of the megacrysts took place over protracted periods of magma storage. Indeed, previous studies obtained decadal-centennial timescales of magma residence, based on: (1) Fe-Mg diffusion modelling of clinopyroxene zoning profiles from the Post-Pizzo and Present-day activity (typically 1–50 years after crystallisation of diopsidic bands, and up to 150 years at the initial phase of the Post-Pizzo sequence; Petrone et al., 2018); (2) Sr isotope data on clinopyroxenes from the twentieth century activity (19 years; Francalanci et al., 1999); and (3) time series analysis of U-series disequilibria of 1996–2007 products (<55 years in the deep LP reservoir and 2–10 years in the shallow HP reservoir; Bragagni et al., 2014).

New Insights Into Plumbing System Architecture

The plumbing system feeding Stromboli volcanism has been extensively studied from volcanological, petrological and geochemical perspectives (cf. reviews by Francalanci et al., 2013; Cashman and Edmonds, 2019 and references therein). The feeder system is depicted as a vertically extended mush column that, at present, has an open-conduit configuration feeding the unique, constant eruptive activity at the summit craters (e.g., Métrich et al., 2010). Steady-state Strombolian explosions produce black scoriae deposits with high phenocryst (HP) contents (up to ca. 50 vol.% of crystals; Armienti et al., 2007) and low volatile contents (<1.5 wt.% H2O; Aiuppa et al., 2010; Métrich et al., 2010). Periodically, the persistent Strombolian activity is punctuated by more energetic explosive eruptions (paroxysms) that eject light-coloured (“golden”) pumices with low phenocryst (LP) contents (<5–10 vol.% of crystals; Armienti et al., 2007) and high volatile contents (2.5–3.5 wt.% H2O and 0.15–0.2 CO2; Aiuppa et al., 2010; Métrich et al., 2010), mingled with the regular HP scoriae. More sporadically (every 4 years since 1888; Aiuppa et al., 2010), effusive episodes produce lava flows with HP petrological characteristics (Armienti et al., 2007). At present, the LP magmas have more mafic compositions than HP magmas and are interpreted to tap deeper, undegassed magmas that travel quickly to the surface (Bertagnini et al., 2003; Métrich et al., 2010). According to olivine-hosted melt inclusions (Aiuppa et al., 2010; Métrich et al., 2010), HP and LP magmas are fed by magma bodies located at 50–100 MPa (2–4 km depth below the summit vents) and 190–260 MPa (7–10 km depth below the summit vents), respectively. The shallow magma ponding zone at 2–4 km is supported by geodetic data (Bonaccorso et al., 2008) and plagioclase compositions (Landi et al., 2004; Francalanci et al., 2005). This depth range coincides with the depth of the interface between volcanic rocks and the basement (2.4–3.5 km; Di Roberto et al., 2008), and connects with the upper feeder dyke-conduit (Burton et al., 2007). Meanwhile, the location of the LP reservoir is consistent with a major mid-crustal discontinuity at 10 km (Morelli et al., 1975) and with precursory seismic signals and geochemical anomalies in crater plume emissions prior to recent paroxysmal activity (Pino et al., 2011).

Over time, different magma reservoirs have been tapped due to edifice collapse, however, two common levels of magma storage (similar to the current HP-LP double-tier architecture described above) have persisted throughout the entire known history of the volcano, located at ~3 and ~9–11 km depth (Francalanci et al., 2013, 2014 and references therein). In Pizzo times, the deep and shallow reservoirs were independent, and fed contemporaneous high-K and shoshonite products, respectively (Francalanci et al., 2014). While the Pizzo-shoshonite magma chamber was periodically recharged and still persists (HP reservoir), Francalanci et al. (2014) stressed that there is no evidence of a clear high-potassium signature in the products erupted after the Pizzo period. All erupted magmas postdating Pizzo activity are invariably shoshonitic basalts (Petrone et al., 2018), and only a minor high-K component has been identified in the LP magmas (Francalanci et al., 2013, 2014). The proto-LP-HP configuration and connectivity was established as early as the Post-Pizzo era (Petrone et al., 2018) and syn-eruptive mixing has persisted until today (Francalanci et al., 2013).

We find that the megacrysts studied here are compositionally akin to the Pizzo shoshonite subsystem (Figure 7), yet they return significantly deep conditions of crystallisation (~300 MPa; Figure 8) relative to the Present-day HP reservoir (Figure 9). In detail, the majority of megacryst domains are compositionally indistinguishable from smaller pyroxenes hosted in Pizzo shoshonites (Figure 7, right panels). Similarly, the megacryst-hosted melt inclusions have a compositional affinity with the glass compositions in the shoshonite subgroup (Francalanci et al., 2014; Supplementary Figure 4). Hence, the megacrysts are inferred to have crystallised from Pizzo shoshonite melt, but at relatively high pressure, below the depth of the 10 km mid-crustal discontinuity beneath Stromboli (Morelli et al., 1975; Figure 9). The megacrysts grew from relatively evolved magma at temperatures of ~1,080°C, water contents of ~2 wt.% H2O, and NNO-buffered conditions [see section Estimating Clinopyroxene Crystallisation Conditions (P-T-H2O)]. Tests for equilibrium between clinopyroxene and melt compositions confirm the reliability of our estimates (Supplementary Figure 5), which were obtained with recently optimised clinopyroxene-melt P-T-H2O calibrations (Mollo et al., 2018), further adjusted to approach ideal equilibrium conditions (Figure 8), and corroborated by thermodynamic simulations using Rhyolite-MELTS (Gualda et al., 2012; Figure 7). The implications of our estimates may therefore be discussed in the context of the plumbing system feeding volcanism at Stromboli.


[image: image]

FIGURE 9. Working model for the extended plumbing system at Stromboli volcano during Pizzo (Roman) times. Clinopyroxene megacrysts crystallised below the 10 km mid-crustal discontinuity (Morelli et al., 1975), deeper than the reservoir depths inferred for Pizzo, Post-Pizzo, and Present-day activity based on olivine-hosted melt inclusions (Aiuppa et al., 2010; Métrich et al., 2010; Francalanci et al., 2013; double-headed arrows mark the depth ranges of current HP-LP reservoirs). The megacrysts grew from incremental replenishments and convection of shoshonite magma under conditions of low undercooling, generating mild concentric and oscillatory zonations which sometimes overgrow inherited cores. As suggested by Francalanci et al. (2014), the Roman-age feeding systems of the shoshonite subgroup (studied through clinopyroxene megacrysts here) and the high-K calc-alkaline subgroup were independent. The magnifying glass at the top highlights eruptive relationships between the two magmas. The lack of Mg-rich (diopsidic) bands in the studied megacrysts, typical of Post-Pizzo and Present-day clinopyroxenes (Petrone et al., 2018), suggests that the inception of the steady-state activity may be related to the invasion of the plumbing system with mafic magma in the last two millennia, after eruption of the megacrysts. The crust-mantle transition under Stromboli has been inferred at 17 km (Panza et al., 2007; Métrich et al., 2010) to 20 km (Laiolo and Cigolini, 2006), and the interface between volcanic rocks and the basement lies at about 2.4–3.5 km depth (Di Roberto et al., 2008); both transitions are denoted by transitional grading in the figure.



Our pressure estimates at ~300 MPa agree with the deepest roots of the plumbing system at Stromboli probed by melt inclusions (Aiuppa et al., 2010). It is important to stress that the pressures (depths) deduced from olivine-hosted melt inclusions only record the conditions of olivine crystallisation. In contrast, clinopyroxene-hosted melt inclusions have not provided reliable pressure constraints at Stromboli (Métrich et al., 2010). These authors noted that magma batches feeding olivine growth at current HP-LP reservoirs necessarily rise from deeper levels, and our data suggest clinopyroxene megacrysts crystallised at ≥10 km in Pizzo times. Clinopyroxene is known to crystallise from basaltic magmas across a wide range of pressures (e.g., Putirka, 2017) and can dominate the deep plumbing system of alkaline and hydrous volcanoes, for example Mt. Etna (Armienti et al., 2013; Mollo et al., 2015; Ubide and Kamber, 2018). At Stromboli, ponded partial melts have been resolved down to the base of the 17-km thick continental crust, where a low Vp and Vs volume has been seismically detected (Barberi et al., 2007).

Plagioclase stability expands under water-poor conditions and becomes dominant upon degassing of water-rich magmas at shallow depth (e.g., Francalanci et al., 2004; Landi et al., 2004, 2008; Giacomoni et al., 2014). At Stromboli, the transition from closed- to open-system degassing (and LP to HP magma in the current plumbing system) occurs at shallow depths of 2–4 km below summit vents (Aiuppa et al., 2010), with plagioclase becoming ubiquitous when the H2O concentration of the melt reaches ≤ 1 wt.% (Landi et al., 2004). Hence, we propose that the vertical configuration of the plumbing system at Stromboli in Pizzo times could have been stratified into mid-crustal clinopyroxene-rich mushes transitioning to olivine crystallisation and finally plagioclase dominance in shallow degassing reservoirs (Figure 9), similar to other H2O-rich basaltic systems such as Mt. Etna (Armienti et al., 2013; Mollo et al., 2015; Ubide and Kamber, 2018; Magee et al., in press). The implications of deep clinopyroxene crystallisation must be considered when calculating magma ascent rates (e.g., Petrone et al., 2018) and in volcano monitoring efforts (including seismic crises; e.g., Pino et al., 2011). Compared to the megacrysts, recent clinopyroxenes have relatively lower Na2O and Al2O3 contents (Figure 7, right panels) and thus may have crystallised under shallower conditions (e.g., Nimis, 1995). Therefore, further barometric evidence from clinopyroxenes across the eruptive history of Stromboli is needed to test if the stratified plumbing system configuration inferred for the Pizzo megacrysts also controlled other Pizzo products and later eruptive periods, up until Present-day activity.

Two Millennia of Magmatic Invasion Leading to Steady-State Activity

Stromboli affords an opportunity to explore the evolution of an active volcano on short, geological to historical, and even human timescales. The bulk rock compositions of the products erupted in the last 13 ka (from the onset of Epoch 5-Neostromboli through to Epoch 6-Recent Stromboli, including Pizzo to the Present-day activity; Figure 1) show a progressive decrease in SiO2, incompatible elements (e.g., Rb, Zr) and 87Sr/86Sr with time, coupled with an increase in MgO and 143Nd/144Nd (Francalanci et al., 2013 and references therein). This magmatic evolution indicates a progressive change to more primitive melts with distinct source characteristics. On shorter timescales, whole rock and clinopyroxene compositional variations from Post-Pizzo and Present-day products are consistent with the time progression of the Stromboli system toward more mafic compositions (Petrone et al., 2018). On even shorter (decadal) timescales, Sr isotope systematics in bulk rocks decreased significantly from the 1980s until 2000 (Francalanci et al., 2004). Within that period, micro-drilled portions of clinopyroxene and plagioclase crystals indicated a rapid decrease of 87Sr/86Sr in crystal mantles followed a mild increase at the rims, implying replenishment with mafic magma followed by mixing prior to eruption (Francalanci et al., 2005). Here, we use the clinopyroxene compositional variations to track changes in magma composition back to the Roman era (Pizzo, 2.4–1.8 ka).

The Pizzo megacrysts lack a key feature of clinopyroxenes from more recent eruptions. Clinopyroxene crystals from Post-Pizzo and Present-day activity show “diopsidic bands” identified as darker grayscale contrast zones in BSE images (lighter coloured under plane polarised light), with up to Mg#~90 (Francalanci et al., 2004, 2005; Landi et al., 2006; Armienti et al., 2007; Petrone et al., 2018; Figure 7, right panels) that record the intrusion of hot and significantly more mafic magma into the system (Petrone et al., 2018). The diopsidic composition is typically found as thin, euhedral mantle (intermediate) zones, but can also occur as resorbed cores or at crystal rims (Francalanci et al., 2004, 2005; Landi et al., 2006; Armienti et al., 2007; Petrone et al., 2018). In contrast, the megacrysts studied here have remarkably homogeneous major element compositions with Mg#71−78. A compilation of clinopyroxene compositions from Pizzo (shoshonite and high-K subgroups; Francalanci et al., 2014), Post-Pizzo and Present-day activity (Francalanci et al., 2005; Petrone et al., 2018) shows a distinct Mg#-rich group (not present in Pizzo megacrysts) that becomes more prevalent through time (Figure 7). During the Pizzo era, shoshonite-hosted crystals show similar compositions to the megacrysts studied here, whereas high-K basalt-hosted clinopyroxenes show an incipient increase in Mg#. The diopsidic compositions become more frequent through Post-Pizzo and Present-day activity products (Petrone et al., 2018). Even though all compositions generate a common evolutionary path in SiO2, TiO2, and Na2O vs. MgO bivariate plots, the low-Mg# augitic compositions and high-Mg# diopsidic compositions are separated by steps in Al2O3, CaO, and Cr2O3 vs. MgO (Figure 7, right panels) that suggest a change in the crystallisation environment (see also Francalanci et al., 2004). Interestingly, Mg-rich zones are relatively enriched in CaO (Figure 7), a feature mirrored in bulk rock compositions (Bertagnini et al., 2003). Hence, according to the compiled database, the mafic magma invading Stromboli in historical times may have first appeared as high-K magma in Pizzo times, when the megacryst environment remained uninvaded. The data suggest a genetic link between the Pizzo high-K magmas and the invading magma, which is intriguing because the intruding magma reported from Post-Pizzo times is shoshonitic in composition (Francalanci et al., 2013; Petrone et al., 2018). However, Francalanci et al. (2014) noted that while the high-K component has not directly erupted after Pizzo times, it has been present for a long period in the Stromboli plumbing system and could be undergoing dormant recharge. Tentatively, the clinopyroxene data may point to the role of a minor (diluted) high-K component in the Present-day shoshonite magmas, as suggested by Francalanci et al. (2013). In line with the idea of enhanced mixing in the feeder system through time, Francalanci et al. (2004) reported that clinopyroxenes from eruptions spanning the twentieth century are remarkably uniform in major and minor elements.

It is pertinent to observe that the inception of steady-state activity at Stromboli (at least since Post-Pizzo times; Petrone et al., 2018) is in agreement with the invasion of the plumbing system with distinctly mafic magma, as recorded by clinopyroxene crystals (Petrone et al., 2018; Figure 7). Bulk rock Sr isotope ratios become progressively less radiogenic from Pizzo shoshonite products up until Present-day activity, and bulk rock major elements record a mafic trend since Post-Pizzo times (Petrone et al., 2018), shortly after the eruption of the megacrysts. Timescales of magma mixing and crystal mobilisation upon recharge obtained in this study (22 ± 10 days, Pizzo) are within error of those of Petrone et al. (2018; up to 10 days, Post-Pizzo—Present-day). Although it may appear that the triggering timescales have shortened somewhat from Pizzo to Post-Pizzo and Present-day activity, further data are required to establish if the invading mafic magma has brought about increased eruption-triggering efficiency. Similarly, Petrone et al. (2018) highlighted that crystal residence timescales have decreased from the initial phase of the Post-Pizzo activity onwards. In agreement with the hypothesis of progressive invasion, Petrone et al. (2018) found that the top of the Post-Pizzo sequence contains abundant clinopyroxenes with multiple diopsidic bands, suggesting the occurrence of more frequent replenishment events than at the inception of Post-Pizzo activity, as well as a potential link between injections of new recharging magma and eruption frequency, as suggested for the persistent Present-day activity (Taddeucci et al., 2013).

In their Sr-isotope study of recent eruptions, Francalanci et al. (2005) linked the 87Sr/86Sr decrease in scoria and lavas from ~1980 to greater volumes of recharge magma in the volcano plumbing system and increased intensity of Strombolian activity prior to the 1985 lava eruption. Here, the compilation of clinopyroxene major element data suggests that the inception of the steady-state activity might be directly related to the invasion of the plumbing system with mafic magma on historical timescales (from the Roman era until today). A similar relationship between magma invasion and enhanced eruptive activity was observed on decadal timescales for the recent enhanced volcanism at Mt. Etna (Cannata et al., 2018; Ubide and Kamber, 2018). The latter study showed that Cr zonations in clinopyroxene can hold detailed records of magma pathways through volcanic systems, and our compiled Stromboli dataset shows that diopsidic bands are clearly enriched in Cr2O3 (Figure 7). Further inspection of the textural and chemical budgets of clinopyroxenes in recent Stromboli products holds promise to help build an updated view of the feeder system, track its evolution through time and explore relationships with changes in eruptive style, all of which are important for volcano monitoring efforts.

CONCLUSIONS

A detailed understanding of clinopyroxene records opens a new perspective into the study of dynamic crystallisation and the space-time evolution of magmatic plumbing systems. We have investigated the textural and compositional complexities of Roman era (2.4–1.8 ka; Pizzo) megacrysts from Stromboli volcano using a crystallographically controlled approach, providing petrological constraints that can be further tested on clinopyroxenes from more recent (and older) eruptions, as well as on smaller Pizzo phenocrysts. We conclude that:

• High-resolution major and trace element mapping constitutes an exciting petrological tool for the study of magmatic records from a combined textural-compositional perspective. In particular, laser ablation time-of-flight (LA-ICP-TOFMS) mapping provides very rapid visualisation of the chemical complexity of large sample materials, for a wide range of major and trace elements.

• Sector-zoned crystals provide unparalleled insight into the study of crystallisation dynamics; low charge cations (Cr, Ni; oscillatory zoned) carry information on melt history whereas Al and high charge cations (e.g., HFSE; sector zoned) carry information on cooling history (cf. Ubide et al., 2019). The Pizzo megacrysts show very mild oscillatory and sector zoning, most clearly discernible at the trace element level. Megacryst growth is interpreted in the context of incremental recharge by pulses of shoshonite melt and associated convection, generating a protracted crystallisation environment with low degrees of undercooling.

• Barometric, thermometric and hygrometric models indicate crystallisation under relatively constant P-T-H2O conditions, at depths below the 10 km mid-crustal discontinuity beneath Stromboli. We suggest a stratified plumbing system architecture where clinopyroxene crystallisation dominates at depth and olivine-plagioclase crystallise at shallower depths from increasingly degassed melts. Deep storage and crystallisation have not previously been identified at Stromboli, and future work will investigate if the stratified configuration is a long-standing feature of Stromboli magmas.

• Megacryst rims are not significantly distinct in terms of major elements, but have enrichments in Cr that suggest the arrival of a slightly more mafic magma prior to eruption. The thicknesses of Cr-rich rims provide an approximation of the timescales of crystal mobilisation following growth over protracted (decadal-centennial) periods. If correct, the assumed growth rates imply that the clinopyroxene megacrysts erupted very quickly (days-weeks) after magma injection and mixing.

• The Pizzo megacrysts show very constant augitic major element compositions, whereas clinopyroxenes in coeval high-K products and younger eruptive products show abundant diopsidic growth bands inferred to reflect mafic invasion of the Stromboli plumbing system on historical timescales. Mafic invasion may have driven the inception of the world-famous steady-state activity at the volcano.
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Supplementary Figure 1. Major element maps of megacryst section 13C, obtained with electron microprobe.

Supplementary Figure 2. Minor and trace element maps of megacryst section 13C, obtained with LA-ICP-QMS.

Supplementary Figure 3. Electron microprobe traverses of clinopyroxene megacryst 31, obtained by electron microprobe (locations in Figure 5). The compositions of core, mantle, and rim regions are largely coincident, although crystal cores reach slightly lower Si-Mg and higher Al-Ti concentrations than mantles and rims. The antecryst core is slightly enriched in Al-Ti compared to the host clinopyroxene. In terms of sectoral variations, compositions across prism sectors {100}, {110}, and {010} are virtually homogeneous. Hourglass sectors {−111} are Mg-rich and Al-poor compared to prism sectors.

Supplementary Figure 4. Chemical classification of melts sampled by Stromboli clinopyroxene megacrysts, including clinopyroxene-hosted melt inclusions (white circles) and glass contained in the adhering groundmass (dark circles); the matrix glass composition used for clinopyroxene-melt thermobarometry and hygrometry (Figure 8) is denoted by the large square symbol. The compositional fields for all Stromboli whole rocks and Eruptive Epoch 6 whole rocks are provided for comparison (Francalanci et al., 2013). The compositional fields for glass data from Pizzo and Present-day activity products are also provided (Francalanci et al., 2014; Petrone et al., 2018). Data are plotted on an anhydrous basis. In spite of the potential inter-laboratory bias, glass compositions sampled by the clinopyroxene megacrysts are compositionally similar to Pizzo shoshonite glasses and Present-day glasses, and distinct from Pizzo high-K calc-alkaline glasses.

Supplementary Figure 5. Clinopyroxene-melt equilibrium tests (KD(Fe-Mg)cpx−melt = 0.28 ± 0.08, Putirka, 2008; ΔDiHd, Putirka et al., 1996; Mollo et al., 2013; DNa, Blundy et al., 1995; DTi, Hill et al., 2011; Mollo et al., 2018) indicate that all clinopyroxene compositions are in chemical equilibrium with the glass hosted in the megacrysts and adhering glassy matrix, which are all consistently shoshonitic in composition. To approach the Fe2+ content in the melt (to test KD(Fe-Mg)cpx−melt), we computed our melt composition in Rhyolite-MELTS (Gualda et al., 2012) under the NNO oxygen fugacity buffer (Métrich and Clocchiatti, 1996; Di Carlo et al., 2006) and constant P-T conditions of 320 MPa and 1,080°C (Figure 8).

Supplementary Table 1. Stromboli clinopyroxene megacrysts analysed in this study, collected from scoria at the top of the Pizzo sequence (Eruptive Epoch 6a; Francalanci et al., 2013, 2014), at 38°47′33″N 15°12′49″E.

Supplementary Table 2. Major element data (wt.% oxides) obtained by electron microprobe on clinopyroxene megacrysts.

Supplementary Table 3. Major element data (wt.% oxides) obtained by electron microprobe on clinopyroxene megacryst-hosted olivine inclusions.

Supplementary Table 4. Major element data (wt.% oxides) obtained by electron microprobe on clinopyroxene megacryst-hosted plagioclase inclusions, and plagioclase microcryts in adhering glassy tephra.

Supplementary Table 5. Major element data (wt.% oxides) obtained by electron microprobe on clinopyroxene megacryst-hosted titanomagnetite inclusions, and titanomagnetite microcryts in adhering glassy tephra.

Supplementary Table 6. Major element data (wt.% oxides) obtained by electron microprobe on clinopyroxene megacryst-hosted apatite inclusions.

Supplementary Table 7. Major element data (wt.% oxides) obtained by electron microprobe on clinopyroxene megacryst-hosted melt inclusions and adhering glass.

Supplementary Table 8. Summary of results from Rhyolite-MELTS isobaric fractionation models at 300 and 400 MPa, from 1,250 to 1,030°C. For a given fractionation (cooling) step, melt data are listed first, followed by data on fractionated clinopyroxene (where present).

Supplementary File 1. Ubide et al. (2019) Frontiers in Earth Science.
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1

20

350
850-020

5

Thermo iCAP RQ

7Li (16), 23Na (5), 27AI (5), 43Ca (6)', 45Sc
(10), 51V (10), 52Cr (10), 6ONi (10), 90Zr (10),
139La (15), 146Nd (15)

110ms

7L (0.2), 23Na (2), 27Al (0.5), 45Sc (0.05), 51V
(0.07), 52Cr (1), 6ONi (0.1), 90Zr (0.008), 139La
(0.003), 146N (0.006)

1,632 x 2,088 um (180 min)

96).

LA-ICP-TOFMS

Teledyne Analyte G2 193 nm with ARIS
3

20 x 20

200 (10 pixels per second”)

10

0 (no overlap)

1-2 (between lines), 20 (before and after entire
images)

600

1,500

0

iCAP RQ icpTOF (TOFWERK AG)

Entire mass spectrum from 23Na to 238U (30
s per mass spectrum), 29Si*

“integration time per pixel” ~100ms.

23Na (120), 27A1 (15), 43Ca (1000), 455¢ (3),
51V (1), 52Cr (7), 60Ni (3), 90Zr (0.6), 139La
(0.1), 146Nd (0.01)

1,632 x 2,088 um (18 min)
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