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Editorial on the Research Topic
Crystal Archives of Magmatic Processes

Crystals are direct witnesses of intricate journeys of magma transfer and storage through Earth’s mantle and crust. Crystals thus provide windows into processes that are physically inaccessible yet control volcanic behaviour, ore mineralisation and crustal growth (Maclennan et al., 2001; Davidson et al., 2007; Streck, 2008; Cashman et al., 2017; Ubide and Kamber, 2018; Edmonds et al., 2019; Hepworth et al., 2020). However, unravelling crystal archives requires a detailed understanding of how magmatic information is both recorded during crystal growth and then preserved during subsequent storage and transport.
The sensitivity of crystal morphology and zonation to magmatic conditions varies between minerals, and their melt inclusions. High resolution geochemistry resolves ever increasing intracrystal complexities (Davidson et al., 2007; Oeser et al., 2015; Till et al., 2015; Ubide et al., 2015; Neave et al., 2017; Cao et al., 2019). Experimental observations help us link crystal textures and compositions with geological processes, and thereby reconstruct the structure and dynamics of magma storage regions in ways that can be eventually integrated with geophysical data (Hammer, 2008; Putirka 2008; Gualda et al., 2012; Neave and Putirka 2017; Mollo et al., 2018). The diffusive overprinting of chemical zoning may erase precious records and complicate the integration of plutonic and volcanic archives, but it also enables us to quantify timescales of magma storage and transport, informing volcano monitoring efforts (Kahl et al., 2011; Longpré et al., 2014; Petrone et al., 2016; Rasmussen et al., 2018; Mutch et al., 2019; Costa et al., 2020; Petrelli and Zellmer, 2020).
This Research Topic aims to bring new insights into our understanding of how crystal archives can be used to reconstruct the dynamics of magmatic systems. Thirteen original research articles exploit the crystal-eye to magmatic processes by applying novel petrological and geochemical approaches to a range of natural and experimental case studies that access different portions of magma plumbing systems (Figure 1). The articles in this Research Topic demonstrate how overcoming the challenges related to the study of crystal archives can open new opportunities for understanding otherwise cryptic magma pathways from source to eruption.
[image: Figure 1]FIGURE 1 | The crystal-eye on magma plumbing systems. Crystal archives unveil the processes, depths and timescales of magma transport and storage from source to eruption. The present Research Topic explores frontiers in magmatic processes exploiting crystal and melt inclusion records. (A) Making crystal archives. Variations in crystal morphology, zoning style and entrapment of melt inclusions with the increase in magma undercooling. The degree of magma undercooling (ΔT) increases if the temperature of the system decreases (e.g., due to cooling at the reservoir margin) or if the liquidus temperature increases (e.g., due to degassing). (B) Crystals record the dynamics of magma storage and transport between reservoirs, including magma fractionation, recharge, mixing, assimilation, degassing and mush remobilisation. Erupted magmas carry an assortment of crystals (phenocrysts, antecrysts, xenocrysts) that attest to complex pre-eruptive histories. Fossilised magma chambers enable direct observation of crystal records of magmatic processes, and their potential link to mineralisation. (C) Crystals act as time capsules of reservoir growth and eruption onset. A variety of timescales can be retrieved applying constraints on the kinetics of crystal growth, dissolution and diffusive re-equilibration in minerals and their melt inclusions.
MAKING CRYSTAL ARCHIVES
As magmas crystallise, growing minerals respond to melt compositions and magmatic conditions via their textural characteristics, chemistry and style of compositional zoning (Figure 1A). Large crystals have traditionally been considered to grow in a tree-ring fashion, with concentric zones forming sequentially from core to rim, and compositional zoning reflecting sequential changes in the magmatic environment through time. However, rapid growth at moderate to high degrees of undercooling (ΔT = Tliquidus− Tcrystallisation) generates skeletal to dendritic crystals that grow in a snow-flake fashion with disequilibrium compositions, and can be later infilled via concentric growth, complicating crystal records (Faure et al., 2003; Welsch et al., 2014; Shea et al., 2015; Salas et al., 2021). At low degrees of undercooling, polyhedral crystals can develop sector zoning, where sectors growing coevally along different crystallographic directions have distinct compositions, further complicating crystal archives (Hollister and Gancarz, 1971; Kouchi et al., 1983; Ubide et al., 2019a; Masotta et al., 2020). Conversely, recognising kinetic effects can provide invaluable information about the thermal pathways of magma crystallisation (Bouvet de Maisonneuve et al., 2016; Welsch et al., 2016; Ubide et al., 2019a, Ubide et., 2019b; Neave et al., 2019; Shea et al., 2019; Di Stefano et al., 2020). In addition, diffusive re-equilibration of compositional gradients can generate or modify chemical profiles across crystals, and diffusion modelling can retrieve a wide range of timescales across magmatic plumbing systems (Costa et al., 2020).
To constrain the effects of undercooling and time on olivine growth and zoning, Mourey and Shea perform experiments on a Hawaiian tholeiite, and investigate resulting crystals with three-dimensional X-ray micro-tomography. Estimated 3D growth rates (10–7 m/s) are almost an order of magnitude higher than those calculated using 2D sections of the same experiments, highlighting the benefit of their novel 3D approach. At ΔT = 40°C, growth rates approach their maxima while nucleation rates remain low, so this may represent a thermal “sweet spot” for the formation of large crystals in dry basalts. A magma chamber can thus generate large crystals within a few hours of thermal perturbations induced, for example, by magma mixing. Crystal growth is initially rapid, and the crystal skeleton forms at a faster pace than diffusion of both moderate (Fe–Mg) and fast (Li) diffusing elements, which complies with a necessary assumption for the application of diffusion chronometry (Costa et al., 2008; Costa et al., 2020). In contrast, subsequent maturation to large polyhedral crystals is comparatively slow, and gradual compositional changes are controlled by diffusive re-equilibration. The initial, rapid formation of an outer crystal shell enhances the confinement of melt inclusions, which are common in olivine.
Melt inclusions trapped by growing crystals provide distinct records of magmatic evolution (Kent et al., 2010). An important assumption is that entrapped melts are representative of the bulk environment and not liquid boundary layers created during fast crystal growth (Baker, 2008; Longpré et al., 2020). Moreover, the effects of post-entrapment crystallisation within inclusions need to be carefully assessed, as well as the effects of experimentally reheating inclusions prior to microanalysis (Nielsen, 2011). In this context, Lewis et al. undertake an experimental study on the homogenisation of plagioclase-hosted melt inclusions, testing changes in the major and trace element chemistry of glass with pressure and duration of experiments. They find that the best approach for recovering compositions at the time of entrapment is to homogenise the inclusions for short times at low pressure (melt inclusions up to 500 microns in diameter homogenize in 30 min or less), or at the pressure of entrapment (calculated according to CO2 contents). The authors provide detailed recommendations to reverse post-entrapment processes and thereby reconstruct pre-eruptive magma evolution.
DYNAMICS OF MAGMA STORAGE
The complex nature of subvolcanic plumbing systems reflects magma evolution by a succession of dynamic processes involving magma fractionation, recharge, mixing, assimilation and degassing, which may occur in numerous reservoirs and during magma transfer through crystal mushes (Bergantz et al., 2015; Cashman et al., 2017; Edmonds et al., 2019). This translates into the occurrence of crystal populations with disparate origins at the scale of individual crystals, thin sections and outcrops (equilibrium phenocrysts/autocrysts, cogenetic antecrysts, accidental xenocrysts; Davidson et al., 2007; Kahl et al., 2015). Interrogating the crystal cargo erupted during volcanism or fossilised in intrusions provides a forensic means to access the inner workings of magmatic systems (Figure 1B).
To disentangle crystal populations and discern their origins, Caricchi et al. apply machine learning methods to clinopyroxenes erupted during the 2014–2015 Bárðarbunga–Holuhraun eruption in Iceland, where lateral draining of the magma reservoir induced progressive caldera collapse (Gudmundsson et al., 2016). Hierarchical clustering of clinopyroxene major and trace element datasets distinguishes hourglass and prism sectors, as well as concentrically zoned mantles and overgrowth rims, which together respond to thermal variations and associated kinetic effects. Results unveil a sequence of pre-eruptive processes that had not been captured in previous whole rock and melt inclusion studies, including mixing of hot magma with colder resident magma during lateral transport across the feeder dyke. Variations in crystal populations throughout the 6 months of the eruption indicate a decrease in magma mixing with time, which the authors suggest could be linked to the thermal maturation of the dyke. Combined with monitoring data, statistical assessments of crystal zoning provide powerful means to track pre- and syn-eruptive pathways of magma movement towards the surface.
Locating pockets of magma storage prior to eruption is critical in the surveillance of volcanoes across tectonic settings. Klügel et al. investigate crystal and melt records in a chronologically-controlled sample sequence of the 2014–15 eruption at Fogo, Cape Verde, as a natural laboratory to reconstruct magma plumbing in an ocean island setting. Clinopyroxene-melt barometry on carefully filtered equilibrium pairs of rims and groundmass indicates magma storage at upper mantle levels. Clinopyroxene rims are sector-zoned and formed during the eruption, due to H2O-loss that might have been driven by CO2-flushing from deeper reservoirs. Microthermometry of CO2-dominated fluid inclusions in clinopyroxene indicates the ascending magma stalled briefly at the Moho, and diffusion modelling of olivine rims indicates final ascent was fast (on the order of hours). In contrast with other documented eruptions of ocean island basalts, the majority of seismic events precursory to the Fogo eruption were relatively shallow compared to the depths of magma stagnation indicated by barometry. The authors suggest this might be due to short recurrence intervals and small erupted volumes resulting in mostly aseismic magma ascent, which could help inform the monitoring of future volcanic activity at Fogo.
In alkaline continental systems, explosive monogenetic centers can erupt unusual cargoes of crystals and lithics (Irving and Frey, 1984), which may provide valuable constraints on magma source, ascent and eruption. In addition, the unpredictability and abundance of monogenetic volcanoes underline the importance of improving our understanding of their source to surface feeding mechanisms (Smith and Németh, 2017; Brenna et al., 2021). Villaseca et al. investigate spectacular megacryst and cumulate cargoes in the Cenozoic Calatrava volcanic field in central Spain. Trace element signatures in clinopyroxene, amphibole and phlogopite, combined with Sr-Nd isotope systematics in minerals and whole rocks, indicate the disparate cargoes share a common origin. Green Fe-Na-rich clinopyroxenes are interpreted as high-pressure precipitates from highly fractionated liquids, cogenetic with the less fractionated melts that formed colourless clinopyroxenes. Crucially, trace element data serve to test the origin of green clinopyroxenes as cognate vs. xenocrystic cargo, as highlighted in other alkaline settings (Ubide et al., 2014; Jankovics et al., 2016). Results support the notion that alkaline monogenetic fields are fed by deep magmatic systems governed by melt accumulation, fractionation and contamination at variable mantle depths, and in which volatile saturation ultimately triggers mush disaggregation and rapid magma ascent.
Shallow crustal storage is often well developed above deep mafic mushes in arc settings (Annen et al., 2006). Nicotra et al. link plagioclase records with eruptive styles across the volcano stratigraphy of small caldera-forming eruptions at Vulcano (Aeolian Islands, Italy). The authors propose the re-activation of caldera ring-faults may induce decompression of shoshonitic magma and its crystal cargo stored at shallow depths, as well as basaltic, volatile-rich magma with more primitive crystals stored below the level of water exsolution. Decompression of plagioclase from the shallow reservoir creates sieve textures rich in melt inclusions, overgrowing finely oscillatory zoned cores formed under quiescent conditions. Ascending primitive magma carries resorbed plagioclases, and mixing between recharge and resident magmas results in further resorption. Interestingly, the establishment of magma mixing in the shallow reservoir may follow the transition from phreatomagmatic explosions at the onset of volcanism to sustained lava fountaining, whereby progressive tapping of primitive basalts leads to a shift in eruptive style from Strombolian to Hawaiian. Ring-faults and fractures play a crucial role in channelising rapid magma ascent, leading to partial reservoir emptying and caldera collapse.
Knafelc et al. show that even crystal-poor rhyolites may carry mixed crystal cargoes. In a multi-mineral investigation of the Havre 2012 large submarine eruption in the southwest Pacific, including pumice raft collected along the east coast of Australia and Fiji, as well as samples of seafloor giant pumice and lava flows from the eruption site, the authors show that the mineral assemblage comprises both equilibrium autocrysts and recycled antecrysts. Importantly, they focus only on the autocrysts (plagioclase, orthopyroxene and Fe-Ti oxides) to constrain the pressure, temperature, water content and oxidation state of carrier melts immediately before eruption. Thermodynamic modelling indicates that clinopyroxene and quartz antecrysts are inherited from cold, silicic mush zones. Resorbed high-An plagioclase cores may be sourced from more mafic-intermediate magma. The study highlights the need of careful textural and compositional assessment of mineral-melt equilibrium to reconstruct pre-eruptive processes and architecture across magma compositions and eruptive styles.
Plutonic Perspectives
While mineral assemblages in volcanic rocks preserve complex zoning records due to fast cooling upon eruption, they represent only a portion of crystals processed within magmatic plumbing systems. Plutonic complexes provide direct access to fossilised plumbing systems and the processes occurring during magma solidification that are not necessarily reflected in volcanic records. Holness et al. quantify plagioclase shapes and fabrics in oriented thin sections of troctolitic cumulate bodies from the Layered Series of the Skaergaard intrusion, and the Rum Eastern Layered Intrusion, to assess crystal mobilization, transport and accumulation. Plagioclase foliation becomes stronger as grains become more tabular with increasing cooling rates and corresponding crystal growth rates. The authors link foliations to magmatic currents, tectonic disruptions of poorly consolidated mush, or post-accumulation overgrowths. Upward increases in foliation strength provide detailed records of progressive magma chamber inflation. In turn, frequent replenishment events favour textural equilibration during slow sub-solidus cooling, modifying igneous microstructures. The authors observe a correlation between the standard deviation of dihedral angles at plagioclase triple junctions and the average grain shape, and suggest future research should explore such variation as a means to quantify cumulate thermal histories.
Olivine- and pyroxene-rich cumulates can host Ni-Cu-(platinum group element-PGE) sulphide deposits. Schoneveld et al. explore the potential of pyroxene zoning to record the processes that lead to mineralisation. The authors examine mineralised and barren intrusions across the globe via X-ray fluorescence imaging, which reveals crystal zoning patterns across entire thin sections. Pyroxene zoning is particularly well preserved for slow-diffusing Cr, enhanced in compositional maps obtained at low energy of synchrotron X-rays (Barnes et al., 2020). Interestingly, pyroxene zoning is widespread across mafic intrusions and the zonation styles vary between mineralised and barren bodies. Strongly mineralized intrusions contain pyroxenes with complex Cr variations, including abrupt and sector zoning in orthopyroxenes that contain olivine inclusions. The authors interpret these features as reactive transport of olivine and orthopyroxene crystals within high-flux, dynamic conduit systems where wall rock assimilation induces fluctuations in magmatic conditions and leads to Ni-Cu sulphide mineralization (Barnes et al., 2016). This study grows an exciting line of research on the potential of zoned crystals as fertility indicators for the exploration of ore deposits.
TIMESCALES OF MAGMA ASCENT TO ERUPTION
Crystals act as chronometers that enable the reconstruction of magma transport and storage through time (Cooper and Kent, 2014; Costa et al., 2020; Figure 1C). Olivine is extensively exploited for diffusion chronometry in basaltic systems, partly because slow- (e.g., P), moderate- (e.g., Fe-Mg) and fast- (e.g., Li) diffusing elements resolve a wide range of magmatic timescales (Lynn et al., 2018; Costa et al., 2020). Increasing interest in syn-eruptive processes such as magma ascent and degassing has promoted studies focused on fast-diffusing Li. However, charge balancing the incorporation of pentavalent P by monovalent Li during rapid olivine growth (Mallmann et al., 2009) calls for careful assessment of the origin of Li concentration gradients.
To untangle Li records of growth and diffusion, Lynn et al. target trace element zoning in carefully oriented and sectioned olivines from Hawaii, using a combination of electron microprobe, laser ablation mass spectrometry and nanoscale secondary ion mass spectrometry. Li variations can be grouped into two types: 1) broad core-rim zoning that is not coupled with P; 2) fine Li enrichments that are coupled with P and only resolved quantitatively via sub-micrometre analysis. The authors link the non-coupled Li variations to diffusion after magma mixing, which can be modelled to retrieve short timescales (hours to days) of magma intrusion and transport to eruption. In contrast, coupled Li enrichments reflect early rapid growth along branches rich in P and cannot be reliably modelled due to complications arising from multi-component diffusion, poorly constrained initial conditions and analytical challenges associated with resolving fine variations. The authors conclude that only broad zoning of non-coupled Li should be modelled for timescales of magmatic processes, and provide detailed recommendations on selecting Li profiles for diffusion modelling.
Steinnmann et al. approach the issue of crystal growth vs. diffusion by combining Li elemental and isotope zoning in olivines from the Massif Central in France. The authors measure Li isotope variations via femtosecond laser ablation multi-collector mass spectrometry, previously used to obtain Fe-Mg isotope profiles across the same olivines (Oeser et al., 2015). The isotopic composition of the melt is assumed to be constant during fractional crystallisation, and significant increases in both Li and δ7Li from olivine cores to rims are interpreted as resulting from diffusion into initially homogeneous olivine grains during magma differentiation. Such zoning broadly correlates with Fe-Mg variations, which are used to retrieve timescale information. In addition, Li shoulders at crystal rims reveal a second diffusion event (Li loss) that is not recorded by Mg–Fe exchange and may reflect degassing during magma ascent or eruption. Importantly, integrated elemental and isotope profiles of Fe-Mg and Li resolve the origin of olivine compositional variations and help unravel multi-stage magma evolution, including cooling, magma mixing and degassing.
The thermal history of magmas during final ascent is crucial to investigate the explosivity of eruptions and help interpret volcano degassing records (La Spina et al., 2015; Oppenheimer et al., 2018). Newcombe et al. explore magma pressure-temperature-time (P-T-t) paths immediately before basaltic eruptions from arc and ocean island volcanoes of different explosivity and magma water content. They combine thermal histories (T-t) from MgO diffusion profiles in olivine-hosted melt inclusions with decompression histories (P-t) previously determined from volatile data. Results indicate a negative correlation between syn-eruptive magma decompression rates and cooling rates; rapidly ascending gas-bearing magmas (subplinian volcanism) experience slower cooling during ascent and eruption than slowly ascending magmas (lava-fountaining). Thermal histories of hydrous arc magmas are not accurately modelled by isentropic magma ascent, where adiabatic expansion of the gas phase is the dominant driver of cooling in the conduit. This may be due to open-system degassing and/or degassing-driven crystallisation, which produces latent heat (Blundy et al., 2006), and argues against the use of isentropic conduit models for arc magmas. The proposed syn-eruptive ascent thermo-chronometer offers a new approach for constraining conduit processes, including magma stalling, magma mixing, open- and closed-system degassing, vapour fluxing, and vapour accumulation during the seconds to hours preceding mafic eruptions.
Water-poor magmas in mid ocean ridge settings pose a challenge for decompression rates based on degassing records. Neave and Maclennan combine experimental constraints on clinopyroxene dissolution with barometric estimates to calculate decompression rates from a wehrlite nodule from the primitive Borgarhraun lava flow in Iceland. Crystal cores have Al-rich compositions consistent with crystallisation at Moho levels. Crystal rims and inclusions have Al-poor compositions that formed at or near the surface. Crucially, rims and inclusions are interpreted as the crystallised remnants of boundary layers formed by the dissolution of high-Al cores during magma ascent, providing a means to calculate ascent timescales. The model returns mantle-to-surface transport durations on the order of days, implying limited unrest may precede some Icelandic eruptions. Results are faster than previous estimates based on olivine diffusion chronometry (Mutch et al., 2019), suggesting that magmas accelerate close to the surface. Interestingly, results are similar to those obtained in arc settings, indicating that magma ascent rates may not correlate simply with magma water contents (Cassidy et al., 2018). The proposed decompression-meter provides a way to estimate decompression rates of water-poor magmas, and highlights the benefits of integrating timescale information from different geospeedometers.
SUMMARY AND FUTURE OUTLOOK
Crystals can help locate regions of magma storage at depth, identify the processes that govern magma ascent and provide time constraints on the triggers of volcanic eruptions. Outstanding challenges include a precise understanding on the complex and overlapping magmatic processes and timescales different minerals are able to record, and preserve, and a careful assessment of the applicability of petrological calibrations established in experimental conditions to natural systems where equilibrium conditions rarely apply. Fortunately, these difficulties are increasingly overcome by exciting developments in experimental, analytical and numerical approaches that bring new perspectives to crystal archives, as highlighted by this Research Topic.
Crystal textures can now be quantified with greater precision and accuracy than ever before. While advanced methods such as the non-destructive 3D X-ray microtomography used by Mourey and Shea are providing previously unattainable insights into rock microstructures, Holness et al. demonstrate that optical microscopy still has a central role to play in advancing our understanding of magma reservoir processes. Technological advances like those exploited by Neave and Maclennan and Schoneveld et al. now make it possible to map compositional variations over whole thin sections, explicitly integrating textural and chemical information and highlighting previously missed features, even in comprehensively studied samples. Future challenges are likely to involve rethinking how the enormous volumes of data generated by such approaches can be presented in transparent yet digestible ways. Although high-precision geochemical microanalyses like the fs-LA-MC-ICP-MS used by Steinmann et al. and the nanoSIMS used by Lynn et al. and Newcombe et al. are now well established tools for reconstructing magmatic histories from crystal zoning, applications to geological systems are still relatively few in number, and many new discoveries can be expected in the years ahead as these techniques mature further. Finally, the ever larger datasets now generated are fueling the growth of quantitative petrology, and statistical approaches like that presented by Caricchi et al. offer exciting new opportunities for better understanding crystal archives of magmatic processes.
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