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Abstract 
Magma storage modulates the explosivity, frequency, and impact of volcanic eruptions, and 
controls the formation of magmatic-hydrothermal mineral deposits. The architecture of 
magma storage and plumbing systems, and their eruption triggering mechanisms, are 
inaccessible to direct observation in active volcanoes. However, they can be accessed 
through the study of products of volcanic eruptions: volcanic rocks and the crystal, melt, and 
gas records they contain. This chapter explores the texture and composition of volcanic 
rocks (and their plutonic cargoes) to better understand pre-eruptive magma storage and 
transfer from storage to eruption. We take a rock-centred approach to understanding 
magma-mush storage systems feeding volcanism, discussing traditional as well as new 
approaches, and their implications for volcano monitoring efforts.  
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Glossary (to be merged with other Part 1 ‘Tectonics and magmatic plumbing systems’ 
chapter glossaries) 

● Crystal cargo: collective term for all the crystals in an erupted sample. 
● Megacryst: very large magmatic crystals, typically >1 cm. 
● Phenocryst or macrocryst: large magmatic crystals that are obvious to the naked eye 

(non-genetic term used to describe crystals that are notably larger than the 
surrounding matrix, irrespective of their origin). 
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● Microcryst: small crystals that constitute the groundmass or matrix of a volcanic rock 
or are notably smaller than phenocrysts/macrocrysts (non-genetic term used to 
describe small crystals within the rock matrix). 

● Microlite: microcrysts with a high aspect ratio due to rapid crystallisation at high 
degrees of magma undercooling during magma ascent and eruption, typically <30 
μm in width and <1/3 in width/length aspect ratio.  

● Matrix or groundmass: fine-grained portion of the volcanic rock that represents the 
final erupted melt (or liquid), which often carries a cargo of large crystals from depth. 
The matrix or groundmass can be holocrystalline (composed of microcrysts), 
hypocrystalline (microcrysts and glass), or completely glassy.  

● Autocryst: crystal composition in equilibrium with the host magmatic liquid. The term 
refers to chemistry and can refer to an entire crystal or to a zone of a crystal. 

● Antecryst: crystal composition that is not in equilibrium with the host magmatic liquid 
(from a major, trace element, or isotopic perspective), recording crystallisation from 
earlier melts in the magmatic system. The term refers to chemistry and can refer to 
an entire crystal or to a zone of a crystal. 

● Xenocryst: crystal composition foreign to the magmatic system, including material 
incorporated from the mantle or crust during magma ascent. The term refers to 
chemistry and can refer to an entire crystal or to a zone of a crystal. 

● Crystal zoning: variation in the chemistry of a crystal as it grows. 
● Concentric zoning: coherent chemical variations in a magmatic crystal from core to 

rim. Normal zoning reflects magma cooling and crystallisation with more primitive 
compositions in the interior to more evolved in the exterior, for example when 
anorthite in plagioclase decreases from core to rim. In contrast, reverse zoning (e.g., 
a marked jump to higher anorthite in plagioclase) suggests a temperature increase 
that may be associated with mafic magma recharge and mixing. 

● Oscillatory zoning: cyclic chemical variations in a magmatic crystal from core to rim, 
● Sector zoning: chemical variations in a magmatic crystal that follow crystallographic 

orientation, such as hourglass sector zoning where sectors grown along different 
crystallographic orientations have different compositions. 

● Melt inclusion: parcel of melt trapped into a magmatic crystal as it grows. 
● Fluid inclusion: parcel of exsolved fluid trapped into a magmatic crystal as it grows or 

is later fractured. 
 
 
Introduction 
 
The start, evolution and end of volcanic eruptions are closely linked to the way magma is 
stored beneath the Earth’s surface and transported to eruption through magma plumbing 
systems. Magma storage also affects the magnitude, explosivity and frequency of eruptions, 
and the lifetime of volcanic systems. This chapter provides an overview on how we can 
investigate magma storage using the petrology of erupted products. Information derived from 
erupted materials, including rock and mineral textures and compositions, and melt and fluid 
inclusions, can be used to journey beneath a volcano, to better understand how and where 
magmas are stored and why they become remobilised in the lead-up to eruption (Fig. 1). We 
will take a rock-centred perspective into magmatic processes, discussing traditional and 
innovative approaches and implications for the monitoring of active volcanoes and the ways 
that volcanic eruptions are initiated. We summarise approaches to constrain storage 



conditions in a How-to Box, and we use Case study Boxes and figures to highlight key 
volcanic systems that have guided our understanding of magma storage.  
 
From generation in the Earth’s mantle to eruption at the surface, magmas can stall and 
evolve in multiple storage regions within the lithosphere, with tectonic settings and magma 
productivity imposing a first order control on magmatic architecture and composition (Fig. 2). 
Convergent margins generate arc magmatism where thickened crust (particularly in 
continental arcs) and high magmatic water contents lead to storage in multi-level reservoirs 
that may span the thickness of the crust [1]. Enhanced cooling and differentiation in the 
shallow crust promote magma evolution and the potential for explosive volcanism through 
accompanying increases in viscosity and volatile contents (cf. chapter 2.2.1). Mid-ocean 
ridges represent the other end-member context (cf. chapter 2.2.3), involving shallow melt 
generation from relatively dry, decompressed mantle and comparatively modest 
differentiation en-route to the surface – with magma supply and melt fraction increasing with 
spreading rate [2]. Hotspot volcanoes vary widely depending on the thickness of the 
overlying plate and the degree of magma flux (cf. chapter 2.2.2). In ocean island basalts with 
low magma flux (e.g., Canary Islands, Cape Verde), eruptions can be primarily fed from 
upper mantle reservoirs with limited crustal storage [3]. Occasionally, the growth of shallow 
storage regions may lead to eruption of magma with more evolved compositions, including 
large ignimbrites. In contrast, high-flux settings like Hawaii or Réunion develop stable 
shallow storage regions where continued basaltic magma supply feeds high frequency mafic 
volcanism [4] (Fig. 2). In continental hotspots (e.g., Yellowstone, Snake River Plain, East 
Australia), crustal thickness imposes complexities additional to magma flux. Finally, other 
regions of high magma production include areas of local extension (e.g., Taupō Volcanic 
Zone and Long Valley calderas). 
 
Petrological constraints provide complementary information to geophysical evidence (cf. 
chapter 1.4.1) highlighting that magma reservoirs are often mushy (Fig. 2), dominated by 
crystals (>50-60 vol.%) that record complex interactions between resident and replenishing 
magmas. In addition, unlike geophysical data providing an image of the current state of a 
volcanic plumbing system, the petrological study of earlier eruptions helps us build the 
history of processes modulating the magmatic system through time. Accumulation of 
eruptible magma, which requires enough liquid to allow ascent to the surface to erupt, is 
often transient [5] and understanding the switch from dormancy to eruption requires detailed 
petrological investigation. Refined constraints on the anatomy of magma plumbing systems, 
including the size, location, connectivity and eruptible melt fraction of magma reservoirs are 
essential for informing eruption forecasting across countries with varied resources and 
volcano awareness. Thus, petrological characterisation of active magmatic systems 
contributes to volcano preparedness into the future, supporting an important societal goal: to 
reduce the adverse effects of natural disasters on people and the economy (United Nations 
Sustainable Development Goal #11, Target 11.5). In addition, accurate constraints on 
magma storage are key to better understand the formation of magmatic-hydrothermal 
deposits of critical metals like lithium or copper in magmatic arcs, or rare earth elements in 
alkaline settings, leading to improved exploration strategies and increased discovery rates to 
meet the fast growing demand for the metals of the future (Goal #7: Affordable and clean 
energy; cf. chapters in part 8). 
 
 



Deconstructing volcanic rocks 
 
Magmas are complex multiphase mixtures composed of liquid (melt), solid (crystals) and 
exsolved volatiles (gas, liquids or supercritical fluids depending on compositions and 
pressure-temperature conditions) that may or may not be in equilibrium with one another. 
Erupted rocks are frozen versions of the magmas that reach the surface, where different 
components record distinct magmatic journeys from their source to eruption (Fig. 1). 
Therefore, volcanic rocks hold clues to magma storage and ascent that can be unveiled 
through the study of rock textures and compositions (Fig. 3). Accessing this information may 
be challenging, but different materials and spatial scales provide varying insights. At the first 
order, the major and trace element and isotope compositions of bulk rock samples and 
glasses (quenched liquids) provide information on source characteristics, partial melting and 
differentiation processes. Compositional and textural information from individual crystals and 
smaller parts thereof – including melt and fluid inclusions – provide greater insight into the 
intricacies of pre-eruptive magma storage. Analyses of rocks and mineral components  
sequentially erupted from a single volcano or a volcanic province can reveal temporal 
changes in source and differentiation processes at different time scales and through different 
ascent pathways. We explore these ideas in the following text and in the examples provided 
in Fig. 4-5 and as Case study Boxes.  
 
Different crystal types provide access to different portions of the magma storage and ascent 
history. Phenocrysts (or macrocrysts) are large crystals formed in magma reservoirs during 
relatively long timescales of crystal growth compared to small microcrysts in the surrounding 
matrix, including microlites which crystallise rapidly upon ascent through the shallow 
conduits, as well as during eruption and emplacement (Fig. 1). Phenocrysts may therefore 
record long-term variations in magma storage conditions though their textures and 
compositions (Fig. 3-5). The phenocryst assemblage found in a single sample can represent 
diverse origins and residence times because different minerals may crystallise from magmas 
of different compositions and at different pressures, temperatures, oxidation states and 
volatile contents (i.e., magmatic environments)(Fig. 5). In many volcanic rocks, different 
batches of magma may often be mixed together, and thus all the crystals present in an 
erupted sample – often denoted as the crystal cargo – may be complex and have 
compositions that are not in chemical equilibrium with the erupted liquid fraction or with other 
crystals [6, 7]. Such populations are often described as antecrysts (when the crystal 
composition is genetically related to the volcanic system but not the specific eruption, like 
early cores recycled from more primitive or more evolved batches of melt) or xenocrysts 
(when the mineral composition is foreign to the magmatic system, as is the case of material 
incorporated from the crust or mantle). Mineral compositions in equilibrium with the host 
magmatic liquid may represent only a small fraction of the phenocryst material and can be 
distinctively referred to as autocrysts. Complex magma histories also commonly lead to 
individual crystals consisting of a combination of antecrystic, xenocrystic, and autocrystic 
zones.  
 
Concentric or other forms of compositional zoning in crystals can reflect progressive 
changes in the magmatic environment during magma storage, particularly when the 
compositional change is strong and/or associated with a textural change. Examples of 
reverse zoning – consisting of rims of mafic composition including forsterite-rich olivine, Mg-
Cr-rich clinopyroxene, or anorthite-rich plagioclase overgrowing earlier cores that may show 



partially dissolved textures – are common indicators of replenishment of the stored magma 
with notably more primitive magma (e.g., [6, 7]). This is an important observation because 
many eruptions are triggered by mafic recharge and subsequent mixing [8] (cf. chapter 
1.5.1). In contrast, low amplitude euhedral oscillations involving limited compositional 
change (e.g., small variations in anorthite in oscillatory zoned plagioclase) can be related to 
minor fluctuations in temperature, volatile content or growth kinetics without involving new 
melt, or to successive replenishment of stored magma with new magma of more similar 
composition. Storage of compositionally variable crystals at high temperature induces 
diffusive relaxation of compositional contrasts, which develops at distinct rates for different 
elements in different minerals at different temperatures. Diffusion modulates the preservation 
of zoning patterns (Fig. 5) but also enables calculation of the timescales of magmatic 
processes (e.g., [5]; cf. chapter 1.4.3).  
 
Crystal textures also contain important information. The rate at which crystals grow 
determines crystal sizes, morphologies and certain zoning styles. Growth rate is linked to the 
degree of supersaturation, often represented by the degree of magma undercooling (ΔT), 
which measures the difference between the saturation temperature and the temperature of 
the magma: ΔT = Tliquidus - Tcrystallisation [9]. Undercooling is an essential driver of crystallisation, 
and it increases if the temperature of the magma decreases (via cooling) or if the liquidus 
temperature increases (e.g., via degassing). The degree of undercooling is particularly high 
upon magma ascent and eruption, as magma is subjected to decompression-driven 
degassing conditioning the abundance, size, shape and distribution of microlites in the 
erupted rock matrix (Fig. 1), which can be used to calculate ascent rates (cf. chapters 1.4.3 
and 1.5.2). In contrast, low undercooling imposes sluggish nucleation, which promotes the 
growth of phenocrysts. Common magma dynamics including recharge, mixing, convection 
and transfer impose low to moderate degrees of undercooling that can lead to growth of 
phenocrysts with skeletal morphologies (e.g., olivine [10]) or sector zoning, where sectors 
grown along different crystallographic orientations have different compositions despite 
forming coevally from the same bulk melt (e.g., hourglass sector zoning in clinopyroxene 
[11]). The style and degree of crystal zoning can therefore be exploited to investigate 
dynamic magma histories (Fig. 5). 
 
As they grow, crystals may trap droplets of melt and exsolved fluid or vapour (melt and fluid 
inclusions; chapter 1.2.2), providing insights into the composition of these phases in the 
magmatic system at the time of entrapment (Fig. 1, 3). Melt inclusions trapped in minerals of 
different phases (e.g., olivine, pyroxene, plagioclase, quartz) and different compositions 
during prolonged storage can provide insight into mantle source variations, magma mixing 
events, fractional crystallisation, and the timing of volatile exsolution. Some melt and fluid 
inclusions are also trapped during ascent to the surface, particularly in H2O-rich systems 
where degassing leads to increased undercooling and a burst of crystallisation upon ascent, 
which also impacts magma rheology (cf. chapter 1.2.3). During and after trapping, melt and 
fluid inclusions can be subject to a range of syn- and post-eruptive processes, and these can 
mask variations in melt and fluid compositions present at the time of trapping. Assessing 
these requires careful evaluation of data, often in concert with laboratory reheating and 
homogenisation or numerical correction [12].  
 
The erupted rock matrix (or groundmass) represents the final magmatic liquid reaching the 
Earth’s surface and is chemically distinct from the bulk rock in phenocryst-rich (porphyritic) 



samples. The matrix can be microcrystalline to glassy depending on cooling rate upon 
ascent and eruption, and on the initial melt volatile contents: matrix in tephra (fast cooling or 
fast ascent) is more commonly glassy than in lava flows (slow cooling or slow ascent), and 
dryer magmas are more likely to quench to glass than wetter magmas, which undergo 
extensive crystallisation of plagioclase microlites upon degassing. The matrix represents 
magmatic liquid that has typically undergone mixing and homogenisation and may have 
optimal physical properties for eruption, which contrasts with melt inclusion records which 
can trap a range of heterogeneous melts entering, or remaining in, the system during 
storage [13, 14]. In addition, the matrix record is more extensively degassed than the melt 
inclusions, because it has re-equilibrated at low pressure (chapter 1.2.2). We note, however, 
that matrix in rapidly quenched samples, or those erupted underwater, can still retain high 
volatile contents because of incomplete diffusion of volatile elements and limited degassing 
due to the overlying water pressure. Hence, melt inclusion and matrix compositions provide 
records of stored vs. erupted liquids respectively, and enable reconstruction of a range of 
magmatic processes from source melting to differentiation mechanisms and eruption 
triggers.  
 
 
Magma storage and architecture 
 
Volcanoes are the tips of large magmatic systems that extend from their source, typically 
located in the Earth’s mantle, to the surface. Within these complex and vertically extensive 
magma plumbing systems, magmas may get trapped and differentiate into more evolved 
compositions (Fig. 2). Magmas may preferentially stall at rheological, density, and other 
discontinuities like the crust-mantle boundary and the brittle-ductile transition in the shallow 
crust, as well as along key levels of volatile saturation and degassing-induced crystallisation 
where magma viscosity increases (Fig. 5; cf. chapter 1.2.3). Constraining the depths at 
which magmas are stored before eruption, as well as the temperature, chemical 
composition, oxidation state, crystal and volatile content of magma reservoirs, their 
connectivity and ascent pathways to eruption, allows the reconstruction of the anatomy of 
plumbing systems, essential for interpreting signals of volcanic unrest (e.g., Case study 
Boxes). 
 
The depth and vertical extent of storage regions are some of the most valuable constraints 
on magmatic architecture. Petrological constraints on storage depth (How-to Box) can be 
combined with seismicity and ground deformation in the monitoring of active volcanoes. In 
addition, storage depth places first order controls on the fractionating mineral assemblage 
(e.g., Fig. 5) and therefore the chemical evolution of magma, which in turn influences the 
potential for explosive volcanism, economic mineralisation and crustal growth. Noting that 
most petrological methods reconstruct pressure rather than depth directly, these pressures 
must be converted into storage depths following assumptions about the crustal and mantle 
density profile beneath the volcano.  
 
Pressure (P), temperature (T) and other intensive parameters independent of system size 
(e.g., oxidation state, magma and melt compositions, and volatile concentrations) can be 
calculated from mineral, melt and volatile compositions using a wide variety of empirical and 
thermodynamic models (How-to Box; e.g., Fig. 4). These models are calibrated with 
experimental petrology data, by measuring the products of laboratory experiments in which 



magmas have been equilibrated at different conditions. For example, clinopyroxene-melt 
barometers relating the exchange of the Na-rich jadeite component between clinopyroxene 
and melt have been developed by combining experiments conducted at a wide range of 
pressures and temperatures with thermodynamic data on the change in volume of 
crystallised clinopyroxene [15]. Similarly, extensive experimental work has determined how 
the solubility of H2O and CO2 in silicate melts is related to pressure (as well as temperature, 
and melt composition), forming the basis of melt inclusion barometry where measured 
volatile contents are converted into pressures. Further, experimental constraints on the 
equation of state of CO2 (±H2O), which parameterises how pressure, temperature and 
density relate to each other, are used to calculate the pressure at which fluid inclusions were 
trapped or re-equilibrated from a measured CO2 density and an estimate of entrapment 
temperature [16]. In silicic magmas, amphibole barometry has often been used to assess 
crystallisation depths and, more recently, barometry using only melt compositions has 
opened new perspectives in the reconstruction of magma architecture ([17] and further 
reading website list). 
 
Thermometers provide further key information that helps us identify the number of different 
magmatic environments contributing towards any given erupted magma, as well as to track 
the role of mafic recharge in triggering magma mixing, ascent and eruption. The erupted 
melt composition, particularly in systems with a small number of phases, typically holds most 
substantial temperature information. A range of minerals also have compositions sensitive to 
temperature from mafic (e.g., olivine, pyroxenes) to intermediate (e.g., plagioclase, 
amphibole) to felsic magmas (e.g., Ti-in-zircon and -quartz, Fe-Ti oxides magnetite-ilmenite) 
and can be exploited to calculate magmatic temperatures. Additional storage conditions 
include fO2 (oxygen fugacity, which measures the redox state of the magma, often 
determined from reactions sensitive to the Fe2+ and Fe3+ contents of different phases), as 
well as volatile contents (H2O, CO2, both dissolved and exsolved, as well as other volatile 
elements such as S, halogens including F and Cl, and noble gases; cf. chapter 1.2.2). 
Constraining these parameters is fundamental for reconstructing ore formation processes 
(e.g., copper porphyry deposits) and growth rates of magma reservoirs, predicting eruptive 
styles, and understanding the abundance and speciation of volcanic gas emissions.  
 
Combining diverse approaches can increasingly overcome the large uncertainties 
traditionally associated with petrological calibrations (How-to Box). Many of these 
uncertainties are associated with historical limitations in analytical precision, the scope of 
experimental datasets used for calibration, the limited pressure sensitivity of many mineral-
melt reactions [16] and, importantly, challenges in identifying equilibrium assemblages in 
natural samples. Experimental calibrations often use mineral-melt or mineral-mineral 
equilibrium pairs, and the achievement of equilibrium needs to be tested on the natural 
dataset before constraints on intensive parameters can be retrieved by applying 
experimentally derived calibrations. For example, mineral-melt thermobarometry requires 
pairing mineral compositions with liquid compositions with which they equilibrated. A 
reasonable approach is to pair crystal cores with melt inclusions (after correcting for post-
entrapment crystallisation) and crystal mantles or rims with matrix or glass compositions; 
then, thermobarometric calculations are applied only to equilibrium pairs (e.g., [18] and 
additional online references for testing clinopyroxene-melt equilibrium). Additionally, natural 
compositions should fall within the compositional bounds of the experimental calibration 
datasets. In line with this, new machine learning approaches can boost quantification of 



intensive parameters by identifying the experimental mineral compositions that best match 
the natural compositions of interest (e.g., [19]). These approaches are not yet based on 
thermodynamic principles and in some case provide results that deviate from traditional 
thermobarometry (noting that different traditional thermobarometers may also differ from one 
another). This discrepancy highlights the need to critically compare thermodynamic- and 
machine learning-based models to identify potential issues, re-evaluate calibration datasets, 
and move towards the development of hybrid models based on thermodynamics and 
machine learning. Testing a range of thermobarometric models appropriate for the system of 
interest and accounting for uncertainties when examining the statistical distribution of results 
is now substantially eased by new open-source tools (e.g., [19], [20]), and multi-method 
thermobarometry holds promise for better quantifying magma storage conditions.  
 
An additional, complementary approach to estimate storage conditions is to forward model 
liquid and mineral chemistries during differentiation of a given starting composition at varying 
pressure, temperature, oxidation state and water contents, using thermodynamic packages 
that consider experimental phase equilibria and mineral thermodynamic models (How-to 
Box). Modelled predictions can be compared to measured data in natural samples to assess 
likely conditions of magma storage and evolution (Fig. 4). This includes the chemical 
evolution of the magmatic liquid at given conditions, as well as the stability of mineral phases 
and their compositions, from a wide spectrum of mafic to felsic magmas (e.g., using the 
program rhyolite-MELTS [21] and other thermodynamic models, cf. How-to Box and further 
reading website list). For instance, modelling the depth, temperature, magmatic water 
content and oxidation state that control zircon saturation from felsic magma compositions 
can help interpret the thermal, geochronological and trace element information obtained 
independently from zircon in the system. Further, thermodynamic models allow estimation of 
physical parameters such as sensible and latent heat loss during solidification, which are 
difficult to obtain using other methods. Ongoing efforts to optimise thermodynamic modelling 
include expanding the modelling of phase equilibria in complex mineral phases (e.g., 
amphiboles) and exotic magma compositions, such as highly alkaline magmas that can lead 
to enrichment in rare earth elements, as well as incorporating trace elements and isotope 
ratios into models. Constraints from thermodynamic models do not always agree with other 
petrological methods, and contrasting results can steer fundamental discussions on the 
conditions of magma storage (e.g., Bishop Tuff; Fig. 4 and Case study Box 2). 
Thermodynamic models can help quantify additional intensive and extensive properties such 
as melt and fluid fraction, density and viscosity that can be used to investigate how magma 
is stored at given conditions, and why it may be primed to erupt, as we explore below. 
 
 
Magma dynamics and differentiation 
 
Dynamic processes within magma storage regions exert a strong control on the potential for 
volcanic eruption at the surface, and on the type and evolution of volcanic activity. During the 
active period of source-to-surface differentiation columns (Fig. 2), many magmas remain as 
mushes, i.e., zones of melt with crystal contents high enough (>50-60 vol.%) that they are 
largely locked and immobile. Mush zones can also contain a significant fraction of exsolved 
volatiles, particularly in the upper crust. Mushes are seen as the main sites of chemical 
differentiation, where separation of crystals, melts and volatiles can happen through a variety 
of processes including hindered settling, crystal repacking and viscous compaction [22]. 



Such phase separation leads to melt accumulation at certain levels of differentiation 
columns, and crystal accumulation (cumulates) in others, while volatiles feed shallow ore 
deposits and are ultimately released to the atmosphere.  
 
Across tectonic settings, distinct magma generation conditions impose primary controls on 
the major and trace element and isotopic evolution of magmas, their volatile budgets, 
magmatic architecture and eruption triggering mechanisms (Fig. 2). Arc settings typically 
generate hydrous, oxidised magmas where fractionation involves hydrated minerals like 
amphibole and biotite, in addition to clino- and orthopyroxene, magnetite and ilmenite, and a 
boost in plagioclase crystallisation upon shallow degassing. In contrast, magma evolution in 
dry mid-ocean ridges and hotspots follows simpler evolutionary paths dominated by variable 
fractionation of olivine, pyroxene, plagioclase and Fe-Ti oxides. In settings where low 
degrees of melting of enriched sources generate strongly alkaline, silica-undersaturated 
magmas, magma evolution may involve saturation of feldspathoids including leucite or 
nepheline. Within a given magma suite, pressure imposes key stability constraints on the 
crystallising assemblage, as discussed above and illustrated in Fig. 5. Storage conditions 
become increasingly challenging to decode with increasing pressure, as deep mush 
components are less likely to reach the surface. However, deep magma evolution may be as 
important as it is cryptic. For example, deep garnet fractionation in thick continental arcs may 
lead to rare earth element fractionation and magma oxidation that may increase porphyry 
copper fertility once the magma reaches shallow depths (e.g., [23]).  
 
The complexity of magma storage regions, and their incremental growth over long periods of 
time, mean that magma differentiation rarely follows closed-system evolution of continuous 
cooling leading to equilibrium or fractional crystallisation and normal zoning in autocrystic 
minerals. Isotopic evidence and crystal archives in volcanic rocks commonly indicate open-
system evolution with repeated replenishment and mixing of distinct magma batches as well 
as crustal assimilation, developing disequilibrium textures and compositional changes as 
crystals grow (petrological cannibalism and antecrysts recycling; Fig. 5). Textural features in 
minerals such as sieve textures are commonly linked to rapid dissolution and 
recrystallisation associated with mafic recharge and mixing. Alternatively, they can record 
water loss or flushing from deeper reservoirs, particularly of less soluble CO2-rich fluid. This 
is because increasing the proportion of CO2 in the fluid phase results in a drop in the 
solubility of H2O in the co-existing melt, and thus H2O degassing [6].  
 
The degree of disequilibrium can be assessed using textural observations together with 
major, trace element and isotope data at scales ranging from bulk rock to individual crystal 
zones and melt inclusions. At the melt scale, closed-system fractional crystallisation 
generates liquid lines of descent in bivariate plots of major element oxides or trace element 
compositions against a differentiation index such as increasing SiO2 or decreasing MgO. In 
these liquid lines of descent, changes in the fractionating assemblage generate kinks in the 
patterns, such as a drop in Fe and Ti when Fe-Ti oxides join the assemblage. In contrast, 
open-system processes including episodes of magma recharge, mixing, crustal assimilation 
or crystal accumulation make natural compositions deviate from the closed-system 
evolution, typically resulting in straight mixing lines between two or more compositional end-
members. At the mineral scale, closed-system evolution generates coherent compositional 
trends in bivariate plots against differentiation indices such as decreasing anorthite in 
plagioclase, forsterite in olivine or Mg-number in pyroxene. Small variations along the 



evolutionary trend may be induced by kinetic effects like sector or fine-oscillatory zoning, 
whereas inherited antecrysts or xenocryst cores typically deviate from the main trend. 
Assessing the genetic links amongst crystal populations benefits from combining major 
element data with trace element concentrations and ratios, and isotope ratios.  
 
Mush complexities can also be more cryptic. For example, recharging magmas may react 
with the existing crystal mush, resulting in melt and mineral compositions that cannot be 
explained by fractional crystallisation alone. Reactive flow is a plausible differentiation 
mechanism in mush reservoirs and it has been widely documented, particularly below mid-
ocean ridges [24]. Increasing resolution and precision of petrological data and 
thermodynamic modelling can progressively untangle the history of processes across 
magmatic systems, and how they modulate magma evolution.  
 
 
Interrupting storage. Ascent to eruption and impact on the rock record  
 
Magma recharge and mixing in storage regions can trigger eruptions across tectonic 
settings. Mixing introduces changes in magma chemistry, temperature, volatile content, 
density and viscosity that can lead to increased magma buoyancy and overpressurisation in 
the reservoir, triggering mush remobilisation and magma ascent (cf. chapter 1.5.2). The 
chemical and physical state of resident and recharge magmas are important determining 
factors, and not all recharge events lead to eruption (cf. chapter 1.5.1), contributing instead 
to growth of the magma reservoir. Crucially, the fact that some magmas are more eruptible 
than others means that some volcanic records may be inherently biased, particularly towards 
mixed (intermediate) compositions [14]. Mixing can homogenise magmas sourced from 
compositionally heterogenous mantle sources upon storage and ascent to eruption. Yet, 
individual eruptions may sample heterogeneities on timescales of weeks to months to years, 
as recorded in specific volcanic systems and eruptions within Iceland [25], La Palma, or the 
Ecuadorian arc (cf. additional online references).  
 
Despite filtering of eruptible melts through multi-level mushes, volcanic rocks have the great 
advantage of rapid quenching upon eruption, which means magmatic histories can be 
extracted from crystal, melt, and melt/fluid inclusion records, which may preserve 
heterogeneities before or during mixing events. Yet, volcanic rocks may only record the end 
point of a complex series of magmatic evolution, whilst plutonic rocks from exhumed crustal 
sections provide direct insight into volcanic plumbing systems. However, there are additional 
complexities associated with plutonic rocks. The plutonic environment enhances chemical 
diffusion and re-equilibration, which can blur or erase chemical histories. In addition, plutonic 
rocks may have a cumulate origin, which means that bulk rock compositions of plutonic 
rocks may not represent melt compositions. Further, many crystals form in near-solidus 
conditions, which can limit the preservation of identifiable magmatic histories.  Moreover, 
juxtaposition of countless intrusive events over many millennia, which may or may not 
mix/mingle, lead to a complex plutonic puzzle that is challenging to assemble. Nevertheless, 
plutonic rocks may provide a more complete view of fossil magmatic reservoirs and their 
potential hydrothermal cap, which may become largely degassed in active volcanoes. 
Growing research stresses the need to integrate volcanic and plutonic research to better 
understand magma storage, as highlighted in the next section. 
 



 
From mushes to plutons: the volcanic-plutonic connection 
 
Distinguishing regions of melt accumulation vs. crystal accumulation in the plutonic roots of 
volcanoes remains a challenge, particularly for the upper, more silicic levels of differentiation 
columns, where crystal-melt separation is likely slower than in the deeper, hotter, less 
viscous, mafic reservoirs [22]. However, in recent decades different techniques have been 
developed to discriminate between melt vs. crystal accumulation, including geochemical and 
textural analyses. Cumulates of more evolved compositions are now being identified in all 
types of plutonic terrain, and as plutonic fragments or crystal-rich clasts in volcanic rocks 
(e.g., [26]). 
 
Plutonic fragments (fragments of coarse-grained holocrystalline rock) or crystal-rich clasts 
(melt-bearing crystal-rich juvenile fragments) are common in volcanic rocks of varied 
compositions and settings. Such fragments or clasts can hold a textural record of the relative 
‘mushiness’ of magma storage areas, including evidence of crystal accumulation, providing a 
link between the plutonic and volcanic realms. Crystals grown in liquid-dominated 
environments can move, become re-arranged by flowing melt, aggregate (synneusis), and 
settle, whereas crystals grown in crystal-dominated environments form in situ within the 
spatial and mechanical constraints of the mush. Thus, the quantification of crystal shapes, 
boundaries and junctions between crystals within mushy fragments, as originally developed 
on plutonic rocks, can provide insight into relative fractions of solid and liquid in storage 
regions, and their variations through time [27].  
 
Broken plutonic fragments can become entrained into rapidly flowing magma and flushed to 
the surface, particularly towards the end of an eruption when reservoir drainage can result in 
wall-rock collapse. This explains the common occurrence of crystal-rich clasts and lithic 
xenoliths towards the end of explosive eruptions, and during the collapse event of caldera 
forming eruptions. In addition, evidence for mixing and mingling are ubiquitous in both the 
plutonic record (e.g., mafic microcrystalline enclaves, mafic-felsic composite dykes, crystal 
transfer) and the volcanic record (e.g., complex crystal populations and melt inclusion 
populations, mixed glasses, mafic enclaves). Recharge of new magma brings heat to 
shallower levels, allowing reheating and partial remelting of previously emplaced magmas 
that had cooled and crystallised. Hence, mush rejuvenation is a common process and can 
lead to remobilization or defrosting of material that would have otherwise been non-eruptible 
[26]. 
 
Despite the efficacy of mush remobilisation processes to drive eruptions, most magma in 
subvolcanic plumbing systems remains stuck in the crust, and never erupts. Hence, the 
extrusive/intrusive ratio, also referred to as the volcanic/plutonic ratio considering that the 
mush zones will ultimately turn into plutons, is typically << 1. Although a fundamental 
parameter of such crustal columns, this volcanic/plutonic ratio is poorly constrained, because 
it is hard to quantify and can vary in space and time due to different factors, including 
magma fluxes, composition, tectonic settings, as well as the mechanical properties of the 
multi-phase magmatic system and its crustal container. Ocean ridge settings (ophiolites) and 
rare, exposed sections of continental crust (e.g., [28]) provide ideal settings to investigate 
the intrusive to extrusive ratio. In addition, the use of thermomechanical models that 
consider the multi-phase nature of mush columns, as well as the rheological conditions 



within and outside the mush zones, is fundamental to explore the complex evolution of 
storage systems (cf. chapter 1.5.3). In particular, understanding the growth of giant magma 
reservoirs that lead to supereruptions (some of the most destructive geological events our 
planet can produce) remains a great challenge for the volcanological community. Long-lived 
magmatic activity, leading to a thermally mature, more ductile crust plays a key role in 
making room for large reservoirs, and decreasing the volcanic/plutonic ratio to allow such 
reservoirs to grow (Fig. 2). In addition, other processes, like increased magma reservoir 
compressibility due to the presence of an exsolved gas phase, may also be important in 
generating these giant reservoirs [29].  
 
 
Recent advances 
 
The vertically extensive, commonly crystal-rich magma plumbing systems that underlie 
volcanoes we envision today (e.g., Fig. 2, 5) are much more complex than the relatively 
simple magma chamber models considered until only recently. Complexity in magmatic 
architecture and dynamics is increasingly unravelled by rapidly improving petrological 
techniques, including in situ analytical approaches that enable interpreting geochemical 
heterogeneities in a textural context (cf. examples in further reading website list). These 
include improved speed and quality of scanning electron microscopy (SEM) with back-
scattered electron (BSE) and cathodoluminescence (CL) imaging, as well as mapping of 
major and minor elements with energy-dispersive X-ray spectroscopy (SEM-EDX) and 
synchrotron X-ray fluorescence microscopy (XFM). Innovations in high sensitivity 
quantitative analysis via electron probe microanalysis with wavelength-dispersive X-ray 
spectroscopy (EPMA-WDS) include the use of ultra-high resolution soft X-ray emission 
spectrometry (SXES), which allows measuring Fe valence state. At the trace element level, 
rapid mapping of a large range of elements at high spatial resolution is now routinely 
achievable via laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS; 
Fig. 5) and becoming increasingly faster with optimisations including time-of-flight (TOF) 
mass spectrometry. Further, elemental and isotopic variations can be resolved at ultra-high 
spatial resolution via secondary ion mass spectrometry (SIMS) and atom probe tomography 
(APT). Advancements in mass spectrometer sensitivity and the capability of data reduction 
packages increasingly allow routine measurement of isotope ratios in situ, such as Sr or 
U/Th/Pb/Hf isotopes via multi-collector (MC-)LA-ICP-MS. The laser approach makes it 
possible to rapidly resolve isotope variations across individual mineral zones, crystal 
populations and host melts, which allows assessing changes in the source and 
contamination of melts through time. While in situ analysis is less precise than traditional 
methods of analysis of bulk rock samples, mineral separates or micro-drilled material, the 
large volumes of data afforded by the speed and spatial resolution of these newer 
approaches make it possible to assess the consanguinity of melts involved in complex 
magma histories on statistically significant datasets.  
 
For measurements of volatile species, advances in Raman spectroscopy in the last decade 
have allowed in situ, non-destructive measurements of pockets of CO2 fluid down to ~1 µm. 
Analysis of CO2-rich bubbles in melt inclusions has demonstrated that many magmas have 
an order of magnitude more CO2 than was previously recognised. Raman analyses also 
allow measurements of fluid inclusions with a far wider range of densities and sizes than 
conventional microthermometry, where CO2 densities are obtained by observing phase 



changes, which is very difficult for inclusions trapped at <5 km depth, and for small 
inclusions <5-10 µm. Collectively, new developments improving precision and speed of 
volatile measurements are leading to an improved understanding of the concentration of 
volatiles in magmas, their entrapment pressure (depth), and their role in eruptive processes 
at many volcanoes globally.   
 
The emerging view of highly complex pre-eruptive processes has increasingly highlighted 
the need to adapt experimental petrology approaches, which take significant time and effort 
to complete, to best reflect natural magmatic systems. Improving the ability to rationalise 
complexity in our observations of natural systems makes it possible to perform experiments 
under more complex, but still well-understood conditions. This involves optimising the design 
and analysis of equilibrium and kinetic experiments, so that they are more closely aligned 
with nature, particularly at relatively low pressures relevant to shallow crustal magma 
storage and transfer in the lead-up to eruptions. In addition, experimental run products are 
increasingly analysed with state-of-the art techniques that provide not only high spatial 
resolution and precision, but even temporal resolution when measurements are taken during 
the experimental run itself (e.g., 4D experimental petrology combined with fast synchrotron 
X-ray microtomography). Future research will also increasingly combine experiments with 
thermodynamic modelling. Combining both approaches in tandem remains largely 
unexplored and has strong potential to further quantify and test petrological hypotheses, 
driving petrological science forward.  
 
Analytical techniques and petrological models have improved not only in resolution, 
accuracy and precision, but also in speed and automation, boosting the quantity of data 
used in petrological analysis, and therefore its statistical power and significance. The rapid 
increase in available geochemical and geochronological data has accelerated computational 
literacy in petrology. This includes open-source tools for processing data that increasingly 
include statistical and artificial intelligence approaches (cf. chapter 1.5.5), such as the 
identification of crystal populations with multi-dimensional image analysis and clustering of 
geochemical data. In addition, open data repositories that follow FAIR data principles 
(findable, accessible, interoperable, and reusable), such as GeoRoc, PetDB-EarthChem, or 
EarthBank (previously AusGeochem), allow mining large datasets to test petrological 
hypotheses on a global scale. We highlight the enduring importance of petrography (Fig. 1, 
5) in underpinning new advances resulting from better analytical techniques, better models, 
and the growing maturation of quantification in the discipline. This will allow guiding 
petrological advancements as larger data and statistical methods are embraced, so that 
increasingly resolved, accurate and precise textural and chemical data continue to unveil 
petrological complexities during magma storage and transfer to eruption. 
 
 
Links to multi-disciplinary volcano monitoring tools 
 
Volcano monitoring efforts focus primarily on geophysical and geodetic information on 
seismicity and ground deformation, coupled with gas geochemistry. However, the petrology 
of juvenile erupted products (lava flows and tephra; Fig. 1) is the only means of gathering 
information on the magma dynamics and chemistry, which controls its physical properties 
(e.g., temperature, viscosity) and therefore hazard potential. Petrological studies have 
traditionally been time-consuming and volcano observatories have used petrology as a 



forensic tool. But the last few years have seen dramatic improvements in petrological 
monitoring (cf. chapter 1.5.4), with near-real-time bulk rock analysis of lavas feeding 
emergency management in the 2018 eruption at Kīlauea, Hawaii and, since 2023, electron 
probe microanalysis results in Iceland getting not only to decision makers but also the public 
via social media within 24 h of eruption.  
 
Recent eruptions where safe sampling could be undertaken during volcanic activity and 
combined with geophysical and gas monitoring information, such as the 2021 eruption at La 
Palma in the Canary Islands, permitted not only near-real-time petrological monitoring but 
also the development of petrological tools to use in future monitoring efforts. These include 
rapid Raman analysis of fluid inclusions to estimate depth of magma storage with high 
precision, combination of fluid inclusion microthermometry with seismicity to monitor magma 
ascent, and LA-ICP-MS analysis of volcanic matrix to monitor changes in the melt chemistry 
and their impact on eruptive style.  
 
The largest challenge to petrological monitoring is to rapidly deliver increasingly high-quality 
data on a range of spatial scales to volcano observatories with variable resources. Volcano 
education and awareness in active regions is key to keep populations safe and to involve 
locals in the collection of samples where possible (cf. chapter 7.2.3). For example, early ash 
fallout can be invaluable to get primary textural and geochemical insight into the ensuing 
climactic eruption. Importantly, any real-time volcano monitoring is greatly facilitated by 
petrological work that reconstructs plumbing system architecture and typical eruption triggers 
(e.g., Fig. 4, 5). Petrological constraints are particularly valuable in systems where long 
periods of dormancy or low economic resources lead to limited volcano monitoring. Detailed 
petrological investigations of key past eruptions can be undertaken without the time pressure 
of an ongoing eruption, building our knowledge on the dynamics of magmatic systems and 
our frameworks for volcanic architecture, crucial for the interpretation of volcanic unrest and 
the evolution of eruptions.  
 
 
Summary 
 
Conceptual, experimental, numerical and analytical advances have meant the volcanological 
community can now interrogate the rock record to estimate the what, where, how and why of 
magma storage in different volcanic contexts. We encourage a petrography-led approach to 
explore magma storage at different scales, considering bulk to in situ chemical analyses of 
volcanic rock components, ranging from element to volatile concentrations to isotope ratios 
and their textural constraints. Together with experimental, thermodynamic, and 
thermomechanical constraints, the petrological community is increasingly unravelling magma 
storage linked to a range of tectonic settings, magma compositions and eruptive styles, 
contributing to improved monitoring of active volcanoes and their tipping mechanisms.  
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Figure 1. Active volcano plumbing systems are inaccessible to direct observation but can be 
reconstructed from the mineral, melt, and volatile information contained in volcanic rocks. 
The depth and characteristics of storage, and the conditions that lead to stalling vs eruption, 
can be determined using information locked in erupted rocks (and fossilised plutons). 
Sketched phenocrysts represent minerals typical in mafic magmas: olivine with concentric 
zoning, clinopyroxene with sector zoning, and plagioclase with oscillatory zoning from left to 
right; the same approach applies to intermediate to felsic magma compositions with more 
evolved mineral assemblages. FI: fluid inclusion. MI: melt inclusion. Plutonic fragments and 
crystal-rich clasts (not sketched) provide additional information on magma feeder systems. 
Petrological constraints on storage conditions can then be interpreted in the context of 
regional rheological boundaries (mantle-crust, lithological changes in crustal column) and 
combined with geophysical information (chapter 1.4.1) and timescales of magmatic 
processes (chapter 1.4.3).  
 
 
 



 
 
Figure 2. Conceptual models for magma-mush storage systems across tectonic settings. 
Growing evidence from geophysical (chapter 1.4.1) and petrological (this chapter) work 
suggests magma plumbing systems are commonly dominated by crystal mushes with 
ephemeral eruptible melt pockets (exaggerated for sketching purposes). Colours represent 
magma-mush composition (more evolved with increasing SiO2), and typical volcano 
morphologies are added to each tectonic setting, noting they are not exclusive to the 
depicted settings. Left: Continuous transcrustal storage [1] requires strong heat flux and may 
develop at the peak of magmatism in arc systems. More typically, storage may be less 
continuous even if multi-level. The thick crust in continental arcs promotes prolonged magma 
storage and evolution relative to oceanic arcs and other settings. Shallow storage enhances 
cooling and differentiation and may lead to explosive volcanism, including caldera-forming 
eruptions. Middle: In mid-ocean ridges, the limited magmatic journey from shallow magma 
generation to eruption limits differentiation, with ocean spreading rates controlling magma 
supply and melt fraction in the mush [2]. Right: In oceanic islands, depth of storage 
correlates with eruption frequency, considered a proxy for magma flux. Systems with low 
magma flux like the Canary Islands or Cape Verde are primarily fed directly by upper mantle 
reservoirs with limited crustal storage [3], whereas high magma flux systems like Hawaii or 
Réunion develop a stable reservoir at shallow depth [4].  
 



 
 
Figure 3. Example workflow to investigate magma storage conditions using petrology. After 
sample collection (a), a wide variety of sample preparation strategies may be used (b), such 
as powdering for bulk analysis, making thin sections to examine textures and perform 
analysis of minerals, matrix or glass, and/or separate out individual crystals and features for 
highly targeted analyses. c) Then, a variety of geochemical and textural measurements can 
be used to determine the conditions and processes occurring in magma reservoirs prior to 
eruption (pink text). Basic chemical measurements of rock, matrix, glass and mineral 
compositions are also used to perform thermodynamic calculations and experiments to try to 
recreate the minerals and textures seen in the natural samples (cf. How-to Box). Mineral 
examples include Ol-olivine, Qz-quartz, Cpx-clinopyroxene, Amp-amphibole, Pl-plagioclase. 
Quartz-hosted melt inclusion picture kindly supplied by Madison Myers, and pictures of rock 
powder and XRF disc kindly supplied by John Caulfield.  
 



 



 
Figure 4. Example of conflicting evidence on magma storage from the 765 ka Bishop Tuff, 
Long Valley Caldera, California (Case study Box 2) from a variety of data sources (cf. further 
reading website list and [21]). The records of Fe-Ti oxides and H2O-CO2 saturation 
pressures have been interpreted as suggestive of a vertically stratified magma body, with 
some of the magmas being fluid-undersaturated. In contrast, zircon-saturation temperatures,  
rhyolite-MELTS quartz-2feldspar-saturation pressures and H2O-CO2 pressures have been 
interpreted as consistent with laterally juxtaposed, fluid saturated magma bodies. The 
differences in interpretation highlight the non-unique ways in which data can be explained, 
and the need for additional data and lines of evidence to resolve inconsistencies. (a) X-ray 
computed tomography data from Bishop Tuff pumice. Left image shows a slice through the 
reconstructed volume (grey intensity correlated with mean atomic number, similar to back-
scattered electron images), with various phases identified. On the right, crystal size 
distribution diagram of population density vs. crystal size shows two distinct populations: 
large crystals (phenocrysts) are interpreted to represent pre-eruptive growth, while small 
crystals (microlites) are interpreted to represent syn-eruptive nucleation and growth. (b) 
Quartz crystal immersed in refractive index oil, showing numerous melt inclusions (two 
examples indicated). (c) Cathodoluminescence (CL) image of quartz crystal showing bright 
rim; these rims have been variously interpreted as representing magma replenishment or 
fast crystal growth. (d,e) H2O, CO2, and saturation pressures determined from melt 
inclusions (solid and dashed isobars estimated at 725 °C and 790 °C, respectively). The 
same data are interpreted differently by different authors – the original authors suggested 
the Late-North magmas are fluid-undersaturated (d) and later authors re-interpreted the data 
suggesting all magmas are fluid-saturated (e). (f) Temperature and oxygen fugacity 
estimates based on Fe-Ti oxides (magnetite-ilmenite). (g) Zircon-saturation temperatures 
and rhyolite-MELTS quartz-2feldspar-saturation pressures from matrix glass compositions.  
 



 
 
Figure 5. Phenocrysts in erupted rocks may record different parts and processes of the 
ascent history through the plumbing system, as exemplified at Mount Etna (Sicily, Italy), one 
of the most active and best monitored volcanoes on Earth. Top: trachybasalt thin section 



with phenocrysts of clinopyroxene (Cpx), olivine (Ol) and plagioclase (Pl) recycled by 
ascending magmas from the feeder system. Bottom: sketch of the magma plumbing system, 
highlighting storage along crustal discontinuities (grey dashed lines) and particularly along 
the carbonate-granitoid boundary at ~10 km depth and shallower depths linked to 
degassing-induced crystallisation (modified from [7]); colours of reservoirs and mush broadly 
follow the colour scale in Fig. 2; lighter colours represent decreasing magmatic temperature 
with decreasing magnesium content in Mount Etna magmas. The simplified phase diagram 
at the bottom left corner highlights the effect of pressure on the liquidus assemblage, with 
clinopyroxene stability expanded at depth (Mag: titanomagnetite). On the right, elemental 
maps obtained by LA-ICP-MS visualise zoning patterns that differ across the phenocryst 
assemblage (ppm parts per million). All minerals show distinct rims suggesting mafic 
recharge prior to eruption, i.e., high Cr and low Zr concentrations in clinopyroxene, high Ni 
concentrations in olivine, low Ba/Sr ratios in plagioclase. However, their core records differ. 
Clinopyroxene shows oscillatory and sector zoning archiving repeated magma 
replenishment and mixing (note variations in Cr primarily respond to oscillatory zoning whilst 
variations in Zr in the same crystal are primarily controlled by sector zoning; [11]). The 
apparently simpler record in olivine may be partly due to faster chemical diffusion, leading to 
obliteration of zoning patterns during magma storage but allowing modelling of timescales of 
recharge to eruption (chapter 1.4.3). Plagioclase stability expands at low pressure and 
particularly with the loss of magmatic water (degassing), recording shallower processes 
relative to clinopyroxene.  
  



How-to Box: Petrological tools to estimate where and how magmas are stored before 
eruption 
 
Mineral ± melt thermobarometry - Reactions between chemical components in liquid and 
mineral phases (e.g., clinopyroxene-liquid or clinopyroxene-orthopyroxene) and mineral 
compositions (e.g., amphiboles) are sensitive to pressure and temperature. Barometers 
(sensitive to pressure) rely on reactions with a large change in volume, while thermometers 
rely on reactions with a large change in entropy. In reality, most reactions are sensitive to 
both pressure and temperature, so barometers and thermometers are often iteratively 
solved, noting that P and T in the experiments used for calibration are not always 
independent parameters and this may introduce bias in the calculations. Thermobarometers 
are calibrated using a dataset of experiments where pressure and temperature are known, 
and various regression strategies are used to relate mineral and melt composition to P and 
T. Empirical regressions may have terms routed in thermodynamics, with the addition of 
empirical terms to improve fit. Alternatively, recent algorithms use machine learning 
techniques (e.g., random forests), where the model is trained on the relationship between 
measured oxide contents and intensive variables without knowledge of the thermodynamics 
of the system.  
 
Melt inclusion barometry - Melt inclusions are pockets of melt that become trapped within 
growing crystals, effectively isolating a record of the melt composition at depth in the 
volcanic system. The amounts of H2O and CO2 that dissolve in a magma are strongly 
sensitive to pressure, in addition to temperature and melt composition. This relationship is 
described using a solubility law calibrated using experiments done at a wide range of 
pressures, temperatures, and volatile contents. By measuring volatile species in melt 
inclusions trapped from a volatile-saturated magma, pressures can be calculated using a 
solubility model. If a magma is volatile undersaturated at the time of entrapment, melt 
inclusion barometry will yield minimum entrapment depths. Melt inclusions are also subject 
to various processes which occur after their entrapment (e.g., diffusive H+ exchange with the 
degassing melt outside the crystal, leakage of the inclusion by decrepitation, crystallization 
of the host mineral on the walls of the inclusion) which may result in pressures being 
underestimated. 
 
Fluid inclusion barometry - As crystals grow, they also trap pockets of fluid (fluid 
inclusions). In CO2-rich systems, the density of the trapped fluid is strongly sensitive to the 
pressure at which the inclusion was trapped, and relatively insensitive to temperature. CO2 
densities can be measured by microthermometry or Raman spectroscopy, and then 
pressures are calculated using an equation of state for an estimated entrapment 
temperature. Fluid inclusions are sensitive to re-equilibration - if magma stalls at shallower 
levels, the trapped fluid inclusion will have higher pressure than the outside melt, so the 
inclusion will increase its volume by plastic deformation, decreasing the CO2 density. This 
means fluid inclusions may record the depth of main storage zone and depth if magmas 
ascended quickly with minimal stalling, and/or the depth of temporary storage zones during 
ascent, depending on the timescales of stalling relative to re-equilibration timescales, which 
are themselves very sensitive to pressure differences, temperature, and the size of the fluid 
inclusion. 
 



Melt (Liquid) thermobarometry - Silicate melts (or liquids) saturated in multiple phases 
have a low degree of thermodynamic freedom (limited variation of intensive parameters), so 
the melt composition provides insights into the P-T-fO2 conditions of magma storage. These 
relationships can be calibrated empirically using experiments, or unknowns can be solved 
using thermodynamic models such as MELTS. Common multi-phase assemblages used for 
thermobarometry include olivine-plagioclase-augite (OPAM), quartz-two feldspars and 
plagioclase-two pyroxenes, as well as new machine learning models that consider melt 
saturation with multi-phase assemblages from the main mineral groups (olivine, 
orthopyroxene, clinopyroxene, amphibole, biotite, plagioclase, K-feldspar, quartz, garnet, 
magnetite and/or ilmenite).  
 
Experimental petrology - Experiments subject a specified magma composition to known P, 
T, H2O and fO2 conditions, to determine the presence and composition of equilibrium phases. 
These experiments underpin all the methods discussed here, as they are essential to 
calibrate mineral thermobarometers, solubility models, and thermodynamic models of 
magmas. In addition, experiments can be used to determine magma storage conditions at 
specific volcanoes, by selecting an appropriate bulk composition, and exploring which P-T-
fO2 conditions reproduce the phases observed in erupted lavas 
 
Thermodynamic modelling - Thermodynamic models predict the equilibrium state of the 
system (e.g., phases present, composition of each phase) for specified conditions through 
the minimisation of energies such as the Gibbs or Helmholtz energy. In practice, two main 
families of thermodynamic models are used in magmatic systems: the MELTS set of models 
developed by Mark Ghiorso and collaborators (e.g., pMELTS, rhyolite-MELTS, alpha-
MELTS, Magma Chamber Simulator), and the models developed by Roger Powell, Tim 
Holland and collaborators (e.g., THERMOCALC, Theriak-Domino, MAGEMin, Perple_X). 
The fundamental minimisation algorithm in each model can be used for a variety of 
calculation types such as constructing phase diagrams for a given magma composition and 
pressure-temperature range, or calculating changes in melt and mineral chemistry during 
equilibrium and fractional crystallisation.  
  



Case study Boxes 
 

1. Iceland and Kīlauea: high flux basaltic systems with distinct plumbing system 
architectures and magma processing 

Iceland has played a central role in shaping our understanding of magma reservoir 
processes because of the abundance of pristine samples created by the intersection of the 
Mid Atlantic Ridge and the Iceland Plume in a high latitude region with little soil cover. Bulk 
rock and melt inclusion samples have provided vital insights into how erupted magmas are 
assembled from initially diverse mantle melts, resulting in geochemical heterogeneity that 
ranges in scale from the entire island to the products of individual eruptions like that of 
Fagradalsfjall in 2021. Moreover, measuring large numbers of melt inclusions from individual 
eruptions has demonstrated how concurrent mixing and crystallisation can erase mantle-
derived geochemical variability during magma ascent, sometimes resulting in large volumes 
of homogenous magma like that erupted at Laki in 1783–1784 and Holuhraun in 2014–2015. 
The textures and compositions of crystal cargoes nonetheless preserve records of complex 
magmatic evolution involving the formation and disaggregation of geochemically variable 
crystal mushes hosting intrusions of basaltic magma. Mineral, liquid, and volatile saturation 
barometers indicate that Icelandic basalts are stored at a range of depths throughout the 
crust and the crust-mantle boundary before eruption, as envisaged by stacked sill models of 
crustal accretion, and transported to the surface through varied ascent paths. 
 Like Iceland, the magmatic plumbing system of Kīlauea Volcano, Hawaii, has been 
subject to extensive petrological study as a result of its near continuous eruptive activity over 
the last ~40 yrs. Kīlauea shows remarkably coherent temporal trends in bulk trace element 
and isotope geochemistry, indicating that erupted melts are mixed and homogenised in a 
relatively small volume storage region that is shared between many eruptions. This differs 
from the variations in storage pressure and chemistry between Icelandic eruptions that are 
indicative of storage of heterogeneous mantle melts in a number of discrete sills in the mid to 
lower crust. Kīlauea eruptions also show very similar major element trajectories to one 
another, indicating that magmas are being stored and fractionated at very similar P-H2O-fO2 
conditions. Geophysical imaging combined with melt and fluid inclusion barometry are 
indicative of magma storage in two shallow, connected reservoirs (~1-2 km and 3-5 km), 
which have persisted for centuries. The significantly shallower depth of storage at Kīlauea 
also means that most eruptions (>6 wt% MgO) only contain olivine (+chrome spinel) as a 
phenocryst phase, vs. the olivine-clinopyroxene-plagioclase assemblage seen in Iceland. 
This restricts available barometry methods to those relying on volatile species (melt and fluid 
inclusions), because the chemistry of olivine is not sensitive to pressure, and liquids 
saturated in fewer phases have too many degrees of thermodynamic freedom to be good 
barometers.  
 

2. Mount St Helens and Bishop Tuff: intermediate to evolved systems where 
magma storage preconditions large explosive eruptions 

Since the landmark Plinian eruption of Mount St Helens in May 1980, this volcano, located in 
the Cascade Range (Washington, USA), has figured prominently in the development of 
ideas and techniques for understanding magma storage, particularly beneath arc volcanoes. 
The continuation of the 1980 eruption until 1986, together with further eruption between 
2004-2008, provided considerable petrological data for understanding arc volcanic systems. 
Complementary insight came from large geophysical datasets produced via eruption 
monitoring as well as by major geophysical surveys. Throughout the 1980 and 2004 



eruptions, Mount St Helens produced crystal-rich dacite, containing abundant plagioclase, 
pyroxene, oxides and amphibole; magmas that are typical for many arc volcanoes. Dating of 
zircons shows that the storage system may have operated for up to 104-105 years. Erupted 
magmas formed through a combination of differentiation of mantle wedge-derived magmas 
and melting and assimilation of lower crust amphibolite, followed by complex and variable 
histories during residence at a range of shallow and mid crustal pressures, as recorded in 
the textural and compositional zoning of the crystal cargo, including plagioclase and 
orthopyroxene. Eruptions involved magma assembly from small magma batches in such 
mid-upper crustal magma reservoirs. The timing deduced from Fe-Mg diffusion in 
orthopyroxene correlates with the observed timing of seismic events in the magma plumbing 
system, suggesting these represent intrusion of new magma batches into the shallow 
storage system. Overall, Mount St Helens exemplifies a silicic system in which eruption is 
favoured over storage, with frequent eruptions of magmas of variable composition and 
complex crystal cargoes.  
 In contrast, the 765 ka Bishop Tuff rhyolitic ignimbrite (Long Valley Caldera, 
California, USA) represents a silicic system in which storage and homogenisation are 
favoured over frequent eruptions, generating very large volume, multiply saturated magmas 
that have comparably simpler crystal cargoes, and which are highly eruptible and lead to 
ultra-Plinian eruptions. Isotopic studies show that Bishop Tuff magmas are independent from 
preceding and succeeding magmas erupted in Long Valley, and they represent the upper 
crustal manifestation of the climactic phase of a large silicic system. Pioneering studies in 
the 1970s highlighted the zoned character of the pyroclastic deposit, with early, pyroxene-
free fall and flow deposits and late, pyroxene-bearing flow deposits. Lithic contents indicated 
different magma types erupted from different vent areas. Detailed stratigraphic studies 
suggested a chronology of the eruption that lasted on the order of days to weeks, indicative 
of a geologically instantaneous event fed by large volumes (hundreds of km3) of 
predominantly crystal-poor magma stored in the Earth’s shallow crust. Zircon geochronology 
indicated the lifetime of the Long Valley magmatic system was in the order of tens to 
hundreds of thousands of years, while the crystal-poor magmas that fed the Bishop Tuff 
eruption formed on shorter timescales of potentially a few millennia. As shown in Fig. 4, 
temperatures derived from Fe-Ti oxides suggest a strong thermal gradient between early 
and late-erupted magmas. This is in contrast with the more limited database of zircon-
saturation temperatures using glass compositions, which show only a modest difference in 
temperature between magmas erupted from different vents. The abundance of H2O and CO2 
in melt inclusions was investigated in groundbreaking studies in the 1990s, returning high-
H2O and low-CO2 for magmas erupted to the south and east (Early and Late-East in Fig. 4), 
and lower H2O and higher CO2 magmas erupted to the north (Late-North in Fig. 4). 
Saturation pressures for both groups are similar, but magmas erupted to the north may have 
been fluid-undersaturated at the time of eruption, making it possible for magmas erupted to 
the north to have been stored at higher pressures than magmas erupted to the south and 
east. This suggests the eruption was fed by a vertically stratified magma body. In contrast, 
pre-eruptive pressures based on quartz-2feldspar-saturation from glass compositions 
indicate similar pressure ranges for all magmas, suggestive of lateral juxtaposition of at least 
three chemically independent, fluid-saturated magma bodies. The Bishop Tuff has 
continuously challenged our understanding of the architecture of and processes operating in 
silicic magmatic systems, but it has also repeatedly opened new doors and forced us to 
revise our perspectives on silicic magma storage and evolution in the Earth’s shallow crust.  


