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ABSTRACT

This paper presents the motivation, instructions, and applications for a new graphical method to construct ‘magmatic trees’,
which summarize the petrologic and geochemical processes that formed a particular igneous rock unit or eruption. The method
is motivated by the need to develop new ways to compare and contrast igneous systems to address frontier research questions
in volcano science. It is designed to be easily executed with common datasets, compel the integration of different data types,
and facilitate cross-disciplinary conversations about the processes that underly these data (e.g. between the volcano remote
sensing and petrology communities). There are numerous potential applications of the method, which include, a) motivating
process-driven hypotheses, b) examining the frequency of particular magmatic processes within and among volcanic systems, c)
building mantle and crustal magmatic processes into event trees for hazard assessment, and d) teaching petrologic methods.
For example, constructing magmatic trees for successive eruptions at a volcano or for multiple volcanoes within the same
tectonic setting not only helps quantify the probability of individual magmatic processes but leads to addressing higher-level
questions, such as what crustal and magma characteristics cause the same set of processes to be repeated in successive
eruptions at Mounts Hood, Unzen, Pinatubo, and Soufriére Hills, while different sets characterize magmas erupted at neighboring
volcanoes like Mount St. Helens? In addition, one can imagine a future where machine learning removes much of the human
error from magmatic process identification, as well as magmatic tree construction, thereby enhancing our ability to identify
patterns of magmatic processes.

NON-TECHNICAL SUMMARY

This paper presents the instructions to draw charts of the processes that occur in magmas prior to their eruption or cooling
below ground. These charts are named ‘magmatic trees.’ Different types of data, for example the chemistry of minerals and
magmas and their temperatures of origin, are needed to draw the trees. These trees can be used to translate the interpretations
from one type of study to volcano scientists who are familiar with different methods and data types, as well as identify holes
in our understanding of how a particular volcano or set of volcanoes work. In addition, these trees can be used to reveal the
processes most likely to occur in the future at a given volcano, as well as many other useful applications.

Keyworbs: Volcano classification; Magmatic processes; Mantle melting; Crustal melting; Crystallization; Eruption initation.
T INTRODUCTION/MOTIVATION multaneously, our creation myths, folklore, and observations
have sought to bring a sense of order and reason to our fiery
neighbors. Ultimately, we must find ways to reconcile this
age-old tension between a volcano’s seemingly stochastic be-
havior (sometimes referred to as volcano “personality”) and
the belief that common processes underly such behavior if we
are to move toward better forecasting magmatic and volcanic
behavior [NASEM 2017; Brodsky et al. 2022].

Tackling grand challenges in volcano science such as these
require that we find new and better methods to holistically
compare and contrast igneous systems. Historically, volcano
classification has primarily utilized morphological character-
istics (e.g. stratocones, tuff ring, lava dome etc.) or styles of
eruption (e.g. Plinian, Vulcanian, Strombolian etc.) [Scrope
1872; Rittmann 1962; Simkin and Siebert 1994] While these
classification schemes remain useful and have led to instru-

Today if one asks a room full of volcano scientists to iden-
tify the key processes that produced a specific mafic lava, the
unique answers are likely to be as numerous as the scientists
themselves. One scientist may focus on the magma’s mantle
origins based on phase equilibria experiments or radiogenic
isotopes, while another may focus on its crustal storage his-
tory using information stored within its zoned phenocrysts and
melt inclusions, and a third may focus on its ascent and de-
gassing history using crystal size distributions, gas geochem-
istry, and/or remote sensing data. The proliferation of ap-
proaches to studying magmatic and volcanic behavior in the
modern era mean that the types of data we collect, as well as
their resolution, timescales, and length scales vary greatly, as
do the types of interpretations we draw from them. Despite
the many scientific advances this proliferation has garnered, it

also poses challenges to building unified theories and models
of igneous systems at present.

Humans have wrestled with the myriad forms and unpre-
dictability of volcanic behavior for as long as we have been
documenting eruptions (ca. 6200 B.C.E. [Sigurdsson 2000]). Si-

*B& cbtilleasu.edu

mental research in the last few decades, they also bias these
classifications towards the processes that occur in the shal-
lowest magma storage region and conduit. Thus, a variety of
recent community planning documents all suggest we need to
look beyond existing classification schema in order to define
the next generation of theories and models of igneous systems
[e.g. NASEM 2017; Brodsky et al. 2022]. Indeed, in a perspec-
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tive paper Cashman and Biggs [2014] argue that volcanology
is in need of a framework that integrates theory, experiments,
and observational data and can span magma reservoirs from
mantle to surface. A useful starting point to identifying new
volcano science schema is to consider key methods used to
organize complex information in other scientific fields.

1.1 Statistics and phylogenetics

Statistical clustering and classification techniques such as
cladistics, the predecessor to phylogenetics, provide a use-
ful point of comparison as we look to better scaffold igneous
systems. Cladistics became popularized in the 1950s for use
in evolutionary biology to group individual organisms with
shared characteristics and an implied similar evolution to
produce graphical trees [Darwin 1859; Hennig 1965 This
method is in some ways similar to the statistical technique of
principal component analyses, as there is no intrinsic require-
ment for the relationships identified to be evolutionary in na-
ture [Pearson 1901; Brower 2000; Brower and Schuh 2021].
Methodology either closely resembling or including cladistics
also became popular in the fields of comparative and histor-
ical linguistics as early as the 1960s, as it is particularly use-
ful for dealing with discretized qualitative descriptive charac-
teristics [e.g. Hoenigswald 1960; Platnick and Cameron 1977].
Similarly, anthropology developed statistical cluster analysis
[Driver and Kroeber 1932], which was famously applied to trait
classification in early personality psychology [Cattell 1943].
Over time evolutionary biology, anthropology, and lin-
guistics have recognized the limitations of these approaches,
including their tendency to create spurious groupings for
datasets with a small number of traits. In particular, biology
and linguistics have largely replaced cladistics with phyloge-
netics, which uses multiple methods (parsimony, maximum
likelihood estimation, expert judgement etc.) to construct trees
and relationships and allows for evolution and the emergence
or loss of traits, as well as incorporating time in branch lengths.
While these methods have not been adopted widely in the
igneous petrology, geochemistry, and volcanology communi-
ties, there are a number of relevant examples of their applica-
tion. For example, Hone et al. [2007] applied cladistic analy-
sis to the compositional, eruptive, and morphological charac-
teristics of 129 volcanic edifices in the Tohoku region of NE
Japan (Figure 1A). This method was able to identify groups of
volcanoes erupting similar compositions, which in turn influ-
enced the associated eruptive style and landforms, such that it
could be useful for classifying volcanoes where spatial distri-
butions are important (e.g. deciding where to locate nuclear
reactors and repositories). A greater number of studies have
applied principal component analyses to magmatic systems
[e.g. Thy and Esbensen 1993; Harpp and White 2001, includ-
ing Ueki and Iwamori [2017] who applied it to the composi-
tions of arc magmas from the Sengan Volcanic Cluster in NE
Japan. Their results suggest 85% of geochemical variation
in these rocks can be described by features consistent with
magma mixing (59 %), crystallization of olivine and pyroxene
(20%), and plagioclase (6%). Alternatively, Pitcher and Kent
[2019] used modified hierarchical clustering techniques to an-
alyze a large bootstrapped geochemical dataset from the U.S.
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Cascades Arc to identify six arc segments (Figure 1B), simi-
lar to other studies employing statistical cluster analysis [e.g.
Cortés et al. 2007; Brandmeier and Worner 2016).

Note that in all these examples, the statistical classification
techniques aid the investigators in grouping samples or volca-
noes, while the underlying process interpretations come about
through other means, in addition to depending on the avail-
ability of large datasets and particular data types.

1.2 Probability models

Instead of using statistical clustering techniques, another ap-
proach is to organize observations through a network of causal
influences, or events, and their probabilities. For example,
fault tree analysis, developed by Bell labs in the 1960s, evalu-
ates risk by tracing backward in time through a cause chain
to prioritize the factors leading to an event and is commonly
used in safety and reliability engineering. Another common
example is event trees, which are a graphical representation of
events and their probabilities that illustrates the permutations
of possible sequential events like branches of a tree (Figure 2).
Event trees have proven useful for illustrating the probabili-
ties of possible outcomes when a volcano becomes active and
have been successfully used in short-term forecasts (minutes
to weeks) of eruptions [e.g. Newhall 1982; 1984; Aspinall and
Cooke 1998; Newhall and Hoblitt 2002; Cassidy et al. 2018].
Alternatively, when the number of influences is large and
cause and effect is not understood, the use of Bayesian net-
works (or causal networks, ‘nets’ for short) has become in-
creasingly popular across the physical sciences to determine
the joint probability (and therefore dependence and causation)
amongst the unique random variables in the model when a
condition changes [e.g. Puga et al. 2015]. Pioneering applica-
tions of Bayesian networks included medical decision making,
insurance risks, and climate change assessments [Spiegelhalter
et al. 1993; Neil et al. 2005; Kousky and Cooke 2012 Today,
Bayesian networks are increasingly used for diagnostics, clas-
sification, and prediction, including in volcano science [e.g.
Aspinall and Woo 2014; Hincks et al. 2014; Christophersen
et al. 2018]. For example, Aspinall and Woo [2014] present
three Bayesian Belief Networks formulated during unrest at
Santorini in 2011-2012 that combine multiple strands of sci-
entific and observational evidence to determine the likelihood
of volcanic hazards and risks. Similarly, Hincks et al. [2014]
provide an early demonstration of the efficacy of Bayesian in-
ference by retroactively studying the precursory behavior to
the 1976 volcanic crisis at La Soufriere volcano, Guadeloupe.
Drawbacks and challenges of these methods include their
dependence on the amount of available data and/or the chal-
lenges inherent in using expert elicitation to assess probabil-
ities. Despite their proven utility in hazard forecasting, like
cladistics and statistical clustering, event trees and Bayesian
networks do not implicitly require the identification of the un-
derlying mechanisms or processes to assess the probability of
specific events. That is, they can be purely empirical when
the processes are poorly understood. Finally, given their ap-
plication to eruption hazard forecasting, these methods have
almost exclusively focused on magmatic events in the shallow-
est parts of a volcanic system to date, and do not historically
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Figure 1: [A] Majority rule consensus tree produced by cladistics analysis of 129 volcanic centers in Tohoku Japan reproduced
after Hone et al. [2007]. [B] Dendrogram produced by modified hierarchical clustering of a bootstrapped mean dataset for over
13,000 geochemical samples from the Cascades arc modified after Pitcher and Kent [2019]. See references for methodological

details.
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Figure 2: [A] Initial probability tree (or event tree) for the July 1995 eruption at Soufriére Hills, Montserrat, reproduced with kind
permission from Aspinall and Cooke [1998]. Probabilities were calculated through expert elicitation. [B] Model structure of the
Bayesian Network to forecast a volcanic eruption on Whakaari in the next month from Christophersen et al. [2018].
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include processes that may occur at greater depths, despite
their potential impact on eruptive behavior (see further dis-
cussion in Section 3).

1.3 A new graphical method: magmatic trees

We can see how each of the above classification schemes have
proved valuable in complex fields, each with their associated
limitations. Here, with the aim of advancing the conversation
around how we compare and contrast igneous systems, I in-
troduce a new graphical method to illustrate the key petrologic
and geochemical processes that formed a particular magma
(i.e. an igneous rock unit). This new method borrows at-
tributes from several of the methods described above but is
not purely empirical or probabilistic. Instead, it is based on
the premise that a family of common processes underly mag-
matic and volcanic behavior, and that we can learn a great
deal by centering a new method on their identification, fre-
quency, and co-occurrence. By requiring particular types of
interpretive decisions about underlying processes, this method
enable the origins of different magmas to be easily compared.
And unlike cladistics, phylogenetics, or other statistical clus-
tering techniques, this method is not biased towards use with
datasets of a particular type or size, enabling wide applicabil-
ity. The focus on process also allows it to be integrated with
probabilistic models such as event trees, if desired.

I am going to refer to this chart of igneous processes as
a ‘magmatic tree’. The magmatic trees presented here are
designed to have a basic essential structure to facilitate com-
parison of the processes giving rise any igneous rock unit but
can also be amended to increase their detail and complexity,
depending on the datasets available. This flexibility also al-
lows the method to incorporate processes that occur at any
point between a magma’s birth and final cooling. The essen-
tial structure of magmatic trees and the processes they include
are described in Section 2. Section 3 presents several useful
applications, and Section 4 identifies future directions for uti-
lizing magmatic trees.

2 CONSTRUCTING A TREE OF IGNEOUS PROCESSES

2.1 Magmatic tree construction

Today, magmatic systems are thought to extend from the
mantle to surface and often span the entire crust in conti-
nental settings (often referred to as ‘trans-crustal magmatic
systems’). These often complex systems are governed by
both internal characteristics (e.g. magma composition, den-
sity, volatile content) and dynamic processes (e.g. magma
mixing and crystallization), which can prime or initiate vol-
canic eruptions, as well as external characteristics (e.g. crustal
composition, rheology, stress state) and processes (e.g. glacial
unloading, earthquakes, edifice collapse), which can also act
as eruption drivers for primed systems. Magmatic trees are
designed to only illustrate the internal processes operating
in magmatic systems, specifically those which can be readily
identified via the modern petrologic and geochemical study of
igneous rocks.

This section walks step-by-step through the predominant
internal processes thought to govern the formation and evolu-
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tion of a magma or igneous rock unit and provides a high-level
overview of the petrologic or geochemical methods to identify
each of these processes or map them on a magmatic tree. The
most common envisioned application is the creation of a tree
to illustrate the processes that produced an individual erup-
tion (i.e. an individual volcanic rock unit). In this case, the
tree is constructed using evidence derived from an individ-
ual eruptive deposit (e.g. lava flow), or series of deposits (e.g.
tephras and lavas) produced over the course of the same erup-
tion. Section 3.3 discusses an alternative application, where a
single tree is drawn to illustrate the sequences of processes
that formed all the eruptions at a given volcano over a spec-
ified time period, with probabilities assigned to each process
on the tree based on its frequency to turn the tree into a type
of probabilistic event tree. In this case, the tree is constructed
with evidence from samples or suites of samples from multiple
eruptions. While the trees and discussions in this paper focus
on the processes forming individual eruptions or volcanic rock
units, they can also be easily adapted for use with plutonic
rocks, for example by replacing the eruption initiation pro-
cesses with those governing near and sub-solidus magmatic
behavior.

The basic tree illustrated in Figure 3 is designed to function
as a flow chart. The processes are broadly illustrated on the
tree in the order in which they occur spatially, starting with
mantle melting processes at the bottom and finishing with
eruption initiation processes at the top. However, this is not
strictly true, as crystallization and crustal melting or magma
mixing may be occurring simultaneously, and/or occur re-
peatedly at different depths as the magma ascends. While
magmatic trees are not designed to indicate the frequency of
a particular process, rather only their presence/absence as a
key player in the formation of a particular magma, you may
wish to indicate that two or more processes occurred concur-
rently (as illustrated in Figure 4A) or duplicate levels of the
tree to show the relative timing of repeat processes (as is il-
lustrated in Figure 7). Two example trees are provided in
Figure 4 (for a hydrous, high-Mg, arc andesite) and Figure 5
(for a nominally-anhydrous continental basalt), which will be
used to illustrate tree construction in Sections 2.2-2.7. Figure 4
also illustrates two different interpretations regarding the ori-
gins of the same magma, demonstrating how magmatic trees
can provide a quick visualization of the similarities and differ-
ences in interpretations between different studies. If you are
already well versed in mantle and crustal igneous processes,
you may wish to skip to Section 2.8, where further details of
magmatic tree construction are discussed, or Section 3, which
discusses useful applications of magmatic trees.

2.2 Mantle melting

We shall begin in the asthenospheric mantle, where in the
simplest terms all magma begins life. The predominant mech-
anism for producing melt on Earth is decompression of the as-
thenospheric mantle (known as ‘decompression melting’), as
is the case for magmas formed at mid-ocean ridges, intraplate
hot spots, and the back-arcs of subduction zones. Here, man-
tle rising along an adiabat crosses the nominally anhydrous
mantle solidus and the difference of temperature between the
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Figure 3: Basic magmatic tree structure.

adiabat and the lower temperature solidus provides the latent
heat of fusion to drive melting, which increases in extent as the
mantle approaches the surface. The higher mantle potential
temperatures inferred for hot spots means that their adiabats
intersect the nominally anhydrous mantle solidus at greater
depths than mid-ocean ridge adiabats and lead to greater ex-
tents of melting [e.g. Putirka et al. 2007]. Overall decompres-
sion melting tends to produce nominally anhydrous tholeiitic
basalts, with variations in the depth and extent of melting and
the composition of the mantle producing variations in the re-
sulting basalt major and trace element composition. Alterna-
tively, mantle melts are produced by depression of the man-
tle solidus due to the introduction of volatiles, such as H50O,
COy, and SOy (known as ‘flux melting’). More specifically,
flux melting occurs when the system of interest is volatile-
saturated, or when all the minerals present are saturated with
the volatile phase such that a separate volatile phase is stabi-
lized. The volatile concentration required for saturation can
be calculated using expressions based volatile partitioning be-
havior (for HyO-peridotite system see: Grove et al. [Equation 1
of 2006] and Till et al. [Table 1 of 2010]). This is the dominant
mechanism for producing magmas erupted in volcanic arcs at
subduction zones. Most commonly, flux melting begins due
to the breakdown and dehydration of hydrous minerals, like
those found in subducting crust or lithospheric mantle, where
melting begins immediately upon introduction of the volatile
phase (known as ‘dehydration melting’). Overall flux melt-
ing tends to produce magmas with higher SiO,/(FeO*+MgO)
compared to decompression melting due to the lower melting
temperatures, such that the primary flux melts of the mantle
tend to be silicic basalts or andesites [e.g. Gaetani and Grove
1998]. For a more detailed review of these mantle melting
processes, see Grove et al. [2012] and Grove and Till [2015].

A simple method to distinguish between a rock’s origin via
decompression versus flux melting is by plotting its whole
rock major element composition on a Miyashiro discrimina-
tion diagram, which distinguishes between rocks of the tholei-
itic versus calc-alkaline series, or the presence/absence of pri-
mary hydrous minerals such as amphibole in the rock (see
Supplementary Material 1 for additional information). In the
example in Figure 4, the whole rock major element composi-
tion of the Mount Shasta high-Mg andesite not only plots in
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Miyashiro’s calc-alkaline field but is also similar to the com-
position of melts generated in peridotite and harzburgite flux-
melting experiments [e.g. Mitchell and Grove 2015; Grove and
Till 2019], leading several authors to interpret it to be the prod-
uct of flux melting (Figure 4A). In Figure 5, the whole rock
major element composition of the Oregon High Lava Plains
basalt is tholeiitic and geochemical modeling by Till et al.
[2012] suggests it was produced through 8 % batch melting of
a nominally-anhydrous spinel lherzolite mantle at ~1.3 GPa,
leading to the interpretation it was generated by decompres-
sion melting.

2.3 Mantle melt transport

Two endmembers describe how melt is transported away
from its point of origin in the asthenospheric mantle: chan-
nelized flow and reactive porous flow. These two endmem-
bers do not completely describe the complexity of our under-
standing of melt transport dynamics in the upper mantle [e.g.
Wilson et al. 2014; Cerpa et al. 2018]. However, our ability to
identify mechanisms of melt transport from geochemical and
petrologic evidence preserved in erupted magmas is limited
to these two endmembers at present. In channelized flow,
which can be approximated as Stokes flow, the melt becomes
isolated from the mantle, limiting chemical exchange with the
mantle as it rises. Thus, the melt records the conditions of
its origins at or near the solidus and is not subsequently over-
printed by chemical re-equilibration. Evidence for channel-
ized flow is abundant in nominally anhydrous magmas, which
often record adiabatic ascent conditions from their solidus
[Grove et al. 2002; Katz et al. 2022]. Alternatively, during reac-
tive porous flow, which can be approximated as Darcy flow,
melt rises through the network of mantle minerals and contin-
ues to re-equilibrate and change chemistry as it rises. There-
fore, upon eruption or emplacement these magmas record the
pressure, temperature, and bulk composition of the last point
of mantle equilibration. Evidence for reactive porous flow
is abundant in hydrous melts from subduction zones, which
record their last equilibration with the mantle at conditions
near the lithosphere-asthenosphere boundary [e.g. Grove et al.
2002; Till 2017; Grove and Till 2019]. Mantle thermobarom-
etry of relatively unadulterated mantle-derived basalts is one
useful way to determine their primary mantle transport mech-
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Origins of the ca. 700 ka Mt. Shasta High-Mg Andesite (~0.05 km3)
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Figure 4: Example magmatic trees and the associated petrologic and/or geochemical evidence for two different hypotheses
regarding the origins of the high-Mg andesite erupted at Mt. Shasta. Panel [A] is based on the data and interpretations in Grove

et al.

[2003], Krawczynski et al. [2012], and Phillips and Till [2022] and panel [B] on those in Streck et al. [2007] and Streck and

Leeman [2018]. Geochronologic constraints from referenced studies in panel [A], and gray bold numbers in panel [B] denote
percentage of crystal cargo arising from each process based mixing calculations in Streck and Leeman [2018]. Streck and
Leeman [2018] do not discuss the origins of the calc-alkaline basalt used in their mixing model, which is why the mantle melting
and melt transport mechanisms are not specified.
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Figure 5: Example magmatic tree and the associated petrologic and/or geochemical evidence for a high alumina olivine tholeiitic
basalt erupted in the Oregon High Lava Plains. Data from Till et al. [2012, 2013].
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\A

15-55 km3

Figure 6: Cartoon illustrating two testable hypotheses regarding the possible origins of ~10 km® of rhyodacite erupted rhyolite
at Glacier Peak. [A] Rhyodacites are generated through dehydration melting of crustal amphibolite, which requires 15-55 km?®
of mantle-derived magma depending on the thermal state of the amphibolite, at temperatures of 750-825 °C [Wolf and Wyllie

1994]

. [B] Rhyodacites are generated exclusively through fractional crystallization, which would require 134 km® of mantle-

derived magma or more, at temperatures of >950 °C [Till et al. 2019]. Hypothesis B would heat the surrounding crust significantly

more

s

than Hypothesis A. Calculations based on methods in Till et al. [2019].
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Figure 7: Magmatic trees constructed using petrologic studies of four active Central and South American stratocones with
deformation, outgassing and thermal satellite data from 2000-2016 analyzed by Reath et al. [2019, 2020]. [A] Magmatic tree
for the 2008 eruption of Lliama volcano based on work of Ruth et al. [2016]. [B] Magmatic tree for Uturuncu between 2000 and
2017 based on the work of Muir et al. [2014a,b].[C] Magmatic tree for the 2011-2018 eruptive period at Fuego volcano based on
the work of Liu et al. [2020] and Harris and Anderson [1984]. Note the repetition of the ‘crystallization’ and 'no mixing' nodes
based on the interpretation that these processes are occurring both in the lower and upper crust, while volatile degassing and
subsequent fluxing exclusively originates from lower crustal storage regions. [D] Magmatic tree for the 2015 Calbuco eruption
based on the work of Namur et al. [2020]. Note repetition of levels of the tree for reasons similar to that described for [C].
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anism [e.g. Till et al. 2013; Till 2017; Krein et al. 2021], as is
the study of magmas from extinct arc sections and exhumed
lower crustal rocks [e.g. Jagoutz et al. 2011; Bouilhol et al. 2015;
Delph et al. 2021; Ratschbacher et al. 2024] Experiments by
Mitchell and Grove [2016] on melt-rock reaction in the mantle
wedge provide evidence for transporting the parental magma
for the Shasta high-Mg andesite via reactive porous flow (Fig-
ure 4A) and mantle thermobarometry by Till et al. [2013] sug-
gests the High Lava Plains parental magma was transported
by channelized flow (Figure 5). However, collecting these
types of evidence is not always practical. Given the consider-
able evidence for associating flux melting with reactive porous
flow, and decompression melting with channelized flow, the
more practical approach is to assume a melt transport mech-
anism based on the mantle melting mechanism (see Supple-
mentary Material 1). Alternatively, one may choose to limit the
designation of melt transport mechanisms in magmatic trees
to applications where transport likely played a primary role
in shaping the characteristics of the magma, compositional or
otherwise.

2.4 Crystallization

At the lithosphere-asthenosphere boundary and in most cases
again near the Mohorovici¢ discontinuity, magmas encounter
rheologic boundaries, such that they may start to stall, accu-
mulate, and/or mix to a greater degree than they do in the as-
thenospheric mantle. Magmas in the lithosphere and crust are
prone to crystallization driven by either conductive heat loss
and/or decompression. Unless a magma traverses the litho-
sphere extremely rapidly (i.e. hours to days), most magmas
will experience at least some crystallization during ascent, as
evident by the presence of crystals in an erupted igneous rock.
The order, composition, and temperature at which minerals
crystallize from a magma (also known as the ‘liquid line of
descent’) is strongly dependent on pressure and the magma’s
bulk composition, volatile content, and oxygen fugacity, and
has been studied extensively since the 1920s [e.g. Bowen 1928;
Hamada and Fujii 2008; Blatter et al. 2013; Marxer et al. 2023].
The mantle melting mechanism that produced the rock will
thus have a large effect on its liquid line of descent and mag-
matic tree. For example, magmas produced by flux melting
tend to follow the calc-alkaline differentiation trend, which
causes early crystallization of Cr-Al spinel or magnetite and
lowers the temperature at which silicate minerals crystallize,
plagioclase in particular, as well as altering the composition of
crystallizing phases and coexisting melt relative to the tholei-
itic differentiation trend [Grove and Baker 1984; Juster et al.
1989; Sisson and Grove 1993; Grove et al. 2003]. Other im-
portant liquids line of descent (also known as differentiation
trends) include those for alkalic and carbonatitic magmas for
example [e.g. Sack et al. 1987; Weidendorfer et al. 2017].
There are myriad approaches and computational tools to
model crystallization and determine if it plaged a significant
role in the formation of a particular igneous rock unit. These
include mass and energy-balanced thermochemical models
[e.g. Spera and Bohrson 2001], thermodynamic models such
as MELTS [e.g. Ghiorso and Sack 1995; Gualda et al. 2012],
and those that combine thermodynamic constraints with mass
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and energy conservation like the Magma Chamber Simulator
[Bohrson et al. 2020]. More classically, curved arrays of whole
rock or glass geochemistry from a single eruption, or series of
eruptions, extending from a likely mafic parent magma com-
position on bivariate element plots can be a good indicator of
crystallization, although it should be noted that the curvature
of these arrays varies based on the crystallizing assemblage
and bulk composition. Similarly, crystallization experiments
on a bulk magma composition of interest or comparison of
natural mineral compositions and assemblages to those in ex-
periments are also useful for identifying crystallization trends
(see Supplementary Material 1).

Returning to the Figure 4 example, experiments conducted
by Krawczynski et al. [2012] at upper to mid-crustal pres-
sures find that the Shasta high-Mg andesite was produced
through crystallization of a mantle-derived magma with 10—
14 wt. % Hy0. Modeling by Till et al. [2012] suggests the High
Lava Plains basalt experienced low pressure crystallization of
olivine + plagioclase. These interpretations lead to the ‘crys-
tallization’ node to being selected on both magmatic trees (Fig-
ure 4A, Figure 5). In contrast, Streck et al. [2007] and Streck
and Leeman [2018] interpret the crystals found in the Shasta
high-Mg andesite to be mostly xenocrysts derived from nearby
ultramafic rocks, older Shasta intrusions, and/or the conduit
walls, such that they interpret crystallization to have played
a much more minor role in the magma’s formation. This
alternate interpretation is indicated by the lighter color and
labelling of the crystallization node on the tree in Figure 4B.

2.5 Crustal melting

When magmas enter the lithospheric mantle and crust, there
is also the potential for them to assimilate or melt the sur-
rounding host rock. As crystallization is an exothermic pro-
cess, under many conditions, the intruding magma contains
enough energy to generate crustal melt [e.q. Marsh 1984;
Karakas and Dufek 2015]. Thus, crustal melting is a rare case
where a magma can be said to begin its life in the crust rather
than in the mantle. Crystallization and crustal melting often
operate in tandem, although evidence of crustal contamination
can be subtle and effect the system in ways not easily predicted
by conventional intuition and simple mass balance arguments
[e.g. Spera and Bohrson 2001; Annen et al. 2006; Bohrson et
al. 2014]. The specific likelihood and extent of crustal melt-
ing in a given scenario depends on the ambient temperature
of the crustal rocks, their bulk composition, and the tempera-
ture and volume of the intruding magma amongst other vari-
ables [e.g. Bohrson et al. 2020]. Crustal melting is more likely
when the host rock contains a hydrous mineral, such as am-
phibole, that can contribute volatiles upon its breakdown to
cause dehydration melting [e.g. Rushmer 1991; Wolf and Wyl-
lie 1995]. Compilations of arc volcanic and plutonic rocks
suggest most have seen some degree of mixing with melts de-
rived from amphibole-bearing antecedent intrusions or lower
crustal basement rocks [e.g. Blatter et al. 2013; 2017]. In some
cases, basaltic underplating may contribute the heat to drive
crustal melting with no subsequent mixing between the new
crustal melt and the original mafic melts from the mantle. In
cases where crustal melts have a contrasting composition to
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mantle-derived magma, the contribution of crustal melts can
be detected with isotopic analyses (e.g. Th, Sr, Nd, O) or in
some cases the rock’s bulk Al/(2Ca+Na+K) (see Supplemen-
tary Material 1).

In the example magmatic trees, Streck et al. [2007] and
Streck and Leeman [2018] use the core compositions of one
pyroxene population along with rare dacitic pyroxene-hosted
melt inclusions to infer that a crustal melt was one of the key
components that formed the Shasta high-Mg andesite (Fig-
ure 4B), whereas crustal melting is not thought to have to
played a significant role in its formation by Grove et al. [2003]
(Figure 4A).

2.6 Magma mixing

Magma mixing is another common magmatic process within
the crust, and potentially within the mantle as well. Magma
mixing can exist in a variety of forms, from the mixing of
geochemically similar near-fractional melts to form the aggre-
gate erupted magma in mid-ocean ridge environments, to the
mixing of geochemically distinct magmas with unique crystal
cargoes and volatile contents in the shallow crust beneath arc
volcanoes. Even eruptions at monogenetic volcanic centers
have been shown to have experienced cryptic, mid-crustal
mixing with variably crystallized portions of the same par-
ent magma [e.g. Phillips and Till 2022]. Thus, magma mix-
ing may be fairly ubiquitous at some scale. For the purposes
of creating a magmatic tree, the question is whether magma
mixing was one of the primary igneous processes that shaped
the rock’s characteristics? Evidence for mechanical magma
mixing of contrasting magma types shortly before eruption
includes banded pumice, such as that from the 1915 eruption
of Mount Lassen in California, compositionally zoned erup-
tion deposits (i.e. zoned ignimbrites), and abundant magmatic
enclaves or inclusions with crenulated (i.e. quenched) mar-
gins [e.g. Bacon 1986; Bacon and Druitt 1988; Clynne 1999,
Tepley et al. 1999]. Evidence for magma mixing earlier in the
magma’s history can also include reversely zoned phenocrysts,
disequilibrium mineral assemblages (e.g. quartz and olivine),
dissolution textures, multiple populations of the same min-
eral with differing textures and/or compositions (e.g. four py-
roxene andesites), and/or linear arrays of whole rock or glass
compositions from a single eruption or a series of eruptions,
which plot between the composition of two likely composi-
tional endmembers on geochemical plots of two contrasting
oxides or trace elements (see Supplementary Material 1).
Both sets of papers in the Figure 4 example interpret magma
mixing to have played a significant role in the formation of the
Shasta high-Mg andesite. Phillips and Till [2022] interpret re-
versely zoned rims on ortho- and clinopyroxene crystals to be
the result of mixing more and less fractionated batches of the
parent magma in the mid-crust (~975 °C & ~500 MPa) ca. three
years prior to eruption based on Fe-Mg diffusion chronometry
(Figure 4A). The extra arrow from ‘magma mixing’ to ‘crys-
tallization’ in Figure 4A illustrates that these two processes are
interpreted to have occurred concurrently. In contrast, Streck
and coauthors interpret these same pyroxene crystals to re-
flect mixing between a crustal melt with a calc-alkaline basalt
and use a linear least-squares mixing model to estimate the
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relative proportions of the mixing components, as shown in
Figure 4B.

2.7 Eruption initiation

Finally, at the top of our basic magmatic tree is the choice of
mechanisms that may initiate the final ascent and cooling of a
magma (either via eruption or intrusion). There are a variety
of processes that may cause a magma to go from stasis in the
crust or lithosphere to final cooling, which can broadly be di-
vided into internal and external mechanisms. Kent et al. [2023]
conduct a meta-analysis of published studies constraining the
internal magmatic processes initiating eruptions and find there
are four key mechanisms: mafic recharge (mafic magma in-
jecting more felsic magma), mafic rejuvenation (mafic magma
injecting mafic magma), felsic rejuvenation (felsic magma in-
jecting felsic magma), and volatile saturation (crystallization
and cooling driving bubble nucleation and growth). Mafic and
felsic rejuvenation cause eruptions when the injection rate out-
paces viscous relaxation to produce sufficient overpressure to
drive ascent and may be more common in thermally mature
systems [e.g. Degruyter and Huber 2014; Caricchi et al. 2021].
Volatile saturation or accumulation, also known as second
boiling, occurs when slowly cooling and crystallizing mag-
mas within relatively elastic crust generate large-scale volatile
exsolution and bubble growth to produce sufficient overpres-
sure to drive eruptions [e.g. Sisson and Bacon 1999; Fowler
and Spera 2008; 2010; Degruyter and Huber 2014] Mafic
recharge can cause overpressure by either mechanism, with
volatile exosolution triggered by the contrasting thermal states
of the mixing magmas likely dominating in gounger volcanic
systems, and the volume of injecting magma driving overpres-
sure in more mature volcanic systems [e.g. Pallister et al. 1992;
Kent et al. 2023]. Major or trace element or isotopic mineral
zoning and types of crystal or liquid populations are excellent
ways to identify the most likely eruption initiation mechanism
for erupted magmas. The use of “most likely” here refers to
the observation that not every occurrence of these events leads
to an eruption. For example, reversely zones crystals, disequi-
librium mineral assemblages (e.g. quartz and olivine) and/or
multiple mineral populations (e.g. “four pyroxene andesites”)
are common indictors of mafic recharge [e.g. Eichelberger et al.
2006; Humphreys et al. 2009], but mafic recharge may occur
repeatedly before sufficient overpressure is reached to drive
ascent leading to eruption or may never lead to eruption in cer-
tain cases (see review by Caricchi et al. [2021] and references
therein). However, if evidence for a particular eruption initia-
tion mechanism exists in an erupted magma, it is inferred to be
the most likely eruption initiation mechanism. Abundant en-
claves, banded pumice and/or compositionally zoned deposits
are other eruption-related indicators of mafic recharge. Min-
eral zoning and populations tend to be more subtle in the case
of mafic or felsic rejuvenation, with mineral rims recording
differences in temperature and trace element concentrations
for example [e.g. Bachmann and Bergantz 2008; Shamloo and
Till 2019] and/or glomerocrysts and strained crystals demon-
strating evidence of disaggregation of crystal-rich mushes or
cumulates [e.g. Wieser et al. 2020]. Evidence for volatile accu-
mulation is the most cryptic in the petrologic record, which
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is likely why it is the mechanism with the least confirmed
eruptions [Kent et al. 2023]. Evidence can be gleaned from
variations in hydrous mineral abundances, fluid or melt inclu-
sions, and crystals with normal zoning recording variations in
fluid-mobile elements like Li [e.g. Kent et al. 2007; Andersen
et al. 2018]. However, at present, volatile accumulation is of-
ten best identified through a process of elimination with other
internal (and external) mechanisms for eruption initiation (see
Supplementary Material 1).

As mentioned in the beginning of Section 2, there are
also external mechanisms that initiate eruptions. These in-
clude near field phenomena such as roof collapse above large
magma chambers [Gregg et al. 2012] and build-up of buoyancy
forces [Caricchi et al. 2014; Malfait et al. 2014], as well as far
field forcing related to large earthquakes [Cabaniss et al. 2018;
Hamling and Kilgour 2020] and crustal unloading including
via the removal of glaciers [e.g. Caricchi et al. 2021]. Although
these mechanisms may be important in some settings, they are
less likely to leave distinctive petrological or geochemical sig-
natures in erupted products, other than an absence of evidence
for other initiation mechanisms, such that it is difficult to deter-
mine their frequency. Thus, the emphasis for magmatic tree
construction is first to identify any evidence for internal erup-
tion initiation mechanisms, with external mechanisms being
considered only in the absence of all other evidence.

Returning to our Figure 4 and Figure 5 examples one
last time, the ubiquity of reversely-zoned phenocrysts formed
within years of the eruption and the inference that these zoned
crystals formed as a result of mixing between more and less
fractionated versions of the same magma lead Phillips and Till
[2022] to interpret that the eruption of the Shasta high-Mg an-
desite was initiated by mafic rejuvenation (Figure 4A). Alter-
natively, Streck and Leeman [2018] infer that the eruption was
initiated by the injection of basalt into a reservoir of dacitic
magma, which would be classified as mafic recharge by Rent
et al. [2023] (Figure 4B). In the case of the High Lava Plains
basalt, the lava records a dikytaxitic texture (lath-shaped ar-
rangement of feldspar microlites around small vesicles) and no
evidence for mixing, such that CO, accumulation is inferred
to be the eruption initiation mechanism (Figure 5).

2.8 Further notes on magmatic tree construction

It is worth noting that there are numerous large- and small-
scale igneous processes that have not been reviewed in this
section and do not appear on the basic magmatic tree in Fig-
ure 3. Because of the focus on illustrating how to create a basic
magmatic tree for most igneous rock types, the selection of ig-
neous petrologic processes discussed here has been limited to
those which are readily identifiable with a minimal and tra-
ditional dataset (i.e. hand sample description + petrography
+ whole rock major and trace element geochemistry + min-
eral chemistry + isotopic composition) by a student who has
passed a college-level petrology course. However, magmatic
trees can be easily adapted to include additional igneous pro-
cesses when the necessary data is available, by outlining their
identifying geologic characteristics (e.g. as is done in Supple-
mentary Material 1) and adding another level to the tree in
Figure 3. This is illustrated with the addition of volatile flux-
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ing to the tree in Section 3.2 and Figure 7. Similarly, magmatic
trees are not designed to illustrate the quantities involved in a
given process, such as a magma’s mass, volume, or geochem-
ical composition. However, trees are set up in such a way
that simple quantities or geochonologic constraints can be il-
lustrated on the tree (e.g. see examples in Figures 4 and 6)
and/or more mechanistic and quantitative models can easily
be plugged into any given process node on the tree if desired,
as discussed further in Section 3.5.

3 EXAMPLE APPLICATIONS

There is perhaps no better way to make a case for the utility
of magmatic trees than to sample a variety of potential appli-
cations and their benefits. While this section does not afford
the space to go into any one application in significant or quan-
titative detail, it demonstrates how this conceptual graphical
method can be useful for wide variety of purposes in volcano
science including but not limited to, (1) identifying and testing
process-related hypotheses regarding the origin of particular
magmas, (2) recognizing common igneous processes produc-
ing the characteristics of distinct data types, (3) examining the
frequency of a particular igneous processes between succes-
sive eruptions from the same volcano or across many volca-
noes to create a type of event tree for crustal and mantle ig-
neous processes, and (4) teaching igneous processes and their
identifying characteristics. Through these examples we see
that the focus on process inherent in their design compels us
toward the multi-, and eventually inter-, disciplinary scientific
approach we aspire to as a community, in addition to identi-
fying key gaps in our understanding.

3.1 Testing between process-oriented hypotheses

In addition to providing an easily digestible visualization of
petrologic interpretations, magmatic trees provide a means
to set up process-oriented hypotheses and identify methods
to test between them. As an example, consider the ques-
tion of the origins of ~10 km® of rhyodacitic magma (aver-
age ~71 wt. % SiO,) erupted from Glacier Peak Volcano in the
Cascades Arc during the Quaternary. The volumetric impli-
cations of the two endmember processes capable of produc-
ing such silicic magma (i.e. crystallization and crustal melt-
ing) are quite distinct (Figure 6). Generating 10 km?® of silicic
magma via crustal melting requires ~10-50 km® of mantle-
derived mafic magma to bring lower crustal basement rocks
up to their solidus [e.g. Marsh 1984; Wolf and Wyllie 1994;
Dufek and Bergantz 2005] and an additional ~5 km? to pro-
duce the ~10 km® melt (see calculations in Till et al. [2019))
(Figure 6A). This is in stark contrast to production of the sili-
cic magma by pure crystal fractionation, which would require
at least ~3x more mantle-derived mafic magma (~134 km? at
100% melt extraction from the crust) [Till et al. 2019] (Fig-
ure 6B). In addition, these two end-member processes may
produce silicic magma at disparate temperatures based on ex-
periments; ~750-825 °C via dehydration melting of amphibo-
lite at 10 kbar [Wolf and Wyllie 1994] versus >~950 °C pre-
dicted for fractionation of damp to anhydrous mafic magmas
(see Supplementary Figure S2 in Till et al. [2019]). Alterna-
tively, Blatter et al. [2017] locate the amphibole = pyroxene +
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melt peritectic reaction in basaltic bulk compositions at 925—
940 °C at 700 or 900 MPa, which could be approached via
melting or crystallization, and thus would not yield differ-
ent temperatures for crustal melting versus crystallization. If
present, a temperature differential between the crustal melting
and crystallization scenarios, along with the volumetric con-
siderations, means that silicic magma production via crustal
melting (an endothermic process) would heat the crust sub-
stantially less than production via fractionation (an exother-
mic process). While the Glacier Peak rhyodacitic magmas (or
any magma for that matter) were likely generated by a com-
bination of these processes, the fact that the volumetric (+ en-
ergetic) requirements for the two endmember processes are
so distinct means that it may be possible to identify the dom-
inant process in their formation by utilizing complimentary
datasets such as 23°Th/238U or §'80 isotopic compositions of
the erupted magmas and crystals, surface heat flow, and/or
crustal seismic wave speeds [e.g. Bindeman et al. 2008; Fee-
ley et al. 2008; Wende et al. 2015; Blatter et al. 2017]. This
example thus shows how constructing magmatic trees for the
generation of a particular magma type provides a means to
identify process-oriented hypotheses and methods to test be-
tween them.

3.2 Integrating different data types into a cohesive process-

based picture

In addition to prompting hypothesis testing, building mag-
matic trees also facilitates the integration of different data types
to create a cohesive process-focused model of an igneous sys-
tem. In fact, as apparent in Section 2, building complete trees
requires the use of many types of data and can identify holes in
our knowledge that could be filled by a given data type. To il-
lustrate these points, petrologic and geochemical observations
of active volcanoes in Latin America are used to build trees
that reveal common processes behind their observed satellite
characteristics in the following example.

In the last two decades satellite data has become an in-
creasingly available and important dataset to document the
characteristics of active volcanic systems globally. This data
is especially useful for systems that are either hard to access
and/or are poorly instrumented and understudied. In Reath
et al. [2020], a multiparameter, multidecadal database of defor-
mation, outgassing, and thermal satellite data is used to de-
velop a classification scheme for the cause of unrest at the 47
most active volcanoes in Latin America. This classification
effort identifies a volcano’s eruptive state as ‘open,’ ‘closed,’ or
‘eruptive’ and the study goes on to classify these Latin Amer-
ican volcanoes as being in one of four categories: (1) domi-
nantly non-eruptive closed, (2) dominantly non-eruptive open,
(3) persistently erupting, (4) lacking sufficient data to catego-
rize. For example, Llaima volcano is classified as being in a
‘dominantly non-eruptive open’ state between 2000 and 2016
when the volcano experienced deformation, outgassing, and
a gradual decrease in thermal output, punctuated by a vio-
lent Strombolian eruption in 2008. Four stratovolcanoes are
selected to draw magmatic trees for here, one from each of
categories in Reath et al. [2020] ((1) Uturuncy, (2) Llaima, (3)
Fuego, and (4) Calbuco), in order to interrogate the processes
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likely responsible for the satellite observations and classifica-
tions (Figure 7). As an example, the magmatic tree for the
2008 Strombolian eruption at Llaima volcano was constructed
based on the petrologic study of Ruth et al. [2016], which found
evidence in the tephra olivine-hosted melt inclusions for a sin-
gle liquid line of descent produced by crystallization of hy-
drous arc-related magmas (“flux melting,” “crystallization”), as
well as volatile fluxing and passive degassing. Geochemical
and textural evidence from the basalt to basaltic andesite lavas
suggests that this crystallization occurred in a basaltic andesite
crystal mush sustained by periodic, small-batch magma injec-
tions (“magma mixing”), one of which initiated the 2008 erup-
tion (“mafic rejuvenation”).

The magmatic trees constructed using the petrologic stud-
ies of these four volcanoes and their eruptions offer reasons
for the satellite classifications (Figure 7). The trees reveal that
both ‘open’ systems (Llaima and Fuego) exhibit evidence of
volatile fluxing, consistent with work on eruption dynamics
at silicic volcanoes [e.g. Fichelberger et al. 1986; Jaupart and
Allegre 1991]. While this may seem unsurprising, it is signifi-
cant that the petrologic studies find evidence of volatile exso-
lution and transport in samples capturing processes occurring
at the last point of intra-crustal magma storage, which is dis-
tinct from the remote sensing data that records degassing from
the conduit and/or surface (Figure 7). If we compare the two
systems identified as ‘dominantly non-eruptive’ (Uturuncu and
Calbuco), we see that both have eruptions caused by magma
mixing processes, although the compositions involved differ.
This is logical as magma mixing events can perturb ‘non-
eruptive’ systems in stasis and under certain conditions ini-
tiate climatic eruptions by causing convective overturn, exso-
lution of volatiles, unlocking of crystal mushes, and/or over-
pressurization of magma reservoirs, among other processes
[e.g. Cassidy et al. 2018; Kent et al. 2023].

These findings can then be tested by interrogating other
eruptions in the Reath et al. [2020] dataset. For example, based
on these generalizations, Cotopaxi—a stratocone classified as
‘non-eruptive open'—should reveal evidence for volatile flux-
ing prior to its 2015 eruption. Similarly, there should be petro-
logic evidence that prior eruptions of the ‘non-eruptive closed’
Robledo caldera at Cerro Blanco volcanic complex were ini-
tiated by magma mixing events. Indeed, a combined seismic,
gas geochemistry and petrologic study of the 2015 eruption at
Cotopaxi finds that the magma experienced extensive sulfur
exsolution and degassing during ascent and interacted with
the shallow hydrothermal system to produce hydro-magmatic
explosions [Hidalgo et al. 2018]. Likewise, work by de Silva
et al. [2022] suggests andesitic recharge into a rhyolitic mush
produced eruptions at Cerro Blanco over the last 54 kyr. Work
by Geist and co-authors also supports a model whereby the
two Galapagos volcanoes characterized as ‘dominantly non-
eruptive closed’ have eruptions initiated by influxes of basaltic
magma into upper crustal reservoirs containing more evolved
magmas [Geist et al. 1995; 2014]. Thus, the initial findings re-
garding the petrologic processes producing the satellite clas-
sifications holds up to further scrutiny of additional systems
and eruptions.
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The construction of the magmatic tree for the “no warn-
ing” April 22, 2015 eruption of Calbuco also reveals why there
were not any eruption indicators in the satellite data. Look-
ing at the literature, Castruccio et al. [2016] and Morgado et al.
[2019] both suggest a seismic event exploited existing crustal
weaknesses to initiate the 2015 eruption, which requires that
the magmatic system was primed for eruption and volatile ac-
cumulation is the most likely process to accomplish this [Ham-
ling and Rilgour 2020]. Alternatively, Arzilli et al. [2019] and
Namur et al. [2020] both conclude volatile accumulation in the
shallowest magma storage region led to over-pressurization
and failure of the overlying country rock to initiate the erup-
tion. In either interpretation, it can be reasonably concluded
that volatile accumulation plaged a critical role in initiating
the eruption. And in HyO-dominated arc magmatic systems
such as Calbuco, as well as in systems where volatile accumu-
lation does not lead to volatile fluxing, volatile accumulation
has been shown to not lead to noticeable deformation, out-
gassing or thermal output [e.g. Yip et al. 2022].

Overall, this example demonstrates the utility of creating
magmatic trees based on petrologic and geochemical research
and their use in identifying the key magmatic processes pro-
ducing the characteristics observed in satellite and volcano
monitoring data. While this is by no means the first study
to integrate satellite and petrologic data for the same erup-
tion, this example is unique in highlighting the potential of
doing this in a macro, multi-system, process-focused way,
rather than through in-depth study of a single system, or multi-
system compilations utilizing only one type of data. This ex-
ample also highlights how magmatic trees provide a means to
digest often complex and unique petrologic studies, such that
their findings can be compared across volcanoes and erup-
tions, as well as easily understood by non-petrologists.

3.3 Magmatic trees as event trees

Another advantage of constructing magmatic trees is the op-
portunity to examine the frequency of a particular igneous pro-
cess or set of processes between successive eruptions from the
same volcano or across many volcanoes within a volcanic arc
segment for example. Historically upper mantle and crustal
igneous processes have been excluded from the probabilis-
tic event trees used for hazard forecasting, which instead tend
to focus on conduit and eruption processes and characteristics
[e.g. Poland and Anderson 2020] (Figure 2). However, research
in the last decade has documented substantial evidence that
the events occurring in the shallowest crustal magma storage
region, such as the four eruption initiation mechanisms dis-
cussed in Section 2.7, affect eruption behavior and character-
istics such as eruption volume, style, frequency, and initiation
timescales at continental volcanoes [e.g. Degruyter et al. 2016;
Huber et al. 2019; Shamloo and Till 2019; Kent et al. 2023].
Similarly, there is now robust evidence for explosive basaltic
eruptions being initiated from depths of 20 km or greater [e.g.
Ruprecht and Plank 2013; Rasmussen et al. 2018; Mutch et al.
2019; Allison et al. 2021]. Constructing magmatic trees thus
provides a method to build crustal and even mantle igneous
processes into decision or event tree structures to assess the
value and merit of including them in hazard forecasting.
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As an example, andesitic lavas erupted at Mount Hood in
the Cascades Arc over the past ~20,000 years are remarkably
similar in composition and mineralogy. Petrologic research
suggests they are all the product of mafic recharge of a silicic
magma mush, which is thought to initiate each eruption [Kent
et al. 2010; Koleszar et al. 2012]. Therefore, the magmatic trees
of the processes forming each of these Mount Hood eruptions
are identical, since only the amount of mixing and proportion
of the mixing components are thought to vary between erup-
tions (Figure 8). If we assign probabilities to the processes at
each level in Hood’s magmatic tree based on the last 20,000
years of eruptions (i.e. convert it to an event tree), we see
that there is a very high probability that this combination of
processes will repeat in the event of a future eruption.

In contrast, there appears to be significantly more variation
in the processes contributing to the magmas erupted since
1479 CE at Mount Hood’s closest neighbor, Mount St. Helens.
While Mount St. Helens predominantly erupts water-rich in-
termediate arc magmas like Mount Hood, the late-stage pro-
cesses leading to eruption are thought to differ between erup-
tive periods (Figure 9). Work by Gardner et al. [1995a,b] and
Leeman and Smith [2018] suggest that both Plinian eruptions
and emplacement of andesitic lavas during the Ralama period
(1479-1750 CE) were initiated by mafic recharge, whereas the
1980-86 eruptions are thought to have been initiated by felsic
rejuvenation [Saunders et al. 2012] and the 2004-2008 dome-
forming eruptions by volatile accumulation [Kent et al. 2007,
Pallister et al. 2008]. Thus, the eruption initiation node on the
tree for each of these eruptions would differ, and each would
be assigned a lower probability of occurring in the future rel-
ative to mafic recharge at Mount Hood (Figure 9).

These probabilistic event trees are useful for improving
our foundational knowledge of magmatic systems. As an il-
lustration, constructing magmatic trees for successive erup-
tions and/or adjacent arc systems allows us to determine the
propensity of certain upper mantle and/or crustal magmatic
processes occurring together. For example, Mount Unzen,
Soufriere Hills, and Mount Pinatubo, located in three dis-
tinct arcs, also exhibit similar behavior and magmatic trees
to Mount Hood, repeatedly erupting compositionally similar
andesitic magmas that all supply evidence for late-stage matfic
recharge and magma mixing [Di Muro et al. 2008; Rayzar et al.
2009; Kent et al. 2010, and references therein]. By construct-
ing trees for these systems, we can more easily see this pattern
and identify higher-level questions, such as what crustal and
magma characteristics cause the set of magmatic processes
reproduced in many successive eruptions at Mounts Hood,
Unzen, Pinatubo, and Soufriere Hills, but not at their nearby
neighbors like Mount St. Helens?

Use of magmatic trees may also yield the identification of
common suites of magmatic processes such as this example,
that could ultimately become the basis for a new process-
based volcano classification scheme. In these ways, magmatic
trees could thus make substantive contributions to community
grand challenges, such as developing models for the processes
governing volcanic eruptions as articulated by the National
Academies ERUPT report [2017], or frontier research questions
such as, “what drives volcanism?” as recently articulated by
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Mt. Hood

Crater Rock Dome (ca. 1865 CE)
Old Mail Lava (1781-1801 CE)
Timberline Lava (1.5 ka)

Polallie Lava (13-20 ka)

Figure 8: Magmatic tree for the last ~20 ka of activity at Mt. Hood, where all eruptions produced similar compositions of
andesitic lava and are interpreted to have been caused by the same series of magmatic processes [Koleszar et al. 2012]. Gray
numbers denote the probability of magma mixing and mafic recharge being involved in generating the erupted material during
this time period, which is equal to 1.0 as all erupted magmas experienced these processes.

the US National Academies Decadal Report on Earth Sciences
[2020].

Crust- and mantle-focused event trees can also contribute
to conceptual models used for expert elicitation, data integra-
tion, and identification of analog systems in volcanic hazard
assessments. However, these magmatic event trees fall short
as a standalone tool for forecasting volcanic hazards. This
is because we lack knowledge of how many times the same
processes occurred at each volcano without culminating in
an eruption. To be useful for hazard forecasting, event trees
focused on mantle and crustal processes will need to be in-
tegrated with more traditional volcanic hazard event trees,
which focus on behavior in the shallow sub-surface and draw
on additional data types and histories of similar systems to
better assess the probability that renewed activity will lead to
an eruption (e.g. Figure 2A).

3.4 Magmatic trees and teaching

Magmatic trees can also be a useful framework to teach ig-
neous processes. Providing frameworks such as this as a
form of scaffolding has been found to increase student en-
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gagement in mathematics classrooms [Marshman and Brown
2014; Bakker et al. 2015], improve student’s logical thinking
ability in virtual classrooms [Noer Hodijah et al. 2018], and
teach physics concepts to future physics teachers [Sinaga et
al. 2015), as well as help students to understand a problem,
develop hypotheses, ask more specific questions, and grasp
multiple perspectives in an eighth grade science class [Zyd-
ney 2005]. Furthermore, meta-analysis suggests that problem-
solving based instruction coupled with scaffolding is one of
the most effective practices in STEM education [Belland 2017].
Thus, instruction that requires students to construct magmatic
trees using a step-by-step process, computer-based or other-
wise, is likely to prove effective to both teach content and
higher-order critical thinking [Belland 2017).

A suggested teaching approach would be to use a basic
magmatic tree structure like that in Figure 3 to introduce
the range of processes typically taught in an igneous petrol-
ogy course over successive classes, starting in the mantle and
working towards the processes that occur shortly before and
during an eruption. In conjunction, hands-on classroom or
lab activities can focus on teaching students to distinguish
between the processes at a given level in the tree and the
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Mt. St. Helens

2004 Dome (2004-2008 CE)
1989-1990 CE eruption

1980 Tephra (1980-86 CE)

10 confirmed eruptions in1800's
Tephra (1610 CE)

Kalama Complex Dome (1545-1550 CE)
Kalama Complex Lava (1545-1550 CE)
Kalama We Tephra (1482 CE)

Kalama Wn Tephra (1479 CE)

Figure 9: Magmatic tree for eruptions since 1480 CE at Mt. St. Helens with known eruption initiation mechanisms. Gray numbers
denote the known probability of a particular process being involved in the generation of the 18 eruptions during this time period.
Probabilities calculated as the number of instances of a process divided by the total number of eruptions (e.g. the 4 eruptions
during the Kalama period out of the 18 total since 1480 CE are interpreted to have been initiated by mafic recharge, such that
the probability of mafic recharge during this time period is 0.22). Because there are 12 eruptions with unknown initiation mech-
anisms, the probabilities at the top two levels do not total 1.0. Data from Carey et al. [1995], Gardner et al. [1995a,b], Kent et al.
[2007], Pallister et al. [2008], Saunders et al. [2012], and Leeman and Smith [2018].

key evidence of each (e.g. the different characteristics of a
basalt generated through flux versus decompression melting).
After all the key igneous processes have been introduced, a
capstone experience could include asking students to make a
magmatic tree for a suite of samples from a particular eruption
on their own. A step-by-step questionnaire for building mag-
matic trees, which is designed to be appropriate for students
is included in Supplementary Material 1.

3.5 Other benefits and limitations

The list of benefits of constructing magmatic trees for igneous
systems discussed thus far is by no means exhaustive. Mag-
matic trees also provide a way to understand the larger-scale
conclusions of discipline-specific volcano studies (e.g. to relay
the processes identified in a geochemical study to geophysi-
cists interested in the same system) and communicate across
disciplines. One is also forced to utilize a variety of data types
to build a full tree from mantle origins to final emplacement,
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as no one data type is well suited to identifying all the igneous
processes found in even the simplest tree, which reinforces
interdisciplinary approaches to volcano science. In addition,
magmatic trees provide a straightforward method to identify
what information regarding a particular eruption or volcanic
system is missing, survey the most critical holes in our under-
standing, and justify future work.

There are of course limitations to this graphical method.
For example, in each tree there is equal weight given to each
process identified and the trees do not emphasize the extent
to which any one process is dominant in producing a given
magma. If this is important for a given application, one could
assign a weight to each process (for example from 0-1) and il-
lustrate them on the tree, similar to what is done in Figure 4B.
Trees also do not attempt to deal with the quantities involved
in a given process, such as the mass, volume, or geochemical
composition of the magma involved. While magmatic trees
are designed to be primarily conceptual and focus on identi-
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fying processes, they could also easily work in a way where
more mechanistic and quantitative models are plugged into
a given process node on a tree. For example, tools such as
MELTS or Magma Chamber Simulator could be used to model
the silicate melt composition and equilibrium mineral phases
during crystallization, or VESIcal could be used to model the
accompanying fluid composition [e.g. Ghiorso and Sack 1995;
Gualda et al. 2012; Bohrson et al. 2020; Heinonen et al. 2020;
lacovino et al. 2021; Wieser et al. 2022]. Similarly, thermo-
mechanical models could be used to model the dynamics of
processes on the tree, such as magma mixing leading to erup-
tion [e.g. Degruyter and Huber 2014; Degruyter et al. 2016].
Additionally, physiochemical volcano models combined with
remote sensing INSAR, thermal, and outgassing datasets could
be used to model the fluxes involved in a recent or on-going
mafic recharge or rejuvenation event [e.g. Anderson et al. 2019;
Huber and Toramaru 2024]. Magmatic trees are not designed
to focus on temporal constraints: while some processes may
be entirely successive, many likely operate concurrently or
overlap in time as can be illustrated in simple ways like in
Figure 4A, which also illustrates ways to include geochrono-
logic dates and rates on a tree where the necessary data is
available. That said, trees are also designed to be useful even
in the absence of geochronologic information. Finally, mag-
matic trees are constructed using interpretations, and not data
exclusively, because of their emphasis on process. One could
view this as a limitation because of the potential for error or
bias in interpreting processes from data. Alternatively, this
can be seen as a strength of the method, as constructing trees
is excellent way to reveal or highlight discrepancies in inter-
pretations and identify fundamental holes in our knowledge
that can then be reconciled with future study.

4  CONCLUSIONS AND FUTURE DIRECTIONS

At their simplest, magmatic trees provide a useful visualization
to summarize the processes that formed a particular igneous
rock. At their most sophisticated, magmatic trees provide a
means to amalgamate decades of data on igneous processes to
create models of volcanic systems and facilitate their compar-
ison. The example applications discussed in Section 3 are just
some of the ways in which a process-based graphical method
like magmatic trees can help us to achieve our near- and mid-
term community science goals [e.g. NASEM 2020; Brodsky et
al. 2022].

One can imagine a near-term future where the Smithso-
nian’s Global Volcanism Program website includes magmatic
trees constructed for specific eruptions, including groups of
trees that reveal differences in interpretations between stud-
ies, or partial trees that illustrate the gaps in our knowledge
regarding past or on-going eruptions. Or alternatively, an on-
line tool to manually construct magmatic trees could also host
a library of trees that cite the literature and samples used to
construct them.

Adopting process-based organizational methods also allows
us to bypass some of the challenges faced in developing or-
ganizational schema in other scientific fields. Returning to the
example of the development of phylogenetics discussed in the
Introduction provides one instructional example. Recall, evo-
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lutionary biologists’ use of exclusively data-driven clustering
methods, like cladistics, starting in the early 1900s led to the
conclusion that they created spurious groupings, especially for
datasets comprised of a small number of independent charac-
teristics for each sample. Over time, evolutionary biology and
comparative linguistics discovered it was necessary to under-
pin organizational methods with known meaningful relation-
ships, as is done in modern phylogenetics. Therefore, as we
move into an era where artificial intelligence, large language
models, and machines learning will play an increasing role in
our science [e.g. Petrelli and Perugini 2016; Higgins et al. 2022;
Petrelli 2024), training these data-driven tools with meaning-
ful relationships and process-based frameworks, such as the
one proposed here, will be increasingly important if they are
to make consequential contributions to volcano science. For
example, both supervised and unsupervised machine learning
models could be used together to identify previously unrecog-
nized patterns of magmatic behavior, with supervised models
being trained to use geochemical data from past eruptions to
identify underlying magmatic processes, such as crystalliza-
tion and magma mixing, and unsupervised models using mag-
matic trees as inputs for hierarchical cluster analysis to identify
common families or sequences of magmatic processes. Thus,
one can imagine a future where machine learning removes
much of the human error from magmatic process identifica-
tion, as well as magmatic tree construction, further enhancing
the utility of magmatic trees for event tree-type hazard fore-
casting and/or volcano classification.

In closing, at a minimum it is my hope that we can re-
invigorate a conversation around how we compare and con-
trast igneous systems. Whether these conversations lead to
embracing the use of magmatic trees or not, providing meth-
ods to summarize our existing knowledge of the mantle-to-
surface magmatic processes contributing to a given erup-
tion, or to examine the frequency of given process or sets
of processes between volcanoes, will be a critical component
of addressing questions like, “what drives volcanism?,” one
of the twelve priority science questions in the US National
Academies Decadal Report on Earth Sciences [2020], as well
as continuing to work towards findable, accessible, interop-
erable, and reusable (FAIR) data principles [Wilkinson et al.
2016).
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