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ABSTRACT

H,0, CO,, and S are the most abundant volatiles in basaltic magmatic systems and are critical to understanding magma stor-
age and the size and style of volcanic eruptions. Models for calculating melt-vapor (+mineral) equilibria are abundant in the
literature but are not interoperable. Consequently, few comparisons of model outputs have been performed. To address this,
we comprehensively compare five H-0-C-S melt-vapor equilibrium tools (D-Compress, VolFe, EVo, Sulfur_X, MAGEC) to evaluate
how and why they diverge. We present a series of degassing scenarios for MORB, Kilauea, Fuego, and Fogo basalts revealing that
often understated model assumptions such as f0, buffer equations and f0,-Fe**/>Fe relationships have outsized effects on
results. All models consider both a reduced and oxidized sulfur melt species but with different approaches to incorporating their
solubility. Differences in model implementation lead to clear output divergence of modeled gas compositions, melt S and Fe
speciation, and f0,. We also compare tool outputs with those of S-free models MagmasSat, VolatileCalc, and lacono-Marziano
using VESIcal and find that the addition of S has little to no effect on the calculation of the vapor saturation pressure (P?,,).
Conversely, the calibration dataset underlying an H,0-CO, model implemented into these tools exerts the strongest control on
PY , particularly for compositions less represented in the experimental literature (here, Fuego and Fogo). We recommend that
new high temperature and pressure solubility experiments target the conditions where models most severely disagree rather
than aiming to “fill in the gaps” in parameter space. The success of future assessments of model suitability rely on a contin-

ued push for regular evaluation of code usability, transparency, interoperability, and benchmarking. These factors must be the
codified pillars of the peer-review process, providing the confidence for wider community uptake and implementation.
EYWORDS: V(ﬁcan?cpvo atﬁes;whﬁ)ermodsylPamlc mgc}eﬁng;?\AleltI}ncIus[lons;P\/&canTc He aéjstlng; I?ruptpaﬁ monptortmg; Magma

evolution.

1 INTRODUCTION

Volcanic gases are the main drivers of volcanic eruptions and play a role in nearly every component of a magma’s chemical

evolution. In concert with seismic, deformation, and imagery data, volcano observatories rely on in situ and remote chemical
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and flux measurements of volcanic gases to forecast whether a volcano will erupt and, if so, where, when, and how [Poland
and Anderson 2020; Kern et al. 2022; Kilburn and Bell 2022; Acocella et al. 2024; Aiuppa et al. 2025a; Aiuppa et al. 2025b].
Broadly, because each volatile species has a distinct pressure-dependent solubility, changes in chemical ratios of gas emissions
may signal deep magma recharge, which in turn may lead to an eruption [Giggenbach 1996; Aiuppa et al. 2007; De Moor et al.
2016]. Quantitatively interpreting gas measurements in the context of the state and activity of a particular volcanic system as
a whole, however, requires a foundational understanding of the petrology of the magma at depth: its composition, volatile
budget, pressure (P), temperature (T), and oxygen fugacity [fO,, a measure of redox state; Aiuppa et al. 2007; Tacovino 2015;

De Moor et al. 2016; Werner et al. 2020; Lerner et al. 2021b; Hughes et al. 2024a; Ding et al. 2025].

Two complementary data streams illuminate the volatile history of a magmatic system. At the surface, direct measure-
ments of gas emission rates and compositions provide near-real-time information on degassing behavior [Fischer et al. 1996;
Aiuppa et al. 2010b; Werner et al. 2011; Werner et al. 2013; Allard et al. 2016]. At depth, melt inclusions (MI) and fluid inclu-
sions (FI) not only record the pressure at which crystallization and degassing processes occurred, but also preserve a snapshot
of dissolved and exsolved volatile concentrations at the point of their entrapment [Roedder 1979; Lowenstern, Thompson,
et al. 1995; Metrich and Wallace 2008; Rose-Koga et al. 2021; Wieser et al. 2021; 2025]. Together, these datasets represent
geochemical bookends of an eruption from source to surface. Several studies have tested the power of combining MI and
surface gas chemistry datasets by applying existing solubility models, sometimes in concert with new empirical or thermo-
dynamic frameworks [Wardell et al. 2001; Shinohara et al. 2003; Burton et al. 2007; Aiuppa et al. 2010a; Oppenheimer et al.
2011; lacovino 2015; Werner et al. 2020]. Aiuppa et al. [2007] used thermodynamic volatile solubility modeling [Moretti et al.
2003] to retrospectively interpret two years of continuous real-time volcanic gas measurements at Etna volcano. Their study
unambiguously demonstrated that increasing CO,/SO; gas ratios signaled the ascent of deep, CO;-rich magmas, subsequently

leading to over-pressurization and triggering of eruption.

The models underpinning these interpretations rest on decades of laboratory experiments that measure the equilibrium
concentration of H-O-C-S species in a volatile-saturated silicate melt as a function of P, T, and melt composition. Early
solubility models addressed HyO and CO either individually or in combination [e.g., Dixon 1997; Newman and Lowenstern
2002; Liu et al. 2005; Iacono-Marziano et al. 2012; lacovino et al. 2013; Allison et al. 2019], and several tools now exist for
mixed HyO-COy calculations [e.g., Newman and Lowenstern 2002; Ghiorso and Gualda 2015; lacovino et al. 2021; Allison
et al. 2022; Sun and Yao 2026] Sulfur, despite being the volcanic gas most routinely measured at the surface, owing to
its low atmospheric background and distinct UV signature [Oppenheimer 2010], has only recently been incorporated into
multicomponent solubility models. Its omission is not surprising; sulfur can exist in valence states from S>~ to S°*, each with
its own solubility behavior that depends strongly on melt composition, and readily forms solid sulfide or sulfate phases in
magmas, making both experiments and thermodynamic formulations considerably more complex [Fincham and Richardson
1954; Carroll and Rutherford 1985; O’'Neill and Mavrogenes 2002; Jugo et al. 2005; Baker and Moretti 2011; Simon and Wilke
2026).

CHOSETTO [Moretti et al. 2003; Moretti and Papale 2004], the models of Gaillard et al. [2011] and Gaillard et al. [2013],
SolEx [Witham et al. 2012], and D-Compress [Burgisser et al. 2015] are notable early tools for HyO-CO,-S solubility, although
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SolEx uses a very simplified S model. Early modeling tools relied on the experimental literature and computational technology
of the time, typically producing static non-extensible models that are difficult to unpack, reuse, and upgrade. D-Compress
stands out as one of the earliest models to adopt a modern “extensible” ethos; it was built with the intention of allowing users
to subsequently add new solubility laws. The decade since has seen a notable expansion of our experimental knowledge base,
coinciding with the development of computational technologies that aid the construction of new open-source models, built
using FAIR data principles [Wilkinson et al. 2016]. Now, a new generation of H-O-C-S volatile solubility models and tools has
emerged, each implementing its own approach to S solubility, redox coupling, and melt-vapor partitioning [e.g., Liggins et al.
2020; 2022; Sun and Lee 2022; Ding et al. 2023; Ghiorso et al. 2023; Hughes et al. 2024b; Sun and Yao 2024; Hughes et al.
2025]. Additional tools are being purpose-built for extraterrestrial applications where conditions (particularly fO,) differ from

those common on Earth [Bower et al. 2025].

For users, traversing the range of melt—vapor equilibria tools is complex [Papale et al. 2022]. Many tools are tailored only
to one volcano, to a narrow range of P-T—composition combinations, or simply handle each scenario differently (and, given
the complexity of the models and the vast number of assumptions and choices that modelers need to make, this is often
for mysterious, obfuscated reasons). As a result, running another group’s model often requires familiarity with its internal
conventions or direct correspondence with its authors, and unstated assumptions can quietly propagate into results. Tools
that are the most user-friendly are thus heavily over-represented in the literature [e.g., VolatileCalc; Newman and Lowenstern

2002], even though they are often the least widely applicable, as demonstrated by Wieser et al. [2022].

Observatories like the Hawaiian Volcano Observatory have measured volcanic gases for over a century [Sutton and Elias
2014, and regular monitoring of gas chemistry is commonplace among major volcano observatories around the world. Despite
access to these data, automated operational forecasting predominantly relies on seismic, deformation, and imagery observations,
while gas data are often interpreted manually a posteriori. Gas chemistry is automatically ingested in some operational eruption
forecasting tools used at observatories to support decision-making [e.g., in Aotearoa New Zealand for Ruapehu and Whakaari;
Christophersen et al. 2022; Behr et al. 2025], but these systems are learned from monitoring data, eruption records, and expert
elicitation rather than using derived outputs based on geochemical modeling. Mathematical models that could enable the use
of gas measurements as interpretive tools for forecasting exist in principle but are, in practice, inaccessible to the people who
need them most. This paper represents an effort to synthesize the range of models available so that errors are explored and
recommendations for usage are clearly laid out. We systematically compare our modeling tools against one another in the
context of MI and surface gas composition data, seeking to understand where and why models disagree, how sensitive their
outputs are to seemingly innocuous assumptions, and what must be resolved before any of these tools can be responsibly

deployed in an observatory setting.

Here we compare D-Compress [Burgisser et al. 2015], EVo [Liggins et al. 2020; 2022], MAGEC [Sun and Lee 2022; Sun and
Yao 2024), Sulfur_X [Ding et al. 2023], and VolFe [Hughes et al. 2024b; Hughes et al. 2025] via a set of degassing scenarios
for four basaltic magmatic systems: mid-ocean ridge basalt, ocean island basalts (Kilauea and Fogo) and arc basalt (Fuego).
We focus on basalts due to the abundance of experimental literature of mafic compositions relative to evolved and, even

more so, to intermediate magmas. Where possible, HyO-CO; models embedded in these tools are compared to the same
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models implemented in VESIcal [lacovino et al. 2021], which serves as a fully benchmarked reference but lacks any model for
sulfur. We focus on the choices made in constructing each tool—databases, thermodynamic formulations, redox conversions,
normalization routines, and computational methodologies—and the effects these choices have on outputs. We do not draw
inferences as to which model produces the most “correct” results; rather, we use this exercise to lay the groundwork for
a shared, modular, and transparent melt—vapor equilibria framework, and to argue that the evaluation of code usability,

transparency, and benchmarking should be codified pillars of the peer-review process.

2 MODELING SCENARIOS

2.1 Tools tested and choice of model options

Throughout the manuscript we use the term “tool” to refer to software or code that combines multiple models or equations. We
reserve the term “model” to refer to an equation or set of equations that defines an equilibrium state of a system, defined either
thermodynamically, empirically, or a combination of the two. This distinction is critical since each tool in reality contains
an interconnected framework of model equations; the tool offers functionality via a documented, tested, and extensible code
base and may itself implement additional empirical regression and/or thermodynamic relationships to facilitate the seamless
combination of disparate models. A magma degassing modeling tool could, for example, contain an existing model for H,O
solubility coupled to a new model for CO; solubility. Open-source code allows for the interrogation of the choices made by
the author of a tool, their implementations of models, and what data transformations are applied to input parameters.

Below we provide a brief introduction to all five S-degassing tools examined in this work. For the full details of each tool,
we refer the reader to the original publications. Each tool includes various pre-existing HoO-CO, models, which are coupled

to sulfur models via custom tweaks or additions as necessary to meld the pre-existing model formulations with their own.

1. D-Compress [Burgisser et al. 2015] contains a thermodynamically based empirical model calibrated for calculating the
melt—vapor equilibrium along a degassing path for basalts, phonolites, and rhyolites, with operational 7' ranging from
790 to 1400 °C. The code is written in Turbo Delphi 2006 with the BCD library Systools from TurboPower and was
originally compiled for Windows OS (XP, Vista, 7). The software and user manuals are hosted on the Institut des

Sciences de la Terre website*.

2. EVo v1.0.2 [Liggins et al. 2020; 2022] contains multiple thermodynamic models to simulate the degassing of H-O-C-S-N
species, in both terrestrial and extra-terrestrial scenarios. The D-Compress model can be used within EVo, which is
benchmarked against the original code. EVo is written in Python3 and has been tested on Windows, MacOS, and Linux.

The source code and documentation are hosted on GitHub'.

3. MAGEC v1b [Sun and Lee 2022; Sun and Yao 2024] is a MATLAB-based melt-vapor equilibrium tool for C-H-O-S
systems that solves coupled volatile mass balance, melt-vapor equilibria, and redox evolution during degassing and/or
crystallization. The original framework [Sun and Lee 2022] incorporates chemical equilibria among vapor species,

volatile dissolution in the melt, Fe- and S-redox reactions, non-ideal gas behavior, and optional constraints on graphite,

*https://www.isterre.fr/annuaire/pages-web-du-personnel/alain-burgisser/article/software.html
Thttps://github.com/pipliggins/EVo
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sulfide, and sulfate saturation. The updated version [Sun and Yao 2024] implements Fe- and S-redox models calibrated
over broad compositional ranges, including low- to high-SiO2 melts, and allows users to specify initial redox using
log fOs, Fe3*/XFe, SO*/2S, AW, AFMQ, or ANNO. MAGEC has also been evaluated against experimental solubility
data and natural melt-inclusion and glass datasets, including MORB glasses [Sun and Lee 2022] and olivine-hosted melt
inclusions from silica-undersaturated lavas [Sun and Yao 2024]. The setup file is a human-readable .m file, but the solver

itself is compiled in MATLAB’s .p file format and is not open source. It is available via the Texas Data Repository*.

4. Sulfur_X v1.2 [Ding et al. 2023] combines existing H-O-C degassing models with newly derived sulfur partition coef-
ficients to simulate the degassing of H-O-C-S species in basalts and basaltic andesites. Two sulfur degassing reactions
are used to develop predictive models of partition coefficients comprising a thermodynamically based empirical model,
calibrated with experiments conducted at 1030-1300 °C and 1-5000 bars. The code is written in Python3. The source

code and documentation is hosted on GitHub'.

5. VolFe v1.0.2 [Hughes et al. 2024b; Hughes et al. 2025] combines existing melt—vapor equilibrium models for both
oxidized and reduced species in the system H-O-C-S and is applicable to both terrestrial and extra-terrestrial scenarios.
The tool uses a thermodynamic framework to combine models for all species via a set of chemical reactions, each with
an equilibrium constant that constrains the concentrations of reactants and products at equilibrium. The code is written

in Python3. The source code and documentation is hosted on GitHub* and installable using PyPI.

All of the tools allow the user to select which model to use for either H,O, CO3, or combined HyO-CO; solubility. The
IM [lacono-Marziano et al. 2012] model implementation was chosen for all tools that have this option for easier comparison in
this study (D-Compress (IM), MAGEC, and Sulfur_X). It is notable that there are technically three versions of IM; the published
paper provides two sets of coefficients (anhydrous and hydrous) depending on whether the mole fraction of HyO is included in
the NBO/O term. Additionally, the hydrous coefficients in the paper differ slightly from those in the supplied web application
[see lacovino et al. 2021; Wieser et al. 2022]. D-Compress (IM), Sulfur_X, and VESIcal (IM) use the hydrous parameters in Table
6 of lacono-Marziano et al. [2012], while MAGEC uses the hydrous web-app parameters. VESIcal additionally has options to
use any existing IM parameters. VolFe calculations used their own in-house HyO and COy models [Hughes et al. 2024b], and
the thermodynamic parameters for the closest melt composition of interest were chosen for COy: MORB, Kilauea, and Fuego
use parameters from Dixon et al. [1995] and Fogo uses Thibault and Holloway [1994]. EVo calculations used the D-Compress
model for HyO and CO,, which we compare to additional D-Compress model runs using its in-house models [Burgisser et al.
2015).

Some calculations are additionally compared against the HyO-COy models of VolatileCalc [Newman and Lowenstern
2002, “VolatileCalc” or “VC”], lacono-Marziano et al. [2012, “IM”], and MagmaSat [Ghiorso and Gualda 2015, “MagmaSat”]
within VESIcal v1.2.11 [lacovino et al. 2021}, a thermodynamic model engine that also includes the models of Moore et al.

[1998], Liu et al. [2005], Shishkina et al. [2014], and Allison et al. [2019]. In VESIcal, any one of seven models can be chosen to

*https://doi.org/10.18738/T8/LIKH3A
Thttps://github.com/sdecho/Sulfur_X
Ihttps://github.com/eryhugheS/VolFe
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model H,O and/or CO; solubility, and all models are interchangeable. However, VESIcal does not contain models for sulfur
solubility and most models do not consider redox [although MagmaSat accepts melt Fe3*/Fer as an input; Wieser et al. 2022].
Each model implemented in VESIcal has been fully bench-marked against modeling results within the original publication of
the model code or equation. The comparison of results from our degassing simulations to the HoO-CO; results from VESIcal

thus provide an S-free baseline for comparison to the tools implementing these models.

The Supplementary Material provides a list of the model options employed in our degassing scenarios. Most tools include
other model options not tested here. As these tools are developed, the available model options evolve, so please refer to the
tools themselves for the most up to date list. Throughout the manuscript we refer to all models with their given name and/or
citation in the first instance, and then only as its given name (e.g., “VolatileCalc”) or as the last name of the first author of the

manuscript that first described it (see Supplementary Material for a full list).

2.2 Modeling approaches

All tools are based on the ‘equilibrium and mass balance method’ [Holloway 1987], but the approaches to modeling sulfur
solubility with respect to a vapor phase are highly varied across the tools. Sulfur transitions from S?~- to S®*-dominant over
the relatively narrow range of fO, encompassing most natural terrestrial systems, centered approximately near the Fayalite-
Magnetite-Quartz (FMQ) buffer [Carroll and Rutherford 1988; Wallace and Carmichael 1994; Jugo et al. 2005]. This requires
that dissolved S~ and S®* end-members be considered in the melt and both H,S and SO (at a minimum) be considered in
the vapor. Tools differ in their implementations of sulfur species in the melt and vapor, reactions between melt and vapor,
and formulations of the parameterizations considered. D-Compress assumes the concentrations (w) of HyS and SO, in the

melt are proportional to their fugacity (f) in the vapor by a power law:

wl’.” = aifib[ (1)

where 7 is HyS or SOy and a and b are empirical constants as described in Table 1 of Burgisser et al. [2015]. In our degassing

scenarios, Sy is considered insoluble.

For reduced dissolved sulfur (sulfide, SZ‘), MAGEC, EVo, and VolFe use the “capacity” approach (Cg2-), which gives the
maximum concentration of dissolved sulfide that can exist in a silicate melt at a given P, T, fO,, and fS,, based on the

reaction of sulfide displacing oxide in the melt [Fincham and Richardson 1954]:

0.582(v) + 0%~ (m) = 0.505(v) + S~ (m) (2)

wh = Csa- for £ (3)

Note that a similar reaction can be written with SO, instead of Sy as these vapor species are related through the following

homogeneous vapor reaction:
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0.582(v) + O2(v) = SO2(v) (4)
governed by an equilibrium constant (K):
S5O0,
K = 5
SOz(U) fS(Z)SfOZ ( )

MAGEC, EVo, and VolFe implement various sulfide capacity models from the literature, which are empirically derived from
experiments at controlled fOy and fS; [e.g., Nzotta et al. 1999; O'Neill and Mavrogenes 2002; O'Neill 2021; Boulliung and
Wood 2023; Gorojovsky and Wood 2026; Thomas and Wood 2026].

Oxidized sulfur (sulfate, S®* or SO?{) is assumed to dissolve according to:

0.5852(v) + 1.502(v) + 0*~ (m) = SO3™ (m) (6)

These three tools use different approaches to incorporate this. VolFe uses sulfate capacities (Cge+) from the literature [e.g.,
Boulliung and Wood 2022; O’'Neill and Mavrogenes 2022; Boulliung and Wood 2023; Gorojovsky and Wood 2026; Thomas

and Wood 2026, analogous to the sulfide capacity:

1.5 £0.5
wit, = Cyon [y, fo; (7)

VolFe additionally considers an H»S melt species using a similar approach to D-Compress (i.e., calculated as in eq. 1 but byy,s
must equal 1) using in-house models [Hughes et al. 2024b].

MAGEC includes its own S-redox model [Sun and Yao 2024], which relates S®*/S?~ to redox state, temperature, and melt
composition, while also allowing users to choose among previous S-redox parameterizations. EVo uses S redox models from
the literature [e.g., Jugo et al. 2010; Nash et al. 2019; O’Neill and Mavrogenes 2022; Boulliung and Wood 2023] that relate
S6+/S2- to Fe¥*/Fe?*:

6+

s Fe
logy (ST)m =2log(fO2) + A =8log, (m

3+
) +B (8)
m
where A and B depend on melt composition, 7, and P.
Sulfur_X calculates how the system’s sulfur budget partitions between melt and vapor phases, irrespective of the total mass
of sulfur, using a partition coefficient (Rp). The value of Kp is highly variable across P, T, melt composition, and fO, space
[e.g., Webster and Botcharnikov 2011]. Sulfur_X implements a set of thermodynamic equations parameterized by empirically

derived partition coefficients resulting in equilibrium equations for reduced (red) and oxidized (o0x) S species of the form:

FeS(m) + HyO(v) = HyS(v) + FeO(m) (9)
X
deZ/e’C'l’ - ZHaS@) (10)
Xs2-(m)
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CaS04(m) = SO (v) + O2(v) + CaO(m) (11)
X
KpSoi' = 22220 (12)
Xso+ (m)

as outlined in Table 3 of Ding et al. [2023], where X is the mole fraction. Note that eq. 11 is equivalent to eq. 6 just specified

for Ca and eq. 9 is related to eq. 2 through homogeneous vapor equilibria, e.g.:

0.5S2(U)+H20(l)) =H2S(v)+0.502(v) (13)
This results in an effective “combined” Kp, thermodynamically dictated by weighting the Kp’s from either equilibrium reaction
proportionally to the melt’s S®*/XS:

Kpsi = 1—S—6+ KpS'm + s KpsSu" (14)
DV ombined =~ Ik DVyeg S DRPox

The melt S®*/=S is calculated from S-Fe redox models from the literature [e.g., Nash et al. 2019; Muth and Wallace 2021;

O'Neill and Mavrogenes 2022]. Details of all settings for all model runs are in the Supplementary Material.

2.3 Choice of computations and initial conditions

All of the tools examined can perform a number of thermodynamic calculations with regards to the equilibrium state of a
defined melt—vapor system. We chose to calculate a closed-system, isothermal, decompression-induced magma degassing
path from the tool-calculated pressure of vapor saturation (PY,,) for each starting composition described in Section 2.4. This

type of calculation incorporates:

1. the calculation of PY,;

2. the speciation of S at various melt redox states;
3. the calculation of the equilibrium melt—vapor composition and the proportions of melt and vapor in the system; and
4. equilibrium calculations in a series of steps as P decreases from the point of vapor saturation to 1 bar.

The latter allows us to see how each tool handles system evolution and whether errors or divergence of results are compounded
as each model scenario progresses down-P. The use of multiple basaltic systems allows us to interrogate the compositional
dependence of each model as implemented in each tool. A representative temperature was selected for each system, and held
constant during the model run, simulating isothermal decompression.

We chose to begin our degassing paths at the PY_, as calculated by the tool, rather than prescribing a particular starting
P. This reflects how degassing models are commonly used by the community: the initial P is not known a priori, but volatile
concentrations can be measured in physical samples like melt inclusions. For all tools except D-Compress, the starting P is

the first value calculated. D-Compress uses the alternative method of asking the user to specify the total P and outputs the
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Figure 1: Matrix of starting parameters chosen for each basaltic system for all degassing simulations. Numerical values provided
to all tool authors are given in Table 1. The redox value for Fogo was given to the authors as ANNO+0.7 and converted to Fe3*/ZFe
using the Kress and Carmichael [1991] calculator of lacovino [2021] at 5000 bar in this figure.

amount of dissolved S that would cause vapor saturation. This method requires the user to manually adjust P until the desired
value of S is obtained. This adjustment is tedious because often the correct P is reached in an asymptotic manner, yielding
initial P values with many significant digits.

In the literature, redox of a natural system is commonly reported in one of several possible formats, and tools can accept
only some of those (see Supplement). This means that the translation of the reported value to one allowed by any tool is often
required of the user before modeling can begin. This is also true of our benchmark simulations. For most of our calculations,
Fe3*/XFe is the given redox variable, as might be measured in ML For Fogo, the only reported constraints on melt redox are
expressed relative to the Nickel-Nickel Oxide (NNO) buffer [DeVitre et al. 2023], as is true for many volcanoes around the
world given logistical challenges in directly measuring Fe and S redox in melts. This presents an excellent opportunity to
compare the way different tools handle the relationship between buffer value and Fe or S speciation and, indeed, how they
might translate between two buffer values. Our choice to use the NNO buffer as our initial condition for Fogo introduces an
additional a priori uncertainty to degassing simulations that take AFMQ as a model input since the conversion between two
buffers is P-dependent; a critical consideration since P is not an input but rather the first calculated output in most simulations.

As P is determined from measured volatile content, not all models have matching initial redox conditions.

2.3.1 Options not explored

EVo, MAGEC, Sulfur_X, and VolFe have options to model sulfide, anhydrite, and graphite saturation. In our model runs, these
saturation limits were turned off such that no solid phases precipitate, allowing for more direct comparisons of degassing
behavior. Incorporating sulfide and sulfate saturation would introduce significant complexity, given the wide range of models
that can be used to calculate these saturation limits, and their sensitivity to melt composition, sulfide composition, 7', and P
[Wieser et al. 2020]. The amount of sulfide and sulfate precipitation is also extremely sensitive to the speciation of S. Sulfur_X

and MAGEC can also incorporate the effects of silicate crystallization, which we also turn off in these calculations.

2.4 Choice of volcanic systems

Four basaltic volcanic systems were chosen to represent a range of tectonic settings, bulk and volatile element contents, 7', and

redox conditions: mid-ocean ridge basalt (MORB), volatile-poor ocean island basalt (OIB, Kilauea), volatile-rich OIB (Fogo),
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Table 1: Initial conditions used as inputs for all model runs. For redox values, if any tool required an input in a different form to
what we specify, the tool’s author first translated the specified value into something ingestible by their tool.

unit MORB Hilauea Fuego Fogo
Setting MOR OIB Arc OIB
SiOy wt% 47.40 50.19 51.46 42.40
TiO, wt% 1.01 2.34 1.06 3.26
Al O3 wt% 17.64 1279 1743 1117
FeOr wt% 7.98 11.34 9.42 12.00
MnO wt% 0.00 0.18 0.19 0.14
MgO wt% 7.63 9.23 3.78 9.55
CaO wt% 12.44 10.44 7.99 13.31
NayO wt% 2.65 2.39 347 3.36
R,O wt% 0.03 0.43 0.78 1.57
P,05 wt% 0.08 0.27 0.24 0.75
Total wt% 96.86 99.62  95.82 97.51
H,O wt% 0.20 0.30 45 2.11
COy ppm 1100 800 3300 11520
S ppm 1420 1500 2650 4690

Redox  Fe3*/ZFe or ANNO 0.10 0.18 024 NNO+0.7
T °C 1100 1200 1030 1200

References: MORB majors: Allan et al. 1989; Ghiorso and Gualda 2015; Wieser et al. 2022. MORB volatiles, redox, and temperature: Cottrell
et al. 2021. Kilauea majors, volatiles, and 7: Wieser et al. 2021. Rilauea redox: Lerner et al. 2021b. Fuego majors: Lloyd et al. 2013; Moore

et al. 2015; Newcombe et al. 2020; Rasmussen et al. 2020. Fuego volatiles: Rasmussen et al. 2020. Fuego redox and 7" Lloyd et al. 2013.
Fogo: DeVitre et al. 2023.

and arc basalt (Fuego). An overview of variables used for modeling is given in Table 1 and plotted in Figure 1. Here we only
consider basaltic systems due to a significantly higher abundance of experimental and model data on these systems compared
to more evolved melts. In mafic MI, a large proportion of the total CO, content of MI is held in vapor bubbles formed after MI
entrapment. Because of the extreme sensitivity of CO, solubility to P, accounting for total CO; in the system, representative
of entrapment conditions, is vital to correctly determine degassing trajectories [e.g., Moore et al. 2015; Rasmussen et al. 2020;
Wieser et al. 2021]. We have focused on volcanic systems where CO; contents were measured both in the glass and co-existing
bubble by Raman spectroscopy or experimental homogenization. All data used to arrive at our starting compositions, including
individual melt inclusion measurements used to determine a composition representative of that eruption, are provided in the

supplementary material.

Mid-ocean ridge basalts are represented by whole rock lava samples and representative MORB volatile concentrations.
Major element data are from Lamont Seamount Chain lavas and adjacent East Pacific Rise lavas originally reported in Allan
et al. [1989]. This is the same composition used in the parametrization database for MagmaSat MELTS [Ghiorso and Gualda
2015] and in the review by Wieser et al. [2022]. Temperature and volatile contents were chosen from representative MORB
samples reported in Cottrell et al. [2021]. Fe3*/EFe was set at 0.1, reflective of the majority of mid-ocean ridge basalts recording
fOg around FMQ [Cottrell et al. 2021]. MORB lavas represent a volatile-poor end-member and position MORB as the most

relevant to magma ocean and extraterrestrial model scenarios compared to other basalts examined here.
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Major and volatile element compositions for all other samples are from glassy MI and include CO, abundances in vapor
bubbles within MI. CO, we report here and use in modeling is the sum of the dissolved CO; in the melt and the exsolved
COy in the vapor bubble. Because they record the state of the melt at various points during crystal growth, MI are commonly
paired with volatile solubility models to assess magma evolution and degassing patterns, including estimations of pre-eruptive

magma conditions. As such, MI provide evidence-based starting conditions for magmatic degassing scenarios.

Volatile-poor OIBs are represented by RKilauea volcano, Hawaii. The volatile and redox systematics of Kilauea magmas
have been extensively studied using both olivine-hosted MI [Sides et al. 2014; Moore et al. 2015; Moussallam et al. 2016; Tucker
et al. 2019; Lerner et al. 2021a; b; Wieser et al. 2021] and submarine glasses [Dixon et al. 1991; Clague et al. 1995], making
them an ideal target for model inter-comparison. It is noteworthy that Kilauean melts show variable H,O contents, with
some eruptions mostly yielding 0.3 wt%, and others 0.5-1.0 wt%. To address these variable H,O contents, we performed
two different Rilauea models, Rilauea ‘dry’ with 0.3 wt%, and ‘wet’ with 0.6 wt%. No significant differences were observed
between these two runs, and so only the ‘dry’ runs are presented here. The major elements were chosen to be representative
of higher MgO (10.2 wt%) MI corrected for post-entrapment crystallization [Wieser et al. 2020; Lerner et al. 2021a; Wieser
et al. 2021]. The chosen initial CO, concentration of 800 ppm represents the most COq-rich MI from the 2018 eruption. For
S, we use a concentration of 1500 ppm after Wieser et al. [2020] and Sides et al. [2014] Fe*/XFe was set at 0.18 following

Lerner et al. [2021b] and T at 1200 °C using the Helz and Thornber [1987] thermometer.

Oxidized HyO-rich arc basalts are represented by Fuego volcano, Guatemala. Fuego MI from the 1974 eruption have up to
4.5 wt% H,0 [Rasmussen et al. 2020}, relatively elevated S contents (2650 ppm) with up to 0.7 S* /=S [Taracsak et al. 2023], and
experimentally reconstructed CO, concentrations up to 3500 ppm [Rasmussen et al. 2020]. The major element composition
representing Fuego is based on a compilation of data from Rasmussen et al. [2020], Lloyd et al. [2013], Moore et al. [2015], and
Newcombe et al. [2020], whilst volatiles are from Rasmussen et al. [2020]. Fe**/XFe was set at 0.24 and T at 1030 °C following

Lloyd et al. [2013] and Ding et al. [2023].

Volatile-rich OIBs are represented by Fogo Volcano, Cabo Verde, an end-member volcano representing one of the world’s
most volatile- and alkali-rich silica-undersaturated ocean island volcanoes. Fogo magmas have extremely high CO; and S
contents (1.15 wt% and 4690 ppm, respectively) relative to other OIBs [DeVitre et al. 2023]. The major element composition
was chosen as the average composition of 5 PEC-corrected melt inclusions from sample FG18 with the highest HoO and CO,
contents [DeVitre et al. 2023]. We take the redox conditions to be ANNO+0.7, as calculated by DeVitre et al. [2023] using the

V partitioning oximeter of Canil [2002]. All values—majors, volatiles, redox, and T—are taken from DeVitre et al. [2023].

3 MODELING RESULTS

Model results from all tools for each basaltic system are compared based on the evolution of multiple P-dependent variables
during magma degassing. These comparisons are not designed to assess model accuracy, but to quantify the degree of

agreement between tools.
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Saturation Pressure (bar)

Figure 2: Pressure of vapor saturation (PY,,) calculated with each tool for all four basaltic systems. Also plotted are PY
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calculated by the VolatileCalc, lacono-Marziano, and MagmaSat models using VESIcal. A separate color is used for each model,
and these colors are consistent throughout the manuscript. Gray dashed lines represent the median, and the gray region shows
the total range of values. Symbol shape corresponds to the underlying H,0-C0O, model used for degassing simulations in this
work and is indicated in the legend. A * symbol indicates that pressure was calculated using H,0 and CO, concentrations only
(no sulfur). The x-axes have no numerical significance and are only used to avoid symbol overlap.

Table 2: Vapor saturation pressure (PY

sat’

in bars) and equivalent depth (km) calculated by each tool for each basalt. Depths

are relative to the volcanic vent (or sea level for MORB) and are derived from each tool’s saturation pressure using the crustal
density profiles described in the text.

Tool MORB Kilauea Fuego Fogo
bars km bars km bars km bars km
D-Compress 1420 6.8 1051 4.7 3900 15.1 6473 2238
D-Compress (IM) 2068 9.1 1820 8.1 4844 185 4490 163
EVo 1484 7.0 1055 4.7 4121 159 6546 23.1
MAGEC 2157 94 1789 79 5353 204 4331 158
Sulfur_X 1968 87 1593 7.1 4863 186 4307 157
VolFe 2194 95 1689 75 5702 21.7 4417 16.1
VESIcal (IM) 1959 8.7 1587 7.0 4871 186 4111 151
VESIcal (VC) 1324 65 1654 73 6706 253 5687 203
VESIcal (MS) 2260 9.7 1090 48 5730 21.8 4130 151
Minimum 1324 65 1051 4.7 3900 15.1 4111 151
Median 1968 8.7 1593 7.1 4871 186 4417 1le.l
Maximum 2260 9.7 1820 81 6706 253 6546 231
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3.1 Pressure of vapor saturation

We can first examine the initial state of the system as determined by each tool by comparing the calculated P?,,

(Figure 2
and Table 2). All tools calculate P?

Y4 using mixed HyO—CO»-S solubility, except Sulfur_X, which uses the lacono-Marziano
Hy0-COy model and VESIcal sub-models, which are S-free. We can directly compare S-free pressures from Sulfur_X and
VESIcal (IM) to S-bearing pressures from D-Compress (IM) and MAGEC, which both utilize lacono-Marziano for H and C in
addition to solubility terms for S. All four models show consistent, strong agreement, indicating that sulfur has no discernible
effect on calculated saturation pressure, consistent with the findings of Hughes et al. [2024b, although at low HyO-CO,
concentrations and when both $?~ and S®* melt species are present, the effect of S on P?,,, can become important].

Across all systems, P?,, estimates span 1324-6706 bars depending on the tool used (MORB: 1324-2260 bars; Kilauea:
10511820 bars; Fuego: 3900-6706 bars; Fogo: 4111-6546 bars). Equivalent depths of degassing are calculated from saturation
pressures using a two-lager hydrostatic model for each system, with densities and layer thicknesses informed by geophysical
observations (Table 2). For MORB, we assume 2.75 km of seawater (1 g/cm?) overlying basaltic crust (2.9 g/cm?) after
Theunissen et al. [2022]. For Kilauea, a uniform density of 2.3 g/cm?® is applied following the bulk above-sea-level edifice
density of Denlinger and Flinders [2022]. For Fuego, we adopt a shallow crustal density of 2.38 g/cm® transitioning to 2.8
g/cm? at 6 km depth after Mickus [2003]. For Fogo, we use 2.7 g/cm?® throughout the basaltic crust transitioning to 3.1 g/cm?3
at the moho at a depth of 12 km after Forte et al. [2023]. This translates to depth estimates relative to the volcanic vent (or
sea level for MORB) ranging from 6.5-9.7 km for MORB, 4.7-8.1 km for Kilauea, 15.1-25.3 km for Fuego, and 15.1-23.1 km
for Fogo using the selected initial volatile contents (typically the highest representative concentrations in the melt inclusion
datasets used to set degassing initial conditions). This means that the inferred magma chamber depth for each basaltic system
can vary by a factor of ~1.7 depending on the solubility model chosen. This holds regardless of whether sulfur is considered

in that calculation.

v
sat

For Fogo, P?, values calculated by EVo, D-Compress, and to a lesser extent VESIcal (VC), are significantly higher than
those of all other tools, whose values cluster tightly around 4300 bars. It is tempting to treat EVo and D-Compress as
outliers for Fogo. Their values are >20 above the mean, and, if they were excluded, the other tools would show excellent
agreement with values within <8% relative to the mean. This finding is particularly elucidating given Fogo’s relatively “unusual”
composition: a basanite with 42.4 wt% SiOy and 4.93 wt% NayO+K,O [Le Maitre et al. 2005] and its extremely high COy
and S concentrations. This is a salient example justifying our choice to avoid declaring any model as being more “correct”
than any other. Labeling EVo, D-Compress, and VESIcal (VC) as outliers implies that they are less reliable, when in fact,
the opposite may be true. Modeling tools contain compositionally complex underlying experimental datasets and implement
model equations that themselves sit atop even more data. Disentangling the appropriate compositional range over which tools
are applicable thus becomes non-trivial. Nonetheless, we can consider broad differences in underlying datasets parameterizing
each tool. The EVo runs conducted here use the HyO and CO; solubility laws published by Burgisser et al. [2015] for D-
Compress. In the underlying dataset, experiments on alkali-rich and silica-poor magmas are well-represented, ranging from

1.80-3.42 wt% Nay0, 1.90-5.55 wt% K0, and 47.95-49.82 wt% SiO, [Beermann et al. 2011; Botcharnikov et al. 2011; Lesne

etal. 2011a; b]. VolatileCalc is parameterized exclusively on alkali basalts and basanites [Dixon 1997; Newman and Lowenstern
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2002]. The database of lacono-Marziano [lacono-Marziano et al. 2012] does have some alkali basalts, but it contains no basalts
with SiOy <45 wt%, and most of the dataset basalts have Nay O+RK,0 <6 wt%. We can also consider the model of Allison et al.
[2019], who performed HyO—-CO, experiments on several alkali-rich basalts. While none of the basalts have SiOy <47 wt%,
all have NagO+KoO >4 wt%. The Allison model as implemented in VESIcal [“AllisonCarbon”; Allison et al. 2019] predicts a
saturation pressure of 7564 bars for Fogo, even higher than EVo. A thorough investigation of the effect of silica and alkali
content on the results of all tools may shed light on which tool better predicts known pressures from HoO-CO; solubility
experiments performed on basanites like Fogo. This also serves as an example of how interoperable modeling tools would

enable informed assessment of which gaps in our experimental databases are the most critical to fill.

3.2 Volatile concentrations in the melt: H,0, CO,, and Sy
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Figure 3: H,0 total, CO, total, and S total concentrations in the melt as a function of normalized pressure during degassing runs
with all tools. Modeled dissolved melt H,0 and CO, are also shown for runs using the VESIcal implementation of the lacono-
Marziano model, which only considers H and C (black line). Note that x-axis maximum values are cropped to the point of the
onset of significant degassing and differ between plots.

Because all degassing simulations begin degassing at the P of P, the choice of underlying H,O—CO; model and im-

plementation thereof is at times the most important consideration for modelers, for example when comparing melt inclusion
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v

Y ¢ values

data with other geochemical or geophysical observations of the magmatic system. The differences in calculated P
between models thus obscure how modeled degassing paths evolve down-P. In the following analyses of degassing paths, we

compare models in terms of normalized P calculated at each degassing step as P/P;, where P is the pressure at the current

v

step and P; is the starting pressure, here PJ,,,.

Degassing curves showing the change in HyO, CO», and S in the melt as a function of normalized P are shown in Figure
3. Volatiles are plotted in terms of the total budget of all species of each H, C, and S cast as HyO, COy, and S. That is, the

value for H,O includes H from H,O, OH~, and Hy; and CO; may include CO if present.

For all species, results follow a common trend: tools agree strongly for MORB and Kilauea, moderately well for Fogo,
and very poorly for Fuego. For HyO, COy, and S, both MORB and Kilauea exemplify the canonical behavior of HoO and
S remaining dissolved in the melt until very shallow depths; and CO; is degassing throughout and linearly with decreasing
pressure due to its lower solubility. For Fuego and Fogo, HoO and CO, degassing show significantly more tool disagreement,
significantly deeper degassing of HyO, and a strong deviation from linear degassing of CO,. This likely reflects Fuego’s
significantly higher HoO/CO; ratio compared to all other basalts. Mixed-volatile solubility experiments have revealed non-
ideal mixing behavior in HyO-CO; fluids, with the effect compounded at pressures above 5000 bars [Botcharnikov et al. 2005;

Behrens et al. 2009; Lesne et al. 2011b; Tacovino et al. 2013).

For Fuego and Fogo, the depth of degassing of sulfur is highly variable between models, and trends are not consistent
between the two basalts. For Fuego, D-Compress (IM) and VolFe predict the onset of significant S degassing at the most
shallow depths, but for Fogo they predict the deepest. Sulfur_X and EVo are in the middle of degassing depth estimates
for Fuego but predict the most shallow depths for Fogo. Given the strong interconnection between sulfur degassing and the
evolution of the oxidation state of the liquid and fluid phases, perhaps that is driving the disconnect. The implementation
of sulfur modeling in each tool involves choices of multiple interconnected models, resulting in significant divergence for the
modeled behavior of S and fO, during degassing. Fuego’s high H,O concentration of 4.5 wt% may also contribute, since
the increased abundance of H can, along with fO, affect the activity of H,S relative to SO; in the fluid (and in the case of

D-Compress, in the melt). Fuego is also significantly more evolved than Fogo.

3.3 Magma redox: oxygen fugacity and sulfur and iron speciation in the melt

Across the full degassing path, all models disagree significantly for all redox variables (Figure 4), which were input as Fe>*/XFe
for MORB, Kilauea, and Fuego but as ANNO for Fogo. The large disagreement in initial fO; reflects how seemingly subtle
model assumptions greatly affect results, consistent with the range of methodologies employed for calculating and translating
between redox variables (see Supplement). The modeled Fe**/ZFe for Fogo exemplifies this; the starting values at P/P;=1
range from relatively reduced around 0.2 (D-Compress) to oxidized around 0.4 (MAGEC). These models diverge even further
as pressure drops, with Fe>*/XFe spanning 0.1 to 0.5. The strong mismatch in modeled S®*/XS for D-Compress likely reflects
different reaction mechanisms. D-Compress models S in the melt as SO, (S**) and H,S melt species, while the other tools

model S melt species as S®* and S?~ (see discussion).
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Figure 4: Degassing simulations with all tools for all basalts showing the change in oxygen fugacity relative to the FMQ buffer,
iron redox, and sulfur redox as a function of pressure during degassing. For all models except D-Compress, the S®*/=S is
essentially zero for MORB.

Tools show the smallest deviation in Fe speciation, modest deviation in fOy (as AFMQ), and extreme deviation spanning
nearly a factor of 3 (a factor of 4 including D-Compress) for sulfur speciation. All tools predict steady redox values during
degassing until low P, also reflected in the P of the onset of appreciable sulfur degassing (Figure 3). In all cases, the very
end stages of degassing at the lowest P are where all tools predict the largest changes in redox variables, where both S and
H are degassing appreciably. Fogo degassing runs show that tools are split on the change in slope of redox evolution at low
pressure. EVo and D-Compress predict more reducing conditions at shallow depths, consistent with their predictions for the

other three basalts, where MAGEC, VolFe, and Sulfur_X all predict increasingly oxidizing conditions below P/P;=0.1.

3.4 Vapor composition

Figure 5 shows the modeled values for molar C/S” and log(SO2/HS)" for each system. Vapor composition at the vent (at
atmospheric pressure in our runs) is the ultimate model output where large inter-tool variations in volatile speciation are

expected. All models consistently predict decreasing C/S” with decompression, converging to near unity at surface pressure,
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Figure 5: Calculated values of C/S and log(S0,/H,S) molar ratios in the vapor phase as a function of normalized pressure of
degassing for each volcanic system.

consistent with their canonical degassing behaviors, but this is driven by the strong differences in degassing behavior of these
two species and does not imply good model agreement in calculated vapor composition at low pressures. Substantial inter-

model variability exists across all basalts, with the magnitude of disagreement strongly dependent on bulk melt composition.

The normalized pressure of the onset of S degassing as shown in Figure 3 generally maps to C/S” where deeper S
degassing results in consistently lower C/S” across the entire pressure range. In Figure 2, computed PY,, for MORB and
Kilauea deceptively appear to be in better agreement than those of Fuego and Fogo due to the shared y-axis, but relative model

v

disagreement is similar across all systems. Normalizing for variable P, values, models show much better agreement for

volatile-rich compared to volatile-poor systems. A larger absolute pressure range of degassing may explain this discrepancy.

Trends in modeled log(SO,/H,S)” between P/P;=1 and ~0.1 (or 1 and ~0.25 for Fogo) are very consistent, but all models
strongly diverge growing discronant at low (near-vent) pressures. The actual values for SOy /H3S are likewise in stark disagree-
ment. Note that the SOy/H;S ratio is plotted in Figure 5 in terms of log;o; models disagree by several orders of magnitude.
On top of the variability in modeled PY,_, and onset of S degassing, SO2/H5S is directly reflective of redox evolution and all

of the parameterizations and modeling choices made by each tool driving it.

Figure 6 shows the calculated volcanic gas compositions in weight fraction at 1 bar. The species with the most inter-tool
variability is H,S, which is a consequence of the strong variations of the dissolved sulfur and S speciation during ascent.
Opverall, the Fuego composition yields the most consistent gas composition among the tools and the MORB composition yields

the most variable gas composition.
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Figure 6: Species weight fraction in the vapor phase calculated at atmospheric pressure with each tool for all four basaltic
systems.

4 DISCUSSION

4.1 Differing volatile ‘solubilities’ between models and tools

Given the large variety of model parameterizations in each tool, it is challenging to isolate specific drivers of significant
variability in tool outputs. Here we examine differences in how tools implement volatile solubility laws, where we define
20 solubility as the concentration of a particular volatile species in the melt at a given P, T, melt composition, and fO,. We
can consider two aspects driving the starkly different results observed between tools, which will result in differing volatile
solubilities: tool implementation and model parameterization. The former includes the choice of internal model equations (e.g.,
for redox conversions), vapor-melt reactions, intrinsic assumptions, mathematical solvers, and even typos or errors. Included
in the model parameterization is the choice of the thermodynamic equation describing vapor-melt reactions and the empirical

»s  constants applied to that equation. That means that even for tools using the same vapor-melt reactions and equation forms, the

Page 18



VOLCANICA 1-37.

experimental data and methodology used to regress its constants are what define a model’s uniqueness in the most fundamental

sense. In the following sections, we take a thermodynamic approach to try and untangle these differences.

Based on melt—vapor reactions for different volatile species, we can calculate a proportionality factor (H;), which has the

following generic form and can be calculated simply from calculation outputs:

- (w™)™ (fO)™

i YUP (15)
J

where w!" is the weight fraction of species 7 in the melt, xf; is the mole fraction of species j in the vapor, and n and m are the
stoichiometric exponents for the volatile species i and fO; based on the vapor-melt reaction. We compare H; for the main
volatile species in our calculations: total HyO, total CO9, and reduced and oxidized S. Given most tools use IM, we use their
melt—vapor reactions for HyO (combining their eq. 8 and 9) and CO; (their eq. 1). Therefore, for HyO solubility, i = total
Hy0, j = HyO"Po" ' = 2, and m = 0 (Oy(v) is not involved in the melt—vapor reaction). Similarly for CO,, i = total CO»,
Jj= COZ“” °" n=1,and m = 0. For reduced S (5"¢), given all tools except for D-Compress assume eq. 2 or an equivalent
reaction, i = S"¢¢, j = SOgap °" n=1,and m = 1.5 (Oy(v) is involved in the melt—vapor reaction). Similarly, for oxidized S

(S°¥), we use eq. 6 as the base: i = S, j = SO,*"”", n =1, and m = -0.5.

The proportionality factor is the combination of the equilibrium constant/solubility function/capacity (we refer to all of
these as a solubility function during this discussion for simplicity), which is typically a function of P, T, and melt composition
(sometimes including H,O); and the fugacity coefficient (y;), which is a function of P and T (all these tools treat the vapor as
an ideal mixture of non-ideal gases and hence y; does not depend on vapor composition). By construction, H is intended to
remove the explicit dependence on fOy, vapor composition, and the CO, and S content of the melt, allowing us to compare
the effective solubility functions implied by each tool. This diagnostic is most direct for HoO and CO,. For sulfur, however,
H;re « and Hyg,, should not be interpreted as isolated sulfur-solubility laws, because the assumed melt—vapor reaction, Fe-
redox conversion, sulfur speciation model, and treatment of sulfur-bearing phases differ among tools. This caveat is particularly
important for MAGEC, where Fe redox, fO,, and S redox are solved as coupled parts of the gas-melt equilibrium framework.
An example of H] calculated for Fuego model runs is shown in Figure 7, with figures for the other compositions shown in the
Supplementary Material. The calculated H values are plotted as a function of P as H; are expected to vary with P because
both solubility functions and y;'s depend on P. The larger the value of H/, the more of that volatile species can dissolve in
the melt at a given set of conditions. If the tools predicted the same volatile solubility at a given set of conditions, curves of
H} vs. P would be the same for all tools for each calculation. However, H; varies greatly between tools. So what is driving

these variations?

Firstly, H! depends on y;. All tools use the same or similar parameterizations for yso, [Shi and Saxena 1992; Hughes et al.
2023] and yco, [Holland and Powell 1991; Shi and Saxena 1992}, and their independent implementations give similar results
(see Supplement). A wider variety of parameterizations for y, o are used [Peng and Robinson 1976; Holland and Powell 1991;
Shi and Saxena 1992), which could account for some of the variation in H }12 o but is likely to be a small component. Overall,

variations in y; are unlikely to be the main driver of variations in H.
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Figure 7: Volatile proportionality factors (eq. 15) with all tools for Fuego basalt showing the change in H,0, CO,, reduced S
(S7¢4), and oxidized S (S°*) proportionality factors (H;) as a function of pressure during degassing.

This leaves the solubility functions, which depend on P, T, and melt composition and are highly varied between tools.
For Hy0 and COs, tools fall into one of three groups: those that use IM (D-Compress (IM), MAGEC, Sulfur_X, VESIcal (IM));
those that use D-Compress (D-Compress, EVo); and VolFe, which uses Hughes et al. [2024a]. These groupings are mostly
reflected in values of H }{2 o and Hp 0, 3 shown in Figure 7. Differences in HoO and CO» solubility are the main causes in

the differences in Py, (Figure 2). VolFe predicts the lowest CO; solubility (H 02) and the highest PY_, for Fuego; all other

sat

tools have similar CO, solubilities at P, and their order in PY,, is thus governed by their H,O solubilities, with EVo/D-C

sat

having high H,O solubilities and therefore lowest P?,,. The different groupings of models predict different H,O and CO,
solubility for the same melt composition and 7 and can also be influenced by the H,O content of the melt for IM. The presence

of additional reduced vapor species (Hg, CO, and CH4) will have an additional effect on PY_,. Given the oxidized conditions

sat:
of these calculations, this will be minor, but could be important in extraterrestrial applications [Hughes et al. 2024b).

The proportionality factors for both reduced and oxidized sulfur vary by multiple orders of magnitude across tools (Figure
7). Unlike Hl’,j,2 o and HICOQ’ which broadly reflect the HyO-CO; solubility-model groupings described above, the sulfur
proportionality factors fold together sulfur solubility/capacity terms, melt—vapor reaction choices, Fe-redox conversions, and
S-redox models. Therefore, H,,, and Hg,. should be interpreted as effective tool-level sulfur behavior rather than isolated
sulfur-solubility laws. This coupled behavior is consistent with the wide range of S degassing paths shown in Figure 3. For
Fuego, D-Compress has the largest H ,S“’ 4 and H,,., which means sulfur is more soluble in the melt, causing sulfur to remain in
the melt to shallower depths than the other tools (Figure 3). MAGEC plots at the low end of both sulfur proportionality factors;
however, this should not be attributed to sulfur solubility alone. MAGEC'’s distinct sulfur-degassing behavior likely reflects the
coupled effect of its Fe- and S-redox models, in which the Fe-redox-derived fO, propagates through sulfur speciation and

into the predicted degassing path.

4.2 Intrinsic assumptions and hidden variables: Redox and sulfur

The complicated web of nested, interconnected assumptions made by mixed-volatile modeling tools can perhaps best be
exemplified by how each tool handles redox. The very concept of oxygen fugacity in the context of magmatic systems is a
universal pain point among petrologists, especially when attempting to communicate or compare results across studies, let

alone across disciplines. Researchers commonly express the redox state of a system in terms of: 1. oxygen fugacity, fOo,
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relative to a buffer (e.g., ANNO+1); 2. the numerical value for fO; (e.g., logfO9 = -12); or 3. the ratio of valence states of Fe
or S (e.g., Fe3*/ZFe or S°*/%S). “Translating” between representations requires the use of models to do so. Not only is there
a level of disagreement between such models, but they are applied in various ways (sometimes incorrectly) in the literature.
For example, the numerical fO, value of a buffer is dependent upon P. It is common to disregard this P term (assuming P
= 1 bar), which may be a reasonable simplification at low P but causes larger errors as P increases. The lack of consensus
on the definition of each buffer value at any given P and T is a well recognized problem in the igneous petrology community

[Anenburg and O’Neill 2019; Wieser and Gleeson 2023].

Consider a scenario in which we measure the concentration of both FeO and Fe,O5 in a silicate melt such that Fe>*/>Fe
= 0.5. To input redox into a modeling tool, we must translate this measured value into a form that that tool can accept. EVo,
MAGEC, and VolFe can accept Fe**/EFe value directly. D-Compress only accepts redox referenced to the NNO redox buffer,
and Sulfur_X only to the FMQ buffer. Before we can calculate fO, referenced to a buffer, we must first convert Fe3*/XFe
into a value for the activity of oxygen in the melt (typically assumed equal to fO3). Most tools rely on the model of Kress and
Carmichael [1991] except for MAGEC, which implements its in-house model [Sun and Yao 2024]. A subtle but important detail
is that VolFe uses the equation from the appendix of Kress and Carmichael [1991, eqs. A-5 and A-6] while the others use the
version in the main text (eq. 7). This results in small but nontrivial discrepancies in the oxygen activities, but as additional
modeling choices are made, this divergence compounds. For instance, the initial fO, values computed by our tools vary over

an order of magnitude in all basalts (Figure 4).

An additional complication comes from the fact that the Kress and Carmichael [1991] paper only considers anhydrous
compositions, so there is ambiguity as to whether these equations should be implemented with hydrous cations as in rhyo-
liteMELT'S [Ghiorso and Gualda 2015] and D-Compress, or anhydrous cations as in EVo and VolFe. Although the effect on Fe
speciation is relatively small (e.g., for the Fuego composition, Fe**/XFe changes by 2.6% from 0-8 wt% H,0), this can have a
significantly larger effect on the calculated S speciation given its rapid shifts with Fe speciation, around 30% for the model of

Nash et al. [2019].

Next, our redox value goes through another model filter: how the equilibrium state of a buffer assemblage is defined. There
are several published derivations or recalibrations of redox buffer equations. As new data have emerged, these formulations
have evolved to extend to higher P and T, reduce uncertainties, or correct past errors. The result is a vast array of publications
throughout the literature spanning several decades. Model developers must therefore choose not only which formulation to
use, but how to apply it; for example, whether to include P corrections or adopt specific activity models. The cumulative
effect is an overwhelming set of permutations of possible assumptions embedded in the seemingly “simple” act of quantifying

a magma’s redox state.

In most of our calculations, we specified Fe3*/XFe as the redox variable, and its conversion to fO depends on P: at
5000 bar, all iron speciation models used in these tools predict fO, values ~0.5 log units higher than those calculated at 1 bar
for the same Fe*/ZFe. This means the initial fO, when calculated from Fe3*/XFe varies significantly at P?,, due to both

the different iron speciation models used but also the different P due to the differences in mostly HoO-CO, solubility. Even

accounting for the effect of P, no tools predict the same Fe3*/ZFe at a given fO,, and the same is true for S®*/XS, highlighting
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that different parameterizations and their independent implementations results in variations in calculated values. This sets the
stage for different evolutions of melt S, melt S°*/=S, and fO, during degassing.

D-Compress predicts a different relationship between S?*/S"¢4 and fO, because it assumes different reaction mechanisms
for both reduced and oxidized sulfur (it depends on fsp2 and fyos). The assumption of SO, and HsS as the dissolved sulfur
species in D-Compress leads to a different expected redox evolution because SO, has a different sulfur oxidation state (4*) to

sulfate (6%), as assumed in the other tools.

4.3 Typos, normalization, and the importance of benchmarking

VESIcal is a unified implementation of several pre-existing models as opposed to other models examined here, which likewise
implement several existing models (e.g., for HyO solubility) but couple these to their own new model (e.g., for S behavior). In
the development of VESIcal [lacovino et al. 2021; Wieser et al. 2022], the authors built benchmark testing routines to ensure
that each model implemented reproduced the original publication’s datasets. Although demonstrating the veracity of a new
model is established practice in our field, benchmarking implemented existing models is not, nor is it one that manuscript
reviewers are looking for. Given tools are independently implementing the same models, benchmarking is critical to ensure
that results are comparable.

Even simple model equations can have hidden issues. Iacovino et al. [2021] documented a typo in the HoO—CO, model of
Tacono-Marziano. The equation for carbon is written as a calculation of CO3 solubility, but the equation is actually for CO,
solubility. Given the model is for mafic magmas, where carbon is complexed in the melt as COs, it would be reasonable
for the equation to express carbonate solubility instead giving little reason for a reader to question it. In its original form,
Sulfur_X assumed the equation was for CO3, and converted this output into CO,. This resulted in CO; solubility estimates
that were ~1.36x the true value (the ratio of the molar mass of CO,/CO3 = 44/60), leading to anomalously high P?,, estimates
(factor of ~2x) . Sulfur_X was fixed early after publication. Similarly, the published Duan and Zhang [2006] H,O-CO, EOS
contained errors in the equations for the partial fugacity coefficient [Yoshimura 2023] that would have caused similar issues
had it been incorporated into solubility models. Models within a tool should be benchmarked against existing tools (i.e. the
lacono-Marziano web app) prior to publication, and tool output should be compared to known values from experiments or
direct measurements. Through benchmark testing, the authors of VESIcal also discovered that even seemingly innocuous
decisions such as the choice of normalization routine can cause testing against original publications to fail with errors of

several percent relative [lacovino et al. 2021].

4.4 Compounded variability in modeled vapor composition

Vapor composition is arguably the most important model output for volcano observatories who measure active volcanic gas
compositions for forecasting eruptive behavior [Aiuppa et al. 2007; De Moor et al. 2016; Kern et al. 2022]. The ratio of C to S
in volcanic surface gases is a useful indicator of the depth of the source of gas, since C degases relatively deep and S relatively
shallow, and H is difficult to measure [Giggenbach 1996; Aiuppa et al. 2007; Burton et al. 2007; Tacovino 2015; De Moor et al.
2016; Kern et al. 2022; Ding et al. 2025]. High C/S can indicate the addition of new magma into the deeper part of the magma
chamber [Aiuppa et al. 2007; De Moor et al. 2016; Ding et al. 2025]. This added heat and often added volatiles can result in
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eruption at the surface. C/S can also be used to monitor fluctuation in the interaction between the magma and a hydrothermal
system, since SOy is highly soluble in water where carbon is not [De Moor et al. 2016; de Moor et al. 2016; Stix and de Moor
2018,

The variation in C/S” (Figure 5) is significantly larger than that in dissolved melt volatiles (Figure 3). This is due to a
compounding effect, where layer upon lager of model choices stands between the description of dissolved volatiles (derived
directly from measured initial concentrations) and the composition of the vapor phase. This includes several equations and
constants required to describe melt-vapor equilibrium such as fugacity coefficients, homogeneous vapor equilibria, solubilities,
and redox behaviors. For instance, mole fraction of a vapor species (x7), its fugacity (f;), and its partial pressure (p;) are related

according to:

x; = fi/(YiP) = pi/P. (16)

Where P is the total pressure and vy; is the fugacity coefficient. So, even if the same f; is predicted at a given volatile content
(i.e., the same solubility), if P or y; is different a different x} will be calculated.

The tools include different formulations for calculating homogeneous vapor equilibrium constants (D-Compress and VolFe
use Ohmoto and Kerrick [1977]; EVo and MAGEC use in-house versions based on NIST/JANAF databases; and Sulfur_X
only includes HyS-SO5) and are within +0.1 logyg (~16%) of each other for all such equilibrium constants (see Supplement;
EVo-RTD* Figure 6). These seemingly small differences can lead to <5% differences in the molar concentration of most vapor
species, and <10% for SO, (EVo-RTD Figure 7), contributing to variations in calculated vapor compositions.

Additionally, reduced C and H species including Hy, CO, and CH4 become dominant at redox conditions more reducing
than those typical in terrestrial volcanic systems [~IW < 1; Holloway and Blank 1994] but can be present at mol% concentration
even in more oxidizing Earth systems. All tools apart from Sulfur_X and VESIcal consider reduced species in the melt and
vapor. In our degassing scenarios, CO is predicted to be 5-12 mol% of the vapor for much of the MORB degassing path and
2—4 mol% for RKilauea (Figure 6). For the oxidized conditions of Fuego and Fogo, CO is negligible (H; is a trace, and CHy is
negligible for all the conditions explored here; Supplementary Material). Carbonyl sulfide (OCS) can become a minor vapor
species at low fO» and is currently only included in VolFe and MAGEC (and EVo and D-Compress at 1 bar; Supplementary
Material). Therefore, if reduced species are expected to be significant in the vapor and/or melt as in lunar magmas, additional
consideration is required to justify the use of a particular model.

Ultimately, the solubilities in these tools are not the same — and the models for C and S are highly divergent — making
the C/SY particularly sensitive to differing solubilities. Even a 20% relative difference in the predicted xéoz and ng — but in
opposite directions — can quickly lead to 60—150% differences in C/S”. Given the sensitivity of sulfur solubility to fO, and
sulfur speciation, both of which vary between tools, these coupled redox-solubility choices add to the variability in vapor
composition. This is partly because the vapor composition is very different from the melt composition: there is a long lever
connecting the melt and vapor compositions, and therefore small changes to the volatile melt composition result in large

changes to the coexisting vapor composition.

*https://EVo-outgas.readthedocs.io/en/latest/EVo_doc.html#benchmarking
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We illustrate the consequences of the inter-tool variability of vapor composition by using such outputs to recover the total
amount of gas emitted at the vent. The ratio of the emission rate (generally in t/day) of all the gas species, Q7, and that
measured for SOy, Os0,, is:

v
Oso, Yso
=272 _ 2 (17)

v
QT wT

where w{ 0, is the weight fraction of SO, in the vapor and w. = 1 is the total weight fraction of the vapor species. Thus,
total amount of gas emitted at the vent can be obtained by multiplying the measured SO, flux by the inverse of the SO,
weight fraction predicted by the tools. The total gas flux varies the most for the MORB composition, the highest flux being
3.7 times higher than the lowest flux (1/w§ 0, of MAGEC is 3.7 times higher than that of D-Compress in Figure 6). The

maximum difference between the tools for all the other cases is = 40%. Combined with the intrinsic uncertainty of SO, flux

measurements, we estimate that using tool outputs to estimate total gas fluxes is only precise to within one order of magnitude.

Vapor composition is difficult to measure experimentally and thus is very rarely undertaken eggler1979solubility-b9e, hol-

loway1986, jakobsson1986, taylor1989, pawley1992, jakobsson1994, iacovino2013, 02002sulfide,Oneill2022,gorojovsky2026solubility,boulliu

Even more rare is a solubility model regressed using these data. The best example of this is perhaps Moore et al. [1998], whose
model for HyO up to 3 kbar is robust but underutilized by studies looking to interpret melt inclusion data since fH,O is
rarely if ever known. Similarly, sulfide and sulfate capacity models require knowledge of fO, and fS; or £SOy, which are
difficult to independently constrain in natural systems [O’Neill 2021; Boulliung and Wood 2022; O’Neill and Mavrogenes 2022;
Boulliung and Wood 2023; Gorojovsky and Wood 2026; Thomas and Wood 2026]. The relationship describing equilibrium at
the melt—vapor interface, however, is critical for modeling and underpins most tools, which thermodynamically calculate fu-
gacity values. Solubility experiments that directly measure the vapor phase, while challenging, represent a path to significantly
improving the application of degassing models to observatory science by quantifying the relationship between the fugacity of

a volatile in the vapor and its activity in the melt.

9 FUTURE DIRECTIONS

5.1 Tips for users

The biggest challenge for scientists that wish to implement models from the literature is in deciding which model(s) or tool(s)
to use. It is critical that the choice of modeling tool be well justified when presenting model results. Here are some actionable

recommendations for effectively doing so:

1. The model should consider reactions appropriate to system conditions. Just because a tool will allow users to
model a particular scenario does not imply that it will produce sensible results. Lunar magmas are more reducing
than terrestrial ones to the point that reduced melt and vapor species become important [Scaillet and Pichavant 2004;
Newcombe et al. 2017]. Sulfur_X and all VESIcal sub-models (including ITacono-Marziano, which is commonly used in

extraterrestrial applications) do not consider reduced species.
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2. The magma composition should fall within the model’s calibration dataset. While it is difficult to untangle precisely
the P-T-composition space any model is appropriate for [lacovino et al. 2021], a user can make an informed decision
by examining the experiments used to calibrate the model. VESIcal and PySulfSat both implement simple methods for
the user to do so. CO, and both reduced and oxidized sulfur solubility are incredibly dependent on melt composition
[O'Neill and Mavrogenes 2002; Ghiorso and Gualda 2015; O’Neill and Mavrogenes 2022], so care must be taken that the

underlying models used for these parameters are appropriate for your system.

3. Check model results against measured values if available. If any measured data are available for your system or one
very much like it, a good test of model applicability is to compare model outputs against known results. For example,
does the model accurately reproduce experimental saturation pressures? How about measured Fe?*/XFe and S®*/=S

in experiments and/or MI? Or measured SO3/(SO2+CO3) in FI with P from CO, density?

Calculations performed by users should follow FAIR guidelines: the version of the code should be included; model options
used within the tool should be clearly recorded and cited appropriately; and a notebook or script to recreate the calculations
and all model results should be included as supplementary material. We have provided an example of how to properly justify

and cite a model in a manuscript in the Supplementary Material.

5.2 Tips for model authors

Moving forward, several steps can be taken by individual scientists to make our model space cohesive, transparent, and
interoperable:

1. Improved documentation. Docstrings should be used within code to document the arguments, variable units, and
output types of all functions. Code should be made publicly available on accepted repositories such as GitHub, following
FAIR [Wilkinson et al. 2016] guidelines. Stating that the code is available upon request is not acceptable in a peer-reviewed
manuscript. At a minimum, a README file should provide a minimum working example of the functionality of the model
code. Ideally, a dedicated documentation website (e.g., via Read TheDocs) would be provided with several worked examples.
An open-source license file should also be included in the repository. The version of the code used for the publication of a
manuscript must be archived with a version number and ideally assigned a DOI (e.g., via Zenodo) such that the manuscript
results can be reproduced in perpetuity.

2. Libraries over scripts. A single script that an end-user can edit and re-run is a reasonable starting point for tools with
relatively low complexity but is difficult to integrate with other modeling workflows. A code library consisting of discrete
functions allows users to use, combine, and iterate over calculations. Moreover, it would drastically improve our ability
to compare tool functionality while at the same time enabling multiple tools to use the exact same implementation as one
another (e.g., VolFe uses PySulfSat’s implementation of many models). For example, a single well-documented and bench-
marked function for converting between iron redox state and fOj with eq. (7) of Kress and Carmichael [1991] used by all
tools in this work would have eliminated one point of hidden variability leading to divergence in outputs.

3. Benchmarks and unit tests. A substantial amount of code within our suite of tools is not bench-marked against

expected results or to verify correct implementation of existing model equations. VESIcal provides detailed benchmarks for

Page 25

615

620

625

630

635

640

645



650

655

660

665

670

675

680

Thermodynamic modeling of melt inclusions and volcanic gases lacovino et al. 2026

all models against the values and figures in the original publications and so IM and VC models within VESIcal were used to
benchmark results from our comparative degassing simulations. In their documentation, EVo and VolFe both provide clear

outlines of how their benchmarks were performed and provide Jupyter notebooks illustrating their performance.

4. Model/tool validity limits and intrinsic uncertainty. Most published models are based on experimental datasets that
have well-known P, T, and melt compositions. Some, such as the IM model, use a compilation of experimental studies, which
complicates the definition of a validity range. This is especially true when the hull of the multidimensional parameter space
is non-convex or has holes. For example, D-Compress solubility relationships are calibrated for basaltic and rhyolitic melts
but lack a relationship for dacitic melts. Sometimes, a model’s calibration dataset is not explicitly available, which makes it
incredibly difficult to evaluate validity limits and uncertainty. The intrinsic uncertainties of models and tools are affected by
the same considerations, except that the intrinsic error of tools can be estimated in at least two ways. The first method is to
adopt a Monte-Carlo approach by running multiple realizations with perturbed initial conditions and characterize the envelope
of the outputs as in Hughes and Saper [pre-print]. The second method is to compound the intrinsic errors of all the relevant

models used within a given tool to yield a consolidated intrinsic error of a given output of that tool as in Burgisser et al. [2015].

5. Community standards and governance. An agreed upon set of standards for how codes are built would provide a
perpetual framework not only for bridging existing tools but for enabling new tools to easily enhance or slot into the existing
peer-reviewed literature. Moreover, it provides end-users with a common model language. For example, the community could
agree on a format for documenting the units of all values used in their tool, such that a user can easily determine how their
data must be input and what results are output. We might require that a developer include this in docstrings and in a table
or list on a README or documentation page for the code to be suitable for peer-reviewed publication. We are aware that
software longevity is contingent on the evolution of programming languages and platforms and that libraries require continued
updating to avoid dependency issues. Community governance documents such as a Code of Conduct, designated leadership
roles, and points of contact are standard requirements for scientific Python organizations such as NumFOCUS and PyOpenSci.
A community-governed ecosystem would define best practices for writing and distributing volcano geochemistry model code.
Its leadership would provide a communication platform, interaction pathways, and contribution guidelines and would set
requirements for documentation and testing. Such maintenance requires an active community dedicating time and resources
to avoid tool obsolescence. This is challenging given that academic “credit” is not given to those who spend additional time
properly documenting their code, contributing to code maintenance, or reviving non-operational code created by another
research team. For tenure-track faculty, these practices are often explicitly discouraged, and very few mechanisms exist to

fund such work.

6 CONCLUSIONS

We performed matching magma degassing calculations on mid-ocean ridge, Kilauea, Fuego, and Fogo basalts using our own
published modeling tools: D-Compress [Burgisser et al. 2015, EVo [Liggins et al. 2020; 2022], MAGEC [Sun and Lee 2022; Sun
and Yao 2024), Sulfur_X [Ding et al. 2023], VolFe [Hughes et al. 2024a; Hughes et al. 2025], and implementations of VolatileCalc

[Newman and Lowenstern 2002], lacono-Marziano [lacono-Marziano et al. 2012], and MagmaSat [Ghiorso and Gualda 2015]
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within VESIcal [lacovino et al. 2021]. We have shown the clear variability in modeling tool outputs for a range of basalts. We
speculate that differences when modeling andesites and rhyolites would be at least as variable, highlighting the caution required
when modeling an evolutionary suite of magma compositions. Major findings of this work that can guide the community in

improving our tools for academic and operational purposes include:

1. Improved community consensus on the implementation of redox variables like log fO,, Fe*/XFe, S**/XS, and redox

buffer equations is critical to interpreting volcanic sulfur both at the vent and in the rock record.

2. Targeted experiments on SiO9-poor, alkali-rich basalts like Fogo could significantly improve the accuracy of modeled

vapor saturation pressures (and, thus, magma storage depths) of primitive magmas.

3. Sulfur has little to no effect on the calculation of the pressure of vapor saturation when considered in addition to HyO

and CO,.

4. Community governance is critical to creating agreed-upon standards for modeling, coding, and publishing in volcanology.
The points briefly touched on in Section 5 should be turned into a more comprehensive guide, written by the community

and enforced during peer review.

Interoperable, data-driven methodologies are required to provide the shared computational language capable of addressing
new questions in volcano science. The lack of interoperability inhibits evaluation of model results, obscuring the applicability
of a tool to any given scenario and which gaps in our experimental literature are most critically needed to improve model
accuracy. Platforms such as VICTOR [Lev et al. 2025] help scientists find and use volcanology computational tools via a
centralized, cloud-based platform that allows users to run a multitude of models in the browser, without needing to install any
tools locally. This significantly lowers the barrier to entry for the use of individual tools but nonetheless requires significant
work by end-users to perform comparisons such as those explored here.

What cannot be overstated is the amount of time and effort that was required to ensure consistency across modeling
inputs, model options, and even the format and syntax of tool outputs, despite being the original authors of these codes. This
shines a light on what the community already knows: the landscape of volatile solubility models is complex and oftentimes
opaque to users. We suggest that the field of magmatic volatiles should focus now on the creation of modern, easy-to-use tools,
clever implementation of new model equations or methods, and experimental studies driven not by filling all the gaps but in
targeting those that matter most. Achieving this requires a focused volatile modeling consortium to fully codify modeling best

practices in a living community that can evolve with our scientific pursuits.
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the supplementary material. KI developed configuration files for documenting model options as captured in model runs. All

authors contributed to the manuscript text.
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