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ABSTRACT

We present PetThermoTools - an open-source Python3 tool for performing thermodynamic simulations of mantle and magmatic
processes. Thermodynamic modeling forms a central component to many research projects in igneous petrology. However, few
studies utilize the full potential of these methods due to the steep learning curve associated with existing code or text-based
interfaces (e.g., ENKI/thermoengine, alphaMELTS, Theriak-Domino) and the limited model flexibility provided by spreadsheet
and GUI based packages (e.g., MELTS for Excel). We designed PetThermoTools to bridge this divide, providing logical, easy-
to-use functions with well-documented examples for novice users, while retaining the potential for customization and model
automation desired by more experienced users. PetThermoTools also provides the opportunity to directly compare multiple dif-
ferent thermodynamic models and approaches, by integrating with both the alphaMELTS and MAGEMin packages. Furthermore,
PetThermoTools model outputs seamlessly integrate with other Python-based packages created for petrological research (e.g.,
PySulfSat), and provide speed and stability advantages over existing free MELTS-based software owing to the use of parallel
processing routines.

Keyworbs: Thermodynamic modeling; Melts; Volcanology; Open-source; Python.

1 INTRODUCTION portions and/or chemistry), thermodynamic simulations are

Simulating mantle and magmatic processes is key for advanc-
ing our understanding of volcanic systems. These models pro-
vide constraints on the nature and location of magma storage
(Gualda and Ghiorso 2014; Gleeson et al. 2017), the chemical
and physical properties of magma before eruption (Blundy et
al. 2006; Tramontano et al. 2017), and the characteristics of
mantle source regions (i.e., temperature, lithology, and com-
position; Lambart 2017; Brunelli et al. 2018; Brown et al. 2020;
Gleeson and Gibson 2021; Matthews et al. 2021; 2022); helping
to interpret the available petrological, geochemical, and geo-
physical data. Petrological modeling can be subdivided into
two main approaches: empirical parameterizations of exper-
imental data (Ariskin et al. 1993; Danyushevsky and Plechov
2011; Ariskin et al. 2018); and thermodynamic models, where
the equilibrium state of the system is determined by min-
imizing thermodynamic potentials (Ghiorso and Sack 1995;
Ghiorso et al. 2002; Gualda et al. 2012; Holland et al. 2018;
Riel et al. 2022).

Empirical parameterizations are typically faster than ther-
modynamic approaches and less prone to crashes and/or
model failures. However, they are usually calibrated on a
narrow range of compositions and are designed for a singu-
lar purpose (e.g., mantle melting or fractional crystallization;
Matthews et al. [2022]), which can limit their wider applicabil-
ity. By contrast, thermodynamic models are often calibrated
on large and compositionally diverse datasets that allow them
to be applied (with caution) to a range of magma compositions
from various tectonic settings (Ghiorso and Sack 1995; Wieser
et al. 2022b). Furthermore, while empirical parameterizations
might track a small number of key variables (e.g., phase pro-
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able to trace the distribution of energy, mass, and chemical
components within igneous systems. This enables the cre-
ation of more realistic models, including energy-constrained
assimilation and melt-mush reaction (Heinonen et al. 2019;
Boulanger and France 2023; Gleeson et al. 2023). Machine
learning models may offer a promising compromise, retaining
the wide applicability of thermodynamic models while sub-
stantially improving computational efficiency (Candioti et al.
2025.

Despite their potential, application of thermodynamic mod-
els to pressing research questions in volcanology and igneous
petrology has been restricted by the time-consuming nature
of these calculations, the high level of coding experience re-
quired to perform more complex simulations and integrate
results with other calculations/models, as well as the chal-
lenges associated with automating calculations due to the fre-
quency of software crashes. In addition, many thermody-
namic software tools operate as ’black boxes’, with most users
unable to access, or interpret the underlying code and min-
imization routines. To address these issues, we developed
PetThermoTools, an open-source Python package designed
to facilitate thermodynamic simulations of mantle and mag-
matic systems. For novice users with limited coding experi-
ence, PetThermoTools provides logical, easy-to-use functions
and example notebooks for common thermodynamic calcu-
lations (e.g., crystallization models). The simple code layout
and logical output structures support integration of thermody-
namic model results with other Python packages developed
for petrological research (e.g., PySulfSat; Wieser and Gleeson
[2023]). Furthermore, the use of CPU-based parallelization iso-
lates each thermodynamic calculation in a separate process,
preventing a single failure from corrupting the entire calcu-
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lation, a key limitation of previous software options. These
improvements allow users to integrate PetThermoTools di-
rectly into their Python workflow. As a result, we believe
that PetThermoTools has the potential to become a critical
component of petrological research and education, providing
greater access to thermodynamic modeling for all researchers,
regardless of prior coding experience.

2 SOFTWARE TOOLS FOR THERMODYNAMIC MODELING

Since the release of the initial MELTS model in 1995 the
"MELTS" family of thermodynamic models has emerged as
the most influential group of models in igneous petrology.
Currently, the term "MELTS" can be used to refer to 4
different thermodynamic models (pMELTS, Ghiorso et al.
[2002]; rhyolite-MELT'S v1.0.2, Gualda et al. [2012]; rhyolite-
MELTS v1.1.0; and rhyolite-MELTS v1.2.0, Ghiorso and
Gualda [2015]), and at least 6 different software options that
are used to perform the calculations. These software tools
can broadly be split into two groups: (i) GUI and Spread-
sheet based options that provide users with highly accessi-
ble tools, optimized for specific calculations but with limited
potential for automation or more complex calculations (e.g.,
easyMelts, MELTS for Excel; Gualda and Ghiorso [2015]); and
(ii) code and text-based interfaces that allow more complex
simulations, integration of thermodynamic approaches with
other research tools, and an increased potential for model
automation (e.g., alphaMELTS, Antoshechkina and Asimow
2025; ENKI/Thermoengine, Thermoengine 2022). However,
the steep learning curve associated with this second group of
software options discourages novice users and limits applica-
tions to undergraduate and postgraduate education.

While the "MELTS" thermodynamic models are the most
widely used in the igneous petrology and volcanology liter-
ature, alternative models are available. Most notably, work
by Tim Holland, Roger Powell and co-workers has resulted
in the development of several thermodynamic models appli-
cable to igneous systems (Jennings and Holland 2015; Hol-
land et al. 2018; Riel et al. 2022; Weller et al. 2024; Green
et al. 2025). These models have traditionally been accessed
through the software options THERMOCALC, Perple_X, and
Theriax_Domino, which are each associated with their own
strengths and weaknesses (Connolly 2009; De Capitani and
Petrakakis 2010). In 2022, however, a Gibbs Free Energy
minimization software called MAGEMin was released, pro-
viding easy access to these models through Julia wrappers
(MAGEMin_C) and a Julia-based app (MAGEMinApp; Riel et
al. 2022). MAGEMin provides advantages in the speed of cal-
culations (relative to Perple_X etc.) and the app allows novice
users to perform simple phase diagram, crystallization, and
melting calculations. However, a feature that is currently ab-
sent from all available software options is the ability to easily
switch between and compare the "MELTS" and "H&P" group
of models. Consequently, comparison of the two groups of
thermodynamic models has remained limited in the published
literature (Jennings and Holland 2015; Hernandez-Uribe et al.
2022; Otto et al. 2023; Wieser et al. 2025).
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Figure 1: Schematic flow chart demonstrating the structure
of PetThermoTools. User input parameters are re-organized
into a structure that allows calculations to be performed in al-
phaMELTS for Python (Antoshechkina and Asimow 2025) or
MAGEMuin (Riel et al. 2022), depending on the model choice.
Calculations are then performed in parallel using the Python
multiprocessing library and results are returned in a Python Dic-
tionary.

To address the limitations of the currently available soft-
ware options, we developed PetThermoTools as an easy-to-
use and expandable package for thermodynamic calculations.
We chose to write this package in Python as it is one of the
most widely used coding platforms in petrology, with a se-
ries of other Python-based packages recently developed for
petrological research (e.g., VESIcal, lacovino et al. [2021] and
Wieser et al. [2022b]; pyMelt, Matthews et al. [2022]; Ther-
mobar, Wieser et al. [2022a];, pySulfSat, Wieser and Gleeson
[2023]; meltPT, McNab and Ball [2023]; pyrolite Williams et al.
[2020]). Where possible, we designed PetThermoTools to eas-
ily interact with these other petrology-focused Python pack-
ages (see Section 4.2), allowing thermodynamic modeling to
become an integrated component of the Python workflows of
researchers. Our aim was to produce a software package in
which users with little to no coding experience can run sim-
ple MELTS models, but with the flexibility and customization
required for advanced users to perform more complex calcu-
lations and/or contribute to new functionality. In addition, by
integrating PetThermoTools with the core functions of both
alphaMELTS for Python and MAGEMin, it is now possible
for researchers to critically examine and compare different
thermodynamic models in an efficient and easy manner (e.g.,
Wieser et al. 2025).

3.1 Installation

Detailed installation instructions, including differences for Ma-
cOS, Linux, and Windows users, can be found on the PetTher-
moTools ReadTheDocs page (https://PetThermoTools.
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readthedocs.io/en/latest/). This page will be continu-
ously updated as the code develops. A brief summary of the
installation processes is included here:

1. Users must first ensure that they have an up-to-date veri-
sion of python installed on their machine (version 3.9 or
later as of December 2025). Installation through Ana-
conda is recommended for users new to Python pro-
gramming.

2. PetThermoTools can then be installed through PyPI via
the command prompt (Windows) or Terminal (MacOS,
Linux):

pip install petthermotools

Or directly from a Jupyter Notebook:

%pip install petthermotools

Once PetThermoTools is installed, it can be imported
into the user’s Python environment. This is done using
the following code where any combination of letters can
be used to represent PetThermoTools (here we use pit):

import petthermotools as ptt

3. Only required for MELTS calculations. Simulations
using the pMELTS or rhyolite-MELTS (v1.0.2, v1.1.0,
and v1.2.0) thermodynamic models require users to
download and follow an installation notebook, provided
through ReadtheDocs, that downloads the underlying al-
phaMELTS for Python package onto the user’s local ma-
chine. This notebook walks the user through the steps
required and provides an option to add the alphaMELTS
for Python code to the user’s Python path.

4. Only required for "H&P" calculations. To enable cal-
culations in MAGEMin we provide a second installa-
tion notebook, also available on the PetThermoTools
ReadtheDocs page. This notebook walks users through
a simple process to install the Julia packages required for
calculations in MAGEMin and uses PythonCall to estab-
lish a connection between Python and Julia.

Critically, this does not require the users to have Julia
pre-installed, nor do they need to install Julia or any de-
pendencies independently. All required installations are
handled in the provided notebook and associated func-
tions.

3.2 Code structure

PetThermoTools is structured so that little to no prior Python
knowledge is required, ensuring that thermodynamic mod-
eling is available to all users and can be used as a teaching
tool. Extensive documentation is available for all functions
with examples for the most common calculations available on
ReadtheDocs. All functions contain a small number of key

input variables (e.g., bulk composition and thermodynamic
model choice), variables to set and control system conditions
(ie, T, P, entropy, volume and/or enthalpy), and additional
variables that are specific to the chosen function (Fig. 1).
These additional variables provide greater flexibility for more
complex calculations; for example, users can specify a crys-
tallinity threshold (rather than temperature condition) as the
end point of a crystallization calculation.

One of the key aspects of PetThermoTools is that input vari-
ables (with the exception of the "Model" key-word argument)
are identical regardless of which thermodynamic model the
user wishes to use. The input parameters provided by the user
are reorganized within PetThermoTools so that this informa-
tion can be fed directly into the key functions of alphaMELTS
for Python or MAGEMin. This means that novice users have
no need to directly interact with the underlying packages, and
don’t have to worry about reformatting their data (or change
parameter names) for use in different models.

If the input parameters indicate more than one calculation is
desired (e.g., the user provides an array of initial system H,0
contents) PetThermoTools will, by default, utilize Python’s
multiprocessing library to run these calculations simultane-
ously in separate 'Child Processes’. The maximum number
of parallel calculations that can be performed is automatically
determined based on the specifications of the user’s computer,
with parallel processing providing both speed and stability ad-
vantages for users wishing to perform large numbers of cal-
culations (see Section 4.1).

Outputs from thermodynamic calculations performed
through PetThermoTools are stored as Pandas DataFrames
nested within a Python Dictionary (Fig. 2). Most calcula-
tions return a Dictionary containing DataFrames that record
the system conditions (temperature pressure, enthalpy etc.),
as well as the mass, volume and density of each phase that
saturated in the model. In addition, DataFrames are created
for the chemical composition (in weight percent), and physical
and thermodynamic properties (e.g., mass, density, enthalpy,
heat capacity) of phases that saturated in the model calcula-
tions. The 'keys” used in the higher-level Dictionary to iden-
tify each phase are based on the naming convection used in
alphaMELTS (liquid!’, "clinopyroxenel’, etc.). As MAGEMin
does not separate feldspar into plagioclase and alkali feldspar
(unlike alphaMELTS) feldspar DataFrames from MAGEMin
calculations are given the names 'feldsparl’, feldspar?’, etc..
Furthermore, the units for all outputs, with the exception of
chemical compositions, are indicated in the column headers
of their respective DataFrames and in the Dictionary keys for
DataFrames of specific parameters (e.g., 'tho_kg/m3’). This
structure makes it easy to access any parameter; for example,
the concentration of MgO in the melt phase during fractional
crystallization — from either an alphaMELTS or MAGEMin
calculation — can be examined via:

results["liquidl"]["MgO_Liq"]

where results represents the Dictionary returned by the Pet-
ThermoTools calculation, with the chemical composition of
the melt phase recorded in the DataFrame associated with
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Isothermal Decompression Calculations

a) Calculation setup

Example isothermal decompression
calculation, bulk composition from
Mt St Helens pumice.

Aim to examine the fluid mass
fraction and fluid composition using
different starting CO, contents

Helens_decompress = ptt.isothermal_decompression(Model="MELTSv1.2.0",
bulk=WhitePumice, find_liquidus=True, f02_buffer="FMQ", f02_offset=2,
P_start_bar=3000, P_end_bar=50, dp_bar=20, fluid_sat = True,

C02_init = np.array([0.01, 0.05, 0.1]), label = 'C02_init")

Label results according
to initial CO, contents

3 different initial CO,
values are examined

d b) Output structure contains labelled results Dictionaries e) Example plotting script h

1 Helens_decompress.keys()

# set up figure layout
f, a = plt.subplots(1,1, figsize =

v/ 0.0s
(3.5,4))
dict_keys(['C02 = 0.01 wt%', 'C02 = 0.05 wt%', 'C02 = 0.1 wt%'])
_ # loop through main Dictionary
for key in Helens_decompress:
# extract individual calculation
res = Helens_decompress [key]

6 c) Each result Dictionary contains a series of DataFrames
Phase composition &
v 00s physic\al properties
dict_keys(['Conditions', |'liquidl', 'liquidl_prop', 'fluidl', 'fluidl_prop"',
'spinell', 'spinell_prop', 'plagioclasel', 'plagioclasel_prop',
‘All‘,I‘mass_g‘, 'volume_cm3', ‘rho_kg/m31, ‘Input'])
/ System properties
Combined DataFrame
suffixes used to indicate
phase (e.g., SiO2_Liq)

1 Helens_decompress['C02 = 0.01 wt%'].keys()

# plot fluid chemistry vs pressure
a.plot(res['All'] ['X_H20_mol_F1'],
res["AlLl']['P_bar'],'-', label=key)

. legend()
.set_xlabel('X$_{H20}$"')
.set_ylabel('Pressure (bar)')
.tight_layout()

-0 0 o

Input conditions saved
to aid reproducibility

3000 A
d) Example DataFrame - fluid compositions
. 2500 A
1 Helens_decompress['C02 = 0.05 wt%'] ['fluidl'].head()
v 0.0s — 2000
3
H20_FI CO2_FI X_H20_mol_FI X_CO2_mol_FI b
0 67135861 32.864139 0.833155 0.166845 5 15007
w
1 67.616933 32.383067 0.836175 0.163825 g
2 68104621 31.895379 0.839215 0.160785 1000 1
3 68598983  31.401017 0.842275 0.157725
500 { — CO2 = 0.01 wt%
4 69100073 30.899927 0.845354 0.154646 CO2 = 0.05 Wt%
\ \ v 0] — CO2=o01wt%
Mass of H,0 and CO, in Mole fraction of H,O and 085 090 095 100
. Wt% at each model step CO, at each model step  ){ X20 )

Figure 2: Outline of the PetThermoTools output structure demonstrated using an example of an isothermal decompression
calculation. a. The calculation is set up using the composition of a plagioclase hosted melt inclusion from the Mt St Helens
white pumice (Blundy and Cashman 2005). Three different initial CO, contents are tested and the /abel key-word argument
is used to indicate that the output variables should be labeled by these initial CO, contents. bh. As multiple calculations are
initiated the main output variable is a Python Dictionary containing sub-Dictionaries labeled by the initial CO, content of each
calculation. ¢. Each sub-Dictionary contains several Pandas DataFrames recording the system conditions and properties in
addition to the composition and physical properties of each phase. d. The ‘fluid7’ key can be used to access the DataFrame
containing the composition of the fluid phase. e. Example plotting script revealing the different fluid compositions observed in
the different decompression models. A more complex version of this example, including both open and closed system degassing
calculations, is available on ReadtheDocs.

the key "liquid1". As can be seen in this example, we have ap-
plied a suffix to all output column headers to identify the phase
being examined. We have used the naming convention for
different phases from Thermobar to enable easier integration
of thermodynamic model results with other Python packages

250

(see Section 4.2; Wieser et al. 2022a). By storing these data
as Pandas DataFrames nested within a Python Dictionary, it
is trivial to convert the model outputs into an Excel spread-
sheet, where the "sheets" within the spreadsheet represent each
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a) Crystallisation calcs

aM - compatible with alphaMELTS for Python
MM - compatible with MAGEMin_C

isobaric_crystallisation()

polybaric_crystallisation_onestep()
polybaric_crystallisation_path()

isochoric_crystallisation()

aM
MM

ALO, (Wt%)

Pressure (kbar)

__

aM

Volatile saturation

Pressure (kbar)

MgO (wt%)

Temperature (°C)

Temperature (°C)

b) Decompression calcs c¢) Phase Diagram calcs

d) Melting calcs

aM

isothermal_decompression() MM

isentropic_decompression()

| _—

Pressure (kbar)
Pressure (kbar)

phaseDiagram_calc()

MM
AdiabaticDecompressionMelting()

Pressure (kbar)

Temperature (°C) Gas Fraction

Temperature (°C)

Temperature (°C) Melt Fraction

e) Barometry calcs

f) Additional core funcitons

mineral_cosaturation()

saturation_pressure()

findLiq_muilti() - load in an Excel
spreadsheets of liquids as a
DataFrame and calculate their

aM aM
MM )

CO, (Wi%)

/ Qtz
/ Plag
/ a-fld

Pressure (kbar)

° equilibrate_multi() - takes multiple

liquidus temperatures

findCO2_muilti() - given a melt
composition, pressure and H20
content, find the maximum CQO2

° content of the melt phase (alM only)

b input variables and returns data for

Temperature (°C)

H,0 (Wt%)

phase composition, abundance, and
thermodynamic properties at set P&T

Figure 3: Outline of the functions currently available in PetThermoTools. These can be split into multiple groups: crystallization
functions, decompression functions, phase diagram functions, melting functions, and barometry functions. We are aiming to
grow and expand the range of functions available in PetThermoTools. For example, current work is focused on the development
of an adiabatic decompression melting function for a multi-component mantle. Methods that require knowledge of the CO,
content of the melt phase are only available for calculations using the rhyolite-MELTS v1.1.0 and v1.2.0 models.

DataFrame contained within the output dictionary. An exam-
ple of how to do this conversion is available on ReadtheDocs.

In cases where the input variables require that more than
one thermodynamic calculation is performed — for example,
an array of initial system CO; contents are passed to the
isothermal_decompression function (Fig. 2) — PetThermo-
Tools will create a nested dictionary structure, with the dictio-
nary of results for each individual calculation stored as items
within a higher-level dictionary (Fig. 2). The keys used to

identify each individual calculation will, by default, be set to
Run 0, Run 1, Run 2, etc. although the user can specify
certain parameters — based on the chosen input arguments
— to use as the keys if appropriate (e.g, CO2 = 0.001 wt%,
CO2 = 0.01 wt%, CO2 = 0.025 wt%). For example, in crys-
tallization or decompression calculations, users can access the
mass (in grams, assuming the initial system is 100g) of each
phase for calculations with an initial starting CO; content of
0.025 wt % via the following code:
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results["C02 = 0.025 wt%"]["mass_g"]

By creating this nested dictionary structure, we have made
it simple for users to identify and isolate the outputs that they
need.

3.3 Normalization

If a user provides a list of oxide values, representing the ini-
tial composition of their system, directly to MAGEMin or al-
phaMELTS for Python these values will be treated slightly
differently. MAGEMin normalizes the provided input com-
position (either as mol% or wt%), whereas alphaMELTS for
Python treats the provided values as the mass, in grams, of
each oxide at the start of the calculation. To account for this
difference and aid comparison of the two model approaches,
we normalize all user provided compositions to a total of 100
prior to initiating calculations (including volatile components).
Due to the way input parameters are treated in alphaMELTS
for Python, this normalization is to 100 grams of substance
in the system. Importantly, several output parameters (e.g.,
volume, enthalpy, entropy, etc.) are linked to the mass of the
system or phase in grams. As a result, if a user wanted to as-
sess the volume of a magmatic system with a set mass (poten-
tially informed by the mass of erupted products), they would
have to scale up the volume estimate from PetThermoTools
by the ratio between their chosen mass value and the mass
value returned by PetThermoTools.

If the initial system composition is provided entirely by the
‘bulk’ input variable, all oxides — including volatiles — are
included in the pre-calculation normalization. However, if
users specify HoO or CO;y contents using the 'H20_init" or
'CO2_init" key-word arguments, PetThermoTools will keep
these values fixed, and re-adjust the other oxides so the hy-
drous sum is 100. This means that the calculations are run
at the volatile contents the user specified, rather than being
scaled due to normalization of all components.

For example, if a user enters a bulk composition with 10
wt% Hy0 and the non-volatile oxides sum to 100 (anhydrous
normalized), all inputs will be divided by 110/100=1.1. So, if
the SiOy content was initially 50 wt% the calculation will be
initiated at 50/1.1 = 45.45 wt%, and H,O will be scaled down
to 10/1.1 = 9.09 wt%. In contrast, if the user specifies HoO=10
wt% as a keyword argument (‘H2O_init’), all other oxides will
be divided by a factor of 100/90=1.1111, so SiO, will be scaled
down to 45 wt%, and the calculation will initiate with 10 wt%
H,O0.

3.4 Available functions

We are continually working to update and expand the
functions available in PetThermoTools, and to keep these
up to date with the latest versions of alphaMELTS for
Python, MAGEMin, and all other underlying packages
(e.g, NumPy). An up-to-date list of the available func-
tions will be maintained on the PetThermoTools Readthe-
Docs page (https://PetThermoTools.readthedocs.io/en/
latest/available_functions_pdf.html), along with exten-
sive documentation and example notebooks. A summary of
the currently available functions is provided in Fig. 3, which

also highlights what methods are available using the MELTS
and/or H&P models. Fig. 4, 5, 6, and 7 represent example cal-
culations, with the code used to create these figures available
via ReadtheDocs. Current functions can be split into several
different groups (note that the items below do not represent
the function names; please refer to the ReadtheDocs page for
this information). Methods that are in development — i.e., not
currently available in the latest release, v0.3.0 — are indicated
by ™"

1. Crystallization calculations

(a) isobaric crystallization - simulations of equilib-
rium or fractional crystallization at a constant pres-
sure (Fig. 4). Several additional options are pro-
vided to the user for these calculations, such as the
ability to remove any excess volatile phase from the
system prior to starting calculations or to set a crys-
tallinity limit (rather than temperature) as the end
point of the calculation.

(b) polybaric crystallization - the user can either de-
fine a full P-T path, or select a temperature at which
the system changes pressure.

(c) isochoric crystallization - the volume of the system
is set from the initial calculation step (at the user
specified pressure), after which volume is constant
and pressure is treated as a dependent variable.

(d) **“enthalpy constrained crystallization - rather
than setting a temperature change for each model
calculation the user can specify a change in en-
thalpy associated with each model step.

(e) " energy-constrained assimilation - simulate as-
similation (and melting) of solid and/or mushy ma-
terial with the enthalpy of the total system used to
constrain the new equilibrium state (e.g., Gleeson
et al. 2023).

2. Decompression calculations

(a) isothermal decompression - magma ascent and de-
compression with temperature held constant (Fig.
2). All decompression calculations in PetThermo-
Tools track the evolution of the full liquid-vapor-
solid system and, therefore, provide significant ad-
vantages of prior thermodynamic modeling ap-
proaches that only track the evolution of the liquid-
vapor system (e.g., VESIcal; lacovino et al. 2021).
Future work will focus on integrating decompres-
sion calculations with models of system viscosity
that account for factors such as microlite nucleation
and growth.

(b) isentropic decompression - similar ascent calcula-
tions but with the entropy of the system held con-
stant (i.e., an adiabatic processes).

(c) " isenthalpic decompression - the system enthalpy
is held constant with temperature treated as a de-
pendent variable.
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VOLCANICA 1-16.

Isobaric Crystallization Calculations

a) Calculation setup
Isobaric crystallization calculations at different pressures. Starting composition is taken from a melt
inclusion collected from offshore of Isla Fernandina in the Galapagos Archipelago.

Isobaric_Xtal_C02 = ptt.isobaric_crystallisation(Model = "MELTSv1.2.0",
bulk=starting_comp, find_liquidus=True,P_bar=np.array([500,1000,2000,4000]),
T_end_C=1050,dt_C=2, f02_buffer="FMQ", f02_offset=-1.0,

Frac_solid=True,Frac_fluid=True,H20_init=0.4,C02_init=0.5, label="P_bar")
.

. . . . N
b) Inbuilt functions for oxide-oxide plots Specifies which graph

ptt.harker(Results = Isobaric_Xtal_C02, data = {'MI': MI, 'MG': MG}, (row,column) should
d_color = ['b',"y"], legend_loc = [1,2],— contain the legend
y_axis = ['Si02', 'Ti02', 'A1203', 'FeOt', 'Ca0', 'Na20'l])

4.0

By default MgO is shown on
the x-axis with 7 other oxides %
displayed on the y-axis. Here
6 oxides are chosen to plot. a8

35

3.0

Sio2

(=]
F 25

Al203

2.0

15

10

The ‘data’ input allows users to ;& & & ;& & & 7 & & &
plot their data alongside the 1ae
models. Here we use a 1
Dictionary structure to load 13
two DataFrames to compare 2
to the model results: Ml - melt
inclusion data, and MG -
matrix glass data.

e M
8 MG
—— P =500.0 bars
P =1000.0 bars
—— P =2000.0 bars
—— P =4000.0 bars

2 4 6 8 2 4 6 8 2 4 6 8
Mgo Mgo Mgo
c) Using pyrolite (Williams et al. 2020) to compare models and data on TAS diagrams :-'l’gg;;;s
# ———— Create TAS diagram from pyrolite ———— —— P = 2000 bars
from pyrolite.util.classification import TAS = P = 4000 bars
cm = TAS() : zlo

f, a = plt.subplots(1,1, figsize=(4,3.5))

cm.add_to_axes(a,alpha=0.5, linewidth=0.5, 8
zorder=-1,add_labels=False) ;
# ———- Loop through model results ———-—
for i in Isobaric_Xtal_C02: 6
df = Isobaric_Xtal_C02[i] ['All"'].copy() Q‘
df['Na20+K20']=df['Na20_Liq']+df['K20_Liq"'] X 5 1
a.plot(df['Si02_Liq'],df['Na20+K20'], W = 2, +
linestyle='-',alpha=1, label = i) o 4 -
~
©
# —-——- Plot glass data ———- < ]
a.plot(MI['Si02'],MI['Na20"']+MI['K20'], 3
'ok', mfc = 'y', label="MI")
a.plot(MG['Si02'],MG['Na20'1+MG['K20'1, 21
'ok', mfc = 'b', label="MG")
1 T T T T
a.set_xlim([40, 65]) 40 45 50 55 60 65
a.set_ylim([1, 8]) SiO;

a.legend()

Figure 4: Isobaric crystallization calculations in PetThermoTools. a. Isobaric crystallization calculations at 500, 1000, 2000,
and 4000 bar are initiated from a single function in PetThermoTools, with the composition of an olivine hosted melt inclusion,
collected from a submarine flow off the coast of Isla Fernandina, Galdpagos, used as the starting composition. Melt inclusion
data and matrix glass data from the submarine Isla Fernandina flows are taken from Koleszar et al. [2009] and Peterson et al.
[2017]. b. Using the in-built harker function we can inspect the composition of these models against the melt inclusion and
matrix glass data. ¢. Using pyrolite (Williams et al. 2020) we can plot the data and models on a Total Alkali vs Silica (TAS)
diagram. A more detailed version of this example is available on ReadtheDocs.
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900 ~

875 4

Temperature (°C)

750

725 A

850

825 A

800 -

775 A

Set bulk composition
(melt inclusion composition
from Anderson et al. (2000))

Load required packages

bulk = {'Si02_Liq': 77.6,

import numpy as np
import pandas as pd
import matplotlib.pyplot as plt

—_—

import PetThermoTools as ptt

'Ti02_Liq':
'A1203_Liq': 12.3,
'Fe0t_Liq': 0.65,
‘Mg0_Liq': 0.02,
‘Ca0_Liq': 0.41,
‘Na20_Liq':

0.09,

4.49,

'K20_Liq': 4.69}

Saturation Temperatures

Temperature residuals

Run calculations - specify
phases, pressure range, H,0
content, and fO, buffer

minimum, xstal = ptt.mineral_cosaturation(
Model = "MELTSv1.0.2", bulk= bulk,
P_bar = np.linspace(250, 5000, 64),
find_min=True, H20_Sat=True, T_maxdrop_C=25.0,
dt_C=1.0, f02_buffer = "NNO", T_cut_C =5,
phases = ['quartzl', 'plagioclasel’, 'alkali-feldparl'])

—>

Calculation time

25
—— Quartz i Minimum P ° 324 ’ @ multiprocessing
—— Plagioclase o % ?.eterm”?w by spline ° ¢  Main Process Only
N & 20 it to points with low )
—— Alkali Feldspar - ) residuals (<5 °C) ) 30 A
Tg (<] (]
o o @ % 281
g 15 A .. .. 9
« £ 26 1
g .. ® o
S i 1S
§ 10 [} .. £ 241 P
3 % °
o 51 [} )
= % 201
_.’ A
— ol » 1 1l : : 2
1000 2000 3000 4000 5000 1000 1500 2000 2500 3000 3500 2 4 6 8

Pressure (bar)

Pressure (bar)

Number of processes

Figure 5: Outline of the code structure, bulk composition, function, and arguments used to perform barometry calculations in
PetThermoTools. By varying the number of parallel processes we are also able to use these calculations to demonstrate the
speed advantages gained by running calculations in parallel. All calculations shown here were performed on a 2022 MacBook
Pro with an Apple M2 chip (8 processors). A complete version of this example is available through on ReadtheDocs.

3. Mineral co-saturation calculations

(a) find pressure of cosaturation - perform multiple

isobaric crystallization calculations to determine the
pressure of multiple phase saturation. This method
is based on prior approaches to determining the
pressure of plagioclase - alkali feldspar - quartz
cosaturation (Gualda and Ghiorso 2014), and or-
thopyroxene - clinoyproxene - plagioclase cosatu-
ration (Harmon et al. 2018), but is expanded to in-
clude any possible combination of 2 or 3 mineral
phases (Fig. 5). Unlike prior software options, it is
also possible to perform these calculations with the
H&P thermodynamic models.

***ind HyO, pressure, and fO, of cosaturation -
for more complex scenarios the search for mineral
cosaturation will be extended over multiple param-
eters. This will allow users to search for mineral
cosaturation over any combination of HyO, CO»,
pressure, and fOy values.

4. Melting Calculations

(a)

adiabatic decompression melting - isentropic de-
compression of solid material triggering melting
and magma generation (Fig. 6). PetThermoTools
is also designed to interact with — and call key
functions and methods from — the pyMelt Python
package (Matthews et al. 2022). This allows easy
comparison of, not only different thermodynamic
models, but also thermodynamic and empirical ap-
proaches to simulating mantle melting (Fig. 6).

(b)
(©)

L

isobaric melting - melt generation at a constant
pressure due to changes in temperature

***multi-component melting - an expansion of the
adiabatic decompression melting function where
the melting behaviour of multiple lithologies — that
are thermally connected but chemically distinct —
is simulated.

5. Phase Diagram calculations

(a)

Phase Diagram from P-T grid - assign a pressure
and temperature range to construct a phase dia-
gram. PetThermoTools also provides functions for
visualizing the phase diagrams, and methods for
creating contour plots (e.g., of phase proportions)
are avialable on ReadtheDocs (Fig. 7).

**Phase Diagram by reaction - rather than cal-
culating the full P-T grid, phase diagrams can be
constructed by tracing the P-T conditions at which
particular phases saturate within the system (or are
removed from the stable assemblage). For exam-
ple, this could be used to identify the garnet-out and
spinel-in reactions for different mantle lithologies.

6. Volatile saturation calculations

(a)

Saturation pressure - Given a melt composition
and volatile content PetThermoTools can calcu-
late the volatile saturation pressure. This can be
achieved using either a user specified T or PetTher-
moTools can simultaneously find the liquidus tem-
perature and saturation pressure.
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(b) Volatile solubility - for a given melt composition
and pressure calculate the maximum amount of
H;0 or CO, that can dissolve in the melt phase.

7. Additional calculations

(a) find liquidus - search for the temperature of initial
solid nucleation.

(b) equilibration - calculate the equilibrium state of the
system for a given pressure, temperature, system
composition, and oxygen fugacity.

(c) supplemental calculator - estimate the thermody-
namic properties of a phase for a given tempera-
ture, pressure and composition. A previous online
web-calculator had been extensively used for sev-
eral petrological applications, such as estimating the
activity of TiOy in magmatic liquids (Ghiorso and
Evans 2008).

We also provide several in-built plotting functions, allowing
for easy visualization of model results. Several of these plot-
ting methods are shown in the figures included in this paper
with more examples (and descriptions of the options available)
presented on ReadtheDocs (Figs. 4, 6, 7).

4  KEY IMPROVEMENTS

During the conceptualization and development of Pet Thermo-
Tools we identified three key targets for this resource that are
crucial for expanding the application of thermodynamic mod-
eling in petrological research and education: (i) integration
of PetThermoTools with both alphaMELTS for Python and
MAGEMin (Riel et al. 2022; Antoshechkina and Asimow 2025),
allowing users to perform calculations with alternative ther-
modynamic models and facilitating easier comparison of dif-
ferent approaches; (ii) improving the stability of calculations,
specifically developing better handling of calculation errors so
that multiple calculations can be performed without failure (in
prior software options, a single calculation failure would ter-
minate a run and typically require a complete restart of the
system/kernel); and (iii) integration with other Python pack-
ages developed for petrological research. These three features
are key for many researchers using thermodynamic modeling,
and will allow these models to be used directly within Python
workflows.

4.1 Integration with alternative thermodynamic models

Comparisons of different thermodynamic models remain lim-
ited in the literature, largely due to the different software tools
required to run the MELTS and H&P thermodynamic mod-
els (Jennings and Holland 2015; Hernandez-Uribe et al. 2022;
Wieser et al. 2025). PetThermoTools was initially developed
as an easy-to-access platform for thermodynamic calculations
with the MELTS models. However, recognizing the potential
impact of being able to run calculations with both the MELTS
and H&P models, within the same Jupyter Notebook, we es-
tablished a method for initiating calculations in julia through
MAGEMin_C (Riel et al. 2022). Currently, PetThermoTools
only provides access to the Weller et al. [2024] and Green et

al. [2025] thermodynamic models in MAGEMin. Set-up and
installation of the MAGEMin code and a Python-julia connec-
tion through PetThermoTools is simplified to a single note-
book, with straightforward installation and update functions
that ensure the underlying packages are compatible with the
version of PetThermoTools being used. This minimizes the
amount of prior coding experience required for new users.

The code structure of PetThermoTools allows users to
switch between the MELTS and H&P thermodynamic mod-
els by changing the string variable passed to the Model key-
word argument (Figs. 6, 7). Consequently, we believe that
this development will encourage future comparisons of dif-
ferent thermodynamic approaches, and potentially contribute
to a systematic assessment of thermodynamic model perfor-
mance across P-T-X space.

There are several functions in PetThermoTools that are
only available if the calculations are performed through al-
phaMELTS for Python. However, that this is not due to an
issue in initiating calculations through MAGEMin, but refers
to specific functions that require the presence of a HyO-CO,
mixed solubility model. A mixed H,O-CO; solubility model
is included in the latest versions of rhyolite-MELTS (v1.1.0
and v1.2.0) (Ghiorso and Gualda 2015), but the presence of
CO3 is not accounted for in the H&P thermodynamic models
at present. Finally, we acknowledge that performing calcu-
lations in MAGEMin through PetThermoTools is associated
with a decrease in computational efficiency (compared to run-
ning these calculations directly in julia) owing to the time re-
quired to initialize and compile the julia environment from a
Python notebook.

4.2 Speed & Stability improvements

One of the main weaknesses of thermodynamic model-
ing, specifically considering calculations performed with the
MELTS family of thermodynamic models, is the frequency of
model failures. In many MELTS software options, failures in
model convergence, that is, inability to find an equilibrium
solution, can terminate the process and cause the software to
crash. For example, automating 1000s of equilibrium crystal-
lization calculations in MELTS for Excel is possible, but if the
second calculation experiences an error or fails to converge
on an equilibrium solution at any point of the calculation, the
calculations will stop and no other models will be performed
(Brad Pitcher personal communications; Gualda and Ghiorso
2015). This reduces the ability for researchers to perform 100s
to 1000s of models in a single run, limiting the application
of Monte Carlo methods in thermodynamic modeling. Even
some of the more advanced software options suffer from sim-
ilar fragility to model failures. alphaMELTS for Python, for
example, cannot re-initialize the libalphaMELTS C library af-
ter a failure has occurred. This means that if the calculation
hits an error, the user would have to restart the Python kernel
and reload all libraries and input parameters before restarting
the models.

To address this, PetThermoTools utilizes Pythons multi-
processing library to initiate and run MELTS calculations in
separate 'child processes’. While MAGEMin does not suffer
from the same limitations described above, we opt to initialize
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Adiabatic Decompression Melting Calculations

g . N
a) Calculation setup
Adiabatic melting using a KLB-1 Model = ['pMELTS', 'Green2025']
Iherozolite starting composiion. Results = {}
Calculati rf d . for m in Model:
alculations are perrormed using Results[m] = ptt.AdiabaticDecompressionMelting(Model = m, bulk = "KLB-1",
both pMELTS and the Green et al. Tp_C = 1350.0, P_start_bar = 30000.0, P_end_bar = 2000.0, dp_bar = 200.0)
(2025) thermodynamic models.
b) Utilize in-built functions to display mineral proportions
Green et al. (2025) pMELTS
ptt.phase_plot(Results['Green2025'],
y_axis="P_bar")
5000 5000
ptt.phase_plot(Results['pMELTS'],
y_axis="P_bar") 10000 4 10000
. . . . _ ol _ ol
Adiabatic melting calculations B opx B opx
. . . 3 15000 1 cpx 5 15000 1 Cpx
provide an interesting £ ot o
: 8 - Sp g - s
comparison of the pMELTS L p—_— g g
(run via alphaMELTS for
Python) and the Green et al.
(2025; run via MAGEMin) 29000 25000
thermodynamic models.
30000 1 30000
0.00 0.25 0.50 0.75 100 0.00 0.25 0.50 0.75 1.00
Mass fraction Mass fraction
)
e
.. . . o
c) Compare empirical and thermodynamic models of mantle melting (e XB; pyet
Model = ['pyMelt', 'Green2025'] 5000 _ KLB-‘lz Green
Results_KLB = {} = KG1; pyMelt
Results_KG1 = {} wooo{ i/ ¢ — KGI; Green
for m in Model: $
Results_KLB[m] = ptt.AdiabaticDecompressionMelting(Model = m, bulk = "KLB-1", = 15000 4 B
Tp_C = 1350.0, P_start_bar = 30000.0, P_end_bar = 2000.0, dp_bar = 200.0) s
Results_KG1[m] = ptt.AdiabaticDecompressionMelting(Model = m, bulk = "KG1", E 20000
Tp_C = 1350.0, P_start_bar = 30000.0, P_end_bar = 2000.0, dp_bar = 200.0) 2
4
& 25000 1
PetThermoTools can also ¢, a = ptt.subplots(1,1, figsize = (2.5, 5))
interact with pyMelt. This ~ 2-Plot(Results KLB["pyMelt"] ["ALL") ("T_C"], 30000 4
. ) Results_KLB['pyMelt']1['AlU'1['P_bar'l,":b",
allows comparison of label='KLB-1; pyMelt') 15000 -
thermodynamic and a.plot(Results_KLB["Green2025"] ["AL1"] ["T_C"],
. . Results_KLB['Green2025'] ['All']['P_bar'],'-b",
empirical mantle melting label='KLB_1; Green') 40000 -
models. Melt Fraction
/ _ ™~
d) Calculate SCSS of mantle melts using PySulfSat g, . o Uherzoite wels
5000 o, ®  Pyroxenite Melts
import PySulfSat as ss ®o,
Smythel7_KLB1=ss.calculate_S2017_SCSS( 10000
df=Results_KLB['Green2025'] ['All'],
T_K=Results_KLB['Green2025'] ['Al1']['T_C']+273.15, s
P_kbar=Results_KLB['Green2025'] ['All'] ['P_bar']/1000, % 15000
H20_Ligq=Results_KLB['Green2025'] ['All"'] ['H20_Liq"'],Fe_FeNiCu_Sulf=0.6, §
Fe3Fet_Liq=Results_KLB['Green2025'] ['All"'] ['Fe3Fet_Liq']) §
20000
f, a = plt.subplots(1,2, sharey = True)
al0].plot(Smythel7_KLB1['SCSS2_ppm_ideal_Smythe2017'], 25000
Results_KLB['Green2025'] ['Al1'] ['P_bar'], 'ok', mfc = 'r")
al0].plot(Smythe17_KG1['SCSS2_ppm_ideal_Smythe2017'], o°°
Results_KG1['Green2025'] ['All']['P_bar'], 'ok', mfc = 'b') 30000 %00 1000 1100 1200 M o >
SCSS (Smythe et al. 2017) FeOt (wt%)

/

Figure 6: Adiabatic melting calculations in PetThermoTools. a. PetThermoTools contains several 'saved’ starting compositions,
including the experimental KLB-1 Iherzolite (Hirose and Kushiro 1993) and the KG1 pyroxenite (Kogiso et al. 1998). Calculations
here are performed using both pMELTS (Ghiorso et al. 2002) and the Green et al. [2025] thermodynamic models. b. PetThermo-
Tools provides a function for plotting up the phase assemblage of mantle melting calculations and this can be used to compare
the results of the two thermodynamic models. c. PetThermoTools can also call functions from the Python3 package pyMelt
(Matthews et al. 2022), allowing comparison of thermodynamic and empirical parameterizations of mantle melting. d. Easy
integration of the PetThermoTools outputs with other Python packages allows the Sulfur Content at Sulfide Saturation (SCSS) to
be calculated using PySulfSat (Wieser and Gleeson 2023).
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Phase Diagram Calculations

/a) Calculation setup

Phase diagram calculations using ‘
both the pMELTS and Green et al.

(2025) thermodynamic models.

Starting composition represents a

gabbro xenolith from the Galapagos. ‘

Res_pMELTS = ptt.phaseDiagram_calc(Model = "pMELTS",
bulk=bulk_03b,P_bar=np.linspace(1000.0,12000.0,100),
TC=

Res_Green
bulk=bulk_03b,P_bar=np. linspace(1000.0,12000.0,100),
T_C=np. linspace(950.0,1400.0,100))

np. linspace(950.0,1400.0,100))

= ptt.phaseDiagram_calc(Model = "Green2025",

b) In-built phase diagram plots

12000

ptt.plot_phaseDiagram(

\ Combined=Res_Green) 10000
Using =matplotlib widget in the
notebook makes this plot
interactive - meaning that
moving your mouse over the
plot will reveal the phase
assemblage of that pixel.

Pressure (bar)

Other plotting methods (e.g.,
contour by phase proportions)
are shown on ReadtheDocs. 950

1000 1050

0. Liq
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4. 0Ol Liq Plag

5. Sp Cpx Grt Plag
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20. Sp Opx Cpx Grt Plag
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1100 1150 1200

Temperature (°C)

1250

1300 1350 1400

¢) Examine phase compositions using Thermobar

import Thermobar as pt

fig, tax = pt.plot_px_classification(
figsize=(10,5))

cpx_comps_tern_green = pt.tern_points_px(
px_comps=Res_Green. loc[:,
Res_Green.columns.str.contains('_Cpx"')]1)
tax.scatter(cpx_comps_tern_green, ec = 'k',
marker = 'o', facecolor = 'r', s = 30,
label = 'Cpx - Green', alpha = 0.2)

opx_comps_tern_green = pt.tern_points_px(
px_comps=Res_Green. loc[:,
Res_Green.columns.str.contains('_Opx')]1)
tax.scatter(opx_comps_tern_green, ec = 'k',

T Wo

\ Cpx - Green

Opx - Green
Cpx - pMELTS
Opx - pMELTS

marker = 'o', facecolor = 'b', s = 30,
label = 'Opx - Green', alpha = 0.2)

Figure 7: Phase diagram calculations using the composition of Galdpagos gabbro xenolith 77MMSGO03b from Gleeson et al.
[2020] and Gleeson et al. [2025]. a. Following the approach of Gleeson et al. [2025] we calculate the phase stability between
950 and 1400 °C and 1000 to 12000 bar. Calculations are performed using both the pMELTS (Ghiorso et al. 2002) and Green et al.
[2025] thermodynamic models. b. An in-built function can be used to visualize the phase diagrams. By using the %matplotlib
widget in a Jupyter Notebook it is possible to make this plot interactive (so that the phase assemblage at any P-T point is shown
as the user moves their mouse over the graph). c. PetThermoTools outputs are designed to integrate seamlessly with Thermobar
(Wieser et al. 2022a). Here we use Thermobar to compare the clinopyroxene and orthopyroxene compositions - using a pyroxene
quadrilateral - predicted by the two different thermodynamic models.

the processes and calculations in the same way. Input data or-
ganization and compilation/formatting of model outputs takes
place within the main Python process, but new child processes
are initiated prior to any thermodynamic calculations (Fig. 1).
The key influence of this is that if a thermodynamic calcula-
tion failure occurs, PetThermoTools returns the model results
up to the failure point, terminates the "poisoned’ process, and
initiates a new child process to complete the remaining cal-
culations. As a result, by using Python’s multiprocessing li-

brary to initiate and run thermodynamic calculations in child
processes PetThermoTools protects the main process from
model failures, allowing large numbers of calculations to be
performed without risk of software failure.

It is important to note that initiating new child processes
adds time to the calculations (likely 1 - 2 seconds depend-
ing on the computer). Consequently, if the user is only per-
forming a single calculation (i.e., one fractional crystallization
model), PetThermoTools provides the option to 'turn off’ the
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use of child processes to minimize calculation times (this is
not provided as the default option as calculation errors could
restrict the potential for further MELTS calculations later in
the Python script/Jupyter Notebook). This option is not avail-
able for instances involving multiple calculations, as parallel
processing with the multiprocessing library can provide speed
improvements for large numbers of calculations (in addition to
the stability improvements outlined above). Specifically, when
more than one model is initiated, Pet ThermoTools will create
multiple child processes (up to the number of processors on
the system’s CPU), distribute the calculations between these
new processes and perform the thermodynamic calculations
in parallel. New processes are then only initiated when model
failures occur. This approach significantly reduces the total
calculation time and maximizes the capabilities of the systems
CPU. In cases where the user wants to limit the number of pro-
cessors used — e.g., so that their computer can be used for other
applications while PetThermoTools runs in the background —
they can manually select the extent of multiprocessing using
the ‘cores’ key-word argument in all functions.

A simple demonstration of the speed advantages provided
by PetThermoTools is seen when the 'mineral_cosaturation’
function is used to assess the magma storage pressure of high-
silica rhyolite following the method outlined by Gualda and
Ghiorso [2014]. This method consists of running isobaric crys-
tallization calculations at multiple pressures (64 different pres-
sures in the example shown in Fig. 5) to determine the pres-
sure at which all specified phases are saturated at or close to
the liquidus for the chosen melt composition. In Fig. 5 we cal-
culate the quartz - 2-feldspar co-saturation pressure for a melt
inclusion from the Early Bishop Tuff (Anderson et al. 2000)
and rerun the calculation multiple times steadily increasing
the number of processes performed in parallel. Our results
indicate that increasing the number of parallel processes to
8 (rather than running each model individually) can decrease
the computational time by ~44%. The calculations shown in
Fig. 5 were performed using a 2022 MacBook Pro with the
Apple M2 chip. Rerunning the calculations on a Lenovo P620
Workstation (with an Intel i9 12th generation chip with 32
logical processors) we found a maximum time reduction of
~57%. We note, however, that PetThermoTools is not built
to prioritize the speed of calculations, but rather to project the
system from potential model failures and to provide access
to thermodynamic modeling in Python for all users regard-
less of prior coding experience. Nevertheless, by simplifying
the necessary set up procedure for thermodynamic modeling,
and allowing easy integration with other Python packages de-
signed for petrological research (see Section 4.3), PetThermo-
Tools will provide a significant overall speed benefit to most
researchers using thermodynamic modeling as part of their
workflow.

4.3 Integration with other Petrological toolkits

Over the last few years there has been a rapid expansion in
the number of Python based, open-source packages designed
to facilitate petrological research (e.g., VESIcal, lacovino et al.
[2021] and Wieser et al. [2022b], Thermobar, Wieser et al.
[2022a]; pyMelt, Matthews et al. [2022]; PySulfSat, Wieser and

Gleeson [2023]; Pyrolite, Williams et al. [2020]; and meltPT Mc-
Nab and Ball [2023]). There are hundreds of researchers utiliz-
ing these tools to examine, interpret, and visualize their data.
Consequently, we designed PetThermoTools to integrate with
as many of these different toolkits as possible, so that users can
incorporate thermodynamic modeling with other aspects of
their data analysis and visualization workflows. One of the key
choices was to use the naming convention for different phases
from Thermobar (Wieser et al. 2022a), specifically using the
suffixes "_Liq’, "_Cpx’, ’_Plag’ etc. in the column headers for
the output DataFrames (which was made easier by the sepa-
ration of plagioclase and k-feldspar phases in alphaMELTS).
Consequently, results from PetThermoTools can be used in
the Thermobar and PySulfSat functions without any further
data handling; i.e., output variables can be directly used as
input parameters in these other packages.

Several examples of how PetThermoTools integrates with
other Python packages are shown in figures here and on the
associated ReadtheDocs page. First, we show how a few sim-
ple lines of code can be used to plot the result of crystalliza-
tion models on a Total Alkali vs Silica (TAS) diagram (Fig.
4). This utilizes the plotting capabilities of the package pyro-
lite (Williams et al. 2020). In addition, we demonstrate how
the outputs of PetThermoTools directly feed into the func-
tions of Thermobar, allowing visualization of mineral compo-
sition on a pyroxene quadrilateral (Fig. 7). We also use simple
mantle melting calculations to demonstrate the comparison of
different thermodynamic and empirical mantle melting mod-
els. This is achieved through the integration of PetThermo-
Tools with some of the key methods in pyMelt (Matthews et
al. 2022), allowing users to access the Matthews et al. [2021]
parameterizations for melting of KLB-1 lherzolite and KG1 and
G2 pyroxenites (Fig. 6). Finally, we show how PetThermo-
Tools outputs integrate with PySulfSat functions (Wieser and
Gleeson 2023), facilitating easy calculation of the Sulfur Con-
tent at Sulfide Saturation (SCSS) from any PetThermoTools
calculation (Fig. 6).

5 FUTURE WORK

Moving forward, PetThermoTools will continue to develop
and expand. Specifically, we will work with existing MELTS
and MAGEMin users to ensure that all common thermody-
namic calculations are available with clear documentation and
example notebooks. We will solicit feedback from the ther-
modynamic modeling community (through workshops, con-
ferences, and the alphaMELTS Discord server) to help direct
further expansion of the PetThermoTools functionality. This
will be achieved through the creation of new methods, such as
the development of multi-component mantle melting function,
or via expansion and customization of existing methods; for
example, the ability to calculate a P-fO, or T-H,O phase dia-
grams. We also plan to develop methods for performing trace
element and stable isotope fractionation calculations along-
side PetThermoTools calculations. Planned developments to
PetThermoTools are listed above and represent some of the
key methods that have been requested by existing PetTher-
moTools users. Furthermore, as PetThermoTools and the un-
derlying alphaMELTS for Python and MAGEMin packages are
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open source, we encourage more advanced users to reach out
and collaborate with the development team. In doing so, we
hope that new methods using the underlying code packages
can be incorporated into the framework of PetThermoTools
and, therefore, become accessible to other users.

6 CONCLUSIONS

We expect that PetThermoTools will greatly benefit re-
searchers in igneous petrology, from undergraduate students
to established professors. The code is designed to be accessi-
ble to all users, with a number of well-documented example
Jupyter Notebooks available via ReadTheDocs. For more ad-
vanced users, the application of parallel processing workflows
has proven successful in reducing the time required to perform
thermodynamic calculations, and minimizes the influence of
calculations failures, increasing the potential of utilizing Monte
Carlo methods alongside MELTS modeling and other appli-
cations. In addition, we have specifically designed the Pet-
ThermoTools model outputs so that they seamlessly integrate
with other Python-based petrological tools (e.g., Thermobar;
Wieser et al. [2022a]), allowing thermodynamic modeling to be
directly incorporated into user workflows. Finally, PetTher-
moTools represents one of the first software packages to pro-
vide easy access to both the MELT'S and H&P thermodynamic
models, facilitating easier comparison of different thermody-
namic approaches.
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