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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.

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

1 INTRODUCTION
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 chemical5

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); helping10

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, where15

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-20

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-25

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 parameterizations30

might track a small number of key variables (e.g., phase pro-
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portions and/or chemistry), thermodynamic simulations are
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 35

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. 40

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- 45

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 50

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- 55

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 60

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. These65

improvements allow users to integratePetThermoToolsdi-
rectly into their Python work�ow. As a result, we believe
that PetThermoToolshas the potential to become a critical
component of petrological research and education, providing
greater access to thermodynamic modeling for all researchers,70

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 in�uential group of models in igneous petrology.75

Currently, the term "MELTS" can be used to refer to 4
di�erent thermodynamic models (pMELTS, Ghiorso et al.
[2002]; rhyolite-MELTS 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 di�erent software options that80

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 speci�c calculations but with limited
potential for automation or more complex calculations (e.g.,85

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 Asimow90

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 most95

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-100

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 and105

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-110

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" group115

of models. Consequently, comparison of the two groups of
thermodynamic models has remained limited in the published
literature (Jennings and Holland 2015; Hernández-Uribe et al.
2022; Otto et al. 2023; Wieser et al. 2025).

3 PetThermoTools 120

Figure 1: Schematic �ow 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
MAGEMin (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 developedPetThermoToolsas 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-125

ries of other Python-based packages recently developed for
petrological research (e.g., VESIcal, Iacovino 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.130

[2020]). Where possible, we designedPetThermoToolsto 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 work�ows of
researchers. Our aim was to produce a software package in135

which users with little to no coding experience can run sim-
ple MELTS models, but with the �exibility and customization
required for advanced users to perform more complex calcu-
lations and/or contribute to new functionality. In addition, by
integratingPetThermoToolswith the core functions of both 140

alphaMELTS for Python and MAGEMin, it is now possible
for researchers to critically examine and compare di�erent
thermodynamic models in an e�cient and easy manner (e.g.,
Wieser et al. 2025).

3.1 Installation 145

Detailed installation instructions, including di�erences for Ma-
cOS, Linux, and Windows users, can be found on thePetTher-
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 the150

installation processes is included here:

1. Users must �rst 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-155

gramming.

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

pip install petthermotools

Or directly from a Jupyter Notebook:160

%pip install petthermotools

OncePetThermoToolsis 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 representPetThermoTools(here we use?CC):

import petthermotools as ptt

3. Only required for MELTS calculations. Simulations165

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-170

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-175

tion notebook, also available on thePetThermoTools
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.180

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.185

3.2 Code structure

PetThermoToolsis 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 functions190

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
(i.e., T, P, entropy, volume and/or enthalpy), and additional195

variables that are speci�c to the chosen function (Fig. 1).
These additional variables provide greater �exibility 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. 200

One of the key aspects ofPetThermoToolsis 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 withinPetThermoToolsso that this informa- 205

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 di�erent models. 210

If the input parameters indicate more than one calculation is
desired (e.g., the user provides an array of initial system H2O
contents)PetThermoToolswill, by default, utilize Python's
multiprocessing library to run these calculations simultane-
ously in separate 'Child Processes'. The maximum number215

of parallel calculations that can be performed is automatically
determined based on the speci�cations 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). 220

Outputs from thermodynamic calculations performed
throughPetThermoToolsare 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.),225

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-230

tions. The 'keys' used in the higher-level Dictionary to iden-
tify each phase are based on the naming convection used in
alphaMELTS ('liquid1', 'clinopyroxene1', etc.). As MAGEMin
does not separate feldspar into plagioclase and alkali feldspar
(unlike alphaMELTS) feldspar DataFrames from MAGEMin235

calculations are given the names 'feldspar1', 'feldspar2', 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 speci�c parameters (e.g., 'rho_kg/m3'). This240

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["liquid1"]["MgO_Liq"]

whereresultsrepresents the Dictionary returned by thePet- 245

ThermoToolscalculation, with the chemical composition of
the melt phase recorded in the DataFrame associated with
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Figure 2: Outline of thePetThermoToolsoutput 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 CO2 contents are tested and thelabelkey-word argument
is used to indicate that the output variables should be labeled by these initial CO2 contents.b. As multiple calculations are
initiated the main output variable is a Python Dictionary containing sub-Dictionaries labeled by the initial CO2 content of each
calculation.c. 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'�uid1' key can be used to access the DataFrame
containing the composition of the �uid phase.e. Example plotting script revealing the different �uid 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 su�x to all output column headers to identify the phase
being examined. We have used the naming convention for250

di�erent phases from Thermobar to enable easier integration
of thermodynamic model results with other Python packages

(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-255

sheet, where the "sheets" within the spreadsheet represent each
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Figure 3: Outline of the functions currently available inPetThermoTools. 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 inPetThermoTools. 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 CO2
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,260

an array of initial system CO2 contents are passed to the
isothermal_decompressionfunction (Fig. 2) �PetThermo-
Toolswill 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 to265

identify each individual calculation will, by default, be set to
'D= 0, 'D= 1, 'D= 2, etc. although the user can specify
certain parameters � based on the chosen input arguments
� to use as the keys if appropriate (e.g.,�$ 2 = 0•001|C%,
�$ 2 = 0•01|C%, �$ 2 = 0•025|C%). For example, in crys- 270

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 CO2 content of
0.025 wt % via the following code:

Page 5
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results["CO2 = 0.025 wt%"]["mass_g"]

By creating this nested dictionary structure, we have made275

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-280

phaMELTS for Python these values will be treated slightly
di�erently. 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 this285

di�erence 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 substance290

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 would295

have to scale up the volume estimate fromPetThermoTools
by the ratio between their chosen mass value and the mass
value returned byPetThermoTools.

If the initial system composition is provided entirely by the
'bulk' input variable, all oxides � including volatiles � are300

included in the pre-calculation normalization. However, if
users specify H2O or CO2 contents using the 'H2O_init' or
'CO2_init' key-word arguments,PetThermoToolswill keep
these values �xed, and re-adjust the other oxides so the hy-
drous sum is 100. This means that the calculations are run305

at the volatile contents the user speci�ed, rather than being
scaled due to normalization of all components.

For example, if a user enters a bulk composition with 10
wt% H2O and the non-volatile oxides sum to 100 (anhydrous
normalized), all inputs will be divided by 110/100=1.1. So, if310

the SiO2 content was initially 50 wt% the calculation will be
initiated at 50/1.1 = 45.45 wt%, and H2O will be scaled down
to 10/1.1 = 9.09 wt%. In contrast, if the user speci�es H2O=10
wt% as a keyword argument (`H2O_init'), all other oxides will
be divided by a factor of 100/90=1.1111, so SiO2 will be scaled315

down to 45 wt%, and the calculation will initiate with 10 wt%
H2O.

3.4 Available functions

We are continually working to update and expand the
functions available inPetThermoTools, and to keep these320

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 thePetThermoToolsReadthe-
Docs page (https://PetThermoTools.readthedocs.io/en/325

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-330

culations, with the code used to create these �gures available
via ReadtheDocs. Current functions can be split into several
di�erent 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., not335

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-340

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 end345

point of the calculation.

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

(c) isochoric crystallization- the volume of the system350

is set from the initial calculation step (at the user
speci�ed 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 model355

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 to360

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.365

2). All decompression calculations inPetThermo-
Tools track the evolution of the full liquid-vapor-
solid system and, therefore, provide signi�cant ad-
vantages of prior thermodynamic modeling ap-
proaches that only track the evolution of the liquid-370

vapor system (e.g., VESIcal; Iacovino 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. 375

(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-380

pendent variable.
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