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Diffusion chronometry is a technique gaining interest in the scientific community related to volcanology and petrology; however, modelling can be challenging for non-expert users. Here, we present DiffSim, a user-friendly standalone freeware that allows users to calculate magmatic timescales simulating 1D diffusion of major elements in olivine, orthopyroxene, titanomagnetite, and melt (inclusions). The freeware works solving the Fick’s second law equation (for both Cartesian and spherical polar coordinates, depending on the phase) using finite differences through the Crank-Nicolson method. Users must specify the initial composition vs. distance profile, the time resolution, and the intensive conditions (such as temperature, pressure, and oxygen fugacity). For orthorhombic phases, such as olivine and orthopyroxene, users must also specify the plunge and the trend of the (001)-axis and the angle traverse of the 2D section being studied. The best-fitting profile, comparing the natural (measured) and the modelled (calculated) profiles, is obtained using the least-squares fitting method in accordance with the total time specified by the user for performing the diffusion modelling. To determine the uncertainties of the timescale calculation, DiffSim propagates errors based on the uncertainties associated with each intensive condition and the experimental diffusivity measurements. DiffSim is available as executable freeware, allowing researchers and students to use diffusion chronometry to elucidate information about crustal processes with ease and precision.
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INTRODUCTION
In recent years, computational geochemistry tools have been garnered interest and use within the scientific community, particularly for addressing petrological and volcanological challenges. These tools find applications in various areas, including thermodynamic modelling (e.g., Gualda et al., 2012; Bohrson et al., 2014; Ghiorso and Gualda, 2015; Ariskin et al., 2018), equilibration of melt inclusions (Danyushevsky and Plechov, 2011; Brahm et al., 2021), thermobarometry (Petrelli et al., 2020), and diffusion chronometry (Girona and Costa, 2013; Wu et al., 2022).
Diffusion chronometry is a technique that has gained increasing interest in igneous petrology (e.g., Costa et al., 2020; Chakraborty and Dohmen, 2022). It serves as a powerful tool for determining timescales of geological processes, especially in the field of volcanology. This encompasses phenomena such as eruptive triggering (Coombs et al., 2000; Morgado et al., 2019), magma mobilisation (Caracciolo et al., 2021; Kahl et al., 2023), magmatic residence times in the crust (Kahl et al., 2011; Chamberlain et al., 2014; Morgado et al., 2017; Petrone et al., 2018), magma assimilation (Costa and Dungan, 2005), magma ascent (Ma et al., 2024) and syn-eruptive processes (Morgado et al., 2022).
However, the calculations related to diffusion processes can be a challenging task, especially for non-expert users. Therefore, to overcome this limitation, we developed DiffSim, a user-friendly interface freeware designed to solve Fick’s second law equation. DiffSim offers a range of intuitive features that guide users through the process, providing accurate diffusivity values and magmatic timescales for major elements in olivine, orthopyroxene, titanomagnetite and melt. Additionally, DiffSim is available as executable freeware, enabling researchers and students to perform diffusion chronometry-related calculations and uncertainties with ease and accuracy.
DIFFUSION MODELLING IN MAGMATIC PHASES
Diffusion processes can be modelled in mineral phases according to the Fick’s second law (Fick, 1855), which is defined for Cartesian coordinates (Eq. 1) as:
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Where C is concentration, t is time (in s), and D is diffusivity (m2/s) considered as a constant value depending on the magmatic phase and the magmatic intensive conditions.
Also, diffusion processes could be modelled in melt inclusions according to the Fick’s second law, defined for spherical coordinates (Eq. 2) as:
[image: image]
To approximate a solution for these Fick’s law equations, for Cartesian and spherical coordinates (Crank, 1975), DiffSim employs numerical solutions, which become more accurate the better the resolution of the created profiles. The created profiles will have better resolution depending on the number of nodes declared by the user in the DiffSim interface. A higher number of nodes (points) leads to an enhanced profile resolution and higher accuracy (Figure 1), but also results in a larger number of calculations and, in consequence, slower computational solving times (Costa et al., 2008).
[image: Figure 1]FIGURE 1 | Natural, initial (created), and final (created) profiles were represented as 8 (A) and 40 (B) nodes for all the calculations. The final profile becomes more similar to the natural profile as the number of nodes increases.
GENERATION OF FINITE DIFFERENCES
The user input field “number of points” corresponds to the number of nodes representing the initial composition profile, all the calculated composition profiles (including the final one), and the natural composition profile representation. Thus, the total spatial elements represented are “number of points - 2”. If the user declares a “number of points” value lower than the measured points, then DiffSim enforces the calculation with a “number of points” equivalent to the points measured. As a result, the modelling does not have a resolution coarser than the data, even though sometimes that level of resolution could be adequate, especially when the natural data are noisy.
The increase in the number of nodes used to represent the final profile (an approximation of the final profile) is calculated by considering the profile given by the user as the initial set of nodes. If we consider both the position and concentration of two contiguous nodes, those points define a single linear equation. The new nodes interpolated between the initial nodes are (position, concentration) plotted pairs, which must satisfy the same linear equation. This procedure is repeated for all contiguous pairs of nodes (Figure 2). If the number of nodes of the natural profile are “n”, then to represent the profile as nodes, the number of nodes “N” must satisfy the following equation (for a value of k = {0, 1, 2, 3 …}):
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[image: Figure 2]FIGURE 2 | (A) shows an example of how the natural compositional profile, of “n” nodes given by the user, determine “n-1” linear equations between two contiguous nodes. (B) shows how additional nodes are included between the initial nodes.
Then, the “number of nodes” specified by the user is designated as “N”, and DiffSim will consider it as an appropriate value for processing only if it satisfies Eq. 3. If “N” fails to meet the criteria of Eq. 3, then DiffSim will sequentially attempt values N-1, N-2, N-3, and so forth, decrementing by one with each failure, until it identifies the maximum value that fulfils Eq. 3. This value will then be adopted as the number of nodes for all subsequent calculations.
INITIAL BOUNDARY CONDITIONS
The natural compositional profile determines the maximum length of both the calculated profiles and the initial nodes. In the DiffSim interface, the “break distance” specified by the user determines location of the boundary between two plateau compositions (“Cmin” and “Cmax”), resulting in highly defined initial profiles with sharp transitions (dependent on the resolution), which yield maximum timescales (Costa and Morgan, 2010). Considering the “break distance” given by the user (in µm), DiffSim finds the closest node to that value and considers it as the last node with initial composition. Then, the higher the number of nodes (or points) specified by the user, the more closely the “break distance” given by the user will match the “break distance” considered by DiffSim. Therefore, for the total “n” nodes, if the break distance considers “c” nodes, the initial compositional profile is built as follows:
For the nodes numbered from 1 to “c”, we have Eq. 4:
[image: image]
For the nodes numbered from “c+1” to “n”, we have Eq. 5:
[image: image]
where Ci,1 is the node number “i” for the initial profile (iteration = 1), equivalent to the boundary condition before the iterations (iteration >1). DiffSim calculates both initial profile and an approximation of the final profile, which have the number of nodes given by the user (Figure 3).
[image: Figure 3]FIGURE 3 | Scheme showing how DiffSim creates initial profiles considering the natural profile, break distance (in µm), Cmin, and Cmax compositions.
EFFECT OF CRYSTALLOGRAPHIC ORIENTATION
Diffusivity calculation
For DiffSim diffusivity calculations, both melt and titanomagnetite are considered as isotropic, meaning that their diffusivity values remain independent of the crystallographic orientation of the crystal (or solid). Conversely, olivine and orthopyroxene are orthorhombic minerals, exhibiting anisotropic diffusivity characteristics that can affect the ionic diffusivity. For Fe-Mg diffusion, the diffusivity along the (001)-axis is six times greater for olivine (Dohmen and Chakraborty, 2007; Dohmen et al., 2007) and 3.5 times greater for orthopyroxene (Dohmen et al., 2016) compared to the (100)- and the (010)-axes. To determine the influence of the anisotropy in the diffusivity of a particular traverse, DiffSim utilises the Philibert (1991) equation for any crystallographic orientation:
[image: image]
where α, β, and γ correspond to the angles between the traverse and the axes (100), (010), and (001), respectively (details of calculations in Supplementary Material S1). The Eq. 6 works better if the diffusion traverse is measured perpendicular to the external face of the studied crystal (Couperthwaite et al., 2021). Then, we recommend considering external faces normal to the sectioning plane to hold the Eq. 6.
If the user knows crystallographic orientation values represented as Euler angles typically obtained through techniques such as electron backscatter diffraction, as demonstrated by (Prior et al., 1999, 2009), these angles can be subsequently converted into the trend and plunge of Miller indices. This transformation can be accomplished using the spreadsheet provided in Supplementary Material S2 (euler_proc_CORRECT.xls for orthorhombic phases). For diffusivity calculations, EBSD analyses are only required if the user work non cubic phases, and currently, DiffSim is restricted to isotropic (titanomagnetite and melt) and orthorhombic (olivine and orthopyroxene) phases.
Implementation of EBSD data
The EBSD technique works on a 2D section of a mineral phase and prior to its use, a reference axis must be defined (hereafter referred to as “North”, Figure 4). This reference axis lies within the plane of the studied section and will be a benchmark to compare the trends of the (100), (010), and (001) axes of the orthorhombic phases. Subsequently, the plunges of each axis [(100), (010), and (001)] are calculated using the studied section as reference (Figure 4). Finally, since the (100) and (010) axes are perpendicular with respect to the (001)-axis, then only the trend and plunge of the (001)-axis are needed to determine the diffusivity correction due to crystallographic orientation. To facilitate this, DiffSim interface prompts the user for “(001) trend” and “(001) plunge” values (which can be computed from Euler angles, using the spreadsheet provided in Supplementary Material S1).
[image: Figure 4]FIGURE 4 | (A) Shows a view from above of the studied section, where the “north” direction is indicated based on the observed plane. The trends of the axes are calculated using “north” as a reference. (B) Shows an olivine phenocryst intersected by a random section (x-y plane) and provides an example of how the plunge is calculated for the (001)-axis (equivalent to the “c” axis) in the olivine phenocryst crossed by the random section.
BEST FITTING ITERATION
For iterations beyond the first one (equivalent to the initial profile), the compositional profile is calculated using the Crank-Nicolson method (Crank and Nicolson, 1947), considering points (nodes) on lines according to the Eq. 7:
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Where Ci,j is the concentration of the element of interest in the node i in the iteration (representing time) j, D is diffusivity (in m2/s), t is the time resolution (in s), and x is space (in m). As Girona and Costa (2013) established for their software DIPRA, the numerical solution of the Fick’s second law equation is stable only if the time resolution, node spacing, and phase diffusivity accomplish the condition of Eq. 8. To accomplish this condition, users are advised to either increase the time resolution or decrease the spatial resolution. Increasing the time resolution will result in longer computation times, while decreasing the spatial resolution will shorten the computation times.
[image: image]
The time resolution is given directly by the user, the space of each finite element is determined by dividing the maximum length of the provided profile by the number of “nodes – 2”. Also, DiffSim calculates the diffusivity of the major elements according to the physical intensive conditions specified by the user in the interface. All calculated profiles, including the final one, have the same number of nodes. Therefore, DiffSim is able to determine the least squares value for each iteration, and the iteration with the minimum value is selected as the final solution. Throughout these iterations, the best-fitting profile is calculated using the least-squares fitting method (Eq. 9) to minimise the error.
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where yi is the composition of the node “i” for the final (created) profile, and [image: image] is the composition of the node “i” for the calculated profile in a specific iteration. The sum of squared errors (SEE) is calculated for all the time iterations and for the n nodes.
UNCERTAINTIES
Recent studies have presented calculations of uncertainties (error propagation) in the diffusivities for Fe-Mg interdiffusion models in olivine (Kahl et al., 2015) and titanomagnetite (Aragon et al., 1984; Morgado et al., 2019). The uncertainties in diffusivities are related to those in the calculated magmatic timescales. Then, to determine the standard error propagation (e.g., Barlow, 1989) for orthopyroxene diffusivity, and subsequently the uncertainty of the timescales, we use a similar approach as that used by Barlow (1989) for any functions employed. This involves the Eq. 10:
[image: image]
DiffSim provides the opportunity to calculate magmatic timescales with a specific diffusivity of the system, considering error propagations to determine maximum and minimum diffusivity values. Details of the error propagations are available on Supplementary Material S4. This is achieved by choosing the “Minimum time” and “Maximum time” options, respectively, in the interface.
PRACTICAL IMPLEMENTATIONS OF DIFFSIM
First, the user must specify the key parameters for the modelling: number of nodes (larger number provides better resolution), time resolution (determining the units in the model), iterations (number of modeling steps), and the magmatic intensive conditions. These conditions include temperature (for olivine, titanomagnetite, orthopyroxene, and melt diffusion modelling), pressure (for olivine diffusion modelling), and oxygen fugacity buffer (applicable to olivine, titanomagnetite, and orthopyroxene modelling). Simultaneously, the user is required to provide variations of compositions (in molar fraction of major elements) along with corresponding distances (in µm) as a profile in the designated spreadsheet (Supplementary Material S3). Based on the length and composition of the compositional profile, the user must specify the minimum and maximum values of the x-axis and y-axis to display the solutions (lengths of the plot box).
Olivine and orthopyroxene phenocrysts are orthorhombic (anisotropic); therefore, EBSD will yield the crystallographic orientation in Euler angles. These Euler angles can be transformed to Miller indices using the spreadsheet provided in Supplementary Material S1: (001) trend, (001) plunge. Finally, the user must specify the angle between the “North” and the traverse (compositional profile), referred to as the “traverse angle” in the DiffSim interface.
The “total time” DiffSim simulates diffusion corresponds to the multiplication of two key parameters given by the user: “time resolution” times “iterations”. The answer provided by DiffSim corresponds to the “total time” related to the best-fitting iteration (according to the least-squares fitting method), expressed in different scales (seconds, minutes, hours, days, weeks, months, years, and millennia), according to the time resolution specified by the user. If the “total time” of the best-fitting calculated profile is equivalent to the time specified by the user for modelling, then we suggest that this could be due to an insufficient number of iterations (Figure 5) and it allows to follow the evolution of the profile in time. If the “total time” of the best-fitting calculated profile is equal or shorter than the “total time” specified by the user (through the given “time resolution” and “iterations”) for modelling, then that is the answer provided by DiffSim (Figure 6).
[image: Figure 5]FIGURE 5 | The user-friendly DiffSim interface displays the best fitting profile for the specified “total time”, “time resolution”, and “number of iterations”. The software also shows initial, measured, and calculated profiles to illustrate of the temporal evolution of the system. Results in yellow boxes highlight the “least-square best fitting” outcome and the corresponding time required to achieve the best-fitting profile (equivalent to the best “total time” model, which corresponds to the minimum SSD value). In this scenario (case 1), DiffSim requires more “total time” than the specified by the user (as “time resolution” multiplied by “number of iterations”) to produce a calculated profile that closely matches the natural (measured) one.
[image: Figure 6]FIGURE 6 | Similar to Figure 5, this displays the best fitting profile for the “total time”, based on the “time resolution” and “number of iterations” specified by the user. It contrasts Figure 5 by showing a scenario where the DiffSim model requires less time (362 h) to match the measured profile compared to the “total time” specified by the user (as “time resolution” multiplied by “number of iterations” = 500 h). In this scenario (case 2), the specified “total time” was sufficient to achieve the best-fitting profile to the natural (measured) one.
The DiffSim installer is in an external website (https://eduardomorgado.com/index.php/diffsim_en/), while the executable files can be found in Supplementary Material S3, offering users the opportunity to modify features to their specific needs and preferences, allowing customisation and flexibility. This software serves also as a resource for learning and education, providing tools for exploration and fostering a collaborative environment.
Example: masuring the timescale of an olivine crystal
As an example, we will present the timescale calculation for an olivine crystal from one of the Caburgua cones (Southern Volcanic Zone of the Andes, Chile) at a temperature of 1,150°C ± 20°C, a pressure of 1.2 kbar ±1.2 kbar, and an oxygen fugacity buffer of NNO ± 0.2 (Morgado et al., 2017). We obtained the major elements by measuring a traverse via Electron Probe MicroAnalysis (EPMA) and calculated XFo as Mg/(Mg+Fe2+) in mols. The traverse defines a distance (μm) vs. XFo arrangement, which the user provides in the “Olivine_distance_composition.xls” spreadsheet. Additionally, we obtained the crystal orientation as Euler angles via Electron BackScatter Diffraction (EBSD). Then, we convert the Euler angles to (001) plunge and (001) trend using the “euler_proc_CORRECT_2.xls” spreadsheet (Figure 7A). To determine the traverse angle, we measure the angle between the north and the traverse in an anti-clockwise direction (Figure 7B). Finally, all the information (pre-eruptive conditions, compositional profile, and angles) is given by the user as input into the DiffSim interface. DiffSim then calculates “Timescale” (diffusivity with no uncertainty), “Minimum time” (maximum diffusivity considering uncertainties), and “Maximum time” (minimum diffusivity considering uncertainties) according to the user’s needs (Figure 7C).
[image: Figure 7]FIGURE 7 | Example of how to determine timescales using DiffSim: (A) (001) plunge, (001) trend, and traverse angle calculations; (B) how to add data in the “Olivine_distance_composition.xls” spreadsheet representing a compositional profile (indicated by the dashed arrow); (C) magmatic timescales obtained as “Maximum time”, “Timescale”, and “Minimum time” considering the uncertainties in diffusivity.
CODE AVAILABILITY SECTION
Contact: eduardo.morgado@umayor.cl
Hardware requirements: Minimum of 2 GB disk capacity, Minimum of 1 GB RAM, dual processor cores.
Program language: MATLAB.
Software required: DiffSim Installer (∼ 1GB).
Program size: ∼5 MB (executable files).
Source codes available at: https://github.com/eduardomorgado1988/DiffSim
Installation package available at: https://eduardomorgado.com/index.php/diffsim_en/
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