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Abstract
Advancements in computational methods have shaped investigations of Earth’s interior. Geodynamicists
model Earth’s convective mantle using super-computers, and such complex models create massive
outputs that necessitate solutions for effective visualisation and comparison to geological constraints.
Here we present an open-source framework for robust 4-D (3-D space and time) joint visualisation of
geodynamic models and geological data. The framework brings together geological data and
geodynamic models in the same platform allowing for new ways of analysis and more insights on the
relationship between Earth’s interior and surface. It has applications in both basic research and frontier
resource exploration, and is dynamic enough to be used in various applications that require overlapping
spatial data over time. In this work, we provide methods and examples to visualise geological data with
various geometries in 3-D, showcase applications including mapping Earth’s mantle temperature
anomalies and chemical composition, tracking materials such as sinking cold mantle structures over
time, and using virtual drillholes to probe into Earth’s interior for which properties with depth are analysed.

Introduction
Earth resources such as metals are critical for sustainable growth. The quest to �nd more Earth resources
has resulted in a surge of geoscienti�c data and models. Thanks to the development of information
theory (Shannon 1948) which utilized the modernized binary systems (Leibnitz 1703), data can be
digitized not only for storage but also for further use in other tools. A recent example of such digitized
geoscienti�c data is age of ocean �oor digitized by Müller et al. (1997) used in tectonic plate
reconstructions and studying Earth’s interior (Müller et al. 2022). Geologists achieved a near complete
picture of plate tectonic theory between 1960-1970s, and thanks to advances in computer technology and
high-performance computing, seismic tomographic models improved in resolution (Cartwright and Huuse
2005) and geodynamicists created numerical computer simulations of mantle convection to better
understand dynamics of Earth’s interior (McKenzie et al. 1974). Much effort has been given to provide
tools 1/ to visualise geoscienti�c data and 2/ visualise and analyse outputs of numerical simulations of
Earth’s interior (Fullsack 1995; Damon et al. 2008; Stegman et al. 2008; Schröder et al. 2012; Kaluza et al.
2019). Such tools are usually focused on visualisation performance, parallel-processing e�ciency and
visual clarity. Crameri (2018) provided useful routines not only for visualisation but also for diagnosis of
dynamics in the convecting mantle in a geodynamic model, and introduced accessible open-access
colormaps.

Different properties of geodynamic model outputs can be analysed for different problems. Total normal
stress at the surface can be used to predict dynamic topography driven by mantle density anomalies
(Flament et al. 2013; Bodur and Rey 2019). Hot mantle structures and mantle plumes can be detected by
iso-surfaces of horizontal temperature anomalies (Labrosse 2002; Leng and Gurnis 2012), gradient of
radial velocity �eld (Hassan et al. 2015) or by computing radial heat advection using temperature �eld
and radial velocity (Arnould et al. 2020). In these studies, the detected mantle structures and surface
topography were compared against geological constraints (e.g., tectonic subsidence, locations of large
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igneous provinces) and geophysical data (e.g., residual topography, seismic tomographic models) which
provided insights on the link between surface and Earth’s deep interior. Some research questions
necessitate extracting properties of geodynamic model output underneath certain geographical locations
which varies in geological time (e.g., kimberlite emplacement in the last 200 million years). We are
interested in extracting the temperature pro�le only at reconstructed locations of kimberlite emplacement
to determine if kimberlite eruptions are characterised by high heat �ow from deep mantle (Torsvik et al.
2010). We also want to visualise reconstructed kimberlites and mantle structures together in the same
platform to get insight on overall dynamics in the mantle underneath kimberlites. Likewise, visualising
cold mantle structures (i.e., slabs) and tracking subducted slabs over time along with relative positions of
cratonic blocks and plate boundaries can also help us in understanding global plate tectonics, positions
of mantle structures and their link to continents at the surface (Flament et al. 2022; Müller et al. 2022).
We propose that visualising geodynamic model outputs and geoscienti�c data in the same platform
opens new avenues of analysis and robust comparison of geodynamic models against geological
constraints. Here, we present an open-source visualisation and analysis framework which makes possible
the 4-D joint visualisation and analysis of geoscienti�c data and geodynamic model output in the same
platform. We provide example applications of our framework using CitcomS (Zhong et al. 2008) outputs,
but the framework can be adapted for different geodynamic model code outputs. We �rst discuss how to
visualise geological data in open source ParaView software before giving examples of joint visualisation
and analysis.

Methodology

4-D Visualisation of Geological Data
Any object or geological feature such as plate boundaries, continents, and data such as kimberlite
eruption locations can be represented by VTK (The Visualisation Toolkit) �les (www.vtk.org). To visualise
a feature, information is required about the locations of points and their connectivity (i.e., geometry)
describing how the points are connected in 3D. Objects in VTK consist of points and cells in cartesian
coordinates. In our framework, we use the poly-vertex, polyline, unstructured grid and hexahedron linear
cell types available in VTK (Fig. 1).

The open-source software GPlates (Müller et al. 2018) makes it possible to develop plate reconstructions
and to visualise different sets of geoscienti�c data. GPlates can render 3D scalar data, color the data with
respect to a variable (e.g., depth) unsing built-in color palettes, and apply depth restriction for the
visualised data. The visualisation is limited as the camera rotates only around the centre of the globe (i.e.,
camera tilt is not possible), and data cannot be futher restricted for further analysis through other means
such as spatial restrictions in nonradial dimensions or plotting pro�les at certain locations such as
temperature pro�le. 2D seismic tomographic depth slices can also be easily visualised using readily
accessible map projections in GPlates. For geological data, we use �les exported from GPlates (e.g., plate
boundaries) or databases (e.g., kimberlite eruptions) that have location (lon, lat) and age (Ma)
information. Among the most useful geometries, poly-vertex is a very basic way of representing points
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that are not connected in any way (Fig. 1a). Poly-vertex representation is useful for geological features
such as kimberlites or the centroid of large igneous provinces. The cells of poly-vertex are de�ned such
that connectivity array attached to the data is comprised of elements of size 1, but the length of the
connectivity array must be equal to the length of data or total number of points (i.e., vertexes) to be
properly visualised in ParaView. For features represented by poly-lines (e.g., unclosed plate boundaries
such as transform, convergent and divergent boundaries), the connectivity array is modi�ed such that
consecutive points are connected by lines except the �rst and last point in the array. In this case, the poly-
line is not closed, therefore it cannot be represented as a surface (Fig. 1b). If the polyline is closed, then it
becomes a polygon, and a surface is de�ned for the area covered by the polygon. Multiple polygons
come together to form an unstructured grid. Continents can be represented as unstructured grid, which
can be directly visualised from a NetCDF �le in ParaView. In that case, coordinates of longitude and
latitude are automatically converted to cartesian coordinates (Fig. 1c). In ParaView, unstructured grids
can be displayed as surfaces. They are also suitable to be viewed as lines and points if desired.

If the data to be visualised consist of points that are signi�cantly far from each other (i.e., > 1,000 km),
the lines connecting the vertexes penetrate the Earth surface because vertexes are connected by lines of
shortest distance in cartesian geometry, as opposed to great circles in spherical geometry. However, for
data such as coastlines or plate boundaries that should be visualised on Earth’s surface, the connecting
lines should not penetrate into the Earth. To avoid this problem, we increase the sampling rate of the data
by interpolating between every consecutive two points through the great circle passing through those two
points (Supplementary Information and Connect-Points-Along-Great-Circle.ipynb) because cartesian
geometry is an appropriate approximation over small distances.

Analysis of Earth’s interior underneath locations of interest can be of useful to Earth scientists. For
example, at the kimberlite emplacement locations presented in Fig. 1a, it is possible to query temperature
as a function of depth and to visualise virtual drillholes that penetrate to Earth’s crust and mantle. These
virtual drillholes are hexahedrons that consist of 6 surfaces (Fig. 1d). The bottom (or top) surface are
centred on the location of geological data at surface (i.e., kimberlites emplacement locations in Fig. 1a).
The size of the bottom and top surfaces is de�ned as a distance in degrees of longitude and latitude
from the geometrical centre of the surface to the walls (spanning parameter in Create-Pseudo-Drillholes-
in-ParaView-and-GPlates.ipynb). In the following sections, we will visualise geological data and
geodynamic models in the same platform by using VTK in ParaView, and provide examples of how joint
analysis can give insights on the link between Earth’s interior and surface.

Datasets And Experiments

Dataset Description
In this section, we present a method to post-process and visualise CitcomS 3D spherical geodynamic
models (Zhong et al. 2008; Bower et al. 2015; Gurnis et al. 2019) with ParaView, and then present
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examples of joint analysis of geodynamic model and geological data (i.e., kimberlite emplacement). We
use a modi�ed version of CitcomS (Bower et al., 2015) that is publicly available
(https://github.com/EarthByte/citcoms). The standard interface for the code is either a python3 (3.8)
code (*.py �les) or python3 code written on iPython Notebook (*.ipyn �les) for partial execution.

In the CitcomS model we used (i.e., Cases 6 and 7 in Flament et al., 2022) Earth’s mantle �ow was
predicted from 1 billion years ago (Ga) to the present-day. We considered a total of about 13 million
computational nodes equally spread over 12 caps, 129 x 129 x 65 nodes in each cap (see next section for

the de�nition of caps), constructed in the spherical coordinates ( ). In the geodynamic model, the
computation is based on �nite-elements, and mesh resolution increases towards the surface and basal

boundaries with a range between 28 km and 50 km in lateral directions (  and ), and between 27 km
and 100 km in radial direction ( ). In the version of CitcomS that we used (Bower et al. 2015), plate
motions are imposed at the surface as boundary conditions, synthetic maps of past ocean �oor ages
(Williams et al. 2021), subduction zone locations as well as their polarities are assimilated over time at 1
Myr intervals. Therefore, the thermal structure of the ocean lithosphere and shallow subduction zones
were de�ned and assimilated. During computation, these constraints are merged with the dynamic
solution at every numerical timestep, ensuring that plate subduction is one-sided and that the overriding
plate does not subduct. The mantle is considered to be incompressible under the extended-Boussinesq
approximation, which considers viscous heat dissipation and the decrease of the coe�cient of thermal
expansivity with depth. An adiabatic temperature pro�le is prescribed at the initial age (i.e., 1,000 Ma)
with two imposed temperature conditions at the surface and core-mantle boundary (Supplementary
Information).

Post-Processing CitcomS Geodynamic Models
For visualisation in Paraview, CitcomS model outputs are converted from spherical ( ) to cartesian
coordinates ( ) with unit length (  = 1) for Earth’s radius. The global, spherical CitcomS shell (1.0 

 0.55) is distributed onto 12 caps with edges oriented diagonally with respect to longitude and
latitude (Fig. 2) coordinates.

We use 384 processors to run the model in parallel, therefore the output is distributed across 384
directories. We reassemble the output to create 12 caps per timestep (make_caps.sh), which uses
autocombine.py that is distributed with CitcomS (Zhong et al. 2000, 2008; Bower et al. 2015). By default,
cap �les contain coordinates, velocities, temperature and viscosity, although more �elds can be added
(written as opt �les when optional �elds are attached to cap �les). OptToVtk.sh creates VTK versions of
the cap (or opt) �les by following the logic given in Supplementary Information, which is an updated
version of the original code released under GNU licence, and developed by Hassan et al., (2015). The code
was updated to Pyhton 3.8 and additions were made for the compositional �eld.

During conversion from spherical to cartesian coordinates, it is essential to preserve the connectivity of
points. We use elements of hexahedrons with eight nodes to form cells that represent Earth’s interior. The
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nodes or vertexes of the hexahedrons as well as their volume depends on the resolution of the model.
Mesh re�nement in the radial direction can be varied such that the resolution increases towards the
surface and core-mantle boundary. OptToVtk.sh creates a *.vtu �le for each cap, and Create_PVTUs.sh
writes a singular *.pvtu �le per timestep which can be opened in ParaView to jointly read 12 caps (*vtu
�les) visualise the entire globe. With 12 processors for the visualisation, ParaView distributes the data to
12 processors (> 1 million points per processor, which is the recommended upper limit). This is important
for e�ciency in interactive visualisation and prompt response of ParaView built-in �lters during the
analysis.

In ParaView, the Annotate Time Filter can be used to create timestamps and attribute ages to each
timestep in a sequence of *pvtu �les by providing an initial time (e.g., 1000 Ma) and increment (e.g., 20
Myr). Temperature_Anomaly data are contoured to represent hot and cold mantle structures. For cold
mantle structures, we �rst clip the data for depths greater than 300 km to avoid visualising the
(assimilated) lithosphere and to see through the surface and show deep slabs. After clipping, we contour
the data at Temperature_Anomaly iso-value − 0.05, corresponding to 155 K colder than ambient mantle
as shown in Fig. 3, coloured by depth in cold colours. For hot mantle structures, we create another clip in
the ParaView pipeline and constrain the depths between 170 km and the core-mantle boundary (~ 2,867
km). After clipping, we contour Temperature_Anomaly data at iso-value 0.1, corresponding to 310 K hotter
than ambient mantle shown in Fig. 3, coloured by depth in warm colours. To represent Earth’s surface and
provide a �xed reference frame for the mantle structures, we depict graticules at 60° increment in
longitude (0°, 60°, 120°, 180°, 240°) and 30° increment in longitude (-60°, -30°, 0°, 30°, 60°) by using code
Create-Graticules-in-ParaView.ipynb. The increments and the resolution of the graticules can be changed
accordingly.

Sampling the Mantle Along Virtual Drillholes
Virtual drillholes make it possible to extract mantle properties at depth from a geodynamic model. The
tool can be useful across scales in frontier resource exploration because it can provides localised
analysis at desired geographical locations. When used in global geodynamic models, they can give
insight on investigations of deep reservoir targets (Archer et al. 2005; Cartwright and Huuse 2005) and
support more informed decision (Witter and Phillips 2012; Witter and Melosh 2018). To compare the
mantle structures with geological constraints, we need to load both the geodynamic model and
geological data to ParaView. As an example, we use kimberlite emplacement location and age data
(Tappe et al. 2018) sampled within 10 Myr of their emplacement age and visualised in 20 Myr increments
to match the resolution of the geodynamic model. We reconstruct kimberlites locations based on their
age and present-day location using PyGPlates (Williams et al. 2017) and a plate reconstruction model
(Merdith et al. 2021). After reconstructing the kimberlites (Create-Pseudo-Drillholes-in-ParaView-and-
GPlates.ipynb), we save their locations at a given time in arrays and write them as VTK hexahedron �les
by using Meshio python package (https://pypi.org/project/meshio/). After setting a buffer to determine
the size of bottom and top cells of hexahedrons, we save it as VTK �les describing hexahedrons
extending from the surface to the core-mantle boundary. We show virtual drillholes at kimberlite
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emplacement locations reconstructed at 180 Ma, along with deep mantle structures and reconstructed
continents at the surface (Fig. 4). It is also possible to convert virtual drillholes in VTK format to grid �les
to visualise in GPlates (Supplementary Information and Create-Pseudo-Drillholes-in-ParaView-and-
GPlates.ipynb).

We are interested in the temperature �eld underneath kimberlite locations, which we can extract by
resampling the virtual drillholes with the temperature �eld output from the geodynamic model by using
“Resample Data” �lter in ParaView. We plot the average temperature along the drillholes extending from
the surface of the Earth to the core-mantle boundary (Fig. 5). We compare the calculated pro�le with the
horizontal averaged temperature pro�le of the global geoydnamic model at 180 Ma (grey line in Fig. 5).
The average temperature �eld beneath kimberlites shows slightly higher temperatures in the shallow
mantle and mid-mantle. This implis that both deep and shallow mantle dynamics could be important to
understand the heat �ow underneath kimberlites.

Analysing the Composition Field
CitcomS geodynamic models can include compositionally distinct elements (e.g., continental crust, basal
layer) at the onset on of the model run (i.e., 1,000 Ma) (McNamara and Zhong 2004). This makes it
possible to consider density differences that cannot be attributed to changes in temperature. The
composition �eld is described by tracers which advect using a predictor-corrector method (McNamara
and Zhong 2004). We keep track of the composition via the tracer ratio method (Tackley and King 2003),
giving percentage of tracers for each computational element, which allows for visualising compositional
mixing in the mantle.

In this example, we are interested in how much continental crust is recycled to the mantle because there
are indications for geochemical signature of continental crust in �ood basalts in African hemisphere
rather than the Paci�c. We want to see if assimilated subduction in CitcomS models result in crustal
mixture to the mantle and explain geochemical observations (Doucet et al. 2020). We show the
computational elements that consist of at least 5% of tracers coming from the continental crust at
present for Case 7 of Flament et al. (2022) (Fig. 6). We use cold colours to indicate depth for continental
crust tracers. This reveals that the mantle underneath Africa (Fig. 6b) contains more recycled continental
crust than the mantle underneath the Paci�c Ocean (Fig. 6a), which is consistent with the isotopic
geochemical dichotomy (i.e., Pb, Nd and Sr) of plume induced basalts above each basal mantle structure
(Doucet et al. 2020).

Particle Tracking in ParaView
In CitcomS geodynamic models, plates subduct along subduction boundaries and sink deep into the
mantle. Model processing is required to understand the complex interactions between slabs and hot
mantle structures. We use the ParaView “Particle Tracer Filter” to determine the path of slabs over time
from the time-dependent velocity �eld. This �lter requires seed points that are advected forward in time.
As in Flament et al. (2022), we considered seeds as a single VTK �le with polyvertex data located within
slabs at ~ 250 km depth at 740 Ma (Fig. 7). These seeds were �ltered to select those that sink deep and
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interact with very deep hot mantle structures. The calculation from the Particle Tracer Filter needs to be
scaled by because outputs was written at 20 Myr increment. The scaling is done by calculating the
nondimensional factor for 20 Myr time interval as follows:

    (1),

which with time t = 20 Myr, the reference thermal diffusivity  = , and Earth’s radius  =
6,371 km, yields ascaling factor t’ = .

Discussion
Tools built to visualise and analyse geodynamic model make it possible to gain insights into the
interaction between Earth’s surface and convection in the mantle. Analysing a geodynamic model is
important considering the time, effort and computational source required in creating them. Signi�cant
efforts have been dedicated to the post-processing and analysis of geodynamic models. For example,
StagLab provided methods for visualisation of geodynamic model outputs, especially for StagYY
geodynamic modelling code (Tackley 2008), and provides useful routines for effective analysis (Crameri
2018), similar to ADOPT (Mallard et al. 2017) which was built to detect some important features in
geodynamic model outputs such as plate boundaries. Others have contributed to the evolving
geodynamic model visaulisation tools by improving the effective visalisation technology for better
analysis and understanding (Damon et al. 2008), whereas some geodynamic modelling codes (e.g.,
Underworld (Moresi et al. 2003, 2007) and ASPECT (Kronbichler et al. 2012)) adapted output formats
suitable to visualise in ParaView software (Ahrens et al. 2005) to make use of ParaView’s capabilities in
geodynamic model output visualisation and analysis. The �eld has developed to the extent that
immersive visualisation of geodynamic models for better user experience and interactive visualisation
and analysis is now possible (Billen et al. 2008; Wiedemann et al. 2015; Jadamec 2016; Rey 2022). The
software package gLucifer, makes ‘on-the-�y’ visualisation possible, and it does not require writing data
to disk (Stegman et al. 2008). This functionality makes it possible for users to e�ciently and easily
visualise large geodynamic models, which is a common problems in geodynamic modelling. A limit of
‘on-the-�y’ visualisation is the reduction of freedom in model output visualisation and analysis because
the properties and parts of the model to be visualised need to be declared before running the geodynamic
model. However, this can be overcome by traditional way of visualisation, which is properly checkpointing
the model run, and restarting it from the last checkpoint for the desired visualisation.

Independent from improvements on geodynamic visualisation tools, Earth scientists who collect or work
with geoscienti�c data such as seismic tomography, have bene�ted from improvements in technology
(e.g., 3-D seismic technology (Cartwright and Huuse 2005; Witter and Melosh 2018)). GPlates, which was
built for using digitized geoscienti�c data and reconstructing plates back in time, makes it possible to
visualise global geoscienti�c datasets such as tomographic and mantle �ow models in 3-D, and more
recently, the GPlates portal was built for fast and interactive visualisation through a web portal (Müller et
al. 2016). Submachine is another useful free web-based service built for visualisation and quantitative

t′ =
tκ0

R0
2

κ0 10−6m2s−1 R0

1.554x10−5
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analysis of seismic tomographic models and other geophysical data (Hosseini et al. 2018). Python
package PVGeo provides visualisation and integration of geoscienti�c data, and uses VTK libraries and
ParaView software (Sullivan and Trainor-Guitton 2019).

Geodynamic model outputs and geoscienti�c data have hitherto been visualised and compared in
separate platforms (e.g., Burgess and Gurnis, 1995; Flament et al., 2013; Mondy et al., 2018; Şengül
Uluocak et al., 2021). Our framework brings them together. We showed that useful information can be
derived from 4-D joint visualisation and analysis of geodynamic models and geoscienti�c data in the
same platform. We also show that this can be done e�ciently using Python libraries and open source
ParaView software. Using VTK libraries also allowed to do analysis in new ways such that we created
virtual drillholes and sampled the properties of Earth’s mantle in a geodynamic model.

There are avenues for improvement in our framework. For example, the data processing and visualisation
in ParaView is currently done through a sequential pipeline (see discussion at
https://www.kitware.com/scienti�c-visualization-in-2022/). When a �lter is busy with executing, rendering
is stopped until the �lter �nalises the execution. For computationally-heavy tasks such as particle
tracking in a large geodynamic model, choosing the correct seeds and analysing particle paths require
signi�cant time. In the future, these tasks may be done more e�ciently if data processing in ParaView
could be done through concurrent pipelines which may allow partial or full visualisation of the result
during execution. Furthermore, grid computing may also be implemented in the future (Brodlie et al. 2004;
Stegman et al. 2008) to support performance in visualisation of massive geodynamic models.

Conclusion
Using currently available tools which are all open-access, we provided a framework with explanations on
how to creatively visualise and analyse geological data and geodynamic models by using open-source
tools. The framework brings together geological data and geodynamic models in the same platform
allowing for new ways of analysis. It aims to give more insight on the relationship between Earth’s interior
and surface. It has applications in frontier resource exploration and basic research, and can be adapted
for use in other applications that necessitate analysis of overlapping data in space and time.
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Figures

Figure 1

Linear cell types used to represent data in 3-D in this study. a Kimberlite emplacement reconstructed at
180 Ma are shown in poly-vertex form. b Plate boundaries reconstructed at 180 Ma and shown as poly-
lines. c Continents reconstructed at 180 Ma shown as shaded surface of an unstructured grid.
dKimberlites reconstructed at 180 Ma, shown as virtual drillholes in hexahedron forms extending from
eruption location at the surface to the core-mantle boundary (red sphere).



Page 14/19

Figure 2

Topology of the global CitcomS mesh. The 3-D spherical geometry in CitcomS was introduced in Zhong
et al. (2000). aVertexes are constructed based on desired resolution and are distributed over 12 caps, b
for parallel computing as well as postprocessing. The latitude and longitude are shown in radians. The
caps communicate through boundaries in between (e.g., ghost cells) as can be seen from the increased
density of points in a.
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Figure 3

A snapshot of 3D Visualisation of CitcomS geodynamic model output for Case 6 in Flament et al. (2022),
at 180 Ma. Hot mantle structures de�ned by 310 K warmer than ambient mantle below 170 km depth
coloured by depth using warm colours, and cold mantle structures 155 K colder than ambient mantle
coloured by depth using cold colours. Virtual drillholes (pink hexahedrons) are shown at reconstructed
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kimberlites emplacement locations. Reconstructed continents are shown in grey, and geological
boundaries and coastlines are shown as white polylines.

Figure 4

Same as Figure 3, but including virtual drillholes (shown as magenta hexahedrons) at locations of
reconstructed kimberlites at 180 Ma.
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Figure 5

Average temperature pro�le underneath reconstructed kimberlites at 180 Ma. The temperature pro�le
underneath kimberlites (red dots) are calculated along virtual drillholes shown in Figure 4 and compared
with horizontal average temperature at 180 Ma.
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Figure 6

Predicted continental crust mixing in the mantle. Hot mantle structures are shown in warm colours,
continental crust consisting of at least 5% is shown for depths below 170 km, coloured by depth with cold
colours for the a Paci�c mantle domain and b African mantle domain (modi�ed from Flament et al.,
2022)
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Figure 7

A 240-Myr slab trail between 740 Ma and 500 Ma, coloured by depth similar to cold mantle structures in
Fig. 3, modi�ed from (Flament et al. 2022). The trails show subducted slabs that reached the deep
mantle, pushing hot mantle structures.
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