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Abstract

GCex is a graphical tool implementing a Visual Analytics approach to support interactive exploration of geochemical models. It
encodes many-to-many input/output relationships by the simple yet effective approach called Stacked Parameter Relation (SPR).
GCex assists in the setup of simulations, model runs, data collection and results exploration, greatily enhancing the user experi-
ence in tasks such uncertainty and sensitivity analysis, inverse modeling and risk assessment. While in principle model-agnostic,
the toolchain currently supports the geochemical code PHREEQC. For further information and download refer to the project site:
http://www.gfz-potsdam.de/en/section/geoinformatics/projects/gcex/.
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1. Introduction

Geochemical models are vastly employed for evaluation and predictions of fluid-fluid and fluid-rock interactions,
finding wide application in subsurface settings: groundwater modeling and remediation, evaluation of geothermal
resource extraction, long term CO, storage, hydrothermal systems among others.

Given the large uncertainties which affect the thermodynamic and chemical databases and the typical scarcity
of data regarding the investigated formations, sensitivity and uncertainty analysis are routinely required in order to
assess the validity of the simulated outcomes [1,2]. Moreover, it is often useful to investigate the thermodynamics
of chemical reactions in complex systems across a broad range of conditions, such as temperature, redox potential or
background salinity: pe-pH and activity diagrams are typical bivariate representations of such calculations.

From a practical point of view, all these tasks share a single common root: the variation of some model’s input
parameters followed by the analysis and representation of the corresponding changes in the model’s outputs. Through
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the explicitation of the relationships between the outputs and the varying inputs, often in form of diagram, the modelers
gain insights about the investigated systems.

Geochemical models, however, are highly non-linear and massively multivariate, as sketched in figure 1. Total
element concentrations in aqueous solution, the mineral phases in the rock, redox potential, pH and possibly kinetic
parameters as well as state variables such as pressure and temperature constitute the inputs. Even larger is the number
of distinct values calculated by one model run: the speciation of the solution (the concentration of the compounds
actually present in the solution), the mass changes in the minerals, their saturation indices and the overall element
concentrations after reactions are the outputs; they can easily be few dozens overall.

In such a multivariate context, a bivariate representation such as the activity diagrams is in general not powerful
enough to explore the many responses across ranges of many varying inputs. In presence of so many output values,
it may be challenging to screen the ensemble of calculated simulations for finding out which ones are significantly
sensitive to the variation of particular inputs. A synthetic representation of such complex, non linear many-to-many
relationships - between many inputs and many outputs - is therefore extremely beneficial for deep understanding of
model’s behavior and for a great number of practical tasks related to geochemical modeling.
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Fig. 1: Illustration of the multivariate nature of input/output data for geochemical models. Total aqueous concentrations, phases in mineral
assemblages, pressure, temperature, redox state counts amoung the inputs; speciation, mass changes in mineral phases and total element
concentrations constitute the outputs. A dozen of inputs and few dozens of outputs are typical for geochemical models.

To tackle this challenging issue, we introduce a newly developed software tool, GCex, which implements a concep-
tually simple yet powerful Visual Analytics approach for the interactive exploration of large ensembles of geochemical
simulations: the Stacked Parameter Relation (SPR). Furthermore, the software package offers the complete toolchain
required for the whole analysis: simulations set up, running the calculations and collecting the results is done through
convenient graphical user interfaces, thus greatily easing the workflow of the modelers. GCex is based on open source
third party components combining python and R languages, and, while in principle completely model-agnostic, it
currently implements PHREEQC [3] as chemical speciation software through the Rphree interface [1].

In the following section, the core Visual Analytics method SPR (section 2.1) is introduced, followed by details
about GCex design principles (section 2.2) and some technical implementation details (section 2.3). The tool itself is
finally showcased on a real-life application in section 3.

2. GCex: a Visual Analytics approach
2.1. The Stacked Parameter Relation encoding

The main component of GCex is the hyerarchical, nested axes visualization called Stacked Parameter Relation
(SPR) [4], of which an illustrative example with fictitious values is given in figure (2). Its function is to visually relate
multiple input parameters to multiple output variables at once, thus offering an overview of model responses over

whole ranges of the selected inputs. It consists of three essential parts:

e visualization of input parameter combinations along a single, hierarchical horizontal axis;
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e visualization of multiple output variables on a line graph, showing their response to the input combinations;
e interactivity: the user selects the ordering of parameter stacking on the hierarchical x axis and can filter input
and output values arbitrarily.

Common y axis for the output

‘VZ=2|V2=3|V2=4|V2=5|V2=6|V2=2|V2=3|V2=4|V2=5|V2=6|V2=2|V2=3|V2=4|V2=5|V2=6‘

‘ V1=20 | V1 =40 | V1 =060 ‘

Fig. 2: Sketch of SPR encoding with fictitious parameters. The diagram highlights the repetition of the second input range V2 for as many values
the first (V1) takes in the analysis. A common ordinate axis allows the user to read from the SPR the exact value taken by the output at each
parameters combination. In this very simple example, it is apparent how the output variable is changing only for large values of V1, and when it
happens it is in linear relationship with the parameter V2.

SPR can be thought of as a multivariate generalization of scatter plots, with inputs on the abscissa and responses
(outputs) on the ordinate axis. In SPR, the visualization of a further input parameter after the first (V2 in figure 2) is
obtained “embedding” a corresponding abscissa at each value point of the hierarchically preceding input (V1). The
second input range is therefore repeated along the first, bottom axis. It is at this point clear that adding a further input
only requires nesting another hierarchical level at each value of the previous one, recursively. The axes hierarchy
is displayed at the bottom of the SPR visualization component. Finally, multiple output variables corresponding to
each input combination are plotted using lines of different colors. The design of the SPR visual encoding enables the
user to read out the exact input and output values from the diagram itself. This approach enables users to immediately
relate changes in output values to combinations of input parameters, effectively highlighting trends, non-linearities and
quantitative differences in the outcome of the model. In our experience, up to 5 input parameters can be successfully
visualized in SPR at once, depending on the number of value points for each parameter.

The ordering of the axes hierarchy is decisive for the effective interpretation and understanding of the results using
the SPR encoding. While it is possible to offer some automatic guidance for the exploration, as will be showed in
the next section, the user must be able to adjust the axis hierarchy order to achieve the most meaningful overview of
the model. This interactivity is crucial to bring the user’s own expert knowledge into the exploration process and is a
fundamental inspiring principle for the implementation of GCex.

2.2. Design principles

GCex has been developed to support the analysis of large ensembles of massively multivariate geochemical models
resulting from large numbers of input parameters combinations. It has been designed with interactivity, modularity
and flexibility in mind, providing both an efficient, powerful and extensible backend for calculations and a graphical
user interface to assist users in otherwise tedious and repetitive tasks.

GCex offers a graphical tool for interactive model set-up, allowing the user to interactively specify the parametriza-
tion of the models (parameters ranges) and executing the simulation runs (figure 3) starting from a user-provided
PHREEQC input script. However, the user is free to generate the parameter combinations and the resulting simulations
ensembles externally and import it into GCex afterwards for visualization; this possibility makes GCex truly model-
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agnostic. Some detail about the internal conventions and data formats of the input/output tables expected by GCex are

given in subsection (2.3).
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Fig. 3: The GCex component for simulation setup and data import/export. The user can visually control range and sampling density for each input
parameter, the different thermodynamical databases, the options for parallel computations and some further graphical parameters.

The core graphical component of GCex is the interactive visual exploration GUI (figure 4). It has two essential
elements: a guidance component (the left region of the tool’s window) and the SPR encoding (the right region).
Upon import of the input/output data, a sensitivity analysis of standardized regression coefficients [5] is computed. Its
results are depicted in a sensitivity overview visualization (the left panel of figure (4), which shows through a stacked
bar chart [6] the influence of each considered input parameter on each of the output variables. These sensitivities are
furthermore used to compute relationship groups, which highlight potentially interesting regions of input-output data,
thus constituting a starting point for further exploration of the model. On the top of the window, the user finds the
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control buttons to cycle through the precomputed groups. In our experience, this guidance component makes it very
efficient to start the analysis of the data, however it can not replace the expert knowledge of the modeler, since it only
captures numerically significant relationships. Again, it is up to the modeler to focus on rather physically meaningful
relationships, which is ensured by the interactive design of GCex.
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Fig. 4: The core GCex GUI component for interactive exploration of model outputs. On the left is placed a tornado plot for automatic ranking of
sensitivities, provided as guidance for the user; on the right the SPR window surrounded by widgets for filtering inputs or outputs and control the
ordering of the hierarchical axes. The hierarchy of the nested axes is represented at the bottom of the SPR window.

The main model exploration happens in the SPR panel of the tool. Control widgets to filter the input and output
side of the SPR, as well as manually adjust the input hierarchy complete the graphical interface.

2.3. Some technical details

GCex has been built using the open source, multi-platform and freely available languages python (www.python.org),
mainly for the graphical part, and R (www.r-project.org) for numerical calculations and data storage. Several third
party packages have been employed for this project, and must be installed for GCex to work. From the python side,
the Entought Python Distribution is necessary for its component TraitsUI and Chaco, which take care respectively of
the dynamic building of interface widgets at run-time and for interactive 2D plotting capabilities. On the R side, the
Rphree interface to the geochemical program PHREEQC (http://rphree.r-forge.r-project.org/) allows the online calcula-
tion of geochemical models. Third party R extension packages such as data.table and plyr enable fast in-memory
database for interactively slicing the input-output data and, on supported platforms, the parallelised dispatching of
simulations on multiple core CPUs. The latter feature has been built into the graphical interface and is therefore
completely transparent to the user.

The simulation setup tool (figure 3) allows the definition of ranges of variation for input parameters and a sampling
density for each of them; for mineral at equilibrium, one of three states are possible (as primary, with initial positive
concentration; as secondary, with initial zero concentration; or completely absent from the simulations). Due to the
large calculation time associated with kinetic simulations, these are currently not implemented in the simulation setup
tool. The tool generates a regular sampling grid of the defined multivariate input space: the SPR visualization is best
suited for sparse input/output spaces (meaning with no more than 10 levels for each input). For more sophisticated
sampling plans, such as local refinements or latin hypercube, the user can easily program it in the R environment
and use the provided set of utility functions to quickly generate the combinations table, the input scripts for PHREEQC
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simulations, let them run online or in batch jobs and load the results back for the visualization. In this fashion, virtually
any kind of analysis or arbitrary sampling are possible within GCex with a limited amount of programming.

GCex has been designed to deal with large ensembles of simulations. We routinely deal with datasets in the order
of few tens of thousand PHREEQC simulations with common multicore workstations or even laptops. It is particularly
suited, but in principle not limited, to geochemical simulations at equilibrium, which are not much computationally
expensive to run.

GCex is currently developed and tested under unix/linux platforms; however, being all of its components and
building blocks platform-independent, the porting to MS windows operating systems should be straightforward and
will be provided in future.

3. Application example: pyrite-pyrrothite reaction

Excess wind energy stored underground in form of H; is discussed as one of possible options for meeting environ-
mental and energetical targets in the near future. The feasibility assessment of such a technology, for regions where no
salt caverns can be build, include storage of H, in porous media. As consequence, possible fluid-fluid and fluid-rock
interactions of hydrogen with minerals and formation fluids have been investigated, also by means of geochemical
models.

Truche et al. [7] discuss a reaction involving the injected H, potentially occurring at low temperatures: the reductive
dissolution of pyrite with formation of pyrrothite, resulting in damage to the host rock and energy and economic loss
by consumption of H,. In their study they investigate three possible scenarios, namely if the H,-pyrite-pyrrhotite
system is unbuffered or it is maintained in alkaline conditions by the presence of calcium carbonate (calcite) or in
acidic conditions by large partial pressure of CO,.

The GCex application example visualized in figure 5 replicates and extends the above study, exploring under
which conditions this economically unfavorable reaction is thermodynamically favorable. Included in the analysis
are: temperature from 25 to 75 °C; partial pressure of gaseous H; from 1 to 10 atm; background salinity (pure NaCl)
from 0.01 mol/kgw to 4; the three scenarios, unbuffered system, with calcite (alkaline), with a significant partial
pressure of CO, (acidic). We have also added the comparison of different thermodynamic databases, namely the
11nl.dat and the thermoddem databases. A total of 1800 PHREEQC simulations constitute the dataset for this study,
the most meaningful subset of which is visualized in figure 5.

The SPR encoding of the results gives at once a very clear information: in acidic environments the reaction is
negligible, whereas under alkaline conditions it is greatily enhanced with respect to the unbuffered system. The
reaction is also enhanced at higher temperatures (green axis). The hierarchically last of the represented inputs is
the background NaCl salinity, and here again an important fact is captured by the SPR visualisation: for the IInl
database, at low temperature an increasing background salinity acts as inhibitor for the reaction, while it reverts this
behavior at higher temperature. For the thermoddem database the effect of background salinity is less evident but
goes in the opposite direction: at low temperature, increasing the salinity increases the pyrrhotite reaction, and at high
temperature the opposite happens. The comparison of different thermodynamical databases also points out that the
corresponding calculated speciation, in particular concerning redox reactions and activity coefficients, is of the utmost
importance for quantitative predictions. The partial pressure of H, plays a secondary role in this context, since the
system’s behavior stays qualitatively constant in the investigated pressure range.

Through GCex and the SPR encoding, an analysis of this kind is matter of minutes. The modeler gets valuable
insights from the overview of model results and from the clear visualisation of the relationships between varying
parameters and model outcomes.

4. Conclusion

The Stacked Parameter Relation (SPR) encoding allows seeing the responses of multiple model outputs to multiple
input parameters over their entire ranges. This has an excellent synthesis power when exploring broad ranges of values
for many parameters. It is an effective way to display multivariate sensitivities or, in a more general way, input/output
relationship. Although particularly suited to equilibrium geochemical models, where the input parameters are a mix
of boolean, discrete and continuous variables, it is a fully general visualization method, completely model-agnostic,
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Fig. 5: SPR overview of the analysis of Hy/pyrite/pyrrhotite reaction for different databases, under unbuffered/acidic/alkaline conditions, from 25
to 75 °C and from 0.01 to 4 molal NaCl background salinity.

and can be applied to arbitrary models in every domain. It is best suited for sparse samplings of parameter spaces, and
scales well up to 4 or 5 inputs visualised at the same time.

GCex is a graphical tool implementing SPR as well as the complete toolchain for running combinatorial analysis of
geochemical models through the PHREEQC geochemical reaction and speciation program. It is designed for flexibility,
efficiency and modularity, and scales well up to several tens of thousands simulations on common workstations. It sup-
ports the exploration of model results and the visual interpretation of sensitivity and uncertainty analysis. Therefore,
it deepens the understanding of model’s behavior through Visual Analytics, in an intuitive and productive way.

For further information, examples, documentations and download of GCex the interested reader is referred to the
project page www.gfz-potsdam.de/en/section/geoinformatics/projects/gcex/
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