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Abstract
Geochemical models serve wide-ranging geoscientific applications for underground resource exploitation, aquifer
remediation, gas storage and similar problems. Such models are time consuming to calculate. Replacing the full-
capability simulation model, for each element of spatial discretization, with a fast surrogate is a promising ac-
celeration approach for this problem. The balancing of speed and accuracy trade-off inherent to the surrogate
modeling approach requires expert involvement and is best supported interactively. In this paper we argue that
Visual Analysis has a prominent role to play for facilitating this process. It allows to involve expert knowledge
regarding the specific characteristics of application scenario as part of the surrogate creation process. We de-
scribe the core problem of accelerating geochemical simulation by surrogate models and outline a strategy for
approaching it with Visual Analysis.

Categories and Subject Descriptors (according to ACM CCS): J.2.8 [Computer Applications]: Physical Sciences and
Engineering—Earth and Atmospheric Sciences I.6.5 [Simulation and Modeling]: Model Development—Modeling
methodologies

1. Introduction

Geochemical simulation models are useful tools for un-
derstanding many geological and environmental processes
involving chemical interactions between fluids and rocks
[JH12]. Such models can be used for a wide spectrum of ap-
plications, such as aquifer remediation, nuclear waste con-
finement, extraction of mineral resources, evaluating the
long-term evolution of underground CO2 or natural gas stor-
age, as well as geothermal systems [SAA∗14].

Geochemical simulation models are used for simulating
the transport of reactants because of fluid flow. This is called
reactive transport and is crucial for studying the evolution
of geochemical reactions in space and time. The spatial dis-
cretization of the geometry at a specific site is commonly
represented by several elements. Reactive transport appli-
cations require the simulation model to be run for each el-
ement. Since the geochemical simulation models are com-
plex, this results in high computational costs for reactive
transport applications.

Reducing the computational cost of geochemical simula-

tions is widely recognized as an important challenge in the
application domain community [SAA∗14, CKK10]. Many
different strategies have been proposed for improving the
run-times for such simulations. Among these acceleration
approaches, surrogate modeling is acquiring increasing in-
terest in the application domain community [ED15,CSM14].
The basic idea of surrogate modeling is to use a fast run-
ning approximation called surrogate model in place of a full-
capability simulation model. The surrogate model is then
used to compute chemical reactants for each geometry el-
ement.

The challenge with the surrogate modeling approach is
balancing the trade-off between accuracy of the results and
computational speed. Our close collaborations show that the
inclusion of domain expert knowledge into the surrogate
modeling approach could lead to better decisions about the
appropriate speed/accuracy characteristics of surrogate mod-
els. We are convinced that this is a point where Visual Anal-
ysis can play a central role in pushing frontiers of an impor-
tant domain application. The contribution of this paper is to
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outline the key ingredients of a Visual Analysis strategy that
is the result of frequent discussions with domain experts.

For each step of our strategy, we describe the important
challenges for Visual Analysis that are interesting for a wider
audience. The aim of this paper is to share our experience
with the environmental visualization community. We do not
describe a prototype implementation because we aim to ad-
dress these challenges in continued research.

2. Problem statement

The main problem that we focus this paper on is the re-
duction of run-times for geochemical simulations. Ex-
act speed benchmarks for geochemical simulation models
warrant separate studies [CKK10], but to give a flavor of
this problem, we provide an example from recent work of
our collaborators. A groundwater flow model composed of
2950 elements without geochemical simulations runs for 2-3
hours. Adding coupled geochemical simulations with space
and time dependencies increases the run-time of the simu-
lations to several days. The model grid composed of 2950
spatial elements is already regarded as extremely coarse. For
reference, the authority-required hydrodynamic simulation
model geometry of the same site has 648420 elements. This
level of detail is usually intractable for geochemical sim-
ulations [DLKK15]. For non-reactive hydrodynamic mod-
els the number of elements can easily range into millions
[VBS∗13].

This problem exists mainly because of two reasons. To
support rock-fluid reactions under wide-ranging conditions
requires considerable sophistication of the underlying sim-
ulation model. These reactions are contained in comprehen-
sive databases [AP05]. Executing such a sophisticated model
for many geometry elements dramatically increases simula-
tion run times. The simulation usually produces many output
variables (up to several hundred). This massively multivari-
ate data from element-wise simulation model runs and the
reuse of some outputs as parameters for nearby elements is
the reason for the high computational costs of reactive trans-
port simulations. Therefore, the reduction of run-times for
geochemical simulations is of great interest for the applica-
tion domain.

3. Approach and contribution

Instead of trying to simplify or accelerate an existing geo-
chemical simulation model implementation, we contribute a
Visual Analysis strategy for systematic creation of fast sim-
plified models that are based on input-output data from the
simulation model.

A promising way for accelerating geochemical simula-
tions is using surrogate models in place of the simulation
model. A surrogate model is a fast running approximation
of the full-capability simulation model. It is a scientifically

well established approach [Mül12, KM10]. In general, sur-
rogate modeling can make the following contributions for
geochemistry applications:

• using input and output data from the simulation model
allows to exclude interdependencies in the simulation
framework

• smoothing of numerical effects and missing results due to
convergence problems

It became apparent that the construction of surrogate mod-
els from input-output relationships would consist of several
important steps. An important advantage of Visual Analy-
sis, that has also been recognized by our collaborators, is
the ability to incorporate expert domain knowledge into sur-
rogate modeling. This allows to facilitate better decisions
about the accuracy/speed trade-off. However, the develop-
ment of particular Visual Analysis approaches for this pur-
pose requires a sound understanding of the challenges in-
volved. Since we do not present prototype implementation,
the contribution of this paper is to outline the important steps
and discuss their associated challenges from a visualization
perspective.

4. Related work

We are aware of the large and growing number of vi-
sulization contributions to the visualization areas of pa-
rameter space exploration [SHB∗14], multivariate visual-
ization [Cha06] and visualization of multifaceted scientific
data [KH13]. An illustration of a very general pipeline for
building surrogate models based on simulation model data
is given in a recent survey by [SHB∗14]. There is growing
interest in applying such methods for speeding up complex
simulations. Our focus in this paper is on understanding the
opportunities of using Visual Analysis for the geochemical
simulation domain. For this reason we focus on the domain-
side developments and relate them to general Visual Analy-
sis challenges.

Evidence of the large interest in surrogate modeling for
geochemical applications is found in number of very recent
publications that focus on speeding up geochemical simula-
tion using surrogate modeling while using different terms in
their communities, such as proxy models [JGL15], emula-
tors [STD∗12], meta-models [Roh14], reduced order mod-
els [Bac13] and response surface models [SOB13, KM10].

Different methods are used for constructing the surrogates
in the existing literature. In [JGL15] the approach is called
proxy modeling and employs functional principal compo-
nent analysis for approximating the simulator response. The
term meta-model is used in [Roh14] and the application is
intended for acceleration of long-running flow simulators to
enable global sensitivity analysis. The approach in [Bac13]
employs non-linear regression with a quadratic polynomial
for constructing the surrogate model from functional approx-
imations of simulation results. Everything in this study is
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Figure 1: Only site and application specific relationships and the appropriate parameter ranges are needed in the surrogate
model. Approaching the process as Visual Analysis from the start and allowing the user to decide on the best speed/accuracy
trade-off will allow to create the fastest approximation with acceptable accuracy.

tailor-made for a specific site - Edwards Aquifer in south-
central Texas. The Visual Analysis strategy in our paper is
aimed at being able to systematically create surrogates from
simulation model input and output data. The resulting vi-
sual approaches will enable creation of surrogates for differ-
ent sites and application purposes. Reduced order model ter-
minology is more commonly associated with finding more
simplified mathematical formulations of complex numerical
simulations [WVBHT12]. Genetic programming is used for
the learning of surrogate model in [ED15]. The authors ob-
tain accurate results in comparison to simulation model pre-
dictions at monitoring wells.

The response surface methods represent early ideas of sur-
rogate modeling [KM10]. There are practical examples of
classical response surface methodology utilized for solving
modern geochemical problems [SOB13]. However, this be-
comes difficult above three dimensions and a typical geo-
chemical simulation problem usually has many input pa-
rameters and even more output variables. Some recent con-
tributions use the term "response surface" throughout their
work [MS14, MKS14, Bac13]. However, this term is often
used in abstract or statistical sense.

Surrogate models are used in many different application
scenarios. Several recent studies aim to assist an optimiza-
tion problem that needs to use results from geochemical sim-
ulations [CSM14, MS14, WVBHT12, STD∗12]. The surro-
gate model approach in such studies is needed for speeding
up the optimization task. In the visualization community sur-
rogate models are often used for speeding up computation-

ally expensive user-interaction steps. Tuner [TWSM∗11] is
designed for guiding the user to relevant parametrization for
an image segmentation algorithm. In [BBP12] the surrogate
model is used for computational steering of fluid dynam-
ics simulations. HyperMoVal is a design that is focused on
validation of surrogate models for an engineering applica-
tion [PBK10].

Despite growing interest in applying surrogate model
ideas for geochemistry applications, we are not aware of Vi-
sual Analysis approaches that support construction of surro-
gate models for geochemical reactive transport applications.

5. Visual Analysis strategy

We identified the main steps in the simplification process
through a substantial collaboration with hydrogeology ex-
perts at GFZ German Research Center for Geosciences. Our
collaboration has been established for more than one and a
half year.

We started to analyze the operational aspects of using
geochemical simulation models in the application domain.
These operational aspects define the context that visual sur-
rogate model creation approaches can take advantage of.
These are:

1. geochemical simulations are often performed repeatedly
for a specific study site

2. the site is associated with particular model parametriza-
tion
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3. a particular application scenario is usually known before-
hand and may require frequent changes to parametriza-
tion, even when used at the same site.

These operational aspects allowed us to distill the important
steps of the simplification process. Figure 1 presents the im-
portant steps of simulation model simplification. These steps
suggest a four step Visual Analysis process that captures the
important parts of the observed expert work-flow. Each of
these steps has additional complexities and challenges for
interactive Visual Analysis.

Restrict to site-specific relationships. The usage for a
simulation model is often tied to a particular study site (geo-
graphical model area). Model input parametrization is deter-
mined from the knowledge about the geology of the site and
the prevalent environmental conditions, such as pressure,
temperature, pH and others. There can also be additional
human influences, such as operation of existing groundwa-
ter extraction wells, waste-water intrusions, industrial use of
geothermal resources and others. Typically a number of in-
put parameters (around 10-50) and output variables (up to
several hundred) are involved in the simulation at each el-
ement and time step. Expert knowledge here is needed to
identify only those input-output relationships that are mean-
ingful for the particular site. Our collaborators would like to
base this decision on their knowledge about the geological
characteristics of their study sites.

This constitutes an important visualization challenge
since it requires visualization to 1) tackle the exploration of
many-to-many relationships to identify the important rela-
tionships in model input-output data and 2) provide an ef-
fective visual filter mechanism to support their inclusion in
the surrogate model description.

Restrict to application specific relationships. Surrogate
model is usually constructed for a particular application sce-
nario. Therefore, it will be associated with a certain set of
output values that are needed and a certain set of input pa-
rameters that control these output variables. For example, if
a surrogate model is to be used for evaluating the feasibil-
ity of gas storage at a promising geological formation, then
it needs to simulate the reactions for gases that could be of
potential interest for storage in such formation. In contrast, a
model for groundwater aquifer under an industrial area may
need to include input-output relationships for rapid simula-
tion of emergency spill scenarios.

Since some output variables may need to be re-used on
the input parametrization side of nearby elements, the chal-
lenge here for Visual Analysis is to assist the expert user in
balancing this consideration with the intended model appli-
cation perspective and complexity.

Restrict parameter ranges. For each particular site and
application scenario there is a limited set of meaningful input
parameter ranges for the model. For example, temperature
can be measured in a monitoring well at a certain depth and

found to be in a limited range. If this is the case, then there
is no need to incorporate all the possible model responses
to temperatures outside this range. This requires a combi-
nations of expert knowledge about the modeling area and a
sound understanding of the model response to the sampled
parameter ranges.

This presents several imporatant challenges for Visual
Analysis as these considerations can be strongly tied to the
surrogate model, the sampling strategy and the visual encod-
ing of the relevant multi-parameter combinations.

Balancing the speed/accuracy trade-off. The vari-
ous combinations of simplified input-output relationships,
their functional approximation and relevant input parameter
ranges can present a multitude of possible speed/accuracy
trade-offs. Geochemical simulation results are often subject
to high uncertainties, both on what is known about input
parametrization and what can be validated in laboratory tests
from the output variables [DHED12]. Many different formu-
lations of surrogate models within these uncertainty bands
may be possible. With expert involvement, some responses
for relationships with high uncertainty on parameter or out-
put side could be replaced by greatly simplified relationships
while allowing overall model accuracy to stay appropriate.
Expert understanding about the priorities of the scenarios for
which the surrogate model is to be used can assist in better
decisions about the most appropriate speed/accuracy trade-
off.

Visual Analysis needs to deal with several challenges: 1)
incorporating uncertainty visualization as part of the surro-
gate model definition process; 2) allowing interactive com-
parison of surrogate models with different speed/accuracy
characteristics; 3) relating the various factors responsible for
these characteristics so, that the surrogate model definition
can be refined.

6. Conclusion

We present a four step strategy for Visual Analysis approach
that can facilitate the creation of surrogate models for geo-
chemical applications. We identify these four essential steps
through a close collaboration with domain experts. Each of
these steps require addressing difficult visualization chal-
lenges that are specific to the creation of surrogate models
for geochemical simulations. The advantage of combining
the surrogate modeling approach with Visual Analysis is the
involvement of domain expert knowledge into the entire pro-
cess. We look to develop practical prototypes that support
this four step process. This will lead to Visual Analysis ap-
proaches that will push the frontier of the surrogate model-
ing approach for the application domain. These challenges
are interesting for a wider environmental visualization audi-
ence because of the increasing applications of geochemical
models and the growing interest in the surrogate modeling
approach in the domain community.
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