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VGP Application on Rheinberg and Prosper Haniel
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VGP Inducing Points Evenly Spaced

Prediction Uncertainty Across Different Inducing Point Configurations
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Placement of Inducing Points

Inducing Points are placed using a local structural-importance score which
is computed from the data using neighborhood-based estimates of slope,
residual curvature, and local contrast.

A Gaussian kernel matrix is built on a subset of candidate points.

A weighted pivoted-Cholesky or greedy Nystrom-type procedure selects
candidate locations that explain the largest structurally weighted fraction of
the kernel variance.

Selected locations are passed as inducing points to a GeoML VGP network
that uses a Gaussian likelihood and stochastic variational inference.

The number of inducing points controls the effective complexity of VGP.

The purpose is not only to accelerate training, but to allocate the model’s
representational capacity where it is geologically most valuable.

This is particularly important for seismic horizon modeling, where broad
smooth regions may require few inducing points, while faulted, folded,
steep, or high-curvature zones may require a denser inducing-point
representation.
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Top Permian Rheinberg

Z prediction
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Uncertainty Map Top Permian Rheinberg

1e6 Predicted Z in original coordinates 1e6 Original-unit Z uncertainty
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Vector Field | Divergence | Variance | Top Permian Rheinberg
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Uncertainty Top Permian Rheinberg
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Top Karbon — Pennsylvanium Rheinberg

Z prediction
-637.

-823. -730. -544, -451.

KarboEx2 Project Meeting, 06.07.2026
Univ.-Prof. Florian Wellmann, Ph.D. | Dr. David Nathan, Ph.D. | Daniel Satizabal, M.Sc., Chair of Computational Geoscience, Geothermics and Reservoir Geophysics (CG3) K Il Exz =
RWTH Aachen University al' 0



Uncertainty Map Top Karbon — Pennsylvanium Rheinberg
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Vector Field | Divergence | Variance | Top Karbon — Pennsylvanium Rheinberg

3.0

1e6 Learned vector field 1e6 Divergence of vector field 0.010 1e6 GP predictive variance
5.71375 A A 25 5.71375 A | 5.71375

—=
5.71350 - 7 “\q% 5.71350 -_— 0.005 5.71350
4 I~ .
5.71325 - // / = 20 5.71325 - - 5.71325
5.71300 900 ’ 5000 571300 /\
> 571275 - - 5.71275

5.71250 ~

5.71300 q
5.71275 4 \"J‘y/ L 1.5

o = ////‘/

Vector field norm
Divergence
Y

5.71250

- L —0.005
5.71225 /] 10 5.71225 -_— 5.71225
— | -
5.71200 4——0" 5.71200 - 5.71200
S B e .. oo
T T T T T T
330000 330500 331000 331500 332000 332500 [ 93 330000 330500 331000 331500 332000 33250 330000 330500 331000 331500 332000 33250
X X X
-0.015

KarboEx2 Project Meeting, 06.07.2026
Univ.-Prof. Florian Wellmann, Ph.D. | Dr. David Nathan, Ph.D. | Daniel Satizabal, M.Sc., Chair of Computational Geoscience, Geothermics and Reservoir Geophysics (CG3) K h Exz E
RWTH Aachen University daro

1"

Predictive variance



Uncertainty Top Karbon — Pennsylvanium Rheinberg
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Geological Model (Surfaces) Rheinberg
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Geological Model (Surfaces) Prosper Haniel
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Geological Model (Surfaces) Prosper Haniel
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Regional Model
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Regional Model
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Next Steps - Conferences

Future integration with seismic attributes and full seismic cube information
opens the possibility for automated geological domain segmentation and
stratigraphic classification.

Extend the methodology from single interpreted surfaces to the full 3-D
seismic cube in order to incorporate volumetric spatial information.

Implement Gaussian Mixture Models (GMMs) combined with Gaussian
Process frameworks to identify and classify spatial clusters with similar
geological properties.

Manuscript VGP - Uncertainty quantification on seismic data
interpretation (spatial uncertainty) + geological modeling. Compression of
information (reduce to the essentials).

IAMG

International Association for Mathematical Geosciences
Annual Conferences

IAMG 2026
24th Annual Conference

August 23 - 28, 2026
Montreal, Canada
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Abstract

The Rhine-Ruhr Area was an important coal mining area in Germany in the past century. In the times of active exploration for coal and salt, 3-D seismic datasets were
acquired. Within the KarboEx2-project, these legacy datasets are digitized and reprocessed using modern seismic processing workflows to improve subsurface
imaging and to support the characterization of deep geothermal reservoirs through geological modeling and geothermal simulations. In this contribution, we show how
surrogate models can be employed to guantify spatially correlated uncertainties in reprocessed legacy seismic data through a Machine-Leamning workflow, based on a
Variational Gaussian Process (VGF) approach with inducing peints implemented in the open-source Python package GeoML.

Uncertainty relates to the spatial position of the input data, which derived from the processing and interpretation of horizons on legacy seismic data. To address this
uncertainty, lower-dimensional geological surrogate models may capture spatial correlations between interpretation pick points while allowing them to perform
inference, sensitivity analysis, etc.

Our resuits show that it is possible 1o create surmogate models efficiently for a range of geological settings — with a balance between the dimension (input points) of
the surrogate model and the level of complexity of the original interface. In addition, due to a variational approach, uncertainties in the input data are naturally
propagated into the surrogate model and thus into derived geological realizations. We outline how this ML-Driven Uncertainty-Aware modeling approach can be
integrated into geothermal exploration workflows, including the uncertainties in the legacy seismic data.
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