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3-D subsurface modelling

Models Geology

3D Structural Models:

[ Hessen (Freymark et al. 2015)

[] Hessen3D (Armndt et al. 2011)

[ ] GeORG (GeORG-Projektteam 2013a)

[ ] Baden-wiitttemberg (Nitsch & Zedler 2009, Rupf & Nitsch 2008)
[] central European Basin System (May
[ 1 Molasse Basin (Przybycin et al. 2015a)

Additional Data;
[] 2D Surface and Thickness Maps
{Boigk & Schoneich 1972, Bachmann al al. 1987,
Mechie 2007, Amante & Eakins 2009, NAGRA 2012)
= Seismic Reflection Profiles
(Brun etal. 1992, Finckh et al. 1984, Luschen et al. 1987,
Meissner & Bortfeld 1990, Oncken 1998, Oncken et al. 19949)
===== Ssismic Refraction Profiles
{Blundell et al. 1992, Gajewski et al. 1987, Glahn et al. 1993,
Maurer & Ansorge 1992, Mueller et al. 1973)
- ‘Wells | Temperature Data
(Bar 2012, Bonté et al. 2010, Carré 2011,
Guilloy-Frottier et al. 2011, Kohl et al. 2003,
Le Masne et al. 1991, LGRB 2010, Vernoux & Lambert 1993)
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Example:
Upper Rhine Graben
Freymark (2019)
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(Doctoral dissertation, Universitéatsbibliothek der RWTH Aachen).
https://publications.rwth-aachen.de/record/766731

Helmholtz Centre
Porsbpam

Freymark, J. K. (2019). Implications of the 3D structural and density configuration for the thermal and hydraulic fields of the Upper Rhine Graben

HELMHOLTZ


https://publications.rwth-aachen.de/record/766731

Key: 3-D gravity modelling

Modelling requires integration of various structural geological and geophysical data
(Interactive) 3-D gravity modelling: key concept to assess the inconsistencies

» Even gravity-constrained 3-D models contain uncertainties

Manual geometry modifications: time consuming, not reproducible

= A geometry optimization concept is needed
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Interactive geometry optimisation concept

= Concept details:

= Alvers, M. R., GOtze, H.-J., Anikiev, D., & Plonka, C. (2023).
Inversion of potential fields by interactive optimization of 3D subsurface models using spring-based space
warping and evolution strategy. GEOPHYSICS, 88 (3): G79-G93 https://doi.org/10.1190/ge02022-0222.1

= Also: Alvers et al. (2013, 2014, 2015) Generation 1

Generation 2 Generation 3

= Brief overview of the concept:

= Model geometry optimisation is a highly non-linear
problem

= Covariance-Matrix-Adaptation Evolution Strategy
(CMA-ES): high-dimensional space, fast convergence
and overcomes local minima (e.g,. Hansen, 2016)

Generation 4

= Space warping is used to preserve model topology

= Applications:
= Imaging salt structures in the North German Basin

= Revision of the mantle anomaly in Upper Rhine

Graben https://en.wikipedia.org/wiki/CMA-ES

GF Z Hansen, N. (2016). The CMA evolution strategy: A tutorial. arXiv preprint. DOI:

———— 10.48550/arXiv.1604.00772. HELMHOLTZ
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https://doi.org/10.1190/geo2022-0222.1
https://en.wikipedia.org/wiki/CMA-ES
https://arxiv.org/abs/1604.00772

Space warping
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It’s spring time!



http://home.mnet-online.de/mdeg/guenter/spring_demo2.html

Elegant solution: elastic springs y
‘O
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Hooke’s law: F = kAx = k(X;-Xy)
k - spring constant or stiffness

» Replace rigid connections of the space grid nodes with elastic springs
» Mutation step changes the spring constants k

» Equilibrium + Hooke’s law gives a linear system of equations to update the node
positions

= “Magic trick”: the rest lengths of each spring set to be twice bigger as deformed
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Application 1: North German Basin
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Application 2: Upper Rhine Graben

a) Measured Gravity b) Calculated Gravity
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Application 2: Upper Rhine Graben

Gravity residuals for three model variants
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Application 2: Upper Rhine Graben

Moho LAB
L |
- 240
g )c) ] ) c) ”
5 i 0
E‘ 200
=, i 180
:1 160
-74 Frankfurt a.M. 140 o
- 4 120 @
) E
100 —
-86 [}
k=)
-92 60 B
- = A0 o
1 o | A 0 &
104 w ’:‘ p o £
Es “ -20
e - | i
g -110 ‘r .:{ ?‘— b \‘. 40
g -116 Baswk . -60
2 -80
122 : - -100
s Vs N,
; -128 — -120
350000 450000 550000 350000 450000 550000 350000 450000 S50000
: o Model without low-densit
Deep structural configuration in the URG model 4
mantle anomaly
G F Z Freymark, J. K. (2019). Implications of the 3D structural and density configuration for the thermal and hydraulic fields of the Upper Rhine Graben
(Doctoral dissertation, Universitatsbibliothek der RWTH Aachen).
https://publications.rwth-aachen.de/record/766731 H E L M H 0 LTZ

Helmholtz Centre
Porsbpam


https://publications.rwth-aachen.de/record/766731

12

Application 2: Upper Rhine Graben
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Application

Model with low-density

mantle anomaly
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Application 2: Upper Rhine Graben

Model without low-density
mantle anomaly but with
optimized geometry
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Application 2: Upper Rhine Graben
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Application 2: Upper Rhine Graben
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See also: Homuth, B., Bar, K., Weinert, S., Stiller, M. (2021): Reprocessing of the Hessian DEKORP seismic profiles.

81. Jahrestagung der Deutschen Geophysikalischen Gesellschaft, Abstract-Nr.: A-122.
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Summary

= Motivation and concept of geometry optimization

» CMA-ES: appropriate non-linear algorithm for subsurface geometry
optimization

» Subsurface space warping with the key element — elastic springs
= Applications: from salt dome reconstruction to mantle anomaly study

» Interactivity of the optimization process
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