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Abstract

The description and the interpretation of the geological evolution of
sedimentary basins has recently received a great support from the use of
mathematical models and numerical methods, taking advantage of more
advanced hardware, both in graphic and computing power. We have de-
veloped a geological modeling workflow, based on G()CAD, for the 3D in-
verse and direct structural modeling of sedimentary basins. The workflow
is based on an appropriate number of time-steps of restoration modeling
coupled with forward/evolution modeling. During each step a GQOCAD geo-
logical model provides support for data managing, pre- and post-processing
for numerical solvers and the necessary interpretative model editing.

The capability of capturing and describing all the geometrical and struc-
tural features of an accurate geological model, leads to remarkable results
in integrating available data, in validating restoration models and in re-
constructing a reliable evolution of a basin.

The model is built with G()CAD, starting from the basin geometrical
data. Topological complexities such as faulted stratified layers and salt
diapirs are easily handled in a three-dimensional unstructured framework.
Then the geometrical model is enriched with its physical properties, coming
from seismic, well and field data and from the modeller conceptual model.
The domain is then described with a user-defined tetrahedral mesh, neces-
sary for the numerical simulation of its geological evolution. The output
results, for example the updated position of horizon and fault surfaces, and
the distributions in the domain of physical quantities such as stresses and
displacements, are then imported in GOCAD by means of a fully-automatic
procedure, for data visualization and analysis. The workflow can be iter-
ated starting from the last updated configuration.

We present the application of the workflow to the simulation of the
dynamic structural evolution in two realistic cases: a multi-faulted system
and a diapir growth in a multi-layered sedimentary basin.



Introduction

The motivation that moves the study and the implementation of efficient and
functional procedures for pre- and post-processing resides in the importance of
having powerful and automatic tools for geological modeling and visualization
of a huge quantity of data in a clear and effective layout.

The procedure we present in this work is intended to support the modeller for
restoration, that is one of the existing techniques for obtaining an accurate and
consistent interpreted geological section from seismic or well data. In particular
we refer to the direct approach, by which the geological history is reconstructed
from the past to nowadays in a forward evolution time direction. (for an overview
on cross-section balancing and restoration techniques see [I). Its main purpose
is to verify the structural interpretation and geometry of a geological formation,
and to validate models.

The appearance of CAD software for geological modeling has lead to a sig-
nificant improvement in this research field, as the capturing of all the complex
three-dimensional geometrical features assumes vital importance in comprehend-
ing earth movement and dynamics. On the other hand, in the petroleum indus-
try, the representation, visualization and analysis of physical data is a key point
in planning well drilling and in basin inspection, to reduce the risks of explo-
ration.

The use of GQOCAD coupled to a powerful dynamic solver represents an im-
provement step towards the simulation of the very true evolution of the dynamics
of real three-dimensional sedimentary basins (see for example [2] and [3]). In-
deed it allows the handling of geometrical tools for the structural modeling of
geological objects in a three-dimensional framework, together with built-in algo-
rithm for data processing and visualization. We exploit these resources to plan
a procedure that is able, starting from a set of initial data, to build a structural
model of stratified sedimentary basins for dynamic simulations, endowed with
a tetrahedral mesh accounting of topological complexities. After the numerical
simulations, the physical and geometrical results can be imported in G()CAD,
for data visualization and surface reconstruction, for the inverse construction of
the structural model.

The paper is organized as follows. In the first Section we present the struc-
tural modeling workflow applied to a stratified multi-faulted system together
with an automatic proceeding for data visualization, focusing on the direct ap-
proach. In Section 2 we show a second significant case, a diapir growth, illus-
trating the model creation steps and the data visualization possibilities, and the
surfaces reconstruction sequence that leads to the updated model, as an example
of inverse approach. Finally, future works and developments are discussed.



1 Structural Modeling Workflow

The structural modeling workflow we propose aims at building a complete pro-
cedure for restoration pre- and post processing. We propose two sequences of
steps that starting from horizon and fault surfaces are able to build in GQOCAD
a 3D structural model, to visualize the results of numerical simulation, and to
update the structural configuration. We neglect here the seismic data analysis
the input data come from, and we assume to already have horizons and faults
available, in any G()CAD format.

The key features of the procedures are the capability of handling models of
complex topology and the minimization of the user intervention in the post-
processing phase, that is fully automatic. In the following we present the mod-
eling of a sedimentary basin composed of three layers and in presence of two
faults, that is shown in Figure [l We exploit the StructuralModeling built-in
ca(Ocabp workflow and the Finite Element Mesh Constructor GQOCAD module,
respectively to define the domain boundaries and surfaces, and to create the
mesh.

1.1 Pre-Processing

As we have previously said, the input data consist on the discretized surfaces of
the basin. Though these can be represented in any G()CAD object, for example
as 2D-Grid or PointsSets, we suppose for simplicity they are available in the
Surface format, as this is the most generic object and easily handled by the

Figure 1: The starting point of the pre-processing procedure: the surfaces repre-
senting the horizons (green, magenta and white) and the faults (red) are available
in the c()caD format Surface. The region we consider is highlighted in black.
In this figure and in the following figures of this section, the view is expanded
by a factor 2 in the Z direction.



processing tools we are going to use (anyway, it is always possible to convert
or to extract a surface from those objects). The initial configuration then looks
like the one shown in Figure [l The procedure can be schematically sketched as
follows:

1. set the walls of the domain of interest, exploiting the StructuralModeling
workflow;

2. build a Model3D object representing the structural framework;
3. create the tetrahedral mesh, through a 1D and 2D intermediate meshes;

4. provide the structural model with properties.

In the following, all these steps are explained in details.

1.1.1 Domain of interest

We firstly define the region of interest from the available data. We exploit
the first steps of the StructuralModeling workflow to characterize geologically
the surfaces and to create the domain walls, choosing the top, the basement
and the area of interest. It is also possible to rebuild the surfaces to fit the
domain boundaries or to respect a mesh size. At this stage we do not care
of the surface meshes, as they will be specifically considered later in the mesh
generation process. Faults and horizons mutual contacts can be either modeled
or not, depending on the approach of the solver. The resulting model is shown
in Figure The top is still fictitious here, as we are going to consider the
actual top (green surface). The basement is chosen to conserve the original salt

Figure 2: The application of the Structural Modeling workflow: the model is
enriched with the delimiting walls, that define the volume of interest. In this
case we do not model the horizon—fault contacts.



Figure 3: The model in the Model3d object. The faults are shown in red, but
not explicitly included as surfaces in the Model3d.

volume (white surface and underlying layer) according to restoration data. All
the objects are now Surface objects.

1.1.2 Structural Frame

From the previous data processing, we build the structural layout of the model,
which is composed of all the intersection lines between surfaces. It is important
to obtain a watertight frame, in order to preserve the proper subdivision of layers
and subdomains. We create then a Model3d object, that exploits the algorithm
described in [] to guarantee the surfaces to intersect each other correctly, and
hence to generate well-sealed regions. The Model3d is the recommended object
as it the most rigorous way to associate a macro-topological model and a tes-
sellated volume (see [B]). Indeed, it is the natural input of the tessellation tools
and predisposed to the generation of a tetrahedral mesh over a structural model.

The surfaces to be included in the Model3d are in theory both the horizons
and the faults of interest. Instead, here we do not include faults as they are
modeled in a way that does not imply an explicit geometric representation in
the structural framework. It depends however on the solver approach. The
result is shown in Figure B, where we have already removed the upper layer to
obtain the actual top surface.

1.1.3 Mesh generation process

The volume tessellation is generated with the help of the ¢(QcAD Tessellation
workflow routines. By means of a process involving three sequential meshes, a
3D tetrahedral unstructured grid is built over the computational domain. To
correctly discretize the model, this volume mesh should be conformal to both



external and internal surfaces. This task is accomplished by the method de-
scribed in 6], that neglects any previous triangulation on surfaces and generates
a mesh that respects the geometry of internal boundaries. It also implements
algorithms for elements quality improvement.

Initially a 1D discretization is built on the radial lines composing the Model3d
framework. Then, starting from this one-dimensional mesh, a 2D triangulation
is constructed on every surface of the model, and hence the 3D tetrahedral dis-
cretization. In each step, refinement and adaption tools are available to size the
meshes on specific fitting requirements. In our case, we choose a constant 1D
dicretization for the frame, whose size is established to have a reasonable number
of segments (and consequently triangles and tetrahedra) in the 7 direction. As
regards the 2D grid, two different constant sizes have been considered respec-
tively for horizons and boundaries, to balance the global number of unknowns
(that depends on the number of mesh nodes and elements) and the resolution
desired. Finally an isotropic tetrahedral distribution is imposed for the volume
dicretization. The three resulting meshes are shown in Figure Fl

A remarkable feature is that the absence of faults in the geometric represen-
tation strongly simplifies the mesh generation process and increments the overall
quality. In Figure fi{d)] an example of anisotropic refinement is shown, that may
be useful in specific applications. The tessellation is stored in a G()CAD object
Solid, which contains also the Model3d and the surfaces.

1.1.4 Property modeling

The structural model can be endowed with additional informations, such as the
physical properties of each layer or the boundary condition for the numerical
simulation, that characterize it from the modellistic point of view. Among the
possible categories and types, these features are applied as user-defined Proper-
ties on the object Solid, and through its internal objects Surfaces, they can be
defined on either the whole domain or only on the boundary. This last case is
the one shown in Figure @ where a qualitative velocity distribution imposed
only on the lateral walls is displayed. In our example, each boundary condition
is initially applied on every wall by means of a flag property; then through flag-
value defined regions their numerical values are assigned to the model, according
to flags and regions. In terms of GQOCAD Properties, each velocity component is
an Element of a three-element property representing the vectorial velocity.

A particular kind of property that we impose is a distance function to in-
dicate faults. In other words, faults are included in the model indirectly, by
means of a node-related distance function, that measures the distance between
a grid node and a fault surface (see Figure . The fault region can be then
identified by those nodes whose distance is lower than a user-defined threshold.
It is worth noting that to capture the faults correctly, the grid size in this re-
gion should have the same order of magnitude of the fault thickness (that is
about tens of meters), that may suggests the reference size for the tetrahedral



(d)

Figure 4: The mesh generation process: (a) the constant 1D discretization, with
a compressive Z_factor = 2. (b) The 2D mesh in an open view of the model,
with two different levels of uniform refinement for horizons and domain lateral
boundaries. (c¢) The volume mesh: the reference size is chosen to dicretize the
thinnest subdomain with at least two layers of tetrahedra, to preserve accuracy.
(d) An example of anisotropic refinement: a constant subdomain-dependent size
is prescribed for the tetrahedra refinement.

refinement. Unfortunately this is usually much smaller than the basin dimension
(of the order of tens or hundreds of kilometres), and would lead to over-refined
meshes. For this reason dedicated refinement algorithms may be required (see
for example [1]).

The structural workflow is then completed. The whole model is saved in the



Figure 5: Examples of property definition. (a) The distribution of the X-
component of the extension velocity of the basin, defined on the grid nodes
as a linear function of the position along the X axis, and only over the lateral
boundaries (the nodes where the property is not defined are displayed in black).
(b) Example of fault modeling through a distance function, that identifies the
region of the model crossed by one fault (red surface).

Solid output file, that contains all the physical, mathematical and geometrical
informations required. These can be finally extracted and formatted for the
numerical solver.

1.2 Post-Processing

The post-processing procedure focuses on data visualization and surfaces recon-
struction. It strongly relies upon the Discrete Smooth Interpolation, introduced
and developed in [§] and [9], that is used for interpolating both data and sur-
faces. The procedure benefits from a script of c()cabD CliCommands to manage
automatically all the available output data. In our case these can be divided
into two main categories: we have scalar or vectorial fields of physical quanti-
ties (such as velocity, stress, pressure, density, ... ), where each component is a
property of a G(OCAD PointsSet object, and the model surfaces and boundaries,
that are printed out directly in the Surface format or as sets of points clouds. In
the first case each property is attached to the nodes of the related mesh, and the
procedure interpolates them through the DSI on a three-dimensional domain,
and paints a Voxet object for visualization. In the latter, a sequence of steps
has been developed to reconstruct the actual surface by means of the DSI as
a compromise between data fitting and function smoothness. This last feature
in particular is suitable for updating the model configuration and restart the
simulation every time the numerical solver is not able to handle a topological



change or geological event that may occur. In particular the two proceedings
consist in the following steps:

Data Visualization Surface Reconstruction
1. Load the property and the 1. Load the dataset containing the surface
related mesh point
2. Create a Voxet 2. Build a constrained border and surface
3. Interpolate the property on 3. Run a sequence of alternate isotropic DSI
the Voxet for surface smoothing and data fitting

We would like to remark that the procedure is fully automatic, that is each
step can be performed without any user intervention. On the other hand, to
modify and customize the proposed post-processing settings (for example the
number of cycles of the DSI), it suffices for the user to edit the file scripts,
and to set the desired parameters. In any case, the scripts can be then run
automatically.

In the following figures some results are presented. The basin dimension are
13.8 9.2 x 7.1 km, and the mesh is made of 19210 points and 96428 tetrahedra,
for a simulation step lasting 7 million of years.

We show in Figure [ three examples of property visualization, in particular
the module of the velocity, the Sz stress component and the viscosity distribu-
tions on a section crossing the faults. In all the plots, faults are clearly visible, as
high-speed, low-stress and low-viscosity regions. In Figure [ the surface recon-
struction process is sketched, from the initial point sets to the resulting surfaces.
From the last step the whole procedure can be iterated, even adding additional
sedimentary layers and faults, as will be shown in Section

Figure 6: The data post-processing and visualization. The distribution of (a)
the module of the velocity, (b) the Sz stress component and (c) the viscosity,
on a significant section.



(a) (b)

Figure 7: The surface reconstruction sequence. (a) The initial complete dataset
(white), with horizon (blue) and fault (red) points clouds. (b) The surface nodes
are constrained to move along an optimized fixed shooting direction; if necessary
it can be easily edited in the scripts. (¢) The reconstructed surface is a balanced
compromise between surface smoothness and data fitting (in blue the control
points are highlighted), that can be adjusted by the modeler intervention.

2 Another application: a diapir growth

The procedure we propose can handle complex geometries. In the previous Sec-
tion we presented our workflow applied to a multi-faulted system. We illustrate
now the modeling and the reconstruction of a salt diapir in a stratified sed-
imentary basin (see Figure B). The dimension of the region we consider are
8.9 x 8.7 x 7.2 km. We also give an example of inverse structural modeling, that

Figure 8: The second case we analyze: a diapir growth in a three-layered sed-
imentary basin. Diapirs (in magenta and yellow) are displayed to identify the
region of interest, but they are more recent than the horizons.
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(a) (b) (©)

Figure 9: The pre-processing steps. (a) The Model3d structural frame: the
basement is chosen to conserve the initial salt volume (white surface). (b) The
1D (green points) and 2D meshes. For the latter, different refinement sizes
have been fixed for horizons and lateral walls. (c) A section of the Solid object
showing the 3D internal mesh.

is how the model can be imported, processed and updated for a restart of the
simulation of a new evolutionary step on a modified configuration.

The key feature of this application is the reconstruction of the diapir. Hence
we will go through the pre-processing phase simply illustrating the results of the
steps that have lead to the 3D mesh, that are sketched in Figure @ The final
model is composed of 26586 nodes and 149178 tetrahedra.

In this case we imposed a subsiding speed on the basin. We show in Figure
[ the distribution of the Z component of the velocity, the Szz component of
the stress, and the viscosity, after a simulation time of 22.29 millions of year. In
the velocity plot in Figure the rise of the diapir is evident in the region of
positive values of the velocity, as well as in the low stress region in Figure

Figure 10: The visualization of some results at a significant cross section. The
distribution of (a) the velocity in the Z direction, (b) the Szz component of the
stress, (c) the viscosity.
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(c) (d)

Figure 11: The diapir reconstruction. (a) The mesh nodes (white) and the
horizon datasets (red and blue). (b) The shooting direction is optimized to
each half-surface, and so are the constraints (in violet) for points movement.
This leads to (c) a correct diapir reproduction, that is completed with a patch
(yellow) linking the two half-surfaces. (d) The final set of surfaces: the diapir,
the horizon and the boundaries.

Also noticeable are regions of descendant velocity and high stress surrounding
the diapir.

The generalization to the managing of complex geometries reflects in a more
marked modeler intervention, as regards the post-processing phase of surface
reconstruction. This is principally due to the behaviour of the available tools,
that requires some expedients to correctly reproduce geometries like that of a
diapir. Such a shape in fact can not be represented by a single-valued function,
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Figure 12: The updated model. In addition to the updated horizons, a new layer
and the corresponding horizon (blue) have been added on the top.

and this would lead to errors in the points re-projection onto the approximating
surface. The point set must be then divided into two convenient parts, and
the automatic reconstruction process must be applied twice. This yields to two
discretizing surfaces, as shown in Figure[l1(b)l Finally, to give continuity to the
representation these are connected by a patch, that is fitted to the data points
for the sake of accuracy.

Once the surfaces have been reconstructed, it is possible to start again with
the pre-processing workflow and create a new model for the following simulation
step. In our case, in addition to the modified horizons, we consider an additional
layer on the top, that is added to the model simply by including the correspond-
ing horizon in the structural modeling. In Figure [2 the updated configuration
is illustrated. By choosing the same meshing parameters of the previous model,
the grid definition can be approximately conserved, and hence the overall accu-
racy. The number of nodes of the updated model is 29562, and the tetrahedra
are 124184.

Conclusion and future works

The structural modeling we proposed aims at providing a general direct and
inverse procedure for sedimentary basin modeling and restoration data visual-
ization. Starting from horizons and faults surfaces the pre-processing procedure
supports the modeler in building a three-dimensional model of a stratified sedi-
mentary basin, with the capability of handling topologically complex geometries
such as faults and diapirs. The model is then enriched with additional proper-
ties and described with a volumetric tetrahedral mesh for numerical simulations.
The post-processing procedure is able to load, process and visualize data coming
from a dynamic solver, and to reconstruct model surfaces for configuration up-
dates and simulation restarts, by means of CliCommands scripts. All these steps
can be edited by the user and performed in GQOCAD through a fully automatic
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procedure.

The proceedings have been applied successfully to two significant real cases,
a multi-faulted system and a diapir growth in a multi-layered sedimentary basin.
The results illustrates the modeling capabilities and the processing possibilities
the procedures offer to the modeler.

Ongoing works regard the improvement of the mesh generation process in
G(CAD, including a refinement strategy localized to fault regions, to optimize
the number of nodes and elements with respect to a specific local resolution.
As regards the post-processing, a step forward is the development of a GOCAD
user-friendly wizard-based graphical interface to simplify the scripts run and the
parameter setting. This goes towards a complete and easier control for the user
of the whole process, still maintaining the automatic features that are essential
in speeding up the data process and analysis.
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