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ABSTRACT

In the current context of continuous supply of energy, the dis-
covery and development of new prospects will rely on our abil-
ity to detect reserves in deeper and structurally more complex
formations. These exploration areas stretch the capabilities of
currently available three-dimensional (3-D) exploration soft-
ware, which cannot accommodate a realistic geometrical de-
scription of present-day geological structures and the tectonic
deformation steps. Correctly handling the kinematics of struc-
tural deformation and evaluating the pressure regime and tem-
perature history at the scale of exploration will remain as chal-
lenges for several years to come. In this article, we focus on
geometric aspects using a reversible kinematic approach to de-
form and restore faulted and folded structures. Kinematic
modeling is a good alternative to the complexity of a mechan-
ical approach and is sufficiently representative of the natural
processes involved (sedimentation, erosion, and compaction).
Its reversibility ensures that the basin parameters need to be
defined only once for both the restoration and the deformation
steps. The model describes the incremental development of
the basin in space and time. It is based on a hexahedral discre-
tization process that is fully adapted and appropriate for ther-
mal and fluid transfer. Different deformation modes (flexural
slip and vertical shear) are mixed to integrate natural deforma-
tion more effectively. The algorithm is validated using different
geological examples of growing complexity up to curved normal
and thrust faults. The approach offers various prospects for
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improvement, integrating both kinematic and me-
chanical constraints. Considering the challenges
that the industry needs to overcome in future ex-
ploration, the results of this approach are very en-
couraging and can be considered as a solution for
solving the structural part of 3-D basin modeling
in complex areas.

INTRODUCTION

In view of the current context of oil and gas ex-
ploration, the development of new prospects will
depend on our ability to detect reserves in increas-
ingly complex geological environments. Petroleum
system evaluation and basin modeling tools are re-
quired to improve knowledge of hydrocarbon po-
tential in mature and underexplored areas. Such
evaluation calls for knowledge of both the present-
day basin and its deformation history because of
the need to couple dynamic changes in the basin
with the simulation of fluid migration. The basin
modeling tool must handle the coupling between
the reconstructed geometry through geological
time and the controlling physical processes that
lead to the generation and migration of hydrocar-
bons. Difficulties occur, however, in considering a
realistic geometric description of geological struc-
tures at the present day and during the tectonic de-
formation steps. Coupling an understanding of
petroleum systems with the precise kinematics of
structural deformation is still a challenge in three-
dimensional (3-D) modeling. Three-dimensional
software tools simulating fluid flow coupled with
dynamic geometry through time already exist.
However, changes in geometry, to represent the
restoration of the structures from a deformed to an
undeformed state, are described by vertical decom-
paction, named backstripping (Schneider et al.,
2000). In these software tools, faults are virtual
and are only represented by their hydraulic proper-
ties. In two-dimensional (2-D) modeling, software
tools exist that can consider more complex and
realistic geometries, including faults (Schneider
et al., 2002). However, considering the function
of the fault network in 3-D is much more compli-
cated, and some research still needs to be done
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(Thibaut et al., 2007). In 3-D, when the history
of the structural basin cannot be described satisfac-
torily with vertical decompaction, the hypothesis of
backstripping is too restrictive; for example, fault
movements may be crucial to explaining the crea-
tion of hydrocarbon traps, or the time scale of tec-
tonic episodes may explain the time scale of matu-
ration. In these cases, a more rigorous analysis of
structural deformation using restoration methods
needs to be done to define the deformation path.
Various surface restoration methods have been
proposed for simple shear (Gibbs, 1983) or flexur-
al slip (Gratier et al., 1991; Gratier and Guillier,
1993; Samson, 1996; Williams et al., 1997). Some
methods are especially devoted to integrating het-
erogeneous strain such as fault termination and
noncylindrical folds (Rouby et al., 1993; Cognot
et al., 2001; Dunbar and Cook, 2003; Caumont
et al., 2004). With regard to volumetric restora-
tion, some solutions have been proposed using a
mechanical approach (Maerten etal., 2001; Galera
etal., 2003; Moretti et al., 2006) or a kinematic ap-
proach (Divies, 1997; Cornu et al., 2003). For a
3-D basin modeling study in a structurally com-
plex area, keeping the same gridding model for
both the restoration step and the simulation step
is potentially interesting in terms of the efficiency
and accuracy of the entire process governing petro-
leum formation. However, this implies certain com-
promises. Mechanical restoration has the advan-
tage of integrating the mechanical properties of
the rocks, but the basic tetrahedral shape of the
gridding is not well suited to the numerical simula-
tion of fluid migration. In contrast, with a kinematic
approach, the use of hexahedral gridding is an ad-
vantage for 3-D fluid migration simulation (see
the Discussion section). This article presents a re-
versible kinematic approach using a single gridded
model for both the restoration step (named the in-
verse step) and the development of the geological
structures. The solution is an acceptable way of de-
scribing deformation from the present-day (de-
formed) structure to the restored (undeformed)
structure and then back to the present structure. In
this approach, the path is not only reversible and
geometric but also incremental in time, which is dif-
ferent from those approaches that unfold instantly



in one step from the present-day structure to the
structure at the time of deposition (Gratier and
Guillier, 1993; Bennis et al., 1995; Rouby et al,,
2000; Thibert et al., 2005). The advantage of a
step-by-step process is that it can consider the
changes in certain parameters during the progres-
sive deformation (i.e., deposition and erosion, com-
paction, permeability, etc.). The use of a fracture-
mechanics-based crack-growth simulator (Philip
etal., 2005) is, for example, an interesting comple-
mentary approach to evaluate the evolution of per-
meability. In 2-D, software tools exist to describe
incremental kinematics (Suppe, 1983; Contreras
and Sutter, 1990; Divies, 1997), and some initial
solutions have been published in 3-D (Cornu et al.,
2003; Moretti et al., 2006). In the approach pre-
sented here, the goal is to offer a suitable mesh
for both restoration and simulation that can be used
for the thermal history; the deformation of rock
properties such as sedimentation, erosion, and com-
paction; and fluid transfer. This approach is based
on the work of Cornu et al. (2003). We used the
geometric method that was validated on examples
limited to one deformable unit overthrusting a fixed
basement. In this article, the approach has been
generalized with more than two deformable units
and integrates two mechanisms of deformation:
vertical shear and flexural slip (Gibergues, 2007).
Additionally, reversibility was implemented and
validated using different cases. The results give a
coherent kinematic mesh between the deformed
and the undeformed state, which is suited to fluid
transfer modeling. The results of this work are a
first step toward solving 3-D basin modeling in
complex settings.

PRINCIPLES OF THE METHOD

The method adopts the following assumptions
with regard to the definition of the basin:

e The basin is divided into several units (i.e.,
blocks) separated by faults and subdivided into
layers of constant thickness in the initial state.

e Fault locations are known a priori, and no seal-
ing properties are attached to the faults.

Initial model before deformation

Direction of displacement

Figure 1. Different mechanisms of deformation that can be
used in modeling: vertical shear and flexural slip.

® The layers slide perfectly, which means slip be-
tween them is frictionless.

® The layers slip independently of one another.
Considering a different type of behavior for each
layer of rock by choosing a deformation mecha-
nism is possible: vertical shear or flexural slip.
With the vertical shear method, the restoration
vectors are parallel to the vertical direction.
Layer thickness is not preserved through the
restoration. This deformation mode is relevant
to so-called incompetent layers (Ramsay and
Huber, 1987). With the flexural method, the
layer thickness is preserved and the deformation
mode is relevant to geological observations of
the deformation of so-called competent layers
(Figure 1).

e The basin has an imposed lateral border, de-
fined as a plane surface. The boundary condi-
tion is fixed during deformation and delimits
the lateral slip of the basin.
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Figure 2. (A) Fixed neutral surface in a deformed layer. (B) Definition of the displacement direction ¥ for a point M of the neutral
surface, with 7, the vector normal to the support, and iy, the vector normal to the imposed lateral boundary. (C) Diagram showing the
displacement of a rigid block. (D) Representation in cross section of an element climbing a ramp: o is the angle between the slope of
the support and the horizontal plane, L is the length, h the half height of the element, d is the Euclidean distance between / and M, I is the
introspection point with the bisector plane, and Mj is the location of M, after displacement.

e Thesliding supportis defined as being the top of as being undeformable and remains parallel to

the basement for the first layer, and the top of the
previous layer for the upper layers. It is extended
to the whole domain with the top of the other
blocks when a multiblock basin is considered.

The area of the neutral surface is preserved as
well as possible during deformation in the case
of vertical shear and exactly in the case of flex-
ural slip. The neutral surface is that which sepa-
rates the thickness of the layer into two equiva-
lent sublayers: one being extended toward the
exterior curve and the other being compressed
toward the interior curve. From the geometrical
point of view, the neutral surface is considered
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the sliding support during the progressive de-
formation (Figure 2A). From the discrete point
of view, the neutral surface remains parallel as
far as possible when crossing a breaking point
(Figure 2D). A layer is displaced by displacing
all the points of the neutral surface.

A layer is partitioned into rigid quadrilateral
blocks (3-D hexahedra), which move by transla-
tion and rotation. Internal deformation is local
and located at the breaking point where the slope
changes. Empty and recovered spaces observed in
the model are interpreted as being physical pro-
cesses that have occurred at small scales, such as



for example pressure solution creep and sealing
processes. Pressure solution is seen to accommodate
both folding processes and interseismic fault
displacement (Groshong, 1975; Laubsher, 1975;
Gratier and Gueydan, 2007) and compaction
processes (Dewers and Ortoleva, 1990).

The objective of this kinematic approach is to
use as much as possible the properties of the neu-
tral surface to describe the progressive deformation
of the layers. The problem is less difficult when
considering the properties of the neutral surface
because instead of deforming volumetric ele-
ments, the model deforms superimposed surfaces.
Using a multilayer model with different deforma-
tion modes for the layers (vertical shear versus flex-
ural slip) is also more realistic than using homoge-
neous behavior for the entire formation because in
natural deformation the partition between various
modes of deformation most commonly occurs at
the scale of the sedimentary layers. Consequently,
multilayered 3-D modeling with mixed deforma-
tion modes is necessary in considering the com-
plexity of the geological processes. However, lim-
ited computational capability prevents us from
modeling this contrasted multilayered behavior
when it occurs at small scales (superimposed deci-
meter layers with contrasted deformation modes).
With present computational capability, the defor-
mation mode must be homogenized in layers of
the various formations about a hectometer thick.
This is still realistic for modeling folding and frac-
turing of such formations (Ramsay, 1967; Ramsay
and Huber, 1987). To model geological series with
contrasted deformation modes, the first step is
therefore to identify the main mechanism of de-
formation for hectometer-thick formations. A sim-
ple way to do this is, for example, to distinguish on
a drilled core between formations that show no
evidence of change in thickness and can be modeled
by the flexural method, and formations that display
internal deformation, for example, with cleavage de-
velopment, that can be modeled by vertical shear.
The hypothesis of rigidity is represented by preserv-
ing the height of the edge of each elementary block
as the layer is deformed (Figure 2). Each edge is re-
built by translation and rotation across the neutral

surface. Depending on the deformation mode cho-
sen, the height of the edge is preserved vertically,
in the case of vertical shear, or perpendicular to the
sliding support, in the case of flexural slip, to pre-
serve the thickness of the layer (Figure 1). The
unknowns of the problem are the coordinates of
the nodes of the neutral surface after displacement.
If the displacement is defined by the curvilinear
translation vector U (Figure 2B), U = 7 A 7, where
17y is the vector normal to the support and 7, is the
vector normal to the imposed lateral boundary, a
point M (x1, y1, z1) of the neutral surface moves
parallel to the sliding support along a line D (M,
v) with a displacement of length & (Figure 2D).
Point M; moves along line D until the neutral sur-
face crosses the first bisector plane (the bisector
plane linked to the lateral imposed boundary or
that attached to the sliding support) (Figure 2C).
Considering point I of the intersection between
line D and the bisector plane and d the Euclidean
distance between points I and M;, point M; has to
move by an amount d. Three possibilities exist:

1. 8 < d, the coordinates of the new point M
are M, = [ 21+ 0,8
Yy + U,0
21 + 3.0
point M | is the same as point [
M, moves to I, hence a distance & — d.

2.8=d,
3.8>d,

After the displacement of the neutral surface,
the second step of deformation is to rebuild the
edges by rigid rotation around the neutral surface.
One important relationship to consider in building
the mesh is that between the length of an element
and the slope of the ramp to be climbed. This re-
lationship aims at preventing the edges from cross-
ing during displacement, which means that the
thickness and length of the element are linked by
the following equation:

L>h tan o,V a €[0;n/2] (D

The relationship emphasizes the fact that it is im-
possible to get up a ramp with a slope greater than
n/2 (Figure 2D).
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APPLICATIONS

The examples are presented in order of growing
geological complexity to emphasize the potential
of the approach.

Coupling of Different Modes of Deformation
in an Example with a Variable Ramp

As a first example, we present the results of cou-
pling different modes of deformation (vertical
shear and flexural slip). This example represents
a basin described by two units of four layers each,
an imposed vertical lateral boundary, and a curved
ramp with a slope varying laterally (Figure 3A, B).
Displacement is in the x direction, and the length
of displacement is 2000 m (6562 ft) (Figure 3C).
The enlargement in Figure 3D checks the orienta-
tion of the edges as a function of the deformation
mode. The first and third layers are deformed by
flexural slip: the edges are perpendicular to the
sliding support. The second and fourth layers are
deformed by vertical shear: the edges remain par-
allel to the vertical direction. Lateral sliding of the
third layer can be observed because of the curved
ramp. Figure 3E represents the relative volumetric
variation AV = (Vy — V;)/V; before (V) and after
(V4) the imposed displacement for each cell of
the first and second layers. The results are consis-
tent with the hypotheses of the associated defor-
mation. In the case of the first layer, deformed by
flexural slip, the local volumetric variation is less
than a few percent, which is compatible with the
conservation of the thickness of the layer. In the case
of the second layer, deformed by vertical shear, the
volumetric variation is of the same order, but the
variation increases on climbing the ramp.

Reversibility in an Example of a Basin
Described by Several Units Deformed by
Flexural Slip

The following example aims at testing the revers-
ibility of the approach using a multiblock basin.
The initial model gridding is an important step be-
cause it must verify that no edge crosses (equation 1)
over the entire kinematic range. This condition im-
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poses a relationship between the length and height
of each cell (but also between the width and height).
The relationship linking the height with the length
or width of a cell has an impact on the number of
cells required for the model to represent a specific
thickness. The size of a cell also has an impact on
the numerical precision of the computation. A
compromise must be found between the computa-
tion time and the precision to be attained in de-
scribing the displacement of the model. The cylin-
drical model is composed of a fixed basement and
two mobile and thrusting units (Figure 4). The
chronology of displacement between the different
units is the following. In Figure 4A, two units (2
and 3) are displaced and thrust over the basement
(unit 1) by two successive displacements of 3000
then 4000 m (9842 then 13,123 ft) in the x direc-
tion. In Figure 4B, the two units (2 and 3) are re-
stored after two 5000-m (16,404-ft) displacements
to their initial state at the time of deposition. Re-
versibility is ensured because the solution of the in-
verse problem (Figure 4A) after a displacement of
10,000 m (32,808 ft) is close to the initial direct
simulation model (Figure 4B). The total volume
variation for the deformation step before and after
displacement is less than 1.9%, which is due to
some cells being compressed and others elongated.

Example of a Geological Basin of Realistic
Complexity Deformed by Gravity

The last example is inspired by the structures lo-
cated in the Gulf of Mexico (Rowan et al., 1999)
(Figure 5A). The basin is composed of three units
separated by a normal and two thrust faults. The
imposed lateral boundary is interpreted as being
a strike fault. Figure 5B and C illustrate the 3-D
model, showing a bird’s-eye view and cross sec-
tion. The chronology of displacement between
the different units is the following: two units (2
and 3) are displaced and thrust over the base-
ment (unit 1) by successive displacements in the
x direction.

The layers of the model are deformed by flexur-
al slip. Figure 6A represents the initial state before
deformation. Figure 6B represents the deformed
model after a displacement in the x direction of
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Figure 5. Complex
structures with curved
normal and thrust faults.
(A) Schematic represen-
tation of the model with
normal faults from Rowan
et al. (1999) reprinted
by permission of AAPG.
(B) Bird's-eye view of the
initial 3-D model. (C) Cross
section representation of
the initial 3-D model with
units 2 and 3 and the
basement (unit 1).
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2000 m (6562 ft). The fault surface between units
2 and 3 is not active at this step. Figure 6C shows
an enlargement of the zone of deformation near
the normal and thrust fault, attesting to the accu-
racy of the deformation. Figure 6D shows a more
complex displacement sequence with successively
a 2000-m (6562-ft) displacement of the duplex
(units 2 + 3) over the fixed basement (unit 1) as
in Figure 6B and then a 1000-m (3281-ft) displace-
ment of unit 3 over the fixed units (1 + 2). Figure 6E
shows the same sequence but with successively a
2000-m (6562-ft) displacement of the duplex
(units 2 + 3) over fixed unit 1 and then a 1800-m
(5905-ft) displacement of unit 3 over the fixed units
(1 +2). The approach used can consider a different
value and direction for the displacement of each
unit, which is not the case in this example. The re-
sults represent the folded structure with the inverse
faults, and the perfect slip on the normal fault. This
first example of realistic complexity demonstrates
a step forward in 3-D basin modeling in a complex
setting.

The reversibility of the approach was tested
with this model (Figure 6E), and the results of the
reverse problem are given in Figure 6F in perspec-
tive and cross-sectional views after a displacement
of 2000 m (6562 ft) for units 2 + 3 and 1800 m
(5905 ft) for unit 3. The results are consistent with
the initial model before deformation. Reversibility
is guaranteed because the mesh was defined ini-
tially with the constraints illustrated in equation 1.
This demonstrates the necessity of building an ap-
propriate meshed model suited to the restoration
step. This example shows the originality of the ap-
proach and its potential for solving the problem in a
reversible way on a single mesh.

DISCUSSION

Like every method aiming at modeling complex
structural basins, our approach has certain advan-
tages but also certain drawbacks and limitations.
These are discussed below along with some possi-
ble improvements.

In the examples given, the lateral boundary
conditions are vertical. However, the approach

can integrate boundary limits of greater complex-
ity such as a curved fault, for example. The integra-
tion of physical laws is more complex. Diagenetic
compaction or erosion could be implemented by a
kinematic algorithm with relatively simple geo-
metrical rules, for example, by linking compaction
with the depth of the cell, or erosion with the model
surface slope. In contrast, the introduction of tec-
tonic compaction (compaction linked to horizontal
stress) needs to include some mechanics, which is a
more difficult task. If the aim is to maintain a kine-
matic approach with large complex deformation
and the advantage of hexahedral cells, one possibil-
ity is to identify certain steps in the progressive de-
formation where the stress distribution is calculated,
by finite-element modeling for example, and to
compute a modification in the shape of the elemen-
tary blocks by considering information on both
stress and the mechanical properties of the rocks.
This may be time consuming but it is reliable. Sim-
ilarly, using fracture network simulators (Philip
et al., 2005) at certain selected steps of the progres-
sive deformation may help in evaluating changes in
permeability.

A significant advantage of the model is its abil-
ity to consider multiscales from elementary rigid
blocks (hexahedral cells of hectometric size) to du-
plexes of decakilometric size. However, this hypoth-
esis requires sliding on the support surface to be
perfect at the scale of the elementary blocks (size
of the hexahedra). The concept of a thread fault,
which is a smooth surface as close as possible to a
thread, developed by Thibaut et al. (1997), could
be used to check this assumption. A thread surface
is a contact surface between two jointed blocks of
rocks slipping on each other without deformation.
Its description, based on a mechanical criterion, in-
tegrates the kinematic properties of slipping. Ap-
plying such a thread criterion to draw fault geome-
tries more accurately at the scale of a rigid block
drastically reduces the volumetric variation of the
elementary cells. With such a criterion, the break-
ing point at the base of the ramp (Figure 2D) is
smoothed and becomes curved. This reduces the
volumetric variations in the cells as they climb the
ramp to minimum values. Of course this criterion
must not be applied at the scale of the entire fault:
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ramps and curved faults exist in natural deformation
and are responsible for deformation at kilometric
and multikilometric scales (Figures 4, 6). This means
that the roughness of a fault modeled with the
thread criterion must be very low, only below the
size of the elementary cells (decameter to hecto-
meter size).

A second constraint for reversible kinematics is
that the surfaces must be perfectly unfolded. When
itis possible to identify flexural slip folding from geo-
logical observations (for example, from constant-
length deformation markers), the geometry of such
a layer must be such that it can be developed. In
such cases, it is very useful to use an algorithm aimed
at drawing the developable surface directly from the
interpolator tool when building the model (Thibert
et al., 2005). Not only are the developable layers
better constrained, but the entire geological forma-
tion is also better balanced because flexural slip
folding is more constraining, from a geometrical
point of view, than simple shear folding.

A third constraint is that the building of the
mesh should be reversible because it combines
the advantage of a flexible mesh for solving the res-
toration problem with that of a structured grid for
the deformation problem. It imposes constraints on
the height and width of the cells as a function of the
fault direction, the ramps, the curvature of the folds,
and the displacement values. The mesh is complex
to build and constrained. However, when it is cre-
ated, it supports a precise and realistic basin descrip-
tion and is suitable for coupling with a basin fluid-
flow simulator. The grid cells are structured for
each layer such as they represent the stratigraphic
time markers and lithostratigraphic characteris-
tics. For a basin fluid-flow simulator that integrates
the basin’s thermal history, source rock expulsion
history, and hydrocarbon fluid-flow migration
(Ungerer et al., 1990), a hexahedral mesh is appro-
priate because the numerical solution for the flow-
continuity and momentum equations integrating
the fluid flux guarantees that the fluid mass is con-
served at the interfaces between volumes of indi-
vidual grid cells. Solving the problem with some
tetrahedra would have been possible. This offers
advantages in that flexible deformable grids can
be employed, permitting the effective representa-
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tion of discontinuities such as faults more easily.
However, mass balance may be more difficult to
maintain. In our approach, we offer an appropriate
solution for both problems, restoration and coupling
with a fluid-flow simulator.

CONCLUSIONS

Accessing new petroleum discoveries calls for con-
tinuous technological innovation. Fully integrated
software solutions exist for predicting pressure, tem-
perature history, and hydrocarbon generation in 2-D
for complex structures (Schneider et al., 2002) and
in 3-D for relatively simple geometries (Schneider,
etal., 2000). In assessing petroleum systems, complex
structures are defined as being faulted and folded,
in which the paleogeometries cannot be described
only by vertical deformation. The kinematic ap-
proach presented in this article demonstrates that
possible solutions exist for solving the structural
part of 3-D basin modeling in complex settings.
This approach provides an incremental deformed
geometry of the basin in space and in time. The
meshed model based on hexahedra is fully appro-
priate for coupling with a basin fluid-flow simula-
tor (Thibaut et al., 2007). The reversibility of the
approach ensures the consistency of the discrete ki-
nematic deformation path for the restoration and
deformation steps. The approach offers different
prospects for improvement. To integrate these dif-
ferent options, which have already been validated,
one step forward would be to develop a software
toolbox comprising all the different solutions to
help future users build and constrain geological
models more effectively. Consequently, future work
should include the generalization of lateral bound-
ary conditions and kinematic constraints such as a
thread criterion to describe fault geometry better
or some unfolding criterion for developable layers.
It could also include mechanical constraints, in-
serted at some selected stage of progressive defor-
mation such as compaction and erosion modeling
and fracture network simulation to evaluate changes
in physical parameters such as permeability and
mass balance more accurately.
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