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Transverse Fault Throw Uncertainty Assessment: Latet Advances

Soazig Corbel and Guillaume Caumon
Gocad Research Group, Nancy Université

Abstract

Characterization of fault displacement is difficylet consequential for understanding
fault transmissibilities or enhancing quality ofusttural models. In this work, we propose
to study the uncertainty about the transverse compoof the fault throw vector, to
optimize its direction.

Each fault block of a horizon is unfolded sepasatathout taking faults into account,
in order to separate the effects of unfolding anfhulting in horizon deformations. Then,
using a sequential Monte-Carlo sampling, severalt fdisplacement models can be
generated, to therefore select a set of best madeisult displacements. The proposed
method perturbs the links across fault gaps on r&zdro so as to make the transverse
displacement variable. For each new displacemesid, fithe horizon is restored, and
deformation analysis is used to assess the likaditad the fault displacement. The Monte-
Carlo sampling technique being reputably slow, tgsmization problem is solved locally
for all faults, to obtain a set of possible modsfiiently.

Introduction

Lot of work has been made to characterize unegraiin structural models, most of it being aimed
at the geometry of faults and horizons [Masson@800, Lecour et al., 2001, Caumon et al., 2004].
However, fault throws also belong to these uncatits that need to be taken into account to enhance
structural model. From a reservoir perspectivelt fidmow indeed controls important features suclisast
extension, thickness of the damage zone and sbalgegatio; hence, uncertainties in the fault afiects
fault transmissibilities. Fault throws are alsoetevant parameter for modeling of sedimentary faeiad
petrophysical properties, since it controls hovatagraphic transforms are computed [Mallet, 20Gult
slip also comes into play in balanced restoratiuthia geomechanical approaches to assess the pespar
fractures from strain [Mace€, 2005].

However, in current reservoir modeling practicaulf throws are mainly set automatically, by
assuming a fixed direction like the main dippineelifor instance, and the resulting direction ofttirews do
not necessarily correspond to the reality.

In this work we propose to perturb the fault thrasfsa structural model to produce one or several
models sampling possible realistic fault throw egufations. The optimization will be focused on the
transverse component of the fault throw, its ondefdegree of liberty.
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1. Reminder: global uncertainty assessment methodology

Caumon and Muron [2006] proposed a method to assesrtainties about transverse fault throw on
stratigraphic horizons. This section is a summairytheir technique, which is further developed and
improved in this work.

1.1. Fault throw perturbation

3D structural models consist of a set of surfatiks, for instance stratigraphic surfaces, commonly
named horizons, or also faults, unconformities salttboundaries. These surfaces are linked to etheh to
ensure the coherence of the model.

To properly connect a set of faults to a horizag\Fe 2), each intersection horizon/fault is defirsy:

+ A set of borders — A horizon is limited by one eweral borders. The gap created from the
intersection of a fault with a horizon is also sumded with new borders.

+ A set of throw links — The throw links are definecross fault gaps, they associate pairs of
borders across each fault.

¢+  Aset of corners — The corners are defined bydwmore border extremities tied by throw
links. There are four different types of cornerspending on the number of faults which intersect
at the corner.

Throw links

Figure 1: Horizon coming from a structural model, courte$y otal
The borders of a horizon connected to a fault aslred in the same way of the corresponding fault,
order to differentiate one fault from the other sne

As one can see, the throw links represent thentlofdhe faults. They are defined from one corer t
another one and therefore, Caumon and Muron (2pfiff)ose to optimize their direction by changing the
geometry of the corners. For the different typesarhers, the transverse throw is made variablmbying
one border extremity of a corner, within its twgeaent borders (Figure 2).
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Figure 2: Modification of the corners geometry

Except for the fourth type of corners, all the otbaes can be modified by changing the positioorad
border extremity. The position of this movable leoreitremity is defined relatively to the refereposition
by a curvilinear abscissa s, ranged from -1 to 1.

The perturbation assigned to the movable bordermity of a corner is randomly sampled from a
cumulative probability distribution function, given input. To modify the entire set of throw linksr a
global optimization, the abscissas for all cornara given horizon are sampled one by one, usiMpate
Carlo method.

1.2. Global optimization and algorithm of Monte Carlo

The sampling method used by Caumon and Muron isukd® Chain Monte-Carlo algorithm (Figure 3).

Initial Model > Fault throw Quality criterion Ao — mismatch
perturbations computation i1
Fault throw .
perturbations While needed
v
Quality criterion
computation
v
A — mismatch
yes New Model
> Retain iteration i
A
yes Rand(0,1) < (A — Ai.1)/A; no

METROPOLIS RULE

Figure 3: Scheme of the Markov Chain Monte-Carlo algorithm
The introduction of the Metropolis-Hastings ruleables to sample the whole fault slip posteriorriisttion
honoring the specified likelihood criterion, andaocount for possible local minima).

The algorithm is implemented so as to modify there set of faults at the same time, for a global
optimization of the fault throws. To avoid the mduction of any bias from one realization to anoibree,
the perturbations are set using a different rangath visiting all the corners. The criterion evailog the
model quality is also computed globally, that issiy on the entire surface, using a surface rdgiora
algorithm [Massot, 2002; Muron, 2005].

Transverse Fault Throw Uncertainty Assessment

S. Corbel and G. Caumon

3/13



27™ GocAD MEETING

1.3. Quality criterion

To evaluate the quality of a structural model, Canrand Muron [2006] chose to use balanced surface
restoration. Basically, balanced restoration eralsesconsequences of both continuous and discantgu
deformations to recreate from the actual stategd#aogical structure, its initial state - a plaharizon.

Among the different methods available, [Gratierakt, 1991; Rouby et al.., 1993], they performee th
balanced restoration using a parameterization agprol he concept of parametric representation stnsi
putting into correspondence a surface Rdfwith a map C ofkR?, map belonging to a domain D called
parametric domain (Figure 4).

surface S

Figure 4: Parametric representation of a surface
There can be several parametric representationanfra surface to a map. However for a given
representation, a point x of S has only one imagéeé parametric domain ( from [Massot, 2002]).

Once the balanced restoration is performed, tlaadibnd can be computed everywhere on a horizon,
considering the change of area of a unit dSdMallet, 2004 ]

6= deinaI - d\'crrﬁitial
dSfinal

Three different criteria are proposed by Caumoniuocbn:

1. The dilatationd represents the first criterion capable of giving idea of the quality of a
structural model. Indeed it should be almost etpaero, as the expanse of a horizon remains
the same in spite of the deformations suffered.

2. The ratio of the principal straink/A, is also a good indicator, as restoration algoritism
isotropic in nature. This criterion is a more nuit&r consistency check than a true physical
criterion, since actual strains on a horizon mawtusotropic.

3. Eventually, the scalar product of the curvilineenfie vector/u andVy, can also be used to
evaluate the quality of a realization, as the angheould be preserved during the restoration, and
thereforevu.Vv should be equal to zero.

Although the last criterion is purely mathematitta two first ones, the dilatation and the printipa
strains, can easily be displayed on a horizonafaiser to judge by himself of the quality of a izstlon
(Figures 5 & 6).

Transverse Fault Throw Uncertainty Assessment S. Corbel and G. Caumon 4/13
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Figure5: Dilatation resulting from the balanced restoratiohthe given surface
Whereas ellipsoids with a low dilatation degree l@eato identify proper fault throws, the ones witie
higher dilatation, in red or white, attest the ngednodify the throws for the related faults.

Figure6: Principal strain directions resulting from the laaiced restoration of the given surface

Bad fault throws can be detected by looking atléimgth of the principal strain vectors of straitigboids,
different length meaning that the throw has notrnbset properly. In red, strain directions are pogt in
yellow they are negative.
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2. Enhancement of the preexisting algorithms

To go further into the work of Caumon and Murorie& modifications have been implemented to their
algorithms. The principles of these modifications presented below.

2.1. Local optimization of the transverse throw

In order to improve the performance of the Markdwa{® Monte-Carlo algorithm, a local approach is
developed. This local approach, that should cotrexfew imperfections existing in the global ogzation
algorithm, implies:

o Optimization of fault throws one after the other. As a global optimization modifies the geometry of
all the different corners at the same time, thenso way to differentiate a throw already optimizedm
a throw that still needs modifications. Therefdhe more faulted a horizon is, the less chances the
for a model to have all its fault throws optimized.

o Computation of the quality criterion only in the neighborhood of a fault. When the quality criterion
is computed all over the horizon, it also takes mnsideration the dilatation far from the fauitsareas
totally independent from them. Therefore, the @xise of an area with abnormally high or low dilmtat
can bias the sampling algorithm. Also, improvem@ntone fault may be hidden by a degradation for
another fault, and conversely.

Let us take the example of two realizations setb@tem a set of 200 models (Figure 7). The critensed
to evaluate the quality of the realizations is tliféerence between the maximum and the minimumhef t
dilatation.

This local approach is has two major advantageagpared to the global criterion. First, the cogesice
of the sampling algorithm is better because thelrermf parameters is smaller. Second, the dilatpread
is more focused in the neighbourhood of the faéfice better captures improvements or degradatemw
the transverse slip is perturbed.

2.2. Balanced restoration performed in two steps

Another point interfering with the performancetbé Markov Chain Monte-Carlo algorithm is the
balanced restoration used to compute the qualitgron. When computing the quality criterion using
balanced restoration from a present state of aacairto its initial state, both continuous and disicmious
deformations, respectively folds and faults, ateemainto account. Yet, continuous deformations raoe
related to faults, there is no reason for themeanioluded into the quality criterion. Therefore,avoid the
interference of the continuous deformations wite tjuality criterion, the restoration is performedtwo
steps (Figure 8):

1. The first step unfolds the horizon, each fault klbeing restored after the other. This step does
not take into account the faults and thereforeesrasly the continuous deformations.

2. The second step unfaults the horizon, the faulckgdoeing sewed to each other. The quality
criterion is computed during this step, only coesidg the discontinuous deformations due to the
movement of the fault blocks.

Transverse Fault Throw Uncertainty Assessment  S. Corbel and G. Caumon 6/13
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Figure 7: Comparison between two different global optimizagio

Although the model a) has the highest criterio®.6f75, globally its dilatation is better than theeoof the
surface b) with a criterion of 0.035. Indeed thé&wition maximum and minimum of model b) are lower,
even though still higher than 0.07 in some areas,ldcally dilatation has been introduced in comian
with model a).

-0.06 -0.04 -0.02 0 0.02 : :
T T ————
. . . Dilatation . . . .
Figure8: Surface restoration performed in two steps, witipldy of the resulting dilatation
Although the dilatations caused by the continuoaminations are lower than the ones caused by the

discontinuous deformations, it can always biasdfiierion in certain areas.

Transverse Fault Throw Uncertainty Assessment  S. Corbel and G. Caumon 7/13



27" GocAD MEETING

2.3. “Zipping” algorithm

The zipping algorithm is based on the idea thatnnmadault intersects a horizon, the border located
the hanging wall and the one located on the fodtsladuld have the same length. Therefore, the fagip
algorithm modifies the location of corners to emstinat fault borders have the same length, as dar a
possible. Three different types of faults need @éacbnsidered (Figure 9), as the algorithm usedéah of
them is slightly different.

Type 3 faults

Type 2 fault

Z g

Figure9: Visualization of the different types of faults

dilatgtion

Figure 10: Example of fault throw inconsistencies
The major fault of the horizon is subject to higlatdtion due to the way the fault throw were set.
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+ Type 1 faults - Faults with one extremity fixed

With only one fixed extremity, this kind of faulam be modified for the fault borders of the hanging
wall and the footwall to have the same length. @fter the other, the length of the borders is
computed and the geometry of the corners modifiedrder for two associated borders to have the
same length.

+ Type 2 faults - Faults with no extremity fixed

With no fixed extremity, this kind of fault has f@ard data to fix a reference point. The zipping
algorithm works the same way than for a fault gietyl except that the first extremity corner is
modified n relation with two points of its bordersken vertically on the hanging wall and the
footwall. Then the rest of the corners are modjfied the borders of the hanging wall and footwtall
have the same length.

+ Type 3 faults - Faults with both extremities fixed

The both extremities being fixed, this kind of fsuloes not have necessarily the same global length
on the hanging wall and on the footwall. Therefdhe geometry of the corners is modified for the
borders to have the same curvilinear length.

The “Zipping” algorithm is performed on the surfamece it has been restored a first time, in order f
the continuous deformations not to bias the resudteed continuous deformations could modify thegth
of the fault borders and therefore mislead therétyo.

2.4. Unicity of the perturbation

The global optimization approach implemented by @@ and Muron samples one perturbation per
corner. The perturbations being independent frowh eather, a same fault can have, on two different
borders, two throws with opposite directions (Fegup).

Although this kind of situation can happen in rigalihe difference between the directions is ndxadess
really low and can not go past a certain angle.

To avoid this kind of inconsistencies, only onetpdyation is applied to the entire set of corndra o
given fault. The perturbation is given in metricoodinates, rather than curvilinear coordinates tter user
to visualize the amplitude of the perturbation heves.

3. Examination and critics of the results

3.1. Validation of the enhancements

Before applying the algorithms to a real datakstus test it on a small area of a real horizon.
Without any optimization of the fault throws, thestored surface suffers some high dilatation alibreg
faults (Figure 11).

The first step implemented to improve the faultoth uncertainty assessment is the “zipping”
algorithm. To judge its efficiency, let us compérne resulting dilatation of a surface globally oped and
the one of a same surface simply “zipped” usingaligerithm (Figure 12).

The dilatation is more homogeneous over the horiaod it also decreased along the faults and
around the corners. However, it has to be notibatl the dilatation of certain triangles increasghich is
actually coherent as the dilatation has to remalarized.
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Dilatation

Figure1l: Small surface and its restored state with disgiaghe dilatation
No fault throws were optimized before performing tbstoration of surface a) and in addition, thiatdition
on surface b) was computed from the discontinuefrchations.

Dilatation

Figure12: a) Resulting dilatation of the surface globallytiogzed and restored, b) Resulting dilatation of
the same surface simply “zipped” using the algaritand then restored

Dilatation

Figure 13: Comparison between two different local optimizadio
For model a), the fault with the two extremitiesefi has been optimized first, whereas for moddl \was

the fault with only one extremity fixed.
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27™ GocAD MEETING

Eventually, let us consider the last improvemeatnaly the local optimization of the fault throwso T
compare the impact of the path used for the op#tion, two realizations have been made, one foh eac
possible path (Figure 13).

The two results are almost exactly the same, wisctertainly due to the simplicity of the horizon.
However, the influence of the path used to optinieefaults is likely really minor, even on morawuaex
horizons. Besides, although these two models are ecmnsistent than the model reached using theablob
optimization, the dilatation is not really diffetemom the zipped model of Figure 13. Once agdmesé
results may be due to the simplicity of the horizon

3.2. Application to a real dataset

The surface used to properly test the new algosthoourtesy of Total, is more complex with a set of
thirteen faults. Without any optimization of theuflathrows, the initial surface suffers dilatatiatong the
faults and on the horizon borders (Figure 14).

As we did for the simple horizon, we compared oh&ée best models resulting of 200 simulations of
global optimization and the model resulting frore tizipping” algorithm (Figure 15). Unlike the preus
test, the result using global optimization is betiten using only the “zipping” algorithm.

Besides, we can notice that the dilatation resgilhthe zipped horizon is almost the same tharoties
resulting from the initial horizon. Such a smalffeience must be due to the fact that the cornérthe
initial horizon were properly set.

Eventually, the results using a local optimizatiostead of a global one are the following ones Feg
16). As the dilatation was almost the same whatéwerpath used to optimize the fault throws, omyp t
models are proposed here.

In comparison with the model of the global optintiaa, the two models obtained using the local
optimization are more consistent and homogeneohs. dilatation of almost the whole horizon is ranged
from -0.02 to 0.02, except for a few areas. Therowpments are efficient even on a complex horizon.

Conclusion

Subsurface uncertainty modeling has long beendunio petrophysical uncertainty assessment through
geostatistical stochastic modeling. However, tlear that a significant part of subsurface unagastems
from the lack of structural and sedimentologicdbimations, and also from model simplificationsoer
uncertainty assessment then relies on randomizingtsres and geological scenarios.

In this paper, we have proposed improvements fgorghms implemented by Caumon and Muron.
From the datasets we tested, these improvements teegive better results and also using less readias.
However, this method currently uses one singleascatiterion to screen surfaces, mainly the dilatat
Using a combination of several restoration quatigtrics would definitely improve the results ob&drand
be less dependent of the user, who finally curyeshecides which model is the best.
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b)

Dilatation

Figure 14: Real surface and its restored state with displéghe dilatation
No fault throws were optimized before performing tbstoration of surface a) and in addition, thiatdition
on surface b) was computed from the discontinuefrchations.

Dilatation
Figure15: a) Resulting dilatation of the real surface gldgadptimized and restored, b) Resulting dilatation
of the same surface real simply “zipped” using #hgorithm and then restored

Dilatation

Figure 16: Comparison between two different local optimizadio
The paths were set randomly not to bias the retitina.
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