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Special section: Fault damage zones

Seismic characterization of fault facies models

Charlotte Botter!, Nestor Cardozo?, Dongfang Qu®, Jan Tveranger®, and Dmitriy Kolyukhin*

Abstract

Faults play a key role in reservoirs by enhancing or restricting fluid flow. A fault zone can be divided into a
fault core that accommodates most of the displacement and a surrounding damage zone. Interpretation of seis-
mic data is a key method for studying subsurface features, but the internal structure and properties of fault
zones are often at the limit of seismic resolution. We have investigated the seismic response of a vertical fault
zone model in sandstone, populated with fault facies based on deformation band distributions. Deformation
bands reduce the porosity of the sandstone, and they condition its elastic properties. We generate synthetic
seismic cubes of the fault facies model for several wave frequencies and under realistic conditions of reservoir
burial and seismic acquisition. Seismic image quality and fault zone definition are highly dependent on wave
frequency. At a low wave frequency (e.g., 10 Hz), the fault zone is broader and no information about its fault
facies distribution can be extracted. At higher wave frequencies (e.g., 30 and 60 Hz), seismic attributes, such as
tensor and envelope, can be used to characterize the fault volume and its internal structure. Based on these
attributes, we can subdivide the fault zone into several seismic facies from the core to the damage zone. Stat-
istical analyses indicate a correlation between the seismic attributes and the fault internal structure, although
seismic facies, due to their coarser resolution, cannot be matched to individual fault facies. The seismic facies
can be used as input for reservoir models as spatial conditioning parameters for fault facies distributions inside
the fault zone. However, relying only on the information provided by seismic analyses might not be enough to

create high-resolution fault reservoir models.

Introduction

Fault zones are routinely interpreted as 2D surfaces
in seismic data, although they are actually narrow vol-
umes of deformed rock with petrophysical properties
differing from the surrounding host rock (Faulkner
et al., 2010). The rock volume affected by fault deforma-
tion, or the fault zone, can be subdivided into a fault
core of varying thickness, accommodating most of the
displacement, and a surrounding damage zone (Caine
et al., 1996; Wibberley et al., 2008). Fault deformation
decreases more or less in a systematic manner from a
maximum at the center of the fault to zero at the fault
damage zone boundary (e.g., Rotevatn et al., 2007; Brogi,
2008; Schueller et al., 2013). In highly porous sandstone
reservoirs, the damage zone can be composed of defor-
mation bands, which are millimeter to centimeter thick
zones of localized compaction, formed by disaggregation
or cataclasis (e.g., Antonellini and Aydin, 1994; Fossen
et al., 2007). Cataclastic deformation bands are usually
associated with a reduction in porosity, permeability,

and fluid flow (e.g., Antonellini and Aydin, 1994; Fossen
and Bale, 2007; Fossen et al., 2007; Rotevatn et al., 2007;
Torabi et al., 2013).

Despite the impact of faults on reservoir connectiv-
ity, standard industrial modeling tools still lack methods
and workflows allowing realistic representation of
fault zones in reservoir models (Tveranger et al., 2005;
Braathen et al., 2009; Manzocchi et al., 2010). This is due
to the fact that faults are usually represented as single
surfaces with a transmissibility parameter (Manzocchi
et al., 2010; Pei et al., 2015), and it is also because there
are no standard quantitative and systematic methods
to describe fault zones in 3D at reservoir scales (e.g.,
Braathen et al., 2009; Pei et al., 2015). Recent studies
have demonstrated the feasibility of including fault zones
into reservoir models using a combination of volumetric
fault zone grids and fault facies (e.g., Tveranger et al.,
2005; Fredman et al., 2007, 2008; Braathen et al., 2009;
Fachri et al., 2011, 2013a, 2013b, 2016; Qu and Tveranger,
2016). In porous sandstones, deformation bands can be
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quantified and subdivided into classes, i.e., fault facies,
according to their density (Fachri et al., 2011, 2013a,
2013b, 2016; Qu and Tveranger, 2016). Most previous
models using fault facies (e.g., Syversveen et al., 2006;
Fredman et al., 2007, 2008; Soleng et al., 2007; Fachri
et al., 2011, 2013a, 2013b) have been limited by the size
of the high-resolution grid needed to represent fault
heterogeneities. Qu et al. (2015, 2017), Qu and Tveranger
(2016), and Fachri et al. (2016) incorporate these high-
resolution fault facies models into larger scale reservoir
models and perform fluid flow simulations. Their studies
confirm the importance of taking into account the 3D
structure of faults and their internal properties for plan-
ning the production of hydrocarbon fields.

Faults zones are difficult to image on seismic be-
cause they are often at the limit of seismic resolution
(e.g., Townsend et al., 1998; Dutzer et al., 2010; Long
and Imber, 2010). The number of studies that investi-
gate the potential of seismic data to characterize fault
zone architecture and properties (e.g., Townsend et al.,
1998; Koledoye et al., 2003; Cohen and Coult, 2006; Long
and Imber, 2010, 2012; Hale, 2013; Botter et al., 2014,
2016, 2017) has increased during the past few years.
Many of these studies include the use of seismic attrib-
ute-based workflows. Dutzer et al. (2010) estimate fault
architecture and fault sealing by using a combination
of semblance, dip, and tensor attributes. Iacopini and
Butler (2011) and Iacopini et al. (2012) use opacity, struc-
turally oriented filters, volume attributes, and other im-
age processing and visualization techniques to improve
imaging of a deepwater fold and thrust belt. Iacopini et al.
(2016) apply tensor, semblance, and instantaneous phase
attributes to define unsupervised seismic facies from
fault zones. Botter et al. (2016, 2017) use a combination
of semblance, tensor, and/or dip attributes to extract
fault geobodies from 3D synthetic seismic images of nor-
mal faulting and of an outcrop-based relay ramp model.
Torabi et al. (2016a, 2016b) use a series of coherence and
filtered coherence attributes to quantify the relation be-
tween fault displacement and fault length along strike.
The outcomes of these studies clearly show the impor-
tance and viability of interpreting faults as volumes as
well as single planes.

Internal fault structure and properties are, however,
at the limit of, if not less than, seismic resolution. For
typical depths of investigation of 2—4 km, seismic will
hardly capture vertical features measuring less than
12-25 m. The horizontal resolution, which is crucial
for evaluating 3D fault architecture, is highly dependent
on many factors, including noise, seismic acquisition
design, and equipment used. Uncertainties in the hori-
zontal resolution are larger than the vertical ones, often
by a factor of two (Sheriff and Geldart, 1995). Moreover,
prior to interpretation, the seismic data may have gone
through several processing steps that may influence the
seismic image. It is therefore reasonable to question
to what extent the impact of fault-related deformation
is captured in seismic images. Deformation bands in
porous sandstone reservoirs are subseismic features

that cannot individually be imaged or interpreted on
seismic. In fault zones, deformation bands are normally
densely spaced or form clusters (e.g., Fossen et al.,
2007; Schueller et al., 2013), which affect bulk petro-
physical properties including elastic impedance. This
in turn influences seismic response. Botter et al. (2017)
show that a fault damage zone composed of deforma-
tion bands in an otherwise homogeneous sandstone res-
ervoir can be imaged on synthetic seismic. They also
show that when the reservoir model is subjected to fluid
flow during production, the deformation bands do not
have a strong influence on seismic response, and can-
not be imaged or interpreted anymore. When looking at
the seismic response of deformation bands integrated
into a high-resolution fault facies grid (e.g., Qu and
Tveranger, 2016), we will face similar issues regarding
the impact of deformation band properties on seismic
amplitude. Therefore, we may ask the following ques-
tions: Is it possible to extract information about fault
facies from seismic data? How dependent is the seismic
response on seismic acquisition and processing param-
eters? Furthermore, is it possible to relate seismic
attributes to the distribution of fault facies in the fault
zone?

To address these questions, this paper investigates
the seismic response of a reservoir-scale fault-zone
model populated with fault facies based on an empirical
distribution model for deformation bands in fault zones
(Qu and Tveranger, 2016). We use a synthetic workflow
combining an ultra-high resolution fault model with
fault facies, forward seismic modeling, attribute-based
interpretation, and quantitative/statistical analyses for
integration into the reservoir model (Figure 1). The
input model (Qu and Tveranger, 2016) consists of a ver-
tical kilometer size, ellipsoidal normal fault zone with
100 m maximum displacement (Figure 1a). The fault-
zone grid is populated using four fault facies represent-
ing different frequencies of deformation bands (Fig-
ure 1lb, fault facies: Upr = undeformed, Lpp = low
deformation, Mzr = medium deformation, and Hyp =
high deformation). The facies definitions and their spa-
tial distribution patterns are based on statistics derived
from outcrop studies (Schueller et al., 2013). The initial
porosity of the sandstone and the porosity changes in-
duced by the different deformation band densities are
used to condition the rock elastic properties. Using a
ray-based prestack depth migration (PSDM) simulator
(Lecomte, 2008; Lecomte et al., 2015), we generate syn-
thetic seismic cubes under realistic conditions of seis-
mic acquisition and reservoir burial, for several wave
frequencies (Figure 1c). Seismic image quality and fault
damage zone definition are highly dependent on the
wave frequency. Seismic attributes, such as the tensor
(a measure of the dominant reflector’s direction) and
the signal envelope (a measure of the instantaneous
magnitude of the trace), can be fine-tuned to character-
ize the fault volume. A combination of these attributes
helps to subdivide the fault zone in several seismic
facies from core (high deformation) to damage zone

El



(lower deformation) (Figure 1d, seismic facies: Ugp,
undeformed; Lgp, low deformation; M gr, medium defor-
mation; and Hgp, high deformation). Statistical analyses
confirm a correlation between the seismic attributes
and the fault internal structure, although it is not pos-
sible to retrieve the high-resolution fault facies distribu-
tion directly from the seismic data. However, the
seismic facies obtained by the seismic attribute analysis
can be used as spatial conditioning parameters for fault
facies-based reservoir modeling (Figure le).

Methodology
Fault facies model

This paper uses a fault facies model described by Qu
and Tveranger (2016) from which the essential is summa-
rized here. The input to the fault facies model setup con-
sists of statistics derived from empirical data including
detailed outcrop maps, scanlines of deformation band
density, petrophysical properties of deformation bands,
and distribution of displacement. The damage zone
around the normal fault is modeled vertically as an ellip-
soid with 100 m maximum displacement at its center and
zero at its edges (Figure 1a). The dimensions of the fault-
zone grid are (x or fault-dip direction, y or fault-strike
direction, and z or depth) = 100 x 1200 x 600 m, with
aresolution (x, y, 2) of 1 X 5 X 5 m. The width of the fault
zone is defined using a scaling relationship between the
damage zone width and the fault throw (Schueller et al.,
2013). The facies definitions and their spatial distribution
patterns are based on statistics derived from multiple
outcrop studies (Schueller et al., 2013). The definition
of individual fault facies is linked to the deformation
band density at the scale of the grid resolution: >20/m
(high or Hgp), 6-20/m (medium or Mgr), 1-5/m (low or
Lgr), and 0/m (undeformed or Ugy) (Figure 1b). The spa-
tial distribution of these fault facies inside the fault zone
is modeled based on the likelihood of occurrence of each
pattern relative to each other, using truncated Gaussian
simulation (Fachri et al., 2013a, 2013b; Qu and Tveranger,
2016). The key input parameters of the model are facies
proportion trends and variogram ranges.

The initial porosity of the sandstone is assumed to be
25% (Qu and Tveranger, 2016). Cataclastic deformation
bands have a negative impact on porosity (e.g., Antonel-
lini and Aydin, 1994; Rotevatn et al., 2007; Torabi et al.,
2013). Here, the deformation band porosity is set to 5%
(Aydin, 1978; Antonellini and Aydin, 1994; Qu and Tver-
anger, 2016). To estimate the impact of deformation
bands on porosity, the porosity in each cell (@) is
computed using an arithmetic average based on the vol-
ume of deformation bands per cell and the remaining
volume of host sandstone (Qu and Tveranger, 2016; Bot-
ter et al., 2017):

Vs X @gs + Vpps X Dpp
Vtotal '

ey

Deen =

where Vg is the volume of sandstone, @ is the initial
porosity of the sandstone (0.25), Vpp, is the volume of

a) Fault model

1200

N
e

—600Mm —

[JUndeformed rock
I Fault damage zone

b)

Fault facies

U Fier
025 [WZ:i} 0.234

Porosity l
©

Seismicimaging

d) Attribute-based interpretation
and correlation

0|
g -
102
[
>
=
w
1073
104 1
104 103 102 107" 1
Tensor
e) Statistical analyses and
reservoir modelling
1.04
Fault core Use

08 - |
Hg

Probability
o o
N S

0.45 0.5 0.55
X (km)

Figure 1. Workflow of this study: (a) input vertical fault zone
model, (b) fault facies model with porosity distribution (fault
facies: Ugpp, undeformed; Lgy, low deformation; Mgr, medium
deformation; and Hgy, high deformation), (c) synthetic seis-
mic cube for a 60 Hz wave frequency, (d) attribute analysis
and correlations (seismic facies: Ugp, undeformed; Lgr, low
deformation; Mgp, medium deformation; and Hgp, high defor-
mation), and (e) statistical analyses and input probability
trends for reservoir modeling.
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deformation bands (for each fault facies), @pgp is the
porosity of deformation bands (0.05), and V. is the
volume of the cell. As we do not distinguish the total
from the effective porosity and as porosity is a scalar,
this arithmetic average gives a good estimation of the
porosity changes.

Computation of elastic properties

The definition of elastic parameters, i.e., P- and S-
wave velocities (Vp, Vg) and density p, is necessary
to obtain the reflectivity for seismic modeling. The only
property we use from the fault facies model is porosity.
The elastic properties are computed using existing
rock-physics models for high-porosity sandstone. The
Gassmann (1951) theory is a reasonable model for such
reservoirs (Mavko et al., 2009). To use Gassmann’s
equations in our model, we consider the sandstone res-
ervoir as homogeneous and isotropic and the pore
space as connected. Thus, the deformation bands are
taken into account only by their impact on the reservoir
porosity. Gassmann’s equation uses the porosity of the
rock and the bulk and shear moduli of the rock and flu-
ids in place. Standard values for the bulk and shear
moduli for sandstone and brine water are used. Com-
bined with the porosity and water saturation, we can
compute Vp, Vg, and p by applying the Reuss mixture
model (Mavko et al., 2009).

Simulation of seismic imaging

For seismic modeling, we use a ray-based 3D PSDM
simulator (Lecomte, 2008), which is a fast, user-ori-
ented, and accurate tool for synthetic seismic imaging
of geologic models (Lecomte et al., 2015, 2016). This
simulator handles diffracted energy, such as that result-
ing from faults or other discontinuities. It also deals
with 3D effects in resolution and illumination as func-

tion of various parameters, such as survey geometry,
overburden, burial depth, and wavelet (Figure 2).

A complete description of the technique is given by
Lecomte (2008), and its direct application to geologic
modeling of faults is given by Botter et al. (2014,
2016, 2017), Lecomte et al. (2015, 2016), and Wood et al.
(2015). The structural input to the PSDM simulator is
an incident-angle-dependent reflectivity grid obtained
from the elastic properties, Vp, Vg, and p (Figure 2a). In
the wavenumber domain, ray-based modeling is used to
generate PSDM filters that are dependent on the survey
geometry, frequency content, wave type, and velocity
model (Figure 2b). The reflectivity grid is converted
to the wavenumber domain by a fast Fourier transform
(FFT) and then multiplied by the PSDM filter. The final
simulated seismic image in the spatial domain is ob-
tained by applying an inverse FFT to this product (Fig-
ure 2¢). The PSDM filter can be converted by applying
an inverse FFT to a point-spread function (PSF), which
is the point-scatter response of the PSDM filter (Fig-
ure 2d). The entire imaging process in the wavenumber
domain is equivalent to a 3D convolution of the reflec-
tivity grid with the PSF in the spatial domain (Figure 2c
and 2d).

Seismic attribute-based interpretation

Once 3D seismic cubes are obtained, we can apply
seismic attribute-based automated techniques to improve
the definition the fault zone and its internal structure. Ia-
copini and Butler (2011), Iacopini et al. (2016), and Botter
et al. (2016) describe the seismic attributes for fault char-
acterization. Two seismic attributes are considered in
this study: the tensor and the signal envelope, or reflec-
tion strength.

The tensor attribute is based on a structurally ori-
ented tensor. The algorithm produces a symmetric ten-
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Figure 2. The PSDM simulator. (a) A reflectivity grid is input in the spatial domain. This input reflectivity is converted to the wave-
number domain using an FFT. (b) Ray methods are used to calculate a PSDM filter in the wavenumber domain. (c¢) The product of the
PSDM filter and the input reflectivity in the wavenumber domain, plus an inverse FFT (FFT-1) on the result of this operation pro-
duces the simulated PSDM image. (d) The entire process is equivalent to the convolution of the PSF with the input reflectivity in the

spatial domain.
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sor, whose principal axes define the local reflector’s ori-
entation (Gersztenkorn and Marfurt, 1999). The attribute
is a combination of the three eigenvalues of the tensor
and identifies reflector discontinuities. This attribute is
sensitive to amplitude changes and has the potential to
highlight fault damage consisting of deformation band
clusters (Botter et al., 2017). The signal envelope attribute
represents the instantaneous energy of the signal, and it is
proportional in magnitude to the reflection coefficient
(Taner et al., 1979). It has a low-frequency appearance,
only positive amplitudes, and good horizontal resolution.
It often highlights key seismic features, such as disconti-
nuities, changes in lithology, and faults. By merging the
two attributes into one cube, we can combine both ef-
fects to enhance the response of the damage zone. A fault
enhancement filter can be applied to the cube of the two
combined attributes to improve continuity along the fault
zone. This filter can be used as an expression of confi-
dence level of having a fault. Its size allows the definition
of larger or smaller fault features, which could help to
target seismic facies on the attribute cube.

Statistical analysis

Statistical analysis can be used to retrieve the input
fault facies distribution and properties from seismic
data and/or seismic attributes and facilitate comparison
between these. As a first statistical approach, correla-
tion coefficients between the input rock property, i.e.,
porosity, and the seismic attributes can be computed.
The Pearson’s linear correlation coefficient ry be-
tween two parameters U and V is calculated as follows
(Hald, 1952):

D » (/T TV /E )
uv — — _
VENL (U= TP £, (v, = 7P

where U and V are the sample means. Here, U is the
porosity and V is the seismic attribute, and the correla-
tion coefficient is the spatial averaging for the studied
domain, i.e., the fault zone. We also apply a t-test to test
the significance of the correlation coefficient (7 # 0)
and to reject the null hypothesis. The null hypothesis is
defined such as there is no correlation between porosity
and the seismic attribute. This null hypothesis is rejected
if the following inequality is satisfied (Hald, 1952):

)

TyyvViN — 4 VN -2 > t(N - 2, a), 3)
1-7%,

where N is the overall sample size and « is the signifi-
cance level, here set at 5% according to normal statistical
usage. If the null hypothesis is rejected, there is a corre-
lation between the porosity and the seismic attribute,
and variogram ranges of the attribute are calculated. A
variogram describes the geometry and the continuity of a
variable (Gringarten and Deutsch, 2001), and it is a way
to express the ranges of definition of heterogeneities, or
in our case fault facies. Here, we try to find a correspon-

_‘-’

dence between the properties of the original fault facies
model and the properties extracted from the seismic
attributes. The computed variogram of the seismic attrib-
ute can be compared with the variogram of the fault fa-
cies model. The fault facies model is simulated as a
random field (Qu and Tveranger, 2016). Because the si-
mulated seismic images are highly heterogeneous, we
also treat the seismic attributes as random fields. We re-
move the mean trend of the seismic attribute and trans-
form it to a statistically homogeneous random field using
the variogram for a normalized function:

Var{F(X)}

C))

In this study, we deal with only one realization of the
fault-zone model. Therefore, the mean value and the vari-
ance spatial distribution are estimated using a moving
average (Hadley, 1969). This technique is commonly
used in time series analysis to reduce the impact of fluc-
tuations and determine long-term trends. The variogram
of a random function F' is described by the following
equation (Cressie, 1991):

2y(h) = Var{F(X) - F(Y)} = E{(F(X) - F(Y))*}. (®

where X and Y are the coordinate vectors defining the
spatial position of two points in the fault zone, & is the
distance between X and Y, E' is the mathematical expect-
ation, Var is the variance, and the semivariogram y (X, Y)
is one half of the variogram 2y (X, Y). After removing the
mean trend in equation 4, and assuming a constant mean,
we can apply the variogram estimator based on the
method of moments (Cressie, 1991):

2p(n) :WZ(F(Xi) - F(X;)2, ©

where N (k) is the number of pairs of points X; and X
located at a distance # from each other. Note that vario-
gram sill estimates produced in this manner are sensitive
to the size of the moving averaging estimate, but the tech-
nique can nevertheless be used to estimate variogram
ranges.

Results
Fault facies model properties

As an input for our workflow (Figure 1b), we use one
realization of a fault facies model using a spherical var-
iogram model setup with a range of 2 m in the x-direc-
tion and 50 m in the y- and z-directions. The porosity
of the undeformed host-rock sandstone, corresponding
to the Ugp facies, is 256% (Figure 1la and 1b). The other
fault facies all represent deformed rock with reduced
porosity values. Porosity reaches a minimum value of
23.4% in the Hpp fault facies; having the highest fre-
quency of deformation bands (Figure 3a and Table 1).
This gives a porosity contrast of 6.4% between the un-
deformed and most deformed rock. Figure 3a shows
that most of the Hyy, or facies with 23.4% porosity,
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is located toward the center of the fault zone and exhib-
its a more continuous distribution parallel to the fault.
This is in small part due to the cell dimensions
(x,y,2 = 1 x5 x5 m), but mainly to the fact that defor-
mation bands are continuous in length and depth and
line up parallel to the fault (e.g., Fossen et al., 2007).

The computation of the elastic properties (Vp, Vg,
and p) is based on porosity only, and it considers a
brine-saturated model. The distribution of elastic prop-
erties within the fault zone therefore correlates directly
with the porosity distribution (Figure 3a). Where the
porosity decreases, Vp, Vg, and p increase. The actual
values are displayed in Table 1. Seismic response re-
sults from contrasts in elastic properties; therefore,
only their relative changes are of interest. A porosity
contrast of only 6%, as in this case, is difficult to detect
on seismic images. However, because the fault zone is
within homogeneous sandstone, we can illuminate it if
the seismic resolution allows it.

Seismic images

The elastic properties are used to compute an inci-
dent-angle reflectivity cube (Figure 3b), which is the in-
put for the PSDM simulator. To avoid boundary effects
and to match the reservoir model size of Qu and Tver-

a) Y=600m b)
Fault facies
UFFHFF Z=2015m
025 0234
Porosity

Reflectivity
I T

Figure 3. (a) Fault facies and porosity distribution in the fault damage zone and
(b) the corresponding reflectivity based on the elastic-property computations.

Table 1. Rock properties associated with each fault
facies (Ugf, undeformed; Lyp, low; Mpp, medium; and
Hpgy, high). The maximum changes in properties are
indicated at the bottom.

Y=600m

Nl
Ny
g z=2015m
i
W

W

} ¥

-0.005 0005 4 it

Fault Vp Vg Density
facies Porosity (m/s) (m/s) (kg/m>)
Ugr 0.2500 2848.3 1684.5 2202.5
Lgg 0.2488 2852.1 1686.8 2204.6
Mg 0.2450 2862.4 1692.7 22104
Hgr 0.234 2899.8 1713.9 2331.1
Max decrease Max increase
6.4% 1.80% 1.75% 1.30%
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anger (2016), we create a grid populated with a reflectiv-
ity parameter of (x,y,z) = 1000 x 1000 x 600 m and a
resolution of (x,y,2) =1x5x5 m. The grid encom-
passes the area of elastic property variations. The con-
tinuous distribution of the high Hpp or medium Mgp
fault facies in the y- and z-directions (Figure 3a) corre-
sponds to a reflectivity of zero (Figure 3b). The reflectiv-
ity shows subseismic features corresponding to the fault
facies adjacent contacts that will generate diffractions.

Several simulation constraints need to be defined
to obtain seismic images representative of reservoir con-
ditions. We first translate the model to 2 km depth, which
is the depth used in the fluid-flow simulation by Qu and
Tveranger (2016). Representative values for average
velocities and density for high-porosity sandstone at this
depth are Vp = 2770 m/s and p = 2100 kg/m> (Mavko
et al., 2009). We define a layered overburden composed
of an interbedded succession of four layers of shale and
sandstone (Figure 4). Starting from a sea-bottom depth
of 500 m (seawater; Batzle and Wang, 1992), the elastic
properties increase down to the target depth (Figure 4;
Mavko et al. [2009], for sandstone; and Horsrud et al.
[1998], and Nygard et al. [2006], for shale). A simulated
marine survey is centered above the model with 25 shot
lines and eight north-oriented (parallel to y and the fault
strike) streamers fully covering the
model area. We use three zero-phase
Ricker pulses of 60, 30, and 10 Hz. A
wave frequency of 60 Hz is unlikely to
be retrieved at the depth of considera-
;{. tion. It can however help to highlight
3 the subseismic fault features displayed
on the reflectivity grid. For all the syn-
thetic seismic cubes, the amplitude has
been calibrated such that a reflectivity
of intensity one corresponds to an ampli-
tude value of one on the seismic image.

Figure 5 shows the results of the
PSDM simulation for three crosslines at
y = 875 m (first row), y = 600 m (sec-
ond row), and y = 325 m (third row),
and the three wave frequencies (see
the crossline locations in Figure 1b
and 1c). The corresponding fault facies
sections are displayed in Figure 5a. At high frequency
(60 Hz, Figure 5b), the horizontal and vertical resolu-
tions are very good (respectively 12 and 25 m, see
PSF). On the crosslines, diffractions are visible within
and at the boundary of the fault zone. Some horizontal
reflection events are also visible inside the fault zone,
and they correspond mainly to the vertical contrast be-
tween fault facies (Figure 5a). Small displacements can
be spotted in the middle and southern sections (Fig-
ure 5b, second and third rows), and they fit the vertical
features of Hyp (Figure 5a). At this level of resolution, it
is possible to interpret the fault zone as an ellipsoid,
even though the fault facies distribution is not directly
interpretable. At 30 Hz (Figure 5c), the resolution is
lower (50 m in the x-direction and 25 m in depth).




Z - Depth (m)
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Density = 1000 kg/m3
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Vp = 2400 m/s
Vs =1400 m/s
Density = 2100 kg/m3

Sandstone
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2265

Figure 4. Overburden used in the PSDM simulation showing
the rock properties for each sandstone and shale layer from
an assumed sea bottom at 500 m depth to the target depth of
the fault model between 1765 and 2265 m.

Although the fault zone is mainly characterized by dif-
fractions, it is still possible to interpret its border and its
internal heterogeneous distribution of properties. The
correspondence to the input fault facies distribution
(Figure 5a) is, however, less obvious. At low frequen-
cies (10 Hz, Figure 5d), the fault has almost no impact
on the seismic image. Indeed, the horizontal resolution
is more than 100 m (the entire fault is below the seismic
resolution), such that only diffractions are visible at the
location of the fault. Crosslines do not allow identifying
vertical displacement within the fault zone at any wave
frequency (overlay of fault displacement in Figure 5d).

Depth slices can improve the definition of the fault
zone and its internal property distribution. Figure 6
presents slices at three depths for the fault facies dis-
tribution (Figure 6a), and the three wave frequencies
(Figure 6b—6d; see Figure 1b-1c for the location). The
three depth slices at 60 Hz (Figure 6b) define the ellip-
soidal shape of the damage zone very well. The internal
part of the fault is characterized by high amplitude val-
ues, but not-clear reflective events can be interpreted or
related to the fault facies. The fault zone is mainly de-
fined by diffractions that are still visible away from the
damage zone boundaries. At 30 Hz (Figure 6¢), the fault
zone presents lower amplitude values and less diffrac-
tions. The PSF shows that the internal architecture of
the fault is at the limit of the seismic resolution in the
2- and y-directions. At 10 Hz (Figure 6d), the fault zone
is below the seismic resolution, showing only some dif-
fractions.

Wave frequency has a strong impact on the seismic
image of the fault zone. The higher the frequency, the

a) “L': ff:f b) 60 Hz c) 30Hz d) 10 Hz Figure 5. (a) Fault facies and seismic sections
e at y =875 m (first row), y = 600 m (second
< 7 - e : row), and y =325 m (third row) for three
s = Al wave frequencies: (b) 60, (c¢) 30, and
\ = L , (d) 10 Hz. The PSFs in cross-sectional view
E — ::_: z are displayed on the bottom left corner of each
ol'?|> Uae 'l_] § seismic image in the first column. The ellipsoi-
N ;: mr dal shape of the damage zone and the vertical
R-AN o T displacement profile are also displayed in (d).
2 o The locations of the crosslines are indicated in
’ ' ' Figure 1b and 1lc.
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better the ellipsoidal shape of the fault zone stands out.
Although some elements of the internal structure of the
fault can be distinguished on the 60 Hz seismic cube
(Figures 5b and 6b), there are hardly any similar pat-
terns visible on the 30 Hz images (Figures 5c and 6¢).
At 10 Hz, the fault has almost no impact on the seismic
image and cannot be interpreted.

Attribute-based description of the fault zone
Although the seismic image by itself is insufficient to
interpret the damage zone, especially at low frequen-

a) Fault facies b) c) d)
L Me 60 Hz 3

10 Hz plays mostly horizontal

cies, a suitable combination of seismic attributes could
improve the interpretation. Figure 7 presents one cross-
line at y = 600 m (center of the fault with the maximum
displacement) for the three wave frequencies. When
comparing directly the seismic section (Figure 7a) with
the corresponding input fault facies section (Figure 7b),
it is clear that there is no direct correlation between the
fault facies distribution and the seismic response. The
horizontal resolution is not good enough, even at 60 Hz,
to see lateral changes of fault facies. Using the tensor
attribute improves the vertical continuity of the fault

features at 60 Hz (Figure 7c, first row).

Indeed, although the seismic image dis-
reflection
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events, the high values of the tensor
attribute display vertical features. The
tensor attribute, however, displays a
fault zone that is thinner than the input
model, and the distribution of attribute
values does not directly match the
fault facies distribution. The envelope
attribute shows a good definition of the
ellipsoidal shape of the fault. It highlights
mainly the diffractive events, showing
more localized patches of high values
(Figure 7d, first row). The fault enhance-
~0.005 ment filter is applied to the combination

0.005

Amplitude
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S legn-

2015m
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-

of the tensor and envelope attributes. As
expected, high values of fault enhance-
ment are concentrated in an ellipsoidal
shape corresponding to the fault zone.
The highest values are toward the center
or core of the fault (Figure 7e, first row).
At 30 Hz, the tensor attribute still displays
an ellipsoidal fault zone, although it
shows less vertical continuity than the
60 Hz cube because there are less ampli-
tude changes in the 30 Hz seismic cube
(Figure 7c, second row). The envelope
Z0.005 attribute shows a more irregular shape of

0.005

Amplitude

N N

2140 m

7=

0.005 the fault zone and highlights more verti-
cal features than in the 60 Hz cube
(Figure 7d, second row). The fault en-
hancement filter really helps to define
the fault and its internal structure. The
highest values of fault enhancement (Fig-
ure 7e, second row) are similarly distrib-
uted as the Hgp in the input model
(Figure 7b). At 10 Hz, the envelope attrib-
ute renders a better definition of the fault
zone than the tensor attribute (Figure 7c
and 7d, third row). Hence, the fault en-
hancement filter shows high values

Amplitude

-0.005

X (km) 045055 02 04 06 08 02 0.4 06 0802

06 08 matching mainly the envelope attribute

(Figure 7e, third row). Due to the low

Figure 6. (a) Fault facies and seismic depth slices at z = 1890 m (first row), z =
2015 m (second row), and z = 2140 m (third row) for three wave frequencies:
(b) 60, (c) 30, and (d) 10 Hz. The PSFs in cross-sectional view are displayed on
the bottom left corner of each seismic image in the first column. The locations of
the depth slices are indicated in Figure 1b and 1lc.
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seismic resolution, the fault zone is inter-
preted as a larger area than at 30 and
60 Hz, and less information from the in-
ternal part is visible.



The tensor and envelope attributes do not exhibit
any continuity along the y-axis on depth slices (Fig-
ure 8c and 8d), as does the Hypy fault facies (Figure 8b).
At 60 Hz, the tensor attribute shows better results than
the envelope attribute (Figure 8c and 8d, first row). The
fault enhancement filter provides a better definition of
the fault zone and continuity along strike (Figure Se,
first row). At 30 Hz, the fault enhancement on the tensor
and envelope attributes yields to an improved rendering
of the fault, even though it does not visually match
the fault facies distribution (Figure 8b-8d, second
row). At 10 Hz, the envelope attribute defines better the
shape of the fault than the tensor, and the fault enhance-
ment again mainly matches the envelope attribute (Fig-
ure 8c—8e, third row).

A qualitative study of seismic attributes helps to de-
fine the overall fault shape. The choice of tensor and

a) b) ©)
Seismic Fault facies
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envelope helps to strengthen the fault zone shape from
high to low frequencies. However, even with the use of
seismic attributes, we still are not able to extract much
information about the internal structure of the fault and
its facies distribution.

Seismic facies analysis

To explore in a more quantitative way the seismic
attributes, we compute the correlation coefficient be-
tween the input porosity distribution and the tensor
and envelope attributes (equation 2; Table 2). This analy-
sis is run on a grid sample with dimensions matching the
input fault facies model (x,y,z = 100 x 1200 x 600 m).
The t-test described in equation 3 shows that in all cases
the null hypothesis (that there is no correlation between
the porosity and the seismic attribute) is rejected. There-
fore, we can use the correlation coefficient for further

d) e)

Envelope
— S ]

Fault enhancement
o +

06 07 03 04 0.5 06 0703 04 0.5 06 0.7

Figure 7. Crossline at y = 600 m showing (a) the seismic for the three wave frequencies (rows), (b) the input fault facies model,
(c) the tensor and (d) envelope attributes, and (e) the fault enhancement filter applied to the combination of tensor and envelope.
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analyses. There is a negative correlation between the decreases. The tensor and envelope are correlated to

porosity and the seismic attributes, meaning that the the porosity for the three wave frequencies. The absolute
tensor and envelope values increase, whereas porosity value of the correlation factor decreases with wave
a) b) c) d) e)
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Figure 8. Depth slice at z = 2015 m showing (a) the seismic for the three wave frequencies (rows), (b) the input fault facies model,
(c) the tensor and (d) envelope attributes, and (e) the fault enhancement filter applied to the combination of tensor and envelope.
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frequency. The correlation coefficients show that the
tensor attribute has a better correlation with porosity
at higher frequencies (60 and 30 Hz), whereas the
envelope attribute is better correlated at 10 Hz. The best
correlation coefficient is actually between the porosity
and the fault enhancement filters (Table 2), thus high-
lighting that the combination of seismic attributes im-
proves the definition of the fault zone.

As a first step to relate the seismic image to the input
fault facies, we plot the tensor versus the envelope
attributes for the three wave frequencies (Figure 9a).
The dots are color coded by the corresponding input
fault facies. With a logarithmic scale, it is easy to locate
the undeformed fault facies (Ugp) or host rock in red
for all wave frequencies. The upper limit of Ugy corre-
sponds to values between 0.1 and 0.2 for the tensor and
envelope attributes. However, for all wave frequencies,
the low (Lpy), medium (Mgr), and high (Hpr) deforma-
tion fault facies are all superimposed for high values of
the tensor and envelope attributes. Therefore, it is diffi-
cult to separate the Hgp from the Mgy or the Lpy facies,
even though the higher the fault deformation, the higher
the attribute values. Figure 9a shows that the definition
of the fault zone by the tensor attribute decreases with
wave frequency (lower values and density of points),
whereas for the envelope attribute it increases with wave
frequency (higher values and larger density of points).
Although the attributes improve the def-
inition of the fault zone, even at low
frequencies, crossplotting them does

a)

Fault facies

Ugr (Figure 9a), especially at 60 and 30 Hz. The bounda-
ries of this facies are, however, harder to identify at
10 Hz (Figure 9b, third row). The other seismic facies,
e.g., low (Lgr), medium (Mgr), and high (Hgp), distrib-
uted linearly along the axes of the tensor and envelope
attributes. This seismic facies distribution (Figure 9b)
does not match the input fault facies distribution at
any wave frequency (Figure 9a), but it gives an overview
of the deformation within the fault zone.

To further exploit these seismic facies, we can extract
seismic volumes, or geobodies corresponding to each
seismic facies. Figure 10 shows the geobodies corre-
sponding to the four seismic facies at the three wave
frequencies. At 60 Hz (Figure 10a), the seismic facies iso-

Table 2. Correlation coefficients between the porosity
and the selected seismic attributes at the three wave
frequencies.

Fault
enhancement
filter

Wave
frequency
(Hz)

Tensor
attribute

Envelope
attribute

60
30
10

—0.564
—0.467
—0.204

—0.497
—0.427
-0.267

—0.589
—0.503
—0.283

b)

Fault enhancement
- Seismic facies

(U, (WIS

not reveal any specific trend or group 60 Hz

of fault facies. Is it still possible to extract
some information about fault facies from
the seismic?

Figure 9b shows the same plots of
tensor versus envelope attribute, but
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cording to the fault enhancement filter. 1
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The higher values of this filter corre-
spond to higher confidence of having
a fault, which can be interpreted as
higher values of deformation. We divide
the color scale in four classes, with re-
spect to the distribution of fault enhance-
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ment values for each frequency. These
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four-color classes are equivalent to seis- 1
mic facies from the crossplots of the
attributes at the three wave frequencies.
Seismic facies are 3D mappable units
based on properties derived from seismic
amplitude, frequency, velocity, etc. (e.g.,
Mitchum et al., 1977; Dumay and Four-
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1073

nier, 1988). Because no well data are 10 104
available for calibration, these groups
are unsupervised seismic facies. The
low values of fault enhancement can
be defined as the undeformed seismic fa-
cies (Ugr). This Ugr (Figure 9b) displays
a very good match with the fault facies
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Figure 9. Crossplots of the tensor versus envelope attributes for the three wave
frequencies (rows). The attribute values have been normalized from 0 to 1 and
are displayed with a logarithmic scale. (a) The dots are color coded according to
the four fault facies (FF), and (b) according to four classes of the fault enhance-
ment filter. These four classes are referred as seismic facies (SF).
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lates the fault zone as an ellipsoid. The Ugggy shows the
entire external model including the host rock. The Lgpg,
is an outer envelope of deformed rock. The Mgpg, forms
an internal envelope closer to the fault core. The Hgpg
represents the central part of the fault, including the
fault core. This volume has a maximum thickness of
50 m. The seismic facies at 30 Hz (Figure 10b) show sim-
ilar patterns, from the entire model, to more internal
envelopes, and to the core. The ellipsoidal shape of
the central area, Hgps), is not as uniform as for the
60 Hz cube and has a maximum thickness of 60 m. The
seismic facies for the 10 Hz cube (Figure 10c) are much
wider and more irregularly shaped than those at higher
frequencies. However, it is possible to distinguish the dif-
ferent envelopes from no deformation (Ugpyg) to high de-
formation (Hgpyg). The proportion of the less deformed
facies (Ugpyg, Lsr1p) is smaller than the proportions
of more highly deformed facies (Mgpi9, Hspig)- The
Hgpip has a maximum thickness of 100 m. By displaying
the seismic facies from low deformation to high de-
formation, we are able to estimate the distribution of
the deformation within the fault zone based only on seis-
mic data and attribute-analyses, even at low wave
frequency.

a)

60 Hz

b)

30 Hz

[ = =
100m 7

c)

10 Hz
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100m
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Seismic facies as input for reservoir modeling

To populate the reservoir grid representing the fault
zone, we need to define facies probability trends in 3D
and variogram ranges. Qu and Tveranger (2016) use fa-
cies probability trends based on a large outcrop collec-
tion of deformation band densities in high-porosity
sandstone. The four fault facies trends corresponding
to the Ugp, Lrr, Mwr, and Hgp facies for ranges z =
[1870-2129] m and y = [375-830] m are shown in Fig-
ure 11a. The Hgp has a higher probability to occur next
to the fault core and a lower probability to occur near
the fault zone boundary. The Myr and Lgr facies have
less probability to be in the fault core. The probability of
these facies is maximal just outside the fault core and
decreases toward the fault zone boundary. The proba-
bility of Ugp increases away from the fault core.

We could also use the information provided by the
seismic facies to condition the spatial distribution of
the fault facies. To do that, we use the seismic facies
at several wave frequencies of Figure 10 to create facies
probability trends. The derived probabilities are shown
in Figure 11b-11d. At 60 Hz (Figure 11b), the seismic
facies trends have overall similar probability distribu-
tions as the outcrop-based fault facies trends (Fig-

_—m
100 m

Figure 10. Volumes showing the four seismic facies (columns) for the three waves frequencies: (a) 60, (b) 30, and (c) 10 Hz.
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ure 11a). However, the distribution along the x-axis of
the seismic facies is wider than the corresponding input
fault facies (Figure 11a and 11b). The accuracy of the
seismic facies probability trends relative to those from
the outcrop data decreases with lower wave frequen-
cies (Figure 11c and 11d). At 10 Hz (Figure 11d), the
trends for the Mgpyy and Lgpm seismic facies have al-
most the same probability across the fault zone.

The second input for stochastic modeling of the fault
zone is spherical variogram ranges. Qu and Tveranger
(2016) use ranges of (x,y,2) =2 x50 x 50 m based on
the cell sizes and accuracy obtained from the outcrop
database. We compute variograms based on the fault en-
hancement filter for the three wave frequencies (Fig-
ure 12). For the spherical variograms, the ranges can
be visually interpreted by picking the lag where the sill
is reached. From Figure 12, we can estimate that the var-
iogram ranges in the x- (Figure 12a) and z- (Figure 12b)
directions for 60 Hz are approximately
15-25 and 3540 m, respectively. Thus, a)
through seismic attribute analysis, we 1.0
can define large variogram ranges, but
there are limitations for small variogram B
range estimation. From the seismic data, 5 06 1
it is not possible to obtain a variogram §
range of 2 m in the x (fault dip)-
direction as in the input fault facies

Outcrop

fault facies

Qu and Tveranger (2016). The model is populated with
a set of four fault facies defined by different deformation
band densities. The spatial distribution and extent of
these facies is well-constrained in the x (fault dip)-direc-
tion. However, there are large uncertainties in the other
directions, partly due to the limited availability of 3D out-
crop data (Qu and Tveranger, 2016). Deformation bands
reduce the permeability and porosity of the host sand-
stone, hence the fluid flow. The integration of a high-res-
olution fault facies grid into a reservoir model does affect
the fluid flow (Fachri et al., 2016; Qu and Tveranger, 2016;
Qu et al., 2017). If the fault zone properties influence pet-
rophysical properties and fluid flow, they can also impact
the seismic response (e.g., Fossen and Bale, 2007; Botter
et al., 2017). The computation of elastic properties in the
sandstone relies on variations in its porosity due to defor-
mation bands. Their relative changes in this case are how-
ever less than 6%, which are rather low. Botter et al

Fault core b)
1.0

Fault core
1 I

1 60 Hz 1 u

, \ SF60
: Hsrgo !
1

06 1 MsFeo
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model. Furthermore, decreasing wave 0 —d
frequencies lead to lower correlation co- 045
efficients between porosity and seismic c)
attributes (Table 2), and lower resolution 10~ 30Hz

in the variogram estimation (Figure 12).
With a 100 m wide fault zone model, it
is not possible to obtain variogram ranges
in the x-direction for the 30 and 10 Hz
seismic cubes (Figure 12a). Indeed, to ob-
tain the variogram ranges in the x-direc-

Probability
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tion at these frequencies, we would need
a larger sample grid in this direction. In
the z (vertical)-direction, the depth of
the model is large enough to estimate a
variogram range of 45-50 m for the
30 Hz cube, and 60-80 m for the 10 Hz
cube (Figure 12b). Therefore, only high-
resolution seismic data can be used

X (km) X (km)

Figure 11. Facies probability trends along the fault-dip direction averaged for
2z =[1870-2129] m and y = [375-830] m. (a) The four fault facies probability
trends used for the input model. The four seismic facies probability trends com-
puted from the (b) 60, (c) 30, and (d) 10 Hz seismic cubes.

as stand-alones to estimate variogram a) b)
ranges. When dealing with fault zones o1zl e o2l e
at the limit or below seismic resolution, 01 = 04
we would need extra information, such o008l A7 == ol | oest L [ ok
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We have investigated the seismic re-
sponse of a sandstone reservoir model
with a vertical normal fault damage zone
populated using fault facies techniques.
The workflow used here (Figure 1)
takes as input a fault facies model from

Figure 12. Variograms along the (a) - (fault dip), and (b) 2z (vertical)-directions
for the three wave frequencies. The shaded areas correspond to the approximate
variogram ranges for each wave frequency. Note that along the x-direction,
(a) the grid dimensions do not allow to obtain the ranges for the 30 and
10 Hz seismic cubes.
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(2017) show that a change in elastic properties twice that
amount would completely be masked on seismic images
with fluid contacts. This effect would be even more ac-
centuated if the input model were a different fault facies
realization with weaker adjacent elastic contrasts. The
fault zone is within a homogeneous sandstone reservoir,
and therefore the small changes in porosity and elastic
properties between fault facies can still be imaged. How-
ever, the internal structure of the fault zone would most
probably be masked if it were within a more complex lay-
ered stratigraphic sequence of, e.g., sandstone and shale.

Fault architecture also plays an important role on the
resultant seismic image. The fault is modeled using a
very high-resolution grid. The meter cell size highlights
subseismic features, even though it is already an up-
scaled version of the outcrop database. However, the
rectangular shape of the cells and the fault facies is
not entirely realistic and can affect the seismic response.
Indeed, with the settings used for seismic imaging, we
illuminate mainly horizontal features. Because the fault
zone and the internal fault facies distribution are mod-
eled vertically, the seismic response is mostly at the
top and corners of the rectangular cells, where diffrac-
tions are generated. A fault with a lower dip angle of,
e.g., 45° would probably give better results because
the fault-parallel fabric would be much more able to gen-
erate a seismic response. Modeling such fault geometry
will be the subject of future work.

The PSDM simulator provides an efficient way to in-
vestigate the impact of realistic acquisition parameters,
and reservoir and depth conditions on the resultant
seismic images of the fault zone. The simulator is more
advanced than the standard 1D convolution used in in-
dustry, and although it does not provide the complete
modeling of methods solving the full-wave equation
(e.g., finite-difference techniques), it handles 3D effects
in resolution and illumination, which are essential for
imaging the fault facies model (Lecomte, 2008; Lecomte
etal., 2015, 2016). By modeling PSDM images, we target
the best processing of seismic data for imaging disconti-
nuities, such as faults. The simulator provides noise-free
images; therefore, our seismic interpretation is only de-
pendent on the fault internal structure and seismic res-
olution. The PSDM simulator can handle the complexity
of a fault facies model (Lecomte et al., 2015), but the final
seismic image relies on the reflectivity grid, i.e., the con-
trast in elastic properties and their distribution within the
fault zone, and the acquisition settings. Seismic resolu-
tion is investigated for several wave frequencies. At
low frequency (i.e., 10 Hz), it is almost impossible to de-
fine accurately the fault shape and location, and even
less the internal fault facies distribution. The 60 Hz wave
frequency at 2 km depth is unlikely to be retrieved. How-
ever, synthetic seismic at such high frequencies can pro-
vide details for the interpretation of faults at shallower
depths. Seismic images at 60 Hz show a very good ver-
tical resolution, even though the horizontal resolution in
the x and y does not capture the distribution of fault fa-
cies. At 30 Hz, a typical wave frequency at reservoir
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depths, the information provided by the seismic images
is enough to identify a fault zone. One has to be aware
though that the fault damage might be masked in real
seismic data, e.g., due to noise, or if the fault were put
in a more complex stratigraphic succession.

Seismic attributes help to improve the definition of
the fault zone at any wave frequency. However, before
applying seismic attributes, one should be aware of the
conditions of seismic acquisition and processing, and
the fault features to be enhanced (Taner, 2001; Chopra
and Marfurt, 2005, 2007; Marfurt and Alves, 2015). Most
seismic attributes have been developed for poststack
seismic data (Chopra and Marfurt, 2005), i.e., seismic
data that exhibit the same reflection character as that
of a single source-receiver pair with no offset. The
PSDM simulator allows us to use a 0° incident angle
cube. Therefore, our attribute analyses can be extrapo-
lated to fault characterization in poststack seismic data.
The choice and tuning of the tensor and envelope attrib-
utes have been calibrated by sensitivity analyses related
to the distribution of facies within the fault zone. The ten-
sor attribute is sensitive to changes in amplitude and re-
flector orientations (Gersztenkorn and Marfurt, 1999).
On the 60 Hz seismic cube, the amplitude values are rel-
atively high within the fault zone, showing some reflec-
tion events (Figure 5b). The horizontal resolution along
the fault-dip direction is not good enough to separate ver-
tical features, but the tensor is able to highlight the most
important fault facies boundaries (Figure 7a). Moreover,
there is a strong negative correlation between the tensor
and the input porosity. Therefore, the tensor has a strong
potential for internal characterization of the fault model.
The signal-envelope attribute is a trace-based attribute
that is proportional to the acoustic impedance or reflec-
tion strength (Chopra and Marfurt, 2005). In our seismic
images, it mainly highlights the diffraction from the fault
zone, which can be useful to characterize subseismic fea-
tures, such as fault facies (Figure 5). At low frequency
(10 Hz), the amplitude values are too low to show any
reflection. However, the envelope attribute substantially
enhances the definition of the fault zone boundary and
overall variation of internal properties (Figures 7d and
8d). The correlation coefficient between the envelope
and input porosity is also higher at low frequencies.
Based on the selection of attributes and our statistical
analyses, a combination of the tensor and the envelope
attributes can highlight several aspects of the fault inter-
nal structure. However, crossplots of tensor versus
envelope attributes do not help to retrieve directly the
input fault facies distribution. Iacopini et al. (2016) use
a crosscorrelation of dip versus semblance attributes
to define thrustrelated features and separate faulting
from other disturbances in the seismic data. In our dis-
turbance-free seismic cubes, we can easily separate the
host rock corresponding to the lowest values of the ten-
sor and envelope attributes, especially at 60 and 30 Hz
(Figure 9). However, even knowing the host-rock proper-
ties and how they are affected by faulting, we are still not



able to use directly the attribute crossplots to interpret in
detail the internal fault facies distribution.

Seismic facies studies often rely on the appropriate
combination of seismic attributes, which can be cali-
brated with well data to retrieve petrophysical proper-
ties. Seismic facies recognition is widely applied within
stratigraphic interpretation of depositional environ-
ments, sediment source, and lithofacies (e.g., Valil,
1987). Iacopini et al. (2016) use the correlation of attrib-
utes to perform unsupervised, i.e., without well-data
calibration, seismic facies classification. After defining
a geobody of the seismic fault damage zone correspond-
ing to low values of tensor attributes, they use cross-
plots of attributes within the geobody to define facies
related to the fault zone and not to noise artifacts. In
our seismic attribute analysis, we use the fault enhance-
ment filter for unsupervised seismic facies classification.
By tuning the window of calculation of this filter, we can
target larger or smaller features. The fault enhancement
filter applied to a combination of the tensor and envelope
attributes shows the best correlation coefficient with the
porosity grid for all wave frequencies (Table 2). There-
fore, using fault enhancement on the combination of
attributes is the best option for seismic interpretation
of the fault facies. We go a bit further than Iacopini et al.
(2016) by defining our seismic facies as a representation
of fault deformation. Indeed, previous studies on syn-
thetic data show that the fault enhancement filter can
be used for characterization of fault deformation. Botter
et al. (2016) show crossplots of seismic amplitude versus
volumetric and shear strain, where the high values of
fault enhancement correspond to high strains. Botter
etal. (2017) use an appropriate tuning of tensor and sem-
blance attributes and the fault enhancement filter to sep-
arate faulting from fluid contacts in a reservoir model of
arelay ramp. The seismic facies distribution here relates
to the general observation that a fault core accumulates
most of the deformation, and that the deformation de-
creases toward the damage-zone boundaries (e.g., Caine
et al., 1996; Rotevatn et al., 2007; Brogi, 2008). Our study
also shows that defining the seismic facies based on the
tensor versus envelope crossplot is quite subjective (Fig-
ure 9b). The four seismic facies are based on our input
model with four fault facies. Defining the undeformed fa-
cies Ugr for all wave frequencies can be done by choos-
ing a value of 0.1-0.2 for normalized scales of tensor and
envelope. However, the higher deformation facies, Lgp,
Mg, and Hgp, vary with wave frequency, and defining
their limits using attributes values is not straightforward,
especially at low frequencies. Therefore, the number of
facies has to be adjusted as function of the quality of the
data and the information available on rock properties.
Moreover, the cell size of our fault grid is ultrafine, but
if the cells are larger than 1 X 5 X 5 m, one might restrict
the interpretation to two or three seismic facies.

The ultimate purpose of interpreting seismic data is to
create geo and reservoir models. To do that, we use the
seismic facies as input for probability trends modeling,
and we compute variogram ranges based on the seismic

attributes. Therefore, even if our seismic-based probabil-
ity trends are more approximate than the outcrop-based
probability trends (Figure 11), they represent direct 3D
observations of specific subsurface fault zone properties,
which may not be provided by the outcrop data, and can
be used to condition specific stochastic fault zone mod-
els. The choice of a spherical variogram is meant to fit the
fault facies modeling of Qu and Tveranger (2016). They
use a spherical variogram model with ranges of 2 m in the
a-direction and 50 m in the y- and z-directions, which is a
first approximation of the fault facies spatial direction.
Our results show that one of the main limitations of
the seismic attribute analysis is that it is not possible
to estimate short length variogram ranges in the x (fault
dip)-direction matching those of the input fault facies
model (Figure 12). This was also observed by the statis-
tical analysis of Vishnevsky et al. (2014) and Kolyukhin
et al. (2015) on synthetic seismic images modeled using
a standard finite-difference scheme (Virieux, 1986; Lisitsa
et al., 2010; Vishnevsky et al., 2014). Moreover, to obtain
the variogram ranges, the sample size matters. In our
case, we are not able to obtain variogram ranges in
the a-direction for the 30 and 10 Hz when considering
a 100 m wide fault zone. Therefore, relying only on the
information provided by seismic analyses might not be
enough to create high-resolution fault reservoir models.
However, analyzing seismic attributes can still be a good
quality control of the facies spatial distributions obtained
from outcrop compilations.

We demonstrate the potential of using seismic data
for characterizing fault zone properties and its direct
application for subsurface exploration. This study is
in line with ongoing work on seismic interpretation
of faults (Dutzer et al., 2010; Long and Imber, 2010,
2012; Tacopini et al., 2012, 2016; Botter et al., 2014,
2016, 2017; Torabi et al., 2016a, 2016b). By extracting
seismic facies corresponding to the relative intensity
of deformation within the fault zone, we are able to
go a step further by defining facies probability trends
for stochastic modeling. Despite some limitations re-
garding the fault facies model (e.g., uniform high-poros-
ity sandstone and vertical fault) and the modeling
method (e.g., computation of elastic properties and sim-
plified ray-based seismic modeling), the results are
promising and can be transferred with care to other
studies. Future work will look at the application of this
workflow (Figure 1) to reservoir models over produc-
tion time (e.g., Fachri et al., 2016; Qu and Tveranger,
2016), more complex host rocks, fault configurations,
different acquisition designs, and real seismic data.
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