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ABSTRACT

Seismic fault surfaces are compulsory input for structure
modeling that unravels the structural deformation history of
the subsurface. Seismic fault attributes provide geoscientists
with alternative images of faults. However, seismic fault attrib-
utes only highlight possible fault locations and do not directly
provide fault surfaces that are required inputs for structural
modeling. Interpreters construct seismic fault surfaces using
interpreted seismic fault sticks on vertical seismic slices. Inter-
preting fault sticks on hundreds of seismic slices is time
consuming. We have semiautomatically constructed fault
surfaces by simulating the procedure of manual seismic fault
interpretation. Our algorithm consists of three main steps:

(1) obtaining fault sticks in the inline, crossline, and time slices;
(2) grouping the fault sticks according to the connectivity and
mutual exclusion (topology) between the fault sticks on the
inline, crossline, and time slices; and (3) generating the fault
surface patches by merging the fault sticks time slice by time
slice through the topology analysis. Our algorithm contains
one optional step: manually merging the fault patches if needed.
We test our algorithm on open access seismic data and our work-
flow accurately generates fault surfaces for most faults including
conjugate faults in the seismic data. Considering that it usually
helps to weight the estimation according to the quality of the
computed fault attribute, the algorithm computes fault parame-
ters such as fault dip and strike using weighted principal com-
ponent analysis.

INTRODUCTION

Fault identification is critical for identifying potential drilling
hazards and for understanding the orientation and intensity of
potential natural fractures. Researchers have developed seismic
fault attributes to assist seismic fault interpretations in 3D seismic
surveys. Research related to highlighting the possible seismic fault
location can be classified into two categories. The first category
generates seismic fault (or discontinuity) attributes to highlight
the possible fault locations. The earliest discontinuity seismic attrib-
utes are based on the crosscorrelation of seismic traces. Unfortu-
nately, crosscorrelation is sensitive to noise. However, the
crosscorrelation provides a starting point for the later discontinuity

algorithms. Marfurt et al. (1998) extend Bahorich and Farmer’s
crosscorrelation approach using multiple and analytical seismic
traces, referred to as semblance-based coherence. The analytical
seismic trace is robust to noise contained in the seismic data
(Barnes, 2007). One disadvantage to the method of Marfurt et al.
(1998) is that it is sensitive to lateral variation in seismic amplitude.
Gersztenkorn and Marfurt (1999) compute the coherence (referred
to as eigenstructure-based coherence) by analyzing the eigenstruc-
ture of seismic traces that is not sensitive to the lateral amplitude
variation of seismic traces. Marfurt (2006) further improves the ac-
curacy of coherence by applying a multiple Kuwahara window
search to the computed coherence attribute. Although the seismic
coherence attribute successfully highlights the possible fault loca-
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tion, undesired sequence and staircase artifacts are also common in
the computed coherence attributes. Assuming that the fault surface
at each time sample can be represented by a “small” plane, Lou et al.
(2019) generate the fault attribute without staircase artifacts and un-
desired sequence artifacts by using a local fault model.
The second category aims to mitigate the artifacts contained in

seismic fault attributes and to improve the continuity of fault attrib-
utes on vertical and horizontal slices. Pedersen et al. (2002, 2003)
propose the ant-tracking algorithm to enhance fault features along
paths of “artificial ants.” AlBinHassan and Marfurt (2003) assume
that the fault and fractures can be represented by local straight lines
and then enhance the continuity of faults and fractures by con-
verting the pixels (samples) from the space domain to the polar
domain by using the Hough transform. The disadvantage of this
approach is that it cannot handle strong background noise and pre-
serve the true length of faults and fractures at the same time. To
enhance the lineament of faults and fractures without obviously
changing the length of faults and fractures, other coherence enhanc-
ing algorithms are based on smoothing the coherence along the ori-
entation of the fault plane (Neff et al., 2000; Cohen et al., 2006;
Hale, 2009; Qi and Castagna, 2013). Obtaining an accurate estima-
tion for the orientation of the fault plane is the main challenge for
the smoothing algorithms. It is extremely hard to only include the
faults and fractures pixels (samples) in the process of orientation
estimation. Qi et al. (2017, 2018) improve the accuracy of orienta-
tion estimation by applying principal component analysis (PCA) on
skeletonized fault images. A minor disadvantage of the method pro-
posed by Qi et al (2017, 2018) is that it cannot produce an accurate
orientation estimation for the conjugate faults.
Researchers have tried to automatically generate seismic fault

surfaces that can be used in the structural models using seismic fault
attributes. The fault surface and the corresponding fault parameters
are very useful for geologists and can be used for evaluating the
fault seal properties. Zhang et al. (2014) generate fault surfaces
by applying the vein pattern recognition algorithm to coherence
attributes. The vein pattern recognition algorithm can automatically
generate fault sticks but needs interpreters manually grouping the
generated fault sticks that belong to the same fault surface. Wu and
Hale (2016) generate fault surfaces by analyzing the linked struc-
ture between potential fault pixels observed using seismic attributes.
Defining a proper window size to interpolate the missing neighbor
fault pixels is the main challenge for this method. A small window
size may leave a “hole” in the constructed fault surface, and a large
window size may include pixels that do not belong to the fault sur-
face. Wu and Fomel (2018) propose the optimal surface voting
algorithm to generate fault surfaces and calculate fault parameters
such as fault dip, fault strike, and fault throw. One minor disadvant-
age of that method is that it cannot accurately handle fault surfaces
with opposing dip angles at different locations.
In this paper, we propose a new workflow to semiautomatically

generate fault surfaces from seismic attribute data. This paper is
organized as follows. The “Nomenclature” section introduces ter-
minology used throughout this paper. The “Data description” sec-
tion describes the two seismic surveys used in this paper. The
“Method” part consists of four sections: workflow, generating fault
sticks, grouping fault sticks, and generating fault surfaces. We
illustrate our workflow step by step by applying it on the poststack
seismic survey of Kerry, acquired offshore New Zealand. We further
demonstrate the effectiveness of our workflow by applying it to the

Netherlands F3 survey. The “Discussion” section illustrates the
steps in setting proper values for the parameters used in the pro-
posed workflow. The final section is the “Conclusion.”

NOMENCLATURE

In the following, we introduce a few key concepts and represen-
tations that will be used to describe the construction of fault surfaces
from seismic attributes. We define “manual fault interpretation” as
the picking of fault sticks on user-defined 2D vertical seismic sec-
tions (e.g., using the Petrel E&P software platform from Schlum-
berger). The fault pixel, which represents a point of the surface, is a
pixel that is located on or nearby a potential fault surface. The fault
stick, which represents the fault trace, is a line or curve on inline,
crossline, or time slices. Fault pixels that belong to the same fault
stick can be grouped into a connected set of pixels. Thus, the fault
stick consists of “a swarm of” interconnected fault pixels on a 2D
inline, crossline, or time slice. A fault surface patch, which is a part
of the fault surface, is a relatively small surface that consists of sev-
eral interconnected fault sticks that belong to the same fault surface.
A fault surface, which represents the fault plane in the subsurface,
consists of a swarm of interconnected fault pixels in the subsurface.
The fault surface only has one fault pixel (sample) along the direc-
tion perpendicular to the fault plane at the fault location. The inter-
pretation software generates a fault surface by applying a certain
interpolation algorithm to the manually picked fault sticks. In this
paper, the fault surface construction is based on fault pixels that
represent points in the subsurface.

DATA DESCRIPTION

We use two open-access seismic surveys (Kerry and F3) to dem-
onstrate the effectiveness of the proposed method (dGB Earth Sci-
ences, 1987). Both 3D marine seismic surveys were provided by
New Zealand Crown Minerals. We use the Kerry seismic survey
to illustrate the proposed method in detail. We only show the final
extracted fault surfaces of seismic survey F3 due to the limited
space of this article. The Kerry seismic survey used in this paper
consists of 200 inlines and 600 crosslines. The F3 seismic survey
used in this paper consists of 400 inlines and 800 crosslines. The bin
size of both surveys is 25 × 25 m in the inline and crossline direc-
tions, and both seismic surveys were sampled at 4 ms. The two-way
traveltime of the Kerry and F3 seismic surveys ranges from 0.1 to
1.8 s and 0.5 to 1.8 s, respectively.

METHOD: WORKFLOW DESCRIPTION

Our method consists of three steps, and it is based on analyzing
the connectivity and mutual exclusion between fault sticks on 2D
slices (Figure 1). Generating fault sticks is the first step in our work-
flow. The algorithm begins with generating “initial” fault sticks on
the inline, crossline, and time slices from the seismic fault attributes
using a user-defined threshold. The algorithm then computes the
azimuth of the initial fault sticks on the time slice and the dip of
the initial fault sticks on vertical slices by integrating a Kuwahara
window and the weighted PCA (WPCA). We obtain refined fault
sticks by analyzing the azimuth and dip of the initial fault sticks.
Then, the refined fault sticks are grouped to the same group if they
are connected with each other directly or indirectly. Finally, we pro-
duce fault surface patches from the grouped fault sticks by analyz-
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ing their topological relationships. The workflow consists of an op-
tional step: manually merging the fault surface patches if needed.

METHOD: GENERATING FAULT STICKS USING
SEISMIC FAULT ATTRIBUTES

Generating fault sticks using seismic fault attributes is the first
step of fault surface construction. Interpreters manually draw fault
sticks on 2D vertical and horizontal seismic slices. Similarly, we
generate faults sticks on inline, crossline, and time slices using
our proposed method. Figure 2 shows the seismic fault attributes
obtained using the method proposed by Lou et al. (2019) overlaid
on seismic slices. Lou et al. (2019) calculate the seismic fault attrib-
ute to highlight fault locations using a local fault model. The step of
fault stick generation begins with a binarization process applied to
seismic fault attribute according to a user-defined threshold fmin.
The pixels on the 2D slices with the zero and one values are re-
garded as nonfault and fault pixels after binarization, respectively.
The interconnected fault pixels are treated as an unanalyzed fault
stick. We next generate the initial fault sticks by analyzing each
unanalyzed fault stick individually. We compute the orientation
of the initial fault sticks by integrating a Kuwahara window search-
ing method andWPCA. The orientations of the initial fault sticks on
vertical slices and time slices are the fault dip and fault azimuth,
respectively. We finally obtain refined fault sticks by analyzing
the orientation of the initial fault sticks.

Generating the initial fault sticks

Figure 3a and 3b shows a representative cropped 2D seismic and
seismic fault attribute slice, respectively. Figure 3c shows the cor-
responding binarized result. The potential fault pixels (the black
color in Figure 3c) are regarded as the unanalyzed fault pixels. Fig-
ure 3d shows one swarm of interconnected unanalyzed fault pixels.
Note that we can divide the unanalyzed fault stick into several fault
sticks and each fault stick may belong to a different fault surface.
The red arrow in Figure 3d indicates a hole within the unanalyzed
fault stick. To facilitate the following thinning processing, we fill
the hole by assigning pixels at the holes with the value of one. Fig-
ure 3e and 3f shows the refined unanalyzed fault stick and thinned
unanalyzed fault stick using the thinning workflow proposed by
Zhang et al. (2014), respectively. There are two types of fault pixels
after thinning: (1) those with two neighboring pixels and (2) those
having three or more neighboring pixels. We name the pixels with
three or more neighbor pixels as furcated pixels. The red dot in Fig-
ure 3g indicates the location of the furcated pixels. We divide the
unanalyzed fault stick into several independent parts at the furcated
pixels, and each part is treated as an independent fault stick. The
divided independent fault sticks are called the initial fault sticks.
At the same time, we delete the thinned initial fault stick whose
pixel number is smaller than a user-defined value lmin. The thresh-
old lmin is treated as the smallest fault stick that we want to extract
within the seismic survey. The blue arrow in Figure 3g indicates one
thinned initial fault stick, which we ignore in the following process-
ing. To stabilize the following orientation computation, we “ex-
pand” the divided fault sticks (Figure 3g) to their originally
unthinned size (Figure 3h) by performing the morphological dila-
tion (Gonzalez and Woods, 1992). We name the expanded fault
sticks (Figure 3h) as the initial fault sticks.

Calculating the orientation of the initial fault sticks

We compute the orientation of the initial fault sticks using WPCA
analysis, and we determine the orientation of each fault pixel using
Kuwahara window searching (Marfurt, 2006). We use model coor-
dinates ðx; yÞ to describe the location of each fault pixel located
within the 2D slice. Considering that the pixels with a high fault
probability value should have more weight in the fault orientation

Figure 2. Chair diagram showing the fault attribute overlaid on the
corresponding seismic data, which is acquired from the New
Zealand Kerry survey.

Figure 1. The workflow of simulating the process of manual seis-
mic fault interpretation.

Seismic fault interpretation O15
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computation, we use WPCA to compute the orientation of each
fault pixel. To compute the orientation of the analyzed fault pixel,
we first extract the fault pixels centered at the analyzed pixel. The
window used to extract the fault pixels is a rectangular window, and
the size of the window is lmin by lmin pixels. If there are N fault
pixels centered at the analyzed pixel, then the coordinate vector
of the fault pixels can be expressed as x ¼ ð x1; x2; : : : ; xN Þ
and y ¼ ð y1; y2; : : : ; yN Þ. The seismic fault attribute values

for the fault pixels are expressed as s ¼ ð s1; s2; : : : ; sN Þ.
WPCA implements a weighted PCA procedure to each fault pixel
within the analysis window by adding a weight to the covariance
matrix Cw (Fan et al., 2011) using

Cw ¼ 1

N − 1

�
covwðx; xÞ covwðx; yÞ
covwðy; xÞ covwðy; yÞ

�
; (1)

where N is the number of fault pixels centered at
the analyzed pixel and the covariance elements
covwðx; xÞ, covwðx; yÞ, covwðy; xÞ, and
covwðy; yÞ are defined as follows:

covwðx; xÞ ¼
P

N
i¼1 siðxi − x̄Þðxi − x̄Þ

N − 1
;

(2a)

covwðx; yÞ ¼
P

N
i¼1 siðxi − x̄Þðyi − ȳÞ

N − 1
;

(2b)

covwðy; xÞ ¼
PN

i¼1 siðyi − ȳÞðxi − x̄Þ
N − 1

;

(2c)

covwðy; yÞ ¼
P

N
i¼1 siðyi − ȳÞðyi − ȳÞ

N − 1
;

(2d)

where x̄ and ȳ are the average value of x and y,
respectively. We obtain the eigenvalue and eigen-
vector of the covariance matrix shown in equa-
tion 1 by applying the eigendecomposition

Cw ¼ λuuuT þ λvvvT

¼ ½ u v �
�
λu 0

0 λv

��
uT

vT

�
; (3)

where λu and λv are the eigenvalues satisfied by
λu ≥ λv ≥ 0 and u and v are the corresponding
normalized eigenvectors. According to the
PCA theory, the eigenvector v is perpendicular
to the fault stick at the analysis pixel. Therefore,
the fault orientation p and confidence q of the
analysis pixel are defined as

p ¼ arctan

�
vy
vx

�
; (4a)

q ¼ λu
λu þ λv

; (4b)

Figure 4. The calculated fault orientation using the traditional and our proposed method.
(a) The analysis point (the red dot) and the corresponding analysis window (the blue rec-
tangle) that are centered at the analysis point. (b) The traditional method uses all of the
samples that are located within the analysis window. (c) The calculated fault orientation
using the traditional method. (d) The proposed analysis window. (e) The calculated fault
orientation using the proposed method. (f) The refined fault orientation after applying the
Kuwahara searching method to the calculated fault orientation shown in (e).

Figure 3. The process of generating initial fault sticks. (a) The seismic section, (b) the
fault attribute section, (c) the binarized result of fault attribute, (d) the unanalyzed fault
stick, (e) the refined unanalyzed fault stick, (f) the thinned unanalyzed fault stick, (g) the
thinned unanalyzed fault stick with furcated pixels indicated by the red dots, and (h) the
initial fault sticks.
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where vx and vy are the elements of eigenvector v in the x- and y-
directions, respectively; we have 0 ≤ q ≤ 1. The unit of p is
degrees.
We obtain the orientation p ¼ ðp1; p2; : : : ; pN Þ and the

corresponding confidence q ¼ ð q1; q2; : : : ; qN Þ for all the
pixels of the fault stick by applying the method illustrated in equa-
tions 1–4. We refine the calculated orientation of fault sticks by ap-
plying the Kuwahara window searching to the confidence vector q.
The window size for the Kuwahara window search is lmin by lmin

pixels.
Figure 4 shows the strategy of the traditional analysis window

and the proposed analysis window. The red dot in Figure 4a is
one representative analysis fault pixel. The blue rectangle in Fig-
ure 4b is the analysis window used for fault orientation computation
if we only consider whether a pixel is a fault pixel (the traditional
analysis window is centered at the analysis pixel). The blue rectan-
gle in Figure 4d is the analysis window (the most coherent window)
used for fault orientation computation by considering to which fault
stick the analysis pixel belongs. Note that the traditional analysis
window in Figure 4b includes fault pixels belonging to two faults
sticks whose orientation differs with each other. As a result, we may
obtain an inaccurate orientation value if the analysis window in-
cludes bifurcated fault pixels. However, our new analysis window
(Figure 4d) only contains fault pixels belonging to the same fault
stick. Thus, we will obtain a more accurate orientation estimation.
Figure 4c and 4e shows the computed orientation using the tradi-
tional analysis window and our new strategy, respectively. The red
arrows in Figure 4c and 4e indicate the notably improved orienta-
tion estimation. Figure 4f shows the refined fault orientation after
applying the Kuwahara window searching to the calculated orien-
tation shown in Figure 4e. Note that the refined fault orientation
(indicated by the blue arrows) in Figure 4f is more uniform and
accurate than the calculated fault orientation in Figure 4e.

Generating refined fault sticks

We generate the initial fault sticks (Figure 3f) by analyzing the
furcation properties of thinned fault pixels. However, we notice that
we need to further analyze the separated fault sticks. Figure 5a
shows one initial vertical fault stick with no furcated fault pixels.
However, the upper and lower parts of the fault stick shown in Fig-
ure 5a have opposing orientations. Although the orientation of fault
surfaces may vary with location, it is rare that one vertical fault stick
has opposite orientations. Figure 6a shows five initial fault sticks on
one vertical slice that belongs to two fault surfaces (conjugate
faults). Note that the initial fault sticks number four and five can
be merged into one fault stick. Thus, we propose to refine the initial
fault sticks by analyzing the fault stick orientation. There are two
operations in the refining process: merging and separating. We
merge two initial fault sticks that are interconnected on the binaried
slice if the orientation difference between the two initial fault sticks
is smaller than a user-defined threshold θthrld. In this paper, θthrld is
set as 5°. We separate the initial fault sticks if the orientation differ-
ence between two nearby faults pixels is larger than θthrld. Figures 5b
and 6b show the refined fault stick orientation. The white arrows in
Figure 5b indicate the separating locations of the initial fault stick.
The white arrow in Figure 6b indicates the merging location. Fig-
ures 5c and 6c show the refined fault sticks by using the orientation
value shown in Figures 5b and 6b, respectively.

We apply our proposed fault stick refining step to every vertical
and horizontal seismic slice. The refined fault sticks on the vertical
(inline and crossline) and horizontal (time slice) slices are called
vertical fault sticks and horizontal fault sticks, respectively. We give
a unique fault stick number to each refined fault stick on the vertical

Figure 6. The representative example of fault stick merging. (a) The
initial fault stick, (b) the refined fault orientation, and (c) the refined
fault stick.

Figure 5. The representative example of fault stick separating.
(a) The initial fault stick, (b) the refined fault orientation, and
(c) the refined fault stick.
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and time slices. Figure 7a shows the refined fault azimuth on the
time slice and the fault dip on the vertical slices. Figure 7b shows
the refined fault sticks on the time and vertical slices. As a result,
each time sample of seismic traces has three fault stick numbers if
the time sample is located at the fault location.

METHOD: GROUPING FAULT STICKS

To facilitate the following fault surface construction, we propose
grouping the fault sticks (Figure 8) into different groups prior to the
fault surface construction. The fault sticks within the same group
should belong to the same surface if there is no intersection between
two or more fault surfaces. All of the refined fault sticks form the
stick bank used for grouping. The longest horizontal fault stick
within the stick bank is regarded as the “center” stick for generating
a group of fault sticks. The workflow then collects all vertical fault
sticks that are connected to the center stick. We form new center
fault sticks by merging all of the horizontal fault sticks connected
with the collected vertical fault sticks. The grouping process iter-
atively collects vertical fault sticks and merges horizontal fault
sticks until there are no more fault sticks connected to any of
the fault sticks in the current group. We then assign a group number
to the grouped fault sticks and exclude the fault sticks that already
are merged with the current group. We next locate the longest hori-
zontal fault stick within the stick bank and repeat the above pro-
cedure. The grouping continues until there are no more fault
sticks within the fault stick bank.
The red fault stick shown in Figure 9 is the longest horizontal

fault stick within our seismic survey, and it functions as the center
stick in the first grouping round. We then extract all vertical fault
sticks (the red sticks in Figure 10a) that are interconnected with the
selected center stick (the blue stick in Figure 10a). The blue stick in
Figure 10a is the 3D display of the red stick in Figure 9. The red and
blue sticks together in Figure 10a function as the new center sticks
(the blue sticks in Figure 10b), and we continue extracting sticks
(the red sticks in Figure 10b) from the stick bank that are intercon-

nected with the current center sticks. The new extracted sticks iter-
atively become center sticks, and we iteratively extract sticks from
the stick bank that are interconnected with the current center sticks.
Figure 10c shows all of the extracted fault sticks of stick group num-
ber one and those fault sticks interconnected with each other di-
rectly or indirectly. Note that fault sticks within group number
one belong to a set of conjugate faults.

METHOD: FAULT SURFACE GENERATION

The fault sticks within the same group number are interconnected
to each other directly or indirectly. The interconnected fault sticks

Figure 7. Chair diagram showing (a) the refined fault dip and azimuth and (b) the generated vertical and horizontal fault sticks overlaid on the
seismic survey.

Figure 8. Fault stick grouping workflow.
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may belong to one or more fault surfaces. Our fault surface con-
struction procedure is implemented on each grouped fault stick,
and the surface construction procedure consists of three steps.
We first generate fault surface patches by analyzing the topological
relationship between fault sticks on vertical slices. We then auto-
matically merge the fault patches by analyzing the topological re-
lationships between the fault sticks of the fault surface patches. Our
workflow also contains an optional step: manually merging the fault
patches. The last step is computing the fault dip and azimuth using
3D WPCA analysis.

Generating fault surface patches

Fault surface patch construction is based on analyzing the topo-
logical relationship of fault sticks on vertical slices. Figure 11a
shows an inline slice with three vertical fault sticks. It is obvious
that the black and green fault sticks belong to different fault surfa-
ces. Note that we have two unconnected fault pixels when we ex-
tract an array of fault pixels along the time slice (the dashed blue
line in Figure 11a). Thus, we can determine whether the fault sticks
on the vertical slices belong to different fault surfaces by examining
the connectivity within the array of fault pixels extracted on differ-
ent time indices of the vertical slices. The black and green sticks
shown in Figure 11a are called the “mutual-exclusion vertical
sticks” because they belong to different fault surfaces. The fault sur-
face patch construction merges the horizontal fault sticks time slice
by time slice (Figure 11b) if there is no mutual exclusion between
the vertical fault sticks that contain the fault pixels of horizontal
fault sticks. We begin the merging with a user-defined time slice
that contains the longest horizontal sticks, and the merging pro-
cedure is simultaneously implemented on the time slices above
and below the user-defined time slice. The merging procedure con-
tinues until we have mutual-exclusion vertical sticks on the corre-
sponding vertical slices (indicated by the red arrow in Figure 11c).
Figure 12 illustrates the workflow for the fault surface patch gen-

erating and labeling strategies. Figures 13, 14, and 15 illustrate three
of the most common scenarios for the surface patch generating and
labeling strategies.
Figure 13 shows an illustration of one of the labeling scenarios.

The red horizontal stick on time slice T1 is regarded as the starting
fault stick for merging. Note that two blue horizontal sticks on time

slice T2 are indirectly connected to the red stick of time slice T1
through the vertical sticks. Note that there is no mutual exclusion
between the vertical sticks that are connected with the two horizon-
tal blue sticks. We assume that the two blue sticks belong to the
same fault surface A, although they are two individual sticks on
time slice T2. Note that the yellow fault stick on time slice T3 is
indirectly connected to both blue sticks on time slice T2. Thus, the
yellow fault stick on time slice T3 belongs to fault surface patch A.
Figure 14 shows another scenario for the horizontal sticks on

neighboring time slices. The red stick on time slice T1 is the starting
stick for merging. There are two sticks on time slice T2 that are
indirectly connected with the red stick on time slice T1 through

Figure 9. The horizontal fault sticks on a representative time slice.
The red arrow indicates the selected horizontal fault stick.

Figure 10. The representative example of the fault stick grouping
operation. (a) The center stick (blue) and the grouped vertical fault
sticks (red) in the first grouping round. (b) The new center sticks
(blue) and the grouped horizontal fault sticks (red). (c) All of the
extracted fault sticks.
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the vertical fault sticks. Note that we have mutual
exclusions between the vertical sticks that are
connected to the two individual horizontal sticks
on time slice T2. We name the fault surface that
contains the red stick in Figure 14 as fault surface
patch A. Then, the fault sticks on time slice T2
are given as A-1 and A-2, meaning that they are
connected with fault surface patch A directly or
indirectly. The fault surface patches A-1 and A-2
are treated as new fault surfaces in the following
merging analysis, and fault surface patch A ter-
minates at time slice T2. Note that there is no
mutual exclusion between the vertical fault sticks
of fault surfaces A and A-1. In addition, there is
no mutual exclusion between the vertical fault
sticks of fault surfaces A and A-2. Thus, we

should merge fault surface A with one of them (surfaces A-1
and A-2). The fault surface patch called A-1 (or A-2) means that
surface A-1 (or A-2) is connected with surface A. However, fault
surface patch A-1 is mutually exclusive with fault surface patch
A-2. In this manner, the following merging processing can quickly
detect the candidate fault surface patches that need to be merged.
For example, the merging algorithm would first try to merge surface
patch A-1 (or A-2) if fault surface patch A is the analysis surface
patch. Fault surface patch A cannot merge with surface patch A-2 if
surface patch A is already merged with surface patch A-1, and
vice versa.

Figure 11. (a) The representative inline slice with three vertical fault sticks. The black
and green sticks are the mutual-exclusion vertical sticks. The representative examples of
the fault surface patch construction operations (b) without and (c) with the mutual-ex-
clusion vertical sticks.

Figure 12. The workflow for the fault surface patch generation and
labeling strategies.

Figure 13. An illustration of the labeling strategy without the mu-
tual-exclusion vertical sticks.

Figure 14. An illustration of the labeling strategy with the mutual-
exclusion vertical sticks.

Figure 15. An illustration of the labeling strategy that shows the
example of stopping the merging fault sticks on the current time
slice and starting a new fault surface merging on the next time slice.
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Figure 15 shows one more scenario for the
horizontal sticks on neighboring time slices.
The red stick B-1 is treated as the starting stick
for merging. The blue stick on time slice T2 is
indirectly connected to stick B-1 on time slice
T1. The blue stick on time slice T2 is also con-
nected to stick B-2 on time slice T1. However,
sticks B-1 and B-2 on time slice T1 are mutually
exclusive to each other. We propose to stop merg-
ing all of the fault sticks on time slices that are
above time slice T1 and to start a new fault
surface merging (fault surface C).
Figure 16a–16c shows fault sticks of different

fault surfaces on representative time slices after
the topological analysis using the process illus-
trated in Figures 13–15. Figure 17 shows fault
sticks of different fault surface patches on a representative inline
slice after topological analysis. Note that the inline slice shown
in Figure 17 may have three fault surfaces. It is obvious that fault
surface patches A-1 and A-2 in Figure 17 belong to different fault
surfaces. However, it is possible that fault surface patches A and
A-1 belong to a same fault surface. Thus, we propose merging
the fault surface patches by analyzing the topological relationship
between or among different fault surface patches.

Merging fault surface patches

We define two criteria for the merging of fault surface patches.
The first criterion is that the analyzed fault surface patch can only
merge with its neighboring fault surface patches if it shares vertical
fault sticks with the analysis fault surface patch. Ideally, the fault
surface patch should not be allowed to merge with any neighboring
fault surface patches that have mutual-exclusion vertical sticks with
the analyzed fault surface patch. However, considering the accuracy
of the input fault attribute, we allow the fault surface patch merging
neighboring fault surface patches if the percentage of exclusive fault
sticks is less than a user-defined threshold smin (e.g., 5% in this study).
The second criterion is that the merging begins with the neighboring
fault surface patch that shares the most vertical fault sticks with the
analyzed fault surface patch. The analyzed fault surface patch only
merges with one neighboring fault surface patch each time, and
the merged fault surface patch functions as the new analyzed fault
surface patch in the following merging. The merging process contin-
ues until the algorithm cannot merge any two fault surface patches.
Figure 18 shows the automatically merged fault surface patches.

The red, cyan, part of the blue (indicated by the red arrow in Fig-
ure 18), and the yellow fault surface patches belong to the same
fault surface. The remaining part of the blue and the green fault
surface patches belong to another fault surface. However, we must
crop that part of the blue fault surface patch indicated by the red
arrow prior to the merging between the blue and green fault surface
patches. The inaccurate input fault attribute is responsible for the
inaccurate merging indicated by the red arrow in Figure 18. Fig-
ure 19a shows the fault sticks of a conjugate fault on representative
time slices. Figure 19b shows the interpreted fault on a represen-
tative vertical slice. In this figure, time slice T2 only has one fault
stick; time slices T1 and T3 have two fault sticks only if there is
enough of a horizon gap (the upper and lower time slices) between
the two fault surfaces. Considering that there is an inaccurate merg-
ing for the blue fault surface patch, we propose a step of manual

Figure 17. Fault sticks of different fault surface patches on repre-
sentative inline slice after the topological analysis.

Figure 18. The automatic merged fault surface patches.

Figure 16. Fault sticks of different fault surfaces on representative time slices after the
topological analysis. (a) Three fault sticks that belong to the same fault surface. The fault
sticks on time slice T2 are unconnected with each other. However, both are connected
with the fault stick on time slice T1 through vertical fault sticks. (b) Three fault sticks
that belong to two fault surfaces. Both fault sticks on time slice T2 are connected with
the fault stick on time slice T1 through vertical fault sticks. However, fault sticks A-1
and A-2 are mutually exclusive with each other on time slice T2. (c) Fault sticks that are
belong to different fault surfaces.
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fault surface patch merging if needed. We first merge the fault sur-
face patches (red, cyan, and yellow) that are accurately produced in
the automatic merging step. Considering that the output fault sur-
face should be a continuous surface in the subsurface, the fault sur-
face merges the vertical fault sticks that are directly connected to the
red, cyan, and yellow fault surface patches. We delete the fault pix-
els of the blue fault surface patch that have been used by another
fault surface. Figure 20a shows the result after we manually merge
the fault patches.
The final step of fault surface generation is interpolating a surface

passing through the fault sticks. Figure 20b shows the final gener-
ated fault surfaces. We successfully generate two fault surfaces from

the conjugate fault system with minimal interpreter intervention.
Our workflow may need the manual fault patch merging step only
if the fault attribute fails to represent the fault surfaces near the in-
tersection of the fault surfaces.

Calculating fault parameters using 3D WPCA

We produce fault surfaces using fault sticks, and fault sticks
are binarized from fault attributes. Each fault pixel of the fault stick
has the same weight on the fault surface construction. However, we
propose that the fault pixels that have a higher fault probability
should have greater weight in the orientation computation of the
fault surfaces. To achieve this goal, we recompute the fault dip
and azimuth of each fault pixel using 3D WPCA after we obtain
the fault surfaces. We use model coordinate ðx; y; zÞ to describe
the location of each fault pixel located at the 3D fault surface.
To compute the fault dip and azimuth of the analyzed fault pixel,
we first extract the fault pixels centered at the analyzed pixel. The
window used to extract the fault pixels is a cube window, and the
size of the window is lmin by lmin by lmin pixels. Supposing that there
are N fault pixels within the analysis window, the coordinate vector
of the fault pixels can be expressed as x ¼ ð x1; x2; : : : ; xN Þ,
y ¼ ð y1; y2; : : : ; yN Þ, and z ¼ ð z1; z2; : : : ; zN Þ. The
seismic fault attribute values of the fault pixels are expressed as
s ¼ ð s1; s2; : : : ; sN Þ. Then, the covariance matrix Cw is de-
fined as

Cw ¼ 1

N − 1

� covwðx; xÞ covwðx; yÞ covwðx; zÞ
covwðy; xÞ covwðy; yÞ covwðy; zÞ
covwðz; xÞ covwðz; yÞ covwðz; zÞ

�
; (5)

Figure 19. The fault sticks of the conjugate faults on the represen-
tative time and vertical slices. (a) The fault sticks and (b) the inter-
preted conjugate faults on the vertical seismic slice.

Figure 20. (a) The manually merged fault surface patches and
(b) generated fault surfaces.

Figure 21. (a) The calculated fault azimuth and (b) fault dip over-
laid with the generated fault surfaces in Figure 19b.
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where covwðx; xÞ, covwðx; yÞ, covwðy; xÞ, and covwðy; yÞ are de-
fined in equation 2 and covwðx; zÞ, covwðy; zÞ, covwðz; zÞ,
covwðz; xÞ, and covwðz; yÞ are defined as follows:

covwðx; zÞ ¼
P

N
i¼1 siðxi − x̄Þðzi − z̄Þ

N − 1
; (6a)

covwðy; zÞ ¼
P

N
i¼1 siðyi − ȳÞðzi − z̄Þ

N − 1
; (6b)

covwðz; zÞ ¼
PN

i¼1 siðzi − z̄Þðzi − z̄Þ
N − 1

; (6c)

covwðz; xÞ ¼
PN

i¼1 siðzi − z̄Þðxi − x̄Þ
N − 1

; (6d)

covwðz; yÞ ¼
P

N
i¼1 siðzi − z̄Þðyi − ȳÞ

N − 1
: (6e)

We obtain eigenvalues and eigenvectors of the covariance matrix in
equation 5 by applying the eigen decomposition

Cw ¼ λuuuT þ λvvvT þ λwwwT

¼
�
u v w

�� λu 0 0

0 λv 0

0 0 λw

�� uT

vT

wT

�
; (7)

Figure 22. (a) Generated fault surfaces and the corresponding
(b) fault azimuth and (c) fault dip.

Figure 23. The comparison of automatic and manually interpreted
fault sticks on one inline seismic section. (a) One inline seismic
section. (b) The manually interpreted fault sticks (the cyan
curve) overlaid on the seismic section. The squares are the manually
picked control points used to generate the fault sticks. (c) The au-
tomatic interpreted fault sticks (the yellow curve) overlaid on the
seismic section.
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where λu, λv, and λw are the eigenvalues satisfied by λu ≥ λv ≥ λw ≥
0 and u, v, and w are the corresponding normalized eigenvectors.
According to the PCA theory, the eigenvector w is perpendicular to
the fault surface at the analysis pixel. The fault dip d and azimuth a
of the analysis pixel are defined as, respectively,

d ¼ arctan

�
wzffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

w2
x þ w2

y

q
�
; (8)

a ¼ arctan

�
wy

wx

�
; (9)

where wx, wy, and wz are the elements of eigenvector w in the x-, y-,
and z-directions, respectively. The units of d and a are degrees.
The calculated fault dip and azimuth vectors for the pixels on the

fault surface are denoted as d ¼ ð d1; d2; : : : ; dN Þ and
a ¼ ð a1; a2; : : : ; aN Þ, respectively. Figure 21a and 21b
shows the calculated fault azimuth and dip overlaid on the fault sur-
faces shown in Figure 20. Note that we have a uniform fault dip and
azimuth on the same fault surface.

3D fault surfaces

Figure 22a shows the generated representative fault surfaces
within the Kerry seismic survey. The parameters fmin, lmin, θthrld,
and smin are set as 0.2, 15, 5°, and 5%; respectively. The value
of lmin is 15, which means that our algorithm will not construct sur-
faces for those faults whose largest thinned fault stick on time or
vertical slices is less than 15 pixels. We generate 192 fault surfaces
in this seismic survey, and Figure 22a only shows the biggest 60
fault surfaces. Figure 22b and 22c shows the fault azimuth and
dip overlaid with fault surfaces in Figure 22a, respectively. Note
that we have uniform fault dip and azimuth on the same fault sur-
face. Figure 23a–23c shows one inline seismic section, manually
picked fault sticks overlaid on the inline seismic section, and the

automatically picked fault sticks overlaid on
the inline seismic section, respectively. The auto-
matically picked fault sticks shown in Figure 23c
were extracted from the automatically picked
fault surfaces. The manually picked fault sticks
usually have three to six control points (the
squares in Figure 23a). The fault sticks shown
in Figure 23b were generated by the interpreting
software using a linear interpolation between two
nearby control points. Note that the automati-
cally extracted fault sticks strictly follow the fault
trace on the inline seismic section. However, our
algorithm fails to extract the small fault sticks
(indicated by the red arrows) whose length is
smaller than the threshold lmin (the smallest
length of the fault sticks on vertical section).
Note that our algorithm produces better fault
sticks (indicated by the blue arrows) than shown
in Figure 23b. Of course, we can always improve
the results shown in Figure 23b by adding more
control points.
To further demonstrate the reproductivity of

the proposed method, we apply our proposed
workflow to another 3D marine seismic survey,
the F3. The coherence threshold fmin, the small-
est length lmin, the orientation threshold θthrld,
and the percentage of exclusive fault sticks
smin are set as 0.2, 15, 5°, and 5%, respectively.
The parameters used in the F3 seismic survey are
the same as the parameters set in the Kerry seis-
mic survey. Figure 24 shows the generated rep-
resentative fault surfaces within the F3 seismic
survey. We generate 422 fault surfaces in this

Figure 24. Generated fault surfaces from the Netherlands F3
survey.

Figure 25. Testing the sensitivity of parameter fmin on the Kerry seismic survey. (a) One
inline seismic section and (b) the corresponding seismic fault attribute. The binarized
results using values of (c) 0.1, (d) 0.2, (e) 0.4, and (f) 0.6, respectively. The red arrow
indicates the representative locations where possible “wrong” fault pixels were gener-
ated by the low value. The purple arrow indicates the representative fault sticks that
break apart by a high value.
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seismic survey, and Figure 24 only shows the largest 250 fault
surfaces.

DISCUSSION

The proposed workflow needs interpreters defining four param-
eters: (1) the fault attribute threshold fmin used to generate fault
sticks, (2) the smallest length lmin in pixels of the thinned fault sticks
we want to detect on time or vertical slices, (3) the orientation
threshold θthrld used to refine the fault sticks, and (4) the percentage
of exclusive fault sticks smin used in the surface patch merging step.
Figures 25 and 26 illustrate the sensitivity testing of the fault attrib-
ute threshold fmin. The fault attribute value of the Kerry and F3
seismic surveys is normalized to the 0–1 range, where value 1
stands for the highest possibility of being a fault.
Figure 25a and 25b shows one inline seismic sec-
tion of the Kerry seismic survey and the fault
attribute section. Figure 25c–25f shows the cor-
responding binarized results using threshold
value fmin of 0.1, 0.2, 0.4, and 0.6, respectively.
Figure 26a and 26b shows one inline seismic sec-
tion of the F3 seismic survey and the fault attrib-
ute section. Figure 26c–26f shows the
corresponding binarized results using the thresh-
old value of 0.1, 0.2, 0.4, and 0.6, respectively.
Figures 25c and 26c indicate that it is prone to
generate “noisy” fault pixels (indicated by the
red arrows in Figures 25f and 26f) if
fmin < 0.2. The noisy pixels would increase
the computing in the following process of fault
stick generating. Figures 25 and 26 indicate that
it is prone to break apart the fault pixels (indi-
cated by the purple arrow) that belong to the
same fault stick. Thus, we suggest the value of
fmin to be set as a value between 0.2fmax and
0.4fmax, where fmax is the maximum value of
fault probability.
The smallest length lmin in pixels is deter-

mined by the smallest fault surface size that we
want to identify within the seismic survey. Our
workflow will ignore those fault surfaces whose
largest fault stick size on time or vertical slices is
smaller than lmin. Note that the size of one pixel
along the vertical axis is the same length of time
sample interval. Similarly, the sizes of one pixel
along the inline and crossline directions are the
same length of seismic trace intervals along the
inline and crossline directions, respectively. Fig-
ure 27a and 27b shows one inline section of the
Kerry seismic survey and the corresponding bi-
narized result. Figure 27c and 27d shows the
fault sticks after applying the threshold lmin of
10 and 20, respectively.
A small value of threshold θthrld reduces the

time of generating fault surfaces but increases
the time of merging fault surfaces. Considering
that we have an optional step of manual merging,
we suggest using a small value of threshold θthrld;
a small value can guarantee the accuracy of the
generated fault surface patches. Figure 28a and

28b shows the fault attribute and the corresponding binarized result.
Figure 28c and 28d shows the fault sticks after applying threshold
θthrld of 5

o and 10o, respectively. Figure 28e illustrates the strategy
we use to define the dip of the fault stick in this paper. The red and
blue dots indicate the fault and nonfault pixels of the seismic traces,
respectively. Then, we compute the dip of the fault stick by using
arctan ðΔtl Þ, where Δt is the time interval (in the unit of the sample
number) between the fault pixels of the seismic traces and l is the
horizontal interval in the unit of the trace number.
Figure 29 shows the sensitivity testing of parameter smin. Fig-

ure 29a and 29b shows the generated fault surface patches by using
threshold smin of 1% and 10%, respectively. Compared to the result
shown in Figure 18, our algorithm produced more small patches
(indicated by the arrows in Figure 29a) if we set smin to 1%. Note

Figure 27. Testing the sensitivity of parameter lmin on the Kerry seismic survey. (a) One
inline seismic section and (b) the corresponding binarized fault attribute. The processed
fault sticks using values of (c) 10 and (d) 20, respectively.

Figure 26. Testing the sensitivity of parameter fmin on the F3 seismic survey. (a) One
inline seismic section and (b) the corresponding seismic fault attribute. The binarized
results using values of (c) 0.1, (d) 0.2, (e) 0.4, and (f) 0.6, respectively. The red arrow
indicates the representative locations where possible “wrong” fault pixels were gener-
ated by the low value. The purple arrow indicates representative fault sticks that break
apart by a high value.
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that our algorithm generated large corrected fault surface patches
(indicated by the blue arrow in Figure 29b) if we set smin to
10%. However, we find that it is much easier merging fault surface
patches than separating wrongly merged fault surface patches.
Thus, we suggest setting smin at relatively low value (e.g., smaller
than 10%). Of course, we need interpreters testing those parameters
on a case-by-case basis.

An experienced interpreter needs approximately 30 min to pick
the fault sticks shown in Figure 23b. It may take weeks to manually
pick all of the fault sticks considering that the Kerry seismic survey
contains hundreds of inline slices. The Kerry seismic data were
processed on a computer with two nodes (Intel Xeon CPU E5-
2670, 2.3 GHz). Each node contains 24 processors. The entire code
was run using the MATLAB Parallel Computing Toolbox. The

computation times of generating fault sticks
and grouping are approximately 4 and 6 h,
respectively. It takes 4 h of interpreter work
(merging the fault surface patches and quality
control) for producing all of the fault surfaces
(192) by using our method. Note that our algo-
rithm does not extract the fault surface if the fault
stick on the vertical slice is smaller than approx-
imately 60 ms. Thus, we conclude that our
method accelerates the procedure of seismic fault
interpretation.

CONCLUSION

We proposed a novel workflow to semiauto-
matically generate fault surfaces from seismic
fault attributes. Our workflow is based on analyz-
ing the topological relationship (connectivity and
mutual exclusion) in a 3D manner among the
fault sticks on time and vertical slices. The qual-
ity of the input seismic fault attribute is one of the

key factors for successfully implementing our workflow. Thus, we
recommend conditioning the seismic fault attribute prior to apply-
ing our workflow if the seismic fault attribute has strong staircase
artifacts and undesired stratigraphic anomalies. The deep-learning-
based fault attribute algorithms have produced high-quality seismic
fault attributes without staircase artifacts and undesired stratigraphic
anomalies. Thus, we suggest using fault attributes generated using
the deep-learning algorithm as the input for our algorithm. The
computation cost of our algorithm depends on the complexity of
the fault system and the noise level of the seismic data. Complex
faults such as conjugate faults or high-level noise would result in
more fault surface patches and would need more human inter-
vention.

DATA AND MATERIALS AVAILABILITY

Data associated with this research are available and can be ac-
cessed via the following URL: https://wiki.seg.org/wiki/Open_data.
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