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Abstract: Fault detection is important to seismic interpretation, especially for tight oil and gas
reservoirs. Generally speaking, large-scale faults can be accurately imaged and are easy to detect by
conventional methods, but the concealed ones in low-amplitude structural regions are difficult to
find. In these areas, the scale and displacement of concealed faults are usually very small. Due to the
good uniform and weak amplitude disturbances in the seismic events, the traditional discontinuity
attributes extracted from seismic data are always not effective. This is because the discontinuous
features of large faults are very significant, and the weak anomalies caused by hidden faults are
very close to the continuous background. This paper takes a tight sandstone reservoir in the Ordos
Basin of China as an example to explore the detection method of subtle faults in low-amplitude
structural areas. With the phase congruency analysis method, we extract edge features from the
post-stack coherence attributes to identify hidden faults. Practice shows that this idea has outstanding
performance in mining hidden fracture features and improving the accuracy of fracture recognition.
The results successfully predict a shear fault zone in the northeast of the work area, find a new
fracture zone in the center of the survey and a series of hidden faults in non-target strata. It would be
beneficial to extend the strata and area of oil and gas reservoirs.

Keywords: low-amplitude structures; concealed faults; phase congruency; edge; coherence

1. Introduction

Fault detection helps us to understand basic factors of o0il and gas accumulation
such as reservoir formation, migration and preservation. It is becoming more and more
challenging as the requirements for exploration accuracy increase. Conventional post-stack
discontinuity extractions are the main technologies of fault detection, such as eigenvalue-
based coherence [1-3] and curvature [4-6]. These methods could indicate dislocation, shape
change, bifurcation, merging, and distortion of the seismic event caused by faults and,
therefore, are widely used. The data basis of these methods is the contrast of amplitude
between adjacent seismic traces. The amplitude at the faults depends on the scale, the
degree of fragmentation of surrounding rock, the fold number in the field, the illumination
angle, the choice of imaging method, and the size of the migration aperture. Generally,
large-scale faults can be accurately imaged and are easy to detect, but the concealed ones
in low-amplitude structural regions are difficult to find. The opposite is that the negative
features such as small fault distance and weak contrast between adjacent traces lead to
low accuracy or even the total failure of conventional technologies. Identifying those fuzzy
and weak fault features accurately and completely has become a difficulty that researchers
must confront.

Without additional seismic imaging work, previous researchers attempted to over-
come the above-mentioned problems and achieved significant progress in five aspects.
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Firstly, optimizing geological structures to improve fault resolution, such as structure-
oriented filtering technologies [7-11]. Secondly, extracting the fault characteristics of the
dominant frequency band through frequency division such as frequency division coher-
ence [12,13] and frequency division curvature [14]. Thirdly, obtaining more distinguished
fault characteristics by direction and scale enhancement [15]. Fourthly, discontinuity opti-
mization, such as ant tracking [16,17], maximum likelihood attribute [18,19] and histogram
enhancement [20,21]. Fifth, deep learning methods based on the seismic waveform and
neural networks [22-24]. These methods may be the most promising technologies in recent
years. They can detect faults based on pre-set seismic data label features (such labels can be
manually selected or set through forward simulation). Someday in the future, these meth-
ods even can find every fault that has ever appeared in the minds of geologists. However,
the current deep learning technologies are still not smart enough and cannot recognize the
fault patterns until we “teach it”. In the real underearth, the possible shapes, scales, and
distribution characteristics of faults must be far beyond our minds. These methods will
likely miss some faults, even if they are important.

In summary, the above-mentioned ideas and techniques have largely made up for the
shortcomings of conventional post-stack attribute technologies and greatly improved the
accuracy of fault identification. However, in general, these works are carried out around
the “amplitude” of seismic waves. Therefore, the identification accuracy is still severely
constrained by the amplitude contrast between the adjacent traces.

To obtain better effects on existing data, we may consider avoiding dependence on the
amplitude variations of adjacent seismic traces. In image processing, the phase retained
the edges and the overall structures, which are the most essential characteristics of images
other than the amplitude, and this has attracted much attention [25]. The edges and
corners obtained from the image phase are far more reliable than the ones calculated from
intensity alone. In this paper, the concept of phase congruency (PC) in image processing
was introduced to enhance the discontinuities of concealed faults. The PC extracted from
eigenvalue-based coherence attributes could change the relatively weak discontinuities to
stronger states.

2. Methods and Tests
2.1. Method

In image cognition, the edges and corners are the key features of the image. Early
feature extractions were mainly based on image intensity gradients, such as the Sobel
operator [26,27], the Marr operator [28], and the Canny operator [29]. These methods were
very sensitive to image brightness and contrast and useful in fault detection of seismic
exploration [30,31]. However, any gradient-based edge detection process will need to
use a threshold that is modified appropriately. However, the prior knowledge of overall
brightness is generally unknown. The more complex the image structures, the more difficult
the threshold adjustments that are required, and thus, the worse the edge detection that
will be obtained.

In 1986, the local energy model proposed by Morrone and Owens broke the limitation
of the above methods, postulating that the image edges and corners correspond to the
maximum PC of the pixels [32]. The approach of calculating maximum PC by searching
for peaks in the local energy function proposed by Venkatesh and Owens [33] has been
widely adopted. Then, Kovesi used a 2-D Log-Gabor filter with multi-scale, multi-azimuth,
and zero direct-current (DC) component characteristics to successfully implement the
PC analysis of the 2-D image. The edges and corners obtained from the above method
remained relatively stable with the invariance of brightness and contrast, thus greatly
expanding the development and application of the theory [34-37]. The core theoretical
formula of two-dimensional PC proposed by Kovesi (2003) can be written as

W(x1, Aso(x1, x2) ADgo(x1, —_T
PC(xl, xz) — Zs Zo (xl ;2)£ As(f(leiz) +£(X1 x2) J (1)
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ADg, (x1,%2) = cos(Pso(x1,X2) — P(x1,x2)) — [sin(¢so(x1,¥2) — P(x1, x2))| 2

where PC(x1, x7) denotes the PC value located in (x1, x2), and is a dimensionless quantity
varying from 0 to 1, which means that the image has no feature to a significant feature;
W(x1, x7) is the weight function for frequency spread, which may vary with frequency.
Aso(x1, x2) the amplitude at scale s and orientation o; ¢s, (X1, X2) is the phase angle; ¢(x1, x7)
is the weighted mean phase angle; T is noise threshold; ¢ is a small constant avoiding
division by zero; “| |” denote that the enclosed quantity is equal to itself when its value is
positive, and is zero otherwise.
The most important steps to calculate PC are the following:

(1) Calculate the multi-scale and multi-orientation log-Gabor filter bank in the fre-
quency domain;

(2) Calculate the Fourier transform of the coherence slice;

(3) Convolve the results in step (2) with all multi-scale and multi-orientation filters, and
calculate the Inverse Fourier transform;

(4) Extract the total energy by summing the scale-dependent absolute amplitude obtained
in step (3) in each orientation. Researchers can obtain the denominator in formula (1)
in this step;

(5) Follow step (3) to calculate the energies of even and odd versions, obtain their square
root of amplitude, and count the weighted mean phase angles;

(6) Compute the sigmoidal weighting function for each orientation;

(7) Calculate numerator in formula (1);

(8) Compute the PC for each orientation;

(9) Extract some characteristics from the PC such as the feature phase and the maxi-
mum moment.

A more detailed description can be found in Kovesi's paper [35,37].

The phase congruency analysis has the characteristics of contrast invariance and
does not rely on local changes in illumination. Therefore, it has an excellent performance
in image feature extraction. This method is widely used in visual analysis [38], image
fusion [39], image reconstruction [40], image quality evaluation [41], image registration [42]
and other non-image processing fields; for example, seismic interpretation in oil and gas
exploration. Russell et al. applied the PC algorithm to detect karst collapse and fractures
in carbonate [43]. Kovesi et al. extended PC to a 3D algorithm for velocity anomalies
and the detection of hidden fault edges in seismic data [44]. Shafiq et al. highlighted the
use of a salt dome with the PC method [45]. Taking inspiration from PC, Karbalaali et al.
used a shearlet transform to identify channel edges [46]. These cases presented the great
potentiality of PC in directly extracting some large-scale discontinuities from the original
seismic amplitude.

However, directly extracting discontinuities from seismic amplitude is not an ultimate
strategy for fault detection. Some tiny changes in seismic amplitude and original attributes
such as coherence are difficult to attract the attention of engineers. The micro-faults and
fractures in low-amplitude tectonic areas are a source of endless annoyance for engineers.
This problem is really common in many tight sandstone reservoirs in West China. In
fact, the ant tracking and likelihood attribute methods have already reminded us that
optimizing distribution or re-extracting edges from conventional attributes can achieve
better results. In next section, the authors conducted experiments using model data. We
tried to extract the PC attribute from artificial coherence images and also hoped that this
test could demonstrate the capabilities of the PC method in concealed fault detection.

2.2. Tests

It is well known that the PC algorithm is suitable for edge detection of ordinary
images. Next, the potentiality of PC for fault detection from seismic attributes will be
discussed in detail. Figure 1 shows two examples of model data. Given a coherence slice
of grid size 100 x 100 and the background value of 1, it can be assumed that the stratum
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was flat enough, and the seismic events extended horizontally with no jitter, dislocation,
or deflection. Two orthogonal faults f1 and f, were designed in this model and tested
in two ways. In the first experiment (as shown in Figure 1a), the coherence value on f
changed from 1 to 0.9 with a linear step of 0.001. This was a very small change rate to the
background value. The coherence values on f, stayed at 0.999 before x; = 30, which means
the differences caused by the fault were weak and stable. On the other part (x; €[31, 100])
of 5, coherence changed from 0.999 to 0.929 by the step of 0.001, which means the faults
edges became slowly sharpened. In the second experiment, fault f, remained the same,
and fault f; was changed with a random value from 0.99 to 1.0, as shown in Figure 1c. The
continuity of f1 was severely destroyed.

X 100 0 % 100

0
100

100

The value of white blankis 1.

£, 0.999 (x; € [1,30])
2 11 —=x+0.001 (x; € [31,100

D
x; \ X, J2
\ ~ TN »
0.999 1—-x * 0.001
/ ¥
f;=1—2x,+0.001 (x, € [0,100
0 (@) 0 (b)
[—]fault | | background [—]fault [ |background
0 X; 100 0 X; 100
100 100
The value of white blank is 1. The value of white blank isj0. 25
0.6
0999 (%, € [1,30]) i
2_{.1—“0.001 (x; € [31,100]) o
X, \ X, Sz
\\J - N ~ !
0.999 1—x * 0.001
/ /i
f;=0.99 + 0.01 * rand(x,) (x, € [0,100])
0 (<) 0 (d)

[——]fault

[ Ibackground

The value of white blank is|0.

[——]fault [ |background

Figure 1. Coherence and PC slices of model data. (a): The coherence of model 1. (b): The PC result of (a). (c): The coherence
of model 2. (d): The PC result of (c). The white blank denotes horizontal background and the dark lines indicate faults.

Figure 1b,d show us the phase congruencies of Figure 1a,c respectively. The compari-
son shows that this method has the following characteristics. Firstly, stable and continuous
changes in coherence value, even if the contrast is very small (the gradient is one thou-
sandth in this test), could be precisely identified as faults by phase congruency, such as fault
f1 and f, shown in Figure 1a,b. Secondly, rapid and irregular changes of coherence values
may lead to inconspicuous fault characteristics, but could still be located accurately and
clearly by their PC, such as fault f1 shown in Figure 1c,d. Thirdly, the result obtained near
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the intersection of the faults may be unsatisfactory, as shown in Figure 1d. The reason is
unknown. Thus, more attention should be paid to the areas where the faults are staggered.
On the whole, the PC is very sensitive to discontinuous features such as weak misalignment
of seismic events caused by concealed faults and can be used effectively to improve the
recognition accuracy.

In seismic interpretation, the spatially discontinuous boundaries of the seismic at-
tribute are usually suspected as faults. Therefore, the above tests show the suitability of
the phase congruency for extracting fault boundaries. In addition, this method is sensitive
to both the boundaries and the noise. However, this article is aimed at the detection of
small faults in low-amplitude structural areas close to the horizontally layered uniformity.
Such areas generally have very high imaging quality and low noise levels, so that this
disadvantage can be ignored.

3. Application
3.1. Background

The research area is located in the northern section of the Ordos Basin, China. To
its west is the western edge of the thrust belt of the basin. Its structural shelf diagram is
shown in Figure 2. The study area (marked with the red frame) is mainly located outside
the thrust belt, without any deep and large faults developed. According to previous
research, the faults developed in the target stratum belong to the regional low-order faults,
mainly dominated by the overthrust nappe controlled by the main curtain of the Yanshan
Movement. They are formed under the combined effects of strike-slip stress and paramount
fault traction. Their typical features are small fault distance, short extension and small
scale. The lower-order faults were later transformed by the Himalayan movement after
the formation. However, the nature of the faults has remained unchanged, and the seismic
reflection event axis rarely exhibits features such as structural reversal. The faults are
still dominated by reverse faults formed by the main curtain of the Yanshan period. In
addition, the study area suffers from less uplift and denudation of strata, and the influence
of later tectonic movement on lower-order faults is limited. It could be seen that since
the formation, these low-level sequence faults have been in a relatively static state for an
extended period of geological history. This is very positive to reservoirs.
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Figure 2. Tectonic framework and units of the Ordos basin (modified according to reference [47]).



Minerals 2021, 11, 1122 60f 11

Figure 3 is target horizon map of the study area shown in the red frame in Figure 2. It
is the zoomed-in version. It can be seen that the target layer is higher in the west and lower
in the east. The structural range presents a distinct band distribution from southwest to
northeast. From north to south, the structural stress gradually weakened, the structural
amplitude gradually decreased, and the horizon extended approximately horizontally. The
terrain in the middle and northeast of the study area is flat, and the horizontal continuity
and amplitude congruency of the seismic event are the best, as shown in Figure 4.

Figure 3. Target horizon map ranging from 1511ms to 1621ms (zoomed-in version of study area
contained within the red frame in Figure 2). w1, w2, and w3 are drilled wells; the red line represents
an arbitrary x-line for presentation in Figure 4.
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Figure 4. Seismic profile of the arbitrary x-line in Figure 3, which is close to the target stratum. The stratum fractures
frequently in the northern region and is very gentle in the south.

The white area represents the young graben system around basin margins, and dark
gray represents the deformation belts around the Ordos basin. 1—fault; 2—normal fault; 3—
thrust fault; 4—strike-slip fault; 5—fold; 6—river; 7—city; 8—basin boundary; 9—tectonic
unit boundary; 10—study area.

3.2. Problem

In the study area, there are three typical wells, namely w1, w2, and w3. Their locations
are shown in Figure 3. Figure 5 shows their statistics of the fractures in the target zone. They
are sorted according to the number of cracks, in the order of w2 > w3 > wl. In addition, the
fractures in Wells w2 and w3 are all high-angle fractures, while well w1l mainly exhibits
high-angle fractures, supplemented by medium-angle fractures and a small number of
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low-angle fractures. Based on this, geologists judged that the above three wells are all
located in the fracture zone.

Fracturesin well wl/w2/w3

160 149
140
117
o 120
a
£ 100
2
o a0 65
= 60
3
- 40 29
20
1 0 0 0 0
0
wl w2 w3
m low dip-angle fracture 1 0 0
m median dip-angle fracture 29 0 0
® high dip-angle fracture 65 149 117

Figure 5. Fractures in wells wl/w2/w3.

The coherence attributes of the target horizon (see Figure 6a) show us two apparent
groups of low-order fault zones in this area. They are divided by red dotted lines. Zone @) is
a tensile fault zone that almost runs northwest-southeast, and is stretched to the south
and north. Zone (B) is a mass of obvious zoning tensile faults composed of sets of echelon
fractures close to the EW and NWW to SE directions. This point can be clearly seen from
the local coherence in the blue frame labelled with the number “1”. The development of
the above sectional faults is consistent with the geological understanding and the well
fractures. In addition, according to the existing geological knowledge, there should be a
fault belt in the upper right corner of this stratum. It was sheared due to fault zone 8 and
we named it zone ©. The fractures in the well w3 confirm the potential rationality of this
inference (shown in Figure 5). However, the coherences in zone ©) are so fuzzy that they
fail to give sufficient evidence to support the above inference. Typically, the area in blue
frame named with number “2” in Figure 6a could hardly give us any valuable information.
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(a) Coherence

Figure 6. Comparison of coherence and its PC result of target stratum. There are two known zones for geologists

(zone @ and (B)), one estimated zone (zone ©), and a newly discovered fault zone (zone ©). Furthermore, there are two areas,

named “1” and “2”, for comparison shown in blue frames. (a): the coherence of target stratum. (b): the PC result extracted

from (a).



Minerals 2021, 11, 1122

8of11

From the analysis of amplitude and coherence profile, the authors believe that the
failure of fault prediction was caused by the superposition of two factors. Firstly, the
target stratum is located in the low-order fault development zone of the Ordos Basin,
and its overall structural amplitude is already very gentle. Secondly, well w3 is located
in the relatively “low” structural area of the target stratum, which further reduces the
horizon gradient. Under the double superimposition, the seismic event continuities in
zone ©), where well w3 is located, were found to be very good. The seismic amplitude
disturbances caused by the concealed faults were judged to be too weak to be helpful for
fault identification via coherences. Mining of the weak discontinuous features of hidden
faults and improving the recognition rate is a key issue for interpreters.

3.3. Result

To solve the above problems, the author extracted the PC as discontinuities from
the coherence to detect the concealed faults, and the results are presented in Figure 6b.
Comparing Figure 6a,b, interpreters could gain five clear understandings. Firstly, the
features of the main faults remained basically the same before and after reinforcement,
and were consistent with the laws of geology. This highlights the reliability of phase
congruency. Secondly, the discontinuities enhanced by the PC show higher resolution
than the coherent attribute. Thirdly, the PC connected broken related discontinuities into
local integral faults and effectively expanded their trend in space. These observations
provided some new knowledge on the fault ranges in zone @ and ®. Fourthly, faults
located in the upper right corner that were sheared as a result of those in zone (B were
perfectly distinguished. The main fault zone spread from northeast to southwest, and was
associated with some secondary faults in the north-south direction. Therefore, zone ©
can be regarded as another fault development area. This reasonably explains why the
fractures developed in well w3. Based on this new and reliable evidence, geologists finally
demonstrated the existence of a shear strike-slip fault zone with a small displacement in
the northern part of the survey. In addition, this point may expand the area of potential
high-quality tight sandstone reservoirs to the north and the east. Finally, the results also
show that there was a fault zone named ©) in the center of the area, slightly to the south.
Obviously, this was the stress relief area of the three fault zones. Therefore, the fault scale
was smaller and more complex.

For further confirmation of the authenticity of the fault features, the amplitude profile
and discontinuities of an arbitrary line (the red line shown in Figure 6) were extracted.
Then, the discontinuities were displayed over the amplitude via the adjustment of the
transparency. There were five typical areas for comparison, section (1), section (2), section (3,
section (¥, and section (), which were limited to the blue boxes, as shown in Figure 7.
Among them, section (D) and section (2) were located near the target stratum. Section D
passed through the area in blue frame, labelled with the number “1”, in fault zone ®.
The main faults were so sharp that the misalignments that occurred in the events were
sufficiently clear before and after enhancement due to large fault distances. The fault
features in the slice (Figure 6b) were consistent with the ones in the profile (Figure 7b).
In this situation, the faults could be considered real. Section ) passed through the area
in the blue frame, labelled with the number “2”, in fault zone C. There were some slight
deflections in the events here. The coherence slices shown in Figure 6a and profile in
Figure 7a had almost no clear response to faults. In contrast, the fault features were clearly
identifiable in the PC results for the slice and the profile, as shown in Figures 6b and 7b.

Section (D) and section (2) were near the target stratum, and section (3 to () were near
the X-stratum.

Similar situations existed in other strata. Discontinuities of concealed faults in section
®), section (¥, and section (5 yielded the following comparisons. Overall, they were all
flexural faults with slight deformations in their events, especially the patterns in section (.
These event variations were too slight to be detected by coherence, as shown in Figure 7a.
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However, the PC attributes effectively enhanced the discontinuity magnitude and still
precisely identified the concealed faults.

inline
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0.87
084
393
0581
33 078
1473 0.75
1513 0.72:
1553 073
0.66
1593
063
33
153 0.60
(a) Overlay of amplitude and coherence.
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(b) Overlay of amplitude and PC attribute.

Figure 7. Overlay of amplitude, coherence, and PC attributes. (a): amplitude and coherence profile

along the redline in Figure 6. (b): amplitude and PC profile along the same line.

4. Conclusions

In this paper, the phase congruency method was introduced to enhance the fault

features presented by coherence. The experiments conducted using model data and filed
data in the low-amplitude structure area proved that this method is an effective tool for
detecting concealed faults. The following insights were obtained:

@

2

The phase congruency method focuses more on the “location” of faults rather than
the discontinuity values. For this reason, this method is equally sensitive to effective
information and noise and should be combined with geological structures to eliminate
unnecessary disturbances.

The study area mentioned in this paper is located in the low-amplitude structural
area of the Ordos Basin in China, formed from the Late Jurassic to the end of the Early
Cretaceous period and earlier than the main accumulation period of Mesozoic oil
reservoirs. Hidden faults with small fault distances and small spatial extensions are
difficult to detect with conventional methods. Using the phase congruency analysis
method, we first helped geologists to demonstrate the existence of a shear fault zone in
the northeast of the work area. This has a positive significance in terms of expanding
the area of high-quality reservoirs to the north and east. Second, a new and vast
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fracture zone in the center of the survey, slightly to the south, was found. It is the
stress relief area of different fault zones and likely has more crossed-fracture networks.
This is a positive development in terms of providing the necessary oil or gas channels
in tight sandstone reservoirs. Thirdly, a series of hidden faults in other strata were
newly discovered. Some of these faults influence the bottom water, causing water to
flow out during the process of testing for oil, which decreases the recovery rate; some
faults form effective channels, improve the overall permeability of the reservoir, and
contribute to accumulation. This research is of great significance for understanding
the law of oil and gas migration and avoiding the risk of leakage caused by fracturing.
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