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SUMMARY

In this paper, we propose a method based on phase congru-
ency (PC) for computational seismic interpretation with an ap-
plication to subsurface structures delineation within migrated
seismic volumes. Phase congruency highlights small disconti-
nuities in images with varying illumination and contrast using
the congruency of phase in Fourier components. PC can not
only detect the subtle variations in the image intensity but can
also highlight the anomalous values to develop a deeper un-
derstanding of the images content. We show the effectiveness
of the proposed method on the SEAM dataset, which models
the complex salt structures found in the Gulf of Mexico. Ex-
perimental results show that the proposed method effectively
delineates salt domes within migrated seismic volumes.

INTRODUCTION

The evaporation of water from the geological basins gives rise
to the depositions of salt evaporites. Because of the lower
density, these evaporites grow upwards and commonly break
through the sediment layers and surrounding rock strata such
as limestone and shale to form a diapir shaped structure called
salt dome. Salt domes are important geophysical structures
that contain hints about petroleum and gas reservoirs. By ob-
serving the intensity and texture variations of seismic traces
near salt-dome boundaries in migrated seismic volumes, expe-
rienced interpreters can manually delineate their boundaries.
However, with the striking increase in the size of seismic data
over the last few years, researchers in academia and indus-
try have utilized semi-automated seismic interpretation soft-
ware and tools to overcome the time-consuming and labor-
intensive manual interpretation. Researchers have proposed
several methods to delineate salt domes which include edge-
based detection methods by Aqrawi et al. (2011), Zhou et al.
(2007), and Amin and Deriche (2015b), texture-based methods
by Berthelot et al. (2013), Shafiq et al. (2017b), and Wang et al.
(2015), active-contour-based methods by Haukas et al. (2013)
and Shafiq et al. (2015), Saliency-based methods by Drissi
et al. (2008) and Shafiq et al. (2017a), machine-learning-based
methods by Guillen et al. (2015) and Amin and Deriche (2015a),
and different image processing techniques by Halpert et al.
(2009), Lomask et al. (2007), Felzenszwalb and Huttenlocher
(2004), Larrazabal et al. (2015), Wu (2016), and Qi et al. (2016).

In this paper, we present a novel approach for salt dome delin-
eation based on an attribute map obtained using phase congru-
ency. The proposed method leads to improved salt dome delin-
eation by accurately and efficiently detecting the presence of
strong and weak seismic reflections using the PC attribute map.
The experimental results on the SEAM dataset (Fehler and Ke-
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Figure 1: Phase congruency in Fourier components.

Figure 2: Phase Congruency: Fourier coefficients addition.

liher, 2011) show the effectiveness of the proposed workflow
for salt dome delineation.

PHASE CONGRUENCY

Phase congruency (PC) originally proposed by Morrone et al.
(1986) and modified by Kovesi (1999) is an edge detection ap-
proach based on the observation that the pixels along edges
have Fourier components that are maximally in phase. PC is
superior to gradient-based methods due to the fact that PC is
a dimensionless quantity that is not affected by the changes in
image illumination and contrast, thereby making it practica-
ble for images with dominating and inconspicuous edges. In
seismic interpretation, Russell et al. (2010) and Kovesi et al.
(2012) showed the efficacy of PC by detecting seismic dis-
continuities and velocity anomalies in migrated seismic vol-
umes, respectively. However, to the best of our knowledge, re-
searchers have not utilized PC for segmenting geophysical im-
ages that have chaotic structures and varying textures in seis-
mic volumes such as salt domes.

To understand the concept of phase congruency, Figure 1 illus-
trates a square waveform labeled in solid green color, its first
four Fourier components in dashed color lines, and the sum-
mation of Fourier components in solid black line. The point
f , defined as edge, in Figure 1 depicts an instant at which the
phases of all Fourier components are maximally in phase. Let
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Figure 3: Block diagram of the proposed salt dome delineation workflow.

(a) A typical seismic inline section (b) PC Map

(c) Binary map obtained after thresholding (d) Interactively edited binary map

(e) Output of region growing (f) Highlighted salt dome

Figure 4: The intermediate results of the proposed salt dome delineation workflow.
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us consider a 1D signal, which has N Fourier components, and
at any instant i they are represented by amplitude An(i) and
phase φn(i), respectively. If we add the Fourier components
at any instant i according to the head to tail rule on complex
axis as shown in Figure 2, we get the local energy, |E(i)|, that
is the magnitude of the resultant vector from the origin to the
end point. Therefore, PC can be mathematically written as

PC =
|E(i)|∑
n An(i)

. (1)

PC varies between 0 and 1 corresponding to no and perfect
phase congruency, respectively. In perfect phase coherence,
all complex Fourier components align together to form E(i)
that results in PC equal to 1. However, PC defined in equation
1 is highly sensitive to noise because of vector normalization
and becomes ill conditioned if Fourier components are very
small. Kovesi (1999) developed a modified form of phase con-
gruency that not only produces a more localized response but
is also more robust to noise. The modified PC measure by
Kovesi (1999), which incorporates multiple filter orientations
and robustness to noise is given by

PC =

∑
o
∑

n Wo(i)bAno(i)∆Φno(i)−Toc∑
o
∑

n Ano(i)+ ε
, (2)

where o represent different orientations, Ano(i) and Φno(i) rep-
resents the amplitude and phase of Fourier components at dif-
ferent instants and orientations, respectively. ε is a small posi-
tive real number in the neighborhood of zero to avoid division
by zero, To is the estimated noise influence at each orienta-
tion o, ∆Φno(i) defines the phase deviation and bc defines soft
thresholding, which means that the enclosed term is equal to it-
self when its positive, and zero otherwise. Wo(i) is the weight-
ing function at orientation o constructed by applying the sig-
moid function to the filter response spread value.

PROPOSED METHOD

In this paper, we propose a novel workflow for the computa-
tional seismic interpretation of salt domes as shown in Figure
3. Given a 3D seismic volume V of size T ×X ×Y , where T
represents time or depth, X represents crosslines, and Y repre-
sents inlines, we apply pre-processing operations such as noise
removal and image enhancement to yield a 3D seismic data
volume, Vp, for better feature detection. We compute the PC
attribute map, which highlights salt dome edges and different
geological features in a seismic image. We then determine the
adaptive threshold Th using Otsu’s method to obtain a binary
map of highlighted salt-dome boundaries. The adaptive thresh-
old, Th, when applied to the PC map yields a binary map B and
white regions in B highlight the salt-dome boundaries. Salt
domes are complex geological structures and it is inevitable
that B contains noisy and disconnected parts. After obtaining
the binary map using adaptive global threshold, we may apply
morphological processing operations, if required, to close the
salt body and disconnect the non-salt regions from the salt re-
gions in areas, which have low congruency in phase. To get rid
of the noise and detect a salt body S from the binary map B,
we apply a region growing method by randomly selecting an

initial seed point, ps, and growing it pixelwise until it hits the
salt-dome boundary. The seed point for region growing can be
selected either manually by the seismic interpreter or automat-
ically using centroid, directionality or tensor-based methods.
In manual ps selection, the seismic interpreter can interactively
choose either one seed point, or multiple seed points to speed
up the region growing, provided all selected seed points lie in-
side salt body. Given the computational complexity and the
error rate of automatic seed point selection methods, we have
selected initial seed points manually in this paper. The region
growing method yields a binary map of the salt body, S, which
is superimposed on the original seismic section to highlight the
salt dome.

EXPERIMENTAL RESULTS

A seismic inline section from the SEAM dataset and its PC
map are shown in Figure 4a and Figure 4b, respectively. It can
be observed from Figure 4b that it highlights the salt-dome
boundary and different geological structures in a seismic im-
age. The thresholded PC map obtained after adaptive global
thresholding using Otsu’s method is shown in Figure 4c, which
has some open salt regions as shown in red areas that may
cause leakage during the region growing process. Therefore,
in order to fix the thresholded binary map, the interpreter may
interactively edit these areas to yield a closed threshold binary
map as shown in Figure 4d. The output of region growing
is shown in Figure 4e, whereas Figure 4f highlights the de-
tected salt dome within the example seismic inline section.
The proposed workflow can be interactively supervised by an
interpreter who can interactively edit, if required, any areas
that are misinterpreted by the algorithm. The proposed work-
flow is also computationally inexpensive and the time required
to detect salt domes using the proposed workflow is merely
1.60 seconds. We further apply the proposed method to detect
salt domes from different seismic inline and crossline sections
within the SEAM dataset and results are shown in Figure 5.
The careful examination of the results show that the proposed
workflow not only yields very good delineation of salt domes
boundaries but also effectively detects the base of salt domes.

CONCLUSION

In this paper, we proposed a method for delineating salt domes
within seismic volumes using the phase congruency attribute.
In proposed workflow, we use phase congruency to generate
an attribute map of edges in the seismic data and adaptively
select a threshold to convert these attribute maps into binary
maps. A software tool interactively guided by an interpreter
and the region growing method are then used to accurately de-
tect salt bodies within seismic volumes. Experimental results
on the SEAM dataset show that the proposed workflow is not
only computationally less expensive but also yields very good
results for salt dome delineation. The proposed method is ex-
pected to not only reduce the time for seismic interpretation
but also become a handy tool in the interpreters toolbox for
delineating geological structures within migrated seismic vol-
umes.
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(a) Seismic inline 2093 (b) Seismic inline 3293

(c) Seismic crossline 3293 (d) Seismic crossline 4493

Figure 5: Output of the proposed salt dome delineation workflow.

ACKNOWLEDGEMENTS

This work is supported by the Center for Energy and Geo Pro-
cessing (CeGP) at Georgia Institute of Technology and King
Fahd University of Petroleum and Minerals.



Salt dome detection using phase congruency

REFERENCES

Amin, A., and M. Deriche, 2015a, A hybrid approach for salt
dome detection in 2D and 3D seismic data: IEEE Interna-
tional Conference on Image Processing (ICIP), 2537–2541.

——–, 2015b, A new approach for salt dome detection using
a 3D multidirectional edge detector: Applied Geophysics,
12.

Aqrawi, A. A., T. H. Boe, and S. Barros, 2011, Detecting salt
domes using a dip guided 3D Sobel seismic attribute: Ex-
panded Abstracts of the SEG 81st Annual Meeting, Society
of Exploration Geophysicists, 1014–1018.

Berthelot, A., A. H. Solberg, and L. J. Gelius, 2013, Texture
attributes for detection of salt: Journal of Applied Geo-
physics, 88, 52–69.

Drissi, N., T. Chonavel, and J. Boucher, 2008, Salient fea-
tures in seismic images: OCEANS 2008 - MTS/IEEE Kobe
Techno-Ocean, 1–4.

Fehler, M., and P. Keliher, 2011, Seam phase 1: Challenges of
subsalt imaging in tertiary basins, with emphasis on deep-
water gulf of mexico: Society of Exploration Geophysi-
cists.

Felzenszwalb, P. F., and D. P. Huttenlocher, 2004, Efficient
graph-based image segmentation: International Journal of
Computer Vision, 59, 167–181.

Guillen, P., G. Larrazabal, G. Gonzalez, D. Boumber, and R.
Vilalta, 2015, Supervised learning to detect salt body: SEG
Technical Program Expanded Abstracts, 1826–1829.

Halpert, A. D., R. G. Clapp, and B. Biondi, 2009, Seismic im-
age segmentation with multiple attributes: Expanded Ab-
stracts of the SEG 79th Annual Meeting, Society of Explo-
ration Geophysicists, 3700–3704.

Haukas, J., O. R. Ravndal, B. H. Fotland, A. Bounaim, and
L. Sonneland, 2013, Automated salt body extraction from
seismic data using level set method: First Break, EAGE,
31.

Kovesi, P., 1999, Image features from phase congruency:
Videre: A Journal of Computer Vision Research. MIT
Press, 1.

Kovesi, P., R. Ben, H. Eun-Jung, and S. Jeffrey, 2012, Phase-
based image analysis of 3D seismic data: ASEG Extended
Abstracts, 1–4.

Larrazabal, G., P. Guillen, and G. Gonzalez, 2015, A novel
salt body detection workflow: 77th EAGE Conference and
Exhibition, Interpretation Theory - New Developments I.

Lomask, J., R. G. Clapp, and B. Biondi, 2007, Application of
image segmentation to tracking 3D salt boundaries: Geo-
physics, 72, P47–P56.

Morrone, M., J. Ross, D. Burr, and R. Owens, 1986, Mach
bands are phase dependent: Nature 324, 250–253.

Qi, J., T. Lin, T. Zhao, F. Li, and K. Marfurt, 2016, Semisuper-
vised multiattribute seismic facies analysis: Interpretation,
4, SB91–SB106.

Russell, B., D. Hampson, and J. Logel, 2010, Applying the
phase congruency algorithm to seismic data slices: a car-
bonate case study: Reservoir Geoscience and Engineering,
first break, 28, 83–90.

Shafiq, M. A., T. Alshawi, Z. Long, and G. AlRegib, 2017a,
The role of visual saliency in the automation of seismic in-

terpretation: Accepted in Geophysical Prospecting.
Shafiq, M. A., Z. Wang, and G. Alregib, 2015, Seismic inter-

pretation of migrated data using edge-based geodesic active
contours: IEEE Global Conference on Signal and Informa-
tion Processing (GlobalSIP), Orlando, Florida, Dec. 14-16.

Shafiq, M. A., Z. Wang, G. AlRegib, A. Amin, and M. Deriche,
2017b, A texture-based interpretation workflow with ap-
plication to delineating salt domes: Interpretation, 5, SJ1–
SJ19.

Wang, Z., T. Hegazy, Z. Long, and G. AlRegib, 2015, Noise-
robust detection and tracking of salt domes in postmi-
grated volumes using texture, tensors, and subspace learn-
ing: Geophysics, vol. 80(6).

Wu, X., 2016, Methods to compute salt likelihoods and extract
salt boundaries from 3D seismic images: Geophysics, 81,
IM119–IM126.

Zhou, J., Y. Zhang, Z. Chen, and J. Li, 2007, Detecting bound-
ary of salt dome in seismic data with edge detection tech-
nique: Expanded Abstracts of the SEG 77th Annual Meet-
ing, Society of Exploration Geophysicists, 1392–1396.


