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ABSTRACT

In this paper, we propose a texture-based interpretation workflow and apply to delineate

salt domes in 3D migrated seismic volumes. First, we compute an attribute map using

a novel seismic attribute, three-dimensional gradient of textures (3D-GoT), which mea-

sures the dissimilarity between neighboring cubes around each voxel in seismic volume

across time or depth, crossline, and inline directions. To evaluate the texture dissimi-

larity, we introduce five three-dimensional perceptual and non-perceptual dissimilarity

functions. Second, we apply a global threshold on the 3D-GoT volume to yield a binary

volume and demonstrate its effects on salt dome delineation using objective evaluation

measures such as receiver operating characteristics (ROC) curves and area under the

curves (AUC). Third, with an initial seed point selected inside the binary volume, we

utilize 3D region growing to capture a salt body. For automated 3D region growing,

we propose a tensor-based automatic seed point selection method. Finally, we apply

morphological post-processing to delineate the salt dome within the seismic volume.

Furthermore, we also propose an objective evaluation measure based on the curvature

and shape to compute the similarity between detected salt-dome boundaries and the

reference interpreted by the geophysicist. The experimental results on a real dataset

from the North Sea show that the proposed method outperforms the state-of-the-art

methods for salt dome delineation.
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INTRODUCTION

The evaporation of water from the basin gives rise to the depositions of the salt evaporites.

Over a long periods of time, these evaporites, because of their low density, break through

sediment layers and surrounding rock strata such as limestone and shale to form a diapir

shaped structure, called salt dome. Salt domes may span tens of kilometers in the Earth’s

subsurface and form stratigraphic traps by sealing the petroleum and gas reservoirs because

of their impermeability. However, when salt continues to flow slowly, it may also break the

reservoirs and cause the release of hydrocarbons. The velocity of shock waves imparted

into the Earth subsurface is very high inside salt domes, i.e. approximately 15000 ft/s as

compared to 7000 ft/s outside salt domes, which can cause challenges for seismic migration.

The resulting errors can ripple through the processing pipeline and eventually lead to in-

accurate interpretation. In order to avoid such instances and yield better migrated images,

geophysicists improve the velocity models by usually picking the salt domes manually. Sim-

ilarly, exploration geologists would like to pick salt bodies for the analysis of seismic facies

and the development of a geologic model. Therefore, the detection and delineation of salt

domes have become one of the key steps in the interpretation process.

Experienced geophysicists interpret the migrated data by observing the intensity and

texture variations of seismic traces near different structures. The modern wide-azimuth

and high-density seismic acquisitions have aided seismic interpreters by yielding seismic

data with higher quality and better resolution. However, these techniques have resulted in

the striking growth of acquired seismic data, which in turn are causing manual interpretation

extremely time consuming and labor intensive.

To aid geophysicists in the interpretation process of salt domes, researchers have pro-

posed several fully- and semi-automated delineation methods based on edge detection, tex-

ture, graph-theory, active contours, machine learning, and different image processing tech-

niques. Zhou et al. (2007) and Aqrawi et al. (2011) convolved 2D and dip-guided 3D Sobel

filters with seismic data, respectively, to yield the distinctive boundaries of salt domes in

a seismic image. Amin and Deriche (2015b) proposed a multi-directional 3D edge detector

Interpretation



Shafiq et al. 3 Salt dome delineation using 3D-GoT

filter that further enhanced the results of salt dome detection. Berthelot et al. (2013) pro-

posed a method based on the supervised Bayesian classification that extracts the boundaries

of salt domes from the combination of multiple seismic attributes: gray-level co-occurrence

matrix (GLCM) attributes, frequency-based attributes, and dip and similarity attributes.

Hegazy and AlRegib (2014b) proposed to combine three texture attributes (directionality,

smoothness, and edge contents) to detect salt regions. Wang et al. (2015a) and Shafiq et al.

(2015b) proposed 2D and 3D seismic attributes for the detection of salt-dome boundary

based on texture dissimilarity inside and outside the salt dome. Lomask et al. (2004) repre-

sented seismic sections as weighted undirected graphs by defining vertices and edges as pixels

in seismic sections and the connections of arbitrary two pixels, respectively. The weights of

edges are determined based on intensity and position difference of pixels. Using the normal-

ized cut image segmentation (NCIS) method (Shi and Malik, 2000), seismic sections can be

partitioned into two parts along detected salt-dome boundaries. The NCIS-based method

was later enhanced in Lomask et al. (2007) and Halpert et al. (2009). However, the main

disadvantage of NCIS-based methods is their high computational complexity. Therefore,

Halpert et al. (2010) employed a more-efficient graph-based segmentation method, referred

to as “pairwise region comparison” (Felzenszwalb and Huttenlocher, 2004), in the detection

of salt-dome boundaries. Shafiq et al. (2016b) proposed a seismic attribute called SalSi

based on visual attention theory for salt dome detection that highlights the salient areas of

a seismic image, i.e. the neighborhood of salt-dome boundaries, by comparing local spectral

features based on 3D fast Fourier transform (FFT). To invert the salt dome geometry, Lewis

et al. (2012) applied the level-set-based approach, which resulted in improved salt imaging.

Haukas et al. (2013) proposed a method that discriminates between salt and non-salt bodies

based on a level set algorithm and the combination of multiple seismic attributes. On the

other hand, Shafiq et al. (2015a) and Shafiq and AlRegib (2016) proposed methods based

on an edge-based geodesic active contour for detection and tracking of salt domes within

migrated seismic volumes, respectively. Guillen et al. (2015) detected salt body using su-

pervised learning and multiple seismic attribute. Qi et al. (2015) used kuwahara filters and

multiple attributes clustering to do the segmentation of salt bodies and mass transport com-

plexes from 3D seismic data. Amin and Deriche (2015a) and Shafiq et al. (2016a) proposed
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the hybrid approaches that employ seismic features based on intensity, phase, and texture

to delineate the salt domes within seismic volumes. Amin and Deriche (2016) proposed a

codebook-based learning approach to detect salt bodies from seismic volumes. Wang et al.

(2015b) proposed an approach based on seismic attributes and tensor-based subspace learn-

ing to track the salt-dome boundaries within seismic volumes. The majority of algorithms

proposed in the past are based on 2D seismic images and do not exploit the strong coherence

between the neighboring seismic sections in 3D volume that could potentially enhance the

performance of a delineation algorithm.

In this paper, we propose a new seismic attribute, the three-dimensional gradient of

textures (3D-GoT), which describes the change of textures along three spatial directions

to improve the accuracy and efficiency of salt dome delineation within seismic volumes.

By adaptively determining a global threshold within obtained 3D-GoT maps, we highlight

the regions of salt-dome boundaries. With a seed point inside the salt dome, which is

selected either manually or automatically, we utilize region growing to extract salt volumes.

Then, we apply morphological operations to accurately detect salt-dome boundaries. The

preliminary work of the proposed 3D-GoT appeared in Shafiq et al. (2015b), whereas in

this paper, we present a detailed analysis of 3D-GoT, the objective evaluation of multi-

level global thresholds, and the comparison between the results of the proposed 3D-GoT-

based method and the state-of-the-art methods for salt dome delineation. In addition, we

also propose a three dimensional tensor-based seed point selection method, five different

3D dissimilarity measures to describe the change of textures, and a metric based on the

curvature and shape of detected salt-dome boundaries to objectively evaluate the output of

different delineation algorithms.

PROPOSED METHOD

Given a 3D migrated seismic volume V of size T×X×Y , where T represents time or depth,

X represents crosslines, and Y represents inlines, we want to generate a 3D model of salt

dome. Volume S depicts the 3D salt dome within volume V that can be used for improv-

ing velocity models, exploration planning, drilling layout, and further studies on oil and
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petroleum reservoirs. Figure 1 illustrates the workflow of proposed salt-dome delineation

method. Given seismic volume V, we obtain GoT volume G by computing dissimilarity

between cubes centered around each voxel along time, crossline, and inline directions, re-

spectively. To evaluate the dissimilarity of textures between neighboring cubes, we use both

perceptual and non-perceptual dissimilarity measures. Then, we apply a threshold on GoT

volume G to yield binary volume B, which highlights the boundaries of salt dome across the

whole volume. To accurately delineate the salt dome, we use 3D region growing method,

in which the initial seed point can be selected either manually or automatically to yield

volume SD of salt dome. The post-processing steps include morphological operations and

boundary extraction to yield the salt-dome boundaries, SDB. The details of each block in

the proposed workflow are given in following subsections.

Gradient of Texture (GoT)

For voxel [t, x, y] in volume V, we define its 3D-GoT attribute, G[t, x, y], as the perceptual

dissimilarity of the texture between two neighboring cubes that share a square face centered

around [t, x, y]. The 3D-GoT is calculated along time t, crossline x, and inline y directions.

Figure 2 illustrates the synthetic images, in which a green dashed vertical line separates

the two textured regions depicted in dotted and striped lines, respectively. To evaluate the

GoT in the x-direction, i.e. crossline, denoted Gx[t, x, y], we move the center point and

its two neighboring cubes, denoted Wx− and Wx+, along the x-direction. As we move

along the blue line, texture dissimilarity function d(·), which evaluates the texture gradient

between two cubes yields the GoT profile as shown at the bottom of Figure 2. Theoretically,

the highest GoT value corresponds to the highest dissimilarity and is obtained when the

center point falls exactly on the texture boundary. The partially shared content of cubes,

as depicted in Figure 2, will change the dissimilarity value, and hence the GoT value drops

as shown by the dissimilarity curve.

Since salt regions within seismic sections are usually slanted at different angles, calcu-

lating texture dissimilarity along only the x-direction will not be adequate. In order to

capture the texture variations along time and inline directions, we also compute the GoT
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along t- and y-directions, denoted Gt[t, x, y] and Gy[t, x, y], respectively. The orientations

of neighboring cubes when computing the GoT along time, crossline, and inline directions

are depicted in Figure 3. The 3D-GoT combines the GoT values along time, crossline, and

inline directions to capture texture variations in a 3D space. Since the 3D-GoT exploits

the strong coherence within seismic volumes along different directions, it results in a better

performance compared to other 2D delineation methods. The 3D-GoT at each voxel in

volume V is calculated as

Gi[t, x, y] = d (Wi−,Wi+) , i ∈ {t, x, y}, (1)

G[t, x, y] =
√
G2
t +G2

x +G2
y, (2)

where function d(·) estimates the dissimilarity between Wi− and Wi+, and G[t, x, y] de-

fines the 3D-GoT at voxel [t, x, y] by combining the GoT values, Gi, i ∈ {t, x, y}, from time,

crossline, and inline directions, respectively. Wi− and Wi+ are the cubes with side length

wi, which have a common square face centered around voxel, at which the 3D-GoT is cal-

culated. The neighboring cubes are centered at ±(wi − 1)/2 points away from the center

point on both sides of the common square face. Because of the complicated structures of

salt domes in the subsurface, we need to carefully choose the size of neighboring cubes in

3D-GoT calculation. However, depending on only cubes with fixed sizes is not enough to

capture texture variations along salt-dome boundaries. Therefore, to improve the robust-

ness of the 3D-GoT, we introduce the weighted multi-scale 3D-GoT, which is the weighted

average of GoT values calculated on the basis of various cube sizes. The multi-scale GoT

is mathematically expressed as

G[t, x, y] =

( ∑
i∈{t,x,y}

(
N∑
n=1

ωn · d
(
Wn

i−,W
n
i+

))2
) 1

2

, (3)

where n determines the size of neighboring cubes, N represents the number of cubes, and

ωn represents the corresponding weights. Wn
i− and Wn

i+ denote the neighboring cubes with

edge length (2n + 1). Figure 4 illustrates the cross-sections of the smallest and largest

neighboring cubes around a labeled salt-dome boundary in a seismic section. In addition,
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Figure 5 shows the GoT attributes calculated using different cube sizes. There is no vertical

exaggeration in this and all the figures to follow in this paper. It can be observed from

Figure 5 that smaller cubes can effectively highlight subtle variations in texture and yield

an attribute map, which can delineate accurate salt boundaries. However, it is not robust

to noise and may cause leakage in the region-growing process, especially in the areas, which

have low texture dissimilarity. On the other hand, larger cubes are robust to noise but

they get rid of subtle texture details and smear the regions around salt boundary. In the

proposed method, we use multi-scale cubes in order to achieve a balance between accurate

delineation and noise robustness. Note that the different cube sizes enable the 3D-GoT

attribute to capture texture dissimilarity across different scales. In addition, the 3D-GoT

values increase as we increase the cube size, which results in higher dissimilarity. Therefore,

with equal weights, the overall 3D-GoT is more biased towards the larger cube sizes. In

order to compensate for this bias, we make wn inversely proportional to n. Furthermore,

in order to avoid artifacts at the boundaries of the 3D-GoT map, we pad the 3D seismic

volume with the mirror reflections of itself of size (2n + 1), where n is the size of largest

cube.

Dissimilarity Measures

As shown in equation 3, the 3D-GoT computes the dissimilarity between neighboring cubes

using the function d(·). A good dissimilarity function not only effectively highlights subtle

variations in the neighboring cubes but is also computationally less expensive. Over the

last few decades, researchers have proposed various quality measures based on the human

visual system (HVS) to numerate the variations in intensity, texture, illumination, color,

contrast, motion, and resolution. The non-perceptual measures usually exploit content by

employing basic statistics such as mean, median, and variance to characterize an image

or a video. In contrast, the perceptual measures are designed based on the HVS and try

to mimic the behaviour, in which a human subject looks at an image or a video. As a

great deal of research in computational cognitive science suggests, the HVS models have

evolved to convey the most useful information about images and videos, thereby making
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perceptual measures consistent with subjective evaluation. The preliminary work on 2D

dissimilarity measures appeared in Hegazy et al. (2015), whereas in this paper, we propose

3D perceptual and non-perceptual texture dissimilarity measures and evaluate their perfor-

mance in function d(·) for salt dome delineation. The details about different dissimilarity

measures are given in Appendix A. In order to demonstrate the effect of presented dis-

similarity measures, we calculate the GoT maps of a typical texture image using different

dissimilarity measures, d(·), as shown in Figure 6. It can be observed that dissimilarity

that is computed based on intensity and gradient statistics, i.e. d1(·), does not effectively

highlights the texture boundary and is less robust to noise because of features extracted

via mean and standard deviation. The dissimilarity measures based on SVD and FFT, i.e.

d2(·) and d3(·), respectively, yield the GoT maps with clearer texture boundaries than that

from d1(·) but are susceptible to noise as apparent in the form of blotches and high GoT

values near vertical boundaries. On the other hand, the dissimilarity measures based on

error spectrum chaos, i.e. d4(·), and error magnitude spectrum chaos, i.e. d5(·), yield better

images of the texture boundary regions as seen in the Figure 6e-f, respectively. The linear

combination of the magnitude and phase maps raise the noise floor in d4(·) map but texture

difference along boundaries is also increased. Among the all dissimilarity measures, the

result of error magnitude spectrum chaos, i.e. d5(·), highlights the texture boundary in the

most effective manner. The perceptual dissimilarity measures are consistent with human

perception and yield better results for salt dome delineation as shown later in the results

section. Among five dissimilarity measures proposed, the perceptual dissimilarity based on

error magnitude spectrum chaos, d5(·), performs best in detecting salt bodies and is also

computationally less expensive. Therefore, we use d5(·) as a default dissimilarity function

for 3D-GoT calculation. The 3D-GoT maps in the rest of this paper are obtained using

equations 3, A-4, and A-8. A typical seismic inline section and its 3D-GoT map are illus-

trated in Figure 7a-b, respectively, which shows that the 3D-GoT can effectively highlights

the salt-dome boundary.
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Thresholding

The GoT values near the salt-dome boundary are higher as compared to other regions

because of texture dissimilarity as shown in Figure 7b. To highlight the boundary regions

of salt domes and get rid of noisy areas in the obtained GoT volume, G, we apply the

threshold Th to obtain a binary volume B, of size T ×X × Y , same as that of V and G.

The white regions in B highlight the salt-dome boundaries. To adaptively select threshold

Th, we extend Otsu’s method by Otsu (1979) from images to volumes. The details of

thresholding are given are Appendix B. The adaptive thresholding method can be applied

to obtain either a local threshold from a seismic inline section or a global threshold from

the whole volume. In this paper we demonstrate that the global threshold will result in

better highlighting of the salt-dome boundary as compared to the local threshold because

of involving intensity variations across the whole volume. Furthermore, the inter-class

variances in global thresholding eliminates small variations near salt-dome boundary, which

may cause incorrect thresholding and eventually degrade salt dome delineation if we use local

thresholds. Therefore, in the proposed workflow of the 3D-GoT, we use global threshold,

Th, calculated over the whole GoT volume G of size T ×X × Y . The binary map obtained

after adaptive global thresholding of the 3D-GoT map shown in Figure 7b is illustrated in

Figure 8, which highlights the neighborhood of the salt-dome boundary.

Region Growing

By observing the binary map in Figure 8, we notice that the salt dome is contained inside

the highlighted regions, labeled as ones. In order to capture the salt body, we use the region

growing method initialized by a random seed point selected inside the salt body. Adams

and Bischof (1994) proposed a robust, rapid, and free on tuning parameters method for the

segmentation of intensity images called region growing. In 3D region growing, we have to

choose only one seed point as opposed to selecting a seed point at each inline in 2D region

growing. Therefore, in this paper, we apply 3D region growing method on binary volume

B obtained after global thresholding of GoT map G. The details of 3D region growing
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method are given in Appendix C. The output of 3D region growing with an initial seed

point highlighted in red is shown in Figure 9.

Seed Point Selection

Seismic volumes contain complicated geophysical structures and it is inevitable that thresh-

olding yields a binary volume containing noise and unwanted regions. The 3D-GoT map

also highlights texture variations outside salt body usually apparent in horizons. Therefore,

in order to detect the salt bodies, it is important to initialize the region growing inside

salt dome. Initial seed point, ps, for region growing can be selected either automatically

using tensor decomposition or manually by a seismic interpreter. The details of proposed

automatic seed point selection method is given in Appendix D. The output of automatic

seed point selection method, highlighted in red color, for a subset of real seismic volume

containing twenty three seismic inline sections, is shown in Figure 10. Automatic ps selec-

tion works very well in seismic volumes containing low noise and salt dome spanning large

areas within seismic volume. However, if automated ps selection yields a seed point outside

salt body, not only it will produce wrong results but will also result in the considerable

loss of time and computation effort because automatic ps selection is computationally very

expensive. In order to avoid such incidents, interpreter-assisted algorithms are preferred

over fully-automated seismic interpretation. In manual ps selection, an interpreter can in-

teractively choose any arbitrary point as long as it is selected inside salt body. Since we

are using 3D region growing to detect the salt body, interpreter has to choose only one seed

point and it will grow into a 3D salt volume. Furthermore, the time required by interpreters

to manually select ps is significantly less as compared to the automatic ps selection. Inter-

preter can choose multiple seed points as well to speed up region growing, however a single

seed point selected inside salt dome will be adequate to detect a salt body.
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Post-Processing

The global thresholding detects the inner salt-dome boundary within the 3D-GoT volume

and avoids not only noisy regions but also the spilling of region growing into the non-

salt regions. To bridge the gaps between the output of region growing and the salt-dome

boundary, and to keep the detected salt bodies closed, we apply morphological operations to

the detected salt body. The details of post-processing operations are given in Appendix E.

The output of post-processing operations, which include dilation of salt body and boundary

detection, are shown in Figure 11 and Figure 12, respectively.

EXPERIMENTAL RESULTS

In this section, we present the effectiveness of the proposed method for salt dome delineation

on the real seismic dataset acquired from the Netherlands offshore F3 block in the North Sea

with the size of 24×16 km2. Our method is applied for interpreting the Zechstein evaporates

observed in the F3 dataset, which was formed in Late Jurassic during the Late Kimmerian

tectonic phase and serves as a potential structural trap for hydrocarbon accumulation in

this area (Rondeel et al., 1996). The dataset is time-migrated and contains a salt-dome

structure, which has a time direction starting from 1, 300ms sampled every 4ms, crosslines

ranging from #401 to #701, and inlines ranging from #151 to #501. The bin size across the

crossline and inline directions is 25 meters. To subjectively evaluate the results of different

delineation algorithms, we use the reference manually interpreted by a geophysicist. In the

proposed method, we input the time-migrated seismic volume, define cube sizes, and select

an initial seed point for region growing to yield salt-dome boundaries. The only parameter

required in the proposed 3D-GoT workflow is the selection of cube sizes. To make the salt

dome delineation more robust and applicable to different seismic volumes, we use three

cubes of 3× 3× 3, 7× 7× 7, and 11× 11× 11 for multi-scale GoT computation. The binary

volume is obtained by thresholding the GoT map using an optimal threshold, Th, obtained

from Otsu’s method. The region growing method yields a 3D salt body and structural

elements of size (2n+ 1)/2 are used in post-processing.
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Dissimilarity Measures

The results of salt dome delineation using different dissimilarity measures for seismic inline

section #389 are shown in Figure 13. The salt-dome boundaries detected by the proposed

3D-GoT-based workflow are labeled in red color in contrast to the reference boundary

labeled in green. The subjective assessment show that all dissimilarity measures yield good

results, however, the boundaries detected by perceptual dissimilarity measures, d4(·) and

d5(·), are more closer to the reference boundary as compared to those detected by non-

perceptual dissimilarity measures. Geologically, different dissimilarity measures highlight

the texture differences inside and outside the salt dome and have different effects on salt

dome delineation as shown in the Figure 13. To objectively evaluate the similarity between

the detected salt-dome boundaries and the reference boundary, we use the Fréchet-distance-

based similarity index, SalSIM, proposed by Wang et al. (2015a). The SalSIM index varies

between 0 and 1, indicating the minimum and maximum similarity between the two curves,

respectively. The SalSIM indices of twenty consecutive seismic inline sections with different

dissimilarity measures along with their mean and standard deviation are shown in Table 1.

It can be observed that the best and second best results are obtained using d5(·) and d4(·),

respectively, which are in accordance with subjective evaluation. We also summarized the

time complexity of different dissimilarity measures in Table 1, which shows that d5(·) is

computationally more efficient as compared to other dissimilarity measures.

Thresholding

To evaluate the effects of global thresholding on the 3D-GoT, we calculate multi-level adap-

tive thresholds using Liao et al. (2001), and use objective measures to determine the effect

of adaptive global thresholds on salt dome delineation. More details about objective evalua-

tion measures are given in Appendix F. We calculate the SalSIM indices for fifty consecutive

seismic inline sections with different thresholds obtained using Liao et al. (2001), and Fig-

ure 14 illustrates the corresponding box plot. The means of SalSIM indices depicted in

the blue line show that the 3D-GoT-based method yields better delineation results if the
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threshold is selected within a range, which captures effectively the inter-class variances in

the 3D-GoT volume. Furthermore, the low standard deviation of SalSIM indices at each

threshold indicates that the proposed workflow works efficiently for different seismic inline

sections with varying texture, intensity, and contrast. Using Otsu’s method, we obtain

the optimum choice for the global threshold, which not only yields the best SalSIM mean

but also low standard deviation. In the experimental results shown in this paper, the best

results were obtained using a global threshold of 0.8275 having a mean SalSIM index of

0.9186 and the standard deviation of 0.0157.

To demonstrate the performance of the proposed workflow in detecting salt bodies, we

calculate the mean receiver operating characteristics (ROC) curve (Appendix F) of fifty

consecutive seismic inline sections from #359 to #409 as shown in Figure 15a. The mean

area under the curve (AUC) of the ROC curves from seismic inline sections #359 to #409

is 0.9941. The mean ROC curve and AUC value show that the proposed method effectively

detects the salt body within the seismic volume. The mean and standard deviation of

detection accuracy and precision of fifty consecutive seismic inline sections from #359 to

#409 are illustrated in Figure 15b. We notice that the detection accuracy and precision

fall as we move away from the optimum global threshold. In Figure 15b, the precision is

high for thresholds smaller than the optimum threshold since they detect only the middle

part of the salt body, but not the complete salt body as indicated by the lower accuracy at

these thresholds. As we move closer to the optimum global threshold, both accuracy and

precision increases, which proves that the threshold obtained using Otsu’s method yields

not only better accuracy, but also better precision in detecting salt domes within seismic

volume.

Comparison

In this paper, we compare the results of the proposed 3D-GoT-based method with vari-

ous salt-dome detection methods. Figures 16a-d show the comparison between salt-dome

boundaries detected on four different seismic inline sections with the reference boundary

manually interpreted by the geophysicist labeled in green. The magenta, yellow, black, red,
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and cyan curves represent the boundaries detected by Aqrawi et al. (2011), Berthelot et al.

(2013), Amin and Deriche (2016), Amin and Deriche (2015a), and Wang et al. (2015a),

respectively, in contrast to the blue line detected by the proposed 3D-GoT workflow. For

Aqrawi et al. (2011), an edge-based detection method, we implement the 3D Sobel filter

with all the details mentioned in the paper. We apply region growing on the attribute

map obtained from 3D Sobel filter with the seed point manually selected to detect the salt

boundaries in order to have a fair comparison. For Berthelot et al. (2013), a texture-based

salt-dome detection method, we reproduce the results and use curve fitting to find the salt-

dome boundaries from the obtained attribute maps. The methods proposed by Amin and

Deriche (2016), Amin and Deriche (2015a), and Wang et al. (2015a) are salt-dome bound-

ary detection methods and the authors shared with us their salt-dome delineation codes for

comparison.

If we observe the results in Figure 16, the output of all algorithms generally lie close

to each other, especially in the areas characterized by strong reflections. However, for the

areas at the base of salt dome and adjacent to diapirs, the salt thickness is almost zero;

correspondingly, the existing algorithms undesirably label them as the salt boundary, and

additional post-processing is needed to get rid of such misinterpretation. On the contrary,

the proposed algorithm performs better in these areas by detecting real salt body and

avoids salt to spill in the surrounding areas, which have lower buoyant uplift compared to

the adjacent salt pillow. The delineated salt model could further assist the building of an

accurate velocity model by taking into account the anisotropy of the salt body, which is

essential for improving seismic inversion, migration as well as modeling.

The proposed 3D-GoT and the other methods delineate the salt dome within migrated

seismic volumes close to the reference boundary. The subjective evaluation of results shows

that the different salt-dome delineation algorithms detect the salt dome with fairly good

accuracy. However, the boundaries of the salt domes detected using the proposed method

are more closer to the reference as compared to the other methods. The zoomed preview of

detected results are also shown in Figure 16, which illustrates the details of boundaries de-

tected by various methods. We note that the boundaries detected by Berthelot et al. (2013)
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and Amin and Deriche (2016) digresses from the salt dome and capture other geological

structures as well. The boundaries detected by Wang et al. (2015a) are jagged at some

local regions. However, the proposed method yields both accurate and smooth salt-dome

boundaries, as seen in the Figure 16.

Subjectively, it is difficult to evaluate the delineation performance of various salt-dome

delineation algorithms due to tortuous salt-dome boundary. To objectively evaluate the

similarity between the detected salt-dome boundaries and the reference boundary, we use

SalSIM, proposed by Wang et al. (2015a), and introduce another metric for the objective

evaluation of results. SalSIM by Wang et al. (2015a) calculates the similarity between the

small segments of detected salt-dome boundaries and the reference. However, it does not

takes into account the shape and curvature of two curves. We propose a new dynamic

programming approach to evaluate the distance between the detected salt-dome boundaries

and the reference boundary based on their shapes (Belongie et al., 2002) and curvedness

(Frenkel and Basri, 2003). The block diagram of the proposed objective assessment, CurveD,

is shown in Figure 17. The details of CurveD are given in Appendix F. The proposed

metric, CurveD, computes the distance as an objective similarity between two curves. If

two curves are similar in shape and curvature then the corresponding distance will be close to

zero. However, the distance between the two curves increases depending on dissimilarity in

curvature and shape between the detected salt-dome boundaries and the reference boundary.

The SalSIM and CurveD indices of sixty consecutive seismic inlines from #349 to #409

are plotted in Figure 18 and 19, respectively. It can be observed from the Figure 18 that

the SalSIM index of the proposed method is close to one and yields the best performance.

In contrast, the CurveD indices of the proposed 3D-GoT-based method yields the minimum

distance between detected salt-dome boundaries and the references indicating better per-

formance. The mean and standard deviation of SalSIM and CurveD indices from seismic

inline #349 to #409 are shown in Table. 2, which illustrates that the proposed method

have the best mean objective score as well as the least standard deviation. From the result

presented in this section, it can be concluded that the proposed method yields better results

than the state-of-the-art methods for F3 block salt dome delineation.
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The slices of detected salt dome across crossline, inline, and time directions superimposed

on original seismic volume are shown in Figure 20a-c, respectively, which show that the

proposed method accurately detects the salt dome within the seismic volume. Another

view of the seismic volume containing the salt dome with three different slices is shown in

Figure 20d. It can be observed from the Figure 20 that the detected salt dome matches the

seismic quite well, which demonstrates the effectiveness of the proposed scheme. Figure 21

displays the salt body detected by our proposed method. From the detected salt dome, it

can be observed that the proposed method not only outlines the major structure of the salt

body but also highlight the details of local structures effectively to show the formation of

salt dome. In general, the NNW-SSE oriented salt dome is well represented by a continuous

surface as its outline, and the surface morphology reveals more details for understanding

the complexities of the salt evaporates in the study area. First, we notice the number of

local undulations over the surface, which indicates the uneven intrusion of salts into rock

layers that is commonly observed in geology. Second and more importantly, the surface

consists of several small segments with each representing a subset of the salt body, which

indicates the multi-stage process of the salt rising that can be confirmed by the seismic data.

The detected salt body is then clipped to the three dimensions of the seismic survey for

quality control (Figure 20), in which we notice good match between the detected (denoted

as yellow) and the original seismic images, validating the accuracy of the proposed method

in salt dome detection.

Our method for computer-aided 3D delineation holds the potential for assisting the

seismic interpretation in various ways. First, it achieves automatic detection and interpre-

tation of complex salt structures, which not only is computational efficient but also helps to

avoid the bias from interpreters, especially for a dataset of geologic complexities. Second,

it allows interpreters to interactively correlate the salt body to the seismic reflectors, which

facilitates the investigation of the influence of the salt evaporates on the neighboring layers

and thereby improves the accuracy of the salt-related structural interpretation. Finally, it

provides important geologic constraints for 3D facies analysis and structure modeling in the

exploration areas featured with salt domes, which offers new insights into interpreting the
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depositional sequence of rock layers as well as their merging in the zones close to the salt

domes and reconstructing a reliable model of basin evolution in the presence of salt rising.

Such analysis would further assist the determination of the depositional environments of

sediments, locating the traps of hydrocarbon migration and accumulation, and decreasing

the risk of drilling dry holes in an exploration area.

CONCLUSION

In this paper, we have proposed to detect the boundaries of salt domes within seismic

volumes using the 3D attribute, the gradient of texture, which can describe the texture

variations along time, crossline, and inline directions. The dissimilarity measures proposed

in this paper proved that the perceptual measures, which are in accordance with inter-

preter’s perception, not only yield the best results for salt dome delineation, but are also

computationally less expensive. The study of adaptive thresholds revealed that the global

threshold computed over the whole seismic volume yields better results for salt dome delin-

eation. We proposed a tensor-based automatic seed point selection method for 3D region

growing, and also introduced an objective metric based on curves curvature and shape

to evaluate the similarity between the detected salt-dome boundaries and the references.

The experimental results on real seismic data from the North Sea demonstrates that the

proposed 3D-GoT-based method delineates salt domes with high accuracy and precision,

and outperforms the state-of-the-art salt-dome detection methods. The proposed method

not only yields better results for salt dome delineation but is also expected to increase the

efficacy of automating the seismic interpretation.
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Appendices

APPENDIX A

Dissimilarity Measures

In this paper, we propose five different, 3D perceptual and non-perceptual texture dissim-

ilarity measures and evaluate their performance in function d(·) for salt dome delineation.

In the first measure, the dissimilarity is based on intensity and gradient statistics. We form

two feature vectors, {F−, F+} ∈ IR6, from the two neighboring cubes centered around each

voxel. The intensity statistics include mean, standard deviation, and skewness, whereas

the gradient statistics are obtained using mean, standard deviation, and entropy. We then

compute dissimilarity, d1(·), using the l2-norm of the difference between the feature vectors

as

d1(Wi−,Wi+) = ‖Fi− − Fi+‖ , i ∈ {t, x, y}, (A-1)

where l2-norm is defined as ‖F‖ = ‖F‖2 =
√∑R

r=1F
2
r , where F is the feature vector of

length R.

The second measure is based on higher-order singular value decomposition (Bergqvist

and Larsson, 2010) of adjacent neighborhood cubes, W− and W+. We compute the dis-

similarity using the l2-norm of the difference between feature vectors F− and F+ formed

by arranging the three-dimensional singular values in a descending order. Mathematically,

d2(·) is written as

d2(Wi−,Wi+) = ‖Fi− − Fi+‖ , i ∈ {t, x, y}. (A-2)

In the third dissimilarity measure based on Fourier coefficients, we compute the 3D-

FFT (Osgood, 2007) of the neighboring cubes along t, x, and y directions, and measure

dissimilarity as the mean of absolute difference between the magnitude spectra of the two
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cubes as follows:

d3(Wi−,Wi+) = E(| |F{Wi−}| − |F{Wi+}| |), i ∈ {t, x, y}, (A-3)

F [µ, ν, ω] = 1
L3

L−1∑
t=0

L−1∑
x=0

L−1∑
y=0

V [t, x, y]e−2πi(tµ+xν+yω)/L, (A-4)

where [t, x, y] and [µ, ν, ω] represents the coordinates of the spatial and frequency domains,

respectively, and L defines the edge length of a cube-shaped data volume. In addition,

F {·} represents the 3D-FFT and E(·) is an average operator.

The fourth dissimilarity measure is based on error spectrum chaos (Hegazy and AlRegib,

2014a) that measures the disorder or irregularity of texture inside the neighboring cubes in

the absolute error sense. This measure is consistent with human perception (Hegazy et al.,

2015) and is mathematically calculated as follows:

EMag = E(|F {|F {∇{|Wi− −Wi+|}}|}|), (A-5)

EPh = E(|F {∠F {∇{|Wi− −Wi+|}}}|), (A-6)

d4(Wi−,Wi+) = EMag + αEPh, i ∈ {t, x, y}, (A-7)

where ∇ is the gradient operator and α is an empirically selected weighing factor for the

phase spectrum.

The fifth dissimilarity measure is based on the error magnitude spectrum chaos, similar

to d4(·) (Hegazy and AlRegib, 2014a), however phase information is dropped (α = 0)

because only intensity contains information about statistical measures. Therefore, the fifth

dissimilarity measure is mathematically calculated as:

d5(Wi−,Wi+) = E(|F {|F {|Wi− −Wi+|}|}|), i ∈ {t, x, y}. (A-8)

d5(·) computes the perceptual dissimilarity between two cubes by applying two cascaded

3D-FFT magnitude operations to the absolute difference of neighboring cubes and averages

the results using expectation operation E(·).
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APPENDIX B

Thresholding

To highlight the boundary regions of salt domes and get rid of noisy areas in the obtained

GoT volume, G, we apply the threshold Th as

B[t, x, y] =


1, G[t, x, y] ≥ Th

0, Otherwise

, (A-9)

where B represents the binary volume of size T ×X × Y . The white regions in B highlight

the salt-dome boundaries. In contrast to other regions, salt-dome boundaries commonly

have higher GoT values. Therefore, we assume that the histogram of the GoT volume

follows a bimodal distribution shape. To optimally divide all voxels into two classes, we

determine threshold Th by minimizing the intra-class variance as (Otsu, 1979)

arg min
Th

σ21(Th)

Th−1∑
i=0

p(i) + σ22(Th)
K∑

i=Th

p(i)

 , (A-10)

where K is the number of quantized gray-levels of GoT values and p(i), i = 0, · · · ,K − 1,

represents the probabilities of voxels having gray value i. In addition, σ21 and σ22 define the

individual class variances, which can be calculated as


σ21 =

Th−1∑
i=0

[
i−

Th−1∑
i=0

iP (i)

P1

]2
P (i)

P1
, P1 =

Th−1∑
i=0

P (i)

σ22 =

K−1∑
i=Th

i− K−1∑
i=Th

iP (i)

P2

2

P (i)

P2
, P2 =

K−1∑
i=Th

P (i)

. (A-11)

Therefore, on the basis of equation A-10, we can adaptively identify threshold Th by ex-

haustively searching between 0 and K − 1. Otsu (1979) also proposed a simplified form of

effectively minimizing the intra-class variance by maximizing the inter-class variance as

arg max
Th

{(
Th−1∑
i=0

p(i)

)
(µ1(Th)− µ2(Th))

}
, (A-12)
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where µ1(Th) and µ2(Th) are the mean values of the first and second class, respectively.

APPENDIX C

Region Growing

In region growing, we select multiple seed points S1, S2, S3, ... Sr and keep adding to each

seed point a set of neighboring voxels until a stopping criterion is met. Voxels that meet a

certain selection criterion are labeled as allocated voxels, which form regions R1, R2, R3,

... Rr. In contrast, voxels in the variant regions that does not meet the selected criteria

are labeled as unallocated ones. We define U as the set of all unallocated voxels in the

neighborhood of allocated regions or salt body, which can be mathematically expressed as

U =

{
v

∣∣∣∣∣ v /∈
r⋃
i=1

Ri

∣∣∣∣∣ N(v) ∩
r⋃
i=1

Ri 6= φ

}
, (A-13)

where a voxel at point [t, x, y] is represented as v for simplification, φ represents the empty

set, and N(v) is the neighborhood of voxel v in the 3D volume. In equation A-13, we

compute the intersection of neighboring voxels, N(v), and the union of all allocated regions,

Ri. If this intersection is not an empty set, then U contains all the voxels that do not lie

inside allocated regions union. For unlabeled voxels v ∈ U , N(v) overlaps with at least

one of the labeled regions Ri. We define ψ(v) ∈ {1, 2, ..., r} as the indexes of neighboring

voxels such that N(v) ∩ ψ(v) 6= φ. In intensity-based region growing, voxels are assigned

to particular regions, Ri, based on their intensity values, I(v). δ(v) define the intensity

difference at voxel v and its adjacent labeled region Ri as

δ(v) = |I(v)−meann∈Ri(I(n))|. (A-14)

If N(v) is close to more than one Ri, then ψ(v) takes the value of v such that δ(v) at Ri is

minimized.

ψ(v) = min
v∈U
{δ(v)}. (A-15)
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In binary volume B, we select a seed point, ps, inside salt body and it continues to grow until

it hits the highlighted boundary (labeled as ones in B). This process can be mathematically

expressed as follows:

SD =

 ⋃
vg∈B

R|N(vg) 6= 1

 , (A-16)

where N(vg) is the neighboring region of the area starting from the seed point ps and SD

is the salt-dome body detected after region growing.

APPENDIX D

Automatic Seed Point Selection

In this paper, we propose a 3D directionality attribute to automatically select a seed point

within seismic volumes for region growing method. The initial work for estimating ps

in 2D seismic sections was introduced in Hegazy and AlRegib (2014b) and Wang et al.

(2015a). The 3D directionality is theoretically low inside salt dome because of high texture

irregularity and high outside the salt dome because of directional features such as horizons

and faults. To compute the directionality map in the seismic volume, first of all we calculate

the scattered plot of intensity gradient ∆ along small neighboring cubes W i,j,k in the time,

crossline, and inline directions centered at each voxel. Secondly, we calculate the moment

of inertia tensor I of the obtained scattered plots. Mathematically, the moment of inertia

tensor at each voxel is computed as

I =


Itt Itx Ity

Ixt Ixx Ixy

Iyt Iyx Iyy

 , (A-17)
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Itt =
∑

v∈W i,j,k

(∆x[v]− ∆̄x[v])2(∆y[v]− ∆̄y[v])2, (A-18)

Ixx =
∑

v∈W i,j,k

(∆t[v]− ∆̄t[v])2(∆y[v]− ∆̄y[v])2, (A-19)

Iyy =
∑

v∈W i,j,k

(∆t[v]− ∆̄t[v])2(∆x[v]− ∆̄x[v])2, (A-20)

Imn = Inm =
∑

v∈W i,j,k

−(∆m[v]− ∆̄m[v])(∆n[v]− ∆̄n[v]), (A-21)

where v represents the voxel [t, x, y] in the 3D space, W i,j,k represents the cube centered

at voxel [i, j, k], ∆m and ∆̄m denotes the gradient and the mean of gradient along time,

crossline, and inline directions, respectively, such that m,n ∈ {t, x, y} and m 6= n. The

summation in the moment of inertia I was calculated for all points in W i,j,k. Although

equation A-17 looks similar to the gradient tensor proposed by Randen et al. (2000) but is

different in the calculation of co-factors. The maximum and minimum eigen values, which

correspond to the maximum and minimum axes of moments of inertia are used to capture

texture directionality within salt domes. We average the neighboring cubes of different

sizes to make ps selection more robust to noise and texture irregularity. A multi-scale 3D

directionality attribute based on the neighboring cubes proposed in this paper is given as

D[v] =

N∑
n=1

1− min(Λ1,n[v],Λ2,n[v], ... ,Λ2n+1,n[v])

max(Λ1,n[v],Λ2,n[v], ... ,Λ2n+1,n[v])
. (A-22)

where D is directionality map, v represents the voxel in the 3D space, n represents the

size of neighboring cubes. Λm,n[v] denotes the singular values of moment of inertia tensor

I of size (2n + 1) ∗ (2n + 1) × (2n + 1) matrix from the 3D cube in the neighborhood of

the voxel [i, j, k]. The directionality map D will have the low condition number (ratio of

largest to smallest singular value) inside salt dome, whereas condition number outside salt

body will be large because one singular value will be very large as compared to the other

singular values. In seismic volumes that contain noisy sections and salt dome spanning only

a small portion of the large volume, low directionality in noisy regions may yield ps that
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lie outside the salt-dome body. In order to counter the effect of noisy regions, we smooth

the directionality map using a 3D Gaussian filter. ps from the directionality map can be

obtained by calculating either the minimum value or a negative direction 3D gradient.

Mathematically, ps can be written as

ps = arg

{
min
[i,j,k]

(D ∗ Ω)

}
, (A-23)

where Ω is a Gaussian kernel used to smooth the multi-scale directionality attribute map

and ∗ is the convolution operator.

APPENDIX E

Post-Processing

To bridge the gaps between the output of region growing and the salt-dome boundary, and

keep the detected salt bodies closed, we apply morphological closing operation to B or SD,

which first dilates and then erodes using structural element H. By expanding the detected

salt body, the dilation operation matches the detected salt-dome boundary to the reference

boundary as closely as possible and alleviate the effects of large averaging cubes in the

calculation of the 3D-GoT volume. The dilated salt body is mathematically given as:

SDD = HD ⊕ ((SD ⊕HD)	HE) , (A-24)

where ⊕ and 	 represent the dilation and erosion operations, and HD and HE represent the

structural elements of dilation and erosion operations, respectively (Gonzalez and Woods,

2008). SD is the highlighted salt dome after region growing and SDD is the dilated salt

dome. We use a sphere of radius (2n+1)/2 as the structural element in our post-processing

operations, where n is the size of cube.

The final step of the proposed workflow is to detect the salt-dome boundary by extracting

the perimeter of the binary salt body volume. The binary perimeter of a region without

holes can be defined as a set of voxels at the interior border of a binary volume, which can
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be mathematically defined as

SDB = {v ∈ SDD|N26[v]− SDD 6= φ} , (A-25)

where SDB is the detected salt-dome boundary and N26[v] defines the 26 neighboring voxels

of v in a 3D space.

APPENDIX F

Objective Assessment

Statistical Measures

We investigate multi-level thresholds using two important statistical measures, sensitivity

and specificity, usually used in binary classification. Sensitivity, called true positive rate

(TPR), measures the number of voxels that are correctly identified. On the other hand,

specificity, known as true negative rate, measures the proportion of voxels that do not

belong to the salt dome and are correctly identified as such. In addition, Fall-out rate,

termed as false positive rate or false alarm, can be calculated as (1 − specificity). The

receiver operating characteristics (ROC) curve is obtained by plotting sensitivity against

fall-out rate, whereas the area under the curve (AUC) calculates the area under the ROC

curves. True positives (TP) and true negatives (TN) measures, at each seismic inline, the

number of pixels that belong to the salt-dome and are correctly identified as such and vice

versa. On the other hand, false positives (FP) and false negatives (FN) measures, at each

seismic inline, the number of non-salt pixels classified as salt pixels and salt pixels classified

as non-salt pixels, respectively. Accuracy and precision are then calculated using

Accuracy =
TP + TN

TP + FN + FP + TN
, (A-26)

Precision =
TP

TP + FP
. (A-27)
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CurveD

Given two curves, C1(t) = (x1(t), y1(t)), t ∈ [0,m], and C2(s) = (x2(s), y2(s)), s ∈ [0, n],

where s and t are arc-length parameters, and m and n are the lengths of curves, we evalu-

ate the distance between these curves based on the curvature and shape. The workflow of

curvature and shape processing, and computing similarity is shown in Figure 17. The curva-

ture and shape processing yield curvature distance dc(C1, C2) and shape distance ds(C1, C2),

respectively. We then take the mean of obtained distances to have an objective measure of

similarity between curves.

In order to detect the shape similarity and correspondence between the curves shapes,

ds(C1, C2) uses a rich local shape descriptor by Belongie et al. (2002). In the computation

of ds(C1, C2), five bins with exponentially increasing sizes are used to quantize the points

relative distances, and twelve bins are used to quantize the orientation. Curvature distance

dc(C1, C2) can be obtained as

dc(C1, C2) = T (m,n)− λ
√
m2 + n2 +

∣∣∣1− min(m,n)
max(m,n)

∣∣∣ , (A-28)

where T (m,n) is the weighted distance function obtained by computing a local dissimilarity

function based on curvature F (t, s). The mathematical expressions of T (m,n) and F (t, s)

are as follows: 
T (m,n) = min

c

∫
c
F (c(τ))dτ,

F (t, s) = |κ1(t)− κ2(s)|+ λ,

, (A-29)

where c represent a path in t-s domain starting from origin (0, 0) and ending at (m,n), and

κ1 and κ2 are the curvatures of C1 and C2, respectively. F (t, s) > 0, and the fast marching

method (FMM) are used to solve for T (m,n) given T (0, 0) = 0. The second term associated

with λ in equation A-28 is used for normalization, whereas the last term in equation A-28

penalizes the global stretching of curves. λ > 0 is a smoothing constant, which can be
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calculated as

λ(C1, C2) =
1

mn

∫
C1

∫
C2

F (t, s)dsdt. (A-30)

The overall distance between two curves can be obtained as

CurveD =
dc(C1, C2) + ds(C1, C2)

2
. (A-31)
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Figure 1: The block diagram of the proposed salt dome delineation workflow.
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Figure 2: The illustration of GoT computation along the x-direction.
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Figure 3: The position of neighboring cubes when calculating GoT along time Gt, crossline
Gx, and inline Gy directions, respectively.
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Figure 4: The cross-sections of the smallest (3×3×3) and largest (11×11×11) neighboring
cubes around a blue labeled salt-dome boundary.
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a) b)

c) d)

Figure 5: The effect of different cube sizes on GoT map is illustrated here. (a) A typical
seismic inline section. (b) Cube size of 3×3×3 can effectively highlight subtle variations in
texture. (c) Medium cube size such as 7× 7× 7 yields a smooth GoT map, which not only
highlight texture details but also keep the the salt boundary continuous. (d) Large cube
size such as 15×15×15 is robust to noise but may smear the regions around salt boundary.
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a) b) c)

d) e) f)

Figure 6: The effect of different dissimilarity measures on a typical texture image. (a) A
typical texture image. (b) The GoT map obtained using a dissimilarity based on intensity
and gradient statistics, i.e. d1(·). (c) The GoT map obtained using a dissimilarity mea-
sure based on singular value decomposition, i.e. d2(·). (d) The GoT map obtained using a
dissimilarity measure based on FFT, i.e. d3(·). (e) The GoT map obtained using a dissim-
ilarity measure based on error spectrum chaos, d4(·). (f) The GoT map obtained using a
dissimilarity measure based on error magnitude spectrum chaos, d5(·).
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a) b)

Figure 7: The illustration of 3D-GoT map on a seismic inline section. (a) A typical seismic
inline section containing salt dome. (b) The 3D-GoT map shows that texture dissimilarity
near the salt-dome boundary is higher as compared to other regions.
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Figure 8: The binary map obtained after adaptive global thresholding of the 3D-GoT map
highlights the neighborhood of the salt-dome boundary.
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Figure 9: The output of region growing method. Initial seed point is highlighted in red
color.
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Figure 10: The initial seed point detected using the automatic seed point selection method
is highlighted in red color.
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Figure 11: The output of post-processing, which highlights the salt dome.
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Figure 12: The output of the proposed workflow is highlighted in blue color. The salt-dome
boundary detected using the proposed 3D-GoT workflow has a good match with salt dome
outline.
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a) b) c)

d) e)

Figure 13: The experimental results of 3D-GoT-based detection method on section in-
line section #389 with different dissimilarity functions d(·). Green: Reference boundary
manually interpreted by the geophysicist, Red: Boundaries detected by the 3D-GoT-based
method. (a) Salt boundary detected using a dissimilarity based on intensity and gradient
statistics, i.e. d1(·). (b) Salt boundary detected using a dissimilarity measure based on
singular value decomposition, i.e. d2(·). (c) Salt boundary detected using a dissimilarity
measure based on FFT, i.e. d3(·). (d) Salt boundary detected using a dissimilarity mea-
sure based on error spectrum chaos, d4(·). (e) Salt boundary detected using a dissimilarity
measure based on error magnitude spectrum chaos, d5(·).
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Figure 14: The box plot of SalSIM indices with multi-level thresholds.
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a)

b)

Figure 15: The evaluation of global multi-threshold on fifty consecutive seismic inlines
section. (a) The mean ROC of fifty consecutive inlines. (b) The box plots of accuracy and
precision.
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a) b)

c) d)

Figure 16: The comparison between the boundaries detected by various methods and the
reference boundary manually interpreted by the geophysicist. Magenta: Aqrawi et al.
(2011), Yellow: Berthelot et al. (2013), Black: Amin and Deriche (2016), Red: Amin and
Deriche (2015a), Cyan: Wang et al. (2015a), Blue: Proposed workflow, Green: Reference
boundary. (a) Seismic section inline #369. (b) Seismic section inline #398. (c) Seismic
section inline #418. (d) Seismic section inline #459.
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Figure 17: The block diagram of calculating curves similarity, CurveD.
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Figure 18: The SalSIM indices of various salt-dome delineation methods.
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Figure 19: The CurveD indices of various salt-dome delineation methods.

Interpretation



Shafiq et al. 52 Salt dome delineation using 3D-GoT

a) b)

c) d)

Figure 20: The slices of detected salt dome across crossline, inline, and time directions,
respectively. A 3D slice of detected salt dome containing slices across time, crossline, and
inline is also shown. (a) Crossline #862. (b) Inline #389. (c) Time section at 1656ms. (d)
3D slice of detected salt dome.
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Figure 21: The detected 3D salt body from the Netherlands F3 block.
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Table 1: SalSIM indices of the proposed 3D-GoT-based method with different dissimilarity
measures.

Seismic
d1(·) d2(·) d3(·) d4(·) d5(·)Sections

#389 0.9037 0.9091 0.9077 0.9160 0.9248
#390 0.8695 0.9040 0.9075 0.9153 0.9328
#391 0.7147 0.8750 0.9127 0.9077 0.9239
#392 0.8755 0.8997 0.9030 0.9101 0.9166
#393 0.8429 0.8953 0.9189 0.9073 0.9250
#394 0.8694 0.8987 0.9041 0.9157 0.9320
#395 0.7057 0.8725 0.8986 0.9079 0.9095
#396 0.8306 0.8934 0.9060 0.9179 0.9273
#397 0.9235 0.8984 0.9009 0.9071 0.9096
#398 0.8994 0.8980 0.8928 0.9024 0.9038
#399 0.9241 0.9092 0.8852 0.9124 0.9132
#400 0.9195 0.9004 0.9061 0.9094 0.9143
#401 0.8852 0.9182 0.9143 0.9241 0.9258
#402 0.9154 0.9121 0.9048 0.9134 0.9145
#403 0.9295 0.9241 0.9002 0.9129 0.9337
#404 0.8906 0.9290 0.9037 0.9165 0.9370
#405 0.9303 0.9470 0.8766 0.9347 0.9420
#406 0.9484 0.9444 0.8975 0.9279 0.9429
#407 0.9250 0.9424 0.8872 0.9297 0.9419
#408 0.9321 0.9229 0.8397 0.9208 0.9331
#409 0.9357 0.9398 0.8674 0.9068 0.9277

Mean 0.8843 0.9111 0.8969 0.9150 0.9253

Std. Dev. 0.0658 0.0213 0.0180 0.0084 0.0115

Time (s) 139.0591 12.9008 12.1924 38.8589 12.0147
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Table 2: The mean and standard deviation of SalSIM and CurveD indices for different
delineation methods.

SalSIM CurveD

Delineation
Mean

Std.
Mean

Std.
Methods Dev. Dev.

Aqrawi et al. (2011) 0.8812 0.0631 24.1291 4.9792

Berthelot et al. (2013) 0.8433 0.0708 45.9474 19.1317

Amin and Deriche (2016) 0.8641 0.0324 38.7069 9.4687

Amin and Deriche (2015a) 0.8608 0.0817 37.1972 14.5958

Wang et al. (2015a) 0.8491 0.0874 22.2018 4.9440

Proposed Method 0.9226 0.0134 17.4382 2.4447
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