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Presentation Notes
 I first gave this webinar as part of AAPG young professional webinars held during September (in the Middle East) and October (in Peru), and to professionals at Petrobras November 22, 2020. This webinar summarizes much of the work done by my colleagues and the industry at large over the past several years in analyzing the response of coherence to different spectral components of the seismic amplitude volume. This workflow has since been applied to multioffset and multiazimuth prestack migrated data volumes. A separate presentation discusses multispectral amplitude gradients and Laplacians. 



Multispectral, Multiazimuth, and Multioffset Coherence

After this webinar will be able to:

1. Display coherence computed from different spectral, azimuthal, or offset  
components against RGB or CMY color models, and

2. Combine multiple edge models using SOM, PNN, or other clustering algorithms.

• Although not available in commercial software, you will be able to see the 
advantage of:

3. Improved edge illumination provided by different spectral, azimuthal, or offset 
components by stacking the covariance matrix of each component prior to 
computing coherence
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A webinar should always have some learner objectives. I believe that most participants will have access to commercial software that computes coherence, provides a means to band-pass filter the seismic amplitude data, and provide some type of RGB or CMY color blending of 3 images. Self-organizing map technology is commercially available through Emerson’s (formerly Paradigm Geophysics) Stratimagic, Geomodeling, dGB-Opendtect, and Geophysical Insights Paradise products among others. Probabilistic Neural Network (PNN) facies classification does not appear to be commercially available.At present, the last application, combining the information content of multiple input data volumes by stacking their covariance matrices, is available through the AASPI software package (as are the previous applications, including that using PNN). This software is available to sponsors of the AASPI consortium http://mcee.ou.edu/aaspi/index.html . Documentation for this software can be found under http://mcee.ou.edu/aaspi/documentation/Geometric_Attributes-similarity3d.pdf 



Alignment of uncorrelated reflectors across faults

(Libak et al., 2017)
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This paper by Libak et al. (2017) clearly illustrates the limitations of coherence computations computed on a single (broadband) seismic data volume. A human interpreter would use the discontinuities seens at shallower and deeper levels, coupled with a model of tectonic deformation to place a fault in the middle image indicated by the block arrow and yellow circle. In contrast, a coherence algorithm operates only on a small window of traces. For this line, reflection events from different horizons happen to align across the fault, resulting in a “continuous” reflection event. Image if the seismic data were somehow bandpassed filtered. We would expect similar alignments across faults somewhere in the data, but the likelihood of these alignments occurring at the same location for different bandpass filtered data volumes is relatively small.



Reflector alignment across faults varies with the spectrum 
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So how to improve these fault segmentations? Let’s compare the full-bandwidth data and two spectral voices.On the full bandwidth image in the upper left, I’ve simulated an autopicker with pink dotted curves. An autopicker based on crosscorrelation incorrectly crosses a fault if the two similar reflection events lie next to each other. This often happens when the fault offset is equal to the dominant period of the seismic amplitude data. Because coherence is internally based on crosscorrelation (implicitly in  semblance-based and Sobel filter algorithms where squaring gives cross terms, and explicitly in covariance-based algorithms) the same high correlation phenomenon occurs and we end up with a gap in our coherence anomaly, as seen in the lower left figure. However, alignment appears differently in various spectral voices. For the 36 Hz spectral voice, the left two faults suffer from less alignment, resulting in more continuous fault anomalies. For the 55 Hz spectral voice, the left and right faults suffer little alignment, resulting in more continuous fault anomalies.  The challenge then is how to combine the 36 and 55 Hz coherence results into a single image.
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The simplest way to display multiple images exhibiting similar properties is to combine them using either RGB or CMY blending. In this image, I first filter the data to generate a low frequency spectral voice. I then compute the corresponding covariance matrix and use either semblance or eigenstructures to generate a “low frequency” coherence image which I plot against red. (As an aside, semblance can be generalized to laterally tapered windows by taking the outer product of the covariance matrix with a simple test vector with constant elements. If interested, details of this technique is discussed in the paper:Lin, T., B. Zhang, and K. J. Marfurt, 2019, Geometric seismic attribute estimation using data-adaptive windows: Interpretation, 7, SC33-SC44. )
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Next, let’s filter the data about an intermediate frequency and plot the resulting coherence against green.
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Then, filter the data about a higher frequency and plot the resulting coherence against blue.
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Finally, corender the three images using RGB color blending. If you use Petrel’s variance algorithm, strong discontinuities in the “red” component will give rise to high variance anomalies, with the result appearing as red.If you use semblance or eigenstructure coherence where highly coherent events have a value of 1.0, then anomalies take away a color. In the color wheel, anomalies in the red component will there appear at the opposite side of the color wheel and appear as cyan. I’ve added an extra slide at the end of this webinar to give a few details on this. If you map in your head red -> cyan, green -> magenta, and blue -> yellow, you can imagine that we are using a CMY color bar rather than an RGB color bar.



Broadband

RGB blending of coherence from different spectral bands 
(Tarim Basin, China)

(Li and Lu, 2012, 2014)5h-9
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This image from Li and Lu (2014) is perhaps the first example of co-rendering multiple coherence volumes computed from different spectral components. Here, the target is to image channels, karst collapse, and caves in an Ordovician limestone of the Tarim Basin China. The karst collapse and some of the caves are filled with a porous eolian limestone that forms an excellent oil reservoir. Horizontal slices through coherence computed from the (a) broadband, as well as the (b) 18, (c) 25, and (d) 38 Hz spectral voice component volumes. Dotted circles indicate two channel systems.   
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Time slices through (Left) the peak frequency of the spectra at each voxel and (Right) co-rendered coherence volumes computed from 18, 25, and 38 Hz spectral components. Since high coherence is usually displayed as white, the color blending is more easily interpreted using a CMY concept. If all three components exhibit high coherence, the result is white. If one component has low coherence, it represents a “missing” color. In this example coherence anomalies that appear stronger at 60 Hz appear as cyan.
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Method 2. Combining more than three coherence volumes using SOM
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This image shows Dewett and Henza’s (2016) spectral similarity workflow to map faults. They begin with the filtered data followed by spectral decomposition.  Next, they choose a suite of spectral components that they fell best illuminate fault edges. The then compute coherence for each volume to map those faults. Then they apply a commercial swarm intelligence algorithm (Petrel’s “ant-tracker”) to each coherence volumes, constraining the acceptable fault dip magnitude and suppressing coherence anomalies such as unconformities that are a sub-parallel to structural dip. This ant-tracker also filters and smoothes the edges. The multiple edge volumes are then combined using a self-organizing map (SOM) algorithm whereby favoring discontinuity images that “cluster together”, resulting in the final multispectral fault image 



5h-12 (Dewett and Henza, 2016)

Broadband coherence followed by Petrel’s “ant-tracker”
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Dewett and Henza’s (2016) objective were to map small faults in the Eagle Ford Shale play of south Texas. The Eagle Ford is more accurately a black carbonate rather than a shale, but serves as an important source rock and unconventional reservoir.In this image, we see a vertical slice through broadband similarity (coherence) followed by Petrel’s ant-tracker software, and (in the next slide) the same slice through coherence computed using the SOM multispectral coherence workflow shown in the previous slide. The faults in the red box appear to be near vertical on the broadband coherence but are exhibit a geologically more reasonable dip in the multispectral coherence. Yellow arrows indicate faults that are better connected and/or better resolved in the multispectral image. (After Dewett and Henza, 2016).
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Improved fault connectivity (yellow arrows) and more reasonable fault dip (red rectangle) in the right image

(Dewett and Henza, 2016)

Combining more than three coherence volumes using SOM
Self-organizing map combination of coherence volumes computed at 5 frequencies, each of which were filtered using 
Petrel’s ant-tracker  
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Presentation Notes
 Part 2 of the previous sli
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Time slices and vertical slices through the Eagle Ford data volume showing improvements in Dewett and Henza’s (2016) multispectral similarity workflow.Area A is a major fault zone with relatively low fold and possible velocity problems. However, the major faults in this system are clearly identified with several lineaments which were previously poorly imaged. Area B exhibits polygonal-style faults. Area C exhibits thinning to the north at this interval, and the local stresses have rotated the dominant fault direction. Area D is well imaged on both volumes; however, the Spectral Similarity shows improved connectivity. Additionally, the higher range of values of the Spectral Similarity imply greater fault confidence.Examining the vertical slices, solid rectangles identify areas where the fault response is near vertical in the broadband computation, dashed rectangles illustrate lack of connectivity, and dotted rectangles illustrate the familiar stair step artifacts seen in coherence. These three are reduced or eliminated in Dewett and Henza’s (2016) workflow.  
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Time slices and vertical slices through the Eagle Ford data volume showing improvements in Dewett and Henza’s (2016) multispectral similarity workflow.Area A is a major fault zone with relatively low fold and possible velocity problems. However, the major faults in this system are clearly identified with several lineaments which were previously poorly imaged. Area B exhibits polygonal-style faults. Area C exhibits thinning to the north at this interval, and the local stresses have rotated the dominant fault direction. Area D is well imaged on both volumes; however, the Spectral Similarity shows improved connectivity. Additionally, the higher range of values of the Spectral Similarity imply greater fault confidence.Examining the vertical slices, solid rectangles identify areas where the fault response is near vertical in the broadband computation, dashed rectangles illustrate lack of connectivity, and dotted rectangles illustrate the familiar stair step artifacts seen in coherence. These three are reduced or eliminated in Dewett and Henza’s (2016) workflow.  
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The flow chart for multispectral coherence described in this paper. Previous examples showed coherence computed for different spectral voices (also called filter banks) or for the broadband data. For multispectral coherence, the covariance matrix of each spectral voice is summed, forming a covariance matrix constructed from a greater number of “sample vectors”. Because the covariance matrix involves squares and crossproducts, the sum of the covariance matrices for the voices is not equal to the covariance matrix of the sum of the voices. (After Marfurt, 2017)
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The flow chart for multispectral coherence described in this paper. Previous examples showed coherence computed for different spectral voices (also called filter banks) or for the broadband data. For multispectral coherence, the covariance matrix of each spectral voice is summed, forming a covariance matrix constructed from a greater number of “sample vectors”. Because the covariance matrix involves squares and crossproducts, the sum of the covariance matrices for the voices is not equal to the covariance matrix of the sum of the voices. (After Marfurt, 2017)
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The flow chart for multispectral coherence described in this paper. Previous examples showed coherence computed for different spectral voices (also called filter banks) or for the broadband data. For multispectral coherence, the covariance matrix of each spectral voice is summed, forming a covariance matrix constructed from a greater number of “sample vectors”. Because the covariance matrix involves squares and crossproducts, the sum of the covariance matrices for the voices is not equal to the covariance matrix of the sum of the voices. (After Marfurt, 2017)



Method 3. Multispectral coherence flow chartInput data
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The flow chart for multispectral coherence described in this paper. Previous examples showed coherence computed for different spectral voices (also called filter banks) or for the broadband data. For multispectral coherence, the covariance matrix of each spectral voice is summed, forming a covariance matrix constructed from a greater number of “sample vectors”. Because the covariance matrix involves squares and crossproducts, the sum of the covariance matrices for the voices is not equal to the covariance matrix of the sum of the voices. (After Marfurt, 2017)



Original broadband coherence Noise attenuated broadband coherence Maximum entropy multispectral coherence

(Lyu et al., 2020)
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Besides the case study of channel delineation, we further show another case study to use the maximum entropy based multispectral coherence to improve the fault segmentations.These are three different coherence images co-rendered with seismic amplitude.We can see the coherence image computed using the original full-bandwidth seismic data appears very noisy (the left one).After careful noise attenuation, we can effectively reduce the artifacts in the coherence image (the middle one), but it behaves segmented due to the similar reflectors which go across the faults. We further use maximum entropy based multispectral coherence to improve the fault segmentations in the coherence image (green arrows).



Equally or exponentially spaced spectral voice components?
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Most continuous wavelet transform algorithms define the bandwidth of each component to span the same number of octaves. After fixing the number of spectral components and the starting and ending frequencies, we need to define the frequency increment. We evaluate two methods: equally spaced spectral components or exponentially spaced spectral components, where the latter is consistent with equal spacing by octaves.  The six linearly spaced components are centered about 10 Hz, 25 Hz, 40 Hz, 55 Hz, 70 Hz, and 85 Hz. The six exponentially spaced components are centered around 10 Hz, 15 Hz, 24 Hz, 36 Hz, 55 Hz, and 85 Hz.



Coherence using original broadband seismic data 
before structure-oriented filtering

(Lyu et al., 2020)5h-22
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Now let’s summarize some of the work that Bin Lyu conducted. This images shows a time slice through a coherence volume computed from the full bandwidth data as received from NZP&M. Full bandwidth coherence is the default option in AASPI program similarity3d. (After Lyu et al., 2020).



Coherence using original broadband seismic data
after principal component structure-oriented filtering

(Lyu et al., 2020)5h-23
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Edge-preserving structure-oriented filtering often suppresses random noise and steeply dipping coherent noise that cuts through more gently dipping reflectors of interest. It can also slightly sharpen fault terminations. This image shows the results of broadband coherence compute after structure-oriented filtering of the original data. . The random noise and some (but not all) of the coherent left-to-right acquisition footprint is reduced (indicated by the red ellipses). Green arrows indicate architectural elements of the turbidite system that were not clearly delineated on the previous image. (After Lyu et al., 2020).



Multispectral coherence using equally spaced 
CWT voice components

(Lyu et al., 2020)5h-24
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Next, let’s compute multispectral coherence computed using equally spaced CWT spectral voices ranging from 10-85 Hz from the structure-oriented filtered amplitude volume. Note that this image of multispectral coherence has fewer artifacts (such as within the red ellipse) and shows clearer channel boundaries (indicated by the green arrows) over the full-bandwidth coherence. This option is internal to AASPI program similarity3d. (After Lyu et al., 2020).



Multispectral coherence using exponentially spaced 
CWT voice components

(Lyu et al., 2020)5h-25
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Next, let’s evaluate whether using six exponentially spaced CWT volumes are different than using the six linearly spaced voice components used to generate the previous image. Both images using 6 voices ranging between 10 and 85 Hz. Note that exponential spacing further reduces the noise and improves the imaging quality of coherence image. (After Lyu et al., 2020).



Multispectral coherence using exponentially spaced 
maximum entropy voice components

(Lyu et al., 2020)5h-26
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There are several spectral decomposition techniques, each with advantages (such as computation speed!) and disadvantages. Bin Lyu compared simple SWDT decomposition (generating equally-spaced, fixed bandwidth components), the CWT shown in the previous images, matching pursuit, spectral probes, and finally maximum entropy voice components, Even though the voice components of all but the spectral probe algorithm can reconstruct the original data, the increase in lateral contrast as mapped by multispectral coherence as shown in this image suggests that there is less overlap between the components. (After Lyu et al., 2020).



Coherence using original broadband seismic data 
before structure-oriented filtering

(Lyu et al., 2020)5h-27
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Finally, let’s repeat the original coherence computed from the broad band data without edge-preserving structure-oriented filtering. Page back and forth to see the differences. Noise is suppressed and more detail of the turbidite system is delineated. Both algorithms used the exact same number of traces and vertical samples in the analysis window. The computational cost of multispectral coherence increases a little less than linearly with the number of components used.
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If you have access to the AASPI software, you can run multispectral coherence using two algorithms – similarity3d (for a single input volume) and similarity_multiple_input (for multiple input volumes, such as azimuthally limited volumes). In both cases, the multispectral capabilities can be invoked in the Filter bank definition tab, where the default is to have a simple all-pass filter bank that produces the broadband data. A complete description of the parameters can be found in the documentation, which can be accessed by clicking the Help button in the upper right hand corner, or by accessing the AASPI web site http://mcee.ou.edu/aaspi/documentation.html 



Multispectral coherence illumination of faulting
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Now for some examples.



(Marfurt, 2017)
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A time slice at t=1.24 s through coherence computed from the original broadband data.  I’m using a stop light color bar to indicate features that are well delineated (in green) and poorly illuminated (in red). (Great South Basin survey data courtesy of NZPM; After Marfurt, 2017).
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The same time slice at t=1.24 s through multi-spectral coherence using a simple SWDT decomposition where the bandwidth for each component was the same.  Faults are sharper and the noise is reduced. However, the downlap feature which showed at only one or two spectral components is also reduced.  (Great South Basin survey data courtesy of NZPM; After Marfurt, 2017).  



(Data courtesy of NZPM)

High

Low

Coherence

Broadband coherence (Great South Basin, NZ)

t=1.48 s
Faults

Syneresis
Do

w
nl

ap

Syneresis

(Marfurt, 2017)5h-32

Presenter
Presentation Notes
The same time slice at t=1.48 s through coherence computed from the broadband data.  (Great South Basin survey data courtesy of NZP&M).



(Data courtesy of NZPM)
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The same time slice at t=1.48 s through multi-spectral coherence. Faults are sharper and noise is reduced. However, the downlap feature which showed at only one or two spectral components is also reduced.  The syneresis in one part of the survey is sharper, but in another diminished. Further analysis to evaluate the effects of vertical mixing are required to determine whether or not this is an improved result. (Great South Basin survey data courtesy of NZPM).



Broadband coherence (Great South Basin, NZ) 
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A deeper time slice at t=1.76 s through the conventional broadband coherence volume showing faults to lower right and channels incising the shelf edge on the left.  
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The same time slice at I=1.76 s through multispectral coherence. Faults and channels are sharpened while incoherent noise is reduced. (Great South Basin survey data courtesy of NZPM).



1.2

2.2

1.45

1.7

1.95

Ti
m

e 
(s

)

3 trace by 3 trace by ±12 ms window

Faults

Syneresis

Shelf edge

Faults
A A’

A

A’

High

Low

Broadband 
Coherence

(Qi et al., 2017)

Broadband coherence 
(Polygonal faulting, Great South Basin, NZ)

Coherence

5h-38

Presenter
Presentation Notes
Vertical slice AA’ through the broadband coherence volume. Although coherence will often show unconformities and maximum flooding surfaces subparallel to the reflectors, it will also generate artifacts associated with lower signal-to-noise ratios where the shale-on-shale reflectivity falls below the background noise. The stairstep artifacts on faults cutting the reflectors at a non-perpendicular angle are partially reduced.
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The same vertical slice but now through multispectral coherence. The syneresis and channel features are preserved and (as we saw in the previous time slice) sharpened. Many of the weaker low coherence anomalies subparallel to the reflectors are now gone.



Broadband 
coherence
(British Columbia)
 

(Chopra and Marfurt, 2019)

Horizon slice Horizon slice + 68 ms

High

Low

Coherence

5h-40

Presenter
Presentation Notes
Stratal slices through broadband coherence volumes along a horizon at approximately 1200 ms and a phantom horizon 68 ms deeper. (After Chopra et al., 2019).
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Stratal slices through multispectral coherence volumes along a horizon at approximately 1200 ms and a phantom horizon 68 ms deeper. Note the improvement in fault delineation. (After Chopra et al., 2019).



Multispectral coherence imaging of channels

(Megamerge  survey, Anadarko Basin, Oklahoma, USA) 
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RGB blended spectral magnitude components at 20 Hz (in red), 35 Hz (in green) and 50 Hz (in blue). (After Li et al., 2017; Data courtesy of CGG Veritas). 
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Coherence attributes calculated from different spectral bands (a) 10-15-25-30 Hz, (b) 30-35-45-50 Hz, (c) 50-55-65-70 Hz, (d) 70-75-85-90 Hz, (e) 90-95-105-110 Hz, (f) 110-115-125-130 Hz. Note that different spectral bands highlight different features, and the high frequencies include noise. (After Li et al., 2017; Data courtesy of CGG Veritas).
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(Li et al., 2017)5h-46



Coherence from 
70-75-85-90 Hz
volume

(Li et al., 2017)5h-47



Coherence from 
90-95-105-110 Hz
volume

Little useful information

(Li et al., 2017)5h-48



Coherence from 
110-115-125-130 Hz
volume

No useful information

Use these images to define the range of spectral components

(Li et al., 2017)5h-49
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A phantom horizon slice at the Red Fork level through broadband coherence volume
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Presenter
Presentation Notes
The same phantom horizon through multispectral coherence computed using all six spectral bands shown in previous images. Green arrows indicate channel incisements that are better delineated. Red ellipses show areas where noise has been reduced. (After Li et al., 2017; Data courtesy of CGG Veritas).
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is equivalent to 
plotting anomalies 
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Presentation Notes
Co-rendered coherence for three of the spectral bands. Red: 10-15-25-30 Hz with anomalies mapping to cyan. Green: 30-35-45-50 Hz with anomalies mapping to magenta. Blue: 50-55-65-70 Hz with anomalies mapping to yellow. (After Li et al., 2017; Data courtesy of CGG Veritas).�
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Presentation Notes
Co-rendered coherence for three of the spectral bands. Red: 10-15-25-30 Hz, Green: 30-35-45-50 Hz, Blue: 50-55-65-70 Hz. (After Li et al., 2017; Data courtesy of CGG Veritas).�
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Presentation Notes
A segment of a seismic section from the Montney-Dawson area in northeast British Columbia in Canada. Stratal slices have been generated between two horizons in black and are shown in red. Displays along stratal slices numbered 8 (in green), 12 (in blue) and 14 (in purple) are shown in the next figures. (Data courtesy: TGS, Calgary; After Chopra and Marfurt, 2019, Figure 4)



(Chopra and Marfurt, 2019)

Multispectral 
Coherence

3 km

0.88 1.00.88 1.0
Coherence Coherence

Conventional (Broadband)
Coherence

5h-55

Presenter
Presentation Notes
Displays from the conventional (left) and multispectral (right) coherence volumes shown for the green stratal slice  (8) shown in the previous figure. In all these displays, the definition of the channel displays is better defined and thus more easily interpretable. (Data courtesy: TGS, Calgary; After Chopra and Marfurt, 2019, Figure 5a)
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Presentation Notes
Displays from the conventional (left) and multispectral (right) coherence volumes shown for the blue stratal slice  (12) shown in the previous figure. In all these displays, the definition of the channel displays is better defined and thus more easily interpretable. (Data courtesy: TGS, Calgary; After Chopra and Marfurt, 2019, Figure 5b).
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Presentation Notes
Displays from the conventional (left) and multispectral (right) coherence volumes shown for the purple stratal slice  (12) shown in the previous figure. In all these displays, the definition of the channel displays is better defined and thus more easily interpretable. (Data courtesy: TGS, Calgary; After Chopra and Marfurt, 2019, Figure 5c).



Coherence computed from different input components

Stack25Hz 55Hz

Different 
spectral voices
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(Qi et al., 2017)5h-58
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Presentation Notes
We’ve noted that different spectral components delineate edges differently. The same will occur for different azimuthally-limited and offset-limited volumes. Spectral: Different spectral components often illuminate edges differently.Note that the coherence computed from azimuthally limited seismic amplitude data has better lateral resolution, but has a lower signal-to-noise ratio. If velocity anisotropy is not taken into account by the migration algorithm, subtle discontinuities and some major faults may exhibit lateral shifts, resulting in a smeared image after stacking.The fault from a Mississippi Lime play in NW Oklahoma shows up differently on near, mid, and stacked volumes.



Coherence computed from different input components

Stack25Hz 55Hz
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Multispectral Coherence

Multiazimuth Coherence

Multioffset Coherence

(Qi et al., 2017)5h-59
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Presentation Notes
We can generalize the concept of multispectral coherence to generate multiazimuth and multioffset coherence. The algorithm is the same; only the input has changed. (After Qi et al., 2017).



Multiazimuth coherence
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Some examples of multiazimuth coherence.



Azim 1 Although one can identify faults (yellow 
arrows) and karst collapse features (green 
arrows), the images are quite noisy.

t=0.740 s

The differences include:
the shape and size of karst features;
the continuity of subtle faults;
the level of incoherent noise. 

Multiazimuth coherence (Fort Worth Basin, Texas)
 

(Qi et al., 2017)
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Coh
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Presenter
Presentation Notes
The same time slice at t=0.740 s at the top Ellenburger dolomite through a suite of coherence volumes computed from six azimuthally limited prestack time-migrated data volumes. Because the signal-to-noise ratio of each azimuthal sector seismic amplitude is low, the signal-to-noise ratio of the resulting coherence images is also low. Those differences between the azimuthally limited coherence images include the shape and size of karst features (indicated by green arrows), the continuity of subtle faults (indicated by yellow arrows), and level of incoherent noise. In general, faults are best delineated by the azimuths perpendicular to them. (After Qi et al., 2017).



Azim 2
Although one can identify faults (yellow 
arrows) and karst collapse features (green 
arrows), the images are quite noisy.

t=0.740 s

The differences include:
the shape and size of karst features;
the continuity of subtle faults;
the level of incoherent noise. 

Multiazimuth coherence (Fort Worth Basin, Texas)
 

(Qi et al., 2017)
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Azim 3

Although one can identify faults (yellow 
arrows) and karst collapse features (green 
arrows), the images are quite noisy.

t=0.740 s

The differences include:
the shape and size of karst features;
the continuity of subtle faults;
the level of incoherent noise. 

Multiazimuth coherence (Fort Worth Basin, Texas)
 

(Qi et al., 2017)
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Azim 4

Although one can identify faults (yellow 
arrows) and karst collapse features (green 
arrows), the images are quite noisy.

1 mile

t=0.740 s

The differences include:
the shape and size of karst features;
the continuity of subtle faults;
the level of incoherent noise. 

Multiazimuth coherence (Fort Worth Basin, Texas)
 

(Qi et al., 2017)
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Azim 5

Although one can identify faults (yellow 
arrows) and karst collapse features (green 
arrows), the images are quite noisy.

t=0.740 s

The differences include:
the shape and size of karst features;
the continuity of subtle faults;
the level of incoherent noise. 

Multiazimuth coherence (Fort Worth Basin, Texas)
 

(Qi et al., 2017)
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Azim 6

Although one can identify faults (yellow 
arrows) and karst collapse features (green 
arrows), the images are quite noisy.

t=0.740 s

The differences include:
the shape and size of karst features;
the continuity of subtle faults;
the level of incoherent noise. 

Multiazimuth coherence (Fort Worth Basin, Texas)
 

(Qi et al., 2017)
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RGB coherence

Azimuthal sectors: -15o to +15o  45o to 75o  105o to 135o

RGB blending of 3 azimuthal coherence volumes
 

(Qi et al., 2017)

105° - 135° 

-15° to +15° 45° to 75° 

Anomalies are in CMY

1 mile

5h-67
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Presentation Notes
If the three input azimuthal coherence volumes were perfectly aligned, the coherent part of the co-rendered RGB image would be a white whereas aligned faults would be black. In this figure, most areas are well aligned and are indicated by white color, however faults and karst collapse features are less well aligned, which are mapped by colors other than black. Coherence anomalies at a given azimuth reduce that color. Thus a coherence anomaly for the azimuthally limited -15° to +15° stack plotted against red, results in a reduction in red giving a cyan anomaly. Low coherence for the  45° to 75° azimuthally limited stack plotted against green reduces the amount of green in the image and appears as magenta. Finally, the low coherence anomalies in the 105° to 135° azimuthally limited stack plotted against blue reduces the amount of blue and results in a yellow anomaly. (After Qi et al., 2017).
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t=0.74s

Multiazimuth coherence (Fort Worth Basin, Texas)
 

(Qi et al., 2017)
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The co-rendered anisotropic intensity εanis and azimuth ψazim images indicate the areas with high anisotropic effects, which also correspond to lateral variation areas, where are colorful areas in the RGB co-rendered image. (After Qi et al., 2017).



Poststack coherence 

Multiazimuth coherence (Fort Worth Basin, Texas)
 

(Qi et al., 2017)
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Stacking the six seismic amplitude volumes and then compute coherence (the conventional analysis workflow) gives the result shown in left Figure which exhibits greater signal-to-noise but slightly lower lateral resolution than the azimuthally limited coherence time slices shown. (After Qi et al., 2017).



Sum of azimuthally limited coherence 

Multiazimuth coherence (Fort Worth Basin, Texas)
 

(Qi et al., 2017)
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Right figure shows the result of stacking the six images shown in previous figures. The signal-to-noise ratio on right is lower than that of Figure 3.4a, however edges of the karst features become appear more pronounced than on the traditional coherence computation. (After Qi et al., 2017).



Multi-azimuth coherence

Multiazimuth coherence (Fort Worth Basin, Texas)
 

(Qi et al., 2017)
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Karst features (indicated by green arrows) exhibit highly incoherent anomalies and subtle faults (indicated by yellow arrows) appear as strong as major faults. Multi-azimuth coherence not only preserves most of the discontinuities seen in each of the azimuthally limited coherence volumes, but also suppresses incoherent noise. (After Qi et al., 2017).



Multi-azimuth coherence
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Karst features (indicated by green arrows) exhibit highly incoherent anomalies and subtle faults (indicated by yellow arrows) appear as strong as major faults. Multi-azimuth coherence not only preserves most of the discontinuities seen in each of the azimuthally limited coherence volumes, but also suppresses incoherent noise.  
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Segment of an inline seismic section from the STACK trend in Oklahoma. Inlines run N-S on the seismic survey as indicated in Figures 8 – 11. (Data courtesy: TGS, Houston)



Horizon Slice near
STACK Play, 
Oklahoma, USA

Conventional 
(Stacked azimuths)

Coherence

(Chopra and Marfurt, 2019)5h-74
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Zoomed image of the previous figure through conventional coherence computed from the full-azimuth stacked data.
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Coherence

(Chopra and Marfurt, 2019)
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Zoomed image from a previous figure through multiazimuth coherence.
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Oklahoma, USA
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(Stacked 
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(Chopra and Marfurt, 2019)5h-76
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Presentation Notes
Stratal slice 78 ms below a horizon at approximately 1700 ms through conventional coherence computed on the full-azimuth seismic volume showing Pennsylvanian Age Red Fork Channels. The seismic data are from the same wide azimuth survey over the STACK play shown in previous images. (Data courtesy: TGS, Houston; After Chopra and Marfurt, 2019, Figure 12).
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Presentation Notes
Stratal slice 78 ms below a horizon at approximately 1700 ms through multiazimuth coherence. Notice the enhanced definition of the channel features on the multi-azimuth coherence as shown in the magenta and green highlighted areas. The seismic data are from the STACK trend in Oklahoma. (Data courtesy: TGS, Houston; After Chopra and Marfurt, 2019, Figure 12).



Multioffset coherence

5h-78



Multioffset coherence 
(STACK play, Oklahoma, US)
 

(Chopra and Marfurt, 2019)5h-79
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Presentation Notes
Stratal slices 12 ms above a horizon at approximately 1950 ms through coherence volumes computed from the four offset-limited partially stacked volumes, from the full stack volume, and using a multioffset coherence algorithm. The definition of the faults is clearer and more focused on the multioffset coherence display when compared with the other displays. The seismic data are from the STACK trend in Oklahoma (Data courtesy of TGS, Houston).



Conclusions:

• Different spectral components, azimuthal components, and offset components often 
illuminate edges differently. For this reason, coherence computed from such 
components also illuminate edges differently  

• RGB-blending provides a means of combining the information content of up to three 
separate components 

• Summing the covariance matrix of each component provides an energy-weighted 
measure of the discontinuities

• Multispectral, multiazimuth, multioffset coherence based on the sum of the covariance 
matrices for each component allows one to display the edge information contained in 
more than three components.

• Computation cost increases linearly with the number of spectral components
5h-80
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Summary conclusions
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Arithmetic of broad-band energy ratio coherence
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Arithmetic of multispectral energy-ratio coherence (L components)
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Multiazimuth Coherence
Arithmetic of 2-trace cross-correlation
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If there is a change in alignment, or a 
change in wavelet, the cross terms will 
provide  decreased resolution
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To obtain some mathematical insight as to why multiazimuth coherence is different (and usually better) than coherence computed on the full-azimuth stack, consider the simplest of all coherence computations – the cross correlation between two adjacent traces, where the u1x and u1y indicate the x- and y- oriented azimuths for trace 1, and u2x and u2y indicate the x- and y- oriented azimuths for trace 2.The multiazimuth covariance matrix (or the numerator of the cross-correlation for this example) for x- and y-oriented azimuth will be the sum of the covariance matrices (or cross-correlation) of each azimuth:	  .Note that this equation compares continuity of the x-oriented traces and the y-oriented traces separately, not mixing the two. In contrast, the covariance matrix of the stacked volume is.Note that the first and last term are identical to those in the multiazimuth coherence computation. The two middle terms indicate cross-correlation between the substacks at different azimuths, which we believe results in the greater amount of smearing and the loss of lateral resolution in the resulting coherence images.
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What might be the cause of the change in geologic definition?
Arithmetic of 2-trace semblance for frequency components f1 and f2
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If there is a change in alignment, or a change in wavelet, the cross terms can provide  
increased correlation and hence a decreased coherence anomaly. Can such 
correlations also give rise to increased noise?
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An attempt at understanding WHY multispectral coherence looks better than broadband coherence. Examining the numerator of a 2-trace semblance calculation along structural dip, note that one may encounter spurious correlations between the two frequency components of the left and right traces when using a broadband (sum of two frequency component) coherence. Such a spurious correlation would increase the coherence value and dim the coherence anomaly. Understanding why noise is decreased will take more thought.



RGB blending of 3 coherence volumes using RGB results in CMY blending 
of low coherence anomalies

25 Hz 45 Hz 65Hz 
















=

0
0
1

red















=

0
1
0

green















=

1
0
0

blue
















=

1
1
1

whiteHigh broadband coherence=

Low coherence at low frequency band cyan
rr

redwhite =














 −
=
















−















=−=

1
1

1

0
0

1
1
1

Low coherence at mid frequency band magentagggreenwhite =















−=
















−















=−=

1
1

1

0

0

1
1
1

Low coherence at high frequency band yellow
bb

bluewhite =
















−
=
















−
















=−=

1
1
1

0
0

1
1
1
















=

0
0
0

blackLow broad-band coherence=

- =

5h-86

Presenter
Presentation Notes
Arithmetic showing how mapping coherence components against RGB results  in anomalies that appear as CMY



• 0.7 Gbyte data volume
• 2016 Dell  laptop 
• Use 7 of 8 processors

Computational effort

Output Wall clock time (hours)
Broadband coherence volume only 0.216

Broadband and multispectral coherence volumes only (6 bands) 1.464

Broadband, multispectral, and 6 spectral coherence volumes 1.498

5h-87
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Timings for the GSB_AAPG small data volume I commonly use in hands-on short courses run from my laptop. If I compute 8 volumes (6 spectral components, broadband, and multispectral coherence, the wall clock time increases by a factor 6.93, or approximately linearly. There is little savings by not computing the individual spectral coherence volumes, even though this increases the i/o. This nearly linear ratio implies that most of the effort is in forming the covariance matrices rather than in computing the coherence itself.



Salt
Salt

Artifacts in low coherence salt. 
Breaks in faults across some zones

Comparison of multispectral coherence and CNN fault probability

Multispectral coherence

(Qi et al., 2020)

Coherence window

5h-88
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Presentation Notes
An example from the US Gulf of Mexico showing a vertical slice through multispectral coherence corendered with the seismic amplitude. As with broadband coherence, the anomalies internal to the salt dome are meaningless and correlate to misimaged noise.



Comparison of multispectral coherence and CNN fault probability

Salt
Salt

?

?

Spurious faults in salt 
More continuous faults across some zones

Misinterpretation of MTD boundaries as faults

CNN fault probability

(Qi et al., 2020)

CNN window
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The same slice through a CNN fault prediction. There are fewer artifacts internal to the salt (none on the right hand salt diapir). However, the artifacts in the left salt diapir have been organized into what look like faults. Other faults are comparable to those of multispectral coherence. The two question marks show “fault” anomalies that are clearly not faults but rather boundaries of mass transport complexes. The training data provided to the CNN knew nothing about MTCs and hence misclassified them.Preliminary work indicates that CNN fault prediction may help us to map listric faults that as they sole out result in next to useless coherence images.
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