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Abstract 

 

Azimuthal Analysis of Hybrid Gathers 
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Supervisor:  Robert Tatham 

 

The cross-spread formed by intersecting source and receiver lines, or 

“hybrid gather” consisting of all common mid-points (CMPs) in a reflection patch 

defined by the acquisition geometry, has been revived in recent years as a possible 

solution to the increasing need for ever-improving imaging of 3-D seismic 

reflection data.  These hybrid gathers, however, are currently not widely used in 

processing.  Development of processing procedures for hybrid gathers is needed 

to further the efficiency of their application.   The use of hybrid gathers in 

processing is justified by their performance as an areal array in attenuating both 

random and coherent noise from all azimuthal directions.  Hybrid gathers also 

allow for azimuthal filtering to correct for wave propagation effects.  Through an 

azimuthal analysis in an azimuthally anisotropic medium, the effects of structural 

dip on reflection time can be isolated and separated from pre-stack propagation 

effects of the media, particularly distortions due to azimuthal anisotropy.  A 

binning strategy is determined for hybrid gathers which best allows for azimuthal 

anisotropy to be observed and distinguished from structural dip.  This allows for 

improved velocity estimation for imaging and separate analysis of azimuthal 

variations in propagation properties of subsurface media at an early stage in the 

processing sequence.  The degree and orientation of the anisotropy can then be 

estimated using a semblance method.   
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Chapter 1:  Introduction 

 

The cross-spread formed by intersecting source and receiver lines, or 

“hybrid gather” consisting of all common mid-points (CMPs) in a reflection patch 

defined by the acquisition geometry, has been revived in recent years as a possible 

solution to the increasing need for ever-improving imaging of 3-D seismic 

reflection data.  These hybrid gathers, however, are currently not widely used in 

processing.  Development of processing procedures for hybrid gathers is needed 

to further the efficiency of their application.   The use of hybrid gathers in 

processing is justified by their performance as an areal array in attenuating both 

random and coherent noise from all azimuthal directions.  Hybrid gathers also 

allow for azimuthal filtering to correct for wave propagation effects.  Through an 

azimuthal analysis in an azimuthally anisotropic medium, the effects of structural 

dip on reflection time can be isolated and separated from pre-stack propagation 

effects of the media, particularly distortions due to azimuthal anisotropy.  This 

allows for improved velocity estimation for imaging and separate analysis of 

azimuthal variations in propagation properties of subsurface media at an early 

stage in the processing sequence.   

 

1.1 Background 

 

Slotnick  (1959)  illustrates the use of  an orthogonal receiver array,  perhaps a 
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precursor to the hybrid gather, in estimating the strike and dip of a subsurface re-

flecting plane.  In this geometry, one shot is centered at two intersecting lines of 

receivers.  Each receiver line extends outward the same distance from the shot, 

along paths at 90 degrees angles from one another (Figure 1.1).  All four 

reflection travel times at a common offset in a set of receivers are compared to 

compute the strike and dip of the underlying plane.  This method exemplifies the 

usefulness of orthogonal geometry in relation to dipping planes.  Early use of 

what are now called hybrid gathers in acquisition dates back to the 1970’s.  

Walton (1972) presents the three-dimensional seismic method and its use of the 

hybrid gather, also known as the cross-spread or X-spread.  Many variations of 

the X-spread geometry were shown, consisting of orthogonal source and receiver 

lines intersecting in numerous positions over the area of the survey.  These 

variations are named after their surface arrangement, such as the L-spread or T-

spread, which makes them easy to visualize (Figure 1.2).  The form referred to as 

the hybrid gather today is the one in which the source and receiver lines intersect 

one another in an orthogonal manner, the original X spread (Figure 1.2c).  Walton 

(1972) uses examples from Esso’s early three-dimensional survey in 

Friendswood, Texas, to illustrate hybrid gathers.  Time slices through a hybrid 

gather  display reflections  from a flat layer  in an  isotropic medium as concentric 

circles.  This view is similar to that of the later used “teepee” acquisition techno-

logy  (Thomas et al., 2004).  Walton points out the reciprocity of source and recei- 
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Figure 1.1. Shot, S, is centered at two intersecting receiver lines.  Each receiver used for 

analysis, R, is the same distance from the source.  Each receiver path is at a 90° angle 

with its neighboring receiver path.  This geometry results in two orthogonal subsurface 

profiles. 
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   a)               b)    

    c)            

 

Figure 1.2.  a) “T-spread” acquisition geometry is shown with a source line intersecting a 

receiver line in a T shape. b) “L-spread” acquisition geometry is shown with a source line 

intersecting a receiver line in an L shape. c) “X-spread” acquisition geometry is shown 

with a source line intersecting a receiver line in an X shape.  These surface geometries 

can also be represented with two orthogonally intersecting receiver lines with a source at 

their intersection (After Walton, 1972).  Only the intersecting source and receiver lines 

result in 2-D areal coverage, or a 3-D image, and are the basis of the hybrid gather. 
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ver positions of the hybrid gather, which is important to note.  Due to the 

symmetry of a hybrid gather, sources and receivers can be effectively 

interchanged if the lateral homogeneity assumption holds true, as discussed in 

Chapter 2.  It is the geometry of source-receiver pairs of the hybrid gather which 

plays a vital role in its success.      

 

1.2 “Teepee” Technology 

Teepee technology has been globally implemented by Phillips Petroleum 

(Thomas et al., 2004).  This method of P-wave seismic acquisition incorporates 

3D teepee structures describing the subsurface illumination shape (Figure 1.3).  

Square based teepees share binning geometry characteristics with the hybrid 

gather, but result from either a single source and a spatial array of receivers or a 

single receiver and a spatial array of sources.  The dimensions of the teepee base 

are half that of the apparent surface spread, or, in other words, the subsurface 

trace spacing dimensions are one-half the associated surface shot and receiver 

spacing.  The teepee would be the same size and shape for a shot gather, a 

receiver gather, and a hybrid gather with the same area of single fold coverage 

(Figure 1.4).  Teepee technology is typically utilized in acquisition for 

determination of ground roll characteristics for defining source and/or receiver 

spacing.  Teepees can be organized, or “tiled,” in the same fashion as hybrid 

gathers to obtain adequate fold of coverage over the survey area.  Determining the 
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overlap and spacing of the teepees needed to realize sufficient fold dictates the 

determination of the source and/or receiver line spacing.  The number of teepees 

in a survey dictates the size of the survey.  Designing with teepees is a recursive 

process, as the source-receiver offset must be known to determine the teepee size 

and shape, and the size and shape of surface coverage dictate fold, which dictates 

spacing.  Ultimately, the teepee may serve as an optimization model for seismic 

survey design.   

 

 

Figure 1.3. Teepee composites for 2-D and 3-D subsurface coverage (Thomas,et al., 

2004). 
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Figure 1.4. P-wave image shape is constant with gather type except the hybrid gather 

has a different CMP distribution of the same source-receiver offsets (Thomas and Neff, 

2004).  

 

 

1.3 Cross-spread 

 

 A cross-spread refers to orthogonally intersecting source and receiver lines 

(Figure 1.5a) or orthogonally intersecting receiver lines, with a source at their 

intersection (Figure 1.5b).  Both of these seismic arrays form an X shape, hence 

the name cross-spread.  Focusing on the type of cross-spread with intersecting 

source and receiver lines, an areal cross-spread appears to be the same as a hybrid 

gather.  They do, in fact, share the same geometry, but the hybrid gather is 

different  because of the way in which gathers are acquired.   The  single shot into 
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a)  

 

b)  

 

 
Figure 1.5. a) A cross-spread of intersecting source and receiver lines is shown.  The 

CMPs of this spread lead to the areal hybrid gathers. b) A cross-spread of two 

intersecting receiver lines with a source at their intersection (circle).   This results in two 

2-D shot records. 
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intersecting receiver lines yields two 2-D profiles, and thus is not the same as the 

hybrid gather.  The single shot into an areal receiver spread yields a “teepee,” but 

the subsurface positions of the reflection points are distributed differently in the 

hybrid gather.  Utilizing a cross-spread of source and receiver lines in a way 

which gathers the same information as a series of individual common shot lines, 

common receiver lines, and a 3-D volume of the area can be called a hybrid 

gather.  A 3-D survey of orthogonal source and receiver lines yields a collection 

of overlapping hybrid gathers. 

 

1.4 Hybrid Gather  

 

 Figure 1.6 illustrates a simple hybrid gather in an orthogonal seismic 

survey setting.  The total number of hybrid gathers in a survey is equal to the 

number of intersections of source and receiver lines.  In a survey with 9 source 

lines and 9 receiver lines, the total number of overlapping hybrid gathers would 

be 81. 

Vermeer (2002) describes the properties of a source-receiver cross-spread, 

used as a hybrid gather quite clearly (Figures 1.7 and 1.8).  The single fold areal 

coverage area of the hybrid gather is shown to have dimensions equal to the 

maximum crossline and maximum inline offset from the center of the cross- 

spread.  The maximum inline offset is  equal to half of the receiver spread  length,  

and the maximum crossline offset is equal to half of the source spread length. The    
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Figure 1.6. a) Orthogonal geometry consists of a set of parallel shot lines perpendicular 

to a set of parallel receiver lines. Source lines (horizontal) are shown in red and receiver 

lines are (vertical) shown in blue. b) One hybrid gather is highlighted amongst the 

orthogonal array of source lines (horizontal) and receiver lines (vertical). The shaded 

square represents single-fold midpoint coverage for one hybrid gather. The center of 

each hybrid gather is an intersection between a source and a receiver line. 

 

single fold areas of overlapping multiple areal patterns can be tiled in a survey 

such that you can obtain single-fold coverage over a larger area.  Since they are 

organized into orthogonal geometry, the shot-receiver arrays of cross-spreads 

reduce spatial aliasing.  These and other properties of the cross-spread, or hybrid 

gather, will be discussed in greater detail in Chapter 2. 

A trace at positions, M and N (Figures 1.7 and 1.8), respectively, within 

the area of single fold coverage is shown to be part of a common-azimuth gather 

within the total areal hybrid gather, referring to azimuth in degrees from 0 to 360 

from north around the center of the hybrid gather (midpoint vector azimuth, φ).  
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The azimuth of this “line” is the different from the actual source-receiver azimuth, 

ψ, as will be discussed in Section 2.2.  This trace also is also part of a common-

offset gather within the total area of the hybrid gather, with offset defined as 

distance radiating outward from the center, O, of the hybrid gather.  This common 

distance is one-half of the distance between the source and receiver.  The 

common-shot and common-receiver gathers are orthogonal 2-D profiles 

intersecting at points M and N, with M and N, respectively, common to both of 

them.  A source at location S is the same distance away from the center of the 

hybrid gather, O, as a receiver at location R.  Figure 1.8 illustrates a trace at a less 

symmetric position in the survey from Figure 1.7 and the gathers associated with 

that trace position, emphasizing the relation between midpoint vector azimuth and 

the source-receiver azimuth.  The relation between the reflection points in the 

hybrid gather, the azimuths, and the offsets from the center of the hybrid gathers 

are compared to the hybrid supergather and the single-shot areal receiver array 

geometry in Chapter 2. 

In later chapters, the theory behind hybrid gathers and supergathers is 

discussed, with their properties and uses explained.  The theory and method of the 

binning strategies for separation of structural dip and azimuthal anisotropy effects 

and the semblance method for anisotropic parameter estimation utilized is 

explored.  An equal area binning scheme is compared with an equal offset binning  

 



 12 

 

 

 

Figure 1.7.  Properties of a hybrid gather as adapted from Vermeer (2002).  A trace at 

position M shares an offset from the center, O, with all traces along the circle.  S denotes 

the shot, which produces the reflection at midpoint M from receiver R.  Midpoint vector 

azimuth, φ, is shown, as well as source-receiver azimuth, ψ, from true north.  A trace at M 

is part of a common-shot, common-receiver, common-azimuth, and common offset 

gather.  The gray square centered about the hybrid gather denotes the area of single fold 

coverage.   
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Figure 1.8. Properties of a hybrid gather as adapted from Vermeer (2002).  A trace at 

position N shares an offset from the center, O, with all traces along the circle.  S denotes 

the shot, which produces the reflection at midpoint N from receiver R.  Midpoint vector 

azimuth, φ, is shown, as well as source receiver azimuth, ψ.  A trace at N is part of a 

common-shot, common-receiver, common-azimuth, and common offset gather.  The gray 

square centered about the hybrid gather denotes the area of single fold coverage.   
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scheme in the synthetic dataset trial.  The equal offset binning scheme is then 

applied to the field data for analysis.  The semblance method is tested on both the 

synthetic and field datasets.  Results of all tests are discussed and their value is 

assessed.   
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Chapter 2: Theory 
 

As previously defined in Chapter 1, a hybrid gather of common source and 

common receiver gathers exists at each intersection of a source line and an 

orthogonal receiver line.  Intersections between source and receiver lines can 

occur in various 3-D seismic acquisition geometries.  This study focuses on the 

use of hybrid gathers in conjunction with orthogonal source and receiver line 

geometry.  The reasons for using orthogonal geometry and hybrid gathers work 

hand in hand.  Many positive attributes of the hybrid gather are due to its unique 

geometrical properties in two dimensions on the earth’s surface.  The use of 

hybrid gathers and hybrid supergathers for the separation of structural dip and 

azimuthal anisotropy effects would allow for the extraction of migration velocities 

that account for azimuthal anisotropy for improved structural imaging. 

 

2.1 Orthogonal Geometry 

 Acquisition and processing of 3-D seismic surveys can be expensive and 

time consuming. In the quest for an acquisition geometry that produces reliable  

3-D images economically and quickly, orthogonal geometry of source and 

receiver lines emerges (Vermeer 1998, Thomas 2002, Al-Ali, et al., 2001).  An 

orthogonal survey comprises of parallel source lines intersecting parallel receiver 

lines at approximate right angles, forming a grid-like pattern (Figure 2.1).  

Spacing between parallel source and receiver lines varies, but are typically on the 
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Figure 2.1. Source lines (shown running N-S in red) and receiver lines (shown running E- 

W in blue) intersect to form an orthogonal seismic survey. 

 

order of a few hundred meters.  The linear shot and receiver arrays with inline 

shot and receiver spacing is typically much smaller than line spacing of 

orthogonal source and receiver lines to minimize aliasing of spatial frequencies 

and suppress both random and coherent noise.  The linear receiver array reduces 

aliasing in the common-shot gather, while the linear shot array reduces frequency 

aliasing in the common-receiver gather (Vermeer 2002).  This geometry exploits 

the interchangeability of shots and receivers in an orthogonal survey.  Since the 

hybrid gather is a “hybrid” of the common-shot, common-receiver, common-

offset, and common-azimuth gathers, the frequency aliasing reducing properties 

of the common-shot and common-receiver gathers combine for minimization of 

spatial aliasing.  For this spatial aliasing reduction property to hold true, Vermeer 
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(2002) suggests that inline source and receiver spacing must be reasonably 

compatible.  Noise reduction works much in the same way.  In 3-D, the direct 

arrival ground roll display as a conical shape centered about the least source-

receiver offset at the center of the hybrid gather.  This is similar to the shape of 

the “teepees” discussed in Chapter 1.  Single trace frequency filtering can be done 

to minimize the ground roll at this stage.  At the same time, the geometry of the 

orthogonal survey, especially source and receiver arrays, works to reduce both 

random and coherent noise.  Common-shot and common-receiver gathers work 

hand in hand to reduce noise, each one excelling where the other is weak.  Multi-

channel filtering in the common-shot gather reduces coherent noise in the 

common-receiver gather, and vice versa. 

Orthogonal geometry is commonly used on land and in marine settings 

where ocean bottom cables (OBC) are used.  In recent years, there has been a 

revitalization of the exploration of land and the opportunity to apply orthogonal 

source-receiver lines in a 3-D survey.  

In the United States, land crew counts have nearly doubled since 2003, 

and worldwide land seismic crew counts have increased from 500 in 2005 

to closer to 625 today. (Mason, 2007) 

This increase in the land seismic sector demonstrates the usefulness and suggests  

the economic value of this study and any improvement in processing seismic data  

pertaining to land seismic methods. 
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2.2 Azimuth 

  Hybrid gather analysis utilizes the midpoint vector azimuth in the binning 

process.  The midpoint vector azimuth, φ, is different from the source-receiver 

azimuth, ψ, commonly used in seismic analysis (Figure 2.2). In a hybrid gather, 

midpoint vector azimuth is determined rotationally, typically from north, around 

the center of the hybrid gather.  Source-receiver azimuth is determined as the 

angle between the source-receiver path and a reference, also typically north.  The 

two are related in that the midpoint vector azimuth is the negative of the source-

receiver azimuth for a given source-receiver midpoint.  Thus, the “azimuth” in a 

hybrid gather has a simple relation to the source-receiver azimuth that would be 

observed in a single shot gather recorded by an areally distributed receiver array 

(3-D shot gather). 

A hybrid gather and a 3-D shot (areal recording array) can share the same 

number of source-receiver midpoints and source-receiver azimuth and offset 

information.  Figure 2.3 compares a hybrid gather to a 3-D shot.  This example 

shows a hybrid gather with four sources and four receivers, resulting in 16 

midpoints.  The 3-D shot has one source and 16 receivers, resulting in 16 

midpoints with the same source-receiver azimuth and offset distribution as the 

hybrid gather, just in different subsurface locations.  The 3-D shot source-receiver 

azimuth appears in a radial pattern.  The same radial azimuth distribution can be 

achieved in  a hybrid  gather by  simply  utilizing the  negative  value of  midpoint 



 19 

 

 

 

 

 

 

Figure 2.2. a) Apparent midpoint vector azimuth, φ, of a hybrid gather is shown.  In a 

hybrid gather, midpoint vector azimuth is determined rotationally, typically from north, 

around the center of the hybrid gather.  b) Actual source-receiver azimuth, ψ, is shown.  

Source-receiver azimuth is determined as the angle between the source-receiver path 

and a reference, also typically north.  The two azimuths are related in that the midpoint 

vector azimuth is the negative of the source-receiver azimuth for a given offset from the 

intersection of a source and receiver line.   
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Figure 2.3. Source-receiver azimuth information of a hybrid gather and a 3-D shot are 

compared.  Each source receiver path is designated by a different color.  Each midpoint 

is designated by a color matching its source-receiver path and a reference number.  A 

hybrid gather is shown (a) with four sources and four receivers, resulting in 16 midpoints.  

The 3-D shot (b) has one source and 16 receivers, resulting in 16 midpoints with the 

same source-receiver azimuth and offset information, just in a different order.  The 3-D 

shot source-receiver azimuth appears in a radial pattern.  The same radial azimuth 

distribution can be achieved in a hybrid gather by simply utilizing the midpoint vector 

azimuth instead of the source-receiver azimuth.  Further, the subsurface CMP positions 

in the hybrid gather can resorted into an equivalent 3-D gather. 

 

vector azimuth instead of the source-receiver azimuth.      

In Section 2.5, a hybrid supergather will be discussed which greatly 

reduces the areal extent of the subsurface areal coverage and thus the impact of  

the impact of the flat earth assumption, but maintains the same CMP geometry 

descriptions.  Thus, the insights inferred from the following discussion will be 

readily applied to a more constrained subsurface reflection area.  Further, the 

CMP positions in the hybrid gather can be resorted into equivalent 3-D shot or 

receiver gathers.  

 

2.3 Separation of Dip and Azimuthal Anisotropy  

 The geometry of the CMPs of each hybrid gather (as well as 3-D shot 

gathers) allows for the effects of structural dip to be distinguished from the effects 
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of azimuthal anisotropy.  For the following discussion, we will assume the 

reflecting horizon captured by the hybrid gather is a plane with constant dip (or no 

dip at all).  Azimuthal anisotropy is defined as velocity variations in different 

azimuthal directions (Figure 2.4).  A wave propagating horizontally in the earth 

will travel faster in the X direction than in the Y direction, or vice versa.  

Propagation in the Z direction will not be disturbed solely by the azimuthal 

anisotropy.  When the data within the hybrid gathers are binned by offset from the 

center of the hybrid gather and sorted by azimuth to reproduce the geometry of a 

3-D shot record, sinusoidal patterns can be seen in reflection time versus azimuth 

plots for a given offset.  Details of this binning procedure, including hybrid 

supergathers derived from overlapping hybrid gathers, will be discussed further in 

Chapter 3.  A flat isotropic layer will display as a flat line when plotted by 

azimuth and travel time, while a flat anisotropic layer will display as two full 

cycles of a sinusoid (Figure 2.5).  A wave travelling in the fast direction of the 

anisotropy will reach a layer quicker, and therefore have a lesser travel time.  This 

creates the peaks (earlier travel times) in the sinusoid.  Troughs are formed due to 

waves travelling in the slow direction of the anisotropy having a longer travel 

time.   

A dipping horizon with constant dip in a homogenous, isotropic medium 

will plot as a single cycle of a sinusoid per offset bin when binned in the same 

manner (Figure 2.6).  A wave travelling in the down- dip direction from a single 
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source position will travel further (arrive later), while a wave travelling in a di-

rection opposing the dip (up-dip)  from the same source position will travel a less- 

er distance and arrive sooner.  Perpendicular to the dip direction, a wave will 

travel the same distance as in a non-dipping medium.  When a dipping plane is 

also anisotropic, both the single-cycle sinusoid and the  double-cycle sinusoid will 

 

 

Figure 2.4. A wavefront at three instants in time is shown in blue, propagating through 

homogenous, azimuthally anisotropic earth from the source (shown in red).  The wave 

travels relatively faster in the Y direction and slower in the X direction.  Wave propagation 

in the Z direction is not affected by the azimuthal anisotropy.  
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Figure 2.5. a) Layers in a flat, isotropic medium are binned by offset and sorted by 

azimuth.  The data in each bin is then plotted by reflection time and azimuth for a single 

offset.  Progressing in azimuth from 0° to 360°, plotting the reflection times, flat layers are 

plotted as a straight line (all arrival times the same). b) Layers in a flat, anisotropic 

medium are binned by the same offset and azimuth as example a.  The data in each bin 

is then plotted by reflection time and azimuth.  Progressing in azimuth from 0° to 360°, 

flat reflecting layers plot as sinusoids in time.  A wave travelling in the fast direction of the 

anisotropy, will reach a layer quicker, and therefore have a shorter travel time than those 

in the “slow” direction.  This creates the peaks in the sinusoid.  Troughs are formed due 

to waves travelling in the slow direction of the anisotropy leading to a longer travel time.  

Note that two full cycles of each sinusoid are realized for the full 360° range of azimuth 

per bin. 
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Figure 2.6. a) Layers in a flat, isotropic medium are binned by offset and sorted by azi-

muth.  The data in each bin is then plotted by reflection time and azimuth for the same 

offset.  Progressing in azimuth from 0° to 360°, plotting the reflection times, flat layers are 

plotted as a straight line (all travel times the same). b) Layers in a constantly dipping iso-

tropic medium are binned by the same offset and azimuth as example a.  The data in 

each bin is then plotted by reflection time and azimuth.  Progressing in azimuth from 0° to 

360°, dipping reflective layers plot as sinusoids in time.  A wave travelling in the up-dip 

direction from the source in the center, will have a shorter travel path, and therefore have 

a lesser travel time.  This creates the peak in the sinusoid.  Troughs are formed due to 

waves travelling in the down-dip direction (from the same source position), which have a 

longer travel time.  One full cycle of each sinusoid is realized for the full 360° range of 
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azimuth per bin.  Recall the azimuthal anisotropy of Figure 2.5 yields two full cycles of a 

sinusoid. 

 

be present and superimposed in the plot.  By analyzing both the single-cycle 

sinusoid and the double-cycle sinusoid on the full azimuthal gather, the effects of 

structural dip and azimuthal anisotropy can be readily separated. 

 

 

2.4 Hybrid Gather Survey 

 A 3-D survey acquired with orthogonal source and receiver lines generates 

a hybrid gather at each intersection between a source line and a receiver line and 

thus may be considered a “hybrid gather survey.”  Attributes of the hybrid gather 

survey are compared with those of a “true” 3-D survey of dense receiver 

distribution over the same area to further validate the efficiency of the hybrid 

gather configuration. The hybrid gather survey consists of a much smaller number 

of receiver lines, more widely spaced, and widely spaced orthogonal source lines.  

A 3-D survey composing of 16834 receivers and 116 shots employs a “true” 3-D 

shot gather with a single shot and densely spaced receivers (Figure 2.7a) 

compares with an survey comprising of orthogonal lines of sources and receivers 

(Figure 2.7b), where only 128 sources and 128 receivers are used to create 16384 

traces. The single fold coverage of the two surveys appears very similar (Figure 

2.8), and this similarity can be more closely examined with plots  of the  midpoint  
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a) b)  

 
Figure 2.7. a) “True,” dense receiver distribution 3-D survey has 16384 receivers 

arranged in 128 lines of 128 receivers (blue).  Both receiver spacing in each receiver line 

and receiver line spacing is 165 feet, yielding an areally continuous distribution of 

receivers. Source lines are shown in red, with 1320 foot spacing between each shot and 

1320 foot spacing between each source line, yielding a very sparse receiver distribution. 

b) Hybrid gather survey comprises of orthogonal source and receiver lines forming a grid.  

Source (red) and receiver (blue) stations have 165 foot spacing in their respective lines.   

Both source and receiver lines are spaced at a 1320 foot interval.  The survey of 

balanced source and receiver distribution comprises of 154 hybrid gathers.  
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Figure 2.8. a) “Full” 3-D shot gather with one shot in the center and 16384 receivers 

results in 16384 CMP traces. The purple square represents the single fold midpoint 

coverage. b) Hybrid shot gather with 128 shots and 128 orthogonal receivers results in 

16384 CMP traces. The pink square represents the single-fold midpoint coverage 

centered about the intersection of a source line and a receiver line.  The areas of single-

fold coverage are identical for the two scenarios, as is the distribution of actual source-

receiver offsets and azimuth among the CMPs.  The CMP locations for each source-

receiver offset and azimuth, however, are different.   

 

coverage of the two surveys (Figure 2.9).  The source-receiver midpoint coverage 

of the hybrid gather survey is similar to that of a dense 3-D “teepee” survey.  

Further, the distribution of source-receiver offsets and azimuth is the same in both 

surveys, but distributed differently in the coverage areas. 

The CMP fold of an orthogonal source-receiver line acquisition organized 
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a)  b)   

 
Figure 2.9. a) Example of 3-D CMP fold coverage for 128 sparsely spaced shots in a 

densely receiver populated 3-D survey. b) Hybrid gather fold coverage, from the 

orthogonal source and receiver lines (C. Mosher, personal communication). The 

acquisition geometry for each example is the same as in Figure 2.7.  The fold coverage is 

quite similar in the two surveys. 

 
into a hybrid gather survey will be highest in the center and decrease in value 

radiating outward.  This can be explained with the “deck of cards” analogy shown  

in Figure 2.10.  This is remarkably similar to the determination of fold in a survey 

utilizing “teepee” technology (Figure 2.11).  Each card represents the single fold 

area of coverage of a point in the survey is equal to the number of cards pierced if 

a hole were to be punctured vertically.  If the cards were laid out side by side, or 

the hybrid gathers were spaced too far apart, there would be gaps in the fold 

coverage.  At a minimum, source and receiver lines must be spaced so that no 

gaps in fold exist (Figure 2.12), resulting in continuous single-fold coverage.  
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Source and receiver lines must be no further apart than one half the length of the 

respective source and active receiver line arrays active in recording that hybrid 

gather, which is usually half the maximum source-receiver offset.  The 

dimensions of the hybrid gather are defined by the survey design in specifying the 

acquisition configuration.  The number of active sources and receivers along 

source and receiver lines that the user chooses dictates the size of the source and 

receiver array utilized in a hybrid gather.  The minimum requirements for 

continuous single fold coverage are shown in Figure 2.12.  If the length of the 

source line in one hybrid gather is 10 km, and the length of the active receiver 

spread of one hybrid gather is 10 km, source and receiver lines must be no further 

than 5 km apart for single fold coverage.  In practice, the entire length of the 

source lines and receiver lines may be used to create the hybrid gathers, so the 

source and receiver line spacing is not usually an issue.  Edge effects, however, 

will exist in the fold coverage of the survey, with fold diminishing along the 

edges of the total survey area (Figure 2.9).   

The maximum number of traces in a hybrid gather (maximum hybrid 

gather fold) is calculated from the equivalent CMP fold of each individual source 

line and receiver line.  Source line CMP fold can be determined by: 

                    𝑆𝑜𝑢𝑟𝑐𝑒 𝑙𝑖𝑛𝑒 𝐶𝑀𝑃 𝑓𝑜𝑙𝑑 =
 # 𝑜𝑓  𝑟𝑒𝑐𝑒𝑖 𝑣𝑒𝑟𝑠  𝑝𝑒𝑟  𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟  𝑙𝑖𝑛𝑒

𝑠𝑜𝑢𝑟𝑐𝑒  𝑙𝑖𝑛𝑒  𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙
𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟  𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 

        ,                       (2.1) 

where the source line interval is the spacing of the source lines, and the receiver 

interval is the spacing of the receiver groups on a particular receiver line.   
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a)          

          b)  
Figure 2.10. a) An orthogonal seismic survey is shown with three adjacent hybrids 

highlighted in different colors.  The source and receiver lines contributing to the area of 

single fold coverage are the same colors.  Each area of single fold coverage appears to 

stack upon one of a neighboring hybrid, like a deck of cards spread out.  b) The areas of 

single fold coverage are looked at from a 3-D perspective.  Fold through point 1 would be 
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two, as a trace summary through that point would go through two areas of single fold 

coverage.  Fold through point 2 would be three. 

 

 

Figure 2.11. 3-D teepee with 1/3 overlap in both dimensions to produce a 3-D survey fold 

of 9 (Thomas et al., 2004).  In this context, each “teepee” is a hybrid gather. 

 

 

Receiver line CMP fold can be determined by: 

                    𝑅𝑒𝑐𝑒𝑖𝑣𝑒𝑟 𝑙𝑖𝑛𝑒 𝐶𝑀𝑃 𝑓𝑜𝑙𝑑 =
# 𝑜𝑓  𝑠𝑜𝑡𝑠  𝑝𝑒𝑟  𝑠𝑜𝑢𝑟𝑐𝑒  𝑙𝑖𝑛𝑒

𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟  𝑙𝑖𝑛𝑒  𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙
𝑠𝑜𝑡  𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 

  ,                             (2.2) 

where the receiver line interval is the spacing of the receiver lines, and the shot 

interval is the spacing of shots along a particular source line.  The maximum 

number of CMPs in a hybrid gather is determined by multiplying the source line 

CMP fold (Eq. 2.1) by the receiver line CMP fold (Eq. 2.2): 

𝑀𝑎𝑥 𝑡𝑟𝑎𝑐𝑒𝑠 𝑖𝑛 𝑦𝑏𝑟𝑖𝑑 𝑔𝑎𝑡𝑒𝑟 = 𝑆𝑜𝑢𝑟𝑐𝑒 𝑙𝑖𝑛𝑒 𝐶𝑀𝑃𝑓𝑜𝑙𝑑 ∗ 𝑅𝑒𝑐𝑒𝑖𝑣𝑒𝑟 𝑙𝑖𝑛𝑒 𝐶𝑀𝑃 𝑓𝑜𝑙𝑑.         (2.3) 
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Figure 2.12. Source lines, shown in red, and receiver lines, shown in blue, are spaced so 

that the areas of single fold coverage (each represented with a different shade of blue) of 

the hybrid gathers have no gaps.  In this example, the distance from A to C is 10 km, the 

distance from B to D is 10 km, and the distance from A, B, C, or D from the center of the 

hybrid gather, O, is 5 km.  For hybrid gathers of these dimensions, the adjacent hybrid 

gathers must be spaced such that receiver lines are no more than 5 km apart, and source 

lines are no more than 5 km apart.   

 

An increase in the source or receiver line interval will result in a decreased hybrid 

gather population.  Similarly, an increase in the shot interval will result in a 

decrease in the number of traces in a hybrid gather.  An increase in the number of 

shots per source line or receivers per receiver line will result in an increased 

number of traces in a hybrid gather. 
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2.5 Hybrid Supergather 

 The term supergather is commonly used to refer to the merging of several 

adjacent CMP gathers, and is defined in Sheriff’s dictionary (2006) as such.  Here 

a more specific concept of a “hybrid supergather” is presented.  The hybrid super-

gather (Figure 2.13) is utilized in order to reduce the subsurface areal coverage of 

the hybrid gather and thus the impact of the flat earth assumption.  Supergathers 

collect information from a reflection area just between multiple source and

 

 

 

Figure 2.13. a) A hybrid gather is shown in an orthogonal survey for active portions of 

source and receiver lines, with the area of single fold coverage highlighted as in blue.    

b) The area between two adjacent source lines (red) and two adjacent receiver lines 

(blue) forming a hybrid supergather is shown in an orthogonal survey, with the area of 

single fold coverage from all source and receiver lines highlighted in blue squares. 
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Figure 2.14. a) A hybrid supergather collects information from a receiver area just 

between two receiver lines, and a source area just between two source lines (outlined in 

black).  b) Nine adjacent hybrid supergathers between four source and four receiver lines 

are shown as smaller numbered squares within the larger area (outlined in black) in 

which the flat earth assumption must hold true.   

 

receiver lines, not a reflection area generated from one entire source line and one 

entire receiver line (Figure 2.14).  “Inline” reflection points in the area between 

receiver lines are combined, while “crossline” reflections points between source 

lines are combined.  With a hybrid supergather, the earth is assumed to be flat for 

smaller areas tiled over the survey, not the entire length and width of the area of 

single fold coverage of a hybrid gather.  This is a much less restrictive assumption 

for analysis in the hybrid supergather domain, and may improve the CMP 

assumption for all traces in the supergather. 
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A 2-D analog for the hybrid supergather would be a 2-D CMP survey with shot 

spacing greater than receiver spacing (Figure 2.15).  In a typical 2-D CMP line, 

shots are taken at every other receiver location.  For a 24 channel recording, this 

results in a six CMP bin fold, with a CMP bin size half that of the receiver 

spacing. Combining four adjacent CMPs between two shot locations would yield 

a “supergather”  with the same number of traces and offset distribution as a single 

shot gather.  The subsurface “bin” for the hybrid supergather is equal to the shot 

spacing.  The hybrid supergather makes the same assumptions for orthogonal 

source and receiver lines, resulting in a supergather with a subsurface coverage 

equal to source and receiver line spacing. 

 

 

Figure 2.15. A 2-D shot record with  24 active receivers yields 24 traces per shot.  A 

supergather of all CMPs between shot location 6 and 7 combines 24 CMPs into a 

“supergather” with the same trace geometry as a single shot record, but CMP coverage 

limited to the source spacing. 
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Figure 2.16. A hybrid gather is shown with four sources and four receivers, yielding 16 

source-receiver midpoints.  Each source receiver path is designated by a different color.  

Each midpoint is designated by a color matching its source-receiver path and a reference 

number. 
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Figure 2.17. A supergather is formed from combining information between two source 

and receiver lines.  The central area, shown in blue, is the reflection area of the 

supergather.  The same source-receiver azimuth and offset distribution information for 16 

midpoints is obtained, just in a different spatial orientation. 
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Figure 2.18. Source-receiver midpoints of a hybrid gather and a hybrid supergather are 

compared.  The same azimuth and offset information is obtained, just in a different spatial 

configuration.   

 

A closer look at an example 3-D hybrid gather and hybrid supergather will 

make the hybrid supergathering concept clear.  Let us look at a hybrid gather with 

four sources and four receivers, producing 16 source-receiver midpoints (Figure 

2.16).  Combining two adjacent source lines and two adjacent receiver lines in a 

hybrid gather survey, considering only the reflection points between the source 
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and receiver lines yields a hybrid supergather with the same source-receiver 

azimuth and offset information as in a single hybrid gather, just in a different 

spatial configuration (Figure 2.17).  The reflection area utilized by the hybrid 

supergather is limited to the area between the source lines and the receiver lines, 

far less than half the total spread length.  Comparing the original hybrid gather 

and the reflection area of the hybrid supergather, it is clear that the same offset 

and azimuth information is obtained, with the supergather providing the added 

bonus of lessening the subsurface areal distribution of the CMPs (Figure 2.18).  

Thus, a record with the same geometry as the true, dense 3-D survey is realized 

but with a limited subsurface areal distribution. 

 

2.6 Summary of Definitions  

Hybrid gather – All recorded traces from an orthogonally intersecting pair of 

source and receiver line taking on the properties of a series of orthogonal common 

shot gathers and a series of common receiver gathers, defining a 3-D volume 

centered at the intersection of the orthogonal source and receiver lines.   

 

 

Hybrid gather survey – A seismic survey consisting of parallel source lines inter- 

secting an orthogonal set of parallel receiver lines in a grid-like manner in which 

a hybrid gather is formed with each intersection.   

 



 41 

 Hybrid supergather – A hybrid supergather consists of all the CMPS in an area 

between two adjacent source lines and the area between two adjacent receiver 

lines in a hybrid gather survey.  Inlines between two receiver lines are combined, 

while crosslines between two source lines are combined.  The CMPs in this entire 

area act as one supergather, with geometrical distribution of source-receiver 

offsets and azimuth the same as each hybrid gather.  The subsurface CMP 

coverage, although not as small as a single CMP bin, is limited to the source line 

and receiver line spacing. 
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Chapter 3: Application Methodology 

 
 

 This chapter deals primarily with the sorting (gathering) and binning steps 

of seismic data processing.  The set of hybrid gathers is sorted into hybrid 

supergathers, where each supergather has the same source-receiver geometry 

distribution as the hybrid gather.  Instead of single common-midpoint gathering, 

hybrid supergathers are formed, which consist of a collation of CMP gathers.  The 

hybrid supergathers are then binned by offset and sorted by source-receiver 

azimuth.  At this stage, the sorted bins are analyzed for anisotropic effects 

independent of the structural dip effects.  This actual application then focuses on 

the investigation of the effects of azimuthal anisotropy in the data, and a 

semblance method is applied to estimate anisotropic parameters.  All 

computational analysis utilizes Landmark’s SeisSpace commercial software.   

 The application example is first performed on a synthetic dataset, where 

azimuthal anisotropy and structural dip parameters can be manipulated for testing.  

The binning strategy analysis seeks to determine the most applicable binning 

strategy for each dataset.  Azimuthal anisotropy parameters are also varied and 

observed.  Following successful application with the synthetic dataset 

(informative sinusoidal patterns in azimuth sorted offset bins and sufficient 

estimation of anisotropic parameters from the semblance method), the binning 

strategy  and the  semblance  method are applied to  the field  dataset.  Error in the  
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study is assessed after testing is completed on each dataset. 

 

3.1 Geologic Model 

 For the synthetic seismic survey, a simple, known geologic model of three 

homogenous, continuous, and isotopic layers is created (Figure 3.1).  The two 

deepest reflectors are flat, and the shallowest dips 10 degrees to the north.  A 

constant velocity of 2000 meters per second is assumed for all layers, resulting in 

straight ray paths for source-receiver acquisition.  To generate seismic reflection, 

the density of each layer is varied.   

 

 
 
Figure 3.1.  Geologic model consisting of three reflectors.  The deepest two reflectors 

are flat, while the shallowest is dipping at 10 degrees to the north.  All layers have a 

constant velocity of 2000 meters per second.  The density of each layer varied slightly.  

All layers were homogenous, continuous, and isotropic.   
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3.2 Synthetic Seismic Survey Geometry 

The simulated (synthetic) seismic survey is conducted on the upper 

surface of the geologic model.  The 25 square kilometer survey consists of 50 

parallel source lines, running east-west and orthogonally intersecting 50 parallel 

receiver lines running north-south (Figure 3.2).  Experimental trials resulted in the 

selection of source and receiver line spacing of 100 meters, an exceptionally 

dense line spacing when compared to a typical 3-D survey.  Source and receiver 

lines must be no further apart than the maximum crossline and inline offset of the 

hybrid gather, as discussed in the previous chapter.  Acquisition consisted of 200 

sources per source line, spaced at 25 meters and 200 receivers per receiver line 

step spaced at 25 meters.  The temporal sampling rate was 4 milliseconds.  

Maximum CMP fold of 2500 is found in the center of the survey (Equation 2.3), 

and fold diminishes toward the limits of the survey.  The synthetic data is 

generated in a two part process.  The geologic model is created by entering the 

even specifications, wavelet corner frequencies (bandpass) and surface velocity.  

Hybrid gathers are then generated by entering the distance between source and 

receiver lines, source and receiver spacing, and the sample interval. 
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Figure 3.2.  The synthetic survey geometry comprised of 50 parallel source lines, shown 

in red, orthogonally intersecting 50 parallel receive lines, shown in blue.  Source and 

receiver lines were spaced at 100 meters.  Each source and receiver line had 200 

sources or receivers, spaced at 25 meters. 
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3.3 Hybrid Supergather 

A subset of data for this study is chosen from the center of the synthetic 

seismic survey to ensure the highest CMP fold possible (Figure 3.3).  A partial 

hybrid supergather is created from four subsurface inline reflection lines (inlines 

397 – 400) between two surface source lines and four subsurface crossline 

reflection lines (crosslines 397 - 400) between two surface receiver lines (Figure 

3.4).  For this very dense acquisition sampling there are 8 subsurface inline 

reflections lines per surface source line and 8 subsurface crossline reflection lines 

per receiver line in this survey.  A subset of the dense data, a 4x4 partial hybrid 

supergather (four reflection inlines and four reflection crosslines) is used to 

improve computational effciency computationally without sacrificing much offset 

or azimuth information (only a few degrees of azimuth).  In this case, a 4x4 

partial hybrid supergather has most offsets and azimuth and a total of 10,000 

traces, while an 8x8 complete hybrid supergather would have all offsets and 

azimuth and a total of 40,000 traces.  All the traces within the 4x4 partial hybrid 

supergather are assigned an offset, h, in meters radiating from the center of the 

hybrid supergather and a midpoint vector azimuth, φ, in degrees around the 

hybrid supergather, with zero degrees at due north.  Recall that the midpoint 

vector azimuth is the negative of the source-receiver azimuth, ψ. 
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Figure 3.3.  Data from a single hybrid supergather is selected from the center of 

the synthetic seismic survey to ensure the highest CMP possible fold.  Source 

lines and receiver lines are highlighted to indicate where data was chosen to form 

a supergather. 
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Figure 3.4.  A 4 x4 partial hybrid supergather was created from four subsurface 

inline reflection lines (inlines 397 - 400) between two surface source lines and 

four subsurface  crossline reflection lines (crosslines 397 - 400) between two 

surface receiver lines.  Subsurface inlines 402 and 394 are directly beneath 

surface source lines, while subsurface crosslines 394 and 400 are directly beneath 

surface receiver lines.   

 
 

3.4 Offset Binning 

 3-D land CMP seismic surveys are typically subdivided into a simple grid 

of CMP bins, 25 by 25 meter.  Several binning strategies (equal area and equal 

offset)  are assessed in this study,  both consisting of  binning data  by offset from  
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Figure 3.5.  Data is binned by  offset, h, from the center of the hybrid gather.  H3 is the 

offset from the center of the hybrid gather  of offset bin 3.   

 

the center of a hybrid gather, h (Figure 3.5).  Equal offset binning consists of 

offset bins that are equally offset from the center of the hybrid gather, as the name 

implies.  Equal area binning consists of offset bins that at the same in area.  In an 

equal area binning scheme, the offset range of each bin will decrease with offset 

from the center of the hybrid gather.  Both binning schemes are depicted in Figure 

3.6.  Offset bins are determined by: 
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                                  𝑜𝑓𝑓𝑠𝑒𝑡 𝑏𝑖𝑛 𝑛𝑢𝑚𝑏𝑒𝑟 = 𝑖𝑛𝑡  
−0

∆
+ 1.5 ,                       (3.1) 

where ∆ equals the offset bin size and 0 equals the maximum offset of the 

immediately interior bin (Figure 3.7).  For example, if you wanted equal offset 

bins of 500 meters, ∆ would be equal to 500 meters.  A trace with an offset of 

675 meters would fall in offset bin 2:  

                             𝑜𝑓𝑓𝑠𝑒𝑡 𝑏𝑖𝑛 𝑛𝑢𝑚𝑏𝑒𝑟 = 𝑖𝑛𝑡  
675−500

500
+ 1.5                         (3.1) 

𝑜𝑓𝑓𝑠𝑒𝑡 𝑏𝑖𝑛 𝑛𝑢𝑚𝑏𝑒𝑟 = 𝑖𝑛𝑡 0.5 + 1.5  

𝑜𝑓𝑓𝑠𝑒𝑡 𝑏𝑖𝑛 𝑛𝑢𝑚𝑏𝑒𝑟 = 2. 

For equal area bins, the desired number of bins is first determined.  Then, the area 

of an offset bin is determined which is equal in all bins.  In this synthetic survey, 

the maximum radius of the offset bins is 2500 meters, or half the length (5000 

meters) and width (5000 meters) of the survey.  The total area of the binned area 

is approximately 19,634,954 square meters (19 square kilometers or 4852 acres), 

given by the area of a circle: 

𝐴𝑟𝑒𝑎 = 𝜋 ∗ 𝑟2, 

where r is the radius.  For 6 equal area bins, each bin would have an area of 

approximately 3,272,492 square meters (3.3 square kilometers or 809 acres).  The 

maximum offset, 𝑛 , of each offset bin is then determined by: 

                                                  𝑛 =  
𝑏𝑖𝑛  𝑎𝑟𝑒𝑎 ∗𝑛

𝜋
,                                           (3.3) 
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Figure 3.6. Equal offset (left) and equal area (right) binning schemes are shown.  Equal 

offset binning consists of offset bins that are equally offset from the center of the hybrid 

gather, as the name implies.  Equal area binning consists of offset bins that at the same 

in area.  In an equal area binning scheme, the offset range of each bin will decrease with 

offset from the center of the hybrid gather.   
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Figure 3.7  Offset bins (green circles) of size, ∆, are shown radiating outward from the 

center of a hybrid gather.  H is the given offset from the center of the hybrid gather, with 

𝑚𝑎𝑥  equal to one half the source-receiver offset.  For an offset bin of offset ∆ from the 

center of the hybrid gather, the immediately interior offset bin is shown with offset, 0.      
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where n is the bin number.  For example, offset bin 3 would have a radius of 

approximately 1768 meters:  

                                                    3 =  
3,272,492∗3

𝜋
                                            (3.3) 

3 =  312500 

3 = 1768. 

All values were approximated to the nearest integer for input into the software.  

Trial and error showed the minimum size of the offset bins possible for sinusoidal 

patterns to be observed in this dataset when displayed by offset bin.  The size of 

the offset bins varies based on the size of the survey.  Offset bin samples smaller 

than the source and receiver line spacing will result in the inability to clearly 

detect sinusoidal patterns in the data. 

 

3.5 Adding Azimuthal Anisotropy 

 Azimuthal anisotropy was created in the geologic model of the synthetic 

seismic survey by introducing an azimuthal velocity variation in all layers.  The 

direction and the magnitude of the velocity variation were varied to observe the 

effects of these different parameters.  An increase in the magnitude of the 

azimuthal velocity variations will result in an increase in the amplitude of the 

observed sinusoidal patterns when the data is binned by offset and sorted by 

azimuth.  A change in the direction of the velocity variations will result in a phase 

shift in the sinusoidal patterns observed in the binned data.   
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3.6 Offset Bin Analysis 

 Once the data within the hybrid supergather are been binned by offset and 

sorted  by  source-receiver azimuth,  they are displayed  in reflection time.  Figure  

3.8 shows an example of a single anisotropic, flat layer displayed as such.  In this 

format, if the bin dimensions are sufficient, different sinusoidal patterns can be 

observed for dipping layers and flat, anisotropic layers.  An isotropic dipping 

layer will display within one offset bin as a single-cycle sinusoid.  A flat, 

anistropic layer will display within one offset bin as a double-cycle sinusoid.  A 

dipping, anisotropic layer will take on both the single-cycle sinusoid, and the 

double-cycle sinusoid, displaying at different frequencies. 

 

Figure 3.8. An anisotropic, flat layer is displayed in time with each offset bin sorted by 

midpoint vector azimuth.  The amplitude of the sinusoid is expected to increase with 

offset in an anisotropic medium. 
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3.7 Azimuthal Semblance Method 

An azimuthal semblance method is established as a means to estimate the 

degree and direction of the azimuthal anisotropy in the data.  The degree of ani-

sotropy refers to the percent difference between the isotropic velocity and the 

anisotropic velocity.  For example 5% anisotropy means that the waves 

propagating in the fast direction of an anisotropic layer travel 5% faster than those 

in an identical isotropic layer, and the waves in the slow direction travel 5% 

slower.  The direction of the anisotropy refers to the fast direction of the velocity 

variation.  Estimation of these anisotropic parameters opens doors to remove the 

anisotropic effects on velocity or analyze the anisotropy in the case of fractures.   

The azimuthal semblance method works as a measure of coherency between 

observed  anisotropic parameters  and estimated  anisotropic  parameters. This 

results in a scanning procedure to extract dip and/or anisotropy parameters from 

the data.   This coherency is based on the travel time equation for anisotropy 

developed:                     

                                 𝜏 = 𝜏0 1 + 𝜂𝑐𝑜𝑠 2 𝜑 − 𝐴  𝑠𝑖𝑛𝜃  ,                                    3.4 

where τ equals the observed traveltime, 𝜏0 equals the 2-way zero-offset 

traveltime, η equals the percent azimuthal velocity variation, φ equals the 

midpoint vector azimuth, A is the direction of the azimuthal velocity variation, θ 

is the angle of incidence, and sinθ is approximately equal to the source-receiver 

offset divided by the ray length.   
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Figure 3.9. A coherency plot is produced from scanning of the azimuthal anisotropy 

parameters by a semblance method (upper left).  Coherency between observed and 

estimated anisotropic parameters is displayed by percent anisotropy (x-axis) and 

direction of the anisotropy in degrees (y-axis).  Each point on the coherency plot 

corresponds to a different possible fit to the sinusoidal patterns seen in the data (lower 

right).  Hot colors correspond to close matches between the estimated anisotropy 

parameters and the observed anisotropy parameters based on the shape and position of 

the sinusoid.  Cool colors correspond to unmatching anisotropic parameters.   
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 Application of the azimuthal semblance scanning method to the dataset 

results in a coherency plot where every point represents a different possible fit to 

the sinusoidal patterns seen in the data.  “Hot” colors correspond to close matches 

between the estimated anisotropic parameters and the observed anisotropic 

parameters based on the shape and position of the sinusoid.  “Cool” colors 

correspond to unmatching anisotropic parameters.  The sample semblance plot 

and section of binned data in Figure 3.9 illustrates the interpretation of results 

from the azimuthal semblance method. 

 

 

3.8 Field Dataset 

 After the completion of the analysis on the synthetic dataset, the entire 

analysis process was applied to a field dataset, provided by ConocoPhillips.  The 

four square mile dataset from a test site in Oklahoma was shot in an orthogonal 

acquisition geometry for use with hybrid gather research.  The geology of the area 

was relatively flat (Figure 3.10).  The survey geometry consisted of 17 receiver 

lines running north-south and 32 source lines running east-west (Figure 3.11).  

Each source line was spaced at 330 feet (~100 m), with sources spaced at 165 feet 

(~50 m).  Each receiver line was spaced at 660 feet (~200 m), with receivers 

spaced at 165 feet.  Maximum CMP fold of 493 is found in the center of the 

survey, with fold diminishing at the edges of the survey (Figure 3.12). 

 Similar to the  synthetic, a hybrid supergather is  formed from the  area be- 
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tween two centralized source and receiver line pairs in order to ensure sufficient 

CMP fold and optimize the resolution.  The hybrid supergather is then binned by 

midpoint vector azimuth and offset until the optimum binning strategy for the 

survey was determined.  Bins are analyzed for sinusoidal patterns as a result of 

structural dip and anisotropy.  The azimuthal semblance method is then applied in 

order to estimate anisotropic parameters of the dataset.  Results of this analysis 

are given in Chapter 4. 

 

 

Figure 3.10.  One inline is shown to illustrate the relatively flat geology of the area.  The 

unprocessed data has just been stacked in this example. 
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Figure 3.11.  Source/Receiver map for the real dataset with colored elevation is shown.  

Cool colors represent lower elevations, while warm colors represent higher elevations.  

32 Source lines run east-west, while 17 receiver lines run north-south.  Each source line 

was spaced at 330 feet, with sources spaced at 165 feet.  Each receiver line was spaced 

at 660 feet, with receivers spaced at 165 feet.  (Simon Shaw, personal communication) 
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Figure 3.12.  CMP fold map of field dataset.  Maximum CMP fold of 493 is found in the 

center, with fold diminishing toward the edges of the survey.  Cool colors represent 

higher CMP fold, while warmer colors represent lower CMP fold.  (Simon Shaw, personal 

communication) 
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Chapter 4: Results 

 
 Completing the azimuthal analysis on both the synthetic seismic survey 

and the real seismic survey increased our knowledge about the analysis process 

and confirms the hypotheses of the behavior of the sinusoidal patterns found in 

the offset bins in of the hybrid supergather.  The synthetic dataset illustrates the 

properties of the sinusoidal patterns clearly.  The azimuthal semblance method is 

successful in estimating the degree and direction of the azimuthal anisotropy in 

the data.  These results are illustrated by a single hybrid supergather in each 

dataset.   

 

4.1 Sinusoidal Patterns 

 The sinusoidal patterns expected in the azimuth and offset bins of a 

structurally dipping or anisotropic medium are evident in both the synthetic and 

real datasets.  The synthetic dataset, however, provides a simple setting for 

exploration of these patterns in different anisotropic settings since the anisotropic 

parameters can be defined and thus provide comparison to known values.  A 

dipping isotropic medium displays one cycle of a sinusoid when binned by offset 

and sorted by full-range azimuth within a hybrid supergather.  A flat, azimuthally 

anisotropic medium displays two cycles of a sinusoid when binned by offset and 

sorted by azimuth within a hybrid supergather.  A dipping, azimuthally 

anisotropic medium displays both the single cycle of the sinusoid and the double 
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cycle of the sinusoid, seen at different wavelengths in the hybrid supergather.  A 

single offset bin schematically illustrates these sinusoidal patterns in Figure 4.2.   

 An increase in the percent anisotropy (Figure 4.1) results in an increase in 

the amplitude of the sinusoidal patterns (Figure 4.2).  Changing the direction of 

the anisotropic variation (Figure 4.3) results in an azimuthal phase shift of the 

sinusoidal patterns (Figure 4.4).  Note that a normal moveout (NMO) correction is 

applied to the synthetic dataset prior to analysis. 

 

 

 
 
Figure 4.1.  Increasing the degree (percent) of azimuthal anisotropy means that there is 

a greater difference between the fast and slow directions of the anisotropic medium and 

an isotropic medium.  The green circle represents the travel times for a given offset for all 

azimuth around the center of a hybrid gather.  The brown oval represents the travel times 

for all azimuth around the center of a hybrid gather.  The direction of the azimuthal 

variation remains the same. 
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Figure 4.2.  Offset bin 3 (of 6 in an equal area binning scheme) from a hybrid 

supergather in the synthetic dataset is compared for different degrees of azimuthal 

anisotropy.  The anisotropic direction remains the same, zero degrees (north).  Each 

offset bin is sorted by source-receiver azimuth from approximately -180 degrees to 180 

degrees.  Recall that the shallowest layer is dipping at 10 degrees to the north, while the 

deeper two layers are flat.  A dipping isotropic medium displays one cycle of a sinusoid 

when binned by offset and sorted by azimuth.  A flat anisotropic medium displays two 

cycles of a sinusoid when binned by azimuth and offset.  A dipping anisotropic medium 

displays a superposition of  the single cycle of the sinusoid and the double cycle of the 

sinusoid, seen at different apparent wavelengths in the azimuthal direction.   
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Figure 4.3.  Changing the orientation of the azimuthal anisotropy means that the fast and 

slow directions resulting from anisotropy are in different directions.  The green circle 

represents the travel times for a given offset for all azimuth around the center of a hybrid 

gather.  The brown oval represents the travel times for all azimuth around the center of a 

hybrid gather.  The percent anisotropy remains the same, five percent. 
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Figure 4.4.  Offset bin 3 (offsets 834m to 1250m) from a hybrid supergather in the 

synthetic dataset is compared for different directions of azimuthal anisotropy.  The 

percent anisotropy remains the same, five percent.  Each offset bin is sorted by source-

receiver azimuth.  Recall that the shallowest layer is dipping at 10 degrees to the north, 

while the deeper two layers are flat.  A dipping isotropic medium displays one cycle of a 

sinusoid when binned by azimuth and offset.  The change in the direction of anisotropy 

results in a phase shift of the sinusoidal patterns.  This phase shift is clearest in the 

dipping anisotropic layer, since the sinusoidal patterns of the unchanging dip are directly 

compared with the sinusoidal patterns of the changing anisotropy direction. 
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4.2 Equal Offset vs Equal Area Bins 

 The synthetic dataset provides a simple means for exploring the 

differences between equal offset and equal area bins within the hybrid 

supergather.  Equal offset bins exhibit uneven trace distribution among bins, 

increasing offset scatter with increasing offset, increasing amplitude of sinusoids 

with increasing offset, and azimuth range and gradient changes with offset.  An 

example of the synthetic dataset binned into five equal offset bins illustrates these 

properties in Figures 4.5-4.8.  Equal offset bins will have fewer traces in the near 

offset bins.  Trace count will increase with offset until the outermost source-

receiver path of the hybrid gather is passed, and the trace count will be lessened 

(Figure 4.9).  The amplitude of the sinusoids is expected to increase with offset 

from the center of the hybrid gather, as the anisotropic effects are greater with 

greater offset.  The azimuth range and gradient varies in each offset bin, as a 

result of the increasing offset scatter and uneven trace distribution.   

 Equal area bins exhibit a more even trace distribution, decreasing offset 

scatter with increasing offset, increasing amplitude of sinusoids with increasing 

offset, and similar azimuth range and gradients throughout offset bins.  An 

example of the synthetic dataset binned into six equal area offset bins and 90 

degree azimuth bins illustrates these properties in Figures 4.10-4.13. 
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Figure 4.9.  Populating offset bins in a hybrid gather, equal offset bins will have fewer 

traces in the near offset bins.  Trace count will increase with offset until the outermost 

source-receiver path of the hybrid gather is passed, and the trace count will be lessened.  

A hybrid gather is shown on the right with the outermost source-receiver path drawn 

between the source (red) and the receiver (blue) at the edges of the source (red) and 

receiver (blue) lines.  Offset bin 4 has gaps in its trace coverage as seen by the triangle 

cut-outs in its trace distribution graph.  Part of offset bin 4 is cut by the outermost source-

receiver path.  Offset bin 5 has almost no traces.  The area inside the outermost source-

receiver path in offset bin 5 is correspondingly very small.  Offset bins 3-5 pictured above 

contain offsets 1001m – 1500m, 1501m – 2000m, and 2001m – 2500m, respectively.   
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4.3 Field Dataset Bins 

 The field dataset is first binned using equal offset bins.  The benefit of 

using equal area bins in this case is deemed low because the near and far offset 

bins will have fewer traces due to the non-symmetric source and receiver line set-

up (source line spacing denser than receiver line spacing), so equal area binning 

was not explored.  However, it is to be expected that the equal area binning would 

be more even throughout, as with the synthetic dataset analysis.  The field dataset 

is binned into 96 equal offset bins   (Figure 4.14).  Note that an NMO correction 

was not applied to the field dataset. 

Although the quality of the sinusoidal patterns toward the near and far 

offsets is poor, there are many bins in the central offsets that provide us with 

valuable information.  A closer look at several central bins illustrates sinusoidal 

patterns seen in the dataset (Figure 4.15).  An overall double sinusoidal pattern is 

observed in each bin, indicating anisotropy.  The higher frequency sinusoidal 

patterns indicate structural dip.   
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Figure 4.15.  A closer look at several central bins illustrates sinusoidal patterns seen in 

the dataset.  An overall double sinusoidal pattern is observed in each bin, indicating 

anisotropy.  The higher frequency sinusoidal patterns indicate structural dip.  The green 

header plot illustrates the absolute offset from the center of the hybrid supergather.  The 

blue header plot illustrates the source-receiver azimuth.  Offset bins 48 – 53 contain 

offset distributions 5281ft – 5390ft, 5391ft – 5500ft, 5501ft – 5610ft, 5611ft – 5720ft, 

5721ft – 5830ft, and 5831ft – 5900ft, respectively.  Each offset bin is sorted by source-

receiver azimuth from 0 to 360 degrees from left to right. 
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4.4 Azimuthal Semblance 

 The azimuthal semblance method is applied to both the synthetic and the 

real dataset in an effort to estimate the degree (η) and the direction (A) of any 

azimuthal anisotropy in the data.  The azimuthal semblance method successfully 

estimates these parameters in both datasets.   

In the synthetic dataset, the direction of the anisotropy is estimated at 0 or 

180 degrees (north-south), and the degree of anisotropy is estimated at 5.5% 

(Figure 4.16).  Since the anisotropic parameters are known in the synthetic case, 

the accuracy of their estimation can be assessed.  The direction of the anisotropy 

is dead-on.  However, the degree of anisotropy shows a 9.1% error from the 

actual anisotropic degree of 5%.   

In the field dataset, the direction of anisotropy is estimated at 65 degrees 

from north, and the degree of anisotropy was estimated at 5.8%.  Since the 

anisotropic parameters are not known as in the synthetic survey, a different 

method is used to gauge the error of the anisotropic parameter estimation.  A 

sinusoid is superimposed on the binned data based on the estimated parameters of 

the azimuthal semblance (Figure 4.17).  It is seen that although the estimated 

sinusoid follows a similar trend, it does not exactly match the observed sinusoid.   
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Figure 4.16.  In the synthetic dataset, the direction of the anisotropy is estimated at 0 or 

180 degrees (north-south), and the degree of anisotropy is estimated at 5.5%.  Hot colors 

correspond to better matches between the anisotropic parameters and the sinusoidal 

patterns in the binned data. 
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Figure 4.16.  In the field dataset, the direction of anisotropy is estimated at 65 degrees 

from north, and the degree of anisotropy is estimated at 5.8%.  Hot colors correspond to 

better matches between the anisotropic parameters and the sinusoidal patterns in the 

binned data. 
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Figure 4.17.  A sinusoid is superimposed on the binned data based on the estimated 

parameters of the azimuthal semblance.   
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Chapter 5: Conclusions 
 

5.1 Sinusoidal Patterns 

A hybrid supergather binned by offset and sorted by source-receiver 

azimuth displays sinusoidal patterns which display azimuthal anisotropy and 

structural dip effects (Section 2.3).  A dipping horizon with constant dip in a 

homogenous, isotropic medium will plot as a single cycle of a sinusoid within an 

offset bin when sorted by source-receiver azimuth.  A flat horizon in a 

homogenous, anisotropic medium will display as two full cycles of a sinusoid 

within an offset bin when sorted by source-receiver azimuth.  A dipping horizon 

in a homogenous, anisotropic medium will display as a superimposed single-cycle 

sinusoid and double-cycle sinusoid.  These sinusoidal patterns are utilized to 

observe and estimate anisotropic parameters percent anisotropy and the 

anisotropic direction. 

The binning method is successful in producing informative sinusoidal 

patterns when applied to both the synthetic and field datasets.  The sinusoids 

produced with the synthetic data are true to synthetic form in their “perfect” 

sinusoid shape.  Variation of anisotropic parameters with the synthetic dataset 

successfully allows for effects of different anisotropic parameters to be studied.  

Separate structural dip and azimuthal anisotropy effects can be seen in the field 

data, but sinusoids are not “perfect” in shape.  However, these sinusoids can be 



 84 

compared to modeled sinusoids in order to gain knowledge of the nature of dip 

and anisotropy in the area (semblance). 

 

5.2 Hybrid Supergather 

 A hybrid supergather is successful in producing sinusoidal patterns and 

semblance results while reducing the impact of the flat earth assumption (Section 

2.5).  Comparing the original hybrid gather and the reflection area of the hybrid 

supergather, it is clear that the same offset and azimuth information is obtained, 

with the supergather providing the added bonus of lessening the subsurface areal 

distribution of the CMPs.  Thus, a record with the same geometry as the true, 

dense 3-D survey is realized but with a limited subsurface areal distribution. 

 

5.3 Equal Area vs Equal Offset Bins 

 The synthetic dataset is used as a testbed for two different binning 

methods.  Data within a hybrid supergather is binned by offset and sorted by 

source-receiver azimuth within each offset bin.  Different bin configurations, 

equal offset and equal area, are explored.  Section 3.4 discusses the method 

behind equal offset and equal area binning, while Section 4.2 discusses the results 

of the bin method comparison.  While the equal area offset binning scheme is 

deemed superior, the equal offset binning strategy is sufficient for a good display 

of sinusoidal patterns in offset bins of densely sampled data.  The size of the 

offset bins in both instances must be sufficient to contain enough traces with well-
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distributed offset and source-receiver information to create adequate sinusoids 

when plotted by offset and time. The binning method used with the synthetic 

dataset, however, is more critical because there are only five offset bins.  In the 

field dataset, where there are 96 offset bins, the equal offset binning method is 

sufficient.  However, it is to be expected that the equal area binning would be 

more even throughout, as with the synthetic dataset analysis.   

 

5.4 Semblance 

 The semblance method for estimating the degree and direction of 

azimuthal anisotropy present in seismic data is successful.  Section 3.7 discusses 

the method behind the semblance method, while Section 4.4 discusses the results.  

The semblance method appears to accurately estimate the direction of the 

azimuthal anisotropy, but has a larger margin of error in estimating the degree of 

azimuthal anisotropy. 

The synthetic dataset provides great advantage in testing the semblance 

method since the input azimuthal anisotropy parameters are known.  When the 

semblance method is applied to the synthetic dataset, the direction of azimuthal 

anisotropy estimation is precisely correct.  The degree of azimuthal anisotropy is 

slightly off, 5.5% vs the actual 5%.  This discrepancy is probably due to the fact 

that structural dip effects are not taken into account in the current semblance 

algorithm.  This serves to demonstrate that structural dip does affect the amount 
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of apparent azimuthal anisoptropy estimated by the semblance method.  Had the 

dip direction varied from the azimuthal anisotropy direction, differences between 

input and estimated anisotropy parameters would likely be observed.  The 

semblance method applied to the field dataset is successful in estimating 

azimuthal anisotropy parameters, however, their accuracy cannot be checked 

simply by comparing results with input values as with the synthetic dataset.   
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