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ABSTRACT 

This thesis focuses on using seismic data that were generated by a vertical 

vibrator and recorded by a vertical geophone to build two different subsurface images: a 

conventional P-P section and a converted-wave SV-P section. Radiation patterns are 

calculated based on Miller and Pursey’s equations that show P- and S-wave radiation 

from a vertical point source. Elastic modeling is performed for simple models to study 

the P- and S-wave modes propagating within the medium and to test the effectiveness of 

an SV-P processing flow. This special flow is designed to carefully attenuate noise and P-

P signal while keeping the low-frequency SV-P signal intact. The processing builds 

separate P-P and SV-P subsurface images.  

The original vertical-vertical and an additional pure shear (SH-SH) datasets were 

processed to obtain 2000 m P-P, 350 m SV-P, and 500 m SH-SH depth images, their 

corresponding velocity fields, and Vp/Vs values (Vp/Vs=6 on average). The resulting 

images are tied to the interpreted shallow 140 m well logs for quality control of the data 

processing and compared. The P-P and SH-SH images tie well with the conductivity logs 

and accurately show the targeted shallow sand intervals. The SV-P image features similar 

reflectors as the P-P and SH-SH images. These SV-P events, although less continuous, 

provide subsurface information down to about 300 m depth and have better resolution in 

the shallow part of the image compared to the P-P image. 

Despite several drawbacks of this method, there is promise in SV-P extraction and 

imaging especially for shallow targets with all of the benefits of the converted-wave 

seismic method. 
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CHAPTER 1        INTRODUCTION AND OVERVIEW 

There is a continuing interest in the geophysical community toward unconventional 

seismic processing methods that may extract additional subsurface information using S-

wave modes present in existing legacy data sets (Hardage, 2015). In the past, S-wave 

modes were often considered undesirable and were removed to improve the image from 

primary P-P waves. Nowadays, these modes are closely studied, and various algorithms 

are being employed to extract them from the conventional single component seismic data. 

This is a challenging task that requires both deep understanding of wave propagation 

through the media and seismic data processing proficiency. The motivation behind this 

work is that successful extraction of the S-wave events from the conventional vibroseis 

data might create the whole new area of seismic data processing application and help to 

more fully utilize the recorded seismic data and the information hidden in it.   

Two types of body waves radiate from a vertically vibrating circular disk in a 

homogeneous elastic medium: a compressional wave (P) and a shear radial wave (SV). 

When these waves reflect from a solid-solid interface, they reflect, convert, and transfer 

as P-P, P-SV, SV-SV, and SV-P waves. At the surface, a solid-air interface, upgoing P- 

and SV-waves reflect as downgoing P-P, P-SV, SV-P and SV-SV waves thus affecting 

the resulting amplitudes of the recorded signal. A vertical component geophone will 

register the projection on the vertical axis of upgoing P-P, SV-P, P-SV, and SV-SV 

waves. Also, the amplitude recorded by the vertical geophone will be affected by the 

downgoing waves resulting from the upgoing waves reflected from the surface.  This 
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thesis explores separating P-down-P-up and SV-down-P-up waves from each other using 

data processing techniques to create an SV-P image that is similar to a P-SV converted-

mode image.  

A theoretical model for waves radiating from a vertical vibrator is needed to fully 

understand what information one might expect to find on seismic gathers, how to use this 

information, and what limitations there might be. In this work, I consider the theory of 

waves radiating from a vertically vibrating source through a homogeneous medium based 

on the work of Miller and Pursey (1954) and waves radiating from a horizontally 

vibrating source studied by Pilant (1984). Wave reflection and conversion at a solid-solid 

interface and a free surface are based on Cerveny and Ravindra’s (1971) reflection 

coefficient equations. The general idea of examining different wave modes emanating 

from a vertical vibrator came from papers written by Fyfe and Badri (1993), Haase and 

Goodway (2001), Pullan et al. (2008), and Hardage et al. (2014, 2015).  Fyfe and Badri 

(1993) study shear waves radiating down from a vertically vibrating source. Haase and 

Goodway (2001) identify converted waves in conventional P-wave data. Pullan et al. 

(2008) obtain P and SV sections after processing the same raw data set using careful 

muting and bandpass filters to separate wavefields. Hardage recommends the use of the 

SV-waves generated by the vibrating source and registered as P-waves by vertical-

component geophones to reduce the cost of seismic surveys seeking S-wave information.  

He describes similar work done with VSP data generated from a vertical vibrator and 

creates a guideline for choosing an appropriate dataset for the method. All this work 
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suggests that it is possible to separate wave fields on a single vertical component seismic 

record producing two different datasets, P-P and SV-P.  

Numerical modeling of seismic data is done to investigate the character of seismic 

events and from this investigation to create and refine a special data processing flow to be 

applied to real data sets. The modeling includes the creation of synthetic shot gathers for 

various velocity models to study the relation between media properties and the character 

of the recorded seismic events. It also includes creating a synthetic 2D line to test various 

processing algorithms and to investigate the resulting event energy distribution on stack 

sections.  

Experimentation with real data follows model processing. Not every seismic dataset is 

suitable for the SV-P imaging: certain limitations apply to the data acquisition 

parameters, frequency range, offsets, record length, and signal-to-noise ratio. When 

choosing the seismic data for wavefield separation and data processing, I consider all of 

the limitations.  

I process two seismic datasets acquired by AGL at the University of Houston research 

site at LaMarque, TX. The data were obtained using a vertical vibrator and vertical 

receivers for the first set and a horizontal vibrator and horizontal receivers for the second. 

The first dataset is used to build P-P and SV-P sections. The second dataset, SH-SH data, 

provides an SH-SH section and the shear-wave information to control SV-P imaging: 

velocity field, static corrections, and a subsurface structure. 
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To obtain the SV-P data, I first enhance and remove the existing P-P signal from the 

first dataset by building a P-P model using three different methods: (1) parabolic tau-p 

(Radon) transform, (2) F-X deconvolution, and (3) AVO modeling. Then, I subtract this 

model from the pre-conditioned original data yielding residual data that contains SV-P 

events. After switching shot and receiver headers, the result of that subtraction is 

processed as a standard P-SV converted wave data in Echos, Paradigm’s seismic data 

processing software. Additional processing removes ground roll noise and residual P-P 

reflections. SV-P stack sections obtained by using the known P-P stacking velocity and 

picked Vp/Vs are converted into depth and compared to the P-P and SH-SH data depth 

sections. 

Although the obtained converted wave sections could use further improvement, even at 

this stage, they exhibit a strong correlation with the P-P and SH-SH data. The apparent 

weakness of the SV-P signal does not allow for more precise velocity analysis and 

residual static corrections to improve the stack sections. It is important to continue 

working on this problem using different seismic datasets to confirm the previous results 

and to refine the processing algorithms to enable the P-P and SV-P wavefield separation 

to become as common seismic data processing procedure as deconvolution or migration.  
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CHAPTER 2        SOURCES, RADIATION PATTERNS, AND RECEIVERS 

Before doing any data processing, it is important to understand how seismic waves are 

generated at the surface, how they propagate through the media, how they change at the 

layer boundary and return to the surface to be recorded. Careful step-by-step calculations 

help to explain the final wavefield amplitudes mathematically starting with the surface 

source generated waves and finishing with free surface geophone response. 

2.1 VERTICAL VIBRATOR AS SOURCE OF SEISMIC WAVES 

Displacement components at an arbitrary point inside a homogeneous layer created by a 

vertically vibrating circular plate on the surface were described by the following 

expressions from Miller and Pursey (1954): 

 

         (1) 

         (2)        

 

where UR is the radial displacement (compressional wave), Uθ is the tangential 

displacement (shear wave), a is the radius of the circular source plate, C44 is the shear 

constant (or shear modulus), R is the distance from the source, 1/R is the geometrical 

spreading, μ is the VP to VS ratio in the layer, θ is the incidence angle, i is an imaginary 

unit, and F0 is given by: 

      (3)   
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ζ is equal to sin(θ) for the compressional displacement component and μsin(θ) for the 

shear displacement component.  

To see how the medium’s properties affect displacements, radiation patterns for P- and 

SV-waves were calculated for two different values of Poisson’s ratio for an isotropic 

homogeneous half-space (Fig. 1). For Poisson’s ratios of 0.25 and 0.33, compressional 

displacement was larger at smaller take-off angles from the vertical, but for larger take-

off angles the shear displacement became larger than the compressional displacement 

(Fig. 1). For the larger Poisson’s ratio, SV-wave displacements became significantly 

larger than the P-wave displacements. Shear wave displacement for small take-off angles 

from a vertical source was very small; meaning SV-SV or SV-P signals for small take-off 

angles will be weak on a seismic gather. 

(a)     (b)  

Figure 1: Axially symmetrical P-wave and SV-wave radiation patterns for a vertical 

vibrator. Poisson’s ratio values used to calculate (a) and (b) patterns are 0.25(a) and 

0.33(b), respectively. 0 degrees represents the vertical direction of wave radiation. 

 

ϴ 

P 

SV 
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For the Poisson’s ratio 0.33 (Fig. 1b), I calculated the angles at which the shear wave 

displacement becomes equal to the compressional wave displacement namely 13.1° and 

27.5°. 

 

Figure 2: P and SV-wave radiation pattern. Shown are the radiation patterns and 

angles at which the absolute shear wave displacement magnitude equals absolute 

compressional wave displacement magnitude: 13.1° (yellow) and 27.5° (green).   

P 

SV 
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2.2 HORIZONTAL VIBRATOR AS SOURCE OF SEISMIC WAVES 

Displacement components created by a horizontally vibrating circular plate on the 

surface were described as (from Pilant, 1984): 

 

          (4)  

  (5)  

where Dx and Dz are shear and compressional wave displacements, a is Vp/Vs, and θs is 

the take-off angle. Using expressions (4) and (5), displacements were calculated for two 

values of Vp/Vs in the form of radiation patterns (Fig. 3). They were somewhat similar to 

the radiation patterns created by the vertical force vibrator. 

 

Figure 3: P-wave and SV-wave radiation patterns for a horizontal vibrator (absolute 

displacement values). Vp/Vs ratio values used to calculate two patterns are 2 and 4, 

respectively. These patterns look similar to vertical source radiation patterns, but here, 

at small incident angles, S-wave is much stronger than the P-wave. 
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For a given Vp/Vs, the SV-wave energy was restricted to a narrow range of take-off 

angles for which it has a significant value. Outside this range, the SV-wave energy 

dropped to zero. In the meantime, the P-wave energy was small for nearly-vertical 

incident angles and became larger at bigger incident angles. Because the compressional 

wave velocity was greater than the shear wave velocity, any P-SV and P-P events during 

an acquisition would be recorded at earlier times than the pure SV-SV events. The largest 

separation was at the far offsets making it possible to separate the events using simple 

muting (by removing the middle part of the gather where the SV-SV events are located). 
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2.3 WAVE PROPAGATION 

2.3.1 WAVES AT AN INTERFACE 

With the addition of a solid layer between the surface and the lower half-space, one part 

of the energy radiating from the source will reflect and convert at the boundary between 

the layer and the half-space and the other part will generate a refracted wave when 

incident angles are beyond critical.  

  

(a)                                                             (b) 

Figure 4: Waves at an interface. Shown are an Earth model with one horizontal layer 

and two half-spaces (a):  down going, reflected, transmitted, and refracted P (blue) and 

SV (red) wave rays (1 – P-wave critical angle; 2 – SV-wave critical angle); and a 

radiation pattern in the presence of the reflector (b): red and blue parts of the 

wavefields will be able to transmit into the lower layer and green and yellow parts will 

contribute mainly to the refracted waves. 

A simple Earth model with a single reflecting layer and a half-space (Fig. 4a) was 

created using the following parameters and expressions: 

1) VP values were chosen for the top and the bottom layers (2000 m/sec and 3000 

m/sec correspondingly). Vs-s were obtained using Greenberg-Castagna relations for sand 

(top layer) and shale (bottom layer) (after Greenberg and Castagna, 1992): 
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Sandstone: Vs = -0.856 km/s + 0.804 VP = 752 m/s  

Shale: Vs = -0.857 km/s + 0.770 VP = 1453 m/s   (6)  

2) Poisson’s ratios were calculated from 

σ = (0.5(VP/VS)
2
 – 1)/ ((VP/VS)

2
 – 1)    (7)  

3) Density was calculated from Gardner’s relation for density as a function of Vp  

ρ = 0.31 VP
0.25

 (g/cm
3
)    (8)  

Overall model parameters are listed in Table 1: 

Table 1: Media parameters for one layer and two half-spaces Earth model. 

Layer # Vp, m/s Vs, m/s Vp/Vs σ ρ, g/cm
3
 

1 (Top) 2000 752 2.66 0.41 2.07 

2 (Bottom) 3000 1453 2.06 0.35 2.29 

 

From Figure 4 it could be derived that the shear waves are weaker at small take-off 

angles than the compressional waves and they will produce weaker transmitted waves in 

the deeper layers. For the angles beyond critical shear waves will experience full internal 

reflection.  
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2.3.2 BOREHOLE SEISMIC GEOMETRY 

For the VSP recording geometry, it was possible to show the magnitude of the 

displacement of a direct wave traveling from the vertically vibrating surface source down 

to 3C geophones located in a well. The model had 96 geophones, each separated by 50 m, 

and a source offset at 100 m from the well (typical field geometry for many real surveys).  

          (a) 

 

(b)                                                             (c) 

Figure 5: Plots of P and SV-wave displacements as functions of depth for two VSP 

geometries. Shown are a VSP geometry scheme (a), displacements at zero offset 

between the well and the source (b), and displacements at a lateral offset of 100 m (c). 

Zero magnitude displacement of the SV-wave is apparent in the first case.  
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Compressional and shear wave displacements were calculated for two different 

geometries (Fig. 5) using equations (1) and (2) respectively. There was no downgoing 

shear energy when the source was at zero offset (zero incident angle). But when the 

source was located farther from the well, at shallow depths (large incident angles) shear 

wave displacement surpassed compressional wave displacement and then became smaller 

with greater depths. This confirmed the statement about the shear wave signal 

distribution with offsets from Chapter 2.1. 

Since the width of the well was much smaller than the wavelengths of the shear and 

compressional waves, free surface conditions (explained in Chapter 2.4) did not apply, 

and the geophones inside the well recorded only projections of the wavefield on the 

vertical axis of the 1C (one component)  receivers. This meant that the plots (b) and (c) 

were very representative of what kind of down-going energy would be generated by the 

vertical vibrator and recorded in the well by the vertical component geophones during the 

VSP survey. If wave-field separation were considered for deep VSP data, small well-to-

source offsets could not be used for such purpose as they would only contain a negligible 

amount of the down-going SV-P energy. But far offsets of the shallow VSP might 

contain a robust shear-wave signal and could provide more opportunity for the wavefield 

separation.  
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2.3.3 SURFACE SEISMIC GEOMETRY 

To calculate amplitudes that would be registered by a 2D line of surface-located 1C 

vertical geophones, several matters needed to be considered: source properties, 

parameters of the medium, and survey geometry. The only source parameter considered 

at this point was the radius of the circular plate a=0.5 m. Parameters of the medium 

(Table 1) were set up starting with P (compressional) wave velocities for the top layer 

and the underlying bottom layer of 2000 and 3000 m/s, respectively (Fig. 4). SV (shear) 

wave velocities for both layers were calculated using the Greenberg-Castagna equations 

(Equations 6). Densities were also calculated with Gardner’s relation (Equation 8). The 

shear elastic constant (C44) was calculated using shear wave velocity and density of the 

top layer. Depth to the bottom of the top layer (first reflection/conversion boundary) was 

set to 1000 m. For the survey geometry, zero offset (50 m), the number of the vertical-

component geophones in line (96), and the distance between adjacent geophones (50 m) 

were used. Common conversion points XCCP (Fig. 6) were calculated as a function of 

offset X between the source and receiver (Equation 9) and the ratio of compressional Vp 

and shear Vs velocities (after Stewart et al., 2002): 

𝑋𝐶𝐶𝑃 =
𝑋

1+
𝑉𝑃
𝑉𝑆

            (9)   
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Figure 6: Converted waves. SV-waves (red) convert into P- waves (green) at common 

conversion points (CCP). The solid blue line is a CCP positioning trend: as the VP/VS 

decreases with depth, the horizontal CCP coordinate increases. ACP is the CCP of the 

deepest targeted layer, and the ACP line is asymptotic to the CCP trend. 

Equation (9) was adequate to calculate displacements in this work. More accurately, the 

common conversion point CCP (y) with respect to its location relative to the source Xp 

could be calculated using recursive equation (after Yilmaz, 2008): 

       (10)  

where γ is a given Vp/Vs, z is depth to a reflector, Xp is the source coordinate. Common 

mid-points are calculated as half the distance between the source and the geophone. 

Incident angles for the Equations (1) and (2) are calculated using the depth to the 

boundary and the source-receiver offsets.  

For a half-space model with a single reflective boundary and an air-surface interface 

(Fig. 4), I wrote a code for the following calculations. First, displacements of the 
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downgoing P- and SV-wave at the boundary were calculated (Fig. 7) using Equations (1) 

and (2).  

 

        (a)                                                                        (b) 

Figure 7: P (a) and SV (b) downgoing wave displacements at the reflective boundary. 

The magnitude of the P-wave displacement decreases with increasing incident angle 

while the magnitude of the S-wave increases. Also, the imaginary part of the shear 

wave displacement changes from zero to non-zero at about 23° which would result in a 

phase change in the real seismic data. 

Reflection coefficients for the downgoing P-wave and conversion coefficients for the 

downgoing SV-wave were calculated (Fig. 8) using equations (after Cerveny and 

Ravindra, 1971): 
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(11) 

For pictures in the equation (11), a continuous line is the downgoing P-wave, and a 

dashed line is for the downgoing SV-wave, R is a reflection coefficient, ρ is a density, α 

and β are a compressional and shear wave velocities respectively for the top (1) and the 

bottom (2) layers, θ is an incident angle, ϴ is a ray parameter.  
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Figure 8: Reflection coefficient for P-wave (left) and conversion coefficient for SV-

wave (right) as functions of incident angles. Dramatic changes happen at critical 

angles: 42° for the P-wave and 32° for the S-wave. 

Dramatic changes happened to the calculated reflection coefficients when incident 

angles reached critical values, which in this case were 42° for the P-P reflected wave, 44° 

for SV-SV reflected wave, and 53° for the SV-P converted wave. At each of these angles, 

the corresponding down-going P- and SV-waves experienced full internal reflection and 

turned into the head waves; no P- or SV-waves transmitted into the underlying layers at 

the incident angles larger than critical. On the seismic gather, this effect was manifested 

by the appearance of the head wave events and the phase change of the 

reflected/converted event, with the SV-wave having two head waves: when it reached the 

SV-SV reflection critical angle and then the SV-P conversion critical angle.  

By multiplying the displacements at the boundary (Fig. 7) with their corresponding 

reflection coefficients, new amplitudes of the reflected and converted waves were 

obtained (Fig. 9). These were the starting magnitudes of the up-going waves. 



19 

 

 

(a)                                               (b) 

Figure 9: Amplitude magnitudes in m for (a) the reflected P-P wave and (b) converted 

SV-P wave. They are obtained by multiplying the displacements at the boundary by the 

reflection and conversion coefficients.  

As the waves were reaching the surface, their magnitudes decreased with distance due 

to geometrical spreading. An approximate solution that was sufficient for simple 

modeling was obtained by dividing by the distance from the reflection/conversion point 

to a corresponding geophone.   
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2.4 RECEIVER DIRECTIVITY AND AMPLITUDES 

At the surface, geophones record upgoing and downgoing wavefields, meaning if there 

is an upgoing P-wave, a geophone will record that wave, a downgoing P-wave reflected 

at the air-solid boundary, and the P to SV converted downgoing wave (only its projection 

to the vertical axis). This is called a “free-surface” effect. 

 

Figure 10: Waves at the surface boundary. “Free-surface” effect takes place during 

the registration of the different wave modes by a surface-located geophone. The free 

surface is a boundary between the solid earth and the air. Upgoing P-wave at the free 

surface reflects as a P-wave and also converts to an SV-wave. 

To calculate the total geophone response at the surface, the following equation was 

used (after Cerveny and Ravindra, 1971): 

     (12)  

where W
m∑

 is a resultant vector, W
m

 is an upgoing P-wave, W
m3

 is a downgoing P-wave, 

and W
m4

 is a downgoing SV-wave. Due to the free surface, the projection of the final 

vector on the vertical axis for the compressional incident wave is calculated as:  
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   (13)  

Where q3Z is the total recorded amplitude, D is known as a Rayleigh function, γ = Vs/Vp, 

other variables are the same as in the Equation 11.    
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(a)                                                            (b) 

 

(c)                                                            (d) 

Figure 11: Recorded P-P (a) and SV-P (b) amplitudes by vertical component 

geophones located on the surface. Phases of recorded wave modes: (c) P-P, (d) SV-P; 

phase changes occur in both P-P and SV-P past critical angles, more so in the SV-P 

than in P-P. 

P-P 

P-P 

SV-P 

SV-P 
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Plots (Fig. 11) show that, for this model, P-P wave amplitudes were bigger than SV-P 

(Fig. 11a, 11b), especially for the small incidence angles. As the incident angle grew, P-P 

amplitudes became smaller than the SV-P amplitudes due to the smaller initial wave 

displacement (as shown on the radiation pattern (Fig. 1)) and the geometrical loss (travel 

path was longer). This was the amplitude behavior that was expected to be found in real 

data as well as in a fully elastic synthetic model data. To summarize the main points: (1) 

vertical surface vibrator generates both P- and SV-waves; (2) little down-going SV-wave 

energy is expected at the small incident angles, while the down-going P-wave energy is 

high; (3) past certain angles, downgoing SV-wave energy exceeds the down-going P-

wave energy; (4) at the surface, converted SV-P wave is recorded by the vertical 

geophone along with the P-P wave; (5) the recorded amplitudes of the converted SV-P 

wave are expected to be smaller than the P-P wave amplitudes at small offsets, but bigger 

at larger offsets.   
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2.5 ELASTIC WAVE MODELING 

Synthetic modeling helps to understand the relationship between properties of the 

media and various events on the gathers and stack sections. Elastic wave modeling with 

simple velocity models accurately illustrates the propagation of different wave modes and 

their registration at a receiver point. These wave modes can then be distinguished from 

each other using simple calculations and visual analysis. Any number of velocity models 

can be used to mimic propagation environment as close to the real subsurface as needed. 

Additional functions allow adding attenuation, anisotropy, porous media, to set porosity 

and saturation, and to create heterogeneous near surface. Such changes to the velocity 

model can generate unique responses from the seismic and then be observed on the 

synthetic gathers. 

2.5.1 SOFTWARE 

To further investigate wave propagation in the media, synthetic seismic data were 

created using 2D elastic modeling algorithm in Tesseral Pro modeling software (Tesseral 

Technologies Inc.) for various subsurface models. These models aimed to represent the 

most simple and common subsurface structures that are encountered during seismic 

exploration. The modeling, in general, is used to help with the study of wavefield 

propagation, survey design, and seismic data processing and interpretation. It allows 

incorporating different acquisition geometries, numerical modeling of complex 

structures, and finite difference method of computation to model propagation of seismic 

waves for scalar, acoustic, elastic homogeneous and elastic anisotropic wave equations. 
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Since the ultimate goal of this work was to separate and image the SV-P events, the 

modeling also helped to estimate the separability of the events for different subsurface 

structures. 

2.5.2 MODEL DESCRIPTION AND RESULTS 

At first, a model was created with a single vertical source at the surface and eight 

vertical geophones spaced 50 m apart and buried along a horizontal line at a depth of 500 

m. This model allowed studying the down-going wave fields radiating from the surface 

source and burying the receivers excluded the surface wave interference. P-wave velocity 

in the medium was 2000 m/sec, and SV-wave velocity was 1150 m/sec (VSV here was 

calculated from the VP using the default Tesseral parameters). The resulting synthetic 

gather contained only the down-going P- and SV-waves recorded by the buried receivers 

(Fig. 12). SV-wave came later due to a lower velocity. Wave propagation exhibited a 

radiation pattern similar to theoretical calculations: P-wave was stronger than the SV-

wave, SV-wave energy weakened towards smaller incident angles.   
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Figure 12: Synthetic seismic gather (multi-channel time vs. amplitude plot of seismic 

receiver response). P- and SV-waves are generated by the vertical source and recorded 

by the buried line of vertical receivers. SV event is weaker than the P event which is 

expected for small offsets; no SV energy at zero offset. 

Next, a synthetic gather was calculated using a model described in Table 2 (single 

reflective boundary and a half space). The model geometry included a receiver line 

consisting of 48 vertical component receivers at 50-m intervals and a surface source at an 

offset of 0 m (50 m left from the first geophone); the surface was set to be invisible (no 

ground roll generated).This gather (Fig. 13) illustrates the total wavefield corresponding 

to the radiation pattern in Fig. 4. 

Table 2: Basic velocity model parameters 

 Density, kg/m
3 

Vp, m/s Vs, m/s 

Top layer 2010 2000 1150 

Bottom layer 

(depth = 2000m) 

2200 3000 1730 

 

Ti
m
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 s

 

Offset, m 
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Figure 13: Synthetic seismic gather. It features direct P-wave, direct SV-wave, P-P 

reflected a wave, P-SV/SV-P converted waves (have the same arrival times for this 

model), and SV-SV reflected wave generated by the vertical source and recorded by 

vertical receivers.  

As could be seen from the Figure 13, all of the events were clearly visible on this 

synthetic gather. For the real data though, the number and the strength of the P-P events 

could appear overwhelming because of the strong P-P amplitudes at small offsets and 

stronger SV-wave attenuation, so SV-P/P-SV events would be hard to see, and almost 

none of the SV-SV events would be visible at all.   

The following images were the snapshots of the wave propagation in time (Fig. 14). 

These were the same events that were recorded and displayed in Fig. 13. In Figure 14 it 

can be seen how different wave modes traveled through the media. The SV incident wave 

had low amplitudes at small take-off angles; this phenomenon was inherited by the 

                                                   Offset, m 

          50                         2400 
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reflected SV-SV wave and the converted SV-P wave. It also could be seen, that the SV-P 

and P-SV events traveled as two separate fronts, but for the horizontal layer they would 

be recorded at the same time making it one event as in Fig. 13. 

 

   

(a)         (b) 

Figure 14: Real-time wave propagation screenshots. The screenshots show the waves 

at (a) earlier time, (b) later time. Incident, reflected, transmitted and converted SV and 

P events are shown as moving through the media. 

Another synthetic gather was obtained using the same model as previously but with the 

downgoing SV-waves suppressed to demonstrate the character and the location of the P-

wave events without any interference. Direct P, reflected P-P and converted P-SV waves 

can be clearly seen on the gather (Fig. 15). The P-SV wave was weaker than the P-P 

wave at small offsets because there was no conversion at normal incidence, and for small 

incident angles, the up-going converted SV-wave particle movement would be directed 

close to 90° to the vertical receiver axis allowing to record a very small projection of that 
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movement to the receiver axis. Refractions would be present at large offsets, which were 

not included in the plot. 

 

Figure 15: Media model. Shown are one layer and one half-space at the bottom model 

(left) and a synthetic seismic gather (right), downgoing SV-waves are suppressed. Wave 

modes: direct P-wave, reflected P-P-wave and converted P-SV wave generated by the 

vertical source and recorded by the vertical receivers. 

  Additional elastic modeling was done to see how the described events would change 

with the change in the propagation media. First, I recalculated the previous model using 

the same media parameters (Fig. 16) but adding more receivers on both sides of the 

surface source to investigate the far offsets (Fig. 17). Direct reflected and converted P and 

SV events could be seen on the gather along with the refractions and phase changes at far 

offsets. SV-SV and P-P events showed phase changes where the incident angles reached 

P direct 
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the corresponding critical values. Converted SV-P and P-SV arrived at the same time for 

the horizontal reflector which indicated that it could be challenging to separate them.   

 

Figure 16: Media model. Shown are one layer and one half-space at the bottom, 

Vp,s1<Vp,s2 

 

Figure 17: Synthetic seismic gather generated for the model from Fig. 16. Shown are a 

direct P-wave, direct SV-wave, reflected P-P and SV-SV with refractions and phase 

changes beyond critical angles, converted P-SV, and converted SV-P (same as P-SV for 

horizontal homogeneous medium)generated by the vertical source and recorded by the 

vertical receivers.  
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If the velocities of the top layer were higher than the velocities of the bottom layer (Fig. 

18) then there would be no refractions for any of the downgoing P- or SV-waves on the 

modeled seismic gather (Fig. 19). This situation could be favorable for seismic 

processing: because there would be no phase change due to refraction more converted 

wave amplitudes would stack into a single event on the final stack image. There was a 

noticeable phase change in the SV-SV reflection that was related to the SV-P refraction at 

a Vs1 and Vp2 critical angle. 

 

Figure 18: Media model. Shown are one layer and one half-space at the bottom, 

Vp,s1>Vp,s2 
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Figure 19: Synthetic seismic gather generated for the model from Fig. 18. Shown are a  

direct P-wave, direct SV-wave, reflected P-P and SV-SV without refractions, converted 

P-SV, and converted SV-P (same as P-SV for horizontal homogeneous medium) 

generated by the vertical source and recorded by the vertical receivers; SV-SV event 

phase change is caused by the refraction at a Vs1 and Vp2 critical angle. 

Next, I considered that if the reflector in the previous model had a slope (from 1000 m 

depth on the left to 2000 m depth on the right of the model) then SV-P and P-SV events 

would have different time arrivals and they could potentially be separable at positive and 

negative offsets. Figure 20 shows the model that was used to study the character of the 

events in case of the sloped reflector and Figure 21 and 22 show synthetic seismic gathers 

calculated using 2D elastic modeling algorithm with and without downgoing SV-wave 

suppression to help to identify SV-P and P-SV events clearly. 
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Figure 20: Sloped media model. Shown are one layer and one half-space at the bottom, 

a sloping reflector with changing depth from 1000 m on the left to 2000 m on the right 

of the model. 

 

Figure 21: Synthetic seismic gather for sloped reflector model (Fig. 20). Downgoing 

SV-wave is suppressed, P-SV event is shown as the brightest event after P-P reflection; 

waves are generated by the vertical source and recorded by the vertical receivers. 

P-P 

Ti
m

e,
 s

 

4.8 

0 



34 

 

 

Figure 22: Synthetic seismic gather for sloped reflector model. P-SV and SV-P events 

are generated by the vertical source and recorded by the vertical receivers and are 

separate events at far offsets. 

A more complex model is shown in Figure 23 that simulates the real Earth situation: 

one more high-velocity layer was added at a depth of 2000 m to increase the number of 

reflective surfaces and a low-velocity layer was added at 100 m to create near-surface 

effects. 2D elastic modeling with free-surface mode (surface waves are on as it happens 

in real Earth) resulted in a synthetic seismic gather featured on Figure 24. An extensive 

ground roll area is marked by a triangle. The energy there was caused by waves 

interacting with the free surface. The addition of the low-velocity layer at the top caused 

multiple reflections and refractions that mask the signal. This modeling result showed 

that inhomogeneity of the low-velocity near-surface could be a major limiting factor 

during seismic data processing in general and this project in particular since the targeted 
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events here might not be visible in the presence of such strong interference. Modern noise 

attenuation algorithms should help to remove most of the undesired events, and some of 

them (like SV-SV) would be too weak due to the vertical receiver directivity and 

attenuation to interfere with the P-P and SV-P signals. 

 

Figure 23: Media model. Shown are one low-velocity near-surface layer, two reflective 

layers, and one half-space, Vp1<Vp2<Vp3<Vp4, Vs1<Vs2<Vs3<Vs4. 
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Figure 24: Synthetic seismic gather. Shown wave modes:  direct P, direct SV, reflected 

P-Ps, reflected SV-SVs, converted P-SVs, converted SV-Ps, multiples generated within 

the low-velocity layer, ground roll generated at the free surface.  

Ground roll 
area

Multiples 

P direct SV direct 
Ti

m
e,

 s
 

6 

0 



37 

 

CHAPTER 3 CONVENTIONAL SEISMIC DATA PROCESSING 

3.1 INTRODUCTION 

The overall goal of this thesis was to obtain two seismic images, a P-P section and an 

SV-P section, from one seismic dataset obtained using a vertical vibrator and vertical 

component geophones. Previous chapters suggest that it is possible to obtain the desired 

results. However, there seem to be a number of limitations to this method that can affect 

the results. These limitations were determined by the theory of wave propagation, 

characteristics of the media, survey design and acquisition, data quality and properties of 

the signal. 

According to the downgoing SV-wave radiation pattern (Fig. 1), the magnitude of the 

initial displacement, and the resulting recorded amplitude of the converted up going P-

wave, it was possible that the SV-P event could be seen in the common shot gather for a 

limited range of offsets. No signal was expected to be found at the very small offsets 

because the initial displacement of the down-going SV-wave was too small there. If the 

incident angle of the down-going SV-wave was larger than the SV-P conversion critical 

angle for that interface, then only refracted waves were created. 

Knowing the P-wave velocity field and approximate Vp/Vs it would be possible to 

sketch an offset/time corridor within which the SV-P events would be present and to find 

where such events would have maximum amplitudes. Such calculations have been done 

for the first strongest reflection of the real seismic dataset and are explained in the 

following chapters. 
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For horizontally layered media (Fig. 16), SV-P and P-SV events had the same arrival 

times, as shown in Figure 25. Variations in the near-surface conditions can create 

different static values for sources and receivers for down- and up-going P- and SV-waves 

thus separating SV-P and P-SV events on the real seismic gathers. For sloping interfaces 

(Fig. 20-22) SV-P and P-SV events were no longer coincident and could be 

discriminated. They had different arrival times for positive and negative offsets 

depending on the direction of the slope. This fact might signify the necessity of 

processing positive and negative offsets of the data separately.  

Figure 26 compares the SV-P and P-SV amplitudes that would be registered at the 

surface for the following media model: reflector depth 1000 m, Vp=2000 m/s, Vs=740 

m/s. The P-SV wave had much smaller amplitudes than the SV-P wave due to geophone 

directivity. 

 

Figure 25: Computed travel times of the P-P, P-SV, SV-SV, and SV-P waves as 

functions of offset. For a horizontal homogeneous media, SV-P and P-SV events have 

the same travel times, and for the inhomogeneous media, these events would separate.  
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Figure 26: Comparison of the SV-P and P-SV wave mode amplitudes that would be 

registered at the surface by vertical geophones. P-SV amplitudes are smaller than the 

P-SV amplitudes due to the geophone directivity.   

To help with the event identification, all modeling experiments were done with no 

attenuation. Of course, this would not be the case for the real seismic data. SV-waves 

have shorter wavelengths, lower velocities, and they propagate for longer periods of time 

than the P-waves, so they are subject to larger attenuation (Bale and Stewart, 2002) than 

the P-waves. It means, that the SV-P events come at later times than P-P events, have 

lower frequencies, smaller amplitudes than anticipated, and could be hard to identify. 

Additional amplitude correction might be needed to compensate for the shear-wave 

attenuation. 

Correlation of the events may be affected by the presence of anisotropy in the media 

which can result in the down-going SV-wave splitting into slow and fast components 

(Gratacos at al., 2009). Two shear waves can convert into corresponding P-waves that 
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would arrive at slightly different times. The up-going SV-waves from the converted P-SV 

waves can also split and arrive at the surface as two events. Although this effect is not 

entirely undesirable since it may help with fracture and Q-factor characterization (Lynn, 

2004), it may create interfering events on seismic section thus further complicating 

seismic data processing and interpretation.   

Survey design can affect the quality of the SV-P image. Due to the asymmetric ray 

paths, the SV-P image will illuminate a smaller portion of the underground media than 

the P-P image, so some portion of the data will have nothing to be compared to. Regular 

P-SV surveys typically have smaller receiver intervals to ensure the adequate quality for 

the P-SV images and avoid aliasing. Using regular P-P seismic data with large receiver 

intervals to obtain SV-P image might cause lateral aliasing because of the insufficient 

horizontal sampling.  

On the acquisition side, the quality of the SV-P events depends on the source and 

receiver frequency characteristics. The vertical vibrator produces a range of frequencies 

using a sweep signal. The lower the frequencies included in the sweep, the more SV-P 

information can be contained in the vertical component seismic data and the better will be 

the resolution of both images. A nonlinear sweep can be designed to produce stronger 

low frequencies than a linear sweep when it spends more time vibrating at the lower end 

(Kroode at al., 2013). Low-frequency geophones can also help obtaining better SV-P 

image allowing wider frequency range to be recorded. While having more low 

frequencies improves the chances of obtaining a robust SV-P image, it can also create a 

problem of having too much low-frequency noise. Ground roll attenuation can present a 
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challenge due to the high intensity of the surface waves with frequencies and velocities 

close to the SV-P waves; it would be challenging to suppress the noise while not 

damaging the SV-P signal. Having a poor signal-to-noise ratio, in general, decreases the 

quality of any image obtained during seismic data processing. It is especially true in the 

case when the target events are weak and highly attenuated.  

Another limiting factor for obtaining an SV-P image is trace length. It must be 

sufficient to include the converted event from the deepest target layer. If the trace is too 

short, then the extracted SV-P information will only correspond to the upper part of the 

P-P section. This might be enough for the shallow seismic surveys, but very limiting for 

the deep oil and gas exploration. Extracting shear-wave information from the P-P data is 

a complex task that can benefit from any prior information available for the survey area. 

Well log data from the same area can provide reliable information about the shear wave 

velocities. Ground roll inversion can also help determine the shear wave velocities in the 

near surface. 

The last set of limitations comes from seismic data processing. SV-P events must have 

unique characteristics to be separable from the coherent noise and other seismic events, 

primarily P-P reflections and refractions using regular processing algorithms. It is known, 

that the SV-P events will likely have a lower frequency due to attenuation and later 

arrival time than the corresponding P-P events. At the same time, they might have the 

same arrival times with multiples coming from upper layers, same frequency range as 

coherent noise, and could be screened by the ground roll. Due to the unknown shear-
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wave velocities, it would be difficult to correctly estimate static corrections for the source 

stations or do the proper migration.  

Seismic data generated by a vertical vibrator and recorded by the single vertical 

component geophones (V-V data) was first fully processed in the following chapter to 

obtain the P-P image. Using the same V-V data, the SV-P image was also produced. To 

control the quality and validity of the SV-P image, I processed SH-SH seismic data from 

the same location as the V-V data but generated by a horizontal vibrator and recorded by 

horizontal receivers. This processing produced an SH-SH image, shear wave velocity 

field, and shear wave static corrections that are used to build the SV-P image. The P-P, 

SV-P, and SH-SH images were then compared to find if the same events could be 

identified on all of the sections at the same depths and to conclude if the SV-P imaging 

using wavefield separation on the V-V data could provide a valid result for this particular 

dataset.   
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3.2 PROCESSING FLOW 

Seismic data processing was based on the following scheme: 

  Geometry 

Gain correction 

Stacking Velocity 

Analysis 

Brute Stack 

Refraction Statics 

Trace Editing 

Noise Attenuation 

Wave Field 

Separation 

F-X 

Deconvolution 
Radon Transform 

AVO 

modeling 

Source-Receiver 

Swap 

CCP Binning 

Receiver Static 

Correction 

Deconvolution 

Time Migration 

Main flow 

Separation flow 

Depth Conversion 

Noise Attenuation 

Low Frequency 

Enhancement 

Figure 27: Processing flow. Standard 

flow (red box) is applied to the 

original V-V and SH-SH data to 

obtain P-P and SH-SH images; 

custom separation flow (green box) is 

applied to the original V-V data to 

obtain SV-P images. 
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3.3 MODEL PROCESSING 

Before making a final decision on the separation methods, several of them were tested 

on synthetic data. The single seismic gather generated by the Tesseral Pro (Fig. 13) was 

loaded into Echos (Paradigm Geophysical seismic data processing suite). Due to the 

simplicity of the model (zero elevation, no weathering layer, and no attenuation), no gain 

and static corrections were needed. Geometry was set up according to the model 

parameters. Direct arrivals were removed, and velocity analysis was performed based on 

the P-P reflection. SV-P, P-SV, and SV-SV events were removed to yield P-P event only 

using F-K filtering (Fig. 28). F-K filtering was also performed to yield a converted wave 

section. 

 

(a)    (b)      (c) 

Figure 28: Wavefield separation using FK filter. Here (a) is original data, (b) is P-P 

event only (SV-P, P-SV, and SV-SV suppressed by F-K filtering), and (c) is SV-P/P-SV 

and SV-SV events only (P-P suppressed by F-K filtering). 
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Another method of wavefield separation based on the velocity of the events was applied 

to the original synthetic gather – a parabolic tau-p transform, RADNPAR (internal Echos 

name of the procedure) (Fig. 29). 

 

 

(a)          (b)         (c) 

Figure 29: Wavefield separation using Tau-P transform. Here (a) is original data, (b) 

SV-P/P-SV and SV-SV events (P-P mostly suppressed in tau-p domain by muting, some 

leftover energy at small offsets), (c) P-P event only (SV-P, P-SV, and SV-SV suppressed 

by F-K filtering). 

Better results were expected from this procedure (RADON) after applying it to the real 

data because there will be more signal to work with. In Figure 29b, after the separation, 

some P-P energy was still visible on the gather at small offsets. During the summation 

with correct SV and P velocities, all of the residual P-P energy would be filtered out 

leaving only SV-P events.  

The third method of data separation used on the model data was a 2D coherency filter. 

During this procedure, a two-dimensional filter was applied to the original data to remove 

dipping coherent energy within the user-specified range of dips. Before using this filter, 
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the NMO correction was applied to the data to flatten the P-P events. This way, only non-

flat events were removed from the data. 

   

(a)           (b)      (c) 

Figure 30: Wavefield separation using 2D coherency filtering (COHERE). Here, (a) is 

original data, (b) SV-P/P-SV, SV-SV, and residual P-P events, (c) P-P event only after 

applying coherency filter. 

After applying the coherency filter, only the P-P events remained on the seismic gather 

(Fig. 29c). After subtracting those events from the original data (Fig. 29a), mainly SV-P 

and SV-SV events were left in the data (Fig. 29b) along with some residual P-P energy 

which would not contribute to any sizable amplitude on the stack section because the SV-

P amplitudes are much stronger. 

For the real data, it was decided not to use the coherency filter upon the results of 

testing this procedure (Fig. 30). Processing artifacts were too strong on the real data and 

overwhelmed the SV-P signal. F-X deconvolution was used instead to enhance the P-P 

events, which were then subtracted from the original dataset.  
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A fourth method that was not tested on the synthetic data, but was tested on and applied 

to the real data was AVO modeling. It was used to create a P-P synthetic gather from the 

known P-P velocity field and preset characteristics of the rock properties in the area. The 

model was then subtracted from the original data to remove the P-P events.  

F-K filtering was tested on the synthetic and the real data and in both cases produced 

strong artifacts that could potentially obstruct the SV-P signal, so it was not used for the 

separation. 
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3.4 FIELD SEISMIC DATA 

Hardage (2015) produced a report “Guidelines for selecting legacy P-wave data for SV-

P data processing.” This document describes in detail the requirements for seismic data 

that are intended for SV-P imaging. These requirements reflected the limitations of the 

method and helped to determine whether a particular seismic data set is suitable for 

extracting the SV-P information. For the surface seismic case, the report 

recommendations can be summarized as follows: 

1) trace length must be long enough to contain both P and SV-P data from the same 

target reflectors; 

2) data must have sufficient fold for SV-P imaging and no acquisition footprint; 

3) frequency range must be wide and include robust low frequencies; 

4) data analysis must provide a reliable way to calculate shear-wave static corrections; 

5) source and receiver arrays must be small enough to avoid statics inside the arrays; 

6) interfering reflections – SV-P events must have unique property values allowing 

separation from P-P events; and 

7) SV-P events must be strong enough to stand out from the noise. 

The data set chosen for this project was a single 2D line seismic data provided by 

courtesy of Dr. Robert Stewart and the Applied Geophysics Laboratory at the University 

of Houston. It was shot in 2012 at the AGLs test site (Fig. 31) using a vertical vibrator 

and single vertical component geophones for shallow subsurface imaging.  

According to the United States Geological Survey research (Petitt, 1957), the top ~1000 

m of the sediments underlying the Galveston area and the survey location, in particular, 
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are the sequences of sand and clay (Fig. 32). A water well (65-40-9A) drilled in 1969 

near the Coastal Center down to the depth of 177 m revealed fine sequestration 

(alternating very thin layers) of sand and clay (Fig. 33) under the surface and an aquifer 

at the depth of 163 m (from State of Texas WELL REPORT, 1969). The depth of the 

water-bearing horizon corresponded to the “Alta Loma” sand layer within the Beaumont 

clay formation which was a major aquifer in the Galveston area. Other water-saturated 

sand layers might not be important water sources but still, could affect the character of 

the seismic signal at the location. 

 

 

Figure 31: Location map. University of Houston’s Coastal Center in Lamarque, TX. 

29.390103, -95.044108                                                                                    200m 
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Figure 32: Geology of the survey area from United States Geological Survey, Texas 

Board of Water Engineers, and The City of Galveston, Texas (from Petitt, 1957).This 

table shows the thickness and the content of the subsurface layers near the survey area. 
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Figure 33: Drilling report for water well near the Coastal Center (from State of Texas 

WELL REPORT). This table shows the thickness and the content of the top 580ft of 

the subsurface formations near the survey area. 

Acquisition parameters for the P-P survey are shown in Table 3: 

Table 3: La Marque 2012 seismic survey acquisition parameters 

Sweep 

Record 

time 

Sample 

rate 

Geophone 

frequency 

Trace 

length 

#Shots #Receivers 

Shot 

interval 

Receiver 

interval 

#Channels 

per gather 

10 – 

150 

Hz 

12 s 1 ms 14 Hz 4 s 192 192 5 m 5 m 192 

 

  



52 

 

Table 4 shows a checklist comparing the properties of the dataset with the requirements 

for SV-P processing: 

Table 4: Project requirements checklist 

Data name La Marque 

Trace length yes, for shallow layers 

Sufficient fold and no footprint yes 

Robust low frequencies no 

Possibility of calculating statics yes 

Small source and receiver arrays yes 

SV-P events visible no 

High S/N yes 

According to the checklist and a preliminary examination of raw seismic data, it was 

clear that it would be a challenge to extract the SV-P image from the La Marque seismic 

data. The data did not contain enough low frequencies because of the acquisition 

parameters, there were no visible events besides P-P reflections and noise, and there were 

strong ground roll and other coherent noises that had a similar slope and frequency range 

as the signal. Still, these data could have enough shallow SV-P events to build an image 

if we could isolate them. 

In 2013, another seismic dataset was acquired at the same location with similar 

acquisition parameters. This dataset was recorded using a horizontal force vibrator and 

horizontal component receivers. Shot and receiver coordinates were the same as in the P-

P 2012 survey. Table 5 shows the full set of parameters. 
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Table 5: Pure shear-wave survey acquisition parameters 

Sweep 

Record 

time 

Sample 

rate 

Geophone 

frequency 

Trace 

length 

#Shots #Receivers 

Shot 

interval 

Receiver 

interval 

#Channels 

per gather 

10 – 

120 

Hz 

12 s 2 ms 14 Hz 4 s 192 192 5 m 5 m 192 

This dataset was processed using the same main flow (Fig. 27) as the P-P data with 

minor changes in the parameters dictated by the difference between the shear and 

compressional waves. 
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3.5 PROCESSING STEPS 

3.5.1 P-P DATA PROCESSING 

3.5.1.1 GEOMETRY 

Before doing any wavefield separation, raw vertical-vertical data was loaded into the 

processing system Echos (Paradigm) and a database was updated with survey geometry 

information (Table 3). This data consisted of 192 source point stations and 192 receiver 

channels (Fig. 34). CDP points were calculated with 2.5-meter intervals.   

 

Figure 34: La Marque survey layout. Red points represent receiver stations as they 

were located in the field, grey points are the receiver stations that were recording each 

shot (here, all stations were recording during every signal generation), blue points are 

the shot point stations (signal was generated every 5 meters, so the distance between 

the shot stations is 5 meters), green points are the CDP locations. 
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After the database was set up, I needed to check if the database information was 

consistent with the seismic data, so I put offset vs. first freak slope plots over the first 

breaks (first strongest amplitude on each trace, typically direct and refracted waves) of 

the data (Fig. 35). It followed the first arrivals closely; any deviation would mean that 

there was an error in the geometry. No such errors were found with the La Marque data 

set. Raw data were sorted by the FFIDs (field file identification numbers, field record 

numbers); sample gather is shown in Figure 36. 

 

Figure 35: Geometry quality control. Offset vs. first break slope plots are displayed 

above the first breaks of the data: close match of the offset plots and the first breaks 

shows the consistency between the database information and the data. 
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It was imperative to correctly set up the survey geometry within the processing system 

because multichannel procedures required it to perform correctly. 

 

Figure 36: Raw FFID gather. Shown here is the very first seismic gather with the 

source located at the far left edge of the survey line. The whole line is about 1000 m 

long. This gather shows strong reflections down to 1.25s, ground roll, air blast, and 

random noise.  
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Spectral analysis of the raw data (whole gather) (Fig. 37) showed that minimum and 

maximum data frequencies corresponded to the frequencies of the source sweep ranging 

from 10 to 150 Hz. These were the frequencies that I focused on during the P-P 

processing. The spectrum was not uniform: there was an increase in frequency 

amplitudes around 30 – 60 Hz meaning that these frequencies needed to be assessed on 

the gathers to check whether they contributed to the signal or the noise.  

 

Figure 37: Spectral analyses of the first shot point gather. P-P processing frequency 

range is 10-150Hz.  
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 A raw CMP gather (Fig.38) showed strong P-P reflections down to 1.25 s as well the 

ground roll, air blast, and random noise. After applying NMO corrections, traces on this 

gather could be stacked into a single trace that would contain contributions from both the 

signal and the noise. 

 

Figure 38: Raw CMP gather. This gather shows what kinds of signal and noise will 

contribute to the amplitudes of the single stacked trace at this CMP location. 
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Figure 39: Pilot sweep contained in the first trace of each seismic gather: this is 

technical information that was used to correlate the signal in the field and should be 

removed. 

The first trace of each seismic gather contained the vibrator sweep pilot (direct signal 

from the source recorded in the auxiliary channel) (Fig. 39). This information was used to 

correct the data and to measure the sweep frequencies for quality control. After that, the 

sweep information was removed so it would not participate in the further processing, thus 

leaving each gather with 191 receiver channels. The observers report stated that there 

were 192 live channels. It meant that this sweep signal was possibly incorrectly written 
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into a real channel trace header instead of into an auxiliary (additional) which could 

compromise the geometry in the database.   
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3.5.1.2 GAIN CORRECTION 

Figure 40 shows the gain analysis function (spatially averaged RMS amplitudes of all 

traces in dB versus time) of the raw gather. The first 1.5 s showed the exponential loss of 

amplitude due to spherical divergence. The bottom part (below 1.5 s) showed an increase 

in the amplitudes most likely due to noise. Application of time varying gain correction 

compensated for the amplitude loss due to the spherical divergence (Fig. 41). 

 

Figure 40: Raw gather gain analysis. First 1.5 s show the exponential loss of amplitude 

due to the spherical divergence; bottom part (below 1.5 s) shows an increase in the 

amplitudes most likely due to the noise. 
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Figure 41: Raw gather before (left) and after (right) gain correction. Gain correction 

helped to distribute the signal energy more uniformly throughout the gather rather 

than having it concentrated at the small times. It also revealed strong source-related 

noise at small and middle offsets below 2s that contributed to the deviations in signal 

measurements in Figures 37 and 40.  
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3.5.1.3 VELOCITY ANALYSIS 

P-wave reflections were very strong, so the P-wave velocity function was clearly seen 

on the semblance window during the initial velocity analysis (Fig. 42). 5 CMPs were 

used to build a super gather to better focus the events on the semblance and reduce the 

noise contribution to the summation. For the brute stack section, NMO (normal move-

out) correction was applied using the initial velocity function and stretch muting (Fig. 

43). AGC (automatic gain control) was used for display purposes to overcome the effects 

of the noise. 

 

 

Figure 42: Velocity analysis. Shown are a CMP supergather with AGC applied (left) 

and a velocity semblance (right). P-P signal on the gather is very strong and coherent 

which makes it easy to locate and pick the correct stacking P-wave velocity values on 

the semblance.  

 

T
im

e,
 s

 

         200                                         0            Offset, m            200 

2 

0 

 0           Semblance amplitude, %     100 

0                 Velocity, m/s                5000 



64 

 

 

Figure 43: Raw CMP gather (left), CMP gather with AGC applied (middle), CMP 

gather with NMO and muting applied (right). P-P events are mostly flat after applying 

the NMO, so the stacking velocity was chosen correctly.  
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3.5.1.4 BRUTE STACK 

 

Figure 44: Brute stack section. AGC (500ms) is applied for viewing to diminish the 

noise interference. The edges of the section are strongly affected by the ground roll and 

the lack of fold. 

The stacked section (Fig. 44) showed almost perfectly flat continuous reflectors above 

2 seconds two-way travel time. Very few continuous events could be seen below 2 

seconds because of the attenuation and interfering events. The edges of the section were 

2 

1 

3 

      4 

T
im

e,
 s

 
CMP# 



66 

 

distorted because of the ground roll interference and low fold of those CMP points. Noise 

attenuation was applied next to resolve these problems. 
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3.5.1.5 P-P WAVE REFRACTION STATICS 

To compensate for the time delays caused by the inhomogeneities in the near-surface 

(velocity variations in the low-velocity upper layers), I calculated static corrections using 

the refraction method (Yilmaz, 2008). It involved picking first breaks of the direct and 

refracted wave arrivals, setting which offsets to use to calculate a near-surface velocity 

model, and choosing weathering layer and replacement velocities. The static corrections 

were calculated as follows: 

∆t = (tweath + t1st_rf + t2nd_rf) - (Vweath*tweath + V1st_rf*t1st_rf + V2nd_rf*t2nd_rf)/Vrepl (14) 

where ∆t is a static correction value, tweath is a time of travelling through the weathering 

layer, t1st_rf is a time of travelling through the first refracting layer, t2nd_rf is a time of 

travelling through the second refracting layer, Vweath is a velocity of the weathering layer 

(measured from the direct wave), V1st_rf is a velocity of the first refracting layer 

(measured from first breaks), V2nd_rf is a velocity of the second refracting layer and Vrepl 

is the replacement velocity (was taken from the layer deeper than the second refracting 

layer) that we used to calculate the times the waves would travel through the same depth 

(weathering layer plus first and second refractors) but without the changes in velocities 

(thus excluding the influence of the near surface). 

Figure 45 shows first breaks (blue picks) for the first ten shot points. Picks at 0-55 m 

belonged to a direct wave; the rest were refracted waves. A slight declination from the 

initial slope of the breaks (within 55-200 m offsets) around 200-m offset suggested a 

switch from one subsurface layer to the deeper one with a faster velocity. A two-layer 

model was used to calculate the static corrections (the program only offered two options: 
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one-layer and two-layer model; two-layer model offered a more detailed solution). Offset 

ranges were set for the first two refracted waves to calculate the velocities in those layers. 

Weathering velocity was set to 800 m/sec, and replacement velocity was set to 2000 m/s 

based on the velocity analyses in the area.  

 

Figure 45: Refractor assignment window for refraction statics. The blue points are the 

picked first breaks; vertical red lines are the offset ranges within which I calculated 

velocities for the first and the second refracting layers based on the slope of the first 

breaks within those ranges. 
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Figure 46: Calculated static corrections for the P-P image (top to bottom): shot-point 

long-period statics (large values for large velocity variations), shot-point short-period 

(residual) statics, receiver-point long-period statics, and receiver-point short-period 

statics. 

Calculated short and long period static corrections (Fig. 46) for shot and receiver points 

were small (within 1ms) due to small variations in the elevation and the near surface 

properties. After application of these corrections, the image changed very little. 
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3.5.1.6 EDITING 

 

To improve the image, manual editing was done to remove traces containing sweep 

signal (generated by the vibrating source plate) (Fig. 39) and ranges of noisy channels 

discovered at the different shot and receiver points (Fig. 47). These channels contained 

noise and contributed very little useful information. Any incoherent noise present in the 

data was to be suppressed by CMP stacking. 

 

Figure 47: A group of noisy channels on a common receiver gather (black arrow 

shows the range). These channels are manually removed from the data to exclude their 

contribution from the summation. 
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3.5.1.7 NOISE ATTENUATION 

To accomplish coherent noise attenuation, it was important to study the properties and 

the location of interfering events. The strongest visible noise events were found to be a 

ground roll, air blast, direct SV-waves, guided waves, and randomly located noise blasts 

related to activity at the surface (Fig. 48). 

 

Figure 48: Sample shot gathers. These gathers are used to study the coherent noise 

present in the data: ground roll, air blast, direct SV-waves, guided waves, source-

related noise, and randomly located noise blasts related to activity at the surface.  
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Time-frequency decomposition was done for 10 – 100 Hz windows to study the 

frequency composition of the signal and noise (Fig. 49). This decomposition defined the 

frequency ranges of the existing noise. Noise attenuation was applied within these ranges 

to improve the efficiency of the procedures and avoid unnecessary signal distortion 

outside these ranges.  

 

 

Figure 49: Time-frequency decomposition panels, 10 – 100 Hz. Each panel contains a 

10 Hz frequency range starting with 10 – 20Hz and ending with 90 – 100Hz panel.  

Noise ranges were determined as follows: ground roll that had frequencies 10 – 50 Hz 

with most of the energy focused at the lower end of the range; air blast that was located at 

the frequencies above 90 Hz; random surface activity related blasts that had varied 

frequencies and were randomly located; source related noise that covers the entire 

frequency range of the signal and which represented a real challenge in terms of noise 

attenuation.  
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An important problem discovered in the data was a source malfunction (Fig. 48, 49). It 

showed on the sweep pilot spectrum (Fig. 39) as vibrations of higher amplitudes at 

frequencies from 30 to 70 Hz. On the gathers, it showed as coherent linear events of 

varied frequencies and high amplitudes starting at around 1.75 s. 

 

Figure 50: Source-related noise analysis. Unknown source malfunction related noise 

manifests as a high amplitude anomaly on the spectrum (left) from 30 to 70Hz and a 

corresponding high amplitude noise below 1.75s on the gather (right). Source of the 

anomaly was not identified. 

Spectral analysis of the noisy area of the sample gather showed the same rise in the 

amplitudes for the frequencies from 30 – 70 Hz (Fig. 50) as was previously measured on 

the sweep record. These frequencies were superimposed with the frequencies of the main 

signal, and the velocities of these events were also similar to the velocities of the desired 
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events making it impossible to separate signal and noise. It meant that the bottom part of 

the data below 1.75s could not provide any reliable information about the subsurface. 

To ensure the proper amplitude balance between noises and signal during noise 

attenuation the data were divided into 14 windows in the frequency domain each with 10 

Hz width from 10 to 150 Hz and in each window the amplitudes were analyzed and 

scaled in such a way, that only the strongest bursts of amplitudes associated with noise 

were scaled down (Fig. 51). Different types of noise were located within different 

frequency windows, and such subdivision helped to address each noise more effectively 

with minimum damage to the signal giving an adequate result (Fig. 52). Visual control of 

the difference between the original data and the result of the amplitude scaling was used 

to avoid any damage to the main signal (Fig. 53). 

 

Figure 51: Shot point gather before (left) and after (right) short frequency range filter 

was applied (20-30Hz). The strongest events within this window are the ground roll. 

After the scaling is applied, these events will be tuned down to the average level of 

amplitudes of the whole gather. 
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Figure 52: Sample shot point gather before (left) and after (right) noise attenuation. 

Most of the noise is tuned down and does not interfere with the signal which is now 

much stronger. 

 

Figure 53: Amplitude scaling. Shown is a shot point gather before (left) and after 

(middle) amplitude scaling within a short frequency window. The difference between 

before and after images (right) features only noisy areas amplitudes which were scaled 

down; the signal was not affected. 

Ground roll was canceled using a low-frequency array filter (Yilmaz, 2008) within 0 – 

40 Hz frequency range and velocities below 350 m/sec (Fig. 54). In frequency-space 
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domain, each frequency component of the data was convolved with an appropriate 

calculated array with a specified velocity for the ground roll and then transformed back 

into the time-space domain.  

 

Figure 54: Ground roll attenuation. Shown is a sample shot point gather before (left) 

and after (middle) ground roll attenuation. The difference between before and after 

images (right) features the removed ground roll and other random low-velocity linear 

noises; the signal remained unchanged. 
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Noise attenuation significantly improved the frequency spectrum of the data (Fig. 55). 

 

Figure 55: Spectral analysis. Frequency amplitude distribution on the spectrum is 

more uniform after noise attenuation (right) than before (left) and an overall level of 

frequency amplitudes of the signal is higher. 

To further improve the image and promote better stacking, I applied coherency filter 

(Yilmaz, 2008) to the NMO-corrected CMP gathers to remove random noise (Fig. 56). 

This procedure designed a two-dimensional filter and applied it to the data where it 

removed dipping energy within the specified dip range. When applied to the NMO 

corrected CMPs, it improved coherency of the flat reflections by minimizing the effects 

of random noise and residual statics. 
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Figure 56: Sample CMP point gather before (left) and after (right) coherency filtering.  

After the noise attenuation, surface consistent amplitude balancing (Yilmaz, 2008) was 

applied to compensate for the difference in the near surface characteristics for both shots 

and receivers. During the acquisition, the near-surface conditions are different for each 

source and receiver which led to the difference in the overall amplitude level from trace 

to trace and from one shot point gather to another. Surface consistent amplitude balancing 

procedure measured an average amplitude level within a window for each trace and each 

gather, compared it with an overall amplitude level of the whole data volume, and made 

an appropriate adjustment to bring all of the data to the same amplitude level.  

The second iteration of velocity analysis was performed to check and improve stacking 

velocities after the static correction and noise attenuation were applied. Static correction 

changed the position of the events, and the previous velocity function did not fit the data 

anymore. Noise attenuation enhanced the signal and uncovered parts of the signal 

previously concealed by noise so more signal took part in the velocity analysis and could 

potentially change the velocity function. 
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After the second velocity analysis, data were stacked with the new velocity function 

(Fig. 57). Static correction and noise attenuation improved the stack section especially at 

the edges where it was most affected by the ground roll.  

 

Figure 57: Stack section before (left) and after (right) static correction, noise 

attenuation, amplitude balancing, and second velocity analysis. Stack section is 

improved at the edges where it was affected by the ground roll.  
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3.5.1.8 DECONVOLUTION 

Predictive deconvolution (Yilmaz, 2008) was applied to the data to improve the vertical 

resolution by reducing the width of the source wavelet, to widen the amplitude spectrum, 

and to remove multiples. An operator length of 20 ms was based on autocorrelation 

analysis (Fig. 58) of the sample gather. Design window of the deconvolution within 

which the procedure analyzes the source wavelet was set to the area of the data that had a 

better signal. The deconvolution increased the vertical resolution of the data by making 

the signal events shorter, but it also raised the noise level (Fig. 59), especially at the high 

frequencies, which reduced the signal to noise ratio and made the signal less visible. To 

remove part of the high-frequency noise, I applied a 10 – 150 Hz bandpass filter and 

measure the amplitude spectrum for quality control (Fig. 60). A new stack section using 

post-deconvolution data was obtained (Fig. 61). 
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Figure 58: Sample shot point correlation analysis. The gap between the first and the 

second event is used to determine the predictive deconvolution operator length. 
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Figure 59: Sample shot point gather before (left) and after (right) deconvolution. The 

deconvolution increased the vertical resolution of the data, but it also raised the noise 

level (note the air blast on the right) 

 

Figure 60: Sample shot point spectral analysis before (left) and after (right) 

deconvolution and 10 – 150Hz bandpass filter. The amplitude spectrum after the 

deconvolution is wider and has a more uniform frequency amplitude levels. 
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Figure 61: Stack section after deconvolution.  
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3.5.1.9 MIGRATION  

Seismic migration improves the correspondence between the subsurface structure and 

the recorded events. It geometrically relocates the recorded image points to their correct 

locations using sophisticated mathematical algorithms. The non-migrated image may 

present false information about the subsurface especially in the presence of steep dips and 

complex structures. 

The final processing step was a post-stack Kirchhoff time Migration which was 

performed using most recent stacking velocities (Fig. 62). Coherency filtering was 

applied to the stack section before migration to get rid of the residual random noise. Time 

migration was followed by a simple depth conversion with P-P interval velocities (Fig. 

63). The final P-P image features extremely high resolution for the surface seismic data 

(about 10 m for the top 250 m) due to the wide frequency range of the source sweep (10 – 

150 Hz) and high signal-to-noise ratio. Most of the coherent and random noise was 

suppressed. The signal events were coherent and consistent with the geology of the area. 

Since it was determined earlier that due to the strong source related noise the data below 

2 s was not reliable, the final P-P image only showed the first 2 km of depth which was 

equivalent to the first 2 s of time. 
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Figure 62: Stack section before (left) and after (right) the coherent filtering and post-

stack Kirchhoff time migration. Migrated image shows improved coherency of the 

events and less random noise. 
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Figure 63: Migrated final P-P section. This section is shown down to 2 km after a 

simple depth conversion was performed using the most recent P-P velocity function. 

This is the final P-P image that features high resolution, good event coherency, and 

high signal-to-noise ratio. 
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3.5.2 SH-SH DATA PROCESSING 

3.5.2.1 GEOMETRY 

A pure shear wave survey was shot at the same location as the P-P survey with similar 

acquisition parameters (Table 5). The difference between the two surveys consisted of a 

different recording sample rate (the shear-wave survey was recorded with a 2 ms sample 

rate as opposed to the 1 ms sample rate of the P-wave survey), different source plate 

(horizontal versus vertical), different single component geophones (horizontal geophones 

for the shear-wave survey and vertical geophones for the P-wave survey), and narrower 

sweep frequency range for the SH-SH survey (10 – 120 Hz). Survey geometry was 

loaded into the database, and CMP points were calculated with a 2.5 m interval (Fig. 64).  
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Figure 64: La Marque SH-SH survey base map. Red points represent receiver stations 

as they were located in the field, grey points are the receiver stations that were 

recording each shot (here, all stations were recording during every signal generation), 

blue points are the shot point stations (signal was generated every 5 meters, so the 

distance between the shot stations is 5 meters), green points are the CMP locations.  

Geometry control checked if the database information was consistent with the seismic 

data (Fig. 65). No geometry errors were found in the La Marque SH-SH data set. Raw 

data were sorted by the FFIDs (field file identification number assigned during 

acquisition); sample FFID gather (Fig. 66) showed a high level of random noise, weak 

but still visible signal, strong refractions, and even some P-wave energy recorded at early 

times. The SH-wave does not convert into P-wave, so there were no ground roll or any 
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converted waves, but there were strong Love waves. The raw CMP gather in Fig. 67 is 

symmetric and better shows the listed problems. 

 

Figure 65: SH-SH geometry quality control. Plots of the data base offset vs. first break 

slope are plotted above the first breaks of the data: close match of the offset plots and 

the first breaks shows the consistency between the database information and the data. 
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Figure 66: Raw gather sorted by FFID number. The record is 4 s long; maximum 

offset is about 1000 m. The raw gather features a high level of random noise, strong 

refractions, and P-wave events at early times. The signal-to-noise ratio is low, but the 

signal is still visible. 
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Figure 67: Raw CMP gather. This gather features a high level of random noise, strong 

refractions, P-wave events at early times, and weak signal. 
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The first trace of each seismic gather contained the vibrator sweep pilot (Fig. 68). Since 

the data were correlated and stacked in the field, the sweep information could be removed 

leaving each gather with 191 receiver channels. 

 

Figure 68: Sweep record contained in the first trace of each seismic gather: this is 

technical information that was used to correlate the signal in the field and should be 

removed. 
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3.5.2.2 GAIN CORRECTION 

Gain analysis of the raw dataset (Fig. 69) showed a steady decrease of the amplitudes 

due to the spherical divergence and attenuation. Application of gain correction as a 

function of time compensated for the spherical divergence and made the noise in the 

upper section of the data less apparent (Fig. 70). Now the signal was more prominent, but 

there was also a significant amount of noise at small offsets in the lower half of the data 

that became more pronounced after the application of gain correction. This was the same 

source related noise as in P-wave data. 

 

Figure 69: Raw gather gain analysis. It shows a steady decrease of the amplitudes due 

to the spherical divergence and attenuation. 
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Figure 70: Raw gather before (left) and after (right) gain correction.  
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3.5.2.3 VELOCITY ANALYSIS 

SH-wave reflections were weak, but they still could be differentiated from all other 

wave modes and picked during velocity analysis (Fig. 71). Three CMPs were used to 

build a super-gather to better focus the events on the semblance. The signal on this super-

gather was more prominent than on a single gather which helped with the velocity 

analysis. NMO correction with the initial velocity function and a stretch muting (Fig. 72) 

were applied to the data to build the brute stack section (Fig. 74). AGC was used for 

displaying purposes to overcome the effects of the noise. 

 

 

Figure 71: Raw CMP gather velocity analysis. Shown are a CMP supergather with 

AGC applied (left) and a velocity semblance with P-wave velocity function (right). SH-

SH signal on the gather is very strong and coherent which makes it easy to locate and 

pick the correct stacking SH-wave velocity values on the semblance.  
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Figure 72: NMO and muting application. Shown are the raw CMP gather (left), gather 

with AGC (middle) applied to distribute the amplitudes better and decrease the effects 

of the noise, and the same gather with NMO correction and muting applied to flatten 

the primary SH-SH reflections and remove the stretched events (right) 

It should be noted here that there were very strong low-velocity events that were 

interpreted as multiple reflections on the SH-SH data (Fig. 73). These events distorted the 

stack image and corrupted the results of the processing. It was important to remove these 

events to obtain a valid subsurface image.  
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Figure 73: Multiple reflections. Shown are a raw CMP gather after applying the NMO 

correction and muting (left) and the same gather with multiples underlined (right).  
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3.5.2.4 BRUTE STACK 

 

Figure 74: Brute stack section. Despite the initial weakness of the signal, the stack 

section shows robust continuous events down to 2.5 s.  

The stack section (Fig. 74) showed robust continuous reflectors despite the initial 

weakness of the signal and an overall low signal-to-noise ratio. Few events could be seen 

below 2.5 seconds. 
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3.5.2.5 SH-SH WAVE REFRACTION STATICS 

To calculate static corrections for the SH-SH image, again I used the refraction method. 

The first breaks for the first ten shot points (Fig. 75) lined up well meaning there was 

almost no variation in the upper layer properties for the first 33 m of the line. A slight 

break in slope of the first breaks suggested a switch from one refraction layer to the 

deeper one with a different velocity. Offset ranges were set according to the slope of the 

first breaks. A two-layer model was chosen to calculate the static corrections. The 

velocity of each layer was obtained automatically. The velocity of the weathered layer 

was set to 100 m/sec, and replacement velocity was set to 300 m/s based on the initial 

velocity analyses.  
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Figure 75: Refractor assignment window for refraction statics. Blue points are the 

picked first breaks; vertical red lines are the offset ranges within which I calculated 

velocities for the first and the second refracting layers based on the slope of the first 

breaks within those ranges. 
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Figure 76: Calculated static corrections for the SH-SH image (top to bottom): shot-

point long-period statics (large values for large velocity variations), shot-point short-

period (residual) statics, receiver-point long-period statics, and receiver-point short-

period statics. Correction values are larger than those calculated for the P-wave data 

because the SH-wave velocity is smaller than the P-wave velocity. 

Calculated short and long period static corrections for shot and receiver points (Fig. 76) 

were larger than the corresponding P-wave statics (up to 15ms) due to the lower SH-wave 

velocities. Besides being used to build the SH-SH image, the shot point statics were also 

incorporated during the SV-P imaging at a later stage.  
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3.5.2.6 EDITING 

To improve the image, manual editing was done to remove traces containing sweep 

signal (Fig. 68) and ranges of noisy channels discovered at random locations on the 

different shot and receiver points (Fig. 77). These noisy channels attributed mainly to the 

noise part of the signal to noise ratio and contained very little useful information. The 

random noise present in the data was canceled by the CMP stacking. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 77: Noisy channels in the data. Shown are a receiver point gather (left), and a 

distorted shot gather (right). 

  

300           0          Offset, m                      700  0                      Offset, m                          900 

T
im

e,
 s

 

T
im

e,
 s

 

0 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4 

 

 

 

 

 

 

 

 

 

 

 

 

0 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4 

 

 

 

 

 

 

 

 

 

 

 

 



103 

 

3.5.2.7 NOISE ATTENUATION 

To attenuate coherent noise, it was important to study the properties and the location of 

interfering events. On Figure 78 there are three sample shot gathers that were used to 

study the character of the signal and noise. The strongest visible noise events were found 

to be Love waves, source related noise, and random events. Time-frequency 

decomposition was done for 10 Hz windows from 10 to 100 Hz (Fig. 79). 

 

Figure 78: Sample shot point gathers. These gathers are used to study the coherent 

noise present in the data. The strongest noise events are Love waves, source related 

noise, and random noise. 
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Figure 79: Time-frequency decomposition panels, 10 – 100 Hz, 10Hz per panel. Each 

panel is a result of a 10 Hz wide bandpass filter applied to the data in 10 Hz steps. 

The same problem previously discovered in the P-P data and related to the source 

malfunction was also present in the SH-SH data. It showed on the spectrum (Fig. 80) of 

the sweep signal (Fig. 68) as vibrations of higher amplitudes from 30 to 60 Hz. 
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Figure 80: Source malfunction related noise. It shows on the sweep signal spectrum as 

the area of abnormally high amplitudes within the frequency range 30 – 60Hz (vertical 

blue lines in the figure). Blue arrow shows the noisy area on the seismic gather that 

corresponds to the frequency anomaly on the spectrum. 

It was present on every gather roughly below 1.5 seconds. Spectral analysis of the noisy 

area showed the same rise in the amplitudes for the frequencies from 30 – 60 Hz. These 

frequencies coincided with the frequencies of the main signal meaning it could be hard to 

attenuate this noise without damaging the signal.  

First, I muted the first breaks of the data to remove unnecessary noise before first 

breaks. Then, similar to the P-P data processing, amplitude scaling within small 

frequency windows was applied to the data to attenuate noise bursts. It balanced the 

amplitudes throughout the gather allowing recovering the signal, especially in the upper 

middle part of the data. The difference between “before” and “after” the amplitude 
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balancing showed that only noise was affected by the procedure (Fig. 81). Sloping events 

(Love waves) with velocity under 250 m/sec within the frequency range 0 to 40 Hz were 

removed using low-frequency array filtering (Fig. 82). Residual random and source 

related noises were removed using F-X deconvolution (Yilmaz, 2008) (Fig. 83). This 

procedure partially suppressed the signal in the lower part of the data. This did not affect 

the result of the processing because that area could not provide any reliable result due to a 

strong source related noise. Multiple reflections (Fig. 73) were subtracted using AVO 

modeling (Dewar, 2003) with bandpass filter 10-80 Hz applied before subtraction (Fig. 

84). At this stage, a model gather was created using the existing velocity function and 

subtracted from the original data via adaptive subtraction (Yilmaz, 2008). The resulting 

noise model was then subtracted from the original data removing mostly multiples and 

other noise not related to the signal. After the noise attenuation, surface consistent 

amplitude balancing was applied to compensate for the difference in the near surface 

characteristics. 
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Figure 81: Shot gather before (left) and after (middle) amplitude scaling. The 

difference between before and after only shows the noise meaning that the signal was 

not affected by the procedure. 

 

Figure 82: Shot gather before (left) and after (right) slope removal. Most of the Love 

waves and part of the source-related noise are removed. Red rectangles specify the area 

where the slope removal worked particularly well. 
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Figure 83: Shot point gather before (left) and after (right) F-X deconvolution. Most of 

the source related and random noise is suppressed. The signal is partially lost at the 

lower part of the gather most affected by noise and at the very top where the fold is low. 

 

Figure 84: Shot point gather before (left) and after (right) multiple reflections 

subtraction. Most of the multiple energy and other noise not related to the signal is 

removed. 
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New velocity analysis was done after the static correction and noise attenuation to take 

into account any structural changes and to further improve stacking. I chose several CMP 

points along the line, traced reflections that were supposed to appear at the same time, 

and applied previous velocity and muting functions to flatten them (Fig. 85). This visual 

aid works well when the underground structure is mostly flat. Here it helped to identify 

points where the events were over or under corrected while making sure that the new 

velocity did not change the reflectors at given times. New stack sections were built with 

the new velocity function after the noise suppression (Fig. 86) and after the multiple 

subtractions (Fig. 87). In Figure 87, the signal events were more continuous and bright; 

most of the noise was removed. The bottom part of the gather had weaker signal 

amplitudes due to the strong noise interference in that area before the F-X deconvolution 

and the removal of multiples. 
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Figure 85: Visual aid for the velocity analysis. CMP points are chosen across the line 

and flattened using the previously defined velocity function. The reflections that belong 

to the same reflector are underlined to control the velocity analysis. This shows how 

velocity at the chosen point differs from the correct value: if the event is 

undercorrected (the edges are bent downward), then the velocity needs to be increased, 

if the event is over-corrected (the edges are bent upward), then the velocity should be 

decreased. 

 
Figure 86: Stack section before (left) and after (right) noise attenuation (amplitude 

scaling, slope removal, and F-X deconvolution). The events are more continuous than 

before, most of the noise is removed. Bottom part of the gather after the noise 

attenuation has weaker signal amplitudes due to the strong noise interference in that 

area before the F-X deconvolution. 
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Figure 87: Stack section before (left) and after (right) multiple reflections subtraction. 

The signal events look flatter and more continuous because most of the undercorrected 

multiple events are removed. 
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3.5.2.8 DECONVOLUTION 

Zero phase deconvolution was applied to the data to improve the vertical resolution of 

the data, to widen the amplitude spectrum, and to remove the residual multiples. This 

method worked better for this dataset than other deconvolution methods. The design 

window for wavelet estimation was set to the area of the data that had a better signal. A 

10 – 80 Hz bandpass filter was applied after the deconvolution to remove high-frequency 

random noise. Deconvolution allowed an increase in the vertical resolution of the data 

and widened the amplitude spectrum (Fig. 88), but it raised the noise levels. The stack 

section after the deconvolution featured sharper events and better attenuation of multiples 

at later times (Fig. 89). A higher level of random noise decreased the visibility of the 

events. 

 

Figure 88: Spectral analysis. Shown is a sample shot gather spectral analysis before 

(left) and after (right) the deconvolution and 10 – 80Hz bandpass filter.  
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Figure 89: Stack section before (left) and after (right) deconvolution.  

Interestingly, positive and negative offsets of the SH-SH data provided stack sections 

with slightly different appearances: the stack section obtained using only negative offsets 

looked more coherent than the one obtained with positive offsets (Fig. 90). On the 

seismic gathers, there was no evidence of the difference in polarity between the positive 

and negative offsets meaning that there was no visible phase change in the same events 

while going from negative to positive offsets.  
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Figure 90: Different offset stack sections. Shown are combined (left), positive (middle), 

and negative (right) offset stack sections after residual static corrections and 2D 

filtering. The stack section obtained using only negative offsets looks more coherent 

than the one obtained with positive offsets.   
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3.5.2.9 MIGRATION  

A post-stack Kirchhoff time Migration was performed using the most recent stacking 

velocities (Fig. 91). To take into account contributions from both positive and negative 

offsets, combined section was used later to be compared to the P-P data final section. 

 

Figure 91: Post-stack Kirchhoff time migration. Shown are combined (left), positive 

(middle), and negative (offset) sections. Time migrated sections feature more 

continuous events, and most of the noise is removed. 

Time migration was followed by simple depth conversion using SH-SH interval 

velocities (Fig. 92). The final depth image only showed data down to 500 m. Due to the 

lower velocity and higher attenuation, the SH-waves were only able to image the upper 

portion of the subsurface, approximately a quarter of what was imaged by the P-waves. In 

general, the SH-SH image was of a lower quality than the P-P image (the horizons are 

less coherent and continuous, a lot of distortion) because the shear waves were more 

sensitive to the changes in the near surface (thus, need a more detailed static solution) and 

to the errors in the velocity analysis. Another thing that had to be considered as a source 
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of distortion was the shear wave splitting. It happens if the shear wave encounters an 

anisotropic region of the subsurface, fractures, faults, changes in Q (quality factor of the 

medium), or any other inhomogeneity. During the splitting, the incoming wave divides 

into two components – a slow shear wave and a fast shear wave. These waves travel by 

different paths with different velocities and are recorded with a delay in time and at 

different spatial locations. Even though this effect could be very beneficial for an 

interpretation of the shear wave data, it usually complicates data processing and distorts 

the image. Assessing the effect of the shear wave splitting was beyond the scope of this 

work and was listed as a future work subject. 

 

Figure 92: Depth conversion. Shown are combined (left), positive (middle), and 

negative (right) offset sections down to 0.5 km after a simple depth conversion with the 

SH-SH stacking velocity.  
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CHAPTER 4        SV-P DATA PROCESSING  

4.1 P-P AND SV-P SEPARATION 

4.1.1 INTRODUCTION 

Before the wave mode separation, it was important to find out the approximate location 

of the SV-P events and their character (slope and amplitudes). To accomplish this task, 

several information sources were used: P-P and SH-SH velocities from the corresponding 

data sets, Vp/Vs calculated using those velocities, and Vp/Vs calculated using VSP data 

from the same location. 

Using P-P and SH-SH stacking velocities (Fig. 93), Vp/Vs was calculated (Fig. 94). It 

diminished from 9 to 3.5 with time. It was important to remember that stacking velocities 

were different from the real velocities in the media and real Vp/Vs could be different 

from the one calculated here. But it was adequate for the initial SV-P event assessment as 

long as the velocity functions fitted the data and provided a reasonable result during the 

NMO correction (meaning they flattened the data well). 
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Figure 93: P-P and SH-SH data final stacking velocities obtained from seismic data.  

 

Figure 94: Vp/Vs derived from the stacking velocities (Fig. 93).  
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Additional data were provided from VSP survey in the shallow well drilled at the same 

location as the P-P and SH-SH surveys. Vp and Vs provided Vp/Vs for the upper part of 

the subsurface down to approximately 102 m (Fig. 95). The ratio varied from 39 to 6 with 

depth. The Vp/Vs = 6 at 100 m depth agreed with Vp/Vs from the stacking velocities. 

 

Figure 95: Vp/Vs from the VSP data.  

 

Sample shot gather from P-P seismic data was analyzed. The first strong reflector was 

located at 125 msec which was equivalent to approximately 100 m depth (assuming 1650 
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approximately equal to 6 at that depth, so Vp/Vs=6 was used for further calculations. 
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𝑡(𝑥) =
√(

𝑥

2
)
2
+𝑑2

𝑉
 (15) (Yilmaz, 2008) 

where t(x) is a function of time vs. offset, x is an offset, d is a depth of a reflector, and 

V is either Vp or Vs. Converted waves do not have a single NMO velocity VC because 

the downgoing and upgoing fields travel as different waves (P and S) with different 

velocities. It is approximated instead by these equations: 

2∆z/VC = ∆z/VP + ∆z/VS, 

1/VC ≡ (VP + VS)/2VPVS  (16) (Gaiser, 2016) 

where VC is the approximated value of the converted wave velocity within a single 

layer, VP is a compressional wave velocity, VS is a shear wave velocity, and ∆z is a layer 

thickness. 

By using the equations (15) and (16) time vs. offset plots for P-P, SV-SV, and SV-P 

events (Fig. 96) were built based on the parameters (Table 6) of the reflector located at 

100 m depth (velocities came from seismic, densities were calculated using Gardner’s 

relation (Eq. 8)):  

Table 6: Approximate media parameters for time-offset function calculation 

 Depth, m Vp, m/s Vs, m/s ρ, kg/m
3
 

Layer 1 0 – 100 1650 275 1975.8 

Layer 2 100 - ∞ 1800 300 2019.2 
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Figure 96: Time vs. Offset functions. The functions are calculated for P-P, SV-P, and 

SH-SH events for a 100 m deep reflector calculated by using the equations (14) and 

(15), Vp=1650 m/sec and Vs=275 m/sec. The blue line shows the approximate location 

of the SV-P event from the 100 m reflector. 

To further develop the subject, the calculations were done to locate areas of maximum 

SV-P amplitudes for the 100 m deep layer. Using equations (1), (2), (3), and (11), 

amplitudes of the SV-P converted waves recorded at the surface were calculated (Fig. 97) 

based on the parameters listed in Table 6. The first absolute maximum of the calculated 

amplitudes was located at approximately 400 m offset. This observation meant that at this 

offset and ~1 s time (Fig. 96) the SV-P event amplitude had to be the largest as well.  
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Figure 97: SV-P event amplitudes recorded on the surface as a function of offset. The 

blue line is the amplitude of the real part of the wavefield, the red line is the amplitude 

of the imaginary part of the wavefield, and the green line is the absolute value of the 

amplitudes. The black arrow shows the first amplitude maximum at ~400m offset. 

Next, I calculated the first take-off angle where P and SV patterns (Miller and Pursey, 

1954) cross (Fig. 98). Beyond that angle, the down-going SV-wave energy exceeded 

down-going P-wave energy, and the resulting SV-P events could potentially be seen on 

the gathers. For smaller angles, SV-wave energy was much smaller than the P-wave 

energy. It did not exist near normal incident angle and was too weak to be seen on 

seismic gathers without suppressing the P-waves. With special processing, the P-wave 

could be suppressed, and then the small amount of the SV energy from smaller incident 

angles could be recovered. Furthermore, the SV-P conversion critical angle (Fig. 99) that 

was dictated by the Vp/Vs controlled the maximum incident angle that could produce an 

upgoing P-wave. Beyond that angle, the converted SV-to-P wave experienced full 

internal reflection and did not come up to the surface. For Vp/Vs=6, the conversion 
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critical angle was about 10 degrees (Fig. 99) which, in conjunction with the previous 

figure, told us that for our data the take-off angles that could produce the recordable 

upgoing P-wave were very small and belonged to the range of angles (Fig. 98) within 

which SV-P events could not be visible on the seismic data without suppressing the P-P 

events. This explained why there were no visible SV-P events on the raw gathers (Fig. 

36). 

 

Figure 98: Compressional (P) and shear (SV) wave initial displacement difference as a 

function of angle. At 10° the displacement of the SV-wave is equal to the displacement 

of the P-wave.  

-0.2

-0.15

-0.1

-0.05

0

0.05

0.1

0.15

0.2

0 20 40 60

M
ag

n
it

u
d

e
, μ

m
 

Incident angle, degrees 

Compressional and shear displacements 
difference 

real

imaginary

absolute

~10° 



124 

 

 

Figure 99: Change of the SV-P conversion critical angles depending on the Vp/Vs.  

Another aspect to consider while analyzing the data was how the shear wave radiation 

looked for higher values of the Vp/Vs which we usually have in the near-surface. Seismic 

signal from the vibrator is strongly affected by the near-surface since the source is located 

directly on top of it. Previously calculated patterns (Fig. 1) showed that for normal Vp/Vs 

(2.66 and 2.06) the downgoing SV-wave energy rose slowly with growing take-off 

angles. So I calculated the radiation pattern for an extreme case of the Vp/Vs=10, which 

is typical for the near-surface. Since the source was actually situated on top of such layer, 

this radiation pattern was closer to the real world situation. According to the Fig. 95 the 

Vp/Vs was measured at 39 at the very surface during the VSP survey. Such measurement 

could be distorted since it was done at the very surface, so I chose Vp/Vs=10 for the 

radiation pattern (Fig. 100). 
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Figure 100: Radiation pattern (left) and its close-up view (right) for Vp/Vs=10. This 

Vp/Vs value is closer to the real near-surface conditions where the seismic source is 

located.  

According to this pattern (Fig. 100), with Vp/Vs=10 the radiated downgoing SV-wave 

was much stronger than the downgoing P-wave, and it was also stronger at small take-off 

angles that the downgoing SV-wave with the small Vp/Vs (Fig. 1). It meant that even 

though with high Vp/Vs, the critical conversion angle was small, the downgoing shear 

wave was stronger at smaller angles than with the lower Vp/Vs and it could have enough 

energy to transmit into the deeper layers and produce SV-P waves that could be recorded 

at the surface. The next problem was determining where exactly they were recorded. 

 

As the velocities of the media generally increase with depth, the raypath of a 

downgoing SV-wave bends towards greater offsets as the wave propagates through the 

media (Yilmaz, 2008) (Fig. 101). The raypaths on the Fig. 101 were calculated using the 
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shear wave stacking velocities. The offsets, at which the converted SV-P wave from each 

interface came up to the surface, heavily depended on the Vp/Vs in the media.  

Given that the P-waves travel back to the surface at larger angles, offsets larger than 

1000 m were needed to image the deeper portions of the media even at small take-off 

angles (Fig. 102). At the take-off angle of 2.75° the converted wave from the deepest 

interface surfaced at 1600 m offset which was 650 m farther than the maximum offset in 

the LaMarque data. For larger angles, the converted events from the deep interfaces 

turned into refractions. These events could only be imaged by the smaller take-off angles 

which carried less down-going SV-wave energy. These constraints meant that the data 

constricted by the wave radiation pattern and the critical conversion angles for the 

Vp/Vs=6 and higher could only provide the imaging information about the very shallow 

section of the subsurface. 
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Figure 101: 1 and 10-degree take-off angle downgoing SV-wave ray paths as functions 

of depth. These graphs show how far the downgoing SV-wave front spreads out at 1 

and 10-degree incident angles. For large Vp/Vs the upgoing P-wave would travel to 

very far offsets from the conversion points. 
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Figure 102: Time vs. offset downgoing SV-wave and upgoing P-waves converted at 

several depths (shown in plot caption on the right) based on the shear wave interval 

velocities derived from the stacking velocities and a constant Vp/Vs = 6. 800m depth is 

equivalent to 2s time for the shear wave data. These raypaths are calculated for a 2.75° 

take-off angle and perfectly horizontal layers. With larger take-off angles, the P-waves 

converted at deeper interfaces turn into refractions. The deepest converted event at this 

angle surfaces at 1600 m offset, 650 m farther than the LaMarque data maximum 

offset. 

Because these properties restricted the region of SV-P energy to the small take-off 

angles where that energy was very small, the quality of the final SV-P image depended 

on the effectiveness of the P-P suppression techniques. 
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4.1.2 DATA CONDITIONING 

Before P-P data could go through a separation procedure, it had to be preconditioned to 

remove the noisy area and enhance low frequencies. The data was cut to 2 seconds of 

total length to remove the noisy area at the greater time. Because the SV-wave high 

frequencies attenuated faster than the P-wave high frequencies, the resulting SV-P events 

had fewer high frequencies than the P-P events. Because the source sweep started at a 

relatively high frequency (10 Hz) and was non-linear (had higher amplitudes at high 

frequencies) the lower frequencies present in the data had to be brought to the same level 

as higher frequencies. This was done using spectrum equalization (Fig. 103). A bandpass 

filter from 10 to 80 Hz was applied to remove high-frequency noise and high frequencies 

that, as it was assumed, could not contain any SV-P signal due to the attenuation of the 

SV-waves (Fig. 104). Filtered data were sorted into CMP and corrected for NMO with P-

P stacking velocities. Residual static corrections were calculated for the CMPs and 

applied to further flatten the P-P events. The NMO corrections were removed. These 

procedures prepared the input data for the separation flow. The separation was done by 

three different methods, and the results were analyzed separately. 
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Figure 103: Sample CMP gather before (left) and after (right) the frequency spectrum 

equalization and 10 – 80 Hz bandpass filtering.  

 

Figure 104: Sample CMP spectral analysis before (left) and after (right) the frequency 

spectrum equalization and a bandpass filter application. Amplitude spectrum becomes 

more even and narrow after the procedures. The red arrow shows that a 10 Hz 

frequency has much lower amplitudes before the equalization and is much stronger 

after which allows this frequency to show better on the gathers.  
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4.1.3 PARABOLIC RADON TRANSFORM 

Parabolic Radon transform proved to be an effective technique to separate events that 

have different slopes/velocities. It is widely used to separate main events and their 

multiples. The application of the Radon transform here was based on the difference 

between the slopes of the P-P and SV-P events. 

Preconditioned data were transformed into the tau-p domain using a parabolic Radon 

transform and P-P stacking velocities. The maximum ray parameter (p) value was set to 

2200 s/μm based on the data analysis: anything that had p-value larger than that was 

considered noise or SV-SV reflections. In a tau-p domain, the data were removed within 

the -650-650 s/μm p-value range. Only P-P reflections and multiples were expected to be 

in that range because they had a smaller slope than the SV-P events and the goal was to 

get rid of them. Data were subsequently transformed back to the time-offset domain (Fig. 

105).  

It was evident that there were a lot of the residual P-P reflections at far offsets (Fig. 

105, right), especially low-frequency waves, which had to be removed at a later stage. 

Most of the higher frequency P-P signal was subtracted from the gather to prevent it from 

interfering with the SV-P signal. 
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Figure 105: Sample CMP before (left) and after (right) wavefield separation using 

Radon transform. Most of the high-frequency P-P events have been removed to prevent 

them from interfering with the SV-P events.  
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4.1.4 AVO MODELING 

AVO modeling is another technique that is widely used to remove the unwanted events 

like multiples from the original data.  

AVO (Hilterman, 1989) modeling was used to create a P-P model using AVO attributes 

to achieve a better P-P and SV-P separation. It used the known Vp, an empirical 

“mudrock” relation scalar for clay (a type of rock was derived from the geological 

information about the area of interest) (Castagna, (1985)), a Gardner’s equation scalar 

(0.31 for m/sec) (Gardner and Gregory, 1974), and employed a Fatti’s approximation of 

Zoeppritz’s equations (Fatti et al., 1994) to calculate the reflectivities.  

A matching filter (Yilmaz, 2008) was applied to both the conditioned data set and the 

model to do the subtraction. The procedure compared the amplitudes of the model with 

the amplitudes of the original data within a small window (number of time samples by 

number of traces), found the matching amplitude pairs, brought the amplitudes of the 

model to the same level as the original data and performed a subtraction of the modelled 

data from the original data. Similar to the previous separation method, even after 

subtraction (Fig. 106), the resulting wavefield still contained a lot of the residual P-P 

reflections that required additional attenuation. 
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Figure 106: Sample CMP before (left) and after (right) P-P subtraction using AVO 

modeling. The result of the subtraction contains a lot of the residual P-P reflections 

(red arrows) that require additional attenuation.   
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4.1.5 F-X DECONVOLUTION 

F-X deconvolution is used to enhance the predictable part of the signal laterally while 

suppressing the unpredictable noise. It could potentially create a good P-P signal model 

for the wavefield separation. 

F-X deconvolution (Yilmaz, 2008) was applied to the conditioned and NMO-corrected 

data to enhance the P-P events which were then subtracted from the original data (Fig. 

107). The procedure designed a spatial (trace-to-trace) filter in a wide lateral window (81 

traces) that enhanced the predictable energy. Because the P-P events were flattened with 

NMO correction, the amplitudes of each event were located at the same time at each 

trace. Thus they had the most predictable energy. Noise and other events were scattered 

on the flattened gathers and were not predictable.  

 

Figure 107: Sample CMP before (left) and after (right) wavefield separation using F-X 

deconvolution. Most of the P-P events are removed leaving only the noise and the SV-P 

signal. The SV-P signal does not form any coherent events and needs to be enhanced. 
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This separation method provided the best P-P signal subtraction: it removed most of the 

P-P events. Instead of transforming the data back and forth (Radon transform) or creating 

the data from scratch (AVO modeling) the F-X deconvolution simply enhanced the 

existing P-P signal before subtracting it which led to the more effective subtraction. 
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4.1.6 P-P TO SV-P GEOMETRY CHANGE 

Echos does not support SV-P processing, but it does support the more conventional P-

SV processing. To process the new SV-P data obtained by the separation procedures 

(Radon transform, AVO modeling, and F-X deconvolution), shot and receiver trace 

headers had to be swapped to emulate the P-SV configuration. But before any changes to 

the data headers were done, it was important to resolve the source SV-wave statics issue. 

Current shot statics were calculated for the down-going P-waves and had to be replaced 

with the statics calculated for the down-going SV-waves. Generally, the residual statics 

(not the new values), while quite large for SV-waves, would be either picked manually or 

calculated automatically if the quality of the data allowed. In our case, the existence of 

the SH-SH data that was shot at the same location with similar acquisition parameters 

allowed the use of shot static corrections calculated for this data in place of the shot 

statics for the SV-P data. Previously calculated P-P shot point statics were removed and 

SH-SH shot statics were applied to the data. 

The new data were sorted by shot points and exported as an SGY file. This SGY file 

was imported into a new project with different geometry that used shot-point information 

(mainly, coordinates) for receivers, and receiver-point information for shots. This 

allowed swapping shot and receiver positions while leaving positions of the CMP points 

intact. Initially, SV-waves were at the source end of the ray (Fig. 6), and P-waves were at 

the receiver end. Setting up a new survey with different geometry allowed the SV-waves 

to be at the receiver end, and the P-waves to be at the source end. Thus, the newly sorted 

data could be processed as a regular P-SV data using tools designed for this purpose.  
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4.1.7 CCP BINNING AND MUTING 

Knowing that at 100 m depth the Vp/Vs was ~6 and slowly decreased with time 

(depth), common conversion point (CCP) binning was done using the velocity ratio of 6. 

The binning produced values for the asymptotic binning points (ACP) (Fig. 6) by which 

the data were then sorted to do the CCP velocity analysis and stacking (ACP value was 

used for CCP because the binning was not time-variant). 

Inner and outer muting (as well as all of the following processing steps) were applied to 

all separation results to remove parts of the gather where I did not expect to find any SV-

P signal (Fig. 108). Inner muting was extended to farther offsets at the bottom of the 

gather to remove the data affected by the ground roll. That noise had similar frequency 

and velocity to the SV-P signal so any kind of noise attenuation applied to it could harm 

the desired signal in the same area.  

 

Figure 108: Sample separated shot point gather before (left) and after (right) inner and 

outer muting.   
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4.2 SV-P DATA PROCESSING 

4.2.1 VELOCITY ANALYSIS AND BRUTE STACK 

CCP velocity analysis produced Vs values in terms of gamma function (which is 

Vp/Vs) based on the previously defined Vp stacking velocity. This gamma was used for 

the CCP stacking. It was picked on the CCP supergathers the same way as the Vp or Vs 

were picked on the CDP gathers (Fig. 109): maximum energy on the semblance 

coordinated with the flattened events on the gather, and gamma value naturally decreased 

with time. Approximate Vp/Vs derived from the P-P and SH-SH stacking velocities were 

used as a base for the gamma analysis because the SV-P events formed few coherent 

events on both the gather and the semblance and were hard to pick.  

 

Figure 109: CCP velocity analysis. Gamma semblance (right) shows stacking energy 

for different gamma-time pairs and an approximate gamma function (black line). Red 

line on the supergather underlines the flattened SV-P event. Red arrows show over-

corrected residual P-P events on the supergather and the same events on the semblance 

where the Vp/Vs=1. 
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Brute stacks that were obtained using results of the P-P and SV-P separation (Fig. 110), 

Vp, and the measured Vp/Vs showed few traceable events and needed further 

improvement to reveal more SV-P signal. 

 

Figure 110: Brute stack sections for the separated data. Shown are the stack sections 

for the separated data after Radon transform (left), AVO modeling (middle), and F-X 

deconvolution (right).   
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 4.2.2 NOISE ATTENUATION 

Muted data were sorted by the shot points. The residual P-P events were flattened using 

the Vp. To remove these P-P events and possible multiples, the flattened data were 

transformed into the F-K domain, where a narrow polygon-shaped filter was applied to 

the data (the F-K area corresponding to the flattened P-P events is removed) (Fig. 111). 

Output data were sorted by the receiver points, and the procedure was repeated (removing 

undesirable signal often requires applying the same procedures to the same data but in 

different domains) (Fig. 112). Vp NMO correction was removed. F-K filtering removed 

most of the residual P-P events that were left in the data during the separation.  

After F-K filtered data were sorted by the CCP, gamma analysis was repeated to 

determine a more accurate gamma function, and then the data were flattened (Fig. 113) 

and stacked (Fig. 114-116). New stack sections showed the improved continuity of the 

events. Because SV-P events on the CCP gathers were still weak and mostly 

discontinuous, it was impossible to further improve pre-stack data and gamma function, 

so only the stack sections were processed next. Post-stack slope removal and F-X 

deconvolution were applied to the stack sections which significantly improved continuity 

of the existing events (Fig. 117). The signal amplitudes on the stacks declined with time 

meaning the SV-P events strongly attenuated with time. 
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Figure 111: Sample shot point gather before (left) and after (right) FK filtering. Most 

of the P-P events in the shot-point domain are removed. 

 

Figure 112: Sample receiver point gather before (left) and after (right) FK filtering.  
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Figure 113: Sample CCP point gathers after removing the residual P-P events and 

applying CCP NMO correction. Some of the SV-P energy (red arrows) becomes more 

visible after the F-K filtering. 

 

Figure 114: AVO separated stack section after shot point (left) and receiver point 

(right) noise attenuation. More SV-P energy (red arrows) becomes visible after the F-K 

filtering. Red arrows show areas of the biggest improvement. 
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Figure 115: F-X deconvolution separated stack section after shot point (left) and 

receiver point (right) noise attenuation. More SV-P energy (red arrows) becomes 

visible after the F-K filtering. Red arrows show areas of the biggest improvement. 

 

Figure 116: Radon transform separated stack section after shot point (left) and 

receiver point (right) noise attenuation. More SV-P energy (red arrows) becomes 

visible after the F-K filtering. Red arrows show areas of the biggest improvement. 
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Figure 117: Post-stack processed stacks. Shown are the stacks after F-X deconvolution 

(left), AVO modeling (middle), and Radon transform (right). Post-stack processing 

improved continuity of the SV-P signal. The signal amplitudes on the stacks reduce 

with time meaning the SV-P events strongly attenuated as they were propagating 

through the media.  
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4.2.3 MIGRATION 

No converted wave migration could be done without a reliable velocity model. Since 

the subsurface layers were mostly horizontal and there were no complex structures, only 

simple depth conversion was applied to the data using the average converted wave NMO 

velocity (Fig. 118) calculated using equation 16. As a result, I obtained new depth 

sections of the 600 m total depth (Fig. 119). Coherent signal was only seen down to 300 

m which was very shallow compared to the P-P depth section (Fig. 63). 

 

Figure 118: Converted-wave NMO velocity calculated using the average equation (Eq. 

16) 
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Figure 119: Depth converted data: Radon transform (left), AVO modeling (middle), F-

X deconvolution (right). New depth sections have a total depth of 600 m. The coherent 

signal is only seen down to 300 m which is very shallow part of the subsurface 

comparing to the P-P depth section.  
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CHAPTER 5 INTERPRETATION OF THE RESULTS 

5.1 P-P DATA 

High frequency and high amplitude P-P signals resulted in a stack section with highly 

resolved (10 m thick) continuous events. This dataset could be ideal for both shallow and 

deep imaging if not for the strong, source-related noise. The presence of such noise 

compromised the data below 2 s, which required shortening of the records. This final P-P 

depth (Fig. 120) section stretches down to about 2 km. The top of the section showed 

weaker amplitudes due to a lower stacking fold at small times comparing to the later 

times.  
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Figure 120: P-P data final depth section. This is the result of the performed vertical-

vertical data processing. High frequency and high amplitude signals resulted in a 

highly detailed stack section.  
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5.2 SH-SH DATA 

Despite the presence of strong interfering events, average-to-low signal-to-noise ratio, 

and high sensitivity of the SV-wave to the inhomogeneities of the near-surface, low-

frequency reflections were still visible enough to do a velocity analysis and to form 

continuous events on stack sections, though the number of the continuous events was 

significantly lower than on the P-P section. The same source noise problem present in the 

P-P data was also present in this data below 2 s, so this data set was also truncated. 

Strong multiple reflections interfered with the main signal and disrupted the continuity of 

the events on the stack section. After migration and depth conversion, the last prominent, 

continuous event was located at 0.4 km (Fig. 121). 
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Figure 121: SH-SH data final Depth section after migration and depth conversion. The 

last prominent, continuous event in this section is located at 0.4km.  
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5.3 COMPARISON OF P-P AND SH-SH DEPTH SECTIONS 

To compare P-P and SH-SH depth sections both data were shortened to 0.5 km and 

compared side by side (Fig. 122). An AGC with 500 ms length was applied to balance the 

amplitudes between the two sections for better viewing. The SH-SH section appeared to 

have a higher vertical resolution (higher frequency signal) because the events were 

subjected to greater vertical compression than the P-P data during the depth conversion. 

The shear-wave velocity was much lower than the compressional wave velocity, so it 

took longer for the shear wave to travel the same distances as the compressional wave. 

That is why, despite having the same record length in time, in depth, the final shear-wave 

section ended up being much shorter than the final compressional-wave section.  

Two depth section showed similar features located at approximately same depths (Fig. 

123). Horizons near the top of the sections (50 – 175 m) looked similar on the two 

sections. The 250 m horizons (dark blue) had similar curves delineated by the blue lines 

on both sections. 375 m horizon (dashed red) was strong and continuous on the P-P 

section, but on the SH-SH section, it was distorted and discontinuous which could be 

caused by the multiple reflections interference, incorrect stacking velocity, or a fault 

(though not as pronounced, the same fault feature was present on the P-P section at ~400 

m).  
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Figure 122: P-P final depth section (left) and SH-SH final depth section (right).  
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Figure 123: P-P (left) and SH-SH (right) interpreted depth sections. The same 

horizons are underlined with the same colors. 
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5.4 VP/VS 

Several sources contributed to the construction of the gamma function (Vp/Vs) for the 

SV-P data: shallow well log data that helped to specify the Vp/Vs at a 100m depth, 

Vp/Vs calculated from the stacking velocities for the P-P and SH-SH data, and Vp/Vs 

measured from the SV-P CCP point. 

The final Vp/Vs varied from 6 to about 4.5 with time and only corresponded to a single 

CCP location along the survey line (Fig. 124). Giving the horizontal character of the 

subsurface (as shown in the P-P data), one point was sufficient to build an approximate 

stack section because the velocity did not change much laterally. The high sensitivity of 

the SV-wave to changes in the subsurface required more detailed velocity analysis, but 

data quality did not allow it. 

 

Figure 124: Final Vp/Vs from SV-P data.  
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5.5 COMPARISON OF THE P-P, SV-P, AND SH-SH DEPTH SECTIONS 

To compare the SV-P depth section with the P-P and SH-SH depth sections, all datasets 

were shortened to 0.5 km and put side by side with the SV-P section in the middle. 

Results of each separation method were compared separately (Fig. 125 – 127). An AGC 

with 500 ms window length was applied to balance the amplitudes between the two 

sections for clearer comparison. 

All three SV-P sections were characterized by poor continuity of the events. The 

deepest more or less continuous and the horizontal event was registered at about 0.25 km. 

There it coincided with a similar horizon located at the same depth on P-P and SH-SH 

sections (Fig. 125 – 127). The events below 0.25 km bowed down at the edges which 

could indicate the presence of strong under-corrected events during stacking that needed 

lower Vp/Vs. But this bending could also result from the post-stack F-X deconvolution 

which pulled together random incoherent events.  

The result of the Radon transform separation (Fig. 125) showed more continuous events 

than the other two SV-P sections. Most of the events were horizontal and had frequencies 

similar to the SH-SH section. Strongest events correlated with the events on the P-P and 

SH-SH sections and were located at approximately the same depths. This showed that the 

Radon transform proved to be the most effective wavefield separation method for this P-

P dataset and an overall method to recover converted SV-P waves was successful. 
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Figure 125: Depth sections. Shown are the P-P (left), SV-P Radon (middle), and SH-

SH (right) sections.  
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SV-P section obtained using F-X deconvolution (Fig. 126) had fewer continuous events 

than the previous one but still showed some of the same horizons recorded on the P-P and 

SH-SH sections.  

F-X deconvolution was not a good choice for the P-P, and SV-P separation since the 

final section had very few continuous horizontal events. Since the SV-P signal was also 

predictable, it might have been partially included in the F-X prediction model and 

subsequently was subtracted from the original data along with the P-P events. 

 

Figure 126: Depth sections. Shown are the P-P (left), SV-P F-X deconvolution 

(middle), and SH-SH (right) sections. SV-P section is characterized by few continuous 

events and a poor overall quality. It still shows some of the same horizons recorded on 

the P-P and SH-SH sections. 
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SV-P data obtained using AVO modeling and subtraction showed the least amount of 

continuous events throughout the depth section (Fig. 127). At marked times some 

continuity and event similarity was present, but most of the events were highly distorted 

and could not be correlated. This could have happened because of the differences 

between the AVO model and the real P-P events. A large number of the residual 

interfering events prevented the SV-P signal from forming coherent events. This rendered 

AVO modeling and subtraction the least effective wavefield separation method for the 

given P-P dataset. 

 

Figure 127: Depth sections. Shown are the P-P (left), SV-P AVO modeling (middle), 

and SH-SH (right) sections. At marked times some continuity and event similarity is 

present, but most of the events are highly distorted and cannot be correlated. 

The SV-P sections were built using the processing parameters unique to this wave-

mode, especially velocities. Thus, having similar to P-P and SH-SH horizons at the 

corresponding depths on the SV-P sections proved that the imaged events were indeed 

the SV-P events. 
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Every processed seismic section must be compared to well logs available for a surveyed 

area to check the correctness of the processing. The interpreted horizons on the seismic 

sections should correlate well with the log events. I compared the final P-P, SH-SH, and 

SV-P depth sections to the Gamma Ray and Resistivity/Conductivity well logs obtained 

in the nearby well at the LaMarque site on 03/08/2013 (Fig. 128). The total well depth 

was ~140 m, so only this portion of the seismic was compared to the logs (Fig. 129). 

 

Figure 128: Water well drilling report, top section less the logs. The total drilling depth 

is ~140 m which is to be compared to the 140 m of the seismic. The logging methods 

included Gamma Ray and Resistivity/Conductivity. 
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Figure 129: Logs vs. Seismic. Shown are the Gamma Ray and Resistivity/Conductivity 

logs (left) and the top 140 m of P-P, SH-SH, and SV-P seismic sections. Red rectangles 

on the logs indicate low conductivity zones usually associated with water filled sands. 

The interpreted sand interval events correlate well with the bright horizons on the 

seismic sections at 40, 60, 80, and 120 m. 

The interpreted well logs showed intervals of low conductivity usually associated with 

sands. The intervals with the lowest conductivity were most likely filled with fresh water 

that is less conductive than the salt water. The short partial seismic sections correlated 

well with the well-log data meaning that the processing was done correctly. Some 

deviations in the shear-wave section indicated the need for the more detailed velocity 

analysis. 
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CHAPTER 6 CONCLUSIONS  

The goal of this work was to find SV-P converted events on the conventional P-P data 

recorded using vertically vibrating source and vertical component receivers, separate 

them from the rest of the signals (including P-P reflections, multiples, SV-SV reflections, 

random and coherent noise), and build a subsurface SV-P image. Analysis of the theory 

and numerical modeling helped to locate an area of the P-P data which contained SV-P 

events. Separating that area from the rest of the data helped to diminish the contribution 

of the interfering events to the stacking and to ensure the fidelity of the final image. 

Numerical modeling also provided synthetic data to test the methods that were used to 

separate the wavefields. I tested several separation methods that were based on the 

difference in the velocities (and, therefore, slopes) of the recorded events (SV-P events 

had a larger slope than the higher velocity P-P reflection and their multiples, but smaller 

slope than the SV-SV reflections and coherent linear noise). At the stage of processing 

the synthetic data, I chose to use Radon transform, AVO modeling, and F-X 

deconvolution to create a P-P signal model and then subtract it from the original dataset 

to reveal the rest of the recorded events. 

P-P seismic data for this work was chosen from the available seismic datasets following 

the “Guidelines for selecting legacy P-wave data for SV-P data processing” (Hardage et 

al., 2015). The selected data mostly fit the guidelines except the dataset may not have 

enough low-frequency content to make SV-P events prominent. An SH-SH dataset 

recorded at the same location and with similar acquisition parameters as the P-P dataset 

was used to create an SH-SH image to compare with the P-P and SV-P images. It was 
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also used to obtain SV-wave static correction values for the SV-P shot points and velocity 

information to calculate Vp/Vs. 

After series of procedure testing a special flow was constructed to process the original 

vertical-vertical dataset and build P-P and SV-P subsurface images. This flow included 

data pre-conditioning that allowed enhancing the low-frequency signal in the original 

vertical-vertical data before separation, data separation using three different methods, and 

a post-separation SV-P signal enhancing. The SH-SH image was built using an image 

processing flow similar to that used for the P-P data. 

While conventional processing flow could be used to create the P-P and SH-SH images, 

building an SV-P image required constructing a new flow. Given the fact that the SV-P 

events on the P-P data may be unidentifiable while fully obscured by the main signal and 

other interfering events it was decided to follow these steps to reveal the hidden signal: 

1) Fully process P-wave data 

2) Estimate Vs using any available information – well logs, previous studies, 

lithologic type, empirical relationships (mudrock line), Vp/Vs from P-P and SH-

SH data, ground roll inversion (MASW) (in this work additional SH-SH data and 

a shallow well data were available) 

3) Analyze the potential characteristics and location of the SV-P events 

4) Enhance the original static corrected P-P data low frequencies if insufficient 

5) Remove as much interfering events as possible (P-P, multiples, noise) 

6) Apply additional SV-wave shot statics (in this work, extracted from the SH-SH 

data) 
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7) Switch shot and receiver parameters so the separated data could be processed as 

P-SV data by the available software 

8) Undertake noise reduction (remove residual P-P, SV-SV, and other interfering 

events) 

9) Form Vp/Vs function by the converted point velocity analysis using additional 

Vp/Vs information to control picking, perform CCP binning 

10) Build CCP stack sections 

11) Enhance both gathers and stack sections by residual static correction and filtering 

12) Migrate the SV-P data and build the depth section (no migration in this work, 

only depth conversion) 

Three final SV-P depth sections were compared to the P-P and SH-SH depth sections. 

The Radon transform provided the best depth section. F-X deconvolution must have 

included the SV-P signal into the P-P model, so the large portion of the SV-P events was 

subtracted along with the P-P reflections. AVO modeling provided an approximate P-P 

model which was then adaptively subtracted from the original data. The AVO model or 

the adaptive procedure could be responsible for the poor continuity of the SV-P events on 

the final depth section. The Radon transform provided a wavefield separation based on 

the ray parameter value in the tau-p domain and allowed keeping most of the SV-P 

energy while removing most of the P-P energy. 

The final P-P depth section was characterized by high vertical resolution and good 

horizontal event continuity. The SH-SH depth section had even higher resolution due to a 
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larger vertical compression during the depth conversion, but horizontally it was more 

influenced by the near surface and required more static corrections. Still, when both 

depth sections were put side to side and interpreted by correlating the most prominent 

horizons, they showed the consistent similarity between the correlated events. The final 

P-P, SH-SH, and SV-P depth sections were also compared to the Gamma and 

Resistivity/conductivity well logs. The seismic sections correlated well with the well log 

data showing that the processing was done correctly. 

Interpreted SV-P depth sections, when compared to the P-P and SH-SH depth sections, 

revealed some similarity between the position and the character of the correlated events 

as between the P-P and SH-SH depth sections down to 0.3 km, although somewhat less 

continuous. That is only slightly shallower than the correlation between the P-P and SH-

SH images despite the facts that, first, the SV-P data were obtained through P-P data 

processing as opposed to the direct field acquisition using horizontal source and vertical 

receivers, second, the stacking and depth conversion parameters had an approximate 

character (CCP computation and depth conversion are approximate), and third, only a 

small amount of the SV-P energy was uncovered comparing to the large number of 

residual interfering events, which could have formed random amplitudes on the stack 

sections and completely prevented the SV-P signal from forming the continuous events. 

This indicates that the seismic processing can uncover what I interpret to be the SV-P 

signal embedded in the conventional vertical-vertical seismic data. This provides a 

supplemental SV-P image of the shallow subsurface (which is usually not imaged 
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properly by the conventional P-P data due to the low stacking fold at small times) to the 

LaMarque seismic survey and an exciting start to a whole new processing world. 
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CHAPTER 7 DISCUSSION AND FUTURE WORK 

Before summarizing the results of this work, it needed to be said, that without the 

guidance of the previously done work on the SV-P waved generated by the vertical 

vibrator, it would be very hard to move forward. The majority of this thesis was 

dedicated to studying the theory behind the idea of P-P and SV-P wavefield separation: 

the wave radiation patterns, reflectivity and mode conversion at a boundary between two 

layers, and various equations used to analyze the character of recorded events. The rest of 

the work was done on the numerical modeling and synthetic and seismic data processing. 

The result of the processing is very encouraging and may prompt further development 

like improving both pre- and post- separation processing flows, deepening data analysis, 

supplementing data interpretation, and an industry-wide SV-P processing 

implementation.  

To aid the subject development, several key recommendations can be made regarding 

this work and an overall process. First, it is important to build a correct subsurface image 

in terms of resolution and event positioning regardless of the studied wave mode. In this 

sense building a velocity model and doing a pre-stack depth, migration is required if such 

could be accomplished within the limits of the processor’s knowledge and the existing 

processing software.  

Given the complex character of the wave behavior within the subsurface (meaning the 

multiple wave mode reflections, conversions, transmissions, etc.), it would be useful to 

be able to identify each mode, to pinpoint its approximate location on the recorded data, 

and to predict its character (slope, amplitude) compared to other modes. This could be 
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programmed and added to the existing processing suits. Another important, influential 

factor is seismic data acquisition. The amount of the initial SV-wave signal generated at 

the surface and it’s transmission through the Earth’s layers heavily depends on the Vp/Vs 

in the near-surface. High-velocity ratios allow higher amplitude ratios of SV-waves to P-

waves and stronger SV-wave amplitudes at the small take-off angles. At the same time, 

the higher the Vp/Vs, the smaller is the SV-to-P conversion critical angle, meaning that 

only the SV-waves generated at very small take-off angles would be able to convert into 

the P-waves and be recorded at the surface.  

For each medium, the upgoing P-wave take-off angle is larger than the corresponding 

downgoing SV-wave incident angle as described by the Snell’s law (Yilmaz, 2008) 

because the P-wave velocity is larger than the SV-wave velocity. The down-going SV-

wave raypath is also always shorter than the up-going converted P-wave raypath. As a 

result, the upgoing converted P-wave from a given reflector can come up to the surface at 

a large offset. Let’s assume that for the LaMarque dataset the target layer for the SV-P 

imaging was located at 800 m depth. Making the same calculations as for the chart in 

Figure 102 and taking the interval SH velocities as a base, I calculate maximum pre-

critical SV-wave take-off angles that would allow the converted P-wave to be recorded at 

the surface for different Vp/Vs values (Fig. 124). 
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Figure 130: Maximum surface offset for the upgoing P-wave (left chart) and 

maximum pre-critical take-off angle for the down-going SV-wave for the target 800 m 

layer calculated for different Vp/Vs values throughout the media. The larger the 

velocity ratio, the smaller is the maximum pre-critical SV-wave incident angle, and the 

smaller is the maximum converted P-wave surface offset. 

As the Vp/Vs increases, the maximum pre-critical downgoing SV-wave take-off angle 

becomes smaller (Fig. 130(right)), meaning the smaller range of the take-off angles can 

produce the SV-waves that will convert into the P-waves and will be recorded at the 

surface. The offset at which the upgoing P-wave would be recorded at the surface also 

diminishes with the increasing Vp/Vs (Fig. 130(left)). For the LaMarque dataset, the SV-

P event from the 800-m reflector with the maximum take-off angle at the near-surface 

~2.8° would be expected at ~6000 m offset, which is not in the data. The more accurate 

calculation would factor in the Vp/Vs decrease with depth (the real Earth situation) which 

would allow the events from the deeper reflector come at smaller offsets than with the 
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fixed Vp/Vs. It still means that the maximum depth of the SV-P imaging strongly 

depends on the Vp/Vs in the media, especially in the near-surface where the waves are 

generated, and requires long offsets for the deep target layers. 

The attenuation also has a big impact on the SV-P imaging. The SV-waves attenuate 

faster than the P-waves of the same frequency (Bale, 2002). The low-frequency waves 

(both SV and P) attenuate slower than the high-frequency waves. To ensure a good 

quality SV-P wave signal and deep penetration (deep imaging) the vertical-vertical data 

must contain robust low frequencies so the downgoing SV-waves would attenuate slower 

and the SV-P events from the deep layers could have higher amplitudes. The LaMarque 

data have an average amount of the low frequencies compared to other conventional 

vibroseis data: the lowest generated frequency is 10 Hz. As a result, the SV-P signal is 

weak compared to the P-P signal, and the imaging is shallow (Fig. 125-127). It would be 

beneficial for the SV-P imaging to have frequencies lower than that. 

The SV-P experiments could be extended by the following: 

1) comparing the positive and negative offset summation results as well as 

assessing the offset weighting; 

2) characterizing the multiple P-P reflections and distinguishing them from the 

SV-P and SV-SV events depending on the media parameters; 

3) testing the separation method using other datasets that would vary by the 

acquisition parameters (shot and receiver distance, maximum offset, record 

length, minimum frequency, 3D) and the subsurface structure (horizontal 
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surfaces versus sloping, curving, and interrupted surfaces, various fluid 

saturation) 

4) include explosive  and other sources with the corresponding theory 

5) considering a way to compensate for the SV-wave attenuation on the SV-P 

images to strengthen the deeper events 

6) performing an extensive qualitative and quantitative interpretation of the SV-P 

images 

The last point is very important. One of the special properties of the SV-P data is the 

splitting of the down-going SV-waves into two separate modes in the presence of 

anisotropy. The corresponding upgoing P-waves carry the splitting effect to the surface 

where they are recorded as two separate reflections from the same layer rather than one. 

Shear wave splitting disrupts the continuity of the events making it hard to do the 

processing, but it may be instrumental to the interpretation: the splitting provides 

information about fracturing (Lynn, 2004) and changes in the Q-factor in the media 

(Gratacos, 2009). 

Studying of the other recorded, converted modes could be beneficial as well. There has 

been evidence that the SV-SV data recorded using horizontally vibrating source and 

horizontal receivers contained robust P-P and P-SV events. Such events are formed by 

the P-wave radiating from the horizontal vibrator (Fig. 3), reflected or converted at a 

boundary within media, and then recorded by the horizontal receiver. P-P data would be 

easier to extract from the SV-SV data because most of its energy will be recorded much 



172 

 

earlier than the SV-SV first breaks and all that would be needed for extraction is a simple 

inner mute to remove the SV-SV events. 
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