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ABSTRACT 

The Vertical Seismic Profile (VSP) with receivers or sources in the boreholes has 

been widely used to provide in-situ rock properties and a high-resolution image 

around the borehole. In this thesis, we investigate and develop three algorithms for 

use in borehole seismic processing, and specifically for a Bakken shale case history. 

First, a walk-away VSP is transformed to simulate a set of surface seismic shot 

records by convolving and summing together the appropriate sets of VSP records. 

Some artifacts can be reduced by appropriate weighting before stacking. The quality 

of the result depends upon the borehole receiver and VSP shot coverage. Second, 

downward continuing surface shots to each level of the borehole receivers is outlined. 

After obtaining each of the redatumed common receiver gathers, a joint Normal 

Moveout (NMO) velocity analysis is performed. This method gives a quick 

mearsurement of interval velocites from walk-away or 3D VSP data. It can be used to 

help build an initial velocity model below the borehole receivers. Third, we develop a 

method by assessing residual moveout after migration for VSP data to derive and 

update the velocity model below the borehole receivers. We derive a quantitative 

relationship which provides the residual moveout of events after migration. Using this 

relationship, we can invert velocities from unstacked migrated data. This method uses 

full prestack depth migration to handle the overburden velocity and then inverts for 

“local” velocities around borehole efficiently. Finally, a study in the Bakken shale, 
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North Dakota using VSP data is undertaken. A zero-offset VSP and a walk-away line 

VSP are processed to image the Bakken formation. The corridor stack of the 

zero-offset VSP data ties the well logs convincingly and assists in building a velocity 

model. A North-South walk-away line VSP provides more detailed information below 

the receivers. Prestack Kirchhoff migration image indicates the Bakken formation is 

at a depth of 9950 ft (3033 m) with about 150 ft (46 m) thickness. Initial migration 

velocities flattened common image gathers that can be nominally improved using 

RMO analysis. The techniques in this thesis assist in several aspects for VSP 

processing and analysis.  
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GLOSSARY OF SCIENTIFIC TERMS 

2D-3C surface seismic survey: Two-dimensional surface seismic survey recorded on 

3 component geophones. 

 

3D-3C VSP survey: Three-dimensional vertical seismic profile survey recorded on 3 

component geophones. 

 

Automatic Gain Control (AGC): A system in which the output amplitude is used for 

automatic control of the gain of an amplifier. Seismic amplifiers used to have 

individual AGC for each channel, although multichannel control was sometimes used. 
[1]

 

 

Common Image Gather (CIG): For both velocity and petrophysical analysis it is 

particularly useful to measure the variations between the partial images at fixed image 

point. The subsets of the whole image with fixed surface location are thus often 

displayed to perform this kind of analysis. These subsets are often called Common 

Image Gathers (CIG). 
[2]

 

 

Common Image Point (CIP): For both velocity and petrophysical analysis it is 

particularly useful to measure the variations between the partial images at fixed image 

point. 
[2] 

The fixed image point is called Common Image Point.  

 

Direct arrival: Energy that travels by straight or shallow diving raypaths from source 

to detector. 
[3]

 

 

Far-offset VSP: The VSP survey with a source on the surface is far-offset from the 

well. 

 

First Break (FB): The first recorded signal attributable to seismic-wave travel from a 

known source. In this study, we picked a FB which is giving the P-wave direct arrival 

information. 
[4]

 

 

Hodogram: A plot of the motion of a point as a function of time, that is, a display of a 

particle path especially with multicomponent detectors. Used to determine the 

direction of a wave’s approach to the detectors and, with borehole geophones, the 

orientation of the detectors. 
[5]

 

 

Kelly Bushing (KB): The journal box insert in the rotary table of a drilling rig 

through which the kelly passes. Its upper surface is commonly the reference datum for 

well logs and other measurements in a well bore. 
[6]

 



xxi 

Residual moveout: The migrated depth variation of an event in common image 

gather as a function of migration velocity and depth. 

 

Tube wave: A surface wave in a borehole.
 [7]

 

 

Vertical Seismic Profile (VSP): a survey in which seismic sources are on the surface 

and receivers are placed in boreholes or survey wells. 

 

Walk-away VSP: The VSP survey with source moving to progressively farther 

locations from the well. 

 

“Wagon wheel” VSP: The VSP survey with source positions in radial location like a 

wagon wheel, which has same distance to the well. 

 

Zero-offset VSP: The VSP survey that source on the surface is close to the well 

directly above receivers. 
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CHAPTER 1: INTRODUCTION 

1.1 Motivation and Objectives 

The ultimate purpose of geophysics study is seeing into the Earth. The vertical 

seismic profile (VSP) is adding more detail to the third (or depth) dimension of 

seismic observations (Stewart, 1984; Hornby et al, 2006; Müller et al., 2010; Michel, 

2013). The focus of this study is to develop new techniques to promote better 

subsurface images with VSP. For imaging the subsurface, the velocity model is crucial. 

A migrated seismic image is sensitive to the velocity that was used to create it. The 

VSP acquisition geometry (with downhole sources or receivers) has a significant 

advantage over surface seismic for building the velocity model near the borehole 

since the measurements are made much closer to the target or reservoir.  

 

For VSP data, there are a few well-established techniques for velocity analysis. It 

is common to use VSP travel time tomography (Zhou and Hou, 2000; Lapin et al., 

2003; Li et al., 2005; Zhou 2006), velocity logs, or surface seismic velocities to create 

a background velocity model for VSP imaging. First-arrival time tomography can be 

used to derive velocities above the receivers. Reflection time tomography could be 

used to derive velocities below the receivers, which require reflection time picking 

and association with appropriate horizon. In this study, we first investigate a method 

to transform VSP to surface seismic records in Chapter 2. If we can transform VSP to 
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surface seismic records, we can apply the surface seismic tools to process VSP data, 

and use conventional surface seismic tools to build the velocity model from VSP data. 

This also allows us to undertake data-driven modeling of surface seismic data from 

VSP data because we can potentially separate wave types and demultiple in the 

natural VSP domain. In Chapter 3, we develop a method to estimate and build a 

velocity model from a walk-away or 3D VSP data set by downward continuing 

surface shots to be at the level of the borehole receivers with joint NMO analysis. 

This method is a quick and straightforward way to build an initial velocity model 

from VSP data. In a more complicated case, we present a new method combining 

residual moveout analysis with a simple 1D inversion method to derive and update a 

velocity model used for migrating 2D and 3D VSP data. This method combines the 

power of full prestack VSP depth migration using complicated velocity structures 

with a simple 1D velocity model updating equation. With the help of these methods, 

we can directly and quickly build the velocity model from VSP data. Accessing the 

velocity model around wellbore, it can also help us reduce risk in well placement and 

understand detail about subsurface variation. 

 

1.2 Vertical Seismic Profile (VSP) 

The Vertical Seismic Profile (VSP) has been widely used to acquire and 

characterize reservoirs in the exploration and production of oil and gas. It is a survey 

in which seismic sources are on the surface and receivers are placed in boreholes or 



3 

survey wells (Keho, 1986; Hardage, 1983, 2001; Toksöz and Stewart, 1984). Figure1.1 

(from Stewart, 2001) shows the schematic diagram of a VSP survey indicating a 

survey well, seismic source, receiver, wireline and recording trucks. These surveys 

can assist surface seismic interpretation by obtaining a direct time-to-depth correlation 

and the extraction of a zero-phase, largely multiple-free reflectivity (Gulati, 1997). 

Figure 1.2 shows a photograph of a VSP survey we did at Montana Field Camp.  

 

 

Figure 1.1. Schematic diagram of a VSP survey indicating a survey well, seismic source, 

receiver, wireline and recording trucks (Stewart, 2001). 
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Figure 1.2. Conducting a VSP survey at Montana Field Camp. The receivers are set into the 

well. Hammer sources are used in this survey.  

 

Traditionally, VSP imaging has been implemented using surface seismic 

processing algorithms. However, the VSP geometry poses its own challenges and 

unique opportunities (Hornby et al., 2006). The VSP has four important roles to play 

in assessing the rock and fluids close to the borehole: 1) to provide in situ rock 

properties in depth, particularly seismic velocity, impedance, anisotropy, and 

attenuation, 2) to assist in understanding seismic wave propagation (e.g., source 

signatures, multiples, and conversions), 3) to make well understood reflectivity 

images in depth, and 4) to use all of the above in further surface seismic data 

processing and interpretation (Stewart, 1989; 2001). VSP has a higher spatial 

resolution and can give a better image around the borehole (shown as Figure 1.2 from 

Hornby et al., 2006). Generally the wellbore is set close to the target area, i.e., salt 

dome, oil and gas production layer. Thus, deploying VSP can also help us to get more 
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detailed information about the target area. This study is focused on using VSP data to 

build velocity model around borehole area for aimed target, which takes advantage of 

VSP surveys.  

 

Figure 1.3. High-resolution imaging example. Overall the merged 3D VSP shows higher 

vertical resolution than the surface seismic. Highlighted section is a reservoir sand that was 

penetrated by a recent sidetrack well (solid red line). Original surface seismic (left) suggested 

that the reservoir sand may be faulted out (left arrow) close to the proposed sidetrack well, 

risking an objective for this well. Bringing the 3D VSP image on board (right) shows a crisper 

image of the interval and indicates that the reservoir does continue across the track of the well 

(right arrow). Based on this new interpretation the well was drilled and penetrated the 

reservoir sand as predicted by the VSP interpretation (Hornby et al., 2006). 

 

1.3 Velocity Analysis 

Many techniques have been developed to undertake velocity analysis for surface 

seismic data, such as Normal Moveout (NMO), travel time tomography and migration 

velocity analysis. NMO is the most important routine process to determine velocities. 

It is based on Dix’s equation with flat layer assumption, which is aimed at removing 

the hyperbolic curvature in reflection events (Liner, 1999). Taner and Koehler (1969) 



6 

develop velocity semblance spectra as a powerful tool for identifying primary 

reflections and stacking velocities. The acquisition geometry of a VSP survey poses a 

special challenge for estimation velocities from the collected seismic data. The issue 

is that the surface shots and the borehole receivers are not at the same elevation. The 

reason this poses a problem is that it is not possible to use conventional surface 

seismic-velocity-analysis methods since the data cannot be sorted into common 

midpoint gathers. Stewart et al. (1998) and Gulati et al. (1997) developed hyperbolic 

equations for VSP geometry which require correcting the reflected arrivals to normal 

incidence time. We describe a new strategy for estimating and building a velocity 

model from a walk-away or 3D VSP data set by downward continuing surface shots 

to be at the level of the borehole receivers. We then perform an NMO velocity 

analysis for each of the redatumed common receiver gathers. Each of these velocity 

analyses are combined together to increase the signal to noise. 

 

For VSP data, it is also common to use VSP travel time tomography, velocity logs, 

or surface seismic velocities to create a background velocity model for VSP imaging. 

First-arrival travel time tomography and reflection travel time tomography have been 

used to determine the velocities above and below the receivers for VSPs (Zhou and 

Hou, 2000; Lapin, S. et al., 2003; Zhou 2006) but they require accurate arrival time 

picking of the reflections from the reference layers in the velocity model. Prestack 

migration method sorts the dataset to Common Image Gathers (CIG), and iteratively 

update the velocity based on the criteria that events in a migrated CIG will align as a 
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function of offset and will stack well if the correct velocity model is used, regardless 

of structure (Al-Yahya, 1989). However, for a vertical seismic profile (VSP), we have 

a limited number of approaches for CIG analysis due to the non-symmetric geometry 

of the source and receiver in VSP acquisition. We describe an alternative, quicker 

way to perform a velocity analysis by assessing the residual moveout after migrating 

walk-away VSP data. 
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CHAPTER 2: TRANSFORMING VSP TO 

SURFACE SEISMIC RECORDS 

2.1 Introduction 

Throughout the past ten years, many advances have been made in seismic 

redatuming—a process where the level of the receivers is mathematically moved to 

the level of the shots, or vice versa (Bakulin and Calvert, 2006; Xiao and Schuster, 

2006; Schuster and Zhou, 2006). Schuster (2009) describes a variant of data-driven 

redatuming in which a VSP data set can be transformed into a surface seismic shot 

record by convolving and summing the appropriate pairs of VSP records together as 

Figure 2.1 shows. Since it is possible to separate wave types and demultiple the data 

in the more natural VSP domain before the convolution step, this simulation process 

should allow us to control the wave types we create in the simulated surface seismic 

data. In areas with strong and complicated series of multiples, this process may be an 

excellent way to calibrate the demultiple processing of the surface seismic data. Fuller 

et al. (2008) attempt a shortcut to this full solution. They replace the convolution by 

one of two different methods. Their first method creates for each receiver, an 

interpolated map derived from the direct arrival times from all of the shots. It then 

uses these time maps as a simple time shift to be the upward-continuation operator 

which is applied to the traces from each shot and receiver combination. The upward 

continued traces are then summed together to form a set of traces at a set of desired 
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surface locations for the simulated receivers. Their second method uses a 

finite-difference upward-continuation process using an estimation of the subsurface 

velocity. Whichever methodology is used to convert the VSP data into surface shot 

records, unexplored practical questions exist regarding the effects of limited source 

and receiver coverage, as well as the appropriateness of this method in geological 

settings that are not strictly 2D. In this chapter, we investigate the convolution 

transforming method and expand the convolution equations by separating input VSP 

into direct arrivals and upgoing reflections. We also illustrate the artifacts as well as 

the limited borehole receiver coverage effects.  

 

Figure 2.1. Convolving the left and middle VSP traces produces the right-side trace characterized 

by a Surface Seismic Profile (SSP) event with a longer traveltime and raypath. The virtual receiver 

for the SSP reflection is at the location B and the star symbol ∗ denotes convolution (Schuster, 

2009). 

 

 

2.2 Simulation Method 

We start with a densely acquired walk-away VSP data set, as shown in Figure 2.2. 

We want to simulate a surface seismic shot located on the left side of the well, with 
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receivers located at the other shot locations on the right side of the well.  Each of 

these locations is the position of a shot for which VSP data has been acquired within 

the borehole. For convenience, we label the shots on the left and right sides of the 

borehole as SL and SR, respectively. Schuster (2009) provides an expression for 

converting the VSP data into a surface seismic shot record as follows: 

 

,)|()|()|( 
well

dxBzGAzkGABG  

 

where B is the desired simulated surface shot location (shown as blue star in Figure 

2.1), A is the simulated surface receiver on the right side of the well (shown as the 

other blue star), and G(B|A) is Green’s function solving the 2D Helmholtz equation 

from the source at B to the receiver at A, which simulates the surface seismic data. 

Also, in Equation 2.1, k is a parameter, related to the medium velocity near the 

geophone, z is one of the receivers in the borehole, G(z|B) or G(z|A) is the Green’s 

function from source at B or A to the receiver at z in the borehole, which are the VSP 

data we acquired. After the convolution of G(z|B) and G(z|A), we sum over all the 

receivers along the borehole to simulate the surface shot data from B to A.  

 

We expand Equation 2.1 into several pieces by separating the input VSP data into 

three portions—direct arrivals, up-going reflections, and multiples. This allows us to 

focus on the interactions between the direct arrivals and the upgoing reflections. We 

call the Left Part the portion that convolves the upgoing reflections from the left shot 

(2.1)     
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[G(x|B)], with the direct arrivals from the right shot [G(x|A)]. This is illustrated in the 

top part of Figure 2.2. We call the Right Part the portion that convolves the direct 

arrivals of the left shot [G(x|B)] with the upgoing reflections from the right shot 

[G(x|A)]. This is illustrated in the bottom part of Figure 2.2. Equation 2.2 shows 

explicitly these two contributions. 

 

 

 dxAxGBxGAxGBxGkABG onsupreflectifirstbreak

well

firstbreakonsupreflecti ])|()|()|()|()|(    

 

 
 

Figure 2.2. Diagram showing surface shots (red stars) and borehole geophones (green 

triangles). Top – Left Part contributions: the reflections in the VSP record from the virtual 

shot location (on left) are convolved with the direct arrivals from the VSP shots on the right 

hand side. Bottom – Right Part contributions: the direct arrivals from the virtual shot location 

are convolved with the reflections in the VSP record from the right hand side shots. 

 

As is illustrated in the top panel of Figure 2.2, the Left Part illuminates the 

portion of the subsurface to the left of the borehole (if the reflectors are horizontal). 

Left Part     Right Part     

(2.2)     
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Similarly, the Right Part illuminates the portion of the subsurface to the right of the 

borehole, as shown in the bottom panel of the figure. In our analysis, we will ignore 

the contributions from the multiples because our chief interest is with the primary 

events. 

 

It is possible to compute the direct arrival at the surface location A, for the 

simulated shot at location B by convolving the direct arrivals from the VSP shot at B 

[G(x|B)] with the direct arrivals from the VSP shot at A [G(x|A)] if the shallowest 

receiver depth is 0. However, if the shallowest receiver is not near the surface of the 

earth, then the simulated event will not be at the correct time because the geometry 

cannot capture the direct arrival travels along the surface of the earth as Figure 2.3 

illustrates. 

 

Figure 2.3. The scheme shows the true direct arrival from virtual shot B to virtual shot A 

(dash line) and simulated direct arrivals from VSP data. 

 

Simulated direct 

arrivals 

True direct arrivals 
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2.3 Layer Model and Reducing Artifacts 

2.3.1 Two-Layer Model 

We created a simple 2D model with 2 horizontal layers as shown in Figure 2.4. 

The left side of Figure 2.5 shows a surface seismic record for the shot located at 

x=-2000 m and the first surface receiver at the well head. The right side of Figure 2.5 

shows a VSP receiver gather with receiver located at x=0 m and depth z=200 m. Both 

surface seismic data and VSP data are simulated by 2D acoustic finite difference 

modeling code. To reduce the synthetic data generation time, we modeling VSP data 

using the reverse VSP geometry, which shots are in the well bore, and receivers are on 

the surface. So the reverse VSP shot record is here we used for VSP receiver gather. 

 

Figure 2.4. The geometry of a simple 2D model with 2 layers. The surface seismic shot is 

located at x=-2000m (blue star). The well bore receivers are shown as the green triangles. The 

VSP shot locations are shown as the stars on the surface. 
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Figure 2.5. Left) Surface seismic shot record example for the shot located at x=-2000m and 

receivers located from x=0m to x=3000m with increment of 10m from the 2 layer model. 

Right) Reverse VSP shot record example for the shot located at VSP receiver x=0m and depth 

z=200m from the 2 layer model. 

Figure 2.6a shows the first simulation step to compute the Left Part contribution 

by convolving the upgoing reflections from the VSP shot at B [G(x|B)] with the direct 

arrivals from the VSP shot at A. For each receiver at well bore, we can create a trace 

after convolution as in Figure2.6b. The red line in Figure 2.6b indicates one resulting 

convolved trace as Figure 2.6c shows. The resulting convolved trace has a longer 

traveltime and raypath for the reflection event. 

 

 

Source x, m Source x, m 
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Figure 2.6. (a) Schematic of convolution process of left part for one simulated surface 

receiver. (b) Convolved trace for all the VSP receivers from VSP shot B to VSP shot A of left 

part. (c) Convolution example for one VSP receiver. 

 

After obtaining the convolved traces over all the VSP receivers, we sum all the 

traces over the VSP receivers together to contribute the virtual surface receiver A, 

which is one trace (red line from Figure 2.7a) from the simulated surface shot record:  
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Figure 2.7a shows the corresponding simulated surface shot record from Left 

part, and Figure 2.7b shows the corresponding simulated surface shot record from 

Right part. Comparing the two parts, it clearly shows the simulated receiver coverage 

as Figure 2.2 indicates. The Left part provide simulation results for near offset virtual 

surface receivers, and the Right part provide simulation results for far offset virtual 

surface receivers. Due to the borehole receiver coverage, it cannot simulate the 

reflection event of layer 2 for far offset virtual surface receivers.   

 

Figure 2.7. (a) Surface seismic shot record from a 2D model with 3 layers. Right) 

Corresponding simulated surface record using a walk-away VSP data set. 

We add the left part [G(B|A)Left] and right part [G(B|A)Right] together to get 

Figure 2.8b, which shows the corresponding simulated surface shot record using the 

walk-away VSP data from 603 shots. We did not attempt to create the direct event and 

so it is missing from simulated surface data (Figure 2.8a). However, we see that 

portions of the two reflection events are present on the simulated data. Most of event 

1 is present but for event 2, only the near offset traces contain significant energy. We 

(a)  (b)  
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also observe that there are artifacts that appear on the near offsets, just below event 1. 

 

Figure 2.8. (a) Surface seismic shot record from a 2D model with 3 layers. (b) Corresponding 

simulated surface record using a walk-away VSP data set. 

 

2.3.2 Reducing Artifacts 

As Schuster (2009) points out, the simple convolution process to simulate the 

shot record creates some artifacts in the output traces. Some of these are caused by 

edge effects in the stacking process. For example, when we stack the convolved traces 

over all the VSP receivers, the edge energy cannot be cancelled out as red ellipses in 

Figure 2.9c. This edge energy will induce artifacts on the simulated trace in Figure 

2.9a. Tapering (in time and space) can be applied to the traces before stacking to 

reduce these effects. However, it is not a straightforward matter to determine the time 

and offset varying ranges to apply such tapering. It depends on the simulated surface 

receiver location and also the reflector depth. Generally, the shallower receivers 

contribute more on near-offset simulated surface receivers, and the deeper receivers 

(a)  (b)  
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contribute more on far-offset simulated surface receivers. Thus, we should apply 

different weights for VSP receivers. We attempted a simple tapered weighting, 

generated by Tukey window in Matlab (Figure 2.9d), to the traces before stacking 

over all the VSP receivers. We can observe that the artifact below event 1 has been 

reduced (Figure 2.9b).  

 

The incomplete borehole receiver coverage also affects the simulated results. The 

red lines in Figure 2.10 indicate the full coverage illumination region (from Figure 

2.2). We observe that reducing the depth of the deepest receiver causes a gap in the 

coverage near the well borehole. This is true for both the Left Part (top) and Right 

Part (bottom) contributions. The useful surface VSP shot locations are pulled in closer 

to the wellhead for the Left Part, but are pushed farther from the wellhead for the 

Right Part. The bottom of the figure shows the limiting case where only the right most 

surface shot is usable for the Right Part. 
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Figure 2.9. (a) Simulated surface record using a walk-away VSP data set. Red line indicates 

one trace for simulated surface receiver A at x=200m. (b) Simulated surface record with 

applying tapered weighting. (c) Corresponding convolved trace for all the VSP receivers of 

simulated surface receiver A (only Left part). (d) Tukey window to generate tapered 

weighting. 

 

For the Left Part, increasing the depth of the shallowest receiver has the effect of 

moving the edge of the illuminated area closer to the borehole. It also moves the first 

useful shot on the right of the wellhead farther away. For the Right Part, the 

sensitivity to the shallowest receiver is not as great because this affects only the 

farthest to the right surface shot. Thus, reducing the depth range of the borehole 

receivers restricts the useful range of receivers in the simulated shot gather. Even if 
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the walk-away VSP has complete surface shot coverage, the simulated surface shot 

record will have a limited number of receiver locations, which is directly related to 

the borehole receiver coverage. The right part of Figure 2.11 shows the effect of 

limiting the depth range of the borehole receivers. We see now that the events have 

been degraded. 

 

Figure 2.10. Schematic diagram showing the effects of reduced receiver coverage. Top – Left 

Part contributions do not illuminate as completely as with full coverage. Bottom – Right Part 

illumination can be severely compromised. 
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Figure 2.11. Left) Simulated seismic shot record from a 2D model with tapering to reduce 

artifacts. Right) Simulated seismic shot record from the same 2D model with tapering to 

reduce artifacts but reduced receiver depth range.  

 

2.4 Comparison of 2D and 3D Model 

Figure 2.12 shows the 3D model we used to explore aspects of simulating 

surface seismic records from a walk-away VSP. The model dimensions are 10 km in 

both x and y, and 8 km in depth (z direction). The surface shot line is located at x = 

5000 m. We chose the location of the simulated shot to be the large black star at y = 

2000 m. The red line on the right side of the well are the 100 shots corresponding to 

the desired simulated receivers at y = 5000 to 9950 m with a spacing of 50 m. For 

VSP acquisition, there are 200 receivers in the borehole from a depth of 1 to 3981 m 

with spacing of 20 m. The source is a Ricker wavelet with a 33 Hz center frequency. 
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Figure 2.12. 3D model containing eight layers. The shot line is shown by the red markers. The 

large star shows the location of the simulated surface shot. The vertical black line show the 

borehole geophones. 

We first created a 2D model by selecting a vertical slice through the 3D model 

through the shot line. A synthetic shot record was created with the source located at y 

= 2000 m (the black star in Figure 2.12) and receivers on the right side of the well. It 

is shown on the left side of Figure 2.13. A corresponding shot record was created 

using the full 3D model, which is shown on the left side of Figure 2.14. In many 

aspects, these records are similar. However, on close inspection, significant time shifts 

occur between the events on these records. In addition, significant out of plane events 

are evident on the 3D result. 

 

For these two modeled data sets of2D and 3D VSPs, we followed these steps: 

1. We chose the location for the source of the simulated “shot” to be on the 

left side at y = 2000 m, corresponding to one of the VSP shot locations.  

Z,
 m

 

Y, m 

X, m 
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2. We chose a location to simulate a “receiver” for that shot, on the right side 

of the borehole at one of the VSP shot locations from y = 5000 to 9950 m. 

3. In each VSP record, we create two data sets—one with only direct arrivals 

and the other with only up-going reflections.  

4. We compute the Left Part contribution by convolving and summing the 

up-going reflections from the “shot” side with the direct arrivals from the 

“receiver” side. 

5. We compute the Right Part contribution by convolving and summing the 

direct arrivals from the “shot” side with the up-going reflections on the 

“receiver” side. 

 

The middle panels of Figures 2.13 and 2.14 show the Left Part results for the 2D 

and 3D models, respectively. The right panels in Figures 2.13 and 2.14 show the 

corresponding results for the Right Part. We have not modeled the direct arrival on 

either of these simulated results. We did not try to apply any tapering or weighting to 

the traces before stacking because it was not clear exactly how that should be done 

due to the complexity of the model. 
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Figure 2.13. 2D model simulation results. Left – Actual surface shot acquired with a 2D model. 

Middle – simulated surface shot from the Left Part. Right – simulated shot from Right Part. 
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Figure 2.14. 3D model simulation results. Left – Actual surface shot acquired with a 3D model. 

Middle – simulated surface shot from the Left Part. Right – simulated shot from Right Part. 

The simulated shot is located on the left side of the well at an offset of 3000 m 

from the wellhead. On each panel, we draw a vertical, blue line at 8000 m, which 

indicates the corresponding 3000 m offset on the right side of the wellhead. As can be 

seen in Figure 2.2, simulated traces to the right of the wellhead and less than this 

distance will have common midpoints on the left side of the borehole. For horizontal 

2D layers, this is the range for which the Left Part will be valid. So, in the middle 

panels of Figures 2.13 and 2.14, traces to right of this line will likely be invalid. 

Alternately, traces to the left of the blue line in the right panel will likely be invalid. 

However, because the layer geometry in these two models is not horizontal, these are 

only guidelines with respect to the range of valid simulated traces. 
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Examining the 2D results in Figure 2.13, we see that the traces before the blue 

line in the middle panel are a fairly good approximation to the corresponding traces in 

actual shot record. (Note again we have not simulated the direct arrival.) We do see 

fading of the reflections as we approach the blue line, and some artifacts exist that 

could have been reduced using some weights during stacking. Examining the traces 

after the blue line in the right panel, we observe that they are a fairly good 

approximation, but certainly contain artifacts not found in the actual shot record. 

 

Turning to the 3D results in Figure 2.14, we make some similar observations as 

for the 2D case. The traces before the blue line in the middle panel are a fairly good 

approximation to the corresponding traces in the actual shot record, but fade with 

increasing offset. Examining the traces after the blue line in the right panel, we see a 

fairly good correspondence to the events with the actual shot record. However, there 

are significant amplitude changes. In addition, time shifts occur between the 

simulated traces and the actual shot record, which is not surprising given the 

complexity of the 3D model. 

 

2.5 Discussion and Conclusions 

We investigated a method to transform a walk-away VSP to simulate a set of 

surface seismic shot records. Because we can potentially separate wave types and 
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demultiple in the natural VSP domain, it allow us to do data-driven modeling of 

surface seismic data from VSP data. The basic idea for the method is convolving and 

summing together the appropriate sets of VSP records to create surface seismic 

simulation. We extended Schuster’s convolving equations into 2 part-convolving pairs 

of the direct event from one side with the upgoing events from the other side. Artifacts 

can be reduced by appropriate weighting before stacking. The quality of the result 

depends upon the borehole receiver and VSP shot coverage. For acquisition in areas 

with strictly 2D geology, this method is well-defined and theoretically should be able 

to create a good simulation of a surface shot record. For areas with strong 3D geologic 

variation, the method can be applied to 3D data and a result obtained; but, it is more 

uncertain which events can be trusted. The simulated shot record using VSP records 

for the 3D model provided records qualitatively similar to actual shot records. 

However, even using the best preprocessing steps, this simplified method does not 

allow us to obtain an exact answer because of its theoretical limitations for geometry. 

Reflections from layers in the model which have significant 3D structure will not be 

adequately simulated by this approximation.   
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CHAPTER 3: DOWNWARD 

CONTINUATION OF VSP DATA WITH 

JOINT NMO ANALYSIS 

3.1 Introduction 

The acquisition geometry of a VSP survey poses a special challenge for the 

estimation of velocities from the collected seismic data. The issue is that the surface 

shots and the borehole receivers are not at the same elevation. The reason this poses a 

problem is that it is not possible to use conventional surface seismic velocity analysis 

methods because the data cannot be sorted into common midpoint gathers. Stewart et 

al. (1998) and Gulati et al. (1997) developed hyperbolic equations for VSP geometry 

which require correcting the reflected arrivals to normal incidence time (Figure 3.1). 

To get around this geometry limitation of VSP data, we propose an alternative 

way to downward continue the VSP surface shot to be at the level of the borehole 

receivers. The method applies the powerful redatuming methods with conventional 

NMO velocity analysis. There are 2 major types of redatuming methods: model-based 

and correlation-based. The oil industry has long used wave-equation redatuming 

(Berryhill, 1979, 1986; Schneider et al., 1995) of seismic data to remove elevation 

statics or to mitigate the defocusing effects of certain geologic bodies, such as the 

weathering zone or salt domes. The idea is to apply time shifts to the data so the traces 
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appear to be generated and recorded, respectively, by sources and receivers relocated 

to other places. These time shifts are effectively introduced by applying either 

Kirchhoff or wave-equation-based extrapolation operators to the data (Schuster and 

Zhou, 2006). Recent advances in seismic-interferometry theory have shown that 

redatuming can be performed by using simple cross-correlations without a velocity 

model (Lu et al., 2008). This new approach includes several related technologies: 

acoustic daylight imaging (Rickett and Claerbout, 1996), reverse-time acoustics (Fink, 

1992), seismic interferometry (Schuster et al., 2003, 2004; Snieder, 2004; Wapenaar 

et al., 2005), and virtual sources (Bakulin and Calvert, 2004; Calvert et al., 2004). 

These techniques employ the time symmetry of the wave equation along with 

source-receiver reciprocity to estimate the impulse response between two passive 

receivers. This allows the redatuming process to use the extracted impulse response or 

Green’s function instead of a modeled response based on an iteratively derived 

velocity model (Lu et al., 2008). In this study, we use conventional Berryhill-style 

redatuming method to downward continue surface shots to be at the level of the 

borehole receivers since velocities above the receivers can be easily obtained by logs 

or direct arrival travel time tomography. The redatuming method can be used to strip 

off the overburden velocities and help us to estimate the velocities below the receivers 

more precisely. 
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Figure 3.1. P-wave direct (a) and reflection arrivals (b) are corrected to zero-offset time in 

using amplitude semblance analysis based on hyperbolic equations. The results of (a) and (b) 

are then added to give the normal incidence times of the reflections (c) (Stewart et al., 1998). 

 

After redatuming the dataset and sorting it into common receiver gather for each 

VSP receiver level, we apply conventional NMO correction with semblance velocity 

analysis. NMO is a routine process to determine velocities. It is based on Dix’s 

equation with flat layer assumption and is aimed at removing the hyperbolic curvature 

in reflection events (Liner, 1999). Taner and Koehler (1969) develop the velocity 

semblance spectra as a powerful tool for identifying primary reflections and stacking 

velocities. Semblance is a normalized, squared correlation of NMO corrected seismic 

data with a constant, which implies an assumption that there is no amplitude or phase 

variation with offset (Luo and Hale, 2012). 
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Because the receivers are each at a different depth, we present two ways to 

combine the velocity analyses for each receiver. The first way is to correct the 

shallower receivers to be as if they were located at the deeper receivers. This can be 

done by using an RMS velocity to align all of the velocity semblance panels to be 

consistent with each other. After this correction, the reconciled velocity semblance 

panels can be interpreted individually or stacked together to improve the signal to 

noise. Alternatively combining correction and interpretation steps, a single stacking 

velocity analysis panel can be created by combing all of the downward continued 

common receiver gathers. This is done by scanning many velocities and 

NMO-stacking the data from all redatumed levels, after correcting for the (previously 

measured) interval velocities between the receiver depths. 

 

3.2 Methods 

In this study, we propose a three-step process. First, we mathematically 

downward continue the surface shots in a common receiver gather to be as if the data 

had been collected at the level of that borehole receiver (Figure 3.1b). This is done for 

each of the receiver levels. Second, for each of the redatumed common receiver 

gathers, we perform an NMO velocity analysis. Third, each of these velocity analyses 

are combined together to increase the signal to noise.  
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Figure 3.2. (a) Typical geometry for a walk-away VSP with surface shots (red stars) and 

borehole receivers (green triangles). (b) After downward continuation, the surfaces shots are 

redatumed to be at the level of each receiver. 

To illustrate this process, we create a simple 2 layers synthetic model (Figure 

3.2). The reflector depth is 1200m for reflector A and 1900m for reflector B. The 

depth of receiver 1 is 1000m, and receiver 2 is 1200m. The velocity is 2000m/s for 

shallower layer and 2200m/s for deeper layer. Figure 3.3 shows the synthetic VSP 

data for those 2 receivers with only p wave upgoing reflections. For step one, several 

different downward continuation methodologies can be employed as we described 

before. Here, we used conventional model-based redatuming method (Berryhill, 1979, 

1986). We apply time shifts to the VSP common receiver gather data so the traces 

appear to be generated and recorded, respectively, by sources relocated to the same 

level of receivers. Figure 3.4 shows the results after redatuming the surface shots to be 

at the level of the borehole receivers. To test the redatuming results, we also created a 

synthetic surface seismic dataset in common receiver gather shown as Figure 3.5 with 

the geometry in Figure 3.2b. It shows that our redatuming results are consistent with 

the synthetic surface seismic data.  

(a)  (b)  
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Figure 3.3. Synthetic VSP data in common receiver gather for one shallow receiver top and one 

deeper receiver with only upgoing p wave reflections as shown in Figure 3.1. 

 

 

Figure 3.4. Common receiver gathers after redatuming the surface shot to be at the level of 

borehole receivers. Note only the positive offset shots are shown in this figure. 
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Figure 3.5. Synthetic surface seismic data for one shallow receiver top and one deeper receiver as 

shown in Figure 3.2b. Note only the positive offset shots are shown in this figrue. 

 

For step two, an NMO velocity analysis is performed on each set of the 

downward continued traces (see Figure 3.6). This can be done in a variety of ways. 

Here we apply the conventional semblance stacking velocity analysis (Taner and 

Koehler, 1969). However, to perform this, we have to assume that the downward 

continued common receiver gather comes from a common midpoint gather. The 

possible error here is that this only works if there is not significant structure present. If 

dip is present, then a dip correction is made to the NMO analysis. Here we use the 

classic hyperbolic equation to describe the traveltime from different source offset with 

stacking velocities: 
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where t is time, VStacking is the stacking velocity of the layers, b is the offset of 

the source from the receiver, and z is the depth from the receiver (or the redatumed 

source) to the reflector. Here we can estimate the stacking velocity using the 

Root-Mean-Square velocity VRMS which is given by: 

 

 

where Vk is the interval velocity of the k
th

 layer and     is the vertical travel time 

in the k
th

 layer (Castle, 1994). For each zero-offset time t0, we search for the velocity 

VRMS to correct the trace using hyperbolic equation. Then we stack the corrected traces 

and output power displayed at its corresponding t0 and VRMS values. The maximum 

energy on the spectrum thus indicates the arrival of reflected energy at this particular 

time with an apparent velocity indicated by the corresponding V coordinate (Taner 

and Koehler, 1969). 
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Figure 3.6. (a) Traces before NMO correction. (b) Traces after NMO correction for reflection B. 

(c) Velocity semblance spectrum panels for top receiver and (d) bottom receiver. 

For step three, the velocity analyses for each receiver are combined. Because the 

receivers are each at a different depth, it will be necessary to correct the shallower 

receivers to be as if they were located at the deeper receivers. This can be done by 

using an RMS velocity correction for the velocity semblance spectrum panel. This 

will remap each velocity panel to a different time and velocity in order to align all of 

the velocity panels to be consistent with each other. After this correction, the 

reconciled velocity panels can be interpreted individually or stacked together to 

improve the signal to noise.  
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Alternatively combining steps two and three, a single stacking velocity analysis 

panel can be created by combing the entire downward continued common receiver 

gathers as Figure 3.7 shows. This is done by scanning many velocities and 

NMO-stacking the data from all redatumed levels, after correcting for the (previously 

measured) interval velocities between the receiver depths. The equations for 

combining the velocity analyses from each receiver level are: 

 

 

Where “bot” refers to the lower, or bottom receiver, “top” refers to a shallower 

receiver. The first equation gives the correction for the time in a shallower (top) 

receiver analysis and the second equation gives the corresponding correction to the 

velocity. Note that z  is the depth difference between the receivers, and VRMS is the 

RMS velocity of the interval between the receivers. 

 

   

Figure 3.7. (a) Traces after NMO correction for all receiver levels together for the bottom 

event. (b) Velocity semblance spectra after NMO correction for all receiver levels together for 

the bottom event. 
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To illustrate this method, we create a flow chart to show these 3 steps process. 

We can either apply NMO correction for all receivers or just apply it for each receiver. 

All the receivers need to be combined together to enhance the signal to noise ratio. 

 

 

Figure 3.8. Flow chart for downward continuation of VSP data with joint NMO analysis. 

 

3.3 Multi-layer Case 

We test this method on a multi-layer case using an RMS velocity strategy. For 

example, a layered model is shown in Figure 3.9. We generate synthetic upgoing 

reflections for each VSP receiver gather after redatuming the surface shots to be at the 

level of the receiver. The source offset is from 0 m to 1000m, with increment of 25m. 

Figure 3.10a shows the traces of 21 receiver gathers before NMO correction. Figure 

3.10a shows the results after NMO correction for last event. We apply the NMO 
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corrections for all the receivers and get velocity semblance spectrum as Figure 3.11a 

shows. Picking the maximum coherent energy which corresponds to primary 

reflections, we can get the RMS velocity from the horizontal axis for each layer. Then 

we invert interval velocities from RMS velocity for each layer. The result shows good 

estimation of interval velocities comparing to the true velocity model (Figure 3.11b). 

 

 

Figure 3.9. Multi-layer model 

 

 

 

Figure 3.10. (a) Traces before NMO correction for each common receiver gather. (b) Traces after 

NMO correction for last event. 
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Figure 3.11. (a) Velocity semblance spectrum for all receivers. (b) Estimated velocity model (red 

dash line) compare to the true velocity model (blue line). 

 

 

3.4 Discussion and Conclusions 

This method gives a quick measurements of interval velocites from walk-away 

or 3D VSP data. It can be used to help build an initial velocity model below the 

borehole receivers. The redatuming process can help us to strip off the complex 

overburden velocities, which can lead to more precise results at the target area without 

effecting by the errors from shallower layers. It applies local NMO analysis to VSP 

data, which is a conventional powerful tool in surface seismic world. This can help to 

build velocity model in an easy and alternative way. 

 

But this method also has limitations. Redatuming may introduce artifacts to the 

dataset, which may affect the quality of the velocity spectrum. NMO is a fundamental 
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velocity analysis tool, but can only handle the simple flat layer case or the layer with 

constant dip angle. If the model is more complicated, we need to use DMO or 

migration velocity analysis as following chapter shows. The Dix equation is 

commonly used to estimate interval velocities from stacking velocity and traveltime 

information. The errors in these estimates can also result from a number of factors, 

including indiscriminate substitution of stacking velocities for RMS velocities without 

compensating for the effects of spread length or dipping reflectors (Hajnal and Sereda, 

1981). Besides these, picking of maximum energy on velocity spectrum will also 

induce uncertainties. People now use weighted semblance (Luo and Hale, 2012) to 

increase the resolution of semblance velocity spectra, which can help to distinguish 

peaks in the spectra. This chapter’s study doesn’t discuss these detail advanced 

techniques for improving either redatuming or NMO velocity analysis steps. Our 

purpose is to develop a method to combine those powerful tools. We present a 

workable processing flow as an alternative tool to build velocity model from VSP 

data. All these new techniques which improve these 3 steps can be applied on this 

method. 
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CHAPTER 4: VSP MIGRATION VELOCITY 

ANALYSIS VIA RESIDUAL MOVEOUT 

4.1 Introduction 

A migrated seismic image is sensitive to the velocity that was used to create it. 

Thus, the migrated image can also provide feedback for improving the migration 

velocity. Many techniques have been developed to undertake velocity analysis for 

surface seismic data. However, for a vertical seismic profile (VSP), we have a limited 

number of approaches for common image gather (CIG) analysis due to the 

non-symmetric geometry of the source and receiver in VSP acquisition. 

 

The basic idea for surface seismic-velocity analysis is that events in a migrated 

CIG will align as a function of offset and will stack well if the correct velocity model 

is used, regardless of structure (Al-Yahya, 1989). If an incorrect velocity is used, the 

imaged events in a CIG will have specific curvature, which is called residual moveout, 

that can be used to estimate the correct velocity information. During the past decades, 

many implementations have been made using this technique. Lee and Zhang (1992) 

developed a residual shot profile migration technique, which consists of dip-corrected 

residual normal moveout (NMO) and depth restretching. Laford and Lavender (1993) 

extended the residual moveout analysis technique to the general case of 

heterogeneous velocity fields and steep dips. Liu and Bleistein (1995) provided a 
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quantitative relationship between the residual moveout and migration velocity in a 

more general case. Schleicher et al. (2008) combined image-wave propagation in the 

offset CIG domain with residual moveout analysis to create an iterative migration 

procedure for velocity analysis. To overcome the limitation of the artifacts in offset 

domain CIGs, angle domain CIGs have also been created (Rickett and Sava, 2002; 

Sava and Fomel, 2003; Biondi and Symes, 2004).  

 

For VSP data, there are a few well-established techniques for velocity analysis. It 

is common to use VSP traveltime tomography, velocity logs, or surface seismic 

velocities to create a background velocity model for VSP imaging. First-arrival 

traveltime tomography and reflection traveltime tomography have been used to 

determine the velocities above and below the receivers for VSPs (Zhou and Hou, 

2000; Lapin et al., 2003; Li et al., 2005; Zhou 2006); but they require accurate arrival 

time picking and attachment to the reference layers in the velocity model. Zhao et al. 

(2013) describe a VSP velocity analysis method based on angle-domain CIGs. In their 

work, they transform the VSP geometry to surface seismic geometry. The asymmetric 

VSP geometry makes it difficult to apply migration velocity analysis because of the 

lack of a corresponding common midpoint domain concept. Unlike surface seismic 

data, where the receiver and source pair can be ordered by offset, the receiver-source 

offset in VSP geometry doesn’t approximate the location of the reflection point. In 

conventional migration velocity analysis of surface seismic data, the residual moveout 

is usually presented as a function of the horizontal offset from the common image 
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point (CIP) (Zhang and Wang, 2009). However, in a typical walk-away VSP, a 

common receiver migration can have a larger illumination area than a common offset 

(or source) migration for the layer below the receivers (Figure 4.1). (Note that a 

common shot migration is the same as a common offset migration for VSP geometry.) 

Thus, in this paper, we construct the residual moveout through common receiver 

migration, and the horizontal axis of the residual moveout is changed to receiver 

depth. In this way, each receiver will contribute to a wide range of CIG locations, 

making it easier to construct the residual moveout at a single CIG from multiple 

common receiver migrations. We name this CIG as the receiver domain CIG. We also 

develop a tilted ellipse method to simulate the Kirchhoff migration process. The 

migrated depth in a CIG can be analytically described by equations relating to the 

source offset (s), receiver depth (g), migration velocity (Vmig) and traveltime (t). 

With this approach, we can quantitatively estimate the true velocities from the VSP 

migration results. This provides an efficient way to build local velocity model for 

VSP. 

 

Figure 4.1. (a) VSP illumination for a single common offset or source for deep reflector. (b) 

VSP illumination for a single common receiver for deep reflector. 
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4.2 Approximate VSP Residual Moveout 

To illustrate the general concept of this new method, we consider a model with a 

constant velocity and horizontal reflector (Figure 4.2). For VSP geometry, the sources 

are on the surface and receivers are in the borehole. In the 2D case, we use a 

walk-away line (Figure 4.2a). In the 3D case, we use shots on the surface in a grid 

layout (Figure 4.2b). We simulate migration ellipses to produce the depths of 

unstacked, migrated events for this geometry. The location of the CIP is defined at 

x=b and y=0. (Note that in the 2D case, we ignore the y-axis.) Figure 4.2a shows the 

migration ellipse in 2D, while Figure 4.2b shows the ellipsoid in 3D. In each case, the 

foci are positioned at the source and receiver locations and b is taken to be -500 m for 

example. The ellipse is created with a constant major axis which contains the foci and 

sweeps out all of the possible reflector locations based upon the migration velocity, 

Vmig, for the actual reflection time of the event. The intersection (shown as a red star) 

of the tilted ellipse (ellipsoid) and CIP position shows the depth to which this trace 

will be migrated at this offset. We represent the intersection depth, z, of the migrated 

event for each shot, s, and geophone, g, as the migrated data volume, M (s, g, z). 
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Figure 4.2. (a) 2D and (b) 3D VSP model. Sources are located along the surface and the 

receiver (green triangle) is in the borehole. An example of one tilted ellipse (or ellipsoid in b) 

is given with the foci at the source and receiver for the true velocity. The CIP is located at the 

vertical blue line. The red star is the intersection of the tilted ellipse (ellipsoid in b) and CIP.  

To illustrate common receiver gather migration with ellipses, we chose three 

examples in Figure 4.3a. These show how a reflection event from a flat reflector at 

2700 m, recorded by a single receiver from three different sources in a 2D walk-away 

line, is placed in depth by the migration process. To migrate all of the data in the 
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walk-away survey, each source and receiver pair will produce its own migration 

ellipse. However, here we only show 3 example ellipses. Each ellipse shown in Figure 

4.3a cuts the CIP at a different depth (z1, z2, z3), which indicates the migrated depths 

for the unstacked migrated traces at this CIP. Note that only source 2 actually has a 

ray which reflects from this layer at this CIP location, and the red curve shows that its 

contribution (intersection) is at the actual reflector depth. If, however, we use a 

migration velocity which is too slow, Figure 4.3b shows that the ellipses will become 

smaller and the intersections will be shallower at depths (𝑧̅1, 𝑧̅2, 𝑧̅3). 

 

Figure 4.3. The intersections (stars) of the tilted migration ellipses with a CIP. (a) For a 

migration velocity equal to the true velocity (2500 m/s) and (b) for a lower migration velocity 

(2000 m/s). 

Using this scheme, we derive the expression for each of the intersections of the 
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migration ellipses (ellipsoids) within the CIP. In 2D cases, it is easier to solve for the 

intersection of a CIP and a single migration ellipse, if we change the coordinate 

system from XZ (where X is in the horizontal direction and Z is in the depth direction) 

to one that follows the tilt of the ellipse coordinates UV (where U is in the direction of 

the major axis of the ellipse and V is in the direction of the minor axis as shown in 

Figure 4.2a). Clearly, this coordinate system changes for each pair of source and 

receiver locations. The CIP can be considered as a rotated straight line when using uv 

coordinates. Using the quadratic formula and a coordinate transform matrix, we 

obtain the equation Z2D = f (s, g, b, Vmig, t), which gives the event depth of an 

unstacked, migrated trace in the original XZ coordinates (Equation 4.1), (see 

Appendix A for details). We name this equation as Migration-Intercept (MI) equation: 
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where P is the major axis of the ellipse, which is equal to migration velocity Vmig 

multiplied by the corresponding receiver and source pair’s reflection event traveltime 

t. This simulation involves traveltimes picking, but when we use the migration results 

to invert for velocity, we don’t need to pick traveltimes. Here we want to validate this 

MI equation and analyze its characteristics. 

 

In 3D cases, we add the y dimension. We follow the same routine to get the MI 
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equation Z3D = f (sx, sy, g, b, Vmig, t), in which sx and sy are the shot locations on the 

X and Y axes, (see Appendix B for details). 
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where                                                                                                 

 

Here a = P/2. Recall that P is the major axis of the ellipsoid, which is equal to 

migration velocity Vmig multiplied by travel time, t. 

 

This MI equation represents the migrated data volume, M (s, g, z), for a given 

CIP, where s is the source location on the x-axis, g is the geophone location in depth, 

and z is image depth. By setting the derivative, dz/ds, of the MI equation to zero, we 

get the extreme point for the MI equation.  
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receiver-gather migrated traces constructively stack together. Each of these extreme 

points collapses the source axis and gives the migrated volume as simply M (g, z), 

which is shown in Figure 4.4. The extreme (or stationary phase) point on the 

unstacked, migrated traces indicates the proper depth of the stacked, migrated event 

for this receiver. Migration does this naturally by stacking all of the traces along the 

source axis; thus reducing the migrated volume to M (g, z). The volume M(g, z) 

represents the residual moveout in receiver domain. 

Figure 4.4. Schematic diagram of how the migration data volume in source s, receiver depth 

g and reflector depth z domain M (s, g, z) collapses to M (g, z) data volume for a CIP, which 

is correlated to the example using slow velocity for 2D single layer model. 

 

We validate the MI equation by matching it against the forward traveltime tables 

and found a close fit. Here we use this MI equation to construct residual moveout for 

this single layer example. The horizontal line in Figure 4.5a shows the depth of the 

reflector. The extreme point solution (black star) for the correct migration velocity 

(red curve) is located on the true reflector depth. For a slower migration velocity 



58 

(green curve), the extreme point will be pulled up to a shallower depth. It will also 

come from an incorrect source offset position (note it is shifted to the right in the 

figure). Figure 4.5b shows the corresponding 3D solutions of the MI equation (the 2D 

case is at y=0). In general cases, when the acquisition is fully 3D, then the extreme 

point will arise from the 2D walk-away line that traverses the locations of the shot, 

receiver, and CIP vertical line. However, if the source, receiver, and CIP line are not 

co-planar, then the actual extreme point will not be recorded. In this case, if the 

correct velocity is used then the event will be biased shallower. It is therefore easiest 

to visualize both the correct 2D and 3D results with 2D examples. 

 

We can create a residual moveout curve for a CIP by displaying all of the 

extreme point depths for each receiver. We show residual moveout curves for source 

offsets and receiver depths in Figure 4.6, which we simulated by using a 21-receiver 

array covering depths from 1000 to 2000 m and 201 surface shots. Each curve in 

Figure 4.6a shows the depths of intersection points calculated by the MI equation 

from each shot. It plots out the migrated volume, M (s, g, z), for migrated, unstacked 

traces. The horizontal axis represents the source offset axis and the vertical axis is the 

migrated depth. Three sets of curves are shown: a slow migration velocity (A), the 

correct migration velocity (B), and a fast migration velocity (C). The black points on 

the grey lines are the extreme points for each receiver. Figure 4.6b displays the 

extreme points in the receiver offset domain M (g, z), revealing clear trends of the 

residual moveout curvature. The B curve is flat when the migration velocity is equal 
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to the true velocity, and the depth falls onto the true reflector depth.  

 

Figure 4.5. Numerical examples showing the migrated depths for all shots (-7km to 7km) 

recorded at a single receiver level (1000m) at one CIP location (-500m) in a CIG. (a) 2D 

solution to the MI equation. The red curve is for migration velocity equal to the true velocity 

(2500 m/s). The green curve is for a slower migration velocity (2000 m/s). The black curve is 

for a faster migration velocity (3200m/s). The extreme point (black star) will be the depth of 

the migrated reflector. (b) 3D solution to the MI equation. The color indicates the depths 

(blue=shallow; red=deep). 

 



60 

 

Figure 4.6. Residual moveout after migration for a numerical example. The CIP is located at 

-500 m. The upper, middle, and lower curves in each panel are for slow, correct, and fast 

migration velocities, respectively. (a) Each grey curve shows the depths as a function of the 

source offset of each unstacked, migrated trace from a common receiver, while the residual 

moveout is shown by the black stars from the range of receiver depth. (b) The residual 

moveout replotted from panel (a) in the migrated, stacked trace domain, M (g, z), showing the 

migrated depth as a function of receiver depth.  

As with migrated surface seismic data, correctly imaged events in a CIG are flat 

with respect to receiver depth (B in Figure 4.6b). Otherwise, if we use an incorrect 

velocity, the imaged depths in a single CIP will not only change with the source offset, 

but will also change with the receiver depth. If the velocity model is too slow (A in 

Figure 4.6b), it will make the imaged reflector depth too shallow, and convex upward. 

If the velocity is too fast (C in Figure 4.6b), the image reflector depth will be too deep 

and the shallower receivers will be pushed even deeper. 
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4.3 Velocity-Updating Method 

It is not straightforward to obtain a direct relationship between residual moveout 

and migration velocity. This is because using an incorrect velocity will not only make 

the depths of the extreme points (i.e., the residual moveout) deviate from the true 

reflector depth, but will also identify the stacked extreme point for this reflector from 

the wrong source position. It is hard to capture the source offset for the extreme point 

due to VSP asymmetric geometry. To detect the true velocity, one approach can be to 

scan velocities to find a flat residual moveout velocity using MI equation. But this 

will involve traveltime picking for reflection events. To overcome this problem, we 

use common receiver migration results to digitize the source location for the extreme 

point from unstacked migrated traces. Equation 4.4 gives a quantitative relationship of 

the extreme point depth derivative with s, g, P(Vmig*t), and P’. The element P*P’ in 

Equation 4.4 is related to traveltime t: 

P ∗ P′ = 𝑣𝑚𝑖𝑔 ∗ 𝑡 ∗
𝑑(𝑣𝑚𝑖𝑔∗𝑡)

𝑑𝑠
= 𝑣𝑚𝑖𝑔

2 ∗ t ∗
𝑑𝑡

𝑑𝑠
 

 

For a flat layer assumption, we have t =
√(2𝑅−𝑔)2+𝑠2

𝑣𝑡
,  

where R is the true reflector depth, and vt is the true velocity. Under this assumption: 

P ∗ P′ = 𝑣𝑚𝑖𝑔
2 ∗

𝑠

𝑣𝑡
2 = 𝑣𝑟

2 ∗ 𝑠 

 

(4.6)     

(4.7)     

(4.8)     
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If the layer is not flat, and has a dip angle as Figure 4.7 shows, the traveltime 

could be expressed as:  

t =  
𝑑

𝑣𝑡
=

√𝑠2−
4𝑘(𝑚−𝑔)

1+𝑘2 𝑠+
(2𝑚−𝑔)2

1+𝑘2

𝑣𝑡
 

where k is the slope of the reflector, and m is the depth of the reflector below the 

receiver position. With this approach,  

P ∗ P′ = 𝑣𝑚𝑖𝑔
2 ∗

𝑠−
2𝑘(𝑚−𝑔)

1+𝑘2

𝑣𝑡
2 = 𝑣𝑟

2 ∗ (𝑠 −
2𝑘(𝑚−𝑔)

1+𝑘2 ) 

 

 

Figure 4.7. Dipping layer geometry. d is the distance from mirror source to receiver. The 

reflector depth can be expressed as R=ks+m corresponding to each source offset, where k 

indicates the dipping angle for the reflector, and m is the depth of the reflector below the 

receiver position 

If the dip angle is small (k is small), we could approximate P*P’ as 𝑣𝑟
2 ∗ 𝑠. If the 

dip angle is large, we can use multi-level receivers to invert k and m since using each 

common receiver gather should invert same vr. Then, we could directly invert for vr 

from Equation 4.11:  

(4.9)     

(4.10)     
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𝑣𝑟 = √
𝑔(𝑠−𝑏)−

𝑃𝑄2𝑠

2𝑄1
−

𝑄1𝑠−2𝑏𝑄1
2𝑄2

𝑃

𝑔𝑠2(𝑠−2𝑏)

𝑃2−𝑔2 +
𝑠𝑄1𝑄2

2𝑃
∗

𝑃2+𝑔2

𝑃2−𝑔2−
𝑃𝑄2𝑠

2𝑄1
−

𝑃𝑄1𝑠

2𝑄2

∗
𝑠

𝑠+
2𝑘(𝑚−𝑔)

1+𝑘2

 

 

In Equation 4.11, s is the source offset of the extreme point (shown as the stars 

in Figure 4.5a) digitized from unstacked migrated traces. P is calculated from 

Equation 4.1 using the source location, s, and the corresponding migrated depth Z 

from the unstacked migrated traces. After inverting for vr, we can calculate vtrue=Vmig/Vr. 

Then, using Equation 4.7, we can estimate the reflector depth, R. 

 

We verify this inversion equation with single layer model as Figure 4.2 shows. 

If the migration velocity, vmig, is 2000m/s, the receiver depth, g, is 1000m, the extreme 

point depth on unstacked migrated traces is 2230m, and source offset for this extreme 

point is digitized as -800m (shown as the black star on green line on Figure 4.5a). 

Then using Equations 4.1 and 4.11, we can invert the vr as 0.772, which gives the true 

velocity as 2590m/s, and the inverted reflector depth is 2782m. These values have a 

small deviation from true value (around 3% error), which is caused by the distance 

between our modeled sources. If we decrease the interval between the modeled 

sources, the inversion error will become smaller because we can digitize the extreme 

point more precisely. 

 

(4.11)     
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4.4 Multi-layer Case 

Until now, the analysis has been for a constant-velocity medium. However, this 

result can be generalized to multi-layer case using an RMS velocity strategy. For 

example, a layered model is shown in Figure 4.8.  

 

Figure 4.8. (a) VSP geometry and (b) velocity model in depth. 

Figure 4.9a shows a common receiver gather from this layered model and 4.9b 

shows a common shot gather example with only primary reflection events, which 

simulates the VSP up-going waves. For surface shots and a single receiver, the VRMS 

for the VSP geometry can be calculated using each layer thickness, dk, and interval 

velocity, vk, based on Equation 4.12 (Gulati et al., 1997): 
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where the index k refers to the layers that the downgoing energy encounters, and j 

refers to the layers that the reflected energy traverses back to a receiver. Given the 

(4.12)     
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velocities for all layers, we can create a VRMS(m,n) for each receiver m and each 

reflection event n. If we were to use the corresponding VRMS(m,n) to migrate the data, 

reflection event n from receiver m in receiver domain CIG gather would be very close 

to flat and aligned. 

 

 

Figure 4.9. (a) Common receiver gather with only primary reflections for the 1st receiver in 

Figure 4.8 and (b) common shot gather with only primary reflections for the example at 

source offset 0 in Figure 4.8. 

 

Figure 4.10 shows a validation of the MI equation for describing the residual 

moveout. We calculated 5 different Vrms using true interval velocities for the upper 3 

layers, and only changing the layer 4 velocity below the lowest receiver From 

Equation 4.12. We assume that interval velocities from surface to bottom receivers 

can be computed using traditional methods from direct arrival times. Then we test the 

residual moveout scanning these five different RMS velocities for the layer 4. 

Because each receiver is located at a different depth, each trial velocity creates a 

(a)  

(b)  
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different VRMS to be applied for each receiver. Using the true velocity of layer 4 

produces a nearly flat event, which is slightly deeper than the actual reflector. This is 

due to the VRMS approximation. The VRMS velocity from Equation 4.12 is valid for 

small offset VSP data, which is uses a straight ray assumption. Since the ray path is 

bending from layer to layer as Figure 4.8 shows, each layer should be weighted when 

the RMS velocity is calculated. In addition, the small error from the RMS velocity 

pushes our estimated source location slightly away from its actual location, as Figure 

4.8 shows. In our case, using this RMS velocity as the migration velocity will move 

the migrated depth slightly (0.2%) lower than the true reflector depth. 

 
Figure 4.10. Residual moveout for layer 4 in the multi-layer velocity model shown in Figure 

4.8. (a) The numerical results from the MI equation. (b) The migration results. 

(a)  (b)  
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The exact shapes of the residual moveout differ between single layer case 

(Figure 4.6b) and multi-layer case (Figure 4.10). This is due to the use of different 

VRMS values for each receiver in the layered case too. When we scan through different 

velocities for layer 4, it only contributes to the path below the receivers (the red line 

in Figure 4.8a), which is not the same as the previous constant velocity example. The 

shallower receivers carry a smaller portion of the target layer velocity than the 

migration velocity for the lower receivers as Figure 4.8a shows (the red color 

indicates the portion of the target layer). In this case, the velocity deviations have 

more impact on the deeper receivers. Thus, if the velocity is too slow, the residual 

moveout curve bends up, and if the velocity is too fast, the residual moveout curves 

down to the deep receivers. These curvatures correspond to the half smiles and frowns 

of surface seismic residual moveout in the offset domain described by Zhu et al. 

(1998). To compare the results from the MI equations, we also perform a Kirchhoff 

migration using commercial software (Figure 4.10b). We can see the residual moveout 

curvatures are consistent with our MI equation simulation results for layer 4.  

 

The receiver domain CIGs are flat when using correct velocities as Figure 4.11b 

shows. The shallower reflector is only present on the upper receivers, thus the deeper 

receivers have migration artifacts for the shallower reflector. However, comparing 

with the receiver domain CIGs, the conventional offset (shot) domain CIGs are not 

flat even using correct velocities as Figure 4.11a shows. This is due to the illumination 

area being smaller for common offset (shot) migration, and most of sources cannot 
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contribute the true reflector depth on CIP as Figure 4.1 shows. For the same reason, if 

the CIP location is too far away from the borehole, the receiver domain CIG will also 

be affected. As we show in Figure 4.11b, when CIP located at -1000m, the lower 

receivers have difficulties to contribute the true reflector depth on this CIP for layer 4. 

However, if the CIP location is too close to the borehole, the residual moveout will be 

less sensitive to velocities. 

 

Figure 4.11. Residual moveout in (a) offset domain CIG and (b) receiver domain CIG for the 

multi-layer model in Figure 4.8. 
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4.5 Iterative Model Building 

Using the residual moveout after migration, we can estimate the velocities for a 

multi-layer model. The example inversion process for layer 4 is shown on Figure 4.12. 

If we use an incorrect velocity to migrate, i.e. V
layer4

=0.9V
layer4true, the residual 

moveout will be bending up as Figure 4.12a shows. Then we digitize the unstacked 

migrated traces for the lowest receiver example (lower receivers are more sensitive to 

the lower layer velocity changes) as Figure 4.12b shows. The digitized source offset 

and migrated depth for the extreme point on this layer is (-1950 m, 2630 m). Using 

this digitized information and equations 4.1 and 4.11, we invert true RMS velocity as 

2164 m/s and reflector depth as 2701 m. Then we transfer the inverted RMS velocity 

back to interval velocity. Here it is calculated as 2387m/s, which is close to the layer 4 

velocity for this model 2400 m/s. In this paper, we only show one receiver as an 

example. All receivers which are above the reflector and whose migrated traces 

contain the extreme point can be used to estimate the velocity for this layer. In 

practice, we average the inverted velocities from these receivers to enhance the 

accuracy. We use the average inverted velocity for different CIPs to update the model 

velocity. Then we apply the migration again and detect whether the residual moveout 

is flat. If the residual moveout is flat, we pick the reflector depth from different CIPs. 

If the layer is dipping, the velocity inversion will require the extreme point picks from 

multiple receiver levels to invert for the dip angle. 
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To demonstrate that the velocity updating process is insensitive to noise, we add 

random noise with a signal to noise level of 3.0 to the raw data and recreate the 

unstacked migrated traces. Figure 4.12b shows the migrated data without noise and 

Figure 4.12c shows the migrated traces with added noise. It is clear that even with this 

strong level of noise, the migration process was able to accurately recreate the 

extreme points. 

 

Figure 4.12. Residual moveout analysis example: (a) Stacked receiver domain CIG (b) 

Unstacked migrated traces in source offset domain. (c) Unstacked migrated traces with 

additive noise to the raw traces. The axis digitized for the extreme point (red star) in (b) is 

(-1950 m, 2630 m). 

 

Based on this one-layer-inversion method, we next devise a layer-stripping 

strategy to iteratively derive the velocity for each layer below the bottom receiver 
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(Note that we assume that the velocities above the lowest receiver have already been 

derived by using conventional methods (e.g. traveltime inversion of the direct arrivals 

and/or sonic logs). Although we could use our method to derive velocities below 

shallower receivers.) : 

 

1. Migrate the data separately in common receiver gathers with a trial velocity 

model which is accurate for depths above the bottom receiver. 

2. Select the first layer to update to be the first layer below the bottom receiver. 

3. Check to see if the residual moveout for this layer on the CIGs are flat after 

migration. If they are not flat, perform a residual moveout analysis. Since the moveout 

will be more prominent on the deeper receivers, we extract the unstacked migrated 

traces for each of the lower receivers.  

4. If the residual moveout analysis is needed, then digitize the extreme point in 

the unstacked, migrated traces from each of the selected receivers to capture their 

source offsets and migrated depths. Invert these picks for estimates of the updated 

layer velocity using Equations 1 and 11. This will give a set of velocity estimates for 

this layer, one from each receiver. These estimates are then combined together to 

obtain the best updated velocity for this layer. Generally, we just average the 

velocities obtained from each receiver.  

 5. If there is no velocity correction needed for this layer (i.e. if all of the CIGs are 

flat or the velocity correction is zero), then the depth of this layer is fixed to be the 
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depth of the reflector image and the layer to update next is chosen as the next deeper 

layer. 

 6. This process is repeated until the velocity for each layer has been determined. 

 

4.6 Numerical Example 

The velocity model used is shown in Figure 4.13. An example common receiver 

gather VSP data generated using this model is also shown with only the upgoing 

reflections. We start the velocity analysis from the layer below the lowest receiver, 

which assumes that the velocities of the upper 2 layers are known and then try to 

invert the velocities below the lowest receiver. Figure 4.14a shows the initial velocity 

model used. Migrating with this initial model, the residual moveout for this layer is 

slightly bending up (Figure 4.14b shows the example CIP located at 5394m), which 

indicates this initial migration velocity is too slow. Then we extract the unstacked 

migrated data for the lower receivers which show significant, non-flat residual 

moveout; here we use receiver 60 as an example (Figure 4.14c). After digitizing the 

extreme point (shown as red star) of these unstacked migrated traces, the velocity for 

layer 3 is inverted as 2610 m/s. We migrate with this new velocity, and residual 

moveout shows almost flat for this layer (Figure 4.14d). After this migration, we 

select the reflector depth from different CIP locations, and updated velocity model as 

shown in Figure 4.14e. The VSP migration analysis can only update the “local” 
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velocity model around borehole. For offsets larger than the farthest CIP location, we 

simply extrapolate the reflector depth to be flat. In this example we used the data from 

migrating 3 receivers to build the velocity model. We got similar results using the 

other receivers since this is a noise-free synthetic. For field data, however, we would 

need to use all of the receivers to reduce the uncertainties caused by noise in the 

original seismic traces. 

 

Figure 4.13. Velocity model: (a) velocity model and acquisition geometry; the sources are on 

the surface and receivers are denoted by black triangles in the center; (b) modeling data with 

up reflections in common receiver gather. 

Velocity, m/s 
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Figure 4.14. Velocity update process for the starting layer 3. (a) Initial model used for 

migration. (b) Residual moveout for CIP at 5394m. (c) Unstacked migrated traces for receiver 

60. The red star indicates the extreme point for this layer. Using this information, the inverted 

velocity is 2610m/s. (d) Residual moveout after updating layer 3 velocity. (e) New velocity 

model after picking interface for layer 3.  

 

Iteratively repeating this process for each layer, we can determine the final 

velocity model as Figure 4.15a shows. Note that since the there are no reflections 

from the bottom of the model, the velocity of the deepest layer cannot be determined. 

After updating the velocities, the final residual moveout for different CIPs all show 

Velocity, m/s 

 

Velocity, m/s 
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fairly flat curvatures as can be seen in Figure 4.15b. Figure 4.15c shows the final 

migration imaging around borehole with this updated velocity model, which is 

consistent with our true velocity model. Figure 4.15d and 4.15e show the comparison 

of the updated model and true model around borehole. The results show accurate 

estimates of the velocities and reflector depths. The residual moveout of the deepest 

reflector is fairly insensitive to the migration velocity used. In fact, the residual 

moveout is still flat when the migration velocity has a 10% error for the last layer. 

This indicates a limitation not so much of this analysis method, but rather that the 

ratio of the source offset to the reflector depth limits the intrinsic velocity information 

of the data, which is similar to surface seismic velocity methods. 
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Figure 4.15. (a) Updated velocity model used to migrate. (b) Residual moveout for 4 example 

CIPs. (c) The migration image around borehole using the updated velocity model. (d) True 

velocity model around borehole. (e) Updated velocity model around borehole. 

 

4.7 Discussion 

The method we propose uses full prestack depth migration of the upgoing wave 

field which handles complex velocity variations. The VSP data are preprocessed 

before migration using conventional steps such as: muting of the direct arrivals, 

wavefield separation, and then deconvolution of the downgoing wavefield from the 

upgoing wavefield to remove multiples. We then use a 1D (straight-ray) velocity 
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Velocity, m/s 
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updating scheme to invert the residual moveout of each event in a CIG for a 

correction to its corresponding layer velocity. We have discussed a way to use the 

RMS velocity to build the 1D model. Substantial ray-bending, structure, or long 

offsets will introduce errors due to the RMS velocity approximation.  However, in a 

further refinement of the method, we could compute the 1D velocity model using the 

traveltime tables generated for the Kirchhoff migration which incorporates the full 

lateral velocity variations. In addition, anisotropy induced velocity anomalies (Sil and 

Srinivasan, 2009) could be included in the Kirchhoff migration so that the 1D model 

derived from the traveltime tables could approximate the anisotropy effect.   

 

For the 1D updating process, we start with a simplified derivation for unstacked, 

migrated VSP traces from a single CIP which are created by separately migrating 

each common receiver gather. We analytically simulate the Kirchhoff migration 

operator before stack and derive the MI equation, which gives the depth of the 

intersection points from the migration ellipse for a single CIP. The extreme (or 

stationary phase) point on the unstacked, migrated traces indicates the resulting depth 

of the stacked, migrated event for this receiver. By collecting the extreme points for 

all receivers, we construct the residual moveout curve for this reflection event in a 

CIG. This receiver domain CIG provides a curvature that can be used to derive a 

velocity update much easier than can be done with the common offset (shot) CIG. By 

digitizing the extreme point on the unstacked migrated traces, we show a numerical 
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method to invert for velocities. This inversion is efficient, and can provide an accurate 

estimation of the velocity.  

 

Our method assumes we know the overburden velocities above lowest receiver 

and then inverts for the “local” velocities around borehole in a layer by layer fashion. 

The residual moveout curvature will also become less sensitive to migration velocities 

for deep layers, because of the limited traveltime moveout due to the source offset to 

reflector depth ratio. The method derives a change in velocity between two reflectors 

(layers). In some geologic areas the velocity profile is not layer based, like for 

example in the Gulf of Mexico where there is a vertical velocity gradient. In these 

cases, it is possible to convert the inverted average velocity derived between the 

reflection events, to match a known local velocity gradient. 

 

During the step which inverts for velocities, digitizing the extreme point may 

also induce errors because we only have a finite number of sources and the extreme 

value may be located in one of the gaps between the actual sources. But if the source 

spacing is adequately sampled, like 50 m, the velocity error from this digitizing 

process will be small. It is possible to make this process more efficient by combining 

the digitizing process with migration to automatically get the source offset and 

migrated depth for the extreme (stacking) point. Multiples and coherent noise were 

not modeled in this study but may also affect our ability to pick the extreme points. 

However, we showed that even random noise with a signal to noise level of 3.0 
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doesn’t affect the analysis methodology. 

 

4.8 Conclusions 

We present a new method combining residual moveout analysis with a simple 1D 

inversion method to derive and update a velocity model used for migrating 2D and 3D 

VSP data. The asymmetric source-receiver VSP geometry requires a different 

approach for interpreting the residual moveout in receiver domain CIGs than related 

surface seismic methods. For a constant velocity medium, we describe a quantitative 

relationship which provides the residual moveout of events after migration. It is a fast, 

analytic approach to simulate the residual moveout. Using this relationship, we can 

invert velocities from unstacked migrated data. We then extend this method to a 

layered medium using a layer-stripping strategy, which provides a method to invert 

for layer velocities in a zone below the borehole receivers. This method uses full 

prestack depth migration to handle the overburden velocity and then inverts for “local” 

velocities around borehole efficiently. Tests on realistic synthetics show promise for 

building velocity models suitable for the migration of VSP data sets. 

 

 

 

 

 



80 

Reference 

Al-Yahya, K., 1989, Velocity analysis by iterative profile migration: Geophysics, 54, 

no. 6, 718-729. 

 

Gulati, J. S., S. R. Robert, J. Peron and J. M. Parkin, 1997, 3C-3D VSP: normal 

moveout correction and VSP/CDP transformation: CREWES Research Report, 9.  

 

Lafond, C. F., and A. R. Levander, 1993, Migration moveout analysis and depth 

focusing: Geophysics, 58, 91-100.  

 

Lapin, S., S. Kisin, and H. Zhou, 2003, Joint VSP and surface seismic tomography: 

73th Annual International Meeting, SEG, Expanded Abstracts, 2342-2344.  

 

Lee, W. B., and L. Zhang, 1992, Residual shot profile migration: Geophysics, 57, 

815-822.  

 

Li, Y,  X. Zhao, R. Zhou, D. Dushman, and P. Janak, 2005, 3C VSP tomography 

inversion for subsurface P‐ and S‐wave velocity distribution: 75th Annual 

International Meeting, SEG, Expanded Abstracts, 2625-2628.  

 

Liu, Z. and N. Bleistein, 1995, Migration velocity analysis: Theory and an iterative 



81 

algorithm: Geophysics, 60, no.1, 142-153.  

 

Rickett, J. E., and P. C. Sava, 2002, Offset and angle-domain common image-point 

gathers for shot-profile migration: Geophysics, 67, 883-889.  

 

Sava, P. C., and S. B. Fomel, 2003, Angle-domain common image gathers by 

wavefield continuation methods: Geophysics, 68, 1650–1661.  

 

Schleicher, J., J. C. Costa, and A. Novais, 2008, Time-migration velocity analysis by 

image-wave propagation of common image gathers: Geophysics, 73, no. 5, 

VE161-VE171. 

  

Sil, S., and S. Srinivasan, 2009, Stochastic simulation of fracture strikes using seismic 

anisotropy induced velocity anomalies: Exploration Geophysics, 40, 257–264.  

 

Zhang, S. and X. Wang, 2009, Local VSP MVA, Progress Report, From the University 

of Utah.  

 

Zhao, M., Y. Wang, Q. Kong, W. Sun, C. Wang, and B. Zhu, 3DVSP Velocity Analysis 

Based on Angle Domain Common Image Gathers: 83rd Annual International 

Meeting, SEG, Expanded Abstracts, 5077-5081.  

 



82 

Zhou, H. W. and A. Hou, 2000, A reverse VSP tomographic velocity analysis: 70th 

Annual International Meeting, SEG, Expanded Abstracts, 1771-1774.  

 

Zhou, H. W., 2006, Multiscale deformable-layer tomography: Geophysics, 71, R11–

R19.   

 

Zhu, J., L. Lines, and S. Gray, 1998, Smiles and frowns in migration/velocity analysis: 

Geophysics, 63, 1200–1209.  

 

 

 

 

 

 

 

 

 

 

 

 



83 

Appendix A 

In the new UO’V (O’ is the midpoint of the source and receiver) coordinates, the tilted 

ellipse can be expressed by the Equation A1: 

 

                                 

 

where              and            .  

 

The major axis, 2a, of the ellipse is constant if the migration velocity is chosen as:                        

 

 

in which T is the computed time of the reflection events. Using the mirror source 

geometry, now  

 

 

 

The distance between the foci, 2c, of the ellipse is determined by the source offset, s, 

and receiver depth, g: 

 

 

In this coordinate system, the common image gathers can be considered as line 

functions: 

 

The slope of the line, k, is defined by the pair of the source and receiver locations. The 

intercept, m, is related to the common image gather position, b. These values are 

given by: 
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Putting line (Equation A5) into the ellipse (Equation A1) and using the quadratic 

formula, the intersection point (u,v) can be expressed as: 

 

 

 

Since the intersection will be 2 points on the ellipse and the image point will only be 

the deeper one, we only select the ‘+’ root for u. Therefore, after transferring back to 

the XOZ (O is (0,0)) coordinates, the intersection (x,z)  will be: 

 

 

Next we combine Equations A7 and A8 to yield the migration-intercept (MI) equation, 

which is the event depth in the unstacked, migrated traces in the original XOZ 

coordinates: 
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Appendix B 

In 3D domain, the tilted ellipsoid can be expressed by the Equation B1: 

                                 

 

 

where 2a is still the major axis of the ellipsoid, which is constant if the migration 

velocity is chosen as:                        

 

 

 

The distance between the foci, 2c, of the ellipsoid is determined by the source offset 

in the x direction, sx, the source offset in y direction, sy, and receiver depth, g: 

 

 

 

If we define source offset as:  

 

the foci will be the same format as 2D case:  

 

 

 

In UVW coordinate system, the common image gathers can be also considered as line 

functions: 

 

In 3D case, k and m keep the same format with 2D case: 

 

 

 

 

where θ is the angle between U axis and X axis in the UX plane, and  

 

Putting the line (Equation B6) into the ellipsoid (Equation B1) and using the quadratic 
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formula, the intersection point (u,v,w) can be expressed as: 

 

 

 

 

 

Transfer back to XYZ coordinates: 

 

 

where γ is the angle between W axis and Z axis in the UW plane and  

 

From Equations B10, B9, B8 and B7, we can get the final expression for the 

intersection point depth (only get the ‘+’ root): 
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CHAPTER 5: HESS BAKKEN VSP CASE 

HISTORY 

5.1 Introduction 

5.1.1 Geology Background 

The Williston Basin is an elliptical structural depression of approximately 

133,000 mi
2 

(345,000 km
2
) underlying the northern Great Plains of the United States 

and Canada, occupying parts of Saskatchewan, Manitoba, North Dakota, South 

Dakota and Montana (Gerhard et al., 1990). Due to the long history of sedimentary 

deposition for source and reservoir rocks, petroleum production is widespread in this 

basin. Figure 5.1 shows a location map of the Williston Basin.  

The rocks in Williston Basin are characterized by Pre-Pennsylvanian carbonate 

deposits arranged in sequence packages of varying scales and by post-Mississippian 

detrital and evaporate deposits. Large volumes of evaporates are associated with the 

carbonates. Source-rock potential within the Williston Basin has been evaluated for at 

least three stratigraphic units: the Ordovician Winnipeg shales, the 

Mississippian/Devonian Bakken Formation, and the Pennsylvanian Tyler Formation. 

Of these, the Bakken is considered to be the major source of petroleum in the basin 

(Gerhard et al., 1990). Figure 5.2 shows a stratigraphic column of the Williston Basin. 

The red circles indicate the layers investigated in this study. 
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Figure 5.1. Map showing the Williston Basin Province, Bakken Total Petroleum System 

(TPS), and the Bakken Formation Assessment Units (AUs). Major structural features are also 

shown. Inset map shows location of the Bakken TPS (pink). (Gaswirth et al., 2013) 
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Figure 5.2. Stratigraphic column for the Williston Basin, showing formations and major 

sequences (Cobb, 2013). The red circle indicates the layers we try to locate in this study. 

 

The Mississippian - Devonian Bakken Formation is a restricted - shallow water 

mixed carbonate – clastic sequence deposited over most of the Williston Basin. It 

consists of three members; Lower (dark marine shale with a high organic content), 
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Middle (mixed carbonates and clastics) and Upper (dark marine shale with a high 

organic content) (Sturm and Gomez, 2009). The three members of the Bakken 

Formation exhibit an onlapping relationship, and converge and thin toward the 

margins or marginal shelf areas of the Williston Basin (LeFever et al., 1991). The 

Bakken Formation in North Dakota reaches a maximum thickness of 46 m in the 

central portion of the basin, and the depocenter, which is located to the east of the 

Nesson anticline, trends in a north-south direction (Pitman et al., 2001). 
 

 

Production from the Bakken Formation was established in North Dakota in 1953 

and has a boom since 2000 due to hydraulic fracturing and horizontal 

drilling technologies (LeFever, 1991; Wiley et al., 2004). According to USGS report 

(Gaswirth et al., 2013), approximately 450 million barrels of oil (MMBO) have been 

produced from the Bakken and Three Forks Formations in the United States since 

2008.  

 

5.1.2 Hess VSP Survey 

The VSP survey is a part of Hess Red Sky 3D seismic survey, which locates in 

the Ross Field at Mountrail County, North Dakota. The Red Sky 3D seismic survey 

contains a 2D-3C (3 Components) surface seismic survey (2 seismic lines), a 3D-3C 

VSP survey, and microseismic surveys with 3 horizontal wells. Figure 5.3 shows the 

map of these surveys. The red circle in this map is the location of our study area for 
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the 3D-3C VSP survey. Figure 5.4 is a close view of this area. 

 

Figure 5.3. Location map of the Red Sky 3D survey (blue polygon) showing areas of Red 

Sky 2D-3C survey (yellow circle) and wide-azimuth VSP survey (red circle). (Omoboya, 

2015) 

 

Figure 5.4. Location map of the 3D-3C VSP survey relative to the 3 horizontal wells and 6 

vertical observation wells (yellow stars and red dots indicate the top and bottom of the well). 

The well OBS-11-31 is located in the center, in which the VSP receivers were deployed. The 

pink triangles are VSP sources on the surface. (Courtesy of HiPoint Reservoir Image, LLC) 
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The 3D-3C VSP survey contains a zero-offset VSP, a far-offset VSP, “wagon 

wheel” VSP and time-lapse VSP tests. The receivers are deployed in the well 

OBS-11-31. Zero-offset VSP, far-offset VSP and “wagon wheel” VSP were acquired 

before fracturing. The time-lapse VSP tests were shot after fracturing. There are total 

98 vibrator source locations on the surface, using 6-120 Hz frequency, 10 s sweep 

length. The receiver tool has 38 levels with 49.21ft (~15 m) increment. Figure 5.5 

shows the projected map of VSP survey. All the depth units are set to feet (ft) in this 

study. 

 

Figure 5.5. The projected map of VSP surveys (Courtesy of HiPoint Reservoir Image, LLC). 
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In this survey, the receiver depth for zero-offset VSP and far-offset VSP is from 

16 ft to 10221 ft, with moving the receiver tool for 6 depths. Table 5.1 shows the 6 

depth parameters (note that depth 1 and depth 2, depth 5 and depth 6 have overlap). 

Receiver depth for “wagon wheel” survey is fixed for depth 6 from 8,400 ft to10,221 

ft.  

 

Table 5.1. Receiver depth table 

 Depth1 Depth2 Depth3 Depth4 Depth5 Depth6 

Top(ft) 16 1295.5 3116.4 4937.3 6758.2 8400 

Bottom(ft) 1836.9 3116.4 4937.3 6758.2 8579.1 10220.9 

 

 

5.1.3 Previous Work for Study Area 

Omoboya processed 3D surface seismic data for the study area (in the blue 

polygon in Figure 5.3). Figure 5.6 shows his horizon picks on a Kirchhoff time 

migrated seismic section along a north to south line across the well OBS-11-31. I 

compare our zero-offset VSP corridor stack results with this surface seismic profile to 

in chapter 5.2.   
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Figure 5.6. Picked horizons/formations on the surface seismic section along the north-south 

line across the well for the VSP survey area (Courtesy of Omoboya, personal contact). 

 

Kocoglu (2013) processed the 2 surface seismic lines (in the yellow circle in 

Figure 5.3) and well logs for the Red Sky 2D-3C survey. He located and analyzed the 

rock properties of the Bakken Formation using prestack simultaneous inversion and 

Lamé Parameters analysis. Yang et al. (2013) presented an integrated study of 

multi-stage hydraulic fracture stimulation of two parallel horizontal wells. They 

described that the well logs from vertical well OBS-11-22 (an observation well in 

Figure 5.4) indicated that the total thickness of the Bakken formation is ~140 ft in the 

study area, with the top of the reservoir at a depth of approximately 10,000 ft (Yang et 

al., 2013). We compare our well logs and the walk-away line VSP prestack migrated 

image with this log profiles. They show similar trends. HiPoint Reservoir Image also 

did initial processing for VSP surveys. In this study we use their results as references.  
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Figure 5.7. Petrophysical log collected from well OBS-11-22 showing the lithological profile 

across the Bakken formation (Yang et al., 2013). 

 

5.2 Zero-offset VSP Processing 

The Zero-offset VSP data has a downhole array with 228 levels acquired by 

moving the tools for 6 depths. 208 valid levels were selected from 16.0 ft to 10220.0 

ft. The zero-offset VSP source is located at S1 in Figure 5.4, which has ~512 ft 

horizontal offset from well head and its elevation is 2189 ft. All times and depth are 

referenced to Kelly Bushing (KB) = 2195 ft. After properly building the geometry in 

VISTA software, we can display the geometry for the zero-offset as Figure 5.8 shows.  
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Figure 5.8. Zero-offset VSP Geometry displayed in VISTA. 

 

To prepare the raw data, we cross-correlated each recording data with its sweep 

channel and then vertical stacked all the effective data for each depth. After that, we 

combined all the 6 depths’ data together and separated 3 components. Figure 5.9 

shows the processing flow for zero-offset VSP. The raw data after component 

separation is shown as Figure 5.10. For near offset VSP survey, the vertical 

component is used for data processing. The data present good quality for reflection 

events. The tube wave is strong in our dataset, but we can remove it by filtering. And 

the first 40 traces are noisy due to the casing problem, which are muted in the 

following process steps. I picked the first break (FB) on vertical component, which is 

crucial for wavefield separation, and the P-wave interval velocity estimation. 
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Figure 5.9. Processing flow for Zero-offset VSP. 
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(a) 

 

 

   (b)                                 (c) 

Figure 5.10. Raw zero-offset VSP data plotted with Automatic Gain Control (AGC) for (a) 

Vertical, (b) Horizontal 1 and (c) Horizontal 2 component. 

 

To isolate the upgoing wavefield and downgoing wavefield, I flattened the 

vertical component data with FB picks to 100ms using Flow 1 (see Figure 5.11). I also 

First break 

Upgoing wave 

Tube wave 

Receiver depth, ft 

Receiver depth, ft Receiver depth, ft 
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applied a windowed mean scale to the first breaks. The window usually covers 20 ms 

centered on the first breaks at 100 ms but can vary depending on frequency of the 

VSP data. This corrects the VSP for spherical divergence and transmission losses 

from the source to the geophone. 

 

Flow 1: 

 

 

Figure 5.11. Flattened vertical component data with FB to 100ms. 

 

After flattening the data, I separated the flattened (-tt) downgoing wavefield by 

Receiver depth, ft 
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median filter using Flow 2 (Figure 5.12). I tested different parameters for median 

filter and found that an 11 trace median filter gave best result shown by the left panel 

in Figure 5.12. To enhance the events in deeper depth, I also tested different 

exponential gain to the dataset in order to enhance the deep events. The right panel of 

Figure 5.12 shows exponential gain with 1.0 to the dataset. This gain was not saving 

to the dataset in this flow. I applied it after the wavefield separation step. 

 

Flow 2: 

 

 

Figure 5.12. Left panel: Flattened downgoing wavefield after median filter. Right Panel: 

Flattened downgoing wavefield with exponential gain of 1.0. 

 

Using the flattened downgoing VSP data without gain, I analyzed Q attenuation. 

The vibroseis frequency is from 6 to 120 Hz. I defined a time window including the 

Receiver depth, ft Receiver depth, ft 
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first breaks from 50 to 400 ms as a function of depth, which is defined by the two 

horizontal blue lines in the left panel in Figure 5.13. The Left panel is the flattened 

downgoing wavefield with 13 trace median filter. Because median filter has a roll off 

problem at the edges, I cut the first 10 traces after median filter. The starting trace is 

at depth 2476.6 ft, which is indicted by the vertical blue line in this panel using as the 

reference frequency. The center panel in Figure 5.13 displays the reference spectrum 

(blue) at 2476.6 ft and the spectrum (black) at example depth 5823.1 ft. The vertical 

blue lines define the used spectrum width from 15 to 65 Hz in this panel. The red line 

indicates the absorption ratio computed within the selected spectrum window. We can 

see that the absorption ratio decays with frequency. The right panel in Figure 5.13 

shows the cumulative attenuation as a function of depth with calculated Q values. 

Generally Q value should increase with depth if we use a same source and receiver. 

However, in this zero-offset survey, there are 6 different depths for receiver tool 

deployment. The source may differ for each depth and the receiver clamping may also 

change. 
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Figure 5.13. Q analysis. Left panel is downgoing data after flatten and median filter. The 

vertical blue line indicates the trace being used as the reference frequency. The two horizontal 

blue lines defined the time window around the first breaks as a function of depth. Center 

panel displays the reference spectrum (blue) at 2476.6 ft and the depth spectrum (black) at 

5823.1 ft. The vertical blue lines define the used spectrum width from 15 to 65 Hz. The red 

line indicates the absorption ratio computed within the selected spectrum window. And right 

panel shows the cumulative attenuation as a function of depth with Q values. 

To get the upgoing wavefield, I subtracted the flattened downgoing wavefield 

from the flattened vertical component data using Flow 3. Figure 5.14 shows the 

obtained upgoing wavefield, which is also flatten by FB to 100 ms. 

Flow3: 

 

 

 

 

 

 

Receiver depth, ft 
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Figure 5.14. The upgoing wavefield calculated by subtracting the flattened downgoing 

wavefield from the flattened mean scaled raw data. 

 

After obtaining the upgoing wavefield, we can restore flattened data to Field 

Recorded Time (FRT) by using Flow 4. I also muted the FB in this processing step. 

Figure 5.15 shows the obtained upgoing wavefield in FRT. 

 

Flow 4: 

 

 

 

Receiver depth, ft 
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Figure 5.15. Upgoing wavefield for vertical component in Field Recorded Time (FRT) with 

FB mute. 

 

To remove the downgoing tube waves that disturb the upgoing events, an f-k 

filter was applied as Figure 5.16a shows. Figure 5.16b presents the seismic data with 

applied f-k filter, and Figure 5.16c shows the rejected downgoing tube waves from f-k 

filtered input. We saved this designed f-k filter and run the flow 5. The data was 

flattened to 100 ms for the application of exponential gain to remove absorption effect 

in this step. Then the flattening static was removed and the VSP placed back in Field 

Record Time. The result upgoing wavefield is shown as Figure 5.17. 

Receiver depth, ft 
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Figure 5.16. (a) f-k spectrum with rejection filter shown by shadow zone. (b) Seismic data 

with applied f-k filter. (c) Difference input from f-k filter (rejected downgoing tube waves). 

 

 

(a) 

(b) (c) 
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Flow 5:  

 

 

Figure 5.17. Upgoing wavefield after removing downgoing tube waves by f-k filter and with 

an exponential gain of 1.0. 

 

I then performed the VSP deconvolution to remove the source signature and 

output a zero-phase wavelet. For general processing flow, we use the downgoing 

wavefield as a representation of the source signature to deconvolve the reflected 

upgoing wavefield. The deconvolution operator is designed on the flattened 

downgoing wavefield, and the output is shown as Figure 5.18a by using downgoing 

wavefield to deconvolve itself. It appeared as a band limited zero phase wavelet with 

Receiver depth, ft 
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zero time at the flattened FB time 100 ms. Figure 5.18b shows the VSP upgoing 

wavefield after deconvolution with polarity reversal. The results for suppressing the 

multiples are shown in Figure 5.19 after transforming the FRT record to two-way 

traveltime record. 

  

 

Figure 5.18. Dataset after deconvolution. Left panel: downgoing wavefield flattened by FB. 

Right panel: upgoing wavefield in FRT with polarity reverse. 

After deconvolution, I transferred the FRT upgoing wavefield to two-way 

traveltime by adding the FB time using flow 6. NMO is applied to ensure that events, 

especially the shallow events where the moveout correction is the greatest, are at their 

proper times. An additional mute is applied to ensure the start time of the VSP traces 

for proper amplitude recovery in the stacking process. We compare again for the 

upgoing wavefield without deconvolution and with deconvolution (no polarity reverse) 

in Figure 5.19. The blue ellipses indicate that the multiples are successfully 

suppressed. 

(a) (b) 

Receiver depth, ft Receiver depth, ft 
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Flow 6: 

 

   

 

Figure 5.19. Two-way traveltime record of upgoing wavefield: (a) without deconvolution; (b) 

after deconvolution. Blue ellipses indicate that multiples are suppressed. 

 

Finally, we created the corridor stack for two-way traveltime records of reflected 

upgoing wavefields. A band-pass filter (5-10-110-140 Hz) was applied to limit noise. 

Another same band-pass filter was applied to remove the small high frequency “hairs” 

left by the median filter. A corridor mute with setting of a 200 ms window to a depth 

of 9200 ft was applied to isolate primary events which reach the FB curve (see Figure 

5.20a). This corridor was then stacked and 7 traces were repeated to create the 

“corridor stack”. To quality control (QC) the data, I compared the deconvolution 

corridor stack result (see Figure 5.20b) with the non-deconvolution result (see Figure 

5.20c), which would show at what level multiples were interfering with the primary 

(a) (b) 

Receiver depth, ft Receiver depth, ft 
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reflections. The deconvolution and non-deconvolution results both have been reversed 

polarity here because the polarity of upgoing wave is different with downgoing wave. 

 

Flow 7: 

 

   
 

Figure 5.20. (a) Designed corridor mute. (b) Corridor stack after deconvolution. (c) Corridor 

stack without deconvolution but reverse the polarity.  

 

Using sonic and density logs, a synthetic seismogram is created to simulate 

seismic data. The wavelet and frequency to generate synthetic seismogram is 

extracted from the corridor stack. We compare our corridor stack with synthetic 

seismogram (Figure 5.21). Because the velocity from sonic logs doesn’t calibrate with 

VSP’s, the time for synthetic traces is about 20 ms longer than the corridor stack in 

(a) (b) (c) 

Receiver depth, ft 
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Figure 5.21a. 

 

 

 

Figure 5.21. (a) Corridor stack compare with synthetic seismogram. (b) Zoom into Bakken 

formation. 

 

To locate each formation layer in depth, I tied the corridor stack to well logs and 

surface seismic profile. Figure 5.22 shows the results for corridor stack tying with 

gamma ray, density and sonic logs. The corridor stack ties the well logs convincingly 

and indicates the depth of each formation layer. To illustrate the Bakken formation 

clearly, Figure 5.23 zoom into the depth around Bakken. We compare the results with 

the layer tops that Hess provided; they are consistent with each other (Table 5.2). The 

Bakken formation is around 2040 ms in the two-way traveltime record and has a 

thickness around 40 ms. 

 

(a) 

(b) 

Synthetic Corridor stack 
Corridor stack 

Synthetic 
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Figure 5.22. Corridor stack ties well logs. The top well log is gamma ray Log; the middle one 

is density log, and bottom one is sonic log. The corridor stack and the two-way traveltime 

record of upgoing wavefield are presented in the bottom panel. 
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Figure 5.23. Corridor stack ties well logs zoom into Bakken formation. The top well log is 

gamma ray log; the middle one is density log, and bottom one is sonic log. The corridor stack 

and the two-way traveltime record of upgoing wavefield are presented in the bottom panel. 

 

 

 

To verify the results, I compared the corridor stack with the surface seismic 

profile (figure 5.24), which is processed by Omoboya in his Ph.D work (Omoboya, 

personal contact). In this study, I selected the north-south seismic line across the well. 
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The corridor stack of the zero-offset VSP data ties the surface seismic convincingly.  

 

Figure 5.24. Corridor stack ties the surface seismic profile along the north-south line across 

the well. (Courtesy of Omoboya, persernal contact) 

 

Reference to the tops that Hess provided, I picked each formation layer depth 

and the corresponding channels to build the initial velocity model as Table 5.2 shows. 

The interval velocity for each layer was calculated by the picked FB and channel 

depth. Because the source of zero-offset VSP has ~512 ft horizontal offset, I also 

corrected the velocity calculation by the geometry using VISTA VSP Velocity tool. 

Figure 5.25 shows the P wave velocity calibration with sonic log for all the channels 

below 1935 ft (note that the first 40 channels were muted). The left panel is the travel 

time versus true vertical depth. Blue line is for zero-offset VSP, and red line is for 

sonic log. The right panel shows the interval velocity. We can see the velocities 

calculated by zero-offset VSP have similar trend with sonic log, but the error is larger 
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due to the FB picking. To reduce the picking errors, we need to calculate velocity 

from larger interval distance. In this case, we selected the channels around the layer 

tops as Table 5.2 shows. Because of the limited depth of the receivers and resolution 

problem, it is difficult to identify the layers below the Bakken formation from 

zero-offset VSP. Thus, I didn’t use the channels for Middle_Bakken, 

Base_middle_Bakken and Three_Forks. I chose the last channel 208, which below 

Three_Forks and above Birdbear, to be the model bottom. Using the picked FB for 

these selected channels, the initial velocity model is built as Figure 5.26 shows. 

 

Table 5.2. Tops picked by well logs and zero-offset VSP 

Tops Hess provided 

(ft) 

Picked  

(channel_no&ft) 

Interval V 

(ft/ms) 

Greenhorn 4228.51 86&4199 6957 

Rierdon 5802.12 119&5823 9812 

Piper_Lime 6110.62 125$6118 11699 

Amsden 7033.20 144&7053 15636 

Kibbey_Lime 7724.00 158&7742 14383 

Charles 7886.00 161&7890 18737 

Base_Last_Salt 8414.00 172&8431 15478 

Lodgepole 9291.92 190&9285 19253 

Bakken 9974.00 204&9974 17012 

Middle_Bakken 9989.18 205  

Base_middle_Bakken 10063.47 206  

Three_Forks 10114.32 207  

Birdbear 10366.94 208&10171 14794 
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Figure 5.25. Velocity analysis for all the channels (blue line) from FB with sonic log 

calibration (red line). The left panel is the travel time versus true vertical Depth curve. The 

right panel is interval velocity versus depth. 

 

 

Figure 5.26. Velocity analysis for selected channels from FB. The left panel is the travel time 

versus true vertical depth curve (FB line). The right panel is the average velocity (blue line) 

and interval velocity (red line) versus true vertical depth.  
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5.3 North-South (NS) Walk-away Line VSP Processing 

The zero-offset VSP provides abundant information above the receivers. 

However, the Bakken formation layers are around the bottom receivers. The 

walk-away VSP can provide more detail information for them. I processed the NS 

walk-away line VSP and also tested the migration velocity analysis assessing residual 

moveout method. The walk-away VSP only has 38 levels of receivers, which is fixed 

for depth 6. The receiver level of 10024 ft is broken, thus I muted that trace level. The 

source is on the surface along the NS line with offset ~7500 ft from the north to 

~5000 ft from the south. The source increment is about 500 ft in this survey. The 

geometry displayed in VISTA is shown by Figure 5.27. To prepare the raw data, I did 

cross-correlation, vertical stack and 3 components separation as the processing flow in 

Figure 5.28 describes. Figure 5.29 shows the raw data example for source 1. 

 
Figure 5.27. NS walk-away line VSP Geometry displayed in VISTA. 

 

Source 1 

Source 19 

Receivers 
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Figure 5.28. NS walk-away line VSP processing flow. 

 

 

Figure 5.29. Raw walk-away VSP data for source1 (far-offset): Left panel is Vertical 

component; Middle panel is Horizontal 1 component; Right panel is Horizontal 2 component. 
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I then used hodogram method to rotate the data to vertical, radial, and transverse 

component as Figure 5.30 (far-offset example) and 5.31 (near-offset example) shows. 

We can see upgoing P wave is clear on near-offset vertical component, but is buried 

by S wave in far-offset data. In the following process step, we are trying to obtain the 

reflected upgoing P wave, and to image the subsurface by that. To accomplish this 

goal, we separated the wavefields by two steps: 1. using f-k filter to remove the 

downgoing wavefield; 2. using median filter to enhance the upgoing P waves. 

 

Figure 5.30. Rotated VSP data for source 1 (far-offset): Left panel is Vertical component; 

Middle panel is Radial component; Right panel is Transverse component. 
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Figure 5.31. Rotated VSP data for source 10 (near-offset): Left panel is Vertical component; 

Middle panel is Radial component; Right panel is Transverse component. 

 

The f-k filter is a powerful tool to reject the downgoing wavefield. Figure 5.32 

shows the designed f-k filter window (left panel), the rejected downgoing wavefield 

(middle panel) and the output data after f-k filter (right panel) for vertical component 

of example source1.  
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Figure 5.32. Left panel: f-k spectrum with rejection filter shown by shadow zone. Middle 

panel: Difference input from f-k filtered input. Right panel: Seismic data with applied f-k 

filter. 

 

After removing the downgoing wavefield, the upgoing wavefield may have P 

wave and S wave together. The slope of upgoing P wave is different with the slope of 

upgoing S wave, thus we can use median filter to enhance the P wave. In Figure 5.32, 

the slope of upgoing P wave indicates a P wave velocity as 25411 ft/s, and the slope 

of upgoing S wave indicates a P wave velocity as 11800 ft/s. Because VISTA cannot 

handle the edge traces for median filter, and also has limitations on VSP migration 

image process, I then used Promax to process the data. Figure 5.33 shows the median 

filter results for far-offset and near-offset source examples (note the sorting of 

channels are now from deep to shallow). The upgoing S waves for far-offset and also 

the tube waves for near-offset data with larger slops are eliminated in our output data. 

The parameters for VSP dip filter I used in Promax is shown by Figure 5.34. 

Upgoing P 

Upgoing S 
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Figure 5.33. (a) Far-offset source1 example. (b) Near-offset source10 example. On each 

example: Left panel is output data after median filter, and Right panel is rejected data by 

median filter. Red line indicates the FB.  

 

 

Figure 5.34. Parameters for VSP Dip Filter in Promax. 

The median filter will induce artifacts above the FB as Figure 5.33 shows. In the 

following processing step, I muted the FB and applied band-pass filter. During 

processing, I also applied exponential gain 1.0 to the dataset. Then I performed 

deconvolution to remove multiples as Figure 5.35 shows. 

(b) (a) 
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Figure 5.35. (a) Upgoing P wavefield before deconvolution. (b) Upgoing P wavefield after 

deconvolution.  

 

After obtaining the deconvolved upgoing P wavefield, I migrated the data with 

the initial velocity model built from zero-offset VSP survey. Because some of the 

source elevation is higher than KB and the software cannot handle this, I shifted the 

datum 300 ft higher than the KB. And now the receiver depth from the new datum is 

8700 ft to 10520 ft as Figure 5.36 shows. The velocity model and imaging results are 

also shifted by 300 ft with correction to the new datum. Figure 5.37 shows the 

velocity model without smoothing. In migration process, I smoothed this velocity 

model vertically by 500 ft. Figure 5.38 is the Kirchhoff migration imaging using the 

(a) (b) 



123 

smoothed velocity model. We zoomed in the dash box to insert our imaging results 

with the surface seismic profile processed by Omoboya (see Figure 5.39). The surface 

seismic profile is time section, thus the layer below the bakken formation may 

mismatch due to the velocity varying. 

 

Figure 5.36. Schematic geometry of NS line walk-away VSP with shifting to the new datum.   

 

 
Figure 5.37. The velocity model used to migrate without smoothing. 
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Figure 5.38. Kirchhoff migration image using the velocity model with smoothing by 500ft. 

The dash box will be enlarged in Figure 5.41.  

 

 

Figure 5.39. Kirchhoff migration image compare to the north-south surface seismic line 

across the well. (Courtesy of Omoboya, personal contact) 

 

I also compared our walk-away line image with synthetic seismogram calculated 

from logs. Figure 5.40 indicates that VSP image is consistent with the synthetic 

seismogram. The Bakken formation is around 9950 ft (10250 ft on the image) from 
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KB with about 150 ft thickness. 

 

 

 

 

 

Figure 5.40. Kirchhoff migration image compare to the synthetic seismogram.  

 

 

Using this dataset, I also tested the migration velocity analysis method assessing 

residual moveout in receiver domain Common Image Gathers (CIGs). However, the 

receivers of this walk-away line VSP are deep and the residual moveout is not that 

sensitive to the velocity changes for deep layers. Figure 5.41a shows the receiver 

domain CIGs located at offset -1000 ft and -500 ft for the initial velocity model. The 

residual moveout is almost flat for the near-offset CIGs. The edge of the residual 

moveout around the receiver depth close to the reflector depth should be muted 

because they cannot capture the reflection point at the CIP location as we discussed in 

the previous chapter. To test the velocities, I changed the last layer velocity to be 10% 

slower and faster than the initial model, however, the curvature doesn’t change very 

much as Figure 5.41b and c shows. Because there are only 19 sources on the surface, 

it will also affect the residual moveout curvature due to the lack of fold. 
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Figure 5.41. Receiver domain CIGs located at offset -1000 ft and -500 ft for (a) initial 

velocity model, (b) slow velocity model and (c) fast velocity model. 

 

 

5.4 Discussion and Conclusions 

I have processed a zero-offset VSP data and an NS walk-away line VSP data to 

investigate the Bakken formation in the Ross Field on Wilson Basin. The zero-offset 

VSP data has a long receiver array deployed in the well, which can provide detail 

information from top to the bottom receiver around 10220 ft. The corridor stack of the 

zero-offset VSP data ties the well logs and surface seismic profile convincingly. It 

helps us to locate each formation layer and build the velocity model. The NS 

walk-away line VSP provides more detail information below the receivers. Prestack 

Kirchhoff migration image indicates the Bakken formation is around 9950 ft and has 

(a) (b) (c) 

Bakken 
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about 150 ft thickness. However, we only have 19 sources on the surface and 38 

levels receivers in the borehole for the walk-away VSP survey, which limited the 

image quality. There are not enough folds to catch the real reflected point at the CIP 

location due to the lack of sources. The receivers are deployed in deep levels which 

make the residual moveout in receiver domain CIGs not very sensitive to the velocity 

changes of the deep layers. Figure 5.41 also indicates that there is not enough receiver 

coverage for detecting the residual moveout curvature. For future acquisition design, 

we could add more receivers from 7400 ft to Bakken formation depth because we 

want to collect the reflection events below the receivers. The S wave is strong in the 

far-offset VSP dataset, which also complicates the upgoing P wavefield. In future 

processing work, we can rotate the vertical-radial components to downgoing 

P-downgoing S direction, and then separate the wavefields to eliminate the upgoing S 

waves. The anisotropy effect should be also considered in the future work. There are 

more shots in this VSP survey; we can process other walk-away lines in this area to 

draw the 3D image map. We might also try to estimate the anisotropy parameters from 

the “wagon-wheel” walk-around far-offset VSP data in future work.   
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CHAPTER 6: CONCLUSIONS AND 

RECOMENDATIONS 

In this thesis, we explored three algorithms on Vertical Seismic Profile. Firstly, 

we investigated a method to transform a walk-away VSP to simulate a set of surface 

seismic shot records by convolving and summing together the appropriate sets of VSP 

records. We expand Schuster’s convolution transform equation to 2 parts by 

separating the input VSP data into direct arrivals, and upgoing reflections. They 

illuminate both sides to the borehole. The artifacts can be suppressed by tapering the 

traces before stacking. Incomplete borehole receiver coverage can also affect the 

transform result. This method is strictly formulated for a 2D medium, meaning that 

the surface sources and borehole geophones are all contained in a single vertical plane, 

and that the velocity model only varies in the same 2D plane. We compare the results 

of using data from both 2D and 3D models to more completely understand this 

process. The kinematics of the simulated 2D shot records are reasonable, but contain 

some unwanted events and amplitude variations. In addition to the effects seen in the 

2D tests, as expected, the 3D result does not simulate the full 3D nature of the 

reflections and out of plane events.  

 

Secondly, we describe a new strategy for estimating and building a velocity 

model from a walk-away or 3D VSP dataset after downward continuing surface shots 
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to the level of the borehole receivers. In this study, we propose a three-step process to 

combine the redatuming method with surface seismic velocity analysis tool. We first 

downward continue the VSP surface shots, using conventional model-based 

redatuming method, from a walk-away VSP survey as if the shots had been located in 

the same level of each borehole receivers. This process generates an effective 

common receiver gather, which sources and receiver are at same level, for each 

borehole receiver. We then perform an NMO velocity analysis for each of the 

redatumed common receiver gathers. Each of these velocity analyses are combined 

together to increase the signal-to-noise value. The downward continuation method can 

strip off complex overburden velocities and make it easier to apply conventional 

surface seismic tools. This method gives a quick mearsurements of interval velocites 

from walk-away or 3D VSP data. It can be used to help build initial velocity model 

below the borehole receivers.  

Thirdly, we present a new method combining residual moveout analysis with a 

simple 1D inversion method to derive and update a velocity model used for migrating 

2D and 3D VSP data. The success of imaging vertical seismic profile (VSP) data 

critically depends upon obtaining and using an accurate subsurface velocity model. 

First-arrival time tomography can be used to derive velocities above the receivers. 

Reflection time tomography could be used to derive velocities below the receivers, 

but requires reflection time picking and association with appropriate horizons. We 

describe an alternative, faster way to perform velocity analysis by assessing the 
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residual moveout after migrating walk-away VSP data. We derive residual moveout 

equations for migrated common receiver gathers assuming a constant velocity model 

with a single horizontal reflector. The observed residual moveout in the CIGs in the 

receiver domain will be aligned and flat if the migration velocity is correct. If the 

residual moveout is not flat, by digitizing the extreme point on the unstacked, 

migrated traces in each common receiver gather, we can invert for the velocity of the 

target layer using our new residual moveout equations. We then extend this method to 

handle depth and laterally varying layer geometries using an iterative 

root-mean-square (RMS) velocity scheme and a layer-stripping strategy. This method 

combines the power of a prestack VSP depth migration using complicated velocity 

structures with straightforward velocity updating equations. It provides an efficient 

way to build local velocity model for VSP. 

 

These three methods can be applied separately or combined together to assist on 

processing VSP data. Each of these methods can be generalized on more complex 

case and should be tested by more complicated synthetic model in future work, such 

as GOM, anisotropy and also converted wave cases. The new technique of Distributed 

Acoustic Sensing (DAS) will be suitable for testing our algorithms in the future 

because it has long receiver array in the borehole and also leading the future of 

borehole seismic world. 
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In this thesis work, we also processed field VSP data for Bakken formation and 

tested migration velocity analysis method on that dataset. A zero-offset VSP and a 

walk-away line VSP are processed in this project. The zero-offset VSP locates the 

depth of each formation layer and assists in building a velocity model. The corridor 

stack of zero-offset VSP ties the well logs and surface seismic profile convincingly, 

and indicates that the Bakken formation is at the depth of 9,974 ft (~3,040 m) with 

150 ft (~46 m) thickness. The walk-away VSP provides more details on the Bakken 

formation layers around 9950 ft (~3033 m). The prestack Kirchhoff image of the 

walk-away VSP can tie the well logs and verify the location of the Bakken formation. 

It will be encouraging to try other processing method on this field dataset to eliminate 

the uncertainties. For future work, we can process other walk-away lines in this area 

to draw the 3D image map. We might also try to estimate the anisotropy parameters 

from the “wagon-wheel” walk-around far-offset VSP data. Unfortunately, the 

receivers in this walk-away VSP survey are deployed in deep levels which make the 

residual moveout in receiver domain CIGs not sensitive to the velocities. In future 

work, we could try to test our algorithms on another field dataset. 

 

 

 

 

 

 


