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Figure A.2: Schematic drawing of Duplex Well in Castle Mountain Ski Resort. 
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APPENDIX B: VSP PROCESSING THEORY 

 

B.1. f-k filtering 

 The separation of VSP wave modes by f-k filtering is accomplished by 

transforming the VSP data (recorded in the time-depth domain) to the frequency-

wavenumber domain, by forward Fourier transform. It takes advantage of the apparent 

velocity exhibited by different wave modes and works in the frequency domain, as 

illustrated in Figure B.1. Excellent overviews of f-k domain processing are presented in 

Yilmaz (1987) and Hardage (1992). 

Downgoing VSP modes exhibit positive apparent velocities and the Fourier 

transform places them in the negative wavenumber half-plane. Conversely, upgoing VSP 

modes exhibit negative apparent velocities and the Fourier transform places them in the 

positive wavenumber half-plane. Once the data are transformed into the f-k domain, 

multiplying unwanted wave modes (usually the downgoing waves) by a value that is 

much less than unity will attenuate the downgoing wavefield and enhance the upgoing 

wavefield. The transformed data are converted back in the time-space domain by an 

inverse Fourier transform. 
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Figure B.1: Principle of wavefield separation by f-k filtering. 

 

 This separation of VSP wave modes in f-k space provides a convenient way by 

which downgoing events can be attenuated without suppressing upgoing events. However, 

a feature of Fourier transform pairs is that a narrow function in one Fourier domain 

transforms into a wide function in the other Fourier domain. Then, when the bandpass 

becomes narrow, the consequence is a spatial mixing, commonly called Rieber mixing, 

and it constitutes the main negative aspect of the f-k filter (Hinds et al., 1996). 

 

B.2. Median filtering 

Median filtering is a signal enhancement technique (Stewart, 1985) that can 

operate at a constant time (zero moveout) across the dataset. The filter length N refers to 

the number of consecutive traces over which the filter is applied. At each time sample, 

the array of N samples is arranged in order of increasing amplitudes (Figure B.2). The 

median value occupies the (N+1)/2 positions in the array. An N point median filter will 
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generate one output trace by taking this median value from N samples at each time array 

point. The output trace will be assigned to the position occupied by the centre trace of the 

filter. 

 

 
Figure B.2: Principle of median filtering. 

 

 

The properties that make median filter attractive in VSP data processing are: (1) it 

rejects noise spikes (because the data are ordered according to amplitudes values, a spike 

will almost always occupy a position other than the median value, and as such, will be 

rejected) and (2) it passes step functions without altering them; therefore amplitude of the 

original data are preserved after filtering. However, abuse of the smoothing property of 

the median filter may cause reflection events to appear artificially smooth. Hence, the 

filter length for wavefield separation must be carefully chosen as it is data dependent. 
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B.3. Principles of corridor stacks 

A major reason for producing the corridor stack is to enhance the primary 

upgoing events (near the first breaks). Upgoing multiples are recorded later in time at 

sonde locations above the bottom generating interface because of the traveltime delay due 

to the surface-generated or interbedded multiples. In the NMO-corrected, upgoing 

wavefield data (plotted in two-way traveltime) (Figure B.3), the multiple of a primary 

reflection is recorded later in time than the primary event. Therefore, by defining a 

corridor width (in time) near the first break and stacking them, reflector positions can be 

estimated with reduced risk of interpreting multiples as major reflectors. 

 

 
Figure B.3: The schematic definition of the outside and inside corridor stack. The depth 

versus two-way traveltime plot shows the downgoing primary (D-P), upgoing primary 

(Up-P), and upgoing multiple (Up-M) events with corresponding raypaths shown in the 

raypath diagram. Only the primary event (Up-P) is seen in the outside the corridor stack 

after the summing the events (Hinds and Kuzmuski, 2006). 
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B.4. Hodogram analysis 

An objective of geophone orientation is to isolate upgoing P-waves from the 

three-component geophone data, X, Y, and Z. There are three geophone rotations 

necessary to accomplish this objective. The first rotation is of the two horizontal 

geophones, channels X and Y, to orient one horizontal component toward to source 

(Hmax) and the other 90 degrees away from it (Hmin): This step is required as the two 

horizontal channels (X and Y) of the 3C geophone tend to “twirl” within the borehole 

before they are clamped to the wall. Given the polarization angle (or rotation angle), θ, 

from the hodogram analysis, the data on horizontal components are converted as follows: 

Hmax(t)=Y(t)cos θ + Xsin θ   B.1)   

Hmin(t)=-Y(t)sin θ + Xcos θ   B.2)   

Here, θ is the polarization angle, measured clockwise from Y towards X, and (Z, Hmax, 

Hmin) is the new coordinate system (Figure B.4).  

 Using the same concept, a second rotation takes place on the plane of the well and 

source using the previously oriented horizontal data (Hmax) and Z (vertical 

component).  This maximizes the downgoing P-wave energy onto one channel (Hmax') 

with the downgoing Sv on the other (Z'). The schematic definition of these sensor 

orientations are shown in Figure B.4. The enhanced P-wave in Hmax' also enables more 

accurate first-arrival picking.  
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Figure B.4: The schematic definition of time-invariant 3C geophone orientation (Hinds et 

al., 1996).   

 

 The sensor orientations that are introduced so far are time-invariant processes 

where an incident angle of a ray is assumed to be invariant with increasing depth: Hence, 

it was assumed that the downgoing P wave is always perpendicular to the upgoing P 

wave. However, as illustrated in Figure B.5, with increasing shot-offset this assumption is 

not valid anymore and the change in the polarization angle with time must be accounted 

for via time-variant rotation: this technique is the third hodogram analysis that is required 

to complete the sensor orientation. 
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Figure B.5: Schematic drawing of varying polarization angle with increasing offset 

(Hinds et al., 1996). 

 

B.5. Deconvolution 

 A primary objective of VSP processing is to enhance primary reflections as the 

best estimate of reflection coefficients. In VSP processing, the downgoing wave 

deconvolution is routinely used to enhance the primary reflections and it is used to 

transform the wavelets from the field data to zero-phase wavelets while suppressing the 

multiple reflections. 

An important assumption of VSP downgoing wave deconvolution is that the 

waves propagate vertically. This implies a zero offset from the well head, flat layers and 

a vertical borehole. This technique can also be useful for moderately far-offset VSP 

deconvolution (Kuzmiski, personal communication, 2008). In this way, the upcoming 

wavefield equals to the convolution between the downgoing wavefield and the 

reflectivity series of the earth as follows: 
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U = D * R  B.3) 

Here D is the downgoing wavefield (Figure B.0.6) composed of the direct arrival and the 

multiples generated above the receivers; U is the upcoming wavefield, composed of the 

primary reflections and the reflections generated by the downgoing multiples; R is the 

reflectivity response of the earth (Lee, 1984). Only the direct arrival wavelet on the 

downgoing wavetrain will generate a primary reflection. All subsequent downgoing 

multiples, constitute redundant information about the reflectors and obstruct primary 

reflections from deeper reflectors. 

 

   

 
Figure B.0.6: Downgoing and upgoing waves as seen in VSP survey (for clarity of the 

picture, the zero offset is not represented). 

 

 

 VSP downgoing wave deconvolution is composed of two major steps: (1) inverse 

operator estimation and (2) upgoing waves deconvolution. An inverse operator is 

designed from the downgoing wavefield. This operator, called D
-1,

 removes multiples and 
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compresses the downgoing wavetrain to a desired output wavelet (usually a spike called 

δ) as follows: 

D * D
-1

 = δ     B.4) 

This step is unique to VSP, where the downgoing wavefield (Direct arrival + Multiples) 

is easily separable from the total wavefield (Hinds and Kuzmuski, 2006). This is in direct 

contrast to surface seismic data, where surface geophones record only upgoing waves.  

 This inverse operator, then, is convolved to the upcoming wavefield as 

R = D
-1

 * U    B.5) 

where R is the deconvolved upcoming wavefield that is removed from the reflections 

generated by the downgoing multiples. 

 

 

 

 




