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ABSTRACT 
As part of on-going seismic monitoring at the CaMI Field Research Station 

(CaMI.FRS), vertical seismic profiles are being recorded unto a 24-level permanent 
downhole 3-component geophone array as well as helical wound and straight optical fibre 
for Distributed Acoustic Sensing (DAS). Advances over previous processing included 
smoothing DAS first break picks, application of both a median and FK filter to separate 
and enhance the upgoing energy, and careful assessment of shot statics based on 
minimizing the error between observed and computed first break travel-times.  The velocity 
model for the VSP CDP transform for offset shots was determined initially from well-log 
data and the zero-offset DAS data, and then updated through matching computed and 
observed moveout for offset sources. Having the very near-surface velocities available 
from DAS data enabled a very robust 1-D velocity model to be established.  This also 
improved VSP-CDP stacks of the borehole geophone data and the two datasets match 
closely.  The final VSP-CDP stack enabled excellent imaging up to nearly 100 m from the 
VSP well for the DAS data and 64 m for the geophone data.  After deconvolution, the 
processed geophone and DAS data correlated very well. 

INTRODUCTION 
The Field Research Station (FRS) is located approximately 200 km southeast of Calgary 

in the Newell County.   It is focused on the development of new continuous and discrete 
subsurface and surface measurement, monitoring and verification (MMV) technologies 
related to carbon capture and storage (CCS) and other containment and conformance 
requirements, including CO2 EOR (enhanced oil recovery) for monitoring CO2 sweep 
efficacy.  Research is conducted at the 1 km x 1 km globally-unique facility with a 
comprehensive range of leading-edge geophysical methodologies implemented for 
characterizing the subsurface and tracking injected CO2.   

We revisited processing of DAS and geophone data from the site.  Earlier processing of 
data from this site has been reported by Gordon et al., (2017, 2018) following developments 
in DAS VSP surveys by Mateeva et al. (2014).  The new processing was undertaken by 
GeoVectra in Calgary, using Vista VSP processing software.  Data used in this 
reprocessing was from the northern segment of the North-South walk away VSP profile, 
acquired in 2017, shown in Figure 1.  One objective was to use this dataset to develop a 
comprehensive velocity model that could be the basis of future DAS and geophone data 
processing for time-lapse surveys.  We have also now established a permanent set of 4 
walk-away source profiles and one walk-around source point profile for future time-lapse 
VSP surveys.   
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FIG. 1.  Source points form the north-south VSP survey acquired in 2017.  This study used source 
points from the northern half of the walkaway line. 

At the CaMI.FRS, the geophones and fibre are all cemented behind the casing in a 350 
m deep observation well and fibre is laid out in a loop including the two observation well 
at the site as well as in a 1.1 km long trench in which the fibre is buried at a depth of 1.25 
m (Figure 2). The source for the VSP survey was an Envirovibe with a sweep of 10 – 150 
Hz over 16 s. Data used for this paper were recorded from 14 source points with offsets 
from 9 m to 299 m from the VSP well.  DAS traces were recorded with a 10 m gauge length 
with an output trace interval of 0.25 m to a maximum depth of 338 m in the well.   

 

FIG. 2.  Layout of fibre at the CaMI Field Research Station.  This paper focusses on data collected 
with the straight fibre in Observation Well #2. 
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DAS DATA PROCESSING 
Figure 3 shows an example of a raw gather (stack of 6 sweeps) for a near offset (9 m) 
source location.  The record shows clear downgoing P-wave arrivals.  Also, direct down-
going S-wave arrivals generated by the Envirovibe are visible as the lower frequency 
events in the shallow part of the well.  Upgoing P-wave energy is also quite visible in the 
raw record; the strong event identified is a reflection from the top of the Basal Belly River 
Formation which is the CO2 injection zone. 

 

FIG. 3. Raw DAS near offset data (source to well offset of 9 m). 

The stacked and correlated DAS data followed a standard initial processing flow 
consisting of a median filter to separate the upgoing and down-going energy.  In this case, 
a 91-point median filter was applied.  Figure 4 shows the separated downgoing energy and 
P-wave and S-wave energy is identifiable. 

 

FIG. 4. Downgoing energy after application of a median filter 
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Figure 5 shows the up-going wavefield after the application of the median filter, but 
some low-frequency down-going S-wave energy is still observable in the data. This was 
removed by an FK-filter rejecting negative wavenumbers and subtracting these from the 
input data to preserve the upgoing energy with the resultant record shown in Figure 6. 

 

 

FIG. 5. Upgoing energy after application of a median filter.  Note presence of down-going S-wvae 
energy at shallow depths. 

 

 

FIG. 6. Upgoing energy after application of median and FK filters. 

 

Following wavefield separation, the down-going P-wave first arrivals were used to 
design the deconvolution operator to apply to the upgoing wavefield.  The up/down 
deconvolution used a 300ms operator using a window from 80ms to 880ms after flattening 
the data with first breaks to 100ms before the up/down deconvolution and restoring the 
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original timing afterwards.  In addition, source statics were computed. A velocity inversion 
was performed allowing anisotropy to be estimated in 3 shallow layers to minimise the 
travel time differences between the velocity model predictions and the actual first arrival 
times, this procedure yields residual, or relative shot statics to align the energy from 
different offset shots.  

Table 1. Shot statics computed for each shot through velocity inversion allowing anisotropy in 
coal layers – Note that first breaks could not be picked for SP161 due to the high angle of 

incidence on the DAS fibre 

Shot 
Point 

Static 
(ms) 

132 0.296 
134 -0.26 
136 -1.39 
139 -2.258 
142 0.332 
144 -3.913 
146 0.414 
148 -0.642 
150 -0.247 
152 2.058 
154 -0.1 
156 6.172 
158 1.111 
160 0.864 
161 75.716 

 

Figure 7 shows the upgoing wavefield after deconvolution and source statics applied.  
Upgoing P-wave energy is now observable to the shallowest depths. 
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FIG. 7. Up going energy after median filter, FK filter, shot statics and deconvolution 

 

For processing the walkaway records, a detailed velocity model first had to be constructed.  
Initially drift corrections were applied to match sonic velocities with zero-offset first arrival 
travel times, with the results shown in Figure 8. The sonic velocities are more densely 
sampled and erratic than those from the DAS first arrivals and help get the average level 
in the correct place. A shallow velocity is inserted for the weathering layer with a rapid 
build up to the velocities in the consolidated layer. To ensure a stable velocity model the 
velocities from the DAS first arrivals were blocked into 7 layers as may be seen in Figures 
9 & 10. 

 

 

FIG. 8. Drift corrections to calibrate sonic log and refine the velocity model extracted from from 
down going first arrival data 
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Figures 9 and 10 show the development of the velocity model for processing the walkaway 
source gathers.  This was done by iteratively updating the model to minimize the error 
between the observed and computed first arrival travel times.  Figure 9 shows the residual 
error for the initial velocity model and Figure 10 shows how the RMS travel time errors 
have been significantly reduced after updating the velocity model. These figures show the 
results of the previously mentioned velocity inversion that was performed for downgoing 
P wave energy in a layer by layer manner.  

 

FIG. 9. Initial velocity model showing misfit between observed and calculated first break arrival 
times. 

 

FIG. 10. Final velocity model showing reduced RMS error between observed and calculated first 
break arrival times. 
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The final velocity model was used to correct all of the offset VSP source gathers for normal 
move-out.  An example of a near-offset NMO-corrected gather is displayed in Figure 11 
and shows that the major reflections are all flattened. 

 

FIG 11. Flattened up-going energy after median filter, FK filter, shot statics, deconvolution and 
normal moveout corrections applied. 

The final step in processing the DAS walkway VSP data was to rebin and stack the data 
into a VSP-CDP display.  An output trace spacing of 2m was used to gather and stack the 
CDP data, with the resulting VDP-CDP section shown in Figure 12. The section shows 
excellent imaging at shallow depths and to offsets of nearly 100 m from Observation well 
#2.  The maximum source offset included in the VSP-CDL stack was 199 m. The last shot 
point used as SP152, the further offset shots were not reliable due to the high angles of 
incidence of the energy on the DAS fibre, there is almost no signal on SP161, the furthest 
offset shot at 289m.  

 

 

FIG. 12. Final VSP-CDP stack of DAS data.  Good imaging is achieved at shallow depths in the 
well and to source offsets of 98 m from the VSP well. 
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GEOPHONE DATA PROCESSING 
Processing of the borehole geophone data followed a similar flow to that for the DAS data, 
except from additional data rotation steps to enable P and S upgoing wavefields to be 
isolated.  Figure 13 shows a near offset vertical component data after an interpolations step 
to replace several dead traces in the record. 

 

 

FIG. 13. Vertical component of the geophone data for a near-offset source point, with dead traces 
interpolated. 

Following the trace interpolation, two trace rotations were performed. For the first 
rotation, the recorded horizontal components (H1 and H2) were rotated to Hmax and Hmin 
where the Hmax is oriented in the well-source plane and Hmin is perpendicular to the well-
source plane (Hinds et al., 1996).  Figure 14 shows an example of the vertical (Z) and Hmax 
components after the initial rotation.  As expected, there is little energy recorded on the 
Hmax component at small near well-source offsets, more converted wave energy appears 
as the offset increases. 

 

 

FIG. 14. Geophone data after the H1 and H2 rotation to Hmax for a near offset source-point 
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The second rotation was then applied to the vertical component (Z) and Hmax, creating 
Hmax’ which is oriented in the direction of the upward propagating wave front and is thus 
also known as the radial component. The second output of this rotation is the orthogonal 
component (Z’), which contains upgoing events including the reflected waves. Following 
the geophone data rotation, a time-variant polarization was performed to separate reflected 
P and S waves ensuring a clean separation at each geophone level, as shown in the 
examples in Figure 15. 

  

 

(a) 

 

(b) 

FIG 15. (a) Upgoing P-waves at near (left) and far (right) source-well offsets; (b) Upgoing SV-waves 
at near (left) and far (right) source-well offsets.  Clear P-S converted wave are visible on the far 
offset Hmax’ data. 

Figure 16 shows summary examples of PP and PS reflections after the time-variant 
rotation.  The P-S data has a lower dominant frequency compared to the P-P data.  In order 
to compare the P-P geophone data with the DAS data, the remaining processing focussed 
on deconvolving the wave-field separated data, applying that same shot statics as used for 
the DAS data, and creating the VSP CDP stacks. 
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FIG. 16. Upgoing PP and PS wavefields after time-variant rotation 

 

Figure 17 shows the upgoing PP wavefields after deconvolution and the application of 
the shot statics shown earlier in Table 1.  High amplitude PP reflections are clearly evident 
in the processed gathers at all well-to-source offsets. 

 

 

FIG. 17. Upgoing PP wavefields at near (left) and far (right) offsets after deconvolution and 
application of shot statics 

The final processing steps involved correcting for normal moveout and stacking the data 
into VSP CDP sections.   This was done using the best velocity models that were developed 
from both the geophone and DAS data.  Figure 18 shows NMO-corrected gathers for near 
and far offset shots and using both velocity models. The DAS velocity model yields 
superior results since data are acquired for all depths of the fibre (from surface) whereas 
the geophone velocity model was not well-constrained between the surface and the depth 
of the first geophone (191 m below ground surface). 
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FIG. 18.  VSP NMO corrected far gathers for near offset source (upper) and far offset source 
(lower);  NMO with geophone velocity model (left) and DAS velocity model (right). 

After NMO corrections, all flattened gathers were stacked into VSP CDP sections with 
a bin size (output trace spacing) of 2m.  The stacked sections for the geophone and DAS 
velocity models are shown in Figure 19.  The reflections have slightly higher amplitudes 
and better coherence for the DAS velocity model than for the geophone-derived velocity 
model. 

 

 

FIG. 19. VSP CDP stacks using geophone velocity model (left) and DAS velocity model (right). 



CaMI.FRS VSP update 

 CREWES Research Report — Volume 31 (2019) 13 

DISCUSSION AND CONCLUSIONS 
A comparison between the VSP-CDP sections from the geophone and DAS data are 

shown in Figure 20.  There is an excellent match between the two sections even though the 
geophone and DAS datasets are measuring different attributes (velocity vs strain rate).  
Deconvolution has to some extent normalized the two measurements.  However, there is a 
time delay of about 20 ms between the two stacks which has yet to be explained. 

 

 

FIG. 20. VSP CDP stacks for geophone data (left) and DAS data (right). 

The raw DAS data does not look encouraging compared to the raw geophone data, but 
the resultant image is comparable at the common depth levels and extends to much 
shallower depths than the geophone data. The improvement through processing, using 
essentially identical sequences would seem to be due to the very fine spatial sampling. 
More care must be taken in building the velocity model for the DAS data due to this very 
fine sampling and also some timing jitter that implies negative interval velocities. This 
latter requires some smoothing of the DAS data whilst still preserving the general character 
of the data. There are of course no P-S converted waves in the DAS data, which essentially 
records strain rate; given this it is somewhat surprising that the two datasets tie as well as 
they do. Constructing the geophone VSP-CDP transform using the DAS velocity model 
results in greater continuity but hardly affects the timing. It could be that the depth for the 
DAS cable does not quite correspond to the length along the cable but as they are tied at 
the deeper geophone levels this should mostly affect shallower levels rather than the overall 
level. Applying the residual shot statics computed through the velocity inversion procedure 
provided a considerable improvement in the image, several iterations of this procedure 
were tested. Testing and QC were performed at every step to ensure that the processes 
performed the task they were intended to without any harmful side effects, such as noise 
leaking into signal, or downgoing energy leaking into upgoing energy. 
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FIG. 21. VSP CDP sections and tie to synthetic seismograom for geophone data (left) and DAS 
data (right). 
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