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Introduction 

 
The Experimental Site of Vesdun (situated in the Cher region, central part of France) has been developed 
both for the training of students of IFP School and universities, and forprofessionals. The training in 
geophysics concerns the acquisition and processing of surface seismic data in 2D or 3D.  
On the site, a borehole has been drilled. It allows the acquisition of well seismic data such as vertical 
seismic profiles (VSP) and logging data such as full wave form acoustic data. The site is also used for 
experimental studies in near surface geophysics. Figure 1 shows a view of the site. 
 

 

 
 

 
Figure 1: view of the experimental site 

 
Conventionally, surface seismic provides images of the subsurface in two or three dimensions (2D or 3D) 
in time or in depth. Well measurements are data that are obtained as a function of depth. The VSP  
provides both time images (VSP sections) comparable to those obtained by surface seismic and logs 
(velocity of formation for example) in depth comparable to those obtained by logging measurements 
(acoustic log example). The comparison of measurements in depth and measurements in time requires 
time or depth conversion of one of the two datasets. 
Acoustics is the most natural link between the geophysical disciplines and the logging discipline. Although 
operating in very different frequency bands (a few tens of kHz for acoustic logging, a few tens to a few 
hundred Hz for Very High Resolution Seismic (VHR)), acoustic and seismic well measurements are 
governed by the same laws of wave propagation. 
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The paper shows the different parts of the integrated field case: 

 3D VHR seismic 

 VSP and depth conversion  

 Full wave form acoustic logging. 

 Acoustic and cementation 

 Calibration of formation velocity measurements provided by acoustic logging with those provided 
by VSP 

 
3D VHR Seismic  

 
Usually 3D seismic imaging requires a great amount of data and powerful computer. On the Experimental 
Site of Vesdun (situated in the Cher region, central part of France), a 3D survey has been designed to 
obtain a 3D cube by recording a low amount of data. The example shows that an optimum choice of the 
seismic spread design and of signal processing  tools ( filters and transformations) allows to process the  
recorded seismic data  to obtain a significant 3D cube in multiple fold ( up to 22). 

The seismic spread is composed of a receiver spread and a source spread. The receiver spread, 
displayed in green, is composed of 2 receiver lines. Receiver line direction is called the in-line direction. 
Distance between receiver lines is 4 m. There are 24 geophones per line. Distance between geophones is 
2 m. 
The source spread, displayed in yellow, is composed of 11 source lines oriented perpendicularly to the 
receiver lines. 11 shots are fired per line. Distance between shots is 2 m.  Distance between source lines 
is 4 m. The source lines and the receiver lines are oriented perpendicularly. 
The distance between receiver spread and source spread is 4 m. There is no overlap between the source 
and the receiver spread. 
 

 

 
 

 
Figure 2: 3D Seismic spread 
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Due to the geometry of acquisition, the geometry fold is symmetric. Figure 3 shows the fold variation. It 
varies from 0 to 22. 
 

 

 
 
Figure 3: Fold variation. It varies from 0 to 22. In the display, the horizontal axis is the in line direction. The 
vertical axis is the cross line direction. 
 
The processing has been done with the SPW software developed by Parallel Geoscience (Mari and 
Herold, 2015).The listening time is limited to 250 ms, the sampling time interval is 0.5 ms. Figure 4 is an 
example of shot point. 
 

 

 
 

 
Figure 4: Example of a 3D shot point. You can see the refracted wave, the reflected wave, the air wave 
and the surface wave. The air wave is aliased. 
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The processing sequence of each shot includes:   amplitude recovery, deconvolution in the 15 - 150 Hz 
frequency bandwidth, tail mute, static corrections. The deconvolution is done to increase the resolution 
and attenuate the surface waves. A tail mute is used to kill the air waves and the surface waves. The static 
corrections are done to compensate the effects of the weathering zone. In the example, the 3D static 
corrections are very weak.  
 

 

 
 

 

 
 

 

 

 
Figure 5: Some processing steps: 

Top: example of a raw shot before and after tail mute. 
Bottom: Examples of 3D shot point before and after deconvolution. 
  Left: near Offset 3D shot point. The shot point is the shot number 1 situated on the line 1. 
  Right: far Offset 3D shot point. The shot point is the shot number 6 situated on the line 11. One can   
clearly see a reflected event at 100 ms, after deconvolution. 
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The data are sorted in Common Mid-Point gathers ( CMP) and compensated for  the obliquity effect of the 
ray paths, due to the offset variation between source and receiver. These corrections, called Normal Move 
Out (NMO) corrections are done with a stacking velocity model obtained by velocity analysis. Surface 
consistent residual statics are computed to enhance the signal to noise ratio and preserve the high 
resolution of the data in the CMP stack procedure. 
 
The 3D block is composed of 13 in-line sections 1 m apart. Each section is composed of 44 CMP points 1 

m apart. Figure 6 shows an example of in-line and cross-line seismic sections extracted from the 3D block. 

The two sections presented (section 6 in the in-line direction, and section 23 in the cross-line direction) 

intersect in the middle of the 3D block. They have been filtered in the 15-150 Hz bandwidth, which 

provides an excellent signal-to-noise ratio. The CMP point located at the intersection of the in-line seismic 

section No. 3 and cross-line No. 6 is located about twenty meters from a borehole in which a vertical 

seismic profile ( VSP) has been recorded. 

 

 
 

 
Figure 6: CMP stacked sections.The high resolution 3D cube has revealed near surface seismic horizons 
between 50 and 200 ms 
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VSP and depth conversion  

 
 
The most commonly used well seismic survey is the Vertical Seismic Profile (VSP). VSP is a seismic 
operation for which a signal emitted at the surface of the ground is recorded by a seismic sensor 
successively located at different depths in the well. The earliest well seismic survey is the check shot, 
which is used to measure the propagation time between the surface and different depths in the well. 
 
VSP is a well seismic operation for which the source and the sensor are considered to be on the same 
vertical. The VSP has a metric to decametric vertical resolution and a lateral investigation of a few tens of 
meters (Fresnel zone). 
VSP relies on the analysis of the different wave trains recorded by the well sensor. The measurement of 
the arrival time of the first downgoing waves propagating at close-to-normal incidence is used to provide a 
velocity distribution in the subsoil. After processing, the VSP provides a seismic trace without multiples 
directly comparable to the surface seismic section passing in the vicinity of the well. VSP is used to predict 
events ( reflectors or heterogeneities) situated below the well. 
 
The well may be an open hole, a cased hole (steel and / or PVC), a cemented cased hole. In the latter 
case, it is recommended to perform a cementation control (acoustic logging) 
 
For near surface vertical seismic profile, slim hole VSP tools and light seismic sources are usually used. 
The slim hole VSP tool is either a single component tool or a multi component tool. Figure 7 shows the 
borehole sensor and the seismic source used for the acquisition of a VSP on the Vesdun site. The 
borehole is a cemented cased borehole.  

 

 
 

 
 
 

 

 

Figure 7: Borehole VSP tool and seismic source ( light weight dropper). 

After editing and calibration with a reference geophone situated at the surface, the first step of a VSP 
processing sequence is the picking of the arrival times of the downgoing wave at each depth position. The 
calibration is done to compensate the variations of the source energy and of the time breaks (TB). 
 
Figure 8 shows the unprocessed VSP, recorded in the vertical cased hole. In this representation, the 
horizontal axis represents the different depths of the borehole geophone, the vertical axis represents the 
listening time. In this example, the depth of the sensor varies between 25 and 90 m, the surface source is 
slightly offset (5 m) from the wellhead. The distance between two successive positions of the borehole 
geophone in the well is 5 m. The sampling time interval is 0.25 ms for a listening time of 250 ms . In the 
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figure, the listening time was limited to 100 ms. Figure also shows the vertical time log and the associated 
interval velocity log. 
 

 

 
 

 
 

 

 
Figure 8: Raw VSP and VSP logs (vertical time and interval velocities) 

 
If the VSP is not corrupted by guided waves ( Stoneley wave), the second processing step is the wave 
separation of body waves ( downgoing and upgoing waves). As the number of VSP traces is limited ( 13), 
the wave separation is done by SVD filter ( Singular Value Decomposition) after amplitude compensation. 
The wave separation is done as follows: 

 Time shift of the VSP section to flatten the downgoing wave, 

 Extraction of the downgoing by SVD filter ( first eigensection), 

 Computation of a residual section which is the difference between the VSP section and the 
estimated downgoing wave, 

 Time shift of the residual section to flatten the upgoing wave, 

 Extraction of the upgoing by SVD filter ( first eigensection), 
 
The extracted downgoing and upgoing waves are then relocated at their initial time positions. 
 
The third processing step is the deconvolution and the and the computation of a corridor stacked trace. 
Deconvolution of up going waves by down going waves is done trace by trace in order to increase the 
vertical resolution of the VSP and to obtain zero-phase VSP section. A corridor is designed to select and to 
stack a part of the deconvolved and flattened up going waves. The result is a stacked trace directly 
comparable to the seismic trace extracted from the seismic cube and situated at the well location. Figure 9 
shows the different steps of the VSP processing. 
 
 
 
 
 
 

http://books.ifpenergiesnouvelles.fr/ebooks/signal-processing/


 

IFP Energies Nouvelles ebook: JL Mari, Signal Processing, 2015,  
DOI : 10.2516/ifpen/2011002 

http://books.ifpenergiesnouvelles.fr/ebooks/signal-processing/ 
 

 

 

 

 

 
 

 

 

 
 

Figure 9: VSP processing sequence 
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Figure 10: VSP corridor stacked trace and calibration in time of the seismic section. 

 

 
 
The corridor stacked trace, duplicated 5 times, is inserted in the in-line section 3 at the CMP position 
associated with the cross-line section 6 ( figure 10). The correlation coefficient between seismic trace and 
VSP corridor trace at the point of intersection is greater than 0.72, thus showing good time fit of the 
seismic horizons. However, small differences can be noted between the amplitudes observed on the 
surface seismic and the VSP stacked trace. This difference is due to 2 factors: 

 A difference in phase between the CMP trace and the VSP trace. The VSP trace is zero phase 
after deconvolution. The CMP trace is not strictly zero-phase, the seismic source being an 
impulse source. 

 the choice of the amplitude compensation laws used for the two data sets. For surface seismic, 
an AGC-type gain law on a short window (30 ms) was used to highlight the reflectors close to the 
surface, the effect of which is to increase the amplitude of the reflectors. 

 
It can be noted that the VSP allows a calibration of the surface seismic in the depth range (25-90 m) where 
the measurements were made, but also under the well. The VSP stacked trace highlights reflectors that 
appear at (two way time) times greater than 80 ms and are under the well. Seismic reflectors can be seen 
beyond 100 ms. 
This example illustrates the predictive role of the VSP: prediction under the well 
 
The VSP time - depth law T = f (Z) can be used to convert the time seismic sections into depth seismic 
sections. The procedure can be summarized as follows: 
 
• The vertical times T measured on the VSP must be transformed into vertical two way times Twt as a 
function of the depth Z: Twt = f (Z). 
• The law Twt = f (Z) must be inverted Z = f

-1
 (Twt) 

• The law Z = f
-1

 (Twt) must be sampled with a sampling rate Δz: Z = f
-1

 (Twt, Δz). The sampling rate Δz 
must be chosen to avoid any aliasing phenomenon in the time to depth conversion procedure. 
• The conversion is done by vertical translation between a time position Twt and a depth position Z. 
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The horizons will not be moved laterally on the sections. As a result, if there are dips, the time sections 
must be migrated before conversion in depth. 

 
Figure 11 shows the conversion in depth of the seismic sections shown in figures 6 and 10. 
 
Reflectors can be seen up to 250 m deep. The VSP has a depth prediction below the well larger than 150 
m.  
 

 
 
 
 
 
 

 

 

 
 
 

 
Figure 11: Time –depth conversion 
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Full wave form acoustic logging 

 
 
Acoustic logging is run, mainly to measure the velocities of the geological formations. In full wave form 
acoustic logging, monopole-type tools are the most commonly used. Sources and receivers are 
multidirectional. Sources generate in the fluid a compression wave which creates in the formationa 
compression wave (P wave) and a shear wave (S wave) at the refraction limit angles. Shear waves can 
only be generated if the S-wave velocity of the formation is faster than the P-wave velocity in the mud; the 
formation in then said to be fast. In slow formation, the S refracted wave cannot be generated and, the 
shear velocity of a formation can be estimated indirectly in an uncased well from the Stoneley wave 
dispersion equation.  In a vertical well, these tools are used to record five propagation modes: 

• The refracted compression wave, 
• The refracted shear wave - only in fast formations, 
• The fluid wave, 
• Two dispersive guided modes: the pseudo Rayleigh waves (only in fast formations) and the Stoneley 
waves. 
 
If the acoustic tool is run in a cased hole poorly cemented, we can observed some resonances due to the 
poor coupling of the casing to the formation introduced by a poor cementing. It is the case of the borehole 
drilled on the Vesdun experimental site. 
 
The tool use for the acquisition of acoustic data is a flexible monopole tool with two far offset receivers R1 
and R2. The offset between the source and the receiver R1 is 3 meters. The distance between the two 
receivers is 25 centimeters. The sampling interval in time is 5 microseconds (μs)   and the recording time 
is 5 milliseconds (ms). The sampling interval in depth is 2 centimeters.  
 
Full waveform acoustic measurements are represented as constant-offset sections. A constant-offset 
section is a set of acoustic recordings represented as a function of depth, obtained with a fixed source-to-
receiver distance. Figure 12 shows the acoustic tool and a 3 m constant offset section (R1) 
 

 

 
 

 

 

 
Figure 12: acoustic tool and a 3 m constant offset acoustic section ( R1) 
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Figure 13: Acoustic Sections and Cementing logs 

 
The acoustic sections (figure 13) show: 
• Synchronization signals in the time interval 0 - 0.5 ms. These electronic signals have no geological 
meaning. 
• Resonances in the time interval 0.6 - 0.8 ms, locally in depth. The resonance phenomena are linked to 
bad cementing of the casing to the formation. In the depth range 75 - 90 m, the resonances interfere with 
the acoustic signals propagating in the formation. 
• Formation refracted waves. The first arrival times of these waves vary from 1.8 ms to 0.7 ms in the depth 
range 30 m to 80 m. This change in arrival time indicates a gradual increase in formation velocity with 
depth. There is also a change in the character of the acoustic signal: low frequency in the range 30-65 m, 
high frequency and noise for depths greater than 65 m. 
• Stoneley waves. These high-amplitude  waves appear after 2.4 ms. They are influenced by casing. 
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The lower part of Figure 13 shows the acoustic sections in the time interval 0.6-0.8 ms where the 
resonances are mainly observed. The resonance level can be estimated by calculating, over the time 
interval, the energy of the acoustic signal. The normalized energy of the acoustic signal as a function of 
depth is an acoustic log which is used to provide a log of the quality of cementing, here called C. index 
(cementing index). The cementing index indicates areas of poor cementing, especially in the range 30-35 
m and at depths greater than 75 m. 
 

 

 
 

 

 

 

 
 

 

 

 
Figure 14: Acoustic logs extracted from P-waves and Stoneley waves 
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Acoustic logging is mainly used to provide the formation velocities by measuring the arrival time difference 
of the different wave trains at the various receivers of the tool, here R1 and R2 respectively at 3 m and 
3.25 m from the acoustic source.  
 
Figure 14 shows the following logs for refracted P waves: 
 
• The P-wave velocity log (VP) computed from the time difference δt between the acoustic signals 
observed on the receivers R1 and R2, 
• The correlation log between the acoustic signals observed on the receivers R1 and R2, after 
compensation for δt. A high value of the correlation coefficient indicates a strong similarity between the two 
signals and a good measure of the velocity. In this example, the correlation coefficient is greater than 0.75 
for more than 70% of the measured P-wave velocities. It is used to edit the log. 
• The P wave velocity log after editing 
• The instantaneous frequency log which shows very clearly the change in the frequency content of the 
acoustic signal at 65 m. 
 
Figure 14 shows, in the lower part, the acoustic logs associated with Stoneley waves: 
 
• The velocity log and its associated correlation coefficient log. The very high values of the correlation 
coefficient (> 0.8) indicate that the measured velocity values are accurate 
• The attenuation log which shows that these waves are not attenuated. These waves are sensitive to the 
borehole wall conditions and therefore to the presence of the casing. It is interesting to use the information 
provided by Stoneley waves in an open hole to characterize the geological formation and in particular to 
detect the presence of fractures. 
• Frequency log. These waves are dispersive and characterized by low frequencies (between 4 and 5 kHz) 
 

The velocity log is a measure made according to the depth, sampled at regular sampling interval (here 2 
cm). It can be used to obtain a time-depth law by integrating the acoustic transit time as a function of 
depth. At a given depth, the acoustic transit time is equal to the depth sampling interval divided by the 
formation velocity. The integration of the acoustic transit time provides the integrated time conventionally 
called Integrated Transit Time (ITT (Z)). If the borehole is vertical, the integrated transit time can be 
compared to the vertical time provided by the VSP. 
 
The integrated transit time ITT (Z) = f (Z) can be used to convert a log in depth into a log in time.  The logs 
in time can be inserted on the seismic sections in time. To do this, ITT (Z) must be set in two way time. 
The depth-time conversion of a log will be done by vertical translation between a position Z in depth and a 
time position ITT (Z) with a regular time sampling interval Δt: ITT (Z) = f (Z, Δt). The sampling interval Δt 
must be chosen to avoid any aliasing phenomenon between the depth domain and the time domain. Δt 
should be chosen as a sub-multiple of the seismic sampling interval, to make the scale change between 
the logs and the seismic measurements. 
 
Figure 15 (a and b) shows the time conversion of the acoustic logs (P-wave velocity and cementing index).  
The velocity log is used to calculate a log of reflectivity (figure 15 c) which is filtered in frequency and 
under sampled at 0.5 ms (seismic sampling interval in time). 
 
On the filtered reflectivity log, a high amplitude reflector can be observed at about 70 ms. The filtered 
reflectivity log is called synthetic seismogram. It is used as the VSP stacked trace to calibrate the seismic 
horizons observed on the seismic sections in time. The synthetic seismogram trace, duplicated 5 times, is 
inserted in the in-line section 3 at the CMP position associated with the cross-line section 6 (figure 15 d). 
One can notice that the horizon at 70 ms is not present both on the seismic section and on the VSP 
stacked trace (Figure 10). At 70 ms, the acoustic velocity increases abruptly. This phenomenon occurs 
where poor cementation is detected (Figure 15 b). The presence of the horizon at 70 ms is an artifact 
linked to velocity anomaly due to the poor cementation of the casing to the formation. The measured 
acoustic velocity represents the formation velocity for times lower than 70 ms. However, the correlation 
coefficient between seismic trace and synthetic seismogram at the point of intersection is greater than 0.7, 
showing a good fit of the seismic horizons, in the time interval 38-60 ms. It drops to 0.5 if we consider the 
interval 38-80 ms. 
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c 

 
d

 
 

Figure 15: Depth to time conversion of acoustic logs 
a: P-wave velocity and cementing index logs in depth, b: P-wave velocity and cementing index logs in time 
c: reflectivity before and after frequency filtering, d: comparison of synthetic seismogram and seismic 
section 

 
Figure 16 shows a comparison between the integrated sonic time and the VSP vertical time. The times are 
set to 0, at the 30 m depth, from which the acoustic measurement can be made. In this acquisition the 
water level was detected at 30 m. It can be seen that the two time curves are superimposable in the 
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interval 30-77 m. From 77 m, sonic times are shorter than VSP times. The drift curve, difference between 
sonic times and VSP times, clearly shows this phenomenon. To reconcile sonic and VSP times, the 
acoustic velocities must be modified so that the recomputed integrated sonic times are closest to the 
measured vertical VSP times.  
 
 

 

 
a 

 

 
b 

 
Figure 16: Block shift method 

a: comparison of PSV times and integrated sonic times 
b top: Drift curves before and after velocity compensation by the "block shift" method 
b bottom: comparison of the VSP and integrated sonic times before and after compensation of the 
velocities by the "block shift" method 
 
 
The acoustic velocity anomalies have several origins: 
• Errors in velocity measurement due to noises, cycle skipping for picking based on threshold, stretching 
(difficult to detect), 
• Anomalies linked to formations: poor cohesion between grains (measured velocity too low), vacuoles 
(measured velocity too high), 
• Anomalies related to the wave path: Invasion, cavities, mud paths (in the case of large diameter holes), 
alteration of the borehole wall, 
• Anomalies due to bad cementing (case of the example presented). 
 

The refracted acoustic wave can propagate in the washed or invaded zone of the formation due to the 
invasion phenomenon and not in the virgin zone. The seismic wave (VSP) emitted at the surface 
propagates mainly in the virgin formation. In order to obtain acoustic velocities in the uncontaminated 
zone, it is necessary to correct or calibrate the acoustic velocity log on measurements of the propagation 
time in a virgin zone provided by the VSP. For this purpose, the drift curve is used to determine the values 
of velocity correction so that the new integrated times are closest to the VSP vertical times. The drift curve 

http://books.ifpenergiesnouvelles.fr/ebooks/signal-processing/


 

IFP Energies Nouvelles ebook: JL Mari, Signal Processing, 2015,  
DOI : 10.2516/ifpen/2011002 

http://books.ifpenergiesnouvelles.fr/ebooks/signal-processing/ 
 

 

can be approximated by straight line segments. A velocity correction value will be calculated for each line 
segment. In the present case, the drift curve can be approached by two straight line segments, the first in 
the depth range 30-77 m, the second in the depth range 77-90 m. In the first interval, it is observed that the 
time difference is on average constant (0.5 ms). This value corresponds to the precision of the picking. As 
a result, the sonic velocity curve will not be modified in this range of depth. In the range 77-90 m, the drift 
curve has a significant gradient which can be compensated for by a constant value velocity correction. The 
correction method is called "block shift" (Boyer and Mari, 1997). Figure 16 also shows the drift curves, the 
VSP vertical time and the integrated sonic transit times, before and after compensation by the "block shift" 
method. The “Block shift” procedure cannot guarantee that the acoustic velocities thus corrected are the 
exact velocities of the formation. 
 
Figure 17 (a and b) shows the time conversion of the acoustic logs (P-wave velocity and cementing index) 
after correction by the block shift method.  The corrected velocity log is used to calculate a log of 
reflectivity (figure 17 c) and a corrected synthetic seismogram. It can be seen that the reflector with high 
amplitude of about 70 ms has disappeared. The synthetic seismogram trace, duplicated 5 times, is 
inserted in the in-line section 3 at the CMP position associated with the cross-line section 6 (figure 17 d). 
The correlation coefficient between synthetic seismogram and seismic trace at the well location is high 
(0.77) confirming a good fit of the seismic horizons in time. 
 
This example shows that synthetic seismograms can be used to calibrate seismic sections after the 
acoustic velocity logs have been validated on vertical times provided by VSP or check shots. 
 
Conclusion 

 
This example shows the use of VSP and acoustic logs to calibrate surface seismic sections. Figure 18 
shows the comparison of the calibration of a seismic section using both a synthetic seismogram 
(computed from acoustic log) and a VSP stacked trace. The synthetic seismogram and the VSP stacked 
trace are inserted in the in-line section 3 at the CMP position associated with the cross-line section 6. The 
synthetic seismogram allows the identification of reflectors in the depth range where the logs have been 
recorded. The VSP stacked trace allows calibration in the same depth range, but it also predicts the 
presence of reflectors under the well, particularly in the 90-180 m range. 
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Figure 17: Depth to time conversion of acoustic logs, after correction using the block shift method 

a: P-wave velocity and cementing index logs in depth, b: P-wave velocity and cementing index logs in time 
c: reflectivity before and after frequency filtering, d: comparison of synthetic seismogram and seismic 
section 
  

http://books.ifpenergiesnouvelles.fr/ebooks/signal-processing/


 

IFP Energies Nouvelles ebook: JL Mari, Signal Processing, 2015,  
DOI : 10.2516/ifpen/2011002 

http://books.ifpenergiesnouvelles.fr/ebooks/signal-processing/ 
 

 

 

 
a 

 

 
b 

 
Figure 18: Calibration and time depth conversion using both VSP and acoustic data. 
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