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ABSTRACT 
 
This study tests two geostatistical approaches, kriging with external  drift (KED) and cokriging (CK), 

for building two-dimensional seismic velocity m odels for the reprocessing of  vintage seism ic 

reflection data collected in Canadian W estern Arctic Islands between the la te 1960s and the early  

1980s. The interval thickness between horizons is es timated at all Common Mi d Points (CMPs).  The 

interval thickness evaluated at thr ee well is  used as the prim ary variable of kriging and the tim e-

thickness estimated from seismic horizon picking at all CMPs is used as the external drift to represent 

time-depth variations along the seism ic line. The depth to horizons estim ated by KED honours 

perfectly the depth evaluated at three wells, while the lateral variations of the horizons in depth closely 

follow those of the horizons picked in tim e-depth. In contrast to constant lateral velocity layer models 

often used in seism ic processing, the velo city calculated from the KED allow modelling lateral 

velocity variations with in each la yers, providing a m ore realistic representation of the subs urface 

geology.  

 

INTRODUCTION 

 

One of the key aspects in seism ic processing is the av ailability of robust velocity models to generate  

subsurface images that are geo logically realistic and m eaningful. This study app lies and ad apts 

geostatistical methods for building two-dimensional (2-D) seismic velocity models. The models are 

used to reprocess seismic reflect ion data collected on Sabine Peni nsula (Canadian W estern Arctic 

Islands) between the late 1960s and the early 1980s. The reprocessing of this vintage seismic dataset 

will be u sed to support the hydrocarbon resou rce evaluation of the W estern Arctic Island s that has 

been undertaken by the Geomapping for Energy and Minerals program (2008-2013) of the Geological 

Survey of Canada. 

 

In this study, we apply two exis ting geostatistical m ethods, kriging with external drift (KED) and 

cokriging (CK) to generate seism ic velocity models for seismic line 2674. These two m ethods were 

adapted to the available data sets  detailed in the next section. Li ne 2674 was selected to test both 

approaches since 1) it crosses m ost of the peninsula in a N-S fash ion and thus geological layers are 

believe to be affected by significan t lateral changes of velocity, 2) three relatively deep (5408 to 5450 

m) wells were drilled along the line and 3) for com parison purposes as the line was also m igrated at 

the Department of Physics of the University of Alberta using a diffe rent velocity m odel (Figure 1; 

Kanasewich and Berkes, 1988). Results obtained ar e also com pared with a layered Earth model 
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formed by constant RMS velocity layers which were  determined from averaged RMS velocity values 

computed on well logs (Figure 2).  

The Sabine Peninsula is located on Melville Isla nd on the fringe of the Sverdrup Basin in the Queen 

Elizabeth Islands of the Western Arctic (Figur e 1). Between 1961 and 1985, 22 wells were drilled and 

>3400 line-km of seismic reflection data were acquired on Sabine Peninsula. The stratigraphic section 

includes the Franklinian (Precambian to Upper De vonian) and the Sverdrup (Pennsylvanian to Early 

Tertiary) successions (Goodbody and Christie, 1993; Harrison, 1995). The Franklinian succession is 

composed by folded strata of lim estones, shales and sandstones. However this succession remains 

widely unknown on Sabine peninsula as it was only sam pled by 1 of the 22 wells drilled, this well 

being the s outhernmost. The Sverdrup succes sion is formed of slightly deform ed Triassic to  

Cretaceous aged sandstone, siltstone, and minor amounts of carbonate.  Deformed evaporitic rocks are 

exposed in two piercement diapirs on northern Sabine Peninsula – the Barrow and Colquhoun domes.   

 

DATA SETS 

 

Line 2674 was collected by United Geophysical for Panarctic Oils Ltd. in 1981 using ~23 kg dynamite 

charges as seismic sources and a 6432 m-long spread composed of 96 channels as a recording system. 

The line is ~67 km  long and was recorded to 6 s econds. Seismic horizon picks, sonic logs and tim e-

depth (TD) conversion char ts derived from check shots are used to build the velocity m odels. Five 

horizons were identified and picked on a stacked version of line 2674 based the coherency and the 

amplitude of the reflections along the line (Fig ure 2). Horizons were traced  semi-automatically and 

edited manually on the seismic section. Sonic logs and check shots from wells F-34, K-71, and D-68 

were projected onto Common-Mid-Points (CMP) 631, 1047, and 1404, respectively (Figure 2). 

 

In the initial layered Earth model used to reprocess line 2674, constant RMS velocities were computed 

from averaged interva l velocities within each layer of the model. However, as seen in figure 2, the 

RMS velocities calcu lated from wells log s for each horizon interval show some lateral varia bility 

within each layer. Consequently, the constant RMS velocity layer model used to initially reprocess the 

seismic line is not representative of the lateral velocity variations within each layer. Accurate velocity 

models are important to adequate ly represent the lateral and vertical variations of velocity (Viloria et 

al., 2009). Geostatistical m ethods such as kriging are adap ted to optimize the inform ation available. 

Many studies have applied geostatistical m ethods with success to derive velocity m odels or estimate 

reservoir properties. For example, Hwang and McCorkindale (1994) found KED to be an effective tool 
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to provide reliable averaged velocity of the Troll Field (North Sea). Collocated cokriging was used by 

Lamy et al. (1998) for transforming impedances into reservoir parameters. More recently, Claprood et 

al. (submitted) successfully used KED to build a 3D structural model of the St. Lawrence Lowlands in 

the Bécancour area, Québec, Canada. A si milar methodology is applied in this stu dy, by conjointly  

using depth and travel tim e horizon information to es timate the most reliable velocity model of line 

2674. 

 

METHODOLOGY 

 

Kriging is a determ inistic geostatistical appro ach to provide unbiased solution by m inimizing the 

estimation variance. It is  used to interpolate a v ariable using a set of  scattered data points (Dubrule, 

2003). We express the equation of simple kriging as: 

     



N

i
ZiiZuk mxZmxZ

1
0  , (1) 

where Z is the variable at all known points xi ; mz is the mean of  the variable Z ; λi are the kriging  

weights to estimate; and Zuk is the variable to estimate at points x0 (Doyen, 2007). 

 

When the primary variable Z is not known at a suffici ent number of data points, it is advantageous to 

use information from an alternate source to im prove the estimation. In this study, we want to estim ate 

the interval thickness between all horizons iden tified on line 2674 at all CMPs, using the depth 

intervals evaluated at three we lls located at offs ets 20.94 km, 34.84 km, and 46.76 km . The use of 3 

data points is no t sufficient to co mpute adequate statistics to employ simple kriging. Thus two  

methods are considered to include tim e-depths of 5 horizons picked on the seism ic line along w ith 

well data in the kriging process: kriging with external drift and cokriging. 

 

Kriging with external drift  

 

The KED scheme has been designed for seismic applications, particularly for time to depth conversion 

(Dubrule, 2003) as it is the case in this study. K ED is easily adapted from single kriging by replacing 

the mean mz from equation (1) by a f unction (external drift Tx) expressing the spatial variations of the 

seismic horizons as xZ bTam  . 
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In this study, the time-depth of the seismic interval estimated from seismic picks at all CMPs is  used 

as the external drift to represent the variations in interval thicknesses along the 5 horizons. The kriging 

process ensures that the interval thicknesses delimited by the horizons measured at the thre e wells is 

perfectly respected. 

 

Cokriging  

 

CK uses the relation between the primary variable (interval thickness) and a secondary variable (time- 

intervals derived from seismic horizons) to improve the estimation. The CK equation is expressed as: 

        



M

j
Yjj

N

i
ZiiZuk mxYwmxZmxZ

11
0  , (2) 

where Y(xj) is the secondary va riable known at points j, mY is the mean of the variable ZY ; λj are the 

cokriging weights to estimate. Conversely to KED, the cokriging process assumes that a linear relation 

is known between the prim ary and secondary variab les, a relation which is taken into  account by th e 

use of the cross-covariance between the two variables in the kriging scheme. 

 

The KED and CK m ethods are used to estimate the interval thicknesses sequentially from the top to 

the bottom horizons. They are f irst used to estim ate the depth of the shallowest horizons, using the  

depth to ho rizon estimated at three wells as th e primary variable, and considering the travel tim e 

seismic picks of the first horizon at  all CMPs of  seismic line 2674 as the external drift (for KE D) or 

the secondary variable (for CK). For all four remaining horizons, the in terval thickness is used as the 

primary variable of kriging, and time-depth picks of each horizon is considered as the external drift or 

secondary variable to guide the estim ation away from the three wells where the prim ary variable 

(depth) is known.  

 

For each ho rizon, the first step is to com pute the experimental variogram on the prim ary variable. 

Since the primary variable is known at an insufficient number of CMPs (i.e. 3 CMPs corresponding to 

3 projected well locations), the variograms are computed from the seismic horizon picks in time-depth. 

The time-depths of the picks are re scaled so th ey best rep resent the true m ean and variance of the  

intervals in thickness. Experimental variograms computed from the shallowest (horizon 5, Figure 2) to 

the deepest horizon (horizon 1, Figure 2) are presente d in figure 3, along with their best-fit m odeled 

variograms. Modeled variograms are graphically adjust ed so they best represent the variation of  the 

variogram to a first plateau where the experim ental variogram stays at a constant value or falls back. 
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The plateau is referred as the sill ( c) and represents the variance of the interval thickness. The sill is  

reached at a distance known as the rang e (a), with a v ariogram structure defined as spherical, 

exponential or gaussian model. The structure of th e variogram defines the level of smoothness of the 

kriged variable for d istances smaller than the range for w hich the modeled variogram is used to 

represent the variations of the primary variable. At distance greater than the range, all variations of the 

kriged interval thickness with position are represented by the seismic horizon picked in time-depth. 

 

Seismic velocity calculation 

 

Once the in terval thicknesses delimited by dif ferent horizons have been krig ed, the depth to each 

horizon is com puted. Three different seism ic velocity fields (interval velocity ( vint), RMS velocity 

(vrms), and average velocity (vave)) are computed from the following equations: 

 
i

iz
v




 2int , (3) 

 



N

i
iirms v

t
v

1

2

0

1  , (4) 

 



N

i
iiave v

t
v

10

1  , (5) 

where Δz is the depth interval of each horizon i, Δτ is the time-dis tance interval of each horizon, N is 

the total number of horizons, and 



N

i
it

1
0  the sum of time-depth interval (Yilmaz, 2001). 

 

RESULTS 

 

Velocity Field from Kriging with External Drift 

 

The depth to all horizons estim ated by KED is presen ted in figure 4b. The plot  clearly shows that the 

depth to horizons estim ated by KED honours the depth evaluate d from check shots at the 3 well 

locations projected on line 2674  respectively at offsets 20.94 km , 34.84 km, and 46.76 km . The 

variations of the horizons in depth closely follow those of the horizon picks in time-depth, as expected 

when using the KED schem e. The kriged horizons in depth and picked in time-depth are then used to 

compute ʋint, ʋrms and ʋave. 
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Time-distance plots of the velocity fields obtained by KED are p resented in figure 5. The velocity is  

assumed to have no vertical variatio ns within a specific layer, as onl y lateral variations are evaluated 

by KED. 

 

Comparisons between the thr ee seismic velocity fields calculated are shown in figure 6 using 

difference plots. Since there is a fundamental difference in the definition of interval velocity compared 

to the RMS and average velocities, important d ifferences were expected and are ob served in figure 6. 

Those differences in crease with dep th, where th e averaging used in th e computation of RMS and 

average velocities has a greater impact on the resulting velocities computed. RMS velocity values are 

up to 10% larger than average velocity values computed at all CMPs. The difference of a few percents 

between RMS and average velocity valu es is well documented in the litera ture and th us was 

anticipated in this study (see Sheriff and Geldart, 1995).    

 

Velocity Field from Cokriging 

 

The main difference between KED and CK is how the secondary variable is taken into account in the 

estimation process. While it replaces the mean (mz in equation 1) in th e KED scheme, it is used to  

minimize the kriging weights by adapting equation 1 to form  the cokriging schem e (equation 2). 

Solving the cokriging system  implies knowing and quantifying the relation between the prim ary and 

secondary variables through a covariance. Since the primary variable (interval thickness) is known at a 

maximum of three points only (i.e. the wells), the covariance can not be  known with precision. 

Arbitrary coefficients of correlation of 0.8 and 0.9 have been input in the cokriging scheme. The value 

of these coefficients has been determ ined to be high enough to represent a strong correlation between 

the two variables, but the exact value has no physical meaning. 

 

Cokriging has been tested first on the tim e picks of horizon 4. The results from  CK are presented in 

figure 7, along with a com parison with the results  obtained by KED for the sam e time picks. As 

expected from any kriging schemes, the kriged time picks agrees perfectly with the observed thickness 

at all three well locations. We observe similar trends between the time picks estimated by KED and 

CK. There is a noticeable difference between the re sults obtained by cokriging when using different 

coefficients of correlation between the primary and secondary variables. The choice of the coeffi cient 

of correlation cannot be justifie d by any observation or param eters, since only three points are 

available to estimate this correlation, generating high variability in the results obtained by C K. As 
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mentioned by Hirsche et al. (1998), the initial assumptions underlying the use of geostatistics are of  

prime importance as they can lead  to false resu lts if these assumptions are incorrect. The cokriging  

option was thus judged unreliable to m odel a repres entative seismic velocity field considering the  

limited number of wells located along line 2674 from which true interval thicknesses are measured. 

 

Initial reprocessing results 

 

For assessing the performance of the developed approach, the origin al stack version of line 2674 was 

migrated using the post-stack Kirchhoff method in  the tim e domain (Fi gure 9; Schneider, 1978). 

Results obtained are compared to a version of lin e 2674 m igrated using a constant velocity layer 

model (Figures 8a and 9). For both m igrations the same aperture and angle parameters were used, and 

thus only the RMS velocity model differed. The deepest part of the original stack section is dominated 

by hyperbolic reflections attribut ed to steeply dipping reflectors that are inade quately sampled 

spatially (Claerbout, 1993). Both migrations have successfully collapsed hyperbolic reflections except 

the hyperbola denoted by the black arrow that most likely correspond to sideswipes correlative to steep 

structural features lying out of the vertical plane of the survey  line. However the image migrated with 

the constant velocity layer model presents numerous migration “smiles” (indicated by the white arrows 

on figure 9c) that are diagnostic of  data that have been m igrated using inadequately high seism ic 

velocities (Zhu et al., 1997). Those migration artefacts are not present on the seismic image obtained 

with the KED velocity model (Figures 6b, 8b and 9d). 

 

Additionally, the migrated image achieved by the KED velocity model is compared to a version of the 

same line processed by Kanasewich and Berkes (1988) for which they used a velocity model 

constructed from 3 velocity analyses (figure 9b). Results of both m igrations are equivalent although 

they used 1) a stack version of the line that benefited from a more advanced pre-stack processing flow 

than the stack section th at we had access to and 2) a finite-difference migration approach instead of a  

Kirchhoff migration scheme (figure 9). Finally, som e residual low amplitude migration “smiles” are 

present on the migrated section of Kanasewich and Berkes (1988) (see white arrows on figure 9b).     

 

DISCUSSION  

 

The velocity model obtained by KED (Figure 5) resp ects the lateral variations in time-depth imposed 

by the pick ed horizons. Also it sh ows lateral velo city changes within  each lay er which are more 
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realistic than assuming no lateral changes. Lateral velocity variations within each geological layer are 

generally expected in the subsurface and observed at different scal es (Røste et al. 2006; Tiwary et al. 

2009). Moreover the importance of th e lateral velocity ch anges within a single geological layer is 

expected to be even m ore significant for seismic lines covering long er distances such as line 2674. 

This statement is supported by comparisons between the migrated image of line 2674 using a constant 

velocity layer model and the KED velocity model (Figure 9).   

 

Further comparisons are made between the velocity model built by KED and a constant velocity model 

having the same layering (i.e. derived from  horizon picking) that was constructed by averaging RMS 

velocities from the sonic logs of the 3 wells pr ojected on line 2674 (F igures 2 and 8). W e clearly 

observe the lateral variations of the difference between KED estimated and constant velocity models, 

especially in the two shallowes t horizons. The estimation of RMS veloc ity by KED seem s to 

underestimate the RMS velocity computed from well l ogs in the deepest horizons. This is not related 

to the KED procedure, but m ore likely to the scal e difference between the velocity computed from 

sonic logs used in the constant velocity model and the time-to-depth relationship evaluated by check 

shot surveys at the selected CMPs used in the velocity model generated by KED (Figure 8). 

 

CONCLUSIONS 

 

Five main conclusions are drawn for this study: 

1. The seismic horizons picked in time-depth are believed to be co rrelative with v ariations in 

depth of the geological units and thus can be c onsidered to build a representative velocity 

models. 

2. Kriging with external d rift is more accurate than cokriging to estim ate the depth of horizons  

when insufficient data points are available to compute adequate statistics. 

3. Velocity estimated by KED closely m atches the velocity estimated at 3 wells from tim e-depth 

conversion derived from check shot surveys. 

4. Velocity models estimated by KED show late ral variations which are mo re representative of  

the subsurface velocity than constant velocity layers traditionally used. 

5. Reprocessing, and m ore specifically migration, benefited from  using a model that inc ludes 

lateral changes of velocity within each layer. 

The use of kriging with external dr ift is thus recommended to evaluate realistic velocity models along 

seismic lines where time-depth conversion is known at limited CMPs, as demonstrated in this study. 
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FIGURES 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 1. Distribution of se ismic and well data cov erage in the Ca nadian western Arctic. The inset of 
Sabine Peninsula indicates location of seismic line and wells used in this study.  

 
 
 
 
 

 
 
 
 



 
 
 
 
 
 

 
 
Figure 2. 0 to 3.5 s time-window of original stack section 2674. The horizon picks, the projected subsurface location of the wells and the RMS velocities 

calculated from well logs for each horizon interval are plotted on the section. The dashed-line rectangle shows location of figure 9. 
 
 
 
 
 
 
 
 
 



 

 

 

 
Figure 3. Experimental (blue crosses)  and modeled (red curve ) variograms computed from the time -

depths of (a) the shallowest to (e) the deepest horizons. 
 

 
 
 

(a)     gaussian, a=12.2km, c=122500 (b) spherical, a=34.0km, c=20500 

(c)     exponential, a=9.5km, c=16600 (d)     spherical, a=10.0km, c=19250 

(e)     spherical, a=18.0km, c=182500 
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Figure 4. (a) Seismic horizons picked in time-depth on the original stack section 2674, (b) Kriged depth to 

horizon estimated by KE D. For e ach horizon, time-depth pairs obtaine d from check s hot 
surveys made at the 3 wells are illustrated by open circles. Notice that the kriged horizons in 
depth precisely honours the depth measured at all three CMPs. The horizon variations in depth 
along distance follow the time-depth variations interpreted by horizon picking. 
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Figure 5. Time-distance plot of (a) interval, (b) RMS, and (c) average velocity models obtained by kriging 

with external drift. Color scale is the velocity in m s-1. 
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Figure 6. Time-distance plot of the velocity difference: (a) Vint - Vrms, (b) Vint – V ave, and (c) Vrms – Vave. 

Color scale is the velocity difference in m s-1. 
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Figure 7. (a) Variations of time-depth with distance for horizon 4. (b) Variations of depth with distance of 

horizon 4 estimated by KED (blue curve) and CK with a coefficient of correlation of 0.8 (red 
curve) and 0.9 (green curve) between the primary and secondary variables. 
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Figure 8. (a) Constant velocity layer model obtained by averaging RMS velocity calculated from well logs 

shown in figure 2. (b) RMS velocity model obtained by KED (same as fi gure 5b). (c) Time-
distance plot of the velocity difference between the RMS and constant velocity models. Color 
scale is the velocity (a,b) and velocity difference (c) in m s-1. 

 
 
 
 
 



 
 
Figure 9. Enlarged portion of line 2674: (a) original stack, (b) post-stack Kirchhoff time-migration from Kanasewich and Berkes (1988), (c) post-stack Kirchhoff 

time-migration using the constant velocity layer model of figure 9a and (d) post-stack Kirchhoff time-migration using KED velocity model of figure 
8(b). See figures 1 and 3 for location. For comparison data have been muted below the lower limit of the velocity models. Arrows are discussed in the 
text. 


