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Introduction 

Time-lapse or 4D seismic data is obtained by acquiring different 3D seismic surveys throughout the 

producing life of a hydrocarbon field. Due to the capabilities of 4D data to provide spatial information 

on the main reservoir changes due to production, time-lapse data has increasingly been used together 

with production data in the calibration of reservoir simulations models through 4D Seismic History 

Matching.  

An effective and efficient methodology for history matching reservoir models to both 4D seismic and 

production data is currently a topic of research (e.g., Aanonsen et al., 2003, and Roggero et al., 2012). 

Access to 4D seismic data for research purposes may, however, be challenging and is highly 

contingent on the availability of open benchmark cases, data protection policies in oil companies, etc. 

In many cases, the seismic data available for academic research may not represent the best seismic 

products that oil companies currently have and use for their on-going studies. For instance, oil 

companies may acquire new seismic data or generate improved seismic products, which may not 

promptly become accessible for research purposes in academic institutions. In addition, detailed 

information from seismic acquisition and processing may sometimes not be provided. 

Using the 4D seismic data provided blindly without further analysis may lead to seismic errors being 

propagated systematically to quantitative seismic analysis workflows. In 4D seismic history matching, 

for example, this may result in biased estimates of reservoir parameters and underestimation of 

uncertainties. It is important in these cases to analyze the seismic data in order to identify possible 

issues, understand its limitations, and correct for errors to improve the data prior to implementing 

further workflows. This can be particularly relevant in academic research, where some important 

information on the seismic data we use for our studies may not be available. In this abstract we 

describe some of the analysis and calibration work we performed to remove systematic errors from 

the Norne Field seismic dataset in preparation for running a 4D seismic inversion step and future 

integration into 4D seismic history matching workflows. 

Norne Field dataset 

A time-lapse seismic dataset was released in 2012 by the Integrated Operations Center at the 

Norwegian University of Science and Technology (NTNU) as part of the Norne Benchmark case. The 

seismic data package includes pre-stack migrated (PrSTM) volumes acquired in 2001, 2003, 2004 and 

2006. In this case, the 2001 seismic volume corresponds to the baseline survey, although it was 

acquired after the start of production in the field in 1997 (Statoil, 2006). 

The seismic processing report provided in the dataset (WesternGeco, 2007) suggests that the 

processing workflow was performed in a 4D-friendly manner with aims to preserve the repeatability 

between each of the three seismic monitor surveys and the baseline survey. Consequently, it may be a 

reasonable option to use the provided seismic volumes as direct inputs for the 4D inversion workflow, 

although even in the case where the data processing is done well, it may be beneficial to attempt to 

improve the quality of the seismic data before inversion. 

An effective integration of 4D seismic data into quantitative workflows, such as seismic inversion and 

history matching, requires that possible issues in the seismic data be understood and compensated for 

as accurately as possible. For this reason, we analyzed the available 4D seismic volumes to identify 

errors and then pre-conditioned them to more effectively and reliably run the 4D seismic inversion. 

The idea was to generate inverted results for each of the seismic surveys that represent improved 

inputs for further analysis prior to and during 4D seismic history matching. 

Preconditioning of Monitor surveys 

The first step performed in this study consisted of the analysis of the repeatability between the seismic 

monitors and the baseline through the examination of 4D difference sections, NRMS sections and 
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maps, amplitude spectra for each of the seismic surveys, etc. Figure 1 shows an example of the 4D 

difference between the 2006 monitor survey and the 2001 baseline survey along a NE-SW section. 

One of the main features observed is that the quality of the seismic data and the repeatability of the 

surveys seem to vary considerably laterally and vertically. For example, the 4D differences are much 

larger towards the north-eastern area with more coherent seismic responses leaking through the 

section. This represents an area of lower repeatability between the seismic surveys, which is possibly 

due to the undershoot performed around the Norne production facilities (Osdal et al., 2006). 
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Figure 1 NE-SW section showing the 4D seismic difference between the 2006 monitor survey and the 

2001 baseline (2006 - 2001). The yellow polygon highlights an area of lower repeatability (higher 4D 

differences) between the seismic surveys in the north-eastern part of the survey area. The blue and red 

horizons represent the top and the base of the reservoir, respectively 

Examination of Figure 1 and other similar sections indicated that improvement could be made to the 

repeatability of the surveys with respect to the baseline. Therefore, the next step involved the pre-

conditioning of the three monitor surveys in order to further calibrate or cross-equalize them with 

respect to the baseline survey. This calibration aims to correct for phase shifts, time shifts, frequency 

content and amplitude scaling differences in the seismic monitor surveys. This should in principle 

condition the monitor surveys to improve 4D seismic interpretation and the use of the data for 

subsequent quantitative analysis. 

One of the steps involved in the cross-equalization of monitor surveys corresponds to the frequency 

equalization of the seismic monitors with respect to the baseline through a filter. Figures 2a and 2b 

show the amplitude spectra of the baseline and the uncalibrated monitor surveys (without frequency 

equalization with respect to the baseline) in the overburden and the reservoir intervals, respectively. 

Figure 2a highlights some differences between the frequency content of the monitor and the baseline 

surveys in the overburden (where no production effects are expected) which we should aim to correct. 

In the reservoir section (Figure 2b) some differences in the frequency spectra are also observed, which 

should be expected due to the production effects in the reservoir between the surveys. 

Frequency filters were then designed in a long window in the overburden (to avoid any possible 

production effects) in order to match the frequency content of the monitor surveys to that of the 

baseline. Figures 2c and 2d show the amplitude spectra after the application of the designed filters in 

each monitor survey in the overburden and the reservoir section, respectively. Figure 2c highlights 

that the amplitude spectra in the overburden for all the seismic surveys are now almost identical, 

which means that the monitor surveys were reasonably well equalized in frequency with respect to the 

baseline. Figure 2d shows that in the reservoir interval the differences in the frequency contents of the 

monitor surveys with respect to the baseline have been preserved after the application of the filter. 
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Figure 2 Amplitude spectra computed from the baseline (2001) and the monitor surveys (2003, 2004 

and 2006): Baseline and uncalibrated monitor surveys (i.e., without frequency cross-equalization) in 

(a) the overburden, showing differences in the frequency contents of the monitor surveys with respect

to the baseline, and (b) around the reservoir interval. Amplitude spectra of the baseline and updated

monitor surveys (equalized in frequency with respect to the baseline) (c) in the overburden, showing

almost identical frequency contents and (d) around the reservoir interval.

Time-shifts corrections 

Another calibration step involves the estimation of time-shifts between the monitor surveys and the 

baseline survey. The idea is to correct the monitor surveys for possible production-related time-shifts 

and improve the interpretability of 4D seismic responses due to production effects. This correction 

also needs to be performed prior to simultaneous 4D seismic inversion. Although we tried several 

methods, we only show results obtained using the cross-correlation between the seismic surveys. 

Figure 3a shows the 4D seismic difference between the 2006 monitor survey (after cross-equalization 

but prior to time-shifts corrections) and the Baseline survey along a NE-SW section through a water 

injector (Well 1H). We notice some coherent seismic events leaking through the 4D difference 

section, particularly around and below the base of the reservoir. These events are likely caused by 

time-shifts in the 2006 monitor survey. 

Figure 3b shows the resulting time-variant time shifts between the 2006 monitor survey and the 

baseline, in red representing the slow-down or pull-down effects (time delays) and in blue the speed-

up or pull-up effects. We notice some clear time delays near the base of the reservoir and below, 

particularly around the injector. These time-shifts, which are likely caused by a decrease in the 

velocity due to an increase in pressure in the reservoir due to water injection, should be removed from 

the seismic monitor. Such time-shifts, if present in the reservoir area, may obscure the 4D effects 

caused by changes in pressure and saturation due to production. Furthermore, they can negatively 

affect the simultaneous 4D inversion process between each seismic monitor and the baseline survey. 

Figure 3c shows the same 4D difference section after the 2006 seismic monitor has been corrected for 

the estimated time shifts (Figure 3b). In this case, we notice that the coherent seismic events in Figure 

3a have been reasonably well attenuated around the base of the reservoir and below. Consequently, 

we estimated the time-shifts between each monitor survey and the baseline, and then corrected the 

monitors for the resulting time-shifts. Based on the QC performed in the results (e.g., NRMS slices, 
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cross-correlation volumes, etc.), we noticed that the calibrated seismic monitor surveys now represent 

more suitable inputs for subsequent 4D seismic inversion and 4D seismic history matching. 
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Figure 3 NE-SW section along a water injector (Well 1H) showing the (a) 4D difference between the 

2006 monitor survey (before time-shifts correction) and the 2001 baseline survey (2006 – 2001), (b) 

Estimated time-shifts between the 2006 and 2001 seismic surveys (red shades represent the ‘slow-

down’ effects, while blue shades represent the ‘speed-up’ effects), and (c) 4D difference between the 

2006 monitor survey (corrected for time-shifts) and the 2001 baseline survey (2006 – 2001). This last 

image highlights how coherent events around and below the reservoir were removed after the 2006 

monitor survey was corrected for the estimated time-shifts. 

Conclusions 

Time-lapse or 4D seismic data are often affected by various errors. These errors not only reduce the 

repeatability between the monitor surveys and the baseline, but may also affect systematically our 

interpretation and subsequent studies if the quality of the seismic data we have is taken for granted. In 

our study, we highlighted the importance of analyzing the 4D seismic data which becomes available 

to our project as a way to identify possible errors, challenges and limitations. Furthermore, we showed 

that removing the systematic errors we encounter is key to improving the quality of the data and pre-

conditioning it prior to implementing our workflows. We believe that this procedure can always be 

beneficial when working with 4D seismic data, especially in academic research, where little input 

from seismic acquisition and processing is often provided. In fact, obtaining the best seismic input we 

can produce is of great importance to improve the interpretability of the 4D seismic data, its effective 

integration into quantitative workflows, such as 4D seismic inversion and 4D seismic history 

matching, and the quantification of seismic uncertainty in such workflows.  
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