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Abstract 

	

The use of 4D time-lapse seismic data is a viable technology for monitoring fluid changes in 
the subsurface using conventional data, e.g. reservoir exploitation and CO2 storage. In this 
master thesis, the potential for using high-resolution P-Cable 3D seismic data for 4D time-
lapse studies has been evaluated. The P-Cable 3D seismic system is a versatile, lightweight 
system which employs 24 short streamers. Short offsets and close streamer spacing result in 
CMP coverage with small bin sizes. Together with air gun sources providing frequencies up 
to 400 Hz, P-Cable data has at least one magnitude better lateral resolution and several times 
better temporal resolution than conventional seismic data. 

Over the last 4 years, the Arctic University of Norway, in Tromsø has acquired 4D seismic 
data in 3 different areas, two in the Barents Sea; the Snøhvit and Lyngen areas and the third at 
the Vestnesa Ridge on the western continental margin of Svalbard. 

These 3 repeat surveys are processed for 4D in order to quantify the repeatability of high 
resolution 4D seismic. The repeatability is quantified using metrics like the normalized root 
mean square (NRMS) and predictability.  

A 4D processing software package from Hampson-Russel is used to calibrate, process and 
match the 4D data. The 4D processing includes correction for time-shifts, phase differences 
and amplitude variations between the base and monitor surveys. Repeatability measures like 
the NRMS, cross correlation, time shifts and predictability have greatly improved through the 
4D processing 

A noise removal process in the GeoTeric software was also a part of the investigation of 
repeatability of the high frequency 4D data. Noise removal has proven to have a huge effect on 
the final repeatability of the data. In addition frequency filtering the surveys from one of the 
areas also contributed to increase the overall repeatability. 

Some geological features not associated with genuine 4D differences turned out to be particular 
challenging to remove by processing as they are strongly absorbing boundaries. It turned out 
that shallow targets where the geology is homogenous are the best targets for this type of 
seismic. In some shallow areas in the Lyngen repeat, containing stratified horizontal layers, the 
processing was able to result in an overall better match giving better repeatability. This support 
the assumption of P-Cable seismic being most suitable for shallow investigation.  

Some theoretical limits for the repeatability of P-Cable 4D data are reached with regards to the 
NRMS and Predictability for the repeat surveys, where a NRMS of around 0.4-0.5 and a 
predictability of 0.8-0.9 was reached. In conclusion, the P-Cable offers seismic data that is 
suitable for 4D if the acquisition and processing circumstances are similar for the base and 
monitor survey. 
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1 Introduction 

 

 

1.1 Objective 

The overall aim of this master thesis is to establish a workflow for the 4D processing and 
analysis of high resolution P-Cable 3D seismic data and apply this workflow to 4D seismic data 
originating from 3 different areas within different geological settings. This is the first step 
towards developing the P-Cable technology into a monitoring tool for the shallow subsurface.  

The Arctic university of Norway in Tromsø has recent years acquired 4D seismic data in 3 
different targets, two in the Barents Sea; the Snøhvit and Lyngen areas and the third at the 
Vestnesa Ridge on the western continental margin of Svalbard. These three target areas have 
significantly different geological conditions in the subsurface that each may impact the 
repeatability of P-Cable 3D seismic data. Thus the main objective behind looking at 3 different 
locations is to quantify the repeatability of high resolution P-Cable 3D seismic data depending 
on the acquisition parameters, processing parameters and the geological setting. 

The 4D processing and calibration of the data will be done in the windows based software 
Pro4D by CGG Hampson-Russel, which is a software containing all essential modules for 
survey calibration, repeatability measurements and time-lapse attributes. In addition to Pro4D, 
the GeoTeric software will also be used for potentially noise removal and frequency filtering 
of the data. 

The 3D time-lapse results from the different target areas will be compared in means of quality 
control factors, such as the normalized root mean square, cross correlation, time-shift and 
predictability measurements to give an indication of the overall repeatability of the data. After 
4D processing the high resolution P-Cable data an evaluation of its potential for time-lapse 
surveys will be discussed in means of repeatability depending on acquisition/processing 
parameters and the geological setting. 
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1.2 What is time lapse data? 

Time-lapse or 4D seismic data is basically repeated 3D seismic surveys taken at the same 
location, where the fourth dimension is time. Its advantage is that comparing several 3D seismic 
data sets can inform about changes of a dynamic system in the subsurface. To be certain that 
differences spotted in an area are only due to actual changes in the subsurface, processing of 
the different 3D data sets is necessary, and this is to be sure that there is a common platform of 
comparison.  The processing consists of, at a simple level, of making the amplitudes, frequency 
content and timing of events as similar as possible (D. H. Johnston 2013).  

The purpose of 4D is to see potential changes in a subsurface system and map them out. The 
changes that are desirable to see from subtracting two or more 3D datasets are changes that do 
not come from processing differences or poorly processed time-lapse data, but rather changes 
that are from fluid saturations, pressure differences or changes in rock elastic properties (D. H. 
Johnston 2013).  

The main usages for time-lapse seismic are monitoring CO2 injections and increasing the 
recovery of a field, this is presented in subchapters 1.3.1 and 1.3.2. If the P-Cable seismic turns 
out to be suitable for 4D, investigating shallow targets with high accuracy will also be possible. 

The most important aspects with 4D are repeatability and detectability, as they are prerequisites 
for a good interpretation. The main focus in this paper will be the repeatability, presented in 
subchapter 1.4. 

Seismic repeatability is crucial for sound interpretations. Several quantitative measurements 
exist that describe the repeatability of time-lapse data, such as the normalized root mean square, 
predictability and cross correlation, presented later on. 

 

 

1.3 Advantages and usages with 4D seismic 

4D seismic provide a better insight to the dynamic processes occurring in oil and gas reservoirs. 
By seeing changes in saturation and pressure away from wells drilled, better estimates of 
reserves in place are made and the cost of drilling reduced. Another positive thing by 
subtracting two or more 3D data sets is that bad 3D processing are noticeable, and therefore be 
done in a better way (D. H. Johnston 2013). 4D experience can enhance the understanding of 
3D processing by comparing different 3D vintages, because looking at one seismic survey 
isolated makes it harder to spot misalignments in geometry or insufficient processing (D. H. 
Johnston 2013). 

By using 4D-surveillance in un-drained areas within a reservoir, bypasses can be located. 4D 
can improve the characterization of a reservoir and reduce uncertainties in the reservoir model 
to ensure maximum recovery (D. H. Johnston 2013). In general 4D seismic will help reduce 
uncertainties linked to the dynamic processes in the subsurface, and give a better chance for 
success when developing a field (Calvert 2005). 



	

3	

	

The main advantage with time-lapse seismic is said to be the increased subsurface control over 
dynamins processes, like producing reservoirs and the adding of profit to a fields lifecycle, in 
addition 4D data can elongate the lifespan of a field as it is a smart tool to help produce most 
of the remaining hydrocarbons (D. H. Johnston 2013). 

4D provides broad areal coverage, and if using high frequency data, good resolution is 
obtainable. High frequent seismic used for 4D can potentially give the benefits of cores, well 
data and conventional seismic data at the same time (Calvert 2005). 

 

 

1.3.1 CCS-method. 

Global warming is becoming more and more prominent, a reason for this is the increasingly 
amount of greenhouse gasses we put into the atmosphere, where CO2 is one of the worst climate 
gases. By injecting CO2 in a subsurface reservoir, removing it from the atmosphere where it is 
harmful and to a safe location in the subsurface, it will eventually will be broken down. To 
make sure that CO2 is contained safely, monitoring using time-lapse seismic is a prerequisite 
(Bûenz 2014).  

CCS (Carbon capture and storage) is the process where waste CO2 is being captured from large 
point sources, for example coal power plants or natural gas power plants, and is transported to 
a site where it can be stored safely so it doesn`t enter the atmosphere. The storage sites can be 
geological formations in the subsurface, for example saline aquifers which are geological 
formation consisting of water permeable rocks that are saturated with salt water. Pressurized 
carbon dioxide injected into saline aquafers will dissolve or become trapped in the pore spaces 
(Bûenz 2014). Fig. 1 shows the concept of CCS. 

 

Fig. 1 Sketch showing the concept behind carbon capture and storage, where waste CO2 is injected into a subsurface 
reservoir. From (UNSW Australia, faculty of engineering u.d.) 
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1.3.2 EOR-method. 

The amount of remaining oil reserves in the ground today is approximately the same as those 
already consumed, and the demand for energy resources are increasing as the world population 
is growing. Because of this it is important to increase the recovery of producing oil and gas 
reservoirs to meet the energy needs of tomorrow. 4D or 3D time-lapse data can help increase 
the amount of hydrocarbons produced from a reservoir. 4D is a major tool in telling us what is 
happening in a reservoir and where it is happening, this is important for making measures to 
increase the productivity. This can be done by more accurately placing new wells (D. H. 
Johnston 2013). 

EOR (Enhanced oil recovery) is a method of improving the recovery of a field in production. 
EOR is injection of fluids down in a reservoir to maintain or increase the pressure, to produce 
hydrocarbons in an efficient way with as little interaction between the oil produced and the 
injected fluid. As a prerequisite for injecting fluids down in the subsurface, 4D monitoring is 
necessary for safety and planning the production of a field (Bûenz 2014). 

 

Fig. 2 Sketch showing the concept behind EOR where CO2 and water is being injected. From (NPD.no (publications on EOR) 
u.d.) 
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1.4 Challenges with time-lapse seismic 

Seismic repeatability is essential to get a successful 4D project. It is important to be sure that 
differences between two or more seismic vintages are from actual changes, and not a result of 
acquisition differences, poor processing or noise. Detectability is another issue, because to spot 
changes in the 4D data, the magnitude of changes needs to be large enough. This is dependent 
on seismic resolution and geology in the area, where complex geology requires higher 
resolution. Detectability is a function of reservoir rock properties, fluid properties and the 
depletion process (D. H. Johnston 2013). 

To make a good interpretation, the repeatability and detectability needs to be good, as 
interpretability is a function of these two. But low to moderate repeatability can work if 
detectability is high and vice versa (D. H. Johnston 2013). The main focus in this paper will be 
the seismic repeatability, presented next up. 

 

1.4.1 Seismic repeatability 

Some define repeatability of seismic data as the similarity of two traces from seismic surveys 
taken at different events in time over the same area. There are several metrics that try to quantify 
the repeatability or similarity of seismic traces, one of them is the normalized root mean square 
and another one the predictability (Kragh and Christie 2002).  

Seismic repeatability is a measure of how similar the baseline and monitor surveys are. A 
purpose is that differences spotted from a base and monitor survey comes from actual changes 
in the subsurface, therefore the best possible ground of comparison is the goal. Since Seismic 
repeatability is a function of acquisition geometry, processing similarity, overburden 
complexity and signal to noise ratio, it is important that the different circumstances are as 
similar as possible for each survey (D. H. Johnston 2013). 

 

1.4.2 NRMS as a repeatability metric 

The NRMS, normalized root mean square amplitude is a repeatability measurement. It is the 
root mean square amplitude difference between monitor and baseline survey over the average 
of the sum of monitor and base surveys. The NRMS equation is: 

 

1. NRMS= , rms=
∑

, 

 

Where the N is the number of samples of  in a certain time window (D. H. Johnston (2013); 
Kragh and Christie (2002)).  

The NRMS is a measure of non-repeatability, where zero means that the data sets are perfect 
repeatable and a value of two means that the surveys are anti-correlated, so the lower NRMS-
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value the better repeatability (D. H. Johnston 2013). NRMS values are not limited to 0-100% 
but can go up to 200%, this is a theoretical maximum, meaning that the traces are 180 degrees 
out of phase relative to each other. NRMS values of around 140% can indicate a lot of random 
noise (Kragh and Christie 2002). Typically good values of repeatability for conventional 
seismic can be NRMS-values of around 10% (D. H. Johnston 2013), Ch.5. 

NRMS is very sensitive to even the smallest change in the data, for example a small phase shift 
of 10 degrees (equivalent to a 0.55ms time shift at 50 Hertz) can create a NRMS alone of about 
18% (Kragh and Christie 2002). 

The NRMS is sensitive to phase and amplitude differences, time shifts and noise, so after 
sufficient processing a goal is to minimize this value as much as possible, as lower NRMS gives 
better repeatability. Care must be taken though, as we do not wish to obscure changes in the 
subsurface by processing the data so that the NRMS reaches 0, when it is not natural (D. H. 
Johnston 2013), Ch.5. 

NRMS values should be estimated over several time windows in the seismic, both high and low 
reflectivity areas. When choosing a time window with high reflectivity the NRMS value will 
be biased toward lower values, because the denominator in the NRMS-equation will be large. 
Estimating the NRMS in low reflectivity windows will bias it towards higher values, hence a 
geological overprint affects the NRMS value (Cantillo 2011). 

Wavelet-scaling differences will also contribute to increase the NRMS value. If we want to 
interpret the earth signal difference between two traces, their scales should be at balance. If T1, 
a trace in the base survey equals (1+x)T2, where T2 is a trace in the monitor survey, the NRMS 
will simply be equal x for no other effects on the NRMS, so making sure that traces are scaled 
to the same level is important to obtain a good repeatability (Calvert 2005), Ch.4. 

 

1.4.3 Predictability as a repeatability metric 

The predictability is a measure of how correlated the traces within two or more surveys are. 
Where a value of 1 means they are 100% correlated, but a value of 1 also means they are anti-
correlated, so the predictability-value should be interpreted in context with other quality 
parameters.  The calculation of predictability takes the cross correlation of the sum of base and 
monitor traces over the sum of the product of the autocorrelation of the base and monitor traces 
(D. H. Johnston 2013), Ch.5. The equation is: 

 

2. Predictability=
∑ ,

∑
. 

 

The predictability is as well as the NRMS taken over a certain time window in the seismic. The 
predictability values are mostly sensitive to noise and distortions and not so much to time shifts 
(D. H. Johnston 2013), Ch.5. Predictability is not sensitive to overall static, phase or amplitude 
differences, unlike the NRMS. Predictability is sensitive to the length of the time window and 
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the number of lags (lag=interval between zero-time of a cross correlation between two traces 
and to the point of maximum correlation), therefore an absolute value is not very meaningful 
(Kragh and Christie 2002). 

Because a predictability of 1 means both full correlation and anti-correlation at the same time, 
the value can be seen in context with the NRMS value. If both predictability and NRMS is high, 
the focus should be on time shifts, whereas if predictability is low and NRMS is high focus 
should be on removing noise (D. H. Johnston 2013), Ch.5. If the predictability is summed over 
+/- infinity, the value almost always equal 1, so it is meaningful to do calculations over several 
time windows, both long and short intervals to indicate the difference in predictability measures 
at different areas in the seismic (D. H. Johnston 2013). 

Metrics like NRMS and predictability read alone can be misleading, since they react differently 
under different circumstances, as NRMS is very sensitive to any change in the data and noise, 
predictability is very sensitive to reflection strength and noise, and they should be interpreted 
together. Often there is a negative correlation between these values, which might be expected 
(Kragh and Christie 2002). 

Although the NRMS and RPED is widely used as repeatability measurements for 4D data some 
criticize them. From Cantillo (2011) it is said that NRMS and predictability can appear as a 
combination of the real factors affecting 4D repeatability, namely time shifts and distortions.  
Cantillo (2011) says that these two things, the time shifts and SDR (signal to distortion ratio) 
should be the quality control metrics for checking 4D repeatability. Minimizing the time shifts 
and maximizing the SDR should be a measurement on 4D success, as the NRMS and 
predictability are dependent and bound by many other factors, but Cantillo (2011) still proposes 
that NRMS should be used in relation with time shifts and SDR to evaluate repeatability. 
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1.5 Factors affecting the 4D repeatability 

There are many factors affecting the 4D repeatability, as said in D. H. Johnston (2013) 
“Repeatability=geometry + everything else”, meaning that there are many factor that is more 
or less uncontrollable. One thing that can be controlled is the acquisition geometry, but even if 
it can be controlled, doing an exactly repeat of a survey is very difficult, and there will always 
be some differences (D. H. Johnston 2013). Repeatability is as mentioned a function of the 
base-monitor similarity. There are many factors that play a part in making differences between 
the monitor and base survey, these are differences acquisition geometries, overburden 
complexity and noise conditions. The goal of 4D is to maximize the repeatability, making the 
circumstances that can be controlled somehow as similar as possible. 

Below is a table representation of things affecting repeatability and in what way they affect 
(Table 1). 

Categories Factors likely to affect repeatability 

Acquisition-geometry differences Sail-line orientation and heading 

Source receiver spacing 

Streamer feathering 

Source and receiver depths 

Coverage influenced by obstructions 

Near-surface conditions Variations in static 

Receiver coupling 

Environment Sea level 

Sea state and swell noise 

Water temperature 

Salinity, Groundwater level 

Noise Ambient noise 

Shot-generated noise 

Residual multiples 

Geology Shallow gas 

Steep dips 

Fault shadows 

Producing reservoir 

Table 1 Factors affecting 4D repeatability. From: (Johnston D. H., 2013), chapter 5, page 74. 
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1.5.1 Geometry and repeatability: 

Small deviations in lateral position does not have any large impacts on 3D seismic data, but 
they will influence the 4D repeatability and interpretability. Differences in source receiver 
positions implies a different ray path for a signal in the subsurface and hence a different 
illumination of the target, this can create significant differences on the 4D image. Shifting a 
survey only one bin location can create large NRMS values that will distort the repeatability of 
the data. It is easy to say that repeating the geometry conditions for the re-run survey is the clue, 
but this can be very challenging (D. H. Johnston 2013). Issues that can create differences in 
geometry is source receiver offset differences, varying water depth, towing depth, direction of 
streamers and geographical positioning system accuracy (D. H. Johnston 2013). 

Some shifts in the lateral directions can have big impacts on the 4D repeatability, and this is 
also highly dependent on the geology in the subsurface, as steep dips and complex geology 
create substantial challenges where there is lateral shifts and time shifts than where the geology 
is homogenous and layered horizontally. It is suggested that deviations in survey geometry can 
be tolerated if the geology is simple and the frequency is low, what the values of “low” means 
is not easy to decide though (D. H. Johnston 2013). Even with zero positioning error it is hard 
to get a perfect repeatable result as there are many other factors affecting this, such as random 
noise or measurement errors (D. H. Johnston 2013). 

How good one is able to match the geometry of a re-run survey with the base survey also 
depends on which acquisition method is chosen to collect the data, there are several ways to do 
this. The repeatability is dependent on the acquisition method, whether a fixed receiver system, 
a steerable streamer or marine non steerable streamers is used will affect the ability to obtain 
repeatable traces (Calvert 2005). 

Noise related to acquisition are random (environmental), ambient and shot related, random 
noise is often well below shot generated noise and can be stacked away. Though it is optimal 
to try to repeat the shot generated noise so that this becomes differenced away, this is doable 
with fixed receiver systems (Calvert 2005), which will be discussed later. 

Weather conditions can have impacts on the acquisition geometry as strong winds and currents 
can disturb the line-orientation, giving raise to feathering in the streamers. Feathering can cause 
lateral misalignments when comparing two or more surveys (D. H. Johnston 2013). Large 
deviations in sail-line orientation can create inconsistencies in number of traces to choose from 
when stacking and binning. 

Towing depth variations in source can affect the frequencies received by the hydrophones and 
produce differences in the signals received when comparing several seismic surveys, as the 
response of an air-gun changes with the towing depth (Hegna and Parkes 2011). Equation 3 
tells us about the relationship between towing depth and frequency. 

3. T= ∗
/ ∗ /

/  
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Where P is the gun pressure, V is the gun volume,  is the hydrostatic pressure and k is a 

constant. So  is directly related to the towing depth of the source. The fundamental 

(lowermost) frequency of the air-gun is equal 1/T, hence the frequency of the air-gun increases 
with towing depth (Hegna and Parkes 2011). 

 

1.5.2 Geological impacts on repeatability: 

Literature suggests that the geology in an area has big impacts on the repeatability of 4D seismic 
data. Complex geology; heterogeneity and steep dips in the subsurface create higher NRMS 
values than homogeneous geology (Calvert 2005). 

Very high acoustic impedance (density*velocity) transitions between boundaries will absorb a 
lot of energy. High energy absorbing boundaries will naturally have an impact on the seismic 
image we are able to obtain of the features below and can give raise to diffraction of energy 
which will not be similar between two surveys.  

Other things related to the geology that can affect the data repeatability is horizontal velocity 
differences in the subsurface, as this will affect the arrival signal, creating time shifts. Lateral 
velocity variations can therefore create inconsistency in the arrival signals. Horizontal velocity 
changes can be a result of geological heterogeneity in the subsurface (Calvert 2005).   

Geological heterogeneities can be present at all scales and depths, but are often most present 
where we have structural and stratigraphically complexity. Where there are heterogeneity 
anomalies in the subsurface, frequency loss from scattering can occur as a result of small 
geological structures taking up more energy than the surrounding, this can also distort the 
difference of the seismic signals (Calvert 2005). 

 

1.5.3 Frequency impacts on repeatability: 

High frequencies gives broader reflection boundaries, this can result in difficulties in correcting 
for time shifts as it is difficult to pinpoint out exactly where the boundary between two layers 
are, and hence more challenging to put events back to right location in time (Lecerf et al., 2015). 

Broadening the 4D signal bandwidth is said to result in an overall higher NRMS value for an 
equivalent seismic data where the levels of non-repeatable noise are the same (Lecerf et al., 
2015). This suggests that it is more difficult to obtain good repeatability using broad bandwidth 
data. 

A value called calibrated NRMS (CNRMS) is proposed as a repeatability measure that 
regardless of bandwidth compares the quality of 4D seismic data. CNRMS gives the 
repeatability for 4D seismic calculated with a reference signal bandwidth, a comparison 
between different bandwidths used in seismic data. When using the measurement CNRMS the 
repeatability for 4D broadband seismic is compared to a reference dominant frequency, and the 
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result is that for a given time shift, the repeatability metric is almost identical regardless the 
effect of frequency bandwidth (Lecerf et al., 2015). 

Lecerf et al. (2015) concludes that the equation of NRMS gives a mathematical explanation to 
why. For constant time shifts the NRMS value is larger regardless dominant frequency, hence 
poorer repeatability when using broadband seismic compared to seismic containing lower 
frequencies or narrower bandwidths.  

Fig. 3 shows a representation of the effect dominant frequency has on the NRMS metric, there 
it is clear that the frequency content has large impacts on this value regardless the size of the 
time shift. In Fig. 3 we see that the repeatability is worse when increasing the dominant 
frequency for similar time shifts; using a frequency of 15 Hertz with a time shift of a few 
milliseconds only gives a NRMS of about 0.25 while using 55 hertz increases the NRMS to 
about 0.90 for the same time shift (Lecerf et al., 2015). Fig. 4 shows the usage of CNRMS 
instead of the NRMS measurement, there we can see that comparing the NRMS of different 
frequency data to a reference dominant frequency, the differences in CNRMS is only minimal 
for different time shifts. The usage of CNRMS tells us that the repeatability of broadband 
seismic is as good as the repeatability for low frequent data when taking into consideration the 
impacts high frequencies has on the NRMS estimation. 

 

Fig. 3 Figure showing the impacts that dominant frequency has on the repeatability metric NRMS, from:  (Lecerf et al., 2015) 

 

Fig. 4 Figure showing the change in CNRMS with time shifts for different dominant frequencies, where a reference frequency 
of 40 Hertz is used. From:  (Lecerf et al., 2015) 
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The repeatability metrics NRMS is directly related to the dominant frequency within the data, 
this can be shown by the relationship from (Calvert 2005) in equation 4. 

4. NRMS
∗ ∗ ∗∆ ∗ ∑ ^

∗ ∑ ^
=2πf*∆t, 

Where trace 1 equals a*Sin(2πft)and trace 2 equals a*Sin(2πf(t+∆t)), simplified according to 
the trig formulas. ∆T(t)=a*Cos(2πft)*2πf*∆t, and we know that the NRMS value is the root 
mean square amplitude of the difference, divided by the mean of the RMS of both traces 
(Calvert 2005). Based on the equation and the simplification; NRMS=2πf*∆t, it is proven 
mathematically the impacts frequency has on the repeatability metric NRMS. Where “a” is an 
arbitrary amplitude, t is the time window, f is the dominant frequency and ∆t is some small time 
shift (difference) between the two traces in different seismic volumes (Calvert 2005). 
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1.6 Ways of acquiring 4D seismic  

When analyzing time-lapse data, the changes desirable to see are as mentioned those from 
actual changes and not from, say acquisition. The acquisition process can have big impact on 
the repeatability for 4D; therefore, it is important that the different vintages used in 4D analysis 
are acquired as similar as possible. There are several ways of acquiring seismic data. 

 

1.6.1 Marine towed streamer acquisition 

Marine acquisition of seismic data is done by towing streamers containing receivers and source 
by a boat (Fig. 5). This is the most used technique to acquire seismic data, but has shown to be 
the least suitable for 4D, this is mainly because the re-positioning of source and receiver is 
difficult to repeat offshore. As long as the difference-signal is above the noise-limit, marine 
towed streamer provides good results for time-lapse usage. Towing the source and receivers 
just below sea surface can give rise to a lot of noise from waves and in general varying sea 
conditions. A lot of the noise is random and can be stacked away, but it is difficult to remove it 
all (Calvert 2005).  

Feathering can be a problem for 4D repeatability, this is an issue that can cause differences in 
seismic vintages. Feathering is an angle deviation in the streamers, because of this the ray-path 
in the subsurface will vary. There are technology available to steer the streamers to minimize 
feathering and minimize noise. The Q-marine streamers are such steerable streamers (Calvert 
2005). An angle deviation of 10 or more degrees can result in a misalignment of more than 600 
m if a streamer of 6000 m is used, this can give poor repeated traces. If the sail line coverage is 
poor due to feathering, the subsurface coverage can be drastically reduced compared to the 
surface coverage of lines. Big feathering differences can also reduce the repeatability for the 
long offset traces, as the misalignment increase with offset. Having one boat for the source and 
another one for the receiver streamers is also an option; this can give better long offset 
repeatable traces (Calvert 2005).  

 

Fig. 5 The concept of marine towed streamer in seismic acquisition showing the setup of vessel, source and streamers. From 
(fishsafe.eu (seismic surveys) u.d.). 
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Seismic using Q-marine streamer could have large impacts on the repeatability, because the 
long offset deviation decreases when the streamers are steered and put in the right location 
(Calvert 2005). One example where Q-marine has proven to be useful is at the Norne field in 
the Norwegian Sea (Aronsen et al., 2004). From Fig. 6 we can see that the NRMS measurements 
has decreased quite drastically when using Q-marine compared to non-steerable streamers, 
hence better repeatability. On the topmost slice in Fig. 6 most of the traces have NRMS values 
over 26% while on the slice on the bottom most of the traces has NRMS less than 10% after 
using the steerable streamer. Fig. 7 shows that the difference from production are easier to spot 
when using the steerable streamer on both surveys, 01 and 01, compared to 92 and 03. 

 

Fig. 6 Figure comparing the NRMS values from the seismic difference 92-03 and 01-03 from Norne. (Aronsen et al., 2004) 
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Fig. 7 Seismic section showing: i) the 2003 survey acquired by Q-marine streamer. ii) Seismic difference between 1992 and 
2003 where 1992 is acquired by non-steerable streamers iii) seismic difference between 2003 and 2001, both acquired by 
steerable streamer (Aronsen et al., 2004) 

 

1.6.2 Fixed-receiver acquisition. 

When using fixed receiver positioning for acquiring seismic data, the struggle of accurately 
positioning the receivers between each survey and feathering goes away. One option is to leave 
receivers permanently on the seafloor, trenched to retain them in position. By doing this the 
repeatability can be enhanced significantly because differences in source-receiver offset are 
minimized. The main challenge when acquiring new vintages is the source re-positioning 
(Calvert 2005). The cost of installing a permanent monitoring system like the OBC`s (ocean 
bottom cables) is high, but in return the cost of running new surveys are less and they can be 
run more frequently without excessive planning (Calvert 2005). The economic viability 
depends on the number of repeat surveys planned, if the number of repeat surveys reaches a 
limit it has proven to be cost efficient.  

The OBC system provide better repeatable data, hence a better understanding over the 
subsurface processes, because of this there might be cost viable where drill decisions are more 
confident (Calvert 2005). Fig. 8 shows the set up for an OBC system.  
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Fig. 8 concept of using a Permanent reservoir monitoring system where receiver cables are trenched on the seafloor, OBC 
technology from (statoil.com (permanent reservoir monitoring) u.d.). 

 

One advantage when using receivers on the seafloor is the recording of shear waves. An 
example showing the impact of having shear waves is the Alba field in the North Sea, 
discovered by Chevron (Caldwell et al., 1999). On Fig. 9 we can see that without shear waves, 
the actual reservoir is not spotted on seismic, only the oil water contact is, but when S-waves 
are applied, the top and base of the reservoir is clearly spotted. The reason for this is due to 
insufficient acoustic impedance contrast when going into the reservoir, but since S-waves only 
goes through the solid rock, the top and base makes up an AI-contrast spotted in the S-P stack. 
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Fig. 9 3D seismic section from the Alba reservoir showing p-p stack (on top) and p-s stack (bottom), acquired with 4C 
(multicomponent receivers) (Caldwell et al., 1999) 

 

Which method one choses depends on how big understanding there is of the subsurface and if 
you know what you will be searching for, and what impact the production will have on the 
seismic data. When acquiring seismic data the level of details should be accounted for, how big 
changes are we expecting to have and what parameters should be used to make sure that these 
changes are noticeable. It is important that the noise-level doesn`t mask the actual seismic 
changes, so trying to repeat noise will give better results when subtracting the different seismic 
vintages, but doing this can be challenging (Calvert 2005). 
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2 Area of investigation 

 

Fig. 10 Overview showing the location of seismic surveys: Vestnesa, Snøhvit and Lyngen (made in ArcGIS) 

 

 

2.1 Lyngen  

A set of two P-Cable 3D seismic surveys from the Lyngen fjord, in Troms will be a target of 
investigation for the processing of high frequency data. The data is acquired in a protected fjord 
in north Troms. The geological elements in this area are stratified layers of glacial marine and 
marine sediments, believed to be deposited during an early phase deglaciation with high 
sediment accumulation. The stratified layers of marine sediments are abrupt by a moraine-ridge 
in the deeper parts of the subsurface (Plassen and Vorren 2003). Only a brief description of 
Lyngen is due to a shortage of publications describing the geological setting of the area at the 
time of writing this thesis. 

 



	

20	

	

2.2 Snøhvit  

Two P-Cable 3D seismic surveys acquired in the west Barents Sea will be a part of the target 
of investigation in this paper, the Snøhvit surveys are from the Hammerfest basin area. The 3D 
seismic data is slightly to the south of the main Snøhvit reservoir. The Snøhvit area is in a 
glacial sediment setting, where massive hard packages of glacial deposited sediments make up 
very strong reflectors. Beneath the sea floor a URU (upper regional unconformity) is present, 
beneath the URU dipping stratified layers are present. Serval pockmarks exists in the study 
area, which are manifestations of gas escape from the seafloor (Judd and Hovland 2007). Two 
fluid venting and gas leakage events are believed to have occurred in the area. The first event 
took place after the LGM (Last Glacial Maximum) during the deglaciation. The oldest fluid 
flow event is believed to take place during a deglaciation <0.7 Ma, this is evident through buried 
pockmarks on the URU (Ostanin et al., 2013). 

 

2.3 Vestnesa ridge 

Vestnesa ridge is a contourite drift deposit located on the west Svalbard passive margin in 
proximity to the slow spreading ridge of the northern Atlantic. The ridge consists of a more 
than 2 km thick contourite deposit, at water depths from 1000-2000meters (Eiken and Hinz 
1993). 

Gas seepage occur along the approximately 100 km long Vestnesa Ridge whereby the eastern 
segment is active and the western segment seems dormant (Bunz et al., 2012). Evidence for gas 
hydrate exists in the form of a bottom-simulating reflection in a large region on the western 
Svalbard margin including the Vestnesa Ridge (Vanneste and Mienert 2005; Hustoft, Bunz and 
Chand 2009; Bunz et al., 2012). The seabed manifest active gas seepage in the form of several 
pockmarks.  

Although the ridge is located on a passive margin, it is in an area with complex and active 
tectonics, between the Spitsbergen and Molley transform faults (Plaza-Faverola et al., 2015) 

Plaza-Faverola et al. (2015) hypothesize that the stress from the Molley and Knipovich 
spreading ridge play a major role in the seepage of gas. 

P-Cable 3D seismic data acquired by the University of Tromsø are documenting 
stratigraphically and structural differences in the expressions of the seafloor seepage along the 
Vestnesa ridge (Plaza-Faverola et al., 2015). In the area of the survey, there are several 
extensional faults, believed to origin from the paleo-Spitsbergen shear zone (Plaza-Faverola et 
al., 2015).  

The Vestnesa ridge is divided into 3 main sequences, the oldest one, YP 1 of syn-rift deposits 
over 20 Ma old oceanic crust. YP 2 consists of  margin parallel contourite deposits, YP 2, also 
dominate YP 3 and YP 3 is about 2.7 Ma old based on evidence from the ocean drilling program 
(Eiken and Hinz 1993). 
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3 Data and methods 

 

3.1 Data 

The data used in this paper is high resolution P-Cable 3D seismic surveys repeated at 3 different 
areas, one in the Barents Sea, another one in a fjord in north Troms and one repeat survey from 
the Vestnesa ridge. The three different areas have distinctively different geology and therefore 
gives different challenges in regards to repeatability. For the Snøhvit data, the first survey was 
acquired in 2011 and the second one in 2013. The Lyngen data were acquired first in 2012 and 
the repeat survey in 2014. From the Vestnesa there has been acquired several surveys, the ones 
used in this paper are the ones from 2013 and 2015. Serval repeat survey from the respective 
areas exist, but the ones mentioned will be processed and evaluated in this paper. 

The data was acquired by the P-Cable system which provides high resolution data, with 
frequencies ranging from 10 to 350 hertz (Petersen et al., 2010). The P-Cable system is 
presented in subchapter 3.2. 
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3.1.1 Lyngen  

The basemap presented in Fig. 11 is the seabed interpreted surface over the Lyngen base survey 
from 2012, it covers an area of about 1.4  and consists of 42 inlines and 1668 xlines. The 
seabed horizon show no distinct features. The water depth is about 300 meters. 

 

Fig. 11 Basemap of the Lyngen base survey from 2012 showing the seabed horizon interpreted in Petrel software. 
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3.1.2 Snøhvit basemap 

The basemap presented in Fig. 12 is the seabed interpreted surface over the Snøhvit base survey 
from 2011, it covers an area of about 4  and consists of 103 inlines and 1061 xlines. From 
Fig. 12 we can observe some pockmarks, plough marks and other small features on the rough 
seabed surface. The water depth is from 300-350 meters. 

 

Fig. 12 Basemap of the Snøhvit base survey from 2011 showing the seabed horizon interpreted in Petrel software. 
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3.1.3 Vestnesa basemap 

The basemap presented in Fig. 13 is the seabed interpreted surface over the Vestnesa survey 
from 2013, used as base in the processing of this area. It covers an area of about 12  and 
consists of 151 inlines and 861 xlines. From Fig. 13 we can observe several crater looking 
features, some of them pockmarks, originating from subsurface chimney structures. The water 
depth is about 1200-1300m in the area. 

 

 

Fig. 13 Basemap of the Vestnesa base survey from 2013 showing the seabed horizon interpreted in Petrel software. 
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3.2 The P-Cable system 

The University of Tromsø in cooperation with the volcanic basin petroleum research (VBPR, 
Oslo) and National oceanographic Centre Southampton has developed a lightweight high-
resolution P-Cable system (Petersen et al., 2010). 

In contrast to conventional 3D seismic studies the P-Cable system uses a set of parallel 
streamers with close streamer spacing (about 6.25 to 12.5 meter). The frequency bandwidth is 
from 10 to 350 Hz providing high resolution of the shallow subsurface both vertically and 
horizontally. The system provides a spatial resolution of at least one order higher than 
conventional 3D seismic, and temporal resolution is improved 3-5 times. This has the advantage 
of giving a much better picture of shallow subsurface structures and fluid flow systems 
(Petersen et al., 2010). A downside to this is the noise that comes with very high frequencies. 

The P-Cable system consists of a cross cable towed perpendicular to the ships direction, which 
is steered by two trawl doors, and can consist of up to 24 multi-channel streamers attached to 
the cross cable. The 24 channels can acquire 24 seismic lines at the same time, covering about 
240 meters (with a channel spacing of 10m) (Petersen et al., 2010). GPS sensors attached to 
both the gun float and the trawl doors make sure that navigation accuracy uncertainties are less 
than 1 meter (Petersen et al., 2010). 

Fig. 14 shows a schematic diagram of the set-up of the P-Cable acquisition. 

 

Fig. 14 schematic diagram of the P-Cable system, from (Petersen et al., 2010) 

The usages are at shallow targets for investigation of landslide dynamics, gas hydrates, shallow 
gas migration and shallow gas exploration. The technology is suited for investigation around 
scientific boreholes in the subsurface as the cube sizes of the data is small, 5-200 square 
kilometers. The P-Cable requires small sources as the main usage is for shallow targets, and it 
images the subsurface well down to water depth length approximately (Planke et al., 2009). 

Typical data characteristics for the P-Cable system are: 

-Cube size: 5 to 300 square kilometers. 

-Water depths: 200 to >300m. 
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-Bin size: 6x6 m. 

-Vertical resolution: about 1.5 m. 

-Sample interval: 0.25. 

(Planke et al., 2009) 

Fig. 15 shows the information for the set-up of the P-Cable system. 

 

 

Fig. 15 Illustration of the P-Cable set up from pcable.com.  

 

Conventional seismic which for example uses frequencies ranging from 5-100 hertz give a 
poorer resolution, but in return less initial noise because of this. Using P-Cable for time-lapse 
provides an extra challenge compared to conventional because of its sensitiveness to noise, 
which is a product of the high frequencies. One of the most important quality factors used in 
time-lapse analysis is the NRMS-value, which is a measure of repeatability as earlier discussed. 
Typically good values of repeatability for conventional seismic can be a NRMS-value of around 
10% (D. H. Johnston 2013). There is not yet defined what values of repeatability that is 
expected to be reached when using P-Cable for 4D. If P-Cable proves to be a good tool for 
time-lapse this could give information about the processes occurring in the shallow subsurface 
with high accuracy. 
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3.3 Acquisition parameters 

The following acquisition parameters are from the 3D seismic line logs from when the 
respective P-Cable surveys were required onboard the Helmer Hanssen acquisition vessel, by 
the Arctic university of Norway. Fig. 16 shows the set-up used for acquisition. 

 

Fig. 16 Schematic figure showing the survey configuration for the acquisition of P-Cable seismic onboard the Helmer Hanssen 
vessel. Configuration used for the Lyngen, Snøhvit and Vestnesa surveys. 
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3.3.1 Lyngen 

Lyngen May 2012 acquisition Parameters 

Number of acquisition lines 15 

Spread of paravans 155-160 m 

Distance: gun and paravans 102-108 m 

Deviation  Up to 5 m 

Gun system Mini-GI (15/15 in^3) 

Shooting pressure 160 bar 

Shooting interval 4 Sec. 

Weather  Wind: 5-12 m/s from W-SW. Snowfall in periods, 
water temp from 0-4 degrees. 

Streamer depth 1-1.8 m  

Table 2 Acquisition information for the Lyngen base survey from 2012, (vessel, 3D seismic line log, Lyngen 2012 2012). 

 

Lyngen April 2014 acquisition Parameters 

Number of acquisition lines 13 

Spread of paravans 160-170 m 

Distance: gun and paravans 110-115 m 

Deviation Up to 5 m 

Gun system Mini-GI (15/15 in^3) 

Shooting pressure 160 bar 

Shooting interval 3 Sec. 

Weather Calm sea, 0-3 m/s wind from south. 

Streamer depth 1.5 m (+/- 0.5 m) 

Table 3 Acquisition information for the Lyngen monitor survey from 2014, (vessel, 3D seismic line log, Lyngen 2014 u.d.). 
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3.3.2 Snøhvit 

Snøhvit July 2011 acquisition Parameters 

Number of acquisition lines 30 

Spread of paravans No data 

Distance: gun and paravans No data 

Deviation Up to 5 m 

Gun system Mini-GI (15/15 in^3) 

Shooting pressure  No data, assuming 160 bar. 

Shooting interval 4 Sec. 

Weather Water temperature: 6-8 degrees. Wind 1.3-7.5 m/s,   

Streamer depth 1.5 m (+/- 0.5 m) 

Table 4 Acquisition information for the Snøhvit base survey from 2011, (vessel, 3D seismic line log, Snøhvit 2011 u.d.). 

 

Snøhvit July 2013 acquisition Parameters 

Number of acquisition lines 19 

Spread of paravans 158-163 m 

Distance: gun and paravans 93-103 m 

Deviation Up to 5 m 

Gun system Mini-GI (15/15 in^3) 

Shooting pressure 160 bar 

Shooting interval 4 Sec. 

Weather Water temperature: 8-9 degrees. Wind: 1.75-9.4 m/s.  

Streamer depth 1.5 m (+/- 0.5 m) 

Table 5 Acquisition information for the Snøhvit monitor survey from 2013, (vessel, 3D seismic line log, Snøhvit 2013 u.d.). 
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3.3.3 Vestnesa 

Vestnesa July 2013 Acquisition Parameters 

Number of acquisition lines 25 

Spread of paravans 166-170 m 

Distance: gun and paravans 96-106 m 

Deviation Up to 5 m 

Gun system Mini-GI (15/15 in^3) 

Shooting pressure 170 bar 

Shooting interval 5 Sec., 6 Sec. from line 5 onward 

Weather 1.4-7 m/s wind, noting else specified 

Streamer depth 1.5 m (+/- 0.5 m) 

Table 6 Acquisition information for the Vestnesa base survey from 2013, (vessel, 3D seismic line log, Vestnesa 2013 u.d.). 

 

Vestnesa July 2015 acquisition Parameters 

Number of acquisition lines 27 

Spread of paravans 160-165 m 

Distance: gun and paravans 98-113 m 

Deviation Up to 5 m 

Gun system Mini-GI (15/15 in^3) 

Shooting pressure 170-180 bar 

Shooting interval 4 Sec. 

Weather Wind speed: 3.5-12.4 m/s, direction 0-65 degrees. 

Streamer depth 1.5 m (+/- 0.5 m) 

Table 7 Acquisition information for the Vestnesa monitor survey from 2015, (vessel, 3D seismic line log, Vestnesa 2015 u.d.). 
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3.4 3D processing 

 

3.4.1 Lyngen 

The processing of the Lyngen data sets are done in the RadexPro software prior to the 4D 
calibration and processing. The steps performed in RadexPro are shortly summarized as flows: 
Navigation files has been prepared in Matlab prior to the geometry calculations using the P-
Cable geometry spread sheet form RadexPro. Tide data has been corrected for and a bandpass 
filter of 10-30-380-500 Hz has been used for the data sets in addition to amplitude correction 
for spherical divergence. The data has also been binned with 6.25 times 6.25 meter in x and y 
direction before NMO correction and stacking. An interpolation was done with the same grid 
spacing of 6.25 meter. Migration is then done by a 3D Stolt and 1500 m/s in velocity (Malin 
Waage, phd. Candidate, UiT, through direct communication).  

 

3.4.2 Snøhvit  

For the Snøhvit P-Cable data, the processing include: Common depth point reflection binning 
at 6.25 time 6.25 meter. NMO (normal move out) correction, stacking and a 3D Stolt migration 
with water velocity of 1500 m/s. Bandpass filter of 5-10-350-380 Hz and a peak of around 150 
Hz. A static correction has also been done in addition to amplitude correction for spherical 
divergence as well as interpolation where needed (Stefan Bunz, førsteamenuensis, CAGE, UiT, 
through direct communication). 

 

3.4.3 Vestnesa 

For the Vestnesa P-Cable 3D seismic data, the data processing consists of two major steps, the 
navigation processing and the seismic processing. The seismic processing consists of:  
Bandpass filter of 30-50-300-350 Hz, with a peak of 135 Hz. Amplitude correction for spherical 
divergence was applied to the data along with a common depth point reflection point binning 
at 6.25 times 6.25 meter. In addition a NMO (normal move out) correction, stacking and a 3D 
Stolt migration was done using 1500 m/s as water velocity (Plaza-Faverola et al., 2015). The 
3D seismic processing was done in the RadexPro software (Stefan Bunz, førsteamenuensis, 
CAGE, UiT, through direct communication). 

None of the P-Cable 3D seismic data sets have been migrated for depth, they are all in TWT 
(two way travel time). 
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3.5 Hampson-Russel Pro4D software 

The tool used for the 4D seismic processing in this paper is the windows based software pro4D 
from CGG Hampson-Russel. The pro4D software has several workflows in 4D calibration that 
can remove spurious differences arising from non-production effects. The pro4D contains 
calibration features that can match the phase, amplitude, frequency and event times of baseline 
and monitor surveys.  

When the background differences are removed through processing of the different 3D vintages, 
it is possible to interpret the differences arising from actual changes, such as production effects, 
with some certainty. The certainty of the results depend on how well the processing is able to 
match two or more datasets. 

In pro4D, the different vintages of 4D data sets are handled as one super volume, making it 
easier to process the different 3D volumes. The operations are also easier with a super volume 
as the program handles multiple volumes through one single set of operations during the 
calibration workflow. 

The Hampson-Russel software offers different QC-attributes (quality control attributes), such 
as the Predictability, NRMS (normalized root mean square amplitudes), cross-correlation 
coefficient, phase- and time-shifts. The different attributes will give a clue during the different 
processing steps if the different vintages become more and more similar, or if the opposite is 
the case, and hence give indications to which steps in the workflow that create the largest 
progress. The processing is an iterative process, where one must try and fail to find the best 
parameters to correct the data with. 

The correlation coefficient and time shift maps generated in the workflow in Pro4D will give 
indicators of how big the correlation is between two or more 3D data sets and how big the time 
shifts are when following similar events in base and monitor surveys. The cross correlation 
estimates common signals between pairs of traces in the base and monitor surveys and 
determine the difference in phase, frequency content and the timing of events (D. H. Johnston 
2013). 

More details of the different processes in Pro4D is in the chapter 3.8. 

Fig. 17 shows the workflow conducted on the data sets in Pro4D. 
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Fig. 17 Schematic diagram of the complete 4D processing workflow in Pro4D. (ltd. 2013) 
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3.6 4D seismic processing  

To be sure that changes spotted on subtracted seismic are from actual changes in the subsurface 
and not from for example acquisition geometry, bad processing or noise, the data sets used in 
4D needs to be processed so that they are as comparable as possible. When analyzing 4D data, 
the best possible platform for comparison is the goal, as it for example would be meaningless 
to compare two datasets if their phases where out of balance or if the seabeds where located at 
different events in time, therefore there are several things that needs to be corrected for before 
the subtraction of the data becomes meaningful. 

The pro4D module lets us compare seismic surveys with the same geometry, taken at different 
times, the surveys therefore needs to be binned to have the same geometry before processing. 
By comparing different seismic vintages, the changes occurring from production effects or 
treatment of the data can be spotted. To be able to compare different surveys, the pro4D module 
offers several processes that compensate for the different circumstances when acquiring, 
sampling and processing of the data.  

The goal in pro4D is to remove differences related to anything else than actual changes in the 
subsurface. Using the pro4D module to process high frequency P-Cable seismic, the goal is to 
investigate whether high resolution seismic is adaptable for time-lapse usage. 

The processes that will be included in the calibration of the data are: cross correlation 
comparison, phase and time shifts, shaping filtering, cross correlation for shallow statics, 
amplitude normalization and time-variant time shifts. 

 

3.7 4D seismic quality control factors 

During the calibration process, QC (quality control) attributes will be generated, this can be 
NRMS, predictability, cross correlation, frequency spectrums, phase or time slices. The QC 
slices will tell us something about the repeatability of the data, and if the data sets are becoming 
more comparable during the different processes applied or if the opposite is the case. The 
NRMS is as mentioned desirable to minimize as much as possible, the same with the time shift 
differences, while the cross correlation and predictability values are desirable to maximize, or 
reach as far up to 100% as possible, which is a theoretical limit for these (D. H. Johnston 2013). 

Before any processes are applied to the data it is important to quality control it, to find the 
threshold parameters that will be used when applying changes to the seismic data. When 
calibrating for 4D processing we can create several slices showing values of cross correlation 
and time shifts between the different vintages, calculated in a time window of interest.  

The QC`s will indicate what is needed to be done to the data to increase their repeatability as 
they are sensitive to different things. It will also give indications of what threshold parameters 
that are needed to be used in the calibration process. The threshold parameters are values, such 
as a cross correlation percentage that will decide the “strictness” of a process applied to increase 
the cross correlation of the data difference, telling the software to only use areas in the data that 
exceed a certain cross correlation value to correct the areas not fulfilling that certain value. As 
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for the time shift threshold, this is a time shift value in milliseconds, saying that a certain process 
will only do shifts that are less than that time value, this is so the data isn`t being changed too 
much so that details supposed to occur in a difference is obscured. 

It is important to check progress in the data during the different processing steps, to further 
increase the strictness of the thresholds as the quality of the data increase.  NRMS and 
predictability are important QC`s, but the ones that are used as input to the different processes 
are mainly differences in time shifts, cross correlation and differences in phase.  The time shift 
QC tells us about the bulk time shifts between the difference of two volumes and the distribution 
of these both lateral and in depth (time), both negative and positive values. The cross-
correlation QC estimates the common signals between pairs of traces in the two volumes, then 
determines the difference in phase, frequency content and timing of events, it is dependent on 
several factors. The cross-correlation QC also gives the distribution of values in the lateral and 
in depth (time). Phase differences is another important QC, this is important to be aware of and 
correct for, because it would be meaningless to some degree to subtract two datasets having 
huge differences in phase.  

Initially a set of QC processes will be used to estimate the changes that are needed to be done 
to the monitor data to make it as comparable as possible to the base data, followed by the 
different 4D processes. A simplified concept behind the workflow is shown in Fig. 18. The 
parametrization of these processes is given in the result chapter along with each individual data 
set. 

 

Fig. 18 Diagram showing the basic components in a time-lapse processing workflow in Pro4D. (system 2014 (HRS-9/R2.2.1)) 
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3.7.1 Cross correlation and time shift estimation 

Cross correlation, referred to as xcor from now on, measures how closely the traces of two 
surveys follow each other. The calculation of this is done by multiplying one trace in the base 
with the corresponding trace in the monitor survey while shifting the traces relative to each 
other to find the time shifts for the traces most compatible. As cross-correlation is a measure of 
similarity of two series as a function of the lag of one relative to the other. Where equal traces 
are multiplied, a maximum value is given (both positive and negative), where traces does not 
correspond, eg. A positive and negative trace are dotted, a minimum value is given, hence poor 
correlation.  

The theoretical span for an xcor value is from 0 to 1, where 1 means identical and 0 means no 
correlation, meaning the relation between two traces are random. A value of 1 indicates a 
perfect match, while a very low value can indicate either huge change or faulty processing of 
the data (system 2014 (HRS-9/R2.2.1)). 

A time shift is given to the calculation of xcor, telling the program to look for similar traces 
within a certain time window. Giving a time value in the calculation of xcor is telling the 
program to multiply each sample in the base survey to the traces in the monitor within that time 
window, looking for the best dot product of traces. Giving a time shift in this process, makes 
the program assume that there is not a 0 lag, but the traces are misaligned to each other in time, 
and look for the most similar traces within a time window independent of the lag between traces 
(system 2014 (HRS-9/R2.2.1)). 

Traces that align well, meaning that they have small lags, and have similar amplitudes will give 
a high cross correlation product, and traces with a time lag will give lesser xcor values even if 
the traces match in amplitude, the concept is shown in Fig. 19. For example if you tell the 
program that you expect a time shift of 20 milliseconds, it will more certain find the correct 
sample to compare to the base within the monitor, while if you overdo the expected time shift 
to 100 milliseconds, there might be several samples resembling, and you get a false time shift 
calculated out from the cross correlation calculation as these two are estimated simultaneously.  
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Fig. 19 Sketch showing the concept behind estimating the cross correlation between two seismic traces from different seismic 
vintages. (system 2014 (HRS-9/R2.2.1)) 

The calculated time shifts, which is another QC, is calculated simultaneously with the cross 
correlation. When the expected time shift is plotted previous to the estimation of cross 
correlation, the program then estimates the time shifts based on the traces that are most 
compatible or have the highest cross correlation product (system 2014 (HRS-9/R2.2.1)).  

 

3.7.2 Predictability estimation 

The predictability is as mentioned a measure of how correlated the traces within two or more 
surveys are (eqn.2). The way this is estimated in pro4D is using either a single or multiple 
correlation windows. The main difference between the estimation of predictability and cross 
correlations, is that the predictability is not sensitive to time shifts, so even with large time 
shifts, this metric can still be high if the traces correlate well. 

Using single correlation window, where a maximum shift is defined (as for the estimation of 
cross correlation), is telling the program to not correlate traces that are further apart than that 
certain time value. Another way to estimate the predictability is to use multiple correlation 
windows by defining a correlation window length, step and maximum shift (time values). By 
using multiple correlation windows the program will calculate several predictability values 
within the analysis window (system 2014 (HRS-9/R2.2.1)). The procedure with several 
correlation windows are shown in Fig. 20. From the figure it is seen that a point within the 
monitor will be correlated with all the traces in the base within a window length in time, finding 
the highest value and save it before stepping down some time and on to the next point. 
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Fig. 20 Sketch showing the concept behind using multiple correlation windows in estimation of predictability (system, 2014 
(HRS-9/R2.2.1)) 

 

3.7.3 NRMS 

The normalized root mean square is one of the best metrics describing the repeatability between 
two volumes. Pro4D gives the option to calculate this metric over different areas in the data, 
calculating it over several time windows is often advantageously as calculations in a window 
with high reflectivity will bias the NRMS to lower values and vice versa (D. H. Johnston 2013).  
The NRMS estimation will be done on interesting areas within the respective seismic used in 
this paper to try to quantify what geological settings that are the least and most repeatable. 
 

3.7.4 Amplitude spectrum 

Amplitude spectrums shows the distribution of the amplitude and frequencies that the traces 
within a data volume contains. It is important to check this, especially for 4D, to make sure that 
different volumes has similar traces with regards their amplitude and frequency distribution. 
Large differences in amplitude spectrum between two volumes subtracted will reduce their 
repeatability. Comparing the amplitude spectrums for monitor and base is important as large 
deviations call tell us about acquisition differences, for example varying tow depth, as this has 
impact on frequencies received, shown in equation 3, subchapter 1.5.1. 
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3.8 4D processing workflow  

In	the	following	subchapters	a	presentation	of	the	4D	processes	used	in	Pro4D	are	given.	

 

3.8.1 Re-binning and re-gridding 

Re-binning of 3D datasets selects the most compatible traces to compare within the two data 
sets from the same bin-locations, while re-gridding basically makes the geometry and 
coordinates of the different datasets similar, so that it is meaningful to compare/subtract them. 
Re-binning in the survey re-grid process in Pro4D allows you to make the geometry of two 
surveys similar by matching the bins between them, this is a necessary step before starting the 
4D calibration process as small geometric differences give raise to bad repeatability and some 
of the processes won`t be ran on data with different geometries. The best thing to do is to use 
the survey with limiting extent as a reference for the other survey to adapt to its geometry, in 
that way no interpolation is needed (system 2014 (HRS-9/R2.2.1)). 

3.8.2 Phase and time matching 

The phase and time match process will correct for misalignments in phase and timing of events 
between the base and monitor surveys to reduce the differences in the two data sets. If the 
phases are out of balance, i.e. if the phases of the monitor survey is reversed relative to the base 
survey, subtracting these two volumes become meaningless to some degree, therefore it is 
highly necessary to correct for potential phase differences between the two surveys. 

The processing mode has 3 options; trace-by-trace, running average and global. The trace-by-
trace does not require any input values for the threshold, but uses the QC slices estimated prior 
as input, this can result in dynamic zones being affected, but will give a better match overall. 
The running average lets the user select inline and cross line running length in number of 
samples, also threshold is required as input. The global mode will preserve the trace variations 
within the whole seismic volume, and it also requires the user to give thresholds values (system 
2014 (HRS-9/R2.2.1)). 

The calibration of time and phase is an iterative process, where a first order global phase 
correction and a bulk time shift will be performed. The phase and time shift adjustments applied 
to the monitor survey is based on the reference volume, the base survey. When correcting for 
phase and time shifts certain threshold parameter will be used according to the QC ran ahead 
of the process, in this case the calculated values for time, phase and cross correlation, as 
described earlier. 

The phase and time process corrects the whole seismic window, because naturally we want to 
make corrections in the whole seismic window and not just in the zone of interest, this applies 
for the other functions in the processing flow as well. Only when estimating the QC`s; specific 
windows or “target zones” is used, which often excludes some part of the seismic, this is to get 
the best result when applying threshold parameters.  
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3.8.3 Shaping filter 

The shaping filter is a function in time-lapse processing, which applies a filter to the monitor 
survey, so that its traces become more similar to the base surveys traces, this is important so 
that potential dynamic effects can be detected (system 2014 (HRS-9/R2.2.1)). 

The shaping filter looks for improvements in the monitor data compared to the base data. It 
shapes the traces of the monitor to match the traces of the base volume, the concept is shown 
in Fig. 21. 

 

Fig. 21 Concept behind the shaping filter process, where a trace in the monitor survey is shaped to match the equivalent trace 
in the base survey (system 2014 (HRS-9/R2.2.1)). 

The shaping filter estimates a transfer function that matches the frequency content, phase 
(frequency dependent), time and amplitudes of the two datasets. This function is matching the 
cross-correlation of the two datasets to the autocorrelation of the reference volume, the base. 
Using global average in this process preserves the trace variations; this is important where there 
is expected changes over time. In the global shaping filter there is different filter options; 1) 
zero phase, which will match the frequencies but not the phase. 2) Full match, which matches 
both frequency and phase, but averages out the frequency. 3) A combination of both the zero 
and full filter, this will use a full filter first, then the zero, this to restore the averaging out of 
the frequencies from the full filter (system 2014 (HRS-9/R2.2.1)). It is important in this process 
as well to use strict thresholds to exclude areas affected by poor signal-noise traces from being 
used in the design of the filter. The program offers spatial zone limitation when applying the 
filter, applied in areas where you do not want to filter the traces so that they resemble the base 
traces more. In the shaping filter process, cross correlation and time shift thresholds are 
required, this is to be sure that areas affected by changes is not used in the design of the filter 
(system 2014 (HRS-9/R2.2.1)). 
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3.8.4 Shallow statics 

Correcting for shallow statics will correct trace by trace for time delays because of shallow 
statics differences.  First an estimation for the shallow statics (cross correlation and time shifts) 
are calculated, this to indicate the strictness for the thresholds used to correct for shallow statics. 
Differences in static can be due to differences in sea level (high and low tide) when acquiring 
the data or temperature differences which can be seasonal changes, also using different towing 
depth for the source can create misalignments for the seabed arrival time between data acquired 
at different timings (D. H. Johnston 2013). The static correction is advantageously to run so it 
targets on and around the seabed, as this is where potential time shifts caused by statics is most 
prominent.  

 

3.8.5 RMS-factor 

If the two data sets have an amplitude relationship deviating from one, as one means the 
amplitudes are in perfect balance, the RMS-factor process will calculate a scalar to get the 
amplitudes in balance between the two data sets. The RMS scalar is calculated from the 
relationship between the two surveys, and this factor is applied to the monitor survey to balance 
it to the base surveys amplitudes (ltd. 2013). 

 

3.8.6 Time-variant time shift correction 

Time variant time adjustments will compensate and correct for differences in travel times to 
different events in the data, since possible presence of fluids can affect the P-wave velocity, 
causing for example push-down effects. 

The time-variant process is done in two steps, first removing the bad correlation picks, then 
applying the adjustments. Typically low confidence time shifts occur when the cross correlation 
coefficient is low, this is because of possible low reflectivity and hence the time shifts are not 
identified correctly. 

First 2 volumes are generated over the data difference; one cross correlation volume and one 
time shift volume, these are calculated within multiple windows, where the user gives a 
predefined window length and time step. 

The cross correlation and time shifts are calculated using sliding windows with user defined 
window sizes and time steps as shown in Fig. 22. After the volumes are generated, a cross plot 
combining the time shifts and xcor values will be an indicator of where the densest amount of 
samples are located with regards to time shifts and xcor values, the cross plot is a density plot 
giving information about how many traces that have the different xcor and time shift values. 
By using the cross plot information we can remove particularly poor repeatable areas from 
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being used in the time-variant time shift process by setting thresholds, excluding areas that 
exceeds a certain time shift or have an xcor value less than desired.  

 

Fig. 22 Sketch showing the principal behind how cross correlation and time shift volumes are generated prior to the time-
variant time shift process in Pro4D. From (system 2014 (HRS-9/R2.2.1)).  

 

3.8.7 Frequency filtering 

Frequency filtering of the data is basically to reduce the frequency bandwidth by cutting off 
some of the frequency content in either ends of the frequency interval. This processing step can 
be used ahead of the main processing, to assess what affects the frequency bandwidth has on 
the repeatability of time-lapse data. By cutting off very high frequencies, the reflectors are 
expected to be smoother and the noise level lower. If base and monitor does not have the same 
initial bandwidth a filter is advantageously to use prior to subtraction of the seismic data.  
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3.9 GeoTeric  

GeoTeric is a software with a wide range of applications, one of these are the Noise expression 
module. GeoTeric`s post stack noise cancellation algorithm offers filters which can be applied 
to the data iterative, as the user has control over parameters associated with each of the different 
filters reducing noise in the data. The GeoTeric noise cancellation workflow let us attenuate 
both random and coherent noise and still maintain the amplitude variations at small scale. The 
post stack noise cancellation consists of SO FMH, TDiffusion and SO Noise cancellation (guide 
2015). The different noise filters are: 

Tdiffusion helps remove random noise in the data, this by a iterative process which uses a 
low pass filter to produce a series of smoother images by solving a partial differential equation 
through time. The Tdiffusion filter is anisotropic and adapts to local orientation and the 
direction of the filter, it automatically orients its filter with the structures. The TDiffusion filter 
is sensitive to small scale discontinuities and is therefore ideal for removing random noise and 
still preserving small structural details. It will still preserve the coherent noise (seismic energy 
that are consistent with phase from trace to trace, eg. Ground rolls and multiples). The filter 
basically smoothens out random noise, and still preserves the structures and local details in the 
data (guide 2015). Fig. 23 shows an example of the TDiffusion filter.  

 

Fig. 23 Seismic section showing the concept of noise reduction using the Tdiffusion filter in GeoTerics noise reduction 
workflow. (guide 2015) 

SO FMH (structurally oriented finite median hybrid), is a noise reducing, edge preserving 
filter, and does remove coherent noise such as multiples or acquisition noise,  as opposed to the 
TDiffusion filter. While removing the coherent noise it will preserve small details like edges, 
corners and sharp dips in the structures (guide 2015). Fig. 24 shows an example of using the 
SO FMH noise cancellation.  

 

Fig. 24 Seismic section showing the concept of noise reduction using the SO FMH filter in GeoTerics noise reduction workflow. 
(guide 2015) 
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SO Noise (structurally oriented) filter will target the aggressive noise, this can be effects 
from structures absorbing a lot of energy, such as salt or basalt effects. The SO aggressive filter 
is not as sophisticated as the SO coherent noise removal filter and may not preserve edges. The 
SO aggressive filter enables us to restrict the smoothing along a 2D plane around a point, 
defined by the dip and strike directions. First one usually calculates the dip azimuth volume 
and uses this volume in the noise reduction process, using either a mean or median calculation 
of the dip azimuth values on a 2D region (guide 2015). Fig. 25 shows an example of the SO 
noise filtering in GeoTeric. 

 

Fig. 25 seismic section showing the concept of noise reduction using the SO noise filter in GeoTerics noise reduction workflow. 
(guide 2015) 

Noise can be a major contributor to decrease the repeatability of the data, so removal of this 
will be important to get the best possible result in means of repeatability. 
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4 Results 

The following subchapters show a presentation of the 4D processed P-Cable data from the 3 
study areas. First the result for the Lyngen data will be presented, and a thorough description 
of the processing steps applied to the data will be presented. For the Lyngen results each 
processing step will be presented with its belonging seismic section of the data difference and 
quality control estimations after each step. The quality control parameters describing seismic 
repeatability are the NRMS and predictability. For the two other repeats, Snøhvit and Vestnesa, 
a more brief presentation is given. A full processing workflow will be conducted on the Snøhvit 
volumes prior to a noise reduction workflow and a frequency filtering process followed by a 
new processing workflow in Pro4D to see what affects noise reduction and filtering has on the 
repeatability. A noise reduction will be ran on the Vestnesa repeat prior to processing in Pro4D. 

 

4.1 Lyngen 

In the seismic from Lyngen 2012 and 2014 (Fig. 26) a big moraine-ridge is apparent through 
the whole survey, 100 to a few 100 milliseconds beneath the seabed, this is absorbing a lot of 
the energy, and might be associated with noise. In the shallow part (above the ridge) we can 
observe stratified layers. The stratified layers above the moraine-ridge are glacial marine and 
marine sediments. The most striking thing within the Lyngen data, and the main challenge in 
this paper in regards to repeatability will be the very strong reflector originating from the glacial 
moraine ridge. The reflectors are generally very noisy, this is because of the very high 
frequencies, up to 380 Hertz. 
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Fig. 26 Seismic sections showing the base data Lyngen 2012, the monitor Lyngen 2014 and the initial data difference Lyngen 
2012-2014. Calibration window will be from the moraine-ridge reflector and up to the seabed. 
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The area interesting to check for repeatability in the Lyngen data will be the stratified layers 
above the moraine-ridge. We can see from the seismic (Fig. 26) that there is an initial difference 
in phase between the volumes, as they are to some degree phase reversed relative to each other, 
this is apparent on the seabed for Lyngen 12 and 14. The phase difference is possible to correct 
for during the following processing procedure in Pro4D. The signals in Lyngen 2012 looks to 
be a bit more aggressive or stronger in general than for Lyngen 2014. 

The calibration window for the Lyngen repeat will be from the interpreted moraine-ridge 
reflector and up to the seafloor, meaning that all the QC`s estimated for the Lyngen repeat will 
be from within this window in the seismic. 

Before applying any processes to the data it is important to check the initial repeatability by 
estimating repeatability metrics like the NRMS and Predictability. From Fig. 27 we see the 
initial NRMS and predictability for the Lyngen repeat survey. An initial NRMS of 1.46 is 
indicating a low initial repeatability, possibly affiliated with a lot of noise. The reason for the 
high NRMS is differences in phase, amplitude and timing of events between the two surveys. 
It is said in (Kragh and Christie 2002) that a NRMS of around 140% can be associated with a 
lot of random noise, which likely is the case here. 

The initial predictability of 0.83 is quite high and from D. H. Johnston (2013) it is stated that if 
both the predictability and NRMS is high focus should be on time shifts. It could seem like the 
initial NRMS and predictability estimates reflect both time shifts and random noise present in 
the data difference. 

Fig. 28 shows the initial cross correlation and time shift slices, these are also important to check 
prior to processing as these metrics will be used as thresholds during the processing steps. 
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Fig. 27 Slices and histograms showing the initial NRMS (on top) and the initial predictability (below) for the Lyngen repeat. 
Calibration window is from the interpreted moraine-ridge and up to the seafloor. 
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Fig. 28 shows the initial cross correlation slice for Lyngen, where we have a mean of 0.52, 
meaning that the traces between Lyngen 12 and 14 only resemble each other by 52%. Because 
we know that the cross correlation is dependent on phase differences it is believed this metric 
will be improved after a phase match is performed, as it is seen on the previous seismic section 
that their seabed have different polarities to some extent. The initial time slice (Fig. 28) for the 
repeat shows a striping effect, having time shifts around 2-5 milliseconds, both positive and 
negative, and can indicate striping caused by acquisition circumstances. 

 

 

Fig. 28  Slices and histograms showing the initial cross correlation (on top) and the initial time shifts (below) for the Lyngen 
repeat. Calibration window is from the interpreted moraine-ridge and up to the seafloor. 
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First a full processing workflow of the Lyngen data will be done in Hampson-Russel`s Pro4D, 
to check how this improves the repeatability. Later a noise reduction will be applied to the 
data prior to a second processing flow to check the affect noise has on the repeatability. 

The processing flow used on the Lyngen data to correct for differences are described in detail 
in the following sections, and the processes included are: phase and time matching, shaping 
filter, shallow statics correction and time-variant time shifts. 

 

Phase and time matching 

The phase and time shift process applied to the data is a global first order phase and time 
correction, this is applied to the entire analysis window. A bulk shift of -1.4 milliseconds and 
a bulk phase shift of -30.7 degrees was done on the monitor survey to make it resemble the 
base survey more. A cross correlation threshold of 0.5 and a time threshold of 5 milliseconds 
was used as input in the phase and time matching. 

From Fig. 29 we observe that several amplitudes has brightened up during the phase and time 
matching, the theory for this is that once the phases were matched it caused the amplitude 
difference to increase because of still existing time shifts in the data. Quality control 
measurements like the NRMS and predictability has gotten worse during the phase and time 
correction, while the cross correlation and time shifts has improved (Table 8). Fig. 30 shows 
the NRMS and predictability measurements after phase and time matching.  
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Fig. 29 Seismic section showing the difference between Lyngen 12 and 14 before processing (on top) and after a phase and 
time shift applied to the data (bottom). Black boxes are zoomed in areas shown below. 
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The slices in Fig. 30 shows that the mean NRMS has increased during the phase and time 
matching, from a mean of 1.46 to a mean of 1.78, which is unfortunate as lower NRMS means 
better repeatability, while the predictability has stayed on the same value of 0.83. The increase 
in NRMS is not a desired result, but this is interpreted to come because time shifts are more 
accurately detected once the phases are matched, as the NRMS is sensitive to time shifts. 

 

 

Fig. 30 Slices and histograms showing the NRMS after phase and time matching (on top) and the predictability after phase 
and time matching (below) for the Lyngen repeat. Calibration window is from the interpreted moraine-ridge and up to the 
seafloor. 
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Shaping filter 

The shaping filter process applied to the data is a global combined filter, as using global mode 
will preserve local variations. The combined filter first uses a full and then a zero filter, the 
correction is applied to the entire analysis window. The filter looks for improvement in the 
monitor traces compared to the base survey`s traces and adjust the frequency and phase of the 
monitor traces. A cross correlation threshold of 0.5 and a time threshold of 5 milliseconds was 
used for the shaping filter, no increase in strictness for the thresholds as little improvement was 
made by the phase and time matching process. 

From Fig. 31 we can see that after a shaping filter was run on the data there has been 
considerably improvements and a lot of the stronger signals are gone. 

The shaping filter has increased the overall correlation between the traces in Lyngen 12 and 14 
considerably. The cross correlation has improved significantly from a mean if 0.53 to a mean 
of 0.77 (Table 8). A theory is that when matching the phases further, a subtraction base-monitor 
gave less strong amplitudes. After the shaping filter was applied to the data, the frequency 
content of the two surveys got matched after best effort, this might have contributed to remove 
some of the spurious noise around reflectors in the data difference in Fig. 31.  

It is during the shaping filter the traces in the monitor survey are changed to fit the base surveys 
traces more. We can see from Fig. 32 that there has been changes made in the amplitude 
spectrum for the monitor survey, Lyngen 2014, during the shaping. The frequency content of 
the two data sets seem to match quite well initially, as the frequency distribution of Lyngen 12 
and 14 follow each other closely (Fig. 32). The filter applied has narrowed down the amplitude 
spectrum for the monitor survey, so that the two spectrums match less than initially, this is 
strange, but still there are improvements made during this process for the cross correlation 
estimate and the NRMS metric (Table 8). 
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Fig. 31 Seismic section showing the difference between Lyngen 12 and 14 after phase and time matching (on top) and after a 
shaping filter applied to the data (bottom). Black boxes indicate zoomed in areas below. 
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Fig. 32 Amplitude spectrum for the Lyngen 2012 and 2014 surveys. The initial amplitude spectrum (on top) and after shaping 
filter (below). 
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The repeatability metric NRMS has decreased during the shaping filter, this is a good thing as 
lower NRMS gives better repeatability, but a mean of 1.66 (Fig. 33) is still a very high value, 
meaning poor repeatability. The predictability has strangely not changed during the shaping 
process and is still at a mean of 0.83. 

 

 

Fig. 33 Slices and histograms showing the NRMS after shaping filter (on top) and the predictability after shaping filter (below) 
for the Lyngen repeat. Calibration window is from the interpreted moraine-ridge and up to the seafloor. 
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Shallow statics correction 

The static correction process applied to the data is a trace-by-trace correction to correct for 
trace-by-trace time delays caused by shallow statics. The static process applied a bulk time shift 
of 2.23 milliseconds to the entire analysis window. 

We can see on the seismic sections in Fig. 34 that the static correction was able to remove a 
huge amount of bright amplitudes, especially on the seabed and in the stratified layers above 
the moraine-ridge. 

 

Fig. 34 Seismic section showing the difference between Lyngen 12 and 14 after shaping filter (on top) and after shallow static 
correction applied to the data (bottom). 
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The correction of shallow statics is the processing step that so far has given the largest progress 
in means of the NRMS repeatability metric. From Fig. 35 we can see that the NRMS metric 
reduced to a mean of 0.64, compared to a mean of 1.66 prior to the static correction, this is a 
huge improvement. Whereas the predictability still remains at around 0.83. The northern part 
of both NRMS and predictability slices (Fig. 35) shows better values over the stratified layers. 

The time shift has also been reduced drastically from a mean of 2.16 to 0.21 milliseconds, while 
the cross correlation is still at a mean of 0.77 (Table 8). The trace by trace correction has 
hopefully contributed to removing the time shift striping effect.  

 

Fig. 35 Slices and histograms of the NRMS (on top) and predictability (below) for the Lyngen repeat after a shallow statics 
correction applied. Calibration window is from the interpreted moraine-ridge and up to the seafloor. 
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Time-variant time shift correction 

The time variant process first calculates the variation of time shifts and cross correlation values 
within the volumes, then poor correlation picks and large time shifts are removed prior to 
applying the time variant shifts. The shift applied is not a bulk shift, but will vary according to 
the needs of different areas in the seismic. A cross correlation threshold of 0.8 and a time 
threshold of +/-1 milliseconds were used as a condition during the time variant time shift. The 
values used as a threshold when pre conditioning the time-variant shift was to make sure that 
no bad correlation picks were used in this process. Fig. 36 shows the seismic difference for 
Lyngen after the time-variant shift, also shown is the initial data difference show the total 
changes made to the repeat survey during the whole processing workflow as the time-variant 
shift is the last process applied. After the processing in Pro4D a huge reduction of bright 
amplitudes is obtained, and a significant improvement in the repeatability metrics NRMS and 
cross correlation (Table 8). 

 

 

Fig. 36 Seismic section showing the difference between Lyngen 12 and 14, initially (on top) and after time-variant time shift 
correction (below). The repeatability metrics NRMS and PRED are also shown for the two data differences. 
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The time-variant shift adjustments did not produce any major progress, but the process was able 
to remove some of the highest remaining amplitudes. The time-variant process reduced the time 
shift difference from a mean of 0.21 to 0.012 milliseconds. The predictability was increased 
from a mean of 0.826 (after static) to a mean of 0.84. A mean of 0.61 was obtained for the 
NRMS after the time-variant process was applied. Only the cross correlation did not change in 
this process. In Table 8 all the thresholds and QC parameters after each processing step is 
shown. 

Process applied Cross correlation 
threshold 

Time shift threshold QC 

Initial 

-Calibration 
window: Moraine-
ridge and up to 
seafloor. 

  NRMS: 1.46 
PRED: 0.83 
Xcor: 0.52 
Time shift:     -1.43ms 
Phase:            30.7 deg. 

Phase and time shift 

-Global mode 

0.5 5ms NRMS: 1.83 
PRED: 0.827 
Xcor: 0.53 
Time shift:       0.55ms 

Shaping filter 

-Global combined 
filter, first full, then 
zero. 

 

0.5 5ms NRMS: 1.73 
PRED: 0.82 
Xcor: 0.77 
Time shift:     2.16 ms. 

Shallow static 
correction 

-Trace-by-trace 
mode. 

 2.23ms  NRMS: 0.64 
PRED: 0.826 
Xcor: 0.77 
Time shift:       0.21ms 

 

Time-variant time 
shift 

-Bandpass filter 
applied. 

0.8 +/- 1ms. NRMS: 0.61 
PRED: 0.84 
Xcor: 0.77 
Time shift:    0.012ms 

Table 8 Table of quality control estimations after each processing step with the thresholds used in the different processes 
applied for the Lyngen data. All the QC values in the table are mean values. 

 

Overall there has been large improvements in removing amplitude differences between Lyngen 
2012 and 2014, but there are some strong amplitudes left, these turned out to be difficult to 
remove. Most of the remaining amplitudes are related to the moraine-ridge and the seabed, both 
very strong reflectors (Fig. 36). Not being able to remove the strongest reflections any further 
might be because both random and aggressive noise are related to these events. 
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From the NRMS slice in Fig. 37, we see that the initial NRMS has a mean of 1.46, this value is 
very high, meaning low initial repeatability. From the literature (D. H. Johnston 2013) a NRMS 
value of 1.41 (square root of 2) indicates high amounts of random noise, which might be the 
initial case for the Lyngen data. After the processing in Pro4D, the NRMS is more than halved, 
which is a substantial improvement for the repeatability. The reason for the huge improvement 
is the adjustment of phase, amplitude balancing and time shifting of events, as the NRMS is 
very sensitive to this. 

The processing step that caused the largest positive change for the NRMS was the shallow static 
correction, this is likely because of the bulk time shift of 2.23 milliseconds done during this 
correction. 

There are no areas that particularly stands out with regards anomalously low or high NRMS, 
the slices in Fig. 37 shows a more or less homogenous distribution, but we can observe that in 
the northernmost part, the NRMS values are lower, this is in the area above the stratified layers. 

 

 

Fig. 37 slices showing the NRMS between the two Lyngen surveys over the area of investigation with their belonging histogram 
distributions. Calibration window is from the interpreted moraine-ridge and up to the seafloor. North is up. 
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Fig. 38 shows that there has been improvement in the cross correlation between the two Lyngen 
surveys, the cross correlation has increased from a mean of 0.52 to 0.77, meaning the traces has 
become over  20% more similar in terms of phase, frequency and timing of events after the 
processing procedure in Pro4D.  

The process where the greatest increase in cross correlation occurred was in the phase and time 
matching, this was a bit expected as comparing traces with similar phase will give an overall 
higher cross correlation than comparing traces that does not match with regards their phase. For 
the cross correlation distribution it is the same as with the NRMS in terms if homogenous 
distribution of values, no particular area stands out, but the values are slightly better in the 
northern part, above the stratified layers. 

 

 

Fig. 38 Slices showing the cross correlation between the two Lyngen surveys over the area of investigation with their belonging 
histogram distributions. Calibration window is from the interpreted moraine-ridge and up to the seafloor. North is up. 
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Some striping effects observed on the initial time shift slice in Fig. 39, as parallel blue and 
white stripes, which can be striping caused by acquisition. Striping effects are believed to be 
inherent in towed-streamer acquisition and might occur because of undershooting where there 
are time shifts (Campbell et al., 2011) or come because of a poorly executed tidal correction. 

The final time shift slice shows a mean time shift of 0.012 milliseconds, which is a small value, 
almost all the traces are located around a value of 0 milliseconds. The initial time shift 
histogram shows that there is both negative and positive time shifts between the two volumes, 
represented as stripes in the slice, whereas the final slice shows a uniform distribution, meaning 
these suspected acquisition effects is removed by processing. The static correction produced 
the largest bulk time shift.  

 

 

Fig. 39 Slices showing the time shifts between the two Lyngen surveys over the area of investigation with their belonging 
histogram distributions. Calibration window is from the interpreted moraine-ridge and up to the seafloor. North is up. 
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Fig. 40 shows that the initial predictability over the data difference is relatively high and that 
very little improvement has been on this metric during the full processing workflow. It is 
uncertain why the increase in predictability is minimal, but it is believed that this has something 
to do with remaining noise in the data, as the predictability is sensitive to this. Predictability is 
also sensitive to reflection strength, and a possible assumption is that this value has not 
increased any further because of the frequency content of the data, as high frequencies produce 
very strong reflections. 

 

 

Fig. 40 Slices showing the predictability measurements between the two Lyngen surveys over the area of investigation with 
their belonging histogram distributions. Calibration window is from the interpreted moraine-ridge and up to the seafloor. 
North is up. 
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4.1.1 Post noise reduction 4D processing 

The next step will be to test if the repeatability of the Lyngen repeat improves as a noise 
reduction filter is applied to the data. In GeoTeric a SO FMH filter (structurally oriented finite 
median hybrid) with 9 iterations has been ran through the data to remove coherent noise. The 
SO FMH filter is a structurally oriented noise reducing filter. The filter is edge preserving, 
meaning it removes random noise while preserving small details like corners, edges and sharp 
dips in the structures. Fig. 41 and 42 shows the seismic from before and after the noise reduction 
on Lyngen 12 and 14 respectively, there we see that the filter has removed a lot of signals 
interpreted as noise. 

The data sets were cut to a maximum depth of 700 milliseconds, to remove the area most 
strongly affected by multiples, in addition cropped in the crossline direction to limit the 
processing time. 

Now we will carry out the same processing procedure over the noise reduced volume to see if 
there are any improvements with regards the repeatability. A description of the processing has 
been give previously. Using the same calibration window, from the moraine-ridge and up to the 
seafloor, is to give the best possible comparison between the noise filtered and non-noise 
filtered Lyngen volumes. 
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Fig. 41 Seismic sections showing inline 43 from Lyngen 2012 before and after the SO FMH filter with 9 iterations run in 
GeoTeric for noise reduction and its belonging difference with removed noise. 
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Fig. 42 Seismic sections showing inline 43 from Lyngen 2014 before and after the SO FMH filter with 9 iterations run in 
GeoTeric for noise reduction and its belonging difference with removed noise. 

 

 

When deciding what filter to use of the Tdiffusion, SO aggressive Noise and SO FMH noise, 
described earlier, a decision was made to use the SO FMH filter as this proved to be the best 
suited for the Lyngen volumes. The noise filter was able to retain amplitude variations along 
reflectors while improve the reflector continuity. The filter also removed a lot of jitter seen 
along reflectors. This jittering is interpreted to be noise. Sharp edges and dips also seemed to 
be preserved after filtering. 

Fig. 41 and 42 shows that even if the same filter and number of iterations is run on both Lyngen 
2012 and 2014, the difference between the filtered and non-filtered monitor, Lyngen 2014, 
shows more signals removed than for the 2012, indicating more coherent noise originally in the 
monitor survey. 
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Table 9 shows all the thresholds and QC parameters after each processing step for the noise 
reduced Lyngen repeat. 

Process Xcor threshold Time threshold QC 

Initial 

-Estimation window: 
moraine-ridge and up to 
seafloor 

  NRMS: 1.47 
PRED: 0.83 
Xcor: 0.54 
Time:          -1.02 ms 

Phase and time 

-Global mode 

0.5 2 ms NRMS: 1.74 
PRED: 0.83 
Xcor: 0.63 
Time:              1.7 ms 

Shaping 

-Global combined filter, 
first full then zero. 

0.8 2 ms NRMS: 1.59 
PRED: 0.83 
Xcor: 0.85 
Time:             1.7 ms 

Shallow statics 

-Trace by trace. 

 1.83 ms NRMS: 0.52 
PRED: 0.83 
Xcor: 0.85 
Time:          -0.02 ms 

RMS-factor   NRMS: 0.51 
PRED: 0.83 
Xcor: 0.85 
Time:          -0.02 ms 

Time-variant 

-Bandpass filter applied. 

0.9 +/- 1 ms. NRMS: 0.49 
PRED: 0.85 
Xcor: 0.86 
Time:        0.0006 ms 

Table 9 Table of quality control estimations after each processing step with the thresholds used in the different processes 
applied for the Lyngen data, after noise reduction. All the QC values in the table are mean values. 

The repeatability has improved significantly after the same processing workflow was ran on 
the noise reduced data. The final NRMS value has decreased quite a lot compared to the final 
NRMS for the non-noise reduced data, an improvement from a final mean of 0.61 for the non-
noise reduced to 0.49 for the noise-reduced data (Fig. 44). The cross correlation estimate has 
also improved and increased to 0.86, this is an improvement of more than 30% compared to the 
initial value (Table 9). The predictability has stayed quite static during the 4D processing. 
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Fig. 43 shows the comparison between the initial and final 4D difference after running a noise 
reduction filter on the Lyngen repeat. We can see on seismic that a lot of the high amplitudes 
are removed, except a few stronger events. Even though the noise reduction filter removed 
some of the spurious noise around the moraine-ridge reflector, it was difficult to remove this 
completely. An interesting thing to notice is that the seafloor on the seismic section in Fig. 43 
is almost completely gone, while for the final seismic difference in Fig. 36, for the non-noise 
reduced difference the seafloor is still very present at the same inline. 

The static correction was the process which gave the largest improvements in terms of removing 
high amplitude differences and increasing the repeatability.  

 

 

Fig. 43 Seismic section showing the difference between Lyngen 12 and 14 before (on top) and after the 4D processing (below) 
of the noise reduced data sets. The NRMS and PRED are also shown, estimated from the moraine-ridge and up to the seafloor. 
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The largest improvements from the noise reduction is inherent in the repeatability metric 
NRMS, where a mean value of 0.49 was reached after processing. From the slices and 
histograms in Fig. 44 substantial improvements for the NRMS is apparent. A reduction from 
the initial NRMS of 1.47 to a mean of 0.49 is obtained, only a third of the initial value. An area 
with anomalously high NRMS (circled around) in the NRMS slice in Fig. 44, is possibly 
originating from a topographic high at the moraine-ridge and is not believed to be a genuine 4D 
difference. Fig. 44 as well with the previous NRMS slice before noise reduction (Fig. 37) shows 
that the NRMS values are a bit lower over the stratified layers in the northernmost part, hence 
better repeatability there. 

 

 

Fig. 44 Slices showing the estimations of NRMS before (left) and after (right) a full processing sequence was conducted on the 
noise reduced Lyngen repeat. Calibration window is from the interpreted moraine-ridge and up to the seafloor. North is up. 

 

 

 

 



	

71	

	

Fig. 45 shows the final predictability measurement, this metric has increased from a mean of 
0.83 to 0.85, hence a small change. The change in predictability is minimal compared to the 
change in NRMS. The factor affecting NRMS like the amplitude, phase and time differences 
are removed after best effort, in addition noise is reduced, giving raise to the decrease in NRMS.  
It could be that the predictability metric has stagnated at a certain level because of residual 
noise in the data. Noise that is random or originating from the very high frequencies provided 
by the P-Cable system, but most likely from both. Because of the very high frequencies, the 
reflection strength is high, which might be affecting the predictability, nevertheless this is 
strange. We can spot from the predictability slice that the southern part has an area of 
anomalously low measurements, this is not a genuine 4D difference, and comes from a 
topographic high. The best predictability estimate are over the stratified layers. 

 

 

Fig. 45 Slices showing the estimations of predictability before (left) and after (right) a full processing sequence conducted on 
the noise reduced Lyngen repeat. Calibration window is from the interpreted moraine-ridge and up to the seafloor. North is 
up. 
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A big boost in the cross correlation between the two data sets have occurred since after the full 
processing procedure was carried out. After the noise removal and the 4D processing the traces 
in Lyngen 2012 and Lyngen 2014 resembles each other by 86%, this is 10% more than the 
results obtained from the non-noise reduced data after processing. From Fig. 46 we can see that 
the mean cross correlation was initially 0.51, but has increased to 0.86 after processing. 

The area of lower correlation (circled around in Fig. 46) is in relation to a topographic high. As 
with the predictability and NRMS, the repeatability is a bit lower in this particular area. A 
theory for this is that maybe the anticline is causing energy to diffract. If the low repeatable 
area is in relation to a diffraction, it might be difficult to remove as there is no consistency 
between the potential noises within the two surveys. As seen for the other QC slices, the overall 
repeatability is slightly better in the northern part, within the stratified layers. 

 

 

Fig. 46 Slices showing the estimations of cross correlation before (left) and after (right) a full processing sequence conducted 
on the noise reduced Lyngen repeat. Calibration window is from the interpreted moraine-ridge and up to the seafloor. North 
is up. 
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The time shift slice in Fig. 47 shows that the initial time shifts were of both positive and negative 
magnitudes before the processes correcting for this was applied. We can observe a striping 
effect on the initial time shift slice, represented in the histograms as well. The striping is 
believed to be caused by acquisition or poorly executed tidal correction. After attempts of 
removing time shifts was done, a mean of 0.0006 milliseconds was reached, this is almost 
negligible and a good result. The processing was able to remove the striping effects, this is 
represented as a homogenous distribution on the final time shift slice in Fig. 47. 

 

 

Fig. 47 Slices showing the estimations of time shifts before (left) and after (right) a full processing sequence conducted on the 
noise reduced Lyngen repeat. Calibration window is from the interpreted moraine-ridge and up to the seafloor. North is up. 

Ultimately there has been huge improvements in the repeatability metric NRMS, while only 
small improvements in the predictability. The time shifts were quite small initially, but has 
reached close to a minimum during the different processes applied. Cross correlation estimates 
has steadily increased during the different processes applied, with the largest jump occurring 
after the shaping filter process.  

The step in the processing that caused the largest positive change for the Lyngen repeat survey 
is without doubt the shallow static correction, this process removed a lot of the high amplitude 
differences and reduced the NRMS drastically. 
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4.2 Snøhvit  

We now investigate two P-Cable 3D seismic surveys from Snøhvit area to check for 
repeatability, the first one from 2011 and the rerun from 2013. Fig. 48 shows the base and 
monitor surveys for the Snøhvit repeat.  

Some crater looking feature on the sea floor are identified in the seismic on Fig. 48, this is 
believed to be a small pockmark and can therefore be a manifestation on gas-presence in the 
sub surface (Bünz et al., ECO2 cruise report, University of Tromsø, 2013). Beneath the URU 
there is dipping strata which may also be an indication of migration routes for gas. The seafloor 
reflector and the URU  taking up huge amounts of energy within the Snøhvit data is expected 
to be the main challenges with regards the 4D seismic repeatability. The insecurity whether 
there is gas present in the subsurface or not is a challenge when interpreting the repeatability 
and processing the data. 
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Fig. 48 Seismic sections showing the base data Snøhvit 2011, the monitor Snøhvit 2013 and the initial data difference Snøhvit 
2011-2013. The calibration window will be from the seabed and down 200 milliseconds. 

 

The calibration window for the Snøhvit repeat is from the interpreted seabed reflector and down 
200 milliseconds, as shown in Fig. 48. The reason for making this area the calibration window 
is because there were several diffraction curves observed in the monitor survey, Snøhvit 2013, 
also seen on seismic. The diffractions are believed to obscure the 4D repeatability so they will 
be left out the estimation of NRMS and predictability as well as with the other 4D attributes. 
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It will not be gone in to depth with the processing conducted on the Snøhvit repeat, as this has 
been explained for the Lyngen repeat. The processes conducted on the Snøhvit repeat are 
summarized as follows: 

Amplitude RMS scaling, to balance out the initial maximum and minimum amplitudes between 
the two surveys. Cutting of empty traces as this was observed on a few inlines in the periphery 
of the survey. Global phase and time shifting. Shaping filtering with global mode, first a full 
and then a zero filter applied to the data. RMS-factor scaling to balance out the amplitudes 
further. A trace by trace mode shallow statics correction to adjust for static conditions. At last 
a time-variant time shift was applied to correct for varying time shifts.  

Table 10 shows the processes with their belonging thresholds and QC`s for the full processing 
workflow on the Snøhvit repeat survey. 

Process Xcor threshold Time threshold QC 

Initial 

-Estimation 
window from 
seabed and down 
200ms. 

  NRMS: 1.62
PRED: 0.59
Xcor: 0.44
Time:     2.1ms
Phase:     -93.5 deg. 

Phase and time 

-Global mode. 

0.5 

 

10 ms 

Phase: -93.5 deg. 

NRMS: 1.13
PRED: 0.56
Xcor: 0.58
Time:        0.008 ms 

Shaping 

-Global 
combined filter, 
first full, the 
zero. 

0.7 5 ms NRMS: 1.12
PRED: 0.58
Xcor: 0.60
Time:        -0.15 ms 

Shallow static 

-Trace by trace 
mode. 

 0.5 ms NRMS: 1.08
PRED: 0.58
Xcor: 0.61
Time:          -0.7 ms 

RMS-factor   NRMS: 1.08
PRED: 0.58
Xcor: 0.61
Time:           -0.7 ms 

Time-variant 
shift 

-Bandpass filter 
applied. 

0.7 -3 / +1 ms.  NRMS: 0.86
PRED: 0.62
Xcor: 0.63
Time:      -0.008 ms 

Table 10  Table of quality control estimations after each processing step with the thresholds used in the different processes 
applied for the Snøhvit repeat. All the QC values in the table are mean values. 
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Fig. 49 shows that there is a lot of non-continues scattered signals apparent more or less over 
the whole window in the initial seismic difference and still present after processing the data. 
Because both the predictability and NRMS is sensitive to noise, an attempt will be done to 
remove some of this to check if the repeatability of the data improves as a filter targeting 
aggressive noise is ran on the two volumes. In addition a bandpass filter will be run on the 
Snøhvit data to cut off the highest and lowermost frequencies, to see what impact this has on 
the repeatability.  

The URU and the seafloor reflectors are still present to some extent after processing (Fig. 49), 
so it will be interesting to see if these strong events are further reduced when applying a noise 
reduction process and reducing the bandpass filter.  

 

 

Fig. 49 Seismic sections showing the initial (on top) and final (below) difference of the Snøhvit repeat survey after a processing 
workflow in Pro4D. 

Each step in the processing flow contributed to a progress in minimizing the 4D difference, no 
particular process turned out to drastically increase the repeatability, as was the case for the 
Lyngen repeat and the shallow static correction. 
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From Fig. 50 we can see that the NRMS has decreased from a mean of 1.62 to 0.86, a large 
progress for the repeatability, but not anywhere near what is interpreted as a good repeatable 
result. We can observed on the final NRMS slice that some areas are more affected by poor 
repeatable traces than the surrounding, this is especially visible on the final NRMS slice, seen 
as red dots surrounded by blue/white measurements. The reason for this pattern of poorly 
repeatable traces is unknown, a theory might be inconsistency in the binning process. The 
distribution of poorly repeated traces seems to be random. The traces with high NRMS value 
is well depicted in the final histogram in Fig. 50, where the distribution curve takes a slightly 
jump after values of around 1.5.  

 

 

Fig. 50 Slices showing the NRMS for the Snøhvit repeat over the area of investigation with their belonging histogram 
distributions. The calibration window is from the seabed and down 200 milliseconds. 
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Fig. 51 shows the comparison between the initial and final predictability, there we can see that 
there has been a small increase in this metric during the processing. If the predictability 
measurement is low while the NRMS is high, focus should be on noise removal in the data, 
which is the case with the Snøhvit data both initially (before processing) and to some extent 
after the full processing flow is conducted. The predictability is also sensitive to reflection 
strength, given that we have two very strong reflectors within the calibration window, the URU 
and the strongly eroded seabed, still present to some degree after the full processing, it might 
not be unexpected that the predictability is only at a mean of 0.62. 

 

 

Fig. 51 Slices showing the predictability for the Snøhvit repeat over the area of investigation with their belonging histogram 
distributions. The calibration window is from the seabed and down 200 milliseconds. 
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Fig. 52 shows a comparison of the initial and final time shifts between the Snøhvit base and 
monitor survey. We can see from the figure that there has been huge improvements in time 
shifts, as these has reduced from a mean of 2.1 to -0.008 milliseconds. The striping effect 
observed on the initial time shift slice is drastically reduced by 4D processing. 

The weather conditions where quite similar when acquiring the base and monitor, this is not 
believed to have caused the time shift striping (Table 4 andTable 5). The initial striping effect 
might come because of an inadequate tidal correction. 

 

 

Fig. 52 Slices showing the time shifts for the Snøhvit repeat over the area of investigation with their belonging histogram 
distributions. The calibration window is from the seabed and down 200 milliseconds. 
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Fig. 53 shows that there are striping effects observed on the cross correlation slices as well, 
both the initial and final. The striping in the cross correlation slice correlates to the time shift 
striping as cross correlation estimates will be poor where we have time shifts. The initial mean 
cross correlation was 0.44, after the full processing workflow this has increased to a mean of 
0.63.  

 

 

Fig. 53 Slices showing the cross correlation for the Snøhvit repeat over the area of investigation with their belonging histogram 
distributions. The calibration window is from the seabed and down 200 milliseconds. 
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4.2.1 Post noise reduction 4D processing for the Snøhvit data. 

Before doing a noise reduction in GeoTeric, the bandwidth is filtered to remove the highest and 
lowermost frequencies from the data, as these are suspected to contribute to lower the 
repeatability by adding noise. Fig. 54 shows before and after the filter was applied, changing 
the bandwidth from [5,10,350,380] to [20,30,150,180], we can observe that the seismic looks 
overall smoother and that a lot of the jitter is gone, this will hopefully result in an overall better 
repeatability. The new frequencies are at a high cut of 180 Hz, the data are still high frequent, 
obtaining the aim of testing the repeatability of high frequent 4D data.  

 

 

Fig. 54 Seismic sections showing the initial data difference Snøhvit 2011-2013 (on top) and the difference after frequency 
filtering (below). 

 

The result obtained after filtering the data might indicate that some noise are within the higher 
most and lowermost frequencies. A significantly reduction of jitters in more or less the whole 
seismic section is apparent after reducing the bandwidth (Fig. 54) 
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Fig. 55 shows the amplitude spectrums for the new frequency distribution. From the figure we 
can see that the amplitudes of the monitor and base follows each other quite well initially, with 
only small deviations.  

 

 

Fig. 55 Amplitude Spectrums for Snøhvit 2011 and 2013. Initial (on top) and after frequency filtering (below). 

 

After frequency filtering, a noise reduction process was conducted in GeoTeric to remove some 
of the aggressive noise in the data. The Noise filter applied in GeoTeric was the SO noise which 
is a structurally oriented filter that targets aggressive noise, like structures absorbing a lot of 
seismic energy, in this case it was desirable to target the very strong URU (upper reginal 
unconformity). The URU absorbs huge amounts of energy, and it is believed that this is 
associated with a lot of aggressive noise, so applying a filter with 9 iterations of the SO 
aggressive noise filter will hopefully increase the overall repeatability for the Snøhvit repeat. 
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The SO filter may not preserve edges, but since the seismic reflectors in the Snøhvit survey 
area mostly are continuous and relatively horizontal, it is believed that the filter will do the job 
of removing noise without obscuring the data.  

Fig. 56 and 57 shows the noise reduced Snøhvit data from 2011 and 2013 respectively, with 
their belonging seismic section of the noise removed during the SO noise filter. The areas that 
has been the most targeted by the filter is the very strong URU, which was the main idea behind 
using this filter. The dipping strata beneath the URU is also targeted by the filter, but to a lesser 
degree. 
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Fig. 56 Seismic sections showing the Snøhvit 2011 survey before and after the SO aggressive noise filter with 9 iterations and 
its belonging difference with removed noise. 
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Fig. 57 Seismic sections showing the Snøhvit 2013 survey before and after the SO aggressive noise filter with 9 iterations and 
its belonging difference with removed noise. 

 

The processes applied to the filtered and noise reduced data are the same as for the non-noise 
reduced Snøhvit repeat previously shown. The processes applied are: Global phase and time 
matching. Shaping filtering with global mode, first a full and then a zero filter applied to the 
data. RMS-factor scaling to balance out the amplitudes further. A trace by trace mode shallow 
statics correction to adjust for static conditions. At last applying a time-variant time shift to 
correct for varying time shifts. Using the same calibration window from the seabed reflector 
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and down 200 milliseconds to estimate the QC parameters, to give a comparison for the non-
noise reduced repeat. 

Table 11 shows the processes with their belonging thresholds and QC`s for the full processing 
workflow, after filtering and noise reducing the Snøhvit repeat.  

Process  Xcor threshold Time threshold QC 

Initial 

-Estimation window 
from seabed and 
down 200ms. 

  NRMS: 1.78  
PRED: 0.81 
Xcor: 0.69 
Time:  3.12ms 
Phase:     -111.8 deg. 

Phase ant time  

-Global mode 

0.6 5ms NRMS: 0.66 
PRED: 0.82 
Xcor:  0.85 
Time:            0.25 ms 

Shaping filter 

-Global combined 
filter, first full, and 
then zero. 

0.85 5ms NRMS: 0.64 
PRED: 0.83 
Xcor: 0.867 
Time:            0.24 ms 

Shallow statics 

-Trace by trace 
mode. 

 0.24ms NRMS: 0.52 
PRED: 0.79 
Xcor: 0.87 
Time:           0.02 ms 

RMS-factor   NRMS: 0.54 
PRED: 0.79 
Xcor: 0.87 
Time: 0 

Time-variant shift 

-Bandpass filter 
applied. 

0.85  -2 and +1ms 

 

NRMS: 0.48 
PRED: 0.83 
Xcor: 0.89 
Time:            0.02 ms 

Table 11 Table of quality control estimations after each processing step with the thresholds used in the different processes 
applied for the Snøhvit data (after filtering and noise removal). All the QC`s are mean values.  

 

Both the cross correlation and the predictability measurements are very high after the processes 
applied in pro4D (Table 11), and they were initially a lot higher than for the non-noise reduced 
data.  

 



	

88	

	

We can observe on the seismic section in Fig. 58 that most of the remaining signals are in the 
shallower parts, originating from the URU reflector and the seabed, in the lower parts, mostly 
noise are believed to be present.  

 

 

Fig. 58 Seismic sections showing the difference between Snøhvit 11&13 after frequency filtering (on top) and after a full 
processing workflow plus noise reduction (below). The NRMS and PRED are estimated from the seabed reflector and down 
200 milliseconds.  

 

The process that caused the largest progress in terms of repeatability for the data was the global 
matching of phase and time shifts, this was not very surprisingly as there was a mean phase 
difference of -111.8 degrees initially. The phase and time matching process caused the NRMS 
value to decrease from a mean of 1.78 to 0.66, which is a huge decrease and probably comes 
from matching the phases, as the NRMS is sensitive to differences in phase. The cross 
correlation also had a huge improvement during the phase and time matching, this is probably 
also because the phases got matched, as dotting traces with opposite sign gives poor correlation.  

 



	

89	

	

Fig. 59 shows the comparison of the NRMS before and after processing for the filtered and 
noise reduced Snøhvit repeat. Initially the NRMS was very high at 1.78, but reduced to a mean 
of 0.48 by 4D processing. The random distribution of poorly repeatable traces observed in the 
final NRMS slice (before filtering and noise reducing) in Fig. 50 is not observed on the NRMS 
slices and histograms in Fig. 59, meaning that the removal of noise or the frequency filtering 
has removed this effect. 

 

 

Fig. 59 Slices showing the initial and final NRMS for the Snøhvit repeat (after noise reduction and filtering) over the area of 
investigation with their belonging histogram distributions. The calibration window is from the seabed and down 200 
milliseconds. 
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The initial predictability for the non-noise reduced data was at a mean of 0.59 while for the 
noise reduced initially at 0.81, so it is obvious that the noise reduction removed a lot of noise 
increasing the initial predictability as this is sensitive to this. Also reducing the frequency 
bandwidth might have played a role in increasing the predictability as it is sensitive to strong 
reflections. From Fig. 60 we can see that the predictability has increased infinitesimal during 
the processing in Pro4D, from a mean of 0.81 to 0.83 (after noise and frequency filtering). The 
observations confirms the expectation of the predictability being dependent on noise and 
reflection strength. Filtering and noise reduction increased the predictability by more than 0.2 
while the processing only increased this value by 0.02. 

 

 

Fig. 60 Slices showing the initial and final predictability for the Snøhvit repeat (after noise reduction and filtering) over the 
area of investigation with their belonging histogram distributions. The calibration window is from the seabed and down 200 
milliseconds. 
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Fig. 61 shows the cross correlation comparison for the filtered and noise reduced Snøhvit repeat 
before and after processing. The cross correlation QC has had an overall increase of 0.2 through 
the 4D processing workflow. The final mean cross correlation is at 0.89, and has increased 
significantly compared to the final value of 0.63 for the processed Snøhvit repeat prior to the 
noise reduction and frequency filtering. The weak striping trend observed on the cross 
correlation slice is still present after processing. 

 

 

Fig. 61 Slices showing the initial and final cross correlation for the Snøhvit repeat (after noise reduction and filtering) over 
the area of investigation with their belonging histogram distributions. The calibration window is from the seabed and down 
200 milliseconds. 
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 Fig. 62 shows the time shifts for the initial and final Snøhvit data. On the slices we can see that 
the residual time shift after processing is close to zero at a mean of 0.002 milliseconds, 
compared to the initial time shift mean of 3.12 milliseconds. The time shift striping is also 
reduced, both initially and final compared to the non-filtered Snøhvit repeat (Fig. 52). 

 

Fig. 62 Slices showing the initial and final time shifts for the Snøhvit repeat (after noise reduction and filtering) over the area 
of investigation with their belonging histogram distributions. The calibration window is from the seabed and down 200 
milliseconds. 

 

The filtering of frequencies, adjusting the bandwidth from [5,10,350,380] to [20,30,150,180] 
plus the removal of aggressive noise in GeoTeric has had a great impact on the overall 
repeatability of the data. The NRMS reached a final mean of 0.86, while 0.48 for the noise 
reduced and frequency filtered Snøhvit repeat. The predictability went from a final mean of 
0.62 to 0.83 for the non-noise reduced and noise-reduced volumes respectively. The cross 
correlation and time shift QC`s also had great progress during the processing in Pro4D, 
especially the cross correlation as a final mean of 0.89 is reached compared to a final mean of 
0.63 for the non-noise reduced Snøhvit repeat. 
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4.3 Vestnesa-ridge  

We now investigate two P-Cable 3D seismic surveys from Vestnesa area to check for 
repeatability, the first one from 2013 and the rerun from 2015. 

The Vestnesa-ridge is in a very complex geological setting. Serval active gas chimneys exists 
in the area piercing through the whole seismic section (Fig. 63). There is also a BSR (bottom 
simulating reflector) that is continuously going through the seismic, broken up by the chimneys 
where they penetrate through it. Pockmarks are present on the seafloor, in close relation to the 
termination of some of the chimney structures. Because we know that there are changes 
occurring in the Vestnesa area, great care is taken to be able to preserve these when processing 
the data.  
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Fig. 63 Seismic sections showing the base data Vestnesa 2013, the monitor Vestnesa 2015 and the initial data difference 
Vestnesa 2013-2015. The calibration window will be from 1650-1950 milliseconds. 

 

The main challenge with Vestnesa in regards to seismic repeatability is the presence of several 
active gas chimneys piercing through the whole seismic sections, giving raise to push-down of 
events, in addition there are observed pull-ups in close relation to the chimneys whom origin is 
not quite clear. 
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It is quite obvious from observations made for the Lyngen and Snøhvit repeats that removing 
noise in the data prior to going through the 4D processing flow in Pro4D makes large impacts 
on the repeatability, therefore the Vestnesa repeat will be processed only after doing noise 
removal first.  

A SO FMH (structurally oriented finite median hybrid) filter with 9 iterations has been applied 
to the data in GeoTeric. The filter is a structurally oriented noise reducing filter. The filter is 
edge preserving, meaning it removes random noise while preserving small details like corners, 
edges and sharp dips in the structures. On Fig. 64 and 65 seismic sections from Vestnesa 2013 
and 2015 respectively are shown, showing a seismic inline before and after the filter was 
applied, including the noise removed in the data. The noise filter seems to have targeted both 
in and around the chimneys as well as the BSR reflector. 
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Fig. 64 Seismic sections showing Vestnesa 2013 before and after the SO FMH noise filter with 9 iterations and its belonging 
difference with removed noise. 
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Fig. 65 Seismic sections showing Vestnesa 2015 before and after the SO FMH noise filter with 9 iterations and its belonging 
difference with removed noise. 

 

For measuring the repeatability and 4D attributes when processing the Vestnesa repeat survey, 
a calibration window from 1650 to 1950 milliseconds is used, indicated in Fig. 63. 
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4D processing of the Vestnesa data. 

The phase and time matching process was applied to the whole analysis window twice, in a 
global mode. First an average time shift of 2.8 milliseconds and average phase shift of 27.8 
degrees adjusted to the monitor survey. This was ran a second time to further improve the phase 
match between the surveys. In the second phase match an average phase shift of 139 degrees 
adjusted to the monitor survey. The reason for doing this step twice was because observations 
were made that the phases were poorly matched after the first run. From the phase slices in Fig. 
68 we can see that the distribution of phase difference were first split, and after the first phase 
match there were still huge phase differences, correcting again made the mean phase difference 
decrease significantly. Fig. 66 shows a comparison of the Vestnesa repeat before and after the 
phase and time matching, a significant reduction of amplitudes has occurred in this process, 
believed to come because of the phase matching mainly. 

 

 

Fig. 66 Seismic sections showing the initial data difference Vestnesa 12-15 (on top) and after phase and the time matching 
process (below). 
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The traces of the double phase shifted monitor survey was checked after the process, they 
similar the base traces more, with regards their polarity, and it doesn’t look like they have been 
falsely corrected by applying the phase shift twice. Fig. 67 shows the seabed traces of the base-
monitor difference before and after the phase and time shift. 

 

 

Fig. 67 Seabed traces for the Vestnesa difference: initial, after phase and time match and after the second phase match, showing 
every fourth trace. 

 

The seabed reflections of the monitor survey, Vestnesa 2015, was initially higher in magnitude 
than the base, meaning that a subtraction monitor-base should result in a positive amplitude 
difference of the seabed if both surveys have positive reflections. After phase matching, the 
monitor survey was corrected to have a positive phase at the seabed. From Fig. 67 we can see 
the seabed traces after the second phase match, the amplitude difference is positive while the 
difference after the first match is strongly negative and ambiguous. A satisfactory result has 
been obtained after the second phase match. 
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Fig. 68 Slices showing the phase shifts between Vestnesa 13&15 over the area of investigation with their belonging histogram 
distributions. Calibration window from 1650 to 1950 milliseconds.  
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The process that caused the largest progress with regards the repeatability metric NRMS is the 
phase and time shift process. During the other processing steps, like the shaping filter, shallow 
static correction and time variant shift, the changes where minimal, but still contributed to 
increase the repeatability of the repeat survey (Table 12). 

The shaping filter process following the phase and time matching was a global combined filter 
that looks for improvements in the monitor data compared to the base data. It estimates a 
transfer function to match the frequency content, phases and amplitudes of the two datasets. 
After the shaping filter is applied, the goal is to resemble the monitor’s amplitude spectrum to 
the base data’s amplitude spectrum. Fig. 69 shows the amplitude spectrums of the base and 
monitor surveys before and after shaping. From the figure, apparently the monitors amplitude 
spectrum more closely follows the base data`s amplitude spectrum after the shaping filter is 
applied. 
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Fig. 69 Amplitude spectrums for Vestnesa 13&15: initial (on top) and after shaping filter (below). 
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Table 12 shows the 4D processes with their belonging thresholds and QC`s for the full 
processing workflow after noise reduction on the Vestnesa repeat. 

 

Process Xcor 
threshold 

Time threshold QC 

Initial 

-Estimation 
window: 1650-1950 
ms. 

  NRMS: 1.1 
PRED: 0.81 
Xcor: 0.52 
Time-shift: 2.7ms 
Phase shift:        27.45 & 128 deg. 

Phase and time 

-Global mode. 

0.55 5 ms 

1st. 27.45 deg. 

2nd. 128 deg. 

NRMS: 0.63 
PRED: 0.807 
Xcor: 0.84  
Time shift:                      -0.17 ms 

Shaping 

-Global combined 
filter, first full then 
zero. 

0.85 2 ms NRMS: 0.61 
PRED: 0.807 
Xcor: 0.86 
Time shift:                        -0.1 ms 

Shallow statics 

-Trace by trace 
mode. 

 -0.1 ms NRMS: 0.5 
PRED: 0.806 
Xcor: 0.86 
Time shift:                   0.0003 ms 

Time-variant 

-Bandpass filter 
applied. 

0.9 +/- 0.5 ms NRMS: 0.5 
PRED: 0.81 
Xcor: 0.86 
Time shift:                   0.0002 ms 

Table 12 Table of quality control estimations after each processing step with the thresholds used in the different processes 
applied for the Vestnesa repeat (after noise removal). All the QC`s are mean values. 

 

The different processes applied on the Vestnesa repeat are shortly summarized as follows: 

First a two-step global phase and time shift, as the first run of this process did not produce a 
satisfying result, the second phase shift resulted in a bulk shift of 128 degrees. Afterwards a 
combination global shaping filter was applied in two steps, first a full then a zero filter. The 
shallow static correction applied afterwards was a trace-by trace correction to adjust time delays 
caused by statics. The static correction applied a bulk time shift of -0.1 milliseconds to the 
entire analysis window. RMS scaling turned out to be unnecessary as the amplitudes were in 
balance. Finally a time-variant time shift was applied in accordance with strict threshold 
parameters of 0.9 in cross correlation and a time threshold of +/- 0.5 milliseconds. Table 12 
shows the thresholds for the different processes applied. 
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Fig. 70 shows the final seismic difference. From the figure we can see that there has been made 
huge reductions to the data difference. The bright amplitudes still remaining in the seismic are 
mostly originating from the BSR and within and around the chimney conduits. Areas of the 
seabed are unfortunately still present as well, this was difficult to remove any further in the 
areas most affected by gas chimneys. 

 

 

Fig. 70 Seismic section showing the Vestnesa repeat, first the initial seismic difference and below the difference after 4D 
processing in Pro4D. Also shown are the repeatability metrics NRMS and PRED. 
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Fig. 71 shows that the NRMS metric has decreased significantly as a result of the processing. 
The initial NRMS of 1.1 has decreased to a mean of 0.5. It is easy to identify the chimney 
structures on the NRMS slices as these tends to have higher values than the surrounding. The 
chimneys seen as red/white circular features on the NRMS slices, both on the initial and final 
slice. 

 

 

Fig. 71 Slices showing the NRMS between Vestnesa 13&15 over the area of investigation with their belonging histogram 
distributions. Calibration window from 1650 to 1950 milliseconds. 
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The predictability (Fig. 72) did not change noticeable during the processing, and stayed at a 
mean around 0.81 from start to end. It has been a trend from the previous processing flows for 
Lyngen and Snøhvit that the predictability value did not change significantly during the 4D 
processing, several things hypothesize this. As mentioned before, a theory for the minimal 
change in predictability is believed to be because of the strong reflection strength in the P-Cable 
data. Areas with particularly poor predictability are the chimney structures, well depicted on 
both the initial and final predictability slice. 

 

 

Fig. 72 Slices showing the predictability between Vestnesa 13&15 over the area of investigation with their belonging histogram 
distributions. Calibration window from 1650 to 1950 milliseconds. 
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Fig. 73 shows a satisfactory result for the final time shifts, where a minimal time shift of 0.0002 
milliseconds is obtained. Compared to the other QC`s presented for Vestnesa, where a trend of 
poorer estimates were found over the chimney structures, the time shifts seems to be more 
randomly distributed, with some striping trend observed on the initial slice, whereas on the final 
slice there are no area that stands out in regards time shifts. 

 

 

Fig. 73 Slices showing the time shifts between Vestnesa 13&15 over the area of investigation with their belonging histogram 
distributions. Calibration window from 1650 to 1950 milliseconds. 
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The processing has resulted in a huge increase for the cross correlation between traces in the 
base and monitor survey. Fig. 74 shows the cross correlation comparison, there we can observe 
an increase from a mean of 0.52 to 0.86 is obtained, this is a relatively high value for the cross 
correlation. The areas giving raise to poor correlation is clearly the chimney structures, these 
shows well in the final cross correlation slice and will affect the mean estimate. In the areas not 
affected by gas-chimneys the cross correlation is close to 100%. 

 

 

Fig. 74 Slices showing the cross correlation between Vestnesa 13&15 over the area of investigation with their belonging 
histogram distributions. Calibration window from 1650 to 1950 milliseconds. 
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5 Discussion 

5.1 Repeatability in different geological settings 

Different geological settings have different challenges with regards the 4D repeatability. In this 
subchapter some different geological settings from the 3 repeat surveys will be examined with 
regards the repeatability metric NRMS. This is to discuss if there are any areas in the seismic 
where the geology plays a role in diminishing the NRMS, and why the repeatability might vary 
in different settings. The estimation of NRMS to represent the repeatability was chosen as the 
predictability so far has shown very little response to the 4D processing. 

5.1.1 Lyngen stratified layers 

For the Lyngen data the earth response is expected to be similar between the base and monitor 
survey as there is no activity in the subsurface, it is because of this optimal to use this data for 
measuring wavelet differences and equalize them for 4D. The differences that are not removed 
after processing are therefore believed to come from acquisition, geological complexity or noise 
and are not interpreted as a genuine 4D differences. Another contributor to the remaining 4D 
signals are the frequency content of the data, as very high frequencies gives broader reflection 
boundaries, making it difficult to pinpoint out exact time shifts. Lack of 3D processing is also 
believed to be a contributor to the remaining 4D signals, as a multiple originating from the 
moraine-ridge reflector is observed in the base survey (Fig. 26).  

The moraine-ridge is the very strong hard event going continuously through the whole seismic 
section. Below this strong reflector the energy-level has drastically decreased, possibly because 
this event is absorbing a lot of energy and because the P-Cable seismic will attenuate quicker, 
hence the penetration is not very deep. The reason for not going deeper when calibrating the 
data was because several multiples was present, causing a lot of distortions, so it is believed a 
better result was obtained by excluding the deeper zone from the time window when estimating 
the strictness of the processing thresholds. 

Isolating the stratified layers in Lyngen and estimating the repeatability metric NRMS was done 
to compare it to the NRMS over the moraine-ridge, this was to check whether either one of 
these geological settings obscure the repeatability. Fig. 75 shows that the mean NRMS in the 
final 4D difference for the stratified-layers is at 0.43, whereas at the moraine-ridge a mean of 
0.74 is calculated. The final mean NRMS over the whole calibration window was 0.49, meaning 
that the moraine-ridge reflector has some impact in increasing the final mean, giving raise to 
strong reflections still present in the seismic difference after 4D processing. Earlier observations 
shows that the NRMS in general was lower over the area with the stratified layers (Fig. 37 
andFig. 44). 
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Fig. 75 Seismic section of the initial and final difference for Lyngen12-14, showing NRMS values in different geological areas. 

 

The main challenge with the Lyngen data in terms of geology was to remove the very strong 
moraine-ridge reflector. It is believed that this is an event affiliated with a lot of noise, both 
aggressive and random. The suspected noise affiliated with the moraine-ridge is most likely 
random and not consistent between the two surveys, and because of this it is remaining to some 
extent in the data difference for Lyngen. It could be inferred that such strong events like the 
moraine-ridge is not an optimal target for high frequency data because of the sensitiveness to 
noise. The stratified horizontally layers above the moraine-ridge is more suited for high 
frequent 4D seismic. 

The depth and the dipping of the moraine-reflector might have caused it to be more affiliated 
with noise, hence higher NRMS than the shallow URU reflector in the Snøhvit data, shown in 
Fig. 76, which are discussed in the next subchapter. 

 

5.1.2 Strongly absorbing boundaries in the Snøhvit data 

The Snøhvit data is acquired over a geological complex area, in a glacial sediment setting where 
massive hard packages of glacial deposited sediments make up very strong reflectors. 
Boundaries absorbing a lot of the seismic energy can disturb the repeatability where there is 
scattering of energy as a consequence of the geological complexity. Small scale horizontal 
velocity variations can disturb the arrival signal, especially when using high frequencies that 
provides very high resolution. 

For the Snøhvit area, there are uncertainties related to whether there is gas seeping in the 
subsurface, but gas seepage events have been documented by (Ostanin et al., 2013) previously 
in the area of investigation. 

The NRMS metric is estimated so that it will be biased towards higher values in low reflectivity 
areas and towards lower values in high reflectivity windows. The reason for the NRMS being 
higher in the low reflectivity areas is because a low signal-noise ratio (Cantillo 2011). 
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Fig. 76 shows the NRMS estimates in different geological settings in the Snøhvit repeat survey, 
there we see that in the lower blank area the NRMS is higher than around the strong reflections 
associated with the URU-reflector. This is interpreted to be because of a low signal-noise ratio 
in this area, being at deeper depths, which supports the theory of P-Cable seismic being most 
suitable for shallower targets. For the Lyngen stratified layers (Fig. 75), the NRMS was not 
particularly high, this could mean that little noise is present, while for the lowermost parts in 
the Snøhvit data, the relatively high NRMS is suspected to come because of noise (Fig. 76). 
The diffraction curves observed in the monitor survey (Fig. 48) was located from 550 
milliseconds and down, these diffractions are most likely affecting the NRMS value we obtain 
in the deepest estimation window in Fig. 76. 

From Fig. 76 we can observe that the seabed reflection give raise to the highest NRMS (poorest 
repeatability), which is partly related to the complexity of this surface, being subject to massive 
erosion in previous times and partly because of the length of the estimation window. A very 
short estimation window will give fewer traces to compare when estimating the NRMS, so even 
extremely small time shifts will result in a high NRMS. As the estimation window for the “hard 
glacial seabed”-zone was 15 milliseconds above and below the seafloor reflector, the NRMS is 
believed to be high partly because of this. Nevertheless it is believed that high noise-levels or 
inadequate processing are major contributors for the seabed reflector to not be removed any 
further. 

 

 

Fig. 76 Seismic section of the initial and final difference for Snøhvit 11-12, showing NRMS values in different geological areas. 

 

On the final NRMS slices from the Snøhvit data (before filtering and noise reduction), a random 
distribution of poorly repeatable traces were observed (Fig. 50). After filtering and noise 
reducing the data, this effect was drastically reduced as there was not seen any traces deviating 
noticeable form the surrounding traces in regards their NRMS values (Fig. 59). It could be 
discussed whether it was the frequency filtering or noise removal that removed this effect, but 
it is strongly inferred that the filtering of frequencies is what removed this effect.  
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A geological heterogeneous seabed can give raise to lateral velocity variations causing high 
frequent signals to give off different response depending on the travel path in the subsurface. 
Pockmarks, plough marks and erosional features exist on the seabed, which could give raise 
lateral variations in time shifts. Using a hypothetical pockmark of 10 meters depth as an 
example; if the water velocity is 1500 m/s and the seabed has 1800 m/s, a velocity difference 
of 300 m/s over 10 meters would in that case create a time shift of 1 milliseconds, which 
shouldn’t be neglected as the initial time shifts are around a few milliseconds for the repeat. 

The reason for getting such high NRMS values over the seabed reflector is because this is still 
quite continuous, despite its weak appearance on seismic (Fig. 76). It was difficult to match the 
seabed in the repeat completely because of its complex geology and likely because of still 
existing time shifts.  Despite noise removal prior to processing, it is a possibility that the seabed 
reflector still contains noises of various kinds. 

The URU-reflector show the lowest NRMS estimate within the target areas in Fig. 76, even 
though relatively strong reflections is still present here. From the noise filtering in GeoTeric, 
the URU-reflector was most strongly targeted. The noise-levels are not believed to be very high, 
and the low NRMS is possibly because of a high signal-noise ratio. The short window length 
for estimating the NRMS over the URU could possibly give a higher value than representative 
for the URU reflector, like theorized for the seabed NRMS. 

 

5.1.3 Vestnesa gas chimneys 

The geology in the Vestnesa-ridge area is very complex. Several active gas chimneys exists in 
the area piercing through the whole seismic section. The chimneys break up the BSR (bottom 
simulating reflector) that is present in the whole 3D survey area where they penetrate through 
it. Pockmarks are present on the seafloor, in close relation to the termination of some of the 
chimney structures. There are activity in several of the chimney structures in the area, meaning 
a genuine 4D difference is expected.  

The final 4D difference of Vestnesa is a bit more complex to evaluate, because of the activity 
in the gas chimneys. From Fig. 70 we can see that there are some strong 4D responses left after 
processing. Most of the remaining signals are within the BSR and around the chimneys, but the 
seafloor is also present to some extent, meaning that we should be critical to interpret all the 
remaining signals as genuine 4D responses. The final NRMS at 0.5 is another indicator of the 
reliability of the 4D difference, this is calculated over the entire analysis window, from 1650 to 
1950 milliseconds. It is important to state that the Vestnesa repeat was noise filtered prior to 
processing, removing a lot of initial noise (Fig. 64 and 65). 

The entire seismic section, from 1650 to 1950 milliseconds was used as calibration window 
when processing through the data in Pro4D, this resulted in the active chimneys being included 
when estimating the repeatability metrics NRMS and predictability as well as the other QC`s. 

For the Vestnesa, there is an overall lower NRMS (better repeatability) outside the chimney-
conduits, as expected (Fig. 77). Over the chimney-affected area in Fig. 77 (section 2) a mean 
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NRMS of 0.7 is estimated whereas in section 1, outside the most affected area, the mean NRMS 
is 0.37, this shows the huge effect the gas chimneys has on the 4D repeatability. 

An interesting thing observed in Fig. 77 is that while the seabed reflector is almost completely 
removed in seismic section 1, the area not affected significantly by chimneys, the same reflector 
is very present in seismic slice 2, over the gas-chimneys. This could indicate the difficulty of 
correcting properly for time shifts in an area affected by several chimney structures. The 
presence of the seabed reflector will impact the NRMS estimate taken over seismic section 2, 
in Fig. 77. We know that the gas chimneys are in close relation to pockmarks where they 
terminate at the seafloor, the pockmarks is a probable reason for not being able to remove the 
seabed reflector above the chimneys. The presence of pockmarks create a complex seabed, and 
it can be drawn some comparison to the Snøhvit repeat survey, where we saw that the seabed 
reflector gave raise to poor repeatability (Fig. 76), possibly because of pockmark structures and 
general complex geology. Seismic line 2, in Fig. 77, has a higher NRMS than seismic slice 1, 
it could be inferred that this is partly caused by the chimneys and partly caused by the complex 
seabed containing pockmarks in relation to the chimney terminations.  

 

 

Fig. 77 Seismic section of the final difference for Vestnesa 13-15, showing NRMS values in different areas. Estimation from 
1650 to 1950 milliseconds for both seismic sections. 

 

The importance of critically evaluate the NRMS as a repeatability metric has now been looked 
upon, as different 4D results give raise to different NRMS values depending on the geological 
settings. It is important to calculate this metric over different time windows in the data 
difference to evaluate the repeatability in different geological settings. 
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5.2 Acquisition and processing 

A discussion of acquisition and processing is presented in this subchapter, focusing on the 
circumstances when acquiring the repeat surveys and to what extent the processing was able to 
match the base and monitor. Using GeoTerics noise removal as a tool for increasing the 
repeatability will also be discussed. 

Tow depth 

The tow depth of source can be a contributor in decreasing the repeatability, as the frequency 
content becomes different where there are huge tow depth variations between the monitor and 
base survey. Based on the frequency spectrums for the surveys, Fig. 32, 55 and 69 for Lyngen, 
Snøhvit and Vestnesa respectively, we observe  that the base and monitor surveys follow each 
other closely, so it is not believed that tow depth variations have had any impacts on diminishing 
the repeatability of the data. The tow depth of the mini-GI guns is at 1.5 meter with a possible 
deviation of 0.5 meters, this is very little.  

Sail line orientation and binning 

A possible factor contributing to lower the overall repeatability of the 4D differences is the 
binning process, as deviations in acquisition lines can cause a variation in traces to select from 
when stacking and binning. Lateral deviations in acquisition lines can cause a huge variation in 
number of traces available to stack from one bin to another. Having a substantial amount of 
traces will increase the signal-noise ratio, while having few traces will lower the signal-noise 
ratio. Fig. 78 show the effect that deviations in acquisition line can result in, where we have 
large deviations in position between acquisition lines, the number of traces can vary for each 
streamer in the cross cable containing 14 streamers, giving fewer traces available to stack from 
one bin to another. 
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Fig. 78 schematic sketch showing how deviations in acquisition lines can affect number of traces in each bin. Here with a bin 
size of 6.25x6.25. Half-circles on acquisition lines indicate the cross cable containing 14 streamers with 8 receivers each.  

Wave and currents affecting the sail-line orientations can have some affect where there are large 
variations in weather conditions between the acquisition of the monitor and base. Poor 
navigation accuracy in addition to deviations in sail-line orientations will lower the 
repeatability.  

For the Vestnesa surveys, relatively strong winds from 3.5-12.5 m/s were recorded during the 
acquisition of the monitor, the wind directions was varying from 0-65 degrees, this could affect 
the deviation in acquisition lines and cause an inconsistent number of traces when stacking and 
binning.  

Time shift striping 

Striping effects observations were made initially on the time shift slices for all the three repeat 
surveys, this is not believed to be caused by variations in streamer depth, but rather a poorly 
executed tidal correction. Processing in Pro4D removed most of the time shift striping effects. 
We can see from Fig. 39, 62 and 73 for Lyngen, Snøhvit and Vestnesa respectively that the 
time shift slices are lateral consistent and homogenous after 4D processing.  

Factors that can contribute to the time shift striping effects are deviations in streamers as these 
depends on the slack of the cross cable, though there were not recorded any occurrence of this 
in the 3D seismic log reports, but the paravans has a deviation of up to 5 meter (subchapter 3.3), 
so it is possible that there were some slack variations, causing varying streamer depths. 
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Phase inconsistency 

Inconsistency in phases between the monitor and base were not corrected for in the 3D 
processing, and for all the 3 repeat surveys, a difference in phases is initially observed. For the 
Vestnesa data, applying a double phase shift process resulted in a huge increase in repeatability 
(lowering NRMS). During the processing of the Vestnesa repeat, the phase and time matching 
provided the largest progress with regards the repeatability. The initial NRMS was 1.1, this was 
reduced to a mean of 0.63 after applying a phase match twice, while the final NRMS is at 0.5. 
Phase and time matching also reduced the time shifts drastically. 

Frequency filtering 

The sampling interval is at 0.25 milliseconds, hence very close sampling of signals, because of 
this the noise levels are expected to be high. Frequency filtering of the Snøhvit data proven to 
increase the initial repeatability by removing a lot of jitters on and around reflectors in the 
seismic, especially on the strong URU- and seabed-reflector. Reducing the bandwidth from 
[5,10,350,380] to [20,30,150,180] (Fig. 54), resulted in smoother reflectors and lower noise 
levels. The improvements done by filtering might indicate that a lot of noise lies within the 
highest and lowermost frequencies. Discussed in subchapter 5.1.2, filtering is believed to have 
decreased the NRMS estimate drastically and get rid inconsistencies in the NRMS value 
distribution. 

 

 

Noise removal 

An attempt was done to reduce the noise in the data through GeoTerics noise suppression 
workflow to see if this would affect the final result in terms of repeatability after conducting a 
full 4D processing workflow in Pro4D. A noise reduction was conducted on all three repeat 
surveys. A SO FMH filter on the Lyngen and Vestnesa repeat, while a SO aggressive filter was 
run on the Snøhvit repeat. The SO FMH, which is a filter removing coherent noise, was able to 
increase the repeatability for Lyngen drastically, reflectors got smoother and a lot of jitter was 
gone. Noise removal on the Lyngen repeat survey decreased the NRMS significantly and 
increased the predictability slightly. For the Snøhvit repeat, the SO aggressive filter was able 
to remove huge amount of jitters, especially around the URU, this resulted in a huge increase 
in predictability and a significant decrease in the NRMS. For the Vestnesa repeat survey, 
removing coherent noise is believed to result in an overall better initial repeatability than if the 
filter was excluded, and from Fig. 64 and 65 we can observe that the signals removed by the 
filter is distributed over the whole seismic and not just the areas in and around the chimneys. 

By removing noise in the Lyngen repeat prior to processing, it was seen that the seabed reflector 
was removed at a much greater extent. All in all, it can be inferred that removing noise from 
the data made a huge impact in terms of the repeatability. Fig. 79 shows a comparison of the 
final result obtained after processing for 4D for the noise reduced and non-noise reduced 
Lyngen volumes. The residual amplitudes are originating from the moraine-ridge and the 
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seabed, while for the noise reduced volume, the seabed is almost gone. Most of the noise filtered 
away by the SO FMH filter was associated with the moraine-reflector, since this filter mainly 
targeted coherent noise, it is believed that the remaining signals are noise of other kinds, and 
caused by processing and acquisition inconsistencies. The area that achieved the best 
repeatability is the shallow laying stratified layers, as discussed in 5.1.1. 

 

 

Fig. 79 Seismic section showing a comparison of the final result obtained after processing for 4D for the non-noise reduced 
and noise reduced Lyngen volumes. The repeatability metrics NRMS and PRED are also shown for the two volumes. 

 

Fig. 80 shows a comparison of the final processed data for the non-noise reduced and noise 
reduced Snøhvit repeat, there we can see the major affect a noise reduction and a frequency 
filter had on the final 4D difference. The filtering and noise reduction has especially targeted 
on and around the URU, this reflector is drastically reduced in amplitudes after these two 
processes. 
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Fig. 80 Seismic section showing a comparison of the final result obtained after processing for 4D for the non-noise reduced 
and noise reduced plus frequency filtered Snøhvit volumes. The repeatability metrics NRMS and PRED are also shown for the 
two volumes. 

 

The predictability was hugely increased from a final mean of 0.62 to a final mean of 0.83 for 
the noise reduced and filtered Snøhvit repeat. An interesting thing observed was the fact that 
the predictability steadily increased during the first 4D processing on the data (non-noise 
reduced), while after reducing noise, the initial predictability was at 0.81, and only increased 
by 0.02, hence a minimal increase. It could seem like the noise reduction and filtering process 
was able to increase the predictability more than the 4D processing itself. It might not be 
surprising taking into consideration the factors affecting predictability: noise and reflection 
strength. Though it is more likely that the filtering of frequencies resulted in the huge increase 
in predictability, as this did not change as drastically for the other two repeat surveys after a 
noise reduction process. 
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Pro4D processing 

i) Lyngen 

The 4D processing step that caused the largest progress for the Lyngen repeat survey was the 
shallow static correction (Fig. 34), this process resulted in a huge decrease both for the NRMS 
and time shifts. The time shifts present before the static correction could have something to do 
with the different weather conditions when acquiring the data. In general the winds were 
stronger and the ocean water temperature lower when acquiring Lyngen 2012, whereas the 
weather conditions are described as calm when acquiring Lyngen 2014 (Table 2 and Table 3). 
The large bulk time shift applied in this process is probably the reason for the huge decrease in 
NRMS as well, as NRMS is sensitive to time shifts among other factors.  

The shaping filter process conducted on the Lyngen repeat surveys resulted in a shifting in of 
the monitor surveys amplitude spectrum, so that the base and monitor spectrums matched less 
than initially, this might indicate that this processing step did not give the intended result, as 
the objective behind the process was to match the amplitude spectrums further (Fig. 32). Even 
if the shaping did not produce more similar amplitude spectrums for the base and monitor, the 
process was able to increase the cross correlation between traces and decrease the NRMS (Table 
8). 

ii) Snøhvit 

For the Snøhvit repeat, each 4D processing step contributed to minimize the 4D difference in 
their own way, and no particular processing step contributed to a significant change as was the 
case for the Lyngen repeat with the shallow static correction. The filtering of frequencies and 
removal of noise is the processes that gave the largest improvement in the data repeatability, 
followed by the 4D phase and time shift process, this gave the hugest improvement in the 
repeatability metric NRMS and the cross correlation. 

iii) Vestnesa 

As discussed previously in this chapter, the phase and time match was the process that caused 
the largest progress for the Vestnesa repeat survey, where a double phase match was conducted 
(Fig. 66, 67 and 68). The phase and time shift process was able to decrease the NRMS 
drastically, from a mean of 1.1 to 0.63. The reason for this process creating such a large progress 
is because of the initial phase difference between the base and monitor, the initial seismic 
section in Fig. 63 clearly shows a huge difference in phase between Vestnesa 13 and 15 initially. 

Poorly 3D processing of the base survey can have great impacts on the final result obtained as 
the base is not corrected by the 4D processing in Pro4D. If the base survey is poorly processed 
for 3D this will have an unfortunate effect on the result, as a driver behind the processing is to 
make the monitor as similar as possible to the base. 
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5.3 Discussion of the overall repeatability of P-Cable data 

 

Typically good values of NRMS, which measure the repeatability, are from the literature 
(Johnston, 2013) said to be between 0.1 and 0.3, but since this is high frequency data, the values 
were expected to be higher. Several different approaches has been made to obtain the best 
results in regards to different threshold parameters and selecting different time windows in the 
data, but the best results were presented in the result chapter for the 3 repeat surveys. 

The areas used for checking repeatability of 4D P-Cable seismic in this paper are both areas 
where no changes are expected to occur and areas where changes are expected. For the Lyngen 
data, the earth response is expected to be similar between the repeat surveys making these data 
sets optimal to measure the wavelet differences and equalize them for 4D. For the Vestnesa 
case it is a bit more complex since the earth response is not expected to be similar, but neither 
is the initial wavelets, so equalizing them first is important to measure these 4D differences in 
earth response (Calvert 2005). 

It can be drawn some similarities between the geological setting in The Lyngen and Snøhvit 
areas, as there exists very strong boundaries in the shallower parts in both areas, the moraine 
ridge in Lyngen and the glacial URU plus the seabed in the Snøhvit area. A common thing in 
the resultant seismic after processing was the difficulty to remove these strong absorbing 
reflectors in the data difference completely. In both areas they seems to be affiliated with a lot 
of noise, likely enhanced because of the high frequencies. For both areas a noise reduction in 
GeoTeric contributed to increase the repeatability quite significantly, and for Snøhvit the 
filtering which removed the highest and lowest frequencies contributed further to increase the 
repeatability. 

Since Lyngen is an area were no changes are expected to occur, the remaining seismic signals 
are believed to originate from acquisition indifferences, frequency related noise and to some 
extent geological complexity. For the Snøhvit area, the signals left in the 4D difference are 
mainly from the URU-reflector, this is believed to be affiliated with noise, and seemed difficult 
to remove completely. Because we know that there are possible fluid flow activity in this area, 
uncertainty to whether changes has occurred is also a factor in evaluating the repeatability for 
the data. We now from (Ostanin et al., 2013) that there has been documented several fluid flow 
features in close relation to the pockmarks in the area.  

The repeatability has increased a lot due to the processing in Pro4D`s ability to match the 
amplitude, frequencies and timing of traces, and further increased when removing noise in the 
data. For the Lyngen and Snøhvit data, the repeatability metric NRMS reached down to about 
0.4, which might be an acceptable level of non-repeatability, while for the gas-affected 
Vestnesa area, the mean NRMS was 0.5.  

The idea behind estimating the NRMS and predictability before, during and after the 4D 
processes applied was to use these metrics to evaluate the overall repeatability of the data. As 
a surprise the predictability only changed minimal or not at all during several of the processing 
steps, which applies for all the three areas. We know that the predictability value is sensitive to 
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noise and reflection strength. It was seen that noise removal had an impact on the predictability, 
as this was increased after a noise filtering process.  

The other main factor influencing the predictability is as mentioned the reflection strength, and 
since the data is high frequent, the predictability is believed to be affected by this. It could be 
inferred that the reason for the predictability value to not exceed values of around 0.8 is because 
of the strong reflection response in the P-Cable seismic. The highest predictability estimate 
found after processing the different data sets was from the Lyngen data and not from the 
frequency filtered Snøhvit data as might be expected, as the highest frequencies were cut here, 
meaning that the overall reflection strength was decreased. Though the predictability was 
significantly increased when filtering the frequencies in the Snøhvit repeat survey. 

The NRMS metric, which we know is sensitive to amplitude differences, frequencies, time 
shifts and noise, showed a significant decrease during the 4D processing. The noise filter 
affected the NRMS, as it was initially lower for the noise reduced data compared to the original 
data. If noise is what limited the predictability to not increase any further is uncertain. It is 
strange that the predictability metric didn`t increase any further by processing after applying a 
noise filter, while the NRMS clearly reacted to this. It could be inferred on the basis of this that 
the limiting factor for the predictability metric is the strong reflection strength in the data, this 
would in that case make the predictability a unfortunate metric for measuring the repeatability 
of P-Cable seismic, introducing very high frequencies, hence strong reflections. 
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6 Conclusion 

	

	

This	paper	evaluated	the repeatability of P-Cable 3D seismic data for 4D time-lapse seismic 
studies. 4D seismic attributes like NRMS, predictability and cross correlation provide 
quantitative measures in order to evaluate the overall repeatability in different geological 
settings. Different geological settings gives raise to different challenges with regards to 4D 
processing, and respond differently to different 4D processes applied. The geological setting 
include fjord environment with nicely stratified sediments and a moraine ridge, the Barents Sea 
(Snøhvit) with its heavily scoured seafloor and an erosional unconformity, and the Vestnesa 
Ridge with an active fluid flow system. 

The estimation of NRMS as a repeatability measure for high-resolution seismic data has proven 
to be useful, while the usage of predictability has been difficult to qualitatively interpret, as this 
measure has not responded to the 4D processing at the same level as the NRMS. 

The 4D processing achieved NRMS values down to 0.4-0.5, while a NRMS of 0.1-0.3 is 
considered as a good repeatability for conventional seismic (D. H. Johnston 2013). 
Predictabilities of around 0.8-0.9 were achieved. Using predictability to evaluate the 
repeatability for high frequency seismic is less suitable as the metric is very sensitive to high 
reflection strength. The cross correlation increased significantly by 4D processing and reached 
close to 0.9 for all 3 repeats. Generally, the repeatability measure obtained in this thesis show 
that high-resolution P-Cable 3D seismic data is repeatable but that further analysis and 
processing might be able to improve these measures.  

Removing noise in the data has proven to be important to achieve good repeatable results, and 
frequency filtering has contributed to increase the overall repeatability for the Snøhvit repeat 
survey. 

Strongly absorbing boundaries have shown to be the most challenging geological features for 
4D, as it often is noise affiliated with these events. This includes the moraine-ridge in the 
Lyngen survey, the eroded seafloor and URU in the Snøhvit survey. When using very high 
frequencies, like from the P-Cable system, very strong, irregular boundaries take up huge 
amounts of energy, causing noise present below in the form of diffractions and scattered energy, 
as was seen for Lyngen and Snøhvit. In addition to limiting the depth at which a good repeatable 
results is possible to obtain, very strong reflection boundaries are affiliated with both coherent 
and aggressive noise, and these events turned out to be challenging to completely remove by 
4D processing.  

The usage of P-Cable for 4D gives the best repeatable results where the geology is simple, i.e. 
horizontally stratified layers where the reflection strength is not too high, as in the Lyngen 
repeat survey. Shallow targets where the geology is homogenous are the best targets for this 
type of seismic. 
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The high frequencies are interpreted as a reason for the predictability to not increase above 0.8-
0.9, but this is interpreted as an acceptable high level. To improve these results any further it is 
recommended to look back to the 3D processing, especially of the base surveys. 

Based on the results from the 4D processing and discussion, some recommendation to further 
work are established to further develop the P-Cable technology, these conclusions are presented 
below. 

 

 As a driver behind the 4D processing is to match the monitor to the base survey, it is 
recommended that the noise levels in base are as low as possible. We have seen that 
multiples exist in the Lyngen base survey. In addition, several diffraction curves exist 
in the Snøhvit monitor survey, this will obscure the repeatability in the deeper parts, as 
it was not possible to remove these by processing in Pro4D. Removal of these artifact 
might be possible in a 3D processing. 

 On all three repeat surveys, an initial phase difference was observed, this was matched 
after best effort in Pro4D, but it might be advantageously to correct this in a better way 
during a 3D processing.  

 As this master thesis has a strict time limit, there are of course some things that would 
be attempted to do differently with a longer time frame. One of those things would be 
to try a double phase shift on the Lyngen and Snøhvit volumes as this was only applied 
once. For the Vestnesa repeat survey, we saw that doing a double phase shift resulted 
in a huge increase for the repeatability, it is believed the same would happen to the two 
other volumes as well. 

 A filter, removing coherent noise was applied to the Lyngen and Vestnesa surveys, 
while the aggressive noise filter was applied to the Snøhvit repeat survey. It is believed 
that all the three repeats possibly contains both coherent and aggressive noise. It would 
be interesting to check how the repeatability increases, and the ability to remove some 
of the strong reflectors left in Lyngen and Snøhvit by applying an additional noise filter, 
targeting aggressive and coherent noise respectively.  

 Time shift striping effect was observed initially for all the three repeat surveys, the 
processing in Pro4D was able to remove and/or decrease this effect drastically, but it is 
believed that a thorough tidal correction could result in the time shifts done in Pro4D 
would be even more effective. 
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