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1. Introduction 

This thesis deals with time-lapse analysis of borehole and surface seismic 
data, and reservoir characterization at a CO2 geological storage site, Ketzin, 
Germany. The thesis is divided into two parts, the first part addresses some 
theoretical methods and research results, while the second part is composed 
of the five publications attached. 

After introducing the background information of Carbon Capture and 
Storage (CCS), an overview of the CO2SINK (CO2MAN) project is 
presented in chapter 1, followed by motivation and research objectives. In 
chapter 2, the geological setting of the research site is described. A detailed 
overview of the seismic methods applied in the project is provided in chapter 
3, while chapter 4 reviews different seismic forward modeling methods, 
including 1D, 2D and 3D modeling. Time-lapse seismic analysis is discussed 
in chapter 5, covering seismic acquisition, processing and interpretation. In 
chapter 6, reservoir seismic attributes are studied, and the attributes applied 
at the Ketzin site are presented in detail. I summarize my five included 
papers and manuscript in chapter 7. In chapter 8, the main conclusions and 
scientific achievements are highlighted, and an outlook for future work is 
proposed.  

1.1 CO2SINK (CO2MAN) Project 
According to global observations of increasing air and ocean temperatures, 
widespread melting of snow and ice and rising global average sea level, 
there is no doubt the global climate is becoming warmer. The dominating 
force behind the changing climate is probably the emissions of the long-lived 
greenhouse gases (GHG) due to human activities, which has grown since 
pre-industrial times, with an increase of 70% from 1970 to 2004. Carbon 
dioxide (CO2) makes up the largest part of the anthropogenic GHG, around 
80% or 38 gigatonnes (Gt) in 2004, where most of the CO2 coming from 
energy supply (IPCC, 2005). Since a developing world needs more energy, 
the emission rate of CO2 will increase further if we don’t take action to 
reduce it. New solutions for solving the problem are steadily being 
developed and Carbon Capture and Storage (CCS) is one of them. The CO2 
is captured from large emission sources, e.g. coal power plants, and then 
transported using pipelines to the storage site, such as geological formations 
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or oceans. Based on the different reservoir characteristics, an underground 
geological storage can be divided into four categories: deep saline formation, 
depleted oil/gas reservoir, use of CO2 in enhanced oil and gas recovery, and 
coal bed methane reservoir (IPCC, 2005). According to the capacity 
research, deep saline formations have the biggest potential for CO2 storage 
(Bachu, 2000 and 2003). 

Over the last 10 years, more than 10 saline aquifer injection operations 
have been conducted, including pilot and large scale projects (Michael et al., 
2010). The Nagaoka project in Japan and the Frio project in US were pilot 
research projects for testing different techniques and methods (Xue et al., 
2009 and Doughty et al., 2008). The Sleipner project in offshore Norway is 
the first commercial scale project with more than 1 Million tonnes (Mt) CO2 
injected into a deep saline formation every year (Arts et al., 2004 and 2008). 
In Algeria, there is a large scale onshore injection operation, In Salah Project, 
which started in 2004, where in total 17 Mt of CO2 is planned to be injected 
over a period of 20 years (Riddiford et al., 2004). The Gorgon project in 
Australia (Flett et al., 2008) will inject a total of around 120 Mt CO2 start 
from 2014. Using experience from completed and ongoing injection 
operations, reliable techniques for the CO2 injection and monitoring have 
been developed. 

The CO2SINK (CO2 Storage by INjection into a saline aquifer at Ketzin) 
project, started in 2004, and was the first onshore CO2 geological storage 
pilot project in Europe. The aims of the project were (1) to develop and 
integrate theoretical methods with practical operations related to 
underground CO2 storage, (2) to build confidence for future large scale CO2 
geological storage in Europe, (3) to provide field experience of operations 
and aid the development of future regulatory frameworks and standards of 
CO2 geological storage (Forster et al., 2006). The research site is located 
near Ketzin, a town 25 km west of Berlin (Fig. 1.1). Until 2004 the research 
site was used for natural gas storage in a shallow sandstone formation about 
280 m below the surface. The Ketzin site was chosen for the experiment 
since the infrastructure at the site is good, the reservoir has thick seal layers 
and the site was publically accepted. Three boreholes have been drilled at the 
site reaching depths around 800 m, one for injection and two for 
observations. The injection began June 30 2008, and in total 100, 000 tones 
of CO2 will be injected into the reservoir in the Stuttgart formation, around 
630-650 m below the surface. The CO2SINK project was finished in March, 
2010. The continuing CO2MAN (CO2 reservoir MANagement) project 
followed, mainly focusing on monitoring the injected CO2. 

Generally, seismic methods are very important tools in present CO2 
storage projects. Seismic can be used to choose and characterize the 
reservoir before injection as well as to map the CO2 distribution after 
injection, by use of time-lapse seismic surveys. In the CO2SINK/CO2MAN 
project, many different seismic methods have been applied including 
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crosshole, vertical seismic profile (VSP), moving source profile (MSP), 2D, 
pseudo-3D and 3D surface seismic surveys. All of the seismic measurements 
have had a time lapse element which includes a baseline survey (before 
injection) and monitor surveys (after injection). The time schedule of the 
seismic activities is listed in Table 1.1. 

Table 1.1 Seismic activities in the project (modified after Juhlin et al., 2008). The 
“Star” survey consists of 2D and pseudo-3D surface seismic surveys. 

Time Activity 
Fall 2004 Pilot seismic study 

 

Fall 2005 3D survey “Star”    
Fall 2007   VSP MSP Crosshole 

Baseline 
Surveys 

2008     Crosshole 3 times 
Fall 2009 3D survey “Star”  MSP  

February 2011  “Star” VSP MSP  
Fall 2012 3D survey     

Monitor 
Surveys 

 

 
Figure 1.1 Location of Ketzin research site in the mid-European Permian Basin (gray 
shaded), modified from Föster et al. (2006). The Ketzin site is marked by a star and 
the detailed local map is at the top. 



 14 

1.2 Motivation and research objectives 
The main objectives of the research are (1) to obtain more detailed 
information about the reservoir, (2) to map the CO2 distribution and (3) to 
observe changes in seismic attributes of the reservoir after injection. 

From geological information and cores from two boreholes, the reservoir 
appears to be thin and heterogeneous at the research site. The thickness of 
the reservoir is generally less than 20 m, and is therefore below the 
resolution of conventional surface seismic methods. VSP and MSP surveys 
give higher frequencies than normal surface seismic and the data has higher 
resolution than conventional surface seismic data. 

Time lapse seismic surveys were performed to answer the questions: (1) 
can the CO2 distribution be mapped by time-lapse seismic surveys and (2) if 
so, how do seismic attributes of the reservoir change after injection.  

The research in this thesis mainly focuses on the problems above, i.e. 
mapping the reservoir using VSP and MSP data, analysis of the CO2 
distribution and reservoir characteristics before and after injection using 
surface 2D and pseudo-3D seismic data.  
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2. Geological setting of the Ketzin site  

The CO2SINK/CO2MAN project site, Ketzin, is located in the southern 
Northeast German Basin (NEGB) (Fig. 1.1), which is part of the Central 
European Basin System. The accumulation and gravitational upwelling of 
Permian (Zechstein) salt gave rise to the deformation of Triassic and Lower 
Jurassic formations, which form a gently dipping, ENE-WSW-striking 
anticline that serves as the CO2 storage site (Förster et al., 2006). The 
anticline formed in two major uplift events: the first took place at about 140 
Ma, and the second major uplift phase started at the end of the Lower 
Cretaceaous (about 100 Ma) (Förster et al., 2010). The two uplifts caused 
erosion of the Lower Jurassic/Toarcian, the Middle and Upper Jurassic 
formations and parts of the Lower Cretaceaous. Sediments from the Upper 
Cretaceous, Paleocene and Eocene were probably never deposited in the 
Ketzin area, which at these times was part of a structural high (Stackbrandt 
et al., 2002 and Voigt, 2009). Above the Jurassic sediments, transgressional 
sediments of the Oligocene are the first sediments unaffected by anticlinal 
uplift.  

The reservoir for CO2 injection and the immediate seal of the reservoir are 
both in the Middle Keuper (Upper Triassic) section (Fig. 2.1), which can be 
subdivided into the Grabfeld Formation, the Stuttgart Formation, the Weser 
Formation and the Arnstadt Formation. The Stuttgart Formation, hosting the 
reservoir, changes from playa to fluvial environments. The formation mostly 
consists of siltstones and mudstones deposited on a flood plain, in which 
sandstones are incised (channel facies) (Förster et al., 2010). Different single 
sandstone bodies may be stacked together to form channel belts. The lateral 
extension of these channel belts, formed by amalgamation of individual 
fluvial channels, is highly variable and may have maximum dimensions of at 
least hundreds of meters (Wurster, 1964). The deposition environment for 
the Weser Formation and the Arnstadt Formation reverts back to playa type 
environment. Massive mudstone intercalated with gypsum, nodular 
anhydrite, dolomite or marlstone compose the Weser formation, which is the 
caprock above the Stuttgart formation. A 10-20 m thick anhydrite layer is 
present at the top of the Weser Formation. This acts as a strong marker in the 
seismic data, called the K2 reflector. The Arnstadt formation reflects a 
clay/carbonate playa environment with muddy dolomite alternating with 
multicolored or gray mudstones and locally thin silty-sandy intercalations 
(Förster et al., 2010).   
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Figure 2.1 Lithology and well logging information of the Injection Well (IW). Data 
are from www.co2sink.org. The K2 reflector at about 560 m is a high velocity anhy-
drite layer. CO2 is being injected into the sand layer of the Stuttgart Formation 
(marked by red bar). 

After well logging of the boreholes and core experiments, a characterization 
of the reservoir has been done. The variable lithology of the Stuttgart 
formation in the three boreholes attests short-distance changes in the 
depositional environment. The lower and middle part of the formation in the 
three boreholes consists of fine- to medium-grained sandy, silty and clayey 
sediments of variable thickness and towards the top of the section there are 
units of thicker sandstone. A 9-20 m thick sand layer at the top of the 
formation represents the typical channel facies. The total porosities of these 
sandstones range from 13% to 26%, and the permeability is around 100 mD. 
The temperature at the reservoir is 34°-38°, and the average pressure at the 
depth of the reservoir is 7.3 MPa (Förster et al., 2006). CO2 needs a 
temperature of 31.4° and a pressure 7.5 MPa to reach the supercritical phase 
(Linstrom et al., 2008). The supercritical CO2 injected into the reservoir 
reverts back to the gas phase away from the borehole since the pressure is 
not high enough in the formation. This was confirmed by the gas detectors in 
the two observation wells.  
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3. Seismic methods applied in the project 

In this chapter, the different seismic methods used in the project are 
described, as well as the parameters used for the seismic acquisition and 
processing. 

3.1 Vertical Seismic Profile (VSP) and Moving Source 
Profile (MSP) methods 
A vertical seismic profile (VSP) is a measurement procedure in which a 
seismic signal generated at the surface of the earth is recorded by geophones 
secured at various depths to the wall of a drilled well (Hardage, 1985). A 
schematic figure of a VSP survey is illustrated in Figure 3.1.  

The history of the VSP survey can be traced back to Fessenden’s patent in 
1917. He used acoustic sources and receivers in a water-filled borehole to 
detect subsurface ore bodies. McCollum and LaRue’s paper in 1931 pointed 
out that local geological structure could be determined by measuring the 
travel times from surface energy positions to subsurface geophones located 
in wells, which is now an active and valuable application of a modern VSP 
survey. Following the Dix equation which appeared in 1939, borehole 
seismic was mainly focused on measuring seismic velocities. In the 1950’s, 
some professionals showed that rigorous wave propagation studies, 
interactions between primary and multiple reflections, and seismic wavelet 
attenuation could all be addressed by studying not just the first breaks but 
also the character of the seismic response that follows the direct arrivals 
(Hardage, 1985). In 1960’s and 1970’s, scientists from the former Soviet 
Union performed many research studies, and developed VSP applications. 
The book by Gal’perin in 1974 provided an excellent description of their 
work and contained an extensive list of former Soviet papers written in this 
time period. Since the late 1970s, geophysicists in the western hemisphere 
showed more interests in VSPs and began to publish more papers. 
Nowadays, VSP surveys are an important method for imaging the detailed 
subsurface information near the borehole area, and address the intimate link 
between surface seismic and well information.  
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Figure 3.1 The schematic figure of VSP surveys. (1) for zero-offset VSP survey, (2) 
for offset, walkaway and MSP surveys and (3) for reverse VSP survey. 

VSP surveys can be divided into zero-offset, offset, walkaway and reverse 
VSP, shown in Figure 3.1. At the Ketzin site, time-lapse zero-offset VSP and 
MSP surveys were performed. The detailed parameters for the surveys are 
summarized in Table 3.1 and Table 3.2. The source points for the MSP (also 
known as walkaway VSP) survey were at the same positions as for the 
surface 2D seismic survey. Receivers for the VSP/MSP surveys were put in 
one of the observation wells (Ketzin 202).  

Table 3.1 The detailed acquisition parameters for VSP surveys at the Ketzin site. 
See Fig. 3.2 for locations. 

VSP 

Baseline 2007 Repeat 2011 
Parameters 

Zero-

offset 
Offset 

Zero-

offset 
Offset 

Receiver station spacing 5 m 

Channels 76 80 

Depth range (m) 325-700 325-720 

Line- 

Number of source points 
1-1 

V1-V7 

2 for each line 
1-1 

V1-V7 

2 for each line 

Geophones 3-component R8XYZ-cg geophone chain 

Sampling rate 0.25 ms 

Record length 3 s 

Source VIBSIST-1000 VIBSIST-3000 
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Table 3.2 The detailed acquisition parameters for MSP surveys at the Ketzin site. 
See Fig. 3.2 for locations. 

MSP 
Parameters 

Baseline 2007 Repeat 2009 Repeat 2011 

Receiver station spacing 10 m  10 m 

Channels 8 1 2 

Depth range (m) 470-540 470 470-480 

Source point spacing 12 m 

Line- 

Number of source points 

7 lines 
V1-84 V2-84 V3-86 

V4-20 V5-126 V6-68 V7-80 
Line- 

Length of survey lines (m) 

V1-996 V2-996 V3-1014 

V4-228 V5-1500 V6-804 V7-947 

Geophones 3-component R8XYZ-cg geophone chain 

Sampling rate 0.25 ms 

Record length 3 s 

Source VIBSIST-1000 VIBSIST-3000 

 
The basic VSP processing steps were: 
1) Preprocessing 
Trace editing, geometry creation, first arrivals picking and datum statics 
2) Hodogram analysis 
The Hodogram analysis was applied in the horizontal plane of 3-

component data to rotate one component to the source-receiver direction, the 
radial component and orthogonal to this the transverse component. 

3) Wavefield separation 
In wavefield separation, downgoing and upgoing wavefields are 

separated. Many different methods can be used for wavefield separation, e.g. 
median filter, FK, and tau-p. Here median filter and FK filter were used. 

4) Deconvolution  
It is common for VSP data processing to use the downgoing P wave to 

design an operator to deconvolve the VSP upgoing or entire wavefield. This 
works well for the near offset data, but for the far offset data are most reverts 
to the methods used for the surface seismic data. 

5) Imaging 
Corridor stacking is the imaging step for the zero-offset VSP data which 

involves a summation of a number of traces within a corridor, producing an 
upgoing VSP gather representing a reflection seismogram. The imaging step 
for the walkaway VSP or MSP data needs a good velocity model of the 
research site, which can be obtained from the zero-offset VSP, surface 
seismic and well logging data. Migration methods, like Kirchhoff, wave-
equation and reverse time can be applied to the VSP data as well. Table 3.3 
shows the processing workflow for the VSP/MSP data at the Ketzin site.  
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VSP surveys can provide not only the basic subsurface information 
around a borehole but other useful information can also be extracted i.e. Q-
value, geometric divergence and interbed multiples. The application of 3D 
and multi-azimuth VSP survey increases the quality and range of anisotropy 
analysis and the velocity model can be much improved. Furthermore, it can 
provide a higher resolution both vertically and laterally and make later time 
lapse survey more economical.   

Table 3.3 Main processing steps applied on VSP/MSP data at the Ketzin site. 

Step VSP MSP 

1 Read raw xyz-component SEGY data 
2 Extract z-component data 
3 Bulk static shift to compensate for source delay 
4 Extract and apply geometry 
5 Trace edit 
6 Shot statics 
7 Trace equalization of P-wave first-arrival window 
8 Pick first arrivals 
9 Spherical divergence correction 
10 Spectral equalization 
11 Median/f-k filter to do wavefield separation 
12 Median filter to improve upgoing wave 
13 Deconvolution 
14 Band-pass filter 
15 Trace balance 
16 Polymute to remove inside corridor part Sort data to receiver domain 
17 Stack: get corridor stack trace Pre-stack depth migration 
18 Repeat the stack trace and mute deep noise  

3.2 2D, Pseudo-3D and 3D surface seismic methods 
In the 1920’s, the first seismic reflection profile applied to an exploration 
target was performed by the Geophysical Research Corporation at the Maud 
field in Oklahoma, U.S. The good results led to reflection based methods 
superseding refraction based methods in oil exploration. Seismic exploration 
began to move to other countries in the late 1920’s, for example Iran, 
Venezuela and Australia. From the 1920’s to 1940’s, the equipment for 
seismic acquisition improved, including an increased number of channels 
and better designed geophones. One of the important processing methods 
which can attenuate multiples and other noises, the Common Mid-Point 
method, was invented in 1950. In 1953, the Vibroseis method for the surface 
source was developed. Digital recording, introduced in the 1960’s, was a big 
step forward in seismic exploration. Air-gun sources for marine seismic 
acquisition were developed at that time as well. In the late 1970’s, the 
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development of 3D surface methods began to resolve the interpretation 
ambiguities inherent in interpolating between 2D seismic lines and also 
provided significant noise reduction. Since the late 1980’s, the power of 
computers has increased enormously, and with it, the ability to process and 
interpret seismic data has improved. In recent years, 3D surface seismic 
surveys have become a common tool for imaging subsurface structure.   

Figure 3.2 shows the geometry of 2D, pseudo-3D and 3D surface seismic 
surveys at the Ketzin site. The 2D survey lines are the seven lines V1-V7, 
and the pseudo-3D survey has the same lines plus two short receiver lines 
(19 and 20) parallel with the 3D receiver lines. All shot points along line V1-
V7 were recorded on all lines. Therefore a 3D image near the borehole area 
can be produced. The receiver lines for the 3D surface seismic survey are the 
red dotted lines and the shot lines are blue dotted lines. In the 3D acquisition, 
the whole research site was divided into many small patches, and the data 
were acquired patch by patch.  Table 3.4 shows the acquisition parameters 
for the 2D, pseudo-3D and 3D seismic surveys. 

Typical processing steps for surface seismic data (Yilmaz, 2001) are:  
1) Preprocessing  
Data format change (SEGD→SEGY), trace editing, pre-filtering 

(bandpass filter), geometry creation, geometric spreading correction and 
elevation statics. 

2) Deconvolution 
Spiking and predictive deconvoloution are normally used on pre-stack 

data. Surface consistent deconvolution is applied for removal of the effects 
from near surface conditions of shot and receiver positions. Here surface 
consistent deconvolution was applied. 

3) CMP Sorting 
4) Velocity Analysis 
Velocity analysis was performed on selected CMP gathers or groups of 

gathers. The output of velocity analysis is a function of velocity versus two-
way zero-offset time. 

5) NMO Correction 
Applying NMO correction removes moveout effects from the traveltime 

using the velocity field from the former step. 
6) Multiple Attenuation 
Multiples are attenuated based on their periodicity or differences in 

moveout velocity. Different methods can be applied, for instance FK, tau-p 
and predictive deconvolution. 

7) DMO Correction 
DMO correction is used to correct for the dip effect on stacking velocities 

and thereby preserve events with conflicting dips during CMP stacking. 
8) CMP Stacking 
9) Post-stack Processing 
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Deconvolution, time-variant spectral whitening, band-pass filtering and 
random noise removal. 

10) Migration,   
Migration is applied to move the dipping events to their supposedly true 

subsurface positions and diffractions are collapsed after the processing.  
The details of processing steps at Ketzin site is shown in Table 3.5. 

 

N

Injection Well

Observation Well 2

Observation Well 1

N

Inline 1165

Crossline 1100

Inline 1220

 
Figure 3.2 Location of source points (blue) and receiver points (red) for the full 3D 
seismic survey. The 2D and pseuso-3D surveys were recorded along lines V1-V7 and 
recorded on lines 19 and 20 (purple) as well. The full 3D seismic survey was divided 
into many patches and one schematic patch is shown at bottom of the right corner. 
One injection well and two observation wells are shown in the lower part. The blue 
dots on the lines V1-V7 are shot points of offset VSP surveys and the receivers are in 
the Observation Well 2. Inline 1165, 1220 and Crossline 1100 of 3D and pseudo-3D 
surveys are displayed on the map as well. 



 23 

Seismic techniques have seen a rapid development in recent years, both for 
acquisition as well as for imaging. In the seismic acquisition, new methods 
like simultaneous sweeping, new types of vibrator sources, cableless and 
passive systems have all played a part in dramatically improving the 
efficiency of land seismic surveys. One-way and two-way wave equation 
migration methods, e.g. reverse time migration, are also widely applied on 
the data. 

Table 3.4 Acquisition parameters for 2D, pseudo-3D and 3D seismic surveys at the 
Ketzin site.  

2D/pseuso-3D 3D 

Parameters Baseline 

2005 

1st repeat 

2009 

2nd repeat 

2011 

Baseline 

2005 

1st repeat 

2009 

Receiver line spacing 

/number 
 96 m/ 5 

Receiver station spa-

cing/ channels 
24 m 24 m/ 48 

Source line spacing/ 

number 
 48 m/ 12 

Source point spacing 12 m 24 m or 72 m 

CDP bin size 6 m (2D) and 12 m×12 m (pseuso-3D) 12 m×12 m 

Geophones 28 Hz single 

Sampling rate 1 ms 

Record length 3 s 

Source 
VIBSIST-

1000 
VIBSIST-3000 

240 kg accelerated 

weight drop, 8-9 hits 

per source point 

Instrument SERCEL 408UL 
SERCEL 

428XL 
SERCEL 408UL 

Number of receiver 

stations 

V1 42  V2 42  V3 44  V4 21 

V5 63  V6 42  V7 42 
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Table 3.5 Main processing steps for 2D, pseudo-3D and 3D seismic data at the 
Ketzin site.  

Step Parameters 
1 Read SEGD data (decode the data for 2D/Pseudo-3D surveys) 
2 Create and apply geometry 
3 Delete bad traces and reverse trace polarity 
4 Pick first arrivals 
5 Remove 50 Hz noise on selected receiver locations 
6 Spherical divergence correction 
7 Band-pass filter 
8 Surface consistent deconvolution 
9 Ground roll mute 
10 Spectral weighting 
11 Time-varient band-pass filter 
12 Refraction statics 
13 Velocity analysis 
14 Residual statics 
15 NMO correction 
16 Stack 
17 Post-stack processing 
18 Migration (2D and 3D) 
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4. Seismic forward modeling in 1D, 2D and 
3D 

Seismic modeling attempts to simulate the subsurface rock properties and 
the response of seismic-wave propagation as the waves travel through the 
earth (Lines et al., 2004). The technique is very useful for evaluation and 
design of seismic surveys, and is also important for seismic interpretation. 
The seismic models can be in 1D, 2D and 3D, and the accuracy of the 
models depends on the real geological stratigraphy.   

4.1 1D seismic modeling 
The basic idea of 1D seismic modeling is quite simple. A synthetic 
seismogram is formed by simply convolving an embedded waveform with a 
reflectivity function. The modeling is made in three steps: first step is to tie 
well data to seismic data to get the relationship between two way travel time 
and depth. The acoustic impedance (A) can be calculated from sonic and 
density logs. The reflection coefficient at the nth interface for the P-wave at 
zero-offset is given by the formula 

Rn= (An+1-An)/( An+1+An) 

where An and An+1 are the acoustic impedance above and below the interface 
(Sheriff & Geldart, 1995). The next step is to extract a wavelet from either 
the real seismic data or using a Ricker wavelet or Minimum phase wavelet. 
The last step is to convolve the wavelet with the reflection coefficient log to 
get the synthetic trace (Bacon et al., 2007). Offset sections can also be 
modeled using Zoeppritz’s equations (Shuey, 1985). Figure 4.1 shows a 
synthetic seismogram from the Injection Well (IW) at the Ketzin site. Paper 
5 addresses the details about synthetic seismograms and reflection 
coefficient calculations for time-lapse seismic surveys at the Ketzin site. 
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Figure 4.1 Synthetic seismogram for the IW at the Ketzin site. Well logging data and 
3D seismic section across the IW are shown as well. The reservoir is marked in the 
rectangle. 

4.2 2D and 3D seismic modeling 
The modeling methods for 2D and 3D seismic data are quite similar. The 
methods can be classified into direct methods, integral-equation methods, 
and ray-tracing methods (Carcione et al., 2002).  

The direct methods include finite-difference, pseudospectral, and finite-
element methods. These techniques are also called grid methods and full-
wave equation methods. When a sufficiently dense grid is used, the direct 
methods can be very accurate without restrictions on the material variations.  
The methods are well suited for the generation of snapshots which can be an 
important aid in the interpretation of the resulting seismograms. The main 
aspects of the modeling methods are illustrated in Carcione et al. (2002). 
One disadvantage of the methods, as compared with other methods, is that 
they are more time consuming. Figure 4.2 shows one synthetic shot gather 
for the baseline and monitor cases at the Ketzin site created using the finite-
difference method. The finite-difference method was used in paper 1 to 
create time-lapse synthetic VSP data as well. 

Integral-equation methods are based on Huygens’ principle. There are two 
forms of Huygens’ principle used today. From the two forms we can get the 
volume and boundary integral equations. These methods have more 
restrictions in their application than the direct methods. However, for some 
specific geometries like boreholes or geometries containing many small-
scale cracks, the methods can be very efficient (Carcione et al., 2002).  

Ray-tracing methods are widely applied for seismic modeling and 
imaging. The aim of these methods is to calculate solutions for the wave 
equation that are valid for high frequencies. The wavefield is considered as 
an ensemble of certain events, each arriving at a certain traveltime and 
having certain amplitude. The traveltime function is a solution of the eikonal 
equation and the amplitude function is a solution of the transport equation 

Synthetic 
Seismogram 

Seimsic
Section 
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(Krebes et al., 2004, Carcione et al., 2002). Compared to other methods, 
these methods are the quickest ones. There are some drawbacks of the 
methods, such as not being accurate near critical offsets or for thin layers, 
and not being able to produce the full wavefield.   

 

 
Figure 4.2  One synthetic shot gather for the original and monitor cases at the Ketzin 
site using the finite-difference method. The upper part is the velocity models for the 
baseline case and monitor case (velocity at the reservoir level decreases 15%, and the 
thickness of the reservoir decreases from 20 m on both sides). The lower part is the 
shot gathers calculated using the two models, and the main anomaly is highlighted by 
the ellipse. The shot position is at the surface above the reservoir layer, and the 
receivers are also at the surface with 24 m spacing.  

Baseline velocity model Velocity decreases 15% at the reservoir level 
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5. Time-lapse seismic analysis 

Time-lapse seismic surveys consist of a seismic survey which is repeated 
one or more times at the same site in order to detect changes in the sub-
surface with time. Nowadays, time-lapse seismic analysis is applied 
worldwide in the oil industry to improve oil or gas recovery and more than 
220 time-lapse seismic surveys have been acquired worldwide up to year 
2006 (Pickering, 2006).  

Time-lapse seismic surveys are used in the oil industry to measure 
production and reservoir properties periodically during the life of the 
reservoir. Time-lapse surveys may indicate the presence of barriers to 
reservoir connectivity, changes in reservoir saturation and pressure, and 
changes in overburden rock strength (Pickering, 2006). For the CO2 

geological storage project, time-lapse seismic surveys can give us the 
distribution of injected CO2, as well as detailed information about pressure 
and saturation changes at the reservoir. One of the most important issues of 
CO2 geological storage is leakage. Time-lapse seismic surveys can provide 
the detailed changes in the overburden which can be used to assess if the 
CO2 migrates into upper layers. However, in a time-lapse seismic survey 
some issues have to be considered; repeatability of seismic acquisition, 
processing steps and interpretation. These issues will be discussed below. 

5.1 Feasibility study of time-lapse seismic surveys 
The first step of a feasibility study is to perform a rock physics analysis of 
the reservoir at the research site and to model the effects of rock properties 
on changes in fluid fill, pressure and temperature. Critical factors in the 
physical feasibility of time lapse seismic analysis (Wang et al., 1997) are; 
 Frame elastic properties of reservoir rocks,  
 Contrast in pore fluid compressibility,  
 Nature of injection process and reservoir parameters (depths, 

pressure, temperature, etc.).  
The frame of a reservoir rock is defined as a rock with empty pores. 

Rocks with low frame elastic properties like unconsolidated rocks and rocks 
with open fractures are the first order requirement for successful time lapse 
seismic analysis. In order to monitor the fluid changes, a contrast in pore 
fluid compressibility is required between the baseline reservoir fluid and 
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monitor reservoir fluid. Changes of reservoir seismic properties are due to 
the injection activity, hence it is important to understand how the injection 
process affects the reservoir. For example, high injection pressure and rates 
may fracture the reservoir rock and the seismic velocity is very sensitive to 
fractures. Given these reservoir parameters, a shallow reservoir with higher 
porosity and temperature can get better time lapse results (Wang et al., 
1997). The effects of pressure changes are more difficult to understand; for 
unconsolidated and well-cemented sands the effects may be quite different. 
To estimate the likely effect in any particular case, the main source of 
information is lab experiments, where rock velocity is measured under 
controlled pressure conditions (Bacon et al., 2007). At the Ketzin site, the 
reservoir is a relatively shallow (630 m) unconsolidated sand layer with 
porosity around 20%. Since the injected CO2 transforms to gas phase and the 
original fluid in the reservoir is water, the fluid compressibility will change 
considerably. The reservoir at the Ketzin site should therefore show clear 
seismic time-lapse effects after injection. The rock physics study and seismic 
forward modeling discussed in chapter 4 can be used to create baseline and 
monitor seismic data and to show how the seismic properties will change in 
the reservoir.  

5.2 Seismic acquisition 
The most important parameter of the time-lapse seismic acquisition is the 
repeatability between baseline and monitor surveys. The source and receiver 
positions in the baseline and monitor surveys should be kept at the same 
locations to the greatest extent it is possible. The study from Landro (1999) 
about repeatability of 3D VSP data showed that shifting the source positions 
by 10 m resulted in an rms change in the record (after static alignment) of 
20%, and a 20 m shift resulted in a 30% change. Recently, Brown et al. 
(2011) showed repeatability statistics from a number of North Sea 4D 
surveys. The high quality 4D survey data with NRMS levels less than 10% 
were obtained with combined source and receiver position errors around 25-
40 m. In real acquisition, however, the positions of source and receivers 
can’t always be replicated due to surface water current for marine surveys 
and changes in infrastructure for the production at the location e.g. an oil 
platform. There are also other factors that could possibly have an effect on 
repeatability e.g. ambient noise which can easily vary from one survey to 
another. Near surface effects could also be quite different due to acquisition 
in different seasons and weather conditions, especially for land surveys. 
Source signature can also vary from one survey to another (Bacon et al., 
2007). Nowadays, permanent reservoir monitoring systems are applied in 
some oil fields where the receivers are permanently placed the same 
positions to reduce the acquisition differences. At the Ketzin site, the errors 
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of shot and receiver positions between baseline and monitor surveys were 
normally some decimeters, but a few positions had to be moved up to 10 m. 
The noise level from monitor surveys were higher than at the baseline survey 
due to injection activity. The near surface conditions were different for the 
different surveys because of variation in surface water saturation. In paper 3 
and paper 4, the repeatability of time-lapse surveys at Ketzin site is 
discussed in detail. 

5.3 Seismic processing 
Some processing steps may affect the results for baseline and monitor 
surveys, including static corrections, mute design, pre-stack deconvolution, 
stack, migration velocity derivation, and amplitude balancing. The datasets 
from different surveys should therefore be processed in parallel to permit a 
comparison. A specialized processing (time-lapse processing) should be 
applied on the dataset to improve the repeatability (Ross et al., 1996). In the 
time-lapse processing, normally the baseline survey is used as a reference 
volume, and the repeat surveys are processed to match the time, phase, 
frequency and amplitude of the baseline survey. After processing, the 
differences in the seismic image between the surveys represent the changes 
of the reservoir properties. Detailed steps and parameters for the Ketzin 
project can be found in paper 3 and paper 4. Refraction statics were applied 
on the different surveys separately due to different near surface situations of 
the baseline and repeat surveys at the Ketzin site. For the other steps, the 
same parameters were applied. 

5.4 Seismic interpretation 
After time-lapse processing, the datasets from different surveys can be 
compared with each other. It is possible to calculate the difference of the 
Two Way travel-Time (TWT) to the reservoir and the seismic amplitude of 
the reservoir. TWT above the reservoir should ideally not be different 
between different surveys. In the reservoir, seismic velocities will change 
due to injection or production, i.e. the TWT thickness of the reservoir will 
change. Below the reservoir, the TWT of seismic events will also be altered. 
For a thick reservoir layer, this effect can be quite large, ranging from a few 
up to 10 ms. Normally, the time shift can easily be picked if the seismic data 
have reasonably good S/N ratio. An amplitude anomaly map can be very 
useful to map the fluid changes in the reservoir. The TWT shift below the 
base of the reservoir at the Ketzin site is 1-6 ms (Ivannova et al., 2011) and 
the amplitude anomaly map clearly shows the distribution of injected CO2, 
see Paper 4. 
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6. Reservoir seismic attributes analysis 

A seismic attribute is a quantitative measure of a seismic characteristic of 
interest. A good seismic attribute is either directly sensitive to the desired 
geological feature or reservoir property of interest. It also allows us to define 
the structural or depositional environment and thereby to infer some feature 
or properties of interest (Chopra et al., 2005).  Since the 1930s, analysis of 
attributes has been essential in reflection seismic interpretation. The advent 
of digital recording in the 1960s produced improved measurements of 
seismic amplitude and pointed out the correlation between hydrocarbon pore 
fluids and strong amplitude (“bright spots”). Interpretation workstations 
introduced in the 1980s increased the capability of interpretation and 
improved integration with other information like well logging data. 
Nowadays, even more powerful workstations have been developed and the 
attributes of a large amount of seismic data can be calculated easily. More 
than 50 distinct seismic attributes can be calculated from the seismic data 
and be applied to the interpretation of geologic structures, stratigraphy, and 
rock/pore fluid properties (Chopra et al., 2007).  

Figure 6.1 presents the classification of seismic attributes modified from 
Chopra et al. (2005) and Liner et al. (2004). The attributes are classified into 
three different categories: general, specific and “composite” attributes. The 
general attributes are measures of geometric, kinematic, dynamic, or 
statistical properties which are based on either the physical or morphological 
character tied to lithology or geology and generally applicable around the 
world (Chopra et al., 2005). The specific attributes may be relevant just in 
one basin and can not be applied to another basin directly. “Composite” 
attributes, are sums, products, or other combinations of some general or 
specific attributes. The “composite” attributes can be divided into two types: 
one type is used to display more than one attribute at a time, and the other 
one is combines those using geostatistics, neural nets, or other classification 
technology.     
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Seismic Attributes

General Attributes

Specific Attributes

“Composite” Attributes

Reflection amplitude
Reflection time
Reflection dip and azimuth
Complex amplitude and frequency
…

Relevant in one basin and they
can not be applied to another basin directly. 

Display more than one attribute at a time 

Combine different attributes using geostatistics,
neural nets, or other classification technology. 

 
Figure 6.1 The classification of seismic attributes (Chopra et al., 2005 and Liner et al., 
2004). 

6.1 Seismic coherence and spectral decomposition 
Analysis of coherence on seismic data means the measure of the similarity in 
appearance and shape of waveforms from trace to trace. The coherence 
images can clearly portray faults and other stratigraphic anomalies, like 
buried deltas, river channels, reefs, and dewatering features, on time and 
horizontal slices (Chopra et al., 2008). The edge detection maps from 
seismic coherence attribute analysis clearly show the main faults at the 
Ketzin site (Juhlin et al., 2007).  

Spectral decomposition was introduced by Partyka et al. in the 1990s and 
provides high resolution reservoir detail for imaging and mapping temporal 
bed thickness and geological discontinuities using component frequencies 
which were decomposed from the original seismic signals (Partyka et al., 
1999).  

6.2 Amplitude Variation Offset (AVO) analysis 
Since Ostrander published the first paper about AVO effects in gas sands in 
1984 (Ostrander, 1984), AVO analysis of seismic reflections has become an 
important tool for hydrocarbon prospecting. Some applications of AVO 
analysis in the oil industry are as follows: (1) Predict and map hydrocarbons, 
(2) Distinguish lithology and map porosity in clastics and carbonates, and (3) 
Perform pore pressure prediction and characterize reservoir changes for 
time-lapse seismic studies (Chiburis et al., 1993). Since the seismic 
techniques for CO2 storage are very much the same as for reservoir 
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monitoring in the oil industry, the technique of AVO analysis can probably 
be applied to detect injected CO2. In 2007, Stephen Brown and other 
geophysicists used AVO analysis to estimate CO2 saturation from modeling 
data (Brown et al., 2007). At the Sleipner storage site in Norway, standard 
AVO fails due to the presence of thin CO2 layers. Therefore, a new AVO 
method was used to estimate the thickness of the CO2 layers (Chadwick et al., 
2010). AVO modeling has been used to distinguish the effects of pressure 
and CO2 saturation after gas injection at the Weyburn Field in Canada (Ma et 
al., 2010). After measuring elastic velocity under several different gas 
saturations in the lab, standard AVO analysis was applied for the 
supercritical CO2 at the SACRO oil field in US (Purcell et al., 2010). 
Furthermore, AVA seismic reflectivity analysis has recently been done by 
Claudia et al. (2011) for different CO2 phase and saturation.   

According to the impedance contrast between gas sand and shale, the gas 
reflection can be divided into four classes (Fig. 6.2) (Rutherford et al., 1987, 
Castagna et al., 1997).  

Class 1 - high-impedance sands: the impedance of the sand layer is higher 
than the surrounding medium and amplitude decreases with increasing offset. 
If adequate offset range is available the amplitude can change polarity.  

Class 2 - near-zero impedance contrast sands: the reflection coefficient of 
the sand/shale interface at normal incidence could be minus or plus. If the 
reflection is negative at zero-offset, and the amplitude increases with the 
offset, it’s called class 2. If it’s positive, a polarity change occurs as the 
angle increases, Ross and Kinman (1995) name it class 2p.This class may or 
may not correspond to amplitude anomalies on stacked data.  

Class 3 - low impedance sands: the sand layer, normally unconsolidated, 
has lower impedance than the surrounding medium and amplitude increases 
with offset. It shows clear amplitude anomalies on stacked data, normally 
called bright spots.  

Class 4 - a very large impedance contrast and a small change in Poisson’s 
ratio. Class 4 is a reversal of the standard Class 3.  

 
Figure 6.2 The AVO classes (Bacon et al., 2007). 
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The first equations describing how the amplitudes of the reflected and 
transmitted P- and S- waves depend on the angle of incidence and the 
properties of the media above and below the interface were published by 
Zoeppritz (1919). These equations are rather complicated. Aki&Richards 
(1980) and Shuey (1985) derived the approximation equations. A further 
simplification of these equations gives:  

2( ) sinR P Gθ θ= +  
where R is the reflection coefficient, P is the intercept, G is the gradient and 
θ  is the angle of incidence on the interface. 

Using the equation above on the pre-stack CDP gathers we obtain two 
basic AVO attributes: Intercept (P) and Gradient (G), and other AVO 
products like P*G. There are some other AVO related attributes, such as 
reflection coefficient difference introduced by Castagna and Smith (1994), 
Smith and Gidlow (1987) created fluid factor, and lambda-rho (λρ) and mu-
rho (μρ) were  introduced by Goodway et al. (1997). At the Ketzin site, 
AVO analysis was applied on both 2D and 3D surface seismic data. 2D 
results are shown in Paper 2 and 3D results are displayed in Figure 6.3. 
Comparing the intercept and gradient maps between baseline and repeat 
surveys, the anomaly due to injected CO2 is visible, and the K2 reflector 
doesn’t change during injection. Therefore, the CO2 seems to be trapped in 
the reservoir with no leakage into the upper layer.      

Baseline inline 1170 Repeat inline 1170

Intercept (P)

Gradient (G)

 
Figure 6.3 Results of mapping two AVO attributes: Intercept and Gradient for inline 
1170. The left part is for baseline survey and the right part is for repeat survey. The 
reservoir is marked as an ellipse and the injection well is near crossline 1100 (dashed 
line). The 3D seismic survey map is displayed at the bottom of the left corner and the 
inline 1170 is marked in red. 
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A common method of AVO analysis is the AVO crossplot (Ross, 2000) 
which is a very helpful and intuitive way to present AVO data and can give a 
better understanding of the rock properties than by analyzing the standard 
AVO curves. It gives a more clear display of the AVO anomaly at the Ketzin 
reservoir after injection (Fig. 6.4). For AVO analysis, the amplitude is very 
important, and the amplitude of the seismic data should be preserved during 
seismic processing.  

 
Baseline in the reservoir 500-530 ms

Inline 1169

Inline 1168

Repeat in the reservoir 500-530 ms

 
Figure 6.4 Crossplots of AVO attributes at the reservoir level for two inlines (1168 
and 1169) near the injection borehole. The orange dashed line in the upper left figure 
is a fluid line, if gas is present in the reservoir the points will move away from the 
fluid line following the arrows. The points in the green polygons are projected back 
to the seismic sections (below) and most of the points are located in the red ellipses 
which are very near to the injection well (red vertical dashed line). 

6.3 Seismic inversion 
Seismic inversion has been used for several decades in the oil industry, both 
for exploration and production purposes. The simple idea of seismic 
inversion is to create a model of the earth using the seismic data as input. 
Seismic inversion can be considered as the opposite of seismic forward 
modeling. After inversion, seismic reflection data is transformed into a 
quantitative rock property like porosity or density, descriptive of the 
reservoir. Compared to seismic amplitudes, inversion results have higher 
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resolution and support more accurate interpretations (Pendrel, 2006). The 
main benefits of seismic inversions are: that it removes the effects of the 
wavelet within the seismic bandwidth, forces well ties to be made and 
understood, separates reservoir properties from the overburden, may provide 
quantitative predictions on the reservoir properties, improves stratigraphic 
interpretation. Interpreting in the impedance domain is also frequently easier 
than in the seismic domain and it may be possible extending beyond the 
seismic bandwidth (Bacon et al., 2007). 

Nowadays, time-lapse seismic surveys are often used in the field for 
monitoring changes within the reservoir. Inversion methods can be used on a 
4D data to obtain information about these changes within reservoir, like 
impedance, saturation and pressure. At the Ketzin site, a time-lapse inversion 
was applied, and the inverted impedance matched the real amplitude 
anomaly map quite well. 

However, seismic inversion is not a unique process. There are several 
acoustic impedance earth models that generate similar synthetic traces when 
convolved with the wavelet (Veeken et al., 2004). Therefore, the support of 
other investigation techniques, like AVO analysis and forward modeling, 
may increase the confidence in the inversion results. 
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7. Paper summaries 

This thesis work is mainly composed of five publications. In this chapter, I 
briefly summarize motivations, methods, results and conclusions for each 
paper. The papers are based on team work and here is a short summary of 
my contributions to each paper: 

Paper Ⅰ: I did the Moving Source Profile (MSP) data modeling and 
processing, except for migration which was done by Christopher Juhlin, 
Nicoleta Enescu and Calin Cosma. I extracted seismic profiles from the 3D 
seismic volume and compared these with the processed MSP data. The 
manuscript was written by me with comments for improvement from co-
authors. 

Paper Ⅱ: The zero-offset VSP data was processed by me and I compared 
the processed VSP data with the 3D surface seismic data. I did the well to 
seismic tie and created the synthetic seismogram and wrote the VSP 
acquisition and processing part in the paper. 

Paper Ⅲ: I processed baseline data, did the time-lapse analysis on several 
2D lines between baseline and repeated surveys and applied AVO analysis 
on line 7. The time-lapse interpretation and AVO analysis part was written 
by me. 

Paper Ⅳ: I joined the seismic acquisition of two repeat pseudo-3D 
seismic surveys. I processed the baseline and 1st repeat pseudo-3D surveys 
and did the time-lapse analysis. I contributed to half of the manuscript.  

Paper Ⅴ: I did the analysis on the well logging data, created some pseudo-
logs and did synthetic modeling. Using pseudo-3D and real 3D surface 
seismic datasets I calculated the values of reflection coefficient for baseline 
and repeated surveys, including estimation of impedance changes. I wrote 
the manuscript with strong support from Christopher Juhlin and comments 
from other coauthors. 

Some other work is included in the thesis but is not published: AVO 
analysis on real 3D seismic datasets. I also participated in the acquisition of 
the repeat 3D surface seismic survey. 
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7.1 Paper Ⅰ: Moving source profile data processing, 
modeling and comparison with 3D surface seismic data 
at the CO2SINK project site, Ketzin, Germany 
7.1.1 Summary 
The main objective of the moving source profile (MSP) survey was to 
generate high-resolution seismic images around the borehole area. This was 
especially important since the 3D surface seismic data in the area had low 
fold. Particularly, mapping of the sandy layers in the target formation 
(Stuttgart Formation) at around 630 m, the approximate CO2 injection depth, 
was important. Baseline MSP data were acquired in borehole Ketzin 
202/2007 along seven lines at the Ketzin CO2 injection site in 2007. The 
paper gives background information of the project, geological setting of the 
Ketzin site, acquisition and processing parameters. Different synthetic VSP 
datasets were generated and processed to test the processing workflow. 
Finally, the processed VSP data was compared with 3D surface seismic data 
and the results were summarized. 

Due to infrastructure near the boreholes, the fold of the 3D surface 
seismic data over the injection site is as low as 10 for some CDP bins. In 
order to obtain the detailed underground structure of the reservoir at the 
injection area, the MSP lines were acquired along seven ‘Star’ lines. The 
data were recorded on eight three-component receivers spaced 10 m apart 
over a depth interval of 470–540 m. After processing, some consistent 
reflections below 500 m can be identified.  

Figure 7.1 shows the different velocity models for the synthetic data and 
processed results of the synthetic data are displayed in Figure 7.2. In general, 
the images match the models well. The migrated images match the models 
best on those traces that are closest to the borehole. The synthetic data 
processing shows that it should be possible to map the sandy reservoir of the 
Stuttgart Formation on the real MSP data. However, it is necessary to take 
into account that the images further away from the borehole may not be as 
reliable. The comparison between real 3D seismic data and MSP data is 
shown in Figure 7.3. The reflections on the processed MSP section can be 
correlated with reflections extracted from nearly equivalent seismic lines 
from within the 3D surface seismic volume. All MSP migrated images have 
higher resolution than the corresponding slices from the 3D volume. 
However, MSP line 6 has the most suitable geometry for interpretation since 
the acquisition borehole and the source line are nearly in the same plane, 
providing a near-2D slice that can be directly compared with the 3D volume. 
It is possible that the sandy reservoir at around 630 m can be identified in 
this image. On the other MSP migrated sections the reflection points lie 
more out-of-the-plane of the sections, resulting in distorted images, 
especially below 600 m. The main problem with the MSP data is that it only 
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images a small area of the underground structure near the survey borehole 
and these reflection points do not lie in a plane. 

7.1.2 Conclusion 
Data quality from the MSP survey is generally good and the data can be 
processed to generate images down to about 800 m. The uppermost sandy 
reservoir layer in the Stuttgart Formation can potentially be identified in the 
migrated images of MSP line 6. Comparison of the MSP data with the 
surface seismic is rather difficult, since the acquisition and processing 
parameters are different. When comparing the final 3D surface seismic and 
MSP images, the K2 reflection from the anhydrite layer close to the borehole 
gives on all three migrated images of the MSP data at a significantly higher 
resolution than the 3D surface seismic data. This higher resolution may 
allow improved mapping of the subsurface distribution of CO2 using the 
repeat moving source profile surveys, compared to what is possible using 
only the surface seismic data. 
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Figure 7.1 The three models used to generate the synthetic MSP data. a) Model A 
contains the main boundaries as seen on the sonic log (Fig. 2.1), including an about 
10 m thick sandy layer in the upper part of Stuttgart Formation at depth around 630 m 
but excluding the high velocity anhydrite layer. b) Model B is the same as model A 
but including the 20 m thick high velocity anhydrite layer at a depth of 550 m. c) 
Model C includes the anhydrite layer but not the sandy layer in the Stuttgart 
Formation. 
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Figure 7.2 Results from applying the processing steps outlined in Yang et al. (2010) to 
the data from models A, B and C in Fig. 7.1 Shown next to the images are the 
corresponding velocity profiles for the respective models. The borehole is to the left 
of the seismic profile. Note that we do not observe a reflection corresponding to the 
sandy layer in the image from model C. a: high velocity layer, b: sandy reservoir. 
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Figure 7.3 Comparison of the MSP migrated images with CDP lines from the 3D 
volume that have been extracted so that they approximately cover the same 
subsurface points. The temporal and spatial resolution of the MSP images is 
significantly higher. Signs of a reflection from the uppermost sandy layer in the 
Stuttgart Formation are seen, especially on MSP line 6 (see the location in Fig. 3.2). 
Note that the slices from the 3D are true planes, but that the MSP data images are 
projections on to these planes. 
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7.2 Paper Ⅱ: Enhancing seismic data resolution using 
the pre-stack blueing technique: An example from the 
Ketzin CO2 injection site, Germany 
7.2.1 Summary 
The main research aim of this study was to investigate whether the pre-stack 
spectral blueing technique can improve the resolution of the 3D surface 
seismic data from the Ketzin site and whether this technique can produce 
fewer artifacts than the post-stack blueing technique. In the paper, 
information from 3D surface seismic data, VSP data and well logging data is 
shown. Then, the pre-stack spectral blueing technique is introduced and 
spectral blueing results are displayed for both pre-stack and post-stack cases. 
The results are also compared with the VSP data and a synthetic seismogram.  

The blueing operator is applied to pre-stack data. This shapes the seismic 
spectrum to match the reflectivity spectrum and produce fewer artifacts than 
the post-stack blueing technique. A comparison between inline sections from 
original, post-stack blued and pre-stacked blued sections is displayed in 
Figure 7.4. Some tuned reflections on the seismic sections are better resolved 
on both the post-stack and pre-stack blued sections, e.g. a tuned seismic 
event marked (A) in Figure 7.4a is clearly resolved on both the post-stack 
and pre-stack blued sections in Figures 7.4b and 7.4c. The pre-stack section 
illustrated in Figure 7.4c has a less ringy appearance associated with it 
compared to the post-stack blued section in Figure 7.4b, e.g. the area within 
the dashed circles in Figure 7.4b shows some ringing artifacts which are not 
apparent in Figure 7.4c. 

The sections of original, post-stack blued and pre-stacked blued seismic 
data are compared with high resolution zero-offset VSP data and a synthetic 
seismogram from well Ketzin 202. In Figure 7.5, the match between the 
corridor stack after VSP processing and the inline section across the well 
from three datasets is displayed. A better match is obtained between the 
blued sections and the high resolution VSP data. After spectral blueing, the 
well to seismic tie (Figure 7.6) is improved, especially on pre-stack blued 
data. 

7.2.2 Conclusions 
In this paper, the pre-stack spectral blueing technique is shown to have the 
capability to enhance the resolution of the seismic data within the seismic 
frequency band and significantly reduce the amount of ringing artifacts 
compared to the post-stack blueing technique. Both pre-stack and post-stack 
techniques increase seismic resolution by enhancing higher frequencies 
within the seismic frequency band. This approach is verified in this paper by 
the comparisons with high-resolution VSP data and synthetic seismograms 
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generated from well log data, and a higher correlation coefficient is obtained 
when blued sections are tied to the synthetic seismogram. 

 

 
Figure 7.4 Comparison between original data with no blueing, post-stack blueing, 
and pre-stack blueing for inline 1220 extracted from the 3D seismic cube (see Figure 
3.2 for location map). (a) Inline before blueing, (b) after post-stack blueing, and (c) 
after pre-stack blueing. 
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Figure 7.5 Zero-offset VSP is compared with inline 1172 extracted from (a) original 
3D seismic data, (b) post-stack blued cube, and (c) pre-stack blued cube. Blued 
sections (b) and (c) show a better match with the VSP data [e.g., the two reflections at 
580 ms are resolved on the pre-stack and post-stack blued sections (b) and (c) but 
tuned on section (a)]. The first 300 ms of the seismic data between CDP1100 and 
1130 are poorly imaged because of the low fold due to injection infrastructure 
obstacles. See Fig. 3.2 for the locations. 
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Figure 7.6 Synthetic traces generated in wells Ketzin 202/2007 are correlated with (a) 
original 3D seismic traces, (b) post-stack blued seismic traces and (c) pre-stack blued 
seismic traces of inline 1172 passing over the well (see Fig. 3.2 for locations). Events 
on the synthetic traces are better correlated with the pre-stack blued seismic traces 
shown in (c). A trace selected from the seismic data is repeated and plotted beside the 
synthetic traces for easier comparison. 
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7.3 Paper Ⅲ: Time-lapse processing of 2D seismic 
profiles with testing of static correction methods at the 
CO2 injection site Ketzin (Germany) 
7.3.1 Summary 
Time-lapse 2D seismic surveys were carried out at the Ketzin site for 
imaging the geological structure near the injection area, detection of injected 
CO2 and comparison with the 3D surveys. Due to the different times of 
surveys the velocities of the near surface layers have changed. Time-lapse 
processing highlights the importance of detailed static corrections to account 
for travel time delays for different surveys. One of the main objectives of the 
paper is to compensate the delays using both pre-stack static corrections and 
post-stack static corrections. The pre-stack method decomposes the travel 
time delays of baseline and repeat datasets in a surface consistent manner, 
while the latter cross-aligns baseline and repeat stacked sections along a 
reference horizon. Application of the static corrections also improves the 
S/N ratio of the time-lapse sections significantly. The second important 
objective of the paper is to check if injected CO2 can be mapped using time-
lapse 2D seismic surveys. After processing, the CDP gathers are used for 
AVO analysis to indicate the presence of CO2. Time-lapse processing and 
interpretation is applied on two datasets to compare them. The testing of 
static correction methods are discussed in detail and the processed sections 
are compared with the 3D baseline seismic data. The results of the time-
lapse interpretation and AVO analysis of the 2D surveys are shown. 

The workflows for statics correction testing are displayed in Figure 7.7. 
An additional workflow consists of a combination of workflow B and C, 
which is suggested as the best method at the Ketzin site. In Figure 7.8, the 
NRMS sections of line 3 after processing with the four workflows are shown. 
Workflow C and workflow B+C have quite similar NRMS values around 
20% smaller than workflow A. A line-tie comparison of the 2D baseline 
stacked sections with the 3D surface seismic baseline stack is given in 
Figure 7.9. The main reflections match between the two surveys. The 
shallow remnant gas observed on line 1, line 5 and line 2 is consistent with 
the observations on the 3D stacked sections. 
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Figure 7.7 Static correction methods evaluated as follows. Workflow A corresponds 
to the original processing sequence. Workflow B is an extended version of workflow 
A, including surface-consistent (SC) static corrections applied in the pre-stack 
domain. Workflow C is an extended version of workflow A, including reference 
horizon static corrections applied in the post-stack domain. Processing of repeat data 
was done with the stacking velocities derived from the respective baseline data.  

 

 
Figure 7.8 NRMS sections of line V3 (see the location in Fig. 3.2) processed with the 
static correction methods given in Fig. 7.7. Workflow A depicts the NRMS section of 
the data without any additional time-lapse static correction applied. Workflow B 
depicts the section with pre-stack static corrections applied, which leads to a 
reduction of the averaged NRMS level while preserving the most significant time-
lapse signatures observed for workflow A. Workflow C depicts the NRMS section 
after application of post-stack statics, which reduces the NRMS level compared to 
workflow A. The combination of workflow B and C (right display) leads to an 
averaged NRMS level, which is about the averaged NRMS level of workflow C. 
Horizontal patterns in the NRMS sections are observable where strong reflection 
events are present in the stacked section (left). Strong NRMS amplitudes are present 
in the time range below K2 and above Top Stuttgart at about 500 ms. These NRMS 
amplitudes are caused by differences in the baseline and repeat wavelets. Since 
wavelet matching is performed in the post-stack domain, we use the unmatched 
sections to allow for comparison with the pre-stack static corrections. 
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Figure 7.9 Comparison of the 2D lines (baseline, 2005) and 3D stack (baseline, 2005). 
Annotations indicate Base Tertiary (BT), Top Sinemurian (TS), Top Triassic (TT), 
Top Weser Formation (K2), Near Top Stuttgart (NTS) and Near Base Stuttgart (NBS). 
Note that the bin distance of the 3D data is twice that of the 2D data, but traces are 
displayed with equal spacing. The lines are displayed in the figure below (From A to 
B). 

After time-lapse processing of the two stacked sections, no amplitude 
difference at the reservoir level can be observed, as illustrated by the 
amplitude difference sections shown in Figure 7.10.  As a confirmation that 
the difference between the two surveys is minimal, an AVO analysis was 
applied on both datasets. A crossplot of the zero-offset intercept (P) and the 
AVO gradient (G) are useful for detecting changes in the physical conditions 
of the reservoir (Fig. 7.11). If the CO2 had migrated into the area where line 
V7 allows imaging, the data points in the repeat crossplot would deviate 
from the fluid line, as is schematically indicated in Figure 7.11. 

A B 

A 

B 
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Figure 7.10 A. Original amplitude difference of line V7 (see the location in Fig. 3.2) 
between the baseline and the repeat survey. B. After time-lapse processing, amplitude 
difference. The color bar shows the difference and the seismic traces are baseline data. 
The K2 reflection and reservoir are indicated, and the pink arrow on the top shows 
the CDP point (around CDP 128) nearest to the injection area. 

 

 
Figure 7.11 Intercept vs. Gradient cross plot for baseline and repeat data of line V7. 
No significant difference between the two datasets is observed. Minor differences in 
the upper left and lower right corners can be effects from noise or water saturation in 
the reservoir. The two yellow arrows in the repeat cross plot indicate the expected 
movement of data points from the fluid line (red dashed) when gas replaces the 
reservoir brine. The data points in the orange ellipse (located at around CDP 128) at 
the lower right corner show possible pressure and/or water saturation effects after 
injection. 

B 

A 
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7.3.2 Conclusions 
Two additional approaches of static corrections were tested: pre-stack static 
corrections, which decompose the timing delays of baseline and repeat traces 
for sources and receivers in a surface-consistent manner and post-stack static 
corrections which cross-aligns baseline and repeat stacked sections along a 
reference horizon. Both approaches reduced the noise in the time-lapse 
sections of the datasets considerably. Post-stack static corrections caused a 
similar reduction compared to the combination of pre-stack and post-stack 
static corrections. When processing of time-lapse onshore seismic data is 
faced with challenging statics, refraction static corrections followed by a 
combination of pre-stack and post-stack static corrections is recommended. 

Comparison with the processing results of the 2D and 3D surveys showed 
that both image the subsurface, but with local differences due to the different 
acquisition geometries and source type used. Time-lapse interpretation 
showed that in 2009 no CO2 leakage related time-lapse signature is 
observable on the 2D lines. This agrees with the time-lapse results of the 3D 
surveys, which image a reflectivity increase that is just centered at the 
injection well but does not reach the area monitored by the 2D lines. For 
further investigation, an AVO analysis was conducted, which confirmed that 
the CO2 had not migrated as far as the 2D lines and gave an indication for an 
injection induced pressure change in the reservoir. 
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7.4 Paper Ⅳ: Time-lapse analysis of pseudo-3D seismic 
data from the CO2 storage pilot site at Ketzin, Germany 
7.4.1 Summary 
At the Ketzin site, time-lapse pseudo-3D seismic surveys with a “star” 
geometry, i.e. with a radial distribution of acquisition profiles directed 
towards the approximate location of the injection well were acquired. The 
baseline survey was acquired in 2005 before the injection started. Up to the 
time of the 1st repeat survey in September 2009 a relatively small amount of 
CO2 had been injected (22-25 kilotons) and by the time of the 2nd repeat 
survey in February 2011 about 45 kilotons had been injected. The main 
objectives of the “star” surveys were (1) to identify changes in the seismic 
response related to the injection of CO2 between the repeat surveys and 
baseline survey and (2) to compare these results with those from the 3D 
seismic data. In the paper, after introducing geological setting and reservoir 
characterization, we mainly focused on data acquisition, processing and 
interpretation. Finally, the pseudo-3D results were compared with real 3D 
data. 

The stacked sections of inline 1167 and crossline 1100 after processing 
are shown in Fig. 7.12 and Fig. 7.13. The area around the target reservoir is 
marked with a rectangle (top at 480 ms, bottom at 560 ms) and the observed 
stronger reflections in the target area are interpreted as due to injected CO2. 
The reservoir reflection event on the stacked section of the 2nd repeat survey 
is much stronger since more gas had been injected into the reservoir at this 
time. Figure 7.14 shows an example of time-lapse processing results. The 
amplitude difference can be observed clearly at the reservoir level while 
other parts of the seismic profile show little difference. Finally, the 
amplitude difference maps (Fig. 7.15) at the reservoir level from time-lapse 
3D and pseudo-3D seismic surveys are compared. The anomaly observed in 
the 2nd repeated pseudo-3D data reveals a significant similarity in the 
vicinity of the injection borehole with that of the repeat 3D result. The 
interpreted spreading of the anomaly towards the western direction matches 
the result from the repeat 3D survey. 

7.4.2 Conclusions 
The pseudo-3D seismic data provide a good qualitative image of the 
amplitude changes due to the CO2 injection in the vicinity of the borehole 
area and it is possible to outline the distribution of the CO2 using low and 
variable fold data. Although the size and amplitude of the anomaly due to 
the CO2 is smaller in the pseudo-3D than in the repeat 3D data, a similar 
pattern is observed in both data sets. This pattern indicates that the lateral 
heterogeneity of the Stuttgart Formation strongly affects the plume geometry. 
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The preferential movement of the CO2 plume to the west does not allow the 
“star” lines to be processed as 2D lines to track the anomaly. However, the 
results presented here show that the “star” geometry can be used to 
qualitatively map the migration of the CO2 plume within the Stuttgart 
Formation, as well as potential migration out of the reservoir rock. Both 
repeat surveys show that the CO2 is being confined within the aquifer, 
implying that there is no leakage into the caprock at the time of the repeat 
surveys. 

 
Figure 7.12 Inline 1167 from the a) baseline, b) 1st repeat and c) 2nd repeat. The 
target and top seal layers are marked with a black rectangle and the reservoir by white 
arrows. The location of the line is pointed out on Fig. 3.2. 
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Figure 7.13 Same as Figure 7.12, but for crossline 1100. 
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Figure 7.14 Time-lapse processing results for the a) 1st repeat and b) 2nd repeat data 
set along the inline 1163 and 1165, respectively. Colors highlight the difference 
between cross-calibrated volumes. The reflector K2 is shown as a blue line. The 
NRMS level above the reservoir between the surveys is shown on the right, and the 
bright colors mean high repeatability. 
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Figure 7.15 Amplitude difference horizon at the reservoir level for the a) repeat-3D 
survey, b) 1st pseudo-3D repeat survey, and c) 2nd pseudo-3D repeat survey. 
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7.5 Paper Ⅴ: Estimation of changes in the zero-offset 
reflection coefficient due to CO2 injection at Ketzin, 
Germany 
7.5.1 Summary 
The objectives of the study were: 

1) to test the reflection coefficient calculation method on the time-lapse 
synthetic data at the Ketzin site. 

2) to apply the method on real time-lapse surveys including the full 3D 
and pseudo-3D. 

3) to do quantitative analysis for estimation of CO2 saturation. 
Quantitative estimates of reflection coefficients are important if CO2 is to 

be monitored in the subsurface by seismic methods. An example of 
estimating reflection coefficients from surface seismic data at the Ketzin 
CO2 injection test site in Germany is presented. First an introduction about 
the project and the reservoir is given. After that, the methods of reflection 
coefficient estimation are discussed. Seismic data acquisition and processing 
are presented briefly. The main parts of the paper are synthetic data analysis 
and real time lapse seismic data analysis. We make use of the strong 
consistent reflector (K2) to calculate changes in the reflection coefficient of 
the injection horizon due to CO2 injection. By monitoring changes in the 
reflection coefficient with time it may be possible to estimate the extent of 
the CO2 distribution in the subsurface and provide an estimation of the 
saturation in the reservoir. 

Figure 7.16 shows an example of a synthetic seismogram generated from 
the impedance log with no adjustments made to it and one where CO2 has 
been introduced so that the P-wave velocity was decreased by 15% 
throughout the reservoir zone. Amplitudes were picked for the reflections 
from the anhydrite layer (K2) and the top of the reservoir zone. The 
reflection coefficient of the reservoir was calculated using seismic data and 
well logging data. The values obtained show good agreement. The results 
calculated from real seismic data are displayed in Figure 7.17. The full 3D 
baseline (Fig. 7.17a) shows a reflection coefficient of about -0.1 near the 
injection well and observation well IW1, close to that estimated from the 
logs. The repeat full 3D survey shows an increase in the amplitude that is 
nearly centered at the location of the injection well (Fig. 7.17b). The baseline 
pseudo-3D shows a similar pattern for the reflection coefficient prior to CO2 
injection (Fig. 7.17c). However, the 1st repeat pseudo-3D shows quite a 
different pattern for the reflection coefficient (Fig. 7.17d) compared to the 
repeat full 3D (Fig. 7.17b) even though the data were acquired directly after 
the repeat full 3D. The estimated reservoir reflection coefficient at the time 
of the 2nd repeat pseudo-3D seismic survey (Fig. 7.17e) now shows a 
pattern similar to that of the repeat full 3D survey. 
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Figure 7.16 Comparison of synthetic traces. The left one is the original case and the 
right one is the trace after injection (P-wave velocity decreases 15%). The amplitudes 
of all the layers above the reservoir didn’t change between the two traces. At the 
reservoir layer, the absolute value of the amplitude increased. Below the reservoir, the 
right trace had some time shift due to velocity decreased at the reservoir, but the 
amplitude kept the same between the two traces. K2 and reservoir layer are marked. 

7.5.2 Conclusions 
Using the method of Ghaderi and Landrø (2009), the reflection coefficients 
can be calculated from stacked surface seismic data for the reservoir zone at 
the Ketzin CO2 storage site. The high amplitude K2 reflection is used for 
calibration. The calculations prior to CO2 injection are in agreement with 
those calculated from sonic and density logs. After injection, the values are 
higher than predicted which are attributed to CO2 saturation being greater 
than measured in the wells. The 1st repeat pseudo-3D data do not give similar 
values and the post-injection reflection coefficient pattern is different from 
the full-3D. The 2nd repeat pseudo-3D shows a similar pattern for the 
reflection coefficient as the earlier acquired full 3D even though about twice 
as much CO2 had been injected. We conclude that the full 3D Ketzin seismic 
data can potentially be used to quantitatively map changes in the reflection 
coefficient during CO2 injection while the pseudo-3D can only provide 
qualitative information. A more regular acquisition pattern for the pseudo-3D 
or a sparse 3D pattern should be tested in the future. 
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a) b) 

 
c) d) 

 
e) 

 

Figure 7.17 Reflection coefficient maps for different seismic surveys. a) baseline real 
3D survey, b) repeat real 3D survey, c) baseline pseudo-3D survey , d) 1st repeat 
pseudo-3D survey  and e) 2nd repeat pseudo-3D survey.   
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8. Conclusions and Future work 

8.1 General conclusions 
Many different seismic methods have been applied at the Ketzin site, such as 
crosshole, VSP, MSP, 2D, pseudo-3D and 3D seismic surveys. In this thesis, 
I have analysed almost all of the datasets from these surveys and presented 
the results after analysis. Five general conclusions are made: 

1) 2D 
Time-lapse analysis of 2D seismic data showed that in 2009 no CO2 

related time-lapse signature was observable where the 2D lines allowed 
monitoring of the reservoir. This agreed with the time-lapse results of the 3D 
surveys imaging a reflectivity increase just centered at the injection well, but 
which did not reach the area monitored by the 2D lines. 

2) Pseudo-3D 
The results of time lapse pseudo-3D seismic surveys provided a good 

qualitative image of the amplitude changes due to the CO2 injection. 
Although the size of the amplitude anomaly due to the CO2 was smaller in 
the pseudo-3D than in the 3D data, a similar pattern was observed. Therefore, 
at least at the Ketzin site, it is possible to use low and variable fold seismic 
surveys to image the distribution of the CO2. The pattern of the amplitude 
anomaly indicated that the lateral heterogeneity of the Stuttgart Formation 
strongly affected the plume geometry. The preferential movement of CO2 
plume towards the west direction did not allow the “star” lines to be 
processed as 2D lines to track the anomaly. Both repeat surveys showed that 
no CO2 leakage was observed at the time of the surveys. 

3) AVO analysis 
Reservoir attributes changed after CO2 injection. A class 3 reservoir AVO 

anomaly is clear on the 3D repeated data and matches the synthetic modeling 
quite well. No AVO anomaly was observed on the 2D repeat data. This 
confirms that the CO2 had not migrated as far as the 2D lines. However, 
there is an indication from the repeated data that the pressure change in the 
reservoir may be caused by the CO2 injection.  

4) Reflection coefficients 
Reflection coefficients can be calculated from the stacked surface seismic 

data for the reservoir zone at the Ketzin CO2 storage site using the method of 
Ghaderi and Landrø (2009). The reflection coefficient of the reservoir near 
the Injection Well changed from -0.1 (before injection) to -0.24 (after 
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injection) between baseline and repeated 3D seismic surveys on stacked 
seismic data. The calculated value from the baseline survey matches the 
result from well logging data. However, the values of reflection coefficients 
from the repeat pseudo-3D seismic surveys couldn’t match the values from 
repeated 3D survey due to different geometry, noise level and processing 
parameters such as NMO stretch. The conclusion is that the full 3D Ketzin 
seismic data can potentially be used to quantitatively map changes in the 
reflection coefficient during CO2 injection while the pseudo-3D can only 
provide qualitative information. 

5) VSP and MSP 
VSP and MSP data give more detailed underground structural information 

near the borehole area compared to the surface seismic data. They can be 
used to map the heterogeneous thin reservoir at the Ketzin site. 

8.2 Outlook 
8.2.1 Seimic Inversion 
Since the reservoir at the Ketzin site is heterogeneous and generally less than 
20 m, the conventional 2D/3D seismic data couldn’t resolve it. Post-stack 
seismic inversion can probably be applied to map the reservoir. Many 
different inversion methods can be chosen. The geostatistical method is 
preferable since it can handle very thin layers (Filippova et al., 2011). 

AVO simultaneous inversion aims to obtain reliable estimates of P-wave 
velocity, S-wave velocity and density. Both fluid and lithology properties 
can be predicted after the inversion (Soldo, 2009). If applied on the full 3D 
repeat seismic data we might obtain additional reservoir information after 
CO2 injection. 

4D seismic inversion, introduced by Landro (2001) and improved by 
Trani et al. (2011), can potentially be applied to calculate gas saturation and 
the pore pressure changes of the reservoir at the Ketzin site. 

8.2.2 Time lapse MSP data analysis 
VSP and MSP data have only been processed for the baselines. The next step 
would be to do time lapse MSP data analysis. The most important step of the 
time lapse MSP data analysis is to normalize reflection amplitude using a 
shallow reflector (K2 at the Ketzin site) above the reservoir. This removes 
changes not associated with injection, e.g. changes in the shallow ground 
water level and differences in source energy (Cheng et al., 2010). After time 
lapse processing, the CO2 plume edge should be able to be mapped since the 
CO2 has not migrated far from the borehole. AVO analysis will be tested on 
the repeated MSP data to be compared with the 3D repeat data. 
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8.2.3 Seismic to simulation 
If all the changes of reservoir properties obtained by 1D, 2D and 3D time 
lapse seismic data are integrated into the geological reservoir model it should 
be possible through modeling to predict the future CO2 distribution. 
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9. Summary in Swedish 

Återföring av CO2 till jorden är en metod som testas för att minska atmosfä-
rens globala uppvärmning. Koldioxiden avskiljes från stora utsläppskällor, t. 
ex. kolkraftverk, och transporteras i rör till förvar i geologiska formationer 
till lands och till havs. Med hänsyn till olika karaktäristika hos reservoarer 
indelas dessa i: djupa saltvattensformationer, utvunna olja/gas reservoarer, 
formationer där injicering av CO2 användes för att förbättra återhämtning av 
olja och gas och reservoarer med metan i kolbäddar. Djupa saltvattensforma-
tioner har störst potential för förvaring av CO2 enligt kapacitetsundersök-
ningar. Under de senaste 10 åren har mer än 10 försök att lagra CO2 i saltvat-
tensformationer gjorts, både som småskaliga pilotprojekt och som storskali-
ga projekt. Erfarenhet från pågående och avslutade projekt har resulterat i 
pålitliga tekniker för injektion och övervakning av CO2. 

    CO2SINK och dess fortsättning CO2MAN var det första lagringsprojektet 
av CO2 på land i Europa.Projektets målsättning var att (1) utveckla och in-
tegrera teoretiska med praktiska metoder för underjordisk lagring av CO2, (2) 
skapa förtroende för framtida storskaliga underjordiska lagringar i Europa, 
(3) ge fälterfarenhet för hantering och hjälp med utveckling av framtida re-
gelverk och standarder för underjordisk lagring av CO2. Undersökningsom-
rådet ligger nära staden Ketzin, nordost om Potsdam i Tyskland. Injiceringen 
började i juni 2008 och fram till februari 2011 hade ungefär 45 000 ton CO2 
blivit injicerat i akvifären på 630 meters djup. Denna avhandling fokuserar 
på analyser av seismiska data från borrhål och ytseismik vid återkommande 
mätningar samt reservoar karaktärisering i Ketzinimrådet. 
    År 2007 utfördes borrhålsseismik i Ketzin 202/2007 (OW2) med fast 
(VSP, Vertical seismic profiling) respektive flyttande (MSP, moving source 
profiling) seismisk källa. MSP utfördes längs sju skottlinjer arrangerade i en 
stjärna. Målsättningen var att skapa en seismisk avbild med hög upplösning 
runt borrhålet. Efter modellering och databearbetning kunde de sandiga lag-
ren i Stuttgart Formationen avbildas från borrhålsseimiska data medans re-
flektioner från dessa lager inte är särskilt tydliga från ytseismiska 3D data. 
Repeterade 2D och pseudo-3D seismiska mätningar har utförts i Ketzin. 
Tolkning av 2D data före och efter CO2 injektion visar inget läckage av CO2 
i de områden som täcks av mätningarna. Detta överensstämmer med resultat 
från repeterade 3D mätningar där en ökande reflektivitet endast är observerat 
närmast injektionsbrunnen. Resultaten från pseudo-3D mätningarna är också 
i överensstämmelse med repeterade 3D studier. Detta visar att en mindre 
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pseudo-3D geometri kan användas för att kvalitativt kartlägga CO2 i en re-
servoar med en väsentligt mindre prestation än vid en fullständig 3D mät-
ning. Den andra repeterade pseudo-3D undersökningen indikerar en företrä-
desvis rörelse av CO2 mot väster. Inte från någon av de repeterade mätning-
arna finns någon indikation på läckande CO2 uppåt genom täckande lager. 
Analyser av amplituder kontra avstånd (AVO, Amplitude Versus Offset) har 
gjorts på både repeterade 2D och 3D mätningar. Analyserna på repeterade 
3D data visar att akvifären är av klass 3 AVO anomali. Detta stöder den 
syntetiska modelleringen ganska väl. Som väntat observerades inga AVO 
anomalier i det repeterade 2D datat men resultaten visar tecken på en tryck-
respons i reservoaren. Reflektionskoefficienter beräknades för ytseismiska 
data (3D and pseudo-3D). Beräkningar före injektionen stämmer väl överens 
med beräkningar från borrhålsloggning. Beräkningar efter injektionen är i 
god överensstämmelse med den seismiska modelleringen men visar generellt 
högre amplituder än de förväntade från modelleringen. De fullständiga 3D 
data visar en bättre bild av reflektionskoefficienterna före och efter injektio-
nen jämfört med pseudo-3D data, varför de sannolikt kan användas för kvan-
titativa beräkningar av CO2 volymer. Pseudo-3D data kan endast ge kvalita-
tiv information. 
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