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Abstract
Huang, F. 2016. 3D Time-lapse Analysis of Seismic Reflection Data to Characterize the
Reservoir at the Ketzin CO2 Storage Pilot Site. Digital Comprehensive Summaries of Uppsala
Dissertations from the Faculty of Science and Technology 1407. 73 pp. Uppsala: Acta
Universitatis Upsaliensis. ISBN 978-91-554-9658-6.

3D time-lapse seismics, also known as 4D seismics, have great potential for monitoring the
migration of CO2 at underground storage sites. This thesis focuses on time-lapse analysis of 3D
seismic reflection data acquired at the Ketzin CO2 geological storage site in order to improve
understanding of the reservoir and how CO2 migrates within it.

Four 3D seismic surveys have been acquired to date at the site, one baseline survey in 2005
prior to injection, two repeat surveys in 2009 and 2012 during the injection period, and one post-
injection survey in 2015. To accurately simulate time-lapse seismic signatures in the subsurface,
detailed 3D seismic property models for the baseline and repeat surveys were constructed by
integrating borehole data and the 3D seismic data. Pseudo-boreholes between and beyond well
control were built. A zero-offset convolution seismic modeling approach was used to generate
synthetic time-lapse seismograms. This allowed simulations to be performed quickly and limited
the introduction of artifacts in the seismic responses.

Conventional seismic data have two limitations, uncertainty in detecting the CO2 plume in
the reservoir and limited temporal resolution. In order to overcome these limitations, complex
spectral decomposition was applied to the 3D time-lapse seismic data. Monochromatic wavelet
phase and reflectivity amplitude components were decomposed from the 3D time-lapse seismic
data. Wavelet phase anomalies associated with the CO2 plume were observed in the time-lapse
data and verified by a series of seismic modeling studies. Tuning frequencies were determined
from the balanced amplitude spectra in an attempt to discriminate between pressure effects
and CO2 saturation. Quantitative assessment of the reservoir thickness and CO2 mass were
performed.

Time-lapse analysis on the post-injection survey was carried out and the results showed
a consistent tendency with the previous repeat surveys in the CO2 migration, but with a
decrease in the size of the amplitude anomaly. No systematic anomalies above the caprock were
detected. Analysis of the signal to noise ratio and seismic simulations using the detailed 3D
property models were performed to explain the observations. Estimation of the CO2 mass and
uncertainties in it were investigated using two different approaches based on different velocity-
saturation models.
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1. Introduction  

 

1.1 The Ketzin CO2 storage site 
NASA’s Earth Observatory indicates that the average global temperature on 
Earth has increased by 0.6 to 0.9 degrees Celsius since 1906. A doubled rate 
of warming has been observed over the past 50 years. Consequently, the 
average global sea level has risen by 0.19 m since then (IPCC, 2013). Car-
bon Dioxide (CO2) is considered as the most significant greenhouse gas that 
primarily leads to global warming. Human activities like burning fossil fuels 
contributes to the rise of CO2 concentration in the atmosphere. If temperature 
continues to go up, the Earth might not remain habitable for some fauna and 
flora as well as for humans. In 2010, world leaders signed the Cancun 
Agreements and agreed to commit government to avoid the average global 
temperature increase above two degrees Celsius.  

Carbon capture and storage (CCS) has been considered as a key technolo-
gy to achieve this objective given that it is impossible to completely stop 
burning fossil fuels in the foreseeable future. CCS is the process that cap-
tures CO2 emissions from fossil fuel based power generation or industrial 
facilities and safely stores them underground for a long time. In 2015, there 
were 15 large-scale CCS projects with CO2 capture of up to 28 Mt per year 
and 7 more projects were in the execution stage (Global CCS Institute, 
2015). In Europe, there are two active large-scale CCS projects: the Sleipner 
project in the North Sea (Kongsjorden et al., 1998) and the Snøhvit project in 
the Barents Sea (Hansen et al., 2013).  

The first European on-shore CO2 storage project, the CO2SINK (CO2 
Storage by Injection into a Natural saline aquifer at Ketzin) project (Förster 
et al. 2006), financed by the European Commission, was initiated in 2004 
with the aim to expand the experience in monitoring CO2 underground stor-
age and to provide confidence for future European onshore CCS projects. 
The selected test site was located in Ketzin, a small town 25 km west of Ber-
lin, Germany (Figure 1). The drilling of one injection well (Ktzi 201) and 
two observation wells (Ktzi 200 and Ktzi 202), down to a depth of approxi-
mately 800 m, was completed in 2007. The injection of CO2 started in June 
2008. In 2011 and 2012, two additional observation wells, P300 which is 
180 m above the storage formation, and Ktzi 203 which was drilled down to 
a depth of 700 m were completed. The injection of CO2 ended on August 29, 
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2013 with about 67 ktons of CO2 injected into a saline sandstone formation 
at depths of 630-710 m. From September 2013, the Ketzin pilot site entered 
the post-closure phase (Martens et al., 2014). From October 2015 to January 
2016 about 2900 tons of brine were injected into the CO2 storage horizon to 
investigate the displacement of CO2 by brine (Möller et al., 2016). 

 
Figure 1. Aerial photo of the Ketzin CO2 storage site and locations of wells (after 
Bing Map). Inset shows the location of the Ketzin pilot site in Germany.  

1.2 Motivation and research objectives 
Seismic reservoir characterization is a key element to better understanding of 
the internal structure and properties of a CO2 storage reservoir. The main 
aim of this research is to contribute to the reservoir characterization at the 
Ketzin CO2 storage pilot site using 3D time-lapse analysis of seismic reflec-
tion data, simulation of time-lapse seismic responses and quantitative inter-
pretation of 3D time-lapse data.  

Simulation of time-lapse seismic responses plays an important role in un-
derstanding and predicting changes of seismic responses due to fluid changes 
in the reservoir. Building detailed seismic property models close to the actu-
al subsurface conditions is a prerequisite for properly simulating seismic 
signatures. Previous seismic simulations at the Ketzin pilot site were mainly 
based on 1D or 2D property models. To better understand the migration of 
injected CO2 at the Ketzin pilot site, detailed 3D seismic property models are 
needed. However, seismic inversion methods like full waveform inversion 
and impedance inversion (Götz et al., 2014) failed to provide details of the 
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reservoir due to the relatively short offsets (maximum c. 1000 m) for 3D 
seismic surveys and the presence of a thin high-velocity anhydrite layer 
(about 5500 m/s) situated about 80 meters above the reservoir.  

Several limitations also exist in quantitative interpretation of 3D time-
lapse data. First, the conventional band-limited seismic cannot resolve thin 
layers (e.g. paleochannels or sandstone channels) which are common in CO2 
storage. Second, uncertainty exists in identifying the seismic anomaly due to 
injected CO2. For instance, time-lapse noise and pressure effects may gener-
ate similar anomalies as CO2 related anomalies. Third, quantitative analysis 
of the CO2 plume is susceptible to errors in the reservoir parameters because 
of a limited number of boreholes, reservoir heterogeneity and upscaling er-
rors. 

Guided by these challenges, the research in this thesis has the following 
objectives: 
1. To efficiently integrate the existing borehole data and the 3D seismic 

data to build detailed 3D seismic property models for seismic simulation 
at the Ketzin pilot site. 

2. To investigate the feasibility of utilizing wavelet phase changes related 
to the CO2 plume to reduce the uncertainty in monitoring the CO2 distri-
bution. 

3. To determine tuning frequency to quantitatively assess the thickness and 
mass of the gaseous CO2 and to attempt the discrimination between the 
pressure effects and CO2 saturation. 

4. To evaluate the recent development of the CO2 plume in the post-closure 
phase and to estimate the CO2 mass using two different models (patchy 
and non-patchy saturation models). 

1.3 Thesis structure 
This thesis consists of seven chapters and four accompanying papers. Chap-
ter 1 gives a general introduction to the Ketzin CO2 storage pilot site togeth-
er with the motivation and research objectives. Chapter 2 provides the geo-
logical setting of the Ketzin pilot site. In Chapter 3 a brief overview is given 
of the seismic methods previously used at the site. Chapter 4 includes the 
research methodology used in this thesis. Chapter 5 discusses the time-lapse 
results at the Ketzin pilot site in detail using the methods described in Chap-
ter 4. Chapter 6 concludes the research achievements in this thesis. Chapter 7 
is the summary in Swedish.   
 
Paper I: To model time-lapse seismic signatures at the Ketzin pilot site, de-
tailed 3D seismic property models for the baseline and repeat surveys were 
efficiently built by integrating borehole data and 3D seismic data. Seismic 
velocity and density after CO2 injection were calculated using CO2 parame-
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ters from the history-matched dynamic flow simulations. A simple convolu-
tion approach was used to produce synthetic zero-offset time-lapse seismic 
responses with the aim of saving computational cost and not introducing 
processing artifacts. Close agreement between the synthetic and real data at 
the corresponding time shows that the 3D property models were adequate to 
simulate the time-lapse responses at the Ketzin CO2 storage pilot site. 
 
Paper II: In this work, a feasibility study of utilizing wavelet phase compo-
nents extracted by complex spectral decomposition to monitor the CO2 
plume at the Ketzin site was conducted. To provide better understanding of 
the phase changes related to the injected CO2, analysis of acous-
tic/viscoacoustic simulations were implemented. Distinct phase features 
correlated with the sandstone channels, CO2 plume and ambient noise were 
identified, suggesting that it is practical to combine wavelet phase infor-
mation with seismic amplitude to decrease the uncertainty in detecting CO2 
plume in the reservoir. 
 
Paper III: This paper presents the case study from the Ketzin site in which 
frequency characteristics of thin layers were obtained from the 3D time-
lapse seismic data using complex spectral decomposition. The extracted 
reflectivity amplitude sections show improved temporal resolution and more 
stratigraphic details. The thickness of the reservoir sandstone and gaseous 
CO2 determined using the extracted tuning frequency is consistent with the 
well logging data. An attempt to distinguish between the saturation and pres-
sure anomalies reveals that the majority of the amplitude anomaly is related 
to CO2 saturation. The CO2 mass estimated using the saturation-related 
anomaly agrees with the actual amount of the injected CO2 but with some 
discrepancy.    
 
Paper IV: To evaluate the recent development of the CO2 plume, a third 3D 
repeat seismic survey, serving as the first post-injection survey, was con-
ducted in 2015 in the post-closure phase of the project at the Ketzin site. 
This study presents the processing and time-lapse analysis results from the 
first post-injection survey. The CO2 plume migrates towards the WNW in 
the up-dip direction, consistent with the previous surveys. No anomalies 
above the caprock are detected. Compared with the amplitude anomaly in 
the reservoir at the time of the second repeat survey, a decrease in the range 
and intensity is observed. A more significant decrease of the amplitude 
anomaly occurs east and south of the injection site. Seismic simulations re-
veal a dynamic balance between the newly injected CO2 of 6 kt and the CO2 
being dissolved and diffused. Due to the significant uncertainty that exists in 
the CO2 mass calculation, both patchy and non-patchy saturation models 
were investigated. 
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2. Geological setting 

Ketzin is situated in the Northeast German Basin, which is a subbasin of the 
Southern Permian Basin in Europe (Ziegler, 1990). Initial rifting in the early 
Permian together with the following subsidence and the deposition of Permi-
an clastic sediments and Upper Permian Zechstein salt contributed to the 
evolution of the basin. Since the Triassic times, salt tectonics at around 
1500-2000 m depth led to the deformation of the overburden and formed 
anticlines and synclines (Kossow et al., 2000). The Ketzin pilot site is lying 
on the southern flank of an anticline dipping 15 degrees, which is a part of 
the west-southeast to east-northeast Roskow-Ketzin double anticline (Förster 
et al., 2006). 

Almost pure CO2 was injected into the 80 m thick Triassic Stuttgart For-
mation at depths of 630-710 m (Figure 2). Sandy channel-facies rocks alter-
nating with muddy, flood-plain-facies rocks comprise the lithologically het-
erogeneous Stuttgart Formation. The thickness of the sandstone intervals 
may be up to several tens of meters where subchannels are stacked together. 
These well-sorted and fine- medium grained sandstones are well sorted and 
weakly cemented by silicates and clay, and sometimes by anhydrite or halite 
as well (Norden et al., 2010). Core analysis on reservoir-rock samples exhib-
it varying porosity (from 5 to 35%) and brine permeability (from 0.02 to 
5000 mD) (Norden et al., 2010). The lower part of the Stuttgart Formation 
consists of overbank sediments such as silty sandstones and siltstones char-
acterized by their thickness and mineralogical composition. The upper sand-
stone layers of the Stuttgart Formation are 9-20 thick channel deposits with 
good reservoir quality. Temperature and pressure measured at the injection 
horizon are in a range of 34 to 38 ºC (Förster et al., 2006) and 6.21 to 6.47 
MPa (Kazemeini, 2009), respectively. 
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Figure 2. Simplified stratigraphic model of the Ketzin site with the lithology of the 
injection well (Ktzi 201). This model is based on a sub-cube of the 3D baseline 
seismic data. The saline aquifer for CO2 storage at depths of 630–650 m is the up-
permost part of the Stuttgart Formation. 

The caprock at the Ketzin pilot site is defined as a multibarrier system. The 
immediate caprock above the reservoir is the 210 m thick Weser and Arn-
stadt Formations consisting of playa-type mudstones and anhydritic mud-
stones. The top of the Weser formation is a 10-20 m thick anhydrite-
dominated layer (known as the Heldburg-Gips or K2 horizon) with high 
velocity and poor porosity and permeability. A conspicuous seismic reflec-
tion that arises from this thin anhydrite layer could be identified from vin-
tage seismic surveys (Juhlin et al., 2007). The Arnstadt Formation is overlain 
by a multi-aquifer system (Jurassic sandstones alternating with siltstone, 
mudstone and anhydrite) located at depths of 250-400 m. From the 1970s 
until 2000, natural gas was stored in these sandstone layers. Above this aqui-
fer system is a Tertiary clay (the Rupelton) with a thickness of 80-90 m. This 
Tertiary clay, serving as a caprock, prevents the brines in this aquifer system 
from flowing into the fresh water within the above Quaternary aquifers. This 
multibarrier system guarantees that the injected CO2 is safely contained in 
the anticline at the Ketzin site over long periods of time. The topography of 
Ketzin is covered by mostly flat land with some isolated elevations consist-
ing predominantly of Quaternary sands. 
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3. Previous seismic monitoring 

 
 

A wide range of geophysical methods (Martens et al., 2014; Bergmann et al., 
2016), such as well logging, seismic and electro-magnetic techniques have 
been applied to the Ketzin pilot site in order to map the geologic structure 
and the distribution of the injected CO2 plume. Other methods like geochem-
ical (Zimmer et al., 2011) and geodetic (Lubitz and Motagh, 2013) meas-
urements were also used to implement further monitoring. A brief overview 
of the seismic methods previously used in this project is given below.  

3.1 Vertical seismic profiling 
Vertical seismic profiling (VSP) is a seismic method, which records seismic 
waves generated by a source with receivers deployed in a borehole. A VSP 
survey is implemented to correlate between surface seismic data and subsur-
face stratigraphy since it can provide higher resolution subsurface images 
within the vicinity of the wellbore. At the Ketzin site, swept source (VIB-
SIST-1000/3000 with a hydraulic driven concrete breaking hammer) was 
used to acquire time-lapse zero-offset VSP and offset-VSP data (Yang et al., 
2010). Baseline VSP data were recorded in 2007 prior to the CO2 injection, 
while one repeat zero-offset VSP survey in 2011 and two repeat offset-VSP 
surveys in 2009/2011 were performed. The results show that in comparison 
with surface seismics, the imaged reflections have higher vertical and lateral 
resolutions.  

Fibre-optic Distributed Acoustic Sensing (DAS) is a relatively new tool 
with the use of optical fiber cable for measuring strain changes of the fiber 
within acoustic frequencies. DAS-VSP data were also tested at the Ketzin 
site and showed promising image quality (Daley et al., 2013). 

3.2 Crosshole seismic surveys 
In cross-hole seismic surveys, seismic waves generated in a borehole are 
acquired by receivers in other boreholes. At the Ketzin site, a time-
distributed VIBSIST piezoelectric borehole source was used in the Ktzi 200 
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borehole while 12 hydrophones were placed at depths of 464-726 m in the 
Ktzi 202 borehole. From May 2008 to August 2008, one baseline and two 
repeat surveys were performed (Zhang et al., 2012). At the times of the two 
repeat surveys, approximately 660 and 1750 tons of CO2 had been injected 
into the saline aquifer, respectively. However, no clear observable time-lapse 
changes were recognized since a very small amount of CO2 had migrated 
through the imaging plane, but not yet arrived at Ktzi 202. 

3.3 Passive seismic interferometry 
Seismic interferometry is a technique that cross-correlates seismic signals 
observed at different locations in order to reconstruct useful reflection re-
sponses from subsurface layers. Since seismic interferometry uses ambient 
seismic noise instead of an active seismic source, it is a relatively cost-
effective and environmentally friendly methodology. Ambient noise data 
were measured at the Ketzin pilot site in February 2011 (Xu et al., 2012), 
August 2013 (Zhang et al., 2015) and October 2015. Compared with passive 
and active stacked sections, similar seismic reflections, especially from the 
shallower subsurface, can be identified. 

3.4 Permanent seismic array 
Permanent seismic array is a seismic monitoring system using permanently 
installed receivers. To record both active and passive seismic data from 
Ketzin, multicomponent geophones/hydrophones were permanently placed 
at 50 m depth and at the surface (Arts et al., 2011). The continuously record-
ing passive seismic data were used for monitoring the injection-induced 
seismic activity and ambient-noise seismic interferometry (Boullenger et al., 
2014). This system maximizes the repeatability of the recording conditions. 
Analysis of the buried data shows an increased frequency bandwidth up to 
300 Hz (Arts et al., 2011). Due to the absence of baseline data before CO2 
injection, further investigation is required to verify the potential of monitor-
ing CO2 migration. 

3.5 2D time-lapse seismic surveys 
2D time-lapse seismic data were acquired along seven 2D lines with a radial 
acquisition geometry around the injection well Ktzi 201. Seismic data along 
all the 2D lines with receiver station spacing of 24 m were acquired simulta-
neously by activating the VIBSIST source. In this way, sparse 3D time-lapse 
seismic images were obtained. To increase the fold around the injection site, 
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two shorter receiver lines were deployed in the vicinity of the site. The base-
line survey was conducted in November 2005 while two repeat surveys were 
conducted in September 2009 and February 2011 after the CO2 injection of 
22 and 45 kt, respectively. In comparison with the results from the 3D seis-
mic surveys, the CO2-induced amplitude anomalies in the sparse 3D images 
exhibit similar migration trends of the CO2 plume, but with a reduced extent 
and intensity and higher levels of noise (Ivandic et al., 2012). This may be 
due to the uneven distribution of the acquisition geometry. 

3.6 4D seismic surveys 
Compared with the other seismic surveys, wide-ranging coverage of the 
subsurface and higher lateral resolution are the advantages of 3D seismic 
surveys. At the Ketzin pilot site, there have been three full 3D seismic sur-
veys from 2005 to 2012.  

The baseline 3D survey was acquired in the autumn of 2005 prior to the 
start of the CO2 injection in order to image the structural geometry of the 
reservoir (Juhlin et al., 2007). To monitor the movement of the CO2 plume, 
two repeat 3D surveys were conducted in the autumns of 2009 and 2012, 
after injection of approximately 22-25 and 61 kt of CO2, respectively 
(Ivanova et al. 2012, Ivandic et al. 2015). The same acquisition template 
scheme was used in all the 3D seismic surveys. The baseline survey area 
includes 41 templates (~ 14 km2) located around the injection site while the 
two repeat survey areas include 20 (~ 7 km2) and 31 (~ 10 km2) templates, 
respectively. The same processing steps (except for static corrections) were 
applied to the baseline (Juhlin et al., 2007) and two repeat surveys (Ivanova 
et al. 2012, Ivandic et al. 2015) for improving time-lapse seismic 
repeatability. Results from the 4D seismic surveys show that the seismic 
amplitude anomaly caused by the injected CO2 plume was concentrated 
around the injection well with a predominantly westward propagation 
(Ivanova et al. 2012, Ivandic et al. 2015). CO2 mass estimates at the times of 
the two repeat surveys were consistent with the actual injected mass of CO2 
but with considerable uncertainty. No systematic amplitude anomalies were 
detected within the overburden. 
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4. Methodology 

This section summarizes the methods applied to 3D time-lapse seismic data 
in order to characterize the reservoir at the Ketzin pilot site. 

4.1 Building detailed 3D seismic property models 
Compared with 3D seismic data, which contain information over a large area 
and have limited vertical resolution, well-log data provide information with 
higher vertical resolution, but only at the well location. By integrating bore-
hole data and 3D seismic data, detailed seismic property models within the 
target area encompassing the CO2 migration can be constructed (Huang et 
al., 2015).   

4.1.1 Property models for the baseline survey 
Considering the highly heterogeneous reservoir at the Ketzin site, it is a re-
quirement to build pseudo-boreholes between and beyond well control to 
constraint the interpolation, when building seismic property models. Three 
wells (Ktzi 200, Ktzi 201 and Ktzi 202) are available for building baseline 
property models, the other two wells (P300 and Ktzi 203) were drilled and 
measured after CO2 injection. Varying quality of well-log data can be found 
in the three available wells because of borehole breakouts, missing data and 
noise due to drill mud management activities (Norden and Frykman, 2013). 
For instance, when comparing synthetic and real traces, the Ktzi 201 well 
shows the best cross-correlation coefficient within the reservoir and immedi-
ate caprock formations, whereas the Ktzi 202 well shows the best cross-
correlation coefficient above the caprock. Therefore an idealized borehole, 
combining data from both of these wells was simulated and used as a refer-
ence for the other pseudo-boreholes. 

The first step was to construct a 10-layer depth model derived from seis-
mic horizons corresponding to the top of the Pliensbachian, Sinemurian, 
Exter, Arnstadt, Weser, Stuttgart and Grabfeld formations, as well as the 
base of the K2 and reservoir horizons. The Quaternary and Tertiary for-
mations were merged into one layer due to the lack of sonic borehole data 
and the relatively poor near surface image in the seismic data. Assuming 
almost constant facies in each layer, log data within one layer can be trans-
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ferred from the existing boreholes to the pseudo-boreholes by performing 
linear interpolation. In order to build the idealized borehole the density and 
sonic data were used from the Ktzi 201 well, with the exception of the data 
from the reservoir and immediate caprock formations, where data from the 
Ktzi 202 well was used. In this way, the idealized borehole data for the well 
Ktzi 202 was constructed. The well data at every 5th CDP were then interpo-
lated using the horizons to define the variation of thickness away from the 
idealized borehole. A good match between the original and transferred logs 
for the Ktzi 200 well (Figure 3) verifies the effectiveness of this method.  

 
Figure 3. Comparison of the well Ktzi 200 (red) and the corresponding pseudo-
borehole (blue). Left two columns: density logs (RHOB); right two columns: sonic 
logs (DT). The green lines represent the density and sonic logs of the idealized bore-
hole for the well Ktzi 202. Red and blue lines represent the original and transferred 
logs for the well Ktzi 200, respectively. Dotted lines mark the correlation of hori-
zons in the wells. 

Due to the lack of data in the very shallow part of the well a time shift exists 
between the synthetic seismogram generated from the pseudo-borehole and 
the composite seismogram, generated by averaging the real traces within +/-
1 CDP of the corresponding location. The prominent and continuous K2 
horizon was set as the reference horizon to perform calibration for the sonic 
logs of the pseudo-boreholes. The synthetic trace was shifted so that the 
strong K2 reflection matched the K2 reflection in the surface seismic data. 
The main reflections present in both the synthetic and real traces were set as 
control points. Like calibration using check shots in a VSP survey, the syn-
thetic trace was matched to the corresponding composite trace by performing 
a spline interpolation between two control points. Consequently, the cali-
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brated sonic logs of the pseudo-boreholes and a time to depth conversion 
function were obtained. The detailed 3D property models of the density and 
the P-wave velocity (Figure 4), were built by interpolating all traces among 
the pseudo-boreholes with a Delaunay triangulation algorithm.  

 
Figure 4. Detailed 3D velocity model for the baseline survey. 

4.1.2 Property models for repeat surveys 
In order to build the detailed 3D seismic property models for the two repeat 
surveys, the detailed 3D models of the CO2 density and the saturation of the 
CO2-rich gaseous phase (Figure 5) in the reservoir at the two repeat times 
(October 2009 and October 2012) were extracted from dynamic flow simula-
tions of CO2 migration which had been history-matched to the observed 
downhole pressures and the CO2 arrival times in the wells (Kempka and 
Kühn, 2013). The uneven degree and distribution of CO2 saturation reflect 
the highly heterogeneous lithology of the reservoir. 

The density of the composite fluid (CO2 and brine) was computed by 
(Batzle and Wang, 1992) 

                               = 1 − +                            (4.1) 
where  is the density of the composite fluid,  is the density of the 
formation brine – about 1165 kg/m3 (Kummerow and Spangenberg, 2011), 

 and  are the CO2 saturation and density, respectively. 
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Figure 5. Saturation of CO2-rich gaseous phase at the first repeat time (left) and the 
second repeat time (right). 

Considering that the reservoir rock at the Ketzin site mainly consists of clay-
rich arkosic sandstone (Norden et al., 2010) and the dry-out zone is only near 
the injection well, a more reasonable assumption is that CO2 saturation is 
related to the effective porosity rather than total porosity. Therefore, the 
equation for estimating the density of the rock in the brine/composite fluid 
can be written as = ∅ + ∅ − ∅ + (1 − ∅ ) ,   (4.1) 
where ∅  and ∅  represent the effective and total porosities, which 
were derived from porosity data in the three wells (Norden et al., 2010), 
and	  represents the matrix density.  can be calculated from the 
measured bulk density of the rock ( ) which is fully saturated with 
brine using equation (4.2) (Ivanova et al., 2013b) 

                               = ∅∅ .                                     (4.2) 

Petrophysical experiments on reservoir rock were conducted at the Ketzin 
site (Kummerow and Spangenberg, 2011; Ivanova et al., 2013b) and showed 
a near linear velocity-saturation relationship which follows 
                                           = −0.46 ,                                              (4.3) 

where  is the P-wave velocity before CO2 injection and  Δv  is change in P-
wave velocity. This velocity-saturation relationship was used to estimate P-
wave velocity after CO2 injection. Given that a very minor change (2%) in S-
wave velocity was observed and that this study focuses on changes in the 
amplitude of P-wave reflectivity, changes in the S-wave velocity were ne-
glected. 
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4.2 Complex spectral decomposition 
This section first gives a brief introduction to spectral decomposition tech-
niques. The theory and application of complex spectral decomposition 
(CSD) which is used in this thesis is then discussed. 

4.2.1 Introduction to spectral decomposition 
Seismic signals which are non-stationary contain a lot of useful frequency-
dependent information. However, conventional seismic methods cannot ex-
tract this frequency-dependent information. Like a prism splitting light into 
different colors, spectral decomposition is a powerful and advanced tool, to 
decompose a non-stationary seismic signal into its constituent frequency 
components. It enables the interpreter to observe amplitude and phase tuned 
to specific wavelengths. This decomposed frequency information is useful 
for seismic imaging and interpretation, like mapping the temporal thickness 
of thin beds and detecting hydrocarbon reservoirs.  

The methodology and applications of spectral decomposition have devel-
oped quickly in the past few decades. The discrete Fourier transform (DFT) 
is one of the most fundamental and widely used mathematical methods. It 
transforms a discrete-time signal into a discrete set of phase and frequency 
pairs. However, the DFT is not sensitive to time-varying changes in frequen-
cy. To gain understanding of variations in frequency content with time the 
short-time Fourier transform (STFT) method, which uses a constant time 
window for the Fourier transform was proposed. A special case of STFT is 
Gabor transform which uses the Gabor function for the windowing (Gabor, 
1946a). The constant length of the window fixes the time and frequency 
resolutions for all the components and may also lead to truncation errors 
(Hall, 2006). The continuous wavelet transform (CWT) (Haar, 1910) is a 
potential solution for this limitation. It divides the signal into wavelets with 
varying scales and translations. The length of the window changes with the 
signal frequency. Therefore, acceptable temporal resolution for high fre-
quency components and acceptable frequency resolution for low frequency 
components can be obtained (Kumar and Foufoula-Georgiou, 1997). To 
solve different problems, a range of other time-frequency decomposition 
methods like matching pursuit, Wigner-Ville distribution (WVD), S trans-
form and the synchrosqueezing transform have also been developed (Tary et 
al., 2014). 

Complex spectral decomposition (CSD) (Bonar and Sacchi, 2010) utilizes 
inversion strategies to decompose the seismic signal into a series of complex 
wavelets with distinct frequencies and phases. In comparison with the con-
ventional spectral decomposition methods, the complex time–frequency 
spectrum generated by CSD is less constrained by the Heisenberg-Gabor 
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uncertainty principle (Gabor, 1946b) and contains wavelet phase infor-
mation. 

4.2.2 Complex spectral decomposition 
A seismic trace containing multiple wavelets can be regarded as the summa-
tion of convolutions of several wavelets with the corresponding reflectivity 
sequences (Bonar et al., 2010). Considering a realistic seismic trace  con-
taminated with noise, the seismic trace can be represented by 

                                     = ∑ ∗ +                                           (4.1) 
where  is the number of wavelets, ∗ denotes convolution,  represents the 
th wavelet with dominant frequency f in the wavelet library,  represents 

the corresponding reflectivity series and  represents noise in the trace.                                  
 
Using convolution matrices, equation 4.1 can be equally written as 

                                        = ( 	 	⋯ ) ⋮ +                                     (4.2) 

where 	  is the convolution matrix of the wavelet .  
The simplified expression of equation 4.2 is 
                                             = +                                                 (4.3) 

where  is the convolution matrix of the wavelet library and  is the corre-
sponding reflectivity series. 

In order to provide the phase information, the real-valued wavelet library 
can be transformed to the complex wavelet library by performing the Hilbert 
transform. Using zero-phase wavelets in the wavelet library, the phase in-
formation of the seismic trace can consequently be maintained in the com-
plex reflectivity series (Bonar and Sacchi, 2010; Han et al., 2015; Liu et al., 
2015). 

To determine the complex time–frequency spectrum  by solving equa-
tion 4.3 is an underdetermined inverse problem. By utilizing the L2-norm to 
measure data misfit and the L1-norm to improve sparsity, the cost function  
can be constructed as 

                                  = ‖ − ‖ + ‖ ‖ , > 0                            (4.4) 

where λ is the regularization parameter that controls the sparsity of solutions. 
A comparison of the time-frequency spectra obtained by the Gabor trans-

form, CWT and CSD is shown in Figure 6. The noisy synthetic trace (signal-
to-noise ratio: 3.6) is composed of 4 parts: a 25 Hz -30º phase shifted Ricker 
wavelet placed at 0.1 s, a reflection generated by convolution of a 40 Hz 
zero-phase Ricker wavelet with a reflectivity pair (one positive reflection 
coefficient at 0.3 s and one negative reflection coefficient 5 ms later), a 60 
Hz 50º phase shifted Ricker wavelet placed at 0.5 s and an 85 Hz -125º 
phase shifted Ricker wavelet placed 0.7 s. Higher time-frequency resolution 
and less noise can be seen from the CSD time-frequency spectrum. Both the 



 26 

frequency and phase information of the seismic traces are correctly identi-
fied. The reflectivity pair of the second reflection is also clearly recogniza-
ble.  

 
Figure 6. Comparison of the time-frequency spectra obtained by Gabor transform, 
CWT and CSD. (a) Synthetic trace contaminated with random noise, (b) Gabor 
spectrum, (c) CWT spectrum, (d) CSD reflectivity spectrum, (e) CSD wavelet phase 
spectrum. Inset shows a close-up image of the second reflection. 

4.2.3 Thickness determination 
The thickness of the main-reservoir sandstone in the upper part of the 
Stuttgart Formation at the Ketzin site is in the range of 9-20 m (Förster et al., 
2010), which is generally below 1/4 of the dominant wavelength. Therefore, 
conventional band-limited seismic reflection data have difficulties in deter-
mining the thickness of the thin layers. Partyka et al. (1999) presented that 
the relationship between two-way temporal thickness t of the layer and the 
period of the amplitude spectrum in the frequency domain Pf follows 
t=1/Pf=1/2f, where f is the first tuning frequency. The amplitude spectrum of 
the thin layer can be obtained by transforming the seismic reflection from 
the thin layer over a given time window. In practice, truncation errors may 
be introduced after windowing due to incomplete separation from the adja-
cent reflections (Hall, 2006), especially for closely placed reflections. With 
the aim to decrease the truncation errors, the reflectivity amplitude data 
which were obtained using CSD and have higher resolution than the conven-
tional seismic reflection data are used to determine the tuning frequency. In 
this way, the zone of interest can be more easily and correctly delineated. 
The discrete-frequency reflectivity amplitude data within the delineated zone 
(the zone of the reservoir layer) are converted into the frequency domain. 
After multiplying the corresponding amplitude spectrum of the wavelet in 
the complex wavelet library and summing all the monochromatic amplitude 
spectra, the amplitude spectrum of the thin layer is generated. To extract 
thin-bed interference which can be used to determine tuning frequency, the 
source wavelet overprint needs to be removed from the amplitude spectrum 
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(Partyka et al., 1999). In order to do this, the amplitude spectrum is balanced 
by the extracted wavelet. 

To verify the effectiveness of this method, a synthetic time-lapse case was 
tested. The velocity and density of the baseline model (Figure 7a) was de-
rived from the log data from the Ktzi 201 well (Norden et al., 2010). The 
second layer represents the reservoir sandstone. The tuning frequency related 
to the second layer was determined from the amplitude spectrum after apply-
ing CSD to the synthetic baseline data. Figures 7b and 7c show that the de-
termined tuning frequency and temporal thickness are consistent with theo-
retical values. CO2 was injected into the second layer which generates a new 
layer with a lower velocity (Figure 8a). To calculate the temporal thickness 
of the CO2 plume, the tuning frequency was determined from the amplitude 
spectrum after applying CSD to the synthetic time-lapse amplitude differ-
ence. Figures 8b and 8c show reasonable agreement with the theoretical val-
ues, but with increased error due to the impact of the base of the reservoir. 
Note that the location of the first tuning frequency corresponds to the first 
trough of the balanced amplitude spectrum for the reservoir top and base 
with the same polarity (Figure 7b), whereas the location of the first tuning 
frequency corresponds to the first peak of the balanced amplitude spectrum 
for the reservoir top and base with the opposite polarity (Figure 8b). For the 
seismic data from the Ketzin pilot site, the polarity of the reservoir top and 
base is undetermined because of the reservoir heterogeneity. To solve this 
problem, both the first peaks of the balanced amplitude spectrum and the 
balanced amplitude spectrum multiplied by -1 were determined. The mini-
mum between these two first peaks corresponds to the proper first tuning 
frequency. 

 
Figure 7. (a) Velocity model of baseline, (b) amplitude spectrum of trace 92 and the 
determined tuning frequency (green triangle), (c) comparison of theoretical (red) and 
determined (blue) temporal thickness.  
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Figure 8. (a) Velocity model of repeat, (b) amplitude spectrum of trace 92 and the 
determined tuning frequency (green triangle), (c) comparison of theoretical (red) and 
determined (blue) temporal thickness. 

4.3 Acquisition and processing of the first post-injection 
seismic survey 
In order to track the migration of the injected CO2 in the post-closure phase 
at the Ketzin pilot site, the third 3D repeat seismic survey, also known as the 
first post-injection survey, was acquired in autumn 2015. This section pre-
sents the acquisition and processing of the first post-injection seismic survey. 

4.3.1 Acquisition 
The same template-based acquisition scheme (Figure 9), as for the previous 
3D seismic surveys, was employed in the first post-injection seismic survey, 
with the aim of keeping the utmost repeatability of receiver coupling and 
positioning between the baseline and repeat surveys. The template system 
was numbered with an origin in the lower left hand corner of the survey area. 
Each template has the same acquisition geometry (Juhlin et al., 2007). One 
template consisted of five receiver lines with twelve perpendicular source 
lines. Receiver line spacing was 96 m and station spacing was 24 m. The 
first post-injection survey includes 33 templates, covering an area of approx-
imately 11 km2. Two new templates (Templates 5.0 and 6.0) were added in 
the westernmost part in order to expand the baseline survey into an area 
where the CO2 plume is anticipated to later propagate. Templates with the 
same first number (e.g., Templates 6:1, 6:2, 6:3 etc.) belong to the same 
swath. The acquisition parameters are summarized in Table 4.1.  
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Figure 9. Template-based acquisition scheme used in the first post-injection (third 
repeat) 3D survey. Magenta lines outline the survey area. Green isolines denote the 
topography of the storage formation. Red and yellow dots represent the locations of 
the injection well (Ktzi 201) and three observation wells (Ktzi 200, 202, and 203), 
respectively.  

Table 4.1 Template acquisition parameters. 

Parameter Value 

Receiver line spacing/number per template 96 m/5
Receiver station spacing/channels per template 24 m/48
Source line spacing/number per template 48 m/12
Source point spacing 24 m or 72 m
CDP bin size 12 m × 12 m
Nominal fold 25
Geophones 28 Hz single
Sampling rate 1 ms
Record length 3 s
Source 240 kg accel. weight drop, 8 hits per 

shot point
Acquisition unit Sercel 428 XL 

Acquisition of the first post-injection survey, using an accelerated weight 
drop began in template 9:5 on September 2, 2015 and proceeded through the 
survey area in a snake-like manner. Typically 8 hits were stacked for each 
shot point to obtain better signal to noise ratio. For points in noisy or wet 
conditions the number of hits was increased. When moving receiver lines 
from one template to another template within a swath (e.g. Templates 8:2, 
8.3), half of the receiver stations remained. Half of the source points over-
lapped between two adjacent templates within two swaths (e.g. Templates 
5:1, 6.1). Ideally this overlapping template scheme generates an even fold of 
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25 over the survey area. However, in practice the fold (Figure 10) does not 
reach 25 due to limitations like roads, farmland or nature reserves where the 
source was not activated. After 58 days of active acquisition the survey end-
ed in template 2:3 on November 14. A total of approximately 5700 source 
points were activated. 

 
Figure 10. Actual CDP fold of the first post-injection (third repeat) survey. The 
green and magenta dashed lines represent inlines and crosslines, respectively. Black 
and grey dots represent the locations of the injection well (Ktzi 201) and three ob-
servation wells (Ktzi 200, 202, and 203), respectively. 

4.3.2 Data processing from prestack to poststack 
In order to improve time-lapse repeatability (e.g. fold and azimuthal cover-
age), only the common traces between baseline and repeat surveys were 
included in the processing and analysis. The same processing workflow and 
parameters were applied to the baseline (Juhlin et al., 2007) and repeat sur-
veys (Ivanova et al., 2012; Ivandic et al., 2015; Huang et al., 2016a) using 
the Globe Claritas software. The processing steps were designed to be com-
paratively simple to allow the data to be processed quickly and to introduce 
fewer processing related artifacts (Juhlin et al., 2007). Although all the 3D 
surveys were performed in the same season, differences in the near surface 
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were present due to human activities and environmental factors such as pre-
cipitation (Kashubin et al., 2011; Bergmann et al., 2014). Therefore, the 
static corrections of the repeat data were re-evaluated. The processing work-
flow for the third repeat survey is presented in Table 4.2. A comparison of 
common shot gathers from the baseline and third repeat surveys at the same 
location shows good repeatability. The corresponding amplitude spectra of 
the same shot gathers also show similar frequency content. 

Table 4.2 Processing steps applied to the first post-injection (third repeat) dataset. 

Step Processing workflow and parameters 

1 Read raw SEGD data
2 Vertical diversity stack
3 Bulk static shift (correction for instrument delay)
4 Extract and apply geometry
5 Trace editing
6 Notch filter: 50 Hz
7 Spherical divergence correction
8 Band-pass filter: 7-14-120-200 Hz
9 Surface consistent deconvolution: 120 ms, gap 16 ms, white noise 0.1%
10 Ground roll mute
11 Spectral equalization: 20–35–80–110 Hz
12 Band-pass filter: 0–300 ms: 15–30–75–115 Hz;  

350–570 ms: 14–28–70–110 Hz;  
620–1000 ms: 12–25–60–95 Hz

13 Zero-phase filter: converts an average near minimum-phase wavelet of the 
weight drop source to a wavelet being closer to zero phase

14 Time-lapse difference static correction (with reference to baseline 
survey)

15 Trace balance using data window
16 NMO
17 Residual statics
18 Stack
19 Trace balance
20 FX-Decon: inline and crossline directions
21 Trace balance
22 Migration: 3D FD using smoothed stacking velocities 

For the second and third repeat surveys, static shifts were derived from the 
time-lapse differences (Bergmann et al., 2014) instead of re-picking first-
breaks for individual survey. By cross-correlating prestack traces between 
the baseline and repeat surveys within a fixed time window, the time-lapse 
differences (TLD) were obtained. This data-driven TLD static correction 
method shows time-efficiency and less time-lapse noise. Figure 11 shows the 
application of TLD static corrections to the third repeat survey. It is clearly 
seen that the initial time-lapse bias of about -1 ms among the datasets is re-
moved. After 5 iterations the root-mean-square (RMS) decreases from 3.9 to 
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3.05. The maps of decomposed time-shifts show an uneven distribution of 
source and receiver solutions, indicating changes in the near surface. 

Figure 11. (a) Delay distribution among the datasets before applying TLD static 
correction, (b) delay distribution among the datasets after applying TLD static cor-
rection, (c) evolution of the delays during the decomposition, (d) distribution of 
source solution, (e) distribution of receiver solution, (f) distribution of CDP solution. 

4.3.3 Time-lapse cross-equalization 
In practice, it is impossible to reach perfect repeatability when acquiring 
monitor surveys, despite the use of the same acquisition and processing pa-
rameters. Changes in seismic signals such as amplitude, phase, time and 
frequency content are present due to non-injection related factors like varia-
tions in weather, near surface conditions and anthropogenic noise. In order to 
maximize the similarity between the different surveys, it is necessary to per-
form cross-equalization on time-lapse seismic surveys. The 4D seismic data 
from the Ketzin pilot site were cross-equalized using the Pro4D module in 
the Hampson-Russell software. The repeat datasets were matched to the 
baseline dataset after performing phase and time matching, phase and fre-
quency shaping by filtering, cross-correlation statics and time-variant shift-
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ing, and cross-normalization. A calibration window above the target reser-
voir zone was utilized, as ideally, changes in the data, between surveys are 
not expected above the reservoir. In addition, the near-surface data (around 
0-150 ms) were not included since no obvious seismic reflections exist in 
this interval. After application of time-lapse cross-equalization, changes 
associated with the movement of fluids in the subsurface can be recognized 
by subtracting the repeat volume from the baseline volume. The results of 
the time-lapse 3D surveys will be presented and discussed in Chapter 5. 

The match quality can be measured by calculating normalized root-mean-
square (NRMS) deviations between the cross-equalized time-lapse volumes 
(Kragh and Christie, 2002). Larger NRMS values mean lower repeatability. 
Figure 12 shows the map of the NRMS values between the baseline and third 
repeat sub-volumes after cross-equalization. Most of the NRMS values range 
from 0.2 to 0.4 over the survey area, indicating good repeatability (Miller 
and Helgerud, 2009). Larger NRMS values are present at the edges of the 
survey area because of lower fold. Larger NRMS values in the vicinity of the 
injection site are caused by the injected CO2 and lower fold. 

 
Figure 12. NRMS map of the baseline and first post-injection (third repeat) sub-
volumes after cross-equalization. Black dot represents the location of the injection 
well. 



 34 

4.4 CO2 mass estimation 
CO2 geological storage projects must prove that CO2 injected is contained 
within the reservoir. Therefore, quantitative assessment of the injected CO2 
mass is very important for understanding the risk of leakage. If CO2 leakage 
is detected, assessment of the mass of CO2 which has leaked is necessary for 
designing the most optimal remedial solution. 

4.4.1 Seismic-well log approach 
Generally, the seismic-well log approach can be divided into two parts (Fig-
ure 13). Firstly, a relationship between CO2 saturations ( ) and time-lapse 
amplitude changes (∆ ) is derived from pulsed neutron-gamma (PNG) log 
data measured in wells (Ivanova et al., 2012; Ivandic et al., 2015). Using this 
CO2 saturation-amplitude change relationship, the CO2 saturation of each 
CDP over the whole survey area can be estimated. Secondly, the reservoir 
velocity at a given CO2 saturation  is calculated using the linear ve-
locity-saturation relationship (equation 4.3). Consequently, the thickness of 
the CO2 layer (ℎ) can be obtained using equation 

                                                ℎ = ∆ ∙ ∙ ∙∆                                          (4.5) 

where ∆  is the time-delay calculated between the baseline and repeat sur-
veys over windows above and below the reservoir (Ivandic et al., 2015),  is 
the reservoir velocity fully saturated with brine and ∆  is velocity difference 
between  and . 

The total estimated CO2 mass ( ) is calculated using the following 
equation (Arts et al., 2002) 
                                   = ∑ ℎ ∙ ∙ ∅ ∙ ∙ ∙                             (4.6) 
where  is the total number of CDP bins,  represents the CDP index, ∅ is 
the porosity,  is the CO2 density and ∙  determines the CDP bin area. 

For the field data, thresholds for time-lapse amplitudes and time shifts 
need to be set up in order to exclude the impact from non-repeatable noise 
which is spread throughout the survey area (Ivandic et al., 2015). 
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Figure 13. The workflow of the seismic-well log approach used at the Ketzin site 
(Ivanova et al., 2012; Ivandic et al., 2015). 

4.4.2 Time-shift approach 
The mass estimation using the seismic-well log approach relies on two as-
sumptions. The first is that the CO2 saturation-amplitude change relationship 
derived from the PNG logging data is representative for the whole survey 
area. The second is that accurate thresholds for time-lapse amplitudes and 
time shifts are set up. Additionally, uncertainty exists in this mass estimation 
method due to uncertainty in the reservoir parameters. At the Ketzin pilot 
site, the petrophysical model has several limitations, such as the limited 
number of core samples used to construct the model, the highly heterogene-
ous lithology and the difference in frequency range used for laboratory and 
surface-seismic experiments. 

Figure 14 shows the velocity-saturation relationship together with the la-
boratory data. Note that the linear relationship fits the laboratory data with 
CO2 saturation levels of up to 51%, but does not fit well for higher satura-
tions. However, CO2 saturations of more than 60 % (up  to 100% locally in 
the Ktzi 201 well) have been retrieved from PNG logging data (Ivanova et 
al., 2012). Therefore, it raises the question of whether the linear patchy satu-
ration model is the most appropriate method for CO2 mass estimation. A 
Gassmann-type model is another possible approach which fits to the labora-
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tory data, but may result in a more gentle change for higher CO2 saturation. 
As an alternative, the time-shift approach only using time shifts and the 
petrophysical model (Bergmann and Chadwick, 2015) was applied to the 4D 
seismic data from the Ketzin site. 

 
Figure 14. Velocity-saturation relationship together with the laboratory data. Dots 
and triangles represent the laboratory data obtained from two core samples of the 
target reservoir. Solid and dotted lines indicate the linear (Ivanova et al., 2013b) and 
other possible velocity-saturation relationships. 

This approach also uses equation 4.5. The time shift (∆ ) can be obtained by 
rearranging the equation. It can be seen that for a given ∆ , one thicker layer 
with lower CO2 saturation and one thinner layer with higher CO2 saturation 
are both possible solutions. These two different saturations result in two 
different CO2 masses in the layer, 

The range of possible CO2 masses in the layer can be calculated using the 
equation proposed by Bergmann and Chadwick (2015) 

                          ( ) = + 1 − ( ) ∙ ∆                                   (4.7) 

This equation represents the generalized velocity-saturation relationship, 
where  is patchiness parameter which controls the degree of linearity in the 
velocity-saturation relationship and ∆  is velocity difference between  and 
the reservoir velocity fully saturated with CO2, namely = 1 . Figure 
15 displays the changes of the velocity-saturation relationship dependent on 

. 
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Figure 15. Set of velocity-saturation relationships derived from equation 4.7 using a 
variable patchiness parameter (marked graphs) after Bergmann and Chadwick 
(2015). 

Once the generalized velocity-saturation relationship has been calibrated 
against the pre-existing petrophysical model, the upper and lower bounds of 
CO2 mass can be determined by time shifts. The upper and lower bounds of 
the total estimated CO2 mass can be computed using the following two equa-
tions 

                    = −( ∙ ) ∙ ∙∅∙ ∙( ∆ )∆ ∙ ∑ ∆                              (4.8) 

and 

                  = −( ∙ ) ∙ ∑ ∙∅∙ ∙ ∙(∆ ∙( ) )∙ ∙∆ ( )∙∆ ∙ ∙ ∆           (4.9)                        

where ℎ  is the maximum thickness of the CO2 layer equal to the thick-
ness  of the reservoir. For  and , if  is less than the patchiness parame-
ter for the linear velocity-saturation relationship ( = −( + ∆v)/∆v), the 
former represents the upper bound and the latter represents the lower bound, 
and vice versa. 
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5. Seismic characterization of the reservoir at 
the Ketzin pilot site 

5.1 Synthetic time-lapse seismograms 
Simulation of time-lapse seismic responses is an important method in order 
to understand and predict changes due to injected CO2 in the reservoir. In 
order to simulate the migrated seismic responses for the baseline 3D survey, 
synthetic zero-offset seismograms were generated by convolving the extract-
ed 40 Hz zero-phase wavelet with reflection coefficients obtained from the 
baseline property models (Paper I). In comparison with the other 3D simula-
tions which require large computational cost, this simulation can be imple-
mented in an efficient way without introducing processing artifacts. Figure 
16 shows the synthetic baseline sections compared with the real baseline 
sections which are close to the CO2 injection well. The seismic characteris-
tics such as arrival times, amplitudes and polarities between the synthetic 
and real data are in good agreement, although the real data exhibit more lat-
eral variation. To evaluate the similarity, the cross-correlation coefficients 
between synthetic and real data ranging from 240 to 580 ms were extracted 
before and after calibration (Figure 17). The improved cross-correlation co-
efficients after calibration are clearly recognizable. The average cross-
correlation coefficient before calibration is about 0.6, whereas the average 
value is up to 0.75 after calibration. 
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Figure 16. Synthetic baseline sections (top panel) compared with the real baseline 
sections (bottom panel). From left to right: inline 1166 and crossline 1098. The red 
line shows the sonic log of the injection well. The blue line indicates the K2 horizon. 

 
Figure 17. Maps (left panel) and histograms (right panel) of the cross-correlation 
coefficient between synthetic and real data before (top panel) and after (bottom 
panel) calibration. Black dot indicates the location of the injection well. 

Similarly, the synthetic migrated seismic responses for the first and second 
repeat surveys were obtained by using the convolution method. Seismic sec-
tions from the synthetic and real data at two repeat times are compared in 
Figure 18. Increases in reflection amplitudes due to the increased impedance 
contrast after CO2 injection can be observed at the nearly identical positions 
in both the synthetic and real data.  
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Figure 18. Synthetic repeat sections (top panel) compared with the real repeat sec-
tions (bottom panel) along crossline 1098. From left to right: first repeat and second 
repeat. The red line represents the sonic log of injection well. The blue line indicates 
the K2 horizon. The green rectangle denotes the target zone. 

To compare the amplitude anomalies associated with the injected CO2, the 
vertical sections of the time-lapse amplitude differences from the synthetic 
and real seismic data at the first repeat time (Figure 19) were acquired by 
subtracting the repeat volume from the baseline volume. Obvious amplitude 
anomalies between 515 and 535 ms around the injection well (Ivandic et al., 
2012; Ivandic et al., 2013; Ivandic et al., 2015) are comparable between the 
synthetic and real data. Weak amplitude anomalies observed at deeper levels 
are related to the push-down effect due to the decrease in reservoir velocity 
after CO2 injection. In addition, minor anomalies slightly above the reser-
voir, but below the K2 reflector, can be seen, despite no CO2 leakage within 
the overburden. This anomaly may be due to different interference effects of 
the thin reservoir sandstone before and after CO2 injection, and also non-
repeatable noise and processing artifacts in the real data. Figure 20 shows the 
amplitude difference horizon at the reservoir level between the synthetic and 
real seismic data at two repeat times. Certain similar features can be found 
between the synthetic and real maps. The extent of the amplitude anomaly 
increases from the first repeat time to the second repeat time. More and 
stronger amplitude anomalies are mapped in the vicinity of the injection well 
with an increasing amount of injected CO2. The asymmetric distribution of 
the anomaly is due to the reservoir heterogeneity. However, some differ-
ences between the synthetic and real maps are still present. For instance, the 
size of the synthetic amplitude anomaly which consistently reflects the re-
sults of the dynamic flow simulations is smaller than that of the real data, 
especially at the first repeat time. 
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Figure 19. Vertical sections of the time-lapse amplitude differences (repeat minus 
baseline) from the synthetic (top panel) and real (bottom panel) seismic data at the 
first repeat time. From left to right: inline 1166 and crossline 1098. The black line 
shows the sonic log of the injection well. The blue line indicates the K2 horizon. 

 
Figure 20. Amplitude difference horizons (baseline minus repeat) at the reservoir 
level between the synthetic (top panel) and real seismic data (bottom panel) at the 
first (left panel) and second (right panel) repeat times. Black and grey dots represent 
the locations of the injection well (Ktzi 201) and two observation wells (Ktzi 200 
and 202), respectively. 
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5.2 Wavelet phase anomalies related to CO2 injection 
CSD was applied to the 3D time-lapse datasets with the aim of investigating 
the changes of the wavelet phase related to the injected CO2 in the reservoir. 
The vertical sections of the wavelet phase at all frequency bands along an 
inline close to the injection well were extracted from the baseline, first and 
second repeat surveys (Figure 21). The range of wavelet phase anomalies in 
the target area coincides with that of the time-lapse amplitude anomalies in 
Figure 19. However, a minor amplitude anomaly is seen above the reservoir 
top, whereas almost no wavelet phase anomaly is detected outside the target 
area. This implies that the wavelet phase is a stable seismic attribute to de-
lineate the top of the CO2 plume. For the baseline survey prior to CO2 injec-
tion, the wavelet phase in the sandstone reservoir generally ranges from 60º 
to 180º, equivalent to yellow, red and magenta colors in the colorbar. -180º 
and 180º phase are denoted by the same color because a complete cycle is 
360 degrees. The wavelet phase horizons are generally continuous despite 
the lower continuity around the injection well due to the reduced fold. More 
continuous phase horizons around the injection well are shown after CO2 
injection. A wavelet phase of around -120º (blue color) underlying the 180º 
phase in the reservoir is seen. Utilizing the wavelet phases from 120º to 180º, 
one can define the location of the reservoir top. The range of the top of the 
CO2 plume in the reservoir can be further recognized by using the underlying 
-120º phase. No systematic changes in wavelet phase are detected within the 
caprock, verifying the integrity of the reservoir. Similar features of wavelet 
phase anomalies related to CO2 injection are also observed along the other 
inlines and crosslines close to the injection well (Huang et al., 2016c). A 
group of monochromatic phase sections were extracted from the first repeat 
survey in order to investigate the changes of wavelet phase anomalies with 
frequencies. Results indicate that phase anomalies are mainly concentrated 
between 30 and 45 Hz (Huang et al., 2016c). The wavelet phases ranging 
from 120º and 180º with the overlying 60º phase are mainly observed at 30 
and 35 Hz, whereas most of the underlying -120º phase is seen at 40 and 45 
Hz.  
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Figure 21. Vertical sections of the wavelet phase at all frequency bands along inline 
1166 at the (a) baseline, (b) first repeat and (c) second repeat times. The red line 
represents the location of injection well. The blue lines indicate the approximate 
locations of the reservoir top and base. The black rectangle denotes the target zone. 
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Figure 22 shows the changes of the 40 Hz wavelet phase with depth obtained 
from the first repeat survey. Given that phases corresponding to reflectivity 
amplitudes smaller than 25% of the maximum value are present throughout 
the entire survey area, these phases were considered as ambient noise and 
therefore were removed. Clearly, the overall phase along the reservoir top 
ranges from 120º−180º accompanied with a 60º phase. The extent of the 
main phase area is in agreement with the amplitude anomaly observed from 
the first repeat survey (Ivanova et al., 2012; Ivandic et al., 2015). The curved 
dashed line exhibits a similar phase as the sandstone reservoir, implying the 
existence of the possible sandstone channels (Kazemeini et al., 2009). The 
remaining phases can be correlated with traffic noise. From 2 ms to 6 ms 
below the reservoir top, the phases gradually change from 180º to -120º. At 8 
ms below the reservoir top, the area of the -120º phase significantly decreas-
es. Figure 23a and 23b show 40 Hz horizon maps of the wavelet phase at the 
reservoir top obtained from the baseline and second repeat surveys. The cor-
responding phase difference maps between the baseline and two repeat sur-
vey are shown in Figure 23c and 23d. The phase anomalies due to the injec-
tion are concentrated around the injection well. The CO2 related phase 
anomalies are more clearly identified in the phase difference maps. The ex-
tents of the phase anomalies at the two repeat times are consistent with the 
results of previous time-lapse amplitude differences (Figure 20). Compared 
with the previous time-lapse amplitude differences, the anomaly of the sec-
ond repeat survey in the north-west part next to the main area of the CO2 
plume, which has been interpreted as an artifact, is not present in the corre-
sponding phase map. In addition, the phase anomaly of about 180º is shown 
at the southern margin of the second repeat map. The patchy phase anomaly 
observed in the north-east corner can be correlated with the seismic noise 
generated by a wind farm after Gassenmeier et al. (2015). The other phase 
anomalies outside the main area of the CO2 plume can be related to the com-
paratively high level of traffic noise caused by vehicles travelling between 
Neu Falkenrehde and Etzin (Huang et al., 2016c). 

To better understand the observed wavelet phase anomalies, a number of 
seismic forward modelling tests were implemented in this research (Paper 
II). A selection of modelling results is shown in Figure 24. Property models 
were generated by extrapolating the smoothed well-log data of Ktzi 201. The 
detailed CO2 parameters obtained from dynamic flow simulations at the first 
repeat time and quality factor proportional to the reciprocal of the CO2 satu-
ration were included in the model. This model is assumed to be representa-
tive of the subsurface at the Ketzin site. However, it is still oversimplified 
considering the heterogeneous reservoir and not strictly horizontal for-
mations. Viscoacoustic synthetic zero-offset data were generated by apply-
ing the Generalized Standard Linear Solid model, which consists of three 
Maxwell bodies (Bohlen, 2002; Deng and Morozov, 2013). Compared with 
the results of the real data (Figure 24c), consistent phase characteristics are 
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observed in the synthetic data (Figure 24b). The lateral range of the -120º 
phase almost coincides with the distribution of the CO2 plume in the reser-
voir. Phases of 120º−180º accompanied with a 60º phase are also observed. 
In addition, analysis of the simulation results reveals that the phase anoma-
lies related to CO2 injection at the Ketzin site can be mainly attributed to 
interference rather than an offset-dependent effect. This was proved by the 
identical phase results obtained from the real data within only near-offsets 
and all offsets. 

 
Figure 22. Changes of the 40 Hz wavelet phase with depth obtained from the first 
repeat survey. From top to bottom: at the top of the reservoir, 2 ms, 4 ms, 6 ms, and 
8 ms below the top of the reservoir. The white solid line represents the outline of the 
imaged CO2 plume for the first repeat survey. The curved dashed represents possible 
sandstone channels. Black and grey dots represent the locations of the injection well 
(Ktzi 201) and three observation wells (Ktzi 200, 202 and 203), respectively. 
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Figure 23. 40-Hz horizon maps of the wavelet phase at the top of the reservoir for 
(a) baseline, (b) second repeat. (c) and (d) are the corresponding wavelet phase dif-
ference, respectively. The white solid lines represent the outlines of the imaged CO2 
plume for the first and second repeat surveys. The curved dashed lines represents 
possible sandstone channels. Black and grey dots represent the locations of the injec-
tion well (Ktzi 201) and three observation wells (Ktzi 200, 202 and 203), respective-
ly. 
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Figure 24. (a) Velocity model, (b) wavelet phase at all frequency bands extracted 
from the synthetic data, (c) wavelet phase at all frequency bands extracted from  the 
first repeat survey. Inset is the zoomed target area outlined by the black rectangle. 
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5.3 Reservoir thickness 
A number of spectral decomposition methods like CWT and WVD have 
been performed to estimate the thickness of the injected CO2 using the tun-
ing frequency-temporal thickness relationship at the Sleipner project site and 
the Snøhvit gas field (Chadwick et al., 2010; Ravazzoli and Gómez, 2014). 
At the Ketzin site, Kazemeini et al. (2009) previously used the CWT method 
to qualitatively analyze the reservoir details. Given several limitations at the 
Ketzin site (such as thin sandstone layers, limited resolution of band-limited 
conventional seismic data, inevitable noise in a semi-urban site and presence 
of the thin high-velocity anhydrite layer), the CSD method with higher time-
frequency resolution and less sensitivity to noise is the optimal option for 
quantitatively evaluating the thickness of the reservoir.  

We extracted a batch of monochromatic reflectivity amplitude sections 
which were aimed at providing a first visual estimate of reservoir thicknesses 
for tuning frequency extraction (Paper III). A comparison of the convention-
al baseline sections and the corresponding reflectivity amplitude sections are 
shown in Figure 25. The reflectivity amplitude sections detail the structure 
with higher temporal resolution. The discontinuity imaged at east and south 
of the injection well coincides with the reservoir heterogeneity and can be 
used to interpret the preferred orientation of CO2 propagation (Ivandic et al., 
2015). The source wavelet extracted from well logging and seismic data 
within 200-800 ms in the vicinity of the injection site was then used to bal-
ance the amplitude spectrum of the reservoir. 

Figure 26 shows the tuning frequencies of the sandstone units determined 
from the balanced spectrum of the baseline survey. The range of tuning fre-
quency is 50-80 Hz, equivalent to a two-way temporal thickness of 6.3-10 
ms. The thickness of the reservoir sandstone can be calculated using the 
average velocity of the reservoir sandstone fully saturated with brine at the 
Ketzin site (3135 m/s) (Ivanova et al., 2012). The calculated thickness rang-
es from 9.7 m to 17.4 m, which is in good agreement with the sandstone 
thickness of 9–20 m measured from logging data (Förster et al., 2010). 
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Figure 25. Comparison of the conventional baseline sections (top panel) and the 
corresponding reflectivity amplitude sections (bottom panel). From left to right: 
inline 1166 and crossline 1098. The black vertical line represents the location of 
injection well. The black horizontal lines indicate the approximate locations of the 
K2 horizon and reservoir.  

 

 
Figure 26. Tuning frequencies of sandstone units extracted from the baseline survey. 
White and grey dots represent the locations of the injection well (Ktzi 201) and three 
observation wells (Ktzi 200, 202 and 203), respectively. 
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Figure 27 shows the tuning frequencies of gaseous CO2 determined from 
the balanced amplitude spectra of the time-lapse amplitude differences at 
two repeat times. The extent of the gaseous CO2 was defined by using an 
amplitude threshold of 0.25 at the reservoir level to exclude the remaining 
non-repeatable noise (Ivandic et al., 2015). Much higher tuning frequencies, 
which are present at north, south and east of the injection site, can be as-
sumed as the low-permeability CO2 migration pathways to explain the pre-
dominant WNW trend of the gaseous CO2 movement. The calculated tem-
poral thicknesses of the gaseous CO2 plume at four wells (Ktzi 200, 201, 202 
and 203) are presented in Table 5.1. There is no determined tuning frequen-
cy for the Ktzi 200 well at the first repeat time. From the first repeat time to 
the second repeat time, the increased temporal thicknesses of the gaseous 
CO2 are found in all four wells, while a greater increase is observed in the 
Ktzi 203 well. This shows that more CO2 moves towards the north of the 
injection well, namely the up-dip direction. The calculated temporal thick-
nesses at the second repeat time reflect the variation of sandstone thickness 
in four wells. The velocity of the reservoir saturated with 50% CO2 was used 
to estimate the thicknesses of the gaseous CO2 in the Ktzi 201 well at two 
repeat times. The estimated values (21.7 and 23.3 m) are a bit higher than the 
actual net thickness of the reservoir sandstone in the Ktzi 201 well  (19 m) 
but reasonable since CO2 was also observed in a thinner silt- and sandstone 
layer beneath the main-reservoir sandstone in the injection well (Ivanova et 
al., 2012; Baumann et al., 2014). 

 
Figure 27. Tuning frequencies of gaseous CO2 extracted from the first (left panel) 
and second (right panel) repeat surveys. White and grey dots represent the locations 
of the injection well (Ktzi 201) and three observation wells (Ktzi 200, 202 and 203), 
respectively. 
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Table 5.1. Thickness of the reservoir sandstone compared with calculated temporal 
thickness of the gaseous CO2 plume. 

Well 
Reservoir sandstone 
(m) 

Gaseous CO2 plume (ms)
1st repeat 2nd repeat

Ktzi 200 16 - 14.2
Ktzi 201 19 18.3 19.7
Ktzi 202 9 8.3 8.5
Ktzi 203 18 7.5 17.1 

 

5.4 Discrimination between CO2 saturation and pressure 
changes 
The amplitude anomalies caused by the pressure and fluid saturation changes 
can be discriminated by using time-lapse amplitude variation with offset 
(AVO) (Landrø, 2001; Landrø et al., 2003; Grude et al., 2013). However, 
this approach has not achieved success at the Ketzin site (Ivanova et al., 
2013a) because of limited signal-to-noise ratio, relatively short offsets and 
the presence of a thin but high-velocity anhydrite layer. 

After CO2 injection, pore pressure increases and consequently effective 
stress in the formation decreases. This gives a rise to decrease in seismic 
velocity. Therefore, similar changes in seismic amplitude as those caused by 
CO2 saturation may occur in the formation. Given the assumption that the 
change of the pore pressure spreads in the entire reservoir height and the 
gaseous CO2 saturation is mainly present within the upper reservoir interval 
(White et al., 2015), it is possible to utilize distinct tuning to discriminate the 
saturation and pressure effects. Considering that there is no available S-wave 
data in the 4D seismic from the Ketzin site, discrimination between CO2 
saturation and pressure changes using tuning frequency of P-wave data is 
feasible.  

Based on the sandstone thickness determined from the baseline survey 
(Figure 26), the tuning frequencies of the corresponding sandstone fully 
saturated with CO2 were estimated from simulation results (Section 4.2.3). 
These estimates were considered as the theoretical lower limits of the tuning 
frequencies after CO2 injection. If the tuning frequency from the repeat sur-
veys are larger than the threshold, it indicates that the saturation effect over-
whelms the pressure effect, and vice-versa (Huang et al., 2016b). In this 
way, the pressure and fluid saturation changes can be separated from each 
other. Anomaly maps of CO2 saturation and apparent pressure at two repeat 
times are shown in Figure 28. In comparison with the second repeat survey, 
more pressure related anomalies are mapped from the first repeat survey, 
which is in agreement with the significant reduction in downhole pressure 
measured at the second repeat time (Martens et al., 2014). It is clearly seen 
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that the majority of the amplitude anomaly is caused by CO2 saturation at the 
Ketzin site, implying the presence of the connected sandstone channels 
mainly in the west and north of the injection site. 

Quantitative assessment of the CO2 mass was implemented based on the 
determined tuning frequency instead of the time delays which were used in 
the previous studies. Compared with the time delays estimated from the con-
ventional seismic reflections, the tuning frequency is not influenced by the 
phase distortion during the data processing and can determine the thickness 
of thin layers below the conventional seismic resolution. In addition, pres-
sure related anomalies can be excluded when calculating CO2 mass. Howev-
er, a discrepancy between the injected and calculated CO2 mass still exists 
due to several uncertainties: ongoing CO2 dissolution, error of determined 
tuning frequency, reservoir heterogeneity, etc (Paper III). 

 
Figure 28. Anomaly maps of CO2 saturation (left panel) and apparent pressure (right 
panel) at two repeat times. From top to bottom: the first and second repeat times. 
White and grey dots represent the locations of the injection well (Ktzi 201) and three 
observation wells (Ktzi 200, 202 and 203), respectively. 
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5.5 Time-lapse analysis of the first post-injection survey 
Vertical sections of the time-lapse amplitude difference close to the injection 
well for three repeat surveys are shown in Figure 29. The accumulation of 
CO2 within the reservoir is imaged by the notable amplitude changes be-
tween 515 ms and 535 ms two-way traveltime (TWT) (Ivanova et al., 2012; 
Ivandic et al., 2015). From the first repeat time to the second repeat time, 
further growth and migration of the amplitude anomaly in the reservoir was 
observed. The first post-injection survey shows a decrease in intensity and in 
the extent of the amplitude anomaly with a weaker push-down effect at 
deeper levels compared to the second repeat survey. In agreement with the 
previous results, a tendency of movement in the up-dip direction within the 
reservoir is revealed. No systematic anomalies above the K2 are observed. 

 
Figure 29. Vertical sections of time-lapse amplitude difference (repeat minus base-
line) for three repeat surveys along inline 1166 (left panel) and crossline 1100 (right 
panel). From top to bottom: first repeat, second repeat and first post-injection (third 
repeat) results. The black line shows the location of the injection well. The red line 
indicates the K2 horizon. 
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The normalized amplitude difference horizon at the top of the reservoir 
for the first post-injection survey (Figure 30) shows the asymmetric distribu-
tion of the amplitude anomaly due to the injected CO2, again indicating that 
the reservoir is rather lithologically heterogeneous. The peaks of the ampli-
tude anomalies are identified approximately 120 m west-northwest of the 
injection site. The predominantly WNW propagation and main concentration 
area of the gaseous CO2 plume are consistent with the previous two repeat 
surveys. The lateral extent of the amplitude anomaly west of the injection 
well is comparable to that at the second repeat time, whereas a significant 
reduction in the extent east and south of the injection well is identified.  

 
Figure 30. Normalized amplitude difference (baseline minus repeat) horizon at the 
top of the reservoir for the first post-injection (third repeat) survey. Yellow, red and 
black contour lines at the level of 0.3 represent the outlines of the imaged CO2 
plume for the first repeat, second repeat and first post-injection surveys, respective-
ly. Black and grey dots represent the locations of the injection well (Ktzi 201) and 
three observation wells (Ktzi 200, 202 and 203), respectively. 

Considering that the detectable CO2 plume can be influenced by the ambient 
noise (Lüth et al., 2015), signal-to-noise ratios (S/N) were calculated from 
the baseline, second repeat and first post-injection surveys (Figure 31) in 
order to interpret the CO2 plume. The S/N level of the first post-injection 
survey is generally lower than the second repeat survey, most likely related 
to a larger amount of heavy rain during the acquisition of the first post-
injection survey. A notably lower S/N level east of the injection site is ob-
served in the first post-injection survey, which is consistent with the signifi-
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cant reduction of the amplitude anomaly in the corresponding area. This 
indicates that the lower S/N level may be one of the factors related to the 
decrease in amplitude anomaly in this area.  

 
Figure 31. Maps of ratio of S/N. Top: 2012/2005, bottom: 2015/2005. Red dot rep-
resents the location of the injection well. 

Seismic simulation based on the detailed 3D seismic property models for the 
first post-injection survey was performed in order to better understand the 
changes in amplitude anomaly (Paper IV). The amplitude difference horizon 
at the reservoir level for the synthetic first post-injection survey is shown in 
Figure 32. Almost the same extents of the synthetic amplitude anomalies at 
the second repeat and first post-injection times are mapped, consistent with 
the similar features observed west of the injection site in field data (Figure 
30). According to the dynamic flow simulations, up to 27 % of the CO2 was 
dissolved at the relevant times and is undetectable for 4D seismic measure-
ments. Considering the wide-ranging CO2-brine contact in the heterogeneous 
reservoir and comparatively low injection rates, the relatively high CO2 dis-
solution rate is reasonable. The dynamic flow simulations also reveal that the 
areal extent of thin layers has increased by 30 % since the second repeat 
time. This indicates that a dynamic balance between newly injected CO2 (6 
kt more injected after the second repeat time) and the CO2 undergoing disso-
lution/diffusion was reached by the time of the first post-injection survey. 
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Figure 32. Amplitude difference horizon at the reservoir level for the synthetic first 
post-injection (third repeat) survey. Red and black contour lines at the level of 0.1 
represent the outlines of the imaged CO2 plume for the second repeat and first post-
injection surveys. Black and grey dots represent the locations of the injection well 
(Ktzi 201) and three observation wells (Ktzi 200, 202 and 203), respectively. 

5.6 Quantitative assessment of the CO2 mass 
Time-delays by calculating the time difference between the baseline and first 
post-injection surveys over windows above and below the reservoir are 
shown in Figure 33. Note that few obvious time-delays exist near the injec-
tion site, whereas amplitude anomalies are mapped in the amplitude differ-
ence horizon from the first post-injection survey (Figure 30). This could be 
related to the impact of the brine injection in the CO2 storage horizon from 
October 2015 to January 2016 (Möller et al., 2016). 
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Figure 33. Time-delays by calculating the time difference between the baseline and 
first post-injection (third repeat) surveys. Black dot represents the location of the 
injection well. The black rectangle denotes the area used for CO2 mass quantifica-
tions. 

The detectable masses of the gaseous CO2 plume at three repeat times were 
firstly estimated by using the seismic-well log approach. The same parame-
ters except for the density of CO2 derived from a different pres-
sure/temperature were used for all the surveys. In the previous studies at the 
Ketzin site (Ivanova et al., 2012; Ivandic et al., 2015), CO2 saturations re-
trieved from the PNG logs at the relevant times were used (Ivanova et al., 
2012; Ivandic et al., 2015). In this study, the same saturation model which 
was previously used for the first repeat survey was applied to all three repeat 
surveys with the aim of providing a consistent methodology for CO2 mass 
estimation (Table 5.2). These saturations are close to the values obtained 
from the PNG logging data, but do not correspond exactly to them. The total 
estimated CO2 mass for the first post-injection survey is 10.8 kt, which is 16 
% of the actual injected amount of CO2. This discrepancy (84 %) is much 
larger than for the first and second repeat surveys (10-15 %). The difference 
between the estimated CO2 mass in this study and in the previous study 
(Ivanova et al., 2012) can be ascribed to interpolation from geographic coor-
dinates. Using saturations retrieved from the PNG logging data which were 
acquired at the time of the first post-injection survey, the total estimated CO2 
mass is 13 kt, still significantly smaller than the actual injected amount of 
CO2. However, this estimate is not unreasonable since a dramatic reduction 
in mass with time is also observed in the simulations. In addition to limited 
understanding of the heterogeneous reservoir, several factors, such as CO2 
dissolution and diffusion, limited seismic resolution and ambient noise, lead 
to the significant decrease in mass estimate. The brine injection may also 
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have influence on the mass due to the absent time-delays around the injec-
tion well. Figure 34 shows that the different choices of uncertain reservoir 
parameters result in mass variation of the first post-injection survey. The 
estimated mass is most susceptible to the choices of time-delay cutoff and 
reservoir velocity. 

Table 5.2. Respective parameter choices for the three repeat surveys. 

 

Conversion of normal-
ized 4D amplitude (Δ ) 
to CO2 saturation 
( ) 

Density 
of CO2 
(kg/m3) 

Poro-
sity 
(%) 

Normalized 
4D ampli-
tude 
threshold 

Time 
shift 
Threshold 
(ms) 

Calculated 
mass (kt) 

Repeat 1 
(Ivanova 
et al., 
2012) 

= 33%, Δ 0.442%, 0.4 Δ 0.648%, Δ > 0.6
266.62 20 0.3 1.5 23.83 

Repeat 2 
(Ivandic 
et al., 
2015) 

= 50% 215 20 0.3 1.5 52.51 

Repeat 1 
(this 
study) 

= 33%, Δ 0.442%, 0.4 Δ 0.648%, Δ > 0.6
266.62 20 0.3 1.5 26.84 

Repeat 2 
(this 
study) 

= 33%, Δ 0.442%, 0.4 Δ 0.648%, Δ > 0.6
215 20 0.3 1.5 55.66 

Repeat 3 
(this 
study) = 33%, Δ 0.442%, 0.4 Δ 0.648%, Δ > 0.6

184.2 20 0.3 1.5 10.80 
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Figure 34. CO2 mass variation of the first post-injection (third repeat) survey with 
different choices of uncertain reservoir parameters. 

 
Considering the significant uncertainties in CO2 mass estimation, the lower 
and upper mass bounds can be calculated by using the time-shift approach. A 
comparison of the estimated CO2 mass per CDP bin using the seismic-well 
log approach and the time-shift approach is shown in Figure 35. The esti-
mated mass using the former approach is generally confined between the 
computed mass bounds using the latter one. 

 
Figure 35. Comparison of the estimated CO2 mass per CDP bin using the seismic-
well log approach and the time-shift approach for the (a) first repeat, (b) second 
repeat and (c) first post-injection (third repeat) surveys. 

The validity of different velocity-saturation models for the three repeat sur-
veys was tested by comparing the actual injected amount of CO2 with the 
mass bounds calculated by the time-shift approach. For instance, if the actual 
injected amount of CO2 lies between the mass bounds, the corresponding 
velocity-saturation model is valid, and vice versa. The patchiness parameter 
logarithmically ranging from 0.1 to 10 and the velocity change between -
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1635 m/s and -635 m/s were used. To be consistent with the mass estimation 
based on the seismic-well log approach, the same amplitude difference cut-
off (Table 5.2) was applied. The average time-delay measured outside of the 
time-lapse amplitude difference was subtracted from the time delays. Figure 
36 shows the valid and invalid velocity-saturation models for the three repeat 
surveys. It is clearly seen that valid velocity-saturation models are not only 
linear models, but also moderate Gassmann-type models for which end-
member-velocities are larger than 2000 m/s.  

 
Figure 36. Valid (top panel) and invalid (bottom panel) velocity-saturation models 
for the three repeat surveys. Dots and triangles represent the laboratory data obtained 
from two core samples of the target reservoir. Dashed line denotes the linear veloci-
ty-saturation relationship represented by Ivanova et al. (2013b) . From left to right: 
the first repeat, second repeat and first post-injection (third repeat) surveys. 
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6. Conclusions and outlook 

6.1 Conclusions 
This thesis provides a number of studies with respect to utilizing 3D time-
lapse analysis of seismic reflection data to characterize the reservoir at the 
Ketzin pilot site. The following overall conclusions are drawn with regards 
to the four objectives addressed in Chapter 1.  
 
1. To efficiently integrate the existing borehole data and the 3D seismic 

data to build detailed 3D seismic property models for seismic simulation 
at the Ketzin pilot site: 

• Detailed 3D property models were built by integrating borehole data 
and 3D reflection seismic data in an efficient way. Changes in P-wave 
velocity and density at repeat times were calculated using CO2 satura-
tions and densities derived from history-matched dynamic flow simu-
lations. 

• Pseudo-boreholes between and beyond well control were constructed. 
Comparison of the pseudo- and original logs for the Ktzi 200 well 
shows a good agreement. 

• Time-lapse synthetic zero-offset seismograms were achieved using the 
convolution method with the aim of efficient implementation without 
introducing processing artifacts. Good similarity between real and 
synthetic data at times of the baseline and repeat surveys indicates that 
the constructed 3D property models are, in general, reliable represen-
tations of the subsurface conditions in the vicinity of the site. Some 
differences between the synthetic and real time-lapse results still exist, 
mainly due to non-representative parameterization and poor quality of 
the seismic data in the near-wellbore area of less coverage. 

2. To investigate the feasibility of utilizing wavelet phase changes related 
to the CO2 plume to reduce the uncertainty in monitoring CO2 distribu-
tion: 

• Continuous horizons of wavelet phase were obtained from the 3D 
time-lapse seismic data after application of complex spectral decom-
position, despite this procedure being performed trace by trace. 

• Changes in wavelet phase related to the CO2 plume were observed. 
The lateral range of the CO2 plume in the reservoir was identified us-
ing the vertical sections of wavelet phase, consistent with the results 
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of the previous time-lapse amplitude differences. Additionally, the top 
of the reservoir was better delineated.  

• A series of seismic modelling tests were performed and show con-
sistent phase results as observed from the field data. The phase 
anomaly related to CO2 at the Ketzin site was most likely due to the 
interference effect in the thin sandstone reservoir. 

• Distinguished phase anomalies associated with noise and the CO2 
plume were mapped using the phase difference horizon at the reser-
voir level. Combining wavelet phase characteristics with the ampli-
tude attribute can decrease uncertainty in detecting the CO2 plume in 
the reservoir. 

3. To determine tuning frequency to quantitatively assess the thickness and 
mass of the gaseous CO2 and to attempt the discrimination between pres-
sure effect and CO2 saturation: 

• Tuning frequencies were determined by applying complex spectral 
decomposition to the 3D time-lapse seismic data. The calculated 
thicknesses reflect the thickness variation of the reservoir sandstone 
and gaseous CO2. 

• Compared with the conventional 3D data, reflectivity amplitude sec-
tions show more layer details with higher temporal resolution. Ab-
normally high tuning frequencies to the north, south and east of the in-
jection site were observed in the tuning frequency maps at two repeat 
times, supporting the predominant WNW trend of the gaseous CO2 
migration. 

• The amplitude anomalies caused by the pressure and CO2 saturation 
changes were discriminated, showing that the amplitude anomaly at 
the Ketzin site is mainly due to CO2 saturation. Quantitative assess-
ment of the CO2 mass based on the tuning frequency related to CO2 
saturation was performed but contains some uncertainties. 

4. To evaluate the recent development of the CO2 plume in the post-closure 
phase and to estimate CO2 mass using two different models (patchy and 
non-patchy saturation models): 

• The first post-injection (third repeat) survey with approximately 5700 
source points was acquired and processed. Time-lapse analysis of the 
first post-injection survey indicates that the intensity and size of the 
amplitude anomaly have decreased since the second repeat survey. In 
agreement with the previous time-lapse results, a preferred WNW ten-
dency of CO2 movement in the up-dip direction is observed. No evi-
dence of systematic anomalies above the caprock is detected. 

• Seismic simulation reveals that a dynamic balance between the newly 
injected CO2 after the second repeat time and the CO2 undergoing dis-
solution/diffusion was reached by the time of the first post-injection 
survey. 
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• CO2 mass was estimated using two different approaches: the time-shift 
approach and the seismic-well log approach. Significant uncertainties 
in CO2 mass estimation was investigated. 

6.2 Outlook 
Even though dynamic flow simulations were history-matched to the borehole 
monitoring data and high similarity between real and synthetic seismic data 
generated by detailed 3D property models was achieved, differences be-
tween the synthetic and real time-lapse results are still present. Further inte-
gration with other time-lapse data is required to revise the geological model 
(depth model or facies model) and fluid flow simulation parameters (e.g. the 
porosity-permeability distribution of the reservoir) for consistency improve-
ment. Once this is achieved more complicated simulations like 3D acous-
tic/elastic wave equation modeling are recommended. This will help to op-
timize the acquisition geometry of the 3D survey to obtain more useful in-
formation about the CO2 plume in the reservoir with lower costs.  

Notable uncertainties in CO2 mass estimation are addressed in this re-
search. The time-shift approach considers more plausible velocity-saturation 
relationships, not only limited to the patchy model. However, this approach 
still used the time delays calculated from reflections in conventional seismic 
data as input to estimate CO2 mass. As shown in Figure 34, time delay has 
the most significant impact on the estimated CO2 mass. Given that the tuning 
frequency is not influenced by the phase distortion and can determine the 
thickness of a thin layer saturated with CO2, one possible way for further 
improvement is to use the determined tuning frequency instead of the time 
delays. Future work should, in addition, consider performing 4D joint moni-
toring (e.g. seismic-electromagnetic) that may decrease these uncertainties 
since other methods, like the electromagnetic method, may also be sensitive 
to the presence of CO2 and consequently yield more complementary infor-
mation. 

Time-lapse analysis of the first post-injection survey shows a decrease in 
the amplitude anomaly related to the CO2 plume in the reservoir two years 
after the end of the injection. This observed difference in the CO2 plume 
shows an ongoing development since the previous 3D surveys were acquired 
during active injection. Therefore, it would be interesting to see how the CO2 
plume will develop in the future. A new 3D survey with a smaller survey 
area that encompasses the CO2 migration to date may be worth a try. In addi-
tion, in order to monitor the integrity of the reservoir, the time-lapse diffrac-
tion analysis can potentially be used to detect possible changes in the K2 
horizon due to pressure buildup in the reservoir.    
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7. Summary in Swedish 

Denna avhandling omfattar ett flertal studier som karakteriserar 
koldioxidreservoaren vid Ketzin’s pilotanläggning och hur den förändras 
med tiden genom analys av reflektionsseismiskt 3D data. Fyra övergripande 
objektiv definieras här nedan och utifrån dessa har ett flertal slutsatser 
dragits.  

 
1. Integrera befintliga borrhålsdata med 3D seismiskt data på ett effektivt 

sätt för att konstruera en detaljerad 3D modell av seismiska egenskaper 
för seismiska simuleringar vid Ketzin’s pilotanläggning.  

• En detaljerad 3D modell av seismiska egenskaper har konstruerats 
genom att effektivt integrera borrhålsdata med reflektionsseismiskt 3D 
data. Förändringar i P-vågshastighet och densitet beräknades vid 
tidpunkterna för de återkommande seismiska undersökningar utifrån 
koldioxidmättnad och densitet som uppskattats genom dynamiska 
flödessimuleringar.  

• Utifrån denna modell har syntetiska borrhål skapats mellan och 
bortanför de verkliga borrhålen. Vid jämförelse visar syntetiska loggar 
från de syntetiska borrhålen god överensstämmelse med verkliga 
loggar från borrhålet Ktzi 200.  

• Syntetiska seismogram med gemensam källa och mottagare (zero-
offset) som visar förändringar i tiden har konstruerats på ett effektivt 
sätt utan att introducera databehandlingsartefakter genom att använda 
faltning. Syntetiskt och verkligt data från tidpunkterna för den 
ursprungliga och de efterföljande upprepade mätningarna stämmer väl 
överens. Detta tyder på att den konstruerade 3D modellen över 
seismiska egenskaper generellt sett representerar förhållandena under 
jordytan väl i området runt anläggningen. Vissa skillnader finns dock 
på grund av en icke representativ parameterisering samt en lägre 
seismisk datakvalité precis vid borrhålen eftersom färre instrument 
kunde placeras där.  

2. Undersöka om det är lämpligt att använda de fasförändringar som 
orsakas av koldioxidutbredningen för att reducera osäkerheterna vid 
övervakning av förändringar i koldioxidens utbredning.  
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• Komplex spektral upplösning (decomposition) har använts för att, 
utifrån 3D seismiska data från de upprepade mätningarna, skapa 
kontinuerliga horisonter av vågformernas fas. Denna procedur är dock 
krävande då den måste utföras separat för varje seismogram.  

• Förändringar i vågformernas fas observeras i direkt relation till 
koldioxidutbredninen. Den horisontella utbredningen av injicerat CO2 
i reservoaren identifierades i vertikala sektioner över vågformernas fas 
och överensstämmer väl med de amplitudförändringar som tidigare 
observerats med tiden. Dessutom har reservoarens takgräns kunnat 
definieras tydligare.  

• En serie seismiska modelleringstester visar på att de observerade 
faserna stämmer väl överens med resultaten från insamlade data. 
Fasanomalin som är kopplad till det CO2 som injicerats vid 
anläggningen i Ketzin orsakas troligtvis av interferenseffekter i den 
tunna sandstensreservoaren.  

• Utifrån horisonter av fasskillnader på djup motsvarande reservoaren, 
har fasanomalier som associeras med brus respektive injicerat CO2 
identifierats och kartlagts. Osäkerheter i att identifiera injicerat CO2 
kan minimeras genom att kombinera vågformernas fas- och 
amplitudegenskaper.  

3. Göra en kvantitativ uppskattning av mängden injicerat CO2 och dess 
massa genom beräkning av frekvensen där mest konstruktiv interferens 
sker (tuning frequency), samt särskilja mellan effekter orsakade av 
förändringar i tryck och koldioxidmättnad.  

• Tuningfrekvenser har bestämts med hjälp av komplex spektral 
upplösning av seismiska 3D data från upprepade mätningar. Den 
beräknade tjockleken representerar variationer i både 
reservoarsandstenens tjocklek och mängden koldioxid i gasfas.  

• Sektioner som visar reflektivitetsamplituder har högre vertikal 
upplösning och visar mer detaljer jämfört med konventionella 3D 
data. Onormalt höga tuningfrekvenser i områdena till norr, söder och 
öster om anläggningen kan ses i horisontella tvärsnitt över 
tuningfrekvensen vid två upprepade mätningar. Detta stämmer 
överens med den observerade utbredningen av den gasformiga 
koldioxiden mot västnordväst.  

• Amplitudanomalier som orsakas av förändringar i tryck respektive 
koldioxidmättnad har urskilts och visar att amplitudanomalin vid 
anläggningen i Ketzin huvudsakligen kan härledas till mättnaden av 
CO2. Baserat på tuningfrekvensen, som påverkas av koldioxidmättnad, 
har en kvantitativ bedömning av den injicerade koldioxidens massa 
gjorts, dock med viss osäkerhet.  

4. Bestämma koldioxidens utbredning efter avslutad injicering och 
uppskatta den injicerade koldioxidens massa med hjälp av två olika 
modeller; de så kallade "patchy" och "non-patchy" mättnadsmodellerna.   
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• Den första seismiska mätningen efter avslutad injektion genomfördes 
med ca 5700 källpunkter och den efterföljande processeringen är 
slutförd. Analys av förändringar med tiden efter avslutad injektion 
tyder på en minskad intensitet och horisontell utbredning jämfört med 
den andra upprepade mätningen under pågående injektion. Precis som 
med föregående mätningar verkar koldioxiden ha en benägenhet att 
migrera mot västnordväst. Inga tecken på anomalier kan observeras 
ovanför caprocken.  

• Seismiska simuleringar visar att det, vid tidpunkten för den första 
mätningen efter avslutad injektion, uppstått en dynamisk balans 
mellan koldioxiden som injicerades efter den andra upprepade 
mätningen och koldioxiden som håller på att lösas upp eller spridas.   

• Den injicerade koldioxidens massa har uppskattats både med 
tidsförskjutningsmetoden och med log-seismik metoden. Även 
osäkerheter i dessa uppskattningar har undersökts.  
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