
ACTA
UNIVERSITATIS

UPSALIENSIS
UPPSALA

2013

Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology 1026

Geological Structure and Time-
Lapse Studies of CO2 Injection
at the Ketzin Pilot Site, Germany

ALEXANDRA IVANOVA

ISSN 1651-6214
ISBN 978-91-554-8613-6
urn:nbn:se:uu:diva-196127



Dissertation presented at Uppsala University to be publicly examined in Hambergsalen,
Villavagen 16, Uppsala, Friday, April 19, 2013 at 10:00 for the degree of Doctor of
Philosophy. The examination will be conducted in English.

Abstract
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the Ketzin Pilot Site, Germany. Acta Universitatis Upsaliensis.  Digital Comprehensive
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3D seismic time-lapse surveys (“4D seismics”) are an essential tool for large scale reservoir
characterization. The target reservoir of the Ketzin pilot project for CO2 storage is a saline aquifer
of the heterogeneous Stuttgart Formation (Upper Triassic) in the Northeast German Basin. The
focus of this project is on testing and further developing monitoring CO2 storage technologies.
For time-lapse seismic monitoring, three seismic surface sources were characterized with
respect to S/N (signal to noise) ratios, signal penetration, and frequency content by analysis
of raw shot gathers and stacked sections along two lines at the Ketzin site. Differences in
reflectivity between these 2D lines reflect the differences in the nature of the sources tested
and how they influence the signal bandwidth (resolution) and signal energy. All three sources
image the target horizon. The weight drop source was recommended as the primary source for
3D surveys based mainly on logistics and cost. Results of processing, including equalization
of a 4D (3D time-lapse) data set from the Ketzin site and cross-correlation, indicate that the
injected CO2 can be monitored. The highly irregular amplitude response on the time-lapse data
can be attributed to the reservoir heterogeneity. Time-lapse seismic processing, petrophysical
measurements on core samples and geophysical logging of CO2 saturation levels allow for an
estimate of the total amount of CO2 visible in the seismic data to be made. In spite of some
uncertainty, the close agreement between the injected and observed amount is encouraging for
quantitative monitoring of a CO2 storage site using seismic methods. By integrating seismic
modeling and multiphase fluid flow simulations, the impact of the reservoir temperature on the
4D seismic data from Ketzin was estimated. The modeled time-lapse seismic differences for
two temperature scenarios present in the reservoir are minor regarding the qualitative analysis.
However, the influence of temperature on the volumetric estimation of the CO2 using the 4D
seismic data is significant. Future issues to be considered include expanding the temperature
range (34-38°C in this study) to be investigated and the resulting effects on the seismic response,
as well as the role of the reservoir heterogeneity. In addition, it would be important to investigate
the impact of temperature on the CO2 storage at other sites with favorable P-T conditions in the
reservoir. Further seismic modeling using results of petrophysical experiments for estimating
the effect of the CO2 injection at the Ketzin site on the AVA/AVO response on time lapse seismic
data was performed. Two effects were considered: the CO2-saturation- and the pore-pressure-
related effects. The results indicate that it is worth investigating if it is possible to discriminate
between these effects on future 3D repeat surveys at the Ketzin site.

Alexandra Ivanova, Uppsala University, Department of Earth Sciences, Geophysics, Villav.
16, SE-752 36 Uppsala, Sweden.

© Alexandra Ivanova 2013

ISSN 1651-6214
ISBN 978-91-554-8613-6
urn:nbn:se:uu:diva-196127 (http://urn.kb.se/resolve?urn=urn:nbn:se:uu:diva-196127)



 
 
  

Dedicated to my son Alexander 

 



 

 



List of Papers 

This thesis is based on the following papers, which are referred to in the text 
by their Roman numerals. 

 
I Yordkayhun, S., Ivanova, A., Giese, R., Juhlin, C., and Cosma, 

C. (2009) Comparison of surface seismic sources at the 
CO2SINK site, Ketzin, Germany. Geophysical Prospecting, 
57:125–139. 
 

II Ivanova, A., Kashubin, A., Juhojuntti, N., Kummerow, J., Hen-
ninges, J., Juhlin, C., Lüth, S., and Ivandic, M. (2012) Monitor-
ing and volumetric estimation of injected CO2 using 4D seis-
mic, petrophysical data, core measurements and well logging: a 
case study at Ketzin, Germany. Geophysical Prospecting, 
60:957-973. 

 
III Ivanova, A., Juhlin, C., Lengler, U., Bergmann, P., Lüth, S., and 

Kempka, T. (2013) Impact of temperature on CO2 storage at the 
Ketzin site based on fluid flow simulations and seismic data. In-
ternational Journal of Greenhouse Gas Control, submitted. 

 
IV Ivanova, A., Bergmann, P., Kummerow, J., Yang, C., Lüth, S. 

and Juhlin, C. (2013) Seismic modeling of the AVA/AVO re-
sponse to CO2 injection at the Ketzin site, Germany. Manu-
script. 

 
 

Reprints were made with permission from the respective publishers. 
  

 



 

 



Contents 

1 Introduction ................................................................................................ 9 
1.1. Motivation .......................................................................................... 9 
1.2. Main goals ........................................................................................ 10 

2 Overview of Ketzin project (CO2SINK, CO2MAN) ................................ 12 
2.1. Geology ............................................................................................ 12 
2.2. Injection Facilities ............................................................................ 21 
2.3. Site characterization and monitoring ............................................... 24 

2.3.1. Ketzin as a multidisciplinary project ..................................... 24 
2.3.2. Temperature monitoring ........................................................ 24 
2.3.3. Pulsed Neutron Gamma (PNG) logging ................................ 24 
2.3.4. Core analysis ......................................................................... 26 
2.3.5. Petrophysical well logging .................................................... 26 
2.3.6. Hydraulic testing ................................................................... 27 

2.4. Reservoir Simulations ...................................................................... 30 
2.4.1. 2D symmetrical models ......................................................... 30 
2.4.2. 3D model ............................................................................... 32 
2.4.3. Studies on impact of unknown spatial variability in 

petrophysical properties of the storage formation ................. 33 

3 Introduction to seismic investigations regarding the 3D surveying and 
time-lapse studies ..................................................................................... 35 
3.1. Source Comparison .......................................................................... 35 

3.1.1. Motivation and aims of the source comparison ..................... 35 
3.1.2. Seismic processing and interpretation ................................... 35 

3.2. 3D time-lapse seismics (4D) ............................................................ 42 
3.2.1. 3D seismics ........................................................................... 42 
3.2.2. Feasibility study for 4D seismics .......................................... 42 
3.2.3. Seismic acquisition of 3D time-lapse surveys ....................... 43 
3.2.4. 4D seismic processing ........................................................... 43 
3.2.5. 4D seismic interpretation ....................................................... 44 

3.3. AVO/AVA ....................................................................................... 50 
3.3.1. Introduction into the AVO/AVA method .............................. 50 
3.3.2. Juhlin&Young’s calculation method ..................................... 50 
3.3.3. Landro’s method on discrimination between fluid 

saturation- and pore pressure-related effects in time-lapse 
seismic data ........................................................................... 51 

 



4 CO2 and rock physics ............................................................................... 54 
4.1. Introduction to rock physics applied to CCS ................................... 54 
4.2. Gassman’s theory and recent challenges .......................................... 54 
4.3. Main results ...................................................................................... 55 
4.4. Summary .......................................................................................... 56 

5 5. Summary of papers .............................................................................. 58 
5.1. Paper I: Comparison of surface seismic sources at the CO2SINK 

site, Ketzin, Germany ....................................................................... 58 
5.1.1. Summary ............................................................................... 58 
5.1.2. Conclusions ........................................................................... 58 

5.2. Paper II: Monitoring and volumetric estimation of injected CO2 
using 4D seismic, petrophysical data, core measurements and 
well logging: a case study at Ketzin, Germany ................................ 63 
5.2.1. Summary ............................................................................... 63 
5.2.2. Conclusions ........................................................................... 63 

5.3. PAPER III: Impact of temperature on CO2 storage at the Ketzin 
site based on fluid flow simulations and seismic data ..................... 68 
5.3.1. Summary ............................................................................... 68 
5.3.2. Conclusions ........................................................................... 68 

5.4. PAPER IV: Seismic modeling of the AVA/AVO response to CO2 
injection at the Ketzin site, Germany ............................................... 75 
5.4.1. Summary ............................................................................... 75 
5.4.2. Conclusions ........................................................................... 75 

6 CONCLUSIONS AND OUTLOOK ........................................................ 82 

7 SUMMARY IN SWEDISH ..................................................................... 82 
GEOLOGISKA STRUKTURER OCH REPETERADE STUDIER AV 

CO2 INJEKTION VID PILOTPLATSEN VID KETZIN, 
TYSKLAND .................................................................................... 84 

ACKNOWLEDGEMENTS .......................................................................... 87 

REFERENCES ............................................................................................. 87 

 
 

 



1 Introduction 

1.1. Motivation 
Carbon dioxide (CO2) capture and storage (CCS) technologies are being 
given consideration to reduce CO2 emissions (Fig. 1) and, in turn, to mitigate 
global climate change without adversely influencing energy use or hindering 
economic growth (Bachu, 2003; Benson, 2005; Metz et al., 2005; IPCC 
2005). However, various requirements must be met before CCS will be ac-
cepted by the public for wide-scale implementation. CCS projects have to 
include such topics as simulation and risk assessment, monitoring, verifica-
tion and accounting, methods to interpret geophysical data, well completion 
and integrity for long-term CO2 storage (www.netl.doe.gov). 

Key problems facing CCS are the size of the reservoir and its safety 
(JafarGandomi and Curtis, 2011). Although the safety concern may be lower 
if CO2 is injected into depleted hydrocarbon reservoirs because their caprock 
integrity is already proven, such capping systems can be potentially com-
promised by poorly cemented abandoned wells, and compared to saline aqui-
fers, their storage capacity is small. Therefore, the long-term focus of CCS is 
on saline aquifers. A comprehensive long-term monitoring program is inevi-
table to reduce corresponding risks (JafarGandomi and Curtis, 2011). 

Large scale CCS projects, which are currently in operation, such as the 
Sleipner field in offshore Norway (Chadwick et al., 2010) and the In Salah 
project in Algeria (Ringrose et al., 2009) are related to oil and gas produc-
tion. Ketzin is the first European onshore pilot scale CCS project for storage 
in a saline aquifer (Martens et al., 2011) initiated in 2004 with the same aim 
as other small-scale CCS projects (e.g. Kikuta et al., 2004; Michael et al., 
2010), namely to evaluate and develop methods for CO2 monitoring. Even 
though the Ketzin project involves only injection of CO2 on a small scale, 
the methodology being employed is similar to what will be used on a larger 
scale. 

The monitoring program at the Ketzin site consists of geophysical, geo-
chemical, and microbial investigations (Giese et al., 2009), which include 
both theoretical and applied scientific studies related to the sub-surface char-
acterization and to understanding processes associated with CCS. 

3D seismic time-lapse surveys (4D seismics) are an essential tool for the 
large scale reservoir characterization and for providing information on injec-
tion related processes (e.g. Lumley et al., 2003; Arts et al., 2004; Gonzalez-
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Carballo et al., 2006; Chadwick et al., 2010; Lumley et al., 2010) including 
CCS (Arts et al., 2004; Meadows 2008; Chadwick et al., 2010). This method 
has proven to be a suitable technique for qualitative and quantitative moni-
toring of CO2 injected into saline aquifers (e.g. Eiken, et al. 2000; Arts et al., 
2004; Chadwick et al., 2010). 

1.2. Main goals 
The source performance with respect to the penetration depth and frequency 
content is essential for seismic studies. Therefore, (1) a comparison of seis-
mic sources by comparisons of stacked sections along test lines at the Ketzin 
site was a goal of these studies. (2) Seismic forward modeling of the re-
sponse to CO2 fluid substitution using so far established petrophysical mod-
els for the Ketzin reservoir (Kummerow and Spangenberg, 2011; Paper II) 
was a further goal of these studies. 

CO2 mass estimation is important for assessing storage efficiency and 
monitoring potential leakage. The minimum degree of accuracy is a crucial 
issue in these investigations (JafarGandomi and Curtis, 2011). (3) Processing 
of the first repeat 3D seismic survey of 2009 at the Ketzin site (Bergmann et 
al., 2010), (4) comparison of this survey with the baseline 3D seismic survey 
of 2005 (Juhlin et al., 2007), and (5) CO2 mass estimation visible in seismic 
time-lapse data using petrophysical investigations of the reservoir rocks 
(Kummerow and Spangenberg, 2011; Paper II), and of pulsed neutron-
gamma (PNG) logging measurements (Henninges et al., 2011; Paper II) to 
understand the CO2 migration in the reservoir were also goals of the present 
studies.  

It is well known that temperature is a major parameter influencing CO2 
storage and migration in saline aquifers (e.g. Kumar et al., 2005; Bachu and 
Bennion, 2009). For example, the trapping of CO2 at irreducible saturation is 
a direct function of temperature, as well as of in-situ pressure. However, 
only few experimental data are reported in the temperature and pressure 
range of interest for CCS (Kumar et al., 2005). At the Ketzin site, tempera-
ture data have been continuously acquired with a permanently installed sys-
tem (Giese et al., 2009). These temperature measurements are performed 
over the entire length of the Ketzin boreholes using a distributed temperature 
sensing system (Henninges et al., 2011). (6) Investigation on the impact of 
the reservoir temperature variation on the interpretation of the 4D seismic 
data at the Ketzin site (Paper II) was also a goal of the present studies.  

In addition to the 4D seismic monitoring that is purely based on post-
stack data sets (e.g. Paper II), pre-stack amplitude-versus-offset/angle 
(AVO/AVA) techniques exploit changes in the seismic wave amplitude as a 
function of the incidence angle to extract information on the physical proper-
ties of the reflecting media (Brown et al., 2007). (7) Seismic modeling of the 
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AVO response to the CO2 injection at the Ketzin site using petrophysical 
experiments on core samples from the target reservoir (Kummerow and 
Spangenberg, 2011; Paper II; Paper IV) to estimate the impact of the CO2 
injection in terms of pore pressure and CO2 saturation on the AVO response 
in the real seismic data was a further goal of the present study. 

 
Figure 1: Carbone circle in various forms. Fossil fuel use in power generation and 
other industries release large quantities of CO2 into the atmosphere and influence the 
natural balance (Kühn, 2011). 
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2 Overview of Ketzin project (CO2SINK,   
CO2MAN) 

2.1. Geology 
The Ketzin site is located in the Northeast German Basin (NEGB), which is 
a part of the Mid-European Permian Basin (Fig. 2.1A). The latter extends 
over a distance of about 1700 km from England across the North Sea and 
then to northern Germany to Poland and the Baltic states. The Mid-European 
Permian Basin is in turn a central part of the Central European Basin Sys-
tem. Due to Variscan and Caledonian polyphase orogenies, the Central Eu-
ropean Basin and the NEGB have a basement containing of complex struc-
tures. It consists of crustal structures of Proterozoic to Variscan age 
(Doornenbal and Stevenson, 2010; Scheck-Wenderoth, 2008).  

The thickness of the sedimentary successions of the NEGB is over 7000 
m. It consists of clastic and calcareous sedimentary rocks from Permian to 
Quaternary age (Hoth et al., 1993). They were deposited partly under condi-
tions of strong tectonic activity (for instance, events related to Hardegsen 
unconformity in the Lower Triassic) and partly under relatively stable condi-
tions like in the Upper Cretaceous (the pure Chalk Group). Due to tectonic 
events, the NEGB contains salt diapirs and grabens. 

Tectonic events reactivated older structures, created new ones and partly 
modified the post-Carboniferous infill of the NEGB (McCann, 2008; Zieg-
ler, 1990). Major basement faults strike NW-SE and minor ones trend NE-
SW to NNE-SSW (Reicherter et al., 2008). The tectonic events are mainly 
related to (1) Late Carboniferous - Early Permian NW-SE oriented dextral 
strike-slip faulting, (2) E-W Triassic extension, (3) Late Jurassic - Early 
Cretaceous NW-SE oriented transtension, (4) Late-Cretaceous - Early Ceno-
zoic N-S to NE-SW oriented compression, and (5) ascension of salt (Arthaud 
and Matte, 1977; Kroner et al., 2008; Scheck-Wenderoth et al., 2002; 
Reicherter et al., 2008; Maystrenko et al., 2008; Scheck-Wenderoth et al., 
2008). 

Buoyancy driven salt movement started in the Late Triassic due to chang-
es in the stress field and culminated with the development of salt pillows, 
diapirs, and walls. These are important structural features of the Mid-
European Permian Basin and of the NEGB. Salt structures strike preferably 
N-S to NNE-SSW in the NEGB. They are related to Late Triassic - Early 
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Jurassic extensional structures (Scheck-Wenderoth et al., 2002) and the main 
phases of salt movement at Ketzin were at 140 Ma and 106 Ma (Förster et 
al., 2006). 

The sedimentary succession of the NEGB contains the following  
lithostratigraphic units: 

Upper Permian - Zechstein Group 
In the Late Permian the Arctic Sea transgressed through the Norwegian-
Greenland Sea into the Mid-European Permian Basin. The thin basal trans-
gressive Zechstein Kupferschiefer is associated with this event. It is a typical 
black shale representing the lowermost unit of the marine Upper Permian 
Zechstein Group of the Central European Basin. This is a regional chronos-
tratigraphic marker which is superposed by five formations representing 
various evaporite cycles. In the NEGB the thickness of the Zechstein Group 
exceeds 1500 m (Stackebrandt and Manhenke, 2004). 

Lower Triassic - Buntsandstein Group 
In the Lower Triassic over 1300 m of mainly clastic evaporites were depos-
ited in the NEGB (Hoth et al., 1993). The Buntsandstein Group can be di-
vided into the clayey Lower Bunter, the cyclical sand-shale sequence of the 
Middle Bunter and the shale-sulfate and halite sequences of the Upper 
Bunter (Ziegler, 1990). 

Middle Triassic - Muschelkalk Group 
The Muschelkalk Group of the German Triassic in the NEGB can be divided 
into the Lower Muschelkalk, the Upper Muschelkalk, both comprised by 
mainly calcareous and calcareous-marly rocks, and the Middle Muschelkalk 
in between consisting of evaporitic sediments, including halite (Stackebrandt 
and Manhenke, 2004). Thickness of the Muschekalk Group can be up to 100 
m. 

Upper Triassic - Keuper Group - Erfurt Formation 
An important erosive sequence boundary between the Upper Muschelkalk 
and the Lower Keuper is the base of the Erfurt Formation (the base of the 
Keuper Series). The regressive trend of the late Upper Muschelkalk is the 
result of transport of clastic sediments from the Baltic shield over 1000 km 
through the continental middle Triassic Mid-European Permian Basin into 
the Southern German Basin in the Late Ladinian. This transport gave rise to 
fluvial and interfluve facies of the Erfurt Formation (Beutler et al., 1999). In 
northern Germany the thickness of the Erfurt Formation is 60-80 m. 
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Upper Triassic - Keuper Group - Grabfeld Formation 
In the earliest Upper Keuper, clayey-dolomitic sediments were deposited 
under playa type basin conditions. At the basin margins they were interfin-
gered with alluvial sandstones. Several hundreds of meters of thick halite 
deposits mark in local depressions the culmination of arid basin conditions in 
the Upper Keuper (Beutler et al., 1999). 

Upper Triassic - Keuper Group - Stuttgart Formation 
The Stuttgart Formation contains anastomosing sandstone strings embedded 
mostly in mudstones (Beutler et al., 1999). The complete succession of the 
Stuttgart Formation is 40-100 m thick in northern Germany (Beutler et al., 
2005). It consists of highly variable beds of grey and reddish well sorted 
fine- to medium-grained micaceous sandstones, siltstones, and claystones. 
The isotopic age of the Stuttgart Formation refers to Norwegian Caledonian 
protolithes (Paul et al., 2008; Kozur and Bachmann, 2010). Sandstone units 
of the Stuttgart Formation are used for the CO2 storage at the Ketzin pilot 
site. 

Upper Triassic - Middle Keuper - Weser Formation 
During the Upper Carnian, humid conditions of Middle Carnian (the 
Stuttgart Formation) changed back to arid-semiarid ones like in Early Carni-
an (Shukla et al., 2010). The Weser Formation was formed in a playa type 
palaeoenvironment. Therefore, it consists mostly of mudstones (Beutler et 
al., 1999). The average thickness of the Weser Formation is 100-150 m. In 
graben zones it is about 400 m. 

Upper Triassic - Middle Keuper - Arnstadt Formation 
An Early Cimmerian unconformity exists between the Arnstadt Formation 
and the underlying Weser Formation. This unconformity can be found eve-
rywhere in the NEGB. The Arnstadt Formation consists of mudstones and 
evaporites (Beutler et al., 1999). Its thickness is 100-150 m. 

Upper Triassic - Upper Keuper - Exter Formation 
In the Rhaetian-Hettangian, the Tethys Ocean transgressed into central Eu-
rope. It formed a broad open marine shelf that occupied the most part of 
southern Germany, the Paris Basin, the southern and central North Sea, 
Denmark and northern Germany. The Exter Formation consists mostly of 
sandstones and mudstones unconformably overlying the Arnstadt Formation 
(Ziegler, 1990). The thickness of the Exter Formation in northern Germany 
is 100-150 m. In the Weser Uplands it is 60-80 m thick. 
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Lower Jurassic - Lias Group 
In the Early Jurassic, due to the continuous transgression of the Tethys 
Ocean into central Europe, marine mudstone facies were interfingered with 
shallow marine sands and with limnic and terrestrial sediments at the margin 
of the Jurassic NEGB. Jurassic sandstones formerly were used as a reservoir 
for natural gas storage at Ketzin. The Lias Group consists of the following 
units: 
 
a) Lower Jurassic - Lias - Hettangian and Sinemurian 

In the NEGB the Hettangian Angulaten and Psilonoten Formations 
consist usually of a marine mudstone layer (20 m thick) and deltaic 
complexes (80 m thick). In the Sinemurian, marine siltstones and 
sandstones were formed in the NEGB. Their thickness can vary from 20 
m to 100 m. 

 
b) Lower Jurassic - Lias Group - Pliensbachian 

The Lower Pliensbachian is present in the western NEGB. The deposits 
change gradually from mudstones to siltstones and sandstones 
(Stackebrandt and Manhenke, 2004). In the NEGB the thickness of the 
Upper Pliensbachian Amaltheenton Formation comprising marine 
mudstones is 70-170 m. Coarser-grained sedimentary rocks are found 
towards the eastern margin of the basin. 
 

c) Lower Jurassic - Lias Group - Toarcian 
In the Toarcian, the largest Liassic transgression occurred (Stackebrandt 
and Manhenke, 2004). Greenish-grey mudstones, siltstones, and 
sandstones were deposited during the Lower Toarcian. The Upper 
Toarcian consists of dark mudstones. The thickness of Toarcian deposits 
can be up to 130 m.  

Tertiary - Paleogene and Neogene 
In the Cenozoic northeast Germany was an onshore part of the Cenozoic 
Mid-European Permian Basin. The thickness of the Tertiary and Quaternary 
strata is approximately 1000 m at the eastern margin of the Cenozoic North 
Sea Basin and about 250 m in the eastern NEGB. A thickness of 1000 m is 
also present in the NEGB in regions influenced by salt diapirism. In the 
Paleogene several marine transgressions formed marine clays and a basin-
margin clastic series in the NEGB. In the Miocene and Pliocene the clastic 
sediments dominated the sediment supply. In the NEGB the thickness of the 
Plio-Pleistocene sequences is only 100-200 m (Hoth et al., 1993). 

The Ketzin site is located on a flank of an anticlinal structure (Fig. 2.1B), 
which strikes NNE-SSW with about 15° dipping flanks. This structure 
evolved due to ascension of a salt pillow at a present-day depth of 1500 – 
2000 m (Förster et al., 2009). It is a part of the Roskow-Ketzin double anti-
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clinal structure. According to Förster et al. (2006), initial salt movement 
occurred at the Ketzin site in the Early Triassic and was followed by two 
major uplift phases. The first major phase began at 140 Ma. The Lower Ju-
rassic Toarcian as well as Middle and Upper Jurassic units were eroded due 
to the first uplift. At Ketzin, CO2 is injected into the sandstones of the 
Stuttgart Formation at 620 – 650 m depth. The top seal of the Stuttgart For-
mation is the Triassic Weser Formation. Above these units, several aquifers 
and aquitards are present, forming a multi-barrier system for the storage 
horizon (Fig. 2.1B). 2D vintage seismic data at Ketzin and the 3D baseline 
survey (Juhlin et al., 2007) revealed a fault system across the top of the anti-
cline, termed the Central Graben Fault Zone. The faults are well developed 
in the Jurassic section and some possibly extend down to the level of the 
Stuttgart Formation (Förster et al., 2009).  Lower Cretaceous strata were 
eroded due to the second uplift phase which began at 106 Ma (Förster at al., 
2006). Upper Cretaceous strata were probably never deposited in this area, 
because it was a local high in the Upper Cretaceous (Stackebrandt and Lipp-
steu, 2002). 

The following description of the litostratigraphic units starting with the Up-
per Triassic Stuttgart Formation is based mostly on geological information 
from wells at the Ketzin site (Fig. 2.1C). 

Middle Keuper - Stuttgart Formation - Ketzin CO2 Reservoir 
Drilling carried out at the Ketzin pilot site (Fig. 2.1C) encountered the 
Stuttgart Formation with a thickness exceeding 70 m at depths of about 630-
700 m. Lithologically, the Stuttgart Formation is characterized by alternating 
sandy channel-(string)-facies, levee and crevasse-splay deposits, and muddy 
flood-plain facies rocks. This combination results in an extremely heteroge-
neous porosity and permeability distribution.  Evidence for significant lateral 
heterogeneity in the Stuttgart Formation is also found in the amplitude anal-
ysis of the 3D baseline seismic data (Kazemeini et al., 2009). According to 
structural and sedimentological features, the Stuttgart Formation can be di-
vided into six different units. Four mudstone and silty mudstone units from 
the Ktzi 200 and Ktzi 201 wells can be classified as interfluve facies and two 
units that are dominantly fine-grained channel sandstones with effective 
porosities of about 20-25% for another one are also present (Förster et al., 
2009; Norden et al., 2010). The sandstone facies are almost 16 m thick in the 
Ktzi 200 well (634-650 m) and about 19 m thick in the Ktzi 201 well (633-
652 m). In the Ktzi 202 well it is about 9 m thick (627-636 m). The sand-
stone facies of the Stuttgart Formation are located in the uppermost part of 
the lithological section in these wells. In contrast, at the UG Ktzi 163/69 
well, which is located approximately 2700 m away from the centre of the 
Ketzin site (NE direction), the sandstone facies are encountered at the lowest 
part of the Stuttgart Formation and their thickness is 33 m (Förster et al., 
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2006). This sparse lithological information is consistent with the conceptual 
model of a braided/meandering/anastomosing channel system of the Ketzin 
CO2 resevoir. 

Middle Keuper - Weser Formation 
According to geological information from the wells at the Ketzin site, the 
Weser Formation consists of playa type mudstones, clayey siltstones, and 
anhydrites. The Weser Formation is the top seal of the Ketzin CO2 reservoir. 
The thickness of the Weser Formation at the Ktzi 200 well is 69 m (depths 
560-629 m). The top of the Weser Formation is marked by a ~20 m thick 
anhydrite layer which appears as a strong and persistent reflecting horizon in 
the seismic data (“K2”) (Fig. 2.1C). 

Middle Keuper - Arnstadt Formation 
There is an Early Cimmerian unconformity, which is present almost every-
where in the NEGB, between the Arnstadt Formation and the underlying 
Weser Formation. Muddy/evaporite strata of the Arnstadt Formation are 
nearly 80 m thick at the Ketzin site (Beutler et al., 1999; UG Ktzi 163/69). 

Upper Keuper - Exster Formation 
Mudstones, marly-mudstones and three several meter thick sandstone layers 
comprise the more than 80 m thick Exter Formation at the Ktzi 200 well. 
The same general lithological trend is observed in the two other wells. Sand-
stone layers mainly occur in the upper part of the Exter Formation. 

Lower Jurassic - Lias Group 
Lower Jurassic (Toarcian) as well as Middle and Upper Jurassic units are 
absent in the Ketzin anticline due to salt upwelling related erosion (Förster et 
al., 2010). The total thickness of the Liassic strata is about 400 m in the Ktzi 
200 well. At the Ketzin site the Lias Group consists of the following units: 
 
a) Hettangian 

Well sorted greyish-white to greyish sandstones interbedded with silt-
stones and thin coal fractions comprise the over 70 m thick Hettangian 
deposits at the Ketzin site (Ktzi 200, Ktzi 201, Ktzi 202). These sand-
stones served as a reservoir for the former natural gas storage at Ketzin. 
 

b) Sinemurian 
The over 55 m thick Sinemurian deposits show an upward trend of 
coarsening from mudstones and siltstones to light greyish to yellowish-
brown sandstones with carbonate cementation. 
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c) Domerian 
In the Domerian, mainly mudstones to siltstones with minor sandstone 
layers in the upper part of the stratigraphic section are present. Their to-
tal thickness is approximately 100 m. 

Cenozoic - Tertiary and Quaternary Supergroups 
About 70 m of Oligocene (Rupelian) clays covered with an approximately 
70 m thick Pleistocene layer consisting of glacial sediments complete the 
lithological succession at the Ketzin site. 

 
Figure 2.1A: Map of the Mid-European Permian Basin (gray-shaded) after Lokhorst 
(1998). The Ketzin Site is marked by the star. 
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Figure 2.1B: Simplified geological N-S cross-section of the Ketzin anticline (Förster 
et al., 2009). A schematic distribution of the injected CO2 is indicated by the dark 
blue patch close to the Top Stuttgart Formation. 
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Figure 2.1C: Lithology of the injection well (Ktzi201/2007) and the observation 
wells (Ktzi200/2007 and Ktzi202/2007) (Götz, 2013; Engelmann et al., 2008) is 
shown together with a sonic (Vp) log of Ktzi201/2007. The black line represents the 
original log. The red line is the same log averaged over the corresponding sampling 
interval of 3D seismic data at the Ketzin Site. The depth intervals 0-179 m and 579-
596 m are absent in the Vp log of Ktzi201/2007. The former was linearly interpolat-
ed from a 2D shallow velocity model after Yordkayhun et al. (2007). The latter was 
taken from the corresponding interval of the Vp log from Ktzi202/2007. The depth 
interval 746-807 m was taken from the Vp log of Ktzi200/2007. The inset map 
shows relative location of the wells. The injection well (inset map) and depth of the 
target reservoir (between the sonic log and Ktzi201/2007 lithology cores) are indi-
cated with stars. The top of the reservoir is indicated with “R”. The strong anhydrite 
reflector (Arnstadt Fm.) is indicated with “K2” (Juhlin et al., 2007). 
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2.2. Injection Facilities 
Since June 2008, the CO2 injection facility at the Ketzin site (Fig.2.2A) has 
been safely and reliably operated. This facility consists of five main plunger 
pumps (0–1000 kg h−1), a heating device (305kWel.) and two intermediate 
storage tanks (50 t, each) (Schilling et al., 2009). One additional smaller 
pump has been installed to allow for smaller injection rates (around 300 kg 
h-1). This facility was designed to handle a CO2 stream of 300–3250 kg h-1 
(200 kg h-1 stepwise) at 50° C at the heater outlet, resulting in a maximum 
injection of 78 t of CO2 per day. Additional air heaters were installed to pre-
heat the cooled and liquid CO2 to ambient conditions in order to reduce the 
required amount of electrical power for gas conditioning and to ensure a 
smooth injection regime (Würdemann et al., 2010). An overall control and 
automation system is in place for controlling the injection process and for 
monitoring the following relevant injection parameters: CO2 flow, tempera-
ture along the injection string, pressure data from the formation, and the 
pressures at the wellheads. All emergency shut-down (ESD) functionality is 
software independent and has been certified by local authorities and tech-
nical control boards at the project. The mining authorities also acknowledged 
the emergency and operation plans of the plant. The CO2 flux is controlled 
using a coriolis gas flow meter 2 m away from the well head. The well head 
and the annuli pressures of all three wells at the Ketzin site are continuously 
recorded using pressure transducers connected to the overall control and 
automation system. In the injection well the temperature and pressure is 
monitored also near the reservoir formation with a fibre optic pressure and 
temperature sensor system. This fibre optic cable is used to record the tem-
perature of the CO2 in the injection string, as this additional cable is mounted 
directly to the injection string. Following the same standards used in the oil 
and gas industry, surface and subsurface safety valves are operated inde-
pendently from the control and automation system with a hydraulic single-
well control panel close to the well. It is a part of the Ketzin project to study 
optimum injection conditions while reducing the required electrical heating 
power and reducing the risk of thermal stresses between different parts of the 
technical installation and the surrounding formation. 

As a pilot site, the Ketzin project with its focus on a multidisciplinary 
monitoring is considerably smaller in terms of the injected CO2 mass com-
pared to industrial scale projects. CO2 is injected in a super-critical state into 
the sandstones of the saline aquifer in the Stuttgart Formation, but it is not in 
a super-critical state within the reservoir as it is in the Sleipner field. As 
Ketzin is a research and development project the maximum amount of stored 
CO2 is limited by legal regulations to 100,000 tonnes. Liquid CO2 is deliv-
ered by road tankers to Ketzin. Since the start of the CO2 injection on June 
30, 2008, the injection facility has been operating safely and reliably (Mar-
tens et al., 2012). 
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The total amount of injected CO2 at Ketzin up to the end of December 
2012 is 61 kilotons. Two kinds of CO2 have been injected. The primary 
source is food grade CO2 (purity - 99.9 %) that is a by-product of hydrogen 
production, and delivered by Linde AG. Up to the end of December 2012, a 
total amount of 59.5 kilotonnes of food grade CO2 had been injected. The 
second source was from the oxyfuel pilot plant Schwarze Pumpe (Vattenfall) 
(purity - 99.7 %). It was injected within a trial period from May 4, 2011 to 
June 13, 2011 (1.5 kilotonnes). The experiment with CO2 from Schwarze 
Pumpe was the first one worldwide where technical CO2 captured at a power 
plant was injected. Gaseous tracers were added directly before and after the 
CO2 batch from Schwarze Pumpe in order to better track the CO2 migration. 
These results show that gas chemical measurements combined with tracer 
gas tests and isotope investigations are suitable methods for identifying CO2 
from different sources and for tracing the distribution velocity, fate and be-
havior of injected CO2 in the storage reservoir (Martens et al., 2012). 

The downhole pressure is continuously monitored by a pres-
sure/temperature (P/T) gauge installed in the injection well Ktzi 201 at a 
depth of 550 m. Measured pressure at this depth is extrapolated to the injec-
tion depth of 630 m with the commercially available software ASPEN Plus 
by applying a Peng–Robinson equation of state. For the prevailing in-well 
pressure–temperature and, thus, CO2 density conditions this weight column 
transforms into an additional pressure of 2 bar that has to be added to the 
measured pressure at 550 m depth. This calculated 2 bar value is also con-
sistent with the observed injection wellhead pressure of about 60 bar. After 
the start of injection on June 30, 2008, pressure increased from initially 60.4 
bar to a maximum of 76 bar in June 2009. Fig. 2.2B depicts the results of the 
downhole pressure monitoring with the increasing amount of CO2 injected 
and the timing of the accompanying geophysical surveys. A conservative 
pressure limit has been set by the Mining Authority to not exceed 85 bar at 
the injection point, which translates to ~ 83 bar pressure at the P/T gauge 
(red dashed line in Fig. 2.2B). The data show that within the injection time, 
reservoir pressure has never been near its pressure limit. During shut-in 
phases, monitoring has indicated a prompt relaxation of the reservoir pres-
sure within the expected range. Stabilization of reservoir pressure with time 
is due to the increased amount of CO2, which has pushed the gas-water con-
tact further outwards (Martens et al, 2012). 
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Figure 2.2A: Field laboratory at the Ketzin Site (Martens et al., 2012). 

 

 

 
Figure 2.2B: Injection pressure and cumulated amount of injected CO2 (Möller et 
al., 2012). 
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2.3. Site characterization and monitoring 
2.3.1. Ketzin as a multidisciplinary project 
The Ketzin project is aimed at a pilot storage of CO2 and at developing and 
testing efficient integrated monitoring procedures for assessing processes 
triggered in the reservoir by long term injection (Schilling et al., 2009). 
Physical, chemical and biological observations are carried out for a compre-
hensive characterization of the reservoir, its geological environment and 
injection-related processes (Giese et al., 2009) (Fig. 2.3A). In order to char-
acterize the site it is important to design a survey, which combines a number 
of requirements, such as groundwater investigations and an ascertainment of 
background levels of substances. It is also important to develop a conceptual 
model of the site at an early stage and to refine this model during the investi-
gation program.  
  

2.3.2. Temperature monitoring 
Temperature is one of the main parameters influencing the properties of CO2 
during storage in saline aquifers since it strongly influences the phase behav-
ior of the CO2-brine mixture (Bachu and Bennion, 2009). Paper III of this 
thesis shows that temperature monitoring is very important for quantitative 
seismic interpretation at the Ketzin site. Fig. 2.3B illustrates the dependence 
of CO2 density on pressure and temperature in the reservoir at the Ketzin 
site. 

The evolution of temperature is continuously monitored over the entire 
length of the boreholes using the method of Distributed Temperature Sens-
ing (DTS) at the Ketzin site (Henninges et al., 2011). That is why all wells 
were equipped with permanent fiber-optic downhole sensor cables, which 
were installed in the annulus outside the borehole casing. Temperature 
measurements with the DTS system started at the well completion stage 
(Henninges et al., 2011). Since the CO2 injection started the DTS monitoring 
has been performed with high repetition rate. 

The DTS measurements allowed for in-situ observations of fluid flow as 
controlled by the surrounding environment (formation fluids, CO2, and solid 
rocks). The evaluation of baseline measurements with active heating in turn 
allowed for estimation of in-situ thermal conductivity of the formation prior 
to the start of the injection (Freifeld et al., 2009). The baseline measurements 
of in-situ thermal conductivity are in good agreement with thermal conduc-
tivities measured on core samples. Thermal conductivity is expected to 
change due to increasing CO2 saturation during the injection. 
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2.3.3. Pulsed Neutron Gamma (PNG) logging 
For monitoring of in-situ CO2 saturation changes at borehole scale, the 
pulsed neutron-gamma (PNG) logging technique was applied at the Ketzin 
site (by J. Henninges in Paper II of this thesis). It is widely used for the 
cased-hole saturation monitoring in oil and gas applications. This method 
has been successfully applied earlier at the Frio CO2 injection pilot project 
(Sakurai et al. 2005).  

Using the PNG method, the macroscopic thermal capture cross-section Σ 
is measured radiometrically (e.g. Plasek et al., 1995). The formation capture 
cross section depends on the capture cross section and the volumetric frac-
tions of the individual components of the rock matrix and pore fluids. Σ can 
be calculated according to the following equation (e.g. Ellis and Singer, 
2007: pg. 393) for the pore space either filled by brine or CO2: 

  

where ø is formation porosity, S - fluid saturation, and the subscripts ma, W 
and g correspond to the rock matrix, the pore fluid brine, and the CO2, re-
spectively. 

Changes in fluid saturation can be determined from comparison of time-
lapse measurements. Changes in volumetric content of CO2, Vg, which is 
equal to ø(1-SW), can be calculated according to the following equation: 

 

,                                                                   

where the subscripts log and base refer to the repeat and baseline logging 
runs (e.g. Ellis and Singer, 2007: pg. 393). 

At the Ketzin site favorable conditions for the application of the PNG 
method exist because of the high salinity (240‰) of the formation water, 
high formation porosity (20-25%), and high contrast in Σ between the saline 
formation water and the CO2. 

Time-lapse measurements have been performed at the Ketzin site using 
the Reservoir Saturation Tool (RST, Trademark of Schlumberger). A base-
line log was acquired in June 2008 just before the start of the CO2 injection 
when the wells were filled with formation brine. The first PNG repeat was 
run on July 21, 2008 (r1), six days after arrival of CO2 at the Ktzi 200 well. 
Subsequent repeat runs were performed after the wells had been filled up 
with CO2 in June 2009 (r2), March 2010 (r3) and later on. 

Although CO2 is also present behind the casing in the caprock sequences 
in the wells Ktzi 201 and Ktzi 202, the saturation changes can be clearly 
correlated to lithology: the highest changes occur within the porous and 
permeable sandstone intervals of the target reservoir (Fig. 2.3C).  
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2.3.4. Core analysis  
The study of porosity, permeability, and mineral composition of the CO2 
reservoir and caprock formations was a very important contribution to char-
acterization of the Ketzin site (Förster et al., 2009). These parameters were 
obtained by a series of laboratory investigations covering routine and special 
core analyses. They included measurements of porosity, gas and brine per-
meability, CO2-water relative permeabilities and others (Förster et al., 2009). 
The entire Stuttgart Formation was cored in the Ktzi 200 and Ktzi 201 wells. 
But only the uppermost part (18.5 m) of the Stuttgart Formation was cored in 
the Ktzi 202 well. The three wells (Fig. 2.1C) show various lithostratigraphy 
in the Stuttgart Formation, attesting to lateral changes and cyclicity in fluvial 
sedimentation. The fine-grained to medium-grained and well-sorted fluvial 
sandstones are composed (in wt% ± 1σ STDEV) of quartz (36.6 ± 6.1), pla-
gioclase (17.2 ± 2.8), illite (16.0 ± 10.4), anhydrite (8.9 ± 12.8), amorphous 
phases (5.5 ± 4.1), orthoclase (4.6 ± 1.8), analcime (4.6 ± 3.2), chlorite (2.9 
± 1.4), halite (2.1 ± 1.6), hematite (0.8 ± 1.0), dolomite (0.4 ± 1.3), and py-
rite (0.2± 0.8). Petrographic analysis (Förster et al., 2009) shows the total 
content of authigenic minerals (analcime and anhydrite) to be between 8 and 
17%. Cement distribution in most samples is characterized by local cement 
concentration in spotted zones with high inter-granular volume. Thin-section 
porosity ranges from 15 to 20% and is of good connectivity. Variable He-
porosity and brine permeability were obtained by routine laboratory anal-
yses, ranging from 5% to >35% and from 0.02 mD to >5000 mD, respective-
ly. The brine permeability was calculated using a correction function be-
tween gas permeability and brine permeability values measured on a subset 
of core plugs (Förster et al., 2009). 

The mudstones from the cored section consist (in wt% ± 1σ STDEV) of 
illite (46.7 ± 9.7), dolomite (19.3 ± 7.1), anhydrite (15.6 ± 17.7), quartz (13.5 
± 3.5), plagioclase (4.7 ± 2.2), chlorite (2.6 ± 0.3), hematite (1.0 ± 0.6), 
amorphous phases (1.6 ± 2.3), orthoclase (1.4 ± 0.7), and halite (1.0 ± 0.3). 
Ambient He-porosity ranges from 5 to15%, averaging to 12 ± 3% (1 σ 
STDEV). In finely fractured rocks some higher values (>10 %) are observed. 
The average gas-permeability is 0.010 mD. No significant correlation exists 
between gas permeability and porosity. Pore bodies and pore throats are 
small (<500 nm and 10-36 nm, respectively). The pore space is usually un-
connected. High clay mineral content and the observed pore space geometry 
confirm good sealing properties. 

2.3.5. Petrophysical well logging 
A comprehensive borehole-logging program was performed at the Ketzin 
site consisting of a routine well logging series complemented with an en-
hanced logging program for one well. For this well nuclear-magnetic reso-
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nance (NMR) and borehole resistivity images were recorded to characterize 
the storage formation (Norden et al., 2010). An elemental log-analysis model 
for the target formation was established for all three wells based on core 
analysis and logging data. In addition, permeability was estimated using the 
Coates equation and compared with core data and NMR log-derived perme-
ability, with meaningful permeability estimates for the Ketzin site reservoir. 
A porosity and permeability prediction by analogy to the well Ktzi 202 is 
appropriate and applicable on the basis of the good core control that guided 
the petrophysical well-log interpretation in the wells Ktzi 200 and Ktzi 201. 
For the sophisticated evaluation of the Stuttgart Formation at borehole scale, 
which characterizes real subsurface conditions, the availability of cores was 
crucial. 

2.3.6. Hydraulic testing  
To derive transmissivity and to deduce permeability and static formation 
pressure in the injection well Ktzi 201 and the two observation wells Ktzi 
200 and Ktzi 202, production, injection, and slug tests were conducted 
(Wiese et al. 2010). Recovery of permeability in the wellbore vicinity was 
achieved by the N2-lift clean up procedure and a KCl-slug injection in order 
to establish the anticipated injection regime and to prevent halite scaling in 
the near well area, respectively (Wiese et al.,2010). The success of the well 
cleanup procedures (i.e. removal of residues from drilling mud and others) 
was verified by production, injection and slug test procedures and by an 
intensive monitoring of production water. 

The hydraulic testing evaluated as single-hole tests suggested formation 
productivity of about 0.05 m3∙day−1∙kPa−1 and 0.1 m3∙day−1∙kPa−1. Based on a 
thickness of 20 m of the permeable zones of the formation, this translates 
into a permeability between 50 mDarcy (0.05∙10−12 m2) and 100 mDarcy 
(1∙10−12 m2) for the target reservoir (Wiese et al., 2010). The early analysis 
of hydraulic tests prior to the injection indicated a “low flow” boundary lo-
cated between the injection and the observation wells. However, results of 
the CO2 monitoring and the timing of its arrival (compared to the modeling 
results) in the second observation well (Ktzi 202) suggested a “no-flow” 
boundary, which is most probably located to the north of Ktzi 202, striking 
NW-SE. This effect may be further enhanced by strong anisotropy of perme-
ability due to fluvial sedimentation within the Stuttgart Formation. 

Chemical analyses revealed that sodium chloride was the principal con-
stituent of the saline fluid and that the calcium amount was significant. De-
tailed investigations of minor components revealed no toxic heavy metal 
concentrations in the reservoir brine sampled during lift tests (Würdermann 
et al., 2010). 
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Figure 2.3A: Overview of installations and monitoring activities at the Ketzin site: 
Soil Gas Monitoring, pressure sensors at all wellheads (including casing pressure 
determination to control the cemented annulus), pressure–temperature monitoring 
using Bragg-grating optical sensors in the injection well. The smart casing includes 
DTS and A-DTS as well as 15 electrodes outside all three wells. Seismic and geoe-
lectric surveys from the surface to the surface (seismic 3D, 2D surveys, “star” exper-
iment) and from the surface to the borehole (VSP, MSP, SD-ERT) as well as 2D 
crosshole seismics and 3D crosshole ERT. Fluid sampling was conducted with a 
downhole sampler for biological and geochemical monitoring. A long-term installed 
Gas Membrane Sensor (GMS) in each observation well and a profound logging 
program in all wells complements the monitoring program at the Ketzin site 
(Würdermann et al., 2010). 
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Figure 2.3B: Density of CO2 at 34°C and 38°C as a function of pressure (after Span 
and Wagner (1996)). In October 2009 (time of the 1st seismic 3D repeat 
acquisition), pressure in reservoir at the Ketzin site reached values of approximately 
7.73 MPa. The reservoir temperature value in the injection well was 38°C at the 
injection depth (the orange ellipse). The value of the reservoir temperature at the 
observation wells (the blue circle) was 34 °C (Möller et al., 2012). The difference in 
CO2 density due to the temperature difference is indicated with a light blue arrow. 
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Figure 2.3C: Measured PNG Σ formation (SIGM) log curves of the baseline (b) and 
repeat (r1, r2, r3) logging runs, and calculated average relative gas volumes 
(Vg(avg)) for the minimum (min.) and maximum (max.) estimations. TPHI(avg.): 
Average total porosity (modified after Norden et al., 2010). Lithology after Förster 
et al., 2010. The positions of the filter sections in the casing are indicated by black 
bars (by J. Henninges, in Paper II of this thesis). 

2.4. Reservoir Simulations 
Various numerical simulations have been performed at the Ketzin site to 
achieve a deepened process understanding, to predict the arrival of CO2 at 
the observation wells and to match the monitored pressure data at the injec-
tion well. The applied geological models reflect either simplified 2D axis 
symmetrical models or full 3D models deduced from seismic surveys, well 
logging data and the regional geological setting (Martens et al., 2012). The 
predicted plume evolution was used as a basis to organize monitoring cam-
paigns before the arrival of CO2 at the observation wells. 

2.4.1. 2D symmetrical models 
The 2D radially symmetric model of the upper part (33 m) of the Stuttgart 
Formation has been used to interpret 3D seismic data acquired near the in-
jection well (by U. Lengler in Paper III of this thesis). This model accounts 

 30 



for the presence of channel sandstones in the reservoir that are the most fa-
vorable for CO2 migration (effective porosities 20-25% after Förster et al. 
(2010)). It is known from the core and log analysis of the injection well Ktzi 
201 and of the first observation well Ktzi 200 that the reservoir is composed 
of two high porosity sandstone layers (Fig. 2.1C). These layers are separated 
by a thin strongly cemented sandstone layer (Norden et al., 2010), which is a 
significant constraint for fluid migration due to its low permeability (Wiese 
et al., 2010).  

Although this cemented sandstone layer is absent in the second observa-
tion well Ktzi 202, pumping tests have demonstrated that the three wells are 
hydraulically connected (Wiese et al., 2010). Therefore, the conceptual 2D 
model at Ketzin assumes a simple connection between the sandstone inter-
vals in the three wells. Initial reservoir conditions and rock properties within 
the reservoir sandstone and the surrounding mudstone used for 2D simula-
tions are listed in Table 1. They are assumed to be spatially constant. 

To ensure that the simulated flow would not be affected by the boundary 
conditions, the model boundary was set 10 km away from the injection well. 
The generated mesh was regularly spaced at 0.3 m in the vertical direction 
and the lateral discretization was 5.0 m except for the closest 7.5 m around 
the injection well. To simulate the vertical injection well, the vertical perme-
ability of the well elements was set 104 times higher than that of the reser-
voir sandstone. The injection rate was applied to 4 elements of the well col-
umn and all elements of the well column were being charged. The injection 
rate was modeled at the constant rate of 2 tons/h (the average rate until 1st 
October 2009) and 3 tons/h (the average rate until 29th October 2009 during 
the time of the 1st repeat seismic survey).  

The simulations were performed using the numerical program TOUGH2, 
version 2.0 (Pruess et al., 1999) with the fluid property module ECO2N. The 
latter was designed for application to the geologic sequestration of CO2 in 
saline aquifers (Pruess, 2005). Two cases were considered (for reservoir 
temperatures 34°C and 38°C). 

Fig. 2.4 displays the distributions of CO2 saturation and CO2 density in 
the reservoir at the Ketzin site for both the 34°C and 38°C scenarios. The 
CO2 saturation does not differ significantly between these two scenarios (less 
than 5%), but the CO2 density is notably lower for the higher temperature 
case. However, the difference in CO2 density decreases with decreasing 
pressure (Fig. 2.3B) and, therefore, with distance from the injection well: in 
the vicinity of the injection well the difference in CO2 density is up to 20%, 
and on average it is 12%. The slight increase in CO2 saturation with the iso-
thermal temperature of 38°C results from a small increase in pressure that 
also is due to lower CO2 density. 
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2.4.2. 3D model 
This model (Martens et al., 2012, Kempka et al., 2010) was based on 3D 
seismic investigations (Juhlin et al., 2007) interpreted and depth-converted in 
2008. It aimed at geological modeling of fluvial facies bodies within flood-
plain facies and the corresponding distribution of petrophysical properties. 
Fault zones identified by seismic surveys are not yet implemented in this 
model. 

For this model the Stuttgart Formation was divided into three zones (faci-
es modeling). The upper zone (A) represents the uppermost 25 m of the for-
mation, where the greatest CO2 mass is present. This zone was discretized 
with a vertical interval of 0.25 m. The middle zone (B) with thickness of 25 
m had a vertical discretization of 0.5 m, and the lower zone (C) was vertical-
ly discretized by 1.0 m. The horizontal grid spacing (10 m x 10 m) was uni-
form for all these zones. The facies modeling took into account the expected 
regional trend of the channel distribution. In addition, the results of Kaze-
meini et al. (2009) were used for the zone A as a trend (probability) map for 
the presence of channel facies. The results of the repeat 3D seismic survey of 
2009 were applied to define areas of high sand content in a deterministic 
manner. Sand-clay content was evaluated based on borehole records of wells 
from the surroundings of the Ketzin site. 

Petrophysical modeling of the two facies types (sand channel and flood-
plain) undertaken by an integrated interpretation of borehole logging and 
laboratory data (Norden et al., 2010) allowed for evaluation of porosity dis-
tribution curves (variograms) of the respective facies. The porosity was 
modeled (Martens et al., 2012) using the sequential Gaussian simulation 
provided by the Petrel software package and the 3D seismic attribute map 
developed by Kazemeini et al. (2009) after scaling it to represent a trend 
map for porosity distribution. 

Numerical simulations were carried out using this model of the Stuttgart 
Formation while taking into account the discretization, initial and boundary 
conditions as well as injection rates as described by Martens et al. (2012) 
and Kempka et al. (2010). The aim of these simulations was a verification of 
the model with regard to the reservoir pressure determined in the injection 
well Ktzi 201 and the first CO2 arrival in the observation wells Ktzi 200 and 
Ktzi 202 as described in Martens et al. (2012). Using the Eclipse 100 reser-
voir simulator (Martens et al., 2012), a successful match of monitored data 
was achieved. The deviation of arrival times is below 10 % with calculated 
times of 23 days for the well Ktzi 200 (21 days observed) and 258 days for 
the well Ktzi 202 (271 days observed). A good agreement of the calculated 
and monitored reservoir pressures was also achieved by the simulations. 
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2.4.3. Studies on impact of unknown spatial variability in 
petrophysical properties of the storage formation 

Lengler et al. (2010) applied the TOUGH2 (Pruess et al., 1999) code to 
study the impact of unknown spatial variability in the petrophysical proper-
ties of the storage formation using a stochastic Monte Carlo approach.  

The temporal injection pressure and the arrival time of CO2 in the obser-
vation well 50 m away from the Ketzin injection site were simulated with 
two-dimensional radially symmetric models using stochastic methods, in 
order to estimate a probability distribution of the CO2 plume. It was shown 
that the homogeneous model satisfactorily predicts the CO2 gas arrival after 
21 days in the observation well in comparison to heterogeneous models. 
Nevertheless the heterogeneous models provide more specific results on the 
impact of spatial variability. For example, the storage capacity is underesti-
mated by the homogeneous model because consideration of the heterogenei-
ty causes a greater amount of the reservoir volume to be affected by the CO2 
gas. 

Anisotropy and correlation lengths affect fingering effects, which yield to 
higher probabilities for earlier arrival times for the heterogeneous models 
compared to ones for the homogeneous models. However, on average, the 
arrival times for the heterogeneous models are retarded. Finally, it was ob-
served that injectivity decreases with increasing heterogeneity. An effort in 
considering small-scale heterogeneity along with the geometry and spatial 
distribution of facies appears not to be justified for short time scales for a 
first assessment at potential storage sites. Nevertheless, the study by Lengler 
et al. (2010) shows it is important to evaluate the impact of small-scale het-
erogeneity when assessing the storage capacity. 

Table 1: Material properties and initial conditions used for multiphase fluid flow 
simulations (2D) 

Material property 
Porosity [-] 0.20   
Horiz. perm. [m²] 80 · 10-15   
Vertic. perm [m²] 26.7 · 10-15   
Residual liquid saturation Slr [-] 0.15  
Residual gas saturation Sgr [-] 0.05  
 
Initial condition 
Pressure [MPa] 6.28   
Temperature [°C] 34 (isotherm) 38 

(isotherm) 
 

Salinity [wt.-% NaCl] 20.0 
 

  

 33 



 

 

 
Figure 2.4: Simulated distributions of CO2 saturation (left panel, blue scale) and 
density (right panel, yellow-orange scale) with an isothermal temperature of 34°C 
and 38°C for October, 2009. CO2-free surrounding rocks of the Stuttgart formation 
are green (by U. Lengler, in Paper III of this thesis). 
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3 Introduction to seismic investigations 
regarding the 3D surveying and time-lapse 
studies  

3.1. Source Comparison 
3.1.1. Motivation and aims of the source comparison 
Before carrying out the 3D baseline seismic survey at the Ketzin site (Juhlin 
et al., 2007) a pilot study (2D) was performed in 2004 (Fig. 3.1A) with the 
following main objectives: 1) to evaluate the response of the Ketzin site to 
the reflection seismic experiment, especially at the injection depth, 2) to test 
different acquisition parameters, such as surface seismic sources, geophone 
types and their deployment, and recording parameters, and 3) to use these 
results to guide the 3D surveys at the Ketzin site. Since the 3D seismic sur-
veys would require a large number of source points (Juhlin et al., 2007; Pa-
per II of this thesis), the time necessary to activate a source was considered 
important, as well as the source performance with respect to the penetration 
depth and frequency content at the Ketzin site. Therefore, the pilot study 
(Paper I of this thesis) focused on comparison of three surface seismic 
sources. 

The right seismic source is one of the most important requirements of the 
reflection seismic experiment (Feroci et al., 2000). It can be chosen using 
criteria directly related to the nature of the problem. First of all, the energy 
content has to be high enough in order to acquire adequate information for 
the required investigation depth. Secondly, the frequency content must be 
high and broad enough in order to achieve the necessary resolution. There 
are also other factors to be taken into consideration. These include the pulse 
coherency and signal-to-noise ratios. Certainly the sources have to be con-
venient and safe in exploitation. Repeatability has also to be taken into con-
sideration. All these conditions “trade off” with the cost of the survey. As a 
matter of fact, the main aim of the studies on the source comparison was to 
show how the media with given characteristics responds to each source. Re-
sults of such studies have been reported by Yordkayhun and Na Suwan 
(2012), Ge et al. (2010), Karastathis and Louis (2004), Doll et al. (1998), 
Buhnemann and Holliger (1998), and others. 
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3.1.2. Seismic processing and interpretation 
In order to compare directly data quality recorded by different sources, ex-
amples of typical unprocessed but stacked, correlated or decoded, shot gath-
ers from the Ketzin pilot test (Paper I) are shown in Fig. 3.1B. Strong ampli-
tude distortion at the near offset traces (<500 m) can be a combination of 
source-generated noise, engine noise and air blasts. There is a noticeable 
decrease in the signal-to-noise ratio on some of the far offset traces (>1300 
m). 

The purpose of seismic processing is to transform the acquired data into 
an image that can be used to infer the sub-surface structure (Yilmaz, 2001). 
As for the seismic interpretation, it is to obtain a coherent geological over-
view based on the processed seismic reflection data. One aim is to produce 
structural maps that reflect a spatial variation in depth of certain geological 
layers. There is always a degree of uncertainty in any seismic interpretation 
(Yilmaz, 2001). 

In Paper I several conventional processing steps were applied in order to 
enhance the seismic data from the Ketzin site in the upper 1.5 s (Table 3 in 
Paper I). The upper 1.5 s was a suitable time window for seismic processing 
since our target horizon is at about 700 m depth. The apparent signal-to-
noise ratios of three sources from this pilot test calculated after Staples et al. 
(1999) and Benjumea and Teixido (2001) in the optimum offset range 
(Hunter et al., 1984) are shown in Fig. 3.1C. These results were consistent 
with the qualitative signal-to-noise ratio estimation made by a visual inspec-
tion of seismic traces (Paper I). 

Seismic data processing is composed of basically five types of corrections 
and adjustments: time, amplitude, frequency-phase content, data compress-
ing (stacking) and data positioning (migration) (Yilmaz, 2001).  

Time adjustments can refer to dynamic and static categories. The normal 
move-out (NMO) correction refers to the dynamic category. It corrects for 
the difference in travel-times of the reflections from a horizontal reflecting 
surface due to variations in the source-geophone distance (Yilmaz, 2001). 
The static correction is a correction applied to geophysical data to compen-
sate for the effect of near-surface irregularities, differences in the elevation 
of shots and geophones, or any application to correct the positions of source 
and receivers.  

Amplitude adjustments correct the amplitude decay with time due to 
spherical divergence and energy dissipation in the earth (Yilmaz, 2001). The 
amplitude decay analysis provides an indication of the source-generated 
energy and signal penetration depth (Mayer and Brown, 1986; Barnes, 1994; 
Steer et al., 1996; Juhojuntti and Juhlin, 1998).  In Paper I we used a quanti-
tative method for the amplitude decay analysis so that the true amplitude was 
preserved and relative lateral amplitude variations were reduced. Amplitudes 
of three seismic sources normalized to the background levels versus travel 
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time are plotted in Fig. 3.1D(a). The amplitude normalized to the peak am-
plitude for each source is presented in Fig. 3.1D(b). The amplitude spectra 
for each source in the same offset window from Fig. 3.1B are shown in Fig. 
3.1E. The comparison of relative amplitude decay curves of the sources in 
different frequency bands indicates the best penetration frequency band for 
each source (Fig. 3.1F). 

The frequency and phase content of the data are manipulated to enhance 
the signal and attenuate noise (Yilmaz, 2001). Appropriate band-pass filters 
(single-channel filtering) can be selected by scanning the data in different 
narrow frequency bands. Deconvolution is an inverse filtering technique 
used to compress an oscillatory (long) source waveform into as near as pos-
sible a spike (unit-impulse function). Near-surface reverberations can often 
be attenuated through the deconvolution approach. At the pilot test at the 
Ketzin site (Paper I), deconvolution balanced the spectrum and improved the 
resolution of the data. 

A seismic data compression technique that is generally used is the com-
mon midpoint (CMP) stack. It sums all offsets of a CMP gather into one 
trace. This technique is very important for reflection seismics, because re-
flected seismic energy is usually very weak and it is imperative to increase 
the signal to noise ratio of most data (Yilmaz, 2001). 

Migration produces a final section or volume in the depth or in time do-
main that is generally used as the basis for geological interpretation (Yilmaz, 
2001). 
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Figure 3.1A: Depth contour lines of the top Stuttgart formation, showing the dome 
of the Ketzin anticline (Förster et al., 2009). Two 2D seismic profiles acquired in 
2004 are marked with dotted lines. The N-S and E-W profiles are mentioned as 
“Line 1” and “Line 2” further in text of this thesis, respectively. The grey rectangles 
indicate the areas covered by the baseline and repeat 3D seismic surveys. The larger 
rectangle presents the 2005 baseline survey, the smaller rectangle presents the 2009 
repeat survey concentrating on the area near the injection site (“CO2“) at the south-
ern flank of the dome. The inset shows the location of the Ketzin site close to Berlin. 
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a) 

 
b) 

 
c) 

 
 
Figure 3.1B: A raw shot gather (left) and average amplitude versus traveltime (right) 
for various seismic sources: (a) VIBSIST, (b) weight drop and (c) MiniVib. Red 
windows marked the offset range of amplitude analysis. 
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Figure 3.1C: Apparent signal-to-noise ratio of different source at the selected offset 
range from Figure 3.1B. 

 
Figure 3.1D: Signal penetration of three seismic sources by comparison of (a) am-
plitude relative to background versus traveltime plot and (b) normalized amplitude 
versus traveltime plot. 
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Figure 3.1E: Average amplitude spectra of three seismic sources calculated from 
traces in offset between 1000-1200m as shown in Figure 3.1B. 

 
Figure 3.1F: Amplitude relative to background versus travetime of different sources 
at different frequency bands. 
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3.2. 3D time-lapse seismics (4D) 
3.2.1. 3D seismics 
3D seismic surveying has become a common exploration and production 
tool since 3D images usually contain less source-generated noise and show a 
dramatic increase in information and accuracy of structural images of the 
subsurface in comparison to 2D images (Sheriff and Geldart, 1995; Cordsen 
et al., 2000).  

In the 3D seismic method we record many lines of receivers across the 
earth’s surface. The area of receivers we record is known as a "patch" or 
"template" (e.g. Fig. 3.2A). Usually we employ lines of source points laid 
out orthogonally to the receivers. By sequentially recording a group of shots 
lying between two receiver lines (referred to as a "salvo") and centered with-
in the template, we obtain uniform one-fold reflection information from the 
subsurface area that is one quarter of the useful surface area of the template 
(Cordsen and Galbraith, 2002). Although we usually record a large square or 
a rectangular template, the useful data at our zone of interest is offset limited 
by several geophysical factors. Therefore we often consider the useful area 
of a coverage as a circle with the radius equal to our maximum useful offset 
(Cordsen et al., 2000). By moving the template and recording more salvos of 
source points we accumulate an overlapping subsurface coverage and build a 
statistical repetition over each subsurface reflecting area (bin). 

The quality of the sub-surface image obtained can be related to the statis-
tical diversity of information recorded for each cell of the sub-surface cover-
age (known as a "bin") (Cordsen et al., 2000). The more observations con-
taining unique measurements of echoes from a certain area that are obtained, 
the more successful we are in the reconstruction of the subsurface geological 
configuration that causes these observations (Biondi, 2006). The multiplicity 
(or "fold") of data recorded by the 3D methods is given by the following 
equation: 
 
Fold = Useful Surface area of Patch

4∗Sourse Line Spacing∗Reciever Line Spasing
    (3.2) 

 
Examples of the 3D seismic fold from the Ketzin site are shown in Fig. 

3.2B. 
3D image quality is sensitive to offset squared and controls our selection 

of line grid density. The fact that the 3D coverage is proportional to offset 
squared means that the economics of our program (grid density) and the 
success of our program (image quality) are very sensitive to our evaluation 
of useable source-receiver offsets. This factor is to be of prime importance in 
a 3D design (Cordsen and Galbraith, 2002). 

Each trace of a 3D survey represents a different source-receiver offset. 
Also each trace represents a different source-receiver azimuth. The azimuth 
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adds a dimension of statistical diversity that is very helpful to the imaging 
procedure (Cordsen et al., 2000). 

Examples for the 3D seismic processing and interpretation at the Ketzin 
site (Juhlin et al., 2007; Paper II) are shown in Figs. 3.2C and 3.2D. 

3.2.2. Feasibility study for 4D seismics 
4D seismics consist of a 3D seismic survey, which is repeated one or more 
times at the same site in order to detect temporal changes in the subsurface 
(Paper II of this thesis). 

The first step of a feasibility study is a rock physics analysis of the reser-
voir at the research site and modeling the effects of rock properties on 
changes in fluid fill, pressure, and temperature (Paper III and Paper IV of 
this thesis). 

The following factors are critical in the physical feasibility of the time-
lapse seismic analysis (Wang et al., 1997): frame elastic properties of reser-
voir rocks, contrast in pore fluid compressibility, nature of the injection pro-
cess, and reservoir parameters (depth, pressure, temperature, etc.) 

The frame of reservoir rocks is defined as rock with empty pores. Rocks 
with low frame elastic properties like unconsolidated rocks and rocks with 
open fractures are the most favorable for the successful time lapse seismic 
analysis. In order to monitor fluid changes, a contrast in pore fluid compress-
ibility is required between the baseline reservoir fluid and the monitor reser-
voir fluid. Changes of the reservoir seismic properties result from the injec-
tion activity, hence it is important to understand how the injection process 
affects the reservoir. For instance, high injection pressure and rates may 
fracture the reservoir rock and seismic velocity is very sensitive to fractures. 
Shallow reservoirs with higher porosity and temperature are easier to moni-
tor with time lapse seismics (Wang et al., 1997). The effects of pressure 
changes due to CO2 injection are more difficult to monitor (Paper IV). 

3.2.3. Seismic acquisition of 3D time-lapse surveys 
The repeatability between baseline and monitor surveys is the most im-
portant parameter of the time-lapse seismic acquisition. The source and re-
ceiver positions in the baseline and monitor surveys should be kept at the 
same locations to the greatest extent as possible. Brown and Paulsen (2011) 
showed repeatability statistics from a number of 4D surveys in the North 
Sea. High quality 4D survey data with NRMS levels less than 10% were 
obtained with combined source and receiver position errors around 25-40 m. 
However in real acquisition, positions of a sources and receivers cannot al-
ways be replicated due to surface water currents for marine surveys and 
changes in infrastructure for production at a location (e.g. an oil platform). 
There are also other factors that could possibly have an effect on repeatabil-
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ity (e.g. ambient noise, which can easily vary from one survey to another). 
For land surveys, near surface effects vary due to acquisition in different 
seasons and weather conditions. This factor is especially important for such 
land surveys as at the Ketzin site (Fig. 3.2E) (Kashubin et al., 2011). The 
source signature can also vary from one survey to another (Bacon et al., 
2007). Nowadays, permanent reservoir monitoring systems are applied at 
some oil fields. It means receivers are permanently placed in the same posi-
tions to reduce the acquisition differences.  

3.2.4. 4D seismic processing 
Processing steps including static corrections, mute design, pre-stack decon-
volution, stack, migration velocity derivation, and amplitude balancing affect 
the results for baseline and monitor surveys on land data. Datasets from dif-
ferent surveys should therefore be processed in parallel to permit a compari-
son. Specialized time-lapse processing should be applied on datasets to im-
prove the repeatability (Ross et al., 1996) (Fig. 3.2.G). Normally in the time-
lapse processing a baseline survey is used as a reference volume, and repeat 
surveys are processed to match time, phase, frequency, and amplitude of the 
baseline survey. After the processing, differences in the seismic images be-
tween the surveys represent changes in the reservoir properties (assuming 
there are no artifacts). Detailed processing steps and parameters for the 
Ketzin site can be found in Paper II. 

3.2.5. 4D seismic interpretation 
After time-lapse processing the datasets from different surveys they can be 
compared. The difference in Two Way travel-Time (TWT) to a reflection at 
the bottom of the reservoir and one at the top of the reservoir can be moni-
tored. In the ideal case, the TWT to reflections above the reservoir will not 
change between different surveys. In the reservoir, seismic velocities will 
change due to injection or production, i.e. the TWT thickness of the reservoir 
will change. Below the reservoir, the TWT of seismic events will also alter 
(Fig. 3.2F, right panel). For a thick reservoir layer this effect can be quite 
large, ranging from a few to 10 ms. Normally the time shift can be easily 
picked if the seismic data have a reasonably good S/N ratio. As for time-
lapse amplitude anomalies, they can be very useful to map fluid changes in 
the reservoir (Fig. 3.2F, left panel). For example, in Paper II the application 
of a cutoff based on the amplitude change map was crucial in quantitative 
4D seismic data interpretation at the Ketzin site. Time-lapse seismic images 
are used to make estimates of the imaged amount of CO2 (Chadwick et al., 
2010; Paper II). It is important for assessing storage efficiency and monitor-
ing potential leakage. The minimum degree of accuracy is a crucial issue in 
these investigations. Such minimum thresholds establish the smallest amount 
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of CO2 that is possible to be monitored by means of surface-based methods 
(JafarGandomi and Curtis, 2011). At Ketzin, quantification of the mass of 
the injected CO2 was performed using the time-lapse seismic data, petro-
physical investigations on core samples, and in-situ CO2 saturation from 
pulsed neutron gamma (PNG) logging as input (Paper II) and multiphase 
flow simulations for two temperature scenarios in the reservoir (Paper III). 

 
 
Figure 3.2A: Sketch of a template shows locations of sources (red) and receivers 
(blue) (Juhlin et al. 2007) used for 3D seismic surveys at the Ketzin site. 
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Figure 3.2B: CDP fold of the 2005 baseline survey (left) and the 2009 repeat survey 
(right). The CO2 injection well (CO2 Ktzi 201/2007) is marked by a grey dot. On the 
repeat survey (right panel), one template of shot and receiver lines is shown at the 
northern end of the survey. SW-NE lines are receiver points, NW-SE lines are shot 
points. In the repeat survey, the gap in fold map at the southern end of the area is 
due to bad weather conditions making some fields inaccessible for the source. Inline 
and crossline numbers are displayed for reference to stacked sections shown in later 
figures. 
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Figure 3.2C: Crossline of 3D seismic baseline (Juhlin et al., 2007) crossing nearly 
over the top of the Ketzin anticline. Mapped reflection horizons are (1) near Base 
Tertiary (T1), (2) near Top Sinemurian (TS), (3) near Top Triassic (TT), (4) near 
Top Arnstadt Formation (TA), (5) Top Weser Formation (K2), (6) near Top 
Stuttgart Formation (TSt), and (7) near Base Stuttgart Formation (BSt). G1, G2, and 
FS indicate the upper gas layer, the lower gas layer, and the flat spot, respectively. 
Depth in kilometers corresponds roughly to time in seconds since RMS velocities 
vary from about 1700 to 2400 m/s down to the target depth (Kazemeini et al., 2009). 

 
Figure 3.2D: Depth migrated inline of 3D seismic baseline at the Ketzin site (Juhlin 
et al., 2007) passing near the well Ktzi 200 compared with lithology and sonic log of 
this well. Depth migration was performed with interval velocities (red line) calculat-
ed from the baseline stacking NMO velocities. Symbols “K2” and “R” see in Fig. 
2.1C.    
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Figure 3.2E: An example of pre-stack CDP super-gathers. The arrows pointing to 
the smaller scale features illustrate the limits in resolution of the repeat dataset (bot-
tom) compared to the baseline (top). 
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Figure 3.2F: Left panel: Normalized time-lapse amplitude at 42 ms below the K2 
horizon. Right panel: Time shift of a reflection below the reservoir caused by a ve-
locity pull-down effect due to partial CO2 saturation in the Stuttgart Formation or 
pressure increases. 

 
Figure 3.2G: Map of the NRMS values for the cross-calibrated seismic sub-volumes 
in the time interval of 100-700 ms. The injection site is marked by a sun. 
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3.3. AVO/AVA 
3.3.1. Introduction into the AVO/AVA method 
Since W.J. Ostrander published in 1984 his paper about amplitude versus 
offset (AVO) effects in sands filled with gas (Ostrander, 1984), AVO analy-
sis of seismic reflections has become an important tool for the hydrocarbon 
prospecting. Some applications of AVO analysis in the oil industry are as 
follows: (1) to predict and to map hydrocarbons, (2) to distinguish lithology 
and map porosity in clastics and carbonates, and (3) to perform pore pressure 
prediction and characterize reservoir changes for time-lapse seismic studies 
(Chiburis et al., 1993). True amplitude of seismic data should be preserved 
during the seismic processing for AVO analysis. As an important technique 
for quantitative petrophysical interpretation of seismic data, AVO analysis is 
worth testing in the field of CO2 monitoring, which is facing challenges 
similar to those in oil and gas reservoir management. Brown et al. (2007) 
used AVO analysis to estimate CO2 saturation from modeling data. At the 
Sleipner storage site in the North Sea the standard AVO failed due to pres-
ence of thin CO2 layers. Therefore a modified AVO method was used to 
estimate thickness of CO2 layers (Chadwick et al., 2010). AVO modeling has 
been used to distinguish the effects of pressure and CO2 saturation after the 
gas injection at the Weyburn Field in Canada (Ma and Morozov, 2010). Af-
ter measuring elastic velocity under several different gas saturations in the 
laboratory, standard AVO analysis was applied for the supercritical CO2 at 
the SACRO oil field in the USA (Harbert et al., 2010). 

The first equations describing how amplitudes of reflected and transmit-
ted P- and S- waves depend on the angle of incidence and properties of the 
media above and below the interface were published by Zoeppritz (1919). 
These equations are quite complicated. Aki&Richards (1980) and Shuey 
(1985) derived approximation equations. A further simplification of these 
equations gives the following equation: 

R(θ ) = P + Gsin2θ, (3.3) 
where R is the reflection coefficient, P is the intercept, G is the gradient, 

and θ is the angle of incidence on the interface. 
Using this equation on pre-stack CDP gathers we obtain two basic AVO 

attributes: the intercept (P) and the gradient (G) and the AVO products like 
"P*G". There are some other AVO related attributes, such as the reflection 
coefficient difference introduced by Castagna and Smith (1994). Smith and 
Gidlow (1987) created the fluid factor. The "lambda*rho" (λρ) and "mu*rho" 
(μρ) were introduced by Goodway et al. (1997).  

According to the impedance contrast between sand filled with gas and 
shale, the reflection can be divided into four following classes (Fig. 3.3A) 
(Rutherford et al., 1987; Castagna and Swan, 1997). 
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“Class 1” corresponds to high-impedance sands. It means the impedance 
of the sand layer is higher than the surrounding medium and the amplitude 
decreases with the increasing offset. In this case, if an adequate offset range 
is available, the amplitude can change polarity. 

“Class 2” is near-zero impedance contrast sands.  In this case the reflec-
tion coefficient of the sand/shale interface at normal incidence could be mi-
nus or plus. Actually the former option is called “Class 2”. Ross and Kinman 
(1995) name the latter option “2p”. In fact, this class may or may not corre-
spond to amplitude anomalies on stacked data. 

“Class 3” refers to low impedance sands. In this case the sand layer, nor-
mally unconsolidated, has lower impedance than the surrounding medium 
(Juhlin and Young, 1993;  Paper IV) and the amplitude increases with the 
offset. There are clear amplitude anomalies in this case, normally called 
bright spots. 

“Class 4” means a very large impedance contrast and a small change in 
Poisson’s ratio. Actually “Class 4” is a reversal of “Class 3”. 

A common method of AVO analysis is the AVO crossplot (Ross, 2000).  
It is a very helpful and intuitive way to present the AVO data and can give a 
better understanding of rock properties, than by analyzing standard AVO 
curves (Ross, 2000).  

3.3.2. Juhlin&Young’s calculation method 
In 1993 C. Juhlin and R. Young presented a method how the AVA response 
of a thin bed may be approximated by modeling it as an interference phe-
nomena between plane P-waves from a thin layer, in which the contrast in 
elastic properties between the layer and surrounding rock is small (Fig. 
3.3B).When a reflecting layer is thick enough in comparison to the seismic 
wavelength then reflections from the top and the bottom of a layer are inde-
pendent of one another. If the layer thins, the reflections interfere and finally 
appear as a single reflection when the layer is sufficiently thin. By the time 
delay modeling it was shown that thin layers imbedded in homogeneous rock 
can significantly affect the AVO response observed compared to that one of 
a simple interface of the same lithology. This effect of a low-velocity thin 
layer is less than that of a high-velocity thin layer with a comparable simple 
interface AVO response. The both of statements are valid when the imped-
ance contrast is low. As the contrast in elastic properties increases, the ap-
proximation used in the above modeling becomes quite poor. In this case it 
is necessary to include contributions to the reflected waveform from P-wave 
multiples and converted shear waves. Juhlin and Young (1993) showed a 
dramatic dependence of seismic response on wavemode contributions for a 
coal seam. 

In Paper IV this method was used for modeling of the AVO response of 
CO2 injection at the Ketzin site. The results indicate it is theoretically possi-
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ble to discriminate between the CO2-saturation-related changes at high CO2 
saturations and pore-pressure-related changes. But the modeled changes in 
the AVA gradient are rather small and therefore unlikely to be retrievable 
from the field data (Paper II) with a signal/noise ratio of 2-3. In addition, the 
actual seismic response may be due to a combination of saturation and pore 
pressure effects. It would be a further complication for any true discrimina-
tion. In case the CO2 saturation effect dominates the AVO/AVA response at 
Ketzin, cross-plots of the modeled AVO/AVA gradient and intercept (Paper 
IV) can be potentially used to determine CO2 saturation levels in the reser-
voir at the Ketzin site on the real seismic data (the AVO/AVA intercept and 
gradient).  

Results from PNG logging show quite significant changes in the CO2 sat-
uration with time at the Ketzin wells. Taking into consideration the fact that 
the 2nd repeat 3D seismic survey was acquired in autumn 2012 (Ivandic et 
al., 2013) with nearly 3 times the amount of CO2 having been injected at the 
time of the survey, it would be useful to attempt to monitor changes in the 
AVA/AVO response between the 2nd repeat and the baseline. It is worth 
trying to detect changes between the 2nd repeat and baseline. 

3.3.3. Landro’s method on discrimination between fluid 
saturation- and pore pressure-related effects in time-lapse 
seismic data 

M. Landro (2001) has derived approximate formulas for computing satura-
tion- and pressure-related changes from time-lapse seismic data and success-
fully tested them on a time-lapse seismic data set. The formulas are explicit 
expressions related to near- and far-offset stacks. They are well suited for 
direct implementation in a processing package. It is necessary for this meth-
od to obtain input equations from a rock physics model that relates changes 
in the seismic parameters to changes in pressure and saturation. This method 
discriminates well, in some cases, between fluid-saturation and pore-
pressure changes (Landro, 2001). It is useful to obtain separate attribute cu-
bes for fluid-saturation and pore-pressure changes, because from a reservoir 
management view such data cubes are valuable since they can be compared 
directly with well observations and extended to areas between wells. This 
method is a complementary tool for monitoring well performance and plan-
ning infill wells in a mature reservoir (Landro, 2001). 
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Figure 3.3A: The AVO classes (Bacon et al., 2007). 

 

 
Fig. 3.3B: Geometry of thin layer after Juhlin and Young (1993). The time difference 
(ABCAD) governs the degree of interference between the reflection off the top of 
the layer and the reflection off the bottom of the layer. 
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4 CO2 and rock physics 

4.1. Introduction to rock physics applied to CCS 
Rock physics (petrophysics) concerns relationships between physical proper-
ties of rocks and geophysical observations (Mavko et al., 1998). As for CCS, 
these relationships refer to understanding the behavior of the injected CO2 in 
geological formations (Lei and Xue, 2009). Interpretation of time-lapse 
seismic data depends on the relationship between seismic parameters and 
typical reservoir parameters to be mapped, such as for instance pore pressure 
changes and fluid saturation changes (Vanorio et al., 2010). Petrophysics 
provides a link for bridging a gap between these two types of parameters. 

In this regard the National Energy Technology Laboratory (NETL) of the 
U.S. Department of Energy (DOE) and Stanford University have established 
a unified rock physics framework for quantitatively interpreting seismic 
observations (www.netl.doe.gov). The research focuses on developing a 
deterministic workflow that will allow an expert to select host formation 
properties as well as injection and storage conditions, to generate seismic 
reflection records of the reservoir formation as the CO2 within changes in 
space and time (Vanorio et al., 2008; Vanorio et al., 2010; Vialle and Vano-
rio, 2011; Vanorio et al., 2011a; Vanorio et al., 2011b). 

As for the Ketzin site, petrophysical studies for understanding processes 
related to the CO2 injection were conducted by Kummerow and Spangenberg 
(2011) and by Kummerow in Paper II and Paper IV of this thesis. They in-
vestigated geophysical and geochemical effects of CO2 on samples from the 
target reservoir (Fig. 4A, 4B). In addition, Kummerow and Spangenberg 
(2011) showed that injection of supercritical CO2/SO2 into the saline aquifer 
at the Ketzin site would considerably change reservoir properties. 

Kazemeini et al. (2010) investigated the surface seismic response to the 
CO2 injection at the Ketzin site. They built up a rock-physics model to eval-
uate the effect of the injected CO2 on seismic velocity. The seismic response 
for different CO2 injection geometries and saturation was modeled using 1D 
elastic and 2D acoustic finite difference methods. Time-lapse rock-physics 
models predicted that CO2 injected in the gaseous state, rather than in the 
supercritical state, would have a more pronounced effect on seismic velocity, 
resulting in a stronger CO2 response. However, reservoir heterogeneity and 
seismic resolution, as well as random and coherent seismic noise would be 
negative factors to be considered in a seismic monitoring program. Ampli-
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tude-related attributes and time-shift measurements were predicted to be 
suitable methods for the CO2 monitoring at Ketzin. 

4.2. Gassman’s theory and recent challenges 
If a secure storage cannot be verified via geophysical monitoring, it is not 
possible to use such a reservoir for CCS (JafarGandomi and Curtis, 2011). 
Main goals of recent research on rock physics applied to CCS (Vanorio et 
al., 2008; Vanorio at al., 2010; Vialle and Vanorio, 2011; Vanorio et al., 
2011a; and Vanorio et al., 2011b) are to generalize laboratory data, to better 
understand the underlying rock physics and chemistry behind observations, 
and to conceive optimized models involving frame substitution schemes. 

Integration of rock physics with the 4D seismic technology is an effective 
tool for quantitatively characterizing reservoir dynamics associated with 
hydrocarbon production and environmental engineering (Vanorio et al. 
2011a). From the first laboratory experiments exploring time-lapse effects of 
temperature on velocity in heavy-oil-saturated samples (Nur, 1989) and the 
earliest field applications (Greaves and Fulp, 1987; Pullin et al., 1987), 4D 
seismic technology has developed to progressively enhance seismic signal 
fidelity, repeatability, and interpretation (Lumley, 2001). 

The Gassmann’s model (Gassmann, 1951) is used as a general basis for 
interpreting the effect of fluids on both log and seismic velocity data. The 
model scheme predicts changes in moduli and density of the rock by replac-
ing one pore fluid with another, and then converting the predicted moduli 
and density back to velocities. The rock-fluid interaction is treated as a pure-
ly mechanical problem, and changes in seismic velocity depend only on the 
compressibility and density of the fluid, on the physical parameters control-
ling them (Batzle and Wang, 1992), and on the density and elastic moduli of 
the rock frame. In spite of some uncertainties, this approach was successful 
for the sandstone reservoir at the Ketzin site initially saturated with simple 
formation brine at the depths of about 650 m, temperature 34-38°C, and a 
pressure 6-7.5 MPa in which food grade CO2 is injected (Paper II).  

Although it is a common practice to include time-variant effects on prop-
erties of the fluid and the rock frame due to variations of physical parame-
ters, such as stress and temperature, which respectively induce compaction 
and fluid-phase changes (Nur et al., 1984; Lumley, 1995; Guilbot and Smith, 
2002; Hatchell and Bourne, 2005; Meadows et al., 2005, Paper III, Paper 
IV), the basic assumption of the Gassmann’s theory is that the fluid and the 
rock matrix do not interact, and interpretation of seismic data almost never 
includes coupled chemo-mechanical effects on the properties of the frame 
(Vanorio et al., 2011a). There is a possible problem, that is, a massive injec-
tion of CO2 can alter the geochemical equilibrium between reservoir and 
formation water. Numerical studies show (Martens et al., 2012) that up to 
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5% of total injected CO2 may get dissolved into the formation brine. There is 
a need to expand the rock-physics toolkit and to provide a set of empirical 
relationships between time-variant effects of the geochemical process and 
rock frame properties for the Ketzin site.  

4.3. Main results 
Detectability depends on rock porosity and on CO2 saturation in the brine, as 
well as on the thickness and depth of the storage formation (JafarGandomi 
and Curtis, 2011). In particular, density and resistivity changes are detectable 
only above a threshold saturation that decreases significantly with increasing 
depth and decreasing thickness of the storage formation. 

Gassmann’s theory (using the patchy saturation model) is successful re-
garding quantitative seismic monitoring at the Ketzin site using petrophysi-
cal experiments on two samples (Paper II). However, forward modeling for 
other sites shows that errors from ignoring the specific properties of CO2 and 
its aqueous solution can affect crucially predicted velocity changes (Vanorio 
et al., 2010). 

4.4. Summary 
Analysis of the applicability of petrophysical parameters to CCS cannot be 
directly generalized for all storage sites at present. Results must be updated 
for each specific site. This analysis is effective for early stages of site selec-
tion and decision making where a rapid yet comprehensive initial estimate of 
the site-monitoring feasibility is required. 

Gassmann’s theory (using the patchy saturation model) successfully 
worked regarding seismic interpretation at the Ketzin site for relatively small 
amounts of injected CO2 (about 22 kilotons). However, injection poses new 
challenges because of the possibly complex seismic response of the CO2 
water-rock system. There is a need to expand petrophysical data for the 
Ketzin site. 
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Figure 4A: Vp versus CO2 saturation using results from the petrophysical experi-
ments on two core samples, Ktzi202_B2_3b (blue diamonds) and Ktzi 202_B3_1b 
(red squares) of the target reservoir from the well Ktzi202/2007 reported by 
Kummerow and Spangenberg (2011) and by Kummerow (Paper II). The samples 
were initially fully saturated with the formation brine. The least squares linear fit to 
the data from both of the samples is shown by a straight line. 

 
Figure 4B: Results of petrophysical experiments Vp (diamonds) and Vs (circles) 
versus pore pressure for the sample the B2_3b (red) and B3_1b (purple). 
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5 Summary of papers 

The research presented in this thesis is mostly based on four papers. In this 
chapter I briefly summarize the motivation, methods, results and conclusions 
of all of them. My personal contribution to Paper I was seismic processing of 
all the seismic data from the pilot test starting from the raw data to final 
CMP stacked sections for all the three seismic sources. This work was most-
ly done under the supervision of Dr. Rüdiger Giese. My personal contribu-
tion to Paper II was the volumetric estimation for CO2 visible in the 4D 
seismic data. I also assisted with the processing of the first 3D seismic repeat 
survey and wrote this paper with the support of Dr. Stefan Lüth. The petro-
physical part of the work was performed by Dr. Juhliane Kummerow and the 
PNG part of the work was performed by Dr. Jan Henninges. Prof. Christo-
pher Juhlin contributed to the time-lapse seismic processing (amplitude and 
time-delay maps) and provided input to the discussion and conclusion parts 
of this paper. I did all the research for Paper III alone, apart from the multi-
phase flow simulations which were performed by Dr. Ursula Lengler. I also 
wrote this paper with the support of Prof. Christopher Juhlin and Dr. Peter 
Bergmann who contributed with a couple of key points to the discussion. For 
Paper IV, I derived the elastic model of the reservoir and its surroundings 
before the injection (baseline) and modified it to reflect the fluid-saturation- 
and pore-pressure-related changes due to the CO2 injection. I wrote this pa-
per with the support of Dr. Peter Bergmann. He also modeled the seismic 
AVA response at the Ketzin site with the method of Juhlin and Young 
(1993) using my elastic models. Prof. Christopher Juhlin contributed to the 
text of this paper and to the discussions. 

5.1. Paper I: Comparison of surface seismic sources at 
the CO2SINK site, Ketzin, Germany 

5.1.1. Summary 
The aim of this paper was to compare three seismic sources: VIBSIST, 
MiniVib and weight drop (Fig. 5.1A) in terms of  apparent S/N ratio, pene-
tration depth, and frequency content using individual source gathers and 
final stacked sections along two different test lines (Fig. 5.1B). Advantages 
and disadvantages of the sources are discussed. 
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To avoid contamination from high amplitude air waves and ground roll 
we used seismic traces in the “optimum window” (offset interval 1000-1200 
m) in raw shot gathers for the signal penetration and frequency content anal-
yses. The data processing and analysis focused on the upper 1.5 s since the 
target horizon for the CO2SINK (CO2MAN) project is at about 650 m depth. 
In order to enhance the data in the upper 1.5 s several conventional pro-
cessing steps were applied (Table 3 in Paper I). Each data set was processed 
independently, resulting in stacked sections for each of the sources (Fig. 
5.1B). 

Apparent S/N ratios were calculated after Staples et al. (1999) and Ben-
jumea and Teixido (2001). This analysis was performed on common offset 
gathers using stacked traces of five adjacent shots within the selected offset 
range (1000-1200 m). Resulting average apparent S/N ratios for the VIB-
SIST, MiniVib and weight drop sources were 5.58, 4.70 and 5.30 with 
standard deviations 1.82, 0.98 and 1.74, respectively. The S/N ratios of the 
VIBSIST and weight drop data were relatively higher than that of the 
MiniVib data, but the former appear to have larger variation than the latter, 
implying that the MiniVib source may have better repeatability. 

Signal penetration of the VIBSIST, weight drop and MiniVib sources 
were compared by studying the amplitude decay curves in a quantitative 
manner. Absolute amplitudes of traces from five adjacent shots were used 
for this analysis. The traces were stacked by taking mean values of all traces 
in the offset range of 1000-1200 m to form a single trace for each shot. Fi-
nally, stacked traces from five adjacent shots were in turn averaged to obtain 
a master trace. Average amplitudes of this trace were then calculated from 0 
to 1.5 s with 100 ms time windows. The first arrival was at about 500 ms in 
this offset range. Thus the amplitude values from the first to the fifth time 
windows represented the background (ambient) noise level of the data. The 
MiniVib data showed the highest peak amplitude in the first arrival time 
windows, suggesting that the MiniVib source put the largest amount of ener-
gy into the ground. However, if we normalize amplitudes to the peak ampli-
tude for each source, such normalized amplitudes decrease slower for the 
VIBSIST data, suggesting that this source has the greatest penetration. All 
three sources had dominant signal frequencies of around 30-120 Hz (> 2 
octaves) providing enough bandwidth for resolving the target reservoir. 

The high frequency portions of the amplitude spectra differed for the 
sources. The MiniVib source was controlled by the frequencies of the signals 
put into the ground, 30-150 Hz, and amplitudes outside this range should be 
regarded as noise. There was no upper limit for frequencies of signals put 
into the ground by the VIBSIST source. However the VIBSIST data were 
wide-band filtered to improve the S/N ratio before applying the shift and 
stack process and the falloff in amplitudes at high frequencies reflected this 
pre-processing step. Weight drop amplitude spectra prior to the first arrival 
were flat. It means that there was no useful energy put into the ground at 

 59 



frequencies higher than 150 Hz. Even low amplitudes in the frequency range 
100-150 Hz represent mainly the noise recorded at these frequencies by the 
weight drop source. 

Stacked sections from all three sources (Fig. 5.1B) show the major reflec-
tions corresponding to the main lithological boundaries of this area. The N-S 
line is characterized by overall lower S/N ratios in comparison to the W-E 
line. The W-E line stacked sections show clear reflections down to 1.4 s 
(Fig. 5.1B). The deepest reflector (1.3 s to 1.4 s) is characterized as a nearly 
continuous event along all CMPs for the VIBSIST source, showing the high-
er signal energy transmitted by this source. In the time window from 0.35 s 
to 0.7 s the reflection signals of the MiniVib data show higher frequencies 
(higher resolution) than the signals of the VIBSIST and weight drop data. 
The transmitted signal energy of the three sources is high enough to image 
reflections from the L4 to K2 reflectors at all CMPs (Fig. 5.1B). Below the 
K2 reflection, the MiniVib data show less continuity (e.g. the K3 reflector, 
CMP 660 to 685) than the two impact sources. 

5.1.2. Conclusions 
Three seismic surface sources were characterized with respect to S/N ratios, 
signal penetration, and frequency content by analysis of raw shot gathers and 
stacked sections along two lines within the planned 3D seismic area at the 
Ketzin site. The results showed following: 

1) Differences in reflectivity between two CMP lines reflect the differ-
ences in the nature of the sources tested and how they influence the 
signal bandwidth (resolution) and signal energy. 

2) The MiniVib source shows the largest amount of high frequency 
signals to about 500 ms (approximately 500 m depth), but the shal-
lowest signal penetration. The VIBSIST source generates signals 
with the highest S/N ratio and greatest signal penetration among the 
tested sources. In particular, the reflections below 900 ms (about 1 
km depth) are better imaged by this source. In terms of the S/N ratio 
and signal penetration, the weight drop performance is in between 
the other two sources. Aside from the source generated noise found 
at near offset traces for all three sources, ambient noise is higher at 
far offsets in both the MiniVib and weight drop data. This noise 
could be reduced by increased vertical stacking at the expense of in-
creased acquisition time. 

3) All three sources imaged the target horizon. The choice of the source 
for the 3D surveys at the Ketzin site (Juhlin et al., 2007) was based 
mainly on logistics and cost. The weight drop source was recom-
mended as the primary source for the 3D surveys. The VIBSIST 
source was recommended for 2D data within this project (Juhlin et 
al., 2007). 
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Figure 5.1A: (a) Weight drop source. (b) MiniVib source. (c) VIBSIST source. 
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(a) VIBSIST 

 
(b) MiniVib 

 
(c) Weight drop 

 
Figure 5.1B: Stacked sections of the N-S line (Line 1 in Fig 5.1A) from the seismic 
pilot test 2004 at the Ketzin site: (a) VIBSIST section, (b) MiniVib section and (c) 
weight drop section. 
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5.2. Paper II: Monitoring and volumetric estimation of 
injected CO2 using 4D seismic, petrophysical data, 
core measurements and well logging: a case study 
at Ketzin, Germany 

5.2.1. Summary 
The goal of this paper was to present processing results for the first repeat 
3D seismic measurements at the Ketzin site and perform a comparison of the 
repeat data with the baseline survey. Results of petrophysical investigations 
on the Ketzin reservoir rocks are discussed regarding the Gassmann theory 
of effective properties and patchy saturation models. Results from pulsed 
neutron-gamma (PNG) logging measurements are shown with respect to 
CO2 saturation in the reservoir. Finally an approach for quantifying the 
amount of CO2 as imaged by the seismic measurements using petrophysical 
models and results from the PNG logging is described. This estimate can be 
used as a base for assessing the ability of the 3D time-lapse seismic surveys 
to quantify the amount of CO2 present in a storage reservoir. 

The first repeat 3D seismic survey was performed at the Ketzin site in au-
tumn 2009, after about 22000 tons of CO2 had been injected. The repeat 
measurements are characterized by generally good repeatability. Results of 
processing, including equalization of the data sets and cross-correlation, 
indicate that the injected CO2 can be monitored (Fig. 5.2A). Rather complex 
time-lapse signatures after the injection can be clearly observed around the 
injection well. The size of the anomaly is about 250 m in the S-N direction 
and about 350 m in the W-E direction. The highly irregular amplitude re-
sponse within this anomaly can be attributed to the heterogeneity of the in-
jection reservoir, which was already seen in the 3D baseline survey (Kaze-
meini et al., 2009). If the largest amplitude differences are interpreted as a 
result of the largest volumes of CO2, then it appears there is a higher concen-
tration of CO2 up-dip from the injection well, as expected. There also ap-
pears to be an asymmetry in the CO2 plume. It is not surprising that the CO2 
response is not symmetrical, because it is known both from surface expo-
sures (Förster et al., 2006) and from drilling at the CO2SINK site (Prevedel 
et al., 2008) that the Stuttgart Formation is lithologically heterogeneous. 
There are observed time delays to a reflection below the injection level. 
However, the location of the amplitude anomaly is associated with the low 
fold area of the two surveys, suggesting that the anomaly could be an acqui-
sition artefact rather than a signature of the CO2. But the maximum change 
in amplitude is close to the amplitude of the K2 reflection and the anomaly is 
nearly centered on the injection well. In addition, since the K2 reflection 
corresponds to a positive impedance contrast, the positive nature of the am-
plitude difference anomaly indicates that it results from a decrease in the 
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impedance along the top of the Stuttgart Formation at the time of the repeat 
survey. This is also the expected response to the CO2 injection based on 
petrophysical measurements and modeling (Paper II; Kazemeini et al., 
2010). Therefore, we interpret this anomaly as a result of partial CO2 satura-
tion and not as an acquisition artefact. 

Results of petrophysical investigations on two core samples were com-
pared with the Gassmann’s theory of effective properties and patchy satura-
tion models. Based on these investigations and geophysical logging of in situ 
saturation, we performed a preliminary mass quantification of the injected 
CO2 as imaged by the seismic measurements (Fig 5.2B). The resulting mass 
values differ within 5-7% from the actual quantity of the injected CO2 at the 
time of the repeat survey. 

However, the estimation still contains some uncertainties. First, sound 
waves may have frequency dependent propagation velocity (e.g. White, 
1975; Müller et al., 2010) so that the higher the frequency, the higher the 
velocity. Secondly, there are only a small number of direct petrophysical 
observations, providing a weak statistical basis for determination of seismic 
velocities based on CO2 saturation. Thirdly, the time difference velocity 
pushdown is not mapped very accurately as evidenced by large areas having 
similar differences as those in the vicinity of the injection well. Only to the 
east of the injection well there is a clear time difference anomaly (5-6 ms). 
The rest of the time differences within the amplitude anomaly are near the 
noise level (1-2 ms). A change of 1 ms in the time difference significantly 
affects the mass estimate for a given CDP bin. Thus, the application of a 
cutoff for the mass calculation based on the amplitude change map is crucial.  
  
We included in our volumetric estimation CDP bins of the time-lapse seis-
mic data with the amplitude cutoff of 0.5 (Fig. 5.2B). In order to check how 
changes in the lower amplitude limit influence the volumetric estimation, we 
assumed that CDP bins with amplitude difference values of 0.45-0.5 also 
contain injected CO2. The minimum CO2 mass value then becomes about 
22.3 kilotons in this case (Fig. 5.2C). It is about 9% more than that of using 
amplitude difference values greater than 0.5 only. The maximum CO2 mass 
value reached about 25.3 kilotons in this case. It is about 10% more than that 
of the amplitude difference using values greater than 0.5 only. If we instead 
assume that injected CO2 is only contained in the CDP bins with amplitude 
difference values greater than 0.55, then in this case the minimum CO2 mass 
value is about 19.0 kilotons. This is about 7% less than that if we use ampli-
tude difference values greater than 0.5. The corresponding maximum CO2 
mass value is about 21.3 kilotons for the 0.55 cutoff, which is about 7% less 
than that if we use amplitude difference values greater than 0.5 (see 
Fig.5.2C). 

The CO2 injection at the Ketzin site is planned to continue until 2013 and 
the ongoing injection will be monitored by future geophysical surveys. The 
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seismic signature of the CO2 reservoir will be enhanced and further con-
straints for a stable mapping of the reservoir heterogeneity can be provided. 

5.2.2. Conclusions 
Results of processing, including equalization of the data sets and cross-
correlation, indicate that the injected CO2 can be monitored. The highly ir-
regular amplitude response within this anomaly can be attributed to rock 
heterogeneity. Time-lapse seismic processing, petrophysical measurements 
on core samples and geophysical logging of CO2 saturation levels allowed 
for an estimate of the total amount of CO2 visible in the seismic data to be 
made. This estimate is somewhat lower than the actual amount of CO2 in-
jected up to the time of the survey and it is dependent upon a choice of a 
number of parameters. In spite of this uncertainty, the close agreement be-
tween the injected and observed amount is encouraging for quantitative 
monitoring of a CO2 storage site using seismic methods. 
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Figure 5.2A: In-line 1165 (a) and cross-line 1100 (b) with the colours highlighting 
the difference between the cross-calibrated volumes. The vertical axes indicate time 
in milliseconds. The K2 reflection is shown as a red line in both sections. Black 
lines in the inset NRMS maps show locations of the sections. 
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Figure 5.2B: CO2 mass maps for minimum (a) and maximum (b) CO2 satu-
ration scenarios calculated for every CDP bin where the amplitude differ-
ence value is greater than 0.5. 

(a) 

(b) 
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Fig. 5.2C: Diagram illustrating how changes in the cutoff influence the volumetric 
estimation. The vertical axis represents the following scenarios: “Real Mass” – mass 
of injected CO2 to the time of the 3D repeat survey, “0.55-1”, “0.5-1” and “0.55-1” – 
estimated CO2 mass, if all the CDP-bins with amplitude difference values from 0.55 
to 1.0, from 0.5 to 1.0 and from 0.55 to 1.0 respectively would contain CO2. 

5.3. Paper III: Impact of temperature on CO2 storage at 
the Ketzin site based on fluid flow simulations and 
seismic data 

5.3.1. Summary 
Temperature is one of the main parameters influencing the properties of CO2 
during storage in saline aquifers since it controls the phase behavior of the 
CO2/brine mixture (Bachu and Benion, 2009). In order to investigate the 
impact of the reservoir temperature variation on the interpretation of the 4D 
seismic data at Ketzin (Paper II), we calculated quantitative CO2 mass esti-
mates for two temperature limits present in the reservoir at the time of the 
first repeat seismic survey (Würdermann et al., 2010; Giese et al., 2009; 
Möller et al., 2012). In the first step we applied seismic forward modeling 
and fluid substitution using so far established petrophysical models for the 
Ketzin reservoir sandstone (Kummerow and Spangenberg, 2011; Paper II). 
Subsequently, CO2 mass estimations based on reservoir simulations for tem-
perature scenarios of 34 and 38 degrees in the reservoir were compared to 
those obtained by in-situ PNG logging (Paper II). 
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Input to the seismic modeling consisted of compressional wave velocity 
(Vp), shear wave velocity (Vs), and density (ρ) near the injection well ob-
tained from borehole logging data (Fig. 5.3A). Vp and ρ were vertically av-
eraged from the logs to remove high frequency fluctuations. Vs values from 
the well Ktzi 202 were vertically averaged over the main lithological units 
(Förster et al., 2010). The input wavelet was extracted from the 3D seismic 
baseline data (Juhlin et al., 2007) (Fig. 5.3A) yielding a dominant frequency 
of 40 Hz. The seismic modeling with the reflectivity method using these Vp, 
Vs and density models as input parameters and resulted in a synthetic trace 
corresponding to the 3D surface seismic baseline trace near the injection 
well (Fig. 5.3A). 

In order to study the impact of the variable degree of CO2 saturation in a 
reservoir layer of constant thickness and the impact of variable reservoir 
thickness at constant CO2 saturation near the injection well we updated Vp, 
Vs and ρ models for each case using petrophysical data (Kummerow and 
Spangenberg, 2012; Paper II) and repeated seismic modeling with fluid sub-
stitution. This forward modeling showed that the effects of the injected CO2 
on the 4D seismic data from Ketzin were significant, both regarding seismic 
amplitudes and time delays (Fig. 5.3B, 5.3C).  

Prior to the start of the CO2 injection, pressure and temperature at the in-
jection horizon were approximately 6.2 MPa and 34°C. Both pressure and 
temperature increased due to the injection (Würdemann et al., 2010; Giese et 
al., 2009). In October 2009 pressure and temperature reached values of ap-
proximately 7.73 MPa and 38°C in the injection well Ktzi 201 at the injec-
tion depth. At the observation well Ktzi 200 temperature increased slightly. 
There was no significant change in values of the reservoir temperature at the 
observation well Ktzi202 (Möller et al., 2012). Based on these observations, 
it appears likely that in autumn 2009 the CO2 density at the injection point 
(at 38°C) was around 260 kg/m³, whereas in the more distant part of the 
plume close to the ambient temperature (34°C) it was near 320 kg/m³. Both 
temperature scenarios in the reservoir (34°C and 38°C) were studied using 
multiphase fluid flow modeling.  

The integration of the seismic modeling and multiphase fluid flow simu-
lations resulted in synthetic seismic difference sections (repeat-base) that 
demonstrate the main features of the real seismic difference (repeat-base) 
(Paper II) (Fig. 5.3D). Taking into account the assumptions made in con-
structing the model we consider the correlation between the synthetic and 
real seismic sections to be satisfactory. The constant (20%) reservoir porosi-
ty (Förster et al., 2009) used for modeling of the temperature effects is prob-
ably an over-simplification since the reservoir is quite heterogeneous 
(Förster et al., 2006). The simulations show that the impact of temperature 
on the seismic response is minor (Fig. 5.3D). 

Volumetric estimations of CO2 mass based on the Ketzin 4D seismic data 
(Fig. 5.3E) show that the impact of temperature is significant for the calcula-
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tions due to its impact on CO2 density (even though the impact on the seis-
mic response is minor). The use of the temperature measured at the injection 
well for the estimations gives the best result for the CO2 mass quantification 
(Fig. 5.3E). It is completely within the bounds of the known injected CO2 
mass during the time interval of the 3D seismic repeat acquisition campaign 
and in very good agreement with the CO2 mass estimation based on the in-
situ CO2 saturation PNG logging (Fig. 5.3E). Nevertheless, the quantitative 
analysis contains considerable uncertainties as discussed in Paper II. 

5.3.2. Conclusions 
By integrating the seismic modeling and multiphase fluid flow simulations, 
we have estimated the impact of the reservoir temperature on the 4D seismic 
data from Ketzin. Results from the multiphase fluid flow simulations show 
that the difference between the two cases is negligible for the CO2 migration. 
Likewise, the temperature does not affect significantly the seismic amplitude 
response, although CO2 density is considerably lower for the higher tempera-
ture case. The difference in CO2 density between 34°C and 38°C decreases 
with decreasing pressure and, therefore, with increasing distance from the 
injection well. Therefore, the modeled time-lapse seismic differences for the 
two temperature scenarios is minor regarding the qualitative analysis of the 
4D seismic data from the CO2 storage site at Ketzin (Fig. 5.3D). 

However, the volumetric estimation of the CO2 based on the 4D seismic 
data from Ketzin using results from the multiphase fluid flow simulations 
(Fig. 5.3E) shows that the impact of temperature in the reservoir at the moni-
toring time is significant for these estimations. This is mostly due to its im-
pact on CO2 density, which strongly depends on temperature. Our results 
show that temperature monitoring is very important for quantitative seismic 
interpretation at the Ketzin site. 

Future issues to be considered include expanding the temperature range 
(34-38° in this study) to be investigated and the resulting effects on the seis-
mic response, as well as the role of the reservoir heterogeneity. In addition, it 
would be important to investigate the impact of temperature on the CO2 stor-
age at other sites with favorable P-T conditions in the reservoir. A similar 
approach applied to studying the impact of pressure in the reservoir would 
be also important for CO2 monitoring using 3D time-lapse seismic methods. 
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Fig. 5.3A: Well to seismic tie for the injection well. Vp (compressional velocity – 
red line), Vs (shear velocity – purple line) and ρ (density – green line) were used for 
the seismic modeling. The reservoir interval is marked with a red rectangle and by 
“R”. “MOD” is a modeled baseline seismic trace located at the injection well. It is in 
the vicinity of (<3m) the intersection of INLINE 1165 (Fig. 3.2B) and CROSSLINE 
1100 of the 4D seismic survey (Juhlin et al., 2007; Ivandic et al., 2012; Paper II). 
This intersection is marked by “REAL”. The modeled seismic trace is compared 
with the adjoining traces (CROSSLINES 1101 – 1105) of INLINE 1165 of the mi-
grated baseline (Juhlin et al., 2007). The K2 reflection (Fig. 2.1C) is marked with a 
red dotted line (Juhlin et al., 2007; Ivandic et al., 2012; Ivanova et al., 2012). Upper 
right: Source wavelet (Kling, 2011) extracted from the data in the vicinity of the 
injection well of the 3D baseline (Juhlin et al., 2007). 
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Fig. 5.3B: Results of seismic modeling of CO2 response at the injection well. The 
baseline Vp is shown by a red line. The changed Vp models due to the CO2 injection 
are shown by green lines, which are relevant for the CO2 layer thickness of 32 m and 
the CO2 saturation levels of 50% (dashed line) and of 100%  (solid line) respective-
ly. “K2” represents the anhydrite layer in the cap rock and “R” is the reservoir zone. 
Amplitude effect of the CO2 injection at the top of the reservoir is shown with a 
green ellipsis. The time delay effect is indicated with a green dashed line. 
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Fig. 5.3C: Results of seismic modeling of CO2 response at the injection well. The 
baseline Vp is shown by a red line. A changed Vp model due to CO2 injection is 
shown by a green dashed line, which is relevant for a CO2 saturation of 50% and a 
CO2 layer thickness of 32 m.  “K2” represents the anhydrite layer in the cap rock 
and “R” is the reservoir zone. The “maximum tuning thickness” (20 m) is indicated 
with a green arrow. Amplitude effect of the CO2 injection at the top of the reservoir 
is shown with a green ellipsis. The time delay effect is indicated with a green dashed 
line. 
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Fig. 5.3D: Seismic time-lapse (repeat-base) differences at the Ketzin wells. Synthet-
ic seismic data were modeled with the reflectivity method (Wang, 1999) using re-
sults from the multiphase fluid flow simulations (namely the thickness of the CO2 
layer and its depth, the average CO2 saturation and the density at the Ketzin wells at 
the time of the 3D repeat acquisition in 2009). Vp, Vs, ρ baseline models and the 
wavelet from Fig. 5.3A were used for the seismic modeling. The CDPs next to the 
wells (Paper II) represent the corresponding real seismic (repeat-base) difference. 
Arrows on seismic sections indicate seismic time-lapse response from the top of the 
reservoir at the Ketzin site in Autumn 2009 with red, green and blue colors at 
Ktzi201/2007, Ktzi200/2007 and Ktzi202/2007, respectively. 
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Fig.5.3E:  Maps demonstrating CO2 mass distributions derived with the method 
from Paper II using 1.) in-situ saturation PNG logging (“Logging”, Paper II) and 2.) 
simulated parameters for two options of the reservoir temperature (“Model”, 34°C 
and 38°C, Paper III) at the Ketzin site in Autumn 2009. The vertical color scales 
represent CO2 mass in tons per CDP bin. “Min” and “Max” indicate maps represent-
ing respectively the minimum and maximum scenarios for each case. The maps in 
the bottom indicated with “Min-Max” represent the differences between CO2 mass 
distributions for each case. The injection well is marked with a black dot on the 
maps. 

5.4. Paper IV: Seismic modeling of the AVA/AVO 
response to CO2 injection at the Ketzin site, 
Germany 

5.4.1. Summary 
In this contribution we integrate the seismic modeling of the AVO/AVA 
(amplitude versus offset / amplitude versus angle) response to a thin layer 
after Juhlin and Young (1993) with petrophysical experiments on core sam-
ples from the target reservoir (Kummerow and Spangenberg, 2011; Paper II; 
this paper). We evaluate the impact of the CO2 injection at the Ketzin site on 
pore pressure and CO2 saturation and the resulting AVO response of the 4D 
seismic data from Ketzin.  

 75 



Although surface seismics can monitor CO2 at the Ketzin site (e.g. Paper 
II), obtained time-lapse seismic signals so far have been interpreted as being 
caused by fluid saturation changes only. In this paper we study two kinds of 
effects: CO2-saturation- and pore-pressure-related effects.  We show the 
dependence of Vp and Vs versus pore pressure from petrophysical experi-
ments on core samples from the reservoir at the Ketzin site. A model com-
prised of three layers for the reservoir and surrounding rocks for the baseline 
is used (Fig. 5.4A). The reservoir parameters in the initial baseline elastic 
model are changed to new ones corresponding to conditions in the reservoir 
after a given amount of CO2 injection (Fig. 5.4B) and the AVO response of 
the Ketzin reservoir to the CO2 injection is modeled (Fig. 5.4C, 5.4D). 

The AVO/AVA modeling applied to predict the seismic response to the 
CO2 injection at the Ketzin site is non-trivial because the CO2 is injected into 
a quite thin layer beneath a very strong reflector (a c. 20 m thick anhydrite 
layer). The heterogeneity of the reservoir at the Ketzin site is also a chal-
lenge for the AVO/AVA analysis. 

Our modeling shows that an increase in pressure leads to an increase in 
the AVA gradient, whereas the AVA intercept remains almost unchanged 
and that an increase in CO2 saturation leads to a decrease in the AVA inter-
cept and an increase in the AVA gradient (Fig. 5.4E). The results indicate 
that it is theoretically possible to discriminate between the CO2-saturation-
related changes at high CO2 saturations and pore-pressure-related changes. 
However, the modeled changes in the AVA gradient are rather small and 
therefore unlikely to be retrievable from the field data (Paper II) with a sig-
nal/noise ratio of 2-3. In addition, the actual seismic response is probably 
due to the combination of saturation and pore pressure effects. It is a further 
complication for any true discrimination. 

If the CO2 saturation effect dominates the response, then the cross-plots of 
the modeled AVO gradient and intercept (Fig. 5.4E) can be potentially used 
to determine CO2 saturation levels in the reservoir at the Ketzin site on the 
real seismic data (the AVO intercept and gradient). Results from the PNG 
logging show quite significant changes in the CO2 saturation with time at the 
three wells. Given that the 2nd repeat 3D seismic survey was acquired in 
autumn 2012 with nearly 3 times the amount of CO2 having been injected at 
the time of the survey, it would be useful to attempt to monitor changes in 
the AVA/AVO response between the 2nd repeat and the baseline. It is more 
likely that real changes can be detected between the 2nd repeat and the base-
line than between the 1st repeat and the baseline. 

5.4.2. Conclusions 
By integrating the seismic modeling and petrophysical experiments on core 
samples from the Ketzin reservoir we estimated the effect of the CO2 injec-
tion at the Ketzin site at the AVA/AVO response on the acquired 4D seismic 
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data was estimated. Two effects were considered: the CO2-saturation- and 
the pore-pressure-related effects. Our results indicate that it is rather unlikely 
that we can discriminate between these effects in the real seismic data when 
comparing the 1st repeat survey with the baseline given the known sig-
nal/noise ratios. However it is worth investigating if it is possible to discrim-
inate these effects through the study of the AVA/AVO response of the 2nd 
repeat 3D survey (Ivandic et al., 2013) compared to the baseline. In the latter 
case the CO2 saturation levels are expected to be significantly higher in the 
area around the injection well. 

 
Fig. 5.4A: Vp and ρ logs of the well Ktzi 202 (dashed lines) and three layer models 
(solid lines) averaged from the logs. 
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Fig. 5.4B: Vp, Vs and ρ versus a) CO2 saturation and b) pore pressure from petro-
physical experiments by J.Kummerow (in Paper II and Paper IV of this thesis) on 
core samples from the well Ktzi202. 
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Fig. 5.4C: Seismic modeling of the AVO response related to 0% CO2 saturation and 
pore pressure of 6 MPa using baseline models of Vp and ρ (Rho) from Fig. 5.4A, 
and Vs from Fig. 5.3A, performed with the method of Juhlin and Young (1993). 
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(a) 7.5 MPa 

 

(b) 30% 

 
Fig. 5.4D: Seismic modeling of the AVO response related to a) pore pressure in-
crease from 6 MPa to 7.5 MPa and b) CO2 saturation increase from 0% to 30% due 
to CO2 injection using dependences of Vp, Vs, and ρ (Rho) on CO2 saturation and 
pore pressure from Fig. 5.4B(a) and Fig. 5.4B(b), respectively, performed with the 
method of Juhlin and Young (1993). 
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Fig. 5.4E: AVO gradient versus AVO intercept for changes in CO2 saturation and 
pore pressure using results of modeling with the method of Juhlin and Young 
(1993). 
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6 Conclusions and outlook 

Within this thesis, several aspects on seismic monitoring for CCS in the on-
shore saline aquifer are investigated. 

For time-lapse seismic surveying at the Ketzin site, three seismic surface 
sources were characterized with respect to S/N ratios, signal penetration, and 
frequency content by analysis of raw shot gathers and stacked sections along 
two lines within the planned 3D seismic area at the Ketzin site (Paper I). 
Differences in reflectivity between these 2D lines reflect the differences in 
the nature of the sources tested and how they influence the signal bandwidth 
(resolution) and signal energy. All three sources imaged the target horizon. 
The choice of the source for the 3D surveys at the Ketzin site was based 
mainly on logistics and cost. The weight drop source was recommended as 
the primary source for the 3D surveys (Juhlin et al., 2007; Paper II). The 
VIBSIST source was recommended for 2D data for seismic monitoring with-
in this project between time-lapse 3D surveys (Bergmann et al., 2010; 
Bergmann et al., 2011; Ivandic et al., 2012). 

Seismic modeling and observations show that the effects of the injected 
CO2 on the 4D seismic data from Ketzin are significant (Paper III and Paper 
II), both regarding seismic amplitudes and time delays. However, reservoir 
heterogeneity and seismic resolution, as well as random and coherent seis-
mic noise are negative factors to be considered in seismic monitoring. Nev-
ertheless, results of processing, including equalization of the 4D data set 
from the Ketzin site (Paper II) and cross-correlation, indicate that the inject-
ed CO2 can be monitored quantitatively. The highly irregular amplitude re-
sponse within this anomaly can be attributed to rock heterogeneity. Time-
lapse seismic processing, petrophysical measurements on core samples and 
geophysical logging of CO2 saturation levels allowed for an estimate of the 
total amount of CO2 visible in the seismic data to be made. This estimate is 
somewhat lower than the actual amount of CO2 injected up to the time of the 
survey and it is dependent upon a choice of a number of parameters. In spite 
of this uncertainty, the close agreement between the injected and observed 
amount is encouraging for quantitative monitoring of a CO2 storage site us-
ing seismic methods. 

By integrating the seismic modeling and multiphase fluid flow simula-
tions, the impact of the reservoir temperature on the 4D seismic data from 
Ketzin (Paper II) was estimated. Results from the multiphase fluid flow sim-
ulations show that the difference between the two cases is negligible for the 
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CO2 migration (Paper III). Likewise, the temperature does not affect signifi-
cantly the seismic amplitude response, although CO2 density is considerably 
lower for the higher temperature case. The modeled time-lapse seismic dif-
ferences for the two temperature scenarios are minor regarding the qualita-
tive analysis of the 4D seismic data from the CO2 storage site at Ketzin. 
However, the volumetric estimation of the CO2 based on the 4D seismic data 
from Ketzin using results from the multiphase fluid flow simulations shows 
that the impact of temperature in the reservoir at the monitoring time is sig-
nificant for these estimations. This is mostly due to its impact on CO2 densi-
ty, which strongly depends on temperature.  Our results show that tempera-
ture monitoring is very important for quantitative seismic interpretation at 
the Ketzin site. Future issues to be considered include expanding the temper-
ature range to be investigated and the resulting effects on the seismic re-
sponse, as well as the role of the reservoir heterogeneity. In addition, it 
would be important to investigate the impact of temperature on the CO2 stor-
age at other sites with favorable P-T conditions in the reservoir. A similar 
approach applied to studying the impact of pressure in the reservoir would 
be also important for CO2 monitoring using 3D time-lapse seismic methods. 

By integrating the seismic modeling and petrophysical experiments on 
core samples from the Ketzin reservoir the effect of the CO2 injection at the 
Ketzin site on the AVA/AVO response at the acquired 4D seismic data was 
estimated (Paper IV). Two effects were considered: the CO2-saturation- and 
the pore-pressure-related effects. The results indicate that it is rather unlikely 
that one can discriminate between these effects in the real seismic data when 
comparing the 1st repeat survey (Paper II) with the baseline at the Ketzin site 
given the known signal/noise ratios. However, it is worth investigating if it is 
possible to discriminate the effects through the study of the AVA/AVO re-
sponse at the 2nd repeat 3D survey (acquired in 2012) compared to the base-
line. In the latter case the CO2 saturation levels are expected to be signifi-
cantly higher in the area around the injection well. 
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7 Summary in swedish 

Geologiska strukturer och repeterade studier av CO2 
injektion vid pilotplatsen vid Ketzin, Tyskland 
Återföring av koldioxid till marken för geologisk lagring (Carbon Capture 
and Storage, CCS) är ett viktigt alternativ i strävan efter att minska utsläppen 
av växthusgaser till atmosfären (Bachu 2003, IPCC 2005). Vid Ketzin 
(Tyskland), ett litet samhälle nära Berlin, startades 2004 Europas första full-
skaliga pilotprojekt på land för lagring av koldioxid (Martens et al., 2012). 
Platsen för injektion är förlagd vid sidan av en antiklinal struktur på Nord-
östtyska Bassängen (Northeast German Basin). Huvudreservoaren som an-
vänds är en saltvatten akvifer tillhörande den heterogena Stuttgartformation-
en (övre Trias). Precis som med andra småskaliga CCS-projekt (se t.ex. Mi-
chaels et al., 2010), ligger Ketzin-projektets fokus i att testa och vidareut-
veckla tekniken för övervakning av CO2 förvar. Geofysiska, geokemiska och 
biologiska undersökningar ingår i projektet (Giese et al., 2009).  

Repeterade 3D seismiska undersökningar (”4D seismik”) är ett viktigt 
redskap för storskalig karaktärisering av reservoarer och för att ge informat-
ion om processer relaterade till pågående injektion, som till exempel vid 
geologisk förvaring av CO2 (t.ex. Meadows, 2008). Denna metod har visat 
sig vara mycket lämplig vid övervakning av injicerat CO2 i saltvattenformat-
ioner (Chadwick et al., 2010) då både amplitud och tidsförskjutning av re-
flektioner kan ses variera med tiden (våg-interferens effekten och fördröj-
nings effekten).  

Tre källor för ytseismik karaktäriserades utifrån deras signal/brus förhål-
lande, signalpenetration, och frekvensinnehåll genom analys av skottsorte-
rade rådata och stackade sektioner längs två linjer inom området för den 
planerade 3D seismiska undersökningen vid Ketzin (artikel I). Skillnader i 
den uppmätta reflektiviteten längs dessa linjer påvisar skillnaderna i källor-
nas natur och hur dessa påverkar signalens bandbredd (upplösning) och 
styrka. Alla tre källor kunde avbilda mål strukteren. I valet av källa för 3D 
seismiken vid Ketzin vägde därför de ekonomiska och logistiska aspekterna 
tungt. Som förstahandsval rekommenderades en källa med en tyngd som 
släpps ner på marken (Juhlin et al., 2007; artikel II).  

Under hösten 2005 utfördes den första 3D seismiska undersökningen vid 
Ketzin. Denna visade ett flertal tydliga reflektioner på djup mellan 150 ms 
och 900 ms i tvåvägsgångtid i den stackade volymen (Juhlin et al., 2007). 
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Efter borrningen av tre ca 800 m djupa brunnar (en för injektion och två för 
övervakning) startade injiceringen av CO2 under hösten 2008 (Prevedel et 
al., 2008). Ett år senare, under hösten 2009, utfördes en mindre 3D under-
sökning i området runt injektionsplatsen (artikel II). Resultaten från proces-
seringen av dessa data, inklusive normalisering av de 4D data från Ketzin 
området (artikel II) och korskorrelation, visar på att det går att övervaka 
spridningen av injicerat CO2.  Den stora variationen i amplituderna som ses i 
den seismiska anomalin som orsakats av den injicerade koldioxiden kan 
förklaras av heterogenitet i värdformationen. Processering av data från repe-
terad seismiska undersökningar, petrofysiska mätningar på borrprov och 
geofysisk loggning av mättningsgraden av CO2 har gjort det möjligt att upp-
skatta den totala mängden CO2 som kan ses i seismiska data från området. 
Denna uppskattning, som beror på val av ett flertal parametrar, är aningen 
lägre än den faktiska mängd CO2 som injicerats fram till den seismiska 
undersökningen genomfördes. Trots denna osäkerhet, stämmer mängden 
injicerat och observerat CO2 bra och visar att användningen av seismiska 
metoder för kvantitativ övervakning av CO2 förvaring är mycket lovande.  

Genom integration av seismiska modeller och multifas-simuleringar av 
vätskeströmning i reservoaren, kan uppskattningar på temperaturens bety-
delse för det seismiska 4D data från Ketzin göras (artikel II). Resultaten från 
multifas-simuleringarna av vätskeströmningen visar att skillnaden mellan de 
två fallen är försumbar med tanke på koldioxidens migrering (artikel III). 
Dessutom påverkar inte temperaturen nämnbart de seismiska amplituderna, 
även om koldioxidens densitet minskar avsevärt i det varmare scenariot. 
Modelleringen av repeterade seismiska data för de två temperaturscenariona 
visar att skillnaderna också är små vid kvalitativ analys av 4D seismiska data 
från CO2 förvaringen i Ketzin. Däremot, har den antagna temperaturen en 
stor betydelse för den volymetriska uppskattningen av mängden koldioxid i 
reservoaren baserad på de 4D seismiska data. Detta är på grund av koldioxi-
dens densitet som är starkt beroende av temperaturen. Våra resultat visar 
därför att det är väldigt viktigt att även bevaka temperaturen noggrant för att 
kunna göra kvantitativa seismiska tolkningar vid Ketzin området. Framtida 
studier bör först och främst undersöka större temperaturintervall (34-38° i 
denna studie) och effekterna som dessa temperaturer har på de seismiska 
signalerna, men även vilken betydelse heterogeniteten i reservoaren har. 
Dessutom bör temperaturberoendet studeras även vid andra lagringsplatser 
för CO2 med gynnsamma tryck- och temperaturförhållanden. Ett liknande 
tillvägagångssätt skulle även kunna tillämpas för att studera tryckets bety-
delse för koldioxidens spridning i en reservoar och övervakning genom repe-
terade 3D seismiska undersökningar.  

Genom integrering av seismisk modellering och petrofysiska experiment 
på borrprover från reservoaren vid Ketzin uppskattades även den injicerade 
koldioxidens effekt på uppmätta AVA- och AVO-förhållanden från insam-
lade 4D seismiska data (artikel IV). Effekter relaterade till koldioxidmättnad 
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och portryck undersöktes. Resultaten indikerar att det är svårt att särskilja 
dessa två effekter vid jämförelse av data från de första repetitionsmätningar-
na (artikel II) och de ursprungliga mätningarna under rådande signal/brus 
förhållande. Det är däremot värt att undersöka om det är möjligt att särskilja 
effekterna genom att studera AVA- och AVO-förhållandena för den andra 
repetitionen av de 3D seismiska mätningarna (insamlade 2012) relativt de 
ursprungliga mätningarna. I detta senare fall förväntas koldioxidmättnaden 
vara avsevärt högre i området runt injiceringshålet. 
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