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Abstract
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An extensive multi-channel seismic dataset acquired between 1970 and 1990 by
Oljeprospektering AB (OPAB) has recently been made available by the Geological Survey
of Sweden (SGU). This thesis summarizes four papers, which utilize this largely unpublished
dataset to improve our understanding of the geology and CO2 storage capacity of the Baltic and
Hanö Bay basins in southern Sweden.

A range of new processing workflows were developed, which typically provide an
improvement in the final stacked seismic image, when compared to the result obtained with the
original processing. A method was developed to convert scanned images of seismic sections into
SEGY files, which allows large amounts of the OPAB dataset to be imported and interpreted
using modern software. A new method for joint imaging of multiples and primaries was
developed, which is shown to provide an improvement in signal to noise for some of the
seismic lines within the OPAB dataset. For the first time, five interpreted regional seismic
profiles detailing the entire sedimentary sequence within these basins, are presented. Depth
structure maps detailing the Outer Hanö Bay area and the deeper parts of the Baltic Basin were
also generated. Although the overall structure and stratigraphy of the basins inferred from the
reprocessed OPAB dataset are consistent with previous studies, some new observations have
been made, which improve the understanding of the tectonic history of these basins and provide
insight into how the depositional environments have changed throughout time. The effective
CO2 storage potential within structural and stratigraphic traps is assessed for the Cambrian
Viklau, När and Faludden sandstone reservoirs. A probabilistic methodology is utilized, which
allows a robust assessment of the storage capacity as well as the associated uncertainty. The
most favourable storage option in the Swedish sector of the Baltic Basin is assessed to be the
Faludden stratigraphic trap, which is estimated to have a mid case (P50) storage capacity of
3390 Mt in the deeper part of the basin, where CO2 can be stored in a supercritical phase.
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1. Introduction 

There is now little support for the assertion that increases in global tempera-
tures observed since 1950 are due to natural climatic variation. The Intergov-
ernmental Panel on Climate Change (IPCC) has stated that it is 95% certain 
that human activity is the driving force behind the recent observed changes in 
the climate system and that many of these changes are unprecedented over 
tens to thousands of years of climate history (IPCC, 2013). Sweden is located 
in northern Europe and borders the Baltic Sea (Fig. 1.1). In 2011 Sweden emit-
ted a total of approximately 61.4 Mt of greenhouse gas (CO2 equivalent) 
(EEA, 2013). The nearby European countries of Finland, Estonia, Latvia, 
Lithuania, Poland, Germany and Denmark, which border the Baltic Sea, emit-
ted approximately 67 Mt, 21 Mt, 11.5 Mt, 21.6 Mt, 399.4 Mt, 916.5 Mt and 
56.2 Mt of greenhouse gas (CO2 equivalent), respectively in 2011 (EEA, 
2013). Greenhouse gas emissions for the region bordering the Baltic Sea are 
therefore significant, accounting for approximately 2–5% of global emissions. 
Hence, it is important for Sweden and the other countries bordering the Baltic 
Sea to investigate options to reduce greenhouse gas emissions. 

One potential option for reducing CO2 emissions is CO2 capture and geo-
logical storage (CCGS), whereby CO2 is captured, transported and stored in 
suitable geological formations beneath the earth’s surface, instead of being 
emitted into the atmosphere (IPCC, 2005). However, in order for policy mak-
ers in Sweden and the nations bordering the Baltic Sea to evaluate options to 
utilize CCGS, the suitable geological formations must be identified, charac-
terized and their storage capacity evaluated (CSLF, 2008). Among the differ-
ent storage mechanisms, which fall under the relatively broad classification of 
CCGS, storage of CO2 in deep saline aquifers within sedimentary rocks is of-
ten considered to be the most favorable and best understood (IPCC, 2005). In 
Sweden, options for this type of storage are limited to the areas around the 
Baltic Sea, Kattegat and SW Scania in southern Sweden, where sedimentary 
rocks occur, which may contain aquifers suitable for storage (Erlström et al., 
2011; Vernon et al., 2013).  
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Fig. 1.1. Maps showing the bedrock geology of the Swedish sector of the Baltic Sea 
modified from Europe BGR 5M, with permission of OneGeology, 2012. The loca-
tion of key wells from the OPAB database as well as the regional seismic profiles 
discussed in this thesis are highlighted. A) Large scale map detailing the Swedish 
sector of Baltic Sea. Inset map denotes location of this area in northern Europe. Key 
structural elements for the discussion in the thesis are highlighted (Erlström et al., 
1997). B) Zoomed map of the Outer Hanö Bay area and Hanö Bay Basin detailing 
major faults after Vejbæk et al. (1994). 
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To date, the most comprehensive characterization of the sedimentary sequence 
of the Swedish sector of the Baltic Sea, i.e. the Baltic and Hanö Bay sedimen-
tary basins was performed by Flodén (1980) and Kumpas (1980), respectively. 
In these studies, single channel seismic data were primarily used, which alt-
hough high in resolution, had a relatively poor maximum penetration depth of 
approximately 400 m (Flodén, 1980). CCGS is most efficient when CO2 can 
be stored in a liquid or supercritical phase, which typically requires a mini-
mum storage depth of approximately 800 m. Therefore with the exception of 
several offshore wells and deep crustal seismic profiles, which penetrate the 
entire sedimentary sequence, the structure and stratigraphy of the deeper parts 
of these basins, most favorable for CO2 storage, remain relatively un-charac-
terized.  

Under the right conditions sedimentary rocks can also be host to oil and gas 
accumulations. Consequently between 1970 and 1990 Oljeprospektering AB 
(OPAB currently Svenska Petroleum) acquired a vast dataset in the areas 
around the Baltic Sea, Kattegat and SW Scania in an exploration campaign for 
hydrocarbons (Fig. 1.2). This dataset contains over 33000 km of 2D marine 
seismic data, which penetrate the entire sedimentary sequence. The dataset 
also includes information from over 300 wells (onshore and offshore), as well 
as maps and interpretations made using these data (Erlström et al., 2011; 
OPAB unpublished reports). As a result of these efforts, small amounts of oil 
were located and produced commercially from Ordovician carbonate mounds 
on the island of Gotland (Sivhed et al., 2004). However, no large scale accu-
mulations were identified in the surveyed area. Therefore, the large OPAB 
dataset was given to the Geological Survey of Sweden (SGU). For many years 
only fractions of this dataset were utilized and published, largely due to the 
fact that they existed as paper hard copies or resided on outdated seismic data 
tapes. In recent years SGU have transferred most of the OPAB dataset to mod-
ern digital media, making it accessible for research and academic work. This 
presents new opportunities to improve images from the dataset by repro-
cessing with modern methods, to use the dataset to characterize the deeper 
parts of these basins most suitable for CO2 storage and to share the findings 
from this largely unpublished dataset with society. 

This thesis begins to address the new opportunities presented by the revival 
of the extensive OPAB dataset and focuses on using it to characterize the sed-
imentary rocks of the Swedish sector of the Baltic Sea (i.e. the Swedish sector 
of the Baltic and Hanö Bay basins) and to characterize their CO2 storage po-
tential. Hence, this thesis and the four papers upon which it is based address 
the following three objectives: 

 
1. To utilize existing methods and develop new methods to maximize the 

value of the OPAB dataset for society. 
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2. To use the OPAB dataset to gain a better understanding of the geological 
structure and stratigraphy of the Swedish sector of the Baltic Sea (i.e. the 
Baltic and Hanö Bay basins).  

3. To use the OPAB dataset to characterize the CO2 storage potential of the 
Swedish sector of the Baltic Sea. Focusing on the Palaeozoic sequence 
of the Baltic Basin. 

This thesis provides a comprehensive summary of the material discussed in 
the four papers. Table 1.1 directs the reader to which sections of the thesis 
summarize elements from each paper. A brief summary of each of the papers 
is given below:  

 
Paper I: This paper describes a seismic reprocessing workflow developed to 
improve the quality of stacked seismic images generated from the OPAB da-
taset. Application of this workflow provides an improved final image when 
compared with images generated using the original workflow from the 1970’s 
and 80’s. The paper then discusses the interpretation of 41 reprocessed seismic 
lines from the Outer Hanö Bay area (close to the Yoldia well). This area had 
previously not been interpreted in detail using multi-channel seismic data. The 
reprocessed data were used to map a transtensional fault network formed dur-
ing the Late Carboniferous – Early Permian, which was subsequently inverted 
during the Late Cretaceous. This new interpretation differs significantly from 
previous interpretations of the area. 

 
Paper II: In this study over 70 seismic lines were reprocessed and interpreted 
across the entire Swedish sector of the Baltic and Hanö Bay basins. For the 
first time, five interpreted regional seismic profiles are presented, which detail 
the entire sedimentary sequence of the Hanö Bay Basin, Outer Hanö Bay area 
and Baltic Basin. A regional top Cambrian depth structure map is also pre-
sented. Although the overall interpretation of the study area is largely con-
sistent with previous studies, a number of new observations are made. These 
include (1) a wedge of high amplitude reflections is observed adjacent to the 
Christiansø Fault in the Hanö Bay Basin, which is interpreted to be rapidly 
deposited coarse-grained strata associated with the inversion of the Chris-
tiansø High, (2) the rugose basement observed in the Hanö Bay Basin is pro-
posed to be due to deep weathering along fractures which occurred in the Early 
Mesozoic, (3) SE of Gotland a series of faults is observed which are inter-
preted to be Caledonian age transpressional faults, (4) Ordovician carbonate 
mounds are observed in the seismic deeper into the Baltic Basin than in pre-
vious studies, and (5) a large structure located to the SE of Gotland is inter-
preted to be a Quaternary glacial feature (drumlin). The interpreted profiles 
are then used along with well data to infer the geological history of the Swe-
dish sector of the Baltic Sea. 
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Fig. 1.2. Maps showing seismic reflection data acquired in the Swedish sector of the 
Baltic Sea. A) Seismic datasets acquired and used in previous characterizations of 
the Baltic and Hanö Bay Basins. Wannäs 1994 in the legend refers to the study by 
Wannäs and Flodén (1994) who also incorporated the data used by Kumpas (1980) 
into their study. B) Map showing the location of data within the OPAB dataset. 
Data, which was reprocessed and interpreted during this thesis, is shown in red. The 
inset map shows the island of Gotland, the green lines on this map denote seismic 
data which is only available as scanned tiff images of paper hard copies. 
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Paper III: In this study maps and well data from the OPAB dataset are used 
to perform a probabilistic assessment of the effective CO2 storage capacity 
within the Swedish sector of the Baltic Basin. The paper focuses on assessing 
the capacity within the Cambrian Faludden, När and Viklau sandstone reser-
voirs. This study differs from those performed previously in the following 
ways: (1) the assessment is more detailed than previous studies, which have 
assessed the effective CO2 storage capacity within Cambrian reservoirs within 
the Baltic Basin, (2) the three Cambrian reservoirs are assessed individually, 
and (3) it is the first time a probabilistic methodology is applied to this basin, 
which allows the capacity to be calculated along with a robust estimate of its 
uncertainty. A combination of the methodology used by the U.S. Department 
of Energy (USDOE, 2010) and the probabilistic approach proposed by the 
U.S. Geological Survey (USGS) (USGS, 2009) is utilized. Based on this as-
sessment storage within the regional Faludden stratigraphic trap appears to be 
the most favorable option for CO2 storage within the Swedish sector of the 
Baltic Basin. 
 
Paper IV: Due to the relatively shallow, hard seabed, present over much of 
the Baltic Basin, multiples are a severe problem when working with the OPAB 
dataset. This study presents a new method which uses water bottom multiples 
to enhance the primary signal strength in the data. In this method, water bot-
tom multiples are shifted and stacked with the primary reflections in order to 
enhance the signal to noise ratio. Semblance is used to minimize crosstalk 
noise. The method relies on 1D assumptions and therefore is simple and easy 
to apply. The method is applied to a synthetic dataset and two real datasets. 
Although the method is limited, it can be used in some scenarios to enhance 
signal to noise in areas with strong water bottom multiples. 

Table 1.1. Shows which sections of the thesis provide a summary of the material in 
each of the four papers. 

Paper  Sections of this thesis which summarize elements from this paper 

I  1,  2.1,  2.2,  3,  4,  4.1,  5.1,  6.1,  6.3,  8 

II  1,  2.1,  2.2,  3,  4,  4.1,  4.2,  4.3,  6.1,  6.2,  6.3,  6.4,  6.5,  8 

III  1,  2.1,  2.2,  2.3,  7,  7.1,  7.2,  7.3,  7.4,  8 

IV  1,  5.3,  8 
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2. Geological background 

This section provides a brief summary of the structure and stratigraphy of the 
sedimentary strata within the Swedish sector of the Baltic Sea (i.e. the Baltic 
and Hanö Bay basins). A more comprehensive description is given in Paper 
II.  

2.1 Structure 
The sedimentary geology of the Swedish sector of the Baltic Sea is primarily 
influenced by three structural elements, the Baltic Basin, Hanö Bay Basin and 
the Tornquist Zone (Fig. 1.1) (Erlström et al., 1997). The majority of the sed-
imentary strata within the Swedish sector belong, structurally, to the north 
western flank of the Baltic Basin. The present day thickness of the predomi-
nantly Palaeozoic sequence in the Swedish sector of the Baltic Basin is great-
est to the SE of Gotland where it reaches approximately 2 km (Fig. 1.1). The 
Hanö Bay Basin contains primarily Mesozoic strata, which reach a maximum 
thickness of approximately 1.1 km in the southern part of the basin, adjacent 
to the bounding Christiansø Fault. A prolonged period of erosion pre-dates the 
formation of the Baltic Basin, hence the basement surface is typically smooth 
over much of the Swedish sector (Martinsson, 1974; Cocks and Torsvik, 2005, 
Nielsen and Schovsbo 2011). The Baltic Basin formed during the Late Pre-
cambrian and Earliest Cambrian in association with the break-up of Rodinia 
and the opening of the Tornquist Sea (Poprawa et al., 1999). During the Mid-
dle Cambrian to Middle Ordovician, the Baltic Basin existed as a shallow de-
pression located on the passive margin of Baltica, where sedimentation was 
driven by post-rift thermal subsidence (Šliaupa and Hoth, 2011). Between the 
Middle Ordovician and Early Devonian, the Baltic Basin underwent its main 
stage of development as a flexural foreland basin associated with the Caledo-
nian orogeny, during which a thick Silurian and Devonian sequence was de-
posited (Poprawa et al., 1999). Tectonic uplift during the Carboniferous and 
Permian resulted in widespread erosion of the Palaeozoic sediments of the 
Baltic Basin (Šliaupa and Hoth, 2011). In the Hanö Bay area all of the Palae-
ozoic strata were removed during this period (Kumpas, 1980). In the late Car-
boniferous–Early Permian, significant dextral transtensional faulting occurred 
in the Tornquist Zone, which led to the generation of a series of pull-apart 
basins where sediments were deposited (Vejbæk et al., 1994). In the area 
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around the Tornquist Zone, sedimentation occurred during the Mesozoic due 
to a series of rifting phases and differential subsidence. At this time the Hanö 
Bay Basin formed due to subsidence associated with lower crustal thinning 
and strike slip-motion within the Tornquist Zone (Blundell, 1992). During the 
Late Cretaceous, the Tornquist Zone was inverted due to stresses associated 
with the Alpine orogeny (Ziegler, 1990; Vejbæk et al., 1994; Thybo, 2000). 
Erosion associated with uplift during the Neogene led to the removal of some 
of the Mesozoic and Cenozoic sequence in the Hanö Bay Basin (Erlström et 
al., 1997). 

2.2 Stratigraphy 
The Faludden-1/-2 and 104/13-1 wells are used here as type sections to de-
scribe the stratigraphy of the Baltic and Hanö Bay basins, respectively (Fig. 
2.1). A correlation panel, which provides an approximate dip and strike line 
through the Baltic Basin, is also presented (Fig. 2.2). Within the Baltic Basin, 
the basement is typically overlain by a series of shallow marine Lower Cam-
brian deposits consisting of claystone, siltstone and sandstone (Nielsen and 
Schovsbo, 2006). Within the Lower Cambrian sequence, two regionally ex-
tensive sandstone units exist, the Viklau and När sandstones which can be 
attributed to periods of lowstand (Nielsen and Schovsbo, 2011). To the east of 
the Swedish sector of the Baltic Sea, shallow marine conditions continued into 
the Middle Cambrian where a sequence of claystone, siltstone and sandstone 
overlay the Lower Cambrian strata, as seen in the Faludden-1/-2 well (Fig. 
2.1). Within this sequence, the Faludden sandstone unit reaches thicknesses in 
excess of 50 m to the SE of Gotland. However, towards the western and north 
western sides of the Swedish sector the Faludden sandstone pinches out and 
is not observed in the wells on Öland or in the Yoldia well (Figs. 1.1 and 2.2) 
(Erlström et al., 2011). The Middle Cambrian to the west of the Swedish sector 
is characterized by deep marine carbonaceous shales and limestones (the 
Alum shale). Deep water conditions prevailed across the basin during the Late 
Cambrian and beginning of the Ordovician, which led to continued deposition 
of the Alum shale unit to the west of the Swedish sector of the Baltic Sea. To 
the east, a thin layer of Alum shale was deposited above the shallow marine 
Middle Cambrian deposits. The remaining part of the Ordovician section con-
sists of an 80–110 m thick sequence of regionally extensive limestone units, 
which typically have higher clay content to the west of the Swedish sector. 
Carbonate mounds are present within the Klasen unit (Fig. 2.1) to the north of 
the basin, on Gotland and offshore to the SE of Gotland, reflecting a decrease 
in relative sea level to the north of the basin during the Ordovician (Jaanusson, 
1972; Kiipli et al., 2008). Oil has been produced from these mounds on Got-
land for a number of years (Sivhed et al., 2004). 
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Fig. 2.1. Composite displays of type wells from the Baltic Basin (Faludden-1/-2) 
and Hanö Bay Basin (104/13-1). A), B), C) and H), I), J) show P-wave sonic logs, 
gamma ray logs and stratigraphy for the Faludden-1/-2 and 104/13-1 wells, respec-
tively. D), E) and F) show synthetic seismograms for the Faludden-1/-2, B-3 and B-
9 wells, respectively. The Faludden-1/-2 well is located on Gotland, while the off-
shore B-3 and B-9 wells are located in successively deeper parts of the Basin. G) 
Shows a section of seismic data located close to the B-9 well. K) and L) show a syn-
thetic seismogram from the 104/13-1 well and a section of seismic data close to the 
104/13-1 well, respectively. Dotted lines indicate the correlation of the geology in 
the wells with the seismic data. 
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Fig. 2.2. Well correlation plots showing an approximate dip line (Y1-Y2) and an ap-
proximate strike line (Z1-Z2) through the Baltic Basin. Stratigraphy is modified 
from work by OPAB (OPAB unpublished reports). Where available, P-wave sonic 
and gamma ray logs are displayed. Colors in the gamma ray track indicate lithology, 
while colors in-between the panels and in the sonic log track indicate stratigraphy. 
Numbers on the plot also indicate stratigraphy. 

Greatly increased subsidence rates towards the end of the Silurian led to the 
deposition of a thick Silurian sequence, increasing in thickness to the south 
and SE, within the Baltic Basin (Poprawa et al., 1999). The sequence typically 
consists of marl, claystone and limestone (Ūsaitytė, 2000). In the offshore 
wells, the Silurian sequence contains only a few thin limestone units (Fig. 2.2), 
however, in the northern parts of the Baltic Basin and on Gotland there is a 
higher proportion of limestone. This is consistent with previous studies which 
suggest that during the Silurian the depositional environment within the Baltic 
Basin transitioned from a shallow shelf to a deep shelf environment in a SSW 
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direction (Flodén, 1980; Calner et al., 2004; Eriksson and Calner, 2005; Tuul-
ing and Flodén, 2011). Devonian strata which truncate the Silurian sequence, 
are only found in the far SE of the Swedish sector and typically consist of 
shallow marine, lagoonal and deltaic sediments consistent with a decrease in 
relative sea level (Ūsaitytė, 2000). Carboniferous and Permian sediments are 
absent within the Swedish sector of the Baltic Basin, with the exception of 
localized deposition within the pull-apart basins of the Tornquist Zone, such 
as the Rønne Graben (Vejbæk et al., 1994). 

During the Mesozoic, sedimentation occurred in the Hanö Bay Basin. 
Kumpas (1980) suggests that the oldest deposits at the base of the 104/13-1 
well are Cambrian in age (Fig. 2.1). However, this has been questioned by 
more recent studies (Vejbæk et al., 1994). In Paper II, it is suggested that these 
sediments are more likely Rhaetian in age, indicating that deposition during 
the Mesozoic occurred directly upon a heavily eroded basement surface. Over-
lying the basal sandstone in the 104/13-1 well is a Jurassic sequence of rela-
tively fine-grained mudstone and siltstone. The overlying Lower Cretaceous 
section marks a transition to coarser deposits dominated by sandstone and cal-
carenite. Above this a thick sequence of Upper Cretaceous coarse-grained cal-
carenite constitutes most of the sequence encountered in the well (Fig. 2.1). 
The thick Upper Cretaceous sequence observed in the Hanö Bay Basin is sim-
ilar in some ways to the Lund sandstone in Scania, which represent coarse-
grained clastics rapidly eroded from the crest of adjacent fault blocks, uplifted 
during the Late Cretaceous inversion phase (Erlström, 1994). A thin, relatively 
coarse-grained Palaeocene sequence overlies the Mesozoic strata in the Hanö 
Bay Basin. 

2.3 Suitability for CO2 storage 
In order to successfully implement CCGS in deep saline aquifers within sedi-
mentary strata the following conditions must be met (Chadwick et al., 2008): 
(1) a porous and permeable reservoir, preferably a sandstone unit > 20 m thick, 
must be present within which the CO2 will reside once injected into the sub-
surface. Ideally the porosity and permeability of such a reservoir unit will be 
large enough (greater than 10% and 200 mD, respectively) to accommodate 
the desired volume and injection rate of CO2, (2) a seal or impermeable layer, 
of significant thickness, must be present above the reservoir unit. As the in-
jected CO2 is typically buoyant within the reservoir, at least initially, such a 
layer must be present to stop the CO2 from escaping from the top of the reser-
voir and leaking to the surface, and (3) ideally the pressure and temperature 
within the reservoir should be such that CO2 can exist in a liquid or supercriti-
cal phase and hence be stored most efficiently. In the absence of pressure and 
temperature data, a depth of >800 m is typically considered suitable (IPCC, 
2005; Chadwick et al., 2008). However, this depth can vary depending on the 
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conditions in the reservoir being investigated. For example, within the Baltic 
Basin, depths of greater than approximately 700 m would allow CO2 to be 
stored in a liquid or supercritical phase (Paper III). 

As the Hanö Bay Basin occupies a relatively small area and only small 
portions of the sedimentary sequence reach depths, which are suitable for CO2 
storage, it is not considered a viable option for CCGS (Erlström et al., 2011). 
However, a number of other studies have highlighted the Cambrian Viklau, 
När and Faludden sandstone units (Fig. 2.1) as potential reservoirs within the 
Baltic Basin (GeoCapacity, 2009; Sliaupa et al., 2008; Shogenova et al., 
2009a; Shogenova et al., 2009b; Erlström et al., 2011; Vernon et al., 2013; 
Anthonsen et al., 2013). Of these three sandstones, the Faludden is the most 
favorable with porosity and permeability values ranging between 10-16% and 
200-400 mD, respectively. The När and Viklau sandstone units are less favor-
able as they are commonly affected by silica cementation and have a higher 
amount of clay than the Faludden sandstone (Paper III). Each of the three res-
ervoirs can reach thicknesses greater than 50 m and are present over signifi-
cant areas of the Baltic Basin, at levels below 800 m depth (Paper III). Imper-
meable layers capable of acting as a seal are also present within the Baltic 
Basin (GeoCapacity, 2009; Sliaupa et al., 2008; Shogenova et al., 2009a; Sho-
genova et al., 2009b; Erlström et al., 2011; Vernon et al., 2013; Anthonsen et 
al., 2013). These include the Cambrian När Shale and, Mossberga Member, 
the Ordovician Bentonitic limestone and the thick argillaceous carbonate se-
quence at the base of the Silurian (Paper III). 

 
Fig. 2.3. Schematic cross section through the Baltic Basin. The CO2 storage scenar-
ios assessed in this thesis are highlighted with color. I.e. structural traps within the 
Viklau, När and Faludden sandstones and a stratigraphic trap within the Faludden 
reservoir. 

In this thesis, two mechanisms are considered for the buoyant trapping of CO2 
within the subsurface, structural and stratigraphic traps (IPCC, 2005). In a 
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structural trap, the buoyant CO2 rises within the reservoir and is trapped on all 
sides by the sealing layer. Here it will occupy the shallowest part of the struc-
tural closure, displacing the brine already present within the pore space. The 
structural trap can therefore be filled with CO2 until the base of the volume of 
CO2 reaches the spill point or lowest closing contour of the structure. In this 
case, the geometry of the structure defines the maximum amount of CO2, 
which can be trapped. In a stratigraphic trap, the reservoir itself pinches out 
and therefore, assuming that the in situ brine can be displaced and a suitable 
reservoir pressure maintained, the entire volume of the reservoir can be uti-
lized for CO2 storage (Paper III). Given the reservoir-seal combinations pre-
sent within the Baltic Basin, a series of trapping scenarios can be considered 
(Fig. 2.3). As the När and Viklau reservoirs outcrop at the surface, only struc-
tural traps are considered in these reservoirs. However, as the Faludden reser-
voir does not reach the surface both stratigraphic and structural trapping mech-
anisms are considered in this reservoir. 
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3. Previous seismic imaging of the 
sedimentary sequence 

A brief summary of the previous studies, which have utilized seismic reflec-
tion methods within the Swedish sector of the Baltic Sea, is now given (Fig. 
1.2). A more detailed summary is given in Papers I and II. The present day 
bedrock geology maps are largely based on the extensive work of Flodén 
(1980), who used over 25000 km of single channel seismic data to characterize 
the shallow sequence of the Baltic Basin. Only limited seismic processing 
could be performed on these data and therefore interpretation below the first 
water bottom multiple was often challenging and subjective. This combined 
with the use of a relatively high frequency source (100–200 Hz) meant that 
interpretation was often restricted to the upper 50-300 ms (Flodén, 1980), cor-
responding to a maximum penetration depth of approximately 400 m. Despite 
this, Flodén (1980) was able to map the near surface geology of the Baltic 
Basin in detail and document a number of structural and stratigraphic features 
in the basin including Silurian biohermal structures (Flodén et al., 2001), Or-
dovician carbonate mounds and rugose basement to the NW of the Swedish 
sector (Flodén, 1980). Correlations between Estonia and the Swedish sector 
of the Baltic Sea using single channel seismic data were later performed by 
Tuuling et al. (1997) and Tuuling and Flodén (2009). Single channel seismic 
data and multi-channel seismic data were used by Kumpas (1980) to map the 
structure and stratigraphy of the Hanö Bay Basin. Wannäs and Flodén (1994) 
used single channel seismic data to map the Outer Hanö Bay area. Here they 
noted the presence of significant faulting and identified and mapped a series 
of structures, including the Yoldia Fault Zone and the Yoldia structural ele-
ment. Detailed mapping of the structure and stratigraphy of the basins around 
Bornholm was performed by Vejbæk (1985) and Vejbæk et al. (1994). 

A number of deep crustal seismic reflection experiments have been per-
formed in the Swedish sector of the Baltic Sea (EUGENO-S Working group, 
1988; Meissner et al., 1992; DEKORP-BASIN Research Group, 1999). In the 
BABEL and DEKORP-BASIN projects, the deep structure beneath the 
Tornquist Zone was related to the structure of the overlying Hanö Bay Basin 
(Blundell, 1992; Erlström et al., 1997; Thybo, 2000; Meissner et al., 2002). 
The very edge of the sedimentary sequence of the Baltic Basin was imaged on 
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BABEL line B (Meissner et al., 1992). However, no deep crustal seismic pro-
files have so far been collected through the deepest part of the Swedish sector 
of the Baltic Basin.  

Therefore, with the exception of a number of deep crustal profiles in the 
Hanö Bay Basin the deeper parts of the Baltic and Hanö Bay basins have not 
been extensively imaged using seismic data. As a result, the published maps 
and interpretations of the deeper parts of the basin are largely based on sparse 
well data. 
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4. The OPAB dataset 

The primary dataset for the work summarized in this thesis was collected by 
Oljeprospektering AB (OPAB, currently Svenska Petroleum) between 1970 
and 1990. In 2011, SGU completed a project to digitize the dataset, which 
included scanning the data stored on paper hard copies and transferring the 
seismic data from vintage data tapes to modern day computer files. The dataset 
contains seismic data (marine and land), well data and maps detailing seismic 
interpretations made using the data, soon after it was acquired, between 1970 
and 1990. 

Table 4.1 Acquisition parameters for a range of surveys within the OPAB dataset. A 
breakdown between channel and receiver spacing for main and mini streamers is 
shown if relevant.  

Survey Name D72 CV74 GA74 HR74 NA79 NA80 ZA80 RW84 

Year 1972 1974 1974 1974 1979 1980 1980 1984 

Raw Data type Pre-stack Post-stack Pre-stack Pre-stack Pre-stack Pre-stack Pre-stack Pre-stack 

Source type 
Sleeve 
Exploder 

Vaporchoc 
Airgun ar-
ray 

Sparker 
array 

Airgun 
array 

Airgun ar-
ray 

Airgun ar-
ray 

Watergun 
array 

Shot interval 25m 25m 25m 12.5m 25m 12.5m 12.5m 12.5m 

Source water 
depth 

4.5m unknown 6.1m 2m 6.5m 8.5m 8.5m 3-5m 

channels  

(main/ mini) 
29 (24/5) 30 (24/6) 30 (24/6) 24 24 36 (12/24) 36 (12/24) 96 

Station interval 
(main/mini) 

50m  50m/25m 50m/25m 25m 50m 25m/12.5m 25m/12.5m 6.25m 

Cable water 
depth 

7-9m 8m 10m 7.5-9m 11m 10m 10m 4-6m 

Nearest offset 96.6m 105m 115m 101m 214m 170m 170m 65m 

furthest offset 1450m 1400m 1430m 676m 1364m 895m 895m 659m 

Record length 3s 2-3s 2s 1s 3s 2s 2s 2s 

Sample rate 4ms 4ms 2ms 1ms 2ms 2ms 2ms 2ms 

 

4.1 Seismic data 
The dataset contains over 33000 km of 2D marine seismic data (single towed 
streamer) acquired in the Baltic Sea, Skagerrak Strait and Kattegat areas (Fig. 
1.2). A large proportion of the dataset is available as digital pre-stack or post-
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stack data. Scanned tiff (tagged image file format) files detailing the final 
stacked sections are also often available. The marine seismic data were ac-
quired in over 20 different surveys with a range of different parameters (Table 
4.1). A selection of raw shot gathers is shown in Fig. 4.1. The quality of the 
data, when compared to modern standards is relatively poor. However, the 
data give excellent coverage of the Baltic and Hanö Bay basins and, most im-
portantly, provide an image of the entire sedimentary sequence. The OPAB 
dataset also contains large amounts of land seismic data from Skåne and the 
island of Gotland (Fig. 1.2). Typically the land data are relatively low fold 
(e.g. 12 traces per CDP bin) and acquired using a Vibroseis source. Large 
portions of these data are only available as scanned tiff images of the final 
stacked sections, which limits reprocessing options. 

4.2 Well data 
Data from over 300 wells were included in the OPAB dataset. The majority 
of these wells are located on Gotland and were either exploration or produc-
tion wells targeting oil reservoirs in Ordovician carbonate mounds. Data 
which are available for these wells includes formation tops, geophysical well 
logs, check-shot data and bottom-hole temperature readings. In some cases, 
formation pressure and fluid data are available as well as petrophysical meas-
urements made from sidewall cores (e.g. porosity and density measurements). 
Completion reports are also available for the majority of wells. Geophysical 
log data are typically in the form of tiff images and therefore require digitiza-
tion before use. 

 
Fig. 4.1. Representative raw shot gathers from the OPAB dataset. A), B) and C) are 
from the NA80, NA79 and RW84 surveys, respectively. 
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4.3 Previous interpretation 
Scanned copies of seismic interpretations made using the original seismic data 
are available. Most notably, a series of maps produced by Beattie and Lewis 
on behalf of OPAB in 1975 (unpublished OPAB report). These maps detail 
interpretations of the top Cambrian, Ordovician and a Mid-Silurian carbonate 
marker across much of the Swedish sector of the Baltic Basin. As these maps 
were only available in tiff format, they required digitization before use. 
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5. Methodology 

Despite the recent efforts by the SGU to modernize the OPAB dataset, much 
of the data still reside in a form where the geological information cannot easily 
be extracted. For example, much of the data are only present in the form of 
scanned tiff images and hence require digitization before they can be imported 
into modern visualization or interpretation software. This section of the thesis 
details the application of a series of established methods and the development 
of new methods to reprocess and digitize the OPAB dataset in order to max-
imize its value. 

5.1 Conventional seismic data processing 
The original processing of the seismic data within the OPAB dataset was per-
formed between 1970 and 1990. In the last 40 years there have been significant 
advances in computer hardware and seismic processing technology. Hence, it 
is likely that a significant improvement in the quality of the final stacked im-
ages from these data can be achieved through reprocessing (Paper I). This sec-
tion summarizes efforts to develop new seismic processing workflows to ap-
ply to the pre-stack data available in the OPAB dataset, a more detailed sum-
mary is given in Paper I. As the shallow geology of the Baltic Basin has al-
ready been extensively characterized by others, the focus of reprocessing was 
to provide the best image of the deeper parts of the sedimentary succession. 
Only marine seismic data were reprocessed as part of this thesis, hence land 
seismic is not discussed further in this section. 

In order to test different reprocessing routines, data from the RW84, NA80 
and NA79 surveys were selected for testing (Fig. 4.1), as they represent the 
range of acquisition parameters encountered in the dataset (Table 4.1). The 
workflows used to perform the original processing in the 1970’s and 80’s are 
well documented (OPAB unpublished reports). These workflows typically 
only contained steps such as amplitude compensation by spherical divergence 
or automatic gain control (AGC), bandpass frequency filtering, normal move-
out (NMO) correction and common mid-point (CMP) stacking. Pre-stack and 
post-stack deconvolution in time were used as the main tools to attenuate mul-
tiples. Migration was not applied to the majority of the dataset (OPAB un-
published reports).  
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Fig. 5.1. Final stacked seismic section for the RW84-16 seismic line. A) Shows the 
result using the original processing workflow from 1984. B) Shows the result using 
the revised processing workflow developed as part of this thesis. The location of the 
Yoldia well is shown as a black line. Note that the well is significantly out of the 
plane of the section. 

Testing began with the RW84 survey, which has atypical acquisition parame-
ters within the OPAB dataset, i.e. far smaller receiver spacing than normal 
(Table 4.1). The rationale behind this was that through decimation other sur-
veys could be simulated, hence processing methods could be tested for a range 
of different surveys using the same profile. The RW84-16 profile was first 
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processed using the original workflow from 1984 (Fig. 5.1), to provide an im-
age against which improvements through reprocessing could be assessed. Sev-
eral observations can be made from this final stacked image: (1) strong multi-
ples are present which obscure the primary events, and (2) steeply dipping 
linear noise is prevalent across the section. A range of methods for reducing 
these prominent forms of noise was therefore tested. 

Over much of the Swedish sector of the Baltic Sea the seabed consists of 
Palaeozoic strata with a high seismic velocity, overlain by a thin layer of Qua-
ternary deposits. As a result, multiples associated with the seabed have a high 
amplitude in the data. A water depth of approximately 60 m is typical along 
the profiles within the OPAB dataset, but in places it can be as little as 20 m. 
Therefore much of the energy from the source remains trapped in the water 
column (Paper I). A range of different multiple removal methods was tested 
at different levels of decimation including FK demultiple (Wu and Wang, 
2011; Yilmaz, 1994), parabolic radon demultiple (Hampson, 1986), deconvo-
lution in time (Yilmaz, 1994), deconvolution in the Tau-p domain (Matson et 
al., 1999) and Surface Related Multiple Elimination (SRME) (Dragoset et al., 
2010). Of these methods, deconvolution in the Tau-p domain was most effec-
tive at removing multiples, especially those present in the deeper parts of the 
seismic record. Parabolic radon demultiple and pre/post-stack deconvolution 
in time were also effective at removing multiples. The steeply dipping linear 
noise was identified as side scattered noise (Larner et al., 1983; Hargreaves 
and Wombell, 2005), caused by rugose seabed topography or the presence of 
large boulders on the seabed. FK filtering to remove negative dips in the shot 
and receiver domain was applied (Hargreaves and Wombell, 2005) and was 
effective at removing this form of noise. On some profiles the post-stack time 
migration provided a significant improvement, most notably in areas with sig-
nificant faulting or rugose basement structure. 

The original workflow and the new workflow developed to process the 
RW84 survey are presented in Table 5.1. This workflow contains many indi-
vidual steps, some of which were not suitable for all of the surveys. Processing 
flows for the different datasets were therefore tailored to match the different 
acquisition parameters. A significant restriction with some of the surveys was 
the relatively large receiver spacing, which can exceed 50 m. This leads to 
spatial aliasing of slower velocity features and degradation of these data when 
applying 2D transforms. In the case of one survey within the dataset, with a 
receiver spacing of 100 m, no significant improvement was achieved in the 
data after reprocessing, when compared with the original workflow. Table 5.1 
also shows a processing flow used to reprocess surveys with typical acquisi-
tion parameters within the OPAB dataset. Digital data from the CV74 survey 
were only available as final stacked sections. In this case some additional post 
stack processing was applied (Table 5.1). The final stacked image of the 
RW84-16 profile after applying the new reprocessing workflow (Fig. 5.1) 
shows significant improvement as a result of reprocessing. Multiple and side-
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scattered noise have been notably reduced. A series of reflections between 
approximately 500 ms and 800 ms, associated with the Ordovician and Cam-
brian sequence, are much clearer on the reprocessed image. It should be noted 
that such an enhancement in image quality was not achieved after reprocessing 
data from all surveys and in some cases no enhancement was achieved. De-
spite this, reprocessing was still necessary to obtain digital stacked seismic 
sections for use in interpretation software. During the studies for this thesis 
more than 150 marine seismic profiles (>7000 km of 2D data) from the OPAB 
dataset were reprocessed.  

Table 5.1 Seismic processing workflows used to process data from the OPAB da-
taset. The original and revised processing workflows for the RW84-16 line are 
shown. Typical revised processing workflows are shown for both pre-stack and post-
stack data from the OPAB dataset. 

RW84 : new workflow  RW84 : original workflow 

1 Apply Geometry  1 Apply geometry 
2 Source signature Deconvolution  2 Source signature Deconvolution 
3 Resample  3 Resample 
4 Automute  4 FK dip filter 
5 Fk filtering of negative dips in shot and  5 Deconvolution Time domain 
 receiver domains  6 NMO correction 
6 Spherical divergence  7 Top Mute 
7 Trace Balance  8 AGC 
8 Fk mute  9 Stack 
9 Static bulk shift  10 Post stack Deconvolution 
10 Deconvolution in Tau-p domain  11 Bandpass filter 
11 NMO correction  12 Dip filter 
12 Parabolic Radon demultiple  13 Static bulk shift 
13 DMO  14 AGC 
14 Trace Balance    

15 Top Mute  Typical processing workflow (pre-stack data):  

16 Bandpass filter  new workflow 

17 Stack  1 Apply Geometry 
18 Post stack time migration  2 FK filtering of negative dips in shot and  
19 Post stack deconvolution   receiver domains 
20 FXDECON  3 Spherical Divergence 
21 Dip filter  4 Trace Balance 
22 Bandpass filter  5 Static Bulk shift 
23 Trace Balance  6 Deconvolution in the Tau-p domain 
  7 Bandpass filter 

Typical processing workflow (post-stack data):  8 NMO 
new workflow  9 Stack 

1 Apply Geometry - post stack  10 Post stack time migration 
2 Post stack time migration  11 Dip Filter 
3 Post stack Deconvolution  12 FXDECON 
4 FXDECON  13 Bandpass filter 
5 Dip Filter  14 Trace Balance 

6 Bandpass filter    

7 Trace Balance    
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5.2 Digitization and vectorization of tiff images 
Large volumes of data within the OPAB dataset are only available as scanned 
images (tiff format) of paper hard copies. This includes all well log data and 
maps detailing previous interpretations. Some seismic data are only available 
as tiff files which detail the final stacked sections. This is the case for all of 
the land data from southern Gotland (Fig. 1.2). Even though these tiff files can 
be interpreted and used directly, it is hugely beneficial to have these data in 
digital format. As a result a number of key well logs were digitized using open 
source software (Engauge), which allows the user to manually digitize images 
of data. This allowed the well log data to be visualized and correlated, and for 
synthetic seismograms to be calculated (Figs. 2.1 and 2.2). The same software 
was used to digitize the maps, which detail the previous seismic interpretations 
of the top Cambrian and top Ordovician performed by Beattie and Lewis 
(OPAB unpublished report). This interpretation was then used as input to gen-
erate a depth map of the top Cambrian discussed in section 6.2 (Fig. 6.5). 
However, no open source software could be found capable of digitizing the 
stacked seismic data stored as tiff images. This rendered large volumes of the 
data unusable in modern interpretation software and meant that no further post 
stack processing could be applied to the data. 

The remainder of this section provides a brief summary of a script that was 
written in MATLAB for converting tiff images of seismic data into SEGY 
files. Within the OPAB dataset the images of the seismic data are typically 
shown in black and white wiggle trace format (Figs. 5.2 and 5.3). Some open 
source software is available for converting images of seismic data to SEGY 
format, such as IMAGE2SEGY (Farran, 2008), however, these software only 
work with variable density or color images. A number of companies maintain 
and operate proprietary software which is capable of digitizing wiggle trace 
tiff images of seismic data, however the costs associated with this service are 
steered towards the oil and gas industry and hence are prohibitive for aca-
demia. 

Relatively few publications describe methods for digitizing images of seis-
mic data. A number of publications describe the digitization of old seismolog-
ical records (Baskoutas et al., 2000; Pintore et al., 2005; Xu and Xu, 2014). 
Some parallels can be drawn between digitization of old seismological records 
and stacked sections of reflection seismic data, but these methods are not di-
rectly applicable as the two types of data are often displayed very differently 
and hence represent quite different image processing problems. Several arti-
cles describe working with SEGY files which have been generated using com-
mercial digitization programs (Al Mahdy and Sedek, 2013; Owen et al., 2015). 
Miles et al. (2007) describe a methodology for converting wiggle trace images 
of seismic data to SEGY format. This method involves defining baselines for 
each trace on the stacked section, a window is then passed along the trace 
which samples the amount of black and white pixels at different times along 
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the trace (Fig. 5.2), which provides a measure of the positive amplitudes along 
the seismic trace. The mean average value is then subtracted from the ex-
tracted trace, followed by the application of a bandpass filter. This process is 
then repeated for all traces on the stacked seismic section to provide an ap-
proximation of the amplitudes (Miles et al., 2007). 

 
Fig. 5.2. A flow chart describing the steps performed by the seismic data vectoriza-
tion program developed during the work for this thesis. The steps in the workflow 
are numbered 1-7. 
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The method developed as part of this thesis, which expands upon the method 
of Miles et al. (2007), is now described; a flow chart describing the method is 
also presented (Fig. 5.2). After importing the image of the stacked seismic 
data into MATLAB, the image is first rotated. Some corrections to the image 
are then applied to account for the lateral movement of the paper as it passed 
through the scanner. Ideally, at this stage the axes of the seismic plot should 
lie parallel to the edges of the image and the seismic traces should be perfectly 
vertical on the image. A number of derivatives of the image are then gener-
ated, some of which are used to detect the baseline positions for each trace 
(Fig. 5.2). A sliding window is then passed along the first trace in the stack 
which calculates the amount of black and white pixels in the image to obtain 
an estimate of the amplitude along the trace (Miles et al., 2007). A sliding 
window is also used to obtain a measure of the gradient along the trace using 
the image derivatives. Gaps in the gradient and pixel color curves are then 
interpolated. At this stage noisy pixel color and gradient curves have been 
extracted from the image. The ends of these noisy pixel color and gradient 
traces are tapered. 

Bandpass frequency filter parameters used during the processing of the 
seismic are typically stated on the image. Therefore, if the extracted gradient 
and pixel color curves contain frequencies outside the stated bandpass fre-
quency range, they are noise and can be removed. In order to remove noise 
and artefacts from these curves, a band limited linear inversion is performed. 
If the seismic trace is considered as a time series 	with a total of  discrete 
data points, 	can be expressed in terms of a Fourier transform:  
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Where  and  represent the Fourier coefficients. The derivative or gradient 
of the time series ′ can therefore be expressed as: 
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 5.2.2 
The relationship between the data points in  and the Fourier coefficients is 
therefore linear and can be expressed in the form below: 

 
 

    
 5.2.3 
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Where  and 	are vectors containing the amplitude time series and Fourier 
coefficients respectively. The Fourier coefficients can then be obtained using 
the following expression: 

 
 

    
 5.2.4 

A band limited form of the process can be performed by removing columns 
from the  matrix and associated Fourier coefficients from vector  which 
correspond to the unwanted frequencies. A modified form of equation 5.2.4 is 
shown below: 

 
 

    
 5.2.5 

The expression above is used in the MATLAB script to calculate a band lim-
ited set of Fourier coefficients from the noisy pixel color curve (used to ap-
proximate amplitude), which is extracted from the image of the seismic data. 
This set of band limited Fourier coefficients is then used to calculate a band 
limited amplitude curve using expression 5.2.3. The diagonal matrix  pro-
vides damping. The diagonal matrix  provides tapering in the frequency do-
main at either end of the frequency pass band and can be scaled by the varia-
ble	 . The same method is used to calculate a band limited amplitude curve 
from the noisy gradient curve. The two band limited amplitude curves are then 
averaged to give a final amplitude time curve which is used to represent the 
digitized seismic trace (Fig. 5.2). The script therefore utilizes the amount of 
black and white on the image as well as the gradient of the line on the image 
to digitize the seismic trace. This process is then repeated for all traces on the 
stacked image. 

In order to test the performance of the script, a series of wiggle trace images 
were generated from a SEGY file. Plotting parameters such as trace deviation, 
line thickness, density of horizontal time lines, bias and resolution were var-
ied. The MATLAB script was then used to digitize the series of images and 
the results compared with the original SEGY file. The performance of the 
MATLAB script varied with different plotting parameters. However, for all 
the tests performed the average trace-to-trace correlation coefficient between 
the original SEGY file and the SEGY file extracted from the image was 0.76. 
This is somewhat low, but for typical plotting parameters used for the OPAB 
dataset, correlation coefficients of 0.85 or higher can be achieved with the 
script. A comparison between a scanned tiff image of a stacked seismic section 
from the OPAB dataset and the SEGY file extracted from the image plotted 
with similar parameters is presented in Fig. 5.3. The visual match between the 
extracted SEGY file and the original scanned image is excellent. This method 
therefore provides a way to digitize the large amounts of seismic data within 
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the OPAB dataset which are only available as scanned images. A future ap-
plication for this script will be to digitize land seismic data from Gotland in 
order to interpret the subsurface structure in detail to facilitate the planning of 
a potential CO2 pilot injection site (section 8). 

 
Fig. 5.3. Shows images of wiggle trace seismic data from line P74-20 located on the 
island of Gotland. A) The original scanned tiff image of the seismic data after rota-
tion. B) The SEGY data which was digitized from the scanned tiff image and then 
re-plotted using similar plotting parameters as the original image. 

5.3 Enhancing primary reflections using water bottom 
multiples 
This section discusses a method which has been developed to stack water bot-
tom peg leg multiples with primary reflections to enhance the signal to noise 
ratio. A more detailed explanation of this method is given in Paper IV. Water 
bottom multiples are typically very strong within the OPAB dataset. In section 
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5.1 and Paper I, a series of seismic processing methods to attenuate multiples 
are discussed. However, water bottom multiples are a coherent form of noise 
and therefore if the geometry and velocities of the subsurface are known, their 
amplitude and arrival time on the seismic record can be calculated. This pre-
sents an opportunity to treat water bottom multiples as a form of signal and to 
use them in the imaging process. 

 
Fig. 5.4. Schematic showing the primary and 1st water bottom reflected events for a 
laterally homogenous model. A) and B) show the offset travel time relationships and 
ray paths for a flat seabed scenario, respectively. C) and D) show the offset travel 
time relationships and ray paths for a dipping seabed scenario, respectively. S102G 
and S201G refer to the two water bottom multiples which are generated for a dip-
ping seabed scenario (Levin and Shah, 1977). 

The first attempt to image the subsurface using multiples was performed by 
Reiter et al. (1991) who used a ray-equation based depth migration approach 
to image primaries and multiples together. Since then a number of methods 
has been proposed for joint imaging of multiples and primaries (Youn and 
Zhou, 2001; Brown and Guitton, 2005; Berkhout and Verschuur, 2006; Mal-
colm et al., 2008; Wang et al., 2014; Zuberi and Alkhalifah, 2014). In these 
studies the methods discussed have successfully been applied to synthetic da-
tasets and in some cases real datasets. However, these methods are somewhat 
complex and difficult to implement and in some cases they are highly expen-
sive computationally. It is also the case that some of these methods can only 
be applied to data acquired with very specific acquisition parameters such as 
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data acquired using water bottom hydrophones (Reiter et al., 1991). High qual-
ity, modern acquisition parameters may also be required, i.e. good spatial sam-
pling (Berkhout and Verschuur, 2006). The application of such methods to 
vintage datasets with poor acquisition parameters by modern standards, such 
as the OPAB dataset, is therefore limited. This section therefore details a sim-
ple 1D method developed for joint imaging of primaries and multiples which 
is relatively easy to implement and can be applied to vintage seismic datasets. 
This method is referred to here as the Multiple Time Stack (MTS) process. 

The MTS process assumes a 1D laterally homogenous subsurface, as in the 
methods of Wang (2003) and Brown and Guitton (2005). In such a case, the 
travel time ( ) versus offset ( ) relationship for a primary reflected event can 
be expressed as: 

 

 

    
 5.3.1 

Where  is the zero offset reflected travel time and  is the root mean 
squared (RMS) velocity between the surface and the subsurface reflecting 
horizon. The travel time-offset relationship of the th order water bottom mul-
tiple associated with a primary of zero offset travel time  can be expressed 
using the following expression: 

 

 

    
 5.3.2 

Where the order of the multiple is expressed as  and the zero offset travel 
time to the water bottom is . The RMS velocity of the th multiple can be 
derived from the RMS velocity of the primary reflection if the additional travel 
time through the water column is accounted for. The RMS velocity of the th 
multiple  is therefore given by: 

 

 

    
 5.3.3 

Where  is the velocity in the water column. A schematic detailing the travel 
time versus offset relationships and associated ray paths for a primary reflec-
tion and its 1st order water bottom multiple is presented in Fig. 5.4. The polar-
ity of the 1st order water bottom multiple will be opposite to the primary, due 
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to the reflection at the sea surface. The MTS process uses equations 5.3.2 and 
5.3.3 to calculate the travel time versus offset relationship of water bottom 
multiples associated with primary events, which are assumed to have the form 
expressed in equation 5.3.1. It should be noted at this stage that these expres-
sions are only valid for a simple 1D case. If a dipping seabed is introduced, 
two first order water bottom multiples will be generated (Fig. 5.4), with dif-
ferent offset versus travel time relationships (Levin and Shah, 1977). There-
fore, the MTS process will not perform well in areas where the water bottom 
has significant dip.  

To apply the expressions detailed above, the water velocity ( ) and the 
velocity distribution in the subsurface , must first be derived from con-
ventional velocity analysis. The zero offset water bottom travel time , can 
be interpreted from a stacked seismic image under the right circumstances. 
However, many of the data within the OPAB dataset were not acquired at zero 
time and hence direct interpretation of the water bottom reflection from the 
stacked image would not yield the correct time. Instead, a different method 
for approximating  directly from these data is proposed. Here  is picked 
from a so-called water bottom correlation plot (WBCP). In order to generate 
a WBCP, a raw near offset pre-stack trace is selected from a given CMP within 
the data. This trace is NMO corrected using a typical water bottom velocity. 
The polarity of the NMO corrected trace is then reversed. The correlation co-
efficient between the original NMO corrected trace and the trace with reversed 
polarity is then calculated for a range of different time shifts. If a strong water 
bottom multiple is present, shifting the reversed trace by  should result in a 
high correlation coefficient. In such a case, the primary water bottom reflec-
tion in the NMO corrected trace would be aligned with the 1st order water 
bottom multiple in the NMO corrected trace with reversed polarity. The  
versus CMP position can therefore be derived reliably from the WBCP plot. 

Once ,  and  are known the MTS process can be applied. A flow 
chart summarizing the MTS process is shown in Fig. 5.5. The MTS process is 
applied to CMP gathers after the application of spherical divergence. The 
MTS process considers each  position in turn. For a given  position the 
offset versus travel time curves are calculated for the primary reflection and a 
series of  water bottom multiples. Amplitude information is then extracted 
from the CMP gather along these offset travel time curves. The polarity of the 
extracted amplitudes is reversed for multiples with an odd order (for example 
the 1st, 3rd, 5th order multiples). The semblance, which provides a measure of 
coherency, is then calculated for the extracted amplitude data (Neidell and 
Taner, 1971). The extracted offset versus amplitude data for the multiples are 
then scaled by the semblance value and summed with the primary data (Fig. 
5.5). Due to the semblance weighting factor multiple energy will only be 
summed with the primary when coherent energy exists across the multiple and 
primary travel time curves. After the application of the MTS process the data 
can be used for further processing. 
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Fig. 5.5. Two flow charts describing the MTS process, in which a sliding window is 
run across all zero offset travel times. The two images describe the MTS process at 
two different window locations W1 and W2. The input and output gathers are shown 
on the left and right sides of the images, respectively. Dashed lines indicate the tra-
jectories along which the primary and multiple reflections are extracted from the 
data. A) MTS process for a window (W1) positioned at the zero offset time of the 
primary water bottom reflection. B) MTS process for a window (W2) positioned at 
the zero offset time of a primary sub-seabed reflection. 

An example of the application of the MTS process to a 1D synthetic gather is 
shown in Fig. 5.6. The model used to generate the synthetic had three layers 
overlaying a half space with velocities of 1450, 3500, 5000 and 4300 m/s, 
respectively. The model therefore can be considered representative of the Bal-
tic Basin. Only three primary reflections should be present in the data, there-
fore many of the reflections on the gather are multiples. After applying the 
MTS process to this synthetic gather, the relatively weak primary reflections 
at around 0.76 s are noticeably enhanced. In this case five water bottom mul-
tiples have been stacked with the primary. On one of the gathers in Fig. 5.6, 
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the primary data have been removed and only the re-positioned multiples are 
retained. It is clear that the majority of the amplitude, which is summed with 
the primaries in the MTS process, corresponds to the three primary events in 
the data. 

 
Fig. 5.6. Application of the MTS process to a 1D synthetic gather. Only three pri-
mary reflections are present in the synthetic at 0.21 s, 0.74 s and 0.78 s, which can 
be considered to simulate the water bottom, top Ordovician limestone and base Or-
dovician limestone reflections in typical Baltic Sea seismic data. A) An unprocessed 
synthetic shot gather. B) The same gather after the application of the MTS process. 
Five multiples have been stacked with the primary reflections. C) Here the primary 
data have been removed and only the repositioned multiples are shown. All three 
gathers are displayed with the same scale. 

An example detailing the application of this process to a seismic line from the 
OPAB dataset is now discussed. Application of the MTS method to additional 
synthetic and field data examples is discussed in Paper IV. The MTS method 
was applied to profile D72-66A located to the SE of Gotland (Fig. 1.1). The 
acquisition parameters for these data are shown in Table 4.1. Fig. 5.7A shows 
the WBCP calculated for the profile; the interpreted water bottom time ( ) 
has been highlighted on the plot. Two final stacked seismic images of the pro-
file are presented (Fig. 5.7B and C). Both images show final stacked sections 
after processing with a workflow similar to the typical Baltic Sea processing 
sequence shown in Table 5.1. However in the second image, the MTS process 
was applied to the raw data before the conventional data processing. Reflec-
tions associated with the basement and Ordovician limestone are highlighted, 
as well as a strong water bottom multiple. It is clear that after the application 
of the MTS process, the primary reflections have been enhanced relative to 
the noise. Fig. 5.7D also shows a stacked seismic section generated using only 
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the 1st order water bottom multiples. In order to generate this image, the pri-
mary data were removed and only the re-positioned multiples retained. The 
data were then processed using a typical Baltic Sea processing flow. The im-
age generated using only the 1st order water bottom multiples is comparable 
in quality to the image obtained with the primary reflections (Fig. 5.7B). This 
demonstrates that the multiple energy that is summed with the primary reflec-
tions, is correctly positioned and contains useful information about the struc-
ture and stratigraphy of the subsurface. Fig. 5.8 shows an image of a CDP 
gather from the profile before and after the application of the MTS process, 
where the amplitude of the Ordovician and basement events have been en-
hanced relative to the background noise.  

 
Fig. 5.8. Pre-stack data for CMP 1268 from line D72-66A. A) Raw pre-stack data 
after the application of spherical divergence. B) The same gather as in A) after ap-
plying the MTS process. C) The difference between gathers A) and B). Note that the 
amplitudes in C) are scaled differently to A) and B).  

Due to its inherent 1D assumptions, the MTS process will not perform well in 
areas of significant water bottom topography or subsurface structure. In its 
current form, the MTS process is also not amplitude preserving and, therefore, 
can only be used to enhance data for structural and stratigraphic interpreta-
tions. However, under the right conditions it has been shown to provide an 
improvement in the signal to noise ratio in several datasets (Paper IV). There-
fore, for much of the OPAB dataset where structural and stratigraphic inter-
pretation are the main uses for the data, the MTS process could provide a use-
ful method for enhancing the signal to noise ratio in the data before conven-
tional processing, where feasible.  
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Fig. 5.7. Application of the MTS process to line D72-66A from the OPAB dataset. 
A) The water bottom correlation plot for the line. The water bottom time ( ) inter-
preted from this plot is shown as a dashed line. B) The final stacked data after con-
ventional processing. C) The final stacked data using the same processing sequence 
as in B), but with the MTS process applied. D) The final stacked image generated 
using only the 1st order water bottom multiple. Here the MTS process was applied, 
but the primary information was removed, hence, only re-positioned multiples were 
retained in the data. Conventional processing was then applied. The Ordovician, 
Basement and a strong water bottom multiple are labelled as O, B and M, respec-
tively. 



 47

6. Seismic characterization of the Baltic and 
Hanö Bay basins 

The following section discusses the interpretation of over 110 reprocessed 
seismic lines from the Baltic and Hanö Bay basins, as well as the associated 
geological implications. A more detailed summary discussing the interpreta-
tion and inferred geological history is given in Papers I and II. The interpreted 
lines form a relatively dense grid over the Outer Hanö Bay area (Paper I), as 
well as a sparse regional grid across the Baltic and Hanö Bay basins (Paper II) 
(Fig. 1.2). The discussion in this thesis is based around five regional seismic 
profiles, the locations of which are shown in Fig. 1.1.  

6.1 Synthetic seismograms 
Before the interpretation of the reprocessed seismic lines was performed, syn-
thetic seismograms were generated for a series of key wells. Synthetic seis-
mograms are an important tool to understand what features in the well can be 
imaged in the seismic data and how the reflections in the seismic data can be 
related to the geology. Representative synthetic seismograms are shown 
alongside a section of seismic data for wells within the Baltic and Hanö Bay 
basins (Fig. 2.1). The synthetics from the Baltic Basin show that strong seis-
mic reflections from the top and base of the Ordovician limestone interval can 
be expected. A seismic reflection is also anticipated from the thin Silurian 
limestone interval, located at the base of the Sudret group (Erlström et al., 
2009). The synthetic seismograms for the wells in Fig. 2.1 do not reach the 
basement, however a relatively strong seismic reflection is expected to be as-
sociated with the basement. The correlation between the synthetic seismogram 
from the B-9 well and the seismic section located close to the well is good for 
the lower part of the section (Fig. 2.1). Here the reflections in the seismic sec-
tion can be correlated with the Ordovician limestone and the thin limestone 
unit within the Silurian. Therefore, it was possible to interpret these strong 
seismic markers across the Baltic Basin with relatively high confidence. Due 
to significant borehole wash-out, the geophysical logs and the synthetic gen-
erated for the 104/13-1 well, within the Hanö Bay Basin, are of relatively low 
quality. Therefore, the synthetic seismogram provides a poor match with the 
nearby seismic data. Within the Hanö Bay Basin, a strong seismic event is 
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expected to be associated with the basement and the top of the sandstone se-
quence, presumed to be Rhaetian in age. The general transition from a more 
reflective portion of the section to a less reflective portion at the top of the 
Lower Cretaceous appears to be consistent between the synthetic and the sur-
face seismic. However, due to the poor match between the seismic and the 
synthetic, a different approach to the interpretation was adopted in the Hanö 
Bay Basin. Here a series of seismic reflections were interpreted on the seismic 
data, almost independently of the synthetic seismogram. These interpreted re-
flections were then assigned approximate ages based on the time-depth func-
tion in the 104/13-1 well.  

6.2 Baltic Basin 
The regional profiles 1, 4 and 5 pass through the Baltic Basin (Figs. 6.1, 6.2 
and 6.3). To the SE of the northern part of Gotland a Precambrian reflection 
is interpreted (Fig. 6.1). This is suggested to be related to the presence of Jot-
nian strata, which underlie the Palaeozoic sediments in this area. Across the 
Baltic Basin the basement reflection appears to be relatively smooth, which is 
consistent with a period of prolonged erosion and the formation of a peneplain 
during the Precambrian (Cocks and Torsvik, 2005). Rugose basement struc-
ture is observed on profile 5 (Fig. 6.3) to the northern edge of the basin. This 
was also noted by Flodén (1980). This is tentatively suggested as due to fluvial 
erosion during the late Precambrian. The Cambrian and Ordovician intervals 
have a fairly constant thickness across the basin, which is consistent with grad-
ual thermal subsidence of a basin located on a passive margin (Poprawa et al., 
1999). To the north of the basin and around the island of Gotland, a series of 
dome like features are observed in connection to the upper Ordovician lime-
stone unit which are interpreted to be carbonate mounds (Flodén, 1980; Sivhed 
et al., 2004). A close up image of two carbonate mounds is shown in Fig. 6.1. 
A map showing the location of mounds mapped during this thesis and by Flo-
dén (1980) is presented (Fig. 6.4). Locations of wells which produced or had 
traces of oil in the Ordovician are also shown on the map and were used to 
infer the presence of mounds beneath Gotland (Erlström et al., 2014). The 
location of these mounds can be used to infer a shallow shelf environment 
around Gotland and in the northern part of the basin during the Ordovician, 
which is also suggested by Jaanusson (1972) and Kiipli et al. (2008). Based 
on the locations and distributions of these mounds areas with a shallow shelf, 
transition zone and deep shelf environment during the Ordovician have been 
interpreted (Fig. 6.4). 
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Fig. 6.1. Regional seismic profile 1. Seismic data is shown above and the interpreta-
tion is shown below. The letters A-K denote the links between the individual seismic 
sections, which have been merged to generate the profile. Well locations and mark-
ers are shown as well as intersections with other profiles. The inset shows a close-up 
image of Ordovician carbonate mounds, however, note that this seismic is not from 
this profile. The location of the Christiansø and Yoldia faults are labelled as C-Fault 
and Y-Fault, respectively. The mid Silurian carbonate marker highlighted on the 
profile between 300 and 400 km can be correlated with the limestone at the base 
Sudret group in the Faludden-1/-2 well. 
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A thick Silurian section is observed in the seismic data. Two continuous seis-
mic reflections within the Silurian sequence are interpreted to correlate with 
limestone units within the marlstone dominated sequence. The lowermost of 
which can be correlated with the limestone interval at the base of the Sudret 
group in the Faludden-1/-2 well (Fig. 2.1). Hence, the lowermost carbonate 
marker can be assigned an approximate age of Early Ludfordian-Mid Ludlow 
(425 Ma), towards the end of the Silurian. As this marker lies approximately 
mid-way through the gross Silurian package, it can be inferred that the sedi-
mentation rate was greatest towards the end of the Silurian. This increase can 
be attributed to subsidence associated with the Caledonian orogeny (Poprawa 
et al., 1999). Packages of dipping reflections can be seen within the Silurian 
sequence in the northern part of the basin (Fig. 6.3). These are interpreted as 
due to a series of prograding reefs, indicating a shallower depositional envi-
ronment in this part of the basin during the Silurian (Flodén, 1980; Flodén et 
al., 2001). Devonian strata are interpreted to overlay the Silurian sequence in 
the SE of the Swedish sector of the Baltic Sea.  

A series of small faults are interpreted on the reprocessed seismic profiles 
in the deeper parts of the Baltic Basin (Fig. 6.1, 6.2 and 6.3). These faults give 
rise to offsets at the top of the Cambrian of more than 60m in places. The 
offsets on these faults appear to be largest at the basement and gradually de-
crease moving upwards through the succession. As the offset on these faults 
is typically largest at the basement, it may be the case that these faults are 
related to older faults within the basement, which were reactivated at a later 
time. Within the Silurian and Devonian sequence, offsets are typically not ob-
served along these features, instead folding of the reflections is observed. 
These features are interpreted here to be transpressional Caledonian age faults 
and are similar to features observed by Poprawa et al. (1999), Šliaupa and 
Hoth (2011) and Krzywiec (2002), in the Baltic Basin. Here the transpression 
is interpreted to have inverted pre-existing faults within the basement, giving 
rise to high angle reverse faulting and fault propagation folding of the strata 
above the basement fault.  

Significant erosion, which occurred during the Carboniferous and Permian 
removed large amounts of the Palaeozoic succession across the Baltic Basin, 
resulting in an erosional surface similar in a broad sense to the present day 
seabed. The present day Baltic Basin, therefore, reflects the erosional rem-
nants of a Palaeozoic succession which was previously far more widespread. 
During this time the Palaeozoic sequence from the area of the Hanö Bay Basin 
was completely removed (Kumpas, 1980). A thin layer of Quaternary sedi-
ments is interpreted to overlay the Palaeozoic strata in the Baltic Basin. How-
ever, to the SE of Gotland a thick elongated mound of quaternary sediment 
has been interpreted. This feature has N-S and E-W dimensions of 80 km and 
10 km, respectively. It is interpreted to be a glacial feature (drumlin) similar 
to features observed by Noormets and Flodén (2002) close to the island of 
Saaremaa, Estonia.  
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Fig. 6.2. Regional seismic profile 4. Seismic data is shown above and the interpreta-
tion is shown below. The letters A-F denote the links between the individual seismic 
sections, which have been merged to generate the profile. Well locations and mark-
ers are shown as well as intersections with other profiles. The lowermost mid Silu-
rian carbonate marker highlighted on the profile between 60 and 135 km can be cor-
related with the limestone at the base Sudret group in the Faludden-1/-2 well. The 
dotted lines above faults indicate the presence of fault propagation folding associ-
ated with the fault below. 

A depth structure map of the top Cambrian produced during the work for this 
thesis is presented in Fig. 6.5 (Erlström et al., 2014). A more detailed summary 
of the workflow used to generate this map is given in Paper II. A previous 
interpretation of the top Cambrian within the Baltic Basin performed by Beat-
tie and Lewis (OPAB unpublished report) was plotted on the sparse grid of 
reprocessed seismic lines from the Baltic Basin. In some areas, the previous 
interpretation matched the reprocessed seismic, but in other areas it was in-
correct, i.e. the top Cambrian had been wrongly interpreted along a strong 
water bottom multiple. Areas where the previous interpretation was incorrect 
were removed and the remaining part was combined with new interpretation 
from the reprocessed seismic lines to generate a corrected top Cambrian seis-
mic two-way-time map. This map was depth converted using a velocity func-
tion, which assumed a constant water column velocity and constant subsurface 
velocity of 1450 m/s and 3200 m/s, respectively. A low frequency residual 
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correction was then applied to match the depth maps to the top Cambrian 
depth in the offshore wells exactly. The map shows that the Cambrian strata 
dip gently to the SE across the main part of the Swedish sector of the Baltic 
Basin. A series of small faults (interpreted to be transpressional) are identified 
in the deeper part of the basin, which result in some small structural closures. 

  
Fig. 6.3. Regional seismic profile 5. Seismic data is shown above and the interpreta-
tion is shown below. The letters A-I denote the links between the individual seismic 
sections, which have been merged to generate the profile. Well locations and mark-
ers are shown. The lowermost mid Silurian carbonate marker highlighted on the pro-
file between 0 and 200 km can be correlated with the limestone at the base Sudret 
group in the Faludden-1/-2 well. The dotted lines above faults indicate the presence 
of fault propagation folding associated with the fault below. The inset shows rugose 
basement structure to the north of the basin and the presence of dipping reflections 
in the Silurian, which are interpreted to indicate reefs. The black rectangle on the 
cross sections denotes the location of the close up seismic image. 

The overall structure of the Baltic Basin observed in these seismic profiles is 
therefore consistent with previous studies (Flodén, 1980). However, new 
structural and stratigraphic features have been observed in the reprocessed 
seismic lines, such as a series of small transpressional Caledonian faults within 
the deeper part of the basin. Carbonate mounds have also been observed 
deeper in the basin than previously documented. 
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Fig. 6.4. Map showing location of carbonate mounds interpreted in the seismic data 
and from well data. The depositional environment during the Ordovician has been 
inferred from the location of these mounds (modified from Kiipli et al., 2008). 
Mounds interpreted using the reprocessed seismic in this thesis are shown in red. 
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Fig. 6.5. Top Cambrian depth structure map (Erlström et al., 2014). 

6.3 Outer Hanö Bay area 
The Outer Hanö Bay area, which marks the transition between the Palaeozoic 
Baltic Basin and the Mesozoic Hanö Bay Basin, is shown on Profiles 1 and 3 
(Figs. 6.1 and 6.6) and is discussed in detail in Paper I. It is clear that this area 
is significantly more affected by faulting than the main part of the Baltic Ba-
sin. These faults are typically steeply dipping and are interpreted to have pre-
dominantly normal offsets at the basement and top Ordovician level. How-
ever, in cases where the fault passes through the entire Palaeozoic sequence, 
reverse offsets are typically observed at the erosional surface which marks the 
top of the Palaeozoic sequence. Therefore, the offset at the top of the Palaeo-
zoic is typically opposite to the offsets observed deeper in the section. The 
Yoldia Fault, annotated on Profile 3 (Fig. 6.6) exhibits significant normal off-
set at the basement and significant reverse offset at the top of the Palaeozoic 
sequence. These faults are interpreted to have initially formed as dextral 
transtensional faults associated with Late Carboniferous to Early Permian 
faulting in the Tornquist Zone (Vejbæk et al., 1994; Erlström et al., 1997; 
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Thybo, 2000). Erosion throughout the remainder of the Permian then gave rise 
to a smooth top Palaeozoic surface. In some areas where faulting had occurred, 
such as on the downthrown side of the Yoldia Fault, a thick Palaeozoic se-
quence was preserved from this erosion. In general, however, a greater pro-
portion of the Palaeozoic sequence has been removed towards the west. The 
Palaeozoic sequence can be observed to thin gradually to the west on profile 
3, between points B and C (Fig. 6.6). During the Late Cretaceous the Outer 
Hanö Bay area was affected by inversion, related to compressional stresses 
associated with the Alpine orogeny (Ziegler, 1990; Vejbæk et al., 1994; 
Thybo, 2000). Therefore, reverse movement occurred along some of the faults 
within the pre-existing fault network. It appears that faults striking W-E were 
most affected by inversion (Paper I). The reverse fault movement is inferred 
from offset at the top Palaeozoic erosional surface. During the Late Cretaceous 
a thin sequence was deposited above the Palaeozoic across the Outer Hanö 
Bay area. This sequence is thicker in areas that were not uplifted during the 
inversion phase.  

 
Fig. 6.6. Regional seismic profile 3. Seismic data is shown above and the interpreta-
tion is shown below. The letters A-C denote the links between the individual seismic 
sections, which have been merged to generate the profile. The intersection with Pro-
file 1 is shown. The location of the Yoldia Fault is marked by the label Y-Fault. 
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A seismic time map of the basement in the Outer Hanö Bay area is presented 
in Fig. 6.7. This map was generated by merging the new interpretation per-
formed on the reprocessed seismic data with maps made by Vejbæk et al., 
(1994). A large fault, which extends from the Christiansø High to the Outer 
Hanö bay area (referred to here as the Yoldia Fault), is illustrated on the map. 
This is similar to the fault mapped by Wannäs and Flodén (1994), which they 
referred to as the Christiansø Fault. However, with the exception of the Yoldia 
fault the fault network mapped in this study differs significantly from the one 
presented in Wannäs and Flodén (1994). 

During this thesis detailed interpretation and mapping has been performed 
in the Outer Hanö Bay area, which was first identified by Wannäs and Flodén 
(1994) as an area of significant faulting. The new interpretation differs signif-
icantly from previous studies and shows that faulting associated with the 
Tornquist Zone extends further into the Baltic Basin than previously thought. 

  
Fig. 6.7. Map showing basement time structure in the Outer Hanö Bay area, Hanö 
Bay Basin and around Bornholm. The map was generated by merging the basement 
map from Vejbæk et al. (1994) with the new interpretation performed during this 
thesis. The dotted line indicates the area of new interpretation. The location of the 
regional seismic profiles and the Yoldia well are shown. 
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6.4 Hanö Bay Basin 
Profiles 1 and 2 (Fig. 6.1 and 6.8) pass through the Mesozoic Hanö Bay Basin. 
Between points C and B on profile 1 (Fig. 6.1) the transition from the Baltic 
Basin to the Hanö Bay Basin is shown. Here the Palaeozoic sequence can be 
observed to thin and eventually disappear. In the Hanö Bay Basin, all Palaeo-
zoic sediments have been completely removed (Kumpas, 1980). At this point 
the basement changes from having a smooth character in the Outer Hanö Bay 
area to having a rugose character in the Hanö Bay Basin. The rugose character 
is interpreted to be due to deep weathering along fractures, which occurred in 
the Early Mesozoic (Lidmar-Bergström, 1999; Lidmar-Bergström and Olvmo, 
2015). The same mechanism is used to explain similar basement topography, 
which is observed directly to the north of the Hanö Bay Basin on land (Lid-
mar-Bergström, 1999). This process only occurred in the Hanö Bay Basin due 
to the previous removal of the Palaeozoic strata. Within the Baltic Basin, the 
smooth character of the Precambrian peneplain was preserved beneath the Pal-
aeozoic sequence. 

The section between points A and B on profile 1 (Fig. 6.1) provides a dip 
line through the Hanö Bay Basin. This profile then passes above the Chris-
tiansø Fault, which bounds the Hanö Bay Basin to the south and then onto the 
Christiansø High. The section between B and C on profile 2 (Fig. 6.8) also 
provides a dip line through the Hanö Bay basin, however this profile does not 
pass through the Christiansø Fault; instead it bends to provide a strike line 
through the basin between points A and B. The deposits, which fill the depres-
sions in the rugose basement surface are interpreted to be Rhaetian sandstones, 
corresponding to the basal most sandstone in the 104/13-1 well. Overlying the 
Rhaetian deposits is a Jurassic sequence, which onlaps the basement surface 
and thickens to the south of the basin. Rotated and uplifted Jurassic and Rhae-
tian sequences are interpreted to be present on the Christiansø High, although 
this is somewhat uncertain due to an absence of well data. Above the Jurassic 
strata lies a thick Cretaceous sequence, which constitutes the majority of the 
basin fill. Within the Cretaceous sequence, an unconformity has been inter-
preted which can clearly be observed between points A and B on profile 2 
(Fig. 6.8). Below the unconformity, close to the Christiansø Fault a high am-
plitude wedge shaped feature can be seen in the seismic, which contains cli-
noforms (Fig. 6.8). Above the Cretaceous sequence a thin Paleocene and Qua-
ternary sequence is interpreted. In this thesis, it is proposed that the Hanö Bay 
Basin began to subside during the Late Triassic due to tectonics within the 
Christiansø Fault Zone (Vejbæk et al., 1994). Continued subsidence lead to 
the deposition of a thicker Jurassic sequence, which onlapped the basement to 
the north. During the Triassic and the Jurassic, the Christiansø High was a 
structural low and hence a thicker Triassic and Jurassic sequence was depos-
ited here than in the Hanö Bay Basin. During the Late Cretaceous inversion 
phase the Christiansø High was uplifted significantly and subject to erosion. 
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The high amplitude wedge feature in the seismic is therefore interpreted to 
represent a wedge of coarse-grained sediments, which were eroded from the 
adjacent Christiansø High. During this time finer grained sediments were de-
posited in the north of the Hanö Bay Basin. The unconformity is interpreted 
to coincide with the end of significant erosion from the tops of the inverted 
fault blocks, after which predominantly fine-grained strata were deposited as 
the basin gradually subsided. 

 
Fig. 6.8. Regional seismic profile 2. Seismic data is shown above and the interpreta-
tion is shown below. The letters A-C denote the links between the individual seismic 
sections, which have been merged to generate the profile. Well locations and mark-
ers are shown as well as intersections with other regional profiles. The inset shows 
prograding clinoform features within the high amplitude wedge in the seismic data. 
The black rectangle on the cross section denotes the location of the inset. 

The new interpretation of the Hanö Bay Basin presented here is broadly sim-
ilar to that proposed by Kumpas (1980). However, the geological history pro-
posed here differs significantly to that proposed by Kumpas (1980), who sug-
gests that the Christiansø High was a structural high throughout the life of the 
Hanö Bay Basin. 
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6.5 Geological history and faulting styles 

 
Fig. 6.10. Characterization of timing and types of faulting observed in the Baltic and 
Hanö Bay basins. A), B) and C) detail the faulting within the Hanö Bay Basin. D), 
E) and F) detail the faulting in the Outer Hanö Bay area. G), H) and I) detail the 
faulting in the Baltic Basin. Approximate scales for the schematic sections from 
each area are shown on the lowermost panel. 

A schematic cross section, which describes the geological history of the Baltic 
and Hanö Bay basins at different times, is presented in Fig. 6.9. The typical 
faulting mechanisms and timing for the different areas discussed in this thesis 
are summarized below and in Fig. 6.10. The Baltic Basin is largely devoid of 
faulting, however some small faults are present within the deeper parts of the 
basin. During the Caledonian Orogeny (Late Silurian / Early Devonian), pre-
existing faults within the basement were inverted. In some cases this led to 
transpressional faulting of the Lower Palaeozoic strata directly overlying the 
basement faults. Fault propagation folding (Krzywiec, 2002) also occurred 
above these inverted basement faults. Faulting within the Hanö Bay Basin and 
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Outer Hanö Bay area first occurred during the Late Carboniferous / Early Per-
mian in association with the Tornquist Zone and was transtensional (Vejbæk 
et al., 1994). These transtensional faults were later inverted during the Late 
Cretaceous in association with the Alpine Orogeny (Ziegler, 1990; Vejbæk et 
al., 1994; Thybo, 2000).  

 
Fig. 6.9. Schematic section showing the geological history of the Baltic and Hanö 
Bay basins at different points throughout time (A-E). The approximate location of 
the schematic profile is shown as a black line in the map. 
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7. CO2 storage potential of the Baltic Basin 

The following section summarizes an assessment of the effective CO2 storage 
capacity of the Cambrian Viklau, När and Faludden aquifers within the Swe-
dish sector of the Baltic Basin. The assessment is described in detail in Paper 
III.  

7.1 Previous CO2 storage estimates in the Baltic Basin 
A range of assessments which address the CO2 storage capacity have already 
been conducted in the Baltic Basin (Sliaupa et al., 2008; GeoCapacity, 2009; 
Shogenova et al., 2009a, b; Erlström et al., 2011; Anthonsen et al., 2013; 
Vernon et al., 2013). Several of these studies focused primarily on storage 
capacity assessments within the Baltic States of Estonia, Lithuania, Latvia or 
Poland (Sliaupa et al., 2008; GeoCapacity, 2009; Shogenova et al., 2009a, b). 
In these studies, Cambrian aquifers were investigated as potential storage res-
ervoirs and effective storage capacity calculations were performed for a series 
of structural traps. The first study to address CO2 storage capacities in Swedish 
territory was performed by Erlström et al. (2011). Here capacities were calcu-
lated for both structural and stratigraphic traps within the Cambrian sand-
stones of the Swedish sector of the Baltic Basin. Vernon et al. (2013) per-
formed a basin wide assessment of CO2 storage capacity within the Baltic Ba-
sin as part of the BASTOR project. During this study Vernon et al. (2013) 
were allowed access to proprietary commercial data, which they used to assess 
the CO2 storage potential within structural straps and the large Faludden strat-
igraphic trap. Vernon et al. (2013) identified the Dalders structure as the most 
prospective structure for CO2 storage in the Swedish sector of the Baltic Basin. 
Anthonsen et al. (2013) detail assessments of CO2 storage capacity within the 
Baltic Basin as part of the Nordiccs project, which are very similar to those 
performed by Erlström et al. (2011). A table summarizing the previous storage 
capacity estimates within the Baltic Basin is provided in Table 7.1. 
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Table 7.1. Table summarizing previous CO2 storage capacity estimates in the Baltic 
Sea region.  

Time  

Period 

Agency Method Assessment Type of capacity  

assessment 

Capacity  

Estimate (Mt) 

2006-2009 GeoCapacity GeoCapacity Estonia  Effective 0 

2006-2009 GeoCapacity GeoCapacity Latvia - Cambrian reservoirs       

(structural closures) 

Effective 404 

2006-2009 GeoCapacity GeoCapacity Lithuania - Cambrian reser-

voirs (structural closures) 

Effective 30 

2006-2009 GeoCapacity GeoCapacity Poland Effective (Conservative) 1761 

2011 SGU USDOE Sweden - Faludden reservoir       

(structural closures) 

Effective <100 

2011 SGU USDOE Sweden - Faludden reservoir    

(stratigraphic trap) 

Effective 400-4500 

2013 SLR GeoCapacity Dalders structure - Faludden 

reservoir 

Effective 128 

2013 SLR GeoCapacity Whole Basin - Faludden res-

ervoir (structural closures, in-

cludes Dalders) 

Effective 761 

2013 SLR GeoCapacity Whole Basin - Faludden res-

ervoir (stratigraphic trap - be-

low 800m depth) 

Effective 1923 

 

7.2 Methodology 
Using the terminology outlined by the Carbon Sequestration Leadership Fo-
rum (CSLF), the effective storage capacity is assessed on a regional scale in 
this study (Bachu et al., 2007; CSLF, 2008). In this assessment an open aquifer 
system was assumed, where CO2 storage capacity can be calculated using so 
called volumetric methods (Bachu et al., 2007). The expression used to calcu-
late effective CO2 storage capacity in the USDOE Carbon Sequestration Atlas 
III (USDOE, 2010), is used and expanded upon in this study and is shown 
below: 

 
∅  

    
 7.2.1 

Here the total mass of CO2 which can be stored ( ) is calculated as a func-
tion of the area of the saline aquifer , the thickness of the aquifer , the 
aquifers porosity ∅ , the density of the CO2 under reservoir conditions  and 
the storage efficiency factor . The  factor attempts to account for 
the fact that not all of the pore space can be utilized for storage. It can be 
calculated using the following expression: 
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⁄ ⁄ ∅ ∅⁄  
    

 7.2.2 
If the reservoir being assessed contains clay layers for example, which cannot 
be utilized for storage, the gross volume of the reservoir should not be used to 
calculate the storage capacity. The two factors ⁄  and ⁄  account for 
the proportion of the total reservoir area and total reservoir thickness, respec-
tively, which are unsuitable for CO2 storage. Within a reservoir rock, not all 
of the pore space will be connected and hence some of the pore space will be 
inaccessible to injected fluid. The factor ∅ ∅⁄  is the ratio of total porosity 
to effective porosity.  accounts for the fact that due to reservoir heterogene-
ities and the geometry of the CO2 plume, not all of the reservoir will be occu-
pied by CO2. Finally,  accounts for microscopic effects, which limit the 
amount of effective pore space which can be occupied by CO2.  

The USGS (2009) have outlined a probabilistic scheme whereby an esti-
mate of the CO2 storage capacity can be obtained along with a robust estimate 
of the associated uncertainty. In this scheme, equation 7.2.1 is used to perform 
the capacity calculation. For each of the input values a probability distribution 
is defined instead of a single deterministic value. The storage capacity calcu-
lation is then performed many times. For each calculation the input values are 
selected at random from the input probability distributions. This results in a 
large amount of estimations, which can be analyzed statistically to obtain a 
most likely CO2 storage capacity estimate. One can also obtain a measure of 
the uncertainty in this estimate using this distribution.  

It is often the case that the USDOE methodology is used to calculate the 
storage capacity in structural traps (Fig. 2.3). However, when CO2 is trapped 
buoyantly within a structural closure, the vertical thickness of trapped CO2 
will vary across the structure. The USDOE expression, however, assumes a 
constant thickness of reservoir across the area of the structural trap and as a 
result the amount of CO2 that could be trapped buoyantly in the structure is 
overestimated. This situation is shown in Fig. 7.1A. Similarly, a constant den-
sity, porosity and storage efficiency factor are also assumed for the structural 
closure in the USDOE method. In this study, a variation of the expression used 
by the USDOE, which takes into account changes in the input factors over the 
area of the reservoir, is proposed: 

 

, ∅ , , ,  

   7.2.3 
Here the factors , , ∅ , , ,  and ,  represent spa-
tially varying grids of reservoir thickness (CO2 saturated), reservoir porosity, 
CO2 density and storage efficiency factor. When applied to structural closures, 
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this expression allows a more accurate assessment of the effective storage ca-
pacity to be calculated (Fig. 7.1B).  

 
Fig. 7.1. Schematic diagram showing the difference between methods 1 and 2, 
which were used in this thesis to calculate the CO2 storage capacities of structural 
traps. A) and B) show a cross section and a map view of a structural closure. The red 
color denotes the volume included in the CO2 capacity calculation in each method. 
The black dotted line denotes the lowest closing contour of the structural closure. C) 
and D) show flow charts describing the probabilistic capacity calculation for struc-
tural traps in method 1 and method 2, respectively. 

In this study, the effective storage capacity was assessed for structural traps in 
the three Cambrian reservoirs and a stratigraphic trap within the Faludden res-
ervoir. Two methods were used to perform the calculations for the structural 
traps, method 1 uses expression 7.2.1 (USDOE, 2010), while method 2 uses 
the more accurate expression shown in 7.2.3. For the Faludden stratigraphic 
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trap, only method 2 was used to perform the calculations. All calculations 
were performed probabilistically (USGS, 2009).  

7.3 Input properties 
In order to successfully use the expressions defined in 7.2.1 and 7.2.3, repre-
sentative input values are required. This section briefly summarizes the gen-
eration of a set of property maps and distributions, which were used as input 
to the probabilistic calculations. A more detailed summary is given in Paper 
III.  

Table 7.2. Input ranges used to calculate the  values for the different CO2 
storage scenarios assessed in this thesis. Final low case (P10), mid case (P50) and 
high case (P90)  values for the four different storage scenarios are also 
shown. 

Scenario 

Faludden 
Strati-
graphic trap 

Faludden 
structural 
closure 

När structural 
closure 

Viklau 
structural 
closure 

⁄  0.8-0.99 0.8-0.99 0.8-0-99 0.8-0.99 

⁄  0.725-0.99 0.725-0.99 0.70-0.99 0.2-0.6 

∅ ∅⁄  0.64-0.77 0.64-0.77 0.64-0.77 0.64-0.77 

 0.16-0.39 0.46-0.73 0.46-0.73 0.46-0.73 

 0.35-0.76 0.41-0.8 0.41-0.8 0.41-0.80 

 P10 (%) 3.8% 11.5% 11.3% 3.8% 

 P50 (%) 8.0% 20.8% 20.7% 8.5% 

 P90 (%) 14.4% 31.5% 31.3% 16.0% 

Top reservoir depth structure maps were an important input to this assessment, 
as many properties such as reservoir porosity, temperature and pressure vary 
as a function of depth. Detailed top structure maps are also required to map 
potential structural traps for CO2 storage. To assess the structural traps, an 
earlier version of the top Cambrian depth structure map presented in Fig. 6.5 
was used (section 6.2). This previous version of the map did not extend as far 
to the east as the map presented in Fig. 6.5. The Dalders structure, highlighted 
as the most prospective structure for CO2 storage within the Swedish sector of 
the Baltic Basin by Vernon et al. (2013), was not represented on the map. 
Therefore, maps detailing the Dalders structure in the report by Vernon et al. 
(2013) were digitized. The structure was then added to the detailed top Cam-
brian map used in this study. For this assessment, the top Cambrian map was 
used to approximate the top Faludden reservoir surface. Isochore maps gener-
ated from wells were used to calculate the top När and Viklau reservoir maps. 
For the assessment of the Faludden stratigraphic trap, a smooth top Faludden 
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map, which covered the entire Swedish sector of the basin was generated. In 
order to generate reservoir thickness maps for the Faludden, När and Viklau 
reservoirs, well data from the OPAB dataset and Nielsen and Schovsbo (2011) 
were used (Fig. 7.2). The Faludden reservoir is absent in the wells on Öland 
and in the Yoldia well and therefore pinches out moving to the west from the 
offshore wells B-7 and B-9. To capture the uncertainty in this pinch-out loca-
tion, high, mid and low case pinch-out locations were used (Fig. 7.2). During 
the probabilistic calculations, the Faludden reservoir was constrained to 
pinch-out between the low and high case pinch-out interpretations. A cross 
validation analysis was used to assess the uncertainty in the three reservoir 
thickness maps (Geisser and Eddy, 1979).  

Porosity data were collected from sources at the SGU, from the OPAB da-
taset and from Shogenova et al. (2009b). A linear porosity depth trend was 
calculated from the data, which was used to generate a porosity map from the 
top reservoir depth structure map (Fig. 7.2). The distribution of the error be-
tween each porosity data point and the porosity depth trend was used to assess 
the uncertainty in the porosity map. It was assumed that the CO2 density is a 
function of the in situ reservoir temperature and pressure and that the CO2 is 
pure. Therefore, before characterizing the CO2 density, the temperature and 
pressures of the reservoirs needed to be assessed. To assess the reservoir tem-
peratures, a linear geothermal gradient was derived from 34 bottom hole well 
temperature values from the OPAB dataset and a map detailing the heat flow 
across the Baltic Basin (Čermák et al., 1993). A geothermal gradient of 
25.8 oC/km was obtained from this analysis. A linear pressure depth curve was 
derived from 15 downhole pressure readings from the OPAB dataset. A mid 
case CO2 density depth curve and its associated uncertainty was assessed us-
ing a Monte Carlo analysis of the temperature and depth curves and their as-
sociated uncertainty. The mid case density depth curve was then used to gen-
erate a CO2 density map (Fig. 7.2). Low, mid and high  values were 
generated for the Faludden, När and Viklau structural trap scenarios and for 
the Faludden stratigraphic trap scenario using the Monte Carlo approach de-
scribed by the USDOE (2010). Input values, which were used to generate the 

 values were based on analysis of well data from the OPAB dataset and 
from a report by the International energy agency (IEA, 2009). Constant  
mid case values were assumed across the basin during the probabilistic calcu-
lations and the corresponding low case and high case values were used as a 
measure of the uncertainty in this value. A table summarizing the input ranges 
and final  values used in the calculation is presented (Table 7.2).  
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Fig. 7.2. Some of the mid case reservoir property maps used in the probabilistic CO2 
storage capacity calculations. A), B), C) and D) show maps of the mid case CO2 
density, CO2 phase, reservoir thickness and reservoir porosity, respectively, for the 
Faludden reservoir. E) and F) show maps of the reservoir thickness for the När and 
Viklau reservoirs, respectively. 
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7.4 Results 

 
Fig. 7.3. Detailed top Cambrian structure map which was used to approximate the 
top of the Faludden reservoir in the structural trap scenario. Structural traps are high-
lighted with red lines. Structural traps with a mid case storage capacity greater than 
1 Mt in either of the three reservoirs have been labelled in red. A close up of the 
Dalders/S41 structural trap is shown. The color of the map shows the CO2 storage 
capacity per unit area calculated using the mid case property values. CO2 phase 
changes are shown as black dashed lines.   

Approximately 40 structural closures were identified using the detailed top 
reservoir structure maps for which CO2 storage capacities were assessed. Fig. 
7.3 shows the detailed top structure map for the Faludden reservoir with all of 
the structural closures highlighted. A total of 12 structures have been labelled 
on the map, all of which were assessed to have a mid case (P50) CO2 storage 
capacity of over 1 Mt, using method 2 (Equation 7.2.3). The low (P10), mid 
(P50) and high (P90) case storage capacities for the 12 structures in the Fa-
ludden, När and Viklau reservoirs are shown in Fig. 7.4. It is clear that the 
storage capacity of the S41/Dalders structure is an order of magnitude higher 
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than the other structures identified within the Swedish sector. The distribution 
of CO2 storage capacity within the Dalders structure, for each of the three res-
ervoirs, is shown in Fig. 7.4. The Dalders structure is located deeper in the 
basin than the other structures, where the reservoir conditions are more favor-
able and where the Faludden reservoir is relatively thick, hence the Dalders 
structure is the most favorable structure for CO2 storage in the Swedish sector 
of the Baltic Basin. The remaining 11 structures labelled on the map have rel-
atively low storage capacities if a reasonable industrial injection rate of 1 Mt 
per year is considered. A number of these structures are also at a depth where 
CO2 will exists in a gaseous state which is not ideal for storage. 

  
Fig. 7.4. Probabilistic CO2 storage capacities for the 12 structural traps with a stor-
age capacity of greater than 1 Mt in at least one of the three reservoirs. The location 
of these structural traps is shown in Fig. 7.3. A), B) and C) show the probabilistic 
storage capacities for the structures within the Faludden, När and Viklau reservoirs, 
respectively. The blue bars show the mid case (P50) storage capacities calculated us-
ing method 2. The green bars show the mid case (P50) storage capacities calculated 
using method 1. The error bars indicate the low case (P10) and high case (P90) stor-
age capacities. D), E) and F) show the CO2 storage capacity distribution for the 
Dalders structure calculated using method 2 for the Faludden, När and Viklau reser-
voirs, respectively. The red lines indicate the low case (P10), mid case (P50) and 
high case (P90) values for these distributions. 

Fig. 7.5 shows the distribution of the total storage capacity within the Fa-
ludden stratigraphic trap within the Swedish sector of the Baltic Sea. As the 
Faludden stratigraphic trap covers a large depth range, CO2 will be in different 
states in different parts of the reservoir (Fig. 7.2). Distributions of the storage 
capacity of CO2 in a gas, liquid and supercritical phase are also shown for the 
Faludden stratigraphic trap (Fig. 7.5). The effective CO2 storage capacity of 
the Faludden stratigraphic trap in the deeper part of the basin, where CO2 can 
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be stored in a supercritical state is assessed to be very large, with a mid case 
capacity of 3390 Mt. Fig. 7.6 shows a map which is shaded by storage capacity 
per unit area for the mid case Faludden reservoir properties. The darker areas 
on this map therefore indicate the most favorable areas for CO2 storage. It can 
be observed that the area to the SE of Gotland appears to have the highest 
storage capacity as the Faludden thickness is interpreted to be thickest in this 
area. The most favorable storage option from those assessed in this study is 
therefore within the Faludden stratigraphic trap.  

 
Fig. 7.6. Map showing the smooth top Cambrian structure map which was used to 
approximate the top of the Faludden reservoir in the stratigraphic trap scenario. The 
color of the map shows the CO2 storage capacity per unit area calculated using the 
mid case property values. CO2 phase changes are shown as black dashed lines. Note 
that the Faludden reservoir pinches out to the W and NW (Fig. 7.2C). 
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Fig. 7.5. Probabilistic storage capacity distributions for the Faludden stratigraphic 
trap. The distributions are shown in blue, while the low case (P10), mid case (P50) 
and high case (P90) values are highlighted as red lines. A) Shows the distribution of 
total CO2 storage capacity. B), C) and D) show the storage capacity distributions for 
CO2 in a supercritical, liquid and gas phase, respectively. 
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8. Conclusions 

The primary dataset for the studies outlined in this thesis was the vast, largely 
unpublished OPAB dataset. This thesis describes a series of studies which 
were aimed at developing methods to maximize the information that could be 
extracted from this dataset and to use it to improve the understanding of the 
geology and CO2 storage potential of the Swedish sector of the Baltic Sea. The 
overall conclusions from the work described in the thesis will now be dis-
cussed with respect to the three objectives outlines in section 1. 
  
Objective 1: To utilize existing methods and develop new methods to max-
imize the value of the OPAB dataset for society. 
 
 A significant uplift in the quality of the final stacked seismic image can 

be achieved by reprocessing data from the OPAB dataset. The magnitude 
of the improvement, which can be achieved is related to the acquisition 
parameters of the data, where a larger improvement can be achieved with 
data from the more recent surveys within the dataset. Significant forms of 
noise within the OPAB dataset are multiples and side scattered noise. The 
most effective multiple removal process for these data is deconvolution 
applied in the Tau-p domain, although parabolic radon de-multiple and 
deconvolution applied in the time domain can also be effective. Side scat-
tered noise on these data can be successfully removed using FK filtering 
to remove negative dips in the shot and receiver domain. Post stack time 
migration provides a significant uplift in the image in areas of complex 
structure. 

 A process has been developed to enhance the signal to noise ratio of the 
primary reflections in the seismic data using water bottom multiples. This 
process is 1D and can easily be applied to vintage datasets with relatively 
poor acquisition parameters by modern standards. Although it does not 
work well in all circumstances due to its inherent 1D assumptions, it has 
been shown to provide an uplift on some stacked images from the OPAB 
dataset. Therefore, it could be used as a tool to increase the signal to noise 
ratio for stratigraphic and structural interpretation of the Baltic and Hanö 
Bay basins in some cases. 

 A program has been written in MATLAB to digitize wiggle trace images 
of stacked seismic data and output them as SEGY files. This allows large 
amounts of seismic data within the OPAB dataset, which only exist as 
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scanned images of paper hard copies to be digitized and imported into 
modern seismic processing and interpretation software. The program per-
forms relatively well and can reproduce SEGY data from images with a 
trace-to-trace correlation coefficient of above 0.85 under the right condi-
tions. Currently no freely available software exists which performs this 
process, so the program could be of benefit to other academic institutions 
if made available. 

 
Objective 2: To use the OPAB dataset to gain a better understanding of the 
geological structure and stratigraphy of the Swedish sector of the Baltic Sea 
(i.e. the Baltic and Hanö Bay basins). 
 
 Over 110 reprocessed seismic lines were interpreted in this thesis. The 

papers included in this thesis are the first to present a set of interpreted 
regional seismic profiles which detail the entire sedimentary sequence 
across the Swedish sector of the Baltic and Hanö Bay basins.  

 In the deeper parts of the Baltic Basin a series of faults have been docu-
mented. These are interpreted to be Caledonian age transpressional faults, 
which are most likely associated with older faults within the basement.  

 Ordovician carbonate mounds have been observed and mapped deeper 
into the Baltic Basin than in previous studies. The distribution of these 
mounds can be used to infer the depositional environment towards the end 
of the Ordovician. These seismic observations support the work of Jaanus-
son (1972) and Kiipli et al. (2008). 

 A series of dipping reef structures have been observed in the reprocessed 
seismic data in the northern part of the Baltic Basin. These are similar to 
observations made by Flodén (1980) and Flodén et al. (2001), who sug-
gest a decrease in relative sea level to the north of the basin during the 
Silurian. 

 In the Outer Hanö Bay area, an area of significant faulting first identified 
by Wannäs and Flodén (1994) has been mapped in detail using the repro-
cessed seismic data. The new interpretation differs significantly from pre-
vious interpretations of the area. This fault system is interpreted to be a 
dextral transtensional fault system, formed during the Late Carboniferous 
/ Early Permian, in association with the tectonics of the Tornquist Zone. 
This fault system was later inverted during the Late Cretaceous in associ-
ation with the Alpine orogeny. The largest fault in the Outer Hanö Bay 
area, the Yoldia Fault, is shown to link directly to the Christiansø Fault in 
the Tornquist Zone.  

 The rugose basement observed in the Hanö Bay Basin is interpreted to 
have formed during the Early Mesozoic due to deep weathering along 
fractures, after the complete removal of the Palaeozoic strata during the 
Carboniferous and Permian. Elsewhere in the Baltic Basin, the smooth 
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basement character from the Precambrian peneplain was protected from 
this erosion by the overlying Palaeozoic sediments.  

 The Christiansø High is interpreted to have initially formed as a structural 
low during the Late Carboniferous / Early Permian transtensional faulting 
phase and remained so during the Triassic and Jurassic. During the Late 
Cretaceous inversion phase, the Christainsø High was uplifted signifi-
cantly. Erosion from the uplifted Christiansø High affected the sedimen-
tation within the Hanö Bay Basin during the Late Cretaceous, giving rise 
to a wedge of coarse-grained deposits which was rapidly deposited adja-
cent to the Christiansø Fault.  

 A large elongated mound feature on the seabed has been interpreted to be 
a glacial feature (drumlin) to the SE of Gotland. This sizable feature has 
not previously been identified as a drumlin, hence it could provide an in-
teresting target for Quaternary geologists to investigate further.  
 

Objective 3: To use the OPAB dataset to characterize the CO2 storage po-
tential of the Swedish sector of the Baltic Sea. Focusing on the Palaeozoic 
sequence of the Baltic Basin. 
 
 As part of this thesis the effective CO2 storage capacity was assessed for 

the Cambrian Viklau, När and Faludden reservoirs. The storage capacity 
within structural traps was assessed for all three of the reservoirs. A large 
stratigraphic trap in the Faludden reservoir was also investigated. 

 Of all the structural closures assessed the S41/Dalders structure appears 
to be the most favorable for CO2 storage with mid case storage capacities 
of 74 Mt, 44 Mt and 26 Mt within the Faludden, När and Viklau reservoirs, 
respectively. It is therefore far larger than any of the other structures iden-
tified and is located deep within the basin where CO2 can be stored in a 
supercritical state. However, it may be the case that storage within the 
Dalders structure alone is not feasible when considering industrial injec-
tion rates and the high cost associated with offshore infrastructure.  

 The Faludden stratigraphic trap is assessed to have a very large storage 
capacity, with a mid case capacity of 3390 Mt in the deeper part of the 
reservoir, where CO2 could be stored in a supercritical state. This makes 
it the most promising storage option within the Swedish sector of the Bal-
tic Sea. In such a storage option CO2 would be injected in the deeper parts 
of the basin and allowed to migrate updip towards the reservoir pinch out 
location. However, such a storage scenario includes many effects and var-
iables not accounted for in this study. Therefore, further reservoir model-
ling studies are required to fully assess the feasibility of this option for 
storage.  

 It is stated by the CSLF that robust and accurate assessments of CO2 stor-
age capacity are required for policy makers to make informed decisions 



 75

(CSLF, 2008). However, it can be considered equally important to under-
stand the uncertainty in the assessment. Therefore, an important advantage 
of the probabilistic methodology used in this study is that it not only pro-
vides an estimate of the storage capacity but also an estimate of the asso-
ciated uncertainty.  
 

Despite the reprocessing of over 7000 km of data from the OPAB dataset dur-
ing the work for this thesis, significant amounts of data within the dataset have 
not been investigated (Fig. 1.2). Therefore, significant potential resides in this 
dataset to provide further insight into the geology of the Baltic Sea and to be 
used for future efforts to investigate its CO2 storage potential. 

Some of the work in this thesis was part of the SwedSTORECO2 project, 
which aims to establish a pilot CO2 injection site in Sweden. One potential 
location for such a facility would be the Island of Gotland, to investigate the 
Faludden reservoir and overlying cap rock for CO2 storage. A detailed char-
acterization of the Faludden reservoir below the island of Gotland using the 
OPAB dataset would be an important part of such a project. If industrial scale 
injection of CO2 within the Faludden stratigraphic trap is to become a reality, 
a detailed characterization of the structure of the basin, updip from the injec-
tion site will need to be performed. This would likely involve reprocessing all 
of the available OPAB data to map the transpressional fault network observed 
in the deeper parts of the basin in this study. Updated maps detailing the struc-
ture of the flank of the Baltic Basin would be important for reservoir model-
ling efforts and to better understand any risks of leakage associated with the 
transpressional fault network. A number of windfarms have been constructed 
and are currently under development on the island of Gotland. The possibility 
may exist to utilize subsurface reservoirs such as the Ordovician carbonate 
mounds or the Faludden reservoir for energy storage, whereby excess energy 
from wind power can be stored as pressure within subsurface reservoirs and 
extracted at a later time. The OPAB dataset would therefore be an important 
resource for any such investigation into the feasibility of geological energy 
storage on Gotland.  

This thesis therefore demonstrates that old vintage datasets can provide val-
uable new information when digitized, reprocessed and reinterpreted. It also 
shows that the OPAB dataset will continue to be a valuable resource for the 
scientific understanding of the geology of Sweden and to help assess ways in 
which the subsurface can be utilized as a resource for society in the future. 
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9. Summary in Swedish 

Ett omfattande flerkanaligt sesmiskt dataset, som samlades in mellan 1970 och 
1990 av Oljeprospektering AB (OPAB), har nyligen gjorts tillgängligt av Sve-
riges geologiska undersökning (SGU). Datasetet täcker ett flertal områden i 
södra Sverige, inklusive den svenska delen av Östersjöns huvudsakligen sedi-
mentära berggrund från paleozoikum och Hanöbuktens sedimentära berg-
grund från mesozoikum. Sedimentbergarternas tjocklek i de svenska delarna 
av Östersjön och Hanöbukten når 2 km respektive 1,1 km. Tidigare seismiska 
undersökningar av området har i första hand gjorts med högfrekventa enka-
nalsmätningar, med ett maximalt genomträngningsdjup på ungefär 400 m. 
Som ett resultat har strukturerna och stratigrafin i de djupare delarna av desssa 
områden inte blivit undersökta med seismiska metoder i någon större 
utsträckning. På senare år har intresse väckts för att undersöka potentialen för 
att lagra koldioxid i den sedimentära berggrunden i dessa områden. För att 
lagra koldioxid på ett effektivt sätt behövs en tjocklek på över 800 m, vilket 
innebär att de tjockare delarna av dessa områden är de mest attraktiva för po-
tentiell lagring. OPAB:s dataset, som till stora delar inte är publicerat, inne-
håller sesmisk data som avbildar hela den sedimentära berggrunden i området. 
Det finns därför möjlighet att använda detta dataset för att förbättra den geo-
logiska förståelsen av de djupare delarna av berggrunden och för att utvärdera 
potentialen för koldioxidlagring. 

Denna avhandling sammanställer fyra artiklar som tar upp följande: (1) att 
använda existerande metoder och att utveckla nya metoder för att få ut så 
mycket information som möjligt från OPAB:s dataset, (2) att använda datase-
tet för att förbättra den geologiska förståelsen av berggrunden i Östersjön och 
Hanöbukten och (3) att använda datasetet för att utvärdera potentialen för kol-
dioxidlagring i området. 

Ett antal konventionella metoder för databehandling har testats på OPAB:s 
dataset, men nya arbetsflöden för behandling av datasetet har också tagits 
fram. Dessa nya arbetsflöden ger ett förbättrat resultat av den slutliga stackade 
seismiska bilden, jämfört med resultatet av den ursprungliga databehand-
lingen som gjordes mellan 1970 och 1990. En metod för att konvertera skan-
nade bilder av seismiska profiler till SEGY-filer har utvecklats. Denna metod 
gör  att stora delar av OPAB:s dataset kan digitaliseras så att det kan behandlas 
med modern mjukvara. En ny seismisk processeringsteknik som kombinerar 
multipla och primära reflektioner har utvecklats. Jag har visat att denna metod 
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förbättrar förhållandet mellan signal och brus i några av de seismiska mätlin-
jerna i OPAB:s dataset. 

I denna avhandling presenteras för första gången tolkningar av fem region-
ala seismiska profiler, som i detalj beskriver hela den sedimentära sekvensen 
i området. Dessa profiler konstruerades med över 110 seismiska mätlinjer som 
har behandlats på nytt och tolkats inom arbetet med denna avhandling. Kartor 
över djupstrukturen i de sedimentära lagerföljderna i den yttre delen av Hanö-
bukten och i de djupare delarna av Östersjöns berggrund presenteras också i 
denna avhandling. Den geologiska strukturen stämmer i stora drag överens 
med tidigare undersökningar, men några nya observationer har gjorts: 

  
1. En serie av små förkastningar i de djupare delarna av berggrunden 

i Östersjön har tolkats som redan existerande förkastningar i 
urberget som har inverterats under den kaledonska orogenesen, 
vilket har lett till transpressionella förkastningar i den undre delen 
av den paleozoiska stratan och veckningar i den överliggande 
stratan.  

2. Revkalkstenar från ordovicium har kartlagts djupare ned i 
Östersjöns berggrund än vad som gjorts i tidigare studier och 
dessa har använts för att få en bättre förståelse för 
avsättningsmiljön under den kaledonska orogenesen.  

3. En serie sluttande revformationer har identifierats i norra 
Östersjön i lagerföljden från silur.  

4. Ett nätverk av transtensionella förkastningar i ytttre Hanöbukten 
från sen karbon till tidig perm, som senare inverterats under sen 
krita, har kartlagts i detalj med hjälp av ett tätt nät av seismiska 
mätlinjer som omprocesserats.  

5. Urberget av rugosa koraller som observerats i Hanöbukten, tolkas 
som att det har bildats under tidig mesozoikum på grund av den 
djupgående erosionen längs deformationszoner.  

6. Christiansø-höjden, söder om Hanöbukten, tolkas som att det har 
varit en låg del av strukturen under trias och jura. Denna har 
senare inverterats under krita vilket gett upphov till en kil med 
grovkornig strata avsatt i den södra delen av Hanöbukten och 
associerad med upphöjning och erosion av Christiansø-höjden. 

7. En långsmal revkalksten på havsbotten sydöst om Gotland tolkas 
som en glacial formation. 

Potentialen för att lagra koldioxid i strukturella och stratigrafiska fällor har 
utvärderats för sandstensreservoarerna i Viklau, När och Faludden. En proba-
bilistisk metod har använts, vilket möjliggör en robust uppskattning av lag-
ringskapaciteten och dess osäkerhet. Den mest gynnsamma strukturella fällan 
för lagring uppskattas vara Daldersformationen, som har en uppskattad (P50) 
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lagringspotential på 74 Mt, 44 Mt och 26 Mt i reservoarerna i Faludden, När 
respektive Viklau. Det mest gynnsamma valet för lagring är dock att lagra 
koldioxid i Faluddens stratigrafiska fälla, som har en uppskattad (P50) lag-
ringspotential på 3390 Mt i de djupare delarna av berggrunden, där koldioxid 
kan lagras i ett superkritiskt tillstånd. Men, på grund av de dynamiska egen-
skaperna hos ett sådant lagringsalternativ, behövs ytterligare arbete med att 
modellera reservoaren för att kunna bedöma rimligheten i ett sådant lag-
ringsalternativ. 

Denna avhandling visar att gamla dataset kan ge värdefull information då 
de digitaliseras, ombehandlas och omtolkas. Den visar också att OPAB:s da-
taset även i fortsättningen kommer vara en värdefull källa för vetenskaplig 
förståelse av Sveriges geologi och för att utvärdera hur berggrunden kan an-
vändas som en tillgång för samhället i framtiden. 
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