
Independent Project at the Department of Earth Sciences 
Självständigt arbete vid Institutionen för geovetenskaper 

2015: 21 
 
 
 
 
 
 
 
 
 
 

Petrophysical and Geophysical 
 Analysis of Ordovician Limestone 

Mounds for the Purpose of 
Hydrocarbon Reservoir Exploration 

Petrofysisk och geofysisk analys av Ordoviciska 
kalkstensstrukturer för hydrokarbonprospektering  

 
 
 
 
 
 
 
 
 
 
 
 
 

Felix Söderberg 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

DEPARTMENT OF 
EARTH SCIENCES 

I N S T I T U T I O N E N  F Ö R  

G E O V E T E N S K A P E R  



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Independent Project at the Department of Earth Sciences 
Självständigt arbete vid Institutionen för geovetenskaper 

2015: 21 
 
 
 
 
 
 
 
 
 
 

Petrophysical and Geophysical 
 Analysis of Ordovician Limestone 

Mounds for the Purpose of 
Hydrocarbon Reservoir Exploration 

Petrofysisk och geofysisk analys av Ordoviciska 
kalkstensstrukturer för hydrokarbonprospektering  

 
 
 
 
 
 
 
 
 
 
 
 
 

Felix Söderberg 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Copyright © Felix Söderberg and the Department of Earth Sciences, Uppsala University 
Published at Department of Earth Sciences, Uppsala University (www.geo.uu.se), 
Uppsala, 2015 



Sammanfattning 
 
Petrofysisk och geofysisk analys av Ordoviciska kalkstensstrukturer för 
hydrokarbonprospektering 
Felix Söderberg 
 
Gripen Oil & Gas har utökat sin prospekteringslicens på Gotland till den norra änden 
av ön för att söka efter fler potentiella reservoarer för hydrokarboner. Tidigare pro-
spektering har visat att ordoviciska slamhögar i kalksten har hög potential som hydro-
karbonreservoarer, bl a på grund av deras linsformade utseende och petrofysiska 
egenskaper. 

Denna studie fokuserar på de petrofysiska egenskaper av de lithofacies som finns 
i slamhögarna från Ordovicium på norra Gotland. Analyser genomförs för att be-
stämma densitet, porositet och ultrasonisk våghastighet på tio olika borrkärnor från 
olika platser på Gotland, och dessa petrofysiska egenskaper jämförs med varandra. 
För att länka samman de petrofysiska mätningarna med den geofysiska datan 
används akustisk impedans. Seismisk reflektionsdata insamlat av OPAB under 80-
talet, tillhandahållet av SGU, används också för att söka efter slamhögar runt 
Risungslicensen. 

Resultaten visar tydliga samband mellan borrkärnornas porositet och densitet. 
Högre porositet ger långsammare våghastigheter på grund av luft i porutrymmen som 
inte överför energi lika effektivt som täta material. De vattenmättade proverna visar 
högre P-våghastigheter än i de torra, och ungefär samma S-våghastigheter i både 
torra och mättade. Med hjälp av de seismiska sektionerna hittades fem möjliga 
slamhögar. Dessa markeras på en karta och sektionsnamnen antecknas för vidare 
analys. 

Tydliga korrelationer hittas i de petrofysiska analyserna, men porositeten i 
kalkstenen verkar inte vara den avgörande faktorn i valet av en reservoar. Det hittas 
inga samband med borrkärnornas uppmätta porositeter och dess potentiella extrak-
tionsvolym, vilket visas tydligt av den låga porositeten i Risungs-kärnorna jämfört 
med hur mycket volym som har tagits ut från slamhögen. Istället förslås närmare 
undersökning av de seismiska sektionerna för att finna slamhögar med hög grad av 
frakturerbildning. Inga av de slamhögarna som hittades i de seismiska sektionerna i 
denna studie påvisade frakturer, så fler undersökningar bör göras innan någon 
borrning påbörjas. 
 
Nyckelord: Hydrokarbon, revstruktur, slamhög, ordovicium, Gotland 
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Abstract 
 
Petrophysical and Geophysical Analysis of Ordovician Limestone Mounds for 
the Purpose of Hydrocarbon Reservoir Exploration 
Felix Söderberg 
 
Gripen Oil & Gas have extended their prospecting license on Gotland to the north 
end of the island to search for potential hydrocarbon reservoirs. Earlier prospecting 
has shown that limestone mound structures from Ordovicium have high potential as 
hydrocarbon reservoirs due to their antiformal shape and the petrophysical properties 
of the limestone.  

This study focuses on the petrophysical properties of the intramound lithofacies of 
the Ordovician mound structures. Analyses are made to determine the density, 
porosity and ultrasonic velocity of ten drill core samples (both in dry and water-filled 
state) from different places on Gotland and these factors are compared to see how 
they affect one another. Seismic reflection data gathered by OPAB (provided by 
SGU) is also used to locate potential mound structures in northern Gotland. 

The results show a clear connection between the density and porosity. Increasing 
porosities also decreases the ultrasonic velocities of the rocks. The saturated 
samples show higher velocities for the compressional waves than in the dry samples, 
but the shear wave velocity is similar in both dry and saturated rocks. Acoustic 
impedance is used to link the petrophysical analysis to the geophysical data by 
explaining why one reflector can be seen more clearly than others in a seismic 
section. Using the seismic sections, five possible mounds are found on northern 
Gotland. Good correlations are found in the petrophysical analyses, but the porosity 
of the rock does not seem to be the deciding factor in choosing a reservoir. There is 
no association between a rock’s measured porosity and its potential extraction 
volume, clearly shown by the low porosity measured in the Risungs drill cores 
compared to how much volume of oil that has been extracted. Instead, one should 
look closer at the seismic sections to find mounds with a high degree of fracturing. 
None of the mounds seen in the seismic sections show any apparent fracturing, and 
more seismic surveys should be made before deciding where to drill.  
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1. Introduction 
 

When searching for hydrocarbons there are several aspects that need to be 
considered. Is there a good source rock with decent porosity where a high volume 
can be stored? Is there a structural trap to collect the hydrocarbons in one place? Are 
the volume and quality good enough to exploit the trap commercially in relation to the 
current prices of oil and natural gas? Hydrocarbons are very important for the 
economy of many countries since we today rely heavily on fossil fuels for our 
industries, transportation, heating and more. Hydrocarbons are also not distributed 
equally on Earth, which sometimes turns the regions with higher hydrocarbon 
concentrations into areas of conflict because of their high export value, or in some 
cases it is used as political leverage with economic sanctions implemented on 
countries, which can suffer heavily from the sudden loss of income.  
 In Sweden, however, the conflicts about drilling for oil have not had much 
international political significance, probably due to the low volumes encountered 
here, and our comparably stable state compared to areas in the Middle-east. 
Concerns do however arise for environmental reasons, such as if hydrocarbons can 
be extracted without any ecological and environmental impacts. The only place in 
Sweden where oil has been extracted for commercial production is on the carbonate 
platform on Gotland, and the largest findings have been in the Ordovician limestone 
mounds. One of the historically good oil-producing wells is Risungs on northern 
Gotland, and in this area Gripen Oil & Gas are looking to drill new wells for further 
extraction. 
 The purpose of this thesis is to evaluate petrophysical properties and 
seismic sections of these mounds and to see if there are any potential sources of oil 
close to Risungs on northern Gotland. Petrophysical analyses of drill cores from 
different wells are carried out to determine physical properties of rocks that are 
typically encountered during drilling. Seismic data from earlier surveys are 
reprocessed at Uppsala University and re-evaluated in search for possible 
hydrocarbon traps. The seismic velocities of different drill core samples’ were 
measured with the ultrasonic pulse transmission technique, and the results are used 
as a link between the seismics and the other physical properties of the drill core 
samples. 
 Ten drill core samples were studied and the seismic data studied will be 
focused on the area around the Risungs wells where drilling not yet have taken 
place. 
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2. Background 
 
In this section the hydrocarbon prospecting history and geology of Gotland are 
explained, with a closer look taken on the geology of the limestone mounds, which 
act as traps for hydrocarbons. The different types of porosities in carbonate rock, 
their formation and their importance for providing paths for migration of liquids within 
the rock, is also discussed. 

2.1 Prospecting background 
 

Hydrocarbons have been known to exist for a long time in the Cambrian, Ordovician 
and Silurian bedrock in the Baltics (Erlström et al, 2002). For this reason Gotland, 
with the same stratigraphy as the Baltic countries, has been a place of interest for 
petroleum prospecting since 1930 when Skånska Cement AB started drilling in the 
northern region for natural gas. Their drilling did not provide any findings of 
commercial value, but they did find traces of gas and oil in the upper Ordovician 
sedimentary rocks. In the 1960s, the Geological survey of Sweden (SGU) launched a 
prospecting campaign, starting with gravimetric and airborne magnetic surveys, and 
complementing it with seismic sections to make a model of southern Gotland. But it 
wasn’t until August 1969 when Oljeprospektering AB (OPAB) started prospecting on 
Gotland that the Swedish oil production began to take form. OPAB’s oil production 
started in 1974 and was spread out across twelve areas in northern Gotland and six 
areas in the south. During the 17 years they were active about half a million barrels 
were produced. 

In 1986, oil prices dropped from 35$ to 10$ per barrel. OPAB 
consequently abandoned their production, and Gotlandsolja AB took over OPAB’s 
activities in May 1987 and produced about 190 000 barrels of oil until 1993 (Sivhed et 
al 2004). 

The second most productive field was Risungs, close to Rute on 
northern Gotland (Fig. 1). Here, nine wells were drilled down to a depth of 220-333m, 
and during their active time they gave about 220 000 barrels, which is 35% of all the 
oil produced on Gotland (Länstyrelsen, 2015). 

Now, with oil prices rising, Gotland is again becoming interesting. Gripen 
Oil & Gas has started to look more closely at existing geophysical data, including 
seismics, to investigate if there are any prospective areas that haven’t been drilled 
yet. There are also areas with the Ordovician carbonate mounds that haven’t been 
properly mapped or researched yet. This coupled with the increasing interest in 
locally or nationally produced energy for environmental reasons has led to further 
prospecting.   
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2.2 Geological background 
 

At the beginning of the Cambrian, ~543 Ma, the Baltic platform and southern 
Scandinavia were flooded and earlier Precambrian rocks were weathered down to a 
peneplain. From the Cambrian to the end of the Silurian a shallow sea with shifting 
depths and land boundaries covered this area, and during this time Baltica moved 
northwards from the southern hemisphere (60 to 70° south latitude) towards the 
equator (Meert, 2014). This is evident in the older, Cambrian rocks where carbonate 
fossils are rare because of the cold water dissolving the carbonates. Trace fossils are 
however abundant in the well-sorted sandstone. During the early Cambrian the 
sediments developed as dark shales, similar to the Alum shale. These clay-rich 
sediments continued to deposit into the early Ordovician, but later changed into a 
more siliciclastic composition with a lighter, grey color. The sea level must have 
dropped and temperatures increased during this time, because on eastern Baltica, 
more carbonate-rich sediments started to deposit. Continuing into the Silurian we find 
reef building carbonates, showing signs of tropical climates. No sediments can be 
found from later periods such as the Devonian, Carboniferous or Permian, meaning 
that Baltica probably have been above sea-level since then (Eliason, 1999). The 
resulting depths of the Cambro-Silurian sediments measure up to 500m, and with the 
south-east dip of the bedrock, the strata is thickest in the south.  
 

  

Figure 1: Gripen Oil & Gas' prospecting licenses, 
zoomed in on Risungs license. The red star marks the 
Risungs wells. The picture is taken from Gripen’s 
website. 
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2.3 Carbonate mounds 
 

Looking closer at the Ordovician stratigraphy, it consists of limestones and 
mudstones (shales) that are measured up to 150m in thickness. OPAB divides it into 
three informal units. A lower, benthonitic limestone (25 to 58m), a middle unit called 
Kvarne (2 to 10m) and the upper Klasen limestone (22 to 74m) (Fig. 2). Oil findings 
have been highest in the upper, Klasen limestone and this formation consists in a 
rough sense of two limestones (Erlström et al, 2002).. The dominating one is 
heterogeneous and is comprised of different muddy limestones with colors varying 
from green/grey to red/brown with occurrences of shales up to 30 cm thick. The other 
limestone is very pure with very low mud content, and varies in color from light 
grey/white to pinkish (or sometimes brownish) white. Joints and vugs are common in 
this limestone, which sometimes form as mounds on the ocean floor. It is within these 
reef structures that most oil has been found. Analysis of the oil made by the 
Geological Survey of Greenland, however, indicates that the hydrocarbons were 
formed in the shales and migrated towards the more porous limestone mounds 
(Erlström et al, 2002).  

Large volumes of oil have been found in mounds with moldic porosity 
and a large number of fractures, such as in the Risungs and Stormyr mounds, 
indicating that the fractures have had a central function in the migration of 
hydrocarbons from the shales up into the Ordovician reservoirs (Sivhed et al, 2004). 
Stormyr is not as fractured as Risungs, and it also produced considerably smaller 
volumes of oil, even though it had a higher occurrence of vugs and molds. Risungs 
produced around 25 000 m³ of crude oil from 1979 to 1985 while Stormyr produced 
1800 m³ during the same time span (Sivhed et al, 2004). The mounds are anticlinal 
and lenticular in shape, probably due to bulging of the underlying Cambrian-
Precambrian strata and can be up to 2 km in diameter. The ones on northernmost 
Gotland, in the Risungs area, are around 0,5 km in diameter.  

Figure 2: Generalized cross-section of an Ordovician mound structure 
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2.4 Porosity 
 
There are four types pore-types associated with the limestone mound lithofacies: 
fenestrae, vugs, algal molds and fractures/stylolites. The following description is 
summarized based on Sivhed et al. (2004).  
Fenestrae are pores with asymmetrical outlines, ranging from a few mm to several 
cm in diameter. They are common in limestones formed by stromatolites, and are 
most likely a product of the decrease in rock volume caused by recrystallization of the 
unstable mineral aragonite into calcite. These often become filled with sparite, which 
is a coarse crystalline calcite cement, but if they remain unfilled they provide good 
pore space for hydrocarbons.  

Moldic pores are usually one to a few cm in diameter and form by the 
decomposition of pre-existing organic matter like algae and dissolution of metastable 
minerals, such as aragonite. The decomposing algae led to release of gas, forming 
pore bubbles. The molds, which often follow contains oil residue and are usually 
bordered by sparry, drusy calcite or coarser sparite. Geopetal indicators such as 
calcite precipitations partly fill voids (sometimes referred to as geopetal structures or 
simply way-up structures), which can sometimes be found in the molds. Most 
fenestrae and molds show isopachous cement with pores containing druse and 
sparite with later intrusions of hydrocarbons, but in some cases there appears to 
have been two separate incidents of hydrocarbon intrusions in between two stages of 
calcite precipitation.  

Vugs represent a non-fabric selective pore type (Fig. 3a), which are 
equidimensional compared to channels, which also fall under the same category but 
they are elongated (Fig. 3b). Vugs are common in the intra-mound lithofacies and 
can be seen with the naked eye. They range from a few mm to a few cm in size, and 
oil traces can often be spotted in them. These voids are probably formed when 
mineral grains or fossils are destroyed by dissolution, leaving behind an empty space 
that becomes partially filled with druse.  

The fourth type of porosity common in the intra-mound lithofacies are 
fractures (Fig. 3c) and stylolites. Stylolites form by pressure solution. Minerals that 
stay in solution settles in the stylolite making them observable. The interpretation of 
these fractures and stylolites is that they are the main conduits of hydrocarbon 
movement within the mounds, as the connectivity between vugs, molds and 
fenestrae is virtually zero. Any conduits that did exist could have been closed by later 
generations of sparite. Earlier petrophysical analyses of cores showed permeability 
under 1mD and porosities in mound limestones with moldic porosity between just a 
few percent up to 10%. (Sivhed et al, 2004) 
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There is also the case of interparticle porosity, 
where fluids collect in between individual grains (Fig. 4). For 
the micro- or cryptocrystalline rocks where grains are very 
small, tightly packed and well cemented, such as Grunnet-2, 
this is more or less negligible. But for coarser rocks like the 
sandstone from Båticke-5 the interparticle space is the 
dominant factor for the porosity, vugs, channels or any other 
holes of the sort are absent. The grains in the sandstone from 
Båticke-5 are still too small for any intraparticle porosity to be 
considered.  

 
2.5 Ultrasonic velocities of carbonate rocks 

 
Earlier studies investigating the ultrasonic velocity in carbonate rocks show that rock-
extrinsic forces, such as the burial depth, age and confining pressure are of little 
importance. More important are the intrinsic parameters of the rock, which are linked 
to the lithology. This includes the mineral composition, pore volume, types of pores, 
grain size and the spatial configuration of these variables (Eberli et al, 2003).  
 Porosity influences the velocity a great deal; lower porosities tend to give 
higher velocities. With an increase in burial depth, there’s an increase in compaction 
which leads to a decrease in porosity. This would directly lead one to assume that the 
velocity should increase with the burial depth, because the waves could travel more 
effectively through a tightly compacted medium. Tests show that both compressional 
and shear waves increase in velocity up to a critical pressure when there’s a sudden 
drop (Anselmetti et al, 1997). The increase in pressure compacts the rock and 
increases contact between grains that benefit the propagation speed of ultrasonic 
waves. If even higher pressure is added the velocity can increase again due to the 
closing of the consequential fractures. Of course, an increase in pressure and burial 
can also lead to further diagenetic alteration, which leads to cementation and filling of 
voids. Predictions of seismic velocity based on burial depth or the age of the 
sediments are therefore difficult, and one must instead look at the diagenetic 

Figure 3a: Vugs in Stormyr-4 
Figure 3b: Elongated channels 
in Risungs-9 

Figure 3c: Oil stained 
fracture in Sundre-1  

Figure 4: Interparticle porosity, 
fluids penetrate between grains 
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alteration, depositional environment and other intrinsic properties of the carbonates 
to predict this (Anselmetti et al, 1997).  
 Grain size and metastable minerals such as aragonite have a high 
relevance for the diagenetic properties of carbonates. Larger grains mean higher 
permeability, allowing fluids to travel through the rock and alter it, and the availability 
of easily dissolved minerals can lead to dissolution and recrystallization, and for 
example filling of voids. Carbonates with high content of fine-grained particles like 
mud or clay have lower permeability, resulting in a low flow of fluids needed to drive 
diagenetic alterations that helps consolidate the rock and increasing its velocity 
(Anselmetti et al, 1993). The mineral composition has smaller effect on the velocity in 
carbonates, in comparison with grain size and intergranular porosity. Earlier tests 
show that the difference in velocity between calcite and dolomite is only 400 m/s, and 
it has also been shown that there are large variations between dolomites depending 
on the kind of dolomite and the accompanying pore types.  
 By multiplying the density with the compressional wave velocity one can 
calculate the acoustic impedance of the rock. The acoustic impedance determines 
how much energy will be reflected when the seismic waves hit a rock with a different 
density and velocity. If there is a large difference in acoustic impedance between rock 
units it will show in the seismic sections as a strong reflector. This also means that a 
saturated rock (with water or hydrocarbons) may show stronger reflections compared 
to their dry varieties, which helps when searching for a reservoir. Having a good 
understanding of the rocks petrophysical properties is therefore key when interpreting 
seismic data. 
 
3. Samples and methods 

 
3.1 Sample set 

 
To test the porosity of carbonates from different areas on Gotland drill cores were 
inspected at SGU’s drill core archive in Eggbyholm. Subsamples from the cores were 
chosen based on oil traces and visible porosity. Some cores had just a few oil stains, 
whereas others were completely stained brown from oil. Ten samples with diameters 
ranging from 3 to 6 cm were selected, brought to SGU in Uppsala and sawed to a 
length between 5 to 8,75 cm. Pictures and coordinates for the samples are in 
Appendix 3.  
 

1.  Sundre-1. white/green dense  argillaceous Klasen  limestone from Ordovicium 
secondary porosity as hairline fractures and small vugs. 479 m depth. 

2. Dalsviden-1. White, hard Klasen limestone with fractures filled with clay and 
occasional clay laminae.  367 m depth. 

3. Vamlingbo-1.  White/green, vuggy, finely crystalline, very hard Klasen limestone. 
Almost dolomitic. 457 m depth. 

4. Lukse-1. Light grey/white, very hard, finely crystalline, part sucrosic limestone. 
Secondary porosity as vugs and thin fractures. 371 m depth 
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5. Grunnet-2. White/grey, clean, hard Klasen limestone. No signs of porosity. 405 m 
depth. 

6. Faludden-2. Grey, finely crystalline sandstone with no noticeable fractures/vugs but 
has oil stains. No depth available. 

7. Stormyr-4. White, nonargillaceous reefal limestone dyed brown by oil. Good porosity 
as vugs/channels. 215 m depth. 

8. Risungs-9. White, nonargillaceous reefal limestone. Good vuggy and fractural 
porosity, dyed brown from oil. 228 m depth. 

9. Risungs-1. Clean, white limestone with many small vugs (<2mm). Dyed brown from 
oil. 234 m depth. 

10. Båticke-5. Very porous, grey sandstone, probably Faludden. Poorly cemented, grains 
fall of from just a slight touch. 407 m depth. 

3.2 Porosity of carbonate rock 
 
Samples were initially washed with water and placed in a plastic box and immersed 
in water. One day later, they were removed from the water and superficially dried off 
with a paper towel to remove any surface water, and subsequently weighed. At this 
point rinse aid was added to reduce the surface tension between the fluid and the 
rocks. The weighing continued until no further changes in mass was observed which 
took roughly five days. The core samples were then placed in an oven at 150 °C for 
nine days and weighed three times during this period. The soaking procedure was 
then repeated to see if the change in mass differed from the first attempt, as any 
remaining oil within the samples might have been washed out. Minor losses of mass 
were expected (and observed) as some samples contained clay that were washed off 
and other samples, being more porous, lost grains during the drying process.   

To calculate the density and porosity of the cores the samples were also 
weighed while submerged in water. The volume of the core sample (C) was 
calculated using Archimedes’ principle, with the volume of water displaced being 
equal to the rocks’ volume: 

 

𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝑉𝑉𝑜𝑜 𝑟𝑟𝑉𝑉𝑟𝑟𝑟𝑟 = �𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚−𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑚𝑚𝑠𝑠𝑠𝑠𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠�
𝑊𝑊𝑠𝑠𝑠𝑠𝑑𝑑𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑

  (1) 

 
 

 
Subtracting the mass of a dry core from the mass of a soaked core gives the mass of 
the water in the pores, and the water density at 20° Celsius is 0,998 g/cm³. When the 
mass is divided by the volume of the core, the porosity is obtained, and multiplying it 
by 100 gives it in percent. 
 

( 𝑊𝑊𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝑊𝑊𝑠𝑠𝑠𝑠𝑑𝑑𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑

)/𝐶𝐶𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣) ∗ 100 = 𝑝𝑝𝑉𝑉𝑟𝑟𝑉𝑉𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 [%] (2) 
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Surface tension also plays a major role in fluid penetration of rocks, 
which in turn has a large impact on the results of porosity analyses. If a fluid moves 
through a pore throat it will be hindered because wetting properties of the minerals 
that composes the rock. The wettability is dependent on what kind of surface the rock 
has and the type of fluid that is moving through it. The contact angle between a liquid 
and the solid surface determines a solid surface’s wettability. If the surface is 
hydrophobic the contact angle will be smaller, and the fluid will have a harder time 
flowing over it. If the surface is more hydrophilic the contact angle will be greater and 
the fluid will flow out instead of forming a droplet (Fig. 6a). When a fluid is moving 
through a tight channel, like in small pores within a not so dense rock, the fluid can 
be hindered to pass through if the wettability of the rock is too low, and the surface 
tension is too great (Fig. 6b). To get as close a value as possible to the true porosity 
of a rock a vacuum is often applied to add to the hydrostatic pressure of the fluid to 
help it penetrate further into the rock. Substances with small molecules, such as 
helium, are also used to get as deeply into the rock as possible. Hydrogen would 
work even better, but involves some risks. Even when such methods are used the 
fluids still often cannot penetrate through the whole rock. 
  

 

 

 

 

It is important to consider these factors when doing petrophysical 
analyses since the porosities measured underestimate the actual available pore 
space in a rock, but provide a minimum value of its potential porosity.  
 
 
3.2 Ultrasonic velocity of carbonate rock 

 
The ultrasonic velocity was measured on the drill core samples using an Olympus 
NDT Pulse Generator, a Tektronix TDS 2012C oscilloscope and a computer to 
digitalize and record the waveforms. Compressional and shear waves were 
generated by piezoelectric ceramic transducers and transmitted along the samples’ 
cylinder axes at 1MHz frequency, for both wet and dry cores. The wave generated 
was then received by a second transducer on the opposite core end and converted to 
an electrical signal that was read on the oscilloscope. A thin layer of coupling gel was 
applied to both transducers to make sure the pulse was effectively transmitted. The 
oscilloscope digitalizes the signal and sends it to a computer where the waveform 

Figure 6a: Wettability angle on hydrophobic (left) 
and hydrophilic (right) surfaces 

Figure 6b: Surface tension stopping a fluid 
from entering pore space 
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and travel time is displayed. The travel time was noted and the lengths of the cores 
were measured with a caliper in order to calculate the velocity of the rock. Velocity 
was calculated by using V = l/t, where l is the core length and t is the time of flight of 
the ultrasonic wave. 

Since the porosity has a direct effect on density, velocity generally also is 
affected by the pore volume. Gardner’s law (Gardner et al, 1974) is an equation 
based on empirical trials, linking the density to P-wave velocity (Vp), 

 
𝑉𝑉𝑝𝑝 �

𝑣𝑣
𝑠𝑠
� = 108,9 × [𝑑𝑑𝑉𝑉𝑑𝑑𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝( 𝑔𝑔

𝑐𝑐𝑣𝑣3)]4  (3) 
 

This empirical relationship applies however mainly to siliciclastic rocks. Anselmetti 
and Eberli (1997) suggested correlations based on their research on carbonates from 
Bahamas and Maiella, such that, 
 

𝑉𝑉𝑝𝑝 �
𝑣𝑣
𝑠𝑠
� = 524 × �𝑑𝑑𝑉𝑉𝑑𝑑𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 � 𝑔𝑔

𝑐𝑐𝑣𝑣3��
2.48

  (4); 
 
 

 𝑉𝑉𝑠𝑠 �
𝑣𝑣
𝑠𝑠
� = 199 × [𝑑𝑑𝑉𝑉𝑑𝑑𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 � 𝑔𝑔

𝑐𝑐𝑣𝑣3�]2.84  (5). 
  

These correlations are specific for carbonates and should not be used for carbonate-
siliciclastic or purely siliciclastic rocks.  
 
 
3.3 Seismic reflection data 

 
Seismic reflection data was collected from SGU’s database. This data was 
reprocessed by Daniel Sopher, a geophysicist at the Department of Earth Sciences 
at Uppsala University, to allow it to be used in an interpretation software called 
OpendTect 5.0 (Fig. 7). The seismic sections were loaded into the software together 
with coordinates and geometrical data. The sections were fitted to match the 
geographical location of the seismic lines. This way, scanning through the sections 
was made easier and assisted in searching for the Ordovician mounds around 
Risungs. A seismic section with an identified mound from line MS-79-267A published 
in an article by Sivhed et al (2004) was used as a template to help identify the 
mounds. All the sections are from a seismic survey that took place from 1982 to 1983 
(for further details see the appendix).  
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4. Results 
 

4.1 Porosity 
 
The results of the porosity and density measurements are presented in Table 1 and 
Figure 8. The highest porosity was observed in the sandstone from Båticke-5, and 
the lowest in the very dense, Klasen limestone from Grunnet-2. The results show a 
trend in samples with lower porosity having higher density, whereas density 
increases as a function of increasing porosity. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Core # Porosity [%] Density [g/cm³] 
Sundre-1 1 2,49 2,64 
Dalsviden-1 2 1,17 2,68 
Vamlingbo-1 3 0,40 2,69 
Lukse-1 4 0,75 2,67 
Grunnet-2 5 0,52 2,69 
Faludden-2 6 0,82 2,72 
Stormyr-4 7 1,63 2,50 
Risungs-9 8 0,96 2,58 
Risungs-1 9 1,89 2,60 
Båticke-5 10 7,30 2,43 
Table 1: Results from porosity and density measurements 

Figure 7:  A screenshot from Opendtect showing the seismic sections 
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4.2 Ultrasonic velocity 

 
The resulting ultrasonic velocities in the wet and dry drill core samples are presented 
in Table 2. The compressional waves are faster in the wet samples, while the shear 
waves showed more variation in its velocities, but mostly slower velocities in the wet 
samples. This resulted in higher Vp/Vs ratios in the wet samples than in the dry ones. 
An overview of the velocity differences is presented in Figure 9. Båticke-5 is not 
represented in Table 2 or Figure 2 because it was not possible to measure ultrasonic 
velocities for this sample. Figure 10 shows the ultrasonic velocity as a function of 
density. The P-waves show an average of 8 % higher velocities in the wet samples, 

  
Wet samples Dry samples Velocity difference 

Core # 
Vp 
[m/s] 

Vs 
[m/s] Vp/Vs 

Vp  
[m/s] 

Vs 
[m/s]2 Vp/Vs3 Vpwet-Vpdry 

Vswet-
Vsdry 

Sundre-1 1 5530 2839 1,95 5226 2963 1,76 304 -124 
Dalsviden-1 2 5837 3044 1,92 4324 3096 1,40 1513 -52 
Vamlingbo-1 3 6004 2998 2,00 4451 2659 1,67 1553 338 
Lukse-1 4 6048 3178 1,90 5791 3185 1,82 257 -7 
Grunnet-2 5 6277 3309 1,90 6255 3318 1,89 22 -8 
Faludden-2 6 5813 3661 1,59 5627 3605 1,56 186 56 
Stormyr-4 7 5631 2863 1,97 5668 2896 1,96 -37 -33 
Risungs-9 8 5896 3279 1,80 5748 3070 1,87 148 209 
Risungs-1 9 5758 3017 1,91 5547 3032 1,83 211 -16 

Table 2: Compressional (Vp) and shear (Vs) wave velocity of samples at dry and saturated (wet) 
conditions. The difference in velocity at wet and dry conditions is shown in the rightmost columns. 

Figure 8:  Density as a function of porosity 

 



13 
 

0

1000

2000

3000

4000

5000

6000

7000

0 1 2 3 4 5 6 7 8 9 10

Ve
lo

ci
ty

 [m
/s

]

Drill core sample

vP (wet)

vS (wet)

vP (dry)

vS (dry)

R² = 0,2659

R² = 0,2723

R² = 0,0501

R² = 0,19

0

1000

2000

3000

4000

5000

6000

7000

2,45 2,5 2,55 2,6 2,65 2,7 2,75

Ve
lo

ci
ty

 [m
/s

]

Density [g/cm³]

Vp (wet)

Vs (wet)

Vp (dry)

Vs (dry)

while the S-waves are on average 1 % higher in the wet samples. In the wet samples 
the Vs differences were not as large and in some cases Vs showed slower velocity in 
the wet samples (-1 to -0.2 %). The Vp/Vs ratios show an average of 8% higher value 
in the wet samples. Figure 11 demonstrates the relationship between the measured 
porosity and ultrasonic velocity in the drill core samples.  
                             

 
 
 
 

 
 
 
 
 
 
 
  

Figure 10: Shear and compressional wave velocity as function of density in dry/wet 
samples with linear trendlines following the best possible fit 

Figure 9: Compressional and shear wave velocity of samples, and the difference at 
wet and dry conditions. 
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Anselmetti’s and Eberli’s (1997) adaption of Gardner’s law was applied to test the 
correlation between density and velocity in carbonates. The results show that the 
empirical adjustment made for carbonates in Gardner’s Law gives a decent 
estimation based on the rocks’ density. The carbonates used to construct the 
variation of Gardner’s law were limestones from Bahamas, which differ in texture and 
composition from the limestones from Gotland. The formula provides a less precise 
but useful approximation of the velocities and it differs the least for the shear wave 
velocities when compared to measured ultrasonic velocities (Table 3). Båticke-5 is a 
siliciclastic sandstone, so therefore the original Gardner’s law was applied to get an 
approximation for this sample. 

  
Estimation based on formula Dry samples velocities VGardner-Vmeasured 

Core # Vp [m/s] Vs [m/s] Vp [m/s] 
Vs 
[m/s] Vp [m/s] 

Vs 
[m/s] 

Sundre-1 1 5816 3132 5226 2963 590 169 
Dalsviden-1 2 6043 3273 4324 3096 1720 177 
Vamlingbo-1 3 6081 3296 4451 2659 1630 637 
Lukse-1 4 6006 3250 5791 3185 214 65 
Grunnet-2 5 6101 3309 6255 3318 -155 -9 
Faludden-2 6 6240 3395 5627 3605 613 -210 
Stormyr-4 7 5071 2678 5668 2896 -597 -219 
Risungs-9 8 5501 2939 5748 3070 -248 -131 
Risungs-1 9 5611 3006 5547 3032 64 -26 
Båticke-5 10 3778           
Table 3: Velocities calculated from Anselmetti’s and Eberli’s (1997) variation of Gardner’s law 
compared to measured values. Båticke-5 is calculated using the original Gardner’s law for siliciclastic 
rocks. 

Figure 11: Shear and compressional wave velocity as function of porosity in dry/wet 
samples with linear trendlines following the best possible fit. 
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In Figure 12 the density is plotted against the P-wave velocity and lines for the 
acoustic impedance are added to see how the samples differ. Knowing the 
differences in acoustic impedances for the drill cores helps in determining how clearly 
the reflectors are shown in the seismic sections. The velocity for the Båticke-5 
sample, the one with the lowest density in the chart, was estimated using Gardner’s 
law for siliciclastic rocks and the rest are plotted using the velocities measured. All of 
the samples show quite similar acoustic impedances except for the Båticke-5 sample 
but this is expected as it is of entirely different composition than the other samples. It 
will be difficult to see any clear reflectors in the different limestone units because of 
this, but contact between carbonates and the sandstone should appear as a clear 
reflector.  

 
Figur 12: Velocity as a function of density. Lines represent constant acoustic impedance in P-wave 
and density space. 
 

4.3 Seismic reflection data 
 
The mounds can be identified as a subtle bulge in the stratigraphy (Fig. 13a-c), and 
while scanning the seismic sections five possible mounds were identified. They are 
more or less distinguishable based on the quality of the seismic survey and how the 
acoustic impedance differs between the units. It is uncertain if the strong reflectors 
show the boundary between the Precambrian and the Ordovician or the Ordovician 
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and the Silurian cap rock. No mound structures exhibited any apparent fracturing, 
which are inferred to show as a displacement in the reflectors. Finding mounds with 
fractures would be preferred as these have shown higher potential for hydrocarbon 
findings. The seismic sections showing possible mound structures are MS-82-451, 
MS-82-448, MS-83-565, MS-83-573 and MS-82-442. These are marked in the maps 
in figure 14a, b. All the lines analyzed are listed in Appendix 1 and the coordinates 
are available in Appendix 2. 

 

 

 

 

 

 

 

 

 

 

Figure 13a: Seismic section from MS-82-442 with the outline of a mound marked with green 

 

Figure 13b: Seismic section from 
MS-83-565 Figure 13c: Seismic section from MS-82-451 
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Figure 14a: Map from Lantmäteriet with red lines marking the potential mounds found on the seismic 
sections. 

Figure 14b: Map from Lantmäteriet with red lines marking the potential mounds found on the seismic 
sections. 
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5. Discussion 

5.1 Petrophysical properties 
 
Looking at Figure 8, a clear relationship between the density and the porosity of the 
samples can be seen. Higher porosities give lower densities, which should come as 
no surprise as porosity is the volume of void space within a rock. The trend lines in 
figure 11 show decreasing velocities with increasing porosities and figure 10 show 
that the velocity increases with an decrease in rock porosity. This indicates that 
ultrasonic waves propagate faster in compact material. Air-filled pores within a rock 
decrease the acoustic impedance since this decreases the density of the rock, which 
decreases the ultrasonic wave speed. This is especially noticeable in the sandstone 
from Båticke-5, where the high porosity and poor coupling between grains prevent 
the waves from propagating through it, and thus the signal failed to transit from the 
pulsing transducer to the receiving transducer. 
 Results from the dry versus wet samples indicate that there is a trend 
towards higher compressional wave velocities in the wet samples. This means the 
water makes the medium more stiff, which helps to transfer the compressional waves 
throughout the medium, resulting in lower travel times. From this an observation 
should have been made that a high porosity gives a high difference in P-wave 
velocities between the wet and dry samples, but no such conclusions can be drawn 
from the collected data. With more data, a rough estimate of the velocity can be 
made from the porosity, which also could be inferred from the density, using 
Gardner’s law (Anselmetti and Eberli, 1997) 

Differences in shear wave velocities in the dry and wet samples were not 
as large as with the compressional waves. In most (6 out of 9) cases they were 
slower, but only marginally. This is explained by Popp and Kern (1993) through the 
properties of the shear modulus, which describes the rocks’ reaction to a shearing 
force. The shear modulus is defined as the ratio of applied shear stress to the 
resulting shear strain. Since a fluid does not have shear strength, this value would be 
zero (or close to zero), implying that the shear modulus would also be zero. Fluids 
introduced to the pore spaces therefore have a negligible effect on shear modulus 
and the Vp/Vs ratios are higher in the wet than in the dry samples. 

5.2 Seismic interpretation 
 
The seismic sections also show that there are potential mounds in northern Gotland 
to drill. Some of them are already known, and there are probably still many to 
discover with further seismic surveys and more advanced analyses by experienced 
geophysicists. Fractures within the mounds can be identified as displacements of the 
reflectors, and the absence of these indicates that they will probably not be as good 
reservoirs as Risungs. This can also be a consequence of using 2D seismic lines on 
the 3D geology, where the results can’t be completely accurate. These mounds 
apparently lack high porosity and likely the permeability that comes with it, which in 
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turn limits the migration paths necessary for hydrocarbons to rise to the top of the 
mounds to the Klasen limestone host rock. It should be noted however, that no 
permeability has been measured on the cores. 
 

5.3 Joint petrophysics and seismics 
 
The petrophysical data show that the porosities of limestones taken from different 
wells are quite low, which is most likely due to the methods used. As explained in the 
methods section there are limitations when using the water saturation method and 
the measured porosities may not be representative for the rocks. Even drill cores 
from the very prosperous wells in Risungs show very low porosities (<1%). The data 
suggests that the apparent porosity in the rocks does not necessarily determine the 
quality of a reservoir. Instead, post-lithification processes such as fracturing and 
faulting, due to differential stress caused by overlying strata and tectonic forces, have 
had a higher importance when searching for a good hydrocarbon reservoir within the 
Ordovician mounds. Even if the mound limestone is porous, there is a high risk of 
only draining a small portion of the potential volume when drilling into the reservoir. 
Fractures serve as main conduits for hydrocarbon migration, and these will aid in 
connecting the different pockets within the reservoir, which in turn prevents the often 
expensive and time-consuming process of drilling several closely spaced wells. In 
retrospect it would have been good to have samples from every rock unit within the 
mound lithofacies and from the units above and below it, the caprock and the 
Precambrian/Cambrian rocks to identify differences between them. By analyzing the 
density and the ultrasonic velocity of these, the difference in acoustic impedance 
could have been determined and the seismic sections could have been interpreted 
more easily. As this data is unknown, it is difficult to tell which unit the strong 
reflectors represent. Such a prospective study is suggested for future investigation of 
the limestone mounds. Identifying the bottom of the mound, the boundary between 
the mound and the Precambrian layer, or the top of the mound, the boundary 
between the mound and the caprock, is difficult to determine with current information. 

6. Conclusions  
 

Given the limitations of the petrophysical analyses, a realistic value for the porosities 
could not be measured, and it should not be used when estimating a potential 
volume for a hydrocarbon reservoir within the mounds. However, the measured 
porosity did provide relative indications of porosity for comparison of the different 
lithologies investigated in this study. The ultrasonic velocity coupled with the density 
of the samples did give an idea of the acoustic impedances of the samples, and can 
be used in understanding the reflectors in the seismic sections. From the samples 
analyzed we see that the difference in acoustic impedance is largest between the 
sandstone and the limestone cores, which means that the strongest reflector seen in 
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the seismic sections is probably the boundary between the Precambrian and the 
Ordovician, the bottom of the mound. Gripen Oil & Gas should further analyze the 
seismic lines with mound structures, and if possible launch new surveys and evaluate 
the porous sandstone beneath the mounds as a potential hydrocarbon reservoir.  
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9. Appendix 
 

Appendix 1: Seismic sections analyzed when searching for mounds 
Seismic lines 

 MS-82-401 MS-82-433 MS-83-511 MS-83-537 MS-83-567 
MS-82-402 MS-82-434 MS-83-512 MS-83-538 MS-83-568 
MS-82-403 MS-82-435 MS-83-513 MS-83-539 MS-83-569 
MS-82-405 MS-82-437 MS-83-514 MS-83-540 MS-83-572 
MS-82-406 MS-82-439 MS-83-515 MS-83-541 MS-83-573 
MS-82-407 MS-82-439A MS-83-516 MS-83-543 MS-83-577 
MS-82-409 MS-82-440 MS-83-517 MS-83-544 MS-83-578 
MS-82-410 MS-82-441 MS-83-518 MS-83-545 MS-83-585 
MS-82-411 MS-82-442 MS-83-519 MS-83-546 MS-83-587 
MS-82-412 MS-82-444 MS-83-520 MS-83-547 MS-83-588 
MS-82-412A MS-82-445 MS-83-521 MS-83-548 MS-83-590 
MS-82-413 MS-82-446 MS-83-522 MS-83-551 MS-83-591 
MS-82-414 MS-82-447 MS-83-523 MS-83-556 MS-83-592 
MS-82-415 MS-82-448 MS-83-524 MS-83-557 MS-83-601 
MS-82-416 MS-82-449 MS-83-525 MS-83-558 MS-83-602 
MS-82-417 MS-82-450 MS-83-526 MS-83-559 MS-83-603 
MS-82-418 MS-82-451 MS-83-527 MS-83-560 MS-83-604 
MS-82-419 MS-82-452 MS-83-528 MS-83-561 MS-83-605 
MS-82-420 MS-82-453 MS-83-529 MS-83-563 MS-83-606 
MS-82-422 MS-82-455 MS-83-530 MS-83-564 MS-83-607 
MS-82-423 MS-82-456 MS-83-531 MS-83-565 MS-83-608 
MS-82-424 MS-83-501 MS-83-532 MS-83-566 

 MS-82-425 MS-83-502 MS-83-534 
  MS-82-426 MS-83-503 MS-83-535 
  MS-82-427 MS-83-506 MS-83-536 
  MS-82-428 MS-83-507 

   MS-82-430 MS-83-508 
   MS-82-430A MS-83-509 
   MS-82-431 MS-83-510 
   MS-82-432 

    
 

   

Appendix 2: Coordinates for mounds 
Line name x1 y1 x2 y2 
MS-82-442 1693124 6417458 1693114 6417901 
MS-82-448 1689082 6423845 1688677 6423561 
MS-82-451 1688807 6425598 1688549 6425604 
MS-83-565 1688000 6417046 1687911 6417201 
MS-83-573 1693408 6416471 1693434 6416647 
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Appendix 3: Pictures and locations of drill core samples 

Appendix 3A: Sundre-1. white/green dense  
argillaceous Klasen  limestone from Ordovicium 
secondary porosity as hairline fractures and 
small vugs. 479 m depth. 
 

 

 

 

 

 

 

 

 

 

  

 

Appendix 3B: Dalsviden-1. White, hard Klasen 
limestone with fractures filled with clay and 
occasional clay laminae.  367 m depth. 

Appendix 3C: Vamlingbo-1.  White/green, 
vuggy, finely crystalline, very hard Klasen 
limestone. Almost dolomitic. 457 m depth. 

Appendix 3D: Lukse-1. Light grey/white, very 
hard, finely crystalline, part sucrosic limestone. 
Secondary porosity as vugs and thin fractures. 
371 m depth 
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Appendix 3E: Grunnet-2. White/grey, clean, hard 
Klasen limestone. No signs of porosity. 405 m depth. 

 

Appendix 3F: Faludden-2. Grey, finely crystalline 
sandstone with no noticeable fractures/vugs but has 
oil stains. No depth available. 

Appendix 3G: Stormyr-4. White, nonargillaceous 
reefal limestone dyed brown by oil. Good porosity 
as vugs/channels. 215 m depth. 

Appendix 3H: Risungs-9. White, nonargillaceous 
reefal limestone. Good vuggy and fractural porosity, 
dyed brown from oil. 228 m depth. 
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Appendix 3J: Båticke-5. Very porous, grey 
sandstone, probably Faludden. Poorly cemented, 
grains fall of from just a slight touch. 407 m depth. 

 

Appendix 3I: Risungs-1. Clean, white limestone with 
many small vugs (<2mm). Dyed brown from oil. 234 m 
depth. 

 

Drill core sample # X Y 

Sundre-1 1 1644329 6314677 

Dalsviden-1 2 1660740 6344385 

Vamlingbo-1 3 1647805 6317833 

Lukse-1 4 1663236 6345443 

Grunnet-2 5 1654030 6328245 

Faludden-2 6 1655498 6322387 

Stormyr-4 7 1687460 6414953 

Risungs-9 8 1683761 6415256 

Risungs-1 9 1683700 6415427 

Båticke-5 10 1676256 6377497 
Appendix 3K: Coordinates to the drill cores in RT90 2.5 Gon V 
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Appendix 3L: Map of Gotland showing the geographical distribution of collected drill core 
samples. 8 and 9 were both taken from different Risungs wells. 
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