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Abstract 
 
Analyses of Mineralogy and Occurrence of Petroleum in the Bedrock on the 
Island Sollerön, the Siljan Ring in Central Sweden 
Josefin Löfgren & Lovisa Lindén Magnusson  
 
Drill cutting samples were collected from two boreholes drilled on the island Sollerön, 
Dalarna in conjunction with drilling for geothermal energy. The place is located at 
Sollerön in the Siljan area that was subjected by a meteorite impact 330 million years 
ago. The island Sollerön is located in the Siljan Ring, which mainly consists of 
sedimentary rocks. In one of the boreholes, oil-mixed water was found when drilling 
and in the same borehole geophysical measurements were performed, such as 
gamma radiation, seismic velocity and temperature. At the bottom of the borehole the 
gamma radiation increased, while the seismic velocity was continuously low in the 
interval. The purpose was to determine which rock types the both boreholes 
consisted of, what the cause of the low seismic velocity was in borehole two, could it 
be the oil observed during drilling that was the cause. The method used to identify 
the mineralogy in both the boreholes was X-ray powder diffraction (XRD), but in 
borehole two Raman spectroscopy and scanning electron microscopy (SEM) was 
also used. To see if organic carbon was present, the stable isotope mass 
spectrometry method was used. The result from the XRD showed that both borehole 
one and two consisted of shale, but in borehole two limestone was also present. The 
XRD results for borehole two could be strengthened by the other methods and also 
the gamma radiation measurements. The low velocity at the bottom of borehole two 
is probably caused by oil that has been seeping up from the shale overlaid by 
limestone, where the organic matter has transformed into hydrocarbons because of 
the heat that was produced during the impact.  
 
Keywords: Siljan, meteorite impact, geophysics, stable carbon isotopes, petroleum, 
mineral content analysis.  
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Sammanfattning 
 
Analys av mineralsammansättning och oljeförekomst i berggrunden på 
Sollerön, Siljansringen i centrala Sverige 
Josefin Löfgren & Lovisa Lindén Magnusson  
 
Borrkaxsprover har insamlats från två borrhål på Sollerön, Dalarna i samband med 
att det borrades för bergvärme. Platsen befinner sig i Siljansområdet som utsatts för 
ett meteoritnedslag för 330 miljoner år sedan, där Sollerön ligger i Siljansringen, 
främst bestående av sedimentära bergarter. I ett av borrhålen påträffades oljeblandat 
vatten vid borrningen och i samma borrhål genomfördes dessutom geofysiska 
mätningar såsom gamma, hastighet och temperatur. Längst ner i borrhålet gick 
gammavärdet från att ha varit lågt till att bli högt, medan hastigheten kontinuerligt var 
låg över hela intervallet. Syftet var/är alltså att ta reda på vilka bergarter som fanns 
längst borrhålet, vad som orsakat den låga hastigheten och om det skulle vara 
orsakat av olja. Metoderna som användes för att bestämma mineralogin var 
röntgendiffraktion (XRD), ramanspektroskopi och svep elektronmikroskopi (SEM). 
För att se om det fanns mycket organiskt kol användes stabil isotopmasspektrometri. 
Spektrumen för XRD visade att det var skiffer i borrhål ett och att borrhål två bestod 
av både skiffer och kalksten. XRD resultatet för borrkärna två kunde dessutom 
styrkas av de andra metoderna och mätningarna av gamma. Den låga hastigheten 
längst ner i borrhål två beror troligen på olja som sipprat upp från skiffern till den 
överliggande kalkstenen, där det organiska materialet i skiffern omvandlats till 
kolväten på grund av den tillförda energin vid nedslaget.  
 
Nyckelord: Siljan, meteoritnedslag, geofysik, stabila kolisotoper, olja, analyser av 
mineralsammansättning.  
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1. Introduction 
The Siljan impact structure has drawn many people´s interest and several 
investigations for scientific and economic reasons have been made (Bodén & 
Eriksson 1988). When deep-drilling techniques developed in the late 1900s, many 
countries wanted to search for natural resources. The Siljan ring area has for some 
years been studied by Vattenfall to see if there was a possibility to find natural gas or 
oil reservoirs. Because of this, a drilling project started in 1986 were holes down to a 
depth of 7.5 km in the area were drilled. 

The material in this project is collected from cuttings after geothermal drilling on 
the south-west part of the island Sollerön. The drilling occurred on Bengt Larsson’s 
property and because of his interest to investigate the bedrock further, he and his 
son, Mathias Hamberg, took the opportunity to collect samples from the boreholes. 
In this report, the boreholes are called borehole one (B1) and borehole two (B2), 
however the focus lies on B2 throughout the report and B1 is only briefly mentioned. 
During drilling of B2, in the depth interval of 280-300 metres, oil-mixed water was 
observed. After the drilling, geophysical measurements were performed, which 
showed anomalies in gamma radiation and seismic velocity at certain depths.  
 
1.1 Purpose 
The purpose of this project is to investigate why the seismic velocity differs between 
different depths and especially why the seismic velocity decreases drastically at 255 
metres depth. Also, why is the gamma radiation not affected likewise the seismic 
velocity at this depth. Gamma radiation show deviating values in several depth 
intervals, which also is of interest to investigate. To find a reason for the deviating 
values, four methods were used, carbon isotope mass spectrometry, X-ray powder 
diffraction (XRD), Raman spectroscopy and scanning electron microscopy (SEM). 
The X-ray powder diffraction was used to identify the mineralogy in all the selected 
samples of both B1 and B2. Raman spectroscopy and scanning electron microscopy 
was used to further investigate the mineralogy in a few selected samples of B2 that 
was of extra interest. It was also of interest to investigate the amount of organic 
matter in all the samples, of both B1 and B2, and carbon isotope mass spectrometry 
was used for this.  
To determine the mineralogy, other methods are usually used which require samples 
from an intact core, though as earlier mentioned are the collected samples from the 
drilling from cuttings. Therefore, it is also of interest to see if reliable results can be 
obtained on these samples. 
 
1.1.1 Problem  
This study aims to investigate what rock types the bedrock consist of and if the 
mineralogy of these rock types correspond to stable carbon isotopes and/or the 
gamma radiation values? What causes the low seismic velocity at the depth of 258-
273 metres and could oil be the reason for it? If so, what origin does the oil have? 
There are also of interest to see if the results are reliable, because the samples are 
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collected from cuttings and not from an intact core, is it possible to get results which 
probable conclusions can be drawn from?   
 

2. Geological setting 
During the late Devonian period in the Palaeozoic era, a meteorite with a diameter of 
a few kilometres impacted the earth's crust and created an impact structure, which 
still is visible today and located in Dalarnas Län, central Sweden. The structure that 
took form was a crater and was initially between 60-85 kilometres in diameter 
(Ebbestad & Högström 2007). Today, all that remains is an annular form of 
sedimentary rocks and a granitic middle part, where the sedimentary ring is covered 
by several lakes, which can be seen in figure 1. Using argon laser dating performed 
on melted breccia in the area, the crater could be dated to 377 ± 2 Ma (Reimold et 
al. 2005). 

   
Figure 1. Map over the bedrock for the Siljan impact crater where the black dot on Sollerön 
marks the spot where the boreholes were drilled. Most of the green rocks are sedimentary 
and the pink are granitic rocks (© Sveriges geologiska undersökning & Lantmäteriet). 
 
The morphology of the Siljan crater, which can be seen in figure 2, with the central 
uplift and an annual structure surrounding it, formed as a result of the size of the 
meteorite that impacted. A meteorite with a diameter of three kilometres or more, 
impacting in a terrestrial environment, form by rule a crater of such character which 
classifies as a complex crater. 



 

3 
 

Before impacting, the meteorite had kinetic energy which converted to mechanical 
and thermal energy as the impact occurred. The thermal energy melted and 
vaporized the meteorite and nearby lying bedrock. The mechanical energy, however, 
propagated as shock waves. As the shock waves propagated, they vitrified and 
recrystallized minerals in the underlying bedrock, but the shock waves also crushed 
and fractured rock down to a 10-kilometre depth (Vattenfall 1985; Zanda & Rotaru 
2001). These impact fractures form specific structures which are termed shatter 
cones and can be found in the Siljan area by field observations. The crushed rock 
from the impact was partly compressed by the shock waves and remained in the 
transient cavity, but the other part of the crushed material ejected and thus formed 
the annular excavation in the bedrock. The melt, produced by the thermal energy, 
was likewise ejected but also mixed with breccia. In the first stages of the crater 
formation the transient cavity formed, but these stages were followed by the 
modification stage. In this stage, the crater reshaped to reach a state of equilibrium 
and the depth of the cavity before modification was 3-6 kilometres. When a state of 
equilibrium was reached, a 1.5 kilometre deep ring structure with a one kilometre 
high uplift was formed (Vattenfall 1985). Erosion flattened the irregular surface and 
estimations suggest that 500 up to 2000 metres of bedrock has been eroded since 
the impact. (Ebbestad & Högström 2007).  
 

 
Figure 2. A simplified sketch of the Siljan crater with the central uplift and the cavity. Where 
the cavity consists of sedimentary rocks and the uplift of granite.   
 
The impact is located at a boundary between two zones, the Trans-Scandinavian 
Igneous Belt (1.64–1.74 Ga) at the west and the Svecofennian Domain (~1.9 Ga) in 
the east (Muhamad et al. 2015). During Devonian, sedimentation occurred which 
covered the south and middle part of Sweden, including the Siljan area. The 
sediment probably originated from the erosion of the Caledonides (Puura & Plado 
2005). When the impact occurred, the sedimentary layer was between 2-4 kilometres 
thick at the Siljan area, but because of glacial erosion the sedimentary rocks almost 
only remain in the ring structure of the Siljan crater. These rocks are of Ordovician to 
Devonian origin (Ebbestad & Högström 2007; Muhamad et al. 2015).  



 

4 
 

In the early parts of the Ordovician period, ocean level raised and formed shallow 
seas. The shallow sea overlaying the Siljan region raised from the south-east and 
created an environment where formation of limestone could occur, with an origin 
from reefs and organisms with calcium carbonate shells (Thorslund 1960; King 2019; 
Collini 1988). Calcium carbonate (CaCO3), like calcite, is the biggest component in a 
limestone. In general, a rock needs to contain at least 50% CaCO3 to classify as a 
limestone. It can also consist of clay minerals, quartz and feldspar. There are 
different types of limestones, one of them is chalk that often have a light grey colour 
and consists of fine grains (King 2019). 

Later, during the Silurian period, shales were formed through deposition of fine 
particles and organic matter in a calm environment, where many organisms lived. 
Sandstones also formed during this age, one example is the Orsa sandstone that 
probably formed in upper Silurian (Collini 1988).  

Shales are a type of sedimentary rock which has a composition of compacted clay 
and silt particles, which are commonly called mud and therefore falls under the 
category ‘mudrock’ (Blatt, Tracy & Owens 2006). It is a laminated rock that cracks 
along the laminations into thin pieces. Black organic shales consist of organic matter 
which were deposited together with the mud and when heated it transforms into oil 
and natural gas. Oil has low density and often migrates up into overlying rock unit 
and gets trapped into its pores (ibid). 

The geology on the island where the boreholes were drilled, differ from one side to 
the other. On the west side, there are quartz and feldspar rich rocks (light blue), then 
there are shale (purple). It is also on the shale the boreholes were drilled, see figure 
3. To the right of the shale, towards the east is carbonate rich rocks (dark blue), for 
example limestone. On the right side of the island is granite rocks (orange), which 
belong to the central uplift. The other ones belong to the ring of sedimentary rocks. 
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Figure 3. Bedrock map of Sollerön. The black mark is the location of the boreholes which 
lies in the area of the rock type shale, purple. The dark blue represents a carbonate rich 
rock, such as limestone, dolomite or marble. The light blue represents a quartz and feldspar 
rich rock and the orange a granitic rock (© Sveriges geologiska undersökning & 
Lantmäteriet). 
 
3. Methods 
In this section, the selection of the samples together with the geophysical 
measurements will first be described. After this the equipment for the methods used 
to analyse the selected samples will be described, to contribute to the understanding 
of the methods. This is followed by brief descriptions of all the methods used. 
 
3.1 Selection of samples and the geophysical measurements 
Six samples were selected from the depth interval of 28-42 metres in B1. B1 has 
earlier been studied by Anaïs Fondet (nd), were carbon isotope mass spectrometry, 
Raman spectroscopy and scanning electron microscopy were used to analyse the 
samples. In this report, X-ray diffraction and carbon isotope mass spectrometry are 
used to analyse the selected samples from B1.  

The geophysical measurements, which was performed in B2, showed anomalies 
in gamma radiation and seismic velocity at certain depths. In the depth interval 33-69 
metres, the gamma radiation values increased to later decrease to the earlier similar 
values. This variation was of interest to investigate and because of this, 13 samples 
from this interval were selected.  
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For the depth interval of 249-302 metres, the gamma radiation value is relatively 
low in the upper part of this interval. At 273 metres depth, the gamma radiation 
drastically increases and stays relatively constant down to 302 metres depth. The 
seismic velocity for the same interval, 249-302 metres, is relatively high in the upper 
part of the interval but decreases drastically at 258 metres. When comparing the 
gamma radiation and seismic velocity for this depth interval, drastically changes are 
observed in both of the geophysical measurements but they occur at different 
depths. To investigate why the mentioned changes occur, but also why they occur at 
different depths, 16 samples were selected from this depth interval. A sample with 
material from the whole interval of 280-300 metres were also analysed. In this depth 
interval, 280-300 metres, oil-mixed water was observed during the drilling. 

The geophysical measurements performed in B2 can be seen in figure 4a-c. The 
blue and red plot in panel 4a, shows the relative gamma ray emissions (in API units, 
SPE international 2015). Panel 4b shows electrical conductivity (microsiemens/cm) 
and temperature (Celsius degrees). Panel 4c shows the seismic velocity (km/s).  

Gamma rays are emitted from naturally occurring radioactive elements, which 
have a strong correlation to mineralogy of the measured bedrock (SPE international 
2015). A high gamma radiation value indicates radioactive elements and the different 
gamma radiation values indicate different types of rocks. Shale is one example of a 
rock that consists of more radioactive elements than sedimentary rocks that consist 
of quarts, for example sandstone, or rocks that consists of calcite, for example 
limestone (Eliasson & Jelinek 2015; Russell 1944). It is though difficult to distinguish 
between limestone, dolomite and sandstone, because they do not consist of many 
radioactive elements (Russell 1944). However, if they are contaminated with clay, 
shale, organic matter or silt, the radioactivity increases. 

The temperature, which can be seen in the plot (figure 4b), is approximately six 
degrees near the surface and reaches down to 11 degrees at the bottom of the 
borehole. Seismic velocity is a measurement of the propagation of elastic waves 
through a medium, in this case the bedrock and sediments of B2. The seismic 
velocity is influenced by pressure and water saturation of the bedrock and may be 
used as an estimation of rock porosity and water content (Mavko 2019). Where a 
more porous rock and a higher content of fluids, probably generate a lower velocity. 
Commonly, the upper parts of a drill core, containing scree, vegetal soil and dry sand 
has a low seismic velocity (300-2,500 m/s) whereas crystalline rock such as granites, 
basalts and limestones has a higher seismic velocity (3,500-6,000 m/s). The seismic 
velocity measurement in figure 4c varies quite much but it is close to 5 km/s for 
approximately the first 210 metres. Between 210-255 metres the seismic velocity is 
around 4 km/s and decreases further at 225 metres to approximately 3km/s.   
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Figure 4a-c. Geophysical measurements performed in borehole two, were the metres-axis 
shows depth (km/s). API (American Petroleum Institute) values are shown to the left on the 
x-axis in 4a and is a relative measurement of gamma rays (SPE international 2015). The 
green plot in the middle, 4b, shows electrical conductivity in microsiemens/cm and the red 
shows the temperature in Celsius degrees. The plot to the right, 4c shows the seismic 
velocity measured in km/s. Figure made by Christopher Juhlin. 
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3.2 Equipment 
In the following section, the equipment used to analyse the selected samples are 
briefly described to better understand the analysing methods. 

3.2.1 Carbon isotope mass spectrometry 
Carbon isotope mass spectrometry measures the carbon dioxide ions in a sample 
(MS 2019). The spectrometry detector does not differ between the organic and 
inorganic carbon, so to measure the amount of organic carbon the inorganic carbon 
must be removed. Inorganic carbon is bound to oxygen in carbonates so by adding 
dilute hydrochloric acid, the inorganic carbon is removed through conversion from 
solid carbonates to gaseous carbon dioxide, see equation 1 (Blatt, Tracy & Owens 
2006). 
 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶3 + 2𝐻𝐻𝐶𝐶𝐻𝐻 → 𝐶𝐶𝐶𝐶2 + 𝐻𝐻2𝐶𝐶 + 𝐶𝐶𝐶𝐶2+ + 2𝐶𝐶𝐻𝐻2−   (1) 

 
In general mass spectroscopy measure the mass to charge ratio (m/z) of atomic or 
molecular ions, where m is the ion mass and z is the atomic number (MS 2019). To 
be able to measure the ratio, the elements has to be in gas phase. The carbon is 
therefore converted to carbon dioxide through combustion within the spectrometry 
machine. Carbon dioxide flows through a pipe and then the water in the gas is 
removed. The molecular ion of carbon dioxide can either consist of 12C or 13C, where 
both isotopes are stable and will not decay (Noaa 2019). In general, 12C is the most 
abundant isotope in nature (98.9%) and 13C is the second most abundant isotope 
(1.1%), but still there are some ratio differences that can be measured by this 
method.  

In nature, the plants take up carbon dioxide through photosynthesis. The carbon 
dioxide with 12C in it reacts faster and is lighter which make it easier to move into the 
plant’s stomata through diffusion. Therefore, more 12C will be accumulated in organic 
matter and fossil fuel with the origin of ancient plants.   

In the mass spectrometer, the carbon dioxide will travel between two relatively big 
magnets. Depending on which isotope that is bound in the carbon dioxide they will 
bend off differently, this is observed and the amount of carbon documented. The 
δ13Corg value can be calculated using equation 2, were a more negative value 
indicate more organic carbon. The sample ratio is obtained from the experimental 
process, and the standard ratio is obtained from the absolute ratio which were 
determined from materia of a fossil called Belemnitella americana. (Brand et.al 2014) 
To get the δ13Corg value you subtract the ratio by 1 and then multiply the given value 
by 1,000. 

 

𝛿𝛿13𝐶𝐶 = (
� 𝐶𝐶 13

𝐶𝐶 12 �
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

� 𝐶𝐶 13

𝐶𝐶 12 �
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

− 1) × 1000‰           (2) 

 

https://en.wikipedia.org/wiki/Belemnitella_americana
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3.2.2 X-ray powder diffraction (XRD) 
This method is commonly used to identify minerals in a sample. Because the 
samples in this case are powder the method used is the X-ray powder diffraction. 
The powder that are of interest to analyse is placed in a sample holder where the 
surface of the powder needs to be well flatten out. In the machine, in this case, the 
D8 advance machine from Bruker, the samples are exposed to an X-ray beam, 
where some part of the beam will be diffracted. The X-ray beam is generated from a 
tube and diffracted from the sample that is placed in the sample holder (Clark & 
Dutrow 2019). A detector then detects the diffracted rays which later can be 
observed. In figure 5 an illustration of how the machine works can be seen. 

 

 
 

Figure 5.  A simplified sketch of the how the x-ray beam travels in the x-ray diffraction 
machine. The beam is diffracted in an angle which is called theta.  

  
It is of interest to measure the lattice spacing in the crystal structure of the 

minerals in the sample, and the angle that the laser beam diffracts in is unique for 
every lattice spacing, and therefore also for every mineral. (Clark & Dutrow 2019). 
Bragg’s law is used to identify the lattice spacing (d), where the wavelength (𝜆𝜆) of the 
laser beam and the diffracted angle (𝜃𝜃) are known factors in equation 3.  

 
𝜆𝜆 = 2𝑑𝑑 ∙ sin𝜃𝜃   (3) 

 
Visible light is not used to identify the lattice spacing, because the distance between 
the atoms must be similar to the wavelength of the light that are used. When doing 
X-ray powder diffraction, CuKα radiation is the most common laser beam to use, and 
have a wavelength of 1.5418Å, that is of the same order as the lattice spacing (Clark 
& Dutrow 2019). The X-ray diffract when it hits an atom in the crystals and according 
to the angle when it diffracts the lattice spacing can be calculated using Bragg’s law, 
see figure 6 and equation 3. The signal that is collected in the detector is converted 
to a rate and plotted against the angle, where a higher peak indicates a higher 
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intensity of that mineral. Every mineral consists of a set of specific lattice spacing. 
The diagrams of the results can then be analysed and compared to the ICDD PDF-
databases in the program DIFFRAC.eva version 4.2.1.     
 

 
Figure 6. Incoming X-ray diffract against the mineral, where the angle for the outgoing X-ray 
is theta and ‘d’ is the lattice spacing.  

 
3.2.3 Raman spectroscopy 
Raman spectroscopy give information about vibration in the molecules (Nanophoton 
2019). To get the molecular vibration a sample is exposed to optical laser light, 
which are photons that shoot at the sample. The photons will move the molecule 
from its original energy state to a virtual energy state. The photons will then leave the 
molecule as outgoing energy. Often the incoming light are elastic when it scatters 
and that gives incoming and outgoing energy which do not differ, this is called 
Rayleigh scattering. When the incoming light is inelastic the incoming and outgoing 
energy are different, this is called Raman scattering. There are two types of Raman 
scattering, one where the outgoing energy is larger than the incoming and this is 
called Anti-Stokes. For the other one the outgoing energy is lower than the incoming, 
this is called Stokes. In figure 7 an illustration of these are shown. When performing 
Raman spectroscopy, the Rayleigh scattering is removed and only the Raman 
scattering is observed.   
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Figure 7. When a photon interacts with a molecule the outgoing energy will either move to a 
higher energy state - Stokes, move to a lower - Anti-Stokes or stay the same - Rayleigh 
scattering.   
 
3.2.4 Scanning electron microscopy (SEM) 
This method is used, to for example determine what elements a sample consists of 
(Swapp, 2017). The samples that are being observed are placed in the machine, 
ZEISS GeminiSEM SUPRA 35VP, where the air is pumped out to create a vacuum. 
The samples are then exposed to a beam of electrons, which interact with the 
specimen (NanoScience, 2019). The interaction causes backscattered electrons, 
secondary electrons and photons as X-ray. The electrons give an image that can be 
seen on the connected computer screen. The photons which are produced makes 
electron move between energy states and that give the information about what 
elements the samples contain, because that information vary according to the 
element that it was produced from (Swapp 2017). The measurements can be done 
over an area of the sample, or as spots which target a grain or a specific point.      
 
3.3 Analyses 
In the following section, the practical parts of all the analysing methods are 
described.  
 
3.3.1 Preparation 
On interesting depths, according to the geophysical measurements, samples were 
selected. For carbon isotope mass spectrometry, X-ray powder diffraction and 
scanning electron microscopy, the samples were finely ground and put in small 
containers. For Raman spectroscopy the samples were coarsely ground. The 
grinding was performed in an agate mortar and pestle, which were cleaned with 
ethanol between every sample. 
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3.3.2 Carbon isotope mass spectrometry 
A small amount of each sample was placed in silver containers, were the weight for 
each individual silver container was reset on the analytical scale so that the weighted 
value was the weight of the ground sample. Every sample was marked with the B1 
or B2, symbolizing which borehole the sample was taken from. Each sample was 
also marked with the depth at which the sample was taken from, for example, B1: 
302 m. For simplicity and to avoid destroying the shape of the silver containers they 
were moved with a curved tweezer. Approximately 10 milligrams of each sample was 
measured by using a small spoon. For stability during the process of filling the silver 
containers, they were placed on an aluminium plate. When 10 milligrams were 
weighted the silver container with sample was placed in a tray with fixed positions, 
marked A1 to D6. Between every weighing, the tools were cleaned by wipes with 
ethanol to avoid contamination of the samples. 

To measure the amount of organic carbon in the samples, the inorganic carbon 
was removed using 3 M hydrochloric acid. The hydrochloric acid was applied to each 
silver container during two occasions. 100 microliters the first time and 50 microliters 
the second time, after they have been drying in an oven at 60 degrees Celsius for 
several hours. To apply the hydrochloric acid a pipette with a fixed volume of 50 
microliters was used. The amount of bubbles that were produced is an indicator of 
the amount of calcite in the sample. 

The silver containers was then formed to small balls and placed at the top of the 
machine. One by one they dropped down into the machine. There the sample were 
combusted to carbon dioxide molecular ions. The carbon dioxide then travelled 
between two magnets and bended differently depending on the type of stable carbon 
isotope. The amount of 12C and 13C were then put in equation 2 to get the δ13Corg 
values. The δ13Corg values were plotted against the depth of the boreholes in the 
software Microsoft Excel. The amount of carbon was also plotted against the δ13Corg 
values and the correlation between these was calculated.  
 
3.3.3 X-ray powder diffraction (XRD) 
The finely ground samples were put in sample containers using a spatula and then 
they were flattened out with a glass slide. On the containers, the sample names were 
marked and then they were positioned in a sample holder that could hold 15 sample 
containers. Between every sample the tools used where cleaned with ethanol to 
avoid contamination. The holders for the sample containers were then put in place in 
the D8 advance machine from Bruker. The position of every sample was written 
down in the program for the machine. The angles it measured was between 5-110 
degrees. The data obtained were then imported to the program DIFFRAC.EVA 
version 4.2.1, where unique patterns for every samples were visible. The 
background was subtracted for each sample pattern and then compared against the 
ICDD PDF-databases through the “search/match”-tool in DIFFRAC.EVA. The most 
common elements that were used in the ‘periodic table search’ were silicon, oxygen, 
calcium, carbon and hydrogen. 
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3.3.4 Raman spectroscopy 
First the Renishaw inVia Raman Microscope was calibrated by using a sample of 
silicon. The laser used was a green laser, 532nm with an energy output of 100mW. 
Powder from B2: 280-300 which contained natural oil was placed and flatten out on a 
glass slide. It was then placed in the machine where the focus was set with a 
microscope and a camera within the machine. The spectrum range was set from 750 
cm-1, the exposure time to 5 seconds, the total amount of accumulations to 50, the 
laser power to 5% mW and the cosmic rays were removed. After the measurement 
was done, a diagram was plotted with raman shift (cm-1) on the x-axis and the 
counts, which corresponds to intensity on the metres-axis. For these the baseline 
was subtracted. These diagrams were saved and later on analysed in the free 
program CrystalSleuth (Downs, R. & Laetsch, T. 2009). There the background for 
the samples was removed and then they were matched against the RRUFF 
database. Measurements was also performed on the samples B2:284, B2:261 and 
B2:252, where the exposure time, accumulation and laser power were set to different 
values. For B2:261 and B2:252, measurements were performed both at a powder 
and a pebble from the samples. 
  
3.3.5 Scanning electron microscopy (SEM)  
Three powdered samples were taken out for this method, B2:252, B2:261 and 
B2:284. They were pressed in small individual cups and these cups were then 
attached to a metal plate with some stickers. The plate was placed in the machine 
and the air was removed, putting the samples in vacuum. The samples were then 
exposed for a beam of electrons, where a detector collected the secondary 
electrons, backscattered electrons and the photons (X-ray). Measurements were 
performed on both small areas and as individual spots, which targets specific 
grains.    
  
4. Results 
In the following section, all the results in this study will be presented for all analysing 
methods used. 
 
4.1 Carbon isotope mass spectrometry 
When the hydrochloric acid was added to the samples, most of them showed a 
vigorous reaction which is visible on the amount of bubbles created. Table 1 shows 
the amount of bubbles created from the reaction for all the samples. The amount of 
carbon that were documented and the calculated δ13Corg values can also be seen in 
table 1. The δ13Corg values were then plotted against the depth of where the samples 
were taken, see figure 8, 9 and 10. 

For borehole one, the data is presented in figure 8, variations are observed but no 
visible distinct pattern.  
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For borehole two, in the shallower depth interval between 33-69 metres, a less 
negative δ13Corg value between 42-51 metres and a more negative value between 
54-69 metres is visible, see figure 9. Two distinct peaks that show a more negative 
δ13Corg value are located at 39 and 54 metres. In the deeper depth interval between 
249-302 metres, a more negative δ13Corg value between 258-273 metres is visible, 
see figure 10. For the other depths, a less negative δ13Corg value is visible, with one 
exception for the sample at depth 284 metres which show a relatively negative value 
at -29.08 ‰. For the sample with material from the interval between 280-300 metres, 
that consisted of oil in the field, had a δ13Corg value of -28.95 ‰. 
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Table 1. Raw data from the stable carbon isotope mass spectroscopy. 

 

Borehole 
number 

Depth 
(m) 

Mass 
(mg) 

Estimation of amount of 
bubbles after addition of 
HCl 

δ13Corg vs PDB 
(‰) 

% 
Corg 

B1 28 9.744 very few – 28.36 0.65 
B1 31 10.838 few – 30.27 4.02 
B1 34 10.634 few – 30.21 2.22 
B1 37 9.55 many – 29.48 0.63 
B1 40 10.115 many – 30.29 0.90 
B1 42 9.761 many – 29.5 0.37 
B2 33 9.979 very few – 29.64 2.07 
B2 36 10.509 few – 29.96 1.69 
B2 39 9.598 average – 30.79 2.88 
B2 42 10.527 average – 29.47 0.95 
B2 45 10.458 many – 29.51 0.34 
B2 48 10.323 many – 29.4 0.34 
B2 51 10.209 many – 28.69 0.22 
B2 54 9.49 many – 31.17 3.56 
B2 57 10.34 average – 30.51 6.10 
B2 60 9.611 average – 30.82 4.98 
B2 63 10.56 many – 30.78 2.03 
B2 66 9.752 many – 30.81 1.02 
B2 69 9.525 many – 30.32 0.78 
B2 249 10.157 many – 28.27 0.15 
B2 252 10.564 many – 28.39 0.12 
B2 258 9.839 many – 28.77 0.11 
B2 261 10.328 many – 28.66 0.13 
B2 264 9.664 many – 28.78 0.12 
B2 270 10.02 many – 28.8 0.15 
B2 273 10.108 many – 28.77 0.11 
B2 278 10.159 average – 28.3 0.12 
B2 281 10.219 many – 28.36 0.13 
B2 284 10.354 many – 29.08 0.08 
B2 287 10.42 many – 28.06 0.13 
B2 290 10.611 many – 28.44 0.11 
B2 293 10.281 many – 28.49 0.09 
B2 296 9.506 average – 28.16 0.09 
B2 299 10.325 average – 28.46 0.09 
B2 302 9.981 average – 28.28 0.08 
B2 280-300 10.075 many – 28.95 0.17 
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Figure 8. The depth plotted against the δ13Corg values for borehole one (B1), 28-42 metres. 
 

 
Figure 9. The depth plotted against the δ13Corg values for borehole two (B2), 33-69 metres.  
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Figure 10. The depth plotted against the δ13Corg values for borehole two (B2), 249-302 
metres. 
 
The δ13Corg values were also plotted against the amount of carbon, see figure 11. 
From the points a trend line was drawn out, were it show that the δ13Corg get less 
negative when the amount of carbon reduces. The correlation was also calculated 
for the δ13Corg values against the amount of carbon which showed a strong negative 
correlation, see table 2. 
 

 
Figure 11. The δ13Corg values plotted against the amount of carbon, were the red dotted line 
show the trend. When the amount of carbon reduces, the δ13Corg values gets less negative.  
 
 
 
 
 

-29,20

-29,00

-28,80

-28,60

-28,40

-28,20

-28,00
240 250 260 270 280 290 300 310

δ1
3 C

or
g 

(‰
)

Depth (m)

-1,00

0,00

1,00

2,00

3,00

4,00

5,00

6,00

7,00

-31,50 -31,00 -30,50 -30,00 -29,50 -29,00 -28,50 -28,00 -27,50

Am
ou

nt
 o

f c
ar

bo
n 

(%
)

δ13Corg (‰)



 

18 
 

Table 2. The correlation between the δ13Corg values and the amount of carbon.  

  δ13Corg 
Amount of 

carbon 

δ13Corg 1  
Amount of 
carbon 0.754449 1 

 
4.2 Visual observations  
A significant change in colour for borehole two could be observed between samples 
at the depth 252 and 258 metres. Sample B2:249 and B2:252 were very grey, while 
the samples B2:258-270 had a reddish tone. For the samples from B2:273-302 
metres, they had a beiger colour that change more to grey for the samples at the 
bottom. The colour differences for sample B2:252; B2:261 and B2:284 can be seen 
in figure 12. In figures 13, 14 and 15 the colours for all the samples are visible. For 
the upper interval in borehole two, 33-69 metres the samples between 33-39 metres 
and 54-60 metres have a dark colour. The intervals between 42-51 metres and 63-
69 metres have a much lighter colour. 
 

        
Figure 12. The colour differences for the samples B2:252, B2:261 and B2:284. Photo taken 
by Josefin Löfgren.  
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Figure 13. The colour differences for the samples from borehole two and the interval of 33-
69 metres. Photo taken by Josefin Löfgren. 
 

 
Figure 14. The colour differences for the samples from borehole two and the interval of 249-
281 metres. Photo taken by Josefin Löfgren. 
 

 
Figure 15. The colour differences for the samples from borehole two and the interval of 281-
302 metres. Photo taken by Josefin Löfgren. 
 
4.3 X-ray powder diffraction (XRD) 
The XRD-data from all the selected samples throughout the core of borehole two 
(B2) showed peaks that correspond to two different mineral patterns, one pattern for 
quartz (SiO2) and another for calcite (CaCO3). The peaks in the patterns varied in 
intensity throughout the core, and this was specifically noticeable for the most 
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dominant peaks of both patterns. The quartz pattern had several observable peaks 
in the data from all the selected samples, where the most dominant peak in the 
quartz pattern was observed at the 2 theta-angle of 27, see figure 16. The calcite 
pattern, however, also showed several observable peaks in the data from all the 
selected samples but at different 2 theta-angles than the pattern for quartz. The most 
dominant peak in the calcite pattern was observed at the 2 theta-angle of 29.5 which 
appears in figure 17, as the peak with the highest intensity. 

At the depth intervals of 33-42 metres and 54-63 metres the selected samples 
showed a pattern with a dominant peak at the 2-theta-angle of 27 which corresponds 
to the dominant peak in the mineral pattern for quartz. In figure 16, data for the 
sample taken at 33 metres depth are shown which is representative for the pattern 
on all samples in the intervals between 33-42 metres and 54-63 metres. The depth 
interval of 45-51 metres, which stretches between the earlier mentioned intervals, 
had together with the depth interval of 66-69 metres a dominant peak at the 2 theta-
angle of 29.5 which corresponds to the dominant peak in the mineral pattern of 
calcite. Figure 17 shows data from the sample taken from depth 48 metres which is 
representative data for these two intervals. 

 

 
Figure 16. XRD-data for depth 33 metres from borehole two. The red peaks represent the 
pattern for quartz, blue for calcite, green for illite and pink is the pattern for kaolinite. The 
most dominant pattern is for quartz.  
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Figure 17.  XRD-data for depth 48 metres from borehole two. The red peaks represent the 
pattern for quartz, blue for calcite and green is the pattern for illite. The most dominant 
pattern is for calcite.  
 
Observations of the whole depth range define a variation in the amount of calcite and 
quartz. XRD-data for the range 36-69 metres, with matching patterns, can be found 
in appendix 1, figure A1-A11.  

Two additional mineral patterns were observed when analysing the data, 
specifically from 33 metres depth which is visible in figure 16. These two patterns are 
the patterns for the clay minerals: illite (K0.5 (Al, Mg, Fe)3(Si, Al)4O10(OH)2) and 
kaolinite (Al2Si2O5(OH)4). The illite pattern is apparent in data from the samples in 
the interval of 33-69 and 249-261 metres, however decreases the intensity of the 
peaks with depth. In figure 16, which present data from the sample taken at 33 
metres depth, the peaks have an intensity of maximum 4,000 counts. In comparison 
show data from the sample taken at 261 metres depth peaks for illite with a 
maximum intensity of 1,000 counts, see figure 19. 

For the depth interval of 249-270 metres, is data from the samples taken at 252 
and 261 metres representative for the whole interval, see figure 18 and 19. Data for 
the total interval can be found in appendix 1, figure A12-A15. The previously 
mentioned calcite, quartz and illite patterns matches the peaks, however the 2-theta-
angle of 29.5 is the most dominant for this depth interval. As earlier mentioned, there 
are a colour differs between these two samples, however show XRD-data no visible 
difference.  
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Figure 18.  XRD-data for depth 252 metres from borehole two. The red peaks represent the 
pattern for quartz and blue is the pattern for calcite, where calcite is the most dominant 
pattern.  
 

 
Figure 19.  XRD-data for depth 261 metres from borehole two. The red peaks represent the 
pattern for quartz and blue is the pattern for calcite, where calcite is the most dominant 
pattern.  
 
In the data for the sample taken at 273 metres depth, two additional peaks appear 
(figure 20), which are not observable in the shallower depths of the core. They 
emerge at the 2-theta-angles of 27.5 and 28, within the depth interval of 273-302 
metres. The intensity of the peaks increases significantly by 24,000 counts between 
the depths 273 and 278 metres. The intensity of the peaks however vary throughout 
the depth interval of 278-302 metres. The major peaks can be seen in figure 21 and 
the varied intensity observed can be seen in appendix 1, figure A16-A22.  
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Figure 20.  XRD-data for depth 273 metres from borehole two. The red peaks represent the 
pattern for quartz and blue is the pattern for calcite, where calcite is the most dominant 
pattern.  
 

 
Figure 21.  XRD-data for depth 284 metres from borehole two. The red peaks represent the 
pattern for quartz and the blue is pattern for calcite.  
 
The sample taken from 284 metres depth was investigated more thoroughly and a 
few matching pattern alternatives for the mentioned peaks at angles of 27.5 and 28 
was found. Figure 21 above shows the patterns for quartz and calcite whereas the 
two peaks at 27.5 and 28 do not have a matching pattern. Figure 22 show several 
alternatives for mineral patterns with a feldspar composition that matches the two 
peaks. An albite pattern matches with the peak at the 2-theta-angle 28 whereas the 
microcline pattern matches the 2-theta angle of 27.5.  
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Figure 22.  XRD-data for depth 284 metres from borehole two. The red peaks represent the 
pattern for microcline and the blue is pattern for albite.  

 
Figure 23 below, shows another alternative where the peak at the 2-theta-angle of 
27.5 matches a mineral pattern for rutile (TiO2). The figure also show another 
titanium dioxide mineral, anatase. 

 

 
Figure 23.  XRD-data for depth 284 metres from borehole two. The red peaks represent the 
pattern for rutile and the blue is pattern for anatase, another form of TiO2.  
 
All the above explained patterns and data are from borehole two, though was X-ray 
powder diffraction also performed on samples from borehole one. In borehole one, 
the total depth interval of 28-42 metres matches with the mineral pattern of calcite 
and quartz. However, has the shallow depth interval of 28-34 metres a dominant 
peak for quartz, see figure 24. Data for the depth interval of 37-42 metres has a 
more dominant peak for calcite than the shallower interval of 28-34 metres, though 
are the most dominant peak still that for quartz, see figure 25. 
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Figure 24. XRD-data for the samples taken from the depth interval of 28-34 metres from 
borehole one. The red peaks represent the pattern for quartz and blue is the pattern for 
calcite, where quartz is the most dominant pattern.  

 

 
Figure 25. XRD-data for the samples taken from the depth interval of 37-42 metres from 
borehole one. The red peaks represent the pattern for quartz and blue is the pattern for 
calcite, where quartz is the most dominant pattern. 
 
4.4 Raman Spectroscopy 
For the sample B2:252, where the measurement was performed on a pebble it could 
be seen that it correspond well to calcite, by using CrystalSleuth (Downs, R. & 
Laetsch, T. 2009), see figure 26. For the sample B2:261, also performed on a pebble 
it showed a similar spectrum as for B2:252, with good corresponding patterns for 
calcite, see figure 27. When the sample at depth 261 for borehole two had the 
settings, exposure time to 5 seconds, total amount of accumulation to 30 and laser 
power to 10%, fluorescence occurred, see figure 28. The oil sample from borehole 
two between 280-300 metres, performed on a powder showed well correspondence 
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to calcite and uranpyrochlore, see figure 29. It also showed some correspondence to 
microcline and albite, see figure 30.  
 

Figure 26. Spectrum for the sample B2:252, with the raman shift on the x-axis and the 
intensity on the metres-axis. The blue peaks are calcite (R040170) from the RRUFF 
database within the program CrystalSleuth (Downs, R. & Laetsch, T. 2009).  
 

 
Figure 27. Spectrum for the sample B2:261, were the blue pattern is calcite (R040070) from 
the RRUFF database within the program CrystalSleuth (Downs, R. & Laetsch, T. 2009). On 
the x-axis, it is the raman shift (cm-1) and on the metres-axis, is the intensity.  
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Figure 28. Spectrum for B2:261, with raman shift (cm-1) on the x-axis and the intensity on 
the metres-axis. In this measurement it probably occurred fluorescence. The background 
has not been removed in the program CrystalSleuth (Downs, R. & Laetsch, T. 2009).    
   

 
Figure 29. Spectrum for the sample with oil between 280-300 metres, with raman shift (cm-1) 
on the x-axis and the intensity on the metres-axis. The blue pattern is uranpyrochlore 
(R060165) and the green pattern is calcite (R050130) from the RRUFF database within the 
program CrystalSleuth (Downs, R. & Laetsch, T. 2009).  
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Figure 30. Diagram for the oil sample between 280-300 metres in borehole two, with the 
raman shift on the x-axis and the intensity on the metres-axis. The purple pattern is 
microcline (R050054) and the blue pattern is albite (R040129).  
 
Several amounts of measurements were performed on B2:284 and the 
measurements showed up different peaks depending on what place on the pebble 
the laser was shooting. The first measurements showed a very well correspondence 
to quartz, see figure 31. On another place on the pebble it corresponded well to 
microcline or orthoclase, though with a bit better fit for microcline than for orthoclase, 
see figure 32. An extended measurement was performed on the sample were the 
exposure time was 10 seconds, the total amount of accumulation 3 and the laser 
power 10%. There it corresponded to microcline and anatase with a peak at 
approximately 145 cm-1, see figure 33. On the spectrum produced (figure 33) there 
also was a peak at approximately 1320 cm-1 that did not match with something in the 
RRUFF database. The last measurement for this sample showed well 
correspondence to microcline and two peaks at approximately 480 cm-1 and  
514 cm-1 corresponded well to pyrite, see figure 34.       
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Figure 31. Spectrum for sample B2:284, with raman shift (cm-1) on the x-axis and the 
intensity on the metres-axis. The blue pattern is quartz (R060604) from the RRUFF 
database within the program CrystalSleuth (Downs, R. & Laetsch, T. 2009).  
 

 
Figure 32. Spectrum for sample B2:284, with raman shift (cm-1) on the x-axis and the 
intensity on the metres-axis. The blue pattern is microcline (R050193) and the green pattern 
is orthoclase (R070001) from the RRUFF database within the program CrystalSleuth 
(Downs, R. & Laetsch, T. 2009).  
 



 

30 
 

 
Figure 33. Spectrum for sample B2:284, with raman shift (cm-1) on the x-axis and the 
intensity on the metres-axis. The blue pattern is microcline (R050150) and the green pattern 
is anatase (R070582) from the RRUFF database within the program CrystalSleuth (Downs, 
R. & Laetsch, T. 2009). The peak at approximately 1320 cm-1 did not correspond to any 
mineral in the RRUFF database.   
 

 
Figure 34. Spectrum for sample B2:284, with raman shift (cm-1) on the x-axis and the 
intensity on the metres-axis. The blue pattern is microcline (R050054) and the green pattern 
is pyrite (R050190) from the RRUFF database within the program CrystalSleuth (Downs, R. 
& Laetsch, T. 2009).  
 
4.5 Scanning electron microscopy (SEM) 
The scanning electron microscopy was performed on the samples B2:252, B2:261 
and B2:284. For sample B2:252 the measurement over an area showed big peaks 
for calcium and oxygen, see figure 35. High peaks correspond to high mass percent. 
In table 3 the mass percentages are presented, and in the same table the mass 
percentages for calcium and oxygen is presented which are relatively high. After, 
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silicon and carbon has, compared to calcium and oxygen, less mass percentages.  
Lastly iron, potassium, aluminium and magnesium has the lowest. The spot 
measurements for this sample showed similar mass percentages as the area 
measurement, see figure A24-A26 in appendix 2 and table 3 below.  
 
Table 3. Mass percentages of carbon, oxygen, magnesium, aluminium, silicon, potassium, 
calcium and iron from all measurements.  
  C O Mg Al Si K Ca Fe 
252         
area 8.09 41.1 1.08 3.37 9.15 1.95 32.58 2.68 
shiny 10.26 44.86  3.90 8.88 1.66 28.38 2.05 
dark 9.51 44.30 0.73 2.89 7.49 1.62 31.47 1.99 
spot 1 11.97 51.07 0.74 2.45 4.55 0.91 27.15 1.17 
261                 
area 7.79 41.71 0.88 3.26 8.54 1.76 33.01 3.05 
spot 1 5.78 24.25 1.23 4.82 9.59 1.37 7.42 44.86 
spot 2 7.07 13.28 0.53 2.11 3.72 0.79 7.30 1.40 
spot 3 6.70 32.10  4.83 8.81 2.34 33.27 3.19 
next to 1 9.68 40.68 0.75 3.28 6.93 1.72 34.00 2.96 
284                 
area 24.26 12.61 1.27 41.85 1.38 0.36 0.39 0.58 
spot 1 6.17 31.79 3.77 7.45 15.93 1.2 9.61 21.63 
spot 2 4.78 27.29 1.08 2.88 6.60 0.61 6.4 48.38 
spot 3 5.41 33.08 0.52 1.63 4.59 0.57 37.75 1.73 
spot 4 7.96 44.87 0.55 7.73 21.24 6.88 8.92 1.45 

   

 
Figure 35. The amount of counts for the different elements on sample B2:252, for the area 
measurement.    

 
For the sample B2:261, the measurements over an area showed big peaks of 
calcium, silicon and oxygen, were calcium and oxygen have a high mass percent in 
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comparison, see table 3-4 and figure 36. Then comes carbon and silicon followed by 
iron, aluminium, potassium and magnesium. For the first spot measurement on this 
sample the calcium peak went down, from approximately 33 to 8 mass percent, 
compared to the area measurement. Iron however went up and become a big peak, 
see figure 37. The iron could now be seen as three peaks, instead of one and with a 
mass percent of 44.86 instead of 3.05 for the area measurement. Oxygen decreased 
by almost half, otherwise the other elements stayed almost the same as for the area 
measurement. There was though a new very small peak that occurred, titanium. 
Another spot measurement, performed beside the first spot measurement on this 
sample looked almost the same as the area measurement for this particular sample, 
see figure A27 in appendix 2. This measurement showed that there was not as much 
iron beside spot measurement one as within it. For the second spot measurement on 
sample B2:261, see figure 38, there was a big and medium peak for zinc, a big peak 
for sulphur and compared to the measurement for the area on the sample, calcium, 
silicon and oxygen decreased the most. For the third spot measurement it got a 
similar pattern as the area measurement for the same sample, though were sodium 
and phosphate found, see figure A28 in appendix 2. 
 
Table 4. Showing the mass percent of sodium, sulphur, zinc, titanium, phosphor, gold, 
chloride and copper for the measurement of sample B2:261 and B2:284.  
  Na S Zn Ti P Au Cl Cu 
261         
area         
spot 1    0,69     
spot 2  16.63 47.18      
spot 3 0.56    6.81    
next to 1         
284         
area 2.40  3.99   9.00 0.53 1.38 
spot 1 1.08   1.37     
spot 2    1.99     
spot 3 0.18    14.52    
spot 4 0.40        
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Figure 36. The amount of counts for the different elements on sample B2:261, for the area 
measurement.  

 

 
Figure 37. The amount of counts for the different elements on sample B2:261, for the first 
spot measurement. 
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Figure 38. The amount of counts for the different elements on sample B2:261, for the 
second spot measurement. 

 
For the last sample, B2:284 the measurement over an area showed a very high peak 
for aluminium, see figure 39. According to the mass percent the most dominant 
elements were aluminium, carbon and oxygen. The other elements had small mass 
percent for this measurement.  

The first spot measurement for this sample showed the highest mass percent for  
oxygen, iron and silicon, the plot can be seen in figure 40. For the second spot 
measurement the mass percent of iron increased with more than 100% compared to 
the first spot measurement for this sample, see figure 41 and table 4. For the third 
spot measurement calcium and oxygen where the most dominant ones, but also 
phosphorus occurred with the third highest mass percent for this measurement, 
figure 42. The last spot measurement showed high peaks for silicon and oxygen, see 
figure A29 in appendix 2. 

   

 
 Figure 39. The amount of counts for the different elements on sample B2:284, for the area 
measurement.  
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Figure 40. The amount of counts for the different elements on sample B2:284, for the first 
spot measurement.  

 

 
Figure 41. The amount of counts for the different elements on sample B2:284, for the 
second spot measurement. 
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Figure 42. The amount of counts for the different elements on sample B2:284, for the third 
spot measurement. 
 
5. Discussion 
Below all the results from the analysing methods are discussed in separated 
sections and compared to mainly the geophysical plot. After this an overall 
discussion can be found, where the results from the different methods used are 
connected and compared. The occurrence of petroleum is lastly discussed. 
 
5.1 Carbon isotope mass spectrometry  
A higher gamma radiation value is often an indicator of a rock that contains 
radioactive elements like uranium, potassium and thorium. In the report by Eliasson 
and Jelinek (2015) is it showed that limestone have least amount of the radioactive 
elements in comparison to sandstone and shales. Sandstone have more radioactive 
elements, but shale contains the most. Shale is a good example of a rock that has a 
high gamma radiation. Shales are also rich in organic matter and should probably 
show a high negative δ13Corg value. 

For the upper part of B2, it can be seen that the δ13Corg value gets less negative 
between 42-51 metres and the gamma radiation value, between 40-45 metres, is 
lower. These values, for both the gamma radiation and δ13Corg, could be an indicator 
for limestone because of the low organic matter and radioactive element content, 
which is typical for limestone. The δ13Corg gets a more negative value between 54-69 
metres and in comparison, the geophysical plot shows a higher gamma radiation 
value between 55-62 metres. This is indicative for shale, since the more negative 
value of δ13Corg is caused by a higher organic matter content and the higher gamma 
radiation is caused by a higher content of radioactive elements. The samples also 
show a dark colour here which can be indicative for organic matter. The two higher 
peaks of negative δ13Corg value at 39 and 54 metres can also be seen in the 
geophysical plot. The gamma radiation value at these depths are relatively high, but 
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in between these depths the gamma radiation decreases. The interval between 
these depths was earlier determined to be limestone, but the values for δ13Corg and 
gamma radiation at depth 39 and 54 metres correspond to the data which was 
indicative for shale. Therefore, the intervals above and below the determined 
limestone interval should be shale.  

The lower part of B2, has a more negative δ13Corg value between 258-273 metres, 
than for the interval 278-302 metres and the gamma radiation is higher for this 
interval than for the interval 258-273 metres. The low gamma radiation should 
indicate for limestone, but the δ13Corg values are more negative than for a typical 
limestone. In the depth interval of 249-252 metres, the δ13Corg values are not as 
negative as for the depth interval of 258-273 metres. The gamma radiation in the 
depth interval of 249-273 metres indicate for limestone. The depth interval of 278-
302 metres show less negative δ13Corg values, but the gamma radiation at this depth 
interval are relatively high. This interval has even higher gamma radiation than for 
the predicted shale at the upper part of B2, but the high gamma radiation values in 
this interval still indicate for shale.  

The differences in δ13Corg value are still quite small for the lower depth and this 
makes the variations less trustful. In general, the δ13Corg values get lower further 
down in the borehole with a correlation of -0.754449, which are a good negative 
correlation. That can explain why it is in general much higher negative δ13Corg values 
at the top, even though the gamma radiation values are similar on some places at 
the top and the bottom of the borehole.   
 
5.2 X-ray powder diffraction  
In B2 the depth intervals of 33-42, 54-63 and 278-302 metres has a more dominant 
peak for quartz, compared to other intervals, which can be indicative for a 
sandstone. However, several factors indicate for other types of rocks.  

The geophysical plot shows for the depth range from 0 to 42 metres a higher 
measured value for gamma radiation, which decreases between 44 and 54 metres 
depth to later increase after 54 metres. This variation indicates for variation in 
radioactive elements such as potassium, uranium and thorium. XRD-data show 
presence of the clay mineral illite, which has a composition including potassium, from 
depth 33 to 261 metres. But further observations of data for deeper depth than 261 
meter show that illite most certainly is present throughout the whole core of borehole 
two. A variation in amount of illite, and therefore also in potassium, could explain the 
difference in gamma radiation for the shallower depths. In the data from samples in 
the deeper depth interval of 278-302 metres a significant increase in the amount of 
illite is not visible. However, show this depth a similar increase in gamma radiation. 
The two peaks at the 2 theta angle of 27.5 and 28, which was indicative for several 
feldspar minerals such as microcline and albite, can be the reason for the higher 
gamma radiation. The subgroup alkali feldspar has a composition with potassium 
which the mineral microcline falls under.  
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The first sample that show a content with feldspar is the sample from 273 metres 
depth, and it is also at this depth that the gamma radiation increases. But the peak at 
the 2 theta angle of 28 strongly indicate for presence of albite which does not have a 
composition that includes potassium, but this does not exclude the presence of 
microcline. Most definitely there is a mixture of these both feldspar minerals.  

A silty mudrock consist of more quartz, feldspar, chert and heavy minerals and 
has a lower content of clay minerals, organic matter and pyrite (Blatt, Tracy & Owens 
2006). A mudrock that is not silty has a composition of mostly clay minerals and it 
also contains quartz and chert, feldspar, carbonate minerals, heavy minerals, 
organic matter, hematite, and pyrite. But the content of quartz and chert, feldspar 
and heavy minerals are less than in the silty mudrock.  

The upper intervals with high gamma radiation show XRD-data that corresponds 
to the mineral composition of a mudstone which is not silty. The XRD-data for the 
lower interval with high gamma radiation corresponds with the mineral composition 
of a more silty mudstone. The high gamma radiation, as earlier mentioned, is an 
indicator for a shale which is a type of mudrock. The colouration of the samples 
B2:33, 36, 39, 57 and 60 which has a dark greyish colour also indicate for a clay-rich 
mudrock. Whereas the more reddish colour of the sample B2:284, in figure 12, 
indicate for a silty mudrock in the interval of 278-302 metres.  

The dominating calcite peak in data from samples taken from the three depths 
intervals of 45-54, 66-69 and 249-273 metres in B2 has a lighter tone which matches 
the content of more calcite. Also, the reaction with hydrochloric acid is more vigorous 
for the samples with more calcite content, this observation can be seen in table 1. In 
the deepest interval, the transition between the interval with less calcite into the 
interval with more calcite content is not as distinct as the transition in the shallower 
intervals. The reason for this can be contamination between samples of different 
rock types or that the interval of 278-302 metres contain relatively more calcite than 
the shallower depths with a higher quartz peak and therefore give a more vigorous 
reaction to hydrochloric acid. These indications give that the rock type should be 
limestone. The relatively low gamma radiation values for these depth intervals, in 
comparison with the high gamma radiation intervals, also corresponds to the rock 
type limestone.  

XRD-data from the two shallower depth intervals of B2, 33-42 and 54-63 metres, 
have similarities with the total data range from B1. These depth intervals in B2 
indicate for a mudrock. Also, the bedrock map in the background section, figure 3, 
show that the rock type at the ground surface is shale. The total depth range for B1 
and the depth interval of 33-42 metres for B2 is the shallowest for the two boreholes, 
which therefore should correlate to the rock type shown in a bedrock map for the 
area.  
 
5.3 Raman spectroscopy 
Because of the huge difference in colour, sample B2:252 and B2:261 were 
measured with Raman spectroscopy to see if something could be found that would 



 

39 
 

explain the colour difference. For both samples, they showed patterns corresponding 
to calcite which possibly indicate that they are both limestones. However, nothing 
was found in these samples, from this analysing method, that could explain the 
colour difference. In one of the measurement of the sample B2:261, fluorescence 
occurred and that can be an indicator for organic matter (Akkus & Yang nd).  

The sample B2:280-300, in which oil was observed, was also analysed with this 
method. It corresponded well to uranpyrochlore and calcite. Uranium is a radioactive 
element, and this is an evidence for the high gamma radiation value at this depth. 
The uranpyrochlore could only be found with this method. The sample also 
corresponded to microcline and albite, but with a little bit better correspondence with 
microcline than with albite, see figure 30. The sample B2:284 correspond well to 
both microcline and orthoclase, thereby it is difficult to determine which feldspar 
mineral the samples contain.  

In figure 33, it can be seen that the sample B2:284 correspond well to anatase, 
but there is also an unknown peak at approximately 1,320 cm-1. According to David 
Tuschel (2013), a sedimentary rock which primarily consists of calcites and silicates 
with kerogen trapped in pores should show D and G bands for kerogen. These 
bands can show at different raman shift values, but the D band usually show up at 
about 1,350 cm-1 and the G band at 1,600 cm-1. Kerogen forms from organic matter 
and therefore consists of carbon. The peak at 1,320 cm-1 should indicate for carbon, 
must certainly with origin from organic matter. Tuschel (2013) also mentions that 
different forms of TiO2 is found in shales, specifically black and oil shales. As earlier 
mentioned figure 33 show a raman spectra from the sample B2:284 which 
correspond well to anatase which is a form of TiO2. 
 
5.4 Scanning electron microscopy 
When comparing two measurements made on the area of the samples B2:252 and 
B2:261, a very similar element content was shown which is visible in figures 35 and 
36. However, the spot analyses made on the sample B2:261 showed drastically 
increase in amount of iron, zinc and sulphur. The first spot measurement, that can be 
seen in figure 37, shows most amount of oxygen and iron but less amount of silicon 
and calcite. The high amount of oxygen and iron could indicate a composition of iron 
oxides in the sample and this would explain the red colour observed for this sample. 

The high peaks of zinc and sulphur which is visible in figure 38, could indicate a 
zinc sulphide content. Only one selected grain showed this high content of zinc and 
sulphur and therefore this measurement is not representative for the sample. The 
low amount of iron in the B2:252 sample show that this depth does not contain a 
similar high content of iron oxides, in comparison with B2:261. The low content of 
iron oxides corresponds to the colour of the sample which is light grey.  

Lastly, the area measurement for the B2:284 sample showed a high aluminium 
content. Aluminium can be found in black shales, which support that shale occurs at 
the depth 284 metres. Two spot measurements of B2:284, which is visible in figures 
40 and 41, showed a high content of oxygen and iron, which probably is iron oxide. 
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This sample is beige, with a hint of red which probably is caused by the iron oxides. 
The third spot measurement of B2:284 showed a high content of phosphate. The 
samples taken from the depth interval of 273-302 metres contain feldspar according 
to the XRD-data and phosphate can be found in feldspar (Andersson et al. 2014). 
This correspond well to the gamma radiation value at 284 metres, where the gamma 
radiation value is high and is predicted to be a shale/mudrock. Sodium only occurred 
for this depth, except for one of the spot measurement, for B2:261, and it can usually 
be found in shales and sandstones (Andersson et al. 2014). This suggest that the 
samples B2:252 and B2:261 are not shale, however, sample B2:284 should be shale 
according to the occurred sodium. B2:284 is representative for the whole interval 
between 273-302 metres and it is probably shale which correspond very well to the 
gamma radiation values.    
 
5.5 Overall discussion 
Magnesium could be found in the samples, B2:252, B2:261 and B2:284 when doing 
scanning electron microscopy. The Palaeozoic sedimentary rocks, like limestones 
and shales are the biggest source for magnesium in Skåne (Andersson et al. 2014), 
and the Palaeozoic limestones and shales are also found in the Siljan area which 
could be the reason for the occurrence of magnesium. Magnesium are a component 
of illite and XRD-data showed that illite was present throughout the whole borehole 
of B2, and must certainly also of B1.  

Aluminium is also a component in illite and in kaolinite. Aluminium can be found in 
shales (Andersson et al. 2014) which corresponds to the occurrence of aluminium in 
the sample B2:284 according to SEM. This sample is from the interval which XRD-
data indicate for a shale composition. The reaction for this sample with hydrochloric 
acid is not as vigorous and the gamma radiation is high, which is all indicative for a 
shale. In Skåne it has been documented that the aluminium originates specifically 
from the black shales in the area (Andersson et al. 2014). The uranpyrochlore found 
in the sample B2:284 through Raman spectroscopy should together with potassium 
be the reason for the high gamma radiation which typically is found in shales. Shales 
with a composition of feldspar has a high amount of potassium and the XRD-data for 
the depth interval of 273-302 show occurrence of feldspar. SEM also showed 
occurrence of potassium in the sample B2:284 which is a sample that is 
representative for this depth interval. 

In the samples from the shallower depths of B2 the higher peaks of illite in the 
XRD-data is also characteristic for shale, this can be seen between 33-39 metres 
and 54-60 metres. In these depth intervals the high gamma radiation, grey colour, 
less vigorous reaction with hydrochloric acid and the composition is all indicative for 
shale. But the composition from the deeper interval is different from these two 
shallower intervals which, as earlier mentioned in section 5.2, indicates for two types 
of mudrock and therefore also two types of shales. One with a more clay-rich 
composition and the other with a more silt-rich composition. The clay-rich shale has 
more organic matter than the silt-rich, which the result from the isotope mass 
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spectrometry show. The depth interval of 33-69 metres has a more negative value 
relatively to the depth interval of 249-302 metres which has a less negative value. As 
earlier mentioned, a more negative value indicates for more organic matter. 
However, it is possible that the decrease with depth, that this result show, is due to 
the general decrease in carbon isotopes boreholes often has with depth. 

The variations of δ13Corg within the depth interval of 33-69 metres correspond well 
with the variation in gamma radiation, and also variation in XRD-data and colour of 
the samples. When the gamma radiation values are high the δ13Corg values are more 
negative and XRD-data show a more dominant peak for quartz. This correspond to 
the rock type shale. The samples from the shallowest depth, 33-69 metres, indicates 
for the rock type shale and according to SGUs bedrock map the boreholes are 
located in area with shale as the bedrock, which strengthens the results. In the 
interval 54-60 metres the colour is very dark grey, almost black which also indicates 
for a shale.  

In the depth intervals were the gamma radiation values are low and the δ13Corg 
values are less negative XRD-data show a more dominant peak for calcite. Also, the 
colour of the samples is light grey, and all these mentioned factors are indicative for 
limestone. When the samples were exposed for hydrochloric acid during preparation 
of stable isotope mass spectrometry the predicted limestone samples had a more 
vigorous reaction than the predicted shale samples. This excludes the possibility for 
these samples to be dolomite (Blatt, Tracy & Owens 2006) and only strengthen the 
theory for limestone. 

 
5.5.1 Occurrence of petroleum  
For the lower part of borehole two it gets more complicated and there have not been 
found something that directly can explain the low velocity for the part with low 
gamma values. According to Gold (1988) was there two interpretations set up for the 
Siljan region and the drilling at Gravberg. These interpretations are focused on the 
oil and the reason why it could be found. For early investigations of the Siljan Ring 
could hydrocarbons be found, but also infiltration of oil could be found in limestones 
at the east part of the structure. The first interpretation follows, “The oil seeps were 
considered to be the result of organic sediments deposited in the limestone that filled 
the ring-shaped depression, known to be about 300 m deep. The impact event or 
subsequent volcanic intrusive supplied sufficient heat at one time to convert the 
organic content of these sediments into petroleum, and this petroleum is now 
seeping up.” (Gold 1988, p.18). This could be one theory that can explain the higher 
organic content at the depth 258-273 metres for borehole two, but also the low 
velocity at that depth. The underlying bed of this one had oil within it, which was 
observed in the field. This is strengthened by Raman spectroscopy, which showed 
an unknown peak that most likely are a type of hydrocarbon. The organic matter in 
this shale could have been converted to oil when the meteorite impacted the area 
and this oil has then seeped up into the overlaying bed. Studies, which was 
performed by the US Geological Survey, have shown that oil are formed from shales 
with a high organic content (Arnold & Anderson 1907; Clarke 1916 see Höök et al. 
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2010). Höök et al. (2010) also describe that Engler (1913) have observed a 
relationship between the heat in the ground and oil, when he was able to form 
hydrocarbons from organic matter when exposing it for heat. Stable carbon isotopes 
can be used to see that petroleum got biogenic origin. The oil found in borehole two 
can contribute to the fact that the δ13Corg values are higher and as known according 
to (Mavko 2019) have oil a lower velocity which would explain why both the 
limestone layer (258-273 metres) and the shale layer (273-302 metres) have similar 
velocity. The shale in the upper part of the borehole does not show this low velocity 
and if there only is oil in the lower part of the borehole should the velocity go down, 
which can be seen.  

There is another theory, that support the abiogenic origin of oil which are 
supported by Gold and is his second interpretation. There he says that the rock in 
the area got very cracked as a result of the impact (Gold 1988). This result in that 
fluids can easier flow. The mantle above the whole Scandinavian area is rich in 
hydrocarbon. Hydrogen rise up towards the most permeable parts, which is the 
interface between sedimentary Ring and the inner granite part. The oil that is 
transported will deposit in porous rocks. The boreholes are located on the 
sedimentary ring and very close to the boundary of the inner granite, see figure 3. 
This interpretation could also be true when looking at the location of the boreholes, 
the shattered rock and the hydrocarbons in the mantle for the area. However, this 
theory is not scientifically accepted and there are not many proves of this naturally 
occurring outside the lab (Höök 2010). The deep drilling in the granite in Siljan was a 
try to see if the abiotic theory could be true. The black paste that was found during 
the drilling and that Gold saw as a hit, actually was mud and lubricants from the 
drilling. Because of all this are the biotic theory the most trustful one and the one that 
most likely are the correct explanation for the origin of the petroleum in borehole 
two.   

 
6. Conclusions 
Borehole two consist most likely of shale and limestone whereas borehole one only 
consist of shale, according to the samples that were observed. The samples from the 
depth intervals of 42-51 metres and 249-270 metres in borehole two show a 
composition of a limestone which is supported by the low gamma radiation values, 
the high amount of calcite, the less negative δ13Corg value for the upper interval and 
the light grey colour of the samples. Exception for the colour is taken in the interval 
of 258-273 metres. The red colour for this interval can be explained by the amount of 
iron that was found with SEM.  

The interval between the upper part and the lower part, where no samples were 
selected, the prediction which is supported by the low gamma radiation is that it 
consists of limestone.  

The intervals between 33-39 metres and 54-60 metres got high evidence for being 
a shale, where the gamma radiation values are high and quartz is more present than 
calcite. Also, the δ13Corg value are more negative for the upper part of borehole two 
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for the interval of 54-69 metres which indicated for more organic matter and also a  
part of this layer are very dark, which can be an indicator for black shale. The XRD-
data, high gamma radiation for the interval 273-302 metres and also the additional 
analyses done on the sample B2:284, indicated for the rock type shale for the 
mentioned interval.  

Both field observation and the peak at 1,320 cm-1 in Raman spectroscopy indicate 
for some sort of hydrocarbons and presence of oil. The oil is most certainly causing 
the low velocity for the whole interval of 258-302 metres. One evidence, beside the 
field observations, why the oil are not only present in the shale, but also in the pores 
of the overlaying red limestone are the low velocity for this layer. The oil has low 
density and migrates upwards into the pores of the overlying rock. Hydrocarbons in 
the shale were converted to oil by the heat when the meteorite impacted. 

The results show a good possibility to do analyses on samples taken from cuttings 
and that it is not necessary to have a whole core for these kind of analyses.  
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Appendices 
Appendix 1. 
Data obtained from the X-ray powder diffraction (XRD). 
 

 
Figure A1. Data from sample taken at 36 metres depth. The red peaks represent the pattern 
for quartz, blue for calcite and green is the pattern for illite.   
  

 
Figure A2. Data from sample taken at 39 metres depth. The red peaks represent the pattern 
for quartz, blue for calcite and green is the pattern for illite.   
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Figure A3. Data from sample taken at 42 metres depth. The red peaks represent the pattern 
for quartz, blue for calcite and green is the pattern for illite.   
 

 
Figure A4. Data from sample taken at 45 metres depth. The red peaks represent the pattern 
for quartz, blue for calcite and green is the pattern for illite.   
 

 
Figure A5. Data from sample taken at 51 metres depth. The red peaks represent the pattern 
for quartz, blue for calcite and green is the pattern for illite.   
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Figure A6. Data from sample taken at 54 metres depth. The red peaks represent the pattern 
for quartz, blue for calcite and green is the pattern for illite.   
 

 
Figure A7. Data from sample taken at 57 metres depth. The red peaks represent the pattern 
for quartz, blue for calcite and green is the pattern for illite.   
 

 
Figure A8. Data from sample taken at 60 metres depth. The red peaks represent the pattern 
for quartz, blue for calcite and green is the pattern for illite.   
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Figure A9. Data from sample taken at 63 metres depth. The red peaks represent the pattern 
for quartz, blue for calcite and green is the pattern for illite.   
 

 
Figure A10. Data from sample taken at 66 metres depth. The red peaks represent the 
pattern for quartz, blue for calcite and green is the pattern for illite.   
 

 
Figure A11. Data from sample taken at 69 metres depth. The red peaks represent the 
pattern for quartz, blue for calcite and green is the pattern for illite.   
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Figure A12. Data from sample taken at 249 metres depth. The red peaks represent the 
pattern for quartz and blue the pattern for calcite.   
 
 
 

 
Figure A13. Data from sample taken at 258 metres depth. The red peaks represent the 
pattern for quartz and blue the pattern for calcite.   
  
 

 
Figure A14. Data from sample taken at 264 metres depth. The red peaks represent the 
pattern for quartz and blue the pattern for calcite.   
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Figure A15. Data from sample taken at 270 metres depth. The red peaks represent the 
pattern for quartz and blue the pattern for calcite.   
  
 
 

 
Figure A16. Data from sample taken at 278 metres depth. The red peaks represent the 
pattern for quartz and blue the pattern for calcite.   
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Figure A17. Data from sample taken at 281 metres depth. The red peaks represent the 
pattern for quartz and blue the pattern for calcite.   
  
 

 
Figure A18. Data from sample taken at 290 metres depth. The red peaks represent the 
pattern for quartz and blue the pattern for calcite.   
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Figure A19. Data from sample taken at 293 metres depth. The red peaks represent the 
pattern for quartz and blue the pattern for calcite.   
  

 
Figure A20. Data from sample taken at 296 metres depth. The red peaks represent the 
pattern for quartz and blue the pattern for calcite.   
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Figure A21. Data from sample taken at 299 metres depth. The red peaks represent the 
pattern for quartz, blue for calcite, green for rutile, pink for albite and brown is the pattern for 
microcline.    
  

 
Figure A22. Data from sample taken at 302 metres depth. The red peaks represent the 
pattern for quartz and blue the pattern for calcite.   
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Figure A23. Data from the depth interval which contained oil. Samples taken from the 
interval of 270-302 metres. The red peaks represent the pattern for quartz, blue for calcite, 
green for rutile, pink for albite and brown is the pattern for microcline.    
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Appendix 2.  
Data obtained from the scanning electron microscope method. 
 

 
Figure A24. Data obtained from a shiny grain in the sample taken from 252 metres depth.   
 

 
Figure A25. Data obtained from a dark grain in the sample taken from 252 metres depth.   

 
Figure A26. Data obtained from spot analysis one for the sample taken at 252 metres depth.  
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Figure A27. Data obtained from the sample taken from 261 metres depth, beside spot 1 
(spot 4).  
 

 
Figure A28. Data obtained from spot analysis three for the sample taken at 261 metres 
depth.  
 

 
Figure A29. Data obtained from spot analysis four for the sample taken at 284 metres 
depth. 
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