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Abstract: The ability to evaluate the geothermal potential at a depth of five to six kilometres in the crystalline bed-

rock is crucial for the EGS-technology to be utilized in the future. This work focuses primarily on presenting ex-

pected geological conditions at great depths in southwestern Scania. The study is based on information from 

E.ON’s deep drilling FFC-1 in Malmö and data and investigations of the crystalline bedrock at Romeleåsen and in 

the Dalby Quarry. The work presents qualitative and quantitative analyses from optical microscopy, SEM-EDX 

analysis, chemical analyses, density measurements and analyses of the thermal properties of the bedrock. Geophysi-

cal information from borehole logging has been used to assess rock type distribution in the rock mass. The survey 

shows that the bedrock in FFC-1 is mineralogically and chemically comparable to the bedrock on Romeleåsen. 

Gneiss of different colors and with varying foliation and quartz content make up approx. 80% of the rock mass. The 

rest is dominated by mafic rocks such as amphibolite and metabasite. Mineralogy shows that the bedrock in FFC-1 

was metamorphosed under amphibolite facies conditions, which is evident in a relative higher frequency of garnet 

in comparison with the bedrock in Dalby. The two dominated rock types show clear differences in density (2.67 

respectively 2.98 g/cm3) and thermal conductivity (3.62 respectively 2.57 W/m K), which gives very different geo-

thermal conditions. The bedrock is similar to Romeleåsen, strongly fractured with different types of fractures, open 

and closed and presenting corresponding fractures fillings. The predicted elevated fracture frequency of the FFC-1 

bedrock at greater depths is explained by pressure relief that created horizontal fractures, and tectonics related to 

the Tornquist zone. The tectonics and metamorphic history of the Fennoscandian Border Zone also indicates a high 

prevalence of latent fracture systems with good prospects for hydrostatic stimulation and EGS.  
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Sammanfattning: Att kunna bedöma den geotermiska potentialen på fem till sex kilometers djup i den kristallina 
berggrunden är avgörande för att EGS-tekniken (”Enhanced Geothermal Systems”) ska kunna bli möjlig i framti-
den. Det här arbetet fokuserar i första hand på att presentera förväntade berggrundsförhållanden på stora djup i syd-
västra Skåne. Studien baseras på information från E.ONs djupborrning FFC-1 i Malmö och data och undersökning-
ar av den kristallina berggrunden på Romeleåsen och i Dalby stenbrott. I arbetet presenteras kvalitativa och kvanti-
tativa analyser från optisk mikroskopering, SEM-EDX-analys, kemiska analyser-, densitetsmätningar och analyser 
av berggrundens termiska egenskaper. Geofysisk information från borrhålsloggningar i FFC-1 har använts för be-
dömning av bergartsfördelningen i bergmassan. Undersökningen visar att berggrunden i FFC-1 är mineralogiskt 
och kemiskt jämförbar Romeleåsens. Gnejs med olika färg och med varierande foliation och kvartshalt utgör ca. 
80% av bergmassan. Övrig andel domineras av mafiska bergarter såsom amfibolit och metabasit. Mineralogin visar 
att berggrunden i FFC-1 metamorfoserats under amfibolitfacies-förhållanden vilket visar sig i en relativt större före-
komst av granater i jämförelse med berggrunden i Dalby. De två dominerade bergartsklasserna uppvisar tydliga 
skillnader i densitet (2,67 och 2,98 g/cm3) och termisk ledningsförmåga (3,62 och 2,57 W/m K) vilket ger mycket 
olika geotermiska förutsättningar. Berggrunden är, likt Romeleåsens, kraftigt uppsprucken med flera typer av 
sprickbildningar, öppna, och slutna och uppvisar överensstämmande sprickfyllningar. FFC-1:s berggrundens pre-
dikterade förhöjda sprickfrekvens på större djup förklaras med tryckavlastning som skapat horisontella sprickor, 
samt tektonik relaterad till Tornquistzonen. Fennoskandiska Randzonens tektoniska och metamorfa historia indike-
rar även en hög förekomst av latenta spricksystem med goda utsikter för hydrostatisk stimulering och EGS. 
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1 Introduction 
An increasing demand for eco-friendly energy alterna-
tives and new opportunities for Enhanced Geothermal 
Systems (EGS) have set the scene for many countries 
to start evaluating their geothermal resources. Sweden 
aims to be carbon neutral by 2045 (Statens Offentliga 
Utredningar 2020) and an annually expansion of 100 
TWh renewable energy is forecasted by the Energy 
Agency until the year 2040 (Energimyndigheten 
2018). EGS do not only meet these environmental 
requirements; they also fulfil the Swedish ambitions of 
reliability, near-by placement and small areal footprint 
(Energimyndigheten 2018; U.S. Department of Energy 
n.d.-a; from now on U.S. DOE). Furthermore Vatten-
fall, which is the largest power company in Sweden, 
has decided to phase out coal power from their portfo-
lio by 2030, which further opens up for renewable 
alternatives such as EGS and overall accelerates the 
geoenergy market in Sweden (Vattenfall 2020).  
 The sedimentary bedrock in SW Scania with 
several potential geothermal sandstone aquifers have 
been noticed in geothermal contexts since the 1970:s 
(Rosberg and Erlström 2019). Between 1983 and 
1985, the geothermal potential outside Lund was in-
vestigated by the Faculty of Engineering (LTH, Lund 
University) and Lund Energy company. Their investi-
gations resulted in the installation of a geothermal sys-
tem where c. 22 ˚C warm water from the Cretaceous 
sandstone at 400–800 m depth is utilized via heat ex-
change in heat pumps for the Lund district heating 
system (Alm 1999; Aldenius 2017). Until recently the 
system has provided c. 25% of the heat to the district 
heating. Thus, the system has been running for more 
than 35 years but is now gradually faced out as the 
well integrity is failing and the temperature of the for-
mation has decreased to 16 ˚C.    
 In 2000 an interest rose in exploring the possi-
bilities to utilize potential resources of hot water at 
great depths in the fractured crystalline bedrock in the 
Romeleåsen Fault Zone. A 3701.8-m-deep exploration 
well, DGE-1, was in 2002–2003 drilled outside Lund, 
in connection to the Romeleåsen Fault Zone, entering 
the crystalline basement at 1946 m (Rosberg and Erl-
ström 2019). This well gave a bottomhole temperature 
of 85.1 °C, which illustrated a relatively high tempera-
ture gradient in the crystalline basement of 22 °C/ km 
(Rosberg and Erlström 2019). It was, however, found 
that the water productivity from the fractured rock 
mass was insufficient for building a full-scale geother-
mal plant (Wirtén 2016).     
 More or less simultaneously with the Lund pro-
ject Sydkraft AB (now E.ON), drilled two wells (FFC-
1 and FFC-2) in Malmö north harbour. The two wells 
reach the top of the basement at c. 2100 m. The initial 
target for these wells was the geothermal potential in 
the Mesozoic sandstone beds between 1600 and c. 
2100 m depth. This project was, however, put on hold 
due to competition from other energy resources to the 
district heat in Malmö, primarily by surplus heat from 
a large waste incineration plant.   
 Later, in 2016 rejuvenated interest for investi-
gating the potential of deep geothermal energy in 
Malmö rose at E.ON. This was primarily driven by the 
energy company St1´s deep geothermal EGS project in 
Finland. E.ON´s feasibility studies resulted in a deci-

sion to extend the existing vertical FFC-1 well in 
Malmö into the Precambrian crystalline basement. The 
aim was to reach at least one kilometre into the base-
ment as to get reliable data on the thermal and physical 
properties. An optimal target was to reach four kilome-
tres depth. The drilling started in June and the final 
depth reached was 3133 m in August 2020.  
 Overall, the geological assessment for an EGS 
is a challenging task as it concerns predictions of the 
composition of the bedrock at great depths. In order to 
forecast and model the design there is a need of infor-
mation regarding the composition of the bedrock and 
it´s thermal properties, rock stresses, degree of fractur-
ing and hydraulic conditions. Today there are very few 
boreholes to greater depths than c. 1 km that give this 
information for the crystalline basement in the Fen-
noscandian Shield. Thus, the deep drilling in Malmö 
provides unique information on several of these im-
portant properties.      
 This master project aims to characterize the 
crystalline bedrock beneath Malmö, primarily based 
on geological data from the FFC-1 borehole. Further-
more, these results will be compared with a study on 
cores and outcrops from the Dalby quarry on the Ro-
meleåsen horst as well as information from regional 
geological bedrock maps from the Geological Survey 
of Sweden and the DGE-1 deep drilling outside Lund. 
The study focuses mainly on characteristics that are 
important for assessing the EGS potential in south-
western Sweden and Scania such as main rock types, 
thermal properties, chemical composition, relative 
rock distribution, fracturing and fracture minerals. 
 The scope of the study had to be somewhat 
modified during the course of this project due to the 
Covid-19 pandemic and that E.ON paused the FFC-1 
project. This led to that some of the planned E.ON 
surveys were not performed, i.e. coring and seismic 
survey. Therefore the study on the Dalby samples 
achieved a greater focus than originally planned. The 
following objectives have been  investigated:  

1. the overall physical properties of the rocks have 
been assessed using geophysical logs such as 
Spectral gamma ray, density, Sonic and Caliper 
from the FFC-1 well, 

2. based on investigations using optical microsco-
py and SEM-EDS-analysis on thin sections the 
rock type, mineral composition, fractures and 
fracture fillings have been described,  

3. for the different main rock types the chemical 
composition, density and thermal properties 
have been evaluated.  

1.2 What is EGS?               
EGS is an umbrella term used for artificially made 
reservoirs in tight or low permeable rocks, designed 
for district heating or electricity production. Conven-
tional geothermal systems have been in use since the 
early 20th century, but the high demands placed on 
the geological conditions have limited the use to areas 
with sedimentary cover strata holding porous and per-
meable aquifers (Austin 1977; Breede et al. 2013). 
Already in 1940, experiments began with artificially 
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manipulating the bedrock conditions to open up rela-
tively tight reservoirs. The oil- and gas industry intro-
duced hydro-fracking as a method to artificially create 
fracture systems and thereby enabled larger withdraw-
als from the reservoir (Potter et al. 1974; Baker 
Hughes 2012).      
 Further development of the EGS-technology 
has now been going on for almost 50 years. The 
shearing method, which is applied on naturally frac-
tured bedrock, has taken on a significant role since the 
1980: s (MIT 2006; Jung 2013). The aim of both 
fracking and shearing is to artificially increase the 
permeability of the rock by letting the rock´s com-
pressive stress being exceeded by stress created by a 
hydrostatic pressure in the borehole surroundings. 
Fracking is applied to low- to impermeable rocks, 
with the aim of creating new fracture systems, ena-
bled by exposure to a fast increased stress (MIT 2006; 
Dusseault 2016). During shearing the procedure is 
slow. Shearing is applied to medium/high permeable 
rock, under which pre-existing fractures tends to 
shear, i.e., open up more. The shearing method further 
distinguish by not requiring any chemicals and by  the 
fractures being self-supported (Dusseault 2016; MIT 
2006). Companies often uses different approaches in 
the creation of EGS reservoirs, this mainly applies to 
the choice of drilling technology, surveys and model-
ling programs. The basics, however, can be summa-
rized in three phases (U.S. DOE 2016): 

1)  the bedrock system is characterized through 
different surveys, such as seismic mapping and 
test boreholes, 

2)  the reservoir is created i.e., production- and 
injection wells are drilled and stimulation of the 
bedrock is performed, 

3) the maintenance of the reservoir and the opera-
tion of the production facility/power plant. 
  

A typical EGS-system is illustrated in figure 1. This 
includes one injection and at least one production well. 
The wells are often also deviated as to get an optimal 
length contact with the created reservoir. A submersi-
ble pump is installed in the production well and the 
produced warm water is circulated via a heat exchange 
facility on the ground and back into the injection well. 
The water used can be both fluids from the bedrock 
but often in originally tight rocks this is fresh water 
added to the system. For electricity production a mini-
mum temperature of c. 150°C in the production well is 
required (MIT 2006). For district heating, a tempera-
ture of 100°C in the production well is sufficient. 
However, an optimal direct connection to a district 
heat system requires temperatures between 115–120°C 
(MIT 2006; M. Erlström, personal communication, 
2021).       
 In recent times research has begun into apply-
ing the EGS-technology at greater depths through 
deeper drilling, as this would significantly expand the 
field of application of the technology into other geo-
logical settings than the strict hotter parts of our plan-
et. In this context, areas with relatively cold crystalline 
bedrock have become of interest, especially if it con-

nects to naturally fractured systems, such as batholiths, 
impact- or fault structures. Even greater potential is 
believed to be found in areas where the crystalline 
basement is concealed beneath thick layers of sedi-
mentary bedrocks with relatively low thermal conduc-
tivity, thus isolating properties. This type of relation-
ship is for instance found in the bedrock in southwest-
ern Sweden.       
 Today there are no EGS plants in Scandinavia 
in operation since the EGS potential in Europe has so 
far focused on relatively hot areas for electricity pro-
duction. The deepest of these are the Soultz-sous-
Forêts, (c. 5000 m) and Rittershoffen (3196 m) in 
France and Insheim (3600 m) in Germany, all located 
in fractured granite (MIT 2006; Pfalzwerke 2019; 
Destress 2020). Since May 2012 there is also a two 
year-long EGS-project in progress in Cornwall County 
in south-western England (Eden geothermal 2021). 
The project aims to utilize the heat of the St Austell 
granite, part of a batholithic granite complex, to initial-
ly supply the Eden´s Biomes with district heat. In a 
second step a 4.5 km deep well will be drilled to create 
a reservoir connected to a power plant. The aim is to 
provide Eden with renewable energy enough to make 
the area carbon-climate positive by 2023 (EGS Energy 
2021).       
       

Fig. 1. Schematic illustration of an Enhanced Geothermal 
System: 1 reservoir, 2 pump house, 3 heat exchanger, 4 
turbine hall, 5 production well, 6 injection well, 7 hot water 
to district heating, 8 porous sediments, 9 observation well, 
10 crystalline bedrock. Figure modified from Wikimedia 
(2009), press content from Siemens, CC BY-SA 3.0. 

https://en.wikipedia.org/wiki/Batholith
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 Even though experience from both operating 
and abandoned plants, EGS-industry has, until recent-
ly, been lacking an international cooperation where 
knowledge can build-up and be exchanged between 
researchers. Serving this purpose, a 25 km2 area in 
Utah was selected in 2018 for the FORGE project 
(Frontier Observatory for Research in Geothermal 
Energy), sponsored by the U.S. DOE. Here a highly 
fractured granitic pluton has been used for geothermal 
testing since the 1970-ties. The FORGE-project how-
ever, is an international underground field laboratory 
which shall serve, when fully implemented in 2020, 
for testing, developing and optimizing of the EGS 
technologies (U.S. DOE, n.d.-b). These types of pro-
jects are key-pillars in the road map for a wider appli-
cation of the EGS-technology, especially concerning 
development of cost-effective deep drilling and estab-
lishing best applicable methodology for assessing EGS 
related properties of the bedrock at great depths.  
 Besides cost efficient drilling the bedrock has 
to have properties that facilitates the creation of a res-
ervoir by hydro-shearing, which will give enough flow 
between the injection and production wells, and that 
the thermal properties (heat exchange) are satisfactory. 
The best case involves a homogeneously fractured 
rock mass with a temperature of at least 120˚ C. St1 
and E.ON are aiming for systems that can generate 
between 10–50 MW heat, thus a flow in the ranges of 
up to 100 l/s. The geological evaluation of an EGS is 
based on various empirical data, which are of im-
portance for the general assessment and the prediction 
models. The most important of these geological data 
involve information on: 

• structural rock conditions: include textures, 
both effecting the frequency of fractures and 
most important when designing drilling pro-
gram and correlation to seismic data, 

• rock type distribution: relates to density, ther-
mal conductivity, temperature and determines 
the drilling technique, 

• rock stresses: crucial properties for hydraulic 
stimulation/shearing and orientation of the 
wells, 

• thermal properties: determines the effective 
production of the plant and thereby the drilling 
depth. Gives the chemical effects on the plant 
during operation and constitute the basis for 
hydraulic modelling of the rock volume, 

• fractures: frequency, type, orientation and dis-
tribution constitute the basis for the shearing 
operation, 

• hydraulic characteristics: relates to permea-
bility and chemical composition of formation 
fluid and gas, 

• seismic background data: applied to charac-
terize the rock mass, and also for monitor the 
effects of the hydraulic stimulation and 

• drillability: based on several parameters, usu-
ally defined by the ROP (Rate Of Penetration). 
So far, no RDI (Rock Drillability Index) exist 
for percussion technique. Important to achieve 
knowledge on how the crystalline basement in 
Malmö can be drilled with the percussion tech-
nique.  

1.3 Geological setting of SW Scania   
The Precambrian bedrock in western Scania be-

longs to the Eastern Segment (ES) of the Sveconorwe-
gian Province (Fig. 2). The rock is primarily made up 
of c. 1.7 Ga orthogneisses that underwent high grade 
metamorphism and ductile deformation during the 
Hallandian-, (c. 1.45 Ga) and especially the Sveconor-
wegian (1.1–0.9 Ga) orogens (Hubbard 1975; Möller 
et al. 2007; Bingen et al. 2008; Brander and Söderlund 
2009; Ulmius et al. 2018). The Protogine Zone, PZ 
(Fig. 2) constitutes the eastern margin of the Sveconor-
wegian orogen (Bingen et al. 2008). It is displayed by 
several N–S trending, brittle and ductile deformation 
zones within a 10-20 km wide belt (Andréasson and 
Rodhe 1990). The metamorphic grade increases to-
wards the west across the PZ; from greenschist- to 
upper amphibolite–facies conditions, displayed by 
high-pressure granulite, migmatite and eclogites in the 
ES west of the PZ (Möller et al. 2007; Bingen et al. 
2008: Ulmius et al. 2018). East of the PZ the bedrock 
is dominated by the same protoliths, unaffected by the 
Sveconorwegian metamorphic event (Fig. 2) (Ulmius 
et al. 2018).       
 The structural framework of the bedrock in 
Scania today is largely the result of a several tectonic 
events in the Tornquist Zone (TZ), throughout Phaner-
ozoic times. The TZ is north Europe´s greatest defor-
mation zone, which, 20–50 km wide intersects Scania 
in a NW–SE direction (Fig. 2) (Erlström et al. 1997; 
Sivhed et al. 1999). It is within the TZ the most intense 
inversion, brittle deformation and severe faulting have 
occurred within Scania. The tectonic history includes 
three major deformation events; the Caledonian, the 
Variscan, which are interpreted to have caused reacti-
vation along older deformation zones, and the Alpine 
event that primarily overprint most of the previous 
tectonic structures.       
 The Alpine orogen includes the Kimmerian 
event in Triassic–Early Cretaceous, and the Laramide 
event in Late Cretaceous. Basaltic volcanism took 
place in central Scania during the Kimmerian event 
(Bergelin et al. 2011), but most distinct for this period 
are strike-slip movements that formed pull-apart-
basins (Bergerat et al. 2007). The basins were, together 
with the Late Palaeozoic Variscan structures, inverted 
during the Laramide event, which resulted in signifi-
cant uplift of the Tornquist Zone and subsidence of 
adjacent basins such as the marginal parts of the Dan-
ish Basin that involves SW Scania (Erlström 2020). 
The structures created during the Alpine tectonics are 
today displayed as the characteristic horsts and gra-
bens in Scania. The horsts trending the same direction 
as the dykes, NW–SE, are actually ridges, built of tilt-
ed Precambrian bedrock blocks while the grabens con-
stitute valleys holding up to km-thick Phanerozoic 
successions. (Bergerat et al. 2007; Erlström 2009). In 
figure 3, one of theses horsts, Romeleåsen, is present-
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ed. The Romeleåsen Fault Zone constitutes the SW 
boundary of the TZ as well as the SW boundary of the 
Romeleåsen horst with exposed and surficial uplifted 
Precambrian bedrock, exemplified in the Dalby quarry 
(Fig. 2). Corresponding crystalline bedrock is found on 
the footwall block to the SW at c. two kilometres 
depth, exemplified by the DGE-1 well (Rosberg and 
Erlström 2019).      
 The area where FFC-1 and DGE-1 are located, 
is often referred to as the Fennoscandian Shield Border 
Zone (Fig. 2). The area is defined as the by faults 
weakened southwestern margin of the Fennoscandian 
Shield. The area extends from north Jylland and north 
Kattegat, trough Scania, and ends towards southwest 
where the Fennoscandian bedrock disappears in north 
Germany (Erlström et al. 1997). The northern parts of 
the weakened shield margin include the regional 
Tornquist Zone (TZ) and the southwestern parts of the 
Kattegat-Skagerrak area (Fig. 2) (Bingen et al. 2008). 
This area has constituted a buffer-zone since the Late 
Palaeozoic because of its location between Fen-
noscandia and the more tectonically active regimes 
(Erlström 2020). Due to this it also displays a succes-
sively thinner crust to the SW in comparison to the 
inner parts of the shield (Erlström et al. 1997). The 
thickness of the crust varies from about 26 km on the 
Ringkøbing–Fyn High to 48 km for the inner parts of 

the Fennoscandian Shield (Thybo 2000; Mogensen 
and Korstgård 2003). The thickness of the crust has 
been interpreted to be c.32 km in SW Scania. The 
crust thickness is of great interest as gradually thinner 
crust results in an increased heat flow and relatively 
higher thermal gradient (Balling 1995).   
 The crust of the Fennoscandian Shield margin 
has also been isostatically affected due to long periods 
of land-lowering and sediment accumulation that end-
ed in Neogene time when the land started to rise, fol-
lowed by heavy erosion, and land rise of 1–3 km 
(Japsen 1993; Jensen et al. 2003).  It is reasonable to 
assume that the pressure release that followed the land 
rise created fractures several kilometres down in the 
bedrock (Balling 1995; Thybo 2000). The lithostrati-
graphic representation of the sedimentary succession is 
the result of blocks being exposed to both uplift and 
subsidence, as well as erosion and deposition during 
different periods. (Sivhed et al. 1999; Erlström 2009).  
The distribution of the various Phanerozoic strata is 
today well mapped, while the crystalline bedrock has 
mainly been studied on the exposed ridges (Fig. 2). 
The knowledge about the concealed crystalline base-
ment in SW Scania is so far, before drilling of the  
FFC-1 well, based on few observations in oil and gas 
prospecting wells touching only the crystalline bed-
rock surface. We know that the orthogneisses repre-

Fig. 2. Schematic map of Scania showing the main structural features and bedrock composition, as well as the location of the 
studied sites and boreholes. Figure modified from Erlström (2021).    
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sent reworked varieties of the Transscandinavian Igne-
ous Belt (TIB) with mafic sheets of metabasite that 
follows the gneissic structure (Sivhed et al. 1999). 
From the Romeleåsen horst we know that at least two 
generations of mafic rocks, diabases, intersects the 
gneiss, whereas the younger c. 300 Ma old dykes cut 
the older (c. 1.2 Ga) (Fig. 3).    
    

The structural framework of the sedimentary bed-
rock in SW Scania is relatively well outlined from 
seismic surveys performed during oil and gas pro-
specting in the 1970-ties. These data verify that there 
are several faults that penetrates the sedimentary suc-
cession in SW Scania. The major ones are the north–
south oriented Svedala Fault that separates the Skurup 
Platform and the Höllviken Halfgraben. Other signifi-
cant fault systems are the NNW oriented Amager and 
Öresund faults and the NW-oriented Foteviken and 
Vellinge faults (Erlström et al. 2018). All these have 
been active during the Triassic–Cretaceous. Older as 
well as less prominent faults in the basement are also 
likely present in SW Scania, though these are not pos-
sible to distinguish in the old seismic data with rela-
tively low resolution and penetration depth.  
 Nevertheless, repeated tectonic events and reac-
tivation of the fractures systems since the Cambrian is 
interpreted to have affected SW Scania in the same 
way as in the central parts of Scania. Thus, a severely 
fractured rock mass which includes both open and 
closed fractures (Erlström et al. 2004; Bergerat et al. 
2007).  

2 Data base                

2.1  Outcrops and cores from the Dalby 
quarry  

Dalby (Önneslöv) quarry (55.6˚ N, 13.4˚ E), is located 
in the western parts of the Romeleåsen horst and con-
stitutes bedrock largely composed of crystalline bed-
rock (Fig. 3). The quarry was established in 1893 and 
industrial production of crushed rock started 20 years 
later. Today the quarry is operated by Sydsten AB that 
produces different rock materials for the construction 

Fig. 3. Illustration of the main bedrock geology on the Ro-
meleåsen horst. The location of the Dalby quarry is marked. 
Figure modified from Ulmius et al. (2015).  

Fig. 4. Photograph showing the complex structure of the deformed gneiss in the Dalby quarry. The gneiss is characterized by 
ductile foliation, trending from lower left to upper right in the picture. The yellow-brownish impression given by the gneiss on 
the right side in the picture, is likely due to thin iron precipitations. Photo: H. Kervall (2021). 
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industry (Sydsten AB n.d.-a; Sydsten AB n.d.-b). 

 The bedrock is dominated by fine- to medium 

grained red-grey orthogneiss, often recrystallised and 
with varied frequency of veining (Sivhed et al. 1999; 
Persson and Göransson 2010). As illustrated in figures 
4 and 5, the gneiss is intruded by numerous black 
mafic dykes that are more or less parallel to the gneiss-
ic foliation (Persson and Göransson 2010). 
 The metabasite dykes intruding the gneiss are 
interpreted to belong to a magmatic event, with dykes 
following the PZ further north. This event of dykes has 
been dated at c. 1.22 Ga (Söderlund and Ask 2006; 
Cederberg 2011). During the following Sveconorwe-
gian orogeny the protoliths of the gneisses and the 
mafic dykes were jointly deformed and metamor-
phosed (Persson and Göransson 2010). The shared 
tectonic history is given by the metabasite dykes  
which are parallel to the gneissic fabric (Sivhed et al. 
1999). The grey-black to greenish metabasite is gener-

ally fine-grained. As a result of significant alteration, 
the metabasite veins have in places been transformed 
to chlorite.       
 A set of younger mafic dykes is associated with 
Permian–Carboniferous extension, around 300 Ma 
ago.  During this event magma intruded and a swarm 
of NW–SE trending steeply dipping dolerite dykes 
formed. The up to c. 50 m wide dykes reflect an im-
portant period of extensional tectonics linked to the 
formation of horsts and grabens (Klingspor 1976; Ber-
gerat et al. 2007; Malehmir et al. 2018). An example 
of an up to four-meter-wide sub-vertical dyke in the 
Dalby quarry is shown in figure 3. The dykes are asso-
ciated with weakness zones in the host rock and frac-
tures parallel to the dyke are commonly seen (Fig. 4). 
Other fracture directions, NE–SW and N–S also oc-
curs, which relate mainly to E–W extension during 
periods of strike-slip movements along the main faults 
in the Fennoscandian Shield Border Zone (Persson and 
Göransson 2010).  

 In 2000 and 2002 Sydsten AB carried out 15 
core drillings, adding 940 meters, to evaluate further 
mining in Dalby quarry. For this study Sydsten AB 

offered access to cores and core documentation. The 
documented visual descriptions of the 15 cores, has 
been used for volume estimations of the rock types. 
During a visit to their core storage facility ten core 
pieces were selected from four of these cored bore-
holes. The borehole locations are shown in figure 6. 
 The selected cores represent different rock 
types with high fracture frequency. The aim was to 
both get representative samples of the various rock 
types and to get samples that illustrate the fracturing. 
Pieces with several generations of fractures were pre-
ferred. Six pieces of gneiss were chosen, whereas one 
exhibit the contact between gneiss and metabasite and 
one presenting the contact to a probable quartz vein. 
Three of the samples constitute different types of am-
phibolite and one sample is a diabase. From drill core 
number eight, seven levels have been sampled, which 
are presented, together with the core stratigraphy 
shown in figure 7. Drill cores six, seven and nine have 
only been sampled on one level each.  
 The sampled core pieces were polished for pet-
rographic analyses with respect to mineralogy, texture, 
fracture frequency and fracture orientation. From the 
selected ten core pieces 11 thin sections were pro-
duced (Table 1). Seven additional rock samples were 
collected from the quarry wall during a second field 
visit to the quarry. These were c. 20*20 cm in size and 
used for thermal conductivity and density analyses. 
These samples were taken from quarry benches 4 and 
1 (72 m and 18 m depth respectively, below ground 
level). The samples were furthermore selected on the 
basis to be representative for the  bedrock as well as 

not being too fractured, as thermal analyses must be 
performed on unfractured rock. Of the selected sam-
ples, five samples constitute three different types of 
gneiss and two samples of amphibolite. A presentation 
of the Dalby samples and performed analyses is given 
in Tables 2 and 3. 

 

 

Fig. 5. Photograph of the upper bench, facing north in Dalby 
quarry. The wall shows highly fractured gneiss with amphib-
olite veins and numerous metabasic dykes. Several orienta-
tions of the fractures can be observed in the picture. Note 
that the dominating orientation of the fracture planes coin-
cide with the orientation of the gneiss foliation. Camera case 
on boulder centrally-left in lower part of picture for scale. 
Photo: H. Kervall 

Fig. 6. Aerial view of the Dalby quarry with locations of the 
sampled core drillings No:6-9. The picture is from a 3D-
model, produced by Schakt & transport for Sydsten AB. 
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 2.2  The FFC-1 borehole                 
FFC-1 (55.6˚ N, 13.0˚ E) is located at Flintrännans 
Fjärrvärmecentral (FFC) in the north harbour, approxi-
mately 2.5 km from Malmö city centre (Fig. 8). The 
area is built on land fill sediments which have been 
deposited periodically since before the first drillings in 
2002 and 2003. The top of the Precambrian crystalline 
bedrock is located at 2112 m depth, and subcrops a 
sedimentary bedrock succession which, down to 1600 
m is mainly composed of Upper Cretaceous limestone. 
Between 1600 and 2100 m the sedimentary succession 
is composed of an alternating sequence of Lower Cre-
taceous, Jurassic and Triassic sandstone and claystone 
beds. The sedimentary succession is general poorly 
consolidated and includes several highly permeable 
sandstone aquifers. When the drilling resumed in the 
summer of 2020 the FFC-1 well, was extended to 3133 
m depth, thus reaching more than one kilometer into 
the underlying crystalline basement.  

2.2.1 Drilling operation of FFC-1           
The drilling started with placing a liner inside the old 
well down to 2142 m to seal off and secure the exist-
ing well. From there on the drilling started with ham-

 

 

Fig. 7. Stratigraphy of drill core no. 8 from Dalby, marked 
with sampled levels, and characteristics of the rock types and 
fracture characteristics. The stratigraphy is based on core 
documentations from Sydsten. 

Fig. 8. Aerial view of Malmö north harbour with the loca-
tion of FFC-1. Modified from Lantmäteriet © (2021). 
Small picture to the right modified from https://
opendataimpactmap.org/ (2021).   

* Two thin sections were produced from one core  

Table 1. Summary of samples from Dalby quarry. The table gives information on drill core id no, core box (Sydsten AB id no) 
and depth/depth interval, rock type and sample code of the polished core and thin section.   
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mer drilling with a 170 mm hammer. After time-
consuming efforts to handle large volumes of water 
coming into the well from the severely fractured upper 
part of the bedrock E.ON decided to drill the remain-
ing part of the well from 2242 m with conventional 6 
1/2” and 6 1/8” rotary drilling. Numerous bits were 
tested but still the penetration rate did not exceed 5 m/
hr, which is considerably slower in comparison to the 
hammer technique if that had worked. However, the 
rotary drilling was successful in the sense that water 
inflow to the well could be controlled and a depth of 
3133 m could be reached within the scheduled time 
frame for the drilling.  

2.2.2 Geological well site work during drilling of 
FFC-1                                                
The main tasks were to sample, describe and monitor 
the geology during the drilling. The drilled rock was 
described primarily regarding: rock type, color, texture 
and grain size, main minerals and trace components/
minerals, frequency of fractures and fracture minerals 
and shape of the cuttings. Coring was originally in-
tended to be performed for scattered intervals but this 
operation was abandoned due to time and cost related 
issues. The sampled cuttings constitute, thus, the basis 
of the geological descriptions. About 300 grams (50g 
+ 250g as reference) of cuttings were collected for 
every two meters interval. For some intervals several 
fractions were collected to ensure representative sam-
ples since the relative occurrence of the rocks varied 
with grain size. The drilling as well as the well site 
geological operations went on around-the-clock. This 
was possible since five people worked in shifts of 12 
hours during the whole drilling operation. Three mud-
loggers were responsible for collecting, cleaning, dry-
ing and bagging the cuttings. During the hammer drill-
ing in the upper part (2150–2242 m) the sampling took 

place under a cyclone. The sampling during this inter-
val was generally problematic, the cutting size and 
amounts were overall small and depth correlation diffi-
cult. During the rotary drilling operation, 2242–
3133m, the samples were gathered from the shale 
shakers. These consist of a set of screens that separate 
the cuttings from the drilling fluid (mud) coming from 
the borehole. Wooden planks were placed along the 
shaker´s outlet for the cuttings to build-up on. The 
planks were then scraped clean after each sampling so 
that representative samples could be obtained for re-
spective interval. During the rotary drilling drilling-
mud additives aggravated the cleaning of the samples, 
the sampling was otherwise satisfactory both regarding 
cutting size, quantities of cuttings and depth correla-
tions.        
 The operation geologist had the overall respon-
sibility for the geological work. The geological de-
scription was carried out by two well-site geologists, 
based on microscopy and monitoring of the drill tech-
nical parameters such as rate of penetration (ROP), 
rotation force (Torque), weight on the drill bit (WOB) 
and rotation of the drill string in rounds per minute 
(RPM). The monitoring was enabled by GeoDATA´s 
real-time well data visualisation system which purpose 
was to facilitate correlations between observed opera-
tional changes in drillability with shifts in the bedrock 
composition. However, the frequent change of bore-
hole assemblies (drill bits, turbine etc) often aggravat-
ed this correlation. The drilling parameter data was 
delivered digitally to E.ON in LAS-format by GeoDA-
TA and incorporated in the well site mudlog using the 
Logplot Ver 8 software from RockWare Inc.  
 The geological observations were summarized 
in daily geological reports, DGR:s, by the well-site 
geologist after each completed day of geological work. 
An example of the DGR is shown in figure 9.  

Fig. 9. Excerpt from the mudlog compiled at the well site at FFC-1. The log presents the rock types in percent, based on exami-
nation of cuttings, rock description and remarks. The drilling related properties of ROP, Torque, WOB and RPM are illustrated 
as graphs. 
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 The DGR contained, besides geological infor-
mation, drilling technical data, photo documentation 
and a visual graphic mud log for the drilled section. 
The mudlog graphically present geological, geotech-
nical and geophysical data. The columns are presented 
side by side to easily trace relationships between geo-

physical changes and the composition of the bedrock. 
A comprehensive description of the geological work 
during the drilling operation is given in a report by 
E.ON (2020). Figure 10 shows the final interpretations 
log, conducted by Rosberg and Erlström (2021)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10. Showing a compiled interpretation based on cuttings and geophysical data from the FFC-1 drilling. Columns from left 

to right gives: Bedrock composition with rock legend, Caliper (gives the diameter of the well), Gamma Ray (presenting natural-

ly occurring radioactive isotopes in the bedrock), Density gives the overall density of the rock. In the last column the radioactive 

isotopes from the spectral gamma are shown as separate curves. The log and interpretations have been done by Mikael Erlström.  
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that later was compiled and added to the FFC-1 drill-
ing report. The data in the log is besides the mud log 
data based on results from the geophysical wire line 
logging.       
 All analyses and thin sections produced from 
FFC-1 are based on cuttings. Cuttings have been hand-
picked and collected from several coherent depth inter-
vals to obtain representative samples for each rock 
type. All together 32 samples have been included in 
this study, 16 for thin section preparation, 10 for 
chemical analyses and five for analysis of the thermal 
conductivity (Table 4).     
 Fourteen of the thin sections represent depth 
intervals of four meters, one thin section contains cut-
tings gathered from a six m interval, and two represent 
eight meters intervals. From ten of theses intervals 
another 25 grams was gathered for chemical analyses. 
The chemical analyses constitute of eight samples se-
lected from one–four meters depth intervals and two 
samples was carried out from intervals of six respect 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

tively eight meters. In addition to the chemical anal-
yses of the bedrock composition an assumed fracture 
mineral, frequently occurring during the drilling of the 
test hole, was analysed. This mineral was selected 
from a four meters interval. For the thermal conductiv-
ity analysis 0.5 litres of cuttings were gathered per 
sample. These samples were collected from intervals 
of 3, 2, 10, 2 and 2 meters respectively.  

3 Methods              
Primarily the methods applied were chosen with the 
aim to find out whether the rock types documented on 
the Romeleåsen horst, exemplified with the samples 
from the Dalby quarry, are similar to the ones found at 
great depth in the FFC-1 borehole. This has involved 
visual examination of cores and cuttings, microscopy, 
SEM-EDX, thermal- and chemical analyses. A sum-
mary of the methods used, and samples investigated 
from Dalby quarry and FFC-1 is presented in Tables 2
–4)  

Table 2. List of rock samples D1-D11 from Dalby quarry. The samples are presented with the number of the drill core it was 
taken from and the depth/depth interval, in meters below surface. Analyses performed on each sample is stated in the three col-
umns to the right. For location of the core drillings see figure 6.  

Table 3. List of outcrop samples D19-D36 from Dalby quarry. Analyses performed on each sample are given in the two col-
umns to the right.   
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3.1 Visual examination of cores    
The core pieces from Dalby quarry were sawed length-
wise and polished. The polished samples (D1B–D11B) 
varied in lengths between 9 and 19 cm. The pieces 
were polished using a Struers Roto Pol-25 with Struers 
Waterproof Silicon Carbide paper P, #220 C to #1200 
C (coarser sandpaper was used initially and as the 
work proceeded, finer grinded paper was used until 
visible scratches were removed). Each core piece was 
thereafter scanned using an Epson Perfection V300 
Photo scanner at high resolution (300 dpi). Photo-
graphs were taken with a Canon EOS 550D and for the 
macro photographs an USB digital microscope, 50–
1000–X, 8 HD-LED-endoscope camera was used.  

 
3.1.2 Microscopy  

Dalby  

Petrographic microscopy was performed for identifica-
tion and quantification of minerals, fractures and other 
characteristic features. The core samples were cut into 
smaller pieces, using a Steinadler AR-750 rock saw. In 
total 13 thin sections (28·48 mm), standard thickness 
(25–30 µm) were prepared by Piotr Krzemiński 
at Abcahead, Warsaw, Poland. The thin sections, D1A
–D11A (Table 2) were cast without cover glass, to 
enable both petrographic microscopy and SEM-
analysis. The petrographic analysis was performed 
using a LRI Olympus microscope, and Plan N, zoom-
ing 2x, 4x, 10x and 40x objectives. For photomicro-
graphs the software ImageView was used.  
 The modal quantification based on point count-
ing was performed on plain polarized light (PPL) and 
cross-polarized light (XPL) photomicrographs in the 

software J Micro Vison. Point counting was performed 
on eight thin sections. On these 800 points were count-
ed each. The classification of the igneous rocks 
was conducted through plotting in QAP-ternary dia-
grams. The metamorphic rocks were primarily classi-
fied based on the IUGS-SCMR flowchart and glossa-
ry.  

FFC-1  
For petrographic microscopy and SEM-analysis 17 
thin sections, (29·44 mm), standard thickness (25–30 
µm), were prepared by ThinSectionLab, France (Table 
4). Each thin section was made from 20g of cuttings 
casted in epoxy. As for the samples from Dalby the 
FFC-1 thin sections were scanned using an Epson Per-
fection V850 Pro, 6400 dpi, with polarization filter on 
scanner glass (simple for PPL and double crossed 90° 
for XPL).  

3.1.3 SEM-EDX   

SEM-EDS analysis have been performed on the thin 
sections from Dalby (Table 2). The aim of SEM-
analysis was to produce images and study the struc-
tures of the rocks on a detailed level. The purpose of 
the EDX-analysis was to complement the microscopy, 
to support/dismiss interpretations made from the mi-
croscopy through chemical element indications. To 
avoid non-conductive samples from charging during 
analysis, the thin sections were sputter-coated with a 
10–15nm thick coal layer under a 150 Am/bar vacu-
um, using an Agar auto carbon coater. The samples 
were then placed in a TESCAN Mira3 scanning elec-
tron microscope (SEM). In the SEM an electron beam 

Table 4. List of investigated cutting samples from the FFC-1 well in Malmö north harbour. Rock classification is based on modal 

composition, presented with depth/depth interval from which the sample represent. Analyses performed on each sample are given 

in the three columns to the right.  



18 

 

is scanned on the sample surface, resulting in different 
types of emitted electrons that can be detected. For 
obtaining high-magnification images with topographic 
information SE (secondary electrons) are detected. For 
images presenting compositional information, BSE 
(back-scattered electron), which penetrate the surface, 
are detected (Egerton and Springerlink 2016). 
 The SEM-analysis was operated through the 
software programme Tescan Mira. During the analysis 
the acceleration voltage was set to 15 kV and a work 
distance of minimum 10nm was used. The SE- and 
BSE-images were then used when interpreting where 
the spot-analyses in the EDS (Energy Dispersive X-ray 
Spectroscopy) would be performed. When spots were 
selected the EDS measured the energy of the X-rays 
and converted it into qualitative and quantitative ele-
ment data (Russ 1984). The data was then operated 
through the software program Aztec. Three to five spot 
analyses were conducted on each mineral. Preparatory 
work and analyses were performed in the SEM-
laboratory at Geocentrum, Lund university. In total 
68 SEM-EDX analysis have been conducted.   

3.2 Thermal analysis  
3.2.1 Dalby             
The larger rock samples from Dalby quarry were 
sawed into a suitable cubic size of c. 1 dm3, thus, sides 
around 10 cm. The analyses were thereafter performed 
by the Geological Survey of Sweden in Uppsala using 
a Thermal Conductivity Scanner (TCS). The equip-
ment used is manufactured by Lippmann and Rauen 
GbR in Germany. The TCS measures the thermal con-
ductivity (TC) and thermal diffusivity (TD) with 3% 
accuracy, by applying optical scanning technology of 
plane or cylindrical surfaces (along the cylinder axis) 
of rock or core specimens, using infrared temperature 
sensors in combination with a mobile, focused, and 
continuously operated heat source. The sample tem-
perature is measured by the sensors before and after 
heating. Typically, two reference probes with known 
thermal properties are analysed together with the sam-
ple (Popov et al. 1999).  

3.2.2 FFC-1         
Five samples á 0.5 litres of cuttings were analysed 
regarding the thermal conductivity of the material, 
using the transient line source method. The cuttings 
were initially processed and reduced so that they do 
not contain any coarse or sharp-edged parts larger than 
approx. 1 mm. The measure principle is based on the 
replacement of air between the grains, with a fluid of 
known thermal conductivity. The method requires a 
non-dissolvent fluid, which does not react chemically 
with the sample, normally fresh water. The thermal 
conductivity of the mixture (cuttings + water) is then 
measured using a TK04 conductivity meter. By sub-
tracting the known thermal conductivity of the fluid 
from the test results, the thermal conductivity of the 
solid material can be determined (Thermophysical 
Instruments Geothermal Investigation 2021). Analysis 
and the matrix thermal conductivity calculations was 
performed by RWTH Aachen University (Klitzsch and 
Ahrensmeier 2021). 

 

3.3 Chemical analysis 
3.3.1 FFC-1                  
Corresponding cuttings prepared for the FFC-1 thin 
sections were also used for a chemical analysis. Eleven 
samples of 25 g cuttings were analysed (Table 4). In 
addition to the bedrock analyses an assumed fracture 
mineral, frequently occurring during the drilling of the 
test hole, was analysed. Material from this mineral was 
selected from a 4 meters interval.    
 The bedrock samples were analysed by ICP-
AES (Inductive Coupled Plasma-Atomic Emission 
Spectroscopy) and ICP-MS (Inductive Coupled Plas-
ma-MassSpectroscopy) by ALS Chemicals, using 
same analytical standards as SGU (Sveriges Geolo-
giska Undersökning) does for their rock samples. The 
fracture mineral was analysed using an X-ray diffrac-
tometer (XRD) with respect to total mineral content in 
non-oriented total sample ("WR") and clay mineral 
content in oriented sample ("OR") of therefore separat-
ed fine fraction. Five analytical treatments and XRD 
analyses were performed on the sample at SGU's min-
eralogical laboratory in Uppsala. 

4 Results              
The performed investigations give a comprehensive 
description of dominating rock types in the Precambri-
an basement of southwest Scania. The results in the 
following text start with the study of the samples from 
the Dalby quarry, followed by the descriptions of the 
cuttings from FFC-1. The focus lies on description of 
the mineralogical, textural and physical properties of 
the rocks, which direct and indirectly are of im-
portance for an assessment of deep geothermal energy 
systems in SW Scania. 

4.1 Dalby quarry            
The investigated cores and rock samples from the 
quarry display two main rock groups, i.e., 1) felsic 
granitoid rocks (primarily gneiss), 2) mafic rocks of a) 
amphibolite and metabasite and b) diabase. The fol-
lowing text focus on describing the main characteris-
tics, exemplified by a selection of photographs and 
illustrations. 

4.1.1 Felsic granitoid rocks           
The following description is based on the seven pol-
ished core samples (Fig. 11), seven thin sections and 
SEM-EDX analyses.  

Minerology and texture 
The gneisses are by far the most common rock type in 
the Dalby quarry. The dominantly fine-grained 
gneisses vary from pale pink to light red, medium red, 
deep red and red-grey (Fig. 11). In general, the redder 
types include more alkali while the light-coloured vari-
eties are comparatively rich in quartz and the darker 
variants contain higher amount of mafic minerals. All 
the samples have been given a descriptive name, pre-
sented under rock type in Table 5. Results from point-
counting on five of the samples form the basis for 
modal classification, which is based on observed 
minerology (Fig. 12). These results are summarized in 
Table 5, which also gives the mineral composition of 
each sample in percent. Strong deformation has made  
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Fig. 11. Polished core slabs of felsic core samples from Dalby. (A): sample D3A; dark-banded gneiss (B): sample D5A/D6A, 
light red granite (upper part- D5A) and light red gneiss (lower part- D6A) (C): sample D8A weakly banded gneiss (D): sample 
D9A gneiss rich in darker mineral (E): sample D11A; gneiss from a crush-zone (F): sample D2A (upper part) pale-coloured 
granite. Photo: H. Kervall. 



20 

 

sory minerals found are zircon (ZrSiO4) in D3A, and 
titanite/sphene (CaTiSiO5) in D2A. Titanite is dis-
played in figure 13D, where the crystals form a ductile 
band at the contact between two rocks in sample D2A. 
Skeletal shaped, incomplete formed crystal of garnet 
are present in sample D9A (Fig. 13C).      
 All samples display a tight texture with inter-
locking crystals (Figs. 13A and 13E). More than half 
of the samples show highly variable mineral composi-
tion within the sample. A majority of the samples are 
anisotropic, meaning that the mineral grains display a 
preferred orientation (Fig. 13B). Sample D2A, is ho-
mogenous and isotopic, thus illustrates a uniform com-
position and randomly oriented grains (Fig. 13D). 
D6A and D9A is also homogenous but anisotropic. 
The other samples display a heterogenous and aniso-
tropic texture.        
 All samples except D11A display extensive 
saussuritization of the plagioclase grains. This gives 
the plagioclase grains a fine-grained dusty appearance 
(Fig. 13A). Tartan and/or albite twinning is observed 
in all samples. Tartan twinning displaying a cross-
hatched pattern, in the potassium-feldspar microcline 
(Fig. 13A) whereas albite twinning gives striped lami-
nae in plagioclase grains. The EDX-analyses gives that 
some of the plagioclase feldspars are calcium-rich an-
orthite, but the dominating feldspar is sodium-rich 
albite. In sample D3A sodium-rich feldspars show a 
perthite texture (Fig. 13E). The texture gives the grain 
a typical “tiger-striped” pattern due to potassium-
feldspar intergrown. Plastic deformation, giving the 
mineral grains and structures a distorted bended ap-
pearance, is commonly observed in all the samples. 
The deformation is mainly displayed by grains of cal-
cite, feldspar, quartz and biotite, exemplified by dis-
torted grains of biotite in sample D9A (Fig. 13B). 
Plastic deformation is furthermore seen by boudinage 
structure in sample in D5A (Fig. 15B), and a deformed 
calcite fracture in sample D2A (Fig. 15C). In sample 
D2A (Fig. 13D) there is a ductile band of secondary 
formed titanite crystals between two rock contacts. 
Foliation is displayed in samples D3A, D9A, D11A 
and indicated in D5A/D6A. The deformation is also 

mineral identification difficult for two of the samples. 
These samples (D9A and D11A) have therefore only 
been given a metamorphic descriptive classification, 
based on texture and composition. In figure 13A the 
most common minerals identified are displayed in a 
photomicrograph.     
 The point counting results, i.e., the modal clas-
sification, indicate that the rocks have a quartz-diorite, 
granite, tonalite or quartz-rich granitoid composition. 
The results are illustrated by the ternary plot in figure 
12. The point counting results display a rather high 
variation of the quartz content, between 17% in sample 
D8A, to 64% in sample D2A. Except sample D5A/
D6A and D11A, all the samples contain a few percent-
ages of biotite, which often appears as elongated plas-
tically deformed mineral aggregates (Fig. 13B).  
 Microphotographs showing examples of the 
mineralogy of the felsic rocks in Dalby are displayed 
in the figures 13A–F. Sample D9B contains ˂2mm 
euhedral diamond-shaped megacrysts, which distin-
guish by their larger grain size than surrounding ma-
trix (Figs. 13C and 15A). The EDX-analysis gives that 
these are either hematite (Fe2O3), magnetite (Fe3O4), 
or/and iron oxide-hydroxide (FeOOH). Further acces-

Table 5. Summary of the point-counting results of the felsic core samples from Dalby. The mineral composition is given in 
percent by the three most dominant minerals. Accessory minerals constituting < 1%, are only noticed by name. Note also that 
the point counting represents the thin section, and not necessarily the whole core. 

Fig. 12. Ternary diagram showing the composition of the 
felsic samples. Q (quartz), P (plagioclase), A (alkali-
feldspars).  
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present on a smaller scale, as seen in sample D8A 
where minerals have started to form at grain bounda-
ries of other minerals (Fig. 13F) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 13A. Microphotograph of sample D5B with plagioclase 
(plag), K-feldspar (K-fsp) and quartz (qtz). Saussuritization 
texture on the plagioclase grains, giving them a brownish 
grimy appearance (yellow arrow). Tartan twinning in K-fsp 
(red arrow) PPL-image, 10x.  

Fig. 13B. Anisotropic fabric. Crystallographic orientation of 
elongated and distorted biotite grains (dark in the picture). 
Microphotograph of sample D9B, in PPL-light, 10x.  

Fig. 13C. Microphotograph of sample D9B showing hema-
tite, Fe2O3 (red arrow) and skeletal garnet (yellow arrow), 
PPL-image, 10x.  

Fig. 13D. Microphotograph of sample D2B showing the 
ductile contact, composed of titanite crystal, between gneiss 
and anisotropic metabasite, where the grains are oriented 
aligned with the ductile band (lower left). The upper right 
part constitutes of isotropic granite, with no preferred orien-
tation of the grains. XPL-image, 4x. 

Fig. 13E. Microphotograph of sample D3B shows an albite 
grain with exsolution lamellae of orthoclase (red arrow), so 
called perthite texture. XPL-image, 10x.    
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Fractures                 
The following description of fractures is based on the 
orientation of the principal stresses the rock has been 
exposed to, subdivision by Fossen (2010). The three 
types of main fractures displayed; extension fractures; 
divided in extension- and contraction-, and shear frac-
tures as well as the result of ductile deformation are 
illustrated in figure 14. Table 6 summarizes the frac-
tures observed in the felsic cores.       
       

 The investigated core samples all contain >0.2 
mm wide fractures, while 85% of them also contains 
˂0.2 mm wide microfractures (Table 6). The micro-
fractures are generally < 0.1 mm wide and less than 
ten millimetres long.  
 In figures 15A–G microphotographs showing 
examples of fracture types and fracture fillings ob-
served in Dalby are displayed. The smallest fractures 
are intragranular, meaning they occur within singular 
mineral grains (Figs. 15D and 15E). In figure 15D five 
generations of intergranular fractures are presented. 
Most of the samples display several generations of 
fractures, indicated by intersecting fractures and differ-
ent fracture minerals (Figs. 15A–B)  
 Approximately 50% of the transparent to milky, 
off-white, and grey fracture fillings react to acid, indi-
cating that they belong to the carbonate group. SEM-
EDS analysis verify that most of these carbonates are 
calcite, often enriched in manganese (Mn) and iron 
(Fe). Among the non-carbonate fracture minerals, the 
turquoise mineral epidote is relatively common (Figs. 
15D–E). Yellow and grey-blackish non-carbonate 
fracture minerals are also noted, coexisting in most of 
the plastically deformed samples, D9A and D11A. 
White, grey and orange non-carbonate fracture miner-
als of unknown affinity is observed in D11A. 
 Three fractures types are found in the granitoid 
samples (Table 6). Contraction fractures are represent-
ed by longitudinal splitting, shown by b in figure 14, 
and well displayed in core samples D9A and D5A 
(Fig. 11). The brittle shearing processes are represent-
ed by shear fractures (Figs. 15E–F). In sample D11B 
turquoise and light green epidote constitute the filling 
in wing-cracks (Fig. 15G). Figure 15G displays how 
wing/edge-cracks (yellow arrow), has formed on the 
edge of the fractures and created a secondary fractured 
zone along the main fractures. Brittle-ductile shearing 
is observed by the boudinage structure in sample D5B 
(Fig. 15B) and as bands in sample D2B (Fig. 15C). 

Fig. 14. Illustration of the main types of deformation structu-

res that develop under extension and contraction. Modified 

from Fossen (2010). 

Fig. 13F. Microphotograph of  minerals that have started to 

form at the grain boundaries, sample D8B, XPL-image, 40x.  

Table 6. Summary of fracture types and fillings that occur in fractures >0.2mm and ˂2 mm in the Dalby felsic cores. The first 
column state if several generations of fractures have been identified. All observed fractures >0,2mm wide contain fracture fill-
ing. For fractures ˂2 mm wide, fracture fillings are presented as well as occurrence of empty fractures. For fracture types that 
display more than one type of fracture, the types have been ranked in the order they occur, from the most, to the least abundant 
type. The same ranking system have been applied to the fracture filling minerals. 
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Fig. 15A. Sample D9A shows a ductile-brittle shear band 
(white arrows) and one larger branching fracture (yellow 
arrow). The hematite grains have formed after both the plas-
tic and the brittle deformation (red arrow).  

Fig. 15B. Three generations of fractures in sample D5A. 
First generation is a quartz-filled fracture (black arrows), 
intersected by the second generation, the boudinage struc-
ture (yellow arrow). The third generation intersects the bou-
dinage structure in upper left corner (red arrows). 

Fig. 15C. EDS-layered image of a plasticly deformed calcite 
filled fracture (red) surrounded by titanite crystals (light 
green) in sample D2B.  

Fig. 15D. Microphotograph showing five generations of 
intragranular microfractures are marked by digits in sample 
D2B. The first generation, number one is the oldest fracture 
and number five is the youngest. The microfractures are 
filled by Mn-rich calcite. XPL-image, 10x.  

Fig. 15E. Microphotograph of secondary formed fractures 
intersecting the large dark filled fracture displayed in sam-
ple D6B. Red arrow marks a shear fracture. The yellow 
arrows point out secondary formed filling material. Whitin 
the orange square unfilled intragranular micro fractures are 
branching from the filled fracture below.  
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Density and thermal conductivity          
The density on the analysed gneiss samples from Dal-
by varies between 2.58g/cm3 (sample D30D) and 
2.67g/cm3 (sample D23D). The average density for 
gneiss is 2.61g/cm3 (Table 7). This relates well with 
data from the property database at SGU for compara-
ble felsic rock on the Romeleåsen horst.      
 Felsic rocks usually present a higher conductiv-
ity than mafic rocks. This is mainly related to the high-
er content of quartz which have a higher thermal con-
ductivity in comparison to the mafic minerals such as
        

hornblende. The thermal conductivity for gneiss varies 
between 3.23 and 3.58 W/mK, giving an average of 
3.47 W/mK (Table 8). 

4.1.2 Mafic rocks  

The mafic rocks are divided in two sections; a) 
metabasite/amphibolite b) diabase. The subdivision of 
amphibolite and metabasite is based on color and com-
position. The amphibolites are black and rich in horn-
blende and garnet. The metabasite classification ap-
plies to less black mafic rocks, rich in feldspar, poor in 
hornblende and lacking garnet.  

a) Metabasite/amphibolite 
The following description is based on four polished 
core samples (Fig. 16), four thin sections and SEM-
EDX analyses. The cores D1A, D7A and D10A are 
classified as amphibolite since they are dominated by 
hornblende and plagioclase while core D2A is classi-
fied as a metabasite. Metabasite is commonly used as a 
collective term when the minerology and original tex-
ture is lost due to recrystallisation. Figures 17A-H 
microphotographs exemplifies the mineralogy of the 
mafic amphibolite and metabasite from Dalby.  
 

Mineralogy and texture       
The grey to blackish amphibolite/metabasite rocks are 
dominantly fine-grained, one sample, D7A, is very 
fine-grained. All samples are melanocratic/mafic, with 
colour index varying from M=70 to 85. Feldspars, 
amphibole and biotite dominate the mineral composi-
tion (Table 9). The mineral composition, i.e., the mod-
al composition, of the investigated samples is calculat-
ed in percent based on results from the point counting. 
The amphibolite mineral composition of sample D7A 
is exemplified in figure 17A. The feldspar consists 
mainly of plagioclase however, K-feldspars are ob-
served in samples D1A and D10A. The biotite and 
amphibolite content in the metabasite sample D2A 
hasn’t been possible to calculate due to high degree of 
recrystallization (Fig. 17B), which has made it impos-
sible to distinguish the minerals by optical microscopy 
merely.          
 Diamond-shaped titanite/sphene crystals occur-
ring scattered in the groundmass are observed in sam-
ple D2A. The brown-black titanite constitute approxi-
mately 1% of the minerals in this sample. The D1A 
sample also contain titanite aggregates are also found 

Fig. 15F. Conjugative shear fractures in sample D11A. The 
red arrows mark two sheared planes.  

Fig. 15G. Wing-cracks (yellow arrow) in sample D11A.  

Table 7. Compilation of the density for three different rock 
types from Dalby quarry. The density is given in kg/m3. The 
analysis has been performed by the Geological Survey of 
Sweden. 

Table 8. Thermal conductivity data on outcrop rocks from 
Dalby quarry, given in (W/m K). The samples are collected 
from wall A-G in the quarry. The analysis has been per-
formed by the Geological Survey of Sweden. 
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in the D1A sample associated to opaque minerals and 
vugs. A few percent of opaque unidentified phases are 
observed in samples D1A, D2A and D7A. Sample 
D1A and D10A contains quartz (Table 9). Small crys-
tals of garnet are found as accessory mineral in sample 
D10A, which also holds ˂ 2 mm-sized hematite/
magnetite and traces of pyrite and chalcopyrite. The 
chemical signature of D1A indicates presence of the 
phosphate flour apatite and ilmenite, both minerals 
appearing as anhedral crystals (Figs. 17C-D). In sam-
ple D10S pyrite is present, indicated by the SEM-
layered image (Fig. 17E).        
 All mafic samples contain fine-grained inter-
locking crystals. The amphibolite sample D1A shows 
recrystallisation, of pyroxene into amphibole (Fig. 
17F) and well-developed saussuritization texture (Fig. 
17C). Sample D1A also contains zonations around 
mafic lenses, expressed by colour variation from core 
to rim (Fig. 17G). Sample D1A and D10A display a 
foliated fabric with continuous cleavage, defined by 
elongated biotite and hornblende and a light-colored 
Fe-rich mineral (Fig. 17H). D1A display a combined 
foliation, whereas the sample D10A is anisotropic. 
Sample D7A displays a mylonitic foliation, character-
ized by distinct grain size reduction (Fig. 16B), and 

thin foliation banding and porphyroclasts (Fig. 18A). 
 The metabasite sample is characterized by re-
crystallization (Fig. 17B). The metabasite is further-
more foliated, giving a mylonitic appearance (Fig. 
16D). The foliation is isotropic, but anisotropic by the 
contact to the granite, where the orientation of the 
crystals coincides with the transition angle between the 
two rocks. The foliation is generally expressed by bio-
tite streaks. 

Fractures               
The amphibolite samples display a wide range of frac-
ture widths (Table 10). In figures 18A–G several photo 
illustrations of fracture types and fracture fillings ob-
served in the Dalby mafic rocks amphibolite and 
metabasite are displayed.     

 The largest fracture with an aperture (width) of 
˂ 3 mm is a partly open fracture in the garnet-
amphibolite sample D10A (Fig. 18B). Most fractures 
are filled, independent of size. However, it is not un-
common, that filled, unfilled and partly unfilled frac-
tures are displayed together (Fig. 18C). Branching 
fractures are also common independent of fracture size  
(Figs. 16B and 18C).  

Fig. 16. Photographs of polished core slabs of amphibolite core samples from Dalby quarry. (A): sample D1A; fine-grained 
amphibolite. (B): sample D7A, a very fine-grained amphibolite. (C): sample D10A is a fine-grained garnet amphibolite. (D): 
lower part of sample D2A is a fine-grained metabasite core. Photo: H. Kervall. 
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Fig. 17A. Microphotograph of mineral composition of am-
phibolite, sample D7B. Plagioclase (plag), biotite (bt), am-
phibole (amph) and titanite (ttn). PPL-image, 10x 

Fig. 17B. Microphotograph showing mineral composition 
of metabasite, sample D2B in PPL, 10x. Titanite (ttn) crys-
tals are scattered in a groundmass of altered plagioclase 
showing saussuritization texture. The brownish minerals 
represent biotite and amphibole.  

Fig. 17C. EDS-layered image, sample D1B. The coloured 
minerals around the vug have the chemical signature of: 
hornblende (1), titanite (2), biotite (3), plagioclase (4) flour-
apatite (5), ilmenite (6).  

Fig. 17D. Element maps of sample D1B displaying the titani-
um (Ti) content in ilmenite and titanite. Potassium (K) is 
visualised mainly in the feldspar. Apatite is the only phos-
phorus-containing mineral in the image.  

Fig. 17E. SEM-layered image. Pyrite surrounded by horn-
blende (pink) and bytownite, plag. (beige). Sample D10B.  

Fig. 17F. Microphotograph of recrystallised fabric in sample 

D1B. Deep green areas (red arrows) remains of a large py-

roxene crystal. Whitin the crystal parts have been replaced 

by amphibole, light green colour (yellow arrow). PPL-image, 

4x.  



27 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 All three fracture types are displayed in the 
amphibolite samples. Contraction is displayed by the 
vertical fractures seen in D1A (Fig. 16A) and D10A 
(Fig. 16D). Shearing is displayed in sample D7A and 
in D10A as wing-cracks. One type of shearing, where 
two sheared planes are displayed, forming a wedge 
between the contacts is seen in sample D10A (Fig. 
18D). No fractures have been identified in the 
metabasite, sample D2A (Fig. 16C).              
 The chemical signature of the fracture fillings 
varies greatly in the samples, both within each sample 
and between samples (Table 10). This chemical varia-
tion is also displayed between fillings in bigger and 
smaller fractures as well as, between different genera-
tions of fractures (Figs. 18C and 18E). In sample 
D10A biotite is abundant in the whole rock, but seems 
to be enriched around the fractures, embedded by a Fe-
rich mineral (Fig. 18B). Besides quartz, sample D10A 
contains unidentified fillings, some of the Cl-rich indi-
cated by the SEM-EDX. In sample D7A all larger 
fractures have a light yellowish, pink and white car-
bonate filling, while the microfractures contain micro-/
cryptocrystalline quartz and a dark unidentified miner-
al. In sample D1A the observed microfractures are 
filled with chlorite and Fe-rich components (Fig. 18C), 
a white coloured mineral, and a rosette-forming glassy 
and translucent brown and greenish mineral (Fig. 18F). 
The latter is giving a chemical signature of chlorite on 
both green and brown parts by the SEM-EDS. Sample 
D1A shows a dark red to black coloured mineral in 
and around the grain boundaries (Fig. 18G). The fill-
ing/precipitation has an Fe-reddish color and might be 
filled microfractures (L. Johansson, personal commu-
nication May, 2021).  

Fig. 17G. Microphotograph presenting a zooned mafic min-
eral (black arrow) in sample D1B.  

Fig. 17H. Plastically deformed hornblende grains (red ar-
row) in sample D10A.  

Table 9. Summary of the point-counting results of the mafic core samples from Dalby. The mineral composition is given in per-
cent by the three most dominant minerals. Accessory minerals constituting < 1%, are only noticed by name, so are the trace 
components. Note also that the point counting represents the thin section, and not necessarily the whole core.  

Table 10. Display fracture types and fillings that occur in fracture >0.2mm and ˂2 mm in the Dalby mafic cores. The first col-
umn state if several generations of fractures have been identified. Fracture fillings are presented as well as occurrence of open 
fractures. For fracture types that display more than one type of fracture, the types have been ranked in the order they occur, from 
the most, to the least abundant type. The same ranking system have been applied to the fracture filling minerals. 
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The precipitation seems to occur along grain bounda-
ries, as well as intersectin  oth single grains 
(intragranular) and several grains, (transgranular) (Fig. 
18G).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 18A. Mylonitisation, presented by a light yellow col-
oured calcareous foliation in sample D7A.  

Fig. 18B. Open fracture in sample D10A with secondary 
formed quartz (yellow arrows). 

Fig. 18C. EDS-layered image from sample D1B presenting 
branching appearance of unfilled- (white arrow), filled- 
(yellow arrow) and partly filled microfractures (red arrow).  

Fig. 18D. Filled fracture in sample D10A. Two red lines are 
plotted in the image where sheared planes are forming a 
wedge that has been pushed down between the contact sur-
faces.  

Fig. 18E. Microphotograph of deformed fracture in sample 
D7B, where two different fillings run parallel to each other 
(red and white arrow). Upper filling (yellow arrow) and mid-
dle filling (red arrow) are both calcite.  

Fig. 18F. Microphotograph of rosette-like crystals in sample 
D1B with at chemical similarity of chlorite. PPL-image, 40x.  
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Density and thermal conductivity                    
Data from the density and thermal conductivity analy-
sis on the mafic cores from Dalby are presented in the 
felsic granitoid rock section. Density analysis have 
been performed on seven samples; six amphibolite 
samples and one amphibolite-gneiss sample. The data 
is presented in Table 7. The density of amphibolite 
varies between 2.89 g/cm3 (sample D27D) and 2.98 g/
cm3 (sample D24D), giving an average of 2.94 g/cm3. 
 Thermal analysis has been performed on two 
amphibolite samples. The amphibolite/metabasite ther-
mal conductivity varies between 2.16 W/mK (sample 
D8T) and 2.38 (sample D16T) W/mK (Table 8), giv-
ing an average thermal conductivity of 2.27 W/mK.  

b) Diabase                
The following description is based on the polished 
core sample D4A (Fig. 19), one thin section and SEM-
EDX analyses. 

Mineralogy and texture               
Diabase is the less abundant rock in Dalby, only oc-
curring as intrusions. The dark grey aphanitic rock is 
compact, microcrystalline and melanocratic/mafic with 
a colour index of M=75 (Fig. 19). The rock is com-
posed of interlocking crystals of ˃50% plagioclase, c. 
40% pyroxene and ˂10% opaque minerals (Fig. 20A). 
Ilmenite (FeTiO₃), as indicated by SEM-EDS analysis, 
is commonly occurring as scatted minerals in the ma-
trix of the rock.      
 The rock is homogenous and isotropic, meaning 
that the mineral composition is the same all through 
the rock and no preferred orientation of the minerals 
can be observed (Fig. 20A).    
 The texture is typically ophitic, with anhedral 
crystals of pyroxenes filling up the gap between the 
euhedral plagioclase needle-like crystals (Fig. 20A). 
Zonation projected from rim to the centre is displayed 
in figure 20B. Polysynthetic lamellar twinning (albite 
twin law) as well as simple twinning; penetration twin-
ning in orthoclase or possibly contact twinning in the 
K-feldspar, are observed. Simple twinning is displayed 
in figure 20B. Some of the feldspar grains present in-
tergrowth, i.e., perthite or antiperthite texture.  

Fig. 18G. Microphotograph of sample D1B display what is 
likely to be foliation or filled microfractures.  

Fig. 19. Polished core slab of a microcrystalline dark dia-
base. Dalby core sample D4A. Photo: H. Kervall. 

Fig. 20A. Microphotograph of the diabase composition, giv-
en by plagioclase (plag), pyroxene (px) and an unidentified 
opaque phase. Note the randomly oriented crystals and the 
ophitic texture. Sample D4B. 

Fig. 20B. Microphotograph of zooned mineral in sample 
D4B. Zonation projected from rim to the centre (yellow ar-
row). White arrow marks an orthoclase grain displaying 
simple twinning.  
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Fractures                   
The sample displays several types of fractures. Four 
primary fractures cut through the core at a 45-degree 
angle and from these, secondary fractures branch out 
(Fig. 19). All the fractures observed to the naked eye 
are judged to be formed by brittle deformation. The 
fractures are variably filled with fracture minerals. 
Parts of the fractures are also open. The fillings are 
predominantly composed of different types of car-
bonate minerals. A carbonate zonation of a fracture is 
exemplified in figures 21A and 21B. The zonations 
run characteristically parallel to the fracture plane. 
However, in figure 21B shearing features in the form 
of sigmoidal features in the brownish zonation are 
displayed within the fracture filling. The fracture fill-
ings are assessed to consist mainly of calcite and mag-
nesium-iron rich pyroxene (Fig. 21B). The fracture 
also contains black mineralisation, most likely organic 
matter (Fig. 21A).  

Density and thermal conductivity    
Data from the density analysis on the mafic cores from 
Dalby are found in the felsic granitoid rock section. 
The density analysis on only one sample (sample 
D33D) gives a value of 3.0 g/cm3 which is in the same 
density range as for the amphibolites. No thermal anal-
ysis was performed on the diabase sample due to that 
the core was not large enough for an analysis. 

4.2  FFC-1 
The investigated cuttings from E.ON:s FFC-1 borehole 
display the same type of dominant rock groups as in 
Dalby i.e., 1) felsic granitoid rocks (primarily gneiss), 
2) mafic rocks (amphibolite and metabasite). No dia-
base was encountered in the FFC-1 borehole. The fol-
lowing text focuses on describing the main characteris-
tics, exemplified by a selection of photographs and 
illustrations. For the minerology- and texture descrip-
tions focus have been placed on the cutting samples 
and their respective thin sections, presented in Table 4. 
The fracture description for the FFC-1 rock suites is 
less comprehensive since the observations are merely 
based on cuttings material.  

4.2.1 Felsic granitoid rocks      
The following description is based on detailed descrip-
tion and analysis of 12 cuttings samples representing 
different felsic rocks and depths in the FFC-1 borehole 
(Fig. 22). In figures 23A–H photo illustrations of the 
minerology observed in the felsic cuttings from FFC-1 
is presented.  

 

Mineralogy, texture and chemistry 
Just as in Dalby quarry, various types of gneisses are 
the most common rock type in FFC-1. These deep red 
and red to red-grey and grey rocks are predominantly 
fine-grained with varying gneissic texture (Fig. 22). 
The rock is mainly composed of interlocking crystals 
of potassium feldspar, plagioclase and quartz (Fig. 
23A). The deep red varieties generally show a higher 
amount of potassium feldspar, while the greyish types 
are usually richer in biotite and plagioclase and the 
light-coloured varieties have a higher amount of 
quartz. Sample M6TS (Fig. 22L) present a specifically 
high amount of quartz, of 30–40%. Other minerals 
found in the gneisses are biotite and muscovite. Bio-
tite, which is present in all but two of the deep red 
samples (M1TS and M2TS) occurs scattered, or defin-
ing banding. The muscovite occurs as scattered grains 
and as larger flakes. A muscovite-rich gneiss section is 
found at 2626–2649 m depth, with a peaking musco-
vite-content of 25% at 2629–2632m depth (Fig. 23B). 
Unidentified opaque phases are observed in half of the 
samples. In sample M8 and M9 anhedral and skeletal 
0.1–0.5 mm large crystals of garnet are present, distin-
guished by the mineral´s high relief (Fig. 23C). In 
sample M1TS magnetite and Fe-oxyhydroxides occurs 
as trace components.        
 The samples show mainly anisotropic texture, 
however isotropic textures are occasionally found in 
some of the samples. It is impossible to determine 
whether the cuttings represent a homo- or hetero-
genous rock due to the small cuttings size.  
 Ten out of twelve samples show a perthitic/ 

Fig. 21A. Microphotograph of banded fracture in sample 
D4B. The golden banding (white arrow) is rich in magnesi-
um and iron, giving a chemical indication of pyroxene by the 
EDS-analysis. The white-pastel coloured filling is calcite 
(red arrow). The black precipitation is most likely organic 
matter (yellow arrows).  

Fig. 22B. Microphotograph of banded fracture filling in 
D4B. Yellow arrows marks sigmoidal deformation features. 
The brown banding corresponds to the golden filling in fig-
ure 21 A. Fracture width measure 0, 6mm. PPL-image, 4x. 
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Fig. 22. Illustration exemplifying different types of felsic cuttings material in FFC-1(A): sample M1TS deep red gneiss, 2186–
2187m. (B): sample M2TS deep red gneiss, 2215m. (C): sample M12TS deep red gneiss, 3060–3068m. (D): sample M7TS red 

gneiss, 2944–2952m. (E): sample M4TS red-grey gneiss, 2434–2435m. (F): sample M5TS red-grey gneiss, 2853–2857m. (G): 

sample M9TS red-grey gneiss, 2950–2952m. (H): sample M14TS red-grey gneiss, 3060–3062m. (I): M16TS red-grey gneiss, 

3129–3132m. (J): sample M13TS grey gneiss, 3060–3062m. (K): sample M8TS quartz-rich grey gneiss, 2948–2952m. (L): 

sample M6TS quartz-rich grey gneiss, 2853–2857m. Photo: H. Kervall. 
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antiperthitic texture displayed as lamellae (Fig. 23D) 
and blebs (Fig. 23E). Saussuritization as well as sim-
ple twinning of plagioclase is found in all samples, 
except M14TS (Fig. 23D). Potassium feldspar cross-
hatched twinning, so called tartan twinning, is present 
in 75% of the samples (Fig. 23F).    
 A moderate grade of deformation is dominating 
the samples. In sample M4TS a higher grade of recrys-
tallisation is presented, shown as remnants of mafic 
minerals, i.e., skeletal grains, from which quartz have 
started to form (Fig. 23G). Both brittle- and plastic 
deformation is observed. The plastic deformation is 
presented as banding on cuttings and by ductile frac-
tures (Fig. 23H).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 23A. Microphotograph of mineral composition of sam-
ple M4TS; quartz (qtz), plagioclase (plag), biotite (bt), mi-
crocline (mc). 

Fig. 23B. Muscovite flakes from depth 2629-2632 m.  

Fig. 23C. Three anhedral garnets crystals are displayed in 

the microphotograph, marked by the white arrows. PPL-

image 4x of sample M9TS.  

Fig. 23D Microphotograph of perthite/antiperthite in sample 
M1TS. White arrows mark the intergrowing exsolution la-
mellae. Yellow arrow marks saussuritization texture. XPL-
image 10x.  

Fig. 23E. Microphotograph of  perthite/antiperthite displayed 
in the shape of blebs in sample M12TS (white arrows). The 
red arrows marks quartz-filled fractures. XPL-image, 4x.  

Fig. 23F. Microphotograph displays characteristic micro-
cline tartan twinning (yellow arrows). XPL-image of sample 
M5TS, 4x.  

Fig. 23G. Microphotograph of recrystallisation in sample 
M4TS. White and red arrow marks remnants of mafic min-
erals. Yellow arrow marks quartz that has started to form.  
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Fractures 
Fractures, both larger and smaller than 0.2 mm wide, 
are present in the gneiss samples. In figures 24A–N 
fractures and fracture fillings observed in the FFC-1 
felsic rock cuttings are presented. Fracture fillings 
seem to be more frequently occurring in larger frac-
tures, but also some microfractures seem to be, at least 
partly, filled (Fig. 24A).     
 Cuttings from sample M7TS, M12TS and 
M14TS display fractures with light green-blue miner-
als (Figs. 24B–D). Other fracture mineral observed is 
an off-white, translucent or milky white material (Figs. 
24E–F). Some of these minerals and materials are 
identified as calcite, but quartz seem to constitute the 
dominating filling mineral. The quartz is generally 
translucent or milky white, but also yellowish and light 
green variants are observed (Fig. 24G). Figure 24I 
illustrate a micro fracture filled with quartz. Both cal-
cite and quartz also appear as larger euhedral crystals 
in the samples (Fig. 24G), free or attached to the wall 
of the vug where they have grown (Fig. 24H). A black 
fracture filling, or possibly foliation of elongated min-
erals, occurs parallel to other fracture fillings on scat-
tered cuttings (Fig. 24E).     
 Transgranular as well as intergranular micro-
fractures are also observed (Fig. 24J). In figure 24K 
two quartz grains display intragranular fractures, 
whereas one of the fractures partly contains fracture 
filling.       
 In figure 24L a ductile fracture is displayed. 
Several generations of fractures have not been ob-
served in the samples. Sample M1TS and M12TS dis-
play a reddish precipitation, most likely iron-rich. It´s 
presence is displayed as inter- and intra-granular pat-
tern (Fig. 24M) as well as constituting the matrix in 
some cuttings (Fig. 24N). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 23H. Banding in felsic cutting, defined by dark elongat-
ed minerals and quartz.   

Fig. 24A. filled fracture plane (white arrow) running through 
a cutting of gneiss.  

Fig. 24B. Cutting from 2788 meters depth presenting a frac-

ture plane coated by rather thick light blue-green mineral.  

Fig. 24C. Cutting from 2702-2705 meters depth presenting a 
fracture plane where a blue-green mineral has formed.  

Fig. 24D. Cutting from 2702-2705 meters depth presenting a 
light green-blue mineral scattered over a part of the upper 
side.  

Fig. 24E. Deformation of fracture displayed by elongated 
minerals in cutting.  
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Fig. 24F. Off-white fracture filling intersects gneiss cutting. 
The yellowish color is a result of iron precipitation.  

Fig. 24G. Yellow-greenish quartz grain from felsic sample.  

Fig. 24H. Quartz grain formed in cavity. From sampled 
cuttings 2702-2705 m.  

Fig. 24I. Microphotograph of quartz-filled fracture (white 
arrows) running through cuttings in sample M12TS, PPL-
image, 4x.  

Fig. 24J. Microphotograph of transgranular microfracture 
(yellow arrows) in sample M2TS. XPL-image, 10x.  

Fig. 24K. Microphotograph of two quartz-grain (yellow 
arrows) displaying several intra granular microfractures. Red 
arrow marks fracture filling. Sample M2TS, XPL-image, 4x.  

Fig. 24L. Microphotograph of partly filled and plastically 
deformed microfracture (red arrows) in sample M9TS PPL-
image, 4x.  

Fig. 24M. Microphotograph of dark red coloured precipita-
tion located along grain boundaries, and intersecting the 
grains (yellow arrows). Sample M1TS. PPL-image, 10 x.  
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Geophysical log  
The geophysical logs are important tools in character-
ising the bedrock (Fig. 10). The Caliper log physically 
measure the diameter of the borehole, and can therefor 
also assist in identifying fractures and weakness zones 
(MIT 2006). As displayed in the Caliper log (Fig. 10) 
the upper part of the crystalline bedrock down to c. 
2450 m depth of FFC-1 is highly fractured.  
 Felsic and mafic rocks are distinguished as in-
direct reflections the SiO2 content in the gamma ray 
log. In the spectral gamma ray log the signatures is 
separately displayed for the elements potassium (K), 
thorium (Th) and uranium (U). High signatures of po-
tassium are related to higher amounts of potassium 
feldspar in the felsic rocks. Lower potassium feldspar 
signatures can be observed from c. 3000 m depth, 
where amphibolite dominates (Fig. 10). The density 
log is useful when interpreting rock, as mafic rocks 
usually present a higher density than felsic rock. This 
is displayed by the high-density values over the am-
phibolite-rich interval between 2300 m and 2330 m, 
and also deeper than 3025 m (Fig. 10). The density 
and the gamma ray log usually counteract each other 
as higher density rocks are usually low in quartz and 
vice versa. 

Density and thermal conductivity 
Density- and thermal conductivity analyses have been 
performed on three gneiss samples from the FFC-1. As 
displayed in Table 11 the AccuPyc density method 
gives the best result regarding uncertainties, generally 
ten times smaller than the analysis performed on thin 
sections. The density (AccuPyc) displays very similar 
values for the three samples, with an average value of 
2.67 g/cm3.       
 The results from the thermal conductivity are 
displayed in Table 12. The uncertainties vary between 
the samples (Table 12). The values also display a dis-
tinct variance; a difference of 0.81 W/mK, between the 
lowest value, displayed by sample M3T, and the high-
est value, displayed by sample M2T (Table 12). The 
average thermal conductivity value is 3.62 +/- 0.05 W/
mK. 

Chemical composition 
Chemical analysis was performed on seven gneiss 
samples, displayed in Table 13. The highest SiO2-
value is 76.3%, given by the quartz-rich sample M4C, 
the lowest is 53.7%, given by M2C. The average dif-
ference between felsic and mafic samples in SiO2 is 
8,4%. Average values for the gneiss samples, given in 
weight % follows; SiO2: 70.2%, Al2O3: 14.43%, 
Fe2O3: 3.63%, CaO: 2.04%, MgO: 0.95%, Na2O: 
3.2%, K2O: 4.48%, TiO2: 0.44%, MnO: 0.07%,  P2O5: 
0.08%. 

4.2.2 Mafic rocks            
The following description is based on amphibolite/
metabasite cuttings from the E.ON FFC-1 borehole, 
with focus on four cuttings samples (Fig. 25), and cor-
responding thin sections. Figures 26A–G present photo 
illustrations of the minerology observed in the mafic 
amphibolite/metabasite cuttings. 
 

 

 

Fig. 24N. Microphotograph of sample M12TS iron-rich ma-
trix. XPL-image, 4x.  

Table 11. Table of density analysis performed on FFC-1 cuttings. Analysis performed by Klitzsch & Ahrensmeirs (2021).  

Table 12. Presents thermal conductivity analysis (W/m K) of the FFC-1 cutting samples. Analysis performed by Klitzsch & 
Ahrensmeier (2021). 
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Table 13. Compilation of the results from the chemical analysis of the main elements, (expressed as oxides in weight % of FFC-
1 cuttings Analysis performed by ALS Geochemical AB Öjebyn.  

Fig. 25. Photographs exemplifying the FFC-1 mafic cutting samples. (A): sample M3TS black amphibolite, 2215m.. (B): sam-

ple M11TS black amphibolite, 3060–3062m. (C): sample M17TS black amphibolite, 3129–3132m. (D): sample M10TS grey-

black amphibolite, 2950–2952m. Photo H. Kervall. 
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Mineralogy and texture  

The dark grey and blackish amphibolite/metabasite is 
dominantly very fine-grained, but both aphanitic and 
fine-grained cuttings are observed (Fig. 26A). Sample 
M3TS, M11TS and M17TS are melanocratic/mafic, 
with a colour index of approximately M=80. Sample 
M10TS has a colour index around M=65 i.e., between 
mesocratic and melanocratic, still within the mafic 
area though. The rocks are characterized by interlock-
ing crystals of feldspars, amphibole and biotite (Fig. 
26A). Quartz is observed in all samples, except in 
sample M10TS where the content of quartz is signifi-
cant (Fig. 26B). The feldspars almost exclusively con-
sist of plagioclase. Merely a few potassium feldspar 
crystals have been observed in sample M3TS. All sam-
ples contain 0.1–0.8 mm sub- to anhedral garnet crys-
tals (Fig. 26C). Small fragments of garnet crystals are 
also frequently observed. Sample M8TS is especially 
rich in garnet. Opaque phases are furthermore ob-
served in all samples. Garnet and the opaque phases 
often occur together. Muscovite and galena are ob-
served in M11TS. In sample M17 scattered crystals of 
calcite are displayed, giving the rock a speckled ap-
pearance. Garnet is also found to occasionally occur 
together with a green mineral, possibly clinopyroxene 
(Fig 26D).      
 Saussuritization of plagioclase is observed in 
all samples (Figs. 26B and 26E). In some of the cut-
tings of sample M11TS and M17TS the plagioclase 
occurs in needle shape (Fig. 26F). Single twinning on 
plagioclase grains is seen in all samples but M3TS, 
which is the only mafic sample displaying perthite/
antiperthite texture (Fig. 26B) and tartan twinning. 
Plagioclase grains with zooned rims are present in 
M3TS and M10TS (Fig. 26E). Skeletal grains are ob-
served in sample M11TS (Fig. 26G). The grade of 
deformation varies between the cuttings in the same 
sample, as can be seen when comparing the different 
cuttings displayed in figure 26A. The material also 
displays a variation on the homogeneity/heterogeneity 
as well as the isotropic/anisotropic texture. Oriented 
mineral grains of biotite and amphibole are observed 
in all samples (Fig. 26A).    

 

Fig. 26A. Microphotograph of cuttings from sample M17TS. 
Cutting no. 1 display very fine grained grainsize. The grains 
in cutting no. 2 are almost aphanitic (< 0.05 mm). Cutting 
no. 3 presenting anhedral grains. The white/beige minerals 
are generally feldspar and the brown needle-like minerals are 
biotite. Cutting no. 2 display a homogenous texture. In cut-
ting no. 4 heterogeneity is presented, PPL-image, 2x.  

Fig. 26B. Microphotograph of composition in sample M3TS. 
Plagioclase (plag), quartz (qtz). The colourful minerals in the 
lower centre of the picture are most likely altered amphibole 
and biotite. The yellow arrow marks perthithe/antiperthite 
texture. XPL-image, 4x.  

Fig. 26C. Microphotograph of subhedral garnet crystals (red 

arrows) in sample M10TS, PPL-image, 4x.  

Fig. 26D. Cuttings from 2654-2660 m depth showing a green 
mineral rich in tiny dark red garnets (black arrow).  
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Fractures                     
No fractures are to be observed in the thin sections. 
However, sample M17TS contains a rather distinctive 
amount of scattered calcite crystals, not unlikely origi-
nating from a calcite fracture. On cuttings collected 
from other depths, fracture planes with fracture filling 
are frequently observed. Figures 27A–E display photo-
graphs on these cuttings exemplifying different frac-
ture fillings observed in the FFC-1 mafic rocks. The 
fillings are light yellow or white, forming larger crys-
tals as illustrated in figure 27A, or having a micro-
granular texture (Fig. 27B). It is not uncommon that 
the cuttings display a rusty colour due to iron precipi-
tation, and then miscolouring the filling mineral. In 
figure 27C–E the contact between amphibolite and 
quartz veins are shown. In figure 27D it is further well 
displayed how a fracture in the quartz runs parallel to 
the contact.  

Fig. 26E. Microphotograph showing prominent margin 
zooning on mafic lens (white arrow). Yellow arrows show 
saussuritization texture on plagioclase. Sample M10TS. 
XPL-image, 2x.  

 

Fig. 26F. Microphotograph of plagioclase needles (yellow 
arrows) in sample M11TS. XPL-image, 4x.  

Fig. 26G. Microphotograph of sample M11TS. Recrystalli-
sation in skeletal grain. White arrows mark what is left of 
the rim. Note also the grain localised centrally in the upper 
part of the picture where initial recrystallization have start-
ed in a small hole.  

Fig. 27A. Cutting of amphibolite from 2160 m depth. Red 
arrows mark light yellow crystals that have formed on the 
fracture plane. Compare with the clean freshly cut surface on 
the lower side of the yellow dashed line.  

Fig. 27B. Light yellow microgranular mineral on a fracture 
plane on a cutting from 2210-2240m depth.  

Fig. 27C. Two cuttings from 2946-2952m showing parts of a 
quartz vein.  
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Density and thermal conductivity        
Data from density analysis on the mafic cuttings from 
FFC-1 are found in the felsic granitoid rock section 
(Table 11). Density analysis have been performed on 
two amphibolite samples and the results are similar; 
sample M4D, giving a density value of 2.99 g/cm3 and 
M5D a value of 2.97 g/cm3 (Table 11).  
 Thermal analysis on the same samples gives a 
thermal conductivity of 2.54 W/mK for M4T a value 
of 2.59 W/mK for M5T (Table 12).  

Chemical composition           
The chemical analysis of the three amphibolite sam-
ples gives a high SiO2 of 77.8% for sample M8C, and 
a low of 49%, for the M1C sample. Average values for 
the amphibolite samples given in weight % follows; 
SiO2: 61.8%, Al2O3: 14.83 %, Fe2O3: 7.29%, CaO: 
4.08%, MgO: 3.1%, Na2O: 2.77%, K2O: 3.16%, TiO2: 
0.91%, MnO: 0.13%, P2O5: 0.13%. 

5 Discussion  
Based on results and descriptions presented in the pre-
vious chapter, the following text will be connecting to 

a simulated construction of a deep-thermal plant in the 
crystalline basement and its geological prerequisites in 
SW Scania.  

5.1 Bedrock composition               
5.1.1  Minerology 

The crystalline basement in FFC-1 is predominately 
composed of two type of rocks, felsic gneiss and mafic 
amphibolite/metabasite. This has been assessed based 
on the cutting descriptions, and further supported by 
the spectral gamma ray log, density and chemical anal-
ysis. In Table 15 the relative abundance of the rock 
types in DGE-1 and FFC-1, presented by Rosberg and 
Erlström (2021) has been compared with volume esti-
mation based on descriptions of cores from the Dalby 
quarry. Values have been normalized as 3.7% of the 
DGE-1 cores was unidentified due to weathering and 
fracturing. What mainly differs is that diabase is pre-
sent in the Precambrian basement on the Romeleåsen 
horst, but not in FFC-1 (Table 15). The high-volume 
estimations of 23% diabase, given by the Dalby cores 
(Table 15) might be misleading. The cores have been 
produced by Sydsten AB in a diabase prospecting con-
text, and does not display the actual average of the 
Romeleåsen area. If we extrapolate the FFC-1 condi-
tions on the Dalby quarry and exclude diabase, we get 
at gneiss content of 86.4% and 13.6% of amphibole. If 
we then take into account that a fair amount of the 
amphibolite-gneiss samples of DGE-1 and FFC-1 con-
stitutes of gneiss, the crystalline basement in the three 
localities display a concordance in distribution of 
gneiss and amphibolite. 

 

* Values have been normalized as 3.7% of the DGE-1 cores 
was unidentified due to weathering and fracturing.  

a performed by Hanna (2021) 
b Erlström and Rosberg (2021) 

 

 The metamorphism can be enhanced by the 
presence of hydrothermal fluids and this is indicated 
by the presence, both in FFC-1 and Dalby, by hydrated 
silicate minerals such as amphibole, biotite and the 
sulphides pyrite and galena.    
 Carbonate fracture fillings and the presence of 
hematite, magnetite and chalcopyrite are also a result 
of transport and precipitation of fluids, displayed in 
both localities. According to a study by Halling (2015) 

Fig. 27D. Cutting from 2950-2952m showing the contact 
between amphibolite and a quartz vein. Note the fracture in 
the quartz (red arrow), that runs parallel to the contact.  

Fig. 27E. Quartz veins running through amphibolite cut-
tings, from 2788 and 3060m depth. 

Table 15. Relative distribution of the various rock types in 
the Dalby quarry, DGE-1 and FFC-1, given in volume per-
cent. 
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on fracture minerals in Dalby, many of these minerals 
are indicators of low pressure/temperature conditions, 
i.e., minerals formed under zeolitfacies/sub-
greenschist and amphibolite facies. Other fracture min-
erals seem to be dominating in certain rocks, such as 
epidote in felsic samples. To place the different gener-
ations of fracture fillings in time further investigations 
are required (Halling 2015).   
 There are minor discrepancies between the FFC
-1 and the Dalby samples regarding the grade of meta-
morphism. Plagioclase is similarly distributed, but the 
amount of Na-rich plagioclase is significantly lower in 
the FFC-1 samples. It is known that the amount of Ca-
rich plagioclase increases by intensified metamor-
phism during amphibolite facies (Klein and Philpotts 
2012). High amounts of Ca-plagioclase in the FFC-1 
could thereby indicate a higher degree of metamor-
phism in FFC-1 than in Dalby. This postulates that the 
higher Ca-content given by the FFC-1 amphibolites 
can be correlated to plagioclase in the chemical analy-
sis (Table 13).      
 Garnet can form over a wide range of tempera-
ture and pressure but it typically forms during meta-
morphism at relatively high pressures and tempera-
tures. Garnet is found in both felsic and mafic rocks in 
FFC-1 and Dalby. A significant observation is that the 
amphibolites in FFC-1 are relatively garnet-rich, in 
comparison to the Dalby amphibolite and metabasite 
which is rather poor in garnet. From the FFC-1 cut-
tings, (2654–2660m depth) (Fig. 26D) small grains of 
a green mineral, possibly green pyroxene, very rich in 
garnet also have been observed.    
 The minerology is of great importance as it 
relates to the thermal properties of the rock. Quartz is 
by all means the most significant conductor among the 
minerals and therefor, when present, the most im-
portant mineral for estimating the conductivity 
(Sundberg 1991). Typically felsic rock, gives hence, 
the best prerequisites regarding the thermal exchange 
between the rock and the circulation fluid and EGS 
reservoir. Mafic rocks, which are rich in iron, magne-
sium and calcium, and with a comparatively low SiO2 
content of 45-53%, are thus less favourable. Even 
though the FFC-1 crystalline rock has a mafic origin 
and the SiO2-content for orthogneiss and amphibolite 
therefore can be expected lower than if the origin was 
felsic, the SiO2-content is relatively high. 
 Based on the chemical analysis performed on 
FFC-1 samples the average SiO2 content for the felsic 
rocks has been estimated to 70 wt.% and for the mafic 
to 62 wt.%. The results have been compared with data 
from chemical analysis presented by Sivhed et al. 
(1999) on samples from Dalby quarry (Table 16). It 
appears that the FFC-1 bedrock displays a 13 weight 
% higher SiO2 content than the DGE-1 bedrock, this 
regarding both gneiss and amphibolite (Table 16). 
 On the samples used for the Dalby chemical 
analysis, conducted by Sivhed et al (1999), modal 
analysis was also performed. These values, differs 
with a few percent by volume when compared to the 
values from the modal analysis on the Dalby cores 
performed here. Based on the general agreement be-
tween the two modal analyses (Table 17) and the cor-
relative results from DGE-1 chemical analysis, FFC-1 
corresponds to a quartz content of approximately 37% 

for the felsic rocks and 4% for amphibolite. The value 
is rather normal for granites, which lies between 20% 
and 60% quartz by volume. The FFC-1 volume is 3% 
higher than the estimated values in DGE-1, which is a 
clear benefit. Unfortunately, no SiO2-analysis have 
been conducted on the granitoid rocks at the St1 
drillng in Espoo for comparison (A. Karjalainen, per-
sonal communication, august 30, 2021)  

                 

 The high quartz content presented by the am-
phibolite is rather uncommon. Based on the absent/low 
amount of quartz in the thin sections (Table 17), and 
an assumed mafic origin of the amphibolite, it is rea-
sonable to assume that the high SiO2, given by the 
chemical analysis, is the result of secondary formed 
quartz i.e., silicification. Hydrothermal activity can 
promote quartz growth in vugs and fractures within the 
rock. These are features displayed both in Dalby (Figs 
11C, 17H and 18B) and the FFC-1 samples (Figs. 
24H, 27C and 27D). Single quartz grains were also 
frequently occurring in the cuttings when drilling am-
phibolite-rich intervals at the FFC-1, which support 
this theory. 

5.1.2  Textures and bearing on strength            
The texture of a rock is it´s physical appearance on a 
grain size level. Properties such as size, shape and ori-
entation of the crystals, as well as how they are put 
together differs based on the rock´s origin and history. 

a performed by Kervall (2021) 
b Sivhed et al. (1999)  

Table 16. Chemical analysis of average SiO2- content in FFC
-1 and DGE-1. 

a performed by ALS Chemicals (2021) 
b Sivhed et al. (1999)  

Table 17. Modal analyses of average quartz content in the 

Dalby samples given in % per volume.  
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Textures can therefore be used in understanding the 
processes the rock has been exposed to, but also turn 
handy when determine the rock´s physical properties. 
The texture of the rock also plays a significant role in 
the feasibility to shear and create an EGS reservoir. 
 The primary textures of igneous rocks reflect 
the conditions under crystallization while secondary 
textures mainly form during cooling processes. Sec-
ondary textures reflect chemical changes during the 
primary conditions and are not to be regarded as meta-
morphic. If the solid rock is exposed to a metamorphic 
event the rock develops new secondary textures 
(Winter 2014).      
 The term texture is often used and defined dif-
ferently. In this work the term will refer to textures as 
penetrative small-scale features. In the EGS-context 
the most prominent of these are grainsize, interlocking 
crystals, homogeneity/heterogeneity, anisotropy/
isotropy and foliation.         
 The rocks from FFC-1 and Dalby are all fine-
grained, except one of the Dalby amphibolites, which 
is very-fine grained. The grain-size is of importance 
when it comes to the rock´s bearing on strength, which 
increases with decreased grain-size. Rocks usually 
fracture along the grain boundaries as the bounds here 
are weaker. Small grains have a larger area over vol-
ume. If the area, (grain boundary) increases in relation 
to the volume, so will the force that holds the grains 
together and counteract fracturing. In an EGS-context; 
fractures in a rock with smaller grain-size would be 
easier to maintain, but harder to expand.   
 All samples also show an interlocking texture. 
When crystals are interlocked the rock is both harder 
and less porose than rocks with round grains. Low 
porosity usually equals higher density and higher ther-
mal conductivity, but also lower heat capacity, which 
is typical for crystalline rocks (Sundberg et al. 2009).  
Homo- and heterogeneity is especially to be consid-
ered in assessing EGS thermal estimations and models. 
Estimations on heterogeneous rocks risk to be less 
accurate, if surveys are not comprehensive and con-
ducted over large volumes. Gneiss is by nature consid-
ered heterogenous, which is displayed both in FFC- 
and Dalby. The deviating homogeneity of 43%, dis-
played by the Dalby felsic samples is consistent with 
the Dalby core descriptions. The deviation is probably 
irrelevant as the small scale displayed in cores and thin 
sections not likely represent the whole rock in gneiss. 
However, this does not deny that Dalby might display 
a notable amount of single homogeneous blocks.  
 All Dalby metabasite and amphibolite samples 
show homogeneity, and thereby differ from the felsic 
samples. Due to lack of cores no separate results are 
presented for the FFC-1 mafic rocks. When comparing 
the FFC-1 samples with each other they show a varia-
tion, mainly pronounced by the quartz content, which 
is acknowledged both in cuttings, in the gamma ray 
log (2300–2325 m and 3025–3133 m depth) and indi-
cated by the chemical analysis (Table 13). As dis-
cussed in the minerology section, the quartz is second-
ary formed, and the peaks in the gamma ray log might 
therefor represent quartz veins or interbedded gneiss 
layers rather than heterogeneity of the rock. It is there-
fore likely to assume that the amphibolite in FFC-1 is 
homogenous. Adding the amphibolite’s relative high 

density to this, it is likely that the rock is less naturally 
fractured than gneiss. This is something to have in 
mind if, under possible future surveys, the amount of 
amphibolite is increasing with depth.    
 Metamorphic rock usually displays anisotropy 
in varied degree and just like with heterogeneity, ani-
sotropy can aggravate the EGS thermal estimations 
and modelling. The reason for this is that anisotropic 
rocks are often layered and, based on minerology, -can 
give anisotropic thermal properties. The heat conduc-
tion can therefore either be enhanced or impoverished 
in the direction of the layering. There is a general as-
sumed relation between anisotropy and low thermal 
conductivity. The heat capacity, however, is not affect-
ed by anisotropy since the potential to store heat is not 
dependent on the orientation (Sundberg et al. 2009). 
Regarding anisotropy and its impact on rock strength, 
it is easy to assume that anisotropy weakens the rock. 
It is not impossible though that one could benefit from 
the conditions if the anisotropy is well understood. 
This is, for example, if a dominant orientation of the 
layering can be distinguished, or if the rock has frac-
tured favourably due to the anisotropy. The results 
from Dalby and FFC-1 both indicate a highly aniso-
tropic bedrock. Highly anisotropic conditions have 
also been displayed in the 2200 m deep borehole 
RHB70 of Forsmark, Sweden (Svensk kärnbränslehan-
tering 2009-a). The Forsmark area´s intrusive felsic 
rock is intersected by ductile amphibolite belts, just as 
FFC-1. The bedrock in Forsmark belongs, together 
with the bedrock of Finnish Espoo, to the Svecokareli-
an province (Stephens and Wahlgren 2020). Future 
study comparisons of anisotropic conditions with For-
smark and Espoo can therefore be relevant. For more 
detailed geological descriptions on Forsmark, see SKB
-rapport R-10-04 (Svensk kärnbränslehantering 2009-
b).          
   Foliation is the result of deformation and heat 
combined, often related to orogeneses (Winter 2014). 
The texture is observed in samples both from Dalby 
and FFC-1. The foliation is assessed as more or less 
horizontal in the CXD and SCMI logs from FFC-1 
(Rosberg and Erlström 2021), which also resembles of 
the interior parts of ES (Wikman et al. 1993; Ulmius et 
al. 2018). Foliation is more or less characteristic in 
gneiss and indicates medium to high metamorphism. 
The foliation is generally less frequent in the mafic 
rocks and due to lack of cores, no results can therefore 
be presented from FFC-1 mafic samples. In the mafic 
Dalby samples, however, all samples display foliation. 
 The metabasite sample D2A (Fig. 16D) and one 
of the amphibolite samples; D7A (Fig. 16B) further 
present mylonite development, which is an indicator of 
very high strain. Mylonite form in shear-zones where 
they can be exposed to “softening”/ ”strain-softening”, 
which tend to fracture the rock more easily. The likeli-
hood of softening is higher if old minerals are replaced 
by softer variants, such as muscovite (Mitra 1978; 
White et al. 1980; Hippertt and Hongn 1998), or if the 
minerals are placed in a lattice-preferred orientation 
which facilitates dislocation glide (Ji et al. 2004). The 
process is also related to development of shear bands 
(Ji et al. 2004). Gneisses tends to fracture along the 
foliation planes (Van Der Pluijm and Marshak 2004).  
This necessarily doesn’t mean that the bearing strength 
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is less in a gneiss in comparison to granite. Even rocks 
with typical gneissic appearance, and with clear folia-
tion can act as homogenous rock when exposed to high 
stress i.e., not fracturing along the foliation as ex-
pected (Best 2002).         
 The secondary non-metamorphic textures ob-
served in Dalby and FFC-1 are all, except saussuritiza-
tion and perthite/antiperthite, deuteric alterations i.e., 
water influenced (Winter 2014). The processes identi-
fied are; uralitization, which is alteration of pyroxene 
to amphibole. Indications of this is observed in Dalby 
(Fig. 17F), but more frequent in the FFC-1. Chloritiza-
tion, which is alteration of mafic minerals to form 
chlorite is common the Dalby samples, especially as-
sociated to the amphibolite layers. The occurrence in 
Dalby have been confirmed by Halling (2015), and 
similar observations have been made in FFC-1. Biotiti-
zation is the alteration of hornblende or pyroxene to 
biotite, with epidote as a possible biproduct. Epidote 
occurs commonly as fracture fillings in the felsic rocks 
from both Dalby and FFC-1 (Figs. 14C-D and 23B- 
D). The occurrence of epidote in Dalby is further de-
scribed by Halling (2015).    
 Saussuritization texture indicates alteration of 
Na-rich plagioclase to form epidote minerals. The tex-
ture, which is the initial stage of the alteration have 
been confirmed in the EDS-SEM analysis and is veri-
fied in 86% of the samples in Dalby and all of the FFC
-1 samples. Perthite/antiperthite, textures that display 
changing potassium/sodium conditions during cooling 
(Winter 2014) is also frequently occurring, especially 
in the felsic Dalby samples.    
 All non-metamorphic textures mentioned 
above, implies an alteration where one mineral is con-
sumed by the formation of a new mineral phase. The 
change in the physical rock properties is related to the 
grade of the alteration as well as the characteristics of 
the new mineral formed. In general, it is assessed that 
these features weaken the rock. 

5.2 Fracturing 
When a rock is exposed to metamorphism, the existing 
fracture system changes to a variable extent. An exam-
ple of this is the fracturing of granite and gneiss. Gran-
ite is homogenous so when fracturing the fractures 
tends to be arranged in a relative uniform polygon-
shaped framework (Tunemar 2006). When exposed to 
metamorphism the typical heterogenous gneiss texture 
develops, and fracturing tends to orient along the folia-
tions (Van Der Pluijm and Marshak 2004). However, 
both the pre-metamorphic fracturing and the subse-
quent fracturing of the metamorphic rock can occur in 
a rock.      
 Within the oil industry, the fractures are simply 
divided into initial and secondary. Fractures that are 
induced by drilling (DIF:s) or hydraulic stimulation 
are referred to as secondary, while all others are re-
garded as initial. For a comprehensive understanding 
of the fracture system, subdivision of the initial frac-
tures needs to be performed. This is because different 
tectonics creates different fractures (Sorkhabi 2014) 
and stress orientations varies over the geological time 
scale.           
 We know that fracture frequency generally de-
creases gradually with depth (MIT 2006). At shallower 

depth the fractures generally extend up to ten meters 
and are at least partially open (MIT 2006). The frac-
tures at greater depth are often closed due to pressure. 
However, micro fractures still constitute the dominat-
ing pore space in a crystalline rock (Sundberg et al. 
2009).       
 Extensive very large and hydraulically active 
singular fractures are usually not desired as they can 
disturb the heat flow (Juhlin et al. 1998; Sundberg et 
al. 2009). These may cause less good thermal ex-
change in the reservoir as the flow would be concen-
trated to these and not spread over a larger rock vol-
ume via smaller undulating and connected fractures, 
which yield a more favourable thermal exchange. 
Greater fracture systems are also harder to handle and 
can result in less control and water leakage, similarly 
to what happened in the Soultz-project (Wallrot 1994; 
MIT 2006). Smaller fractures, on the other hand, are of 
most importance as an effective water heating is 
achieved by a large contact area between the bedrock 
wall and the water flowing through the EGS-system. 
 Large-scale fracture systems are best mapped 
using seismic surveys, which gives a possibility to 
map their dimension and orientation to 5–6 kilometres 
depth (MIT 2006). One way to do this is letting the 
seismic equipment register the rock mass from a bore-
hole. Detailed fracture information in the borehole 
wall is also possible to describe from results obtained 
by geophysical wire-line logging. Sorkhabi (2014) lists 
ten characteristics that should be included in a compre-
hensive fracture survey, these are: 

• type of fracture and filling  

• association of fracture with particular lithology, 
structure etc.  

• fractures set  

• fracture length  

• fracture frequency  

• aperture (width)  

• spacing of fractures  

• strike and dip 

• asperities (fracture walls roughness and irregu-
larities) 

• fracture stiffness  

 At FFC-1 the first seven of these were acquired. 
Unfortunately, no reliable data exist from the upper 
most highly fractured 400 meters i.e., down to c. 2400 
m depth (Rosberg and Erlström 2021; Ciuperca et al. 
2021). Nevertheless, reliable data have successfully 
been obtained below this depth.    
 Great water flows, dramatic changes in the 
drilling parameters and high frequency of fracture fill-
ing materials all coincided with, what was later con-
firmed in Weatherford´s report, increased fracturing 
that occur between 2562 m and 2695 m depth 
(Badulescu and Ciuperca 2021). This zone is also con-
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firmed by geothermal gradient variations presented by 
Rosberg and Erlström (2021), and  a total of 329 frac-
tures identified over the 133 m thick fractured zone. 
The fracture frequency corresponds to an average vol-
umetric fracture density of 3.39 m2/m3 and a linear 
fracture frequency of 2.49 fractures/meter (Rosberg 
and Erlström 2021). The average fractures/meter 
above the zone is calculated to 1.62 and 0.85 below 
the zone. The fracture frequency is however not evenly 
distributed within the zones, but display thinner inter-
vals with higher values.     
 Swedish Nuclear Fuel and Waste Management 
Company (SKB) has in c. 1000 m deep boreholes, 
performed fracture investigations similar to the ones in 
FFC-1. Their results display an open fracture frequen-
cy generally below 3 fractures/m and fracture densities 
has been assessed between 1.4 and 4.6 m2/m3, which 
are in the same range as the values in FFC-1 (La 
pointe et al. 2008; SKB 2009-c). From 2000–5000 
meters depth, in boreholes in Switzerland´s Basil, 
UK:s Rosmanowes and the French Soultz-project, 
display unanimous fracture frequencies below c. 1 
fracture/meter (MEET 2020). In the paragneiss-
amphibolite shear zone of the KBT borehole, <0.28 
fractures/m have been reported between 6900 and 
7135 m depth (Zimmerman et al. 2000). At the Espoo-
project in Finland a highly fractured and hydraulically 
conductive zone was encountered in ONT 2B between 
4800 and 5500 m and, according to A. Karjalainen, 
(personal communication, august 30, 2021) only rough 
estimations on the fracture frequency have been per-
formed, indicated 17% fractured rock in the ONT 2B. 
The fracture frequency needs to be depth interval-
based for useful comparisons, preferably in the frac-
ture/meter.          
 Furthermore, the fracture mapping presented by 
Ciuperca et al. (2021), shows that within the 2562–
2695 m zone individual fractures are up to 12 mm 
wide. The borehole imaging logs performed between 
2154– 3106 m, show a dominance of open fracture 
sets oriented N–S, and some also NW–SE (Rosberg 
and Erlström 2021). Surprisingly though, both direc-
tions differ from the main NE–SW strike of the main 
faults in Scania (Badulescu and Ciuperca 2021). 
 From visual examination of intact samples, it is 
observed that the felsic samples from Dalby display a 
higher fracture frequency than the mafic, especially 
regarding fractures smaller than <0,2 mm (Table 6). 
The felsic samples also deviate by displaying more 
fracture types than the mafic ones. Almost half of the 
felsic samples display all tree fracture types. This isn´t 
seen in any of the mafic samples. Approximately 70% 
of the felsic and the mafic samples display two types 
of fractures though. If a rock contains several fracture 
types, their ability to crosscut is enhanced (Tunemar 
2006) which further increases the fracture system´s 
volume and interconnection and thus, beneficial for 
EGS. In this regard the felsic rock is the most benefi-
cial.        
 Contraction, shown by longitudinal splitting is, 
together with shearing, the most characteristic fracture 
types seen in the Dalby rocks. Shearing fractures are 
represented in 71% of the felsic rocks and in 66% of 
the mafic rocks. The shearing processes are represent-
ed by several features and are of special interest for 

EGS. The shear fractures can’t grow in their own 
plane, instead the propagate parallel to ơ1. For wing-
crack fractures, for example, typical minor fractures 
are created on their edges, and as they break, a frac-
tured zone around the main fracture is created (Fig. 
15G). Not only does this result in great fracture zones, 
the zones also have been observed to be broaden by 
depth (Winter 2014). These deep and voluminous frac-
ture systems have great prerequisites to respond to  
EGS-stimulation. According to Halling (2015) most 
fractures seem to originate from extension fractures. 
Almost 60% of the rocks in this study display exten-
sion fractures, which further strengthen the interpreta-
tion of an efficient fracture interconnection. The ob-
served fracture types and fillings further correspond 
well with the fracture generations presented by Halling 
(2015).      
 In Table 18 volume estimations on the distribu-
tion of fractured rock in Dalby is displayed by rock 
type. The estimations give that 36% of the amphibolite 
and 6% of the gneiss is highly fractured. The volume 
estimation indicates the true fracture frequency and is 
not to be confused with the visual examination above, 
which only applies to intact cores and are therefore 
only fracture type representative. However, from these 
two examinations we get that the gneiss, even though 
fractured, holds together in a higher extent than the 
amphibolite. This can be a result of a higher bearing 
strength of gneiss than of amphibolite. The opposite is 
however also possible, and that the bedrock´s sliding 
on the amphibolite layers have caused parts of it to 
heavily fracture (Sydsten AB 2002).    
 The results in Table 18 from Dalby are further-
more interpreted to reflect the conditions for the same 
rocks in FFC-1.  

 
5.2.1  Interpretation and estimated ability to re-
spond to EGS-stimulation    
 EGS aims to artificially increase the permeabil-
ity of the rock and this process is either performed by 
fracking or shearing. In Sweden and in Finland the 
aim, so far, has been to apply the shearing technique 

Table 18. Relative distribution of rocks in Dalby quarry. 
Volume estimation based on description performed by Syd-
sten 2002, of 15 cores, totally 898m.  
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on pre-fractured rock with medium to high permeabil-
ity. The Swedish DGE-1 and FFC-1 boreholes are both 
situated in fractured rock; the Romeleåsen Fault Zone, 
and south western Scania respectively. The Espoo-
project in Finland is located just east of Fennia, one of 
the Fennoscandic shield´s larger fracture zones (Rämö 
et al. 2005).       
 The prerequisites for a successful stimulation 
are based on a comprehensive survey where geophysi-
cal logging and cores play the main role. From the 
cores the angle of inclination for fractures and weak-
ness zones can be estimated, together with the charac-
ter of the rock (Lundegårdh 1963). Unfortunately no 
cores were obtained from FFC-1. However, geophysi-
cal logging can provide essential complementary in-
formation, just as the survey in the FFC-1 borehole. 
Here data from image logs and micro seismic tools 
have provided useful data that to some extent replace 
the absence of core data.       
 The potential to stimulate a rock mass depends 
on the existence of interconnected fractures and the 
fractures petrophysical properties. Efficient hydraulic 
communication is achieved by a high number of long 
and intersecting fractures (Sorkhabi 2014). The esti-
mated fracture population in FFC-1 give a rather high 
average volumetric density of 3.39 m2/m3. No estimat-
ed fracture length was connected to these results 
though. In the context, fractures >20 m are preferable. 
Fractures < 1 m is regarded as low persistence and > 
20 m indicates high persistence (Sorkhabi 2014). 
 The fractures petrophysical properties include 
permeability and porosity (Sorkhabi 2014). According 
to Zhang et al. (2021) the permeability can be in-
creased by 1–2 orders of magnitude in an efficient 
fracture system. This is further controlled by the de-
gree of fracture filling and aperture (Zhang et al. 
2021). As mentioned before, the maximum aperture in 
FFC-1 was estimated 12 mm. Average aperture is > 10 
mm for open fractures and < 0.25 mm for closed frac-
tures. The permeability is also dependent on asperities 
i.e., ruggedness of the fracture surfaces (Sorkhabi 
2014). According to Dusseault (2016) the asperities 
are the keys to permanency of a sheared fracture sys-
tem. The most rugged surfaces are further displayed by 
the steep cleavages (or fractures) that intersects the 
bottom cleavages (Lundegårdh 1963).   
 According to the image logging of FFC-1 
closed fractures dominate over open, regardless of 
size.      
 Lundegårdh (1963) stated that rock mainly frac-
ture along three planes i.e., cleavages which are zones 
of weakness, often invisible to the naked eye. When 
cleavages are exposed to pressure changes, or changed 
stress orientation, they can open into fractures. The 
cleavages are perpendicular to each other, which corre-
late with an intergrowth structure between the miner-
als. One of these planes; bottom cleavages run hori-
zontal, parallel to the basement surface. Due to pres-
sure release after the last glaciation, series of regularly 
recurrent bottom cleavages, so called cheeting, most 
likely developed in the Scanian bedrock. The shearing 
features in Dalby indicates that a high amount of rock 
cleavages was opened. The high frequency of shearing 
features in Dalby, and the likelihood of cheeting are 
interpreted as good prerequisites for EGS.   

  The shearing method applied on the FFC-1 
target rock with its characteristics are, of what we 
know so far, beneficial. The ability to map the stress 
orientations and to evaluate the fractures system fur-
ther is however required to estimate the response to an 
EGS-stimulation. This is more important in non-
homogeneous bedrock, as the effect of the stimulation 
here is harder to assess (Ayling et al. 2016). Cores, of 
a substantial length needs to be obtained and also more 
data from geophysical logging, where stress orienta-
tions and fracture characteristics, such as length and 
asperities are estimated.  
 Complex surveys where the bedrocks prerequi-
sites are evaluated is crucial, but even though, it 
should not be forgotten that these are pioneer-projects 
where lessons are continuously learnt. At the moment, 
a 1.5-year long revalidation of the Espoo project is in 
progress in Finland. According to M. Pentti (personal 
communication, august 29, 2021) the upper part of the 
well was sealed off after the stimulation of ONT-3 at 
5000–6000 meters depth, with a 900- bar hydrostatic 
pressure at the well-head, and 400–500 bar by the 
open fractures. Since then, the flow has only amounted 
to a few litres/sec of what initially was estimated to be 
50 litres/sec. In the writing moment a well-to-well 
pressurized cross flow test is prepared for, aiming to 
improve the permeability, and monitored by 12 geo-
phones situated at 300–1000 meters depth 2–4 km 
from the well. Utilization of additives during the stim-
ulation is also considered.  

5.3  Stresses        
Knowledge of current stress field have proven ex-
tremely useful when engineering geothermal systems 
(Zang et al. 2012). In the case of both fracking and 
shearing, the stress direction must be considered, and 
therefore determines where the production and injec-
tion wells should be placed. Both size and orientation 
of the stress can be measured by geophysical logging 
(Wirtén 2020). It can also be measured in-situ, through 
hydraulic fracturing, or be obtained from cores repre-
senting the current depth (Alm 2012). The size of the 
stress is of relevance, not least for the stimulation pro-
cess, as the rock´s compressive stress needs to be ex-
ceeded by stress created by a hydrostatic pressure in 
the borehole surroundings (Dusseault 2016).  
 For a general understanding and estimation of 
the stress regime World Stress Maps (WSM) have 
become of the utmost importance (Zang et al. 2012). 
WSM is a global compilation presenting the present-
day crustal stress of the Earth regionally (WSM 
2020) in the upper 40 km of the Earth´s crust 
(Heidbach et al. 2016). According to WSM (2020) 
the stress indicators can be divided into four catego-
ries whereas one constitutes of well bore breakouts 
(BB), which is stress induced variations in bore hole 
cross sections, including DIF:s. These are important 
indicators of horizontal stress orientation, particularly 
at intermediate depths (<5 km). BB:s and DIF:s has 
determined approximately 19% of the stress orienta-
tion indicators in the WSM database. They also pro-
vide most stress orientation indicators in both geother-
mal and petroleum systems (Tingay et al. 2008).  
 According to the world stress map the southern 
parts of Sweden display a SW –NE stress orientation. 
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There is also a stress regime stretching in a WNW–
ESE direction of the Tornquist Zone. Northern Germa-
ny displays a N–S orientation (Zang et al. 2012) which 
is like the characteristic NW–NNW stress orientation 
seen in western Europe (Zoback 1992). The stress ori-
entations of Denmark and the Kattegat area seems to 
be an area where several stress orientations meet (Zang 
et al. 2012). Along fault in the Tornquist Zone, and 
especially in the Kattegat area, stress most likely are 
still being released along the main fault, as indicated 
by minor deep-seated earthquakes (Gregersen et al. 
1996).         
 Local stress regimes have been estimated both 
in Forsmark and Laxemar, indicating a dominating 
NW–SE orientation (Nordén et al. 2008). Similar re-
sults have been estimated in Espoo borehole (A. Kar-
jalainen, personal communication, august 30, 2021). 
Forsmark displays a rather high rock stress; at 500 m 
maximum stress are estimated 40 MPa. This is ex-
plained by SKB as a cause of low fracture frequency 
in the rock (SKB 2009-b). From GPS seismic meas-
urements 1989–1998 south of the TZ has indicated 
NW–SE oriented stress related to rift movements in 
the North Atlantic of 2 mm/year strike-slip movements 
(Pan et al. 2001). No stress orientations have so far 
been successfully obtained from either FFC-1 or DGE-
1.  

5.4 Thermal properties  
5.4.1  Geothermal gradient         
Thermal properties such as temperature and tempera-
ture gradient determine the effective production of an 
EGS-plant and thereby forms the basis for assessing 
drilling depth (Jeanloz and Stone 2013). In Sweden the 
geothermal gradient varies from 15–20 C°/km in the 
north, to ≤ 30 °C/km in the southernmost parts 
(Erlström et al. 2016). The gradient in the sedimentary 
bedrock in SW Scania is between 27 and 33 °C/km 
while the corresponding gradient for the crystalline 
bedrock in DGE-1 and FFC-1 is c. 20 °C/km. Consid-
ering a target temperature of c. 140 °C this would 
mean a total depth of c. 6 km for EGS drilling. 
 In FFC-1 the bottom hole temperature (3113 m 
depth) was measured to 84.1 °C, with a geothermal 
gradient varying between 17.4 and 23.5 °C/km 
(Rosberg and Erlström 2021). Above 2610 meters the 
average gradient is 23.5 °C/km, and below 2880 m, the 
average has dropped to 17.4 °C/km (Rosberg and Erl-
ström 2021). There is a geological difference between 
these two sections and the area between them displays 
a thermal disturbance, given by a drop in temperature, 
from 23.5°C to 7  °C/km (Rosberg and Erlström 
2021). These types of local deviations can occur in 
adherence to larger water bearing fracture zones, such 
as in FFC-1. Similar gradients to both the FFC-1 high-
est and lowest are however found separately in deep 
boreholes in the Fennoscandian Shield and the two 
gradients have therefore been addressed in two differ-
ent tables. In Table 19 sites with higher gradients are 
being compared and in Table 20, sites with lower gra-
dients. Note though that the crystalline bedrock in both 
FFC-1 and DGE-1 present geothermal gradients 
around 20 ˚C/km.    The DGE-1 borehole is situated 
in the Romeleåsen Fault Zone, approximately 15 kilo-
metres WNW of FFC-1 (Fig. 2) and therefore holds 

the most adequate data for comparison (Table 19). 
Thermal modelling of the Fennoscandian Shield shows 
that the Tornquist Zone excel by displaying gradients 
higher than the surroundings, between 20 and 24 °C/
km in the upper crust, which also correlates with the 
gradient of 22 °C in DGE-1 (Balling 1995). 
 DGE-1 is 567 m deeper than FFC-1 and still the 
bottom temperature is only one degree higher than in 
FFC-1. When extrapolating the data in FFC-1 at corre-
sponding depth, using the lower section´s thermal gra-
dient of 17 °C/km we get a bottom hole temperature of 
94.3 °C (Rosberg and Erlström 2021). The 9 °C lower 
gradient displayed in the DGE-1 is explained by a de-
viant low average gradient of 14 °C/km in the overly-
ing sedimentary succession (Table 19). The tempera-
ture deviation is most likely related to the DGE-1:s 
localisation where the complex block-faulting might 
affect the bedrocks thermal conductivity negatively. 
Surrounding sedimentary bedrock display similar gra-
dients as FFC-1, between 28 and 32 °C/km (Erlström 
et al. 2018).       
  Increased amounts of potassium, thorium and 
uranium in the bedrock favour the heat production. 
This is primarily the case for younger granites and 
pegmatites, where the heat production can be signifi-
cantly higher than average crystalline rock of the Fen-
noscandian Shield (MIT 2006; Erlström et al. 2016). 
In Sweden elevated levels of the elements have been 
observed in the Bohus granite (Landström et al. 1980) 
and on Alnön, outside Sundsvall, the so called Rödö 
granite (Persson et al. 2014). The occurrence of the 
three radioactive elements in the bedrock in FFC-1 are 
rather low, as displayed in the Spectral Gamma Ray 
log. In the log we see that the heat production is, ex-
empt for a few peaks, steady below 4 µW/m3. The heat 
production displayed in the DGE-1, on the other hand, 
is overall higher than 5.0 µW/m3. The average heat 
production is 5.8 µW/m3 in DGE-1 and approximately 
3.0 µW/m3 in FFC-1, with exception for the amphibo-
lite dominated intervals with an average of 1.5 µW/m3 
(Rosberg and Erlström 2021). Even though the occur-
rences of the radioactive elements are generally low in 
FFC-1, one can tell from the log that the elements are 
related to the granitic composition, as the signals dis-
appears below 3030 m, where amphibolite dominates 
(Fig. 10). In Rosberg and Erlström (2021) the differ-
ence between DGE-1 and FFC-1 is explained by the 
different bedrock types. On the radiometric map of 
Sweden (SGU) there is a pronounced difference be-
tween the interior of the ES, with lower radiometric 
values, and the higher values at the eastern boundary 
and transition segments where DGE-1 is located 
(Rosberg and Erlström 2021). The high geothermal 
gradient in FFC-1 can by other words not be explained 
by elevated levels of radioactive elements.  
 Similar heat production value, as calculated by 
Rosberg and Erlström (2021) for the FFC-1 (3.0 µW/
m3) are though displayed at other places within the 
Fennoscandian Shield, such as Gravberg-1, Laxemar, 
and Outokumpu R-2500 (Juhlin et al. 1991; Sundberg 
et al. 2009; Kukkonen et al. 2011).   
 As can be seen in Table 19 and Table 20 the 
FFC-1 and DGE-1 are the only two deep boreholes in 
the Fennoscandian Shield that include a thick sedimen-
tary rock succession on top of the crystalline  
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a Rosberg and Erlström (2021)  
b Rosberg and Erlström (2019) 
c Wiersberg (2020) 
d Majorowicz et al. (2014) 
e Emmermann and Lauterjung (1997) 

 

a Rosberg and Erlström (2021)  
b Aldahan et al. (1991) 
c Sundberg (2009) 
d Kukkonen and Pentti (2021) 
e Kukkonen et al. (2011) 
f Saarno, T., personal communication (2020) 
g Juhlin (1990) 
h SGU kartvisare (2021) 

 

 

 

 

 

 

 

 

Table 19. Comparison of thermal data and bedrock type from the FFC-1 well with other deep boreholes displaying temperature 
gradient similar to the higher gradient measured in FFC-1. The data in the table is in parts the same information presented in 
Rosberg and Erlström (2021). 

Table 20. Comparison of thermal data and bedrock type from the FFC-1 well with other deep boreholes displaying temperature 

gradient similar to the lower gradient measured in FFC-1.  
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basement. These conditions favour higher tempera-
tures at comparable depth with wells without sedimen-
tary cover strata. This is due to the relatively lower 
thermal conductivity of the sedimentary strata, thus 
having an isolating effect (MIT 2016). The Hunt Well 
borehole is an example of this in the Canadian Shield, 
where orthogneiss is covered by Phanerozoic sedimen-
tary rocks (Table 19).     
 In relatively cold and thick crust, such as the 
Fennoscandian Shield, anomalies in the crust become 
of great importance for EGS. High temperature gradi-
ent of ≤  28 °C have been measured in the 9101 m 
deep borehole of KTB in Germany, located in a suture 
zone (Table 19). The ST1/Fortum EGS-project in 
Finnish Espoo, located in a fracture zone, has reached 
a depth of 6400 m and display a geothermal gradient 
of 17 °C (Table 20). Higher gradients are also likely to 
be encountered at impact structures. The area in the 
Swedish Caledonides, by the Lake Siljan where the 
2496 m deep COSC borehole is located, is in fact an 
old crater affiliated to sedimentary bedrock (Wiersberg 
et al. 2020). The COSC display a geothermal gradient 
of 20 °C (Table 19). The FFC-1 on the other hand is 
located near fault structures where lateral resistivity 
layers more or less efficient covers rock fractured by 
faulting and isostatically related pressure release.  

5.4.2  Thermal conductivity and density         
The temperature is dependent on how efficient the heat 
is transported through the rock i.e., the thermal con-
ductivity λ, W/mK. A high thermal conductivity can 
simple be explained as high heat loss or good heat 
transport, whereas low conductivity amount to the 
opposite. The conductivity depends on heat capacity 
(capacity to store heat) C1, kWh/ (m3 ˚C) and heat dif-
fusivity (equalization of temperature differences) κ, 
m2/s. According to Sundberg (1991) crystalline rock 
heat capacity is usually estimated to approximately 
0.55 kWh/ (m °C). Heat diffusivity ranges between 
approximately 0.6 mm2/s for basic rocks and 1.9 mm2/
s for quartz-bearing acidic rocks (Drury 1987) even 
though values up to 5.4 mm2/s have been noted in the 
pegmatitic granite of Outokumpu (Kukkonen et al. 
2011). The relation between the three thermal parame-
ters is given by: κ = λ/C 1 (Sundberg 1991).  
 The conductivity is specific and affected by 
density, structure, texture, porosity, water content and 
minerology of the rock (Erlström et al. 2016). For the 
most minerals, the thermal conductivity increases by 
increased pressure, and decrease by increased tempera-
ture (Labus and Labus 2018). As mentioned before 
quarts is the most efficient conductor and quartzite, 
pure quartz, has a conductivity of 7.7 W/mK 
(Sundberg 1991).        
 Other minerals that excel as conductors are 
olivine (4.1 W/mK and pyroxene (3.8 W/mK 
(Sundberg 1991). Neither the Dalby or FFC-1 samples 
contain olivine, and pyroxene only rarely occurs as 
remnants of grains except for the diorite-sample D4A 
which constitutes of 40% pyroxene. Unfortunately, no 
conductivity analysis was performed on this sample. 
 The thermal conductivity ranges generally be-
tween 3 and 4.5 W/mK for granite and for gneiss be-
tween 1.5–5 W/mK (Erlström et al. 2016). Gneiss and 
metamorphic rocks tend to present a lower conductivi-

ty due to anisotropy and foliation (Sundberg 1991). 
This can be seen in the FFC-1 sample M3T which pre-
sents a conductivity 0.7–0.8 W/mK lower than the less 
foliated gneiss samples (Table 12). Metamorphic rocks 
can also present a lower conductivity due to miner-
alogical changes or because they have a basic origin. 
The lower conductivity is displayed in both the Dalby 
and FFC-1 samples, where the conductivity generally 
is 1 W/mK higher in the quartz-rich felsic than the 
basic samples (Table 8 and 12). The estimated bedrock 
composition of over 63% felsic rocks in FFC-1 (below 
2970 m) thereby indicate rather favourable conductivi-
ty conditions in the EGS-context (Table 18), and so 
does the estimated SiO2 content of 70% (Table 16). 
Furthermore, it is worth mentioning that the conduc-
tivity of quartz is strongly temperature dependent, and 
it´s most efficient as conductor at T < 200 °C 
(Robertson 1988). Against the FFC-1 background, 
EGS is today mainly relevant for plants with a produc-
tion temperature of around 160 degrees. In this context 
the conductivity of quartz would then be utilized opti-
mally. The higher quartz content in FFC-1 correlates 
well with an overall higher conductivity regarding 
felsic samples (Table 12).     
 A comparison of the thermal conductivity be-
tween different sites and rocks are being compared in 
Table 21. The Scanian gneiss, presented in FFC-1 and 
DGE-1 distinguish by presenting the highest conduc-
tivity among the compared felsic rocks. Hunts Well 
and Outokumpu both present values for granite. The 
0.5 W/mK lower value in Hunt Well of 2.5 is inter-
preted as underestimated due to paleoclimatic effects 
(Majorowicz et al. 2014). The lowest conductivity 
values, for all rock types, are presented by the KTB 
bore hole (Table 21). The values have been proven 
related to foliation and microfractures. Highest thermal 
values in the KTB- hole has further been localized 
parallel to the foliation (Emmermann and Lauterjung 
1997). The mafic rocks of FFC-1 (amphibolite) and 
Outokumpu (metasediment) present similar conductiv-
ity values around 2.5 W/mK. The highest conductivity 
of the mafic samples is 3.35 W/mK, presented by the 
ophiolite-derived altered ultra-mafic rock from  Ou-
tokumpu.         
 When comparing the density data (Tables 7 and 
11) with the conductivity data (Tables 8 and 12) from 
FFC-1 and Dalby, we can clearly see that there is a 
mineralogical relation between the two parameters. 
The felsic samples overall display a higher conductivi-
ty and a lower density, as opposed to the amphibolite, 
which are characterized by lower conductivity and 
higher density. This is also well displayed in the com-
posite log (Fig. 10) by the spectral gamma ray, which 
indirect gives the quartz-frequency, and the density log 
which typically counteract the conductivity when 
prominent compositional fluctuations occur.  
 The average density values of the Dalby out-
crops show good agreement with values from earlier 
performed analysis on Romeleåsen horst, conducted 
by the Geological Survey of Sweden. These samples 
present an average gneiss/granite density of 2.64 g/cm3 
and 3.01 g/cm3 for metabasite/amphibolite.  
 The average density values from the two sites 
are consistent both regarding the granitoid and am-
phibolite samples (Table 7). The density analyse of 
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diabase gives a value of 3.00 g/cm3, which is like the 
average for amphibolite (Table 7). It is likely though, 
that the thermal conductivity of diabase is slightly bet-
ter than for amphibolite, as pyroxene is a more effi-
cient thermal conductor than mica and amphibole 
which are relatively more common in amphibolite 
(Jones 2003).      
 The measured densities are similar to the ones 
noted for amphibolite (2.89 g/cm3) and paragneiss 
(2.74 g/cm3) in the German KTB borehole 
(Emmermann and Lauterjung 1997). Similar densities 
are also presented for granite (2.65 g/cm3), and for 
fractured granite (2.63 g/cm3) in the Gravberg-1 bore-
hole (Juhlin 1990). The diabase occurring in the 
Gravberg-1 borehole have density of 3.00 g/cm3, 
which is the same the DGE-1 diabase (Table 7) (Juhlin 
1990).  

a Kukkonen et al. (2011) 
b Sundberg (2009) 
c Majorowicz et al. (2014) 
d Emmermann and Lauterjung (1997) 

 

5.5 Assessment of a one cubic kilome-
tre rock block at 6 km depth in SW Sca-
nia 
The feasibility to construct a deep geothermal plant in 
SW Scania has until recent investigations been at-
tached with several uncertainties regarding the geolog-
ical prerequisites. Based on the geological studies of 
the data from the FFC-1, DGE-1 and the Dalby quarry 
the knowledge on several of the important properties 
have been clarified. The following prediction is based 
on the geological conditions in an arbitrary located one
-cubic-km large rock block at EGS-depth in SW Sca-
nia.      
 Based on the rock composition the block will 
most likely be composed of two fine-grained rock 
types; felsic gneiss and mafic amphibolite/metabasite 
in the proportion of 4:1 (Table 15). Both rock types are 
fine-grained, anisotropic and composed of interlocking 
crystals. The gneiss is composed of predominantly 
quartz (c. 37% by volume), plagioclase and K-
feldspars. The gneiss is reddish and display a hetero-
genous texture. The black amphibolite is homogenous-
ly composed of plagioclase, amphibole and biotite and 

rather rich in small red garnets. The quartz-content is 
c. 3-4% by volume in the amphibolite. The gneiss will 
have a thermal conductivity of around 3.6 W/mK and 
the amphibolite of c. 2.6 W/mK. The average density 
of gneiss will be 2.64 g/cm3, and of amphibolite 3.01 
g/cm3. The geothermal gradient is most likely <20.5 °
C/km. This indicates temperatures <140 ˚C at depths 
of six kilometres depth in southwestern Scania. This is 
mainly because the top of the crystalline basement that 
starts at 2000 m, beneath the sedimentary bedrock, has 
a temperature of c. 60 °C.    
 Even at 6000 m depth the rock block is likely to 
contain a substantial fracture system, mainly constitut-
ing of shear fractures connected to the horizontal frac-
ture planes. Most of the fractures are old and closed. 
At least four fracture generations are present, repre-
sented by at least 15 mineral groups of which car-
bonate, quartz, epidote and fluorite are the dominating. 
Open fractures are however also likely to be encoun-
tered due to the ongoing tectonic activity (Gregersen et 
al. 1996). The open fracture frequency is predicted to 
c. 1-3 fractures/meter and the block is also likely to 
contain larger conductive crush zones. The block is 
predicted to have a high potential of latent fracturing 
due to cleavages. The cleavages, together with frac-
tures sealed by minerals of less hardness most likely 
correspond well to hydraulic stimulation.   
 For drilling in crystalline rock to be economi-
cally defensible drilling rates between 10-15 meter/ 
hour needs to be achieved. Rotary drilling is by all 
means the most reliable method applied here. The 
technique however, has an average ROP of 1.5 m/hr in 
this rock type, which is not cost-efficient today. The 
hammer drilling technique, which was evaluated in the 
heterogenous gneiss-amphibolite rock of both FFC-1 
and Espoo has shown great difficulties in handling 
fracture zones with high water inflows. It also cannot 
meet the drilling rate requirement hoped for. The cost 
of wear on drill bits and pipes is a further disadvantage 
if the rock has a high density or hardness (Erlström 
2016). Deep drilling in our rock block is dependent on 
more efficient drilling. Development of the hammer 
drilling technique, as to handle high water inflows and 
enable efficient removing of cuttings while drilling, 
would be the best way of succeeding with these types 
of drillings. Possibly can today´s hammer drilling 
technique be applied at less fractured sections where 
water inflows are less likely.     

6 Conclusions 
• The Precambrian crystalline basement in the 

FFC-1 well in Malmö has more or less the  
same composition as the rocks on the Ro-
meleåsen horst. Diabase, was however, not 
encountered in the FFC-1 well  

• The two localities present the same type and 
density of fractures and fracture filling minerals   

• The uppermost part of the bedrock is heavily 
fractured, giving good indications of micro 
fractures existing at greater depths beneath 
Malmö.  

Table 21. Average measured thermal conductivity (W/m K), 
specified for each rock type in various boreholes. 
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• The temperature gradient is relatively high in 
comparison to central parts of the Fennoscandi-
an Shield 

• The thermal conductivity is relatively high for 
the gneiss due high quartz content 

• Based on results given in this thesis the EGS-
prerequisites in the Fennoscandian Shield Bor-
der Zone in SW Scania are favourable 

• Future investigations need to be implemented 
for describing the deep fracture frequency. This 
is provided through seismic surveys i.e., rock 
strain data, and deep cores. 
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