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ABSTRACT

Enhanced geothermal systems (EGS) are a potential heat source in many parts of the world, even in locations
where the temperature gradient is relatively low. We present here an integrated study of reflection seismic data,
borehole logs and seismicity analysis performed in conjunction with a geothermal exploratory project operated
by E.ON in Malmo, Sweden. In 2020, the pre-existing 2.1 km deep FFC-1 borehole through the sedimentary cover
was deepened into the crystalline basement to about 3.1 km vertical depth. Combined interpretation of the
reflection seismic data and geophysical wireline logs show that most of the reflectivity in the Precambrian
basement is likely generated by lenses of mafic amphibolite embedded in a felsic gneissic matrix. The general
structural bedding and foliation is gently dipping to sub-horizontal, similar to other locations in southwest
Sweden. Fracture frequency is relatively high in the crystalline rock mass, with heavy fracturing in the upper-
most part of the crystalline basement, obscuring a clear reflection from the top of the Precambrian. Highly
fractured and hydraulically conductive intervals are also found between 2,562 and 2,695 m based on a tem-
perature drop and the interpretation of the geophysical data. Open fractures, both natural and induced, have a
clear N-S orientation, contrasting with the expected NW-SE direction based on the orientation of the Sorgenfrei-
Tornquist Zone and earthquake fault plane solutions to the north. This difference may be partly explained by
local variations in the stress field near the FFC-1 borehole and vairations in the stress field with depth. Despite
this, the data from the FFC-1 well provide novel and unique information on the complex physical state of the
crystalline basement on the margin of the Fennoscandian Shield, which further addresses the need for obtaining
in-situ stress data to fully understand the local stress field prior to any stimulation. A temperature of 84°C
measured at 3 km depth indicates that a desired EGS temperature of 120-140°C may be reached at 5-6 km depth,
assuming a temperature gradient of about 20°C. If the relatively high fracture frequency and occurrence of
fracture zones down to 3.1 km are also present at these target depths, then the FFC-1 location may be suitable for
heat extraction if the rock mass is properly characterized before stimulation.

1. Introduction

confirmed that heat flow (and temperature gradients) may vary signif-
icantly throughout the crystalline rock of Sweden. Temperature gradi-

Extraction of deep geothermal energy in Sweden was proposed as
early as the 1970s (Bjelm et al., 1977; Eriksson et al., 1978; Bjelm et al.,
1979; Bjelm and Persson, 1981). Already then, two options were
considered: (1) warm water aquifers in the sedimentary rocks of
southern Sweden and (2) areas of higher heat flow in the pervasive
Precambrian crystalline shield rocks. In the latter case, locations with
deep natural fracture zones would be preferred for heat extraction. Later
compilations (e.g. Naslund et al., 2005; Veikkolainen et al., 2017)
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ents of 30°C/km have been noted in central Sweden (Muhamad et al.,
2015), although gradients between 15 and 20°C/km are most common.
A few exploratory wells for heat extraction, and in some cases circula-
tion tests, have been made in Sweden. Most notable are the Fjallbacka
project in the radiogenic Bohus granite of western Sweden (Wallroth
et al.,, 1999), the drilling into an impact crater east of Stockholm
(Henkel et al., 2005) and the deep drilling (3.7 km) into the Romeleédsen
Fault Zone in southern Sweden (Rosberg and Erlstrom, 2019). None of
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these projects resulted in any commercial heat extraction. The only
commercial larger scale geothermal heat production plant in Sweden
utilizes low-temperature sedimentary aquifers at about 400 m to 800 m
depth and is located in Lund, close to Malmo, feeding heat into the
district heating network via heat pumps (e.g. Bjelm and Alm, 2010).
Aside from the above-mentioned studies there has been extensive
research on fractures and fracture systems in the crystalline bedrock of
Sweden in conjunction with research on the storage of spent nuclear fuel
(e.g. Stephens et al., 2015).

The St1 project in Finland (Kukkonen and Pentti, 2021) renewed
interest in deep heat extraction in the Precambrian of the Fennoscandian
Shield. Two boreholes were drilled to 6.2 and 6.4 km measured depth
(MD) with the goal to circulate fluid between them and extract heat that
could be fed into the Espoo city district heating system. Hydraulic
stimulation was performed between the boreholes. As of now, no heat
has yet been extracted from the system, but tests are ongoing. The
advantage of the St1 concept is that boreholes can be drilled next to
existing district heating systems in populated areas so that once the
initial drilling and stimulation investment are made there is little
additional cost for the energy source. This assumes that drilling costs are
reasonable, and that stimulation is feasible without significant induced
seismicity.

Even though there is no deep (> 1 km) heat extraction currently in
Sweden, there is significant use of low temperature, shallow geothermal
energy systems utilizing ground source heat pumps (Gehlin et al., 2020).
These are generally connected to single family homes for space and hot
water heating, but recently the number of larger residential and
non-residential shallow geothermal energy systems has increased
significantly. As of 2019, about 17.1 TWh of heat is produced annually
from these shallow single-family and larger systems. An additional c. 50
TWh of heat was produced by district heating systems in 2019 (www.
scb.se). These figures may be compared to a total energy consumption
in Sweden of about 550 TWh in 2018 (www.energimyndigheten.se) and
the c. 19.8 TWh electricity produced by wind in 2019. These numbers
suggest that deep heat extraction may be able to contribute significantly
to Sweden’s future energy needs if technological and geological chal-
lenges can be overcome. Aside from reductions in drilling costs, these
challenges include how to best stimulate the crystalline bedrock to in-
crease permeability, development of optimum monitoring methods of
induced seismicity and how to better predict geological conditions at
depth, in particular the presence of fractures. Geological aspects of
particular importance include (1) characterizing site specific geological
conditions in the crystalline basement, (2) evaluating the seismic noise
levels to determine what magnitude seismic events can be detected and
with what instrumentation, and (3), based on point (2), understanding
the seismic risk in an area during stimulation.

Based on the initiative of St1 and the need to replace existing heating
systems, E.ON decided to explore the possibility for heat extraction from
the Precambrian crystalline rock in the Malmo harbor area in southern
Sweden. E.ON’s interest was to investigate the prerequisite for estab-
lishing a 40-50 thermal MW Enhanced Geothermal System (EGS) plant
using a classical doublet. Such a plant would cover 10% of the district
heating demand in the city of Malmo. Initial focus has been in the same
area as two exploration wells in the sedimentary strata, FFC-1 and FFC-
2, were drilled and completed in 2002 and 2003, respectively. At that
time, the aim was to explore if the deep-seated sandstone reservoirs
within the Mesozoic successions were suitable for geothermal heat
production and drilling was stopped after reaching the top of the crys-
talline basement at around 2.1 km depth. Geothermal exploration of
these Mesozoic sandstone aquifers was halted in 2004 due to the project
not being economically feasible for district heating in Malmo. However,
the wells were not plugged and abandoned and in 2020, after a couple of
years of feasibility studies regarding the EGS potential in Malmo, it was
decided to re-enter one of the wells, FFC-1, and deepen it 2 km into the
crystalline basement to a total depth of 4 km. It was cost efficient to use
the old well, because the around 2.1 km thick sedimentary succession on
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top of the crystalline basement was already drilled and cased. In addi-
tion, a geophone array was installed in the other well, FFC-2, for seismic
monitoring while drilling. The seismic monitoring system was expanded
with two wells in early 2020, OVT-1 and FFC-3, both drilled and
completed in the sedimentary succession, to 792 m and 767 m depth,
respectively. The aim with re-entering the FFC-1 well was to gain
increased knowledge about the crystalline basement below 2.1 km depth
as a step in the planning of a full-scale EGS-plant. In the region there is
only one borehole that provides geological information about the deep
basement and its physical properties down to around 3.7 km and that is
the DGE-1 well in Lund (see Rosberg and Erlstrom, 2019), about 20 km
north-east of Malmo (Fig. 1). The lack of data from the deep crystalline
basement was a strong motivation for further exploratory drilling.
Deepening of the FFC-1 well had the following objectives for data and
information gathering:

Information about drilling performance using air-percussion drilling,
as well as gaining experience of deep drilling in the crystalline
basement to reduce cost for upcoming projects.

Evaluating the applicability of seismic monitoring during the drilling
operation.

Information about the rock types, including properties for charac-
terization of the rock mass.

Data required for interpreting and verifying the surface seismic
measurements.

Data on fracture intensity and characteristics, which are of crucial
importance when designing and constructing an EGS-system. If a
significant amount of open fractures are present water will flow
naturally between boreholes. If only closed fractures are present then
these will influence the stimulation process.

e Data on in-situ geophysical, thermal, hydraulic, and mechanical
properties. Input data required for the modelling of a full-scale EGS-
system.

The deepening of the FFC-1 well started in late June 2020 and ended
after two months at 3,133 m MD. The initial plan to drill to 4 km using
air-percussion drilling proved infeasible. Several attempts were made,
but due to a too high inflow of formation fluid this drilling technique had
to be discontinued. Conventional rotary drilling was used for the sub-
sequent drilling and the target depth was changed to around 3 km, a
depth considered suitable for post-drilling seismic investigations in the
borehole and for obtaining new information about the upper 1 km of the
crystalline basement. Data from the crystalline basement section ac-
quired during and after the drilling are compiled in Rosberg and
Erlstrom (2021), as is an overview of the drilling operation.

In this paper we present an overview of the most relevant geophys-
ical and geological studies performed at Malmo harbor in association
with the extended drilling of the FFC-1 borehole. These include reflec-
tion seismic data, geological and geophysical logs, seismicity studies and
measurements on rock samples, with a focus on the deeper crystalline
section of the borehole. We show that reflections on the seismic data
from the Precambrian are most likely generated by gently dipping mafic
amphibolite lenses within a dominant felsic gneissic rock mass. Based on
seismicity analyses in the general area and on monitoring at the site we
frame the location into its tectonic setting and its relation to the stress
regime. We also discuss the seismic hazard and the potential for fault
reactivation. Finally, we speculate on how the results from this study are
relevant for the prospects of exploiting deep geothermal energy in
Sweden and how the integration of surface seismic data with the bore-
hole results may be useful for interpreting seismic data over Precam-
brian bedrock in general.

2. Geological setting

FFC-1 was drilled in southwest Skane, the eastern marginal part of
the Danish Basin. The Precambrian crystalline basement is in FFC-1
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Fig. 1. Schematic map and cross section showing the crustal framework of north Germany, Denmark and south Sweden, and the locations of the FFC-1 and DGE-

1 wells.

covered by a 2,100 m thick succession of Mesozoic strata. These include
Triassic arkose and claystone followed by Lower Cretaceous-Lower
Jurassic sandstone and claystone, and a 1,600 m thick Upper Cretaceous
limestone-dominated sequence. The crystalline bedrock beneath the
sedimentary cover represents the southwest margin of the Fenno-
scandian Shield and the transition from older stable cratonic areas to the
northeast to younger metastable geological provinces to the south. To
the south and southwest, the Fennoscandian Shield is characterized by
decreasing crustal thickness and a successively thicker cover of sedi-
mentary strata. The crust is believed to be in the range of 30 km thick in
southwest Skéne and the FFC-1 site, significantly thinner in comparison
to >40 km for the interior parts of the shield (Balling, 1995; Thybo,
2000; Fig. 1). Fennoscandian crust is interpreted to continue into

northwest Germany beneath a zone of overthrusted Avalonina crust. The
outer limit is believed to be located somewhere between the inferred
Trans European Fault and the Elbe Line in north Germany (c.f. EUGE-
NO-S Working Group, 1988; Thybo, 1990; Tanner and Messner, 1996;
Lyngsie and Thybo, 2007; Fig. 1). The southwestern part of the Fenno-
scandian Shield, between the Sorgenfrei-Tornquist Zone (STZ) and the
Caledonian deformation front is, furthermore, weakened by a fan of
primarily northwest-southeast striking faults and faults zones formed
during Caledonian, Variscan and Alpine deformation phases (Figs. 1 and
2). The most significant one being the STZ that has been repeatedly
active during the Phanerozoic tectonic events (Erlstrom, 2020). Another
significant feature is the Ringkgbing-Fyn High which consists of a series
of relatively shallow lying crystalline basement highs that separate the
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Danish and North German basins (Fig. 1).

The Fennoscandian crust in southwest Sweden is composed of the
Sveconorwegian gneiss-dominated province (Fig. 2). The original rocks
are c. 1.8-1.7 Ga old granitoid rocks, which were metamorphosed
1.1-0.9 Ga ago (Ulmius et al., 2018; Stephens and Wahlgren, 2020). The
present-day exposed rocks represent original deformation depths of up
to several tens of kilometres in the crust, thus, associated with the deeper
roots of a c. one billion-year-old eroded mountain chain.

Prior to re-entering and deepening the FFC-1 well there were only a
few scattered observations on the composition of the crystalline base-
ment beneath the roughly two-kilometre-thick succession of Tri-
assic—Paleogene strata on top of the crystalline basement in SW Skéne.
These came primarily from oil and gas prospecting wells touching or
reaching only a few meters into the basement (Sivhed et al., 1999). The
main source of neighbouring information on the crystalline bedrock had
so far been the 3.7 km deep DGE-1 borehole in the Romeledsen Fault
Zone and outcrops on the Romeledsen Ridge, c. 20 km northeast of the
FFC-1 site (Sivhed et al., 1999; Erlstrom et al., 2004; Rosberg and
Erlstrom, 2019). These observations show a crystalline basement with a
complex mixture of Precambrian inherited tectonic signatures and
Caledonian, Variscan and Alpine orogenic deformation phases during
the Phanerozoic break-up of the south-western margin of the Fenno-
scandian Shield (Libouriussen et al., 1987; EUGENO working group,
1988; Erlstrom et al., 1997; Thybo, 2000; Erlstrom, 2020). These
younger tectonic events included fault reactivation and wrench

tectonics, which have given a rock mass highly intersected by fractures,
joints, fissures, and veins (cf. Bergerat et al., 2007).

Most of the younger tectonic movements are manifested by the
NW-SE striking STZ. Fault reactivation, repeated strike-slip displace-
ments and inversion tectonics were characteristic events in the evolution
of the STZ (Erlstrom et al., 1997; Erlstrom, 2020). Overall, the Phan-
erozoic faulting and fracturing are dominated by NW-SE, N-S and
NNE-SSW oriented faults and fractures (Bergerat et al., 2007). Dextral
strike-slip movements were a significant component in the tectonic
regime during both the extensional and compressional phases centered
around the STZ in Variscan and Alpine times (Blundell et al., 1992;
Thomas and Deeks, 1994; Thybo, 1997; Mogensen, 1994, 1995;
Erlstrom and Sivhed, 2001). Sinistral movements in Skane have been
documented by Sivhed (1991). However, there are few observations on
the actual aggregate lateral offset, but Sivhed (1991) and Mogensen
(1994) judge these to be less than 20 km. A set of NNW-SSE and
NNE-SSW oriented Triassic extension faults are found to the west of the
FFC-1 site, including the Oresund, Amager and North Sealand faults, and
the Svedala Fault to the east (Fig. 2). These have played a major role in
the formation of the half grabens in the Oresund Basin (Erlstrom et al.,
2018).

A major positive Bouguer gravity anomaly coinciding with the STZ is
interpreted to be caused by high-density rocks in the deeper crust
beneath the zone. These were likely emplaced during Permo-
Carboniferous Variscan rifting and coeval with the intrusion of a
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magmatic dolerite dyke swarm across Skane (cf. Balling, 1990; Thybo,
2000; Erlstrom, 2020). These up to c¢. 50 m wide steeply dipping
NW-oriented dolerite dykes are significant components of the bedrock
and comprise up to ¢. 10% of the total rock mass in the STZ in Skane.

Thus, the FFC-1 well is placed in a geological setting which is
believed to consist not only of inherited Precambrian structures and
relatively thin crust, but also a series of relatively young brittle defor-
mation features that sets the structural and thermal framework pre-
requisites for EGS. When evaluating the stresses and fracturing in the
crystalline basement one also must consider that FFC-1 is located outside
the STZ, in the Danish Basin with km-thick successions of sedimentary
strata covering the basement (Erlstrom, 2020).

3. Available data used for this study
3.1. Reflection seismic data

During the autumn of 2000, about 29 km of land seismic data were
acquired by THOR Gmbh (Kiel) in the northern part of the Malmo area
(Fig. 3) along six lines (MVL01/05, 02/07, 03, 04, 06 and 08) using a
vibroseis source with the goal to cross, as much as possible, existing
faults and connect to older existing offshore profiles. The data were
acquired along crooked lines with simultaneous recording along other
lines while some of the lines were being shot. The seismic data are
generally of good quality and where the fold is high it is possible to
obtain good images. Low fold areas away from the acquisition lines are
more problematic, but even at some of those locations it was possible to
obtain good images. Acquisition parameters are presented in Table 1.

Original processing of the data was performed by TEEC (https://teec.
de) from Hannover with a focus on the sedimentary section. Later
reprocessing was done at Uppsala University to map horizons within the
sedimentary section in 3D. In 2017 the data were again reprocessed at
Uppsala University to enhance the images in the Precambrian section
down to 6-7 km (Table 2). We focus here on the western part of line
MVLO01/05 and line MVLO3 which cross one another near the FFC-1
borehole (Fig. 3).

Processing followed a standard sequence (Table 2) with choice of
filters and velocities having the greatest influence on the final result.
Good statics were obtained given the strong reflectivity in the sedi-
mentary section for maximizing the solution. Line MVL01/05 is quite
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Table 1
Seismic acquisition parameters.

Crew THOR

27 Nov 2000 — 02 Dec 2000
ARAM24NT S/N 24b-46

Acquisition dates
Recording system

Sampling interval 2 ms
Record length 6s
Number of channels (nominal) 240
Geophones 12 x 10 Hz group at 2 m spacing
Receiver spacing 25 m
Source Pelton ADVII Vibroseis
Sweep Non-linear log, 10000 ms
Start/End frequency 10/100 Hz
Source spacing 50 m
Nominal fold 60
Table 2

Seismic processing steps.

Step Process

1 Read SEGY data from Exabyte tape

2 Extract geometry from SPS files

3 Bin data into 12.5 m CDP bins

4 Add geometry to trace headers

5 Scale traces by t"2

6 Phase shift -90 degrees

7 Spiking deconvolution: whitening 0.1%, filter length 160 ms

8 Bandpass filter: 15-25-90-120 Hz 0-1400 ms, 5-15-70-100 Hz 1600-3000
ms

9 Phase shift +90 degrees

10 Refraction static corrections: datum — 0 m

11 Spectral equalization 20-40-100v120 Hz

12 Residual static corrections

13 AGC: 200 ms

14 NMO

15 Stack

16 FX-Decon: 40 traces, 120 ms window

17 Finite difference migration: 85% of RMS stacking velocity used

18 Depth conversion: 95% of 1D velocity at FFC-1 well used

crooked in parts, both regarding the source locations and the receiver
locations. Therefore, the data were projected onto a straight Common
Depth Point (CDP) line to simplify interpretation. Figs. 4a and b show
results from the processing of the two lines down to 3 s. The sedimentary
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Fig. 3. Location of the seismic profiles (black lines) acquired in the Malmo area in 2000. Lines 01/05 and 03 are presented in this paper and their corresponding CDP
(Common Depth Point) stacking lines are shown in green with CDP numbers labeled. Red star marks the location of the wellhead of the FFC-1 borehole.
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section is clearly imaged down to about 1.25 s. Numerous discontinuous
to semi-continuous reflections are observed at later times. No distinct
top of basement reflection is observed. By merging the two lines where
they cross one another (Fig. 4c) we note that there is continuity across
the sections below 1.25 s, implying that the reflections from below the
base of the sedimentary section are sub-horizontal and indeed originate
in the Precambrian basement, at least near the borehole. Reflections
from line MVLO4 (not presented here) below 1.25 s also have a sub-
horizontal orientation, implying that the deeper reflections along
MVL01/05 at around CDP 400 are also originating from sub-horizontal
structures in the Precambrian basement. We will show later that the
most pronounced reflections are generated where thicker amphibolite

Geothermics 105 (2022) 102521

bodies are present.
3.2. Borehole data

During the deepening of the FFC-1 borehole in 2020 no cores were
recovered, but cuttings were collected from the crystalline rock section.
Wire-line logging of the crystalline section was performed by Weath-
erford and included surveys with Gamma Ray, Spectral Gamma Ray,
Photo-Density, Compact Cross-Dipole Sonic (CXD), Slim Compact
Micro-imager (SCMI), including multi-arm Caliper and borehole devia-
tion tools (Ciuperca et al., 2021). A temperature sensor was included in
the plans, but no high-resolution temperature tool was run in the
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borehole due to technical problems.

The description of the crystalline bedrock succession and fracturing
is largely based on the compilations presented in Rosberg and Erlstrom
(2021) and Ciuperca et al. (2021).

3.2.1. Rock types

The significant difference in potassium/thorium content and density
for the two dominating mafic and felsic rock types is clearly depicted by
the Spectral Gamma Ray and the density logs (Fig. 5). Combined, these
logs allow correlation of the collected cuttings to defined depths for
these two main rock suites.

Most of the penetrated rock mass in FFC-1 is composed of felsic
rocks, dominated by quartz, feldspar, and minor amounts of mica and
hornblende. The mica is dominated by biotite which mainly occurs
aligned along the foliation of the rock. The deeper red felsic rocks are
dominated by potassium feldspars while the light red and grey varieties
are richer in plagioclase and quartz. Muscovite is predominantly found
in the greyish relatively quartz-rich felsic rocks below 2,700 m. Scat-
tered intervals enriched with muscovite are also identified at
2,630-2,640 m, 2,756-2,786 m and 2,835-2,841 m. These various types
of light red, grey and dark red gneiss with either granitic or granitoid
origin comprise about 80% of the rock mass. The shifts between the
gneiss varieties, except for the upper one, down to 2,300 m, are
ambiguous and only weakly portrayed as small shifts in the character-
istics of the cuttings and the Spectral Gamma Ray log signature (Fig. 5).
In general, the gneisses below 2,300 m depth are less foliated, banded,
and relatively quartz rich.

The second dominating rock type in FFC-1 is dark grey-black mafic
amphibolite-metabasite. This rock type is dominated by hornblende,
biotite and a varying amount of quartz, plagioclase, and garnet. Only
traces of potassium feldspars have been observed. These rocks are often
thinly interlayered with biotite gneiss and can be classified as foliated
amphibolite-gneiss. In total, the mafic rocks comprise about 20% of the
rock succession and occur both as thick bodies in the upper part
(2,300-2,335 m) and bottom part (3,025-3,133 m), and as up to meter-
thick intervals, likely lenses, or irregular thin bands within the felsic
intervals. Worth noting is that there are no observations of NW-SE
oriented Permo—Carboniferous dolerite in FFC-1. If the absence in FFC-1
is due to that the well by chance is located between dykes or if this is a
significant characteristic for the rock mass is unclear. Since FFC-1 is
located to the SW and outside the positive gravity anomaly coinciding
with the STZ in central Skane, SW Kattegat, and Bornholm this could
explain the observed absence of dolerite.
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Rock type: Felsic, light red gneiss, weakly
foliated with dark minerals (biotite)
Density: 2.65 g/cm £ 0.02

Rock type: Mafic, dark grey-black metabasite
and amphibolite
Density: 2.99 g/cm® + 0.03
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There is a significant difference in density between the mafic and
felsic rock types. The gneiss densities are relatively constant at around
2.6 g/cm® while the metabasite/amphibolite have densities ranging
between 2.9 and 3.2 g/cm® (Fig. 5). Complementary analyses on cut-
tings material, performed by RWTH Aachen (Klitzsch and Ahrensmeier,
2021), verify similar density values for the two rock types (Fig. 6).
Comparable densities are also documented on outcrop samples of gneiss
and amphibolite on the Romeledsen Ridge (Rosberg and Erlstrom,
2021). The density measurements on cuttings and outcrops verify that
the felsic rocks have densities consistent with what the density log show,
i.e. densities around 2.6 g/cm>. Note that the log response often gives
slightly higher values for the amphibolite-metabasite in comparison to
the 2.9-3.0 g/cm® which is the result from the laboratory measurements
(cf. Fig. 5).

3.2.2. Fractures

For the upper part of the crystalline bedrock the Caliper log shows
relatively poor borehole conditions with several sections showing an
increased caliper reading (c.f. Caliper log in Fig. 5). This is caused by the
presence of highly fractured rock sections, which during the percussion
drilling were coupled with high water inflow (Rosberg and Erlstrom,
2021). The increased hole size in these sections have resulted in partly
erratic SCMI and CXD data down to c. 2,366 m. Below this depth there
were no significant borehole related quality issues that affected the
logging results. The fracture data from the SCMI and CXD logs presented
here are, thus, based on the data below 2,366 m.

The SCMI tool was run as a dual setup with 28 pads covering c. 50%
of the borehole wall, which provided good imaging of the fracturing.
Besides providing coherent data on frequency, orientation, and direction
of the fractures below 2,366 m depth the SCMI data verify that there is a
zone with increased fracturing between 2,562 m and 2,695 m. This zone
is also characterized by less dense sections and relatively lower veloc-
ities in the density and CXD logs (Fig. 5).

A total of 995 fractures have been identified as sinusoid traces in the
SCMI data between 2,366 m and 3,106 m depth. The identified fractures
include a range of fully electrically conductive to fully electrically
resistive ones, which are either individual or connected to each other. Of
these, approximately 15% are interpreted to be fully conductive and
open. The interpreted open fractures included all continuous, electri-
cally conductive features with apparent aperture (Ciuperca et al., 2021).
The hydraulic openness of these fractures was not possible to further
verify since the high-resolution temperature tool did not pass below a
tight section or ledge at c. 2,370 m. Thus, the temperature data come

¥

Fig. 6. Examples of cuttings of a) typical felsic gneiss and b) mafic metabasite and amphibolite.
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only from a standard temperature measurement combined with the CXD
and SCMI logging. However, the frequent occurrence of soft whitish
kaolinite and albite-altered plagioclase in the cuttings in connection
with highly fractured intervals indicate to some extent hydraulically
active zones where weathering takes place.

Below 2,366 m the fracture frequency is at most 4-6 fractures/m,
however most commonly the frequency is below two fractures per
meter. The average fracture volumetric density varies between 3.39 and
1.68 m?/m® from the upper to the lower parts of the well (Rosberg and
Erlstrom, 2021). The fracture data are dominated by relatively steeply
dipping and N-S oriented fractures. Even if there is a wide range of other
directions, the N-S oriented cluster is significant both for the interpreted
conductive open fractures and for the other fractures (Fig. 7a and c). The
few drilling enhanced (n=30) and induced fractures (6) and two 10 cm
short tensile regions (defined as tensile failure in a zone) also coincide
with this general orientation (Fig. 7b). A north-south dominant

a) Conductive open fractures
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direction of the open fractures is also corroborated by the alignment of
the fast shear wave azimuth (Fig. 7d). The relatively high fracture fre-
quency and fracture volumetric density in the deep crystalline basement
observed in the SCMI-data is promising from an EGS-perspective, if
similar values can be found at greater depths as well.

3.2.3. Stress indicators

There was no focused borehole stress determination campaign per-
formed in FFC-1. Several logs and measurements taken primarily for
other reasons can, however, be used to estimate, or constrain, in-situ
stresses. Leak-off tests or formation integrity tests can constrain the
magnitude of the minimum principal stress. Failure of the wellbore wall
due to stress concentration can be identified in image logs, such as the
SCMI-data, and used to estimate directions and magnitudes of the
principal stresses. Unfortunately, no leak-off tests or formation integrity
tests were performed in FFC-1. The SCMI image data showed no

b) Drilling enhanced (30) and induced fractures (6)
and tensile region (2)
N
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E E
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C)  Allfractures 2366-3106 m d) Fastshear
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Fig. 7. Combined rose diagrams showing the strike and Schmidt plots (equal area lower hemisphere) showing the dip and dip azimuth of; a) electrically conductive
fractures interpreted to be open, b) drilling enhanced and induced tensile fractures, and tensile regions, c) the whole fracture data sets. Figs 7a-c represent data from
the SCMI-log. d) Rose diagram of the general alignment of the fast shear azimuth, based on the CXD-log. The plots represent the interval between 2,366 and 3,106 m

in FFC-1.



C. Juhlin et al.

borehole breakouts anywhere in the logged section of the borehole. As
noted above, six drilling induced tensile fractures were identified in the
SCMI data, two at 2,461.5 — 2,462.9 m and four between 2,522.6 and
2,527.6 m, for a total of 6.5 m, all oriented vertically along the borehole
wall in the direction N-2° to 20°E. In addition, two zones of vertical
tensile failure were observed at 2,541 m depth, over a length of 4 m at
N13° — 23°E. None of these eight tensile features are very clearly
imaged. In the SCMI-data there are features identified as drilling
enhanced fractures, i.e. natural fractures reopened or aperture enhanced
by drilling. These are primarily found in two intervals, 2,507 to 2,542
and 2,792 to 2,825 m, dipping steeply to the west and striking N-15° to
28°E, with an average of N2.4°E. The upper of these intervals is found
below a 10 m thick metabasite-dominated interval between 2,495 and
2,505 m, which is characterized by a relatively higher rate-of-
penetration, 4-6 m/h. Poor rock conditions are also indicated by the
Caliper log in the 2,521-2,528 m interval. These observations appear
near the transition interval into more homogeneous gneissic rock,
characterized by a less heterogeneous density signature, partly due to
fewer intervals with mafic rocks.

The CXD-log shows that the direction of the fast shear wave is
NNE-SSW (Fig. 7d), in agreement both with the directions of the drilling
induced and enhanced tensile fractures (Fig. 7b) and the general di-
rection of fractures in the borehole (Fig. 7c). Whether the fast shear
direction is determined by stress, keeping microfractures open in the
NNE-SSW direction, or by the structural fabric is difficult to determine
without additional information. The caliper logs have not been analyzed
for breakouts as none were visible in the SCMI data.

All data considered, there are very few reliable stress indicators from
FFC-1. The fact that the drilling induced tensile fractures are oriented
along the borehole axis, and that the borehole is near-vertical, implies
that one of the principal stresses is approximately vertical and conse-
quently that the vertical, the maximum horizontal and minimum hori-
zontal stresses are principal stresses. All the tensile regime fractures are
expected to form subparallel to the direction of the maximum horizontal
stress in a near-vertical borehole and thus indicate that the direction of
the maximum horizontal stress at about 2,500 m depth is N-S to
NNE-SSW. The lack of leak-off or formation integrity tests, the lack of
borehole breakouts, and the scarcity of induced tensile fractures, makes
the determination of stress directions uncertain at best, and stress
magnitude determination impossible in FFC-1. As the World Stress Map
(WSM) quality ranking scheme does not consider drilling enhanced
fractures, the tensile fracture data only give a WSM ranking of “D:
Questionable Sy orientation”. The data indicate that the differential
stresses in most of the crystalline section of the borehole are not large
enough compared to the strength of the in-situ rock to cause failure.

The simultaneous lack of breakouts and induced tensile fractures
does put some constraints on the difference between the maximum and
minimum horizontal stress magnitudes. The stress concentration
resulting from drilling the borehole makes the circumferential, or hoop,
stress, ogp, at the wellbore wall vary significantly over the 90 degrees
from the direction of the maximum horizontal stress, Symay, to the di-
rection of the minimum horizontal stress, Symin, (e.g. Zoback, 2007):

min

650" — 049" = 4H(Stmax — Shmin)

Following Zoback (2007) and assuming a Mohr-Coulomb failure
criterion for the formation of borehole breakouts we find that if there are
no breakouts and no drilling induced tensile failure the maximum hor-
izontal stress is limited by

1
Shmin + (CO + qAP - T)

SHmM S 4
2
q = (x/u?+1+ﬂi>

where Cy is the uniaxial compressive stress, AP the difference between
the pore pressure and the borehole fluid pressure, T is the tensile
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strength (a negative quantity) and p; the coefficient of internal friction.
Unfortunately, there are no measurements of Cy from FFC-1.

A dedicated stress measurement campaign in FFC-1 would be
necessary to determine both directions and magnitudes of the in-situ
stresses. Such a campaign would preferably also include coring with
associated strength measurements.

3.2.4. Temperature

A temperature gradient of 2.35°C/100 m was noted in the crystalline
basement above 2,562 m (Fig. 5). As noted above, between 2,562 m and
2,695 m there is a zone with increased fracturing. This zone is hydrau-
lically active, which results in a significantly lower temperature gradient
over the actual interval as well as affecting the temperature profile
below the zone. In the zone the gradient is 0.7°C/100 m and below the
zone it is 1.74°C/100 m (Ciuperca et al., 2021; Fig. 5). A bottom hole
temperature of 84.1°C was recorded at 3,100 m.

3.3. Seismicity in the Malmo harbor area

Seismic activity at the FFC site has been monitored with various
instruments since August 2017 by both Advanced Seismic Instrumen-
tation and Research (ASIR, 2021) and Uppsala University. A 4.5 Hz
borehole geophone was installed at 620 m depth in the FFC-1 borehole
in August 2017 and retrieved in February 2018 after indications of
malfunction. A 2 Hz surface geophone was installed next to the FFC-1
borehole in October 2017 and in July 2018 a 4.5 Hz geophone was
re-installed in the FFC-1 borehole, now at the bottom of the borehole, at
approximately 2.1 km depth. The geophones operated until March 2020.
Two broadband surface seismometers were installed in March 2018, one
just outside the FFC facility and one at the Oresundsverken (OVT) dis-
trict heating facility in Malmo harbor, 1.8 km away from FFC. These
operated until May and April 2019, respectively. The FFC seismometer
was re-installed in June-July 2020 for the drilling operations.

Prior to drilling, ASIR installed a 25 level, three-component, seismic
array in the FFC-2 borehole in March 2020. The array had 75 m station
spacing and extended to the bottom of the borehole at approximately 2.1
km MD. Additionally, two three-component geophones were installed
by ASIR in the shallower boreholes FFC-3 (767 m) and OVT-1 (792 m).

The location of the FFC-1 borehole at a biofuel district heating plant
in Malmo harbor, neighboring a metal recycling facility, a railroad, and
a dock for shipping recycled metal (Fig. 3) implies a significant amount
of human generated seismic noise. Impulsive, transient seismic events
are present throughout the working day, but are less common during
nights and weekends (Fig. 8a). There is also significant persistent noise
at specific frequencies, originating, most likely, from pumps and fans in
operation at the different facilities (Fig. 8b and c).

Fig. 8 shows that the transient noise signals can have amplitudes as
high as 0.1 mm/s, and that persistent noise peaks have amplitudes of up
to 100s of nanometer per second. These surface noise amplitudes are at
such high levels that they make detection, location, and characterization
of small earthquakes very difficult, especially during working hours.
Recordings of daytime blasting in quarries located 20-25 km from FFC
show that these events are not detectable at the surface at FFC, despite
equivalent magnitudes of 1.0 to 1.2. Even the geophone at 2.1 km depth
could not be used to detect these quarry blasts unless their existence and
origin times were known. As a reference, the M 1.2 blast was clearly seen
at a permanent Swedish National Seismic Network (SNSN) station 209
km away from the quarry. Due to the noise levels the seismic in-
stallations at FFC could therefore not be used to aid the national network
in detecting earthquakes, although the deep sensor might provide data
to enhance location accuracy.

These measurements of the background seismic environment are
very valuable for the design of a seismic network that would be able to
record microearthquakes during a geothermal stimulation. We found
that in Malmo it will be necessary with several borehole installations,
preferably below the 2.1 km thick sedimentary sequence.
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Fig. 8. a) Day plot of true ground motion seismic velocity data from the vertical component of the SNSN seismometer at FFC on 2018-11-16. Data are filtered
between 2-120 Hz and displayed with 15 minutes of data per row. Times on the y-axis are in UTC, add one hour for Swedish times. The blue line in the upper right
corner shows the amplitude scale of 250 ym/s. Maximum amplitude is noted in the title. b) Hourly spectra showing the spectral amplitudes of ground motion
recorded by the SNSN seismometer at FFC on 2018-11-26 during working hours. ¢) Same as b) but during non-working hours.

3.4. Seismicity of southernmost Sweden

The seismic network operators in the Fennoscandian countries
(Sweden, Norway, Denmark and Finland) all report recorded earth-
quakes to the FENCAT bulletin (FENCAT, 2021), maintained at the
Institute of Seismology, Helsinki University. FENCAT also contains his-
torical earthquake data back to the year 1375 (Ahjos and Uski, 1992).
Fig. 9 shows earthquakes in southern Sweden and eastern Denmark from
FENCAT up to 2006. From 2006 to 31 December 2019, we use the
catalog of earthquakes detected by the SNSN (Lund et al., 2021). Un-
fortunately, there is only one permanent station in SNSN south of the
STZ and the network is generally sparse in southern Sweden. In addition,
the southwestern Sweden and Skane stations were installed during 2006
- 2007, so there is only approximately 15 years of data from the region
recorded by the modern SNSN. Only five earthquakes in the region have
magnitudes larger than 4. Four of these occurred between 1985 and
2012, but only the 2008 event occurred on-land in Skane. The magni-
tudes of the pre-2006 events are rather uncertain, as are their locations
due to the very sparse station coverage and the instrument types. The
SNSN has recorded three earthquakes within 15 km of central Malmo,
and there are three more in the FENCAT data. We list these in Table 3.
We do not include depths as there are no depth estimates for the older
data and the estimates for the modern events are very uncertain due to
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their location southwest of the seismic network. The lack of Rg waves for
the three modern events indicate depths below 4-5 km, and the large
M4.3 event in 2008 was located at 12-15 km depth.

Fig. 9 shows that many events in southernmost Sweden and in Kat-
tegat are located along deformation zones and lineations associated with
the STZ. There are very few events south of the STZ in Sweden. The 2008
M4.3 earthquake near Sjobo occurred in the Vomb Trough of the STZ,
north of the Romeleasen Fault Zone, at approximately 12-15 km depth.
Three M4+ events occurred in Kattegat at the northern boundary of the
STZ, the 1985 and 2012 events on a fracture zone north of the STZ
proper and the 1986 event on a deformation zone even further north in
Kattegat. Two additional earthquakes with magnitudes larger than 3.5
have occurred in the active Kattegat region. The 1894 M3.7 event just
east off the coast of Simrishamn also seems to have occurred in the STZ,
possibly on its northern boundary, the seaward extension of the Kullen-
Ringsjon-Andrarum Fault Zone, although the location likely has signif-
icant uncertainty associated with it. The 1930 M4.2 event south of the
Falsterbo Peninsula is the only earthquake in the region with magnitude
larger than 3.5 that is not associated with the core section of the STZ. It
may have occurred on one of the NNW-SSE oriented fracture zones
extending into the Baltic Sea from the Copenhagen area. The region has
an unusually large number of M4+ events for Sweden and we note that
the two largest events since the 1904 M5.4 Kosteréarna event on the
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Table 3
Earthquakes recorded within 15 km of central Malmo. Events before 2000 come
from FENCAT (FENCAT, 2021), events after 2000 from SNSN (SNSN, 1904).

Date Time Latitude Longitude Magnitude
1894-04-30 19:07 55.5 13.2 2.2
1914-07-22 01:30 55.5 13.0 2.2
1996-12-17 18:15 55.60 12.88 2.5
2011-05-03 17:49 55.624 13.035 0.1
2019-02-20 20:47 55.530 12.908 1.4
2019-05-02 23:56 55.524 13.134 1.1

west coast of Sweden (Bungum et al., 2009), the 1985 and the 2008
events, occurred here. There are no reports of damage from any of these
two events. Interestingly, the 2008 M4.3 event was only followed by
one, MO0.3, aftershock in May 2009.

4. Interpretation
4.1. Source of reflectivity in the Precambrian

The sonic velocity in the crystalline part of the borehole generally
lies in the 6.2-6.4 km/s range (Fig. 10), representing mainly the felsic
gneiss. Two zones with velocities approaching, or exceeding, 7 km/s are
present, one at about 2,300-2,335 m and another at about 3,025-3,130
m, the latter consisting of three units separated by thin gneiss sections.
To compare the sonic log more directly to the seismic data a synthetic
seismogram was generated. First the Vp and density logs were converted
to time using the Vp log and setting the depth of 2,150 m equivalent to
1.3 s. Vp and density were then used to determine the reflectivity series
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as a function of time. Finally, the reflectivity series was convolved with a
40 Hz Ricker wavelet with the result plotted on top of the surface seismic
at the approximate subsurface location of the FFC-1 borehole (Fig. 10).
In general, there is a good correlation between the synthetic seismogram
and the surface seismic data, with the strongest responses coming at
about 1.34 s (2,300 m) and at 1.575 s (3,020 m). The response at 1.34 s
has higher amplitude than the later response due to the tuning effect of
the mafic layer (maximum constructive interference occurs at a thick-
ness of 40-45 m).

Aside from the correlation of the strongest reflections to mafic units
there are some features in the seismic data to note. The relatively strong
reflectivity above 1.34 s (2,300 m) may be related to increased frac-
turing observed from the base of sedimentary section to this depth. Ef-
fects of this fracturing may be seen in the sonic log (Fig. 10) at depths
shallower than 2,300 m by the presence of several low velocity zones. An
approximately 30 m thick low velocity zone is also present at
2,670-2,700 m, corresponding to about 1.45 s on the synthetic seis-
mogram. This zone does not give a strong seismic response, probably
due to that the top and bottom boundaries are gradational, rather than
distinct as is the case with the amphibolites. A weak northward dipping
reflection can perhaps be correlated to this zone. The thin amphibolite
units between 2,335 m and 2,560 m all appear to correlate with weaker
sub-horizontal reflections. It is reasonable to assume that most of the
reflectivity observed from the Precambrian section in the western
Malmo harbor profiles is generated by mafic lenses of amphibolite with
varying thickness and lateral extent. These lenses appear to have a
general sub-horizontal orientation. Finally, there appears to be a notable
difference in the character of the reflectivity above 1.57 s (c. 3,000 m)
and below. The interval from 1.35 s to 1.57 s is characterized by weak
reflections with relatively high frequency whereas the response below
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1.57 s is characterized by stronger more continuous reflections with
lower frequencies. This may be due to an increase in the number and size
of mafic lenses below 3,000 m. As mentioned earlier, there is no clear
reflection from the top of the crystalline basement despite an expected
large contrast in physical properties between the lowermost sedimen-
tary units and the gneiss. This is probably due to the heavy fracturing in
the uppermost crystalline basement reducing the velocity and density of
the rock. The lack of a strong top of basement reflection can potentially
be used as an indicator of heavy fracturing just below the sedimentary
cover.

4.2. Stress field and fracture/fault stability

There is very little stress information available from Skéne. The
World Stress Map (WSM), for example, contains a few single focal
mechanisms and a few borehole data points for the region, none of
which are south of the STZ. The WSM borehole data: hydraulic frac-
turing and overcoring measurements, come from two locations in the
STZ and two locations north of the STZ and are all shallower than 200 m
depth. The directions of the maximum horizontal stress vary from N37°E
to N137°E, and from reverse to strike-slip conditions, in the boreholes in
the STZ and from N17°E to N72°E, both reverse stress, in the boreholes
north of the STZ. The large variations indicate that the measurements
show local, near-surface stress states. In order to investigate the regional
stress field around the STZ, and to obtain constraints on the stress field
south of the STZ, we undertake an investigation of the recent earthquake
focal mechanisms recorded by the SNSN. We divided the data into two
sets, one northern with earthquakes in and north of the STZ, and one
southern, south of the STZ (Fig. 11). For the northern set we select the
southernmost 40 events which are recorded on at least six stations. As
there are very few events recorded south of the STZ we use the eight
events recorded at four or more stations. Focal mechanisms are calcu-
lated using both spectral amplitudes and polarities and generally have
uncertainties of +£15°, which may be larger for the events recorded at
only four stations, depending on the specific station coverage (Slunga,
1981; Rognvaldsson and Slunga, 1993). Fig. 11 shows that most of the
events have strike-slip mechanisms, with the northern events having one
nodal plane being sub-vertical and striking NW-SE, in general
Misfit: 0.019

Dev: 1.1deg N Misfit: 0.066 Dev: 0.7 deg

=0.60

Coulomb Failure Stress mu
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agreement with the STZ. These mechanisms suggest motion on planes
aligned with the STZ and that there is a component of dextral defor-
mation still occurring along the STZ, albeit at a very low level. There is
one normal faulting event, the 2015 Kattegat event, and a few smaller
reverse faulting events in the northern data set. The events south of the
STZ have sub-vertical nodal planes that strike more N-S or E-W than the
northern planes. The P-axes for both sets cluster around a general
NNW-SSE direction (Fig. 11).

We invert the focal mechanisms of the two data sets for the causative
state of stress (Lund and Slunga, 1999). The geometric information
contained in the focal mechanisms imply that only the directions of the
principal stress axes and a measure of the relative magnitude of the
intermediate principal stress, R = (S1-S2)/(S1-S3), can be recovered in
the inversion. The results (Fig. 12a and b) are similar for the two data
sets, with strike-slip states of stress and the maximum horizontal stress,
SH (Lund and Townend, 2007), directed NNW-SSE. The northern set has
the optimum SH directed N155°E with R=0.8 and the southern set
N164°E, R=0.5. As seen in Fig. 12, the confidence intervals on the re-
sults of the southern set are relatively large, due to the very few events in
the inversion, ranging from N-S to NW-SE within the 95% confidence
interval.

Considering the strike of the STZ, which varies from approximately
N110°E in the northwest to about N130°E in the southeast, the angle of
the northern SH with respect to the fault zone direction is 25°-45°,
indicating that it is close to optimally oriented for failure, assuming a
coefficient of friction in the range 0.5-0.8 commonly found on faults.
Reactivation of the STZ is thus not unexpected in the current stress field.
Similarly, we can use the southern stress field to evaluate the relative
stability of fractures in the FFC-1 borehole, under the assumption that
the stress field at the site is the same. As the stress inversion does not
provide the absolute magnitudes of the principal stresses we construct a
synthetic stress state with one principal stress vertical, SH directed
N164°E, R=0.5 and a coefficient of friction of 0.6 in order to obtain the
maximum shear stress. Using Mohr-Coulomb theory we can then eval-
uate the relative stability of faults and fractures in this stress field.
Fig. 12¢ shows the poles to the conductive fractures identified by CXD
and SCMI logging of the FFC-1 well color coded by their relative stability
in the southern stress field. The results indicate that the N-S striking

Fig. 12. Directions of the maximum and minimum principal

stresses from inversion of focal mechanisms. a) The northern
B mo
110% group, b) the southern group in Fig. 11. Lower hemisphere
] A G168% equal area projections, the black square shows the optimum
\ G195%  direction of the maximum principal stress S; and the red to
| 6310% yellow circles are the 10%, 68% and 95% confidence regions.
[ | G368%  The black triangle shows the optimum direction of the mini-
E [ | 03959 mum principal stress S3 and the blue to green circles are the
! G 10%, 68% and 95% confidence regions. The optimum direction
| Opt. 1 of the intermediate principal stress Sy is shown by a black
‘ Opt. O, diamond. The 95% confidence region of the maximum hori-
A Opt 03 zontal stress is indicated by the black histograms on the

circumference of the plots. c¢) Relative stability of fractures
identified in the FFC-1 borehole, evaluated with the stress state
in b). Reddish colors are most unstable, bluish colors most
stable.
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fractures are most unstable in that stress field and that these fractures
therefore would be most likely to conduct water (e.g. Barton et al.,
1995). In addition, they are most easily stimulated in a geothermal
stimulation operation, but are also most likely to slip, creating earth-
quakes, if the effective normal stress is significantly reduced.

5. Discussion
5.1. Coupling of results to the tectonic setting of southwestern Skdne

The general hypothesis of the main fracture orientation in SW Skane
is that it should follow the general alignment of the STZ, i.e., N110°E in
the northwest to about N130°E to the southeast. Fracture data on out-
crops inside the STZ in central Skane also show a predominant fracture
orientation following this trend (Miillern, 1978; Ising et al., 2019). In
addition, fracture data just north of the STZ at Falkenberg give the same
picture of a dominant NW-SE trend (Grigull and Andersson, 2019).
Hence, the N-S dominant fracture orientation in FFC-1 surprisingly
departs from this pattern, especially the ones assessed as conductive
open in the image log. The NW-SE oriented fracture population, aligned
with the STZ, is subordinate in the FFC-1 well. To some extent the N-S
fracture orientation in FFC-1 is supported by a N-S oriented population
of fractures in the Danian limestone in a quarry at Limhamn, a few ki-
lometers south of the FFC-1 drill site. These have been interpreted as due
to relatively recent N-S far-field compression in the area, probably
related to Iberian plate collision with south Europe, i.e. the Pyrenean
phase (Bergerat et al., 2007). This observation shows the presence of a
N-S oriented population, which is likely also portrayed in the upper part
of the crystalline basement, but it does not clarify the puzzling signifi-
cant absence of a fracture population in FFC-1 like what we see domi-
nate inside the STZ.

The divergent fracture orientations between FFC-1 and STZ could
originate from the fact that the crystalline bedrock in Skane displays a
complex mixture of fracturing and faulting from brittle phases of
deformation during the Caledonian, Variscan and Alpine orogens.
Several different principal stress regimes prevailed in Skane during these
events, including mainly NE-SW and NW-SE extensions, and NE-SW
compression (Erlstrom et al., 1997; Bergerat et al., 2007; Erlstrom,
2020). The tectonic signature also reflects repeated phases of dextral
strike-slip with releasing and restraining bends, which have in combi-
nation with both extension and compression led to locally varying pre-
requisites for the orientation and magnitude of the local stress field as
well as the fracturing. Sivhed (1991), Blundell et al. (1992), Thomas and
Deeks (1994), Thybo (1997), Mogensen (1994, 1995) and Erlstrom and
Sivhed (2001) have all described how strike-slip movements were a
significant component in the tectonic regime during both extension and
compression phases centred around the Sorgenfrei-Tornquist Zone.
Push-up compression and relaxation structures associated with releasing
or restraining conditions are found both in the Kattegat area (Mogensen,
1994; 1995), along the Romeledsen Fault Zone at Dalby and the Fyle-
dalen Fault Zone in central Skane (Erlstrom et al., 2004) as well as in the
Bornholm Gat proper (Deeks and Thomas, 1995). Thus, this inherited
tectonic signature and structural framework may still be portrayed in the
local fracture setting.

There is also the influence from an NNW-SSE oriented Triassic
normal fault, indicated in the vicinity of FFC-1 on the seismic lines
MVLO01/05 and MVL02/07 to consider. The fault is interpreted to be
derived from NW-SE oriented Triassic extension and coupled to a suite
of NNW-SSE and N-S oriented normal faults encompassing the
Hollviken Graben i.e., the Oresund, Amager and Svedala faults
(Erlstrom et al., 2018; Erlstrom, 2020). The fault throw is small and not
resolved in the seismic data. The fault is interpreted to dip c. 70° to the
west and seen as a zone of disrupted and terminating reflections in the
crystalline basement just below the FFC-1 well. In addition, there are
also offshore, to the north and south of FFC-1 a few minor NW-SE and
NNW-SSE striking faults younger than Triassic indicated in the
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sedimentary succession. These affected mainly the pre-Cretaceous, but
minor Late Cretaceous and Paleogene reactivation is seen as small-scale
disturbances in the seismic profiles.

Although there is significant uncertainty in both the stress determi-
nation from the focal mechanisms (only eight earthquakes) and borehole
stress indicators, the data sets suggest that there is a more N-S direction
of the maximum horizontal stress in FFC-1 than in southwestern Skéne
in general. The few borehole stress indicators are restricted to a limited
depth interval, implying that the differential stress is low compared to
the rock strength. Such a N-S orientation of SHmax is consistent with the
N-S fractures being electrically conductive, and open. We do note,
however, that the earthquake derived stress field would imply hydro-
logically conductive fractures in the N-S direction, further complicating
the inferences on the FFC-1 stress field. A comprehensive stress mea-
surement campaign is necessary to resolve the stresses in FFC-1.

A N-S oriented SHmax could be explained either by local perturba-
tions caused by the presence of local faults, such as the Triassic fault
close to FFC-1 discussed above which has seen later movement, or by a
reorientation of the stress-field related to variations of the thickness and
rigidity of the lithosphere between the STZ, the Fennoscandian Shield
and younger geological provinces to the south. Most of the focal
mechanism data south of STZ show a P-axis direction that is consistent
with the NW-SE trend found north of the STZ. However, there is one
focal mechanism just west of the FFC-1 site that may indicate a deviation
of the stress field towards a more northerly direction (cf. Fig. 11). A
potential source of difference in the stress estimates is that the observed
focal mechanisms are below 5 km depth in the crystalline basement and
that the stresses could be perturbed and deviating at shallower depth in
the upper part of the crystalline crust, as well as in the overlying sedi-
mentary succession. Note that there are no stress measurements in the
about 2.1 km thick sedimentary succession in FFC-1.

Beside the focal mechanisms from earthquakes presented in this
paper no other indicators of the current orientation of the stress field
exists in SW Skane. World Stress Map data from north Germany based on
break-out data in wells (Heidbach et al., 2018) and recent modeling
show that a contemporary N-S orientation of the maximum horizontal
stress prevails in northern Germany, and likely also in the southern part
of the Danish Basin (Ahlers et al., 2021). Again, these data are only from
the sedimentary succession.

5.2. Comparison with other seismic data

Outside of mineral exploration areas, relatively few deep boreholes
have been drilled into the crystalline crust where surface seismic data
are available despite hundreds of thousands of kilometers of seismic
profile having been acquired. Two notable examples in Sweden, aside
from the present study, where coincident borehole and surface seismic
data are available are the Siljan Ring area and the Jamtland area (Fig. 2).
In the Siljan Ring area (Juhlin, 1990) several distinct, mainly contin-
uous, sub-horizontal, high amplitude reflections are observed in the
upper 10 km of crust. Drilling into these revealed that mafic dolerites in
granitic bedrock are generating the strong reflections. Image logs at
Siljan also showed pervasive borehole breakouts and occasional drilling
induced fractures from 2 to 6.5 km depth (Lund and Zoback, 1999). This
is a rather different setting than is the case in the Malmo harbor area. In
the Jamtland area a project has been ongoing since about 2010 (Gee
et al., 2010) to better understand the structure of the Swedish mountain
belt through the Collisional Orogeny in the Scandinavian Caledonides
(COSC) project. The first borehole (COSC-1; Lorenz et al., 2015) was
drilled into the highly reflective Seve Nappe and penetrated mainly
felsic gneiss with minor amphibolite to about 2.5 km depth (Hedin et al.,
2016). Analysis of log data, core and the surface seismic data from the
area show that it is highly likely that it is lenses of amphibolite in a
gneiss matrix which are generating the reflections. The lateral extension
of the reflections and their amplitude are dependent upon the size of the
lenses. This is a situation like what we interpret to be present in the
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Precambrian rock in the Malmo harbor area. For comparison the seismic
data over the COSC-1 borehole corresponding to the Seve Nappe are
plotted on the same scale as the reflective Precambrian section along the
western part of the MVLO01/05 profile in Fig. 13. The two seismic sec-
tions show a similar character, supporting the suggestion that the li-
thologies generating the reflectivity at the two different sites have some
similarities to one another.

5.3. Relevance for geothermal exploration in crystalline rock

The temperature data acquired in FFC-1 is a valuable contribution to
understanding temperature variations in the Fennoscandian basement.
So far, there are only a few deep wells (>2 km) in the Fennoscandian
basement where temperature measurements have been conducted. The
temperature measurements in FFC-1 were acquired about three months
after the drilling was stopped and at temperature conditions different
than the pre-drilling conditions. However, the measured temperatures
still give an indication of the general temperature conditions in the well.
The bottom hole temperature of 84.1°C in FFC-1 is 10°C higher than the
temperature measured at the same depth in the DGE-1 well. The wells
are located approximately 20 km apart. The calculated temperature
gradient, 2.35°C/100 m in the upper part of the crystalline basement,
down to 2,610 m MD, in FFC-1 is 1.5°C/100 m higher than that calcu-
lated for the crystalline basement part of DGE-1. The gradient is also
higher than the ones measured in other deep wells located in the Fen-
noscandian Shield, such as Gravberg-1, OTN-1-3, Outokumpu R-2500,
where gradients between 1.4 and 1.8°C/100 m are reported (Juhlin
et al., 1998; Kukkonen et al., 2011; Kukkonen and Pentti, 2021). In
FFC-1 a lower gradient, 1.74°C/100 m, is found below 2,880 m depth,
which is more like the gradients reported for the previously mentioned
wells. A more detailed evaluation of the temperature data acquired in
FFC-1 and a comparison with temperature data from other wells are
presented in Rosberg and Erlstrom (2021).

The reflection seismic data from the Malmo harbor area are of sur-
prisingly good quality given the high noise levels of the urban envi-
ronment that they were recorded in. Since most suitable locations for
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deep geothermal projects in the Fennoscandian Shield will be at urban
locations the success of obtaining good images at Malmo can serve as a
guide for planning reflection seismic surveys at other sites. Seismic data
primarily provide structural information that can be related to geology.
They do not generally provide direct detection of fractured rock. Expe-
rience has shown that most reflectivity observed on seismic surveys over
crystalline rock can be attributed to lithological boundaries although
there are important exceptions. For the Malmo case they show that the
crust is heterogeneous below the sedimentary cover and that the gently
dipping discontinuous reflections are primarily generated by density
anomalies related to the occurrence of mafic amphibolite bodies and
lenses in the felsic gneissic host rock. Potential steeply dipping fracture
zones can be inferred by offsets in the sub-horizontal reflectivity or by
near-vertical transparent zones, but any such interpretations should be
treated with caution. The lack of a clear top of basement reflection is
judged to indicate that the uppermost crystalline basement is highly
fractured at FFC. This point was not stressed in the pre-drilling stage.
However, if it had been then this could have guided the choice of drilling
technology and potentially saved significant costs to the project. High
quality seismic data have the potential to allow better planning of where
to drill and, perhaps, how to drill and should be considered an asset to
deep geothermal projects. They also allow a better understanding of the
geology around the borehole to be gained than only cuttings or logging
data provide since features can be extrapolated away from the borehole.

The characteristics of the fracture framework regarding frequency,
distribution, orientation, and openness is of great importance in
assessing the potential for an enhanced geothermal system in the crys-
talline basement. As described in Rosberg and Erlstrom (2021), the
fracture frequency and fracture volumetric density were found to be
relatively high in comparison to the limited number of similar obser-
vations at other locations in crystalline rock. It was also noted from the
SCMI data that between 2,450 m and 2,700 m the fractures were evenly
distributed with a relatively high linear fracture frequency. Below 2,700
m the fractures are commonly occurring in clusters and the linear
fracture frequency is also slightly lower than above. Note that above 2,
450 m there were gaps in the SCMI-data due to the poor hole conditions.
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Limited locations are available for comparison of the fracture data in
FFC-1, making it difficult to evaluate FFC-1 data with respect to the
ability to hydraulically stimulate the crystalline basement by enhancing
the existing fracture network for a deep geothermal reservoir. A few
comparable values on the linear fracture intensity for the Fennoscandian
crystalline basement are described from much shallower boreholes in
granitoid rocks at Laxemar, on the east coast of Sweden. These give for
one-kilometre-deep boreholes, an open fracture frequency usually below
3 frac/m and a volumetric fracture density of 1.4-4.6 m?/m? (La Pointe
et al., 2008; SKB, 2009). Thus, not very different from the values ob-
tained in the FFC-1 well, but for considerably shallower depth. Outside
the Fennoscandian Shield the deep geothermal projects in Basel in
Switzerland, Soultz-sous-Foréts in France and the Rosemanowes site in
the UK give fracture spatial distribution signatures normally below one
fracture per meter for the basement between 2,000 to 5,000 m (Meet,
2019). In the United Downs geothermal project in Cornwall (UK) frac-
ture frequencies of 2.1, 1.6, 1.2 and 0.3 frac/m were observed for four
granite-dominated intervals between c. 1 and 5 km depth, where the two
higher values were noted above 4 km (Reinecker et al., 2021). In the KTB
deep borehole in Germany a corresponding fracture frequency of less
than 0.3 fractures per meter is reported between 6,900 and 7,135 m
depth (Zimmermann et al., 2000). Although considerably deeper, a
significantly lower value than in FFC-1.

The rock mass strength and ability to activate the fractures by hydro-
shearing depends not only on the fracture frequency, but also on the
relative amounts of open fractures and the volumetric fracture density.
Open fractures constitute a relatively large part of the fractures in FFC-1,
especially in the relatively highly fractured interval between 2,562 and
2,695 m. A semi-quantitative estimation using the excess conductivity
method after Luthi and Souhaité (1990) gives an average fracture
aperture of 0.422 mm with values of up to 7-12 mm in the 2,562-2,695
m interval. Moreover, data from tunnelling in crystalline rocks at
considerably shallower depth indicate for instance that a transition from
a massive to kinematically controlled blocky rock mass takes place when
the volumetric fracture density rises above 2-2.5 m2/m> (Rogers et al.,
2015).

When assessing and comparing the FFC-1 fracture data, the interval
between 2,562 and 2,695 m with a fracture frequency (2.49 frac/m),
volumetric fracture density (3.39 m?/m>) and high spatial distribution
of open and hydraulically active fractures stands out as a potentially
kinematically active rock mass that could be stimulated as an EGS
reservoir. The fracture frequency is calculated on all fractures that are
interpreted as fully or partially conductive, thus, assumed to be poten-
tially feasible to be enhanced by hydraulic stimulation.

However, the temperature is insufficient (77-80°C) for direct heat
exchange to the district heating system in Malmo. Localizing compara-
ble fractured intervals, as the 2,562-2,695 m interval, at appropriate
temperature-depths of 5-6 km (i.e. >120°C) is judged to be the most
plausible way forward for an EGS in the crystalline basement beneath
Malmo. The less favourable thermal conductivity of the amphibolite also
points to that the gneiss intervals with significantly higher thermal
conductivity have the best prerequisites for creating a deep EGS reser-
voir in Malmo. The ratio between these two dominating rock types plays
naturally a significant role for the thermal property of the rock mass.
However, changes in thermal conductivity could be levelled out by
convection provided that the fracture networks are much the same and
that the amphibolite/metabasite occur as isolated minor lenses in the
gneiss. The above discussion demonstrates the importance of charac-
terizing the rock mass using seismic methods prior to drilling in order to
optimize target depth and borehole locations.

Data on earthquakes in the region where a geothermal power plant is
planned is crucial both to estimate the earthquake hazard and to provide
data for a regional stress estimate. The current SNSN can detect and
locate earthquakes down to approximately magnitude 0.5 within the
network (Lund et al., 2021), but has only been in operation at this level
for 15-20 years, depending on the region. Complementing the SNSN
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data with the installation of a few seismic stations at the intended
geothermal site, preferably one to two years prior to stimulation, will
provide further data on small local earthquakes and therefore improve
the hazard assessment. In addition, the local data will give information
on the seismic noise environment and thus aid the design of the local
seismic network which will be needed both during the stimulation phase
and the later operation of the geothermal power plant.

The regional stress field obtained from earthquake focal mechanisms
can readily be used with regional and local fault data to assess the
reactivation potential of larger geological structures, which will improve
the seismic hazard assessment. The stress data can also be used with
logging data on fracture orientations to assess which fracture orienta-
tions are most likely to conduct water, or to be most amenable for
stimulation. It will also give an indication of which fracture orientations
are most likely to fail in earthquakes. However, it is important to note
that the regional stress field is based on earthquakes generally occurring
at 10-15 km depth, significantly deeper than the boreholes that would
be used for heat extraction. The earthquake derived stress field is also a
regional average which may not be representative for the site unless that
are many events in the vicinity. Therefore, it is important to carry out
dedicated stress measurements in a borehole at the site, preferably to the
depths where stimulation is intended. In-situ stress field determinations
will provide both directions and magnitudes of the principal stresses and
thus give a better indication of the local fracture conductivity and sta-
bility, and provide important data both for geothermal reservoir
modeling and seismic hazard assessment.

6. Conclusions

Deepening of the FFC-1 well to 3,133 m measured depth into the
uppermost kilometer of the Precambrian basement has provided sig-
nificant additional data that can be used to evaluate the potential of
EGSs in southern Sweden. Combined with the existing reflection seismic
data a better understanding of the lithology and structure in the up-
permost crust has been obtained. Gently dipping lenses of mafic
amphibolite embedded in a gneissic matrix generate most of the
observed reflectivity. Fracturing is relatively high in the drilled interval
with heavy fracturing in the interval extending from just below the
sedimentary succession (c. 2.1 km) down to about 2.3 km MD. This
heavy fracturing, resulting in reduced seismic velocities, may explain
the lack of a clear reflection off the top of the crystalline basement.
Below 2.3 km fracturing is still relatively high in comparison to other
locations, with open and induced fractures having mainly a N-S orien-
tation. This orientation is inconsistent with that expected from the
regional stress field based on seismicity studies in the area with a
maximum horizontal stress in the NW-SE direction. There are no
breakouts in the borehole and only a handful of short drilling induced
tensile fractures, indicating a N-S direction of the maximum horizontal
stress and that the differential stress is generally lower than the rock
strength. The local stress field may differ from the regional stress field in
southwestern Skane due to depth variations, the earthquakes are located
deeper than the borehole, or to potential steeply dipping faults zones in
the area near the well. Still, the unexpected N-S orientation give an
unique insight to that the stress situation on the margins of the Fenno-
scandian Shield is more complex than anticipated, especially on the
local scale. It also demonstrates the importance of in-situ measurements
of the stress field to understand the expected response of the rock mass
to stimulation. Temperatures of around 80°C at 3 km suggest that 120°C
may be reached already at 5 km depth. If the degree of fracturing is as
high at 5 km as in the interval drilled below 2.3 km then the potential for
heat extraction exists if drilling can be done economically and stimu-
lation controlled.
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