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Abstract: The results from the geological and geophysical investigations of the Siljan Ring impact
structure (central Sweden) have shown that the Paleozoic sedimentary succession and the Precam-
brian basement were strongly affected by complex deformational processes. Studies of a new drill
core from the C-C-1 well provide valuable additional information necessary for the reconstruction
of the geological setting in the southwestern part of the Siljan Ring. It was found that the contact
between the basement and the sedimentary cover is tectonic, not normal sedimentary, in origin. The
basement interval comprises Precambrian metavolcanic and metasedimentary rocks with a single
mafic intrusion (gabbro-dolerite) in the upper part. The rocks have only been partially metamor-
phosed. The intercalation of calcareous mudstones, skeletal wackstones, and black shales in the
sedimentary cover interval is not consistent with the regional lithostratigraphy scheme. Thus, more
likely that the sedimentary sequence is not complete as a result of tectonic displacements, and a
significant part of the Lower and Middle Ordovician succession is missing. The Post-Proterozoic
tectonic reactivation and impact event also caused the formation of four types of fracture. The third
type of fracture is accompanied by cataclastic zones and probably have an impact-related nature. In
the highly fractured basement rocks, a dissolution along the second type of fracture has resulted
in the development of open vugs. Open vugs and microporosity in cataclastic zones have been
considered to be an effective storage space for hydrocarbons.

Keywords: Siljan Ring; Precambrian; Ordovician-Silurian; Fjäcka Shale; meta-sedimentary rocks;
fractures; reservoir

1. Introduction

The Siljan Ring is considered to be one of the largest impact structures in the world and
has a long history of investigations, for both scientific and applied purposes. A detailed his-
torical overview of this research is given in a report of the 9th WOGOGOB meeting [1]. The
results of geophysical studies, particularly a more detailed recent analysis [2–6], provide
valuable information about the geological complexity of the area, which includes structural
and stratigraphic disturbance. This complexity is a result of the high paleo-tectonic activity
in the area and superimposed deformation due to Caledonian orogenic events.

Since the first report of crude oil by Carl von Linné in 1734, the Siljan Ring area has
attracted interest as a prospective site for oil and gas exploration [7–9].

Petroleum reserves in meteor impact craters possess great potential. Oil and natural
gas deposits have been found in an onshore and offshore meteor impact crater, carbonate,
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sandstone, and granite rocks throughout the world [10–13]. Between 1986–1990, two deep
wells were drilled in the Siljan Ring area to evaluate this crater for commercial abiogenic
gas production as part of the Swedish Deep Gas Drilling project. Although the results of
this project were disappointing regarding commercial exploration opportunities, it did not
prevent well drilling by the Swedish company, Igrene AB. The published results of two
core section investigations (Mora 1 and Solberga 1) [14] provided important sedimentolog-
ical and stratigraphic information about the sedimentary cover structure in the western
and eastern parts of the Siljan Ring. Recently, comprehensive studies of the Stumsnäs 1
core [15,16] highlighted some questions about fracture distribution and mineralization in
the basement rocks.

Despite the large number of comprehensive investigations, some key issues are still
unresolved, such as the original size of the Siljan structure, the geological settings of the
ring basin (depth, tectonic, and stratigraphy), the vertical and lateral extent of impact-
related alterations (shock, tectonic, thermal, magnetic) to the occurrence and properties of
impact melt rocks [17].

This study summarizes the results of detailed petrologic investigations of the drill
core from a new C-C-1 well drilled in the southwestern part of the Siljan Ring. These
results allowed the creation of lithology and petrography columns with descriptions of
alteration processes such as fracturing and subsequent mineralization. Taking into account
the pore space characteristics and these descriptions, it is possible to highlight reservoir
intervals throughout the sedimentary and basement sections. The structure of the Paleozoic
sedimentary succession and reservoirs in the basement rocks may be reevaluated with the
new information obtained.

These findings are particularly valuable for stratigraphy refinement and tectonic
setting reconstructions as well as oil and gas reservoir forecasts.

2. Geological Settings

The Siljan Ring structure is known as a late Devonian (380.9 ± 4.6 Ma) [18] impact
crater and is located in central Sweden. The structure is circular with a central rise of
approximately 33 km in diameter (Figure 1). The central area comprises Proterozoic
magmatic, metavolcanic, and metasedimentary rocks. The structure belongs to the Trans-
Scandinavian Igneous Belt, and magmatic rocks are predominantly Dala granites (Järna
and Siljan types) with sporadically occurring mafic intrusions [2,8,13,19–21].

The sedimentary cover is only preserved inside the depression surrounding the
central uplift. It comprises a Paleozoic succession of Ordovician to Silurian sediments. The
thickness of the sedimentary sequence was estimated at up to 500 m [22]. In the inner
part and outer periphery of the Siljan area, sedimentary strata have opposite dips due to
strongly tilting and tectonic deformation, which has been considered to be the consequence
of impact [23].

The Ordovician sedimentary rocks unconformably overlie the Proterozoic basement
and predominantly consist of limestones with some shales—Tøyen Formation and Fjäcka
Shale (Figure 2) [1,16,24].

The lower Silurian section (Llandovery–Wenlock) comprises marls, nodular lime-
stones, shales, mudstones, and sandstones [14,25].

The established stratigraphy was greatly refined by studies on the new Mora 1 and
Solberga 1 drill cores (Figure 2) [14]. If compared with the typical Ordovician and Silurian
succession of the Siljan region, a considerable part of the section was missing in the Mora
area: mostly the Middle and Upper Ordovician carbonates, which are preserved in the
eastern part of the impact structure. The upper part of the section contains a Silurian silici-
clastic succession which unconformably overlies Middle Ordovician limestones. A classical
Ordovician–Silurian carbonate–shale succession has been described from the Solberga 1
drill core, although stratigraphic disturbance by the two thrust planes complicates the
geological interpretation. This description was used to support a suggestion about the
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differentiation of Ordovician–Silurian facies belts. The evolution of facies corresponded to
the transition from carbonate platform environments to continental conditions [14].

Figure 1. Simplified geological map of the Siljan Ring structure, showing the locations of “IGRENE”
drill sites.

The ring structure is identified as a ring graben [5,6] divided into mega-blocks by
faults with significant horizontal displacements. On seismic reflection, it is clearly visible
that basement blocks and sedimentary successions are often sharply inclined or over-
turned [2–4]. Such geological complications are interpreted to be the results of the Caledo-
nian orogeny and the posterior Devonian impact event.



Geosciences 2021, 11, 281 4 of 25

Figure 2. Combined stratigraphic diagram of the Ordovician sedimentary succession in the Siljan
District (modified from Ebbestad and Högström 2007 [1]) and lithostratigraphic columns of the
Mora 1 and Solberga 1 core sections (according to data from Lehnert et al., 2012 [14]).

3. Materials and Methods

In 2017, Swedish company Igrene AB drilled the C-C-1 well in the southwestern part
of the Siljan Ring close to the Mora 1 site (Figure 1). The provided core is 602.30 m long,
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which includes 373.55 m of sedimentary and 228.75 m of basement rock sections. The
interval of sedimentary cover ranges from 32.60 to 406.15 m and the basement section from
406.15 to 634.90 m.

Detailed petrologic descriptions were performed on 54 sedimentary and 46 basement
rock samples as a result of laboratory investigations, which included structure analysis in
samples, texture and mineralogical analysis in thin sections.

Structures were defined by visual examination of samples (approximately 5 × 10 cm
in size) and basic assumptions of rock formation conditions were made. Texture and
mineralogical analyses were conducted in thin sections using a polarizing microscope
(Axio Imager A2m, Carl Zeiss MicroImaging GmbH). The results obtained included the
main constituents (minerals and rock fragments), their relations, and alteration processes.

To determine the mineralogy of the basement rock, four samples of the main rock
types were analyzed using X-ray diffractometry (XRD system, RIGAKU SmartLab, Japan).
The WPPF (Whole Powder Pattern Fitting) method was used for quantitative analysis. This
method was considered to be more suitable for the calculation of quantitative values due
to mathematical profile fitting based on information about the crystal structure.

The XRD analysis was performed on the bulk mass. The calculation result was given
as a percentage of the main mineral phases and used to calibrate the petrologic description
of the general mineralogical rock content.

Description of fracturing was based on visual estimation of fracture relationships
and dip angle combined with the analysis of fracture mineralization in thin sections. The
fracture dip angle was determined assuming a vertical borehole.

Image analysis was conducted to estimate the ratio of open pore space and microp-
orosity zones in the entire volume of rock. Ten samples of basement rock were chosen for
this type of analysis. The study included the following stages:

• determination of main model components based on petrographic description;
• delineation of determined components on photomicrographs as geometrical zones

(Adobe Photoshop);
• digital analysis of delineated zones in software with percentage results (AxioVision Software).

Based on the petrologic description, four macrocomponents were selected:

• rock matrix;
• microporosity confined to cataclase zones;
• zones of calcite filling;
• open vugs.

The cataclase and zones of calcite filling have mostly developed along the fractures.
The segments of each component were marked with different colors. Same-color segments
form macrocomponents. Component images were converted into a binary format, in which
component pixels were labeled by units, and the remaining pixels were zeros. The binary
results were divided into geometric segments by program processing.

Each geometric segment includes a set of morphological attributes such as area,
perimeter, form factor, aspect ratio, and orientation of the main axis of inertia.

Statistical processing of the obtained data resulted in a numerical model of the struc-
tural and textural features of the rocks, including the percentage of each component in the
test image and their geometric parameters.

The obtained data enables an estimation of the ratio of open-pore space to the whole
volume of rock, together with the percentages of other important components such as
microporosity and zones of calcite filling.

A scanning electron microscope (JEOL 6610, Japan) was used to confirm the presence
of microporosity in the cataclase zones.

Laboratory measurements of porosity and permeability were performed for the four
whole core samples. The core samples had a diameter of 5.0 cm and a length ranging
between 9.0–13.0 cm.
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Porosity was defined as open porosity and measured using the liquid saturation method.
The saturating fluid was NaCl solution with mineralization of 225 g/L (ρ = 1.146 g/cm3). The
whole pore volume was determined by the weight difference between the saturated and dry
weight of the sample using electronic scales.

Permeability was defined as absolute permeability and measured using the probe
(profile) method and unsteady-state equipment. Nitrogen was used as the test fluid. The
probe seal pressure was maintained at 12 atm. Considering pore space heterogeneity,
20 points of measurement were allocated along the long axis of the sample.

The core section was divided into 12 units according to the genetic identity of the
rocks. Descriptions of units and rock properties are given in the following sections.

4. Results
4.1. Basement Interval

The basement interval comprises Proterozoic metavolcanic and metasedimentary
rocks with a single mafic intrusion (gabbro-dolerite) in the upper part. Mineralogical
changes in the rock composition, such as fine-grained sericite and albite neoformation,
reveal that the area has gone through the low-grade stage of metamorphism at tempera-
tures presumable up to 200 ◦C [26–29]. However, the rocks often have relict sedimentary
structures, such as horizontal and lenticular layering. Thus, it could be possible to suggest
that these rocks have been only partially metamorphosed.

Considering the prevalence of a particular rock type, the basement interval was
divided into four units (Figure 3).

Figure 3. Basement Interval.

The first unit (at a depth of 555.33 to 634.90 m) comprises the intercalation of albite-
quartz metasiltstones and metatuff siltstones. There are some layers of sericite-quartz vitric
metatuffs in the lower part of the unit, which probably indicate the time of the most active
volcanogenic phase.
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The second unit (at a depth of 542.81 to 555.33 m) is represented by a transition from
albite-quartz metatuffs to sericite-quartz vitric metatuffs.

The third unit (at a depth of 461.43 to 542.81 m) is represented by a transition from
sericite-albite-quartz silty metasandstones to albite-quartz metasandstones. There are
layers of sericite-quartz vitric metatuffs in the lower part of the unit and sericite-quartz
metatuffstones in the upper part of the unit.

The fourth unit (at a depth of 406.15 to 461.43 m) comprises intercalation of sericite-
quartz metatuffstones, sericite-quartz vitric metatuffs, and albite-quartz metatuffs. The
mafic intrusion (gabbro-dolerite) occurs at a depth of 409.65 to 422.40 m.

A generalized petrologic description of rock samples and thin sections is given in
Table 1. Mineralogical rock content was calibrated using the results of the XRD analysis
(Table 2).

Table 1. Generalized petrologic description of the main petrotypes.

Rock Type Color Structure Texture Content Alterations

Albite-quartz
metasiltstones
(Figure 4a–c)

Brown, wine
red, dark-gray,

gray

Massive,
spotted, rarely—

lenticular
bedding, poorly
distinguished

horizontal
bedding

Lepidoblastic,
relict

psammite-silty

Quartz 80–85%

Calcite replacement
of some matrix

parts and
chloritization of

biotite flakes

Na-Ca feldspar 10–15%

K-feldspar 2–3%

Micas
(muscovite,

biotite)
1–2%

Siliceous rock
clasts 1–2%

Calcite, chlorite <1%

Albite-quartz
metatuffs

(Figure 4d–f)

Reddish,
greenish-gray

Lenticular,
horizontal
bedding,
spotted

Microgranoblastic,
vitric in some

parts

Quartz 45–50%

Na-Ca feldspar 30–35%

K-feldspar 5–10%

Mica
(muscovite) 8–10%

Calcite,
dolomite,
chlorite

<3%

Sericite-quartz
vitric metatuffs

(Figure 4g–i)

Greenish-gray,
light-green

Horizontal
bedding,

spotted, fluidal
Vitric

Quartz 70–75% The most of the
rock matrix is
volcanic glass,

which has been
almost completely
replaced by calcite
and sericite in some

parts

Na-Ca feldspar
(albite) 15–20%

Mica
(muscovite) 10–12%

K-feldspar 1–3%

Calcite, sericite <1%

Sericite-albite-
quartz silty
metasand-

stones
(Figure 5a–c)

Brown

Massive, poorly
distinguished

bedding in
some parts

Silty-psammite

Quartz 80–85%

Calcite and sericite
replace the rock
matrix in some

parts

Na-Ca feldspar 10–12%

K-feldspar 3–5%

Mica
(muscovite) 1–2%

Calcite, sericite <1%
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Table 1. Cont.

Rock Type Color Structure Texture Content Alterations

Albite-quartz
metasand-

stones
(Figure 5d–f)

Brown

Massive, poorly
distinguished

bedding in
some parts

Granoblastic,
relict psammitic

Quartz 80–85%

Sericite-feldspar
filling in the

intergranular space

Na-Ca feldspar
(albite) 10–15%

K-feldspar 2–3%

Mica
(muscovite) 1–2%

Siliceous rock
clasts 1–2%

Calcite, chlorite <1%

Gabbro-
dolerite

(Figure 5g–i)

Black, red, and
light gray spots
in some parts

Massive,
spotted

Poikilitic-ophitic,
ophitic with

micro-pegmatitic
elements

Na-Ca feldspar
(labradorite) 55–60%

Clinopyroxene 10–15%

Orthopyroxene 5–10%

Olivine 5–7%

Micro-
Pegmatite 5–10%

Mica (biotite) 3–5%

Quartz 2–3%

Amphibole,
volcanic glass
clasts, chlorite,
sericite, iron
hydroxide

<1%

Table 2. The result of Quantitative XRD-analysis of Four Basement Rock Samples (bulk mass).

Phase Name Formula *

Content (%)

Albite-Quartz
Metasiltstone

621.14 m
(1st unit)

Albite-Quartz
Metatuff
551.75 m

(2nd unit)

Sericite-Albite-
Quartz Silty

Metasandstone
535.75 m
(3rd unit)

Albite-Quartz
Metasandstone

469.82 m
(3rd unit)

Quartz SiO2 57.5 45.9 48.1 47.2

Na-Ca feldspar
(Albite) (Na.98 Ca.02) (Si2.98 Al1.02) O8 23.6 35.2 25.6 31.3

K-feldspar
(Orthoclase
-Microcline)

K[AlSi3O8] 7.5 8.5 19.2 6.9

Muscovite-
2M1 (K,Na)Al2(Si,Al)4O10 (OH)2 6.0 8.1 6.9 7.6

Calcite Ca (CO3) 5.0 1.3 0.2 6.5

Pyrite FeS2 0.2

Chlorite Si3 Al1.2 Mg5 Fe.1 Cr.7 O18 H7.9 0.2 0.5 0.2

Dolomite Ca (Ca0.07 Mg0.93)(CO3)2 0.5

Anhydrite CaSO4 0.3

* Chemical formula from the database.
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Figure 4. Rock samples from the lower part of the basement interval: (a,d,g) sample photos; thin
section photos (b,e,h) in plane-polarized light; (c,f,i) with crossed polars (magnification 10×).

Figure 5. The rock samples from the upper part of the basement interval: (a,d,g) sample photos;
thin section photos (b,e,h) in plane-polarized light; (c,f,i) with crossed polars (magnification 10×,
i—2.5×).
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Sample depth 627.07 m (1st unit): (a) spotted structure and poorly distinguished horizon-
tal lamination in albite-quartz metasiltstones; (b) psammite-silty texture; (c) quartz prevalence.

Sample depth 553.48 m (2nd unit): (d) horizontal lamination in albite-quartz metatuffs;
(e) micro-granoblastic and vitric texture; (f) quartz-feldspar prevalence.

Sample depth 547.83 m: (2nd unit): (g) fluidal structure in sericite-quartz vitric
metatuffs; (h) quartz grains in vitric mass; (i) calcite zones in the upper and lower parts of
the section.

Sample depth 512.72 m (3rd unit): (a) massive structure of sericite-albite-quartz
silty metasandstones; (b) silty-psammite texture; (c) quartz prevalence; spots of calcite in
gray mass.

Sample depth 469.82 m (3rd unit): (d) cataclastic zone in albite-quartz metasandstones;
(e) relict psammite texture; (f) quartz-feldspar prevalence.

Sample depth 418.35 m (4th unit): (g) spotted structure in gabbro-dolerite; (h) poikilitic-
ophitic texture; (i) prevalence of Na-Ca feldspar and pyroxenes.

4.2. Sedimentary Cover Interval

A comparison with the results of previous studies and lithological descriptions in the
stratigraphic schemes [17,22,25] allows us to conclude that sedimentary layers represent
Upper Ordovician and Silurian sediments, and have disturbed stratigraphic relations
(Figure 6). The interval was subdivided into eight units according to their lithological
homogeneity.

The fifth unit (at depth of 380.50 to 406.15 m) is represented by the intercalation of
black shales and wackestones. The thickness of the black shale layers varies from 0.2 to
9.0 m, the thickness of wackestones is 0.3–2.0 m.

Wackestones (Figure 7a,d) are shades of gray and intercalate with dark-gray clayey
limestones and calcareous mudstones. Fossils are represented by fragments comprising
trilobites, hyolithid, bryozoans, pelmatozoans, ostracodes, brachiopode shells, and, rarely,
charophyceae remains.

Black shales (Figure 7e,f) are dark-brown to black and are predominantly massive;
sometimes they are thin laminated. They contain a quartz silt-size admixture of up to 25%
and approx. 15–30% dispersed organic matter.

Sample depth 396.66 m (5th unit): (a) spotted structure and intraclasts in gray wacke-
stone; shifting of rock parts along the inclined fracture; (b) detritus and cataclastic zone in
wackestone.

Sample depth 387.93 m (5th unit): (c) spotted structure in gray wackestone; (d) trilo-
bites, bryozoan clasts, and charophyceae remains; sub-horizontal fracture.

Sample depth 379.86 m (6th unit): (e) massive structure in black shale; (f) silty black
shale; single fragment of a brachiopod (the matrix is brown due to dispersed organic matter).

A comparison with the lithological descriptions published in previous studies [17,22,25,30]
suggests that the wackestones belong to Freberga and Slandrom formations (Upper Ordovi-
cian), and the black shales intervals are Fjäcka Shale layers.

The basis for the comparison was rock structure, texture, and fauna assemblage. The
Freberga and Slandrom limestones were described in previous works as greenish-gray
calcarenites and nodular calcilutites with an abundance of trilobites, ostracodes, and
brachiopods. The Fjäcka Shale was defined as brownish to black bituminous shale. The
more common fossils in shale were trilobites and brachiopods.

All of the lithological features identified in the new samples have a certain similarity
to the previously established rock characteristics. Thus a conclusion has been made about
their similarity to the Freberga, Slandrom, and Fjäcka Shale formations.
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Figure 6. Sedimentary Cover Interval with suggested lithostratigraphy.
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Figure 7. Rock samples from the sedimentary cover interval: (a,c,e) sample photos; (b,d,f) thin
section photos in plane-polarized light (magnification 2.5×).

Taking into account features such as the sharp contact with underlying basement
rocks and layers in between, slump structures, and evidence of bedding inclination (up to
45 degrees) —due to tectonic displacement—these layers are likely of allochthonous origin
(Figure 8).

The next two units, the sixth and seventh (at a depth of 360.80 to 380.50 m), are
represented by layers of black shales and wackestones, respectively. The contact between
black shales and wackestones is gradational. However, this interval of wackestones is
noticeably different from the underlying rocks. The structures are predominantly nodular;
layering is horizontal and the upper part of the wackestone unit has a reddish color
(Figure 9). It has been possible to interpret this as evidence of a transition from Fjäcka Shale
to Jonstorp Formation (Upper Ordovician, Katian).

The eighth unit (at depth of 333.15 to 360.80 m) is represented by calcareous mudstones
with nodules of clayey limestone. The contact between this unit and underlying rocks is
gradational. This evidence, together with the structure-texture rock characteristics, enables
us to consider this unit to be a layer of Lower Silurian sediments, the Motala Formation.

Next, the ninth unit (at a depth of 323.65 to 333.15 m) consists of black shales and it has
been suggested that slices of Fjäcka Shale were moved due to tectonic activity. The findings
of recrystallized limestone with extension fractures (Figure 10) at the lower boundary
and clay-carbonate breccia (Figure 11) at the upper boundary of the unit may be taken as
evidence of this movement.

The breccia clasts are predominantly mudstones and shales with characteristics similar
to the overlying rocks. It is more likely that they were incorporated into the clay matrix
due to the suggested tectonic movement.
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Figure 8. Sharp contact between the basement and sedimentary rocks (1). Shift along the fracture in
the wackestones (2). Depth interval 401.00–406.79 m. Core photo.

Figure 9. Core photo. Depth interval 395.20–401.00 m (5th unit): (a) sharp contact between black
shale and wackestone layers; slump structures in the wackestones. Depth interval 365.65–377.50 m
(6–7th unit): (b) gradational contact between black shale and wackestone layers (red box); transition
from greenish-gray to reddish wackestones (red arrow).
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Figure 10. Extension fracture in limestone. Sample photo—left. Three stage of fracture filling: with
calcite (a,b) and anhydrite (c). Photo of the thin section in plane-polarized light—middle and crossed
polars—right. Sample depth 333.23 m (8th unit).

Figure 11. Clay-carbonate tectonic breccia at the upper boundary of the black shale units. Core
photo—left. Sample photo—right. Sample depth 323.89 m (8th unit).

The tenth unit (at depth of 180.50 to 323.65 m) is represented by intercalation of
calcareous mudstones (Figure 12) and shales with occasional layers of clayey limestone.
Evidence of crushed zones with rock alteration (cataclase, recrystallization) probably
reflects tectonic movements along the fault planes. However, due to the lithological
homogeneity of the unit, it is difficult to recognize any stratigraphic differences. Thus, the
whole interval has only been considered to be Lower Silurian deposits.
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Figure 12. (a) Calcareous mudstone. Sample photo. (b) Silt-pelitic texture. Thin section photo
(plane-polarized light). Sample depth 203.85 m (10th unit).

The eleventh unit (at a depth of 34.30 to 180.50 m) consists of predominantly clayey
limestone. The structures are nodular and spotted. The upper part of the interval at a
depth of 34.30 to 77.60 m is gray, greenish-gray, and reddish that probably correspond to
the tricolor member of Lower Silurian deposits (Figure 13).

A layer of fine to medium-grained light-gray sandstone completes the sedimentary
section–the twelfth unit (at a depth of 32.60 to 34.30 m). Taking into account previous stud-
ies and regional stratigraphy schemes allows this layer to be considered as the beginning
of a new Silurian sedimentary cycle.

Figure 13. Transition from greenish-gray and reddish clayey limestone to light-gray sandstones. Core
photo. Depth interval 32.60–44.70 m.

4.3. Fracturing and Pore Space Characteristics
4.3.1. Fracturing

Disjunctive deformations have been traced throughout the whole section in sedimen-
tary units, as well as in the basement rocks. In the basement interval, near-vertical and
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steeply inclined fractures (20–30 degrees) are prevalent (Figure 14a). In the sedimentary
section, thin fractures often form chaotic networks and attenuate on a cm scale (Figure 14b).

Detailed petrologic studies allowed the identification of four fracture generations that
probably correspond to four different tectonic activation stages. In the basement rocks, all
stages have been completely defined by thin section investigations, and only two of them
have been identified in sedimentary rocks.

The sequence of mineral filling is the basis for fracturing stage recognition (Figure 15).
The first stage is characterized by quartz mineralization along fracture sides. Quartz
crystals are often prismatic and have a size of up to 1 mm that probably corresponds to a
primary fracture aperture.

During the second stage, the fractures were filled with calcite. Calcite often corrodes
quartz crystals and reaches a size of up to 4 mm. Fractures with calcite mineralization
have been identified throughout the whole basement section, apart from the gabbro-
dolerite intrusion.

The third generation was traced by cataclastic filling with crushed rock mass, calcite,
and quartz grains.

In the sedimentary rocks, the third generation developed as cataclastic zones and
individual fractures with a clay-carbonate filling (Figure 16).

The fourth generation was traced in sedimentary rocks, as well as basement rocks,
and is represented by tiny extensive fractures sometimes open to a width of 1 mm. These
fractures cut across all those fractures from previous generations and have a displacement
along their direction (Figure 17).

Figure 14. Sample photos. (a) Albite-quartz metasiltstone. Near vertical and steeply inclined fractures
filled with calcite. Sample depth 575.95 m (1st unit). (b) Clayey limestone. Network of fine fractures.
Sample depth 381.14 m (5th unit).
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Figure 15. Albite-quartz metasiltstone. Photo of the thin section in plane-polarized light (a) and
crossed polars (b). Three generations of fractures with: 1—quartz filling, 2—calcite, 3—cataclasis
material. Sample depth 634.76 m (1st unit).

Figure 16. Wackestones. Photo of the thin section in plane-polarized light. (a) Individual fracture
with clay filling. Sample depth 383.93 m (5th unit). (b) Cataclastic zone with clay-carbonate filling.
Sample depth 396.66 m (5th unit).

Figure 17. Displacement along the direction of third generation fractures. Photo of the thin sec-
tion in plane-polarized light. (a) Sericite-quartz metatuffstone. Sample depth 456.70 m (4th unit).
(b) Wackestone. Sample depth 396.66 m (5th unit).

4.3.2. Pore Space Characteristics

As a result of detailed investigations, valuable porosity was only found in the base-
ment rocks. It is confined to fractures in albite-quartz metasandstones and sericite albite-
quartz silty metasandstones.
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In sedimentary rocks, the individual evidence of micro-pore space with the bituminous
filling was established in cataclastic zones (Figure 18a). In some cases, the bituminous
filling is confined to individual vugs with calcite mineralization (Figure 18b).

The total volume of open pore space in the basement rock includes slit-shaped vugs
along the fractures, and microporosity developed in the cataclastic zones. The size of the
micropores ranges from 0.3 to 12 µm. (Figure 19).

Figure 18. Clayey limestone. Photo of the thin section in plane-polarized light. Bituminous filling:
(a) in the cataclastic zones, (b) in the vug with calcite mineralization. Sample depth 381.14 m
(5th unit).

Figure 19. Microporosity in the cataclase zone developed along the fracture. Photo of the thin section:
(a) in plane-polarized light: (b) with crossed polars: (c–f) SEM images with different magnification.
Sample depth 531.67 m (3rd unit).

The results of the image analysis calculation using ten rock samples are as follows
(Figure 20):
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• “Rock matrix”—52.85–89.14%
• ”Zone of calcite filling”—0.68–24.87%
• “Microporosity zone”—7.16–28.98%.
• “Open vugs”—0–3.85%.

Figure 20. Image analysis of the sericite-albite-quartz silty metasandstone: (a) sample photo; (b)
macrocomponent areas (a color chart is shown in Table 5). Sample depth 531.67 m (3rd unit).

Open void space has a square range of 0.83 to 11.07 mm2 (Medium = 2.73). The length
rangealong the longest axis 1.94–6.27 mm (Medium = 5.24). The ratio of maximum and
minimum sizes of 0.19 to 0.71, respectively, characterized the object shape is elongated.

The numerical characteristics obtained from the image analysis were added to the lab-
oratory measurements of porosity and permeability (Tables 3 and 4). The highest numbers
of pore space volume and porosity percentage are confined to the samples with open vugs
and microporosity zones (531.67; 542.60 m). However, the permeability values were lower
for the second sample (542.60 m) due to the higher number of zones of calcite filling.

Table 3. Results of porosity measurements.

Sample Depth
(m)

Volume
(cm3) Porosity

(%)
Pore Space Sample

531.67 2.336 58.382 4.00

534.00 1.200 99.662 1.20

542.60 4.000 135.009 2.96

592.00 1.560 126.811 1.23
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Table 4. Results of permeability measurements.

Sample Depth
(m)

Permeability of Each of the Measurement Points
(Along the Long Axis of the Sample, mD)

1 2 3 4 5 6 7 8 9 10 11 12

531.67 0.14 9.07 64.54 0.44 0.34 1.68 0.52 4.49 2.74 57.31 6.75 0.91

534.00 0.19 0.12 0.16 0.06 0.06 0.09 0.75 0.13 0.08 0.78 12.49 11.71

542.60 0.15 1.07 0.45 0.34 0.72 0.30 0.06 0.08 0.06 0.06 0.08 0.05

592.00 0.05 0.05 0.06 0.08 0.07 0.19 0.08 0.10 0.05 0.05 0.05 0.04

Table 5. Results of Macro-component Modeling of Sericite-albite-quartz silty metasandstones.

Symbol Modeling Macro-Components Content (%)

“Rock matrix” 81.45
“Zone of calcite filling” 0.68
“Microporosity zone” 14.03

“Open vugs” 3.85

5. Discussion
5.1. Geological Settings

In the basement interval, we can see two units with a prevalence of meta-sedimentary
rocks—unit 1 and unit 3, which mainly consist of metasiltstones and metasandstones,
respectively. This evidence more likely reveals two cycles of Paleoproterozoic clastic
sedimentation separated by a phase of volcanic activity, i.e., unit 2, which consists of
metatuffs. In comparison, unit 3 is more coarse-grained than unit 1 (sand and silt) and
may therefore be the result of increasing sedimentary basin loading due to the start of
regional tectonic movements, a new post-orogenic volcanic activity stage [8,17,31,32]. This
stage corresponds to unit 4 comprising metatuffs. A gabbro-dolerite intrusion in the
upper part of this unit reveals a phase of tectonic reactivation, which was completely
different from the previous stages in terms of magma content and pressure-temperature
(P-T) conditions [20,32].

The structures of the basement rocks are predominantly primary, e.g., horizontal,
lenticular bedding, massive (homogeneous), and the lowest grades of metamorphism
may only be revealed by mineralogical changes, such as fine-grained sericite and albite
neoformation. It may be concluded from these findings that the area was not subjected to
medium and high-grade metamorphism (T = 500–900 ◦C).

The prevalence of metasedimentary rocks in the basement interval with only lower
grade metamorphism may reveal a new boundary between the post-orogenic volcanic and
sedimentary rock distribution area.

The shortened and highly disturbed sedimentary cover interval is evidence of the
high-level external influence of processes that were more likely impact-related. There
is no evidence of normal sedimentary contact between the basement and sedimentary
cover, such as the transition to Lower Ordovician glauconitic limestone in the Mora 1 drill
core, or Obolus beds in the Solberga 1 drill core. Fractures with displacement, slump, and
deformation structures were identified at this contact. This may be related to one of the
tectonic reactivation stages that caused moving sedimentary layers along the fault planes.

The lower part of the sedimentary cover interval (5th unit) most likely comprises
Upper Ordovician sediments intercalated with layers of Fjäcka Shale, which obviously
allochthone, if compared with the stratigraphic diagram of this region [1,14–16]. Lithology
comparison has shown no evidence of the carbonate mound facies described in the Kulls-
berg and Boda carbonate mud mounds, such as stromatactis-bearing carbonate mudstones
intercalated with fossiliferous pelmatozoan wackestones, packstones, and grainstones. It
was stated that these facies originally had a thickness of up to 40 m (Kullsberg Limestone)
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and 100 m (Boda Limestone) [24,25]. In the studied interval, we only identified the layers
comprising calcareous mudstones with nodules of clayey limestone and predominantly
nodular wackestones with a thickness of up to 7 m.

These differences may occur due to the lateral facies’ variations which were caused by
basin deepening on the western side of the Siljan Ring.

However, the intercalation of the limestones and layers of Fjäcka Shale does not
correspond to the regional stratigraphy scheme and lithological column of the adjacent
areas [1,14,15]. Moreover, in the fifth unit, there are clearly recognizable features of distur-
bance, such as the sharp contact between black shale and wackestone layers, and slump
structures in the wackestones.

Thus, it may be stated that a significant part of the Lower and Middle Ordovician
succession is missing as a result of tectonic displacements.

The presence of Fjäcka Shale in the upper part of the sedimentary cover interval
(9th unit), between the suggested Lower Silurian sediments, may also be interpreted as a
slice of sedimentary deposits that were moved during a phase of tectonic reactivation.

The discovery of crushed zones with rock alteration, such as cataclase and recrystal-
lization (10th unit, Lower Silurian) is probably confined to fault planes. These fault planes
may not be accompanied by thrusting or other significant changes in the stratigraphy
position of the layers due to the impact event as it had been established for the Stumsnäs
area [15].

Although it is difficult to establish the exact nature and thickness of the missing
intervals, a general conclusion about sedimentary environments may be drawn. The
intercalation limestone and shale open-marine facies are recognizable and the conditions
were favorable for organic matter accumulation in the shale intervals.

A cyclic character of sedimentary sequences has been revealed in a detailed lithological
investigation. The black shale and shale layers more likely were formed at the time of sea
deepening that has been accompanied by low hydrodynamic activity and anoxic conditions.
The gradual transition from black shales to red-colored wackstones was recognized in some
undisturbed sedimentary intervals. This is obviously evidence of the regression, which
indicates a rising in the bottom-level oxygenation [33].

The nodular structures, detrital textures, and lime composition of the sedimentary
rocks suggest a shallow marine shelf environment, probably a sublittoral zone with unfa-
vorable conditions for the high-relief organic buildup. The high clay content (up to 10%) in
limestones and the diversity of neritic fauna (trilobite, hyolithid, bryozoans, charophyceae)
is evidence of such types of environments [14,24].

There is only evidence of next regression in the upper part of the sedimentary cover
interval, i.e., the Lower Silurian sediments. The sedimentary transition from greenish-gray
and reddish clayey limestones to light-gray sandstones suggests the start of a new cycle of
clastic deposition during the Silurian [6,14].

5.2. Tectonic Events

Establishing fracture generation enables the reconstruction of Neo- and Post-Proterozoic
tectonic events [8,19,21,31,34].

The described geological section was located in an area that had been geodynamically
active throughout the whole Proterozoic and Paleozoic Era. The geological evolution of the
Siljan structure included the intrusion of TIB granitoids, mafic dykes, several hydrothermal
activations, and a powerful Late-Paleozoic compression event accompanied by destroying
of the sedimentary succession [19].

As the relative age of fractures can be identified by investigating the samples and thin
sections, it was possible to group the documented data into several fracturing episodes.
However, there has still been a high degree of uncertainty in establishing the absolute age
of the tectonic events and mineralization phases due to the poor distinguishing of contact
between different systems of mineralized fractures in a single well column. Based on the
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documented data, four generations of fractures were recognized in the C-C-1 drill core that
corresponds to four stages of tectonic reactivation.

The first two generations are only established in the basement rocks and were ac-
companied by hydrothermal circulations. The first stage resulted in quartz mineralization
while the second stage resulted in calcite mineralization. It may be suggested that mafic
dyke intrusions correlate with the peak of the first fracturing event when the maximum
extension might have had taken place. The absolute age of dolerite dykes in the region
was estimated to be 0.9–1.1 Ga [20]. Thus, there were obviously changes in the chemical
composition of the fluids for the two tectonic events that affected the basement rocks before
Paleozoic sedimentation. However, the inheritable sequence of mineralization, possibly
shows that it happened at the same time as fracturing phases.

The third stage, accompanied by the formation of cataclastics, may be the result of an
impact-generated tension. In the available core set, the presence of the cataclastic zones
has been detected everywhere: in the sedimentary, metamorphic, and igneous basement
rocks. This evidence supports the suggestion of a ubiquitous peculiar stress regime that
affected the rocks at the third stage and had been accompanied by the displacement of the
rock layers under great pressure.

The fourth fracture generation crosses previous generations and is therefore sug-
gested to be the result of the latest tectonic movements associated with Caledonian
orogeny [8,19,21,22,31,34]. The youngest fractures appear to be the result of the relax-
ation of accumulated stress during Mesozoic and Cenozoic geodynamic changes.

5.3. Reservoir Properties

Some of the open vugs have been developed along the second fracture generation.
The open space has been formed as a result of incomplete calcite filling or subsequent
calcite dissolution. Although the percentage of open vugs is not high, their geometric
parameters correspond to high connectivity, resulting in good reservoir properties. This
network of open fractures with vugs may be considered to be an effective storage space
for hydrocarbons.

Potentially effective gas storage may be found in the microporosity space that is
confined to cataclastic zones in the basement rocks [35]. The evidence of the bituminous
filling of such zones in sedimentary rocks is indirect proof of the presence of microporosity.

Thus, two out of four recognizable tectonic events caused inheritable reservoir rock
formation: the second event—which resulted in open fractures, and the third event—which
caused a cataclase. As a result, the intervals of fractured basement rocks with open vugs
are possible reservoir intervals, and the effective pore space may be calculated as a sum of
open vugs and microporosity zones.

Considering the evidence of the bituminous filling of vugs and microporosity zones
in limestones, it is possible to suggest a reservoir presence in sedimentary layers regarding
opened fracture network development, or also that they possess primary pore space.

In a global context, commercial oil and gas deposits in the Precambrian crystalline
basement have been developed in more than 20 countries throughout the world [13].
Moreover, any rocks may be considered to be a reservoir, if they have effective porosity
connected with fractured zones.

As fracture networks developed along the fault zones are important economic targets
for the exploration of natural gas in the Siljan area, recognition of the particular fractured
intervals is an important stage in hydrocarbon prospecting [9,15,36].

6. Conclusions

The results of the C-C-1 drill core investigation allow the following conclusions to
be drawn:

1. The structure of the basement interval reveals some features of the geological evolu-
tion of the Proterozoic basin in the Siljan Ring area. Two layers of tuff and gabbro-dolerite
intrusion represent the time of tectonic and volcanic activation stages. Taking into consider-
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ation the petrologic characteristics of the units between them, two clastic sedimentary cycles
have been identified as being from the Proterozoic Era: the first cycle with less sedimentary
loading (metasiltstones) and the second cycle with loading increase (metasandstones).

Although the basement rock structures show weak dislocations, mineralogical changes,
such as fine-grained sericite and albite neoformation, reveal very low-grade metamorphism.

2. Based on the results of the petrologic investigation, it has been concluded that the
sedimentary cover interval is not complete as a result of tectonic displacements, and a
significant part of the Lower and Middle Ordovician succession is missing. The presence
of Fjäcka Shale layers between the Upper Ordovician and Lower Silurian sediments is
suggested to be the result of thrust formation and there is a possibility of determining
fault planes.

Structures, textures, and the composition of the limestones suggest their deposition in
the sublittoral zone in a shallow-marine basin with unfavorable conditions for high-relief
organic buildup.

3. There are four fracture generations that correspond to Post-Proterozoic tectonic
reactivation stages. These events are recognizable by mineralization sequences and fracture
interrelations. The first and second generations are only present in the basement rocks and
are characterized by quartz and calcite filling. A dissolution along the second-generation
fractures is more likely to be associated with the thermal circulation of fluid due to tectonic
activity. The third generation is accompanied by cataclastic zones and probably has an
impact-related nature. The fourth-generation fractures cut through all previous fractures
and probably reveal a new tectonic reactivation.

4. In the C-C-1 core, reservoir rocks are fractured basement rocks with good porosity
values. Porosity zones developed along fractures; two types can be distinguished. The
first, open vugs, formed in albite-quartz metasandstones, and sericite albite-quartz silty
metasandstones along the second-generation fractures have been partially filled by calcite.
The second type, microporosity zones, occurs in cataclastic rock along the third-generation
fractures. This has been confirmed by an investigation using a scanning electron micro-
scope (SEM).

5. The results of the image analysis provide a basis for the numerical modeling
of structural-textural rock features. It includes the percentage of components such as
“Rock matrix”, “Zone of calcite filling”, “Microporosity zone” and “Open vugs”.

The “Microporosity zone” and “Open vugs” are considered to be effective spaces for
hydrocarbon storage. Their percentage may be included as an additional coefficient in the
petrophysical data used in resource evaluation.
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