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Metamorphic micro-textures and mineral assemblages in or-
thogneisses in NW Skane — how do they correlate with technical
properties?

MARIA ELENI TAXOPOULOU

Taxopoulou, M., 2020: Metamorphic micro-textures and mineral assemblages in orthogneisses in NW Skane — how
do they correlate with technical properties? Dissertations in Geology at Lund University, No. 607, 54 pp. 45 hp (45
ECTS credits).

Abstract: Glaciofluvial deposits used to be the most common source for construction aggregates in Sweden during
the past decades; however, their source is limited and they must be preserved, as they also act as aquifers. Gravel
has largely been replaced by crushed rock materials, but the technical properties of crushed rock depend on many
factors, some of which can reduce the quality.

This study deals with granitic rocks in the Soderdsen area in northwest Skane, south Sweden. Nineteen orthogneiss
samples from the Eastern Segment of the Sveconorwegian Province have been analyzed. The primary goal was to
investigate whether there is a correlation between their technical quality and their petrographic characteristics. The
suitability of these rocks as aggregates, estimated from technical standard test values performed by the Geological
Survey of Sweden (Los Angeles, MicroDeval, Studded Tyre), was compared with mineral content, metamorphic
conditions, fabric, and micro-textures.

The study area was exposed to metamorphic conditions of upper amphibolite- up to granulite-facies. Most of the
samples of higher quality (classes 1 and 2) are located in the northwest part of the study area. This area belongs to
zone 6 (Moller & Andersson, 2018) that has higher metamorphic grade, as also indicated by the presence of
orthopyroxene in the one metagabbro that was studied. On the other hand, the southeast part of the study area that
includes the lower quality samples (mostly class 3), is located in zone 5 and has undergone slightly lower
metamorphic conditions. A low average grain size and higher degree of strain also show good correlation with low
Los Angeles values. Another important factor is the amount of very fine-grained material, as well as the grain
boundary complexity. The latter factor contributes to a higher degree of interlocking between the grains, resulting
in better technical properties. In this study, higher quality samples show higher amounts of very fine grains and
medium- to high grain boundary complexity.

The samples located in the northwest part of the study area have higher proportion of quartz and perthitic
exsolution in K-feldspar; garnet is present in very small, rounded crystals. In these samples, titanite is absent and
tartan twinning in feldspars is rare, whereas apatite is more abundant.

The present investigation reveals that the samples located in the north and northwest part of the study area belong to
the metamorphic zone 6 of the Eastern Segment and they are the most suitable for road and railway construction.
The geological conditions are of high importance, as the metamorphic grade and the degree of deformation have a
direct effect on the mineralogy and the fabrics, and therefore affect the technical quality in various ways.

Keywords: granitic gneiss, Eastern Segment, Soderasen, rock quality, quantitative analyses, grain size, aspect ratio,
circularity, mineralogy

Supervisor(s): Charlotte Moller

Subject: Bedrock Geology
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Metamorfa mikrotexturer och mineralsammansattningar i or-
tognejs i NV Skane - hur korrelerar de med tekniska egenskaper?

MARIA ELENI TAXOPOULOU

Taxopoulou, M., 2020: Metamorfa mikrotexturer och mineralsammansattningar i ortognejs i NV Skane - hur
korrelerar de med tekniska egenskaper? Examensarbeten i geologi vid Lunds universitet, Nr. 607, 54 sid. 45 hp.

Sammanfattning: Glacifluviala avlagringar har varit de vanligaste kéllorna for byggmaterial i Sverige under de
senaste decennierna. De dr dock dndliga resurser som maste bevaras eftersom de ocksé fungerar som akvifirer.
Krossat bergmaterial har i stor utstrickning ersatt naturgrus, men standarderna for deras tekniska egenskaper beror
pa manga faktorer av vilka en del kan forsdmra deras kvalitet.

Denna studie behandlar granitiska bergarter i omradet i och runt S6derésen i nordvéstra Skéne, vilket geologiskt
sett dr en del av det Ostra segmentet i den Svekonorvegiska provinsen. Nitton prover av granitisk ortognejs har
undersokts. Det priméra malet var att undersdka om det finns ett samband mellan deras tekniska kvalitet och deras
petrografiska egenskaper. Léampligheten for dessa bergarter som aggregat, uppskattat fran tekniska
standardtestviarden (Los Angeles-, MicroDeval-, Studded Tyre-tester utforda av Sveriges geologiska undersdkning),
jamfordes med mineralinnehdll, metamorfa forhallanden, struktur och mikrotexturer.

Studicomradet har geonmgatt metamorfos i dvre amfibolitfacies till hogtrycks-granulitfacies. De flesta bergarter av
hogre kvalitet (klass 1 och 2) &r beldgna i den nordvistra delen av studiecomradet. Detta omréde tillhdr metamorfa
zon 6 (Moller & Andersson, 2018) som har hogst metamorf grad, vilket ocksa indikeras av nirvaron av ortopyroxen
i det prov av metagabbro som studerades. Den syddstra delen av studicomréadet, som innehaller prover av ldgre
kvalitet (mestadels klass 3), har klassats som zon 5 (Mdller & Andersson, 2018) och har genomgatt metamorfa
forhallanden av nagot lagre grad &n zon 6. Lag genomsnittlig kornstorlek och héga deformationsgrad korrelerar
med ldga Los Angeles-vérden, dvs. god kvalitet. En annan viktig faktor &r mingden mycket finkornigt material
savdl som korngransernas komplexitet. Den senare paverkar sammanvéxningen mellan kornen, dir komplexa
former resulterar i béttre tekniska egenskaper. I den hir studien visar prover av hogre kvalitet storre méngder
mycket fina korn och medelhdg till hog korngranskomplexitet.

Proverna i den nordvistra delen av studiecomradet har storre andel kvarts och pertitisk avblandning i K-filtspat;
granat forekommer som mycket sma, rundade kristaller. I dessa prover saknas titanit och gallertvillingar i
kalifdltspat &r séllsynt, medan apatit &r vanligare.

Denna undersokning poéngterar att proverna i den norra och nordvistra delen av studicomradet tillhor metamorf
zon 6 i Ostra segmentet och att dessa ir bist limpade for viig- och jarnvigsbyggande. Omridets geologiska
forhallanden, sdsom metamorf grad och deformationsgrad har en direkt inverkan pa tekniska kvaliteter hos
granitiska bergarter.

Nyckelord: granitisk gnejs, Ostra segmentet, Svekonorvegiska orogenen, bergkvalitet, Los Angeles-test,
dubbdickprov, MicroDeval-test, petrografi

Handledare: Charlotte Moller

Amnesinriktning: Berggrundsgeologi

Maria Eleni Taxopoulou, Geologiska institutionen, Lunds Universitet, Solvegatan 12, 223 62 Lund, Sverige. E-
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1. Introduction

Sweden is one of the leading countries in Europe in
the construction sector. The state and the
municipalities are responsible for maintenance and
expansion of the public road network, which had a
total length of 215400 km in 2017 (European
Commission, 2019). The demand for construction
material is constantly increasing, in order to maintain
the high quality and the continuous development of the
road network.

One important goal of the industry is to locate the
most suitable bedrock for road and railway aggregates,
preferably close to where it will be used, to reduce the
cost of transportation which can be very high. The
most common source for aggregates in Sweden has
been sand and gravel from glaciofluvial deposits
(Figure 1). However, these deposits also store water,
and it is vital that they are preserved. An alternative
source of aggregates are granitic rocks, but they can
vary in technical properties, and some are less suitable
for construction material in highways or railroads.

In order to meet the expanding demand for crushed
rock for road and construction and to locate
sustainable materials, it is crucial to understand the
variations in technical properties within the Swedish
bedrock. The reasons for rocks having good or bad
technical properties are affected by their geological
history = (metamorphic  conditions, degree of
deformation etc.), composition (mineral content) and
microstructure (size, shapes and orientation of grains,
fractures etc.). Therefore, it is necessary to study the
geology of the area and analyze the mineral structures
and textures of the rocks under microscope.

The study area in northwest Skane was investigated
for determination of technical quality by the
Geological Survey of Sweden (SGU) in 2010, based
on previous bedrock mapping (Persson & Goransson,
2010). All rock quality measurements were executed
in the laboratory at SGU in Uppsala. Quantitative
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analyses included Studded Tyre test (An), MicroDeval
test (Mpg), and Los Angeles test (LA). The results
demonstrated a wide range of technical properties,
despite that the rocks are of similar type (granitic
gneisses) and are situated in a restricted area (20 x 40
km).

The primary purpose of this study is to determine the
factors that drive the variation in technical properties
between metagranitic rocks in the Séderasen area. Is
there a correlation with metamorphic conditions,
mineral contents, grain size or grain shape? Deeper
understanding of how different geological processes
steer technical properties, has the potential to greatly
facilitate the identification of sustainable materials.
The basis of this understanding is the correlation of
technical properties to mineralogy, petrography, and
petrology, and this study attempts to provide such a
basis for the orthogneisses of Sdderdsen in Skane.

2. Background

2.1 Geological setting
2.1.1 Regional geology

The Sveconorwegian Orogen

The Sveconorwegian Orogen represents the
reworked southwest boundary of the Baltic Shield,
formed after the collision (Figures 2, 3a, 3b) between
Baltica and another major continent, possibly
Amazonia, at the end of the Mesoproterozoic (1.14-
0.90 Ga; Bingen et al., 2008). It is an orogenic belt of
ca. 500 km width across southern Scandinavia and
includes the present study area in NW Skane (Figure
3c). The orogen consists of large lithotectonic
segments, separated by N-S-trending ductile
deformation zones (Bingen et al., 2008).
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Figure 1. Percentage of sand and gravel, till and crushed bedrock in Sweden, during 1985-2016. The graph reveals that the
amount of natural gravel being used as aggregates for construction has been reduced steadily through the last few decades.
Figure modified after the Geological Survey of Sweden (Periodiska publikationer 2017:2).
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Figure 2: E-W cross-section of the eastern part of the Sveconorwegian Orogen, at the time of collision (0.98 Ga). Violet= un-
derthrusting continental crust; light yellow = orogenic prism; orange = overriding plate. The blue dashed line marks the ap-
proximate location of the present erosion depth. Figure and figure text from Méller & Andersson (2018).
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Figure 3: Tectonic and regional setting of the Sveconorwegian orogen (Moller & Andersson, 2018). (a) Plate reconstruction at
the end of the Grenvillian—Sveconorwegian orogeny (unpublished compilation by B. Bingen, based on the reconstruction by
Cawood et al. (2007); metamorphic subdivisions following Rivers (2008)). (b) Schematic representation of continent Baltica,
inset to scale (transparent white with the Sveconorwegian orogen in pink), at two alternative positions in a collisional orogen:
India-style v. intracontinental underthrusting. Modified from Mdéller et al. (2015). Composite satellite photograph of Asia in
orthographic projection (source: NASA). (c) Tectonic map of the Sveconorwegian orogen (based on Geological Surveys of
Sweden and Norway databases; distribution of 1.05—-1.02 Ga granites from Laurent et al. (2016), with the Eastern Segment in
violet to medium dark grey shades and a schematic cross-section. Internal subdivision of the Eastern Segment after Moller et
al. (2015), eclogite-bearing nappe in darkest violet. Figure and figure text from Méller & Andersson (2018).



The Eastern Segment

The Eastern Segment is a continuation of bedrock
which is unmetamorphosed east of the orogen. It
consists of 1.81-1.66 Ga deformed gneissic granitoids
originated from the Transcandinavian Igneous Belt
(TIB; e.g. Lundqvist, 1979; Soéderlund et al., 1999;
Hogdahl et al., 2004; Moller et al., 2007), with minor
gabbroic to syenitoid intrusions 1.56-1.20 Ga old
(Andersson et al., 1999; Soderlund et al., 2004;
Larsson & Soderlund, 2005; Soderlund & Ask, 2006).
The southern part of the Eastern Segment underwent a
pre-Sveconorwegian, high-grade metamorphic event,
known as the Hallandian orogeny at 1.47-1.38 Ga
(Hubbard, 1978; Moller et al., 2007). The
Sveconorwegian orogeny resulted in penetrative
deformation of the rocks under high—grade
metamorphism of high-pressure granulite- and
amphibolite-facies at ca. 0.98 Ga (Johansson et al.,
1991; Xiang-Dong, 1996; Moller & Soderlund, 1997;
Moller & Andersson, 2018); remnants of eclogite are
present in one part of the Eastern Segment (Moller et
al., 2015). The degree of the Sveconorwegian
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metamorphism increases from north to south and from
east to west (Johansson et al., 1991; Soderlund et al.,
1999). Cooling initiated at 0.97 Ga, followed by
extensional movements along the regional deformation
zones, a possible collapse of the orogeny and
exhumation as a metamorphic core complex before or
at 0.90 Ga (Bingen et al., 2008).

By examining the metamorphic assemblages of Fe-Ti-
rich metagabbro, Mboller & Andersson (2018)
proposed eight metamorphic zones in the area (Figure
4). The internal section is marked mainly by the
presence of leucosome in both felsic and mafic rocks.
In zone 5, the main mineral assemblage in non-
migmatitic =~ metagabbro  includes  olive-green
hornblende, plagioclase, garnet, biotite and Fe-Ti
oxides, together with small, light-green metamorphic
clinopyroxene, sometimes appearing as rims around
relict igneous clinopyroxene crystals. In zone 6,
orthopyroxene and antiperthitic plagioclase appear in
the assemblage (Moller & Andersson, 2018). The
Soderasen area is located in the internal section, in
zones 5 and 6.
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Figure 4: Metamorphic zones of the Eastern Segment (black square in Figure 3c), overlain on grayscale airborne magnetic
anomaly map (differential field; source: Geological Survey of Sweden; softened contrast). Zones 1-8 represent gradually in-
creasing metamorphic grade, from =550 °C in the east part, to =850 °C in the west part. Metamorphic zones are based on
assemblages of Fe-Ti-rich metagabbro (n=276) of a c. 75 km wide profile between the coastal areas and 130 km towards
ENE; zones are preliminary extrapolated to areas north and south of this profile. Figure and figure text from Moller & An-

dersson (2018).



The Tornquist Zone

The Sorgenfrei - Tornquist Zone (STZ) is a broad
tectonic belt that cuts across Skéne in a NW - SE
direction (Norling & Bergstrom, 1987), and it is a
prolongation of the Teisseyre — Tornquist Zone (TTZ)
that extends from the Black Sea to the Baltic Sea
(Bergerat et al., 2007). The zone forms a boundary
between the Precambrian crystalline bedrock in the
north, and the Paleozoic sedimentary rocks in the
south. The area underwent two main tectonic periods.
The first one was an extensional episode during the
Early Permian to the end of Mesozoic (299-66 Ma),
resulting in normal faulting and major intrusion of
diabase dykes. The second was a compressional
episode during the Late Cretaceous to Tertiary,
resulting in structural inversion characterized by
strike-slip and reverse faulting (Bergerat et al., 2007).

2.1.2 Geology of the Séderasen area

The study area is part of the S6derasen project area of
the Geological Survey of Sweden. The survey has
created thematic maps of rock quality for different
areas of Sweden, based on SGU’s bedrock maps at
1:50000 scale, aiming at assessment of the rocks as
aggregate materials.

1325000 1330000 1335000 1340000 1345000

The Séderdsen project area is 400 km? large in total
and includes parts of the municipalities Bjuv, Klippan,
Svalov Astorp, Angelholm and Orkelljunga, in
addition to smaller areas of Ljungbyhed, Stridsvig,
Astorp and Ostra Ljungby (Figure 5; Persson &
Goransson, 2010). The project area has four active
quarries: Bjirsgard, Molletofta, Ossjo and Astorp.

The Soderdsen project area comprises two NW-SE
trending blocks of Precambrian bedrock, where the
southern is horst S6derasen and the northern is the NW
extension of horst Linderddsasen. The two parts are
connected in the southeast. The bedrock is dominated
by granitic to granodioritic gneisses with a generally
good strength as reflected in technical properties
(Persson & Goransson, 2010). However, in the
southeastern parts of the analyzed area, the strength
decreases (Sivhed & Wikman, 1986; Norling &
Wikman, 1990; Wikman & Sivhed, 1992; Wikman et
al., 1993).

The bedrock in the S6derdsen project area (Persson &
Goransson, 2010) consists of meta-granitic rocks of
the Eastern Segment, together with smaller bodies of
amphibolite and metagabbro. The area is also host of
unmetamorphosed Permian NW-SW-trending dolerite
dykes. The dominating rocks are gneisses and gneissic
granites to granodiorites. The granitic gneisses of
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Figure 5: (A) Simplified bedrock map and sample sites for technical analyses, modified from Persson & Goransson (2010;
based on Norling & Wikman (1990), Wikman et. al. (1993), Sivhed & Wikman (1986) and Wikman & Sivhed (1992)). Black
labels mark samples of meta-granitic rocks, red label MEK070524 marks a sample of mafic granulite. (B) Same map with the
LA values for each sample (Persson & Géransson, 2010). The black dashed line represents the south extension of the border
between metamorphic zone 5 and 6 (after Méller & Andersson, 2018).
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Soderdsen are fine to medium grained and have
igneous protoliths, thus termed orthogneisses. The
degree of deformation varies among the orthogneisses,
from weak foliation to intensely deformed (Norling &
Wikman, 1990; Wikman & Sivhed, 1992). Locally,
orthogneisses show migmatitic structures which are
stronger developed in some areas. Amphibolite bodies
occur locally as inclusions, lenses or thin layers in
gneisses, and less frequently as sizeable bodies.
Characteristic for the area is northwest-trending
diabase intrusions of Permian-Carboniferous age,
dipping steeply to the southwest. The dolerite dykes
are dark gray to black, fine grained and they can reach
up to 50 meters wide (Persson & Goransson, 2010).
The youngest rocks in the areca are of basaltic
composition and intruded during Jurassic time.
Fracture zones or crushed zones which are oriented in
a north direction generally occur in connection to
contacts between the Precambrian bedrock and the
younger sedimentary rocks (Sivhed & Wikman, 1986;
Norling & Wikman, 1990; Wikman & Sivhed, 1992;
Wikman et al., 1993).

The study area is located between the metamorphic
zones 5 and 6, as proposed after Moller & Andersson
(2018). The approximate extension of the limit
between these metamorphic zones is drawn in Figure
5B.

2.2 Technical analyses

In order to evaluate whether a rock is appropriate
to be exploited for industrial purposes, a series of
standardized methods should be applied to measure the
technical properties of this rock. The correlation
between these methods is useful for estimation of the
other when one of them is calculated (Goransson et al.,
2008). These analyses were performed by the
Geological Survey of Sweden in 2010 and will be
described below. Approximately 70 kg of rock
material were taken from each locality, in order to
perform the technical analyses. Crushing, sieving and
weighting were completed in the same way for the Los
Angeles test, The MicroDeval test and the Studded
Tyre test. The material was placed in a rotary jaw
crusher with a 30 mm outlet gap and in a laboratory
crusher with the outlet gap set at 16 mm. Sieving was
done in a machine siever and fine sieving according to
FAS-method 221-98 (Foreningen for
asfaltsbeldggningar i Sverige, 1998). The fraction
analyzed is 10-16 mm. The results from the technical
analyses for all samples are presented in the Appendix.

2.2.1 Los Angeles Value Test (LA)

The Los Angeles value is an index of the rock’s
resistance to brittle fragmentation. High values
indicate low resistance to fragmentation, thus poor
technical properties.

The Los Angeles value (LA value) was determined in
accordance with SS-EN 1097-2 (Swedish Standards
Institute, 1997b). Around 5000 g of the analyzed
material is required, and the material is crushed into 10
-14 mm size fractions prior to performing the test. The
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dry sample is placed in the Los Angeles steel drum,
together with 11 steel spheres, each with a diameter of
47-49 mm, and rotated 500 times (approximately 30
minutes). Then, the sample is sieved through a 1.6 mm
sieve, in a machine shaker for 10 minutes. The content
(except for the fraction 0-1.6 mm) is weighted after the
sieving.

The Los Angeles test value is calculated as a
percentage of the original mass of the sample,
following the equation:

5000-m
LA=—"-——1

50

where m; represents the sample weight in grams after
the fragmentation process.

2.2.2 Studded Tyre Test (An)

The Studded Tyre Test value (Ay) is a measure of the
rock's resistance to wear by abrasion from studded
tyres and it is required by the Swedish Road Admin-
istration on ballast (material that is used to provide
stability to a structure), among other things in road
layers. High values indicate low resistance to abrasion,
thus poor technical properties.

The Ayn value has been performed according to the
FAS Method 259-02 (Swedish Standards Institute,
2004). The sample is crushed in two steps by a rota-
tional jaw crusher and a smaller jaw crusher. Follow-
ing that, the sample is sieved, and the different frac-
tions are weighed. Then the sample is placed in a ball
mill together with steel spheres (7000 g) and 2 / of
water. The ball mill rotates the sample for 5400 revo-
lutions (ca. 1 hour), and when it is completed the steel
spheres are removed and the sample is sieved again,
dried and weighted in different fractions. The Studded
Tyre Test value is calculated in relation to these frac-
tions.

2.2.3 MicroDeval Test (Mpg)

The MicroDeval value is an index of the rock’s re-
sistance to abrasion. High values indicate low re-
sistance to abrasion, thus poor technical properties.

The Mpg value was determined in accordance with SS-
EN 1097-1 (Swedish Standards Institute, 1997a). The
process of crushing, sieving and weighing is the same
as for the Studded Tyre Test. 500 g of the sample are
placed in a mill together with steel spheres (5000 g)
and 2,5 [ of water and rotated for 12000 revolutions
(ca. 2 hours). Then the steel spheres are removed, and
the sample is sieved through an 8 mm and a 1.6 mm
sieve plane. The different fractions are dried and
weighted.

The MicroDeval value is calculated as a percentage of
the original mass of the sample, following the equa-
tion:

m; -mp

MpE =




where m; and m, represent the sample weight in g
before and after the procedure, respectively.

2.2.4 Classification of the samples based on the
technical analyses

The Swedish National Transport administration
(Trafikverket) lays down the demands on the bedrock
which can be used in asphalt layers and for unbound
road constructions (Viagverket, 2005a; Vigverket,
2005b). The Studded Tyre Test value (resistance to
abrasion caused by studded tyres) and the Los Angeles
value (resistance to brittle fragmentation) are im-
portant properties for the highway roads, in order to

Road Type An Mbpg LA
Highway as- <7 or <15% <25%
phalt layers <9%
Other asphalt <11 or <15% <25%
layers <14%
Base course - <20 or <40%
<25%
Sub layer - <25 or No demand
<30%

Table 1: Standards for Studded Tyre Test, MicroDeval Test
and Los Angeles value for different road types (Mattias
Goransson, personal communication, 22/06/2020).

preserve the sustainability of the road top surface — the
asphalt layer; the unbound layers have similar require-
ments. In Table 1 there is a list with the requirements
for each type of road.

The Geological Survey of Sweden (SGU) has classi-
fied the aggregate quality of the samples, in relation to
their suitability for road construction, railway or con-
crete (Persson & Goransson, 2010). In general, aggre-
gate quality class 1 corresponds to the most suitable
rock as road construction material, whereas aggregate

SGU Road Type AN Mpg LA
Road
Class 1 Most asphalt <10% <7% <30%
layers, un-
bound layers
Class 2 Only in roads 10- 7-14%  <30%
with less traffic ~ 18%
& in unbound
layers
Class 3 Only in un- >18%  >14% 30-
bound layers 50%
Class 4 Should not be - >30%  >50%

used as a road

stone at all
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Figure 6: Diagrams showing the technical test results for
metagranitic rocks in the Soderdsen area, from Persson &
Géransson (2010), with sample color code added for road-
material based on LA and AN /MDE (greens= class I,
blues= class 2; reds class 3), (A) Studded Tyre Test value
(AN) vs Los Angeles-value (LA), (B) MicroDeval (MDE)
value vs Los Angeles-value (LA).

quality class 4 is not suitable at all as a road construc-
tion material. Table 2 shows the requirements for each
class, and Figure 6 presents the results from the classi-
fication.

2.3 Petrography
2.3.1 Mineral species

The mineral content of a rock is one of the most im-
portant factors affecting the technical properties. The
most essential properties of a mineral species in a rock
are the chemical composition, shape, density, strength
and cleavage. In granitic rocks, the dominant minerals
are quartz, K-feldspar, plagioclase, amphibole and
micas, so their properties and proportions affect the
technical properties, as well as the texture, which re-
fers to how the minerals are arranged in the rock.

Quartz crystals have high hardness and low cleavage,
providing the rock with better resistance to wear
(lower Mpg and Ay values). They are also anhedral,
and they usually crystallize in the remaining space
between other grains, resulting in lowering the rock’s
porosity (Goodman, 1989; Tugrul & Zarif, 1999; Jo-

Table 2: Classification for Studded Tyre Test, MicroDeval
Test and Los Angeles value for different road types (Mattias
Géransson, personal communication, 22/06/2020).



hansson, 2011). Additionally, quartz is easy to recrys-
tallize and they can create crystals with complex grain
boundaries and good interlocking, making the rock
more resistant to fragmentation (lower LA value; Hell-
man et al., 2011). Increased quartz content results in
better interlocking of the individual grains, increasing
the rock’s strength (Merriam et al., 1970; Johansson,
2011).

Feldspar has relatively high hardness, and it generally
increases the rock’s resistance to abrasion. However, it
usually has two cleavage plains that intersect at 90°,
negatively influencing the resistance to brittle frag-
mentation of the rock (Brattli, 1992; Miskovsky et al.,
2004). Plus, feldspar is connected with microcrack
presence and therefore decreasing the rock’s strength
(Johansson, 2011). The sericite that might form as
alteration product causes the feldspar to be less brittle,
increasing the rock’s resistance to brittle fragmentation
(Akesson et al., 2004). The reason is that sericite mi-
cas usually grow perpendicular to the cleavage planes
so they tend to propagate cracks.

The phyllosilicate minerals found in rocks may dimin-
ish or raise the technical properties of the rock, and
they are considered to be very important in controlling
the overall behavior of the rock (Lanin et al., 2019).
Micas (in orthogneisses there is mostly biotite, sericite
and chlorite) usually form flaky grains. They are quite
soft and flexible, giving the rock higher resistance to
fragmentation but low resistance to abrasion. The spa-
tial arrangement of those minerals is crucial, because if
they are randomly oriented in relation to the fabric,
they can act as barriers of the (micro) fractures, but
when they are oriented parallel to the fabric, they low-
er the rock’s strength by causing fracture initiation and
propagation (Akesson et al., 2004). Increasing mica
content has a negative impact on the MicroDeval and
the Studded Tyre test values, resulting in lower tech-
nical properties (Johansson, 2011). Nonetheless, chlo-
rite sometimes act almost similar to holes in the rock,
and the cracking might disappear in the chlorite and
appear again on the other side of the crystal (Jan-Erik
Lindqvist, personal communication, 17/11/2020).

The amphibole usually appears long, prismatic or fi-
brous. The inosilicate minerals generally increase the
rock’s flakiness and brittleness but in high percentage
it can decrease the total strength of the rock (Brattli,
1992).

2.3.2 Textures
Exsolution textures

When there is a change in the metamorphic conditions,
the minerals that are solid solutions of two or more
phases can have exsolution structures. The presence of
perthitic exsolution in K-feldspar shows that the rock
experienced high (igneous or metamorphic) tempera-
tures, such that there was increased solid solution of
albite in K-feldspar. The exsolution texture is the re-
sult of slow cooling, since below a certain temperature
there is a miscibility gap between the albitic and the

13

anorthitic component. In K-feldspar, local increase of
exsolution may be caused by deformation of old crys-
tals in lower-grade conditions (Passchier & Trouw,
1997). In plagioclase, the corresponding exsolution of
K-feldspar is known as anti-perthitic exsolution. Other
temperature indicators are tartan twinning in K-
feldspar, which is typical of microcline (low- tempera-
ture polymorph), and Carlsbad twinned K-feldspar,
which occurs in orthoclase and is the higher-
temperature polymorph.

The vermicular intergrowth of quartz in feldspar is a
bulbous type of symplectite called myrmekite. It is
usually found in high-grade metamorphic and igneous
rocks (Passchier & Trouw, 1997). The formation of
the myrmekites is caused by the breakdown of feldspar
during retrograde metamorphism (Phillips, 1974;
Smith, 1974; Phillips, 1981; Shelley, 1993), but they
can also appear in progressive deformation, where
there might be an area of higher stress (Simpson &
Wintsch, 1989). In the second case, the myrmekites
are shear/deformation indicators.

Interlocking textures

The geometry of the grains is related to their degree of
interlocking; if the grain boundaries are straight, in-
cluding anhedral or subhedral grains, the rock has a
polygonal texture. Grains with irregular or lobate grain
boundaries form an interlobate texture, and when a
rock consists of strongly curved grains, it has an amoe-
boid texture. As for the shape of grain aggregates, the
term granoblastic is used for a metamorphic rock that
looks like a mosaic that is formed by equidimensional
grains, having the lowest degree of interlocking. Last-
ly, the term porphyroblastic refers to an inequigranular
texture that includes many large grains that have
formed during metamorphism in a finer-grained matrix
(Passchier & Trouw, 1997).

Foliation and lineation textures

The foliation describes any flat texture that develops
penetratively in a rock. Fossen (2010) uses the defini-
tion of foliation as “a planar structure formed by tec-
tonic processes and includes cleavages, schistosity and
mylonitic foliations”. Cleavage is mostly found in low
-grade metamorphic rocks and mica-rich gneisses or
schists, describing the splitting of the rock into almost
parallel surfaces. A special type of cleavage is crenu-
lation cleavage, a secondary tectonic fabric that is
composed by microfolds developing on pre-existing
folds. Schistosity appears in higher metamorphic con-
ditions, when the foliation becomes less planar and is
located around strong minerals or mineral aggregates.
Finally, mylonitic foliations are connected to trans-
posed layering and gneissic banding (Fossen, 2010).

The lineation describes any linear texture that develops
penetratively in a rock and they are more common in
metamorphic rocks. Fossen (2010) uses the definition
of lineation as “a fabric element in which one dimen-
sion is considerably longer than the other two”. The
standard types of lineations are: (i) mineral lineation
(a penetrative fabric formed due to alignment of pris-
matic or elongated minerals or mineral aggregates),



(i) stretching lineation (plastically deformed minerals
or mineral aggregates), (iil) fiber lineation (in low
pressure and temperature metamorphic conditions,
minerals like quartz and calcite can develop parallel
fibrous crystals that specify linear elements), (iv) in-
tersection lineation (a combination of more than one
set of planar structures), (v) crenulation lineation
(small-scale folds or crenulations occurring in phyllo-
silicate-rich metamorphic rocks) and (vi) slicken lines
or striations (formed due to abrasion of hanging-wall
rocks into the footwall, mostly found on shear frac-
tures) (Fossen, 2010).

3. Methods

3.1 Field investigation

All sampling and geological interpretation has been
made within mapping activities carried out by the Ge-
ological Survey of Sweden. Twenty-five samples were
collected by the SGU in 2010 in order to perform tech-
nical analyses and create a geological map with the
different classes of bedrock material. Nineteen sam-
ples out of them are of meta-granitic composition, and
they have been selected for further analysis in this
work (Figure 5). The coordinates are specified accord-
ing to national grid RT90. The field work for the pre-
sent MSc project involved visiting these sample sites
in order to describe and document the outcrops and
rocks, in October 2019 and May 2020.

3.2 Petrographic microscopy

The sawing of rock slabs for thin sections was per-
formed by the SGU and the samples were sent to Lund
University to be used in this study. One polished thin
section exists per sample, a total of 23 thin sections. 19
of them are orthogneisses, whereas the remaining are
mafic granulites and basalts. The thin sections dimen-
sions range between 34 and 36 mm in length, and 19
and 21 mm in width.

The thin sections were studied under a standard polar-
izing microscope equipped with 2X, 4X, 10X and 40X
objectives, in order to describe the mineral contents
and textures. Photomicrographs were taken for each
sample to illustrate the main mineralogy, the metamor-
phic texture, and possible alterations.

3.3 Point counting

Each sample was analyzed with the point counting
method to determine the modal content of an area that
is covered by a mineral. The basic method of point
counting is that the thin section is placed under a po-
larizing microscope, where a point counter (a slide
advance mechanism) is connected to the stage of the
microscope. The machine moves the thin section on a
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specified distance (step) along a traverse line and
when it stops, the mineral that appears on the cross is
counted. A number of 500 points per thin section were
counted, and the estimation of the proportion of the
mineral is given as:
=l
Pi= 4
where p is the true proportion of a mineral i, % is the

number of points hitting the mineral i and N is the total
number of points counted (in this study N=500).

3.4 Grain size analysis

Grain size is a substantial criterion when analyzing the
strength of a rock material. Generally, a fine-grained
material is stronger than a coarse-grained material .
Moreover, the association between the grain size dis-
tribution and the technical analyses show that the me-
chanical properties of a rock are controlled by the
amount of fine-grained matrix, as even in small per-
centages, a fine-grained matrix can improve signifi-
cantly the material’s quality (Lundqvist & Goransson,
2001).

A series of measurements were carried out using po-
larized images and image analysis software. The thin
sections were scanned with the aid of a plastic polari-
zation filter. The sample was placed between two fil-
ters that acted as crossed polarizers. The photos cover
the whole thin section, and they have the maximum
resolution provided by the scanner (4000 dpi). These
photos were used for the grain size analysis, using the
Image]® software. The photo of the thin section was
rescaled in mm.

First of all, it is required to decide how to count the
mineral grains and how to show the grain size. In the
present work, all grains were counted using the follow-
ing specifications: (i) An altered crystal was counted
as one grain, unless the alteration minerals could be
clearly measured. (ii) Inclusions in minerals that were
cut by the traverse line were counted separately. (iii)
Small inclusions in minerals were not counted. (iv)
Whether the sample appeared with a lineation fabric,
the traverse lines were made both perpendicular and
parallel to the fabric, in order to prevent any bias. (V)
Grains on the borders of the thin section were not
measured, because they were not complete.

A standard way to quantify the grain size, in accord-
ance with the examination of the thin section under the
optical microscope, is to perform two-dimensional
measurements along a line of traverse. In this study,
300 grains per thin section were counted manually.
The difficulty of using polarized photos on image
analysis software is that each mineral appears with
different hues and intensities under crossed nicols due
to the angle of extinction, so any attempt of automatic
calculation of grain size would create a significant
error.

From the grain size measurements we can extract in-
formation regarding, among others: (i) the grain size,
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(Grade of Intergrowth)
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Figure 7: Scheme for evaluation of grain boundary complex-
ity (degree of interlocking). From Hellman et al., (2011).

(ii) the grain boundary complexity, (iii) the degree of
elongated grains, (iv) the circularity of the grains, (v)
the area of the grains (mm?).

3.5 Visual Classification of Grain Bound-
ary Complexity (VC)

All 19 thin sections were analyzed microscopically to
determine the amount of intergrowth between the
grains and the grain complexity. Visual description of
the degree of grain interlocking is described according
to a five-point scale (Figure 7; Hellman et al., 2011). A
straight grain joint is evaluated as scale 1 while a
heavily lobed and irregular is evaluated as scale 5.

For these samples, the visual classification for grain
boundary complexity was performed separately for the
coarse-grained and the fine-grained material.

3.6 Microfracture analysis

Simmons & Richter (1976) give the definition for the
word microcrack as “an opening that occurs in rocks
and has one or two dimensions smaller than the third.
For flat microcracks, one dimension is much less than
the other two and the width to length ratio, termed
crack aspect ratio, much less than 107 and is typically
10%t0 107. The length... typically is of the order of
100 um or less”. They subcategorize the microcracks
into grain boundary cracks (formed on the grain
boundaries), intragranular or intracrystalline cracks
(occurring within the grain) and intergranular or inter-
crystalline cracks (developing from a grain boundary
into two or more grains). The term transgranular
crack is used for cracks expanding across the grains or
from one grain boundary and across a grain (Figure §;
Simmons & Richter, 1976; Kranz, 1983).

The rocks that consist of many light minerals like
quartz and feldspar usually act in a brittle way, be-
cause these minerals have lower fracture energies and
as a result, they can break easily. When that happens,
the LA values retrieved are high (Lindqvist et al.,
2007; Tavares & Neves, 2008). Microfractures are
greatly dependent on the grain size, the mineral assem-
blage, the deformation fabric, and the microstructure
of a rock, and they play a major role in the mechanical
behavior of rocks used as aggregates (Akesson et al.,
2004). Microcracks in granitic rocks can be formed
due to thermal changes in polymetamorphic rocks,
tectonic stress during deformation and stress reduction

8848
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Figure 8: Schematic representation of: (4) a grain boundary crack, (B) an intragranular crack (occurring within the grain), (C)
an intergranular crack (developing from a grain boundary into two or more grains), (D) o transgranular crack (expanding
across the grain or from one grain boundary and across the grain) (Simmons & Richter, 1976, Kranz, 1983).



during uplift and unroofing (Kowallis & Wang, 1983;
Hellman et al., 2011). The frequency of the mi-
crocracks can have a positive effect on the flakiness
but a negative effect on the resistance to wear by abra-
sion from studded tyres (Miskovsky et al., 2004).

The microcrack analysis in this work was narrow be-
cause the thin sections were not impregnated with flu-
orescent epoxy, in order to be examined under the ul-
traviolet microscope. Four samples were selected for
further analysis using a scanning electron microscope
with a backscattered detector (SEM-BSE) in the De-
partment of Geology of Lund University. The samples
were coated with carbon (density of carbon coating 16
-19.5 nm) in order to increase the conductivity of the
electrons. The first observation was successful and the
microcracks were visible. However, these samples
underwent the point counting after they got coated,
resulting in alteration of the coat layer, and they had to
be cleaned thoroughly with a 0.25 microns diamond
paste, washed with rubbing alcohol and rerun the car-
bon coating. After this procedure, the microcracks
were not visible, probably in most cases the excess
carbon coating had filled the microcrack cavities, mak-
ing it impossible to recognize them. Then, another set
of four samples were selected for a second try, but
after the first carbon coating the microcracks were not
visible as well, probably for the same reason as before.
The samples that could be analyzed are not representa-
tive. The photos obtained are limited and thus the in-
terpretations are narrow.

4. Results

4.1 Sample sites

Individual sample sites are described macroscopically
below, in the order of their technical properties, start-
ing with class 1 samples. The coordinates of each out-
crop, together with the results from the LA, MDE and
AN analyses (performed by the SGU) are presented in
the Appendix. The mafic granulite (sample
MEKO070524) is an indicator of the high metamorphic
conditions of the area.

4.1.1 Samples of class 1
Sample MEK070525

North-east of Ostra Ljungby, along highway E4, are
exposures of gray-red granitic gneiss, fine- to medium-
grained, with dm-long leucosome veins crosscutting
the gneissic fabric (red arrow in Figure 9A). The veins
are isotropic, thus younger than the gneissic fabric.
The lineation here is the dominant texture and there is
a weak foliation. Dark quartz is present primarily in
the leucosome, and in lower amounts inside the host
granitic gneiss. There is a high number of amphibole
in the rock, which also has some signs of oxidation
(Figure 9B).
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Sample MGOO075110

A quarry north-east of Ostra Ljungby, exploited by
Johanssons Grus & Mark Entreprenad AB, exposes
red—gray, fine- to medium-grained granitic gneiss
(Figure 9C). It is strongly deformed with various leu-
cocratic parts rich in K-feldspar (Figure 9D) and
shows variable strain within short distances (Figure
8E). Blasted boulders show that at least parts of the
rock have a strong foliation defined by elongated ag-
gregates of dark and light minerals, respectively, and
we can macroscopically notice that the rock has a rel-
ict igneous fabric with very fine-grained feldspar ag-
gregates, remnants of an igneous coarse feldspar grain.
The rock contains dark-colored quartz (red arrows in
Figure 9C).

Sample MEK070521

An abandoned quarry near Astorp, run by Skanska AB
and located in the westernmost part of the study area,
exposes red, feldspar-rich granitic gneiss, fine-grained

with a gneissic fabric (Figure 9F). The rock has a
strong lineation defined by elongated dark minerals,
and the foliation fabric is weaker. Late fractures that
cross-cut the rock have chlorite-covered surfaces. In
the quarry, there are also fine- to medium-grained,
folded meta-dolerite dykes and brecciated zones with
hydrothermal deposits of pinkish carbonate.

Sample MEK070526

South-east of Klippan are exposures of grayish, fine-
to medium-grained granitic gneiss with distinct linea-
tion (Figure 9H). The rock is weakly foliated, and it
contains dark quartz and mafic minerals (mostly am-
phibole) that define the gneissic fabric (Figure 9I).

Sample MGOO075114

Close to Dragesholm, outcrops expose granitic gneiss
of grayish-red color. This rock is fine- to medium-
grained with a relict igneous coarse-grained texture,
rich in K-feldspar, and has a distinct gneissic fabric
(Figure 9J). Quartz is dark gray; dark minerals are
dominantly hornblende and some fine-grained garnet.

Sample MGO075113

North of Kégerdd is a fine-grained dark gray granitic
gneiss with a high amount of dark minerals (Figure
9K). The rock has a strong lineation (Figure 9L), and a
slight foliation defined by the bands of dark minerals.
Close to the coordinates of the sampled spot, a light
red leucocratic granitic rock is exposed.

Sample MGOQ075115

East of Kégerdd are exposures of a gray-red granitic
gneiss, fine-grained, with a strong gneissic fabric
(Figure 9M). It has quartz veins and an increased
amount of mafic minerals. The rock has a strong
gneissic layering and foliation (Figure 9N). The red-
dish leucosome layers are coarser-grained and rich in
feldspar and quartz, whereas the gray mesosome is
more fine-grained and contains more mafic minerals.
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Figure 9: Field photographs and hand samples of class 1 samples. (4) Fine- to medium-grained granitic gneiss of gray-red
color with a weak foliation. The red arrow shows a leucosome vein. (B) Hand sample cut parallel to the lineation plane. (C)
Gneissic texture of relict medium-grained granitic gneiss. The red arrows show the dark quartz crystals that are scattered in the
rock. (D) Hand sample. Some leucocratic parts of the rock are red in color, due to abundant K-feldspars. The rock has a strong
foliation fabric. (E) Weathered surface illustrating the strong gneissic fabric and dark quartz domains. (F) A fine- to medium-
grained granitic gneiss with dark quartz domains in Astorp quarry. (G) Hand sample cut perpendicular to lineation, showing
the well-developed gneissic texture. The rock has a strong lineation and medium foliation. (H) A gray, fine-grained granitic
gneiss with weak foliation. (I) Hand sample showing the lineation plane. The dark minerals are primarily dark quartz and horn-
blende. (J) Hand sample of a gray granitic gneiss rich in feldspar porphyroblasts and with a well-developed gneissic texture.
(K) Hand sample of fine-grained, massive granitic gneiss of dark gray-reddish color. The sample is cut perpendicular to the
lineation. (L) Hand sample of the granitic gneiss, with the bands of mafic minerals defining the lineation plane. (M) Hand sam-
ple of gray granitic gneiss with a strong gneissic layering and foliation, having splits along the foliation planes. The sample is
cut perpendicular to foliation. (N) The granitic gneiss has a fine-grained gray mesosome and reddish medium-grained leuco-
some. (Photographs for figures A, C, E by Charlotte Mdoller, B, D, G, I, K, L, M, N by Jenny Andersson, J by Mattias Gorans-
son)
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4.1.2 Samples of class 2
Sample MGO075109

At Hunserdd, east of Munka Ljungby, are exposures of
a dark, red-gray granitic gneiss, with augen texture
(showing that the rock was originally K-feldspar-
megacrystic) and strong gneissic deformation fabric
(Figure 10A). It is medium- to coarse-grained, and the
gneissic fabric has a strong linear component, plung-
ing gently towards NNW. Pre-deformational K-
feldspar-rich granitic veins/ dykes are low-angle
oblique to this fabric (Figure 10B).

Sample MGO075108

A quarry at Ossjo, east of Munka Ljungby and that is
run by Skanska AB exposes fine- to medium-grained
granitic gneiss of grey color (Figure 10C). The rock is
deformed and has a high amount of dark minerals
(mostly amphibole). The gneiss is locally cut by Per-
mian mafic dykes. The deformation fabric of the
gneiss is an aggregate lineation defined by alternating
dark minerals and light feldspar-rich bands with dark
purple-gray quartz (Figures 10D, 10E).

Sample MGO075105

A quarry at Bjarstorp north of Klippan, run by
Swerock, exposes gray-red granitic gneiss with rela-
tively low amount of mafic minerals (Figure 10F). The
rock does not appear deformed macroscopically. The
gneiss is fine- to medium-grained with dark quartz and
medium- to coarse-grained leucocratic veins (Figure
10G). A black, aphanitic dolerite is present near the
sample site.

Sample MEKO705627

An outcrop at Riseberga hosts a gray-red, medium-
grained granitic gneiss with dark quartz (Figures 10H,
10I), and up to 5 mm large grains of dark minerals.
The rock is not foliated and, in some places, it has a
weak linear fabric. There are some dolerite dykes lo-
cated close to the sample area.

Sample MGO075112

East of Stenestad there is an appearance of a fine- to
medium-grained, massive granitic gneiss of red-gray
color, having weak lineation (Figure 10J). It contains
little mafic minerals (mostly biotite) that define the
lineation. Near the outcrop there is a coarse-grained
pegmatite with abundant feldspar porphyroblasts and
dark quartz ribbons.

Sample MGOQ075117

At lake Odensjon, west of Rostanga, is the southern-
most outcrop sampled from the Soderasen study area
and it is composed of red leucocratic granitic gneiss
with weak foliation (Figure 10K). The rock is fine- to
medium-grained, massive, and the strong lineation is
defined by the dark quartz and mafic minerals (Figure
10L). The rock has a brownish hue due to its strong
oxidation (it contains secondary reddish staining).
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4.1.3 Samples of class 3
Sample MEK070523

East of Bjuv, a medium-grained, light greenish-grayish
granitic gneiss is exposed (Figures 11A, 11B). The
gneiss has an almost isotropic fabric and a very weak
lineation defined by the amphibole and micas. There
are local coarse-grained veins filled with recrystallized
quartz and feldspar (red arrows in Figure 11A).

Sample MEK070519

East of Riseberga there is exposure of a gray-reddish,
fine- to medium-grained granitic gneiss (Figure 11C).
There are various pegmatite veins that cross-cut the
weak foliation. In some places the rock looks coarse-
grained, having signs of partial melting as there are
some leucosomes parallel to the fabric (red arrows in
Figure 11C). The rock has a strong lineation texture
(Figure 11D).

Sample MEK070528

Two samples are located at a distance of only a few
meters at Riseberga, MEK070527 and MEK070528.
Sample MEK070528 (Figures 11E, 11F) is a medium-
grained leucocratic granitic gneiss with a weak linea-
tion fabric. It seems like there are some red (Fe-rich)
inclusions inside quartz and a relict phase in this
quartz, with a gray core and a recrystallized reddish
rim.

Sample MEK070518

South of Riseberga is a gray to reddish gray, medium-
to coarse-grained granitic gneiss with a relict igneous
texture and a well-developed lineation (Figure 11G).
The rock locally preserves remnants of igneous gray K
-feldspar crystals, ca. 5 mm large. It is hornblende-
bearing and contains very fine-grained garnet and
some reddish Fe- and Mg-rich opaque minerals
(Figure 11H). The rock has some reddish staining lo-
cally (red arrows in Figure 11G).

Sample MGOO075116

An old quarry in Skéralid that has been transformed
into a local camping site hosts gray-red, granitic gneiss
with heterogeneously developed gneissic foliation and
a weak lineation (Figure 11I). The rock is medium- to
coarse-grained (Figure 11J) and has preserved igneous
K-feldspar crystals (red arrows in Figure 111), contain-
ing dark quartz and relatively low amount of dark min-
erals.

Sample MEK070520

East of Klaverdd is fine- to medium-grained, gray-red
leucocratic granitic gneiss (Figure 11K). The rock is
massive and has a very weak fabric (possibly linea-
tion), containing sparse medium-grained leucocratic
veins rich in feldspar, that are some mm-wide (Figure
11L).
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Figure 10: Field photographs and hand samples of class 2 samples. (4) Dark gray granitic gneiss with a well-developed gneiss-
ic fabric and pink feldspar crystals. (B) The rock has distinct reddish vein rich in K-feldspars that cut the lineation in a low an-
gle. (C) Fine- to medium-grained, grayish granitic gneiss, strongly deformed. (D) The gneiss has various dark quartz domains
and a strong lineation. (E) Freshly-cut granitic gneiss boulder showing the lineation fabric. (F) Fine-grained granitic gneiss
that contains coarser-grained veins. (G) Hand sample of a granitic gneiss with no clear deformation fabric. (H) Hand sample of
a medium-grained, reddish granitic gneiss. The rock has weak lineation. (I) Hand sample from the previous sample, that looks
undeformed (cut perpendicular to the weak lineation). (J) Hand sample of a brown-red granitic gneiss with weak foliation. (K)
Hand sample of a leucocratic, reddish- to grayish red granitic gneiss, fine- to medium-grained. The rock has a secondary red
staining. (L) Hand sample of the previous sample. The red arrow shows the lineation. (Photographs for figures A, B, C, D by
Charlotte Méller, G, H, I, J, K, L by Jenny Andersson)
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Figure 11: Field photographs and hand samples of class 3 samples. (A) A grayish granitic gneiss, with domains of coarser-
grained quartz and feldspars (red arrows). (B) Hand sample of the previous sample. There is no obvious deformation fabric.
The rock is medium-grained, and the dark minerals are primarily dark quartz and amphibole. (C) A fine- to medium-grained,
red-gray granitic gneiss with reddish medium-grained leucosome veinlet cutting the deformation fabric (red dashed lines). (D)
Hand sample of the previous sample, showing the strong lineation. (E) Hand sample of granitic gneiss, having some feldspar
aggregates (red arrow). (F) Hand sample of the previous sample, showing the weak lineation. (G) A medium-grained granitic
gneiss with high amount of garnet crystals. It has a strong lineation fabric. (H) Hand sample from the previous sample cut per-
pendicular to the lineation. (I) Medium- to coarse-grained, gray granitic gneiss. The rock has many coarse K-feldspar crystals
(red arrows) and a weak lineation. (J) Hand sample of the same granitic gneiss, cut perpendicular to lineation. (K) Reddish,
leucocratic granitic gneiss, weakly deformed. There are some mm-wide recrystallized veins of feldspar. (L) Hand sample of the
previous fine-grained gneiss. The gray vein here contains feldspar and quartz and is fine-grained, like the host rock.
(Photographs for figures C, I by Charlotte Méller, B, D, F, H, J, L by Jenny Andersson, E by Mattias Goransson)

Figure 12: Field photographs of a garnet- and clinopyroxene-rich mafic granulite located E of Munka Ljungby (sample
MEK070524). (4) The rock is dark gray, fine-grained and has a well-developed gneissic fabric. (B) The rock is rich in pyrox-
enes, amphibole and feldspars.
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4.1.4 Metagabbro
Sample MEK070524

East of Munka Ljungby is a garnet- and pyroxene-rich
metabasic rock that is also rich in plagioclase and am-
phibole (Figure 12). It has a dull, greenish-gray color.
Clinopyroxene grains are recognized under the hand
lens by their greenish gray color; amphibole form
elongated black patches. The gneissic foliation dips
towards the north.

4.2. Thin section descriptions

The description of thin sections below follows the
same order as in chapter 4.1. The abbreviations for
names of minerals follow Whitney & Evans (2010).

4.2.1 Samples of class 1

Sample MEKO070525, granitic gneiss north-east of
Ostra Ljungby

Sample MEK070525 (Figure 13) is fine- to medium-

boundaries have an amoeboid texture. The accessory
minerals include apatite, zircon, opaque minerals and
garnet.

Sample MGO075110, granitic gneiss at Mélletofta

Sample MGOO075110 (Figure 14) is fine- to medium-
grained gneiss with 42% K-feldspar (19% having
perthitic exsolution), 3% plagioclase and 39% quartz.
The biotite content is 1%. Quartz forms irregular grains
that are elongated parallel to the foliation, having a
maximum length of 3 mm. The mafic mineral grains
are oriented parallel to the fabric, defining the foliation,
and the size of the amphibole grains is less than 0.6
mm. The grains have variable degree of irregularity,
ranging from irregular-shaped elongated aggregates of
recrystallized quartz, to small (down to 0.04 mm),
rounded crystals of quartz and feldspar. The accessory
minerals are zircon, garnet, and opaque minerals.

Sample MEK070521, granitic gneiss at Astorp

Sample MEKO070521 (Figure 15) is a very fine-grained
gneiss. It is richer in K-feldspar (48%) and has less
quartz (25%) than other rocks in class 1. Perthitic exso-

Figure 13: Photomicrographs of granitic gneiss (sample MEK070525) NE of Ostra Ljungby. (4) and (C): Cross-polarized light
(XPL) images. The large grains have complex grain boundaries, whereas the fine grains are more rounded. The coarse grains
have amoeboid boundaries. Small garnet crystals are located in contact with amphibole or opaque grains. (B) and (D): Plain
polarized light (PPL) images. The dark mineral aggregates are evenly distributed in the rock, and they are oriented (aggregate

foliation).

grained gneiss with 21% plagioclase, 38% of K-
feldspar and 24% quartz. Commonly, K-feldspar has
perthitic exsolution (20%). The mafic minerals
(amphibole dominating with 10%) are forming elon-
gated aggregates that define the gneissic foliation, and
biotite (2%) is locally replaced by chlorite. Individual
amphibole grains have a maximum length of 1.6 mm.
The largest grains can reach 2.3 mm, and the grain
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Iution in K-feldspar is common (19%), and they are
usually microperthitic with almost submicroscopic la-
mellae. Plagioclase (10%) is rarely antiperthitic. Biotite
(4%) and amphibole (6%) are present. Felspar is locally
altered to sericite (4%). The sample is one of the finest-
grained orthogneisses, with 98% of the grains being <1
mm long. The rock has a distinct gneissic fabric that is
defined by elongated quartz and feldspar grains, up to



Figure 14: Photomicrographs of granitic gneiss (MGO075110) at Molletofta. (A) and (C): XPL images. Alternating feldspar
rich domains and domains with dark minerals defining the foliation. There are elongated individual quartz grains, and K-
feldspar grains of various sizes that together form elongated domains. (B) and (D): PPL images. Individual grains and elongat-
ed aggregates rich in fine-grained biotite, amphibole and opaque minerals are oriented parallel to the foliation.

Figure 15: Photomicrographs of granitic gneiss (MEK070521) at Astorp. Thin section cut perpendicular to lineation, cross-
cutting foliation. (A): XPL image. The sample is fine-grained with gneissic fabric. There is some sericite as alteration product of
the feldspar (vellow arrow). (B): PPL image. The mafic minerals are oriented parallel to the deformation fabric. The biotite
crystals are fine-grained and elongated. (C): XPL image. Felsic domain composed of quartz, K-feldspar with perthitic exsolution
lamellae, and plagioclase. Anti-perthitic plagioclase is rare in this sample (vellow arrow), and K-feldspar is commonly microp-
erthitic. (D): PPL image showing the same microdomain as in (C).

25



1.5 mm long. Individual amphibole and biotite grains
are oriented parallel to the fabric. The accessory min-
erals are zircon, titanite and opaque minerals.

Sample MEKO070526, granitic gneiss at Forsmél-
lan

Sample MEK070526 (Figure 16) is a fine- to medium-
grained granitic gneiss with the lowest quartz content
(20%) among the class 1 samples. Feldspar content is
high, with 44% K-feldspar and 18% plagioclase. K-
feldspar is dominantly tartan twinned (14% of all min-
erals), with some containing microperthitic exsolution
as well (11%); the size of K-feldspar grains reaches 2
mm in length. Locally, feldspar grains (mainly plagio-

5% of the rock. The rock has 5% of amphibole and
less than 1% of fine-grained (up to 0.4 mm) garnet.
There are local remnant crystals of igneous K-feldspar
(1.2 cm long). The rock is generally fine- to medium-
grained and has a distinct gneissic fabric defined by
elongated quartz domains and elongated aggregates of
dark minerals. The fine-grained minerals have an
amoeboid shape, and the very fine-grained material is
mostly rounded. There is local alteration of feldspar to
sericite (4%) and alteration of biotite to very fine-
grained chlorite (4%). The accessory minerals include
zircon, garnet, apatite and opaque minerals.

Sample MGOO075113, granitic gneiss north of
Kéageréd

Figure 16: Photomicrographs of granitic gneiss (MEK070526) at Forsmdéllan, SE of Klippan. (A) and (C): XPL images. The
rock is dominated by quartz, K-feldspar, plagioclase and amphibole. K-feldspar has characteristic tartan (cross-hatched) twin-
ning, and some grains are microperthitic. There are also some prismatic chlorite grains. (B) and (D): PPL images. The amphi-
bole grains have a dark green color, and they are crystallized in patches together with biotite (and chlorite) and opaque miner-
als. Sericite is found as local alteration in feldspar.

clase) are altered to sericite (7%). The biotite content
is 1% and chlorite (2%) is present locally as alteration
product. The rock is fine- to medium-grained and has a
fabric defined by the grain shape orientation of horn-
blende (6%) and (altered) biotite, while feldspar and
quartz have complex grain boundaries. The accessory
phases are zircon and opaque minerals.

Sample  MGO075114,
Dragesholm

granitic  gneiss  at

Sample MGO075114 (Figure 17) is a relict granitic
gneiss with the highest percentage in quartz among all
samples (43%). K-feldspar (37%) has either tartan
twinning (9%) or perthitic exsolution (9%), or a com-
bination between the two (6%). Plagioclase makes up
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Sample MGOO075113 (Figure 18) is a very fine-
grained granitic gneiss. The percentage of quartz and
feldspar is 24% and 58%, respectively, where K-
feldspar (40%) is locally perthitic or tartan twinned
(6% and 3% of the total, respectively). The mafic min-
erals are oriented in bands between domains of felsic
minerals, and they comprise amphibole (7%), biotite
(5%) and opaque minerals (2%). The grain size meas-
urements show that 50% of the grains have a length
lower than 0.4 mm. The sample has a foliation defined
by elongated aggregates of dark minerals and variably
elongated quartz and feldspar crystals (their length
does not exceed 2 mm). The felsic minerals have a
slightly amoeboid shape. The biotite is locally altered
to chlorite (2%). The accessory minerals are zircon,
sericite and apatite.
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Figure 17: Photomicrographs of granitic gneiss (MGOO075114) at Dragesholm. (4): XPL image. Remnant of igneous K-feldspar
up to 1.2 cm long (lower right) with inclusions of rounded quartz and feldspar crystals and surrounded by very fine-grained
material. (B): PPL image. Elongated mafic mineral aggregates define the gneissic fabric, and form horizons between the felsic
minerals. (C): XPL image. The elongated and coarse quartz domains indicate recrystallization. Note K-feldspar with micro-
perthitic exsolution lamellae and a grain with both tartan twinning and perthitic exsolution. (D): PPL image. The mafic miner-
als are aligned parallel to the fabric. There are some small (up to 0.4 mm), rounded garnet crystals.

Figure 18: Photomicrographs of granitic gneiss (MGOO075113), N of Kagerdd. Thin section cut perpendicular to lineation. (4)
and (C): XPL images. The foliation is defined by the elongated dark mineral aggregates. This sample is one of the finest-
grained. (B) and (D): PPL images. The mafic minerals are oriented parallel to the foliation, and they form bands that are alter-
nating with the feldspar rich domains. There are some fine-grained garnet crystals present.
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Sample MGO075115, migmatitic granitic gneiss
north of Kadgeréd

Sample MGO075115 (Figure 19) is a fine-grained,
migmatitic granitic gneiss, and the thin section is of
the mesosome only. The mesosome has high amount
of mafic minerals, mainly amphibole (11%) and biotite
(7%). The percentages of quartz and feldspar are 22%
and 50%, respectively. The K-feldspar percentage is
43% of the total, with 7% having tartan twinning. The
biotite is prismatic, and individual amphibole grains
are elongated (they can reach 1.5 mm in length). The
dark minerals are oriented in bands and they define a
strong foliation fabric. Feldspar is locally sericitized
(6%), and biotite locally altered to chlorite (0.4%).
Accessory minerals are titanite and opaque minerals.

4.2.2 Samples of class 2

by elongated aggregates rich in dark minerals and in
part by elongated domains of quartz (up to 5 mm long)
and feldspar (up to 2 mm long). The largest quartz
grains are up to 5 mm long and forms elongated
lensoid domains. There is local alteration of feldspar to
sericite (3%) and biotite to chlorite (3%). Accessory
minerals are zircon, apatite and opaque minerals.

Sample MGOO075108, granitic gneiss at Ossjo,
east of Munka Ljungby

Sample MGOO075108 (Figure 21) is an uneven-
grained, fine- to medium-grained granitic gneiss with
well-developed gneissic fabric. It has a high percent-
age of amphibole (19%) compared to the rest of the
samples in class 2, and 6% of biotite. Quartz percent-
age is 23% and they are relatively coarser grained than
the remaining minerals of the rock. The percentage of
feldspar is 45% and the K-feldspar have perthitic exso-

Figure 19: Photomicrographs of the mesosome of migmatitic granitic gneiss (MGOO075115), N of Kldaverdd. Thin section cut
perpendicular to foliation. (4) and (C): XPL images. Individual felsic mineral grains are elongated, and they define the foliation
fabric, together with elongated amphibole and biotite crystals. K-feldspar grains rarely have perthitic exsolution and some have
tartan twins. (B) and (D): PPL images. The mafic minerals are oriented in thin bands, parallel to the foliation. Biotite is pris-
matic and can reach up to 0.8 mm long.

Sample MGO075109, granitic gneiss at Hun-
ser6d, east of Munka Ljungby

Sample MGO075109 (Figure 20) is a granitic gneiss
with high percentage of feldspar (60%). The rock con-
sists of quartz (21%), K-feldspar (48%), plagioclase
(12%), amphibole (8%) and little biotite (1%). Some 1
-2 mm large, elongated feldspar crystals have perthitic
exsolution (19%). There are sparse myrmekites (~1%).
The rock is uneven-grained, medium- to coarse-
grained and the deformation fabric is defined in part
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lution (13%). There are some antiperthitic plagioclase
(Figure 21A, yellow arrow). The percentage of plagio-
clase is 9%, quite lower than the rest of the samples in
class2. There is a 6x5 mm large remnant of igneous
perthitic K-feldspar (yellow arrow in Figure 21C). The
grains are elongated up to 2.5 mm long, but there is a
high amount of very fine-grained material (50% of the
grains have a length less than 0.4 mm). The accessory
minerals are garnet, apatite, titanite and opaque miner-
als.



A

Figure 20: Photomicrographs of granitic gneiss (MGO075109) at Hunserdd, E of Munka Ljungby. Thin section cut perpendicu-
lar to lineation. (A) and (C): XPL images. (4): A felsic mineral domain consisting of coarse quartz and perthitic K-feldspar
grains that form lenses parallel to the foliation fabric. (C): Aggregate rich in dark minerals consisting of fine-grained quartz,
feldspar, amphibole, and accessory minerals. (B) and (D): PPL images of the same domains. Elongated quartz and K-feldspar
grains occur in the felsic domains. The dark minerals are more fine-grained, and they form an aggregate foliation.

Figure  21:  Photomicrographs  of  granitic  gneiss
(MGOO075108), at Ossjo, E of Munka Ljungby. Thin section
cut perpendicular to lineation. (A): XPL image. Amphibole
!\ forms patches together with biotite, garnet and opaque miner-
als. There is rare antiperthitic plagioclase (vellow arrow).
(B): PPL image of the same domain. The mafic minerals form
an aggregate foliation. (C): XPL image. There is a relict igne-
ous K-feldspar with perthitic exsolution (vellow arrow).

. S T ) ’
N7 S
N perthitic exsolution (16% of the total). It has 7% of
Sample MGOO075105, granitic gneiss north of amphibole and 0.6% of small biotite crystals (up to 0.4
Klippan mm long) that are frequently altered to chlorite (2%).
There is an increased amount of very fine-grained ma-
The sample MGO075105 (Figure 22) is a fine- to me- terial (50% of the grains have a length less than 0.4

dium-grained granitic gneiss with a gneissic texture. mm). There is rare myrmekite (1%). The mafic miner-
The percentages of quartz and feldspar are 25% and als are oriented parallel to the fabric. The accessory
56%, respectively. The K-feldspar (44%) shows minerals are apatite, garnet and opaque minerals.
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Figure 22: Photomicrographs of thin section MGOO075105, located N of Klippan. (A): XPL image. The rock is fine- to medium-
grained, and the quartz grains are elongated. The grains do not have complex boundaries, but there is a high amount of very
fine-grained material. (B): PPL image. The mafic minerals are in small patches, sometimes following the weak deformation
fabric. There is accessory apatite (rounded with high relief). (C): XPL image. The K-feldspars have microperthitic exsolution.
(D): PPL image. the garnet crystals are small, subhedral and they are located close to the patches with opaque minerals, bio-
tite, and amphibole.

Sample MEKQ070527, granitic gneiss at Riseberga

The sample MEKO070527 (Figure 23) is a medium-
grained granitic gneiss with a high amount of biotite
(6%) in comparison with the rest of the samples of
class 2. The percentage of quartz is low (18%), in rela-
tion to the rest of the samples, but there is increased
feldspar content (67%). K-feldspar (50%) has either
tartan twinning (4%) or perthitic exsolution (17%), or
a combination between the two (13%). The rock has
unclear deformation fabric, and the biotite crystals can
reach up to 3 mm long. The felsic minerals are coarser
grained, and their length can reach up to 4 mm. The K-
feldspar is altered to sericite (2%) and the biotite is
altered to chlorite (1%). The accessory minerals are
zircon, titanite and opaque minerals.

Sample MGOQ075112, granitic gneiss east of
Klaveréd

The sample MGOO075112 (Figure 24) is a fine- to me-
dium-grained granitic gneiss with high quartz content
(39%). The feldspar percentage is 55% (37% K-
feldspar and 18% plagioclase), and it appears either
with tartan twinning (7%) or with perthitic exsolution
(3%) or with a combination of the two (7%). The am-
phibole is absent, and the percentage of biotite is 5%.
The weak fabric is formed by the elongated quartz that
can reach up to 4 mm in length. The mafic minerals
are very little and randomly oriented, and their maxi-
mum length is 0.8 mm. There is secondary sericite
(2%) as alteration product of feldspar. The accessory
minerals are garnet and opaque minerals.
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Sample MGOO075117, granitic gneiss west of
Réstanga

The sample MGO075117 (Figure 25) is a fine- to me-
dium-grained granitic gneiss with very low percentage
of mafic minerals. The percentages of quartz and feld-
spar are 29% and 55%, respectively. It has higher per-
centage of plagioclase (24%) in comparison with the
rest of the samples of class 2. The K-feldspar does not
show perthitic exsolution and the tartan twinning is
rare (3%). The weak foliation is defined by the elon-
gated quartz and feldspar (maximum length 2 mm).
The rock has 9% of chlorite but the biotite is absent.
The K-feldspar is altered to sericite (4%). The accesso-
ry minerals are titanite and opaque minerals.

4.2.3 Samples of class 3

Sample MEKO070523, granitic gneiss east of N
Vram

The sample MEK070523 (Figure 26) is a fine- to me-
dium-grained granitic gneiss with 21% of quartz and
64% of feldspar (35% of K-feldspar and 29% of plagi-
oclase). The K-feldspar appears either with tartan
twinning (6%) or with perthitic exsolution (4%) or
with a combination of the two (3%). The K-feldspar is
sericitized (6%). The amphibole percentage is low
(4%), and the percentage of biotite is 3%. The rock has
very weak or no fabric, and the grain boundaries have
low complexity. The amount of fine-grained minerals



is quite low in this rock (15% of the grains have a The accessory minerals are zircon, apatite and opaque
length lower than 0.4 mm). There is secondary sericite minerals.
(6%) from alteration of feldspar.

Figure 23: Photomicrographs of thin section MEK070527, in Riseberga. Thin section cut at an angle to the lineation. (4): XPL
image. The plagioclase might have secondary alteration to sericite on the twinning lamellae. The felsic minerals have an almost
granoblastic texture and there are some triple points between the grain boundaries. (B): PPL image of the same domain. (C):
XPL image. Biotite is the dominant mafic mineral, forming patches together with amphibole and opaque minerals. Feldspar is
altered to sericite. (D): PPL image of the same domain.

weak fabric defined by the elongated quartz and feldspar grains. The K-feldspars have some perthitic exsolution or tartan twin-
ning. (B) and (D): PPL images. The mafic minerals are sparse, small in size and they are oriented randomly. The biotite forms
small, elongated crystals and the rock lacks amphibole.
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Figure 25: Photomicrographs of thin section MGOO075117, located W of Réstanga. Thin section cut perpendicular to lineation.
(4) and (C): XPL images. The grain boundaries are amoeboid, and the amount of rounded fine-grained minerals is increased.
The quartz forms elongated grains and there is secondary chlorite. (B) and (D): PPL images. The mafic minerals are very
sparse, and they are mostly consisted of chlorite and opaque minerals. The feldspars are altered to sericite.

Figure 26: Photomicrographs of thin section MEK070523, located E of N Vram. (4) and (C): XPL images. The sample has
many feldspar crystals that are partially or entirely sericitized. The sericitization is more intense on the K-feldspars than on the

plagioclase. (B) and (D): PPL images. The mafic minerals are not oriented, and there is no clear fabric in this sample. There is
accessory apatite and many opaque minerals.
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Sample MEKO070519, granitic gneiss east of
Riseberga

The sample MEK070519 (Figure 27) is a fine- to me-
dium-grained granitic gneiss with a high percentage of
amphibole (11%) compared to the samples of class 3.
The sample has 19% of quartz, one of the lowest
among all samples, but the percentage of feldspar
(63%) is increased. The K-feldspar appears either with
tartan twinning (11%) or with perthitic exsolution
(4%) or with a combination of the two (5%). The per-
centage of biotite is 4%, and it appears in small, elon-
gated crystals (0.01-0.6 mm long) that are oriented
randomly. There is high amount of fine-grained mate-
rial in this sample, compared to the rest of the samples
in class 3 (50% of the grains are less than 0.5 mm
long). There is low alteration of biotite in chlorite
(0.8%) and the sericitization of the feldspar is also
limited (1%). The accessory minerals are apatite, titan-
ite and opaque minerals.

Sample MEKO070528, granitic gneiss at Riseberga

The sample MEKO070528 (Figure 28) is a medium-
grained granitic gneiss with high percentage of feld-
spar minerals (65%). The percentage of K-feldspar is
very high (51%) compared to the rest of the samples of
class 3 and appears either tartan twinned (18%) or with
perthitic exsolution (6%) or as a combination between
the two (4%). The rock lacks amphibole and the per-
centage of biotite is 4%. The quartz and feldspar
grains can reach up to 4 and 3.5 mm long, respective-
ly, and they have sutured grain boundaries with high
complexity. The rock has low amount of fine-grained
material, with only 10% of the grains being less than
0.5 mm long. There are some microfractures along the
felsic minerals that are visible with the polarizing mi-
croscope (Figure 28D). There is some sericite forming
as alteration product of feldspar (4%). The accessory
minerals are zircon, titanite and opaque minerals.

Figure 27: Photomicrographs of thin section MEK070519, E of Riseberga. Thin section cut perpendicular to linea-
tion. (A): XPL image. the rock has more K-feldspar with tartan twinning and less perthitic K-feldspar. Around the
opaque minerals, a titanite rim is formed. There is partial or total alteration of feldspar to sericite (B): PPL image.
The rock does not show a foliation fabric, and the mafic minerals are scattered randomly in the rock.
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Figure 28: Photomicrographs of thin section MEK070528, in Riseberga. (A): XPL image. The rock is medium-grained, and the
grains have quite complex grain boundaries. The mafic minerals are biotite and opaque minerals with titanite rim. (B): PPL
image. The mafic minerals are oriented randomly in the sample and they are small in size. (C): XPL image. The tartan twinned
K-feldspar (vellow arrow) shows (micro) perthitic exsolution. Very sparse, we can find some antiperthitic plagioclase (red ar-
row). (D): PPL image. the rock has some intragranular (vellow arrow) and intergranular (red arrows) fractures that are visible

with a polarizing microscope.

Sample MEKQ070518, granitic gneiss south of
Riseberga

The sample MEK070518 (Figure 29) is a medium- to
coarse-grained granitic gneiss with very high amount
of feldspar (53%). The K-feldspar (37%) has perthitic
exsolution (28%) and the percentage of quartz is 21%.
The percentages of biotite and amphibole are 1% and
12%, respectively, with the amphibole content being
the highest compared to all samples in class 3. The
rock is uneven grained, having up to 5 mm long, re-
crystallized quartz and feldspar crystals with very su-
tured grain boundaries, together with small (0.05 — 0.2
mm length), rounded garnet (10%). The garnet is usu-
ally found surrounding the amphibole crystals, form-
ing small patches of dark minerals between the quartz
and feldspar. There is rare alteration of biotite to chlo-
rite. The accessory minerals are zircon, apatite and
opaque minerals.

Sample MGOQ75116, granitic gneiss at Skéralid

The sample MGO075116 (Figure 30) is a medium- to
coarse-grained granitic gneiss with high percentage of
quartz (34%) compared to the samples in class 3. The
percentage of feldspar is 57% (45% K-feldspar and

Kfs with Perthites
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12% plagioclase). The K-feldspar has perthitic exsolu-
tion (38%). The biotite and amphibole percentages are
around 3% and they are located in thin bands, together
with fine-grained garnet (1%). Quartz crystals have an
amoeboid shape and the complex boundaries. The
length of quartz and feldspar can reach up to 5.1 and
4.2 mm, respectively. There is few chlorite (<0.5%).
The accessory minerals are zircon, titanite and opaque
minerals.

Sample MEKO070520, granitic gneiss east of
Klaveréd

The sample MEK070520 (Figure 31) is a fine- to me-
dium-grained granitic gneiss with high percentage of
quartz (30%) compared to the samples in class 3. The
total percentage of feldspar is very high (68%), and the
plagioclase percentage is 21%. The K-feldspar (47%)
appears mostly tartan-twinned (24%), but it can also
have perthitic exsolution (3 %) or a combination be-
tween the two (5 %). Biotite and amphibole are absent.
The rock has a very weak fabric, and the percentage of
fine-grained material is low (16% of the grains are less
than 0.5 mm long). There is very low amount of chlo-
rite (<1 %) and some accessory opaque minerals.
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Figure 29: Photomicrographs of thin section MEK070518, S of Riseberga. (4) and (C): XPL images. The feldspar and quartz
crystals form big grains, and the small garnet crystals are crystallized around the amphibole and the opaque minerals. The K-
feldspar have (micro) perthites. They can be up to 5 mm long. The biotite is altered to chlorite. (B) and (D): PPL images. The
main mafic minerals are amphibole and garnet, together with some opaque minerals. The mafic assemblages from elongated
aggregates. The rock has a high percentage of Fe- and Mg- rich minerals. The feldspars have wide microfractures that are visi-
ble with polarizing microscope (vellow arrow in Figure 29D).
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Figure 30: Photomicrographs of thin section MGO075116, located in Skéralid. (A) and (C): XPL images. The rock has a high
percentage of quartz and feldspar. Quartz forms grains with sutured grain boundaries. The K-feldspar crystals have perthitic
exsolution. (B) and (D): PPL images. The mafic minerals (amphibole and biotite) are low in content and they are crystallized in
small assemblages. In figure (D) there is a beautiful diamond-shaped titanite.
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Figure 31: Photomicrographs of thin section MEK070520, located E of Klaverdd. (4) and (C): XPL images. The rock contains
very little mafic minerals that are oriented randomly (chlorite, opaque minerals + biotite). It has a small number of very fine-
grained minerals. There are some K-feldspar crystals with tartan twinning and perthitic exsolution. (B) and (D): PPL images.
The sample is almost leucocratic. The rare mafic minerals are of very small size and are quite sparse in the rock.
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4.2.4 Metagabbro

The sample MEK070524 (Figure 32) is a fine- to me-
dium-grained metagabbro. It consists of plagioclase
with antiperthitic exsolution, amphibole, ortho- and
clino-pyroxenes, biotite, sericite, garnet, with little
quartz and apatite. The presence of the orthopyroxenes
indicates very high metamorphic conditions, but there
are signs of partial amphibolitization of the pyroxenes,
probably due to retrogressive metamorphic conditions
in a later stage.

whereas in zone 6 the samples lack titanite and the
majority of them include fine-grained garnet. Moreo-
ver, in zone 6 there is higher percentage of perthitic
exsolution in K-feldspar and lower tartan twinning in
feldspar, than in zone 5. Biotite and amphibole per-
centages present a small decrease with decreasing
quality, however there are some individual samples
that lack these minerals. Lastly, apatite is more abun-
dant in the samples of the metamorphic zone 6.

The sericitization of feldspars is lower in class 3, and

Figure 32: Photomicrographs of thin section MEK070524, a mafic rock located E of Munka Ljungby. (A): XPL image. The sam-
ple is fine- to medium-grained and has a granulitic texture. (B): PPL image. The felsic part is mainly consisted of Ca-rich plagi-
oclase with antiperthitic exsolution. (C): XPL image. The red arrow shows an orthopyroxene crystal. It has very small grain size
and it has first order birefringence colors (based on the Michel — Levy birefringence chart) and it is rather subhedral. (D): PPL
image. The orthopyroxene crystal can be recognized by the high relief and the slight pleochroism with red-green colors.

4.3 Point counting

The results from the point counting of the thin sections
are summarized in Figure 33. The color coding is
green for class 1 samples, blue for class 2 samples and
red for class 3 samples. Table 3 shows the average
percentage for each mineral per class 1-3. The tables
with the composition for each sample are presented in
the Appendix.

The results from the point counting (Figure 33, Table
3) show that the percentage of quartz is higher in class
1 than in classes 2 and 3, and this decrease is accom-
panied by an increase in feldspar from class 1 to 3.
Plagioclase is increased in class 3 in comparison to the
other classes. What is noticeable is that the samples
located in the metamorphic zone 5 (Figures 4, 5B)
have higher occurrence of titanite and lower garnet,
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the chloritization of biotite follows the same trend.
Opaque minerals are increased in class 2, and garnet is
almost absent in classes 1 and 2, whereas in class 3 the
average percentage is almost 2%.

4.4 Grain size analysis and grain com-
plexity

Previous studies have shown that grain size has a great
influence on mechanical properties. A fine-grained
rock is more durable than a coarse-grained (Lundqvist
& Goransson, 2001). Mechanical properties, such as
resistance to abrasion and resistance to brittle fragmen-
tation, tend to decrease with the increase of mean grain
size, particularly for rocks with the grain size lower
than 1 mm (Sun et al., 2017). For the orthogneisses,
the analysis has been conducted using image analysis
software and measuring manually the grain perimeter



along a traverse line. The results have been analyzed imum diameter the shortest distance (Figure 34).
below.

The average value of the maximum Feret’s diameter
4.4 1 Feret’s diameter (minimum, maximum) depicts whether a rock is fine-grained or coarse-
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Figure 33: Chart with the mineralogical composition of each sample for the main phases, after the point counting method.
Green = class 1, blue = class 2, red = class 3 samples.

i < & & & x & &
/\5@‘ QGSS\ & QQ;{“ & ¥ © MEK070520
& & ™ m MEK070523
&
‘\’5&

Miner-
als Class1 Class2 Class3
Main Maximum Feret's diameter
phases Qz 28.3 25.8 243 Qi)
Kfs 41.6 40.5 43.5
Pl 11.6 15.8 18.2
Bt 2.9 3.0 2.4
Amp 7.1 5.9 5.0
Else 8.1 7.7 6.1 Minimum Feret's diameter
(breadth)
Total
Feld-
spar 53.2 56.2 62.2
Else =
Associate Figure 34: Illustration of minimum and maximum Feret’s
. diameter (Ersoy & Waller, 1995). The length and the
minerals Ser 3.7 2.1 1.7 breadth are not always perpendicular to each other.
Chl 1.6 2.4 0.3
Zm 0.3 0.2 0.3
Opq 1.8 2.3 L.5 grained. The Standard Deviation (SD) is a measure of
Ap 0.2 0.3 0.2 : : :
the amount of dispersion of the set of values. Higher
,?tr; 8% 8% é? values of SD indicate that the sample has a variety of

grain sizes. The values of average Feret and SD for

Table 3: Average percentages of the different mineral phases each sample are presented in Table 4.
per rock class.

It is derived from Table 4 that, although all samples

The Feret’s diamet s the dist bet have an average maximum Feret value of <1 mm, the
¢ rerel § dlametet represen's the distance between variations in some cases are quite high. More specifi-

two parallel tangents of an object (Ersoy & Waller, cally samples MEKO070518 MEK070528

1995). The Feret’s maximum diameter represents the MGO0075109 and MGO075116 have the highest SD
longest distance of the object, whereas the Feret’s min- ’
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Average
Sample Class  Feret Standard
Value  Deviation
MEKO070521 1 0.26 0.16
MGO075108 2 0.28 0.28
MGOO075115 1 0.28 0.17
MGO075113 1 0.28 0.20
MGO075105 2 0.30 0.25
MGOO075110 1 0.37 0.34
MEKO070519 3 0.41 0.27
MGOO075117 2 0.41 0.30
MGOO075109 2 0.42 0.66
MEKO070526 1 0.43 0.34
MEKO070525 1 0.44 0.38
MGO075114 1 0.45 0.50
MGO075112 2 0.45 0.41
MEKO070518 3 0.60 0.87
MEKO070527 2 0.63 0.56
MEKO070523 3 0.65 0.53
MEKO070520 3 0.70 0.39
MEKO070528 3 0.77 0.66
MGOO075116 3 0.93 0.96

Table 4: Average Feret values and Standard Deviation for
each sample.
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meaning that the variation of grain size in these sam-
ples is great, whereas samples MEKO070521,
MGOO075113 and MGOO075115 seem to have a rather
low variation of grain size, based on the SD values. In
order to validate these assumptions, the grain sizes
were normalized and plotted in a cumulative plot
(Figure 35A). Additionally, a cumulative plot with the
minimum Feret’s diameter measured from the same
grains is presented in Figure 35B. The minimum Fer-
et’s diameter is helpful in determining the width of the
grains. A sample with high values in both the mini-
mum Feret’s diameter and the maximum Feret’s diam-
eter corresponds to grains with increased size, whereas
a foliated rock would have high maximum Feret’s and
rather smaller minimum Feret’s diameter, due to the
high amount of elongated grains.

The results of the cumulative plot agree with the aver-
age grain size. It is interesting to note here that the
samples with high variations in grain size are primarily
from class 3 and they are more coarse-grained. On the
contrary, the samples with low variations in grain size
are mainly from class 1 and they are more fine-
grained. This result follows the rule that a fine-grained
rock has better technical properties than a coarse-
grained rock. Despite the general trend, there are some
samples that do now follow this trend. These samples
(MEKO070519, MGOO075114) show the opposite than
expected from their technical quality.
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Figure 35: (A) Cumulative mineral

grain size distribution for every sample,

based on the Feret’s diameter. (B) Cu-
5 mulative plot of minimum Feret’s diam-
eter. The color coding is: green=class
1, blue=class 2, red=class 3.



4.4.2 “Grain Shape Complexity (GSC)”

The “Grain Shape Complexity” factor was invented
while trying to understand how the perimeter and the
length of a grain are affected in case of a rounded or a
complex grain, respectively. This number increases
with the decrease of grain size, or with the increase of
the perimeter of the grain. The reason that the mini-
mum Feret’s diameter was chosen here is due to the
fact that the increase of the perimeter is not always
dependent on the grain width. The fraction of the grain
perimeter versus the minimum Feret diameter can re-
veal the irregularity of the grains; the equation of this
factor is:

Perimeter of grain i (mm)

GSC; =

Minimum Feret value of grain i (imm)

High values of GSC correspond to grains with high
complexity (more sutured or amoeboid grain bounda-
ries), whereas low values indicate more rounded grains
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GSC Cumulative
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(granoblastic texture). The GSC factor for all samples
was calculated based on the grain size analysis and the
results were normalized and plotted in a cumulative
plot (Figure 36).

As derived from the plot, the samples with the highest
complexity are found in class 1 (green) and the sam-
ples with the lowest complexity in class 3 (red). The
samples with the highest values of GSC are
MGOO075115 and MEKO070521 from class 1,
MGO075109 from class 2 and MEK070519 from class
3. The samples with the lowest values of GSC are
MEKO070525 form class 1 and MEK070520,
MGOO075116 from class 3. The samples that present
unexpected values are MEK070519 and MEK (070525,
the former because high complexity is generally corre-
lated with good technical values and the latter because
low complexity is generally correlated with bad tech-
nical values.
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Figure 36: Logarithmic plot of the Grain Shape Complexity.
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4.4 .3 Circularity

Circularity is a measure of the degree of roundness of
a circular object (Wojnar et al., 2004). The value of
circularity ranges from 0 to 1, 1 being a mathematical-
ly perfect circle. Circularity applies in two dimensions,
and the analogue in three dimensions is sphericity. The
value of circularity in these samples was calculated
automatically from the software after the measurement
of the grain perimeter, following the equation:

Area of graini (mm?2)

Circularity; = 4m - — z
(Perimeter of graini (mm))

The results from the circularity measurements are pre-
sented in Figure 37.

In this figure, there was a random choice of the limits
in each column. Circularity values lower than 0.5 cor-
respond to grains with irregular grain boundaries,
whereas circularity values higher than 0.8 correspond
to almost rounded grains. There is no obvious trend in
this case, but generally the amount of grains with high
circularity tends to increase with lower technical quali-
ty (this figure is arranged in relation to the Los Ange-
les values), and vice versa for the grains with low cir-
cularity.
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The values vary from 0 to 1, 1 being an equiaxed
grain. The results from the AR calculations for the
samples are presented in Figure 38.

The Aspect Ratio is another tool to determine whether
a rock is deformed. Highly deformed rocks present an
increased amount of grains with very low AR. The
general trend in the orthogneisses of the study area is
that the amount of very elongated grains decreases
with decrease in technical quality, as derived from
Figure 38. The blue column (amount of grains with
AR<0.5 — very elongated grains) is decreasing with an
increase in LA values. This agrees with the metamor-
phic conditions of the study area, as the degree of de-
formation increases from SE to NW, especially when
crossing the “border” from the metamorphic zone 5 to
zone 6 (after Moller & Andersson, 2018). In other
words, the increase of metamorphic conditions here
corresponds to highly elongated grains and as a result,
better technical properties.

4.4.5 Area

The area of the grains was measured using the grain
shape measurements. This is the true area of the
grains, as it is calculated from the pixels that each
grain covers. Higher amount of fine-grained material
indicates better quality. The results from the area cal-
culations are presented in Figure 39.

Figure 37: Diagram of
circularity for all samples.
Low circularity indicates
grains with complex bound-
aries. The upper number on
the horizontal axis corre-
sponds to the sample code
(last three digits) and the
lower number to the LA
value of the sample.
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4.4 .4 Aspect Ratio (AR)

The Aspect Ratio (AR) of a geometric shape in two
dimensions is the ratio of its shorter side to its longer
side (Wojnar et al., 2004). In this study, the aspect
ratio is calculated based on the maximum and mini-
mum Feret diameter of the grain, following the equa-
tion:

minimum Feret of graini (mm)

AR =

maximum Feret of grain i (mm)

40

The general trend here is that the very small grains
(<0.01 mm?®) tend to increase with higher quality,
whereas the grains over 1.0 mm? increase with lower
quality. This follows the rule that a finer-grained rock
tends to have better technical properties than a coarser-
grained rock.

4.5 Visual Classification of Grain Bound-
ary Complexity (VC)
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Figure 38: Diagram of as-
pect ratio for all samples,
based on minimum and max-
imum  Feret’s  diameter.
Lower AR indicates more
elongated grains. The upper
number on the horizontal
axis corresponds to the sam-
ple code (last three digits)
and the lower number to the
LA value of the sample.
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Figure 39: Diagram of grain
sample area in mm’ (%),
based on the grain shape
measurements. The upper
number on the horizontal axis
corresponds to the sample
code (last three digits) and
the lower number to the LA
value of the sample.
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The results from the classification are presented in
Table 5. The classification was conducted twice, once
for the coarse-grained grains and once for the fine-
grained grains of the samples. After using the Model
for Evaluation of Grain Boundaries (Figure 7), the
results show that there is no clear trend of the grain
boundary complexity using the Visual Classification.
The coarse-grained minerals in all three classes have
more complex boundaries than the fine-grained miner-
als (which is expected) but generally, the range of the
grade in the coarse-grained material is from 3 to 4 in
all three classes.

4.6 Microfracture analysis

The samples analyzed for microcracks were chosen
based on two factors, the technical properties and the
average grain size. Two coarser-grained samples (one
from class 1 and one from class 3, Figures 40, 41) and
two finer-grained samples (one from class 1 and one

41

m<0,01%

from class 3, Figures 42, 43) were analyzed. The pre-
liminary results show that microcracks occur in all
four samples analyzed, and there is no correlation be-
tween the grain size variations and the microcrack
propagation.

In the first case of the two coarser-grained samples,
the microcracks are present and they are usually trans-
granular (from one grain boundary and across the
grain). They mostly appear to be along the quartz and
feldspars, but sometimes they penetrate minerals with
higher specific weight (light gray color in photos) like
biotite, opaque minerals, amphiboles. In Figure 40,
both samples have rather straight microcracks that are
interconnected. However in Figure 41, the same sam-
ples have a very different appearance. Figure 41A is of
sample MEK070523 (class 3) and the microfractures
are almost parallel to each other, whereas Figure 41B
is of sample MGOO075114, and the microcracks here
are puzzle-like shaped with high complexity. In this
case, a possible connection of the microcracks to the
technical properties might be valid, as microcracks



Class 1 VC- VC- Class 2 vC- VC- Class 3 vC- VC-
F C F C F C
MEKO0705212 | 2 MEKO070527 1 2 MEKO070523 1 3
MEKO070525 1 3 | MGO075105% 2 3 MEKO070519 2 3
MGO075114 1 4 MGO075108 2 3 MEKO070520 1 3
MGO075115° 1 3 MGO075117 3 3 | MGO075116! 1 4
MGO075109 2 3 MGO075112 3 4 MEK070528! 2 4
MGO075113* 2 3 MGO075109 2 3 MEKO070518! 1 4
MEKO070526 2 4
MGO075110 2 4

Table 5: Visual classification of grain boundary complexity in the orthogneisses from NW Skdne. The scale
range is from 1 to 5, with 5 having the highest grain boundary complexity. VC-F=Visual Classification for the
fine-grained grains, VC-C=Visual Classification for the coarse-grained grains. 1=very little or no fine-
grained material, 2=high amount of fine-grained material.

with complex shape might actually increase the rock’s
brittleness by providing better interlocking of the
grains.

In the second case of the two finer-grained samples, the
microcracks are also transgranular in both samples. In
some cases they seem to terminate when reaching a
mineral with high specific weight, meaning that these
minerals act as barriers in the microcrack propagation.
However, in other cases the microcracks are penetrat-
ing these minerals. In Figure 42A, the sample
MEKO070519 has abundant microcracks that are quite
straight. In Figure 42B, the sample MGOO075113 has
also many microcracks with slightly higher complexity.
However in Figure 43, the sample of class 3 (Figure
43A) shows very complex, puzzle-like transgranular
microcracks, whereas the sample of class 1 (Figure
43B) has microcracks with low-medium complexity.

The interpretation of these data is quite hard to explain,
due to the limited amount of data used in this method.
Further investigation should be conducted in order to
have more reliable results.
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5. Discussion

5.1 Metamorphic conditions of the area
and association with rock quality

What is noticeable from Figure 5A is that the majority
of samples with lower quality (class 2, class 3) are
located in the southeastern part of the study area,
whereas the higher quality samples (class 1) are found
in the north and northwestern part. The approximate
boundary between zones 5 and 6, together with the
samples classified with gradient colors related to their
LA values, are presented in Figure 5B, showing that
the lower quality samples are located in zone 5, where-
as the higher quality samples are in zone 6, which has
higher metamorphic conditions. It is suggested that the
metamorphic grade plays a major role in the develop-
ment of the microstructure that steers the technical

Spectrum 31

Figure 40: (4) Secondary
electron image (SE-image)
of sample MEK070523.
The microcracks are trans-
granular, penetrating the
biotite on the lower left
corner. (B) SE-image of
sample MGOO75114. Here
the microcracks are also
transgranular,  following
the grain boundary of the
perthitic K-feldspar on the
top left corner and cross-
ing the lower mineral.
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Figure 41: (A) SE-image of
sample MEK070523. The
microcracks are either inter-
granular or transgranular
(the SEM does not reflect the
grain  boundaries of two
grains of the same mineral).
They are almost straight, a
fact that might explain the
low technical values of the
sample. (B) SE-image of sam-
ple MGOO075114. Here the
microcracks are transgranu-
lar, crossing the different
mineral phases. In compari-
son to the left photo, these
microcracks look quite jagged
so they have good interlock-

ing.

Figure 42: (4) SE-image of
sample MEK070519. The
microcracks are transgranu-
lar, but they seem to termi-
nate on the bottom part of the
photo, where a heavy mineral
(very bright gray color —
possibly an opaque mineral)
is located. The cracks are
almost straight here, a fact
that should theoretically di-
minish the rock’s strength.
(B) SE-image of sample
MGO075113. The mi-
crocracks are transgranular,
crossing the different mineral
phases. The triple points cre-
ated from the microcracks
could make the rock act as if
having granoblastic texture.

Figure 43: (4) SE-image of
sample MEK070519. The
microcracks are transgranu-
lar, having a puzzile-like
shape. (B) SE-image of sam-
ple MGOO075113. The mi-
crocracks are transgranular,
crossing the different mineral
phases. They are abundant in
the sample.



values of these rocks. In this study the samples that
have undergone higher metamorphic conditions have
better technical properties.

What can also be derived from the study of the sam-
ples is that the degree of strain tends to increase with
higher metamorphic conditions. Most of the samples
from class 3 appear undeformed or with weak defor-
mation, whereas almost all of the samples in class 1
are strongly deformed, mainly showing signs of plas-
tic deformation and formation of lineation and folia-
tion. Figure 44 shows the map area and the degree of
deformation among the samples. The main question
is: why is the increase of deformation good for the
technical quality? Is there a correlation between
highly deformed rocks and grain size/grain shape? If
we compare the results from the Feret’s diameter, the
aspect ratio and the grain area, it is clear that the
samples with higher quality (class 1) are more de-
formed with elongated grains, smaller grain size and
lower mean area than the samples with lower quality.
On the contrary, the majority of class 3 samples,
even though the have very poor quality with higher
grain size and they are not deformed, they appear to
have a high amount of grains with low circularity,
whereas most samples from class 1 have a lower
amount of low circularity grains. This fact needs
further investigation to be validated, but it could in-
dicate that the grain size is of higher importance for
the technical quality, in relation to the grain com-
plexity.
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In terms of mineralogy, the samples that are located in
zone 5 have lower percentage of quartz and higher
feldspar content. The tartan twinning in feldspar is
increased in these samples in comparison to the ones
in zone 6. However, the appearance of perthitic exso-
lution in K-feldspars is higher in the samples of zone
6. These samples have little or no titanite and the ma-
jority of them include fine-grained rounded garnet
crystals. Lastly, the rocks in zone 6 include accessory
apatite, which is usually absent in zone 5.

5.2 Mineralogical and textural properties
of each class

In this section, the technical properties of the samples
are connected to the results from the quantitative min-
eralogical and microscopical examination. The aim is
to try and explain in detail the reasons for these rocks
of the same mineralogy having such diverse quality.
This synopsis outlines which mineralogical and textur-
al properties differentiate the samples with good tech-
nical quality from those with bad technical quality,
together with a brief analysis of the samples that do
not appear as expected.

5.2.1 Samples with good technical properties
(Class 1)

Generally, the samples that have higher quality have
high resistance to abrasion and brittle fragmentation
and low LA (<30%), MDE (<7%), AN (<10%) values
(Figure 6). They are fine-grained, and some have a
high amount of grains with complex grain boundaries.
The average percentage of biotite is approximately the
same for all three classes (Table 3), and some samples
contain a significant amount of sericite from the altera-
tion of feldspars. The average percentage of quartz is
28% but some samples present quite higher amount of
quartz. The amount of K-feldspar and plagioclase gen-
erally decreases with higher quality, in contrast to the
amount of quartz that is higher for the samples of class
1. The samples of this class have been subjected to
higher metamorphic conditions, and they are located in
the north and northwest part of the study area (Figure
4A, 4B). The degree of deformation in these samples
are higher in comparison to the rest of the samples
(Figure 44), as depicted from the Aspect Ratio meas-
urements; most of the samples have a high amount of
elongated grains (Figure 38). The amount of fine-
grained material is very high (Figure 39), but the cir-
cularity measurements show that the minerals in this
class have high circularity, thus not very complex
grain boundaries (Figures 36, 37). The reason for that

Figure 44: Map of the study area modified from Persson &
Géransson (2010, based on Norling & Wikman (1990), Wik-
man et. al. (1993), Sivhed & Wikman (1986) and Wikman &
Sivhed (1992)) with the samples colored according to their
degree of deformation. The black line represents the approxi-
mate boundary between the metamorphic zones 5 and 6, after
Moller & Andersson (2018).



could be because the higher metamorphic conditions
and the deformation create smaller grains with low
complexity.

Some samples in class 1 do not follow the general
trend described above. For example, sample
MGOO075114, where there are many coarse-grained
feldspar porphyroblasts and elongated quartz grains
that might lower the total strength of the rock. Howev-
er, the percentage of fine-grained material is quite high
as well (68% of the grains are less than 0.5 mm long,
Figure 35A). As a result, the quality of this rock in-
creases.

5.2.2 Samples with medium technical properties
(Class 2)

The 6 samples that are in class 2 are the ones that have
increased values of AN (10-18%) and MDE (7-14%,
Figure 6). These two technical tests measure the rock’s
resistance to abrasion. The LA values are slightly
higher than in class 1, but they should be <30% (same
limit as in class 1). The average percentage of quartz is
lower in the class 2 samples (25.8%) in comparison to
the class 1 samples, and the samples have increased
amount of chlorite (2.4%) which lowers the resistance
to abrasion. The total feldspar percentage is also high-
er in class 2, due to the higher percentage of plagio-
clase (15.8% in class 2 instead of 11.6% in class 1).
The samples that belong in class 2 are not suitable for
road aggregates, but they can be used for railroad con-
struction or as aggregates (Table 2). The samples of
this class are located both in the southeast and in the
northern part of the study area (Figure 4A, 4B). The
degree of strain in the north-northwestern part is high-
er in comparison to the southeastern part (Figure 44),
and the results from the Aspect Ratio show that the
samples that are in the northwestern part have higher
amount of elongated grains, in comparison to the ones
that are located in the southeast (Figure 38). The
amount of fine-grained material is also higher in the
samples that are located in the northwestern part of the
study area (Figure 39), but the circularity measure-
ments show that the samples in the southeast contain
more grains with low circularity (Figure 37).

Some samples in class 2 do not follow the general
trend described above. Sample MGO075109 for in-
stance, has similar mineralogy to some samples in
class 1, but the grain size plays a major role, as around
40% of the grains are over 1 mm long (Figure 35A), a
factor that contributes significantly in lowering the
rock’s technical properties. Another example is sample
MGOO075112. The sample has high amount (22%) of
grains over 1 mm long, high percentage of quartz and
lacks amphiboles. Although there is high amount of
fine-grained material in this sample, the lack of amphi-
boles and the grain size are the major factors that re-
sult in lowering the resistance to abrasion, and for that
reason this rock is not suitable for road construction.
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5.2.3 Samples with low technical

(Class 3)

properties

In general, the 6 samples that are in class 3 are the
ones with the highest values of LA (>30%), AN
(>18%) and MDE (>14%, Figure 6). The average per-
centage of amphibole and accessory minerals is lower
than the other classes (Table 3). The average percent-
age of quartz is 24% but some samples present quite
higher amount of quartz (Figure 33). The amount of K
-feldspar and plagioclase is higher in the samples of
class 3, in contrast to quartz. Moreover, the average
percentage of garnet in these samples is much higher
as it is for class 1 and class 2 samples. The samples are
coarser grained, and they have a low amount of grains
with complex grain boundaries; however, the samples
of this class present the lowest values of circularity
measurements (Figure 37). This is probably due to the
lower degree of deformation, as the majority of the
samples in class 3 are located in the southeastern part
of the study area, where the metamorphic degree is
lower (Figure 44). That is also be remarked from the
Aspect Ratio measurements, since the samples of class
3 present the lowest amounts of elongated grains
(Figure 38). The samples that belong in class 3 are not
suitable for road aggregates or railways, but they can
be used as aggregates (Table 2).

As in the previous two cases, some samples in class 3
do not follow the general trend described above. For
instance, sample MEK070519 has the lowest percent-
age in quartz but is rather fine-grained (52% of the
grains are less than 0.5 mm long). Also, the majority
of the grains have high complexity. The reason that
this orthogneiss is considered as not suitable for road
and railway construction, regardless the low grain size,
is probably due to the low amount of quartz since it
increases the resistance to abrasion and to brittle frag-
mentation. Another example is sample MGO075116,
where the case is the opposite than the previous sam-
ple. Here, the percentage of quartz is higher, in com-
parison to the rest of the samples in class 3; nonethe-
less, the grain size is rather high, as 70% of the grains
are over | mm long (Figure 35A). The very high grain
size in this sample is probably the most influential
parameter of the technical quality.

6. Conclusions

The technical properties of the granitoid rocks are con-
tingent of many factors; some of these are the mineral-
ogy, the grain size and grain complexity, the presence
of foliation, the presence of fine-grained matrix, the
porosity, the presence of microfractures and others. In
the present study, only some of these factors were ana-
lyzed in metamorphic orthogneisses. The results are
restricted due to the small number of samples analyzed
and the fact that not all these factors were taken into
account. There is no clear distinction on which of the
factors studied play the major role in the technical
properties of these rocks, as derived from the results.



When examining in detail the samples that “do not
follow the general trend”, it is derived that none of the
factors listed above is the dominant, but they comple-
ment each other.

The metamorphic degree is an important factor that
affects the technical quality of the samples in the study
area. The samples that underwent higher metamorphic
conditions (northwest part of the study area) are more
deformed and their technical quality is better than the
samples that were in lower metamorphic conditions
(southeast part of the study area). The degree of defor-
mation follows the degree of metamorphism. The sam-
ples located in zone 6 are more deformed with a high
amount of elongated grains, and their average grain
size is smaller than the samples in zone 5, that are gen-
erally weakly deformed or undeformed.

In relation to mineralogy, it occurs that small varia-
tions of quartz and feldspar between the samples ana-
lyzed are associated with their quality. In particular,
the higher the quartz percentage, the higher the tech-
nical properties, due to the fact that the presence of
quartz lowers the Los Angeles, the Micro Deval and
the Studded Tyre Test values. The feldspar tends to
increase with the decrease in technical properties, be-
cause it increases in the expense of quartz. The pres-
ence of perthitic exsolution in K-feldspar is more in-
tense in the samples that are located in zone 6 and
have higher quality, and the presence of tartan twin-
ning in these samples in lower. The average biotite and
amphibole content are similar to all three classes. The
samples that have lower quality include higher per-
centage of titanite and very low garnet and apatite, in
contrast with the samples with higher quality.

The grain size is also strongly connected with the tech-
nical properties of these rocks. Generally, the rocks
with good properties tend to have more fine-grained
minerals, and they also appear even-grained. Addition-
ally, the grain complexity is an important factor, be-
cause a rock that contains minerals with complex gain
boundaries might have better interlocking than a rock
with plain grain boundaries (i.e. granoblastic texture).
In the majority of the samples, the grain size is more
important than the circularity and the complexity of
the grains, as most of the samples of class 3 have a
high number of grains with low circularity, but the
average grain size in that class is much higher than of
class 1 samples.

The presence of microcracks in these rocks does not
appear to have a major influence in their technical
properties, since they are present in a consistent pat-
tern in all four samples analyzed in the SEM. The mi-
crocracks have similar appearance in these samples,
regardless their mean grain size. Since the restrictions
in this study did not facilitate a comprehensive investi-
gation of their properties, further analysis should be
conducted in measuring their frequency, in order to
have more reliable results.
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9. Appendices

Appendix 1: Ternary QAP diagram for granite rocks,
based on the modal amounts for point counting. The
felsic samples of this study are plotted on the diagram.

Appendix 2: Geographic coordinates and technical
analyses of samples from the map area of Soderasen.
The coordinate system is RT90. AN = Studded Tyre
test value, LA = Los Angeles value, MDE = micro-
Deval value.

Appendix 3: Modal mineralogy of the orthogneisses
from Soéderasen, sorted by class. The modal percentage
was calculated using the point counting method.

Appendix 4: Table with the orthogneiss samples divid-
ed by the metamorphic zones and ordered with in-
creasing LA value. The minerals and the exsolution
textures are the ones that show the highest variation
between the two zones.
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Appendix 2: Geographic coordinates and technical analyses of samples from the map area of Séderdsen. The coor-
dinate system is RT90. AN = Studded Tyre test value, LA = Los Angeles value, MDE = micro-Deval value.

Sample N-S coordinates E-W coordinates Ax % LA % Mpg %
Class 1
MGO075113 6213694 1330241 9.1 19.4 59
MGO075110 6234953 1332424 8.6 21.6 5.3
MGOO075115 6211798 1334055 9.9 21.6 6.6
MGOO075114 6220279 1331642 9.3 21.9 5.8
MEKO070526 6224280 1335730 9.4 223 6.0
MEKO070525 6235288 1334046 9.3 22.5 6.0
MEK070521 6225722 1322716 8.8 22.8 5.6
Class 2
MGO075105 6230270 1334827 10.3 20.9 6.6
MGO075108 6238971 1328735 10.1 21.8 6.6
MGO075109 6240770 1329439 11.1 24.9 7.5
MGOO075117 6211164 1342247 114 26.6 8.0
MEKO070527 6217902 1345054 12.3 28.2 7.2
MGO075112 6215953 1334800 11.7 29.9 8.2
Class 3
MGOO075116 6215386 1341162 11.7 31.0 7.2
MEKO070528 6217900 1345072 11.5 31.3 7.1
MEKO070518 6216112 1342350 12.0 314 8.0
MEKO070523 6221085 1326271 13.9 329 9.3
MEKO070519 6218308 1347723 14.0 394 9.2
MEKO070520 6214865 1336446 14.5 45.0 8.6
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Appendix 3: Modal mineralogy of the orthogneisses from Séderdsen, sorted by class. The modal percentage was
calculated using the point counting method.

CLASS 1 SAMPLES

Minerals MGOO075110 MEKO070525 MEK070521 MGO075115 MEK070526 MGO075113 MGO075114

Quartz 39.0 24.2 24.8 22.2 20.2 24.4 43.4
Potassium

Feldspar 23.0 17.4 28.6 33.6 17.4 30.2 13.0
Plagioclase 2.8 20.8 9.6 6.6 17.6 19.0 5.0
Tartan

Twinned

Kfs 0.0 0.0 0.0 7.0 14.4 34 9.2
Perthitic

Kfs 19.2 20.4 19.2 1.4 1.2 5.6 94
Tartan

twinned &

Perthitic

Kfs 0.0 0.0 0.0 1.2 10.6 0.2 5.6
Antiperthit-

ic Plagio-

clase 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Myrmekite 0.4 1.0 0.0 0.0 1.0 0.0 0.0
Biotite 1.2 1.8 4.4 7.2 0.8 4.8 0.0
Amphibole 4.6 9.8 6.4 11.2 6.2 6.8 5.0
Else 9.8 4.6 7.0 9.6 10.6 5.6 94
Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Else

Sericite 4.6 0.4 3.6 5.8 7.4 0.6 3.8
Chlorite 2.4 0.2 0.0 0.4 2.0 2.0 4.0
Zircon 0.6 0.4 0.4 0.0 0.2 0.2 0.2
Opaques 2.0 2.8 2.6 1.8 1.0 2.2 0.4
Apatite 0.0 0.4 0.0 0.0 0.0 0.6 04
Garnet 0.2 0.4 0.0 0.0 0.0 0.0 0.6
Titanite 0.0 0.0 0.4 1.6 0.0 0.0 0.0
Total 9.8 4.6 7.0 9.6 10.6 5.6 9.4
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Appendix 3 (cont.)

CLASS 2 SAMPLES

Minerals MGO075109 MGO075108 MGO075105 MEKO070527 MGO075112 MGOO075117
Quartz 21.2 23.2 25.0 17.8 38.2 29.2
Potassium Feld-

spar 28.4 21.0 28.2 16.2 18.8 28.0
Plagioclase 12.0 9.4 15.2 17.0 17.8 23.6
Tartan Twinned

Kfs 0.0 0.0 0.0 3.6 7.2 34
Perthitic Kfs 19.4 12.8 15.6 17.0 32 0.0
Tartan twinned &

Perthitic Kfs 0.0 0.0 0.0 13.0 7.4 0.0
Antiperthitic Pla-

gioclase 0.0 1.8 0.2 0.0 0.0 0.4
Myrmekite 0.8 0.6 1.0 2.4 0.0 0.0
Biotite 1.0 5.6 0.6 6.0 5.0 0.0
Amphibole 8.0 18.8 7.2 1.6 0.0 0.0
Else 9.2 6.8 7.0 54 2.4 154
Total 100.0 100.0 100.0 100.0 100.0 100.0
Else

Sericite 3.2 0.8 0.6 2.0 1.6 42
Chlorite 2.6 0.4 1.6 1.0 0.0 8.6
Zircon 0.4 0.0 0.0 0.6 0.0 0.0
Opaques 2.4 4.4 3.0 1.4 0.6 2.4
Apatite 0.6 0.2 1.2 0.0 0.0 0.0
Garnet 0.0 0.6 0.6 0.0 0.2 0.0
Titanite 0.0 0.4 0.0 04 0.0 0.2
Total 9.2 6.8 7.0 5.4 2.4 15.4
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Appendix 3 (cont.)

CLASS 3 SAMPLES

Minerals MEKO070528 MEKO070518 MGO075116 MEKO070519 MEKO070520 MEK070523
Quartz 214 21.0 34.2 18.6 29.5 214
Potassium Feld-

spar 22.6 9.4 7.2 25.3 15.5 22.0
Plagioclase 14.4 15.8 12.4 16.5 20.6 29.4
Tartan Twinned

Kfs 17.8 0.0 0.0 114 24.4 5.9
Perthitic Kfs 6.0 27.8 37.8 4.1 2.8 3.6
Tartan twinned &

Perthitic Kfs 42 0.0 0.0 53 4.7 2.9
Antiperthitic

Plagioclase 0.0 0.0 0.0 0.2 0.0 0.2
Myrmekite 2.8 0.2 0.2 0.0 0.0 0.0
Biotite 42 1.2 2.8 3.5 0.0 2.6
Amphibole 0.0 12.0 34 11.2 0.0 3.5
Else 6.6 12.6 2.0 3.9 2.6 8.8
Total 100.0 100.0 100.0 100.0 100.0 100.3
Else

Sericite 3.8 0.0 0.0 1.0 0.0 5.7
Chlorite 0.0 0.0 0.2 0.8 0.8 0.2
Zircon 0.6 04 0.4 0.0 0.0 0.2
Opaques 1.6 1.6 0.0 2.0 1.8 2.0
Apatite 0.0 0.6 0.0 0.2 0.0 0.2
Garnet 0.0 10.0 1.0 0.0 0.0 0.0
Titanite 0.6 0.0 0.4 0.0 0.0 0.0
Total 6.6 12.6 2.0 3.9 2.6 8.2
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Appendix 4: Table with the orthogneiss samples divided by the metamorphic zones and ordered with increasing LA

value. The minerals and the exsolution textures are the ones that show the highest variation between the two zones.

Sample Clazz LA%  Perthite Tartantwinning Tartant. + Perthites Tit Grt

Zone S | MGOOTFIIS 1 216 v v
MO0T3LLT 2 26.6 ¥ ¥
WIEROT0327 2 2812 ¥ ¥ ¥
MEGDOTS1LG 3 3l ¥ ¥ ¥
WIEEOT0528 3 3l3 ¥ ¥ H
LIEKOTO518 3 il4 ¥ ¥
RIEKOTO519 3 iv4 ._x v
RIEEOT0520 3 43 ¥

Zone & | MGDOTH113 1 124 ¥
MEGOOTEL05 2 209 ._x ¥
MEGOOTELI0 1 2le ._x ¥
MGOOT5108 2 118 ¥ ¥ ¥
MGOOT5114 1 219 ¥ ¥ ¥
LIEKOT0318 1 223 ¥
WIEROT0323 1 225 ¥ ¥
WIERDT05321 1 228 ¥ ¥
REGOOT3109 2 2459 ¥
MEGOOT5112 2 289 v ¥ ¥
WIEREOT0323 3 315 ¥ ¥
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