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The Sam fold structure: characterization of folding and
metamorphism in a part of the eclogite — granulite region,
Sveconorwegian orogen

STEPHEN PAUL MICHALCHUK

Michalchuk, S.P,, 2013: The Siam fold structure: characterization of folding and metamorphism in a part of the eclogite
- granulite region, Sveconorwegian orogen. Dissertations in Geology at Lund University, No. 367, 50 pp. 45 hp (45 ECTS
credits).

Abstract: Structural and petrological studies on complexly folded mafic and felsic layered sequences have been mapped
in the parautochthonous basement of the Sveconorwegian Province, Sweden. Three deformation phases (D, D,, D,)
involving at least two fold phases (F,, F,) and two lineation phases (L,, L,) characterize a polyphase fold, which is pri-
marily defined by a migmatized and highly competent garnet amphibolite. This unit was folded and boudinaged into
map-scale tectonic lenses during upper amphibolite to granulite facies metamorphism.

Penetrative deformation during D, and D, created strong, composite fabrics. The oldest, D, event is interpreted as
simply a deformation phase forming a gneissic S,. D, folded the S, into similar-shaped, upright to inclined, closed to
isoclinal folds (F,). L, lineations have a bimodal distribution with two distinct clusters trending 37/318 and 26/160. The
F, folds were subsequently refolded into a NE-plunging, open, Class 1C, Type 3 interference pattern folds (F,) during
D,. The majority of L, lineations align parallel with the F, fold axis. L, has shallow to moderate plunges all trending NE
(mean vectors: 19/052, 29/039 & 08/060). Syn-kinematic shear-sense indicators are consistently top-to-the-east.

Upper amphibolite to granulite facies was achieved in the garnet amphibolite gneiss. The earliest assemblages pre-
served plagioclase inclusions in clinopyroxene, and orthopyroxene forming coronas around clinopyroxene and Fe-Ti
oxides, indicative of high temperatures ~800-850 °C at ~10 kbar. The texturally equilibrated mineral assemblage con-
sists of garnet + clinopyroxene + plagioclase + quartz + hornblende + Fe-Ti oxide + biotite, and is found stable at P-T
conditions of ~700-800 °C and ~9-14 kbar.

Mineral assemblages studied in the sillimanite-bearing quartz-feldspar gneiss showed a clockwise P-T-t evolution.
A single grain of kyanite is believed to have been found. Tentatively, the paragneiss travelled through the relatively
higher pressure, kyanite stability field; possibly during D,. A stable mineral assemblage containing quartz + K-feldspar
+ plagioclase + biotite + sillimanite + garnet + Fe-Ti oxide, suggests P-T conditions of ~650-850 °C and ~3-10 kbar.
Cordierite was found reacting with garnet in the presence of K-feldspar, which suggested D, decompression of <5 kbar
occurred at high temperatures (2650 °C).

Tectonic implications relating this structure with deformation observed elsewhere in the Eastern Segment is dis-
cussed.

Keywords: anatexis, high-T granulite, interference folds, polydeformation, Sveconorwegian orogen, SW Sweden
Supervisor: Charlotte Moller
Co-supervisor: Jenny Andersson

Stephen P. Michalchuk, Department of Geology, Lund University, Solvegatan 12, SE-223 62 Lund, Sweden.
E-mail: spmichalchuk@gmail.com



Veckstruckturen i Sam: karakterisering av veckning och
metamorfos i en del av eklogit — granulit regionen, Sveko-
norvegiska orogenesen

STEPHEN PAUL MICHALCHUK

Michalchuk, S.P,, 2013: Veckstruckturen i Sdm: karakterisering av veckning och metamorfos i en del av eklogit — granu-
lit regionen, Svekonorvegiska orogenesen. Examensarbeten i geologi vid Lunds universitet, No. 367, 50 pp. 45 hp.

Sammanfattning: Strukturella och petrologiska studier av komplext veckade mafiskt- och felsiskt varvade sekvenser
har genomforts i den paraautoktona delen av Svekonorvegiska provinsen i sydvéstra Sverige. Tre deformationsfaser (D,,
D,, D,) innefattande minst tva veckfaser (F,, F,) och tva lineationsfaser (L,, L,) karakteriserar ett flerfasigt veck i mig-
matiserad och mycket kompetent granatamfibolit. Denna enhet veckades och boudinerades till tektoniska linser under
metamorfos i 6vre amfibolit- till granulitfacies.

Penetrativ deformation under D, och D, skapade sammansatta strukturer. Den &ldsta, D, tolkas som en defor-
mationsfas vilken endast bildar en gnejsig S, struktur. D, veckade S, till likformade, uppritta till lutande, slutna till
isoclinala veck (F)). L, lineationen har en bimodal férdelning med tva distinkta poler, 37/318 och 26/160. F, vecken
omveckades direfter till ett NO-stupande, Sppen, Klass 1C, typ 3 interferensménsterveck (F,) under D,. Majoriteten av
L, lineationerna ar parallella med F,-veckaxeln. L, stupar svagt till mattligt i riktning NO (medelvirde for vektorerna:
19/052, 29/039 och 08/060). Synkinematiska skjuvindikatorer dr genomgaende topp-mot-0st.

Metamorfos i 6vre amfibolit- till granulitfacies kdnnetecknar granat-amfibolitgnejsen. De tidigaste mineralsalls-
kapen bestar av plagioklasinneslutningar i klinopyroxen, ortopyroxen med coronabildning runt klinopyroxen samt Fe-
Ti-oxider. De indikerar hoga temperaturer, ~800-850 °C vid ~10 kbar. Mineralsallskapet i texturell jamvikt, bestdende
av granat + klinopyroxen + plagioklas + kvarts + hornbldnde + Fe-Ti-oxid + biotit, r stabilt vid P-T forhallanderna
~700-800 °C och ~9-14 kbar.

Mineralsillskapen i den sillimanitforande kvarts-faltspatgnejsen visar en medurs P-T-t utveckling. Endast ett korn
av kyanit tros ha identifierats. Detta indikerar att paragnejsen har utsatts for hogre tryck inom kyanitens stabilitetsom-
rade, eventuellt under D,. Ett stabilt mineralsallskap bestiende av kvarts + K-féltspat + plagioklas + biotit + sillimanit
+ granat + Fe-Ti-oxider ger tryck och temperaturer kring ~650-850 °C och ~3-10 kbar. Reaktion mellan kordierit och
granat i ndrvaro av K-filtspat, antyder att D, dekompressionen till <5 kbar skedde vid hga temperaturer (=650 °C).

De tektoniska konsekvenserna av tolkningen av veckstrukturen i Sdm diskuteras i relation till andra deformations-
strukturer i Ostra segmentet.

Nyckelord: anatexis, hog-T granulit, interferens-veck, polydeformation, Svekonorvegiska orogenesen, SV Sverige.

Amnesinriktning: Berggrundsgeologi

Stephen P. Michalchuk, Geologiska institutionen, Lunds universitet, Solvegatan 12, SE-223 62 Lund, Sverige.
E-post: spmichalchuk@gmail.com



1 Introduction

Cratons are large, coherent regions of continental litho-
sphere that have remained stable since Precambrian times,
which yield bountiful evidence on the geological history
of orogenic events from long ago (Hoffman, 1988). Oro-
genic events are constrained based on geochronological
data, geochemical signatures, petrology, and structural
frameworks. Reconstructing these orogenic events are te-
dious endeavors. Often the most recent event is also the
best preserved in the rock record; younger orogenies tend
to overprint older events.

The Eastern Segment of the Sveconorwegian orogen
(Grenvillian-age) exposed in southwest Sweden pres-
ents exceedingly ductilely deformed parautochthonous
basement rocks, which were subjected to high pressures
and temperatures (Johansson et al. 1991; Wang & Lindh
1996; Moller 1998, 1999; Andersson et al. 1999; Harlov
et al. 2013). These high-grade rocks have provided in-
sights toward deformation and metamorphism at great
depths in the Earth's lower continental crust and upper
mantle during continent-continent orogenesis. Ongoing
research in the Eastern Segment has shown an isoclinal,
non-cylindrical, east-plunging fold nappe that extruded
eclogitized crust towards the Fennoscandian foreland
(Moller et al. 2013). It is of great interest to correlate this
tectonic structure with the surrounding gneisses of the
Eastern Segment.

This study investigated a complexly folded mafic and
felsic layered sequence initially mapped by Lundqvist
(2008), focusing primarily on the structure, petrology,
and microtextures to better constrain the spatial tectonic
relationship in a region of the granulite to eclogite suite in

the Eastern Segment of the Sveconorwegian orogen. Spe-
cifically, this study has characterized the 3D geometry of
the Sam fold structure, and has characterized each defor-
mation phase including: fold geometry, associated small
scale structures, deformation fabrics, melts and segrega-
tions, and metamorphic assemblages.

2 Geological background

The Fennoscandian Shield comprises Archean and Pro-
terozoic domains and is situated within the East Euro-
pean Craton (Baltica; Bogdanova et al. 2008). This shield
is further subdivided into several tectonic provinces, each
reflecting a distinct geological history. The Sveconorwe-
gian orogen (1140-900 Ma) resulted from a continent-
continent collision that penetratively reworked the south-
western Fennoscandian rocks (Bingen et al. 2008). This
orogeny was associated with the formation of the super-
continent Rodinia (Dalziel 1997; Tohver et al. 2002; Pe-
sonen et al. 2003; Li et al. 2008). The tectonic relationship
of the Sveconorwegian orogen and its global counterparts
is debated; ongoing research reveals substantial support-
ing evidence for a connection between the Grenville oro-
gen on the Laurentian craton and the Sunsas orogen on
the Amazonian craton with the Sveconorwegian orogen
(Li et al. 2008; Johansson 2009).

The Sveconorwegian orogen (Fig. 1) is a 500 km wide
mobile belt that is exposed from the southeastern Caledo-
nian deformation front in southern Norway and extends
eastward to south-central Sweden. The eastern bound-
ary is marked by the Sveconorwegian Frontal Deforma-
tion Zone (SFDZ; Wahlgren et al. 1994). The orogen is
bounded in the south by Phanerozoic cover rocks. The
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Fig. 1. Sketch tectonic map of the main crustal units comprising the Sveconorwegian orogen in southwestern Scandinavia (modified after Andersson
et al. 2002; Bingen et al. 2005; Viola et al. 2011). Major tectonic boundaries located along the Eastern Segment are the Mylonite Zone (MZ) and the
Sveconorwegian Deformation Frontal Zone (SDFZ). Yellow rectangle shows the location for Fig. 2.



57030 g |

Anomaly

|-6350  (nT)

N Varberg,

57°00"

6300

;
il

1
@
&
3

i

| Evc/ldgit“é‘ Fold
' Nappe*"

(0] 5
—

3277 T

888067

|-o0e

@
&
S

I

i a " b " c " d " e
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Mylonite Zone (MZ) separates the Idefjorden terrane from the Eastern Segment. The field area pertaining to this study is outlined by the white
rectangle. Black grid coordinates are SWEREF 99 TM; brown grid coordinates are SWEREF 99. Data source: Geological Survey of Sweden (SGU).

Sveconorwegian orogen consists of five main lithotecton-
ic segments; each segment is separated by roughly north-
south trending crustal scale bounding shear zones (Bin-
gen et al. 2005). They are, from east to west: The Eastern
Segment, the Idefjorden Terrane, the Kongsberg Terrane,
the Bamble Terrane, and the Telemarkia Terrane. The
Mylonite Zone is the crustal scale shear zone separating
the Idefjorden Terrane from the parautochthonous East-
ern Segment (Andersson et al. 2002).

Two orogenic phases, termed Falkenberg and Dalane
by Bingen et al. (2008), reworked the Eastern Segment
rocks. The Falkenberg phase (980-960 Ma) marked the
final episode of Sveconorwegian convergence, whilst the

Dalane phase (960-900 Ma) encompassed the post-colli-
sional crustal relaxation and cooling below ~500 °C (Page
et al. 1996; Soderlund et al. 2005, 2008).

Sveconorwegian reworking and metamorphic grade
in the Eastern Segment increases from north to south
(Johansson et al. 1991). In the southern Eastern Segment,
the western rocks experienced deeper crustal environ-
ments than those in the east (Johansson & Kullered 1993;
Moller 1998, 1999). Temperature and pressure estimates
from the southern Eastern Segment are 680-800 °C and
8-12 kbar, reflecting upper amphibolite to high-pressure
granulite metamorphic grades (Johansson et al. 1991;
Wang & Lindh 1996; Andersson et al. 1999; Harlov et



al. 2013). Penetrative deformation and anatectic melt-
ing throughout much of the Eastern Segment, obliterated
most of the primary fabrics in the protoliths. There are,
however, a few exceptions where primary or older fea-
tures at particular localities are preserved.

Protoliths are 1810-1660 Ma gneisses that share geo-
chemical similarities with the monzogranitic and alka-
li-calcic granitic Transcandinavian Igneous Belt (TIB)
rocks, ~1570 Ma mafic dolerite dykes, ~1470-1420 Ma
mafic and felsic magmatism, and ~1400-1370 Ma gran-
ites and monzonites affiliated with the Varberg-Torpa-
Charnockite-Granite suite (Hubbard 1975, 1989; Johans-
son & Kullerud 1993; Wahlgren et al. 1994; Séderlund
et al. 1999, 2002; Andersson et al. 2002; Hogdahl et al.
2004; Brander & Soderlund 2009). The 1400 Ma granites
are variably deformed varieties of orthoclase megacrys-
tic granites, including dark greenish grey varieties com-
monly termed charnockites. With the exception of the
1400 Ma rocks, relatively undeformed equivalents of the
Eastern Segment granitoids and syenites are found east of
the Sveconorwegian front, in the Fennoscandian foreland
(Gorbatschev & Bogdanova 1993; Hogdahl et al. 2004).

Regional deformation during the Falkenberg and
Dalane phases in the southern Eastern Segment resulted
in upright to southwards overturned folds with E-W to
WNW-ESE trending subhorizontal fold axes; stretching
lineations trend in a similar direction (Moller & Soder-
lund 1997; Méller et al. 1997, 2007). An eclogite-bearing
large-scale recumbent fold has been located in the west-
ern part of the southern Eastern Segment (Fig. 2; Moller
et al. 2013). In its southern part the (Ullared-Atran area),
the gneissic layering has been folded by a major fold phase
(F,) characterized by subhorizontal fold axes plunging E
or ESE (Moller & S6derlund 1997; Moller et al. 2013; Tual
et al. 2013). Farther to the south, near Halmstad, gneissic
foliations are orientated NNE-SSW and tight folds plunge
SSW, whilst stretching fabrics trend ESE (Moller et al.
2007).

3 Methods

Geological mapping was performed at 1:10000 scale dur-
ing 4 weeks in September and October 2012. The study
area, centred on the farming village of Sam, is located 20
km east of Varberg in Hallands lan, SW Sweden. Bed-
rock maps in the 1:50000 scale published by the Swedish
Geological Survey (SGU; Lundqvist 2008) and previous
outcrop observations (SGU) facilitated this study’s field
mapping. Lithology and structures were identified and
documented at 107 localities, those referred to in the text
are listed in Table Al. Global Positioning System (GPS)
data (WGS84 and SWEREF 90 TM) was gathered with
a Garmin Oregon instrument along with a Nikon DSLR
equipped with Nikon’s GP-1 using WGS84 to geo-tag
field photographs at time of capture. The attitudes of fo-
liations are expressed using strike/dip following the right-
hand rule convention, whilst lineations are expressed us-
ing plunge/trend (equivalent to plunge/plunge direction;
Marshak & Mitra 1988). Strikes and trends are always

expressed using the azimuthal system. Foliations, linea-
tions, and fold axis orientations with dips were plotted on
the lower hemisphere of equal area stereographic projec-
tions in Cardozo & Allmendinger’s (2013) OSXStereonet.
Mineral abbreviations follow Kretz (1983). Amphibole
and pyroxene nomenclature is according to Leake et al.
(1997) and Morimoto et al. (1988) respectively. Anatectic
melt terminology (Fig. 4A) follows Sawyer (2008). Folia-
tion boudinage structures (FBS) follow the classification
proposed by Arslan et al. (2008).

Thirty-three hand samples representing type-litholo-
gies, microstructures, and textures were selected for pol-
ished thin section preparation (Table 2). Polarized micro-
scropy was conducted using a Nikon eclipse E400 POL
fitted with a Luminera Infinityl-2CB camera for pho-
tomicrographs. High-contrast back-scattered electron
(BSE) images were produced from a Hitachi S3400N SEM
(scanning electron microscope) fitted with an EDS (Ener-
gy-Dispersive x-ray Spectroscopy) and programmed with
Link INCA at the Department of Geology, Lund Univer-
sity. An acceleration voltage of 15 kV, counting times be-
tween 60 and 80 s, and a focused electron beam examined
the carbon-coated thin sections.

4 Results

4.1 Geology of the Sam area

4.1.1 Previous geological map

Previous bedrock mapping in the Sam area conducted
by the SGU produced a 1:50000 geological bedrock map
containing 3 main lithological types and abundant peg-
matitic dykes in a kilometre-scale polyphase fold (Berg-
grundskartan 5B Varberg NO; Lundqvist 2008). The main
lithologies found on the SGU map are gneissic granodio-
tite, gneissic granite and garnet amphibolite, the latter de-
fining the polyphase fold. Gneissic foliations trend ENE-
WSW to NNE-SSW and dip 20-50° N to E.

Lithologies described herein (section 4.3) for the Sdm
area are slightly modified after Lundqvist (2008). The
garnet amphibolite remains unchanged from the SGU
map. The gneissic granite is renamed to a quartz-feldspar
gneiss unit with pegmatite veins. The gneissic granodio-
rite remains on the map but was encountered at one lo-
cality. A garnet-poor amphibolite, a sillimanite-bearing
quartz-feldspar gneiss, and a charnockitized felsic or-
thogneiss are added.

4.1.2 Rock types

The mapped area surrounding Sdm (Fig. 3) is largely
composed of five main rock types (Fig. 4), all of which are
fine- to coarse-grained: 1) reddish quartz-feldspar gneiss
with abundant coarse-grained pegmatite veins, 2) red-
grey sillimanite-bearing quartz-feldspar gneiss, 3) grey
garnet-poor amphibolite gneiss with local occurrences
of calc-silicate / epidote lenses, 4) migmatitic garnet
amphibolite gneiss, and 5) charnockitized felsic orthog-
neiss; the latter of limited exposure. The rocks have been
overprinted by anatectic melting and penetrative hetero-
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geneous deformation, hindering precise determination
of the original compositions and structures of the proto-
liths. Strain is qualitatively observed from folds, micro-
structures, and microtextures. All rocks have undergone
a similar deformational and metamorphic history, how-
ever they do not all share similar structures and fabrics.
Competency contrasts between units dictate the degree
of strain and the character of structures and fabrics. Sev-
eral structurally younger dykes, themselves strongly de-
formed, locally crosscut gneissic foliations and therefore
do not share the full history of the host. Vegetation and
unconsolidated glacial deposits and soils limit rock ex-
posure; rock contacts are seldom observed. Elevated to-
pography correlates with the occurrence of weathering-
resistant (and competent) rocks such as the amphibolites.

4.2 Structural geology
4.2.1 General structure
Bedrock mapping conducted by Lundqvist (2008) re-
vealed map-scale boudinaged amphibolite tectonic lenses
folded into what appeared as two distinct phases. These
amphibolite tectonic lenses are often associated with het-
erogeneously deformed quartz-feldspar gneisses. This
study confirms the previously mapped observations.
Results pertaining to the structural study are summa-
rized in the two structure maps; one for foliations and
one lineations, with accompanying stereonets (Figs. 5 & 6
respectively). Two interpretative cross-sections (Fig. 7) il-
lustrate the deformation phases interpreted from the field
data.
The polyphase fold is primarily defined by the migma-
tized and highly competent garnet amphibolite. This unit
was folded and boudinaged into map-scale tectonic lens-

Fig. 4. Macro photographs of the 5 main lithologies observed from out-
crop. Coin (28 mm) for scale. (A) Weathered, subhorizonal surface of
the garnet-poor amphibolite with blue/grey feldspar porphyroblasts in
a coarse-grained leucosome at locality 0002. The mesosome is the medi-
um coloured parent rock from which the melt segregated (blue arrow).
The leucosome is the light coloured felsic domain (red arrow). The dark
melanosome (selvedge) often contains hydrous mafic minerals such as
biotite and/or hornblende and separates the leucosome from meso-
some (yellow arrow). (B) Weathered, subvertical surface of the garnet
amphibolite with thin leucocratic melts concentrated along foliations at
locality 0026B. (C) Weathered, inclined surface of the quartz-feldspar
gneiss with a rare, large, augen K-feldspar porphyroclast at locality
0012. (D) Weathered, inclined surface of the sillimanite-bearing quartz-
feldspar gneiss at locality 0031. (E) Vertical, south-facing outcrop of a
fresh surface at locality 0046 showing the charnockitized felsic orthog-
neiss that contains thin S, mafic foliations.



es. A major F, hinge is defined near Gammelgard, with
fold axis orientated 24/029 (plunge/trend). A prominent
F, hinge is located northeast of Sdm, with fold axis orien-
tated 38/025. A minor F, hinge is located in Torsgarden,
with fold axis orientated 36/041. Throughout the study
area, object and trace lineations generally trend NE with
varying plunges; the mean vector is 19/052 (stereonet o).

4.2.2 Linear structures and fabrics

There are two sets of lineations, L, and L,, in the Sim
area. Object lineations form in a variety of rocks from
fine-grained, elongate aggregates that were produced by
the stretching and recrystallization of previous coarser
mineral grains; e.g. grain lineations and aggregate linea-
tions (after Piazolo & Passchier, 2002). Trace lineations
(crenulation lineation) are also present at select locations.

The L, are observed primarily from object lineations.
L, have a bimodal distribution with two distinct pole
clusters at 37/318 and 26/160 (stereonet f), thus trend-
ing in similar orientations although plunging in opposite
directions.

The L, are observed from both object lineations and
trace lineations. The majority of L, lineations align par-
allel with the F, fold axis. L, has shallow to moderate
plunges all trending NE (mean vectors: 19/052, 29/039 &
08/060; stereonets a & y). The following are examples of
object lineations. Aggregate mineral lineations at locality
0001 trend ~058° and are subhorizontal (Fig. 8A). At lo-
cality 0077A, grey metallic luster, Fe-Ti-oxides form sub-
horizontal grain lineations trending ~079° in the folded
coarse pegmatites (Fig. 8B).

Symmetrical and asymmetrical lobate structures with
an ~80-120 mm wavelength and an ~20-50 mm ampli-
tude were found beneath overhanging ledges of the re-
crystallized quartz-feldspar gneiss (Fig. 9A). These folds
form coarse rods, which are parallel to the fold axis of
cuspate-lobate folds. The axes and troughs are L, crenu-
lation lineations (mean vector: 08/060; red triangles in
stereonet y). This structure is primarily located in the F,
hinge zone near Torsgarden, and is parallel to the F, fold
axis.

4.2.3 Planar structures and fabrics

The primary compositional layering (S;) and subsequent
deformation events, D, and D,, have created a composite,
strong, planar, and gneissic S, fabric. A locally preserved
S, has yet to be found in the Sdm area due to younger
penetrative overprinting, therefore the orientation of the
S, is unknown. S is preserved, and is distinguished from
S, because S, was folded isoclinally during the distinctly
characteristic D,. Therefore, S, is commonly intrafolial
with respect to S,. This composite structure allowed for
numerous foliation plane measurements at each locality.
There is a mineralogically derived anisotropic weakness
along folia; surfaces are more easily cleaved (Fig. 9B). The
layer thickness varies; a common range is from millime-
ter to decimetre (lamellar to thick banding). The orienta-
tions of the composite S, S, and S, foliations outline the
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F, fold phase, which forms the S, foliation.

4.2.3.1 Mylonitic structures and fabrics

Gradational mylonitized zones occur in the quartz-
feldspar gneiss appeared in two hinge-zone localities, F,
(0080; Fig. 10A) and F, (0098A; Fig. 10B). Strain parti-
tioning amongst the quartz and feldspar minerals allowed
an anisotropic shape pattern to develop. Distributed
augen-shaped porphyroclasts and recrystallized lens oc-
cur parallel to these major anisotropic planes. A dextral
shear-sense was observed at locality 0098A. Whilst the
mylonite and the coarse protomylonitic quartz-feldspar
gneiss (Fig. 11) at locality 0080 is characterized with
short, anastomosing shear bands that are oblique to the
shear-zone boundaries, which suggests a S-C’ fabric with
a top-to-the-east shear-sense. At both localities, the my-
lonites are located close to (within 10's of metres) a large
amphibolite lens. Measured widths of the mylonitized
shear zones were in the order of several centimetres to
metre scale. It is unclear if/how these mylonites are inter-
connected. In thin section, the mylonite is characterized
with discrete, smooth and rough, anastomosing spaced
foliation (see section 4.3.3.1). The foliation is defined by
very, fine-grained sillimanite aggregates, elongate biotite
clusters, with poly- and monocrystalline quartz ribbons.
Finer, recrystallized quartz and feldspar grains are found
in the microlithons.

4.2.3.2 Crosscutting aplitic and mafic dykes

Planar crosscutting relationships between lithologies
were rare, however discordant aplitic and mafic dykes
were mapped along two F, limbs.

One locality, 0062, exposes a fine-grained granodio-
rite gneiss where the foliation, defined by pinned quartz
and plagioclase crystals against parallel-aligned biotite, is
orientated 241/48. This foliation is then crosscut by sev-
eral fine-grained, pinkish-white, centimetre-decimetre
thick, very fine-grained aplitic dykes orientated ~261/32
(Figs. 12, 32D). The gneissic fabric is abruptly truncated
at an angle of 22° (dihedral angle measured in OSXStere-
onet) by the dyke. The aplite dykes pinch and swell along
strike, but appear perfectly undeformed. The foliations in
the host gneiss do not show a soft or pliable tendency to
merge into, or form drag folds near the intrusion. There
appears to be a “chilled margin” marked by a finer grain
size along the contact between the dykes and the host,
suggesting that the gneiss was cool at the time of intru-
sion. A few metres westward along strike, the aplite dykes
are nearly parallel to the gneissic fabric and remain rela-
tively undeformed.

At localities, 0046, 0047, 0048, and 0049B (Figs. 13,
32A-C), several decimetre thick, mafic dykes are orientat-
ed parallel with the gneissic foliation of the charnockitic
orthogneiss; foliations in the host are orientated between
~278/32 to 256/24 along this transect. There is only one
locality that presents the mafic dykes crosscutting the fo-
liations in the host (locality 0049B). The contact between
the dykes and the host varies between sharp and grada-



i
N

z3zay Y
3 38 § 9 «
3 nn S 3 2
8 wo 9 & &
% 43 53 @ @
A 03 2. o
A& %0 o 5 2
' ERE
=1
2353 ¢g ¢
a o3 o o F
o ~+Q =
8'03 o o
= o« -]
@ T 7
I =
5~ =
o @
Q.\
e g
~ T T
)
® 1 A
\N

3UJ| UOI}DIS-SSOID
ades] p|oy |eixe
ABojoy| paddew
PIoj [ews
uoneaul|

Fig. 5. Structure map with select foliation measurements, foliation trends, axial fold traces, cross-section lines, and letters corresponding to stere-
onets. Lower hemisphere equal-area (Schmidt) stereonet plots for (A) foliations around Gammelgérd, (B) foliations around Torsgérden, (C) hori-
zontal to subvertical foliations in the F, hinge zone, (D) steeply dipping foliations near Krokmossen & Svartemossen, (E) the axial planes to small,
tight F, folds, and (F) select foliation measurements throughout the study area defining the F, phase. The red solid great circle in the stereonets is the
n-girdle, and the orange dashed great circle denotes the axial plane. See appendix (Fig. A1) for enlarged stereonets with supplementary information.
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Fig. 6. Structure map with select lineation measurements, foliation trends, axial fold traces, cross-section lines, and letters corresponding to stere-
onets. Lower hemisphere equal-area (Schmidt) stereonet plots for (a) object lineations orientated parallel to the F, fold axis found throughout the
study area, (B) object lineations orientated NW-SE found throughout the study area, and (y) object lineations (blue) with trace lineations (axes of
cuspate-lobate folds; red) around Torsgarden. See appendix (Fig. A1) for enlarged stereonets with supplementary information.
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Fig. 7. Interpretative geological cross-sections in the Sdm area (A-A'
and B-B'in Figs. 5 & 6). Vertical scale is exaggerated. Colour scheme fol-
lows the one presented in Fig. 3. White dashed lines in the sillimanite-
bearing rock represents sillimanite along foliations; white dashed lines
in the garnet amphibolite are stromatic leucosomes parallel to folia-
tions. F, fold axis in A-A' plunges ~25° NNE; F, fold axis in B-B' plunges

~40° NNE.



Fig. 8. (A) Horizontal surface of upright, isoclinal mafic mineral folds (F, overprinting F, folds; Ramsay's Type 0 interference fold pattern) in the gar-
net-poor amphibolite at locality 0001. The folds have a wavelength of ~12 mm. On the right-most half, subhorizonal, gently plunging mafic mineral
aggregates create a strong L, linear fabric orientated 058°, this fabric aligns parallel with the S, and S, axial surface. (B) Elongated, fine-grained, Fe-Ti
oxide opaque aggregate lineation (interpreted as L,) on a horizontal surface at locality 0077A; azimuth is ~079°. Lineations are dispersed throughout
the coarse quartz crystals in the folded pegmatites and quartz-feldspar gneiss outcrop. Coin (28 mm) for scale.
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Fig. 9. (A) A coarse-grained, pegmatite dyke in the quartz-feldspar gneiss at locality 0007. There are subtle, however persistent lobate “ribs” (white
arrows) along the basal surface of the ledge that are created by folding during ductile deformation (D,) in the compressed F, hinge area. The axes of
these cuspate-lobate folds create a trace lineation; mean vector is 08/060. Coin (28 mm) for scale. (B) Subvertical foliated quartz-feldspar gneiss unit
at locality 0100. Folia thicknesses are mm-cm. Stacked packages of several foliations cleave every few dms. Individual lamella are not laterally exten-
sive and typically die out within a meter. No penetrative lineation fabrics or slickensides along foliation surfaces were observed. Isoclinal folds similar
to the ones found at locality 0099A are indicated by the white arrow. A few tens of metres to the west, lies near-vertical, foliated, sillimanite-bearing
quartz-feldspar gneiss. A few tens of metres to the east lies the garnet amphibolite unit. Sledgehammer (914 mm) for scale.
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Fig. 10. (A) South-facing protomylonitic pegmatite dyke outcrop with a several decimetre thick, fine-grained mylonite zone in the quartz-feldspar
gneiss host at 0080. S-C fabric is better identified in the mylonitic section than in the gneiss; see Fig. 11 for detail of the gneiss. Blue lines represent
C-surfaces, whilst the red indicate S-surfaces. Shear direction is top-to-the-east. Hammer (330 mm) for scale. (B) A perpendicular surface to the
finite strain ellipsoid of a mylonitized zone in the quartz-feldspar gneiss at locality 0098A. Shear is interpreted as sinistral. Coin (28 mm) for scale.
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Fig. 11. Close-up of the protomylonitic pegmatite dyke along a south-facing vertical surface at locality 0080. Short, anastomosing shear bands with
tapering en-échelon quartz ribbons that are orientated obliquely to the shear-zone boundaries show a S-C' fabric. S-surfaces are red, whilst the blue
lines indicate a C'-surface. S-surfaces are undulating and not consistently parallel. Laminar flow allows the S-surfaces to asymptotically become trun-
cated by the anastomosing C'-surfaces. Shear-sense is dextral; top-to-the-east. Coin (28 mm) for scale.




tional; often a centimetre thick biotite or hornblende-rich
lamella may be traced along strike for several decimetres,
which marks the boundary between the intrusion and the
host (Fig. 4E). Thin sections reveal the dykes are well foli-
ated similar to the host charnockitic felsic orthogneiss.

4.2.3.3 Folds and fold-related fabrics

Two different fold phases, F, and F,, have been identi-
fied. Folds generally involve one or two foliated layers,
are termed single-layer folds, and are widespread in the
Sam area. All folds have been subjected to boudinage syn-
kinematically with folding and thus very short segments,
typically one or two wavelengths, are preserved.

The F, folds are the most commonly occurring fold
phase around Sdm, and are found in several lithologies:
the garnet-poor amphibolite, the garnet amphibolite, and
the quartz-feldspar gneiss. The S, gneissic foliations were
modified and reoriented during D, to form NNW-SSE
striking, upright to recumbent and tight to isoclinal F,
folds (stereonet D from Fig. 5; Figs. 8A & 14A). Around
Krokmossen & Svartemossen, the corresponding stere-
onet D (Fig. 5) illustrates the F, with a narrow hinge zone,
as denoted by the poles from the S, gneissic foliations
that are segregated into two distinct clusters. The angle
between these two clusters is ~114°, thus the supplement
angle of ~66° is the dihedral angle (i.e. interlimb angle).
The axial plane (S,) bisects the F, limbs with an orienta-
tion of 357/76, whilst the axial hinge (L,) is 24/003.

Small, thin, pegmatitic veins (an earlier generation
of intrusions than those presented in section 4.2.3.2) in
the quartz-feldspar gneisses were folded during D,, and
developed angular, narrow, and often isolated hinges. Pla-
nar limbs are strongly stretched or boudinaged, parallel
to the axial plane (S, ; Figs. 14B, 15-18). These F, folds are
best classified as Class 2 similar folds (Ramsay 1967). The
pegmatite has a higher competency relative to the quartz-
feldspar gneiss host; the quartz-feldspar gneiss typically
flows into the tight hinge zones. Most inner arcs of folds
are in the form of sharp cuspates, whilst the outer arcs are
angular to subrounded. As an example, at locality 0074,
the outcrop allowed for 3-dimensional observations and
axial planar surface bearings (Fig. 16). The axial plane of
the F, veins at this locality are orientated 256/81, parallel
to the F, axial trace. Nearby at locality 0077, the isocli-
nal F, folds (outlined by coarse pegmatite) are recumbent
(Fig. 17). A small (~10 cm), open F, fold is interpreted
from a bulge in the limb of the recumbent F, pegmatite.

Younger folds, belonging to F,, are often too large,
with a broad, rounded curvature to be interpreted di-
rectly from outcrop, however certain localities reserve
exception. At locality 0050C, an F, limb and hinge are
preserved in a several-metre large quartz-feldspar and
sillimanite-bearing quartz-feldspar gneiss (Fig. 19). The
upright, tight to isoclinal F, folds are refolded during D,,
after which some F, folds are upright, whilst others are
recumbent. The F, is an open fold with a rounded hinge
(purple line).
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The geometry of the major and the minor F, hinge
zones, located northeast of Sim and in Torsgarden re-
spectively, is interpreted after the structure maps and ste-
reonets. Both stereonets (C & D) concerning the F, phase
are in agreement; the major and the minor F, folds are
open with an interlimb angle of ~100°, have steeply dip-
ping NE-SW striking axial planes, and have fold hinges
orientated 30/036. The F, folds are classified as Class 1C
folds (Ramsay 1967), because the curvature of the outer
arc is less than the curvature of the inner arc of the fold.

In many places the F, folds align parallel with the S,
axial plane (e.g. localities 0001, 0074, & 0105B; Figs 8A,
16 & 14A). The upright, tight to isoclinal F, folds at local-
ity 0001 were further compressed during D,, hence these
are classified as Type 0 interference fold patterns. There-
fore, these small folds are both F, and F, folds. The major
F, fold hinge zone in Gammelgard is orientated parallel
with the minor F,// F, folds at locality 0001, and with the
major F, fold around the village of Sdm.

4.2.3.4 Anatectic melting and associated structures
All units throughout the study area experienced partial
melting. The grey garnet-poor and the darker garnet am-
phibolite best display the colour contrasts between the
lighter leucocratic tonalite-trondhjemite veins and the
darker melanocratic minerals.

Short, centimetre to decimetre, parallel-trending leu-
cocratic veinlets are found at numerous localities around
Sam (Fig. 20A). At locality 0095B, the veinlets are orien-
tated ~13/038, which is axial-planar to F, folds.

En-échelon extension gashes were identified at locali-
ty 0033B (Fig. 20B). This garnet amphibolite has two gen-
erations of S-shaped tonalitic-trondhjemitic leucosomes.
A primary set has been rotated during deformation,
whilst the second set is aligned in accordance with the
ISA and is superpositioned on the preexisting primary
set. Shear-sense is sinistral; top-to-the west. Another ex-
ample is shown in the garnet-poor amphibolite (Fig. 21).

Small, isolated, patch melts and isoclinal folds (Type
0 interference fold pattern) at locality 0033B showed that
the plagioclase crystallographic cleavages appeared to
have aligned subparallel with the S, // S, (~043° Fig. 22A
& B).

Single, competent layers that are disrupted and sepa-
rated into elongate "sausage-like" segments are termed
boudins (Ramberg 1955). Disruptions resulting from
planar fracturing into rectangular segments are known
as torn boudins, whilst pinched and swelled segments
formed by necking are known as drawn boudins (Gos-
combe et al. 2004). Drawn boudins in association with
foliation boudinage structures (Fig. 23) are found in the
migmatized garnet amphibolite at localities 0026B &
0103 (Figs. 24 & 25 respectively). The stromatic migma-
tite structures are defined with numerous thin and later-
ally extensive leucosome bands trending parallel to the
gneissic banding. Net structures are two or more system-
atic planar melt sets creating a 3-dimensional melt frame-
work formed similarly as foliation boudinage structures



Fig. 12. Located along an east-west trending F, limb, locality 0062A is an inclined surface of a fine-grained aplite dyke crosscutting a well-foliated
granodiorite gneiss. The foliations do not appear to create flanking folds against the intrusive dyke surface. There also appears to be a “chilled margin”

contact between the aplite and the host, suggesting significant cooling of the granodiorite gneiss occurred before the discordant intrusion. Lens cap
(74 mm) for scale.




Fig. 13. A well foliated quartz-feldspar gneiss with intrusive, crosscutting parallel to foliation mafic dykes, at the south-facing locality 0049B. It is
not well understood if these are multiple repeat injection dykes creating a lit-par-lit feature, or perhaps this is one or two parallel dykes that were
deformed into stretched out, recumbent isoclinal folds (sheath folds). Structurally situated below this locality lies a garnet-rich amphibolite tectonic
lens. This is the northernmost study locality. Hammer (330 mm) for scale.
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Fig. 14. (A) Horizontal and oblique vertical surfaces transecting upright isoclinal folds (234/82) composed of mafic minerals in a migmatized garnet-
poor amphibolite lens in the F, & F, fold hinge at 0105B. This F, // F, fold hinge zone is tightly compressed, limiting space for rocks to flow. The
melanosomes are stretched out and boudinaged. The diffuse nebulite melt domains often contain larger forest-green clinopyroxenes (white arrow)
surrounded by plagioclase + quartz. Coin (28 mm) for scale. (B) Pegmatite veins along a north striking, foliated, fine-grained quartz-feldspar gneiss

at locality 0099A. The veins are tightly folded (F,), as well as thinned out and boudinaged parallel to the axial surface (S,). The host quartz-feldspar
gneiss cleaves into massive meter-thick blocks. Hammer (330 mm) for scale.
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Fig. 15. Detailed close-up of the folded pegmatite veins in the fine-grained quartz-feldspar gneiss along a vertical southeast-facing surface at locality
0082B. The gneissic (S), relatively coarser-grained, pegmatites have been elongated, boudinaged and folded into inclined isoclinal folds (F,) during
D,. The F, axial surfaces (S,) are roughly parallel with the S, fabric. A suitable surface to orientate the S, planes was not found at this locality. Coin
(28 mm) for scale.
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Fig. 16. A horizontal and vertical cut outcrop of pegmatite veins in the quartz-feldspar gneiss folded into F, at locality 0074. The axial planes of the F,
veins (S,; white plane) are orientated 256/81. The F, axial planes (S,) follow parallel to the major F, axial plane (S,). White arrows draw attention to the
larger recrystallized quartz nodules located in the low-stain hinge zones. The pegmatite has a higher competency relative to the quartz-feldspar gneiss
host; the quartz-feldspar gneiss flows into the tight hinge zones. Most outer arcs of the folds are in the form of sharp cuspates, whilst the inner arcs
are angular to subrounded. Boudinage occurs at the inflection point along the limb between two hinge zones (yellow arrow). Coin (28 mm) for scale.
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Fig. 17. Inclined surface of an F, folded coarse pegmatite veins in a finer-grain quartz-feldspar gneiss host along a roughly east-west trending major F,
limb at locality 0077A. Although this is an oblique cross-section through the F, fold, hinge thickening and limb thinning in these recumbent isoclinal
folds is apparent, the hinge-zones are narrow, and resemble to the Class 2 similar folds after Ramsay (1967). The white arrows point to the multiple
folds stacked one on top of another. A small ~10 cm F, buckle fold is interpreted along the upper F, fold. Coin (28 mm) for scale.
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Fig. 18. A wet, inclined surface at locality 0076, along an east-west trending F, fold limb. A small shear zone (yellow) marks the boundary between
the coarse pegmatite and the folded, fine-grained, quartz-feldspar gneiss; shear-sense is undetermined. The lower, coarse pegmatite body, shaded in
white, does not display folds as at 0077A (Fig. 17), however these recrystallized coarse K-feldspar and quartz crystals show some strain. It is important
to note that there are varying degrees of partial melting, and varying degrees of strain preserved in an outcrop. Attention is given to the thin, finer-
grained pegmatite veins, shaded in red, that are isoclinally fold, and have their fold traces aligned parallel (azimuth: 054°) with the regional S,. These
small folds appear most similar in shape to the ones observed at localities 0099A (Fig 14B) and 0082B (Fig. 15). Coin (28 mm) for scale.
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Fig. 19. Two distinct folds sets in a south facing quartz-feldspar gneiss at locality 0050C. The S, foliations, defined by the pegmatite veins, are de-
formed during D, to form upright, tight to isoclinal F, folds. The subsequent D, refolded the F,, which led to some F, folds being upright, whilst others
are recumbent in the F,. Pegmatitic material pinched, swelled, and boudinaged during ductile deformation. The F, is defined as a NE-plunging, open
Class 1C fold. The orientation for the S, at this locality is tentative, because there is only one F, limb and a partial F, hinge. Coin (28 mm) for scale.




(Arslan et al. 2008). The two melt sets may occur at angles
perpendicular or oblique to each other. The shorter set
of leucosome, at high angle to the stromatic one, defines
the inter-boudin surface (S; after Goscombe et al. 2004),
and may form curved geometries reflecting crescent-
double cresent-type and/or X-type boudin necks (Fig. 23;
Guernina & Sawyer 2003; Arslan et al. 2008). Intersec-
tions between the melt sets outline and define the mar-
gins for lozenge-shaped and/or polygonal-shaped mela-
nocratic drawn-boudins. At locality 0026B (Fig. 24), S,
gneissic layering is often deflected towards these boudin
necks, creating flanking folds (after Arslan et al. 2008).
Locality 0103 shows a vertical surface orientated roughly
perpendicular to the F, // F, fold axis of the garnet am-
phibolite (Fig. 25). A network of inclined, planar boudin
necks are bounded by horizontal, planar stromatic leuco-
somes. Higher angled boudin necks are the thickest leu-
cosomes and are connected to slightly thinner stromatic
leucosomes. Single, disconnected stromatic leucosomes
are also the thinnest leucosomes.

Fig. 20. (A) Short, centimetre to decimetre, parallel-trending leucocrat-
ic veinlets at locality 0095B, are orientated ~13/038. They trend roughly
parallel to the F, fold axis. (B) Along a south-facing vertical outcrop at
locality 0033B, a sigmoidal, en-échelon extension vein array is found
in a garnet amphibolite. Shear-sense is sinistral. Foliations in the am-
phibolite (yellow lines) intersect the tonalitic veins at high angle, and it
is parallel along these foliations that the anatectic melt migrated into the
lower pressure dilation sites. Coin (28 mm) for scale.
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Fig. 21. Along an inclined surface at locality 0068C, leucocratic tension gashes (or foliation boudinage structures) with a bisecting stromatic vein are
found in a garnet-poor amphibolite. As this is not a XY-section, the precise geometry of the tension gashes (or foliation boudinage structures) is not
certain. The leucosome is well segregated in these dilation migmatites; sometimes a thin hornblende selvedge marks the border between the leuco-
some and the mesosome. Surrounding these dilation veins are diffuse nebulite structures with a poorly segregated neosome. Coin (28 mm) for scale.




Fig. 22. Migmatites on a wet horizontal surface at locality 0033B. The migmatite is distinctly segregated into the respective tonalitic-trondhjemitic
leucosome and pyroxene & amphibole-rich melanosome domains. Coin (28 mm) for scale. (A) A patch melt or an oblique surface through interfer-
ence folds. Plagioclase crystallographic cleavages appear to have aligned subparallel with the S, // S, . It is uncertain from the field if this is new crystal
growth or transposition of a leucosome. (B) Another close-up, this time of an isoclinal folded (Type 0 interference fold pattern). Again, the coarse
leucosome's elongated crystals are subparallel to the axial surface (S, // S,; azimuth ~043°). Melt migrated from high-strain zones along the limbs
towards low-strain, dilatent regions such as the hinge zones; limb-thinning and hinge-thickening,
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Fig. 23. (A to D) Idealized geometry and classification of foliation boudinage structures (FBS; Modified after Arslan et al. 2008). (E) A realistic block

diagram of the foliation boudinage structures interpreted in the Sam area.
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gneissic foliation which is also nearly normal to the strain ellipsoid. Stromatic migmatites orientate roughly parallel to the gneissic foliation. Perpen-
dicular to the stromatic leucosomes, are the boudin neck veins. These boudin necks are interpreted as X-type (red arrow) and crescent-type (blue
arrow). These boudin necks crosscut the foliation and connect with the parallel melts thus creating the lozenge or polygonal shaped melanosomes

(boudins). Near the vertical margins of these polygonal melanosomes, the gneissic foliation curves gradually inward, forming flanking folds (white
arrow). Shear-sense is top-to-the-west. Coin (28 mm) for scale.
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Fig. 25. This is a small vertical, southeasterly-facing surface at 0103A, which is part of a large, tightly folded amphibolite lens near the F, // F, hinge.
The gneissic foliation here is not very well defined in comparison to 0026B, however the metatextite’s net structure shown here displays a more con-
nected leucosome network; distinct horizontal stromatic leucosomes and oblique boudin necks / foliation boudinage structures. Coin (28 mm) for
scale.




4.3 Petrography including microstructures

& mineral chemistry

The present description focuses on the garnet amphibo-
lite, the garnet-poor amphibolite and the sillimanite-
bearing quartz-feldspar gneiss from Sam. Less detailed
petrographic descriptions are given for the quartz-feld-
spar gneiss and the intrusive dykes. A general mineralogy
overview is provided in Table 1.

4.3.1 Garnet-poor amphibolite

Macroscopic appearance
The garnet-poor amphibolite is a light grey rock domi-
nated by plagioclase and amphibole. Anatectic partial

Table 1. Mineralogy of the Sim samples

melting is widespread and the leucosome is uneven-
grained (coarse- to fine-grained). Partially recrystallized,
subhedral, bluish grey plagioclase, megacrysts (~5 mm),
occur in the leucosome (Fig. 4A) with clinopyroxene and
amphibole megacrysts (>5 mm). The plagioclase mega-
crysts do not show a distinctly preferred orientation. In
contrast, the finer-grained recrystallized minerals com-
monly align to form lineations and folds. Garnet is rare,
but is locally present next to leucosomes, around clinopy-
roxene or amphibole megacrysts (Fig. 26A).

Microtextures (polarized microscopy and SEM)
The mesosome of the garnet-poor amphibolite is fine-
grained, has a granoblastic texture, and is made up of

locality description qtz  pl kfs opx cpx grt am bt mus sil mnz ap ilm/ rt other
hem

SM12-0001 grt-poor amphibo- X X X X X X X X X

lite
SM12-0002 ﬁlt‘:P oor amphibo- X X X X X X X X sericitization
SM12-0019 # lgii;'poor amphibo- x X x X ox calcite
SM12-0026A  grt amphibolite X X X X X
SM12-0026B #  grt amphibolite X X X X X X X X X X
SM12-0032 % sﬂ-l?earlng qtz-kfs X X X X b'e X X X

gneiss
SM12-0033 grt amphibolite X X X X X X X X X X
SM12-0046 +  mafic dyke X X X X X X X X X
SM12-0047 cha.rnockltlzed' X X X X X X X X X X X

felsic orthogneiss
SM12-0048B felsic orthogneiss X X X X X X
SM12-0050 sﬂ—bearmg qtz-kfs X X X X X X X X X X

gneiss
SM12-0054 311—l?ear1ng qz-kfs X X X X X X X X X X

gneiss

gneissic grano-
SM12-0062 diorite crosscut by X X X X X X X X X

aplite dyke
SM12-0077A pegmatilte inaqtz X X X X X X X X

kfs gneiss
SM12-0077C  calc-silicate X X X X X X Elitanite, epi-

ote

SMi2-.00g0 ~ Pegmatteinaqtz- x X

kfs gneiss
SM12-0086A sﬂ—bearmg qz-kfs X X X X X X X X

gneiss

grt-bearing
SM12-0086B ) X X X X X X

tonalite
SM12-0103 grt amphibolite X X X X X X X X X X
SM12-0107B  grt amphibolite X X X X X X X X X
SM12-Q01 amphibolite X X X X X X X X X X
SM12-Q02 tonalite leucosome X X X X X X X
SM12-Q03 qtz-kfs gneiss X X X X X b'e b'e

¥} indicates localities with a thin section examined under SEM
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hornblende and plagioclase (in approximately equal pro-
portions) with lesser amounts of biotite and abundant
small grains of opaque minerals. In some samples (eg.
SM12-0001-01) plagioclase and dark minerals are sepa-
rated in distinct aggregates. This particular sample shows
an equant granoblastic plagioclase and quartz matrix
surrounding highly cuspate hornblende and clinopyrox-
ene clasts (blue arrow; Fig. 26B) . Minor phases include
apatite and garnet. Garnet commonly forms irregular,
fine-grained coronas around Fe-Ti oxide grains separat-
ed by a moat of plagioclase (Fig. 26C). The leucosome is
made up of plagioclase and quartz, and contains variable
amounts of 2-20 mm megacrysts of plagioclase, clinopy-
roxene and blue-green amphibole. In one thin section
(SM12-0019) calcite and scapolite is present. Clinopyrox-
ene form blasts with bleb-like inclusions of plagioclase

(up to 30 vol. %) and small grains of opaques (Figs. 26C
& D). In some clinopyroxene blasts, the opaque grains are
aligned parallel with the host’s crystallographic planes.
Locally, amphibole has partially replaced clinopyroxene,
in particular along grain boundaries and cleavages.

Mineral chemistry (sample SM12-0019)

All analyzed plagioclase grains have sodic-rich composi-
tions of An, .. (andesine; Table A2). Plagioclase is found
with hemo-ilmenite inside clinopyroxenes (Fig 26C).
Clinopyroxene is a sodium-bearing aluminum diopside
(after Morimoto et al. 1988). Jadeite content is low (Jd, ,)
and Xnig is 90-93 [ng = (Mg/(Mg+Fe)) x 100]. Garnet is
absent in the analyzed thin section. Amphibole is a calcic
amphibole classified as tschermakite to magnesiohasting-

site (after Leake et al. 1997; Hawthorne et al. 2012).

Ol LI e

Fig26. (A) A clinopyroxene porphyroblast is pseudomorphed to an am-
phibole at locality 0019. Very fine plagioclase is found in the lower por-
tion of the pyroxene-amphibole crystal. This porphyroblast is enveloped
with a few mm thick leucocratic rim; scarce garnets occur sparingly.
Coin (28 mm) for scale. (B) Plane-polarized light overview of sam-
ple SM12-0001-1. Clinopyroxene and hornblende have sharp cuspate
boundaries with the granoblastic matrix (blue arrow). (C) Plane-polar-
ized light of sample SM12-0001-1. Fe-Ti oxide is partially rimmed with
a veneer of plagioclase and garnet. Matrix plagioclase is granoblastic.
(D) Plane-polarized light photomicrograph of clinopyroxene contain-
ing plagioclase and Fe-Ti oxides situated in a recrystallized trondhje-
mitic-tonalitic leucosome. (E) Back-scattered electron image showing
the clinopyroxene in (D). Several teardrop-shaped ilmenite within the
clinopyroxene are elongated in the NNW-SSW direction; they are crys-
tallographically controlled by the clinopyroxene. The gneissic fabric in
this thin-section is orientated E-W.



4.3.2 Garnet amphibolite

Macroscopic appearance

Dark green to nearly black amphibolite streaked with pla-
gioclase-dominated leucosome is widespread in the Sam
area. Outcrops range in size from metre-size exposure to
a hill several 100 m long and with significant elevation
gain (20 to 30 m). Pyroxene + plagioclase + garnet + am-
phibole are easily spotted in hand sample. Pyroxene and
amphibole grains in or around the coarse grained leuco-
somes measure up to centimetre-size. Garnet is typically
<2-3 mm. Corona textures are relatively rare in the field,
however they do exist (Fig. 27A).

Microtextures (polarized microscopy and SEM)

The mesosome of the garnet amphibolite is fine- to me-
dium-grained, granoblastic, and consists of variable pro-
portions of brownish green hornblende and clinopyrox-
ene together with antiperthitic plagioclase, garnet, biotite,
opaques, and locally minor orthopyroxene. Accessory
minerals are apatite, zircon and rutile. The leucosome is
medium- to coarse grained and made up of antipertihitic
plagioclase and quartz. Locally, close to or within leuco-
some, clinopyroxene blasts contain bleb-like inclusions
(30-40 vol. %) of plagioclase, opaques, orthopyroxene
and hornblende These clinopyroxene and plagioclase in-
tergrowths are generally rare microtextures, the best pre-
served is Figures 27B-E.

Occasionally coronas consisting of plagioclase and
thin (~10-20 um thick) orthopyroxene rims surround
Fe-Ti oxides and/or clinopyroxene (Figs. 27F-G). Thin
(~0.1 mm) plagioclase and quartz moats often shield
garnet from contact with ortho- and clinopyroxene, how-
ever garnet has many mutual contacts with hornblende.
Garnet is fine-grained (<1 mm), subidioblastic, and often
fractured. Thin plagioclase and quartz rims form sharp
cuspates with low- to high- "apparent” dihedral angles
against solid grains (Fig. 27G-H). Quartz, abundant fine
rutile + ilmenite needles, some zircon grains and other
undifferentiated needles are common inclusions in gar-
net. Much of the plagioclase in the leucosome is recrys-
tallized however some crystals show undulatory-zoned
extinction. Irregularly shaped antiperthite exsolution

blebs within grains and very fine-grained myrmekite
along grain boundaries are additional microtextures
characterizing plagioclase in the leucosomes (Fig. 27G).
Olive-green to light-green pleochroic hornblende is
found along the margins of clinopyroxene. Some horn-
blende crystals show a well-defined 60°-120° cleavage.
Foxy brown biotite is typically in contact with the Fe-Ti
oxides, and forms randomly orientated crystals.

Mineral chemistry (sample SM12-0026B-1)

The plagioclase (An, ,; oligoclase) intergrown with the
clinopyroxene (Figs. 27B-E) is of similar An-composition
to the coarse plagioclase in the surrounding leucosome
(Table A3). Plagioclase from the leucosome showing
zoned extinction are also compositionally zoned; core to
rim profiles are An , , (Fig. 28A). Clinopyroxene is Ca-
rich diopside (Morimoto et al. 1988) with jadeite (Jd, )
and x,, = 78-81. Orthopyroxene forming rims around
ilmenite is enstatite (x,, = 59-65). Amphiboles are un-
zoned calcic-amphiboles with variable x,, (59-69); ferric
iron varies. Garnets are generally almandine dominated
(50-60 %), with pyrope (15-30 %), grossular (15-25 %)
and minor spessartine (0-3 %). Larger grains (>0.5 mm)
with minimal fractures surrounded by plagioclase and
quartz were chosen for compositional profiles. Two com-
positional patterns are shown: the largest grains (>1 mm)
are zoned whilst the smaller grains are unzoned. Zoned
profiles display smooth increasing almandine and pyrope
content synchronous with a smooth decreasing grossular
content from core-rim (Fig. 28B). x, and spessartine pro-
files remain relatively flat.

4.3.3 Felsic gneisses

The quartz-feldspar and the sillimanite-bearing quartz-
feldspar gneisses have been mapped separately (Fig. 3).
However sillimanite in many outcrops may be too fine-
grained to observe in hand sample and a microscope is
required for proper identification. In addition, these two
units have been massively intruded by pegmatite dykes.
All three felsic rocks have experienced similar deforma-
tion histories.

Fig. 27. (A) A pyroxene or amphibole porphyroblast (partially covered in wet soil) is mantled with pyroxene, garnet and plagioclase at locality 0029B
in the garnet amphibolite unit. Garnet with pyroxene, amphibole and Fe-oxides are the main melanocratic minerals surrounding this mantled por-
phyroblast. Coin (28mm) for scale. (B-G) Microphotographs and back-scattered electron images showing representative microtextures in the garnet
amphibolite. (A-F) are from sample SM12-0026B-1, (G) is from sample SM12-0107, and (H) is from sample SM12-0077C. (B) Plane-polarized light
microphotograph representative of the overall mineralogy and textures seen in the garnet amphibolite. The mid to lower right-hand side of the image
is the margin of a plagioclase-rich leuocosome. (C) Cross-polarized light microphotograph showing a clinopyroxene with plagioclase intergrowths,
surrounded by a tonalitic-trondhjemitic leucosome. Top-left corner in the leucosome shows thin, tapered twins in a plagioclase crystal. (D) Back-
scattered electron image of the clinopyroxene in (C) with plagioclase bleb-like intergrowths. Some intergrowths are elongate, whilst others are sub-
rounded. (E) Detailed back-scattered electron image of the clinopyroxene and orthopyroxene amongst the intergrown plagioclase. Orthopyroxene
contains a thinly striped texture along small micro-fractures (red arrow); this is possibly calcic-amphibole. Hemo-ilmenite has a zebra-print pattern.
(F) Back-scattered electron image depicting a ilmenite grain with a hematite domain partially surrounded with an orthopyroxene rim. The orthopy-
roxene again contains the thinly striped texture (red arrows) along the margins and microfractures. (G) Plane-polarized light microphotograph of
thin (~10-20 um thick) orthopyroxene rims around Fe-Ti oxide and clinopyroxene. Irregularly shaped plagioclase and quartz with high surface to
volume ratio fill in the pores between the mafic minerals. (H) Cross-polarized light photomicrograph of a plagioclase-rich leucosome in sample
SM12-0033B showing remnants of a melt; blue arrows point to thin irregularly shaped quartz films, forming sharp cuspates around recrystallized
plagioclase. Yellow arrows point to very fine-grained myrmekite along the boundary of a plagioclase with coarse-grained, vermicular, antiperthite
exsolution (red arrow).
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Fig. 28. Representative compositional profiles in sample SM12-0026B-1. (A) Profile through two zoned plagioclase crystals (one crystal is truncated)
found in the leucosome of Fig. 27A. Antiperthitic exsolution lamellae are indicated by the breaks in the profiles. (B) Profile through a zoned, 800 um

garnet grain surrounded by plagioclase.

4.3.3.1 Quartz-feldspar gneiss

Macroscopic appearance

The major minerals composing the quartz-feldspar gneiss
is quartz + K-feldspar + plagioclase. Quartz may appear
clear to smoky grey and form thin (<20 mm) elongate
(centimetre-scale) ribbons. These ribbons tend to flow
around the more competent K-feldspar porphyroclasts
and augens (~10 mm; Fig. 4C). K-feldspar is generally
pinkish-red whilst plagioclase is milky (on weathered
surfaces), greyish-white. All outcrops are heterogeneous-
ly deformed and heterogeneously recrystallized (e.g. Figs.
9A, 10, 16, 17, 18).

Microtextures (polarized microscopy)
Quartz and K-feldspar are ubiquitous in thin section,
with subordinate plagioclase. Biotite, hornblende, garnet,
and Fe-Ti-oxide occur in varying amounts (Figs. 30A &
B). Sillimanite is absent. Quartz forms long polycrys-
talline ribbons; quartz crystals within the ribbon form
irregular grain boundaries and some show undulose
extinction. Coarse porphyroclasts of K-feldspar gener-
ally show blebby, perthitic exsolution with undulose
extinction and may be partially recrystallized along the
grain margins. Very fine-grained, microcline with tar-
tan twins (several with perthitic exsolution), plagioclase
with polysynthetic twins, and quartz form the anhedral
to euhedral, granoblastic matrix. K-feldspar and pla-
gioclase are heterogeneously altered with late sericite.
There are several highly sheared localities in the Sam
area (Figs. 10A & B). Thin sections were made from a my-
lonitic gneiss sample collected from the Valinge quarry
(sample SM12-Q03; Fig. 30B). Thin (<2 mm) mylonites
are characterized with sharp boundaries and strong, in-
ternal ductile deformation. Very thin (<0.1 mm), dark
margins composed of biotite and an unidentifiable opaque
material (white arrow), bound the strained-softened
quartz from the recrystallized quartz, K-feldspar, and pla-
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gioclase granoblastic matrix. Strained quartz within the
mylonitic microdomain is slightly to strongly elongate,
very fine to relatively coarse grained, and is truncated by
the dark horizontal bounding margins (white arrows) at
~20°. Undulose extinction and highly irregular, cuspate
and lobate grain boundaries (grain boundary migration)
also characterize the mylonitic quartz. Garnet, biotite,
and hornblende are found in unstrained microdomains.

4.3.3.2 Sillimanite-bearing quartz-feldspar gneiss
Macroscopic appearance

Composed of quartz + K-feldspar + plagioclase + silli-
manite + garnet + biotite. Fine- to medium-grained va-
rieties with concordant, folded pegmatitic veins occurred
at several localities (e.g. Fig. 16). A migmatized variety,
which developed a parallel trending planar fabric, com-
posed of millimetre-wide and centimetre- to several cen-
timetre-long quartz ribbons with pink K-feldspars, milky
grey plagioclase and yellowish sillimanite (Figs. 4D, 29A
& B). Biotite and sillimanite are much too fine-grained in
most outcrops and therefore rarely observed in the field.
However there are excellent localities with long silliman-
ite prisms or faint yellowish streaks trend along thin fo-
liations in highly sheared zones. They are differentiated
in the field by means of colour from the elongated, clear-
smoky, ribbon quartz and the recrystallized pink-greyish
K-feldspars.

Microtextures (polarized microscopy and SEM)

The following minerals have been observed in thin sec-
tion: quartz + K-feldspar (moderately to highly sericit-
ized) + plagioclase + sillimanite + garnet + biotite + cor-
dierite (Fig. 30C). Fe-Ti oxide, Fe-sulphide, muscovite,
rutile, and monazite are common accessory minerals.
A small grain which may be kyanite has been found in
one thin section. Quartz and K-feldspar are ubiquitous
in all samples and show similar microstructures as in the



Fig. 29. Migmatized and highly sheared sillimanite-bearing quartz-feldspar gneiss outcrops with coarse ribbon quartz, K-feldspar, and plagioclase.
(A) S, foliations of deformed K-feldspar in a minor F, hinge at locality 0050B. Quartz ribbons are clear to smoky grey, and sillimanite is opaque
and yellow. (B) A large feldspar porphyroclast at locality 0081G is surrounded by finer-grained aggregates - mortar structure, which outlines a
§-structure. Shear directions is top-to-the-east. Coin (28 mm) for scale.




quartz-feldspar gneiss. Coarse K-feldspar contains bleb-
by perthitic exsolution, whilst coarse plagioclase with
polysynthetic twins frequently contains antiperthite (K-
feldspar exsolving out from albitic plagioclase). In gen-
eral, the perthitic and antiperthitic blebs are irregularly
shaped, with no significant variation in lamellae width,
and do not show a preferred crystallographic orienta-
tion. Garnet is generally anhedral, fine-grained and ac-
cumulate into clusters along foliations. Quartz and rutile
are common inclusions in garnet, however one elongate
garnet orientated parallel to S, contained sillimanite and
other fine-grained inclusions that were also orientated
parallel to the S, fabric (Fig. 30D). Relatively large 50-200
um, rounded, clear, high relief, monazite grains are found
sporadically throughout the samples. In cross-polarized
light, some monazite grains show concentric banded 2-3™
order interference colors, whilst others show interference
colours in discrete microdomains. Monazite grains are
found typically along foliations with sillimanite, biotite
and garnet, although grains are also scattered amongst
the recrystallized quartz and K-feldspar.

The modal distribution for sillimanite is variable; this
mineral may represent a minor phase in some samples,
and a major phase in others. Depending on the local-
ity, sillimanite may be fine-grained, subrounded prisms
(rarely single acicular needles), that collect along folia-
tions. These sillimanite aggregates along with foxy brown
biotite, define the smooth, anastomosing foliation (Fig.
30C). In other samples, sillimanite may be a major phase
alongside quartz and feldspar, forming larger (>0.5 mm
wide), highly fractured, prismatic crystals. Occasionally,
the coarse-grained sillimanite forms sigmoids (Fig. 31E).

Sillimanite is often associated with yellowish (ppl) Fe-
Al-Si mineral, cordierite, and clear-grey-brown (ppl) bio-
tite (Figs. 30F). The yellowish Fe-Al-Si mineral is inter-
preted asalate alteration product. Cordierite, when found,
is inclusion-rich; most inclusions are very fine-grained
sillimanite, biotite, quartz and some other unidentifiable
grains in thin section (Figs. 30G). The clear-grey-brown
biotite has a wispy, frayed and kinked appearance when
contacting the Fe-Al-Si alternation product, Fe-Ti oxides,
Fe-sulphides, + cordierite (Figs. 30F & G).

Clearly distinguishable kyanite with good step-like
cleavage is rare (Fig. 30G); it is only found in one thin
section. The grain is enveloped by foxy brown biotite,
which is located within the same microdomain as cordi-
erite forming a partial rim around garnet. Sillimanite is
present as subrounded prisms in the quartzofeldspathic
matrix.

Mineral chemistry (sample SM12-0032-1)

Mineral chemistry is compiled into table A4. K-feldspar
is K, and sodic-plagioclase is An,, (oligoclase). Fine-
grained, unzoned garnets have compositions of Alm_,
Sps,, Pyp,, Grs,, and x, = 68. One relatively large, elon-
gate garnet porphyroclast contains small, rounded Fe-Al-
Si inclusion trails (Fig. 31D). Rounded rutile, apatite and
biotite are other inclusions in garnet. Monazite (~100-
200 um) found in the matrix show concentric and sector
compositional zonation. Rounded zircons measure ~5-
10 um, whilst slightly prismatic zircons measure between
~30-100 pm. Fe-sulphide cores with Fe-oxide rims con-
taining zinc, and hemo-ilmenite constitute the opaque
minerals. Cordierite was not analyzed.

4.3.3.3 Pegmatite dykes

The pegmatite dykes are composed of quartz + K-feldspar
* plagioclase. The primary distinguishing characteris-
tic is that the dykes are always coarser-grained than the
(% sillimanite) quartz-feldspar gneiss host, and that the
dykes do not contain any mafic minerals. Quartz regular-
ly forms elongate, coarse-grained ribbons around elon-
gated and recrystallized K-feldspar porphyroclasts (Figs.
9A, 10A, & 11).

In thin section, most quartz ribbons are monocrystal-
line; grains within the ribbon have smoother boundaries
and appear less strained than described in the quartz-
feldsoar gneiss, suggesting annealing processes such as
grain-boundary area reduction (GBAR), whilst others
show some undulose extinction (Fig. 30H). Coarse, au-
gen-shaped K-feldspar porphyroclasts show undulose
extinction. Plagioclase showing polysynthetic twins is
restricted to the fine-grained, equant, granoblastic matrix
alongside quartz and K-feldspar.

Fig. 30. Photomicrograpths and back-scattered electron images (BSE) depicting representative petrology and microtextures for the felsic gneisses
and pegmatite dykes. (A) Cross-polarized light with inserted gypsum plate (y = 530 nm) of quartz-feldspar gneiss (SM12-0048B). Coarse quartz
has been annealed upon having undergone GBAR, whilst K-feldspar shows undolose extinction and fine-grained recrystallized grain margins. (B)
Cross-polarized light with inserted gypsum plate (y = 530 nm) of a mylonitized quartz-feldspar gneiss collected from the Valinge quarry (sample
SM12-Q03-1). Dark opaques and biotite outline (white arrows) the microdomain that contains crystal-plastic deformed quartz showing undulose
extinction, irregular grain boundaries, and subgrains. (C) Plane-polarized light photomicrograph of fine-grained sillimanite prisms in sample SM12-
0032-1 aligning parallel with biotite laths; this defines the S, foliation. Quartz is recrystallized to elongate shapes with lobate grain boundaries. (D)
BSE image of sample SM12-0032-1 showing an elongated garnet with aligned inclusion trails orientated parallel to S,. The inclusions are comprised
of an Fe-Al-Si mineral and sillimanite. Monazite is found on the upper right-hand-side of the garnet grain boundary. (E) Sigmoid sillimanite
porphyroclasts in sample SM12-0054E-2 surrounded by recrystallized K-feldspar, quartz, and some plagioclase. Biotite and Fe-Ti oxides are found
sporadically throughout. (F) Close-up image of sample SM12-0032-2 showing the Fe-Al-Si mineral in association with the brown-grey-clear wispy
primary biotite, sillimanite and an Fe-sulphide mineral. (G) Plane-polarized light photomicrograph of a microdomain in SM12-0032-2 containing
garnet, biotite, cordierite, kyanite, sillimanite along the cleavage foliation. Kyanite is enveloped with biotite, which is located adjacent to cordierite
forming a partial rim around an euhedral garnet blast. (H) Cross-polarized light with inserted gypsum plate (y = 530 nm) of ribbon quartz wrapping
around a K-feldspar, augen-shaped porphyroclast in a protomylonitic pegmatite (SM12-0080). Quartz grains in the ribbon have irregular to smooth
grain boundaries. Sericite has altered some of the feldspars in the matrix and portions of the augen clast. The matrix is recrystallized to fine-grained
granoblastic texture; grains nearest to the quartz ribbon tend to be finer and more elongated (white arrow).
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Fig. 31. (A) Plane-polarized light photo

and Fe-Ti oxide minerals trend parallel to S, in a mesocratic matrix consisting of granular orthopyroxene and recrystallized plagioclase. Fine-grained
garnet and plagioclase mantle the sulphide and oxide minerals. (B) Plane-polarized light photomicrograph of a clinopyroxene mantled with or-
thopyroxene. Fe-Ti oxides are found both internally and externally with respect to the clinopyroxene grain. (C) Back-scattered electron image of the
identical clinopyroxene in (B). (D) Cross-polarized light photomicrograph of a section across the contact surface between the aplite dyke and the
host granodiorite gneiss at locality 0062. Zones i-iv indicate textural transitions between the intrusion and the host. (i) Fine-grained aplite consisting
of quartz, K-feldspar, & plagioclase. (ii) Coarser grains lie adjacent to the contact. (ii/iii) is the contact surface. Clinopyroxene xenocrysts with altered
margins are aligned along the contact surface with the Fe-Ti oxides. (iii) The hydrous fluids accompanied the aplite dyke and altered the host gneiss,
such that there is a zone of sericitization adjacent to the intrusion. (iv) The host is a very fine-grained granodiorite gneiss; quartz, K-feldspar and
plagioclase are pinned against the foxy brown biotite and opaque minerals.

4.3.4 Localized dykes in the host gneiss. The dykes are plagioclase-rich; both
Mafic dyke clino- and orthopyroxene are present, along with forest
Brownish-orange charnockitized felsic orthogneiss at  green hornblende, Fe-Ti oxides and Fe-sulphides; gar-
localities 0046 & 0047 contain multiple mafic dykes and  net is minor (Fig. 31A). Locally, plagioclase shows strain
lenses (Fig. 4E). Charnockitized felsic orthogneisses are  characterized from curved polysynthetic twins, and un-
also found at locality 0029A. A preliminary observationis  dulose extinction with some deeply cuspate margins due
that these brownish-orange gneisses appear bounded to  to grain boundary migration; blebby anti-perthitic tex-
the north by an east-west-trending shear zone. The gneiss ~ ture is common. The matrix constitutes recrystallized
is composed of medium to coarse-grained K-feldspar,  plagioclase, which forms a fine-grained granoblastic
quartz, and plagioclase; forest green hornblende, foxy  texture. Orthopyroxene is very fine-grained and often ac-
brown biotite, clinopyroxene with subordinate garnetand ~ cumulates into clusters. Orthopyroxene also forms par-

severely altered orthopyroxene are found in thin section.  tial rims around larger clinopyroxene (Figs. 31B & C).
The medium to coarse quartz, K-feldspar, and plagioclase ~ Clinopyroxene porphyroclasts are comparatively larger
have annealed and grown by grain-boundary area reduc-  (~2 mm) compared to the (~0.1 mm) recrystallized pla-
tion (GBAR), however the same minerals are also found  gioclase matrix. Very fine-grained garnet forms partial
in the fine-grained matrix. Much of the K-feldspar con-  rims around Fe-Ti oxide, with thin, 10-50 um plagioclase
tains perthitic exsolution, whilst the plagioclase is anti-  moats separating garnet from the Fe-Ti oxide.

perthitic.

The mafic dykes tend to be concordant to the foliation
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Aplite dyke

Light pink, fine-grained, unfoliated aplite dykes crosscut
the well-foliated gneissic granodiorite at locality 0062
(see section 4.2.3.2; Fig. 12). Fine-grained K-feldspar
and quartz form the centimetre to decimetre thick pink
dykes. Small elongate pits along the upper margin of the
thickest dyke indicate that relatively larger xenocrysts
have weathered away.

In thin section, the aplite dyke is composed of fine-
grained, anhedral-subhedral, relatively unstrained K-
feldspar and quartz with subordinate plagioclase (Fig.
31D). Elongate clinopyroxene xenocrysts with partially
replaced margins align parallel to the strike of the intru-
sion. The host gneissic granodiorite is finer-grained and
has an equant granoblastic texture compared to the dyke.
Reduced grain-size is due to fine-grained, recrystallized
quartz, plagioclase, K-feldspar, and opaque minerals
pinned against biotite. Biotite is foxy brown and aligns
with the strike of the gneissic foliation.

5 Interpretations

5.1 Structure

5.1.1 Fold phases, high-strain zones, and the role
of competency contrasts

The interference of two fold phases, F, and F,, character-
izes the structures of the Sam area. Both phases are fitted
to a -girdle along a great-circle in the stereonets (Fig. 5).
However only the youngest fold phase, the F, folds are
geometrically congruent to a cylindrical fold throughout
the entire study area. Both the axial surface and the fold
axis vary in attitude throughout the entire study area for
the F, folds, which reflects a nonconical noncylindrical
fold. The concentration of poles from planes in a particu-
lar domain in the stereonets should be regarded as a sam-
pling bias along one particular fold limb due to outcrop
availability rather than an indication of fold symmetry
(Marshak and Mitra 1988).

Locally, the S, axial planes of the upright to recum-
bent isoclinal F, folds are aligned roughly parallel with
the F, axial plane (S,). The small tightly folded F, axial
planes for the area (stereonet E; Fig. 5) show an S, axial
plane resembling the S.. This suggests D, reworked and
transposed the F, folds to their present NNE trend; hence
the S, trends subparallel with the S,. Coeval with trans-
position, additional flattening and/or a coaxial deforma-
tional pure shear component applied during D, to the
earlier developed F, folds, tightened and narrowed the F,
hinge zones (stereonets C & D). This deformation event
yielded F, folds superimposed onto F, folds thus creat-
ing Type 0 interference patterned similar folds with true-
axial planar cleavages along the limbs of the F, folds (e.g.
Figs. 8A, 14A & 22).

Younger folds are often interpreted from the folded
cleavage of an older fold phase generation (e.g. Viola &
Mancktelow 2005). In the Sdm area, refolded S, from F,
folds during D,, formed Type 3 interference pattern, NE-
plunging, open Class 1C F, folds (e.g. locality 0050C; Fig.
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19). Locality 0050C is the best example that distinctly dis-
plays all three deformation phases in one outcrop. Some
of the F, folds are in a recumbent position, whilst others
are inclined to upright. Many of the recumbent F, folds
show multiple folds stacked one on top of another (Figs.
17 & 19). The various orientations of the small, isoclinal
F, folds and the curvilinear S, that defines the open sim-
ilar-shaped F, fold, may suggest that F, is a sheath fold.
However, it should be clearly stated, that this study has
not discovered any definitive sheath folds (y-z sections
may reveal eye-folds; e.g. Searle & Alsop 2007; Alsop &
Holdsworth 2012). Detailed small-scale folds are best ob-
served in rocks with a fine-scale compositional layering;
much of the Sdm area lacks these types of rocks. The ab-
sence of data does not necessarily discredit a sheath fold
hypothesis.

Garnet amphibolite exhibits some small, tight to iso-
clinal D, folds outlined by the trondhjemitic-tonalitic
leucosomes (Fig. 22B). The grains in the outer arc of the
fold hinge form a smooth margin, however the inner arc
is formed with angular grains. It is interpreted the coarse-
grained leucosomes were deformed in the solid state syn-
chronously with F, folding to form the thick hinge zones
and thin limbs and to orientate the plagioclase’s crystal-
lographic cleavage to align subparallel with the F, axial
plane (S,). D, refolded the F, in the ductile to solid state
to form the F, fold; hence the occurrence of both the re-
crystallized and strained coarse-grained quartz and pla-
gioclase.

The interpretive cross-sections (Figs. 7A & B) are
displayed in a three dimensional block diagram with the
intent to emphasize that the structure style, based on
field observations and stereonet plots in the Sim area,
is characterized partially by active but mostly by passive
folding. Active buckle folding is restrained to the F, hinge
zones (e.g. Fig. 9A & 19), whilst passive folding is associ-
ated with shearing in the F, limbs to form the isoclinal
F, folds (e.g. Figs. 10B & 16). Mineral assemblages sug-
gest conservative peak P-T conditions were > 8 kbar and
> 700 °C (see section 5.2). Therefore highly competent
mafic tectonic lenses were ductile enough at peak meta-
morphism to contort into various fold orientations and
geometries in response to a dynamic stress field. Shear
zones are concentrated in the sillimanite-bearing quartz-
feldspar gneisses, quartz-feldspar gneisses, and pegmatite
dykes, which are located adjacent to the mafic tectonic
lenses. It is apparent that these less competent felsic rocks
accommodated much deformation in the Sim area.

To summarize, the F, folds are NNE-SSW trending
upright to recumbent isoclinal folds with sharp, angular,
and often isolated hinges and thin, stretched, and boudi-
nage limbs (Figs. 8A, 14A, 15, 16, & 17). Near the NE
quadrant of the study area, the F, axial trace begins to
curve; striking from NNE-SSW to NNW-SSE to form the
map-scale Type 3 interference pattern. It is interpreted
the D, event refolded the F, folds into broad, open, Class
1C F, folds (Figs. 17 & 19). This D, event formed a Type
0 interference pattern with the F, folds in the F, limbs,



and a Type 3 interference pattern with the F, folds in the
F, hinge.

5.1.2 Origin of linear structures

Anatexis and deformation were prevalent in the Sam
area. Recrystallization strongly affects linear fabric devel-
opment during metamorphic events. When the original
large grains are heterogeneously deformed and recrystal-
lized to a finer grained matrix, aggregate lineations may
develop (Piazolo & Passchier 2002). Concerning mineral
grain lineations, the crystallographic growth habit of a
mineral in a mono- or polymineralic rock determines
if strong lineations form (Vernon 1987). Late recrystal-
lisation and grain growth can diminish the appearance
of structures formed earlier during dynamic recrystallisa-
tion. This late recrystallisation often succeeds high-tem-
perature deformation, which is favourable for producing
grains (Evans et al. 2001). Therefore, macroscopic silli-
manite lineations are apparent at certain localities with
high-flow stress, and absent at localities dominated by
late recrystallisation. Alternatively, sillimanite grain-size
variability is exceedingly dependent on a heterogeneously
distributed AlZO3 wt. %, on nucleation rate in relation to
growth rate, and on cation diffusion rates.

Cuspate-lobate folds are restricted to the F, hinge
zones (fold axis: 08/060; red triangles in stereonet y) in
the very coarse quartz-feldspar gneiss. They are a type of
trace lineations (after Piazolo & Passchier 2002; Passchier
& Trouw 2005), because the cusps and lobes are essential-
ly buckle folds that formed due to compressional strain
during D,. The trough of the cusp and the crest of the
lobe in 3-dimensions create an intersection between an
axial planar surface and a planar foliation. Two intersect-
ing planes create a trace lineation. These particular trace
lineations are parallel to the S, therefore it is interpreted
they are related to F, folding.

Relationships between folds and lineations can be in-
ferred based on orientations. The two sets of lineations,
L, and L, are aligned approximately orthogonal to each
other. L, is orientated 37/318 and 26/160 (stereonet [3)
whilst L, is orientated 19/052 (stereonet a), and 08/060
& 29/039 (stereonet y). The NNW-SSE trending L, aligns
parallel with the F, folded axis (stereonet C). The NE
trending L, aligns parallel with the F, fold axis (stere-
onets A, B, and F). Lineations are commonly interpreted
as the direction of mass transportation (Ellis & Watkin-
son 1987; Alsop 1992; Wahlgren et al. 1994; Piazolo &
Passchier 2002). Fold axes generally align parallel with
stretched mineral lineations and shear direction in duc-
tilely deformed rocks (Bell 1978; Alsop 1992; Carreras et
al. 2005). It is believed that the L, lineations were origi-
nally broadly orientated along a NNW-SSE trend after the
D, event. Subsequently, ~NNW-SSE compression, with a
shear component, during D, formed the F, buckle folds
with the NE-trending L,. The combination of these events
resulted in the present-day nonconical noncylindrical F,
folds with a curviplanar S, within the Type 3 interference
F, fold.
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5.1.3 Fold-related fabrics & metamorphic grade
Winged porphyroclasts, tension gashes, and S-C and
S-C' type fabrics are examples of shear-sense indicators
found in the study area. The majority of these structures
suggests a top-to-the-east shear direction. Sigmoidal en-
échelon extension vein arrays are robust structures for
interpreting shear kinematics (Lisle 2013). A set of exten-
sion gashes was found in the metatexite at locality 0033B
(Fig. 20B), the direction of their vein tips (S-shaped)
suggested translation of the upper vein tip was sinistral
— top-to-the-WNW shear. Flanking folds in the garnet
amphibolite also suggest top-to-the-WNW shear-sense
(Fig. 24). This implies that the garnet amphibolite lens at
this locality and along this general strike, was overturned
possibly syn-kinematically with D, shearing.

Net structures in this study are the result of progres-
sive subsimple shear during steady-state flow (rotating x-
axis of the strain ellipsoid), which stretched out the com-
petent mafic tectonic lenses. These structures are formed
from synthetic and antithetic extensional shear bands
connected with stromatic (foliation-parallel) leucosomes.
At early stages of development, leucocratic stringers
(boudin necks) are positioned orthogonal or at oblique
angles to the S, (strong anisotropic plane). As deforma-
tion proceeds, the oblique leucocratic stringers decrease
their angle with the S, towards zero (Fig. 32). When time
is set as an independent variable, progressive subsimple
shear will rotate the x-axis of the strain ellipsoid such that
it aligns with the S, expressed mathematically with the
kinematic vorticity number (Wk; Fossen & Tikoft 1998).
Hence the stromatic leucosomes align parallel to the S,
and act as transport channels in liaison with the oblique
leucocratic stringers, to shunt melt from the rock. The
oblique leucosomes are relatively thick, suggesting melt
movement is guided by a pressure gradient towards the
dilatant sites. Melt is then transferred (drained) out of the
system along channel-like stromatic leucosomes (Sawyer
2001; Guenina & Sawyer 2003). The thinnest leucosomes
are not as well interconnected and may reflect older chan-
nels. With increasing melt fraction, strain is favorably
redistributed into the softer dilatant boudin necks and
stromatic leucosomes from the competent melanosome
(Vigneresse & Tikoff 1999). Eventually, when a high melt
fraction has been extracted out, the boudin becomes a
competent, dehydrated, residuum.

5.2 Petrology

5.2.1 Amphibolites

Overview

Smooth grain contacts forming triple junctions is found
throughout the garnet-poor and garnet amphibolites.
This suggests the present mineral assemblages (M,) are
generally in textural equilibrium with the most recent
deformation event (D,). Prograde assemblages are not
preserved. Some disequilibrium microtextures have de-
veloped in microdomains. The following sections will ad-
dress some of the observations.
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Fig. 32. Tlustrative block diagram of the net migmatite observed at locality 0103 (Fig. 25). Veins are interconnected channels in 3-dimensions, segre-
gating and transporting the anatactic melt (blue arrows) along pressure gradients out of the system. Pressure gradients are dependent of non-coaxial
deformation (coeval pure shear + simple shear components). The kinematic vorticity vector (W, ) is W, = 0 for pure shear; W, = 1 for simple shear.

Mineral assemblage - garnet-poor amphibolite
Hornblende, plagioclase, quartz, clinopyroxene, Fe-Ti
oxides, and biotite, with rare garnets, compose a typical
mineral assemblage for the upper amphibolite to granu-
lite facies in metamorphosed mafic rocks. Depending on
the bulk rock chemistry, these minerals are in equilibrium
over a wide range; ~700-850 °C and ~9-14 kbar (based on
a pseudosection for a different study from De Paoli et al.
2012). Garnet is subordinate and therefore it is likely that
the stable mineral assemblage excludes garnet, thus the
field extends down to ~600 °C and ~4 kbar. Plagioclase,
hornblende, quartz, clinopyroxene, and biotite all share
common contacts and form triple junctions. Garnet and
Fe-Ti oxide appear in disequilibrium and are further dis-
cussed. Prograde assemblages are not preserved.

Mineral assemblage - garnet amphibolite

Hornblende, garnet, plagioclase, quartz, clinopyroxene,
Fe-Ti oxide, and biotite is again, a typical mineral assem-
blage for the upper amphibolite to granulite facies. Here
the modal proportion of garnet is much higher, thus the
stability field is limited to ~700-850 °C and ~9-14 kbar
(after De Paoli et al. 2012). Orthopyroxene is found form-
ing coronas around clinopyroxene and Fe-Ti oxide. This
implies the rock traveled through the orthopyroxene-
bearing stability field during decompression, but did not
reach equilibrium. At ~825 °C and 10 kbar, orthopyrox-
ene is stable in a trivarient field (after De Paoli et al. 2012).
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Garnet fringes around Fe-Ti oxides

A low modal proportion of garnet characterizes the gar-
net-poor amphibolite and mafic dykes in which, locally,
garnets form fringes around Fe-Ti oxide with a moat of
plagioclase separating garnet from the Fe-Ti oxide; or-
thopyroxene is absent (Figs. 26C & 31A). Similar garnet
fringes around Fe-Ti oxides characterize the migmatized
metagabbros in the Lewisian Complex, NW Scotland
(Savage & Sills 1980; Johnston & White 2011). This mi-
crotexture is presumably a late stage retrograde reaction
during isobaric cooling (Savage & Sills 1980), although
the strong localization of these garnet fringes, which oc-
cur solely around Fe-Ti oxides containing intergrown
lamellae may be the result of prograde or retrograde reac-
tions (Johnston & White 2011; personal communication,
Moller 2013).

Zoning patterns in garnet — garnet amphibolite
In general, Ca-enriched garnet cores are partially attrib-
uted to the transition of Ca-plagioclase to Na-plagioclase
during prograde metamorphism, from amphibolite to
granulite (and/or eclogite) facies (Spear 1993; Pattison
2003). Therefore decreasing grossular content from core
to rim in zoning profiles is typical for mafic rocks that
experienced high-pressure environments (O’Brien 1997,
2003).

Garnet composition profiles for the Sim study are
generally flat. Both the Fe- and Mg-content in the garnet



profiles show small decreases from rim-core-rim whilst
the Mn-content remains constantly low and flat. The Ca-
content profile shows the most curvature, with the maxi-
mum located in the garnet core and the minimum in
the rim. Flat garnet zoning patterns are attributed to re-
equilibrium at high temperatures (Spear, 1993; Hartel &
Pattison 1996). Fe**, Mg*, and Mn** volume diffusion is
faster than that of Ca?* because of the size of the effective
ionic radius (Schwandt et al. 1996; Vielzeuf et al. 2007).

Plagioclase in clinopyroxene blasts & melt textures
— both amphibolites

Patch and nebulite migmatites often contain large, coarse,
dark, forest-green clinopyroxene blasts in plagioclase-
dominated leucosomes (Fig. 14A). Johnston et al. (2012)
reported similar peritectic clinopyroxene blasts that grew
in response to decompression from high-medium pres-
sures, however they did not provide microtextural details.
Hartel & Pattison (1996) also took note of garnet and di-
opside within both the leucosome and mesosome, and
suggested it was indicative of a stable mafic assemblage
within leucocratic domains. For the Sim amphibolites, it
is believed that the microtexture consisting of plagioclase
blebs inside clinopyroxene is the result of dehydrated
amphibole reacting with plagioclase and quartz (incon-
gruent melting). Amphibole may: a) dehydrate directly
to clinopyroxene and a melt phase, or b) amphibole may
release some vapour. The vapour + amphibole and pla-
gioclase will react to produce garnet and clinopyroxene
(Wolf & Wyllie 1991; 1994).

Experimental results at constant moderate pressure
(10 kbar) with increasing temperature and field studies
show that a mafic amphibolite consisting of plagioclase
and hornblende will begin to react around ~750-850 °C
to form a stepwise-series of products, which may include:
melt, clinopyroxene, secondary hornblende, garnet, and
orthopyroxene (Wolf & Wyllie 1994; Sawyer et al. 2011).
Trondhjemite-tonalite melts are achieved with the in-
congruent dehydration melting of an amphibolite rock,
achieved by the following reaction:

Hbl + P1 + Qtz = Cpx + Grt + trondhjemite-

tonalite melt + Opx (1)
(Hartel & Pattison 1996). Feldspar compositions from the
leucosomes are plotted in Fig. 35. It may be possible to
track the evolution of the melt composition with increas-
ing P-T.

Correlating experimental results from Wolf & Wyl-
lie (1991) with microtextures observed in the Sim rocks,
their figure 9 representing the microtextures at 1000 °C
appears texturally similar to this study's clinopyroxenes
(e.g. Figs. 26D-E & 27B-E). In both Wolf & Wyllie (1991)
and this study, clinopyroxene contains many blebby in-
clusions of plagioclase, hornblende and some orthopy-
roxene. Wolf & Wyllie (1991) did not report on Fe-Ti
oxides, and therefore are assumed to be absent in the ex-
periment, unlike the Sdém amphibolites. The experimen-
tal results suggests clinopyroxene grew from the melt at
2925 °C & 10 kbar. This temperature appears rather high,
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however modern modeling techniques using internally
consistent thermodynamic datasets with THERMOCALC
to produce P-T and P-X pseudosections show that biotite
can be stable up to ~940 °C at 12 kbar (Di Paoli et al.
2012). Orthopyroxene inclusions in clinopyroxene and
thin orthopyroxene coronas preserved around clinopy-
roxene and Fe-Ti oxide suggest the garnet amphibolite
traveled through P-T conditions of ~825 °C and ~10 kbar,
possibly during exhumation.

In comparison, the mafic dyke (locality 0046; Figs.
31A-C) shows a peak or near-peak assemblage contain-
ing both clinopyroxene and orthopyroxene with plagio-
clase, hornblende, and ilmenite + garnet. This similarly
suggests a P-T estimate of around ~825 °C and ~10 kbar
(based on a pseudosection for a different study from De
Paoli et al. 2012).

Creating P-T and P-X pseudosections to constrain the
metamorphism for the Sdm area would be desirable for
future research, however a) there has yet to be established
a robust thermodynamic model for mafic rocks, b) the
greater volume of melt will provide erroneous results, and
c) high cation diffusion rates at granulite facies allows the
propensity for minerals to re-equilibriate upon cooling.

High surface-to-volume ratios of quartz and plagio-
clase forming irregular shapes with low- to high- “ap-
parent” dihedral angles in the pore space between solid
grains (intercumulus texture) is interpreted as melt (Figs.
27G-H; after Wolf & Wyllie 1991; Hartel & Pattison 1996;
Sawyer 2001; Holness & Sawyer 2008; Johnston et al.
2013). Preserving this melt texture would possibly re-
quire a heterogeneous cooling rate, such that initial slow
cooling of the rock would promote an equant granoblas-
tic plagioclase and quartz matrix, followed by a transi-
tion to an accelerated cooling rate towards the final stages
of crystallization. Therefore the last melt before passing
the solidus formed an irregular geometry with a high
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Fig. 33. Normative feldspar classification of leucosomes according to
Barker (1979). Compositions are from samples SM12-0019 (garnet-
poor amphibolite), SM12-0026B-1 (garnet amphibolite), and SM12-
0032-1 (quartz-feldspar gneiss).



surface-to-volume ratio and low- to high- “apparent” di-
hedral angles. Sub-solidus crystallographic modification
is minimal (after Holness et al. 2012). This melt texture is
representative of textural inequilibrium and is indicative
of an unstable environment inhibiting a) interfacial en-
ergy reduction, and b) nucleation and growth in a small
pore spaces (Holness & Sawyer 2008; Holness et al. 2012).

5.2.3 Sillimanite-bearing quartz-feldspar gneiss

Sillimanite-bearing quartz-feldspar gneisses exposed at
various localities throughout the Eastern Segment, are
very briefly mentioned in several studies (Hubbard 1975;
Johansson et al. 1991; Andersson et al. 1999). These rocks
along with sillimanite-absent quartz-feldspar gneisses
form a sequence of rocks that are believed to be supra-
crustal in origin (C. Moller, personal communication
2013). It is unlikely that the occurrence of sillimanite is
due to metasomatic processes from fluid infiltration caus-
ing base-cation leaching (after Vernon 1987; Wintsch
& Andrews 1988), or due to “stress-induced solution
transfer” promoting syn-deformation sillimanite-growth
along shear zones (after Musumeci 2002). The original
peraluminous bulk rock composition favoured silliman-
ite at high grade metamorphism. It must be noted, the
original bulk rock composition has been greatly altered
after anatexis, with presumably some unknown volume
of melt-loss. These paragneisses, the quartz-feldspar and
sillimanite-bearing quartz-feldspar gneisses, were intrud-
ed by an extensive network of pegmatite dykes, of which
they share a common deformation history. These dykes
also presumably altered the original bulk rock chemistry.

The sillimanite-bearing quartz-feldspar gneisses pos-
sess a bulk rock composition that is favourable for a va-
riety of polymineral assemblages at different P-T condi-
tions, unlike the other two felsic rocks in this study, which
are primarily composed of quartz, K-feldspar and plagio-
clase. The appearance (and absence) of marker minerals
such as K-feldspar, sillimanite, cordierite, kyanite, and or-
thopyroxene for the sillimanite-bearing quartz-feldspar
gneiss constrain the stability field to a particular meta-
morphic grade. Quartz, K-feldspar, plagioclase, biotite,
sillimanite, garnet, and Fe-Ti oxide all form common
contacts with triple junctions throughout the samples,
and is therefore interpreted as the stable mineral assem-
blage that experienced D,. These minerals were perhaps
stable at P-T conditions of ~650-850 °C and ~3-10 kbar,
depending on the bulk rock composition (based on pseu-
dosections for different studies from Guilmette et al.
2011; Cubley & Pattison 2012).

The occurrence of kyanite in the sillimanite-bearing
quartz-feldspar gneiss (Fig. 30G) suggests either a) the
rock achieved equilibrium along the univariant line, or
b) the prograde path traversed through the kyanite sta-
bility field before entering into the sillimanite field with
increasing temperature. The latter hypothesis is more
reasonable, for kyanite is relatively rare and thus it likely
pseudomorphed into sillimanite along the prograde P-T-t
path.
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Interestingly, Fig. 30G also shows a mineral appear-
ing as cordierite around garnet with sillimanite, biotite,
quartz, and K-feldspar. Cordierite is commonly formed
from high-temperature anatectic melts at medium to low
pressures, and is the reaction product between silliman-
ite, dehydrated biotite and a melt (Spear 1993):

Sil + Bt = Grt+ Crd + Kfs + L (2)
Sillimanite inclusions in cordierite partially enveloping
garnet suggests decompression reactions <5 kbar from
higher pressure (as indicated by the kyanite). The coexis-
tence of K-feldspar in the microdomain restricts reaction
(2) to high temperatures (Spear 1993).

6 Tectonic implications
6.1 Correlating deformation phases with

metamorphic conditions

Petrological analyses show the Sim ortho- and parag-
neisses contain high-pressure mineral assemblages, fol-
lowed by high-temperature assemblages, and finally
retrograde amphibolite facies overprinting, reflecting
exhumation along a clockwise P-T-t metamorphic path.
Acknowledging that the youngest structures are best pre-
served in high-grade gneiss terranes, it is most efficient to
form correlations between deformation phases and meta-
morphic conditions in reverse order.

The net migmatites observed in the garnet amphibo-
lite are related to deformation and metamorphic condi-
tions. Melt channels crosscut the S // S, foliation, whilst
thinner net migmatites align subparallel with the folia-
tions. The segregated anatectic melt which was draining
out from the mafic tectonic lens through the migmatite
network channels, guided by a pressure gradient estab-
lished during D, and/or D, folding, formed at granulite
facies conditions. Anatexis is confirmed in thin section
from the intercumulus melt texture within the mesocratic
domains, which is defined by quartz and plagioclase crys-
tals with a high surface-to-volume ratio hence forming
irregular shapes in the pore space between solid grains.

Both the pegmatite dykes and the paragneisses show
folds created during D, and D,. However, it is somewhat
more difficult to establish if the dykes also share the D,,
or if the pegmatite intruded along S, foliations post-D,.
The broad, NE-SW trending, Class 1C F, buckle folds
were formed from a NNW-SSE compressional force with
a NE-SW shear component that tightened and stretched
the isoclinal F, folds. The sillimanite-bearing quartz-
feldspar mineral assemblage shows that high-pressure
was achieved in the Sdm area, interpreted the occurrence
of a mineral appearing as kyanite during D,. This was
followed by high-temperature P-T conditions and then
decompression during D,. The fact that the mineral as-
semblage is textually stable along S, foliations that were
subsequently refolded during D, throughout Sim sug-
gests D, and D, were created during one metamorphic
event.



6.2 Differences and similarities to other

parts of the Eastern Segment

Throughout the southern parts of the Eastern Segment,
regional kinematic shear-sense including the majority of
the Sam area is top-to-the-east or top-to-the-NE (Moller
& Soderlund 1997; Moller et al. 1997; Moller et al. 2007).
Folds around Sdm are also of similar character to those
found in the Eastern Segment; large-scale F, folds are
generally upright to overturned, have a wavelength in the
order of kilometers, and have undulating fold axes, whilst
asymmetrical, tight, isoclinal F, folds often have isolated
hinges and boudinage limbs (Moller et al. 2007; Tual et al.
2013). Penetrative D, and D, overprinting usually results
in D, being interpreted as simply a deformation phase
forming a gneissic S, foliation (Larson et al. 1986) — simi-
larly interpreted in the current study.

Approximately 40 km to the east of Sdm, near the town
of Atran, is the fold closure of an isoclinal, non-cylindri-
cal, east-plunging fold nappe that extruded eclogitized
crust towards the Fennoscandian foreland (Moller et al.
2013). Structures described herein for the Sam area, hold
similar characteristics. The deformation history of these
two study areas may therefore share commonalities. Situ-
ated between Sim and Atran, lies the ~10 km wide Ul-
lared Deformation Zone (UDZ), which is syn-kinematic
to the emplacement of this eclogite-bearing fold nappe
(D,). The UDZ accommodated a significant amount of
strain during extrusion, however strain may have also af-
fected rocks further west.

The NNW-SSE compression and the SW-NE shear-
ing experienced in the Sam area forming the regionally
characteristic deformation style at peak orogenesis, was
directly related to: (1) the emplacement of the eclogite
nappe, which flattened (Type 0 interference pattern),
sheared, and transposed the similar-shape, isoclinal F,
folds to their present NNE trend, and (2) the close prox-
imity of Sam area to the Mylonite Zone, which acted as
a rigid boundary during extrusion, such that rocks be-
tween Atran and the Mylonite zone were compressed on
a N-S trend. The limited space buckled and refolded the
F, folds to form Type 3 interference, NE-plunging, open,
Class 1C F, folds (Fig. 34). Therefore, the D, event experi-
enced around Atran during extrusion of the eclogite, was
similarly experienced to the west, around Sam.

7 Conclusions

Detailed structural, petrological, and microstructural

analyses on the Sam polyphase fold of the high-grade

orthogneiss and paragneiss sequence in the Eastern Seg-
ment of the Sveconorwegian orogen have produced the
following results:

(1) A collection of garnet amphibolite lenses outlines an
~5 km® polydeformed structure. F, folds are NNE-
SSW trending, upright to recumbent isoclinal folds
with sharp, angular, and often isolated hinges and
thinned, stretched, and boudinage limbs. Near the
NE quadrant of the study area, the F, axial trace be-
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gins to curve; striking from NNE-SSW to NNW-SSE
trends, thereby forming the map-scale Type 3 inter-
ference pattern. It is interpreted the D, event refold-
ed the F, folds into broad, open, Class 1C F, folds.
This D, event formed a Type 0 interference pattern
with the F, folds in the F, limbs, and a Type 3 inter-
ference pattern with the F, folds in the F, hinge.
Upper amphibolite to granulite facies was achieved
in the garnet amphibolite. The earliest assemblages
preserved found plagioclase inclusions in clino-
pyroxene and orthopyroxene had formed coronas
around clinopyroxene and Fe-Ti oxides, indicative
of high temperatures ~800-850 °C at ~10 kbar. The
texturally equilibrated mineral assemblage consists
of garnet + clinopyroxene + plagioclase + quartz +
hornblende + Fe-Ti oxides, and is found stable at
P-T conditions of ~700-800 °C and ~9-14 kbar.

The sillimanite-bearing quartz-feldspar gneiss
showed a clockwise P-T-t evolution. A single grain
of kyanite is believed to have been found, suggesting
the paragneiss had travelled through the relatively
higher pressure, kyanite stability field; possibly dur-
ing D,. A stable mineral assemblage containing
quartz, K-feldspar, plagioclase, biotite, sillimanite,
garnet, and Fe-Ti oxide suggest P-T conditions of
~650-850 °C and ~3-10 kbar. Cordierite was found
reacting with garnet in the presence of K-feldspar,
which suggested D, decompression of <5 kbar oc-
curred at high temperatures (2650 °C).
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Fig. 34. Airborne magnetic anomaly map with corresponding schemat-
ic tectonic extrusion model for the eclogite fold nappe, and its relation-
ship with folding found in the footwall (e.g. this study; Modified after
Moller et al. 2013).
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Appendix

Table Al. Localities referred to in the text

location coordinates lithology with key features thin section
SWEREF 99 TM WGS84

0001 N6337914 / E0344243  N57°09.479° / E012°25.483”  folded garnet-poor amphibolite X

0002 N6337882 / E0344431 N57°09.466° / E012°25.672’  garnet-poor amphibolite X

0005 N6337911 / E0344320 N57°09.479’ / E012°25.560° quartz-feldspar gneiss with folded pegmatite veins

0007 N6337730 / E0344423  N57°09.383’ / E012°25.669’  quartz-feldspar gneiss

0012 N6337690 / E0344387 N57°09.361' / E012°25.635'  quartz-feldspar gneiss

0019 N6337916 / E0344431  N57°09.484° / E012°25.670°  garnet-poor amphibolite with large Cpx & Hbl porphyroblast X

0026A N6338306 / E0344593  N57°09.751° / E012°25.816"  quartz-feldspar gneiss with large garnet porphyroblasts X

0026B N6338430 / E0344647 N57°09.752’ / E012°25.873’ migmatized garnet amphibolite X

0029 N6338693 / E0344802 N57°09.914'/ E012°26.013'  garnet amphibolite with corona or mantle texture

0031 N6338403 / E0344570  N57°09.749' / E012°25.787'  sillimanite-bearing quartz-feldspar gneiss

0032 N6338443 / E0344591  N57°09.771’ / E012°25.809”  sillimanite-bearing quartz-feldspar gneiss X

0033B N6338270 / E0344765 N57°09.681 / E012°25.988’ migmatized garnet amphibolite X

0046 N6338930 / E0343631 N57°10.014° / E012°24.839° mafic dykes in charnockitic orthogneiss X

0047 N6338896 / E0343714 N57°09.998° / E012°24.922°  charnockitic orthogneiss X

0048B N6338826 / E0343801 N57°09.961 / E012°25.012°  quartz-feldspar gneiss X

0049B N6338871/ E0343971 N57°09.988° / E012°25.180° mafic dykes crosscutting a quartz-feldspar gneiss

0050 N6338053 / E0344262 N57°09.557" / E012°25.502°  sillimanite-bearing quartz-feldspar gneiss X

0050C N6338097 / E0344293  N57°09.579' / N012°25.527'  folded quartz-feldspar gneiss

0054E N6337993 / E0344180 N57°09.570° / E012°25.511°  sillimanite-bearing quartz-feldspar gneiss X

0062A N6338090 / E0343517 N57°09.559° / E012°24.757"  quartz-feldspar gneiss crosscut by aplite dikes X

0068C N6337604 / E0343817 N57°09.304' / E012°25.073"  garnet-poor amphibolite

0074 N6337228 / E0343674 N57°09.098' / E012°24.946'  isoclinal folded pegmatites in a quartz-feldspar gneiss

0076 N6337212 / E0343532  N57°09.087' / E012°24.806' chevron folded pegmatite in a quartz-feldspar gneiss

0077A N6337249 / E0343488 N57°09.106" / E012°24.761’  folded pegmatite in a quartz-feldspar gneiss X

0077C N6337223 / E0343449 N57°09.091° / E012°24.723’  calc-silicate lens X

0080 N6337086 / E0344635 N57°09.041 / E012°25.904°  protomylonitic pegmatite in a quartz-feldspar gneiss X

0081G N6336631 / E0344764 N57°08.798' / E012°26.048' & porphyroclast in a quartz-feldspar gneiss

0082B N6336607 / E0344798 N57°08.787' / E012°26.083'  isoclinal folded quartz-feldspar gneiss

0086A N6338105 / E0344961  N57°09.599°/ E012°26.188’  sillimanite-bearing quartz-feldspar gneiss X

0086B N6338138 / E0344968 N57°09.614 / E012°26.195"  quartz-feldspar gneiss with large garnet porphyroblasts X

0095B N6338205 / E0344673  N57°09.645' / E012°25.899'  garnet amphibolite with parallel trending leucocratic veinlets

0098A N6338129 / E0344612  N57°09.602' / E012°25.842' mylonitized quartz-feldspar gneiss

0099A N6338106 / E0344597 N57°09.587' / E012°25.828'  isoclinal folded quartz-feldspar gneiss

0100 N6338442 / E0344589 N57°09.770° / E012°25.814’  subvertical quartz-feldspar gneiss

0103 N6337340 / E0344622 N57°09.178 / E012°25.881" migmatized garnet amphibolite X

0105 N6336975 / E0344698 N57°08.983' / E012°25.970'  folded garnet-poor amphibolite

0107 N6338214 / E0343345 N57°09.622° / E012°24.583’ migmatized garnet amphibolite X

Qo3 N6338633 / E0342375 N57°09.908' / E012°23.492'  mylonitized quartz-feldspar gneiss X




Table A2. Representative analyses of SM12-0019 --- garnet-poor amphibolite

clinopyroxene amphibole plagioclase
Core Core Core Core Core Core Core Core Core Core
SiO, 51.13 51.18 52.12 53.00 42.66 41.15 58.99 58.49 61.03 59.71
TiO, - - - - 0.51 0.55 - - - -
ALO, 4.18 4.18 297 1.57 11.94 11.80 24.92 25.38 25.47 25.00
Cr,0, - - - - - - - - - -
= FeO 7.97 8.00 6.91 6.74 13.84 13.46 - - - -
ED MnO - 0.66 0.81 0.84 - 0.71 - - - -
'; MgO 12.42 12.47 13.88 14.12 13.36 13.53 - - - -
g- CaO 22.77 22.52 22.95 22.75 11.39 11.43 6.84 7.59 7.18 6.64
8 Na,O 1.54 1.51 112 1.35 1.55 1.53 7.77 7.77 7.95 7.99
K,0 - - - - 1.40 1.40 - - - -
Li,0 - - - - - - - - - -
H,0 - - - - 2.04 2.02 - - - -
Total 100.28 100.52 100.76 100.37 99.62 98.69 98.52 99.23 101.63 99.34
Si 1.877 1.878 1.903 1.941 6.259 6.114 2.668 2.636 2.675 2.676
Ti - - - - 0.056 0.061 - - - -
V1.741 1.886
Al 0.193 0.181 0.128 0.068 1.328 1.348 1316 1.321
v0.324 vi0.180
Cr - - - - - - - - - -
:g Fe** 0.162 0.170 0.145 0.147 1.021 1.238 - - - -
g Fe?* 0.082 0.075 0.066 0.060 0.677 0.424 - - - -
TZ Mn - 0.021 0.025 0.026 - 0.089 - - - -
% Mg 0.680 0.682 0.756 0.771 2.922 2.997 - - - -
Ca 0.896 0.885 0.898 0.893 1.790 1.819 0.331 0.367 0.337 0.319
Na 0.110 0.107 0.079 0.096 0.441 0.441 0.681 0.679 0.676 0.694
K - - - - 0.242 0.265 - - - -
Li* - - - - - - - - - -
X! 0.108 0.099 0.080 0.072 0.188 0.127
symplectite leucosome
Jd, Jd, Jd, Jd, Or, Or, Or, Or,
En,, En,, En,, En, Ab,, Ab, Ab,, Abg,
Fs, Fs, Fs, Fs, An,, An, An,, An,
Wo,, Wo,, Wo,, Wo,,
diopside calcic-amphibole andesine

Stoichiometry is calculated on the basis of 6 oxygens for clinopyroxene, 23 for amphiboles, and 8 for

plagioclase.
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= Mg/[Mg + Fe** + Ca + Mn]; Grs = Ca/[Ca + Fe*" + Mg + Mn]

Fe**/[Fe’* + Mg + Ca + Mn]; Sps = Mn/[Mn + Fe** + Mg + Ca]; Pyp

Fe**/[Fe* + Mg]

* see Tindle & Webb (1990) for the parameters pertaining to the Li,O calculations

X
Alm

Ca/[Ca + K + Na]

=Na/[Na+ K+ Ca]; An =

Or = K/[K + Na + Ca]; Ab

Stoichiometry is calculated on the basis of 12 oxygens for garnet, 6 for clinopyroxene and for orthopyroxene, 8 for plagioclase, 23 for amphibole,

and 22 for biotite.



Table A4. Representative analyses of SM12-0032-1 --- sillimanite-bearing quartz-feldspar gneiss

garnet biotite K-feldspar plagioclase monazite
Core Core Core Rim Core Core Core Core Core Core Core Core
SiO, 37.02 37.14 37.51 38.43 37.52 36.85 64.91 64.37 63.22 61.51 PO, 30.06 29.58
TiO, - - - - 347 547 - - - - Sio, - -
A1203 21.70 21.47 21.90 22.20 16.93 16.76 19.56 19.09 24.88 23.69 ThO 5.35 5.88
Cr,0, - - - - - - - - - - uo, - -
FeO 28.84 2824 2894 28.36 11.74 15.78 - - - - Y,0, - -
S MnO | 148 120 140 142 - - - - - - La,0, 18.73 17.18
"?jb MgO 8.06 8.88 9.00 9.27 17.26 13.59 - - - - Ce,0, 33.65 33.86
’; CaO 1.00 1.04 1.20 1.03 - - - - 5.42 4.78 Pr,0O, - -
é Na,0 - - - - - - 1.57 1.38 9.54 9.34 Nd,0, 10.39 11.49
g K,0 - - - - 10.13 10.10 15.37 15.29 - - Sm O, 0.87 -
Li,O* - - - - - - - - - - Gd,0, - -
H,0 - - - - 415 413 - - - - Tb,0, - -
Dy,O, - -
CaO 0.71 -
Total 98.10 97.97 99.95 100.71 | 101.20 102.68 101.41 100.13 | 103.06 99.32 99.76 97.99
Si 2.931 2.929 2.902 2.944 5.423 5.353 2.955 2.967 2.727 2.748
Ti - - - - 0.377 0.598 - - - -
Al 2.025 1.996 1.997 2.004 277 “" 2647 1.050 1.037 1.265 1.247
v10.308 ¥10.222
N Cr - - - - - - - - - -
g Fe’* 0.114 0.146 0.200 0.108 0.010 0.013 - - - -
% Fe?* 1.795 1.717 1.673 1.709 1.409 1.904 - - - -
\é Mn 0.099 0.080 0.092 0.092 - - - - - -
% Mg 0.951 1.044 1.038 1.059 3.719 2.943 - - - -
° Ca 0.085 0.088 0.099 0.085 - - - - 0.250 0.229
Na - - - - - - 0.139 0.123 0.798 0.809
K - - - - 1.868 1.871 0.893 0.899 - -
Li* - - - - - - - - - -
Xee 0.654  0.622 0.612 0.617 0.276 0.394
unzoned
Alm,  Alm,, Alm,_ Alm, Or,, Or,, Or, Or,
Sps, Sps, Sps, Sps, Ab Ab Ab_ Ab_
Prp,, Prp Prp, Prp, An An An,, An,,
Grs, Grs, Grs, Grs,

1 N.B. There are no reference samples for the REE at the Dept. of Geology at Lund University, and the detection limit of the SEM-EDS at the Dept. of
Geology cannot resolve the peaks at these higher energies. This is just a tentative analysis for preliminary identification purposes.

* see Tindle & Webb (1990) for the parameters pertaining to the Li,O calculations

t X, = Fe*'/[Fe*" + Mg]

Alm = Fe**/[Fe** + Mg + Ca + Mn]; Sps = Mn/[Mn + Fe?* + Mg + Ca]; Pyp = Mg/[Mg + Fe** + Ca + Mn]; Grs = Ca/[Ca + Fe** + Mg + Mn]
Or = K/[K + Na + Ca]; Ab = Na/[Na + K + Ca]; An = Ca/[Ca + K + Na]

Stoichiometry is calculated on the basis of 12 oxygens for garnet, 22 for biotite, 8 for both K-feldspar and plagioclase.
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Fig. Al Poles taken from foliation plane measurements, and lineation measurements from various localities. Data plotted onto lower hemisphere
equal area stereonet using OSXStereonet. (A) foliation planes in Gammelgird defining the F, and F,; (B) foliation planes in Torsgirden defining the F;
(C) overturned foliation planes defining the F,; (D) steeply dipping foliation planes (isoclinal F,) along the F, limb around Krokmossen & Svartemos-
sen; (E) object lineations (aggregate & grain lineations) plotted with trace lineations (crenulation lineations defined from the axes of cuspate-lobate
folds) defining the F, fold axis in Torsgarden; (F) select foliation S, measurements throughout the study area defining the F, phase. Each stereonet
is Kamb contoured as multiples of uniform distribution. (a) object lineations orientated parallel to the F, fold axis found throughout the study area,
(B) object lineations orientated NW-SE found throughout the study area, and (y) object lineations (blue) with trace lineations (axes of cuspate-lobate
folds; red) around Torsgarden. For further explanation on stereonets in general, the reader is directed to Marshak & Mitra (1988).
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