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Abstract:

Eclogitized mafic bodies in the Ullared Deformation Zone (UDZ) of SW Sweden are evidence for high-
pressure metamorphism and deformation related to continent collision during the Sceconorwegian orogeny. A
petrographic study was performed on ten samples taken from a profile transecting the UDZ, with the aim of further
characterizing the rocks within the eclogite bearing deformation zone. The UDZ is compositionally heterogeneous,
containing felsic to intermediate gneisses and augen gneisses, which host bodies of mafic rocks. Samples of felsic
gneisses, garnet amphibolites and one retrogressed eclogite were studied. Quartz, plagioclase, microcline, biotite
and hornblende were the main minerals present in the felsic rocks. The amphibolites were predominately composed
of hornblende, garnet, plagioclase and clinopyroxene. Crystal recovery in the form of recrystallization and anneal-
ing occurred in the strongly deformed gneisses. Due to a competency contrast at higher temperatures, the signs of
high-strain are more common in the felsic rocks than in the amphibolites. In the retro-eclogite, clinopy-
rozene+plagioclase+hornblende and biotite+plagioclase symplectites are thought to have formed from the decom-
position of omphacite and phengite respectively. Scapolite was found in five of the ten samples, both mafic and
felsic, suggesting that chlorine and CO, rich fluids infiltrated the rocks during metamorphism. Parts of the UDZ
have been strongly deformed and mylonitized under high-pressure granulite to upper-amphibolite facies Sveconor-
wegian metamorphism. The eclogites have been interpreted as in situ in relation to the surrounding UDZ gneisses,
meaning they were not formed at higher pressures than what the rest of the UDZ was subjected to, and they were
not tectonically emplaced. The upper-amphibolite conditions are thought to have overprinted higher pressure as-
semblages with variable efficiency leaving remnant eclogite textures in some less affected mafic bodies.
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Brendan Dyck, Department of Earth & Ecosystem Sciences, Lund University, Solvegatan 12, SE-223 62 Lund,
Sweden. E-mail: brendan.dyck@gmail.com



1 Introduction

1.1 Background

The Sveconorwegian orogen of southwest Sweden and
Norway is characterized by metamorphosed Precam-
brian crustal and supracrustal rocks which occur both
as autochthonous segments and allochthonous ter-
ranes. It is recognized as part of the Grenvillian oro-
genic belt and has tectonic counterparts around the
world, including Canada and Scotland (e.g., Johansson
et al, 2001). A simplistic model of the Sveconorwe-
gian orogenic belt divides the belt into five sections;
the Telemarkia terrane, the Bamble terrane, the Kongs-
borg terrane, the Idefjorden terrane and the Eastern
Segment (Bingen et al. 2008; Fig. 1). Metamorphic
conditions varied across the Eastern Segment: the
northern portion underwent greenschist and amphibo-
lite facies metamorphism, whereas the southern
reached higher temperatures and pressures, up to high-
pressure granulite facies (Moller 1999; Soderlund et
al, 2004). The southern portion of the Eastern Segment
is predominantely composed of upper amphibolite and
high-pressure granulite facies orthogneisses and meta-
basic rocks. Eclogite remnants occur in the Ullared
Deformation Zone (UDZ), a zone characterized by
strongly deformed to mylonitic gneisses. U-Pb dating
of zircon inclusions in kyanite and garnet in eclogite
from the UDZ has yielded a maximum age of 972 + 14
Ma for the eclogitization (Johansson et al, 2001). Fol-
lowing the eclogitization there was rapid exhumation
of the eclogites and surrounding strongly-deformed
rocks. Parts of this exhumation have been interpreted
to have taken place during general relaxation and
gravitational collapse of the orogenic belt (e.g. Bingen
et al. 2008, Moller et al. 2007). Remaining tectonic
questions include the tectonic significance of the Ul-
lared Deformation Zone and the mechanism for exhu-
mation of the eclogites.

The present study is comprised of 1) a literature
review on the regional geology, 2) a petrographic de-
scription of ten samples from across the Ullared De-
formation Zone, and 3) a discussion on how the meta-
morphic assemblages and textures in the studied sam-
ples relate to the regional context.

1.2 Methods

The samples were collected during 2009 by Charlotte
Moller as a part of a 25 km long N-S profile, from
Sjonevad in the south to Lia in the north, in connection
with the initiation of a bedrock mapping project
“Falkenberg” by the Geological Survey of Sweden.
The samples and thin sections were provided by Jenny
Andersson at the Geological Survey of Sweden. The
location of the samples is marked on figure 2. The
focus of the thin section study was petrography and
metamorphic textures. Of the ten sections, two were

selected for further studies using a Scanning Electron
Microscope (SEM) available at Lund University’s
Geocentrum. Results and photos are taken with the
SEM backscatter electron detector. The machine was
not optimized for quantitative analysis, so precise
chemistry was not studied. The results of the optical
microscopy and SEM study were then interpreted in a
regional context, and related to previous studies.

2 Regional Review

The remnant Sveconorwegian orogenic belt is a 500
km wide zone in the southwest Baltic Shield com-
posed predominantly of Proterozoic aged gneiss units.
Geochronology results from a multitude of samples
taken in the past forty years confines the Sveconorwe-
gian orogen at 1140-900 Ma (Bingen et al, 2008). A
cumulative probability curve of all published Sve-
conorwegian age results complied by (Bingen et al,
2008) show two age peaks for metamorphism, one
around 1035 Ma and the other around 930 Ma. The
latter age is likely a result of a gravitational collapse
that occurred when collisional forces weakened or
ceased (Bingen et al, 2008). The now deeply eroded
orogen is recognized as a tectonic extension to the
Canadian Grenvillian orogenic belt and resulted from a
collision between Baltica and at least one other major
continent. One tectonic interpretation suggests Amazo-
nia is the other colliding continent, but subsequent
evidence is still lacking to confirm this theory
(Hoffman, 1991). The orogen is confined in the east by
the Sveconorwegian Frontal Deformation Zone
(SFDZ) and in the west by Caledonian nappes
(Wahlgren et al, 1994). Studies of the west are difficult
since they must also deal with the deformation attrib-
uted to the younger Caledonian orogeny. Exposure
varies greatly across the Sveconorwegian belt, but
from what studies have been performed five distinct
lithotectonic units are recognized (Bingen et al, 2005).
These units are all N-S-trending and are separated by
deeply rooted deformation zones (Park et al, 1991).
The primary lithotectonic units from west to east are;
the Telemarkia Terrane, the Kongsberg Terrane, the
Bamble Terrane, the Idefjorden Terrane and the East-
ern Segment. The Fennoscandia foreland of the Sve-
conorwegian belt is made up of Paleoproterozoic crust
of the Svecofennian belt and the Transcandinavian
Igneous Belt (TIB; Wahlgren et al, 1994).

2.1 The Four Phase Model
by Bingen et al, 2008
2.1.1 Arendal phase (1140-1080 Ma)

An eloquent model presented by (Bingen et al, 2008)
separates the Sveconorwegian orogeny into four time-
constricted phases. The first phase of the model is
termed the Arendal phase, which occurred 1140-1080
Ma. Metamorphism of the Bamble and Kongsberg



terranes occurred during the early Arendal phase
(1140-1125 Ma), and was likely caused by conver-
gence of the Telemarkia and Idefjorden terranes
(Andersson et al, 1996). When the Telemarkia and
Idefjorden terranes came together in the late Arendal
phase (1090-1080 Ma), the smaller Bamble and
Kongsberg terranes were thrusted up to create an oro-
genic wedge. Intermediate pressure granulite facies
metamorphism occurred throughout the orogenic
wedge as a result of the crustal thickening during con-
tinent convergence (Bingen et al, 2008). Erosion of the
uplifted terranes accompanied with nearby deposition
of immature clastic sediments deposited after 1120 Ma
are evidence for the development of foreland basin
related to mountain building (de Haas et al, 1999).

2.1.2 Agder phase (1050-980 Ma)

The Agder phase is considered the main orogenic
event that occurred in the Sveconorwegian orogen,
which resulted in magmatism, metamorphism and
mountain building (Bingen et al, 2008). At 1050 Ma as
a result of a collision with at least one major continent,
possibly Amazonia, the Idefjorden Terrane was meta-
morphosed. (Hoffman, 1991; Soderlund et al, 2008).
Metamorphism related to this stage varies from lower
amphibolite faceis to high-pressure granulate facies.
Metamorphism of the Idefjorden Terrane and concur-
rent magmatism and plutonic emplacement in the
Telemarkia Terrane likely result from tectonic over-
loading and tectonic thickening (Bingen and van Bree-
man, 1998). Studies show that in the Rogaland-Vest
Agder Sector of the Telemarkia Terrane, the metamor-
phism occurred for at least 100 million years between
1035 and 900 Ma as evidenced by various studies us-
ing a compilation of methods by means of zircon, ti-
tanite and molybdenite geochronology (Bingen et al,
2008).

2.1.3 Falkenberg phase (980-970 Ma)

Metamorphism of the Eastern Segment took place
during the Falkenberg and Dalane phases, this paper
focuses primarily on events, which occurred in this
time period. Eclogite relicts in the Eastern Segment
provide evidence for deep, at least 50 km, burial of
crustal units followed by rapid exhumation to mid
crustal levels (Moller et al, 1998; 1999). Amphiboliza-
tion and migmatization in the Mylonite Zone are evi-
dence for juxtaposition of the Idefjorden Terrane the
high-grade segment (Andersson et al, 2002). One pos-
sible interpretation is that the Falkenberg phase is a
transition between compression and extension, and
represents an end to the collisional forces responsible
for the orogeny.

2.1.4 Dalane phase (970-900 Ma)

The Dalane phase is characterized by relaxation
and gravitational collapse of the orogenic belt. In the
Eastern segment this involved rapid exhumation of

eclogites and surrounding high-grade rocks (Mbller,
1998). Exhumation of the Eastern Segment was ac-
complished by displacement along the SFDZ and Pro-
togine shear zone in the east and the Mylonite Zone in
the west (Moller et al, 2007). In the southern part of
the Telemarkia Terrane, exhumation of gneiss domes
was accompanied by decompressive melting and mon-
zodiorite-granite plutonism (Tomkins et al, 2005).
Multiple units underwent high-temperature low-
pressure metamorphism that is recognized as the final
overprint from the Sveconorwegian orogeny (Bingen
et al, 2008).

2.2 The Eastern Segment

During the Falkenberg phase of the Sveconorwegian
orogeny the southern Eastern Segment was tectoni-
cally buried to depths in excess of 35 km. Some of the
highest-grade metamorphism of the Sveconorwegian
occurred and was recorded in units within the Eastern
Segment (Johansson et al, 1991). The Eastern Segment
is considered a parautochthonous unit equal in compo-
sition and age to the Fennoscandian basement. The
protolith to the majority of the Eastern Segment is
1730-1660 Ma granitoid and granite massifs with asso-
ciated mafic intrusions, similar to the Transscandina-
vian Igneous Belt (Soderlund et al, 2002; Moller et al,
2007). Metamorphic conditions varied throughout the
Eastern Segment. North of lake Vénern the metamor-
phic conditions ranged from greenschist to amphibo-
lite, whereas in the south, upper-amphibolite to granu-
lite conditions occurred (Moller 1999; Séderlund et al,
2004). Pressure temperature estimates for the southern
part of the Eastern Segment fall in the range of 680-
800°C and 8-12 kbar (Wang and Lindh, 1996). In the
Southern areas remnant eclogite boudins indicate high-
pressure conditions (>15kbar ; >50km). Large nearly
upright E-W-trending folds with wavelengths ranging
between 4-15 km are recognizable on aeromagnetic
anomaly maps of the southern Eastern Segment
(Moller et al, 2007). Due to the high-temperature
metamorphism of the Sveconorwegian orogeny, nearly
all minerals have re-equilibrated and/or recrystallized.
This makes interpreting the Sveconorwegian versus
pre-Sveconorwegian metamorphism challenging.
Séderlund et al (2002) and Moller et al (2007) pre-
sented evidence from zircon U-Pb geochronology that
shows regional scale migmatization dated between
1460 and 1420 Ma. This event is termed the Hallan-
dian event. As concluded by Sdderlund et al (2005)
metamorphic zircon growth is controlled by the
amount of unexhausted Zr-bearing phases, as a result
the ages of secondary zircon may not always be the
age of peak conditions. Following the Hallandian
event, there were 1400-1380 Ma intrusions of granitic
and syenitoid rocks with an associated charnockitisa-
tion of surrounding gneiss units (Andersson et al,
1999). The Eastern Segment has had a complicated
polymetamorphic history, with varying grades of
metamorphism migmatization and retrogression.
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Figure 1. Sketched maps showing the
location of metamorphism, magmatic
rocks and sedimentary basins during the
Sveconorwegian orogeny. (a) Arendal
phase: 1140-1080 Ma. (b,c) Agder phase:
1050-980 Ma. (d) Falkenberg phase: 980-
970 Ma. (e,f): Dalane phase: 970-900 Ma.
Figure used with permission from Ber-
nard Bingen.
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2.3 The Ullared Deformation Zone

In the Eastern Segment there exists a several kilometer
wide zone coined the Ullared Deformation Zone
(UDZ). An outline of the UDZ can be recognized on
high-resolution aeromagnetic maps, and eclogite and
retrogressed eclogite localities from within the Eastern
Segment are found within and above the UDZ
(Johansson et al, 2001; Hegart, 2005). The UDZ runs
southeast from the southern portion of the Mylonite
Zone into the Eastern Segment. The zone is approxi-
mately 3-10 km wide and can be followed for at least
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30km. Compositionally, the UDZ is heterogeneous
and similar to other portions of the Eastern Segment,
containing felsic to intermediate gneisses and augen
gneisses with inset mafic units (Moller et al, 1997).
Parts of the UDZ have been strongly deformed and
mylonitized under high-pressure granulite to upper
amphibolite facies Sveconorwegian metamorphism
(Moller, 1999). Mafic lenses and units in the UDZ
range in size from a few centimeters to several kilome-
ters and are generally less deformed than the surroun-
ding gneiss units. The UDZ is an important geological
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Figure 3.

Magnetic anomaly map of part of the Eastern Segment. © Geological Survey of Sweden. MZ = My-
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from Charlotte Moller)

unit for studying the Eastern Segment, because it
represents the variety of conditions and the extreme
pressures, which some parts of the Eastern Segment
experienced during the Sveconorwegian orogeny. The
maximum age of eclogitization subsequent and peak
metamorphism as determined by Johansson et al
(2001) using ion micropobe dating of zircon inclusions
in garnets is 972 £ 14 Ma. The eclogized mafic lenses
are structurally conformable with the surrounding
gneiss units, so 972 + 14 Ma can be interpreted as
peak-pressure metamorphic age for the whole UDZ
(Johansson et al, 2001). Eclogitization took place in
the Falkenberg phase of the model proposed by Bin-
gen et al (2008), but much of the deformation that hap-
pened in the UDZ took place during the Dalane phase,
presumably in a sequence of eclogite emplacement
followed by gravitational collapse and extension
(Moller et al, 1997). Extension may result from thin-

ning caused by gravitational spreading, tectonic un-
roofing and erosion. Erosion is unlikely the lone factor
in the thinning which uplifted the rocks, because the
time constraints, a few million years, are to short for
erosion of more than 30 km at normal erosion rates.
Tectonic stripping of the overburden is the most prob-
able cause for the uplift of the eclogized units and
high-pressure granulites to mid-crustal levels.

3 Sample Descriptions

3.1 CHMO092003(A,B,C): Kilahed
3.1.1 Field Observations

Compositional layering of darker (more mafic) and
lighter gneisses. Three gneiss units are distinguishable;
one is recognizable by its light coloring. The differ-
ence between the two darker units is size and abun-



dance of garnet. Migmatization and recrystallization
have produced a sugary granular texture. In the more
felsic gneisses hand sample appears migmatized and
large quartz domains are recognized. Gneissic banding
is observable in hand section and outcrop scale (figure
4.). A penetrative foliation consistent in all units was
measured at 300°/55° dipping NE.

Figure 4. Field photo from Kilahed location. Sharp
contacts between migmatitic gneiss and garnet amphi-
bolite. Photo taken by Charlotte Mdller.

3.2 CHMO092003A:Migmatitic amphibolite
3.2.1  Descriptions

This sample is a pyroxene bearing garnet-amphibolite.
The mineral phases and textures are metamorphic, and
there is a faint banding with microlayers richer in
hornblende. Banding is only evident in low magnifica-
tion due to the medium size of crystals. Main minerals
present are; hornblende, plagioclase, clinopyroxene;
garnet, biotite, quartz, microcline, scapolite are also
present together with accessory apatite, pumpellyite,
opaque and rounded metamorphic zircon. There is a
fibrous intergrowth of biotite and a secondary mineral,
probably pumpellyite (figure 7), and this intergrowth
as well as all other elongate minerals align within ~35
degrees of parallel. Albite twinning in plagioclase is
discordant and irregular. Pinning and dragging micro-
structures, as described by Passchier and Trouw
(1996) occur in the plagioclase and quartz crystals.

3.2.2 Interpretations

Figure 6. CHM092003A: Migmatitic amphibolites.
Cropped segment from scanned thin section showing
the assemblage and general texture.
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A) crossed polars photomicrograph of
biotite (center) and pumpellyite intergrowth, large bot-
tom center grain is hornblende, bright colored grain
center right is scapolite B) plane polar view of the
same grains.

Figure 7

This rock has undergone deformation under high tem-
perature conditions. Dynamic recrystallization likely
occurred in this rock, pinning and dragging micro-
structures in thin section and the sugary texture in
hand sample evidence this. Garnet grains have collars
of plagioclase, which suggests disequilibrium between
garnet and hornblende or other phases, a reaction that
has plagioclase as a product. The tapered twins and
irregular albite twinning in plagioclase suggest a meta-
morphic origin. Based on textural relations, pyroxene
and garnet are the only minerals that may have a previ-
ous origin stemming from different metamorphic con-
ditions. The scapolite phase suggests a presence of
CO; and ClI rich metamorphic fluids interacting with
the rock. Triple junctions have been reached in some
microdomains but the majority of crystals still show
signs of stress. The most recent metamorphism was a
low-grade event responsible for the local alteration of
the quartz, plagioclase, and scapolite, possibly sericite,
and also the pumpellyite alteration of biotite.

3.3 CHMO092003B: Migmatized gneiss
3.3.1  Descriptions

This specimen is a migmatized gneiss with sparse gar-
net and hornblende. Quartz, microcline and plagioclase

in near equal proportions account for 85 percent of this
sample. Biotite flakes that are weakly aligned are scat-
tered throughout this sample, forming aggregates in
only a few areas. Hornblende is subhedral and only
present in the few mafic domains. There is heterogene-
ity in grain sizes of the quartz and feldspars. The lar-
ger quartz crystals are elongate and trend the same as
the biotite flakes. Grain boundaries in leucosomes are
irregular. There are tapered twins in many of the pla-
gioclase crystals. Minor amounts of scapolite occur
with hornblende.

3.3.2

Quartz and feldspar grains in this sample show signs
of stress and recovery. There are some large quartz
crystals showing undulose extinction and some show-
ing signs of subgrain amalgamation. The tapered twins
in plagioclase point towards a metamorphic origin, but
in comparison to sample 2003 A the twinning process

&)

Interpretations

Figure 8. Migmatitic gneiss , photo taken by
Charlotte Moller

o

- N § - : :
CHMO092003B: Migmatized gneiss.
Cropped segment from scanned thin section showing
textures and crystal relations.

Figure 9.

10



is nearer completion i.e. the tapered twins have devel- euhedral, and have grown with all other phases. The
oped into nearly planar textures. Scapolite indicates plagioclase crystals exhibit tapered twins and show
CO, and/or Cl rich fluid in the rock, due to its close signs of strain.

proximity to 2003A it is expected to result from the
same event. Minerals and textures in this section ap-
pear to have undergone a greater degree of recovery
than those in 2003 A as seen in the homogenous sizes
of recrystallized quartz grains; this may be explained
by the differences in rheology.
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Figure 12. CHM092003C: Garnet amphibolite, cross-
sed polars. Tapered twins in plagioclase and typical
high birefringent scapolite grain.

3.42 SEM
Scapolite was analyzed and easily recognized by its
sulfur peak, in this sample the scapolite has a ~2/1
ratio of Ca to Na.

Figure 10.  Photomicrograph of CHM092003B:
Migmatized gneiss. Quartz grains partially recrystalli-
zed to large homogeneous grains. Note the formation
of triple-junctions between recrystallized grains.

3.4 CHMO092003C: Garnet amphibolite
3.4.1 Descriptions

This sample is a garnet amphibolite gneiss. Horn-
blende, plagioclase, garnet and biotite are the major
minerals present in this section. Scapolite, quartz and
clinopyroxene also exist but only as minor phases. A
foliation is recognizable which has formed indistinct

microdomains richer in plagioclase and quartz. The 5 .
garnet crystals are subhedral and spotted with inclu- It Bt
sions of plagioclase and biotite. Scapolite grains are 15.0kV 10.0mm x370 BSECOMP 2010-06-04
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Figure 13.  Scapolite grain (center), showing textu-
ral equilibrium between hornblende, scapolite, plagi-
oclase, quartz and biotite, and late alteration of scapo-
lite.

3.4.3 Interpretations

Compared to the other two units from this locality, this
sample has the largest amounts garnet and is the least
migmatitic. Hornblende and biotite appear to have
formed later in this rocks metamorphic history,
whereas the plagioclase, although metamorphic,
probably formed earlier with the garnet and pyroxene.
Scapolite looks to be confined by the growth of horn-
=S blende and biotite, which suggests these phases grew
& N I at the same time. Based on the Ca/Na ratio, the sca-

Figure 11. CHM92003C: Garnet amphiboite. polite is composed of 2/3 meionite and 1/3 marialite.
Cropped segment from scanned thin section showing This section with the aid of 2003A and 2003B tell a

mineral assemblages and the general texture, note the polymetamorphic history that includes one medium-
size and amount of garnet. high-pressure event responsible for the formation of
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garnet and pyroxene, and at least one lower pressure
event responsible for the hornblende, biotite and sca-
polite formation. A deviatoric stress field existed for
the lower pressure event, which has strained crystals
and caused dynamic recrystallization to occur in the
quartz and feldspar grains. A difference in the degree
of foliation and recrystallization between the samples
can be attributed to differences in composition and
thereby rheology.

3.5 CHMO092019A: Migmatized gneiss,

Haxered

3.5.1 Descriptions

Quartz constitutes approximately 60 percent of this
rock and when combined with the 30 percent that is
plagioclase, this sample becomes quite felsic. Sparse
small garnet crystals exist and appear broken and re-
sorbed. Biotite makes up about 10 percent of the sam-
ple and appears as small euhedral grains some of
which are altered to pumpellyite. Hornblende exists in
very minor amounts, two grains detected, and looks
mechanically fractured. Quartz occurs as well-formed
elongate grains and in some cases as smaller grain
aggregates, which exhibit the irregular grain bounda-
ries associated with dynamic recrystallization. Plagio-
clase albite twins are well formed and parallel in
nearly all grains. All phases except garnet look chemi-
cally stable, as no reaction zones are visible.
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Figure 14. CHMO092019A: Migmatized gneiss.
Cropped segment from scanned thin section showing
mineral assemblages and the general texture.

3.5.2

The metamorphic grade is upper amphibolites facies.
High temperature deformation is responsible for the
reformation of quartz to euhedral elongate grains, al-
though this process did not go to completion as seen
by the presence of quartz and plagioclase aggregates.
The plagioclase probably recrystallized alongside the
quartz, and the well-formed twins in most grains indi-
cate plagioclase recrystallization is near completion.

Interpretations
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The garnets are resorbed, and the only phase that does
not appear to be in equilibrium.

Ay

Figure 15. CHMO092019A: Migmatized gneiss.
Plane polarized A and cross polarized B photomicro-
graphs of recrystallized elongate quartz and plagiocla-
se crystals. The foliation is defined by the orientation
of biotite and elongate minerals.

3.6 CHMO09020A: Retrogressed
eclogite, Utmarkamossen

This sample was taken from a garnet and clinopyrox-
ene-rich mafic lens set in migmatitic gneisses.

3.6.1

This sample is made up of garnet, hornblende, quartz,
plagioclase, clinopyroxene, and biotite with accessory
phases of rutile and opaques. These minerals can be
sorted into groups based on what mineral they form a
pseudomorph of. Two different symplectites occur; a
clinopyroxene, hornblende, plagioclase symplectite
(cpx-symplectite) resulting from the break down of
large clinopyroxene grains and a biotite, plagioclase
symplectite (biotite-symplectite). Grain outlines of the
clinopyroxene from which the cpx-symplectite has
formed are still visible, and are 7-12 mm in length.
The cpx-symplectite minerals have grown in a cros-
shatched 90° pattern and there is a very tight inter-

Descriptions
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Figure 16. CHMO09020A: Retrogressed eclogite. Scanned thin section showing pseudomorphs of large grains, and
mineral relations and textures. Rtl/Ilm = rutile (brown) and ilmenite, Cpx-sym = clinopyroxen-symplectite, Bt-Sym
= biotite-symplectite, qtz = quartz, Grt = garnet, Hbl = hornblende. Boxes denote locations where photos were ta-

ken.

growth of the clinopyroxene and hornblende (figure
17a,b). Other localities of the cpx-symplectite show an
unlike parallel pattern, but remain the same chemically
(figure 17c,d). In the areas where two large cpx-
symplectite grains meet, there is an increase in the
amount of plagioclase occurring as small rounded gra-
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ins. Quartz exists as large 5-10 mm long euhedral
crystals, with patchy undulose extinction. There is not
a very prominent undulose extinction, the difference in
extinction angles between the subgrains of quartz are
~8°. A corona texture around the quartz occurs near
garnet. It consists of two phases, clinopyroxene nearest



quartz and plagioclase nearest garnet (figure 18).
Garnet makes up approximately 25 percent of this
section and it occurs as 3-6mm diameter crystals. The
garnet crystals are mostly subhedral, but in some
instances the garnet looks disaggregated and plagioc-
lase and hornblende has grown between the grains.
Inclusions of quartz and plagioclase with distinctly
tapered twinning exist in the larger garnet grains.
Hornblende also occurs as medium sized subhedral
and anhedral crystals. Isolated grains are anhedral,
but grains that form an aggregate of hornblende are
subhedral. The biotite-symplectite is characterized by
a vermicular intergrowth of biotite and plagioclase
(figure 19). In the center of the largest biotite-
symplectite present in this section there are multiple
small quartz grains. A second phase of biotite has
grown over part of the symplectite, and is distingui-
shed by its different orientation showing the cleavage
planes. Rutile exists in a few locations throughout
the sample, everywhere in contact with an opaque
phase. The largest rutile grain is located within a cpx-
symplectite and there is a rim of hornblende surroun-
ding the rutile crystal (figure 20).

3.6.2 SEM

14

d cpx-symplectite, plane pola-
rized A and crossed polarized B, parallel cpx-symplectite in contact with a quartz grain, plane polarized C and
crossed polarized D.

A look at this section in the scanning electron micros-
cope helped to confirm the composition of phases and
also revealed some reaction sites which were previous-
ly unnoticed. There is a ~5Sum wide reaction rim of
amphibole which separates the clinopyroxene and pla-
gioclase on the aforementioned garnet quartz reaction
site. The opaque phase associated with rutile is ilmeni-
te, which also occurs in smaller quantities scattered
throughout the rock.

Figure 18.  CHMO09020A: Retrogressed eclogite.
Photomicrograph under plane polarized light, clinopy-
roxene+plagioclase corona between garnet and quartz.



Figure 19. CHMO09020A: Retrogressed eclogite.
Photomicrograph under plane polarized A and cross
polarized B light. Biotite-symplectite in contact with
garnet (top left and right), note the second phase of
WA
NN i e

CHMO9020A: Retrogressed eclogite.
Rutile/ilmenite grain with hornblende rim inset in a
parallel cpx-symplectite.

Figure 20.

3.6.3

This rock is interpreted as a retro-eclogite. At one
point in time large clinopyroxene, garnet and quartz
grains dominated this rock, but retrogression occurred
as lower pressure reactions replaced much of the clino-

Interpretations
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pyroxene and dismembered the garnet. The cpx-
symplectite resulted as a breakdown of the typical
high-pressure phase omphacite, as described by An-
derson and Moecher (2007). The different patterns
seen in the cpx-symlectites may represent the original

15.0kV 10.0mm x110 BSECOMP 2010-06-04

15.0kV 10.0mm x100 BSECOMP

Figure 21.  CHMO09020A: Retrogressed eclogite. A)
crosshatched cpx-symplectite, darker areas are plagi-
oclase and lighter areas are hornblende and clinopy-
roxene, a difference in these two minerals is only noti-
ced at very high contrast. B) clinopyroxene + plagioc-
lase corona between garnet and quartz.

orientation of omphacite, as the exsolution processes
are expected to follow mineral cleavage planes. The
‘crosshatched’ symplectite formed from an omphacite
grain with a more equidimensional shape than the
other grains, this may be explained by a different ori-
entation of the crystal where this crystal is being vie-
wed along the z-axis. The large hornblende crystals
unassociated with the symplectites possibly formed at
a later metamorphic event, their presence and apparent
stability suggests retrogression took place under am-
phibolite facies conditions (figure 22). The textures
suggest that plagioclase, although now occurring with
nearly every phase was not present alongside garnet
and omphacite. There are no plagioclase inclusions
within the center of the largest garnet grain, and inclu-
sions that do exist in smaller grains all exhibit meta-
morphic tapered twins. The spatial relation between



rutile and ilmenite could indicate a previous reaction
between the phases, but no reaction textures were
found so determining reaction kinetics is not possible.
The amphibole rim around the rutile/ilmenite reacion
sites could be explained by an increase in free Fe**
released by the breakdown of ilmenite. The garnet,
clinopyroxene, plagioclase, quartz reaction is a well-
studied geobarometer common in retrogressed ec-
logites. Moecher et al (1988) as well as Anderson and
Moecher (2007) review the various possible reaction
paths these phases can take, but a simplified version is
as follows;

garnet (grossular and pyrope) + quartz = clino-
pyroxene (diopside) + plagioclase (anorthite).

The origin of the biotite-symplectite is uncer-
tain, but its formation under similar conditions as the
cpx-symplectite is suggested. One inference that could
be made suggests an origin stemming from a high-
pressure phase with low stability in mid-pressure con-
ditions. Wimmenauer and Stenger (1989) proposed a
formation of biotite, plagioclase and spinel from the
breakdown of phengite. Spinel has not been identified
in this section; the reaction in the present retroeclogite
may have been different due to the presence of free
Si0,.

- 5\ v,:‘\
Figure 22. CHMO09020A: Retrogressed eclogite.
Photomicrograph taken under cross polarized light.
Presumably late-stage hornblende aggregate (all colo-
red grains seen in photo are hornblende)

3.7 CHMO092020B: Grey migmatitic
gneiss, Utmarkamossen

3.7.1  Descriptions

Foliations are unrecognizable on the thin-section scale,
but the mafic constituents tend to form as mineral ag-
gregates. Plagioclase makes up ~ 45 percent of the
sample, and quartz accounts for another ~20 percent.
The plagioclase and quartz occur mostly as similar
sized rounded grains, which produce a granoblastic
texture with well-formed triple junctions (figure 25).
Garnet appearing as small cracked grains is scattered
throughout the sample with no preferred orientation or
grouping. Euhedral biotite and partly altered biotite

account for ~10 percent of the rock (figure 24). Horn-
blende represents ~15 percent of the section; it is an-
hedral-subhedral and spatially associated with sca-
polite grains.
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Figure 23.  CHMO092020B: Grey migmatitic gneiss.
Cropped segment from scanned thin section showing
mineral assemblages and the general texture.

3.7.2

This rock has had a similar metamorphic history as the
previously discussed gneisses. The first recorded
metamorphic event was one that took place at garnet-
amphibolite conditions. Heating responsible for the
granoblastic texture in the quartz and plagioclase took
place during upper-amphibolites facies metamorphism
accompanied by partial melting. An increase in heat is
not needed for the rock to undergo recrystallization if
the pressure is reduced faster than the heat is de-
creased. The most recent metamorphic episode was
one, which occurred under low-pressure conditions,
and is responsible for the alteration of biotite. The
presence of scapolite suggests CO, and/or Cl rich flu-
ids penetrated the rock.

Interpretations

CHMO092020B: Grey migmatitic gneiss.
Fibrous alteration of biotite under plane polarized
light.
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Figure 25.

CHMO092020B:Grey migmatitic gneiss.
Plane polar A) and crossed polar B) photomicrographs
showing granoblastic texture in quartz and plagioclase.
Biotite is scattered throughout sample, anhedral hornb-
lende in bottom right.

3.8 CHMO092028A: Strongly deformed
migmatitic gneiss, Skallstorp

3.8.1

Due to a high degree of recrystallization foliations are
only recognized in biotite crystals and occasional rib-
bon shaped quartz. The parallelism of biotite varies by
~10°, and in some grains there is an intergrowth with
muscovite. There is no hornblende identified in this
section, and garnet appears sparsely as less than 1mm
grains. Microcline and quartz make up ~85 percent of
the rock; plagioclase is a minor phase. The feldspar
and quartz grains, although nearly equal in size, do not
produce a granoblastic texture; instead the grain
boundaries are irregular and serrated.

Descriptions

3.8.2

Much of the strain in this rock has been accommo-
dated by the recrystallization of feldspars and quartz.
The highest pressure metamorphic grade visible this
rock is controlled by the presence of garnet. A shear-
ing event is responsible for the deformation and the
alignment of biotite grains. The heating responsible for

Interpretations
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recrystallization is expected to have outlasted the de-
formation, since there are no indicators of syn-
deformational recrystallization.
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matitic gneiss. Cropped segment from scanned thin
section showing mineral assemblages and the general
texture.

Figure 27.  CHMO092028A: Strongly deformed mig-
matitic gneiss. Deformation is prominent at outcrop
scale. Photo taken by Charlotte Mdller.

. ¢

Figure 28.  CHMO092028A: Strongly deformed mig-
matitic gneiss. Plane polar (top) and crossed polars
(bottom) photomicrograph. Note the alignment of bio-
tite and the granoblastic texture exibited in the quartz
and plagioclase.



3.9 CHMO092029A: Strongly deformed
gneiss, Skallstorp

3.9.1  Descriptions

Biotite and hornblende is present in the sample to-
gether with plagioclase, microcline, quartz leu-
cosomes. Hornblende is subhedral and biotite is eu-
hedral. The plagioclase shows signs of late stage al-
teration, possibly sericite. Plagioclase has tapered
twins, and the feldspar and quarts crystals have irregu-
lar grain boundaries. Garnet is not present in this rock.
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Figure 29.  CHMO092029A: Strongly deformed gne-
iss Cropped segment from scanned thin section sho-

wing mineral assemblages and the general texture.

Figure 30. Strongly deformed gneiss.
Plane polar (top) and crossed polar (bottom) photomic-
rograph showing major minerals present in rock.

3.9.2 Interpretations

The lack of garnet is interesting (as it suggests this
rock has not reached the same pressures as other
nearby units have), although different rock composi-
tion and decomposing metamorphic reactions may be
responsible for the absence of garnet. The gneissic
foliations are quite well defined, and the presence of
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hornblende place the foliations as occurring in amphi-
bolite facies conditions. The plagioclase is metamor-
phic in origin as determined by the occurrence of ta-
pered twins, likely forming at the same time as the
hornblende. Recrystallization has occurred, but as seen
by the irregular grain boundaries and non-granoblastic
texture it is far from completion.

3.10 CHM092029B: Migmatitic am-

phibolite, Skallstorp
3.10.1 Descriptions

Large 2-4 mm diameter garnets make up ~25 percent
of this rock, and subhedral hornblende accounts for
~50 percent. The remaining 25 percent is made up of
anhedral biotite, plagioclase and an opaque phase. The
garnets are well formed and contain inclusions of
quartz, hornblende and plagioclase. Plagioclase crys-
tals exhibit tapered twins and some grains can be rec-
ognized as being mechanically bent. Hornblende
grains have a unique curved or undulating fracture
pattern that is a site for exsolution or secondary crystal
growth (figure 32). The fractures trend in a uniform
pattern throughout the sample, and a dominant set of
fractures in garnets also align in the same direction.
The opaque phase looks to be in reaction with garnet;
it appears to produce plagioclase at the expense of
garnet whenever they are near (figure 33).
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Figure 31. CHMO092029B: Migmatitic amphibolite.
Cropped segment from scanned thin section showing
mineral assemblages and the general texture. Note the
abundance of garnet and hornblende.

3.10.2 Interpretations

The garnet, hornblende and plagioclase all look to
have grown at the same time, and the garnet amphibo-
lite facies conditions are consistent with other samples
studied. Tapered twins in plagioclase crystals indicate
a metamorphic origin. This rock does not have as
much quartz and plagioclase as the other nearby units,
fracturing of the garnet and hornblende grains may be
one way the rock has accommodated stress. Growth of
plagioclase surrounding the opaques is expected to
have happened some time after peak metamorphism,



possibly during a lower pressure metamorphic event.
The timing of the deformation event in relation to
metamorphic crystal growth and a possible heating
event is uncertain and would require a more in depth
analysis of the fracturing patterns and chemistry of the
phases growing within the fractures.

Figure 32.
Photomicrograph under plane polarized light. Hornb-
lende exhibiting similarly trending curved fractures.

CHMO092029B: Migmatitic amphibolite.

g il

HMO092029B: Migma
Plane polarized photomicrograph of garnet grain with
ilmenite inclusion, dominant fracture set align with the
hornblende fracture pattern.

Figure 33.

3.11 CHM092031A: Strongly deformed
gneiss, Gallared

3.11.1 Field observations

This unit is a highly strained granitic gneiss with dis-
tinct gneissic banding. Multiple dolorite and pegmatite
dykes cross-cut the outcrop. Foliation refraction is
recognizable across the dykes due to competence con-
trasts (figure 34).

3.11.2 Descriptions

Two differing compositions of felsic bands are pre-
sent, one type is nearly all quartz, whereas the other is
~75 percent plagioclase and microcline and ~25 per-
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Figure 34. CHMO092031A: Strongly deformed gneiss.
Cut by a pegmatite. Note the difference in orientation
of the foliation in the pegmatite versus the gneiss, indi-
cating the high competence of the pegmatite.
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Figure 35. CHMO092031A: Strongly deformed gneiss.

Cropped segment from scanned thin section showing

mineral assemblages and the general texture.

cent quartz. Mafic microdomains are made up of horn-
blende and biotite. Hornblende is subhedral-anhedral
and biotite is subhedral. There are a few garnet grains,
all of which are quite small, fractured and resorbed.
The plagioclase exhibits tapered twins. Quartz rich
bands are granoblastic and show no signs of strain, the
plagioclase variety is not nearly as recrystallized and
still shows evidence of growth under stress, such as
bent grains.

3.11.3 Interpretations

This rock has been highly strained, and variable de-
grees of recovery have taken place throughout. The
duration and temperature of crystal recovery can be
approximated by the differences between the two
types of felsic bands. There was enough heat and time
for quartz grains to recover but not quite enough for
the stronger feldspar rich bands to fully recover. The
peak metamorphic degree recorded is upper-
amphibolites facies. This sample exhibits evidence of
a similar polymetamorphic history seen in the other
samples of this study area; a formation of garnet fol-
lowed by a lower pressure event where garnet be-
comes unstable and low-pressure alteration of biotite
and plagioclase occurs.



3.12 Summary and interpretation of
petrography

The samples can be sorted into two groups, mafic and
felsic. The mafic rocks are the amphibolites, whereas
the felsic rocks are all the varieties of gneisses. The
retro-eclogite (sample 9020A) although mafic, will be
addressed separately due to its petrological dissimilari-
ties .

The main minerals common to all the felsic
samples are: quartz, plagioclase and microcline with
minor amounts of biotite and hornblende. A small
amount of garnet is present in some of the felsic rocks,
and it often looks resorbed. A late low grade alteration
forming pumpellyite from biotite as well as sericite
growth in plagioclase and microcline is visible in some
of the samples. Various stages of crystal recovery oc-
cur in the samples. The less deformed rocks such as
2020B exhibit a more granoblastic texture with equidi-
mensional crystals. Crystal recovery in the form of
recrystallization and annealing in the strongly de-
formed gneisses produced elongate quartz grains.
Metamorphic twinning in plagioclase is more preva-
lent in the rocks that appear to have undergone a lesser
degree of annealing. Pinning and dragging structures
are evidence for dynamic recrystallization; it shows
the individual crystals are ductile when they are de-
formed. The highest pressure/temperature mineral
found in the gneisses is garnet, but since it appears
unstable it is not representative of the current meta-
morphic facies of the felsic rocks. Based on the pres-
ence and stability of hornblende in all the samples, the
gneisses last equilibrated under amphibolite facies
conditions.

The main minerals common to all the mafic

samples are: hornblende, garnet, plagioclase and clino-
pyroxene. Minor amounts of biotite, quartz, micro-
cline, and an opaque phase occur in the amphibolites.
The presence of garnet and clinopyroxene in equilib-
rium with hornblende place the mafic samples in the
upper amphibolites facies. The mafic rocks are more
competent at higher temperatures, so the signs of strain
and deformation seen in the felsic rocks are not com-
monly seen in the amphibolites. Microdomains that are
feldspar and quartz rich show signs of recovery similar
to what is seen in the gneisses. Late low grade altera-
tion of biotite to pumpellyite and plagioclase to seric-
ite happens to some extent in all the mafic rocks.
Retro-eclogite: This rock as been termed a ret-
rogressed eclogite because, based on the textures and
mineral assemblages especially the symplectites, it has
been interpreted to have been mainly clinopyroxene
(omphacite), garnet and quartz. There are no indica-
tions that plagioclase was part of the omphacite garnet
assemblage, this indicates that the rock surpassed the
upper stability limit of plagioclase (Figure 36; Bor-
ghini et al, 2010). The reaction between garnet and
quartz in the retro-eclogite is a common decompres-
sion reaction:
Pyrope + grossular + quartz = diopside + anorthite

Rutile (TiO,) is expected to be stable during eclogite
facies, as is ilmenite (FeTiO3). Korneliussen et al,
(1999) showed that rutile will form from ilmenite at
higher pressures if the rock composition is correct, this
may have happened in this sample.

The precise cpx-symplectite formation reaction
is unknown since chemistry of the symplectite was not
studied. The symplectite resulted from the breakdown
of omphacite, and began growing when the rock was
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entered a pressure temperature range of about ~13kbar
and 700°C (Anderson and Moecher, 2007). The reac-
tion is expected to have stopped when the temperature
was too low for diffusion to occur between the prod-
ucts.

The origin of the biotite-symplectite is uncer-
tain, similar symplectites have been described and
attributed to the breakdown of phengite (Groppo et al,
2007). Palmeri et al, (2003) describe a similar biotite-
symplectite, and propose a phengite breakdown reac-
tion which produces K + H,0:

Phengite + quartz + Na + Ca + Fe = biotite + plagio-
clase + K + H,0

Chlorine and CO, rich fluids are interpreted to
have been present in five of the ten samples studied by
the occurrence of scapolite, and the scapolite appears
to have grown during the amphibolite facies metamor-
phism. Samples from the Kilahed are outside the
UDZ yet still bare scapolite, indicating similar meta-
morphic fluids affected units within and outside the
UDZ. One explanation is the UDZ was near the same
depth as the rocks sampled from the Kilahed location
during amphibolization. Future studies may be able to
use the presence of scapolite as an indicator for study-
ing the degree of chlorine and CO, rich fluid penetra-
tion during metamorphism.

4 Tectonic context: a discussion

One interpretation of the samples and locations studied
in this sample is as follows:

The eclogites within the UDZ are in sifu, mean-
ing the entire gneiss package within the UDZ was sub-
jected to high pressure metamorphic conditions, this
interpretation is based on the presence of garnet in
nearly all samples and the assumption that all rocks
were once subjected to higher pressures where garnet
was stable. The mafic rocks also contain clinopyrox-
ene which is a phase commonly associated with high-
pressure assemblages. The 680-800°C and 8-12kbar
upper-amphibolite condition reported by Johansson et
al, (1991) and Wang & Lindh (1996), produced a
strong overprint that masks most previous metamor-
phic assemblages, further complicating the metamor-
phic history. If the eclogites are in situ then the major-
ity of eclogite facies rocks have retrogressed. Rubie,
(1998) showed that during polyphase reactions, me-
tastable phases can exist far from equilibrium for large
amounts of time because stable phases are unable to
nucleate. The larger the mafic body, the more likely it
is that it contains domains that have escaped reequili-
bration during amphibolites facies deformation and
fluid infiltration. The best-preserved eclogite reported
so far from the UDZ is a 2x1 km mafic lens-shaped
body situated at Lilla Ammas (Moller, 1998). Many
smaller mafic bodies throughout the UDZ show no
signs of previous eclogite equilibrium; this could be
explained by complete retrogression under upper-
amphibolite conditions when the rocks had been ex-
humed to a mid-crustal level. The increased deforma-

21

tion of the gneisses surrounding the eclogites may be
explained by competency contrasts. The mafic bodies
are more competent than the more felsic gneisses pro-
toliths, so strain that is not accomodated by deforma-
tion of the mafic bodies was accounted for in the sur-
rounding gneisses. This is an outcrop and map scale
process similar to how foliations deflect around garnet
grains in garnet bearing mylonites. One criticism of
this interpretation points to the presence of large mafic
bodies that are completely granulitic or amphibolitic
and smaller eclogite bodies. These mafic bodies may
have experienced varying degrees of hydration by
metamorphic fluids, which would increase the effi-
ciency of re-equilibrium.

When viewed on a larger scale, the maximum
age of eclogitisation in the Eastern Segment is 972 +
14 Ma, during the Falkenberg phase (Johansson et al,
2001). Eclogitisation was followed by gravitational
collapse in the Dalane phase (970-900 Ma), which is
responsible for exhuming the rocks to mid-crustal lev-
els (Bingen et al, 2008). Rather than a separate shear-
ing event responsible for thrusting up high-pressure
eclogite bodies into medium-pressure gneisses, there
may be variable efficiency in the upper-amphibolite
overprinting. High temperatures are required for the
observed migmatization and recrystallization. If the
eclogites are in situ then the whole UDZ would have
been exhumed from the depths in excess of 50 km to
mid-crustal levels, and the remnant heat associated
with this decompression may be responsible for the
high temperature textures.

5 Conclusion

Understanding what happened to the UDZ is a small
yet important piece to figuring out the Sveconorwe-
gian orogeny. This detailed microscopy study of the
ten samples taken from within the Ullared Deforma-
tion Zone in southwest Sweden, has revealed informa-
tion regarding the pressure-temperature evolution of
the UDZ. Metamorphic conditions varied throughout
the Sveconorwegian orogeny; the samples studied in
this project show evidence for achieving (or nearly
achieving) equilibrium in more than one metamorphic
condition. The UDZ is interpreted to have been sub-
jected to high-pressure granulite and eclogite condi-
tions followed by a period in upper-amphibolite condi-
tions. This is thought to be due to a rapid exhumation
via tectonic stripping to mid-crustal levels followed by
exhumation to the present day surface level. The de-
crease in pressure associated with this interpretation
may be responsible for decompressive ‘heating’ of the
UDZ gneisses which can be seen by the migmatization
of some units and recrystallization of others. Further
petrographic and structural studies of the UDZ and are
needed to form a clearer picture of the Eastern Seg-
ments Sveconorwegian history.
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