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Abstract 
 

Plagioclase is the most abundant mineral in the lower crust and it is thus important to 
constrain the behaviour of plagioclase during deformation. Anorthosites, which are 
plagioclase-rich rocks, are common in Archaean cratons but their origin and rheological 
importance is still debated. The aims of this thesis are to 1) describe a newly discovered 
Archaean anorthosite complex (Naajat Kuuat, SW Greenland), investigate its origin and a 
possible genetic relationship between the anorthosite and associated mafic-ultramafic 
rocks and 2) to study the rheology and deformation mechanisms in plagioclase-rich 
rocks. The main focus of this thesis is on the deformation studies. 
(1) Geochemical whole-rock analyses from the Naajat Kuuat complex are indicative for 
an origin near a subduction zone setting. A genetic link by crystal fractionation between 
the anorthosite and associated mafic-ultramafic units is inferred. (2) Deformation 
behaviour of plagioclase is assessed from analyses of three anorthosite units deformed 
during different conditions. Samples were analysed using the electron backscatter 
diffraction technique (EBSD) in combination with optical and chemical analyses. All 
three case studies show significant strain localisation related to grain size reduction. A 
wet anorthosite deformed at dry conditions (T ~675-700°C) was dynamically 
recrystallised. Continuous bands of recrystallised grains developed a texture yet display 
microstructures and grain relationships indicative for grain size sensitive creep, 
suggesting that the rheology followed a Newtonian flow law. In the other two studies, 
samples with initially dry and wet composition, respectively, have experienced 
deformation during fluid present conditions at T ~550-620°C. These two samples show 
that fluids effectively caused reactions, replacements and aided strain localisation during 
deformation at mid crustal conditions.  
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1. Aims of Study

This thesis presents research results from two main 
subjects of interest with examples from southern 
West Greenland and south-central Sweden. The two 
subjects of interest are:

�. Archaean anorthosite complexes – formation and 
emplacement of anorthositic rocks and associated 
lithologies. 

The aim is to document the anorthositic and associated 
mafic and ultramafic lithologies in the Naajat Kuuat 
anorthosite complex and to investigate the origin 
and geodynamic setting of the complex in terms of 
geochemistry and geochronology. In this thesis the 
various lithologies at the Naajat Kuuat anorthosite 
complex are described and results from whole-rock 
and isotope analyses and a first interpretation and 
discussion is presented.

�. Deformation and rheology of plagioclase-rich 
rocks. 

The aim is to investigate the initiation and processes 
of new grain formation (recrystallisation) and strain 
localisation in plagioclase-rich rocks deformed at 
different conditions. 
 This investigation includes detailed 
crystallographic analyses of plagioclase crystal 
behaviour during intermediate to high temperature 
deformation. Analyses and interpretations performed 
are of microstructures, textures, deformation 
mechanisms, active slip systems and mineral 
chemistry analyses. Samples from three areas are 
selected and results are presented in Papers I-III. In 
common for all samples is an initial coarse grained 
interconnected framework of plagioclase. However, 
the initial composition of the rock (wet versus dry 
mineralogy) and deformation conditions are different 
for the three case studies. Deformation conditions of 
the different samples are:

Paper I:  
- “wet” initial rock; dry deformation conditions at    

T ~675-700°C and P ~3.5-4.5 kbar. 
- focus is on recrystallisation mechanisms and strain 
localisation.

Paper II:  
- “wet” initial rock; wet deformation conditions at   
T ~550-6�0°C and P ~4.5-5.� kbar.  
- focus is on recrystallisation, strain localisation, 
influence of fluids and mechanisms for development 
of asymmetric chemical zoning in plagioclase.

Paper III:
- dry initial rock; wet deformation conditions at           
T ~550°C and P ~7.8 kbar.
- focus is on recrystallisation, strain localisation and 
influence of fluids. 

2. Background and previous work

�.�. Archaean anorthosite complexes – formation 
and emplacement of anorthosites and associated 
lithologies 

Anorthosites and associated lithologies occur 
in various amounts in most of the preserved 
Archaean cratons around the world. These calcic 
and often megacrystic anorthosites differ in age, 
geochemistry, appearance and possibly formation 
from the voluminous massif-type anorthosites 
formed in the Proterozoic eon (Ashwal, �993). 
Archaean anorthosites are commonly associated with 
greenstone belts and ultramafic units (e.g. Weaver 
et al., �98�; Polat �007) and often occur as layered 
complexes (Myers, �985). 
 Southern West Greenland (Fig. �) consists 
dominantly of rocks of Archaean age (>�.5 Ga) that 
belong to the North Atlantic craton (Windley and 
Garde, �009). The very large amount of well exposed 
bedrock with little surface alteration makes the region 
unique for studies of Archaean geology. Anorthosites 
and leucogabbros (> 65% modal plagioclase) are 
found throughout the region (Fig.� in Paper I) and 
are commonly associated with greenstone belts 
and ultramafic units such as dunites, wherlites and 
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pyroxenites (Weaver et al, �98�; Peck and Valley, 
�996; Windley and Garde, �009). Only a few of these 
anorthosites and leucogabbro units have been targeted 
for geochemical investigations e.g. Fiskenæsset 
(e.g. Windley and Smith, �974; Weaver et al, 
�98�; Ashwal and Myers, �994; Polat et al., �009, 
2010), Nordlandet and Buksefjorden (e.g. Dymek 
and Owens, �00�; Owens and Dymek, �997) and 
Ivisaartoq (e.g. Polat et al., �008). However, it is still 
not satisfactorily concluded how they were formed, 
including parental magmas, depth of formation, 
primary mineral assemblages or geodynamic settings 
(e.g. Dymek and Owens, �00�; Polat et al., �008). 
The geochemical results have dominantly been 
interpreted in favour of a cumulative origin for the 
anorthosites/leucogabbros with a petrogenetic link 

of crystal fractionation to the associated ultramafic 
units and possibly to amphibolites (e.g. Polat et al., 
2008). The suite of ultramafic and anorthositic rocks 
is often closely related to massive and heterogeneous 
amphibolites (Solgevik et al., �008) and amphibolites 
with pillow structures (Polat et al., �007). 
 The nature of the parental magma for 
anorthosites and the primary mineralogy have been 
debated (e.g. Weaver et al., �98�; Owens and Dymek, 
1997; Windley and Garde, 2009) but is difficult to 
asses due to the fractionated rocks and their common 
occurrence in high grade metamorphic terranes. 
However, hydrous magma-systems (>3% water 
content; Müntener, �00�) at the roots of Island arcs 
might account for the presence of primary amphiboles 
(Owens and Dymek, �997; Windley and Garde, �009) 

Fig. 1. Map show the Nuuk region divided into terranes. Significant faults and thrusts are shown. Red box (A) is the Naajat Kuuat 
anorthosite complex, (B) is the sample locality for Paper I and (C) sample locality for Paper II. Red stippled box is the area of the 
Kapisillit map sheet, mapped during 2005-2007 by GEUS. Inset show location of the region in Southern West Greenland where the 
black area is the Archaean North Atlantic Craton (NAC). Modified after Scherstén et al., 2008.
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that have not replaced pyroxenes by metamorphism, 
as is common in retrograde terranes. Anorthosite 
complexes comprising leucogabbro-anorthosites 
and spatially associated mafic and ultramafic rocks 
presumably represent pieces of an Archaean oceanic 
crust (Weaver et al, �98�; Myers, �985; Polat et al., 
�008).  Polat et al. (�008) suggest that anorthosites are 
formed in a shallower mantle and beneath a thicker 
(�0 km) Archaean oceanic crust where the oceanic 
crust is thought to consist of two “layers”. The lower 
layer consists of anorthosites and leucogabbros and 
the upper layer of basaltic-to-picritic lavas, gabbroic-
to -dioritic dykes and ultramafic sills. They based 
their assumption on anorthositic enclaves in the 
gabbroic parts which also show less enriched HREE 
that points towards a garnet free mantle source i.e 
shallower depth. Peck and Valley (�996) further 
suggest a shallow emplacement of the anorthosite 
complex at Fiskenæsset due to the inferred intrusion 
of the anorthosite into mafic-ultramafic rocks that 
are hydrothermally altered by seawater as seen by 
oxygen and hydrogen isotopic ratios.
 A specific geodynamic setting for all 
anorthosites is however not concluded in previous 
studies. Polat et al. (�008) suggest an origin in a 

supra-subduction setting (Fig. �) and Windley and 
Garde (�009) in the root system of island arcs. 
Geochemical and petrographic results, lithologies 
present and their field relationship thus point towards 
an origin in the vicinity of an island arc setting (Dilek 
and Polat, �008). 

�.�. Deformation and rheology 

Minerals and rocks that are put under differential 
stress will eventually respond by deformation. 
Deformation is of a brittle character in the upper 
crust and transitionally changes to ductile behaviour 
at depth. The deformation mechanisms active during 
deformation are dependent on the type of mineral-/s, 
its/their internal purity, active slip-systems and several 
external factors such as temperature, magnitude of 
differential stress, strain rate and fluid activity (e.g. 
Burlini and Bruhn, 2005). The type of deformation 
mechanisms that are active during deformation 
governs the rock rheology, i.e. the flow strength of 
the rock, and thus on localisation of stress and strain 
(e.g. Burlini and Bruhn, 2005; Holyoke III and Tullis, 
�006). So to deduce the rheological properties of 
e.g. shear zones to model crustal strength, one has to 

Fig. 2. Proposed geodynamic setting for anorthosite, amphibolites and ultramafic rocks in a suprasubduction zone in Ivisaartoq 
greenstone belt, southern west Greenland. From Polat et al., �008; reprinted with permission of Elsevier.



5

Deformation behaviour and chemical signatures of anorthosites: Examples from SW Greenland and south-central Sweden

constrain the deformation mechanisms that created 
and maintained the weakest part of the shear zone. 
 Feldspars are some of the most abundant 
minerals in the earth’s crust and plagioclase is 
volumetrically dominating in the lower crust (Xie et 
al., 2003) where mafic granulites and plagioclase-
rich rocks are the most common rocks (Ranalli, 
�995; Lapworth et al., �00�). Plagioclase is thus an 
important component in discussions about small-
scale to large-scale deformation of the lower crust 
(Handy et al., �00�) since the tectonic deformation of 
the crust is thought to be controlled by the rheological 
behavior of the lower crust (Ranalli, 1995; Ji et al., 
�004). Plagioclase-rich rocks like leucogabbros 
and anorthosites often display a strong competence 
contrast to adjacent lithologies in the field (Fig. 3a). 
The transition from less deformed parts to highly 
deformed parts within anorthosites (Fig. 3b) and 
towards adjacent lithologies are often very narrow 
and distinct. It thus appears that anorthosites/
leucogabbros commonly act as competent objects 
where the rheology changes abruptly. This behaviour 
may be an important factor for the localisation of strain 
in the lower crust and for the geometric configuration 
of lithologies during regional tectonics. Thus the type 
and character of the active deformation mechanisms 
in plagioclase and the prevailing conditions (i.e. 
fluids, temperature and pressure) during deformation 
and strain localisation is of particular interest for the 
rheology of the lower-/middle crust. These processes 
can be revealed by studying the mineral chemistry 
and the produced microstructures (e.g. grain shape, 
grain size changes, misorientation analyses and 
CPO (e.g. Kruse and Stünitz, 1999; Lapworth et al., 
�00�). 

�.�.�. Deformation mechanisms and rheology: 
General comments

In the brittle (frictional) regime i.e. upper crust, 
where the temperatures are low deformation 
commonly occurs by fracturing and cataclastic 
flow (e.g. Passchier and Trouw, 2005). The samples 
investigated have experienced deformation in the 
middle and lower crust where ductile deformation 
normally is dominant. The text below therefore 
focuses on deformation in the transition to and in the 
ductile/plastic regime. Apart from temperature, the 
presence of fluids (or melt at higher temperatures) 
may have a significant impact on the active 
deformation mechanism and e.g. allow for a shift 
from dislocation creep to diffusion creep at a lower 
temperature and/ or larger grain size than would be 
expected in a dry equivalent (e.g. Dell’Angelo and 
Tullis, �988; Manktelow and Pennacchioni, �004). 
 At lower temperatures the process of 
dissolution and precipitation creep (pressure solution 
with grain boundary diffusion) is well documented 
(cf. Passchier and Trouw, �005). This process occurs 
when a rock is put under stress, either by overburden 
load on e.g. buried sediments or by differential stress. 
Here a grain will be dissolved on the face perpendicular 
to the principal stress axis; the material will be 
transported along the grain boundary and precipitate 
at low stress side (but may also be transported away 
from the grain aggregate if interconnected fluid 
pathways exist). Mineral replacement processes are 
common when fluids are present in the rock, either 
as hydrothermally circulating fluids in a passive 
rock or as fluids active during deformation (e.g. 
Putnis (�009) and references therein). Processes 
leading to a change in mineral assemblages due to 

Fig. 3. a) Competence contrasts between anorthosite (light colour) and a less competent darker mafic layer with flow structures. 
Notebook (17 cm) for scale. b)  Strain localisation within an anorthosite body showing coarse grained magmatic texture surrounded 
by finer grained recrystallised grains with a strongly defined foliation. Note the very short transition from the magmatic texture to 
the highly sheared area. Pen as scale.
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changing temperature and pressure conditions and/or 
by reaction with an infiltrating fluid may be termed 
either metamorphic of metasomatic (if separable) 
depending on the scale of mass transfer (cf. discussion 
in Putnis and Austrheim (2010) and Putnis and John 
(2010)). Mineral reactions with a fluid may lead 
to a pseudomorphic replacement via the interface-
coupled dissolution and precipitation mechanism i.e. 
a solvent mediated phase transformation (Cardew 
and Davey, �985; Putnis, �00�; Putnis and Putnis, 
�007). The driving forces for the interface-coupled 
dissolution and precipitation mechanism is chemical 
instabilities where the mineral to be replaced is out 
of equilibrium with the infiltrating fluid. The product 
will be closer to equilibrium. In this replacement 
process the dissolution and the precipitation are 
closely spatially coupled leading to a preservation 
of external morphologies (i.e. pseudomorphically 
replaced). The reaction front is going into the grain 
being replaced where the contact to the reactive 
fluid is assumed to occur via an interconnected 
porosity in the precipitating product (Putnis, �009). 
Dissolution and precipitation creep along with mineral 
replacement processes may also be significant and 
rheologically important deformation mechanisms 
at high temperatures (even in the dislocation creep 
regime; see below) since these chemical processes 
may be activated at a lower stress than dislocation 
creep (Wintsch and Yi, �00�). These processes were 
arguably active in the deformed anorthosites that are 
presented in Paper II and III, where the processes are 
discussed further.
 At increasingly higher temperatures ductile 
or plastic deformation becomes important. The 
specific temperature is mineral dependant but will 
be affected by several factors such as fluids and 
pressure. During ductile deformation crystals can 
deform by movement of lattice defects (i.e. point 
defects (vacancies) and linear defects (dislocations) 
without rupturing (Passchier and Trouw, �005). The 
migration of vacancies occurs by a diffusion mass 
transfer. Diffusion creep is a collective term including 
diffusion in a grain boundary fluid, solid state diffusion 
along grain boundaries (Coble creep) and solid state 
diffusion through the crystal lattice (Nabarro-Herring 
creep) (Passchier and Trouw, �005). Movement of 
dislocations can occur along a specific lattice plane 
and is then called dislocation glide. Dislocation 
glide can be accompanied by climb and is then 
called dislocation creep where the climb component 
allows the dislocations to change slip-plane due to 
migrations of vacancies into the dislocation site 
(Passchier and Trouw, �005). There are, however, 
large rheological consequences dependent on which 
deformation mechanism is active/dominant during 

deformation. Diffusion creep deforms in a linear 
manner when considering the relationship between 
stress and strain rate while dislocation creep deforms 
conforming to a power-law relationship. Figure 4 
illustrates a deformation mechanism map (DMM) 
over a wet plagioclase aggregate where four variables 
of deformation conditions are combined, i.e. shear 
strain rate, shear stress, temperature and grain size 
(Rybacki and Dresen, 2004). Boundaries delineating 
the shift between dislocation- and diffusion creep 
are shown in two grey-shaded fields, between 600-
900°C, representing higher (�0-�� s-�) and lower 
(�0-�6 s-�) strain rates. The overlapping area in the 
dislocaion creep regime is in white. This map shows 
the temperature and strain rate dependency on e.g. 
grain size, where a decrease in shear strain rate 
predicts a shift from dislocation creep to diffusion 
creep at a larger grain size. It further shows that a 
decrease in shear stress or increase in temperature 
promotes diffusion creep for a given grain size. Since 
the onset of diffusion creep is grain size dependent 
it is also known as grain size sensitive creep and 
dislocation creep as grain size in-sensitive creep 
(e.g. Stünitz and Fitz Gerald, �993; Lapworth et al., 
�00�). However, in olivine there is an intermediate 
stage between diffusion creep and dislocation creep 
named dislocation-accommodated grain boundary 
sliding (DisGBS, e.g. Hirth and Kohlstedt, 1995; 
Warren and Hirth, �006 and references therein). 
For plagioclase this regime was not experimentally 
recognized and represented on a DMM (Fig. 4) 
calculated by Rybacki and Dresen (2004). However, 
deformation experiments of anorthite aggregates by 
Gómez Barreiro et al. (2007) revealed a developed 
texture (preferred grain orientation; CPO) yet having 
a Newtonian flow behaviour. That is, a CPO is 
normally developed by dislocation creep whereas 
diffusion creep (with GBS) does not develop a CPO 
but rather weakens an existing one. Thus the findings 
of Gómez Barreiro et al. (2007) strongly indicate 
that a regime of DisGBS also exist in plagioclase. 
Paper I invites the possibility for DisGBS to be the 
mechanism governing the strain localisation in a 
deformed anorthosite based on a combination of 
several microstructural criteria suggested for DisGBS 
and components therein (e.g. Jiang et al., 2000; Prior 
and Hirth, �007).
 During intracrystalline deformation the 
movement of lattice defects can lead to migration 
of grain boundaries and/ or build up of subgrain 
boundaries/walls (by recovery) that eventually might 
develop into new grains, i.e. recrystallisation. This 
recovery or recrystallisation is a way to lower the 
energy state of the rock/mineral (Urai et al., 1986).
The deformation mechanisms active during 



7

Deformation behaviour and chemical signatures of anorthosites: Examples from SW Greenland and south-central Sweden

mostly determined from interpretation of the 
produced microstructures, misorientation analysis 
and from CPOs (e.g. Schmid and Casey, �986; 
Bestmann and Prior, 2003). A misorientation analysis 
includes analysis of misorientation axis/angle pairs 
(within a grain or between grains; e.g. Fig. 9 in Paper 
I) as well as the distribution of the misorientation 
angles (Wheeler et al., �00�; e.g.  Fig. �0 in Paper 
I). CPOs are displayed on pole figures that show 
the orientation distribution of crystal axes in a rock 
(e.g. Fig. 5 in Paper I). This distribution is used to 
interpret the deformation mechanisms that created 
the symmetry (Lapworth et al., �00�). Dislocation 
creep is the probable cause for a strong CPO while 
diffusion creep and grain boundary sliding (GBS) are 
assumed to result in a weaker or random CPO (Prior 
and Wheeler, 1999; Jiang et al., 2000; Lapworth et 
al., �00�). A pre-existing CPO may be weakened or 
may be maintained during diffusion creep (Lapworth 
et al., �00�). 
 Fragments produced during fracturing 
and cataclasis are normally strain free and 
characteristically of various sizes with sharp edges 
(Passchier and Trouw, �005). The fragments have 
different crystal orientations than their parent clasts, 
i.e. no-host control on crystallography (Kruse et al., 
�00�). However, Trepmann et al. (�007) reported 
fragments that have near same CPO as host grain 

deformation are driven by the amount of applied 
stress, stored energy differences and chemical 
disequilibrium (e.g. Urai et al., 1986; Stünitz, 
�998). Some of the more important and common 
processes for nucleation and growth of new grains 
during deformation are subgrain rotation (SGR) 
recrystallisation and strain-induced grain boundary 
migration (SGBM) accompanied by bulging 
recrystallisation (Fig. 5; Guillope and Poirier, �979; 
Urai et al., 1986; Drury and Urai, 1990; Halfpenny et 
al., �006). These processes may also be accompanied 
by other deformation mechanisms that modify the 
microstructures, such as grain boundary sliding (GBS; 
Prior and Hirth, 2007). Recrystallisation occurring 
after the active deformation has ceased is termed 
“static recrystallisation” and commonly involves 
grain growth that obliterates the microstructures 
produced during deformation, however the CPO (see 
below) may sustain (Heilbronner and Tullis, �00�). 
 The deformation mechanisms active during 
deformation leave, to some degree, characteristic 
signatures in the microstructure and in the 
crystallographic relationships between the parent 
grain and the daughter grain-/s. These criteria are used 
to differentiate between the responsible deformation 
mechanisms (e.g. Hirth and Tullis, �99�; Trimby et 
al., �998; Wheeler et al., �00�; Stipp et al., �00�).  
 The active deformation mechanisms are 

Fig. 4. Deformation mechanism map over plagioclase (wet anorthite, 0.07% H�O) illustrating the effect of deformation conditions 
on grain size for the shift from diffusion creep to dislocation creep. See text for explanation. Modified after Rybacki and Dresen 
(�004). 
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grain with higher dislocation density (Fig 5b; e.g. 
Urai et al., 1986). The orientation of the new grain is 
related to the parent grain where the angle depends on 
the amount of rotation of the bridging boundary (Fig 
5b; Halfpenny et al., �006). This bridging subgrain 
wall could also be represented by a fracture (Stipp and 
Kunze, 2008). The new grains are characteristically 
strain free (no internal deformation) and commonly 
display a polygonal structure with ��0° triple 
junctions (e.g. Halfpenny et al. (�006) and references 
therein). The parent grain commonly has serrated 
grain boundaries. If fluids or a solute is present at 
the grain boundaries it may react with the grains in 
order to adjust the grain chemistry to equilibrium 
with the new conditions. Grain boundaries may move 
faster in the presence of fluids and may aid a change 
in mineral chemistry by chemically induced grain 
boundary migration (CIGBM; Hillert and Purdy, 
�978; Evans et al., �986). This process is driven by 
chemical differences in combination with coherency 
strain energies (cf. Yoon, 1995). Like SIGBM this 
process causes grain boundaries to move to lower 
the overall energy of the system. In CIGBM a solute 
is present at the grain boundary between two grains 
where the solute diffuses into the grains creating a 
film coherent with the parent grain, and this may 
initiate migration and growth of one of the grain and 
dissolve the other i.e. consumption (Lee et al., �993). 
Thus a product of new composition is left behind the 
moving boundary incorporating elements from the 
dissolving grain and the solute. If the solute or fluid 
has a sufficient thickness the process is termed liquid 

from experiments in quartz. A fragment may further 
act as a nucleus during further growth (Tullis and 
Yund, �987, Stünitz et al., �003).
 At medium to high temperatures thermal 
activation of climb and glide is easier and the process 
of SGR becomes increasingly important. In SGR 
recrystallisation dislocations are continuously added 
to a subgrain boundary wall during recovery (Fig. 
5a step �). The angle of the subgrain wall increases 
until the boundary has an angle of >�0° (i.e. a high 
angle boundary) and is then considered as a grain 
boundary (Fig. 5a step 3-4). The new grains have 
characteristically the same size as the subgrain cells 
and the systematic misorientation of the subgrains and 
the new grains shows the relationship to the parent 
grain, i.e. host control (Ji and Mainprice, 1988; Kruse 
et al., 2001; Bestmann and Prior, 2003; Halfpenny 
et al., �006). The new grains may also inherit some 
of the parent grains deformation structures or they 
may be nearly strain free due to recovery (Drury and 
Urai, 1990). Due to the progressive misorientation of 
the subgrains the misorientation angle distribution of 
subgrains and new grains characteristically shows a 
peak at lower angles (Trimby et al., �998), however 
recent studies of e.g. Stipp and Kunze (2008; for 
quartz) and Mariani et al. (�009; for MgO) have 
shown that some boundaries have may have much 
larger angle e.g. up to 40°. 
 Strain-induced grain boundary migration 
recrystallisation is a process where local grain 
boundary mobility causes parts of the crystal with 
low dislocation density to bulge into the neighbouring 

Fig. 5. a) Subgrain rotation recrystallisation forming a new grain with high angle boundaries by the progressive deformation and 
rotation of a subgrain (�-4). b) GBM/ grain boundary bulging and subsequent recrystallisation with and without a bridging subgrain 
wall. Modified after Halfpenny et al. (2006).
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film migration (LFM) and has the same dominant 
driving force (coherency strain energies), however 
all the driving forces for these processes are not clear 
(Hay and Evans, �987). Paper II show and discuss 
the operation of both strain-induced and chemically-
induced grain boundary migration initiated by the 
presence of fluids during deformation.
 Grain boundary sliding is a rotation of grains 
where the grains are not necessarily physically 
connected (Gifkins, �976). The recrystallised grains 
that undergo GBS do not have a crystallographic 
relationship to their neighbours or to their parent/
host grains when fully developed (Prior and Hirth, 
2007). GBS has to have an accommodating process 
during ductile deformation (Halfpenny et al., �006).  
Diffusion is often assumed to accommodate GBS 
deformation (e.g. Paterson, �00�) but dislocation 
creep occurring simultaneously with GBS has also 
been suggested experimentally by e.g. Hirth and 
Kohlstedt (1995) and from naturally deformed olivine 
by e.g. Warren and Hirth (�006). Experimental 
results by Walte et al. (�005) further showed that 
dislocation creep can accommodate GBS due to an 
increase in porosity (by grain destruction) allowing 
for an increase volume of fluid/melt and thus the 
possibility for GBS to occur. The characteristics 
of the microstructure produced solely by GBS are 
a polygonal structure where the grains have no 
internal distortion (Prior and Hirth, �007). The 
grains can however show distortion when GBS is 
accompanied by either grain boundary diffusion 
creep or dislocation creep. In addition, Halfpenny 
et al. (�006) reviews that smooth grain boundaries, 
planar segments and voids along grain boundaries 
are indicative for GBS. 

�.�.�.�. Strain localisation and rheology

Localisation of shear and strain in a mineral, rock or 
the crust represents a mechanical weakening (Jessell 
et al., �005) where the area of localisation has a lower 
viscosity than the wall rock. The mechanism-/s for 
localisation can been classified into two end member 
categories according to Jin et al. (1998) 1) localisation 
by brittle deformation and �) localisation by ductile 
deformation. There is a transition zone between the 
two end members and it can be difficult to recognise 
which one is responsible for localisation and which 
one is the result. Coalescence of cracks is the cause 
of localisation in the brittle regime (Jin et al., 1998). 
Several mechanisms can cause localisation of strain 
in the ductile regime e.g. grain size reduction, phase 
transformations, fluid infiltration and geometrical 
softening caused by lattice reorientation (Harren et 
al., 1988; Jin et al., 1998; Jessell et al., 2005). One 

of the prerequisites however, is a change from high-
stress to low- stress deformation mechanisms to serve 
for a strain softening, at constant strain-rate (Holyoke 
III and Tullis, �006).  
 Grain size reduction is commonly reported 
from shear zones and is probably one of the most 
important mechanisms for strain localisation (White 
et al., 1980; Rutter et al., 1994; Kenkmann and 
Dresen, 2002). Interconnected bands of fine grained 
crystals formed by dynamic recrystallisation during 
grain size reduction are commonly interpreted to 
be the weakest part of shear zones (e.g. Raimbourg 
et al., �008). Polyphase bands (phase mixture) are 
reported to be rheologically weaker than nearby 
monomineralic bands with the same grain size (e.g. 
Kenkmann and Dresen, 2002; Kruse and Stünitz, 
�999). This attests to the importance of constraining 
the active deformation mechanism. A shift in 
deformation mechanisms from dislocation creep to 
diffusion creep or GBS also results in, or enhances, 
strain localisation (Rutter, 1999). The grain size 
where the shift occurs is mineral type dependent 
and is affected by the deformation conditions (Fig. 
4) and number of phases present. Diffusion creep is 
normally activated at a very fine grain size (e.g. ~ 
<50 µm in plagioclase; Rybacki and Dresen, 2004), 
at higher temperature and/or lower stresses.   

�.3. Plagioclase – chemistry, crystallography and 
deformation.

�.3.�. Plagioclase chemistry and crystallography

Plagioclase is a framework silicate within the feldspar 
group (Deer et al., �00�). The plagioclase group 
differs from the alkali-feldspars by not contain an 
appreciable amount of potassium. The plagioclase 
solid solution series albite (NaAlSi3O8) to anorthite 
(CaAl�Si�O8) is divided into sub-groups depending 
on the anorthite content:

0-�0 % - Albite
�0-30 % - Oligoclase
30-50 % - Andesine 
50-70 % - Labradorite
70-90 % - Bytownite
90-�00 % - Anorthite

The plagicolase tetrahedral framework consists of 
Al and Si with interstitial sites occupied by Ca and 
Na ions. These ions have different charges (Ca�+ 
and Na+) and are therefore coupled with Al and Si 
respectively. As the composition changes through 
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the solid solution series from albite to anorthite the 
cell structure of the plagioclase changes to avoid 
the energetically unfavourable Al-O-Al bonds and 
there is a doubling of the C-axis length from 7Å 
to �4Å and a change from space group C-� (body 
centred) to I-� (face centred). Due to variations in 
the Al-Si ordering below ~800°C there are three 
miscibility gaps related to straining of the lattice 
when changing composition; the Peristerite gap, the 
Bøggild gap and the Hüttenlocher gap. Thus several 
factors i.e. knowledge of chemical composition, 
crystallography and Al-Si ordering is needed to fully 
specify plagioclase feldspars. 

�.3.�. Deformation of plagioclase: Short summary 
of previous work 

Several studies, both experimental and on natural 
samples, have been conducted on plagioclase 
deformation (e.g. Yund and Tullis, �980; Tullis and 
Yund, 1985; Prior and Wheeler, 1999; Kruse et al., 
2001; Rosenberg and Stünitz, 2003; Stünitz et al., 
2003; Ji et al., 2004; Raimbourg et al., 2008). The 
deformation style is controlled by several external 
conditions such as temperature, pressure, fluids, 
stress, strain rates and grain-size. Deformation is 
complex due to several internal factors such as its 
solid solution series from albite (NaAlSi3O8) to 
anorthite (CaAl�Si�O8), the slow coupled-diffusion 
of NaSi ↔ CaAl   (Yund and Tullis, 1991) and the 
two good cleavages (00�) and (0�0) (Tullis and 
Yund, �987). Crystals of the plagioclase mineral-
group are commonly triclinic (Fig. 6a-b). The 
low symmetry of the plagioclase crystal structure, 
producing closely spaced or overlapping diffraction 

peaks (Gómez Barreiro et al., 2007), has been a 
problem for quantitative texture analysis. Therefore, 
most studies of deformation mechanisms have been 
made on minerals with a more simple structure such 
as quartz (e.g. Hirth and Tullis, �99�; Stipp et al., 
2002). Results from these studies have been used in 
rheological modelling of the continental crust even 
though plagioclase is the most common mineral in the 
lower crust. Deformation of plagioclase is however 
different to that for quartz where plagioclase starts 
to deform plastically at around 500°C (e.g. Tullis 
and Yund, �987) while quartz does so at ~350°C 
(Passchier and Trouw, �005). Plagioclase can 
however still fracture at higher temperatures (e.g 
granulite facies metamorphism, Lafrance et al. �998; 
Stünitz et al., �003) which are not seen in quartz.
 Current analytical techniques allow sufficient 
amounts of data to be collected on minerals with a 
more difficult crystal symmetry, resulting in larger 
data sets of plagioclase being compiled (e.g. Prior and 
Wheeler, �999; Heidelbach et al., �000; Lapworth et 
al., 2002; Terry and Heidelbach, 2006; Kanagawa et 
al., �008). Analytical techniques used today, besides 
the classical universal-stage, include Synchrotron X-
ray diffraction (e.g. Heidelbach et al., �000), Time-of-
flight (TOF) neutron diffraction (e.g. Xie et al., 2003) 
and SEM-EBSD (e.g. Prior and Wheeler, 1999).  We 
use the EBSD technique in this study which has the 
advantage of known spatial relationships between 
analysed points.

�.3.�.�. Intracrystalline slip and slip systems in 
plagioclase

A slip system is defined as slip on a lattice plane 

Fig. 6. a) Illustration of the non-orthogonal arrangement between the crystallographic axes in the triclinic system. Modified after 
Klein, (2002) and b) Example of plagioclase (andesine) crystal structure with some important crystal planes. Modified after Deer 
et al. (�00�).
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in a specific direction (Fig.7; Passchier and Trouw, 
�005). The slip systems active during deformation 
are important for the strength of the rock and for 
the development of a CPO since the orientation of 
crystals activate different deformation mechanisms 
(e.g. Kruse et al., 2001) that in turn are assumed to 
produce a CPO. In the slip system terminology, a 
crystallographic plane is denoted (hkl) and directions 
[uvw] using the Miller indices. Planes bracketed by 
(xxx) refers to a specific plane and {xxx} to a family 
of planes and [xxx] to a set of directions and <xxx> to 
a specific direction (www.EBSD.com, 2009a). Slip of 
dislocations along a plane occurs when dislocations 
move during intracrystalline deformation and the 
active slip system depends on e.g. the critical resolved 
shear stress (CRSS), temperature, H2O activity and 
strain rate (Ji et al., 2000; Kruse et al., 2001; Passchier 
and Trouw, �005). Slip systems active during 
deformation are commonly inferred from CPO data 
(e.g. Heidelbach et al., �000) which conventionally 
suggest that the active slip plane should be aligned 
parallel to foliation (obliquely aligned during simple 
shear deformation) i.e. the pole to the plane should be 
parallel to (Z) in the structural reference frame and 
that the pole to the direction (burger vector) should 
be parallel to lineation (X) i.e. should lie within the 
plane (e.g. Fig. �0b; Paper I Fig. 5c). The active slip 
system(-s) in a deformed crystal may in addition be 
identified by performing a misorientation analysis 
across subgrain boundaries (e.g. Lloyd et al., �997, 
Kruse et al., 2001, Prior et al., 2002) or by a TEM 
(transmission electron microscope) investigation (e.g. 
Stünitz et al., �003).
 Plagioclase has a large number of possible 
slip systems (Kruse et al., 2001) but only a few 
seem to be active during deformation (Passchier 
and Trouw, �005). The dominant slip system in 
plagioclase, as measured by TEM in both naturally 
and experimentally deformed samples, is (0�0)[00�] 
(e.g. Olsen and Kohlstedt, 1985; Ji and Mainprice, 
1988; Kruse et al., 2001). A possible shift from <001> 

to <�00> in slip plane (0�0) has experimentally 
been indicated to occur at higher deformation 
temperatures (Ji et al., 2000; Gómez Barreiro et al., 
�007). Slip system (00�)�/�<��0> is considered to 
be a subsidiary system to (010)[001] (e.g. Kruse et 
al., �00� and references therein) but is also reported 
to be the dominant slip system (e.g. Siegesmund et 
al., 1994; Harigane et al., 2008; Kanagawa et al., 
�008).
 We use the CPO data in combination with 
measured misorientation axis (i.e rotation axis) 
across subgrain boundaries in both porphyroclasts 
and in recrystallised grains to infer the active slip 
systems. The misorientation analyses also provide 
an indication of the type of dislocations that make up 
the subgrain boundary (e.g. Lloyd et al., �997). If the 
boundary is build up by an array of edge dislocations 
(tilt boundary) then the rotation axis should lie within 
the slip plane (Fig. 8a) and if the boundary consists 
of screw dislocations (twist boundary) then the 
rotation axis should be perpendicular to the plane 
(Fig. 8b; e.g. Prior et al., �00�). However, due to the 
low symmetry of the triclinic plagioclase the angle 
between the rotation axis to the burger vector (slip 
direction) may differ from 90° in the tilt boundary 
(Kruse et al., 2001). 

�.3.�.�. Deformation mechanisms in feldspar 

Below is an introductory review of deformation 
mechanism in feldspars going from low to higher 
temperatures.
 Brittle fracturing and cataclastic flow 
(producing angular grains in variable size and e.g 
anti-/synthetic fracture-sets) are very important in 
plagioclase (Tullis and Yund, �987) and is the most 
common deformation behaviour of feldspars at low 
grade conditions, < 400°C (Fitz Gerald and Stünitz, 
�993; Passchier and Trouw, �005).  The presence of 
undulose extinction in some grains in lower grade 
rocks, normally attributed to dislocation creep, has 

Fig. 7. Example of a slip system, (001)[010], related to unit cells. Modified after Nesse (2000).
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been shown to be the product of micro-fractures 
(Tullis and Yund, �987). Deformation twinning 
is common in lower grade rocks where albite and 
pericline planes are important. Fractures appear to 
facilitate the development of dislocations and glide 
of dislocation starts to be active at lower grade 
conditions and may account for e.g. bent twins (Tullis, 
�00�; Passchier and Trouw, �005). Dislocation 
climb (a necessity for dislocation creep) becomes 
possible during low to medium grade conditions 
(~500°C) and recrystallisation starts to be important 
where core-and-mantle structures are observed (e.g. 
Olsen and Kohlstedt, 1985; Tullis and Yund, 1987). 
Due to the solid solution series, recrystallisation 
of plagioclase often results in a chemical change 
(normally to a lower anorthite content) from the 
parent to the daughter grains (Stünitz, �998). This 
change is more common in lower temperatures 
and is enhanced by the presence of fluids where a 
retrograde reaction break-down may also occur, e.g. 
from intermediate plagioclase to quartz, albite and 
mica (Fitz Gerald and Stünitz, �993). This phase 
change also promotes a change from dislocation 
creep to diffusion creep (e.g. diffusion accommodated 
GBS) by preventing grain growth due to several 
phase boundaries (Stünitz and Fitz Gerald, �993). 
This change is however also seen by Kruse and 
Stünitz (1999) in a study of mafic high-temperature 
mylonites (~700°C and 900 MPa) in anorthositic 
and gabbroic rocks. They found that crystal plastic 
deformation of plagioclase porphyroclasts took place 
by recovery and recrystallisation in monophase layers. 
Recrystallisation was dominated by bulging of grain 
boundaries and subordinate by SGR and produced fine 
grained layers of plagioclase with a well developed 
CPO, dominated by slip-system (0�0)[00�]. In 
polyphase layers (plagioclase and hornblende) the 
deformation mechanism was not crystal plasticity 
but GBS accommodated by diffusion mass transfer. 
This change in deformation mechanism is also seen 

experimentally in a deformed wet polyphased sample 
by Stünitz and Tullis (�00�). 
 In medium to high grade conditions (i.e. 
above 500°C; Passchier and Trouw, �005) core-and-
mantle structures continues to exist but with a less 
defined boundary between the core and the mantle. 
Plastic deformation is dominant and SGR and GBM 
occur where subgrain structures are common (e.g. 
Passchier and Trouw, �005). Micro-fractures start 
to be uncommon yet plagioclase may however still 
fracture at higher temperatures due to the good 
cleavage on the (00�) and (0�0) planes (Lafrance 
et al., �998). This fracturing causes the transition 
zone from brittle to plastic deformation (e.g. with 
depth and higher temperature) to be unusually wide 
compared to other minerals (McLaren and Pryer, 
�00�). The combined occurrence of brittle and plastic 
structures makes the interpretation of deformation 
conditions complicated.  
 Dynamic recrystallisation of plagioclase 
dominantly takes place by grain boundary bulging 
recrystallisation (Tullis, �00�).  Subgrain rotation 
recrystallisation is less reported due to the difficulties 
of climb in plagioiclase (e.g. Olesen, 1987; Ji et al., 
2004). However, Kruse et al., (2001) showed that the 
orientation of the plagioclase porphyroclasts to the 
stress system facilitated different recrystallisation 
mechanisms. Porphyroclasts oriented for easy slip 
on (010)<001> (soft orientation) underwent SGR 
and those oriented for hard slip on (0�0)<00�> 
(hard orientation) where recrystallised by bulging 
recrystallisation. This demonstrates an effect of the 
anisotropy of the feldspars.
 Dissolution and precipitation creep (DPC) is 
also reported to occur in albite aggregates deformed 
under low temperature conditions (Heidelbach et al., 
�000). They proposed that DPC produced a distinct 
CPO of the (00�)[0�0] slip-system due to preferential 
precipitation on [0�0] or slow growth on the (00�) 
face.

Fig. 8. a) Tilt boundary (an array of edge dislocations) where the rotation axis lies within the slip plane. Modified after Prior et al. 
(�00�). b) Twist boundary (screw dislocation) where the rotation axis is perpendicular to the slip plane. Modified after Kruse et al. 
(�00�). 
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 3. Sample sites – Regional geology
 
3.�. Southern West Greenland 

Southern West Greenland is dominated by rocks of 
Archaean age (> 2.5 G.a.) belonging to the North 
Atlantic Craton (Fig. �; e.g. Windley and Garde, 
�009). The area has a complex history of both short 
lived and protracted deformational, metamorphic 
and crustal growth events. According to Windley 
and Garde (�009) southern West Greenland can be 
divided into one belt of Eoarchean rocks (> 3600Ma, 
the Godthåbsfjord-Ameralik belt) and six major 
blocks representing cross-sections of arc-generated 
Meso-Neoarchaean (3200-2500Ma) crust. These 
blocks contain terranes with different ages and early 
separate tectonothermal histories (Friend et al., �987, 
1988; Friend and Nutman, 2005; Windley and Garde, 
�009). 
 The Naajat Kuuat anorthosite complex is 
situated near Nuuk, the capital of Greenland. A 
current terrane model (Nutman et al., 2004; Friend 
and Nutman, 2005) divides the Nuuk region into 
six terranes (Fig. �). The oldest terranes are named 
Isukasia and Færingehavn terrane with an age of 
≥ 3750 Ma. Although within the same age span 
they have presumably different later geological 
histories.  Isukasia is not represented in figure 1 but 
is located in the continuation of the Færingehavn 
terrane to the north-east. The Akia terrane, 3��0-
�970 Ma, occupies the west north-western part of 
the region (Friend et al., �996) and is separated 
from the terranes in the south by the Ivinnguit Fault 
(Fig. 1). The Kapisilik terrane contains rocks with 
ages of 3050-2960 Ma (Friend and Nutman, 2005). 
The Tre Brødre terrane, ~2825 Ma orthogneisses 
(Nutman and Friend, 2007), is of amphibolite facies 
metamorphic grade and is structurally situated 
between the Færingehavn and Tasiusarsuaq terrane 
(Fig. �). The Tasiusarsuaq terrane is furthest to the 
south and is dominated by orthogneisses with ages 
of 2920-2810 Ma (e.g (Friend and Nutman, 2001; 
Crowley, 2002; Næraa and Scherstén, 2008). Parts 
of the Tasiusarsuaq terrane have been to granulite 
facies conditions during peak metamorphism dated 
to ~2790 Ma (Pidgeon and Kalsbeek, 1978, single 
zircon age) and �805 +/- � Ma (Crowley, �00�, 
syn-metamorphic pegmatite). The terranes were 
amalgamated during two large collisional events at 
ca �990-�950 Ma (Hamner et al., �00� and Friend 
and Nutman 2005) and ca 2720-2710 Ma (Friend et 
al., 1996; Nutman and Friend, 2007) and are bounded 
by folded mylonites. 
 The regional geology concerning the 
Kapisillit 64 V.2 Syd map-sheet (red stippled box 

in Fig. 1) in the area has been mapped during field 
seasons �005-�007 by the Geological Survey of 
Denmark and Greenland (GEUS) and is currently 
being compiled and interpreted.  

3.1.1. Geology of the Naajat Kuuat anorthosite 
complex and Quarliit Nunaat  (Paper I and manuscript 
in preparation)

The Naajat Kuuat anorthosite complex (old spelling 
is Naujat anorthosite complex) is located at the tip 
of the Ameralik fjord south of Nuuk (Fig. 1). The 
area in which the Naajat Kuuat anorthosite complex 
is located has so far been outside the terrane model 
based on field evidence, but is inferred to belong to 
the Tre Brødre terrane (Friend and Nutman, 2005). 
There is an inferred terrane boundary, named the 
Quarliit Nunaat thrust (Friend and Nutman, 1987) to 
the south of the Naajat Kuuat anorthosite complex 
under the glacier tongue separating the Tasiusarsuaq 
terrane in the south from the Tre Brødre terrane in 
the north (Fig. 1). New zircon U-Pb datings indicate 
that the boundary most likely is positioned to the 
north side of the Naajat Kuuat anorthosite complex 
(Svahnberg, unpublished data); however the position 
of the boundary to the east of the complex is not 
constrain by these U-Pb datings but is assumed to 
go in under the glacier tongue based on the general 
lineaments.
 The Naajat Kuuat area (Fig. 1) consists 
of orthogneisses of TTG composition (Tonalite-
Trondhjemite-Granodiorites) and a layered mafic 
and ultramafic complex with an associated kilometre-
scale gabbro-anorthosite body (Solgevik and 
Piazolo, 2005; Frei and Konnerup-Madsen, 2007; 
Solgevik et al., 2008). The mafic rocks range from 
leucocratic-/ melanocratic homogeneous amphibolite 
to heterogeneous amphibolite and occur as up to 
�00 m thick layers that are traceable for kilometres 
along strike of foliation (Frei and Konnerup-Madsen, 
2007). A large variety of ultramafic rocks are found 
that are associated with the amphibolites and possibly 
with the anorthosite suite. The amphibolitic and 
ultramafic layers and pods show a variable degree 
of strain and alteration, from nearly undeformed and 
well preserved to highly strained and metasomatised 
layers. 
 The kilometer-scale leucogabbro-anorthosite 
body dominantly consists of coarse grained plagioclase 
+ amphibole +/- clinopyroxene +/- biotite +/- quartz 
+/- epidote +/-garnet. Accessory minerals are 
ilmenite, titanite and Fe-opaques. The modal amount 
of mafic minerals varies on an outcrop scale and the 
classification ranges from dominantly leucogabbro 
– anorthosite (Fig. 9b) to rare gabbro. The amount 
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of quartz may occasionally be significantly high (> 
5 %) close to and inside highly strained parts of the 
anorthosite-leucogabbro-gabbro suite where Qtz 
ribbons are common. Anorthosites have intruded 
foliation-parallel into amphibolites (Fig. 9a).
 The amphibolites consist of amphibole + 
plagioclase +/- pyroxene +/- garnet +/- biotite +/- 
olivine. The amount of modal plagioclase varies and 
one sample (496605) is classified (in the field) as 
leucocratic amphibolite (Table 1 in Frei and Konnerup-
Madsen, �007). Some outcrops with coarse grained 
homogeneous amphibolite display a magmatic 
gabbroic texture (Fig. 9d) while some outcrops 
consists of a more heterogeneous amphibolite (Fig. 
9c) with cm-dm scale compositional variations. Thus, 
some of the amphibolites are interpreted to be mafic 
volcanics. Several samples are garnet-bearing but 
there is a variety in the amount of plag-amphibole-
garnet among the amphibolites.
 Amphibolites in the central and eastern part 
of the area have partial melt-pockets with garnets 
and greenish clinopyroxenes in contrast to the most 
western parts which also have partial melts with 
brownish orthopyroxenes. 
 The ultramafic units occur with a large 
compositional variety (Frei and Konnerup-Madsen, 
�007) from massive dunitic pods with a yellow-
brownish weathering crust (Fig. 9e) to darker, layered 
outcrops (Fig. 9f). Several of the ultramafic outcrops 
display cumulate textures (Fig. 9f-g). According to 
the classification scheme of LeMaitre (1989), the 
ultramafic samples are modally classified as dunites, 
hartzburgites, spinel-lherzolites, garnet-lherzolite 
and olivine-websterite. Four samples are too altered 
in thin section to be classified (Appendix 1). Dark 
green spinel is abundant in several samples classified 
as spinel-lherzolite where one lherzolite possibly 
has garnet growing at the expense of orthopyroxene. 
Plagioclase is rare and some of the samples do not 
contain any. Accessory minerals are commonly 
magnetite, chromite and in some cases ilmenite. 
Calcite is found in one of the more altered samples. 
Serpentinisation is rare among the least altered 
samples and occurs only as small scale alteration 
along a few grain boundaries. 
 The area under investigation has experienced 
at least two major deformation events (Paper I and 
references therein). The last major event resulted in the 
kilometer-scaled folds (plunging gently to moderately 
to the SE) that dominate the geological map (Fig. 
�). The last major deformation event is suggested 
to have occurred contemporaneously with peak 
metamorphism indicated to be upper amphibolite to 
granulite facies conditions as seen by orthopyroxenes 
in partial melt veins and clinopyroxene + garnets in 

amphibolite matrix as well as in melt-veins parallel 
to foliation. 
 The Naajat Kuuat anorthosite complex 
most probably extends across the glacier tongue to 
Quarliit Nunaat (Fig. 1) where large scale folds with 
anorthosite and tonalite in the cores of synforms 
and antiforms have the same trend as in the Naajat 
Kuuat anorthosite complex. This assumption would 
however disturb the interpretation of the Quarliit 
Nunaat fault as a terrane boundary (Friend and 
Nutman, 1987) unless the area is represented by 
e.g. a nappe complex exposing tectonic windows as 
discussed by Næraa and Scherstén (2008). 

3.1.2. Geology of the Storø island  (Paper II)

The Storø Island is positioned in the located in the 
Godthåbsfjord in the Nuuk region, southern west 
Greenland (Fig. �). The anorthosite-leucogabbro on 
is structurally on the top of a greenstone belt (the 
Storø greenstone belt; SGB; van Gool et al., 2007) 
and is positioned within an overturned fold limb in 
an antiform, in the hanging wall of the Storø shear 
zone (SSZ; Fig. � in Paper II). In addition to the 
anorthosite-leucogabbro, the SGB consists of mafic 
to felsic supracrustal rocks such as homogeneous and 
banded amphibolites, quartzites and heterogeneous 
biotite gneisses, with variable content of garnet, 
sillimanite and cordierite. Structurally above the 
SGB are heterogeneous tonalites with ages between 
3800 and 3600 Ma, representing the early Archaean 
Færringehavn terrane (Nutman and Friend, 2007; van 
Gool et al., 2007). In the north-northeast, the SGB 
sequence overlies a tectonic slice of �800 to �700 Ma 
old orthogneisses which have intrusive contacts with 
the anorthosite-leucogabbro (van Gool et al., �007; 
Nutman et al., 2007). Tonalitic rocks of ~3000 Ma 
age (the Akia terrane) occur structurally below the 
SGB and SSZ to the north-west and are separated 
from the rest of the island by the Ivinnguit fault, 
which transects Storø on the north-western side of 
the island (Fig. 1 in Paper II). The SGB is host to a 
gold mineralisation where the early mineralisation 
occurred at ca. �860 Ma (apparently coeval with 
hydrothermal alteration subsequent to sediment 
deposition) and was followed by remobilisation at 
retrograde amphibolite facies conditions at �635 
Ma, possibly related to development of the SSZ 
(Juul-Pedersen et al., 2007; Knudsen et al., 2007; 
Nutman et al., 2007). Thus, the syn-metamorphic 
remobilisation (after peak-metamorphim) resulted 
in further gold concentration where fluid transport 
may have occurred over large distances (�00 m´s 
to km´s distances) from SSZ into the hangingwall 
antiform-synform pair (van Gool et al., �007). The 



�5

Deformation behaviour and chemical signatures of anorthosites: Examples from SW Greenland and south-central Sweden

Fig. 9. Representative photos of mafic-ultramafic lithologies. a) Anorthosite with foliation parallel intrusive contacts to an 
amphibolite. b) Anorthosite grading into leucogabbro with intercumulus amphiboles. c) Heterogeneous amphibolite. d) Coarse 
grained homogeneous amphibolite. e) Massive yellowish dunitic pod. f) Strained dark layered ultramafic outcrop of spinel-lhertzolite. 
g) Ultramafic outcrop with cumulate texture.  
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different terranes surrounding the SGB are believed 
to have experienced the final amalgamation between 
2650-2600 Ma (cf. Nutman et al., 2007), concurrent 
with high grade metamorphism of the SGB. Nutman 
et al., (�007) proposed that the SSZ represent a 
terrane boundary between two plates. This terrane 
boundary suture formed at �650 (D�) causing high 
pressure assemblage in the lower plate (i.e. only 
little affecting the upper plate) and followed by 
a protracted reworking (D�) and exhumation of 
the boundary only shortly after at �650-�600 Ma, 
including development of the SSZ at �630 Ma. 

3.2. South central Sweden and the Jönköping 
Anorthositic Suite (Paper III)

The sample collected for Paper III stems from a 
shear-zone within the Jönköping Anorthositic Suite 
(Skinnarebo locality), a Proterozoic massif-type 
anorthosite in southern Sweden (Fig. � in Paper 
III; Brander and Söderlund, 2009). The Jönköping 
Anorthositic Suite occurs as scattered anorthositic 
bodies within gneissic, �.7�-�.68 Ga old granitoids 
of the Transscandinavian Igneous Belt (Brander et 
al., submitted; Andersson and Wikström, 2004), in 
the easternmost part of the Sveconorwegian Orogen 
(Bingen et al., 2008). During the 1.46-1.38 Ga 
Hallandian-Danopolonian orogen (Brander et al., 
submitted) the granitoids developed a steep foliation 
(S1) trending E-W to NW-SE, and a linear orientation 
of recrystallised K-feldspar augens (L1) with shallow 
dips toward the west and to lesser degree east. E-W-
trending dm-wide shear-zones, like the one sampled 
in this study, occur within most of the anorthositic 
outcrops of the area (Fig. 1b in Paper III). Both these 
and the regional foliation are cut by N-S trending 
shear-zones (S�), probably of Sveconorwegian age. 
Field relationships and their metamorphic grade 
suggest that the E-W trending shear zones are a late 
expression of the �.46-�.38 Ga event. The rocks 
of the area reached amphibolite facies conditions 
during the Hallandian-Danopolonian orogeny as 
testified by recrystallized K-feldspar phenocrysts in 
the granitic country rock, andesine + hornblende ± 
garnet assemblage in mafic intrusions, and titanite 
cooling ages at 1.38 Ga (Lundqvist, 1996; Brander 
et al., submitted). Metamorphism during the 
Sveconorwegian orogeny did not result in significant 
overprinting of earlier fabrics (cf. Brander et al., 
submitted).

4. Methods 

4.�. Whole-rock geochemical analyses

XRF  and  ICP-MS
Whole-rock geochemical analyses for major and trace 
elements were performed on fresh >� kg samples. 
Visible alteration has been removed before crushing 
the samples in a steel mortar. Representative splits 
of the crushed material were powdered in a tungsten 
carbide mill and an additional subset of samples 
for the HFSE measurements were crushed in an 
agate mill. Major and trace element analyses were 
performed on seventeen ultramafic rocks, seven 
anorthosites and fourteen amphibolites, collected 
as representatives for the several units building the 
Naajat Kuuat complex. The major element abundances 
have been obtained by X-ray fluorescence on sodium 
tetraborate fused glass disks (sample powder – flux 
ratio: �:7) using a Philips PW�606 multichannel X-
Ray fluorescence (XRF) at the Geological Survey of 
Denmark (GEUS) following the procedure described 
by Kystol and Larsen (1999). Na�O and Cu have 
been determined by atomic absorbtion spectroscopy 
(AAS). Powder of the same sample used for glass 
disks in the XRF measurements have been treated 
with hydrofluoric and nitric acid and measured 
by ICP-MS using a PerkinElmer Elan 6100DRC 
ICP-MS at the Geological Survey of Denmark and 
Greenland. Three anorthosite samples (hso4860�0, 
-3� and -50) were analysed for major elements at 
Stockholm University using a Rigaku Primus II 
XRF on lithium metaborate fused glass disks using 
a flux-sample ratio of 5:2. Trace elements of these 
samples were measured at GEUS together with 
the other samples. The results of major and trace 
elements are listed in Appendix �. Major elements 
used in diagrams are calculated to �00 wt. % total, 
anhydrous. All iron is presented as Fe�O3 and for the 
calculated magnesium numbers (Mg#; Molar ratio of 
Mg�+/(Mg�++Fe�+)) Fe�+ is assumed to be 90% of total 
Fe. Selected element ratios are calculated following 
Taylor and McLennan (�985).
 A subset of thirteen representative samples of 
the different units were analysed for high-precision 
high-field strength element (HFSE; Nb, Ta, Zr, 
Nb), Lu, Sm and Nd measurements and �76Lu/�76Hf, 
�47Sm/�43Nd isotope measurements by isotope 
dilution. For this purpose, ca. �00 mg of the agate 
mill crushed powders of each sample were spiked 
with a �49Sm-�50Nd and a �80Ta–�80Hf–�76Lu–94Zr tracer 
and digested in an HF- HNO3 acid mixture on the hot 
plate, followed by a second digestion in the same 
acid mixture in Parr® bombs for three following the 
method of Münker et al. (�00�), Weyer et al. (�00�). 
Lu, Hf, Zr-Nb, Nb, Ta were separated using Ln-spec 
and Anion resin following the protocols of Münker et 
al. (2001). Sm and Nd were separated from sample 
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aliquots of the same digestions using cation resin 
and Ln-spec resin following the procedure of Pin and 
Zaldegui (1997). Lu, Hf, Sm, Nd, Zr-Nb and Ta were 
measured using the Finningan Neptune® MC-ICP-
MS at the University of Bonn (Germany). �76Hf/�77Hf 
were mass bias corrected to 0.73�5 applying the 
exponential law. All �76Hf/�77Hf data are given relative 
to a value of 0.�8��60. The external reproducibilities 
of the �76Lu/�77Hf reported in Appendix � include 
effects of error magnification due to non-ideal 
spike-sample ratios and uncertainties imparted by 
corrections for interferences with Yb. The calculated 
initial Hf isotope compositions include both the 
propagated external errors from the measured Hf 
isotope compositions and Lu/Hf ratios. The long 
term reproducibility of the Münster AMES/JMC475 
standard is in average 0.�8��60 for the �76Hf/�77Hf 
±40 ppm (2σ). Long term external reproducibilities 
for HFSE ratios are 4% for Nb/Ta and Zr/Nb and 0.6 
% for Zr/Hf (Münker et al., �00�). �43Nd/�44Nd were 
corrected to a �46Nd/�44Nd of 0.7219 for, applying the 
exponential law. During the course of this study the 
average �43Nd/�44Nd for a 20 ppb LaJolla standard 
solution was 0.5��77� and 0.5��798. All data 

reported here are given relative to a �43Nd/�44Nd of 
0.511859 for LaJolla. The external reproducibility for 
�43Nd/�44Nd measurements was ±30 ppm and 0.2% for 
the �47Sm/�44Nd. Total procedural blanks were <109 
pg for Lu, <8� pg pg for Hf, <50 pg for Sm, <50 pg 
for Nd, <4.9 ng for Nb, <12.4 pg for Ta and <19 ng 
for Zr.

4.�. Electron backscatter diffraction 
 
The SEM-EBSD technique (Dingley, 1984) was used 
to investigate the crystallographic characteristics 
of plagioclase. The EBSD is able to automatically 
collect full crystallographic information with a high 
spatial resolution. During the analyses, the electron 
beam from the stationary SEM interacts with the 
atomic lattice planes in the mineral (crystalline) 
structure. The diffracted electrons escape the mineral 
(tilted at 70° for optimum signal) and collide with 
the phosphor-screen to produce a diffraction pattern 
(Fig. 10a, electron backscattered pattern; EBSP). 
This pattern contains kikuchi bands (lattice planes). 
When the angles and position between bands are 
identified (i.e. compared to a selected theoretical 

Fig. 10. a) cartoon of the analytical procedure for collecting crystal orientation data using the SEM-EBSD technique. Electrons from 
the SEM are diffracted onto the phosphor screen (EBSD detector) that detects a diffracted pattern which is used to calculate the 
crystal orientation.  b) The crystal orientation data can be visualised using pole figures (viewing points or contoured data – contours 
are multiples of a mean uniform distribution) where the information is related to the kinematic (tectonic) framework. Modified from 
www.EBSD.com (2009b). 
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match-unit that contain the lattice parameters for the 
selected phase) an orientation of the crystal in three 
dimensions can be determined (Fig. �0a). 
 EBSD is a surface technique and is basically 
non-destructive making the data reproducible and 
the sample available for combined analyses with 
e.g. electron microprobe analyses. Automated 
data collection can be performed over large 
centimetre sized areas with full crystallographic 
information from every micrometer that is presented 
on orientation maps (Fig. ��). 0.5° is the lowest angle 
of misorientation between two lattice points that can 
be measured with statistically reliable data by the 
EBSD method (e.g. Prior, 1999; Humphreys et al., 
�00�). The collected data can therefore be used for 
multiple purposes such as pattern quality maps (Fig. 
��), texture plots (Fig. �0b), grain boundary maps 
and orientation maps (Fig. 11). Specific features can 
be detected, highlighted and analysed e.g. subgrain 
boundaries (Fig. ��). 

Data processing 
The raw EBSD maps are processed off-line using 
the HKL Channel 5 software (Oxford instruments) 
to enhance the data and smoothen the microstructural 
coverage. Our map processing procedures followed 
the ones outlined by Prior et al. (2002) and Bestmann 
and Prior (�003). The refinement of the data 
includes e.g. removal of lone pixels, rotating mis-
indexed points and replacing non-indexed points 
(stepwise with the values of its surrounding nearest 
neighbours). During this procedure boundaries and 
grains have to be carefully studied by comparison 
with a pattern quality map (Fig. ��a). It is important 
not to create significant artefacts which would disturb 
the data before it is graphically plotted and analysed. 
Since most natural samples are to some degree 
heterogeneous (due to e.g. voids, alteration features, 
grain boundaries) an indexed map will never be �00% 
complete when including more than one grain. 

4.3. Electron microprobe analyses

Chemical compositions of minerals presented in 
Paper I were analysed with an electron microprobe on 
polished thin sections using a JEOL Superprobe JXL 
8200 at the University of Copenhagen. Analyses were 
corrected during acquisition using the standard online 
ZAF procedure. Analytical conditions used were a 
�5kV acceleration voltage, �0 nA sample current and 
a 5 µm beam spot size. Complementary analyses to 
Paper II were performed at Uppala University using a 
Cameca SX50 (cf. Paper II for analytical settings).

4.4. Confocal profilometry

3-D surface topography measurements across rim-
core boundaries of zoned plagioclase grains were 
performed using a new technique called confocal 
profilometry. This technique is similar to the 

Fig. 11. Illustration of EBSD maps collected across a continuous band of recrystallised plagioclase grains presented as a) pattern 
quality map b) phase map (green – plagioclase, red – quartz; grain boundaries in black) and c) orientation map (euler angles). Scale 
bar is �00 µm.

Fig. 12. Enlargement of the elongated porphyroclast in Fig. ��c. 
Black arrows point at subgrain boundaries (<10°) in a plagioclase 
porphyroclast. These boundaries are used for misorientation 
analyses to deduce the type of boundary (tilt or twist, cf. Fig. 8) 
and active slip system.
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vertical scanning interferometry technique (VSI) 
e.g. Arvidson et al. (�004) with the difference that 
it has a higher lateral resolution. Equipment used 
for confocal profilometry was a SENSOFAR Plμ 
2300 optical imaging profiler with accompanied 
SensoScan 2.45 software at Stockholm University. 
Confocal profilometry data are collected by vertical 
scan of the surface in multiple �00 nm steps. The high 
numerical aperture (0.95) and a 150x magnification 
lens allows a lateral and vertical resolution of ��� nm 
and � nm, respectively. In addition surface slopes of 
up to 71° can be detected. Since the reflectivity of 
the surface is dependent on its chemical composition 
the intensity of light detected makes possible to 
distinguish different solid phases. Before analyses, 
the surface of the sample was chemically polished 
using colloidal silica (as for the EBSD analyses, 
see above) to remove irregularities produced during 
mechanical polishing.

5. Results and Discussion 

The following chapter concentrates on the two main 
aims of the thesis, namely: 

�) Archaean anorthosite complexes – formation and 
emplacement of anorthositic rocks and associated 
lithologies

�) Deformation and rheology of plagioclase-rich 
rocks - to investigate the initiation and processes of 
new grain formation (recrystallisation) and strain 
localisation in plagioclase-rich rocks deformed at 
different conditions. 

As the first part of the thesis is not yet written as 
a published or submitted paper, this part will be 
more extensive and in more detail than the second 
part (5.�) which represents summaries of results of 
papers I-III.  

5.�. Geochemical characteristics of the anorthosite 
and associated mafic and ultramafic rocks in the 
Naajat Kuuat anorthosite complex. (manuscript in 
preparation): Implications for the origin of Archaean 
anorthosites

The aim of this study is to characterize a well exposed 
Archaean anorthosite and associated lithologies 
in order to be able to constrain it geodynamic 
setting and age of formation. A few complexes 
containing anorthosites in southern West Greenland 
have received detailed geochemical investigation 

regarding their origin e.g. the Buksefjorden and 
the Nordlandet anorthosites (Dymek and Owens. 
�00�), the Fiskenæsset complex (e.g. Weaver et 
al., �98�; Polat et al., �009) and the Ivisaartoq 
greenstone belt (e.g. Polat et al., �007). In contrast 
to the well mapped Fiskenæsset complex and 
the Ivisaartoq greenstone belt the Naajat Kuuat 
complex (this study) do not have any (exposed) 
related metasediments. Thus the lithologies present 
differ and since the parental magmas and source 
mantle characteristics for anorthosites are not well 
constrained, these features will be addressed in the 
discussion below. The Naajat Kuuat anorthosite 
complex includes a large anorthositic-leucogabbroic 
body with associated heterogeneous and massive 
amphibolites and ultramafic units. These units were 
intruded by orthogneisses and the package were 
metamorphosed and deformed by at least two major 
events (amphibolite to granulite facies grade, cf. 
Paper I and references therein). These events are seen 
in emplacement and metamorphic zircon ages of the 
orthogneisses and the anorthosite. These ages will be 
refined for the manuscript in preparation and are not 
further discussed here. In this chapter we focus on 
the geochemical characteristics of the anorthosite and 
associated rocks i.e. amphibolites (undifferentiated) 
and ultramafic rocks. Below results from geochemical 
analysis and a preliminary interpretation of the data 
in terms of origin and plate tectonic setting of the 
anorthositic complex are provided. 

5.�.�. Whole rock geochemical characteristics 

Anorthosites
The anorthosites are characterized by minor to 
moderate variations in SiO� (47.8-49.87 wt.%), CaO 
(�3.9–�5.4 wt. %), Al�O3 are (�8.75–3�.89 wt.%), 
TiO� (0.08-0.10 wt.% ) and Na�O (�.�5–�.77 wt.%; 
Appendix �). Chromium contents are low (Cr = �-8 
ppm) with one outlier of 77 ppm, whereas Ni and 
Zr contents show are variable range (Ni=19-41 ppm 
and Zr = 4.06-�6.�8 ppm). Magnesium numbers 
range from 38 to 57. The chondrite-normalized 
rare-earth-element (REE) patterns of the anorthosite 
samples are enriched in LREE (La/Smcn= �.85-5.4�; 
La/Ybcn=�.74-7.97) and minor depleted to enriched 
HREE contents (Gd/Ybcn =0.94-�.36 ) (Fig. �3a). 
Europium anomalies are positive (Eu/Eu* �.�3-
�.6�) with the exception of one outlier (0.99; sample 
48603�). Cerium anomalies are minor to absent 
(Ce/Ce* = 0.90-�.05) and Ti anomalies are variably 
negative (Ti/Ti* = 0.�6-0.89). High precision data 
on two samples show large negative Nb anomalies 
(Nb/Nb* = 0.20-0.40).
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Amphibolites
Major, trace and rare-earth-elements of the 
amphibolites from the Naajat Kuuat gabbro-
anorthosite complex are rather uniform in composition 
although following collinear trends in both MgO and 
Zr variation diagrams (Fig �4,  and �5). One sample 
(496605) is plagioclase-rich compared to the other 
amphibolites, show no clear signs of alteration, has 
slightly differing values (or ratios) of  e.g. Ti/Ti* 
(Appendix �) and is therefore not included in the 
listed major and trace element characteristics below, 
however it is included in the diagrams. The mafic 
rocks are characterized by MgO (5.�8–9.70 wt%), 
Mg-number (49–64), Ni (147–242 ppm) and Cr (184–
757 ppm). They have moderate variations in SiO� 
between (46.53–50.6� wt.%), Al�O3 (�3.43–�7.95 
wt.%), Fe�O3 (8.87-��.3� wt.%) and TiO� (0.58–�.0� 
wt.%). The Al�O3/TiO� ratios are low (�6–3�) and the 
Zr/Y ratios (�.7–�.5) cluster reasonably well around 

the chondritic Zr/Y ratio �.4. The Ti/Zr ratios are 
(�03–�49) and span roughly around the chondritic 
value of ���. Cerium anomalies are minor (Ce/Ce* 
= 0.94-0.97) whereas Ti anomalies are more variable 
but mostly negative (Ti/Ti* = 0.75-�.07). High 
precision data of six samples show that two samples 
have large positive Nb anomalies (Nb/Nb* = 2.27 and 
�.39) while four samples have negative anomalies 
(Nb/Nb* = 0.44-0.90).
 The amphibolites are characterized by a 
relatively flat and uniform, weakly convex, rare-
earth-element (REE) patterns of about 10 times the 
chondritic value on a chondrite-normalized diagram 
(Fig. 13b). The LREE of the amphibolites are slightly 
depleted to minor enriched (La/Smcn = 0.7�–�.08 
excluding two outliers of �.34-�.38; sample 4966�9 
and 496656; La/Ybcn = 0.71-1.06). Heavy REEs show 
relatively flat patterns (Gd/Ybcn = 0.97-�.�6), which 
are similar to modern N-MORB. On a primitive 

Fig. 13. Multi-element diagrams displaying chondrite normalised REE patterns and primitive mantle normalised trace element 
diagrams. Normalisation values from Sun and McDonough (1989) and McDonough and Sun (1995) respectively. N-MORB from 
Sun and McDonough (�989) for comparison. 
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Fig. 14.  Co-variation diagrams showing MgO vs. selected elements and element ratios.
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mantle-normalized trace element diagram (Fig. �3e) 
there are pronounced variablility of negative Th 
anomalies. The overall pattern show uniform and flat 
level besides dominantly minor negative Ti anomalies 
(Ti/Ti* = 0.75–�.07, Appendix �) and variably 
depleted to enriched Zr and Eu anomalies (Zr/Zr* = 
0.6�-�.07 and Eu/Eu* = 0.96-�.�7). However, since 
samples 496605 and 4966�9 does not consistently 
follow the general patterns (i.e. showing a slightly 
enriched to depleted element ratios) indicating 
these samples may have experienced some element 
mobility and should only be regarded as indicative. 
Sample 4966�9 was analysed for high precision data 

to attend the mobility of the HFSE.

Ultramafic rocks
Ultramafic rocks of the Naajat Kuuat anorthosite 
complex are characterized by large variabilities in 
MgO (�6.80–47.84 wt.%), Al�O3 (0.75–�0.76 wt. 
%) and in TiO� contents (0.04–0.5� wt. %.). The 
variabilities in transition metal contents are also large, 
with Ni (498–3279 ppm) and Cr (1350–3609 ppm). 
Nickel values plot with a positive linear trend versus 
MgO (Fig �4). Magnesium numbers range from 76.3 
to 9�.8.  The variations are also large in Ti/Zr ratios 
(68–483) and Zr/Y ratios (0.70–4.6) but moderate 

               
Fig. 15. Co-variation diagrams showing Zr vs. selected elements.
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in Al�O3/TiO� ratios (13–29). Ratios of Y/Ho are 
between �6 and 30 with one outlier of �8 (485���).
 The Chondrite-normalized REE patterns (Fig 
13c) are overall relatively flat and show a general 
pattern of about �0 times the chondritic value depleted 
to about �0 times the chondritic value enriched (La/
Ybcn = 0.44-�.48; La/Smcn = 0.63-�.79 and Gd/Ybcn 
= 0.70-�.84). The four most depleted samples are 
three dunites and one harzburgite. Samples 4966�� 
and 496640 show a positive Eu anomaly (Eu/Eu* 
= �.46 and �.5�) whereas the other samples exhibit 
variably negative to minor positive anomalies (Eu/
Eu* = 0.5� –�.07). The primitive mantle-normalized 
trace element diagram are relatively flat and display 
variable positive and negative anomalies for Zr and 
Ti (Zr/Zr* = 0.40-�.54; Ti/Ti* = 0.8�-�.87; Fig. 
�3f). Cerium anomalies are minor (Ce/Ce* = 0.9�-
1.00) with one outlier of 1.15.  Niobium anomalies 
are largely variable ranging from no anomaly to 
pronounced negative ones (Nb/Nb* = 0.12-1.02).

5.1.2. High precision high field strength element 
(HFSE) analyses

A subset of thirteen representative samples of the 
ultramafic rocks, amphibolites and anorthosites were 
analysed for High precision HFSE (Zr, Hf, Nb, Ta) 
concentrations. The data is presented in Appendix �. 
The HFSE budget of the three different rock types 
is characterized by strongly variable Zr (0.55�-44.39 
ppm), variable Hf abundances (0.0�78-�.659 ppm), 
variable Nb (0.0118-3.51 ppm) and Ta concentrations 
(0.001367-0.1924 ppm), whereas the the ultramafic 
rocks have the lowest HFSE and the amphibolites the 
highest abundances. The interelement ratios for the 
HFSE are: Zr/Hf (0.2717-35.39), Zr/Nb (4.23-48.3) 
and Nb/Ta (7.85-18.6). Altogether, these ratios are 
largely variable compared to other terrestrial rock 
types (see for comparison Münker et al., �003).  

5.1.3. Lu-Hf and Sm-Nd systematics 

High precision Hf and Nd isotopes and Lu and 
Sm REE concentrations were also obtained on the 
subset of samples from the Naajat Kuuat anorthosite 
complex. Lu, Hf, Sm and Nd concentrations are 
listed in Appendix 2 and Lu-Hf and Sm-Nd isotope 
compositions are given in Appendix 3. Lutetium 
concentrations of the subset of samples vary between 
0.0�58 ppm and 0.3058 ppm and Hf concentrations 
range from 0.0�780 ppm to �.659 ppm. Samarium 
abundances are strongly variable ranging from 
0.03400 ppm to 2.945 ppm and Nd concentrations 
range from 0.08044 ppm to ��.�� ppm. 
 The �76Lu/�77Hf of all samples range from 

0.0�6� to 0.0738 and the �76Hf/�77Hf range from 
0.�8�953 to 0.�85���. The �47Sm/�44Sm range from 
0.0��89 to 0.�56� and the �43Nd/�44Nd range from 
0.511407 to 0.513958. Lu-Hf and Sm-Nd isotope 
errorchron diagrams are presented in Fig. �6. Initial 
εHf(t) and εNd(t) values were calculated assuming 
an age of the Naajat Kuuat complex of 2988 Ma. 
The �76Lu decay constant of �.867*�0-�� (Scherer 
et al., 2001; Söderlund et al., 2004) and CHUR 
values of Bouvier et al. (2008) have been used for 
the calculation. For the calculation of the initial εNd 
isotope compositions, a decay constant of �.46*�0-�� 
and the CHUR values of Bouvier et al. (2008)  have 
been used. The initial εHf(2988) range from +1.6 to 
+5.9 and the initial εNd(2988) range from +0.4 to 
+3.9.

5.�.4. Discussion of geochemical signatures

Alteration and contamination
All major units in the mapped area have been 
deformed during at least two major deformation events 
(Solgevik and Piazolo �005; Svahnberg and Piazolo, 
Paper I) and have been metamorphosed under upper 
amphibolite to possibly granulite facies conditions. 
Thus, the sampled units have been deformed and 
metamorphosed to various degrees. Therefore, 
elements could have behaved mobile resulting in 
disturbance of the primary magmatic signatures. To 
assess possible alteration effects of the data that may 
result in misleading interpretations we have followed 
recommendations from Polat and Hofmann, (�003) 
(including large Ce anomalies (Ce/Ce* <0.9 and > 
�.�) and plotted elements that are more mobile versus 
elements that mostly behave immobile (e.g Na�O 
vs Zr). Outliers that are not included in a partition 
coefficient (R) of >0.75 have been screened out as 
altered and were not used for interpretation. Rb, Ba, U 
and Pb behave mobile during metamorphic processes 
and are not further used. Furthermore samples with 
LOI higher than 6 wt. % are considered altered and 
samples (thin sections) with petrographic evidence 
of alteration or intense replacement features) in 
combination with approaching the above described 
criteria have been sorted out and were not further 
used for interpretation. Samples 496635 and 496645 
among ultramafic rocks might resemble a cumulate 
transition phase between amphibolites and ultramafic 
rocks. Anorthosite sample 496647 is suggested to be 
altered due to e.g. silica enrichment and an increase 
in Na�O compared to the other anorthosite samples 
(Appendix 1). Samples classified as altered are not 
further used for interpretation. 
 Contamination of the geochemical signatures 
by older crust in the Naajat Kuuat rocks is not likely 
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Fig. 16. Hf and Nd isochron diagrams displaying errorchrons for the Lu-Hf and Sm-Nd systems. 
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and is indicated by 1) no field evidence that the units 
have been emplaced into older crust; �) no correlation 
between �47Sm/�44Nd and εNd values (Vervoort and 
Blichert-Toft, 1999); 3) variability of initial εHf 
and εNd values is not correlated to major and trace 
elements. 

Origin and plate tectonic setting of amphibolites 
Due to the strong tectonic overprint, it is complicated 
to determine unequivocally the origin of both the 
heterogeneous and massive type amphibolite. The 
massive type might be closely related to the anorthosite 
layered intrusion and represent deformed gabbro 
layers related to the intrusion and the heterogeneous 
type amphibolite might represent the oceanic crustal 
basement that was intruded by the layered intrusion. 
As found by field observation the anorthosite intruded 
subparallel into in the foliation of the heterogeneous 
type amphibolite (Fig. 9a). However, in most cases 
it is not possible to distinguish between both types 
in the field due to the deformation of the complex 
that occurred in at least two phases. Geochemically, 
the majority of the samples of both types show very 
similar trace and display REE patterns that mirror 
modern N-MORB compositions (Hofmann, 1988). 
However, geochemical parameters such as the Nb/
Ta can be used to place constraints on the origin of 
the amphibolites. As indicated by high-precision 
measurements, the ratios Nb/Ta (15.2-18.6) are 
slightly higher than N-MORB (Nb/Ta in average 
ca. �5; Münker et al., �003). Moreover, some of 
the amphibolite samples show small pronounced 
Nb anomalies and Th enrichment compared to the 
amphibolites with N-MORB like trace element 
patterns (Fig. 13). This argues for a modification of 
the mantle sources of the amphibolites possibly by 
subduction processes. 
 Additionally, Hf and Nd isotopes can be 
used to unravel the relationship between basement 
amphibolites and layered intrusion related rock 
types (including ultramafic rocks and anorthosites). 
Plotting all analysed rock types in Hf and Nd isochron 
diagrams (Fig. �6), the samples define for both 
decay systems errorchrons with ages for Lu-Hf of 
2988 +/-110 Ma (MSWD of 19) and for Sm-Nd of 
�93� +/-�00 Ma (MSWD of �7) both equal within 
their error. Assuming only minor disturbance of both 
isotope systems the high MSWDs, equal ages yielded 
by both isotope systems and strongly variable initial 
values of both isotope systems (εHf(2988)=1.6-
5.9; εNd(2988)=0.4-3.6) indicate that the intrusion 
of the layered complex into the oceanic basement 
happened within a closely spaced time window, not 
resolvable by both isotope systems. Moreover, the 
strong variability of initial εHf and εNd values is 

not correlated to major and trace elements ruling out 
contamination processes. More likely, these variable 
values can be interpreted as reflecting heterogeneous 
mantle sources as found in modern subduction 
settings, where source contamination and variable 
degrees of mantle depletion are characteristic. 
 In summary, there is evidence that the different 
types of amphibolites are closely genetically related 
with a subduction-like setting and indistinguishable 
in their magmatic ages as yielded by the errorchrons. 
Comparable geochemical parameters such as higher 
Nb/Ta and lower Nb/La than N-MORB values have 
been found in modern back-arc settings (BAB; e.g. 
Peate et al., �00�).
 
Cumulates: crystal fractionation trends 
Major and trace elements can be used to make 
inferences about crystal fractionation processes 
during crystallisation of the layered anorthosite 
intrusion. MgO variation diagrams for all three 
lithological units are consistent with plagioclase 
and olivine fractionation (Fig. �4). Additional 
evidence for olivine fractionation comes from high 
contents of Cr and Ni in the ultramafic rocks that are 
correlated also with MgO contents arguing for olivine 
fractionation (Fig �4; Wilson, �989), producing the 
dunites that are found in the complex. Additional 
evidence for a cumulate origin of the ultramafic 
rocks is provided by the chondrite normalized REE 
patterns that are strongly subparallel and this indicate 
fractionation processes leaving the dunites with the 
most depleted values (Fig. �3c). Trace elements such 
as the HFSE in combination with REE can be used 
to place constraints on other possible fractionating 
phases such as amphibole, clinopyroxene or 
orthopyroxene as indicative partition coefficients of 
these elements in these mineral assemblages mirror. 
For example the decrease of Nb/Ta and Zr/Sm are 
strongly coupled with increasing MgO contents of 
all lithologies indicating that these elements are 
controlled by amphibole fractionation (Fig. �4). 
Thus, these geochemical results point towards a 
genetic link between the different lithologies and the 
involvement of hydrous melts, since amphibole is a 
fractionating phase. 
 Negative Ti anomalies in the primitive 
mantle normalized trace element patterns of most 
samples indicate that a Ti-oxide phase controls the Ti 
budget. As ilmenite is found in the ultramafic rocks 
it is the most likely fractionating phase. However, 
two amphibolite samples have strongly positive Nb 
anomalies and this might indicate that both of these 
samples represent cumulate layers of the amphibole 
fractionation discussed above. 
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Mantle characteristics
A few samples show enrichment of Th and LREE 
with respect to Nb and this may be related to 
metasomatism of the mantle source (e.g. Polat et al., 
2009). This metasomatism may occur by infiltrating 
hydrous fluids or by slab-derived melts (e.g. Pearce 
and Peate, �995). Trends indicative for amphibole 
fractionation further supports a hydrous mantle. The 
trace element diagrams indicate near flat HREE that 
is indicative for shallow melting depth (e.g. Polat et 
al., �008, �009). 
 The variable initial Nd values (Appendix 
3) can be explained by a) different magmatic 
ages of the different rock types, b) disturbance by 
metamorphism, however most elements behave fine 
in Zr diagrams or c) a heterogeneous mantle source. 
As discussed above, considering the errorchrons, 
an age difference should be minor and would not 
significantly change the initial values. Considering 
the magmatic trends between immobile elements 
vs. major and trace elements, these elements have 
not been affected substantially by metamorphism 
(e.g., Polat et al., �00�). Furthermore, considering 
that the geochemical patterns are rather similar to 
signatures from an island arc setting, we consider it 
as likely that the variable initial εNd values stem from 
a heterogeneous mantle source, which was affected 
by chemical disturbances due to processes linked to 
subduction.   

Geological setting and age: Implications for the plate 
tectonic setting of Archaean anorthosites.
According to our interpretations of the geochemical 
data above and described field relationships we 
infer that the analysed samples are formed in a 
vicinity of a subduction zone setting, related to the 
development of an intra-oceanic island arc. Many of 
the chemical signatures are similar as to those of the 
well documented Fiskenæsset complex (e.g. Polat et 
al., �009). However, there are no exposed or mapped 
lithologies at the Naajat Kuuat anorthosite complex 
consistent with a mature island-arc, such as andesites 
or metasediments (e.g. Garde, �007). However, the 
majority of the amphibolites show N-MORB like 
trace- and REE patterns yet the Nb/Ta and Nb/La 
ratios are somewhat different to N-MORB and may 
possibly be linked to a back-arc setting (Peate et al., 
�00�). It is possible that the subduction related rocks 
are not exposed or removed during the deformation 
events that affected the area. Errorchrones of all 
samples indicate an emplacement age for the complex 
of �93�-�988 Ma (although high MSWDs and some 
possible, yet minor, age differences). 

5.�. Deformation and rheology of plagioclase-rich 
rocks

5.�.�. Paper I

Our conclusions from the investigation on the 
initiation of recrystallisation and strain localisation 
in plagioclase-rich rocks deformed during dry 
conditions at high temperatures (T ~675-700°C) 
and intermediate pressures (P ~3.5-4.5 kbar) are the 
following:
  Recrystallisation occurs initially at triple 
junctions resulting in clusters of recrystallised 
grains with the same crystallographic characteristics 
(e.g. orientation and active slip systems) as their 
parent porphyroclast. Continued recrystallisation 
appears to propagate primarily along porphyroclast 
grain boundaries oriented sub-/parallel to the 
foliation. This propagation first develop lenses 
of recrystallised grains that also show the same 
crystallographic characteristics as their parents. 
However, recrystallised grains possibly start to be 
affected by the tectonic framework as seen by some 
reorientation of recrystallised grains away from the 
parent porphyroclast orientation. Recrystallisation 
finally develop continuous bands of recrystallised 
grain which display different crystallographic 
characteristics than their neighbour porphyroclasts. 
There is possibly also a shift from multiple active 
slip systems (among the porphyroclasts and the 
recrystallised grains in clusters and lenses) to a single 
dominant slip system, (00�)<��0>, in the continuous 
bands. Several microstructural and crystallographic 
features such as e.g. randomisation of misorientation 
axes and presence of a single slip system (different 
from the neighbour porphyroclasts) could indicate 
the onset of the grain size sensitive dislocation-
accommodated grain boundary sliding (DisGBS). 
  Our study suggest that the grain boundary 
network and its orientation to the principal tectonic 
stress is of importance for the locus of the initiation 
of recrystallisation in the nearly monophase 
leucogabbro-anorthosite. The arrangement of the 
initial grain boundary network also accounts for 
the propagation of the recrystallisation and the 
subsequent strain localisation. The localisation of 
strain is attributed to grain size reduction and the 
development of interconnected bands of recrystallised 
plagioclase grains with a crystallographic arrangement 
controlled by the tectonic framework. We infer that 
the strain is further partitioned in these bands and 
that this inhibits further bulk deformation of the 
anorthosite-leucogabbro. Furthermore, the shift from 
dominant (0�0)<00�> slip system in porphyroclasts 
to (00�)<��0> in recrystallised continuous bands 
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may be related to the ability of higher strain in the 
continuous bands. 

5.�.�. Paper II 

The second paper describes microstructures related 
to deformation of an anorthosite-leucogabbro (Storø, 
SW Greenland) with an initially wet mineralogy. 
Samples from low-, transitional- and high strain 
was collected and the different type of recrystallised 
grains (three groups, I-III, based on size, occurrence 
and chemistry) indicate that they were formed at 
two events. The second deformation event occurred 
in the presence of fluids at mid crustal conditions (T 
~550-6�0°C and P ~4.5-5.� kbar). Fluids are possibly 
derived from the neighbouring supracrustal units that 
experienced contemporaneous fluid mobilisation 
of a gold mineralisation. Thus metamorphic and 
metasomatic reactions are pervasive in the area.
 In the high strain sample there is a 
heterogeneous distribution of asymmetric rims 
on the Group II recrystallised grains (these grains 
dominate the sample). The core has an anorthite 
content of An80 and the rim An65. The presence of 
these rims correlates well with an increased amount 
of other phases such as amphiboles and quartz and 
clinozoisites. We suggest that an initial dissolution 
and precipitation creep (DPC) in heterogeneous 
layers caused grain rotations promoting pathways for 
an infiltrating fluid, i.e. deformation enhanced fluid 
distribution. This fluid aided replacements (interface-
coupled dissolution and precipitation, icDP) and grain 
boundary migration (both strain (SI) and chemically 
(CI) induced) with related recrystallisation thus 
coupling the DPC mechanism with fluid induced 
icDP and CI-SI-GBM. However, microstructures 
further supports that deformation was dominated by 
grain boundary sliding resulting in a marked strain 
partitioning. Thus at mid crustal conditions where 
the dislocation creep regime normally is dominant 
fluids effectively activate other mechanisms that 
are chemically sensitive and possibly activated at 
lower stresses than dislocation creep. Furthermore, 
microstructures indicate a possible simultaneous 
activity of icDP and CIGBM within the same grain. 
This simultaneous activity of two reaction fronts 
may have an impact on the rate of rim development 
and may cause underestimated rates if calculations 
of reaction rates are based on one mechanism.
 
5.�.3. Paper III 

The third paper presents results and analyses from a 
deformed anorthosite with a dry initial mineralogy 
(south-central Sweden). Deformation occurred 

at mid crustal conditions (T ~550°C and P ~7.8 
kbar). Fluid activity was pervasive in the developed 
shear zone. Our interpretations of the analyses 
are as follows: deformation initiated in a brittle 
behaviour developing transgranular fractures in the 
large plagioclase porphyroclasts. These fractures 
promoted for a fast influx of fluids that reacted 
with the porphyroclasts and the assumed fracture 
fragments. Deformation twins and introduction of 
dislocations was accompanying the fracturing and 
subsequently led to new fracture development linking 
the interdependence of brittle-plastic behaviour 
during stress-relaxation. Fluids effectively caused 
reactions with the porphyroclasts pieces liberating 
elements and caused new grain development by 
heterogeneous nucleation. Fluids further aided 
rotation of porphyroclast pieces by allowing them to 
slide along the fine grained material in the fractures. 
Fractures thus passively rotate (develop) into 
parallelism with shear zone boundaries. The new 
grains in these fractures progressively partitioned 
the strain and when shear zone parallel bands were 
established the microstructures in the previous 
stages was frozen in and only little further affected 
by deformation. 
 Microstructures and grain relationships 
show that several deformation mechanisms are 
represented in the porphyroclasts and in the bands 
of new grains. These processes are, dissolution 
and precipitation creep (DPC), grain boundary 
migration (GBM), interface-coupled dissolution and 
precipitation (icDP), dislocation creep, fracturing 
and grain boundary sliding (GBS; fluid assisted). 
These mechanisms are assumed to have operated 
simultaneously at different sites along the fractures 
and shear bands due to the fluids and that the rotation 
of the large porphyroclast pieces likely changed the 
fluid and stress dynamics in the fine grained bands 
and within the porphyroclasts during indentation 
and sliding. Thus fluids effectively aided strain 
localisation in an initially dry anorthosite during 
deformation under mid crustal conditions. 

6. Summary and Conclusion

6.1. Origin of the Naajat Kuuat anorthosite 
complex: An example for Archaean anorthosites

The whole-rock geochemical results from the 
anorthosite, amphibolites and ultramafic rocks point 
towards a possible genetic relationship as seen by 
crystal fractionation trends. This also indicate that 
the anorthosite originated as a cumulate where the 
olivine and pyroxenes crystallised into e.g. dunites, 
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pyroxenites and hartzburgites. The field relationships 
suggest an origin as sills for at least some of the 
ultramafic layers and bodies as they have intruded 
the amphibolites. The anorthosite shows foliation 
parallel intrusive relationship to amphibolites. The 
geochemical signature of the amphibolites are near 
similar to modern oceanic crust equivalents and are 
possibly represented by both igneous and supracrustal 
variants that could be representing the upper part of 
an Archaean oceanic crust. However, some of the 
elements such as the negative anomalies of the high 
field strength elements Nb and Zr but also Ti in the 
mafic and ultramafic rocks possibly suggest an origin 
related to a subduction zone setting, Decreasing 
Nb/Ta with increasing MgO contents might indicate 
that the anorthosite complex crystallised amphibole 
as a primary mineral phase that stem from a hydrous 
magma. Initial εNd and εHf values indicate a 
heterogeneous mantle source. Thus, our preliminary 
conclusion so far is that the Naajat Kuuat anorthosite 
complex possibly represents a remnant of an Archaean 
back-arc setting (BAB) formed in the vicinity to an 
island arc setting between �93�-�988 Ma.

6.�. Deformation behaviour of plagioclase- rich 
rocks

The three case studies investigating deformation of 
anorthositic rock differ in a) their initial composition 
in terms of mineralogy and presence of hydrous 
phases and b) conditions of deformation, namely:

- “wet” initial rock; dry deformation conditions at     
T ~675-700°C and P ~3.5-4.5 kbar (Paper I). 

- “wet” initial rock, wet deformation conditions at     
T ~550-6�0°C and P ~4.5-5.� kbar (Paper II).  

- dry initial rock, wet deformation conditions at           
T ~550°C and P ~7.8 kbar (Paper III).

In common for all three case studies is that 
the investigated samples initially contained an 
interconnected framework of coarse grained 
plagioclase. The strain localisation is always linked 
to grain size reduction. These studies show that strain 
localisation is either related to fracturing (Paper III), 
fluid influx (Paper II-III) or grain size reduction 
by dynamic recrystallisation at triple points which 
developed into continuous bands of recrystallised 
grains (Paper I). The availability of fluids has a large 
impact on the activity and dominance of deformation 
mechanisms (Paper II and III). Common to two 
case studies (Paper I and II) where a similar rock is 
deformed during dry and wet conditions respectively 

is that at high strain a Newtonian flow law governed 
the strength of the rock. The strain was partitioned in 
bands dominated by grain boundary sliding (GBS), 
yet the necessary accommodating mechanism was 
different and depended on fluid availability and 
temperature. As a result the microstructures produced 
differ significantly from each other. In Paper III we 
suggest that there is a transient behaviour between 
brittle and plastic deformation mechanisms. We infer 
this to occur when there are changes in the fluid 
dynamics (i.e. assumed differences in fluid pressure 
and amount of fluids) and local stress differences (at 
e.g. indenting sites) when large porphyroclast pieces 
rotate and slide along fine-grained bands aided by 
a grain boundary fluid. Thus relatively large rigid 
objects may serve as obstacles and create local 
heterogeneous deformation conditions at intermediate 
temperatures in the presence of fluids. Also here, (in 
Paper III) a Newtonian flow law is inferred to govern 
the rheology in the mature shear bands. 
 

7. Future studies

This study has addressed some aspects concerning 
the origin and plate tectonic setting for Archaean 
anorthosites and deformation of plagioclase (here 
restricted to the PT and fluid conditions that 
prevailed during deformation of these samples). 
These deformation processes may however also be 
active at other conditions and it is therefore a need 
to study similar samples deformed under different 
conditions to be able to conclude the conditions 
restricted for these processes. Presented below are 
some considerations for future studies of Archaean 
anorthosite complexes and for studies of deformed 
plagioclase-rich rocks that is related to the findings 
presented in this thesis.

Archaean anorthosites are common in SW Greenland 
and occur in the different inferred terranes (e.g. 
Friend and Nutman, 2005). Thus they may be 
used as markers of terrains if their exact chemical 
compositions and metamorphic histories are known. 
So far, no detailed comparisons have been made 
between the anorthosites in SW Greenland using high 
precision data. This type of approach would help to 
link the anorthosites to the large scale geodynamics 
in Archaean.

As indicated from the whole-rock chemical signatures 
the exact setting for the amphibolites is not clearly 
understood. This may be to the diversity of the 
amphibolites present but if ours and other studies 
are correct assuming the origin close to or at a 
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subduction zone setting a sorting of the amphibolites 
and a further investigation of the mantle signatures 
may lead to a better knowledge of the composition 
of the Archaean oceanic crust, if these amphibolites 
represents a portion of that. 

In Paper I, there is an observed dominance of slip 
system (001)<110> in fine grained recrystallised 
bands. That slip system is different from the one 
dominant in the adjacent porphyroclasts, i.e. 
(0�0)<00�>. The dominance of certain slip systems 
have previously been established on both naturally 
and experimentally deformed samples (e.g. Marshall 
and McLaren, 1977; Stünitz et al., 2003; Kanagawa 
et al., �008). However, there is no clear consistency 
to what temperature these different slip systems are 
dominant and thus other factors than temperature 
must also affect the activity. There may also be 
differences between the activation of the slip systems 
deduced from subgrain boundaries within larger 
grains than for that inferred by CPO in fine grained 
bands (e.g. Mehl and Hirth, �008; Paper I). The cause 
for this has not been established and needs further 
investigation.  The difference in coherency strain 
energy between twins, the effect of twins on e.g. 
dissolution, and precipitation on preferred crystal 
directions during DPC may contribute to the CPO 
developed and possibly the slip system active (e.g. 
Heidelbach et al. �000; Arvidson et al. �004; Paper 
III). One way of proceeding to a better understanding 
concerning slip systems may thus be to study the 
effect of coherency strains and twins, i.e. to deform 
aggregates or single crystals with and with out twins 
during the same deformation conditions.    
 
The process of dislocation-accommodated grain 
boundary sliding (DisGBS; e.g. Warren and Hirth, 
�006) that is inferred to be active in the continuous 
bands of recrystallised plagioclase (Paper I) needs 
to be investigated further. As this process develops 
a CPO that normally would have been attributed to 
dislocation creep it is important to acknowledge if 
it is present (i.e. the GBS component) since it may 
call for a significant change in rock strength (e.g. 
Warren and Hirth, �006). For plagioclase this regime 
was not experimentally recognized and represented 
on a deformation mechanism map (DMM; Fig. 
4) calculated by Rybacki and Dresen (2004) but 
was suggested by deformation experiments during 
Newtonian creep of anorthite aggregates by Gómez 
Barreiro et al. (2007). However, this process may 
perhaps (depending on the deformation conditions 
and grain size) be a transient phenomenon. This may 
be indicated as we assume that the recrystallised 
grains deformed by dislocation creep in clusters and 

lenses but presumably shifted to DisGBS as soon as 
it was possible to achieve higher strain in continuous 
bands. Furthermore, as seen at the boarder of a 
continuous band the plagioclase grains were being 
mixed with amphiboles thus indicating that a shift 
from dislocation creep (in clusters and lenses) to 
DisGBS to diffusion-accommodated GBS (diffusion 
creep) may be relatively rapid. Thus, further 
microstructural studies are needed to determine the 
microstructal and crystallographic parameters needed 
to conclude the presence of DisGBS and to deduce 
the parameters needed to calculate its presence on a 
DMM of plagioclase. 

The possible simultaneous activity in the same grain 
of the interface-coupled dissolution and precipitation 
mechanism and chemically induced GBM (possibly 
including a strain induced component) may have 
caused the rims to have developed faster than would 
be expected by calculated the rate considering 
only one mechanism. This coupling needs to be 
investigated further.
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Table 1. 
Major (wt%) and trace (ppm) element concentrations and significant element ratios of mafic and ultramafic rocks.

Anorthosite Ultramafic rocks
Sample 486020 486031 486050 496647 477950 477951 496604 496617 496619 496621

       alt alt Gt-lher Ol-web Lher
SiO2 48.03 49.87 49.13 51.90 48.93 47.83 45.09 47.45 45.37 42.34
TiO2 0.10 0.09 0.08 0.05 0.08 0.09 1.88 0.17 0.37 0.18
Al2O3 29.79 28.75 30.01 29.74 31.89 31.38 11.73 3.84 9.43 3.70
Fe2O3 2.868 2.750 2.361 0.88 1.18 1.52 17.87 7.21 12.96 9.48
MnO 0.05 0.04 0.03 0.01 0.02 0.03 0.22 0.12 0.20 0.13
MgO 1.54 1.63 1.21 0.34 0.33 0.90 9.40 36.16 22.89 36.99
CaO 15.40 13.90 14.79 13.48 15.35 15.26 9.48 0.91 6.29 2.94
Na2O 2.25 2.77 2.27 3.08 2.27 2.15 1.70 0.10 0.76 0.34
K2O 0.27 0.49 0.35 0.21 0.19 0.32 0.68 0.02 0.12 0.40
P2O5 0.00 0.00 0.00 0.01 0.01 0.01 0.26 0.01 0.02 0.01
LOI n.a. n.a. n.a. 0.73 0.45 0.63 2.18 3.51 1.06 2.37
Tot 100.29 100.28 100.24 100.45 100.70 100.13 100.49 99.49 99.47 98.90
Mg# 54.1 56.6 53.1 46.2 37.9 56.4 53.6 91.7 79.5 89.6

Sc 12 5 29 2 6 6 38 14 30 13
Ti 582 540 486 312 492 546 11,247 1,027 2,192 1,075
V 52 27 21 7 13 15 285 65 164 70
Cr 77 5 2 n.d. 8 3 80 2,099 3,019 2,772
Mn 299 280 211 88 147 244 1,820 1,033 1,646 1,124
Co 28 27 25 26 45 43 83 87 101 114
Ni 19 41 26 2 27 33 210 2,234 887 1,924
Cu 10 12 6 4 10 9 122 44 50 66
Zn 21 18 16 8 10 17 249 39 70 58
Ga 19.50 19.36 20.01 24.01 19.40 19.79 18.61 3.46 8.16 3.28
Rb 2.54 9.10 3.88 6.43 2.80 6.27 4.60 0.74 1.49 18.03
Sr 114.1 108.8 113.2 278.7 133.2 142.8 26.0 3.8 20.8 8.7
Y 3.07 5.84 3.20 0.78 2.85 1.47 33.93 3.70 8.77 3.86
Zr 4.06 16.28 9.73 6.12 7.31 2.98 133.31 8.68 16.82 8.41
Nb 2.089 4.262 1.963 0.713 0.580 0.881 6.155 0.393 0.787 0.558
Cs 0.042 0.438 0.150 0.546 0.051 0.046 0.370 0.113 0.070 1.814
Ba 31.77 62.01 80.46 126.59 34.44 47.15 71.05 0.11 9.80 4.64
Hf 0.15 0.73 0.37 0.19 0.21 0.10 3.29 0.26 0.49 0.22
Ta n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Pb 6.89 10.20 6.94 4.38 10.47 7.18 2.14 0.54 1.33 1.04
Th 0.186 2.435 0.290 0.213 0.187 0.097 0.428 0.057 0.060 0.053
U 0.608 1.008 0.521 0.047 0.777 54.231 0.217 0.032 0.028 0.098
La 0.826 4.964 1.828 10.108 2.856 2.057 8.684 0.407 0.753 0.670
Ce 1.834 9.811 3.476 15.558 4.527 2.841 22.470 1.090 2.142 1.554
Pr 0.225 1.032 0.358 1.440 0.496 0.281 3.632 0.176 0.400 0.235
Nd 1.255 3.705 1.331 4.271 1.847 1.104 15.906 0.873 2.026 1.094
Sm 0.280 0.793 0.291 0.532 0.374 0.180 4.520 0.273 0.747 0.333
Eu 0.256 0.263 0.220 0.482 0.281 0.237 1.800 0.076 0.226 0.188
Gd 0.391 0.822 0.339 0.663 0.486 0.282 5.401 0.396 1.040 0.463
Tb 0.069 0.149 0.064 0.049 0.073 0.039 0.904 0.071 0.198 0.088
Dy 0.485 0.828 0.408 0.210 0.473 0.243 5.540 0.523 1.262 0.552
Ho 0.108 0.170 0.103 0.037 0.105 0.059 1.261 0.125 0.317 0.133
Er 0.305 0.475 0.268 0.092 0.289 0.165 3.393 0.353 0.850 0.344
Tm 0.045 0.085 0.047 0.012 0.047 0.027 0.532 0.060 0.134 0.061
Yb 0.322 0.519 0.292 0.076 0.290 0.175 3.340 0.379 0.899 0.387
Lu 0.053 0.079 0.043 0.007 0.045 0.028 0.519 0.060 0.142 0.062

(La/Yb)N 1.74 6.50 4.26 89.91 6.70 7.97 1.77 0.73 0.57 1.18
(La/Sm)N 1.85 3.91 3.92 11.87 5.41 4.73 1.20 0.93 0.63 1.25
(Gd/Yb)N 0.98 1.28 0.94 7.02 1.36 1.30 1.31 0.85 0.94 0.97
Eu/Eu* 2.36 0.99 2.13 2.47 2.14 2.61 1.11 0.70 0.78 1.46
Ce/Ce* 1.03 1.05 1.04 0.99 0.92 0.90 0.97 0.99 0.94 0.95
Ti/Ti* 0.70 0.26 0.60 0.33 0.53 0.89 0.94 1.24 0.96 1.06
Zr/Zr* 0.47 0.66 1.08 0.28 1.26 0.28 1.09 1.23 0.95 0.96
Nb/Nb* 1.81 0.42 0.91 0.16 0.20 0.44 1.08 0.88 1.26 1.00
Ti/Zr 143 33 50 51 38 221 84 118 130 128
Zr/Y 1.3 2.8 3.0 7.8 4.5 1.7 3.9 2.3 1.9 2.2
Y/Ho 28.5 34.3 31.1 21.0 27.1 25.0 26.9 29.6 27.7 29.0
Nb/La
Al2O3/TiO2 307 319 370 571 389 345 6 22 26 21
Note: HFSE results in Table 2 are used in respective sample element ratio  (grey shade). 
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Table 1 continued.
Ultramafic rocks
Sample 496628 496632 496633 496635 496638 496639 496640 496641 496645 496648

alt dun Hartz pyroxenite Sp-lher Hartz Sp-lher Sp-lher Ol-web Sp-lher
SiO2 50.01 44.16 46.42 49.00 47.56 46.10 48.95 46.63 45.96 47.03
TiO2 0.92 0.14 0.19 0.51 0.34 0.16 0.17 0.32 0.44 0.34
Al2O3 10.31 2.64 3.81 10.76 8.38 3.56 5.04 6.88 9.93 7.57
Fe2O3 11.75 10.85 10.01 11.46 11.38 9.81 8.97 10.07 13.26 11.39
MnO 0.16 0.19 0.22 0.20 0.18 0.14 0.15 0.16 0.18 0.19
MgO 11.59 37.82 30.26 16.80 23.59 36.83 30.37 28.37 23.78 25.02
CaO 11.86 1.14 6.05 7.70 6.74 0.68 4.79 5.59 5.46 6.37
Na2O 0.06 0.15 0.25 1.74 0.42 0.07 0.22 0.50 0.69 0.36
K2O 0.02 0.41 0.05 0.05 0.05 0.01 0.03 0.07 0.15 0.07
P2O5 0.07 0.01 0.01 0.02 0.03 0.00 0.02 0.02 0.05 0.02
LOI 3.67 1.59 1.51 1.19 0.89 2.54 0.84 0.89 0.60 1.17
Tot 100.40 99.11 98.77 99.43 99.57 99.91 99.55 99.51 100.49 99.52
Mg# 68.5 88.5 86.9 76.3 82.0 89.2 88.2 86.1 79.8 82.9

Sc 68 13 16 46 31 13 16 19 13 26
Ti 5,493 812 1,141 3,031 2,048 957 1,035 1,945 2,667 2,028
V 148 61 84 189 143 67 102 122 96 131
Cr 209 3,609 3,096 1,350 3,304 2,469 2,282 2,536 1,833 2,709
Mn 1,240 1,485 1,737 1,660 1,429 1,131 1,198 1,294 1,433 1,525
Co 47 108 112 73 98 105 89 94 106 102
Ni 112 2,161 2,282 498 1,205 2,236 1,638 1,442 1,399 1,093
Cu 67 100 54 72 93 56 63 72 46 90
Zn 91 112 152 84 78 73 36 53 81 60
Ga 9.69 3.10 4.19 9.52 7.32 3.59 4.30 6.45 9.80 7.38
Rb 0.97 22.76 0.74 0.92 0.83 0.31 0.46 0.67 0.90 0.97
Sr 431.0 6.8 58.0 18.3 3.4 2.9 26.2 23.3 17.4 11.5
Y 21.40 2.69 4.54 11.66 8.40 2.26 4.78 8.73 8.58 8.34
Zr 53.08 5.66 11.24 23.35 16.22 6.38 9.03 20.51 39.49 21.04
Nb 3.033 0.384 0.532 1.068 0.693 0.325 0.453 0.873 1.978 0.812
Cs 0.030 2.179 0.041 0.011 0.023 0.015 0.018 0.022 0.040 0.049
Ba 13.63 7.77 37.88 7.03 1.18 1.37 4.77 5.40 11.11 0.87
Hf 1.582 0.192 0.314 0.752 0.475 0.202 0.280 0.573 1.010 0.635
Ta n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Pb 1.53 1.37 6.26 0.39 0.63 0.25 0.68 0.62 0.71 0.86
Th 0.676 0.035 0.085 0.029 0.053 0.020 0.039 0.162 0.531 0.199
U 0.237 0.041 0.035 0.030 0.022 0.020 0.014 0.045 0.149 0.060
La 5.180 0.257 0.885 1.316 0.852 0.169 0.536 1.494 3.372 1.705
Ce 11.933 0.725 2.133 3.517 2.395 0.474 1.309 3.711 7.460 3.668
Pr 1.801 0.133 0.342 0.584 0.412 0.089 0.209 0.576 1.026 0.555
Nd 8.073 0.704 1.573 2.917 2.031 0.481 1.069 2.654 4.433 2.526
Sm 2.505 0.243 0.485 1.048 0.671 0.168 0.375 0.820 1.177 0.758
Eu 0.620 0.062 0.200 0.407 0.246 0.032 0.218 0.224 0.382 0.238
Gd 3.056 0.300 0.664 1.402 0.941 0.225 0.512 1.035 1.409 1.046
Tb 0.550 0.058 0.114 0.262 0.190 0.046 0.102 0.193 0.218 0.183
Dy 3.479 0.395 0.679 1.816 1.286 0.311 0.677 1.251 1.308 1.279
Ho 0.814 0.099 0.163 0.429 0.302 0.079 0.165 0.310 0.292 0.315
Er 2.216 0.282 0.435 1.199 0.822 0.239 0.462 0.825 0.786 0.875
Tm 0.349 0.047 0.068 0.197 0.141 0.040 0.075 0.135 0.128 0.139
Yb 2.284 0.283 0.431 1.278 0.904 0.258 0.511 0.880 0.794 0.912
Lu 0.342 0.044 0.068 0.194 0.142 0.036 0.077 0.139 0.118 0.144

(La/Yb)N 1.54 0.62 1.39 0.70 0.64 0.44 0.71 1.15 2.88 1.27
(La/Sm)N 1.29 0.66 1.14 0.78 0.84 0.66 0.89 1.14 1.79 1.40
(Gd/Yb)N 1.08 0.86 1.25 0.89 0.84 0.70 0.81 0.95 1.44 0.93
Eu/Eu* 0.68 0.70 1.07 1.02 0.97 0.52 1.51 0.74 0.90 0.82
Ce/Ce* 0.95 0.95 0.94 0.97 0.98 0.94 0.95 0.97 0.97 0.91
Ti/Ti* 0.79 1.15 0.82 0.97 1.00 1.88 0.89 0.82 0.89 0.92
Zr/Zr* 0.82 0.95 0.89 0.92 0.40 1.54 0.99 0.96 1.20 1.05
Nb/Nb* 0.55 1.37 0.66 1.85 0.33 1.02 1.06 0.60 0.50 0.47
Ti/Zr 103 143 102 130 330 165 115 95 68 96
Zr/Y 2.5 2.1 2.5 2.0 0.7 2.6 1.9 2.3 4.6 2.5
Y/Ho 26.3 27.1 27.8 27.2 27.8 28.7 29.1 28.2 29.3 26.4

Al2O3/TiO2 11 20 20 21 25 22 29 21 22 22
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Table 1 continued.
Ultramafic rocks Amphibolite
Sample 496657 496658 485215 485221 485222 496603 496605 496629 496630 496634

alt alt Dun Sp-lher Dun alt prob alt  alt
SiO2 52.64 40.72 40.75 46.64 40.48 36.87 46.73 47.62 48.28 50.65
TiO2 0.84 0.14 0.04 0.34 0.05 2.13 0.88 0.98 1.01 1.46
Al2O3 18.95 2.52 0.58 8.58 0.75 9.31 23.59 15.50 17.50 15.49
Fe2O3 7.31 8.70 8.67 11.52 8.16 23.56 7.57 12.32 12.12 12.69
MnO 0.06 0.12 0.13 0.18 0.14 0.24 0.12 0.17 0.18 0.19
MgO 2.29 39.60 46.60 24.78 47.84 21.13 5.31 7.77 5.18 5.95
CaO 15.77 0.27 0.44 5.68 0.05 6.00 11.83 11.67 11.35 9.12
Na2O 0.13 0.04 0.06 0.73 0.01 0.26 2.74 2.27 2.55 3.16
K2O 0.19 0.17 0.01 0.11 0.01 0.07 0.23 0.23 0.37 0.44
P2O5 0.18 0.01 0.01 0.04 0.01 0.99 0.01 0.07 0.08 0.11
LOI 3.15 7.12 2.11 1.16 1.68 1.49 1.30 1.56 1.27 1.12
Tot 101.51 99.42 99.40 99.77 99.17 102.07 100.32 100.16 99.88 100.38
Mg# 40.8 90.9 92.2 82.6 92.8 66.4 60.7 58.1 48.5 50.8

Sc 46 16 8 30 13 38 25 46 43 41
Ti 5,030 848 264 2,058 276 12,797 5,293 5,897 6,033 8,746
V 109 56 14 151 15 70 192 238 272 299
Cr 163 1,924 1,534 2,495 2,705 11 108 294 184 149
Mn 494 1,122 1,031 1,475 1,125 1,989 1,053 1,315 1,365 1,547
Co 55 115 145 94 129 100 44 65 84 55
Ni 161 2,434 3,279 909 3,202 249 76 196 242 86
Cu 62 76 56 110 48 73 52 113 89 112
Zn 22 64 43 60 47 129 61 100 89 97
Ga 42.81 2.59 0.76 7.72 0.68 10.79 21.28 18.20 18.41 22.32
Rb 8.98 13.87 0.69 1.07 0.54 0.69 2.78 3.57 1.97 4.01
Sr 1,093.9 0.8 1.3 16.2 0.3 10.4 136.4 124.1 114.8 164.4
Y 27.04 2.46 0.87 8.72 0.41 35.06 10.87 20.73 20.99 29.15
Zr 537.44 6.00 1.29 21.48 0.83 132.98 25.81 49.81 47.12 95.33
Nb 8.834 0.301 0.245 0.772 0.111 19.438 1.795 3.979 2.731 3.998
Cs 0.239 1.872 0.040 0.106 0.039 0.030 0.055 0.047 0.010 0.048
Ba 20.11 35.69 2.70 8.09 1.36 0.33 45.45 46.95 49.70 45.39
Hf 12.373 0.195 0.033 0.626 0.029 3.272 0.729 1.613 1.436 2.711
Ta n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Pb 4.13 0.93 1.08 1.44 1.58 0.46 2.07 2.49 1.03 3.29
Th 2.323 0.027 0.017 0.150 0.022 0.822 0.086 0.361 0.093 0.498
U 0.760 0.029 0.709 0.282 0.391 0.199 0.047 0.123 0.026 0.129
La 29.415 0.176 0.148 1.391 0.050 3.939 2.018 6.503 3.483 4.812
Ce 61.249 0.475 0.350 3.277 0.148 13.196 5.661 17.183 9.549 12.567
Pr 7.399 0.087 0.049 0.517 0.020 2.588 1.004 2.846 1.626 2.186
Nd 27.534 0.458 0.205 2.492 0.094 14.266 4.947 12.631 7.932 11.013
Sm 5.877 0.164 0.075 0.831 0.036 5.310 1.478 3.320 2.392 3.606
Eu 1.647 0.027 0.017 0.222 0.010 0.258 0.922 1.053 0.918 1.243
Gd 6.117 0.256 0.116 1.063 0.066 6.950 1.710 3.783 2.958 4.429
Tb 0.864 0.050 0.019 0.194 0.011 1.157 0.299 0.603 0.527 0.776
Dy 4.746 0.339 0.129 1.242 0.087 6.553 1.801 3.634 3.323 4.784
Ho 0.933 0.094 0.031 0.298 0.023 1.394 0.420 0.796 0.792 1.069
Er 2.326 0.270 0.083 0.821 0.060 3.409 1.144 2.076 2.163 2.807
Tm 0.342 0.045 0.014 0.144 0.008 0.506 0.171 0.317 0.357 0.433
Yb 2.021 0.291 0.097 0.958 0.071 3.130 1.125 1.934 2.230 2.659
Lu 0.296 0.046 0.015 0.156 0.009 0.543 0.169 0.284 0.356 0.409

(La/Yb)N 9.89 0.41 1.03 0.99 0.48 0.85 1.22 2.28 1.06 1.23
(La/Sm)N 3.13 0.67 1.38 1.26 0.91 0.46 0.85 1.38 0.91 0.83
(Gd/Yb)N 2.45 0.71 0.97 0.90 0.75 1.80 1.23 1.58 1.07 1.35
Eu/Eu* 0.84 0.40 0.59 0.79 0.64 0.13 1.77 0.96 1.05 0.95
Ce/Ce* 1.00 0.93 1.00 0.94 1.15 1.00 0.96 0.97 0.97 0.94
Ti/Ti* 0.38 1.58 1.25 0.95 2.37 0.87 1.34 0.75 0.90 0.88
Zr/Zr* 2.92 1.52 0.59 1.10 0.76 1.06 0.66 0.61 0.75 1.05
Nb/Nb* 0.36 1.48 0.70 0.43 0.12 3.66 1.46 0.77 1.62 0.87
Ti/Zr 9 141 276 107 483 96 205 116 128 92
Zr/Y 19.9 2.4 1.1 2.2 1.4 3.8 2.4 2.5 2.2 3.3
Y/Ho 29.0 26.2 27.6 29.3 17.8 25.2 25.9 26.1 26.5 27.3

Al2O3/TiO2 23 18 13 25 16 4 27 16 17 11
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Table 1 continued.
Amphibolite
Sample 496642 496650 496656 485223 485224 485225 485234 468013

SiO2 46.53 48.22 50.61 47.30 49.56 47.05 48.22 48.92
TiO2 0.83 0.58 0.74 0.74 0.71 0.91 0.76 1.67
Al2O3 16.83 17.95 15.12 13.43 15.07 14.37 16.88 15.18
Fe2O3 12.43 8.87 10.26 12.10 10.86 13.11 10.59 14.23
MnO 0.19 0.15 0.18 0.22 0.18 0.20 0.16 0.27
MgO 6.74 7.12 7.59 9.70 8.23 7.45 7.17 6.43
CaO 12.58 14.08 12.14 12.81 11.85 13.59 12.25 9.46
Na2O 1.51 1.88 2.15 1.45 1.76 1.91 1.84 2.68
K2O 0.68 0.25 0.46 0.19 0.14 0.23 0.38 0.26
P2O5 0.05 0.04 0.04 0.03 0.05 0.06 0.06 0.15
LOI 1.46 1.10 1.18 1.58 1.44 1.61 1.80 1.47
Tot 99.84 100.24 100.48 99.54 99.85 100.47 100.10 100.71
Mg# 54.4 63.9 61.9 63.8 62.5 55.6 59.8 49.9

Sc 38 39 46 46 39 43 37 39
Ti 4,951 3,467 4,442 4,416 4,277 5,430 4,551 10001
V 252 186 277 275 211 236 221 335
Cr 249 757 466 413 265 217 492 155
Mn 1,605 1,215 1,531 1,778 1,464 1,610 1,339 0
Co 69 51 60 68 68 70 70 58
Ni 224 147 193 156 170 175 153 100
Cu 73 91 82 74 119 57 100 54
Zn 79 51 74 73 66 89 73 194
Ga 16.77 14.86 14.96 14.18 14.78 15.97 16.05 21.26
Rb 7.51 3.67 4.45 2.35 1.91 2.07 11.02 2.47
Sr 111.9 110.1 90.4 64.5 104.0 96.6 151.4 118.4
Y 19.08 12.87 17.82 17.01 17.70 21.51 18.42 36.27
Zr 44.87 31.90 35.02 31.37 39.59 43.14 44.28 34.72
Nb 2.192 1.365 1.821 1.399 1.631 2.120 2.140 4.894
Cs 0.039 0.209 0.142 0.092 0.043 0.181 0.662 0.032
Ba 74.57 23.66 63.94 19.55 21.57 31.00 33.28 22.32
Hf 1.277 0.826 1.046 0.910 1.182 1.342 1.321 6.817
Ta n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Pb 2.21 1.08 4.13 0.66 1.64 0.84 3.42 2.76
Th 0.141 0.159 0.283 0.021 0.183 0.030 0.104 13.638
U 0.067 0.094 0.204 0.452 0.472 0.258 0.907 4.298
La 3.097 1.685 2.580 1.694 2.148 2.504 2.828 1.359
Ce 7.348 4.327 6.184 4.800 5.445 6.932 7.011 5.089
Pr 1.143 0.720 0.981 0.849 0.904 1.207 1.158 0.938
Nd 5.704 3.719 4.978 4.504 4.695 6.204 5.515 6.059
Sm 1.837 1.293 1.652 1.596 1.622 2.134 1.817 1.367
Eu 0.777 0.518 0.635 0.602 0.601 0.792 0.701 3.739
Gd 2.478 1.635 2.257 2.128 2.145 2.803 2.418 0.603
Tb 0.464 0.312 0.406 0.388 0.405 0.510 0.435 3.758
Dy 2.953 1.976 2.633 2.563 2.659 3.229 2.811 0.582
Ho 0.705 0.457 0.630 0.591 0.623 0.767 0.656 1.592
Er 1.861 1.261 1.689 1.587 1.739 2.011 1.791 0.432
Tm 0.294 0.202 0.271 0.256 0.278 0.327 0.303 2.020
Yb 1.908 1.264 1.754 1.611 1.790 1.954 1.842 0.466
Lu 0.294 0.196 0.278 0.250 0.280 0.303 0.296 16.714

(La/Yb)N 1.10 0.91 1.00 0.71 0.82 0.87 1.04 1.98
(La/Sm)N 1.08 0.81 1.34 0.71 0.88 0.77 0.97 0.62
(Gd/Yb)N 1.05 1.05 1.04 1.07 0.97 1.16 1.06 1.05
Eu/Eu* 1.12 1.09 1.17 1.03 1.01 1.01 1.02 12.56
Ce/Ce* 0.94 0.95 0.94 0.97 0.95 0.96 0.94 1.09
Ti/Ti* 0.91 0.92 1.07 0.98 0.92 0.90 0.86 0.74
Zr/Zr* 0.99 1.01 1.07 0.81 1.02 0.73 0.97 0.84
Nb/Nb* 0.90 0.89 0.44 2.27 0.78 2.39 1.33 0.39
Ti/Zr 112 109 139 151 112 149 103 288
Zr/Y 2.3 2.5 1.8 1.7 2.2 1.7 2.4 1.0
Y/Ho 27.1 28.2 28.3 28.8 28.4 28.1 28.1 22.8

Al2O3/TiO2 20 31 20 18 21 16 22 9
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Table 2: High-precision HFSE data for Naujat anorthosite complex rocks 

sample rock type Zr    
(ppm) 

Hf 
 (ppm) 

Nb    
(ppm) 

Ta    
(ppm) 

Lu  
(ppm) 

Sm 
(ppm) 

Nd 
(ppm) Zr/Nb Zr/Hf Nb/Ta Lu/Hf Zr/Sm

477950 an 12.93 0.3655 0.4376 0.05385 0.04179 0.3297 1.535 29.6 35.39 8.12 0.1144 39.22
477451 an 2.472 0.09100 0.5850 0.05945 0.02508 0.2717 1.383 4.23 27.17 9.84 0.2756 9.100

 an 2.588 0.09475 0.5753 0.05653 0.02619 0.1793 0.9110 4.50 27.32 10.2 0.2765 14.44
485222 um 0.5715 0.01880 0.01184 0.001367 0.01008 0.03406 0.08044 48.3 30.40 8.66 0.5363 16.78
485222 um 0.5551 0.01780 0.01228 0.001449 0.01229 0.03400 0.08260 45.2 31.19 8.47 0.6904 16.33
485215 um 0.9551 0.03237 0.1049 0.01336 0.01580 0.06681 0.1889 9.10 29.50 7.85 0.4880 14.30
485215 um n.a. 0.02972 n.a. n.a. 0.01518 0.06476 0.1834 n.a. n.a. n.a. 0.5107 n.a. 
496638 um 6.209 0.5070 0.2079 0.01328 0.1403 0.6323 1.848 29.9 12.25 15.7 0.2767 9.821
496639 um 5.800 0.2091 0.1776 0.01567 0.04104 0.1595 0.4274 32.7 27.74 11.3 0.1963 36.36
485221 um 19.19 0.5956 0.5728 0.03868 0.1434 0.6911 2.124 33.5 32.22 14.8 0.2407 27.77
485224 amph 38.19 1.180 1.447 0.08793 0.2739 1.521 4.416 26.4 32.36 16.5 0.2321 25.11
485225 amph 36.51 1.274 1.939 0.1063 0.2295 2.023 5.976 18.8 28.66 18.2 0.1801 18.05
485223 amph 29.17 0.9543 1.247 0.06698 0.2376 1.482 4.181 23.4 30.56 18.6 0.2490 19.68
496629 amph 50.81 1.659 3.505 0.1924 0.3031 2.945 11.22 14.5 30.62 18.2 0.1827 17.25
496642 amph 44.39 1.357 1.761 0.1155 0.3058 1.791 5.432 25.2 32.72 15.2 0.2254 24.79
496656 amph 31.88 0.9093 1.099 0.06539 0.1926 1.206 3.508 29.0 35.06 16.8 0.2118 26.43
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Table 3: Lu-Hf and Sm-Nd isotope compositions for Naujat anorthosite complex rocks 

sample type 176Lu/177Hf 176Hf/177Hf εHf(2988)
147Sm/144Nd* 143Nd/144Nd εNd(2988) 

477950 an 0.016228 ±4 0.281953 ±22 +5.9 ±0.8 0.1298 0.511407 ±10 +1.6 ±0.4 
477451 an 0.039127 ±10 0.283171 ±55 +2.5 ±2.0 0.1187 0.511287 ±11 +3.6 ±0.4 

 an n.a. n.a. n.a. 0.1189 0.511306 ±9 +3.9 ±0.4 
485222 um n.a. n.a. n.a. 0.2561 0.513932 ±22 +2.3 ±0.5  
485222 um n.a. n.a. n.a. 0.2492 0.513803 ±28 +2.4 ±0.6 
485215 um 0.069288 ±18 0.284959 ±88 +4.5 ±3.1 0.2139 0.513004 ±15 +0.4 ±0.4 
485215 um 0.073835 ±18 0.285221 ±18 +4.6 ±0.7 0.2135 0.513006 ±14 +0.6 ±0.4 
496638 um 0.039280 ±10 0.283268 ±18 +5.6 ±0.7 0.2068 0.512944 ±10 +2.0 ±0.4 
496639 um 0.027864 ±7 0.282612 ±27 +5.5 ±1.0 0.2257 0.513237 ±11 +0.4 ±0.4 
485221 um 0.034170 ±8 0.282935 ±16 +4.2 ±0.6 0.1967 0.512721 ±12 +1.5 ±0.4 
485224 amph 0.032947 ±8 0.282854 ±16 +3.8 ±0.6 0.2082 0.512958 ±11 +1.7 ±0.4 
485225 amph 0.025567 ±6 0.282473 ±14 +5.3 ±0.5 0.2047 0.512958 ±13 +3.1 ±0.4 
485223 amph 0.035339 ±9 0.282980 ±16 +3.4 ±0.6 0.2143 0.513086 ±11 +1.9 ±0.4 
496629 amph 0.025925 ±6 0.282435 ±16 +3.2 ±0.6 0.1587 0.511986 ±8 +1.8 ±0.4 
496642 amph 0.032023 ±9 0.282739 ±14 +1.6 ±0.5 0.1993 0.512804 ±9  +2.1 ±0.4 
496656 amph 0.030103 ±6 0.282672 ±14 +3.1 ±0.5 0.2079 0.512998 ±11 +2.6 ±0.4 

 

* external error on the ratio is 0.2%. 

εHf values have been calculated using the 176Lu decay constant of 1.867 * 10-11 (Scherer et al., 2001; Söderlund et al., 2004) 
and CHUR values of Bouvier et al. (2008). eNd values have been calculated using the decay constant of 6.54 * 10-12 and 
CHUR values of Bouvier et al. (2008).  
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