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Abstract

We present detailed microstructural and chemical analyses from an initially dry anorthositic rock, deformed during wet 
amphibolite facies conditions. Results show transient deformational behavior where a close interaction between brittle, 
plastic and fluid-assisted deformation mechanisms can be observed. Our analysis allows us to described the succession, 
interrelationships and effects of active mechanisms with progressive deformation in three stages.  In stage �, initial 
fracturing along cleavage planes promoted fluid influx that caused fragmentation and chemical reactions, producing fine-
grained mineral assemblages in the fractures. Deformation twins and dislocations developed in clast pieces due to stress 
relaxation. Passive rotation of conjugate fracture sets and interconnection of intracrystalline fractures formed micro-shear-
zones, constituting Stage 2. Microstructures and grain relationships indicate the activity and fluctuation between fracturing, 
dissolution precipitation creep, grain boundary sliding and locally dislocation creep, reflecting the transient behaviour of 
brittle and plastic deformation mechanisms. Further rotation and widening of fractures into overall foliation parallel shear 
bands (Stage 3) promoted increased fluid influx and increased dominance of fluid-assisted grain boundary sliding and 
slip of micas that effectively partitioned the strain. We suggest that local differences in fluid availability, metamorphic 
reactions coupled with volume increase and local variations in stress concentration induced transient brittle-plastic 
behaviour. The studied shear-zone represents a good example of strain localization initiated by initial brittle behaviour.

Keywords: Brittle-plastic transition, Plagioclase, Fluid-rock interaction, Recrystallization, Strain localization, 
Electron backscatter diffraction (EBSD)
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Introduction

Deciphering the activity and effect of deformation 
mechanisms at mid-crustal levels is particularly challenging 
since both brittle and plastic deformation may operate 
simultaneously within the same rock and switch character 
as deformation progresses (e.g. Kruhl et al. �007). Under 
mid-crustal conditions, variations in time and space of 
e.g. grain-size, temperature, strain rate, amount of fluids 
and differential stress may often result in a brittle-plastic 
transient behaviour (e.g. Kenkmann and Dresen �00�; 
Kruhl et al. �007). Since these variations are potentially 
a result of the locally active deformation mechanisms a 
strong interrelationship of plastic and brittle processes is 
expected. Recently, it has been proposed that the nature of 
the initial deformation mechanism is most often by brittle 
failure (e.g. Mancktelow and Pennacchioni �005; Fusseis 
et al. �006; Fusseis and Handy �008). This interpretation 
is in contrast with the classic view that rocks deform first 
under high grade conditions in a plastic manner and during 
exhumation are subject to brittle overprint.
 An interesting problem has been the role of 
fluids during deformation. One role they may play is to 
weaken the rock by processes such as hydraulic fracturing, 
hydrolytic weakening, neocrystallization of weaker phases 
(e.g. micas) and dissolution precipitation creep (DPC), 
removing impinging grain parts allowing easier rotation 
(e.g. Tullis and Yund �980; den Brok and Spiers �99�; 
Fitz Gerald and Stünitz �993; Post and Tullis �998; Ford 
et al. �00�; Holyoke III and Tullis �006; Jamtveit et al. 
�008). In general, DPC is driven by deformation, where 
matter is transferred by a fluid from high stress (where 
it is dissolved) to low stress (where it is precipitated) 
parts of grains. If there is a chemical disequilibrium, 
the composition may change and an asymmetric rim of 
different composition grows on the original grain (e.g. 
Wintsch and Yi �00�). A variety of DPC is solvent mediated 
phase transformation (e.g. Cardew and Davey �985), 
which is driven by chemical disequilibrium rather than 
stress. When dissolution and precipitation occur in close 
spatial relationship, the process is called interface coupled 
dissolution precipitation (Putnis �009). Accordingly, this 
process is capable of pseudomorphically replace entire 
grains with a new composition, without need for fractures 
or other channelling pathways (e.g. Putnis and Austrheim 
�0�0; Hövelmann et al. �0�0). This replacement may be 
geologically rapid (e.g. Putnis �009).
 There are several examples where intracrystalline 
plastic processes have been enhanced by the influx of fluids, 
allowed by initial fracturing and micro-scale faulting (e.g. 
Post and Tullis �998; Fusseis and Handy �008). On the 
other hand, influx of fluids has also been shown to initiate 
brittle deformation in rocks (e.g. Jamtveit et al �008; �009). 
Furthermore, fluid processes like DPC have been observed 
to operate at high temperature conditions, where normally 
plastic deformation (dislocation creep; DC) would be 
expected to be dominant (Wintsch and Yi �00�).
 Plagioclase feldspar is a mineral particularly 
prone to response by brittle behaviour even at high 
temperatures (e.g. LaFrance et al. �996; Kruse et al. �00�; 
Stünitz et al �003), when in other phases intracrystalline 

plastic mechanisms are active. This is in part related to its 
pronounced cleavage planes (e.g. Tullis and Yund �99�). 
The unusually close link of brittle and plastic mechanisms 
in plagioclase at higher strain rates has already been well 
documented in the literature (e.g. McLaren and Pryer �00�; 
Stünitz et al �003). In coarse grained plagioclase rocks 
the stress supporting feldspar framework may initially 
determine the rheology even under high grade conditions. 
During continued deformation, grain-size reduction and 
neomineralization act to progressively reduce the strength 
of the rock, ultimately by alignment and interconnection 
of new, weak phases such as white mica (cf. Holyoke III 
and Tullis �006).
 Grain-size reduction in plagioclase can be 
achieved by four main mechanisms, namely cataclasis 
(e.g. McLaren and Pryer �00�; Stunitz et al �003); 
nucleation and growth of new grains (e.g. Stünitz et al. 
�003); subgrain rotation recrystallization (SGR) or grain 
boundary migration (GBM) / bulging recrystallization 
(Drury and Urai �990). During cataclasis, new grains with 
chemical composition similar to the host, heterogeneous 
size distribution and loss of crystallographic preferred 
orientation (CPO) are to be expected. Nucleation and 
growth of new grains produce grains of a composition 
that probably is different from the host, with a restricted 
size range and with or without host controlled CPO. SGR 
is expected to produce new grains that are similar in size 
to observed subgrains within host clasts with preserved 
chemistry and a close crystallographic relationship to the 
host. New grains produced by GBM are generally larger 
than coexisting subgrains within clast, and mostly appear 
strain-free.
 In summary, from previous studies, general 
links and interrelationships between brittle and plastic 
deformation in rocks have been documented (e.g. 
Kenkmann and Dresen �00�; Kruhl et al. �007). 
However, there is a lack of studies that investigate this 
link in natural rocks considering in detail the role of 
fluids, fluid composition and resultant reactions. In this 
contribution, we aim to overcome this shortcoming. Here 
we investigate in detail the interplay between brittle and 
plastic deformation, where brittle deformation facilitates 
pathways of fluid influx. We show that micro shear zones 
in cm-sized plagioclase phenocrysts may be initiated 
by brittle fracturing and fragmentation. Fractures allow 
fluids to infiltrate and penetrate the crystals causing 
syndeformational mineral reactions with resultant volume 
increase catalysing further brittle fracturing. At the same 
time, fluids cause hydrolytic weakening allowing the onset 
of different plastic deformation mechanisms without any 
change in PT conditions. The simultaneous activation 
of both brittle and plastic deformation mechanisms is 
a consequence of local variations in fluid pressure and 
fluid presence as well as hydrolytic weakening and large 
grain size differences which are a result of different 
recrystallization processes.

Geological background

The investigated sample stems from a shear-zone within 
the Jönköping Anorthositic Suite, a Proterozoic massif-
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type anorthosite in southern Sweden (Fig. �; Brander and 
Söderlund �009). The Jönköping Anorthositic Suite occurs 
as scattered anorthositic bodies within gneissic, �.7�-
�.68 Ga old (Brander et al. submitted) granitoids of the 
Transscandinavian Igneous Belt (Andersson and Wikström 
�004), in the easternmost part of the Sveconorwegian 
Orogen (Bingen et al. �008). 
 During the �.46-�.38 Ga Hallandian-Danopolonian 
orogen (Brander et al. submitted) the granitoids developed 
a steep foliation (S�) trending E-W to NW-SE, and a linear 
orientation of recrystallized K-feldspar augens (L�) 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. �b). Both these and the regional foliation 
are cut by N-S trending shear-zones (S�), probably 
of Sveconorwegian age (c.f. Lundqvist �996). 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 �.38 Ga (Lundqvist �996; Brander et al. submitted). 
Metamorphism during the Sveconorwegian orogeny did 
not result in significant overprinting of earlier fabrics (cf. 
Brander et al. submitted).
 The studied 30 m wide outcrop at the Skinnarebo 
locality (Fig. �b and c) consists of plagioclase-porphyritic 
leuconorite to anorthosite (Fig. �). A porphyritic 
sample collected about one meter from the shear-zone 
(hereafter referred to as undeformed sample) has a 
primary mineralogy consisting of about 83 % normative 
plagioclase, with orthopyroxene, clinopyroxene, ilmenite, 
Fe-oxide and apatite as remaining phases. Pyroxenes are 
partly, pseudomorphically replaced by amphibole, biotite 
and chlorite. If this replacement was caused by the fluid 
activity during shearing or an earlier event is not known. 
Plagioclase phenocrysts are generally tabular and 30-50 
mm large, even though single phenocrysts of up to �00 
mm size occur (Fig. �b). Matrix plagioclase is medium-
grained (�-5 mm) and needle-shaped (Fig. �e).
 The sampled shear-zone (Fig. �c) is the most 
prominent part of an anastomizing shear-zone network 
that is visible across the length of the outcrop (�5-�0 m). 
The principal direction of the shear-zone is �64°, with a 
dip of 50° to the north (Fig. �a). Plagioclase clasts are 
defining a lineation, plunging about 25° westward (281°) 

Fig. 1 Maps showing the location of the Jönköping Anorthositic Suite in the Fennoscandian Shield and the outcrop. a The southern 
part of the Fennoscandian Shield. b The location of the examined outcrop (After Lundqvist �996). c The location of the sampled 
shear-zone.
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in the foliation. Diverging branches are constrained within 
a width of 0.5 m, while the major shear zone is about � m 
wide. Besides the studied anastomizing shear-zone, other 
shear-zones of generally 0.05 to 0.�m width occur (Fig. 
�c). These are protomylonitic and roughly oriented in the 
E-W direction.
 In handspecimen shear zones are defined by 
significant grain size reduction and compositional banding 
consisting of fine-grained matrix and coarse plagioclase 
porphyroclast fragments (Fig. �c). Plagioclase clasts (short 
for porphyroclasts) are often of sigma-type and indicate 
a sinistral sense of shear, pointing to a north side down 
extensional movement. The magnitude of displacement is 
estimated to be on the �0 m scale as a maximum, due to 
the presence of the same type of porphyritic anorthositic 
rocks on both sides of the shear-zone. Clasts range in size 
from 60 mm long, elongated and flattened ribbons, down 
to �mm rounded grains. 

Methods

Mineral chemistry

In order to estimate the temperature of deformation as well 

as to assess the chemical zonation of minerals present, 
mineral chemistry analysis was performed. The Hitachi 
S-3400N scanning electron microscope (SEM) at the 
Department of Earth Sciences, University of Gothenburg, 
was used for this purpose. This SEM is equipped with an 
energy dispersive X-ray spectrometer (EDS) from Oxford 
Instruments, using INCA software. Running conditions 
were �0 kV accelerating voltage, 3.5 nA specimen current 
and 40 s livetime. Cobalt was used as a reference standard 
and to monitor the system drift. A back-scattered electron 
(BSE)-detector attached to this SEM was used in order to 
image the chemical zoning in recrystallised plagioclase.

PT calculations

The software Domino (version 0�.08.09; de Capitani and 
Brown �987; de Capitani �994) has been used to construct 
a pseudo-section in P-T space, in order to estimate the P-T-
conditions of the shearing event. Stable mineral reactions 
in the given PT-space are calculated using the chemical 
composition of the system and a thermodynamic database. 
Here, the JUN9� data base (e.g. Berman et al. �988) was 
used. Solution models were ideal for epidote-clinozoisite 
and chlorite, and non-ideal for white mica (Keller et al. 

Fig. 2  Picture of the shear-zone and undeformed anorthosite. a Shear-zone and location of sample within it. Hammer used for scale 
is 15 cm from chisel to flat heads. b Isotropic, plagioclase-porphyritic rock. Picture taken roughly a meter north of the shear-zone. 
Pen used for scale is about �5 cm long. c Sampled piece of rock, saw cut in halves parallel with lineation and perpendicular with 
foliation, showing strained plagioclase phenocrysts (now clasts) and fine-grained shear-bands. d Thin-section of area denoted “d” 
in (c). e Thin-section of the isotropic plagioclase-porphyritic rocks outside the shear-zone, in the text referred to as undeformed 
sample. Orientation is shown in the XYZ-coordinate space. Y-axis is either coming out of (•) or going into page (+).
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�005) and plagioclase (Fuhrman and Lindsley �988). In 
order to obtain bulk compositional data, which is critical 
for pseudosection construction, we used a SEM-EDS based 
approach, in which the chemistry of a representative area 
was estimated by taking the average of �0 x �0 mineral 
analyses in a � x 3 mm grid.
 To further narrow down the PT-conditions, 
the software THERMOCALC by Roger Powell and 
Tim Holland was used (e.g. Powell and Holland �988; 
�994; �008). The average pressure and temperature was 
calculated from the compositions of minerals thought 
to be in chemical equilibrium. THERMOCALC uses an 
internally consistent data base that is continuously being 
updated (e.g. Holland and Powell �998). 

SEM-EBSD

Crystallographic data was collected using the SEM based 
Electron Backscatter Diffraction (EBSD) technique 
at Stockholm University. Analyses were performed 
using a Phillips XL-30 FEG-ESEM equipped with a 
Nordlys detector and Channel 5 analysis suite from HKL 
Technology (Oxford instruments). Thin sections were 
chemically polished and left uncoated during automatic 
beam scans over gridded areas. A step size of � or � µm 
was used so that the smallest grains (e.g. below 9 µm) 
could be reliably characterized. EBSD settings were �0 
keV accelerating voltage and 0.4 torr vaccum. Andesine 
(C-� ; Fitz Gerald et al. �986) was used as theoretical 
model to index plagioclase. The raw EBSD data was 
processed following the procedures of Prior et al. (�00�) 
and Bestmann and Prior (�003). 
 Pole figures of grain orientations are presented 
as one point per grain on equal area lower hemispheres. 
Angles of longest grain axis to foliation, Y-X, used for 
shape preferred orientation (SPO) diagrams were extracted 
from the EBSD data. The distributions of misorientation 
axes are plotted to assess possible relationships between 
clasts (host domains) and new grains and also with respect 
to the structural XYZ reference frame (e.g. Wheeler et al. 
�00�). For this purpose we have plotted whole data sets 
from new grains and clasts, and also manually selected 
points between clast and respective new grains. These 
pole figures display the misorientation axis for a chosen 
range of misorientation angles (low angle, <�0°, and/or 
high angle, >�0°, misorientation) and are presented in 
the crystal and sample reference frame (equal areas 
and lower hemispheres). In addition, relative variations 
in misorientation from a chosen reference orientation 
(i.e. a selected point on an EBSD map) are displayed in 
cumulative orientation maps. Grey scale pattern quality 
maps illustrated the quality of the indexed points where 
the brighter grey is higher quality. These maps are used 
to highlight boundaries (subgrain-, twin-, and grain 
boundaries).

Results

Mineral assemblages and general microstructures

Two representative thin-sections were examined in detail: 

one representing the undeformed anorthosite and one the 
shear zone within the same rock type. The latter was chosen 
to represent areas of different finite strain in order to enable 
a detailed investigation of the progressive development of 
microstructures from low to high strain. The thin-section 
of the deformed sample was cut parallel with the lineation 
(x) and perpendicular with the foliation (xy) (Fig. �c-d). 
The areas of interest for detailed microstructure analysis 
were identified using a petrographic microscope. 

Undeformed sample

The undeformed sample was collected approximately 
one meter from the shear-zone, is dark grey in hand 
specimen and consists of 5-80 mm long, black plagioclase 
phenocrysts. The lath-shaped phenocrysts have an average 
aspect ratio of ~4 (Fig. 2e). The fine- to medium-grained 
groundmass varies between greenish and brownish grey, 
where the groundmass plagioclase is brighter than the 
phenocrysts.
 Lath-shaped plagioclase phenocrysts (An45-6�; n 
= ��; average An56) commonly exhibit albite twinning. 
Some smaller phenocrysts have pericline twins and a few 
show undulose extinction. Needle like plagioclase (An44-

55) crystals (�-3 mm long) are present in the groundmass. 
In general, orthopyroxene (Mg# 47-5�) forms cumulate 
grains whereas clinopyroxene (Mg# 6�-68) forms 
interstitial crystals. Amphibole and biotite partially 
replaced pyroxene. Late biotite grows as radiating roses 
around medium-grained ilmenite.

Deformed sample within shear-zone

In hand specimen the sample consists of compositional 
layers of dark bluish grey plagioclase clasts, and a white 
and green, fine-grained matrix (Fig. 2c). The plagioclase 
clasts are fractured and displaced, resulting in a longer 
and narrower shape. These are separated by distinct bands 
of more fine-grained material (Fig. 2c-d). Examples of 
antithetic slip within book-shelf microstructures (Passchier 
and Trouw �005) of clasts are evident in parts of the thin-
section (Fig. �d). Clast remnants of variable sizes with 
a mantle of new plagioclase grains occur within matrix 
bands.
 Under the microscope, distinct straight 
intracrystalline and transcrystalline fractures, many 
as conjugate sets, are abundant in plagioclase clasts 
(Fig. �d). These fractures follow, or intersect, the most 
prominent twin planes and are occupied by white mica, 
fine-grained plagioclase and less amounts of clinozoisite-
epidote, calcite and quartz. Plagioclase clasts rarely show 
undulose extinction whereas the new plagioclase grains 
appear optically strain free (i.e. no undulose extinction). 
Intersection angles of conjugate fractures sets differ 
systematically from less to more deformed parts of the 
thin section (Fig. �d). In order to assess this change we 
estimated the magnitude of finite strain by the relative 
proportions of porphyroclast and fine grained grains (Table 
�). The angle of intersection decreases from low strain 
(average 73°) to high strain (�7°) while at the same time 
the magnitude of displacement along an individual fracture 
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increases from less than �50 µm to mm’s or more.
 Fine grained bands consist dominantly of new 
plagioclase grains with minor amounts of hornblende, 
chlorite, ilmenite, quartz, calcite and K-feldspar. 
Hornblende, chlorite and ilmenite have their long axis 
aligned with the shear bands. In places these bands are 
further segregated into more or less continuous bands of 
i) hornblende and chlorite, ii) quartz, and iii) ilmenite. 
Quartz crystals are essentially strain free, since most lack 
undulose extinction. The fine-grained plagioclase is from 
hereon referred to as new (plagioclase) grains irrespective 
of the process responsible for their presence.

Detailed microstructural observations, mineral chemistry 
and EBSD analyses

In order to assess the progressive deformation and 
associated active deformation mechanisms, mineral 
reactions and replacements, different areas of interest 
have been distinguished, each interpreted to reflect 
a frozen-in stage in the progressive microstructural 
development from low to high strain. Here, we assume 
that with increasing strain i) the relative proportion of 
porphyroclasts to fine-grained plagioclase decreases, ii) 
the width of the fine grained bands, measured in number 
of new plagioclase grains, increases, and iii) the acute 
angle between intersecting fractures decreases (Table �). 
We distinguish between three major stages: The lowest 

strain (stage �) is represented by initiation of intra-grain 
fractures within plagioclase clasts, perpendicular (stage 
�a) and parallel (stage �b) to albite twins (Fig. 3a-b,d). 
These conjugate sets of fractures are both discontinuous 
(stage �a) and transgranular (stage �b). Intermediate strain 
(stage 2) is reflected by interconnection of the conjugating 
micro-faults (Fig. 3c), during passive rotation of the 
clast fragments. The highest strain is inferred where the 
passive rotation has aligned transgranular fractures with 
the protomylonitic foliation resulting in broad foliation 
parallel bands (stage 3).

Low finite strain - Initiation of fracturing and incipient 
grain size reduction

This stage is represented by planar fractures in two main 
directions, forming the initial high angle conjugate fracture 
sets (Table �). The discontinuous fracture of stage �a is 
~400 μm long and oriented perpendicular to the (010) 
twin bands (Fig. 4a), whereas the � mm long continuous 
fracture of stage �b is oriented parallel to these (Figs. 3d 
and 5a). Both fractures are occupied by new plagioclase, 
clinozoisite-epidote, white mica and quartz, and in stage �b 
also calcite. None of these phases are present in a similar 
association in the undeformed sample. In stage �a, the 
widest part of the fracture (the outer part) is about 3-5 new 
plagioclase grains wide and the grains are on average 9.4 
μm large. Clast growth twins are off-set ~20 µm along this 

a)  Phases introduced during shearing. New plagioclase always present. Ep = clinozoisite-epidote; WM = white mica; Qz = quartz; Cc = calcite; 
Hbl = hornblende; Chl = chlorite; Ilm = ilmenite; Or = orthoclase.

b)  Percentage clastic plagioclase (An56-50) of stage area; the remainder being matrix (all other phases, including new plagioclase (An30-�5).
c)  Average of �0 measurements. Measured range is given within paranthesis.
d) Estimated from off-set of albite twins across fractures.
e) Number of new plagioclase (and hornblende, quartz or white mica in some stages; see text) grains defining the width of the “fracture”.
f)  Average size of new plagioclase grains. The size range is given within paranthesis.
g) SPO = Shape Prefered Orientation (Fig. 6) and CPO = Crystallographic Prefered Orientation of new plagioclase (Fig. 7).
h)  An-content = nCa/(nCa+nNa)*�00; % muscovite end-member in white mica = nK/(nK+nNa)*�00%; % clinozoisite end-member in epidote-

clinozoisite (Ep-Cz) = nAl/(nAl+nFe)*�00%
i)  Volume change per mol reacted plagioclase clast. ‘r’ is the reaction and ‘eq.’ is the equation on which volume change estimation is based.
j)   HN = heterogenous nucleation; ifc-DPC = interface-coupled dissolution and precipitation creep; GBS = grain-boundary sliding.
k)  New grains adjacent to the plagioclase clast (weak cluster in Fig. 7d).
L)  New grains in the shear-band (Fig. 7d).
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a composition similar to plagioclase phenocrysts in the 
undeformed sample whereas the new plagioclase grains 
have a composition range of An�5-30 and are K-poorer than 
the clast (Table 2). Furthermore, there is an up to 20 μm 
thick area of new grain chemical composition on both 
sides of the fractures and along twin boundaries (Figs. 
4b and 5d). Fluid inclusions (<2 μm) are found along and 
inside the areas with lower anorthite content. Continuous 
crystallographic bending of the clast crystal in stage �a 
is only visible in areas with lower An-content close to 

fracture. In stage �b, the average thickness of the fracture 
is 3 new plaigioclase grains, but these are almost twice 
the size of grains in stage �a (Table �).
 White mica inside the fractures is oriented with 
the long axis perpendicular to the fracture (Fig. 3b) and 
next to and parallel to twin boundaries (Figs. 3b and 4a) 
in stage �a, whereas it is aligned parallel with the fracture 
boundaries in stage �b. Clinozoisite-epidote and quartz 
show a more random shape orientation.
 In both stages (�a and �b), the host clast has 

Fig. 3 Photomicrographs of areas in Fig. �d used for detailed EBSD analyses. White stippled lines outline fracture or shear-band 
areas. Black boxes outline areas for EBSD data collection. a Stippled area in Fig �d. Stages �b, � and 3 are enlarged in c-e. b Stage 
�a, discontinuous fracture perpendicular to the growth twins. c Stage �, zig-zag shaped, continuous part of conjugate fracture set, 
subparallel to foliation (between stippled curved lines). Above stage � is a fracture representing a widening of stage �b shown. d 
Stage �b, thin part of a continuous conjugate fracture set parallel with the growth twins. e Stage 3, mature continuous shear band, 
represented by shear band between two clasts. Y-axis is going into the page.
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in stage �a and �.37 in stage �b (Fig. 6; Table �). In stage 
�a, the orientation of the long axis of these distinctively 
elongated new grains is parallel to the growth twins and 
not to the fracture boundaries, whereas in stage �b, they 
are parallel with the fracture boundaries (Fig. 6). 
 The crystallographic orientation of the new 
plagioclase grains in both stages scatter around or cluster 
at the orientation of the host clast (Figs. 7a-b), but in stage 
�b some grains apparently follow a clockwise rotation 
pathway away from the clast orientation, with rotation 
around the c-axis (Fig. 7b).
 In both stages, a few small angular shaped 
plagioclase grains occur along a thin line at a ~45 degrees 
angle to the fracture plane (Figs. 4e-f and 5c). These 
lines, accompanied by chemical change of the plagioclase 
clast, are defined by hydrated phases (white mica and 
clinozoisite-epidote), small plagioclase grains with grain 
boundary misorientation angles of 30-40° (stage �a) and 
�30° and �60° (stage �b; Fig. 5e), low angle boundaries 
and fluid inclusions. The orientation of the grains with 
relation to the adjacent clast suggests a clockwise rotation 
away from the host grain orientation for poles to (�00) and 
(0�0) (Fig. 4g).
 A fracture with the same orientation as in stage �b, 

fracture surfaces (Fig 4d).
 Subgrains and subgrain walls exist within the 
two host clasts close to and at the fracture boundary 
where also a chemical difference is documented. Clast 
subgrains are smaller than the new grains of either stage 
(Figs. 4a and 5a). The orientation of the subgrain walls is 
either near parallel or perpendicular to (0�0) growth twins 
where many of the growth twin boundaries are associated 
with discrete subgrain walls (Fig. 4a), whereas they 
are dominantly parallel with the twin bands in stage �b 
(Figs. 5a-b). In stage �a, deformation twins occur within 
every second growth twin at an angle of ~45° to the twin 
boundary (Fig. 4a). Deformation twins are more frequent 
in the vicinity of the fracture-porphyroclast interface and 
exist on both sides of the fracture (Fig. 4a). In stage �b, 
deformation twins intersect at an angle to the albite twin 
bands and subgrain walls are preferentially positioned 
here, along the twins. The geometry of the two intersecting 
twins appears to determine the size of the subgrains.
 New plagioclase grains of stage �a and �b are 
optically strain free i.e. without significant undulose 
extinction with an average misorientation of <�° (c.f. 
method in Piazolo et al. �006). Most new plagioclase 
grains exhibit a SPO with an average aspect ratio of �.84 

Fig. 4 Stage �a, initial fracture perpendicular to most prominent twins (here (0�0)). All images are oriented as in Fig. 3. a Phase 
map showing plagioclase (grey) and other phases (black). Thin black lines are boundaries >�0° (including twins), whereas thick 
white lines are low angle boundaries between 3-�0 degrees.  X points at lone new plagioclase grains. The 3D inset shows the clast 
orientation. b SEM-BSE image over insert in (a). Note chemical change (lower An-content) along fracture and twins and that all low 
angle boundaries (a) only occur in dark grey (low anorthite) areas. c SEM-BSE of tip of fracture, outlined by three black arrows. 
X points to the recrystallised grains in (a). d A slight bending of twins from centre to twin boundaries is illustrated as grey scale 
differences from reference point (star; 0-5 degrees, see scale). Note low internal distortion in twins near tip of fracture (arrow). Each 
pixel (i.e. step size for data collection) is � µm. Irregular white areas are other phases (e.g. white mica and clinozoisite-epidote) 
whereas the clast on the right hand side of fracture is exhibiting a larger misorientiaton than 5 degrees and is therefore not shown. e 
Pattern quality map showing the new grains (X) referred to in (a) and (c), along a thin fracture connected to the main fracture. The 
legend is the same as in (a). f Simplified cartoon of (e). g Crystal orientations of clast and new grains (X) in (f). 
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Fig. 5 Stage �b, initial fracture parallel to most prominent twins (here (0�0)). All images are oriented as in Fig. 3. a Pattern quality 
map over Stage �b outlining two thin sub-parallel fractures containing dominantly new plagioclase with a SPO aligned sub-parallel 
with fracture boundaries. Black lines are high angle grain boundaries (>�0°) and white lines are low angle boundaries (3-�0°). X 
is lone angular grains along plausible healed fracture; V is twin plane bounded subgrain along clast boundary; F is assumed healed 
fracture with aligned white mica, subgrain walls and new plagioclase grains; and Z is rounded edge of an elongated new plagioclase 
grain that has grown into the clast. The 3D box mineral shows clast orientation. b Band contrast map over a fracture representing 
widening of stage �b (top band of small grains  in image). The new plagioclase grains have a SPO perpendicular to the fracture, 
and some of them have grown into the clast (arrow at Z).  The lower fracture (the lower band of small grains) is Stage � with strong 
fracture parallel SPO. The 3D box mineral shows clast orientation. c Texture component map showing lattice misorientation as 
grey scale differences from a reference point (star; 0-5 degrees, see scale). Arrows are the same as in (a). d SEM-BSE map over 
box in (a). Note chemical change related to subgrains in clast (arrow V), aligned white mica (WM) and chemical change along the 
assumed healed fracture with lone grains (arrows X). e Misorientation profiles across fractures (a-a’, b-b’, c-c’ and d-d’ in (a) and (b)) 
where peaks are grain boundary angles. Note different scale in b-b’. f Inverse pole figure in crystal coordinates showing dispersed 
misorientation axes between clast (black central fragment in (c)) and selected new grains (around misorientation profile b-b’). 
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but wider, is shown in Fig. 5b, representing slightly higher 
strain. Here, some of the grains have rounded edges that 
form concave boundaries into the clast (Fig. 5b, arrow z). 
The crystallographic orientation of new grains displays a 
more distinct rotation away from the clast orientation than 
they do in stage �b, a SPO more aligned in the overall 
foliation orientation, and the presence of low angle grain 
boundaries in a few new grains (Fig. 5b).
 In the host domains, several distinct clusters and 
some weak clusters of rotation axes are seen in low angle 
misorientations (Fig. 8). The misorientations highlighted 
with red circles are from areas with lower anorthite 
content, i.e. in rims and along twin boundaries. For high 
angles, misorientations in stage �b tend to resemble the 
positions of the misorientation axes in the host. For high 
angle misorientations in sample reference frame, the 
misorientations in the new grains in the thin fracture show 
the same rotation around the b-axis at Y as in the host (Fig. 
8). Selected grains are marked with an x in Fig. 5a and 
some are crossed by misorientation profiles in Fig. 5e. 

Medium strain – zig-zag shaped band with overall 
boundaries subparallel to foliation

The examined, representative area shows a band of 
new plagioclase grains, exhibiting boundaries roughly 
oriented subparallel to the foliation. However, distinct 
is the asymmetric zigzag shaped nature of the boundary, 
defined by a combination of widened fractures of stage 1a 
(longer legs) and �b (shorter legs), resulting in a long axis 
oriented more or less perpendicular to the (0�0) growth 
twins (Fig. 3c). The fine grained band is occupied by 
the same phases as in stage �b. New plagioclase grains 
are significantly larger than in stages 1a and 1b, with an 
average size of 33 μm (range 12-79 μm) (Table 1). The 
fracture is 4-6 plagioclase grains wide. Like in previous 
stages, some subgrain walls exist within the host clast 
near the edge of the fracture and they are parallel with the 
albite twin bands. A set of unknown twins with continuous 
thickness intersect at an angle of ~30° to the albite twin 
bands and subgrain walls are preferentially at or close to 
their intersection (Fig. 5b). Subgrain size shows a direct 
correlation to the distance of the two twin intersection 

point. The closer to the intersection point the higher the 
subgrain boundary density, hence the smaller the subgrain 
size. The new plagioclase grains contain none or very little 
internal deformation. Subgrains are rarely present within 
new grains and is only found near the tip of elongated 
grains and in smaller grains sandwiched between larger 
grains. The average aspect ratio of new plagioclase grains 
is at �.80 much larger than in stage �, and they show a 
SPO that is parallel with the small grain band boundaries 
(Fig. 6).
 The spread of crystallographic orientations of 
new grains is larger than in stage �, nevertheless there is a 
discernable cluster in the pole figure (Fig. 7d). In a corner 
of the zig-zag shaped fracture close to the clast, a cluster of 
smaller grains is present where the CPO largely coincides 
with the orientation of the clast (Fig. 7d). Both the host 
clast and new grains have compositions in similar ranges 
as in stage � (Table �). For the larger new grains, the lower 
An-values are from the interior of grains, while the higher 
are from asymmetric rims, preferentially developed at the 
tips of long grains (Fig. 9a). Subgrains within the clast have 
the same An-range as new grains (Table �), continuously 
decreasing from the edge inwards (An3�-�5). White mica 
grains inside the fracture are elongated and aligned with 
the fracture walls (Fig. 9a) and show a strong CPO, with 
(00�) parallel with the fracture wall (Fig. �0). 

High strain - foliation parallel wide fine grained shear-
band

To examine microstructures developed at high finite strain, 
we investigated two subareas namely stage 3a and stage 3b, 
where stage 3b exhibits the highest strain when assuming 
that band width represents a good estimate for finite strain. 
Stage 3a is represented by an upper and a lower clast, 
separated by a fine grained “shear-band” (Fig. 3e) with a 
width of up to 7-�4 grains and foliation parallel boundaries 
i.e. defining the foliation. The shear-band is oriented about 
45° to the twin bands, (0�0) and (00�) in the adjacent 
plagioclase clasts. It is occupied by new plagioclase, 
white mica, quartz, clinozoisite-epidote and calcite as in 
previous stages, but also hornblende, chlorite and ilmenite. 
Hornblende, quartz and ilmenite occur in a trail in the 

Fig. 6 Rose-diagrams over new plagioclase grains showing the orientation of long grain axis compared with the orientations of 
foliation, fractures and twins. Long grain axis orientations are extracted from the EBSD data collected over areas shown in Fig. 
3. Data to rose-diagram stage � a and b are from areas in Fig. 3c. Data to diagrams stage 3 a and b are from left and right half 
(respectively) of box in Fig. 3e. Stippled line is trace of most prominent twin boundaries. Structural reference frame is shown. 
Arrows point to the average value.
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central part of the shear band, nearly separating the new 
plagioclase grains interconnected within two separate 
bands. Quartz grains are dispersed in a phase mixture with 
finer grained hornblende in this continuous band (Fig. 3e). 
Clinozoisite-epidote is scattered in the shear band and 
white mica is preferentially situated near the edges of it. 
Both clinozoisite-epidote and white mica are aligned with 
the foliation. The new plagioclase grains have an average 
size of 24 μm (range of 8-84 μm), an average aspect ratio 
of �.77 similar to the grains in stage � and a SPO that is 
parallel with the shear-band boundaries (Fig. 6). The new 
plagioclase grains only exhibit a few subgrains. Both the 
host plagioclase clasts and new grains have a composition 
similar to clasts and new grains in previous stages. In 
addition, new plagioclase grains have asymmetric rims of 
higher An-content than the interior (Fig. 9b).
 Fine grained plagioclase shows a random CPO 
(Figs. 7e and �0), whereas hornblende grains display a well 
developed CPO with (�00) oriented to the Z direction and 
<00�> direction parallel to X (Fig. �0). Large hornblende 
grains (up to 155 μm diameter) contain several columnar 
like subgrain boundaries aligned with the long axis of 

the grains, i.e. parallel to the (�00) plane. Smaller sized 
hornblende grains surrounding the larger grains show 
similar size as the hornblende subgrains. While many 
grains have high angle misorientations (more than �00°) 
to the adjacent larger hornblende grain, several grains 
are only misoriented by �0 to 30 degrees. A few quartz 
grains have subgrain boundaries but most of the grains are 
optically strain free. 
 The stage 3b band differs from stage 3a by its �0 
grains width. Phases and their distribution is the same as 
in stage 3a, except for a few small grains of orthoclase. 
A single plagioclase clast is located within the matrix 
(Fig. ��). Crystal plastic bending of the clast fragment 
is evident, due to bent growth twins and the presence of 
some even sized subgrains. New plagioclase grains with 
relatively homogenous size-distribution occur at the border 
to the clast. Subgrain walls are also present in some of 
the new plagioclase grains. Their CPO is similar to the 
clast orientation (Fig. ��c). Here, there is a progressive 
increase in grain boundary misorientation angles from the 
clast-new grain interface (Fig. ��b). Misorientation axes 
in new grains mimics the misorientations in the host in 
both crystal and sample reference frames, although more 
scattered at high misorientation angles (Fig. 8).

Extrinsic and intrinsic parameters during deformation

In the following, we specifically investigate i) the PT 
conditions during deformation using both pseudosection 
calculations and thermodynamic equilibria of mineral 
assemblages; ii) the nature of the incoming fluid; and 
iii) the associated volume change associated with the 
formation of the syntectonic mineral assemblage.  
 The assemblage of stage 3 is taken as representing 
the mineral assemblage stable during the deformation. 
Here, new plagioclase (An-content 30) + white mica + 
clinozoisite-epidote + quartz + hornblende + calcite are 
stable. The few observed K-feldspar grains are interpreted 
to be an earlier feature i.e. exsolution blebs from the 
plagioclase phenocrysts. Hence, K-feldspar is not assumed 
to be part of the stable assemblage. Figure �� shows a 
pseudosection based on the mineral assemblage and the 
bulk chemistry (Table 3) as determined by SEM analysis 
(see Methods for details) combined with isopleths for 
the An-content of plagioclase. The stability field of the 
syntectonic mineral assemblage is a long, narrow field 
where the temperature is positively correlated with the 
pressure. The isopleth for XCa = 0.30 is consistently 
located in the stable assemblage field, but neither the 
pseudo-section nor the isopleths give an independent 
pressure or temperature estimation, so either of them has 
to be defined independently.
 In order to narrow down the PT-conditions, 
THERMOCALC was used utilizing mineral chemistry 
from the stage 3 assemblage (Table 4) with a fluid with 
�5 mole% CO�. The pargasite, tremolite and clinozoisite 
end-members yielded suspiciously high errors and were 
removed accordingly. Resultant temperature and pressure 
are 549±24 °C at 7.8±1.2 kbar (errors at 2σ; Fig. 12).
 Assemblages show that fluids were introduced to 
the system. In order to evaluate the nature of the system 

Fig. 7 Crystal orientations for new plagioclase grains and 
adjacent clast. See text for stage descriptions and interpretations. 
Foliation is horizontal line and lineation is at X. Shown as one 
point one grain equal area, lower hemisphere. N is number of 
grains measured. a Stage �a. b Stage �b. c Stage �. d Stage 3. 
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i.e. isovolumetric or not, the element flow, as well as 
to set constraints for PT-calculations, balanced mineral 
reactions are needed. Before deformation the anorthositic 
rocks were composed of tabular plagioclase phenocrysts 
several centimetres in size, orthopyroxene, clinopyroxene, 
ilmenite and ironoxide (cf. Figs. �b,e). The only hydrous 
phases present before the shearing was apatite, and perhaps 
thin biotite, hornblende and chlorite rims on the igneous 
mafic phases. Whether the latter three were formed during 
late stages of the emplacement (i.e. autometamorphism) 
or in connection with the shearing-event is not known. 
The dry nature of the undeformed sample is in line with 
the reported dry conditions of formation of Proterozoic 
massif-type anorthosites (e.g. Morse �98�; Vander Auwera 
et al. �998).  The earliest mineral reaction in the shear-
zone system is represented by the assemblage of stage 
�a (initial fracture) and includes the reactants clastic 
plagioclase (An50-56) and a fluid of unknown composition. 
The products are new plagioclase (An�5-30), white mica, 
clinozoisite-epidote and quartz (stage �a in Table �). In 

its simplest form, with clast and new grain compositions 
arbitrary chosen at 56 and �6 An-units, the reaction may 
be written:

     (reaction �)

plagioclase (An56) + fluid → plagioclase (An�6) + white 
mica + clinozoisite-epidote + quartz    

In order to obtain a reaction with sensible molar ratios, 
estimations of mineral mode in stage �a (in volume 
percent) and respective molar volumes were used. From 
this starting point, and assuming Al being immobile, a 
balanced reaction may be:                                                 

Fig. 8 Inverse pole figures. Figures present the distribution of misorientation axes in the crystal and sample (structural) coordinate 
system for host clast and new grains by low angle boundaries (<�0°) and high angle boundaries (>�80°). Clusters encircled by 
stippled red circles only occur in areas with a chemical change (i.e. lower An-content). Complete data sets from whole grains. Pole 
figures are equal area and lower hemisphere.
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                               (reaction �)

7.5 Ca0.56Na0.44Al�.56Si�.44O8(s) + �.9 H�O(l) + 0.33 O�(g) 
+ 3.4 SiO�(aq) + 0.6 Na+(aq) + 0.8 K+(aq) + 0.6 Fe�+(aq) 
 →
5 Ca0.�6Na0.74Al�.�6Si�.74O8(s) + K0.8Na0.�Al�AlSi3O�0(OH)�(s) 
+ Ca�Al�.4Fe0.6(SiO4)3OH(s) + � SiO�(s) + 0.9 Ca�+(aq) + 
0.8 H+(aq)    

As pointed out, this reaction regards Al as immobile rather 
than keeping the volume change at zero. Volume is only 
used in order to get the rough amounts of product phases. 
The system has to be open since the reaction involves 
formation of hydrous phases, a change of plagioclase 
composition by 30 An units, and the introduction of K 
and Fe, which are not present in the host plagioclase 
in any substantial amounts (Table �). Thus, the host 
plagioclase must react with a hydrous fluid introducing 
Si, Na, K and Fe. The reaction produces a more acidic 
solution that removes Ca. The volume change, i.e. here 
increase, accompanying such a reaction (reaction �) can 
be calculated from the molar volumes:

          (eq. �)

ΔV = (5VmAb + VmWM + VmEp + �VmQz) - 7.5VmAn = 
~38.5 cm3  

or, ~5.� cm3mole-� reacted plagioclase clast, a ~5% volume 
increase.
As the fracturing proceeds (from stage �b), calcite is 
introduced in the assemblage, pointing to an influx of 
carbon dioxide in the fluid. The volume of calcite in stage 
�b is roughly comparable with that of quartz or less, so 
using the molar volume of calcite suggests that the amount 
of calcite produced is 6�% of the mole amount of quartz, 
at the most (i.e. maximum �.�4 mole calcite). A balanced 
reaction may thus be:
          (reaction 3)

7.5 Ca0.56Na0.44Al�.56Si�.44O8(s) + �.9 H�O(l) + 0.33 O�(g) 
+ 3.4 SiO�(aq) + 0.6 Na+(aq) + 0.8 K+(aq) + 0.6 Fe�+(aq) 
+ 0.9 CO3

�-(aq)      
 →
5 Ca0.�6Na0.74Al�.�6Si�.74O8(s) + K0.8Na0.�Al�AlSi3O�0(OH)�(s) 
+ Ca�Al�.4Fe0.6(SiO4)3OH(s) + � SiO�(s) + 0.9 CaCO3(s) 
+ 0.8 H+(aq)
    
in which Ca ions released to the fluid react with carbon 
dioxide and form calcite. It should be emphasized that 
these reactions are simplified stoichiometric relationships. 
Hence, CO3

�- and H�O may in reality be written in other 
ways depending on the pH and other factors of the solution 
(e.g. HCO3

- and OH-). Furthermore, the way the reactions 
are written assumes that the fluid is completely exhausted 
on its components (including the water and carbon dioxide 
it self), which most likely is not true, and that Al is 
immobile (cf. discussion in Putnis �009). However, though 
simplified, the reactions show which species that have to 
be introduced in order to produce the observed mineral 

Fig. 9 SEM-BSE map of a Stage � and b detail from Stage 3. 
Note asymmetric rims on new plagioclase grains and chemical 
change along minor fractures and twin boundaries. Pl = new 
plagioclase, Pl* = host plagioclase, Ep = clinozoisite-epidote, 
Hbl = hornblende, WM = white mica. 
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assemblage and furthermore provide a rough estimation 
of water and carbonate in the fluid that can be used in 
P-T calculations. The volume change accompanying this 
reaction (reaction 3) is:
             (eq. �)

ΔV = (5VmAb + VmWM + VmEp + �VmQz + 0.9VmCc) 
- 7.5VmAn = 7�.8 cm3

or, ~9.6 cm3mole-� reacted plagioclase clast, which is a 
~9% volume increase.
 This is a larger volume increase than from the 
reaction in stage �a (eq. 4), therefore, during progressive 
reaction (and deformation) there is a continuous volume 
increase. In summary, Si, Na, K and Fe were introduced 
into plagioclase clasts by a H�O-CO� fluid, the source for 
these species probably being the reacting country-rock 
granitoids, as well as fluid-solid interactions with the 
original matrix phases (pyroxenes and Fe-Ti-oxides).

Discussion

Deformation conditions

The combination of pseudosection and PT modelling 
using the syntectonic mineral assemblage, indicates that 
deformation took place at temperatures of 500-570 °C 
at a pressure of 6-8.5 kbar (Fig. ��). CO� in the fluid 
substantially influences the pressure. From estimations 
of the maximum amount of CO� relative H�O (Reaction 
�), calculations using XCO� of 0.�5 narrow deformation 
conditions to ~550 °C and ~7.8 kbar. Hornblende 
microstructures, i.e. similar size of subgrains and new 
grains, low angle misorientations between some of the 
small and large grains and CPO by slip on the (�00)<00�> 
slip system (Fig. �0), suggest deformation by DC and SGR 
recrystallisation (e.g. Cao et al. �0�0). Such hornblende 
deformation behaviour is consistent with deformation 
conditions of 450-600 °C and 4-6 kbar (Biermann and van 
Roermund �983), where the pressure is not well constraint. 

Further, the presence of hornblende and oligoclase to 
andesine plagioclase, rather than actinolite and albite, is 
also consistent with medium pressure amphibolite facies 
conditions. 
 Our PT estimations are slightly lower than PT-
values previously reported from the Eastern Segment 
(7.5-�6.7 kbar and 660-8�3 °C; e.g. Johansson et al. �99�; 
Möller �998; Austin Hegardt et al �005), but more in line 
with pressure and temperature of the Åker metabasite, 
located ~35 km south of the investigated shear-zone at 
�0-�� kbar and 600-630 °C (Söderlund et al. �004). The 
E-W shearing was probably connected to the development 
of the regional, penetrative gneissosity and lineation, seen 
in the country-rock granitoid gneisses. These processes 
were accompanied by recrystallization of K-feldspar 
augens, which testify of temperatures above ~500 °C 
(Kruhl et al. �007). These recrystallized and deformed 
granitoids are plausible sources for the alkali-rich fluids 
penetrating the anorthositic rocks in discrete zones. During 
progressive deformation, fluid was introduced and caused a 
progressive increase in volume by chemical reactions (see 
equations 1 and 2). Alternatively, fluids were sucked in and 
filled increased pore volumes resulting from progressive 
shearing.

Deformation mechanisms

The studied shear-zone shows evidence of deformation 
both in the brittle and the plastic regime. The brittle 
component is seen as fractures commonly occurring 
as conjugate sets, where the acute intersection angle 
decreases when going from the clast- to matrix-dominated 
areas (Table �). The plastic component is closely associated 
with twin- and fracture boundaries and fine grained bands. 
In the following, we will assess a) the process, timing 
and character of fracture formation and b) the processes 
forming and occurring within the fine grained bands. In 
both, we examine the active physio-chemical processes. 
Finally, the relationships and dependences between a) and 
b) are examined. 

Fig. 10  Crystallographic orientations of selected minerals from stages 2 and 3. Pole figure reference as in figure 7.
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Brittle structures in plagioclase

Deformation of plagioclase phenocrysts started as brittle 
failure. DC or glide was not active because of the dry nature 
of the precursor rock and the relatively low prevailing 
deformation conditions (cf. Tullis and Yund �980). Initial 
fractures led to sets of transgranular conjugate fractures 
and some discontinuous fractures (Figs. �d and 3). These 
fractures do not cross cut deformation bands with finer 
grained plagioclase or deformation twins, supporting 
their early nature. The reason for development of two 
directions of fracturing is explained by the Riedel shear 
geometry (e.g. Davis et al. �999), where the main direction 
of failure (R) probably was initially determined by the 
orientation of  the weak crystallographic planes at ~�5 ° 
to the overall shear direction. The necessity for a second 
fracture direction (R´) in order to accommodate movement 
resulted in fracturing along other crystallographically weak 
planes. The observed fracture orientations (Figs. 4 and 5) 
are consistent with studies of natural and experimentally 
deformed plagioclase samples, showing that fractures 
commonly follow the two main cleavage planes of (0�0) 
and (00�) (e.g. Brown and Macaudière �984; Ague �988;  
McLaren and Pryer �00�). 
 Deformation twins are intimately associated with 
brittle fractures (e.g. Fig. 4). Growth and deformation 
twins that share a common orientation are not bent like 
the twin that contains the deformation twins indicating that 
development of deformation twins may be dependent on 
the orientation of the host growth twin (Fig. 4). Further, the 
restriction of low angle grain boundaries to the intersection 
between these growth and deformation twins suggests the 
presence of dislocations (Fig. 4). These may represent 

glissile (partial) dislocations generated by fracturing 
as found experimentally by e.g. Stünitz et al. (�003). It 
has been suggested in previous studies that deformation 
twins are developed as a stress-relaxation feature during 
fracturing (e.g. McLaren and Pryer �00�; Stünitz et al. 
2003). Our results confirm these findings and further 
indicate that it is an effect of crystal orientation and elastic 
anisotropy on the surface of the pre-existing growth twins 
that control where and if deformation twins will develop. 
Furthermore, discrete low angle boundaries are only found 
to decorate growth twin boundaries at intersection with 
deformation twins (Fig. 4), indicating that dislocation glide 
and tangles occurred during fracturing and/or subsequent 
shearing i.e. straining and build up of stress during rotation 
of the clast. As dislocation climb in plagioclase is difficult 
at medium temperatures and dry conditions (e.g. Tullis 
�00�) dislocation tangles will lead to work hardening 
and potentially invoke local brittle rupturing along twin 
boundaries. These micro-fractures are thus a later feature 
than the initial transgranular fractures, but we suggest that 
some evolve to transgranular fractures due to continued 
stress concentration, thus, enhancing the presence of book 
shelf structures.
 Besides generation of dislocations, initial 
fractures facilitated influx of external fluids as shown in 
the presence of hydrous phases, different composition 
of new plagioclase grains and chemical changes along 
fracture boundaries and growth twins (Figs. 4 and 5). 
The chemical change along twins may be caused by fluid 
infiltration through micro-fractures (see above  and Fitz 
Gerald and Stünitz �993) or by diffusion along dislocation 
cores (c.f. Yund et al. 1981). Fluid influx on an early 
stage in the deformation event is further supported by the 
presence of healed fractures in stage � (Figs. 4 and 5; e.g. 

Fig. 11 Plagioclase clast in mature shear-zone (stage 3b). a Pattern quality map over broken clast fragment inside mature shear zone 
(comparable with stage 3) and surrounding mantle of new plagioclase grains. Light grey is plagioclase and non-indexed areas. Dark 
grey areas are other phases. Black lines are high angle boundaries (>�0°; i.e. grain and twin boundaries) and white lines are low 
angle boundaries (represented by 3-�0°). b Misorientation profiles from (a) going from clast across neighbouring new plagioclase 
grains. Misorientations are relative to the first point in the profile. c Crystal orientation of clast and neighbouring new plagioclase 
grains, one point per grain. Pole figure reference as in figure 7.
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Vernooij et al. �006a; Lagoeiro and Barbosa �0�0). These 
healed fractures, separating unstrained clast fragments, 
are characterised by a row of low angle grain boundaries, 
and strings of lone grains of new plagioclase, other new 
mineral phases and fluid inclusions (Figs. 4c and 5d). A 
rim of lower anorthite content on both sides of the inferred 
healed fractures further supports our interpretation. These 
rims may be the products of coupled precipitation and 
dissolution by the fluid, pseudomorphically replacing the 
labradoritic material with oligoclase (e.g. Putnis �009). 
In this process, crystallographic orientation as well as 
twin patterns may be preserved as the replacement front 
moves through the material by local dissolution, followed 
by immediate epitaxial precipitation at the dissolved space 
(Putnis �009; Putnis and Austrheim �0�0). The fracture 
induced fluid influx will besides the chemical change lower 
the effective temperature needed for activation of DC by 
hydrolytic weakening (Tullis and Yund �980; Rybacki 
and Dresen �004). Indeed, subgrains are only observed 
in areas with a chemical change (Figs 4a-c,e), indicating 
fluid-induced crystal softening.
 In summary, initial fracturing led to introduction 
of externally derived fluids and straining of clast fragments 
causing dislocations to migrate and cluster. The resulting 
chemical reaction and subgrain formation led to weakening 
of the crystal structure and further fracturing, giving way 

for yet more fluids and dislocation build-up in strained 
fragments.

Formation of new grains and grain size reduction

New plagioclase grains are characterized by a compositional 
change (Table �) and a grain size increase from low to 
medium strain (Table �) where the size of the subgrains 
in clasts is slightly smaller than the average new grains 
consistent with later growth. Such growth is supported 
by the dominantly rounded edges of grains, implying 
boundary adjustment through migration, overprinting the 
initial grain morphology (e.g. Stünitz et al. �003). New 
grains show a strong SPO in the extension direction of the 
fracture (Fig. 6) except in initial stages. Grain rotations 
in combination with SPO data from stage �b show that 
the grains did grow dominantly in the fracture extension 
direction and not in a favourable crystallographic direction 
(Fig. 6). New grain orientations are in stage �a relatively 
close to the host orientation whereas in stage �b they 
progressively rotate away from the host orientation, to be 
near random in stage �. Finally, in stage 3 they are random 
(Fig. 7e) with large grain boundary misorientation angles 
between clast and adjacent grains (Figs. 5e). In stages �-� 
there is no zone of progressively rotated subgrains in the 
clast and no rotation gradient of new grains from clast 
boundary to the centre of shear bands. Only in stage �b 
(Fig 5e profile b-b’) misorientation angles are between 20-
30º, but their misorientation axes to the clast are random 
(Figs. 4a,f). Subgrain boundaries are few in the new grains 
and if present do not mimic the ones in the adjacent clast, 
indicating a no host control in misorientation axes, and 
hence recrystallisation process (Fig. 8; e.g. Kruse et al. 
�00�). Clast boundary bulges are not observed.
 Given the above characteristics of the new 
plagioclase grains the formation of these by dynamic 
recrystallisation of the end-member processes bulging- or 
SGR recrystallisation is not likely. SGR recrystallisation 
should theoretically produce new grains with boundary 
angles only slightly higher than �0° (Trimby et al. �998) 
without a significant chemical change. Further, they 
should inherit some low angle misorientations consistent 
with that of the host (e.g. Kruse et al. �00�). Bulging 
recrystallisation (low temperature GBM; Hirth and Tullis 
�99�) is the most common recrystallisation mechanism 
in plagioclase (e.g. Tullis and Yund �985; Tullis �00�) 
and could account for the chemical change, but would not 
produce the very high angle grain boundaries.
 Instead we suggest that in the initial stages two 
main processes were responsible for grain size reduction 
due to stress concentration at asperities of the fracture 
surfaces. These are i) heterogeneous nucleation and growth 
in the solid state or in solution (den Brok and Spiers �99�; 
Fitz Gerald and Stünitz �993; Vernooij et al �006a,b); and 
ii) fragmentation and subsequent rotation (van Daalen 
et al. �999; Vernooij et al �006a; Lagoeiro and Barbosa 
�0�0). 
 Formation of new grains by heterogeneous 
nucleation involves nucleation and growth of grains on 
sites favourable from energetic considerations, such as 
fracture surfaces, submicron sized fragments or sites of 

Table 3 Pseudosection chemistry 
Sample Shear-zone SK0403Ca)

Oxides in weight%  
SiO� 49.38 5�.�9
TiO� �.0� 0.94
Al�O3 �0.�9 ��.64
FeO 7.79 6.35
MnO 0.09 0.09
MgO 3.48 3.�7
CaO �3.33 9.90
Na�O 3.67 3.64
K�O 0.89 0.93
P�O5 0.�� 0.�4
Total 99.97 �00.00
Number of elements used in calculationb)  
Si 8�.�9 
Ti �.�7 
Al 39.6� 
Fe �0.85 
Mn 0.�3 
Mg 8.64 
Ca �3.78 
Na ��.83
K �.89 
P 0.�6 
O ? 
C 5 
O �0 
H 30 
O �5  
a) Benchmark sample (porphyritic leuconorite)  
b) Relative amounts calculated from the weight 

    percentages of oxides and molar masses 
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high dislocation density (e.g. Kenkmann and Dresen �00�; 
Rosenberg and Stünitz �003). It is especially favourable 
when the new phase can grow epitaxial on the old material 
(e.g. Brown et al. �980; Stünitz �998). Features like the 
larger size of new grains than subgrains in clasts, very 
few (and different from host) low angle misorientations, 
and differences between new grain and clast chemistry 
point to the importance of heterogeneous nucleation in 
our samples.
 We suggest that new grains also originate from 
small fracture fragments broken off from the fracture 
walls during initial fracturing. Both fragmentation and 
rigid body rotation of clast pieces allowed fluid infiltration 
resulting in reaction between fragments and fluid where 
the labradoritic fragments were chemically replaced by 
oligoclase composition, possibly by interface-coupled 
dissolution and precipitation, preserving the initial 
fragment shape (e.g. Putnis �009; Putnis and John �0�0). 
During rotation, the fragments experienced rotation 
consistent with the sense of shear and grain growth by fluid 
assisted GBM or DPC (this includes replacement creep 
where new grains grow onto clast fragments). No cores 
in the new grains with the old chemistry are preserved 
since the fragments were initially small compared with 
the thickness of oligoclase rims bordering fractures, and 
hence were completely replaced. Small fragments may 
have acted as nuclei for further growth with a different 
chemistry that is closer in equilibrium with the fluids at the 
prevailing temperature (e.g. Tullis and Yund �987; Stunitz 

et al. �003). Although cataclasis generally is shown to 
result in random orientation of new grains, grains produced 
by experimental fracturing of quartz sustained a close 
orientation to the host orientation (Trepmann et al. �007). 
The angular shape and behavior of lone grains along healed 
fractures (Figs.4e-g and 5) are consistent with that of 
rotation of broken fragments (Vernooij et al. �006a). They 
have very high angle boundaries to clast (�8-�50°) and 
show a rotation pathway with a host orientation memory 
(Fig. 4g). As such these healed fracture may represent the 
frozen-in initial recrystallization microstructures.
 We infer that heterogeneous nucleation and 
fragmentation was the two dominating processes for new 
grain formation. However, later during the deformation 
event some of the new grains were formed by SGR where 
clasts display bent growth twins and undulose extinction 
and a mantle of new plagioclase grains which have near 
same crystallographic orientation as the host clast, but 
show some rotation (Fig ��). Misorientation axes within 
all new grains mimic well those of the host clast (Fig. 8) 
and grain boundary misorientation angles increase away 
from the clast (Fig. ��). 

Processes active in fine grained bands

Besides the initial grain size reduction (as discussed 
above), there are processes that are active within the 
newly formed fine grained bands. Phases not present in 
the original assemblage (white mica, quartz, calcite and 

Fig. 12 Pseudosection in P-T space. Shaded field depicts the stable shearing assemblage. Blue, broken lines are isopleths for anorthite 
content in plagioclase. Red large cross marks the temperature and pressure (with 2σ errors), calculated with THERMOCALC with 
a fluid of composition XCO�=0.25. Small red crosses show PT conditions of the assemblage at fluid CO� molar ratios of 0.�0, 0.�5 
and 0.�0. FSP = feldspar, WM = white mica, Ep = epidote, aQz = alpha quartz, Cc = calcite, Amph = amphibole, Hm = hematite, 
Sph = sphene, Grn = garnet, Omph = omphasite.



�9

Paper III     

clinozoisite-epidote) are present in both intracrystalline 
and transcrystalline fractures, as well as in the mature 
shear bands where in addition hornblende, chlorite and 
K-feldspars occur. These new phases are interpreted to be 
formed by metamorphic reactions involving an externally 
derived fluid. The fluid entered the system through the 
fractures and subsequently deposited phases due to 
oversaturation resulting from local pressure drops, possibly 
at voids produced by grain boundary sliding (GBS; e.g. 
Rosenberg and Stünitz �003). Because of the modal 
appearance and spatial relationship between quartz and 
hornblende, their crystallographic orientations (Fig. �0) 
and the dominantly strain free character of quartz in stage 
3, we interpret that quartz grew from a grain boundary 
fluid in voids generated between hornblende grains during 
rotation and recrystallisation of the latter. 
 New plagioclase grains have rounded edges and 
the orientation of their long axis to fracture boundaries 
indicates grain growth in extension (Figs. 3 and 6). They 
occasionally grow into the clast (Fig. 4 and 5) and have 
higher An-content (~30 rather than �5) at asymmetric 
rims on grain tips (Fig. 9a). These observations suggest 
that after formation, continued growth of new plagioclase 
grains took place by GBM and DPC. Both are facilitated by 
a grain boundary fluid (e.g. Urai et al. 1986; Drury and Urai 
�990; Manktelow and Pennacchioni �004). These processes 
accommodated GBS that with increasing strain resulted 
in the progressive loss of a preferred crystallographic 
orientation, randomization of misorientation axes and the 
increased misorientation between clast and adjacent new 
grains (Figs. 7 and ��; Jiang et al. �000; Bestmann and 
Prior 2003). This indicates that fluid-assisted GBS was 
increasingly partitioning strain as deformation proceeded 
and as fractures and shear bands rotated progressively into 
parallism with the mylonitic foliation.  

Deformation of initially dry, plagioclase-rich rocks during 
wet retrograde metamorphism

In previous sections, descriptions and interpretations of 
different deformation mechanisms participating in the 
progressive stages of shear-zone development have been 
provided and discussed. As the loci of deformation shifted 

during the overall shear zone development, the different 
deformation stages (our stages �-3) have been frozen in 
and preserved.
 We suggest, that the deformation history of 
the samples investigated represents a typical history of 
deformation of a dry, plagioclase-rich rock, deformed 
at low grade conditions. Deformation is initiated by 
fractures, but is through grain size reduction, fluid influx 
and chemical reactions and replacement finally localized 
to fine-grained bands. However, several deformation 
mechanisms may operate at least in part at the same time. 
This behaviour is a direct result of the initial dry nature 
of the deformed rock, differences in fluid flux, grain size, 
and local fluid pressure as well as local and short-term 
differences in differential stress at clast interfaces due to 
clast rigid body rotation. In the following, we summarize 
our findings and interpretation in the light of these 
differences and progressive deformation (Table �).

Stage 1 - Initial deformation stage: Fracturing and grain 
size reduction

Deformation is initiated as brittle failure along main 
cleavage planes in plagioclase phenocrysts, forming 
multiple sets of conjugate fractures as fracturing is the 
only possible deformation mechanism at the low grade 
within this dry rock largely devoid of “soft” phases. Four 
immediate consequences accompany or closely follow 
the initial fracturing; i) initial grain-size reduction of 
phenocrysts into large clast pieces (~�.5 x �mm), delimited 
by fracture walls; ii) minor fragmentation along fracture 
walls down to <�0µm fragments; iii) stress relaxation 
within individual clasts by formation of deformation twins 
and the accompanying introduction of dislocations; and 
iv) increased porosity and sudden pressure drop resulting 
in rapid influx and channeling of fluids. 
 Following (iii), continued deformation causes 
dislocation glide and tangles in clasts resulting in 
formation of low angle boundaries primarily at growth 
twin boundaries. Because of difficulties of dislocation 
climb and absence of a significant amount of fluid phase, 
continued fracturing in the clasts preferentially occurs 
along these strain hardened lineaments. Along with this 

Table 4 Thermocalc chemistry     
Phase Plagioclase White mica Cz-Epa) Hornblende Chlorite Ilmenite
Oxides in weight%     
Na�O 7.67 �.�  �.57 0.49 
MgO  0.87  8.6� ��.� �.64
Al�O3 �4.86 33.34 �7.�9 �4.95 �8.5� �.��
SiO� 59.77 43.7 37.86 4�.04 30.04 3.48
K�O  9.3�  0.36 0.5� 
CaO 6.53  �4.�5 �0.9 0.36 �.04
TiO�  0.4�  0.48  45.�6
MnO    0.�4  0.75
FeO 0.�� �.78  �6.89 �5.�6 45.75
Fe�O3   8.9�   
Total 98.95 90.6� 98.3� 95.94 87.38 �00.04 
a) Clinozoisite-Epidote
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continued fracturing, a few independent fragments can be 
liberated along the low angle boundaries by brittle failure 
along low angle boundaries. Following (iv), externally 
derived fluids react with the clasts along fracture walls and 
micro-fractures at twin boundaries, and with the few small 
fragments, pseudomorphically replacing their initial (here 
labradoritic) composition with a thermodynamically more 
stable product (here oligoclase). Now new plagioclase 
crystallize and grow on preferable nucleation sites (e.g. 
fracture surfaces), by the process of heterogeneous 
nucleation. New phases (white mica, clinozoisite-epidote, 
quartz and calcite) precipitate from the reaction altered 
fluid.
 The influx of fluids has two further “side” effects. 
Firstly, the volume increase following chemical reactions 
causes continuation of fracturing, and secondly, the 
presence of fluids lowers the activation energy needed for 
DC at the same temperature, i.e. hydrolytic weakening. The 
latter allows intracrystalline plasticity in the chemically 
changed areas to occur. At the same time, plagioclase 
clasts are passively rotated along with the rotation of the 
conjugate fracture sets during the continued deformation. 
This rotation may be accommodated within the developed 
fine grained bands where new plagioclase grains and newly 
grown phases rotate and slide past each other. Deformation 
mechanisms dominant in these bands are then fluid-assisted 
GBS accommodated by DPC as well as interface coupled 
dissolution-precipitation replacement of labradorite by 
oligoclase. The rotation of porphyroclasts further results 
in heterogeneous stress distribution causing local stress 
concentrations at the clast-new grain boundaries, resulting 
in further local microfracturing. 

Stage 2 - Intermediate stage: Strain localization in 
fine grained materials and continued deformation of 
porphyroclasts

The now developed fine grained bands (incipient shear 
bands) referred to above as stage � acquire a low angle to 
the main protomylonitic foliation. Strain is progressively 
partitioned as clasts and fractures rotate and interconnect 
into fine-grained, continuous, zig-zag shaped bands. 
Stress concentration at asperities of the fine grained 
band boundaries results in further grain size reduction, 
through both fragmentation and heterogeneous nucleation. 
Due to the larger width of the developing bands, fluid-
assisted GBS causes further randomization of new grain 
orientations. Grains preferably grow in the extension 
direction by DPC and develop a strong SPO. Crystalplastic 
deformation is of minor importance and only occurs in 
areas with low anorthite content (i.e. areas affected by 
fluids and hydrolytic weakening). Within large clasts, 
mechanisms of stage � simultaneously operate due to the 
large grain-size difference and higher differential stress at 
local indention sites of the rotating clasts.

Stage 3 - High strain: Strain partitioning into fine grained 
bands

At this stage, the rotating fracture sets have completely 
aligned with the overall shear-zone orientation, and also 

widened to continuous shear-bands. Along with the efficient 
grain-size reduction (on average by a factor 1000), fluid 
presence, metamorphic reaction and deformation, main 
processes includes i) fluid assisted GBS accommodated 
by DPC, allowing space for new phase growth, causing 
phase mixing of new phases with existing phases, and 
continued growth of new plagioclase grain rims; ii) DC 
in and SGR recrystallization of hornblende; and iii) slip 
along the (00�) plane in white mica and chlorite. 
 Once these broader shear-bands are established 
and as long as fluids are available, the rheology is from that 
point determined by fluid-assisted GBS accommodated by 
DPC and slip along micas and hornblende. Henceforth, 
strain is dominantly up-taken by continuous deformation 
resulting in Newtonian flow and preserving previous (and 
simultaneous) stages within the clast-bands (stages � and �). 
However, even during this stage, hornblende, plagioclase, 
calcite and quartz locally deform by DC, depending on 
local variations in e.g. fluid flux, heterogeneous stress 
distribution (impinging grains), and grain size.

Conclusions 

This study presents microstructural and geochemical 
analyses of shear-zone development in an initially dry 
plagioclase-rich rock deformed at wet amphibolite 
facies conditions of T~550 °C and P~7.8 kbar. Strain 
localization started with brittle behavior in form of 
fractures along crystallographically determined planes in 
large interconnected plagioclase phenocrysts. The initial 
fracturing lead to influx of externally derived H�O-CO� 
fluids, bringing Na, Si, Fe and K. Reaction induced volume 
increase led to further fracturing and deformation induced 
twinning and generation of dislocations in clasts. New 
plagioclase grains formed dominantly by heterogeneous 
nucleation at sites of high energy and to a lesser extent by 
broken off fracture fragments, which subsequently were 
chemically replaced by interface-coupled dissolution and 
precipitation. During continuous deformation, rotation 
of clast pieces was accommodated by the fine grained 
bands where rotation of new grains was aided by a grain 
boundary fluid enabling effective operation of DPC. 
Simultaneously, reactions and dislocation tangles in the 
clasts led to further fracturing and inhomogeneous stress 
concentration. Passive rotation of conjugate fracture sets 
and interconnection of intracrystalline fractures formed 
zig-zag shaped fine grained micro-shear-zones. Here, 
microstructures and grain relationships indicate the activity 
and fluctuation between DPC, GBS and DC, reflecting 
a transient behaviour at the brittle-plastic transition. 
During rotation, smoothening of clast edges at fracture 
intersections by grain size reduction through not only 
fragmentation, but also SGR of hydrolytically weakened 
clasts through chemical reactions, led to widening of 
fractures into weak, overall foliation parallel shear-bands. 
Now fluid assisted GBS was increasingly effective, 
hence, here GBS and slip along weak phases dominantly 
partitioned the strain in the mature shear bands.
 This study shows that especially in initially dry 
rocks such as Proterozoic massif-type anorthosites the 
introduction of fluids through brittle failure will have 
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dramatic effects on the spatial and temporal distribution 
of active deformation mechanisms as well as chemical 
reactions and metamorphic growth. 
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