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Abstract
Keywords: Regional geology, flow dynamics/rheology of polyphase minerals,

deformation mechanisms

How do polyphase rocks deform? How do they perform to each other? Classically,
deformation mechanisms which govern the rheology of a rock (i.e flow properties) are
predicted from monomineralic experiments. However, how can science apply laws for

one system to another? Is it valid?

At the same time, when looking at deforming rocks science uses interpreted
deformation mechanisms of individual phases as indicators for conditions of
deformation. Again, based on monomineralic experiments. To ascertain if these
predictors are valid | am considering different rock types with different modal

percentages that have undergone the same PT conditions.

Individual grains and their “neighbourhoods” would need to be analysed in order to

ascertain different deformation mechanisms.

The rocks in this study have been sampled from Fiordland, New Zealand in rare
outcrop of lower crustal rocks that have been deformed and recrystallised at PT
conditions with that of eclogite facies and then exhumed passively with no further

metamorphic or tectonic overprinting.

Observed relationships in the field of Omphacite granulite and Breaksea eclogite
indicated that the rocks were co magmatic. The Breaksea eclogite was found within

lenticular/elongate pods form mm, cm, 10cm scale within the Omphacite granulite.



SEM EDS analysis revealed three main phases present feldspar, omphacite and

garnet throughout the samples collected with varying amounts of strain.

EBSD mapping of high and low strain samples of three phases’ feldspar, omphacite
and garnet within the two lithologies was able to ascertain the deformation
mechanism of each mineral relative to adjacent minerals. Contour pole figures
indicated Lattice preferred orientation of minerals that had deformed via dislocation

creep.

The deformation mechanisms observed indicate that monomineralic flow laws are not
a suitable tool and cannot be used as a reliable predictor of deformation mechanisms

of polyphase rocks.
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Chapter 1: Introduction

Determination of a rocks rheology (flow characteristics) is ascertained using existing
flow laws mainly based on monomineralic experiments. In addition when studies are
carried out on deforming rocks, contemporary science uses interpreted deformation
mechanisms of individual phases as indicators for conditions of deformation. Again,
this is based on monomineralic experiments. However, polymineralic rock types
(rocks with more than one mineral) have multiple scenarios that may influence the
rheology of the sample depending on the minerals and their location with respect to
each other. Is it valid to assume that the minerals will behave in the expected manner
regardless of adjacent minerals or the quantity of those minerals? To answer these
questions analysing different rocks types with different modal percentages of the
same minerals that have undergone deformation at the same PT conditions is

expected to provide some answers.

Located in Fiordland, South Island, New Zealand there exists a unique window to
study various lower crustal rocks that have been deformed and recrystallized at PT
conditions consistent with that of Eclogite facies and then exhumed passively - that is
to say without further tectonic overprinting. The samples are from within a unit
identified by the Geological and Nuclear Sciences (GNS), New Zealand as the
Breaksea Orthogneiss (BOG). The BOG is itself comprised of Omphacite Granulite
(OG), and Breaksea Eclogite (BE), Hornblende peridotite (HP), and a cognate

layered mafic unit Layered garnetite Pyroxenite (LGP) (De Paoli et al., 2012).
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Figure 1.1 Regional Geology of Fiordland.
Illustrating relationship of Median Batholith to Western and Eastern Provinces.

Classically Eclogite is made up of equal parts of Garnet and Omphacite however as
this eclogite is from a suite of rocks that are comagmatic the eclogite found here is a

cumulate.

1.1 Aims

The aim of this study is to look at the specific rheology/flow dynamics and
deformation mechanisms of polyphase minerals contained within the host
monzodiorite orthogneiss — BE and OG . As such it is part of a larger study to
investigate the lower crust and to assess if existing flow laws/dynamics - typically
from experiments on monomineralic rocks — are a suitable predictor of deformation

mechanisms.



Questions:

How does the lower crustal rock deform specifically an Omphacite Hornblende

Eclogite relative to Omphacite Granulite?

Does the percentage of individual phases (mineral types) influence
deformation mechanisms in the individual phases e.g. does the deformation
mechanism for Omphacite adjacent to Garnet differ to the deformation
mechanism for Omphacite adjacent to Garnet with Plagioclase present?
Furthermore is the deformation of garnet influenced by the local vicinity of

garnet, Omphacite and/or feldspar?

In order to achieve this, quantifying the microstructures present in samples from each

of the rock types in the field location, and within degrees of strain is essential. To

answer the questions posed earlier | am considering different samples with different

modal percentages of 3 main phases - feldspar, garnet and pyroxene that have

undergone deformation at the same PT conditions. A natural laboratory!

1.2 Flow characteristics/rheology

Currently science uses existing flow flaws to unravel the story of a rocks history and

journey. The flow laws used may be ineffective if they do not pertain to poly mineralic

rocks. For example flow laws indicate that garnet will



1.3: Short summary of deformation mechanisms of garnet, omphacite and
feldspar

Dynamic recrystallization occurs within a crystal during deformation in an effort to

reduce free energy. There 6 deformation mechanisms they are as follows:

1) Shape of grain change ( via dislocation or diffusion creep)

2) Sub grain formation and recovery

3) Small grains — Rotational Recrystallization

4) Small grains — Recrystallization by nucleation

5) Grain Boundary migration

6) Grain boundary sliding

The mineralogy of a grain in addition to its crystallographic orientation will determine
how that grain will behave/deform. As this study focuses on three main phases, the

deformation mechanism for each phase is briefly discussed briefly below.

Garnet

At Granulite-Eclogite facies garnet deforms via dislocation creep and recovery in
addition to sub-grain rotation at the highest strains which when grains are
recrystallised they are able to deform via diffusion creep assisted by grain boundary

sliding with associated rotations (STOREY and PRIOR, 2005)

Omphacite

Crystal lattice defects such as undulose extinction, twinning and sugbrain
development are common results of deformed omphacite. Most studies of deformed

omphacite focus on development of lattice preferred orientations and what causes

4



the resultant LPO types. A lattice preferred orientation is the ordering of the

crystallographic axis of a mineral (McNamara, 2012).

Feldspar (High grade- >500°C)

The dominant deformation mechanisms for feldspars at high PT are dislocation creep
and subgrain rotation (Rybacki and Dresen, 2004) in addition to semi brittle floe at
the expense of power law creep. Dry plagioclase (as seen in the rocks within this
study) require temperatures of ~250°C greater the wet plagioclase (Rybacki and

Dresen, 2000, Dimanov et al., 1999).



Chapter 2: Regional Geology

2:1 Regional Setting of Fiordland New Zealand

The extensive Western Fiordland Orthogneiss (WFO) was emplaced and
metamorphosed between 126-113 Ma, (Scott et al., 2011, Allibone et al., 2009,
Klepeis et al., 2007, Klepeis et al., 2004, Daczko and Halpin, 2009, Hollis et al.,
2004). The WFO is host to the youngest and deepest pluton to emerge: the Breaksea

Orthogneiss, a high P (1.8GPa) High T (850°C) composite (Figure 2.1).

not
realised

1 5e

Figure 2.1 PT diagram illustrating Omphacite Granulite and Eclogite analysed in this study were
recrystallised at ~18 kbars (1.8GPa) and T 850°C, see inset white box.
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Units within the Breaksea Orthogneiss preserve an intense S; foliation: primarily
Omphacite Granulite (OG) — the pale monzodioritic host and Breaksea Eclogite (BE)
— darker peridot gabbroic layers and pods (DePaoli et al., 2009, De Paoli et al.,

2012). OG from the Breaksea Orthogneiss is a coarse grained plagioclase - rich



Omphacite granulite and the darker layers are predominantly coarse grained
Omphacite- garnet- rich eclogite that may or may not have orthopyroxene, (De Paoli
et al., 2012). In addition hornblende peridotite symplectite and a cognate layer of the
Breaksea Orthogneiss itself identified by Meischer et al (2010) are found within the
Breaksea Orthogneiss. The Breaksea Orthogneiss is extensively recrystallised
however it odes maintain its original compositional layering evidenced by centre —

meter scale rhythmic banding, (De Paoli et al., 2012)

Chapter 3 Fieldwork

3.1: Site selection

The Breaksea Orthogneiss is a heterogeneous unit that is dominated by dioritic
orthogneiss termed Breaksea Omphacite Granulite (BOG). Minor components, in
order of abundance are: Omphacite Granulite (OG), Breaksea Eclogite (BE), Layered
Garnetite Pyroxenite (LGP) and Hornblende Peridotite (HP). The BOG has been
examined in two primary areas — Breaksea Sound and Breaksea Tops, a region
located between Breaksea Sound and Coal River, approximately 3 km south of Coal

River (Figure 3.1).

This field site was chosen due to the minimal amount of structural and metamorphic
overprinting on the BOG, allowing a rare view into the lower crust. Rocks within the
BOG are comagmatic and therefore are known to have been deformed as a

“‘package”.

Between 23" March — 1% April 2012 fieldwork was undertaken in the most accessible
location of the Breaksea Orthogneiss - the Breaksea Tops locality (Figure 3.1). Base
camp was at GPS coordinates 26727662, within the Breaksea Tops area. Nathan

Daczko, Sandra Piazolo, Geoff Clarke, Tim Chapman and | were present. Breaksea



Tops is accessed by helicopter from Te Anau, the nearest serviceable township to

field location.
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Figure 3.1 Field site, Fiordland, South Island, New Zealand. Cutaway indicating sample location

3.2: Sample selection

The main aim of the fieldwork was to identify field relationships between the various
lithologies that make up the Breaksea Orthogneiss. Samples of each lithology were
collected other than the layered Garnetite Pyroxenite, with an emphasis on collecting
samples of different strain (Figure 3.2). The collected samples were carefully
targeted to be representative of the observed range of composition and foliation
intensity (Table 3.1) The greatest variation appeared to be in the BOG and BE,

therefore these were selected for further study



Figure 3.2 Google map of field site with sample collection locations. Samples are categorised by
composition and strain.
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Table 3.1: All samples used for analysis in this study selected out of a range of 26 samples

Sample Unit Strain Geochemical analysis
technique
BS0904D Omphacite moderate EMP-EDS
Granulite
BS0905B Omphacite low EMP-EDS EMP-EBSD
Granulite
BS1202 Omphacite low EMP-EDS EMP-EBSD
Granulite
BS1204 Omphacite moderate EMP-EDS
Granulite
BS1205A Breaksea Eclogite low EMP-EDS
BS1212A Omphacite high EMP-EDS EMP-EBSD
Granulite
BS1212A Breaksea Eclogite high EMP-EDS EMP-EBSD
BS1212C Omphacite high EMP-EDS
Granulite
BS1212D Breaksea Eclogite low EMP-EDS
BS1217B Breaksea Eclogite moderate EMP-EDS EMP-EBSD

Field analysis of shape and composition of different rocks types included tracing,
where possible, the boundaries of the different lithologies, recording intensity of
foliation, measurements of foliation orientation and establishing if there was notable

deflection of the host rock (Omphacite Granulite) around any of the three additional

rock types on either cm, m or 10m scale (Figure 3.3).

11
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Figure 3.3 Field relationships of rock units, orientation and dips. Eclogite area indicates lenticular pods
of Eclogite which were found within the Garnet Granulite.

3.3: Field relationships

Observations in the field showed that BOG is the primary lithology with apparent
pods of BE, Hornblende Peridotite (HP) and layered Garnetite Pyroxenite (LGP)
found within (Figure 3.4). Further field observations indicated that the BE deformed at
temperatures and pressures quite similarly to the BOG, as foliation did not appear to

be deflected around the eclogite.

All samples were taken to Otago University for initial processing. They were cut and

cleaned in preparation for transport to Macquarie University.

12



Figure 3.4 Rock sample collection locations. View is towards the South. The BOG was found to be the
primary lithology with apparent pods of Breaksea Eclogite (left inset) found within the Omphacite
Granulite (right inset)

Chapter 4 — Methods

Part 1: Physical Analysis

This chapter aims to describe representative samples from the selected lithologies
for further study: OG and BE. All physical aspects of the samples including
Petrography (visual technique), Microstructure (visual technique), crystallographic
orientations (electronback scatter diffraction (EBSD)) and strain (visual technique

based on foliation).

13



4.1.1: Petrography

This section examines the petrography of 2 phases of the Breaksea Orthogneiss
within carrying degrees of strain. The petrography identifies changes to mineral
assemblages and microstructures that are consistent with identification of the phase
and that identify the type of deformation that has occurred. Whilst specific thin
sections are examined they are used a representative of the phase and therefore

detailed analysis of each thin section are found within the appendix.

Analytical Method

Twenty six thin sections have been made from rocks collected in the field. Samples
were cleaned and cut in preparation for transport at Otago University, Dunedin, New
Zealand. Samples were mounted on glass slides and polished to approximately 30
pm at Macquarie University, Sydney. These were then examined using a Nikon
Eclipse E400 POL Petrographic microscope using PPL, XPL in addition to a gypsum
plate. A representative description of Breaksea Eclogite and Omphacite Granulite is
given below. As this study focuses on three phases these are what is described. Of
the twenty six thin sections made, four were selected for more detailed analysis

these samples are described below.

Omphacite Granulite

Mineral modal percentages have been estimated via visual inspection of thin sections
in addition to ImageJ software. Omphacite granulite consists of plagioclase feldspar
(~35%), omphacite (~32%), and garnet (~ 25%). In addition to rutile, ilmenite,

haematite, kyanite, orthoclase and apatite.

14



Omphacite granulite was observed to be varied in composition with greater modal
percentages of garnet relative to omphacite observed depending on field relationship

and location relative to nearby rock units.

What was thought to be secondary garnet was observed only when omphacite was
observed adjacent to plagioclase within the omphacite granulite, see sample
BS1212A (Omphacite Granulite area) in addition to what is observed as primary

garnet being present.

Breaksea Eclogite

Modal percentages have been estimated via visual inspection of thin sections in
addition to the use of ImageJ software The Breaksea Eclogite was observed to have
consistent modal percentages regardless of strain. BE is comprised of garnet (~45-
50%) and omphacite (~45-50%) accessory minerals are rutile, ilmenite, haematite

with minor plagioclase and biotite.

Typically granoblastic in texture. Garnets are blocky to rounded and range in size
from 0.15- 1.0mm. Omphacite is more rounded on edges and tend to be smaller and

elongate on average, Range in size from 0.14-0.17mm.

1212A High strain Omphacite granulite and Breaksea eclogite

As discussed in section 3 .2 BE was found in the field in pods varying in size from
mm-cm-10cm, of elongate-lenticular shape within outcrops of OG in addition to
independent outcrops.(Figure 4.1) Sample 1212A was taken from an outcrop of OG

and BE and therefore has regions of both compositions. It is a high strain sample

15
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Figure 4.1 Sample 1212A High strain Granulitic texture with eclogite pods which appear strung out.
Crystals edges are anheadral.
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Sample 1217B Lower strain Breaksea eclogite

Grains are much smaller and tend to be rounded on the edges (Figure 4.2)

Figure 4.2 Sample 1217B Lower strain Breaksea Eclogite.
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Sample 1202 Omphacite granulite

Edges of garnet appear sharp with curves, grains on average are ~500um.
Omphacite is lozenge shaped with recrystallization at tails. Garnets and Omphacite

appear to define weak foliation. (Figure 4.3)

Figure 4 3 Sample 1202 Low strain Omphacite granulite

18



4.1.2: Strain

The aspect ratio of randomly selected grains within each this section plotted against
modal percentage indicates a continuing trend with high strain samples consistently
increasing in aspect ratio for both BE and OG, although BE does demonstrate

greater variation Figures 4.4-4.6.

Los High strain
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Figure 4.4 Aspect ratio: modal percentages for feldspar for all samples illustrating the relationship
between aspect ratio and strain. The higher the aspect ratio the higher the strain.
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Figure 4.5 Aspect ratio: modal percentages for garnet for all samples illustrating the relationship
between aspect ratio and strain. The higher the aspect ratio the higher the strain.
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Figure 4.6 Aspect ratio: modal percentages for pyroxenes for all samples illustrating the relationship
between aspect ratio and strain. The higher the aspect ratio the higher the strain.

4.1.3 Crystallographic Orientations: EBSD

Electron Backscatter Diffraction analysis was undertaken on a Zeiss EvWO MA15
Scanning Electron Microscope (SEM) with a HKL NordleysNano high sensitivity
EBSD detector, using the HKL CHANNEL5 analysis software from Oxford
Instruments. Data was collected from mechanically polished thin sections with a final
mechanochemical polish using colloidal silica in alkali solution. Thin sections were
subsequently coated with a ~3nm of carbon. The SEM was run at a high vacuum with
an accelerating voltage of 20kV, a beam current of 8.0nA, and with an aperature of
30um. The sample was tilted to an angle of 70°.with a tilt correction applied in the
Zeiss SEM software. EBSD was then moved to a working distance of ~12-15mm
from the stage. EBSPs were processed with 2 frame averaging, 4x4 binning, ~55

theoretical reflectors and 8-11kikuchi bands.
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Data was further processed using HKL CHANNELS software. Step 1 is to remove all
artificial noise and ‘clean’ the sample — the removal of non-systematic data points
(Prior et al., 2002). Once cleaned data is interrogated using the software, initially
data is displayed as band contrasting illustrating the data acquisition (Bestmann et
al., 2005) Crystallographic orientation of minerals are then viewed via maps that
visually represent lattice bending ( deformation via dislocation creep), using pole

figures determination of a strong Lattice preferred orientation (LPO) is ascertained.

Following are photomicrographs images taken using a Prior microscope located at
Macquarie University illustrating the EBSD sample locations on selected samples.
Figures 4.9-4.12. Not all maps resulted in viable data due to technical issues and

user error. The most representative maps have been chosen for inclusion within this

paper. They follow below the location maps.

Figure 4.7 1202: Low strain OG, red boxes indicate EBSD map locations. field of view is 50mm
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Figure 4.8. 0905b Mid strain OG, red boxes indicate EBSD map |

Figure 4.9. 1217 Lower strain BE. Red boxes inite k ma Iocatins. field of view is 50.0mm
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Figure 4.10. 1212a High strain B High straiOG (lower field) have bee analyséa
from this sample. Marked boxes indicate EBSD map locations. field of view is 50.0mm

Internal deformation with regard to adjacent minerals or location within the
neighbourhood of surrounding minerals is able to be seen via EBSD. The flowing

maps illustrate how minerals influence each other during deformation.

This is illustrated via relative orientation changes within individual grains from a
reference orientation (coloured blue on the maps see scale on Figure 4.13(the scale
remains the same throughout all maps)) to a maximum change in orientation in red of
5 degrees. Figures 4.13 — 4.20 illustrate the deformation of minerals relative to their

neighbours and neighbourhoods. Descriptions are within each caption.
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Figure 4.11. EBSD imaging of garnet: garnet in a low strain sample illustrating deformation via
dislocation creep in addition to some fracturing which may be due to omphacite in close proximity
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Figure 4.12. EBSD imaging of garnet: garnet in a high strain sample illustrating deformation via
dislocation creep which is clearly shown via the bending of the lattice crystals denoted via change in
colour from blue to red (representing a 5 degree change)
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Bl Deformationin grt.omp
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- Garnet withOmphacite and
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Figure 4.13. EBSD imaging of garnet: omphacite in a low strain sample illustrating both feldspar and
omphacite are deforming via dislocation creep.
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Figure 4.14. EBSD imaging of garnet: omphacite high strain sample illustrating deformation via
dislocation creep of the omphacite whereas there is no deformation observed within the garnet
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Figure 4.15. EBSD imaging of garnet: feldspar low strain sample illustrating deformation via
dislocation creep of the feldspar. No deformation is evident in the garnet.
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Figure 4.16. EBSD imaging of garnet: feldspar high strain sample illustrating deformation via
dislocation creep of the feldspar. Deformation is evident in the garnet via fracture
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Figure 4.17. EBSD imaging of Omphacite: garnet low strain sample illustrating deformation via
dislocation creep within the omphacite
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Figure 4.18. EBSD imaging of omphacite: feldspar high strain sample illustrating deformation of both
minerals via dislocation creep as evidenced via bending of the crystal lattice
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Pole figures can be used to illustrate the Lattice Preferred Orientation (LPO) within a
sample with each figure representing the orientation of an axis of a specific mineral.
Pole figures are displayed with X axis of a sample as horizontal, Y axis is vertical and
Z axis is perpendicular to the page. Preferred orientations are represented as

clusters of data around a point (point maxima) or in a band (a girdle).

The three phases this study focused on have different crystallographic systems,
therefore different pole figures were plotted for each phase they are as follows;
Feldspar (triclinic) <100>, <010>, <001>, Garnet (Cubic) {100},{110},{111},

Omphacite (monoclinic) {100},{110},{111}.

- Pole Figures
{100} Yo {110} (111}
[1217b-1 clean¢
Pyrope (m3m)
Subsetl
1062 data point
Equal Area proji
Upper hemisphe
X0 Half width:10°
Cluster size:5°
Exp. densities (1
Min=0.10, Max

~NOUIAWN

Figure 4.19. Contoured pole figure of garnets within sample 1217b Map 1 illustrating the preferred
orientation of garnet relative to garnet. The {100} axis has 3 cluster points

1
2

- Pole Figures
{100} Y0 {110} {111}
[1217b-2 clean¢
Pyrope (m3m)
Subsetl
579 data points
Equal Area proji
Upper hemisphe
X0 Half width:10°
Cluster size:5°
Exp. densities (1
Min= 0.06, Max

3]

Figure 4.20. Contour pole figure of garnets within sample 1217b map 2.
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The {100} axis has 2 main cluster points showing 3 areas together resulting in a weaker LPO relative
to 1217b Map 1. Garnet relative to Omphacite
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Figure 4.21. Contour pole figure 1212-A Map 3 -
The 100 axis has 3 main cluster points indication a preferred orientation garnet relative to garnet
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Figure 4.22. Contour pole figure 1212a Map 6 High strain sample
Pole figure for feldspar relative to grt with one cluster point at plane <100> (upper), <010> (upper)and

<001> (upper)
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Figure 4.23. Contour pole figure 1212a Map 6 -high strain sample
Pole figure garnet relative to feldspar from same region as sample above A preferred lattice
orientation is evidenced at {100} with one cluster point
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Pole Figures
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Figure 4.24. Contour pole figure 1202 Map 2 Low strain Omphacite Granulite
Illustrating LPO for Omphacite in {100},{110}and {111}( top pole figure) and garnet in {100} ( lower
pole figure)
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Figure 4.25.Contour pole figures for sample BS0905B Map 1

lllustrating LPO for Omphacite {100}, {010} and {001}( top pole figure) and feldspar in <010> (upper) (
lower pole figure)
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Part 2: Chemical Analysis

This chapter aims to describe and quantify the mineral chemistry of the three phases
found within the Breaksea Eclogite and the Omphacite Granulite examined in this

study.

4.2.1 SEM - EDS (note this has two aspects, EDS while EBSD was collected
and just EDS (with BSE imaging).

Methods

10 samples were chosen for chemical analysis — BE both high and low strain and OG

both high and low strain. Sample locations for BE and OG are shown in Figure 3.4.

SEM-EDS

Selected mechanically polished thin section samples were carbon coated ( ~10nm) in
preparation for mineral chemistry analysis using the Zeiss EVO MAL5 scanning
electron microscope (SEM) located within Macquarie University. Energy Dispersive
Spectrometry (EDS) values for three phases were targeted, they are Garnet,
Pyroxene (Omphacite) and Feldspar (Plagioclase). Major element oxides for the
selected phases were obtained after which the data was quantified using Oxford
Instruments HKL Aztec software The SEM was run at a high vacuum with an
accelerating voltage of 20kV, bean current 8.0-10.0nA, and aperature of 30um.
samples were set at a working distance of 11-13mm, 1024 channels with 10eV per
channel. An automated count time was used as acquisition continues until enough

counts have been collected for quantification.
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SEM-EBSD
Four samples were selected for further analysis using SEM-EBSD (explanation of
EBSD method and technique is described in section 4.1.3. EBSD gives both

crystallographic data and elemental data via elemental maps.

Results
Feldspars Feldspars for all samples plotted as either K feldspar or Plagioclase within

Oligoclase — labradorite. Samples trended toward Anorthite with increased strain.
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Figure 4.2.1 Feldspar ternary plot for all samples OG.samples both high and low strain.

Further analysis was carried out on samples representative of extremes of low to
high strain. The feldspars analysed show a range in feldspar composition with two
main populations from the low strain OG plotting within the Oligoclase field whilst the
feldspars analysed from the high strain OG plot from Oligoclase _ Andesine

migrating into the Anorthite field.
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Feldspar Ternary Garnet Granulite
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Figure 4.2.2 Feldspar ternary plot for selected Omphacite Granulite.

Garnet

Garnets from all samples both BE and OG plotted within a cluster
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Figure 4.2.3 Garnet ternary plot for all samples.

35



Garnet Ternary Garnet Granulite

Grs+Sps

©1202 GG Low
strain

A 1212A GG High
strain

High strain

Low strain

Pyrope Almandine

Figure 4.2.4 Garnet ternary plot for selected Omphacite Granulite.
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Pyroxenes

Observed Pyroxenes from both BE and OG plotted as Omphacite (Figure 4.2.3).
High strain BE seems to accommodate what has been interpreted to be recrystallised

Omphacite.

Q-J Diagram
re crystallised
omp with
less Q &J @ 0904D
1.5 @ 0905B
01202
01204
Q @ 1205A
(FEZ;;')V'g* ® 1212A
01212C2
0.5 1 ® 1212D
@ 1217B

0 0.5 1 1.5 2

Figure 4.2.5 Garnet ternary plot for selected Omphacite Granulite
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Ca)
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0.5 +
1212a Ec High

Strain

0 0.5 Lpy 15 2

Figure 4.2.6 Garnet ternary plot for selected Omphacite Granulite.

Part 3: Interpretation

As the main aim of this paper is to determine if existing monomineralic flow laws are
accurate when applied to polyphase rocks observed chemical variation coupled

together with observed crystallographic data from ebsd

Observed chemical change allows the tracking of recrystallization in both feldspar

and Omphacite. Garnet does not show any major elemental change
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Depending on adjacent mineral Garnet will either undeform/ fracture — typically seen
when garnet is surrounded by phases that deform easily. However when a garnet
mineral is adjacent to another garnet mineral or in a neighbourhood dominated by
garnet minerals then dislocation creep +- recrystallization is observed as evidenced

by a strong LPO

Chapter 5 Discussion

Achievement of aims

To answer the research question posed individual grains and the neighbourhoods
they were found in were analysed in order to ascertain the different deformation
mechanisms. The deformation mechanism for a variety of mineralic comparisons is
listed in Table 4.1. EBSD data is able to illustrate in a quantitative way the phases

that deform relative to their neighbours.
Deformation mechanisms observed were
e Dislocation creep — undulose extinction, strong LPO, slip systems

e Sub grain migration — small area of the crystal twisting in place in order to
reduce strain, in EBSD mis-orientation profiles can be used to ascertain the
angle between the grains typically this is very small ~ 5-10 °. Visually looking

for small grains within the minerals/at the edge of them.

e Fracture and cataclasis- triple point boundaries observed in smaller sub

grains, indication of attempt to reach equilibrium by the mineral.
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Regardless of neighbourhood or adjacent mineral feldspars deformed readily
consistently accommodating the maximum strain via dislocation creep and sub
grain rotation as evidenced via the LPO observed in the pole figures. Omphacite
deformed via dislocation creep/sub grain rotation again regardless of adjacent
mineral or neighbourhood however the intensity of the deformation was increased
in the BE this is thought to be due to the absence of feldspar present to
accommodate the majority of the deformation. When in the vicinity of omphacite
or feldspar garnet remained undeformed/fractured. However when adjacent to
another garnet grain garnet will deform via dislocation creep +- recrystallization

(high strain) Table 4.1.

Table 4.1 Deformation mechanism dependance on neighbourhood.

Phase and Strength Deformation mechanism Deformation mechanism

neighbourhood 1 (weakest) - (mineral 1) (mineral 2)

Mineral 1: Mineral2 | 10 ( strongest)

Mineral 1

Fldsp : Grt 1 Dislocation creep, subgrain =~ Undeformed/
rotation fractured

Fldsp : Omp 3 Dislocation creep, subgrain Dislocation creep, subgrain
rotation rotation

Grt : Omp 5 Undeformed/ Dislocation creep, subgrain
fractured rotation

Omp: Grt 5 Dislocation creep, subgrain Undeformed/ fractured
rotation

Grt : Grt 6 Dislocation creep +- Dislocation creep +-
recrystallization (high strain) recrystallization (high strain)

Omp : Fldsp 7 Dislocation creep, subgrain ~ Dislocation creep, subgrain
rotation rotation

Grt : Fldsp 9 Undeformed/ Dislocation creep +-
fractured recrystallization
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Chapter 6 Conclusions
At lower crustal conditions eclogite and granulite deform similarly, as evidenced by
little to no chemical variation of garnet and Omphacite from samples of each

composition.

This was unexpected as other field examples show a difference of rheology of
eclogite: granulite, this is interpreted to be due to an artefact of later tectonic

overprinting.

When soft feldspar is not present garnet will accommodate strain however omphacite
it consistently the primary carrier of deformation if the two phases — garnet and

omphacite — are present.

The local neighbourhood of phases can govern the deformation mechanisms that are

activated.

Data from monomineralic rocks cannot be used as a proxy for monomineralic rocks,

they simply behave differently.

The data collected in this study show that polyphase rocks deform differently
depending on what phases are present and in what quantities. With that in | believe
that the data within this study illustrates that polyphase rocks deform differently to
monomineralic rocks. In addition the data used to provide deformation indicators for
polyphase rocks that are based on flow laws for monomineralic rocks is not

adequate. My research questions were:
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e How does the lower crustal rock deform specifically an Omphacite Hornblende

Eclogite relative to Omphacite Granulite?

e Does the percentage of individual phases (mineral types) influence
deformation mechanisms in the individual phases e.g. does the deformation
mechanism for Omphacite adjacent to Garnet differ to the deformation
mechanism for Omphacite adjacent to Garnet with Plagioclase present?
Furthermore is the deformation of garnet influenced by the local vicinity of

garnet, Omphacite and/or feldspar?

| believe that | have answered both.

Chapter 7 Implications
The results from this study represent a small part of a bigger research problem. The
question of ‘How does the lower crust deform?”. All data and results from this study

will contribute to the discovery of a new deeper understanding of the lithosphere.

Information and data obtained about rheological properties of lower crustal rocks
adds to the ‘tools’ available for more realistic large scale numerical geodynamic

modelling.

There are direct implications for economic and resource management.
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