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The flying helicopter on the Red Hills Massif, Tasman, New Zealand 

 

When I heard the wind howling past my ears, at that moment my heart was beating with ecstasy. 

I love this difficult and exhausting day, I will miss all these twists and turns. 

Let me wander half drunk in my fate, let me dance with her as she goes up and down. 

I love every day that the wind takes away, that’s the only happiness I know. 

 

-Pu Shu, “Empty Sailboat” 
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Abstract 

Peridotitic xenoliths in Cenozoic volcanic rocks around Otago and the Dun Mountain Ophiolite in 

the South Island of New Zealand offer a window into the lithospheric mantle beneath the Zealandia 

continent. We selected peridotites from the Red Hills Massif, Dun Mountain Ophiolite, and mantle 

xenoliths from East and West Otago areas to reconstruct their microstructural evolution. 

Oriented sample “pairs” of harzburgite and dunite from a small area (1 km2) are of the Red Hills 

Massif (Ellis Stream Complex) contain five of the six most common types of olivine 

crystallographic preferred orientations (CPO; A, C-E and AG except B-type). In each pair, the 

dunite has a larger grain size and a stronger CPO than the harzburgite. The CPO type in the dunite 

is different to that in the harzburgite in each pair. Across the area there is an increase in CPO 

strength from east to west. The secondary dominant orthopyroxene in harzburgite inhibits both 

olivine grain size coarsening and CPO development. Similarly spinel content in dunite corresponds 

to local variations in grain size and CPO. Variations across the area relate to a gradient in strain 

and/or deformation kinematics. 

Mantle xenoliths from both East and West Otago areas have no clear foliation and lineation to use 

as a CPO reference frame. We use the most typical orthopyroxene (100) [001] CPO as a reference 

frame. Each of the CPOs is rotated so that orthopyroxene (100) is oriented as foliation and [001] 

as lineation. This enables better inter-comparison of CPOs among xenoliths.  

East Otago samples have coarse average olivine grain size (565-800 μm). Olivine CPOs have 

concentrated [100]OL and [010]OL, and the [100]OL is (sub)parallel to [001]OPX (i.e., coherent olivine 

and orthopyroxene CPOs). We infer that these CPOs are generated by dislocation creep at high 

temperature (~1000-1100 °C) and probably with melt present. The differential stresses calculated 

by using a subgrain piezometer are 3-6 MPa. Harzburgites have similar orthopyroxene and 

clinopyroxene CPOs while lherzolites do not, probably because clinopyroxene in harzburgite is 

generated by carbonate metasomatism from orthopyroxene and the new-generated clinopyroxene 

inherits the orthopyroxene CPO. Clinopyroxene lamellae in orthopyroxene are straight are not 

strongly deformed, suggesting that major deformation occurred before Cenozoic cooling prior to 

Alpine Fault initiation.  

The samples from West Otago are more complicated. Mantle xenoliths are divided into coarse-

grained and protomylonitic harzburgites. In coarse-grained samples, CPO types change from a 

range of CPOs to dominant axial-[100] (maxima in [100], girdles in [010] and [001]) type, with 

grain size increasing. Olivine and orthopyroxene Mg# and spinel Cr# are higher and orthopyroxene 

Al2O3%) lower in coarser samples. Plotting olivine and orthopyroxene grain sizes on a Zener 

parameter figure is consistent with ~1000 ℃ recrystallisation temperature. Olivine and 

orthopyroxene CPOs are mostly incoherent, which might relate to melt percolation. Protomylonites 

have much finer grain size, generated by subgrain rotation (SGR) during dislocation creep. Four-

grain junctions and weaker CPOs are used to infer operation of grain boundary sliding in the 

protomylonites. Olivine CPOs are all [010] clustered and mostly incoherent with orthopyroxene 

CPOs. The deformation temperature is around ~800 ℃, with estimated ~10-12 s-1 strain rates. Where 

samples contain remnant coarse grains the CPOs of coarse-grained and protomylonitic material do 

not align, suggesting that they developed in different episodes with different kinematics. The 

protomylonites are interpreted as the result of the Alpine Fault movement.   
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Seismic parameters calculated from CPO data shows that individual coarse-grained samples from 

East Otago have higher seismic anisotropies than those from West Otago (at both ambient and in-

situ conditions), due to higher olivine content. Protomylonitic samples have the lowest seismic 

anisotropies. The seismic properties of each sample suite are averaged to compare with present day 

geophysical measurements. As the olivine CPOs and orthopyroxene CPOs are coherent in East 

Otago the average properties do not depend on a choice of reference frame for samples. In contrast, 

West Otago xenoliths have incoherent CPOs and choice of reference frame for averaging makes a 

significant difference. The East Otago seismic data fit current geophysical data well. To fit well, 

West Otago data must use the orthopyroxene CPO reference frame.  

The seismic anisotropy data allow speculation about the large-scale mantle structures in the 

Lithosphere beneath Otago. To explain the seismic data, olivine [100] needs to be sub-horizontal 

and parallel to NNW-SSE fast polarization directions with [010] sub-horizontal and perpendicular 

to these directions. This is consistent with the East Otago lithospheric mantle containing a fossil 

vertical shear zone with NNW-SSE strike slip motion. The West Otago data is more complicated 

and requires a range of differently orientated deformation zones.  
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Chapter 1  

Introduction 

1.1 Microstructural research and its significance to lithospheric evolution  

 

Fig. 1.1 Structure of the Earth. 

Lithosphere, which includes oceanic and continental lithosphere, is always a hot topic in Earth 

science research (Fig. 1.1). To constrain lithospheric evolution, geologists use a diversity of 

research disciplines, including petrology, geochemistry, geophysics and structural geology. 

Structural geology places important constraints on kinematics and dynamics of the lithosphere 

(Ramsay, 1980; Moore et al., 1990; Dumond et al., 2010). The development of microstructural 

approaches listed in the following sections (e.g., Turner and Weiss, 1963; Knipe, 1989; 
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Mainprice and Nicolas, 1989; Bons and den Brok, 2000; Passchier and Trouw, 2005) has 

contributed significantly to our understanding of the lithosphere.   

 

1.1.1 History of microstructural research on the lithosphere 

 

Fig. 1.2 The tools for microstructural analysis. 

Confucius said: “if a craftsman wants to do good work, he must first sharpen his tools”. Better 

research equipment is always helpful for researchers. Microstructural analysis involves the 

analysis of grains in rocks, their internal states and their relationships with each other. Four 

instruments/ techniques that represent key developments in microstructural analysis tools are 

the (optical) microscope, universal stage microscopy (U-stage), electronic microscopy and 

electron backscatter diffraction (SEM/EBSD) (Fig. 1.2). 

In 1590, the first claimed microscope was invented by Zacharias Janssen and Hans Martens. 

Since the 17th century, and the microscopic world has been open to human beings. The invention 

is significant to Earth Science research; by the end of 19th century, microscopy was applied to 

the observation of thin sections cut from rocks and fossils (Sorby, 1851; J., 1914; Nuttall, 1981; 

Elsen, 2006).  
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Microscopy makes it possible to observe the grain characteristics of rock samples. One useful 

microstructural parameter is shape preferred orientations (SPO), which was initially explored 

by Sorby (1853). This parameter is helpful to infer the deformation characteristics and 

microstructural evolution of oriented rocks (e.g., gneiss, mylonite; Benn and Allard, 1989; 

Shelley, 1993; Herwegh and Handy, 1998; Gaillot et al., 1999). Optical microscope methods; 

standard optical mineralogy and petrography still form the fundamental basis of microstructural 

analysis and are well embedded in modern reference texts (e.g., Passchier and Troux, 2005). 

In 1892, E. S. Fedorov developed a four-axis universal stage (U-stage; Fedorov, 1891, 1894). 

The U-stage is essentially a goniometer that allows a thin section to be rotated and tilted into a 

range of positions and the rotation and tilt angles to be recorded. The application of the U-stage 

enables measurement of crystallographic preferred orientations (CPO) of some minerals 

(Turner and Weiss, 1963; Kruhl, 1987; Sander, 2013). During the whole 20th century and even 

the first ten years of 21st century, the U-stage has been one of the most important tools to 

measure mineral CPOs. For much of that period it was the only practical method to make 

measurements from individual mineral grains, so that the spatial variation of orientations could 

be documented. This tool has played an important role in microstructural research. CPO 

measurement is not only helpful to constrain deformation mechanisms, conditions and 

kinematics (Nicolas et al., 1973; Christensen, 1984; Schmid and Casey, 1986; Ji et al., 1988; 

Law 1990), but also is applied to research areas outside of structural geology (Schulmann et al., 

1996; Stöckhert and Duyster, 1999; Webber et al., 2010). Optical measurements, however, take 

a long time, and can only be used on a restricted set of minerals (quartz, olivine, orthopyroxene, 

calcite, etc.). In some minerals (e.g., quartz) only specific crystal directions can be measured, 
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rather than the full crystal orientation. Chemical reactions in minerals (e.g., serpentinization) 

add difficulty to acquiring CPO data (Soda and Wenk, 2014) and it is very difficult to work on 

fine-grained (<0.01mm) samples.  

Modern development of optical CPO measurements is focussed on automated systems that 

return the orientation of every pixel in a camera image of a thin section. These methods are 

limited to uniaxial minerals (e.g., quartz, calcite, dolomite, ice). Computer integrated 

polarisation (CIP), that used a standard petrological microscope with a modified stage 

(Heilbronner and Pauli, 1993; Heilbronner, 2000; Jellison Jr. et al., 2018) has been used 

extensively in the study of quartz and calcite deformation (Stipp et al., 2002; Heilbronner and 

Tullis, 2006; Osterling et al., 2007). Fabric analysers, a custom-built instrument (Wilen et al., 

2003) have been applied to quartz and ice (Wilson and Peternell, 2012; Peternell et al., 2010; 

Hunter et al., 2019). X-ray texture goniometry, a modification of the X-ray diffraction (XRD) 

method, and neutron diffraction both enable CPOs to be measured on a much wider range of 

minerals than optical methods and can usually measure a wide range of crystal directions (Wenk 

et al., 1968; Siemes et al., 1993; Rutter et al., 1994; Ullemeyer et al., 2000; Hunter et al., 2019). 

The chief disadvantage of this method is that it has no capability to resolve spatially and gives 

only a statistical view of the CPO with no clear link to the sample microstructure. 

Electronic beam instruments were first used in microstructural research in the late 1960s. 

Transmission electron microscopes (TEM) enable crystal orientations, misorientations and 

subgrain boundaries to be imaged (White, 1977; Biermann and van Roermund, 1983; Scandale 

et al., 1983; Shigematsu, 1999; Kruse et al., 2001). Unfortunately, TEM is not able to collect 

data over a large area, sample preparation remains difficult and time consuming and the training 
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pathway to be able to operate a TEM is long. Scanning electron microscopes are much easier 

instruments to use and started to be applied to microstructural analyses in the 1970s and 80s 

(Lloyd, 1985).  

Diffraction methods based on the SEM have become a mainstay of microstructural analysis. 

Early SEM diffraction work used the selected area electron channelling pattern (SAECP) 

method (Joy and Newbury, 1972) and this was applied to rock deformation research in the 

1980s and 90s (e.g., Lloyd, 1985, 1987; Lloyd et al., 1987; Prior, 1993; Pryer et al., 1995; 

Kleinschrodt and McGrew, 2000). Venables and Harland (1973) discovered the diffraction 

effect that would be applied for the method of electron backscatter diffraction (EBSD). The 

practical method of EBSD was developed (Dingley, 1981, 1984) during the 80s. EBSD has 

better resolution (0.1–1.5 μm) than SAECP (1–10 μm) (Lloyd, 1994) and is much easier to use. 

It became more widely used by the end of 20th century (Dingley and Randle, 1992; Kunze et 

al., 1994; Flievoet et al., 1999; Prior et al., 1999). During the first 10 years of 21st century, the 

number EBSD-related research papers increased year on year (Prior et al., 2009). EBSD is 

potentially applicable to all minerals (Prior et al., 1999) and those few that remain difficult 

(phyllosilicates are the only common minerals that remain difficult) do so because of sample 

preparation problems (Prior et al., 2009). Modern EBSD enables fully quantitative 

reconstruction of a sample microstructure. The speed of EBSD analysis continues to increase; 

already the current speed of analyses in the Otago laboratory are more than ten times faster 

(>1000 pts per second now) than they were when the data for this thesis were collected (~1 to 

3 years ago). As a consequence EBSD has become the prime method of quantitative 

microstructural analysis in the Earth sciences. 
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1.1.2 Significance to lithospheric evolution research 

1.1.2.1 Rheological implications  

 

Fig. 1.3 The different schematic views of rheological models of continental lithosphere 

(Bürgmann and Dresen, 2008). (a) for Jelly Sandwich, (b) for Crème Brûlée, (c) for Banana 

Split. 

There are three idealised models for the rheological properties of lithosphere (upper crust, lower 

crust and upper mantle): the Jelly Sandwich, Crème Brûlée, and Banana Split (Fig. 1.3; Burov 

and Diament, 1995; Jackson, 2002; Bürgmann and Dresen, 2008). The Jelly Sandwich model 

shows a weak mid-to-lower crust between strong upper crust and strong mantle, and the dry 

mantle hold the long-term strength of tectonic plates (Fig. 1.3a; Burov and Diament, 1995; 

Burov and Watts, 2006; Bürgmann and Dresen, 2008). By comparison, the Crème Brûlée model 

shows dry and weak mantle overlain by stronger crust, the dry and brittle crust hold the 

dominant strength of continental lithosphere (Fig. 1.3b; Jackson, 2002). Burov and Watts (2006) 

indicate that Jelly Sandwich is a more reasonable model because it is hard to interprete 

persistence of mountain ranges and the integrity of the subducting slab in collisional systems. 

All the minerals in Banana Split model are wet (Fig. 1.3c), which is used to explain the 
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weakness of major crustal fault zones throughout the lithosphere (Bürgmann and Dresen, 2008). 

Microstructures of mantle samples can help us constrain whether these models may be 

applicable.  

 

1.1.2.2 Deformation mechanisms in the lithosphere 

 

Fig. 1.4 Schematic diagrams (upper) and analogy diagrams (lower) of different deformation 

mechanisms. (a) dislocation creep, (b) diffusion creep, (c) grain boundary sliding (GBS). 

The full range of deformation mechanism includes brittle and ductile mechanisms (Knipe, 

1989). As my work concerns the lithospheric mantle I will restrict my introductory passages to 

non-brittle processes. Understanding deformation mechanism is important to infer the evolution 

of the lithospheric mantle (Fig. 1.4, 1.5).  
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Two common deformation mechanisms are dislocation creep and diffusion creep. Dislocation 

creep (e.g., Power-law) involves the movement of dislocations inside the crystal lattice (Fig. 

1.4a; Fliervoet et al., 1999; Gottstein and Shvindlerman, 1999; Heidelbach et al., 2000) by 

dislocation glide and climb. The glide process is driven by stress. Climb is thermally activated 

and is associated with recovery processes that involve the re-organisation of dislocations to 

reduced energy configurations (Poirier, 1985; Knipe, 1989; Hirth and Tullis, 1992). Lattice 

distortions and boundaries with low angle misorientations (subgrain boundaries) are a common 

(Jessell, 1988; Bons and den Brok, 2000; Bestman and Prior, 2003) manifestation of dislocation 

activity. Dynamic recrystallization (Hirth and Tullis, 1992; Morgan and Law, 2004; Miranda 

et al., 2016) is closely related to deformation by dislocation creep. Differential strain energies, 

related to dislocation density distributions, drive grain boundary migration (Urai et al., 1986; 

Jessell, 1987) and rotation of subgrains and bulging can lead to nucleation of recrystallized 

grains (Poirier and Nicolas, 1975; Urai et al., 1986; Bestmann and Prior, 2003). 

Crystallographic preferred orientations (CPOs) are an inevitable result of dislocation creep 

deformation. 
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Fig. 1.5 Deformation mechanism maps of olivine in different temperatures, (a) for 700 °C and 

(b) for 1100 °C (https://www.jessicamwarren.com/research/research-rheology/). 

By comparison, diffusion creep (e.g., Coble and Nabarro-Herring creep) is represented by the 

diffusion of vacancies without brittle failure, which might also lead to discrepant chemical 

distributions (Fig. 1.4b; Wheeler, 1992; Mei and Kohlstedt, 2000; Boioli et al., 2017). Such 

creep is favoured (relative to dislocation creep) by finer grain sizes, low stresses, low-

temperature or high-water/melt content conditions (Hirth and Kohlstedt, 1995; De Bresser et 

al., 2001; Rybacki and Dresen, 2004). A key characteristic is grain size sensitivity. Fine grained 

materials can deform by diffusion creep at stronger stresses and higher temperatures than coarse 

materials. Polycrystalline diffusion creep requires grain boundary sliding ((GBS); Fig. 1.4c; 

Bestmann and Prior, 2003; Warren and Hirth, 2006; Hansen et al., 2011). GBS takes place in 

both coarse-grained and fine-grained rocks (Linckens et al., 2011a; Chatzaras et al., 2016; 

Czertowicz et al., 2016), and is becoming increasingly recognised as important in both 

lithospheric shear zones and asthenospheric flow (Hansen et al., 2011; Karato, 2012; Ohuchi et 

al., 2015).  As well as being a necessary accompaniment of diffusion creep, it is now clear that 

GBS can also accompany grain shape change related to dislocation processes (Langdon, 2006, 

2009) and a field of deformation that has a stress exponent >1, indicative of dislocation activity 

together with grain size sensitivity is recognised in most minerals (Schmid et al., 1977; Hirth 

and Kohlstedt, 1995, 2003; Goldsby and Kohlstedt, 1997; Drury and Fitz Gerald, 1998; Hansen 

et al., 2011) and is now commonly given the name DisGBS (dislocation creep-accompanied by 

grain boundary sliding; Warren and Hirth, 2006). 
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1.1.2.3 Grain size and deformation mechanisms 

Grain size can be used, using calibrated (via laboratory deformation experiments) recrystallised 

and subgrain size piezometers, to calculate differential stress (Karato et al., 1980; van der Wal 

et al., 1993; Jung and Karato, 2001), that can in turn be used to constrain strain rate (Wang et 

al., 2013; Cross et al., 2015; Park and Jung, 2017) through experimentally derived flow laws. 

Grain size data have been used to calculate strain rate driven by dislocation creep or DisGBS 

in crustal (Twiss, 1977; Stipp et al., 2002; Rybacki et al., 2006) and mantle rocks (Hirth and 

Kohlstedt, 1995, 2003; Warren and Hirth, 2006; Hansen et al, 2011).  

 

1.1.2.4 Influence of melt 

In the lower crust or upper mantle, partial melting might also influence rheology. The existence 

of melt lowers the viscosity (Franěk et al., 2006; Cavalcante et al., 2014). Enhanced diffusion 

along grain boundary melt films may lead to grain boundary sliding-controlled creep (especially 

diffusion creep: Závada et al., 2007; Hasalová et al., 2008; Schulmann et al., 2008), particularly 

where fine-grained material is generated by strain localization (Miranda and Klepeis, 2016). 

The partially molten condition would decrease the viscosity in both lower crust and upper 

mantle (Holzman et al., 2003; Franěk et al., 2006). Partially melted and rheologically weakened 

mantle usually with higher water content (Karato, 2010; Li et al., 2018).  
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1.1.2.5 Crystallographic preferred orientations (CPO)  

Deformed rocks usually have systematic mineral CPOs rather than random crystal orientations 

(Passchier and Trouw, 2005). The prime reason for the development of CPOs in deformed rock 

is the rotation of crystal lattices related to the slip (by dislocation glide) on a limited number of 

“easy slip” crystal planes, as shown schematically in Fig. 1.6.  

The nature of CPOs thus depends on the mineral concerned, which will control how many slip 

planes may be present, and also on the kinematics of the deformation. Generally, in pure or 

simple shear, grains that are deformed preferentially along one slip plane will develop CPOs 

with the poles to that slip plane aligned preferentially parallel to compression (pure shear) or 

perpendicular to the shear plane (simple shear) (Etchecopar, 1977; Lister, 1977; Passchier and 

Trouw, 2005). Minerals with a complex set of potential slip planes (e.g., quartz) tend to give 

more complicated CPOs (Schmid and Casey, 1986; Law, 1990). CPO strength increases with 

strain, most notable in simple shear (Pieri et al., 2001; Heilbronner and Tullis, 2006; Hansen 

and Warren, 2015), although the effect diminishes at higher shear strains; above shear strains 

between ~2 and 5 there is very little increase in CPO strength (Pieri et al., 2001). 
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Fig. 1.6 From left to right: a pile of book sliding on a shelf as an analogy for mineral CPO 

formation. The axis normal to the books (bold line) rotates towards the gravity direction; an 

aggregated of crystals with a single slip system without deformation; most crystal axes (bold 

lines) rotate towards the compression direction: ultimately the CPO will have maxima of the 

pole to the slip plane parallel to compression. The figure is modified from Passchier and Trouw 

(2005). 

Dynamic recrystallization also plays a role on CPO formation (Poirier and Nicolas, 1975; 

Jessell, 1987; Siemes et al., 1993; Hunter et al., 2019). Grain boundary migration favours 

growth of grains where high shear stresses are resolved on “easy slip” lattice planes (Bestmann 

and Prior, 2003) leading to much more intense CPOs when strain induced grain boundary 

migration is a dominant process (Qi et al., 2017; Fan et al., 2020). 

Deformation conditions affect CPO development; two areas have been explored in the literature. 

Firstly is a direct control of temperature, pressure and chemical composition on which are the 

“easy slip” systems. This has been developed most thoroughly for olivine and this will be 

reviewed in section 1.2.2. Secondly is the balance between different mechanisms that influence 

CPO. Experiments at very high homologous temperatures in ice show that CPOs depend upon 

a balance of deformation related lattice rotation and dynamic recrystallisation that can change 

with stress and temperature (Qi et al., 2017, 2019; Fan et al., 2020). Another process that has 

been considered important is grain boundary sliding (GBS), which might reduce the strength of 

CPO (Hansen et al., 2011, 2012; Bestmann and Prior, 2003; Linckens et al., 2011a, 2015).  



13 
 

Bons and den Brok (2000) indicate that not only dislocation creep, but also dissolution-

precipitation creep could also generate CPO. Additionally, the secondary phase (Cross et al., 

2017), water content (Jung and Karato, 2001), pressure and temperature (Michibayashi and 

Oohara, 2013; Wang et al., 2013), differential stress (Bystricky et al., 2000; Zhang et al., 

2000), melt existence (Závada et al., 2007) might also work on CPO development. 

 

1.1.2.6 Polyphase rocks 

 

Fig. 1.7 Effect of the small and large Zener parameter (Z), based on Herwegh et al. (2011). 

Many of our concepts are developed from studying deformed single-phase rocks, such as 

dunites, marbles and quartzite. Much of our data base of laboratory experiments also comes 

from single phase rocks. However most lithospheric rocks are polyphase and we need to adapt 

our understanding towards such real materials.  
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One area where theory and experiment have combined to give us a way to deal with polyphase 

rocks is the development of our understanding of pinning of grain boundaries by second phases. 

The secondary modal content and/or distribution of a secondary phase determines 

microstructural characteristics. The fundamental basis of this idea was developed by Smith 

based on earlier ideas by Zener (Smith, 1948; Rollett et al., 2017).  

In a material containing two phases, the Zener parameter (Z) is defined as the second-phase 

grain size (dp) divided by its volume fraction (fp) (Fig. 1.7; Smith, 1948). The relationship is 

shown as: 

Z = dp/fp                                                                                                                                    (1) 

Another similar Zener relationship could be shown as: 

dI/dII = β/fII
z                                                                                                                               (2) 

where dI and dII represent primary and secondary phase of a rock separately, fII represents 

secondary phase modal content, β and z represents Zener parameters (β=1.3-4.5, z=0.3-1.0; 

summarized by Tasaka and Hiraga, 2013). These Zener parameter values are based on fII (Evans 

et al., 2001; Hiraga et al., 2010; Tasaka and Hiraga, 2013; Tasaka et al., 2013). These two Zener 

values are helpful to infer microstructural evolution (Herwegh et al., 2005, 2011; Linckens et 

al., 2011a, 2011b, 2015; Hansen and Warren, 2015). The different distribution characteristics 

of second phases (aggregated or random) are also an important issue to consider, since these 

influence the Zener values (Fig. 1.7; Herwegh and Berger, 2004; Précigout and Stünitz, 2016).  

Second phase content and distribution can be a critical control on deformation and 

recrystallisation processes and thus has a significant impact on CPO development. For example, 



15 
 

under the same geological or experimental conditions, the monophase rocks have larger mineral 

grain size (Warren and Hirth, 2015) and various CPO types (Cross et al., 2017) than the same 

mineral in polyphase rocks.  

 

1.2 Introduction to lithospheric mantle research  

1.2.1 General introduction to the lithospheric mantle 

 

Fig. 1.8 The ultramafic rock classification triangle (based on Le Bas and Streckeisen, 1991), 

the colour filled rock types are shown in this thesis.  

Lithospheric mantle is the uppermost part of the upper mantle. The lithosphere overlies the 

asthenosphere. The mantle xenolith suite and orogenic (ophiolitic) mantle slices are dominated 

by ultramafic rocks (Liou et al., 2014; Payot et al., 2018) and geophysical data (Karalliyadda 
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and Savage, 2013; Cao et al., 2015) are consistent with the present-day upper mantle comprising 

ultramafic rocks. Olivine, orthopyroxene and clinopyroxene are the three main minerals of 

ultramafic rock. The modal content of these three main minerals is used to define the ultramafic 

rock types. If the olivine is >40%, the rock is defined as peridotite. Peridotites are divided into 

wehrlite, lherzolite, harzburgite and dunite (Fig. 1.8). Many peridotites also contain a more 

aluminous secondary mineral. With pressure increasing, plagioclase, spinel, or garnet is the 

representative secondary mineral. This is useful to indicate the approximate pressure and 

temperature of in-situ lithospheric mantle. Spinel facies peridotite is the most common type in 

the lithosphere (Fig. 1.9; Menzies and Chazot, 1995; Ionov et al., 2005; Downes, 2007). 
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Fig. 1.9 The boundaries between the plagioclase, spinel, and garnet peridotite fields in the CaO–

MgO–Al2O3–SiO2 system (after Gasparik, 1984). The dashed line shows the minimum 

temperature of melting, based on Dixon (1982) and Presnall (1976). The figure is corrected by 

Perkins and Anthony (2011).  

 

Fig. 1.10 Two typical outcrops of ultramafic rock: ophiolitic peridotite (a, collected from Red 

Hills Massif, Dun Mountain Ophiolite Belt) and mantle xenoliths (b, collected from Trig L, 

East Otago). 

Since the lithospheric mantle is the deepest part of lithosphere, samples of the lithospheric 

mantle are limited to ophiolite, sliced or folded into the crust by large scale tectonic processes, 

and mantle xenoliths, captured by magmas or lavas and intrusions related to volcanic activity 

(Fig. 1.10).  

Ophiolite outcrops are generally the relics of plate subduction. The ultramafic layers of 

ophiolites provide a chance to investigate lithospheric mantle (sometimes accompanied with 

asthenospheric mantle) close to a subduction zone. Well known ophiolite belts include Oman, 

Dun Mountain (New Zealand) and Troodos (Cyprus) (Coombs et al., 1976; Varga and Moores, 

1985; Searle and Cox, 1999). Samples of lithospheric mantle in ophiolites will always have the 
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complication that processes associated with subduction and obduction overprint the processes 

associated with mantle flow. One clear example is the extensive serpentinization that 

accompanies many ophiolitic ultramafic rocks (Guillot et al., 2001; Evans, 2010). 

Samples of ultramafic rocks distant from subduction zones (e.g., cratonic mantle), are much 

more limited. Due to limitations in current technology and cost, it is impossible to collect the 

lithospheric mantle rock by drilling, except where the mantle has been brought closer to the 

surface by tectonic processes, such as in oceanic core complexes (Blackman et al., 2002a) and 

ophiolite suites (https://www.omandrilling.ac.uk/). Luckily, mantle xenoliths inside erupted 

basalts gives us a chance to investigate the peridotites beneath the continental crust (Fountain 

and Christensen, 1989; Downes, 2001; Arai and Ishimaru, 2008).  

 

1.2.2 Olivine CPOs of peridotites and misorientation parameters 

Measuring the CPO of olivine, puts helpful constraints on the evolution of the lithospheric 

mantle. Generally, based on obvious foliation and lineation, six common olivine CPOs have 

been defined (Fig. 1,9): A-type ((010) [100]), B-type ((010) [001]), C-type ((100) [001]), D-

type ((010)/(001) [100]) and E-type ((001) [100]) and AG-type ((010) [100]/[001]) (Fig. 1.11). 

Each fabric type is interpreted to be caused by different dominant slip system(s) in olivine. A-

type is the most common olivine CPO type, which is interpreted to form as a result of simple 

shear in dry mantle (Tommasi et al., 1999; Jung and Karato, 2001). The second most common, 

D-type CPO, is thought to require higher shear strain, stress or transtension (Bystricky et al., 

2000; Zhang et al., 2000; Baptiste et al., 2015). The third most common, AG-type CPO (see 

https://www.omandrilling.ac.uk/
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Fig. 1.12a), is inferred to relate to arrange of mechanisms and conditions including high-stress 

(simple) shearing (Nicolas et al., 1973; Tommasi et al., 1999, 2000; Jung et al., 2014; Qi et al., 

2018), partial melting conditions (Holzman et al., 2003; Higgie and Tommasi, 2012, 2014) and 

static recrystallization (Tommasi et al., 2008). Other less common olivine CPOs are inferred to 

form in different environments, such as partial melting (B- and E-type; Holzman et al., 2003; 

Tommasi et al., 2006), high pressure (B- and C-type; Couvy et al., 2004; Ohuchi et al., 2012; 

Wang et al, 2013), high water content (B-, C-, and E-type; Jung and Karato, 2001; Katayama 

et al., 2005), low temperature (C-type; Carter and Avé Lallemant, 1970) and in rocks with a 

high second phase modal content (as high as 50%; Soustelle and Manthilake, 2017), etc. 

Mantle xenoliths might have less volume (several cm2) within volcanic rocks, and the samples 

are randomly cut, thus it is sometimes hard to detect the foliation and lineation. The olivine 

fabric classification outlined before (e.g., Jung and Karato, 2001; Karato et al., 2008, etc.) 

cannot be applied without the foliation – lineation reference frame, which are used in oriented 

rock samples. A common solution is to use the preferred alignment of particular crystal planes 

as foliation and the preferred alignment of particular crystal directions as lineation. Two 

common reference frames are used; data are rotated into an ortho/clinopyroxene (100) [001] 

reference frame (where (100) acts as foliation and [001] as lineation; Yao et al., 2019; Yu et al., 

2019; Puziewicz et al., 2020), or into an olivine (010) [100] reference frame (Hidas et al., 2016; 

Aradi et al., 2017; Fernández-Roig et al., 2017; Liu et al., 2019). The BA-index system of CPO 

classification recognises that a useful kinematic reference frame may be absent and defines 

olivine CPOs based on the patterns of particular crystallographic axes rather than the 

relationship to lineation and foliation (Baptiste and Tommasi, 2014; Baptiste et al., 2015; 
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Kourim et al., 2019). In this classification, axial-[010] means clustered (010)OL, girdled [100]OL 

and [001]OL, orthorhombic means clustered three olivine axes, axial-[100] means clustered 

[100]OL, girdled [010]OL and [001]OL. 

 

Fig. 1.11 Five typical olivine CPO plotted in water content versus stress space (Bernard et al., 

2019). Dashed lines represent the boundaries of different olivine CPO, based on Bystricky et 

al. (2000), Zhang et al. (2000), Jung and Karato (2001), Katayama et al. (2004), and Jung et al. 

(2006). Two pie charts in the right side are the proportion of CPO types in different 

compilations of Ben Ismaı̈l and Mainprice (1998) and Bernard et al. (2019). 

A simple set of assumptions is often used to relate the olivine CPO to the olivine dislocation 

slip system responsible for deformation. In this simple model the crystal direction aligned 

parallel to lineation is interpreted as the burgers vector (slip direction) and the crystal planes 

aligned parallel to foliation the slip plane. There are a number of papers that warn that this 
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approach is oversimplified (Wenk and Christie, 1991; De Kloe, 2001; Kruse et al., 2001) and 

this approach is very difficult to apply if there is no foliation-lineation reference frame. EBSD 

data enable characterisation of the distortions within crystals and can provide an independent 

interpretation of active slip systems, that does not need the sample to be oriented. At the 

simplest level, the distribution of misorientation axes can be used to constrain likely 

dislocations responsible for the generation of CPO (especially for dislocation creep-related 

CPO; De Kloe, 2001; Cao et al., 2015; Fernández-Roig et al., 2017). If the crystal distortion 

across low-angle boundaries is coupled to the boundary orientation then it may be possible to 

fully define the nature of dislocations in the boundary (Lloyd et al., 1997; Prior et al., 2002). 

Spatial variation of orientation within a grain has been formalised mathematically to calculate 

the weighted Burgers vector (Wheeler et al., 2009).  

Misorientation data are also useful to detect the strength of deformation. The misorientation 

between 2-10° degrees is considered as subgrain boundary and >10° degrees is considered as 

grain boundary (Trimby et al., 2000; Warren and Hirth, 2006; Pearce et al., 2011). Such division 

is helpful to characterise subgrain-generating deformation, recovery and grain dynamic 

recrystallization (Storey and Prior, 2005; Raimbourg et al., 2011; Trepmann et al., 2013; Henry 

et al., 2017; Basch et al., 2019; Soda et al., 2019).  

 

1.2.3 Seismic properties 

The CPOs measured by EBSD can be used to model the seismic properties of the mantle. The 

elastic properties of individual minerals are coupled with the CPO for that mineral (e.g., Fig. 1. 
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12a) and the mineral density and proportions to estimate the bulk polycrystalline elastic 

properties (1.12b; Ji and Mainprice, 1988; Mainprice and Nicolas, 1989; Vauchez et al., 2005). 

EBSD-based seismic data (e.g., seismic velocities, anisotropies) are helpful to constrain likely 

physical properties of rocks in a given lithospheric section; a crucial constraint on the 

interpretation of geophysical data (Duclos et al., 2005; Vonlanthen et al., 2006; Cao et al., 2015). 

Seismic properties calculated from EBSD data have been used to recover mantle flow directions 

(e.g., upwelling, subducting, etc.; Blackman et al., 2002b; Karato et al, 2008; Blackman et al., 

2017), and to place constraints in the in-situ mantle evolution (Vauchez et al., 2012; Hidas et 

al., 2016). 
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Fig. 1.12 Six typical olivine CPO (a) and their Vp seismic profile (b) (modified from 

Michibayashi et al., 2016). 
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1.3 Research target and structure of the thesis 

Zealandia is considered as the eighth continent of the world (Mortimer et al., 2017). Ultramafic 

outcrops provide a window into lithospheric mantle evolution of Zealandia. As one of the most 

famous ophiolite belts, the Dun Mountain Ophiolite is a wonderful natural outcrop for the study 

of ophiolitic lithospheric peridotite. Numerous erupted volcanic basalts in Otago area (South 

Island, New Zealand) entrained mantle xenoliths. From a structural perspective these lack the 

kinematic constraints of the ophiolitic material, but are less likely to be complicated by 

structures related to exhumation from the mantle. Existing research on Dun Mountain 

(including Red Hills Massif) and the Otago area xenoliths, outlined in Chapter 2, provides a 

framework for new microstructural studies.  

The main target of my research is to describe and quantify the microstructural characteristics 

of lithospheric mantle rocks, to use these to infer mantle processes and evolution and to combine 

these results with other data to say something about the state of the mantle beneath the South 

Island. The thesis comprises three main data chapters, presented as individual scientific papers, 

bracketed by two introductory chapters and final conclusions:  

Chapter 2: A brief introduction to the geological settings of Zealandia and the specific research 

areas (Red Hills, East and West Otago). 

Chapter 3: Does second phase content control the evolution of olivine CPO type and 

deformation mechanisms? A case study of paired harzburgite and dunite bands in the Red Hills 

Massif, Dun Mountain Ophiolite. This paper has been submitted to Lithos. 
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• Five olivine CPO types are measured in paired harzburgite/dunite samples from a 1 

km2. 

• Olivine CPOs of harzburgite and dunite different in each pair; inferred to relate to the 

effect of second phase pinning. 

• CPOs strength and type changes from east to west across the area; inferred to relate to 

strain.  

Chapter 4: Pre-Alpine Fault fabrics in mantle xenoliths from East Otago, South Island, New 

Zealand. This paper has been accepted for publication in Journal of Geophysical Research: 

Solid Earth, e2020JB020196. DOI: 10.1029/2020JB020196 

• Crystallographic preferred orientations and microstructures are consistent with high 

temperature (>1000 °C) deformation, possibly with melt. 

• Preserved deformation is older than mid-Cenozoic and is most likely to have occurred 

in the Late Mesozoic. 

• Calculated xenolith seismic properties suggest that the East Otago lithospheric mantle 

preserves a fossil NNW-SSE strike slip shear zone. 

Chapter 5: Microstructural evolution of mantle adjacent to the Alpine Fault, New Zealand. 

  

• Protomylonites cross-cut coarse-grained peridotite with different deformation 

kinematics in mantle xenoliths near the Alpine Fault.  

• Coarse-grained sample CPOs together with seismic anisotropies suggest a complex 

pattern of differently oriented deformation fabrics pre-date the Alpine Fault. 
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• Protomylonites represent mantle deformation associated with the early stages of the 

Alpine Fault (~25 Ma) motion. 

Chapter 6: Conclusions  

In this thesis, the major contributors and contributions are listed below: 

Yilun Shao, University of Otago: Principal author, responsible for data collection, analysis and 

interpretation. 

David J. Prior, University of Otago: Primary advisor. Assistance with SEM/EBSD techniques, 

general guidance of thesis frame, discussion and manuscript review. 

James M. Scott, University of Otago: Secondary advisor. Assistance with Energy-dispersive X-

ray spectroscopy (SEM/EDS) and laser ablation inductively coupled plasma mass spectrometry 

(LA-ICP-MS) techniques, geological settings and geochemistry review (Chapter 2 and 

geochemical discussion of Chapter 4 and 5). 

Marianne Negrini, University of Otago: Co-author of Chapter 3-5. Assistance with SEM/EDS 

and SEM/EBSD operation, data collection and analysis. 

Virginia G. Toy, University of Mainz, Germany: Co-author of Chapter 3. Assistance with 

sample collection plan in Red Hills Massif and chapter review. 

Steven B. Kidder, City College of New York, USA: Co-author of Chapter 5. Assistance with 

protomylonitic mantle samples from West Otago area and chapter review. 
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Chapter 2  

Geological settings  

2.1 The Zealandia Continent 

Zealandia, which is considered as the 8th Continent of the earth (Mortimer et al., 2017), is a 

historic continental fragment of Gondwana (Gibson et al., 1988; Grobys et al., 2008). The 

continent is still active by Alpine Fault movement (Sutherland et al., 2000; Norris and Toy, 

2014). The conception of Zealandia could be originated as early as 19th century (e.g., 

Hursthouse, 1857). The name began widely used in geological research is by the end of 20th 

century (Luyendyk, 1995) and the following research strengthen such definition gradually 

(Mortimer, 2006; Mortimer et al., 2006, 2017; Bache et al., 2014). The total region area of 

Zealandia is as large as 4.9 Mkm2, and most of them (~94%) below the sea level (Fig. 2.1). 

Before Late Cretaceous, Zealandia is one part of the Gondwana supercontinent (i.e., the later 

Australia and Antarctica plates; Mortimer and Campbell, 2014). However, no Precambrian 

terrane was ever discovered, the oldest terrane discovered is Takaka Terrane, as early as Middle 

Cambrian (Fig. 2.1) (Cooper, 1989; Münker, 2000; Mortimer, 2004). The accreted Zealandia 

kept stable until Early Cretaceous, when Hikurangi Plateau subduction (Cashman et al., 1992; 

Jacob et al., 2017; van der Meer et al., 2017), such progress divided the subduction margin into 

fore-arc, arc and back-arc configuration (Fig. 2.1; Scott et al., 2019). Afterwards, from ~85 Ma, 

the Gondwana supercontinent breakup, and Zealandia was also separated from Gondwana, 

accompanied with Late Cretaceous crustal thinning (Gibson et al., 1988; Grobys et al., 2008; 

Eberhart-Phillips et al., 2010; Mortimer et al., 2017). Except current New Zealand, another area 
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above the sea level is New Caledonia uplift (~50 Ma; O’Connor et al., 2013; Sutherland et al., 

2020). Once the large-scale Alpine Fault totally started movement since ~25 Ma (Adams, 1981; 

Sutherland, 1999; Sutherland et al., 2000), the Zealandia above the sea level is divided into 

Western and Eastern Province (Norris and Cooper, 1995). The intraplate magmatic activities 

began since Late Cretaceous, and widely took place since Cenozoic (Coombs et al., 2008; Timm 

et al., 2010; Scott et al., 2019; van der Meer et al., 2016, 2017).  
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Fig. 2.1 Bathymetric and geological map of Zealandia with sample collection places (marked 

by red stars or red ellipse), green stars represent other peridotite collection places. Zealandia is 

also composed of accreted terranes, here shown according to their Cretaceous back-arc, arc and 

fore-arc positions. The relative ages of different terranes and the main compositions are shown 
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on the lower legend. Terrane information is based on the summary from Mortimer (2004), the 

geological map is modified from Scott et al. (2019). 

 

2.2 Dun Mountain ophiolite (Red Hills mainly) 

 

Fig. 2.2 Location of research area. (a) Geological map of the northern part of Dun Mountain 

Ophiolite Belt. (b) Geological map of research area (white box in 1a), black line box shows the 

sample collection area in (Fig. 2). Foliation poles to plane (red squares) and lineations (red 

crosses) are plotted in lower hemisphere equal area projections (c). The data in selected samples 

are shown as larger and bolder black marks. (a) and (b) are modified from Webber et al. (2008) 

and Stewart et al. (2016, 2019) respectively. 

The Dun Mountain ophiolite belt, the dominant basal part of the Dun Mountain-Maitai 

Terrane, is around 1100 km long and up to 8 km wide (Scott, 2020). The age of ophiolite belt 

rock layers ranges from Late Permian to Middle Triassic (Coombs et al., 1976; Davis et al., 
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1980; Sinton, 1980). The belt is offset by the Alpine Fault into two segments (inset of Fig. 1a; 

Coombs et al., 1976; Tarling et al. 2019). Maitai Group (sedimentary rocks) and Patuki 

Melange and Lee River Group (mafic rocks) bound the ultramafic rocks to the SW and NE 

respectively (Fig. 1a; Davis et al., 1980; Johnston, 1986).  

The Red Hills Massif, located in the Nelson area, NW of the Alpine Fault, is the largest area 

of exposed peridotite in the Dun Mountain ophiolite belt (Christensen, 1984; Webber et al., 

2008). The massif comprises harzburgite, plagioclase-bearing harzburgite, and dunite (Sano 

and Kimura, 2007; Webber et al., 2008; Stewart et al., 2019). In this thesis, the four-fold 

subdivision of Stewart et al. (2016, 2019) has been followed. The Two Tarns Harzburgite 

comprises pervasively lineated harzburgites. The Plagioclase Zone comprises plagioclase-

bearing harzburgites and lherzolites. The Plateau Complex comprises banded dunites, 

harzburgites and lherzolites. The Ellis Stream Complex comprises banded dunites and 

harzburgites with a strong planar texture (Fig. 1b). Rock masses are ordered by depth (Two 

Tarns Harzburgite is the deepest and oldest, Ellis Stream Complex is the shallowest and 

youngest). The equilibrium temperature and pressure conditions the massif experienced are 

around 1000 °C and 0.5 GPa (Stewart et al., 2019). Geochemical data show that the 

ultramafic rocks in Red Hills area are typically oceanic peridotite (Sano and Kimura, 2007). 

The microstructural data show that Red Hills peridotites with the dominant (010) [100] CPO 

(i.e., A-type) are variably overprinted by a vertical shear zone (Webber et al., 2008; Stewart et 

al., 2019). The Ellis Stream Complex is totally overprinted by the vertical shear (op. cit.). 

These peridotite outcrops have a sub-vertical foliation with steep lineations that 

cluster around a sub-vertical orientation (Fig. 2.2c). Foliation is defined by sub-
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parallel harzburgite/dunite bands, and lineation is defined by oriented orthopyroxene 

or spinel grains. 

 

2.3 East Otago 

During the early stages of crustal extension (from 85 Ma), Zealandia was affected by alkaline 

intraplate magmatism (Timm et al., 2010; van der Meer et al., 2016, 2017) until Mid-Cenozoic 

period. This magmatism is isotopically distinctive because the alkaline basalts have high 

238U/204Pb (or μ; HIMU-like) mantle source signatures (Hoernle et al., 2006; Panter et al., 2006; 

Sprung et al., 2007; Timm et al., 2009, 2010; van der Meer et al., 2017).  

Scott et al. (2020a, 2020b) and Cooper (2020) present the most comprehensive summary of 

volcanic rocks of the East Otago area. These rocks include the Dunedin Volcanic Group, which 

erupted during 24-9 Ma (Oligocene-Miocene; Coombs et al., 2008; Hoernle et al., 2006, Scott 

et al., 2020b) and contain numerous outcrops of ultramafic spinel facies peridotite xenoliths 

(Dalton et al., 2017; McCoy-West et al., 2013; Reay and Sipiera, 1987; Scott et al., 2014a, 

2014b, 2020a; Scott, 2020). The xenolith compositions are dominantly lherzolitic and 

harzburgitic with minor wehrlite and dunite. All of the xenoliths have low water content (Dalton 

et al., 2017; Li et al., 2018; McCoy-West et al., 2013; Scott et al., 2014a, 2014b). FTIR (Fourier-

transform infrared spectroscopy) estimates of water contents (Li et al., 2018) show that East 

Otago xenoliths are dry (lower water content, <2 ppm for olivine), whilst those in West Otago 

are wet (higher water content, >4 ppm for olivine). As the compositions and environments of 

the host volcanics are similar, the measured water contents most likely reflect water in the 
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mantle rather than modifications during volcanism. Osmium (McCoy-West et al., 2013) and Hf 

isotopes (Scott et al., 2014b) reveal that some xenoliths from the East Otago mantle underwent 

depletion, at the expense of clinopyroxene, in the Proterozoic. Even older peridotite xenoliths 

(Archean, ~2.5 Ga) have been found in West Otago (Liu et al., 2015). The old mantle fragments 

are interpreted to be embedded within a much younger (<300 Ma) lithospheric mantle 

incorporation beneath continental fragments (Liu et al., 2015; Scott et al., 2019).  

In addition, seismic velocity data illustrate that the East Otago crust is around 20-30 km thick 

(Eberhart-Phillips et al., 2010; Godfrey et al., 2001). Scott et al. (2014b) summarized present-

day heat flow data and used petrological constraints (spinel facies) to estimate the heat flow 

beneath southern Zealandia in the Oligocene-Miocene to be >70 mWm-2 and inferred that the 

lithosphere/asthenosphere boundary would have been at ~70 km depth. Although the Alpine 

Fault has an obvious change of lithosphere beneath South Island, it has had little impact on the 

East Otago mantle (Duclos et al., 2005; Norris and Toy, 2014). 

 

2.4 West Otago 

In West Otago area, most peridotitic xenoliths are found in carbonatitic-lamprophyric Alpine 

Dike Swarm (~25-20 Ma; Cooper, 1986; Cooper et al., 1987; Cooper and Paterson, 2008; Scott 

et al. 2014b, 2016; Cooper, 2020). The samples are feldspar- and garnet-free. They are 

dominated by spinel facies harzburgites (Scott et al. 2014b, 2016; Liu et al. 2015). Mantle 

xenoliths in most locations are dominant by coarse-grained, except several fine-grained 

xenoliths discovered in Lake Wanaka and Moeraki River (Scott et al., 2014b; Kidder et al., 
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2021). In comparison to mantle xenoliths discovered in other places in subaerial Zealandia (East 

Otago, Auckland Island, Chatham Island, etc), most West Otago samples have more refractory 

characteristics (e.g., high olivine/orthopyroxene Mg# (>91/92), high Cr# (40-80), low Al2O3 

content (<3%), etc.) (Scott et al., 2014b, 2016, 2019). Rhenium-depletion Osmium model ages 

reveal that the West Otago mantle records a wide array of depletion ages from Archean (~2.7 

Ga) to Mesozoic (Liu et al., 2015). The upper mantle beneath West Otago has a HIMU-like 

(i.e., high time-integrated U/Pb) isotopic composition caused by carbonatite or CO2-bearing 

silicate melt metasomatism (Scott et al., 2016; Cooper, 2020). The timing of metasomatism is 

similar to the initial mantle hydration by paleo-Pacific slab subduction in the Late Cretaceous 

(100-92 Ma; Hoernle et al., 2006; Panter et al., 2006; Scott et al., 2016; van der Meer et al., 

2017). Hydrous minerals (e.g., amphibole/phlogopite) occur in West Otago samples (Scott et 

al., 2016). Li et al. (2018) and suggest that Australian Plate subduction led to mantle hydration 

in West Otago area around ~25 Ma.  

Scott et al. (2014b, 2016) inferred that the base of Zealandia lithosphere in the Oligo-Miocene 

would have been around 70-80 km depth, based on the 70 mWm-2 palaeo heat flow estimate. 

Hua et al. (2018) constrain the present-day lithosphere-asthenosphere boundary in the 

southwestern Alpine Fault area at 80-90 km depth by using onland seismometers. The local 

lithospheric fast azimuth delay time, from local/regional splitting shear wave data, is around 

0.1-0.4s, and their fast directions in West Otago area are either around N-S or NE-SW, the latter 

direction is subparallel to Alpine Fault direction (Fig. 5.1; Karalliyadda and Savage, 2013; 

Norris and Toy, 2014). 
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The Alpine Fault was first formed around ~45 Ma (Sutherland, 1999; Sutherland et al., 2000; 

Duclos et al., 2005). At ~25 Ma strike-slip motion of the fault initiated and bisected the 

Zealandia continent (Cooper et al. 1987; Norris and Cooper, 1995; Sutherland et al., 2000). The 

calculated current displacement rate is around 15-27 mm/year of surface dextral strike-slip 

motion on the Alpine Fault (Sutherland, 1994; Sutherland et al., 2000, 2006; Norris and Cooper, 

2001) and rates at 25 to 20 Ma are estimated at around 15 mm/yr (Sutherland et al., 2000). The 

Alpine Fault is highly localized (very high strains within a few km of the fault) in the upper and 

lower crust and affects an area as wide as ~100 km, with lower strain in both the crust and the 

mantle than localized area (Toy et al., 2008, 2015; Karalliyadda and Savage, 2013; Norris and 

Toy, 2014; Hua et al., 2018; Haines and Wallace, 2020). It is not clear from geophysical data 

(e.g., fast azimuth direction, seismometers, seismic anisotropies, etc) whether strong 

localization occurs in the mantle.  
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Chapter 3 

Does second phase content control the evolution of olivine 

CPO type and deformation mechanisms? A case study of 

paired harzburgite and dunite bands in the Red Hills Massif, 

Dun Mountain Ophiolite  

Yilun Shao1, David J Prior1, Virginia G Toy1, 2, Marianne Negrini1, James M Scott1 

1Department of Geology, University of Otago, Dunedin, 9054, New Zealand. 

2Institut für Geowissenschaften, Johannes Gutenberg Universität Mainz, Mainz, 55099, 

Germany 

 

Abstract: 

To determine how mantle peridotites, with different second phase content behave under the 

same deformation conditions, we have examined the microstructural evolution of six “paired” 

harzburgite and dunite samples from a small (~ 1 km2) area in the Ellis Stream Complex, Red 

Hills Massif, Dun Mountain ophiolite belt in New Zealand. Here, banded peridotites delineate 

isoclinal folds and characteristically have E-W striking, vertical foliations and lineations that 

overprint previous mantle structures. These are interpreted to result from shear on vertical 

planes. The samples, from six locations, display a complete diversity of olivine CPOs 

(crystallographic preferred orientations): forming patterns typically known as A, C, D, E and 

AG-types. The harzburgites and dunites in each pair show different CPOs (e.g., A vs E type). 
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In each pair dunite generally has larger grain size and stronger CPO. At some localities, the 

dunite has layers with different CPOs (A and D/E types) and grain sizes, corresponding to 

variations in spinel content. As all paired samples were collected within a few centimeters of 

one another, we infer that the deformation conditions (e.g., temperature, pressure) and 

kinematics were the same for the harzburgite and dunite in each pair. The lack of layer pinch 

and swell suggests that the strain accommodated by the harzburgites and dunites in each pair 

was similar. It is most feasible that second phase content (orthopyroxene and/or spinel) is the 

primary factor controlling the CPO type at a single locality. Additionally, we observed a 

change of the CPO types and a decrease in CPO strength from the eastern to the western part 

of the Ellis Stream Complex. We infer this relates to decreasing strain and/or changing 

deformation kinematics (e.g., shear to flattening ratio) across the area. The different CPOs of 

harzburgites and dunites implies that the second phase content exerts a significant control on 

olivine CPO development. 

 

3.1 Introduction 

Non-random olivine CPOs are almost ubiquitous in samples from the lithospheric mantle and 

CPO development in the mantle is commonly attributed to deformation by high–temperature 

creep mechanisms, most particularly dislocation creep (Ben Ismaı̈l and Mainprice, 1998; 

Bernard et al., 2019). Key controls on CPOs developed during deformation include the 

environmental conditions (e.g., temperature: Michibayashi and Oohara, 2013), the kinematics 

of deformation (e.g., simple shear vs pure shear: Tommasi et al 1999; Law and Johnson, 2010) 
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and the rock mineralogy: most particularly the effect of second phase content on the CPO 

development in the volumetrically most significant phase (Little et al., 2013; 2015; Cross et al., 

2017). Most mantle rocks are not dunites, they are polyphase peridotites and in this contribution 

we analyse a suite of samples where we can fully or partially eliminate deformation conditions 

and kinematics as controls on CPO to isolate the effect of second phase content on olivine CPOs 

in peridotites.  

Six types of olivine CPO have been recognised in peridotites: A-type ((010) [100]; Tommasi et 

al., 1999; Jung and Karato, 2001), B-type ((010) [001]; Jung and Karato, 2001; Holtzman et al., 

2003), C-type ((100) [001]; Michibayashi and Oohara, 2013), D-type ((010)/(001) [100]; 

Bystricky et al., 2000), E-type ((001) [100]; Karato et al., 2008) and AG-type ((010) [100]/[001]; 

Nicolas et al., 1973; Holzman et al., 2003). In this case, (hkl) refers to the crystal plane aligned 

with foliation (or shear plane) and [uvw] the crystal direction aligned with lineation (or shear 

direction).  

The different CPOs are commonly considered to be generated under different deformation 

conditions (Michibayashi and Oohara, 2013; Bernard et al., 2019). Experimental studies 

correlate the development of these CPO types to different conditions of stress and water content 

(e.g., Jung and Karato, 2001; Wang et al., 2013). For instance, B- and C-type CPOs are 

correlated to high-water content (>200 ppm), B- and D-type CPO to high-stresses (>300 MPa) 

(Bystricky et al., 2000; Jung and Karato, 2001). These experimental results have made a huge 

contribution to mantle evolution research. However, there are a few issues in extrapolating 

those experimental results to nature. Pure olivine samples were used in the experiments from 

which the different CPO types were defined, while most natural mantle samples are not pure 
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dunite, but contain other mineral phases (second phases). Experiments performed on olivine 

rocks containing second phases (e.g., orthopyroxene, clinopyroxene, melt) often show CPOs 

that differ from those for dunite under the same experimental conditions (Holtzman et al., 2003; 

Sundberg and Cooper, 2008; Maruyama and Hiraga, 2017). There are also published data from 

natural samples that do not match the experimental results: for instance, B/C-types are 

documented in rock deformed under dry conditions (5-15 ppm; Wang et al., 2013; Yao et al., 

2019). In addition, the generation mechanisms of one CPO type (e.g., AG-type) can be 

interpreted in different ways (high or low pressure, wet or dry condition, simple shear or 

compression, non-melt or partial molten environment, etc; e.g., Nicolas et al., 1973; Tommasi 

et al., 1999; Holtzman et al., 2003; Bernard et al., 2019). Furthermore, multiple geological 

events might overprint original olivine CPOs (Webber et al., 2008), and multiple (>3) olivine 

CPO types have been described within relatively small (several km2) field areas (Kim and Jung, 

2015; Yu et al., 2019). It seems likely that a single set of deformation conditions is not the only 

factor controlling the development of CPOs. 

In this study we describe the CPOs and microstructures of paired samples of harzburgite and 

dunite from the Red Hills orogenic peridotite body, New Zealand. The harzburgite and dunite 

samples in each pair are from the same location (no more than 2 cm apart) and field data suggest 

that they deformed together under the same kinematics and deformation conditions. This 

provides a natural experiment to study how olivine CPO type is controlled and affected by 

factors other than the deformation conditions, most particularly the sample mineralogy: the 

second phase content.  
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3.2. Samples information of research area 

All samples presented in this paper come from the Ellis Stream Complex. Isoclinal 

folds of layers within the peridotite are observed, with axial surfaces parallel to 

foliation and a variety of moderate to steep fold axis orientations that lie within the 

foliation plane (Fig. 3.1a-c). In places, “eye” structures, i.e., sheath folds (Cobbold 

and Quinquis, 1980) are observed (e.g., Fig. 3.1b). The foliation dominantly strikes N-

S, but a subset of poles to foliation describes a great circle normal to the average 

lineation (Fig. 2.2c, 3.1d). Such distributions suggest the foliation is folded with fold 

axes statistically parallel to lineation (e.g., Bonamici et al., 2011), consistent with 

field observations (Fig. 3.1d). Stewart et al. (2019) described these rocks as L-S 

tectonite and inferred that deformation is shear dominated. Bulk deformation 

kinematics could lie between simple and pure shear (constriction) with the lineation as 

the shear (transport) direction. We infer that the foliation, lineation and fold structures 

were all formed during the same deformation. The kinematics of deformation is likely 

very similar at all of the sample locations. 
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Fig. 3.1 (a), (b) and (c) are folded clinopyroxenite bands (marked by red dashed lines). (d) 

Google Earth image of research area (bird-eye view) and paired sample collection positions. A 

stereonet of foliation, foliation pole to plane and lineation of each pair is shown near the photo. 

Each pair of samples has a colour (photo edge and text) that identifies that pair and is used in 

subsequent table and figures. 
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3.3 Methods 

3.3.1 Sample preparation 

Many samples in this research area are serpentinized and we focused our attention on samples 

with less serpentine and with grain shapes (of olivine and orthopyroxene) preserved. All the 

samples were cut perpendicular to foliation and parallel to lineation. We estimate the orientation 

error in cutting sections in the correct kinematic reference frame at no more than 10 degrees. 

Thin sections were polished, with ≥1 μm diamond followed by colloidal silica (Lloyd, 1987) 

and were then coated with ~10 nm of carbon.  

 

3.3.2 EBSD analysis and data noise reduction work 

EBSD (electron backscatter diffraction) analysis was conducted using a Zeiss Sigma VP-FEG-

SEM at the University of Otago with an accelerating voltage of 30 kV and ~100 nA beam 

current, a working distance of ~30 mm, at a tilt of 70°, step size of 50 μm. The raw EBSD data 

were initially processed using Channel 5 software (e.g., Bestmann and Prior, 2003). Since most 

samples are serpentinized to some extent, direct use of the raw EBSD data would lead to single 

grains (cut by serpentine bands) being defined as multiple smaller grains (Fig. A1a in Appendix 

A) and to significant errors in grain shapes analysis (inset of Fig. A1a in Appendix A). To 

recover the primary grain shapes and sizes in samples influenced by serpentinization, we used 

additional noise reduction function that involved assigning empty pixels the orientation of a 

neighbouring pixel when the empty pixel had at least three neighbours with similar orientations 

to one another. This is the same as the procedures described by Bestmann and Prior (2003) but 
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with a lower threshold (fewer pixels of the same orientation). Comparison with plain polarized 

micro photographs and band contrast images shows that the reconstructed grains are much 

closer to a pre-serpentinized state (Fig. A1b, A2 in Appendix A).  

Reconstructed grains are defined using the MTEX toolbox (http://mtex-toolbox.github.io; 

Hielscher and Schaeben, 2008), with threshold misorientations for grain boundaries of 10° 

(Bachmann et al., 2011). CPO data are presented as one point per grain in lower hemisphere 

stereographic projections with contours based on a counting cone with 20° half width using the 

MTEX toolbox (Bachmann et al., 2010). The BA-index (Mainprice et al. 2014), which has 

values between 0 and 1, is calculated as 0.5*(2-(P010/(G010+P010))-(G100/(G100+P100))). 

The M-index (Skemer et al., 2005) is calculated using the MTEX toolbox from the random-pair 

misorientation angle distribution and has a value of 0 for a uniform distribution and 1 for a 

single crystal (Mainprice et al., 2014). 

Grain sizes are calculated as the diameter of a circle of equivalent area. With a 50 μm step size, 

grains less than 200 μm in diameter (which represent less than 5% of the grains) are not robustly 

defined so these are excluded from CPO data and grain size statistics in all samples. Clear 

identification of subgrain boundaries was hindered by the network of fine serpentinite veins. 

The processing to remove the effects of serpentinization creates some uncertainties in grain size 

and shape measurements. Errors have been estimated by measuring the thicknesses of 

unindexed pixels that separate two grains of different orientation. Ten such thicknesses were 

measured in each sample (or subdivided area). The measured values represent the grain size 

error. The grain aspect ratio then has maximum value of (long axis+grain size error)/(short axis-

grain size error) and a minimum value of (long axis-grain size error)/(short axis+grain size 

http://mtex-toolbox.github.io/
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error). The calculated grain sizes and aspect ratios (with their errors) are shown in Table 3.1. 

We use a colour/symbol scheme throughout all tables and figures to identify the harzburgite 

(hollow circle) and dunite (solid circle) appertaining to the same pair (unique colour for each 

pair, see Table 3.1). 

  



45 
 

Table 3.1 General information, microstructural information of each paired harzburgite (H) and dunite (D). M: subdivided medium-grained area; C: subdivided 

coarse-grained area. dunite; Ol: olivine; Opx: orthopyroxene; Cpx: clinopyroxene; [100]OL and [001]OPX angle represents coherent (≤10°; Y), sub-coherent (11-

20°; Y(S)) and incoherent (>20°; N) separately. Similarly hereinafter. 

Sample No. 
Modal content (%) 

Band thickness 
Distance between paired 

samples 
Ol grain size (μm) Ol aspect ratio Ol CPO 

Ol BA-

index 
Ol M-index 

Opx grain 

size (μm) 

Opx aspect 

ratio 
Opx CPO 

Angle between 

[100]Ol and [001]Opx 

Ol and Opx 

coherence 
Ol Opx Cpx Sp 

19RH14-1H 79.6  16.1  3.7  0.6  Thin layer (2cm) 
1.5 

462±39 1.7±0.3 A-type 0.4915 0.2319 471 1.69  (100)[001] 26 N 

19RH14-1D 97.0  0.0  2.3  0.7  Thin layer (3cm) 676±52 1.8±0.4 D-type 0.8276 0.2554      

19RH14-2H 70.8  25.5  3.6  0.0  Thin layer (1cm) 
1 

592±53 1.7±0.4 A-type 0.4965 0.195 507 1.55  
weak 

(100)/(010)[001] 
10 Y 

19RH14-2D 95.0  0.0  4.8  0.2  Thick layer (6cm) 751±84 1.6±0.4 D-type 0.7216 0.2588      

19RH03-2H 75.9  19.4  4.5  0.1  Thin layer (3cm) 
1.5 

572±59 1.6±0.4 A-type 0.4954 0.1466 474 1.68  (100)[001] 16 Y (S) 

19RH03-2D 98.8  0.0  0.4  0.8  Thick layer (7cm) 769±66 1.5±0.3 E-type 0.4548 0.2037      

19RH19-8H 77.7  17.5  3.6  1.2  Thin layer (3cm) 

0 (in one thin section) 

614±71 1.7±0.5 A-type 0.5653 0.1065 422 1.79  
weak 

(100)/(010)[001] 
14 Y (S) 

19RH19-8D 87.4  5.8  4.1  2.7  

Thin layer (2cm) 

776±78 1.6±0.4 A-E type  0.4426 0.1118      

19RH19-8D (M) 90.8 1.9 4.7 2.6 686±70 1.7±0.4 A-type 0.2784 0.1199      

19RH19-8D (C) 91.3 1.7 3.2 3.8 870±72 1.7±0.3  E-type 0.5078 0.2589      

19RH19-9H 80.0  14.8  4.8  0.4  
Thick layer (lense, 

6cm) 

2 

700±82 1.6±1.2  E-type 0.6639 0.1125 454 1.56  (100)[001] 12 Y (S) 

19RH19-9D 92.2  0.0  1.6  6.2  

Thin layer (2cm) 

872±117 1.5±0.5 A-D type 0.8477 0.1931      

19RH19-9D (M) 81.2 0.0  4.4 14.4 724±94 1.5±0.5 A-type 0.5709 0.1152      

19RH19-9D (C) 99 0.0  0.1 1.0 1008±126 1.5±0.5 D-type 0.7363 0.2947      

19RH08-1H 77.5  19.2  2.9  0.4  Thick layer (10cm) 
2 

583±39 1.6±0.3 AG-type 0.3412 0.127 504 1.63  (100)[001] 9 Y 

19RH08-1D 94.2  0.2  3.0  2.6  Thin layer (2cm) 747±45 1.5±0.2 C-type 0.4937 0.1673           
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3.4. Results 

3.4.1 Macro- and microscale observations 

We collected six pairs of oriented peridotite samples from vertically foliated exposures 

containing numerous subparallel, cm-to dm-thick alternating layers of harzburgite and dunite. 

Each analysed pair is composed of one harzburgite and one dunite (Fig. 3.1d) sample. No 

boudinage or “pinch and swell” structures were observed in either the selected dunite or the 

harzburgite layers. The thicknesses of layers and thus the distance between “paired” samples 

is in all cases less than 2 cm (Fig. 3.1d, Table 3.1).  

Grain size analysis for each sample is shown in Fig. 3.2. Harzburgite has a higher frequency 

of peak grain size values (250-350 μm) and a lower frequency of larger grain sizes (>1000 μ

m) than dunite. Peak grain sizes of harzburgite and dunite in each pair are similar and these 

values are similar for all samples. The mean grain sizes of dunites tend to be larger than those 

of harzburgites, dunites typically have larger olivine grains (680-870 μm) than harzburgites in 

the same pair (Table 3.1, Fig. 3.3). The average grain sizes of olivine in harzburgites are all 

less than 700 μm. The mean aspect ratios of dunites are mostly lower than harzburgites in the 

same pair (except 19RH14-1H/D; Table 3.1, Fig. 3.3b). 

We also identify dominantly medium- (shown as hollow triangle) versus coarse-grained 

(shown as hollow square) areas (i.e., subdivision areas; Table 3.1, Fig. 3.2, 3.3b, 3.3c, 3.6, 

3.7a, 3.7c) in dunite. 

 



47 
 

 

Fig. 3.2 Olivine grain size distributions of each pair (upper) and subdivided areas (sample 

19RH19-8D and 19RH19-9D, their thin section areas are shown in Fig. 3.6) (lower), colored 

column is the size bin that contains the mean size. Mean: average arithmetical grain size (with 

errors, same as in Table 3.1). 
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Fig. 3.3 (a) Olivine grain size in paired samples. The smaller figures in the right side reveal 

paired samples relationship with same scales in X-Y axis. Dashed straight lines represent 

condition that slope factor equals to 1. (b) shows relationship between olivine grain size and 

aspect ratio in each individual sample or subdivided area, areas enclosed by black dashed lines 

represent ranges of each rock type parameters. (c) shows relationship between olivine modal 

content and grain size in each individual sample or subdivided area. Bold circles represent 
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harzburgites, hollow circles represent dunites. Hollow triangles represent medium-grain areas 

(closer to harzburgitic band), hollow squares represent coarse-grain areas. Similarly hereinafter. 

Due to the magnitude of errors related to the effects of serpentinization, the aspect ratios of 

harzburgite and dunite could not be determined precisely (Table 3.1). However, based on the 

reconstructed EBSD maps and on thin section images the aspect ratios of the harzburgites and 

dunites were estimated to be >1 (probably 1.5 to 1.8 with errors of ~0.4; Table 3.1). The 

orientation of the long axes of olivine grains in both dunites and harzburgites are clustered 

parallel to lineation. On the other hand, the long axes of orthopyroxene are clustered either 

(sub)parallel to (19RH14-1H, 19RH14-2H, 19RH08-1H), or (sub)perpendicular to the lineation 

(19RH19-8H, 19RH19-9H), with one sample (19RH03-2) having both of these preferred 

orientations (Fig. A3 in Appendix A). The [001]OPX does not coincide with dominant SPO 

(shape preferred orientations) directions except in 19RH14-1H and 19RH08-1H (Fig. 3.4a, Fig. 

A3 in Appendix A).  

The modal abundance of orthopyroxene in harzburgites is around 15-26% (Table 3.1). 

Orthopyroxene grains occur either in layers (Fig. 3.4a) or distributed through the rock (Fig. 5b, 

5c). Olivine inclusions are common in orthopyroxene grains (Fig. 5d). In each pair, dunite has 

higher spinel content than harzburgite (Table 3.1, Fig. 3.4a, e-g). The subdivided areas in dunite 

have different spinel distribution: the coarse-grained area have fewer spinel grains than the 

medium-grained area. Many spinel grains lie on olivine grain boundaries (Fig. 3.4a, 3.4g, 3.6). 

The olivine grains in dunites have more straight grain boundaries than curved (Fig. 3.4b-g). 
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Fig. 3.4 Microphotograph shows the “paired” sample 19RH19-8H/D in one thin section (a), 

harzburgite and dunite areas are divided by red dashed lines, long axes of orthopyroxene grains 
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in harzburgite area are vertical to foliation. b-d are harzburgites, e-g are dunites. Rose diagram 

shown inset represents the SPO (shape preferred orientations) distributions of valid grain long 

axis orientations in the thin section reference frame (0 degree is the direction of lineation), black 

line shows [100]OL/[001]OPX directions in the same reference frame. (b) Orthopyroxene grains 

(partly elongated) within olivine grains. (c) Various orthopyroxene shapes within with less 

curvy grain boundaries olivine grains. (d) Rounded orthopyroxene grains within olivine grains, 

accompanied with numerous olivine inclusions (circled by dashed red lines). (e) Elongated 

olivine grains in sample 19RH14-1D. (f) Olivine grains with less curvy grain boundaries in 

sample 19RH03-2D. (g) Boundary (red dashed line) between medium- (lower) and coarse-grain 

(upper) areas in sample 19RH19-9D. All microphotographs are xpl, the arrows represent 

microphotograph directions relative to lineation (L). 

 

3.4.2 CPO and other microstructural data characteristics 

All samples but one (19RH08-1D) have [100] direction parallel to lineation (Fig. 3.5a, 3.5c). 

Five of the six typical CPO types are found; only B-type is absent. Most harzburgite samples 

have A-type CPOs (i.e., [100] axes parallel to lineation and (010) plane parallel to foliation), 

but one sample has E-type ([100] axes parallel to lineation and (001) plane parallel to foliation) 

and another AG-type ((010) plane parallel to foliation, [100]/[001] girdles parallel to lineation) 

(Fig. 3.5a). Olivine in dunite samples display a wider variety of CPOs. Samples with 

homogeneous grain sizes and shapes, both19RH14-1D and 19RH14-2D have D-type CPOs 

([100] axes parallel to lineation and [010]/[001] girdles parallel to YZ plane), sample 19RH03-
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2D has E-type and sample 19RH08-1D has C-type ([001] axes parallel to lineation and (100) 

plane parallel to foliation) (Fig. 3.5c). The overall CPO distribution of sample 19RH19-8D is a 

typical A-type. This CPO also characterises the medium-grained area, whilst in the coarse-

grained area all three principal CPO axes are rotated away from parallelism with the kinematic 

axes (Fig. 3.5c, 3.6a). 19RH19-9D’s [010] and [001] axes have girdle-like distributions in both 

the complete data set and the coarse-grained area, whilst the medium-grained area of this 

sample has an A-type CPO (Fig. 3.5c, 3.6b). Orthopyroxenes in all samples have (100) planes 

(sub)parallel to foliation, the [001] axes are either (sub)parallel to lineation or inclined at ~20° 

inclination to lineation in the foliation plane (e.g., 19RH14-1H, 19RH19-9H) (Table 3.1, Fig. 

3.5b). Additionally, most [100]OL and [001]OPX in harzburgites lie within 10-20° of each other, 

and the olivine and orthopyroxene CPOs are sub-coherent (Table 3.1, Fig. 6a, 6b). 
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Fig. 3.5 Lower hemisphere, equal area stereographic projections of crystal preferred 

orientations (CPO) of olivine/orthopyroxene in harzburgite and dunite pairs from the Red Hills 

area. Foliation and lineation orientations are shown in left top. N, number of measured grains; 

MD, maximum density. The inferred olivine CPO and distance between each “paired” samples 

are also shown in this figure. All the scales are the same, similarly hereinafter. 

 

Fig. 3.6 Olivine CPO and SPO evolution tendencies in subdivided medium- (M) and coarse-

grained (C) areas of sample 19RH19-8D (a) and 19RH19-9D (b). Olivine CPO in sample 



54 
 

19RH19-8H is also shown as a reference. The boundaries between medium- and coarse-grained 

areas are divided by solid white line. NSp: valid amount of spinel grains in subdivided areas. 

 

Fig. 3.7 (a) Point (P), girdle (G) and random (G) distribution of olivine in [100], [010] and [001] 

axes in “paired” samples. Arrows represent the typical olivine symmetry CPO type in 

specialized axis zones from BA-index formula (Mainprice et al., 2014; Zaffarana et al., 2014). 

(b) represents [100]OL maximum density of harzburgite and dunite in the same pair. (c) shows 

relationship between olivine BA-index and M-index, gray areas represent additional 

orthorhombic zone in some studies (e.g., Baptiste et al., 2015). Areas enclosed by black lines 

in (c) represent same inferred olivine CPO. Stereographic projections below represent ideal 

CPOs plotted in specialized areas. 

The PGR (point, girdle and random) diagrams (Fig. 3.7a) show that olivine [100] axes lie in 

the centre of the PGR field with dunite samples closer to P than harzburgite in the same pair. 
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[010] axes also lie in the centre of the PGR field but with some dunite samples closer to G 

than harzburgite. [001] axes lie in the centre of the PGR field with harzburgite much closer to 

R. The strength of the CPO in a harzburgite correlates to the strength of the CPO of its paired 

dunite. Fig. 3.7b shows this in a correlation plot of [100]OL for the pairs, an equivalent plot of 

M-indices (not shown) is similar. CPOs generally get weaker from east to west (sample 

positions are shown in Fig. 2.2b, 3.1d. The distribution of samples and CPO types on a BA-

index diagram is shown in Fig. 3.7c. The D-type CPOs in the axial-[100] field (BA-

index >0.6) are generally the strongest and come from dunites from the eastern side of the 

area (Fig. 3.7c). 

 

3.5. Discussion 

Olivine CPOs are commonly used as a fingerprint of deformation conditions reflecting the 

melting environment, pressure, temperature and water content during deformation, mostly 

based on experimental data (Jung and Karato, 2001; Holzman et al., 2003; Wang et al, 2013; 

Soustelle and Manthilake, 2017). However, some recent field-based publications reports the 

formation of multiple olivine CPOs in the same area. For example, Kim and Jung (2015) 

reported 4 olivine CPO types (A-C and E) in several km2 area near Almklovdalen in Norway 

and Yu et al. (2019) reported the same 4 CPO types in two nearby boreholes (~150 m, as deep 

as ~600 m) from Luobusa ophiolite in China. Our observation shows that in the Ellis Stream 

Complex almost all types of olivine CPOs (except B-type) occur in a very small ~1 km2 area 

(Fig. 2.2b, 3.1d) and, remarkably, different CPOs occur in each pair within a very small distance 
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(less than 2 cm). The data described in this paper suggest that the CPO fingerprinting approach 

needs to be applied with a significant degree of caution as multiple CPO types could form 

within a small area which underwent similar deformation conditions.  

All the non-mylonitic samples described in this paper were collected from the Ellis Stream 

Complex, fairly close to the crustal sequence that overlies the mantle rocks (Fig. 2.2b). The 

Complex, which developed during subduction, experienced dextral shear followed by 

overprinting normal motion on the Ellis Stream Shear Zone (ESSZ), generating latest foliation 

and lineation (sub-vertical in current outcrops; Fig. 2.2b) (Sano and Kimura, 2007; Webber et 

al., 2008; Stewart et al., 2016, 2019). The foliation orientations in the research area have fold-

like characteristics with fold axes parallel to lineation (Fig. 2.2b, 3.1a-c) matching observations 

of small-scale folds. Almost all samples have dominant olivine SPO orientations and [100]OL 

(sub)parallel to lineation (Fig. 3.5a, 3.5c, 3.6, Fig. A3 in Appendix A). These observations are 

consistent with original mantle deformation having been overprinted by deformation with 

different kinematics (Webber et al., 2008; Stewart et al., 2019) in the ESSZ. The CPOs in all 

samples have symmetry that maps onto the symmetry of the foliation lineation reference frame 

and nearly all have [100]OL parallel to lineation. It is likely that the CPOs in the harzburgite and 

dunite in each pair developed under identical conditions (pressure, temperature, olivine water 

content, stress or strain rate) and kinematics. Lack of layer thickness variations or boudinage 

suggests that dunite and harzburgite rheology (viscosity) were similar at the time of deformation. 

It is also very likely that the CPOs of all of these paired samples developed under similar 

deformation conditions. Local deformation kinematics could vary between the different sample 

pairs. In the next section we discuss possible factors that may influence the olivine CPO types. 
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3.5.1 The effect of second phase content 

In each harzburgite and dunite pair, dunite has larger olivine grains than harzburgite (Table 3.1, 

Fig. 3.2, 3.3). There is a good correlation of olivine grain size in dunite with the olivine grain 

size in the paired harzburgite (Fig. 3.3a), and sample with higher olivine content might have 

larger grain size (Fig. 3.3c). Aspect ratios of olivine grains in harzburgites and dunites in pairs 

also correlate (Fig. 3.3b), although this observation should be treated cautiously given the size 

of potential errors (as much as 1.2, see Table 3.1) related to the serpentinization. Furthermore 

the strength of olivine CPOs is greater in the dunite of each pair (Fig. 3.7). Coherent olivine 

and orthopyroxene CPO suggests that both CPOs forms as part of the same deformation episode 

(Zaffarana et al., 2014). These observations support the interpretation that the deformation 

kinematics and strain magnitude of the harzburgite and dunite in each pair are similar. 

The dunites have larger olivine grain sizes, which most likely indicates second phase pinning 

was insignificant (Herwegh and Berger, 2004; Linckens et al., 2015). A key question is whether 

this key difference also controls CPOs. Experiments have shown that samples with olivine 

alone give different CPOs to olivine when mixed with different proportions (4-50%) of second 

phases including orthopyroxene (12.5%, 25%, and 50% from Soustelle and Manthilake, 2017; 

25-41% from Tasaka et al., 2017), clinopyroxene (20% from Maruyama and Hiraga, 2017) and 

melt (4-6% from Holzman et al., 2003). In each pair, dunite has stronger [100]OL and M-index 

than harzburgite (Fig. 3.5a, 3.5c, 3.7). Quantitative relationships between CPO strength and 

second phase content exist for quartz (Little et al., 2013, 2015), and similar mechanisms might 

explain stronger M-index in dunites than harzburgites. If recrystallisation involving grain 

boundary migration (GBM) (e.g., the curvy grain boundaries of Fig. 3.4b-d and 3.6) plays a key 
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role in CPO development then orthopyroxene pinning will lead to weaker CPOs (Linckens et 

al., 2015). Second phase pinning also affects the activity of grain boundary sliding (GBS) (e.g., 

Cross et al., 2017). We would predict that smaller grain sizes would promote a greater 

contribution of GBS and a weakening of CPO (Hansen et al., 2011; Tasaka et al., 2017). GBS 

impacts CPO development by reducing the number of slip systems required to facilitate 

homogenous deformation (Hansen et al., 2011). Cross et al. (2017) also indicate that without 

the restriction of a second phase, a single-phase aggregate can generate more variety of CPOs 

than a two-phase aggregate deformed under the same kinematics and conditions. This is 

consistent with our observation of a greater range of CPOs in dunites. 

The 19RH19-8/9 pairs have subdivided areas with different grain sizes within dunite and 

corresponding variations in CPO (Table 3.1, Fig. 3.5c, 3.6). The medium-grained areas have 

more dispersed spinel grains (especially in 19RH19-9D) (Table 3.1, Fig. 3.4a, 3.4g, 3.6). 

Koizumi et al. (2010) describe experiments where spinel also inhibits olivine grain growth in 

dunite, thus we suggest that the spinel affects the CPO evolution as well, in a similar way to the 

addition of orthopyroxene in harzburgites.  

 

3.5.2 Why do CPOs vary across the area?  

The paired samples are collected from different locations within the field area and they show 

different CPO profiles. A first order assessment is based on sample proximity, foliation 

orientation and systematic variations with location. Pairs 19RH14-1 and 19RH14-2, for 

example, were collected next to each other (within several meters) and with similar strike and 
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dip (Fig. 2d). These pairs both have A-type CPOs in harzburgites and D-type CPOs in 

dunites. [100]OL density and M-index of pairs decrease from east to west in the area (Fig. 

3.1d, 3.7), which could be interpreted to result from decreasing strain (Mainprice et al., 2014). 

D-type CPO is only observed in banded dunite in the east of the research area (Fig. 3.1d, 3.5c, 

3.7b, Table 3.1) and has strong [100]OL, G[010] and M-index (Table 3.1, Fig. 3.6c, 3.7). D-

type CPO is inferred to relate to higher strains (Bystricky et al., 2000).  

On the basis of these relationships we suggest that the CPO variations across the area relate to 

a gradient in strain, as shown schematically in Fig. 3.8. It is also possible that the E-W 

transition could relate to changes in kinematics; the relative proportions of simple shear to 

pure shear, for example. Quartz CPOs, in stark contrast to olivine CPOs, are commonly 

interpreted in terms of kinematics (Law and Johnson, 2010). It is clear that future work on 

olivine CPOs will require microstructural analyses to be framed within detailed field mapping 

programmes that constrain strain and deformation kinematics. Restrictions of steep terrain and 

time prevented this kind of analysis in this study. 
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Fig. 3.8 Sketch map of microstructural evolution of “paired” harzburgite and dunite bands in 

Ellis Stream Shear Zone (ESSZ; not to scale). The strength of strain is shown by black (strong) 

to white (weak) color and length of arrow. Dark green represents peridotite and light green 

represents clinopyroxenite. The relative sample collection positions are marked by rectangles. 

CPO types and axes parallel to lineation of each sample are shown above, the strength of CPO 

is also shown by black (strong) to white (weak) color. The relative oriented grain sizes of paired 

samples are shown under the CPO types. 

 

3.6. Conclusions 

Six paired harzburgite and dunite samples were collected from the Ellis Stream Complex, Red 

Hills Massif, within a 1km square area. Five of the six typical olivine CPO types are 
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observed; only the B-type is absent. A-type CPO is dominant in harzburgites. E-type CPO is 

found in both rock types while D-type is found only in dunites. The CPO of each harzburgite 

is different to the CPO of its paired dunite. In each pair, dunite has larger olivine grain size 

and stronger CPO than harzburgite. Subdivided areas within dunite samples have different 

grain size corresponding to different spinel content. The CPOs of both dunite and harzburgite 

in most pairs have [100]OL parallel to lineation, with a coincident olivine long axis orientation 

in both harzburgite and dunite. CPOs and grain size vary in layers with different spinel 

content in single dunite samples. CPO strength decreases from east to west and the CPO types 

in dunite change from D- to E- to C-type. All harzburgites have an orthopyroxene CPO close 

to (100) [001]. [100]OL and [001]OPX in harzburgites are mostly coherent to [100]OL.  

CPOs are different in harzburgite and dunite at a single location. CPOs are also different in 

layers of dunite that have different second phase content. The field context suggests that the 

samples at the same location experienced the same deformation condition and kinematics. 

Thus, mineralogy appears to be a primary control on the CPOs. In harzburgites, we infer that 

second phase pinning by orthopyroxene both inhibits olivine grain boundary migration and 

influences CPO development. We infer that spinel plays a similar second phase role in 

dunites. The contribution of grain boundary sliding may be greater in rocks with second 

phases and finer grain sizes. 

CPO variation across the ~ 1 km2 study area is inferred to relate to changes in strain and/or 

deformation kinematics. Folds with vertical E-W foliations and vertical lineations are related 

to the Ellis Stream Shear Zone (ESSZ) that overprints earlier mantle deformations. We 
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speculate that the change in CPO strength, and to some extent CPO type, corresponds to a 

strain gradient in the Ellis Stream Shear Zone. 
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Abstract 

We present a quantitative microstructural and seismic property analysis of harzburgitic and 

lherzolitic xenoliths from East Otago, New Zealand. Olivine CPOs (crystallographic preferred 

orientations) are dominated by orthorhombic CPOs with a tight maxima of [100] orthogonal to 

(010). Orthopyroxene showed the [001] axes aligned (sub)parallel to the [100] axes of olivine 

and the (100) plane subparallel to the (010) plane of olivine. Misorientations of olivine subgrain 

boundaries indicate that dislocations with [100] slip vectors are common and CPOs are 

interpreted as olivine [100] representing the flow direction and (010) the shear plane. Olivine 

grains are coarse with lobate grain boundaries indicative of grain boundary migration at high 

temperatures. Olivine contains numerous subgrains whilst orthopyroxene is mostly strain-free 

and it is possible that orthopyroxene crystallized from melt during deformation. Clinopyroxene 

lamellae in orthopyroxene, are interpreted to reflect decompressional cooling prior to Alpine 

Fault movement. Seismic properties derived from the measured CPOs, indicate P wave and S-

wave anisotropies at mantle conditions of 4-10% and 3-9% respectively. Calculated shear wave 

splitting delay times of 0.1-0.9 s, for the current lithospheric mantle thickness, fit seismological 



64 
 

observations, suggesting that the xenoliths may be representative of the lithospheric mantle that 

lies below East Otago today. To explain the seismic data, olivine [100] needs to be sub-

horizontal and parallel to NNW-SSE fast polarization directions with [010] sub-horizontal and 

perpendicular to these directions. This is consistent with the East Otago lithospheric mantle 

containing a fossil vertical shear zone that has accommodated NNW-SSE strike slip motion. 

 

4.1 Introduction 

In the last century geophysicists discovered that seismic velocity in the Earth’s upper mantle is 

anisotropic and inferred that the crystallographic preferred orientations (CPO) of olivine in the 

subcontinental lithospheric mantle (SCLM) contributes significantly to this anisotropy (Hess, 

1964; Nicolas and Christensen, 1987). During the last two decades, measurements of the CPOs 

of natural samples (orogenic mantle slices and mantle xenoliths) and the products of laboratory 

experiments have established a framework of olivine CPO types and understanding of how 

these CPOs relate to deformation processes and how they contribute to seismic anisotropy (Ben 

Ismaı̈l and Mainprice, 1998; Jung, 2017; Jung et al., 2006; Jung and Karato, 2001; Karato et al., 

2008; Katayama et al., 2004; Mainprice, 2007; Skemer and Hansen, 2016; Tommasi et al., 1999, 

2000; Vauchez and Garrido, 2001). The CPOs of mantle samples have the potential to inform 

us about mantle processes and physical properties during mantle deformation. Recent studies 

connect SKS splitting data with the seismic properties predicted from different olivine CPOs, 

and use these results to reconstruct the history of the upper mantle (Baptiste et al., 2015; 

Fernández-Roig et al., 2017). 

This paper presents a study of the CPOs of mantle xenoliths from the East Otago area of the 
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South Island of New Zealand (Fig. 4.1), the exposed land of the Zealandia continent (Mortimer, 

2004). The Alpine Fault divides the South Island and defines the Australian-Pacific Plate 

boundary (Norris and Toy, 2014; Sutherland, 1999). South Island shear wave splitting data show 

a zone of upper mantle anisotropy, of about 100-200 km width and 50-90 km depth, underlying 

the plate boundary  and commonly interpreted as a mantle shear zone (Karalliyadda et al., 2015; 

Zietlow et al., 2014). Geophysical data show that the Hikurangi Plateau partially subducted 

beneath Zealandia (Reyners, 2018; Fig. 4.1) but not as far as the East Otago mantle (Jacob et 

al., 2017). These studies provide a framework understanding of the lithospheric mantle as 

currently lies beneath the South Island. The information related to upper mantle physical 

properties and dynamics in the past, the paleo-mantle, is less comprehensive. We present a pilot 

study of CPOs and microstructural characteristics of harzburgite and lherzolite xenoliths from 

East Otago, a region sufficiently remote from the Alpine Fault that the mantle is unaffected by 

plate boundary deformation (Karalliyadda et al., 2015). We use the observations to reconstruct 

the microstructural evolution, petrophysical properties (e.g., seismic anisotropy) and 

deformation processes of the mantle prior to extraction of the xenoliths in the Oligo-Miocene 

(24-9Ma), and try to connect these new data to the major geological events that affected 

Zealandia. 

 

4.2 Information of sample collection place 

In our study, we selected peridotite samples from the Trig L location within the NW of the 

Dunedin Volcanic Group (Fig. 4.1). Trig L xenoliths reach up to about 50 cm in diameter (Scott 

et al., 2014b). They are dominantly depleted spinel facies lherzolite with some harzburgite. 
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Equilibration temperatures from geothermometry are between 735-1113 °C (Scott et al., 2014b). 

The sample depths are constrained as below the Moho and above the spinel-garnet lherzolite 

transformation. Combining the equilibration temperature range and the modelled paleo-heat 

flow of 70 mWm-2 from Scott et al. (2014b) gives a pressure range of 1.1 to 1.9 GPa, 

corresponding to depths of ~ 40 to 65 km.  

 

Fig. 4.1 Location map of selected peridotite samples and Dunedin Volcanic Group around Trig 

L in East Otago, New Zealand, inset shows the position (the square) of research area and Alpine 

Fault location, modified by Dalton et al. (2017). 

 

4.3 Methods 

4.3.1 Sample preparation 

Ten peridotite xenolith samples were selected. The samples used are small so only a single thin 

section could be made from each. As no grain shapes were observed in hand samples, the 

samples were cut in arbitrary orientations. Thin sections were polished with diamond paste 
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(down to 1 μm) and then with colloidal silica (Lloyd, 1987). Thin sections were coated with 

~10 nm of carbon.  

 

4.3.2 Energy-dispersive X-ray spectroscopy (EDS) analysis 

The geochemical data for samples TRL-9, 10, 12 and 13 is presented in Scott et al. (2014b). 

The remaining samples were analyzed in the Otago Micro and Nanoscale Imaging (OMNI) at 

the University of Otago using a Zeiss SIGMA Field emission–scanning electron microscope 

(SEM). Standardized quantitative EDS measurements were acquired with an acceleration 

voltage of 15 kV, a beam current of approximately 1 nA, a live count time of 50 s, and a working 

distance of 8.5 mm.  

 

4.3.3 Trace element composition of clinopyroxene 

After hand picking, mounting in epoxy and polishing, clinopyroxene trace element analyses 

were obtained by laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) 

at the Trace Element Analysis Centre, University of Otago. Data were collected using a 

Resonetics (now Australian Scientific Instruments) RESOlution M-50 193 nm excimer laser 

ablation system that was operated at 2 mJ cm–2 fluence, 5–10 Hz, and with a beam diameter of 

75 μm. Data for the mass peaks were collected in time-resolved mode with one point per peak 

and an integration time of 10 ms-1 per element. Raw mass peak count rates were background 

subtracted, corrected for mass bias drift and converted to concentrations using Iolite 3 (Paton 

et al., 2011). NIST 610 glass was analyzed as a standard every half hour. Data were normalized 

using count rates of Si from NIST 610 glass and Si wt% values obtained from the SEM/EDS 
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(24.5%). 

 

4.3.4 EBSD analysis, data processing and presentation 

EBSD data were collected using a NordlysF EBSD camera from Oxford instruments mounted 

on a Zeiss Sigma VP-FEG-SEM at the OMNI center at the University of Otago. EBSD data 

were acquired at an accelerating voltage of 30 kV, a beam current of ~100 nA, a working 

distance of ~30 mm, and a sample tilt of 70°. Entire thin sections were mapped at step sizes 

ranging from 10 to 50 µm. Noise reduction of the raw EBSD data was performed using Channel 

5 software. Grains and subgrains were then defined using the MTEX toolbox (http://mtex-

toolbox.github.io, Hielscher and Schaeben, 2008), with threshold misorientations for grain 

boundaries of 10° (Bachmann et al., 2011) and for subgrain boundaries of 2°. Two-dimensional 

grain or subgrain sizes are calculated as the diameter of a circle of equivalent area. Grain size 

distributions show the number frequency and mean values relate to number frequency 

distributions (rather than area frequency). At the coarser step sizes, grains less than 200 μm in 

diameter are not robustly defined so they are excluded from CPO data and grain size statistics 

in all samples. Grains less than 200 μm, as identified from EBSD data, comprise <3% of the 

mapped area of the samples. Optical examination confirms that there is no substantial 

population of grains <200 μm. Grain shapes for each grain in a thin section were taken from an 

enveloping ellipse fitted to the EBSD mapped grain outline (Thiemeyer et al 2016).  

CPO data are presented as one point per grain in lower hemisphere stereographic projections 

with contours based on a counting cone with 15° half width using the MTEX toolbox 

(Bachmann et al., 2010). To ease the description of CPOs, indices referring to crystal planes or 

http://mtex-toolbox.github.io/
http://mtex-toolbox.github.io/
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directions are followed by a subscript to indicate which mineral we refer to. For example 

[100]OL, (010)OL, and [001]OPX refer, to the [a] direction in olivine, the (b) plane in olivine, and 

the [c] direction in orthopyroxene, respectively. 

There is a difficulty in comparing CPOs of different peridotite xenoliths because the 

orientations of thin sections are unknown. Orthopyroxene grains are abundant in all samples. 

Where (100)OPX [001]OPX is well developed in peridotites (Cao et al., 2015; Jung et al., 2010; 

Manthilake et al., 2013; Nazé et al., 1987; Soustelle and Manthilake, 2017) it can provide a 

good reference frame for CPO presentation (Puziewicz et al., 2020; Yu et al., 2019). Therefore, 

to make comparison of CPOs easier, we rotated the orientations for each xenolith so that the 

[100]OPX and [001]OPX maxima are aligned with the Z axis and X axis respectively (e.g., 

Puziewicz et al., 2020; Yu et al., 2019). The original CPO information in the thin section 

reference frame is shown in Fig. F1 in Appendix F. We also show the relationships of CPO to 

grain shapes as measured in thin sections in Fig. F1a in Appendix F. We cannot use these data 

to provide a robust kinematic reference frame as we only have shape data in one arbitrary plane 

for each sample.  

Six typical olivine CPO types (A-E and AG) have been defined by previous studies of dunitic 

or peridotitic rocks (Jung et al., 2006; Jung and Karato, 2001; Karato et al., 2008; Mainprice, 

2007). However, application of these named CPO types require knowledge of the kinematic 

reference frame; in particular, the orientation of foliation and lineation. Since we have no 

observable foliation and lineation, we have used the reference-frame independent naming 

system from Tommasi et al. (1999, 2000). CPOs are defined as: axial-[010], where [010] is 

clustered and the other principal directions define girdles, orthorhombic, where all three 
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principal directions are clustered, or axial-[100], where [100] is clustered and the other principal 

directions define girdles.  

 

4.3.5 Eigenvalue and BA-index 

Eigenvalues derived  from  the   "orientation   tensor"   method   for   analyzing   directional  

data (Woodcock, 1977) enable the characteristics of the CPO in an individual stereonet (e.g., 

[100]) to be quantified. Vollmer (1990) used three eigenvalues (λ1, λ2 and λ3) to define 

components of the CPO as point (P), girdle (G), and random (R), P=λ1-λ2, G=2(λ2-λ3), R=3λ3. 

Mainprice et al. (2014) adapted this approach and defined the BA-index specifically for 

examining olivine CPOs. The BA-index uses the eigenvalues to discriminate between axial-

[010], orthorhombic, and axial-[100] olivine CPOs. The BA-index, which has values between 

0 and 1, is calculated as 0.5*(2-(P010/(G010+P010))-(G100/(G100+P100))). We classified 

axial-[010] as having a BA-index lower than 0.4, orthorhombic as between 0.4 and 0.6, and 

axial-[100] as higher than 0.6 as used previously (Fernández-Roig et al., 2017; Puelles et al., 

2016; Zaffarana et al., 2014). These indices were calculated using the MTEX toolbox Mainprice 

et al. (2014).  

 

4.3.6 M-index 

The M-index (misorientation index) provides a measure of CPO strength derived from the full 

crystallographic orientation data and is calculated from the random-pair misorientation angle 

distribution (Skemer et al., 2005). The M-index has a value of 0 for a uniform distribution and 

1 for a single crystal. M-index values for olivine in mantle samples lie between 0.02 and 0.35 
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(Michibayashi et al., 2016). There is some discussion as to whether the M-index decreases with 

the number of grains (Schaeben et al., 2007; Skemer and Karato, 2007). We used the MTEX 

toolbox to calculate M-indices (Mainprice et al., 2014). 

 

4.3.7 Misorientation and grain distortion data 

Misorientation axes distributions (MXD) of olivine and orthopyroxene are calculated for low 

angle (2-10°) neighbor pair orientations (Wheeler et al., 2001) from the complete processed 

EBSD data. 

Misorientation axes give some indication of the dislocation systems that may be stored in a 

deformed crystal (De Kloe, 2001; Wieser et al., 2020), but full information requires knowledge 

of the orientation of lattice curvature or, in the case of subgrain boundaries the subgrain 

boundary orientation. We have augmented the MXD data from all samples with a limited 

number of subgrain boundary trace analyses (Lloyd et al., 1997; Prior et al., 2002; Wieser et al., 

2020) that enable us to distinguish viable tilt and twist dislocation models for subgrain 

boundaries and constrain better the dislocations within grains. For a statistical view of the 

magnitude of internal distortion (Suwas and Ray, 2014; Wright et al., 2011) of grains we use 

the grain orientation spread (GOS). GOS (or mis-to-mean (M2M) in some papers, such as Aradi 

et al., 2017; Tommasi et al., 2016) represents the average deviation of the orientation of a 

measurement point from the average orientation of the grain (Wright et al., 2011; references 

therein). 
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4.3.8 Seismic properties 

The orientation data (from EBSD: one point per pixel) are combined with single crystal 

elasticity to calculate the bulk elastic properties of the samples. Calculations were based on 

Voigt-Reuss-Hill (VRH) averaging scheme (Hill, 1952) following the principles laid out by 

Mainprice (1990) and using routines in the MTEX toolbox (Mainprice et al., 2011). The choice 

of Voight or Reuss bounds or Voigt-Reuss-Hill average makes no substantial difference to the 

seismic anisotropy patterns in these samples. S-wave velocities can change by up to ~2% by 

choosing different bounds. P-wave and S-wave velocities and S-wave anisotropies are 

calculated from the polycrystal elasticity tensor and densities for each sample (Mainprice et al., 

2011). Point counting was used to determine the modal proportions of olivine, orthopyroxene 

and clinopyroxene to use in these calculations. Spinel is not significant in most samples (see 

Table 4.1) and was not included in the seismic property calculations. We used single crystal 

elastic constant tensors for olivine (Fo90; Abrahamson et al., 1997) orthopyroxene (En75 with 

0.91 Mg; Chai et al., 1997) clinopyroxene (Di72; Collins and Brown, 1998) at ambient 

conditions. The compositions of the crystals used for elastic data are close to those measured 

from these xenoliths (Scott et al., 2014b) and even major changes in composition (e.g., 

substituting Fo0 for Fo90; Speziale at al., 2004) make no substantial changes to the seismic 

anisotropy patterns. In addition to calculating seismic properties at ambient conditions, we 

recalculated the stiffness tensors and densities at 1100 °C and 1.5 GPa (see Appendix B for 

detail) and used these to calculate seismic properties for in-situ conditions.  
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Table 4.1 General sample descriptions and a summary of modal content (%), geochemical information and equilibrium temperaturea. 

Lithology Sample No. Main microstructural characters 

Modal content (%) Mg# Cr# Max Opx 

Al2O3 (%)  

Temperature at 

1.5 GPa (℃) Ol Opx Cpx Sp Ol Opx Cpx Sp 

Harzburgite 

TRL-9 Very coarse - Granular 74.2  23.6  1.3  0.9  91.2  91.6  93.5  38.9  3.38 748±10 

TRL-15 Very Coarse - Granular with elongated tendency 75.3  20.9  2.5  1.3  91.8  92.2  94.7  45.0  2.24 821±42 

TRL-16 Coarse - Granular 73.1  22.5  3.4  1.1  91.2  91.7  93.8  32.1  3.16 784±26 

TRL-17 Coarse - Elongated 78.2  19.1  1.9  0.8  91.7  92.1  94.7  40.2  2.36 791±74 

TRL-23 Very coarse - Elongated 76.9  21.0  0.8  1.3  91.7  92.2  94.4  47.7  2.33 849±55 

Lherzolite 

TRL-10 Coarse - Granular with elongated tendency 65.4  25.4  7.8  1.4  89.9  90.6  92.0  12.5  5.35 960±69 

TRL-12 Coarse - Elongated 70.4  21.8  5.2  2.5  90.4  91.2  92.8  12.0  4.37 890±59 

TRL-13 Coarse - Granular 66.7  26.2  5.4  1.7  91.3  91.8  94.2  19.3  3.84 843±15 

TRL-24 Medium - Granular with elongated tendency 42.4  31.3  21.8  4.4  90.2  90.2  92.5  11.2  4.62 827±71 

TRL-27 Coarse - Granular with elongated tendency 61.9  29.9  6.9  1.3  89.7  90.4  92.2  13.0  4.16 880±58 

Note. aOl: Olivine; Opx: orthopyroxene; Cpx: clinopyroxene; Sp: spinel. Sample TRL-9, 10, 12 and 13's data come from Scott, et al. (2014b). 
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4.4 Results 

4.4.1 Major mineral, major and trace element compositions  

Generally, modal content shows that except sample TRL-24, all the samples have >60% olivine 

(Table 4.1, Fig. 4.2a). Individual minerals (olivine, orthopyroxene and clinopyroxene) in 

harzburgites have larger Mg# (atomic Mg/(Mg+Fe)*100) than those in lherzolite. An exception 

is sample TRL-13; although this is a lherzolite, it has similar Mg# in olivine and pyroxene to 

the harzburgites (Table 4.1). There is no significant variation in mineral composition within any 

individual sample.  

 

Fig. 4.2 Modal contents (a) and averaged clinopyroxene trace element patterns normalized to 

C1 Chondrite values of Sun and McDonough (1989) (b) for Trig L samples. Blue dots (lines) 

are harzburgites, red dots (lines) are lherzolites, number in dot represents sample number. Black 

lines in (b) represent the composition of clinopyroxene in equilibrium with the residue partial 

melting percentage (0-28%), modified from Scott et al. (2016). 

 

Large and small grains of olivine and orthopyroxene have similar Mg# (91.7-91.9 for olivine, 

92.2-92.4 for orthopyroxene; Fig. C1 in Appendix C) and no zoning. Small olivine grains 

included within a single grain of orthopyroxene and small orthopyroxene grains included within 

a single grain of olivine have the same compositions as all other olivine or orthopyroxene grains 

in the same sample. The Cr# (atomic Cr/(Cr+Al)*100) of spinel in harzburgites (32.1-45.0) and 

lherzolites (11.2-19.3) is very different, as is orthopyroxene maximum Al2O3 content (2.24-3.38% 

in harzburgite, 3.84-5.35% in lherzolite; Table 4.1). Equilibration temperatures were calculated 
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from the elemental concentrations (Fe, Na, Ti, Al, Cr and Ca) in co-existing orthopyroxenes 

and clinopyroxenes using the method of Taylor (1998), with pressure fixed at 1.5 GPa. The 

temperature estimate for each sample is based on the average result of ten to twelve pyroxene 

pairs. The calculated temperatures range from 748 to 960 °C (Table 4.1), with errors of between 

10 and 70 °C, calculated from analytical precisions. Detailed major oxide and element data in 

different minerals are shown in Table C1 in Appendix C. 

 

Table 4.2 Summarized results of microstructural parameters of selected samples. 

 

Sample 

No. 

Average 

Grain 

Size (μm) 

Olivine CPO Parameters GOS (°) 

Olivine 

BA-index 

Ol CPO Type 

Angle 

(°)a 

Ol and Opx 

Coherenceb 

Olivine 

M-index 

Ol Opx 

TRL-9 800 0.3315  Axial-[010] N/A No 0.4648 2.28 1.24 

TRL-15 726 0.4384  Orthorhombic 12 Yes (S) 0.1295 2.30 1.05 

TRL-16 660 0.6193  

Orthorhombic/

axial-[100] 

7 Yes 0.2184 2.50 1.05 

TRL-17 680 0.2739  Axial-[010] 32 No 0.2466 1.43 0.92 

TRL-23 742 0.4507  Orthorhombic 8 Yes 0.1377 1.62 0.80 

TRL-10 673 0.3707  

Axial-[010]/ 

Orthorhombic 

38 No 0.1198 2.14 1.39 

TRL-12 654 0.5146  Orthorhombic 32 No 0.1169 2.16 1.29 

TRL-13 628 0.6555  Axial-[100] 13 Yes (S) 0.0767 1.40 0.81 

TRL-24 565 0.3550  

Axial-[010]/ 

Orthorhombic 

15 Yes (S) 0.1006 1.79 1.15 

TRL-27 629 0.4766  Orthorhombic 11 Yes (S) 0.0682 1.04 0.66 

Note. aAngle between olivine [100] axis and orthopyroxene [001] axis. b0~10° range represents olivine 

and orthopyroxene coherence, 10-20° range represents sub-parallel (S) coherence between two axes.  
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C1 chondrite normalized data show that the harzburgites and lherzolites are slightly different 

in trace rare earth element abundances (Fig. 4.2b). The harzburgites have lower heavy rare earth 

elements (HREE) contents than the lherzolites. The harzburgites also have a distinct spread in 

light rare earth elements (LREE) that departs dramatically from that of the calculated theoretical 

melt residues (Scott et al. 2016). The lherzolites, on the other hand, vary between samples that 

have LREE and HREE that plot parallel to melt extraction curves (especially TRL-10 and 12) 

and those that have LREE that depart from the melting trajectories (TRL-13 and 27). The ratio 

of Ce/Lu provides an indicator of the degree of metasomatism. Except for sample TRL-27, the 

lherzolites have lower Ce/Lu than harzburgites (Fig. 4.2b and Table C2 in Appendix C). 

 

4.4.2 Microstructures 

The average grain size of olivine in harzburgite is around 660-740 μm (coarse to very-coarse; 

Tables 4.1, 4.2, Fig. 4.3a). The grain size distributions of all harzburgites are similar. 

Distributions are highly skewed with peak grain-sizes between 250 and 350 μm, and these peaks 

comprising 20-25% of the number of grains in individual samples (Fig. 4.3a). Peak values are 

larger than the artificial 200 μm grain size cut off (see Methods chapter) in all samples. Olivine 

and orthopyroxene grains typically have curved or lobate boundaries (Fig. 4.4). Clinopyroxene 

is embayed by orthopyroxene (Fig. 4.4b). Small orthopyroxene grains inside larger olivine 

grains are found as inclusions and vice versa (Fig. 4.4a, 4.4b, 4.4d, 4.5).  

Olivine has obvious internal deformation microstructures, nearly all grains contain undulatory 

extinction and subgrain boundaries (Fig. 4.4d, 4.5). Subgrain boundaries in olivine (Fig. 4.5) 

are straight to slightly curved, typically defining elongated subgrains (Fig. 4.5b and 4.5c are 

good examples). Internal distortion of orthopyroxene (and clinopyroxene nearby) is limited to 

subgrain boundaries (Fig. 4.4c, 4.5a) that affect a relatively small number of grains. 

Orthopyroxene grains with very little internal deformation are interlocked within a framework 

of olivine grains with strong internal deformation (Fig. 4.5a). Clear subgrain boundaries in 

olivine are truncated by orthopyroxene inclusions, which are almost strain-free (Fig. 4.5b-d).  



77 
 

Misorientation axes for individual olivine subgrain boundaries within individual grains are 

mostly subparallel to [010] (Fig. 4.5c, 4.5d) with others sub-parallel to [001] (not shown) and 

some other directions within the (100) plane, for example the [012] direction in Fig. 4.5b. In 

the three examples shown in Fig. 4.5, reconstructed tilt wall subgrain boundary planes, of 

different inclination, that contain the misorientation axis (Lloyd et al., 1997; Prior et al., 2002) 

give rise to boundary traces that match those observed. In contrast, reconstructed twist wall 

subgrain boundary planes, normal to the misorientation axis (Lloyd et al., 1997; Prior et al., 

2002) give rise to boundary traces that do not match all of those observed.  
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Fig. 4.3 Olivine grain size and subgrain size (inset in each sample) distributions of harzburgites 

(a) and lherzolites (b), green column is the size bin that contains the peak size, yellow column 

represents the size bin that contains the mean size. 
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Fig. 4.4 Microstructures of harzburgite and lherzolite xenoliths located in Trig L. in cross 

polarized light microscope images (xpl). (a) Extremely large olivine grain (marked by red dash 

line) in harzburgite with undulatory extinctions and small orthopyroxene inclusions. Lamellae 

can be seen in the orthopyroxene grain. (b) Long clinopyroxene grain enclosed in 
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orthopyroxene, which also has a small round olivine grains enclosed. (c) Opx-cpx pair (marked 

by red dashed line) with some subgrain boundaries in both minerals. (d) SPO of elongated 

olivine grains. (e) Olivine grain cluster, with ~120° triple junctions (white arrows). (f) 

Orthopyroxene with bent lamellae, surrounded olivine grains with undulatory extinctions. Inset 

shows an orthopyroxene grain with kinked clinopyroxene lamellae corresponding to a straight 

subgrain boundary. The subgrain boundary splits in proximity to the lamellae. The vein that 

cuts the lamellae on the right-hand side is a later serpentinite vein. (g) Olivine grain cluster with 

subgrains (white dashed lines). (h) SPO of granular-dominant mineral grains, “lineation” (bold 

red dashed line) is sub-parallel to [100] maximum, orthopyroxene inclusion truncates the kink 

band (black dashed lines). (d) and (h)’s positions are shown in their EBSD olivine phase maps 

below (green color above the band contrast map). 

 

The average grain size of olivine in lherzolites (565-673 μm, medium to coarse) is smaller than 

harzburgite. Grain size distributions and peak grain sizes are similar to harzburgites, with peaks 

comprising 23-28% the number of grains in individual samples (Table 4.1, Fig. 4.3b). Some 

lherzolites have olivine clusters with ~120° triple junctions (Fig. 4.4e). The enclosure of small 

olivine grains in orthopyroxene and vice versa is common in lherzolites (Fig. 4.4f, 4.4h). 

Olivine subgrain sizes in both harzburgites and lherzolites (Fig. 4.3) are skewed with average 

values around 450 μm and peak sizes of ~ 300 μm. GOS values of olivine are larger (up to more 

than two times) than those of orthopyroxene (Table 4.2). 

Lamellae of clinopyroxene are common in orthopyroxene grains in harzburgites (Fig. 4.4a) and 

lherzolites (Fig. 4.4f). Bent clinopyroxene lamellae, corresponding to straight subgrain 

boundaries in the orthopyroxene, form a kink band-like geometry (the inset of Fig. 4.4f, and 

Appendix D; Seidemann et al., 2020). Lamellae near subgrain boundaries are slightly thicker, 

branching of the subgrain boundary occurs close to the intersection with lamellae and the bend 

in the clinopyroxene occurs across one or more subgrain boundaries (inset of Fig. 4.4f).  
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Fig. 4.5 (a) EBSD phase map (left: with high angle boundaries (>10°) in black and subgrain 

boundaries (3-10°) in yellow) and mis-to-mean map (right) collected in sample TRL-23 (not 

the whole thin section area). Color bars show the angular deviation from mean orientation for 

olivine and orthopyroxene. Red dashed lines outline areas shown in (b)-(d). (b)-(d) represent 

different microstructural relationships between olivine grain (bold red dashed line) and 

orthopyroxene inclusion (thin red dashed line). Each figure includes xpl micrograph of olivine 

and orthopyroxene inclusion, inset of micrograph represents low-angle (3-10°) misorientation 

axis distributions (MXD) for the olivine grain. Top right figure in each shows the mis-to-mean 

map of the grain. Lines either side of and through the orthopyroxene inclusion are the lines used 

on the graph below to show the orientation changes in degrees along each line, relative to the 

starting point (dot). Olivine and orthopyroxene inclusion orientations are plotted in 

stereographic projections, the colors correspond to the mis-to-mean map. The final two 

stereographic projections show the solutions for tilt (red) and twist (blue) boundaries in selected 

olivine grains, based on the trace of the subgrain boundaries and the misorientation axis 

directions. N: number of valid misorientation axis for MXD; MD: maximum density of MXD, 

NSB: number of representative subgrain boundaries. 

 

4.4.3 CPO characteristics 

All samples (Fig. 4.6a and F1a of Appendix F) have strong orthogonal maxima of [100]OL and 

[010]OL. In harzburgites the [010]OL maxima are generally stronger than [100]OL (except TRL-

17, where they are equal). Three lherzolites have stronger [010]OL and two have stronger 

[100]OL. [001]OL is defined more weakly than other maxima in all samples except TRL-9 and 

TRL-17. [001]OL maxima are generally weaker in lherzolites than harzburgites. Generally, the 

MXD for olivine in both rock types are similar. Subgrain boundary misorientation axes are 

clustered parallel to [010] and have a secondary maximum parallel to [001] (Fig. 4.6b). This is 

consistent with observations of subgrains within individual grains outlined in section 4.2 (Fig. 

4.5). 
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Fig. 4.6 Crystallographic preferred orientations (CPO) of the main minerals (olivine (a) and 

orthopyroxene (c)) of harzburgites and lherzolites in this case study. All stereographic 

projections are using the reference as axis [100]OPX for Z direction and axis [001]OPX for X 

direction. Contours are calculated for one point per grain data. The column next to olivine and 

orthopyroxene stereographic projections shows low-angle (2-10°) misorientation axis 

distributions (MXD) (b and d). For each sample the figure shows, axial-[010], orthorhombic or 
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axial-[100] stand for olivine CPO symmetry types; BA: BA-index; M: M-index; N: number of 

analyzed grains for stereographic projection, or number of subgrain axis for MXD; MD: 

maximum density of MXD. 

 

Fig. 4.7 Correlations of olivine M-index with other parameters. Olivine’s M-index vs grain size 

(a), BA-index (b), grey rectangles stand for olivine CPO symmetry type boundaries in different 

standards, ortho means orthorhombic), olivine’s percentage in whole rock (c). The R2 data in 

(c) do not include TRL-9 and TRL-24. 
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When presented in the orthopyroxene reference frame (Fig. 4.6a; see Methods chapter), 

harzburgitic [100]OL axes are (sub)parallel to the X axis and [010]OL sub-parallel to Z; The 

olivine and orthopyroxene CPOs are coherent. TRL-17 is misaligned by ~35° rotation around 

Y and TRL-9 by about 30° around more arbitrary rotation axis. In lherzolitic samples, olivine 

and orthopyroxene CPOs are less coherent; [100]OL axes are not so parallel to X axes 

(misaligned from the X axis by ~15-40°) and the [010]OL axes are not so strongly aligned to the 

Z direction (Table 4.2, Fig. 4.6a). The stereographic projections (Fig. 4.6a) suggest that olivine 

CPOs in harzburgitic samples are either axial-[010] or orthorhombic type. Lherzolites’ olivine 

CPO shows a greater variety including all of three types (Table 4.2, Fig. 4.6a). Classification 

using the BA-index delineates most samples as axial-[010] or orthorhombic with one sample 

defined as axial-[100] (Table 4.2, Fig. 4.7a, 4.7b). Hodgkinson (2013) also reported 

orthorhombic olivine CPO in xenolith from Kattothyrst, East Otago (~10 km away from Trig 

L), which has similar PT (pressure and temperature) conditions to Trig L samples.   

Harzburgites have higher M-index values than lherzolites (Table 4.2). By comparison, samples 

with larger mean grain size (mainly harzburgites) also have higher olivine M-index (Fig. 4.7a). 

Samples with axial-[010] CPOs have the highest M-index values (Fig. 4.7b). There is a 

relationship (R2=0.55; Fig. 4.7c) between M-index and the total percentage of olivine 

(excluding extreme situations such as the approximately single crystal in TRL-9 or low olivine 

percentage in TRL-24). 

All samples (Fig. 4.6c and S4b) have strong orthogonal maxima of [100]OPX and [010]OPX. 

Generally [001]OPX is the strongest maximum, although in TRL-10 and TRL-12 [100]OPX is 

stronger. Some [001]OPX distributions have a girdle component (e.g., TRL-12 and TRL-24) and 

[100]OPX distributions commonly have a girdle component (Jung et al., 2010). [010]OPX does 

not generally define strong maxima. Orthopyroxene MXD figures in both rock types all show 

a dominance of [010] misorientation axes (Fig. 4.6d). Seven samples (mostly in harzburgites) 

show that [001]OPX is parallel (or sub-parallel) to [100]OL (Table 4.2, Fig. 4.6c).  
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4.4.4 The abnormal harzburgitic sample TRL-9                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               

Harzburgite and lherzolite have distinct ranges of geochemical parameters, microstructural 

features, anisotropies and grain sizes. There is an abnormal harzburgite, TRL-9, the ultra-high 

M-index (Table 4.2) is probably due to the influence of huge grain size (Fig. 4.3a and Appendix 

E) and a much smaller number of grains. More than 90% of the sample area of TRL-9 is made 

up by 11 of the 136 grains (see Appendix E) and one single grain occupies 50% of the area. 

Olivine has an orthorhombic CPO but the pattern does not share symmetry elements with the 

orthopyroxene CPO so that all three pole figure maxima, [001]OL, [100]OL and [010]OL, are 

oblique to the X-Y-Z reference frame directions shown on the figure (Fig. 4.7a). We exclude 

TRL-9 from further seismic analysis in this paper. 

 

4.4.5 Seismic properties 

Seismic properties are shown in the same reference frame as the CPOs (Fig. 4.8). Interpretation 

of what these orientations mean geographically is made later. Calculated P-wave and S-wave 

velocities and anisotropies, are higher for the average of harzburgites than the average of 

lherzolites (Fig. 4.8). The seismic properties of individual harzburgites has a greater range of 

velocity and anisotropy values than individual lherzolite samples (Table B1 and Fig. B1 in 

Appendix B). In harzburgites, the maximum Vp is near the X axis and the minimum Vp near 

the Z axis. The Vs1 has a single minimum, near the Z axis and corresponding to the minimum 

in Vp. Vs2 has single or multiple maxima, in the XZ plane, close to X and the minima define a 

girdle in the YZ plane. S-wave anisotropy maxima are near the Y axis, the strongest shear wave 

splitting occur for rays propagating sub-parallel to the Y direction, with X-Y as the fast 

polarization plane. Rays propagating in the XZ plane experience little splitting (Fig. 4.8a). In 

lherzolites, the maximum Vp is also near the X axis and the minima Vp define a girdle in the 

YZ plane, AVs and Vs2 also have similar characteristics. The Vs1, however, has almost isotropic 

characteristics (Fig. 4.8a). 

At in-situ (1100 °C and 1.5 GPa) conditions, calculated velocities are lower and seismic 
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anisotropy values are higher (Fig. 4.8b, Table B1 and Fig. B1 in Appendix B) than those at 

ambient conditions. The patterns of velocity and anisotropy distribution are similar at in-situ 

and ambient conditions (Fig. 4.8). 

 

Fig. 4.8 Calculated seismic properties of samples in Trig L. (a) Average seismic properties of 

harzburgite (no TRL-9) and lherzolite in ambient condition and (b) at in-situ (1100 ℃ and 1.5 

GPa) conditions. Black square: maximum value, white circle: minimum value. 
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4.5 Deformation, recrystallisation and CPO formation: mechanisms and conditions 

The microstructures of all samples are sufficiently similar that it is reasonable that all deformed 

by the same deformation mechanisms under approximately the same conditions of temperature, 

stress and strain rate. Olivine’s curved and lobate grain shapes are best interpreted as the 

operation of a strain-induced grain boundary migration (GBM) processes (Fig. 4.4a, 4.4b, 4.4d, 

4.4g, 4.4h) (Drury and Urai, 1990; Soustelle et al., 2013; Toriumi, 1982). Extensive subgrains 

in olivine is indicative of the operation of dislocation creep and associated dynamic recovery. 

The skewed grain size distributions (Fig. 4.3) are typical of dynamically recrystallized rocks 

(Cross et al., 2017; Hansen et al 2011; Heilbronner and Kilian, 2017; Qi et al., 2017) that involve 

nucleation processes and GBM (Urai et al., 1986). We cannot rule out that deformation also 

involves grain size sensitive processes as these can accompany dislocation creep (Hansen et al., 

2011; Hirth and Kohlstedt, 2003) and they have subtle microstructural signatures (e.g., 

Bestmann and Prior, 2003, Hansen et al., 2011). The coarse grain size and lobate grain 

boundaries suggest deformation and recrystallisation in a high temperature, low stress 

environment and this is explored further, later in this section. 

Olivine inclusions occur in orthopyroxene grains, and vice versa (Fig. 4.4a, 4.4b,4. 4d 4.4h, 

4.5a). As the inclusions are chemically equivalent to other grains of the same mineral (Fig. C1 

of Appendix C) it is unlikely that the inclusions and other grains represent different populations. 

It is quite possible that the inclusions are an artefact of the 2D slice of the thin section and are 

not inclusions in three dimensions. This is consistent with lobate grain and phase boundaries 

the interlocked nature of olivine and orthopyroxene. It is clear that olivine contains much more 

internal deformation and that discrete subgrains in olivine are not reflected by internal 

deformation in neighboring or included orthopyroxene grains. One possibility is that the 

orthopyroxene forms later and has not experienced as much of the deformation. Maybe the 

areas which are now orthopyroxene were molten at the time of the deformation, or at least 

through part of the deformation. A question that arises is why a melt would crystallize as just 

orthopyroxene. Other authors have suggested orthopyroxene precipitation from isolated melt 
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generated by incongruent melt-rock reactions (Dijkstra et al., 2003). A melt origin for the 

orthopyroxene does raise the issue of how the orthopyroxene became aligned to give a CPO. 

The CPOs of olivine and orthopyroxene are mostly coherent. If the melt idea is correct the 

crystallization must have occurred before deformation was complete so that the orthopyroxene 

experienced sufficient strain to become aligned. This area of interpretation remains uncertain 

for the moment. 

Olivine CPO formation is certainly related to deformation involving a significant component 

of dislocation creep and associated recrystallisation (Falus et al., 2011; Hansen et al 2014; 

Warren et al., 2008), as inferred from sample microstructures discussed in the last paragraph. 

The majority of our samples have orthorhombic or near orthorhombic olivine CPOs (Table 4.2 

and Fig. 4.6, 4.7b). The orthorhombic CPO has been correlated with deformation involving a 

significant component of shear in a low stress, dry, high temperature environment (Zhang and 

Karato, 1995; Ben Ismaı̈l and Mainprice, 1998; Tommasi et al., 1999; Jung and Karato, 2001). 

Subtle variations in CPO could relate to variable kinematics or perhaps to different strains. 

Laboratory experiments indicate CPO strength increases with shear strain and that can explain 

the CPO trends from girdled [0vw]Ol or random principal axes distribution towards clustered 

[100]Ol and [001]Ol (Hansen et al., 2014; Signorelli and Tommasi, 2015; Zhang and Karato, 

1995).  

The MXD data for olivine show that [010] is the most common misorientation axis (Fig. 4.5c-

d, 4.6b). The relative orientation of subgrain boundary traces and the misorientation axes within 

individual olivine grains is consistent with the boundaries representing tilt walls rather than 

twist walls of dislocations. The [010] misorientation axis is consistent with either (001) [100] 

or (100) [001] slip (De Kloe, 2001; Wieser et al., 2020). The other misorientation axes observed 

all lie in the (100) and are generally consistent with (0kl) [100] slip systems in tilt walls, with 

the misorientation axes at [001] relating to (010) [100] tilt walls (De Kloe, 2001; Wieser et al., 

2020). One has to take care inferring slip systems from lattice distortions and subgrains as the 

major slip systems preserved as subgrain boundaries may represent a mix of hard and easy slip 
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systems and might not match the easy slip systems inferred from CPO (Mehl and Hirth, 2008; 

Prior et al., 2009). Having said this, the one published example where kinematically constrained 

CPO and subgrain trace analysis are compared in orthorhombic crystals (Hildyard et al., 2009: 

in anhydrite) shows that the slip systems inferred from CPO and misorientations are the same. 

In nearly all CPOs, the [001] direction is the least strongly aligned and in a simple analysis one 

of [100] or [010] will represent the slip direction and the other the slip plane. The majority of 

the slip systems inferred from misorientation analysis have a [100] slip vector and many would 

allow for a (010) slip plane. On this basis we infer that orthorhombic type CPO is most likely 

to be A-type ((010)[100]; Tommasi et al., 1999; Jung and Karato, 2001) and the axial [010] and 

axial [100] subtle variations on the A-type. This is consistent with two studies from 

kinematically controlled samples from shear zones (Hansen et al., 2013; Kumamoto et al., 2019) 

where CPOs with [100] parallel to lineation correspond to misorientation axes that range 

between [001] an [010]; no subgrain trace analyses are presented in these papers. 

The strongly skewed grain size distributions (Fig. 4.3) are typical for dynamically recrystallized 

rocks (Cross et al., 2017; Hansen et al., 2011; Heilbronner and Kilian, 2017; Qi et al., 2017). If 

there had been significant adjustment by post deformational normal grain growth we would 

expect less skewed distributions (Heilbronner and Tullis, 2002; Karato, 1989). We use the grain-

size paleo-piezometer approach to estimate the differential stress during deformation. The 

general form of the palaeopiezometer is: 

𝐷𝑔 = 𝐴σ−n                                                                                                                               (3) 

where Dg is the grain size, σ the differential stress. A and n are empirical constants derived from 

calibration experiments. We apply two different empirically calibrated palaeo-piezometers: a 

recrystallized grain size palaeo-piezometer (van der Wal et al., 1993) and a subgrain size palaeo-

piezometer (Hansen and Warren, 2015; Toriumi, 1979). For the recrystallized grain sizes, 

measured 2D grain sizes are multiplied by a stereological factor of 1.75 to match the calibration 

methods (van der Wal et al., 1993). This was unnecessary for the subgrain size calibration 

(Toriumi, 1979). 
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López Sánchez and Llana Fúnez (2015) suggest that the peak grain sizes of the skewed grain 

size distribution (Fig. 4.3) should be used for palaeo-piezometry. This approach is most clearly 

applicable to experimentally deformed samples and tectonites with good evidence of grain size 

reduction. The applicability to samples where the grain size evolution pathway is different is 

less clear. For this reason we calculate a range of stresses from peak grain/ subgrain sizes and 

from mean sizes (shown in Fig. 4.3). 

Using the recrystallized piezometer calibration of van der Wal et al. (1993), we estimate stresses 

of 15-20 MPa from peak grain sizes and 8-10 MPa from mean grain sizes. Using the subgrain 

size palaeopiezometer of Toriumi (1979), we estimate stresses of 4-6 MPa from peak subgrain 

sizes and ~3 MPa from mean subgrain sizes. These stresses are shown on an olivine deformation 

mechanism map in Fig. 4.9.  
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Fig. 4.9 (a) Frequency distributions of temperatures calculated from orthopyroxene-

clinopyroxene pairs from East Otago mantle xenoliths. The main data set is from Scott, et al. 

(2014b), recalculated for 1.5GPa pressure. The Trig L data also includes new data presented in 

Table 4.1. (b) Deformation mechanism map for dry olivine of 700 μm mean grain size and at 

1.5 GPa. Red line represents the mechanism boundary where strain rates of dislocation and 

diffusion creep are equal. Green shaded represents the temperature range of Trig L from (a). 

Grey shaded areas represent the calculated differential stresses for different grain sizes and 

subgrain sizes (see text).  

 

The temperature estimates from opx-cpx thermometry of East Otago mantle xenoliths have a 

large range (Fig. 4.9a) and have a bimodality, with a major peak at ~850 °C and a minor, but 

significant, peak at ~1050 °C. This bimodal distribution is retained when data for harzburgite 

and lherzolite are separated and is apparent in the smaller data set of all samples from the Trig 

L locality (Fig. 4.9a). The bimodality is maintained across a wide range of bin sizes. The origin 

of the range and the bimodality is not clear. It is likely that the samples across the wider East 

Otago area could be capturing different depths of mantle section. This however does not provide 

a comprehensive explanation as samples from Trig L alone (one eruptive center) show a similar 

range and bimodality. Another possibility is that the data are sampling the pathway through the 

complex mantle history, with early high temperature evolution followed by lower temperatures 

associated with metasomatism and decompression. Given that clinopyroxene is one of the 

phases affected significantly by the metasomatism this interpretation seems more likely and 

perhaps the peaks in the data represent the early high temperature and later metasomatic periods, 

which is proved by trace element data (Fig. 4.2b; Scott et al., 2014a, 2014b). 

We use experimental data (Hansen et al., 2011; Hirth and Kohstedt, 2003, with revisions 

summarized in Wang et al., 2013) to draw a deformation mechanism map for olivine under dry 

conditions with a 700 µm grain size (Fig. 4.9b). The strain rates for the piezometer constrained 

stresses and a range of temperatures can be read from the figure (Fig. 4.9a). At the lower peak 
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in the temperature data (~850 °C), shear strain rates are 10-15 s-1 or slower for all 

palaeopiezometer stress estimates, for the subgrain piezometer-based estimates strain rates are 

much slower (Fig. 4.9b). Olivine would likely need a shear strain in excess of 1 (e.g., Hansen 

et al., 2014) to give consistent CPOs, requiring ~100 million years or more at the maximum 

stress constrained by the palaeopiezometry. If the mantle were wet, rather than dry (data 

outlined in section 2 support a dry mantle) then the strain rates would be higher by a bit less 

than an order of magnitude. The peak grain size stresses would give a shear strain of 1 in 25 

million years, but the lower stresses from mean grain size or subgrains would still require > 100 

million years at 850 °C. At the upper peak in the temperature data (~1050 °C), shear strain rates 

are 10-14 s-1 or faster for all palaeopiezometer stress estimates using dry rheologies (Fig. 4.9b).  

At face value, the palaeopiezometry coupled to the rheological analysis implies that it is highly 

unlikely that the observed CPOs could have formed at the cold conditions postdating Early 

Cretaceous metasomatism and cooling as there is barely sufficient time. Therefore, it is most 

likely that the deformation that gives rise to the CPO pre-dates the metasomatism and associated 

cooling and decompression and occurred under relatively high temperature conditions as 

indicated by the microstructural data. Such temperature is also consistent with a partial molten 

environment (Ballhaus et al., 1991; Cao et al., 2015; Falus et al., 2011) as discussed earlier in 

this section.  

The range of palaeopiezometer estimates is problematic and probably relates to the mechanisms 

associated with grain size evolution in these samples. Competitive grain growth and grain size 

reduction mechanisms tend to drive behavior towards the boundaries between grain size 

sensitive and grain size insensitive mechanisms (De Bresser et al., 2001; Warren and Hirth, 

2006). If this is the case here, then for deformation at ~1050 °C the lower stress estimates from 

subgrain sizes maybe more applicable. This may reflect an environment where grain size 

evolution does not match the classic grain size reduction seen in experiments and in tectonites.  
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4.6 Modifications after CPO formation 

Clinopyroxene grains mounted in either olivine or orthopyroxene (Fig. 4.4b, 4.4c, 4.4g), are 

inferred as the signal of carbonatite metasomatism (Kourim et al., 2015; Tommasi et al., 2008). 

Early Cretaceous melt refertilization or metasomatism is inferred from independent 

geochemical data in the East Otago area (Fig. 4.2b; McCoy-West et al., 2015, 2016; Scott et al., 

2014a, 2014b; van der Meer et al., 2017). Metasomatism also influences CPOs of pyroxenes 

(see Appendix G for detail).  

The clinopyroxene lamellae in orthopyroxene grains are a petrographic indicator of 

decompression and cooling of the mantle, providing a time marker in the sample 

microstructures. Dalton et al. (2017) calculated the lithosphere cooling time by modelling 

orthopyroxene chemical zonation in East Otago xenoliths and concluded that cooling occurs a 

few millions of years before xenoliths were exhumed (around 24-9 Ma; Coombs et al., 2008; 

Hoernle et al., 2006). Clinopyroxene lamellae are not extensively deformed, and it seems 

unlikely they could have survived the strains (shear strains ~>1) needed to generate the xenolith 

CPOs, without forming significant deformation microstructures. The lamellae are bent with the 

loci of bending corresponding to subgrain boundaries in host orthopyroxene grains (Fig. 4.4f 

and Appendix D). This microstructure could be interpreted in two ways. It is possible that the 

orthopyroxene subgrains existed before exsolution of the lamellae; as there is a strong host 

control on lamellae orientations. Two observations favor the alternative explanation, that the 

deformation that created the subgrains also bent the lamella. One key observation is that the 

subgrain boundaries commonly bifurcate (inset of Fig. 4.4f) as they approach the clinopyroxene 

lamellae on the inside of the bend of the lamellae. This is consistent with the lamellae being 

present to influence the subgrain boundary development. The second observation is that 

lamellae are better developed adjacent to subgrain boundaries; Kogure et al. (2014) use this to 

suggest that calcium lamellae are generated before the subgrain boundaries. Strain rates are 

likely to be very low after decompression because of the lower temperature. However, the 

subgrains that affect the lamellae are very low strain features and (potentially <1%) and would 
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have had time to form (1% at 10-16 s-1 requires 3 Ma). 

 

4.7 Timing and kinematics of CPO formation 

The discussion in section 6 suggests that the CPO formation is most likely at high temperatures 

pre-dating the Early Cretaceous mantle metasomatism, decompression and cooling. Integration 

of the subgrain trace analysis, misorientation data and the CPO data (section 6) suggests that 

the alignment of the olivine CPOs using the orthopyroxene CPO as a reference frame 

(Puziewicz et al., 2020; Yu et al., 2019) provides a good kinematic reference frame for these 

samples. The [100]OL maxima, sub parallel to X, represent the flow or extension direction and 

olivine (010)OL maxima, sub-parallel to Z, the pole to foliation (Hidas et al., 2016; Vauchez et 

al., 2012). These CPOs would then be dominantly with an olivine [100] slip direction (e.g., AG-, 

A- or D-type) (Hidas et al., 2016; Tommasi, 1999). 

 

4.8 Seismic properties of the East Otago mantle and tectonic implications 

Seismologically derived (SKS) fast polarization directions across the South Island are 

dominated by NE-SW (nearly parallel to Alpine Fault or the Australian plate boundary) and 

delay times are around 1.5-1.7 s (Duclos et al., 2005; Klosko et al., 1999; Savage et al., 2007). 

Zietlow et al. (2014) indicate the local delay times near the southeast coast (including East 

Otago) are around 1s and the direction is totally different (NNW or N-S) to the main South 

Island direction. Yeck et al. (2017) simulate azimuthal fast directions from a group velocity 

model and the directions coincide with Zietlow et al. (2014)’s work. Karalliyadda and Savage 

(2013) indicate that at shallow depths (≤100 km), spatially averaged delay times (considered as 

local/regional splitting in their paper) are around 0.1-0.4 s in the South Island. The fast azimuth 

direction is also similar (NNW-SSE) to the studies mentioned above. 

We can explore the potential contribution of East Otago mantle to seismic anisotropy by 

calculating potential delay times from calculated AVs values, using the equation from Pera et 

al. (2003)  
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𝑑𝑡 = 𝐿 ∙ 𝐴𝑉𝑠/< 𝑉𝑠 >                                                                                                              (4)  

where dt is S-wave delay time, L is effective seismic path length, AVs is the S-wave velocity 

anisotropy and <Vs> is the average velocity ((Vsmax+Vsmin)/2). Delay times and seismic path 

lengths are shown in Table 4.3. In ambient condition, delay times of 0.1-0.2 s are calculated for 

a 15 km ray-path length. 15 km represents the estimated depth below the Moho to the site the 

xenoliths were extracted from (Scott et al., 2014b), and provides a nominal minimum thickness 

for anisotropic, lithospheric mantle. If we assume that the entire 45 km (base of lithosphere at 

70 km with 25 km of crust) thick lithospheric mantle has anisotropy equivalent to these samples 

then we expect delay time of 0.3-0.6 s. The calculated delay times for in in-situ condition are 

longer than those in ambient condition (0.3-0.9 s for most harzburgites, 0.1-0.4 s for lherzolites; 

Table 4.3). By comparison, lithospheric delay times around East Otago area are constrained as 

0.1-0.4 s in Karalliyadda and Savage (2013) and ~1 s in Zietlow et al., (2014). Broadly the 

measured anisotropies in the samples are consistent with the delay times from shear wave 

splitting studies, suggesting that the samples are representative of the mantle that exists today 

beneath East Otago. 

The values of sample anisotropy used to calculate delay times are maximum anisotropies. These 

correspond to shear wave ray paths passing parallel to the sample Y directions (Fig. 4.10). Ray 

paths that pass through these samples in any other directions will have much lower delay times, 

less consistent with the seismological observations. If the anisotropy in the East Otago xenoliths 

matches that giving rise to shear wave splitting in East Otago then it is most likely that the 

[001]OL and (010)OL maxima in mantle beneath East Otago are oriented in the horizontal plane 

(Fig. 4.10).  

We suggest that the East Otago local shear wave fast polarization direction, which is almost 

NNW-SSE (Karalliyadda and Savage, 2013) represents a preserved signal of lithospheric 

processes that predate the Alpine Fault. The anisotropy may have evolved at the same time as 

Hikurangi subduction, but probably does not include the subduction signal. The most likely 

kinematic scenario would be shear in a NNW-SSE direction on a sub-vertical plane (Fig. 4.10). 
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We infer the deformation age to be pre-mid Cenozoic and most likely to be late Mesozoic so 

that the mantle beneath East Otago contains a fossil strike-slip shear zone. 

Yeck et al. (2017) and Zietlow et al. (2014) believe that the clockwise rotation of fast shear 

wave directions from the SE coast (NW-SE) to the Alpine Fault (NE-SW) relates to the dextral 

shear strain field of the Alpine Fault. As outlined in previous discussions, it is unlikely that the 

Alpine Fault has influenced the East Otago area and our conclusion from this paper is that 

lithospheric deformation is earlier than the Alpine Fault, rather than representing the far-field 

strain ellipsoid of an Alpine Fault mantle shear zone. The SKS directions from Yeck et al. (2017) 

and Zietlow et al. (2014) probably include a significant signal contribution from the 

asthenosphere (Karalliyadda and Savage, 2013), so a key question for future investigation is 

whether the asthenosphere anisotropy pattern represents the superposition of deformations of 

different age or a wide mantle shear zone. (Fig. 4.1 and 4.10).  
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Table 4.3 Summarized geophysical data in ambient and in-situ (1100 ℃ and 1.5 GPa) conditions. 

 

  Rock type 

Seismic Propertiesa Delay Time (dt, s)b Effective Seismic Path Length (L, km)c 

AVs  Vs1max Vs1min Vs2max Vs2min <Vs> L=15km L=45km 

dt: 0.1-

0.4s 

dt=1s dt=1.5s dt=1.6s dt=1.7s 

Ambient 

condition 

Hz TRL-9 12.0 5.20  4.78  4.87  4.58  4.89  0.4  1.1  4.1-16 41  61  65  69  

Other harzburgites 6.0 4.96  4.83  4.86  4.67  4.82  0.2  0.6  8-32 80  120  128  136  

Lherzolites 3.3 4.87  4.84  4.86  4.71  4.79  0.1  0.3  15-58 145  218  232  247  

In-situ 

condition 

Hz TRL-9 17.4 5.10  4.44  4.70  4.28  4.69  0.6  1.7  2.7-11 27  40  43  46  

Other harzburgites 9.3 4.86  4.60  4.66  4.42  4.64  0.3  0.9  5.0-20 50  75  80  85  

Lherzolites 4.4 4.70 4.63 4.65 4.45 4.58  0.1  0.4  10-42 104  156  166  177  

Note. aAVs (%), velocities are shown as km/s. bL=15 km represents the final depth which most xenolith existed before extraction (based on Scott, et al., 2014b), L=45 km 

represents depth to the LAB. cDelay times (dt) used for path length calculations come from literature (see text). 
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Fig. 4.10 Conceptual modal for the lithospheric mantle “fossil shear zone” beneath the East 

Otago area prior to Alpine Fault activation (pre mid-Cenozoic). Black lines represent current 

coastline. Splitting shear wave direction (blue line) is based on Karalliyadda and Savage (2013). 

Olivine’s CPO ([100] and [010] direction) and calculated 3-D seismic property (Vp and AVs, 

accompanied with S1 polarization) figures are rotated into the inferred geographical reference 

frame; their directions suggest the “fossil shear zone”.  

 

4.9 Conclusions 

We have presented CPOs from Harzburgite and lherzolite xenoliths from East Otago, New 

Zealand. Olivine CPOs have tight, mutually perpendicular maxima of [100]OL and [010]OL. 

Orthopyroxene CPOs have tight, mutually perpendicular maxima of [001]OPX and [100]OPX. 
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Olivine [100]OL is generally parallel to orthopyroxene [001]OPX and the dominant olivine CPOs 

are of orthorhombic type. Intragranular misorientation data suggest that subgrain walls are 

dominantly tilt walls with (0kl) [100] dislocations. Most likely kinematics to develop these 

CPOs is flow parallel to olivine [100]OL maxima, maybe related to shear on a plane normal to 

olivine [010]OL maxima. 

This assemblage of microstructures, together with the CPOs suggest that the samples have 

undergone dislocation creep with accompanying dynamic recovery and recrystallisation at high 

temperature (~1000-1100 °C), possibly in the presence of melt. Differential stresses are 

estimated from palaeopiezometry as between 3 and 20 MPa, with the lower values more likely.  

Clinopyroxene lamellae in orthopyroxene are not extensively deformed or recrystallized. This 

constrains the CPO forming deformation to be before the decompression and cooling that 

generated the lamellae. Decompression and cooling are most likely to have been during late 

Mesozoic extension but could have extended to immediately before the mid-Cenozoic eruptions 

that exhumed the xenoliths. 

Seismic anisotropies calculated from the sample CPOs give P-wave and S-wave velocity 

anisotropies of 5-10% and 4-9% at in-situ (1100 °C and 1.5 GPa) conditions. Calculated 

maximum shear wave splitting delay times for mantle thicknesses of 15 km (minimum) are 0.1-

0.3 s, and 45 km (maximum) are 0.4-0.9 s for in-situ conditions. These are compatible with 

measured lithospheric shear wave splitting delay times (0.1-0.4 s) from Karalliyadda and 

Savage (2013) suggesting that the xenoliths may be representative of the lithospheric mantle 

currently below East Otago. To generate the observed shear wave splitting delay times, the CPO 

would need to be oriented so that vertical ray paths undergo splitting. This requires that both 
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[100] and [010] maxima are sub horizontal. Fast polarization directions (Karalliyadda and 

Savage, 2013), parallel to [100], are NNW so the best explanation for xenolith and seismic data 

is that the lithospheric mantle beneath East Otago represents a fossil NNW-SSE vertically 

oriented strike-slip shear zone. 
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Abstract 

We present microstructural analyses of coarse-grained and protomylonitic mantle xenoliths 

from three localities within ~50 km of the Alpine Fault. Fine grained areas and porphyroclasts 

in protomylonites have different CPOs (crystallographic preferred orientations) suggesting a 

change in deformation kinematics. In coarse-grained samples, the geochemical signatures of 

mantle depletion correspond to increasing grain size and we infer from this that these samples 

have undergone grain growth. These samples plot in the dynamic recrystallisation field of Zener 

parameter plotting figure, consistent with mantle temperatures of ~1000 ℃. Most coarse-

grained samples have incoherent olivine and orthopyroxene CPOs. This is interpreted as the 

result of melt percolation postdating deformation. Curved and straight grain boundaries are 

consistent with a transition from strain energy to surface energy driven grain boundary 

migration during grain growth. Protomylonitic samples are finer grained with CPOs where 

olivine [010] is clustered. Grains are generally polygonal and four-grain junctions are common. 

Such characteristics can be attributed to subgrain boundary rotation (SGR) and grain boundary 

sliding (GBS) accompanied by dislocation creep. Comparison to other published data on a 
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Zener diagram suggests deformation temperatures of ~800 ℃ and a flow-law analysis estimates 

strain rates at ~10-12 s-1, consistent with localized deformation associated with the Alpine Fault. 

Comparison of calculated seismic properties with seismic anisotropy data suggests that the 

coarse-grained mantle pre-dating the Alpine Fault comprised local regions with distinct CPOs 

representative of different deformation kinematics.  

 

5.1 Introduction 

Research on the crystallographic preferred orientations (CPO) and seismic properties of 

peridotites has contributed significantly to our understanding of kinematics in upper mantle 

(Ben Ismaı̈l and Mainprice et al., 1998; Vauchez et al., 2005, 2012; Hansen and Warren, 2015). 

Large-scale fault (several hundred kilometers; e.g., East Anatolia Fault, San Andreas Fault, 

Tanlu Fault) usually plays a main role, and their signature in the mantle is primarily recognized 

in peridotite microstructures (Vauchez and Nicolas, 1991; Xu et al., 1993; Palasse et al., 2012; 

Vauchez et al., 2012). The Alpine Fault, a ~480 km long plate-boundary fault (Allis, 1986; 

Norris and Cooper, 1995, 2001; Sutherland et al., 2000), divided Zealandia into Australian Plate 

and Pacific Plate (Fig. 5.1). Both crust and mantle rocks are mylonitized near the fault (Toy et 

al., 2008; Scott et al., 2014b; Cross et al., 2015; Little et al., 2015; Kidder et al., 2021). The fast 

directions of shear-wave splitting may also be influenced by the Alpine Fault; whole mantle 

(lithosphere and asthenosphere) SKS patterns rotate western anticlockwise moving from the 

East Coast, to become sub-parallel to the Alpine Fault (Scherwath et al., 2003; Savage et al., 

2004, 2007; Karalliyadda and Savage, 2013), whilst lithosphere fast azimuth patterns are more 

complicated than East Coast (e.g., various fast azimuth direction, shown in Fig. 5.1; 
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Karalliyadda and Savage, 2013). 

In the West Otago area, New Zealand, numerous mantle xenoliths occur within ~50 km of the 

Alpine Fault. These ultramafic rocks were extracted from the mantle during the Alpine Dyke 

Swarm eruption at ~25 Ma, approximately the same time as the initiation of Alpine Fault 

movement (Cooper et al., 1987; Cooper, 2020). The dyke swarm intrusion was influenced by 

tension fractures and Riedel shears associated with the Alpine Fault (Cooper et al., 1987; 

Bossiere, 1991). West Otago mantle xenoliths are dominated by depleted spinel facies (~1000  

°C, 1.5 GPa) harzburgite (Scott et al., 2014b, 2016, 2019; Scott. 2020). Li et al. (2018) discover 

that the mantle in this area is wet, due to the hydration progress lead by Australian Plate 

subduction.  

The main target of this case study is to document the microstructural characteristics and 

evolution of the mantle xenoliths that are closest to the Alpine Fault and were part of the mantle 

of Pacific Plate during the earliest stages of Alpine Fault evolution and to use the observations 

to constrain mantle deformation associated with the Alpine Fault. Additionally we calculate 

seismic properties from the xenoliths to help interpret the seismological data that constrain the 

present day state of the mantle near the Alpine Fault.  
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Fig. 5.1 Bathymetric map of Zealandia (modified from Scott et al., 2019) with both East (Trig 

L, white star) and West Otago (Burke River, Moeraki River and Lake Wanaka, red stars) 

sample locations in South Island, New Zealand. Zealandia boundary is also shown. For 

seismic anisotropy data, red lines: fast directions from SKS splitting from Savage et al. (2004, 

2007), length is proportional to degree of anisotropy; green lines: spatially averaged fast 

directions for the top 100 km based on local earthquake shear-wave splitting data 

(Karalliyadda and Savage, 2013). Yellow shaded areas are zones of boundary-parallel fast 

directions, possibly inferring mantle strain during formation of a mantle root. Terrane 

distribution is based on the summary from Mortimer (2004).  
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5.2 Methods 

5.2.1 Samples information, selection, and preparation 

In this case study, 20 harzburgitic mantle xenolith samples are collected from Burke River 

(BUR), Lake Wanaka (LWA) and Moeraki River (MOE) (Fig. 5.1). Most samples have coarse 

and granular grains, some samples from Lake Wanaka and Moeraki River diatremes are partly 

dominated by fine-grain areas (Scott et al. 2014b; Kidder et al., 2021). The equilibration 

temperature of selected peridotites is around 800-1200 °C with similar pressure to East Otago 

(~1-2 GPa) (calculated by Scott et al. 2014b, 2016; Liu et al. 2015).  

Mantle xenolith with small volumes and a limited number of olivine grains (<100) for 

microstructural analysis and are not included here. Thin sections were polished to 1 μm 

diamond followed by colloidal silica polishing (Lloyd, 1987), then coated with ~10 nm of 

carbon.  

 

5.2.2 Energy-dispersive X-ray spectroscopy (EDS) analysis 

Most geochemical data are published in Scott et al. (2014b, 2016), except for MOE-10, Bur-13 

and LWA-12. The analytical work for these three samples was undertaken in the Otago Centre 

for Electron Microscopy (OCEM) at the University of Otago, using a Zeiss SIGMA Field 

emission – scanning electron microscope (SEM). The measurement process is exactly the same 

as reported in Chapter 4. The additional results are shown in Table C3 in Appendix C. 

 

5.2.3 EBSD measurement, CPO indexes processing and presentation 

EBSD analysis was conducted using the Zeiss Sigma VP-FEG-SEM with an accelerating 
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voltage of 30 kV and ~100 nA beam current, 1×1 to 2×2 binning, a working distance of ~30 

mm, at a tilt of 70°. Generally, for coarse-grained the step sizes were chosen between 10 μm 

and 30 μm range; for protomylonitic samples, we did analysis in both fine-grained and 

porphyroclast region, choosing 10 μm step size for the former, 50 μm for the latter. The raw 

EBSD data were processed using Channel 5 software noise reduction (Bestmann and Prior, 

2003). Six neighbours extrapolation with iterate are initially applied, then wildspike, finally 

five neighbours extrapolation without iterate. 

Grains were defined using the MTEX toolbox (http://mtex-toolbox.github.io, Hielscher and 

Schaeben, 2008), with threshold misorientations for grain boundaries of 10° (Bachmann et al., 

2011). Grain sizes (two-dimensional) are calculated as the diameter of a circle of equivalent 

area to the grain. Cross et al. (2017) indicate that the valid grain size should be at least 5 times 

larger than chosen step size by analyzing grain size-stress data. To make an accordant standard, 

grains size less than 250 μm in coarse-grained samples, 50 μm in mylonitic samples were 

excluded from CPO data and grain size statistics. Due to its low modal content, clinopyroxene 

in harzburgites was not measured.  

CPO data are presented as one point per grain in lower hemisphere stereographic projections 

with contours based on a counting cone with 20° half width by MTEX toolbox (Bachmann et 

al., 2010).  

The collected mantle xenoliths in West Otago are tiny (several cm2) and mostly random cut (i.e., 

not cut by orientation; Fig. F2 in Appendix F) so that it is difficult to compare CPOs in different 

samples. One sample (BUR-23) is cut along the lineation and perpendicular to foliation, the 

CPO is shown in the structural reference frame with lineation and pole to the foliation along 

http://mtex-toolbox.github.io/
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the E-W and N-S directions of the stereographic projections, respectively. For other randomly 

cut samples, the choice of reference frame to present CPO data be arbitrary. These samples 

contain abundant orthopyroxene (Table 5.1) and we have chosen a reference frame in which 

orthopyroxene (100) reference planes are vertical and [001] axes are horizontal (i.e., (100) plain 

parallel to XY plane, [001] direction parallel to X, see Fig. 5.7). This reference frame is 

consistent with that chosen for work on East Otago xenoliths and represents the most common 

orthopyroxene CPO Gan et al., 2011; Yu et al., 2019; Puziewicz et al., 2020). The reference 

frame issue will be discussed later in the paper. For samples with both fine grains and 

porphyroclasts, the rotation was based on the CPO of orthopyroxene grains in the fine-grained 

areas. Sample rotation used modified MTEX scripts originally written by Andréa Tommasi 

(http://www.gm.univmontp2.fr/PERSO/mainprice/W_data/EBSD_2014_Pittsburgh_Example

s/EBSD_Maps_Misorientation/MTEX_Forsterite_EBSD_Maps_Misorientation.m). 

Subscripts on crystallographic indices will be used to indicate the mineral in which crystal 

planes or directions occur: for example [100]OL and (010)OPX refer, respectively, to the [a] 

direction in olivine and the (b) plane in orthopyroxene. The grain SPO data and inferred thin 

section cutting directions are shown in Fig. F2 in Appendix F. 

The M-index (misorientation index) is a measure of CPO strength, calculated from the random-

pair misorientation angle distribution (Skemer et al., 2005). The M-index has a value of 0 for a 

uniform distribution and 1 for a single crystal. The M-index is calculated using the MTEX 

toolbox (Mainprice et al., 2014). 

Eigenvalues enable the characteristics of the CPO in an individual stereogram (e.g., [100]) to 

be quantified. Vollmer (1990) used three eigenvalues (λ1, λ2 and λ3) to define components of 
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the CPO as point (P), girdle (G), and random (R), P=λ1-λ3, G=2(λ2-λ3), R=3λ3. Mainprice et al. 

(2014) adapted this approach and defined the BA-index specifically for examining olivine 

CPOs. The BA- index uses the eigenvalues to discriminate between axial-[010] (equivalent to 

AG-type), orthorhombic, and axial-[100] (equivalent to D-type) olivine CPOs. The BA-index 

has values between 0 and 1, the formula is shown as 0.5(2-(P010/(G010+P010))-

(G100/(G100+P100))). Generally we classified axial-[010] as having a BA–index lower than 

0.4, orthorhombic as between 0.4 and 0.6, and axial-[100] as higher than 0.6 as used previously 

(Zaffarana et al., 2014; Puelles et al., 2016; Fernández-Roig et al., 2017). Considering olivine 

and orthopyroxene are main minerals in all samples, we also introduce AC-index (A for [100], 

C for [001]) to examine orthopyroxene CPOs, similarly to BA-index, the AC-index formula is 

shown as 0.5(2-(P100/(G100+P100))-(G001/(G001+P001))). These indices were calculated 

using the MTEX toolbox Mainprice et al. (2014).  

 

5.2.4 Seismic properties  

The orientation data (from EBSD) are combined with single crystal elasticity data to calculate 

the bulk elastic properties of the samples. Calculations were based on Voigt-Reuss-Hill (VRH) 

averaging scheme (Hill, 1952) following the principles laid out by Mainprice (1990) and using 

routines in the MTEX toolbox (Mainprice et al., 2011). P-wave and S-wave velocities and S-

wave polarizations are calculated from the polycrystal elasticity tensor for each sample 

(Mainprice et al., 2011). In this paper, modal proportions of olivine and orthopyroxene 

correspond to area fractions indexed on EBSD maps. Single crystal elastic constant tensors at 

ambient conditions used for olivine and orthopyroxene are from Abramson et al. (1997) and 
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Collins and Brown (1998) respectively.  

Since harzburgitic samples have low clinopyroxene and spinel contents (<5%), their 

contribution to seismic anisotropy is not be considered. The calculated ambient and in situ 

seismic properties are also shown in Appendix B. 
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Table 5.1 Modal content, geochemical (mostly by Scott et al., 2014b, 2016) data, microstructural information of harzburgites in this case study. Ol: olivine; 

Opx: orthopyroxene. Ol and Opx under “Grain size (μm)” row represent mean grain size of olivine and orthopyroxene. Ol max: maximum olivine grain size. 

 

Texture Sample 

Modal 

contenta 

General information from Scott 

et al. (2014b, 2016)b 
Grain size (μm) 

Zener 

Parameter(μm) 

Ol Opx 
Ol and 

Opx 

Coherencec 

M-index 

Ol Opx 
Ol 

Mg# 

Opx 

Mg# 

Sp 

Cr# 

Opx 

Al2O3 

（%） 

Ol Opx 
Ol 

max 

BA-

index 

Olivine CPO 

type 

AC-

index 
Ol  Opx 

C
o

ar
se

d
-g

ra
in

 

G
ro

u
p
 1

 

MOE-

4 
69.2  30.8  90.9 91.5 79.2 0.92 559  462  2387  1501  0.8831  Axial-[100] 0.4435  Y 0.2133 0.1342 

BUR-

24 
84.2  15.8  87.9 88.8 34.3 4.47 695  526  3013  3328  0.1987  Axial-[010] 0.5869  N 0.1479 0.1313 

BUR-

25 
85.6  14.4  91.1 91.4 56.1 2.88 714  506  3372  3516  0.5300  Orthorhombic 0.7141  N 0.1518 0.1008 

BUR-4 75.6  24.4  90.3 91 47.6 3.75 696  631  3474  2586  0.6016  Axial-[100] 0.4634  N 0.1064 0.1895 

BUR-

26 
83.5  16.5  87.9 88.8 34.3 4.47 667  536  4492  3249  0.7400  Axial-[100] 0.6266  N 0.0863 0.1436 

G
ro

u
p
 2

 

BUR-5 73.0  27.0  92.6 93.2 58 2.45 758  567  5332  2101  0.5873  Orthorhombic 0.5181  Y 0.1197 0.0934 

LWA-

3 
86.9  13.1  92.4 93 63.7 1.04 840  757  5629  5765  0.8308  Orthorhombic 0.1952  N 0.3722 0.2143 

LWA-

12 
91.9  8.1  92.8 93.3 66.3 1.1 635  520  5962  6437  0.7443  Axial-[100] 0.4099  N 0.3169 0.3779 

BUR-6 74.7  25.3  91.6 92.2 56.9 2.74 754  712  6313  2815  0.4066  Axial-[010] 0.6602  Y 0.1862 0.1460 

BUR-

10 
87.6  12.4  92.2 92.7 58.4 2.31 763  635  6514  5120  0.3829  Orthorhombic 0.6392  N 0.1120 0.0744 

MOE-

3 
76.2  23.8  91.7 92.8 68.8 1.01 1160  687  7193  2889  0.6983  Orthorhombic 0.3291  N 0.3495 0.2257 

BUR-

13 
68.2  31.8  91.3 91.9 63.6 2.05 652  584  7660  1837  0.5289  Orthorhombic 0.4578  N 0.1713 0.1837 

BUR-

16 
85.8  14.2  91.9 92.5 56.1 2.29 763  610  8015  4297  0.4993  Axial-[100] 0.5534  Y 0.3348 0.2772 

LWA-

11 
85.4  14.6  91.8 92.3 72.1 1.72 1143  732  8095  5029  0.8857  Axial-[100] 0.5961  N 0.3171 0.4876 

BUR-

23 
78.3  21.7  91.5 92.2 54.8 2.29 1395  977  8529  4502  0.4787  Orthorhombic 0.3780  N 0.1681 0.2238 
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P
ro

to
m

y
lo

n
it

ic
 

MOE-

10 
82.1  17.9  92 92.6 78 0.75 334  271  2170  1519  0.4887 Orthorhombic 0.5180  N 0.2550 0.3852 

LWA-

1 
85.6  14.4 92.7 93.3 79.2 0.63 116  86  762  598  0.5966 Axial-[010] 0.2635 Y 0.1133 0.0430 

LWA-

5 
87.3  12.7 92.6 92.7 76.3 0.53 117  86  735  670  0.6424 Orthorhombic 0.2918 N 0.1857 0.0812 

LWA-

10 
86.2  13.8 92.2 92.9 77.9 0.51 113  87  615  617  0.3981 Axial-[010] 0.4591 N 0.1863 0.4597 

LWA-

13 
91.4  8.6 92.9 93.4 76.4 0.66 105  75  424  867  0.3923 Orthorhombic 0.2206 N 0.1428 0.0631 

a: Modal contents of BUR coarsed-grain samples come from Scott et al. (2016), other samples are based on valid EBSD area; b: MOE-10 and spinel Cr# in LWA-12 is analyzed in this 

case study; c: Y: [100]OL parallel to [001]OPX; N: [100]OL not parallel to [001]OPX. 
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Fig. 5.2 Representative EBSD phase maps (a and b) and micrograph (xpl; c) of three typical 

microstructural pairs between olivine (green color) and orthopyroxene (blue color) in this paper, 

grey areas represent band contrast (mostly spinel; e.g. marked by red arrows), similarly 

hereinafter. (a) Group 1 Coarse-grained olivine (with overall smaller grain size) and aggregated 

orthopyroxene. (b) Group 2 Coarse-grained olivine (with overall larger grain size) and 

dispersed orthopyroxene. (c) Protomylonitic harzburgite. Olivine and orthopyroxene 

porphyroclasts are marked by red dashed lines. 
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Fig. 5.3 Relationships between geochemical parameters (olivine and orthopyroxene Mg#, 

spinel Cr#, and orthopyroxene Al2O3 content) and olivine grain size (d (olivine); dot for 

maximum grain size, column for average grain size) in different textural types. Orange marks 

(column, line and dot): Group 1 coarse-grained samples; Red marks: Group 2 coarse-grained 

samples; blue marks: protomylonitic samples. Number in dot represents sample number, ' in 

dot represents Moeraki River (MOE) samples, " in dot represents Lake Wanaka (LWA) samples. 

Dashed line subdivides coarse-grained samples into Group 1 and 2 samples. Group 2 samples 

are shown as larger dots and bolder columns than Group 1. Similarly hereinafter. 
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5.3 Results 

5.3.1 Geochemical information and microstructural observations 

In this case study, samples are subdivided into coarse-grained and protomylonitic. Coase-

grained samples have large grains (average olivine grain size >500 μm) without obvious fine-

grained areas (Fig. 5.2a, 5.2b). Considering some coarse-grained samples have obvious large 

grains (as large as 7.7 mm) but lower grain size (~640 μm, e.g., BUR-13, LWA-12; Table 5.1, 

Fig. 5.3, 5.4), the maximum olivine grain size is a better parameter to describe the grain sizes 

in this case study. Based on their maximum olivine grain sizes, we divide the coarse-grained 

samples into Group 1 (maximum olivine grain size <5000 μm) and Group 2 (maximum olivine 

grain size >5000 μm) (Table 5.1, Fig. 5.2, 5.3). Protomylonitic samples have obvious coarse- 

and fined-grain areas, and the average olivine grain size in fine-grain areas is <400 μm (Fig. 

5.2c). All the samples from Burke River are coarse-grained (Table 5.1). Some Moeraki River 

and Lake Wanaka samples are protomylonitic and have porphyroclasts (both olivine and 

orthopyroxene) within a matrix of fine grains (Fig. 5.2c, Table 5.2). Coarse-grained samples 

comprise orthopyroxene aggregates (Fig. 5.2a, 5.5a, 5.5f) with olivine grain sizes between a 

few hundred micrometers and a few millimeters. Mean grain sizes in coarse-grained xenoliths 

vary between ~0.5 and ~1.4 mm and maximum grain sizes between 2.4 and 8.5 mm. Grains are 

generally either equant, with axial ratios ~1 (Fig. 5.2a), although some larger grains with curvy 

grain boundaries are less equant (Fig. 5.2b, 5.4, 5.5e).  

Group 1 and 2 division correspond approximately with geochemical characteristics: with 

increasing maximum olivine grain size in coarse-grained samples and decreasing maximum 

olivine grain size in protomylonitic samples, Mg# of olivine and orthopyroxene and Cr# of 
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spinel are generally increasing (especially for Mg#), Al2O3 of orthopyroxene are generally 

decreasing (Table 5.1, Fig. 5.3). 

Orthopyroxene grains distribution characteristics in different samples are either aggregated (Fig. 

5.2a, 5.5a, 5.5f) or dispersed (Fig. 5.2b, 5.5b). In protomylonitic samples orthopyroxene is 

dispersed (Fig. 5.5g, 5.5h) and has a low-percentage (mostly <15%; Table 5.1). Group 1 

samples have lower olivine and orthopyroxene Mg# (87.9-91.1 for olivine, 88.8-91.5 for 

orthopyroxene) than Group 2 and protomylonitic samples (91.3-92.8 for olivine, 91.9-93.4 for 

orthopyroxene) (Table 5.1, Fig. 5.3). EDS analysis of points at different distances from grain 

boundaries within a single sample shows that there is no significant difference in olivine Mg# 

in grains of different size and there is no discernible systematic zonation of Mg# within grains 

(Fig. 5.4 and Table C3 in Appendix C). Thus we infer that the Mg# measurements are each 

representative of all grains in that sample. Group 1 coarse-grained samples usually have lower 

Cr# in spinel (34.3-56.1, except MOE-4), and higher Al2O3 (2.88-4.47%, except MOE-4) in 

orthopyroxene than Group 2 samples (56.1-72.1, 1.01-2.74%) (Table 5.1 and Fig. 5.3); only 

sample MOE-4 is an exception. Protomylonitic samples have higher Mg# and Cr#, and lower 

orthopyroxene Al2O3 percentage than Group 2 samples (Table 5.1, Fig. 5.3).  
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Fig. 5.4 EDS analysis positions and average Mg# of olivine and orthopyroxene in coarse-

grained sample BUR-13 (Group 2). Green dot: olivine; blue dot: orthopyroxene; small dot: fine 

grain; large dot: coarse grain. 
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Fig. 5.5 Representative optical micrographs (xpl in a-e, ppl in f) and EBSD phase map (g-h) in 

coarse-grained and protomylonitic samples. (a) Aggregated orthopyroxene grains. (b) Irregular 

grain shapes of olivine and orthopyroxene (red dashed lines) grains. (c) Olivine and 

orthopyroxene (red dashed lines) grains inlays with each other (or mosaic structure), olivine 

subgrain boundary (yellow dashed lines) is cut by orthopyroxene inclusions. (d) Orthopyroxene 

inclusions (circled by red dashed line) surrounded by large grain-size olivine. (e) Large 
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protogranular olivine grain (circled by red dashed line) surrounded by orthopyroxene grains. (f) 

Large and aggregated orthopyroxene grains (circled by red dashed lines) surrounded by 

orthopyroxene grains. (g) Orthopyroxene with porphyroclasts and fine grains in protomylonite, 

olivine grain boundaries are straight. (h) Fine orthopyroxene grains in protomylonite, olivine 

grain boundaries are straight. Blue dashed line represents straight grain boundaries, red arrows 

represent olivine four-grain junctions. 

 

Table 5.2 Peridotite/tectonite in different research areas and their approximate deformation 

temperature. 

Research area Rock/tectonite texture 

Approximate 

deformation 

temperature (℃) 

References 

Semail, Oman 

Lanzo, Italy 

Othris, Greece 

Porphyroclastic tectonite 
~1100 Gnos and Nicolas, 

1996; Linckens et al., 

2011a, 2011b; 2015 

Protomylonite 

Mylonite ~800 

Ultramylonite ~700 

Josephine, 

USA 
Coarse-grained samples ~1000 

Hansen and Warren, 

2015 

Burke River, 

New Zealand 

Coarse-grained 

(equivalent to 

porphyroclastic tectonite 

in Linckens et al., 2011a, 

2011b, 2015) 

~1000 
Scott et al., 2014b, 

2016 

 Moeraki river 

and Lake 

Wanaka, New 

Zealand 

Coarse-grained 

(equivalent to 

porphyroclastic tectonite 

in Linckens et al., 2011a, 

2011b, 2015) samples 

and protomylonitic 

samples 

~1000 for 

coarse-grained 

samples, 625-

970 for 

protomylonitic 

samples 

Scott et al., 2014b; 

Kidder et al., 2021 

Anita, New 

Zealand 

Mylonite ~650 Czertowicz et al., 

2016 Protomylonite ~750 
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Fig. 5.6 (a) shows average grain size relationship between olivine and orthopyroxene, (b) shows 

relationship between average olivine grain size and orthopyroxene Zener pinning parameter 

(Z=d/f, d represents average grain size of second phase, f represents modal content of second 
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phase). The trendline and R2 are also shown in (a). (b) is modified from Linckens et al. (2011a, 

2015). The approximate temperatures in (b) are based on Linckens et al. (2011a, 2015), Scott 

et al. (2014b, 2016), and Hansen and Warren (2015), which is also shown in Table 5.2. The 

boundary between second-phase controlled (grey-colored field) and dynamic recrystallization 

controlled areas (white-colored field) are also based on Linckens et al. (2011a, 2015). 

 

EBSD phase maps and microphotos all show that both olivine and orthopyroxene grains are 

equigranular, and orthopyroxene grains are aggregated in Group 1 coarse-grained samples (Fig. 

5.2a, 5.5a, 5.5b). Olivine and orthopyroxene grains form an interlocking microstructure in both 

Group 1 and 2 (or mosaic texture; Fig. 5.5b, 5.5c). For Group 2 coarse-grained samples, 

orthopyroxene inclusions occur in large olivine grains (Fig. 5.5d). Straight grain boundaries are 

not so common as the curved boundaries (Fig. 5.5b, 5.5d). In fine-grained areas of 

protomylonitic samples, olivine and orthopyroxene grains have different grain shapes from 

porphyroclasts to fine grained matrix, and some olivine grains have four-grain junctions (Fig. 

5.5g, 5.5h).  

Average grain sizes of olivine and orthopyroxene (Group 2 samples are mostly larger than 

Group 1 samples), is strongly correlated in all sample types (Table 5.1, Fig. 5.6a). To provide a 

comparison to the published data and to relate to some common concepts in deformation of 

two-phase materials we use the Zener pinning parameter (Z), which is defined as the second-

phase (i.e., orthopyroxene in this case study) grain size (dp) divided by the phase’s volume 

fraction (fp) (Smith, 1948). Coarse-grained samples plot on a Zener plot in the area between 

Josephine Ophiolite samples (Hansen and Warren, 2015) and porphyroclastic tectonites 
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(Linckens et al., 2011a, 2015), whereas most protomylonitic samples plot close to other 

mylonites (Table 5.2, Fig. 5.6b).  

 

5.3.2 Quantitative orientations of olivine and orthopyroxene 

5.3.2.1 Crystallographic preferred orientation (CPO) 

Group 1 samples have axial-[010], orthorhombic and axial-[100] olivine CPOs. Only one 

sample has [100]OL parallel to [001]OPX and [010]OL parallel to [100]OPX (i.e., coherent olivine 

and orthopyroxene CPOs). In the other samples there is no consistent orientation relationship 

between the olivine and orthopyroxene CPO. For Group 2 samples, olivine CPO distributions 

are dominated by orthorhombic and axial-[100] (Table 5.1 and Fig. 5.7a). Most samples have 

incoherent olivine and orthopyroxene except BUR-5 and BUR-16. The SPO (shape preferred 

orientations) is usually parallel to the [100] maximum direction (Fig. F2 in Appendix F). BUR-

23, the only sample with visible foliation and lineation, has similar CPO distributions in 

lineation- and orthopyroxene-based rotations (Fig. 5.7). 

In protomylonitic samples, olivine CPO is either orthorhombic or axial-[010], these samples 

also mostly have incoherent olivine and orthopyroxene CPOs (Table 5.1, Fig. 5.7). 

Porphyroclastic olivine grains in each sample have different CPOs to fine grains in the same 

sample. There is no consistent relationship between the coarse and fine-grained CPOs; for 

example, the angles between [100]OL of porphyroclasts and [100]OL of fine grains are between 

20° and 88° (Fig. 5.7a and Fig. F2 in Appendix F). 
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Fig. 5.7 Lower hemisphere, equal area stereographic projections of inferred crystal preferred 
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orientations (CPO) in coarse-grained and protomylonitic samples from West Otago area. (a) for 

olivine, (b) for orthopyroxene. Bold line represents sample’s visible “foliation” (i.e., olivine 

shape preferred orientation) and the red star represents “lineation”. N, number of measured 

grains; MD, maximum density; PORP, porphyroclastic olivine; A: angle between Ol[100] of fine 

grains and porphyroclasts. Minerals M-index, olivine inferred CPO types and orthopyroxene 

distribution characteristics are also shown in this figure. Y/N are the same as Table 5.1. BUR-

23 is shown as both foliation & lineation orientation and orthopyroxene-based orientation. 

 

5.3.2.2 Other microstructural parameters 

PGR (point-girdle-random) diagrams drawn from an eigenvector analysis of the principal 

crystal directions of the two dominant minerals show no strong pattern for coarse-grained 

samples (Fig. 5.8). [100]OL fills most of the diagram, most Group 1 samples are in the R zone 

(except MOE-4, in P zone) and most Group 2 samples are either in or close to the P zone (except 

BUR-10, in G zone), [010]OL and [001]OL are mostly in or close to the G and R fields. [001]OPX 

fills most of the diagram, [010]OPX and [100]OPX are mostly in or close to the P and R fields. 

Protomylonite samples (with a smaller sample set) are not substantially different, except 

perhaps [100]OL which is dominantly in the R field. 

Group 2 samples have olivine and orthopyroxene M-indices that extend to higher values than 

Group 1 samples (Fig. 5.9a). Protomylonitic samples (MOE-10 and LWA-10) fall into two 

groups; two samples have large orthopyroxene M-index and larger olivine M-index than the 

other three protomylonites (Fig. 5.9a). The distribution of BA- and AC-index shows that most 

coarse-grained samples are dispersed plotted in range >0.35 (BA-index) and 0.35-0.65 (AC-
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index), all protomylonitic samples are plotted in range 0.35-0.65 (BA-index) and <0.6 (AC-

index) (Fig. 5.9b). Additionally, there is no obvious relationship between grain size and CPO 

strength in the coarse-grained samples (Fig. 5.9c). 

 

Fig. 5.8 Point (P), girdle (G) and random (R) distribution of olivine (a) and orthopyroxene (b) 

in [100], [010] and [001] axes.  

 

Fig. 5.9 Relationship between olivine and orthopyroxene in different parameters. (a) M-index, 

(b) BA-index (olivine) and AC-index (orthopyroxene). Gray areas (0.35-0.4 and 0.6-0.65 of 

BA-index) in (b) represent additional orthorhombic zone in some studies (e.g., Baptiste et al., 

2015), ortho=orthorhombic texture. (c) represents relationship between grain size and M-index 

of olivine. 
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5.3.3 Seismic properties 

The calculated seismic properties of individual samples are presented in Fig. B2 in Appendix 

B in the orthopyroxene (100) [001] reference frame, as used for the CPOs in the previous 

section. As there is significant incoherence between the olivine and orthopyroxene CPOs, the 

relative orientations of different samples are unclear. This presents a difficulty in aggregating 

the results from the sample suite. For the purpose of calculating possible end-member 

aggregated (or average) seismic properties we use two different and contrasting reference 

frames: one is the orthopyroxene (100) [001] reference frame, as used to display CPOs, the 

other is the olivine (010) [100] reference frame.  

In the olivine CPO reference frame, coarse-grained samples have maximum Vp (P-wave 

velocity) parallel to X and minimum Vp parallel to Z. Maximum S-wave anisotropy lies along 

the XY plane, as a maxima parallel to Y in Group 1 samples and spread up to ~50° from Y in 

Group 2 samples. Fast wave polarization is in the X-Y plane. Minimum S-wave anisotropy 

areas lie in the X-Z plane with minima ~30° from X (Fig. 5.10a). Calculated velocities and 

anisotropies of Group 1 and Group 2 samples are similar. Protomylonitic samples have similar 

seismic velocity distribution to Group 2 samples, whilst the seismic velocity range and seismic 

anisotropy are lower (Fig. 5.10a).  

In the orthopyroxene CPO reference frame (Fig. 5.10b), the maximum Vp of Group 1 samples 

is parallel to X direction whilst in Group 2 samples and the minima is parallel to YZ plane, the 

maximum lies in the X-Z plane ~20° from X. For both groups Vp minima lie in a girdle normal 

to the maximum with absolute minima close to Z in Group 1 and Y in Group 2. In both Group 

1 and 2 max S-wave anisotropy is lies in the Y-Z plane ~20° from Z. Minima are less well 
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defied. Vs1 fast polarization directions are similar to the olivine-based reference frame. The 

anisotropies of aggregate coarse-grained samples in the olivine CPO reference frame are lower 

than those in the orthopyroxene CPO reference frame. Protomylonitic samples have very low 

P and S wave anisotropies. 

 

Fig. 5.10 Averaged seismic figures of coarse-grained samples (Group 1 and Group 2) and 

protomylonitic samples in ambient condition. (a) represents olivine (010) [100] CPO-based 

rotation, (b) represents orthopyroxene (100) [001] CPO-based rotation. AVp: maximum P-wave 

seismic anisotropy; AVs: maximum S-wave seismic anisotropy. Black square: maximum value; 

white circle: minimum value. The scale bar ranges of different seismic parameters are the same. 
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5.4 Discussion 

5.4.1 Incoherent olivine and orthopyroxene CPOs in most coarse-grained samples  

The East Otago mantle, much further from the Alpine fault, has orthorhombic/axial-[010] type 

olivine CPO with coherent olivine and orthopyroxene (Table 4.2 in Chapter 4). By comparison, 

the coarse-grained mantle xenoliths from West Otago, described here, have various CPO types 

and many have incoherent olivine and orthopyroxene CPOs (Fig. 5.7a).  

Coherent olivine and orthopyroxene CPOs suggest synchronous deformation and 

recrystallisation of the two minerals (Baptiste et al., 2012, 2015; Tommasi et al., 2016). Thus, 

one potential generation mechanism of incoherent olivine and orthopyroxene is to have distinct 

deformation histories for the two minerals. The mechanisms that would facilitate this remain 

poorly constrained and three possibilities suggested in the literature are outlined below. 

Several authors have suggested that addition of orthopyroxene during melt percolation events 

could give rise to incoherence. These can include syn-kinematic melt percolation (Zaffarana et 

al., 2014; Fernández-Roig et al., 2017) or post-kinematic melt percolation (Soustelle et al., 2010; 

Baptiste et al., 2015). Most orthopyroxene CPOs have secondary arbitrarily-oriented maxima 

and dispersed distributions to the dominant maxima (Fig. 5.7b), which imply that the generation 

mechanisms is different to the dominant CPOs. This is one of the characteristics that has been 

used to infer melt percolation (Soustelle et al., 2010; Zaffarana et al., 2014; Liu et al., 2019). 

The mosaic structure of interpenetrating olivine and orthopyroxene grains (Figs. 5.5b, 5.5c) and 

the inclusion of smaller orthopyroxene grains in large olivine grains (Fig. 5.5d) are observations 

commonly used to infer melt percolation (Pike and Schwarzman, 1977; Dijkstra et al., 2003; 

Soustelle et al., 2010). Geochemical data of also have been interpreted in terms of multiple melt 
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depletion and melt percolation events, pre-dating the protomylonites, in the same sample 

location places of West Otago area (Scott et al., 2014b, 2019; Liu et al., 2015). It is not clear 

whether the inferred melt percolation events in West Otago are syn- or post-kinematic with 

respect to the deformation that generated the olivine CPOs of coarse-grained xenoliths. 

Equivalent geochemical evidence for these melt percolation events is absent in East Otago 

(Scott et al., 2019), where the olivine and orthopyroxene CPOs are coherent. Liu et al. (2015) 

use isotope data to suggest that a recent mantle depletion event (during Cretaceous; Scott et al., 

2019) overprinted ancient melting events: this also may influence CPO coherence.  

As an alternative explanation, Cao et al. (2015) suggest that the incoherence between olivine 

and orthopyroxene is the result of stronger orthopyroxene (deformed by dislocation creep; 

Mackwell, 1991) that then deforms to lower finite strains than olivine.  

Recently Boneh et al. (2017) conducted laboratory experiments that showed that static 

annealing can progress by preferential growth (abnormal grain growth) of the olivine with 

particular orientations so that the [100]OL maximum of the fully annealed microstructure is 

rotated from that of the original deformed microstructure. We cannot rule out these latter several 

processes, but we do not know how such a process would be expressed in a two-phase system, 

as the experiments used just olivine. 

 

5.4.2 Deformation stages of West Otago upper mantle 

The coarse-grained samples were deformed at higher temperatures and greater depths than the 

protomylonitic samples (see section 2.4; Scott et al., 2016; Kidder et al., 2021). The spatial 

association of the protomylonitic samples and the Alpine Fault (25-50 km), and their lower 
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temperatures and shallower depths are evidence that protomylonitic texture is the result of 

large-scale Alpine Fault movement (~600 km) that generated narrow mylonite zones parallel to 

the Fault (Kidder et al., 2021). This argument implies that the coarse-grained samples are the 

result of processes and conditions that predate the Alpine Fault.  

The CPOs of fine grains and of porphyroclasts in protomylonitic samples are not coincident. 

Sample MOE-10 is an exception where fine-grains and porphyroclasts have partly similar CPOs 

(e.g., their directions of [100] and [010] are closer than other four protomylonites; Fig. 5.7a).  

Probably the CPOs of the fine grains were developed in a different kinematics from the CPOs 

in the porphyroclasts. It is likely that the CPO of the porphyroclasts will have been modified 

by Alpine Fault, and maybe MOE-10 is an example where the shear strain in the porphyroclasts 

is sufficient to align them with the fine-grained CPO. Protomylonitic samples have incoherent 

olivine and orthopyroxene (Fig. 5.7). This could simply be inherited from the coarse grains, or 

incoherent during the Alpine Fault movement period. Incoherence may relate to grain boundary 

sliding (GBS) being a dominant deformation mechanism (i.e., olivine keeps similar but weaker 

CPO; Vauchez et al., 2012), so that the CPOs of olivine and orthopyroxene are not necessarily 

aligned. The following section will show the detailed deformation processes of West Otago 

mantle xenoliths. 

 

5.4.3 Deformation conditions and process of West Otago upper mantle 

5.4.3.1 Pre-Alpine Fault period 

All coarse-grained samples plot in the dynamic recrystallization-controlled field, rather than a 

second phase-controlled field in Zener parameter space (Fig. 5.6b). This is consistent with 
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microscopic observations that grain boundaries are mostly curved (Fig. 5.2b, 5.5c, 5.5e), thus 

the strain-induced grain boundary migration (GBM) probably played a major role during this 

period. GBM is the result of dislocation creep, thus the olivine CPOs coarse-grained samples 

are suggestive that dislocation creep was important. Although there is no clear relationship 

between olivine and orthopyroxene grain size and olivine CPO strength, the five samples with 

the largest olivine M-index values are all belong to Group 2 (Fig. 5.9a, 5.9c), and they all have 

stronger [100]OL than other coarse-grained samples (Fig. 5.7a, 5.8a). These observations are 

consistent with neither phase acting as a pinning phase. The trajectory of the data on the Zener 

parameter figure maps approximately onto the constant temperature pathway as seen by sub-

parallelism to other constant calculated temperature data in Fig. 5.6b (e.g., trend II in Herwegh 

et al., 2011). Moreover, the correlation suggests temperatures of the order of 1000 °C, consistent 

with petrological data (Table 5.2).  

The Group 1 coarse-grained samples have lower Mg# than Group 2, and most Group 1 samples 

have lower Cr# and higher orthopyroxene Al2O3 content than Group 2 samples (Table 5.1, Fig. 

5.3), visual inspection of Fig. 5.3 shows that the more depleted samples (Group 2) have the 

largest maximum grain sizes and in general larger average grain size. Such geochemical 

characteristics imply a signature of mantle depletion (Scott et al., 2016, 2019) that is well 

developed in the Group 2 samples.  

Grain size coarsening progress is usually considered to occur in static environment (Herwegh 

et al., 2005; Faul and Scott, 2006). Fig. 5.6a shows that the grain sizes of olivine and 

orthopyroxene have similar ratios in all samples. This is consistent with the constant grain size 

ratio of the two minerals in high-temperature (~1000 °C) grain growth experiment (Hiraga et 
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al., 2010) and less consistent with patterns developed in experimental samples where grain size 

reduction occurs in olivine orthopyroxene rocks (Tasaka et al., 2017). Static annealing may 

seem to contradict the observation that many grain boundaries are curved or lobate, suggesting 

that strain energy driven GBM was important. Straight grain boundaries are also observed in 

coarse-grained samples (Fig. 5.4, 5.5b, 5.5d) and these might be a result of a static 

recrystallization process (Park et al., 2001; Tommasi et al., 2008; Boneh et al., 2017). Syn-

microscopic experiments in metal alloys and organic rock analogues (Bestmann et al., 2005; 

Piazolo et al., 2006; Boneh et al., 2017; Lopez-Sanchez et al., 2020) show that at fixed 

temperature, rates of dynamic GBM driven by strain energy tend to be much higher than surface 

energy driven GBM associated with static annealing and that the irregular grain boundary 

microstructure developed in the dynamic phase may be preserved through static grain growth. 

Static annealing does not generally affect CPOs (Park et al., 2001; Heilbronner and Tullis, 2002). 

Grain size coarsening (Fig. 5.3) associated with mantle depletion occurred before Alpine Fault 

movement. Scott et al. (2016) infer that the mantle hydration progress by carbonate 

metasomatism took place during Late Cretaceous, thus the older mantle was dry before that 

time. 

 

5.4.3.2 Alpine Fault period 

During Alpine Fault movement, the mantle nearby (as far as Lake Wanaka; Fig. 5.1) started 

mylonitization (Fig. 5.2c, 5.5g, 5.5h; Kidder et al., 2021).  Assuming that deformation 

microstructures observed in the samples is linked to Alpine Fault activity, mylonitization of the 

mantle beneath the Alpine Fault has been developed heterogeneously. Orthopyroxene grains 
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are all dispersed (low aggregated orthopyroxene ratio; Table 5.1, Fig. 5.3), and include larger 

porphyroclastic (Fig. 5.5g) grains and finer equant grains (Fig. 5.5h). The position of the 

protomylonitic samples on the Zener plot is consistent with the protomylonites having been 

deformed at lower temperatures (~800 °C; Table 5.2, Fig. 5.6b) than the coarse-grained 

peridotite. This condition also coincides with the transition from porphyroclastic tectonite to 

mylonite in previous work (Fig. 5.6b; Herwegh et al., 2011; Linckens et al., 2011a). 

In the protomylonites, fine grained olivine and orthopyroxene are intermixed and some 

microstructures suggest that this intermixing relates to the grain size reduction by dynamic 

recrystallization. The microstructures are comparable to previous research interpreted as 

coarser grains (or porphyroclasts) of a secondary phase breaking into fine and dispersed grains 

among the fine-grained major phase (Skemer and Karato, 2008; Linckens et al., 2015). GBS is 

integral to this process (Warren and Hirth, 2006; Farla et al., 2013; Chatzaras et al., 2016; 

Czertowicz et al., 2016) and implies the operation of grain-size sensitive (GSS) creep. This kind 

of creep can be accommodated by either dislocation or diffusion creep (Hirth and Kohlstedt, 

1995, 2003; Drury et al., 2011; Ohuchi et al., 2012, 2017). Grain size and Zener parameter of 

protomylonitic samples are close to values for other protomylonite and mylonite zones rather 

than ultramylonite zones (Table 5.2, Fig. 5.6b). FTIR analyses show the West Otago xenoliths 

are wet (Li et al., 2018) and that the hydration has been attributed to the initiation of the major 

movement phase of the Alpine Fault (~25 Ma).  
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Fig. 5.11 Deformation mechanism maps of protomylonitic samples in this case study, strain rate 

calculations are based on Hirth and Kohlstedt (2003). For protomylonitic samples, constraints 

are set as 800 ℃, 1 GPa. Green columns represent valid grain size (50 µm to minimum average 

grain size), blue columns represent average grain size. Differential stress lines are based on van 

der Wal et al. (1993) (solid red line for 1.75 as the correction factor, yellow line for 1.5 as the 

correction factor and purple line for 1.2 as the correction factor) and Jung and Karato (2001) 

(dashed red lines).   

 

We use experimentally derived olivine flow laws by Hirth and Kohlstedt (2003) to construct 

deformation mechanism maps to test hypotheses relating to the balance of deformation 

mechanisms and the deformation conditions in the protomylonites. The flow laws we used are 

limited to diffusion creep and dislocation creep (Fig. 5.11), although it is clear that there is a 

field of behavior (GSS-Power-Law creep: Drury et al., 2011; GBS: Hansen et al., 2011) that 
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includes both dislocation activity and grain size sensitivity, that exists close to the mechanism 

boundary shown. We plot data for 800 ℃ and 1 GPa, the assumed minimum temperature and 

pressure in West Otago (Scott et al., 2014b), and use wet rheological flow laws. Protomylonite 

grain sizes are used to constrain stress magnitude (Fig. 5.11) through a palaeopiezometer (van 

der Wal et al., 1993). Protomylonitic samples plot close to the boundary between diffusion and 

wet dislocation creep domains (Fig. 5.11) and predict an approximate strain rate of 10-12 s-1. 

Microscopic observation shows that fine orthopyroxene grains are mostly dispersed among fine 

olivine grains (Fig. 5.5g, 5.5h), olivine grains also reveal straight grain boundaries with 

common four-grain junctions (13 to 104 olivine grain junctions in LWA-10; 5 to 115 olivine 

grain junctions in LWA-13; Fig. 5.5g and 5.5h). Four-grain junctions are considered evidence 

for neighbor switching that occurs during grain boundary sliding; (Ree, 1994; Chatzaras et al., 

2016; Miranda et al., 2016). Thus we infer that the dominant deformation mechanisms were 

dislocation creep accompanied by GBS (DisGBS). Protomylonitic samples all plot in the 

dynamic recrystallization area of the Zener plot (Fig. 5.6b). These characteristics support the 

protomylonites experienced initial subgrain rotation (SGR) dynamic recrystallization and 

subsequent grain boundary sliding accompanied by dislocation creep (Kidder et al., 2021), as 

inferred for fine-grained deformed peridotites in some previous studies (Farla et al., 2013; 

Linckens et al., 2015).  

The CPOs in protomylonitic samples are either orthorhombic or axial-[010], accompanied by 

similar olivine M-index values to Group 1 samples (Fig. 5.7a and 9a). The weaker orthorhombic 

CPO could be interpreted as the result of grain size reduction and grain boundary sliding 

(Michibayashi et al., 2006; Drury et al., 2011). Samples with axial-[010] CPO have similar 
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characteristics to transitional AG-B type olivine CPO (Fig. 5.7a; Précigout and Hirth, 2014). 

Such CPO could be interpreted as the result of decreasing fabric strength with GBS at low 

temperature (~850 ℃). In addition, olivine CPOs in protomylonites (fine-grained area) all have 

weaker [100]OL than [010]OL, comparing to coarse-grained samples (Fig. 5.7a). Cao et al. (2017) 

outline a grain size reduction progress at ~900 ℃ with similar characteristics (e.g., finer grains 

with straight grain boundaries, grain size reduction and AG-B type CPO) and they infer that it 

is generated by DisGBS with fluid-rock (water) reaction. Thus the weaker [100]OL is probably 

the result of mylonitization in wet conditions.   

 

5.4.4 Selections of CPO reference frame and seismic implications 

The East Otago samples are dominated by coherent olivine and orthopyroxene CPOs, and the 

olivine CPO is dominated by axial-[010]/orthorhombic types in Chapter 4. This means that 

integrating data from individual samples oriented in an olivine CPO reference frame will give 

very similar average (of all samples) seismic anisotropy properties (e.g., max splitting values 

and orientation) to an integration of individual samples oriented in an orthopyroxene CPO 

reference frame. In the West Otago samples, the situation is more complicated. Due to the 

incoherence of olivine and orthopyroxene CPOs in coarse-grained samples, the average seismic 

anisotropy of West Otago xenoliths obtained by averaging in the olivine reference frame is 

different to that based on averaging in the orthopyroxene reference frame (Fig. 5.10). Averaging 

in the olivine reference frame gives shear wave anisotropy of the same magnitude or larger than 

that calculated from East Otago xenoliths in Chapter 4. Averaging in the orthopyroxene 

reference frame gives shear wave anisotropies that are lower than those calculated for East 
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Otago. Averaging in the orthopyroxene reference frame gives lower anisotropy, as a result of 

the olivine and orthopyroxene CPO incoherence. Current geophysical research reveals that the 

mantle beneath the location of the East Otago xenoliths has approximately two times the 

maximum seismic anisotropy measured in the West Otago area (Karalliyadda and Savage, 

2013).  Averaging in the orthopyroxene reference frame is more consistent with the in situ 

seismological inferences. This also suggests the orthopyroxene reference frame is a better 

reference frame, for the West Otago coarse-grained samples. 

Coarse-grained samples deformed and recrystallized at similar depths to East Otago (40-65 km) 

while protomylonitic samples represent deformation in shallower parts of the mantle at 25-40 

km in situ depth (Scott et al., 2016; Kidder et al., 2021). Both of two rock types represent 

lithospheric mantle (between 25-70 depth; Scott et al., 2014b). The protomylonites represent a 

very small volume of recovered xenoliths (Scott et al., 2014b). Furthermore, Kidder et al. (2021) 

infer that protomylonite is restricted to either localized shears or Riedel shears, beneath the 

Moho and use a rheological model to suggest that the total width of a shear zone containing 

mylonitic rocks would be a few kilometers maximum. These arguments would imply that the 

current upper mantle conditions, as measured using seismology, of these two areas is likely to 

correspond to the coarse-grained xenoliths. Only very special ray paths, for example along a 

mylonitic shear zone, would sample significantly the protomylonites. Protomylonite seismic 

calculations are included in Table 5.3, but we recognize that they may have little relevance to 

the seismic data. These results also support that both East and West Otago mantle xenoliths had 

coarser average grain sizes (>500 μm) prior to Alpine Fault movement. 

Karalliyadda and Savage (2013) indicate that at shallow depths (≤ 100 km), the spatially 
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average fast azimuths delay time (considered as local/regional splitting in their paper) are 

around 0.1-0.4 s in the South Island, the direction is either N-S direction with ~20° rotation to 

east/west or parallel to Alpine Fault direction (NE-SW; Fig. 5.1). We explore the potential 

contribution of West Otago mantle to seismic anisotropy by calculating potential delay times 

from calculated AVs values, using the methods mentioned in section 4.8 in Chapter 4. 

Detailed information is shown in Table 5.3. For the different averaging methods average S-

wave velocities are similar but average AVs is different. Averaging using the orthopyroxene 

reference frame has lower delay times and larger effective seismic path lengths than averaging 

using the olivine reference frame samples.  
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Table 5.3 Calculated delay times and effective seismic path length of West Otago. 

 

Rotation 
reference 

Rock type 
Seismic Propertiesa Delay Time (dt, s)b Effective Seismic Path Length 

in 0.1-0.4s dt (L, km)c 
Avs  Vs1max Vs1min Vs2max Vs2min <Vs> L=15km L=25km 

Olivine 

(Method 1) 

Group 1 5.1 4.95  4.85  4.88  4.69  4.82  0.2  0.3  9.4-38 

Group 2 6.3 5.03  4.82  4.88  4.66  4.84  0.2  0.3  7.7-31 

Protomylonitic 3.5 4.93  4.84  4.86  4.73  4.83  0.1  0.2  14-55 

Orthopyroxene 

(Method 2) 

Group 1 4.1 4.92  4.85  4.88  4.72  4.82  0.1  0.2  12-47 

Group 2 3.9 4.94  4.83  4.85  4.73  4.84  0.1  0.2  12-50 

Protomylonitic 1.6 4.87  4.83  4.84  4.79  4.83  0.05 0.1  30-121 

Note. aAvs (%), Vs1 (2) max and min are the same as Fig. 5.10 shows, velocities are shown as km/s. bL=15 km represents the final 

depth which most xenolith existed before extraction (based on Scott et al., 2014b), L=25 km represents the maximum depth of 

coarse-grained samples (Scott et al., 2016). cDelay times (dt) are based on Karalliyadda and Savage, 2013. The choice of Voight or 

Reuss bounds rather than VRH average would alter delay times and seismic path lengths by ±5%. 

 

In East Otago, we argue that the in situ CPO must be oriented with maximum splitting in vertical: 

corresponding with [100]OL horizontal and parallel to fast splitting axes and [010]OL horizontal 

and normal to fast splitting axes, as this is the only orientation consistent with measured delay 

times. West Otago data are complicated by the uncertainty in reference frame (Fig. 5.12). We 

have already argued that the averaging using the orthopyroxene reference frame maybe better 

because it gives lower average anisotropies, but reality is likely to be more complicated. It will 

depend upon what are the volumes of mantle that have internally a consistent CPO. Averaging 

using the olivine reference frame give a seismic anisotropy that would be expected if all of West 

Otago had the same strong CPO. Averaging using the orthopyroxene reference frame predicts 

the measured delay times better than Method 1 that suggest that ray paths pass through volumes 

of the mantle that contain different CPOs or differently oriented CPOs (Fig. 5.12). Fully 

unravelling this will require much more data. For the moment we postulate a scenario where 

West Otago comprises a mix of different CPOs/CPO orientations, as illustrated in Fig. 5.12. 

This contrasts with East Otago which is interpreted as a single fossil shear zone (see section 4.8 

in Chapter 4). We cannot tell from the data whether the orientations of the lithospheric fast axes 



142 
 

in West Otago have been modified (rotated) by Alpine Fault motion. The fast axes seem likely 

given the SKS data that include the lithosphere and asthenosphere rotate towards parallelism 

with the Alpine Fault in this region (Karalliyadda and Savage, 2013; Karalliyadda et al., 2015). 

The variable fast direction orientations in the lithosphere and corresponding variable CPO 

patterns of the coarse-grained xenoliths do support that there were spatially variable mantle 

fabrics, presumably related to the pre- Alpine Fault history. 

 

Fig. 5.12 Conceptual modal for the lithospheric mantle “fossil shear zone” beneath both East 

and West Otago area, accompanied with initial Alpine Fault overprint (shown in light colors). 

Black lines represent current coastline. Splitting shear wave directions (blue lines, the length 

represents relative delay time) in different areas, based on Karalliyadda and Savage (2013). 

Olivine’s CPO ([100] and [010] direction) and calculated 3-D seismic property (Vp and AVs, 

accompanied with S1 polarization) figures are rotated into the inferred geographical reference 

frame. The flowing direction of mantle with mid-Cenozoic olivine CPO closer to Alpine Fault 
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is parallel to Alpine Fault moving direction, the directions of coarse-grained [100]Ol are the 

same as representative fast azimuth directions (not influenced by Alpine Fault). 

 

5.5 Conclusions  

Harzburgitic mantle xenoliths from West Otago area are divided into coarse-grained 

(subdivided into Group 1 and Group 2) and protomylonitic peridotite. Coarse-grained samples 

have larger grain size than protomylonites, and Group 2 samples have larger grain size than 

Group 1. Generally, protomylonites have higher olivine and orthopyroxene Mg#, spinel Cr#, 

and lower orthopyroxene Al2O3% than Group 2 samples, which in turn have higher values than 

Group 1.  

All coarse samples have well-developed crystallographic preferred orientations (CPOs), but 

most samples have incoherent olivine and orthopyroxene CPOs: that is maxima of principal 

key crystal directions of the two minerals are not necessarily parallel. There is a range of Group 

1 olivine CPOs, including orthorhombic (maxima of [100], [010] and [001]) axial-[100] 

(maxima in [100], girdles in [010] and [001]) and axial-[010] (maxima in [010], girdles in [100] 

and [001]). Axial-[100] type are dominant in Group 2 samples. Secondary maxima are common 

in orthopyroxene CPOs. In general Group 2 samples have stronger CPOs (as measured using 

the M-index) than Group 1 samples. 

CPOs and internal grain distortions suggest that dislocation creep played a major role in the 

microstructural evolution of the coarse samples. A Zener parameter (Z) analysis of the grain 

size data shows that all coarse samples fall into the dynamically recrystallized field rather than 

the second-phase controlled field. The geochemical signatures (e.g., Mg# of olivine and 
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orthopyroxene) of mantle depletion in these samples correspond to increasing grain size and 

we infer from this that these samples have undergone grain growth. Furthermore the grain size 

data define a trend parallel to published trends related to grain growth at temperatures of 

~1000 ℃. Occurrence of some straight grain boundaries support the suggestion that the grain 

size became larger by annealing in static environment.  

The protomylonites contain fine-grained regions and porphyroclasts. CPOs are well-developed 

in both the fine-grained regions and the porphyroclasts, although the orientations of CPOs from 

each fine-grained and porphyroclast region in a single sample are different. Protomylonite 

CPOs are either orthorhombic or axial-[010]. In all samples [010] is the strongest maximum. In 

the Zener parameter analysis the protomylonite correspond to literature data from mylonitic 

rocks deformed at ~800 ℃. The CPO attests to the operation of dislocation creep. Polygonal 

grains with four-grain junctions provide evidence of grain boundary sliding. These 

characteristics and the dominance of [010] maxima are consistent with deformation involving 

grain boundary sliding accompanied by dislocation creep (DisGBS). A rheological strain rate 

analysis suggests fast deformation rates of the order of 10-12s-1. 

The difference in CPOs in porphyroclastic and fine-grained areas of protomylonites is evidence 

that there have been changes in deformation kinematics in the mantle. It is inferred that the 

protomylonitic peridotite is generated by narrow shear zones related to the Alpine Fault. Thus 

the coarse-grained peridotites represent deformation that predates the Alpine Fault. 

Geochemical data imply that the West Otago mantle experienced mantle depletion in constant 

high-temperature environment in the pre-Alpine Fault period. We suggest that the syn-

kinematic partial molten environment led to incoherent olivine and orthopyroxene CPOs, the 
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secondary arbitrarily-oriented maxima in orthopyroxene CPO implies that melt percolation also 

took place in post-kinematic period.  

Once the Alpine Fault began movement, a small volume of shallower mantle close to the fault 

experienced localized shear, grain size reduction and modified olivine CPO. These geological 

events generated protomylonite where the reduced grain size facilitated deformation by 

dislocation creep and its based grain boundary sliding (GBS). Such progress also contributed 

to weaker [100]OL than [010]OL.  

Incoherent olivine and orthopyroxene CPOs present a problem in extracting summative seismic 

anisotropy data. If samples are all rotated to approximately the same orthopyroxene CPO 

reference frame they give a lower combined anisotropy than if they are rotated to approximately 

the same olivine CPO reference frame. Calculated West Otago anisotropies only match this 

pattern when samples are all rotated to approximately the same orthopyroxene CPO reference 

frame. This suggest that the common reference frame relates to the melt percolation and mantle 

depletion event and that olivine CPOs represent blocks of the mantle with different deformation 

kinematics/orientation.  
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Chapter 6 

Conclusions  

The main target of this thesis is to elucidate the microstructural evolution of samples that 

represent the Zealandia lithospheric mantle beneath the South Island of New Zealand. For 

ophiolitic peridotites samples the lineation and foliation observed in the field are used to provide 

a kinematic reference frame. Mantle xenoliths are randomly oriented so the most typical 

orthopyroxene (100) [001] CPO are used as a reference frame to rotate olivine CPOs. The 

samples are analysed by EBSD (Electron Backscatter Diffraction) to generate quantitative 

microstructural data (e.g., grain size, mineral CPO, M-index, MXD, etc). Published and some 

additional geochemical and geophysical data provide a framework for the study. 

Chapter 3 presents data from the Red Hills peridotite massif. In a 1 km square area of the Ellis 

Stream Complex, five different olivine CPOs are observed (A, C-E and AG-type). A-type is 

dominant in harzburgites whilst various CPOs are measured in dunites (A, C-E types). D-type 

is only observed in dunites. Olivine and orthopyroxene CPOs are mostly coherent in 

harzburgites. The strength of olivine CPOs (M-index and [100]OL maximum density) decreases 

from east to west. A pair of samples (either in contact or a few cm from each other), one dunite 

and one harzburgite, were collected from each sample location.  In each pair, dunite has larger 

olivine grain size and stronger olivine CPO than harzburgite. Some dunites are divided into 

medium- and coarse-grained areas. Coarse-grained areas have larger olivine grain size, stronger 

and more varied olivine CPOs. Variations in olivine in dunites corresponds to spinel content. 

We infer that orthopyroxene in harzburgites and spinel in dunites inhibit olivine grain 
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coarsening and also modify CPO development. Macroscopic observation shows that the 

peridotites have folds with E-W foliations and vertical lineations, the lineation directions are 

mostly coincided with [100]OL directions. Such characteristics indicate that the latest shearing 

of the Ellis Stream Shear Zone (ESSZ) generates the CPOs and strain may reduce from east to 

west.  

In Chapter 4, mantle xenoliths from Trig L, a site in East Otago, are used to constrain the paleo-

mantle evolution of East Otago area. Olivine CPO types are dominated by axial-[010] and 

orthorhombic. Olivine and orthopyroxene CPOs are mostly coherent. Low-angle (2-10 ° ) 

misorientation axes distributions show that the subgrain boundaries are consistent with (0kl) 

[100] dislocations. Orthopyroxene shows weaker internal distortion than olivine, and strain-

free orthopyroxene inclusions cut the subgrain boundaries of olivine. Thus I infer the in situ 

orthopyroxene was probably molten during deformation. These results are consistent with a 

rheological analysis suggesting GBM dynamic recrystallization at high temperature (~1000-

1100 °C), with 3-20 MPa differential stress and ~10-14 s-1 strain rate. Orthopyroxene and 

clinopyroxene have similar CPOs in most harzburgites, but not in lherzolites. The most 

probable reason is that with mantle depletion, the original clinopyroxene content in harzburgite 

was small and after carbonate metasomatism, new clinopyroxene is generated at the expense of 

orthopyroxene. Thus the CPO of orthopyroxene is also inherited. Clinopyroxene lamellae in 

orthopyroxene is an indicator of mantle cooling prior to the mid-Cenozoic eruptions. The 

calculated seismic anisotropies are consistent with measured seismic anisotropy data for the 

current mantle state below East Otago. To explain the seismic data, both [100] and [010] 

maxima of olivine need to be sub horizontal. The fast polarization directions (Karalliyadda and 
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Savage, 2013) parallel to [100] are NNW-SSE dominant. Rationalizing CPO data and seismic 

anisotropy data suggest that the E Otago mantle contains a fossil NNW-SSE strike-slip shear 

zone. The xenoliths predate initiation of the Alpine Fault. 

Chapter 5 describes harzburgitic mantle xenoliths collected from several areas from West Otago 

all within ~50 km of the Alpine Fault. Peridotites are divided into coarse-grained and 

protomylonitic samples, and coarse-grained samples are sub-divided into Group 1 and 2, Group 

2 have higher olivine/orthopyroxene Mg#, generally higher Cr# and lower Al2O3%. Axial-[010], 

orthorhombic and axial-[100] olivine CPO types are all shown in Group 1 samples, axial-[100] 

is dominant in Group 2 samples. Olivine and orthopyroxene CPOs are mostly incoherent. 

Coarse-grained samples experienced dynamic recrystallization (GBM) during high temperature 

(~1000 ℃) conditions, supported by a Zener parameter analysis and curvy grain boundaries. 

The grain coarsening took place during mantle depletion. Incoherent olivine and orthopyroxene 

CPOs are considered as melt percolation, which is manifest as secondary arbitrarily-oriented 

maxima in orthopyroxene CPO. Protomylonites in fine-grained regions have either an 

orthorhombic or axial-[010] olivine CPO, which is different to the porphyroclast CPO in the 

same sample. Fine grained areas are generated by grain size reduction by subgrain rotation 

(SGR) dynamic recrystallization. Four-grain junctions are common. Such deformation 

characteristics are considered as the result of grain boundary sliding accompanied by 

dislocation creep (DisGBS). Zener parameter analysis suggests the deformation temperature of 

protomylonites is ~800 ℃ and the rheological data show the strain rate is ~10-12s-1. The 

protomylonite data suggest that the protomylonites relate to narrow shear zones associated with 

the Alpine Fault. Incoherent olivine and orthopyroxene CPOs dominate all these harzburgites. 
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Either the olivine ((010) [100]) or orthopyroxene ((100) [001]) CPO could be used as a 

reference frame to align multiple samples and calculate average seismic data. Seismic data from 

coarse grained samples, averaged using the orthopyroxene CPO-based frame matches better the 

seismic data from West Otago. These data suggest that the mantle structures responsible for the 

coarse-grained CPOs are more complex than East Otago, involving multiple structures in 

different orientations. 

The main contributions of this PhD research are: 

1. multiple olivine CPOs in Red Hills Massif suggest that second phase content and strain 

are significant factors in controlling CPOs in olivine. 

2. Microstructures and CPOs of E. Otago xenoliths suggest deformation at high 

temperatures, probably with melt, in a NNW-SSE strike-slip shear zone.  

3. Protomylonites and coarse-grained xenoliths of W. Otago have different deformation 

kinematics. The coarse-grained samples represent a complex set of high temperature 

deformations, that are cross cut by deformation related to the Alpine fault that generates 

the protomylonites. 

Future research directions should include: 

• Using the CPOs from the Red Hills to generate synthetic seismic sections of complexly 

deformed mantle. 
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Appendix A  

The noise reduction comparison of EBSD maps and SPO 

distributions of olivine and orthopyroxene in Red Hills Massif 

peridotites 

 

Fig. A1 EBSD inverse pole figure maps (19RH19-8D) in different conditions created by MTEX 

toolbox. (a) EBSD map without additional noise reduction function and the selected minimum grain 

size is 40 μm, inset shows the sketch map of serpentinized olivine grain’s current and original 

(black dashed line) grain shapes; (b) EBSD map with additional noise reduction function and the 

selected minimum grain size is 200 μm. Scale bars are all 1 cm. 



200 
 

 

Fig. A2 Comparison between reconstructed olivine grains (inverse pole figure maps covering 

band contrast (grey areas), created by MTEX toolbox, upper of each sample) and grains in thin 

section photos (below of each sample) in different samples. 
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Fig. A3 SPO rose diagrams of olivine and orthopyroxene in each pair. Black lines show the 

dominant direction of [100]OL ([001]OL for 19RH08-1D)and [001]OPX in the same reference frame. 
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Appendix B  

The calculation methods of seismic properties under in-situ 

conditions and the results of seismic properties of East and West 

Otago peridotites in both ambient and in-situ conditions 

To calculate elastic properties at elevated pressures and temperatures we used the formula presented 

by Mainprice (2007):   

 

𝐶𝑖𝑗(P, T) = 𝐶𝑖𝑗(𝑃0𝑇0) + (
𝑑𝐶𝑖𝑗

𝑑𝑃
) ∙ ∆𝑃 + 0.5 ∙ (

𝑑2𝐶𝑖𝑗

𝑑𝑃2 ) ∙ ∆𝑃2 + (
𝑑𝐶𝑖𝑗

𝑑𝑇
) ∙ ∆𝑇 + (

𝑑2𝐶𝑖𝑗

𝑑𝑃𝑑𝑇
) ∙ ∆𝑃) ∙ ∆𝑇  (4) 

 

where Cij are the elastic constants at pressure P and temperature T, Cij (P0T0) are the elastic constants 

at a reference pressure P0 (0.1 MPa) and temperature T0 (25 °C), dCij/dP is the first-order pressure 

derivative, d2Cij/dP2 is the second-order pressure derivative, dCij/dT is the first-order temperature 

derivative.  

The density of a mineral is also influenced by temperature and pressure, the equation given by 

Poirier (2000) and Mainprice (2007) is 

ρ(P, T) = ρ0{(1 + (
𝐾′

𝐾
) ∙ (𝑃 − 𝑃0)

(
1

𝐾′
)

∙ [(1 − 𝛼𝑣(𝑇 − 𝑇0)]}                                                     (5)  

where K is the bulk modulus, K’=dK/dP, the pressure derivative of K, αv(T) represents the volume 

thermal expansion coefficient.  

For olivine across a range of conditions from the ambient to the in-situ temperatures and pressures, 

dCij/dP, d2Cij/dP2, K and K’ have been experimentally determined by Abramson et al. (1997), 
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dCij/dT and αv(T) have been experimentally determined by Issac (1992) and Maisui and Manghnani 

(1985).  

For orthopyroxene, dCij/dP, d2Cij/dP2, K and K’ have been experimentally determined by Chai et 

al. (1997), αv(T) has been experimentally determined by Jackson et al. (2003). No valid dCij/dT 

data are available at 1100 ℃, so we used the highest temperature parameters available (800 ℃) 

from Jackson et al. (2007).  

For clinopyroxene, dCij/dP, K and K’ have been calculated by Matsui and Busing (1984), Issac et 

al. (2006), and Levine et al. (1979), dCij/dT and αv(T) have been experimentally determined by 

Issac et al. (2006). d2Cij/dP2 is ignored since no valid data are published. 

Calculated elastic moduli data (GPa) and mineral densities (g/cm3) for 1100 ℃ and 1.5 GPa (in-

situ condition of samples of East Otago) are: 

M-olivine: 

 288.60   61.68 66.63 0 0 0
61.68 172.43 74.1147 0 0 0
69.21 76.37 205.32 0 0 0

0 0 0 52.85 0 0
0 0 0 0 94.26 0
0 0 0 0 0 64.72

   

ρOl=3.24g/cm3 

M-orthopyroxene: 

 212.65   72.22 48.23 0 0 0
72.22 156.50 49.82 0 0 0
48.23 49.82 185.13 0 0 0

0 0 0 72.92 0 0
0 0 0 0 63.54 0
0 0 0 0 0 68.04

   

ρOpx=3.25g/cm3 
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M-clinopyroxene: 

 214.02   79.56  80.02 0 10.19 0
79.56 168.19 66.05 0 9.47 0
 80.02 66.05 217.31 0 42.11 0

0 0 0 69.18 0 12.69
10.19 9.47 42.11 0 66.67 0

0 0 0 0 0 68.86

   

ρCpx=3.22g/cm3 

Calculated elastic moduli data (GPa) and mineral densities (g/cm3) for 1000 ℃ and 1.5 GPa (in-

situ condition of coarse-grained samples of West Otago) are: 

M-olivine: 

 291.51   63.54 68.25 0 0 0
63.54 174.67 76.15 0 0 0
68.25 76.15 207.86 0 0 0

0 0 0 53.80 0 0
0 0 0 0 93.24 0
0 0 0 0 0 65.89

   

ρOl=3.30g/cm3 

M-orthopyroxene: 

 223.28   76.66 54.45 0 0 0
76.66 164.68 53.64 0 0 0
54.45 53.64 196.11 0 0 0

0 0 0 73.94 0 0
0 0 0 0 69.35 0
0 0 0 0 0 68.97

   

ρOpx=3.31g/cm3 

Calculated elastic moduli data (GPa) and mineral densities (g/cm3) for 800 ℃ and 1.0 GPa (in-situ 

condition of protomylonitic samples of West Otago) are: 

M-olivine: 
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 296.00   63.69 68.21 0 0 0
63.69 177.96 75.61 0 0 0
68.21 75.61 211.89 0 0 0

0 0 0 55.51 0 0
0 0 0 0 89.65 0
0 0 0 0 0 68.07

   

ρOl=3.30g/cm3 

M-orthopyroxene: 

 224.13   76.13 54.98 0 0 0
76.13 166.22 52.94 0 0 0
54.98 52.94 200.96 0 0 0

0 0 0 75.77 0 0
0 0 0 0 71.23 0
0 0 0 0 0 70.64

   

ρOpx=3.27g/cm3 
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Table B1 Seismic properties of each sample in both ambient and in-situ conditions. 

Seismic Propertiesa 

      Vpmax Vpmin Vs1max Vs1min Vs2max Vs2min Vs AVp  AVsmax AVs1max  AVs2max  

E
as

t 
O

ta
g

o
 

A
m

b
ie

n
t 

co
n

d
it

o
n
 

TRL-9 8.96  7.79  5.20  4.78  4.87  4.58  4.89  14.0  11.9  8.5  6.2  

TRL-15 8.68  7.97  4.99  4.82  4.85  4.65  4.82  8.6  6.5  3.5  4.2  

TRL-16 8.75  7.97  4.96  4.87  4.88  4.64  4.80  9.4  6.8  1.9  5.2  

TRL-17 8.71  8.00  4.99  4.81  4.89  4.65  4.82  8.5  6.8  3.7  5.2  

TRL-23 8.66  7.96  5.01  4.79  4.86  4.68  4.85  8.4  6.4  4.3  3.9  

TRL-10 8.58  7.98  4.97  4.80  4.83  4.70  4.84  7.2  5.0  3.6  2.8  

TRL-12 8.66  8.00  4.96  4.78  4.87  4.70  4.83  8.0  5.4  3.7  3.5  

TRL-13 8.60  8.03  4.95  4.84  4.86  4.68  4.82  6.8  5.1  2.3  3.7  

TRL-24 8.42  7.99  4.88  4.78  4.80  4.72  4.80  5.2  3.1  2.1  1.7  

TRL-27 8.43  8.15  4.91  4.82  4.84  4.73  4.82  3.4  3.5  1.8  2.3  

In
-s

it
u
 c

o
n
d
it

o
n
 

TRL-9 8.64  7.41  5.10  4.44  4.70  4.28  4.69  15.4 17.4 13.9 9.4 

TRL-15 8.43  7.61  4.90  4.57  4.68  4.38  4.64  10.2 10.6 7 6.6 

TRL-16 8.56  7.61  4.90  4.61  4.71  4.35  4.63  11.7 10.6 6.2 7.8 

TRL-17 8.42  7.66  4.88  4.61  4.70  4.41  4.65  9.4 9.9 5.7 6.3 

TRL-23 8.42  7.59  4.90  4.57  4.66  4.42  4.66  10.4  9.6  7.0  5.3  

TRL-10 8.30  7.61  4.82  4.56  4.60  4.43  4.63  8.7  8.4  5.6  3.8  

TRL-12 8.37  7.63  4.84  4.60  4.65  4.41  4.63  9.2  8.7  5.1  5.1  

TRL-13 8.32  7.67  4.79  4.63  4.67  4.42  4.61  8.1  6.8  3.3  5.5  

TRL-24 8.09  7.63  4.71  4.54  4.55  4.45  4.58  5.8  5.7  3.6  2.3  

TRL-27 8.10  7.79  4.73  4.60  4.64  4.46  4.60  3.9  5.4  2.9  3.9  

W
es

t 
O

ta
g

o
 

A
m

b
ie

n
t 

co
n

d
it

o
n
 

MOE-4 8.87  8.06  5.02  4.87  4.90  4.63  4.83  9.6  6.8  3.1  5.7  

BUR-24 8.62  7.99  5.00  4.78  4.86  4.69  4.85  7.6  6.4  4.5  3.5  

BUR-25 8.61  8.13  4.94  4.84  4.88  4.69  4.82  5.8  4.5  2.2  4.0  

BUR-4 8.64  8.06  4.96  4.86  4.89  4.67  4.82  6.9  5.5  2.2  4.6  

BUR-26 8.62  8.13  4.93  4.85  4.89  4.69  4.81  5.9  4.8  1.5  4.1  

BUR-5 8.65  8.10  5.00  4.83  4.90  4.68  4.84  6.6  6.4  3.3  4.6  

LWA-3 9.29  7.95  5.14  4.88  4.88  4.52  4.83  15.6  10.1  5.3  7.6  

LWA-12 9.18  7.92  5.12  4.86  4.88  4.54  4.83  14.7  9.4  5.2  7.1  

BUR-6 8.67  8.02  5.02  4.82  4.87  4.69  4.85  7.8  6.2  4.0  3.8  

BUR-10 8.68  7.97  5.09  4.72  4.83  4.67  4.88  8.5  8.5  7.7  3.4  

MOE-3 9.09  7.98  5.11  4.84  4.87  4.60  4.85  13.0  8.3  5.4  5.8  

BUR-13 8.60  8.07  5.00  4.82  4.90  4.70  4.85  6.4  5.7  3.7  4.2  

BUR-16 9.03  7.93  5.11  4.81  4.90  4.59  4.85  12.9  8.5  6.0  6.4  

LWA-11 9.24  7.96  5.14  4.84  4.90  4.53  4.83  14.9  9.5  5.8  7.8  

BUR-23 8.71  8.09  5.00  4.83  4.88  4.67  4.83  7.4  5.9  3.4  4.3  

MOE-10 8.74  7.96  5.00  4.81  4.89  4.66  4.83  9.3  6.3  4.0  4.9  

LWA-1 8.56  8.14  4.93  4.80  4.86  4.74  4.83  5.1  3.5  2.6  2.4  
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LWA-5 8.57  8.12  4.92  4.85  4.86  4.72  4.82  5.3  3.8  1.4  3.0  

LWA-10 8.61  7.99  4.97  4.80  4.82  4.72  4.85  7.4  4.9  3.6  2.1  

LWA-13 8.71  8.02  4.98  4.81  4.86  4.66  4.82  8.3  6.0  3.6  4.1  

In
-s

it
u
 c

o
n
d

it
o

n
 

MOE-4 8.56  7.70  4.85  4.69  4.73  4.33  4.59  10.7  9.7  3.3  8.8  

BUR-24 8.34  7.62  4.89  4.55  4.62  4.44  4.67  9.1  9.0  7.3  3.8  

BUR-25 8.30  7.78  4.78  4.64  4.67  4.47  4.63  6.4  6.6  2.9  4.3  

BUR-4 8.36  7.71  4.82  4.61  4.67  4.44  4.63  8.0  7.4  4.4  5.2  

BUR-26 8.31  7.79  4.77  4.67  4.69  4.46  4.61  6.4  6.4  2.1  4.9  

BUR-5 8.35  7.75  4.78  4.66  4.70  4.39  4.59  7.5  7.8  2.7  6.2  

LWA-3 8.98  7.58  4.93  4.73  4.80  4.21  4.57  16.9  14.8  4.2  13.1  

LWA-12 8.88  7.57  4.95  4.68  4.78  4.26  4.61  16.0  14.5  5.6  11.5  

BUR-6 8.37  7.66  4.88  4.55  4.65  4.41  4.64  9.0  9.9  6.8  5.2  

BUR-10 8.36  7.61  4.89  4.56  4.60  4.41  4.65  9.4  10.4  7.0  4.3  

MOE-3 8.74  7.60  4.88  4.68  4.76  4.29  4.58  14.0  12.7  4.2  10.5  

BUR-13 8.21  7.73  4.83  4.59  4.65  4.44  4.64  6.1  8.2  5.1  4.5  

BUR-16 8.72  7.57  4.93  4.63  4.75  4.31  4.62  14.1  13.1  6.4  9.7  

LWA-11 8.93  7.62  4.93  4.76  4.80  4.23  4.58  15.9  13.7  3.5  12.5  

BUR-23 8.41  7.76  4.80  4.64  4.71  4.43  4.62  8.1  7.3  3.5  6.2  

MOE-10 8.33  7.86  4.82  4.62  4.70  4.54  4.68  5.9  5.8  4.2  3.5  

LWA-1 8.32  7.82  4.81  4.65  4.68  4.55  4.68  6.2  5.6  3.4  2.9  

LWA-5 8.40  7.68  4.92  4.58  4.64  4.51  4.71  8.9  8.8  7.1  3.0  

LWA-10 8.50  7.74  4.87  4.66  4.71  4.47  4.67  9.4  8.3  4.4  5.3  

LWA-13 8.50  7.65  4.92  4.61  4.69  4.43  4.68  10.4  10.1  6.4  5.6  

Note. aSeismic velocities (km/s) and anisotropies (%). Vp: P-wave velocity, Vs: S-wave velocity, Vs1: fastest 

shear wave velocity, Vs2: slowest shear wave velocity, Vs: (Vs1max+Vs2min)/2, AVp: maximum P-wave 

anisotropy, AVsmax: maximum S-wave anisotropy, AVs1max: maximum S1-wave anisotropy, AVs2max: 

maximum S2-wave anisotropy. In-situ conditions are the same as Chapter 4 and 5 show. 
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Fig. B1 Seismic property ranges of selected samples in East and West Otago areas, with both 

ambient (black columns) and in-situ (grey columns). Seismic velocities are all km/s and seismic 

anisotropies are all %.  
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Fig. B2 Seismic distributions of individual selected West Otago peridotite in orthopyroxene-based rotation status (ambient condition).
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Appendix C  

Geochemical results of East and West Otago peridotites 

Table C1 Major element chemical composition of constituent minerals from East Otago peridotites. 

Sample TRL-9, 10, 12 and 13's data come from Scott et al. (2014b). H: harzburgite; L: lherzolite; 

G: grains; I: inclusions. Similarly hereinafter. 

Sample no. 

TRL-9 

(H) 

TRL-15 

(H) 

TRL-

16 (H) 

TRL-

17 (H) 

TRL-

23 (H) 

TRL-

10 (L) 

TRL-

12 (L) 

TRL-

13 (L) 

TRL-

24 (L) 

TRL-

27 (L) 

TRL-

23 (G) 

TRL-23 

(I) 

Olivine                       
Analysis 

points 4 6 8 8 9 4 6 5 8 8 3 3 

SiO2 40.95  40.93  40.88  41.22  40.87  40.71  40.43  40.86  40.02  40.73  41.12  41.59  

TiO2 0.01  0.00  0.00  0.02  0.02  0.00  0.01  0.00  0.05  0.02  0.00  0.00  

Al2O3 0.09  0.07  0.00  0.05  0.11  0.02  0.00  0.00  0.10  0.11  0.00  0.00  

FeO 8.58  8.11  8.61  8.08  8.12  9.85  9.34  8.58  9.48  9.94  8.01  8.08  

MnO 0.11  0.09  0.00  0.13  0.18  0.12  0.15  0.13  1.21  0.16  0.00  0.00  

MgO 49.96  50.71  50.25  50.58  50.40  49.08  49.13  50.65  49.07  48.85  50.38  50.51  

CaO 0.01  0.00  0.00  0.01  0.05  0.06  0.05  0.00  0.08  0.10  0.00  0.00  

Na2O 0.02  0.00  0.00  0.04  0.03  0.01  0.00  0.01  0.06  0.05  0.00  0.00  

K2O 0.00  0.00  0.00  0.01  0.00  0.00  0.00  0.00  0.00  0.01  0.00  0.00  

Total 99.71  99.91  100.04  100.15  99.78  99.85  99.11  100.24  100.06  99.96  99.51  100.17  

Number of cations on the basis of 4O                   

Si 1.000  0.996  0.996  1.000  0.996  0.999  0.998  0.993  0.985  0.999  1.003  1.007  

Al 0.002  0.002  0.000  0.002  0.003  0.001  0.000  0.000  0.003  0.003  0.000  0.000  

Ti 0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.001  0.000  0.000  0.000  

Fe 0.175  0.164  0.175  0.164  0.165  0.202  0.193  0.174  0.195  0.204  0.163  0.164  

Mn 0.001  0.002  0.000  0.003  0.004  0.003  0.003  0.003  0.025  0.003  0.000  0.000  

Mg 1.821  1.836  1.825  1.829  1.831  1.795  1.807  1.836  1.800  1.786  1.831  1.823  

Total 2.999  3.000  2.996  2.998  3.000  2.999  3.001  3.006  3.009  2.995  2.997  2.993  

Mg# 91.2  91.8  91.2  91.7  91.7  89.9  90.4  91.3  90.2  89.7  91.8  91.8  

Orthopyroxene                       
Analysis 

points 8 13 10 10 15 21 7 8 14 19 3 3 

SiO2 56.32  57.17  55.72  56.57  56.77  55.34  55.24  55.98  55.22  55.48  56.45  56.82  

TiO2 0.04  0.00  0.00  0.00  0.01  0.05  0.05  0.02  0.05  0.05  0.00  0.00  

Al2O3 2.71  2.08  2.84  2.09  1.97  4.05  3.69  3.33  3.80  3.57  2.10  2.07  

FeO 5.56  5.30  5.58  5.29  5.29  6.13  5.77  5.51  6.44  6.36  5.14  5.14  

MnO 0.12  0.17  0.00  0.08  0.14  0.13  0.15  0.15  0.14  0.19  0.00  0.00  
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MgO 33.80  34.89  34.36  34.84  34.92  33.14  33.39  34.75  33.27  33.48  34.53  34.67  

CaO 0.79  0.41  0.86  0.43  0.50  0.63  0.50  0.46  0.45  0.47  0.61  0.58  

Na2O 0.08  0.01  0.00  0.03  0.03  0.06  0.04  0.01  0.06  0.08  0.00  0.00  

K2O 0.00  0.01  0.00  0.01  0.00  0.00  0.00  0.00  0.02  0.01  0.00  0.00  

Cr2O3 0.609  0.43  0.55  0.45  0.38  0.34  0.34  0.40  0.30  0.31  0.68  0.61  

Total 100.04  100.46  99.92  99.79  100.01  99.88  99.16  100.61  99.76  100.00  99.51  99.89  

Max Al2O3 
3.38 2.24 3.16 2.36 2.33 5.35  4.37  3.84  4.62  4.16      

Number of cations on the basis of 6O                   

Si 1.939  1.954  1.922  1.947  1.950  1.913  1.918  1.915  1.912  1.917  1.948  1.952  

Al 0.110  0.084  0.116  0.085  0.080  0.162  0.151  0.134  0.155  0.145  0.086  0.084  

Ti 0.001  0.000  0.000  0.000  0.000  0.001  0.001  0.000  0.001  0.001  0.000  0.000  

Fe 0.160  0.151  0.161  0.152  0.152  0.177  0.168  0.158  0.187  0.184  0.148  0.148  

Mn 0.004  0.005  0.000  0.002  0.004  0.004  0.004  0.004  0.004  0.006  0.000  0.000  

Mg 1.735  1.777  1.767  1.788  1.788  1.711  1.728  1.772  1.717  1.724  1.776  1.776  

Ca 0.03  0.015  0.032  0.016  0.019  0.020  0.019  0.017  0.017  0.017  0.023  0.021  

Na 0.01  0.001  0.000  0.002  0.002  0.004  0.003  0.001  0.004  0.006  0.000  0.000  

K 0.000  0.000  0.000  0.001  0.000  0.000  0.000  0.000  0.001  0.001  0.000  0.000  

Cr 0.02  0.012  0.015  0.012  0.010  0.009  0.009  0.011  0.008  0.008  0.018  0.017  

Total 4.000  3.999  4.013  4.005  4.006  4.002  4.001  4.012  4.007  4.008  4.000  3.998  

Mg# 91.6  92.2  91.7  92.1  92.2  90.6  91.2  91.8  90.2  90.4  92.3  92.3  

Clinopyroxene                       
Analysis 

points 6 14 10 10 19 23 7 7 19 10   

SiO2 53.33  54.27  52.93  53.58  53.84  52.12  52.36  52.46  51.92  52.80    

TiO2 0.15  0.00  0.00  0.02  0.03  0.24  0.23  0.10  0.25  0.27    

Al2O3 4.08  2.02  4.24  2.38  2.06  5.61  4.95  4.84  5.26  4.47    

FeO 1.67  1.76  1.90  1.72  1.84  2.42  2.22  1.77  2.26  2.42    

MnO 0.07  0.08  0.00  0.06  0.11  0.08  0.08  0.07  0.10  0.10    

MgO 15.49  17.60  16.02  17.21  17.43  15.73  15.99  16.02  15.63  16.15    

CaO 21.64  22.70  21.91  23.34  23.04  21.91  21.87  22.77  22.67  22.04    

Na2O 1.65  0.52  1.32  0.51  0.48  0.97  0.96  1.12  0.75  0.91    

K2O 0.00  0.00  0.00  0.00  0.01  0.00  0.00  0.00  0.02  0.01    

Cr2O3 1.632  0.90  1.45  0.83  0.84  0.79  0.73  1.05  0.72  0.62    

Total 99.69  99.86  99.77  99.66  99.68  99.87  99.40  100.19  99.59  99.79    

Number of cations on the basis of 6O                   

Si 1.935  1.964  1.921  1.948  1.956  1.891  1.906  1.899  1.892  1.916    

Al 0.174  0.086  0.182  0.102  0.088  0.240  0.212  0.206  0.226  0.191    

Ti 0.004  0.000  0.000  0.000  0.001  0.006  0.006  0.003  0.007  0.007    

Fe 0.051  0.053  0.058  0.052  0.056  0.074  0.068  0.054  0.069  0.073    

Mn 0.002  0.002  0.000  0.002  0.003  0.002  0.003  0.002  0.003  0.003    

Mg 0.838  0.950  0.867  0.933  0.944  0.851  0.868  0.864  0.849  0.873    

Ca 0.841  0.880  0.852  0.909  0.897  0.851  0.853  0.883  0.885  0.857    
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Na 0.116  0.037  0.093  0.036  0.033  0.068  0.068  0.078  0.053  0.064    

K 0.000  0.000  0.000  0.000  0.001  0.000  0.000  0.000  0.001  0.000    

Cr 0.047  0.026  0.042  0.024  0.024  0.023  0.021  0.030  0.021  0.018    

Total 4.008  3.998  4.014  4.007  4.004  4.006  4.005  4.020  4.005  4.004    

Mg# 93.5  94.7  93.8  94.7  94.4  92.0  92.8  94.2  92.5  92.2    

Spinel                       
Analysis 

points 3 5 5 5 5 10 5 5 7 9   

SiO2 0.16  0.04  0.07  0.13  0.09  0.05  0.00  0.00  0.17  0.15    

TiO2 0.09  0.08  0.03  0.17  0.05  0.06  0.03  0.02  0.03  0.07    

Al2O3 35.24  30.21  40.15  34.86  29.43  56.88  57.40  52.84  55.61  54.23    

FeO 12.91  13.37  11.73  11.90  12.97  10.62  9.57  10.03  9.94  10.26    

MnO 0.36  0.00  0.13  0.00  0.10  0.25  0.13  0.16  0.53  0.13    

MgO 14.61  15.95  17.52  17.39  16.45  20.92  19.33  18.59  20.43  20.28    

CaO 0.01  0.00  0.06  0.00  0.03  0.14  0.00  0.00  0.04  0.01    

Na2O 0.01  0.03  0.08  0.10  0.07  0.01  0.00  0.00  0.12  0.09    

K2O 0.00  0.00  0.01  0.00  0.00  0.00  0.00  0.00  0.01  0.02    

Cr2O3 33.40  36.82  28.29  34.98  39.95  11.96  11.84  18.84  10.51  12.06    

Total 96.79  96.50  98.06  99.54  99.13  100.90  98.32  100.48  97.38  97.29    

Number of cations on the basis of 4O                   

Si 0.005  0.001  0.002  0.004  0.003  0.001  0.000  0.000  0.005  0.004    

Al 1.228  1.077  1.343  1.177  1.026  1.724  1.774  1.639  1.742  1.709    

Ti 0.002  0.002  0.001  0.004  0.001  0.001  0.001  0.000  0.001  0.001    

Fe 0.320  0.338  0.278  0.285  0.321  0.229  0.210  0.221  0.221  0.229    

Mn 0.009  0.000  0.003  0.000  0.003  0.006  0.003  0.003  0.012  0.003    

Mg 0.644  0.719  0.741  0.743  0.725  0.803  0.756  0.729  0.809  0.808    

Na 0.001  0.002  0.005  0.006  0.004  0.000  0.000  0.000  0.006  0.004    

K 0.000  0.003  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.001    

Cr 0.781  0.880  0.635  0.792  0.934  0.245  0.246  0.392  0.221  0.255    

Total 2.989  3.023  3.009  3.011  3.017  3.010  2.989  2.984  3.016  3.015    

Cr# 38.9  45.0  32.1  40.2  47.7  12.5  12.0  19.3  11.2  13.0    
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Table C2 Major, minor and trace element composition (in ppm) of clinopyroxenes from East Otago 

peridotites, sample TRL-10's data is based on Scott et al. (2014b).  

 

Sample 

no.

TRL-9 

(H)

TRL-

15 (H)

TRL-

16 (H)

TRL-

17 (H)

TRL-

23 (H)

TRL-

10 (L)

TRL-

12 (L)

TRL-

13 (L)

TRL-

24 (L)

TRL-

27 (L)

Analysis 

points 4 5 5 4 4 5 5 6 5 5

Phase

K 10.16 6.85 2.19 12.33 18.19 1.51 1.57 1.27 2.45 3.20 

Sc 65.88 47.62 54.68 47.32 61.51 65.36 53.36 47.11 59.78 66.20 

V 230 170 216 160 170 235 221 196 252 252 

Cr 10828 7880 10066 6458 6695 5178 6484 8552 5262 5276 

Mn 499 562 600 544 566 527 633 632 630 640 

Co 14.89 17.74 17.31 17.14 17.93 18.80 20.31 18.04 18.29 19.63 

Ni 272 319 293 322 328 306 337 318 334 338 

Cu 0.34 1.62 1.02 0.59 2.15 0.91 1.22 0.71 1.87 1.41 

Zn 5.97 8.86 8.60 6.33 7.25 6.20 12.81 7.14 6.27 8.05 

Ga 2.34 1.23 2.67 1.17 1.11 2.45 3.07 2.63 2.97 2.98 

Rb 0.013 bdl
a

bdl 0.003 0.167 bdl bdl bdl bdl 0.023 

Cs bdl bdl bdl bdl 0.004 bdl bdl bdl bdl bdl

Ba 0.07 0.06 0.35 0.20 1.94 0.15 0.17 0.01 0.16 0.50 

Tm 0.05 0.04 0.07 0.04 0.04 0.26 0.21 0.11 0.21 0.19 

Th 0.01 0.02 0.20 1.46 0.03 bdl bdl 0.01 0.01 2.42 

U 0.002 0.009 0.152 0.519 0.017 bdl bdl 0.001 0.010 0.529 

Nb 0.56 0.27 0.12 0.62 0.29 bdl 0.01 0.08 0.30 0.13 

Ta 0.046 0.035 0.014 0.068 0.025 bdl bdl 0.002 0.003 0.002 

La 0.44 0.62 4.26 15.14 0.87 bdl 0.001 0.05 0.01 21.89 

Ce 2.08 1.05 5.06 32.51 1.31 0.03 0.03 0.27 0.01 22.33 

Pb 0.04 0.03 0.05 0.08 0.05 0.05 0.02 0.02 0.06 0.14 

Pr 0.47 0.11 0.37 3.19 0.13 0.03 0.02 0.06 0.02 1.16 

Sr 36.84 6.54 25.82 109.35 15.08 1.03 0.84 2.85 4.19 170.62 

Nd 3.19 0.48 1.37 10.49 0.53 0.48 0.40 0.37 0.35 2.44 

Zr 25.14 1.88 3.92 3.13 3.18 1.79 1.45 1.36 1.26 1.08 

Hf 0.66 0.06 0.09 0.06 0.08 0.20 0.17 0.05 0.21 0.21 

Sm 1.16 0.14 0.41 1.25 0.12 0.43 0.43 0.19 0.55 0.51 

Eu 0.45 0.06 0.19 0.29 0.05 0.23 0.23 0.10 0.26 0.25 

Ti 825 208 534 167 180 1311 1144 520 1716 1576 

Gd 1.21 0.21 0.59 0.78 0.17 1.23 1.13 0.48 1.31 1.07 

Tb 0.18 0.04 0.11 0.10 0.03 0.29 0.25 0.11 0.27 0.23 

Dy 0.94 0.29 0.79 0.52 0.24 2.33 1.98 0.94 2.06 1.83 

Ho 0.17 0.07 0.18 0.10 0.07 0.61 0.47 0.24 0.49 0.43 

Y 4.17 1.89 4.59 2.87 1.75 14.40 12.34 6.25 12.27 11.12 

Er 0.41 0.22 0.52 0.28 0.22 1.71 1.41 0.73 1.39 1.29 

Yb 0.35 0.32 0.52 0.30 0.30 1.78 1.49 0.79 1.41 1.35 

Lu 0.05 0.05 0.08 0.05 0.05 0.24 0.21 0.11 0.20 0.19 

Ce/Lu 38.91 22.35 66.12 693.86 27.09 0.14 0.14 2.37 0.07 115.58 
a
bdl: below detection limit
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Fig. C1 EDS analysis positions and average Mg# of olivine and orthopyroxene in sample TRL-23, 

East Otago. Green color represents olivine, blue color represents orthopyroxene. Dot: grain; arrow: 

inclusion. 
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Table C3 EDS point counting data in sample BUR-13, MOE-10 and LWA-12 of West Otago, Mg# and Cr# calculation methods are the same as 

Table C1. 

 

BUR-13

Spectrum 

Label

Spectrum 

25

Spectrum 

22

Spectrum 

27

Spectrum 

29

Spectrum 

30

Spectrum 

35

Spectrum 

2

Spectrum 

3

Spectrum 

5

Spectrum 

110

Spectrum 

109

Spectrum 

111

SiO2 40.90 41.07 40.91 41.44 40.55 40.59 40.79 40.46 39.27 40.63 41.43 40.92

TiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Al2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

FeO 8.28 8.06 7.91 8.03 8.13 8.11 8.24 8.03 8.01 8.35 8.20 8.23

MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

MgO 50.98 51.08 50.63 51.38 50.83 50.36 50.94 50.61 49.50 50.57 51.64 50.89

CaO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Na2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

K2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Total 100.16 100.21 99.45 100.85 99.51 99.06 99.97 99.10 96.78 99.55 101.27 100.04

Mg# 91.6 91.9 91.9 91.9 91.8 91.7 91.7 91.8 91.7 91.5 91.8 91.7 

Spectrum 

Label

Spectrum 

70

Spectrum 

76

Spectrum 

91

Spectrum 

55

Spectrum 

87

Spectrum 

90

Spectrum 

100

Spectrum 

108

Spectrum 

66

Spectrum 

72

Spectrum 

77

Spectrum 

86

Spectrum 

89

Spectrum 

92

Spectrum 

99

Spectrum 

102

Spectrum 

105

SiO2 40.66 41.34 41.43 40.43 40.27 40.51 40.91 41.13 40.95 40.44 40.30 40.67 40.51 40.93 40.87 40.65 40.56

TiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Al2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

FeO 7.89 7.93 7.90 7.97 7.92 7.87 7.96 7.99 8.16 8.05 8.03 8.11 8.06 8.16 8.07 8.56 8.08

MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

MgO 50.69 51.02 50.89 50.60 50.41 50.30 50.43 50.76 50.93 50.53 50.47 50.37 50.37 50.62 50.75 50.38 50.36

CaO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Na2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

K2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Total 99.24 100.29 100.22 99.00 98.60 98.68 99.30 99.88 100.04 99.02 98.80 99.15 98.94 99.71 99.69 99.59 99.00

Mg# 92.0 92.0 92.0 91.9 91.9 91.9 91.9 91.9 91.8 91.8 91.8 91.7 91.8 91.7 91.8 91.3 91.7 

Olivine (coarse grain)

Olivine (fine grain)
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Spectrum 

Label

Spectrum 

133

Spectrum 

120

Spectrum 

122

Spectrum 

126

Spectrum 

132

Spectrum 

134

Spectrum 

148

Spectrum 

151

Spectrum 

175

Spectrum 

178

Spectrum 

180

SiO2 56.95 56.45 55.86 56.51 56.70 56.41 56.20 56.02 56.17 56.02 56.30

TiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Al2O3 2.09 2.12 2.09 2.02 2.06 2.00 2.10 2.07 1.99 1.97 2.07

FeO 5.49 5.29 5.26 5.14 5.21 4.98 4.98 5.16 5.22 5.21 5.16

MnO 0.30 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

MgO 35.02 34.85 34.47 34.71 35.07 34.65 34.58 34.59 34.73 34.59 34.32

CaO 0.82 0.83 0.89 0.85 0.85 0.83 0.90 0.91 0.78 0.86 0.91

Na2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

K2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Cr2O3 0.48 0.70 0.69 0.70 0.64 0.68 0.77 0.55 0.60 0.58 0.73

Total 101.15 100.24 99.26 99.93 100.53 99.55 99.53 99.30 99.49 99.23 99.49

Mg# 91.9 92.2 92.1 92.3 92.3 92.5 92.5 92.3 92.2 92.2 92.2 

Spectrum 

Label

Spectrum 

183

Spectrum 

184

Spectrum 

186

Spectrum 

201

Spectrum 

202

Spectrum 

205

Spectrum 

213

Spectrum 

214

Spectrum 

215

Spectrum 

221

Spectrum 

224

Spectrum 

227

Spectrum 

228

Spectrum 

229

Spectrum 

230

Spectrum 

231

Spectrum 

232

Spectrum 

233

SiO2 56.43 56.83 56.53 56.21 56.14 55.79 55.94 56.39 56.21 56.14 56.36 56.86 57.01 56.87 56.64 56.50 56.56 56.58

TiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Al2O3 2.00 2.02 2.02 2.19 2.05 1.99 2.07 2.02 2.03 2.15 2.09 2.06 2.13 2.05 1.98 2.05 2.04 2.05

FeO 4.92 5.12 5.07 5.15 5.27 5.29 5.26 5.19 5.20 5.26 5.01 5.16 5.16 5.01 4.99 5.03 5.28 5.00

MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

MgO 35.06 34.76 35.05 34.40 34.73 34.59 34.53 34.76 34.88 34.69 34.92 35.07 35.22 34.95 34.82 34.74 34.99 35.25

CaO 0.83 0.86 0.87 0.82 0.83 0.75 0.81 0.89 0.82 0.81 0.82 0.81 0.80 0.78 0.83 0.91 0.87 0.91

Na2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

K2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Cr2O3 0.65 0.57 0.71 0.75 0.66 0.63 0.67 0.51 0.46 0.53 0.63 0.74 0.61 0.76 0.62 0.60 0.61 0.62

Total 99.89 100.16 100.25 99.52 99.68 99.04 99.28 99.76 99.60 99.58 99.83 100.70 100.93 100.42 99.88 99.83 100.35 100.41

Mg# 92.7 92.4 92.5 92.3 92.2 92.1 92.1 92.3 92.3 92.2 92.6 92.4 92.4 92.6 92.6 92.5 92.2 92.6 

Orthopyroxene (fine grain)

Orthopyroxene (coarse grain)
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Spectrum 

Label

Spectrum 

234

Spectrum 

235

Spectrum 

242

Spectrum 

243

Spectrum 

244

Spectrum 

245

Spectrum 

246

Spectrum 

247

Spectrum 

248

Spectrum 

249

Spectrum 

250

Spectrum 

252

Spectrum 

258

Spectrum 

259

Spectrum 

260

Spectrum 

267

Spectrum 

270

Spectrum 

274

SiO2 56.24 55.88 57.14 56.20 56.61 56.65 56.75 56.20 56.29 56.35 56.12 56.45 56.25 56.20 55.98 55.91 55.88 55.82

TiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Al2O3 1.94 1.93 2.02 2.04 1.91 2.13 1.94 2.08 2.03 2.08 1.97 2.16 1.95 2.00 2.01 2.02 2.23 1.99

FeO 5.22 5.39 5.20 5.28 5.09 5.08 5.07 5.50 5.07 4.99 5.07 5.23 5.24 5.18 5.11 5.08 5.18 5.32

MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

MgO 34.91 34.80 35.29 34.70 34.96 34.92 34.86 34.79 34.61 34.74 34.68 34.93 34.65 34.75 34.70 34.46 34.38 34.45

CaO 0.81 0.80 0.86 0.87 0.79 0.81 0.88 0.85 0.84 0.82 0.84 0.85 0.88 0.85 0.89 0.89 0.76 0.83

Na2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

K2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Cr2O3 0.58 0.52 0.47 0.44 0.64 0.71 0.73 0.62 0.60 0.63 0.54 0.53 0.64 0.70 0.70 0.66 0.63 0.68

Total 99.70 99.32 100.98 99.53 100.00 100.30 100.23 100.04 99.44 99.61 99.22 100.15 99.61 99.68 99.39 99.02 99.06 99.09

Mg# 92.3 92.0 92.4 92.1 92.4 92.5 92.5 91.9 92.4 92.5 92.4 92.3 92.2 92.3 92.4 92.4 92.2 92.0 

MOE-10

Spectrum 

Label

Spectrum 

14

Spectrum 

15

Spectrum 

19

Spectrum 

21

Spectrum 

23

Spectrum 

24

Spectrum 

28

Spectrum 

29

Spectrum 

30

Spectrum 

31

SiO2 41.21 40.79 40.89 41.17 41.08 40.75 41.09 41.46 41.06 41.12

TiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Al2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

FeO 7.95 8.10 8.23 7.72 7.70 8.05 8.00 7.95 7.63 8.25

MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

MgO 51.06 51.30 50.89 50.70 50.96 51.36 51.43 51.28 51.10 51.20

CaO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Na2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

K2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Total 100.22 100.19 100.01 99.59 99.74 100.16 100.52 100.69 99.79 100.57

Mg# 92.0 91.9 91.7 92.1 92.2 91.9 92.0 92.0 92.3 91.7 

Olivine
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Spectrum 

Label

Spectrum 

50

Spectrum 

51

Spectrum 

52

Spectrum 

53

Spectrum 

73

Spectrum 

76

Spectrum 

81

Spectrum 

87

Spectrum 

88

Spectrum 

92

Spectrum 

95

SiO2 57.62 57.56 57.97 57.62 57.54 58.34 58.27 57.28 57.72 57.55 58.01

TiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Al2O3 0.84 0.79 0.91 0.75 0.76 0.52 0.76 0.72 0.66 0.79 0.73

FeO 5.04 5.20 5.08 5.00 5.23 4.84 4.98 5.08 5.20 5.14 4.83

MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

MgO 35.50 35.99 35.53 35.45 35.77 35.44 35.83 35.43 36.10 35.77 36.14

CaO 0.60 0.61 0.62 0.59 0.51 1.26 0.56 0.58 0.57 0.54 0.50

Na2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

K2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Cr2O3 0.53 0.51 0.64 0.55 0.35 0.32 0.46 0.48 0.36 0.34 0.51

Total 100.13 100.66 100.75 99.96 100.16 100.72 100.86 99.57 100.61 100.13 100.72

Mg# 92.6 92.5 92.6 92.7 92.4 92.9 92.8 92.6 92.5 92.5 93.0 

Spectrum 

Label

Spectrum 

35

Spectrum 

36

Spectrum 

37

Spectrum 

38

Spectrum 

39

Spectrum 

40

Spectrum 

41

Spectrum 

42

Spectrum 

43

SiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

TiO2 0.23 0.00 0.00 0.00 0.00 0.29 0.30 0.00 0.00

Al2O3 10.74 10.91 10.56 10.85 10.30 10.47 10.59 10.34 10.08

FeO 20.12 19.05 25.78 17.29 26.96 25.50 22.97 28.16 29.85

MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

MgO 11.01 12.50 7.18 12.92 6.77 7.92 9.37 5.70 4.90

CaO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Na2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

K2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Cr2O3 56.83 57.60 54.76 56.03 54.97 55.79 55.77 54.14 54.31

Total 98.93 100.06 98.28 97.09 99.00 99.97 99.00 98.34 99.14

Cr# 78.0 78.0 77.7 77.6 78.2 78.1 77.9 77.8 78.3 

Orthopyroxene

Spinel
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LWA-12

Spectrum 

Label

Spectrum 

9

Spectrum 

10

Spectrum 

11

Spectrum 

12

Spectrum 

13

Spectrum 

14

Spectrum 

15

Spectrum 

16

Spectrum 

17

Spectrum 

18

Spectrum 

19

Spectrum 

20

Spectrum 

21

SiO2 0.00 0.00 0.00 0.28 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

TiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Al2O3 16.31 16.92 17.36 17.52 16.21 17.22 18.68 17.65 17.23 18.14 15.23 16.76 16.18

FeO 20.53 20.47 18.26 15.96 17.08 18.01 17.17 18.69 17.62 17.77 17.14 16.38 17.40

MnO 0.00 0.00 0.00 0.00 0.00 0.00 1.14 0.00 0.00 0.00 0.00 0.00 0.00

MgO 12.73 12.94 14.13 14.77 14.62 14.25 14.91 14.26 14.19 14.63 14.47 14.88 14.21

CaO 0.00 0.00 0.18 0.00 0.00 0.00 0.00 0.00 0.15 0.00 0.00 0.00 0.00

Na2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

K2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Cr2O3 49.79 48.76 48.91 49.31 51.38 49.31 49.42 49.32 49.10 48.90 53.27 50.45 50.62

Total 99.36 99.09 98.84 97.84 99.29 98.79 101.32 99.92 98.29 99.44 100.11 98.47 98.41

Cr# 67.2 65.9 65.4 65.4 68.0 65.8 64.0 65.2 65.7 64.4 70.1 66.9 67.7

Spinel
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Appendix D  

Relationship between subgrain boundaries and clinopyroxene 

lamellae of orthopyroxene in East Otago peridotites 

 

Clinopyroxene lamellae in orthopyroxene. Angular bends in the lamellae correspond to the traces 

of straight orthopyroxene subgrain boundaries with kink band geometry. Black rectangles represent 

the subgrain boundary areas that might not so clear. All figures are xpl, and the scale bars (except 

the inset) are all 100 μm. 
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Appendix E  

EBSD maps of TRL-9, East Otago peridotite 

 

EBSD phase and grains map of sample TRL-9, the lower map is the IPFx (inverse pole figure along 

X direction). Areas of a single colour are a single grain.  
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Appendix F  

Original mineral CPO distributions of East and West Otago 

peridotites 
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Fig. F1 CPO of the main minerals (olivine (a) and orthopyroxene (b)) in the acquisition orientation. 

The rose diagrams show the distribution of grain long axis orientations in the thin section reference 

frame (0 degrees is long side).  Black lines show the dominant of olivine crystallographic axes in 

the same reference frame. SPO sketch figure is shown above the rose diagram with recovered thin 

section cutting plane (red line). All the other information is the same as Fig. 4.6. 
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Fig. F2 Original CPO of olivine and orthopyroxene in West Otago harzburgitic xenolith samples. 

Rose diagrams represent the distribution of grain long axis orientations in the thin section reference 

frame (0 degrees is long side). Black lines show the dominant of olivine crystallographic axes in 

the same reference frame. Peridotite SPO sketch figure (protomylonitic samples are based on fine-

grain data) is shown with recovered thin section cutting plane (red line). All the other information 

is same as Fig. 5.7. 
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Appendix G  

The potential influence on pyroxene CPOs of carbonate 

metasomatism in East Otago peridotites 

Clinopyroxene trace element and isotopic analysis shows that the majority of East Otago xenoliths 

have been metasomatized by CO2-bearing fluids that have imparted a HIMU-like isotopic 

composition (Dalton et al., 2017; McCoy-West et al., 2016; Scott et al., 2014a, 2014b, 2020a). The 

metasomatism is estimated to have occurred at about the time that subduction ceased and the 

continent started to undergo extension in the Cretaceous (120-98 Ma), with concomitant cooling 

and decompression of the mantle (105-84 Ma; McCoy-West et al., 2016; Scott et al., 2014b; van 

der Meer et al., 2017). 

By observing stereographic projections of olivine and orthopyroxene in East Otago xenoliths, in 

harzburgites, except for sample TRL-23 (where the clinopyroxene data set is very small), [001]CPX 

maxima are subparallel to the [001]OPX, their (100) and (010) distributions are also similar (Fig. 

5.1). Other clinopyroxene directions have less clear or consistent patterns. In contrast to harzburgite, 

lherzolites have (100)CPX poles to planes clustered sub-parallel to the X direction, and the CPO 

distribution is totally different to orthopyroxene (Fig. G1). Similarly, by plotting paired ortho- and 

clinopyroxene grains in stereographic projections, they not only have similar distribution, but also 

they have accordant deformation tendency (Fig. G2). 



227 
 

 

Fig. G1 Crystallographic preferred orientations (CPO) of orthopyroxene (a) and clinopyroxene (b) 

of harzburgites and lherzolites in this case study. All stereographic projections are using the 

reference as axis [100] for X direction and axis [010] for Z direction. If the number of grains is less 
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than 100, the figure point data are shown in addition to contours. Contours are calculated for one 

point per grain data. N: number of analyzed grains for stereographic projection; MD: maximum 

density of MXD. 

 

Fig. G2 Mis-to-mean map of paired pyroxene grains in harzburgitic TRL-17 (a, same as in Fig. 

4.4c). Color bars show the angular deviation from mean orientation for pyroxenes. Ortho- and 

clinopyroxene orientations are plotted in stereographic projections (b), blue for orthopyroxene, red 

for clinopyroxene. 

Clinopyroxene grains are mounted in either olivine or orthopyroxene (Fig. 4.4b, c and g), inferred 

as the signal of carbonatite metasomatism (Kourim et al., 2015; Tommasi et al., 2008). Early 

Cretaceous melt refertilization or metasomatism is inferred from independent geochemical data in 
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the East Otago area (Fig. 4.2b; McCoy-West et al., 2015, 2016; Scott et al., 2014a, 2014b; van der 

Meer et al., 2017). Refertilized harzburgite not only have adjacent pyroxene grains with aligned 

deformation characteristics, but also similar CPOs (Fig. G2). In most harzburgites, [010]CPX and 

[001]CPX is aligned with [010]OPX and [001]OPX (Fig. G1) and it seems likely that the clinopyroxene 

CPO is inherited from orthopyroxene, as suggested for similar relationships observed in other study 

areas (Kaczmarek and Tommasi, 2011; Tommasi et al., 2008). The higher Mg# (Table 4.1) in 

harzburgite implies that clinopyroxene is generate by metasomatism. These observations suggest 

that metasomatism took place after orthopyroxene CPO generation and by inference after olivine 

CPO generation in harzburgites, as olivine and orthopyroxene CPOs are geometrically related. The 

dominant clinopyroxene in lherzolites is the original-generated rather than metasomatism-

generated, thus the CPO distributions are not related to orthopyroxene. 

 

 


